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AID PLUS INVESTM ENT. There has been a 
great deal of effort expended on the part of 
many individuals and groups with the object of 

finding employment for technically trained men and 
women who suffer from a temporary lack of demand 
for their services. This work has been rewarded with 
some success, but the number of places found has been 
out of proportion to the labor expended in either 
locating or creating them, and despite the best of plans 
there are well-trained people actually in need.

One of the newest movements involves the co
operation of colleges, universities, and perhaps indus
tries with unused laboratory space with the federal or 
other government agencies in position to supply funds. 
This proposal has come out of the many discussions of the 
Committee on Unemployment and Relief for Chemists 
and Chemical Engineers, which concentrates its thought 
upon the problems of the New York Metropolitan Area. 
There has been some response so far as the laboratories 
in educational institutions in New York City are con
cerned, and the plan is recommended to other educa
tional institutions elsewhere. It contemplates that the 
institutions shall assume the full cost of laboratory 
materials and the operating expenses for such special 
research, leaving the funds to be supplied from relief 
appropriations to be almost wholly devoted to providing 
a maintenance wage for the research workers. There 
are other angles to be considered, such as the ownership 
of any patentable discoveries that may result from 
such work, but the difficulties are surmountable.

No one seriously contends for the discontinuance of 
research. Even labor, which in the minds of some has. 
suffered as a result of technical advance, favors the 
Prosecution of research, and we are slowly coming to 
realize that the fault, if any, is not in the furtherance 
of science and the application of its results, but rather in 
how the benefits have been distributed. Too often 
applied science has meant complete leisure for a few, 
instead of a little more leisure for all. Even though 
the application of science is retarded in times of eco
nomic stress, research must go forward. We have 
drawn heavily upon our accumulation of scientific 
knowledge and have thus far failed to make up for it by 
the addition of more fundamental information. The

need for the data continues, and there is good reason 
to believe that, under the direction of those supervising 
such researches, the money spent from public relief 
funds in the manner indicated would not only directly 
aid those requiring assistance, but prove to be a wise 
investment. This is more than can be said, perhaps, 
for the majority of the money that may be distributed 
under the heading of “emergency relief.”

The plan is also worthy of support since it involves 
utilizing the services of these people in the way in which 
they are best trained to work. Many of them must be 
helped in any event, and it is far wiser to let that aid 
take the form of support for the type of work for which 
they are fitted and in which they would be happiest. 
Further, the result may be expected to be of value ul
timately, if not useful immediately, in that variety of 
ways which characterizes scientific truth.

There is another group which also deserves any assist
ance our local sections and individual members can give. 
We refer to the graduates of 1932. There are hundreds 
of young men and women who entered college when 
there was a demand for the type of work they are ca
pable of doing and who in some cases have completed 
their training at a considerable sacrifice on their part 
and that of their parents, only to come from our educa
tional halls to find their services in no demand. This is 
true of bachelors, masters, and even those now equipped 
with doctors’ degrees. Those with special creative 
ability may be expected to find some new way of earning 
a livelihood. For such, the present is a real oppor
tunity. Some will be so fortunate as to be able to con
tinue their training in school another year, thereby be
coming better fitted for the competition for openings 
which is certain to exist. Still others should and will be 
glad to accept any type of employment that offers. 
This is surely no time to be too particular. Manu
facturers and those who direct laboratories should have 
in mind apprentices of today for the personnel of to
morrow and give these young people an opportunity, 
provided only their placement is not to the detriment of 
experienced employees or those with family responsibili
ties.

The whole matter is, of course, being taken very 
seriously. There is every disposition to help and reason
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to believe that chemists and chemical engineers as a 
group will come through our present difficult times quite 
as well as any other professional class. When once the 
people are able to dispel the unreasoning fear which 
holds them back, they will rapidly regain the ground 
that may have been lost.

♦ ♦

CHLORINATED HYDROCARBONS TOXIC. 
Notwithstanding great improvement in the 
petroleum derivatives used for dry-cleaning pur

poses, they are all highly inflammable and their vapors 
form explosive mixtures under certain conditions. 
Some of the chlorinated hydrocarbons have long been 
attractive, therefore, to the dry-cleaning industry 
because they offered little or no fire or explosion hazard. 
Carbon tetrachloride was put to some use years ago, 
but at that time it had not been learned that successful 
redistillation without decomposition depended on 
avoiding certain metals in the apparatus, and that 
moisture should also be absent. This solvent was too 
expensive to be used and discarded, and being unable to 
redistil it successfully, the dry cleaners had to forego it.

At present modern closed systems have put carbon 
tetrachloride actively in the field for dry-cleaning pur
poses, but unfortunately just what has been meant by 
closed systems has been misunderstood or misinter
preted in some quarters, with the result that here and 
there small operators have been induced to install 
faulty systems. In a few cases a mere enclosure of old 
apparatus has seemed adequate to the uninformed, and 
the results have been just what might be expected. 
Research and demonstration have indicated the type 
of closed system that is highly effective. With this, 
satisfactory results have been secured with safety; 
without it, there is a hazard.

A large part of the difficulty is due to the toxicity of 
some of the chlorinated hydrocarbons. Those who are 
interested in the extension of the industrial uses of 
these compounds should be thoroughly acquainted with 
all that is involved, and must do their utmost to edu
cate the users. A generation ago the threshold of 
danger with carbon tetrachloride was placed at 160 
parts of the vapor per million parts of air, and more 
lately with experimental animals it was found that, 
while a somewhat greater quantity could be withstood, 
there was every indication that there is a grave risk 
at concentrations well below 500 parts per million. 
In these experiments there were , cases where oral ad
ministration was withstood without difficulty but 
breathing of the fumes proved fatal. In the case of 
workmen there is little hazard to be feared from 
the possible entry of the hydrocarbon orally, but there 
is danger from inhalation and also through skin ab
sorption. The other chlorinated hydrocarbons now of 
interest in this industry are trichloroethylene and ethyl
ene dichloride. Far less is known concerning their 
toxicity than of carbon tetrachloride, for the latter

has been used in various ways in industry for a much 
longer period, and besides has a medical history.

It is difficult for the average chemist to appreciate 
how careless are workmen and many other people 
with these and other solvents. There is at least one 
instance on record where carbon tetrachloride was freely 
used for shampooing the hair with fatal results, un
doubtedly both on account of absorption and inhalation 
of the fumes. But there is no point in insisting that 
such reagents be eliminated from industry. It is. 
known that they are perfectly safe to use under proper 
conditions, and it should not be difficult to ascertain 
the limits and then to maintain exposures well below 
them. So far as dry cleaning is concerned, some steps 
have been taken, notably by the Ohio Industrial Com
mission, requiring completely closed systems to be 
used on any large scale. Users have learned that there 
is great danger from fire where petroleum derivatives 
eue involved. Health hazards exist with certain other 
solvents, but possible catastrophes may be completely 
avoided if these hazards are understood, warning 
heeded, and common sense precautions observed. 
They should be taught in advance of any possible catas
trophes that there is a health hazard in the use of cer
tain other solvents but that it is a simple matter to pro
tect themselves and their workers completely against 
them by the simple exercise of a little common sense.

♦ ♦
♦

EARMARKED GIFTS. The times have served 
to stress the importance of bequests left without 
special designation but for use as changing cir

cumstances may require. Institutions which have 
suffered a marked decrease in income because of the 
lowered return from their investments find themselves 
handicapped in readjusting their resources to meet re
quirements, since in most cases bequests have been 
left for particular and definite purposes.

Benjamin Franklin was perhaps one of the wisest of 
all Americans, and yet he failed in his effort to predict 
the future. In his will he left bequests to both Boston 
and Philadelphia, the interest from these sums to be 
used in aiding artisans and others. They were to 
repay with certain rates of interest so that a fund might 
be accumulated for wide usefulness. But other means 
of financing made their appearance, and those who 
needed help in Franklin’s day were not followed by 
others who required similar assistance.

There are many examples of money left for special uses 
where the opportunity to apply the income in the way 
specified has long since vanished. The changing needs 
of any institution make it imperative for the trustees to 
have available unallocated funds which can be directed 
into the channels most needful at the moment. In no 
other way can embarrassment be avoided and the 
greatest good accomplished. Times like these impress 
upon us the utility of unearmarked money and the fu
tility of endeavoring to provide for a too distant future.



F e r t i l i z e r  P l a n t

Contact Sulfuric Acid Plant
W. M. C o b l e i g h , Department of Chemical Engineering, Montana State College, Bozeman, Mont.

TH E  prospectors who years ago followed the Columbia 
River on the Canadian side of the international 
boundary and discovered mineral-laden veins in w hat 

is known as the Rossland district, British Columbia, little 
thought th a t they were laying the foundation of a great indus
trial enterprise.

Between then and now the Consolidated M ining & Smelting 
Company of Canada, L td., came into being; copper and lead 
smelters and a zinc refinery sprang into operation a t Trail, 
just north of the United States boundary line; smoke laden 
with sulfur dioxide passed over the boundary line into the 
State of W ashington; the In ternational Jo in t Commission 
met to consider the effects of smelter smoke on vegetation on 
the United States side of the boundary; technologists 
developed and adopted means for recovering sulfur dioxide 
from smoke; a sulfuric acid p lant was established to utilize the 
sulfur dioxide; phosphoric acid and anhydrous ammonia sup
plies were made available by  appropriate processes; and finally, 
because there were no industrial centers near enough to 
utilize these chemicals, they  were converted into ammonium 
sulfate, monoammonium phosphate, and “ triple superphos
phate,” standard fertilizers which are m arketed and used in 
adjoining agricultural areas.

C a u s e  o f  I n t r o d u c t i o n  o f  S u l f u r i c  A c id  P l a n t

The sulfuric acid p lan t as a  un it of the coordinated opera
tions of the company was introduced in the production 
program in a logical sequence of events. In  the early nineties 
a copper smelter was constructed a t  T rail to trea t the sulfide 
ores from the Rossland district only a few miles distant. 
The usual operations of concentrating, roasting, smelting, 
converting, and electrolytic refining of the copper constituted 
the unit processes of the copper smelter. W ith the roasting, 
smelting, and converting operations came the initial steps in 
creating later a smelter smoke problem.

In  the subsequent development of the mining regions of 
British Columbia, silver-bearing lead ores, zinc ores, and 
complex ores containing both metals, became available a t 
Kimberley, 250 miles from Trail. Differential flotation came 
into the general plan of m etallurgical operations of the 
company, making available both lead and zinc concentrates. 
Coincident with the development of concentration by flota
tion, it was decided to erect a t  T rail a lead smelter and later an 
electrolytic zinc plant. Both of these plants produce sulfur

dioxide in calcining operations. In  the lead smelter, Dwight- 
Lloyd sintering machines are used to  reduce the sulfur content 
of the ore containing 14 to  15 per cent sulfur to a  sulfur content 
of 1.4 to 1.5 per cent in the calcine in two sintering operations. 
Prior to the utilization of sulfur dioxide for the production of 
sulfuric acid, the zinc-concentrate roasting p lant housed 
twenty-five Wedge mechanical furnaces, each 25 feet in di
am eter. Each furnace had seven hearths, air-cooled rabble 
arms, and coal-dust firing equipment. The capacity of each 
roasting furnace was 36 to 38 d ry  tons of concentrates per day. 
T he roaster gas passed through a plate-type Cottrell trea ter to 
remove dust and arsenic and was delivered to the atmosphere 
by a 400-foot concrete stack.

The continued operation of the copper, lead, and zinc 
metallurgical plants finally brought the smelter smoke issue 
into the foreground. The daily capacity of these units is 425 
tons of lead, 400 tons of zinc, and 60 tons of copper. The 
sulfur, originally in combination with these m etals in the form 
of sulfides, is removed for the most p art as sulfur dioxide and 
delivered to the atmosphere during calcining and other 
metallurgical operations. The enlargement of these plants 
from time to time and the construction of larger and higher 
smoke stacks contributed to  a  wider distribution of smoke over 
a larger area and also to a higher concentration of the sulfur 
dioxide in the atmosphere of the same area.

In  the natural course of events there arose the problem of the 
effects of smelter smoke on vegetation. There were variables 
in the local situation th a t created unusual procedures in 
dealing with the smoke problem. The smelter is located 
about 12 miles from the international boundary between 
Canada and the United States. Claims were made th a t there 
was injury to vegetation extending for some miles into the 
S tate of W ashington. The extent and character of the injury 
were investigated by the scientific staffs of the Canadian and 
United States D epartm ents of Agriculture, and by the 
Consolidated Mining & Smelting Company. The results of 
these investigations were reported to  the In ternational Jo in t 
Commission in December, 1929. In  the summer of 1930 the 
commission recommended to  the Governments of the United 
States and Canada th a t the damages for past injury to  the 
private owners of agricultural lands in the S tate of Washing
ton be paid, and th a t the Consolidated M ining & Smelting 
Com pany continue the efforts already under way to  eliminate 
the possibility of the continued occurrence of damage from 
smelter smoke in the area investigated.

717



718 I N D U S T R I A L  A N D  E N G I N E E R I N G  C H E M I S T R Y Vol. 24, No. 7

L e f t : S c r u b b in g , D r y i n g , a n d  A b s o r p t io n  T o w e r s , S h o w in g  
C o o l in g  T a n k s  a n d  C ir c u l a t in g  P u m p s

C e n t e r  ( U p p e r ) : C o t t r e l l  T h e a t e r s  f o r  R e m o v in g  S u l 
f u r i c  A c id  M is t

C e n t e r  ( L o w e r ) :  I I e a t  E x c h a n g e r s  a n d  C o n v e r t e r s

A n t ic ip a t in g  fully the 
effects and consequences of 
delivering large quantities 
of smelter fumes to the at
mosphere, even though not 
adjacent to  an agricultural 
region, the company over 
a long period investigated 
all aspects of the problem.
Noted for its progressive 
policies in m aintaining a 
highly trained te c h n ic a l  
and research staff, the com
pany developed and offi
cially adopted a costly and 
extensive remedial program, 
m any months prior to  the 
d e c is io n  of th e  I n t e r 
national Jo in t Commission.
A d h e r in g  to  the p la n s  
adopted for one un it of the 
works, a sulfuric acid p lant 
was added as an integral 
unit of the metallurgical 
flow sheet of the zinc plant.
Purification of th e  g a se s  
from the zinc roasting fur
naces and the conversion 
of the sulfur dioxide into 
sulfuric acid completely re
moves the possibility of in 
jury  to plant life from th a t 
source.

The remedial program made provisions for both the produc
tion of sulfuric acid and the utilization of the acid in the 
manufacture of fertilizers. However, for the industrial 
chemist and the chemical engineer special interest first centers 
in the acid p lant as the comer stone of the new industrial 
structure of the company’s operations.

R i g h t : A m m o n ia  P l a n t ; B r y a n  D o n k i n  H y d r o g e n  a n d  N i 
t r o g e n  G a s  M i x e r s  w i t h  S i x -S t a g e  C o m p r e s s o r s  i n  B a c k 
g r o u n d

superphosphate. The local 
m arket, though small a t 
present, can utilize oleum 
and 93 per cent acid to the 
best advantage. Balanc
ing all the variables, both 
economic and te c h n ic a l ,  
the final results were favor
able for th e  s e le c t io n  of 
the contact process.

In  1928 a modified Grillo 
contact acid p lant was con
structed. This unit has a 
capacity of 39 tons of acid 
per day and utilizes a plati
num  c a t a l y s t  distributed 
on magnesium sulfate and 
a s b e s to s .  Later th re e  
additional units, each hav
ing a capacity of 112 tons 
of a c id  p e r  d a y ,  w ere 
erected. In  these units a 
vanadium catalyst m ade 
in England is utilized in 
the c o n v e r te r s  in which 
sulfur dioxide is oxidized to 
sulfur trioxide. The total 
capacity of the plant is 375 
tons of 100 per cent acid per 
day.

P l a n  o f  C o n t a c t  P r o c e s s

After due consideration of comparative production costs 
and of the strength and quality of sulfuric acid desired, i t  was 
decided to erect a contact process plant. In  fertilizer produc
tion, acid of the concentration produced by  the chamber 
process has most frequently been used throughout the country. 
In  this instance, however, i t  was decided originally to  use acid 
of higher concentration than is usual in the production of
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The flow sheet or ground plan of the p lan t shows the follow
ing unit operations:

I. Production of sulfur dioxide in calcining department of
electrolytic zinc plant.

II. Purification of roaster gas.
A. Before division to the four acid plant units.

1. Hot plate Cottrell precipitator for dust and arsenic re
moval.

2. Weak acid scrubber.
B. After division of gas to the separate units.

1. Water scrub
ber.

2. Cottrell pre
cipitator. 

a. Removal of 
s u lfu r ic  
acid mist.

3. Drying.
a. Weak acid,

80 p e r  
cent.

b. Strong acid,
93 p e r  
cent.

C. Entrained acid
re m o v a l by 
coke filter.

III. C o n v e rs io n  of
sulfur dioxide 
to sulfur triox
ide.

A. Heat exchangers.
B. Converters.
C. Cooling station.

IV. A b so rp tio n  of
sulfur trioxide 
in 98.5 per cent 
sulfuric acid.

V. Acid cooler. „  „
VI. Storage of 93 per C o p p e r  a n d  L e a d  S m e l t e r s

cent acid.
VII. Delivery to fertilizer plant by pipe line installation.

In making arrangem ents to utilize the sulfur dioxide of the 
zinc roasting plant, modifications in operating methods and 
m plant design were necessary in order to  increase the sulfur 
dioxide content of the roaster gases. Calcining in Wedge 
hearth furnaces was discarded in favor of w hat is frequently 
termed “flash roasting,” a procedure which is suggested by 
the fact th a t the zinc p lant handles flotation concentrates in a 
very fine state of division— 200 mesh and finer. The con
centrates are brought into the proper physical condition for 
calcining by a two-stage drying process and by  disintegrating 
lumps in a ball mill. The dry  finely divided concentrates are 
then calcined in a  hot chamber in a m anner similar to  the 
combustion of powdered coal in metallurgical furnaces. The 
air blown into the furnace w ith the concentrates is supple
mented by secondary air adm itted in proper am ounts for 
the purpose of controlling the combustion reactions. In  this 
method of roasting, the combustion rate  is high and therefore 
no auxiliary heating or firing is necessary as is the case when 
zinc concentrates are roasted in a hearth  furnace.

The flash method of calcining produces a large am ount of 
ue dust of such a degree of fineness th a t i t  cannot be success- 
ully recovered in dust chambers of the usual construction.

e cyclone collector was therefore substitu ted  for dust 
ciambers. The positive oxidizing conditions and the high 
emperature of the flash m ethod produce a flue dust th a t is 

completely roasted and therefore can be sent directly to  the 
zinc leaching plant; in  contrast, the flue dust from a hearth  
ca cming furnace m ust be returned to  the furnace for a second
treatment.

roaster gases from the furnace outlet contain 9 per cent 
su ur dioxide which is satisfactory for sulfuric acid produc-

tion by the contact process. The percentage is reduced by 
leakages in the purification system. The economic signifi
cance of using waste sulfur dioxide for sulfuric acid produc
tion becomes apparent when it is noted th a t the p lant under 
maximum production of 375 tons per day requires 129 tons of 
elem entary sulfur, equivalent to 258 tons of sulfur dioxide on 
the basis of 95 per cent conversion. The fact th a t this 
am ount of sulfur dioxide would otherwise be wasted is a  very 
im portant factor in the consideration of the enterprise from 
the standpoint of production costs. The treatm ent of the

r o a s t e r  g a s e s  after 
leaving the zinc p lant 
is under the control 
of the acid p lant or
ganization.

P u r i f i c a t i o n  
P r o c e s s

There are a num 
ber of steps in  the 
purification process in 
the course of the gas 
to  the c o n v e r te r s .  
D ust and arsenic re
moval is effected in a 
hot Cottrell t r e a t e r  
which removes 96 per 
c e n t  o f th e  d u s t  
c a r r ie d  by the gas 
after leaving the cy
c lo n e  s e p a r a to r s .  
The dust removed a t 
this point goes to  the 
z in c  leaching plant. 
The Cottrell treater 
is of the plate and 

wire type. There is a total of eight sections; each section 
contains sixteen 10 X 12 foot corrugated iron plates, 8 inches 
apart, w ith the high tension wires placed midway between the 
plates. Unidirectional current a t  50,000 volts produced by 
synchronous m otor-driven 25 kv.-amp. rectifiers serves this 
p lant. The entire trea ter handles 40,000 cubic feet of gas 
per m inute, which enters a t  a tem perature of 720° F. and 
leaves a t  450° F.

The gas from the ho t Cottrell treater passes next to the 
weak acid scrubbers. There are four of these: three are 
circular, with a diam eter of 20 and a height of 28 feet; one 
is square, 12 X 12 feet in cross section, and 28 feet high. 
Each scrubber is constructed of lead, lined w ith acid-proof 
brick of English m anufacture, and filled w ith brick checker- 
work of the general type of construction found in Glover 
towers used in chamber process plants. The gas passes in 
counterflow to the acid stream  which has a strength of 70 to  80 
per cent. The circulation of the acid is accomplished in 
the following m anner: From  a large storage tank, supported 
several feet above the scrubber, the acid flows by gravity  to a 
distribution tan k  on the top  of the tower. The acid is 
distributed over the brick checkerwork of the tower through 
thirteen lead pipe nozzles attached to  pipe lines leading from 
the distribution tank. Four feet below the outlet of each 
nozzle there is a suspended concave disk on which the falling 
acid strikes. This has the effect of spraying the acid over the 
checkerwork in a fashion similar to  the distribution of sewage 
on a trickling filter.

From  the bottom  of the tower the acid passes to  three water 
coolers, each containing four banks of pipes. Sediment is 
removed by settling, and then the acid is pum ped back to  the 
storage tanks above the scrubbing tower by  a Lewis hard-lead 
acid pum p. W hen it  is necessary to supply fresh acid to  the

a n d  Z i n c  E l e c t r o l y t ic  P l a n t
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circulating system of the scrubber, the old acid is utilized in 
the zinc leaching plant. Following this preliminary trea t
m ent in the hot Cottrell treater and weak acid scrubber, the 
gas now passes to  the main flue. This flue is constructed of 
lead, and is rectangular in cross section with dimensions 62 X 
50 inches. Branches from the main flue carry correctly pro
portioned am ounts of gas to each of the four units of the acid 
plant. Here the purification of the gas is. continued independ
ently  in each unit, in the following steps: washing with water, 
mist removal by a Cottrell treater, two stages of drying, and 
entrained acid removal by a coke filter.

The w ater washing 
station  is in all re
spects similar to the 
weak acid s c r u b b e r  
previously described.
This a p p l ie s  to the 
d im e n s io n s  of the 
scrubber and its de
sign with respect to 
the c i r c u la t in g  sys
tem.

Sulfuric acid mist 
is removed in Cottrell 
precipitators. E ight
een circular treaters 
are c o n s t r u c te d  of 
steel and lined with 
lead. In  each treater 
there are twenty-one 
6-inch pipes. The lead pipes are grounded, and in the center 
of each is a suspended steel wire covered with lead, carrying 
a unidirectional electric current furnished by  a mechanical 
rectifier a t 50,000 volts. In  the case of a Cottrell treater of 
this character it is necessary to provide a dry  atmosphere in 
the com partm ent containing the high tension installation. 
This is accomplished by piping dry  sulfur dioxide gas from 
the main blower to the top of each treater.

The sulfur dioxide gas used for drying then passes into the 
circuit with the treated gas. The mist-laden gas enters a t  the 
top of each treater. I t  flows down to the bottom  of the 
treater and then up through the lead pipes in which are sus
pended the high tension wires. A sealed drip a t the bottom  
of each treater collects the acid removed from the gas stream. 
The acid recovery for all of the eighteen treaters constituting 
the mist-removal installation for each un it of the p lant is 2 
tons of 3 per cent acid per day.

Two stages of drying follow the m ist removal in the Cottrell 
precipitator. In  each case the drying towers are circular, 
with a  diam eter of 20 and a height of 28 feet. The weak 
acid (80 per cent sulfuric acid) drying tower is constructed of 
lead, lined with brick, and filled with brick checkerwork in 
accordance with the usual construction. On the other hand, 
the strong acid (93 per cent sulfuric acid) drying tower is 
constructed of steel, lined with brick, and filled with coke. 
The gas passes countercurrent to  the acid flow in each case. 
Circulating pumps and tanks are used in operating the wash
ing, drying, and absorption towers. The acid is stored in a 
tank  above the towers from which it passes to the distribution 
box. Thirteen nozzles equipped with concave spray disks, as 
previously described, spray the acid over the checkerwork. 
After passing through the cooling tanks, the acid is returned 
to  the top of the tower by Lewis pumps, and the cycle is 
repeated. All tanks and coolers have lead-pipe ventilating 
systems which draw sulfur dioxide gas to  the main gas flue a t 
the entrance to the wash w ater tower.

The last stage in the purification of the gas is the removal 
of entrained acid. This is accomplished by passing the gases 
through a box filter filled with coke. This filter, constructed

of lead, is 18 X IS X 6 feet high; the coke bed is 5 feet 3 
inches deep. The bottom  of the filter bed is composed of coke 
pieces, 4 inches in size decreasing to a —4 mesh a t  the top. 
The gas is delivered to the bottom  of the box and rises through 
the coke.

The purification process is now completed. D ust, sulfuric 
acid mist, water vapor, and entrained acid have been removed. 
Up to this point the gases have been under suction equal to 7 
inches of w ater and are now passed to the preheaters and 
converters under a pressure of approximately 3 pounds. This 
suction and pressure is produced by an E lliott turboblower of

350 h. p., operating at 
3500 r. p. m., and hav
ing a capacity of 17,- 
000 c u b ic  f e e t  per 
minute. Under the 
pressure produced by 
the E llio tt blower, the 
purified gas passes to 
th e  h e a t  exchanger 
and to the converter 
w h e re  c o n v e rs io n  
takes place according 
to  the reaction:

= 2SOs 
-f- 45.2 Calories

This is a reversible ac
tion and therefore has 
definite kinetic and 

thermodynamic requirements. A t equilibrium, maximum 
conversion is obtained a t a tem perature approximately between 
400° and 425°C. (752° and 797° F.). However, within these 
tem perature limits the reaction velocity is too slow for com
mercial production. I t  is necessary, therefore, to carry out 
the reaction a t a tem perature higher than 400° or 425° C. at 
some stage of the conversion process. In  practice, 
satisfactory reaction velocity is obtained a t  temperatures 
ranging somewhat above 500° C. (932° F.) and in some cases 
as high as 600° C. (1112°F.) depending upon certain variables. 
These requirem ents of the equilibrium reaction and the fact 
th a t the same is exothermic indicate th a t it is advisable in 
m any cases th a t conversion take place in two stages. In the 
first stage the higher tem perature limits should be used to 
increase the reaction rate . After interm ediate cooling, the 
gases should then pass to the second conversion stage. In 
other words, there should be a vertical tem perature gradient 
in the converters which conforms to the theoretical limits 
stated  above, and a t the same tim e it is desirable th a t there 
be a uniform tem perature distribution in horizontal sections. 
These theoretical requirem ents are m et in the conversion 
system described below.

Figure 1 is a diagram showing the flow of gas through the 
heat exchanger, A, and the converter, B. The heat exchanger 
is 4 feet in diameter and 20 feet high. I t  contains a bank of 
1-inch pipes through which the hot sulfur trioxide gas from 
the converter passes to  the air coolers outside the plant. The 
converter, 18 feet high and 11 feet in diameter, contains 349 
vertical tubes, each 5 inches in diameter. These tubes are 
filled with vanadium  catalyst in the case of three of the plant 
units, and a shelf converter in the fourth unit. Below the 
tube outlets there is a layer of catalyst 12 to 18 inches in 
thickness. In  each converter using vanadium , there is a total 
of 11 tons of catalyst.

C o n v e r s i o n  P r o c e s s

Considering the operation of the conversion unit, the 
purified gas containing 5.5 per cent sulfur dioxide enters the

F o u r  U n i t s  o f  C o n t a c t  S u l f u r i c  A c id  P l a n t
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top of the heat exchangers a t a tem perature of 25° C. (77° F.) 
and under a pressure of 28 ounces. I t  then flows downward 
outside the pipes which are heated by the hot sulfur trioxide 
from the converter. Leaving the hea t exchanger a t  a tem pera
ture of 310° C. (590° F .), the sulfur dioxide can be adm itted to 
the converter a t tw7o points, C and D. The main stream  of gas 
enters the converter a t C above the catalyst layer, and is 
further preheated by contact w ith the outside of the hot 
catalyst tubes as it passes horizontally from one side of the 
converter to  the other, guided by baffles and upward through 
a perforated baffle to the space above the catalyst tubes. In  
this manner some of the heat of the conversion reaction is 
absorbed by the entering gas, prior to the second stage of 
conversion.

Adjustments in the final tem perature of the reacting gas 
stream can be made by adm itting gas a t 310° C. direct from 
the heat exchanger through the by-pass, E, to a point, D, in 
the converter. The conversion reaction then takes place as 
the gas stream  passes downward over the catalyst in the tubes. 
Intermediate cooling occurs through hea t absorption by the 
entering gas and in the space above the 18-inch catalyst 
layer in the bottom  of the converter, where the second stage of 
conversion takes place.

F i g u r e  1. F l o w  S h e e t  o f  H e a t  E x 
c h a n g e r  a n d  C o n v e r s i o n  U n i t

Temperature measurem ents are taken periodically a t points 
in the converters by  the use of Republic electric pyrometers. 
Four of these measurem ents are taken  w ithin the catalyst 
mass. Summarizing a set of tem perature readings, the gas 
delivered to the converter has a  tem perature of 310° C. 
(590° F.). The gas is preheated so th a t w ithin the catalyst 
mass in the pipes the readings are 570°, 603°, 535°, and 552°
C. (1058°, 1117°, 995°, and 1026° F .). The average of two 
readings above the catalyst layer is 440° C. (824° F.) and 
the sulfur trioxide gas leaves the converter a t a tem perature 
of 460° C. (860° F .). Under these operating conditions the 
average conversion is 94 per cent. In  fact, the conversion 
reaction is carried out under conditions quite w ithin the 
theoretical limits which govern an equilibrium reaction of this 
character. In  addition to the tem perature measurem ents of 
the conversion process by electric pyrometers, an Inglehart 
automatic recorder is used to indicate the sulfur dioxide con
tent of the entering gas. The accuracy of the recorder is 
periodically checked by chemical analysis. The sulfur tri- 
oxide gas passes to  the heat exchanger and then to  an air 
cooler en route to  the absorption tower.

From the air coolers the sulfur trioxide gas passes to  an 
absorption tower which in its essential parts  is similar to  the 
drying and scrubbing towers previously described. This 
r;uWer’ h°wever, is constructed of steel, lined with brick, and 
filled with quartz. The tower is 15 feet in diam eter and 26 
teet high. The sulfur trioxide enters the base of the tower and 
nows countercurrent to the 98 per cent acid used for absorp
tion. Acid of this strength has sufficiently low7 vapor tension 
o prevent the formation of sulfuric acid droplets. The 

absorption acid is pum ped into the center com partm ent of a

cast-iron tray  on top of the tov7er. From the center com part
m ent the acid is distributed over the entire tray , the function 
of which is to  distribute the acid uniformly over the quartz 
packing. The tray  is 3 inches deep and contains a series of 
holes Vis inch in diameter, centered 5 inches apart. In  each 
hole there is a glass tube which projects 1/ i inch above the 
bottom  of the tray, through which the acid flows.

Acid of 99.5 per cent strength is drawn off on opposite 
sides of the bottom  of the absorption tower. To the acid 
from one of these outlets sulfuric acid is added to bring the 
concentration to 98 per cent. This acid is cooled and pumped 
by  means of a Lewis pum p to the absorption tov7er. The 99.5 
per cent acid drawn off from the opposite side of the absorj>- 
tion tow7er is diluted with w ater to  93 per cent. This rep
resents the acid production of the plant, which passes through 
a w ater cooler and then to storage in one of tw7o 2100-ton 
steel tanks. Through a 4-inch pipe line the sulfuric acid is 
pumped to the fertilizer p lant storage tanks, a distance of 
6000 feet. The difference in level between the two storage 
systems is 400 feet, and it is interesting to note th a t each of 
two four-stage Allis-Chalmers centrifugal pumps deliver the 
acid a t the rate  of 1 ton per m inute. The contact plant, 
together with its delivery pipe line, constitutes the connecting 
link between the metallurgical works (the source of the w’aste 
sulfur dioxide) and the new chemical p lant designed for 
fertilizer production.

F e r t i l i z e r  P l a n t

Erected on an allotted area of 60 acres of ground, for the 
purpose of utilizing the contact sulfuric acid, the fertilizer 
plant, representing an expenditure of §10,000,000, employing 
three hundred men, utilizing electrical energy a t  the ra te  of 
34,000 h. p., and producing 300 to  400 tons of fertilizer products 
per daj7, is the m ost impressive p art of the new development 
program of the Consolidated Mining & Smelting Company. 
An abundance of cheap power, developed by three company- 
owned electric power plants on the K ootenay River, and 
sulfuric acid from waste smelter fumes are im portant con
siderations in viewing the economic factors of the enterprise. 
Indicating more directly the role of sulfuric acid, it is utilized 
in two divisions of the fertilizer plant. In  one, ammonium 
sulfate is produced by the interaction of synthetic ammonia 
and the contact acid. In  the other division, phosphoric acid 
is m anufactured from phosphate rock shipped from M ontana 
and Idaho. The phosphoric acid, in turn , is used to produce 
monoammonium phosphate and “ triple superphosphate.”

For the production of synthetic ammonia by Fauser 
catalyst columns, both hydrogen and nitrogen are required. 
The hydrogen is produced by electrolysis, using an installa
tion of Knowles, Fauser, and S tuart (bell type cells), and also 
the Peclikranz filter-press type of cell. Two Claude com
plete units produce the necessary nitrogen from liquid air.

Located far from industrial and m anufacturing centers, the 
sulfuric acid p lant of the Consolidated M ining & Smelting 
Com pany has more than usual significance. I t  has the effect 
of increasing the interlocking features of the entire production 
program of the company and sets up  a degree of coordination 
somewhat unusual in metallurgical and chemical operations.

R e c e i v e d  April 18, 1932.

“ N o n i n f l a m m a b l e ”  A i r p l a n e  F u e l .  Development of a “non- 
inflammable” motor fuel for use in airplanes is being studied 
by the French Government in conjunction with private French 
organizations, and recent tests are said to have been highly satis
factory according to L'Air. Elimination of the fire risk is said 
to have been accomplished in the new fuel, which does not leave 
the residue of carbon accumulation.
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F ig u r e  1. A i r p l a n e  V i e w  o f  F o r e s t  P r o d u c t s  C h e m i c a l  C o m p a n y

WIT H  practically the disappearance of the production 
of charcoal iron and the advent of synthetic acetic 
acid and methanol, the wood distillation industry 

suffered a serious decline. No new plants were constructed, 
and the future of those which continued in operation was far 
from hopeful. Radical improvements in the industry were in 
order if it was to survive.

Various efforts to produce acetic acid by direct processes 
(eliminating the interm ediate material, acetate of lime) have 
been made, and m any of them have led to  results of com
mercial promise. W ith this encouragement, improvements 
in wood distillation methods have followed those in by
product recovery, and the revival of in te res ts  
based on these developments will probably 
bring back to economic importance an in
dustry th a t was well on the way to  obsoles
cence.

One of the more promising processes for 
the direct recovery of acetic acid is th a t de
vised by Herm ann Suida of Vienna, which, 
following considerable success in Europe, has 
been introduced into the United States by 
the Forest Products Chemical Company, of 
Memphis, Tenn.

The plant a t Memphis was originally an 
acetate of lime operation. About three years 
ago it was converted to  the Suida system 
without interruption of production. So suc
cessful has been the outcome th a t an as
sociated interest, the Crossett Chemical Com
pany, of Crossett, Ark., has been pu t into 
operation based on the e x p e r ie n c e s  a t  
Memphis. Present developments a t  Crossett 
and plans for future expansion along addi
tional lines of chemical activity  bring this 
town in the southeastern corner of Arkansas 
to the front as one of the outstanding points

of interest today along lines of chemical 
technology.

Crossett is a thriving community of about 
twenty-five hundred inhabitants, which has 
developed in connection with the activities of 
the Crossett Lumber Company. The timber 
holdings of this company involve 420,000 acres 
of land which are being scientifically cut and 
reforested. The village is a  typical mill town 
of the better type with company store, hotel, 
com munity center, hospital, school, and play
ground. The town is served by the Rock 
Island, the Missouri Pacific, and the Ashley, 
Drew, and N orthern Railroads, the latter the 
property of the Crossett Lumber Company. 
In  this environm ent is taking place what is 
possibly the m ost im portant development in 
the wood distillation industry in the United 
States.

Because of the close relation between the 
operations of the Forest Products Chemical 
Com pany and the Crossett Chemical Com
pany, the technology of the two plants has 
much in common, and the account being pre
sented covers the essential features of the 

Suida and related processes as in practice a t both plants.

W o o d  D i s t i l l a t i o n

Each of the two plants is equipped for handling 80 cords 
of wood per day, though the Crossett p lan t is designed for 
expansion to  a 200 cord daily capacity. The carbonization 
cycle is the same in both cases. A charge a t  Memphis con
sists of 10 buggies of 8 cords each; a t  Crossett, 8 buggies of 10 
cords each. The wood is first treated  in a predrier for 48 
hours. H eat for this operation is furnished from flue gases 
from the retorts. The tem peratures realized range from 150°
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F i g u r e  2 . F l o w  S h e e t  o f  S u id a  P r o c e s s

Suida Process for Acetic Acid Recovery
E m e r s o n  P .  P o s t e ,  P .  O .  Box 51, North Chattanooga Station, Chattanooga, Tenn.
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B y - P r o d u c t  R e c o v e r y

to 200° C., driving off about 8 per cent of the moisture origi
nally contained in the wood. The predriers a t Crossett are of 
an improved down-draft design with autom atic tem perature 
control realized by admission of cool air as needed to  avoid 
excess heating.

The Memphis retorts are of the conventional end-fired type, 
using retort gas, tar, and light oil from the p lant (supple
mented by coal) as fuels. The improved design a t the Crossett 
plant is a radical departure from the usual. The retort gas is 
supplemented by natural gas. There are four combination 
burners along each side of the setting. The flame passes 
across under the retort, up the opposite side, and across the 
top, and the flue gases are w ithdrawn through ports in the 
bottom of the setting. The several units discharge flue gas 
into a common collecting flue which delivers to the predriers 
or the atmosphere as desired. The charge remains in the 
retorts 24 hours, during which tim e it is heated gradually to a 
maximum gas tem perature of 400° to  425° C. and held a t th a t 
temperature for the last 3 or 4 hours. The actual tem pera
ture of the charge is from 50° to 75° C. above th a t of the 
gas.

Gases leaving the retorts pass through water-cooled copper 
condensers and the condensed pyroligneous acid is led to  a 
collecting tank. Noncondensable gases are conducted to a 
copper collecting main, through a scrubbing system, and then 
to a distributing main from which burner connections lead. 
The gas in this system is autom atically held a t pressures of 
0.2 inch of water above or below atmospheric.

The average figures for a series of runs show a nonconden
sable gas yield of 6780 cubic feet per cord. During the entire 
cycle the gas composition is as follows:

C o n s t i t u e n t R a n g e A v e r a g e

% %
COî 60 -  40 53
Illum inants 1 .7 -  4 2 .9
CO 28 -  16 27 .2
CH3 2 - 3 6 15.3
H, 0 - 2 0 .5

B. t. u ./cu . ft. 100 -400 290

After being discharged from the retorts, the buggies of 
charcoal remain 48 hours in closed coolers and 48 hours in 
open cooling sheds, following which they pass to  a tipple for 
dumping. The charcoal is carried to  the charcoal house for 
crushing, sorting, and packing.

The gas scrubber is 4 feet in diam eter and 25 feet high. 
The scrubbing operation produces a clean gas which does not

F ig u r e  4 . M e t e r i n g  F e e d  P u m p s  a n d  C o n s t a n t - L e v e l  F e e d  T a n k s  
( C r o s s e t t  C h e m i c a l  C o m p a n y )

The methods of by-product recovery a t  
both plants center around the Suida process 
for the direct production of acetic acid. The 
essential feature is the preliminary separation 
of a scrubber oil in which the acetic acid is 
later dissolved, followed by its extraction and 
rectification under vacuum. In  European 
practice the alcohol is removed prior to the 
scrubbing out of the acetic acid. The modi
fication which has been in successful use a t  
Memphis for three years, and which is in opera
tion a t  the Crossett plant, removes the acetic 
acid first, followed by the separation of the 
methanol by  simple rectification m e th o d s .  
The advantages claimed for the Suida process 
are th a t i t  is continuous, yields an acid of 
high concentration and purity , involves a small 
num ber of separate operations, requires a rela
tively small am ount of steam , and uses as the

F i g u r e  3 . R e t o r t  C o n d e n s e r s  ( C r o s s e t t  C h e m i c a l  
C o m p a n y )

foul the burners, and the scrubbing liquors which are added to  
the pyroligneous acid increase the alcohol yield about 1 gallon 
per cord.

By the application of the down-draft system to the predriers 
and retorts, only the cooler gases th a t have given up their hea t 
reach the discharge flue, reducing heat losses to  a minimum.

The design of the retort settings makes possible very even 
and accurate tem perature control. An autom atic recorder 
registers the tem perature of each re to rt every 10 minutes. 
A given typical chart shows four retorts starting  a t somewhat 
varying tem peratures to have come within a  tem perature 
range of 10° C. after 10 hours and to have continued within a 

range of 20° C. for 7 hours till a  maximum 
of 410° C. was reached.
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extraction agent an oil distilled from the hard-wood tar, 
making the p lant independent of the use of materials of out
side source. The corrosion of the apparatus in the Suida 
system is found to  be very slight, and maintenance cost as a 
whole is low.

S e p a r a t i o n  a n d  T r e a t m e n t  o f  T a r

The pyroligneous acid from the wood distillation plant, 
containing 3.75 to 4 per cent alcohol by weight and 6 to 8 per 
cent acetic acid by volume, is run into a raw-liquor settling

F i g u r e  5 . L o w e r  S e c t io n s  o f  S c r u b b in g  C o l u m n s  a n d
U p p e r  S e c t io n s  o f  D e h y d r a t in g  C o l u m n s  ( C r o s s e t t
C h e m ic a l  C o m p a n y )

tank in which the insoluble ta r  settles out. The am ount of 
settled ta r is about 22 gallons per cord. This is drawn off into 
settled-tar storage tanks and from thence steam-distilled in a 
copper tar still. The distillate containing certain oils is run 
into oil decanters, and the lighter separated oils are used for 
fuel. Heavier oils are used as fuel or added to the ta r 
system as m ay be desired. The supernatant layers in the 
decanters are returned to raw-liquor storage, as they contain 
acid and alcohol values. The residue from the ta r  stills and 
portions of the heavier oil from the decanters are run into the 
dehydrated-tar storage tanks, and this product is distilled 
under vacuum in the pitch still. The distillate from this 
operation is cut into light-oil, heavy-oil, and scrubbing-oil 
fractions. The upper layer in the light-oil fraction is used for 
fuel, and the lower layer returned to the raw-liquor settling 
tank. The settled-out heavy oil is sold as wood preservative 
and similar materials; the upper layer is waste. The lower 
layer in the scrubbing-oil fraction is drawn off to  scrub
bing-oil storage; the upper layer is waste. This scrubbing oil 
is the extraction medium used in the recovery of the acetic 
acid. The residue in the pitch still is hard-wood pitch.

R e c o v e r y  o f  A c e t i c  A c id

By means of a metering pump the upper layer from the 
raw-liquor settling tanks is fed into the prim ary still. This is 
a copper un it equipped with steam  coils and live-steam inlet. 
By means of the coils the acetic acid and alcohol are vaporized 
and they pass on to  the scrubbing column. The residue from 
the still is discharged into the fuel system. The unit gradu
ally becomes fouled and is periodically tarred down by live 
steam.

By means of another metering pump, scrubbing oil is fed 
into the top of the scrubbing column up through which the 
vapors from the prim ary still are passing. The oil with the

acetic acid in solution passes down through a dehydrating 
column and into a vacuum exhausting column in which the 
acetic acid vapors are stripped from the oil. The vapors pass 
into the acetic acid rectifying system while the stripped oil 
goes through a cooler and returns to  the storage tank to 
repeat the cycle.

The continued use of the scrubbing oil causes it to tliicken 
to an objectionable degree. Periodically a portion of the 
supply is discarded and fresh oil from the ta r  system added to 
m aintain the desired consistency.

The vapors from the scrubbing column contain the 
methanol, and the condensate is conducted to the weak- 
alcohol storage tanks. The methanol content is about 4 per 
cent.

The acetic acid vapors which have been flashed off in the 
exhausting column are rectified in the upper vacuum column. 
Acetic acid running from 90 to 92 per cent by weight is drawn 
off a t a point part way up the column and is run through a 
cooler and receiver into aluminum storage tanks. The 
weaker acid from the top of the column, ranging from 20 to 
25 per cent in strength, is run back to the raw-liquor settling 
tank and passed through the system again.

A l c o h o l  R e c t i f i c a t i o n

The weak alcohol from the scrubbing-column distillate is 
concentrated in an exhausting and rectifying system produc
ing a product equivalent by gravity to  90 per cent methanol. 
I t  contains from 10 to 14 per cent acetone. A second rectifica
tion produces fractions designated as weak alcohol, acetone, 
99 per cent alcohol, and allyl alcohol. These are further 
rectified or blended to produce the desired grade of product.

Y i e l d , Q u a l i t y , a n d  U s e  o f  P r o d u c t s

In  addition to the noncondensable gas and other materials 
consumed in the processing, 1 cord of average hard wood

F i g u r e  6 . R e l a t io n  b e t w e e n  I g n i 
t io n  T e m p e r a t u r e  a n d  V o l a t i l e  
M a t t e r  C o n t e n t  i n  H a r d - W o o d  
C h a r c o a l

(weighing 4100 pounds) and the resulting 250 gallons of pyro
ligneous acid yield as salable products the following:

C harcoal (15.5%  volatile) 1330 pounds
Oil (wood preserving, etc.) 4 .5  gallons
P itch  40-45 pounds
Acetic acid (100%  basis) 120 pounds
M ethanol (100%  basis) 9 gallons

Practice has indicated th a t, to avoid spontaneous ignition, 
charcoal should contain not over 20 per cent volatile matter, 
and the product obtained meets this requirem ent. The clue 
outlet for charcoal is domestic use, and a well-established 
m arket is being built up in the southern cities. Considerable
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Acid as acetic 
Reducers as form ic acid 
A ldehydes as aceta ldehyde

By sodium salts m ethod:

Acetic acid 
Form ic acid
Acids of higher m olecular weights

%
9 2 .0  

1.0-0.8 
0 .0 3 9 -0 .0 3 4

99 .15
0 .8 5

Trace

The fractions from the methanol rectification are blended 
to produce a 94 per cent denaturing grade which makes up 
about 65 per cent of the output, the balance being marketed 
as 95 per cent antifreeze and solvent methanol.

R e s e a r c h  a n d  C o n t r o l

A system  of operations as complicated as wood distillation 
and by-product recovery calls for constant study and accurate 
routine checking. A research and control laboratory' is 
m aintained a t  the p lant of the Forest Products Chemical 
Com pany and a control laboratory a t  the Crossett Chemical 
Company. In  addition to these, control stations in the still- 
houses are used for the making of frequent routine tests.

A t the Memphis research laboratory a pilot p lant was care
fully studied before the commercial Suida installation was 
made. The initial full-sized p lant involved several modifica
tions of the European process. Based on more than  two 
years experience with this plant, the one a t  Crossett was 
designed to incorporate additional improvements, the m erit of 
which has been dem onstrated by about six m onths operation.

Certain of the m any contributions of these developments to 
the present sta tus of the industry are presented as of particular 
interest.

A C E T I C  A C I D  -  G M s / l O O C J C

F ig u r e  7. R e l a t io n  b e t w e e n  T e m p e r a t u r e  a n d  A c e t i c  
A c id  C o n c e n t r a t io n  i n  S c r u b b in g  C o l u m n

quantities are sold for m aking carbon disulfide and sodium 
cyanide, and a development which is under consideration is 
the building of a foundry for making cast iron w ith charcoal 
as a fuel.

The oils from the tar-refining operations which are m arket
able are used in mineral flotation, wood preservation, and as 
insecticides, w ith particular reference to  term ites and poultry 
lice.

Hard-wood pitch is used as a rubber softener and as electric 
insulation. I t  has a  very high dielectric strength and is 
particularly free from damage by petroleum oils.

Although not absolutely water-white, the acetic acid re
covered by the Suida m ethod is of sufficient purity  to be used 
commercially w ithout further refining. This is in contrast 
to the product of o ther direct processes, the acid from which is 
usually about 65 per cent in strength and frequently requires 
further concentration to  be of commercial quality. The addi
tion of one more column to the Suida system would produce 
a water-white product of nearly 100 per cent strength.

Repeated determ inations on acid produced by the plants 
under consideration lead to the following average figures:
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The product contains no odor of butyric acid and is miscible 
">th benzene in 1 to  1 proportions.

The chief use to  which the acetic acid is pu t is the manu- 
acture of solvent esters, such as butyl and ethyl acetates, 
hough fair amounts are converted to  glacial and other refined 

forms.

A C I D  A i  A C E T I C  -  C M s / l O O - C C .

F i g u r e  8 . R e l a t io n  b e t w e e n  T e m p e r a t u r e  a n d  A c id  
C o n c e n t r a t io n  i n  V a c u u m  R e c t i f y i n g  S y s t e m

Previous reference was made to the relation between vola
tile m atter in charcoal and the tendency for spontaneous 
ignition. As the result of a study  of this problem the retort 
trea tm ent has been designed to  bring the volatile m atte r in 
the charcoal to  about 15.5 per cent a t 950° C. I t  was found 
th a t the kindling tem perature of the charcoal has passed a 
minimum and is again rising if the volatile m atte r is reduced 
to this figure. Insufficient treatm ent resulting in the lower
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kindling tem perature has been the cause of spontaneous 
ignition. The holding of the charge a t  maximum tempera
tures for three or four hours a t  the end of the distillation 
assures the low volatile content and the resulting higher 
ignition point.

The relations between tem perature of carbonization, 
percentage volatile m atter a t 950° C., and ignition 
tem perature of charcoal are indicated in Figure 6.

The change in the order of removal of acetic acid and 
alcohol has been mentioned in the explanation of the Suida 
process. In  addition to this development, other improve
m ents were worked out a t  Memphis. The nature of the 
absorption oil was changed to promote greater efficiency. A 
more striking improvement has resulted in the use of a smaller 
scrubbing column.

The original Suida scrubbing un it was made up of sixty 
plates. Unless there is a means of cooling the upper portion 
of the column, tem peratures a t the top run up to  108° C. as 
compared with 102° C. a t  the bottom . The original method 
of reducing the top tem perature to the desired 99-100° C. 
was to accomplish heat loss by radiation in the upper sections. 
The modification worked out a t Memphis involves the return 
to  the upper portion of the column of a small am ount of

distillate from the condenser. This effects the desired cooling 
in a scrubber of tw enty plates as compared w ith the original 
sixty.

Figure 7 indicates the tem peratures th a t are realized in the 
modified scrubbing column as now in use.

Another interesting consideration is the concentration of 
the acid a t the various plates of the acetic acid vacuum column. 
They are shown in Figure 8. Control of the operation of the 
column is accomplished by sampling a t a point well below 
th a t of maximum concentration. This is designated on the 
chart as “hi-boiling” draw. A definite relation between the 
concentration of acid a t  this point, and a t  the “concentrate 
draw” has been established, and the use of this information 
makes possible the most accurate column control tha t has 
been worked out.
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Relation between Heat Transfer and 
Fluid Friction

E. V. M u r p h r e e , Standard Oil Company of Louisiana, Baton Rouge, La.

METHODS th a t have been published for calculating 
or correlating the heat transfer coefficients of fluids 
flowing under turbulent conditions in circular 

pipes m ay be divided into two classes. One class has been 
based on the use of dimensional analysis to  group the variables 
concerned in various moduli. The general relation obtained 
may be expressed as follows:

hd ( . dG , . Cm-y -  function —  X functionfc fl K

This method is empirical since the forms of the functions 
m ust be determined from experimental data. Among those 
using this method of correlation m ay be mentioned Nusselt 
(12) on gases, McAdams and Frost (9, 10) on water, and 
Morris and W hitm an (11) on w ater and oils. Of these corre
lations, th a t of W hitm an is the only one of general applica
tion over a wide range of values of Cp/k.

Among those who have proposed methods of calculating 
or correlating heat transfer coefficients from fluid friction are 
Reynolds (16), P randtl (14), Taylor (24), Schiller and Bur- 
bach (18), Stanton (23), Ten Bosch (25), and McAdams (8).

Reynolds assumed th a t a certain relation existed between 
fluid friction and heat transfer in turbulent flow and sug
gested th a t the heat transfer coefficient could be predicted 
from the equation:

h =  M  +  NG  
where M  and N  are constants

Prandtl, Taylor, and Ten Bosch have extended Reynolds’ 
analysis to  allow for the presence of a film of fluid flowing in 
lam inar motion along the wall. The type of equation pro
posed is:

dG Cm 
hd _  n k

7  ’  > +  ” ( ‘f - 1)

The value of m  in this equation m ay either be determined 
from experimental data  on heat transfer coefficients or pre
dicted from theoretical considerations. The value of 0.37 
is sometimes used for m. According to Prandtl, rn is an in
verse function of the one-eighth power of dG/p.

P randtl’s equation is derived on the assumption that a 
layer of fluid in lam inar flow exists a t  the pipe wall, and that 
the tem perature gradient for transferring heat in the main 
body of the fluid is similar to the velocity gradient in the main 
body.

I t  should be noted th a t P rand tl’s equation with a constant 
value for m  becomes essentially independent of Cp/k  for 
values of C p/k  =  5, and higher. T h a t is, in going from 
C p/k  =  5 to C p/k = °o J the heat transfer coefficient for a 
given value of dG /p  increases only about 10 per cent. This 
does not agree with data  on oils such as those of Morris and 
W hitman (11) where the effect of C p/k  is much greater. 
This is felt to  prove fairly conclusively th a t there is some 
error in the derivation of the P rand tl equation.

The essential difference between the method of predicting 
heat transfer coefficients developed in this paper and those 
previously proposed is th a t the existence of a viscous film at 
the pipe wall is not assumed. Instead, it is assumed tha t the 
eddy currents, while zero a t  the pipe wall due to boundary 
conditions, increase continually from zero a t  the pipe wall 
to a value which is constant for the main body of the fluid. 
I t  is further assumed th a t in the region over which the eddj 
currents vary, herein called the “film,” their strength is
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proportional to  a power function of the distance from the 
pipe wall. The film as defined should not be confused with a 
layer of fluid which is assumed in lam inar motion and which is 
called a “film” by  some writers. I t  is of course realized th a t 
the above assumptions are approximations. Actually, it 
would be very unlikely th a t the strength of the eddy currents 
would suddenly cease to  vary  and become absolutely con
stant; th a t is, the actual strength of the eddy currents m ust 
be a more continuous function.
However, i t  is believed the as
sumptions made represent good 
approximations, since the pre
dicted heat transfer coefficients 
and velocity distributions are in 
good agreement w ith experimen
tal results.

In  m ost of the experimental 
data, with which C o r r e la t io n s  
based on dimensional analysis 
or fluid friction have been a t
tempted, the tem perature differ
ence has been great enough to 
cause the physical properties of 
the fluid to vary  appreciably over 
a given cross section. The vari
ous writers have usually con
sidered their equations to  apply 
to an isothermal fluid and have 
taken the tem perature of the 
fluid a t some point between the 
pipe wall and th e  average fluid 
temperature. However, Morris 
and W hitman (11) have taken 
the properties of the fluid a t  the 
average fluid tem perature, pre
senting separate curves for heat
ing and cooling. This method 
is open to the o b je c t io n  th a t 
points for either heating or cool
ing would fall on a particular 
curve only for fluids whose physi
cal properties vary  similarly with 
te m p e ra tu re  and where the 
temperature difference is the same. I t  is obvious th a t, as the 
temperature difference decreases, the heating and cooling 
curves will approach each other and will become identical 
when the tem perature difference is sufficiently small so th a t 
the variation of physical properties between the center line 
of the pipe and the pipe wall is negligible.

The theoretical considerations of this article are limited 
to those cases in which the physical properties of the fluid 
have a negligible variation between the tem perature of the 
center line of the pipe and the tem perature a t  the pipe wall. 
In comparing the calculated results with experimental results 
where this condition is no t fulfilled, an arb itra ry  correction is 
made.

D i s c u s s i o n  o f  F l u i d  F l o w

I t is well established th a t a fluid m ay flow in a  pipe either 
® (1) laminar or viscous m otion or (2) in tu rbu len t motion, 
depending mainly on the value of the Reynolds criterion 

aa la m in a r flow is characterized by the absence of 
eddy currents; turbulent flow is characterized by the fact 
that there are eddy currents. The frictional resistance under 
viscous flow conditions m ay be calculated from Poiseuille’s 
aw, which is based on the assumptions involved in the defini- 
lon of viscosity and on the assumption th a t the fluid velocity 

a the pipe wall is zero. Frictional resistance for turbulent

flow is usually calculated from Fanning’s equation, one form 
of which is:

d p  _  2 / p u 2

d L  a

The friction factor defined above is employed throughout 
this paper; it is generally used by the English and German 
writers and is numerically one-half of th a t employed by Wil

son, McAdams, and Selzer (27).
In  this formula the friction 

factor, / ,  is dimensionless. The 
formula itself is obtained by 
d im e n s io n a l  analysis. F o r  
relatively smooth pipes, such as 
brass, copper, or large iron and 
steel pipes, i t  has been shown 
experimentally t h a t / i s  a func
tion of dG/p. only, and is other
wise practically independent of 
pipe size.

No complete theoretical trea t
m ent of turbulent flow has been 
developed. The m ost progress 
along theoretical lines has been 
made by Reynolds (16). The 
method of a ttack  applied by 
Reynolds is primarily based on 
a c c u r a t e ly  defining w h a t  is 
m eant by  fluid velocity.

In  viscous flow there are two 
types of v e lo c i ty ,  one being 
the velocity of a  particular mole
cule, and the other the average 
velocity of a group of mole
cules. The velocity a t  a  point 
in a  pipe a t  a particular instan t 
m a y  b e  ta k e n  e i t h e r  as the 
velocity of the molecule a t  th a t  
point a t  th a t instan t, or the  
average velocity, a t the instan t, 
of th e  m o le c u le s  w i th in  a  
c e r t a in  s p a c e  for which the 
point is the center of gravity. 

A th ird  velocity, which is essentially the same as the second, 
is the average velocity of the molecules past the point over a 
time interval for which the instant under consideration is the 
mid-point.

The velocity of a molecule a t  any point and a t  any instan t 
m ay then be separated into an average or mean velocity which 
is the average velocity over a space (or tim e interval) for 
which the point is the center of gravity  a t the instan t under 
consideration and into a  relative velocity referred to  non
rotating  axes moving with the mean velocity so th a t the 
sum of the mean velocity and the relative velocity gives the 
true velocity of the molecule. The mean and relative veloci
ties m ay then each be split up into three component velocities 
which are perpendicular to  each other. To set up separate 
equations of motion for the mean velocity, which is the 
only reason for so splitting up the true velocity, i t  is neces
sary th a t the average energies of m ean and relative motion 
of the space (or time) interval be separable. T h a t is, if v 
and v' are respectively the components of the mean and 
relative velocities in the y  direction, and m  the mass of the 
molecule, i t  is necessary' th a t

2  V s  m ( v  +  v ' Y  =  i V i w ( v !  +  a ' 2)

where the summation is taken over all the molecules in th e  
space (or time) interval. This necessitates th a t

V
A  method o f directly calculating heat transfer 

coefficients fo r  f lu id  flowing in  p ip e s  under 
turbulent conditions fro m  existing data on p ip e  
fr ic tio n  and  velocity d istribu tion  is presented. 
T he method is strictly applicable only to cases 
where the temperature gradient is such that the 
physica l properties o f the flu id  do not appre
ciably vary across the p ip e  cross section. For 
other cases an  arbitrary correction m a y  be made 
by taking  the ph ys ica l properties o f the flu id  to 
correspond to a temperature between the average 
temperature o f the flu id  w hen m ixed  and  that 
o f the p ip e  wall.

The calculated coefficients are compared with  
published experim ental results on gases, water, 
and  oils. T he correlation, w hile by no m eans 
perfect, is believed to be at least as satisfactory  
as a n y  so fa r  presented.

T he possib ilities are m entioned o f app ly ing  
the author’s m ethod o f calculation to other d iffu -  
sional processes such as dehum idification and  
absorption, and  to other types o f f lu id  flow such 
as flow perpendicu lar to tubes a n d  through tower 
packing.

A
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S mvv' = vEtnv' =  0

Similar considerations apply to the other components. 
These conditions pu t certain lim its on the minimum size of 
the space (or time) interval which m ay be taken. The 
minimum size of the space (or time) interval will be called 
the “period of the relative motion.” Reynolds has shown 
that, in order to separate the average energies of the mean 
and relative motions over a relative m otion period, it is neces
sary th a t the period of mean motion be infinite as com
pared with the period of relative motion. I t  m ay be shown 
from energy considerations th a t the ordinary equations

F i g u r e  1. T u r b u l e n t  F l o w  i n  C ir c u l a r  P i p e

of motion for viscous flow refer to mean velocities and not 
actual molecular velocities. T h a t is, the heat motion of the 
molecules is not included in the equations of motion. I t  is 
reasonably obvious th a t for this case this separation is 
legitimate, since the period of the mean motion is very large 
compared to the period of the heat motion.

The situation is more complicated for turbulent flow than 
for viscous flow on account of the eddy motion. For tu r
bulent flow it is possible to separate the mean velocity into a 
mean mean velocity and a relative mean velocity in exactly 
the same way th a t the true velocity for viscous flow m ay be 
separated into a mean velocity and a relative velocity. The 
condition for this separation to be of value as previously 
developed is th a t the period of the mean mean velocity be 
infinite as compared with the period of the relative mean 
velocity. In this separation the relative mean velocity repre
sents the eddy motion and bears the same relation to the 
mean mean velocity as the relative velocity bears to  the mean 
velocity in viscous flow.

If the turbulent flow is such th a t the mean mean motion 
is steady and in one direction, then the period of the mean 
mean m otion is infinite. As periods of relative mean motion 
are of necessity finite, the period of the mean mean motion is 
infinite compared to the period of the relative mean motion 
for this case, and it  is possible to  separate the average energies 
of mean mean and relative mean motion over a period of 
relative mean motion. Separate equations of motion for 
mean mean and relative m ean motion m ay therefore be set 
up. The steady flow of fluid in a pipe or conduit meets the 
above conditions.

By separating the velocities as outlined, Reynolds was able, 
using exact analytical methods, to obtain certain basic 
equations for turbulent flow. Recent writers have developed 
these relations (summaries of which are given in citation S) 
more simply using less exact m ethods similar to the following.

The two-dimensional flow of a fluid under turbulent condi
tions in the z direction is pictured in Figure 1. The relative 
radial velocity perpendicular to the mean mean velocity, 
w, is represented by v'. The length of the cylindrical shell 
shown in the figure is a and is assumed of such length th a t 
the average value of v' over either the inside or outside is zero. 
On the inside, momentum a t  the rate  of 2 -  r p v' w ' pier unit 
length is carried into the shell by  v'. The average gain of 
momentum to the shell is 2 ~  r a p v' w '. This gain of momen
tum  acts on the element as a force directed toward the right. 
The viscous force exerted on the inside of the element by the

mean mean velocity, which also acts as a force directed toward 
the right, is — 2 tr pro. (8w/8r). The to tal force exerted 
on the inside of the element by the fluid is then:

2jr ra  ̂— p g  +  p v'w'^j

In  a sim ilar way the total force exerted by the fluid on the 
outside surface of the shell is:

—2 7ra^  —rp — +  rp v'w' +  w £ r  (  — p ^  +  p v'w '^  J  dr ^

The negative sign is used to  designate the fact th a t this 
force is directed toward the left. The force exerted by the 
pressure gradient is (Sp/5z) 2 t  ra dr. Adding these forces, 
setting the sum equal to  zero, and simplifying, one obtains:

where S  = — ~
&z

The term  p v'w' in Equation 1 represents a rate  of transfer 
of momentum per un it area across a  surface. Physically 
this transfer is due to groups of molecules being thrown by 
the component of the eddy currents perpendicular to the 
mean mean velocity from one stream  line of mean mean 
velocity to another. The first stream  line m ay correspond 
to a higher or lower value of w th an  the second. If  higher, 
the value of w ' is positive, and, if lowrer. it is negative. From 
this, V)' m ay be regarded as equal to (Sw/8r) r  where r  is the 
distance between the stream  lines. The expression — p v'w' 
in Equation 1 m ay therefore be replaced by — p v'r (bw/or). 
Let the symbol. E, be defined by the equation:

E = -p  Vr (2)
Then

—p v'w' = E ^  (3)or

and E quation 1 becomes:

£  [r(M +  E) g ]  = - S r  (4)

The symbol, E, will be defined as the eddy viscosity to 
differentiate it from the true viscosity. The German writers 
use the term  Austauschgrösse for E.

If E  be taken as constant, and the constant value be de
noted by E ', Equation 4 m ay be integrated as follows:

¡w _  —Sr  , ci 
¥  ~  2 ( p  +  E ' )  +  7

Since (bw/br) from sym m etry is equal to  zero for r  =  0, the 
value of Ci m ust be zero. Integrating  again,

—rAS , 
w 4(m -I- E ’) +  Ci

Let Wo represent the value of w for r  =  0. Then c- =  ta>. 

Let —^ =  c. On m aking these substitutions, one ob

tains:

w = wo — cr-

Stanton (20) has shown th a t for turbulent flow the velocity 
distribution fits an equation of this form up to  within a verj 
short distance of the pipie wall. This fact leads to the interest
ing conclusion th a t E  m ust be approxim ately constant over 
the main body of the fluid and only varies appreciably near 
the pipe wall. The experiments of S tanton (22) on velocities



July, 1932 I N D U S T R I A L  A N D  E N G I N E E R I N G  C H E M I S T R Y 729

close to the pipe wall show th a t the velocity' approaches zero 
with approach to  the pipe wall, and th a t the slope of the 
velocity curve approaches the slope of the velocity curve for 
viscous flow with the same friction upon approaching the 
pipe wall. This la tte r fact has been widely interpreted to 
indicate the existence of a layer of fluid of finite thickness a t 
the pipe wall which is flowing in viscous flow. The experi
mental evidence does not w arrant this conclusion as it indi
cates only th a t the flow approaches more nearly to viscous 
flow with approach to  the pipe wall. The condition of zero 
velocity a t  the pipe wall demands th a t the eddy currents be 
zero a t the pipe wall, and hence a t the wall itself the slope of 
the velocity curve m ust be the same as for viscous flow. I t  is 
reasonable to  assume th a t for a short distance the strength of 
the eddy currents is a continuous function of the distance 
from the pipe wall and hence th a t the eddy currents increase 
in strength with distance from the pipe wall, and, as a conse
quence, the deviation of the actual flow from viscous flow 
steadily increases with distance from the pipe wall. The 
equations of motion give no indication of the existence of a 
finite layer of fluid in viscous flow a t the pipe wall. From 
these considerations, the existence of a film of fluid of finite 
thickness in viscous flow a t  the pipe wall is regarded, to  say the 
least, as very unlikely.

As the eddy currents m ust be zero a t  the pipe wall (assum
ing no slip), the eddy viscosity m ust also be zero a t  the pipe 
wall. Since S tan ton’s experiments indicate th a t the eddy 
viscosity becomes practically constant a t a short distance 
from the pipe wall, it is reasonable to assume th a t over this 
short distance the eddy currents Vary as some power of the 
distance from the pipe wall. I t  is evident th a t this assump
tion can introduce no appreciable error. The short distance 
over which the eddy viscosity varies will be termed the 
“film.” I t  should be clearly remembered, however, th a t it is 
here assumed th a t the fluid is not in viscous flow in this 
film.

Reynolds (16) has shown th a t 8v'/8r =  0 a t  the pipe wall. 
Therefore in the film, v' m ust vary  with a higher power of the 
distance from the pipe wall than the first power. From  a 
consideration of the physical significance of w', it appears th a t 
near the pipe wall i t  will vary  in the same m anner as w. 
From Equation 4 it  is evident th a t near the pipe wall 8w/8r 
is constant. N ear the pipe wall, therefore, w (and hence w') 
varies as the first power of the distance from the pipe wall. 
From Equation 3, E  is proportional to  the product of v' and 
w . If we restrict ourselves to  integral powers, which is 
necessary to integrate subsequent equations, then E  in the film 
can vary with no less power than  the cube of the distance from 
the pipe wall. The restriction to  integral powers is not 
necessary from physical considerations, bu t, as will be shown 
later, the accuracy of the experimental data  on heat transfer 
does not w arrant greater refinement.

It will be shown la ter th a t once the power of the distance 
from the pipe wall with which E  varies in  the  film is fixed, 
numerical values of hd /k  as functions of dG/p. and cp./k are 
completely determined. These values contain no arb itrary  
constants to be evaluated from heat transfer data. Values 
of hd/k as functions of dG /n  and cp./k were calculated on the 
assumptions th a t E  varied in the film w ith both  the th ird  and 
tourth power of the distance from the pipe wall. I t  was 
found, particularly for high values of cp./k, th a t there was a 
marked difference in  the values of hd /k  calculated from the 
two assumptions. A rough check against the heat transfer 
data indicated th a t the th ird  power was preferable. An 
equation for tu rbu len t flow will, therefore, be derived on the 
assumption th a t E  varies through the film as the cube of the

'stance from the pipe wall, and on the assum ption th a t in the 
mam body of the fluid E  is constant.

foe equations derived will contain as unknowns the eddy

viscosity, E, and the film thickness. These two quantities 
must be evaluated by two known conditions of fluid flow. 
The two most accurately known conditions are frictional 
resistance and ratio of average velocity, divided by center-line 
velocity. Both of these conditions are known as a function of 
dG/n  for copper tubes.

The assumptions made in the treatm ent of turbulent flow 
are somewhat different from those used by the more recent 
German writers, in particular P randtl (16) and K arm an (/). 
The basic assumption made by these writers is th a t the 
velocity varies directly as the one-seventh power of the 
distance from the pipe wall. The fact th a t tliis relation is 
not valid close to the pipe wall, owing to the slope of the 
curve increasing rapidly to  infinity a t the pipe wall, was 
recognized by the above writers. This difficulty is overcome 
by assuming th a t a viscous film exists a t the pipe wall and 
th a t the one-seventh power law holds only from the inside 
of this film inward. I t  is also obvious th a t the relation 
cannot hold near the center of the pipe because of the fact 
th a t the relation does not allow for a maximum velocity a t 
the center of the pipe. The relation can, therefore, be valid 
only from a point a certain distance from the wall to  a point 
a certain distance from the center of the pipe.

D e r i v a t i o n  o f  E q u a t i o n  f o r  F l u i d  F l o w

Let a be the radius of the pipe and b the inside radius of 
the film so th a t the film thickness is (a — b). Let E ' be the 
constant value of E  over the main body of the fluid. Then 
over the film in accordance with the assumptions outlined 
above,

Integrating Equation 4, one obtains:

J * r ( i  +  - )

where c = constant of integration

As E  has different forms for film and main body, separate 
integrations of Equation 6 m ust be made for the two locations. 
Over the film— th a t is, from r = a to  r =  b— Equation 6 
takes the form :

Let x  =  -— then dx =  and let — =  A, Sincea — b’ a — b’ fi
the variation in r is small compared to variation in denomina
tor, r  m ay be replaced by its average value over the film of 
(a +  b) / 2 w ithout introducing appreciable error. W ith 
these changes, the above equation becomes:

*S(a2 — b") f  dx
w “  v  J  r r o  +  c

On carrying out the indicated integration and evaluating 
c so th a t w — 0 when x  =  0, which is the boundary condi
tion, one obtains:

S ( a * - b * )  (1 +
w 12n<i>ln  L 7 1 -  & n x  +

+  V 8  ta n - 1  1 +  L V g ]  (7)

The value of w a t  the inside boundary of the film, where 
2 = 1, will be denoted U, which is defined by the equation:
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rr S(a2 -  b2) r , , , ( 1 4
L 12p4>in  L 1 -  <t>1/3 +  </>a/5

(1 + ^ J + V 3 t a n  

2</>>'3 -  1
V 3 T \ l (8)

rr S(a- b~) p f , \  
1 ~ 1 2 ^ ~ (8a)

2 m (1 4  0 ) 

S  b2 -  r2
4m 1 4- <t> 4  17 (9)

where the integration constant, c, has been evaluated so tha t 
w = U when r =  b.

The average velocity, u, over the cross section of the pipe 
is defined by  the equation:

or.

r a■a2u — 2tt I 
J O

2 f a
u = Tj I ha Jo

wrdr

The integration m ust be carried out in two steps, one from 
0 to b and the other from b to  a. The integral from 0 to b 
from Equation 9 is:

-  fJ O
b , Sb* , Tr b2wrdr — -— ■—-T -f- U —

8a-/x(l -f- (f>) a- (10)

The integration from b to a, judging from Equation 7, 
is rather involved and is probably best handled by approxi
m ate methods. L et A be defined so th a t A U is the average 
velocity over the film. Then,

t (ci2 — b wrdr ( 11)

Since r varies bu t little over the film, it will be given the con
sta n t value of (a 4- b )/2. On this basis,

(a2 -  b2)AU  =  (a +  6)
i ;

wdr

Let x =    'a — o
One obtains

be substituted for r  in the above equation.

a U = J '  wdx

(12)

where F  is defined by Equations 8 and 8a.
The integral of Equation 12 m ay be readily evaluated by 

graphical or approximate means for various values of <t>. 
In  this way a plot of A as a function of 4> m ay be prepared. 

From Equation 11,

2 C a
55 J b

wrdr =  . b~ AV (13)

Therefore
Sb* b2

8 o 2m(1 +  4>) +  U a
4

b2 AU

The function in brackets in the above equation will be 
called F (<j>) so th a t Equation 8 m ay be written,

or substituting for U from Equation 8a, and letting y  =  6/a, 

Sa2
4 m

Tlie value of E  over the main body of the fluid has the 
constant value, E ’. The value of the velocity is given by the 
equation:

Fanning’s equation m ay be w ritten : 

_  V pu2 _  fu {duP) (15)

where d — 2a

Substituting for the first u in the above equation from 
Equation 14, one obtains after simplification:

/  dup 
4 M

1 (16)

The value of the ratio  of the center-line velocity, u>o, 
divided by  the average velocity can be obtained from Equa
tion 9 by  setting r — 0 and dividing by u. On carrying this 
out, substituting for U in E quation 9 from Equation 8, sub
stitu ting  for S  from Equation 15, and calling 6 /a =  y, one 
obtains after simplification:

4" 1 -  y' 
34>1/3

F W
Wo
u . r f ( 0 )  i -I

3d>1/2 t (duP\ • [_3 1 +  ¿ J
_ 4 V J ) _

(17)

Equations 16 and 17 are basic equations connecting the 
ratio, y, of the inside diam eter of the film divided by the 
inside diameter of the pipe and the ratio, <j>, of the constant 
eddy viscosity over the main body of the fluid divided by the 
true viscosity of the fluid, w ith Fanning’s formula friction 
factor, / ,  and the ratio of the center-line velocity divided by 
the average velocity. For a  given value of dup/y. and with 
experimental d ata  o n /a n d  Wo/u, the equations contain as true 
unknowns only y  and <p. As there are two equations and 
only two unknowns, y  and <6 m ay be evaluated.

The actual com putation of y  and 4> from Equations 16 and 
17 is ra ther laborious. To facilitate calculation, plots of F 
(<j>) and A as functions of <p should be prepared. Accurate 
values of /  and Wo/u should be used. The calculation is of a 
trial and error nature. For a  particular value of dup/y, 
both /  and w0/ u  are known (a t least for copper tubes) from 
experimental data. Assume a value of <f> which fixes the value 
of F(<j>) and A. From  E quation 17 the value of y  for the as
sumed value of (¡> m ay be obtained. This value of y  is sub
stitu ted  in E quation 16. If, for th is value of y, the left-hand 
side of the equation is equal to the right, the correct value 
of <j> has been assumed. If  not, other values of 4> m ust be as
sumed until th is condition is realized.

For copper tubes the friction factor has been calculated 
from the following equation derived by Lees (7):

/  =  0.0765 +  0.0009 (18)

For small steel tubes of 0.42 inch diameter, the following 
equation is given by Lander (5 ):

/  =  0.141 - g ) - ”  +  0.002 (19)

The ratio of w0/u  has been taken from Stanton’s work on 
brass tubes. These values m ay be assumed to  apply to copper
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tubes. The calculated values of y and 4> for copper tubes 
and for various values of dup/<f> are given in Table I.

Based on dup/p  =  40,200, or D up/Z  of 324, Figure 2 shows 
the calculated values of w/wo for the main body plotted vs. 
the ratio r/a . An enlarged section for film is also shown, 
with w/wo plotted against x. S tan ton’s data  (19) for the 
velocity distribution for air flowing isothermally in pipes for

F i g u r e  2 . C a l c u l a t e d  V a l u e s  o f  
w/wo v s .  R a t i o  r / a  f o r  M a i n  B o d y ,
AND VS. X  FOR FlL M

this value of dup /p  are also shown in Figure 2. The agree
ment between the calculated and observed results for the 
two sizes of pipe used by S tanton is very close. The ex
cellent agreement in the film would indicate th a t the as
sumption made as to  the variation of the eddy viscosity in the 
film is not greatly in error.

T a b l e  I. C a l c u l a t e d  V a l u e s  o f  y a n d  4> f o r  C o p p e r  T u b e s
dup Dup tco

M z /  X 10* u V 0 1 - y
3,000 24 .2 5 .5 8 1.380 0 .7203 7 .2 0.2797
5,000 40 ! 3 4 .82 1.317 0.8108 11.7 0 .1892

10,000 80 .6 3 .97 1.275 0.8835 20 0 .1165
25,000 202 3 .12 1.250 0 .9318 42 0 .0682
50,000 403 2 .64 1.240 0.9541 72 0.0459

100,000 806 2 .27 1.235 0 .9700 121 0 .0300
300,000 2,420 1.83 1.223 0.9837 300 0 .0163
500,000 4,030 1.68 1.220 0 .9875 470 0 .0125

2,500,000 20,150 1.34 1.211 0.9945 1940 0.0051

R e l a t i o n  b e t w e e n  F r i c t i o n  a n d  H e a t  T r a n s f e r  
b y  E d d i e s

In the above discussion on eddy currents, the relative 
mean velocity component, w', in the direction of m ean mean 
flow, was pictured as being due to  portions of the fluid being 
carried from one stream  line of m ean m ean velocity to  an
other by the relative mean velocity component, v', per
pendicular to mean mean fluid flow. The value of w ' was 
considered as being equal to  t (8w/8 t) where t represents 
the distance between the stream  line of mean velocity under 
consideration and the one from which it  was thrown. The 
sign of r  is such th a t r(8w/8r) has the same sign as v', and 
hence for a circular pipe the sign of r  is opposite to  th a t of 
v'.

To derive an expression for the heat transfer due to  eddy 
currents, consider the hea t transferred by  the eddy currents 
across any cylindrical surface in  a pipe such as is shown in 
Figure 3, and assume the fluid being heated by transfer of

heat from tlm pipe wall. The length of the surface is assumed 
such th a t o' for the surface is zero. The eddy currents 
directed toward the axis of the pipe carry fluid a t  a higher 
tem perature than  th a t of the cylindrical surface across the 
surface, and the reverse is true of those directed toward the 
pipe wall. The former eddy currents can be regarded as 
carrying positive heat and the la tte r negative. I t  is obvious 
th a t the tem perature of any portion of liquid carried from 
one stream  line of mean mean velocity to another by the 
component eddy currents perpendicular to  the pipe axis is 
a t  the tem perature of the stream  line from which it  is thrown. 
The value of the distance it is thrown is plus or minus, the 
sign depending on the sign of v ' . Therefore, liquid being 
thrown across the cylindrical surface, whose tem perature 
will be taken as t, toward the axis of the pipe has a  tem 
perature of t +  (St/8 t ) t .  T h at thrown across the surface 
toward the pipe wall has the corresponding tem perature 
of t  +  ( S t / b r ) T .  In general, the heat transferred by the 
eddy currents over any differential area, dA, is p Cv' d A  
(t +  (5t/5r)r — i) or p C v ' (St/5r)r d A . The average rate  of 
heat transfer per un it area due to  eddy currents is obtained 
by integrating this expression over the area, A ,  of thecylindri- 
cal surface and dividing by A . The result is p  C v ' t  (8t/8r) 
where v ' t  is the average value of the product over the surface. 
From  E quation 2, p v ' t  — — E. On m aking this substitu
tion, the expression for the ra te  of heat transfer by  the eddy 
currents becomes ~ C  E(8t/8r).

F i g u r e  3 . H e a t  T r a n s f e r  f o r  T u r b u l e n t  F l o w  i n  F l u id  
F l o w in g  i n  C i r c u l a r  P i p e

(Sign of r  is positive for » ' d irected  tow ard  cen ter line, and  negative for »' 
d irected  tow ard  pipe wall.)

Besides heat transfer by  eddy currents, heat is also trans
ferred by conduction. The total rate  of heat transfer per 
un it area is — (k +  C E) (8t/or). This type of relation has 
been derived by other writers (2,6).

A fluid in turbulent flow, therefore, has an effective therm al 
conductivity of (k +  C E )  as compared with the true therm al 
conductivity of k.

The above derivation is strictly  correct only for a fluid of 
constant density. This error involved due to therm al ex
pansion is negligible, provided specific heats a t  constant 
volume and not a t  constant pressure are used.

The derivation of the effect of eddy currents on heat trans
fer has been presented for the sake of sim plicity in a somewhat 
approxim ate form. The same results, however, can be ob
tained by  a more exact analysis.

H e a t  T r a n s f e r  C o e f f i c i e n t s

The basic differential equation for the  heating or cooling 
of a fluid flowing in a circular pipe when the tem perature 
of the pipe wall depends on the length only, as derived by 
Nusselt (18) and others, is:

k (SH , 1 U \ St
Cp \Sr* r S r )  W SL

This equation m ay be obtained by making a  heat balance on a 
cylindrical element inside the pipe. The equation is similar



732 I N D U S T R I A L  A N D  E N G I N E E R I N G  C H E M I S T R Y Vo). 21, No. 7

F i g u r e  4 .  H e a t  T r a n s f e r  C o e f f i c i e n t s  f o r  F l u i d s  i n s i d e  o f  T u b e s .  
C h a r t  o f  hD /k a s  F u n c t i o n  o f  DG/Z a n d  CZ/k

F ./h o u rfluid film coefficient, B. t. u ./sq . f t . / ' 
tu b e  d iam eter, inches 
therm al conductiv ity  of fluid, B. t. u ./sq . f t . / °  F ./h o u r/fo o t 
m ass velocity , lb ./sec ./sq . ft. 
viscosity, centipoises
heat capacity  a t  con stan t volum e, c a l ./g ra m /°  C.

(T em peratu re  for physical constan ts  tak en  a t  wall tem pera tu re  plus th ree-fourths
tem pera tu re  difference for cooling and  m inus tw o-th irds of tem pera tu re  difference for 
heating ; fc  is Fann ing’s form ula friction factor for copper tu b e ; / /  is F ann ing ’s form ula 
friction factor for tube  in question.)

in m any respects to  the equation for the heating or cooling 
of an infinitely long circular cylinder. The solution of this 
equation, however, is much more difficult than the solution 
of the equation for the circular cylinder. For the type of 
equations obtained for velocity distribution in this paper, 
the exact solution of the above equation appears too com
plicated to be feasible.

I t  is desired to point out one im portant fact which m ay be 
inferred from the differential equation. The values for heat 
transfer coefficients a t any cross section of the pipe obtained 
by solving the equation will, in general, be a function of the 
length of pipe traversed in addition to being a function of 
other variables. This applies even to the simple case where 
the entire length of pipe wall is a t constant tem perature. In 
general, therefore, the heat transfer coefficients for fluid 
flowing in a  pipe do not depend alone on the conditions pre
vailing a t the particular pipe cross section, bu t also on the 
length of pipe traversed. This is another way of saying th a t 
the heat transfer coefficients depend on the history of the 
fluid.

For the general case it is believed th a t the transfer of 
heat should not be expressed by heat transfer coefficients. 
The transfer is better expressed by the terms used in the 
m athem atical theory of heating and cooling, such as the ratio 
of the accomplished tem perature change of the fluid to the 
to ta l possible tem perature change.

For the particular case of heat transfer to fluids in turbulent 
flow where the velocities are in usual commercial ranges, 
experiments have shown th a t heat transfer coefficients 
are affected very slightly by pipe length except for short 
pipes where the coefficients are increased by  entrance tu r 
bulence effects. Latzko (£>), in a theoretical treatm ent of 
entrance effects, reaches the same conclusions shown by ex
periments.

The practical independence of heat transfer coefficients on 
pipe length can be explained only on the basis th a t the tem 
perature gradients in the main body of fluid are almost

negligible, and th a t the main resistance to heat 
transfer exists in a relatively thin layer of fluid 
a t the pipe wall. I t  is also essential tha t the 
heat absorbed or given up by the fluid in the 
thin layer a t the pipe wall be negligible in 
comparison to  th a t absorbed or given up by 
the main body of fluid. The thin layer of 
fluid a t the pipe wall is usually called the 
“film.” I t  is to be noted, however, th a t there 
is no necessity for the fluid flowing in the film 
to be in lam inar motion.

W here the conditions for the film theory 
strictly  apply, the average tem perature of the 
fluid m ay be taken as the tem perature at 
the inside surface of the film or a t any point 
in the main body. For cases where the film 
theory is employed and the conditions for its 
use are only approximately met, there is some 
slight advantage in using the inside film tem
perature as the average tem perature of the 
fluid. If so defined for these cases, the effect 
of neglecting resistance to heat transfer in the 
m ain body of the fluid tends to counterbalance 
the effect of neglecting the heat absorbed or 
liberated by the film.

In  the method developed below for predict
ing heat transfer coefficients, it m ay be possible 
to take into account the relatively slight 
resistance to heat transfer offered by the main 
body by using a development similar to that 
of Nusselt (IS) for lam inar flow. I t  is be

lieved best, however, not to  make such a correction unless 
the heat absorbed or liberated by the film is also taken into 
consideration.

From the assumptions outlined above which must be 
made in the use of the film theory, it is clear th a t the tempera
ture difference used with the coefficient m ay be the differ
ence between the tem perature of the two sides of the thin 
layer or film in which the main resistance to heat flow is as
sumed concentrated. Since this film is assumed to have 
negligible heat capacity, all heat flowing into the film must 
flow out. Therefore, in the film,

of

2nadLh(t, -  tb) =  2 m d L (h  +  CE) 5r

ah(la — tb) =  r(k  +  CE)
5J,
Sr

(20)

where the term (k +  CE) is the equivalent thermal con
ductivity previously derived, and t is restricted to the film 
th a t is, between r  =  a and r =  6. Rearranging Equation 20 
and integrating, one obtains:

h( t a - t b) f b dl l  a / b
dr

m  +  c e )

Since the variation of r  is small, it m ay be .replaced by its 
average value of (a +  b )/2. Also E  m ay be expressed as a 
function of r from Equation 5.

The above equation becomes:

2 a
(a -f- b)k

dr

1 +

dr (21)
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On carrying out the indicated integrations, one obtains:

Fd = f t ? 3 ^  F ( t  0) (22)

where y has been substitu ted  for b/a, and F  is used to  sym
bolize the same function as previously.

Equation 22 w ith the help of Table I  perm its the direct 
calculation of hd /k  as a function of dG /p  and C p/k. Table I I  
gives the calculated results with the variables expressed in 
their more custom ary units— hD /k, D G /Z, and C Z /k. The 
calculated values of hD /k  are given in Table I I  for a range of 
D up/Z  or dG /Z  from 24.2 to 20,150, and a range of (C Z /k )1 n  
from 0.5 to  8. Curves of the calculated values of hD /k  
as a function of D up/Z  for various values of C Z /k  are given 
in Figure 4. These curves perm it a ready calculation of heat 
transfer coefficients.

T a b l e  II. C a l c u l a t e d  V a l u e s  o f  hD/fc*
n r----- {  C Z \ i / j I q.

DG V k )
Z 0 .5 1 .0 2 .0 4 .0 8 .0
24.2 100 169 321 636 1,269
40.3 172 303 585 1,160 2,320
80.6 330 605 1,180 2,340 4,670

202 709 1,337 2,640 5,260 10,490
403 1,246 2,390 4,720 9,430 18,900
806 2,250 4,360 8,670 17,300 34,600

2,420 5,540 10,900 21,740 43,400 86,700
4,030 8,360 16,550 32,950 65,900 132,000

20,150 32,600 65,100 130,000
° Conversion factors: D G /Z  =  0.00806 dG /n; C Z /k  =  0.413 C/i/ft.

From Table I  i t  will be noted th a t the ratio  of the film 
thickness divided by  the pipe diam eter as expressed by 
(1 -  y) is quite large for the lower values of D up/Z , and it  is 
very doubtful th a t i t  is permissible to  neglect the heat ca
pacity of the fluid flowing in the film. If  this is the case, the 
use of the film theory is not permissible, as the ra te  of heat 
flow for a given tem perature difference a t  any point in the 
pipe is not determ ined entirely by  the conditions prevailing 
at the point, b u t is influenced by  the history of the fluid.

A p p l i c a t i o n  t o  E x p e r i m e n t a l  D a t a

The theoretical equations which have been developed are 
based on conditions in  which the tem perature difference is so 
small th a t the physical properties of the fluid do not vary 
appreciably. This condition is necessary as there are little 
data available on the friction drop of fluids flowing in pipes 
where this condition is not fulfilled. There are also few data 
available on the velocity distribution of a fluid flowing in a 
pipe w’hich is not isothermal. I t  is obvious th a t, in applying 
the equations developed to a fluid which is not isothermal, 
some correction is necessary. In  these cases the true value 
of the heat transfer coefficient lies somewhere between th a t 
corresponding to  the coefficient obtained on taking the 
physical conditions a t  the pipe wall tem perature and th a t 
obtained on taking them  a t  the average fluid tem perature. 
The correction factor which should be applied probably de
pends on the values of D V /Z , C Z /k , the slope of the viscosity 
temperature curve, and other factors. I t  is unlikely th a t any 
simple correction can adequately cover all conditions. The 
correction used in this article is to  take the physical properties 
at a temperature equal to the pipe wall tem perature minus 
two-thirds of the tem perature difference for heating, and a t  a 
temperature equal to  the pipe wall tem perature, plus three- 
lourths of the tem perature difference for cooling. This 
method of correction is simply an empirical a ttem p t to  make 
the data fit the isothermal curves and has no theoretical sig
nificance other than  the fact th a t the actual heat transfer 
coefficient m ust lie somewhere in  between those estimated

for the extreme conditions. From  this viewpoint there 
is no need to  apply the same correction for heating and 
cooling.

I t  is felt th a t any satisfactory correlation of heat transfer 
d a ta  m ust be based on a  fundam ental relation for isothermal 
conditions and corrections m ade for the fact th a t the actual 
conditions m ay no t be isothermal. F or this reason there is 
definite need of additional experimental data of heat transfer 
where the tem perature differences are sufficiently small so 
th a t the physical properties of the fluid do not vary  appreci
ably. W ith these data  i t  will be possible to accurately es
tablish the isothermal curves.
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F i g u r e  5 .  R a t io  o f  O b s e r v e d  D iv id e d  b y  C a l c u l a t e d  
C o e f f i c i e n t s  f o r  G a s e s  a n d  W a t e r

The equations derived are based on the known friction 
factors and velocity distribution of fluids flowing isothermally 
in copper tubes. Where tubes or pipes of other metals are 
used, a  correction is necessary. As the Reynolds num ber 
in all the basic equations developed appears as a product 
with the friction factor, it is felt th a t a satisfactory correction 
could be obtained by using (/,</fr) (DG/Z) instead of DG/'Z. 
In  this expression, / ,  is the friction factor for the tube under 
question, and /<■ is a corresponding friction factor for a copper 
tube.

Under conditions in which the Reynolds num ber for 
fluid flowing in a pipe is low and the tem perature difference 
is large, it is know’n ( l 1, 2H'1) th a t convection currents are 
present, owing to the tem perature difference, which appreci
ably affect the rate  of heat transfer. No account of such 
convection currents has been taken in the equations de
veloped. Where the tem perature differences are high, there
fore, and the value of D G /Z  low, it is to be expected th a t the 
.•observed coefficients will be higher than those predicted. 
This effect will probably be most noticeable with w ater and 
gases, as with oils the convection currents will be reduced by 
the high viscosity.

In  comparing the predicted heat transfer coefficients with 
the experimental coefficients, only d a ta  by selected observers 
have been used. The experimental d a ta  used are those of 
Nusselt (12) on gases, W ebster (26) and M orris and W hitm an 
(11) on water, and M orris and W hitm an (11) on oils.

The heat transfer coefficient, as predicted from the theory 
in this article, is a  complicated function of both D G /Z  and

1 F o r vertical pipe3.
2 For horizontal pipes.
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C Z/k. The best method of presenting a comparison be
tween the experimental and predicted coefficients is to  plot 
the ratio of the experimental coefficient divided by the pre
dicted coefficient against D G /Z. Such plots are presented in 
Figures 5 and 6.
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The experimental d a ta  on gases check very satisfactorily 
with the predicted data. There is some indication th a t the 
predicted values are slightly high for high values of D G /Z. 
For low values of D G /Z  there is some deviation of the experi
mental from the predicted, the predicted values being too low. 
This deviation is felt to be due to convection currents, as 
brought out above.

The agreement of the predicted coefficients w ith those 
obtained by Morris and ’W hitman on water is fairly good. 
The predicted results tend to  be a little high, b u t there is no 
indication of trend with D G /Z. The agreement with W eb
ster’s data on water is excellent for higher values of D G/Z. 
For lower values of D G/Z, W ebster’s data  appear exceedingly 
inconsistent. This inconsistency m ay be due to convection 
currents. The deviations of W ebster’s data  for higher values 
of D G /Z  indicate no trend with D G/Z.

The agreement of the predicted results with W hitm an’s 
data  on heating oil is good, except for low values of D G/Z. 
Here the predicted results are high, which is the reverse of 
the results for gas and water. The deviations of data  on 
heating oils indicate no trend with D G /Z.

W hitm an’s data on cooling oil are in  satisfactory agreement 
with the predicted values except for the data  on straw  oil. 
The data  on straw  oil are rather inconsistent, some being 
above and some below the predicted values. None of the 
deviations of the data on cooling oil, however, indicates any 
trend with D G /Z.

The values of D G /Z  and  C Z /k  covered by  the experimental 
data are over quite a wide range. I t  is believed th a t the agree
m ent of the predicted results w ith the experimental on gas, 
water, and oil is a t  least as good as any correlation which 
has so far been presented when the whole range is considered. 
I t  should be borne in mind, however, th a t the agreement of 
the predicted results with the experimental depends largely 
on the correction made for the fact th a t the experimental 
conditions are n o t isothermal. I t  is believed th a t the 
theoretical results are reasonably accurate for isothermal 
conditions.

C o m p a r i s o n  w i t h  P r a n d t l ’s  E q u a t i o n

The equation of Prandtl, mentioned a t  the beginning of 
this paper, is essentially a film-theory equation; th a t is, 
the heat transfer coefficient predicted by the equation is 
supposed to depend only on the conditions existing a t the 
cross section of the pipe under consideration and not on the 
conditions encountered by the fluid before reaching the 
cross section. P rand tl’s equation assumes the existence of 
a layer of fluid in lam inar flow a t  the pipe wall. Since it 
is a  film-theory equation, it also inherently assumes tha t 
th a t portion of the resistance to  heat flow not offered by the 
layer of fluid in lam inar flow a t  the pipe wall is offered by 
the main body of fluid. The theory assumes a similarity 
of velocity and tem perature gradients in the main portion of 
fluid.

The equation developed in this paper has some points 
of sim ilarity with th a t of P randtl. They are both film-theory 
equations, and in both  cases hea t transfer coefficients are 
predicted from pipe friction. B oth equations contain one 
constant which can be, to some extent, predicted on theoreti
cal grounds.

There is no great divergence between the true fluid viscosity 
and its effective viscosity, as defined in this paper, through 
the lam inar layer assumed by Prandtl. For instance, for 
dG/y. =  50,000 the effective viscosity as predicted by the 
method of this paper a t the inside of the P rand tl laminar 
layer is only 1.031 tim es the true viscosity. Therefore, 
throughout the P randtl laminar layer the velocities predicted 
from both theories will be nearly the same. This is true 
also for the effective therm al conductivities for low values of 
Cn/k.

The real difference between P rand tl’s theory and that 
developed in this paper lies in the predicted conditions 
governing hea t transfer after passing through the Prandtl 
laminar layer. F or th is region P rand tl assumes a similarity 
of velocity and tem perature gradients. By rearranging and 
integrating Equation 4, one obtains:

ow
Hr

- S r

By rearranging E quation 20, one obtains:

U
6r

ah(ta — h)

These equations involve only accepted assumptions. Even 
for a region where variation in r  is small, i t  is clear from 
these equations th a t the velocity and tem perature gradients 
are similar only if C n/k  =  1. This fact was recognized by 
Prandtl.

The following comparison for D G /Z  = 403 is typical for 
results predicted by P rand tl’s equation and those by the 
method of this paper; a value of 0.35 has been used for m in 
P rand tl’s equation:

V a l u e s  o f  hD /k f o r  D i f f e r e n t  V a l u e s  o f  CZ/k 

(<cz\
. k  )  0 .5  1 .0  2 .0  4 .0  S.O

P ran d tl 's  equation  632 * 2550 4120 4380 4500
M ethod of th is  paper 1246 2390 4720 9430 18900
R atio  0 .507  1 .07  0 .872  0 .465  0.238

For values C n/k  =  1.0 or C Z /k  =  2.42, the agreement be
tween P rand tl’s equation and the  m ethod of this paper is 
good. For higher or lower values of C Z /k , the values hD/k 
predicted by  the two methods become increasingly further 
apart. Both methods should give substantially the same
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results for gases. The more correct m ethod should be 
shown by comparison with the experimental results on oils.

