
IND USTRIA L  
^ENGINEERING
C H E M IST R Y

Published by the American Chemical 8o«Uty

H A R R IS O N  E . H O W E, E d ito r

EDITORIALS

Science a n d  R ecovery

THE annual meetings of the Chamber of Commerce 
of the United States bring together a large number 

of men so important in their various spheres of ac­
tivity as to lend great weight to their pronouncements.

In a summary of national business affairs published 
by the Chamber in the Washington Review for May 8, 
1939, outlining “A Course for Recovery”, we find:

Inventions, scientific discoveries, and new processes have 
played a constant and vital part in the development of the 
technology and national progress of the United States throughout 
its history. As geographic frontiers receded with the increased 
prosperity and growth of the country, individual enterprise 
envisioned, developed, and brought to the point of public benefit 
ever new economic frontiers. New products, new uses, and new 
industries appeared in never-ending progression.

Great possibilities for enduring expansion in the volume of 
business and employment lie in the practical application of the 
results of scientific research. Since 1930 science and invention 
have far outrun the application of new discoveries and tech­
niques to the use and benefit of the consumer. I t  is of greatest 
importance, therefore, th a t no obstacles be placed in the way of 
the most intensive utilization of the results of invention and 
scientific discovery. Ill-advised changes in the patent laws 
would constitute such obstacles.

I t is likewise essential tha t present deterrents to the investment 
of capital for the development of new products and_ processes 
be quickly removed. Changes in statutory and administrative 
regulations which are impeding the flow of risk-bearing capital 
into new enterprise should be immediately effected.

C hem istry P lus

ONE of the most critical periods in life has arrived 
for many a young man or woman graduate who 

has devoted several years to preparation for a career 
in chemistry. Many have already sought and secured 
places. For others the job is yet to be found.

In seeking employment it will soon be learned that 
the hard work required to obtain advanced scholastic 
standing was well spent, for employers are more and 
more interested in good academic records and many 
coniine their attention to the upper fractions of the 
class. The applicant for a job will also find that broad 
training was helpful and that adaptability, which 
makes it possible for him to qualify for one of several 
places, rather than specialization, which leads him to 
think he is best suited to work in a narrower field, is 
distinctly advantageous. Good habits go without 
saying, and sound physical health is invaluable.

High standing in chemistry and supporting subjects 
is taken for granted, but one requires much beyond 
chemistry. A good personality is the finest asset and 
those who have not benefited through their own or the 
efforts of others to develop it are, indeed, to be pitied. 
There is plenty of room for the individual genius, but 
he must not be so individual that he fails to cooperate 
with his group. Fairness, tolerance, honesty, and many 
other virtues are possessed by those who meet the least 
difficulty in securing that job.

The May issue of the Register of Phi Lambda Upsilon 
devotes some space to this business of job-getting. 
Forrest Anderson, who has had much experience in 
helping young people place themselves, makes ten 
points which will be helpful guideposts.

1. Secure a correct and selected list of companies who are in­
terested in men of your training.

2. Present a qualification record which puts forth concisely 
all the facts of your education.

3. Have information at hand about the _b us in ess and products 
of the selected companies you are to interview.

4. Present yourself for your personal interview neatly 
dressed. Be on time.

5. Don’t  wear out your welcome, but take enough time to 
present all facts in an endeavor to bring the employer to a definite 
decision.

6. Summarize clearly all points and agreements before ter­
minating the interview.

7. Make another appointment if the employer wishes you to 
return a t a later date.

8. Exit courteously and avoid flattery.
9. The “ follow-up” is important. Send a letter of thanks 

for the interview. Confirm the important date3 and points of the 
discussion.

10. Persistence in selling yourself to a job is necessary. 
Marketing man power is not so different from the selling of any 
other commodity.

W om en in C hem istry

WITH only two or three exceptions, the various 
types of employment available to those prac­

ticing chemistry have been filled with credit and dis­
tinction by women. While larger numbers are found 
in some pursuits than in others, this only serves to focus 
the attention of those who train girls on why this 
should be true and to raise the query as to what adjust­
ments should be made in the training to overcome any 
obstacles that may prevent a woman chemist from en­
joying the same opportunities offered her brother.
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Recently at the Connecticut College in New London, 
and in cooperation with the Institute of Women’s 
Professional Relations, the question was discussed, 
“Where Are the Opportunities for Women Chemists?” 
Nearly all of the participants emphasized the im­
portance of auxiliary skills in opening the door to re­
warding opportunities. Secretarial training, library 
management, advanced filing, abstracting, a knowledge 
of patent procedure and law were among the skills 
advocated. Some argued that the preference of in­
dustries for men is not because of greater inherent 
ability but rather because men are more flexible as 
employees. They can work in many places in an 
organization which, because of the ordinary setup of in­
dustry, have been practically closed to women. One 
speaker declared that the difficulty existed primarily 
because of the lack of teamwork among women, plus 
a lack of aggressiveness necessary in getting above the 
ordinary laboratory status. The probability of marriage 
and consequent withdrawal from the service was also 
believed to be one of the strongest factors in creating 
prejudice in the industrial field against the advance­
ment of women.

This interesting conference is a splendid introduc­
tion to the discussion to be continued before the Divi­
sion of Chemical Education at the Boston meeting in 
a Symposium on Training and Opportunities for Women 
in Chemistry. This is not to introduce the debatable 
question of women versus men in chemistry, and it is 
not the intent here or elsewhere to accuse the women 
of being belligerent in this matter. It is, instead, a 
serious attempt to examine the whole question in the 
hope of finding those tilings which women can do just 
as well or better perhaps than men chemists. We 
already know that there are certain fields for which 
women chemists seem to be particularly well adapted 
and the most should be made of these. An increasing 
number of women are being well trained in our colleges 
and universities, and many of these have chosen 
science as a career and are vitally concerned in find­
ing a place where service can be rendered wholly on 
the basis of merit and satisfactory discharge of their 
duties.

We predict this symposium will attract worthwhile 
discussion, as well as a large and interested audience.

D isa p p o in tin g  P ostponem ent

AS THIS is written the Senate and the House have 
in conference a bill which, if it becomes a law, 

will extend the effective date of the labeling provisions 
of the new Food, Drug, and Cosmetics Act six months, 
with another six a possibility for those manufacturers 
willing to file an affidavit with the Secretary of Agricul­
ture stating that compliance with the law would be un­
duly burdensome and affirming that the public interest 
is being adequately served.

We need not remind you how long it took to secure 
the passage of the act which was intended to enable 
authorities better to protect the public consumer, nor 
of pressure which was brought by many groups, usually 
out of greed and selfishness, to defeat the purposes of 
the act. When it became a law it surely seemed that 
the year provided should enable any manufacturer who 
had the will to do so to be ready upon the effective date 
of June 25,1939. Indeed, many such manufacturers are 
ready, but there are those who say they still have large 
stocks of goods in hand which would have to be relabeled 
before they could be shipped, and there are those who 
claim that the label makers have been so busy that new 
labels could not be provided. Consequently, the hard­
ship to be worked upon them by conforming with the 
law is far more important than doing what the law re­
quires for the protection of the consumer. To us it does 
not make good sense, even though to some it may make 
cents.

At any rate, those manufacturers and others who 
take advantage of any extension certainly assume a 
considerable obligation to the consumer, and must see 
to it that the public is in effect as well protected where 
their goods are concerned as if they had seen fit to 
make themselves ready to comply with the act when 
scheduled to become law with full force.

F orty  Years in Fibers
T F  WE are correctly informed, what we now call 

rayon was first displayed as artificial silk at the 
Paris Exposition in 1899. The fiber from the laboratory 
of that day was a considerable advance over that which 
Count Chardonnet had produced in his effort to do as 
well as the silk worm. It represented the fruits of 
long-continued research and financial support that 
wrecked a company or two before one found out how 
to make rayon and profits at the same time.

Forty years have passed during which time a number 
of marked improvements have been made in this 
chemical fiber. Very little is now produced by even 
an improved Chardonnet process, and under the name 
“rayon” there have come fibers which cover a wide range 
in quality and serviceability resulting from ingenuity, 
invention, and research poured into an industry that 
has grown almost beyond belief and now circles the 
world.

Forty years is a short time for such accomplishments 
and brings us to the World’s Fairs of today where, in 
place of the fragile fiber of yesteryear, we wonder at 
the latest fruit of sustained research in organic chem­
istry—namely, nylon. From a chemical fiber inferior 
to silk to another superior to it in 40 years is something 
for which chemistry and those who supported it may 
be proud. It promises so many advantages to the 
consumer that one Avaits Avith impatience for the aArail- 
ability of the neAv product on a commercial scale.



CONTINUOUS 
VULCANIZATION OF 
BELTING

JOHN M . B IE R E R  AND T . M . KNOW  LAND
Boston Woven Hose and Rubber Company, Cambridge, Mass.

FROM the earliest days of the rubber industry i t  has been 
realized th a t a rubber product of uniform quality can 
be made only by vulcanizing it as a complete un it in one 

step or by some continuous process. When an article is 
relatively small, there is little  difficulty in vulcanizing it in 
one step, irrespective of its  shape, structure, or composition. 
On the other hand, when an individual product is very large, 
and especially when it  is very long, it usually has to  be vul­
canized piecemeal. W hen a large article, such as a rubber 
belt, is vulcanized one section after another, mechanical 
weaknesses and chemical instability of the overcured rubber 
are introduced. In  spite of the fact th a t the faults of inter­
m ittent vulcanization have long been recognized by rubber 
technologists, the development of machinery and mechanical 
equipment has, in general, failed to keep pace with develop-

M A N U F A C .T U R E D  IN  1 3 0 1 .

F ig u r e  1. I n s ig n if ic a n t  I m p r o v e m e n t s  M a d e  i n  t h e  
P l a t e n - P r e s s  M e t h o d .o f  V u l c a n iz in g  B e l t in g  in  36 Y e a r s

T h e older processes for v u lca n iz in g  rubber  
b e lt in g  in c lu d e  th e  u se  o f  ja w  ty p e  p resses, 
th e  p ro d u ct b e in g  in te r m itte n t ly  draw n  
th ro u g h  th e  press as ea ch  su cceed in g  sec ­
t io n  is  v u lcan ized . T h e  ob v iou s fa u lts  o f  
th e se  processes h ave b een  reflected  in  th e  
q u a lity  o f  th e  p rod u cts.

A s early as 1859 a U n ited  S ta te s  c it iz e n  re ­
s id in g  in  S co tla n d  d esign ed  a  c o n tin u o u s  
v u lcan izer  w i tlx a v iew  to  e lim in a t in g  th e  
d isad van tages o f  th e  ja w  p ress. T h is  m a ­
ch in e  w as a foreru n n er o f  o th er  c o n tin u o u s  
v u lca n iz in g  m a c h in e s , a ll o f  th e m  fa ilu res  
in  th e  m a n u fa c tu re  o f  b e lt in g  a n d  o th er  
sim ila r  p rod u cts.

R ecen tly  a m e th o d  h a s  b een  d evelop ed  
■whereby rubber b e lt in g  o f  a n y  d esired  
w id th , le n g th , an d  th ick n ess  ca n  b e  u n i­
form ly  s tre tch ed , com p ressed , a n d  v u l­
can ized  b y  m ea n s o f  a c o n tin u o u s  p rocess  
w h ich  resu lts  in  a p ro d u ct o f  u n ifo r m  
p h y sica l an d  ch em ica l ch a ra cter istics  
th ro u g h o u t its  le n g th .

m ents in compounding. This situation can be attribu ted  to 
the fact th a t the development of machines has remained to 
a  great extent in the hands of m achinery m anufacturers, who, 
in spite of a willingness to  make improvements, have been 
handicapped by insufficient encouragement and support from 
the rubber manufacturers.

“Continuous vulcanization” means any process whereby a 
rubber product, no m atter how large or how long, is vul­
canized progressively and uniformly w ithout interruption a t 
any tim e or a t any point in the article. In  this respect there 
have been two im portant developments, both  m ade by rubber 
m anufacturers: (1) continuous vulcanization of insulated 
wire and (2) continuous vulcanization of rubber belting and 
other mechanical goods.

The first is being used w ith success industrially, b u t since i t  
is an adaptation  of a very old paten t and has been well de­
scribed in the literature, i t  will no t be discussed here. The 
second development, the continuous vulcanization of me­
chanical rubber goods, w ith particular reference to belting, 
is the subject of the present paper.
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F ig u r e  2. T h r e e  E a r ly  A t t e m p t s  a t  C o n t in u o u s  V u l ­
c a n iz a t io n  o p  R u b b e r  P r o d u c t s  *

H isto r ica l

The improvements which have been made in the platen- 
press m ethod of vulcanizing belting are only insignificant 
(Figure 1). These presses, m ade in 1901 and in 1937 by one 
of the best known m anufacturers of rubber m achinery in 
the world, show no worth-while differences in principles of 
construction.

A study of the paten t literature of different countries 
brings to  light various a ttem p ts to vulcanize mechanical 
rubber products by the continuous method. All these a t­
tem pts were unsuccessful.

A very  early patented machine is shown in Figure 2. In  
1859 Parmelee proposed in this paten t to  vulcanize rubber 
by passing it  over a  drum  around which was a tension band. 
H eat was supplied by a  fire under the vulcanizing drum. In 
brief, 80 years ago an inventor realized the harmful effects 
obtained when a rubber article is not vulcanized continuously.

A machine was patented 56 years ago by E ddy for vulcan­
izing insulated wire continuously (Figure 2). In  effect i t  is 
a  combination of extruding machine and vulcanizing cham­
ber. In  those days there were no rapid accelerators, and 
curing was relatively slow. Since th a t tim e the speed of 
vulcanization has been increased trem endously and the 
mechanical faults of the early machine have been overcome.

In  1903 Gray in England obtained a paten t for vulcanizing 
fiat rubber articles continuously. H is machine (Figure 2) is 
a  notable im provem ent over the earlier one of Parmelee. 
However, in spite of the fact th a t the Gray machine was de­
signed by an executive of a large, progressive rubber fac­
tory  and was actually  constructed, the machine has rested 
for over 30 years in the departm ent where it was installed, 
and has never produced any significant quan tity  of rubber 
goods.

B e lt  M ak in g  w ith  P la te n  P resses

Rubber belting is really a laminated structure of rub­
berized duck, cord, etc., and serious disadvantages have per­
sisted to the present day in  its m anufacture in platen presses 
in spite of numerous schemes and devices which have been 
conceived to  overcome these features. From  the compound­
ing point of view, antioxidants and organic accelerators which 
give “flat cures” have aided greatly; also water-cooled ends 
on the platens have improved conditions. B ut even with 
these developments, belts subjected to severe conditions in 
sendee frequently break or fail a t  the press overlap.

Figure 3 shows a belt w ith a press overlap which failed in 
oil field pumper service. A survey made in the oil fields, 
where the service is severe, showed th a t this has been a frequent 
cause of failure in belts from every m anufacturer. The reason 
for choosing oil fields as an illustration is tha t, within a small 
geographical area, belts of various m anufacturers on difficult 
drives are more readily accessible than  in any other field of 
operation.

The break shown in Figure 3 is to some extent a result of 
overcuring a t  the press overlap, b u t it is to a much greater 
extent a result of folding of the duck. All belting is com­
pressed about 25 per cent when it  is vulcanized, as Figure 4 
indicates. Here, outside of the platens, the thicker, still 
uncompressed section of the belt is clearly seen. W hen the 
first section has been vulcanized and this junction of thicker 
and thinner sections is again vulcanized, the duck a t  this 
junction is distorted, badly strained and consequently 
weakened.

Another frequent w ay by which transmission belts break 
down is w hat is known as “bootlegging”—th a t is, separation 
of the plies resulting from continued stresses during flexing. 
By the development of superior rubber stocks—for instance, 
by  the use of accelerators which minimize the harmful effect
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in diameter of the drum  would necessitate more tension on the 
band to compress the  belt to a given degree. B u t it was 
found th a t when the belt was first heated and pressure was then 
applied to  compress i t  to  the desired thickness, a  steel band 
of sufficient strength  to  keep the belt compressed during vul­
canization could be secured. The installation and successful 
operation of a band of this type led to the production of the

b u t the design of mechanism finally developed has given satis­
factory operation ever since. The principle of vulcanizing 
endless belts is the same as th a t for roll belting; only the 
m ethod of stretching is different.

F inally the problem of making square-edge rubber-covered 
conveyor belts involved m any mechanical problems, the de­
tails of which are irrelevant to  the present discussion.

F ig u r e  4 F ig u r e  5
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N e w  D e v e lo p m e n ts

of double vulcanization a t  the end of a platen press—the 
evil effects of double curing a t  press ends can be reduced. 
Nevertheless, tests of belts made by prominent manufac­
turers show differences of 10 to  40 per cent between the 
flexing life of the normal parts and the press overlaps of these 
belts. One m anufacturer considers overcuring a t  the ends of 
the presses to be so serious th a t he deliberately undercures the 
body of his belts in such a way th a t the press overlaps are 
properly cured after the double vulcanization. In other 
words, when this m anufacturer sells belting, he sells 29.5 feet 
of undercured and substandard quality and only 6 inches of 
good quality.

Press overlaps in conveyor belting are even more serious 
than in transmission belting. The bad effects on the fabric 
and on the tendency to “bootleg” are equally serious, but in ad­
dition the overcured p art of the cover is likely to blister, and 
resistance to abrasion is lowered by the double cure.

first sufficiently compact belt ever made on a continuous 
vulcanizing machine.

Steel can be rolled in sheets over 10 feet wide, b u t its 
quality is wholly unsatisfactory for a vulcanizing tension 
band. The task was, therefore, to  obtain a steel band suf-

Although the earlier machines for continuous vulcanization 
gave promising results with some types of thin, flat construc­
tion, no satisfactory belts have ever been made commercially 
until recently. The earlier machines did not produce com­
mercially satisfactory belts because they could not be oper­
ated under sufficient pressure to give the proper density or 
compactness of structure to the finished belting, nor were 
they prestretched. During the last 7 years all these problems 
have been solved in a machine which is now commercially 
successful. Figure 5 shows the operation of this machine.

In  developing it, no commercial steel could be found of 
sufficiently high tensile strength to  allow the application of 
pressures high enough to  compress the belting to the proper 
degree. Furtherm ore, if more strength were to be obtained 
by increasing the thickness of the band, greater stresses would 
be set up when the band was bent over the drum and the in­
creased strength would be nullified. Then again, an increase

F ig u r e  3. B r o k e n  P r e s s  O v e r l a p  o f  a  B e l t  U se d  in  
a n  O il  F ie l d

fieiently wide and strong to be used for wide belts, par­
ticularly conveyor belts. The problem was successfully 
solved by fabricating a band from narrow, high-tensile strips 
of steel.

The next problem was to connect the vulcanizing ma­
chine directly to a continuous stretching device, whereby the 
stretch of the belt could be maintained a t a predetermined 
percentage and could also be changed a t  will by  a  regulating 
mechanism. This also was a serious mechanical problem



The new type of machine for the continuous 
vulcanization of belting saves steam and hy­
draulic power. I t  eliminates the hum an factor 
and makes the vulcanization of belts one of 
the more pleasant and less difficult operations 
in a mechanical rubber goods plant. The 
operation of a platen press is hard work and 
in hot weather is objectionable; in fact, i t  is 
one of the most difficult jobs in a rubber 
factory.
P r e s e n t e d  a t th e  97th M eeting  of th e  A m erican Chem i­
cal Society, B altim ore M d.

F i g u r e  6 (above). T r a n s m is s io n  B e l t  E n t e r i n g  a  R o t a r y  
V U LC A N IZER

F i g u r e  7 (right). C o n v e y o r  B e l t  E n t e r i n g  a  C o n t i n u o u s  
V u l c a n i z e r

Present developments and the operation of 
ro tary  belt vulcanizers are indicated by F ig ­
ures 6 to 9. Figure G shows a transmission 
belt going into a  ro tary  vulcanizer and coming 
out vulcanized. Figures 7 and 8 show a con­
veyor belt entering a continuous vulcanizer 
and coming out vulcanized. In  Figure 9 a 
large endless belt is being vulcanized in an 
endless-belt press.

The largest endless belt which has been 
m anufactured by the new method is 52 inches 
wide and 248 feet long. I t  is believed th a t 
this is the largest truly endless conveyor belt 
which has ever been made. M any larger 
conveyor belts have been made endless on 
the job by a step-splice, b u t this reduces the 
strength and the quality of the belts.

F i g u r e  8  (left). C o n v e y o r  B e l t  L e a v in g  
t h e  C o n t i n u o u s  V u l c a n i z e r

F i g u r e  9 {below). L a r g e  B e l t  B e in g  
V u lc a n iz e d  in  a n  E x d l e s s - B e l t  P r e s s
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Gas Chlorination in Cellulose 
Manufacture

UM BERTO  PO M ILIO
South African Pulp and Paper Industries, Ltd., 
P. 0 . Geduld Station, Transvaal, South Africa

DU R IN G  the past ten years a great deal has been pub­
lished concerning the m anufacture of cellulose by 
chlorination, and in view of misstatements in the 

technical press (IS) w ith regard to the nature, scope, results, 
and merits of the process, i t  seems desirable to supply further 
information.

G as C h lo r in a tio n  P rocess
The complete cycle consists of (a) predigestion w ith weak 

alkali solution a t  moderate tem perature and for a short 
period, (b) exposure of the digested, washed, spongy mass to 
moist chlorine gas in the cold, (c) treatm ent of the water- 
washed chlorinated mass with a weak alkali solution and 
washing, and (d) very gentle bleaching with a hypochlorite 
solution.

Each step is com paratively short; the total tim e required is 
not more than  6 to  8 hours, and the first three steps may be 
completed in 3 to 4 hours.

The only chemicals needed are weak caustic soda solution 
for steps a and c, gaseous moist chlorine for step b, and hypo­
chlorite for step d. The ratio of soda to  chlorine m ay vary 
and may be made the same as th a t obtained by electrolytic

decomposition of brine; therefore it is necessaiy only to add 
a cell room to the pulp plant and use the chemicals as ob­
tained from the cells.

In  contrast with other industrial cellulose methods, the 
gas chlorination, or Pomilio, process is continuous through­
out its complete cycle. I t  does not digest under pressure 
and generally does away w ith the recovery of black liquor. 
W ater pollution is generally not to be feared.

Grasses, straw, agricultural by-products in general, textile 
residues, and wood (whether resinous, free of resin, hard, or 
soft) all give satisfactory yields of cellulose with the soda- 
chlorine treatm ent.

The final products m ay vary  within wide limits; th a t is, 
the cellulose may be bleached or unbleached, of high purity  
for chemical uses, or semichemical pulp to be substituted for 
ground wood.

Reference to the classical works of Cross and Bevan and 
to the more recent work of D oric (S) will indicate the su­
periority of this soda-chlorine process as an extraction 
method. A part from a sound theoretical basis, the process 
has proved practical on a large scale. Wenzl, who was one 
of the first cellulose specialists to grasp the importance of the

657
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H ypo­ Chlorine C hlorine
chlorite Gas W ater Alkali

% % % %

7 .6 7 .0 12 .5 22 .4
6 .9 6 .8 6 .9 11.0

16.87 14.56 44 .6 54 .6
15.35 13.95 24 .6 26 .8

18.4 24 .8 15.0
40 .8 51.7 53 .5 3 .0
45 .0 48 .0 28 .0 41 .0
65.4 76 .5 43.3 58.3

chlorination process, included in his book (11) a  survey of 
the gas chlorination process, and gave figures on chemicals 
consumed, yields, and efficiency (in each case w heat straw of 
the same origin was used):

Process

Sodium  hydroxide:
Used on d ry  straw  
Consum ed on d ry  straw  
Used on cellulose obtained 
Consum ed on cellulose obtained 

Chlorine:
Consum ed on straw  
Consum ed on cellulose 

Yields, a ir-dry 
Efficiency

Contrary to  m isstatem ents th a t have appeared in the public 
press, the raw m aterial for the gas chlorination process is salt, 
and not soda and chlorine.

The principle of the process is elemental chlorine as a 
chlorinating (delignifying) agent, and not a bleaching (oxi­
dizing) agent. If a bleach liquor is used w ith the same 
am ount of chlorine as in the gas chlorination process, the yield 
is lowered and the quality is spoiled. Fifteen years of ex­
perience have shown th a t high pressure is objectionable. 
The long tim e required for cooking and the longer period 
for bleaching involves a considerably higher cost for in­
stallation and operation in the case referred to by Wingfield 
et al. (IS).

In  the digestion, which is carried out with soda concentra­
tions and tem peratures relatively low and of short duration, 
cellulose m aterial is not attacked. A soda solution containing 
between 1 and 3 per cent by volume of sodium hydroxide has 
no effect' on cellulose below 100° C. in the case of grasses, 
straws, etc., and between 125° and 135° C. in the case of 
woods, especially if digestion is only partial— th a t is, if a  large 
am ount of noncelluloses is left to act as a shield.

In  the next step the m aterial is subm itted to  a  continuous 
stream  of chlorine gas (continuous process), and therefore 
the concentration of this reagent is constant. No other 
pulping process has solved this im portant point, which ac­
counts for a substantial saving of time.

The next favorable condition is tha t, during the chlorina­
tion by gas, a definite pH  is created in the mass. The higher 
the lignin content, the greater the quantity  and proportion of 
hydrochloric acid formed and the higher the pH  of the mass. 
This acidity establishes an ideal condition for the prevention 
of hypochlorous acid formation— th a t is, of oxidation, which 
is a  very rapid reaction. The combined action of hydrochloric 
acid and heat tends to  hydrolyze cellulose, b u t th is is a much 
slower reaction, and only strong acidity and tem peratures 
never reached during chlorination accelerate it.

T he alkali wash is a rapid operation which requires only a 
few minutes. Therefore the process is characterized by 
rapidity, efficiency, and safety. Since it  is a  multistage 
process, the quality of production m ay be raised before the 
final stage is reached; th is is of param ount importance (7).

T h a t delignification and defibering of cellulosic fibers by 
the chlorination process are complete is shown by photo­
micrographs (Figure 1) of straw  cellulose, A , and of pine 
wood, B. Y et the yields are high, and generally over 95 
per cent of the theoretical cellulose content of the raw ma­
terial is extracted in  a large-scale operation. However, 
semichemical pulps, with higher yields and lower costs, 
m ay be obtained if desired. Figure 1C is a photomicrograph 
of semipulp obtained from the same South African Pinus  
patula from which pure cellulose (Figure IjB) wTas obtained.

C h lo r in a tio n  P rocess in  th e  U n ite d  S ta te s
The possibility of producing cheap semipulps, from both 

woods and straws or grasses, a t  a price comparable in some 
cases to  th a t of mechanical pulp and of a  quality suitable for

F ig u r e  1. P h o t o m ic r o g r a p h s  o f  (.4) C e l l u l o s e  
fr o m  S o u t h  A f r ic a n  St r a w , (B) C e l l u l o s e  f r o m  
Pinus patula, a n d  (C) S e m ip u l p  fr o m  Pinus patula
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T h e  P l a n t  o p  C e l u l o s a  
A r g e n t in a , a t  

R o s a r io , A r g e n t in a

newsprint paper, should a ttrac t attention. There has re­
cently been considerable agitation in the United States for 
making newsprint from cereal straws as was done in Italy  
more than  ten years ago (1).

The problem of cellulose production by chlorination has 
probably a ttracted  less atten tion  in  the United States than 
in any other country, despite the fact th a t i t  would be very 
suitable for American requirements. The process is rapid, 
and the to ta l tim e required is about half th a t necessary for 
sulfite or sulfate cooking. A to ta l of 4 hours (2 for digestion, 
1.5 for chlorination, and 0.5 for alkali wash) is sufficient, 
compared with an average of 8 hours or more for sulfite or 
sulfate cooking, from the introduction of chips into the di­
gester to their discharge.

Since the gas chlorination process is continuous through­
out, utilization of machinery is 100 per cent as against an 
average of 50 to  60 per cent for the batch process, so th a t the 
cost of the p lant per ton ou tput is reduced to about one 
fourth. In  addition, the chlorination process does away with 
equipm ent for the recovery of waste liquor.

The process applies industrially to  any raw  m aterial; 
grass, cereal straws, hemp stalk, flax straw , rice straw , es­
parto, bagasse, alfa grass, poplar wood, and pine wood are 
m aterials from which cellulose has been or is to  be produced 
on a large scale. I t  is therefore possible to select any fibrous 
raw material; in addition, salt and power, both steam  and 
electrical, are needed. The difficulties in straw  collection 
were covered in a recent lecture (10).

T h e  I n c e d it  P l a n t  a t  F o g g ia , I t a l y
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T h e  F a c t o r y  o p  C e l l t jl o s a  
C l o r o -S o d a  a t  N a p l e s

The combined use of wood and straw  is 
possible in a gas chlorination plant, since the 
digestion black liquors from wood treatm ent 
a re  directly used for cooking straw. Woods, 
especially if resinous and hard, necessitate a 
higher soda concentration and tem perature 
during preliminary digestion and result in a 
higher soda residue in the black liquor. I t  has 
been proved {8,6) th a t residual black liquors, 
such as those from soda-digested pine, are an 
excellent cooking liquor for cereal straws. 
This combined use of pine wood and straw 
suggest the feasibility of the process for the 
southern p a rt of the United States.

T r e a tm e n t o f  W astes
W aste waters from a soda-chlorine pulp 

p lant may be the following:

Black liquor (spent lye after digestion) is the 
result of a mild digestion carried out with soda 
a t a concentration less than tha t required to 
combine with the materials treated. The result­
ing black liquor is nearly neutral (2 to 3 grams 
of free sodium hydroxide per liter) and contains 
about 15 to 20 per cent of the original weight 
of organic material dissolved or in colloidal 
suspension. I t  absorbs oxygen proportionally 
more, generally, than ordinary sewage waters.

Wash waters from digested materials are simi­
lar to but much more dilute than the black liquor.

Acid wash waters after chlorination contain 
free hydrochloric acid (generally less than 1 gram 
per liter) and traces of dissolved chlorolignin (one 
of the chlorolignins formed appears to be slightly 
water soluble).

Spent lye after alkalization may be considered 
as a black liquor, but it is more nearly neutral 
and contains the alkaline derivatives of the 
chlorolignins, which arc oxygen absorbing.

The waste from the washing of pulp after 
alkalization is a much more dilute solution than 
the spent lve.

The wash waters after bleaching may contain, 
in addition to traces of calcium chloride, the last 
residues of active chlorine, which will be im­
mediately destroyed by the oxygen-absorbing 
capacity of some of the other waters. The 
acidity of the wash water after chlorination is 
obviously neutralized by the spent lye after 
digestion.

V i e w s  i n  t h e  N a p l e s  P l a n t : ( to p )  L o a d in g  E s p a r t o  G r a s s  i n t o  t h e  
D i g e s t in g  T o w e r s ; (bottom) S il o s
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V i e w s  o f  t h e  
D ig e s t in g  T o w e r

The adm ixture of the six effluents is practically neutral, 
nonfermentable, considerably diluted by wash waters, but 
oxygen absorbing a t an extremely slow rate. In  contrast 
to sulfide liquors, the effluent from the chlorination pulp 
mill does not contain sulfur compounds; its principal mineral 
constituent is sodium chloride, regenerated from soda and 
chlorine compounds, but sodium chloride is present to a less 
extent than in sewage waters. The organic materials are the 
encrustants from which the cellulose was freed, b u t because of 
the high yield no degradation products of cellulose complicate 
or increase the black liquor problem. The combination of 
the six effluents is thoroughly mixed and discharged as 
sewage. The p lan t a t Rosario, Argentina, now discharges 
into the Paraná River, the Santiago, Chile, factor}' into a 
small river, and the p lant a t Foggia, Italy, into marsh lands 
since no outlet to  sea or river is available; the Naples factor}' 
has for some years discharged all waste w ater into the near-by 
harbor. In  no case have difficulties with effluents been ex­
perienced. The p lan t a t  Springs, South Africa, will discharge 
black liquors into the gold-mine dumps. Should special 
conditions arise by which the disposal of the effluents, 
especially black liquor and spent lye, m ust be handled other­
wise, the problem will become economic rather than tech­
nical.

Black liquor m ay have sodium hydroxide added to it  and 
be re-used for digestion before it  is evaporated and burned, 
and its volume m ay be thus reduced; or i t  can be used for the 
alkali wash. I ts  small am ount of free residual alkali is thus 
utilized and its concentration of organic materials increased. 
Both of these treatm ents have been carried on a t  Rosario 
for years, not to  decrease the volume of the waste water bu t 
to prepare a strong liquor of small volume. After the addi­

tion of other chemicals, this liquor is used as a weed killer 
which is sold in considerable quantities by Celulosa Argen­
tina throughout the Pam pa under the trade m ark of “ Cela- 
rite.”

Re-use of black liquor for redigestion or for alkali wash is 
feasible and requires only a slight increase in the consumption 
of active chlorine for bleaching. The two black liquors suffi­
ciently concentrated by re-use may then be evaporated. B u t 
evaporation is not the only way to  dispose of such black 
liquors; it is possible to precipitate organic m aterial and re­
cover salt.

The gas chlorination process is being developed in countries 
where no previous pulp industry existed— for example, 
Argentina, Chile, Uruguay, Brazil, the Transvaal, the 
Philippines, Italy , etc. (4).

R ecen t D ev elo p m en ts

In  1937 a short account of initial operations in the Foggia 
p lant was presented (9). After two years the results have 
proved so satisfactory th a t production of wheat straw pulp 
by the chlorination process has more than doubled. Another 
large wheat straw pulp factory is now being erected by 
Cellulosa dT talia a t  Chieti, Italy , with a capacity of 60 tons 
per day of bleached high-grade straw pulp, and operations 
are expected to commence in October, 1939. During 1939 
the plants a t  Montevideo, Uruguay, erected by Fabrica 
Nacional de Papel, w ith a capacity of 18 tons per day of 
bleached straw pulp and a t  Central Bais, Philippine Islands, 
built by Compania General de Tabacos, w ith a capacity of 
12 tons per day of rayon from bagasse, will s ta rt production. 
Another p lant which utilizes esparto and broom is being 
erected a t  Castelraimondo, near the famous Fabriano paper 
mills in central Italy.

Celulosa Argentina began a t  Rosario with an ou tpu t of 12 
tons of pulp per day in 1930, increased it  to  40 tons by  
1937, and in August, 1938, successfully started a second wheat 
straw pulp p lan t with a production of 40 tons per day. A gas 
chlorination unit of latest design was used; it is continuous 
throughout and includes digestion. Celulosa Argentina 
began in 1929 with a  capital of 1,500,000 pesos and one paper 
machine, and now has a capital of 18,000,000 pesos and 
twelve paper machines in three factories. The production of 
chemicals connected with brine electrolysis has been so de­
veloped th a t a t  present about 50 per cent of the profits come
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from the sale of such chemicals as caustic soda, hydrochloric 
acid, sodium hypochlorite, bleaching powder, chlorides, liquid 
chlorine, and synthetic ammonia, both anhydrous and in 
solution, made from by-product hydrogen gas. This shows 
the elasticity of the gas chlorination process; the pulp and 
paper factory may-.or m ay not enter the chemical m arket and, 
if i t  chooses, can do so on a very profitable basis.

The p lant of the South African Pulp and Paper Industries, 
L td., a t  Springs, near Johannesburg, Transvaal, began opera­
tions in  December, 1938 (6 , 8). There are both straw  pulp 
and pine pulp units; both are producing bleached or un­
bleached chemical pulp as well as semichemical pulp. The 
caustic soda, in  concentration of 3 to  4 per cent of sodium 
hydroxide, is used to  cook pine wood under slight pressure; 
and the black liquor obtained, containing about 1.5 per cent 
of sodium hydroxide, is utilized for cooking straw  in con­
tinuous digestion towers under atmospheric pressure. The 
plant, located near three large gold mines, will supply the 
w ater pumped from their shafts, which sink as low as 6000 
feet. (The Johannesburg Rand is on a high plateau about 
6000 feet above sea level.)

T he black liquors and some waste are discharged into the 
"dum ps” (milled and exhausted aurific rocks on the sur­
face). The black liquors are mixed w ith the cake of ex­
hausted ore coming from huge Oliver filters in order to  dilute 
them , and the mud is pum ped to the top of the mine dumps. 
Solar evaporation quickly dries the mud. Thousands of 
tons of exhausted ore are dumped every day by each of these 
three mines.

In  January, 1938, La Cellulose du Pin started  producing 
kraft pulp from pin des Landes a t a  p lan t near Bordeaux, 
France, and has erected a chlorination section in  order to 
delignify and bleach about 24 tons of pulp per day with 
chlorine gas; a cheap and strong bleached pine cellulose 
is thus obtained which brings a good price.

In  October, 1938, the Cellulosa Cloro-Soda a t  Naples 
started  operations in its esparto pulp p lan t w ith a  capacity of 
24 tons per day. The chlorine process now contributes 
largely to the Ita lian  Governm ent’s policy of self-sufficiency. 
U p to  a few years ago all the cellulose used was imported into 
Italy , bu t in  a few years none will have to  be brought in.
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Limitations of Tin as a Packing
Material ALLOTROPIC TRANSFORM ATION

A . C. H A N SO N  AND G . O. IN M A N
Rock Island Arsenal Laboratory, Rock Island, 111.

T IN  has been found very satisfactory as a packing ma­
terial for use in ordnance matériel. In  certain instances 
rubber cannot be employed, and a m aterial m ust be 

utilized which a t  least simulates some of its desirable prop­
erties. T in possesses softness and plasticity so th a t i t  does 
not scratch steel b u t deforms readily under pressure to  make 
a  tigh t seal against the cylinder wall. In  addition, i t  will not 
gall and is easily formed.

T in exists in its ordinary or white form above 18° C. (64° 
F .). Below this tem perature the gray variety  is stable. 
The transformation, however, takes place with considerable 
slowness, except a t very low tem peratures. The rate  in- 
creases'as th e  tem perature decreases until a maximum rate  is 
reached a t —50° C. The change, although slow in starting 
a t  18° C., m ay be facilitated by contact w ith the stable form.

Gray tin  is a friable substance; when the change to  this 
form has once started, as indicated by a num ber of w arty 
masses on the bright surface of the white tin, their number and 
size continue to  grow until the whole of the white tin  has 
passed into a gray powder. This transform ation has been 
called the “ tin  plague.”

T h a t the conversion of white tin  to the gray modification 
cannot be accomplished a t will merely by cooling the speci­
men below the transform ation point, is a  known fact. Mason 
and Forgeng (2) found a tem perature of —40° C., as recom­
mended by Cohen and Van E ijk  (1), to be ineffective over a 
period of 6 m onths on single crystals of tin. They found th a t 
tin  from the same source as th a t used for the  single crystals 
when cast in  a cold mold transformed readily in less than  24 
hours. F urther investigation lead them  to the conclusion 
th a t the presence of as little as 0.0035 per cent bism uth in 
tin, in an annealed and homogeneous solid solution, can pre­
vent the transform ation; bu t if the same piece is cliill-cast, 
the transform ation can proceed uninhibited along the prac­
tically pure tin  in the interior of the cored crystals which exist 
in the chill-cast specimen.

Tam m ann and Dreyer (3) consider bism uth the m ost effec­
tive of common metals in  inhibiting the transform ation. They 
found 0.1 per cent bism uth necessary for more or less com­
plete protection against transform ation to gray tin.

In  an effort to  determine the am ount of tim e necessary to 
induce the transform ation of white tin  to gray tin, w ithout 
initial inoculation, the writers made several attem pts which 
are summarized in the table which follows.
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A llo tro p ie  tra n sfo rm a tio n  w ill ta k e  p lace  
in  b o th  a n n ea led  an d  c h ill-c a s t  co m m ercia l 
t in . A lth o u g h  slow  in  s ta r lin g , i t  pro­
gresses rap id ly  a t  ord inary w in ter  tem p era ­
tu res. A sm a ll a m o u n t  o f su ch  tra n sfo rm a ­
t io n  o n  th e  b ea r in g  su rface  o f  a t in  p ack in g  
w ou ld  ca u se  lea k a g e . S in ce  a p erfect sea l 
m u s t  b e  m a in ta in e d  a t a ll t im e s  in  h y d ro ­
p n e u m a tic  m e c h a n ism s , th e  rela tive  ease  
o f  tr a n sfo r m a tio n  p reclu d es th e  u se  o f  
p u re t in  as a p a ck in g  su b sta n c e  in  ord n an ce  
m a tér ie l. T e sts  o f  0.1 an d  0.5 per c e n t b is ­
m u th  in  t in  in d ic a te  th a t  even  th e se  sm a ll 
a m o u n ts  o f  b is m u th  w ill in crea se  th e  h ard ­
n ess a n d  d ecrease  th e  e la s t ic ity  to  a m arked  
degree. S in ce  so ftn e ss  a n d  p la s t ic ity  are  
th e  d esirab le  p rop erties for p a ck in g s, th e  
a d d itio n  o f  b is m u th  w o u ld  d e fea t th e  p u r­
p ose  for w h ich  th e  p a ck in g  is  in te n d e d .

Test
No. Shape, Inch

---------T rea tm en t------- %
Tem p., ° C. Tim e Change

1 0 .2 5  round - 4 5 3 days None
2 0 .312  round - 3 5 3 days None
3 0 .2 5  round - 2 5 3 days None
4 0 .312  round - 1 8 3 days None
5 0 .006  sheet - 4 5 3 days None
6 0 .006  sheet - 3 5 3 days None
7 0 .006  sheet - 2 5 3 days None
8 0.006  sheet - 1 8 3 days None
9 0 .2 5  round + 5 8 mo. N one

10 0 .312  round + 5 8 mo. N one
11 0 .006  sheet + 5 8 mo. None
12 0 .0625 sheet + 5 2 mo. G ray  tin

form ed0
° T his sam ple was p a rtia lly  subm erged in an  electrolyte of am m onium  

-stannous chloride.

After the failure to produce a change to gray tin in this short 
time except by immersion in ammonium stannous chloride solu­
tion, other samples were prepared for further tests. Two grades 
•of tin were used. One was a commercial grade and the other was 
Bureau of Standards sample 42B prepared for melting point de­
terminations. Chill-cast and annealed samples of each were 
prepared. They were placed in a container suspended in the 
brine tank of an ice manufacturing plant for one year. The tem­
perature of this brine was approximately —10° C.

At the end of this time, there were a few dark spots on one or 
two pieces which were assumed to be gray tin. Six of the sam­
ples were scraped smooth and clean, and a small amount of the 
gray powder from the partially transformed pieces was scraped 
-onto these clean surfaces. Scratches were made on the surface 
and the gray powder rubbed into the scratches. The pieces of 
tin were then sealed in individual glass tubes (Figure 1) to pre­
vent contamination. The samples were returned to the brine 
tank and left there for 4 months. They were then placed on an 
■outdoor exposure rack for an additional 6-month exposure to 
winter weather. The following samples were used:

No. T y p e  of T in C ondition
Dimensions of 

Sheet, Inch
1 Com m ercial Annealed 0.008
2 C hill-cast 0.070
3 A nnealed 0.070

4 B. of S. 42B Annealed 0.008
5 Chill-cast 0.070
6 A nnealed 0.070

A t the end of the w inter when they were again examined, 
transform ation had taken place on all the specimens. The 
g reatest am ount had occurred on sample 1. Figure 2 shows 
th a t in  spots the transform ation had proceeded entirely

F ig u r e  2. P h o to m ic r o g r a ph  o f  T in  U n d e r g o in g  A llo - 
t r o p ic  T r a n s fo r m a t io n  (X 2)

Since some transformation was found on all samples, i t  was 
assumed th a t bism uth was absent. A color reaction test 
with a cinchonine-potassium iodide solution indicated the 
absence of bismuth in all samples. This finding was confirmed 
by spectrographic analysis.

L itera tu re  C ited
(1) Cohen and Van Eijk, Z. physik. Chem., 30, 601 (1899).
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M ilwaukee, W is. Released for publication by  th e  Chief of O rdnance, U. S. 
A rm y. S ta tem en ts  and  opinions a re  to  be understood as indiv idual ex­
pressions of th e  au tho rs  and  n o t those of th e  O rdnance D epartm en t.

F ig u r e  1. S a m p l e s  o f  T in  U n d e r g o in g  
A l l o t r o p ic  T r a n s fo r m a t io n

through the sheet which is approximately 0.008 inch thick. 
One of the larger areas where the transform ation had pro­
gressed through the tin  is shown a t  the point m arked by  the 
arrow.

Slight transform ation had also taken place on the inocu­
lated surfaces of samples 2 to 6, which proved th a t the gray 
powder initially obtained was gray tin.



PERSONALIZED PROTECTION
EDW ARD R . G R A N N ISS

National Conservation Bureau, 60 John Street, New York, N. Y.

hazards through the use of a personally worn device or gar­
m ent should never be an  excuse for no t arranging the pro­
cedure so th a t there will be a  minimum of dust, fumes, vapors, 
or splashes of liquids.

In  clothing the chemical worker safely, three essentials 
should be considered:

The garment or device must afford adequate protection against 
the hazards to which the wearer will be exposed.

I t  should be reasonably comfortable and as light in weight 
as is compatible with protective efficiency and durability. Its 
weight should be carried by the part of the body best able to 
support it, and it should not interfere with the essential move­
ments of the worker.

A d j u s t i n g  t h e  A ir  
V o l u m e  f o r  a  F a c e  
M a s k  b y  M e a n s  o f  
S m a l l  V a l v e  L o c a t e d  

o n  t h e  B e l t

Courtesy, Standard Safety  
E quipm ent Company

I t  should be durable and generally as attractive in appearance 
as possible, and its cost, including purchase price and mainte­
nance, should not be greater than the job can stand.

T h a t these requirem ents m ay be m et, a careful checking of 
the chemical hazards of a p lant and their probable effect on 
the health of each employee is necessary. A program m ay 
include the following item s:

A thorough study, from the viewpoint of accidents and health, 
of all processes in the plant.

A check of each employee a t the time of his employment, to 
determine as far as possible the degree of individual suscepti­
bility to the hazards in question.

A continuous study of the adaptation of each worker to the 
hazards of his work.

Insurance companies report m any cases of derm atitis and 
other unsatisfactory developments because employees in 
chemical plants frequently fail to have their clothing washed 
or to bathe regularly.

Protective clothing means, first of all, clean clothing. 
Some firms supply outside work garm ents and have them 
returned a t  necessary intervals for proper laundering. Others 
even go so far as to  provide underwear so th a t  they m ay in­
sist on daily baths for employees. In  these plants double 
lockers are provided for each m an so th a t street clothing may 
not be soiled or odorized by proxim ity to  work clothing.

(Top) G a s t i g h t  G o g g l e s  F e a t u r ­
i n g  THE NOD-AND-SHAKE PRINCIPLE 
b y  M e a n s  o f  W h i c h  t h e  W a t e r  i n  
t h e  C u p  o f  t h e  G o g g l e s  W a s h e s  
A w a y  t h e  F o g  C o l l e c t i n g  o n  

t h e  L e n s e s

(Circle) W i r e  S c r e e n  G o g g l e s

Courtesy, E . D. Bullard Company

(Bottom) T y p i c a l  L i f e  B e l t  w i t h  
A t t a c h e d  S a f e t y '  L i n e

Courtesy, M ine Safety Appliances Company

H a ts , H e lm e ts , an d  H oods

Under some conditions it is de­
sirable to  protect the head, neck, 
and shoulders of workmen against 
spills and splashes of corrosive 
liquids. A broad-brimmed felt or 
rubber h a t is useful in  protecting 
against dripping from overhead. 
If the crown is reinforced, i t  will 
also protect against falling ob­
jects. “H ard” hats, while not used 
to any extent in the chemical

IN  A W A TER-FR O N T plant where ra ts  were a perennial 
nuisance, fumigation w ith hydrocyanic acid gas had been 
the practice for some time. . The foreman in charge knew 

well the deadly quality of hydrocyanic acid and had con­
ducted each fumigation w ithout a mishap. In  the last one, 
equipped w ith a yellow-canister mask, he was opening the 
windows himself from the outside ivhen someone called to 
him. To answer, he lifted the m ask m om entarily from his 
face. H is knees buckled and death followed shortly.

This was an actual occurrence. We were asked no t to 
use the nam e of the p lant or foreman. B u t the case has its 
counterpart somewhere in the chemical industry  every day. 
M en are injured tim e and again, either because they are not 
wearing proper protection or because they are using i t  un­
safely.

Personal protection can be provided for practically any 
occupational exposure of a chemical nature. I t  is, however, 
generally considered supplem entary to  other safety equip­
m ent. The fact th a t a m an m ay be protected against certain
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industry so far, are light, serviceable, and practical for many 
operations.

Helmets, face masks, and hoods are designed for m any 
purposes where the face m ust be protected. A shield used 
rather widely in the chemical industry is made from a sheet of 
cellulose acetate. This is m ounted on a frame of light metal, 
such as aluminum, allowing wide visibility. The shield is 
attached to a headband. Shields can be made or purchased 
for m any different jobs. Hoods are for working in gases 
which m ay affect the skin, so th a t the head and neck m ust be 
covered. Each job should receive special consideration.

Goggles

Saving eyesight has long been a p art of industrial accident- 
prevention work. T h a t the necessity for the use of goggles is 
not yet fully recognized, however, is indicated by the fact 
¡¡hat each year in the United States there are more than
300,000 industrial injuries to eyes, each resulting in a t  least 
one day of disability. In  2000 of the cases there is complete 
loss of vision in one or both eyes. The to ta l loss of tim e from 
work because of eye accidents has been estim ated a t  3,600,000 
days annually, and the to ta l loss in compensation and medical 
bills is some S50,000,000.

A typical case is th a t of a  m an who was working a t an acid 
vat and had on a pair of coverall safety goggles. When 
questioned as to  why he wore them, he replied th a t he had 
ruined a pair of 10-dollar spectacles before he started wearing 
goggles. The acid had pitted the lenses. When asked 
whether he had worn goggles before he had had to  buy glasses, 
his answer was “ No.” This man valued a pair of 10-dollar 
eyeglasses more than  his own eyes.

Goggles are of in terest to  the chemical industry not only as 
protection against the larger flying objects, bu t also against 
splashes of hot or corrosive materials, such as strong acids or 
alkalies, and against dust clouds. In  some cases where the 
exposure is only to a light acid mist, closely fitted cup goggles 
have been used. Where there is danger from a spray or 
splash, goggles w ith a rubber frame, fully enclosing the eyes, 
should be worn. Only a small am ount of acid is necessary to 
cause a severe eye injury.

Even in the  laboratory i t  should be a rule th a t every person 
doing gas analysis where combustion m ight be involved 
m ust wear goggles. I t  is not a t  all uncommon for glass com­
bustion pipets or other laboratory equipm ent to explode and 
send sharp particles in all directions.

If i t  is necessary to  keep dust out of the eyes, specially 
designed goggles, available commercially, can be secured. 
Only goggles w ith optically perfect lenses which conform to 
American Standard Code specifications should be used.

On some operations special types of eye protection may 
have to be devised. One concern fits a dummy with goggles 
a t which w ater is thrown from different angles and even 
squirted directly into the ventilation louvers to determine 
whether effective protection is being provided. In  addition, 
experimental goggles are distributed to  different workmen so 
th a t the practical benefit of their reactions m ay be obtained. 
As a result of these tests and experiments, the safety engineer 
m ay determine which type of goggle best offsets the hazards 
of the job. Care m ust be taken, however, no t to make ex­
perimental “guinea pigs” out of employees by  asking them 
to try  out inferior protection on hazardous work.

Goggles are sometimes ineffective because moisture adheres 
to the lenses and impairs vision. This problem was solved in 
one instance by providing a mask of fine bronze mesh for the 
face. Reasonably good vision was available and yet, because 
of the fineness of the screen, splashes from the tanks were 
prevented from reaching the goggles, or other parts of the

face. Screen goggles are used on m any jobs for protection 
against splashes of molten metal.

Fogging of goggles on operations where steam  or vapors 
are encountered m ay be controlled by various commercial 
compounds for coating the lenses and keeping the goggles 
clear for a limited period of time.

Courtesy, Pulmosan Safety Equipment Company

D o u b l e - F i l t e r  R e s p i r a t o r  A l l o w in g  
U n o b s t r u c t e d  V is io n

The best fitting goggles will not always prevent some p a r t 
of a heavy splash on the forehead from running down behind 
the goggles into the eyes. Should the operator keep his 
eyes tightly closed, injury from the corrosive liquid m ay be 
controlled and vision saved. The usual tendency is for a m an 
to open his eyes in  an a ttem p t to  find a  fountain or shower by 
which his eyes m ay be flushed, and before he has sufficiently 
diluted the corrosive liquid with water, perm anent damage 
been done. This is a m atter of education to be considered in 
many chemical plants. Men should be instructed to keep 
their eyes tightly closed when splashes strike the face and call 
someone to assist them  to a fountain or shower where the 
eyes can be effectively flushed. A t times suitable hoods m ay 
preclude the possibility of such accidents.

Another exposure against which eyes need protection is 
th a t of radiant energy. In  the case of ultraviolet radiation, as 
found in electric welding, long exposure results in serious 
burning of the skin. Im pairm ent of vision through the 
absorption of an excessive am ount of heat energy (infrared 
rays) is a possibility, although it is not certain th a t the eye is 
more subject to  injury from this source than  any other p art of 
the body. Excessive brightness is a th ird  source of danger 
and discomfort. Specially colored lenses or colored glass 
screens are necessary for protection against hazards of this 
nature, as is a shield to protect the face.

M any goggle manufacturers are now supplying goggles 
with tempered, shatter-proof, and prescription-ground lenses. 
Additional cost is slight, and the lenses are much more suitable 
under m any situations.

R esp irators

M uch progress has been made in the development of 
respirators, especially following the im petus received through 
the need for protection against poisonous gases during the 
World W ar. The use of respiratory protection, however, 
still involves some misunderstanding, and serious injuries 
can result through missuse.



666 INDUSTRIAL AND ENGINEERING CHEMISTRY VOL. 31, NO. 6

Mechanical filter respirators give protection against particu­
late m atter, such as silica dust and fumes of zinc, lead, etc.

Respirators should be chosen for comfort to  the wearer, 
for efficiency as a filtering or cleansing medium, and for the 
ease w ith which air can be inhaled and exhaled. Equipm ent 
th a t holds exhaled air inside of the face piece causes a  rapid 
rise in fatigue, and it  is advisable th a t a respirator be fitted 
w ith a check valve. As far as possible, only those pieces of

respiratory equipm ent which have received official approval 
from the United States Bureau of Mines for the particular 
purpose they are intended to  serve should be used. (A list 
of approved devices and their m anufacturers m ay be obtained 
upon application to  the bureau.) However, for protection 
against the nontoxic or purely “nuisance” dusts, such as lime 
dust or soap powder dust, some authorities believe th a t the 
lighter weight and lower resistance mechanical filters have a 
definite place. Some filters fail to  m eet the requirem ents of 
the United States Bureau of Mines, no t because they fail 
to  remove fumes b u t because they offer resistance to breath­
ing. In  the use of mechanical filter respirators, i t  m ust be 
remembered th a t they are of no value in an atmosphere 
deficient in oxygen, nor where protection m ust be afforded 
against a  gas or vapor. N either will any respirator prevent 
a  poison from being absorbed through exposed skin.

G as M ask s (C a n ister  T yp e)
In  m any instances gas masks are considered as emergency 

protective equipm ent only. W herever operations which 
expose employees to  dangerous gases can be so rearranged as 
to  make masks unnecessary, except perhaps when there is a 
leak or break in a closed system or container, the  revision 
should be made. There are cases, however, where gas masks 
are considered as regular operating equipment.