To shorten this comparison, typical points have been 
chosen from the data  of M orris and W hitm an on heating and 
cooling oils. Table I I I  gives a  comparison of the results 
predicted from P rand tl’s equation with the experimental 
and with the results obtained by  the method of this article. 
The points chosen are those with high values of C Z /k  and 
fairly high values of dG/Z. The tem peratures mentioned 
refer to the tem peratures a t  which the physical properties 
are taken. The tem perature used for the m ethod developed 
in this paper is the wall tem perature minus two-thirds the 
average tem perature difference for heating and plus three- 
fourths the average tem perature difference for cooling. The 
friction factors for S tan ton’s equation have been calculated 
from Equation 19.

T a b l e  I I I .  C o m p a r i s o n  o f  P r a n d t l ’s  E q u a t i o n  w i t h  
M e t h o d  o f  T h i s  A r t i c l e  f o r  D a t a  o f  M o r r i s  a n d  W h i t m a n  

(1 1 )  o n  O i l s

hD

R u n R e m a r k s

dG
Z

CZ
k O bsvd. Caled.

R atio
obsvd.

caled.

B-13
H E A T IN G  OILS

P ra n d tl’s equation, m ain 
body tem p. 242 13.5 4890 3520 1.39

C-21 P ra n d tl’s equation , m ain 
body tem p. 85 .7 3 9 .5 3080 1740 1.77

D-4 P ran d tl’s equation , main 
body tem p. 34.7 84 1490 807 1.85

B-13 P ran d tl’s equation , tem p, 
of th is  paper 298 11.3 4890 4000 1 22

C-21 P ra n d tl’s  equation , tem p, 
of th is paper 134 26 .3 3080 2190 1.41

D-4 P ra n d tl’s equation , tem p.
of th is paper 

M ethod of th is  paper
58 5 1 .5 1490 1170 1.27

B-13 298 11.3 4890 4700 1.04
C-21 M ethod of th is paper 134 2 6 .3 3080 3060 1.01
D-4 M ethod of th is paper 58 51 .5 1490 1770 0 .8 4

E-15
COOLING OILS 

P ran d tl’8 equation , m ain 
body tem p.

P ran d tl’s equation , m ain 
body tem p.

P ran d tl’s  equation , m ain 
body tem p.

242 12.0 3790 3380 1.12
F-26

102 29 .4 2590 1750 1.48
G-20

7 5 .5 40 .5 1610 1420 1 .13
E-15 P ran d tl’s equation , tem p, 

of th is  paper 234 12.8 3790 3300 1.15
F-26 . P ran d tl’s equation , tem p, 

of th is  paper 80 36 .6 2590 1470 1.76
G-20 P ran d tl’s equation , tem p.

of th is  paper 
M ethod of th is  paper

49 .5 60 .6 1610 1040 1.55
E-15 234 12.8 3790 3930 0 .9 6
F-26 M ethod of th is  paper 80 36 .6 2590 2130 1.22
G-20 M ethod of th is paper 49.5 60.6 1610 1570 1.03

I t  is difficult to  compare the two m ethods of estim ating heat 
transfer coefficients from M orris and W hitm an's data, as the 
results can be quite widely changed depending on the tem 
peratures taken for determ ining physical properties. I t  is 
to be noted, however, th a t in  all cases the results predicted 
by the P rand tl equation are fairly low. This can be remedied 
for the heating runs by taking a tem perature nearer the pipe 
wall tem perature for determ ination of physical properties. 
For cooling of oils, however, even using the main body tem 
perature, P rand tl’s equation gives low results. I t  seems 
necessary th a t a lower tem perature than  th a t of main body 
should be used in applying P rand tl’s equation to  cooling. 
The results obtained from P rand tl’s equation, taking physical 
properties a t  tem peratures used in this paper, probably give a 
better comparison. I t  is felt th a t the results obtained using 
the method of this paper are in  better agreement with data 
on oils than those obtained from P ran d tl’s equation.

I t is believed th a t the m ethod of a ttack  on problems in
volving transfer of heat or m aterial in fluids under turbulent 
now developed is of value for other types of transfer under 
turbulent flow conditions, such as humidification, absorption, 
and allied phenomena. As a m atte r of fact, the calculated 
results m ay be directly used for this purpose for fluids flowing 
in circular pipes with slight obvious modifications. I t  is

believed th a t the method used here applies to transfer prob
lems involving fluids in tu rbu len t flow perpendicular to  pipes 
and flowing through tower packing. F or these cases, how
ever, an extension of the theory presented in this article will 
be necessary.
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N o m e n c l a t u r e

The units of the quantities represented by the following symbols 
may be in any dimensionally consistent system. In addition, 
the symbols may refer to the quantities expressed in particular 
units where definitely mentioned.

A = area
a = inside radius of circular pipe
b -  inside radius of film
c =  integration constant
C = sp. neat a t constant vol., or heat capacity per unit mass 

at constant vol.
d = inside diameter of circular pipe, ft.
D =  inside diameter of circular pipe, in.
E -  eddy viscosity (Equation 2)

dpf  = Fanning’s formula friction factor in equation,
2fpu?

dL
(J has no dimensions) 

reference to physical properties a t av. film/  (subscript) = 
temp.

heat transfer coefficient for film, B. t. u ./hr./sq . f t./°  F. 
thermal conductivity of fluid, B. t. u ./h r./f t./°  F. 
length of circular pipe, ft. 
pressure of fluid, lb./sq. ft. 
area
radius a t particular point in pipe cross section

h
k
L
P
1
T

S  =
I = 
u =
V  =

= hydraulic slope, lb./sq. ft./ft.
temp, of fluid
av. fluid velocity across pipe cross section, ft./sec. 
component of mean velocity at any point perpendicular 

to direction of mean mean velocity 
= components of relative mean velocity a t any point 

perpendicular to direction of mean mean velocity 
pu = av. fluid mass velocity across pipe cross section, 

lb./sec./sq. ft. 
mean mean velocity a t any point 
defined by Equation 8
coordinate; also x =  -----’ a — b
coordinate; also y = b/a
coordinate
viscosity of fluid, centipoises 
defined by Equation 11 
temp, difference across film, 0 F. 
viscosity of fluid 
fluid density, lb./cu. ft.
distance between stream lines of mean velocity 
E— = ratio of eddy viscosity to true viscosity
p
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Heat Transmission to Liquids Flowing in 
Pipes

T. K. S h e r w o o d ,  .Massachusetts Institute’of Technology, Cambridge, Mass., a n d  J. M. P e t r i e ,  Worcester
Polytechnic Institute, Worcester, Mass.

New data are presented on heal transmission to 
water, acetone, benzene, kerosene, and n-bulyl al
cohol flowing in both stream-line and turbulent 
motion through a 0.494 inch i. d. steam-jackeled 
copper p ipe. The data obtained in turbulent flow 
were found to be well correlated by the D iltus and 
Boelter equation:

where h represents the surface coefficient of heat 
transmission, d the tube diameter, u the mean flu id  
velocity, and p, k, c, and p represent the flu id  vis
cosity, thermal conductivity, specific heat, and den
sity, respectively, taken at the main-body average

temperature. A ll variables are expressed in any 
consistent units.

The equation correlates not only the present data 
on heating five liquids, but agrees excellently with 
the data of Nusselt on healing air and with the data 
of M orris and Whitman on heating hydrocarbon 
oils at high velocities. It is endorsed as the form  of 
the original Nusselt equation best correlating the 
data on heat transmission to various fluids flowing 
in turbulent motion (dup/p greater than 2320) 
through clean horizontal lubes. However, it gives 
high values of h for petroleum oils at one to three 
limes the critical, in which range the exponent on the 
Reynolds group dup/p. is greater than 0.8.

TH E subject of heat transmission to  w ater flowing in 
pipes has a ttracted  the interest of m any workers, 
primarily because of the importance of the problem in 

the design of surface condensers, boiler feed-water heaters, 
and similar equipment. Excellent data are available from 
which it  is possible to predict w ith reasonable accuracy the 
film coefficients of heat transmission for w ater flowing in 
turbulent flow through clean tubes. However, for the many 
im portant cases where it  is necessary to design tubular equip
ment to  heat or cool various liquids other than  w ater or oil, 
no experimental data are available in the literature. W ith the 
exception of experiments using different gases, and the work 
of Morris and W hitm an using hydrocarbon oils and water, 
the authors know of no published data  on heat transmission 
to more than  one fluid in  the same apparatus. The existing 
published data  are accordingly of little value as an  indication 
of the effect of the physical properties of the fluid on the rate  
of heat flow.

The m ajority of the experimenters studying heat flow to 
fluids flowing in pipes have correlated their results using some 
form of the Nusselt equation:

“ - * ( ? ) *  ( I )  ®
where h = film or surface coefficient of heat flow between tube 

surface and fluid

d =  tube diameter 
k =  thermal conductivity of fluid 
c =  specific heat of fluid 
p = viscosity of fluid 
p = density of fluid 
u =  average linear velocity of fluid 

<t>l, <5: =  functions to be determined

Nusselt (10) assumed power functions, writing

“ - ( £ ) ■ ( * ) '  (2)
He first assumed n and m  equal, since his early data on gases 
were no t sufficient to  indicate the true  values of these ex
ponents. Nusselt la ter added the term  (d/L)v, where d/L 
is the ratio of tube diam eter to  length, and suggested a value 
of 0.05 for p. Very recently (11) he has analyzed the data on 
w ater obtained by  Burbach (I) and by  Eagle and Ferguson 
(4). He found values of n, m, and p of 0.764, 0.355, and 
0.0552, respectively, from B urbach’s data, and values of n 
and m of 0.819 and 0.365, respectively, from the data of Eagle 
and Ferguson.

In  1923 McAdams and F rost (S) analyzed the data of 
several investigators on heating w ater, wherein L/d varied 
from 34 to  100. Finding an apparent effect of tube l e n g t h ,  

they suggested the equation:
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hd
k = 0.0272 ( 1 + (3)

Although thus eliminating the cp/k  group, they employ' the 
viscosity p, a t the mean film tem perature.

Recently, Lawrence and Sherwood (7) have reported data 
on heating w ater in four lengths of 0.593-inch i. d. copper pipes. 
The observed effect of the length was negligible, although the 
tube length was varied from 59 to  224 diameters. I t  m ay be 
noted th a t N usselt’s exponent of 0.05 on d /L  would call for 
only a  7 per cent variation in h w ith this range of tube lengths. 
Lawrence and Sherwood’s w ater d a ta  were found to  be reason
ably well correlated by the equation:

^  = 0.056 , .
Ic \  f l J

t<lup y -r (IT (4)

Numerous other writers have employed various forms of 
Equation 1 in correlating data  on heat flow to w ater. In  1928 
Morris and W hitm an (9) obtained a good correlation of data  
on heating and cooling various oils, as well as w ater. They 
employed a value of 0.37 for m, and indicated the function 
<t>i (dup/n) graphically by plotting h d /k /(cp /k )0-37 vs. dup/p. 
Separate correlations were necessary for heating and for 
cooling.

The most comprehensive attem pts to  obtain a general 
correlation for various fluids are perhaps those of Rice (IS) 
and of D ittus and Boelter (3). Rice analyzed the data  of 
Soennecken, S tanton, and Clement and Garland on heating 
water, and the d a ta  of Pannell, Jordan, and Nusselt on heating 
and cooling air and other gases. As a result he proposed the 
equation:

hd _  1 (d i tp ,y / t 
k, 63 \  p., )  \  kf ) (5)

hd _  1 / d u p f \ °

T} ~  6 0 \ Y T  ) (VT (6 )

^  = _ L  / '» / Y / i
kf  52.1 \ p ,  J  \ k r  J (7)

range of cp/k  in the d a ta  studied, and particularly because 
of the inconsistencies indicated between the results of any two 
investigators, even when working w ith the same fluid.

D ittus and Boelter (S), after studying the d a ta  of several 
investigators on air and water, and the d a ta  of M orris and 
W hitman on heating and cooling oils, proposed the equations:

hd
T 0.024 ^ ^ ’̂  ( j )  (for heating)

^  =  0.026 ( ^ ) ° - 8 ( £ ) "  (for cooling)

(8)

(9)

where the physical properties of the fluid are all taken a t  the 
arithmetic mean film tem perature. M uch of the data  on 
which the equation is based deviate from E quation 5 by  30 
to 60 per cent, and the basis for the choice of 0.5 for m  does 
not seem to  be entirely sound. Rice (14) la ter changed the 
equation slightly to

After studying the Rice paper, Cox (2) concluded th a t m  
should have been taken as x/%, and suggested

Numerous investigators, working on heat transmission to 
single fluids flowing in tu rbu len t motion inside pipes, have 
shown the exponent on the Reynolds group, dup/p, to  be in 
the vicinity of 0.8. Rice’s a ttem p t to  determ ine the effect 
of the Cp/k group was inconclusive because of the limited

The value of m was given as 0.4 for heating, and as 0.3 for 
cooling. Two exponents are used in order to  correlate M orris 
and W hitm an’s data  on both cooling and heating several 
oils. Because of the consideration of these results for oils, 
the d a ta  on which this equation is based covered a much 
wider range of values of cp/k  than did the d a ta  considered by 
Rice.

The present paper presents new d ata  on heat transfer to 
five different liquids, and the results are shown to be in 
excellent agreement with Equation 8 (of D ittus and B oelter).

D e s c r i p t i o n * o f  A p p a r a t u s

The apparatus consisted of the double-pipe hea t exchanger 
under test, together with liquid-coolers, orifices, and storage 
tank. The liquid being tested was recirculated through the 
system by means of a small ro tary  pum p. The general layout 
of the apparatus is shown diagram m atically in Figure 1.

The test section is illustrated in Figure 2. I t  consisted of a 
48-inch length of 0.494-inch i. d., 0.675-inch o. d., copper pipe, 
held in a standard  2-inch steam jacket. T he jacket was 
constructed of two short sections of standard 2-inch pipe,

OUTLETtNO

3 -3 /4
A

W ~ 7 =
CONDENSATE

OUTLET

T/fi” rCRRULE
FIBRE BLOCK

A CALMING SECTION

INLET 
 j END

TEST SECTION

F i g u r e  2 .  D e t a i l s  o p  T e s t  S e c t io n
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joined a t  the center by a 2-inch tee, w ith 2-inch crosses a t  each 
end. The copper pipe was held in special ferrules threaded 
into the crosses as shown. The whole section was inclined 
slightly from the horizontal to  cause the condensate to drain, 
and was well insulated w ith magnesia lagging.

The liquid coming from the pump passed through a calming 
section consisting of 55 inches of standard 3/ 8-inch iron pipe, 
before entering the heated copper pipe. The calming section 
was heavily lagged with magnesia insulation, and the tempera-

ture of the fluid entering the actual test section was assumed 
equal to the fluid tem perature measured by  a therm om eter in 
the elbow a t T\. H eat conduction along the m etal of the 
approach tube was virtually  eliminated by means of a fiber 
insulating block between the test and calming sections. A 
fiber block, 1 inch thick, was machined from both faces, m ak
ing concentric holes 0.675 inch in diameter, 0.25 inch deep 
from one face, and 0.5 inch deep from the other face. The 
hole was machined out to  exactly 0.494 inch. This block 
was then fitted over the end of the copper pipe, which was 
allowed to  protrude 0.25 inch through the ferrule in the inlet 
cross. The end of the standard  */*-inch metal-pipe calming 
section was threaded, and protruded 0.5 inch through a light 
iron flange. The protruding end was inserted in  the up
stream  hole in the fiber block, and the flange bolted through 
the fiber block to  tapped holes in the disk holding the ferrule 
in the end cross. I t  m ay be seen tha t, when thus assembled, 
the fiber block insulated the two pipes, and yet provided a 
straight passage of uniform inside diam eter through the 
calming section to the test section. A similar arrangem ent 
was used a t the downstream end to  prevent heat conduction 
to the outlet pipe.

After leaving the apparatus, the liquid passed through 
12 inches of heavily insulated W in c h  pipe before passing 
through the tee where its tem perature was measured by the 
therm om eter shown a t TV For the runs of n-butyl alcohol, a 
stirrer was placed in a tee between the apparatus and the 
outlet therm ometer. Although not required when the flow is 
highly turbulent, such a stirrer insures thorough mixing of the 
hot fluid near the pipe wall w ith the cooler fluid in the central 
core, and enables the therm om eter a t  Tt to  indicate a true 
average tem perature. W ith the n-butyl alcohol, an appreci
able difference in the ou tlet tem perature was noted with and 
w ithout the stirrer a t  fluid velocities below about 1 foot per 
second. W ith the other fluids used, the stirrer shown was

not in sendee.1 In  its place a few square inches of wire 
screen were crumpled up and placed in the outlet pipe approxi
m ately in the position shown for the stirrer. This was in 
place for the runs on w ater, kerosene, acetone, and benzene.

The test section could be disconnected easily from the supply 
and discharge pipes, facilitating cleaning of the inner surface 
of the copper pipe. This was done practically every day the 
apparatus was used, employing a stiff bristle brush.

The heating medium was steam  for the tests on w ater and 
on 71-butyl alcohol. I t  was obtained from a 
high-pressure line, b u t was sufficiently wet so 
th a t, when reduced to  atmospheric pressure, 
it  was only slightly superheated. I ts  tem
perature was observed by the two thermome
ters, Tz and T t, indicated on Figure 2. A 
homemade separator in the high-pressure line 
served to  remove most of the water, and the 
condition of the steam as it  reached the heat
ing jacket was approximately saturated a t 1 
atmosphere. The steam entered the jacket 
through a 2-inch pipe leading to the upstream 
cross, as indicated on Figure 2. The con
densate drained to the lower opening of the 
downstream cross, whence it was removed 
through a short section of 2-inch pipe. This 
was reduced after 2 feet to  a  small pipe and 
valve, through which the condensate was bled 
continuously to  a receiving bucket. I t  was 
collected over measured tim e intervals and 
weighed.

H o t w ater was used as a heating medium 
in the tests on kerosene, benzene, and acetone. 
This was obtained from a tubular steam-heated 
w ater-heater available in the same laboratory, 

and was supplied and removed through the same connections 
as was the steam . The tem peratures of this water enter
ing and leaving were not measured, b u t the temperatures 
in the jacket a t  T i and T t were recorded.

The tem perature of the outer surface of the copper pipe 
was measured by  means of five copper-constantan thermo
couples attached a t  intervals along the pipe length as shown in 
Figure 2. A t each point indicated, the pipe surface was care
fully cleaned, and a groove about V* inch long and 3/m inch 
deep was cut a t  right angles to  the pipe length, using a hack 
saw and file. D uplicate cuts were made a t  points 180° 
around the pipe. The end of the No. 28 gage oonstantan wire 
was scraped clean, about V32 inch a t  the end was bent in a 
sharp right angle, and this end was soldered into the groove 
in the pipe. After a few trials, the technic was developed of 
doing fhis w ith a minimum am ount of solder, and a smooth 
solder surface was left, ju st filling the notch. Extreme care 
was exercised in removing all traces of solder from the wire 
protruding from the pipe, as it was found th a t m inute quanti
ties of solder on the wire a t  the junction w ith the pipe caused 
the couple to  read practically the tem perature of the steam. 
No. 28 gage copper wire was soldered in the notch on the 
reverse side of the pipe. The insulated leads were led out 
from the jacket through the upper openings in the end crosses 
and the center elbow of the 2-inch jacket. In  each of these 
openings was a short 1-inch nipple attached by a 2-inch to 1- 
inch reducing coupling. The wires were led out through 
small holes in solid rubber stoppers forced into the ends of 
the three 1-inch nipples. Three 1-inch to 0.5-inch reducing 
couplings were slipped over the wires and screwed onto the ends 
of the nipples, holding the rubber stoppers tightly in place.

1 A t the  Sw am pscott m eeting of th e  A m erican In s titu te  of Chemical 
Engineers, June, 1931, a  few of th e  po in ts representing  runs on n-butyl 
alcohol a t low velocities were shown on a  slide in  connection with the dis
cussion of a  paper by  Drew , H ogan, and  M cA dam s. A t th a t  time it was 
erroneously s ta ted  th a t  no s tirre r was used with the  n -bu ty l alcohol tests.

F ig u r e  3 .  C o r r e l a t io n  o f  R e s u l t s  U s in g  V is c o s it y  a t  M a i n - B o o y  
A v e r a g e  T e m p e r a t u r e
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The copper leads were joined to a five-point switch, and the 
constantan wires were led to  cold junctions m aintained in 
crushed ice and w ater in a vacuum flask. Copper leads 
from the switch to  the cold junctions completed the circuits. 
Copper and constantan leads were then attached to  a clean 
section of the copper pipe 1 inch long, and this couple cali
brated by suspending the whole beside a  therm om eter in a 
beaker of water. The calibration curve thus obtained was 
used in interpreting the readings of the couples attached to the 

. test section. A Leeds and N orthrup portable potentiom eter 
indicator was used for all thermocouple readings.

After leaving the test section, the liquid passed to two 
double-pipe coolers, through which i t  passed in series. The 
first of these was 10 feet in length, constructed of 1 Vi-inch 
pipe w ith a 4-inch jacket. The second was 13 feet of U / 4 -  

inch pipe w ith a 3-inch jacket. The liquid flowed through 
the 1 Vi-mch pipe, and the cooling w ater through the jacket in 
each case. A Va-inch valve, in a by-pass around the main 
cooling-water valve, allowed delicate adjustm ent of the water 
rate and of the tem perature a t  which the liquid was returned 
to the heating section. The large ratio of cooling surface 
to heating surface m ade possible a variation from roughly 
50° to 200° F. in the tem perature of the liquid entering the 
heater.

For the runs heating water, one of two calibrated sharp- 
edged orifices was used to  measure the rise of flow. Each 
orifice was carefully calibrated by passing w ater from the city 
mains through the orifice to  weighing tanks.

s “
F i g u r e  4 .  C o r r e l a t i o n  o f  R e s u l t s  U s i n g  V i s c o s i t y  a t  

M a i n - B o d y  A v e r a g e  T e m p e r a t u r e

In  the runs using liquids other than  w ater, the ra te  of flow 
was obtained by weighing the am ount collected in a measured 
time interval. The liquid leaving the orifice was discharged 
into an open 10-gallon galvanized-iron reservoir, where any 
entrained air was released. A loose-fitting cover served to 
prevent excessive evaporation of the more volatile of the 
liquids used. A t the inlet to  the reservoir a swivel connection 
allowed the liquid to  pass either directly to the reservoir or to a ' 
smaller measuring tank , where a certain am ount of the liquid 
could be collected over a measured tim e interval and weighed. 
This measurement was quite accurate a t  low rates of flow, 
but at high liquid rates the tim e of collecting was as low as 8 
seconds, so th a t even using a  0.1-second stop watch, an  error 
of perhaps 5 per cent was introduced in the ra te  measurement 
at the highest rates of flow.

The liquid was returned from the open reservoir to  the test 
section by means of a small ro tary  pump. A 1-inch valve and 
by-pass around the pum p provided a means of adjustm ent of 
the rate of liquid flow through the apparatus. A further 
'  ariation in the ra te  of pumping was obtained by the use of

three pulleys of different diameters on the overhead shaft from 
which the pum p was driven by a belt drive.

The therm ometers, T\ and Tb, a t  the liquid inlet and outlet 
were 0-100° C., reading directly to ten ths of degrees. All 
therm om eters used were calibrated by immersion beside the 
laboratory standard in an electrically stirred beaker filled 
with water. During calibration, the therm om eters were 
immersed to  the same depth as when in use in the experi
m ental apparatus.

T e s t  P r o c e d u r e

First, the desired liquid velocity was obtained by ad just
m ent of the valve in the by-pass around the pump. W ith the 
steam on, the inlet liquid tem perature was fixed by ad just
m ent of the valve in the cooling-water line. The apparatus 
was then allowed to run  un til inlet and outlet liquid tem pera
tures became constant. A t low liquid velocities this some
times required 3 to  4 hours; a t  medium velocities about 30 
m inutes were required; and a t  the highest velocities 15 m inutes 
were sufficient. A fter steady conditions were attained, the 
liquid rate was determined either by  collecting the liquid over 
a short tim e interval and weighing, or by  noting the orifice 
manometer reading. The therm ometers, T,, T 2, T }, and Tt, 
and the five thermocouples were then read and the readings 
recorded. From two to  six complete sets of readings were 
obtained in succession after conditions had become essentially 
constant and the recording of these observations constituted 
a run. The weight of condensate recorded was collected over 
the whole period of the run.

P h y s i c a l  P r o p e r t i e s  o f  t h e  L i q u i d

Because of the uncertainty as to  the true values for certain 
of the physical properties (particularly the therm al conduc
tivity) of the liquids used, no a ttem p t was made in the calcula
tions to  allow for variations of these physical properties with 
tem perature. F or the densities, therm al conductivities, and 
specific heats, constant values were arbitrarily  chosen and 
used in all calculations. For the most p a rt these are based on 
data  from the In ternational Critical Tables (6), although the 
therm al conductivity of benzene is from the d a ta  of Smith 
(16), and the specific hea t of the kerosene was determ ined 
directly. A sum m ary of the values used is given in Table I.
T a b l e  I. V a l u e s  o f  S p e c i f i c  H e a t s ,  D e n s i t i e s ,  a n d  T h e r m a l

C o n d u c t i v i t i e s  U s e d  i n  C a l c u l a t io n s

T h e r m a l
S p e c i f i c C o n d u c 

L i q u i d H e a t D e n s i t y  =» p t i v i t y

L b ./c u .f t . B . t. u ./h r ./sq . f t . /
0 P ./ft .

W ater 1 .0 62 .3 0 .3 5
Acetone 0.519 49 .4 0.102
Benzene 0.424 54 .8 0 .0883
K erosene 0.502 50.1 0 .0875
n-B uty l alcohol 0 .583 50 .5 0 .097

The specific hea t of the kerosene was determ ined by direct 
measurem ent in a Dewar flask heated by a short nichrome 
heating element. The liquid was stirred by a small electri
cally driven stirrer, and its tem perature rise compared w ith 
the measured electrical input. The net heat-loss correction 
was determined from tests on w ater, using the same volume of 
liquid, and adjusting the current to  hea t both  w ater and kero
sene over the same tem perature range in the same tim e. The 
average specific heat of the kerosene used was found to be 
0.502,2 over the tem perature range 50-176° F . The experi
m ental method was tested w ith benzene and w ith toluene, 
and results were obtained which compared closely w ith the 
d a ta  in the literature.

The viscosity-tem perature curves, w ith the  exception of 
th a t for kerosene, were obtained from the In ternational

»T h is  com pares with 0.50 and  0.49 a t 113° F . from  th e  equations of 
Fortsch  and  W hitm an, and  of B ur. S tandards, Miscellaneous Pub. 97, re 
spectively.
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Critical Tables. The viscosity of the kerosene used was 
determined directly, using an Ostwald viscometer, by compar
ing the time of efflux with th a t for w ater a t the same tem pera
ture. Considerable care was taken in these determinations, 
and the results given in Table I I  are believed to be reliable. 
Similar determinations of the viscosity of benzene checked 
very closely the values given in the International Critical 
Tables.

T a b l e  I I .  V i s c o s i t y  o f  K e r o s e n e  

T e m p e r a t u r e  V i s c o s i t y

° F. ° C.
50 10
6S 20
86 30

104 40
122 50
140 60
158 70

The character of the the kerosene is indicated by the Engler 
distillation data  tabulated  in Table I II . Duplicate tests 
were made on the fresh kerosene, and on a sample of the 
kerosene taken from the apparatus after the completion of the 
tests. A small change due to evaporation from the open

Lb./hr. ft. Centipoiscs
4.75 1.96
3.82 1.58
3.17 1.31
2.67 1.10
2 .30 0.950
2 .00 0.825
1.73 0 .714

reservoir is indicated by the difference between the two 
samples.

T a b l e  III . E n g l e r  D i s t i l l a t i o n  o f  K e r o s e n e

D i s t i l l e d

%
0

10
20
30
50
70
90

Fresh kerosene 
° F.
320 
357 
376 
389 
416 
445 
490

T e m p e r a t u r e
Used kerosene 

0 F.
333 
371 
386 
394 
424 
452 
498

The value given in Table I  for the density of the kerosene 
was obtained a t room tem perature, using a pycnometer.

R e s u l t s  O b t a i n e d

The average values of the im portant quantities measured, 
together with certain calculations based on these values, are 
tabulated in the order of liquid velocities in Tables IV -V III, 
inclusive. The tem peratures reported are averages of the 
several readings of each run, corrected for thermometer 
errors. The heat picked up by the liquid was calculated from

R u n

L i q u i d  
T e m p . 

In le t O utlet

A v .
L i q u i d

V e 
l o c i t y

A v .
S t e a m
T e m p .

H e a t  
P i c k e d  
U p  b y  
W a t e r

H e a t  
G i v e n  
U p  b y  
S t e a m

M e a n
T e m p .
I n n e r

P i p e
S u r f a c e h

dup

121
° F. 
76 .6

° F. 
173.0

Ft./sec.
0.350

° F. 
211 .0

B .t .u
9900

/h r .
9660

o F#
204.1 288 2800

170 134.8 188.4 0.350 211.7 5600 5640 203.1 311 3390
169 137.0 186.7 0.400 210.5 5780 6000 202.7 327 3870
118 84.9 163.4 0.480 213 .0 11200 11800 203.0 307 3050
88 82.2 148.8 0.630 214.4 12420 13310 194.3 334 4270

175 150.2 184.2 0.675 211.7 6780 6360 203.0 410 6740
89 83 .3 148.0 0.680 214.2 12820 13730 194.3 342 4710

168 144.0 181.1 0.690 210.5 7450 7450 203.0 394 6700
91 84.9 148.4 0.740 213.2 13980 13750 193.9 382 5080

110 139.0 178.2 0.750 214.0 8640 9180 203.1 410 7230
173 153.5 184.5 0.770 210.5 7020 70S0 203.0 448 7870
103 82 .4 143.5 0.820 212.1 14870 14460 198.7 359 5340
93 85.7 147.5 0 .840 213.0 15600 15650 192.3 432 5780

167 145.2 180.0 0 .860 210.5 8900 9180 201.9 476 9510
94 86.7 148.4 0.900 213.2 16360 16710 193.2 453 6250
51 86.0 151.6 0.950 211.2 18630 18050 200.2 472 6600
52 85 .3 151.4 0 .950 211 .5 18630 18050 200.2 473 6600

104 85 .0 142.9 0 .950 214.6 16240 16080 198.0 397 6260
59 89 .8 155.0 0 .970 212.1 18800 19100 201.2 507 7150

108 139.5 176.7 0 .970 214.0 10550 9660 203.5 494 9320
58 89 .6 152.4 1.00 212.1 18750 19550 201.4 487 7160
81 87.2 145.0 1.00 214.8 17330 16700 200.5 425 6750
82 86 .9 144.6 1.00 213.2 17330 15650 200.0 425 6720
34 81 .5 149.2 1.02 211.7 20900 21100 203.1 499 6570

166 141.7 178.2 1.02 211.2 10980 11170 201.6 554 9770
57 9 3 .8 154.0 1.10 212.8 19800 18050 198.4 554 8100

105 87.2 143.3 1.10 214.5 18180 18050 196.6 463 8280
171 155.9 183.8 1.18 211.2 9880 9180 201 .6 659 12100
180 84 .2 151.8 1.18 218.2 23400 24000 207.9 583 7900
80 90 .7 143.9 1.28 215.0 20000 18050 196.6 525 8710
73 168.0 188.1 1.45 212.0 8580 8350 209.5 555 15800
54 94 .3 150.0 1.47 211.6 24100 23100 196.2 665 10200
50 172.6 191.7 1.53 212.5 9060 8700 206.2 773 17200
74 134.8 169.4 1.55 212.7 15500 14950 206. S 580 14200
37 91 .2 143.9 1.58 212.9 24900 25300 199.4 623 10800
75 112.4 156.6 1.59 213 .0 20900 20200 202.5 600 12600
76 94 .9 146.0 1.59 212.5 24300 22900 194.4 650 11000
36 89 .6 142.9 1.66 212.9 26600 25300 198.9 645 11100
79 92 .8 143.5 1.66 214.2 24800 22900 194.2 672 11500
25 87 .2 145.0 1.72 202.0 29500 27100 200.5 721 11400

163 142.1 173.4 1.72 210.5 15670 15150 198.4 805 16000
38 93.6 143.6 1.77 212.7 26500 25300 198.7 663 12100
56 103.9 149.6 2 .1 0 212.0 27900 27800 195.0 853 15700
60 103.7 149.1 2 .1 0 212.5 28500 27700 195.5 830 15600

147 97.6 145.7 2 .10 213. S 29900 30700 195.0 837 14350
40 101.8 145.4 2 .14 212.5 27900 30500 193.9 80S 15320
39 97 .0 143.1 2 .17 212.5 29700 27500 197.4 765 15100
61 104.7 148.8 2 .18 211.7 29100 30200 195.3 874 16440
62 106.0 148.2 2 .46 212.1 30500 31200 193.0 946 18200

141 100.6 144.0 2 .60 216.5 33700 32200 197.0 890 1S100
69 179.1 192.0 2 .70 212.0 10200 10S00 208.1 933 31200
64 109.0 147.3 3 .03 213.4 34300 34900 193.2 1075 22300
63 108.9 147.3 3 .05 212.2 34900 34900 192. S 1100 22600

162 149.3 172.5 3 .18 211.2 21600 21400 196.8 1240 30300
43 109.0 146.6 3 .20 212.2 35900 25500 189.0 1157 23800
44 125.7 158.3 3 .20 213.2 30900 30100 192.8 1200 26900
47 163.1 182.5 3 .20 213.0 18650 19560 201.6 1280 22000
48 178.0 191.9 3.22 213.8 13230 13230 202.5 1596 36800
49 182.3 193.7 3 .23 211.9 10850 10S00 205.7 1210 37600
45 131.4 161.9 3 .25 213.0 29400 30000 191.9 1293 28200
46 138.1 166.2 3 .27 213.2 27100 27500 196.6 1208 29400

146 104.0 142.1 3 .2 8 218.4 37400 34900 193.5 10S0 28200
158 180.1 191.9 3 .28 210.2 11330 10320 205.3 1200 37400

T a b l e  IV. D a t a  o n  W a t e r

L i q u i d
T e m p .

R u n In le t O utlet
° F. o

122 176.4 191.0
65 181.1 192.2
32 128.6 155.4
33 131.2 157.2

136 178.0 190.5
20 103.2 137.9
25 180.5 191.4
30 164.4 182.3
31 144.2 168.2

140 104.9 140.3
145 106.3 140.6
157 181.8 192.0
21 105.2 136.7
26 184.9 194.0

139 93 .6 138.8
161 151.6 170.4
124 177.8 189.8
143 129.9 156.3
144 107.8 138.2
27 187.6 195.8

138 107.3 139.2
22 107.3 133.7

134 104.5 136.4
153 180.9 190.9

1 103.0 137.4
28 1S9.8 197.1
23 108.2 137.0

8 132.6 157.7
9 160.5 176.7
2 192.4 199.2

125 180.0 190.4
7 120.6 149.1
4 141.8 164.0
6 112.1 142.5

164 161.3 176.4
3 154.0 172.6

14 103.7 132.7
154 183.4 192.0
29 190.9 197.6

149 110.5 138.1
10 105.6 133.4
11 119.9 145.5
12 192.6 198.2
13 158.1 174.1
24 109.5 138.1

133 106.3 135.9
15 106.7 135.7

126 181.3 190.4
155 184.5 192.3
132 10S.6 137.0
150 111.2 136.4

19 117.7 151.2
165 165. S 17S.2
151 111.9 135.9
156 185.0 192.3
128 182.5 190.9
131 109.5 136.2
152 111.8 134.5
130 111.2 135.0
129 181.8 189.9

Av. 
L i q u i d  

V e 
l o c i t y  

Ft./sec.
3 .30
3 .50
3 .70
3.70
3 .8 0  
3 .82
3.90
3 .95
3 .95 
4 .05  
4 .17  
4 .3 3
4.53
4.57
4.66
4.70
4.90
5.00
5.15
5.19
5.23
5.24
5 .3 0  
5 .45
5.60
5.61  
5 .63
5 .69
5 .69
5 .70
5.70
5 .74
5.80
5.80
5 .80  
5 .84
5.90
6.10
6 .15  
6 .23
6 .40
6.40
6 .4 0
6 .4 0
6 .5 0
6.50
6 .90
6 .90
7.00  
7 .22
7 .25
7 . 50
7.80  
8.10
8 .14
8.20
5 .30 
9 .2 0
9 .75
9 .8 0

Av. 
S t e a  m 
T e m p .

o P'
218 .0
212.1
212.9
212.5  
212.2
211 .9  
212.0
212.5
212.9
218.4  
212.2
210 .3
211 .5  
212.0
218.7  
212.1
217 .2
218 .4
211.5
212.2
215.4  
212.2

212.2
216 .3
216.5
211.9
211.9
222.8
224.6
216.5
215 .8  
221.2

221.2
218.5
214 .8  
222.0
214.7
213 .2
211 .5  
216.1
217 .8  
216.1
213.0
218.0
211.7
211.7
218.7
214.6
212.1
212.0
216.7
223.6
212.2
216.6
212.0
214.0
211.0
215.4  
212.2  
213.2

M e a n
H e a t  H e a t  T e m p .

P i c k e d  G i v e n  I n n e r
Up b y  Up b y  P i p e

W a t e r  S t e a m  S u r f a c e  
B .t .u ./h r .  ° F .

14290 13850 208 .5
1180011580

29800
28800
14220
39400
12630
20700
28100
42600
42300
13250
43200
12520
63000
26300
17700
39100
46500
12630
49600
46000
50300
16300
57400
12280
48200
42300
27200
11200
17770
49200
38400
52100
26300
32100
51500
15490
12180
51000
53300
48600
10550
29900
54400
56600
59700
19000
16550
60800
54500
78500
28500
57800
17820
20700
65700
62200
69300
23900

28600
28600
14500
36600
12420
21200
25300
41700
40700
13150
42500
12180
43200
25200
19380
36500
45400
12880
46600
48600
50350
15950
53500
10800
46700
40000
25300
12050
17100
46600
35700
48300
24600
29600
48500
15050
11820
48500
50400
46600
10000
27500
53200
59300
54500
17950
16300
62700
51500
83600
27000
54600
169S0
18950
64800
59600
67800
21900

207 .9  
197.2
199.5
204.1
187.6
208 .5
206 .2
199.4
193.7
192.6
203 .7
188.0
208.1
192.2
194.3
207 .5
193.5
186.6 
208.2
191.4 
188.6
192.2
202.7
197.2
208.9
186.5
203.1
205.7
211.7
206.6
200.7
202.0
197.6
197.2
204.7
195.3
203.1
208.9
188.9
198.2
201.9
210.2
205 .0
185.0
189.8
200.5
204.6
203.1
189.4
183.4
203.5
196.6
182.5
203.1
205.0
186.0
192.2
182.3
204.6

dup
h u

1180 36800
1100 40000
1058 30800
1049 31700
1472 42800
1195 26600
1130 44500
1328 41900
1285 27000
1214 27400
1234 35700
1616 49700

1300 31900
1332 53700
1640 32300
1600 45300
1505 55400
1610 42200
1427 44600
1540 61300
1465 36700
1383 36600

1415 36100
1990 62200
1500 38300
1590 66500
1522 39500

1458 41000
1475 57500
1426 68600
1680 65000
1508 45700

1580 52600
1435 41700
1SS0 59000
1573 56400
1333 40000

1980 72300
1710 74400
1588 43800
1355 43400
1324 46000

1442 77600
1555 63400
1790 46300
1665 44700
1508 48000
2070 78900

2280 82000
1840 50600
1S25 51500
2310 61000
2340 S1500
2040 57500

2560 94800
2300 94500
2090 58300
1810 64600
2340 68200
2570 113000



the measured rate  of flow, the observed tem perature rise, and 
the specific hea t as given in Table I. The tem perature drop 
through the pipe wall was calculated from this rate  of heat 
flow, using a value of 238 B. t. u. per hour per square foot per 
° F . as the therm al conductivity of the copper pipe. The 
calculated tem perature drop through the tube wall was seldom 
greater than  2° F. The average tem perature of the inner 
surface of the tube was obtained by subtracting the calculated 
tem perature drop through the pipe wall from the tem perature 
corresponding to  the arithm etic average of the five e. m. f. 
values for the five couples. The error involved in this method 
of averaging is believed to be well within the accuracy of the 
data, particularly since in most of the runs the pipe wall 
temperature was practically constant from end to end of the 
tube. The m ean tem perature difference was taken as the 
logarithmic mean of the differences between the average 
tem perature of the inner surface of the pipe, and the inlet and 
outlet liquid tem peratures. The film coefficient, h, was calcu
lated by dividing the B. t. u. per hour picked up by  the liquid 
being heated, by the m ean tem perature difference, and by  
the area of the inner surface of the pipe. The heating surface 
used was based on a pipe length of 47 inches, a  mean of the 
actual length of 48 inches and the length of 46 inches exposed 
to the heating medium. The linear velocity of the liquid 
through the copper tube was calculated from the measured 
rate of flow, using the fixed values of the density given in 
Table I. The Reynolds number, dup/p , was calculated 
directly from the weight rate  of flow, and accordingly involves 
no error due to an assumption of a constant density. The 
viscosity, p ,  was taken a t  the arithm etic mean of the tem pera
tures, h and ti, of the fluid entering and leaving the heater. 
The viscosity, pf , was taken a t  a tem perature obtained by 
subtracting one-half the logarithmic m ean tem perature differ
ence from the average tem perature of the inner surface of the 
pipe wall.

As noted above, steam  a t  atmospheric pressure was used as 
a heating medium in the tests w ith w ater and w ith n-butyl 
alcohol. F or these runs the heat given up by the steam  was 
calculated from the measured ra te  of collection of condensate. 
An average rate  of heat loss from the apparatus was obtained 
by measuring the rate  of condensation in several blank runs 
with no liquid flowing through the copper pipe. The net 
heat given up to  the liquid by the  steam  was then obtained by 
difference, and compared with the hea t picked up by the 
liquid, previously calculated. In  the tests reported, this 
comparison showed a discrepancy of less than  10 per cent in 
these two values. In  the tests on benzene, acetone, and kero
sene, hot w ater was used as heating medium, and, since its 
temperature entering and leaving the jacket was not measured, 
no such comparison of heat quantities was possible. Accord
ingly, the runs reported include every test m ade w ith these 
liquids. I t  m ay be noted th a t for several of the acetone runs, 
the tube wall was above the normal boiling point of acetone.

I t  is difficult to  estim ate the probable error in the deter
mination of the coefficient, h, in  the tests reported. Extrem e 
accuracy in the various measurem ents was no t attem pted, 
since it was soon found th a t, in the limited tim e available for 
the work (2 years, p a rt tim e), accuracy m ust of necessity be 
sacrificed to a  certain degree, in order th a t series of tests might 
be completed on several liquids. This policy was believed 
justifiable in view of the fact th a t the project was in a certain 
sense a pioneer investigation, no data  existing on heat trans
mission for several of the liquids used. Because of various 
offsetting factors, i t  is possible th a t the results a t medium 
liquid velocities are the  m ost reliable. W ith steam  as the 
heating medium, the pipe tem perature was practically uni
form from end to  end, and no appreciable error is introduced 
by using an average pipe wall tem perature in calculating the 
logarithmic mean tem perature difference. When heating
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M

70

o p  

86 .2
° F. 

140.3
Ft./sec. 
0 .0797

O p

185.9
° F. 

179.2
° F. 

164.2 23,,8 944
71 83 .8 138.4 0 .0812 185.0 179.6 173.7 19. 3 950
69 87 .8 141.7 0 .0983 186.5 180.5 169.6 26 .4 1165
67 82 .5 139.9 0 .118 188.9 181.4 169.6 32.,1 1375
68 82 .2 138.8 0 .118 188.6 181.4 182.3 22.,1 1368
19 61 .5 136.3 0.139 176.9 172.6 165.8 42. 4 1533
34 70 .3 136.5 0 .165 166.6 162.3 165.2 47. 7 1850
72 79 .5 136.3 0.226 188.0 179.6 168.8 57 .6 2610
66 83 .5 127.8 0.327 188.8 178.9 155.0 79. 6 3730
65 84 .2 124.7 0.373 188.6 178.0 153.2 82. 2 4230
64 85 .3 121.2 0 .466 188.6 178.0 149.8 89. 0 5220
63 93 .2 123.7 0 .503 188.8 178.0 149.3 93. 3 5830
18 54 .7 110.9 0.505 176.0 169.0 161.8 93. 0 5130
73 82 .2 136.4 0 .667 192.6 181.1 168.8 163 7760
62 9 8 .4 121.2 0 .733 189.0 178.0 144.6 119 8530
17 52.9 89 .3 0.944 176.0 167.4 134.9 131 9030
61 102.6 120.0 1.025 188.6 177.8 152.0 107 12000
33 65.1 100.8 1.04 166.0 158.0 129.9 194 10500
16 54.2 81 .5 1.47 169.0 160.1 122.7 179 13800
60 107.6 119.0 1.75 188.0 176.2 136.4 221 20600
15 55 .4 79 .7 1.77 166.4 157.5 117.5 211 16600
32 67 .8 91 .4 1.80 165.2 156.6 121.9 261 18000
59 110.0 119.0 2 .26 187.2 175.0 133.4 272 27000
14 58 .3 80 .3 2 .30 167.1 158.0 115.3 266 21700
13 59 .0 78 .6 2 .79 167.0 157.9 112.2 306 26300
58 109.1 117.3 2 .87 186.7 174.1 129.1 377 33800
57 116.9 123.8 3.17 189.2 177.8 135.2 370 38600
12 57.4 72 .0 3 .32 147.0 138.3 97.4 360 30600
56 116.9 124.1 3.51 190.0 178.2 135.2 434 42500
31 72.2 8 7 .8 3 .75 170.6 159.8 113.7 433 37400
45 124.7 132.1 3 .97 199.4 183.4 144.2 467 50400

2 60.6 7 6 .0 4 .00 166.2 155.0 104.5 417 36600
35 122.7 130.5 4 .00 195.9 182.7 142.5 496 50400

1 56.3 68.4 4 .22 125.4 119.9 91 .5 423 38600
46 112.4 121.5 4 .24 190.9 117.5 134.5 544 51400
22 73 .2 8 7 .8 4 .27 168.8 158.0 111.4 497 42600
21 73 .6 87 .8 4 .32 168.8 158.0 109.3 535 43400
10 60.6 76 .3 4 .34 167.0 152.2 102.4 487 40900
11 56 .3 69.1 4 .37 151.2 141.8 92 .2 460 39800
47 116.2 123.2 4 .50 191.4 177.1 134.5 549 54600
23 73 .0 86.9 4 .56 168.8 158.1 109.5 526 45600

3 60.6 75 .0 4 .69 165.6 154.4 101.8 484 43800
36 122.2 129.4 4 .73 196.8 182.9 141.0 562 58800
48 118.1 125.2 4 .75 191.9 178.4 136.7 558 58500
24 7 3 .0 85 .7 4 .95 169.0 157.2 107.2 554 48800

4 60.4 74 .3 5.00 165.4 154.4 9 9 .5 525 46600
37 121.5 127.4 5 .05 196.6 181.4 138.4 547 63300
25 72 .6 81 .7 5 .27 170.6 158.1 107.2 403 52000
38 119.3 125.7 5.32 195.8 181.4 135.7 660 65500
49 119.9 124.9 5 .45 181.6 170.0 132.7 767 67100
39 120.2 125.7 5 .63 197.2 181.4 135.7 627 69300
40 124.1 129.5 5 .65 197.6 183.2 138.4 668 71500
50 119.3 123.9 5.72 185.1 172.4 132.7 622 70500

5 60 .3 72 .5 5.86 165.4 153.8 95 .6 605 54000
6 60 .3 72 .2 6 .32 166.0 153.0 98 .6 546 58500

26 73 .2 84 .2 6.42 172.3 159.3 104.1 678 63600
41 124.5 129.2 6 .52 197.7 183.0 138.3 748 82000
51 121.5 126.2 6 .80 189.8 175.2 134.5 750 84600
55 123.6 127.9 7 .1 0 194.0 178.2 135.2 985 88400
52 121.1 126.1 7 .13 194.0 178.2 135.2 749 89500

7 59.9 71 .1 7 .3 0 165.6 152.6 91 .7 745 67500
27 7 3 .4 83 .2 7 .48 172.3 158.6 102.8 733 74100
53 122.2 127.2 8 .88 196.2 180.1 133.4 1250 112000
54 123.9 128.8 8 .88 195.8 180.9 137.4 976 112000
43 123.4 127.3 9 .0 7 197.8 182.0 134.5 943 113000
29 71 .8 80.2 9 .23 172.4 158.0 97 .6 890 90300
28 72.4 8 0 .8 9 .30 173.2 158.8 96 .3 974 91700
44 123.4 127.6 9 .57 197.8 182.3 136.2 1045 119500

8 58 .8 67 .3 9 .93 165.4 151.4 83 .7 995 90600
42 120.4 124.7 10.10 197.6 181.4 132.6 1103 103300

9 57.6 66.9 10.20 166.2 152.2 8 4 .8 1040 93000
30 71 .6 79 .3 10.75 171.9 157.7 9 4 .4 1020 104500

with hot W'ater, however, the flow of the hot and cold stream s 
was parallel, and in a num ber of runs the pipe tem perature a t 
the outlet end was colder than  a t  the inlet end. Under these 
conditions the true mean tem perature difference was less than  
the logarithmic m ean used, and the calculated values of the 
coefficient, h, are accordingly low. The error, however, is 
on the safe side, in th a t use of the reported coefficients in cal
culating required heating surfaces will result in conservative 
estimates.

The plots of the data, discussed below, serve as a rough 
indication of the over-all error in the determ inations. The 
points indicate a considerable uncertainty in the determ ina
tions for the runs in viscous flow, and particularly in  the 
region around the critical velocity. The uncertainty of
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the data in  the la tte r region m ay be due to  the possibility 
of having stream-line (viscous) flow over p a rt of the tube 
length, and turbulent flow over the rem ainder of the length. 
The data  obtained in viscous flow are not claimed to be 
wholly reliable, b u t serve to  indicate the general trend. In  
the tu rbu len t region the points fall in narrow bands when 
plotted in the usual ways, and it is estimated th a t the probable

-sf ~
F i g u r e  5 . C o m p a r is o n  o p  P r e s e n t  D a t a  w i t h  D a ta  o f  

N u s s e l t  o n  A i r , a n d  M o r r is  a n d  W h it m a n  o n  H e a t i n g  O i l s , 
U s in g  V i s c o s it y  a t  M a i n - B o d y  A v e r a g e  T e m p e r a t u r e

error in determinations of h in this region is less than  10 per 
cent. However, i t  is noted th a t errors in measuring the rate 
of flow of liquid appear to the same extent in both h and in the 
group dup/p, and so become much less noticeable on logarith
mic plots where one quantity  appears in the ordinate, and 
the other in the abscissa.

C o r r e l a t i o n  o p  R e s u l t s  

The data  are first shown plotted as -f  vs. —  in FiguresK ¡1
3 and 4. The points representing the data  on the five liquids 
fall in bands, and the points representing the runs a t  higher 
liquid tem peratures fall in the lower edges of their respec
tive bands. The slopes of the lines are in the neighbor
hood of 0.8, except for kerosene, for which line the slope is 
definitely greater. The steep slope of the kerosene line a t 
velocities from one to  ten times the critical m ay be compared 
wdth the data  of Morris and W hitm an (.9), and of Shenvood, 
Kiley, and Mangsen {15), who obtained similar results with 
other petroleum oils. I t  is quite possible th a t a t  velocities 
above the range of the present data, the slope of the curve 
decreases, as in the case of the curve representing the d a ta  of 
M orris and W hitman.

Since it is possible th a t the proper introduction of the cp/k  
group m ight offset this widening of the bands of points, the 
elevations of the lines have been compared w ith the range of 
the values of cp/k  for each liquid. For this purpose, values 
of hd/k, a t d up /p  =  10,000, were read from the lines of 
Figures 3 and 4, and these intercepts plotted against cp /k  as 
shown in Figure 5. The line from which the intercept was 
obtained was deliberately drawn w ith a slope of 0.8 through 
the m ain mass of points in each case. The lengths of the 
horizontal dotted lines drawn through the points of Figure 5 
indicate the range of values of cp /k  covered by the data  for 
each liquid.

In  order to  extend the range of the group, cp/k, the data of 
M orris and W hitm an on heating gas oil and on heating straw' 
oil are included on Figure 3, and, in addition, a line represent
ing the data of N usselt on heating air is shown. The points 
representing these lines are also included on Figure 5. The

R u n
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L i q u i d  L i q u i d  
T e m p . V e -  

In le t O utle t l o c i t y

D a t a  o n  B e n z e n e

M e a n
T e m p .
I n n e r

J a c k e t  P i p e  
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M

78
o
61 .9

e F ' 
144.2

Ft. /sec. 
0 .0305

° F. 
203 .0

° F .
198.7

0 F. 
185.0 7 .4 206

60 64 .4 125.4 0 .0565 186.8 179.2 156.1 13.2 362
17 87 .2 132.6 0 .077 179.6 175.1 167.8 13.3 549
59 62 .4 133.8 0.088 186.8 •181.4 173.7 19.8 569
77 61.2 140.4 0 .103 202.7 197.0 187.8 22 .3 690
75 6 2 .4 152.9 0 .133 197.6 192.2 181.6 41 .9 940
74 62.1 153.2 0 .136 197.8 192.2 182.3 42.7 960
73 61 .5 152.9 0 .140 197.4 191.7 180.5 47 .6 1045
71 59 .9 153.4 0.151 194.0 188.0 179.6 50 .5 1055
72 60.1 152.7 0 .151 194.9 188.6 178.8 50 .6 1055
79 63.6 151.4 0 .154 203 .0 197.4 185.0 44 .0 1085
18 85 .0 133.2 0 .223 178.9 174.3 167.4 41 .2 1600
70 59.6 142.2 0 .238 191.1 185.0 159.8 91 .4 1580
69 58 .8 139.8 0.247 190.7 184.0 163.4 81 .0 1610
80 65 .6 146.6 0 .262 205.1 196.0 180.3 71 .3 1810
76 62.6 146.4 0.397 200.2 195.8 188.6 9 5 .8 2720
81 57.2 134.6 0 .412 200.2 190.7 158.3 12.9 2640
19 85 .0 118.7 0.419 177.5 171.2 149.0 68 .8 2810
82 54.5 110.5 0.596 199.4 188.6 151.6 110 3500
57 60 .6 91 .9 0.780 181.3 172.4 138.1 86 .3 4340
83 53 .6 103.0 0 .808 201 .2 189.4 189.2 77 .2 4570
61 60 .6 92 .2 0 .863 187.4 177.1 146.2 84 .3 4790
68 57 .8 90 .2 0 .9 8 182.9 175.0 139.2 103.3 5380
67 58 .8 90 .5 1.01 182.5 174.3 139.9 104 5580
20 85 .5 107.3 1.07 176.4 169.6 141.8 119 6920
16 9 0 .0 107.5 1.12 179.6 171.6 136.3 126 7390
62 57 .2 83.2 1 .13 186.8 176.0 125.6 113 6000
63 57 .4 81 .4 1.33 187.8 175.9 121.3 129 7060
23 92 .3 107.3 1.35 176.2 168.0 131.4 141 8950
66 59 .4 86 .4 1.39 178.4 170.6 132.7 132 7530
84 54 .3 7 6 .8 1.54 203 .5 190.0 132.7 113 8180
15 90 .7 105.4 1.61 178.9 170.2 130.5 160 10450
21 88 .2 102.2 1.75 176.0 167.0 125.5 176 11200
56 61 .7 81 .5 1.81 169.0 160.9 118.3 164 9750
14 91 .4 105.7 1 .88 178.8 170.0 129.1 190 12400
55 62 .1 7 7 .0 2 .35 188.2 173.7 106.7 197 12400
54 62 .1 7 6 .0 2 .46 186.8 172.6 103.7 209 12900
53 61 .0 72 .5 3 .47 187.8 172.8 98 .4 268 17700
24 93 .4 101.3 3 .80 177.8 167.0 115.7 357 24600
22 91 .9 100.3 3:87 176.0 166.0 116.5 343 24800

1 98 .8 107.3 3 .97 180.0 170.2 124.1 348 27100
65 59.6 69 .1 4 .1 3 187.4 170.0 90 .4 319 20800

2 101.0 109.0 4 .2 0 178.8 168.8 124.7 383 29100
3 101.5 109.1 4 .23 180.7 170.2 124.1 372 29000

25 94.7 101.8 4 .24 178.4 167.6 115.5 376 27400
51 59 .9 7 0 .0 4 .26 185.0 169.6 9 9 .4 275 22000
52 60 .8 70 .5 4 .2 6 187.0 171.9 91 .7 335 22000
13 93.6 101.2 4 .4 3 179.6 169.2 117.3 387 28600
26 95.4 102.2 4 .43 179.1 168.4 115.7 390 28600
37 59.7 68 .2 4 .67 188.2 170.9 8 9 .5 319 23600
35 65 .5 70 .0 4 .6 8 163.4 155.2 7 9 .5 349 24400
36 61.2 66 .2 4 .6 8 167.0 152.6 77 .2 361 23600
27 96 .3 102.8 4 .94 179.8 168.8 115.5 425 32600
38 59.7 67 .8 4 .96 187.8 170.2 86 .7 356 25000

5 101.0 106.7 5 .1 0 180.5 172.3 118.3 412 34900
4 102.8 108.6 5 .11 181.8 171.2 121.9 416 35600

50 59.7 68 .4 5 .13 184.5 168.8 87 .6 393 25800
28 97 .0 102.8 5 .24 180.5 168.8 113.0 486 34700
39 59.2 66 .4 5 .30 187.8 169.9 83 .5 387 26500

6 103.5 109.8 5 .36 176.9 167.1 123.9 435 37800
64 58.4 68 .9 5 .4 0 188.1 172.4 92 .2 414 27300
49 59.2 67 .4 5 .45 183.2 167.4 85 .9 413 27500
40 59 .0 6 5 .8 5 .90 188.6 170.6 82 .2 427 29300
12 106.7 111.9 6 .10 184.7 173.2 122.4 528 43300
41 58.6 65.1 6 .13 188.9 170.6 79 .5 470 30400
34 100.1 104.9 6 .67 180.1 168.8 115.0 575 48000
48 59.4 66 .4 6 .76 183.2 167.8 82 .2 512 33800

7 104.3 109.8 6 .87 180.5 170.6 122.0 557 48300
42 58.1 6 3 .0 6 .8 8 188.0 169.2 75 .9 423 34000

9 105.6 110.9 7 .02 184.9 170.9 121.9 620 50000
10 106.3 111.4 7 .1 9 184.0 172.4 121.0 667 51000

33 99 .9 104.0 7 .57 180.5 168.8 113.4 584 51100
47 59.9 6 6 .8 8 .07 183.2 167.4 83.2 578 41000
29 98.6 101.8 8 .32 180.5 168.8 110.5 585 55500
43 56.1 60 .4  1 8 .36 190.4 170.9 7 4 .2 472 40000
44 56.1 60 .3 8 .3 8 191.9 172.1 73 .2 478 40300
32 99.5 103.2 8 .56 180.5 168.8 112.1 510 57600

11 106.7 110.9 8 .67 183.2 171.0 120.8 665 61500
46 55.6 59 .9 8 .8 3 195.0 174.2 73 .4 503 42200
31 98 .8 101.8 10.5 180.7 168.4 109.5 750 70000

8 105.7 109.1 11.1 180.9 169.4 118.0 793 78000
45 59 .9 59 .2 11.6 193.7 171.9 69 .6 657 55500
30 99 .0 101.8 13.0 180.5 168.4 108.7 1005 86700

data of M orris and W hitm an on oil and of Nusselt on air 
were chosen for comparison since they no t only extended 
greatly the range of values of cp /k  covered, b u t represent, in 
the authors’ opinion, the best comparable published data on 
heat transfer in turbulent flow' for these fluids. The line 
shown on Figure 5 represents E quation  8 of D ittus and Boelter 
which, it is clear, is excellently supported by the present data.
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210.4 33 .7 319
76 83 .2 184.9 0 .103 210 .8 209.2 209.2 40 .0 363
42 67 .3 109.3 0 .105 185.6 179.2 167.8 13.5 271
43 68 .9 145.2 0 .106 185.0 179.2 167.0 3 7 .5 256
30 67 .1 126.7 0 .138 188.4 181.1 163.4 30 .3 356
77 82 .1 169.8 0 .151 210.2 208 .4 208.4 43 .2 504
41 64 .4 128.6 0.179 185.3 178.0 159.8 4 7 .5 502
40 6 3 .0 125.6 0 .187 185.1 177.8 159.0 46 .6 470
31 70 .7 129.0 0 .201 188.1 180.7 163.4 47 .5 530
29 62 .8 120.0 0 .204 188.6 180.7 161.6 4 2 .0 502
44 70 .0 127.3 0 .212 185.0 177.8 159.8 51 .4 476
45 65 .8 106.0 0.225 185.0 176.7 152.6 52 .4 530
78 81.0 151.6 0 .242 210.2 208 .4 209 .5 4 5 .8 747
64 85 .7 123.9 0.260 187.2 179.6 163.8 4 0 .3 724
79 82 .9 146.6 0.281 209 .0 208.4 209 .5 46 .6 850
74 86 .9 143.1 0 .327 210 .4 209.2 209 .5 4 6 .4 1000
73 86 .7 142.1 0 .329 210.3 208.7 209.2 4 5 .8 1000
80 84.0 137.2 0 .373 209 .9 208.1 209.2 41 .9 1090
81 87.2 124.1 0 .550 209 .9 204.6 208 .5 46 .6 1680
32 72 .4 99 .2 0 .690 188.1 179.6 156.2 62 .2 1620
63 9 0 .4 106.0 0 .776 186.1 178.0 158.7 47 .6 2020
38 54.5 75 .7 0 .885 185.0 175.0 145.4 55 .6 1660
46 53 .8 75 .7 0 .910 185.0 174.2 145.2 59 .2 1710
62 9 6 .5 109.7 1 .03 185.0 176.9 158.8 58 .1 2830
37 56.5 74 .3 1.23 185.0 175.0 142.0 68 .2 2330
72 100.4 122.7 1 .34 211 .0 208.2 207.7 74 .2 3970
47 53 .4 6 9 .8 1.37 185.5 173.4 134.5 73 .2 2480
33 63 .0 8 0 .3 1.43 188.1 179.6 139.9 8 5 .8 2910
28 59 .4 75 .8 1.76 188.4 176.9 139.9 9 6 .0 3430
27 59 .7 74 .5 1.92 188.4 176.0 122.2 123 3730
61 101.3 111.2 2 .0 3 185.0 174.8 142.5 132 5750
36 62.2 78 .3 2 .09 187.6 176.1 135.9 122 4220
60 104.9 113.0 2 .77 184.0 173.4 137.0 190 8050
71 137.4 154.2 2.81 214 .8 212.9 209 .2 177 10900
26 61 .4 73 .2 2 .82 188.6 174.2 113.7 173 5450
48 55.1 66 .0 3.22 185.3 170.2 103.9 193 5730
35 65.1 78 .6 3 .30 183.6 172.1 122.9 194 6720
25 62.1 72.4 3 .43 189.0 174.5 106.9 214 6620
70 142.5 157.9 3 .68 212.5 211.2 207 .0 236 14900
53 104.7 112.0 4 .04 180.7 170.4 134.5 274 11700
65 129.6 145.8 4 .1 0 210.5 219 .0 203 .0 243 15000
34 65.6 76 .8 4 .2 3 183.0 170.6 116.6 243 8580
24 61.6 70 .3 4 .27 189.6 174.2 102.4 259 8130
13 63.4 74.2 4 .2 8 186.1 172.3 107.3 284 8330
66 132.8 143.3 4 .50 217 .0 203.7 185.1 239 16500
14 63.5 74.2 4 .5 3 186.8 172.4 106.3 302 8930
15 63.7 73.2 4 .73 188.0 172.6 104.1 302 9260
54 106.3 111.9 4 .7 4 180.3 169.6 130.9 312 13750
69 145.2 158.6 4 .75 211.7 210.2 204.6 390 19500
16 63.5 7 2 .8 4 .85 188.6 173.4 103.2 310 9530
55 107.3 113.1 4 .96 182.0 170.8 130.9 358 14400
17 63.0 72.2 5.07 188.9 173.2 97 .6 332 9910
49 57.6 65 .3 5 .3 0 184.7 168.8 93 .0 308 9570
18 62.8 71 .4 5 .3 3 189.4 173.2 99 .5 338 10200
12 61.7 72.6 5.61 181.4 166.0 104.1 395 10950
19 62.1 70 .3 5.67 189.8 173.4 9 7 .4 356 10900
56 108.0 113.1 5 .75 182.5 171.0 129.9 314 16830
50 58.1 65 .6 6 .0 0 185.0 167.8 90 .4 375 10800

1 67.1 77 .2 6 .0 3 178.6 166.6 108.0 413 12500
20 61.4 68 .9 6 .3 3 190.0 173.2 95 .7 387 11950
11 60.4 71 .4 6 .51 181.4 166.0 101.8 473 12400
2 66.2 75 .6 6 .71 177.8 165.6 106.5 416 13450

21 60.8 67.6 7 .1 3 190.0 172.6 90 .4 445 13250
57 109.3 113.5 7 .37 183.0 170.8 127.3 483 21800

3 65.1 73.9 7 .6 0 179.6 166.8 102.8 481 15100
68 146.4 158.0 7 .7 5 212 .0 210.2 204 .6 404 31800
51 58.4 64 .4 7 .8 0 185.0 167.0 85 .0 466 14100
22 60.3 66 .0 8 .41 190.0 172.4 87 .2 486 15400
4 64.4 72.2 8 .6 5 179.4 165.8 9 9 .4 516 17000
6 62.4 70 .3 8 .9 3 181.4 167.0 9 7 .4 545 17100
5 63.2 70 .9 9 .2 3 179.2 165.2 9 7 .4 560 17900

10 59.9 67 .6 9 .3 6 181.8 166.0 93 .8 566 17300
58 109.8 113.1 9 .9 0 183.3 170.6 122.5 664 29200
59 110.3 113.3 10.00 183.2 170.6 122.7 694 29800
52 57.9 62 .6 10.15 185.0 165.8 81 .2 580 18000
7 61.9 68 .9 10.70 180.5 165.4 94.1 633 20000

23 59.6 65 .6 10.75 190.0 172.1 80.6 581 19400
8 61.2 66.6 14.80 178.9 164.8 86 .4 845 27300
9 60.3 64 .0 15.50 180.3 164.4 79 .5 804 28200

/*
F i g u r e  6 . C o m p a r is o n  o p  D a t a  w i t h  E m p i r i c a l  E q u a t io n  

d r  D i t t o s  a n d  B o e l t e r

the Reynolds group, dup
The solid line represents Equation

8, and the dashed lines represent the M orris and W hitm an 
curve for heating oils, the two curves representing different

values of y . Equation 8 is seen to fit the d a ta  well, although

the kerosene data fall below the empirical line a t  velocities 
just above the critical, and in viscous flow break off to  a linę 
having a flat slope. Close inspection of the points will reveal 
th a t the kerosene data  follow closely the M orris and W hit
m an curves. The dotted line represents the Lawrence and 
Sherwood equation for w ater, which m ay be seen to  agree 
well with the present w ater data. E quation  8 is clearly un
reliable a t  very low Reynolds numbers and should no t be 
applied in a viscous flow, or in the vicinity of the critical point. 
I t  applies, of course, only to  clean tubes.

T a b l e  VIII. D a t a  o x  « - B u t y l  A l c o h o l

Its excellent correlation of the data on air and oils, as well as 
the present data  on five interm ediate liquids, suggests its 
general applicability to  widely different types of fluids. Al
though it is probable th a t  data  on any one liquid can be better 
correlated than  by the E quation 8, this equation would appear 
to be of value for fluids where d a ta  are meager, or entirely 
lacking.

Equation 8 is compared directly w ith the present data  in 

Figure 6, where the ordinate is ( y }  and the abscissa is

R u n

L i q u i d  
T e m p . 

In le t O u tle t'

Av.
L i q u i d

V e 
l o c i t y

Av.
S t e a m
T e m p .

H e a t
P i c k e d

U p
BY

L i q u i d

H e a t
G i v e n

U p
BY

S t e a m

M e a n
T e m p .
I n n e r

P i p e
S u r 
f a c e h

d u p

P

46
0 F. 
70 .7

° F .
150.5

F t ./ sec .  

0.158

o p

210.5
B . t. u ./h r. 

1763 1920
° F. 

210 .3 3 7 .0 297
24 60 .8 133.0 0 .198 209.9 2010 1837 210 .7 34 .7 310
20 78 .2 133.7 0 .593 211.2 4660 4680 208 .9 89 .8 1060
39 78.2 117.3 0.792 211.2 4330 4560 209 .5 7 6 .6 1270
38 79.3 116.8 0.834 210 .8 4380 4630 209 .5 7 8 .0 1340
19 83.2 129.4 0 .873 211 .2 5670 5220 208.1 111 1550
36 96 .5 120.3 2 .4 0 211.2 7980 7920 208.9 157 4410
17 86.6 111.3 2 .64 213.4 9130 8350 207 .5 168 4280
58 150.5 165.0 3 .72 211.2 7500 6770 208 .7 290 12400
14 9 1 .3 115.0 3 .76 211 .5 12400 11560 205 .3 240 6450
35 104.2 123.7 3 .82 211 .9 10300 9800 206.6 220 7520
34 105.8 125.8 4 .00 210 .4 11150 10360 205 .5 246 8120

2 89 .5 114.5 4 .05 212.2 14100 13000 203 .3 275 6880
28 105.2 124.2 4 .66 211.7 12600 11870 206 .2 272 9300
52 152.5 162.6 4 .9 4 212 .0 6610 6780 208 .1 261 16500
51 153.5 163.1 5 .0 3 211 .8 6660 6780 208.1 266 16900
29 105.9 124.0 5 .37 210 .4 13720 14280 204.1 304 10730

5 92 .6 113.5 5 .47 210 .8 16100 14620 201.6 322 9420
6 94 .2 114.5 5 .96 212.2 16720 15420 201 .4 341 10300

57 159.2 168.7 6 .20 211.9 8470 8160 206.9 389 22000
12 95 .1 114.6 6 .4 0 218 .0 17430 16420 202 .7 353 11250

8 96 .3 114.7 7 .4 2 214 .8 19120 18180 200 .0 400 13100
55 158.2 166.8 7 .45 212 .0 9070 9250 207 .9 396 26200

7 95 .5 114.0 7 .5 6 215 .3 19680 18200 201 .0 404 13200
30 107.6 123.8 7 .6 0 210.4 17400 18000 202 .7 397 15300
53 160.0 167.2 9 .15 212.5 9480 10200 206 .9 423 32500
31 109.0 123.7 10.6 210 .4 21800 20300 199.5 520 21600
10 96.7 113.3 10.95 218 .8 25600 26000 198.0 546 19200
9 95 .9 112.2 11.75 214 .8 26300 26100 196.8 562 20300

32 111.4 125.5 11.8 210 .4 23000 23000 199.4 562 24000



744 I N D U S T R I A L  A N D  E N G I N E E R I N G  C H E M I S T R Y Vol. 24, No. 7

A method of plotting similar to th a t of Figures 3, 4, and 
5 was employed, using the fluid viscosity a t  the mean film 
tem perature, although the plots are not included. The
plots of ^  vs. ^  showed correlations similar for each liquid

to those of Figures 3 and 4. Representative lines were drawn 
with slopes of 0.8, and a plot prepared similar to th a t of

CM/ ,Figure 5, bu t again employing m/ in the ~  group. The points

F i g u r e  7 . C o n s t a n t s  i n  P r a n d t l  E q u a t io n , C a l c u l a t e d  
f o r  K e r o s e n e  a n d  f o r  B e n z e n e

were definitely scattered, and no general correlation was 
indicated. By comparison with Equation 6 (Rice) and 
Equation 7 (Cox), it was found th a t both equations were high, 
but th a t the Cox equation fitted the data better than did th a t 
of Rice.

The use of viscosity a t a mean film tem perature doubtless 
has a better theoretical basis than  the use of viscosity a t the 
main-body average tem perature as in Equation 8. However, 
correlations involving film viscosities introduce trial and error 
methods in m any design calculations, and are unsatisfactory 
from a practical viewpoint unless definitely called for by the 
data. The great m ajority of the available data  on heat 
transmission to fluids have been obtained w ith low-pressure 
steam  as the heating medium, and consequently w ith little 
variation in tube-wall tem perature. In  such experiments 
main-body average tem perature and film tem perature are 
not independent variables, and the true effect of each cannot 
be determined. Until experiments are carried out varying 
liquid and tube tem peratures independently, it seems advis
able to employ the viscosity of the fluid a t  the average tem 
perature of the main body, which, in the case of the present 
data, gives the b e tte r correlation.

Because of the wide general interest in the P rand tl (IS) 
modification of the Reynolds analogy between heat flow and 
fluid friction, the data  have been compared with the P randtl 
equation :

fcpu/2
1 -  r  +  T (cp „ /kp) (10)

(?) ________ temp, drop through laminar film
1 — r temp, drop from film boundary to main body of fluid

(1 1 )
The velocity ratio, r, is stated  by P rand tl to  be a  function of 
the friction factor, / ,  and, in turn , of the Reynolds number. 
The physical properties, pP, and k P are taken a t  the mean 
tem perature of the laminar film.

In  calculating values of r  from the present data, c and kp 
were assumed constant as in Table I. The viscosity, pPt was 
taken a t the mean of the tem perature of the wall and the 
tem perature a t  the outer boundary of the film, as calculated 
from Equation 11. Since this relation involves the unknown, 
P„, a trial and error calculation is involved for each point. 
Because of this, values of r  were calculated only for about half 
of the runs reported. Figure 7 shows the calculated r ’s 
plotted against dup/iu for benzene and for kerosene. The 
points are seen to deviate considerably from smooth curves, 
bu t to  indicate a  definite trend of decreasing r ’s w ith increasing 
values of dup/p. For the other three liquids the points are 
scattered so widely as to indicate no definite curves, and the 
plots are omitted. I t  m ay be pointed out, however, th a t the 
calculation of r is very sensitive to  uncertainties in the 
cpp/k group, especially where the difference (cpp/ k - .1) is 
small. The friction factors used in the calculation were not 
measured, b u t were obtained from the S tanton and Pannell 
(17) curve for smooth copper pipe, employing the viscosity, 
Pf, a t the mean film tem perature, in the Reynolds group.

T a b l e  IX. V a l u e s  o f  P r a n d t l  C o n s t a n t ,  r
L i q u i d  

W ater 
Acetone 
Benzene 
K erosene 
n -B u ty l alcohol

R a n g e  o f  r
0 .2 2 -0 .9 0
0 .2 5 -0 .7 1
0 .1 2 -0 .8 0
0 .1 0 -0 .6 2
0 .3 2 -0 .6 2

A v e r a g e  r  

0.595 
0 .4 8  
0 .43  
0.31 
0.38

Prandtl pictures a thin liquid film flowing in stream-line motion 
next to  the tube wall. A t any cross section the velocity 
increases from zero a t  the tube surface to a maximum a t  the 
center line of the tube. The ratio  of the velocity a t the core 
boundary of the laminar film to the average velocity of the 
fluid through the pipe is represented by r. The ratio of the 
therm al resistance of the lam inar film to th a t of the turbulent 
core is given by the Gibson (5) relation:

F i g u r e  8 . C o m p a r i s o n  o f  D a t a  w i t h  V a l u e s  
C a l c u l a t e d  f r o m  P r a n d t l  E q u a t i o n ,  U s i n g  
V a l u e s  o f  r  G i v e n  t n  T a b l e  I X

Arithmetic averages of the values of r  calculated for each 
fluid are tabulated  in Table IX . Using these average values 
of r, the film coefficients were calculated by  the Prandtl 
Equation 10, estim ating the friction factors from the Stanton 
and Pannell curves, as outlined above. The values of h 
calculated in this w ay are p lotted on Figure 8 vs. the observed 
values of h. A fairly good agreement of calculated and ob
served values is indicated, in spite of the wide variation of the 
individual r ’s from the average values used for any one fluid.

The scattering of the calculated r ’s indicate th a t r is a 
function of variables other than  the Reynolds group. Unless 
the correlation of the ratio, >, can be accomplished more 
simply than the correlation of the film coefficient itself, the 
Prandtl equation becomes less interesting from a practical 
viewpoint.
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T a b l e  o f  N o m e n c l a t u r e

c =  heat capacity a t constant pressure, B .t.u ./p o u n d /0 F. 
d = inside diameter of tube, feet
f  = friction factor in Fanning equation: AII = ,

Q
where g =  acceleration due to gravity, 4.18 X 10s feet/hour2 

AH =  drop in fluid head due to friction, feet 
h = av. surface coefficient of heat transfer between tube 

surface and fluid, B. t. u./hour/square fee t/°F . 
k = thermal conductivity, B. t. u ./foot/hour/° F.

L  =  heated length of tube, feet 
r = factor in Equation 10 (Prandtl)
I, = temp, of fluid entering heated section, ° F. 
i2 =  outlet temp, of fluid when mixed, ° F.

up = mass velocity of fluid through tube, pounds/hour/ 
square foot of cross section

p = fluid viscosity a t main-body av. temp. ^i. e., a t

2~ * 0 ’ Pounds/hour êe*'
p/  =  fluid viscosity a t mean film temp., pounds/hour 

feet. The film temperature is taken as the mean 
temperature of the inner surface of the tube, less 
half the logarithmic mean temperature difference 
between tube surface and average fluid temperature

pp — fluid viscosity a t mean temp, of Prandtl boundary 
film, pounds/hour feet
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Ethylmercury Compounds as Agricultural 
Disinfectants

W. H. T is d a l e , E. I. du Pont de Nemours & Company, Wilmington, Del.

CE R TA IN  inorganic salts of m ercury have long been 
recognized as valuable fungicides and bactericides 
and have been applied in  the fields of medicine and 

agriculture. The organic mercurials are of com paratively 
recent development for agricultural purposes. A study  of 
some of the phenol derivatives of m ercury was initiated in 
Germany about tw enty years ago. Following the World W ar, 
more extensive investigations were untertaken in Germany 
and America to  further explore the field of organic mercurials, 
especially for agricul
tu ra l  disinfectants.
Many p u b l ic a t io n s  
are now available re
cording the effective
ness of numerous or
gan ic  m e r c u r i a l s .
Among the o rg a n ic  
mercury compounds 
to find practical ap
plication are the chlo- 
rophenol, n i t r o p h e -  
nol, c re s o l ,  cyano- 
creso l, furfuramide, 
phenyl, and ethyl de
rivatives and m ercury 
aminochloride. The 
organics having estab
lished usage as seed, 
plant, and soil dis
infectants have de
sirable qualities not

possessed by bichloride of mercury which has commonly been 
used in agriculture. Although some of them  are not superior 
to bichloride as disinfectants, they are much less likely to 
injure plants and are not corrosive to m etal parts of tools 
and machinery. For these reasons they have a wider range 
of application.

Investigations during the past five years by the du P ont and 
Bayer-Semesan Companies and by m any sta te  and federal 
agricultural agencies have led to the adoption of certain

ethylm ercury c o m 
p o u n d s  as disinfect
an ts for specific pur
poses. E t h y l m e r 
cury chloride was the 
first of this series of 
c o m p o u n d s  to  be 
studied. After p r e 
lim inary investigation 
there was some ques
tion as to whether i t  
could be used success
fully as a disinfectant 
b e c a u s e  of i t s  toxic 
nature. I t  was found 
to  b e  m u c h  m o re  
to x ic  to  fu n g i and 
bacteria than  the in
organic m e r c u r ia l s  
o r  a n y  o f t h e  o r 
g a n ic s  p r e v io u s ly  
used for the purpose.

T y p ic a l  S m a l l -S c a l e  T e s t  P i l e s  o f  S a p  G u m

Fron t righ t pile trea ted  with e thylm ercury  chloride 
F ro n t left pile trea ted  with e thylm ercury  phosphate 
F ron t center and  rear left piles un trea ted  
R ear cen ter and  rear rig h t piles trea ted
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Little was known, however, of its 
toxicity to animal life. After thorough 
chemical and biological analysis from 
the s t a n d p o i n t  of both p lant and 
a n im a l  life, i t  was found th a t the 
product could be used with a marked 
degree of success, with safety to plants 
and animals, if properly diluted with 
the inert materials best suited to ap
p l i c a t io n .  Like all mercurials, the 
ethylmercury compounds are toxic, 
and caution is necessary in handling 
them.

S e e d  D i s i n f e c t i o n

A b r ie f  s u m m a ry  of the effec
tiveness of ethylmercury chloride as 
a seed grain disinfectant was published 
in 1929 (7). Powders containing 1 
to  2 per cent of th i s  c o m p o u n d  
dusted on wheat and sorghum with 
a ro tary  dusting machine a t the rate 
of 2 ounces per bushel and on oats 
and barley a t the rate of 3 ounces 
per bushel controlled such seed-borne 
diseases as stinking sm ut of wheat, 
lo o se  a n d  c o v e re d  smuts of oats, 
kernel sm ut of sorghum, and covered 
sm ut and stripe disease of b a r l e y .
This d is c o v e ry  m ade it possible to 
use a dust t r e a t m e n t  for all small 
grains including oats and barley which 
had required a liquid treatm ent up 
to  this time. T h e  e th y lm e r c u r y  
compound is sufficiently volatile to 
penetrate beneath the hulls of these 
grains and kill fungus spores adhering 
to the inner seed coat. E th y lm e r 
cury chloride is now being used suc
cessfully as a dust seed treatm ent for 
the control of c e r t a in  s e e d - b o rn e  
diseases of cereals, cotton, flax, and 
other crops.

In  m any cases the yield of crops 
from treated seed shows greater in
c re a s e  t h a n  is a c c o u n te d  for by 
control of the diseases known to be 
present. This m ay possibly be ex
plained by  protection by the treat
m ent of the germinating seed from 
organisms, generally assumed to  be saprophytic, which feed 
on them and lower the v itality  of the seedlings. There is a 
possibility of some stim ulative effect aside from disease con
trol.

The promising results obtained w ith ethylm ercury chloride 
resulted in the beginning of a study of a num ber of the ethyl
m ercury salts, a program which is now well under way. Salts 
of both organic and inorganic acids are included. Some of 
the compounds tested, especially the phosphate and arsenate, 
are shmvdng greater promise than  the chloride for specific 
purposes, and m ay consequently find a wider range of ap
plication.

S o i l  D i s i n f e c t i o n

Soil disinfection is of necessity being given more considera
tion w ith the increasing intensification in agricultural prac
tices. Some of the ethylm ercury salts, owing to  their high 
degree of effectiveness, are showing promise for the control of 
certain  soil-borne parasitic fungi. Ethylm ercury chloride

(K -l-P ), powdered around the base of 
pepper plants in very small quantities, 
controlled southern blight, Sclerotium 
rolfsi (6). E th y lm e r c u r y  chloride 
(K -l-X ), when mixed in small quanti
ties in  the surface layers of the soil, 
greatly reduced s o u th e r n  blight in 
cotton (2). B o t to m  ro t of l e t tu c e  
(Rhizoctonia solani) is controlled satis
factorily in the muck soils of New 
York by dusting a 2.4 per cent ethyl
m ercury phosphate powder on the soil 
underneath the plants a t  the rate  of 
25 pounds per acre (S). This treat
m ent has resulted in an average in
crease in yield of one hundred sixty 
crates of lettuce per acre.

P l a n t  S p r a y s

Experiments well under way indicate 
th a t certain of the ethylm ercury salts 
m ay prove effective and practical as 
sprays for the control of fungus and 
bacterial diseases of growing plants. 
One p art of the mercury compound 
in 20,000 parts of w ater has proved 
effective in these experiments. In  ad
dition to  controlling the diseases, they 
often produce a greener color in the 
sprayed foliage.

P r e v e n t i o n  o f  S a p  S t a i n  o f  
L u m b e r

Fungous stains of lumber, commonly 
called “blue sta in” or “sap stain,” oc
curring in the sapwood of freshly sawed 
lumber curing in  the yards, are effec
tively controlled by dipping the lumber 
in solutions of ethylm ercury chloride 
or ethylm ercury phosphate. In  192S 
preparations of ethylm ercury chloride 
were contributed by the du Pont Com
pany to  the United States Forestry 
Service to  be tested for the control of
sap stain  in  its California Experimental
Station. Freshly sawed pine lumber 
dipped in a  solution containing 1 part 
of ethylm ercury c h lo r id e  in 10,000 
parts of w ater remained exceptionally 

free from sap stain through the period of curing in the yard (I).
In  1929 the Bureau of P lan t Industry  of the Department of 

Agriculture, in cooperation with the Southern Forest Experi
m ent Station and the American Pitch Pine Export Company, 
undertook a more extensive and intensive study of the chemi
cal phases of sap-stain control. Sodium carbonate had for 
m any years been used with a degree of success for the control 
of sap stain  of pine. The results were no t entirely satis
factory, and there was no treatm ent available for sap 
gums and hard  woods. A num ber of m ercury compounds, 
including ethyl and phenyl derivatives, were included in these 
investigations. These were compared with many other 
chemicals. In  the preliminary tests only a few compounds 
proved sufficiently effective to  m erit further consideration- 
Of the promising materials, ethylmercury’- chloride and ethyl
mercury phosphate were found to  be satisfactory' on both pme 
and sap gum, the two kinds of lumber used in the tests. 
Experiments also have shown ethylm ercury phosphate to 
be an effective preventive of sap stain  in stored logs (3).

L o w e r  E n d s  o f  S a p  G u m  B o a r d s  
D i p p e d  i n  E t h y l m e r c u r y  C h l o 
r i d e  b e f o r e  S t a c k in g

U pper ends were left undipped.
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Large-scale tests were conducted in 1930 a t  a num ber of 
southern mills to compare the effectiveness of the more 
promising compounds and to perfect practical m ethods of 
application. Additional small-scale tests were conducted to  
make a further study of these promising compounds in differ
ent modifications and to compare them  with new chemicals 
which had not previously been tested. The results of some 
of these studies are now published (■(, 6). The records of 
these experiments agreed with the previous preliminary tests 
in proving the ethylm ercury compounds to  be the m ost gener
ally effective chemicals used. A solution containing 1 p art of 
either of the ethylm ercury salts in 10,000 parts of water 
proved to be an effective dip for the control of sap stain of 
both pine and gum. A few other compounds, when used in 
greater concentration than this, were found to  be effective 
on certain kinds of lumber, b u t none of them  appears to  be 
satisfactory on both pine and gum. Borax and sodium 
tetrachlorophenolate were effective on sap gum b u t not 
satisfactory on pine, while sodium o-phenylphenate was 
effective on pine b u t not sufficiently effective on gum.

The extensive large-scale tests in 1930 indicated th a t the 
ethylmercury compounds could be used successfully for dip
ping lumber on a commercial scale for the control of sap stain. 
E thylm ercury chloride was then offered the lumber industry, 
diluted sufficiently w ith water-soluble inerts to  make it  safe 
to handle by  exercising the precautionary measures recom

mended for handling poisonous disinfectants. The concentra
tion is adjusted so th a t 1 pound in 50 gallons of w ater gives 
the required strength for application. This solution is pre
pared in a v a t so constructed th a t the lum ber passing on the 
green chain from the saws to  the sorting and grading floor is 
drawn through the solution. A thorough w etting of all 
surfaces of the lum ber is all the treatm ent necessary.

Although not entirely beyond the developmental stages, 
ethylm ercury chloride is producing good results in the control 
of sap stain  of lumber, and is filling a real need in the lumber 
industry.
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Hydrogenation of American Goals
Preliminary Investigation

W . L. B e u s c h l e i n , B .  E. C h r i s t e n s e n , a n d  C . C .  W r i g h t  

Chemical Engineering Laboratory, University of Washington, Seattle, Wash.

TH E increased dem and for 
liquid fuels during the 
past decade has stim u

lated research having as its ob
ject the conversion of coal into 
the more desirable liquid prod
ucts. The m o s t  p ro m is in g  
method d e v e lo p e d  is th a t  of 
high-pressure hydrogenation.

The first a ttem p t to  hydro 
genate coal was made by  Berthe- 
lot (4) some sixty years ago.
He treated finely powdered coal 
with a saturated hydriodic acid 
solution a t  270° C. for several 
hours. This m ethod was later 
modified by  Tropsch (9), who 
added red phosphorus to  the reaction m ixture and found in 
general th a t the younger coals were quite susceptible to 
hydrogenation. For m ost of the pioneering work and the 
successful commercial application, however, credit is given to 
Bergius, who succeeded in producing virtually  complete 
liquefaction of coal. The process, as described in  his paten t 
(2), involves trea tm en t of coal w ith hydrogen a t  high pressure 
and a t tem peratures between 300° and 500° C. The paten t 
specifies dispersion of coal in  liquid hydrocarbons; although 
>t mentions no catalyst, ferric oxide is used in  the process, 
presumably for the purpose of fixing the sulfur present. 
More recent investigation by  Skinner (20), however, shows

th a t w ith m ost coals, ferric oxide 
reacts as a  catalyst.

Since the pioneering work of 
Bergius, much research has been 
carried on in G reat B ritain  by 
the Fuel Research Board and by 
the Mines Research Laboratory 
(Birmingham). In  a series of ex
perim ents a t  the Mines Research 
L aboratory (10). a  study was 
made of coal hydrogenation, both  
w ith and w ithout catalysts. 
Bergius’ process was used w ith
out ferric oxide or other cata
lysts, and w ith a change of dis
persion m e d iu m . From  r u n s  
covering twenty-nine different 

coals, data  were obtained th a t  showed some conversions in 
excess of 80 per cent. W ith nickel oxide or ammonium 
molybdate catalysts, some of the same coals showed conver
sions greater than  90 per cent.

In  Ita ly  similar experiments have been conducted by 
Levi, Padovani, and Amati (13), in  Japan  by Oshima and 
Tashiro (16), and in France by  Arend (1). For the  investi
gation of Canadian coals, a laboratory has been installed a t 
the University of Alberta (17). Except for some work on 
Canadian coals reported by G raham  (11), results of hy
drogenation studies on American coals do no t appear in the 
literature.

For the conditions investigated, coal ash does 
not appear to act as a catalyst for the hydrogena
tion of phenol at 7/00° C. The “B ” product has 
been found in the two coals before and after 
hydrogenation. Qualitative and quantitative 
data have been presented for hydrogen absorption 
by two American coals of the bituminous class. 
Temperatures between 300° and 350° C. have 
been found to give optimum conversion of the 
coals into phenol-soluble constituents. The 
conversions of these coals at optimum conditions 
compare favorably with those reported for Euro
pean coals.
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T a b l e  I .  R e s u l t s  o f  P h e n o l  H y d r o g e n a t io n  a n d  E x t r a c t io n  a n d  o f  C o n s t a n t -V o l u m e  E x p e r im e n t s

E x p e r i m e n t T e m p . P r e s s u r e R u n A B
0 C. Lb./sq. in. K g./sq . cm. % %

Phenol hydrogenation 400 3200 225 1 0 0
Coal extraction:

E astern 50 14.7 1.03 o 86.1 10.2
W estern 50 14.7 1 .03 3 85.1 7 .6

C onstant-vol. nitrogen:1a
E astern 350 1700 120 4 8 3 .8 3 .4
W estern 350 1750 123 5 77 .5 4 .3

Con8tant-vol. hydroger i : °
E astern 350 1700 120 6 4 0 .8 42 .2
W estern 350 1750 123 7 40 .6 23 .7
° Pressures for constant-volum e experim ents reported  as in itia l pressure a t

P r e s e n t  I n v e s t i g a t i o n

Studies of American coals were begun in the fall of 1930 a t 
the chemical engineering laboratories of the University of 
Washington. The first work was confined to  representative 
bituminous coals from both the eastern and western sections 
of the United States, and the final selection of samples was 
dependent upon these and other available analytical data  of 
the respective coals.

The experimental system adopted differed from th a t of 
other investigators in one respect: the reaction bomb was 
of the stationary type and employed no stirring device. 
Graham, heating externally by means of a gas flame, used a 
rotating bomb; Bergius, in his American patent, specifies a 
revolving stirrer in the reaction mixture.

The selection of a dispersion medium wac conditioned 
largely by available m ethods of analyzing the products. 
Bergius used a saturated oil and separated the products by a 
combined process of extraction with raw  petroleum and 
destructive distillation. Fischer (7, 8) used no dispersion 
medium and analyzed the products by both ether extraction 
and destructive distillation. Shatwell and Nash (19) used 
saturated oils, bu t were unable to effect a satisfactory separa
tion of the products from the oil used. Shatwell and Graham 
(18) used phenol and worked out a separation of products 
depending upon phenol and chloroform extractions. In 
general, the yields obtained by workers using no dispersion

F i g u r e  1 . C h a n g e  o f  P r e s s u r e  o f  N i t r o g e n  a n d  o f  
H y d r o g e n  w i t h  T i m e  ( E a s t e r n  C o a l )

medium were unsatisfactory. The method of separation 
effected by Bergius, although more applicable industrially, 
does no t yield as complete inform ation of the coals as does 
the method of Graham. Phenol was therefore adopted as 
the dispersion medium.

Initial experiments were made upon the hydrogenation of 
phenol in the presence of a small am ount of coal ash. This 
work was followed by phenol extractions of the raw coal.

Both coals were then subjected to  a constant-volume 
nitrogen distillation a t 350° C. and 211 kg. per square centi
m eter (3000 pounds per square inch) pressure, with phenol as 
the dispersion medium. Similar runs were made with hydro-

P r o d l JCT8----- C a r BON I I Y DROG EN R a t i o  C / H
C D E F A B A B .4 B
% % % % % % % %
0 0 .9 0 .2 0

3 .7 0 0 0 8 1 .8 8 0 .3 4 .7 4 .6 17.4 17.5
5 .4 0 0 0 79 .0 78.1 5 .2 4 .9 15.2 16.6

8 .2 0 .3 0 .8 3 .6 86 .4 81 .7 3 .6 4 .2 23 .8 19.6
10.2 0 .3 0 .7 5 .4 8 4 .0 83 .0 4 .0 4 .5 21 .0 18.6

15.4 9 .4 85.2 83 .6 3 .7 4 .1 23 .0 20 .4
14.7 3 .4 3*. 6 26 .5 S3.1 8 3 .5 3 .8 4 .2 2 1 .8 19.6
room  tem pera tu re .

gen gas instead of nitrogen. After these initial runs, the 
coals were hydrogenated a t constant pressure between the 
limits of 250° and 450° C., and 120 and 296 kg. per square 
centim eter (1700 and 4200 pounds per square inch) pressure, 
with phenol as the dispersion medium.

The samples of coal selected were received from the United 
States Bureau of Mines. The eastern coal, furnished through 
the courtesy of A. C. Fieldner, was a p-bituminous sample 
(Seyler’s classification) from the Ocean No. 2 mine, Pittsburgh 
bed, Allegheny County, Pa. This coal analyzed as follows 
(6):

ULTIM A TE ANALYSIS® ( % )
C H O S N

8 5 .4  5 .9  5 .9  1 .1  1.7
PRO X IM A TE A N A LY SIS ( % )

V o l a t i l e  M a t t e r  F i x e d  C a r b o n

3 7 .6  6 2 .4
L O W -T E M P E llA T U R E  C A R BO N IZA TIO N , 500° c .  ( % )

C o k e  G a s  T a r  O i l  L i q u o r

77 .6  7 .1  8 .5  6 .3
Softening tem pera tu re  of coal 320° C .
In itia l tem pera tu re  of active  decom position 390° C .

°  All results reported  in th is paper are expressed on the  ash-free and 
m oisture-free basis.

The western coal, furnished through the courtesy of H. F. 
Yancey of the United S tates Bureau of Mines, University of 
W ashington station, was a per-m-lignitous sample from No. 3 
mine, Roslyn bed, Rosyln, Wash., and analyzed as follows
CM):

U LTIM A TE ANA LY SIS < % )
C II O S N

82 .6  6 .3  8 .5  0 .5  2 .1
PRO X IM A TE ANA LYSIS ( % )

V o l a t i l e  M a t t e r  F i x e d  C a r b o n

4 3 .7  5 6 .3
L O W -T E M PE R A T U R E  C A R BO N IZA TIO N , 550° C. ( % )

C o k e  G a s  T a r  L i q u o r

70.1  6 .4 2  17.9 5.05

L a b o r a t o r y  I n s t a l l a t i o n .  Briefly, the system employed 
a stationary reaction chamber involving no stirring. I t was 
heated electrically by means of an external coil. A thermo
couple well passed through the head and was immersed in the 
reaction mixture. Controls from the hydrogen storage cylinders 
to the reaction chamber were so situated tha t runs could be made 
a t either constant pressure or constant volume. Pressures up 
to 350 kg. per square centimeter (5000 pounds per square inch) 
were obtained by means of a three-stage compressor which 
received the gas from a gas holder a t atmospheric pressure. 
From the compressor the gas passed through a felt-packed on 
trap to the storage cylinders. ,

E x p e r i m e n t a l  M e t h o d .  The reaction cylinder was charged 
with an intimate mixture of 50 grams each of coal and phenol. 
The cylinder was placed in the reaction bomb, which in turn 
was connected to the high-pressure system. A buffer cylinder 
was brought to the pressure of the desired run and opened to 
the control manifold, which in turn opened to the reaction 
chamber. The apparatus was then ready for a constant-pressure 
run.

The desired temperature of the reaction chamber was attained 
and maintained for a period of 8 hours. At the end of a run,
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the heat was shut off; the system was closed to the pressure line 
and then allowed to cool to room temperature. The gas was 
then passed through sampling bottles and measured by a wet 
meter. The charge was removed and analyzed.

In order to make comparisons between European and American 
coals, Graham’s method was followed, and a separation was 
made into the following fractions:

A . Residue insoluble in phenol
B. F rac tio n  soluble in phenol, insoluble in chloroform
C. F raction  soluble in phenol and  chloroform
D. L igh t oil boiling under 150° C.
E . W ater
F. Gas

D e t a i l s  o p  S e p a r a t i o n .  The liquid portion was distilled 
up to 150° C. and the distillate was washed successively with 
dilute sodium hydroxide, dilute sulfuric acid, and water. The 
solid portion, together with the stripped liquid portion, was 
treated with an excess of sodium hydroxide solution to remove 
the phenol. The solid was filtered, ground in a mortar, washed 
with sodium hydroxide and finally with water, then dried in vacuo 
at 105° C., and weighed. This procedure gives the total weight 
of the products A, B, and C.

The mixture was then placed in a Soxhlet extractor and ex
tracted with phenol. The phenol-insoluble residue from the 
thimble was leached with a 20 per cent solution of sodium hy
droxide, washed with water, and dried in  vacuo, giving product A .

The phenol solution was treated with a slight excess of sodium 
hydroxide solution which caused the precipitation of a black 
tarry mass. This precipitate was filtered, washed, and dried, 
then placed in a Soxhlet extractor, and extracted with chloro
form. The portion remaining in the thimble after extraction 
was product B. The chloroform was removed from the extract 
by evaporation on a steam bath, leaving product C.