In  one well-designed chlorine plant, for instance, workmen 
have small chemical respirators hanging constantly from 
straps around their necks. In  filling and opening tank  cars 
containing liquefied gases of an injurious nature, i t  is common 
practice for a  workman to  carry or wear a gas mask. They are 
p a rt of the personal equipment, too, in gaging oil tanks th a t 
contain high-sulfur petroleum as well as in  other operations 
where a  workman has occasion to  m ount tanks filled w ith 
harm ful materials. In  the cleaning of tanks and vats, masks 
are used widely as regular operating equipment.

W here unknown gases m ay be encountered or a  num ber of 
different hazardous gases are present, a canister th a t will give

protection against all gases, including carbon monoxide, is 
necessary. This canister is provided w ith filtering and ab­
sorbing media for a num ber of gases. If, however, the 
particular gas or combination of gases to  be encountered is 
known definitely, and there is no possibility of other harmful 
gases in the vicinity, a canister designed for the particular 
exposure is advisable; care m ust be taken, of course, always 
to  select the right canister. A canister filled w ith an absorb­

ing medium for a single gas will last much 
longer than  one of the same size filled with 
various absorbing agents. W here such 
masks are used, i t  is good practice to  discard 
the canister after each use. The re-use of 
canisters is recommended only when the 
concentration of the noxious gas is known 
and a system is followed whereby masks are 
issued by one person and a careful record 
kept of the tim e each canister has been in 
service.

Canisters are usually good for less than 
10 m inutes of further service once the odor 
of contam inated air has come to  the user’s 
nostrils. I t  is recommended, however, th a t 
a person withdraw7 from contam inated air 
immediately upon noting its presence in the 
facepiece. H e should then ascertain th a t 
the dangerous gas is no t coming into the 
facepiece because of poor fit or adjustm ent 
which can be readily corrected by tighten­
ing the straps. In  the case of carbon 
monoxide, where no odor is present, a person 
m ust depend upon his knowledge of the service 

tim e of the canister as a basis for making necessary changes. 
M ost carbon monoxide masks are equipped -with timers.

One night when a worker in a pulp mill came on the job, he 
discovered the  presence of chlorine gas in  the air. He p u t on 
a gas mask, pulled the straps, and w ent into the bleachery to  
shu t down the pum p. W hile absorbed in locating the trouble, 
he got a  strong odor of gas and quickly m ade his way outside. 
As the m ask was removed, the m an started  coughing. H e was 
sent home, W'here he was visited by a doctor and advised to  
stay  in bed for a week as a precaution against pneumonia.

After this accident two possible causes were found. The 
m ask had no t been fitted properly so th a t  gas leaked in  under 
the face plate, and a heavy growth of whiskers on the m an’s 
face was somewhat responsible for th is condition. F urther­
more, the canister had already absorbed a high concentration 
of gas and offered very little protection. E ither of these 
causes could have been responsible for the m an’s death.

I t  is best to  store masks in perm anently located cabinets, 
clearly m arked for emergency use. T h a t no m ask should be 
returned to  the cabinet after use until i t  has been serviced by 
the person in charge of such equipment, reconditioned, and 
made ready for the next user, is obvious. Frequently the 
atm osphere in  a chemical p lan t will be so corrosive th a t i t  
m ay be difficult to  m aintain masks in good condition. A 
practice sometimes followed is to  seal the masks in  paper 
bags which are then coated w7ith  paraffin. This practice not 
only keeps masks in good condition b u t also provides an 
excellent m ethod for checking their use, inasmuch as a  
m ask cannot be used until the paper bag is broken.

In  some plants gas masks are located in cases placed on the 
outside of the building or a t  some other convenient place 
ap art from a location where corrosive gases m ay be present. 
The cases can be made tigh t and closed w ith a glass panel to  
be broken w ith a small m allet attached to  the box, when an 
emergency occurs and the m ask is needed.

A canister, even though not used, will no t last indefinitely 
and should be replaced after the period of tim e recommended

Courtesy, W illson Products, Inc.

F i l t e r  (le ft)  a n d  B a g  (r ig h t)  R e s p i r a t o r s  f o r  P r o t e c t i o n  a g a i n s t  
F i b r o s i s - P r o d u c i n g  D u s t  S u c h  a s  S i l i c a ,  Q u a r t z ,  A s b e s t o s ,  A lu m in u m ,

E t c .
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(Center) G a s  M a s k  C a n i s t e r  A s­
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N o t  R e q u i r e d

(Right) M . S . A . B u r e a u  o f  M i n e s  
A p p r o v e d  O r g a n i c  V a p o r  G a s !  M a s k  

i n  U s e  i n  a  C h e m i c a l  P l a n t
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by the m anufacturer. Canister masks will not be effective 
where there is a deficiency of oxygen or where the concentra­
tion of noxious gas exceeds the safe lim it named by the mask 
manufacturer.

H o se  M asks

The hose mask, frequently a positive pressure mask, is the 
best type of respiratory protection for many applications. 
I t  is cumbersome, however, and the length of the hose limits 
the distance the wearer m ay travel. There is no chemical 
reaction in a hose m ask because the air is taken from a point 
outside of the danger zone. This mask is satisfactory in 
atmospheres lacking oxygen. This equipment is recom­
mended particularly for work in  tanks and other confined 
places containing heavy gases not readily displaced by air.

For spray painting and other operations difficult to  venti­
late, positive-pressure masks are usually recommended, 
since they give protection not only from the vapors of solvents 
but also from the particles of pigm ent which fly through the 
air. Small respirators w ith chemical cartridges, however,*may 
give satisfactory protection in m any situations from both 
vapors and pain t mists. In  some painting operations there 
are no harm ful vapors, and protection is required only against 
the mists, which are essentially particles; for this work a 
mechanical filter m ay be satisfactory.

The am ount of air supplied to an air line respirator is very 
im portant. If i t  does not exceed the quantity  inhaled by a 
person a t the instan t of greatest intake during the respiratory 
cycle, some outside air will be drawn in around the facepiece 
or under the hood. If the quantity  of air supplied exceeds 
this am ount and a positive pressure is m aintained constantly 
within the facepiece, then good protection can be expected 
and the air will contain only such contam inants as m ay be in 
the intake air to the compressor or which are added by the 
compressor. In  some instances, however, such contam ina­
tion m ay be considerable, and extreme care m ust be taken to 
provide a  supply of air th a t is clean and safe to breathe. I t  
has been pointed out th a t even though a positive pressure is 
m aintained in the facepiece or hood a t all times, there is a 
possibility of flying particles entering the facepiece through 
any opening, when the velocity of such particles is greater 
than the velocity of the outcoming air. This has been noted 
in certain types of sandblasting helmets and hoods.

S e lf-C o n ta in ed  O xygen B rea th in g  A p p aratu s

Apparatus of this nature protects against all deficiencies of 
oxygen and also against any concentration of dangerous 
gases or vapors for a limited time, except those th a t m ay be 
absorbed through the skin. In  oxygen breathing apparatus, 
the wearer breathes the’Jsame air over and over, b u t the ap­

paratus is equipped w ith a 
chemically filled canister which 
removes carbon dioxide from 
the exhaled breath and provides 
additional oxygen from a con­
tainer of compressed oxygen to 
replace th a t which has been con- 
su m e d . T h e  U n ite d  S ta te s  
Bureau of Mines does no t con­
sider a man capable of wearing 
oxygen breathing apparatus for 
rescue work until he has received 
the training equivalent to wear­
ing the apparatus for 15 hours. 
If oxygen breathing apparatus 
is to  be u se d  in  a p la n t ,  
th o ro u g h  in s t r u c t io n s  a re  
recommended before workers
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detecting the first traces of a dangerous gas 
coming to  his nostrils. Canisters should be a t­
tached to facepieces only when all signs of 
moisture have disappeared.

If  respirators are to give maximum satisfac­
tion, they require constant care and condition­
ing to assure the breathing efficiency of new 
equipment. M asks of all types should have 
periodical inspection.

Facepieces generally m ust fit snugly, and be­
cause of this they sometimes chafe the skin. In 
a lime m anufacturing p lant considerable difficulty 
was experienced w ith skin irritations on the face 
a t  the point where respirators made contact. 
T he situation was relieved through the use of 
a protective emollient, such as vaseline, applied 
to the face before a facepiece was p u t on. In 
th is instance the skin trouble was completely 
eliminated. The irrita tions had been caused by 
the blending of lime dust w ith perspiration 
on the face. Similar good results m ay be ob­
tained by applying an emollient on the neck 
where the sh irt collar m ay rub.

Before protective respiratory equipm ent is 
purchased, the m anufacturer should subm it in­
formation indicating the purpose and efficiency 
of his product and by w hat laboratories i t  has 
been approved. A uthoritative inform ation on 
face and head protection is available a t  the head­
quarters of the American Standards Association 
(I). F urther inform ation on respiratory protec­
tion is given by Drinker, Y ant, etc., (2).

C lo th in g

Courtesy, Eastman Kodak Company

M a n  W e a r i n g  a  2 - H o u r  M c C a a  O x y g e n  B r e a t h in g  A p p a r a t u s  w i t h  
C o m p l e t e  R u b b e r  S u i t , H o o d , a n d  B o o t s  f o r  P r o t e c t i o n  f r o m

A m m o n ia

are allowed to go into atmospheres in  which they m ay risk 
their lives should the apparatus fail.

C lean lin ess

One of the im portan t factors th a t give rise to chafing of 
the skin is failure to keep goggles, masks, and respirators 
clean. M argins become contam inated with sa lt from per­
spiration, oils from the skin, and d irt from the atmosphere. 
Facepieces of all types of protectors should be scrubbed with 
soap and water a t  the end of each day of use and before being 
reissued to other employees, to  keep them  in a sanitary condi­
tion.

Directions for cleaning m ay be procured from the m anu­
facturers. Those issued by the American Standards Associa­
tion are:

Subjection to a moist atmosphere of antiseptic gas, such as 
formaldehyde, for a period of 10 minutes.

Immersion in boiling water for 5 minutes.
Immersion for 10 minutes in a solution of formalin made by 

dissolving 1 part of 40 per cent formaldehyde in 9 parts of water.
Immersion in live steam for 5 minutes.

The odor of the disinfectant should be completely removed 
from gas masks so th a t i t  will not prevent the wearer from

M any articles of protective clothing are made 
of rubber or a composition of rubber and other 
materials. Garments of th is kind offer protec­
tion against acids, fumes, and vapors and in 
operations involving the use of moisture or 
liquid. Rubber goods are m anufactured also for 
protection against electrical hazards, bu t gener­
ally coverings made specifically for chemical 
protection are not heavy enough to give adequate 

protection against electrical currents. Rubber boots, over­
shoes, gloves, sleeves, coats, hats, and blankets constitute 
some of the coverings in which rubber is an ingredient. Men 
working a t  acid tanks or pickling vats should generally be 
equipped w ith acid-resisting rubber boots, aprons, gloves, 
and other rubberized garments. Aprons usually reach well 
below the workmen’s knees, and the boots reach to the hip. 
Boot tops should never be left open; dangerous liquids may 
run down inside. There is also an acidproof rubberized suit 
on the  m arket which resembles a coverall w ith drawstrings 
a t  the neck, a t  the sleeve cuffs, and a t  the ankles. A suit of 
rubber pants, coat, hooded helmet, rubber gloves, and boots is 
valuable for inspecting or cleaning tank cars, tanks, and other 
vessels which m ay still contain traces of corrosive substances 
after being cleaned.

Here, again, protective clothing m ay not be sufficient in 
itself. Before a m an is allowed to enter a tank, all supply 
lines should be blanked off so th a t acids or other materials 
cannot flow into the tank. The tank  should then be cleansed 
thoroughly w ith steam  or by  some other approved method. 
If flammable gases m ay be present, nonsparking tools of 
nonferrous m etals should be used while working inside. 
Special explosion-proof lights should be used also. The 
cleaning of tanks should be carried on only under thoroughly 
qualified supervision.
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An accident indicating the need for protection of workers’ 
clothes happened in a cresylic acid plant. A splash occurred 
from one of the tanks, and a m an’s trousers became saturated 
with a dilute solution of the acid. This man had bu t one pair 
of trousers a t  the p lan t so he wore them  home, saturated with 
acid. As the result of the prolonged contact with his skin, 
there was a severe burn.

Where men are exposed to  harmful materials, they should 
wear clothes kept in  good condition w ith collars buttoned 
and sh irt sleeves rolled down. The head also should be 
covered properly.

G loves
Rubber gloves or m ittens are commonly used when handling 

caustics, acids, alkalies and other materials which m ay be 
injurious to  the skin. Sometimes it  is necessary to perform 
work on objects which have a rough exterior and in contact 
with which the rubber would wear very quickly. Under 
such circumstances the rubber gloves m ay be protected by 
an overglove of leather which will afford greater resistance to 
punctures and cuts and provide better protective qualities.

I t  is sometimes a problem, however, to find a glove which is 
sturdy enough to  stand hard usage and yet pliable enough to 
permit free use of the hands and fingers. In  handling ob­
jects, gloves m ay prove clumsy inasmuch as they destroy the 
sureness of touch or become slippery and are often a cause 
of objects being dropped on the legs or feet.

Gloves should be long enough to  come well over the wrist 
and under the sh irt or coat sleeve. There should be no 
gap of exposure a t the w is t .  Long, flaring gauntlets are 
picturesque b u t hazardous. N ot only will they catch in 
machinery, bu t they m ay also catch dangerous materials 
and conduct them  to the hands and fingers.

A leaky rubber glove is likely to be the cause of serious in­
jury; therefore, gloves used in strong alkalies or acids should 
be tested frequently. Because of the nature of the solvents 
to which workers are sometimes exposed, rubber gloves may 
not be practical. The use of a protective paste in such 
cases m ay answer the problem.

Soiled glove interiors will cause skin irritations. In  one 
plant where the use of protective rubber gloves was necessary, 
considerable difficulty was experienced in keeping the inside

clean and free from acid solutions. A hand-shaped form was 
made from small pieces of perforated brass pipe. T he glove 
could be slipped over this form and water turned on which 
completely flushed the interior, even to  the tips of the fingers.

Courtesy, Am erican A ll-Sa fe  Company, In c .

S p e c ia l  H a n d , W r i s t , a n d  A r m  P r o t e c t io n  
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In  this way the interior was kept clean, deterioration was 
arrested, and workmen received satisfactory protection. 
Turning gloves inside out, washing w ith soap and w ater, and 
drying is, of course, effective.

S h oes and  L eggings

I t  has been estimated th a t 24 per cent of all industrial 
accidents are to the legs and feet, and th a t 20 per cent of 
workmen’s compensation paym ents is for foot and leg in­
juries. Protective devices for the prevention of these in­

juries are shields, spats, leggings, boots, over­
shoes, special soles, and hard-toe shoes.

When exposed to splashed acids, hot liquids, 
or molten metal, “Congress” or other types of 
shoes which have no lacer openings and m ay 
be removed quickly are desirable. Shoes with 
wooden soles and leather uppers m ay be used to 
advantage. Canvas or leather leggings or spats 
are frequently employed where hot metals or 
other liquids m ust be handled. Leggings used 
around hot substances should not have pro­
jecting clasps, wrinkles, etc., where liquids m ay 
lodge and burn through to  the flesh. Leggings 
should be provided with suitable flares which 
cover the tops of the shoes and be quickly re­
movable.

In  plants where men are likely to get acid on 
their feet or legs, tubs of w ater are sometimes 
supplied. Illustrating the value of this is a case 
where a man opened the ash-pit door of a furnace 
under a leaky still, and acid poured out over his 
feet. He jumped into a  large tub of w ater within 
a few feet of the place the accident occurred, and 
as a result he received only minor burns.

Shoes with heavily reinforced toes are avail­
able and are as comfortable and good looking 
as those of the nonsafety type. Safety shoes

M a n  WrEARiNG a  B u r e a u  o f  M i n e s  A p p r o v e d  C o m b in a t io n  H o s e  
M a s k  a b o u t  t o  E n t e r  a  T a n k  C a r

The helper holds the lifeline attached to the mask safety belt. Fresh 
air is supplied the wearer by means of the hand-operated blower.
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CRight)  S k u l l  G u a r d s  P r o t e c t  D r i l l e r s  i n  E v e r t  
I m p o r t a n t  O i l  P r o d u c t i o n  F i e l d

{Center) A  G o o d  W a y  t o  S t o r e  B r e a t h i n g  A p p a r a t u s  
W h e n  N o t  i n  U s e  

The cylinder of compressed oxygen is ready to recharge 
individual oxygen bottles on the apparatus.

Courtesy, Ford Motor Company

{Bottom) S a n d b l a s t e r  W e a r i n g  a n  A b r a s i v e  M a s k  
W h i l e  B l a s t i n g  a  L a r g e  T r a n s f o r m e r  

Clean compressed air is supplied to a gastight facepiece 
underneath the light weight latex hood. The air exhaust­
ing from the facepiece underneath the hood keeps it cool 

and makes it more resistant to abrasives.
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have saved thousands of foot injuries. 
M any employers keep a stock for sale to 
employees; in  some instances a local 
shoe m erchant has set up a branch in 
a  plant, where a clerk is kep t p art tim e 
to sell shoes and see th a t they are fitted 
properly in  each case.

W o rk e rs  w ho m u s t  w e a r  r u b b e r  
boots are advised to use heavy woolen 
socks, since they increase comfort and 
have no effect on the circulation of the 
blood. Additional comfort m ay be 
secured by  wearing a second pair of 
light-weight cotton socks under the wool 
ones.

Another problem is the best method 
for keeping the interior of rubber boots 
clean. Generally each worker should 
have his own equipment. However, 
these need to  be sterilized periodically, 
and this can be done effectively only a t 
the plant. Care m ust be exercised in 
such cases to  see th a t boots are re­
turned to their rightful owners.

S a fe ty  B e lts
In the case of safety belts much local 

ingenuity has been exercised, although 
there are m any good safety belts on 
the m arket. In  one p lant where there 
are a large num ber of tanks, tank  cars, 
vats, and other vessels which constantly 
need cleaning, a simple belt has been 
devised w ith a substantial iron ring 
riveted in the back of it, to which a 
rope is attached. This perm its the 
cleaner or painter to do his work un­
hampered by a heavy uncomfortable 
belt, and also makes certain th a t he is 
taken from the tank  im m ediately by a 
helper standing outside if he should be 
overcome w ith noxious vapors or gases. 
For special jobs, special belts are often 
necessary. Belts made of fabric which 
has been treated  to w ithstand corrosion 
and deterioration by chemicals to which 
they will be exposed are available. This 
equipm ent should be tested and ap­
proved by some reliable laboratory be­
fore dependence is placed on it  as a 
life saver. W here there is danger of 
falling, i t  is well to  use some device to 
absorb the shock on the belt, both to 
keep the belt from breaking and to 
prevent injury  to the man. The use 
of ropes on safety belts where acid is 
present presents a distinct hazard, since 
the strength of rope m ay be quickly 
impaired. An acid-resistant chain or 
cable should be used. *

Fire risk in industrial establishments, 
in so far as i t  relates to structural condi­
tions, has been stressed again and again. 
However, probably less atten tion  has 
been paid to  processing m ethods and 
operations which have caused m any 
fire tragedies.

In  one case in New Jersey a laborer 
was employed in feeding dye substances

into a s m a ll  p u lv e r iz e r  w h en  th e  
m ixture flashed back and his clothing 
caught fire. The terrified m an ran  
through the p lant a mass of flames 
un til other workmen caught him , rolled 
him  on the floor, and smothered the 
fire. Five days later he died.

In  another case, a  worker was fatally  
burned in  a p lant where insulating ma­
terial was m anufactured. In  the coat­
ing process, the m aterial was being 
run through a batch of liquid which 
consisted of pitch, varnoline, kerosene, 
linseed oil, and other ingredients. The 
deceased was wearing clothing th a t had 
been stained with the m aterial. A 
spark caused surrounding vapors to  flash 
and ignite the m an’s clothing. In  this 
case, again, the burning clothes were 
the factor which led to  his death. M any 
similar examples could be cited.

Three m aterials—leather, asbestos, 
and flameproof duck—are used in  the 
m anufacture of most garments for pro­
tection against heat. Flameproof duck 
is the cheapest of the three and is su it­
able where there is no t a  long ex­
posure to a  high tem perature. Asbes­
tos is used also in the m anufacture of 
garments for protection against flame. 
Since asbestos is not a  good heat insula­
tor, there should also be insulation such 
as a wool lining. A good grade of as­
bestos is absolutely fireproof, although 
a small percentage of cotton used in  its 
fabrication will generally oxidize w ith­
out the danger of direct combustion.

Leather used in protective clothing 
is usually either horsehide or cowhide. 
Oil is used in  tanning leather; although 
i t  is necessary to  retain  a  certain 
am ount of the oil, if too much has been 
used, leathers employed near hot opera­
tions m ay deteriorate rapidly. I t  has 
been estimated, nevertheless, th a t a 
leather legging will outwear three duck 
leggings and probably alm ost as m any 
of asbestos. This same comparison 
exists for gloves. Leather provides 
good g e n e ra l-p u rp o s e  p r o te c t io n ,  
except where its v'eight m ay be an 
objection.

(Top) A  R e c e n t  D e v e l o p m e n t  i n  
O x y g e n  B r e a t h i n g  A p p a r a t u s  
This man is well equipped for 
rescue work with his safety hat 

and electric lamp.
Courtesy, U. S . Bureau o f M ines

(Center) R e f i l l a b l e  M o u t h p i e c e  
M a s k  f o r  U s e  i n  L i g h t  C o n c e n ­

t r a t i o n s  o f  A c id  G a s e s

Courtesy, E . D . Bullard  Co.

(Bottom) A  W o r k e r  E q u i p p e d  
w i t h  a  F r e s h  A i r  H o s e  M a s k

Courtesy, Davis Emergency Equipment 
Company
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Courtesy, L inde A ir  Products Company

D a n g e r o u s  L i g h t  R a y s , F l y in g  S p a r k s , o r  B i t s  o r  H o t  
M e t a l  C a n n o t  C a u s e  T r o u b l e  I f  t h e  O p e r a t o r  H a s  H i s  

E y e s  P r o p e r l y  P r o t e c t e d

F elt is used in some types of protective clothing where 
there is exposure to excessive heat and where the use of 
duck, asbestos, or leather is not desirable. In  one instance 
a  concern having electric furnace operations uses felt to  make 
protective jackets and trousers for its furnace operators. 
F elt is a good protective material, is comfortable to the 
wearer, and is relatively low in cost. Pure wool felt has low 
heat conductivity, and, while it  will burn, i t  does so slowly 
and w ithout flame.

S p ecia l E xposures
Frequently in chemical plants and laboratories the de­

velopment of a  neiv process or the handling of a new chemical 
will make some newr type of protective clothing necessary. 
W orkers in the m anufacture of finning sulfuric acid, for in­
stance, have been faced w ith th is situation. As far as is 
known, no clothing will satisfactorily protect employees 
against splashes of th is acid. M any companies provide 
only emergency show’ers operated by quick-acting platform 
valves, from which m ay be obtained an abundance of clean 
w ater to  flush the acid burns immediately. Woolen clothing 
seems to be the m ost satisfactory protection found so far, and 
rubber gloves have been used w ith some success. However, a 
rubber glove will last probably less than  2 m inutes when 
covered with or immersed in fuming sulfuric acid.

D espite the remarkable progress being made in personal 
protective equipment, there will always be some lag in its 
design and manufacture, as this industry m ust follow the 
developments in others. Protection for workers in a new 
process cannot generally be provided un til the nature of its 
hazards is known. I t  will therefore be an advantage if em­
ployers in the chemical industry will take into their confi­
dence designers of protective devices when new’ processes are 
in the making, so th a t when the w'ork goes into production, 
employees m ay not have to w ait for necessary protection.

In  one instance, after a woman operator had been burned, a 
m anufacturer was asked to provide a suitable nonflammable 
garment. No other specifications wore given. The work,

howover, involved contact w ith electrical equipm ent and 
sometime later there was a shock injury. In  the investiga­
tion th a t followed i t  was found th a t the salts used in fire- 
proofing made the clothing electrically conductive.

T he lag in design, however, is probably small when com­
pared w ith the lag on the p a rt of industry in  accepting and 
pu tting  protective equipm ent to use. Protective device 
m anufacturers are as alert as possible in  anticipating the 
needs of industry and developing new products. In  m arket­
ing their equipm ent they frequently have to  do a g reat am ount 
of missionary and educational work to get reasonable dis­
tribution.

Protective clothing is sometimes uncomfortable, and m anda­
tory’ use should be lim ited to situations chosen after careful 
consideration and discriminating judgm ent. When it  has 
been decided th a t protective clothing is necessary, then super­
visors m ust insist th a t i t  be worn, regardless of the attitude 
of any chance-taking employees. I t  is better for a workman 
to  w’ear clothing specially designed for his job than to  expect 
partially  worn-out street clothes to fill the need, as is so 
frequently the case.

I t  is axiomatic th a t chemical equipm ent m ust be so de­
signed th a t there wall be no escape of harmful substances, 
b u t even in the best designed plants things happen th a t wore 
n o t intended. I t  is for these emergencies generally, and for 
those jobs where safety design has not yet developed to a 
point th a t perm its workers to  proceed w ith comfort and safety, 
th a t personal protective equipm ent is designed. I t  is not 
recommended th a t personally worn protection in any case 
take the place of other safety measures.
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York, 1938.

(2) Drinker, Phillip, Mech. Eng., March, 1936; Y ant, W. P.,
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Urea-Formaldehyde Film- 
Forming Compositions

Structure o f W ater-Soluble 

R esins and Stability o f  

Urea—F orm ald eh yd e-  

E thylene G lycol 

Condensation P roducts1

P il o t  P l a n t  f o r  W a t e r -S o l u b l e  U r e a - F o r m a l d e h y d e  R e s i n s

T . S. H O D G IN S AND A . G . H O VEY
Reichhold Chemicals, Inc., Detroit, Mich.

T h e  rea ctio n s o f  urea  and  form ald eh yd e  
in  aq u eo u s m e d ia  are briefly review ed in  
order to  lea d  u p  to  a s tu d y  o f  th e  stru ctu re  
o f  th e  resin o u s p rod u ct; th e  d iscu ss io n  is 
su b sta n tia te d  by g e la tio n  exp er im en ts.

S ta b le  aq u eo u s resin  so lu t io n s  are form ed  
from  cer ta in  co m p o sitio n s  o f  u rea , fo rm a l­
d eh y d e , a n d  e th y le n e  g ly co l, w h ich  co m ­
prise  a d efin ite  area o f  a tr iax ia l d iagram  o f  
th e se  th r e e  co m p o n en ts .

UREA-formaldehyde resin solutions prepared in aqueous 
media have long been used as the basis of molding resin 
compounds and may, in this sense, be regarded as film- 

forming solutions. However, the purpose of this paper is to 
discuss water-soluble urea-formaldehyde resin solutions from 
the standpoint of film-forming compositions to be applied as 
a surface coating. In  the m anufacture of molding com­
pounds, two alternative methods are used : A water-soluble 
urea-formaldehyde resin is used as the impregnating com­
pound for the wood flour, cotton flock, alpha-cellulose, or 
other filler; or the filler is present in the initial reaction mix­
ture.

1 T he first paper in  th is  series was published in  Septem ber, 1938 ( I I ) .
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Urea-formaldehyde resins have always been characterized 
by light color and rapid development of hardness by rela­
tively low-temperature baking schedules and, therefore, have 
found widespread use as plywood adhesives, laminated 
wood products, paper coatings, fabric stilTeners, etc. Their 
use in such products is already very large, b u t one of the chief 
obstacles to their further progress has been the lack of package 
stability.