Combustion analyses were made for carbon and hydrogen on 
all the A  and B products and on a few of the C products. Analy
sis of the gaseous products was made in some cases.

D i s c u s s i o n  o f  R e s u l t s

In Table I are summarized the results of phenol hydrogena
tion, of phenol extraction of eastern and western coals, and of 
the constant-volum e nitrogen and hydrogen experiments.

According to  Lush (IS), phenol is no t an appropriate dis
persion medium for coal hydrogenation because, under the 
conditions prevailing, i t  is readily converted into cyclohexane. 
Kling and Florentin (12), however, claim th a t phenol is 
not hydrogenated w ithout the use of catalysts. In  a test 
reported by Shatwell and G raham  (18) in which phenol was 
treated for 4 hours under a hydrogen pressure of 134 kg. per 
square centimeter (1900 pounds per square inch) and a t a 
temperature between 400° and 406° C., no conversion of the 
phenol was observed. The catalytic effect of coal ash upon 
the hydrogenation of phenol, however, does no t appear to 
have been reported in these or other investigations. R un 1 
of the present investigation (Table I), in which phenol was 
treated with hydrogen in the presence of a small quan tity  of 
coal ash, shows very little hydrogenation a t 400° C. In  this 
experiment, phenol was hydrogenated in the presence of one 
per cent of A  product from the Roslyn coal. This product 
contained 42 per cent ash of the following composition (S): 
silica, 41.6 per cent; alumina, 39.3 per cent; ferric oxide, 
10.3 per cent; calcium oxide, 7.9 per cent; magnesia, 1.3 
per cent; and phosphorus, 0.62 per cent.

In correlating the results from phenol extractions of th e  
coals with those from nitrogen and hydrogen experiments at 
constant volume, several interesting observations regarding 
hydrogenation were noted. The B  product yields of 10.3 and 
7.6 per cent from phenol extractions of eastern and western 
coal, respectively, show th a t this fraction, although one of the 
principal ones resulting from hydrogenation, is no t solely due 
to the action of hydrogen, b u t is present in the original coal. 
These results do no t substantiate those of Graham  (10), who 
states th a t the B  fraction is a definite product of hydrogena
tion. The effect of tem perature alone is clearly shown in a 
comparison of the phenol extractions with the nitrogen 
experiments. Both coals under the action of increased

tem perature showed a small decrease in A , a large decrease in 
B, and a greatly increased yield of C. These results indicate 
th a t tem perature increase has only a slight effect upon the A  
product b u t exerts a m arked cracking action on the B  portion, 
tending to  break it  into lighter components.

Figures 1 and 2 illustrate the change of pressure with time 
when the coals were heated in atmospheres of nitrogen and of 
hydrogen. These curves were obtained under constant- 
volume conditions and indicate qualitatively the effect of 
tem perature rise and of hydrogenation. A quantitative 
measure of the hydrogen absorbed is shown in Table I I  and 
am ounts to  1.6 per cent for the eastern and 2.8 per cent for 
the western coal. Because the cracking of the coal liberates

F i g u r e  2 . C h a n g e  o f  P r e s s u r e  o f  N i t r o g e n  a n d  
o f  H y d r o g e n  w i t h  T im f . ( W e s t e r n  C o a l )

gases, progressive increases in pressure for experiments with 
nitrogen are to be observed. Hydrogenation experiments 
under identical initial conditions, however, show' a marked 
decrease in pressure w'hich clearly indicates hydrogen absorp
tion. Both hydrogen curves, moreover, show definitely th a t 
the absorption is more rapid in the early stages of the experi
m ent and becomes almost negligible toward the  end of the 
runs. Furtherm ore, the product percentages reported in 
Table I for these experiments show th a t the hydrogen reacts 
not only w ith gaseous and phenol-soluble products, bu t also 
with the solid coal.

T a b l e  I I .  H y d r o g e n  A b s o r p t io n  f o r  C o n s t a n t -V o l u m e  
E x p e r im e n t s

(Volume in liters a t  norm al tem pera tu re  and  pressure)
- E a s t e r n  C o a l - -  W e s t e r n  C o a l -

In itia l 
Final 
A bsorption0

N IT R O G E N
EXl*T.

T o ta l T o tal 
gas N 

26.1  26.1 
2 9 .8  26 .3

H Y D RO G EN
E X P T .

T o ta l T o tal 
gas 

26 .1  
23 .9

H
26 .1
17.9

1.6

N IT R O G E N
E X P T .

T otal T o tal 
gas N 

2 8 .8  2 8 .8  
3 4 .0  2 9 .0

H Y D RO G EN
E X P T .

T o ta l T o tal 
gas H 

2 8 .8  2 8 .8  
2 4 .8  15.8

2.8
a G ram s hydrogen per 100 gram s coal.

Bergius (8) observed th a t hydrogenation began a t  a 
tem perature relatively low, and th a t treatm ent a t tem pera
tures between 300° and 350° C. for several hours resulted 
in a fairly large absorption of hydrogen, although the product 
was a solid pitchlike mass. Continued treatm ent a t 450° C. 
converts this product to  a liquid Levi, Padovani, and 
M ariotte (14-) sta te  th a t hydrogenation takes place in three

(1) Up to 300° C., transformations occur without the forma
tion of gas or vapor, and with very little hydrogen absorption.

(2) Between 350° and 400° C., hydrogenation is principally 
of the liquid phase and corresponds essentially to destructive 
distillation.

(3) From 400° to 500° C., cracking of more resistant mole
cules takes place with hydrogenation essentially in the vapor 
phase.



750

P r e s s u r e  
Lb./sq. in. K g ./sq . cm.

2200 155

3200 225

4200 295

2200 155

3200 225

4200 295

I N D U S T R I A L  A N D  E N G I N E E R I N G  C H E M I S T R Y  

T a b l e  I I I .  E f f e c t  o f  T e m p e r a t u r e  o n  H y d r o g e n a t i o n  o f  C o a l

Vol. 24, No. 7

-P r o d u c t s - C a r b o n H y d r o g e n R a t i o C /H
T e m p . R u n A B C D E A B A B A B

0 C. % % % % % % % % %
EA ST E R N COAL

250 8 8 3 .8 16.7 5 .3 8 1 .7 8 2 .4 4 .3 4 .5 19.0 18.2
300 9 39 .5 49 .9 10.5 83 .0 82 .0 4 .4 4 .5 18.8 18.3
350 10 3 3 .8 51 .5 14.0 3 .1 3.*7 82 .5 8 3 .0 4 .0 4 .3 20 .6 19.3
400 11 50 .7 20 .6 14.8 1 .6 4 .0 88 .7 8 5 .0 3 .6 3 .7 24 .7 22.6

250 16 7 5 .0 8 .2 14.8 0 .4 0 .3 82 .2 85 .9 4 .4 4 .3 18.7 20.0
300 17 21 .1 67 .9 12.2 0 .0 1 .8 81.1 8 1 .8 4 .0 4 .5 20 .2 18.2
350 18 3 4 .5 31 .4 34 .9 0 .7 4 .3 84.9 81.1 3 .7 3 .5 23 .0 23.2
400 19 69 .7 10.3 12.9 2 .3 3 .6 86.1 8 1 .7 3 .6 4 .2 23 .9 19.5
450 20 7 8 .5 3 .3 10.1 4 .2 4 .3 87 .8 82 .5 3 .5 3 .9 25 .0 21.1
500 21 92 .3 0 .0 7 .1 13.1 3 .8 90 .7 3 .2 28 .1

250 27 87 .1 13.7 8 .3 81 .3 82 .5 4 .6 4 .7 17.7 17.4
300 28 4 2 .3 4 7 .5 10.2 0 .8 i'.9 83 .2 8 0 .0 4 .7 4 .4 17.5 18.2
350 29 2 7 .6 40 .2 14.1 2 .7 3 .6 88 .0 8 3 .5 3 .9 4 .0 22 .6 20.8
400 30 53 .3 10.4 11.1 6 .4 4 .3 9 0 .0 8 5 .0 3 .5 3 .8 25 .7 22.4

W E S T E R N COAL

250 12 8 1 .8 19.3 6 .5 79 .6 81 .2 5 .3 4 .9 15.2 16.7
300 13 52 .9 36 .8 10.0 81 .2 8 1 .0 4 .8 4 .6 17.0 17.6
350 14 26 .1 5 8 .0 21 .1 8 2 .1 8 3 .8 4 .2 4 .6 19.6 18.2
400 15 54 .4 9 .4 13.4 3*0 3 .4 8 6 .4 85 .1 3 .6 4 .0 2 4 .0 21.2

250 22 72 .2 2 9 .7 5 .3 78 .3 7 9 .8 5 .0 5 .0 15.7 16.1
300 23 19.3 6 6 .8 2 2 .4 0 .0 i ! 3 7 5 .7 8 1 .4 4 .6 4 .5 16.6 18.3
350 24 23 .1 59 .7 14.4 2 .6 4 .2 7 9 .4 8 0 .4 4 .6 4 .3 17.3 18.7
400 25 55.1 2 7 .6 5 .5 2 .7 3 .9 8 6 .3 82 .1 3 .8 4 .9 22 .6 10.8
450 26 70 .8 1 .6 5 .4 12.2 4 .3 8 9 .3 3 .5 2 5 .7

250 31 85 .9 13.0 6 .7 7 9 .0 7 9 .9 5 .1 4 .8 15.5 16.6
300 32 66 .1 21 .2 7 .9 0 .2 i . ’o 79 .6 7 9 .3 4 .6 4 .6 17.2 17.1
350 33 3 7 .6 34 .0 13.1 3 .7 2 .9 84 .5 84 .2 3 .6 4 .3 23 .4 19.6
400 34 46 .5 9 .5 9 .8 3 .5 3 .1 8 7 .3 8 3 .6 3 .6 4 .0 24 .2 20.9

T a b l e  IV.  E f f e c t  o f  P r e s s u r e  o n  H y d r o g e n a t i o n  o f  C o a l

T e m p . P r e s s u r e R u n A B
P r o d u c t s ----------------

C D E
C a r b o n  

A  B
H y d r o g e n  
A B

0 C. Lb./sq  in. K g ./sq . cm. % % %  % % % % % %

350 1700 120 35 34 .4 62 .7
EA STER N

15.1
COAL

80 .9 8 0 .2 4 .1 4 .2
2200 155 10 33 .8 51.5 14.0  3 .1 3 .7 8 2 .5 8 3 .0 4 .0 4 .3
2700 190 36 35 .7 53 .3 11.5 82 .7 S I . 9 4 .0 4 .0
3200 225 18 34 .5 31.4 3 4 .9  0 .7 4 .3 8 4 .9 81 .1 3 .9 3 .5
3700 260 37 30 .0 50 .0 16.1 8 3 .6 82 .8 4 .1 4 .2
4200 295 29 27 .6 40 .2 14.1 2 .7 3 .6 8 8 .0 8 3 .5 3 .9 4 .0

350 1700 120 38 37 .5 41 .4
W E ST E R N

15.7
COAL

79 .5 8 3 .5 3 .9 4 .4
2200 155 14 26 .1 58 .0 21 .1 82.1 8 3 .8 4 .2 4 .6
2700 190 39 17.9 63 .6 16.5 78 .7 8 3 .0 4 .5 4 .5
3200 225 24 23 .1 59 .7 14 .4  2 .6 4 .2 7 9 .4 8 0 .4 4 .6 4 .3
3700 260 40 49 .4 17.3 17.5 4 .7 2 .4 84 .6 8 3 .6 3 .8 4 .2
4200 295 33 37 .6 31 .0 13.1 3 .7 2 .9 8 4 .5 84 .2 3 .6 4 .3

R a t i o  C/H 
A  B

19 .7
20.fi
20.6
2 3 .0
20 .4  
22 .6

20.1 
19.6
17 .5
17.3
22 .4
23 .4

1 9 .1
1 9 .3
20.4
23.2
1 9 .7
20 .8

19.0
18.2
15.4 
1 8 .7  
1 9 .9  
1 9 .6

D ata presented in Table I I I  show very little absorption of 
hydrogen and virtually no conversion of the coal a t a  tem pera
ture of 250° C., irrespective of the pressures investigated. 
Between 300° and 350° C., maximum absorption of hydrogen 
together w ith maximum conversion of the coal was obtained. 
Experiments a t 400° and 450° C. showed diminishing yields. 
I t  is the belief of the authors th a t th is last result is due to the 
fact th a t active decomposition of the coal has already com
menced a t  these higher tem peratures; consequently, any 
hydrogenation taking place affects merely the low-tempera- 
ture distillation products and no t the coal itself. These 
results appear to be entirely in accord with those of the 
investigators cited. Because of the rapid rise in tem pera
ture, the desired point being attained from 30 to  40 minutes 
after heat was applied, the tim e of hydrogenation between 
the limits of 300° and 350° C. was no more than  10 minutes 
for all experiments where the maximum tem perature was 
above 350° C. Hence it  is believed unlikely th a t any ap
preciable hydrogenation occurred below the tem peratures 
reported for any experiment.

Table IV shows th a t pressure has little effect upon the yields 
throughout the range investigated for eastern coal, although 
the higher pressures appear to  give yields slightly higher. 
For western coal, however, a  m arked optim um is shown in 
the vicinity of 211 kg. per square centimeter (3000 pounds per 
square inch).

According to  a prediction made by Graham  (10), based on 
his studies of European coal, the p-bituminous class (Seyler’s 
system) which corresponds to  P arr’s “eastern bituminous

type” should be more readily acted upon by hydrogen than 
should those of the m-lignitous or “western bituminous type.” 
For the two coals investigated, it will be observed tha t the 
western coal shows a slightly better conversion. The six best 
results reported by G raham  from a  series of twenty-nine 
samples show between 16.3 and 22.5 per cent residue (A 
product). Yields obtained a t optim um  conditions for eastern 
and western American coals, respectively, were 21.1 and 19.3 
per cent residue. From  these d a ta  i t  appears th a t the American 
coals investigated compare favorably w ith those of Europe 
with respect to the degree of hydrogenation.
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The Nitriding of Iron and Its Alloys
I. Ammonia Dissociation and Nitrogen Absorption in the Nitriding Process

A. W. C o f f m a n , Mellon Institute of Industrial Research, University o f  Pittsburgh, Pittsburgh, Pa.

Du r i n g  th e  past five
years considerable in
terest has been aroused 

in the nitriding process as ap
plied in producing very hard  and 
so m e w h a t corrosion-resistant 
surfaces on steel. T h e r e f o r e ,  
at the in c e p t io n  of the studies 
r e p o r te d  in t h i s  s e r ie s  of 
p a p e rs , it a p p e a r e d  w o r th  
w hile  to c o n s id e r  quan tita
tively w hat takes place in the 
gaseous ammonia phase surrounding steel during the process 
of nitrification and to  obtain a quantita tive indication of the 
amount of nitrogen absorbed over a range of tem peratures. 
The present paper describes the research carried out with 
these objectives.

The decomposition of ammonia accompanied by  nitriding 
action, when reaction takes place between ammonia and steel, 
is considerably more rapid than  a decomposition of ammonia 
>y heat alone or by  heat plus a surface such a quartz, glass, 
glazed porcelain, etc. In  th is connection it  is im portant to 
indicate a t the s ta r t th a t true equilibrium is probably never 
reached in commercial nitriding. The original determ ination 
of the ammonia equilibrium was reported by  H aber and Van 
Ordt (2) and was followed la ter by  the additional contribu
tions by H aber and his co-workers. Pennan  and Atkinson 
(4) showed th a t a t  1100° C. in a porcelain bulb a given 
volume of ammonia gas, under sta tic  conditions, was com
pletely decomposed in 20 minutes. This fact in itself is 
evidence th a t, in nitriding, decomposition is not due to heat 
effects alone, b u t also to  surface and catalytic effects. Ram say 
and Young (5) and also W hite (7) have shown th a t ammonia 
decomposition under conditions of flow through tubes depends 
to a large extent on the chemical composition of the surfaces 
with which the am monia comes in contact, the physical struc
ture of the surface, and its to ta l area. They have shown in 
addition th a t decomposition sta rts  a t  a little below 500° C. 
and is practically complete when iron is present a t or near 
800° C.

E x p e r i m e n t a l  P r o c e d u r e

In determining the percentage decomposition taking place 
when gaseous ammonia is passed over a sample of steel, the 
apparatus shown in Figure 1 was employed.

The ammonia supply was connected through a reduction valve 
w> a constant-pressure leak (not shown in the diagram) and 
™aliy to the designated train of apparatus. This train con
sisted of a calcium oxide drying tower, connected to a flowmeter, 
and an electric furnace of the Hoskins type, fitted with a fused

In  contact with the sleek under consideration, 
ammonia decomposition becomes nearly com
plete at 800° C., while the rate of change of 
ammonia concentration with the change of 
temperature becomes a maximum at some 
definite temperature coincident with the tempera
ture of maximum nitrogen absorption. The 
temperature of this coincidence is dependent on 
the steel.

silica combustion tube. To the end 
of this combustion tube was con
nected an oil bubbler, the excess 
ammonia being absorbed in a water 
scrubber. A glass T, one arm of 
which was a stopcock, was inserted 
between the quartz tube and oil 
bubbler. The gases ammonia, hy
drogen, and nitrogen which issued 
from the furnace were sampled by 
means of this stopcock, using 
two glass sampling bulbs filled 
with heavy liquid p e t ro la tu m  
saturated with ammonia. The
te m p e r a tu re  was read by a 

thermocouple located in a quartz protection tube inside the 
combustion tube, as shown a t 2. The small steel samples 
(1 X 7/ie X V< inch, finished to a smooth commercial grind) 
were inserted in the fused silica combustion tube so as to be 
just at the end of the thermocouple, thus insuring a coincidence 
between the temperature of the sample and the indicated tempera
ture.

The procedure included regulation of the tem perature of 
the furnace as desired; sweeping the train  out with ammonia; 
regulating the flow until constant a t 0.06 cubic foot per hour; 
and then, after allowing these conditions to  prevail for 30 
minutes, inserting the weighed samples in the combustion 
tube and taking gas samples a t intervals through the stopcock. 
The resultant gas samples were analyzed for ammonia and 
hydrogen in an Orsat apparatus, removing the ammonia with

To A m m o n ia  
S upply

F i g u r e  1. D ia g r a m  o f  A p p a r a t u s

sulfuric acid, and burning the hydrogen by  passing through a 
copper oxide furnace, the balance being considered as nitrogen. 
In  this manner errors introduced should be found in the bal
ance.

A m m o n i a  D e c o m p o s i t i o n

As previously stated, ammonia decomposition in  contact 
with fused silica should be considerably different (as regards 
rate) from decomposition in contact w ith a  catalytically 
active substance such as steel. Consequently, a series of



determinations a t five different tem peratures were made with 
no steel specimen in the furnace. The results are shown in 
Figure 2. The am ount of ammonia present starts decreasing 
a t  500° to 550° C., b u t a t 775° C. there still remains 83 per 
cent ammonia in the effluent gases. This, as we shall see later, 
is not the case when ammonia passes over hot samples of 
steel instead of hot fused silica walls.
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F i g u r e  2 .  D e c o m p o s i t i o n  o f  A m m o n ia  i n  C o n t a c t  w i t h  
F u s e d  S i l i c a  T u b e

I t  is interesting to point out in passing th a t this difference 
in ability to  decompose ammonia has been utilized recently in 
a practical manner by  Sergeson and Deal (6). In  order to 
effect an economy in the am ount of ammonia used in nitriding, 
these investigators have resorted to enamel-lined nitriding 
boxes, thus insuring contact of ammonia with a ceramic 
material th a t decomposes ammonia to  only a limited extent 
under the conditions found in commercial nitriding.

Using the above described method, steel samples were 
inserted in the tube furnace and the effluent gases analyzed a t 
stated  intervals of time. Such determinations were carried 
out over a  period of seven hours a t  eight different tem peratures 
for steel samples of the compositions shown in Table I.

T a b l e  I. C o m p o s i t i o n  o f  S t e e l  S a m p le s

A n a l y s i s S t e e l  I S t e e l  2 S t e e l  3

% % %
C arbon 0 . 1 9 0 . 4 5 0 . 2 4
M anganese 0 . 6 4 0 . 5 1 0 . 8 7
A lum inum 2 . 5 0 0 . 9 3 0 . 8 1
M olybdenum 0 . 8 5 None 0 . 8 0
Phosphorus 0 . 0 1 0 0 . 0 1 0 0 . 0 1 6
Sulfur 0 . 0 2 3 0 . 0 3 8 0 . 0 1 8
Silicon 0 . 2 9 0 . 2 6 0 . 4 7
Chrom ium None 1 . 7 1 None

The results obtained in this series of experiments are shown in 
Table II . Owing to the difficulty of withdrawing the sampled 
gas a t  a uniform rate, the results obtained a t  each sampling 
interval were not highly accurate, but, when plotted, showed 
excellent agreement on duplicate experiments. The fact th a t 
no hydrogen was found in the samples of gas taken a t 447 “and 
500° C. does not mean th a t there was none present, b u t m ay 
be accounted for by  the fact th a t sampling and analytical 
methods were not sufficiently sensitive to  detect very small 
am ounts of hydrogen. This also m ay be held accountable 
for the fact th a t the relatively small am ounts of nitrogen 
absorbed by  the steel did no t show up in the hydrogen- 
nitrogen analysis.

The data  given in Table I I  perm it several observations to be 
drawn. A t tem peratures between 450° and 500° C. the 
am ount of ammonia decomposition is not very different from 
th a t found in the case of a  fused silica tube (Figure 2). As 
the tem perature is increased, the percentage of ammonia 
in the effluent gas decreases slowly a t  first, bu t more and more 
rapidly later until a t  800° C. the decomposition becomes 
nearly complete. The percentage of ammonia present a t any 
tem perature decreases during the first period of the experi

ments until a  nearly constant value is reached, a t which 
point any decrease becomes much slower. This finding 
probably means th a t the original fresh m etal surface has a 
tendency to ac t as a catalyst, and for a  short time forms, as 
well as decomposes, some ammonia. As tim e progresses, how
ever, the original surface changes from one of a  more or less 
clean steel to one contam inated with nitrides, and in this 
manner the decomposition of ammonia is increased. That 
this drop in concentration is not due to  the tem perature lag 
present in bringing the specimen up to tem perature was 
dem onstrated by the observation th a t a t the lower tempera
tures as m any as 3 or 4 hours were necessary to  reach the 
stage indicating a greatly decreased rate  of ammonia de
composition, and a specimen weighing only 13 grams would 
reach the furnace tem perature in a very few minutes. The 
nature of the sample surface continues to change upon longer 
periods of nitriding, as shown by the fact th a t a t  the end of 
24 hours the quan tity  of ammonia present had dropped to 
82.5 per cent a t  500° C., 58.7 per cent a t  600° C., and 9.1 per 
cent a t 700° C. This shows th a t no true equilibrium is 
reached throughout the nitriding process, b u t th a t a marked 
decrease in the rate  of change a t any tem perature does take 
place.

T a b l e  II. D i s s o c i a t i o n  o f  A m m o n ia  i n  C o n t a c t  w i t h  
S t e e l  1 a t  V a r i o u s  T e m p e r a t u r e s

N E E R I N G  C H E M I S T R Y  Vol. 24, No. 7

(Area and  gas flow constant)
T e m p . T i m e  o p  S a m p l i n g NHa H , B a l a n c e

° C. M inutes % % %
4 4 7 6 0 9 9 . 0 0 0 . 9
4 4 7 1 2 0 9 8 . 7 0 1 . 3
4 4 7 2 2 5 9 8 . 3 0 1 . 7
4 4 7 2 7 0 9 8 . 6 0 1 . 4
4 4 7 3 3 0 9 8 . 3 0 1 . 7

5 0 0 3 0 9 7 . 7 0 . 5 1 . 9
5 0 0 6 0 9 6 . 9 1 . 4 1 . 7
5 0 0 1 2 5 9 6 . 7 1 . 7 1 . 5
5 0 0 2 1 0 9 6 . 5 2  2 1 . 2
5 0 0 2 7 0 9 4 . 2 2 . 1 1 . 8
5 0 0 3 3 0 9 4 . 6 3 . 1 2 . 4
5 0 0 4 3 0 9 4 . 2 4 . 3 1 . 6

5 5 5 3 0 9 6 . 4 1 . 8 1 . 8
5 5 5 7 0 9 7 . 0 1 . 5 1 . 5
5 5 5 1 0 0 9 3 . 6 4 . 1 2 . 2
5 5 5 1 9 5 8 9 . 5 7 . 5 3 . 2
5 5 5 2 5 5 8 8 . 0 7 . 9 4 . 1
5 5 5 3 1 5 8 4 . 9 1 0 . 5 4 . 7
5 5 5 3 7 5 8 6 . 1 9 . 8 4 . 2

6 0 0 3 0 7 5 . 6 1 7 . 8 6 . 6
6 0 0 6 7 7 5 . 6 1 7 . 6 6 . 7
6 0 0 1 2 0 7 2 . 0 2 0 . 8 7 . 1
6 0 0 2 1 0 6 7 . 7 2 4 . 6 7 . 6
6 0 0 2 7 0 6 8 . 9 2 2 . 3 8 . 7
6 0 0 3 3 0 6 7 . 4 2 4 . 9 7 . 7
6 0 0 3 9 0 6 9 . 0 2 3 . 2 7 . 8

6 5 0 3 5 5 9 . 8 2 9 . 2 1 0 . 9
6 5 0 9 5 5 7 . 8 3 3 . 2 9 . 3
6 5 0 2 2 0 4 8 . 5 3 9 . 1 1 2 . 4
6 5 0 2 8 0 4 7 . 5 3 9 . 6 1 2 . 8
6 5 0 3 4 0 4 7 . 5 3 9 . 7 1 2 . 8
6 5 0 4 0 0 4 7 . 5 4 1 . 1 1 3 . 2

7 0 0 3 0 2 6 . 7 5 9 . 5 1 3 . 8
7 0 0 6 0 2 2 . 4 6 0 . 1 1 7 . 5
7 0 0 1 1 5 1 8 . 0 5 9 . 8 2 2 . 2
7 0 0 2 3 5 1 5 . 6 6 3 . 3 2 1 . 1
7 0 0 3 8 5 1 0 . 1 6 8 . 2 2 1 . 7

7 5 0 3 0 1 2 . 7 6 5 . 5 2 1 . 7
7 5 0 6 0 1 1 . 1 6 7 . 5 2 1 . 4
7 5 0 1 3 0 8 . 6 6 9 . 4 2 2 . 0
7 5 0 2 5 0 8 . 3 6 9 . 5 2 2 . 2
7 5 0 4 0 0 5 . 0 7 1 . 5 2 3 . 5

8 0 0 3 0 4 . 5 7 0 . 8 2 4 . 7
8 0 0 1 0 0 4 . 2 7 0 . 2 2 5 . 6
8 0 0 1 9 5 3 . 6 7 0 . 5 2 5 . 9
8 0 0 3 2 0 1 . 9 7 4 . 0 2 4 . 1
8 0 0 3 9 5 2 . 4 7 3 . 7 2 3 . 9

In  Figure 3 the compositions of the effluent gases a t the end 
of 7 hours of treatm ent are plotted against the temperatures of 
nitriding. From  this set of curves it  m ay readily be seen that 
the am ounts of hydrogen and nitrogen present in the reaction 
gases increase with the tem perature, while the ammonia 
concentration falls off.
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as varying from 25 per cent a t  510° C. to 90 per cent a t  
650° C.

I t  is well to bear in m ind when considering the discrepancies 
which m ay seem to be present in the work of various in
vestigators on the subject of ammonia dissociation a t  various 
tem peratures during nitriding th a t varying the area of the 
surface as well as the gas flow has a large effect on the am ount 
of decomposition. Sets of data  have been included to 
emphasize these points. W orking with steel 1, the area was 
varied and the gas flow held constant a t  0.06 cubic foot per 
hour a t 500°, 600°, and 700° C. The results are tabulated  
as follows, all decomposition values being taken a t  the end of

450  500 5 5 0  000  £50  TOO 7 5 0  800
T emperature/ c .

F i g u r e  3 . D e c o m p o s i t i o n  o f  A m m o n ia  i n  C o n t a c t  w i t h  
S t e e l  1 a f t e r  N i t r i d i n g  f o r  7 H o u r s

Similar d a ta  have been obtained on two other nitriding 
steels a t  500°, 600°, 700°, and 800° C. These data  are pre
sented in Figure 4, where the ammonia concentration has been 
plotted against tem peratures, om itting the nitrogen and 
hydrogen curves. A replot of the d a ta  given on steel 1 is 
also included here for comparison. These two steels had the 
chemical composition shown in Table I.

The same conclusions m ay be drawn from these results as 
were drawn from the d a ta  obtained on steel 1. I t  is also 
apparent th a t the steels m ay be arranged in a  definite order, 
this order depending upon the am ount of am monia decompo
sition apparent a t  the end of 7 hours. This is more readily 
seen by examining Figure 4. Here the curves for these 
steels are ranged one above the other in the order 1, 2, 3. 
This is in the order of decreasing aluminum content of the 
steels and indicates the well-known fact th a t aluminum is very 
active in decomposing ammonia. In  addition, i t  is to  be noted 
that in passing from one tem perature to another (from 500° 
to 800° C., for example) the rate  of change of the ra te  of 
ammonia decomposition, as indicated by the points of inflec
tion of these curves, moves toward a lower tem perature in the 
same order.

7 hours:
N i t r i d i n g N H j N i t r i d i n g N H i

A r e a T e m p . D e c o m p o s e d A r e a T e m p . D e c o m p o

Sq .cm . ° C . % Sq. cm. 0 C. %
11.11 500 5 10.30 700 86
41.61 600 9 41.87 700 98
81 .45 500 10 80.64 700 98

9 .94 600 31
39 .50 600 65
79 .56 600 63

Holding the tem perature and area constant bu t varying the 
gas flow also shows quite marked differences in ammonia 
decomposition a t  the end of 7 hours as follows:

G a s N i t r i d i n g N H i G a s N i t r i d i n g N H .
F l o w T e m p . D e c o m p o s e d F l o w T e m p . D e c o m p o s e d

C u .it./h r .  » C. % Cu. ft ./h r . °C . %
0.06 600 30 .0 0 .06 700 8 5 .0
1.00 600 9 .0 1.00 700 27 .0
2 .7 5 600 4 .0 2 .75 700 8 .0

N i t r o g e n  A b s o r p t i o n

The nitrogen absorption occurring during the nitriding 
cycles described above was determined by weighing each 
sample before and after nitriding. The gain in weight was 
considered as the nitrogen absorbed. A t high nitriding 
tem peratures this measure of nitrogen absorbed is n o t strictly  
correct, as some decarburization occurs owing to  hydrogen 
reduction. As an indication of the am ount of decarburiza
tion to be expected over the tem perature range 500 0 to  800 ° C ., 
standard samples of steel 1 showed the following losses in 
weight due to  the removal of carbon after heating for 24 hours 
a t  the indicated tem peratures in a stream  of hydrogen:

T e m p . 

° C. 
500 
600

L oss i n  W e i g h t  
Gram  

0 .0004 
0.0006

T e m p . 

0 C. 
700 
800

L oss  i n  W e i g h t  

Gram  
0 .0042 
0 .0118

F i g u r e  4 .  D e c o m p o s i t i o n  o f  A m m o n ia  i n  C o n t a c t  
w i t h  S t e e l s  1 , 2 , a n d  3 a f t e r  N i t r i d i n g  f o r  7 
H o u r s

Harder, Gow, and Willey (3) recently published results on a 
steel of nearly the same composition as steel 2. U nfortunately 
the exact ra te  of am monia flow was no t recorded in their 
Paper, so it is rather difficult to  compare the two sets of data. 
Harder and his co-workers found in general, however, th a t 
ammonia decomposition increases w ith rise in tem perature 
and that, dependent on the gas flow m aintained, the percent
age of ammonia decomposition occurring a t  635° C. varied 
from 74 to 84 per cent. Similar results are reported for two 
other steels, although little difference is shown from steel to  
steel.. Grossman (1) gives the  am monia dissociation occur- 
nng during the nitriding of N itralloy (0.31 per cent carbon)

These losses in weight, when considered with the relatively 
large observed gains resulting from nitriding, m ay be neglected 
when drawing conclusions concerning the relationships exist
ing between tem perature and nitrogen absorption.

In  Table I I I  are listed the am ounts of nitrogen absorbed by 
samples of the three steels nitrided for 7 hours under the 
above described conditions. Figure 5 shows a p lot of these 
data. I t  is evident therefrom th a t there is in the ease of each 
steel a tem perature a t which nitrogen absorption is greater 
than  a t either higher or lower tem peratures. This tem perature 
of maximum nitrogen absorption is not the same for all steels 
b u t is variable, and in these particular cases falls in the 
neighborhood of 700° C. for steel 1, and 650° C. for steels 2 
and 3.

T a b l e  III. N i t r o g e n  A b s o r b e d  b y  S t e e l  S a m p l e s  i n  7 H o u r s

S t e e l
N i t r i d i n g N i t r o g e n N i t r i d i n g N i t r o g e n

T e m p . A b s o r b e d S t e e l T e m p . A b b o r b e d

° C. Gram 0 C. Grom
447 0.0077 2 500 0 .0228
500 0.0219 2 600 0 .0500
600 0.0458 2 700 0.0481
650 0.0650 2 800 0 .0263
700 0.0715 3 500 0 .0169
750 0.0641 3 600 0 .0460
800 0.0460 3 700 0 .0455

3 800 0.0267
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F ig u r e  5. G a in  in  W e ig h t  o f  S t e e l s  1, 2 , a n d  3 
AFTER NlTRIDING FOR 7 HOURS AT VARIOUS TEM
PERATURES

F i g u r e  6 . R a t e  o f  C h a n g e  o f  A m m o n ia  C o n 
c e n t r a t io n  w i t h  T e m p e r a t u r e

These gain-in-weight curves, indicating the relative nitrogen 
absorbing ability of the steel, dem onstrate th a t aluminum 
plays a large p art in nitrogen absorption during the nitriding 
process. In  addition, these data  point to a pronounced 
decomposition of nitrides with increased tem perature above 
the temperatures of maximum absorption. Such a condition 
predicts the possibility of arriving a t  a  tem perature where the 
nitrides will be decomposed as rapidly as formed. I t  seems 
entirely probable th a t the chemical nature of these steels 
differs from one to another in such a  w ay as to influence 
the receptiveness of the metals toward nitrogen as well as 
the ability of the steel to decompose ammonia.

Harder, Gow, and Willey have shown in this connection 
th a t with a given set of conditions the am ount of weight

gained by a specimen on nitriding increases with increase in 
tem perature over the tem perature range 468° to  635° C.

If the data  given in Figure 4 are replotted as in Figure 6, 
i t  is readily observable th a t the tem perature a t which the 
change in ammonia composition with tem perature is most 
rapid corresponds to the tem perature a t  which the maximum 
absorption of nitrogen occurs. For the steels under considera
tion, the coincidental tem peratures are 700° for steel 1 and 
650° C. for steels 2 and 3.

I t  m ay perhaps be th a t such a coincidence of these maxima 
is attributable to a turning point in the reactions taking 
place in nitride formation, and th a t a t  the temperatures of 
these maxima a decided therm al decomposition of the nitrides 
which have been formed is initiated. Or perhaps it may be 
th a t a t these tem peratures the m etal atoms have a thermal 
vibration which is peculiarly well suited to ammonia de
composition and nitrogen absorption.
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Rubber Latex
Recent Scientific and Technical Developments

V. N . M o r r i s  a n d  H . W . G r e e n u p  

Firestone T ire  & R ubber Co., Akron, Ohio

The more or less scientific work which has been carried out on the rubber plantations, and the 
problems relating to the production of articles from  latex in the factories of Am erica and Europe 

are discussed. A  review is given of the actual and proposed uses for latex and
products made from  latex.

TE N  years ago, latex, the w hite liquid obtained from the 
rubber tree, was as much a stranger to m anufacturers 
in Europe and America as i t  is to  the public today. 

At the Fifth In ternational Rubber Exhibition in London, in 
1921, latex is said to have been gazed upon as a curiosity even 
by scientists connected w ith rubber-m anufacturing concerns. 
In the past decade, however, the direct utilization of this 
liquid in rubber and other industries has had such a rapid 
advance th a t 9,190,362 pounds of rubber, in the form of latex, 
were imported into the U nited S tates in the first ten m onths of 
1931. I t  is significant to  note th a t the im portation of latex 
was 19.3 per cent greater in 1930 than in 1929, despite the fact 
that the consumption of crude rubber decreased 20 per cent 
( 16).

The opportunity  for revolutionizing a m ajor industry  does 
not often occur. Given the proper economic conditions, it 
is not outside the realm of possibility th a t the direct use of 
latex could accomplish such a revolution in the rubber indus
try. The earliest m anufacturers of rubber articles (the 
natives of the Amazon district) used latex as their raw material. 
The difficulty formerly encountered in the transportation of 
latex w ithout coagulation and the necessity for transporting so 
much -water, combined to retard  interest in its direct applica
tion in the more industrialized countries. The rubber in a 
modern m anufactured article has usually, therefore, been 
collected a t the tree in the form of latex, coagulated w ith 
formic or acetic acid, -washed, sheeted, dried and smoked, 
packed, shipped to  this country, unpacked, plasticized by 
mechanical working in heavy machinery, compounded by  the 
mechanical introduction of the desired ingredients, and vul
canized in a mold of suitable shape. The history of the rubber 
in an article m anufactured from latex, on the other hand, is 
that of collection of the latex; shipm ent to this country in 
the presence of a preservative; compounding by stirring the 
ingredients into the liquid latex in the presence of suitable 
protective agents; forming by  dipping, deposition, or other 
methods; and finally drying and vulcanizing. The simplicity 
of the latter procedure as compared w ith the former is ob
vious.

Simplicity in manufacture is by no means the only ad
vantage claimed for products made from latex. Investigators 
m the field are generally agreed that latex products, if properly 
made, are superior in physical properties, since no mechanical 
deterioration of the rubber occurs as a consequence of milling, 
further advantages claimed for latex products include great 
saving in power consumption in the mixing procedure, 
greater uniformity in product, better dispersion of compound
ing ingredients, better aging, lower accelerator costs, and 
elimination of fire and health hazards in processes formerly 
requiring rubber cements (made wdth toxic and inflammable 
solvents).

I t  is true th a t all of the advantages claimed have no t been 
accepted w ithout dispute. The writers have found, for 
instance, tha t, despite the supposed presence of naturally  
occurring antioxidants, products made from preserved latex 
do not ahvays w ithstand aging well (particularly if the latex 
remains in the unvulcanized state). Furtherm ore, in order to 
obtain the high resistanee-to-tear desired of certain latex 
products it usually seems necessary to m aintain a  somewhat 
“undercured” state, which results in high perm eability and 
high perm anent set. The present extraordinarily low price 
of crude rubber also places latex (with its high cost of trans
portation) a t  a disadvantage.

G reat as has been the commercial adoption of latex in recent 
years, the increase in the literature pertaining to  latex seems 
to have been even greater. The direct utilization of this 
m aterial so appeals to the imagination th a t it has stim ulated 
both inventive and literary effort. The literature has been 
increasing a t  such a rate, in fact, th a t even in 1924 van Rossem 
{126) considered it  inadvisable to a ttem p t to  review it all 
in one paper. E arly  in 1927 H auser published his book on the 
subject of Latex {71). In  view of the adequate m anner in 
■which this book covers developments prior to  th a t time, the 
present article has been confined very largely to the scientific 
and technical developments of the past five years. Since the 
w riters have listed hundreds of references to  patents and 
journal articles pertaining to latex which have appeared in 
this period (about two hundred in 1930 alone), no a ttem p t has 
been made to cover every reference in this review. Only 
those which seem to be of m ost interest have been discussed. 
Although some investigations of a strictly  scientific nature 
have been reviewed, emphasis has been placed on the develop
m ents having possible practical application.

S c i e n t i f i c  I n v e s t i g a t i o n s  o f  L a t e x  S y s t e m s

I n f l u e n c e  o f  A n a t o m y  o f  T r e e s  o n  Y i e l d  o f  L a t e x .  
A means of predicting the future yield of young Hevea trees 
has been the object of m any researches. Such a m ethod 
would avoid the planting of poor yielding trees, or would 
enable them  to be detected and replaced before the tapping 
age was reached. For this reason the m ethod suggested by 
Ashplant {17) has created widespread interest. I t  depends 
upon the determ ination of the bore of the latex tubes and the 
number of latex rings. Trees with latex tube bores below a 
certain average are said to  be poor yielders, and good yielding 
trees are said to  possess latex tubes above average bore. 
W hether or not a tree w ith large tube bore is a good yielder 
depends on the num ber of latex rings. Some workers have 
failed to  confirm A shplant’s results. W ith respect to  the data  
of Frey-W yssling {68), Ashplant has claimed th a t they sup
port (as far as they go) his results, b u t th a t too few trees and

755



756 I N D U S T R I A L  A N D  E N G I N E E R I N G  C H E M I S T R Y Vol. 24, No. 7

trees of too restricted tube bore were studied. Ashplant 
makes the statem ent th a t this m ethod has been of value in 
rejecting poor trees and was preferable a t  the tim e of its 
introduction to the indiscriminate planting then taking place.

E aton and Fullerton (57) have reported th a t a greater dry 
rubber content is obtained by shallow tapping than by deep 
tapping, while Sanderson and Sutcliffe (128) have established 
correlations between the girth of the tree, num ber of latex 
rows a t  20 inches above the ground, cortex thickness, and the 
yield of latex. They were also able to  correlate the yield of 
one year w ith th a t of another.

Courtesy o f Revertex Corp. o f Am erica

F ig u r e  1. T a p p in g  a H e v e a  T r e e  w it h  a Q u a r t e r  C u t

Another m ethod of predicting the yield, which is advocated 
by  Hauser (70), and applies to grafted trees, consists of deter
mining the shape of the particles in the latex. If the shapes 
of the particles in the latex from grafted stock are the same 
as those of the particles in the latex from the m other tree, 
the graft is usually successful from the standpoint of latex 
yield.

S t r u c t u r e  o f  L a t e x  P a r t i c l e .  The structure of the 
latex particle is still the subject of considerable dispute. 
Hauser’s theory of the two-phase structure of latex has been 
subjected to criticism, especially by von W eimarn (168a). 
The la tte r considers latex a polydisperse system of iso
aggregated particles (isospherulites), the general consistency of 
which is fluid-gelatinous. He also believes th a t the serum 
constituents are present not only in the surface film b u t also on 
the inside of the latex particle, and play an im portant role in 
the changes the isoaggregates undergo during the drying and 
other coagulating processes.

Von Weimarn disagrees w ith H auser in finding m any spheri
cal or near-spherical particles, and has reported th a t in certain 
cases some of the particles flow together. This was especially 
true when the tem perature was raised to  100° C. or when the 
protein film was removed w ith a “dispergator” such as lithium 
iodide.

Hauser (78) repeated his previous experiments on the dis
section of the latex particle, using an improved apparatus 
(Leitz dark ground illuminator), and confirmed the previously 
described structure. He reported th a t the interior of the 
particle is fluid b u t gels when the particle is coagulated or 
dried or when it  is punctured. The consistency of the fluid 
interior varies w ith the age of the tree, being even gelatinous 
in the case of very old trees. (See Figure 2.)

M e t h o d s  o f  M e a s u r i n g  pH  i n  L a t e x .  The measure
m ent of the hydrogen-ion concentration of latex has been an 
im portan t problem and one which has proved difficult to 
solve. The Wulff colorimetric foil method, recommended by

Hauser, has been sta ted  by M acK ay (102) to  be unreliable in 
certain ranges. The diffusion of indicator outward from the 
gelatin foil is another objectionable feature. The use of the 
glass electrode in latex has been described by  M cGavack and 
Rumbold (110) who found it  to be sufficiently accurate over 
the range investigated (pH 8 to  pH  12). Van H arpen (69) 
has used the quinhydrone method in a  thorough study of the 
hydrogen-ion concentration of fresh latex and the adsorption 
of hydrogen ions by the latex particles.

S u r f a c e  T e n s i o n  o f  L a t e x .  Hauser and Scholz (76) 
have determined the surface tension of different lattices and 
have found values of 40.5 dynes per centim eter for fresh, and 
of 35.5 for ammonia-preserved latex. They also found that 
the surface tension passed through a  minimum upon dilution 
with water, as do surface tensions of potassium soap solutions. 
Scholz (182) la ter found the surface tension of fresh latex to 
vary inversely w ith the percentage of nonrubber constituents 
in the serum. He also observed th a t the surface-active sub
stances remained in the serum upon coagulation.

N o n r u b b e r  C o n s t i t u e n t s  i n  L a t e x .  Though the non
rubber constituents in latex have received considerable atten
tion in the past few years, no t un til very recently had any 
extensive series of determinations of these constituents been 
reported in the literature. From  the results of several 
hundred determinations, Scholz and K lotz (134) conclude that 
in fresh normal lattices of varying rubber content (from 35.2 to 
49.4 per cent) the variation in nonrubber constituents is only 
from 3.0 to 2.6 per cent; and for th a t im portant class of 
lattices of rubber content between 37 and 43 per cent, the non
rubber content is 2.9 per cent.

A lthough the value of these m aterials was formerly much 
disputed, the rather extensive investigations of M artin (105) 
appear to  have proved definitely th a t some m aterial in the 
serum remaining after coagulation is capable of improving the 
aging properties of rubber to  a m arked extent. This investi
gator reported, for instance, th a t a  crepe rubber-sulfur mix, to 
which had been added 3 per cent of dried serum, suffered no 
loss in tensile strength after 6 days in the Geer oven a t  70° C., 
whereas a similar mix containing no serum had its tensile 
strength reduced from 1950 to  750 pounds per square inch.

In terest in the antioxidizing power of dried latex serum has 
not been confined to  the F ar E ast. P aten ts for the use of this 
m aterial as a compounding ingredient in  rubber have been 
issued both to  Ita lian  and to English interests (140). In 
regard to investigations along th is line in America, Hopkinson 
(82) states th a t the substance which improves the aging 
property of sprayed rubber has been isolated in the laboratory. 
He reports th a t i t  is an antioxidant, “one form of which we 
are now preparing and using to  improve the aging of products 
not containing sprayed rubber.”

The nonrubber constituents of latex possess accelerating as 
well as antioxidizing power. Thus Hopkinson states that an 
accelerator of excellent properties is naturally  present in the 
latex. Rubberstocks containing this accelerator are said to have 
a very flat curing curve and not to  be prone to  overvulcamzmg 
or to burning on the mill. The more rapid curing character
istics of sprayed latex rubber are a ttrib u ted  to this natural 
accelerator. Some work carried ou t in M alaya on the isola
tion and study  of various ingredients in  the serum is of interest 
in this connection. Eaton, Rhodes, and Bishop (58) extracted 
a lipin from latex and found i t  to  have noticeable accelerating 
power.

Another ingredient of the serum to be given recent atten
tion is quebrachitol, the monomethyl ether of hexahydroxyl- 
cyclohexane. M cGavack and Binmore (109) and Levi (99) 
have proposed m ethods of recovering this material. In 
discussing the possible uses of this compound, McGavack and 
Binmore sta te  th a t i t  m ay serve as a substitu te for s a c c h a r i n



July, 1932 I N D U S T R I A L  A N D  E N G I N E E R I N G  C H E M I S T R Y  757

or as a raw m aterial for the m anufacture of quinones, photo
graphic developers, or therapeutic chemicals.

The studies made on the resins, yellow pigment, etc., in 
latex are also w orthy of mention. Frey-W yssling {62) has 
reported some interesting microscopic investigations. Among 
other things, he found th a t the resins occur in the form of 
globules which are perfect spheres and which are generally 
larger than  the caoutchouc particles. These resins account for 
the yellow or red color of latex from new tappings. H aving a 
higher specific gravity  than  the rubber hydrocarbons, they 
concentrate in the serum during centrifuging.

D e t e r m i n a t i o n  o p  R u b b e r  C o n t e n t  o p  L a t e x .  The 
usual m ethods of determining rubber or to ta l solids of latex, 
although sufficiently accurate, are time-consuming. F or this 
reason the m ethod of W ard and Gehman {162) has proved 
interesting. The method, which consists of determining the 
obscuring power of th e  lattices in a m icroturbidimeter, cali
brated with lattices of known rubber content, is said to have an 
accuracy of 1 per cent in 35 per cent rubber latex, when dilu
tions of 15 per cent or less are used. The tu rb id ity  of latex is 
dependent upon the refractive index of the serum and the 
number and size of the latex particles. Fortunately the 
refractive indices of w ater and of the serums of various fresh 
and preserved lattices are similar, and, by the use of color 
filters, small variations are nullified. I t  remains to be seen 
whether the variations in  particle size encountered in lattices 
from young and old trees affect the accuracy of the method.

Scholz and K lotz(ISS) have recently proposed modification 
of the usual m ethod for the determ ination of to ta l solids. By 
carefully drying the latex in a nickel dish over an open flame, 
they were able to obtain accurate values for dry  to tal solids in 
8 to 10 minutes.

C o a g u l a t i o n  o p  L a t e x .  Among the more extensive 
investigations of the coagulation of latex have been those 
relating to the effects of hydrogen-ion concentration {176). 
Although latex is ordinarily coagulated by acids and stabilized 
with alkaline substances, there is (for lattices of suitable 
concentration) a second zone of complete dispersion in the 
acid range. According to  Fullerton’s recent experiments, 
samples of latex, diluted to  a  rubber content of 4 per cent, 
were completely coagulated a t  pH  0.8; partially  coagulated 
from pH  0.8 to  1.0; completely dispersed from 1.0 to 3.5; 
partially coagulated from 3.5 to  3.8; completely coagulated 
from 3.8 to 4.83; partially  coagulated again from 4.83 to 
4.91; decreasingly flocculated from 4.91 to  5.30; and com
pletely dissociated a t  higher pH  values.

I t  has been so common in discussions of the production of 
rubber to refer to acetic acid as the coagulant th a t i t  is doubtful 
whether even the rubber technologists of this country and 
Europe realize to 'what extent th is m aterial has been replaced 
by formic acid. According to  van der Burg {31), 80 per cent 
of the estates in the D utch E ast Indies were using formic acid 
as early as 1927. H e contends th a t the economy said to  result 
from the substitution of th is m aterial for acetic acid is merely 
an illusion, since formic acid corrodes the mill rolls, coagulat
ing vessels, and other utensils so much more rapidly than  
acetic acid. O’Brien {116) has countered w ith the statem ent 
that his experiments indicate th a t i t  would require fifteen years 
for formic acid of twice the strength used for coagulation to 
corrode through a good grade of aluminum coagulating pan.

Another substitu te for acetic acid which has been investi
gated considerably and used to  some extent is sodium silico- 
nuoride (Na2SiF6). Aluminum pans cannot be used with 
this coagulant, owing to  corrosion. O’Brien {116), van 
llarpen {176), and others have successfully used a mixture of 
sodium silicofluoride w ith a small proportion of formic acid 
as coagulating agent.

Other coagulants, to which some attention has been given

during the p ast four years, include alcohol, alum, sodium bi
formate, guanidines, and amines. The volume of alcohol 
required is too great to perm it its being considered com
mercially. The use of guanidines, such as diphenylguanidine, 
as coagulating agents ivas suggested in  connection w ith “heat- 
sensitized” latex, which will be discussed later {120). Gracia 
{66) has proposed the use of amines (for example, allyl or 
benzyl) as coagulants in cases where compounding ingredients 
capable of reacting w ith acids have already been added to  the 
latex.

F ig u r e  2 . S t r u c t u r e  o f  L a t e x  P a r 
t ic l e  ( a c c o r d in g  t o  E. A. H a u s e r )

1. Viscous rubber in terior
2. N early solid elastic  rubber shell
3. Adsorption layer of a lbum ins and  resins

There have been a num ber of investigations of coagulation 
which are of scientific interest b u t no great practical signifi
cance. These can be given b u t very brief m ention in  an article 
of this nature. They have involved, among other things, the 
effects of enzymes, of bacteria, and of freezing in promoting 
coagulation, and the role of proteins in retarding coagulation 
{41, 176).

P r e s e r v a t i o n  a n d  S h i p p i n g

P r e s e r v a t i o n .  Although ammonia is still the m ost widely 
used preservative for latex {9), a  large num ber of other 
m aterials have been suggested {182). Sulfonic acid salts, 
which prevent coagulation by their protective and not germi
cidal action, are of especial use in latex to  be applied to  fabric. 
M cGavack and Sheve have used sulfonic alkyl-aryl reaction 
products, with or w ithout formaldehyde or other preservatives, 
while the former has found alkali salts of selenious or tellurious 
acids and also certain alcohols and ketones to  be efficient 
preservatives.

Nekitin has found th a t certain aliphatic hydrocarbon 
mixtures, such as gasoline or kerosene, assist phenols in 
preservation. M ixtures of formaldehyde and trisodium 
phosphate; neutral or alkaline salts of ester acids, such as 
m ethyl sulfuric acid; and m ixtures of borax and boric acid 
have also been suggested. I t  is interesting to  note th a t 
alkylamines have been patented as preservatives for fresh 
latex by the I. G. Farbenindustrie Akt.-Ges., and as coagulants 
for compounded latex by Gracia.

S h i p p i n g .  The shipping of latex has changed rem arkably 
in the last few years. Instead of drum s or even small tinned 
cans, ballast tanks in steamers, or even tank  ships are being 
used for the purpose {12).

I t  has been reported by the D epartm ent of Commerce th a t
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a  new type of vessel has been designed. The ship is fitted with 
special tanks which are electrically heated so as to carry latex 
or coconut oil in bulk to any climate in exactly the same condi
tion as when loaded.

Latex, concentrated by centrifuging, is being shipped to the 
Dunlop Company in England in the new Kenward barrels 
(168). These consist of two shells, fastening in the center, and 
are capable of being nested like beakers for the purpose of 
reducing the freight charges when returning them  em pty to 
the plantation.

F ig u r e  3 . R e c e n t l y  D e v e l o p e d  R u b 
b e r  C u p  f o r  C o l l e c t io n  o f  L a t e x

Hopkinson (81) has described a now shipping container 
made from sheets of rubber. After em ptying the latex, the 
container m ay then be used as ordinary rubber.

C o n c e n t r a t i o n  o f  L a t e x

Since latex contains considerable w ater (60 per cent or 
more) and m ust ordinarily be transported thousands of miles 
before it  is used industrially, it is apparent th a t any method 
which allows removal of much of the w ater on the plantations 
should serve as a boon to the direct use of this m aterial in 
manufacturing. The several methods for concentrating 
latex, which have been developed or a t  least investigated in 
recent years, are discussed under the headings of Evaporation, 
Centrifuging, Creaming, and Filtration.

E v a p o r a t i o n .  As mentioned by Hauser (71) in his dis
cussion of the methods of concentrating latex by evaporation, 
it is customary to  increase the stability  of latex by adding 
alkaline preservatives or protective colloids before or dur
ing evaporation. In  a  method patented by Gibbons and 
Shepard (65), ammonia is continually added to latex in a 
flat pan. A heated gas is passed over the surface, which is kept 
a t  a constant level, and a stirring device is used to  prevent the 
formation of a surface film. In  the m anufacture of Revertex, 
a  concentrated latex which has been m arketed for several 
years, stability has been insured by introducing both potassium 
hydroxide and a potassium soap into the latex prior to 
evaporation. Several patents relating to the Revertex process 
(Figure 4) or the preservatives to  be used therewith have ap
peared in the past four years (122). According to the latest 
patent, the potassium salts of hydrotropic substances are 
recommended as preservatives, a hydrotropic substance being 
defined as one containing both a  hydrophilic group and a 
hydrophobic group having an affinity for organic solvents.

According to  a  recent statem ent by Twiss (155), the Dunlop 
R ubber Company makes considerable use of latex concen
tra ted  after compounding. He states th a t "concentrated 
compounded” latex has a uniform composition, is free from 
undesirable tendencies to gravitational separation, and is 
capable of producing goods of considerable thickness by a 
dipping or spreading process w ith a small number of coats.

In  the preparation of this material, Twiss states th a t the 
initially fluid compounded latex is m aintained throughout the 
evaporation process in swirling movement to  keep the com
pounding ingredients in uniform dispersion. According to 
W arren (168), the Twiss concentrator, which has been called 
“ the latex prototype of the ordinary mixing mill” (155), 
consists of a jacketed stainless-steel bowl with w ater circulat
ing in the jacket. H ot air is blown into a  hollow lid from 
which it is distributed through perforations to the surface of 
the latex. Concentrated compounded latex, having a total 
solid content of 70 to 80 per cent, can be made by this process 
(166).

W orthy of mention also is the recent proposal of Twiss and 
M urphy (157) for concentrating latex to a w ater content of 
3 per cent or less. In  this process the w ater is largely re
placed, during evaporation, by polyhydroxy compounds such 
as glycerol or diethylene glycol. These liquids serve as media 
in which the added protective colloid (e. g., soap) continues to 
function after the water content has become quite low. The 
reversible concentrate so produced m ay be rendered irrevers
ible by molding or kneading.

The possibility of making, by a spraying process, the ideal 
concentrated latex— a dry powder which can be dispersed in 
water—has not been overlooked. Carrington (34) discusses 
the spray-drying of Revertex, whereby there is produced a 
reversible powder which can be peptized by dilute ammonia. 
Nyrop (115) has protected a process for obtaining a reversible 
concentrate by spraying latex simultaneously with a suspen
sion of protective agents and fillers. A latex-hemoglobin 
m ixture m ay also be spray-dried to  give a reversible powder 
according to W escott (167). The unfortunate disadvantage 
of spray-dried powders of this nature is their pronounced 
instability towards pressure.

C e n t r i f u g i n g .  Among centrifuging processes, that of 
U term ark (159) seems to have been given the greatest com
mercial exploitation, the product obtained by this method 
having been on the m arket for some time. In  discussing the 
process used, Carrington (34) states th a t latex treated with 
about 0.3 per cent ammonia is centrifuged a t  about 8000 to 
9000 r. p. m. The product, which has a to ta l solid content of 
about 60 per cent, has been freed of much of its protective 
m atter, and m ust therefore be handled w ith care.

W escott (164) has proposed the addition of such a material 
as hemoglobin or Irish moss to protect the latex and at the 
same tim e to  aid separation in the centrifuge. Another 
paten t by  this investigator combines centrifuging and spray- 
drying. In  this process the latex, treated  w ith hemoglobin, is 
concentrated and then sprayed into an atmosphere of low 
humidity. The resulting product m ay have a cheeselike 
appearance or be in the form of a d ry  noncoherent powder 
which m ay be redispersed, preferably by dilute ammonia.

De Vries and co-workers (160) report th a t rubber made 
from centrifuged latex has a slow rate  of drying, is generally 
light in color, has low tensile strength and slow rate of cure, 
ages rather poorly, and (contrary to  previous claims) is not 
especially uniform. Of practical in terest is the fact tha t this 
rubber is decidedly plastic. In  this connection, de Vries and 
Beum6e-Nieuwland (160) s ta te  th a t centrifuging is the only 
method to date for producing a plastic rubber tha t has no 
tendency to deteriorate on storage.

C r e a m i n g .  The creaming of latex is analogous to the 
creaming of cow’s milk, although separation takes place more 
readily in the la tte r case. Although latex, preserved with 
ammonia, creams only on long standing, th a t preserved with 
sodium hydroxide does so very readily. Since most of the 
protective serum constituents rem ain in the lower layer, the 
cream is quite unstable. Carrington (34) states th a t rubber 
from creamed latex has chemical properties resembling those of
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smoked sheets or pale crepe, whereas its physical properties 
in the vulcanized sta te  approach those of sprayed latex both 
before and after aging.

Although evaporation and centrifuging processes have so far 
been given greater commercial development, the num ber of 
recent patents on creaming processes indicate an increasing 
interest in this la tte r m ethod of concentrating latex. The 
usual procedure is to  add a creaming agent to  hasten  the 
separation. According to  the pa ten t literature (139, 174), 
substances which facilitate separation of the rubber globules in 
latex include glue, gelatin, carrageen moss, Iceland moss, 
Irish moss, pectin, gum arabic, K araya gum, alginic acid, 
various alginates, and buffer solutions, such as a m ixture of 
primary and secondary sodium phosphates. M cGavack (108) 
has recently protected by p a ten t the idea of repeatedly using 
the serums from creaming operations in new creamings, thus 
reducing the requirem ent of creaming agent. I t  is claimed 
by Hauser th a t separation is more satisfactory when the 
creaming is carried out above 90 ° C. Hill and co-workers (60) 
report th a t, although vulcanized latex creams unsatisfactorily, 
the addition of creaming agents w ith the vulcanizing agents 
will effect good creaming during vulcanization and subsequent 
standing. The addition of about 25 per cent of natural latex 
is also said to facilitate the creaming of vulcanized latex. A 
somewhat radical proposal— th a t of the I. G. Farbenindustrie 
Akt.-Ges. (88)— is to cream by rapidly adding acids until a pH  
value less than  2 is attained. The viscous paste, which can 
be separated from the serum by filtration after standing 24 
hours, is said to  be redispersible in dilute ammonia.

F i l t r a t i o n .  F iltration  as a  m ethod of concentrating 
latex does not appear to  have been used commercially. A 
recent pa ten t to  Pestalozza (121) covers a process in which 
latex is passed back and forth  between two containers and 
is exposed to ceramic filters during passage. Loss of serum 
through the filters results in a gradual increase in the rubber 
content of the m aterial remaining.

I n c o r p o r a t i o n  o f  C o m p o u n d i n g  I n g r e d i e n t s  i n t o  L a t e x

Since nearly all of the rubber p u t to  practical use is com
pounded rubber, the m ethods of incorporating compounding 
ingredients into latex are of prime im portance. The introduc
tion of these ingredients or pigments (to use the rubber com
pounders’ term ) is, in the case of latex, a  fundam entally 
different process from th a t w ith crude rubber. A pigm ent 
which can be milled into crude rubber w ith com parative ease 
may be difficult to d istribute uniformly in an aqueous disper
sion such as latex. The principal difficulties with compound
ing ingredients for latex have been a ttribu ted  by various 
investigators to electrical charge (e.g ., magnesium oxide will 
discharge and coagulate the negative latex particles); de
hydrating power (e. g., carbon black); tendency to settle out; 
and failure to  be w etted by  latex. A procedure which lessens 
one of these difficulties m ay often aggravate another. In  this 
connection, the w riters have observed th a t passage of the 
pigment suspension or of th e  compounded latex through 
a colloid mill or through a pain t mill, will usually improve 
dispersion and retard  settling, b u t m ay greatly increase the 
tendency toward coagulation.

I n c o r p o r a t i o n  o f  F i n e  P o w d e r s .  Stevens (1)3) states 
that most fine powders, when stirred into latex, coagulate it, 
the coagulation m anifesting itself either as a sudden or a 
gradual stiffening of the paste. The presence of anticoagulants, 
such as caustic soda, sodium carbonate, or ammonia, retard  
this coagulation. According to  Stevens, the best m ethod of ■ 
introducing pigments is to p u t them  into the form of a paste 
with water or an alkaline solution, before stirring into the 
latex. Even then the incorporation of certain pigments, 
such as carbon black and zinc oxide, is very difficult, and resort

to the use of protective colloids is necessary. Stevens men
tions soap, glue, hemoglobin, and gelatin solutions in this 
connection. Casein, fa tty  oils, fa tty  acids, glue, gelatin, and 
resinic acids are included in  the list of protective colloids given 
by W iegand (169). Among the agents which the writers have 
used successfully m ay be mentioned gum tragacanth, gum 
ghatti, potassium soap, and saponin. A certain specificity 
has been observed in the protective influence which the 
various colloids exert on the different pigments, an effective 
agent for one pigment not necessarily being of much service 
for another.

Several suggestions have been made in connection with 
carbon black, which is probably the fine powder most difficult 
to  incorporate. According to Wiegand (169), the use of 
saponin in a carbon black-w ater paste facilitates w etting and 
aids in the subsequent mixing of the paste with latex. A 
neutral or slightly alkaline solution of cellulose xanthate is also 
said (47) to be a good medium for dispersing carbon black 
prior to introducing it  into latex. P ark ’s recent suggestion 
(117) for increasing the dispersibility of carbon black in latex 
is to  trea t the black with the vapors of a material such as pine 
oil or petroleum distillate.

F ig u r e  4 . E m pt y in g  a C h a r g e  o f  F in is h e d  R e v e r t e x

S p e c i f i c  M e t h o d s  f o r  I n c o r p o r a t i n g  V u l c a n i z i n g  
I n g r e d i e n t s ,  S o f t e n e r s ,  a n d  O t h e r  M a t e r i a l s .  To 
facilitate the introduction of sulfur, the large particle size of 
which is ordinarily objectionable, it has been proposed (49) 
either to retard  settling by introducing bentonite clay into the 
latex system, to  fuse the pigment first writh  kieselguhr and 
introduce the ground product thereafter, or to  add the sulfur 
to a vulcanizable oil and then introduce the mixture. The use 
of sulfur of particle size much smaller than normal has also 
been suggested (SO). For certain purposes, sulfur m ay be 
advantageously introduced into latex in the form of the 
hydride (28) or of a  polysulfide, such as ammonium or calcium 
polysulfide (143).

The same general considerations apply in the case of ac
celerators as w ith inorganic compounding ingredients. Since 
water-soluble accelerators can be mixed with latex very 
readily (provided they are not of such a nature as to  coagulate 
the la tter), i t  is often desirable to use this type. In  the case of 
latex articles which are formed to  shape and which therefore 
do not require any further processing, such as milling or 
calendering, the field of applicability of ultra-accelerators is 
much greater than  with articles made from crude rubber. 
The specific suggestions of M urphy and Twiss, of Grove- 
Palmer, and of others (172) for accelerators suitable for latex 
include the diethyl-ammonium salt of diethyldithiocarbamic 
acid, dithiofuroic acid and dithiofuroates, mereaptobenzo-
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thiazole, and certain ultra-accelerators which are zinc salts 
and which therefore require no zinc oxide for activation. 
Aumarechal and Robrieux (18) propose forming accelerators 
in preserved latex by causing carbon disulfide or certain 
aldehydes to react w ith the ammonia or arom atic amine 
preservative present.

For the coloring of articles made from latex, it is said (173) 
th a t almost any dyestuff carrying a negative charge m ay be 
used, provided the latex is vulcanized a t or near ordinary 
tem perature by use of super-accelerators. Insoluble dyes 
may first be run through a colloid mill with a protective 
colloid, or dissolved in a suitable organic solvent and the 
solution then emulsified. Lakes m ay be used if in a fine sta te 
of subdivision. To employ v a t dyes, it is necessary to agitate 
the mixture of latex and the leuco compound while exposed to 
the air.

Although the paten t literature covers references to the 
incorporation of various other ingredients, such as selenium, 
oils, factice, reclaims, wood tars, resins, antioxidants, and 
stearic acid (19), m any of these are not of sufficient interest 
to w arrant discussion in this paper. In  general, the waxes, 
oils, resins, and bitum inous materials are neither soluble in 
water nor can they be introduced in the form of a suspension of 
fine powders. Emulsification is the usual expedient em
ployed, the nonrubber constituents of the latex sometimes 
serving as the emulsifying agent. K araya gum and saponin 
are additional emulsifying 
agents which have been 
used by a number of in
vestigators. W orthy of 
mention is Gibbon’s sug
gestion for adding stearic 
acid to latex by first form
ing ammonium s t e a r a t e  
and stirring in the latter.
Szegvari’s method for in
troducing resinous antioxi
dants, such as th a t formed 
by condensing aldol with 
a naphthylamine, is to 
dissolve them in “ rubber 
oil” (an oily product ob
tained by the dry distilla
t io n  of r u b b e r ) ,  a n d  
emulsify the solution be
fore mixing into latex.

S p e c i a l  M e t h o d s  o f  
I n t r o d u c in g  P i g m e n t s .
Although the normal pro
c e d u re  in  compounding 
latex is to mix the ingre
dients into the latex di
rectly with a stirrer of some 
type, other methods for 
compounding have been 
investigated. C h a p m a n  
and Patterson (39) have 
made a novel suggestion 
for the introduction of pig
m ents usually difficult to 
in c o r p o r a t e .  The pig
ments are first milled into 
reclaimed rubber or other 
p la s t i c  material, a water 
d is p e r s io n  of the com
pounded stock is formed, 
and the la tte r is mixed with 
latex. Another proposal 
is to add the pigments on a

mill having a fluted roller, which manipulates the latex and 
continuously exposes new surfaces (91).

One method of introducing compounding ingredients, 
which is feasible for latex b u t not for crude-rubber compound
ing, is to form the ingredient in the latex (or in w ater im
mediately before addition to  latex) by a  double decomposition 
or similar reaction between two soluble substances. Espe
cially attractive in this connection are reactions, such as that 
between barium  sulfide and zinc sulfate, in which both 
products formed are insoluble and of in terest as rubber pig
ments. P aten ts issued to  English and American interests 
(90) cover the production of such ingredients as barium 
sulfate, cadmium and other sulfides, lithopone, silicic acid, 
various silicates, calcium oxalate, and calcium and other 
carbonates by this method. I t  is claimed th a t white or 
colored stocks w ith mechanical properties equal to those of 
stocks containing carbon black m ay be thus produced.

M e t h o d s  f o r  P r e v e n t i n g  S e t t l i n g  o f  P i g m e n t s .  
A fter the compounding ingredients have been dispersed 
satisfactorily in latex, the problem of keeping them  in sus
pension still remains. The use of latex thickened by con
centration (Revertex, for instance) reduces the tendency 
towards the sedim entation of compounding ingredients. 
W hen starting  w ith Revertex, which is a comparatively 
viscous paste, the pigments m ay be incorporated either as 
dry  powders or as pastes in a mixer of the Werner-Pfleiderer

type (72). For introduc
ing the dry pigments, a 
brush-sieve arrangement, 
operating simultaneously 
w ith  th e  b la d e s  of the 
mixer, is recommended. 
If the percentage of com
p o u n d in g  ingredients is 
high, extra water or a so
lution of casein or of alkali 
should be added continu
ally during mixing to pre
vent coagulation.

Various m e th o d s  for 
thickening normal latex 
( w i th o u t  concentrating) 
and thus r e t a r d i n g  the 
settling of fillers have been 
p r o p o s e d .  In c lu d e d  
among these suggestions 
(183) are those of Sutton 
for thickening with finely 
divided zinc oxide (in the 
presence of ammonia), of 
Teague for using ammo
nium soaps of higher fatty 
acids, of W escott for the 
use of a  zinc oxide-hemo- 
globin gel, and of Hauser 
for employing the thixo- 
tropic properties of bento
nite clay or o th e r  sub
stances.

The handling of ordi
nary  la t e x ,  a f t e r  com
p o u n d in g  in g re d ie n ts  
have been incorporated, 
requires considerable care. 
Aside f ro m  th e i r  p re 
viously mentioned func
tion, protective co llo ids 
m ay help to retard the set
tling of pigments from a

Courtesy o f DeLaral Separator Co.
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latex suspension. M ethods for pumping and thus keeping 
the suspension in circulation to  avoid settling have been 
developed by the Dunlop Com pany and others (53). No 
general remedy can be given for the ever-present danger of 
partial coagulation of the sensitive pigment-latex system dur
ing handling. To avoid the necessity of entirely discarding 
partially agglomerated latex, Szegvari (14-7) has patented a 
process whereby it  is circulated through tanks provided with 
filters which continuously remove the agglomerates.

M a n u f a c t u r e  o f  R u b b e r  G o o d s  b y  D i p p i n g

Probably the simplest m ethod of m anufacture of articles 
from latex consists of alternate dipping of a nonporous mold in 
latex and drying of the deposited layer. Products made in 
this m anner have found increasing use and are, a t  present, 
competing quite successfully w ith goods m ade by dipping in 
rubber cements. Among the articles made by this m ethod 
may be mentioned surgeons gloves, electricians gloves, finger 
cots, coated screens, and balloons. As is the case when dipping 
in rubber cements, the chief disadvantages are th a t the latex 
flows after the mold is removed from th e  bath , causing un
evenness in  thickness, and th a t the thickness of the layer ob
tained by a single dip is very slight. Robertson (135) has 
succeeded in avoiding the former disadvantage by regulating 
the speed of withdrawal of the mold from the b ath  so th a t the 
latex film sets by  the tim e the mold is completely w ithdrawn. 
Increasing the thickness of the film obtained by a single dip 
or decreasing the tim e necessary between the dips have been the 
subj ect of much investigation during the p ast few years. The 
methods discussed below have been suggested for these pur
poses.

C o n c e n t r a t i o n  a n d  T h i c k e n i n g  o f  L a t e x  f o r  D i p p i n g .  
Hadfield (68) has increased the efficiency of the dipping 
process by using a heated mold in a concentrated vulcanizing 
latex with alternate dipping and drying of the surface of the 
deposit. Twiss (154) also used concentrated latex bu t, in
stead of alternate dipping in latex and drying, used alternate 
dipping in latex and in a coagulant. As previously discussed, 
he is of the opinion th a t concentration after compounding 
gives a better product for the purpose than  compounding after 
concentration.

Use of thickening agents, such as polysaccharides, albumi
noids, or p lant extracts, to  facilitate dipping has been made (4) ■ 
Hauser has used bentonite for this purpose (77).

D i p p i n g  w i t h  A c c o m p a n y i n g  o r  S u b s e q u e n t  C o a g u l a 
t i o n .  M ention has already been made of the m ethod of 
alternate dipping in concentrated latex and in coagulant used 
by Twiss (154). The same worker has used molds covered 
with either a coagulant-containing jelly (154) or a solution of a 
coagulant, and, in conjunction w ith M urphy and Thorpe (158) 
has advanced the idea of an  alternate dipping and coagulating 
with a volatile coagulant. M ethods similar to  the la tte r have 
been advocated by M acK ay and Thorpe (103) and by  Teague
(140.

In all the above methods, care m ust be taken in washing in. 
order to assure complete removal of the coagulant prior to  
cure, as otherwise the ra te  of cure and aging of the resulting 
product are adversely affected.

D i p p in g  i n  C o n j u n c t i o n  w i t h  H e a t .  One of the most 
interesting m ethods of facilitating the production of rubber 
articles by  dipping has been proposed by Pestalozza (119). 
Heat-sensitive latex is prepared by  adding solutions or sus
pensions of salts of bi- or trivalen t metals. Upon the intro
duction of a heated form, the adjacent latex is heated and 
coagulated. The thickness of the coagulated layer m ay be 
controlled by varying th e  tim e of dipping or the tem perature 
of the former. A similar m ethod has also been suggested by

Chapman, M urphy, Pounder, and Parkes (38) who propose 
the use of ammonium persulfate, w ith or w ithout trioxy- 
methylene or sodium silicofluoride as sensitizing agents. 
Trowbridge (153) has found th a t the use of a heated form in 
un treated  latex is advantageous. Campbell (33) has been 
able to obtain deposits of appreciable thickness by applying 
heat and pressure to latex in a mold. Specific mention is 
made of the applicability of this process to  the m anufacture of 
tubes.

M a n u f a c t u r e  o f  R u b b e r  G o o d s  b y  D e p o s i t i o n  f r o m  
A g g r e g a t e d  L a t e x

A very interesting modification of the dipping process has 
recently been developed in this country. Usually the deposi
tion of latex on porous molds is an exceedingly slow process, 
since the latex particles are of such size th a t ultra-filters m ust

Courtesy o f M iller Rubber Co.

F ig u r e  6 . E l e c t r o p l a t in g  R a ck  
C o v e r e d  w it h  R u b b e r  b y  A n o d e  
P r o c e ss

be used. Even w ith ultra-filters the process is difficult, as~the 
resistance to  flow of serum through the deposited layers be
comes very high as the layer increases, and the deposition 
becomes progressively slower. Owing to  the deformability of 
the latex particle, the deposit becomes com pact if high pres
sure is used.

These difficulties are avoided, and deposition is made com
paratively simple by increasing the effective size of the par
ticles. This is accomplished by aggregation of the latex par
ticles into relatively large groups (55). A num ber of means 
have been described for obtaining aggregation; probably the 
first of these is the one described by Hopkinson and Gibbons
(83). Organic colloids, such as Irish moss, were found to  
promote aggregation, especially if considerable quantities of 
pigments, such as whiting, were present. The same workers
(84) have also found th a t by  freeing latex of am monia and add
ing small am ounts of phenol and trisodium phosphate, aggrega
tion and increased filterability are obtained after one m onth. 
Smith (139) found th a t buffer solutions of prim ary and 
secondary sodium phosphates were effective when a sufficient 
quantity  was added to  decrease the pH  of the  latex to  ap
proximately 6. F urther decrease in pH  resulted in increased 
filterability and decreased stability  down to the point where 
coagulation occurred. Cadwell and Hazell (32) have used 
aldehydes, such as cinnamic, bu tyr- and furfuraldéhydes 
to obtain aggregation. Greenup (67) has m entioned the use 
of boric acid for the same purpose. According to  Hazell
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{78), greatly increased filterabilty is obtained by treating 
latex with zinc oxide or zinc salts, and alkali sulfides or poly
sulfides followed by stirring and heating. The m anufacture 
of inner tubes by a process similar to the above has been de
scribed by Iiopkinson and Gibbons (84).

E l e c t r o d e p o s i t i o n

P r o c e s s  I m p r o v e m e n t s .  The electrolytic deposition of 
rubber upon the anode is well known and is the subject of 
numerous patents. M any of these are concerned with over
coming difficulties encountered in the practical application 
of the process. Gas 
formation is one of 
th e s e ,  as it c a u s e s  
porosity in the final 
product. I t  is also 
necessary, according 
to  K le in  {95), to  
obtain constant con
ductivity, alkalinity, 
a n d  r u b b e r  c o n 
ten t, for the best re
sults.

O ne of th e  first 
r e m e d ie s  (2) u se d  
to p r e v e n t  gas for
mation and porosity 
was to d e p o s i t  the 
rubber on a hollow 
porous mold around 
the e le c t ro d e ,  gas 
being formed a t  the 
e le c t r o d e  b u t  not 
on  th e  m o ld . A 
s e c o n d  m e th o d , 
w h ic h  c o n s is ts  in 
using current poten
tials below the decom
position potential of 
water, has been suggested by the Anode Rubber Company (3) 
and by Williams {171), b u t this means increased time for 
deposition. Beal and Sheppard {20) have protected the use 
of artificial cooling to permit the use of higher potentials. 
Klein and Szegvari {97) add materials, such as sodium 
thiosulfate, which react with the oxygen liberated. Cowper- 
Coles (44, 48) has used in term ittent deposition w ith removal 
of the anodes between successive depositions to perm it the 
removal of gases. This yields a compact layer. According 
to  the same worker, the conductivity of the deposition bath  is 
improved, and a softer deposit is obtained when ammonium 
acetate  is added. Softer and less compact deposits are also 
obtained by the addition of soft soap, according to Klein and 
Healy {96). Shellac is said by Jenny {87) to  increase the 
adhesion of the deposit to metals, while, according to Davies 
{46), co-deposition of synthetic resins and rubber yields 
products of characteristics quite different from those of the 
usual deposits. The thickness of deposited layer in a  given 
tim e is increased by the addition of starches, glue, and dextrin 
according to the Toto Company {150).

M o d i f i c a t i o n s  o f  E l e c t r o d e p o s i t i o n  P r o c e s s .  Several 
modifications of the electrodeposition process have recently 
been suggested. These consist of cathodic deposition, alter
nating  current deposition, and internal current deposition.

Cathodic deposition is, as its name implies, deposition of 
the rubber particles upon the cathode. This is accomplished 
by deposition from latex in which the electrical charge on the 
particles has been reversed {54). James and Twiss (86) have 
used such m aterials as acetic acid and formaldehyde in con-

j unction with protective colloids for this purpose, while the 
Siemens-Elektro-Osmose Gesellschaft (137) has used thorium 
nitrate.

The use of alternating current for deposition is made 
possible by using two different materials, such as aluminum 
and carbon, for electrodes. According to Madge, Round, and 
Twiss (104), a partial rectification of the current takes place. 
Deposition with alternating current has also been proposed 
by the Siemens-Elektro-Osmose Gesellschaft (137).

Still another modification of the anode process is th a t of 
Williams (170) in  which the deposition b ath  is itself the source 
of current. Ammonium chloride is added to the latex in such

quantity  th a t coagu
lation does not occur. 
C a rb o n  a n d  z inc  
are used as the elec
t r o d e s .  When the 
circuit is completed, a 
current flows through 
the cell, and rubber 
is deposited.

O t h e r  M e t h o d s  o f  
M a n u f a c t u r e

G e l l i n g .  Al
though the gelling of 
latex or compounded 
latex c a n n o t  a lone  
be classed as a method 
of m a n u f a c tu r e ,  it 
has been investigated 
as a preliminary step 
in the p ro d u c tio n  
of porous and other 
types of articles by 
m o ld in g , spreading, 
dipping, spraying, etc. 
By the gelling process, 
the c o n s is te n c y  of 

the latex is so changed th a t m anufacture of the final article 
is often facilitated. A sharp distinction cannot always be 
drawn between a gelling process and the thickening processes 
discussed in the section on Incorporation of Compounding 
Ingredients in Latex, although the function of the thickening 
is primarily to  retard  the settling of pigments, rather than to 
facilitate any specific m anufacturing operation. According 
to patents granted to  Davies; Teague; W escott; Gabor; 
Beckmann; M cGavack; Hayes, Madge, and Jennings; and 
others (47, 177, 183), there are quite a number of substances 
which have a gelling effect on latex. Among these may be 
mentioned formaldehyde (alone or mixed with such substances 
as phenol and tannic acid), silicic acid, sodium silicofluoride, 
alum, calcium chloride, magnesium sulfate, saponin, gelatin, 
agar-agar, carrageen moss, hemoglobin-zinc oxide mixture, 
hemoglobin alone, other proteins and albumens, and cellulose 
xanthate. The tim e required for the gelling to take place 
varies w ith the agent used. Some of the materials, such as 
hemoglobin, also require a moderate heating.

In  fact, the addition of agents having little or no effect at 
room tem perature, b u t a gelling or coagulating action at a 
somewhat higher tem perature, has been the subject of a 
number of patents granted to  Pestalozza (119) and to certain 
English investigators (56). Although a considerable quantity 
of a salt of a bi- or trivalent m etal will coagulate latex in the 
Cold, a smaller portion will merely have a slight thickening 
effect. F urther thickening and, finally, coagulation are said to 
take place as the tem perature is raised toward the b o i l i n g  point 
The nature of the agents used for this purpose has been dis

Courtesy o f United Staies Rubber Co.
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cussed under the subheading, D ipping in Conjunction with 
Heat. I t  is claimed th a t latex so treated  can be used satis
factorily in the direct production of rubber goods not only by 
dipping b u t also by  extrusion and by introduction into heated 
molds.

M o l d i n g .  The m anufacture of molded articles from 
compounded latex is often difficult, since the consistency of 
the mixture is frequently too thin. The w ater content, 
moreover, is usually too high, unless a porous product is 
desired. I t  is necessary, therefore, either to gel the mixture 
to obtain the proper consistency or to coagulate it partially 
and remove the excess w ater. Patents, respectively illustra
tive of these two m ethods of surm ounting the difficulties 
mentioned, have been issued to  M cGavack (107) and to Loomis 
and Stum p (101). According to a process protected by the 
Dominion Rubber Com pany (51), molded articles m ay be 
made by coagulating the latex in molds and drying a t  a 
moderate tem perature. By using concentrated compounded 
latex, Carrington (34) states th a t mats, sheets, etc., can be 
molded by  direct drying, an empirical allowance for shrinkage 
being made. Careful control of the w ater content of the 
mixture is, of course, necessary.

E x t r u d i n g .  The m anufacture of articles such as threads 
and tubes by extruding the properly compounded latex into a 
coagulating or dehydrating bath  offers possibilities which 
appear to have received no great am ount of attention  in 
recent years. P aten ts issued to M urphy and Twiss (112) 
cover a process which consists in allowing concentrated com
pounded latex to flow by gravity  through an orifice under 
the surface of a setting or dehydrating bath . The specific 
gravity of the bath , which in  a  typical case m ay contain 
sodium chloride and ammonium acetate, is so adjusted 
that the coagulated rubber rises to  the surface. By using 
a die with an annular orifice, i t  is said to be possible to  ex
trude a tube.

S p r a y i n g .  R ubber m anufacturers have become more or 
less familiar w ith crude rubber prepared by spray-drying, the 
process for which has recently been described in some detail 
by de Leeuw (98). Of more in terest in connection w ith the 
present discussion is the suggestion of Stevens (144) th a t the 
rubber “ snow” (the initial fluffy product settling to the bottom  
of the spray chambers) m ay serve as a molding powder from 
which certain rubber articles m ay be m anufactured by a 
direct process. W hen it  is considered th a t compounded 
latex can also be sprayed, the possibilities of a spray process 
for the m anufacture of articles from latex become broader. 
Theoretically, the num ber of articles which m ight be m anu
factured by spraying compounded latex into molds or upon 
formers of suitable shape is very large. The possibility of 
using a spray process in the m anufature of inner tubes, solid 
tires, hose, and rubber-coated articles has been discussed by 
Hauser (71). The spray process appears to be particularly 
adaptable for the production of rubber coatings on objects 
which are of such intricate shapes or are in such inaccessible 
positions th a t other m ethods of coating cannot be used.

The difficulties attending the spray method are sufficient, 
however, to have lim ited its use thus far to a  relatively narrow 
field. Notable among these difficulties are clogging of the 
spraying devices, lack of smoothness in the dried film, and a 
tendency toward a lack of uniform ity in the product. I t  is the 
writers’ experience th a t  sheets formed by the spray-drying of 
latex containing compounding ingredients are often striated. 
Stocks containing a high proportion of pigments often exhibit 
a low tensile strength  afte r being spray-dried and vulcanized. 
A brief period of milling of the dried stock before vulcanization 
has been observed to increase the tensile strength considerably. 
Rupture of the individual rubber globules and the consequent 
improvement in the dispersion of the solid ingredients prob- 
ably account for the increase.

M eans of overcoming a t  least a p a rt of these difficulties have 
been worked out. Carrington (34) states th a t the tendency 
toward prem ature coagulation in the spraying jets m ay some
times be avoided by simultaneously spraying two different 
suspensions, each of which contains only a p a rt of the final 
composition. One of the recent paten ts issued to M aynard 
(106) describes a spraying device so constructed th a t a 
continuous stream  of latex is blown off the bottom  of a rounded

Courtesy o f Dewey a n d  A lm y  Chemical Co.
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tip . Clogging is claimed to be avoided by this device. The 
production of inner tubes by  a spraying process is covered by 
another paten t granted to  this same investigator.

M i l l i n g  a f t e r  C o m p o u n d i n g  a n d  C o a g u l a t i n g .  De
spite the fact th a t one of the main objects of investigations 
involving latex has been to obviate th e  use of mixing mills in 
the rubber industry, the possible combination of latex com
pounding and subsequent milling of the dried latex stocks has 
not been overlooked. As pointed out by  Twiss (155), the 
latex particles retain enough of their individuality after drying 
the compounded latex so th a t the foreign particles tend to 
remain outside the globules rather th an  to  penetrate them 
uniformly. By using suitably protected latex, i t  is possible, 
according to Twiss, to  introduce very large quantities of- 
carbon black (100 per cent or more on the basis of the rubber 
present). The crumblike coagulum (113), which forms, 
resembles the spray-dried stocks discussed above in th a t it 
does not exhibit the properties of reinforced rubber upon being 
dried and vulcanized. According to  Twiss, m illing of such a  
stock for 2 or 3 m inutes suffices to distribute the carbon black 
w ithin the rubber globules so th a t reinforcement is a t  once 
manifest. Hauser (72, 74), who has also proposed a brief 
period of milling for stocks made from compounded concen
tra ted  latex, has pointed out th a t good tear resistance is n o t to 
be expected from a dried latex stock which is so heavily com
pounded th a t the latex particles are entirely covered by pig
ments.

I m p r e g n a t i o n  o f  F a b r i c

The impregnation of fabric w ith rubber by means of latex 
dipping was naturally  one of the first uses suggested for 
latex. After a few trials i t  became evident th a t, instead of 
true impregnation of the individual fibers, only a superficial
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coating was obtained. Dieterich (50) was able to show by 
means of photomicrographs th a t this was the case, while 
Hauser and Hiinemorder (76) came to  the conclusion, after 
studying microscopically the rubber left upon removal of the 
cotton with sulfuric acid, th a t even less impregnation was 
obtained with latex dipping than  w ith frictioning. The poor 
impregnation has been attribu ted  to the different electrical 
charges on the fabric and latex particles, and consequent 
coagulation on the surface of the fabric.

Although true impregnation is not obtained in this manner, 
Schidrowitz (129) is convinced th a t certain advantages are 
offered in the treatm ent of cords or fabrics w ith latex.

Courtesy o f D unlop Rubber Co.t Ltd.
F ig u r e  9. C h a ir  U p h o l s t e r e d  w it h  

C e l l u l a r  A ir  C u s h io n s  M a d e  fr o m  
L a t e x

(P a rtly  in  section to  show construction.)

Gibbons (64), using the U nited States Rubber Com pany’s 
flexing machine, has shown th a t from the standpoint of 
flexing life, latex-treated web fabric is far superior to  cord 
fabric of the same construction.

Numerous means have been tried for obtaining true impreg
nation. Biddle (26) has found th a t the use of pressure is 
advantageous, while Trowbridge (152) has passed dipped 
fabric over a porous plate w ith simultaneous application of 
vacuum to force the latex into the cords. An attractive 
m ethod of obtaining a coating of the individual fibers is th a t 
of Bongrand and Lejeune (27) which consists of applying the 
latex on the spinning frame while the fibers are in the roving 
stage. The tw ist for converting the rovings into thread is 
given after the impregnation. Although the process appears 
very promising from the theoretical standpoint, a considerable 
num ber of mechanical difficulties would have to  be overcome 
before its practical application could be assured.

Another method of obtaining impregnation, which has 
received considerable atten tion  during the past three years, is 
th a t of impregnating w ith latex to  which a w etting agent has 
been added. These w etting agents, which are polar com
pounds, are adsorbed on the latex particles and prevent the 
la tte r from being adsorbed on the surface of the fabric. I t  is 
evident th a t they influence markedly the interfacial tension 
between fabric and latex. Among those m aterials which 
have been used are sulfonated oils, sodium sulfanilate, thiourea, 
orthotoluidine, ammonium linolenate, saponin, and soluble 
salts of sulfonic acids, such as sodium isopropyl naphthalene- 
sulfonate, and sodium butyl naphthalenesulfonate w ith liquid 
alcohols (14S). Some of those suggested, although strong 
protectives against coagulation w ith pigments or dilute elec
trolytes, are valueless for obtaining true impregnation.

U s e s  f o r  a n d  P r o d u c t s  f r o m  L a t e x

The actual and potential uses for and the products from 
latex, which have been described in the literature of the past

five years, are so numerous th a t m any of them  can receive no 
mention whatever in this article. Such uses as have been 
previously discussed are given little, if any, further atten tion  in 
this section. The a ttem p t has been made to  confine the 
discussion largely to  those uses which have either received 
extensive development, offer the greatest promise, or possess 
novelty.

L a t e x  i n  T i r e  a n d  T u b e  M a n u f a c t u r e .  The latex used 
in impregnating cord fabric (Figure 7) constitutes a consider
able proportion of the to ta l am ount of latex imported into 
America (IS). The possibility of m anufacturing other parts 
of a tire (such as the tread) from latex seems to  have received 
more discussion than  actual development (34, 112, 118).

The m anufacture of inner tubes appears to be a more 
feasible proposition. The fact th a t latex inner tubes were 
m arketed in small quantities by  one of the large American 
rubber companies as early as 1928 gives indication of the 
commercial possibilities of such a process. The possible 
manufacture of tubes by electrodeposition has been exten
sively investigated by another company. The literature 
indicates, furthermore, th a t two of the other large rubber 
companies in this country have been interested in the pos
sibilities inherent in  latex inner tubes (67, 127). I t  seems, 
therefore, th a t the use of latex in the m anufacture of inner 
tubes m ight be considerable, were it  no t for the fact that 
latex (with its high cost of transportation) is placed a t a 
decided disadvantage by the low cost of rubber.

O t h e r  L a t e x  P r o d u c t s  f o r  A u t o m o b i l e  I n d u s t r y .  
Other latex products which are of particular in terest to the 
automobile industry, and which have been developed beyond 
the experimental stage, include latex-bonded brake and clutch 
linings (14)■ According to  W escott’s p a ten t (166), they are 
m anufactured from latex and asbestos fiber. (See Figure 8.)

Recent reports indicate th a t latex has invaded the field of 
automobile m anufacture even further. I t  is now being 
utilized in the production of the sponge-rubber seats used in 
certain English cars (8). The rubber base for the mohair 
upholstering used in some automobiles is now also made from 
latex.

C e m e n t s ,  A d h e s i v e s ,  a n d  S e a l i n g  C o m p o u n d s .  One of 
the largest uses for latex a t  the present tim e is in the manu
facture of adhesives and sealing compounds. Practically all 
the sealing compounds are used in the sealing of cans. The 
merits of such compounds have been fully discussed by 
H auser (71). According to  Cord (42), sealing compounds 
m ay be made by adding fillers such as kaolin, talc, asbestos, or 
barium  sulfate to the latex. The American Can Company (1) 
has used a thickener such as sodium alginate in conjunction 
with fillers such as aluminum oxide. Dewey (48) has 
vulcanized latex, added bentonite clay, and used the products 
as a sealing compound. Egan and McGowan (59) have found 
th a t mixtures of latex and solid peptized fillers are satis
factory. Aluminum oxide, when mixed w ith sodium silicate, 
is said by them  to be a  suitable filler.

The use of latex in the shoe industry  has grown so rapidly 
in the past five years th a t a t  the present tim e latex cements 
are available for every cementing operation. I t  is said (10) 
th a t over tw enty different types of cements are used for such 
operations as fitting and stitching, lasting, making, packing, 
wood-heel building, welting, heel building, and applying sole 
leather. Sutton (145) has sta ted  th a t the best method of 
attaching shoe soles is by  using latex in  conjunction with a 
self-vulcanizing rubber cement. The leather is given a coat of 
latex and, when dry, a coat of rubber cement. After the 
joint has been made, the vulcanizing agents migrate from the 
cement and vulcanize the latex. I t  is claimed th a t a per
m anent joint, unaffected by the weather, is obtained. Still 
another method is advocated by Cavanaugh (37) who applies
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latex to  the surfaces and unites them  with pressure after dry
ing. This m ethod is said to be especially applicable for 
attaching shoe heels. M any of the shoe cements in use today 
contain thickeners, such as bentonite clay, and tack  pro
ducers such as resins and pitches.

One of the processes, recently developed for attaching 
rubber to metal, calls for the use of a latex-protein cement. 
Wescott (165) found th a t a  mixture containing 50 parts of 
rubber in the form of latex, 40 parts of hemoglobin or certain 
other proteins, and 10 parts of vulcanizing agents would cause 
satisfactory adhesion. Levin (100) used formaldehyde to 
harden a cement of latex and albumen, and applied heat to 
effect coagulation of the albumen and make the bond. Car
son (36) has also m ade cements of latex, hemoglobin, tanning 
material, and vulcanizing agents. The usual procedure for 
applying is to  coat the m etal w ith a layer of cement, dry, bake 
a t a tem perature considerably above 100° C., and apply a coat 
of rubber cement and then the rubber stock. The bond is 
completed during the cure. Cements of this sort have been 
used for attaching rubber wringer rolls to the m etal shafts and 
in rubber-m etal autom otive parts.

Revertex particularly has found considerable use as a water
proofing cement in the textile industry  (111). Two layers of 
cloth are bound and waterproofed by an intervening layer of 
Revertex applied by  spreading. In  some cases penetration 
catalysts such as have been mentioned in the discussion of the 
impregnation of fabric are used. The rubber layer is cured by 
passing the plied m aterial through strongly heated calenders. 
Similar cements are being used in applying a backing to 
artificial l e a t h e r  or 
rayon.

Cements made from 
la te x  h a v e  f o u n d  
n u m e ro u s  o th e r  
applications. A mix
ture of latex and ben
tonite clay has been 
on th e  m a r k e t  f o r  
some tim e as an  ad
hesive for attaching 
paper labels to tinned 
c o n ta in e r s ;  while 
D ry S e a l ,  a la te x  
a d h e s iv e  for enve
lopes, is claimed to  be 
e c o n o m ic a l and to 
retain its adhesiveness 
for five years if kept 
free  f ro m  d u s t  (6).
M a th e y  a n d  a lso  
Johnson and Johnson 
(89) have proposed to 
make an a d h e s iv e  
from latex by  succes
sive c r e a m in g  with 
gum tragacanth and 
addition of formalde
hyde and sodium sili
cate. Biddle (25) has proposed to make adhesives from latex, 
casein, and sodium silicate; from latex, tapioca meal, and lime; 
and from latex, casein or albumen, and an  “ insolubilizing” 
agent, such as an alkaline earth  hydroxide. Reitz (123) pre
pared an adhesive from latex by treating  i t  w ith the vapors of 
an aldehyde, while W hittelsey (168) has added rubber 
solvents to  latex in the presence of an emulsifying agent. 
Similarly, T raube (151) used a rubber solvent in the presence 
of gall or gall-containing materials.

P o r o u s -  a n d  S p o n g e - R u b b e r  P r o d u c t s .  A s  early as 1914, 
Schidrowitz and Goldsbrough (ISO) found that, by vulcaniz

ing coagulated latex in steam, a porous product was obtained. 
They also formed a product which contained both macroscopic 
and microscopic pores, by adding carbonates to the latex prior 
to coagulating w ith acetic acid.

A more recent b u t somewhat similar process is the one 
developed by Beckmann. I t  consists of coagulating or gelling 
latex and curing in steam  or m oist vapor so th a t syneresis 
does not take place. In  this way the network structure of the 
gel is retained.

Several agents for gelling latex have been found. Among 
them  m ay be m entioned magnesium sulfate, calcium chloride, 
zinc sulfate, alum, ferric chloride, manganese salts, sulfur 
dioxide, and gaseous and liquid acids (21). In  order to  pre
ven t local coagulation, to  delay setting, and to yield a firmer 
gel, casein, blood albumin, hemoglobin, and other protective 
colloids are used (23). M aterials which are capable of being 
coagulated to form hydrophilic gels m ay also be added. For 
example, silicic acid, tannic acid, aluminum hydroxide, 
colloidal ferric oxide, and hemoglobin have been mentioned
(93). The gels m ay be toughened by exposure to sulfur di
oxide or volatile acids.