W ithout ignoring the early work done by Goldschmidt 
(10), Einhorn and Hamberger (7), and Dixon (6), the first 
recorded description of resinous products formed from urea 
and formaldehyde is given by John (16). John saw clearly 
the wide, practical possibilities of urea-formaldehyde resins, 
for he not only proposed them as ingredients for molding, 
but also as adhesives, bonding materials, impregnating 
media, and coating compositions. In  spite of the anticipa­
tion by John that, because of their light color, hardness, and 
inertness, urea-formaldehyde resins would be of value as 
surface coating materials, the development of water-soluble 
resins of this type for this purpose encountered serious ob­
stacles in industrial use. As a result, the literature for actual 
surface coating applications is very meager. Among the 
obstacles which had to  be overcome, probably the most im­
portant has been lack of stability. On standing for a period 
even as short as 2 weeks, most of the commonly known urea- 
formaldehyde resin solutions form either white precipitates 
or gels. In  a molding compound where a  gel could form 
around or in the interstices of fibrous fillers, the question of 
stability in this sense was not im portant.
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M any efforts have been made to increase the stability of 
urea-formaldehyde resin solutions in w ater. For example, 
MacDonough {19) called atten tion  to  the effect on stability 
of hydrogen and other ions. H e gave certain m athem atical 
values to  represent the hydrophylic and hydrophobic types 
of colloid. R ipper {22) attem pted to achieve stability  by 
controlling pH  during the course of the reaction.

The authors have found th a t certain concentrations of 
polyhydric alcohols in  urea-formaldehyde reaction mixtures 
tend to  increase the stability  of the  resulting resin solutions 
and, because of this observation, m ade a more thorough in­
vestigation.

T h eo retica l
In  a previous paper the authors {11) discussed certain as­

pects of the reactions in aqueous media. Numerous investi­
gators seem to be more or less agreed on the general principles 
underlying the simple compounds formed from urea and 
formaldehyde— i. e., monomethylolurea when one mole of 
formaldehyde reacts with one mole of urea, and dimethylol- 
urea when two moles of formaldehyde react with one mole of 
urea. This fundam ental work goes back to Einhorn and 
Hamberger (7) in 1908. However, in the presence of dilute 
acids, methyleneurea, a  white amorphous insoluble precipitate 
was reported by Hôlzer {13) in 1884 and by Lüdy {18) in 
1889. From either the methylolurea or the methyleneurea 
compound the resulting condensation product is dependent 
upon (a) the catalyst employed, including the pH  of solution, 
(6) the molecular ratio of the reacting components, and (c) 
the tim e and tem perature of the reaction. The mechanisms 
by which résinification progresses from the simpler initial 
reaction products have been discussed by many, including 
Staudinger {24), Scheibler and co-workers {S3), W alter and 
co-workers {25, 26), de Chesne {5), Redfarn {21), Ellis {8, 9), 
and the authors {11, 12, 15). W hether the condensation 
takes place through the dimethylolurea interm ediate or 
through the polymerization of the dimethyleneurea com­
pound, the result seems to  be the same in  th a t a un it polymer 
is built up as follows:

N=CH j ["NIL

¿ = 0  +  2H20  -c—  ¿ = 0  +  2CILO 

n = c h 2 _n h 2

NHC1LOH
I—> c= o

NHCIUOH

( - « b e /

-CH2—N—CH2—

¿ = °

—N—CH2—N—CH2—N—CH2—

¿ = o  c = o

—N—CHa—N—CH2—i l —CHj—N—

¿ = o  c = o

—N—CHj—N—CH2—N—CH2—N—

1 (U
I

—N—CH2—

Redfarn’s and Ellis’ theories were discussed by  the authors 
{11), and it was pointed out th a t neither one of these proposed 
theories of resin formation was tenable because no provision 
was made for cross linkages to  account for gelation. The
unit polymer as advanced in reaction 1, while not the only
possibility, is nevertheless the most probable according to  the 
chance meeting of the reactive groups in  three-dimensional 
space when only dimethylolurea (or its equivalent) is in-

volved. The same paper {11) stated tha t, since mono­
m ethylolurea has a potential functionality of four, i t  should 
be possible to  form cross linkages between linear structures 
and account for heat convertibility. However, the results 
explained in the section on the “Polymerization of Mono- 
and Dimethylolurea” show th a t when molecules of mono­
methylolurea alone are involved (i. e., when the molecular 
ratio of urea to formaldehyde is 1 to 1), gelation does not 
occur.

In  order to consider the possibilities and effect of the chance 
meeting of urea-formaldehyde intermediates, le t us first repre­
sent monomethylolurea and dimethylolurea by the following 
symbols representing only their functional points:

H H

Mono-
H—OH

Di-

H—OH
I
I

H—OH

C ase I. All monomethylolurea:

HH HjH H—  @ X » H

H ^B X H )— (§3XB) H H— OH

Functionality in the original reactant (monomer) (1— OH, 
3— H) is 4. The result is long-chain or branched-chain poly­
mers. Although the functionality of the system is 4,4, the 
3— H  does not accomplish anything more than  could be ac­
complished if there were only 1— II acting as if the function­
ality were 1— OH and 1— H  (or 2,2); and since there can never 
be more than  one free — CH2OH group per polymer, inde­
pendent of the length, no cross linkages can form. If no 
restriction is placed on the relative activ ity  of the hydrogen 
atoms of the mono- compound, a  branched rather th an  a 
tru ly  linear structure will form (according to  the  above dia­
gram). Cross linkages would seem possible from the high 
potential functionality of the system ; b u t because of the fact 
th a t there is only one — CH2OH group per molecule and th a t 
there can never be more than  one free — CH2OH group a t  any 
one tim e in the polymer, the full potential functionality can 
never be utilized. This is supported by the experimental 
facts in the section on the “Polymerization of Mono- and 
D imethylolurea”— i. e., gelation does not occur.

The to ta l functionality increases with degree of reaction; 
e. g., the monomethylolurea functionality is as follows:

M onom er
D im er
T rim er
n-M er

—H
3
5
7

2 n +  1

-C H iO H
1
X1
1

T otal
4
6
8

2n +  2

As the structure becomes more complex (i. e., as the degree 
of reaction advances), the structure becomes more susceptible 
to the introduction of even small am ounts of dimethylolurea 
as in case I II .

C a s e  II. All dimethylolurea:

H— OH H —  OH

h —  (§3Xh)—  (§HXijD-<@XS)— 1° H

H—  ( § 5 X0 — OH 

H— <§H)@—(§5X0)— OH 

H— @ X H ) - 0H 

H OH

Functionality in the original reactant (monomer) (2— OH, 
2— H) is 4. T he result is three-dimensional polymers 
w ith cross linkages; therefore, gelation occurs.

In  the case of dimethylolurea, the to ta l functionality in­
creases w ith the degree of reaction (as in the case of mono-
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methylolurea in case I), b u t the functionality of dimethylol- 
urca in respect to  both  the reactive groups increases:

M onom er 
Dimer 
Trim  or 
n-M er

— II
2
3
4

n 4* 1

— CHtO H
2
3
4

n + 1

T otal
4
6
8

2n +  2

Thus, a rapid gelation of this system is accounted for, be­
cause a plethora of cross linkages is possible.

The preceding structure for case I I  is identical with re­
action 1, which results in the twelve-membered ring and the 
u n it polymer as discussed in a previous paper (11).

C ase I II . M ixtures of mono- and dimethylolurea: 

h h  h — OH

H— (§BXED— <§HXS>—'

Functionality average for one mole of each monomer is 
(4 +  4)/2 , o r4  ( i y 2— OH, 21/?— H). The result is three-dimen­
sional polymers w ith cross linkages— therefore, gel formation. 
Whenever a few molecules of dimethylolurea are present, the 
chances of forming cross linkages are greatly increased as 
compared to case I.

The above space concepts show th a t case I I  and case I I I  
forms of un it polymer are the most probable structures from 
the standpoint of probability of collision of the reacting 
groups; but, as is always true in resin formation from simpler 
molecules, a heterogeneous complexity of structure results. 
Such a résinification process is in accordance with the ideas 
on functionality and chance meeting of Bradley (2), Carothers 
(3), Hovey (14), and Kienle (17). The authors believe th a t 
the d ata  given in  the section on the “Polymerization of Mono- 
and Dimethylolurea” support this contention of space con­
figuration and functionality by the evidence presented in 
Table I  on the basis of gelation.

In  the previous paper (11), the authors discussed the re­
action of monomethylolurea and dimethylolurea w ith acetals 
formed from mono- and polyhydric alcohols. M any acetals 
were listed according to  their chemical structure and physical 
properties. The type of final resinous product discussed in 
th a t paper, however, is hydrophobic and therefore differs 
radically from the hydrophylic type of acetal derivatives of 
mono- and dimethylolurea reaction products which are now 
to be discussed.

Considering the system urea-form aldehyde-ethylene gly­
col, according to  the general formula 1 mole of urea, 3 moles 
of formaldehyde, x  moles of ethylene glycol, we have the 
following hypothetical structural possibilities:

NH2

A -o +  2CH20  • 

n h 2

HNCH jOH

- > A = o

h n c h 2o h
Dimethylolurea

(A)

CH20
CH2OH

H2OH
C H <

N

OH

OCH,
CH

CH2

0 —c h 2
(B,)

¿ h 2o h
Ethylene glycol

hemiformal Dioxolane (1, 27) 
CH2OH

CH20  +  2 ^
CH2OH

h 2o h

/O C H ,
C H <

x OCH,

¿ h 2o h
Ethylene glycol formal

(B2)

Résinification m ight be assumed to  take place from the inter­
mediates as follows:

A +  Bi — >- resin composition 
A 4- 2Bi — >■ resin composition 
A +  B2 — >- resin composition 
A -j- 2B2 — >■ resin composition 
A -)- B,B2 — >■ resin composition

W hether the ethylene glycol enters into the reaction 
through the formais is questionable. The ethylene glycol

P r o d u c t io n  K e t t l e s  f o r  
W a t e r - S o l u b l e  U r e a - 
F o r m a l d e h y d e  R e s i n s
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m ay act as a stabilizer by  becoming adsorbed or orientated 
on the resin surface. The presence of some free ethylene 
glycol in the finished resin solution is possible not only by 
incompleteness of the reaction Bi and B2, b u t also by its re­
generation by the reverse reaction when ethylene glycol 
formal reacts w ith dimethylolurea. The presence of free 
ethylene glycol in  the final product, therefore, cannot furnish 
evidence as to w hat mechanism is involved. The work on 
the three-component systems is covered in the section on 
“S tability of U rea-Form aldehyde-E thylene Glycol Conden­
sation Products.”

E x p erim en ta l P roced u re
A p p a r a t u s . The resins were prepared in a three-neck one-liter 

Pyrex glass flask, equipped with a glass agitator and temperature 
control, and heated in an oil bath to maintain constant tempera­
ture. Ordinary corks were used. A  water-cooled reflux con­
denser was employed to prevent the escape of water and formalde­
hyde and other volatile substances.

M a t e r ia l s . The commercial formaldehyde had the following 
composition: formaldehyde, 37.17 per cent; methanol, 9.98 per 
cent; acidity, 0.027 per cent formic acid.

The commercial ethylene glycol had the following specifica­
tions: acidity, 0.01 per cent acetic acid; specific gravity, 1.1150-
1.1158 a t 20/20° C.; color, water-white. The boiling range at 
760 mm. was: none above 210° C., 95 per cent below 202° C., 
5 per cent below 195° C., and none below 190° C.

The urea was a standard commercial grade (nitrogen, 46 per 
cent).

The ammonia was the usual c. p. grade (specific gravity, 0.90; 
NH3, 2S.0 per cent). Distilled water was employed.

P o ly m e r iz a tio n  o f  M o n o - an d  D im e th y lo lu r e a  
a n d  T h eir  M ixtu res

M any previous a ttem pts {9, 21) to  explain the structure of 
urea-formaldehyde resins have been unsatisfactory since 
they fail to  account for gelation by no t considering the forma­
tion of cross linkages (i. e., three-dimensional polymerization). 
Therefore i t  was necessary to  carry out experiments to obtain 
the d a ta  of Table I  which show's the effect on the end product 
by  attem pting to  resinify (a) by heating solutions of mono- 
methylolurea, dimethylolurea, and a mixture of equal parts 
of each, and (6) by varying the molecular ratios of the urea 
and formaldehyde in aqueous solutions.

T a b l e  I .  T e s t s  f o r  R é s i n i f i c a t i o n  o f  D im e t h y l o l u r e a , 
M o n o m e t h y l o l u r e a , a n d  T h e i r  P a r e n t  S u b s t a n c e s  

a t  100° C.
p H  of Solution Acid, 4 -7  N eutra l, 7 Basic, 7 -9

Case I:
A .  1 mole monomethylolurea® WP& W P  W P
B . 1 mole u rea  +  1 mole form aldé­

hyde  W P W P  W P
Case I I :

A .  1 mole dimethylolurea® Gel Gel Gel
B. 1 mole urea +  2 moles form aldé­

hyde Gel Gel Gel
Case I I I :

A .  1 mole monomethylolurea® +
1 mole d im ethylolurea Gel Gel

B . 1 mole urea  +  1.5 moles form al­
dehyde Gel Gel

Gel

Gel
® T o  th e  d ry  powders, an  equal w eight of distilled w ater was added. 
* W hite  powder.

P r e p a r a t i o n  o f  D i m e t h y l o l u r e a . The dimethylolurea 
was prepared by causing 1 mole (60 grams) of urea to  react 
w ith 2.1 moles (170.27 grams of 37 per cent CH20 ) of aqueous 
formaldehyde for 15 hours a t  18-25° C. a t  pH  of 7-8, ob­
tained by  adding sodium hydroxide and buffering w ith mono­
sodium phosphate. The dense w’hite precipitate which 
formed was filtered from the supernatant liquid, washed 
reasonably dry  w ith anhydrous alcohol, and vacuum-dried. 
N itrogen: calculated, 23.33 per cent; found, 24.05 per cent.

P r e p a r a t i o n  o f  M o n o m e t h y l o l u r e a . The mono­
methylolurea was prepared by reacting 1 mole (60 grams) of 
urea w ith 1 mole (81 grams of 37 per cent CH»0) of aqueous 
formaldehyde a t a pH  of 7-8, obtained by the addition of 
barium  hydroxide a t room tem perature (25° C.), and pre­
cipitating the barium  as carbonate when the formaldehyde 
content became substantially zero. N itrogen: calculated, 
30.11 per cent; found, 29.20 per cent.

In  view of the great difficulty of preparing pure mono­
methylolurea, the possibility of some contam ination should 
no t be overlooked, b u t probably any contam ination w ith the 
presence of dimethylolurea or any other substance would 
tend to  prom ote reactivity  and formation of cross linkages 
rather than  to hinder them.

In  cases I  A, I I  A, and IIIA  the m aterials w'ere heated a t 
approxim ately 100° C. in open beakers for 2 hours unless gela­
tion occurred previously. In  cases LB, IIB , and IIIB  the 
reactions were carried out a t  100° C. simultaneously with 
cases L4, IIA , and IIIA  b u t in the apparatus described above.

W ien  the aqueous monomethylolurea suspension of case 
IA wras heated, no evidence of gel formation was observed. 
The W'hite powder, obtained upon evaporation of the water 
in the monomethylolurea suspension, differs radically in 
properties from the condensate formed from the similar 
treatm ent of dimethylolurea which resulted in gel formation.

In  case IB  the white powder, obtained by reaction of 1 mole 
of urea and 1 mole of formaldehyde, appeared to be identical 
with th a t formed in case IA— i. e., no gelation.

In  cases IIA , IIB , IIIA , and I IIB  there was no doubt th a t 
irreversible gel formation rapidly took place because of the 
easy physical observation of the phenomena— i. e., the forma­
tion of a continuous hard, white, glasslike gel structure which 
did not rem elt upon heating and which did no t dissolve in 
solvents such as acetone and toluene.

In  order to make the evidence more conclusive, an attem pt 
was made to  dissolve the monomethylolurea in  order to  have 
an  opportunity  to advance or polymerize the monomethylol­
urea while i t  was in  a homogeneous system—i. e., in solution—  
rather than  to try  to react i t  in a heterogeneous system con­
sisting of a suspension of the white powder in  aqueous me­
dium. The monomethylolurea was found to  be only partially 
soluble in water, in methanol, in acetone, in m ethyl isobutyl 
ketone, or in ammonium hydroxide. A reference to Einhorn 
and Hamberger (7) for true solvents for monomethylolurea 
showed th a t none were known. Both monomethylolurea 
and dimethylolurea were found to be completely soluble in 
concentrated hydrochloric acid.

A solution of monomethylolurea in concentrated hydro­
chloric acid was heated a t the boiling point until i t  evaporated 
to  dryness. A residue which looked like a resin while still 
warm was found to  crystallize on cooling. These crystals 
dissolved in concentrated hydrochloric acid. On the other 
hand, a solution of dimethylolurea in concentrated hydro­
chloric acid was also evaporated to  dryness in  a similar way, 
b u t th is advanced as usual to  a  transparent, water-white gel 
in a  very convincing manner.

All these- experiments showed th a t dimethylolurea or mix­
tures of monomethylolurea w ith  dimethylolurea form gels 
readily w ithout question. On the other hand, the experi­
m ents with monomethylolurea showed no gel formation 
whatever. I t  is true th a t when the heating was vigorous 
enough to  produce a partial charring w ith the odor of de­
composing urea, accompanied by the smell of ammonia and 
confirmed by turning litmus blue, a final dark  gummy residue 
was obtained as a partially  charred mass. This, however, 
cannot be interpreted as proof of true gelation of mono­
m ethylolurea when it  is remembered th a t a m ultitude of 
organic compounds will decompose to a ta rry  mass resembling 
a gel if heated to  destruction. If, however, in a solution in
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which the solvent was also the most active 
catalyst known (i. e.,lowpH),m onom ethylol- 
urea did not form a gel and dimethylolurea, 
under the same conditions, did form a gel, 
it does not appear likely th a t monomethylol- 
urea will form a gel under any circum­
stances w ithout the addition of some other 
substance capable of forming cross linkages 
(e. g., some dimethylolurea).

S ta b ility  o f  U rea -F o r in a ld eh y d e -  
E tliy len e  G lyco l C on d en sa tio n  

P ro d u cts

The formaldehyde, ethylene glycol, and 
ammonia w'ere carefully weighed and placed 
in the flask of the apparatus described and 
agitated for fully 5 minutes before the urea 
was added. H eat was applied to  the bath. 
Approximately 15 m inutes were required to 
bring the system to boiling. The resin was 
refluxed for 60 m inutes a t 87-88° C. The 
resins were then cooled to room tem pera­
ture, weighed, adjusted to  40.0 per cent 
resin content w ith distilled water, and stored 
for stability tests. The resin content of the 
urea-form aldehyde-ethylene glycol system 
was determined by heating a 1.0-1.5 gram

c

F i g u r e  1 . T r i a x i a l  D ia g r a m  o f  U r e a - F o r m a l d e h y d e - E t h y l e n e  G l y c o l
S y s t e m

T a b l e  I I .  S t a b i l i t y  o f  A q u e o u s  4 0  P e r  C e n t  S o l u t i o n s  o f  U r e a - F o r m a l d e h y d e -  
E t h y l e n e  G l y c o l  R e s i n  C o m p o s i t i o n s  a t  R o o m  T e m p e r a t u r e

E x p t.
No.

1
2
3
4
5
6
7
8 
9

10
11
12
13
14
15

M oles
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1

-C om position, M oles- 
E tky -

Form alde- lene
hyde

1
1
2
2
2
3
3
3
3
3
3
3
4
4
5

glycol NH<OH
0
1.0
0
0.33
0.67
0
0 .40
1.0
2 .0
3 .0
4 .0
5 .0  
0 
1.26
1.0

0 .04
0.04
0 .04
0 .04
0 .04
0 .04
0 .04
0 .04
0 .04
0.04
0.04
0.04
0.04
0.04
0.04

Initial 
G ardner- 

Holdt 
Vis­

cosity 
(25° C.)

A
A
A
A
A
A
A
A
A
A
A
A
A
A
A

-S tab ility 0--------
4 6

Final
G ardner-

H old t
Vis­

cosity
weeks m onths m onths (25° Ć.)
W P  
W P  
W P 
W P  
W P
OK  W P
OK  W P
OK  OK  OK  A
O K  OK  OK  A
OK  OK OK  A
O K  OK  OK A
OK  O K  O K  A
O K  W P
O K  OK  OK  A
OK  O K  OK  A

° W P  =  resin becomes a solid white precipitate.

sample in the oven a t 103 =*= 1° C. for 1.5 =*= 0.1 hours. If the 
solid content was greater than  40 per cent, distilled water 
was added in order to  bring all the samples to  this concentra­
tion of solids as determined by the above method.

Table I I  shows the results of several significant runs.
W hen the d a ta  from Table I I  are plotted on a triaxial 

diagram (Figure 1), there are areas of composition which 
determine the stability  of the resulting resin solution.

Stability was determined by  storage of the resin solution 
in glass bottles, equipped w ith a m etal screw top w ith cork 
gaskets to  ensure against loss of volatile m atter. These 
bottles were set in  a closed box inside a dark cabinet to  pre­
vent any photocatalytic changes. The formation of white 
precipitates, even in a prem ature way—i. e., by develop­
m ent of opacity or cloudiness in solution—was considered 
sufficient instability for concluding tests. An increase 
in viscosity would also be evidence of another type of 
instability, b u t Table I I  show's tha t the viscosity of these 
resin solutions did not increase appreciably—i. e., not within

the limits of the measuring device em­
ployed.

From  other experiments it appears 
th a t this area of stability  as shown in 
Figure 1 is specific to  ethylene glycol, 
and th a t when other polyhydric alcohols 
are employed to  replace ethylene glycol, 
the areas are not necessarily congruent.

D iscu ssio n
Although these so-called water-soluble 

urea-formaldehyde resins are soluble in 
w ater in the initial stages, they are con­
verted by heat to  the irreversible gel 
state.

The formation of gels does not take 
place from pure monomethylolurea or 
from 1 mole of urea and 1 mole of form­
aldehyde; nevertheless, gelation does 
take place quite readily if the molecu­

lar ratio of formaldehyde to  urea exceeds 1 to  1, because 
the presence of even a slight am ount of dimethylolurea greatly 
augments the formation of gels by forming three-dimensional 
structures through the development of cross linkages.

From the structural concepts given in the early p art of the 
paper, it will be seen th a t when the molecular ratio of form­
aldehyde to urea is equal to or greater than 2 to 1 (w-here the 
reacting m aterial is thus all dimethylolurea), the tendency 
to form the structure shown under case I I  is very great. This 
structure, which has the greatest chance of being formed, is 
the same as the structure which w'as assumed by Dixon (6), 
Cheetham (Ą), Pearce (SO), and m any other investigators 
and w'hich led to the recognition of the un it polymer.
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SEED-LAC Factors W hich Affect B leaching Quality

N . N . M U R T Y , Indian Lac Research Institute, Namkum, Ranchi, India 

W ILLIA M  H O W LETT G A R D N ER  AND B . G R O SS, Polytechnic Institute, Brooklyn, N. Y.

K u s u m  a n d  k h a ir  la c s  a p p a re n tly  p ro d u ce  th e  b est 
g rad es o f  se cd -la c  fo r  b le a c h in g ; th e  b er a n d  p a la s  
h o sts  y ie ld  p ro d u cts  w h ich  a re , in  g e n e ra l, in fe r io r  
in  th is  resp ect. T h e  q u a n t ity  o f  so d iu m  h y p o ch lo ­
r ite  co n su m ed  in  p ro d u c in g  a  b leach ed  la c  o f  a 
s ta n d a rd  co lor dep end s p r im a rily  o n  th e  a m o u n t 
o f  n itro g e n o u s m a te r ia l w h ich  is  so lu b le  in  sod a, 
a n d  to a le sse r e x te n t in  m o st cases on  th e co lor o f  
th e  seed -lac . T h e  e ffec t o f  ag e  o f  th e  la c  w as a p ­
p a re n t o n ly  w h en  seed -lacs  o f  th e  sa m e  o rig in  w ere  
co m p ared  fo r  th e  le n g th  o f  t im e  th e y  w ere  sto red  as 
seed -lac . S to r in g  s t ic k - la c  u n d e r co n d itio n s  w h ich  
te n d  to  b lo ck  it  a ffe c ts  th e  b le a ch in g  q u a lity  a d ­
verse ly . T h e  to ta l  a m o u n t o f  m a te r ia l w h ich  w as 
so lu b le  in  b o ilin g  a lco h o l o r a ceto n e  w as n o t o f  
co n seq u en ce .

TH E  large use of seed-lac for the m anufacture of “white 
shellac” has made the bleaching quality an im portant 
property  in the sale of this commodity. The explanation 

of why some seed-lacs consume more bleach solution than 
others in being converted to  a standard color is therefore a 
subject of particular interest, especially to  dealers in seed-lac, 
who are now frequently called upon to supply this m aterial 
on a basis of bleachability. The bleach consumed would be 
proportional to  the quantity  of coloring m atte r present, if 
this were the only m aterial in lac which reacted w ith the 
bleaching solution. I t  has been found, however, th a t other 
im purities associated w ith seed-lac as well as the resinous 
constituents of lac also consume a bleach solution. The 
nitrogenous m atte r derived from the body of the lac insect is 
one of these im purities (4 ,6).

The age of the seed-lac and the am ount of insolubles pres­
en t m ay also have an effect. This paper reports a study of

the natu re  and extent of the influence of these and other fac­
tors on the am ount of bleach consumed.

B lea ch  S o lu t io n  C on su m ed

Stick-lacs of known origin were converted to  seed-lac a fte r 
having been stored under standard  conditions for different 
periods in the experimental lac factory a t  the Indian Lac Re­
search Institu te , Nam kum . T he bleaching qualities of the 
resulting seed-lacs were then determined.

The bleaching test employed was as follows:

Thirty-gram samples of seed-lac (ground to 30 mesh) were 
dissolved in 200 cc. of an aqueous solution containing 3 grams of 
sodium carbonate a t 70-75° C. This procedure required 2.5 
hours. The solution was then cooled to room temperature, and 
the volume made up to 300 cc. with water. This solution was 
passed through a 100-mesh sieve, and 250 cc. of the filtrate were 
taken for bleaching. The bleach was carried out a t 35° C. by the 
addition of 20 cc. of a sodium hypochlorite solution containing 
3 per cent available chlorine. When the lac solutions had con­
sumed all of the free chlorine, as indicated by starch-iodide paper, 
the bleach solution was further added in 2-5 cc. portions until 
they matched as nearly as possible the color of a slightly under- 
bleached solution of kusum seed-lac. A fair idea was obtained 
under these circumstances of the relative bleachability of the 
different seed-lacs in terms of cubic centimeters of the bleaching 
solution. Thus, the bleaching values given in the tables refer to 
cc. of the bleaching solution (3 per cent available chlorine) re­
quired for thirty grams of seed-lac.

T he results are arranged in Table I  in the order of increasing 
bleaching value. The am ount of bleach required increased, 
in general, w ith the increase in nitrogen content of the sample. 
The few exceptions are marked (6) in Table I.