The porous m aterial obtained by this process possesses 
unique properties (2J)). I t  has been estim ated th a t, in the 
case of a porous rubber containing 40 per cent of rubber by 
volume, some 500,000 pores occur in each square centim eter 
of surface, and th a t the  average diam eter of the pores is
0.0004 mm. The porosity of the cured rubber is controlled 
by the dilution of the latex. I t  has been found possible to 
make products with from 15 to  85 per cent of their volume as

voids.
Both soft and hard 

rubber a r t i c l e s  a re  
made. As far as the 
writers can ascertain, 
the largest use is for 
s t o r a g e  b a t t e r y  
separators, where the 
c h e m ic a l  resistance 
of the h a r d  r u b b e r  
and the low electrical 
r e s i s t a n c e  of th e  
highly porous m ate
rial are of advantage. 
B a t t e r y  separators 
are now made from 
latex in Germany and 
in England. I t  is un
d e r s to o d  th a t  they 
a r e  b e in g  e x p e r i 
m ented w ith by sev
eral of the le a d in g  
b a t t e r y  m a n u f a c 
turers in this country.

A m o n g  th e  other 
p r o d u c ts  m a d e  of 
th is m aterial m ay be 
m e n tio n e d  filters, 
bath  m ats, and oil- 

bearing wicks.
A recent development in the field of sponge rubber products 

made from latex is th a t of the Dunlop Rubber Com pany 
(56a). In  this process a frothing agent such as soap and a 
gelling agent such as sodium silicofluoride are added to 
concentrated or thickened latex. The mixture is beaten 
into a froth with a  mechanical beater and poured into a 
mold of the desired shape. I t  is then allowed to gel a t  room 
tem perature prior to  drying or is simultaneously gelled and 
dried by heating in the open air a t  95° C. If desired the 
product obtained m ay be given a  further vulcanizing by

F i g u r e  10. P o u r i n g  C o m p o u n d e d  L a t e x  F r o t h  i n t o  M o l d s  d u r i n g  
M a n u f a c t u r e  o f  C e l l u l a r  A i r  C u s h i o n s
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h e a t in g  in s te a m . The 
m aterial o b ta in e d  differs 
f ro m  t h a t  m a d e  by the 
Beckmann method in hav
ing its structure composed 
of closed cells in s te a d  of 
having a network structure.

Several practical appli
cations have been found for 
the m aterial made by this 
process. As illustrated by 
Figures 9 to 12, it is used 
for a u to m o b ile  cushions 
a n d  f u r n i t u r e  u p h o l
stery.

L a t e x  i n  t h e  I n s u l a 
t i o n  I n d u s t r y .  Although 
the use of whole latex in 
the m anufacture of electri
cal insulating m aterial has , 
been p a t e n te d ,  the most 
significant d e v e lo p m e n t  
involves the use of depro- 
te in iz e d  latex. N u t t a l l  
(114) s t a t e s  t h a t  in the 
case of hard r u b b e r  the 
breakdown voltage can be 
increased 300 to 400 per cent by an initial treatm ent of the 
latex with caustic soda to destroy the proteins present. His 
assumption is th a t the proteins, when present, tend to prevent 
th a t maximum polymerization during vulcanization which is 
desirable for a good dielectric material. According to Kemp
(94) Paragutta, the remarkable new insulating m aterial for 
submarine cables, etc., contains a certain portion of depro- 
teinized rubber. The best deproteinized rubber can be made 
from latex, the nitrogen content of the rubber produced being 
less than  0.1 per cent. The method of K. D .P ., L td., (92) 
for improving the insulating properties is to remove the serum 
constituents from the latex by dialysis, while th a t of Sheppard 
and Beal (136) is to  wash thoroughly rubber deposited from 
latex.

L a t e x  i n  t h e  S h o e  a n d  L e a t h e r  I n d u s t r i e s .  Although 
the most thoroughly developed application of latex in the shoe 
industry is undoubtedly as latex cement, the possibilities of 
additional uses are numerous. Composition soles m ay be 
made (161),by using latex either with felt, w ith long cotton 
fiber, w ith tire scrap, or w ith silicon carbide or other abrasive 
substances. Darex soles, which are made of felt and com
pounded latex, are said not to m ark floor surfaces, to  be w ater
proof, and to be free from a tendency to spread. According 
to  the process described by van der Schuyt (135), sole crepe 
m ay be made by  spraying latex from a series of small jets 
upon a conveyor. To the uniform layer obtained, cork, 
leather, felt, or.other nonskid m aterial m ay be added mechani
cally. A m aterial which consists of cotton fiber treated 
w ith latex is specially prepared for insoles, middle soles, etc. 
This material, which is m arketed under the nam e of “Laflex,” 
is also m anufactured in the form of cutting blocks to  replace 
the wooden cutting blocks of the shoe and other industries. 
According to other suggestions having to  do w ith the shoe 
industry, latex m ay be used in the m anufacture of heels and 
linings, and even in the production of shoe laces (11S, 131,131).

In  connection w ith the leather industry in general, i t  has 
been sta ted  (29) th a t a two-color effect m ay be produced on 
leather by  applying compounded latex to the depressions in 
the leather after embossing. A proposed compound for 
finishing leather also contains latex (138).

The use of latex in the m anufacture of artificial leather or

substitutes for leather has 
been given considerable at
tention. W hen Schidrowitz 
v is i te d  t h i s  c o u n t r y  in 
1928, he e x h ib i te d  many 
a r t i c l e s  m a d e  from arti
ficial leather of this ty p e .  
In  c o m p o s i t io n s  of this 
kind, the latex is u s u a lly  
either mixed with stiffening 
a g e n ts ,  such as casein or 
cellulose xanthate, or used 
as a b in d e r  for such ma
terials as leather scraps or 
pulped rabbit skins (176’). 
Im itation leather m ay also 
be made from cloth or paper 
and latex.

L a t e x  i n  P a i n t  M a n u 
f a c t u r e .  A latex-bitumen 
composition, which can be 
diluted and used as a paint, 
was sh o w n  a t  th e  P u b lic  
Works Exhibition in London 
in November, 1931 (151). 
Furtherm ore, it is u n d e r 
stood th a t experiments with 

pain t containing latex have been in progress in the Middle 
E ast for some time.

Recent patents covering latex as an ingredient of paint have 
been issued to Ayres (19), Hopkinson and Teague (35), 
T raube (151), and others. Latex has been suggested as the 
base for certain paints, whereas w ith others i t  is merely one of 
the ingredients added to  some other base material. The 
pain t vehicle of Traube is a  gel obtained from latex, a gall 
solution, and an organic solvent, such as turpentine.

L a t e x  i n  P a p e r  a n d  R a y o n  I n d u s t r i e s .  The paper 
industry was one of the first to be invaded by latex. The 
K aye process for the m anufacture of paper was discussed in 
the literature as early as 1922. In  this process the latex 
used as a binder im parts to the paper exceptional resistance to 
breaking, tearing, and folding. According to  Hauser (71), 
this process has not fulfilled its early promise, since the product 
soon loses its superiority on aging. He states th a t paper made 
w ith vulcanized latex should have a greater capacity for 
w ithstanding aging. According to recent patents issued to 
Kaye, Ross-W right, Ruderm an, and others (179), latex is of 
value not only as an ingredient to  be mixed w ith the paper 
pulp in m anufacture, b u t also as a constituent of compositions 
for the sizing, waterproofing, and greaseproofing of the paper 
sheets. I t  is understood th a t considerable latex is being 
used by one of the largest paper companies in America.

The possibility of incorporating latex w ith viscose or similar 
materials in the m anufacture of artificial silks has been 
discussed by D reaper and by  Iwasaki and M asuda (52). 
Experiments carried out in Japan  indicate th a t a small 
am ount of latex in viscose will increase the strength of the 
spun thread, whereas a larger quan tity  will result in de
creased strength and a milky-white color.

L a t e x  i n  M a n u f a c t u r e  o f  C a r p e t s ,  R u g s ,  a n d  R u b b e r  
F l o o r i n g .  A nother development of considerable interest 
involves the use of latex in  the m anufacture of rugs and 
carpets. According to  a recent discussion of this process (11), 
the object of the trea tm en t of the back of cut-pile carpeting 
w ith latex is to  penetrate the structure of the back of the 
goods and embed the loop of the pile yarn  securely in a rubber 
bond. The latex treatm ent also coats the back of the carpet
ing w ith a layer of rubber which prevents slipping. I t  is said

Courtesy o f D unlop Rubber Co., Ltd.
F ig u r e  11. R e m o v in g  C e l l u l a r  S p o n g e  R u b b e r  fr o m  

M o ld s  a f t e r  G e l a t io n  a n d  V u l c a n iz a t io n  o f  L a t e x  
C o m p o s it io n
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th a t this type of carpeting possesses another unusual advan
tage, in th a t rugs of any size and shape can be built up from a 
dealer’s stock of one width, since the cut edge will not ravel. 
Furtherm ore, the properties are such th a t damaged portions 
of a rug can be cut out and replaced readily w ithout m arring 
the general appearance. In  a similar connection, Fisher (61) 
reports th a t latex-impregnated animal hair is being used for 
stair treads. Even in cases where latex has played no role in 
the original manufacture, compositions containing this m aterial 
may still be of service in producing a nonslipping rug. Appli
cation to the back of the rug m ay be by  brush or spray-gun
W ) .

The use of latex in the m anufacture of rubber flooring has 
been the object of some investigation. Although the produc
tion of latex mixtures which can be applied in a paste form in 
manufacturing the completed floor has been discussed, the 
actual developments in the use of latex appear to  have been 
more closely along the lines of the usual rubber flooring. 
According to  the suggestions (ISO) in the literature, latex may 
be used either w ith sand or sawdust to make flooring blocks; 
with asbestos, clay, or wood in a flooring composition; or as 
the top layer of a flooring having a  fibrous base. I t  is further 
reported th a t a recent development has made possible the 
manufacture of rubber flooring and m ats from Revertex and 
ground scrap rubber (124).

Latex appears also to have distinct possibilities as a binding 
material for the more conventional forms of rubber flooring—
i. e., those made from compounded crude rubber. According 
to a recent statem ent (7), a satisfactory m ethod of attaching 
rubber flooring to  a base, such as wood or concrete, is to  coat 
the base w ith properly stabilized latex, allow the la tte r to  dry, 
and then trea t w ith naphtha before applying the flooring. 
Beckmann (22) has gone one step further by proposing to coat 
the underside of the rubber flooring first w ith a layer of 
sponge rubber (made from latex), the function of the spongy 
layer being to aid in the attachm ent of the flooring to the 
base when using glue or other binding agents.

P r o d u c t s  o f  E l e c t r o d e p o s i t i o n  P r o c e s s .  The num ber 
of articles m anufactured entirely or in p art by the electro
deposition process is rather large (80, 168). Among these 
may be mentioned various types of tubing; electricians’ 
gloves; surgeons’ gloves; gloves for use w ith corrosive 
liquids; and m any 
rubber-coated arti
cles su c h  as door 
handles, telephone 
receivers, in s p e c -  
t io n - la m p  c a s e s , 
p lie rs , filter-press 
p la te s ,  fan blades, 
co n o id a l fans for 
handling corrosive 
fumes, s p in n e r e t  
tubes for the rayon 
industry, screens for 
c o rro s iv e  liquids, 
racks for electroplat
ing, dipping baskets, 
and in t r i c a te ly  
shaped articles. I t  
will be a p p a r e n t  
from the p r e v io u s  
discussion of elec
trodeposition t h a t  
this process is pecu
liarly suitable for the 
M a n u fa c tu re  of 
Many of these arti
cles. (See Figure 6.)

V u l c a n i z e d  L a t e x  a n d  I t s  U s e s .  The vulcanization of 
latex by the so-called Vultex process was developed by Schid- 
rowitz a num ber of years ago. By this process there is ob
tained a vulcanization of the dispersed rubber globules of the 
latex w ithout appreciable alteration in the colloidal condition 
of the system. The possible methods of application of Vultex 
are consequently about as extensive as those of ordinary latex. 
M anufacture is usually simpler when Vultex is used, however, 
since drying (without vulcanization) suffices to complete an 
article, once it has been formed to shape. A further advantage 
in  the use of vulcanized latex is th a t it can be employed with 
fine fabrics and w ith m any dyes and pigments which would be 
destroyed by the heat employed during vulcanization.

The more recent developments in connection w ith the 
process of vulcanizing latex have had to do largely with 
modifications in the accelerator and in the form of sulfur used, 
and w ith applications of the process to concentrated latex (28, 
184). Ultra-accelerators which have been recommended 
for vulcanizing latex include tetram ethylthiuram  disulfide, 
piperidinium pentamethylenedithiocarbamate, and salts of 
thiol acids. Sulfur m ay be added not only in the sublimed, 
precipitated, or cqlloidal'form, b u t also as polysulfides, or even 
as the hydride. Twiss (165) states th a t, despite repeated 
expressions to the contrary, it is impossible to vulcanize latex 
by the action of sulfur dioxide and hydrogen sulfide by a 
m ethod similar to  th a t of the Peachey process. His explana
tion is th a t the nascent sulfur is formed in the w ater phase and 
leaves the rubber globules unaffected.

According to  the recent literature (40,141,161), Vultex is of 
use in the m anufacture of nonslipping rugs, hospital sheeting, 
im itation leather, impregnated fabrics (which are w ater
proofed, improved in resistance to  wear, and prevented from 
raveling), rubber soles, golf balls, electrical insulation, dental 
rubber, latex cements, meteorological balloons, and various 
forms of dipped goods (such as surgeons’ gloves, fountain-pen 
ink sacs, toy  balloons, and druggists’ sundries). A develop
m ent still in the experimental stage is th a t of th e  m anufacture 
of inner tubes from vulcanized latex.

M i s c e l l a n e o u s  P r o d u c t s  f r o m  L a t e x .  In  addition to 
the previously described use of latex in can-sealing, this ma
terial m ay be of service in the m anufacture of other products 
used in sealing containers. Thus latex has been suggested
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facturing operations in general, there are a  num ber of prod
ucts in the making of which latex m ay be used. Abrasive 
wheels and other abrasive articles, driving belts, pack
ings, gaskets, and rubber-impregnated ropes are examples 
(79). The use of the serum from latex as a binder for finely 
divided molding material, such as sand, is said to  be advan
tageous.

Chewing-gum base is a m aterial which is now being made 
from latex, hydrogenated oils, and certain other ingredients 
(146). In  this process the latex and other ingredients are 
continuously agitated while being heated to  expel the water. 
This latex base has been found to be of particular value in the 
production of the so-called bubble gum, which has gained 
considerable popularity with children.

The prevailing low price of rubber has further stim ulated 
interest in rubber roadways. A paving of rubber which 
could be applied in the same m anner as is asphalt would 
appear to be a  very interesting type. According to  the recent 
literature, such pavings are being investigated in America, 
and have been tried on an experimental scale in Singapore 
(15). Somewhat similar to  the use of latex in paving is its 
suggested use in compositions for covering athletic grounds 
and for filling expansion joints (48).

Patents covering the m anufacture of transparent rubber 
articles indicate th a t latex constitutes a desirable raw m aterial 
for the purpose (5). The use of ultra-accelerators perm its of 
vulcanization a t  a low tem perature. Furtherm ore, u ltra- 
accelerators, which are of the zinc salt type and which there
fore obviate the necessity for adding zinc oxide, can be 
used. (Excess zinc oxide is deleterious to transparency.) 
An added advantage of latex is th a t, if desired, i t  can be 
dialyzed before use to remove p art of the colored serum sub
stances.

F urther indication of the broad possibilities of latex as a 
raw material is contained in the references to  its use or sug
gested use in diverse fields (175). Thus, Liesegang has

employed latex in the production of certain emulsions in the 
photographic industry. Latex makes its contribution to 
music in the form of rubber-impregnated wood for violin 
manufacture, and to  medicine as an anatom ical injection 
fluid and as a raw m aterial for the m anufacture of radium 
applicators. Book binding with latex is feasible, according to 
Grammer. T h a t latex m ay even be of service as a lubricant, 
when mixed w ith petrolatum , is indicated by preliminary 
experiments conducted by the Rubber Growers’ Associa
tion.

In  conclusion, attention  should be called to  the manner in 
which latex has been invading some of the newer industries 
(175). In  connection with the aviation industry, for instance, 
porous ebonite (made from latex) m ay be used in the manu
facture of light rubber board for airplanes. The Trans-Lux 
D aylight Picture Screen Corporation has been granted a 
paten t for the production of a projection screen by spraying a 
latex composition upon a suitable fabric base. The ideal gas 
m ask of the future will, according to  Barker, have its rubber 
parts m anufactured from latex. The radio industry also now 
has an opportunity  to  take advantage of this useful material, 
since a process for the m anufacture of latex-impregnated dia
phragms for loud speakers has been patented  by Fagan. Per
haps the m ost interesting feature of all is the fact that 
America’s newest large-scale industry—the manufacture of 
dirigibles— has placed reliance on latex (35). The precious 
helium of the U. S. S. Akron is retained by fabrics of very low 
permeability, in the preparation of p art of which latex was one 
of the m aterials used. Although latex was off to  a  late start 
industrially, i t  is certainly now keeping up with the times.
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Isolation of Symmetrical Xylenol from 
Crude-Tar Acids

E. B. K e s t e r , Pittsburgh Experiment Station, U. S. Bureau of Mines, Pittsburgh, Pa.

SY M M ETR IC A L xylenol is a compound not a t  present 
m arketed in this country although it occurs in 
considerable quantities in both low- and high-tempera- 

ture coal tars. I t  is easily isolated and purified and hence 
might become readily available if i t  w'ere found to have 
industrial usefulness. I t  should be of particular in terest to 
the synthetic-resin industry because of the two meta-alkyl 
substitutions. The compound is a white crystalline sub
stance melting a t  63-64° C. and boiling a t  220.2 ° C. under a 
pressure of 760 mm. W hen pure i t  M il remain perfectly white 
for long periods. I t  enters readily into most of the reactions 
characteristic of phenols.

To separate i t  from the ta r  acids, three m ethods are avail
able th a t m ay be used singly or in combinations of the first 
with the second or third.

S e p a r a t i o n  o f  X y l e n o l  f r o m  T a r  A c i d s

The first and simplest m ethod consists in merely fractionat
ing the acids carefully under a column and crystallizing the 
217-222° C. cut from petroleum ether. A tem perature 
several degrees below 0° C. is necessary for the best yields. 
This method, however, can be used only on ta r  acids th a t are 
relatively rich in the compound, as the solubility of the 
symm etrical xylenol in petroleum hydrocarbons, even a t  low 
tem peratures, is greatly increased by  the presence of other 
phenols.

If the acid fraction is not rich in the compound, as evidenced 
by its refusing to  crystallize when chilled either by itself or in 
petroleum ether solution, or if i t  is desired to  recover addi
tional quantities after recrystallization of the fraction from 
petroleum ether, use m ay be made of the insolubility of its 
sodium salt. The crude fraction is shaken w ith an equivalent 
of 25 per cent caustic soda. On cooling (-which should be 
gradual for the formation of filterable crystals), a heavy crop 
of the sodium salt of symmetrical xylenol precipitates, which 
is further increased to  almost quantitative proportions by

chilling the mass in an ice-salt m ixture. The solid material is 
filtered and washed w ith 25 per cent caustic, which renders it 
alm ost pure white. The sodium salt is not oxidized easily by 
the air, is nonhygroscopic and nondeliquescent. If desired, 
it m ay be purified by recrystallization from water to which a 
small am ount of caustic has been added, or from acetone. 
The crude material, however, will yield symmetrical xylenol 
in a fair degree of purity  by merely dissolving it  in water, and 
“springing” with mineral acid. A single recrystallization 
then from petroleum ether completely purifies it.

Still another means by  which symm etrical xylenol can be 
recovered from mixtures of the proper boiling point involves a 
modification of the m ethod of Bruckner (3) which makes use 
of the resistance of this compound to  sulfonation and the rela
tive ease of cleavage of its sulfonic acid.

The fraction is heated 2 to  3 hours a t  103-105° C. with an 
equal weight of concentrated sulfuric acid. This treatment 
sulfonates the interfering phenols b u t affects only a portion 
of the symm etrical xylenol which is restored in the next opera
tion. The charge is diluted w ith four volumes of water, re
fluxed one hour, and extracted repeatedly w ith ether. The 
ether solution is washed once or twice w ith w'ater and distilled 
to  dryness, the xylenol cu t being taken when the ther
mometer sta rts  to  rise rapidly.

As an alternative to  the ether extraction, the diluted sul
fonation mixture m ay be steam -distilled to  remove the sym
metrical xylenol. Care m ust be taken in this case that the 
dilute sulfuric solution does not concentrate, as it is easily 
possible to  reach a cleavage point of some of the sulfonic acids 
of other phenols in solution. The resulting material by 
either method is reasonably pure symm etrical xylenol that 
will crystallize when chilled. I t  m ay be purified to a melting 
point of 63.2° C. by  recrystallizing out of petroleum ether. 
This is the highest melting point obtained by this laboratory, 
although 64°, 64.5°, and 68° C. have been reported.

The sulfonation method, like tjie soda method, may be used 
subsequently to the straight-crystallization method to aug
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ment the initial yield if the petroleum ether is first distilled off. 
Of the two, the soda m ethod is productive of somewhat 
better yields.

The following are the more im portant literature references 
dealing with symmetrical xylenol and its derivatives.
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Toxic Action of Coal-Tar Creosote
With Special Reference to the Existence of a Barren Nontoxic Oil

H e n r y  S c h m i t z  a n d  S t a n l e y  B u c k m a n  

Department of Agriculture, University of Minnesota, University Farm, St. Paul, Minn.

SEVERAL years ago Bate
man (1, 2) p r o p o s e d  a 
theory of the mechanism 

of the toxic a c t io n  of coal- 
ta r  creosote. According to this 
theory, coal-tar c r e o s o te  con
sists of two groups of com
pounds: one is sufficiently solu
ble in water to  render the w ater 
toxic; the other is comparatively 
insoluble and hence nontoxic.
The toxic c o m p o u n d s , how
ever, are far more s o lu b le  in 
the nontoxic compounds than 
they are in water. To th a t degree the nontoxic compounds 
act as a reservoir for the toxic compounds and feed them 
slowly to the water. The distribution of the toxic compounds 
in the nontoxic compounds and in the w ater depends upon the 
relative solubility of these toxic compounds in the nontoxic 
compounds and in water, and upon the quan tity  of each 
present.

This theory is based largely on the fact th a t it was possible 
to obtain, by treating the 285-410° C. fraction of a  high- 
boiling coal-tar creosote alternately with acid and alkali, a 
bright clear oil which failed to kill the test fungus Fomes 
annosus, even in  a 20 per cent concentration. I t  is claimed 
th a t the fact th a t an oil of such a nature can be obtained from 
coal-tar creosote shows conclusively th a t there is in coal-tar 
creosote a nontoxic or barren oil.

More recently this theory of the mechaqism of the action 
of coal-tar creosote as a  wood preservative was further 
developed (3 ) to explain the relationship between the toxicity 
and permanence of coal-tar creosote and the am ount injected.

The im p l ic a t io n s  of such a 
relationship, e s p e c ia l ly  be
c a u se  of the a s s u m p tio n  
th a t the toxic properties of 
coal-tar creosote are largely 
confined to the portion dis
tilling below 270° C., are far- 
reaching.

A review of the literature on 
the subject shows th a t there 
is considerable disagreement 
among workers in the field 
on the existence in coal-tar 
creosote of a barren oil.

Nowotny (8) seems willing 
to accept not only B atem an’s 
hypothesis as such, bu t all its 
implications. He explains the 

inability of other investigators to obtain a nontoxic material 
from coal-tar creosote, through the removal of ta r  acids and 
bases, by assuming th a t the removal of these substances was 
not complete. However, Nowotny himself submits no 
experimental evidence in support of his views. H e further 
seems to believe th a t ta r  bases, owing to  their lim ited solu

bility, m ay play an important 
p a rt in prolonging the toxicity 
of coal-tar creosote.

Moll (7), on the other hand, 
d o e s  n o t  b e l ie v e  t h a t  the 
barren oil theory fully explains 
the to x ic  a c t io n  of c o a l- ta r  
c r e o s o te .  He believes it to 
be quite possible th a t the so- 
called barren oil was not un
changed in the process of its 
preparation. A ttention is also 
called to  the fact th a t little is 
known concerning the nature 

of these oils or the effects of condensation, polymeriza
tion, or oxidation on their toxicity. Moll, like Nowotny, 
gives no experimental d a ta  in support of his conclu
sions.

D ehnst (6) has recently published some results of a study of 
the toxic properties of coal-tar creosote th a t are apparently 
contradictory to  those obtained by Batem an. Dehnst 
believes the observed differences to  be due to  the use of a 
different test fungus. Despite the fact th a t Fomes annosus 
m ay differ greatly from Coniophora cerebella in its tolerance 
towards various toxic substances, this m ay no t be the most 
im portant cause for the m arked differences in the results ob
tained. D ehnst claims to have followed the methods pro
posed by Batem an for the preparation of the barren oil. 
Although Batem an is somewhat ambiguous in his statements 
of how the barren oil was actually prepared, a careful study 
of D ehnst’s paper shows clearly th a t B atem an’s methods were 
not followed even in so far as they were clear. L ittle would be 
gained by  comparing the results of these two workers. Suffice 
it to  say th a t D ehnst concludes the toxicity of coal-tar 
creosote towards Coniophora cerebella is not greatly changed 
by the removal of the ta r  acids, ta r  bases, naphthalene, raw 
anthracene, the oils boiling below 285° C., and the water- 
soluble products.

Because of the fact th a t so much im portance, direct and 
implied, is now attached to  the presence or absence in coal- 
ta r  creosote of a  non toxic or barren oil, i t  appeared desirable to 
obtain additional inform ation concerning the existence in 
coal-tar creosote of such an oil.

A sample of coal-tar creosote was therefore separated into 
several fractions. These were treated  in approximately the 
m anner described by Batem an in his work on barren oil. 
The toxicity to  wood-destroying fungi of these fractions be
fore and after treatm ent was determined by means of standard 
toximetric tests.

In  the following discussion is included a detailed descrip
tion of these experiments and of the results obtained from 
them.

M a t e r i a l s  U s e d

The sample of coal-tar creosote used in  this study had the 
following characteristics:

In  coal-tar creosote, there are substances varying 
greatly in their toxicity to wood-destroying fungi. 
Although there may be certain substances in 
coal-tar creosote which are essentially nontoxic, 
the presence of large amounts of nontoxic sub
stances has not yet been demonstrated.

So-called barren oil cannot properly be con
sidered as nontoxic to wood-destroying fungi. 
Although• high concentrations of barren oil do 
not completely inhibit their growth, even rela
tively small amounts exert marked toxic effects.

F i g u r e  1. R a d i a l  G r o w t h  
o f  Fomes annosus a n d  
Trameles serialis o n  N u 
t r i e n t  M a l t  A g a r
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Specific g rav ity  a t 
F lu id ity  a t  38 C.

a t  38° C.

Sulfonation residue (fraction 300-360° C.), % 
BenzoMnwoIublo, whole creoaote, %
W ater content
T a r acids (fractions up  to  300° C .), %

1 . 0 6 3
Liquid
0 .8
0 . 0 9
None
0.2

F R A C T IO N A L  D IS T IL L A T IO N

F r a c t i o n a l  R a n g e  
° C.
0-170 

170-200 
200-210 
210-235 
235-245 
245-270 
270-285 
285-300 
300-315 
315-360 
Residue

Loss

W e i g h t  o f  D i s t i l l a t e  
Grams

1.24 
6 .69  
7 .02  

19.53 
9 .05  
S .00 
6 .79  

18.27 
23.04 

0 .37

A m o u n t  D i s t i l l i n g  b e l o w : 

° C.
200
210
235
270
285

T o tal 1 0 0 . 0 0

G r a m s  o f  1 0 0 - G r a m  S a m p l e

None
1 . 2 4
7 . 9 3

3 4 . 4 8
4 3 . 5 3

from the liquid by filtering and was discarded. Toxicity tests 
of the filtrate were subsequently made.

I t  is not intended to imply th a t these lowered tem peratures 
resulted in a complete separation of solids. F urther cooling 
undoubtedly would have yielded additional precipitate.

M e t h o d  o f  S e p a r a t i n g  C o a l - T a r  C r e o s o t e  S a m p l e  
i n t o  V a r i o u s  C o m p o n e n t s .  The coal-tar creosote was 
first separated into three fractions by distillation in a Hempel 
flask of 500 cc. capacity. The angle between the neck of the 
flask and the vapor tube was 75°; the point of attachm ent of 
the vapor tube was 77 mm. below the m outh of the flask; the 
total height of the neck was 146 mm. One fraction consisted 
of th a t portion of the oil distilling below 285° C .  (no tem 
perature correction was made for the emergent stem of the 
thermometer); one fraction included th a t portion of the oil 
distilling between 285° and 350° C . ;  and the th ird  fraction 
consisted of the residue remaining in the distilling flask a t 
350° C.

The fraction of the oil distilling below 285° C. was alternately 
washed for 3-hour periods with 450 cc. of 30 per cent sulfuric 
acid solution in water, and with a 15 per cent sodium hydroxide- 
water solution. The flask containing the oil and the extracting 
solution was placed in a boiling water bath. A reflux condenser 
was attached to the flask. The oil and extracting solution were 
continuously agitated by bubbling air through the liquid. After 
ten washes (five with acid and five with alkali) the oil was dried 
and redistilled. T hat portion of the oil not distilling below 
285° C. was discarded. A clear yellowish oil was thus obtained. 
On chilling this oil, a white crystalline precipitate was formed 
(probably largely naphthalene) which was separated from the 
oil and tested for toxicity. A sample of the oily liquid after 
the removal of the solid was also set aside for toxicity tests.

The remainder of the oil distilling below 285° C. was extracted 
five more times, alternately with acid and alkali for 3-hour 
periods as above described. The oil was again dried and re
distilled. Three hundred cubic centimeters of methanol, in 
which approximately 100 grams of mercury bichloride were 
dissolved, were added to the oil, and the mixture was vigorously 
shaken. The methanol was removed through evaporation 
and the oil distilled from the mercury bichloride. During this 
distillation some of the mercury bichloride decomposed to form 
mercury and hydrogen chloride. A light yellow oil was obtained 
which was subsequently treated with metallic sodium and re
distilled. I t -was then washed thoroughly with hot distilled 
water and dried. The toxicity to wood-destroying fungi of this 
oil was determined.
. The fraction distilling between 285° and 350° C. was treated 
m an almost identical manner to that just described. The 
fraction was cooled and filtered to remove a bright yellow pre
cipitate which formed on cooling. After five washes each with 
acid and alkali, the oil was redistilled. A sample of the oil 
was retained to determine its toxicity, and the remainder alter
nately washed five more times each with acid and alkali, and 
then redistilled. After treatment with methanol and mercury 
bichloride, the oil was again distilled, and then once more dis
tilled from metallic sodium. A part of the fraction, now dis
tilled below 285° C., was retained to determine its toxicity. 
A clear bright yellow oil distilling between 285° and 350° C. was 
thus obtained, which, on being again chilled, yielded a small 
amount of yellow precipitate. This precipitate was removed

T /m e z'r? cf&ys
o ----------------- /  p er  cer,?/ cor?ce/7 Zr&//or?
o ---------------- ■Sper cer?/ cor?cer?/r<3//or?
• ---------------20p e r  cer?/ cor? cen/roZ/or?

F ig u r e  2. R a d ia l  G r o w t h  o f  Forties annosus a n d  Trameles 
serialis o n  N u t r ie n t  A g a r  C o n t a in in g  C o m p a r a t iv e l y  
L a r g e  A m o u n t s  o f  P e t r o l a t u m

The residue above 350° C. was a viscous liquid a t  room 
tem perature. This m aterial received no further treatm ent. 
I ts  toxicity to  wood-destroying fungi, however, was deter
mined.

The sample of coal-tar creosote was separated in the m anner 
described into eleven component parts as follows:

D e s i g n a t i o n M e t h o d  o f  P r e p a r a t i o n

A
B
C
D

//
I

K
L

Original oil
F raction  below 285° C.
Frac tion  betw een 285-350° C.
Residue above 350° C.

F R A C T IO N  D IS T IL L IN G  B E L O W  286° C .

B  a fte r 5 a lte rn a te  washes each w ith acid and  alkali, red is tn ., 
cooling, and  rem oval of solid

Solid rem oved from  E  th rough  cooling (p robab ly  largely 
naphthalene)

E  a fte r 5 addnl. washes each w ith acid and  alkali, red istg ., 
tre a tm en t w ith m ethanol so lution of m ercury  bichloride, 
tre a tm en t w ith m etallic  sodium , red istg ., an d  w ashing w ith 
w ater

F R A C T IO N  D IS T IL L IN G  B E T W E E N  2 8 6 -3 5 0 °  C .

Solid rem oved from  C th rough  cooling and  filtering
C a fte r cooling an d  rem oval of solid (probab ly  largely  an 

thracene)
I  a fte r 5 a lte rn a te  washings each with acid and  alkali, red istg ., 

cooling, and  rem oval of yellow pp t.
F raction  distg. below 285° C. in prepn. of J
J  a fte r 5 addnl. a lte rn a te  washings with acid and  alkali, trea tin g  

w ith m ethanol soln. of m ercury  bichloride, tre a tin g  w ith 
m etallic sodium , red istg ., washing w ith h o t w ater, chilling, 
and  rem oval of solids th u s  pp td .

For the sake of brevity  and clarity these various component 
parts of the coal-tar creosote will be referred to  in this discus- 

. sion by the designation A , B, C, etc.

M e t h o d  o f  M a k i n g  T o x i c i t y  T e s t s

The toxicity of the various com ponent parts of the coal-tar 
creosote samples was determined by  the agar plate m ethod
(ID-

The nutrient agar consisted of:

Difco bacto-agar
Trom m ers plain d iastasic  ex trac t of m alt 
D istilled w ater

15 gram s 
25 gram s 
1000 cc.

The am ount of nu trien t agar necessary to  make a definite 
concentration of preservative in agar was placed in a 250-ec.
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glass-stoppered Erlenmeyer flask and sterilized. In  the 
preparation of the concentrations below 1.0 per cent, the 
preservative was placed in sealed glass ampoules. Concentra
tions of 1.0 per cent and above were prepared volumetrically.

In  either case the toxic m aterial was added to  the nu trien t 
agar after it was sterilized. When glass ampoules were used, 
these were broken by means of sterile tongs to  liberate the 
preservative. The glass stoppers were then inserted in the

T/me /r? a'&y-s
o -------------------/  p e r  c e n f concenfr&f/on
o ------------------ S  p e r  cen f concer?/re//or?
• ----------------20p e r  cen f concen fr&f/on

F ig u r e  3. R a d ia l  G r o w t h  o f  Fomes annosus a n d  Trameles 
serialis o n  M ix t u r e s  o f  N u t r ie n t  A g a r  a n d  S u b s t a n c e  D

neck of the flasks and the contents were violently shaken to 
emulsify the mixture as completely as possible. When about 
ready to gel, the contents of each flask was poured in ap
proximately equal portions into four sterile dishes. Two 
Petri dishes were im planted with Fomes annosus and two with 
Trameles serialis. The Petri dishes were then covered with a 
bell ja r to reduce the rate  of loss of moisture and preservative, 
and incubated a t  28° C. The growth of the test fungi was 
measured and recorded from tim e to  time. If  no growth 
occurred within 14 days, the transplants were transferred back 
to  nu trient agar slants to  determine if the fungus actually had 
been killed or growth merely inhibited.

E x p e r i m e n t a l  R e s u l t s

In  order to compute the inhibiting influence of a toxic 
substance on the growth of a test fungus, i t  is necessary to 
know how rapidly the test fungus grows when not so influenced. 
The normal ra te  of growth a t  28° C. of Fomes annosus and 
Trametes serialis on nu trien t m alt agar was determined.

The growth rates of the test fungi are shown in Figure 1. 
Because of the fact th a t both test fungi grew ra ther rapidly 
on nu trient agar, it is necessary to  extend the growth curves a 
considerable distance beyond the experimental data  in order 
to  get an approxim ation of the growth in 14 days. Such an 
extension of curves involves certain  errors which in the 
present instance are considered relatively unim portant.

The toxicity to wood-destroying fungi of m any of the 
creosote ingredients was low, and hence it  was necessary to 
determine their inhibiting effects a t  high concentrations. In  
order to  determine whether p a rt of the inhibiting effect noted 
under such conditions m ight not have been due, in p a rt a t 
least, to  actual dilution of the nutrients in  the nu trien t agar, 
the effects on the growth ra te  of the test fungi of comparatively 
large am ounts of petrolatum  were studied.

In  Figure 2 is shown the growth of Fomes annosus and 
Trametes serialis in nu trien t agar containing 1, 5, and 20 per

cent petroleum. I t  is obvious th a t the addition of even 20 
per cent petrolatum  to nu trien t m alt agar did not materially 
influence the growth rate  of either Fomes annosus or Trametes 
serialis. Such differences in growth rate  as are noted are no 
greater than  m ight be expected on duplicate cultures on the 
same concentration of petrolatum  or on plain nu trien t agar. 
I t  would appear, therefore, th a t the slowing up of the growth 
rate  of the test fungi on nu trient agar containing high con
centrations of substances of low toxicity cannot be explained 
on the basis of dilution of nu trien t materials. The slowing up 
of the growth of the te s t fungi is undoubtedly due to the 
toxicity of the substances added.

In  Table I  a sum m ary of the results of the toxicity tests is 
given. In  general, the results obtained with Fomes annosus 
and Trametes serialis are quite similar. Some of the differ
ences th a t are noted are more apparent than  real. For 
example, in the case of I  i t  required a concentration of over 10 
per cent of the substance to inhibit the growth of Fomes 
annosus, whereas the growth of Trametes serialis was inhibited 
a t  a concentration of 1.0 to  2.0 per cent. On 1.0, 2.0, and 5.0 
per cent concentrations Fomes annosus grew slightly on the 
inoculum only, no growth occurring on the culture medium as 
such. If the incubation period had been lengthened, it is not 
unlikely th a t Trameles serialis m ight also have grown on these 
concentrations. In  neither case did a 20.0 per cent con
centration of substance I  kill the te s t fungus.

T a b l e  I. T o x ic it y  to  Fomes annosus a n d  Trameles serialis of
C o a l - T a r C r e o s o t e a n d  V a r io u s  

T h e r e f r o m
S u b s t a n c e s S e p a r a t e d

Fomes annosus Trámeles serialis
T o x i c Inh ib iting K illing Inh ib iting Killing

S u b s t a n c e concn. concn. concn. concn.
% % % %

A 0 .1  - 0 .2 0 .9  - 1 .0 0 .1  - 0 .2 1 .0  -2 .0
B 0 .0 2 -0 .0 4 0 .0 4 -0 .0 6 0 .0 2 -0 .0 4 0 .0 6 -0 .08
C 5 .0  -2 0 .0 A bove 20 .0 1 .0  - 5 .0 Above 20.0
D Above 2 0 .0 A bove 2 0 .0 A bove 2 0 .0 Above 20.0
E 0 .0 5 -0 .0 7 0 .0 5 -0 .0 7 0 .0 5 -0 .0 7 0 .0 7 -0 .2
F 0 .0 2 -0 .0 4 0 .0 2 -0 .0 4 0 .0 2 -0 .0 4 0 .0 2 -0 .04
G 0 .0 1 -0 .0 4 0 .0 2 -0 .0 4 0 .0 1 -0 .0 2 0 .01 -0 .02
H “ Above 5 .0 Above 5 .0 A bove 5 .0 Above 5.0
I 1 0 .0 -2 0 .0 Above 2 0 .0 1 .0  - 2 .0 Above 20.0
J A bove 2 0 .0 Above 2 0 .0 A bove 2 0 .0 Above 20.0
K “ Above 5 .0 Above 5 .0 Above 5 .0 Above 5.0
L A bove 2 0 .0 A bove 2 0 .0 A bove 2 0 .0 Above 20.0

° N o t enough of th is  substance  was availab le  to  com pletely determine 
its  toxicity .

The original coal- ta r  creosote used in this study is moderately 
toxic. A concentration of 0.1 to  0.2 per cent completely 
inhibited the growth of both  test fungi for a period of 2 
weeks. A concentration of 0.9 to  1.0 per cent killed Fomes 
annosus under the experimental conditions, and a 1.0 to 2.0 
per cent concentration was required to  kill Trametes serialis. 
This difference in toxicity tow ard the two test fungi is not as 
great as it appears. I t  happened th a t the transplants of 
Fomes annosus were killed on a 1.0 per cent concentration of 
creosote in nu trien t agar, although they were not killed on a
0.9 per cent concentration. Trametes serialis, on the other 
hand, was not found to have been killed a t  a 1.0 per cent 
concentration. The next higher concentration used was 2.0 
per cent which killed the inocula of Trametes serialis.

As expected, the fraction of the coal-tar creosote distilling 
below 285° C. was far more toxic th an  the original oil, the 
fraction distilling between 285° and 350° C., or the residue 
above 350° C.

Also, as m ight have been logically expected, the fraction 
distilling between 285° and 350° C. was somewhat more toxic 
than  the residue above 350° C.

Although a 20.0 per cent concentration of the residue above 
350° C. in nu trien t agar did not completely inhibit the growth 
of the test fungi, i t  is an overstatem ent of the observed facts to 
say th a t this residue is nontoxic to  wood-destroying fungi-
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Even a 1.0 per cent concentration of the residue above 350° C. 
exerted a marked inhibiting influence on the growth rate  of 
the test fungi. This inhibiting effect is not greatly increased 
by increasing the concentration of the residue in nutrient 
agar to  20.0 per cent.

In  Figure 3 is shown the effect of different concentrations 
of D (residue above 350° C.) in nu trient m alt agar on the 
growth rate of Fomes annosus and Trametes serialis. No 
great accuracy is claimed for these curves, b u t they are 
accurate enough for the use here made of them.

In  5 days on nu trien t agar containing 1.0 per cent of sub
stance D, Fomes annosus had an average radius of 12.5 mm.; 
on nu trien t agar containing 5.0 per cent D, the average radius 
was 11 mm.; and on nu trien t agar containing 20 per cent D, 
the average radius was 8 mm. If this growth is compared 
with th a t made by the test fungus on nu trien t agar, i t  be
comes apparent th a t the growth rate  of the test fungus 
on mixtures of nu trient agar and D was considerably reduced. 
For example, the radial growth of Fomes annosus on nu trien t 
agar containing 1.0 per cent D  was only about 23 per cent of 
the growth of the fungus on nu trien t agar. The radial growth 
of Fomes annosus on nu trient agar containing 20 per cent 
D was only about 19 per cent of the growth of the fungus 
on nutrient agar alone. In  other words, in the la tte r case the 
growth ra te  of Fomes annosus was inhibited about 81 per cent.

The growth ra te  of Trametes serialis on mixtures of nutrient 
agar and D was also m aterially reduced. On nutrien t agar 
containing 1.0 per cent D, only about 22 per cent of the normal 
growth occurred; the addition of 20 per cent D to  nutrient 
agar perm itted b u t 7 per cent of the normal growth. In  
other words, in the la tte r case the growth of Trametes serialis 
was inhibited 93 per cent.

Attention has already been called to the high toxicity of 
the fraction distilling below 285° C. (B ). W ashing this frac
tion alternately for 3-hour periods w ith 30 per cent sulfuric 
acid and a 15 per cent solution of sodium hydroxide, and 
removing a white crystalline m aterial w'hich formed on cooling, 
did not greatly change its toxicity. This substance is now' 
known as E. If  anything, toxicity of E  is slightly less than  
that of B. W hether this reduction in  toxicity was caused by 
the partial removal of ta r  acids and ta r  bases or by  the re
moval of the crystalline m aterial formed on cooling is not 
clear. N either is it clear how much emphasis should be placed 
on the differences in toxicity between E  and B; these m ay be 
at least partly  due to  experimental error.

After substance E  was again wmshed five tim es alternately 
with acid and alkali, treated  w ith a m ethanol solution of 
mercury bichloride, and distilled from metallic sodium, the 
toxicity of the resulting substance (G) seems to  be slightly 
increased over th a t of E . Here again it is not definitely knowm 
whether these differences in toxicity are significant, owing to 
experimental error, or owing to chlorination of the oil as a 
result of the decomposition of the m ercury bichloride.

I t  seems clear, however, th a t the removal from the fraction 
below' 285° C. of ta r  aids, ta r  bases, and the crystalline material 
which formed on cooling did not greatly change the toxicity 
of that fraction to  wood-destroying fungi. This statem ent 
does not mean th a t the removed ta r  acids, ta r  bases, and 
crystalline m aterials were not toxic. Their combined toxicity 
must have been about equal to  th a t of the residual substance 
G, which was highly toxic. In  th is connection, however, it 
should be remembered th a t  the original creosote sample had a 
tar acid content below 300° C. of only 0.2 per cent.

The crystalline m aterial (F) which formed, as previously 
noted, on cooling the 285° C. fraction is surprisingly toxic. 
This substance was undoubtedly naphthalene, b u t i t  is far 
more toxic than  pure naphthalene. I ts  high toxicity is 
probably in large measure due to  the im purities i t  contains.

On the whole, G is the m ost toxic substance separated from 
the creosote sample. The inhibiting concentration for both 
test fungi is between 0.01 and 0.02 per cent. A concentration 
between 0.02 and 0.04 per cent killed Fomes annosus. Trametes 
serialis was killed a t  a concentration between 0.01 and 0.02 
per cent.

On cooling the 285-350° C. fraction, a bright yellow precipi
ta te , H , was formed. This was separated by filtration, 
washed with acetone, and dried. This substance is probably, 
a t  least in part, anthracene. Unfortunately no t enough of 
the substance was available to completely determine its toxic 
properties. In  Figure 4 the effect of a 5 per cent concentra
tion (5.0 grams of solid in 95 grams of nu trient agar) of this 
substance on the growth of Fomes annosus and Trametes 
serialis is shown.

T/m e /V?
F ig u r e  4 . R a d ia l  G r o w t h  o p  Fomes annosus a n d  

Trametes serialis o n  a  5 P e r  C e n t  M ix t u r e  o f  H  
in  N u t r ie n t  A gar

Although H  is not highly toxic, it cannot properly be 
considered nontoxic. A 5 per cent concentration of the 
substance in nu trient agar inhibits the growth ra te  of Fomes 
annosus about 72 per cent, and the growth ra te  of Trametes 
serialis about 68 per cent.

The removal of the solid, E, from the fraction distilling 
between 285-350° C. (C) did not m aterially affect the toxicity 
of the residual substance I .

W ashing the 285-350° C. fraction after the removal of the 
solid E  five times each with dilute sulfuric acid and alkali 
seemed to  somewhat reduce the toxicity of this substance.

Substance K  was separated from J  through fractional dis
tillation. Both substances had received the same treatm ent. 
Essentially K  was th a t portion of J  which distilled below 
285° C. after five acid and five alkali treatm ents. N ot 
enough of this substance was obtained to  make a complete 
study  of its toxicity. Nevertheless, the d a ta  th a t xvere 
obtained clearly show th a t K  is more toxic than  J .  In  other 
•words, the substance having the lower boiling point is more 
toxic.

The toxicity of L  is of particular interest. This substance 
is essentially similar to  the so-called barren oil of Batem an 
(I, 2).

The effect of L  on the growth of Fomes annosus and Trametes 
serialis is shown in Table I I . These d a ta  are p lo tted  in 
Figure 5.

A comparison of the growth of Fomes annosus and Trametes 
serialis on mixtures of L  and nu trien t agar with the growth of 
these fungi on nu trien t agar alone clearly brings ou t the fact 
th a t substance L  was toxic to the te st fungi. In  14 days the 
average radius of a colony of Fomes annosus on nu trient
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agar containing 1 per cent L  was approximately 8 mm.; on a 
20 per cent mixture, the average radius was approxim ately 6 
mm. In  other words, 1 per cent of L  in nu trien t agar inhibited 
about 95.6 per cent of the radial growth, while a  20 per cent 
concentration inhibited it  about 96.5 per cent.

T a b l e  II. R a d ia l  G r o w t h  o f  Fomes annosus a n d  Trametes 
serialis o n  D if f e r e n t  C o n c e n t r a t io n s  o f  L  in  N u t r ie n t  

M a l t  A g a r

,----------------------------- A v e r a g e  R a d i u s  o f  C o l o n y    •
/ Fomes annosus » - Trametes serialis- — ■*
Percentage concen tration : Percentage concentration:

T i m e 1 5 2 0 1 5 2 0

Days M m . M m . M m . M m . M m . M m .
1
2 a a a *6 * V
3 0 . 5 a a a a a
4
5 2 . 5 2 a 0 .5 a a
6
7 3 .2 2 .7 i'.5 1.2 o .b a
8
9 4 .5 4 .5 3* 3* * 2 * ó!¿

10
11 6 .5 & 4 8 .7 2 .7 CL7
12
13
14 8 8 o ' 4 .2 3 .2 1 .2
3 0  2 0 . 5

a Trace of grow th 
b No grow th.

18 18.5 
on tran sp lan ts  only.

6 4 .5 2 . 0

Substance L  is even a little more toxic to  Trametes serialis 
th an  to Fomes annosus. The growth of Trametes serialis 
is inhibited 93.5 per cent by  the addition of 1 per cent L  
to  nu trien t agar, and inhibited 98 per cent by the addition of 
20 per cent L  to nu trien t agar.

The am ount of growth made by the test fungi in 30 days a t 
28° C. on mixtures of L  and nu trient agar is shown in Figure 6.

I t  appears th a t washing the 285-350° C. fraction w ith acid 
and alkali reduces its toxicity. Substance J  is less toxic than 
the original 285-350° C. fraction, and L  is somewhat less toxic 
than  J .

If  substance L  had  been chlorinated owing to  the de
composition of the m ercury chloride occurring during the 
separation of the oil from the bichloride, and if the chlorinated 
derivatives are more toxic than  the original substance, then 
substance L  should have been more toxic than  substance J — 
provided, of course, th a t the increased toxicity of the chlo
rinated derivative was greater than  the reduction in toxicity 
caused by five additional washings each with acid and alkali.

One m ight argue th a t practically all soluble substances 
inhibit the growth rate  of fungi if the concentration is high 
enough. Even sugar, common salt, etc., are toxic a t  high 
concentrations. Substance L, however, ivas not toxic in this 
sense. Although a 20 per cent concentration of L  did not 
entirely inhibit the growth of the test fungi, a  1.0 per cent 
concentration inhibited about 95 per cent of the normal 
growth. Is such a substance toxic or nontoxic? The answer 
is apparent.

In  Figure 1 of Batem an’s paper {2}, growth of Fomes annosus 
for 2 weeks on nutrient agar containing 20 per cent barren oil 
is pictured. N either the exact size of the colony nor the 
tem perature a t  which the culture was incubated are given in 
the discussion. However, as nearly as can be estimated, the 
test fungus grew approximately 7 mm. in 2 weeks.

In  the present studies Fomes annosus cultures on nutrient 
m alt agar incubated a t  28° C. had an average estim ated 
radius of 170 mm. If  this is considered the normal growth rate 
of the test fungus, the inhibiting influence of 20 per cent 
barren oil can be calculated. Such a calculation shows th a t 
the te st fungus in B atem an’s experiments grew only 4 per cent 
of the normal growth rate . In  other words, a 20 per cent 
concentration of the nontoxic or barren oil caused a 96 per 
cent inhibition of the normal growth of the te st fungus.

A 20 per cent concentration of substance L  in nutrient

agar also perm itted approxim ately 4 per cent of the normal 
growth rate  of Fomes annosus or, in other words, caused a 96 
per cent inhibition of the normal rate  growth. In  a 20 per 
cent concentration substance L  and B atem an’s barren oil 
were about equally toxic.

D i s c u s s i o n  o f  R e s u l t s

The question of the value or purpose of studies such as are 
here reported m ay logically be raised. From a purely 
scientific point of view they can be justified, because they 
contribute to  the knowledge or understanding (fragmentary 
though th a t knowledge or understanding m ay be) of the 
toxic action of coal-tar creosote.

The confusion th a t has apparently  resulted from toxicity 
studies of one kind or another has been caused . by an 
effort to apply them  to wood-preservation practice without 
proper regard for their extremely fragm entary nature. 
Actually, little is known concerning the mechanism of plant or 
animal poisons. I t  would seem advisable, therefore, to 
recognize clearly th a t a bare s ta rt has been made on the 
study of the toxic action of wood preservatives. The number 
of interesting facts already brought to  light point clearly to 
the desirability of additional experimental work, but at 
present i t  hardly seems wise for this reason to  materially alter 
established wood-preserving practices, the results of which 
are certified by  use of the treated  product for m any years.

I t  seems strange th a t the work of Zehl {12) has not received 
more atten tion  by investigators of the toxicity of coal-tar 
creosote. Coal-tar creosote is a  complex m ixture of a large 
num ber of substances. Some of these substances are highly 
toxic, others less so. Zehl studied the toxic effects on Asper
gillus niger of a large num ber of organic and inorganic sub
stances. H e also studied the combined effect of two inorganic

P o m e ^s A n n o s u s

T/rr?e /r? c/gys
o -------------------- / p e r  cer?/ concer?/re//or?
© ------------------------------ S  p e r  cer?/ cor?cer?/rs//on
• -------------------- 20 p e r  cer?/ concen/raf/or?

F i g u r e  5 . R a d i a l  G r o w t h  o f  Fomes annosus a n d  Tra
metes serialis o n  M i x t u r e s  o f  N u t r i e n t  A g a r  a n d  Sub
s t a n c e  L

substances, two organic substances, and one organic and one 
inorganic substance. The results obtained from the study of 
organic m ixtures are of particular in terest here. I t  was found, 
for example, th a t ivhen vanillin and acetanilide ivere both 
added to  nu trient agar the toxic effect on Aspergillus niger 
was the sum m ation of the effects exerted individually by the 
substances. On the other hand the toxic effects of combina
tions of chloral hydrate and sodium benzoate, chloral hydrate 
and picric acid, and chloral hydrate and antipyrine were 
greater than  the sum m ation of the effects exerted by these 
substances individually. I f  th is is true, i t  appears that an 
exact picture of the toxicity of coal-tar creosote may never be
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1 per oent 5 per cent 20 per cent
concentration concentration concentration

Top row, Fomea annoaua; bottom  row, Trametea aerialia
F ig u r e  6. G r o w t h  o f  Fomes annosus a n d  Trameles serialis o n  M ix t u r e s  

o f  S u b s t a n c e  L  a n d  N u t r ie n t  A g a r  in  30 D a y s a t  28° C.

obtained by  separating it  into its sepa
rate components. The results of Zehl’s work 
are of sufficient importance to  justify repeat
ing the ’entire study  to determine their ac
curacy.

Batem an and Henningson (4), on the other 
hand, have published some results of more 
recent work which indicate th a t the toxic 
effects of mixtures of two or more hydrocar
bons is the same as if one worked independ
ently of the other. In  this study the toxic 
effects of mixtures of a c e n a p h th e n e  and 
d ip h e n y l ,  acenaphthene and durene, and 
diphenyl and durene were determined. I t  
was found th a t the effect of combining two 
compounds is greater than  either of the com
pounds alone, b u t i t  is not the sum of their 
respective retardations. The p e r c e n ta g e  
growth of a fu n g u s  subjected to  a  mix
ture of hydrocarbons appeared to  be the prod
uct of the percentage growths of the fungus 
when subj ected to  each component separately.

A very interesting, if somewhat speculative, 
paper has recently been published by Quastel 
(9). He raises some points which m ay have 
an im portant bearing on the explanation of 
the mechanism of the toxic action of coal-tar creosote. A 
systematic study  of the effects of various reagents on B. coli 
lead Quastel to conclude th a t the dehydrogenations of the 
cell are associated with definite areas or particles of the 
surface, these particles possessing specificity of action or the 
power of discrimination between substrates. The selective 
action of the general poisons, according to  this investigator, 
points to the existence in the to ta l active surface of areas of 
varying chemical structures and potentialities. Centers of 
activity, each center exhibiting a unique or specific behavior, 
seem to exist. Probably m ost interesting of all is Quastel’s 
suggestion th a t some substances appear to  ac t as “poisons” 
simply by  competing with the substrate for the space available 
for absorption a t  the centers. The poison and the substrate 
apparently compete with each other for absorption on fairly 
equal terms. Perhaps a similar mechanism is involved in 
combined effects of several poisons. Quastel’s proposals are, 
as he himself suggests, highly speculative. They are never
theless enlightening; and, if the study  is continued, i t  m ay 
greatly contribute to  a be tte r understanding of the toxic ac
tion of wood preservatives.

Rhodes and Gardner (10) have approached the toxicity 
problem from a different angle. The ta r  acids and ta r  bases 
were removed from coal-tar creosote by  twice extracting 
creosote with a  10 per cent solution of sodium hydroxide and 
twice with a 30 per cent solution of sulfuric acid. The final 
extracted oil was washed exhaustively with several portions 
of a 10 per cent solution of sodium hydroxide and with a 30 
per cent solution of sulfuric acid in order to  insure complete 
removal of acid and basic m aterials, and was then separated 
into ten fractions by  distilling through a 10-inch (25.4-cm.) 
Hempel column.

The tar acids and ta r  bases were recovered from the acid- 
and alkali-extracting solutions, and after drying were also 
separated into ten  fractions by fractional distillation.

A study of the toxicity of the individual fractions of the 
dead oil, ta r  acids, and ta r  bases showed th a t w ithin each 
group of compounds the fungicidal power decreases as the 
boiling point increases. The neutral hydrocarbons were 
found to be fully as effective as the phenolic compounds of 
similar distillation ranges, while the ta r  bases were found to  be 
only comparatively slightly toxic. The authors believe th a t

the desirable effects of the presence of ta r  acids in creosote oil 
are not due to the high specific fungicidal power of the ta r 
acids themselves.

I t  has long been suspected th a t neither ta r  acids nor ta r  
bases fully account for the toxic properties of coal-tar creosote. 
As early as 1912 Charitschkoff (5) showed th a t although the 
phenol and nitrogenous compounds occurring in coal-tar 
creosote by themselves are quite toxic, their presence in creosote 
only slightly increases the antiseptic power of the latter.

On the whole, only a com paratively small am ount of work 
has been done to explain the toxic action of coal-tar creosote 
to wood-destroying fungi. M uch of this seems to  be highly 
contradictory. The need for additional experimental work 
on the subject is clear. Clearer still, however, is need for 
caution in the interpretation and application to  wood-preserv
ing practice of the incomplete data  now available.

A c k n o w l e d g m e n t

The original analysis of the coal-tar creosote samples was 
made by the standard American W ood-Preserver’s Associa
tion m ethod by John Burnes of the Page and Hill Company, 
St. Paul, Minn.

The original culture of Fomes annosus was obtained from 
the Forest Products Laboratory, Madison, Wis., and of 
Trameles serialis from W. H . Snell of Brown University.
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Tarnish-Resistant Silver Alloys
K . W . R ay and  W . N . B a k e r , Department of Chemistry, State University of Iowa, Iowa City, Iowa

OR D IN A R Y  sterling silver is an alloy of silver and 
copper containing 92.5 per cent silver and 7.5 per cent 
copper. However, any silver alloy containing 92.5 

per cent silver is of sterling quality. The beautiful white 
color and high luster of the polished surface of pure silver is 
retained in copper sterling silver and, in addition, the presence 
of the copper makes the sterling silver much harder than pure 
silver w ithout m aterially decreasing its malleability. The one 
undesirable property of copper sterling silver is its inability to 
retain the luster of its polished surface in the presence of sulfur 
or any of its compounds. Black silver sulfide is formed which 
destroys the beauty of the metal. This tarnish develops less 
readily in pure silver than in 
copper sterling silver, and it 
is possible th a t a silver alloy 
can be d e v e lo p e d  th a t will 
be e n t i r e ly  n o n ta rn i s h in g  
under ordinary c o n d i t io n s .
An ideal silver alloy, in addi
tion to having the hardness 
and m a l le a b i l i ty  of copper 
sterling silver, would retain its 
high luster a t all times. W ith 
silver a t its present low price, 
such an alloy would find ex
tensive use.

Much less work has been 
done on the development of 
tarnish-resisting silver alloys than  their importance would 
w arrant. As early as 1906, an English pa ten t {£) was 
granted for making tarnish-resisting silver by  coating its 
surface w ith a m etal which would alloy w ith silver and form 
a white sulfide. Among the more recent patents issued for 
tarnish-resistant silver alloys m ay be mentioned several held 
by the Oneida Com munity Company, L td. These include: 
exposing silver to mercury vapors and obtaining a  surface 
amalgam containing a t least 90 per cent silver (8); exposing 
the silver to either chlorine, bromine, or iodine vapors {11)] 
and the addition of 0.25 to 3 per cent silicon to 90 per cent 
silver, the remaining m aterial no t being specified (4 ). A 
United States paten t (1) has also been granted for an alloy 
which Contains, besides silver, 1.5-6 per cent silicon together 
w ith cadmium, aluminum, zinc, and antim ony, as well as one 
{10) for an alloy containing 93 per cent silver, 6.5 per cent zinc, 
and 0.25-0.50 per cent sodium. I t  is claimed th a t the tarnish 
which forms on this alloy is easily rubbed off. While these 
patented alloys m ay have a higher resistance to  tarnish than 
the copper sterling silver, they are no t entirely stainless by 
any means, and some of them  are of doubtful value.

Jordan, Grennell, and Herschman {6) made a rather com
prehensive investigation of tarnish-resisting silver alloys, 
both  binary and ternary. From the results of this work they 
conclude th a t tin, antim ony, cadmium, and zinc increase 
tam ish-resistance when added to  silver, while other metals 
decrease it. They discovered no nontam ishing alloys and 
express very little hope th a t a stainless silver alloy, especially 
of sterling quality, will ever be found.

Leroux and Raub {8) studied silver-copper base alloys con
taining zinc, cadmium, and nickel. They found th a t most 
of these alloys could be age-hardened, b u t they do not discuss 
the tarnish resistance of these substances.

The purpose of this investigation was to continue the study

of the alloys of silver w ith the various metals, in order to 
discover, if possible, an alloy having the intrinsic value, hard
ness, and m alleability of copper sterling silver and, in addition, 
having a very high resistance to  tarnish.

E x p e r i m e n t a l  P r o c e d u r e

The metals used in the preparation of the alloys were pure 
silver shot, electrolytic copper, the c. p . grade of zinc, 99 per 
cent aluminum, ordinary crystalline silicon and chromium, 
and beryllium as an 80 per cent beryllium-20 per cent 
copper alloy. A fter the investigation of a series of alloys, the 
silver was recovered electrolytically and re-used.

Fifty-gram samples of the 
alloys were prepared by melt
ing the c a r e f u l ly  w eighed 
metals in small fire clay cru
cibles in a gas-fired fu rnace . 
A sm a ll a m o u n t  of sodium 
carbonate or borax was used 
as a flux. The melted alloy 
was cast into steel molds, the 
ingots formed being 1 sq. cm. 
in cross section and about 10 
cm. in length.

E x a m in a t io n  o f  A llo y s . 
The h a r d n e s s ,  malleability, 
constitution, and tarnish resist
ance of all of the alloys made 

were studied. The hardness of the alloys as cast, and also 
after annealing, was measured by  both the Brinell and the 
Rockwell hardness testers. However, since many of the 
alloys were too soft for the standard Rockwell B scale, only 
the Brinell hardness numbers are given, using 500 kg. pres
sure and 10 mm. ball. The malleability of the cold alloys was 
determined by rolling tests. The alloy to be tested was 
rolled on electrically driven rolls until the piece fractured, or 
until it was rolled to  a thickness of about 0.5 mm. Nineteen 
passes rolled a 1-cm. square ingot to  0.5 mm. in thickness, 
and its length was increased about 2000 per cent. While the de
crease in thickness was proportional to the number of passes 
through the rolls, the increase in length was not. Twelve 
passes increased the length of the alloy 100 per cent, fifteen 
passes increased it  250 per cent, and eighteen passes increased 
it 1000 per cent. Thus, alloys differing only slightly in 
malleability m ay vary  greatly in percentage elongation. The 
results in all cases are given as percentage of elongation pro
duced by rolling until fracture occurred. The constitution of 
the alloys was studied by means of cooling curves and micro
scopic appearance.

In  taking the cooling curves, the tem perature was auto
m atically recorded a t 15-second intervals by a Brown record
ing pyrometer using a chromel-alumel thermocouple. An 
electric tube furnace was used to  m elt the samples, about 50 
grams of the alloy being used for each determination. Fire
clay crucibles were used. No reducing gases were used to 
prevent oxidation, since the alloys oxidized b u t slightly even 
a t  their m elting points. These slowly cooled alloys, after 
proper polishing and etching, were used in studying the micro
scopic structure. The best etching agent was found to be 
sodium cyanide with hydrogen peroxide, although dilute 
nitric acid was used in some cases.

The resistance to  tarnish was the main object of the experi

The silver-zinc-aluminum system containing 
from  75 to 100 per cent silver is investigated. 
Several alloys of silver with chromium, zinc, 
aluminum, beryllium, silicon, copper, tin, and 
barium as binary, ternary, and quaternary alloys 
are studied. A n  attempt is made to nitride the 
various alloys with gaseous ammonia at a some
what elevated temperature in the hope that a 
tarnish-resistant case w ill be formed.

778
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mentation. No exact test could be devised, bu t com parative 
results were obtained for each run. The m ethod used was to 
place a drop of ammonium polysulfide solution on the polished 
surface of the alloy for a definite length of time, ranging from
0.5 to 3 minutes, to wash it off w ith distilled water, and to 
compare the degrees of tarnish. This operation was repeated 
several times on the same spot. The tarnish was then polished 
off and the test repeated. I t  was found th a t in some cases 
the result of the first test was different from those made later. 
If the alloy was polished only until the tarnish was gone, it 
tarnished more readily the second tim e than  it had before. 
I t  was necessary to  continue the polishing for 2 or 3 minutes so 
tha t the entire surface was removed if the results obtained 
were to be considered valid. In  the tables the most readily 
tarnished alloy is given as num ber one; the higher the number, 
the more tarnish resistant the alloys are. The numbers cor
respond roughly to  the tim e required to develop a certain 
degree of tarnish; the am ount of tarnish developed by  0.1 N  
ammonium polysulfide solution in 1 m inute on copper sterling 
silver, as cast, is taken as unity. The ammonium polysulfide 
solution had a composition corresponding roughly to (N H ^ r  
Si- This method of testing the tarnish resistance of the alloys 
was not good, since it  was impossible to  differentiate between 
samples having about the same tarnish resistance; neverthe
less, it was the best method th a t could be devised.

S i l v e r - R i c h  A l l o y s o p  t h e  S i l v e r - Z i n c - A l u m i n u m  
S y s t e m

The results of the study of the silver-zinc-aluminum alloys 
are summarized in Table I.

H a r d n e s s .  Table I  shows the hardness of the alloys 
studied. I t  should be noted th a t increasing the am ounts of 
aluminum increases the hardness very rapidly. Zinc alone 
added to silver has little effect on hardness. However, 
maximum hardness is a ttained when both aluminum and zinc 
are present.

The silver-zinc-aluminum system above 75 per cent silver 
was first studied. According to  Jordan, Grennell, and 
Herschman (i>) zinc confers upon silver the greatest tarnish 
resistance of any common metal, bu t the resultant alloys are 
not much harder than  pure silver. Aluminum, although not 
increasing the tarnish resistance, increases the hardness of 
silver alloys. A t room tem perature, zinc and silver form a -  
solid solutions up to 25 per cent zinc (1). Aluminum and 
silver form a-solid solutions up to 4 per cent aluminum. A t 
about 8 per cent aluminum the compound AlAg3 is formed, 
and a t 11 per cent the compound AlAg2 is formed. AlAg3 and 
AlAg2 form solid solutions w ith each other. A t room tem pera
ture, aluminum and zinc alloys consist of -/-solid solutions up 
to 2 per cent aluminum, a-solid solutions above 82 per cent

S il v e r  92, T in  6, S il ic o n  2 P e r  C e n t  ( X  3)  
C hill-oast followed by  n itrid ing  a t 650° C. for 15 hours; etched 

with n itric  acid. (N ote  dark  case and cracks in four corners.)

M a l l e a b i l i t y .  The malleability of the alloys is given in 
Table I. Silver-aluminum alloys containing much more than 
4 per cent aluminum are not malleable because of the presence 
of the intermetallic compound, AlAg3. Hence, as expected, 
when zinc is added to  a 4 per cent aluminum-96 per cent 
silver alloy, it becomes brittle unless the percentage of alu
minum is decreased. The brittle alloys are probably solid 
solutions of intermetallic compounds. No silver-zinc-alu
minum alloy with a hardness equal to the hardness of copper 
sterling silver is very malleable.

C o n s t i t u t i o n .  Table I  shows the constitution of the 
various alloys. A therm al diagram could not be made be
cause an insufficient number of alloys were studied. S tart
ing with an a-solid solution of a 4 per cent alum inum -96 per 
cent silver alloy, the following relation is approximately true: 
In  order to m aintain an a-solid solution, the zinc m ay be in
creased 6 per cent for each 1 per cent the aluminum is de
creased.

T a b l e  I .  P r o p e r t i e s  o f  S i l v e r -Z in c -A l u m in u m  A l l o y s

Ag

100
96
92
88
94
88
82
94 
88 
80 
92
84 
76
95
90
85 
80
75
91 
83
76

—C o m p o s i t i o n — B r i n e l l  H a r d n e s s
A1 Zn a s  C a s t M a l l e a b i l i t y ® T a r n i s h a b i l i t y ö

% M inutes
erling) 63 >2000 1

0 0 25 >2000 4
4 0 60 >2000 2
8 0 70 5 2

12 0 180 5 2
4 2 67 300 3
8 4 120 20 6

12 6 200 10 11
2 4 52 >2000 5
4 8 78 150 10
8 12 195 35 14
2 6 47 >2000 8
4 12 180 10 10
8 16 215 5 17 -
0 5 34 >2000 7
0 10 37 >2000 12
0 15 42 >2000 • 16
0 20 45 >2000 18
0 25 48 >2000 20
1 8 43 >2000 9
2 15 68 200 15
4 20 220 5 19

S o l i d i f i c a t i o n  
Begin E nd

v Elongation by rolling.
• Approximate time required to develop unit tarnish.

aluminum, and a  m ixture of a- and 7 -solutions when the 
amount of aluminum is between 2 and 82 per cent. Thus, one 
would expect th a t all silver-aluminum-zinc alloys th a t con
tained from 0 to 4 per cent aluminum and from 0 to  25 per 
cent zinc would be a-solid solutions. These alloys should be 
fairly hard and somewhat resistant to  tarnish.

835
760
710
796
740
695
853
765
710
830
740
690
915
860
795
763
735
838
762
728

775
740
700
755
720
675
820
745
690
795
725
680
900
830
750
725
706
800
732
725

C o n s t i t u t i o n

a-Solid so lution
Solid so lution of com pounds
In term etallic  com pounds
«-Solid solution
Solid solution of com pounds
Solid solution of com pounds
«-Solid solution
Solid so lution of com pounds
Solid solution of com pounds
«-Solid so lution
Soljd so lution of com pounds
Solid so lution of com pounds
a-Solid so lution
«-Solid so lution
«-Solid solution
a-Solid so lution
a-Solid solution
a-Solid solution
Solid so lution of com pounds
Two phase

T a r n i s h .  Resistance to tarnish, as shown by Table I, 
increases as the percentage of zinc increases. Increasing the 
percentage of aluminum when zinc remains constant appears 
to  make the alloys more resistant to  tarnish, although the 
increased resistance is alm ost negligible. Even the least 
readily tarnished alloy is by  no means stainless.
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A . S i l v e r  76, Z i n c  20, A lu m in u m  
4  P e r  C e n t  ( X  100)

Slowly cooled; tw o-phase; etched with 
nitrio acid.

3 . S il v e r -C h r o m iu m -A l u m in u m  
A ll o y  ( X  100)

Chili-caat; light is chrom ium  p h ase ; 
dark  is silver phase; e tched w ith nitrio 
acid.

A l l o y s  o f  S i l v e r  w i t h  O t h e r  M e t a l s

The alloys of silver with a large number of other metals, as 
binary, ternary, and quaternary alloys, were tried with the 
hope th a t a  satisfactory tarnish-resisting alloy would be 
found. M ost of those metals which were reported to increase 
the tarnish resistance of silver (as well as m any metals which 
very easily become passive, such as chromium 
and beryllium) were tried. The c o m p o n e n t 
metals were chosen with the idea of obtaining 
solid-solution alloys if possible. The metals tried 
in these alloys were chromium, nickel, beryllium, 
barium, zinc, aluminum, silicon, tin, and mercury.

S i l v e r - C h r o m i u m  B a s e  A l l o y s .  Silver and 
chromium are practically insoluble in each other 
in both the liquid and solid sta te (5). A t 465° C. 
chromium is soluble in silver to the extent of 3.3 
per cent. The solubility decreases with decrease 
in temperature. Jordan, Grennell, and Hersch- 
man practically confirm this and report their 
inability to  get silver to alloy with much chro
mium. An alloy made by them  a t  1200° C. con
tained 0.14 per cent chromium. They also tried 
to make ternary  silver-chromium alloys contain
ing 5 per cent of either zinc, tin, antim ony, or 
cadmium, b u t the attem pts m et w ith only fair 
success, the alloys usually containing about 0.2 
per c e n t  of c h ro m iu m . C h ro m iu m  m e lts  
a t  1615° C. which is a b o u t  the b o il in g  point 
of all the other metals tried, except silver and tin.

Since aluminum and chromium alloy w ith each other forming 
both solid solutions and compounds, an a ttem p t was made to 
make an aluminum-chromium-silver alloy. Equal am ounts of 
aluminum and chromium were mixed and heated to  about 
1800° C. w ith silver in an induction furnace. The result-

T a b l e  II. H a r d n e s s , M a l l e a b il it y , a n d  T a r n is h a b il it y  
o f  B e r y l l iu m -S il ic o n -S il v e r  All o y s

ing alloy was two phase, even in the liquid 
state. The silver phase of the solid alloy con
tained about 13 per cent aluminum and some 
segregated chromium-rich phase. The alloy was 
too brittle and porous to have any value. An 
alloy of nickel, aluminum, and silver behaved some
w hat similarly and was not investigated further.

B e r y l l i u m - S i l i c o n - S i l v e r  B a s e  A l l o y s .  
According to  the therm al diagrams given in In
ternational Critical Tables, both silicon and beryl
lium form eutectic alloys with silver. However, 
these metals are mentioned in some of the patented 
ta r n i s h - r e s i s t i n g  silver alloys, b u t Jordan, 
Grennell, and Herschman report th a t silicon does 
not increase the tarnish resistance, and that 
beryllium actually seems to decrease the tarnish 
resistance of silver. They report th a t both ele
m ents increase the hardness and decrease the 
malleability of silver.

Since both beryllium and silicon are difficult to 
alloy w ith silver, owing to  their high melting 

points and their strong tendencies to become covered with an 
infusible film of oxide, a small am ount of beryllium-silver 
alloy, as well as a small am ount of a  silicon-silver alloy, was 
first made a t  a high tem perature in an induction furnace. 
After analysis, these alloys were used instead of the pure ele
m ents for m aking the alloys to  be tested.

C . S il v e r  92 .5 , T in  5, Z in c  
2 .5  P e r  C e n t  ( X  100)

Chill-cast followed by  annealing  a t  700° C. 
for l jh o u r ; homogeneous a  phase; etched 
w ith sodium  cyanide an d  hydrogen .per
oxide.

D. S il v e r  88, T in  10, Z in c  2 P er 
C e n t  ( X  100)

C hill-cast and  cold-worked; annealed 
a t  700° C. for 1 hour; etched with so
d ium  oyanide and  hydrogen peroxide. 
(N ote tw inned solid-solution crystals.)j

91 
96 
97.1 
93 .3
91 .7
92 
91
92 .5
90 .5
93 .7  
91

B r i n e l l
HTION- H a r d n e s s
Cu Si Be a s  C a s t

2 0 .1 60
0 .4 l .S i ! s 77
0 .6 2 .3 55
5 .5 1.2 60

¿ ‘.3 103
6* ‘ 2 164

2 95
615 6!5 43
3 CL5 90

35
3 ” 55

° E longation . 
b P u re  silver, 4;

M a l l e 
a b i l i t y ®

%
>2000

5
15
40

5
10
30

5
>2000
>2000
>2000

T A R N I8 H - 
A B ILITY  b

5
5
3
3 
2 
2 
2
4
5
6 
5

sterling  silver, 1.

Table I I  shows the hardness, malleability, and tarnish
ability of the silver-silicon-beryllium alloys tested. Silicon 
and beryllium have a m arked hardening effect on silver alloys, 
bu t even in small am ounts they render the alloy nonmalleable. 
Beryllium causes brittleness in smaller am ounts than does 
silicon. As tarnish-resisting elements in silver alloys, silicon 
and beryllium are valueless, since they  have no outstanding 
effect on tarnishability.

S i l v e r - T i n  B a s e  A l l o y s .  A t room temperature, tin forms 
a-solid solution w ith silver up to  19 per cent tin  (IS). Jordan, 
Grennell, and Herschm an found th a t silver alloys containing 
tin  were almost as tarnish resistant as those containing an 
equal am ount of zinc. In  addition, tin-silver alloys are 
harder than  zinc-silver alloys.

Table I I I  shows the hardness, malleability, and tarnish
ability of the alloys studied. In  silver alloys, tin increases 
the hardness more than  an equivalent am ount of zinc. At 
the same time, the malleability decreases faster than in 
corresponding zinc-silver alloys. Low-tin alloys are more
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tarnish resistant than  corresponding zinc-silver alloys. In 
creasing the percentage of tin  from 5 to  10 per cent does not 
m aterially affect tarnishableness, while in zinc-silver alloys the 
tarnish resistance in the alloys studied is proportional to the 
percentage of zinc present.

T a b l e  I I I .  H a r d n e s s , M a l l e a b i l i t y , a n d  T a r n is h a b il it y  
o f  T i n -S i l v e r  A l l o y s

Ag Sn
C o m p o s i t i o n -------------------.

Zn C u A1 Si

B r i n e l l  
H a r d n e s s  

a s  C a s t

M a l l e 
a b i l i t y 0

T a r n i b h -
A B IL IT Y  

A S C A 8 T &

95 5 40
%

>2000 11
90 10 58 150 12
90 5 5 47 >2000 10
87 5 5 3 !! .! 54 >2000 8
88 10 2 75 40 9
80 10 i o 78 60 7
92 6 2 75 40 6
a Elongation.
t> Pure silver, 4.

O t h e r  A l l o y s .  M any miscellaneous silver alloys were 
made and tested. Barium-silver and strontium -silver alloys 
were made by electrolyzing a fused bath  of the alkali earth  
chloride in an iron dish using m olten silver as the cathode. 
The alloys were hard, nonmalleable, and easily tarnished 
when the alkali earth  m etal was present to  the extent of 10 
per cent or more. These alloys appeared to  have no value, 
either alone or as ternary  alloys w ith tin  or zinc.

An amalgam of the type used by  dentists for filling cavities 
in teeth, consisting of 50 per cent mercury, 34 per cent silver, 
14 per cent tin , and smaller am ounts of zinc and copper, 
appeared to  be exceedingly resistant to  tarnish, b u t was 
entirely nonmalleable. W hen the composition was modified 
sufficiently to  give m alleability, the resistance to  tarnish was 
greatly decreased.

N i t r i d i n g  w i t h  G a s e o u s  A m m o n i a

I t  was thought th a t  perhaps am monia a t  high tem pera
tures might case-harden silver alloys similar to  the m anner in 
which it case-hardens certain steels. Several elements th a t 
alloy with silver form stable nitrides (9). Aluminum nitride, 
ranging in color from pale yellow to 'b lack , forms when am
monia is passed over pure aluminum a t  700° C. Copper, as 
copper oxide, will form copper nitride a t  250° C. in am monia 
gas, bu t i t  decomposes near its tem perature of formation. 
Zinc forms a num ber of nitrides between 400° and 600° C. 
which range in color from gray to  black. All of these de
compose slowly a t  the tem perature of formation. T in 
decomposes am monia b u t does no t un ite w ith it;  silicon 
forms a num ber of nitrides which are grayish white powders. 
Pure silver does no t form a stable nitride w ith am monia gas, 
although a nitride is known which is explosive.

T ab le  IV. P h y s ic a l  P r o p e r t i e s  o f  A l l o y s  N i t r id e d  f o r  
15 H o u r s  a t  650° C.

  C o m p o s i t i o n ------------------- »
Ag Zn A1 Cu Si Be Sn
91 5 2 2 0 .1  .............
92-5 5 .5  1 0 .5  . . .  0 .5  . .
90.5 6 . . 3  0 .5  .............

T A R N I S H 
A B IL IT Y 0

Before A fter A p p e a r a n c e

B r i n e l l  
H a r d n e s s

Before A fter ___
m in d -  n itrid - n itr id - n itr id - a f t e r  

ing 
60 
48 
90

93.7 6.3
91 
95 
90 
90 
87

80

92

6 . .  3 . . .  ,

5* . . .  5
5 . .  3 . . .  . 

2 ..................
. . .  5

10

............2 . .  6
1 Pure silver, 4.

35 
55 
40 
58 
47 
54

10 75

78 

75

ing ing ing N i t r i d i n g

60 5 5 D ark  gray
39 4 5 G ray
45 5 6 G rayish

brown
28 6 6 W hite
34 5 5 W hite
29 11 12 W hite
45 12 11 W hite
34 10 9 W hite
48 8 7 W hite
67 9 8 V ery ligh t

54 7 10
gray

W hite

40 6 5
sparkle 

L igh t gray

The samples were heated in  a cylindrical electric tube 
furnace. The tem perature was kep t constant w ith a  Leeds- 
Northrup controlling potentiom etric pyrometer. The gaseous

ammonia was obtained from a cylinder and passed directly 
into the furnace. After passing through the furnace, the 
ammonia was absorbed in water.

The results of the nitriding under various conditions are 
given in Table IV. The alloys are softened because of the 
high tem perature. Their resistance to tarnish is not markedly 
affected, and it  is doubtful if any nitrided case is formed except 
in a  few instances.

S u m m a r y  a n d  C o n c l u s i o n s

1. None of the m etals studied gave binary alloys with 
silver th a t were satisfactory in every respect as regards hard
ness, malleability, and tarnish resistance.

2. Aluminum alone did not increase the tarnish resistance 
of binary silver alloys. I t  hardened the alloys m aterially and 
made them  brittle when present in am ounts beyond 4 per cent. 
I ts  malleable alloys were n o t as hard as copper sterling silver.

3. Zinc had the greatest tarnish-resisting effect in silver 
alloys of any of the m etals studied. The resistance to  tarnish 
was nearly proportional to  the am ount of zinc present. Zinc 
did not increase the hardness sufficiently to  be used alone. 
The alloys containing up to 25 per cent zinc were malleable.

4. Chromium did not alloy with silver in am ounts suffi
cient to  have much effect upon its resistance to tarnish.

5. The barium-silver and strontium -silver alloys studied 
were brittle and were as readily tarnished as copper sterling 
silver.

6. Silicon had a marked hardening effect on silver alloys 
b u t could no t be used in am ounts much above 0.5 per cent, or 
brittleness resulted. I t  had no marked effect on tarnish 
resistance.

7. Appreciable am ounts of beryllium made silver alloys 
hard and brittle, and decreased tarnish resistance.

8 . Tin-silver alloys containing 5 per cent tin  were the most 
tarnish resistant of any 95 per cent silver alloy studied, al
though only slightly better than the corresponding silver-zinc 
alloy. Increasing the am ount of tin  beyond 5 per cent did not 
increase tarnish resistance materially, while increasing the 
am ount of zinc in silver-zinc alloys did increase tarnish 
resistance.

9. N itriding with ammonia a t  either 500° or 650° C. was 
of no value for case-hardening or increasing the resistance to 
tarnish of silver alloys. Alloys containing aluminum and 
silicon were darkened, owing to  the formation of an aluminum 
nitride and silicon nitride case, while the color of the other 
alloys was not m aterially affected. Cast alloys were softened 
because of the high tem perature.

10. While m any of the silver alloys studied were more 
tarnish resistant than  copper sterling silver, and had sufficient 
hardness and malleability, none was found th a t could be 
considered entirely nontarnishing or stainless.
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Compression Stress Strain of Rubber
J. R. S h e p p a r d  a n d  W. J. C l a p s o n  

The Eagle-Picher Lead Company, Joplin, Mo.

B y inflating a hollow thin-walled sphere of 
rubber, it is possible to determine stress-slrain 
curve without resort to actual compression. Diffi
culties and errors inherent in direct compression 
tests are avoided. The method depends on the rela
tion existing between a compressive force and the 
tensiles employed in two-dimensional stretching that 
would effect the same deformation in the rubber as 
the compressive force. The method assumes negli
gible volume change in the rubber.

The inflation of a hollow sphere is a convenient 
way of applying under accurate controls the tensiles 
for two-dimensional stretching. The experimental 
quantities determined on the inflating sphere are gas

TH E  physics and the physical testing of rubber have 
received much attention. This naturally  has centered 
in the property for which vulcanized rubber is notable 

among materials— its high elastic deformability. For the 
most part, this property has been studied through stretching 
tests by extending the specimen in one direction and diminish
ing it  in the two transverse directions.

M uch less atten tion  has been given to the compression 
characteristics. The reason probably lies more in the 
difficulties of carrying out a compression test than in less 
importance attaching to compression phenomena. M echani
cal rubber goods, such as automobile rubber shackles, uni
versal joints, and shock absorbers on railway coaches, are 
regarded conventionally as proper subjects for compression 
studies. That, in  actual service, compression plays a 
prominent p art hardly needs to be emphasized. Tire treads, 
inner tubes, and rubber heels and soles are among stocks used 
in large volume which are subjected to compression in service 
or which undergo the one-dimensional decrease and two- 
dimensional increase in size, characteristic of compression. 
Indeed we may regard this sort of deformation as decidedly 
more common in the usage of rubber goods than  the one
dimensional increase and two-dimensional decrease in size em
ployed in the more usual stretching tests.

Although the importance of the compression stress strain 
is obvious, its accurate determ ination over its entire course 
has presented formidable difficulties which no doubt have 
retarded progress. These difficulties reside in  the frictional 
forces which develop between the faces of the rubber and the 
compressing surfaces, and in nonuniform deformation of the 
rubber specimen. The former prevent one from knowing 
w hat force is expended on the compression itself, and the 
la tte r means th a t the sine qua non of any determ ination of 
stress and strain relationship is wanting. Errors arising from 
these sources become greater as the degree of compression 
increases.

B irkitt (4) reviews work on the compression characteristics 
of rubber down to 1925. The early studies of Clapeyron (8) 
and of Lundal were concerned with volume compressibility as 
d istinct from alteration of shape under compression (with 
volume substantially constant), which is the sense in which 
“compression” is used in the present paper. Later Boileau, 
Heinzerling and Pahl, Stdvart, Breuil (6), and Van H eum

pressure and dimensional measurements. Typical 
results on cold-cured pure-gum balloon stock are 
cited, including breaking point of the compression 
curve, energy of compression, and hysteresis.

Data for compression and for ordinary one
dimensional extension strongly indicate that these 
two operations are continuous, and that the stress- 
strain curves for the two constitute a single continu
ous curve. Based on such continuity being a fact, 
the main features of the complete stress-strain curve 
for rubber are described. Stress conditions at a 
point in deformed rubber are discussed, and atten
tion is drawn to the analogy with pressure at a point 
in a fluid.

studied compressibility as we understand it  here. They 
used machines by means of which the test specimen was 
compressed between parallel plates. B irk itt (4) used such a 
machine and reported analogies between the elongation-stress 
and the compression-stress curves. In  a later paper Birkitt 
and Drakeley (5) showed th a t more consistent results are 
obtained by lubricating the rubber-m etal interface, petro
latum  being preferred.

Hippensteel (10) described tests on the cutting resistance 
of rubber insulation, which he subsequently (11) pointed out 
could be adapted to  compression tests of a  more general 
nature. His machine was used later by Ingmanson and Gray 
(12) in a study of compression and shear resistance of rubber 
stocks. They showed the marked effect of lubrication of the 
rubber-m etal surface. A bbott studied resistance to flexure 
under compression (1) and described a “compressetometer” 
for making compression tests (2). Church (7) studied the 
compression stress strain  of sponge rubber. Ariano (S), 
pressing molded cylinders of rubber between parallel plates, 
obtained compression stress strains up to  55 per cent com
pression. The la tte r author also has made an elaborate 
m athem atical analysis of the compression stress strain. 
Recently Jacobs (18) and Douglas (9) have published com
pression results obtained by the parallel plate method, appar
ently w ithout lubricant; the work of Douglas bears more 
particularly on compressions a t  low temperatures.

We m ay summarize th is previous work on the compression 
characteristics of rubber by  saying th a t it has comprised (1) 
tests of a practical type which apparently  did not aim at 
establishing a pure compression-stress relationship, and (2) 
tests having such a relationship as their objective, and that in 
the la tte r class of tests the technic has been th a t of directly 
compressing the specimen between parallel plates, either with 
or w ithout the aid of a lubricant. We m ay conclude also 
tha t, where a lubricant has been used, it has alleviated the 
difficulties of direct compression m entioned above but has 
not removed those difficulties or the error resulting from them.

I t  is the purpose of the present paper to  outline a method of 
determining the compression stress strain  of rubber which is 
free from error due to  friction or to  nonuniform deformation. 
The m ethod is an indirect one and consists of substituting 
for a  compressive force two transverse stretching forces and of 
calculating from these w hat the corresponding compressive

782
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force would have to be in order to cause the same degree of 
shortening in one direction. The m ethod of the present 
authors does contain the possibility of error from another 
source— namely, neglect of such volume change as m ay occur 
in large deformations— though it is not the intention herein 
to trea t in detail of this source of error. Before discussing 
how best to  apply tensile forces so as to bring about two- 
dimensional stretching, the relation existing between such 
tensile forces and the equivalent compressive force will be 
shown.

C o m p r e s s i v e  F o r c e  a s  F u n c t i o n  o f  S t r e t c h i n g  
F o r c e s

Suppose, as in Figure 1, th a t we have a cube of unstressed 
rubber, A , of un it length. Let this be compressed so th a t it 
assumes the shape B, in which the height of the specimen has 
been diminished to the distance, y, which is less than  unity. 
Let the new value for each of the two lateral dimensions be x. 
Then x  will be greater than unity  and, assuming th a t the 
volume of the rubber has not changed, will be equal to
? r 1/2.

be of such magnitude th a t they m aintain the shape of the 
specimen as it was when compressed by P. Now let T  be 
slightly increased so as to bring about the same increment of 
strain  as in the former case— th a t is, so as to diminish y  by dy, 
or so as to increase x  by  dx. Then the increment of work done 
on one of the two lateral faces th a t are moved by a force is

d \V  = Tdx

and the work done on both faces which move simultaneously 
under a force is

2d W  =  2Tdx (2)
B ut since the work done by the first m ethod of increasing the 
deformation is equal to th a t done by the second,

Since

Therefore

P dy  =  2T d x
. x — y~in
dx  -  - ? f

P dy  = 2

P  = - x * T  
P  =  - y - 3 ' l T

(3)

(4)
(5)

F ig u r e  1. U n s t r e s s e d  R u b b e r  C u b e  a n d  
S t r a in e d  R u b b e r  C u b o id

I t  is clear th a t, in  so far as the application of external 
forces to the specimen is concerned, there are two ways in 
which this deformation can be effected. One is to compress 
the specimen by applying a compressive force in the vertical 
direction; the other is to  apply two tensile forces perpendicular 
to each other and also perpendicular to the direction of 
compression in the first case. Obviously, when m utually 
perpendicular tensiles are applied, they stretch the specimen 
in the two lateral directions and diminish it in the th ird; 
and, if one gives appropriate values to these tensiles, they 
can be made to  bring about exactly the same change in shape 
as a single compressive force (any volume change being 
neglected).

Now a given deformation in a given specimen of rubber is 
effected by doing a given am ount of work on the rubber. The 
work done, partly  expended on overcoming internal friction 
in the rubber b u t mostly stored as potential energy, is 
independent of whether the external forces are tensions or 
compressions (its am ount depends only on the degree of def
ormation). The work done to change the unstrained cube, 
A, to the strained cuboid, B, is the same whether the rubber has 
actually been compressed in one direction or whether it has 
actually been stretched in two directions. The same principle 
holds for the work done to impress an additional strain  on an 
already strained specimen— the am ount of additional work 
depends on the m agnitude of the strain  increm ent and is 
independent of the nature of the impressing forces. This 
principle enables the relationship between compressive force 
and the equivalent tensile forces to be determined.

Suppose the strained specimen, B, is under the compressive 
force, P. Let it be compressed through the further small 
distance, dy. The small increment of work is

dW  = Pdy (1)

Again, considering the strained specimen, B, let the com
pressive force, P, be replaced by two tensile forces, T, which 
are perpendicular to each other and to P . Let the forces, T,

Equation 4 defines the compressive force as a function of 
the equivalent tensile and of the new (diminished) length in 
the direction of compression when the original (unstrained) 
specimen is a  cube of un it length; Equation 5 defines the 
compressive force in term s of the equivalent tensile and of the 
new (augmented) length in the directions of expansion. I t  
should be emphasized th a t P  and T  do not both act a t  any one 
time on the specimen; they are the alternative forces, either of 
which m ay be employed to get the same result as far as degree 
of deformation of the specimen is concerned, and they are 
called “equivalent” in  the sense of their equal effects on 
deformation.

In  computing the compression stress-strain data  from 
measurements of tensiles in two directions, it m ay be more 
convenient to measure the expanded lengths, x, and to 
calculate the diminished length, y, than  to measure the la tte r 
directly. If so, from Equation 3 we obtain :

y = x~2 (G)

P  and y  are the quantities which, for various degrees of 
compression on a specimen, constitute the compression 
stress-strain data. E ither Equation 4 or 5, therefore, m ay be 
used to com pute P , and Equation 6 to compute y  from 
measurements on a two-dimensional stretching operation

F ig u r e  2. S la b  o f  R u b b e r  
S t r e t c h e d  in  T w o  D ir e c t io n s

which involves no direct measurements of compressive force, 
and which in fact does not subject the specimen to actual 
compression. The negative sign in E quation 4 or 5 arises 
from the circumstance th a t P  is a pressure and T  a tensile, 
and means th a t these forces are exerted in opposite directions 
as regards the specimen; P  is directed toward and T  away 
from the specimen.

H o l l o w  S p h e r e  a s  T e s t  S p e c i m e n

We m ust now consider how we m ay apply tensiles in a two- 
way stretching operation, and do so w ithout encountering
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difficulties as great as those associated with actual compression. 
The question is: How shall we apply tensile forces in two 
m utually perpendicular directions, have them ac t uniformly 
over the faces to which they are applied, and accommodate 
themselves to the continuously changing shape of those faces? 
As a slab of rubber is stretched in two directions (Figure 2), 
the faces A  and B, across which the tensiles act, become longer 
and narrower; it is clear th a t the difficulties become greater 
as the degree of extension increases.

Prache (lj.) tried various expedients 
to overcome the obvious difficulties 
which arise when a flat sheet is em
ployed as specimen. He did not, how
ever, succeed in showing how such a 
sheet m ay be subjected to high exten
sion in two directions simultaneously 
with a uniform distribution of stress 
and strain. While Prache had the de
term ination of the two-way extension 
stress strain in mind (as distinct from 
the present purpose of computing the 
compression stress strain from meas

urements on two-way extensions), nevertheless it is obvi
ous tha t, as a step in computing the la tter relationship, the 
method of stretching a plane slab in two directions simul
taneously can be no more accurate than it  is as a  direct meas
ure of the former relationship.

W hat is necessary, in order th a t the P -T  relation of Equa
tion 4 or 5 m ay be used, is a  technic th a t will perm it of the 
following: (1) stretching of a portion a t least of a sample of 
rubber uniformly in two directions up to the breaking point 
w ith uniform distribution of tensile force over the progres
sively changing faces; (2) convenient measurement of tensiles 
and elongations. The inflation of a hollow sphere of rubber 
having a thin and uniform wall fulfils this requirem ent 
perfectly. The wall of such a sphere comes under a two-way 
tension when the sphere is distended with gas pressure.

If, as in Figure 3, we have a distended hollow sphere of 
radius, r, filled with gas under a  (differential) pressure, G, the 
total force borne by the wall across a circumference is irCG. 
B ut we wish to know how much of this force is borne by  th a t 
area in the cross section of the wall of the distended sphere 
which had unit area originally (before distension), for this is 
the tensile, T, of Equation 4 or 5. The original cross- 
sectional area presented by the wall of the sphere is 2-irrm/x, 
where m  is original wall thickness and x  has the meaning 
heretofore used-—namely, the length to  which a unit length 
increases when the specimen is extended two-dimensionally. 
From the foregoing,

T  =  ’r r ^  -  I®? (7)
2i r a  2m K 1

x

From Equation 7 it is clear th a t we m ay follow the tensile 
forces in the wall of the sphere, as the la tte r is distended, by 
measuring the original wall thickness, in, which is a constant 
for a given sphere, and taking readings a t intervals on the 
variables r, G, and x. In  the experimental trial of the method, 
x  was determined by  making a m ark on the undistended wall 
of the sphere 1 inch (2.54 cm.) long and by measuring this a t 
each degree of extension. Of course, in place of this, the 
original radius of the sphere can be measured, whereupon the 
ratio of the new radius to the original radius is the quantity  x.

The equivalent compressive force, P, m ay be calculated 
directly from the experimental data, r, G, x, and m, w ithout 
first calculating T, by combining Equations 4 and 7 thus:

F i g u r e  3 .  D i s 
t e n d e d  H o ll o w  
S p h e r e  o f  R u d 
r e r

E x p e r i m e n t a l  P r o c e d u r e

In  the experimental trial of these principles, rubber balloons' 
have been used since they afford a fair approxim ation to the 
spherical shape required in theory. The balloons were the 
usual cold-cured type; undistended they were about 5 cm. in 
diameter and their walls were about 0.03 to 0.04 cm. thick.

B a l l o o n  I n f l a t i o n .  Figure 4 shows the arrangement 
by which the balloon was distended and by which readings 
were taken. The neck of the balloon, B, is taped securely to 
a glass tube, T; the la tte r leads, through a three-way stopcock, 
SC, to an air inlet, A , and to  a  manometer, M . The balloons 
tend to be pear-shaped; b u t this deviation from the spherical 
was minimized by  taping down most of the neck region.

Before a balloon was fastened to the tube, two bench marks 
(one vertical and one horizontal) were made in the equatorial 
region as shown in Figure 4. These marks were 1 inch 
(2.54 cm.) long and were the means by  which the expansion of 
the balloon was followed. The thickness of the wall in the 
bench-marked region prior to inflation was determined on a

F ig u r e  4. A r r a n g e m e n t  fo r  D is 
t e n t io n  o f  B a llo o n

Randall and Stickney gage by  measuring the folded stock and 
dividing the reading by two. The equatorial p art was chosen 
as the place in which to observe the stress-strain properties 
because it was found most uniform in thickness; in particular, 
the pole opposite the neck was rejected on account of less 
consistent thickness and shape. I t  was considered better 
practice to take readings on a small area, marked as just 
described, than  to consider the entire balloon as the test 
specimen. By confining readings to a small and well-chosen 
area, such variability in thickness and such imperfect spher
icity as a balloon exhibited were made of less moment.

The liquid used in the manometer was a sulfuric acid solu
tion of about 1.66 density; this was checked before each 
inflation experiment, in view of minor changes in density 
which occurred from day to day.

Each inflation was carried out according to a predetermined 
schedule. The schedules used on various balloons were such 
as to cause dim inution of wall thickness a t  one or the other of 
the following rates, approxim ately:

0.0013 cm. (0.0005 inch) per minute
0.0025 cm. (O.OOl inch) per minute
0.0076 cm. (0.003 inch) per minute
10 per cent of the actual (remaining) thickness per minute
20 per cent of the actual (remaining) thickness per minute
40 per cent of the actual (remaining) thickness per minute

The increments which the one-inch bench marks would have 
to show a t fixed tim e intervals, in order th a t wall thickness 
should diminish a t each of these rates, were calculated and the 
dilations were conducted accordingly.

In inflating a balloon, air was introduced a t intervals of one 
minute. I t  was found more convenient to blow in air from the

1 Balloons were supplied by  th e  Eagle  R u b b er C om pany, Ashland, Ohio.
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lungs than to use compressed air. With the stopcock turned so 
as to connect the balloon with tube A, air was introduced until the 
bench mark had increased as demanded by the inflation schedule 
for the balloon in question. Then the stopcock was turned so as 
to connect the balloon with the manometer, and the difference in 
height of the manometer arms was read. This difference in 
centimeters multiplied by the density of the manometer liquid 
yields the gas pressure values, G. At the same time, the bench 
marks and the circumference of the balloon in two directions 
were measured. The average of the two readings on the bench 
marks yields the quantity x, and the radius calculated from the 
average of the two circumference readings is the radius r  of 
Equation 8. Of the circumference measurements, one was taken 
equatorially, the other almost vertically, but missing the immedi
ate vicinity of the neck (as shown by the dotted lines in Figure 4). 
A balloon required altogether from 5 to 70 minutes for inflation, 
depending on the rate.

B a l l o o n  D e f l a t i o n .  In  the case of several balloons after 
they had been inflated nearly to  the breaking point deflation 
data were taken in order to learn something of the hysteresis 
of the compression stress strain. The procedure used for 
inflation was followed, except th a t air was released a little a t  a 
time through the stopcock, measurements being taken on the 
pressure and on the bench m arks a t  each step. The defla
tions were accomplished in much shorter time than  the infla
tions, about 2 or 3 minutes being allowed for the air pressure 
to subside.

O n e - W a y  E x t e n s i o n  T e s t s .  An object was to  compare 
the ordinary stress strain  for elongation (one-way extension) 
with th a t for compression. To obtain the former, dumb-bell 
shaped specimens were cut from several unstretched balloons. 
These were gaged for thickness and were bench-m arked in the 
usual way. In  order to  make the  ra te  of extension low 
(roughly comparable w ith the balloon dilations), the  strips 
were tested by the  dead weight m ethod. One end of the 
specimen was fastened in a supporting clamp, and to  the other 
end a pan was attached  to  which weights were added so as to 
give an extension of roughly 0.1 inch (0.25 cm.) per m inute.

T y p i c a l  D a t a  o n  B a l l o o n

Table I  shows how the d a ta  for a  balloon m ay be tabulated 
conveniently. I t  gives the original readings and the derived 
values for balloon 13. As this particular balloon was dis
tended a t a ra ther high rate, its  stress strain  was determined 
by fewer points than  was the case with some of the balloons 
tested. This example, however, illustrates quite well how the 
compression stress strain d a ta  are derived in a particular case 
from the quantities measured on th e  expanding sphere.

The gas pressures as m easured by the m anom eter for each 
step of the inflation are shown in column G. The radii in

the compressed thickness of w hat was a un it thickness before 
compression (given in the next column), are obtained from the 
x  column through Equation 6. The I  and y columns consti
tu te  the compression stress-strain data  which it is the object to 
deduce. In  the last column of the table the compression is 
expressed as a  percentage, this being analogous to  the way 
elongation is expressed in the ordinary extension stress strain 
of rubber. For example, 58.4 per cent compression means th a t 
a specimen originally 1 cm. thick has lost 58.4 per cent of 1 cm. 
(or 0.584 cm .); i t  therefore still retains a thickness of 0.416 cm. 
(as shown in the y  column). Per cent compression has been 
used in plotting results in order to  preserve the analogy with 
the conventional m ethod of expressing elongations.

Table I  shows th a t the rubber, before it  broke, di
minished in one direction to  the extent of over 97 per cent of 
its original dimension. Perhaps this figure is in error, owing 
to  the volume of the rubber actually increasing under tension, 
contrary to  the authors’ basic assumption. Even allowing 
for some error from volume increase, the result seems note
worthy, especially as 100 per cent compression corresponds 
w ith complete annihilation of the dimension in question. 
The calculated value for the force, P, which, if i t  had been 
applied as a pressure to  a 1-cm. cube of the rubber, would have 
been required to  compress the specimen to  a residual thickness 
of 0.0257 cm. and to rupture it a t th a t thickness, is the seem
ingly high figure of 9170 kg. In  English units th is cor
responds to  a breaking compressive force of about 130,000 
pounds per square inch of original cross section. When, 
however, one considers how greatly the area is expanded over 
which this force applies (thirty-nine times the original cross 
section for 97.4 per cent compression), the compressive force 
does not seem unduly great.

The P  and y  columns in Table I  show th a t P  increases 
slowly a t first, reaching only 47.4 kg. per square centim eter 
for a compression of 76.2 per cent. Towards the end of the 
compression, however, P  increases very rapidly—so much so 
as to  go from 5040 to  9170 kg. per square centim eter when the 
compression increases from 97.0 to  97.4 per cent. I t  is 
obvious th a t the results for the entire compression cannot be 
graphed advantageously on an equal division scale for stress. 
To display the compression data  for the entire deformation 
graphically, one m ay break the curve into parts and use a 
suitable scale for each part. If one resorts to  this expedient, 
the data  m ust be broken into about four parts, and a separate 
graph for each m ust be made. I t  is better for most purposes 
to  graph the stress logarithmically; even so, i t  is advisable to 
graph the early and later part of the stress strain  w ith differ-

T a b l e  I. O r i g i n a l  a n d  D e r i v e d  V a l u e s  f o r  I n f l a t i o n  o f  B a l l o o n  13

(Original wall thickness m  =  0.0305 cm. E xpansion  in early  p a r t  of inflation conducted so as to  dim inish wall thickness by  abou t 0.00762 cm. per
m inu te ; la te r p a rt of inflation involved faster rate)

C a l c d .
C a l c d . C o m p r e s s e d

G a s  P r e s s u r e ,
E q u i v . T h i c k n e s s  o f

C i r c u m f e r e n c e x— E l o n g a t e d - U n i t  B e n c h  M a r k — - C o m p r e s s i v e O r i g i n a l  U n i t
C o m p r e s s i o nG E q u a to ria l V ertical R a d i u s , r H orizontal Vertical M ean, x F o r c e , P T h i c k n e s s , y

Grams/cm.11 Cm. Cm. Cm. Kg. /cm."1 %
0 1.00 1.00 1.00 0 1.00 0

35.0 22 .1 3 .51 1.16 1.20 1.18 3.91 0.715 28 .5
32.2 3 0 .6 32 .2 5 .0 5 1 .45  • 1.65 1.55 15.4 0.416 58 .4
27.0 38 .1 38 .1 6 .0 6 2 .0 0 2 .1 0 2 .05 47 .4 0 .238 76 .2
17.7 6 2 .3 6 3 .0 10.1 3 .5 0 3 .6 0 3 .55 465 0 .0794 92 .1
13.0 9 5 .5 100 15.6 4 .90 5.20 5 .05 2160 0 .0393 96 .1
16.0 101 114 17.6 5 .50 6.00 5 .7 5 5040 0.0302 9 7 .0
18.7 117 130 19.6 6 .0 0 6 .5 0 6.25 9170 0.0257 97 .4

column r correspond with the mean values for the equatorial 
and horizontal circumferences shown in the two preceding 
columns. The values of x  are the means of the horizontal 
and vertical elongated bench-m ark readings of the two 
preceding columns. The three variables, G, r, and x, together 
with m (the original thickness of the balloon wall), furnish, 
through Equation 8, the values of equivalent compressive 
force P  which occur in the next column. The values of y,

ent scales, so rapidly do the last few stress readings advance 
with increased compression.

The last point is illustrated by Figure 5 in which the stress- 
strain data  of Table I  are plotted. In  this and all other 
graphs of compression data, the lower left-hand quadrant 
has been used; th a t is, compressive force P  increases from top 
to bottom  of the graph, and per cent compression increases 
from right to left. This is stric tly  analogous to  the use of the
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-— P « f  d o t  C om press/on

F ig u r e  5. S t r e s s -St r a in  D ata  
o f  T a b l e  I (B a ll o o n  13)

upper right-hand quadrant for plotting the ordinary elonga
tion stress strain, when we consider th a t a pressure is a 
negative tension and a compression is a  negative elongation. 
The convenience of this practice, especially when, as in the 
present case, an object is to  correlate the elongation and 
compression curves as a  single entity, will appear more 
defin ite^  later.

The long curve in Fig
ure 5 plots all the P -p e r 
cent compression d e t e r 
minations as displayed in 
Table I  for balloon 13, the 
P  scale being logarithmic. 
The short curve repeats 
the later p art of the stress 
strain, affording a more 
advantageous display by 
use of a more open scale 
for compression.

For each balloon tested, 
th e  d e te r m in e d  points 
have been p lo t t e d  and 
s m o o th  c u r v e s  d ra w n  
through them  as in Figure 
5. This affords an idea of 
the variance in the data  for 

a  given balloon, and the smooth curve enables corrected values 
to  be read. In  the case of balloon 13 the determined points are 
too far apart to afford corrections. Figure 6 plots the results 
for balloon 17 and is shown in order to  illustrate a case involv
ing more numerous points of determination. The deviation of 
the points from the  smooth curve in this case is typical of tests 
where enough points were obtained to  yield corrections. A t 
the low-deformation end of the curve the points deviate from 
the smooth curve quite appreciably. This was generally 
true and perhaps followed from the technic involving higher 
relative errors in the measurement of the bench m arks a t low 
extensions. A t any rate, the “zero end” of the compression 
stress strain cannot be considered very accurately delineated.

Balloon 17, as graphed in Figure 6, and several other balloons 
for which the data  approach the zero end fairly closely, are of 
interest, however, in giving an indication a t  least of the course 
of the curve for small deformations—a m atte r of importance 
in attem pting to  correlate the compression and elongation 
stress strains. Balloon 17 was not distended to  a break. I t  
was inflated to  a calculated compression of 97.0 per cent and a 
calculated compressive force of 5180 kg. per square centi
m eter which undoubtedly was close to  rupture. A t this stage, 
however, the balloon was deflated to obtain the hysteresis 
curve, and the la tte r likewise is shown in Figure 6.

R e s u l t s  N o t  I n f l u e n c e d  b y  R a t e  o f  C o m p r e s s io n

Before starting the work, i t  was considered possible th a t the 
modulus of the compression stress strain and perhaps the 
end point would be influenced by the ra te  of deformation. 
Provision was therefore made for tests of various rates as 
previously defined. The results, however, do not disclose any 
influence of ra te  of compression. This is made clear by 
Table I I  in which m oduli on each of nine balloons, compressed 
a t  various rates, are shown. These moduli, or compressive 
forces for given degrees of compression, show as much diver
gence between two balloons tested a t  a given rate  as they show 
between one rate  and another. I t  is evident th a t the varia
bility of the balloons exceeds any influence which variable 
ra te  of compression m ay have entailed. This is borne out also 
by ordinary elongation tests on the stock of other balloons of 
the same lot, among which an equal, if not greater, variability 
was found. This is perhaps to  be expected. For the

purposes of the present study it  has been deemed sufficient, 
therefore, to  base conclusions of a general nature on the 
approxim ate mean results of Table II.

The moduli of Table I I  are the corrected values obtained by 
reading from smooth curves similar to  Figures 5 and 6 drawn 
through the original data. I t  is not inferred th a t greater 
changes in the rate  of deformation than have been here 
employed would no t have influenced the compression results. 
Such an influence, comparable with th a t which exists when 
rubber is elongated in one direction a t  various rates, is almost 
certain to exist for compressions (or for two-directional 
elongations) also, if the rate  be sufficiently varied.

B r e a k in g - C o m p r e s s io n  D a t a

Of the nine balloons summarized in Table II, only two were 
distended to  rupture; the others were perm itted to retract in 
order to  obtain hysteresis data . N o very accurate conclusions 
as to  numerical values are justified from the data, particularly 
as to  the breaking force. The breaking compression is 
indicated, w ith ra the r small variance, as about 97.3 to 97.4 
per cent. The breaking force, however, is subject to marked 
variance, which is easily understood when the extreme slope 
of the stress-strain curve a t  high compressions is recalled.

—  P erC ent Compression

F ig u r e  6 . S t r e s s -S t r a in  D a ta  f o r  
B a l l o o n  17

The breaking compressive force on th is particular stock (a 
pure-gum cold-cured stock) niay be taken as in the neighbor
hood of 6000 to  9000 kg. per square centim eter. I t  is prob
ably no t possible to  obtain even rough approximations of the 
breaking point on compression by a technic involving actual 
compression of the specimen, for the la tte r is almost sure to be 
ruptured a t  some point prem aturely by the ununiform stress 
which is engendered. '

E n e r g y  o f  C o m p r e s s io n  S t r e s s  S t r a in  a n d  
H y s t e r e s is  L o s s

The energy of compression has been calculated for three 
balloons. The corrected stress-strain data, as read from 
smooth curves similar to  those in  Figures 5 and 6, were used as 
the basis. The corrected d a ta  were replotted on equal- 
division graph paper so as to  perm it of energy being computed 
by measuring the area between the stress-strain curve and the 
strain axis. I t  was necessary, as m entioned previously, to 
divide the graph into several parts. The authors found it 
desirable to  make four such divisions w ith scales as shown m 
Figure 7, which plots the compression d a ta  for balloon 16. 
The four curves in solid line together constitute the stress- 
strain curve for this balloon. The energy corresponding to 
each portion of the curve was estim ated by the “counting 
squares” m ethod of determ ining subtended area. Due ac
count m ust be taken, in the case-of each curve portion, of its
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T a b l e  II. S u m m a r y  o f  C o m p r e s s i o n  S t r e s s - S t r a i n  a n d  E n d - P o i n t  D a t a
A p p r o x . R a t e  o f  H i g h e s t  V a l u e s  O b t a i n e d  o n :

C o m p r e s s i o n ------- ---------C o m p r e s s i o n M o d u l i --------- Com pressive
B a l l o o n p e r  M i n . PsQa Pto Pto P n force C om pression B r o k e n ?

K g./sq . centimeter K g. /c m .7 %
16 0.00127 cm. 4 .5 8 16.4 276 1280 4950 96 .9 No
17 0.00127 cm. 4.31 14.5 240 1080 5180 9 7 .0 No
21 0.00254 cm. 4 .11 14.5 230 1080 3050 9 6 .8 No
13 0 .00762 cm. 4 .17 16.7 277 1220 9170 9 7 .4 Yes
14 0.00762 cm. 14.6 235 1060 5650 9 7 .3 Yes
15 0.00762 cm. 3 .99 15.4 249 1170 6260 9 7 .2 No
18 10% 4.9 3 17.3 280 1220 4390 96 .8 No
19 20% 15.3 245 1040 2673 96 .6 No
20 40% 14.4 242 1080 347C 9 7 .0 No

•  jPsq means com pressive force a t  30%  com pression on original cross section.

particular scales, since the energy equivalent of a unit sub
tended area depends on these and varies with each portion of 
the curve.

The energy required to  compress one cubic centim eter of 
the stock in question close to, b u t not quite up to, the break
ing point is thus estim ated in  the case of balloon 16 as 100 
kg. cm. F urther estim ates of the energy of compression 
made from the d a ta  of balloons 15 and 17 are summarized in 
Table I II . Considering the superficially enormous compres
sive forces involved, these energies are not high. This, of 
course, is because the distance through which compression 
progresses under very high stress is small.

T a b l e  III. S u m m a r y  o f  E n e r g y  o f  C o m p r e s s io n  a n d  o f  
H y s t e r e s is

B a l l o o n

15
16 
17

H i g h e s t
C o m p r e s s i o n E n e r g y  o f  E n e r g y  o f  H y s t e r e s i s

R e a c h e d  C o m p r e s s i o n  R e t r a c t i o n  L o s s  H y s t e r e s i s  
%  K g. cm. K g. cm. K g. cm. %

9 7 .2  103 69 34 33
9 6 .9  100 71 29 29
9 7 .0  89 58 31 35

sional elongation is clear when one recalls w hat is involved. 
In  the case of stretching balloon 13, for instance, w hat has 
occurred am ounts to this: A cube of rubber 1 cm. long has 
been stretched in one direction until it has elongated by 5.25 
cm.; i t  becomes much reduced in  the other two directions. 
Then, while the 5.25-cm. gain one way is maintained, the 
specimen is pulled out along one of the reduced dimensions 
until th a t also has increased by 5.25 cm. (attained 6.25 cm.). 
By this second stretching a t  right angles to  the first, the 
th ird  and remaining dimension becomes further reduced, 
reaching, in fact, the surprisingly small value of 0.0257 cm. A 
consideration of this sort fortifies the idea th a t the two- 
dimensional stretching, or the equivalent compression, 
conducted on the balloon stock imposed a greater strain than 
did the one-dimensional stretching.

-—Per Cent Compression 
97 45 93 90 3 5  8 0  70 60 5 0  90 20

When the ordinary (one-way) elongation stress strain of 
stock from the same lo t of balloons was determined by the 
dead weight m ethod, as previously described, the energy 
capacity up to  the breaking point ranged from 50 to  70 kg. cm. 
per cubic centim eter. In  view of the higher energy figures 
obtained on compression than  on elongation, and in view 
of the fact th a t the former does not include and the la tte r 
does include the breaking point, i t  would appear th a t the 
capacity of this stock to  absorb energy on being compressed to  
rupture exceeds its  capacity on being stretched to  rupture. 
Whether this is a general rule or n o t is no t known, b u t i t  is a t 
least indicated th a t compression m ay perm it of more energy 
absorption than  does elongation. However, i t  would appear 
that the two energies are of the same order of magnitude.

We may well consider th a t energy is about the best common 
measuring stick to  apply to  both  compression and extension 
deformations. A compression is no t equivalent to  an ex
tension in any sense of the word when each involves the same 
stress or the same actual or relative change in any given 
dimension. Y et in a significant sense, a compression is equiva
lent to an extension on a un it volume of elastically deform
able m atter if equal am ounts of work have been done to 
bring them about. From  this standpoint, therefore, the stock 
of the balloons tested m ay be regarded as capable of with
standing more severe deformation when the change is a 
shortening in one direction and a lengthening in the other two 
than when it  is an elongation in the one direction and a 
contraction in the other two.

This view is supported by elongation data  for both types 
oi deformation. In  th e  usual type  of one-dimensional 
extension, the breaking elongations on five te st pieces ranged 
rom 640 to 710 per cent. The two-dimensional elongations, 

on the other hand, on balloons 13 and 14 which were distended 
o rupture were 525 and 505 per cent, respectively. T h a t 
nese two-dimensional elongations imply a greater degree of 

s rain than is implied by the  superficially greater one-dimen-

Figure 7 shows the retraction stress strain  by broken lines. 
The areas between these and the solid lines for compression 
together constitute the hysteresis loop. The energy lost by 
hysteresis as summarized in Table I I I  am ounts to  about 30 to 
35 per cent of the work of compression.

S t r e s s - S t r a i n  C u r v e  f o r  T w o - D i m e n s i o n a l  
S t r e t c h i n g

While the present m ethod of com puting the compression 
properties involves stretching a  specimen in two directions a t 
once, the immediate d a ta  of th a t operation are in themselves 
of interest. These d a ta  are the elongations obtained simul
taneously in  the two directions together w ith their accompany
ing tensiles. Equation 7 gives the two-way tensile, T, 
as a  function of the experimental quantities, and the two-way 
elongation is, of course, ju st another way of expressing the 
quantity  x, for elongation equals 100(2 — 1) per cent.

Figure 8 shows the stress-strain curve for two-way stretch
ing superimposed by way of comparison on th a t  for one-way 
stretching. The two-way values, identified by the symbols 
E  and T, are shown by a solid line; th e  one-way values, 
identified by  the symbols E '  and T ',  are indicated by  a  broken 
line. The E '-T ' line is the ordinary extension stress strain of 
the stock as determined by the dead weight m ethod. The 
E -T  line represents a composite set of d a ta  based on balloons
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13 and 17. Each curve is typical of the stock from the stand
point of the particular relation it depicts.

As might be expected, the E -T  curve shows higher moduli 
than  th a t for E '-T '. Energy of compression may, of course, 
be computed directly from the E -T  curve, for the la tte r is but

^ I d J
it« »

V  i w yx> hv ,«10 600

F i g u r e  8 . C o m p a r is o n  o f  S t r e s s - 
S t r a i n  C u r v e s  f o r  T w o -W a y  a n d  
O n e - W a y  S t r e t c h i n g

a different way of expressing the compression data. I t  should 
be recalled that, in com puting energy of compression from the 
E -T  curve, twice the area subtended m ust be taken, since two 
tensiles, each equal to T, are working simultaneously.

By no means are the E -T  curve and the E '- T ' curve two 
ways of expressing the same facts. They are unrelated, 
except empirically, as also are the ordinary elongation stress 
strain (the E '-T ' curve) and the compression stress strain. 
The entirely empirical nature of any relation which may 
exist between these la tte r curves is referred to  later.

C o m p r e s s i o n  C u r v e  C o n t i n u o u s  w i t h  E l o n g a t i o n  
C u r v e

From the theoretical side it is difficult to  see any reason for 
expecting to  find a discontinuity between the compression and 
the one-way extension properties of rubber. If on a piece of 
stretched rubber the tensile is reduced, the rubber shortens. 
As the process continues, stress and strain  follow a continuous 
curve. Consider the rubber when it is still subject to  a 
small tensile and when it is ju st slightly stretched. If the 
tensile is lowered further, i t  m ay be brought to  the zero point 
or it m ay attain  a  negative value (become a compressive force). 
If the tensile is carried to  a small negative value, the elonga
tion becomes slightly negative (becomes a compression). 
On going from a point on the extension curve in  the neighbor
hood of the zero point to a neighboring point on the compres
sion curve, the same change in properties is entailed as occurs 
when one proceeds down the extension curve toward the zero 
point—namely, elongation and tensile force suffer decrements 
in  the algebraic sense. I t  is difficult to  see in w hat respect 
any different thing is done in passing through the zero point 
and in passing from extension to  compression, or vice versa, 
than  is done in passing up or down either one of these curves 
w ithout crossing the zero point.

These considerations have led the authors to  expect that, 
when the compression data  and the elongation d a ta  for the 
same vulcanizate are plotted together in analogous ways, they 
will produce a continuous curve. The experimental data  on 
this are not conclusive, b u t they strongly support this view. 
In  Figure 9 are plotted original d a ta  for extension and for 
compression in the neighborhood of the zero point. None of 
our determinations for either type of deformation was taken, 
unfortunately, as close to  the zero point as m ight be desired in 
the present connection. The points in the elongation 
quadrant of Figure 9 are the original points determined in a 
representative stretching test. Those in the compression 
quadrant are the original points for the compression of the 
stock in balloon 17. Both sets of data  are chosen for display 
because they show more than usual detail in the neighborhood 
of the zero point. These data  seem to furnish fair, b u t not

quite conclusive, proof of continuity, and the authors hope to 
give this m atte r further study.

Considered somewhat more critically by plotting the points 
of Figure 9 on a larger scale (Figure 10), the compression 
points lead to a  smooth curve which, on extrapolation, does 
not pass through the origin. I t  intersects the strain  axis at 
about 0.7 kg. of compressive force. In  fact, of course, the 
compression curve must, in the nature of things, pass through 
the origin; and, when our d a ta  lead to the smooth extrapola
tion thus somewhat avoiding the origin, there are just two 
possibilities. E ither (1) the extrapolated p art of the relation 
undergoes an unlikely sharp change of curvature near the 
origin which is quite unsupported by data  and unaccounted 
for in theory, or (2) the entire set of compression results, near 
the top of the curve a t least, are experimentally low on the 
graph. The la tte r is the more likely alternative. If the com
pression curve is lifted, w ithout change in shape or direction 
so th a t its  extrapolated end passes through the origin, it and 
the extrapolated end of the elongation curve will meet with 
the same slope within limits of the experimental accuracy.
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F i g u r e  9 . E x t e n s i o n  a n d  C o m 
p r e s s i o n  n e a r  Z e r o  P o i n t

The conclusion seems justified th a t any imperfection of the 
experimental data  as evidence of continuity  between com
pression and extension properties m ay be assigned to error. 
In  Figure 10 the graph is on a large scale and is confined to a 
small region of the stress-strain results in close proximity to the 
origin. The d a ta  used are the same as in Figure 9. The 
extrapolated ends are shown in broken lines. The upper 
do tted  curve in the compression quadran t coming away from 
the origin is the actual compression curve moved up to 
m eet the origin b u t suffering no other change.

A n a l y t i c  F e a t u r e s  o f  S t r e s s - S t r a i n  C u r v e  f o r  
R u b b e r

If we accept the foregoing thesis of continuity of compres
sion and extension, i t  alters our outlook on the much-debated 
equation of the stress-strain curve for rubber. The complete 
curve m ay be regarded as having a positive (extension) branch 
and a negative (compression) branch. Any equation which is 
proposed for the curve m ust fit both  branches; i t  must be one 
which yields all values of stress and strain encountered 
experimentally and no t ju st those of positive sign.

I t  is beyond the scope of the present paper to  attem pt any 
discussion of the equation for the curve. We may, however, 
ask: W hat are the analytic features to  which the curve con
forms and which will govern its equation?

1. The curve passes through the origin with negative curva
ture (convex upward). . , ,

2. The part to the lower left of the origin (compression brancju 
passes downward with increasing slope and is bound theoretically 
to have the vertical line representing 100 per cent compressio  ̂
as an asymptote. Experimentally also the curve is found to ap
proach this vertical line asymptotically. _ .

3. I t  is observed empirically tha t in a typical case the mai 
portion of the part of the curve above and to the right oi t 
origin (elongation branch) possesses positive curvature (conca 
upward).
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4. I t  follows from 1 and 3 that a point of inflection must exist 
in the elongation branch; this is usually observed experimentally 
and occurs in the present results a t or a little before 200 per cent 
elongation.

5. The elongation branch in its upper part is observed empiri
cally to approach an oblique asymptote.

In  Figure 11 the complete stress strain, including compres
sion and elongation branches, is shown. This is drawn to 
conform to typical results of the present study. To bring the 
lower end of the compression branch with its high stress into 
the picture, i t  is necessary to  break the scale and curve. The 
solid line represents the complete stress-strain data  as usually 
expressed—namely, w ith stress calculated on the original 
cross section of the specimen.

When stresses are calculated to the actual cross sections, 
we have the curve shown by the broken line. The stress for a 
given strain  based on the actual cross section is obtained by 
the well-known relation:

„ _ /  per cent elongation \
=  F° +  -  ioo )

where Fa and F„ = stresses based on actual and original cross 
sections, respectively.

Both branches of the stress-strain curve are elevated in the 
graph when stresses are based on actual as against original 
cross sections, and the curve passes through the origin with 
less curvature; this means increased values for tensile forces 
and decreased values for compressive forces. The apparently 
enormous compressive forces encountered become reduced to 
quite reasonable size when based on actual cross section. 
Thus the value 9170 kg. per square centimeter, determined on 
balloon 13, becomes 9170 (1 — 0.974) kg. per square centim eter 
= 238 kg. per square centim eter when figured on the actual 
cross section.

I t  is of in terest to  note tha t, notw ithstanding the vertical 
shift which the curve undergoes when stresses are changed 
from the basis of original to  actual cross section, the analytical 
features described above for the former hold also for the latter.
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L a r g e r  S c a l e

The question of whether a point of inflection is always 
present in the stress strain  for rubber has sometimes been 
discussed. If we accept continuity between compression and 
extension, then an inflection is an analytical necessity some
where on the curve. I t  would have to  exist in the compression 
branch, were i t  absent in the extension curve.

The authors believe a ttem pts have been made to  correlate 
the compression curve w ith the elongation curve on a theo
retical basis, in the sense of deriving one as a m athem atical 
function of the other. If the continuity theorem is correct, 
we have the following implications:

The elongation stress strain and the compression stress strain 
arl,t>ut parts of one and the same curve.

I ne one will not be a function of the other in the sense of its 
oeing possible to calculate the compression stress strain from one- 
uuoensional elongation stress-strain data, or vice versa.

On the contrary, the relationship of the compression branch to 
the elongation branch is entirely empirical, and it is necessary 
to learn the characteristics of each branch by operating on the 
rubber in the appropriate way—namely, by carrying out one
dimensional extensions (or two-dimensional contractions) to de
termine the elongation branch, and by executing one-dimensional 
contractions (or two-dimensional extensions) to determine the 
compression branch.
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F ig u r e  11. C o m p l e t e  S t r e s s - 
S t r a in  C u r v e

If it is desired to establish an equation for the stress-strain 
curve, this should be based on data for both the elongation and 
compression branches.

S t r e s s  R e l a t i o n s  a t  a  P o i n t

While E quation 5 correlates pressure P  w ith the equivalent 
tensiles, T, the true simplicity of the relation between these 
equivalent forces, pointed out by one of the writers (15) 
in a previous paper, is not manifested in Equation 5. There 
forces are referred to the original (undeformed) cross sections; 
wdien forces are referred to actual (deformed) cross sections, 
the simpler relation appears.

Retaining the symbols P  and T  for forces based on original 
cross section, and distinguishing forces based on actual cross 
section by P„ for compressive force and T a for equivalent 
tensile forces, we m ay showr the relationship between P„ and 
T a thus:

p  =  - y - * n T  (5)

where y =  diminished length after compression of what was an 
undeformed cube of unit length.

Since we assume the volume of the rubber has not changed on 
compression, the area of the face perpendicular to  the di
mension y  (the face on which P  acts) is y~ l. Therefore,

Pcompressive force on unit area =  Pa =  —l 

or P = y~lPa (9)

As apparent from Figure 1, the area of the face on which 
T  acts is y .y~1/2 — l/1 /2. Therefore,

Ttensile force on unit area — Ta = —rj.
y

or T  =  y '^T a  (10)

From Equations 5, 9, and 10,

P a  =  - T a  (11)
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Since Pa and T a are forces on unit areas of actual cross 
section, Equation 11 expresses stress conditions a t  a point. I t  
is evident th a t Equation 11 applies to  a deformation in which 
the specimen lengthens in one direction and diminishes in two 
directions, as well as to a shortening in one direction and 
lengthening in two directions for which it has been proved. 
The following general rule expresses the foregoing: Pressure 
a t  a point in an elastically deformed solid is numerically 
equal to  the transverse tensions which would be capable, if 
substituted for the pressure, of maintaining the same strain. 
The analogy with the equality of pressure in all directions a t a 
point in a fluid is striking.

F u r t h e r  R e s e a r c h  D e s i r a b l e

The authors feel th a t their work will have been justified if it 
stim ulates increased interest among rubber technologists 
in  the stress-strain relations of rubber and further study of the 
compression characteristics in particular. I t  is not their aim 
to  lay down in this paper a cut and dried technic for deter
mining the compression stress strain. As far as technic is 
concerned, the authors wish to  make clear the general prin
ciples of one line of a ttack  which undoubtedly avoids certain 
difficulties inherent in the commonly used m ethod of direct 
compression and which seems to  hold promise of being a 
worth while method. Regarding the stress-strain properties 
themselves, the aim has been to  show the apparent continuity 
of these as between the compression branch of the curve and 
the more usually determined elongation branch and to 
emphasize th a t a treatm ent of stress-strain d a ta  which takes 
cognizance of such continuity and which treats of the d a ta  in 
their entirety  is more likely to  result fruitfully than  a trea t
m ent which deals with the elongation branch alone.

T hat full development and use of the ideas presented in this 
paper call for further research is apparent. F or example, 
while it is satisfactory as a first approxim ation to  consider the 
volume change of rubber nil, and to  base, as has been done, all 
formulas and calculations on th a t assumption, i t  is most 
desirable th a t atten tion  be given to whatever effect such 
volume change as actually occurs m ay have. The immediate 
purpose of the investigation has been satisfied by  applying the 
technic of distending a hollow sphere to  the m ost readily 
available and convenient specimens and these, as sta ted  
previously, were cold-cured toy  balloons. Before the technic 
can be applied to  any desired composition of rubber subjected 
to  any desired ho t cure, which is where its main usefulness 
will lie, i t  is necessary to  construct a mold th a t will enable an 
accurately proportioned hollow sphere of rubber to  be vulcan
ized. F urther verification of continuity between the com
pression stress strain and the elongation stress strain should be 
obtained through a more m inute experimental study  of the 
zero ends of the two curves.

The authors purpose, as opportunity  affords, to  continue 
the study of the compression stress strain and suggest to  those 
interested in the physics of rubber th a t a more intensive study 
of compression properties will round out the physics of rubber 
where it now lacks fullness and will promote the correlation of 
the elastic properties of rubber to  ultim ate structure.

S u m m a r y

1. A relation of simple form between compressive force and 
equivalent two-way tensile forces is developed.

2. Based on this relation, a new m ethod for determining 
the compression stress strain  of rubber i's outlined, which 
avoids difficulties and errors inherent in direct compression. 
I t  consists in applying tensile forces simultaneously in  two 
directions, and, from these and the strained dimensions, in 
computing the compressive force th a t would have produced 
the same deformation.

3. The mode of applying the two-way tensiles is to  inflate a

hollow sphere of rubber; the experimental data  required to 
determine the compression stress strain are pressure of gas in, 
and dimensions of, the inflating hollow sphere.

4. The m ethod has been applied to  cold-cured pure-gum 
rubber in the form of toy  balloons which, in its ordinary elonga
tion stress strain, shows a breaking elongation of about 650 to 
700 per cent and a tensile of 30 to  40 kg. per square centi
meter. While the numerical values obtained on this stock 
have no special significance, as they will vary  from stock to 
stock, the following are examples: breaking compression, 
about 97.3 per cent; breaking compressive force, 6000 to 9000 
kg. per square centim eter (on original cross section); hystere
sis, 29 to  35 per cent of work of compression to near rupture.

5. As a common measuring stick by which to  gage degree 
of strain  in deformations of different types—e. g., increasing 
one dimension (and diminishing the other two) as against 
diminishing one dimension (and increasing the other two)— 
energy seems the best. Energy a t break for ordinary elonga
tion stress strain  was 50 to 70 kg. cm. per cubic centimeter, and 
for compression stress strain was 89 to 103 kg. cm. per cubic 
centimeter.

6. The compression stress-strain data may, if desired, be 
expressed in term s of two-way tensiles vs. two-way elongations. 
Energy of compression m ay be computed either as twice the 
area subtended between such a curve and the strain axis, or as 
the area between the compression stress strain  and the strain 
axis.

7. I t  is strongly indicated th a t the compression stress 
strain  of rubber is continuous with the ordinary elongation 
stress stra in  when both  are plotted in the  same units, and 
th a t the complete stress strain  should accordingly be consid
ered as a single continuous curve having an elongation branch 
and a compression branch with the origin as dividing point.

8. The analytic features of the complete stress strain are 
described.

9. G ranting the observed concavity of the upper part of 
the elongation stress strain, and the thesis of continuity be
tween elongation and compression, a point of inflection is 
bound to  exist theoretically.

10. Im plications of the thesis of continuity are: (1) An 
equation for the stress-strain curve m ust fit the complete 
curve; i t  is n o t sufficient th a t it fit the elongation branch only.
(2) I t  is impossible to  com pute the compression stress strain 
from the ordinary (one-way) elongation stress-strain data. 
The two sets of data  are related empirically.

11. W hen compressive force and equivalent two-way ten
siles are based on actual cross sections, stress conditions at a 
point are expressed and we have the simple rule: Pressure at a 
point is numerically equal to  the transverse tensions which, 
substituted therefor, will m aintain the same strain.
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Effect of Calcium and Phosphorus on Adhe
sive Strength of Paper-Coating Casein

S. P. G o u l d  a n d  E. 0 . W h i t t i e r ,  Bureau of Dairy Industry, Department of Agriculture, Washington, D. C.

DU R IN G  work on vari
ous caseins in regard to  
their coating properties, 

it was o b s e rv e d  th a t samples 
high in ash were usually low in 
s t r e n g th .  I t  occurred to  the 
a u th o rs  th a t t h e  a d h e s iv e  
s t r e n g th  of c a s e in  m ight be 
affected by the am ount of cal
cium and phosphorus p r e s e n t .  
A search of the literature showed 
that no previous work on this 
specific relationship h a d  b e e n  
published.

This investigation was under
taken to  determine to  w hat ex-

C alcium  a n d  phosphorus both reduce the 
adhesive strength o f casein, but the latter has 
the greater weakening effect. T he reason fo r  
this appears to be chemical rather than m echani
cal. N one o f the other inorganic substances 
presen t in  commercial casein has an  appreciable 
influence on its strength.

The estim ation o f calcium  as sulfa te and  the 
direct p recip ita tion  a n d  weighing o f phosphorus  
as m agnesium  am m o n iu m  phosphate hexa- 
hydrale are reliable a n d  com paratively rap id  
methods o f determ ining these elements in  casein  
ash.

hydroxide solution was poured in, 
and the definite amount of calcium 
or phosphate compound was added 
as required for each case. The 
mixture was then warmed on a 
steam bath with stirring to 55-60° 
C. until the particles of casein had 
disappeared. W a te r  was th e n  
added so that the final concentra
tion of the solution was such that 
each 5 grams of solution contained 
1 gram of casein. This solution 
was then incorporated with the 
clay, following the usual strength 
test procedure.

tent it is d e s i r a b le ,  f ro m  the
standpoint of adhesive strength, to  remove calcium and phos
phorus in the m anufacture of casein for paper coating.

E x p e r i m e n t a l  M e t h o d s

By the strength of casein is m eant the value given by the so- 
called wax test. The procedure was essentially th a t described 
by Sutermeister {If) with the additional feature th a t the waxes 
were allowed to  cool for 30 m inutes in contact w ith the coat
ings before they  were pulled. The same grades of paper, wax, 
and clay were used throughout the tests. I t  should be re
membered th a t the strengths of caseins are designated by num 
bers which are in inverse proportion to  the adhesive power of 
the caseins— th a t is, a casein of strength 8 is relatively strong, 
one of strength 11 com paratively weak. A coating prepared 
from a mixture containing 8 grams of casein of strength 8 
per 100 grams of clay has the same adhesive strength as a 
coating prepared from a m ixture containing 11 grams of 
casein of strength 11 per 100 grams of clay.
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F ig u r e  1 . E f f e c t  o f  A d d e d  C a l c iu m  a n d  P h o s 
p h o r u s  o n  A d h e s i v e  S t r e n g t h  o f  C a s e i n

The effect of calcium and phosphorus was studied by two 
general m ethods: first, by adding to  equal portions of 
Hammarsten casein of previously determined strength, 
definite and increasing increm ents of calcium and of phos
phorus compounds, and then determining the strength of the 
resulting mixtures when applied to  paper; secondly, by  analyz
ing the ash content of a  considerable num ber of commercial 
caseins of different strengths for calcium oxide and phosphorus 
pentoxide.

In developing the first m ethod, the casein solutions were 
prepared as follows:

Portions of Hammarsten casein were softened in water _ for 
•to to 45 minutes, the calculated quantity of standard sodium

For a basis of comparison in 
the strength tests, the strength 
of the H am m arsten c a s e in  in 
sodium hydroxide solution was 

determined carefully. I t  was found to  be 8 . Sodium 
hydroxide was used in the work w ith calcium in preference to  
other alkaline solvents in order to  avoid as far as possible 
the precipitation of calcium. W eights of compounds furnish
ing am ounts of calcium oxide equivalent to 0.18 to  1.48 per 
cent of the weight of the caseinate were added successively. 
The compounds used and their quantities are listed in Table I. 
These compounds were employed because they occur in 
paper-coating solutions, and because, therefore, i t  is desirable 
to know whether any of them  exerts specific influences on 
adhesive strength. Such influences were no t noted, however. 
The results on the effect of calcium addition on adhesive 
strength of casein are plotted in Figure 1.

E f f e c t  o f  A d d e d  I n o r g a n ic  C o m p o u n d s  o n  
S t r e n g t h  o f  H a m m a r s t e n  C a s e i n

(W eight values are per 10 gram s casein)
A d d e d  C o m p o ü n d  

Grams

0*025 C a(O H ),
0 .0 5  C a(O H ),
0 .0 5  Ca(OH)s 
0 .1  C a(Ô H )j 
0 .2  C afO H h  
0 .3  C a(O H ),
0 .2 5  CaB.Or 
0 .2 5  Ca(CiHjOj)»-2H«0 
0 .3  C aC h 
0 .3  CaSOi 
0 .3  CaCCîHsOils 
0 .3  C aH P 0 .-2 H ,0  
0 .3  C aH .(PO <)rH îO  
0 .176  N aJPO<.12H ,0  
0 .3  K iH PO .
0 .3 5  N asH PO rl2H sO  
0 .6 5  N a!H P 0 .1 2 H 20  
0 .7 9  N aiH PO ( 12HtO 
1 .3  N aiH PCUT2H ,0 
0 .3  KC1 

° C alculated.
6 T he average am oun t of PiO i in  H am m arsten  casein (1.62% ) is n o t in 

cluded in the  tab le  although  i t  has been calculated  in th e  to ta l percentage in  
Figure 1.

« S tandard .

The fixed am ount of phosphorus pentoxide present in H am 
m arsten casein was taken as 1.62 per cent (5). Phosphates 
Were added in such quantities as to  give a  range of 1.68 to  
3.95 per cent, calculated as to ta l phosphorus pentoxide. 
Trisodium phosphate was the compound used in most oases, 
although disodium and dipotassium phosphates were also 
employed. The effects of addition of phosphates on strength

T a b l e  I .

N aO H
Gram
0 .3
0 .3
0.2
0 .3
0 .1 5
0.1
0.1
0 .2 5
0 .3 5
0 .25
0 .2 5
0 .2 5
0 .2 5
0 .4 5
0 .3
0 .3
0 .3
0.2
0.2

(L3

CaO° PzOia»*» Strenc
Gram Gram

8«
o !ô i9 8
0.038 8
0 .038 8
0.076 8
0.152 9
0 .2 3 10
0.072 9
0,072 9
0 .1 5 9
0 .12 9
0.077 9
0.098 0 .'6 Î2 9
0.067 0.017 9

0.033 10
0 .1 2 9
0.069 10
0.121 10
0 .148 10
0 .243 10

8
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of casein are shown in Figure 1. The previously mentioned 
experiments in which calcium phosphates were used furnished 
points for both the calcium and phosphate plots of Figure 1.

The am ount of sodium hydroxide solution required to  dis
solve the casein was changed, when necessary, to  compensate 
for the acidity or alkalinity of the added compound so th a t 
the range of pH  values of the casein solutions was small. 
In  some cases where trisodium phosphate was employed, no 
sodium hydroxide was necessary, the phosphate functioning 
as sole solvent.

* —      ---------
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F i g u r e  2 .  E f f e c t  o f  A s ii  o n  A d h e s iv e  S t r e n g t h  
o f  C a s e in

The effect of added calcium salts on the apparent viscosity 
of casein solutions was very pronounced. A m arked thicken
ing took place, due probably to the formation of calcium 
caseinate. Sodium and potassium chlorides also had a some
w hat thickening action, due possibly to  a salting-out effect. 
The change in viscosity, however, was much less m arked than 
in the case of the calcium compound.

The influence of potassium chloride on strength was deter
mined because of its occurrence in poorly washed casein. 
No effect was dem onstrated.

In  attacking the problem by the second method, a consider
able number of commercial caseins from widely different 
sources were analyzed for calcium and phosphorus, and the 
strengths of the samples were determined. Shaw’s technic
(3), with modifications, was used in the ashing procedure. 
The methods used for determ ination of calcium and phos
phorus in the ash were modifications of th a t of Meigs, Blather- 
wick, and Cary (2), and the magnesium ammonium phosphate 
hexahydrate method of Fales (I).

The following principal adaptations were applied: Five- 
gram samples were used, nitric acid was added before charring 
and before ashing to  prevent reduction of phosphates to 
phosphides, and calcium was determined by  direct precipita
tion and weighing as sulfate. I t  was not necessary to  re
precipitate the calcium as oxalate unless the precipitate 
obviously contained iron and other impurities.

Since the calcium had been removed previously, i t  was not 
necessary to resort to  the molybdate separation. The phos
phorus can be precipitated directly as magnesium ammonium 
phosphate hexahydrate (M gNH1P 0 16II20 ) and weighed as 
such. The precipitate of the hexahydrate is collected on a 
Gooch crucible. In  this connection it  m ight be mentioned 
tha t pads made of filter paper are especially satisfactory for 
the phosphate filtration, as they perm it quick and thorough 
washing of precipitates and eliminate the tedious preparation 
of asbestos mats.

The results of the analyses of numerous commercial caseins 
are plotted against adhesive strength in Figures 2 and 3. 
The same group of caseins was used for each plot in  these 
figures.

D i s c u s s i o n  o f  R e s u l t s

The separate effects of calcium and phosphorus on the 
adhesive strength of casein are shown most clearly in Figure 1. 
Here, except for two points based on calcium phosphate 
additions, the percentage of calcium remained constant 
while th a t of phosphorus varied, and vice versa. I t  is ap

parent th a t phosphorus has more of a weakening effect than 
calcium. I t  takes larger am ounts of calcium to produce 
perceptible weakening, and even for the high am ount of 
calcium the loss of strength is not so great as in the case of 
phosphorus. W hether the condition of the calcium and 
phosphorus as added to  the Ham m nrsten casein is the same as 
th a t of these elements in commercial caseins is uncertain, and 
it  was for this reason th a t it seemed desirable to attem pt to 
duplicate these results by determinations on commercial 
caseins.

The question of the probable differences in the effects of 
organic and inorganic compounds of calcium and phosphorus 
has been brought to  the atten tion  of the authors. Since, in 
a well-washed acid casein, the calcium percentage approaches 
zero and the phosphorus pentoxide percentage approaches
1.62, the writers believe th a t organic compounds of calcium 
are practically absent from casein of this type, and that 
the phosphorus in organic combination is limited to the ap
parently  constant am ount in the casein molecule. If, by 
solution of the casein, the proportion of organically combined 
phosphorus or calcium is changed, the equilibrium attained 
should depend chiefly on the concentrations of hydrogen ions, 
calcium, and phosphorus. This being true, the amounts of 
calcium and phosphorus present would of themselves deter
mine the proportions in organic combination, provided the 
pH  values were uniform ; this was true w ithin narrow limits 
in the experiments described.

000 050 too /SO 2.00 2.50 300
a ■ CqO Per Cent * m%0s

F i g u r e  3 . E f f e c t  o f  C a l c iu m  a n d  P h o s p h o r u s  o f  
A s h  o n  A d h e s iv e  S t r e n g t h  o f  C a s e in

T he ordinate  figures in the  plo ts represent the  relative weights 
of oaaeins to  give coatings of equal streng ths. A casein with a 
s treng th  of 8 is relatively  s trong ; one with a s treng th  of 11, 
relatively  weak.

I t  will be seen from Figure 3 th a t an increase in either 
calcium or phosphorus percentage lessens the strength of 
commercial caseins. Since both these elements are present in 
the samples, one would probably influence the effect of the 
other. Furtherm ore, since calcium and phosphorus are 
varying simultaneously and since, as shown previously in 
Figure 1, each by itself has a weakening action on casein, 
the plots of Figure 3 do not distinguish sharply the individual 
effect of the two elements. However, an intercomparison of 
the plots in Figures 2 and 3 shows th a t the weakening effect 
of ash in commercial casein is due both to  phosphorus and to 
calcium, b u t th a t the effect of phosphorus is more pronounced 
than th a t of calcium.

The two methods of a ttack  have produced results that 
confirm each other.

These results show th a t, for the m anufacture of casein of 
greatest strength, i t  is necessary to  remove as much of the 
phosphorus and calcium as possible. This, of course, implies 
thorough washing.

Because of its marked weakening effect, the use of trisodium 
phosphate as a solvent for casein— except in cases where 
strength is not a factor— is to  be deprecated. The weakening 
effect of trisodium phosphate has been observed repeatedly. 
Potassium chloride, another common ash constituent, is 
w ithout effect on strength. This and other facts indicate 
th a t the reasons for the weakening effect of certain substances 
are chemical ra ther than  mechanical.
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Dehydration of Zeolite Gels by Freezing
P a u l  G. B i r d , Department of Chemical Engineering, Iowa State College, Ames, Iowa

Zeolite gels have been dehydrated by freezing, yielding a material of higher base-exchange value than 
sim ilar oven-dried gels. A  dynam ic method of testing zeolites for capacity is described.

SY N TH E T IC  zeolites are becoming more im portant 
in the water-softening field because of their high 
capacity and proven ability to  soften w ater satis

factorily. There have been m any patents issued covering the 
manufacture of these products, all of which vary in detail b u t 
not in certain principles.

Artificial zeolites are often made by  mixing a solution of 
sodium silicate with solutions of one or more aluminum salts 
which react to  form a whole-volume gel. The two m ost widely 
used aluminum salts are aluminum sulfate and sodium alumi- 
nate. One or both  m ay be incorporated into the reaction 
mixture. In  order th a t a  hard suitable product m ay be 
obtained, the w ater m ust be removed. This m ay be done by 
breaking up the gel, filter-pressing, and then drying, or by 
drying alone. The drying requires a large am ount of heat, 
especially when the gel is not filter-pressed. After drying, 
the residue m ust be reduced to the proper size. This is 
accomplished by immersing the chunks in water, which causes 
the material to  crack up or decrepitate into small particles. 
The decrepitated m aterial is washed, dried, and screened 
before being packed.

F r e e z i n g  P r o c e s s

During the last few years a  large am ount of work has been 
done in this laboratory on the subject of zeolites, and in 
particular the dehydration of these gels by  freezing.

There is some precedent for using the freezing process. 
Oakes (2) has recommended freezing gelatinous precipitates 
and filtering the solid granules obtained, as a m ethod of 
avoiding tedious filtrations and washings in quantitative 
analysis. The m aterials frozen by Oakes contained a rela
tively small am ount 
of solids. The anhy
drous so lid s  in the 
zeo lite  filter c a k e s  
com prised  approxi
mately 12 to  15 per 
cen t of th e  t o t a l  
weight frozen. Freez
ing the zeolite gel, or 
filter cake, causes the 
solids to  segregate 
into distinct clusters 
which are separated 
oy c lear ic e . The 
water formed by melt- 
mg the ice is allowed 
to drain away, carry- 
lng w ith  it a la rg e

am ount of the free alkali and other soluble salts, leaving a 
deposit of suitably formed zeolite particles.

In  these experiments the raw  materials used were com
mercial sodium alumínate in solution and commercial sodium 
silicate. The aluminate solution was diluted witli soft water 
to a strength of 0.20 mole of alumina per liter. Stiff whole- 
volume gels were made by mixing equal volumes of prepared 
sodium aluminate solution and sodium silicate solution. 
The concentration of the silicate solution was such th a t the 
resulting gel would have the desired mole ratio of silica to 
alumina. This gel was broken up, filter-pressed in a plate 
and frame press, frozen, thawed, washed, drained, dried, and 
tested for capacity or water-softening ability.

M e t h o d  o f  F r e e z i n g

The gel or filter cake to be frozen was placed in 5-gallon 
ice cream containers which were immersed within about 10 cm. 
of the top in the brine tank  of a refrigeration system. The 
mean tem perature of the brine was —6.7° C. A lter 48 hours 
the cans were removed from the tank, washed with fresh water, 
and then inverted on the draining board. Soon after being 
inverted, the frozen mass would slide out. In  a few hours the 
ice would melt, leaving behind moist zeolite particles.

M e t h o d  o f  T e s t i n g

In  order to obtain comparable results, the m aterial was 
screened on Tyler standard screens. Commercial zeolites 
vary  in size from 10 mesh (2.00 mm.) to 50 mesh (0.297 mm.). 
All zeolites tested were of the 28-35 mesh (0.589-0.417 mm.) 
size.

The testing apparatus consisted of a  battery  of th irty
m iniature w ater sof
teners. Each softener 
was made of a piece 
of glass tu b in g  ap
proximately 1.6 cm. 
in diameter, 38 cm. 
long, and fitted with 
a o n e -h o le  r u b b e r  
stopper a t each end. 
The glass tube was 
p la c e d  vertically in 
a  rack. The upper 
s to p p e r  w as  c o n 
nected by a small glass 
tube and a r u b b e r  
tube to  a pet cock on 
the common header. 
O v e r  th e  b o t to mF i g u r e  1 . M in i a t u r e  W a t e r  S o f t e n e r s
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stopper a disk of fine monel m etal screen was placed. The 
disk fitted snugly against the walls of the tube. A small glass 
tube and about 50 cm. of rubber tubing were joined to the 
lower stopper.

Before testing a zeolite, the screened m aterial was washed 
free of phenolphthalein alkalinity. The required am ount 
was then placed in a softener so th a t a 20-cm. bed was ob
tained. A t the s ta rt of each run, the m aterial was backwashed 
to  insure a uniform bed, after which 16 cc. of fine-grained salt 
were introduced into the top of the softener. The sa lt was 
slowly dissolved by passing water downward through the 
softener a t such a rate  th a t 20 minutes of salt contact were 
obtained with the zeolite. When soap tests indicated th a t 
the water issuing from below was soft, the water was run 
into a container. The exact am ount of “zero” w ater obtained 
was caught and measured. The flow of w ater downward 
during the softening process was adjusted to  a rate  such th a t 
a t  the end of 4 hours the run would be complete. A run was 
considered complete when soap tests showed 17 p. p. m. of 
hardness. A t all times during the backwashing, salting, and 
softening periods the bed of zeolite was kept below the water 
level in  the tube. By measuring the volume of zeolite, the 
am ount of water softened, and the hardness of the water, it 
was possible to calculate the softening capacity of the m ate
rial tested. The laboratory water varies bu t little from a hard
ness of 376 p. p. m. The capacity was calculated as grams of 
calcium carbonate equivalent of hardness removed per liter 
of zeolite.

The method of testing a zeolite for capacity, as outlined, is 
a dynamic test b u t is very satisfactory for comparative pur
poses if all tests are run exactly alike. Such a test does not 
yield the absolute value of the exchange bu t is more valuable 
than  an ultim ate test, because it  gives a  better indication of 
what m ay be expected of a zeolite when p u t into a water 
softener. The am ount of sa lt used in regeneration, the rate  
a t  which the w ater is run through the softener, the size of 
zeolite, tim e of salt contact, depth of the bed, hardness of the 
water, composition of the water, and perhaps the diameter of 
the tube— all seem to affect the results. This being the case, 
i t  is necessary to  arbitrarily select the conditions of testing and 
to adhere to  them.

As a check for comparison w ith results obtained in practice, 
some commercial zeolites of 28-35 mesh size were screened out 
on Tyler screens and tested as described. The average of ten 
runs for Doucil was 34.6, and for DeCalso, 34.4 grams of 
calcium carbonate equivalent per liter of zeolite. Two samples 
of each of the commercial zeolites were found to check within 
5 per cent. Fine Doucil has been rated  a t  approxim ately 
27.5 grams per liter in commercial installations.

E f f e c t  o f  F r e e z i n g

The filter cake from several gels was divided into two 
portions. One portion was dried a t 55° C., and the other 
portion was frozen a t —6.7° C. I t  was found th a t freezing 
these gels resulted in a m aterial having a higher capacity than 
when dried in the ordinary manner. Some typical examples 
are given in Table I. The values are the averages of ten runs.

T a b l e  I .  E f f e c t  o f  F r e e z i n g  F i l t e r  C a k e

C a p a c i t y ,  C aC O j E q u i v .  p e r  L i t e r  o f  Z e o l i t e  
Z e o l i t e  Frozen N o t frozen

Groms Grams
A  5 6 .0  4 8 .0
B  5 5 .0  45 .6
C 5 7 .8  5 3 .8

The compositions of the gels of zeolites A , B, and C were 
quite different as regards to ta l alkalinity and silica-alumina 
ratio. I t  is not intended th a t the values given for Doucil 
and DeCalso should be compared with those given in Table 
I, as the m aterials made in the laboratory had a much lower

silica-alumina ratio than these proved commercial products. 
All of the testing was done a t  the same time and under the 
same conditions.

E f f e c t  o f  F i l t e r i n g  o n  P a r t i c l e  S i z e

In  order to be a satisfactory zeolite, it is essential th a t the 
resulting m aterial be of correct size, hard, and durable. The 
effect on particle size of filtering the gel before freezing is 
shown in Table II.

T a b l e  II. E f f e c t  o f  F i l t e r i n g  o n  S iz e

S c r e e n Press cake
- A m o u n t  R e t a i n e d  — 

F ilter cake Gel not
Size Opening 4.8 a tm . BOchner funnel filtered

Mesh M m . % % %
10 1.651 1.4 0 .0 0 .0
14 1.168 7 .3 0 .0 0 .0
20 0.833 18.3 1.4 0.1
28 0.589 2 1 .6 8 .8 0 .6
35 0.417 20 .3 25 .8 7 .3
48 0.295 11.6 27 .0 22.4
65 0.208 11 .4 25 .3 46.0

100 0.147 2 .6 4 .7 10.8
Passing 100 mesh. 5 .5 7 .0 12.8

T o tal 100.0 100.0 100.0

U niform ity  coefficient (5) 2 .93 2 .14 2.18
Effective size, m m . 0.230 0.186 0.128

The values given in Table I I  include all of the fines and 
dust passing a 48-mesh (0.295-mm.) screen, which amounted 
to about 19.1 of the to ta l weight obtained from the press 
cake. M ethods of reducing this loss are being studied.

D i s c u s s i o n  o f  R e s u l t s

These experiments have been conducted on gels having a 
low ratio of silica to alumina. Colburn and Smith (1) have 
come to the conclusion th a t highest capacity is obtained with 
a ratio  of 2.5 moles of silica to 1 mole of alumina. Since then, 
most of the work has been confined to  gels having this 
composition. I t  should be pointed out th a t the range investi
gated by  Colburn and Sm ith was ra the r narrow, 3.5 being the 
highest value recorded.

W ith this type of gel the experiments show th a t a material 
of the correct size m ay be obtained by  freezing under the 
proper conditions. I t  seems th a t two factors affect the size— 
the am ount of w ater in the m aterial frozen and the rate of 
freezing. Q ualitative observations indicate th a t rapid freez
ing is conducive to  the formation of small particles.

The results indicate th a t freezing has a beneficial effect on 
capacity. W hether or not this increase is secured with gels 
having a higher silica-alumina ratio or having a different 
degree of alkalinity, is no t known. However, there are some 
indications th a t high alkalinity increases the beneficial effect 
of freezing as regards capacity. These points are under 
investigation.

So far, freezing has not yielded a product having the desired 
hardness, unless the surface moisture is entirely removed by 
drying. The am ount of drying to  accomplish this is small. 
Exposure of a few hours to the open air was sufficient in the 
laboratory. If  this m ethod were p u t into practice, a drier 
would probably be required. As it is desirable to secure a 
harder product, the am ount of dehydration obtained by freez
ing a t  lower tem peratures is being investigated.

M any details m ust be worked out before a definite announce
m ent of the commercial feasibility of this process can be 
made.
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Dehydration of Alcohols with Alkali Metal 
Alcoholates

L. P. K y r i d e s ,  T. S. C a r s w e l l ,  C. E. P f e i f e r ,  a n d  R. S. W o b u s  

Research Laboratories, Monsanto Chemical Works, St. Louis, Mo.

TH E  preparation of nearly anhydrous alcohol by 
fractionation of mixtures of aqueous alcohol and 
benzene, whereby the w ater is removed as a  ternary 

azeotrope w ith alcohol and benzene, is well known and widely 
used on the large scale. A variety  of other methods for the 
dehydration of alcohol have been proposed, such as the use 
of anhydrous calcium chloride, the use of glycerol alone or in 
combination with hygroscopic salts, the use of metallic 
calcium, aluminum, or magnesium, etc. None of these other 
processes has m et w ith the success of the distillation method 
in the presence of a liquid which yields an azeotropic mixture 
owing to  the economy of operation which the la tte r process 
permits. The distillation process, however, reaches its 
maximum efficiency only on very large-scale operation, where 
continuous operation and autom atic control can be applied.

D e h y d r a t i o n  o f  A l c o h o l  b y  A l k a l i  S a l t s  o f  M o n o -  
a n d  P o l y h y d r o x y  A l c o h o l s 1

The work described here was done in an a ttem p t to find a 
method more suitable for com paratively small-scale produc
tion than dehydration by means of benzene. Glycerol, po
tassium carbonate, triethanolam ine, and ethylene glycol were 
all tried. Although the alcohol was increased in strength, 
none of these substances gave better than  a 97.4 weight per 
cent alcohol on one treatm ent. A 98.6 weight per cent alcohol 
was obtained in two stages from 92.5 weight per cent alcohol, 
using glycerol and potassium  carbonate.

I t  then occurred to  the senior au thor to  use the salts of 
higher alcohols or of the glycols as dehydrating agents. These 
salts were prepared by  the usual m ethod of mixing an excess of 
the alcohol w ith an alkali hydroxide and driving off the water 
{1-8). The aqueous ethyl alcohol was then mixed w ith the 
solutions of the anhydrous salts, and a portion was distilled off 
through a short column. The following salts were tried: 
sodium salts of glycerol, ethylene glycol, benzyl alcohol, 
methylcyclohexanol, n-amyl alcohol, xylenol, and phenol; 
the potassium salts of ethylene glycol and benzyl alcohol; 
and the calcium salts of ethylene glycol.

The reaction may be represented as follows:
ROX +  H20  — >  ROH +  XOH 

where R = alkyl or aralkyl radical
X =  an alkali such as sodium, potassium, etc.

The amount of the salt of the alcohol or glycol taken is in 
excess of that necessary to react with the amount of water 
present in the alcohol.

C o m p a r a t i v e  D e h y d r a t i o n  E f f e c t  o f  V a r i o u s  
S u b s t a n c e s

The efficacy of the various substances tried is compared in 
Table I. These tests were made by mixing the indicated 
amount of dehydrating  agent w ith the indicated am ount of 
weak alcohol. The m ixture was then fractionated, using a 2- 
foot Vigreux column, and a first fraction was collected to 
the am ount shown in the fifth column. The alcohol content 
was determined from  the  specific gravity  and is reported as 
weight per cent.

In addition to the above dehydrating agents, the potassium
1 A pa ten t app lication  for th is  m ethod  is now pending.

salt of ethylene glycol was prepared, b u t so much foaming 
took place while the w ater of reaction was being distilled th a t 
no further work was done with the potassium salt.

T a b l e  I .  E f f ic a c y  o f  V a r io u s  D e h y d r a t in g  A g e n t s

S t r e n g t h
S t r e n g t h  S t r o n g o f

W e a k o r A l c . R e c o v 
D e h y d r a t  A m o u n t A l c . A l o . R e c o v  e r e d
i n g  A g e n t U s e d A d d e d A d d e d e r e d A l c . R e m a r k s

Cc. % Cc. %
Glycerol 100 cc. 500 9 2 .3 100 9 3 .6 Glycerol n o t

(95% ) d e h y d ra te d  
before use

Glycerol 70 cc. 350 9 3 .6 260 91 .6 Glycerol no t
(95% ) dehydra ted

Glycerol 100 cc. 500 9 2 .3 100 9 1 .6 Glyoerol d e 
h y d r a t e d  
w ith  to luene 
before use

Glycerol 70 cc. 350 9 1 .6 255 9 6 .0 D e h y d r a t e d
glycerol used

Glycerol 250 cc. 500 9 2 .3 100 9 5 .8 D e h y d r a t e d
glycerol used

Glycerol 175 cc. 350 95 .8 300 9 7 .4 D e h y d r a t e d
glycerol used

Glycerol 100 gram s 500 9 2 .5 300 9 1 .5 D istd . th rough
3-ft. colum n

K jCO i 80 gram s 500 92 .3 100 9 1 .2
K iCO j 56 gram s 350 9 1 .2 318 9 5 .3
T rie thano l 100 cc. 500 9 2 .3 100 9 3 .7  T r ie th an o lam in e

am ine d e h y d r a te d  
in  vacuo to  
130» C.

Diethylene 90 gram s 380 9 2 .5 200 9 3 .8 D i e t h y l e n e
glycol gram s glycol d ehy 

d ra te d  by  
boiling in  
vacuo

E thy lene 200 gram s 500 9 2 .5 200 9 1 .9 E th y len e  g ly
glycol c o l  p r e v i 

ously p u ri
fied by frac
tiona tion

Glycerol +  
K jCO j

100 cc.(dry) 
100 gram s 
(dry)

)
1 300 9 2 .3 (200  

1 65
9 7 .1
9 1 .3

Glycerol +  
K iCO j

100 gram s Som e decom 
(anhydrous) 1 _nn 
100 gram s f 500 92 .5 180 9 6 .2 position  of 

glycerol du r-

Glycerol +  
K iCO j

Glycerol +  
KjCOa

Glycerol +  
NaO H

100 gram s 
(anhydrous) 
100 gram s 
(1%  H jO)

500

75 gram s \ 
(anhydrous) I _ _ 
75 gram s 
(1% H jO )  J 
368 gram s ) fi0f) 

80 gram s ) DUU

9 2 .5

97 .2

9 2 .5

465

350

500

9 7 .2

98 .6

9 6 .5

E thy lene  
glycol -f* 
N aO H

248 gram s ' 
165 gram s 
(48.4%  

soln.)

500 9 2 .5 (400  
Í 70

9 7 .6 )  
9 4 .7  /

ing ale. 
d istn .

M ix t. ag ita ted  
du ring  d is tn ; 
d is tn . c a r
ried o u t in 
w ater b a th ; 
sh o rt frac- 
t i o  n a  t i n g  
colum n used

Sam e proce
du re  a3 in  
p re v io u s  
expt.

W  a t e r  r e 
moved from  
d e h y d ra tin g  
m ix t. by  
heating  to 
150-160° C . 
for 2 hou rs; 
m ix t. had  
b a d  te n d 
ency to  foam

W a t e r  r e 
m oved from  
d e h y d ra tin g  
m i x t u  r  e 
b y  d i s t n .  
t h r o u g h  
sh o rt colum n 
un til vapor 
te m p , of 
180° C. w as 
r  e a n  h  e d  ; 
m ixt. d id  no t 
foam

795
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T a b l e  I. E f f i c a c y  o f  V a r i o u s  D e h y d r a t i n g  A g e n t s  
(Continued)

D e h y d r a t 
i n g  A g e n t

D ry  mixt. 
from  pre
vious expt.

Benzyl ale. 
4- N a sa lt 
of benzyl 
ale.

M ethylcy- 
clohexanol 
+  N aOH

A m o u n t
U s e d

260 cc.

S t r e n g t h  
S t r e n g t h  S t r o n g  o f  

W e a k  o f  A l c . R e c o v -
A l c . A l c . R e c o v -

A d d e d  A d d e d  e r e d

Cc. %  Cc.
376 9 7 .6  (300

i 75

300 Rrams 350 9 2 .5 300

295 gram s 
78 gram s 

(48.4% )
238 92 .5 200

n-A m yl alc. 
+  N aOH

352 gramB ) 
160 gram s > 
(50% ) S

500 9 2 .5 400

X ylenol - f  488 gram s .
N aO H  160 gram s > 500

(50%  soln.) )

Phenol - f  376 gram s )
N aOH 178 gram s >500

(50%  soln.) )

Benzyl alc. 432 gram s )
4- KOH 112 gram s > 500

(dry) )

E thy lene  100 grains )
glycol 4- ]■ 500
K iCO j 100 g ra m s)

E thy lene 248 g ra m s )
glycol 4- f 450
C a(O H )i 55 g ra m s )

9 2 .5

9 2 .5

9 2 .5

92 .5

9 2 .5

400

400

400

E R E D
A l c . 

% 
9 9 .2 )  
94 .7  }

9 6 .0

95 .3

94 .7

94 .9

9 5 .0

95 .7

470 96 .1

400 9 5 .3

R e m a r k s

M ixt. used de
h y d ra ted  as 
above by 
d istn . to  
vapo r tem p, 
of 180° C.

D e h y d r a t in g  
m ix t .  p r e 
p a r e d  b y  
m ix in g  4 
moles benzyl 
alc.4-2m oles 
N aO H , and  
d istg . to  v a 
por tem p, of 
195° C.

D e h y d r a t in g  
m ix t .  p r e -  
p a  r e d i n 
m anner sim i
la r to  th a t  
used for N a 
sa lt of e th y l
ene glycol; 
m ixt. was 
d a rk  brow n 
afte r dehy
d ra tio n  and 
p ra c tic a lly  
insol. in alc.

D e h y d r a t in g  
m ix t .  p r e 
p a r e d  b y  
d  i s t  n g. 
th rough  col- 
u  m n a n d  
s e p a r a t i n g  
w ater from 
am yl alc.; 
m ixt. d istd . 
u n til vapor 
te m p e ra tu re  
reacned 125° 
C.

W a t e r  r e 
m oved from 
deh y d ra tin g  
m i x t .  b y  
d is tn .; m ixt. 
becam e d a rk  
on heating

W a t e r  r e 
m oved from  
m ix t . by 
distn .

W ater of reac
tion  rem oved 
f r o m  d e 
h y d r a t i n g  
m ix t. by 
distn . to  v a 
por tem p, of 
170° C.

grams of 50 per cent sodium hydroxide were charged to  a glass 
flask equipped with a  Vigreux column, the w ater was removed 
by distilling to  a vapor tem perature of 180° C., and the cycle 
was repeated. The proportions of alcohol used contained 
w ater equivalent to 80 per cent of th a t which theory requires 
to  react with the glycoloxide; previous experimentation had 
shown th a t this was the best proportion. The ethylene glycol 
which distilled w ith the w ater during the dehydrations was 
recovered by  fractionation and charged back to the dehydrat
ing mixture. The results on the series of ten batches run are 
given in Table I I .

T a b l e  I I .  R e s u l t s  o f  R e p e a t e d l y  D e h y d r a t in g  A l c o h o l  
w i t h  M i x t u r e  o f  E t h y l e n e  G l y c o l  a n d  I t s  S o d iu m  

S a l t

D e h y d r a t 
i n g

92.5%
( W e i g h t )
A l c o h o l

S t r o n g
A l c o h o l C o m p o s i t i o n W a t e r

B a t c h M a t e r i a l C h a r g e d R e c o v e r e d b y  W e i g h t F r a c t i o n

Grams Cc. Cc. % Cc.
1 257 500 473 9 7 .3 35
2 257 500 470 9 7 .0 40
3 270 500 470 9 6 .8 23
4 260 500 470 9 6 .8 42
5 265 500 470 96 .9 43
6 262 500 470 9 6 .9 44
7 260 500 470 9 6 .5 49
8 263 500 470 9 6 .6 40
9 253 500 470 9 6 .8 31

10 250 500 470 9 6 .8

W ater of reac
tion  d istd . 
from  dehy- 
d r  a  t  i n g 
m ixt. before 
use.

D e h y d r a t i n g  A c t i o n  o f  S o d i u m  E t h y l e n e  
G l y c o l o x id e

The three best dehydrating agents tried, as can be seen 
from Table I, were the mixtures of glycerol and potassium 
carbonate, of ethylene glycol and potassium carbonate, and 
of ethylene glycol and its sodium salt. All three of these gave 
strong alcohol in two steps starting w ith 92.5 per cent alcohol, 
b u t because there was decomposition of glycerol, the glycerol- 
potassium carbonate mixture was not tried out further. The 
mixture of ethylene glycol and its sodium salt showed promise 
of being a good dehydrating agent.

In  order to  determine whether the mixture of ethylene 
glycol and its sodium salt could be used repeatedly for alcoholic 
dehydration w ithout any deterioration, a series of runs was 
made with the same batch of dehydrating agent. Two- 
hundred and forty-eight grams of ethylene glycol and 160

Before taking the w ater fraction from batch 1, there were 
added 20 cc. of glycol, which had been recovered by fractiona
tion from the w ater removed from the initial preparation of 
sodium glycoloxide. Before taking the water fraction from 
batch 4, there were added 12 cc. of glycol, recovered from the 
water fractions of batches 1, 2, and 3. The same procedure 
was followed on batch  7, 14 cc. of glycol recovered from the 
water fractions of batches 4, 5, and 6 being added. Before 
starting  batch 10, there were added 11 cc. of glycol recovered 
from the w ater fraction of batches 7, 8, and 9.

E f f e c t  o f  M e t a l  E q u i p m e n t

In  order to  determ ine the effect of m etal equipment on 
sodium ethylene glycoloxide, a series of runs similar to that 
described above was m ade in iron and in copper. In  iron, 
the decomposition of the glycoloxide was quite rapid, and 
practically all of the glycol was decomposed after four succes
sive batches. In  the case of copper, the decomposition was 
less marked, bu t became apparent after about seven successive 
batches.

I t  was thought th a t this decomposition was accelerated by 
the high tem perature which was required to  dehydrate the 
glycoloxide. In  order to  obviate the use of a high tempera
ture, a series of runs was made in copper similar to th a t de
scribed above, w ith the difference th a t the residue remaining 
after the strong alcohol had been distilled off was dehydrated 
under a vacuum  in such a way th a t the tem perature did not 
go over 150-155° C. A series of twenty-five batches was 
made in this way, writh  the following results:

M aterial charged 496 gram s glycol
333 gram s 48.1%  N aO H  

19775 gram s 92.0%  (by weight) alcohol 
M aterial ob tained  541 gram s sodium  ethylene glycoloxide residue

1591 gram s w ater frac tion  . ,
849 grains m iddle alcohol fraction  (92.0 /o by welg**;<

17494 gram s strong  alcohol fraction  (97.0%  by weight;
Loss in  25 runs  129 gram s

The glycol was recovered from the w ater fractions by 
fractionation, and from the glycoloxide residue by acidifica
tion and distillation. The to ta l recovery was 416 out of 496 
grams charged, or 84 per cent of the  original charge. This 
apparent difference includes the unavoidable mechanical 
losses incurred in handling the recovered glycol over the whole
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series of experiments. I t  is believed th a t consumption of 
glycol can be m aterially decreased in larger-scale operation.

A d a p t a t i o n  t o  C o n t i n u o u s  P r o c e s s

The dehydrations described previously were all made as 
separate batch  experiments. Laboratory experiments were 
then made in order to determine whether this m ethod of 
dehydration could be adapted to  continuous operation. For 
this purpose it was necessary to add an excess of glycol to the 
glycoloxide in order to bring the crystallizing point of the 
glycol-glycoloxide m ixture down below the boiling point of 
alcohol. A m ixture of 5 moles of ethylene glycol to  2 moles of 
sodium hydroxide when dehydrated, crystallized a t about 95° 
C .; a m ixture of 6 moles of glycol to  2 moles of sodium hydrox
ide crystallized a t about 60° C.; and a mixture of 7 moles of 
glycol to  2 moles of sodium hydroxide was still fluid a t 40° C. 
The last named m ixture was used in the continuous experi
ment.

Alcohol (92.5 per cent by weight) was boiled in a  glass still, 
and the vapors were passed up a packed column 4 feet long. 
The dehydrating m ixture was added to the column a t a point 
about 1 foot from the top, a t  the rate  of 150 grams for every 
100 cc. of alcohol distillate collected. After a little tim e had 
been allowed for the system to reach equilibrium, two succes
sive 100-cc. portions of the distillate were collected separately 
and analyzed. One of these was 99.5 per cent (by weight) 
alcohol, and the other was 99.2 per cent.

This experiment serves to  show th a t 99 per cent alcohol can 
be obtained by  a continuous process with sodium ethylene 
glycoloxide. In  large-scale operation, of course, the aqueous 
alcohol would be fed to  the column a t a point near the bottom  
while a reboiler a t the bottom  of the column would supply the 
necessary heat. The dehydrating m ixture would be con
tinuously drawn off and dehydrated under vacuum in a sepa
rate system.

A p p l i c a t i o n  t o  D e h y d r a t i o n  o f  O t h e r  A l c o h o l s

The principle of dehydration with sodium ethylene glycol
oxide was applied to  terf-butyl alcohol and to isopropyl 
alcohol. In  the former case, starting with commercial 
feri-butyl alcohol which had a specific gravity of 0.80560 a t 
25°/25° C., and which would not crystallize a t 0° C., it was 
possible to obtain alcohol of crystallizing point 18° C. and 
specific gravity of 0.78254. S tarting with isopropyl alcohol 
of specific gravity  0.80884 a t 25° C., it was possible to obtain 
a dehydrated product with specific gravity 0.78714 a t  25° C.

S u m m a r y  a n d  C o n c l u s i o n

The alkali salts of high-boiling alcohols, glycols, and glycerol 
can be used for the dehydration of the lower-boiling alcohols 
which are difficult to  dehydrate by ordinary means.

Sodium ethylene glycoloxide is an efficient dehydrating 
agent for aqueous alcohols, and has the m erit th a t it can be 
readily regenerated for repeated use. The only feature which 
would apparently m ilitate against its use on the large scale is 
the gradual decomposition which takes place in presence of 
some metals, resulting in ultim ate loss of the glycol. This 
decomposition can be minimized by the avoidance of high 
tem peratures in the dehydration, by the use of partial 
vacuum, or by operation in containers which do not have a 
catalytic effect on the decomposition of the alcohólate.

I t  is anticipated th a t the selection of the proper m aterial for 
the construction of a  p lant employing this m ethod will 
minimize the decomposition to a point where i t  would no 
longer be a serious cost factor.

L i t e r a t u r e  C i t e d
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(1926).

(2) Kyrides, L. P ., U. S. P a ten t 1,712,830 (1929).
(3) Walker, T . K „ J. Soc. Chem. Ind ., 40, 172T (1921).

R e c e i v e d  Jan u a ry  11, 1932.

Corrosion of Bronzes by Vinegar
E. M . M r a k  a n d  J. C. l e  R o u x , Fruit Products Laboratory, University of California, Berkeley, Calif.

A N U M B ER  of bronzes are used in the vinegar industry, 
b u t there has been little published to show the degree 
of corrosion of various bronzes by this medium under 

various conditions. According to  St. John (5 ), a considerable 
amount of work has been done w ith w rought brasses, bu t 
information dealing w ith foundry brasses and bronzes is 
incomplete and unsatisfactory. Seiler (6) found th a t a 
phosphor-bronze, containing 90 to 91 per cent copper, 8 to 9 
per cent tin, and about 0.25 per cent phosphorus, was resist
ant to corrosion by  tan  liquors provided the m etal was free 
from iron, lead, and zinc. Philip (S) a ttribu ted  the corrosion 
of common brass to  local zinc-copper couples on the surface 
of the metal. Benik (1) sta ted  th a t the corrosion product 
of an acid-resisting bronze was proportional to  the tim e of 
immersion. M rak and Cruess (2) found th a t a tin-copper 
bronze corroded faster in citric acid than  in tartaric  acid, 
and tha t corrosion in  pure acids was faster than  in tom ato, 
lemon, or grape juices.

In order to determ ine the corrosion resistance of several 
bronzes th a t have been used or been recommended for use 
m the vinegar industry, eigh t bronzes and their chief com
ponents (copper, tin , and lead) were exposed under three 
sets of experimental conditions— namely, in still, aerated, 
and sprayed vinegar. These three te s t conditions were used, 
since Rawdon and Groesbeck (4) have shown th a t metals

corrode differently when exposed to  different corroding condi
tions.

M e t h o d  a n d  A p p a r a t u s

The metals used were cu t into strips 5.5 X 2.5 X 44.7 mm. 
The copper, tin, and lead strips were b u t 0.6 mm. in thick
ness. The m etals were cleaned b y  burnishing with a cloth 
burnisher and then washing in ether and alcohol, after which 
they were dried in a  desiccator over CaCL and then weighed 
ju st before using in the corrosion tests. The composition of 
the bronzes used is given in Table I.

T a b l e  I. C o m p o s i t i o n  o f  B r o n z e s

M e t a l
B r o n z e Cu Sn Pb Zn p Fe A1 M n

% % % % % % % %
1 80 .00 20.00

49 80.00 10.00 HKÓO
47 75.00 10.00 15.00
44 70.00 5 .00 25 .00
12 85.00 5 .00 5 .0 0 5Í 00
22 85.90 8 .00 6 .0 0 o rio
66 86.00 10.00 4 !óo
69 88.98 0 .Ó2 2 .5 0 4 .50 4 .0 0

Cider vinegar, standardized to 4.27 per cent acid as
by the addition of distilled w ater or glacial acetic acid, was 
used in these tests.
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F ig u r e  2 . C o r r o s io n  o f  B r o n z e  1 u n d e r  
T h r e e  T y p e s  o f  C o r r o s io n  T e s t s

HOUR 5 
 i70

F i g u r e  1. C o r r o s io n  o f  B r o n z e s  a n d  M e t a l s  
T e s t e d  b y  S i m p l e  I m m e r s io n  i n  V i n e g a r

In the still or simple immersion tests, strips of metal were 
suspended in 325 cc. of vinegar in quart milk bottles and allowed 
to stand for the desired period. Aeration tests were conducted 
in similar manner, except tha t air was drawn through the vinegar 
a t the rate of 50 cc. per minute by an aspirator.

The apparatus used in the spray tests was a modification of 
that used by Rawdon and Groesbeck. The metal strips were 
suspended in a bell jar near the top. The base of the bell jar 
stood in an enamel pan containing 1500 cc. of vinegar. An 
atomizer installed on one side of the bell jar near the base sprayed 
the vinegar into the jar, where it was distributed as a mist by 
the use of a baffle plate. An outlet at the top. of the jar per
mitted the spray to move upward. The baffle plate acted as 
a receptacle to catch the liquid dripping off the metal strips. 
The concentration of spray was controlled by controlling the 
pressure of the air passing through the atomizer. In this test 
the vinegar was replaced every 24 hours.

When the corroded metals were removed they were washed 
in distilled water and alcohol and then dried in a desiccator several 
hours before weighing.

The data  are expressed as loss of weight in milligrams per 
square decimeter of surface. Loss in volume of m etal per 
given area of surface, or penetration in millimeters were not 
as reliable as loss in weight per given area, since the former 
two necessitated the use of the specific gravity  of the metals. 
In  the  alloys the specific gravity  m ay have changed because 
of selective corrosion.

T a b l e  II. C o r r o s i o n  o f  M e t a l s  u n d e r  V a r i o u s  T e s t
C o n d it io n s

(In  mg. per sq. dm . of surface for 100-hour period)
S i m p l e A £ r a t e d S p r a y e d

M e t a l I m m e r s i o n V i n e g a r V i n e g a r

B ronze 1 71 .9 498 .8 593.0
49 146.6 397.6 481.3
47 253.5 461.2 682.5
44 254.7 491.9 2607.0
12 116.9 402.0 580.9
22 103.2 334.3 478.7
66 67 .0 273 .0 709 .0
69 68 .6 298.2 852.6

Copper 33 .6 212 .0 837.1
Tin 106.5 349.0 41 .9
Lead 324.7 1491.0 8826.8

All tests were conducted a t  a tem perature of ‘20° =*= 2° C. 
All tests were made in duplicate and were repeated when

the duplicates did no t check reasonably close. I t  was more 
difficult to  obtain reproducible results in the spray than in 
the other tests; however, m any of these tests were repeated a 
num ber of times, and the d a ta  given in Table I I  and Figures 
1 and 2 are considered representative for corrosion under the 
given conditions.

D i s c u s s i o n

The rate  of corrosion was obtained for all the metals under 
the three types of conditions, and only the typical results are 
shown. Figure 1 is typical of the differences found between 
the rates of corrosion of the various metals under similar 
conditions. F igure 2 is typical of the difference found in the 
rate  of corrosion under different conditions.

I t  is apparen t from Table I I  th a t all m etals tested, except 
tin , corroded m ost in the spray tests and least in the simple 
immersion tests. Tin, however, corroded most in the 
aerated vinegar and least in the spray tests. A fter 100 hours 
of exposure in the spray tests, tin  m aintained a smooth surface 
on which appeared a th in  white film, whereas after the same 
exposure in the other tests the surface was considerably 
eroded and p itted . The presence of tin  in bronze 1, however, 
did not seem to inhibit the increase in corrosion of this bronze 
in the spray. Rapid oxidation was undoubtedly responsible 
for the great increase in the corrosion of the metals in the 
spray tests. In  the case of tin , this rapid oxidation probably 
favored the formation of a protective film.

Lead corroded more rapidly than  any of the other metals 
tested. The presence of lead in bronze apparently decreased 
the resistance of bronze to  a ttack  by vinegar in the three 
tests used. In  all tests the corrosion and lead content of 
bronzes 49, 47, and 44 varied in the order named a t the 
end of the 100-hour period. No direct relation, however, 
between the lead content of the  bronzes and its corrosion was 
found. These three bronzes, particularly 44, have been used 
in the vinegar industry  prim arily because of their supposed 
acid-resisting properties.

Bronzes 66 and 69 corroded w ith a clean surface when 
immersed in vinegar, b u t in the spray a dark scaly precipitate
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formed on their surfaces. This m aterial tended to  flake off 
as corrosion proceeded.

All bronzes tested  corroded sufficiently under all condi
tions used to  cause considerable contam ination of the vinegar 
with heavy metals. Since the contam ination of foods w ith 
heavy metals is undesirable, it is inadvisable to  use any of the 
bronzes tested in the vinegar industry, and it is particularly 
inadvisable to  use the three containing a high percentage of 
lead.

L i t e r a t u r e  C i t e d

(1) Benik, Korrosion u. MctallschuU, 5, 247 (1929).
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(4) Rawdon and Groesbeck, Bur. Standards, Tech. Paper 367 (1928).
(5) St. John, Metals & Alloys, 2, 242 (1931).
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Some Studies in the Fat-Liquoring of Chrome 
Leather

II. Effect of Various Oils upon Oil Adsorption and Strength of Leather

E d w in  R. T h e i s , Department of Chemical Engineering, Lehigh University, Bethlehem, Pa., a n d  F r a n k  
S. H u n t , Research Laboratories, Hunt-Rankin Leather Co., Peabody, Mass.

IN A p re v io u s  p a p e r  the 
writers discussed the effect 
of hydrogen-ion concentra

tion upon oil adsorption and 
showed tha t, as the pH  value of 
the skin or fa t liquor varied, the 
amount of oil adsorbed by the 
chrome leather varied also. I t  
was further shown th a t each in
dividual fat liquor gave a char
acteristic absorption curve over 
a pH range of 1 to  12. If  a mix
ture of oils was used, the char
acteristic curve of the pure oil 
was changed in proportion to 
the mixture used.

The experimental work was 
extended to include the follow
ing effects: mixtures of raw and sulfonate cl oils upon oil 
adsorption and ultim ate strength of the leather; moisture in 
leather before fat-liquoring upon oil take-up and strength of 

finished leather; and mixtures 
of different oils upon oil adsorp
tion, strength of leather, and dis
t r i b u t i o n  of oil throughout the 
skin.

E x p e r i m e n t a l  P r o c e d u r e

Chrome-tanned calfskin, direct 
from shaving, was cu t into pieces, 
2 X 4 in c h e s ,  and fat-liquored 
in the oil e m u ls io n s  to  be noted 
a t  120° F. (48.9° C.) a n d  for 
30 minutes. A t the duration of 
the fat-liquoring period, the skin 
was removed and dried slowly 
(room tem perature), and the oil 
adsorbed was determined, using 
low-boiling p e t ro le u m  ether as 

F i g u r e  1. E f f e c t  o f  t h * 2 e x t r a c t i v e .  A t the same
M i x t u r e s  o f  S u l f o n -  tim e the tensile s t r e n g t h  a n d
a t e d  a n d  R a w  N e a t ’s -  the tearing strength of the fat-
a'd s o r p t io n N a n d  liciuored leather were determined.
S t r e n g t h  o f  F i n i s h e d  Tlle fo llo w in g  s y s te m s  were
L e a t h e r  stud ied :

1. Raw n e a t ’s - fo o t  oil and 
s u lf o n a te d  neat’s-foot oil, the 
m ix tu re s  varying from 100 per 
cent raw oil to 100 per cent sul
fonated oil.

2. Raw cod oil and sulfonated 
cod oil.

3. Raw cod oil and m o e llo n  
oil.

4. R aw  neat’s-foot o il a n d  
s u lf o n a te d  castor oil, the fat 
liquors being adjusted to pH 4 and 
pH 9.

5. Raw cod oil and sulfonated 
c a s to r  o il, th e  r e s u l t in g  fat 
liquors being adjusted to pH 4 and 
pH 9.

6. Sulfonated cod oil and salted 
egg yolk, adjusted to pH 4 and 
pH 9.

7. Raw c a s to r  oil a n d  sul
fonated castor oil.

8. Raw neat’s-foot oil and egg yolk.
9. Temperature of fat-liquoring upon oil adsorption and re

sultant strength of leather.
10. Comparison of sixteen different and varied fat liquors.
11. Effect of pH, oil concentration, and stability of fat liquor 

upon oil adsorption and ultimate strength of finished leather
12. Effect of skin moisture and degree of washing before fat- 

liquoring upon oil adsorption.

When raw and sulfonated oils 
are mixed, and c h ro m e  l e a th e r  
is fat-liquored in such emulsions, 
the oil adsorption and strength 
of the l e a th e r  v a r ie s  w ith the 
m ix tu r e .  Figure 1 shows the 
effect upon strength n e c e s s a ry  
for tear and upon oil adsorbed, 
of mixtures of raw and sulfonated 
n e a t ’s - fo o t  oil. I t  is r e a d i ly  
seen from Figure 1 th a t w ith raw 
n e a t ’s - fo o t  oil a lo n e  the oil 
adsorbed by the chrome leather 
is  v e r y  s m a ll ,  b u t ,  a s  th e  
p e r c e n ta g e  of s u l f o n a te d  oil 
added increases, the oil adsorbed 
becomes in c r e a s in g ly  greater, 
p r o b a b ly  b e c a u s e  of th e  in-

Characlerislic oil-adsorplion curves are ob
tained for various mixtures of raw and sulfonated 
oils used in the fat-liquoring of chrome-tanned 
calfskin. I t  is shown that the percentage of 
sulfonated oil added to raw oil drastically 
affects the amount of oil adsorbed by the leather. 
The effect of p H  value, the oil concentration, 
and stability of the fa t liquor upon the oil ad
sorbed during the period of fat-liquoring are 
given. A  comparison, with relation to oil 
adsorption by the leather, of some sixteen different 
fa t liquors is shown. The effect of moisture con
tent of the chrome leather upon oil adsorption 
is given.

F i g u r e  2 .  E f f e c t  o f  
M i x t u r e s  o f  S u l f o n 
a t e d  a n d  R a w  C o d  
O il s  o n  O i l  A d s o h p - 
t io n  a n d  S t r e n g t h  
( T e a r )  o p  L e a t h e r
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50 per cent moellon. The tensile strength of the leather, 
however, attains its maximum value a t  75 per cent moellon.

Figure 4 gives the graphical data  obtained when mixtures 
of raw n ea t’s-foot oil and sulfonated castor oil are used for the 
fat-liquoring of chrome leather. A t both  pH  4 and 9 the oil 
adsorbed rises to  a maximum value a t  25 per cent sulfonated 
castor oil. A t pH  4 the oil adsorbed is greater than  in the 
more alkaline system of fat liquors. The tear test is greater 
a t pH  4 than a t  pH  9; in the case of the fa t liquor a t pH 4, 
this test shows a maximum value a t  75 per cent sulfonated 
castor oil. W ith regard to the tensile strength of the leather, 
a t high concentrations of raw nea t’s-foot oil, the fa t liquor of 
the higher pH  value shows the greater strength, while the 
reverse is true a t  higher concentrations of sulfonated castor
oil. I t  would appear th a t the alkaline fa t liquors, made up of 
mixtures of raw nea t’s-foot and sulfonated castor oils, show a 
lessened oil adsorption and tend to yield a somewhat weaker 
leather.

Figure 5 shows the data  obtained using mixtures of sul
fonated castor oil and raw cod oil. In  this case, again, there 
is a  greater adsorption using acid fa t liquors than alkaline ones. 
In  both cases the oil adsorption reaches a maximum value 
a t a 50 per cent concentration. The tensile strength of the

r e s u l t in g  leathers shows 
th a t the acid fa t liquors are

J  tenjile strength strongest when the raw cod
i oil predominates, while the

~ \ ( i  a l k a l in e  fa t l iq u o r s  are
|gw j      ^  s t r o n g e s t  when the sul

fonated castor oil is in ex
cess. The tensile strength 
curves show tha t, in either 
acid or alkaline condition, 
m ix tu r e s  of the oils are 
stronger than  either single 
component.

W hen chrome leather is 
fat-liquored w ith mixtures 
of sulfonated cod oil and 

oil»»!íe¡> salted egg yolk, an entirely
Hq different p ic tu r e  re su lts . 

" 'p*-4- In  the first place, the ad
dition of even very small 
am ounts of egg yolk retards 
the adsorption of oil. There 
is little difference in oil ad
sorption between fa t liquors
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.  TEAR
/ ' . j i HR STRENGTH
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OIL
ADSORBED

OIL ADSORBED
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F i g u ii e  3 . C h a r a c t e r is t ic  p e r c e n t s u l fo n a te d c a s to r o i l
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c re a s e d  s t a b i l i t y  of t h e _________________
emulsion formed, and of the «f
combination of the evapo- *  t e n s j l e  j t b e n o t » y \ ,

rated oil w ith the leather. i "  fm / '  ' / \  \ ? h - r

W ith regard to the strength /  s '  \ .  \
of the l e a th e r  under such |  --A
treatm ent (measured by the ’
t e a r  t e s t ) ,  th e  strength « t e a r t e s t

first in c re a s e s ,  then de- | |  r —
creases rapidly, until a t  100 \  \
per cent sulfonated oil the 
leather s t r e n g t h  is below 
th a t of 100 per cent raw a s
nea t’s-foot oil, even though |
the p e r c e n ta g e  of oil ad- ^
sorbed is g r e a te r  a t th a t 2 '
point. This indicates th a t a
the am ount of actual oil ad
sorbed is no criterion of ul
tim ate strength of finished 
leather. When a mixture 
of raw cod and sulfonated 
cod oils are used in the fat- 
liquoring a somewhat different picture results (Figure 2). As 
in the case of the system raw nea t’s-foot oil-sulfonated n ea t’s- 
foot oil, the addition of sulfonated cod oil results in an increased 
oil adsorption which reaches a maximum value a t  about 50 per 
cent sulfonated oil. The strength of the leather in all cases is 
higher when sulfonated oil is added to the fa t liquor, bu t 
reaches a maximum value a t 50 per cent sulfonated oil.

Figure 3 shows the characteristic curves obtained when 
chrome calfskin is fat-liquored in various mixtures of raw cod 
oil and moellon. A t pH  4 (natural pH  of the fa t liquors of 
this mixture) there is a steady rise in oil adsorbed as the per
centage of moellon in the fa t liquor increases. A t pH  4 there 
is very little change in the tear of the leather. The tensile 
strength, however, changes, rising to a maximum value a t  75 
per cent cod oil and 25 per cent moellon, then decreasing 
sharply as the percentage of moellon further increases. A t 
pH  9, however, an entirely different system results, since the 
presence of alkali tends to  disperse the oils more readily. 
The oil adsorbed rises to  a maximum value of 50 per cent 
moellon and then decreases sharply. The strength of the 
leather, as measured by  the tear test, follows the same general 
trend as th a t of the oil absorbed, rising to a maximum value of

tear strength
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RATURE rf,

F ig u r e  9. E f f e c t  o f  T e m 
p e r a t u r e  o n  O il  A d s o r p 
t i o n

at pH 5 or 9. A t pH 5 the strength of the leather (either tear 
or tensile) is constant, decreasing as the percentage of egg yolk 
increases. A t pH  9, however, the strength of the resulting 
leather increases up to 50 per cent egg yolk. The data  ob
tained are shown graphically in Figure 6. Figure 7 shows 
similar data  for the system raw nea t’s-foot oil-egg yolk. In  
this case, again, egg yolk apparently retards the oil adsorption.

The l e a th e r ,  h o w e v e r , is 
strengthened up to a concen
tration  of 25 per cent egg yolk. 
From  the results obtained and 
shown in Figures 6 and 7, it 
would appear th a t the addi
tion of salted egg yolk retards 
the adsorption of oil by  the 
c h ro m e  l e a th e r .  I t  was 
pointed o u t  in a p r e v io u s  
paper th a t oil adsorption is 
retarded a t certain hydrogen- 
ion concentrations. This con
tention is s t r e n g t h e n e d  in 
this work.

Figure 8 shows the adsorp
tion of oil from mixtures of 
raw and sulfonated castor oils. 
As s u l f o n a te d  castor oil is 

added, the oil adsorption increases to  a maximum, and, as 
greater am ounts of sulfonated oil are added, the oil adsorption 
decreases rapidly. The maximum tear strength  is attained a t 
75 per cent raw and 25 per cent sulfonated castor oil.

E f f e c t  o f  T e m p e r a t u r e  u p o n  F a t - L i q u o r i n g

Chromed calfskin is usually fat-liquored a t  an initial 
temperature of 100° to 120° F. (37.8° to  48.9° C.), and i t  was 

, of interest to  determine ju s t w hat role tem perature plays w ith
regard to  oil adsorp
t io n  a n d  le a th e r  
strength. F ig u re  9 
sh o w s the data  ob
tained for a tem pera
ture interval ranging 
f ro m  70° to 180° F. 
(21.1° to  82.2° C.). 
I t  is readily seen tha t, 
as the tem perature in
creases up to  120° F. 
(48.9° C.), the oil ad
s o r p t io n  a lso  in 
creases; beyond this 
point, however, the 
oil a d s o r p t io n  d e 
c re a s e s .  I t  is also 
se e n  t h a t  a t  80° F. 

i0 (26.7° C.) the  great-

FiG U R EfllO . R e l a t i v e  C o m p a r is o n  ^  a'r^ .
o f  S i x t e e n D i f f e r e n t F a t L i q u o r s ,  strength are attained;
I n c l u d i n g  R a w  a n d  S u l f o n a t e d  both of these factors
O ils ,  M o e l l o n ,  a n d  S o a p  decrease rapidly be

y o n d  80° F. (26.7° 
C.). I t  would appear th a t increasing the tem perature (up to 
120-140° F., or 48.9-60° C.) favors oil adsorption, b u t such 
treatment has a tendency to give tender leather.