A closer agreement was obtained when the bleaching values 
were compared w ith the nitrogen content of aqueous extracts 
of these seed-lacs, such as is shown in Table I I  for eight typical 
samples of the series shown in Table I. The bleach solution 
consumed corresponded approxim ately to  the nitrogen con-



JUNE, 1939 INDUSTRIAL AND ENGINEERING CHEMISTRY 679

T a b l e  I .  P r o p e r t ie s  o f  S e e d -L a c s

Age Age
as as

Sample Stick- Seed- Color N itrogen
No. V arie ty0 Lac

Months
Lac

M onths
Index C o n te n t

%
C308 K X K h, Ag, P h 0 1 7 .0 0 .09
C59 K  X K , Ag, Ph 0 40 9 .2 0.11
C49 K  X Br, Ag 0 40 10.0 0.11
C48 K  X K h, Ag, Ph 0 40 10.2 0.12
C153 K  X K h, Ag, Ph 12 28 8 .0 0 .16
C254 IC X K h, Ag 

K  X K , J ,  A
0 16 8 .8 0 .09

C307 0 0 11.4 0 .20
C301 B er X Ber, B ,A 1 2 11.0 0 .20
C256 K  X K h, Ag, im perfect wash 0 16 11.0 0 .14
C154 K  X Ber, Ag 12 28 13.0 0 .15
S121 IC X IC, Ag, A 37 0 13.5 0 .16
C255 P  X P , ICt, A 31 16 14.6 0 .26
C226 P  X P , K t, A 

K  X K , J , Ph
27 20 13.2 0 .2 8

S100 43 0 15.7b 0 .28
C298 P  X P , B, A 0 2 10.8 0 .24
C297 B er X Ber, B, A 0 2 11.6 0 .25
C257 P  X P , K t, A, im perfect wash 31 16 14.0b 0.32b
C251 P  X P , B, A 12 28 11 .8 0 .29
S153 K  X IC, J , A 32 0 14.0b 0.36b
C252 M ixed lac, K t 4 16 11.0 0 .16
C253 B er X Ber, B 8 11 12.0 0.27
C303 P  X P, B, A 1 1 13.8 0.29
C315 M ixed lac, B ? +  2 14 15.4 0 .26
S12 IC X K , J ,  Ph 56 0 16.5 0 .43
C310 B er X Ber, B, im m atu re  crop 0 0 15.6 0 .48
C158 B rK , Ph ? 28 40 .0 0.19b
C157 BrlC, A ? 28 46 .0 0.27b
S256 B rK , A, blocked C 0 31.0b 0.41
S257 B rK , Ph, blocked 5 0 26.0b 0.28b
C228 P  X P , K t 28 20 16.0b 0.65
C225 P  X P . B, A 46 20 19.8b 1.00

ten t of the extract w ith the exception of the three samples 
marked (a). Two of these samples were kusum lacs from 
Burma and the th ird  was commercial K atk i seed-lac which 
had probably been blended w ith Burm a kusum lac. Table I  
shows th a t these samples had an abnormally high color index, 
which is another factor affecting the bleachability of the seed- 
lacs. Samples C153 and C252 are interesting to compare in 
this respect. Both contained the same am ount of to tal nitro­
gen, b u t the la tte r gave an extract which contained nearly 
four times as much nitrogen as th a t from the former lac.

T a b l e  I I .  E f f e c t  o f  S o l u b l e  N i t r o g e n o u s  I m p u r it i e s

N  C o n ten t in 300 Cc. N  in Original Bleach R equired for
Sam ple No. of E x trac t Seed-Lao 300 Cc. of E x trac t

Cc. 0.1 jV N a O lI  %  Cc.
C1S3 4 .2  0 .1 0  59
C l 58° 13 .2  0 .1 9  > 115
C252° 15 .0  0 .1 0  104
C157° 2 7 .0  0 .2 7  134
C257 3 0 .0  0 .3 2  90
C310 4 0 .8  0 .4 8  120
C225 53 .4  1.00 153
C228 55 .2  0 .0 5  153

“ Bleach so lution consum ed d id  no t correspond to  the  nitrogen con ten t of 
the  extract.

E ffect o f  A ge an d  In so lu b le s  o n  B lea ch in g

The age of the sample and the am ount of the insolubles 
have also been generally considered im portant. This was 
not wholly substantiated in the present investigation, as 
Table I I I  shows. The effect of age is apparent only when 
seed-lacs of the same variety  and host origin are compared 
for the length of tim e they were stored as stick-lac. This is 
clearly dem onstrated in Table IV. The dye and the protein 
m atte r apparently  suffered a change during the aging as 
stick-lac, so th a t they were imperfectly washed by  water dur­
ing the preparation of the seed-lac. Table I  shows clearly

th a t age had no noticeable effect on the bleach­
ing quality when the samples were stored as 
seed-lac.

Bleaching The claim advanced by Gardner and H arris 
(I) th a t the bleachability m ay be related to  the 
m aterial insoluble in boiling acetone does not 
hold for seed-lacs (Table III). The am ount of 
m aterial which was insoluble in this solvent (2) 
appeared to more or less depend on the to ta l age 
of the sample (the age as stick-lac plus the age as 
seed-lac), bu t there is no relation between age 
and the am ount of m aterial insoluble in boiling 
alcohol. Bleachability is also independent of 
the m aterial insoluble in the la tte r solvent.

In flu en ce  o f  V ariety

Table I  shows also th a t the color index gener­
ally rises with increase in the nitrogen content of 
the seed-lac. This is to  be expected, since the 
coloring m atter, laccaic acid, and nitrogen are 
derived from the same source— namely, the re­
mains of insects. Hence, the chief factor deter­
mining the bleachability of seed-lac is the quantity  
of animal m atter left in the lac. Thus, the 
greater the proportion of resin to the insect re­
mains in the stick-lac, the better will be the 
bleachability of the seed-lac prepared from it. 
Table I  shows th a t the best bleaching grades 
were kusum and khair seed-lacs. N ext in order 
were the varieties crossed w ith kusum. (See 
note, Table I.) Ber and palas gave the poorer 

bleaching grades. This was the same order as the am ount 
of resin secreted by the insect upon different hosts (6).

T a b l e  I I I .  E f f e c t  o f  I n s o l u b l e  M a t e r ia l

Sam ple No. T o tal Age
H o t A cetone 

Insolubles
H o t Alcohol 
Insolubles

Bleaching
Value

Months % % Cc.
C307 0 3 .1 8 69
C310 0 7 .12 110
C308 1 16Í59 1.36 50
C298 2 4 .3 4 .29 82
C297 2 4.56 4 .4 8 82
C303 2 4.96 4 .66 104
C301 3 3 .6 8 3.75 70
C254 16 4.41 1.50 62
C256 16 4.60 4 .96 73
C253 19 6 .84 4 .13 100
C252 20 7.55 3.56 100
C59 40 13.25 2 .27 59
C49 40 12.39 1.63 59
C48 40 10.54 1 .85 60
C315 7 4- 16 14.86 7.93 104
C154 40 15.11 2.59 73
C153 40 8 .60 1.07 60
C255 47 15.99 5.32 75
C226 47 16.76 3.62 77
C257 47 16.01 4.62 87
C225 66 18.64 12.69 155

T a b l e  IV. E f f e c t  o f  A g e

Age Age N itro ­
as as gen Color B leach­

Sample Stick- Seed- Con­ In ­ ing
No. V ariety Lao Lao ten t dex Value

Months % Cc.

C49 K  X B r 0 40 0.11 9 .2 59
C154 12 28 0.15 13 .0 73

C225 P , B, A 31 16 0.26 14.6 75
C226 27 20 0 .2 8 13.2 77

C307 K usum , A, K t 0 0 0 .20 11 .4 69
C153 32 0 0.36 14.0 92

C59 K usum , Ph 0 40 0 .11 9 .2 59
S100 43 0 0 .2 8 15.7 77
S12 56 0 0.43 15.6 110

50
59
59
60 
60 
62
69
70 
73 
73 
73 
75 
77 
79 
82 
82 
87 
87 
92

100
100
104
104
109
110

130 
135 
155 
155

° K  kusum , K h  =  khair, P  =» palas, P h  =* phunki, A =» ari, B =» B aisakhi crop, 
K t ® K a tk i crop, J  ■= Jethw i crop, Ag «  Aghun crop or kusmi, B r =  B urm a kusum ; K  X 
Kh, etc ., used to  denote crossed varieties where previous generation  of insects were raised 
on a different host th a n  th e  one designated by the second sym bol; i. e. K  X K h «  previous 
generation upon kusum  trees while p resen t generation is producing lac upon khair trees, 

b E xceptions to  general tre ad  of experim ents.
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The proportion of insect remains is increased if the crop 
is highly parasitized, if i t  is im m ature, or if the stick-lac has 
been imperfectly washed. Storage of stick-lac under blocky 
conditions of heat and pressure also contributes to the im­
perfect removal of these im purities during washing. All such 
samples had comparatively poor bleaching characteristics, 
as Table V shows. T hakur dem onstrated in his study of 
stick-lac (5) th a t efficient washing reduces the nitrogen con­
te n t of the seed-lac and thus causes a corresponding improve­
m ent in the bleachability of the lac. Lie prepared in this 
manner a ber seed-lac having th e  bleaching characteristics of 
the kusum lac.

T a b l e  V . E f f e c t  o f  P o o r  P r e p a r a t io n

Sam ple
Age as 
Stick-

H o t
Alco­

hol
Inso lu ­ Color N  Con­ Bleaching

No. V arie ty  and  T rea tm en t Lac bles Index te n t Value

1 K  X K h, well washed
M onths

0
%

1 .5 8 .8
%

0.09
Cc.
62

2 Sam e as 1 b u t im perfectly  
washed 0 5 .0 11.0 0 .1 4 73

3 Palas, well washed 31 5 .3 14.6 0 .2 6 75
4 Sam e as 3 b u t im perfectly  

washed 31 4 .6 14.0 0 .3 2 86
5 Ber, im m atu re  crop 0 7 .1 15.6 0 .4 8 108
6 K hair, s tick-lac s to red  under 

block conditions 0 .2 7 72
7 Same as 6, sto red  well 0 .2 0 62

In flu en ce  o f  F in en ess  o f  G rin d in g
Among other factors which influence the am ount of bleach 

solution consumed were those encountered in the process of 
bleaching itself. One of these factors was the fineness to 
which the lac had been ground before it  was dissolved. The 
effect of grinding is illustrated in  Table VI, which clearly 
shows th a t coarsely ground samples required considerably less 
bleach than  the finely ground ones. This difference was even 
more apparent in the poor bleaching grades than in good 
grades of seed-lac. For the last two samples in Table VI, the 
soda solutions of seed-lac were filtered through filter paper, 
and the insolubles remaining on the filter paper were washed, 
dried, and weighed. I t  appears from the am ounts of insolu­
bles found in these two instances th a t in the crushed sta te 
more of the insect remains passed through the 100-mesh sieve 
to increase the bleach consumption than  was the case when the 
samples were not ground.

T a b l e  VI. E f f e c t  o f  G r in d i n g

Sam ple No.
Cc. of B leach R equired  

U nground G round to  40 M esh
C226 94 100
C228 108 142
C257 81 89
C59 54 56
C225 112 120

Soda insolubles, % 13.5 8 .5
C255 64 66

Soda insolubles, % S .3 5 .2

A lk a lin ity  o f  D isso lv in g  an d  B le a c h in g  M ed iu m
The concentration of the soda solution, the time, and the 

tem perature employed in dissolving the lac also influenced the 
consumption of the bleaching liquor. The effect of the con­
centration of soda solution upon the quan tity  of bleach con­
sumed has already been studied (S) in the case of shellac. 
Table V II illustrates the effect of varying the duration and 
tem perature of this operation.

The consumption of bleach was increased by high tem pera­
tures and longer periods used in dissolving the lac. This ef­
fect was more m arked w ith  concentrated soda solutions. I t  
was also greater w ith seed-lacs than w ith shellacs. This was

due unquestionably to a greater proportion of the nitrogenous 
m atter which dissolved in the former instances.

N ot only the alkalinity of the dissolving medium b u t also 
the alkalinity of the bleaching liquor affected the consumption 
of bleach. In  the equation NaOCl +  H20  ;=£ NaOH +  HOC1 
the equilibrium was displaced to  the right as hypoehlorous 
acid was consumed by the lac. Thus, the alkali concentra­
tion was increased during the bleaching reaction. In  the 
bleaching of poor quality seed-lacs, therefore, the  alkalinity 
m ay become very high on account of the greater am ount of 
bleach used. This high alkalinity had two adverse effects. 
I t  tended to  reduce the availability of the bleaching agent by 

displacing the equilibrium to the left and to hydro- 
= = = =  lyze the complex proteoses and peptones. These 

proteoses were extracted by the soda solution 
from the insect remains; when hydrolyzed, they 
formed simpler peptides and amino acids, which 
reacted w ith more bleach than  the complex ni­
trogenous m atte r originally present in the lac. 
There was also a tendency for the bleached lac to 
lose some of its chemically combined chlorine and 
to  regain its color under these conditions. This 
would account for the fact th a t the poorest 
quality seed-lacs could not be bleached to the 
same lightness of color as the others, regardless of 
the quan tity  of bleach added. The following 

■ example clearly illustrates the effect of alkalinity:
T h irty  grams of a  sample of Burm a kusum seed- 

lac required 145 cc. of a bleaching solution of 3 per cent avail­
able chlorine of alkalinity 0.77 N . W hen a bleaching solution 
of alkalinity 0.47 N  was employed, only 115 cc. of the bleach 
solution were required. Thus, bleaching solutions of high 
alkalinity enhance the bleaching value and exaggerate the 
differences th a t exist between different seed-lacs.

T a b l e  V I I .  E f f e c t  o f  V a r i a t io n s  i n  M e t h o d  o f  D i s s o l v in g
L a c

Sam ple No. NatCOa Tem p. Tim e B leaching Value
% ° C- M in . Cc.

F428 2 .0 60 60 57
80 150 75
80 240 90
85 300 105

F364 1 .0 60 60 45
90 180 57

A ck n o w led g m en t
This article describes p a r t of an investigation which was 

undertaken as a joint research project by the Indian Lac Re­
search Institu te  and the Shellac Research Bureau of the 
Polytechnic In stitu te  of Brooklyn. I t  was sponsored by the 
Indian Lac Cess Com mittee and the United States Shellac 
Im porters Association. This paper is a contribution of the 
Indian  Lac Research In stitu te  and of the Shellac Research 
Bureau. The article for the m ost p a rt is based on the investi­
gations of N. N. M urty . D ata  for the m aterial insoluble in 
boiling acetone and boiling alcohol were obtained a t the 
Polytechnic Institu te  of Brooklyn. The authors wish to 
thank  D r. Sen for helpful suggestions in w riting the paper, 
and to  M r. De for assistance given in determ ining color index.
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AIR CONDITIONING
N onregenerative “Calorider” Perform ance

C. R . D O W NS AND J . W . SP ISE L M A N 1
Weiss and Downs, Inc., New York, N. Y.

TH E  preceding paper (1) gave special attention  to residen­
tial air-conditioning requirements. Illustrations were 
shown of an early form of apparatus used for dehumidi- 

fying and cooling air in summer and humidifying and heating 
air in w inter to illustrate the principles of the method.

This paper deals w ith an improved form of apparatus and 
summarizes the results obtained with various test installa­
tions. Figure 1 shows the front of this type of apparatus 
suitable for treating up to 1500 cubic feet of air per m inute in 
which the resistance a t  maximum air flow is less than 2.25 
inches of w ater pressure. The air enters by a duct attached 
to the top of the “Calorider” a t the left end, is drawn through 
the liquid- and solid-phase sections of the un it by the blower 
a t  the right, and is discharged to  a  duct through the wind 
box above the blower. The moisture absorbing material, 
“Caloride” , is charged into the top of the un it through a 
hinged lid. “Caloride” is a specially prepared hydrated 
calcium chloride in molded lump form containing about 
72 per cent calcium chloride and normally only a small propor­
tion of activated carbon for removing odors. Three small 
doors shown a t  the fron t of the com partm ents m ay be used 
if i t  is desired to  remove the unused “Caloride” a t  the end of the 
period requiring dehumidification of air. Such a un it is 83 
inches long, 53 inches high, and 28 inches wide. I t  m ay be

1 P resen t address, R esearch C orporation , New Y ork, N . Y.

moved into its operating location through 
any ordinary door or passageway on skids 
or rollers by two men. The length can 
be reduced to 04 inches for handling in 
unusually restricted quarters by removing 
the blower and wind box. W ithin these 
small over-all dimensions the novel princi­
ples of this design provide for the trea t­
m ent of air volumes which are sufficiently 
large for the great m ajority of houses or 
spaces of similar character.

The principal operating cost factor is 
the delivered cost of “Caloride.” The 
production cost of “Caloride” is low as 
compared to the delivered cost to the 
residence. The difference is due princi­
pally to the freight, package, and local 
delivery charges.

The cost of freight per ton of “Calo­
ride” in carload lots from factory to  ware­
houses in the average areas of consump­
tion is the least im portant of these three 
items.

The package cost per ton depends 
upon the size of the individual package 
and this will be governed by the strength 
of the person who has to lift i t  4.5 feet 

to the top of the apparatus. Truckmen can do th is w ith 
a  100-pound bag. Householders cannot be expected to 
handle a package heavier than 60 pounds even if they 
are willing to  exert themselves to th a t extent, and only a 
small proportion employ “hired men.” Smaller containers 
place a prohibitory burden on the operating cost of house­
hold air conditioners of th is type. The package should 
therefore be as large as possible, preferably containing 100 
pounds of m aterial in order to  minimize its effect upon the 
cost of “Caloride.”

The quantity  delivered per trip  is still more im portant than 
the package size from the cost standpoint. In  the m ajority 
of cases th is quantity  will be dictated by the storage capacity 
of the “Calorider” itself, which is lim ited by its permissible 
dimensions.

Therefore storage capacity w ithin the apparatus m ust be 
as large as possible, and th is has been attained by reducing 
the volume of other apparatus parts to  a minimum. The 
structure of the apparatus is shown in Figure 2.

These parts other than storage bins are the blower, the 
cooling coils between the lump compartments, and the 
liquid-phase air-pretreating section. If  desired, the blower 
can be a separate un it and placed a t  any point in the duct 
system. The cooling coils and lump com partm ents occupy 
little space. The small size of the liquid-phase section in  this 
un it as compared to  th a t shown in the first paper of this

681
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series (1) is the result of extensive experimental work and will 
be discussed here in some detail.

Im proved  F orm  o f  “ C alorider”
E arly  work had shown th a t the velocity of the air, while 

being dehumidified by contact w ith the “Caloride” lumps, 
could be very high and still give a close approach to the theo­
retical moisture removal. This presumed th a t the air had been 
pretreated by  some means so th a t its  m oisture content upon 
entering the solid-phase section was low and relatively 
constant. A liquid-phase section was therefore required 
th a t could handle large volumes of inlet air w ith a variable 
m oisture content and deliver an outlet air of constant hu­
m idity. In  the earlier form of liquid-phase section, the air 
flowed countercurrent to  the circulated solution over trays 
and through cascades a t  their ends, contacting first the di­
luted solution and last the m ost concentrated solution accord­
ing to accepted engineering practice. The la ten t heat of 
condensation was converted to  sensible hea t in the solution, 
and th is was removed by passing the solution in  contact w ith 
a  cooling coil immersed in  a reservoir a t  the bottom  of the 
apparatus. This necessitated the continual pumping of a 
large volume of solution to carry the generated heat to the 
cooling coil.

I t  was decided th a t if the heat were removed a t the instan t 
and place th a t i t  was formed, a  much slower ra te  of liquid 
circulation would be adequate. An extended surface radia­
to r was selected to a tta in  this end in which the solution could 
be spread out on a very great area of fins in  th in  films in 
contact w ith the air, whereby the films could be cooled a t  the 
mom ent they absorbed m oisture by a coolant flowing through 
the tubes.

The air-drying efficiency of such a liquid phase device was 
found to  be surprisingly high which perm itted the use of a 
very small compact air-predrying section. By this means 
m ost of the space w ithin the prescribed over-all apparatus 
dimensions can be used for lump storage. A more detailed 
discussion of the advantages of concurrent flow absorption 
and countercurrent cooling will be presented in a  later paper, 
b u t suffice it  to  point ou t here th a t  i t  perm its the passage of 
gases a t  high velocities with correspondingly high mass and 
hea t transfer rates through closely spaced fin-tube radiators, 
whereas countercurrent flow, causes flooding a t  much lower 
gas velocities.

In  an apparatus 28 inches wide and 53 inches high, suitable 
for treating  1500 cubic feet of air per m inute a t  low pressure, 
the liquid-phase section is 14 inches long and the solid-phase 
section 50 inches long. The la tte r section will hold a  ton of 
loosely piled lumps of the type used, which are cabable of 
absorbing 1800 pounds of water. This large storage capacity 
satisfies the objective of infrequent and minimum cost de­
liveries.

The demands of the space to  be conditioned will d ic tate the 
am ount of air to  be treated  per m inute so th a t  w ith smaller 
capacity blowers the size of the liquid-phase section and the 
cooling coils between the com partm ents can be reduced. 
If  the lump storage capacity is not changed, its frequency of 
replenishment w ith smaller air volumes is reduced; this is 
advisable rather than  decreasing the storage capacity since 
the construction cost of th is section is low. Hence, a  stand­
ard casing is m anufactured and is equipped w ith parts su it­
able for a variety  of loading rates. Experience shows th a t 
m ost houses will require units treating  from 500 to 1000 cubic 
feet of air per m inute.

F ig u r e  2 . V e r t i c a l  S e c t i o n  o f  “ C a l o r i d e r ”

AIR OUTLET

COOLING
WATER
OUTLET

LIQUID-
PHASE

SECTION

COOLING
WATER

For convenient directional flow of the air, the radiator was 
set up  so th a t the air and solution were premixed and entered 
a t  the top of the radiator, and were separated from each 
other a t  the bottom , and the solution was returned to  the 
reservoir for mixing with the concentrated solution draining 
from the lumps. The air discharged horizontally through 
the bottom  of the bed of lumps for further drying. By this 
means the air and solution flowed concurrently while the 
coolant—for example, water—passed countercurrent to  both 
the air and the solution.

The raw air to be dried enters the apparatus (Figure 2) a t 
1 and is in tim ately  mixed w ith the solution which is dis­
charged from nozzles 2 and broken up by impingement ta r­
gets 3. This m ethod permits the use of nozzles w ith suf­
ficiently large holes to prevent them  from fouling. The 
solution absorbs moisture while in suspension in the air 
whereby its tem perature is increased, and then passes con­
currently w ith the air into finned-tube radiator 4. The solu­
tion spreads as th in  films on the fins in contact w ith confluent, 
turbulent stream s of air and is cooled. F urther heat is
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generated in the films but is removed as 
formed, and the air and solution emerge 
from the bottom  of the radiator substan­
tially in m oisture equilibrium w ith each 
other, regardless of the m oisture content of 
the raw air. The solution returns to reser­
voir 8 and the air continues through spray 
elim inator' 9, com partm ents 5, 6, and 7, 
and finned-tube cooling coils 10 and 11.

Baffles 12, whose bottom  edges are 
sealed by the solution in the reservoir, pre­
vent the air from by-passing the com part­
ments and cooling coils. These baffles 
are restrained from conducting heat away 
from lump-supporting screens 13 by suit­
able placement or heat-insulating provi­
sions; otherwise the screens m ay be cooled 
below the crystallizing tem perature of the 
concentrated solution draining from the 
lumps.

Other features of the lump section are 
the same as those described in the preced­
ing paper. The concentrated solution and 
the diluted solution draining from the 
liquid-phase section are mixed in the reser­
voir, and the mixture is sent back to nozzles 
2 by pum p 14. The discharge line from 
the pump is branched and contains a sole­
noid, 15, which is opened and closed by 
the rise and fall of the float in level con­
troller 16 to discharge excess solution to 
the sewer or to a storage tank. Cooling 
water is passed through the radiators in 
series or in parallel as desired. In  winter, 
heated water is passed through the radia­
tors in place of the cooling water circuit 
used in summer, and if desired, solution or water m ay be 
sprayed into the air stream  above or below radiator 4. Suit­
able float control means is provided for addition of make-up 
water to reservoir 8 as it is evaporated. A spray eliminator, 
17, may be placed before blower 18. A baekdrift spray elimi­
nator m ay be used a t 19. Sound-absorbing m aterial m ay be 
used in wind box 20 or in the inlet section above eliminator
19. “Caloride” is charged to the storage bins through hinged 
lid 21.

M o istu re  C o n te n t an d  R e la tive  H u m id ity

Tests m ade on the dehumidified air discharged from these 
units give useful results. Figure 3 shows how the moisture 
content and relative hum idity of the discharge air varies 
with its tem perature, regardless of the moisture content of 
the inlet air. The curve for grains of moisture per cubic 
foot of treated air is nearly a straight-line function of the 
tem perature of the air up to about 74° F. Between this 
point and 87° F. the moisture content increases only from 
2.75 to 3.0 grains per cubic foot; above 87° F. it again rises 
rapidly. T he portion of the relative hum idity curve within 
this range of 74° to 87° F. drops from 30.5 to  22 per cent, 
again indicating a fairly constant absolute hum idity of the 
discharged air. Therefore, substantially the same quantity  
of m oisture is removed by the “Caloride” whether the air is 
discharged a t 74° or 87° F . This is an im portant factor 
when the tem perature of the coolant, such as city water or 
cooling tower water, m ay vary  or cannot be obtained a t  less 
than 80° to  82° F .; in the case of expensive water, its use 
can be conserved by operating in the higher ranges of this 
curve rather than  in the lower. The result is essentially the 
same am ount of dehumidification.

V a r ia t io n ’ o f  M o i s t u r e  C o n t e n t  a n d  R e l a t iv e  H u m id it y  w i t h  
T e m p e r a t u r e

Although the shape of this portion of the curve does not 
coincide with one of static equilibrium, it  is analagous to the 
la tte r and is displaced only slightly to the right as a result of 
dynamic conditions. One explanation is th a t the film of 
calcium chloride solution is in contact with solid on one side 
but is absorbing moisture from the air on the other, and hence 
is unsaturated as to sa lt content. A t other points the curve 
coincides with or parallels the vapor pressure curve of sa tu­
rated solutions of calcium chloride.

The pretreatm ent of the air in the liquid-phase section 
eliminates the fluctuations of moisture content of the air 
supplied to the lump compartments, and the first com part­
m ent in the series receives air a t  about 40 per cent relative 
humidity. The lump compartments carry only the de- 
humidifying burden from this point down to the relative 
hum idity of the outlet air, as Figure 3 shows.

When such a un it is treating 1000 cubic feet of air per 
minute, the contact tim e while passing through the three 
lump com partments is 0.3 second. M ost of the moisture is 
taken out in the first com partment, and hence it  is clear th a t 
the velocity of absorption is very high. This absorption 
velocity is, however, low compared to the liquid-phase pre­
treating section where heat removal is practically instantane­
ous a t the point of its generation. In  the pretreating sec­
tion the contact tim e is about 0.1 second, bu t th is section 
is capable of removing a much greater am ount of moisture 
per unit tim e than can be removed by all three lump com­
partm ents.

Figure 2 shows th a t the storage bin above the first com­
partm ent is larger than either of the others. This is to com­
pensate for the greater am ount of “Caloride” consumed in 
the first com partm ent where most of the water is taken out 
by the solid-phase section.
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Whenever air conditioning by  direct moisture absorption 
is discussed, the question of comparing it  directly w ith air 
cooling arises. There appears to  be no way to  compare 
these two m ethods directly in term s of tons of refrigeration 
capacity in  so far as the comfort effect is concerned as related 
to the owning and operating cost per season. Cooling of air 
removes a variable am ount of w ater solely as a by-product 
of the refrigeration of the air. I ts  prim ary objective is to 
reduce the dry-bulb tem perature of the space below the 
am bient atmosphere by  the discharge of cold air saturated 
w ith m oisture and this air upon heating up to  the tem pera­
ture of the space by being mixed w ith the air therein or by 
contact w ith structural surfaces, results in a reduction of rela­
tive hum idity in the conditioned space. Since air is a poor 
cooling medium, i t  requires the cooling and transport of large 
quantities to  effect any rapid reduction in the tem perature 
of the space. Hence the size of cooling equipm ent and duct 
capacity m ust be large if quick response is to  be obtained. 
To bring the  installation cost w ithin reasonable lim its, the 
capacity of such equipm ent is generally designed for the 
average expected demand for the maximum day rather than 
for the maximum hour. For th a t reason it m ust be started 
before the peak conditions outdoors are reached and its 
operation continued until these conditions drop to approach 
those for comfort. The “operating tim e” of the equipm ent 
then becomes all or a t  least a large proportion of the “ con­
ditioned tim e” , and th e  la tte r m ust be continuous even if the 
space is not occupied all of the tim e on bad days.