C o m p a r i s o n  o f  V a r i o u s  F a t  L i q u o r s  

Some sixteen different fa t liquors were used for a relative 
comparison of oil adsorption and resulting strength of leather. 
Toe fat liquors used were similar to  those in regular use in 
tannery practice. F igure 10 shows the data  obtained. The 
curves were plotted in relation to  a decreasing tensile strength,

and it is to be noted th a t, in 
general, the oil adsorbed and 
the tear strength bear little 
relation to  each other. I t  is 
generally found th a t leather 
fat-liquored with a sulfonated 
oil is decidedly stronger with 
regard to  tear a n d  te n s i le  
strength than  a correspond
ing leather fat-liquored with 
the raw oil. Since it has been 
postulated p r e v io u s ly  th a t 
sulfonated oils actually com
bined with the collagen of the 
skin, i t  is possible th a t such 
combinations tend to  give a 
stronger leather. I t  is to be 
further noted th a t sulfonated 
cod oil and moellon tend to 
give the s t r o n g e s t  leathers, 
th a t the addition of either sulfonated or raw  castor oil to a 
fa t liquor tends to weaken the finished product, and th a t 
oil adsorption and strength of leather have little real rela
tion.

Figure 11 shows a somewhat similar comparison, w ith the 
exception th a t the fa t liquors were emulsified to a finer degree, 
using an acid emulsifier. In  every case, where an emulsifier 
was used for stabilization, there resulted an increased oil 
adsorption and a stronger leather. These facts are particu
larly noticeable in the cases of moellon and linseed oils.

E f f e c t  o f  E m u l s i f i c a t i o n  a n d  O i l  C o n c e n t r a t i o n

In  a  previous paper, characteristic curves wrere given for the 
oil adsorbed by chrome leather over a wide pH  range of fa t 
liquors. In  this work only one concentration of oil was used. 
The data  given in Figures 12 and 13 show these characteristic 
curves in two distinct ways:

F ig u r e  11. E f f e c t  o f  E m u l 
s if y in g  A g e n t  o n  O il  A d
s o r p t io n

by concentration of oil from 
1 to 5 per cent, and w ith and 
w ithout the use of emulsifiers.
I t  is readily seen tha t, when 
emulsifiers are not used, the 
curves o b ta in e d  are of the 
same type, the oil adsorbed 
in each case being of a maxi
mum value a t pH  5. A t this 
pH , h o w e v e r , the te n s i le  
strength of the leather is a t  a 
m in im u m  v a lu e .  When 
emulsifiers are used to cause 
a  greater dispersion of the oil 
in the water, e n t i r e ly  new 
types of curves are obtained.
The oil dispersed in an acid 
media (pH 3 to 5) in every 
case shows an increased ab
sorption as the pH  value of 
the fa t liquor increases to  pH  
5, and, with the e x c e p t io n  
of 3 per cent oil, a t t a i n s  a 
maximum value a t this point. In  the eases of 1 and 2 per cent 
oil, minimum oil adsorption results a t  pH  6. In  the case of 3 
per cent oil neither a maximum nor m inimum results, b u t only 
points of inflection a t  pH  5 and 7. For 4 and 5 per cent oil, 
there is shown a maximum oil adsorption a t  pH  5 and a mini
mum a t pH  6. In  all cases where the emulsifier is used, a 
greater oil adsorption results and a correspondingly greater 
leather strength.

F ig u r e  12. E f f e c t  o f  O ïl  
C o n c e n t r a t io n , E m u l s if i
c a t io n , a n d  p l i  V a l u e  o f  
F a t L iq u o r s  o n O i l A d s o r p -
TIO N
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F ig u h e  13. E f f e c t  o f  O il  C o n c e n t r a t io n , E m u l s if i
c a t io n , a n d  p H  V a l u e  o f  F a t  L iq u o r s  o n  S t r e n g t h  
o f  F in is h e d  L e a t h e r

E f f e c t  o f  M o i s t u r e  i n  L e a t h e r

Chrome-tanned calfskin m ay be either fa t liquored and then 
colored, or the reverse, depending upon the individual m anu
facturer. In  either case the skin contains a definite am ount of 
w ater a t  the tim e of fat-liquoring. Figure 14 shows the oil 
adsorbed when chrome-tanned calfskin containing varying 
am ounts of m oisture is fat-liquored in various oils. From 
this figure it  is seen th a t, in the cases of moellon, raw cod oil, 
cod oil and emulsifier, and moellon and emulsifier, the oil 
adsorbed decreases as the m oisture of the leather increases. 
I t  is also seen th a t for sulfonated cod oil or for sulfonated oils 
in general, as the m oisture of the leather increases, the oil 
adsorbed increases also. This fact is to be expected, since the
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sulfonated oils emul
s i f y  r e a d i l y  w i t h  
water, and the water 
present in the leather 
lias no effect upon this 
emulsification. From 
Figure 14 it  w o u l d  
a p p e a r  t h a t  salted 
egg yolk is adsorbed 
a s  r e a d i l y  a t  a n y  
m o i s t u r e  c o n t e n t .
T h e  a d d i t i o n  of 
emulsifier to a f a t  
l i q u o r  c o n t a i n i n g  
m o e l l o n  m aterially 
aids oil adsorption, 
giving a m a x i m u m  
adsorption a t  a b o u t  
50 per cent moisture.
For p r a c t i c a l  pur
poses, chrome-tanned 
c a l f s k i n ,  just after 
s h a v i n g ,  will a tta in  
between 50 and 60 per cent moisture when drummed for 30 
minutes; thus, reading off values for the various oils a t 50 per 
cent m oisture will give an indication of the oil adsorbed under 
practical conditions.

PER CENT MOISTURE IN LEATHER

F ig u r e  14. E f f e c t  o f  M o is t u r e  in  
C h r o m e  S k in  o n  O il  A dsorption  
d u r in g  F a t -L iq u o r in g

Yapor-Phase Cracking of Gasoline
A Study of Optimum Conditions for Production of Unsaturated 

Gases from Gasoline
H a r o l d  A. C a s s a r ,  Organic Chemistry Department, Massachusetts Institute of Technology, Cambridge, Mass.

TH E work described in this paper was undertaken to 
determine w hat was involved in the vapor-phase 
cracking of gasoline a t atmospheric pressures so as to 

yield unsaturated gases whose value is steadily increasing in 
the chemical industry.

The gasoline selected was an un treated  straight-run distil
late made from Pennsylvania crude. I ts  Engler distillation 
showed 34 per cent off a t 212° F. (100° C.), and an  end point 
of 410° F . (210° C.). The aniline point was 60° C.; hence it 
consisted mainly of paraffin hydrocarbons. This was also 
shown by its very low knock rating  which was characteristic 
of straight-run distillates from this kind of crude. This type 
of gasoline was selected since its low knock rating  makes it 
less valuable for use in automobiles than  most gasolines.

E x p e r i m e n t a l  P r o c e d u r e

The apparatus used consisted of a 3-foot (0.9-meter) length 
of 1-inch standard  iron pipe, packed w ith pumice stone (1300

pieces per 100 grams) and heated for a length of 30 inches 
(76.2 cm.) by  1 kw. running through chromel A wire, gage 18; 
the whole was suitably heat-insulated by magnesia covering.

The m ercury positive displacem ent m ethod of feeding the 
gasoline into the apparatus was used. Temperatures were 
read by means of a thermocouple loosely slipped into a ther
mometer pocket a t  the exit of the tube; the gases and vapors 
produced were sen t through a spiral condenser and receiver, 
the noncondensable gases being collected in two 20-liter glass 
carboys, graduated in liters and filled w ith water.

The tem peratures experimented w ith ranged from 500° to 
700° C., and the feed rates ranged from 40 to 240 cc. per hour. 
S tandard Pyrex and combustion tubes were found unsuitable 
for the higher tem peratures.

The volume of the 30 inches (76.2 cm.) of tube is 340 cc. 
All rates are reported as liquid tim e of contact, which figure 
takes care of the volume of the cracking tube used and the 
rate  a t  which the gasoline was fed. Liquid time of contact i=
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F ig u r e  2 .

A
B
C
D

Hours
0.825
1.65
2.47
3.29

C o n s t a n t - R a t e  R e s u l t s

The constant-rate results are plotted in Figure 1.
T o t a l  G a s .  The volume of the gas evolved, in liters per 

liter of gasoline charged, is plotted against tem perature in ° C. 
(curve A , Figure 1). W ithin the range examined, the to tal 
gas evolved increases directly with the tem perature and is a 
linear function of it. The empirical equation is

G = (T  — 480) 2.38 (1)
where G =  volume gas evolved per unit volume charge 

T  — temperature, ° C.

This simple empirical linear relationship seems to be gen
erally true. Curves A , B, C, and D  in Figure 2 show how 
some of G ault and Hessel’s results on hexadecane form 
straight lines too.

(L iquid tim e of con tact, 5.66 hours)
A .  D istilla te  as percentage of charge (upper scale)
B .  T o ta l gas (lower scale)
C. Percentage olefins in  gas (upper scale)
D . Percen tage arom atics in d is tilla te  (upper scale)
E . P ercen tage olefins in  d is tilla te  (upper scale)

equal to  the volume of the ho t tube (in liters) divided by the 
rate of feed (in liters per hour) ; since the figure has one di
mension ( th a t of time) cubic feet or centim eters can be 
substituted for liters and give the same figures. This m ethod 
of reporting rates facilitates comparison w ith other investiga
tions, as it does not involve the dimensions of the cracking 
tube used.

Thus G ault and Hessel (I) cracked hexadecane in a quartz 
tube, 2 X 64 cm., a t  the ra te  of 1 cc. per m inute, corresponding 
to a liquid tim e of contact of 3.29 hours. A t this ra te  they 
obtained 126 liters of gas per liter of feed a t  615° C. Under 
similar conditions, Pennsylvania straight-run gasoline gave 
230 liters.

A better index of ra te  from a theoretical standpoint would 
be the vapor tim e of contact. U nfortunately this involves the 
average molecular weight of the gasoline (a com paratively 
uncertain figure) and the percentage gasified a t  different 
points in the tube; consequently, for purposes of comparison 
with different apparatus and different stocks, its value is 
problematical.

The olefin content of the gas was determined by  absorption 
in bromine w ater. The unsaturates in the distillate were 
approximately determ ined by absorption in 88 per cent sulfuric 
acid, and the arom atics by  th e  aniline point method on the 
residue, checked by  the nitric plus sulfuric method.

700

Oc
£

«*.
a

500

t  200

x ....

A

. X\V

- ^

X

^ 0

O '

SOI

J0X

2 o:

G a s  E v o l v e d  d u r in g  C r a c k in g  o f  H e x a d e c a n e  ( i )  

C urve L iquid tim e of con tact

Two main series of runs were made: one a t constant rate 
(60 cc. per hour, or 5.66 hours liquid tim e of contact) and a t 
temperatures ranging from 500 ° to  700 ° C .; and the other a t  a 
constant tem perature of 600° C. and a t  rates varying from 1.4 
to 8.6 hours liquid tim e of contact.

0 J  4 9 / 2 / /
L/qu/d  Tim c  o r  C o n t a c t  in hou/ts

F i g u r e  3 . C o n s t a n t - T e m p e r a t u r e  R e s u l t s

A .  T o ta l gas isoale on left)
B . D istilla te  as percentage of charge (scale on righ t)

D i s t i l l a t e  C h a r g e .  The percentage of the charge th a t 
appears as distillate is plotted against tem perature as curve B  
in Figure 1, and here, too, the relationship is linear.

U n s a t u r a t e s  i n  G a s .  The percentage of olefins in the gas 
are plotted against the tem perature in F igure 1, curve C; 
the olefins reach a maximum (around 600° C.) of 47 per cent, 
and diminish a t  both the higher and lower tem peratures. 
This fact is almost certainly due to the polymerization of the 
unsaturates th a t occurs a t  the higher tem peratures.

A r o m a t i c s  i n  D i s t i l l a t e .  The arom atic content of the 
distillate increases rapidly w ith tem perature, and a t  700° C. 
has reached a figure of 60 per cent of the distillate, correspond
ing w ith 7.8 per cent of the charge (Figure 1, curve D).

U n s a t u r a t e s  i n  D i s t i l l a t e .  The olefin content of the dis
tillate rises from 3 per cent a t  500° C. to 35 per cent a t  700° C. 
From the above it  follows th a t, if a  maximum gas volume 
is required, a tem perature of above 700° C. should be adopted 
so th a t all the gasoline will be changed into gas— 650 volumes 
per volume of gasoline. These conditions also hold for 
maximum olefins— 220 volumes per volume of feed (Figure 1, 
curve E ).

If  a maximum olefin content in the gas is required— i. e., a  
gas as rich as possible in olefins (a condition sometimes de
manded for economic treatm ent of the gas)— a tem perature of 
600° C. should be maintained, giving 45 per cent unsaturates 
or 135 volumes per volume of feed.

C o n s t a n t - T e m p e r a t u r e  R e s u l t s

The constant-tem perature results are p lotted in Figure 3. 
A t a  tem perature of 600° C. the to ta l gas evolved has been 
plotted against time of liquid contact in  hours on semi- 
logarithmic paper; in curve A ,  Figure 3, the points lie on a 
straight line. The empirical equation is :
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In,G  = H  0.0758 +  5.18 (2)
where G =  volume of gas per unit volume of feed 

H — liquid time of contact, hours

Differentiating,

^  = 0.0758 G (3)

or the gas formed per un it time is proportional to the quantity  
of gas already formed; this characterizes the reaction as auto- 
catalytic. This would mean th a t a partially  gasified stock 
should crack more readily than a virgin stock, and th a t cracked 
or recycle stock should be preferable to straight-run stock for 
producing gas. The liquid-phase cracking of gas oil runs in the 
same direction as far as the production of gas is concerned, 
although in the opposite direction, where the production of 
gasoline is examined, G ault and Hessel’s results (I) with a 
single compound give a linear relationship between gas formed 
and time of contact.

Equations 1 and 2 can be combined to give a tentative 
general empirical formula for gas evolved as a function of 
tem perature and rate a t atmospheric pressure from gasoline:

G =  (T  — 480)0.0085 e0-0758 "  518 
whence G = {T -  480) 1.5 c“-0758"  (4)

Assuming this equation to hold, it follows th a t the rate of 
reaction doubles for every 70° C. between 500° and 700° C. 
Three hundred liters of gas are produced from 1 liter of 
gasoline in 7 hours liquid tim e of contact a t  600° C. and 
therefore are produced twice as fast, or in 3.5 hours a t a 
tem perature T, which is found to be 670° C. from Equation 4. 
The figure 70° C. is fairly reasonable, since gas reactions are 
known to double in rate every 10° a t 0° C. and every 100° at 
1000° C. Finally, since the gas formation goes on a t the ex
pense of the feeding stock, the nongasified portion, which ap
pears as distillate, should follow a law with respect to the feed 
similar to th a t followed by the gas in Equation 2.

The distillate as percentage of charge has been plotted in 
Figure 3, curve B, and the logarithm of the distillate charge is 
a linear function of the tim e of contact, which is w hat one 
would expect from the autocatalytic nature of the gas forma
tion.

Numerous metallic oxides were tried as catalysts to modify 
the reaction bu t no marked effects were produced.

L i t e r a t u r e  C i t e d

(1) G ault and Hessel, Ann. chim., [10] 2, 319-77 (1924).

R e c e i v e d  Jan u a ry  6, 1932. T he au th o r’s present address is Research 
D epartm en t, Sun Oil Co., M arcus Hook, Pa.

Explosive Gaseous Reactions in a Dynamic 
System

I. The Reaction of Oxygen and Propane

S. P. B u r k e ,  West Virginia University, Morgantown, W. Va., C. F. F r y l i n g ,  State of Illinois Geological 

Survey, Urbana, 111., a n d  T. E. W. S c h u m a n n ,  Fuels Research Institute, Union of South Africa

I N T H E  course of an extended investigation on the oxida
tion of hydrocarbons conducted over a period of several 
years, certain observations were made which appeared 

to  offer a means by which the mechanism of chain reactions 
or therm al explosions might be further elucidated. As a 
result special experiments were conducted w ith this object in 
view. These experiments and the deductions which followed 
therefrom are the subject of this paper. An incomplete bu t 
valuable bibliography on the subject of the oxidation of 
hydrocarbons is appended {1, 4).

PART I. EXPERIM ENTAL METHOD AND RESULTS

In the m ajority of the experiments, m ixtures of oxygen or 
air and a gaseous hydrocarbon were passed through a long 
tube of narrow diameter coiled in a molten bath. Commercial 
propane (99 +  per cent CdHs) was the hydrocarbon employed 
in general. During the course of any experiment, the

pressure of the system, the composition of the ingoing gas 
mixture, and the rate  of gas flow were m aintained constant. 
In  most cases, the reaction was conducted in  Shelby steel 
tubes, although other m aterials were also employed. The 
length of the tube immersed in the heating bath  was 350 cm. 
unless otherwise noted.

The course of the reaction was followed by  analyzing the 
gases leaving the system. The am ount and rate  of disappear
ance of free oxygen was taken as the criterion of the amount 
and rate  of reaction. In  Figure 1 a  schematic drawing of 
the reaction system is shown. Figure 2 is a photograph of the 
more im portant apparatus. To secure the exact mainte
nance of the desired experimental conditions and the constant 
analysis of the ingoing and outgoing gases, the service of at 
least two operators was required.

The experimental procedure was as follows: The flows of 
the hydrocarbon and air were governed by  valves which were 
set a t the s ta rt of the experiment and across which a constant 
pressure difference was held throughout the run. To insure 
uniform initial conditions, the hydrocarbon was evaporated
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and mixed with air in a coil im
m e rs e d  in a therm ostatically 
controlled oil bath  held a t 430 °
K. When the d e s ire d  condi
tions of reaction pressure, rate 
of flow, and initial o x y g e n  or 
air concentration had been estab
lished, t h e  t e m p e r a t u r e  of 
the r e a c t io n  bath was s lo w ly  
raised (about 1° C. per minute) 
and the c o m p o s itio n  of the 
is s u in g  gases was constantly 
followed. A t the c lo se  of an 
experiment th e  t e m p e r a tu r e  
of the bath  was lo w e re d , and 
unless the starting c o n d i t io n s  
were duplicated, the results were 
rejected.

Figure 3 expresses graphically 
th e  r e s u l t s  of tw o  ty p ic a l  
experiments obtained by follow
ing the o x y g e n  c o n c e n t r a 
tion as a function of the tem 
perature of the h e a t in g  bath.
Curve A was obtained a t  103 
atmospheres pressure, w h e re a s  
c u rv e  B was obtained a t 52 
a tm o s p h e re s  pressure. The 
reaction tube was 0.16 cm. in 
diameter. C u rv e s  o b ta in e d  
using tubes of this or a lesser diam eter were precisely dupli
cated with both rising and falling bath  tem peratures. Reac
tion tubes of appreciably larger diameters showed a pro
nounced hysteresis effect, the curve obtained with a falling 
bath tem perature lying considerably to  the left of the curve 
obtained w ith a rising bath  tem perature. For purposes of 
subsequent discussion we shall arbitrarily  define the bath 
temperature a t  which half the free oxygen has disappeared 
(under conditions of increasing tem perature) as the “reaction 
temperature.”

I n f l u e n c e  o f  P r e s s u r e  o n  R e a c t i o n  T e m p e r a t u r e

The data  presented in Table I show th a t the reaction tem 
perature decreases w ith increase of pressure.

The accurate representation of the data afforded by 
Semenoff’s formula 
(o) for chain reac
tions is of interest.
This formula is

log ^  = A /T  -f- B 

(1)

where P  is the reac
tion pressure in a t
mospheres, T  is the 
r e a c t io n  tem pera
ture in degrees ab
solute, and A  and 
B a re  c o n s ta n t s .
A cc o rd in g  to  this 
equation a straight- 
line r e l a t i o n s h i p  
sh o u ld  be sh o w n  
when lo g  P /T  is  
plotted against the 
re c ip ro c a l of the 
absolute tem pera

ture. T hat such is the case i3 
shown by Figure 4.

Semenoff derived th is  for
mula t h e o r e t i c a l l y  b o th  for 
“ therm al e x p lo s io n s ”  and for 
chain reactions. I t  is character
istic of such reactions th a t the 
products of reaction are able to 
activate the reactants, and as a 
consequence a b r u p t  c h a n g e s  
of reaction velocity m ay occur. 
I t  is g e n e ra l ly  fo u n d  t h a t  
a t some tem perature, T, deac
tivation of the p r o d u c ts  does 
not o c c u r  as f a s t  as th e y  are 
formed (either by heat losses or 
by breaking the reaction chains), 
and thus the p ro c e s s  o c c u r s  
with a u to -a c c e le ra t io n .  Ac
cording to this theory, the value 
of B  depends upon the composi
tion of th e  r e a c t io n  mixture, 
the dimensions of the reaction 
v e s s e l ,  and the p re s e n c e  of 
inert gases. A , however, does 
not vary w ith  e x p e r im e n ta l  
conditions and is a value char
acteristic of the process. Inas
much as the results given in
Table I  yield a value for A  in

agreement with th a t obtained by Sagulin ( f) , who investi
gated the explosion pressures of oxygen-propane mixtures a t 
sub-atmospheric pressures by a static method, i t  is evident 
th a t the value of B  is also dependent upon the rate  of flow, 
or, reciprocally, the duration of heating, when the experi
ments are conducted by passing the reaction mixture through 
heated tubes.

The slope A  is the most interesting term  in E quation 1. 
According to Semenoff, A  can be expressed in the case of
thermal explosions in term s of E , the heat of activation of
the prim ary or chain generating reaction, in the following 
manner:

A = ‘/ , . E /R . log e =  0.11 E  (2)

I t  is characteristic of explosions and m any chain reactions
t h a t  unreasonably 
high values are ob
ta in e d  w h e n  an 
effort is m a d e  to  
calculate h e a ts  of 
activation b y  th e  
m ethods commonly 
e m p lo y e d . Such 
would be the case if 
one were to  use the 
data  p r e s e n te d  in 
the reaction curves 
shown in Figure 3. 
S e m e n o f f ’s equa
t io n ,  however, a t 
least yields plausible 
values for E . In  
addition, the results 
g iv e n  in T a b le  I  
show th a t the equa
tion is a p p l ic a b le  
o v e r  e x t r e m e ly  
wide ranges of pres
sure.

A  method of mathematical treatment of explo
sive reactions of the hydrocarbon oxidation type 
in simple dynamic systems is presented. The 
mathematical results are in remarkably good 
agreement with all the experimental data obtained. 
The method is of very practical application in 
that it develops quantitatively the relation between 
the reaction temperature and the length and di
ameter of the reaction tubes, the pressure of the 
system, the composition of the mixture, the rate of 
flow of the mixture, etc.

I t  is quite probable that the same method of ap
proach will be found equally effective for many 
other types of explosive reactions. On the other 
hand, certain types of chain reactions—e. g., re
action of hydrogen and oxygen— may require ex
tended modification of this method, if  indeed they 
are at all amenable to sim ilar treatment. How
ever, the extended application of explosive re
actions by the chemical industry will almost in
evitably involve dynamic rather than sialic (or 
“batch”) systems.

A

F ig u r e  2 . P h o t o g r a p h  o f  A p p a r a t u s



806 I N D U S T R I A L  A N D  E N G I N E E R I N G  C H E M I S T R Y Vol. 24, No. 7

Sagulin (4), who tested the validity of Semenoff’s equation 
for a num ber of explosive reactions a t  low pressures, found 
th a t the value of E  for propane a t tem peratures below 680° C. 
was equal to 34.5 kg.-cal. per gram mole. The value cal
culated from our data  is equal to 35.0 kg.-cal. Considering

of Gas R e Pressure
F low AT I nitial action (p) in

E xpt.. N. T. P,. m i 0 3 T emp. Atmos.
Liters/hr. % ° K .

142 450 6 .0 736.1 7 .8
141 445 6 .0 703 .0 11.2
139 453 5 .9 670.2 18
143 430 5 .9 658.6 2 4 .8
138 448 6 .0 644.2 35
144 447 5 .8 641.5 35
137 441 5 .5 621 .8 52
140 428 6 .0 605.8 69
145 442 5 .5 580.1 120

Av. 443 zk 7 5 .8  ± 0 .2
127 447 1.25 610 .5 52
126 432 2 .4 612.5 52
125 427 5 .5 619.5 52
128 442 10.0 625.5 52
129 443 13.7 635 .5 52

Av. 438 ± 7
136 450 2 .4 607 .0 52
130 456 5 .8 615 .5 52
135 456 8 .2 615.0 52
131 450 10.8 615 .0 52

Av. 453 ± 3
149 175. 5 5 .7 607.5 52
174 215.,1 5 .7 608.0 52
148 274. 4 6 .0 613.5 52
172 430 6 .2 618 .0 52
137 442 5 .5 621.8 52
150 620 5 .9 627 .5 52
173 662 5 .8 629 .3 52
155 668 6 .2 633.0 52
152 736 5 .6 642 .0 52
151 948 5 .8 644.5 52

Av .5 .8  dbO .4
136 442 5 .5 621 .8 52
186 458 6 .2 673 .0 52

T ube  d iam eter 
T ube diam eter

0 .159  
- 0.080

The results on the variation of reaction tem perature with 
the concentration of air or oxygen in the reacting mixture 
are of in terest in th a t they can readily be formulated on the

assumption th a t the prim ary, chain-initiating reaction is 
unimolecular w ith respect to  propane and is not affected by 
inert substances or oxygen. This represents the simplest 
mechanism, which can be ascribed to the prim ary reaction.

C3H5: : C3H8' (3)

The ra te  of formation of C8H 8'  is presumably given by the 
following equation:

d(C,H,>)
dt = k( C3H8) (4)

V a r i o u s  P r e s s u r e s

the differences of experimental technic, pressure range, and 
concentrations, the agreement is a t  least interesting.

I n f l u e n c e  o f  A i r  a n d  O x y g e n  C o n c e n t r a t i o n s  o n  
R e a c t i o n  T e m p e r a t u r e

As the air concentration is increased the tem perature of 
reaction also increases. This is shown by the tabulated data 
and more explicitly by  the family of reaction curves in Figure 
5, where the broken line indicates the variation of reaction 
tem perature w ith initial air concentrations. Oxygen con
centrations are p lo tted; to  get air concentrations, m ultiply 
the oxygen values by 4.76.

T a b l e  I. E x p e r im e n t a l  D a t a

(R eaction system : Shelby s teel tube, 350 cm. long and  0.159 cm. in d iam eter. 
T em pera tu re  of en tering  gases, 430° abs.)

R ate

R emarks

V ariation  of reaction  pres* 
sure

Assume now th a t the rate  of formation of CsHg' m ust a ttain  a 
certain definite, though unknown value X  before a sufficient 
num ber of reaction chains are initiated to  bring about a 
spontaneous reaction. For values of C8H 8' less than  X , the 
reaction chains are broken as rapidly as they are formed, 
or the energy of the reaction is dissipated as rapidly as it is 
generated. I t  is to  be noted th a t in small tubes the rate of 
reaction varied from zero (immeasurable) reaction to com
plete reaction for a  tem perature increase of 2 or 3 degrees. 
Consequently, one m ay conclude th a t the concentration and 
rate  of formation of C8H 8'  necessary for explosion is extremely 
small. Hence the condition for explosive reaction is

d(C3H8')
dt =  X  =  *(C3H8) (5)

The variation of k  with tem perature is grven by  Arrhenius’ 
equation

d in k  ~ E  
dT R T 2 (6)

E  is taken as 35 Cal., the value obtained using Semenoff’s 
formula (Equation 2), on the assum ption th a t the reaction is a 
therm al explosion.

V ariation  of in itia l 
concentration

V ariation  of in itia l pure 
oxygen concentration

V aria tion  of ra te  of flovr of 
reaction  m ixture

oo

. x ' (®K)
1.40

F ig u r e  4. L o g  P /T  v s . R e c i p r o c a l  o f  A b s o lu t e  
T e m p e r a t u r e

’ According to  Figure 9, increasing the initial air content 
from 5.95 to 65.2 per cent increases the reaction temperature 
from 337.4° to 362.5° C. As the air content is increased, 
the propane content decreases from 94.05 to 34.8 per cent. 
I t  remains now to calculate whether the temperature in
crease will augm ent k  to  an extent ju st sufficient to compen
sate for the decrease in propane concentration. A t 337.5° C. 
or 610.5° K .,

X  =  0.9405 kiP  or h  =  1.064 X /P  

A t 362.5° C. or 635.5° K.,

X  =  0.348 k.P  or k2 = 2.873 X /P  

By integration of E quation  6 we have,

log - 2 = __ - __  ~  T l
h ki 2.3 X  R  Ti y. Ti
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M aking the obvious substitutions, we have

log 2.702 =  7655 X 

Ti  =  632.5° K. =  359.5° C.

The calculated value, although 3° low as compared w ith the 
experimental value, is considered satisfactory. Using values 
obtained for air, it is possible to calculate the values for 
pure oxygen-propane mixtures. For example, a  26.18 per 
cent air-propane m ixture reacts a t  619.5° K .; a t w hat tem 
perature will a 5.8 per cent oxygen-propane m ixture react? 
The calculated value is 614° K ., compared w ith an experi
mentally determined tem perature of 615.5° K.

According to this formulation of the influence of concentra
tion, the concentration-tem perature curve of Figure 5 should 
be slightly convex to  the tem perature axis. Experimental 
evidence of this was found but, since the experimental 
conditions were somewhat different from those adopted as 
standard, they will not be given. This relationship proved 
to be useful in  calculating the reaction tem peratures of 
mixtures of propane containing excess nitrogen and even 
methane, which acts as an  inert gas. The calculated results 
were in good agreement w ith those experimentally deter
mined. Thus one mixture containing 49.7 per cent propane, 
21 per cent m ethane, and 29.3 per cent air a t  a slow ra te  of 
gas flow (218 liters per hour) reacted a t  353.9° C. The 
calculated reaction tem perature was 353.3° C.

I n f l u e n c e  o f  R a t e  o f  G a s  F l o w  o n  R e a c t i o n  
T e m p e r a t u r e

When all experimental conditions are held constant with 
the exception of ra te  of gas flow, it  is found th a t the reaction 
temperature increases w ith the rate of gas flow. This is 
clearly shown by  the data  of Table I. A discussion of this 
phenomenon is given below.

I n f l u e n c e  o f  T u b e  D i a m e t e r  o n  R e a c t i o n  T e m p e r a t u r e

The experiments undertaken to show the influence of tube 
diameter on reaction tem perature were conducted somewhat 
differently from the standard  procedure ordinarily used.

T e m p e r a t u r e

An effort was made to obtain constancy in tim e of heating. 
To secure this, propane and air were heated separately in 
tubes of sufficient length to  bring the gases up to  bath  tem 
perature. They were mixed as they passed into the reac
tion tube. Reaction tubes of identical internal volume were 
used. Experim ents were conducted a t  two different rates of 
flow.

F i g u r e  6 . P a r a f f i n  H y d r o c a r b o n s  a t  52 
A t m o s p h e r e s  P r e s s u r e

The results are shown in Table I I . Of significance is the 
fact th a t the narrower the tube, the higher is the reaction 
temperature.

T a b l e  II. E f f e c t  o f  T u b e  D i a m e t e r  o n  R e a c t i o n  
T e m p e r a t u r e

(R eaction  pressure, 52 atm ospheres)
Initial T ube T ube

F low Oi T emp. T ime D iam. (d) L ength (X)
% ° K . Sec. Cm. Cm.

458 6 .25 673 .0 0 .26 0.080 305
433 6 .15 643.6 0 .27 0.159 76
450 

Av. 447 d= 9
6 .1 637.5 0 .26 0.318 19

317 6 .1 666.3 0 .3 8 0.080 305
308 6 .0 633.8 0 .37 0.159 76
314 

Av. 313 =h 3
6 .1 631.5 0 .37 0.318 19

I n f l u e n c e  o f  L e n g t h  o f  T u b e  o n  R e a c t i o n  T e m p e r a t u r e

I t  was naturally assumed th a t the seat of the reaction re
sulting in the disappearance of oxygen was located a t  the 
exit end of the tube when reaction began. This ivas proved 
by providing a reaction tube w ith lead-offs so th a t the treated 
gas mixture could be drawn off after passing through either 
376 cm., 193.2 cm., or 101.6 cm. of the reaction tube. I t  was 
found th a t reaction began a t  353° C. The analysis of a 
sample of gas drawn off a t  this tem perature from the 193.2-cm. 
tap  showed th a t no reaction was occurring before this point. 
The bath  tem perature was slowly increased, and when it 
reached 359° C., a  sample of gas a t  the 193.2-cm. tap  showed 
reduction of oxygen. F urther increase of the bath  tem pera
ture moved the reaction toward the entrance end of the tube, 
as shown by the following table:

L ength of R eaction
T cbe T emperature

Cm. ° C.
376 353
193.2 359
101.6 369

Thus we observe th a t as the length of the tube decreases the 
reaction tem perature increases.

R e a c t i o n  T e m p e r a t u r e s  o f  O t h e r  H y d r o c a r b o n s

In  order to  obtain com parative inform ation on the reaction 
tem perature of other hydrocarbons, experiments were 
conducted under identical conditions except th a t equal
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volumes of other paraffins were substituted for propane. 
The results obtained, confirming the findings of Sagulin (4) 
and Callendar (1), showed th a t the reaction tem perature 
increases as the num ber of carbon atoms in the hydrocarbon 
decreases. The reaction curves obtained were otherwise 
similar in every respect to those obtained w ith propane. 
Figure 6 shows graphically the com parative reaction tem 
peratures obtained under similar conditions.

F i g u r e  7 . R e l a t i o n  b e t w e e n  Qc a n d  p  
t-443  N h = 0.72 D  = 0.159

f  A few experiments were performed on unsaturated  hydro
carbons (ethylene and propylene). The characteristics of 
the reaction curves were distinctly different from those 
of the saturated hydrocarbons and seemed to indicate th a t 
the mechanism of reaction of oxygen with saturated hydro
carbons does not involve the initial formation of unsaturated  
hydrocarbons.

PART II. THEORETICAL ANALYSIS

I t  was found possible to  subject the experimental results 
which have been discussed to  a further theoretical analysis. 
This analysis, amenable to  mathem atical formulation, 
has, in the authors’ opinion, been of assistance in advancing 
our understanding of the reaction mechanism.

In  all the experiments reported, the gas mixture enters the 
reaction tube a t a  fairly low initial tem perature, Ti,  b u t owing 
to  heat transfer from the tube it is rapidly heated to  w ithin a 
few degrees of the bath  tem perature, 0 . If no reaction takes 
place and if, consequently, no heat is generated in the gas, 
it will a tta in  the bath  tem perature asymtotically. In  this 
simple case, the equation for the gas tem perature can be 
obtained very readily from the differential equation which 
expresses the rate  of heat transfer to  the gas. The rise in 
tem perature of the gas has a simple exponential form.

Let us now consider the case where chemical reaction does 
take place. By adding the rate  a t  which heat is transferred 
to the gas to the rate a t  which heat is developed in the gas and 
equating the result to the rate of tem perature rise in the gas, 
an equation is obtained connecting tem perature, concentra
tion, and distance along the tube. In  addition, we have the 
equation which expresses the rate  of reaction in term s of the 
tem perature and respective concentrations of the gases 
constituting the mixture. If these two simultaneous differen
tial equations can be solved, they will yield a precise knowl
edge of the tem perature and the extent of reaction a t  every 
point along the length of the tube. Unfortunately, the 
differential equations descriptive of present concepts of

chain reactions are of such a nature th a t they cannot be 
solved by known methods, and we are thus forced to adopt 
some other means of arriving a t  the desired result.

If  we assume th a t the reaction tube is sufficiently long, then 
it  will readily be seen th a t the chemical heat liberated may, in 
due course, raise the tem perature of the gas above th a t of the 
bath. If this occurs, it is evident th a t a t  some point the gas 
tem perature m ust reach a certain maximum value, T m, where 
the rate  of heat liberation exactly balances the heat trans
ferred to the bath. After this maximum has been reached, 
the tem perature of the gas will sink steadily until it again 
approaches the final value 0  asymptotically. By equating 
the rate  of heat liberation to the heat transferred by  convec
tion, the value of the maximum tem perature, T m, m ay be 
found in term s of 0  and the respective concentrations of 
the two gases, which a t  this point are as yet unknown. 
There is, however, a great difference in the ways in which the 
maximum tem perature T m can be attained. E ither the reaction 
m ay proceed smoothly, the gas gradually attaining a maximum 
tem perature only slightly above the bath  tem perature, or a 
point m ay be reached where the reaction takes place suddenly 
or explosively. M any explosive reactions, and certainly 
those studied in this investigation, exhibit the la tte r char
acteristic. In  this case, the maximum gas tem perature, Tm, 
appreciably above 0 , is attained suddenly. Our experiments 
are in agreement w ith the assumption th a t there is a  certain 
critical bath  tem perature, Qc, below which reaction proceeds 
extremely slowly, Tm — 0  having a small value, and above

which the reaction is explosive in character, T m — 0  [attaining 
a greater magnitude. A t the critical tem perature, therefore, 
a slight increase in the value of 0  will cause an abrupt in
crease in T m, or expressed m athem atically

dJ ^  -  COde

By m aking use of this equation it is possible to determine 
0 e in term s of known quantities, and hence to determine 
the critical tem perature of reaction w ithout the necessity 
of solving the two fundam ental differential equations.

The critical tem perature thus obtained is found to be a 
definite function of the initial concentrations of the gases, 
the pressure, the dimensions of the reaction tube, and the 
rate  of flow, and it is therefore possible to  test the theory 
with experiments performed when these factors are varied in 
turn.

The heat transm itted by convection across unit length of 
tube per second =  irDa (0  — T).

According to  definition, the heat developed in one mole of 
the mixture per second =  —Q dN o/dt.

Assuming th a t the m ixture obeys the perfect gas laws, the 
heat developed per cm. length of tube per second is:

£
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5 RATE OF GAS F10W  LITERS PER HOUR

F i g u r e  8 . R e l a t io n  b e t w e e n  9 c a n d  V
p = 52 ,V „  = 0.72 0  = 0.159
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- Q
d N a  tt I )  - p T o
~dt 4  X  22400 ~T~

The sum of these two heats m ust be equal to the mass of 
the gas per cm. multiplied by its specific heat multiplied by 
its rise in tem perature in un it time

dT

ttD1 ppsT0 dT 
4  f ~  I t  

4 c T  Q
’’ dt DppsTo

But velocity v =  dx/dt

(e — T) - d A 'a

22400p.s *

or

Also

di = ^  v
10 FT 

SirD'pTo

(1)

(2) 

(3)

B t 0.171 Æ for air

C T 0-79 X  IO “ 8
£)1.7S (IT (4)

=  _ £ L  / J l .
(a9-79) , . . /  a°-7Vr (5)

3.25
1.29 X  10"*
0.227 +  3.45 T  X  10"»

P r o p a n e

5.81
2.02 X  10_*
0.10 + 9.2 T  X  10-*

where

and

A = psD*-7* V°
- s  / y  \  o.j

&  \ t J
B = Ü 5 2  x  10-s

p s

(6)

(7)

(8)

solution. To obtain this equation some law of chemical 
reaction m ust be adopted. Accordingly, it has been as
sumed th a t the rate of any homogeneous chemical reaction 
will in general be a function of the tem perature and the 
partial pressures of the constituents. If  there is an induction 
period, the rate  m ay also be a function of the time, bu t in 
this discussion the possibility of an induction period during 
which the reaction velocity obeys a different law is neglected.

Furtherm ore, the coefficient of heat transfer, a, for tu r
bulent flow is given by  Grôber (2) as

a '  =  22 .5  Z -" -05 d ~ 9-16 ip0-79 p 9-79 B t

where By =  ¿ r ,

a ' = kg.-cal. per sq. m. per hour per ° C.
Z  = distance in meters 
d = diameter in meters 
w — velocity in meters per sec.
A = thermal conductivity in kg.-cal. per meter per hour 

per 0 C. at N. T. !P. 
a — thermal diffusivity in sq. m. per hour a t N. T. P.

From the table of values of B t presented by Grôber, it is 
found empirically th a t

where C =  3.25 for air.
The value of C for any other gas is found from the equation

If this value of B T  is substituted in the expression for 
<*', and if our units are employed, it will be found th a t

F i g u r e  9. R e l a t i o n  b e t w e e n  0 c a n d  N u  
p = 52 V -443  = 0.159

I t  follows from the kinetic theory of reaction th a t the func
tion expressing the reaction velocity m ay be w ritten as the 
product of two functions, the first involving only' the partial 
pressure of the constituents and the second involving only the 
temperature.

Furtherm ore, the tem perature function according to the 
Arrhenius theory' (6) is of the form

ii.r
no m atter w hat the order of the reaction may be. Hence we 
may write

T  ) n*¥» -  _  v/- 
dt 0 )

Values of c, p, and s for air and propane are as follows:

A i r

where M  m ay be a function of the partial pressures, 
making use of Equation 2, we have

By

dx
M  ( T  I" 

' « (7M
(10)

In  deriving E quation 4 from the expression for a ' the term 
Z~«.os hag been neglected, as this does not introduce any 
error of im portance. AJso, the gas tem perature T  has been 
substituted for th e  m ean tem perature between gas and tube. 
Since the difference between gas and tube tem perature is 
not considerable in the experiments reported, and since 
only the 0.23 power is involved, the error thus com mitted 
will be of minor importance.

Substituting the values of dt, v, and a from Equations 
2,3, and 4 in E quation 1,

The simultaneous solution of Equations 6 and 10 will 
define the am ount of reaction a t  all points in the reaction 
system. U nfortunately, this solution has not been found, 
b u t it is possible to determ ine the reaction tem perature 
and to derive several valuable equations.

A t the point in the reaction tube where the gas reaches its 
maximum tem perature, d T /d x  =  0, and thus it follows from 
Equations 6 and 10 tha t

T  = 0 — — ^ - °  =  0 4- FT  0  A  dx

where F  =

- l . l * e - E / R T „

11.15 Z>2-7t p MQ 
C F 9-79 T 0" - ‘-93

(11)

(12)

In Equation 6 there are two independent variables, T  and 
tfo. Another equation is therefore required to obtain a

This equation gives the relation between the maximum gas 
temperature, T m, and the tube tem perature, 0 . Now it  has 
been postulated th a t below a certain critical tube tem pera
ture, 0 «, the reaction proceeds smoothly, b u t th a t above Qc 
i t  will take place explosively, with a consequent large increase 
in the value of T m. A t the critical tem perature, therefore, a 
slight increase in 0  will result in a large increase in T m. Hence
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de
dTm

2Ü= =  »
de

=  o at e  =  e c

Applying this to Equation 11,

W riting 0e for 0  in Equation 11, 

Tm =  e c +  FTm»->•«

(13)

(14)

(15)

dAY
di =  -k < Z e -E/RT

Z  =  fc,AV (Aro +  A V  +  AV) ( f V A

Hence, introducing the volume fractions Ar0, A V  and A7,- 
where

Vo' =  etc.

L  being Loschm idt’s number, we have

d- ~  = kN IlV ( y ) 1/2 (16)

Comparing Equation 16 with Equation 9, it is seen that

Elim ination of T m from E quations 14 and 15 gives the value 
of 0 c—i. e., the bath  tem perature a t  which the reaction 
takes place explosively. To calculate tins tem perature, 
the energy of activation E  and the order of the reaction m ust 
be determined, so th a t the form of the function M , and 
hence of F, m ay be defined. These are determined by experi
ment.

M  = kNiip  where k =  koktL 
and n =  — 'A

Equations 14 and 15, therefore, assume the forms

“ (s
and

where

T m 

G =

=  e c +  GTm~'-n e~ElRTm 
11.15 k Q To1-73 D 2-75 p 2V *  

CV°-19

(17)
(18)

(19)

(20) 
(21)

By experiment i t  was found th a t E  is of the order of 35,000 
and hence we can solve Equation 19 for T m, and find

(22)

where the second and higher powers of RQC/ E  have been 
neglected. I f  th is value is substituted for T m in Equation 
20, the following approxim ate result is reached, since R 9 C/E  
is small:

where

9  3.73 =  V / r  - e /R q
y o .7 9  q  e  c

11.15A- Q To1-'13 E  eH  = R

(23)

(24)

F i g u r e  1 0 .  R e l a t i o n  b e t w e e n  9 c 
a n d  D

v -  2 5  r  =  4 4 3  0 .7 2

I t  is to be noted th a t M  involves the concentrations of the 
reacting constituents and, as reaction proceeds, these concen
trations will change. However, in most cases and certainly 
under the conditions of our experiments, i t  m ay safely be 
assumed th a t the to ta l reaction which has occurred up to  the 
point of explosion is negligible. Therefore, in calculating the 
value of 0c from Equations 14 and 15, i t  is permissible to 
employ the initial concentrations of the constituents.

A p p l i c a t i o n  t o  O x i d a t i o n  o f  P r o p a n e

In  accord with the data  and discussion of P a rt I, it was 
assumed th a t the ra te  of reaction was directly proportional to 
the rate a t  which active hydrocarbon molecules are formed. 
If  collision is held responsible for activation, then the rate  of 
formation of active hydrocarbon molecules, and hence the 
rate of reaction is directly proportional to the to ta l number 
of collisions between hydrocarbon molecules and all the 
molecules in the gas mixture (6). If  V 0', A V , and N Z  refer 
to the actual numbers of molecules per cc. of O2, hydrocarbon, 
and inert gases, respectively, then (5),

Equation 23 m ay also be w ritten

0.4343V
RBe

log H  +  2 log v  +  2.75 log D  -  0.79 log V

+  log ^  -  3.73 log 0e (25)

Now from the experimental reaction tem perature vs. 
pressure data , the following results are obtained:

If D
V

where k0 is a constant of proportionality and Z  is the total 
num ber of collisions per second between hydrocarbon mole
cules and all the molecules of the mixture.

B u t (7)

0.159 
443

=  0.1415
then 0C =  713 when p = 10 

©e =  590 when p — 100

From these results the numerical values of E  and H  were 
calculated to  be

E  = 35,700 
H  = 4.47 X 10«

The agreem ent of the value of the energy of activation, E, 
by  this method of com putation w ith th a t reported in Part I is 
significant. All the variables in E quation 25 are now known, 
and it  is possible to calculate 0 C for any set of conditions. 
Such calculations were carried out. The results are shown 
in the form of curves in Figures 7 to  10. The experimental 
data  given in Table I, P a rt I, are plotted on the figures for 
comparison. The agreement is seen to be excellent.

In  developing the theory, i t  was assumed th a t the reaction 
tube is of sufficient length so th a t in the absence of reaction 
the gas m ixture would be heated to  w ithin 1 or 2 degrees of 
the bath  tem perature. I f  the tube is shorter, then it is to be 
expected th a t the bath  tem perature required for reaction to 
occur will be increased. This is confirmed by data shown in 
P art I. I t  m ust be borne in mind, therefore, th a t the equa
tions developed are of stric t application only when the tube
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is of “infinite length”— i. e., about 300 cm. for rates of flow 
comparable w ith those recorded here.

A c k n o w l e d g m e n t

The authors wish to  acknowledge the able assistance of
S. Steinberger, T . Davis, and E. Tucker in conducting the 
experimental investigation, and the ingenuity and skill of 
C. Loverch in  solving the m any mechanical problems en
countered. Thanks are also due the management of Com
bustion Utilities Corporation for permission to publish this 
paper.

S y m b o l s
T o = 273° K.
T  =  temperature of gas mixture, ° K.

Tn = maximum temperature of gas mixture, 0 K.
Ti = initial temperature of gas mixture, ° K.
0 =  temperature of tube or bath, ° K.
0C = critical temperature of tube or bath, ° K.

Ar0 =  fraction of mole of first gas (02) in one mole of mixture 
(=  100 X volume per cent)

Ñ u  = fraction of mole of second gas (hydrocarbon) in one 
mole of mixture (=  100 X volume per cent)

N{ — fraction of mole of third gas (inert—e. g., nitrogen) in 
one mole of mixture (=  100 X volume per cent) 

p = pressure of mixture in atmospheres
x = distance in cm. along tube measured from point of en

trance of gas mixture 
X  = total length of tube in cm.
D = diameter of tube in cm.
V  =  flow of mixture in liters per hour measured a t N. T. P. 
Q = number of calories set free by reaction of one mole of 

first gas (oxygen)
R = gas constant
E  =  critical energy of activation
t — time in seconds
v = velocity of mixture in cm. per sec.
s =  specific heat of mixture a t constant pressure in cal.

per gram
p = density of mixture a t N. T. P., grams per cc.

a  =  constant of heat transfer by convection in calories per 
sq. cm. per sec. per 0 C.
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Changes in Fats during Frying
F. R. P o r t e r ,  H. M i c h a e l i s ,  a n d  F. G. S h a y ,  Edison General Electric Appliance Co., Inc., Chicago, 111.

W IT H IN  recent years, the preparation of various 
foods, such as doughnuts, crullers, sea foods, etc., 
by means of frying in deep fa t has become a 

standard m ethod in nearly all bakeries, hotels, and res
taurants. This m ethod has become particularly attractive 
because of the widespread use of electrically heated frying 
equipment, which lends itself readily to  autom atic tem pera
ture control, economy, and ease of manipulation—three 
important considerations for a  process of this type.

The practice of discarding used fa t periodically has been 
followed by bakers and chefs in order to  assure a product 
of the most pleasing taste  and odor. W ith equipm ent 
formerly used, th is waste was not particularly costly, as the 
usual gas-heated fry kettle  for doughnuts, for example, con
tained but 10 to  15 kg. of fat, worth no t more than  four 
to five dollars. D iscarding th is every week or so was, there
fore, of no particular concern.

However, w ith th e  advent of modern equipm ent in which 
much larger quantities— 130 to  180 kg.—of fats were used, 
this waste was of some significance, particularly as i t  was 
found th a t in order to  obtain food satisfactory in tas te  and 
°dor it was necessary to  discard and replace with fresh fa t 
every 15 to  20 days. The necessity for discarding used fa t 
is the development of some constituent which im parts an 
objectionable ta s te  to  food prepared therein. Acid con
stituents, oleic, linoleic, etc., were suspected and shown to  be

present. How they were formed was not known. A survey 
of the literature did no t yield worthwhile d a ta  or information 
applicable to  the problem. A study was therefore made of 
the behavior of edible fats and oils when used as frying media.

H is t o r ic a l  D a ta

I t  has long been known th a t  edible fats, especially when 
exposed to  atmospheric conditions, undergo some chemical 
and physical changes. H ilditch (4) points out th a t fa tty  
m atte r is an excellent medium for the growth of molds and 
bacteria, and is also prone to  incipient oxidation a t  the

Hv  / H) C  =  C \  ethylenic linkage, if present; the
H X  'H
question of rancidity  embraces a num ber of phenomena due 
to  several distinct causes; and the main causes of rancidity 
m ay be assigned to  two divisions, atmospheric oxidation 
and enzyme action (hydrolytic or otherwise). Indications 
are th a t atmospheric oxidation occurs a t the unsaturated 
linkage, neither the glyceryl radical nor free carboxylic acid 
residue of a fa tty  acid being directly concerned. The progress 
of oxidation of heated oils is stim ulated by the  presence of 
free fa tty  acid and still more by the oxidation products or 
certain of them , whereas i t  is retarded by  th e  presence of 
water vapor. This is also true for oxidation a t  ordinary 
temperatures. Initial products of oxidation which are
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T a b l e  I .  O v e n  T e s t  a t  8 0  H o u r s  w i t h  A i r  b u t  N o L i g h t

F a t

Animal 

V egetable oil

H ydrogenated  vegetable fa t 1 

H ydrogenated  vegetable fa t 2 

H ydrogenated  vegetable fa t 3

A c i d
T e m p . F o r m e d V i s c o s i t y C o l o r R e m a r k s

° C. % M in . Sec.
176.5 0 .7 1 3 F a in t brown Considerable am oun t of d a rk  brow n gum
232 1 .4 1 15 L igh t brow n container
176.5 O.S 1 12 Very ligh t brow n Large am oun t of gum  form ed
232 1.3 2 5 L igh t brown
176.5 0 .8 1 2 F a in t brow n C onsiderable am oun t of gum  form ed
232 1.1 1 25 Very ligh t brown
176.5 0 .5 1 6 F a in t brow n Sm all am o u n t of gum  formed
232 1.4 1 20 Very ligh t brow n
176.5 0 .5 1 7 F a in t brown Sm all am o u n t of gum  formed
232 1.4 1 15 L igh t brow n

F a t

Anim al

Vegetable oil

H ydrogenated  vegetable fa t 1

H ydrogenated  vegetable fa t 2

H ydrogenated  vegetable fa t 3

T a b l e  II. D a t a  O b t a i n e d  w i t h  N i c k e l - P l a t e d  C o p p e r  K e t t l e

C o l o r

L ight brow n 
L igh t brown 
D ark  brow n 
D ark  brown 
D ark  brow n 
V ery d a rk  brown 
L igh t brown 
L ight brown 
D arke r brow n 
L igh t brown 
D ark  brown 
Very d a rk  brow n 
L ight brow n 
L igh t brow n 
D ark  brown

T e m p e r a t u r e
I n p u t  

t o  U n i t
A c i d

F o r m e d V i s c o s i t y

F a t 
0 C.

Sheath 
° C. Watts % M in. Sec.

176.5 190.5 40 1.0 1 25
176.5 232 100 1 .0 1 50
176.5 357 400 1 .3 2 10
176.5 190.5 40 1 .4 2 55
176.5 232 100 0 .4 M ore th a n
176.5 357 400 1 .4 5 min.
176.5 190.5 40 1 55
176.5 232 100 0 . '9 3 40
176.5 357 400 0 .9 4 10
176.5 190.5 40 0 .8 1 12
176.5 232 100 1.2 2 5
176.5 357 400 1.7 1 42
176.5 190.5 40 1.2 1 55
176.5 232 100 1.2 2 55
176.5 357 400 1 .4 2 30

R e m a r k s

C onsiderable q u a n tity  of gum  or wax formed 
a t  junction  of surface of fa t w ith container

probably produced by direct addition of oxygen a t an ethyl- 
enic linkage are broken up in the presence of moisture with 
scission of th e  aliphatic carbon chain, giving rise to  the 
aldehydic derivatives of lower molecular weight which are 
characteristic products of rancidity.

H ilditch further points out th a t, when drying, oils are 
heated to  about 260° to  270° C., air being excluded; the 
iodine num ber commences to  fall rapidly—i. e., a  certain 
number of the  ethylenic linkage become saturated  n o t by 
addition of hydrogen or oxygen, bu t by some kind of poly
merization effect. Diminishing iodine num ber denotes di
minishing unsaturation. Some acrolein and other volatile 
products of decomposition come away, b u t in the m ain the 
essential chemical structure remains unaltered.

H ilditch also states th a t in  pronounced cases of rancidity, 
short-chain acids, such as butyric, valeric, or capronic, 
make their appearance; also, aldehydic or ketonic com
pounds of a  more volatile type are present from the earliest 
stages of rancidity.

Lewkowitsch (5) states th a t cottonseed oil, for example, 
contains glycerol and a  m ixture of acids which belong in 
m ost cases to  the CoH^On series and can be more or less 
readily hydrolyzed by water. He further states th a t fa tty  
acids are quite stable and are oxidized w ith difficulty. How
ever, because of the presence of the carboxyl group, they 
readily undergo a variety  of double decomposition.

Lewkowitsch also points out th a t glycerol readily under
goes decomposition into acrolein and water, and th a t acrolein 
is readily polymerized, forming an amorphous brittle sub
stance nam ed disacryl.

A bbott (1) states th a t he had noticed about 1920 th a t 
fats used in fry kettles attacked the  steel sheath of electric 
heating units after a very short tim e in service.

MacLeod and M ason (6) sta te th a t fats hardened by 
hydrogenation have little tendency to  become rancid by 
hydrolysis and m ay be heated to  high tem peratures w ithout 
decomposition. They point ou t th a t in  deep-fat frying 
there is danger of decomposition unless care is exercised 
to prevent overheating. The main reactions are hydrolysis 
and dehydration, the products being acrolein and fa tty  
acid. As the fa t decomposes, i t  smokes, the smoke being

filled with acrolein which “ burns” the eyes and is unpleasant 
to  smell. Once the fat has commenced to  decompose, the 
acid formed hastens further decomposition.

B lunt and Feeney (2) give the order of decomposition 
of common fats as follows:

F a t s

C ottonseed  and  corn oils 
H ydrogenated  fa ts 
Leaf lard  
B u tte r
M uch used la rd  
Olive oil 
P ean u t oil

A p p r o x . T e m p , 
o f  D e c o m p o s i t i o n  

° C.
222-232
219-232
214-221
208
190
167-175
150-160

P e r f o r m e d  E x p e r i m e n t s

Two sets of experiments were made, one on a laboratory 
scale on the  fats and oils alone, the other in a bakery under 
actual bakery conditions. The object of the laboratory 
experiments was threefold:

1. The effect on fa t when kep t a t  a constant temperature 
with no local heating.

This was accomplished by placing a glass beaker of fat in an 
electrically heated oven with an automatic control which main
tained the oven temperature within ± 2° C. Two tests were 
made, one maintaining a fat temperature of 176.5° C. and the 
other a t 232° G.

2. The effect on fa t when kept a t  a constant temperature, 
b u t w ith varied degrees of local heating.

This was accomplished by equipping a small nickel-plated 
copper fry kettle (approximately 1 kg. capacity) with an electric 
immersion heater unit having an exposed area of 25.8 sq. cm. 
and varying the impressed voltage while the fat temperature was 
held constant. Three separate tests were made, as follows:

(a) The voltage was regulated so as to dissipate 40 w'atts, 
giving a unit temperature of 190.5° C., which was just enougn 
to maintain a fat temperature of 176.5° C. with the current on 
continuously.

(b) This test was a duplicate of test a except that the voltage 
was adjusted to give 100 watts. The fat temperature was main
tained a t 176.5° C. (=±= 2°) by means of a thermostatic control- 
The resulting maximum unit temperature was 232° C.

(c) This test was a duplicate of test b except th a t th e  wattag 
was 400 and the maximum unit temperature wras 357° C.
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3. The effect on fa t when kep t a t a tem perature of 176.5 
±  5° C. and evaporating w ater added to  it continuously.

This was _ accomplished by introducing continuously, by 
gravity feed,’ Chicago city tap water under the surface of the 
fat contained in a small kettle heated by means of electric im
mersion heaters.

F i g u r e  1. R e l a t i o n  o f  A c id  F o r m e d  t o  W a t e r  
E v a p o r a t e d

F a t A c i d V i s c o s i t y C o l o r

% Sec.
Animal Trace 54 W hite
Vegetable oil T race 50 Pale yellow
Vegetable 1 Trace 52 W hite
Vegetable 2 Trace 60 W hite
V egetable 3 T race 56 W hite

W a t e r

E v a p o r a t e d A c i d

Gram« %
000 0.11
500 0 .21

1500 0 .2 9
2500 0 .62
3500 1.20
4500 1.44
5000 2 .0 0
0000 2 .7 0
7000 2 .9 0
8000 4 .5 0
9000 5 .1 0

10000 6 .70

The results of

C o l o r  

Slightly  brow n

R e m a r k s

F a t  s t a r t i n g  to  foam  
and  release volatile 
p roducts  which sm art 
th e  eyes

formation of bu t little free acid, even with high un it tem pera
ture. The tendency is for an increase in acid content with 
increasing sheath tem perature. In  general, this also applies

to  viscosity. The vegetable oil became very viscous, par
ticularly with the higher sheath temperatures.

The results in Table I I I  show th a t free acid was formed
quite rapidly with evaporation of w ater. A curve using
these data  is plotted in  Figure 1.

T a b l e  IV. B a k e r y  D a t a

K e ttle  surface dim ensions, cm ......................................................................... 61 X 86
F a t,  kg.....................................     100
Source of h eat, five electric im m ersion u n its  3 kw. each
Sheath  tem pera tu re , ° C .............................................................................................. 271
F a t  tem pera tu re , ° C ....................176.5 to 199 (au tom atic  contro l to  =fc3° C.)
Food fr ied ........................................................................D oughnuts, 100 doz. per day
W ater evapo rated  from  doughnuts, kg........................................ 7.26 per 100 doz.
F a t  u se d  H ydrogenated  vegetable
D aily  m ake-up of fa t, kg.............................................................................................9.08

S a y b o l t
D o u g h n u t s A c i d  a s V i s c o s i t y

F r i e d C o l o r  o f  F a t O l e i c a t  210° F . R e m a r k s

Doz. % Sec.
None L ard  white Trace 52 Fresh  fa t

600 Light chocolate N o t detd . 54
800 Chocolate 1.1 57

1100 C hocolate 1.7 57
1800 Chocolate 4 .4 59 F a t  sm o k in g  slightly ; 

foam ing sligh tly ; ob
jectionable flavor in  
food

2500 C hocolate 11.0 57 F a t  sm oking bad ly ; 
m uch foam ing; very  
poor flavor in  food

Analyses made on the fats to  check decomposition were 
for acidity and viscosity. Acidity was determined by 
titration w ith standard  alkali, using phenolphthalein indi
cator as outlined by Griffin (S). Calculations were made to 
oleic acid. Viscosity m easurem ents were made w ith a 
Saybolt viscometer a t  210° F.

F a t s  U s e d .  Five commercial frying fats or oils in  all 
were used, one anim al fat, one vegetable oil, and three 
hydrogenated vegetable fats, having the following char
acteristics:

E x p e r i m e n t a l  D a t a .  The results in Table I  show th a t 
only a small percentage of acid was formed in the fats during 
the oven test. There was a noticeable increase in viscosity 
in each fat, a slight darkening in color, and a gummy forma
tion at the ring of contact of the exposed fa t surface with the 
container.

T a b l e  III . W a t e r  E v a p o r a t i o n  D a t a

The data  of Table IV showr a m arked increase in acid 
formed. The viscosity increases somewhat to  a maximum 
and then decreases. A curve using w ater evaporated and 
acid formed is shown in Figure 1.

C o n c l u s i o n s

The data indicate th a t little apparent breaking down 
occurs in the fats in question with heat alone under test 
conditions. There is a slight formation of acid, a noticeable 
increase in viscosity, particularly a t the higher tem peratures, 
and some gum formation presumably due to  polymerization.

The data  further show- th a t the breaking down of fa t 
involving the formation of acid is a direct result of a reaction 
with water a t elevated tem peratures. B oth the experimental 
and bakery data  show th a t up to approxim ately 0.75 per cent 
acid the rate of acid formation is com paratively small. 
Above tha t, the rate  is considerably greater, presumably 
because of the acid acting as a catalyst to  accelerate the 
reaction, as pointed out by H ilditch and others.

The breaking down of the fa t is no doubt mainly due to 
hydrolysis to give glycerol and acid, the glycerol so formed 
undergoing further decomposition into acrolein and water, 
thus

CsH4(OH), CaH<0 +  2H20

The data  also indicate th a t the per cent of free acid present 
in a used fat is a fairly reliable measure of the extent of its 
breaking down and of its objectionable quality of im parting 
a poor flavor to food fried therein. The baking data  show' 
objectionable flavor a t about 4.4 per cent acid. Subsequent 
experiments, both bakery and laboratory, showed th a t above 
about 2.0 per cent acid (as oleic) an objectionable flavor 
could be noticed.

L i t e r a t u r e  C i t e d

(1) Abbott, C. C., private communication.
(2) B lunt and Feeney, J . Home Econ., 7, 535 (1915).
(3) Griffin, “Technical M ethods of Analysis,” McGraw-Hill. 1921.
(4) Hilditch, “ Fats and W axes," Van Nostrand, 1927.
(5) Lewkowitsch, “ Chemical Technology and Analysis of Oils,

Fats and Waxes,” 6th ed., Vol. I, Macmillan, 1921.
(6) MacLeod and Mason, “ Chemistry and Cookery,” McGraw-Hill.

1930.
(7) Sprague, J . Home Econ., 11, 480 (1919).
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Composition of Straight-Run Pennsylvania 
Gasoline

III. Isolation of Pure Hydrocarbons
C. 0 . T o n g b e r g  a n d  M. R. F e n s k e  

School of Chemistry and Physics, Pennsylvania State College, State College, Pa.

I N PREVIOUS articles (ff, 
7) the f r a c t i o n a t i o n  of 
Pennsylvania straight-run 

g a s o lin e  (end point 510° F. 
o r 2 6 5 .6 °  C.) in  a 2 7 - fo o t  
tall, 3-inch d ia m e te r  packed 
column has been discussed. As 
a r e s u l t  of this fractionation, 
the gasoline was divided into 
261 fractions, each of narrow 
b o il in g  r a n g e .  In  order to 
identify the hydrocarbons in the 
gasoline and to determine their 
a m o u n ts  and k n o c k  ratings, 
the f r a c t i o n s  were redistilled. 
Since the original fractionation 
gave such an excellent separa-

Slraiglit-run Pennsylvania gasoline, pre
viously fraclionaled in a 27-fool tall, 3-inch 
diameter column, has been refraclionaled in 
columns 8.5 and 52 feet tall. As a result of 
this refraclionation, the following hydrocarbons 
were isolated: 2-melhylpentane, boiling point
60.3° C., no 1.3722, 0.655; n-heptane,
boiling point, 98.0° C„ nf>° 1.3881, d24° 0.6800, 
freezing point, —91.2° C.; melhylcyclohexane, 
boiling point 100.8 — 100.9° C., n f° 1.0232, 
d2° 0.7688, freezing point, —126.7° C.; and n- 
oclane, boiling point 125.2° C., n d 1.3983. 
n-Heptane and melhylcyclohexane were not 
found to form a constant-boiling mixture.

rapid rise of the boiling point 
b e tw e e n  39° and 52° C. indi
cated t h a t  there w ere  no hy
drocarbons in this range, and, 
from a survey of th e  b o ilin g  
points of known hydrocarbons, 
n o n e  w o u ld  b e  e x p e c te d . 
Therefore the m aterial boiling 
below 52° C. o b ta in e d  in the 
original large fractionation was 
not redistilled.

A p o r t io n  of the m a te r ia l 
of boiling range 52-66° C. ob
tained from the original frac
t i o n a t io n  was redistilled twice 
in column W  with the following 
results:

tion, the refractionation should
yield hydrocarbons in a greater sta te  of purity  than  has here
tofore been obtained from petroleum by distillation alone. 
No a ttem p t was made to  obtain the ultim ate purity  possible.

F r a c t i o n a t i n g  C o l u m n s

Two columns were used for the refractionations. The 
first, column W, was made of brass pipe, 3/ 4 inch in diam eter 
and 8.5 feet tall. The pipe was packed with 6 X 6 mm. brass 
rings and was insulated by magnesia pipe covering. The 
still was made of brass and was electrically heated. The 
column was operated with a to ta l condenser and a variable 
take-off. M aximum reflux was attained by  keeping the 
column just below the flooding point. The second column 
has been described previously (6). I t  was 52 feet tall and 
3/< inch in diameter, and was packed with alternate layers of 
glass rings and six-turn wire helices. I t  was operated a t a 
30-40 to  1 reflux ratio and a take-off rate of about 40 to 50 
cc. per hour. While the 52-foot column was being constructed 
the refractionation was started  in column Wr, and fractions 
up to  95° C .1 were fractionated; from then on, the 52-foot 
column was used. The boiling points were taken in the 
column by  means of a Bureau of S tandards calibrated copper- 
eopel thermocouple, and were checked in a  Cottrell boiling- 
point apparatus. Refractive indices were taken on an Abbé 
refractom eter held a t 20° C. by means of a constant-tem pera- 
ture bath . Densities were taken a t 20° C. in calibrated 
pycnometers.

I s o m e r i c  H e x a n e s

In  the original fractionation a large am ount of m aterial 
was obtained a t 34-36° C. The boiling point then rose 
very rapidly (13° in 250 cc.) to 52° and then somewhat more 
slowly to 56.8° C. From then on, i t  rose gradually to  70° C. 
Previous investigators (2) had established the m aterial a t 
34-36° C. as a mixture of n-pentane and isopentane. The

1 Since the  large fractionation  required  several days, th e  barom eter 
varied  from 734—43 m m . Unless otherw ise s ta ted , the  boiling po in ts will 
be given in 0 C. and  a t  pressures betw een 734-43 mm.

B. P . (731-735 m m .)
° C.

20%  distilled below 52 
6 %  distilled  from 57-58 
46% distilled from 59-59.5 
10% distilled from  61-62 
15%  distilled above 64

1 .3752-1 .3760
1 .3744-1 .3749
1 .3777-1 .3780

1.3721-1 .3726

The m ajor p a rt of the m aterial boiled a t 59-59.5° C. and was
2-methylpentane. Small am ounts of 2,3-dimethylbutane 
(57-58° C.) and 3-m ethylpentane (61-62° C.) were also 
found. No evidence was obtained of 2,2-dimethylbutane, 
boiling point 49.7° C. The am ounts of 2,3-dimethylbutane 
and 3-m ethylpentane obtained were too small for further 
efficient fractionation. Since, however, there was a definite 
flat spot a t  each point, and since the boiling point and refrac
tive index checked fairly well (considering the small amounts 
of the two hydrocarbons present and the subsequent futility of 
continuing the fractionation), there was no doubt as to the 
presence of small am ounts of these two hydrocarbons in 
Pennsylvania gasoline.

The large am ount of 2-m ethylpentane (59.0-59.5° C.) was 
rem arkably pure, though it  was fractionated but twice, as 
judged by boiling point, density, and refractive index. 
D ensity and refractive index are particularly good criteria 
of purity  in this case since the hydrocarbons boiling 2° lower 
and 3° C. higher have considerably higher densities and 
refractive indices than  2-m ethylpentane, making a small 
am ount of these hydrocarbons in the 2-methylpentane very 
easy to  detect. As a  further test, however, the entire fraction 
of 2-m ethylpentane was refractionated in column W. The 
first and last cuts had a slightly higher refractive index 
(»»  =  1.3746-1.3749) than  pure 2-methylpentane, but the 
interm ediate fractions were the pure hydrocarbon with a 
refractive index (ti’Ds) of 1.3744-1.3746. Table I compares 
the 2-m ethylpentane results obtained above with those of other 
petroleum investigations and w ith the d a ta  compiled by Edgar 
and Calingaert (J+) Irom a survey of the literature. For 
purposes of comparison, the d a ta  for 2,3-dimethylbutane and
3-m ethylpentane are given also.
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T a b l e  I .  C o m p a r is o n  o f  P r o p e r t i e s  o f  I s o m e r ic  H e x a n e s

R E F E R E N C E

E dgar and  C alingaert (4) 
P resent work

S o u r c e  B .  P .  ( 7 6 0  m m .) 

° C.
2 -M E T H Y L P E N T A N E

6 0 . 2  1 .

6 0 . 3 °  1 .
Pa.

s tra igh t-run
Okla.

s tra igh t-run
Bruun and

H icks-Bruun (5) s tra ig h t-ru n  60 .4
Anderson and E rskine ( i)  N a tu ra l gas 60-61 
Brown and  C arr (£) Cabin

Creek 6 1 .1 -6 1 .2

Edgar and  C alingaert (4) 
Present work
Bruun and  H icks-Bruun (3)

Edgar and  C alingaert (4) 
Present work
Bruun and  H icks-B ruun (3) 

° Corrected to  760 mm.
b * l°-  ‘ d } | ; f .  d , r

2 ,3 -D I M E T H Y L B  U T A N E

  5 8 . 1  1 .
  5 8 . 3 - 5 9 . 0 °  1 .
  5 8 . 0
3 -M E T H Y L P E N T A N E

  6 3 . 3  1
  6 2 . 5 - 6 3 . 1 °  1

6 3 . 3

n l D  n  I ?  S p .  G r.

37445 ___  0.6546

3745 1.3722 0.6556

1.373 0.6586 
.......................  0 .661c

.......................  0.660d

3809   0.66186
3760 1.3740 . . . .

1 .378 0.6686

3793 ___  0.66476
3780 1.3760 ___

1.376 0.6656

2 .2-D im ethylbutane
2-M ethylpentane
3-M ethylpentane
2 .3-D im ethylbutane

In  510° F. 
E n d - P o i n t  
G a s o l i n e

%
A bsent

1.7
0 .5
0 .3

In  400° F. 
E n d - P o i n t  
G a s o l i n e

%
2 . 2
0 .6 5
0 .4

I n  C r u d e  
O i l

%
CL65
0.2
0.1

w- H e x a n e  F r a c t i o n

The refractionation was continued with the m aterial from 
the large fractionation of boiling range 65.7-71.8° C. This 
material was distilled b u t once, since i t  was realized tha t, with 
the gasoline becoming more complex and only the compara
tively short column W  available, a general idea of the 
constitution of the gasoline was all th a t could be expected. 
On redistillation of this fraction 75 per cent boiled from 66° 
to 69° C., and its refractive index (n2S) varied from 1.3820 
to 1.3890. Pure n-hexane (11) has a boiling point of 68.7° C. 
and a refractive index (n2$) of 1.3751.

The high refractive index was proved to  be due to the 
presence of benzene and a naphthene. The benzene was 
identified by  a melting point and a mixed melting point of 
the dinitro derivative. Even after the removal of the benzene, 
however, the refractive index was too high for n-hexane, or 
any other paraffin boiling in this vicinity. The naphthene 
was probably methylcyclopentane (although ethylcyclo- 
butane has practically the same physical properties), which 
boils a t 72° C. and has a refractive index (n2S) of 1.4103. In  
order to prove th a t the high refractive index after n itration 
was not due to  incomplete removal of the benzene, a sample 
containing only n-hexane and benzene was nitrated. I t  was 
found tha t all the benzene could be removed and the refrac
tive index of the pure n-hexane obtained. N itration of a 
fraction of 67.5° C. boiling point yielded practically pure n- 
bexane, but a  fraction of 68.3° C. boiling point still had a 
high refractive index after nitration.

F r a c t i o n s  N i t r a t e d

A  P .  (7 3 6  m m .)  n ™

°C.
6 7 . 5  1 . 3 8 2 0
6 8 . 3  1 . 3 8 6 6

A lter n itra tio n  
an d  distillation

1 . 3 7 6 1
1 . 3 8 2 2

A fter ren itra tion  
and  distillation

1 . 3 7 6 0
1 . 3 8 2 0

A quantitative estim ate of the am ount of the fraction 
with boiling point 66-69° C. follows:

I n  510° F . E n d - P o i n t  
G a s o l i n e

%
3 .1

I n  4 0 0 °  F .  E n d - P o i n t  
G a s o l i n e

%
4 . 0

I n  C r o d e  
O i l

%
1.2

Estim ating 17 per cent of this fraction to be benzene and a 
naphthene:

n-H exane
Benzene and  naphthene

2.6
0 . 5

3 . 3
0 . 6 5

1.0
0.2

A rough estim ate was made of the am ounts of the isomeric 
hexanes as follows:

W ith the 52-foot column, it  should be possible with the 
3° C. difference in boiling point to separate n-hexane from 
methylcyclopentane, since in test runs the column has 
separated the isomers of diisobutylene boiling 3.3° C. apart. 
The n-hexane will, however, according to  the literature, con
ta in  benzene because of a  constant-boiling mixture. Young 
(14) gives a benzene-n-hexane constant-boiling mixture 
containing 19 per cent by  weight of benzene. The data  above 
show th a t a fraction containing considerable benzene has 
yielded a distillate containing n-hexane and from 4 to 8 per 
cent by  volume of benzene (5 to 10 per cent by weight).

In  this connection, the following experiment is cited: A 
60-70° C. fraction of petroleum from the Vikings Products 
Company was distilled in the 52-foot column. n-Hexane was 
obtained with a boiling point of 68.9-69.3° C. (760 mm.) and 
a refractive index (n“ ) of 1.3780-1.3785. The residue con
tained considerable benzene. The best cuts of the distillate, 
on refractionation through the 52-foot column, came off 
practically unchanged with a boiling point of 69.1° C. (760 
mm.) and a refractive index (n2S) of 1.3780. On extraction 
with a  nitrating mixture, the refractive index (n2S) of this 
distillate dropped to  1.3751. The distillate contained about 
2.5 per cent by  volume of benzene. The above d a ta  are 
contradictory, for, while the product appears to be a constant- 
boiling mixture, i t  does not show a minimum boiling point. 
There is something abnormal in the vapor pressure relations of 
these two liquids. However, Young’s statem ent is undoubt
edly incorrect and the constant-boiling mixture, if any, con
tains only about 2.5 to  4.0 per cent by  volume of benzene. A 
further study of the separation of n-hexane and benzene and of 
their vapor pressure relations is being made and will be de
scribed later.

R e f r a c t i o n a t i o n  o f  M a t e r i a l  w i t h  B o i l i n g  R a n g e  
71.8-95° C.

The refractionation was continued on the material, boiling 
between 71.8-95.0° C., obtained in the original fractionation. 
For the reasons given in the case of the n-hexane fraction, the 
m aterial was distilled b u t once in column W. The boiling 
point rose very rapidly from 70° to  77°, then from 77° to 81° 
quite slowly. I t  then rose rapidly to  87° b u t from this tem 
perature to 91° its rise was very gradual. From 91° to  96° 
the boiling point again rose very rapidly. The gasoline with 
the boiling range 71.8-95.0° C. is thus concentrated in two nar
row-boiling fractions, one from 77-81° (734-736 mm.) the 
other from 87-91° C. (734r-736 mm.).

The first fraction, 77-81°, is a mixture of benzene, a naph
thene, and some paraffins. The presence of benzene and a 
naphthene was proved exactly as in the case of the n -hexane 
fraction. The naphthene is probably cyclohexane with 
boiling point of 81.4° C. and n 2S of 1.4273. The second frac
tion, 87-91°, was apparently mainly a mixture of the iso
meric heptanes. Since the refractive index was higher than 
the isomeric heptanes alone, a  naphthene m ust have been 
present, as no aromatic hydrocarbons boil in this vicinity, and 
a nitration did not lower the refractive index of the fraction. 
The dimethylcyclopentanes boil from 88-95° C. (760 mm.). 
An estimation of the am ounts of these two fractions follows:

F r a c t i o n s  

° C. 
7 7 - 8 1  
8 7 - 9 1

I n  510° F .  E n d - P o i n t  
G a s o l i n e

%
1.0
3 . 5

I n  4 0 0 °  F .  E n d - P o i n t  I n  C r o d e  
G a s o l i n e  O i l

% %
1 . 3  0 . 4
4 . 5  1 . 4
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From this point on, the 52-foot column was used for the 
redistillation, the fractions boiling between 96-126° C. from 
the original distillation being charged in a t  the proper boiling 
point. The results were so much better than  in the distilla
tions w ith column W  th a t there was almost no comparison. 
The first distillate boiled below 96° and then the boiling point 
rose to 97° (739 mm.) and remained practically constant.

I.-424C

12 20 0

I 12160

S 12080

ETHYLCYCLOHEXANE

/

V N -H EPTA N E J
1 I I I2 0 

L IT E R S  D IS T ILLED  O VER

F ig u r e  1. R e f r a c t io n a t io n  o f  M a 
t e r ia l  B o il in g  b e t w e e n  9 6 .2 °  a n d  
9 9 .1 °  C .

The m aterial was n-heptane of high purity . A comparison of 
its physical constants with those of the known values for the 
pure hydrocarbon and those of other petroleum distillations 
follows:

R e f e r e n c e S o u r c e

E dgar (5) Jeffrey pine oil 
~  ’iera ( -------------------------

B. P . (760 m m . )  n 2D° S p .  G r .  F . P.
° C. ° C.

9 8 .4  1.38777 0 .6836° - 9 0 . 5

98 .38  1.38775 0.68378° - 9 0 .6 7

9 8 .4  1.3883 0 .6858° ___

9 8 .2 -9 9 .3  . . . .  0.71176

Shepherd (11) Chlorosulfonic acid 
on gasoline 

P resen t work Pa. stra igh t-run  
gasoline

Anderson and
Erskine (/)  N a tu ra l gasoline 

Brown and
C arr (S) C abin Creek gasoline 9 8 .6 -9 8 .7  1.4068 0.689c . . . .

° ¿1°- b dll:!- • d°°.

As the refractive index of the hydrocarbons 3° above and 
7° below n-heptane is higher than the value for n-heptane, 
it is an excellent means of checking the purity, particularly 
since there is a rapid rise of boiling point from 91° to  97° C., 
and as the ability of the 52-foot column to fractionate sub
stances 3° apart has been proved. The refractive index- of 
the n-heptane was unchanged by  treating with concentrated 
sulfuric acid and w ith a n itrating mixture, b u t fuming nitric 
acid lowered the refractive index (n2,?) to  1.3880. There can 
be no doubt th a t n-heptane of high purity  has been isolated 
from petroleum. Assuming the im purity to  be methylcyclo- 
hexane, and calculating the percentage im purity from the 
refractive indices and densities, assuming linear relationships, 
the n-heptane is about 97-98 per cent pure.

F r a c t i o n a t i o n  o f  a n  80-108° C. F r a c t i o n  o f  
S t r a i g h t - R u n  P e n n s y l v a n i a  G a s o l i n e

The purity  of the n-heptane obtained from the 510° F . end
point gasoline is limited by  the fact th a t there is insufficient n- 
heptane to  give the most efficient fractionation and to  enable 
a refractionation to  be made. The fractionation of a narrow- 
boiling cut should give n-heptane of much greater purity. 
W ith this object in view, 33.3 liters of a  cu t (boiling range 
80-108° C.) from straight-run Pennsylvania gasoline obtained 
through the courtesy of the Kendall Refining Com pany was

fractionated in  the 27-foot tall, 3-inch diam eter column. A 
reflux ratio of about 25 to 1 was maintained.

The fractionation yielded 9315 cc. w ith a  boiling range of 
96.2-99.1° C. (729-731 mm.). This corresponds to  28 per 
cent by  volume of the charge. The refractive index of the 
first part of the fraction (boiling range 96.2-99.1° C.) was as 
low as 1.3920 a t 20° C., b u t the last p a rt had a refractive 
index of 1.4179. These refractive indices are much higher 
than for pure n-heptane. T reatm ent with concentrated 
sulfuric acid and a nitrating  m ixture faded to change the 
refractive index, so th a t the am ount of toluene present must 
have been very small. F urther refractionation showed that 
the high refractive index was due to  methylcyclohexane.

Seven thousand six hundred cubic centimeters of the above 
fraction were refractionated in the 52-foot column using a 
reflux ratio of 30-40 to  1; 6637 cc. of distillate were obtained. 
Table I I  gives a summ ary of the refractionation. A large 
am ount of n-heptane was obtained and also a substance with 
physical properties similar to  methylcyclohexane. Neither 
substance was pure, however.

T a b l e  I I .  R e f r a c t i o n a t i o n  o f  N a r r o w - B o i l i n g  C u t  
(9 6 .2 -9 9 .1 °  C .) f r o m  2 7 - F o o t  C o lu m n

F r a c t i o n B. P . (735-737 m m .) n aD°° A m o u n t T o t a l

Cc. Cc.
Forerunnings 60 60

1 9 3 .8 -9 3 .9 îiééio 215 275
2 9 3 .1 -9 6 .0 1.3898 325 600
3 9 6 .0 -9 6 .2 1.3910 295 895
4 9 6 .2 -9 6 .8 1.3887 625 1520
5 97 .0 1.3879 210 1730
6 1.3881 485 2215
7 1.3884 470 2685
8 97 ii 1.3886 150 2835
9 1.3900 645 3480

10 97 .’2 1.3910 310 3790
11 1 .3920-1 .3950 240 4030
12 1 .3950-1 .4000 610 4640
13 1 .4000-1 .4050 165 4805
14 1 .4050-1 .4100 120 4925
15 1.4100-1 .4200 657 5582
16 1.4200-1 .4225 55 5637

Residue 1.4245 450 6087
Residue 99 .’7 1.4230 550 6637
°  R efractive index (n2j£): n -hep tane, 1.3878; m ethylcyclohexane,, 1.4235

In  order to  purify the hydrocarbons, the material was 
again carefully refractionated in the 52-foot column using a 
reflux ratio  of 30-50 to 1. Table I I I  gives a summary of the 
refractionation. A large am ount of very pure n-heptane was 
obtained. Some pure methylcyclohexane was obtained also 
b u t unfortunately the greater p a rt of it (400 cc.) could not 
be distilled through the column as it  constituted the residue 
in the still. F igure 1 shows how well the column separated 
the two hydrocarbons despite the fact th a t they boil only 
2.4° C. apart.

T a b l e  I I I .  R e f r a c t i o n a t i o n  o f  M a t e r i a l  G i v e n  i n  T a b l e  II
T o t a l  

Cc.
60 

275 
790 
910 

1030 
1225 
3375 
3455 
3SS0 
4075 
4335 
4523 
476S 
5073 
5163 
522S 
540S 
580S

F r a c t i o n B . P . (735-737 m m .)

° c.
n °D°  A m o u n t  

Cc.
1 Forerunnings 1.3918 60
2 9 3 .8 -9 3 .9 1.3910 215
3 9 3 .1 -9 6 .0 1.3905 515
4 9 5 .8 -9 7 .0 1.3885 120
5 9 6 .8 -9 6 .9 1.3882 120
6 97 .0 1.3881 195
7 9 7 .0 -9 7 .1 1.3881 2150
8 9 7 .1 -9 7 .1 5 1.3882 80
9 9 7 .1 5 -9 7 .2 1.3887 425

10 9 7 .1 5 -9 7 .9 0 1.3951 195
11 9 7 .9 -9 8 .6 1.4060 260
12 9 8 .6 -9 9 .3 5 1.4160 188
13 9 9 .3 5 -9 9 .4 5 1.4200 245
14 9 9 .4 5 -9 9 .5 5 1.4214 305
15 99 .55 1.4229 90
16 99 .55 1.4231 65
17 99 .55 1.4232 ISO
IS R esidue 1.4268 400

The physical properties of the n-heptane obtain
follows:

B. P . (760 M M .) n°D°

° C.
9 8 .4  1 .388

d °° F. P. 
0 C.

0.6844  - 91.2
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Assuming the im purity in the n-heptane to  be methylcyclo- 
hexane, and the refractive index and density to  vary  linearly 
between the two subtances, the percentage of methylcyclo- 
hexane in the n-heptane can be calculated. I t  can also be 
calculated from the freezing point, using the value of 33.78 
calories per gram for the hea t of fusion of n-heptane obtained 
by Parks (10). Freezing points m ust be measured very 
accurately for an error of a few tenths of a degree makes a 
great difference in the am ount of im purity actually present. 
Mole per cent im purity in n-heptane from petroleum calcu
lated from refractive index is 0.9. Mole per cent im purity in 
n-heptane from petroleum calculated from density is 1.4. 
Mole per cent im purity in n-heptane from petroleum calcu
lated from freezing point (1) using E dgar’s value for n- 
heptane (freezing point, 90.5° C.) is 3.6; and (2) using Shep
herd, Henne, and M idgley’s value for n-heptane (freezing 
point, -9 0 .6 5 °  C.) is 2.7.

As a further test of the purity  of the n-heptane, 1100 cc. of 
the material, on which the above physical constants were 
measured, were fractionated in the 52-foot column using a 
reflux ratio of 32-36 to  1. Table IY  shows the results of this 
fractionation. The entire am ount, including residue, boiled 
within 0.3° C. and several cuts were obtained differing in 
refractive index by  only one or two in the fourth place from 
the accepted value for n-hcptane.

R e f r a c t i o n a t i o n  o f  M a t e r i a l  o f  B o i l i n g  R a n g e  
100-125° C.

In  the refractionation of the 510° F. end-point gasoline, 
after the n-heptane had been obtained, the boiling point and 
refractive index rose gradually until a fraction was obtained 
w ith boiling point of 99.8-99.9° C. (739 mm.) or 100.8-100.9°C. 
(760 mm.), and refractive index of 1.4228-1.4234 a t 20° C. 
The refractive index was unchanged by concentrated sulfuric 
acid and by a n itrating mixture. The material, however, 
reacted vigorously with fuming nitric acid. I t  is undoubtedly 
methylcyclohexane. An estimate of the am ounts of n- 
heptane and methylcyclohexane follows:

n-H eptaue
M ethylcyclohexane

In  510° F. 
E n d - P o i n t  
G a s o l i n e

%
3 .1
2 .9

I n  400° F . 
E n d - P o i n t  
G a s o l i n e

%
4 .0
3 .7

I n  C r u d e  
O i l

%
1 . 2
1.15

After the methylcyclohexane was obtained, the boiling 
point and refractive index of the distillate rose rapidly. On 
treating with concentrated sulfuric acid, the refractive index 
was lowered considerably, indicating the presence of an 
aromatic. The la tte r was identified as toluene by  a melting 
point and mixed melting point of the dinitro derivative. The 
am ount of toluene in each fraction increased until 107° C.

T a b l e  IV . R e f r a c t io n a t io n  o f  « - H e p t a n e  O b t a i n e d  f r o m  
P e n n s y l v a n ia  P e t r o l e u m

Fr a c t i o n B .  P .  ( 7 6 0  m m .) n a °  
n  D A m o u n t T o t a l

°  C. Cc. Cc.
1 9 8 . 2 1 . 3 8 8 4 2 0 2 0
2 9 8 . 2 1 . 3 8 8 2 3 4 5 4
3 9 8 . 3 5 1 . 3 8 8 1 4 0 9 4
4 9 8 . 4 1 . 3 8 8 1 5 0 1 4 4
5 9 8 . 4 1 . 3 8 7 9 4 0 1 8 4
6 1 . 3 8 7 9 4 5 2 2 9
7 1 . 3 8 8 0 5 0 2 7 9
8 9 ś : 4 1 . 3 8 8 0 5 0 3 2 9
9 1 . 3 8 8 0 5 0 3 7 9

1 0 1 . 3 8 8 0 4 0 4 1 9
11 9 8  .‘ 5 1 . 3 8 8 0 4 0 4 5 9
12 1 . 3 8 8 0 2 0 4 7 9

Residue 9 8  .’ 5 1 . 3 8 8 2 4 1 5 8 9 4

The methylcyclohexane obtained corresponded to  about 2 
per cent of the original 80-108° C. cut. However, since only 
a relatively small num ber of the fractions containing m ethyl
cyclohexane were refractionated, the to ta l am ount of m ethyl
cyclohexane in this narrow  cut is much greater than  2 per 
cent. The methylcyclohexane was of remarkable purity  
as the following comparison of its physical constants with those 
obtained by other investigators shows:

F i g u r e  2 . F r a c t io n a t io n  o f  M a t e r ia l  f r o m  
m- H e p t a n e  t o  n -O cT A N E

R e f r a c t i v e

B. P . (760 m m . ) I n d e x d J° F . P.
0 C.

100.8 1.4235a 0.764 -1 2 6 .4
101.2 1.42536 0.769« - 1 2 6 .4

-1 2 6 .8 5
íóó.’s 0Í7696
1 0 0 .8 -1 0 0 .9 1 14232a 0 .7688 —Í2 ¿ .7

R e f e r e n c e

Intern. Critical Tables 
limmermana (13) 
Timmermans (12) 
Nagornov (9)
Pal petroleum

“  » » ■  b n y .

Young ( is )  gives a  constant-boiling mixture of n-heptane 
and methylcyclohexane containing 20 per cent by weight of 
methylcyclohexane. No evidence of any such mixture has 
been found. The two hydrocarbons were practically com
pletely separated despite the  fact th a t the difference in  boil- 
!nS Point is only 2.4° C. and th a t they have been regarded as 
impossible to separate by  distillation alone, owing to  the 
constant-boiling mixture. I t  is believed th a t the constant- 
boiling mixture has been regarded as such only because all 
previous fractionations were too poor to  separate the constitu
ents.

(739 mm.) was reached, and then it  dropped rapidly. The 
am ount of toluene in the crude oil is estim ated to  be about
0.25 per cent. The boiling point in the meantime continued 
to rise rapidly to 114° C.; from this tem perature to  118.8° C. 
it rose very slowly, and a large am ount of m aterial was ob
tained. From 114° to  117° C. the refractive index (n‘S), 
1.3980-1.4030, was near the values for the paraffins, b u t as the 
boiling point rose to  117-118.8° C., the  refractive index be
came much higher (1.4030-1.4202). The refractive indices of 
these fractions were unchanged by  concentrated sulfuric acid. 
The dimethylcyclohexanes of boiling point 119-124° C. 
(760 mm.) and refractive index (n™) 1.4210-1.4312 are prob
ably present. I t  was impossible in the one distillation to 
separate any constituent even in a semipure state. Since 
four of the isomeric octanes boil from 116° to  118.8° C. (760 
mm.), the task  is by no means easy. Approximately 20 per 
cent of the fraction 113-118.8° C. is of naphthenic character, 
and the rest is probably a mixture of the isomeric octanes. 
An estimate of the am ount of the fraction 113-118.8° C. 
follows:
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I n  510° F. E n d - P o i n t  I n  400° F . E n d - P o i n t
G a s o l i n e  G a s o l i n e  I n  C h u d e  O i l

% % %
4 .3  5 .5  1 .7

From 118.55° C. the boiling point rose rapidly to  123° C., 
while the refractive index dropped steadily. A considerable 
fraction of n-octane was obtained a t  123-125° C. As in the 
case of the n-heptane, the n-octane was practically pure. A 
comparison of its physical constants w ith the values obtained 
by other investigators follows:

B. P. (700 M M .) n 2D° Sp. G r.
0 c.

124.0 1.3980 0 .702°
125.59 1.3970 0 .70279“
125.7 1.3970

125.4 1.3970 ___

125.5 1.3975
125.2 1.3983

124 .3 -1 2 4 .4  1.4059 0.71231-

The refractive index is again a good criterion of purity  as 
the substances just above and below n-octane have a much 
higher refractive index than n-octane itself. The n-octane 
was unchanged by treating with concentrated sulfuric acid 
and with a nitrating  mixture. Considering the fact th a t the 
n-octane was obtained from 510° F. end-point gasoline in only 
two distillations, it is of remarkable purity . The purest 71- 
octane (n5'S — 1.3975) separated from petroleum (8) by 
physical means was obtained from a 100-130° C. cu t from a 
semi-commercial still, after first one distillation in a twenty- 
plate column and then eleven distillations in glass stills inter
spersed with five fractional crystallizations. An estim ate of 
the am ount of n-octane in Pennsylvania straight-run gasoline 
follows:

I n  510° F. E n d - P o i n t  I n  400° F . E n d - P o i n t
G a s o l i n e  G a s o l i n e  I n  C r u d e  O i l

% % %
3 .0  3 .9  1 .2

A summ ary of the fractionation in the 52-foot column of 
the above m aterial from n-heptane to  n-octane is given in 
Figure 2. I t  is clearly evident th a t hydrocarbons which the 
original fractionation failed to  indicate were easily recogniz
able and in some cases actually isolated quite pure.

These data  substantiate the necessity for careful and 
thorough fractionation. While pure hydrocarbons can be 
isolated from petroleum by other physical or chemical means, 
it is desirable to know the separation possible using only 
distillation methods, and the facts so far obtained indicate 
th a t the lim its of distillation have not yet been reached. A
particularly effective fractionation a t the s ta rt of a separation

is not only very helpful for further distillation, b u t i t  also 
effects rapid separation of materials, so th a t the use of other 
physical or chemical methods for purification is greatly 
simplified.

The results of this work have shown the need and possibili
ties of columns of even greater efficiency and capacity without 
losing the simplicity of operation. The need for increased 
efficiency is obvious, b u t it alone is not the solution to effective 
separation as the work here has been handicapped by the 
relatively small quantities of materials available. With 
columns of increased capacity and efficiency, the main 
obstacles to separation will have been overcome. Further 
work is being done on the design of columns which will fully 
meet these two requirements.

C o n c l u s i o n s

As a result of simply fractionating straight-run Pennsyl
vania gasoline in two distillations, 2-m ethylpentane, n-hep
tane, methylcyclohexane, and n-octane have been isolated, 
not only far purer than  any previously isolated from petroleum 
by distillation alone, b u t in purity  comparable to  the syn
thetic hydrocarbons. I t  has been found th a t methylcyclo
hexane and n-heptane do not form a  constant-boiling mixture. 
The constant-boiling mixture of benzene and n-hexane, if it 
does exist, has been found to  be of widely different composition 
from the accepted value.

L i t e r a t u r e  C i t e d

(1) Anderson, R. P., and Erskine, A. M., I nd. E ng. C iiem .. 16,
263 (1924).

(2) Brown, G. G., and Carr, A. R ., Ibid., 18, 718 (1926).
(3) Bruun, J. H., and Hicks-Bruun, M . M., Bur. Standards J.

Research, 5, 933 (1930).
(4) Edgar, E ., and Calingaert, G., J . Am . Chcm. Soc., 51, 1516

(1929).
(5) Edgar, E., Calingaert, G., and M arker, R. E ., Ibid., 51, 14S7

(1929).
(6) Fenske, M. R ., Quigglc, D., and Tongberg, C. O., Ind. Eng.

C h e m ., 2 4 , 4 0 8  (1 9 3 2 ) .
(7 ) Fenske, M. R., Quigglo, D., and Tongberg, C. O., Ibid., 24,

542 (1932).
(8) Leslie, R. T ., and Schicktanz, S .  T., Bur. Standards J. Re

search, 6, 3S5 (1931).
(9) Nagornov, N. M „ and R otinyantz, L .  A., Ann. insl. anal.

phys. chim. (Leningrad), 3, 162 (1926).
(10) Parks, G. S., Huffman, H . M., and Thomas, S. B., J. Am.

Chem. Soc., 5 2 , 1 0 3 2  (1 9 3 0 ) .
(11) Shepherd, A. F., Henne, A. L., and Midgley, T ., Jr., Ibid.,

5 3 , 1 9 4 8  (1 9 3 1 ) .
(12) Timmermans, J., Comm. Phys. Lab. Univ. Leiden., Suppl.

64, 3 (1929).
(13) Timmermans, J., and M artin , F., J . chim. phys., 23, 747 (1926).
(1 4 )  Young, S., “ Distillation Principles and Processes,” p. 5b

Macmillan, 1922.
(15) Young, S., Ibid., p. 52.

R e c e i v e d  Jan u a ry  30, 1932.

I n v e s t i g a t o r  S o u r c e

E dgar and 
C alingaert (J) D a ta  compiled

Shepherd (71) Chlorosuuonic acid 
M air(S ) Synthetic
Leslie and  Okla. s tra igh t-run  (chloro-

Schicktanz (S) sulfonic acid)
Leslie and Okla. stra igh t-run

Schicktanz IS) (crystallization)
Presen t work Pa . B traight-run
Brown and 

C arr (2) C abin Creek
°d*°. ¡>d?°.

1'O r d  M o t o r  C o m p a n y ’s  W o o d  D i s t i l l a t i o n  P l a n t , t h e  L a r g e s t  a n d  M o s t  C o m p l e t e  o f  I t s  K in d



Critical Temperatures of Petroleum Oils
G. L. E a t o n  a n d  C. A. P o r t e r ,  The Atlantic Refining Co., Philadelphia, Pa.

MANY commercial crack- 
in g  p ro c e s s e s  a re  
carried on a t  tem pera

tures in the neighborhood of the 
c r i t ic a l  for the oils u s e d .  A 
method of predicting the critical 
temperatures of these stocks will 
therefore be of service in study
ing the reaction mechanism by 
defining the p h a s e s  p r e s e n t  
under various conditions.

The critical tem perature of 
an o il m a y  a ls o  b e  u s e d  in 
e s t im a tin g  v a r io u s  o th e r  
properties which are themselves 
difficult to  m e a s u re  directly. 
Cope, L ew is , and W e b e r  (2) 
have shown how this property
may be employed in calculating 
the density of hydrocarbon vapors if the molecular weight and

critical pressure are also known. Since the ratio
e (ab a .)

is roughly constant for the paraffin hydrocarbons, the critical 
pressure m ay also be roughly determined.

A refinement of Zeilfuchs' {11) method of 
determining critical temperatures of petroleum 
oils has been developed in order to increase the 
accuracy of this determination. This refinement 
consists in providing means for agitation of the 
oil sample contained in a thin-walled tube while 
it is being healed to the critical temperature.

A  closer empirical relationship between critical 
temperatures and A . S. T. M . boiling points than 
that indicated by McKee and Parker (7) has 
been developed from  experimental data, together 
with information from  the literature on pure 
hydrocarbons. This was done by the intro
duction of a factor, depending on specific gravity, 
into the mathematical equation.

y ie ld e d  discrepancies greater 
than possible e x p e r im e n ta l  
error. Figure 1 in c lu d e s  the 
e x p e r im e n ta l  data  to g e th e r  
with d a ta  reported by McKee 
and Parker. The data  on pure 
compounds are listed in Table 
I II .

In  view of the discrepancies 
shown in Figure 1, a study  of 
critical tem peratures was under
taken in order to  d e v e lo p  an 
empirical m ethod of estim ating 
this property for wide- as well as 
narrow-boiling cuts w ith some 
accuracy.

E x p e r i m e n t a l  M e t h o d

000

too

\
X\>SOO

I
400

\
.V»

McKee and Parker 
for Aromafics

I
/

/

r

s .

y

v~

f - 7

7
— McKee and Parker 

for Hydrocarbons other 
than Aromafics

0 -7  Petroleum Cuts (see Tableu) 
Crude Oils (  • '  *j

•  -  McKee and Parker Cuts

X -  Paraffins \  
o -  M aph thenes(ufe 
+ -  Oiefms f  r
A  -  Aromafics )

o  ¡0 0  ZOO 3 0 0  4 0 0  5 0 0  6 0 0  7 0 0  6 0 0

Are rage Norm al Boiling Po int 7 \
F ig u r e  1. C o r r e l a t io n  o f  C r i t ic a l  T e m p e r a t u r e s  b y  

M e t h o d  o f  M c K e e  a n d  P a r k e r

Watson (5) indicates th a t the critical tem perature m ay be 
calculated if the molecular weight, normal boiling point, and 
iciuid density a t  the boiling point are known. However, for 

a complex mixture such as any petroleum stock, i t  is probably 
simpler to determine experimentally the critical tem perature 

an some of the other properties. M cKee and Parker (7) 
present an empirical relationship between the critical tem 
perature and the average boiling point. Some question as to 

e general applicability of th is relationship was raised when 
ac ual determinations of the critical tem peratures of various 
cu s were made in connection w ith work on to ta l heat relation- 

’Ps {10). A comparison of the determ ined values w ith those 
ca a^ d  by the m ethod suggested by McKee and Parker

One of the most fruitful sources of error, in m aking critical 
tem perature determ inations by observation of the disappear
ance of a meniscus in a  closed tube, is introduced when the 
walls of the glass tube in which the oil sample is sealed are so 
heavy th a t a lag in tem perature occurs between the heating 
medium and the oil. Ordinary Pyrex tubing has considerable 
strength up to  950° F. (510° C.), which makes it possible to 
use a fairly thin-walled tube below this tem perature. The 
tubes used in these determ inations were of Pyrex, 25 to  40 mm. 
long, w ith an inside diameter of 3.5 mm. and an outside di
am eter of 5 mm. They were found to  be am ply strong except 
under unusual conditions.

A second source of error is found in a lack of true 
equilibrium between liquid and vapor phases as the critical 
tem perature is approached. The apparatus shown in Figure 2 
was designed to  perm it thorough mixing of the oil sample as 
the tem perature was raised. Besides providing for vapor- 
liquid equilibrium, this mixing prevented stratification of the 
m aterial into layers of different density, which confused the

Damper... - AXVA'AXV.N '
çC/om/j

fe a .

Insulation

60s Burner~

F ig u r e  2 .  D ia g r a m  o f  A p p a r a t u s

819
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T a b l e  I .  S u m m a r y  o f  R e p r e s e n t a t i v e  D e t e r m i n a t io n s

O i l
Before
sealing

A fter
sealing

A t crit. 
tem p.

C r i t . T e m p .
(tc) R e m a r k s *

B e s t  V a l u e  
tc f o r  O i l

% % % o p % ° F.

No. 1 U . S. m otor gasoline 37 
39
38 ■ 
48 
37

37 
39
38 
37 
34

80
85
85
80
60

584
584
584
605
599

(c)

$

584

No. 2 U . S. m otor gasoline 38
38 
37
39 
35

100

38
38
37
36
26
36

80
80
85
75
20
75

585
588
589 
599 
602 
622

s
(c )

i s
(i>) T ube  filled and  evapo rated  to 36%

588

N o. 2 U. S. m otor gasoline +  bo ttom s 34

37

38

34

37

38

70

80

60

598

600

611

(<0

(a)

<c)

2%  ta r . All dissolved. N o residue 
appeared  during  or a fte r de tn .

2%  ta r .  All dissolved. N o residue 
appeared

5%  ta r . Sm all am t. no t dissolved. 
Some residue a t  tc and  la te r a t  room

30 30 10 636 (c)
tem p.

Sam e filtered. N o residue appeared

K erosene 34
38
36

34
38
36

60
85
85

766
766
765

M )

m

Values given are m axim um  ob tained  in 
first 2 -4  m inutes 

Prolonged heating  caused tc to  fall slowly 766

B arbers H ill gas oil 35
34
33
38

35
34
33
38

80
80
80
95

820
820
822
822

(a)
(c)
(c )
(c)

M ax. tem p, obsvd.
F ir s t and  m ax. obsvn. a fte r 90 sec. 
F ir s t obsvn. a fte r 90 sec.
F irs t obsvn. a fte r 150 sec.

822

E a s t Texas gas oil 36
35
38

36
35
38

85
80
85

872 
872 

(862)&

(c)
(c)
(C)

F irst obsvn. a fte r 90 sec. 
F irs t obsvn. a fte r 80 sec. 
F irs t obsvn. a fte r 210 sec.

872

R efractory  cracking stock  (D e Florez furnace 
charge) 34

35 
37

34
35 
37

80
85
90

901
898
901

(c )
(C
(c )

F irs t obsvn. a fte r 80 sec. 
F irs t obsvn. a fte r 240 sec. 
F irs t obsvn. a f te r  120 sec.

901

L ubricating  oil (506 distillate) 37 37 85 941 (c ) F irs t obsvn. a fte r 120 sec. C racked and  
darkened  rap id ly  thereafte r. Value 
probab ly  low

941

Synthetic  crude (cracked B arbers Hill gas oil) 38

39

38

39

85

85

795

795

(O

(c )

M ax. obsvn. No residue appeared  a fter 
heating  12 min.

M ax. obsvn. fell 1° F . in 17 m in. No 
residue appeared

795

B arbers Hill crude oil 40 40 90 913 (C) M ax. obsvn. a fte r 120 sec. Sam ple too 
d a rk  for close d e tn . of tc or of presence 
of residue. Value probab ly  low

913

Spindletop crude oil 37

42

37

42

85

90

895

898

(O

(c)

M ax. obsvn. a fte r 6 min. S light residue 
a fte r 12 min.

M ax. obsvn. a fte r 3 m in. N o residue 
a fte r 6 min.

893

Benzene, c . P. (freezing poin t, 5.45° C.) 38
43
30

38
39 
30

80
85
10

549
550 
549

(c )
(b y
(c)

550

40 40 85 550 (c)

C hloroform 38 38 80 499 (c) 499

* Tim e of observation  was m easured from  in s tan t of insertion  of oil sam ple in to  ap p ara tu s. Sm all le tte rs  in colum n are designated  as follows:

ia) E v acuated  and  sealed in solid COj.
6) P a r t  of sam ple vaporized to  exclude air. Gives high results,

c) Sealed w ithou t excluding air.
f> C racking responsible for low value. , ,
c Benzene, being a pure liquid, is .not affected by  p a rtia l evaporation  and therefore gives th e  sam e resu lt regardless of m ethod  of filling tube.

observation of the boundary between liquid and vapor phases. 
I t  also served to  keep the tube contents a t uniform tem pera
ture.

Figure 2 details the essential features of the apparatus.

A 12-inch length of 23/ ,  inch Pyrex glass tube was insulated 
with asbestos paper on which was wound nichrome resistance 
wire. Suitable variable rheostats served to  control the energy 
input to this wire. Openings through the insulation were pro
vided so that, by placing a light a t the back of the apparatus, a 
clear view of the inside was obtained.

In making a determination, the tube containing the oil sample 
was attached to another of the same size by fine wire. The junc
tion of an iron-constantan thermocouple had been placed in the 
second tube. Since the leads of this thermocouple served as 
support for the tubes, it was possible to use them for inverting 
the sample. The leads were threaded through a double-bore in
sulator which fitted in an opening through the side wall. By using 
the insulator as a handle, the oil tube could be turned at will.

When the oil sample was introduced into the apparatus, it took 
approximately 45 seconds to heat it to 700° F. (371.1° C.), and 
the first critical temperature observation normally occurred 
between 15 and 30 seconds later.

Crude control of the temperature was obtained by adjustment 
of the gas burner shown in Figure 2, while a chimney damper 
gave the fine control. The energy input to the resistance wire 
mentioned above was varied before introduction of the samP, 
tube until no temperature difference was observed between t e 
top and bottom thermocouples.

Several m ethods of sealing the sample tube were tried. The 
results are indicated in Table I. Practically no difference in 
critical tem perature was observed between tubes sealed wm e 
still containing air and those evacuated and sealed with t e 
liquid in  the tube embedded in carbon dioxide snow, l 0i 
of the determ inations were therefore made with tubes contain 
ing air.

The thermocouple used was calibrated carefully by compan 
son with an iron-constantan thermocouple previously cai 
brated  by the Bureau of Standards. This couple itsel:f a 
been compared to  a p la tinum -platinum  rhodium couple " 
tem perature-e. m . f. relationship was assumed to remai 
constant over long periods of time.
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N e c e s s i t y  f o r  M i x i n g

Zeitfuchs (11) and McKee and Parker (7) determined the 
critical tem perature in tubes w ith no provision for stirring. 
They discussed in some detail the effect of volume of tube 
contents on the observation of the critical tem perature, and 
found th a t th e  most accurate determ inations were those where 
the tube was nearly full of liquid as the meniscus disappeared. 
This is in accord w ith observations by the present authors when 
static tubes were employed. However, i t  was found tha t, 
when the tube contents were continually agitated, no apparent 
difference in the critical point was recorded between a tube 
70 per cent filled and one 95 per cent filled a t  the critical 
temperature. This fact was very helpful since the meniscus 
was much clearer in a tube w ith 70 per cent liquid than  in one 
with 95 per cent liquid. I t  also lent strength to the argum ent 
that, w ith agitation of the sample, the necessary vapor-liquid 
equilibrium was obtained.

To the knowledge of the authors, there have been no deter
minations of the critical tem peratures of petroleum stocks 
where mixing was employed.

C r i t i c a l  T e m p e r a t u r e  A f f e c t e d  b y  C r a c k i n g

Certain of the oils studied were held a t  the critical tem pera
ture for long periods of tim e and periodical observations 
recorded. The two lower curves of Figure 3 picture the 
normal decrease in critical tem perature as the stocks continued 
cracking. The curve for the refractory gas oil, however, is 
unusual. This was the only stock to  show a rise in critical 
temperature after the initial decrease. The reasons for this 
rise may only be surmised. I t  is possible tha t, after initial 
cracking to gas, w ith a consequent development of pressure, 
the products were such th a t the rate  of polymerization to  ta r  
offset the cracking reaction. Indeed, i t  is known th a t a stock 
such as this one, having been repeatedly subjected to  cracking 
conditions, w ith a consequent increase in carbon to hydrogen 
ratio, tends to form ta r  and coke more readily than  crude gas 
oils.

McKee and Szayna (S) have observed the change in critical 
temperature w ith tim e for various m aterials held a t  a  lower 
temperature than th a t for the refractory stock discussed 
above. They show th a t w ith unsaturated  hydrocarbons the 
critical tem perature first increases, because of polymerization, 
and later begins to  decrease, because of cracking. This is the 
opposite of w hat was found to  occur with the refractory gas 
oil. The difference m ay lie in the fact th a t a t  the higher 
temperature initial cracking probably takes place a t a relatively 
more rapid rate  than  the accompanying polymerization, bu t 
is soon offset by the formation of highly unsaturated reaction 
products.

T a r  i n  S o l u t i o n

Table I  includes several determ inations where small 
am ounts of ta r  were dissolved in a U. S. m otor gasoline. A 
noticeable increase in critical tem perature was observed, 
although the meniscus disappearance was ju st as sharp as with 
the pure gasoline. The tar, although of very much higher 
molecular weight than  even the higher-boiling ends of the
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gasoline, went easily into solution in the vapor. A marked 
darkening of the vapor was observed before the critical 
tem perature was reached. These results are in agreem ent with 
similar determinations by McKee and Parker (7).

C o r r e l a t i o n  o f  D a t a

Essential physical data  on the stocks studied are listed in 
Table I I . An empirical equation for calculating critical 
tem peratures was derived from the values shown here, to
gether with data  on pure compounds obtained from various 
sources in the literature. These sources are acknowledged in 
Table H I.

The equation developed is as follows:

where
te =  180 +  1.75a -  0.00088a! for 0 F. (1)

a  = (h +  100) OS)
t„ =  critical temperature, ° F.
tb =  50% boiling point (A. S. T. M. distillation)
S  = specific gravity at 60° F.

T a b l e  II. P h y s i c a l  C h a r a c t e r i s t i c s  o f  O i l s  S t u d i e d  

- B o i l i n g  P o i n t  (A. S. T . M . D i s t n . ) -

M a t e b i a l  

N n ' 0 t t * §■ motor gasoline
Kerosene m otor ^ o l i n e  
Barbers Hill gas oil 
Last Texas gas oil 
Refractory gas oil

oil (506 d is tilla te )“ 
Synthetic crude oils 
opindletop crude oil“
Barbers HU1 crude oil“

O ver
o J?_

117
116
332
396
486
394
600
146
201
171

10%  50%  
° F. ° F. 
172 261 
174 260 
364 420 
440 471 
528 554 
448 497 
717 785 
236 453 
400 580 
341 590

90%  
0 F. 
350 
356 
494 
502 
684 
626 
853 
528 
895 
975

D ry 
° F.

97%  a t  414 
97%  a t  412 
98%  a t  634 
98%  a t  528 
97.5%  a t  600 
95%  a t  640 
97%  a t  890 
95%  a t  582 
92%  a t  920 
93%  a t  990

In te 
grated

av.
° F. 
263 
204 
426 
471 
555 
514 
785 
419 
625 
649

M ethod
of

M cK ee
and

P ark e r
• f .  «

264
264
426
471
653
516
780
416
613
632

CUo^or(m T r 8)POint' 5‘45° CJ
Distilled under 10 mm. H g pressure, results corrected to atmospheric pressure, 

e Barbers Hill gas oil
too low because of excessive cracking.

G R A V 
IT Y

A . P . I.
57 .5  
57 .9
43 .3
33.7
36 .4  
16 .0
20 .7
32 .6  
27 .1
2 9 .5

Sp . G b .
A T

60° F.

0.749
0.747
0 .810
0.857
0.843
0.959
0.930
0.862
0.892
0.879

— C r i t i c a l  T e m p e r a t u r e  .
- O B S E R V E D  ' — C A L C U L A T E D — .

No. of

C o l o r
N.P.A.

•A
W . W.
W . W.
1*A1
5
1*A
5 (dilute)
7 i / i  (dilute) 
4»A (double 

d ilute)

Tem p.

dup li
cate

detns.

Av.
dev ia

tion Tem p.

Dev.
from

obsvd.
° F. ° F. ° F. ° F.
584 3 0 588 +  4
588 3 1 587 -  1
766 3 0 760 -  6
822 4 1 824 +  2
872 2 0 877 +  5
901 3 1 892 -  9
941c 1 1024
795 2 6 “ 814 *H 9
899 2 1 .5 918 +  19
913 1 . . . 918 4- 5

A verage dev ia tion «  8° F .

550 4 0 .5

A c c e p t e d  

551 +  1
499 1 500 +  1
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Both Tables I I  and I I I  list values calculated from Equation 
1, together with observed critical tem peratures so th a t the 
agreement m ay be noted.

Several kinds of boiling points are tabulated in Table II. 
The boiling point by the m ethod of McKee and Parker is the 
average of consecutive 10 per cent points on the A. S. T . M. 
distillation, while the integrated average boiling point is the 
average of consecutive 1 per cent points on the same distilla
tion. I t  will be noted th a t these two methods give nearly 
identical values, which are sometimes quite different from the 
50 per cent point. Use of the 50 per cent point, however, 
gives closer prediction of the critical tem perature than  either 
of the average boiling points, when the d a ta  on the two crude 
oils is included. If the two values for the crudes be elimi-

F i g u r e  5 . C h a r t  f o r  D e t e r m i n i n g  C r it ic a l  
T e m p e r a t u r e s  o f  P e t r o l e u m  O il s

nated from the correlation, use of the average boiling point 
gives slightly closer prediction than  the 50 per cent point. 
However, in view of the greater simplicity of calculation, use 
of the 50 per cent point is justified, even for narrow cuts.

Figure 4 illustrates graphically the correlation between the 
d a ta  listed above and the equation. The curve fits the data  
closely for all pure compounds above the C3’s on which infor
m ation is available, the average deviation being 5.5° F. 
(3.0° C.), and the maximum deviation + 1 5 °  F . (8.5° C.). 
The agreement w ith the petroleum cuts is fully as good as i t  is 
for the pure compounds. The crude oils, however, including 
the cracked synthetic crude, show a critical tem perature

slightly lower than the calculated value. On the whole, the 
agreement is good for all oils studied, except the Lube stock. 
The reported critical tem perature of this oil is undoubtedly 
lower than  the true value, owing to extensive cracking, but 
even so it  is doubtful if the equation would apply to  oils as 
high boiling as this one. No m ethod of determining the 
critical tem perature was developed where the temperature 
was so high th a t cracking occurred a t  a very rapid rate.

The stocks reported on are from crude sources which have 
quite different chemical and physical properties, and the re
cycle cracking stock in particular is a unique oil of entirely 
different properties from similar cuts of the ordinary crude 
oil source. The fact th a t the critical tem peratures of all these 
oils, determined by an accurate method, are in close agreement 
with the equation developed, apparently  justifies a confidence 
in the correlation for oils ordinarily m et with.

Figure 5 is a reference chart which enables one to deter
mine the critical tem perature directly if the specific gravity 
and 50 per cent point on the A. S. T . M . distillations are known.

T a b l e  III. D a t a  o n  P u r e  C o m p o u n d s

N am e

M ethane
A cetylene
E thy lene
E th an e
AUylene
Propylene

Propane
a -B uty lene
0-B utylene
Isobuty lene
n-B utane
Isobu tane
Amylene

Isoam ylene
n -P en tane
Isopentane
Benzene
Diallyl

Cyclohexane
n-H exane
D iisopropyl
Toluene
n -H eptane

o-Xylene
m -X ylene
p-X ylene
O ctylene
n-O ctane

D iisobutyl

C o m p o u n d
Form ula

CH4
CjH j
CtH«
CiHe
C,H<
CjHa

CjH 8
C4H8
C<Hs
C4H8
C4H 10
C4H 10
CsHio

C#Hio
CiH u
C jH ii
CeH*
CeHio

CeH it 
CeHi4
CeHu
C tH 8
C tH ia

CeHio
CsHio
CeHio
C .H i.
CsHis

B o i l i n g
P o i n t

0 F. 
- 2 5 8 .5 a 
-1 1 8 .5 °  
-1 5 4 .8 °  
-1 2 6 .9 °
-  17 .5°
-  5 2 .6°

-  4 8 .1°  
+  21«

34«
2 0 . 1«
33 .0°
13.6°

104.0°

9 6 .8 °
9 7 .0 °
8 2 .4 °

176.2°
139.1°

178.6°
156.2°
136.6°
231 .3°
209 .2°

287 .6°
282 .2°
278 .6°
253 .4°
256 .2°

S p . G r .
AT 

60-68° F.

0 .3 7 7 b 
0.623« 
0.523«

0.515«*
0.600«
0.613«
0.601«
0.584«
0.564«
0.651°

0 .632°
0 .631°
0 .621°
0 .878°
0 . 688 °

0 .799°
0.660°
0 . 6 66 °
0 . 866°
0 .684°

0 .879°
O.S65°
0 .861°
0 .722°
0 .702°

C r i t .
T e m p .

0 F.
— 116 .5b 
+  96.8b 

49.5b 
89.8b 

262.4b 
198.2b

204.1b
291.2«
311.0«
290.3«
307.4b
273.2b
3 9 4 .2 /

3 7 6 .9 /
386.8b
368.8b
551.2b
4 5 3 .9 /

537.8b
454.6b
441.3b
609.1b
512.2b

6 7 6 .9 /
6 5 4 .1 /
6 5 1 .9 /
5 8 0 .6 /
564.8b

C a l c d .
C r i t .
T e m p .

°F.

D e v .
f r o m

L i t e r a 
t u r e

163
268
223

226
302
318
302
310
288
397

383
383
367
552
448

526
451
434
609
511

674
663
657
570
563

+ 11 
+ 7  + 12 
+ 3  
+  15 
+ 3

+6 
- 4  
- 2  
+ 1

-1 2
- 4
- 7

0
-1
- 3
+9

± ii
-2

CsHis 230.0» 0 .693» 5 3 0 .6I> 535 4-4
A verage deviation — 5.5° F. 

“ In te rn a tio n a l C ritical T ables (4). d D ana, Jenkins, B urdick, and Timm (3)
b In te rn a tio n a l C ritica lT ab ies  15). • Coffin and  M aass (I).
e M aass and  W righ t (S). /  M cK ee a nd  P arker (7)
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Solubility of Hydrogen in Water at 25° G 
from 25 to 1000 Atmospheres

R . VViebe, Y . L. G a d d y , a n d  C o n r a d  H e in s ,  J r .

Fertilizer and Fixed Nitrogen Investigations, Bureau of Chemistry and Soils, Washington, D. C.

TWO papers on the solu
bility of gases a t  high 
pressures have appeared 

recently, which indicate the in
terest attached to  the subject.
Goodman and Krase (6) meas
ured the solubility of nitrogen in 
water up to 300 a tm o s p h e r e s  
over a wide range of tem pera
ture, while Frolich and collabora
tors (5) obtained the solubility of 
h y d ro g e n , n i t r o g e n ,  a n d  
methane in w ater and other sol
vents a t 25° C. up to  approxi
mately 150 atmospheres. The 
knowledge of the solubility of hy
drogen and nitrogen in w ater is
valuable in the operations leading to  the synthesis of ammonia 
and in other related high-pressure processes.

With the exception of the work of Frolich and collaborators 
(5), all published work on hydrogen has been done a t  rela
tively low pressures. Tremearne, of this laboratory, using an 
apparatus to  be described later, first a ttem pted  to  measure the 
solubility of hydrogen in w ater up to  1000 atmospheres (8). 
However, owing to  mechanical difficulties and to  the tim e it 
would have required to  establish equilibrium, his work was 
discontinued and the present m ethod adopted.

A p p a r a t u s  a n d  E x p e r i m e n t a l  P r o c e d u r e

The present apparatus and m ethod are exceedingly simple. 
Figure 1 shows the steel cylinder in which the high-pressure 
saturation was effected. I t  'is silver plated on the inside and 
has a capacity of 275 cc. oflwater.

For initial saturation, hydrogen a t a pressure from 10 to 50
per cent higher than 
th a t to be finally re
quired was p a s se d  
into the cylinder at 
A , bubbled through 
the water, and ex
panded to the atmos
phere through C and 
D (B and E  b e in g  
closed). After sev
eral hours, samples 
were taken to insure 
saturation above the 
finally desired value.
At each pressure two 
approaches to equi
librium w ere th e n  
made. In the first, 
which will be called 
the high-pressure ap
proach, the pressure 
was simply dropped 
to its final value and 
h y d ro g e n  bubbled

FicTTnr* ti ----- -- through to aid in es-
pn a t  H i g h - P r e s s u r e  A p p a r a t u s  ta b l is h in g  equilib
ria w SUBING S o l u b i l i t y  o f  G a s  rium. In the other,

W a t e r  the low-pressure ap-
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proach, the pressure was dropped 5 
to 10 per cent below the equilib
rium value, and h y d ro g e n  was 
passed through the water for the 
purpose of agitation sufficiently 
long to insure a gas content lower 
than the equilibrium value corre- 
sp o n d in g  to the pressure being 
studied. After this period of de- 
s a tu r a t io n ,  the p re s s u re  was 
brought up to the finally desired 
value and gas bubbled through as 
before. A fte r  b u b b lin g  w as 
stopped, the apparatus was allowed 
to stand a t rest 3 to 48 hours be
fore the sample was taken. Ordi
narily 2 hours were ample to insure 
equilibrium conditions. As shown 
by the results, no real difference 
was found between the two ap
proaches.

Figure 2 shows the buret for the m easurem ent of samples. 
The high-pressure valve is identical w ith valve E  in Figure 1.

In the sampling procedure the high-pressure valve was opened 
slightly and a mixture of gas and water appeared. The water 
was measured in the 30-cc. buret, the bulk of the gas in the 
bulb volumenometer, and any amount smaller than 35 cc. in 
the 50-cc. gas buret. Measurements were made after no visible 
bubbles escaped from jihe water. The size of water samples 
ra n g e d  from 11 to 
29 cc. The tempera
ture of the buret was 
kept at 25° C. All 
burets had been care
fully calibrated with 
water. The hydro
gen used was 99.8 per 
cent pure according 
to combustion analy
ses, the impurity be
ing nitrogen. Pres
su re  measurements 
were made on two 
p is to n  gages de
scribed by B a r t l e t t  
and co-workers (S).
The gages were con
nected directly to the 
top of the solubility 
apparatus (connec
tion not shown in Fig
ure 1) in o rd e r  to 
prevent any pressure 
drop in this line dur
ing saturation.

D i s c u s s i o n  o f  

R e s u l t s

T h e  experimen
t a l  r e s u l t s  a re  
presented in Table 
I  and F ig u re  3.
The values for the
tw o  a p p r o a c h e s  F i g u r e  2 . B u r e t  S y s t e m  f o r  S o l u -  
to  e q u i l i b r i u m  b i l j t y  o f  G a s e s  i n  W a t e r

The solubility of hydrogen in water at 25° C. 
and from  25 to 1000 atmospheres has been 
measured in a simple bubbling-lype apparatus. 
Equilibrium is approached from both sides. 
When the pressure of hydrogen is 1000 atmos
pheres, water at 25° C. absorbs 15.20 cc. of gas 
(S. T. P.) per gram of water as against 0.0178 cc. 
when the partial pressure of hydrogen is 1 
atmosphere. The experimental accuracy is esti
mated to be about 0.5 per cent except at the lower 
pressures. A  solubility apparatus, provided with 
an externally driven stirrer used by Tremearne 
in some preliminary work, is also described.
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F ig u r e  3. S o l u b il it y  o f  H y d r o g e n  a t  V a r io u s  
P r e s s u r e s

are tabulated  separately. The agreement between the two 
sets of measurem ents a t  any pressure is satisfactory. In  the 
average columns, the error sta ted  is the probable error as 
given by equation

E  =  0 .674 V S A1
n(n — 1)

Ac=§¡

ss=gl

F i g u r e  4 . T w in  B o t t l e  f o r  
V a p o r - P r e s s u r e  a n d  S o l u 
b i l i t y  W o r k  a t  H ig h  
P r e s s u r e s

possibility of supersaturation of the w ater while in the 
buret was investigated. A 100 per cent supersaturation of 
the water in the buret for the 100-atmosphere run would 
produce an error of 1 per cent. T h a t this was not anywhere 
near the case has been quite definitely established by taking 
samples a t different partial pressures of hydrogen from 500 
to  726 mm. in the buret, by  evacuating the w ater initially in 
the buret and by  varying the initial volume of water. The 
turbulence of the outcoming sample m ust effectively prevent 
supersaturation.

of the average value. I t  will be noticed th a t the probable 
error so calculated is in some instances considerably smaller 
than the difference between the two average values, thus indi
cating the fact th a t reproducible values can be obtained a t  any 
point in the neighborhood of the particular equilibrium value 
when the process of saturation  is dependent solely on diffusion
from the surface of the liquid. A practical coincidence of the
two average values could be obtained if more tim e had been 
taken in the establishm ent of equilibrium. The error of the 
final values was calculated from the average of the two 
average values, and a consideration of a  possible effect of

pressure f l u c t u a t i o n  a n d  
o th e r  experimental u n c e r 
tainties. T h e  m a x im u m  
possible error due to  meas
urements of water and gas 
volumes, and due to  pres
sure and tem perature fluc
tuations is estim ated to be 
about 2 per cent a t  the low
est pressures and 1 per cent 
in the range from 200 to  1000 
atmospheres. The e x p e r i 
m e n ta l  r e s u l t s  show th a t 
only in a few isolated cases 
was this possible maximum 
reached.1

C o n s id e r a t io n  was also 
given to  the following points: 
During final saturation  the 
p r e s s u r e  of the gas on the 
s u r fa c e  of the liquid was 
a c tu a l ly  20 m m . of mer
cury higher than indicated 
by  the gage, owing to the 

column of w ater in the cylinder. Except a t the very low
est pressure, the correction for this is negligible, even if 
all the gas were assumed to remain in the liquid. The

1 In  a la te r paper i t  will be shown th a t  a shaking m ethod, devised by  
R . W iebe and  T . H . T rem earne, yields values which a re  in agreem ent, 
w ithin 0.1 per cent, w ith those obtained  by  means of th e  bubbling apparatu s  
used here.

T a b l e  I. A b s o r p t io n  C o e f f ic ie n t s  f o r  H y d r o g e n  in  
W a t e r  a t  25  =*= 0 .1 °  C .

(In  cc. of gas a t  S. T . P . per gram  of w ater)
V a l u e s  

f o r  L o w -  
P r e s -  P r e s s u r e  

s u r e  A p p r o a c h

Atm.
2 5

V a l u e s  
f o r  H i g h -  
P r e s s u r e  

A v e r a g e  A p p r o a c h A v e r a g e
F i n a l
V a l u e s

5 0

100

200

4 0 0

6 0 0

0 . 4 4 0  
0 . 4 3 1  
0 . 4 3 2  
0 . 4 3 6  
0 . 4 3 8  
0 . 4 3 8  0 . 4 3 6

0 . 8 6 9  
0.868 
0.866 
0 . 8 6 3  
0 . 8 7 0  
0 . 8 6 0  
0 . 8 6 2  
0 . 8 6 7  
0 . 8 6 4  
0 . 8 6 3  
0 . 8 6 6  0 . 8 6 5

1 . 7 2 9
1 . 7 2 3
1 . 7 3 0  
1 . 7 3 3
1 . 7 2 3
1 . 7 2 9  1 . 7 2 6

3 . 3 8 6
3 . 3 8 1  
3 . 3 8 0  
3 . 3 7 3  
3 . 3 7 8  
3 . 3 9 9  
3 . 3 9 0  
3 . 4 0 1
3 . 3 8 8
3 . 3 8 9
3 . 3 8 7
3 . 3 8 2

6 . 5 5  
6 . 5 9  
6 . 5 7
6 . 5 6
6 . 5 6
6 . 5 6
6 . 5 6

3 . 3 8 6

9 . 5 7
9 . 5 9
9 . 5 7
9 . 5 9  
9 . 5 6

5 6

.001

.001

.001

.002

0 . 4 4 0
0 . 4 3 3
0 . 4 3 2
0 . 4 3 6
0 . 4 3 2
0 . 4 3 8
0 . 4 3 5
0 . 4 3 5
0 . 4 4 0
0 . 4 3 3
0 . 4 3 7

0 . 8 7 2
0 . 8 6 4
0 . 8 7 3
0 . 8 6 5
0 . 8 7 2
0 . 8 6 0
0.868
0 . 8 7 5
0.866
0 . 8 5 9
0 . 8 7 6
0 . 8 6 9
0 . 8 7 4

1 . 7 2 8
1 . 7 2 9  
1 . 7 3 3
1 . 7 3 1
1 . 7 3 0
1 . 7 3 5
1 . 7 3 2  
1 . 7 2 8
1 . 7 2 7  
1 . 7 2 6
1 . 7 2 8
1 . 7 3 0
1 . 7 3 6
1 . 7 3 2

3 . 4 0 2
3 . 3 9 3
3 . 4 0 1
3 . 3 9 9
3 . 4 0 0  
3 . 3 7 7
3 . 3 9 6  
3 . 4 1 4
3 . 3 9 7  
3 . 3 8 5  
3 . 4 1 0  
3 . 4 0 8
3 . 3 9 7  
3 . 4 0 4
3 . 4 0 0

6 . 5 6
6 . 5 8
6 . 5 8
6 . 5 7
6 . 5 7
6 . 5 6
6 . 5 7
6 . 5 7
6 . 5 6
6 . 5 6
6 . 5 6
6 . 5 6
6 . 5 6
6 . 5 8
6 . 5 5
6 . 5 6
6 . 5 7  
6 . 6 0
6 . 5 7
6 . 5 6
6 . 5 7
6 . 5 6

9 . 5 6
9 . 5 9
9 . 5 7
9 . 5 8
9 . 5 8

0 . 4 3 6 ± 0 . 0 0 1  0 . 4 3 6  ± 0 . 0 0 8

0.868 ± 0 . 0 0 1  0 . 8 6 7  ± 0 . 0 1 2

1 . 7 3 0 ± 0 . 0 0 1  1 .7 2 8  ± '0 . 0 1 7

3 . 3 9 9 ± 0 . 0 0 2  3 . 3 9  ± 0 . 0 3

.57 6.57 ±0.01
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T a b l e  I. A b s o r p t io n  C o e f f i c i e n t s  f o r  H y d r o g e n  in  
W a t e r  a t  25 =*= 0 .1 °  C . (Continued.)
(In  co. of gas a t  S. T . P . per gram  of water)

V a l u e s  V a l u e s
r o n  L o w -  f o b  H i o h -
P r e s s u r h  P r e s s u r e
A p p r o a c h  A v e r a g e  A p p r o a c h  A v e r a g e

P r e s 
s u r e

Atm.

F i n a l
V a l u e s

8 0 0

1000

9 6 0 9 5 8 9 . 5 9
9 . 5 5
9 . 5 8
9 . 5 9 9 9 . 5 8 ’

1 2 4 6 1 2 . 4 8
1 2 4 4 1 2 . 4 8
12 4 6 1 2 . 4 5
12 4 5 1 2 . 4 8
1 2 4 6 12 4 5 1 2 . 4 6

1 2 . 5 0
1 2 . 4 5
1 2 . 4 3
1 2 . 4 8
1 2 . 4 2
1 2 . 4 7
1 2 . 4 6
1 2 . 4 8 1 2 1 2 .4 6 '= *

1 5 1 3 1 5 . 1 9
1 5 0 7 1 5 . 3 8
1 5 1 6 1 5 . 2 5
1 5 2 0 1 5 . 1 5
1 5 1 8 1 5 . 2 8
1 5 1 3 1 5 . 2 7
1 5 2 0 1 5 . 1 0
1 5 2 0 1 5 . 2 9
1 5 14 1 5 . 2 3
1 5 1 6 1 5 . 3 7
1 5 19 1 5 . 1 6 ± 0 . 0 1 1 5 . 2 3

1 5 . 2 6
1 5 . 1 4
1 5 . 2 3
1 5 . 2 3
1 5 . 3 0
1 5 . 1 1
1 5 . 1 6
1 5 . 2 0
1 5 . 2 4
1 5 . 3 1
1 5 . 2 0
1 5 . 2 3
1 5 . 2 6
1 5 . 1 8 1 5 . 2 3 i 'o .o i 1 5 . 2 0

± 0 . 0 6

steel plate D, to which the stirrer blades were attached. The 
steel plate, D, was forced upward against the ball bearings as 
indicated. The packing, consisting of shredded lead and flax, 
was adjusted by means of gland G. Since the space between the 
shaft and the stirrer guide was filled with water, the gas did not 
come in direct contact with the packing, and thus the leakage 
was kept down greatly, though it was impossible to keep the 
pressure constant overnight, which necessitated resaturation and 
gave no time for internal adjustment. Another mechanical 
difficulty was the twisting off of the stirrer shaft a t the steel plate. 
In all runs, equilibrium was approached only from the lower side, 
and saturation was attempted solely from the surface through 
stirring. The necessarily slow rate of stirring and the great 
depth of the liquid made saturation extremely slow.

In  Table I I  a comparison is made between the results ob
tained by Tremearne (<?), those of Frolich and collaborators 
(5), the experimental values obtained in the present work, and 
the ones calculated from Equation 1.

T a b l e  I I .  C o m p a r is o n  o f  R e s u l t s  f r o m  S e v e r a l  
S o u r c e s

(In  cc. of gas a t  S. T . P. per gram  of water)

: 0 . 0 8

The increase of the volume of w ater due to solubility of 
hydrogen in w ater a t  1 atm osphere has been shown to be 
negligibly small b y  Angstrom (I) as far as the present work is 
concerned. A slight error m ight possibly arise from the fact 
that there was a concentration gradient in the w ater of the 
gas burets. This effect, which would have been m ost notice
able in the first sample taken, was not observed.

Drucker and Moles (4) give as the average of the compila
tion of the “best” results for the Bunsen absorption coefficient
0.0178, which also agrees w ith the average obtained from the 
different K  values in the In ternational Critical Tables (7). 
Since the individual values for the Bunsen absorption coeffi
cient a t 1 atmosphere vary  from 0.0175 to 0.0182, the average 
value is rather uncertain. Roughly, the present results would 
seem to favor the lower value, 0.0175, which was obtained by 
Winkler (5). Cassuto (3) obtained 0.150 for the Bunsen 
coefficient a t 10 atmospheres. Since the value comparable to 
his obtained in the present work a t  25 atmospheres is 0.0174, 
Cassuto’s values m ust be too low, unless i t  is assumed th a t the 
solubility goes through a decided minimum below 25 atmos
pheres.

The following equation:

S = 0 .0244  +  0 .01712  p -  0 .00000196  p* (1)
where S =  number of cc. of gas (S. T. P.) dissolved in 1 gram 

of water
V = partial pressure of hydrogen

fits the data from 50 to  1000 atm ospheres w ithin the estim ated 
error but gives impossibly high values a t  lower pressures.

M e t h o d  a n d  R e s u l t s  o f  T r e m e a r n e

Tremearne’s apparatus, as shown in Figure 4, consisted of 
two internally connected cylinders drilled in one block.

Two, externally driven stirrers provided agitation. The gas
ntered at A, and samples were taken a t B. A hardened steel 

“ aft, C, rotating in guide E, was a t its lower end threaded into

F r o l i c h
AND W lE B E , 

C o - w o r k e r s  G a d d y ,
C a l c d ,

f r o m
P r e s s u r e

Atm .
T r e m e a r n e  ( 5 ) ° 05 )* H e i n s E q . 1

25 0 . 4 3 6
5 0 0 . 8 6 0 . 8 6 7 0 . 8 7 6

1 0 0 1 . 6 4 ,  1 . 6 5 ,  1 . 6 7  
1 . 6 8 ,  1 . 6 8 ,  1 . 5 3 ,  1 . 7 4 1 . 7 2 i  . 7 2 8 Ü 7 1 7

2 0 0 3 . 1 7 ,  3 . 2 4 ,  3 . 2 5  
3 . 1 3 ,  3 . 2 4 3 . 3 9 3.37

3 0 0 4 . 5 0 ,  4 . 9 4 ,  4 . 7 4 ,  4 . 8 2 ,  
4 . 5 5 ,  4 . 5 8 ,  4 . 6 8

4 . 8 5  ! ! 4 . 9 8

4 0 0 5 . 7 4 ,  6 . 5 4
5 . 2 0 ,  6 . 1 1 ,  6 . 0 8 ,  6 . 5 4  
5 . 9 4 ,  6 . 2 8 ,  6 . 3 9 ,  6 . 2 1

5 .57 q '.56

6 0 0 9 . 8 1 ,  9 . 5 2 ,  8 . 8 1 ,  9 . 1 4 ,  
8 . 6 0 ,  9 . 7 6  
8 . 5 0 ,  9 . 4 6

9 . 4 6
9 .* 5 8 0 .5 9

8 0 0 1 1 . 9 0 ,  1 2 . 2 8  
1 0 . 9 7 ,  1 1 . 3 1 ,  1 1 . 7 5 1 2 . 4 6 1 2 ]  4 7

1 0 0 0 1 3 . 8 6
1 3 . 2 8 ,  1 3 . 1 1 ,  1 4 . 2 2 1 5 . 2 0 15.* iö

° Values given in  th is colum n were from  consecutive runs of a  series 
including the  highest obtained. T he runs  were selected from  a  to ta l of over 
500. T he o ther results e ither form  a  g radually  ascending series or a re  irregu
la r a nd  for the  m ost p a rt considerably lower. A t 1000 atm ospheres the  sh aft 
tw isted  off several tim es, and  final results could never be obtained .

b These values can be only approxim ate  Bince they  were tak en  from  a  
b luep rin t which Frolich had  Kindly sen t the  authors.

As shown by the results of the present work, Tremearne did 
not succeed in reaching saturation except for isolated values. 
I t  was therefore impossible to  give average values, and the 
above form was adopted.
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Iodine Number and Refractive Index 
of Perilla Oil

C. A . L a t h r a p ,  Curtis & Tompkins, L td ., San Francisco, Calif.

ALTHOUGH perilla oil has only comparatively recently 
come into prominence, considerable and increasing 
quantities are now being im ported into this country 

from the Orient. I t  is used chiefly in the pain t and varnish 
and allied trades where its properties make it  of particular 
value. The study of the constants of perilla oil as criteria 
of purity  has not been carried as far as with some of the 
other oils, although its com paratively high price makes it a 
profitable field for adulteration. The more or less arbitrary 
standards now existing are perhaps somewhat open to 
argum ent.

F i g u r e  1 . R e f r a c t iv e  I n d e x  a n d
I o d i n e  N u m b e r  o f  P e r i l l a  O i l

1. M anchurian  greenish g ray  sam ple
2. M anchurian  brown sam ple
3. M anchurian  pale brow n mixed sam ple
4. K orean No. 1 sam ple
5. K orean No. 2 sam ple
6. K orean No. 3 sam ple

The American Society for Testing M aterials in its speci
fication for raw or refined perilla oil (1) gives the iodine 
number (Hanus) minimum as 191.0 and does not mention 
the refractive index. Pickard (2), in a very interesting

review of the analytical results of perilla oil furnished by 
several laboratories, states in a summ ary concerning the 
iodine number, in substance as follows:

A survey of all the figures before us warrants the conclusion 
tha t very little, if any, pure perilla oil will have a Hanus iodine 
number lower than 195. Assuming this to be correct, we find 
tha t our extremes are about ten points, that is, from 195 to 205.

Referring to refractive index, he says:

There are very few determinations which are below 1.480 at 
25° C. The highest figure listed is 1.4819, while the lowest one 
is 1.4794. We are inclined to believe, however, that no pure 
perilla oil would have a refractive index below 1.480 and, there
fore, would set tha t as the minimum figure a t 25° C. So far as 
our results go, we have but one which is above 1.4815. There
fore, it would seem that, if this figure were set as a maximum, 
no pure perilla oil would be excluded thereby.

T e s t s  o n  O r i e n t a l  P e r i l l a  S e e d

An old im porter of perilla oil on this coast, while recently 
traveling in the Orient, arranged to have some six grades 
of perilla seeds sent to  th is laboratory for experimentation. 
These seeds were hand-picked here, and all foreign seeds, 
chaff, dirt, or damaged seeds eliminated, the m aterial pressed 
all being sound perilla seed of the grades designated. These 
were cold-pressed, though the modern practice is hot-press
ing, which, however, should not appreciably affect the con
stan ts though it does the color. I t  is to  be noted in Table I 
th a t there is quite a wide range between the minimum and 
maximum iodine num bers for these seeds of known purity 
(roughly 15 points). The accepted published minimum for 
the H anus value would, on this basis, appear somewhat too 
high. .

Based on the limited num ber of seed samples represented in 
this experiment, it would no t be possible to  prophesy what 
lim itations of index of refraction or iodine value should be 
placed on a pure perilla oil, b u t i t  is evident th a t present 
accepted standards do not fully cover the practical facts in 
the case. As the refractive index and iodine value, more 
than  anything else, tend to  portray  the purity  of perilla oil, 
the subject should be given more thorough consideration, 
based on a  greater variety  of seeds of known purity and 
extended over a number of seasons. Such an investigation 
should establish a more definite knowledge of actual limita
tions of pure perilla oil.

In  the course of regular routine work, this laboratory has 
been called upon to pass on the purity  of a large number of 
shipm ents of perilla oil arriving a t Pacific Coast ports. The 
shipments have arrived both in bulk and in drum lots, and

T a b l e  I. A n a l y s i s  o f  C o l d - P r e s s e d  O i l  f r o m  H a n d - C l e a n e d  S e e d s
(Clear se ttled  oil used for analysis)

Sp. gr. a t 15.5/15.5° C . . .  . 
R efractive index a t  25° C. 
Acid nu m b er...........................

Iodine num ber (W ijs).......................................
Iodine num ber (H anus, 0.5 h o u r) ................

Difference betw een W ijs and  H anus0 . 
L ov ibond  color:

Y ellow ............................................................
R e d .................................................................

M a n c h u r i a n M a n c h u r i a n
G r e e n i s h M a n c h u r i a n P a l e  B r o w n K o r e a n K o r e a n

G r a y B r o w n M i x e d N o. 1 No. 2
0 .9325 0.9342 0.9355 0 .9324 0.9326
1.4803 1.4816 1.4820 1.4800 1.4801
0 .60 0 .88 0 .5 4 1.53 1.01

191.3 191.6 191.1 191.8 191.1
192.6 204.7 208.6 192.0 194.5
187.1 198.4 200.4 185.7 190.1

5 .5 6 .3 8 .2 6 .3 4 .4

40 .0 30 .0 30 .0 4 0 .0 40 .0
2 .1 1 .8 1 .8 2 .0 2 .1

•  A verage difference betw een Wija and  H anus iodine num bers of th e  six sam ples

826
5 .9 .

K o r e a n  
No. 3 
0.9326 
1.4802 
0.76 

191.1
194.5
159.6 

4.9

40.0
2.1
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a large m ajority of them  have been passed as pure. A de
tailed tabulation of all these results would require too much 
space, and therefore only a condensed sum m ary of the iodine 
number (Wijs) and refractive index on approximately one 
hundred samples, passed as pure during the past few seasons, 
is included:

M a x i m u m  M i n i m u m  A v e r a g e  
Iodine num ber (W ijs) 207 .0  193.3 2 0 0 .4
Refractive index a t  25° C. 1.4818 1.4802 1.4811

About 20 per cent of the oils included in the tabulation had 
indices higher than  1.4815, the lim it suggested by Pickard, 
while none had indices below the lower limit.

During the course of the tabulation, several interesting 
points were brought to  light. The interrelation between the 
refractive index and iodine num ber was noted, and the two 
were plotted against each other. As is shown in the graph, 
the figures, w ith very few exceptions, fall w ithin two or three 
points of a straigh t line. I t  will be further noted th a t the 
constants on the oils of known purity  previously mentioned

all fall on or near this line and, moreover, have values ap 
proaching both maximum and minimum figures.

Another interesting and extremely significant point is the 
fact th a t some of the highest figures were those obtained 
during recent m onths, when oil prices were a t  their lowest, 
and adulteration “ to the analytical lim it” was not w orth
while.

From the preceding, the rather contradictory conclusions 
are tha t, although in general the oils of highest quality  have 
the highest iodine values and refractive indices, the constants 
of pure perilla oil (particularly the iodine value and refractive 
index) are subject to considerable variation, and low values 
do not necessarily mean adulteration.

L i t e r a t u r e  C i t e d
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Phenol-Acrolein Resins
B .  V . M a k s o r o w  a n d  K .  A . A n d r i a n o w  

Laboratory of Organic Chemistry, All-Union Electrotechnical Institute, Moscow, U. S. S. R.

TH E purpose of this work is to  investigate M cIntosh’s re
action for the preparation of the resin “aerolite” (2). 
The la tte r is prepared by heating for a long time a t  160- 

180° C. a m ixture of 100 grams of crystalline phenol and 70 
grams of glycerol, 1 cc. of concentrated sulfuric acid being 
used as catalyst. Aerolites obtained in th is way are almost 
black in acid media, purple in basic media, and highly hy
groscopic.

The authors made a ttem p ts to  improve the technical prop
erties of aerolite, first by  using another catalyst, and second 
by varying the proportions of glycerol and phenol. Com para
tive experiments for th e  condensation of phenol w ith glycerol 
were carried out in  the presence of various catalysts, such as 
sulfuric acid, jS-naphthalenesulfuric acid, acid potassium sul
fate, and magnesium sulfate. The concentration of each 
catalyst varied from 0.02 to  0.5 per cent of the to ta l weight 
of the reaction m ixture. The concentration of the reagents 
varied in the following w ay: from 1 mole of phenol per 1 mole 
of glycerol, to  3 moles of phenol per 1 mole of glycerol. The 
resulting products were, however, darkly colored and highly 
hygroscopic in all cases.

In the process of the form ation of aerolite, two m ain re
actions seem to take place sim ultaneously: (1) Glycerol is 
converted into acrolein which then condenses w ith phenol;
(2) glycerol is converted into polyglycerides which condense 
with phenol. Both suppositions are possible, since, under the 
influence of sulfuric acid, the form ation of acrolein and 
the formation of polyglycerides take place simultaneously. 
Therefore, i t  is possible th a t aerolite is an interm ediate form 
between phenol-acrolein resins and polyglyceride-phenol 
resins. Moureu has employed only basic catalysts in the 
condensation of phenol w ith acrolein, consequently the authors 
determined to study  the influence of acid reagents on the 
condensation of phenol w ith acrolein.

The first experiments w ith phenol-acrolein resins were car
ried out by Moureu, together w ith Dufraisse (4) • The authors 
used basic catalysts exclusively (5). Owing to their high 
elasticity, electrical stability, and the ease with which they

can be worked mechanically, these resins were recommended 
for the molding of all kinds of electrical and radio parts.

Kishi (1) condensed acrolein with phenol under pressure of 
30 atmospheres in the presence of salts, such as zinc chloride, 
aluminum chloride, and other salts which, on being hydro
lyzed, might give an acid reaction. Resins prepared by this 
method possess advantages over phenol-formaldehyde resin, 
in th a t they have greater elasticity and viscosity, and th a t 
their properties resemble those of synthetic rubber. On being 
mixed with oils, fats, and natura l resins, they yield very 
viscous mixtures.

From the Japanese pa ten t i t  is not clear whether the con
densation of phenol with acrolein may also be carried out in 
the presence of acid catalysts under atmospheric pressure and, 
if so, w hat the resulting products would be. In  this connec
tion, i t  was decided in these experiments to  compare the in
fluence of acid and basic catalysts on the ra te  of condensation 
of phenol w ith acrolein, and to  study the kinetics of the con
densation process as influenced by tim e and tem perature.

P r e p a r a t i o n  o p  A c r o l e i n

Acrolein was prepared in the following m anner:

Five-tenths kilogram of finely powdered anhydrous acid po
tassium sulfate, 0.1 kg. of finely powdered anhydrous sodium 
sulfate, and 0.2 kg. of anhydrous glycerol were thoroughly mixed 
in a 5-liter cylindrical vessel made of copper. The vessel was 
closed, and the mixture allow'ed to stand for 24 hours a t room 
temperature.

The reaction vessel contained three openings, one for a drop
ping funnel used for the addition of glycerol, the second for a 
mechanical stirrer propelled by an electrical motor, and the third 
for a condenser. The other end of the condenser was connected 
by means of an adapter to a large two-necked flask, heated on a 
water bath to 70-80° C. This flask was connected with another 
condenser, the second end of which was connected with an
other two-necked flask, used as a receiver for acrolein. The latter 
flask, through its second neck, was fitted vrith a reflux condenser, 
to the upper end of which a calcium chloride tube was attached.

In the first condenser the circulating water w-as heated to 40- 
50° C.; in the second, colder water (about 17-20° C.) was used. 
The mixture in the copper vessel (after standing for 20 to 24
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hours) was heated on an air bath or oil bath to 195° C., and that 
temperature was maintained throughout the whole experiment. 
The temperature in both condensers and in the middle flask was 
so regulated tha t a mixture of condensed water and gaseous acro
lein entered the flask, and chiefly gaseous acrolein left the flask. 
I t  was found th a t the best temperature to be maintained in the 
middle flask was about 70-80° C.

“IS 20 23 3o 35* 5o□Ays
F i g u r e  1 . E f f e c t  o f  C a t a l y s t s  o n  V i s c o s it y  o f  

P h e n o l  R e s i n

(O ne mole of phenol per one mole of oorolein; cata ly s ts , sam e as T ab le  I)

The second two-necked flask (the receiver) contained two 
layers, the bottom layer consisting of water, saturated with acro
lein, and the top layer of acrolein saturated with water. When 
only a small quantity of glycerol remained in the copper vessel, 
new portions were added from the dropping funnel so as not to 
slow up the distillation of acrolein. The quantity of the cata
lyst mentioned above was ordinarily sufficient for the conversion 
of 3 kg. of glycerol.

The yield of acrolein was as high as 65 per cent of the theo
retical am ount based on anhydrous glycerol. The acrolein 
from the receiver was’ redistilled by  means of an efficient dis
tilling column and was immediately used for condensation ex
periments.

So — gravity of acetone 
t — time of efflux of solution 

S  = gravity of solution 
n ■ =  viscosity of mixture

The following catalysts were tested: acid potassium sul
fate, /3-naphthalenesulfuric acid, boric acid, potassium hy
droxide, barium  hydroxide, potassium carbonate, urea, pyri
dine, and hexamethylenetetramine. I t  was found th a t the 
reaction between acrolein and phenol m ay be carried out both 
in the presence of acid and basic catalysts. If the rate of 
condensation is to  be judged by the increase in viscosity of a 
solution of the condensation product, the following catalysts 
m ay be considered m ost effective: acid potassium sulfate, 
/3-naphthalenesulfuric acid, boric acid, phosphoric acid, and 
potassium  hydroxide. W eak bases, such as barium  hydrox
ide, potassium carbonate, pyridine, hexamethylenetetramine, 
and urea, influence the rate  of the reaction to a much smaller 
extent (Table I).

T a b l e  I. E f f e c t  o f  C a t a l y s t s  o n  V i s c o s i t y  o f  P h e n o l  
R e s i n s

(One mole of phenol per one mole of acrolein)
C a t a l y s t ---------------------- --------------------V i s c o s i t y  a f t e r  D a y s : ------------------ »

10 13 16 20 30
1. Acid potassium  sulfa te  1 .360 1.397 1.404 1 .458  1.502
2. P otassium  hydroxide 1.403 1.406 1.413 1.421 1.448
3. Hexamethylenetefcra-

mine
4. /5-Naphthalenesulfuric

acid 1 .358 1.375 1 .388  1.395 1.407 1.413
5. B arium  hydroxide 1.322 1.328 1.336 1.335 1.330 1.338
6. B oric acid 1.501 1.502 1.504 1.508 1.510 1.512
7. Potassium  carbonate  1 .332 1.336 1.342 1.336 1.348 1.361
8. U rea  1.382 1.427 1.423 1.502 1.507 1.508
9. Phosphoric acid 1.442 1.464 1.476 1.481 1.473 1.489

10. Pyrid ine 1.312 1 .334 1.340 1.362 1.365 1.368

From  Figure 1, where the abscissa represents time of con
densation in days, and the ordinate the viscosity of acetone 
solution of the resin, it m ay be seen th a t the rise of the curves 
is particularly rapid for such catalysts as acid potassium 
sulfate, potassium hydroxide, /3-naphthalenesulfuric acid, 
phosphoric acid, and boric acid; and less rapid for urea, 
barium  hydroxide, potassium carbonate, and hexamethylene
tetram ine.

The other problems to  be solved were: (1) to  investigate 
how the rate  of condensation, the color of the product, and

38 
1.521 
1.470

1.300 1.301 1.362 1.378 1.380 1.382

C o n d e n s a t i o n  o f  A c r o l e i n  w i t h  P h e n o l

These experiments were carried on in the following 
way: a mixture of 10.2 grams of acrolein, 18.8 grams 
of crystalline phenol (1 mole of acrolein per 1 mole of 
phenol), and 0.1 gram of acid or basic, catalyst was 
placed in a 100-ce. flask fitted w ith a  stopper carry
ing a therm om eter and reaching under the surface 
of the mixture. The flask while cooling was rapidly 
stirred and then placed on a w ater bath  fitted w ith a 
stirrer; the tem perature of the bath  was m aintained 
so as to keep the tem perature of the mixture a t 20° C. 
throughout the experiment. Every day or two, before 
the completion of the reaction (i.e ., Before the mix
ture was converted into an insoluble condition), the 
following measurements were made: rate  of condensa
tion, viscosity according to  Ostwald, m elting point 
according to  Kraemer-Sarnow, and flow-point accord
ing to  Ubbelode.

In  order to determine 'viscosity, the product was dissolved 
in acetone (nine parts acetone, by  weight, per one p art resin). 
M easurements were made a t 20° C., using an  Ostwald vis
cometer. The results were found from the following relation :

St '
n _ n o s *

where to =  time of efflux of acetone 
?io — viscosity of acétone

D A Y S
F i g u r e  2 . M e l t in g  T e m p e r a t u r e s  o f  P h e n o l  R e s i n s  

(P roportions sam e as T ab le  I I )

its technical properties depended on the m utual proportions 
of the reagents, if the same catalyst (acid or basic) was used; 
and (2) to investigate the influence of phenol, cresols, and xy- 
lenols on the. ra te  of condensation and the properties of the 
final products. I t  was im portan t to  solve these questions 
both.from  the practical and theoretical points of view, as the 
solution m ight lead to  the preparation of technically valuable 
phenol-acrolein resins. In  the first series of experiments with
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T a b l e  I I . D e t e r m i n a t i o n  o f  M e l t i n g  P o i n t s  o f  P h e n o l  R e s i n s

R e s i n t o  A c r o l e i n 3 5 8 1 2
-----------------¿ v i r i i i i i n u  JTU1 NT
1 3  1 5  16

"  A H  
2 0

EH D A T n
2 3 2 5 2 6 2 8 3 5 4 2

Moles ° C. ° C. ° C. ° C. C. °  C. ° C. ° C. 0 C. °  C. » C. °  C. 0 C. •  C.
C A T A L Y S T , A C ID  P O T A S S IU M  S U L F A T E

15 1 :1 16 2 0  2 4 2 7 2 9 3 4
14 1 : 1 . 5 2 7 3 8 4 0 4 2 5 4 4 4 7 . 5
2 5 1 :3 3 2 3 7 . 5 4 3 4 4 4 5 4 9
2 6 1 :4 4 4 4 6 . 5 5 8  6 0  ! 6 1 6 2
1 3 1 :5 5 1 5 2 5 4 6 0  6 3 6 9 7 0 8 2
16 1 . 5 : 1 2 2 2 6 3 2 3 3

C A T A L Y S T P O T A S S IU M  H Y D R O X ID E

21 1 : 2 . 5 2 0 2 4 2 7 2 9
C A T A L Y S T , P H O S P H O R IC  A C ID

9 1 :1 1 8  1 8 2 1 2 4 2 9 3 1 3 8
a According to  K raem er-Sarno w .

T a b l e  III. D e t e r m i n a t i o n  o f  M e l t i n g  P o i n t s  o f  P h e n o l  R e s i n s
P r o p o r t i o n  o r

P h e n o l  t o D A Y S . ----
R e s i n A c r o l e i n 4 8 12 15 1 7  2 0 2 3 2 4 2 6 2 8 3 0 3 5

Moles ° C. ° C. ° C. 0 C. °  C. ° C. C. ° C. 0 C. » C. 0 C. » C.
C A T A L Y S T , A C ID  P O T A S S IU M  S U L F A T B

15 1 :1 3 0 3 6  3 7 3 8 4 0 4 3
14 1 : 1 . 5 3 7 4 6 5 0 5 9 6 0 6 2
2 5 1 :3 4 0 5 2 . 5 5 3 5 4 5 4 . 5 5 5 . 5
26 1 :4 4 4 6 0 . 5 6 2 6 5 6 7 7 2
13 1 :5 5 6 6 0 6 4  6 7 7 5 ¿ 8
16 1 . 5 : 1 2 4 3 7 3 9 4 0 4 1 . 5

C A T A L Y S T , P O T A S S IU M  H Y D R O X ID E

21 1 : 2 . 5 2 4 2 9 3 0 31 3 2 3 4
a According to  K raem er-Sarnow .

an acid catalyst (0.1 p a rt by weight of acid potassium sul
fate), the quantita tive proportions of the reagents varied in 
the following order: 1, 1.5, 3, 4, or 5 moles of acrolein per 1 
mole of phenol; and 1, 1.5, 2, 3.5, or 5 moles of phenol per 1 
mole of acrolein. In  the second series of experiments with a 
basic catalyst (0.1 p a rt by  weight of potassium hydroxide), 
the quantitative proportions of the reagents were the follow
ing: 1, 2.5, or 5 moles of acrolein per 1 mole of phenol; and 
1,1.5, or 2 moles of phenol per 1 mole of acrolein.

The mixtures, according to  the above-mentioned quantita
tive proportions, were thoroughly shaken in air-tight flasks 
that were placed in a cooling bath  where the tem perature was 
regulated so as to  keep the reaction m ixture a t 20° C. The 
rate of condensation was measured. The results are given in 
Tables II-IV .

These experiments show th a t the rate  of condensation in the 
presence of acid potassium sulfate increases w ith the increase 
in the quantity  of acrolein, and reaches its maximum when the 
proportion is 5 moles of acrolein per 1 mole of phenol. In  the 
presence of potassium  hydroxide the maximum is reached 
when the proportion is 2.5 moles of acrolein per 1 mole of 
phenol. W ith a further increase of acrolein from 2.5 to  5 
moles per 1 mole of phenol, in the presence of potassium 
hydroxide, the rate  of condensation decreases considerably, 
so that the resinous product even in a m onth’s tim e is still 
half liquid with a sharp smell of acrolein. The color of the 
condensation product is also different, depending upon the 
mutual proportions of the reagents: products with an acid 
catalyst and 5 moles of acrolein, and products with a basic 
catalyst and 2.5 moles of acrolein stand out because of their 
lighter color; the darkest products were obtained when more 
than 1 mole of phenol was used per 1 mole of acrolein.

In Figure 2 the ordinates represent the m elting tem pera
tures according to Kraemer-Sarnow for products with an acid 
catalyst, and the abscissas the tim e of condensation in days. 
This figure shows th a t the curves rise rapidly with the increase 
of the quantity  of acrolein per 1 mole of phenol; and, vice 
versa, with a decrease of acrolein they become more gradual. 
This same order m ay be observed in the tem peratures of the 
falling of drops, according to  Ubbelode (Figure 3).

The change in viscosity for products prepared in the pres
ence of acid and basic catalysts is shown in Figure 4. The 
ordinates represent the viscosity of the solution of resins, and 
the abscissas, the tim e in days. I t  m ay be seen from Figure

4 th a t a t first the curves rise more rapidly for products with 
an acid catalyst; b u t later, during the course of condensation, 
these curves become more gradual and almost parallel to the 
abscissa axis. The curves for basic catalysts a t  first rise more 
slowly, but, when the reaction is nearly ended, their steep
ness rapidly increases. Such results coincide w ith those ob
tained for phenol-formaldehyde resins by N o v ik  and Cech (5).

I t  is interesting to note th a t the maximum rise with an acid 
catalyst may be observed in the curve for a resin prepared 
from 5 moles of acrolein per 1 mole of phenol, and w ith a basic 
catalyst for a resin prepared from 2.5 moles of acrolein per 1

(P roportions sam e as T ab le  I I I )

mole of phenol. The elem entary composition of the resin, 
prepared by condensing 1 mole of phenol w ith 5 moles of 
acrolein in the presence of acid potassium sulfate, varied 
depending on the purification of the resin. A resin, twice pre
cipitated by water from an acetone solution and dried a t  50 0 C. 
under reduced pressure a t  65 mm., showed the following com
position: carbon, 56.20 per cent; hydrogen, 6.66 per cent; 
and oxygen, 37.14 per cent. The same resin precipitated 
by  water from an alcohol solution and dried under the same 
conditions showed: carbon, 61.47 and 61.80 per cent; hydro
gen, 6.32 and 6.32 per cent; and oxygen, 32.21 and 31.88 
per cent. The resin residue insoluble in  alcohol showed: 
carbon, 50.96 per cent; hydrogen, 6.96 per cent; and oxygen, 
42.11 per cent.
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C o n d e n s a t i o n  o p  A c r o l e i n  
w i t h  H o m o l o g s  o p  

P h e n o l  

E n g lis h  tricresol was di
vided by distillation in two 
f r a c t i o n s ,  b o i l in g  a t  195- 
200°, and 200-205° C., re
spectively. Resins were pre- 
p a r e d  f ro m  them  by  the 
same m ethod as was used for 
phenol.

T h i r ty - th r e e  grams of 
acrolein (7 moles of acrolein 
per 1 mole of cresol), 12.96 
grams of the cresol fraction, 
and 0.1 gram of acid potas
sium sulfate or p o ta s s iu m  
hydroxide were thoroughly 
m ix e d  on a w a te r  b a t h ,  
where the tem perature was 
m aintained so as to  keep the 
reaction m ixture a t  20° C. to 
the end of the reaction, and 
a little longer for the time 
necessary to  determine the 
melting point according to 
Kraemer-Sarnow and Ubbe- 
lode, and the viscosity in ace
tone solution.

The products with an acid 
catalyst h a r d e n e d  on the 
second day, b u t a complete 
absence of acrolein smell was 
o b s e rv e d  only on the fifth 
day. The resins were of a light yellow color.

The products with a  basic catalyst (potassium hydroxide) 
hardened in  1.5 days, b u t complete absence of acrolein smell 
was observed after 7 days. The color of the resins was dark 
yellow.

(P roportions sam e as T ab le  IV)

The results of the deter
m in a t io n  of the m e lt in g  
points according to Kraemer- 
Sarnow for cresol resins are 
shown in Table V and Fig
ures 5 and 6.

The m ixture of xylenols 
was obtained from the higher 
fractions (boiling point, 185— 
250° C.) of purified phenols 
from coal ta r. Purification 
c o n s is te d  in t r e a t i n g  the 
fractions w ith a small quan
tity  of formaldehyde and sul
furic acid in order to get rid 
of thio-compounds, and then 
fractionating them  between 
190-250° C., the d is t i l l a t e  
being dissolved in a 10 per 
cent solution of sodium hy
d ro x id e  and w a sh e d  with 
ether and benzene to get rid 
of h y d r o c a r b o n s .  F ree  
phenols w e re  i s o la te d  by 
p a s s in g  c a r b o n  d io x id e  
through an alkali solution, 
and were s e p a r a te d ,  dried 
with sodium sulfate, and dis
tilled.

The fractions b o ilin g  at 
200-210° and 210-220° C. 
were c o n d e n se d  under the 
conditions previously men
tioned. M ix tu re s  of 14.32 

grams of the xylenol fraction and 33 grams of acrolein (5 
moles of acrolein per 1 mole of xylenol) w ith an acid catalyst 
were converted into a  hard resin on the second day, the 
acrolein smell disappearing on the fifth day. The color of

DAYS
F i g u r e  5 .  D e t e r m i n a t io n  o f  M e l t in g  P o i n t s  o f  

X y l e n o l  a n d  C r e s o l  R e s i n s  w i t h  A c id  C a t a l y s t  

(Proportions sam e as T ab le  V)

X y l e n o l  a n d  C r e s o l  R e s i n s  w i t h  B a s ic  C a t a l y s t  

(P roportions sam e as T ab le  V)

OAYS
F ig u r e  7 .  D e t e r m i n a t io n  o f  D r o p p i n g  P o i n t s  o f  

X y x e n o l  a n d  C r e s o l  R e s i n s  w i t h  A c id  C a t a l y s t

(Proportions sam e as Table  V I)

F i g u r e  8 . D e t e r m i n a t io n  o f  D r o p p i n g  P o in t s  of 
X y l e n o l  a n d  C r e s o l  R e s i n s  w i t h  B a s ic  C a t a l y s t

(P roportions sam e as T ab le  V I)
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P n O P O H T IO N  OF
T a b l e  IV. D e t e r m i n a t i o n  o f  V i s c o s i t i e s  o f  P h e n o l  R e s i n s

R e s i n
J. U L H U D  r u
A c r o l e i n 3 7 8 10 12 13

VIBUUfc
14

1 T J  A iX B K  D A Y S ;  —  
18 2 0 23 27 28 30 33 38

15

Moles

1:1 1.362
CATALYST, ACID

1.412
POTA SSIU M  S U L FA T E
1.475 ....................... 1.547 1.560 1.58114 1 :1 .5 1.382 1.425 1.450 1.477 1.495 1.51525

26
1:3
1:4

1 .* 468 
1.425

1.472
1.512

1 ! 482 1.494 
1.582 1.594

1.508 . . .  . 
1.599

1.528
1.608

13 1:5 1.470 l.*5¿5 1.582 1.626 1 "¿35 1.64316 1.5:1 1.341 1Í4 Í2 1.459 1.566 1 .* 580 1.59317 2:1 1.319 1.433 1.462 1.508 1.540 1.56618 3 .5 :1 1.314 1 .* 352 1.409 1.428 1.440 1.45719 5:1 1.302 1.351 1.360 1.364 1.349

20 1:6 1.214
CATALYST, POTASSIUM

1.234 .......................
H Y D RO X ID E

1.255 1.314 1.42021
22

1:2 .5
1:1

1.161
1.221

1.201
1.242

1.259
1.263

1.316
1.319

1.521
1.49823

24
1.5:1
2:1

1.250
1.266

1.281
1.296

1.291
1.304

1.336
1.368

1.470
1.452

the products was pale yellow. W ith a basic catalyst (potas
sium hydroxide) the product hardened in 1.5 days, and the 
acrolein smell disappeared after 6 days. The color of the 
products was pale yellow.

The results of the determ ination of m elting points and vis
cosities of resins in acetone solution are shown in Tables 
V-VTI, and Figures 5-10.

F ig u r e  9 . D e t e r m i n a t io n  o f  V i s c o s i t i e s  o f  X y l e n o l  
a n d  C r e s o l  R e s i n s  w i t h  A c id  C a t a l y s t  

(P roportions sam e as T ab le  V II)

From these figures i t  m ay be seen th a t the maximum rate  of 
condensation belongs to  the resin prepared from acrolein and 
the higher-boiling fraction of xylenol, and the minimum rate 
to the resin prepared from acrolein and the lower-boiling frac
tion of tricresol.

C h a r a c t e r i s t i c s  o f  P r o d u c t s

All the resins prepared, before gelatinization in stage A , 
readily dissolve in acetone, in benzene, and in a m ixture of 
alcohol and benzene; partly  dissolve in  m ethyl and ethyl 
alcohols, and in ether; and difficultly dissolve in turpentine, 
flax oil, and aliphatic hydrocarbons. Like phenol-formalde- 
flyde resins, these resins m ay be converted into an infusible 
and insoluble condition (stage C) only if the quan tity  of 
phenol does no t exceed 1 mole per 1 mole of acrolein. The 
rate of conversion into stage C varies according to  the kind of 
catalyst used and the proportions of phenol and acrolein, as 
shown in Table V III.

The rate of polymerization was determined by  heating resin

films on glass to  180-190° C. in a therm ostat, and subse
quently dissolving the film in a hot mixture of alcohol and 
benzene. In  case of complete conversion into stage C, the 
film remained insoluble; in case of partial conversion, there 
was a partial solution. In  this way it  was found th a t the m ost 
rapid polymerization was shown by resins prepared from xy
lenol when the proportion was 5 moles of acrolein per 1 mole 
of xylenol, and when potassium sulfate was used as a catalyst. 
Phenol came next w ith the same catalyst and the same pro
portion of reagents. Polymerization is much slower for 
phenol when the proportion is 4 moles of acrolein per 1 mole

T a b l e  V. D e t e r m i n a t io n  o f  M e l t in g  P o i n t s  o f  X y l e n o l  
a n d  C r e s o l  R e s i n s

5  M o l e s  
A c r o l e i n  

p e r  1 - M e l t i n g  P o i n t 0  a f t e r  D a y s :
R e s i n M o l e  o f : 1 2 4 7 9 10 11 14

° C. ° C. ° C. 0 C. ° C. ° C. ° C. 0 C.
CATALYST, ACID POTASSIUM  SU LFA TE

35 Xylenol b 56 . .  58 62 65 6 5 .5 66 66
36 Xylenolc 48 . .  56 57 58 59 59 59
37 Cresol* 52 . .  56 56 .5 57.5 58 59 .5
38 Cresole 54 . .  59 61 64 6 4 .5 65

CATALYST, POTASSIUM  H Y D RO X ID E

31 Xylenolc 66 .7  67 69 74 75 76
32 Xylenol b 57 .5  62 64 67 69 74
33 Cresol* 57 .5  60 62 65 66 67
34 Cresol* 61 .5  65 .5  66 6 6 .5 68 70
« According to  K raem er-Sarnow. 
b 200-210° C. c 210-220° C. 
d 195-200° C. « 200-205° C.

T a b l e  V I . D e t e r m in a t io n  o f  D r o p p i n g .P o i n t s  o f  X y l e n o l  
a n d  C r e s o l  R e s i n s

5  M o l e s  
A c r o l e i n  p e r  1 

R e s i n  M o l e  o f :
— D r o p p i n g  P o i n t s 0  a f t e r  D a y s :----------

2 4 7 S 9 10 11
° C. ° C. ° C. ° C. ° C. ° C. ° C.

14 
° C.

CATALYST, ACID PO TASSIUM  SU LFA TE

35 Xylenol & 56 . .  58 62 . .  64 . .  66 69
36 Xylenolc 40 . .  52 56 . .  58 . .  60 62
37 Cresol* 52 . .  54 55 . .  57 . .  59 6 1 .5
38 Cresol* 54 . .  57 60 . .  62 . .  63 64

CATALYST, PO TASSIUM  H Y D RO X ID E

31 Xylenolc 69 69 .5  72
32 Xylenol* 73 .5  76 76 .5
33 Cresol* 6 0 .5  67 68
34 Cresol* 68 69 .5  70
° According to  Ubbelode.
b 200-210° C. * 210-220° C. 
d 195-200° C. * 200-205° C.

76
77

7 1

77 .5
70

77

7 1

78
78
73
71 .5

T a b l e  VII. D e t e r m i n a t io n  o f  V i s c o s it i e s  o f  X y l e n o l  a n d  
C r e s o l  R e s i n s

5  M o l e s  
A c r o l e i n  

p e r  1 
M o l e  ^  

R e s i n  o f :
- V i s c o s i t y  a f t e r  D a y s : —  

7 9 10 11
a c i d  p o t a s s i u m  s u l f a t e  
. . .  1.466 1.470 . . .
. . .  1.444 1.454 . . .
. . . 1.447 1.452 . . .
. . .  1.455 1.462 1.465

CATALYST:

35 X ylenol0 1.352 1.410
36 Xylenol i> 1.412 1.425
37 Cresol* 1.367 1.403
38 Cresol* 1.375 1.418

CATALY ST, PO TASSIUM  H Y D RO X ID E

31 Xylenol* 1.523 1.551 1.556 1.594 ...................
32 X ylenol0 1.481 1.491 1.492 1.513 ...................
33 Cresol* 1.402 1.472 1.480 1.495 ...................
34 Cresol* 1.412 1.505 1.522 1.545 . . .  . . .
° 200-210° C. b 210-220° C.
* 195-200° C. * 200-205° C.

12

1.476
1.463
1.456

1.600
1.520
1.501
1.551

14

1.483
1.471 
1.463
1.471

1.615
1.546
1.527
1.565
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F i g u r e  1 0 . D e t e r m i n a t io n  o f  V i s c o s it i e s  o f  X y l e n o l  
a n d  C r e s o l  R e s i n s  w i t h  B a s ic  C a t a l y s t  

(Proportions sam e as T ab le  V II)

of phenol. W hen a basic catalyst (potassium hydroxide) is 
used, and the proportion is 2.5 moles of acrolein per 1 mole of 
phenol, polymerization goes on still more slowly.

Preliminary experiments showed th a t phenol-acrolein resins 
m ay be used for the preparation of insulating lacquers. The 
tensile strength and the volume and surface resistance of films

made of these lacquers are quite satisfactory, and, a t  any rate, 
are not worse than  those made of Bakelite. A great deal de
pends on the m ethod of preparation of the lacquers and on the 
solvent and plasticizers used. Table IX  shows the results 
obtained in this laboratory with films of Bakelite, phenol- 
acrolein (resins 13, 25, 26), xylenol-acrolein (resin 31), and 
cresol-acrolein (resin 34). Cresol- and phenol-Bakelite resins 
were made using ammonia as catalyst. The data  on elec
trical properties were determined from films (on cigarette 
paper) after drying a t 80° C. (but not polymerization), and 
after complete polymerization (a t 80° C.). Polymerized films 
were tested immediately after heating and after immersion 
for 24 hours in water, in ammonia solution (15 per cent), in 
hydrochloric acid solution (1 per cent), in potassium hydrox
ide solution (1 per cent), and after remaining in w ater vapor 
for 24 hours.

S u m m a r y

1. The rate  of condensation w ith an acid catalyst reaches 
its maximum when 5 moles of acrolein per 1 mole of phenol 
are used, and w ith a basic catalyst when 2.5 moles of acrolein 
per 1 mole of phenol are used.

2. W ith an acid catalyst, the course of condensation is 
rapid a t  first, b u t slows up toward the end of the reaction 
(stage B )\ the curves plotted for these rates become almost 
parallel to the abscissa axis.

3. W ith a basic catalyst, the rate  of condensation is slow at 
first, b u t toward the end of the reaction (stage D ) the curves 
for the rates rise rapidly.

4. In  the case of cresols and xylenols, the resins have a 
higher m elting point (in stage B ) than  in the case of phenols.

5. Xylenol-acrolein resins show a higher ra te  of conversion 
into an infusible and insoluble condition than other resins.

6 . Phenol-, cresol-, and xylenol-acrolein resins m ay be used 
for electro-insulating lacquers just as well as Bakelite.

T a b l e  VIII. E f f e c t  o f  C a t a l y s t  o n  C o n v e r s i o n  o f  R e s i n s  i n t o  S t a g e  C

T i m e  o f  H e a t i n g  
a t  180-190° C. 

30 sec.

60 Bee.
120 sec.
180 sec.

6 min.
10 m in.
20 m in.
40 min.

5  M o l e s  A c r o l e i n  
p e r  1 M o l e  P h e n o l  

i n  P r e s e n c e  o f  
KHSO<°

P a rtia l conversion in to  
stage C 

C om plete conversion 
C om plete conversion 
C om plete conversion 
Com plete conversion 
Com plete conversion 
Com plete conversion 
Com plete conversion

4 M o l e s  A c r o l e i n  
p e r  1 M o l e  P h e n o l  

i n  P r e s e n c e  o f  
K H S O  

N o polym erization

No polym erization  
N o polym erization 
No polym erization 
N o polym erization 
N o polym erization 
No polym erization 
N o polym erization

2 . 5  M o l e s  A c r o l e i n  
p e r  1 M o l e  P h e n o l  

i n  P r e s e n c e  o f  
K O H c 

N o polym erization

N o polym erization 
N o polym erization 
N o polym erization 
N o polym erization 
N o polym erization 
N o polym erization 
C om plete conversion

5 M o l e s  A c r o l e i n  
p e r  1 M o l e  X y l e n o l  

i n  P r e s e n c e  o f  
KOHd 

No polym erization

No polym erization 
N o polym erization 
N o polym erization 
N o polym erization 
N o polym erization 
N o polym erization 
C om plete conversion

5  M o l e s  A c r o l e i n  
p e r  1 M o l e  X y l e n o l  

i n  P r e s e n c e  o f  
KHSO«'

A lm ost com plete conversion 
in to  stage C 

C om plete conversion 
C om plete conversion 
C om plete conversion 
C om plete conversion 
C om plete conversion 
C om plete conversion 
Com plete conversion

° Resin 13. b Resin 26. c Resin 21. d R esin 31. « Resin 35.

T a b l e  I X .  P r o p e r t i e s  o f  R e s i n  F il m s

- A f t e r  P o l y m e r i z a t i o n  -
A f t e r  D r y i n g Im m ediate ly A fter soaking in A fter soaking in A fter soaking in A fter stay ing

------- R e s i n --------------------- . a t  80° C. afte r heating 1%  HC1 soln. 1%  N aO H  soln. 15% N H nsoln. in w ater vapor
O hm s/cm .1 O hm s/cm .* O hm s/cm .1 Ohms /cm . * O hm s/cm .* Ohms/cm . *

s u r f a c e  r e s i s t a n c e

31 Xylenol-acrolei n 3 .52  X 10« 8 .2 X 10« 2 .3 7  X 10« 2 .7 6  X 10« 1.79  X 10« 7 .1 2  X 10«
34 Cresol-acrolein 1 .14  X 10*2 2 .3 X 10” 2 .42  X 10” 1 .24  X 10« 1.54  X 10« 3.86  X 10«
25 Phenol-acrolein 6 .07  X 10” 9 .4 X 10” 2 .2 3  X 10” 1.09 X 10« 2 .9  X 10« 4 .7 5  X 10«
13 Phenol-acrolein 3 .99  X 10” 6 .7 X 10” 2 .6 4  X 10” 1.09 X 10« 1 .13 X 10” 1.11 X 10”
26 Phenol-acrolein 1. 74 X 10*0 4 .2 X 10” 1 .4  X 10” 4 .3 7  X 10« 4 .4  X 10” 2 .5 8  X 10»

Cresol-Bakelite 1.14 X 10” 2 .1 4  X 10” 1.01  X 10” 1 .34 X 10« 6 .5 4  X 10«
Phenol-B akelite 1 .9  X 10” 4 .2 X 10” 1 .1  X 10” 8 .1 4  X 10« 7 .2 5  X 10«

v o l u m e  r e s i s t a n c e

31 X ylenol-acrolein 1.22 X 10« 3.1 X 10” 1 .4  X 10« D eterio ra tion 1.51 X 10« 1.83  X 10«
34 Cresol-acrolein 2 .2 5  X 10” 3 .2 X 10” 4 .5 5  X 10» D eterio ra tion 5 .8 8  X 10» 6 .6
25 Phenol-acrolein 1.35 X 10” 2 .3 X 10” 4 .1 8  X 10» D eterio ration 1 .28  X 10« 3 .4 6  X 10»
13 Phenol-acrolein 1 .06 X 10” 5 .3 X 10” 1.35 X 10” 4 .5 5  X 10» 4 .1 8  X 10” 1 .8 3  X 10”
26 Phenol-acrolein 3 .4 X 10” 3 .96  X 10« 4 .0 8  X 10» D eterio ration 3 .9 8  X 10»

Cresol-Bakelite 8 .46  X 10” 4 .2 X 10” 1 .33  X 10” D eterio ration 3 .7 5  X  10«
Phenol-B akelite 1 .68  X 10” 3 .7 X 10” 3 .9 3  X 10» D eterio ra tion 6 .9 4  X 10»

D IE L E C T R IC  s t r e n g t h 0

Cm. Cm. Cm, Cm. Cm. Cm.
31 Xylenol-acrolei n 36.6 38.1 32.1 30 .2 3 0 .3 3 1 .3
34 Cresol-acrolein 38 .2 38 .6 36.1 31 .0 3 0 .8 30 .2
25 Phenol-acrolein 3 1 .0 32 .3 26.1 20 .0 2 1 .0 22 .1
13 Phenol-acrolein 47 .6 48 .1 46.1 4 0 .3 41 .2 40 .0
26 Phenol-acrolein 37 .2 39 .0 35 .4 3 2 .0 33.1 34 .1

C resol-Bakelite 30 .5 37 .5 30.2 2 7 .0
P henol-B akelite 31 .9 36 .1 36.1 2 6 .2  .

A fter soaking 
in water 
Ohms/cm .*

3 .56  X 10" 
1.08 X 10« 
9 .06  X 10« 
1.42 X 10« 
1.97 X 10'* 
4 .38  X 10» 
38 X 10"

1.36
6.11
6.23
9 .5
9 .5
3 .5  
3.22

10"
10«
10«
10"
10«
1 0 "

10«

Cm.
30.3
31.2 
22.5
42.3 
31.8
30.1
34.2

“ K / V .
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R e c e i v e d  June  30, 1931.

High-Density Filtration
J o h n  P. G r e v e n ,  Godchaux Sugars, Inc., Reserve, La.

I N T H E  old days of the sugar industry  the mechanical 
filtration of sugar liquors was accomplished w ith various 
types of gravity  filters, such as bag filters, D anek filters, 

etc. The use of filter aid was unknown, and, as a  consequence 
the rate  of flow was rather slow and could be m aintained only 
by carrying proper dilution, usually around 55° Brix, and high 
temperatures, usually around 190° F . W hen the various 
types of pressure filters came into use, filter aids were de
veloped subsequently, which made it  possible to  obtain a very 
much increased filtering rate  w ith densities around 60° Brix 
and with lower tem peratures. In  the last few years the m anu
facturers of filter aids have perfected special materials, with 
the object in m ind of increasing still more the rate  of flow 
at higher densities and w ithout sacrificing clarity.

Since it is obviously desirable, from a steam -consumption 
standpoint, to  carry concentrations of dilute products to  the 
highest practical lim it, i t  m ight be of in terest to subm it some 
operating details on a te s t run made in the refinery of God
chaux Sugars, Inc., in the  fall of 1931.

D e t a i l s  o f  O p e r a t i o n

The filtering equipm ent a t  th a t p lan t consists of the so- 
called refinery type of Vallez filters, supplied w ith 70 X 80 
monel wire screens. Raw  liquors and centrifugal sirups are 
filtered over the Vallez filter. I t  had been common practice 
for years to filter these m aterials a t  176° F . and 60° Brix, using 
a mixture of slow and fast filter aid.

In explanation, i t  m ay serve to  sta te  here th a t the 
diatomaceous earth  used as filter aid in the sugar industry is 
graded, according to  its filtration efficiency, as slow, medium, 
and fast. Slow and fast filter aids were mixed in order to 
obtain proper clarity and speed combined. The slow filter 
aid gives the maximum clarity and minimum filter speed, and 
the fast filter aid, the minimum clarity w ith maximum speed. 
It was common practice to  use the slow filter aid for the 
preliminary coating of the press screens and then follow this 
with fast pressure filtration, and fast filter aid.

In September, 1931, a test was made covering approxim ately 
one month of operating time, during which the fast filter aid 
was used exclusively. An orifice plate, 1 inch in diameter, 
was installed in all 4-inch liquor inlet lines to  the Vallez filters
1,1 order to insure a very gradual pressure increase in the 
filters during the filtering cycle. This point is essential in 
obtaining satisfactory results from heavy-density filtration. 
Beyond that, no mechanical changes were made. N othing 
but fast filter aid was used, and the density of the filtrate was 
increased to 66.5° Brix.

Temperatures of the filtrate remained the same (176° F .), 
and pH was m aintained a t  7.1 as formerly. M aximum pres
sure on the Vallez filters a t  the end of the cycle was 40 pounds, 
which was slightly in  excess of former pressures obtained. 
Clarity of the filtrate was up to  normal standards as measured 
by a modification of Tyndall’s turbidim eter. The following 
tabulation indicates the advantages obtained:

V a l l e z  F i l t e r s  
Cycles per 24-hour day  
A verage filtering tim e per cycle 
R aw  supar per cycle, tons 
F ilter aid per ton  m elt, pounds 
C orrected Brix of filtra te

N o r m a l
D e n s i t y

38
2 hr., 46 m in. 

27 
8 .27  

60

H e a v y
D e n s i t y

11
8 h r., 55 min. 

85 
6.21 

6 6 .5

Since the resulting mud cake sluiced from the Vallez filters 
is being refiltered over a set of secondary filter presses, desig
nated as mud presses, a brief tabulation shows results ob
tained there:

M u d  P r e s s e s  
Press cycles per day  
Average filtering tim e per cycle, hours 
Press m ud per to n  m elt, pounds 
Sucrose loss per ton  m elt, pound

•N o r m a l
D e n s i t y

15.2
3 .86

20.67
0 .1 4

H e a y y
D e n s i t y

11
6 .62

11.87
0.10

Here again the advantage of heavy-density filtration shows 
up clearly in an extension of press cycles, w ith resulting 
reduction in sugar losses and production of light sweet 
water.

Following the changes produced through subsequent char 
filtration, it was noted tha t, owing to the heavier concentration 
carried, it was possible to handle the same volumes of m elt 
over one less char filter, making this char filter available for 
other purposes. Ash and color removal in char showed an 
increase with heavy-density filtration, as m ight be expected 
because of higher concentration of nonsugars. An increase 
was noted in the tim e required to  sweeten off the char filters, 
owing to heavy-density filtration, resulting in an excess 
production of concentrated sweet w ater per ton melt. This 
was particularly noticeable in the fine grist char.

S u m m a r y

1. Raw liquor can be safely filtered, using high speed 
filter aid exclusively, a t 66-67 0 Brix density w ithout a sacrifice 
of clarity.

2. Advantages of high-density filtration are:
a. Economies resulting from reduction in fuel used, reduc

tion in filter aid used, reduction in sucrose losses, and reduced 
maintenance of filter equipment.

b. Increased capacities of mechanical filtration, char 
filtration, and subsequent evaporation processes.

3. The disadvantage of high-density filtration is the in
creased sweet water production in the char house, b u t this is 
not sufficient to  offset the advantages obtained.

A c k n o w l e d g m e n t

The author is indebted to  Roy D. E lliott, filtration expert 
with Johns-Manville, Inc., for his suggestions and advice in 
connection w ith this experiment.

R e c e i v e d  F eb ru ary  29, 1932. P resen ted  before th e  D ivision of Sugar 
C hem istry  a t  th e  83rd M eeting  of th e  A m erican Chem ical Society, New 
Orleans, La., M arch 28 to  A pril 1, 1932.



A M E R I C A N  C O N T E M P O R A R I E S

Percy Hargraves Walker

F OR a number of years this part of our 
Journal has been one of its most di
verting features. These ante-mortem 

obituaries are informative and inspira
tional. The subject learns what one of his 
fellows dares to say about him in print, and 
the writer has a fine chance to air his opinion 
of his colleague. Meanwhile the editor rides 
his hobby. Few activities are so universally 
pleasing.

From “Who's Who” one can find out that 
P e rc y  H a rg ra v e s  W a lk e r  was bom in 
Alabama, July 6, 1867. Although his sixty- 
fifth anniversary comes this year, he is really 
not so old as that—at least not in spirit, nor 
evidently in the flesh.

After the usual p r e p a ra to r y  schooling,
Walker went to the University of Virginia, 
where he was a student in 1885-87, and 1889-90. A man’s 
college is truly his Alma Mater, his bountiful mother of pleasant 
memories. Walker still talks about his student days and speaks 
of Professor Mallet in a way that shows his deep respect and
affection, which one can well understand who ever heard that
fine old man give a lecture. Some of his accounts of life at 
Charlottesville indicate tha t the students indulged in other 
sports than athletics.

In the fall of 1892 Walker went to the University of Iowa, 
where he was instructor in chemistry and mineralogy until 1896. 
Meantime, in 1895 he received the degree of master of science. 
After a semester a t the University of Heidelberg, immediately 
followed by one a t the University of Berlin, he returned to 
Iowa, where he stayed until 1899. An associateship in chemistry 
and physics a t the University of Arkansas, 1900-2, ended his 
teaching career; for ever since he has been a federal employee.

During the years up to the last date mentioned, Walker was
engaged in various other enterprises. For a time he was a 
partner in a commercial laboratory a t Nashville, Tenn., where all 
sorts of chemical work was done. The most important was mak
ing fertilizer analyses for the state Department of Agriculture; 
partly as a result of this, the laboratory played a prominent part 
in the development of the phosphate rock industry in Tennessee. 
For a  time he had a field laboratory for testing phosphate rock. 
He also worked in laboratories in the Birmingham, Ala., district, 
analyzing iron ores, pig iron, fluxes, slag, and other materials. 
After this he went to Scranton, Pa., as an assayer connected with 
the International Correspondence Schools. He had a share in 
writing some of their books on chemical technology.

This brings us to the Bureau of Chemistry, United States 
Department of Agriculture, where he became an assayer in 1902. 
The bureau was then under Harvey W. Wiley. The writer has 
never seen an assayer actually a t work, which probably accounts 
for his strongly' alchemistical mental image of an assayer. T hat 
is not a t all Walker’s type, so it is not surprising tha t in 1906 he 
became chief of the Contracts Laboratory of the bureau, a 
position he held until 1914.

The writer became acquainted with Walker some time in 1904, 
probably while spending a day in Washington, sight-seeing. 
Memory' can be tricky, and can tell apocryphal tales. Walker 
may' not have been the chemist whose picture comes to mind, but 
he might have been, and there can be no doubt about what the 
chemist was doing. Remember this was twenty-eight years ago.

Some higher-up in the Government was giv 
ing a dinner and, to show his Americanism, 
only California wine was to be served. The 
sting to this is that he had his doubts about 
the wine and was having it analyzed by the 
Contracts L a b o r a to ry .  The point to be 
s e t t l e d  was w h e th e r  the wine had been 
colored artificially. Although this research 
was being conducted along strictly scientific 
lines, the visitor was hospitably urged to 
make a service test.

In those days Uncle Sam, not content with 
his other sources of revenue, eked out his in
come by the sale of olive oil and wine, both 
being what remained of samples that had been 
analyzed and passed as unadulterated. I t  was 
a curious sight to behold a handful of people 
standing outdoors behind the old building of 

the Department of Agriculture, while an auctioneer faced them 
with partly filled bottles of oil or wine in his hands. Somehow, 
the whole proceeding had a furtive clandestine appearance.

In the Contracts Laboratory many different kinds of supplies 
were analyzed and tested. As the methods employed were of 
interest to the contractors, as well as to other chemists, Walker 
wrote Bulletin 109, Testing of Miscellaneous Materials. Several 
years later it was partly revised and issued as Miscellaneous 
Paper 15 of the Bureau of Standards. This paper represents 
only one phase of Walker’s work on standardization in the pur
chase of supplies as we shall see farther on. A much more im
portant paper, written in 1906 in collaboration with L. S. Munson, 
was on the Unification of Methods for the Determination of 
Reducing Sugars. As Fehling’s solution was the reagent used, 
this involved making a vast number of careful analyses of solu
tions of a wide range of concentrations. The tables are still 
standard. Other papers on work done or directed by him ap
peared while he was in the Bureau of Chemistry.

One paper tha t deserves to be remembered because it was the 
pioneer on the subject, and because of its ultimate direct and 
indirect results, was on Platinum Laboratory Utensils. With F. 
W. Smither he made a study of platinum crucibles and dishes, 
and showed convincingly tha t their quality left much to he 
desired. The metal fell far short of what was claimed for it by 
the manufacturers of the ware. This was in 1910. The next 
year a committee of the A m e r i c a n  C h e m i c a l  S o c i e t y ,  under the 
chairmanship of Dr. Hillebrand and with Walker as a member, 
issued a report tha t was in full harmony' with the earlier findings. 
This sta rt led to a great deal of further work in one laboratory or 
another, and eventually brought about a great improvement in 
the quality of the ware now sold.

In those days there were three government laboratories m 
Washington whose work overlapped or conflicted here and there. 
There were the Contracts Laboratory', the laboratory of the 
Supervising Architect of the Treasury Department, and part of 
the Chemistry Division of the Bureau of Standards. The scarcely 
veiled rivalry between the three laboratories led to an amusing 
situation in 190S when the General Supply Committee began 
to function as a general contracting agency for the departments 
in the District of Columbia. The laboratories were invited to 
send representatives to the large room occupied by the committee, 
where thousands of bid samples were arranged in groups on t e 
floor, waiting to be carried away and tested. Each of us knew tha

P . II. W a l k e r
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there were plenty of samples that had to be tested somehow and 
by somebody. I t  was more than evident tha t there were enough 
to go around; yet the three of us staged the pleasing one-act play 
of grab, each fearful that the other would get more than his share 
of the samples and, ultimately, too much of the supposititious 
credit for doing the work. At times the situation became more 
than usually tense, and our language to one another severely and 
insultingly polite. The funny side of all this did not strike us 
until later, and that one experience was enough for all of us.

In 1914 Walker and most of the chemists in the Contracts 
Laboratory were transferred to the Bureau of Standards. The 
chemists in the Technologic Branch of the Geological Survey 
had already been transferred to the bureau when the branch was 
expanded into the Bureau of Mines. All of us were under the 
chief chemist, W. F. Hillebrand.

At present Walker is in charge of the work on paints, varnishes, 
and similar protective coatings, and on bituminous materials 
except as they are used for road-making. As assistant chief of the 
Chemistry Division he exercises a mild supervision over some of 
the work in which he is not otherwise directly interested. He is 
also in charge of all correspondence for which the division is 
responsible. He does not exercise this function in a careless 
perfunctory way, but reads outgoing letters before approving 
them. Every now and then he asks tha t some particularly 
choice letter be rewritten, because what it says is incorrect or of 
doubtful advisability. For all that, some of the most scathing 
letters tha t go out are his—not dictated but written and revised 
until all parts are at the desired temperature.

Although born so near the Gulf, Walker is not a “professional 
southerner,’’ nor lazily indolent, nor a fire eater. Whatever tend
encies in the last direction he may have inherited are not dis
played, but are merely hinted a t by the delight he takes in argu
ment. The topic may be almost anything, provided it is one on 
which it is easy to disagree. When the debate is over, his spirit 
of opposition lies dormant. As readily as anyone he will shift to 
a jocular mood. He enjoys amusing stories—including his own— 
and his hearty laugh rings out with slight provocation. This re
calls the Bureau of Chemistry. I t  was not permitted to smoke in 
the old building, which was a fire trap, to say nothing of its de
crepitude. So a t lunch time the smokers gathered on the outside 
and discussed all the topics—some called it gossip—of the day. 
Of this group, known as the Liars’ Club, Walker was both an 
honorary and a regular member. I t  is not for me to suggest 
why he attained this double distinction.