If  a direct absorption un it such as is described here is of 
suitable capacity to  m aintain a space at, say 40 per cent 
relative hum idity  or less for the maximum design hour, i t  
possesses a high initial overload capacity for dehumidifying 
air of higher relative humidities. The overload capacity 
under such conditions is about 200 per cent of the normal 
operating capacity which, w ith a un it treating  1000 cubic 
feet per m inute, is an absorption rate  of as high as 50 pounds 
of w ater per hour. Even w ith high overloads, the relative 
hum idity of the discharge air will correspond to  the curve 
shown in Figure 3; th is air passing into the space produces a 
noticeable cooling effect, due to  evaporation of perspiration, 
after a very short tim e interval. I t  is not so dry or cold, 
however, th a t i t  is detrim ental and consequently requires no 
extensive provision for distribution. The volume of air so 
treated need be only a fraction of th a t required as compared 
to  the dry-bulb reduction method. This allows the use in 
existing houses of smaller ducts; in  addition, since the dried 
air tem perature is close to  th a t of the building, the ducts need 
not be insulated to prevent the air from gaining hea t from 
unconditioned spaces. The duct system is further simplified 
in  th a t there is no stratification of cold air or of m oisture in 
the conditioned space.

In  addition to  the creation of cooling effect by  contact of 
the dry  air w ith  the summer-clothed body, there is also an 
initial, perhaps imponderable, dry-bulb tem perature reduc­
tion of the  space contents, depending upon the am ount of 
m oisture evaporated from furnishings such as textiles until 
they approach m oisture equilibrium w ith the air.

Factors such as these make a direct comparison of the 
installation and operating costs of these two processes 
in term s of refrigeration impracticable. Experience w ith 
actual installations using absorption dehumidification ap­
pear to  be the only suitable means of determ ining operat­
ing cost.

We do not claim th a t air should not be cooled for all pur­
poses; this point should be emphasized. B u t dehumidifica­
tion seems to  be most suitable for the treatm ent of well- 
built residences and spaces of similar requirem ents. Ex­
perience w ith the test residence has shown this, and the 
same conclusion should apply equally well to  residences in

similar localities. W here dry-bulb reduction is required, 
cold w ater circulated through the radiators of the  “ Calorider” 
is the cheapest cooling means. There are 311 cities w ith a 
population of more than  20,000. Of these, about 155 have 
maximum w ater tem peratures of 72° F., about 100 have a 
maximum w ater tem perature of 65° F., and in  about 60 cities 
the w ater tem perature does not exceed 60 ° F . W ith increas­
ing facilities for transportation, the tendency continues to 
favor the spreading of population to suburban and rural dis­
tric ts where wells of shallow depth  can be driven a t com­
paratively low cost. As in the case of the te st residence, 
the discharged w ater can be used on the lawn and should 
not be more than  is required for good lawn and garden 
practice.

The un it contains radiators of sufficient capacity to  hea t the 
residence in  the w inter by indirect warm  air, and thus the 
portion of the equipm ent cost allocated to  summer air condi­
tioning is practically negligible.

Copper finned-tube radiators have been found satisfactory. 
High-copper-alloy piping, valves, pumps, etc., are used in 
contact w ith the solution. Red brass is satisfactory. The 
casings have been made of sixteen-gage galvanized iron or 
Galvaneal and their life is satisfactory when the parts ac­
tually  washed by  the solution are painted w ith a priming coat 
of zinc-zinc oxide pain t and w ith a second coat of synthetic 
resin base pain t. The galvanized surfaces not in contact 
w ith the solution, such as the bin walls, do not need protec­
tion. The m aterials used are of m oderate price, and this, 
combined w ith  the fact th a t close tolerances are not required, 
perm its low-cost quan tity  production methods.

There has been no widespread use of units of the type de­
scribed in this paper; the work so far has been concerned 
prim arily w ith the testing of un its under practical conditions 
for mechanical proficiency, the quality  of the effect produced, 
and its cost.

T est R esidence

This residence was conditioned during the summers of 
1935, 1936, 1937, and 1938 by  a “ Calorider” and accurate 
records were kep t of the use of water, power and “ Calo- 
ride.” P rior to th is tim e an earlier form of the equipm ent 
was used during two summers for qualitative purposes. The 
residence is situated  in a Connecticut town w ithin commuting 
distance of New York, about 1000 feet from the shore of 
Long Island Sound and faces north-northeast.

I t  is a wood frame house of good construction w ith a black 
slate roof comprising a m ain portion and a setback wing as 
shown in Figure 4. A th ird  floor (not shown) contains two 
rooms and bath . The windows are single-pane double-hung 
wood sash w ithout weather stripping. The table on Figure 
4 shows the area of the individual windows in square feet and 
the lineal feet for calculating infiltration when closed. The 
table also gives the dimensions of the outside doors. The 
to ta l num ber of windows is fifty-five b u t nineteen of them 
are in portions of the house th a t have no t been conditioned in 
past summers— ten in  the kitchen wing and nine on the third 
floor. The th ird  floor was not conditioned by the “ Calo­
rider.” The kitchen is separated by self-closing doors from 
the rest of the house. Half-inch Celotex insulating board is 
nailed to  the lower edge of the roof rafters of approximately 
half the roof area. No rock wool or other insulation is present 
in the exterior walls of the house b u t a small area of sloping 
ceiling of bedroom 12 is filled between the  rafters w ith  rock 
wool. No awnings are used on the windows.

This inform ation is typical of th a t normally required by 
air-conditioning engineers to  calculate the size of equipm ent 
and installation and operating costs using conventional re-
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frigeration methods. Such refrigeration equipment, how­
ever, has only a summertime function.

W ith th is type of house it  is undoubtedly true th a t infiltra­
tion  is m arkedly less in summer than  in w inter for the follow­
ing reasons:

Wind velocities arc lower, especially in sultry weather when 
the need for dohumidification is greatest.

Outdoor-indoor temperature differentials are much less in 
summer.

Window sash fits more snugly, and probably the whole wooden 
structure of the house is tighter in summer.

Hence the customary m ethods used by heating and venti­
lating engineers for calculating w inter infiltration do not apply 
in summer.

The “Calorider” and a 250-gallon steel tank  to  re­
ceive spent “Caloride” solution are situated a t  the foot of 
the basem ent stairs shown a t  /  and g, respectively. The 
tank  is calibrated for volume and hence the am ount of 
“ Caloride” liquefied during any selected period can be de­
termined.

The ducts leading from the house space to  the “Calorider” 
are arranged so th a t the return  grilles are in a suitable posi­
tion to  remove “cold floor” in the w inter whenever the 
hum idistatic control calls for operation. For this reason the 
return  grilles are located a t  the foot of the front hall stairs 
a t  a and a t  the far end of the living room a t b. The return  
ducts are hung on the ceiling of the basement and the direc­
tion of air flow is shown by the arrows. The two discharge 
grilles are under a window seat in the bay window of the 
dining room a t  c and in  the second floor hall a t d, respectively. 
The duct to  the former is hung from the basem ent ceiling 
and the one to the la tte r passes up through the corner of 
hall closet 4 a t  e. The spaces served by these four grilles are 
always open to  one another both  w inter and summer and are 
called the “ base space.”

F or w inter heating the house is equipped w ith standing 
radiation using partial vapor system running from about 0.25 
pound pressure to  about 8 inches m ercury vacuum ; the boiler 
is heated by an oil burner. The house is not heated by hot 
air from the “Calorider” because of the lack of suitable ducts, 
b u t sufficient hot w ater is circulated through its radiator and 
coils to supply the la ten t heat of evaporation of the w ater for 
humidification and to  heat the air after humidification to  dis­
charge i t  a t about 75° F . and 50 per cent relative humidity. 
The air is humidified and washed by contact w ith w ater or 
preferably w ith calcium chloride solution and make-up 
w ater added to m aintain its volume constant. In  w inter 
the blower on the “Calorider” is operated by a  combination 
of wall hum idistat and W indowstat to  hold the m oisture con­
ten t of the air a t  the maximum w ithout perm itting objection­
able fogging or frosting of the  windows. In  summer the con­
trol is solely by the wall hum idistat.

The base space includes second floor halls 9 and 10, first 
floor halls 3 and 5, living room 1, and dining room 2. The 
volume of this base space is as follows:

Bedroom  6
7
8 

11 
12

T otal

1125 cu. ft. 
1000 
1768 
1003 
1288

6184 cu. ft.

Space 1 2770 cu. ft.
2 1582
3,4 935
5 177
9 1541

10 499

T otal 7504 cu. ft.

A t various times during summer days the bedrooms are 
opened to  the base space, depending upon the occupancy. If 
all of the bedrooms are opened simultaneously, the  to ta l 
volume conditioned is 13,688 cubic feet. The to ta l bedroom 
volume is:

The volumes of the spaces are all net; i. e., the volumes of 
the partitions and walls themselves are no t included. The 
vestibule, closets, and bathroom  volumes are not included. 
Hence, the maximum volume purposely conditioned a t  any 
one tim e is about 15,000 cubic feet.

Dehumidified air was discharged to  the basem ent space at 
times to  prevent moisture condensation and for drying the 
laundry on rainy wash days. The volume of the basement 
is 3800 cubic feet.

The attic is provided with a  blower to give nighttim e ven­
tilation of the house and is so arranged to cross ventilate the 
a ttic  in the daytim e to  carry away the sun load.

Quiet room fans were used on high wall brackets to  provide 
adequate m otion to  the dehumidified air. If the house had 
been provided w ith ducts to each of the rooms for winter 
heating, these fans would not have been required since the 
blower normally used w ith such ducts would have given 
sufficient air motion.

The normal routine of summer operation of the “Calo­
rider” and the attic blower, described in the preceding paper, 
was followed.

D efin itio n  o f  T erm s

“ Calorider conditioned tim e” in the summer is the to tal 
num ber of hours during which the “ Calorider” was under the 
control of the hum idistat; th a t is, the elapsed hours between 
the tim e the hum idistat setting was reduced to  set the un it in 
operation, and the tim e i t  was increased to  prevent operation. 
The “Calorider conditioned tune” does not include the hours 
of operation of the a ttic  blower during which relief from dis­
comfort was obtained, mostly a t night, by bringing into the 
rooms large volumes of outdoor air. N or does it include the 
tim e when the a ttic  blower was used during the day to 
ventilate the attic.

“ Calorider operating tim e” in the summer is the actual 
num ber of hours th a t the “Calorider” blower and pum p were 
turning over. This was determined accurately by the cumu­
lative kilowatt hours consumed for any selected period di­
vided by the power used per hour during continuous opera­
tion.

“Total conditioned tim e” is the to ta l num ber of summer 
hours during which relief from indoor discomfort was provided 
by the equipment.

Space is not available here to  report the detailed data 
collected on the test residence over the period of the four 
summers. Furtherm ore, the w eather varies from year to 
year, and yearly figures are misleading unless they are care­
fully evaluated upon the meteorological data. The four years 
involved include a rather dry summer such as 1936 as well 
as those th a t were more humid.

From these results i t  appears th a t a “Calorider” capable of 
treating  750 cubic feet of air per m inute in a residence com­
parable to  the structure described and located in an area of 
similar atmospheric conditions will use, for an average sum­
mer, 2000 pounds of “Caloride” , 17,000 gallons of city  water 
w ith a  maximum tem perature of about 75° F., and 110 
kilow att hours of electrical power.

Careful estim ates show th a t the delivered cost of “ Calo­
ride” should not exceed 40 dollars per ton, and under average 
conditions the to ta l cost of “ Calorider” operation for an 
average summer will be in the neighborhood of 50 dollars. 
To this should be added the cost of operating an a ttic  blower, 
which should not exceed 10 dollars for the summer.



JUNE, 1939 INDUSTRIAL AND ENGINEERING CHEMISTRY 687

Under these conditions the am ount of “Calonde” con­
sumed will average about 12 pounds per “ Calorider operating 
hour”, which is equivalent to  the  removal of about 10.2 pounds 
of water per hour of operation, or a  “Calorider operating 
time” of 167 hours. The “ Calorider conditioned tim e” 
averages about one and three quarters times its “operating 
time” , or a “Calorider conditioned tim e” of 290 hours. This 
does not include the tim e during which relief from discomfort 
is produced, especially a t night, by the attic blower which 
about triples the 290 hours of “ Calorider conditioned tim e.” 
The water removed per hour is a measure of occupancy, 
tightness of house construction, and absolute humidity 
difference between outdoor and indoor air. The experience 
obtained w ith an earlier form had shown th a t it was unneces­
sary to  take in outdoor air through the “ Calorider.” This is 
undoubtedly due to  the thorough washing of the air by  a 
viscous solution, accompanied by  deodorization and the 
constant removal of the solution from the unit. The occu­
pancy during the daytim e seldom exceeded six persons. The 
kitchen load was segregated.

For a relatively dry  summer such as 1936 the “Caloride” 
consumption would be reduced to  about 1750 pounds and 
for a more humid summer such as 1937 the am ount used 
would be increased to  about 2250 pounds. Cyclic weather 
forecasting indicates th a t for the next few summers the 
higher quantity  will be needed.

The above figures are based upon the assumption th a t the 
air in the house will be m aintained a t  from 40 to  55 per cent 
relative hum idity  by the “ Calorider” when the dry-bulb 
temperature is high concurrently w ith uncontrolled high 
humidities. A relative hum idity  below 35 per cent is not 
recommended in  summer. Frequently in m any localities 
very disagreeable conditions are experienced when the dry- 
bulb tem peratures do not exceed 75° to  77° F. b u t the a t­
mosphere is nearly saturated  w ith moisture. A t these tem ­
peratures relative humidities of 60 per cent are acceptable 
by comparison w ith unconditioned spaces. This condition 
is easily produced by  direct dehumidification, whereas mois­
ture removal by refrigeration causes dry-bulb tem peratures 
th a t are too low w ithout reheat.

C o m m ercia l In s ta lla t io n s

Units using lump “ Caloride” have been installed in addi­
tion to  the te s t residence for the purpose of obtaining further 
data. Several of these are described here.

T e l e p h o n e  E x c h a n g e s . T w o  installations of “ Calo- 
riders” of th is same construction have been used in telephone 
central offices of the m anually operated type, one on Long 
Island and one a t  a  Virginia coast city.

The former contains 47,000 cubic feet of space, divided 
equally between the operating room and the term inal room on 
the floor below. In  the operating room are situated the 
switchboards for local and long distance calls, with accessory 
equipment attended by tw enty operators for about 11 hours 
and by four operators for the rest of the 24-hour day. The 
terminal room contains the safety relays, therm al protector 
coils, bell ringing machines, coils, and other accessories a t­
tended by an average of three persons throughout the 24 
hours. The building is of brick and concrete construction 
with steel window sash.

The effect of high hum idity  is reflected in the operation of 
the equipment. The therm al protector coils in the terminal 
room are exceedingly fine fuses. W hen these are in an atmos­
phere of, say, 65 per cent relative hum idity or higher, they 
will “blow” and thus cu t off the sendee for th a t particular 
line. Their normal function is to protect the equipment 
from power surges, such as lightning strokes. An examina­
tion of a blown protector will show whether the cause was

lightning or dampness. In  years previous to  1935 most of the 
protector coil troubles were shown to be dampness blows. 
O ther equipment, such as switchboard cables and line and 
cutoff relays, are also badly affected by high hum idity.

In  the operators’ room hum idity adversely affects the 
switchboard cables, cords, and plugs and results in false busy 
signals, fading or blurring of speech, buzzing, interrupted 
sendee, and connection failures.

Previous attem pts to  correct hum idity conditions were 
made by  turning on the hea t in these rooms. In  the term inal 
room this m ethod was partially  effective, b u t in the operators’ 
room i t  had little  effect other than  to so lower the efficiency 
of the girls th a t service was even worse.

A 500-cubic-foot-per-minute “ Calorider” was installed in 
the spring of 1935 with discharge and return ducts connecting 
it  w ith the two rooms. The purpose of the installation was 
primarily for the protection of equipm ent and secondarily 
to  provide personal, comfort. I t  was found by experience 
th a t the relative hum idity should be m aintained below 60 per 
cent.

The effect upon equipm ent is shown by comparing the 
records for the 1934 summer, during which no dehumidifica­
tion was provided, and 1935 by the following results: In  
1934 there were one hundred and four protector coil troubles, 
mostly from dampness blows; during 1935 such troubles 
were reduced to  fifteen, of which thirteen were due to  line 
surges and not to dampness. In  1934 line and cutoff relay 
troubles totaled eight, and in 1935 there were none. In  1934 
there were thirty-one cord and plug failures which led to  the 
complete replacement of approximately 200 cords in the 
operating room as a  precautionary measure, whereas in  1935 
there were only eleven minor cord troubles and no replace­
m ents a t  all. In  1934 there were two switchboard cable 
failures in  ■which the trunk crossed w ith the b a tte ry  and gave 
false busy signals for 6 weeks; in 1935 no similar troubles 
were experienced. During 1936, 1937, and 1938 th is operat­
ing improvement was consistently maintained.

The consumption of “Caloride” from M ay 1 to  October 
1 each year was as follows:

1935 5400 lb. 1937 7500 lb.
1930 3600 1938 4000

W ater and power figures were kept for 1935 and indicate 
th a t the ratio to  “Caloride” consumption was similar to th a t 
in the test residence. The maximum w ater tem perature 
was 72° F.

The chief operator was perm itted to  open the windows a t 
will whenever the relative hum idity was below 55 per cent, 
w ith the instruction th a t when this exceeded 60 per cent 
they were to  be closed. Light and bell signals were provided 
to announce such conditions. The windows were equipped 
with fly screens which reduced the free area considerably.

The Virginia telephone exchange installation was made in 
the summer of 1936. The problem was sim ilar to th a t of 
the Long Island exchange in th a t hum idity had been causing 
failure of apparatus and discomfort of employees. The 
building is of two-story brick construction w ith steel window 
sash; i t  has a volume of 50,000 cubic feet divided equally 
between the terminal room and the operating room. Oc­
cupancy consists of four men in the term inal and th irty  girls 
in  the operating room for 11 hours per day, and an average of 
six to ta l persons for the remainder of the day.

A t the tim e the installation was ordered, the conditioning 
load to  be carried was unknown, bu t a  500-cubic-foot-per- 
m inute un it was available and installed for test purposes. 
Observations during the la tte r p art of the summer showed th a t 
the air handled by this unit was insufficient for the purpose. 
In  1937 a un it w ith a larger blower delivering 1000 cubic feet 
per m inute was substituted.
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In  this exchange the un it was operated to prevent voltage 
leakage—namely, the potential lost by the term inal wires 
through dam p insulation to  the grounded frames in  the ex­
change and other places. In  this particular exchange good 
conversation requires th a t th is leakage should not greatly ex­
ceed 6 volts. Conversation is progressively poorer up to 14 
volts; above this point the leakage causes objectionable 
transmission. Ju s t prior to  the installation of the un it in
1936 the leakage was more than 20 volts. W ithin 4 hours 
after the exchange was dehumidified to 50 per cent relative 
hum idity, the leakage was reduced to 12 volts and thereafter 
reached the selected level of 8 volts; th is condition was m ain­
tained for the rest of the summer. Beneficial results in other 
respects were similar to  the Long Island exchange.

From  August 1 through October 15, 1936, the “Caloride” 
consumption was 5800 pounds. The maximum water 
tem perature was 84° F.

The rad ian t heat reflected from the uninsulated flat roof 
of the operating room m ade i t  advisable to  provide for dry- 
bulb reduction for the operators’ comfort. Therefore, in
1937 three half-ton room-refrigerating units controlled by 
their own therm ostats were distributed in the operating 
room.

The 1000-cubic-foot-per-minute “Calorider” in  1937 ran 
on continuous control by a hum idistat set a t  50 per cent. 
The tem perature in the operators’ room was prevented from 
exceeding 80-83° F. by the room coolers, as compared to 
88° F. for the previous summer. The tem perature in the 
term inal room, not affected by the room coolers, never ex­
ceeded 83° F. and the relative hum idity  was about 45 per 
cent. Voltage leakage was held to less than 8 volts.

During the one day the "Calorider” was off for a  few hours 
for rearrangements, the room coolers cooled the air passing 
through them  only 6° F . and the room tem perature rose to 
89° F. The hum idity rose to  65 per cent, and some moisture 
condensation took place on the refrigerator coils. When 
the “Calorider” was returned to  service, the hum idity was 
reduced to  50 per cent w ithin one hour, the room tem pera­
tu re  dropped to 83° F., no moisture condensation took place 
on the cold coils, and the air passing through the coils was 
reduced 13° F. in  tem perature. Independent control of both 
dry-bulb tem perature and relative hum idity was furnished 
by this combination of units.

During the 1937 and 1938 humid seasons the am ount of 
“Caloride” consumed averaged 5 tons per year. The greater 
consumption reflects the more humid atmospheric conditions 
and longer use in a southern coast town over a northern 
locality for otherwise similar conditions.

The lack of suitable warehouse and delivery facilities has 
made the cost of “Caloride” a t  these points too high to evalu­
ate  the true cost of owning and operating further units. I t  is 
hoped th a t th is will be rectified in  the near future. The 
advantage of hum idity control in  telephone exchanges, how­
ever, has been dem onstrated.

The removal of dust from air is im portant in  telephone 
exchanges and in other spaces. The im pact of air-borne 
dust upon the viscous liquid films produces rem arkably clean 
air. IVom this standpoint the process is equivalent to testing 
m ethods used for counting dust particles where viscous liquids 
are employed. Tests run upon ground and bolted silica 
whose particles rarely exceed 50 microns in diameter have 
shown 94 per cent removal of the num ber of particles present 
in the incoming air. T he particles escaping in the discharged 
air were below 5 microns in  diameter, averaging 1 to 2 mi­
crons in size. When these escaping particles were collected 
and returned to  the inlet air, to  im itate  the effect of recircu­
lating the air in  a conditioned space, the percentage removal 
was better than 90 per cent. D ust particles of larger size or 
shape, such as lint, are more easily and completely removed

in one passage. The dust is carried ou t of the apparatus 
along w ith  the spent solution.

Several dehumidifying units have been used in nonattended 
telephone exchanges w ith similar beneficial results. These 
exchanges are generally housed in small brick buildings which 
are inspected once a week. Since m any of them  do no t have 
running water, the “Caloride” is used in a simple uncooled 
chamber equipped w ith a blower. There is no occupancy 
load, and infiltration is a t  a  minimum. The cost of operation 
is far below the m ethod previously used—namely, electrical 
heaters to reduce the relative hum idity.

O f f i c e s . One “Calorider” installation was made in a 
New York C ity office in  August, 1937, and was operated dur­
ing the rem ainder of th a t summer and during the summer of 
1938. The volume of the office is 5000 cubic feet, and a 
blower was installed to deliver 450 cubic feet per minute. 
The occupancy was four to five persons during 8 hours per 
day. The hum idity was m aintained a t  35 to 45 per cent. 
The to ta l “conditioned tim e” was 215 hours, and “operating 
tim e” was 132 hours for the 33 days during which the unit 
was run from June 13 to September 1,1938. The “Caloride” 
used am ounted to 1675 pounds.

M i s c e l l a n e o u s . In  order to determ ine the applicability 
of dehumidified air for several types of demand, installations 
of 1000-cubic-feet-per-minute lum p “ Caloriders” were made 
for conditioning a beauty  parlor, a synthetic resin manufac­
turing plant, a vacuum mail tube distributing system and a 
government seed propagation laboratory. In  all these cases 
the “Caloriders” , operating continuously under high water 
removal rates as high as 45 pounds of m oisture per hour, 
were mechanically satisfactory and were replaced in two 
cases by liquid regenerative units when these were ready for 
installation. This m ethod of proving the advantages of 
dried air for various purposes is inexpensive, inasmuch as 
installation costs are a t  a minimum and, should the condi­
tions prove satisfactory, regenerative “ Caloriders” of larger 
capacity and lower operating costs can be substituted. If 
desired, units of the la tte r type will deliver air a t  a lower 
relative hum idity—namely, as low as 17 per cent.

T he apparatus described in  th is paper is covered by issued 
and pending patents in the United States and foreign coun­
tries.

P roduction  o f  “C aloride”

N UM EROUS suggestions have been m ade for using cal­
cium chloride of various compositions in solid form 
for drying air and other gases by direct contact. I t  

m ay be produced as an anhydrous solid or w ith one, two, 
four, or six molecules of w ater of crystallization, generally as 
a m ixture of any two successive hydrates. Anhydrous cal­
cium chloride will absorb more w ater to complete deli­
quescence on a weight basis than  the hydrates. The mono­
hydrate comes next in the series from th is standpoint, but 
these two forms are costly to  prepare and m ay be dismissed 
for economic reasons. The same m ay be said of the solid 
hydrates containing w ater greatly in excess of two molecules. 
H ydrated calcium chloride in  flake form will coalesce in stor­
age when its calcium chloride content is appreciably less than 
about 78 per cent. Common practice, therefore, is to  pro­
duce flakes approaching all dihydrate, which contains 75 per 
cent calcium chloride, on a chip machine and then heat them
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in a rotary  kiln through which hot 
air is passed to  increase the calcium 
chloride content to  78-80 per cent, 
a t which it  is a m ixture of the mono- 
and dihydrates containing no te tra- 
hydrate.

F orm  o f  C a lc iu m  C hloride  
D esired

Commercial flake calcium chloride 
is objectionable in air conditioning 
for various reasons. I t  contains a 
considerable proportion of fine parti­
cles which, when dumped from a 
container, are likely to  deposit on 
surfaces outside the air-conditioning 
unit and liquefy as droplets. The 
size of voids between original flake 
particles is too small to perm it air 
flow without excessive pressures, and 
a t such pressures the finest particles 
are prone to  pick up in a dry  air 
stream and be discharged into the 
air.

A practical m ethod of obtaining 
large voids in the piled m aterial can be 
provided by using it  in lump form.
Broken lump calcium chloride is commonly made by flowing a 
molten mass containing about 73 to  75 per cent calcium chlo­
ride onto a  floor; after solidification i t  is broken up into lump 
form. This gives a product made up of irregular shapes and 
sizes, including fine chips and dust. The irregularity of the 
larger sizes is an  objectionable feature; moreover the fine par­
ticles m ust be screened out and the fines reworked before the 
product is suitable for drying air by  direct contact. If the 
product is to  be crushed and screened while cold, these opera­
tions m ust be performed in a dry  atmosphere to prevent it 
from becoming moist. Otherwise the m oist lumps will tend to 
stick together in the shipping containers after surface crystal­
lization takes place. Such a m ethod is unduly cumbersome 
and expensive. N ot only do the lumps so produced vary in 
size, bu t the shapes of approxim ately equivalent size also 
vary greatly, and m any present sharp, jagged points. These 
points m ay break off during handling of the shipping contain­
ers to produce chips and fines which are objectionable for air- 
conditioning purposes. If shipped in  waterproof bags, the 
bags m ay be punctured by the sharp protuberances.

Various m ethods of forming calcium chloride lumps of 
varying degrees of hydration have been tried. Lumps which 
are nonporous, of uniform size, shape, density, and crystalline 
structure, and which contain about 72 per cent calcium chlo­
ride m ay be satisfactorily and economically m anufactured, and 
are suitable and highly efficient for use in apparatus described 
in the two previous papers (1, 8).

When molten calcium chloride of this strength is poured 
into individual molds of the desired size and shape, i t  is diffi­
cult to fill each mold and yet leave no excess th a t has to  be 
recovered and reworked. Difficulty is also encountered in 
removing the lumps from the molds and in keeping the w'alls 
of the molds free of adhering calcium chloride which interferes 
with subsequent molding. The lumps cast in th is wray often 
contain shrinkage cavities; and w'hether made in individual 
molds or cast in slabs wrhich are later crushed to form lumps, 
the crystalline structure, composition, and density m ay vary 
considerably. These variations m ay occur not only w'ithin a 
lump b u t also when one lum p is compared w ith another. 
Some of the lumps or parts of them  m ay be primarily dihy­
drate and others prim arily tetrahydrate, owing to  separation

during quiescent crystallization; for th a t reason they exhibit 
varying rates of liquefaction upon exposure to  the flow of 
m oist air. I t  is im portan t to  provide lumps for this purpose 
■which liquefy mainly a t  the surface and as uniformly as 
possible; i t  is also essential th a t each lump shall liquefy in 
the same manner.

A ttem pts have been made to produce uniform ly sized and 
•shaped lumps of calcium chloride of uniform composition by 
granulating and compressing flake calcium chloride in tablet- 
ing machines. Such lumps contain fine internal passages 
which communicate w'ith their external surfaces, and they 
tend to soften and deform under a heavy m oisture-absorption 
load when the weight of the overburden lumps bears upon 
them. This m ay be partly  overcome by compressing the 
granules a t  an elevated tem perature a t  which they are more 
or less plastic, b u t equipment lim itations introduce difficulties.

A p p aratu s for P ro d u c in g  U n ifo rm  L u m p s

A method and apparatus have been devised to produce 
nonporous lumps of uniform composition and uniform size 
which are inherently strong enough to  stand rough handling 
w ithout producing an objectionable am ount of fine particles. 
The apparatus is inexpensive to install and provides a con­
tinuous process of lowr operating cost. Practically no fine 
material is formed as a by-product which would otherwise 
require reworking.

Figure 1 show's an installation, and Figure 2 is a diagram 
of the layout of an apparatus. Figure 3 is a  longitudinal sec­
tion of the agitated crystallizing tube w ith accessories, and 
Figure 4 a section of the forming and cooling belts.

T ank  1 (Figure 2) m ay be used as an evaporator to  boil off 
w ater from more dilute solutions or merely as a  reservoir for 
m aintaining the charge of approxim ately 72 per cent calcium 
chloride in a  boiling condition. The m aterial supplied to the 
tank m ay be received a t  full strength from other evaporative 
equipment or i t  m ay be solution recovered from nonregen- 
erative “Caloriders” as described in previous papers.

T ank 1 m ay for convenience be heated by an oil burner as 
shown in Figure 1. The heating is regulated to keep the 
charge boiling a t about 172° C. This is not the true boiling
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point since solutions of this strength tend to superheat. If 
the tem perature exceeds this point, fresh solution is added. 
For this purpose a therm ostatic bulb is immersed in the tank 
a t  2 (Figure 2) and is electrically or otherwise connected to 
valve 3 which, when opened, feeds fresh solution into the

tank. The solution m ay be preheated in coil 4 which m ay 
be placed in the stack surrounded by flue gases. The steam 
is led off through ven t 5. Instead of supplying solution to  the 
tank, solid calcium chloride m ay be substituted w ith the oc­
casional addition of water.

A small immersed pum p is located in the tank  a t  the bot­
tom  of shaft 6 and driven a t  an adjustable speed by  variable- 
speed drive 7. The ra te  of pumping can be regulated by  the 
operator by means of a conveniently placed handwheel, 8, to 
suit the ra te  a t  which the m aterial is carried away by the con­
tinuous forming belt described below.

The pum p discharges the molten m aterial through a 
jacketed crystallizing tube, 9 (Figure 3), which is internally 
agitated by a rotating  and scraping form of agitator, 10. 
While passing through tube 9, the molten m aterial is cooled 
quickly to  form fine crystals of dihydrate which are thor­
oughly mixed with still molten m other liquor by  the overlap­
ping scrapers, 11; a t  the same tim e the scrapers keep the in­
terior surface of tube 9 clear of crystal deposits to  facilitate 
rapid hea t transfer. This effect produces a m ixture of fine 
suspended crystals. The agitator is driven by the m otor and 
reducing gear assembly, 12.

The mush or thick slurry is discharged from the tube 
through opening 13 into the cubicles between the flights of 
the articulated forming belt, 14, which is enclosed in  housing 
15. The m ushy m aterial so produced is of such consistency 
th a t the mass will not flow out through the small openings 
of the articulated forming belt. The crystals do no t settle 
or segregate during further cooling therein. In  this way a 
fine and uniform crystalline structure is produced and pre­
served.

D uring the passage of the m aterial through tube 9, the tem ­
perature drop rarely exceeds 12° C. while the la ten t heat of 
crystallization of the separating dihydrate is being removed. 
This la ten t heat of crystallization can be removed far more 
rapidly than  if the mass were in a quiescent condition, and 
lienee the production capacity of the unit is high. The heat 
is absorbed by circulating a cooling liquid, preferably water, 
under 50 pounds gage pressure through jacket 15 surrounding 
tube 9 by means of pum p 16. The heat m ay be removed from 
the w ater by  a suitable cooler in pipe line 17.

W hen the apparatus is shu t down, the calcium chloride is 
ordinarily perm itted to solidify in tube 9. Upon restarting, 
the calcium chloride is softened sufficiently by heating the

water in the jacket to perm it the agitator to be started . This 
is neatly  accomplished by an electrical immersion heater, 18. 
Any w ater th a t is lost from the circuit m ay be replenished 
through valve 19, or w ater m ay be adm itted slowly a t  this 
point to cool the recirculating w ater. The tem perature of 
the cycled w ater m ay be recorded or controlled by ther­
mometers 20 and 21.

Forming belt 14 (Figure 4) runs a t  a constant speed, and 
the delivery of the pump in tank  1 is regulated to fill the 
spaces between the flights. From  this standpoint the pump 
becomes a measuring device since little  pressure is required 
to force the crystallizing mass past the rotating  agitator, 
whose design was selected to  impose little  or no resistance to 
flow. Any m om entary excess of m aterial delivered to the 
forming belt is scraped back into the spaces between the 
flights by  a surface scraper a t  22 which also smooths off the 
tops of the individual masses. The open sides of the cubicles 
between the flights of forming belt 14 are closed by fixed side 
walls for a short distance from the filling point. Casing 23 
encloses the forming belt through which a blast of cooling 
air from blower 24 (Figure 2) enters through 25 (Figure 4). 
P a rt of this air is blown to cool the surfaces of the cast sec­
tions and the fixed side walls, and the remainder passes out 
through casing 26. As the forming belt moves toward the 
discharge end, the individual masses are sufficiently case-

hardened by cooling to retain their shape before they have 
passed the ends of the fixed side walls. The formed masses 
in belt 14 finally reach driving sprocket 27, are kicked out of 
the forming belt by the action ofi ts  links, and fall onto a 
coarse wire mesh belt, 28. This belt moves a t  a lower speed 
through casing 26 where the lumps pile up  and are further 
cooled by the blast of air from blower 24. Belt 28 also 
serves to remove any fine particles, resulting from the break­
ing off of th in  edges from the lumps when they drop from 
forming belt 14 onto belt 28. A trough is hung under forming 
belt 14 and wire mesh belt 28 in which the fine particles be­
come cool enough to  liquefy by absorption of m oisture from 
the air and the solution is occasionally returned to tank 1. 
By the tim e the lumps reach the end of belt 28 they are 
sufficiently strong to  stand dropping into moistureproof con­
tainers b u t are still warm enough not to  be deliquesced by 
the ordinary air used for cooling them.

T he lumps as delivered warm from wire mesh belt 28 con­
tinue to harden upon further cooling in  tigh t containers, and 
reach their final strength after 15 to  30 hours, depending upon 
the bulk of the mass. When finally aged, they exhibit a fine 
crystalline structure. Cavities in  the lumps are rare, and the 
la tter liquefy uniformly a t  their surfaces when exposed to air 
flowing a t  a high velocity. Deliquescence takes place solely 
a t  their surfaces (not internally) as a result of the absence of 
fine channels.
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C o m p o sitio n  o f  L u m p s

The following table shows the percentage of dihydrate and 
tetrahydrate corresponding to the percentage of calcium
chloride:

C a èh
% Di-
h y d ra te

%  T e tra ­
hy d ra te C iic ij

% Di- 
h ydrate

%  T e tra ­
hydrate

75
74
73
72

9G.6
89 .9
83.1
76 .3

3 .4
10.1
16.9
23 .7

71
70
69
68

69.7
62.8  
56.1 
49.4

30.3
37.2
43.9
50.6

The apparatus as shown in Figures 2, 3, and 4 produces 
lumps of cubical form, but, by the use of suitably designed 
forming belts, rods, slabs, and other shapes m ay be made.

We have found th a t calcium chloride produced as a by­
product in the m anufacture of soda ash is suitable for the 
purpose. However, when air to be conditioned is passed 
through beds of lumps m ade from this m aterial and dis­
charged into restricted spaces, a m usty or wet plaster odor 
is noticeable. This has been overcome by the addition of 
activated carbon since the odor is not inherent in the calcium 
chloride itself b u t is due probably to impurities arising from 
its production. In  practice the activated carbon in finely 
divided form is added to  the molten calcium chloride prior 
to pumping it  through crystallizing tube 9. D ry  carbon 
powder will no t mix well with the melt, b u t if i t  is moistened 
to form a paste or slurry, i t  can be dispersed uniformly 
throughout the mass by agitation. This uniform dispersion 
is preserved by  the m ethod of m anufacture, and each finished 
lump possesses its proportionate am ount of carbon. Upon 
liquefaction during use, the carbon accumulates upon the 
lump surfaces as a thick sludge and removes odors th a t 
would otherwise be discharged into the conditioned air. As 
further deliquescence takes place, the excess carbon drains 
from the lum p surfaces; since it  is easily kep t in suspension 
in the liquid because of the high gravity  of the latter, i t  is 
still available as a deodorant when the liquid is used for treat­
ing air before final contact w ith lumps.

diffuses into the voids of the bed of lumps. For this purpose 
the lumps are far superior in form to flake calcium chloride. 
They are also free from fine particles th a t are likely to  be 
deposited upon the m aterials to be kept dry when a shipping 
container is dumped into the receptacle used for holding them. 
W here foods such as table salt, dry cereals, crackers, nuts, 
milk powder, and the like are concerned, activated carbon 
should be present in the lumps. When the space is of con­
siderable size and the relative hum idity of the air m ust be 
held a t  a constant level throughout the space, i t  is desirable 
to provide a fan to circulate the air through a bed of the 
lumps; for this purpose the fan m ay be controlled by a 
hum idistat placed in the space. I t  is preferable to  cause the 
air first to contact the solution produced by liquefaction of 
the lumps before coming into contact with the lumps them ­
selves. This dilutes the solution for economy and a t  the 
same tim e reduces its crystallizing tem perature. When the 
am ount of m oisture to  be removed hourly is small, i t  is not 
necessary to remove heat from the apparatus by outside 
means. In  th a t event the outlet air is a t  a somewhat higher 
tem perature than the air of the space. This is no t objection­
able—for example, in nonattended autom atic telephone ex­
changes. Apparatus of this type has been used to  facilitate 
the drying of freshly laid wall plaster. M arine and tropical 
locations are noteworthy examples requiring the drying of air.

I t  seems probable th a t m aterial in lump form as described 
should be useful in shelters to protect the  civilian population 
from air raids. The form of apparatus to  be used would de­
pend upon the size of the shelter, the expected occupancy, and 
the length of tim e calculated for the duration of air raids. 
The design and proposed treatm ent of air in  such shelters has 
been discussed recently by Pallot (4)- From this paper and 
the accompanying discussion there appears to be no simple 
standardized solution to  this tremendously im portant prob­
lem. Because of necessary limitations, comfort would have 
to  be sacrificed in preference to  adequate protection from 
high explosive or gas bombs.

When dried and cleaned compressed air is required for 
various purposes, lumps of this type m ay be placed in a 
container in the compressed air line. This container m ay be 
used as an equalizing tank and should be equipped with a 
solution drawoff and a  suitable eliminator. Because of the 
open character of a bed of such lumps and their slight re­
sistance to air flow, they m ay be placed in a container, and air 
may be drawn through the bed—for example, by the action 
of a centrifuge used for filtering or separating m aterials ad­
versely affected by atmospheric moisture. W here storage 
tanks or bins are used to  hold liquids or solids th a t m ust be 
kept d ry  or free of condensed m oisture, the  lumps are placed 
in receptacles attached to  the breather openings.

Lumps used for drying gases or air where odor is not con­
cerned may be produced and used w ithout the addition of 
carbon. The type of carbon used, however, is cheap and 
does not increase the cost appreciably.

U ses
Storage rooms, vaults, and boxcars used for holding or 

shipping m aterials such as seeds, paper, films, sheet metals, 
fine m etal parts, and other products which are adversely 
affected by humid air, can be kept sufficiently dry a t low cost 
by the use of lumps of this kind. They m ay be placed in 
perforated containers provided w ith a  reservoir to  collect the 
liquefied material. W ith such an arrangem ent the moisture
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Lumps of hydrated calcium chloride of this type dissolve 
easily in  w ater since they perm it free circulation of liquid as 
compared to  similar m aterial in flake form and are especially 
suitable for preparing brine solutions. They have been found 
useful in the thawing of ice in gutters and downspouts of 
buildings where damage is caused by restricting the runoff of 
w ater under certain conditions not infrequently arising in 
winter.

The process described in this paper is adaptable for the 
economical production of other crystallizable m aterials than 
hydrated calcium chloride when uniform ity of shape, com­
position, and structure of solid forms is desirable.

T he product, process, and apparatus are covered by U. S. 
paten ts (3) and by  foreign paten ts and pending applications.

T he R egenerative “Calorider”

TH E first two papers of this series (1, 3) dealt w ith the 
subject of conditioning air, especially for suburban 
residences and other relatively small spaces, by means 

of a “Calorider” of the nonregenerative type using calcium 
chloride in lump form for dehumidifying air in summer. 
The same apparatus m ay be used for heating and humidify­
ing air in w inter. Our objective was to  devise a cheap and 
com pact un it for this double function where the equipm ent 
cost for relief from summer discomfort would not appreciably 
exceed the cost of indirect warm  air equipm ent for w inter 
heating. The use of an a ttic  blower for nighttim e cooling 
is recommended. The dehumidifying apparatus itself will 
cause no appreciable dry-bulb reduction of the  space in the 
daytim e unless cold w ater is available. In  some localities 
the w ater supplied by the local u tility  is a t  a low enough 
tem perature to provide sensible cooling; in others, shallow 
wells are feasible. I t  has been estim ated th a t city w ater a t 
61° F. maximum tem perature is available to approximately 
four million residents, 61° 
to  65° F. city w ater to a 
further three million, and 
66° to  72° F. city water 
to  an additional seventeen 
m il l io n  p e o p le . T h e  
rapid increase in the uti­
lization of house insula­
t io n ,  h o w e v e r , m a k e s  
artificial daytim e summer 
c o o lin g  le s s  e s s e n t ia l .
The simplicity of con­
struction of the nonre­
generative un it combined 
w ith an a ttic  blower per­
m its a low installed eost 
and economic operation 
for small and medium 
size residential or similar 
spaces.

For large houses whose 
owners require day and 
night wet-bulb reduction 
and can afford to  pay for 
in d e p e n d e n t  dew-point 
and dry-bulb tem perature 
control equipment, a lower

hourly operating cost can be obtained w ith a regenerative 
type of “Calorider.'' This type employs low-temperature 
heat, such as low-pressure steam , to  m aintain the liquid used 
for absorbing m oisture a t  a suitable concentration. The 
steam , or even ho t w ater a t  180° F ., can be supplied by  the 
house heating boiler or by  an independent heating means us­
ing oil, coal, or gas as the fuel. If  dew-point reduction alone 
is sufficient, the air m ay be discharged a t  the proper relative 
hum idity  and give a comfort effect comparable to  th a t ob­
tained by the nonregenerative type “Calorider” described 
previously. If  dry-bulb reduction is also required, any suit­
able cooling means, such as well w ater or mechanical refrigera­
tion, can be employed. If this is arranged to  cool the air 
after i t  has been dried, the cooling coils for this purpose do 
no t have to  carry the la ten t h ea t load. The combined equip­
m ent is then controlled by  a  space hum idistat for moisture 
control and a  space therm ostat for tem perature control, each 
independent of the other. Another variation, which will 
generally be found to be more economical, is to use a hygro­
scopic liquid which will produce superdried air—say w ith a 
relative hum idity of 15 to  25 per cent a t  tem peratures of, 
for example, 75° to 85° F.—and then partially  rehumidify 
this air by  evaporative cooling to  perm it the discharge into 
the space of cooled air a t  a  selected relative hum idity. By 
suitable arrangem ent of control accessories, both the dry- 
bulb and dew-point tem peratures can be independently regu­
lated. W ith such a  m ethod the sole source of energy, except 
th a t for fans and pumps which would generally be motor- 
driven, is derived direct from fuel.

I t  should be borne in  m ind th a t the average home owner 
has an aversion to  the ownership of complicated machinery 
th a t m ay require attention  or repair sendees. U ltim ately 
the cost of owning and operating units of the regenerative 
type will undoubtedly be low enough to  justify  their installa­
tion in medium and large size homes, b u t for m ost small 
houses only the lowest first-cost installation will be pur­
chased, such as a nonregenerative “Calorider” combined 
w ith an a ttic  blower.

No installations of the liquid regenerative type of “ Calo­
rider” are operating in residences a t  present, b u t a num ber of 
installations have been m ade in commercial and industrial 
establislunents.

F i g u r e  1. V e r t i c a l  S e c t i o n  o r  A b s o r b e r  a n d  C o n c e n t r a t o r  o r “  C a l o r i d e r ”  S y s t e m
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F i g u r e  2 . V e r t ic a l  S e c t i o n  o f  H o r iz o n t a l  T y p e  “ C a l o -  
r i d e r ”  A b s o r b e r

F ig u r e  3 . V e r t ic a l  C r o s s  S e c t io n  o f  F ig u r e  2

F ig u r e  4 . A r r a n g e m e n t  o f  R a d ia t o r s  a n d  H y g r o s c o p ic  
S o l u t io n  S p r a y s

a t  the bottom  of the concentrator. This receives cold liquid 
from pump 19, and the cold liquid is preheated by the warmer 
liquid flowing down from the concentrating step. The pre­
warmed liquid then flows either direct to spray nozzles 22 
or through a second heat exchanger, 23, in duct 24. The pre­
heated liquid is sprayed over and flows down through the 
extended surface radiator, 25, where it is heated and partially 
concentrated, and then continues down through packed sec­
tion 26 in which it is cooled by further evaporation, and 
thence into the sump for further cooling by heat exchanger
20. From  the sump the concentrated liquid, a t  a tem pera­
ture closely approaching th a t of the liquid discharged by 
pump 19, returns to  reservoir 11 of the absorber. There it 
enriches the hygroscopic solution which, in turn, is pumped to 
sprays 3.

The concentrator preferably has its own blower, which 
draws air either from outdoors or from the conditioned space, 
and discharges it up through the packed section, 26, and the 
heating radiator, 25, countercurrent to the descending liquid

Reference was made in the second paper of this series 
to the liquid-phase air-drying section of the  nonregenerative 
“Calorider.” This constitutes the absorber section of the re­
generative units, and the object of this paper is to discuss the 
novel principles employed in  the absorption of moisture and 
the regeneration of the hygroscopic solution.

Figure 1 is a vertical section of a regenerative un it for 
drying air. A vertical type concurrent flow absorber is 
shown on the left and a concentrator on the right for main­
taining a suitable strength of the hygroscopic solution. 
This type of absorber has certain operating advantages and 
is preferred if the headroom in the space is sufficient to ac­
commodate it.

Figure 2 shows a section of a horizontal absorber for 
installations lacking sufficient ceiling heights for the vertical 
type. In this un it the air and solution flow in a horizontal 
but concurrent direction. Figure 3 is a vertical cross section 
of Figure 2 taken through the finned-tube radiator. Figure 
4 shows another arrangem ent of radiators and hygroscopic 
solution sprays in a horizontal type absorber.

Figure 5 is a vertical type “ Calorider” absorber, such as is 
shown in Figure 1, for treating 6000 cubic feet of air per 
minute (360,000 cubic feet per hour) a t  lowr pressure. The 
absorber is shown a t  the left. The blower a t  the right 
draws the air through the absorber and discharges it  to the 
conditioned space.

Figure 6 shows a “Calorider” solution concentrator in the 
foreground w ith its blower, connections, pump, and control 
panel, and in the background the  absorber shown in Figure 5.

C yclic  P r in c ip les  o f  th e  S y stem

A i r - D r y i n g  a n d  S o l u t i o n  R e c o n c e n t r a t i o n  S t e p s . 
In the arrangem ent shown in Figure 1 the air entering the 
absorber a t  1 m ay all be drawn from the outdoor atmosphere 
or from the conditioned space or from both  sources. I t  first 
passes through a back-drift spray eliminator, 2, into contact 
with the suspension of droplets of the hygroscopic liquid 
thrown into the air by the nozzles, 3, and the impingement 
targets, 4, in space 5 above the finned-tube radiator, 6. 
Radiator 6 is cooled by a coolant, such as water, passing 
through its coils. Preferably the water enters a t  7 a t  the 
bottom set of coils, flows up countercurrent to both  the air 
and the hygroscopic liquid, and is discharged from the top 
bank of coils a t  8. The hygroscopic liquid is spread in thin 
films over the fins of radiator 6 and flows down along w ith the 
air which is directed in the form of thin turbulent streams by 
the channels between the radiator fins. The hygroscopic 
liquid flowing from the fins a t  the bottom  of the extended 
surface cooling coil, 6, tends to  coalesce into relatively large 
streams, and these coalesced stream s separate in large part 
from the air in space 9. The liquid flows down the air di- 
rectionating plate 10 and drains into shallow reservoir 11. 
Any droplets of liquid still suspended in the air stream  are 
separated by  spray eliminators 13 and 14, and the cleaned 
air passes in contact w ith hum idistat 15 on its way to  air 
outlet 16.

The solution in reservoir 11 is discharged by pump 17 
through strainer 18, if it is desired to remove suspended dirt, 
to spray nozzles 3. A second pump, 19, draws solution 
from reservoir 11 and discharges it to  the concentrator. In  
practice a  single pum p is ordinarily used with the discharge 
split to proportion the am ount of liquid pumped to  the ab­
sorber and the concentrator. For ordinary purposes about 
one sixth as m uch solution is pumped to the concentrator as 
is recirculated to  the absorber, and both circuits flow con­
tinuously as long as the system is in operation. Various 
forms of heat exchangers have been used, bu t in this example 
an extended surface heat exchanger, 20, is immersed in a sump



694 INDUSTRIAL AND ENGINEERING CHEMISTRY VOL. 31. NO. 6

and then through spray eliminator 27 and duct 24 to the out­
door atmosphere. In  this way the m oisture absorbed by the 
hygroscopic liquid in  the air-drying step is desorbed by 
contact w ith air in the concentrating step, and either all of 
i t  is discharged to  the outdoor atm osphere or it is partially 
removed from the hot air by cooling and condensing it in 
the second heat exchanger, 23.

shortening the radiators and positioning the fins horizontally, 
ample w etting of all fin surfaces is obtained and preserved by 
means of sprays 3.

In  this example (Figure 4), baffles 11a below the radiator 
sections m ay be repositioned and extended to the bottom 
of the reservoir to form separate com partm ents, and the 
solutions used in each radiator section and its associated

F ig u r e  5 . “ C a l o r i d e r ”  A b s o r b e r  
f o r  T r e a t in g  6 0 0 0  C u b ic  F e e t  o f  

A i r  p e r  M i n u t e

R adiator 25 m ay be heated by steam  introduced through 
a  solenoid or m odulating valve 28 which is electrically or 
otherwise energized by hum idistat 15 in the outlet duct 
from the absorber unit. W hen dehumidified air is to  be dis­
charged through duct 16, hum idistat 15 will open valve 28 
when the relative hum idity in duct 16 exceeds the set point 
of hum idistat 15, and vice versa. O ther m ethods of con­
trolling the concentration of the solution have been pro­
posed, such as means affected by its specific gravity, b u t for 
the cycle shown hum idistatic control is preferred.

B a s i c  P r i n c i p l e s  o f  E a c h  S t e p . The absorbers shown 
in Figures 2 and 4 are set up in a horizontal position. The 
parts are numbered the same as in Figure 1.

Figure 3 shows finned-tube radiator 6 of Figure 2 with 
vertical fins and horizontal cooling tubes. Despite this fin 
arrangem ent, the high velocity of the air causes the hygro­
scopic liquid to flow concurrently w ith the air. I t  is desir­
able to  assure th a t the fin surfaces are w etted in all parts of 
the radiator. Wl\ere the gravity  of the solution is high and 
the length of the radiator is great, in the direction of air 
flow a weir, 3a, m ay be used to  spread some of the liquid over 
the top of the radiator fins. Such an arrangem ent will pre­
ven t any lack of a  suitable supply of liquid of proper con­
centration a t  the top left-hand corner of radiator 6 (Figure 
2). In  place of weirs, sprays m ay be used if proper care is 
taken to  baffle the space between the roof of the casing 
and the top of the radiator to prevent air from by-passing 
the la tte r and thereby escape treatm ent. Baffles 11a are 
provided to  stop short-circuiting of the air past the bottom s 
of the radiator or the eliminators above the liquid in reservoir
11. Valve 17a m ay be used to supply the correct flow of 
solution to  the weir.

Figure 4 also shows an  absorber through -which the air 
passes in a  horizontal direction and by its velocity carries 
the liquid along its path  of flow. The radiator is divided 
into three sections w ith sprays preceding each section. 
The cooling tubes are vertical and the fins horizontal. By

com partm ent m ay be kep t separate and recirculated by in­
dependent pum ps to the corresponding radiator section and 
to a separate concentrator. In  this way solutions of pro­
gressively increasing strengths or of varying compositions 
m ay be used in successive sections. Suitable entrainm ent 
eliminators should be used preceding each set of spray nozzles 
under this modification. Successively colder zones m ay be 
produced by flowing the coolant through the series of radia­
tors from left to right, or independent coolants m ay be used 
in the separate radiator sections.

A bsorber P r in c ip les

The absorber m ay be designed to  trea t a  fixed rate  of air 
flow and deliver it a t  a fixed b u t adjustable relative humidity. 
The tem perature of the discharge air m ay or m ay not vary, 
depending upon whether the inlet tem perature of the coolant 
is fixed or is variable, and hence the to ta l heat content of the 
discharge air m ay be constant or variable. The to ta l heat 
content of the inlet air m ay also be relatively constant or 
continually fluctuating, depending upon its source, but 
generally it  is far more variable than  th a t of the  ou tlet air. 
If the inlet air is obtained largely from the conditioned space, 
it  is more likely to  be constant than  if taken from outdoors, 
b u t there are exceptions. The heat load to be carried by  the 
absorber is the difference in to ta l heat content of the inlet 
air and the outlet air, since it is understood th a t the total 
heat content removed is the sum of the la ten t heat of conden­
sation of the absorbed w ater and the sensible heat removed 
from the air. I t  is clear th a t the hea t load m ay vary  from 
hour to hour and even during much shorter tim e intervals. 
The absorber is normally designed to handle the maximum 
heat load b u t it is also highly desirable th a t i t  be able to 
compensate autom atically for any fluctuations as quickly as 
possible and perform w ith high efficiency under any  reason­
able conditions. The type of absorber described here ap­
proximates this ideal requirem ent closely.
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The description of its operation will have to be limited to a 
fixed set of conditions. L et us assume th a t only outdoor 
air is drawn into the absorber. The outdoor air is taken a t 
standard maximum design conditions of 95° F. dry bulb, 
78° wet bulb, and 72° dew point. The to ta l heat content is
41.3 B. t. u. per pound, of which 18.5 B. t. u. represents the 
latent heat and 22.8 B. t. u. the sensible heat above 0° F. 
The tem perature of the coolant is assumed to  be constant a t 
70° F . We will also assume th a t the tem perature of the dis­
charge air is fixed a t  75° F . and its relative hum idity 40 per 
cent. The to ta l heat content of the discharge air is 26.3 
B. t. u. per pound, made up of 8.3 B. t. u. of la ten t heat and
18.0 B. t. u. of sensible heat. The to tal heat load to be carried 
by the absorber is therefore 15.0 B. t. u. per pound of inlet air. 
We will also assume th a t the volume of inlet air is 6000 cubic 
feet per m inute or 440 pounds of air which requires the 
removal of 6600 B. t. u. per m inute or 396,000 B. t. u. per hour. 
Of this to ta l am ount, 70 per cent is la ten t heat and 30 per 
cent is sensible heat. The heat balances will be discussed 
later b u t this suffices to show th a t a large am ount of heat 
m ust be removed. Space limitations in buildings require 
th a t this be done in a compact un it w ith a minimum imped­
ance to  air flow.