Probably every large testing laboratory is asked from time to 
time to write specifications for various materials, and neither 
the Bureau of Chemistry nor the Bureau of Standards is an 
exception. However, it was not until the establishment of the 
Federal Specifications Board a few years ago tha t the writing of 
specifications became a major activity of either bureau. Before 
the board came into being, Walker worked off tha t kind of steam 
in committees of the American Society for Testing Materials. 
He still maintains his interest in tha t society, and is active in its 
work, in spite of having a great deal of similar work nearer at 
home to keep him busy. He is a member of several of the 
technical committees appointed by the board to write specifica
tions for various kinds of supplies. He is not content with being 
just a member of a committee, but attends the meetings and 
takes an active part in the discussions. His disposition to 
continue a meeting until something definite has been accomplished 
and to argue his side of all questions that arise, has caused much 
good-natured banter on the part of the other members. For 
all that, they respect his opinions and hold him in high esteem.

An unfortunate feature of committee work is tha t the chair
man, like the general of an army, gets the credit for whatever is 
accomplished, unless the accomplishment happens to be a specifi
cation, in which case nobody seems to get any credit. A specifica
tion is the perfection of anonymity. Yet into any specification 
goes a measure of precise knowledge. Somebody, usually the

chairman, has made a study of the material in the laboratory and 
elsewhere, and has become so familiar with it tha t he is able to 
set down what he knows in precise language. Walker is chair
man of the technical Committee on Paints and Oils. He is well 
prepared for this task, because his work in the Contracts Labora
tory not only made him familiar with the subject, but also gave 
him a clear understanding of standardized purchasing of supplies. 
He knows paint as a laboratory sample and on the test fence. He 
has no zest for selling talk. His committee has written about 
thirty specifications, and all of them are largely his work.

At meetings of other committees than the one of which he is 
chairman, he does not sit back and vote for a specification just 
because it is carefully worded and neatly typed. There must be 
in it some evidence of thoughtful preparation and detailed knowl
edge of the material. The writer once asked his opinion of the first 
draft of a specification and was told that it took a great many 
words to say tha t so-and-so of good quality was desired. Having 
this trend of mind and the courage of his convictions, he actively 
discusses specifications when they are under consideration and 
usually succeeds in improving them. He has had a share in the 
writing of about one hundred specifications promulgated by the 
board.

I t  is not unreasonable for a buyer of paint to expect it to last at 
least two or three years outdoors. A chemical analysis cannot 
tell the whole story, and, if an actual service test were to be made, 
the most indifferent purchasing agent would begin to ask about 
that delayed laboratory report long before the test was completed. 
Paint is something that lends itself admirably to an accelerated 
aging test because in a few years, a t most, it is possible to compare 
the character of the breakdown of the film in the laboratory with 
the behavior of a duplicate film exposed to the weather. Many 
have worked on this problem, and it seems fair to say that the 
accelerated test, described in print by Walker a few years ago, is 
one of the best that has been devised. The paint films break down 
in the laboratory in the same way tha t they do outdoors. 
Varnishes can be tested equally well, or to even better advantage, 
because their analysis is hardly worth the time spent on it.

Much more might be said about Walker’s efforts and accom
plishments in the chemical field, but space is lacking. This is not 
a bibliographic sketch, but biographic, and our editor asked for 
a word picture showing the man as he appears to the writer.

If his home life can make or mar a man, Walker cannot ascribe 
the blame for his derelictions to domestic troubles. He does not 
have the usual annoyances of the hobby-rider, because he has 
no hobbies except his pipe and books that are worth reading. 
He enjoys a game of bridge, and seems to be an accomplished 
back-seat driver when his wife or daughter is a t the helm.

He is no longer a  member of the Liars’ Club, but belongs to the 
Cosmos and Federal Clubs in Washington. He has been a 
member of the A m e r i c a n  C h e m i c a l  S o c i e t y  since 1893, and 
was president of the Washington Section in 1909. He became 
a member of the American Association for the Advancement of 
Science in 1905, and a fellow in 1908. Since 1907 he has been a 
member of the American Society for Testing Materials, and 
served on their Executive Committee in 1924.

Without the cheerful cooperation of F. W. Smither, a colleague 
of Walker for three decades, many parts of this sketch would 
perforce have been omitted. C. E. W a t e r s

T h e  D e v e l o p m e n t  o f  S e l f - S u f f i c i e n t  C h e m i c a l  I n d u s 
t r i e s  in countries which were formerly dependable outlets for 
German chemical products is an outstanding factor in the de
cline of the German chemical industry during the last two years, 
according to the Commerce Department. Intensified com
petition by the other large chemical-producing countries has 
also been severely felt by German producers. The possibility of 
these developments was overlooked or ignored while the German 
industry was expanding and rationalizing after the war on a 
gigantic scale, calculated in many instances to supply the world.



NOTES AND CORRESPONDENCE

Toxicity of Ethylene and Propylene 
Glycols

Editor of Industrial and Engineering Chemistry:
Your belated publication of Reid H unt’s letter concerning 

the toxicity of the ethylene and propylene glycols [ I n d .  E n g .  
C h e m .,  24, 361 (1932)] neglects references to published papers 
on the actions of these compounds from our laboratory during 
the interim. These papers report extensive pharmacological 
data which, it is believed, give a fair cross section of the actions 
and toxicity of these two glycols. The papers referred to are 
entitled “General Properties, Irritant and Toxic Actions of 
Ethylene Glycol,” by P. J. Hanzlik, M. A. Seidenfeld, and 
C. C. Johnson [J. Pharm., 44, 387 (1931)], and “The General 
Properties, Actions and Toxicity of Propylene Glycol,” by M. A. 
Seidenfeld and P. J. Hanzlik [Ibid., 44, 109-21 (1932)].

Our results on acute and chronic toxicities in animals indicate 
tha t the margin of safety in the internal administration of 
ethylene glycol is vastly greater than has been sometimes er
roneously supposed from the older investigations. Some older 
investigators pointed out that the undesirable and injurious 
effects occurred only after very large doses outside the thera
peutic range, and this we wTere able to confirm. We, too, found 
propylene glycol comparatively much less toxic, as did Hunt. 
On the other hand, propylene glycol appears to be somewhat 
more irritating locally in injected tissues than ethylene glycol, 
a fact of importance in connection with the choice of suitable 
vehicles for the hypodermic and intramuscular administration 
of medicinal agents. Whether the glycols, either ethylene or 
propylene, might be useful as, or in, foods is a m atter tha t has 
not been given special consideration in our studies.

P. J. H a n z l i k
S t a n f o r d  U n i v e r s i t y  S c h o o l  o f  M e d i c i n e  
S a n  F r a n c i s c o , C a l i f .
M arch 24, 1932

Editor of Industrial and Engineering Chemistry:
Hanzlik and I have been interested- in ethylene glycol from 

very different points of view. He was especially interested in 
the possible injurious effects of very small amounts (2 cc., for 
example) when used as a solvent for a powerful antisyphilitic 
drug. I  did not question the safety of such use; as a member 
of the Council on Pharmacy and Chemistry of the American 
Medical Association, I voted to approve his preparation, al
though I did express the hope that, for reasons given below, a 
different solvent might ultimately be found. My letter to you 
was written before I  knew of Doctor Hanzlik’s interest in the 
subject, and it referred entirely to the suggested use of glycol 
in food products and flavoring extracts. Having been a witness 
of the disastrous results which, about 30 years ago, followed 
such use of methanol (which had been pronounced harmless on 
the basis of certain experiments on animals and also on man), 
I  was interested in whether somewhat similar results might occur 
if ethylene glycol were used in a similar way. I t  had been 
suggested for such use in about forty food and flavoring products. 
Of course, I  recognized that there would be less temptation to 
drink a product containing the glycol than one containing 
alcohol, but the idea that flavoring extracts are potable beverages 
is widespread. The same is true of antifreeze preparations,

as shown by the considerable number of deaths from methanol 
from the drinking of such preparations. At least seven deaths 
have resulted from the thirsty drinking an antifreeze containing 
ethylene glycol.

That ethylene glycol is, from this standpoint, a distinctly 
toxic substance cannot be doubted. The fatal doses found by 
Hanzlik, Seidenfeld, and Johnson agree very closely with those 
I  had found. Hanzlik found 80 per cent of rats injected intrave
nously with doses of 2.8, 3.3, and 3.8 grams per kilo to die; 
I found 2.8 grams per kilo to kill about 50 per cent of the rats 
injected and 3.2 grams to kill about 90 per cent. I  obtained 
similar results from intraperitoneal injections and from oral 
administration. My method of interpreting these results 
differed from tha t of Hanzlik and his co-workers. They re
mark, “Transferring the results on rats to adult men of 70 k g . . . .  
a fatal dose (of the glycol) would be about 308 grams, or more 
than half of a pound,” and again: “I t  would seem tha t 77 grams 
might be injected intravenously without demonstrable effects 
in a 70-kg. man. Dr. Mehrtens has injected 2 and 3 cc. quantities 
in 3 adult men without demonstrable symptoms of any kind” 
(italics mine). I t  seems to me tha t such reasoning is not con
vincing. I found, for example [New Engl. J . Med., 198, 230
(1928)], that rats would survive 11.6 cc. of methanol per kilo 
per os. Applying Hanzlik’s argument, a 70-kg. man should 
survive 812 cc. of methanol per os. There have been so many 
deaths in men from the drinking of methanol th a t the probable 
fatal dose of this for man is fairly well known; it is about 120 cc., 
or about one-seventh of what would be considered a fatal dose 
according to the above line of reasoning.

I t  seemed to me tha t in the case of two poisons like methanol 
and ethylene glycol, a  closer approximation to the possibly 
dangerous doses for man might be obtained by first determining 
the relative toxicity of the two upon animals. I did this with 
various animals and found that in the case of the ra t 3.2 grams 
per kilo of the glycol were usually fatal, but tha t rats would 
almost invariably survive a dose of 9.3 grams of methanol. 
Thus the glycol was almost three times as toxic as methanol. 
Knowing that 120 cc. (96 grams) of methanol are a dangerous, 
and frequently fatal, dose for man, we might be justified in 
fearing that 32 grams of the glycol would a t least be dangerous. 
However, the very scanty data available would suggest that the 
fatal dose of the glycol for man would be considerably larger 
than this. Thus Hansen (Sammlg. Vergiftsfalle, p. 175 (1930)) 
reported two very severe cases of poisoning in which two men 
drank the ethylene glycol contained in a pocket flask. He 
estimated tha t the flask contained about 200 cc. of the glycol. 
Both men were in a comatose condition for several days but, in 
the opinion of the author, their lives were saved by a surgical 
decapsulation of the kidney. These cases would suggest that 
100 cc. of the glycol would frequently be very near a fatal dose 
for man, but this is not much more than a third of what Hanzlik 
argues would probably be fatal.

I fail to see tha t this recent work “indicates that the margin of 
safety in the internal administration of ethylene glycol is vastly 
greater than has been sometimes erroneously supposed;” any 
compound more poisonous than methanol will. continue to be 
regarded as a potentially dangerous ingredient of food and 
beverage products, and it was only such use th a t I  had in mind.
I also found that the toxicity of the glycol was greatly increased 
in some conditions of malnutrition (vitamin A deficiency, for 
example), and th a t the fatal dose of both the glycol and of 
arsphenamine was lowered when the other was present.

836
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When I wrote that letter in June, 1930, I did not know that 
anyone was contemplating recommending the intramuscular 
injection of ethylene glycol. I  had in mind only the proposed 
use of the compound in food and beverage products, a matter 
to which Hanzlik states that he has not given special considera
tion. The chief reason why the letter was not published earlier 
seems to have been because some who had contemplated using 
the glycol in food products promptly abandoned the plan when 
told of my results. Pressure of other work and rather pro
longed visits abroad prevented my carrying the work as far as 
was desirable. I t  would be very important, for example, to 
have more information as to exactly what happens to the com
pound in the body. I t  seems to be largely destroyed. I t  has 
been definitely shown tha t it is not converted into glycogen, in 
this respect differing markedly from propylene glycol which has 
been found by Salter here to form glycogen and so to have true 
food value. One of the questions which arises in connection 
with ethylene glycol is whether there may not be formed toxic 
intermediary products. There seems to be evidence tha t in the 
case of methanol, formaldehyde is produced as an intermediary 
product. I t  may be tha t the toxic action of the glycol is due to 
such intermediary products rather than to the comparatively 
small amount of oxalates which appear in the urine.

The extraordinary contrast between the toxicity of ethylene 
and propylene glycol suggests th a t in the case_of the former some 
toxic product is formed which is later destroyed or has not been 
detected. In this connection I  may remark that my observations 
of the effect of the glycol upon the kidney were somewhat more 
disquieting than were those of Hanzlik. The kidneys of rats 
which had received for 15 days doses of ethylene glycol which 
had not checked the growth or produced obvious symptoms of 
any kind, were described by Tyzzer as follows: “Maeroscopically 
the kidneys were mottled as though sprinkled with fine sand; 
microscopically, sections presented the following appearance: 
There is extensive loss of parenchyma, the convoluted tubules 
being reduced to small areas. The cortex is thus largely replaced 
with connective tissue and the remaining tubules are distended. 
There are widespread accumulations of crystals of various 
types and a considerable number of the tubules are filled with 
polynuclear leucocytes.”

Hanzlik found that the drinking by rats of a 1 per cent solution 
of glycol caused distinct pathological changes in the kidneys. 
But he argues tha t the “equivalent for a 70-kg. adult would be 
about 154 grams (more than a quarter of a pound) taken for 
about 6 or 7 years.” I t  is interesting to recall what actually 
happened to Hansen’s patients who took a single dose of about 
100 cc. of the glycol; the quantity mentioned by Hanzlik would 
probably kill more than 2000 persons.

I desire to repeat, however, tha t although protests have been 
made to such use, I  see no objections to the addition of the glycol 
to the antisyphilitic remedy, but the people should be protected 
against the promiscuous use of the compound in food products. 
Vastly more poisonous substances (strychnine, for example) 
are in constant use by physicians, but this does not justify the 
addition of strychnine to a great variety of patent medicines 
and even to beverages (as has occurred in the past). The trouble 
is that there are too many totally incompetent individuals 
dabbling in this field, as was well illustrated by the appalling 
results in the “ginger paralysis” episode.

R e i d  H u n t
H a r y a r d  M e d i c a l  S c h o o l  
B o s t o n , M a s s .
A p r i l  4 ,  1 9 3 2

G u id a  a l l a  A n a l i s i  C h i s i i c a  d e l l e  M e r c i  c o n  S p é c i a l e  R i g h a r d o  
4L  D a h  D o q a n a l i  d e l  R e g n o  d ' I t a l i a  p e r  l a  P r é c i s a  D i c h i a r a z i o n e  

E T a s s a z i o n e  d i  P r o d o t t i  G r e g g i  e  L a v o r a t i . L u ig i Setlim j. 3 3 8  
Pages. Ulrioo H oepli, M ilan, I ta ly . Prioe, 40 lire.

Dilatometric Measurement of 
Hydration

Editor of Industrial and Engineering Chemistry:
In a recent paper [ I n d .  E n q .  C i i e m ., 2 3 , 1298 (1931)] Gustav- 

son has criticized the improved dilatometric method of measuring 
the potential hydration capacity of proteins in general, and of 
gelatin and animal skin in particular. Gustavson, in his com
prehensive criticism of our hydration work, maintains tha t our 
measurements bear no relation to the actual hydration of the 
proteins. He bases his contentions, a t least to some extent, 
upon work done by other workers sometime after the papers in 
question were turned over to the publishers of our work. Gustav- 
son’s criticisms are apparently directed toward the effect of 
hydrogen-ion concentration upon what we have been pleased to 
call “relative hydration.”

In  the light of Gustavson’s comments, let us consider the 
mechanism occurring when isoelectric gelatin is placed in a solu
tion of hydrochloric acid having a pH value of 4.7. Considerable 
swelling of the gelatin occurs. This swelling taking place a t the 
isoelectric point cannot be attributed to any osmotic effects and 
cannot therefore be explained by the Donnan membrane equi
librium theory, as outlined by Procter and Wilson and by Loeb. 
If the change in volume of this isoelectric system (gelatin-solu- 
tion) is considered, it is found that a net contraction occurs, and 
such contraction cannot be explained in the light of the Zwitter- 
ionic theory:

G elatin  +  H  + ---- >■ gelatin  cation
G elatin  cation -f- O H ”  >- gela tin  +  H*0

since for this explanation we have assumed isoelectric gelatin 
in a hydrochloric acid solution at pH 4.7 (isoelectric point of 
the gelatin). In  this isoelectric system, none of the ionic reac
tions (outlined above) given by Gustavson can take place, and 
here the net contraction of the system must be attributed to the 
adsorption and compression of water molecules by the hydro
philic substance—gelatin. Likewise, the swelling or increase in 
the volume of the gelatin itself must be due to this addition of 
water molecules or hydration, as distinguished from osmotic swell
ing in which the water is considered mechanically held.

This fundamental idea upon which our studies of hydration 
(decrease in net volume of system) are based seems to have 
escaped our critic. The reactions which are proposed cannot 
explain a net contraction of the system, but only an expansion. 
When the gelatin is hydrated in an isoelectric solution and is 
then transferred to a more acid or more alkaline solution, a net 
expansion in volume does occur which we attributed to decreased 
hydration, but this net expansion in volume may be interpreted 
in terms of the reactions which Gustavson presents. Our 
measurements certainly show, under these conditions, the release 
of water molecules indicated by the increase in volume of the 
system. I t  may be held that these reactions result in the produc
tion and elimination of water molecules, which is in the strict 
sense of the word, dehydration. Although we did not attem pt 
to explain why gelatin is less hydrated on either side of the iso
electric point, the obvious inference is tha t the effect must be due 
to the combination of the gelatin with H + and O il-  ions as the 
case may be. This inference is not contrary to the contentions 
of Gustavson. However, as we pointed out in the article on 
gelatin, these effects are completely reversible, and the curve, as 
shown in that article, may be obtained either by hydration of dry 
gelatin or by dehydration of the completely hydrated isoelectric 
gelatin. Such behavior of the system suggests an adsorption 
equilibrium rather than a definite chemical reaction.

A further point which in our minds seems particularly in
compatible with Gustavson’s explanation of our work (and which 
has been overlooked by him) is the influence of temperature upon
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the volume change. In the articles on gelatin and animal skin, 
it was shown that when- the measurements of this net contraction 
of the systems were made a t different temperatures an increased 
contraction results a t the lower temperatures. This is what one 
should expect if dealing with an adsorption phenomenon, but, if 
the volume change were attributed to chemical action only (as 
the Zwitter-ionic concept postulates), the volume change of the 
system should have been the same for all of the temperatures 
used as the same pH value obtained a t equilibrium in every case. 
In the case of the volume change for animal skin, the net con
traction at 37.5° C. was only 10 per cent of that a t 0 ° C., which 
would indicate that forces other than primary chemical ones play 
a role in our measurements.

At pH values less than 3 .5 , it has already been pointed out by 
us that "a t higher concentration of acid, effects other than hydra
tion become important," and again, “a t the higher concentra
tions of acid, chemical changes may take place” [ I n d .  E n g .  
C h e m ., 22, 68 (1930)].

Gortner, in his classical work on vegetable proteins, has demon
strated the presence of bound and free water and has shown that 
these play an important role in the life cycle of winter wheat. In 
this work, he has shown tha t lower temperatures favor an in
crease in the so-called “bound water"—this bound water in our 
minds being practically what we have been pleased to call “hydra
tion.” In a former paper we have postulated, "The water of 
hydration that exists in animal skin a t any process period can be 
compared to water bound by the tissue (and this binding of water 
in this state cannot be explained by the second law of thermo
dynamics). Animal skin in the fresh state contains both bound 
and free water in equilibrium bound water *=♦ free water. Dur
ing processing this equilibrium is altered, usually in favor of the 
bound water. The binding of water in the soak water can be 
changed about by the action of various chemicals, etc.” [/. Am. 
Leather Chem. Assoc., 2 6 , 360 (1930)].

In summation, we would state again that hydration as meas
ured by us (net contraction of the entire system) is different 
from the forces set up during swelling. In the first place, there 
are those forces of chemical attraction between the molecules of 
water and certain of the groups of the protein. In the case of 
gelatin, these forces cause the solution of the gelatin in water 
when the forces of cohesion between the gelatin molecules forming 
the gel can be overcome. The take-up of water a t the isoelectric 
point is in our minds primarily due to residual valency forces 
and in no way connected with direct chemical reaction such as the 
Zwitter-ionic concept. At other points, on the acid or alkaline 
side of the isoelectric point, these forces which evidence them
selves at the isoelectric point are undoubtedly present and active 
and must be responsible a t least to some degree for the water 
bound a t other than the isoelectric point. At other than the 
isoelectric point of the protein, it is entirely possible that our 
results can be interpreted to some degree by the Zwitter-ionic 
concept, but not entirely so in view of the many changes in 
protein structure which may take place in solutions of acids or 
alkalies.

E d w i n  R. T h e i s
H a r v e y  A. N e v i l l e

L e h i g h  U n i v e r s i t y

B e t h l e h e m , P a .
Jan u a ry  29, 1932

Editor of Industrial and Engineering Chemistry:
In the paper on “Dilatometric Measurement of Protein Hydra- 

tion” [ I n d .  E n g .  C h e m .,  23, 1298 (1931) ], I pointed out tha t the 
dilatation of the total volume of a fully hydrated protein system 
in an electro-neutral state, which is observed upon the addition

of acids and alkalies, is quantitatively accounted for by the 
removal of the highly hydrated H + and OH ~ ions from the system 
by their combination with the amphoteric-ionic proteins. The 
independence of protein hydration from its degree of ionization—
i. e., the pH values of the medium—has been amply demonstrated 
by means of widely different technics by Sorensen, Meyerhof, 
Weber, and others in contributions appearing years before Theis’s 
experimental work was initiated. But these workers’ testi
monials are evidently a terra incognita to Theis. Recently, in an 
investigation by Weber and Versmold [Biochem. Z., 234, 62 
(1931)] utilizing Polanyi’s “nonsolvent space” technic in a 
modified form, the hydration of egg albumen is shown to be the 
same within such a wide pH range as from 3.1 to 10.3. How is it 
possible in light of these overwhelming evidences still to main
tain tha t the volume change in the pH range from 2 to 9  is a 
measure of the degree of hydration of the protein?

The contention of Theis and Neville th a t an adsorption process 
is indicated by the fact that their “hydration” curve may be 
obtained either by hydration of dry gelatin or by dehydration 
of the fully hydrated electro-neutral gelatin, only demonstrates 
an extraordinary lack of familiarity with the amphoteric-ionic 
concept. Their statement has no basis in fact as a proof of an 
adsorption process and a demonstration of the inapplicability 
of the Zwitter-ionic concept upon the reactions taking place in 
the pH range from 2 to 9.

The present author never objected to the use of total volume 
measurements as a relative indicator of the degree of hydration of 
water-soluble proteins, as tha t of gelatin, in systems with con
stant H-ion concentration. But even in the latter instance 
an uncritical extension of the dilatometric technic to such hetero
geneous systems as those of rawhide, with hair and impurities 
present, is doomed to be a failure. The reader is referred to a 
discussion of this phase of the problem in the chapter on 
“Leather” in the forthcoming Volume VI of “Annual Survey of 
American Chemistry.”

Theis’s data of the pH factor in the hydration of gelatin, with 
the resulting unwarranted conclusions of a maximum degree of 
hydration of the gelatin in its isoelectric state, are untenable. 
His measurements have nothing whatsoever to do with the actual 
hydration of the protein in systems in which the condition of a 
constant pH is not fulfilled. I t  is evident that the main object 
of Theis’s investigations is to establish the changes in the “hydra
tion” of hide proteins taking place in shifting the “neutral” 
hide substance to acidic or alkaline media, as in the work processes 
of pickling, liming, and chrome tanning. Furthermore, even the 
fixation of oils and soaps from fat emulsions is measured by the 
very same, evidently very versatile technic, but a change in 
nomenclature is introduced—i. e., “oilation.” Theis has col
lected an enormous amount of data and hydration curves of 
apparently very uncontrollable behavior, which, in fact, only 
show the vicissitude of H + and OH -  ions on their reactivity 
with the hide. Their behavior is very simple when compared 
to basic chromic salts containing highly hydrated complexes and 
to oil emulsions, which are all “explained” by a radical simplifica
tion of problems.

The question of the different temperature functions of the 
swelling and hydration processes has no bearing upon the problem 
under discussion. I t  may be said, however, that it is a well- 
known story. Stiasny and Meunier, among others, have re
peatedly emphasized this fact, but their statements evidently 
have escaped Theis’s attention.

What the authors have to say about the reactivity of Zwitter 
ions in the isoelectric zone makes any discussion of this question 
futile.

K; H. G ustavbon

Ö r e b r o , S w e d e n

M arch 25, 1932



July, 1932 I N D U S T R I A L  A N D  E N G I N E E R I N G  C H E M I S T R Y 839

Corrosion of Metals by Milk
Editor of Industrial and Engineering Chemistry:

A paper on “Corrosion of Metals by Milk” [ I n d .  E n g .  C h e m .,  
24, 339 (1932)] deals with the effects of operating conditions on 
the behavior of nickel, copper, and some alloys. The corrosion 
of milk at different rates of flow was studied; for this purpose, 
tests were made with a rotating spindle machine, the specimens 
being suspended in stirrups attached to the moving arm of the 
apparatus.

In Germany, however, we consider an arrangement like this 
not quite reliable. For, if the specimens are moved, as is done 
in the above-mentioned investigation, a state may be reached 
when the attacking agent is moving with nearly the same ve
locity as the specimens themselves. In order to avoid this un
certainty, we keep the specimens still, and agitate the solution 
instead. In most instances a stirring apparatus, such as is shown

in the accompany
ing photograph, is 
u se d . The speci
mens are fastened 
to a cage, the solu
tion being moved 
by a stirrer. The 
data derived from  
such stirring tests 
give results in good 
accord with practi
cal experience.

F ig u re  2 of the 
above paper, repre- 
s e n tin g  the effect 
of velocity on corro
sion, shows a curve 
which in c re a se s  
slightly from 20 to 
130 m e te rs  p e r 
m in u te , but then 
drops. The use of 
the r o ta t in g  ma
ch in e  p e rh a p s  
affords an explana
tio n  fo r th is  be
havior. At a ve
locity of 20 to 130 
meters per minute 

the specimens are rotating in a quiescent solution; with increas
ing velocity, however, the agent itself begins to move, thus lower
ing the velocity of the specimens.

In evaluating the results, the authors of the paper took only the 
change of weight into consideration. According to our experi
ments, the judgment of the corrodibility based only on the change 
in weight does not always suffice. I t  may be sufficient with even 
attack, but in case of pittings and, above all, of intergranular 
deterioration the rate of corrosion cannot be calculated from 
these data. They should be supplemented by investigations of 
structure and physical properties of the specimens before and 
after the corrosion test.

Further details about corrosion tests in Germany may be found 
in the tentative standards elaborated by the German Reichsaus- 
schuss fur Metallschutz, translations of which have already been 
published in English and American journals [Metal Progress, 20, 
No. 4, 91 (1931); Ind. Chemist, 7 (80), 379 (1931); Aircraft Eng. 
[London), 3, No. 30, 195 (1931)].

G e o r g  G o l d b a c h  

D e u t s c h e  V e r s u c h s a n s t a l t  f o b  L u f t f a h b t  e .  v .

B e r l i n - A d l e r s h o f , G e r m a n y  
April 28, 1932

Editor of Industrial and Engineering Chemistry:
The arrangement with rotating specimens is, in general, not 

more satisfactory in the United States than in Germany. This 
is also pointed out in our paper in the second paragraph on page 
341 where we say: “Because of the uncertainty in regard to ve
locity and aeration in the above experiments, another experi
mental procedure was tried.” We then proceed to describe our 
continuous flow method which we believe is much more satis
factory than the method described by Goldbach.

The rotating spindle experiments were included in our paper 
only because they represent a condition which may sometimes be 
found in a plant, and also because we were rather surprised to 
find that reproducible results could be obtained by such a crude 
and simple method of adjusting velocities.

Goldbach’s note regarding weight loss determination vs. visual 
examination is correct in so far as the change in weight does not 
by any means always suffice to judge about corrodibility. How
ever, it did suffice in our work, because corrosion was surprisingly 
even. To include the results of visual examination in our tables 
would have complicated the paper tremendously without con
tributing anything to bring out the point of the effects of operat
ing conditions on corrosion in various parts of pasteurizing equip
ment. I t  would have shown numerous small pits with high 
corrosion rates of nickel, no pitting a t low corrosion rates of 
nickel, and no pitting with any of the other metals tested.

Other changes in structure and physical properties were not 
investigated, as they could hardly be expected in such short tests 
as ours. In spite of the fact that the pitting was of no particular 
importance, a note should possibly have been added to explain 
this, and we are grateful for this occasion to do so.

H. A. T r b b l e u

N a t i o n a l  D a i r y  P r o d u c t s  C o r p o r a t i o n , I n c .

B a l t i m o r e ,  M d .
M ay 14, 1932

The Yellowing of Oils
Owing to an unfortunate misunderstanding, Morrell and 

Marks, in condensing their original manuscript criticizing Elm ’s 
publications on the above subject, changed the sense of their 
criticism materially by omitting a number of essential points to 
which reference is made in Elm’s reply, printed a t the same time 
[ I n d .  E n g .  C h e m .,  24, 593 (1932)]. Elm’s reply, however, was 
printed in its original form. This explains fully the apparent 
lack of connection between these two notes.

A. C. E l m
T h e  N e w  J e r s e y  Z i n c  Co.
P a l m e r t o n ,  P a .
M ay 25, 1932

Hydrolysis of Starch by Carbonic Acid
In commenting on the article by M. A. Dewey and N. W. 

Krase [Ind. E ng. Chem., 23, 1436 (1931)], it should be said that 
the saccharification of starch by carbonic acid under pressure has 
some advantages over the usual hydrolysis by hydrochloric acid. 
A pure-tasting liquid is obtained; and the removal of the salts, 
obtained in the neutralization process, is avoided at the plant. 
On the other hand, however, the equipment is larger and the 
reaction lasts longer. In both methods it seems tha t the de
coloration and subsequent filtration are not to be avoided. The 
method is, moreover, not entirely new, for in 1877 Bachet and 
Savalle, and in 1883 Jacob W. Decastro applied for patents. In 
the meantime, no practical application of these protected methods 
has been reported.

A. P. S c h u l z
F o r s c h ü n o s a n î j t a l t  F Ü R  S t a r k e f a b r i k a t j o n  

S e e s t r a s b e  13, B e r l i n  N65, G e r m a n t  

April 13, 1932

S t i r r i n g  A p p a r a t u s



BOOK R E V I E W S

ALLEN’S COMMERCIAL ORGANIC ANALYSIS. VOL
UME IX. Edited by C. Ainsworth Mitchell. 5th edition. 
617 pages. P. Blakiston’s Son & Co., 1012 Walnut St., Phila
delphia, 1932. Price, $7.50.

T he last edition of this volume was published nineteen years ago. 
The new edition has been very largely rewritten, and several 
subjects tha t were included in preceding editions have been 
omitted and are reserved for a later volume. This volume con
sists of a series of monographs by authorities in their respective 
fields, and consequently there is some overlapping.

The first monograph, on proteins of plants, contains 34 pages 
and deals with the protein content of various plant materials, in
cluding cereals, legumes, nuts, oil seeds, roots, tubers, fruits, and 
vegetables. The plant proteins are classified and their distribu
tion in the various plants discussed. The determination of amino 
acids in the proteins is given, as well as their biological value. 
The proteins of the individual cereals are discussed in some 
detail, especially those of wheat and flour.

The next three monographs of 31, 29, and 111 pages, respec
tively, deal with the proteins of milk, milk, and milk products. 
The nature and composition of milk, factors affecting its compo
sition, and methods of analysis are discussed. Methods are given 
for the manufacture and analysis of various dairy products, such 
as casein, cheese, whey powder, lactose, condensed milk, milk 
powder, infants’ foods, and specially treated milks.

The final monograph of 385 pages consists of a complete dis
cussion of the various types of meat and meat products. The 
methods of analysis and composition of beef, veal, pork, mutton, 
lamb, the various cured meats, fish, poultry, sausage, meat ex
tracts, eggs, and fish roe are given. The enzymes of meat are 
discussea in relation to their action on meat during storage. 
Various methods of preserving meat, as by desiccation, heat 
sterilization, curing, and cold storage, are considered in their re
lation to effect on the physical and chemical properties of the 
meat. The proteins of meat, as well as the nitrogenous and 
nonnitrogenous extractives, are classified, and methods are given 
for their determination.

This book should be of value not only to the analyst but also to 
those interested in the biochemistry of the products considered. 
The volume contains many references to the original work.

A. H . J o h n s o n

THE DEGRADATION OF SCIENCE. B y T. Swann Harding.
386 pages. Farrar and Reinhart, Inc., on Murray Hill, New
York, 1931. Price, $3.00.

In t h i s  volume an effort has been made to gather together criti
cisms of the unscientific procedures of business, education, social 
science, journalism, religion, politics, law, dentistry, pharmacy, 
medicine, research, scientific specialization, and living. The un
scientific procedures are listed and discussed. Quotations are 
given in great numbers from first-class periodicals side by side 
with some from journals which may not be in the same category. 
I t  is a fertile field, for there is no question but that most of the 
failings related are real, but it must nave been depressing to wade 
about in the cesspool so long. These matters should be brought 
to our attention, and the volume provides interesting reading.

The author claims that “instead of having utilized scientific 
knowledge for the social good we have shamelessly abused and un
scrupulously exploited it. For, in spite of the fact that we have 
produced the body of precise and useful knowledge called science, 
our social, economic, and political beliefs remain predominantly 
in what might not inaptly be called a magical or, a t least, a re
ligious stage of development.’’ He admits tha t he does not pro
vide a remedy, but claims tha t he does give some suggestions 
here and there. In general, he does not advise how business, 
education, and all the rest should proceed to be strictly scientific, 
but he does tell decidedly how they are not a t present following 
scientific procedures. The author lays the blame for the neglect 
of scientific methods mostly upon our profit system and economic 
individualism. The individual financial returns degrade scien
tific thought so that it cannot assert itself.

I t  is to be regretted tha t unnecessary statements are made in 
the volume which will cause lack of confidence in the author and 
what he writes. For example, he praises very highly the Soviet 
system in earlier chapters; in the last chapter, apparently fearing 
that he has gone too far, he criticizes the Soviet for being opposed

to what i t  does not like. He criticizes the A m e r i c a n  C h e m i c a l  
S o c i e t y  severely, finding fault with its workings, but he does not 
seem to be a member of the S o c i e t y  and he is evidently ignorant 
of what he is writing about in this case. I t  is unfortunate that 
a good idea and a great amount of work are marred and rendered 
far less valuable by these defects. J. N. S w a n

AMERICAN SOCIETY OF HEATING AND VENTILAT
ING ENGINEERS GUIDE, 1932. VOLUME 10. 956 pages. 
American Society of Heating and Ventilating Engineers, 51 
Madison Ave., New York, 1932. Price, $5.

T h e  1932 Guide is the tenth anniversary volume and differs 
from earlier volumes in being larger and having an attractive new 
binding. I t  contains four major sections—text, manufacturers’ 
catalog data, index to modern equipment, and membership roll 
of the society. The text section (552 pages) is made up of forty 
chapters of important data on the design and installation of 
heating, ventilating, and air-conditioning systems, including 
many subjects not previously treated. Approximately 50 per 
cent of the subject m atter is entirely new, and every chapter has 
been rewritten and revised. The catalog data section has been 
carefully coordinated with the text and contains supplementary 
information on specific materials, equipment, and accessories 
available for heating and ventilating service.

THE STRUCTURE AND COMPOSITION OF FOODS. 
VOLUME I. CEREALS, STARCH, OIL SEEDS, NUTS, 
OILS, FORAGE PLANTS. By Andrew L. Winton and Kate 
Barber Winton. 710 pages, 274 illustrations. John Wiley & 
Sons, Inc., New York; Chapman & Hall, Ltd., London, 1932. 
Price, $8.50.

T h e  authors, “Sometime State and Federal Chemist and Micros- 
copist,” respectively, are presenting the first volume of a com
prehensive work, emphasizing the interrelation of structure or 
the optical science to the composition or chemical science of 
foods. Previous publications, especially the “Microscopy of 
Vegetable Foods,’’ by the authors, with the collaboration of the 
late Professor Moeller, head of the Pharmacognostic Institute of 
the University of Vienna, set a very high standard which has 
been upheld in this new augmented work.

Brief statements concerning the chief structural elements, 
their terminology, reagents, and the character of the chemical 
constituents precede the detailed discussion. The individual de
scriptions are helpful in their clearness and scholarly complete
ness. With the increased interest in microchemical application 
we, no doubt, shall see this phase more emphasized in tne forth
coming volumes. A reference to the remarkable chemical differ
entiation of Cruciferae on the basis of the composition of the 
volatile oils of mustard-like products, etc., would also seem worth 
while. As a rule, the fine drawings are magnified a t the same 
(160) diameter, thus permitting a quick judgment of the relative 
sizes.

While students generally prefer less elaborately treated books 
for class work, the student or laboratory worker finds in the new 
Winton an indispensable guide, serving him well in any work on 
food, feed, and vegetable waste products. A r n o  V i e h o e v e r

CHEMICAL CALCULATIONS. By J . S. Long and H. V. 
Anderson. 3rd edition. 259 pages. McGraw-Hill Book 
Company, Inc., 370 Seventh Ave., New York, 1932. Pnce, 
$1.75.

T h e  changes which characterize the third edition of this book in
clude additional methods of molecular weight determination, 
some rearrangement and enlargement of the chapters on gas 
analysis and volumetric analysis, and a brief discussion of pH 
values. A few topics are given more emphasis than in the usual 
texts of general inorganic chemistry. These include gas analy
sis, calorific power and intensity, volumetric analysis, common 
ion effect, and solubility product. The 15 chapters and more
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than 800 problems offer considerable freedom of choice of prob
lem material. As valuable as problem work is known to be, 
comparatively few courses in elementary general chemistry per
mit as much time as is necessary to cover the entire book. The 
theoretical discussion is quite full and complete so that the book 
may be used with practically any type without danger of omis
sions. For this reason it would seem that the authors might have 
gone a little farther and covered such topics as the factors which 
govern the choice of an indicator, the magnitude of errors possible 
with unsuitable indicators, and the shortcomings and limitations 
of the solubility product, particularly as applied' to sulfides. 
There is also a question as to the value of calculating calorific in
tensity, since such temperatures are not realizable in practice. 
On the whole, the book is a most valuable source of problem 
material for college courses. \V. T. R e a d

July, 1932 I N D U S T R I A L  A N D  E N G I

ANNUAL REPORTS OF TH E SOCIETY OF CHEMICAL 
INDUSTRY ON TH E PROGRESS OF APPLIED CHEM 
ISTRY. VOLUME XVI, 1931. Edited by T. F. Burton with 
numerous contributors. 748 pages. Society of Chemical In
dustry, Central House, 46, 47 Finsbury Square, London, 1932. 
Price to members, 7 s. 6 d.; to  others, 12 s. 6 a.

O n e  result of the mass production in the field of chemical litera
ture has been the formation and growth of chemical reviews that 
appear annually. The Reports on the Progress of Applied Chem
istry is undoubtedly the outstanding review in this particular 
field. The 1931 volume is even more comprehensive than its 
predecessors.

I t  is difficult to suggest methods of improving this report. I t 
might be mentioned, however, that, if tne first chapter dealing 
with chemical engineering unit operations could be expanded, it 
would be greatly appreciated by many readers. The addition of 
the patent literature covering fractionating column design, es
pecially in the petroleum industry, would be welcome.

In recent years chemical engineers have attempted to transfer 
equipment operations and processes from one industry to another, 
with, of course, certain definite modifications. Therefore, there 
has been considerable interest shown by chemical engineers work
ing in one industry as to what was occurring in another. I t 
would be a very ■worthwhile undertaking if these reports -would 
include a subject index on what might be termed “chemical unit” 
processes. This would materially facilitate the location of perti
nent references throughout various industries which covered one 
specific operation such as oxidation, chlorination, hydrogenation, 
etc.

A work such as this requires an enormous amount of time and 
energy to maintain its present standard, and it certainly de
serves a better binding. The additional cost would be gladly 
borne by the appreciative reader, who will have frequent occa
sion to use its pages. D. B. K e y e s

BERICHTE D ER GESELLSCHAFT FÜR KOHLENTECH
NIK. BAND III, H EFT V. Pages 466-543. Gesellschaft 
für Kohlentechnik, Dortmund-Eving, Germany, 1931. Price, 
7 marks.

T h i s  is a continuation of a series of similar publications wherein 
are_reported the results of both laboratory and industrial investi
gations concerning the coal industry and its allied fields.

The present number is divided into two parts. The first di
vision deals with a new method for desulfurizing a gas whereby 
there can be obtained not only ammonium sulfate but also am
monium nitrate and the primary and secondary ammonium 
orthophosphates. The method consists in removing the sulfides 
by converting them into ammonium thiosulfate through a wash
ing and oxidation process, followed by interaction with am
monium sulfite in solution. The ammonium thiosulfate is sub
sequently decomposed to the desired salt by the action of sulfuric, 
nitric, or orthophosphoric acids. The laboratory experiments in 
connection with the development of this process are described in 
detail, and all the essential data are reported in the usual manner. 
Mso, a large-scale experiment a t the Victoria gas works (Lünen) 
is described. An excellent treatm ent of the properties of am
monium thiosulfate with special reference to its preparation and 
purification is included; tnis should be of special interest to in- 
organic and physical chemists.

The second division is concerned with methods for the removal 
and subsequent recovery of carbon monoxide from industrial 
gases. Valuable data are given concerning the carbon monoxide

absorptive capacity of the following solutions: those containing 
no copper salts, ammoniacal solutions of cuprous salts, aqueous 
solutions of cuprous salts containing organic bases, nonaoueous 
solutions of cuprous salts containing organic bases, and acid solu
tions of cuprous salts. The experimental procedure used in these 
investigations is described in detail. The last chapter of this 
second division deals entirely with the development and construc
tion of the carbon monoxide washing apparatus. The increasing 
importance of carbon monoxide as an agent in the formation of 
methanol and higher alcohols makes this treatise most valuable 
a t this time.

The present number is a distinct contribution because of the 
invaluable data presented therein. However, the commercial 
aspects of the two processes (gas desulfurization and carbon 
monoxide recovery) cannot be viewed with alarming expecta
tions. I r v i n  L a v i n e

MUCKENBERGER’S HANDBUCH DER CHEM ISCHEN 
INDUSTRIE DER AUSSERDEUTSCHEN LANDER. 7th 
edition. 1077 pages. Verlag von Urban & Schwarzenberg, 
Berlin and Vienna, 1932. Price, 60 marks.

Tm s directory of the chemical industries of the world (Germany 
excepted) is essentially what its name implies. I t  is divided into 
two parts. The first consists of a  list of chemical works, alpha
betically arranged for the countries of the world outside of 
Germany, and a  separate list of export and import houses, whole
sale houses, and agencies, also arranged by countries and in 
alphabetical order, with addresses and a brief statement of the 
nature of the business of each. This latter list includes German 
houses. If the list of the other countries is in as good form as 
that for America (there is every reason to believe this to be the 
case), the directory will be found of real value to any one who 
wishes to communicate with the world’s chemical industries.

The second part is arranged alphabetically on the basis of 
chemicals, raw materials, and wholesale wares, and articles re
quired in chemical works, with the firm producing these in each 
country.

I t  is unfortunate that no book of this character has been com
piled for America alone in our own country, and tha t we must go 
for important information of this kind to a German publication.

C h a r l e s  L. P a r s o n s

VON DEN KOHLEN UND DEN MINERALÖLEN. E IN  
JAHRBUCH FÜR CHEM IE UND TEC H N IK  DER 
BRENNSTOFFE UND MINERALÖLE. BAND IV. Pub
lished by Verein Deutscher Chemiker. 234 pages. Verlag 
Chemie, Berlin, 1932. Price, paper, 16 marks; bound, 18 
marks.

T h e  book contains the proceedings of the Section of Fuel and 
Petroleum Chemistry at the general meeting of the Society of 
German Chemists, Vienna, June, 1931. Fischer and Pichler 
describe the influence of pressure on some reactions of water gas. 
I t  was found that diminished pressure lowers the reaction tem
perature and greatly increases the reaction velocity of the de
composition of methane by steam or carbon dioxide. The 
mechanism of the combustion of gaseous fuels with regard to 
Haber and Bonhoeffer's explanation of the combustion process is 
discussed by Farkas. Rosin shows that in the combustion proc
ess the attack of a solid fuel by the air proceeds in a way analo
gous to the solvation of a lump of salt. Müller and Jandl give 
an improvement of the well-known method of determining the 
reactivity of coke, and describe the dependence of the reactivity 
on time and temperature of coking. Melzer reports on the 
technic of the determination of the ignition point of coke. A 
new method for determination of the iodine number of mineral 
oils is described by Galle. Schaarchmidt deals with the separa
tion of branched-chain aliphatic hydrocarbons in hydrocarbon 
mixtures by antimony pentachloride.

Kiemstedt reports on the harmful sulfur in motor fuels and on 
the behavior of sulfur in the production of benzene. A new 
method by Conrad is described for the determination of the boil
ing range of liquid fuels, consisting of continuous control of the 
weight of the distillation flask filled with the fuel and placed on 
a scale.

Grote outlines the production of high-antiknoek gasoline by 
means of the Edeleanu process, and Schmidt points out the rela
tions between the chemical structure and knocking properties of 
motor fuels. A description of the Linde process of the separa
tion of benzene from coke-oven gas a t low temperatures is given 
by Schuftan. Terres reports on his research work of many years 
upon the mechanism of combustion in the engine and the six- 
cycle principle.
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The yearbook gives a good review of the kind of work that is 
being done in the German fuel laboratories, and it can be recom
mended to all who are interested in fuel research.

H. T r o p s c h

BER L-LU N G E C H E M ISC H -T E C H N ISC H E  UNTER- 
SUCHUNGSMETHODEN. VOLUME II, PART 1. Edited 
by Ernst Berl. 8th edition. LX +  878 pages. 215 figures, 
115 tables. Julius Springer, Berlin, 1932. Price, 69 marks.

T h e  first part of the second volume of Berl-Lunge is fully up to 
the standard set by the appearance of the first volume of the 
new edition. As in the first volume, each chapter is written by 
an expert in his special field. I t  is a valuable treatise on indus
trial analytical chemistry, dealing with the products of every 
phase of the manufacture of basic chemicals.

The specifications and methods of analysis of the raw material 
entering the plant are first described in detail. The composition 
and analysis of the finished products are then treated. The 
plan of the book is best illustrated by the following list of chapters: 
Solid and Liquid Fuels, Motor Fuels, Physical and Chemical 
Examination of Boiler Waters. Examination of Potable Waters, 
Waste Liquors and Sewage, tne Air, Manufacture of Sulfurous 
Acid, Manufacture of Nitric Acid, Manufacture of Sulfuric Acid, 
Manufacture of Hydrofluoric Acid, Manufacture of Sodium Sul
fate and Hydrochloric Acid, Manufacture of Soda, the Chlorine 
Industry, Liquefied and Compressed Gases, and Potassium Salts.

The text is very clear and each subject is exhaustively treated. 
Numerous up-to-date references are given, some from American 
literature. Analytical methods for tne examination of products 
resulting from the very latest industrial developments are in
cluded. In the chapter on Motor Fuels, for instance, proce
dures for the examination of the newer fuels such as Ethyl gasoline, 
Motalin, and Motyl are discussed. However, no reference is 
made to the Ethyl Gasoline Corporation’s method for the de
termination of tetraethyllead, which was published by Edgar 
and Calingaert in 1929. The chapter also includes the motor 
fuel specifications of most of the European countries, as well as 
those of the United States and Mexico.

The chapter on Boiler Waters gives, besides the analytical 
methods, a discussion of the treating processes necessary for the 
various types of water. Typical analyses are given as examples, 
and the amounts of the treating chemicals calculated. The 
numerous special methods include the analysis of smoke and 
dusts and the determination of minute traces of impurities in the 
air, such as hydrogen peroxide, sulfurous acid, hydrogen sulfide, 
mercaptans, aniline, nitrobenzene, and numerous other com
pounds.

This is a masterful treatise on the subject. I t  contains a most 
complete collection of the latest methods of analysis of the prod
ucts mentioned. This book should represent a very valuable 
addition to any library; it will be particularly useful to the in
dustrial and consulting chemist. E. L. B a l d e s c h w i e l e r

DIE CHEMISCHE WAFFE IM  W ELTKRIEG UND— 
JETZT. By Ulrich MtiUer. 152 pages. Verlag Chemie, 
Berlin, 1932. Price, 5.50 marks.

T h e  preface states that the author has taken an active interest in 
chemical warfare since 1915. I t  further says that the book is free 
from any Polilik, and stands on the firm basis of facts, and that 
the author has striven to give, in a fundamental and easily un
derstandable manner, a picture of reality in order that those in
terested may have a concept of the future possibilities of chemical 
weapons and defense agamst them. The book, on the whole, 
substantiates these statements.

Part I is devoted to gas warfare. Cloud attack, projector 
attack, and the use of chemical agents in artillery shell, airplanes, 
minenwerfer, and hand grenades are discussed. The possibility 
of airplane gas attacks on cities is considered quantitatively anS 
the conclusion drawn tha t incomparably greater effects may be 
attained by the use of high explosive and incendiary bombs, but 
that some gas will be used to increase panic and hinder repair 
work. The best defense against such an attack is an effective 
anti-aircraft service and an airplane force sufficiently strong in 
cooperation with it to repel an attack and to carry out retaliatorv 
attacks.

The discussion of agents is good. From the statement of basic 
principles governing the selection of agents, i t  is readily under
stood why only thirty out of three thousand materials considered 
were used in the field, and why only about twelve of these have
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sufficient value for future use. A notable feature of the book is the 
table on pages 113-14 giving the volatility, the threshold irritation 
concentration, the intolerable concentration, and the estimated 
concentration to produce death in one minute.

Part I I  gives a good discussion of screening smokes, including 
colored smokes.

The final section on the future of chemical weapons is brief 
and written with the restraint of one who has a technical and 
military knowledge of the subject. Experience has shown that 
the technic of any war is similar to that of the preceding one. 
New chemical warfare agents of exceptional activity are not to 
be expected. Screening smokes will probably be more highly 
developed in peace time than the physiologically active materials.

D u n c a n  M a c R a e

HYDRIERRUNG DER KOHLEN, TE E R E ' UND M INER
ALÖLE. TECHNISCHE FORTSCHRITTSBERICHTE. 
BAND XXVII. By Em st Galle. I l l  pages, 16 illustrations, 
28 tables. Theodor Steinkopff, Dresden and Leipzig, 1932. 
Price, paper, 9 marks; bound, 10 marks.

T h i s  volume is interesting reading; it would probably appeal 
equally well to one interested in pure chemistry or chemical 
technology. I t  gives the professional as well as the layman a 
comprehensive picture of the great industry being built around 
the hydrogenation of coal, tar, and mineral oil. The work is well 
organized and developed chronologically. There are numerous 
literature references, and a large number of patents are listed, 
together with a brief indication of their contents. These two 
items alone make this volume valuable to anyone wishing to 
begin study in this field, or to expand or refresh his existing 
knowledge. There is a considerable discussion of catalysts and 
the part they play in the process.

The volume is divided into three parts. P art I is the intro
duction with a discussion of the economic aspects of the problem 
and the research accomplished up to 1918. Part II  gives the 
results on hydrogenation of coals, tars, and mineral oils since 
1918. This section is divided into results (1) without catalysts 
at atmospheric pressure, (2) without catalysts a t high pressure,
(3) with catalysts at atmospheric pressure, (4) with catalysts at 
low pressures, and (5) with catalysts a t high pressure. Part III 
deals with the present economic, scientific, and technical aspects 
of the problem. M. II. F e n s k e

DIZIONARIO D I MERCEOLOGIA E DI CIIIMICA APPLI- 
CATA. VOLUME IV. SENAPA-ZUCCHERO. By G.
Vittorio Villavecchia. 5th edition. 1205 pages. Ulrico
Hoepli, Milan, 1932. Price, 80 lire.

W i t h  the appearance of Volume IV, the fifth edition of this 
authoritative and comprehensive reference work is complete. 
The usual high standard of the previous three volumes which 
have been reviewed in previous issues [ I n d .  E n g .  C h e m .,  21, 393
(1929); 22, 406 (1930); 23, 725 (1931)], has been maintained. 
This volume treats in an unusually complete manner such prod
ucts as silk, medicinal specialties, animal and vegetable fibers, 
wines, sulfur, and sugar. I t  also contains a general alphabetical 
index of 278 pages in Italian, French, German, English, and 
Spanish.

The reviewer wishes to reiterate tha t this reference work is not 
a mere dictionary but includes valuable statistical data op pro
duction, import and export custom duties, manufacturer’s tax, 
transportation, and sanitary laws as they apply to the raw and 
manufactured products of the chemical, pharmaceutical, metal
lurgical, food, textile, and agricultural industries. I t  is, there
fore, an invaluable addition to any library. P e t e r  M a s u c c i

D IE BRENNSTOFFE UND IH R E IN D U S T R IE S  By M. 
Dolch. 200 pages, 71 illustrations. Akademishce Verlags- 
gesellschnft, Leipzig, 1932. Price, bound, 14.50 marks.

T h i s  last contribution of one of Germany’s leading teachers of 
fuel technology was completed just before his untimely death- 
I t  is a compact textbook written for industrial engineers who 
wish to instruct themselves in the broad field of fuels, fuel tech
nology, and fuel economics. . .,

The properties, composition, and classification of s o l i d ,  liquid, 
and gaseous fuels are given in an introductory chapter. The next 
chapter on combustion and its fundamentals includes the sub
jects of calorific value, combustion temperature, heat exchange,
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and types of furnaces and stokers. The third chapter on the 
transformation and processing of fuels covers the subjects of 
drying, briquetting, gasification, carbonization, and liquefaction 
of brown coal and bituminous coal. This chapter, which occu
pies more than half the book, is followed by a short chapter on 
petroleum, its refining, and its products. A final 2-page section 
on natural gas completes the book. In each of these chapters 
the author presents a well-digested critical outline of scientific 
fundamentals and their industrial application. Competent 
judgment is shown in selecting and describing commercial 
processes that illustrate present-day trends and sound practice in 
fuel technology. Although some space is given to the low- 
temperature carbonization of German brown coals, the author 
dismisses low-temperature carbonization of bituminous coal with 
the statement that for Germany it has not proved commercially 
profitable.

The book is recommended for those who desire a compact, 
well-balanced textbook on fuels and fuel technology in the 
German language. I t is not a reference book.

A. C. F i e l d x e r

July, 1932 I N D U S T R I A L  A N D  E N G

VOM WASSER. EIN  JAIIRBUCH FÜR WASSERCHEMIE 
UND W ASSERREINIGUNGSTECHNIK. BAND V. Pub
lished by Verein Deutscher Chemiker. 268 pages. Verlag 
Chemie, Berlin, 1931. Price, paper, 20 marks; bound, 22 
marks.

T h is  fifth volume contains 24 papers and some discussions de
livered before the Section of Water Chemistry a t the meeting of 
the German Chemical Society, Vienna, June, 1931. Several 
papers deal with methods to determine and soften water, espe
cially with trisodium phosphate, for boiler purposes. The general 
conclusion is that phosphate additions are warranted for special 
purposes but are as a rule too costly. Studies on iron and man
ganese removal indicate tha t treatment with lime and removal of 
carbon dioxide alone were ineffective, and additions of potassium 
permanganate were best. Preparation of so-called black sand 
was inadvisable. The questions of oxygen and oil in water used 
for boilers are discussed only in general. Work on the effects of 
chlorine and chlorocompounds when the water is strongly agi
tated is of general interest. Studies by Jan Smit and his assist
ants on the self-purification of polluted water as affected by sedi
mentation, light, temperature, chemical composition of water, 
competition among bacteria, bacteriophages, and protozoa, using
B. coli and B. typhi and paratyphi as indices, are of great interest 
to the specialist. The effects of paper waste ana chlorinated 
sewage effluent upon aquatic and fish life show that although the 
oxygen content of the water may be sufficient, and although the 
carbon dioxide, alkalinity, and pH may be normal, fish are killed 
rapidly. The causes appeared to be rosin-like substances in 
solution which are not measured by the ordinary chemical 
methods employed. Results obtained with activated sludge ex
periments a t Leipzig show production of thin sludge, poor settling, 
trouble with fungi, etc. No relation was found between num
bers or types of protozoa and purification activities of the floe.

Several of the general papers have comparatively little value 
for the American reader interested in this field, but the majority 
are well worth reading and studying. Some of the 70 illustra
tions and curves are excellent. W. R u d o l f s

k a p i l l a r c h e m i e . e i n e  d a r s t e l l u n g  d e r
CHEMIE DER KOLLOIDE UND VERWANDTER GE- 
BIETE. BAND II. By Herbert Freundlich, with the assist
ance of J. Bikermann. 4th edition. 955 pages. Akadem- 
ische Verlagsgesellschaft, Leipzig, 1932. Price, paper, 60 
marks; bound, 69 marks.

T h is  volume completes the first thorough revision of Freund- 
hch’s classical work since 1922. The topical outline of the work 
remains substantially unchanged, but the text has been brought 
UP to date by suitable omissions, condensations, or expansions in 
accordance with the progress of the last decade. Although the 
fize of this volume is over 35 per cent greater than the correspond
ing part of the last edition, the amount of new material added is 
actually a good deal more. The bibliographic value of the work 
"'as maintained by the addition of many new references, even 
where the text was not modified. The most extensive changes 
and greatest expansion were made in connection with the coagu
lation of lyophobic sols, adhesion of colloid particles to walls, 
spontaneous and induced double refraction and the mesomorphic

state, viscous and elastic properties of sols, nonaqueous disper
sions of high molecular weight materials such as rubber, poly
saccharides and their derivatives, etc., colloidal behavior of pro
teins, freezing and swelling of gels, thixotropy, x-ray analysis of 
colloid systems, and determination of particle size with the ultra
centrifuge.

As indicated by these topics, recent progress has been par
ticularly marked along physical lines, and what is customarily 
called colloid chemistry” has become in large part a question of 
colloid physics. With respect to many aspects of physical be
havior, the distinction between lyophilic and lyophobic systems 
is not clearly evident, and the division of the whole discussion of 
sols according to their lyophobic or lyophilic character frequently 
separates what are basically similar, as Freundlich admits. I t  
seems entirely likely that, by the time the next edition is pre
pared, this basis of subdivision can appropriately be discarded, 
or a t least made much less prominent.

Without question, Freundlich’s work remains the most useful, 
comprehensive, and systematic treatise on the subject. All 
those interested in any aspect of colloid science doubtless will 
join the reviewer in wishing that Professor Freundlich may long 
continue his literary activities. E. 0 . K r a e m e r
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ARBEITEN ÜBER KALIDÜNGUNG. By 0. Eckstein, A .
Jacob, and. F. Allen. 235 pages, 72 figures. Verlagsgesell
schaft für Ackerbau, Berlin, 1931. Price, 6 marks.

T h e  German Kalisyndikat established in 1929 an experiment 
station at Berlin-Lichterfelde. I t  was provided in the research 
program of the founders that the activities of the station deal 
with soil and plant nutrition problems, not alone in Germany, 
but in various soil regions of temperate, subtropical, and tropical 
countries. This book constitutes a report on the present status 
of the research activities of the station.

Four general topics are dealt with by the authors—namely, 
objectives of an experiment station specifically dealing with 
potash research, the physical plant and resources of the station, 
soil profiles and mapping of the land used by the experiment 
station a t Berlin-Lichterfelde, and projects and results of the 
station. The latter is divided as follows: (1) laboratory studies 
of soils with special consideration of tropical soils; (2) compara
tive tests of different methods for the determination of soil 
potash readily assimilable by plants; (3) studies of the content 
of potash in plants and its chemical combinations; (4) the in
fluence of fertilization with potash on the composition of crop 
products; (5) potash salts as protective agents of plants; (6) the 
physiological reaction of potash salts; (7) the fertilizer action of 
anions and other constituents of potash salts; (8) tests of the 
fertilizer action of different materials containing potash and 
magnesia; (9) studies of the compatibility in mixtures of 
different commercial fertilizers; and (10) investigations on the 
significance of potash for the animal organism. J. G. L ip m a n

DECHEMA MONOGRAPHIEN, BAND 4, NR. 38-M7. 
TRENNEN FESTER UND FLÜSSIGER STOFFE. By 
the Deutsche Gesellschaft für chemisches Apparatewesen, E. V. 
183 pages, illustrated. Verlag Chemie, Berlin, 1931. Price, 
8 marks.

T h is  book contains ten lectures on the general subject of the 
separation of solids and liquids, delivered by specialists in the 
construction and uses of new apparatus.

In the first lecture, P. H. Prausnitz, of the Jenaer Glaswerk 
Schott und Genossen, presents the method of preparation of 
sintered glass filters and their most promising applications. In 
the sintered glass filter, the glass itself is both filter body and 
binder. Breakage from chemical glassware (Jena glass 20) is 
powdered, sieved to definite grain size, sintered, and attached by 
melting to suitable shapes, such as china crucible walls, so tha t 
the glass forms the bottom. The grain size governs the pore 
size. The advantages of sintered glass filters are transparency, 
alkali-resistance, acid-resistance, control of pore size, and varia
tion of pore size within wide limits. In the laboratory, for ex
ample, glass filters are ideal for the analysis of a-, ß-, and alkali 
cellulose. They are well adapted also to the filtration of dyes 
from concentrated sulfuric acid media. The disadvantages are 
easy breakage and the low limiting temperature to which they 
can be heated (600° C.); indeed, they are most suitable for 
laboratory operations which require merely drying to constant 
weight in the oven. To give an idea of the pore sizes, filter G1 
has coarse pores—500 n; G2 has the medium size—20 p; and 
G5 has the finest pores—colloidal dimensions, or ‘A p. (The 
figures for pore size are not given in just that way in the text,
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but may be so interpreted from the context.) Such glass filters 
have been introduced in plant operations; the maximum size is 
50 cm. in diameter.

In the second lecture, E. Kratz discusses new developments in 
ultra-filters and ultra-filtration, especially membrane filters for 
water filtration, and “cellafilters,” for organic liquids.

Porous hard-rubber filter plates are discussed in the third 
lecture by E. Vossen. Such a filter is made as follows: Com
pounded rubber is rolled into sheets and heated just enough to 
produce incipient vulcanization. The soft mass so obtained may 
then be powdered, and the powder classified by sieving. To make 
the filter plate, the grains are heaped in a heated iron form, and 
pressed enough to retain the desired pore volume (total pore 
space). Next, vulcanization is completed by further heating. 
Pore size is determined by the size of the grain. Such porous 
hard-rubber plates are resistant to hydrofluoric acid, hydrochloric 
acid, phosphoric acid, alkalies, and salt solutions. They may be 
placed in filter presses, replacing the filter cloths.

The remaining subjects are: T. Steen, the clarification of 
muddy liquors; H. Manger, large-scale filtration with special 
reference to the suction rotary filter; H. Barkholt, the separation 
of liquids from solution by atomizing solutions; G. Quincke, 
wet and dry classification; H. Schranz, flotation of ores and coal; 
F. B. Krull, gas purification by adsorption with silica gel; E. 
Kirschbaum, new questions and recent advances in the rectification 
technic. Each one of these lectures is on the same high level as 
the first three. A short statement of the author’s professional 
activities precedes each article.

The reading of this book leaves the impression that the authors 
are progressive scientists who seek and welcome new ideas and 
new procedures. E. R a y m o n d  R i e g e l

FETTBERICHTE. GESAMTÜBERSICHT ÜBER DAS 
GEBIET DER FETTE, FETTPRODUKTE UND VER
WANDTEN STOFFE FÜR 1927, 1928, 1929, 1930. By J. 
Davidsohn and K. Rietz. 458 pages. Ferdinand Enke, S tu tt
gart. Price, 47 marks; bound, 49 marks.

T h is  volume, as indicated by the title, is an attem pt to review 
for the years 1927 to 1930, inclusive, books and the more im
portant literature dealing with fats, oils, waxes, and related 
products. I t  includes chapters on hardened fats, edible fats, 
fattv acids, glycerol, soaps, sulfonated oils, varnish, lacquer oils, 
leather fats and oils, and candles. The first 24 pages are devoted 
to recent works on these subjects, and the remainder of the book 
deals with the literature. Each subject, with a few exceptions, 
is subdivided into the following topics: physiology and bio
chemistry, chemistry, physics, analysis, technology, and patents. 
At the end is a subject, author, and patent index. The patents 
are listed under the titles of American, German, English, French, 
and various other countries.

This book furnishes a convenient source for references to 
articles on many subjects relating to fats and oils. However, 
the reviewer found that these abstracts are for the most part 
much shorter than those given, for example, in Chemical Ab
stracts. _ I t  was observed that the list of references under a given 
subject is in several instances not as complete as might have been 
expected. For example, under rancidity, mention is made of but 
eleven articles, whereas thirty-eight are given in Chemical Ab
stracts. Although the authors claimed to have reviewed all 
worthwhile articles on the subjects under discussion, the re
viewer can scarcely agree with them in all cases.

R. S. M c K i n n e y

D IE TROCKENTECHNIK. GRUNDLAGEN, BERECH
NUNG, AUSFÜHRUNG UND BETRIEB DER TROCK
ENEINRICHTUNGEN. By M. Hirsch. 2nd edition. 4S4 
pages, 336 figures, 3 folding charts. Julius Springer, Berlin, 
1932. Price, 36 marks.

T h e  first of the two parts of the book deals with the theoretical 
aspects of air-drying, and particularly with the construction and 
use of the humidity chart. The three large folding humidity 
charts for water vapor and air are carefully drawn and give the 
relations between temperature, vapor pressure, relative humidity, 
absolute humidity, and enthalpy, as ordinarily required in dry
ing calculations. _ The adiabatic cooling lines are shown, to
gether with a similar family of curves of slightly different slopes. 
The latter curves are used instead of the adiabatic cooling lines 
for wet- and dry-bulb hygrometry. The theoretical basis for 
these lines does not appear entirely sound. Numerical examples
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are given illustrating the use of various formulas developed. 
Since absolute and relative humidities are dimensionless ratios, 
and since the other quantities are easily convertible to the Eng
lish system, the charts may be used without great difficulty by 
engineers commonly employing English units.

The physics of the drying process, involving the movement of 
the liquid through the solid, and diffusion into the air stream, is 
touched on briefly, whereas it might well form the basis for a 
third section of the book. The quantitative treatment deals 
only with the evaporation of the moisture and its diffusion into 
the air stream, and not with liquid movement through the solid. 
The erroneous impression is conveyed that near the end of the 
drying process the rate of drying decreases solely because the 
vapor pressure of water over tne solid is reduced a t low moisture 
contents.

The second and larger section of the book discusses industrial 
drying and driers. A large number of sketches and diagrams 
make this section an excellent descriptive treatise. The basic 
principles of design and means for proper air circulation are 
described for numerous types of driers. However, few data are 
included on capacities or performance of the different types, or 
on the relative drying times of solids commonly dried industri
ally. Qualitative treatment is given to the requirements which 
must be met in drying various specific materials. At the end of 
the section is a chapter devoted to instruments.

T. K. S h e r w o o d  a n d  J. J. H o g a n

CHEM ISCIiE TECHNOLOGIE DER NEUZEIT. Edited by 
Otto Dammer. 2nd edition, revised and enlarged by Franz 
Peters and H. Grossman. VOLUME II: pages 689-876, price 
1st part 7.40 marks, 2nd part 11.00 marks. VOLUME IV: 
pages 1-128, price 11 marks; pages 129-384 (in 2 parts), price 
10.50 each part; pages 385-480, price 8.50 marks. VOLUME 
V: pages 1-128, price 11.00 marks; pages 129-256, price 11.00 
marks; pages 257-384, price 11.00 marks; pages 385-512, 
price 11.00 marks. Ferdinand Enke, S tuttgart, 1932.

U n d e r  the direction of H. Grossman who succeeds Franz Peters, 
recently deceased, as editor of this encyclopedic work on chemi
cal technology, the task of completing the second edition begun 
in 1926 is going rapidly forwrard, and the final sections of Volume 
I I  on metallurgy and Volumes IV and V on the organic industries 
are promised by 1933.

Installments of Volume II  recently released by the printer are 
devoted mainly to the subjects of magnetic and electrostatic 
separation and to the furnaces and methods used in roasting ana 
sintering ores. The latter topics are particularly well covered, 
and descriptions of all the important furnaces of both American 
and European design are presented in considerable detail with 
the help of more than 100 cuts.

The two final numbers of this 5-volume series embrace the 
organic section of the work. The reader will find in these, as 
well as in the earlier volumes, a wealth of general information, 
although he may be disappointed in its meagerness of technologi
cal detail. Thus, for instance, while Volume IV is encyclopedic 
in its discussion of the sources, physical properties, and methods 
of testing fats and oils, the subject of oil hydrogenation is given 
only 2 pages; of the two patents cited, the later is dated 1913- 
In all fairness, however, probably no other work on vegetable and 
animal oils approximating its size contains more valuable factual 
material or has it arranged in better form. Illustrations ot 
modern oil and soap machinery are numerous and excellent. 
Additions to Volume IV include chapters on varnish and lacquer, 
the waxes and resins, sugar (beet practice mainly), starch from 
its many different sources, and, of especial importance because 
of the relative meagerness of other publications on the subject, a 
large section on the applications of yeasts, molds, and bacteria to 
organic manufactures in general and to the production of yeasts, 
vinegar, and alcohol in particular. , , .

Volume V is a veritable handbook of the chemistry of dyes, 
which, with its copious references to the patent and journal litera
ture and its graphic formulas of dye structures, should be oi 
special value to the organic chemist. Additions to Volume 
cover the field of the natural textiles—cotton, wool, and flax  ̂
with emphasis rather upon the mechanical aspects of processin0 
and dyeing than upon the chemical principles involved, rinauy, 
the subject of coal tar and its derivatives is given eminently satis
factory treatment. . , . . .

The reviewer is impressed with the fact that, in the enur 
series, those chemical industries of major importance 'i1, 
or a t least in Central Europe, are given the best and fullest ais- 
cussion. But this is doubtless as it should be. _ The work is 
standing in the quality of its paper and printing ami of its u 
drawings and half tones. H. L. Ulix
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T H E S E  PR IC E S U N LESS O TH ER W ISE S PE C IF IE D  ARE TH O SE PREV A ILIN G  IN  T H E  N E W  YORK M ARKET, JU N E  15, FOR COMM ERCIAL
GRADES IN  CARLOAD Q U A N TITIES

N e w e r  C h e m i c a l s

Acetaldehyde, drum s, lo-l., wka.. .lb . . 18*6
Acetaldol, 50-gal. d ru m s .................. lb. .27
Aoetylene te trach loride , se e  T etra- 

ohloroethane
A dd, ab ie tio .......................................... lb. .12

Adipio..................................................lb. .72
Linoleio............................................... lb. .16

Ammonium linoleate, d rum s lb. .11
Amyl furoate, 1-lb. t in s .................... lb . 5 .00
Aroolors................................................... lb. .40
Butyl oarbitol, se e  D iethylene gly- 

ool m onobutyl e ther 
Cellosolve, se e  E thy lene  glycol 

m onobutyl e ther 
Furoate, teoh., 50-gal. d ru m s . . .  lb. 1.00

Carbitol, se e  D iethylene glycol 
m onoethyl e ther 

Cellosolve, se e  E thy lene  glycol 
m onoethyl e ther 

A cetate, se e  E thy lene  glyool 
m onoethyl e th e r ace ta te  

Crotonaldehyde, 50-gal. d ru m s . . .lb . .32
Diohloroethyl e ther, 50-gal. drum s.lb . . 06
Diethylene glycol, d ru m s ................. lb. .14

M onobutyl e ther, d ru m s ..............lb. .24
M onoethyl e ther, d ru m s .lb . .15

Diethylene oxide, 50-gal. d ru m s . . .  lb. .50
Dioxan, se e  D iethylene oxide
Diphenyl................................................. lb. .30
Ethyl aoetoacetate, 50-gal. d ru m s. lb. . 65
Carbonate, 90% , 50-gal. d ru m s . .  gal. 1 .85

Chlorocarbonate, carboys lb. .30
Ether, absolute, 50-gal. d ru m s . .  lb. . 50
Furoate, 1-lb. tin s ...........................lb. 5 .00

Ethylene chlorhydrin, 40% , 10-
gal. oby i lb. .75

Diohloride, 50-gal. d ru m s  lb. .05
Glycol, 50-gal. d ru m s.................... lb. .25

M onobutyl e ther, d rum s, wks.lb. . 24
M onoethyl e ther, d rum s, wks.lb. . 17
M onoethyl e ther aceta te ,

drum s, wks lb. .19*6
M onoraethyl e ther, d ru m s . . .lb . .21
Oxide, oyl lb. 2 .00

Furfuramide(teoh.), 100-lb. d ru m s.lb . .30
Furfuryl aceta te , 1-lb. t in s  lb. 5 .00

Aloohol, tech., 100-lb. d ru m s .. .  .lb . .50
Furoio acid (teoh .), 100-lb. d ru m s . lb. . 50
Qlyoeryl p h th a lla te  lb. .26
Glycol s tea ra te ..................................... lb. .18
ÏBopropyl e ther, d ru m s ......................lb. .10
Lead dithiof u roate , 100-lb. drum s .lb . 1.00
Magnesium peroxide, 100-lb. c s .. .lb . 1.15
Methyl acetate, d ru m s gal. 1.20

Cellosolve, se e  E thy lene glyool 
monomethyl e ther 

Furoate, teoh., 50-gal. d ru m s . . .lb . .50
Paraldehyde, 110-55 gal. d ru m s, .lb . .20*6
Phosphorus oxyohloride, 175 cy l.. .  lb. . 20
Propyl furoate, 1-lb. t in s  lb. 2 .50
8trontium peroxide, 100-lb. d rum s.lb . 1.25
Sulfuryl ohloride, 600-lb. drum s,

crude.............................................. lb. 15
Distilled lb .40

Tetrachloroethane, 50-gal. d ru m s .lb  .09
Triohloroethylene, 50-gal. d ru m s. .  lb. .10
Triethanolamine, 50-gal. d ru m s. . .  lb. . 40
Trihydroxyethylamine lin o lea te .. .  lb. . 40
Trihydroxyethylamine s te a ra te . . .  lb. .35
Vinyl chloride, 16-lb. cyl lb. 1.00
Zinc dithiofuroate, 100-lb. d ru m s .. lb. 1.00

Perborate, 100-lb. d ru m s  lb. 1.25
Peroxide, 100-lb. d ru m s lb. 1.25

C h i m i c a l 8  P r e v i o u s l y  Q u o t e d

Acetanilide, U. S. P., powd., b b ls ..lb . .22
Acetio anhydride, 9 2 -95% , cbys.. .lb : .21

Acetone, drum s, w k s  lb. . 10*4
A cetphenetidin, bbls lb. 1.25
Acid, acetio, 28% , c/1., bbls.. 100 lbs. 2 .75

56% , o /l.. bbls................... 100 lbs. 5 .10
Glacial, o /l., bbls................100 lbs. 9 .14
G lacial, U . 8. P ., c/1., carboys

............................................100 lbs. 9 .64
Acetylsalicylic, bbls ....................... lb. .75
A nthranilic , 99-100% , d ru m s ..lb .  .85
Benzoic, tech ., bb ls    lb. .40
Borio, bbls......................................... lb . .04
B utyric, 100%  basis, obys lb. .80
Chloroacetio, m ono-, bbls., wks..lb. . 18

DR. cbys lb. 1 .00
Tri-, bbls lb. 2 .50

Chlorosulfonic, d rum s, wks lb. .04*6
Chrom ic, 99% , d ru m s...................lb. .13
Cinnamio, b o ttle s ........................... lb. 3 .25
Citrio, U . S. P ., c ry s t.,b b ls  lb. .30
Cresylic, pale, d ru m s...................gal. .49
Form ic, 90% , cbys., N . Y  lb. .10*4
Gallio, U . S. P ., bb ls  lb. .74
Glycerophosphorio, 25% , 1-lb.

b o t................................................... lb. 1 .40
H, bbls., wks.....................................lb. .65
H ydriodio, 10% , U . S. P ., 5-lb.

b o t.................................................... lb .67
Hydrobrom io, 48% , cbys., w ks..lb . .45
H ydroohloric, 20°, tanks, wks.

................................................ 100 lbs. 1 .35
H ydrofluoric, 30% , bbls., wks.. .lb . .06

60% . bbls., w ks..........................lb. .13
Hydrofluosilic, 35% , bbls., wks..lb. .11
H ypophosphorus, 30% , U . S P.,

5-gal. dem is..................................lb; .85
Laotio. 22% , d a rk , bb ls ............... lb. .04

48% , light, bbls., wks.............. lb. .11
M ixed, tanks, wks N  u n it .07

8 un it .08
M olybdic, 85% , kegs................... lb. 1 .25
N aphthionic, tech ., b b ls .............. lb. nom.
N itrio, c. p., obys........................... lb. .11
N itric, 36°, c /1 , cbys., w'ks.

................................................ 100 lbs. 5 .00
Oxalic, bbls., w ks........................... lb. .11
Phosphoric, 50% , U. S. P ...........lb. .14
Picram io, bb ls..................................lb. .65
Picrio, bbls., o / l .............................. lb. -30
Pyrogallio ..........................................lb. 1 .50
Salicylic, tech ., bbls! . . . . l b .  .33
Steario, d. p., bbls., o /l  lb. .07*4
Sulfanilic, 250-lb. bb ls .................. lb. .14*4
Sulfuric, 66°, o /l., obys., wks.

............................................100 lbs. 1.60
66°, tanks, w'ks.......................... ton  15.00
60°, tanks, wks.......................... ton  10.50
Oleum, 2 0% , tan k s, wks......... ton  18.50

40% , tanks, wks ton  42.00
Sulfurous, U . S. P ., 6 % , c b y s ... .lb . .05
T annic, tech., bbls......................... lb. .23
T artaric , U . S. P ., oryst., bb ls .. .lb . .23*4
Tungstic, kegs................................. lb. 1.40
Valeric, c. p ., 10-lb. b o t............... lb. 2 .50

Alcohol, U . S. P ., 190 proof, bbls..gal. 2.44*4
Amyl, from pentane, ta n k s ........... lb. . 176
Amyl, Im p. d ru m s ........................gal. 1.75
B uty l, drum s, c/1., wks................. lb. .123
Cologne sp irit, bb ls...................... gal. 2 .69
D enatured , No. 5, comp, denat.,

o /l., d ru m s................................... gal' *356
Isoam yl, d ru m s..............................gal. 4 .00
Isobutyl, ref., d ru m s ................... gal. 1 .00
Isopropyl, ref., d ru m s ..................gal. *®0
Propyl, ref., d ru m s gal. 1 • 00
W ood, see M ethanol

A lpha-naphthol, bbls lb. -57
A lpha-naphthylam ine, bbls lb. .32
Alum, am m onia, lum p, bbls., w’ks.

’ ............................................ 100 lbs. 3 .30
Chrom e, casks, wks............... 100 lbs; 4 .50

Potash, lum p, bbls., w ks.. .  100 lbs.
Soda, bbls., wks..................... 100 lbs.

Alum inum , m etal, N . Y  100 lbs.
Aluminum chloride, anhyd ., com- 

»mercial, wks., drum s ex tra , c /1 ..lb . 
A luminum stea ra te , 100-lb. b b l . . . .lb . 
A luminum sulfate, com m ’l, bags,

wks.........................................100 lbs.
Iron-free, bags, wks 100 lbs.

Aminoazobenzene, 100-lb. k e g s . . .lb . 
A mmonia, anhydrous, oyl., w ks.. .lb .

50,000-lb. tanks, wka..................... lb.
Ammonia, aqua, 26°, tanks, wks.,

contained NH*............................ lb.
Ammonium aoetate, kegs................. lb.

Bifluoride, bbls.................................lb.
B romide, 50-lb. boxes................... lb.
C arbonate, teoh., casks................ lb.
Chloride, gray, bbls 100 lbs.

Lum p, casks................................. lb.
Iodide, 25-lb. ja rs ........................... lb.
N itra te , tech ., cryst., bb ls........... lb.
Oxalate, kegs.................................... lb.
Persulfate, cases.............................. lb.
P hosphate, dibasic, tech ., b b ls ..lb .
Sulfate, bulk, wks................. 100 lbs.

Amyl aceta te , teoh., from  pentane,
ta n k s ............................................... lb.

Aniline oil, d ru m s................................lb.
Anthracene, 80-85% , oasks, w ks..lb .
A nthraquinone, subl., bbls................lb.
Antim ony, m e ta l................................. lb.
A ntim ony chloride, d ru m s ............... lb.

Oxide, bbls.........................................lb.
Salt, dom ., bbls................................lb.
Sulfide, crimson, bbls.....................lb.

Golden, bbls ..................................lb.
Vermilion, bb ls ............................ lb.

Argols, red powder, bb ls ................... lb.
Arsenio, m etal, kegs........................... lb.

Red, kegs, cases...............................lb.
W hite, o /l., kegs..............................lb.

Asbestine, bulk, o / l ........................... ton
Barium  carbonate, bbls., bags,

wks................................................. ton
Chloride, bbls., wks........................lb.
Dioxide, drs., wks........................... lb.
H ydroxide, bbls............................... lb.
N itra te , casks...................................lb.

Barium  th iocyanate , 400-lb. b b ls ..lb . 
B arytes, floated, 350-lb. bbls., wks.

.........................................................ton
Benzaldehyde, tech ., d ru m s .............lb.

F. F . C ., cbys................................... lb.
U. S. P ., cbys....................................lb.

Benzidine base, bbls........................... lb.
Benzol, tanks, wks............................ gal.
Benzoyl chloride, obys....................... lb.
Benzyl aoetate , F . F . C ., b o tt le s . . .  lb.

Aloohol, drum s.............................. gal.
Chloride, teoh., d ru m s.................. lb.

B eta-naphthol, bb ls ............................ lb.
B eta-naphthylam ine, bbls................ lb.
B ism uth, m etal, cases........................ lb.
B ism uth, n itra te , 25-lb. ja r s ............lb.

Oxychloride, boxes......................... lb.
S ubnitra te, U. S. P ., 25-lb. ja rs .lb .

Blano fixe, d ry , bbls.......................... ton
Bleaching powder, drum s, wks.

.....................................................100 lbs.
Bone ash, kegs ......................................lb.
Bone black, bbls.................................. lb.
Borax, bags ............................................lb.
Bordeaux m ixture, bbls.....................lb.
Bromine, b o t......................................... lb.
B romobenzene, d ru m s....................... lb.
Bromoform, ja r s .................................. lb.
B utyl aceta te , drum s, c/1................. lb.
Cadm ium  brom ide, 50-lb. j a r s . . .  .lb . 
Cadm ium , m etal, cases..................... lb.

3.35
3.45

22.90

.05

.20
1.25 
1.90
1.15 
.15*6 
.05625

.05*6
.33
.21
.35
.08

5.25 
.10*4

5.20
.08*4
.22
.26
.10*4

1 .0 0

.157

.14*6

.60

.45

.05
.13
.08*6
.22
.25
.16
.38
.07
.27
•09*6
.04

15.00

56.50 
• 03*6 
.1 2  
.05*4 
.07*4 
.27

23.00 
.60

1.40
1 .15  

.65 

.20
1.00
.75
.75
.30
.22
.58
.90
.95

2.95
1.10

65 .00

2.00
.08
.08*4
.018
. 11*6
.36
.50

1.80
.159

1.40 
.55

845
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C adm ium  sulfide, boxes....................lb.
Caffeine, U. S. P ., 5-lb. cans...........lb.
Caloium ace ta te , bags  100 lbs.

Arsenate, bb is...................................lb.
C arbide, d ru m s ................................lb.
Chloride, drum s, wks., f la k e .. .to n
C yanide, 100-lb. d rum s................ lb.
N itra te , bags ................................... ton
Phosphate, m onobas., b b ls .......... lb.

T ribas., b b ls ................................. lb.
Caloium carbonate, tech., bags,

................................................100 lbs.
U. S. P ., precip., 175-lb. b b l . ..  .lb.

C am phor, Jap ., cases.........................lb.
Carbazole, bbls..................................... lb.
C arbon, activated , d ru m s................ lb.
C arbon bisulfide, d ru m s................... lb.
C arbon blaok......................................... lb.
C arbon dioxide, liq. oyl.....................lb.
C arbon tetrach loride , d rum s...........lb.
Casein, s tand , gr., bb ls ......................lb.
Cellulose ace ta te , bbls....................... lb.
Cerium  oxalate, kegs......................... lb.
Charooal, willow, powd., bbls.........lb.
China d a y , b u lk .................................ton
Chloral h yd ra te , drum s.....................lb.
Chlorine, liq., o /l., oyl........................lb.
Chlorine, ta n k s ...........................100 lbs.
Chlorobenzene, mono-, d ru m s .. .  .lb.
Chloroform , teoh., d ru m s .................lb.
Chrom ium  acetate , 20° soln., bbls. lb.
Coal ta r , bbls., wks...........................gal.
C obalt, m etal, kegs ............................ lb.
C obalt oxide, bbls............................... lb.
Cod-liver oil, bbls..............................bbl.
Copperas, c/1., b u lk .......................... ton
C opper, m etal, elec................... 100 lbs.
Copper carbonate, bbls., 5 2 /5 4 % ..lb.

Chloride, b b ls ..  ..............   lb.
C yanide, d ru m s ............................... lb.
Oxide, red, bbls................................lb.
Sulfate, o /l., bb ls ...................100 lbs.

C otton , soluble, bbls.......................... lb.
C ream  ta r ta r ,  bbls.............................. lb.
Cyanam ide, bulk, N . Y.

 A m m onia un it
D iam inophenol, kegs..........................lb.
D ianisidine, bb ls ..................................lb.
D ibu ty lph tha la te , drum s, wks.........lb.
D iethylaniline, d ru m s........................lb.
D iethylene glyool, d ru m s................. lb.
D iethyl ph th a la te , d ru m s................ lb.
D iethyl sulfate, tech ., d ru m s.......... lb.
D im ethylaniline, d ru m s .................... lb.
D im ethylsulfate, d ru m s....................lb.
D initrobenzene, d ru m s ......................lb.
D initroohlorobenzene, bb ls .............. lb.
D initronaphthalene, bbls..................lb.
D initrophenol, bbls............................. lb.
D iphenylam ine, bbls.......................... lb.
D iphenylguanidine, bbls...................lb.
Epsom salt, tech ., bbls., o /l., N . Y.

..........................  100 lbs.
E ther, n itrous, b o t . . ..........................lb.
E ther, oonc., d rum s............................ lb.
E thy l aoetate, tanks, o /l.................. lb.

B rom ide, d ru m s.............................. lb.
Chloride, d ru m s...............   lb.
M ethyl ketone, d ru m s.................. lb.

B thylbenzylaniline, 300-lb. drum s Jb .
E thy lene diohloride............................ lb.

C hlorohydrin, anhyd ., d ru m s .. .lb .
Qlyool, o /l., wks.............................. lb.

Feldspar, b u lk ..................................... ton
Ferrio chloride, teoh., bbls.................lb.
Ferrous chloride, crysfc., bbls............lb.
Ferrous sulfide, bbls................. 100 lbs.
F luorspar, 98% , bags ....................... ton
Form aldehyde, bbls............................ lb.
Form aniline, d ru m s............................ lb.
Fuller's  earth , bags, o /l., m ines, .ton  
Furfural drum s, tech., contraot,

w orks................................................... lb.
G lauber’s salt, bbls................... 100 lbs.
Glucose, 70°, bags, d ry  100 lbs.
Glyoerine, c. p., d ru m s...................... lb.
G salt, bbls.............................................lb.
H exam ethylenetetram ine, tech.,

d ru m s.................................................. lb.
Hydrogen peroxide, 25 vol., b b ls ..lb . 
H ydroquinone, kegs........................... lb.

.60 Indigo, 20% , paste, bbls................ lb .12
2 .40 Iodine, crude, 200-lb. kgs.............. .lb. 4 .20
2 .50 Iodine, resubl., j a r s ......................... lb, 4 .65

• 05VÍ Iodoform , b o t..................................... 6 .00
.05  Vi Irid ium , m e ta l .................................. 160.00

21 .00 Kieselguhr, b ag s .............................. .to n 50.00
.30 Lead, m etal, N . Y .................... 100 lbs. 3 .00

35.00 Lead aceta te , bbls., w h ite ............. lb • lOVi
.08 Arsenate, bb ls................................ lh .10
.11 Oxide, litharge, bbls.................... lb .05 Vi

Peroxide, d ru m s........................... lb. .20
1.00 Red, bbls......................................... .oov i

.06 Vi Sulfate, bbls................................... .06 Vi

.40 W hite, basic carb., bbls............. lh, .07 Vi

.75 Lime, hydra ted , bbls...............100 lbs. .85

.08 Lime, live, ohcmioal, bbls., wks.

.05 .................................................... 100 lbs. 1.05

.0275 Lim estone, ground, bags, w k s . . . .ton 4 .50

.06 

.06 Vi
L ithopone, bbls.................................. lb .04  Vi
M agnesite, c rude............................. .to n 32 .00

.05 Vi Caloined, 500-lb. bbls., w k s . . ...ton 40.00

.80 M agnesium , m etal, wks................. .lb . .30

.33 M agnesium  carbonate, bags......... lb, .06

.06 Chloride, d ru m s.......................... .to n 36.00
8 .00 Fluosilicate, oryst., bb ls............ lh. .10

.70 Oxide, U. S. P ., light, bb ls......... lb. .42

.04 M anganese chloride, oasks............. lh. .07 Vi
1 .75 Dioxide, 80% , bbls.................... ■ ton 80.00

.10 Sulfate, casks................................. lb. .07

.15 M ercury bichloride, cryst., 50 lbs. lb. 1.51

.05 M ercury, flasks, 76 lbe................. flask 58 .00

.10 M eta-nitroaniline, bbls................... lb .67
2 .5 0 M eta-phenylenediam ine, b b ls . . . . lb .80
1.25 M eta-toluylenediam ine, b b ls . . . . . lb, .67

30.00 M ethanol, pure, syn thetic , drum s,
14.50 wks................................................ gal. .37 Vi
5 .5 0 Tanks, wks...................................... gal. • 35VÍ

• 18VÍ M ethyl acetone, d ru m s .................. gal. .50
.22 Salicylate, cases............................ lh .42
.39 M ethyl ohloride, oylinders............ lh .45
.15VÍ M ichler's ketone, bb ls.................... 3 .0 0

2 .75 N aph tha, solvent, ta n k s ................ gal. .26
.40 N aphthalene, flake, bbls ................ lb .03 Vi
.18 Niokel, m e ta l..................................... lb .35

■ 97VÍ
Niokel salt, single, bbls.................. lb .10

Double, bb ls ................................... lb .10
3 .8 0 N iter oake, b u lk .............................. .to n 11.50
2 .35 N itrobenzene, d ru m s...................... lh. ■ 08 Vi

.218 Oil, castor, No. 1 .............................. lh. .09
.55 C hina wood, bbls......................... lb ■ 05VÍ
.14 Coconut, Ceylon, ta n k s ............. lh ■ 03 Vi
.23 Cod, N . F ., ta n k s ........................ gal. .26
.30 Corn, crude, tanks, m ills.......... • lb. .02 Vi
.26 C ottonseed, crude, ta n k s .......... lb. .02 Vi
.45 L ard , edible, b b ls ......................... lb .0 8 } i
. 15VÍ Linseed, bbls.................................. ■ lb .059
.13 M enhaden, orude, ta n k s ............ gal. .14
.34 N eat's-foot, pure, bbls............... lh *07 Vi
.23 Oleo, No. 1, bbls........................... lh • 05V4
.34 Olive oil, den a t., bb ls.................. gal. .59
.30 Foots, bb ls .................................. lh .04  Vi

1.70
Palm , Lagos, casks...................... lh .04
Peanu t, crude, ta n k s .................. • lh. .02  Vi

.80 Perilla, bbls.................................... lh .05  Vi.09 Rapeseed, bbls., E n g lish ........... gal. .37

.09 Red, bbls......................................... lb .06  Vi
Soy bean, crude, ta n k s .............. lb .028
Sperm , 38°, bbls ........................... gal. .68
W hale, bbls., n a tu ra l, w in te r.. . gal. .56

.88 O rtho-am inophenol, kegs............... .lb . 2 .15

.05 Ortho-dichlorobenzene, d ru m s .. . .lb . .08

.75 O rtho-nitrochlorobenzene, d ru m s. lb. .28

.25 O rtho-nitrophenol, bbls......... lb .85
6 .50 O rtho-nitro to luene, d ru m s ............ lh .16

.05 O rtho-toluidine, bb ls ........................ lb .20

.06 Palladium , m e ta l.............................. 19.00
2 .50 Para-am inophenol, kegs................. lb .78

31 .00 Para-dichlorobenzene...................... .lh. • 15V4
.06 Para-form aldehyde, eases.............. ■ lh .38
.37 Vi Paraldehyde, tech ., d ru m s............ ■ lh • 20V4

15.00 Para-n itran iline , d ru m s .................. .lh, .48
Para-nitrochlorobenzene, drum s.., .lb. .25

.10 Para-n itrophenol, bbls.................... • lb. .45
1.00 Para-nitrosodim ethylaniline, bbls..lb. .92
3 .14 Para-n itro to luene, bbls................... .lh. .29

• 10VÍ Para-phenvlenediam ine, bbls . . . . .lh 1.15
.42 Para-to lu id ine, bbls......................... lh .40

Paris G reen, 250-lb. kegs.............. ■ lb .23
.46 Phenol, d ru m s.................................... . 14VÍ
.05  Vi Phenolphthalein , d ru m s................. .lb, .80

1 .20 P henylethyl alcohol, 1-lb. b o t . . . ,1b. 7 .0 0

Phosphorus, red, oases lb. .42
Phosphorus triohloride, oyl............... lb. .18
Phthalio  anhydride, bbls....................lb. .15
P la tinum , m e ta l................................... oz. 37.50
Potash , caustic, d ru m s....................... lb. .06M
P otassium  aceta te , kegs.....................lb. .28

B ioarbonate, casks...........................lb. . 09M
B ichrom ate, casks........................... lb. .08
B inoxalate, bbls................................lb. .14
B rom ate, ca........................................ lb. .35
C arbonate, 80-85% , calc., casks.lb. . 04%
C hlorate, kegs................................... lb. .08
C hloride............................................. ton  34.55
Cyanide, cases...................................lb. .55
M eta-bisulfite, bbls......................... lb. .11
Perm anganate, d ru m s ....................lb. .16
P russiate, red, casks....................... lb. .37H

Yellow, casks................................ lb. . 18H
T itan ium  oxalate, bbls...................lb. .21

Pyridine, d ru m s ..................................gal. 1.50
Resorcinol, tech ., kegs........................lb. .65
Rochelle salt, bbls., U . S. P ............. lb. .15
R  salt, bb ls..............................................lb. .42
Saccharin, cans ......................................lb. 1.70
S alt cake, b u lk    ton  13.00
Saltpeter, gran ., bbls...........................lb. .08
Silica, ref., b ag s ................................... ton  22.00
Silver n itra te , 16-oz. b o t................... oz. .22
Soda ash, 58% , light, bags, con

tra c t, wks.................................100 lbs. 1.15
Soda, oaustic, 76% , solid, drum s,

con trac t, wks..........................100 lbs. 2.50
Sodium  acetate , bbls ........................... lb. .04H

Benzoate, bbls................................... lb. .42
B ioarbonate, bbls..................100 lbs. 1.85
Bichrom ate, oaska........................... lb. .05
Bisulfite, bbls................. .................lb. .04
Brom ide, bbls., U. S. P ................. lb. .31
C hlorate, kegs................................... lb. .0554
Chloride, b ag s ................................. ton  12.00
Cyanide, cases.................................. lb. .16}$
Fluoride, bbls.................................... lb. .07
M etallio, drum s, 12}£-lb. bricks.lb. . 19
M etasilicate, b b ls .................100 lbs. 2.85
N aphth iona te , bbls..........................lb. ,52
N itra te , crude, 200-lb. bags,

•N. Y ......................................100 lbs. 1.78H
N itrite , bbls....................................... lb. .07
Perborate , bb ls ................................. lb. .18
Peroxide, oases..................................lb. .21
Phosphate, trisod ium ..........100 lbs. 3.20
Picram ate , kegs................................lb. .69
Prussia te, bbls...................................lb. .1154
Silicate, d rum s, tanka, 4 0°. 100 lbs. . 75
Silicofluoride, bbls........................... lb. .0654
S tannate , d ru m s...............................lb. .17
Sulfate, anhyd ., bb ls ...................... lb. .02
Sulfide, c ryst., bb ls......................... lb. .0254

Solid, 6 0 % ..................................... lb. .0354
Sulfocyanide, bbls............................lb. .28
Thioaulfate, reg., cryst., bb ls____lb. . 0254
T ungsta te , kegs................................lb. .70

8 tron tium  carbonate, tech ., b b ls ..lb . .0754
N itra te , bb ls ...................................... lb. .09

Sulfur, bulk , mines, wks...................ton  18.00
Sulfur ohloride, red, d ru m s ............... lb. .05

Yellow, d ru m s .................................. lb. .0354
Sulfur dioxide, com m ercial, oyl.. . .  lb. .07
Sulfuryl ohloride, d ru m s ....................lb. .10
Thiocarbanilid , bbls ............................ lb. .2854
T in ............................................................. lb. .2054
Tin t e t r a o h l o r i d e ,  anhydrous,

d rum s, bb ls ....................................lb. .1465
Oxide, bbls..........................................lb. .2254

T itan ium  dioxide, bbls., w k s .......... lb. .19
Toluene, ta n k s .................................... gal. .30
T ribrom ophenol, oases....................... lb. 1.10
T riphenylguanid ine, d ru m s ............. lb. .58
T ripheny l phosphate , bbls................lb. .60
T ungsten , pow der ..................... lb. 1.65
U rea, pure, c a se s .   lb. .11
W hiting, b ag s .............................100 lbs. 1 • 00
X ylene, 10®, tanka, wks gal. .26
X ylidine, d ru m s  lb. -36
Zinc, m etal, E . S t. L ou is......... 100 lbe. 2.80
Zinc am m onium  chloride, bbls lb. .0554

Chloride, g ranu la ted , d ru m s .. .  .lb . .05J4
Oxide, Am er., bbls lb. .0554
S teara te , bbls lb. *20

Zinc duet, bbls,, c/1 lb. *041