After entering the absorber casing (Figure 1), the air first 
comes into contact w ith the solution in finely divided form 
either as suspended droplets caused by  the sprays alone, as 
shown, or combined w ith suitable tower packing in space 5. 
The solution a t  the sprays is cold; i t  is a t the same tem pera­
ture as the solution in reservoir 11 which, w ith good heat 
transfer provisions in 20, is substantially the same as the 
coldest solution in the un it—namely, th a t draining from the 
bottom of extended surface radia tor 6. While passing through 
space 5 the air is cooled, m oisture is absorbed by the solu­
tion, la ten t heat is converted to sensible heat, and the solution 
tem perature is increased because it is not in contact with 
cooling surfaces. The intim ate m ixture of the solution and 
the air passes on into contact w ith the closely spaced fins 
and coils of radiator 6. T he preliminary contact in space 5 
and the resulting rise in solution tem perature causes the 
water discharged a t  8 to  leave a t  a higher tem perature than 
would otherwise be the case. This results in an appreciable 
saving in w ater or, if a cooling tower is employed, permits the 
use of a smaller size.

As the th in  stream s of high-velocity air flow down in con­
tact with the liquid films, further moisture is absorbed and 
more sensible heat is generated w ithin the films, bu t this is 
removed a t  the m om ent and place of formation. The con­
current stream s of the reacting fluids flow countercurrent to 
the cooling water so th a t when the air and liquid separate 
from each other they are a t  the lowest tem perature reached 
in the system and are in  substantial moisture and tem perature 
equilibrium w ith  each other.

The retention tune of the liquid in the radiator is low 
because the rapidly moving air forces the liquid along; since 
it  is not possible to  flood the channels, the velocity m ay be 
high which enhances the rate  of heat transfer to the cooling 
coils. By providing a suitable ratio of coil surface to fin 
surface and proper velocity for the coolant, the over-all heat 
transfer ra te  m ay be very high.

Since the sensible heat formed is practically instantane­
ously removed by the coolant, the am ount of hygroscopic 
liquid which m ust be pumped through the apparatus is only 
a small fraction of th a t required were the heat to be carried 
away to  a separate cooling zone by the liquid itself. In  fact, 
only sufficient hygroscopic liquid need be circulated through 
the radiator to prevent undue dilution by the absorbed 
water.

The very large area of fins which can be accommodated in 
a small volume of radiator exposes correspondingly extensive

gas to liquid interfaces; combined with cooling in  situ, this 
permits high moisture and heat transfer rates. The small 
liquid retention of the device makes sensitive control possible 
and likewise permits a  reduced investm ent when high-cost 
hygroscopic liquids are used.

When the relative hum idity of the outlet air shows a  rise 
above 40 per cent, th is is an indication th a t the solution dis­
charging into space 9 has become too dilute. Steam valve 28 
is opened by hum idistat 15 and partially concentrated solu­
tion almost immediately begins to discharge through pipe 
21 into reservoir 11, and the small am ount of solution present 
there sta rts to become enriched. The quick response to this 
demand upon the concentrator depends upon its retention 
of circulating solution b u t this is of small volume. This 
concentrating effect is reflected quickly in the strength of 
solution to sprays 3 and also in the solution in final contact 
w ith the air in space 9. Hence under low to tal heat load con­
ditions there is very little lag or overrun.

Under high heat load conditions, such as the example given 
above, the concentrator continues to enrich the solution to 
the sprays (especially if a modulating valve is used a t  28) 
until i t  discharges into space 9 a t a suitable strength to reduce 
the relative hum idity of the outlet air to the set point of 
hum idistat 15. I t  should be borne in mind th a t concurrent 
flow of air and solution permits as high a concentration of 
solution discharged into space 5 as is necessary to  establish 
equilibrium conditions a t  the downstream face of the radia­
tor. W hen the moisture content of the inlet air is high, the 
concentration of the solution in space 5 is also high. This 
causes the greatest tem perature rise of the solution a t  this 
point, and hence the cooling water exit tem perature is raised 
a t  a time when it is called upon to carry away an increased 
am ount of generated heat.

If highly variant, the heat load on the absorber m ay re­
quire control of the rate  of flow of cooling water to the coils 
of the radiator, b u t this is merely a question of calculating 
the maximum required and equipping the un it w ith a  therm o­
statically controlled valve, preferably of the modulating 
type for regulating the flow a t  reduced loads.

Should the inlet air vary rapidly in m oisture content, this 
m ethod permits a  sensitive selective control of the outlet 
air quality and the conservation of cooling water.

The solutions generally used m ay be defined as viscous 
liquids, and since the films on the radiator fins pass into space 
9, they coalesce into streams and separate easily from the air 
stream. Any small portion entrained in  the air as fine drop­
lets is easily separated from it by suitable eliminators. When 
chloride salts are used to form the hygroscopic solution, the 
perfection of spray elimination can be tested by the use of 
silver chromate paper in the discharge duct after the blower. 
This test is extremely sensitive to very slight traces of 
chlorides. I t  is stated to be capable of showing even the 
small salt content of the atmosphere in coastal regions.

One unexpected advantage of concurrent flow of air and 
solution in the absorber resides in  the observation th a t w ith 
viscous solutions there is a markedly lessened tendency to 
form foam than when countercurrent flow is used.

C on cen trator  P r in c ip les

The concentrator has been particularly designed as a co­
operative companion to the absorber, b u t its characteristic 
features m ay make it useful for other purposes as an inde­
pendent unit. I t  m ay be much smaller than  the absorber, 
and the air volume passed through m ay be one seventh th a t 
treated in the absorber because the tem perature spread 
between the solution in the concentrator and the heating fluid 
is far greater than the tem perature difference between the 
absorber solution and the coolant.
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W e have designed th e  concentrator to  remove water from 
the solution into an air stream  because this permits the use 
of low-tem perature hea t which is generally cheaper or more 
readily available th an  high-tem perature heat. W here salts 
are used to  form the hygroscopic solution, they  are non­
volatile, and it  is necessary only to  ensure against entrain- 
m ent losses. Low-temperature concentration of such salt 
solutions minimizes corrosion.

I t  is advantageous to  return  the concentrated solution to 
the absorber circuit a t  a tem perature no t greatly in excess 
of the solution therein; otherwise the heat load on its cool­
a n t is increased. T he tem perature reduction of the heated 
solution is obtained in two steps. F irst, the hot solution 
draining down from heating radiator 25 is evaporatively 
cooled by  contact w ith a countercurrent of upward-flowing 
air in packed section 26, and the solution partially  cooled 
there is further cooled by  hea t transfer in  hea t exchanger 20. 
In  this way the solution returning through pipe 21 should 
n o t exceed the tem perature of the solution in space 9 by more 
than  a few degrees. Despite the small volume of solution in 
reservoir 11, th is is no t heated to  any marked extent, b u t 
even if i t  should be, the treated  air in space 9 is prevented by 
plate 10 from contacting w ith and being rehumidified by  the 
solution in the reservoir. If the solution discharged a t  sprays 
3 should be warm  for the same reason, the desired equilib­
rium of the treated air and solution as they separate from 
each other in space 9 is no t disturbed. Such a result should 
n o t be perm itted to  take place, b u t if it should, the only 
penalty is th a t more heat release is required in  the  absorber. 
W ith countercurrent flow of air and solution, however, a 
warming of the solution a t  the sprays—namely, where the 
air and solution would separate in space 5—would upset the 
absorber design conditions.

The cooling of the solution by evaporation in packed sec­
tion 26 of the concentrator depends upon the dew-point tem ­
perature of the entering air. I t  is also promoted by air of 
lower tem perature b u t to  a lesser extent. Under alm ost all 
conditions, outdoor air is suitable for this purpose, b u t a 
greater cooling effect can be obtained by taking air from the 
conditioned space. Such spaces require ventilation; and 
where outdoor air is dried and discharged into the space 
by the absorber, the am ount required for ventilation is 
generally large compared to th a t  needed to  operate the con­
centrator. The use of such air in this concentrator perm its 
operating economies.

W hen steam valve 28 is opened or closed, the blower a t­
tached to the concentrator air inlet m ay likewise be started  
and stopped. Ordinarily, however, this blower is perm itted 
to  operate continuously; for if i t  does, the concentration of 
the solution continues after valve 28 is shu t off due to the 
residual heat left in  radiator 25 and other structural parts. 
Evaporative cooling of the returning solution in  packed sec­
tion 26 likewise continues. I t  is preferable for pum p 19 to 
continue the recirculation of the solution through the con­
centrator, for w ith sa lt solutions this prevents the formation 
of deposits upon the radiator surfaces.

In  the general description it  was stated  th a t the solution 
from hea t exchanger 20 m ay be discharged direct to sprays 
22; b u t if the cost of heat or other considerations justify  the 
investm ent, a  second heat exchanger, 23, of the firmed-tube 
type m ay be inserted in the ho t moisture-laden air passing 
out through duct 24. By this means, both  sensible heat and 
la ten t heat m ay be regained and the condensed w ater w ith­
drawn through 29. This distilled water m ay be used for a 
variety  of purposes.

The discharge of hot air containing large am ounts of 
m oisture through duct 24 to  the outdoors m ay, under certain 
circumstances as to  location and atmospheric conditions, 
cause a local disadvantage or a nuisance. In  such cases the

use of hea t exchanger 23 m ay be justified, and the cooled 
air of reduced m oisture content m ay be discharged direct 
to  the outdoors. Instances are sometimes m et where it  is 
difficult to install a duct connecting the concentrator to  the 
outdoor atmosphere. In  such cases the air leaving ou tlet 24 
m ay be passed through a cooling coil to condense out further 
m oisture and the air m ay be recirculated to  the concentrator 
air inlet.

Low-pressure steam  m ay be used in the concentrator. 
Often in factories, exhaust steam  is available a t  low cost 
and this is suitable for the purpose. Since hea t is the princi­
pal source of energy required for the system, the operating 
cost m ay frequently be very low. The system m ay be ar­
ranged to absorb 1 pound of water w ith a steam  use as low as
1.3 pounds. For comfort conditioning where large am ounts 
of fresh air would be desirable—for example, where the occu­
pancy is high—the operating cost is sufficiently low so th a t a 
m ajor portion of the air to be treated m ay be drawn from 
outdoors rather than  recirculated from the space. However, 
even the p art of the air th a t is recirculated is thoroughly 
scrubbed by a viscous dehydrating solution which has been 
cycled through the hot concentrator in contact w ith air. 
This undoubtedly produces a m arked pasteurizing effect, 
except perhaps upon some spore-bearing organisms.

C on tro l o f  th e  S p ace

The foregoing description of the operation of the absorber 
and concentrator assumes th a t the relative hum idity  of the 
discharge air a t  a  tem perature dependent upon the available 
coolant is of prim ary concern. I t  will be shown later th a t 
this relative hum idity generally remains fixed, regardless of 
the discharge tem perature, when the composition and con­
centration of the solution is selected and m aintained. A t 
lower tem peratures the absolute hum idity will be less, and 
vice versa. AVhen air is to be used as a  process m aterial, 
its quality m ay be specified either as to  its absolute hum idity  
or its relative hum idity. I ts  absolute hum idity  m ay be con­
trolled by fixing both the relative hum idity and tem perature 
of the outlet air. Where relative hum idity  alone is con­
cerned, the control m ay be solely by  a  hum idistat in the dis­
charge duct from the absorber. Even for certain air-condi­
tioning purposes this type of control is adequate—-for ex­
ample, where a  large p art or all of the air is taken from 
outdoors and discharged into the space to  provide much 
ventilation. Under other circumstances the space itself 
should be under hum idistatic control. This is necessary 
when a large p art of the air is taken back from a space in 
which moisture is generated or enters through infiltration 
from outside. In  th a t event the space itself m ay be consid­
ered for all practical purposes as a p art of the duct system, 
and hum idistat 15 m ay be placed in it. H um idistat 15 
in the dehumidified air of th e  space then controls the am ount 
of heat introduced into the concentrator. The la tte r then 
supplies solution to the absorber a t  such a strength th a t the 
air around the hum idistat is reduced to  the  selected relative 
hum idity. Under certain circumstances two hum idistats 
m ay be used, one in the space and one in duct 16. The la tte r 
then overrides the former as a safety device to prevent the 
solution from becoming too concentrated as i t  returns from 
the concentrator.

If dry-bulb reduction of the space cannot be attained by 
the available coolant supplied to  the absorber, independent 
means such as refrigeration can be used to  cool the space. 
This m ay be accomplished by cooling the air in the main dis­
charge duct or by separate air-cooling units in the space. 
Then the m oisture content of the air can be controlled humidi- 
statically and independently of therm ostatic control of the 
space tem perature. W here it is expensive to  lead ducts
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through an existing building or where zone control is required, 
there m ay be several suitably placed absorbers supplied by 
solution from a  single concentrator. Other variations in 
application are feasible, such as producing superdried air 
and adiabatically vaporizing w ater into i t  to  obtain dry-bulb 
reduction of the space. This double function can be con­
trolled by a  space therm ostat acting upon the evaporative

water supply and a space hum idistat acting upon the con­
centrator. As the space tem perature starts to rise, the 
evaporative w ater inlet is opened by the therm ostat which, 
unrestrained, would cause a rise in the relative hum idity of 
the  space. The hum idistat, sensing this rise, however, 
causes the concentrator to produce a more concentrated 
solution. The air leaving the absorber is then dried suffi­
ciently to  evaporate enough w ater for cooling the space with­
o u t increasing its relative hum idity. When the prescribed 
■dry-bulb and wet-bulb conditions are satisfied, the process 
maintains them  until a change in the load calls for a  reversal 
of the steps.

The discussion so far has been concerned with the removal 
of moisture from air, w ith or w ithout sensible cooling. In 
winter, humidification is often a necessity or desirable. 
Some applications require a high hum idity a t all times. 
This has often been supplied in the past by live steam jets. 
Other processes prefer a more or less constant humidity, but 
its level m ay be relatively unim portant. For example, 
in color printing the relative hum idity m ay be high or low 
bu t should remain constant. In  the past this condition has 
been set up by humidifying the working space in winter to 
approach th a t of the humid season. Condensation on ex­
ternal walls in w inter causes structural damage, and second­
arily, the drying of the ink itself is retarded. I t  is therefore 
desirable to operate a t a relative hum idity th a t will obviate 
these troubles. A good compromise seems to be about 50 
per cent relative hum idity if adequate provision is made 
against structural damage. In  th a t event the humidifying

system installed m ay be supplemented by an air-drying unit, 
and the humidistatic controls m ay be set to operate each 
apparatus in turn . The absorber m ay be inserted in  the duct 
system ahead of the present steam je ts and the air drawn 
through it continuously, or the ducts m ay be separate cir­
cuits. If a very narrow range of control is required or if for 
any reason the use of live steam is objectionable, this can be

done more satisfactorily by the hygroscopic solution itself. 
This is provided for very simply by using the concentrator 
as a heater to supply heated solution to  the absorber to 
humidify the air, during which cycle air is not blown through 
the concentrator and coolant is no t passed through the 
radiator coils in the absorber. The air passing through the 
absorber becomes heated and moistened, and water is added 
to the reservoir by a float valve to hold the volume of solu­
tion constant. W hen the hum idity of the space is raised to 
the desired point, a hum idistat shuts off the concentrator 
steam valve. If the hum idity in the space should later 
rise above a fixed point for any reason, the hum idistat starts 
the concentrator air blower, opens the steam valve, and per­
mits the coolant to flow through the absorber radiator coils. 
I t  is assumed th a t air is passing through the absorber a t  all 
times to the conditioned space. By a proper design of the 
space hum idistat, the points a t which humidification stops 
and dehumidification begins, and vice versa, can be sepa­
rated to any desired extent. In  Figure 6 a control board is 
shown in the background which operates the system to give 
year-round control of hum idity by utilizing these principles. 
Because of the small volumes of liquids and the relatively 
small size of the apparatus, the method is sufficiently sensi­
tive to respond to minor changes in conditions.

F ie ld s o f  A p p lica tio n
The m aintenance of a selected relative hum idity of the 

air as it leaves contact w ith the liquid in the absorber under 
dynamic conditions closely approximates the theoretical

F i g u r e  6 . " C a l o r i d e r ”  C o n c e n t r a t o r  i n  t h e  F o r e g r o u n d  a n d  A b s o r b e r  i n  t h e
B a c k g r o u n d
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value under static conditions. When the air is being de­
humidified, the relative hum idity is slightly greater than 
theoretical, and vice versa. The following figures are ex­
amples of minimum relative humidities of air discharged
from this type of equipm ent when operating a t  approxi­
mately atmospheric pressure:

R elative  H u m id ity  of 
Solution D ischarge Air

1. CaCli 40
2. C aC ls-C aB n“ 25
3. ZnClj 15

a  R atio  CaCU :CaBr: ** 1 :5 .3  pa rts  by  weight.

Higher relative hum idities merely require the use of more 
dilute solutions. Gases other than air th a t do not adversely 
affect the solutions can be treated.

W here lower relative humidities are required, the  absorber 
can be operated a t  reduced tem peratures and the gas or air 
reheated after dehydration, or the dehydration can be per­
formed a t  higher pressures, followed by  reduction to lower 
pressures. In  general, however, where very low absolute or 
relative humidities are necessary, the use of solid adsorbents 
such as silica gel and activated alumina are often preferable.

In  the m ajority of industries, solutions of suitable vapor 
pressures can be selected to  dry air a t  atmospheric pressures, 
deliver i t  to  the  working space, and create satisfactory m anu­
facturing conditions. Some of the products or processes which 
require the regulation of the moisture content of the factory 
air are listed; the desired relative hum idity  range for them 
is from 20 to  50 per cent, w ith tem peratures varying from 70° 
to 85° F. or somewhat more in most of the following ex­
amples: baking powder, chewing gum, confectionery, cork 
molding, cosmetics, drugs, electrical products, explosives, 
film drying, macaroni, macaroons, m alt starch, matches, 
paper storage and processing, photographic plates, rubber 
dipping, storage of sheet metals, sugar, tobacco, and cigars.

Testing laboratories require special conditions within and 
outside of these ranges. Dried air m ay be required for special 
purposes, such as in egg drying, leather shoe drying, and 
pneum atic tube m ail and parcel conveyors. Dried air as a  
process m aterial would be advantageous, for example, for 
linoleum m anufacture, linseed oil processing, and blast furnace 
operations. The drying of compressed air used, for ex­
ample, in mining operations for the generation of power in 
expansion engines below ground is promising.

To this fist should be added the drying of natural gas, a 
large p art of which is already being treated with triethylene 
glycol as the hygroscopic liquid, and of coal gas. Coal gas 
drying is not yet practiced in this country b u t is being 
carried ou t in practically all English undertakings.

M any of the products listed above are m ade in factories 
already equipped with electrical refrigeration for condensing 
moisture out of the air and then reheating the dried air when 
necessary. In  some industries th is m ethod has made little 
headway because of the prohibitive equipm ent cost or un­
economical operating charges.

I t  is believed th a t the cost of electrical refrigeration equip­
m ent will be difficult to  reduce to  any m arked extent even 
w ith m ass production, whereas direct dehumidification of air, 
either by  solid adsorbents or by hygroscopic solutions, is a 
newcomer and reduced equipm ent costs are more likely when 
some degree of standardization is attained.

The operating cost m ust be viewed from two angles—th a t 
of the consumer and of the public u tility  supplying electrical 
energy. F urther perfection in electrical refrigeration equip­
m ent will undoubtedly be made toward somewhat lower 
energy utilization, and power rates will continue to be re­
duced if year-round load factors are no t disturbed. The 
summer air-conditioning dem and for power, however, comes 
a t  a tim e when other uses are generally a t  the year’s peak. 
If  there should be any widespread adoption of summer air 
conditioning for comfort or for industrial purposes, and if 
electrical refrigeration were the only m ethod available, the 
electrical utilities would be faced w ith a  dem and for new 
generating equipm ent whose sole use would be largely in a 
small p a r t of the year. Such a situation would probably 
force increased year-round power rates to  all consumers.

The reverse picture is true if a large p a rt of the air-con­
ditioning load can be taken up by the direct use of heat de­
rived from coal, oil, or gas where increased summer use would 
be welcome to the fuel suppliers. In  m any instances a lower 
operating cost is possible by  direct dehumidification; the 
m arket is thereby broadened and the num ber of installations 
increased. Each installation will require power, and the 
m ost convenient form is electrical energy. By this means 
the electric utilities will share in the development without 
being unduly burdened. There should be no antagonism 
between the two methods b u t m utual assistance. Such is 
the promise of direct dehumidification.

The process and apparatus described in this paper are 
covered by United States and foreign patents and applications.
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Gutta-Percha and Balata in 
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D ata  are g iven  on  th e  d ie lec tr ic  re s is ta n c e , e lec tr ifica tio n , d ie lec tr ic  co n ­
s ta n t , and  lo ss  fa cto r  o f  several grou p s o f  n a tu r a l c o m p o sit io n s  o f  th e  
g u tta -p e r c h a  c la ss. Curves c o n n e c tin g  th e  v a r ia tion  o f  so m e  o f  th e se  
p rop erties w ith  t im e  an d  tem p era tu re , and  th e  effect o f  a d d itio n s  o f  on e  
c o m p o n e n t to  a n o th er , are in c lu d e d . I t  is  d e m o n str a te d  th a t  th e  e le c ­
tr ica l ch a ra c ter is tics  o f  a m ix tu re  are n o t  co n n ec ted  w ith  th e  figures  
p e r ta in in g  to  th e  co m p o n e n ts  by a k n o w n  m a th e m a tic a l r e la tio n . T h e  
a g in g  p rop erties and  m e th o d s  b y  w h ich  accu ra te  d a ta  m a y  be o b ta in ed  
are s ta te d . T h e  gen era l r e su lts  arc d iscu ssed  in  c o n n e c tio n  w ith  su b ­
m a r in e  ca b le  req u ir e m e n ts , an d  a p lea  is  m a d e  for th e  a lte r a tio n  o f  
cab le  sp ec ifica tio n s in  th e  l ig h t  o f  th e  d a ta  ava ilab le . A b asis  for su ch  
a sp ec ifica tio n  is  in c lu d ed .

SU PPL IE S  of gutta-percha and balata are received from 
their production centers in different grades and forms. 
In  the main, however, they m ay be divided into the 

following groups; by far the largest use to  which these ma­
terials have been p u t is in the insulation of submarine cables:

A. Plantation gutta-percha (leaf gutta-percha), obtained 
from leaves and leaf prunings by mechanical extraction. Malay, 
Java, and Sumatra are the chief sources, and Palaquium and its 
hybrids are the trees planted.

B. Tapped gutta-percha, from Federated Malay States 
Forestry Reserve. Trees are largely Palaquium oblongifolium.

C. Jungle gutta-percha, obtained by scraping the gum from 
the bark after felling the trees. The best grades are obtained 
from the Malayan trees of the genuine type Palaquium oblongi­
folium. Various other trees and hybrids are employed, and other 
grades of fair quality are obtained from North Borneo and Su­
matra.

D. Sheet balata, obtained by evaporation of the latex in thin 
layers. Mostly from British and Dutch Guianas from the 
species Mimusops globosa.

E. Block balata, obtained by boiling latex until coagulation 
occurs and compressing the hot plastic mass into block form. 
Smoke from wood fires is also introduced as an aid to coagulation. 
The main sources are the forests of the Amazon districts, Vene­
zuela, Brazil, and Panama.

The first two groups contain products which m ay be relied 
upon to  yield consistently high qualities; b u t the others are 
of jungle origin and collected by native labor, and are very 
variable in nature. The characteristics of the m aterial are 
therefore also given in groups in accordance w ith the above 
scheme.

C lea n in g  an d  D ryin g
As received, m ost grades, especially the jungle varieties, 

require cleaning by a simple process of washing in water. 
The operation is carried o u t either in a  Universal washer or in 
a fluted-roll m asticator immersed in water. In either case 
the ho t plastic m aterial is m asticated for a prolonged period 
in a constantly changing supply of hot w ater a t the desired 
tem perature until all particles of bark, leaf fiber, sand, etc.,

are removed. The washing tim e m ay vary from 1 to 5 hours 
according to  the variety  of the m aterial being cleaned. When 
washing is completed, the m aterial is strained under hydraulic 
pressure through a fine metallic gauze to remove any pieces of 
foreign m atte r not removed during washing. The m aterial 
is finally dried by mastication in a jacketed mixer fitted with 
a  vacuum hood. The final moisture content is im portant 
and should not generally be reduced below 1 per cent.

E lectr ica l C h aracteristics
The m aterial m ay be pressed into disk form under heat, 

and its electrical characteristics are measured between two 
plates to form a condenser. Alternatively, the m aterial may 
be extruded, while h o t and plastic, around a copper conductor 
to form a circular core.

The first m ethod has been employed to a large extent, bu t 
there are several objections to its use, particularly when m a­
chinery and experience are available to enable the second 
method to be performed. The results quoted in this paper, 
therefore, have all been determined from specimens of core.

Among the objections to  the disk method, there is the 
serious risk th a t in molding the disk, the tem perature will 
exceed 100° C. (212° F.) to obtain a smooth surface. This 
tem perature will cause expansion of moisture and the produc­
tion of a porous disk. Alternatively, moisture will be lost 
and the m aterial will suffer accordingly. I t  is w'ell known 
th a t gutta-percha and similar mixtures m ust be conditioned 
so th a t a small am ount of moisture is retained in the material; 
otherwise the aging will suffer. There is also a  difficulty in 
carrying out extended aging tests by the disk m ethod under 
water or salt solutions, since the sample m ust be removed 
and the surface dried before being tested. For these reasons 
the second m ethod is preferred, especially as the sample is 
then in a condition almost identical with th a t of its normal 
use in submarine cable.

The dimensions of the conductor are obtained by gaging 
and are checked by an electrical resistance m easurem ent a t  a

699



700 INDUSTRIAL AND ENGINEERING CHEMISTRY VOL. 31, NO. 6

known tem perature. The outside diam eter of the core is ob­
tained by gaging, and the figure is checked by  subtracting 
the conductor weight from the to ta l weight.

If  the m ethod is doubted in any way, a simple check may 
be obtained by determining the dielectric constant upon a 
disk m ade from the fully dried m aterial and obtaining the 
apparent dimensions of the core by obvious calculations. 
This method is applicable only when the moisture is of the 
order of 1 per cent. In  th a t case the dielectric constant of 
th e  dried specimen will differ from th a t of the w et by a small 
and  negligible am ount.

PER CENT SHEET BALATA

F i g u r e  1. D i e l e c t r i c  R e s i s t a n c e  v s . C o m p o s i t i o n  
f o r  M i x t u r f ,  o f  S h e e t  B a l a t a  a n d  L e a f  G u t t a -  

P e r c h a  M i x t u r e  a t  75 ° F.

I t  would not be desirable in a paper of this nature to dis­
cuss a t  length the merits and disadvantages of the vari­
ous m ethods employed in determ ining the electrical charac­
teristics. Briefly, however, the apparatus m ay be divided 
in to  two classes—direct-current instrum ents and alternating- 
current apparatus. The d. c. resistance is measured upon a 
sensitive galvanometer by  direct deflection methods. As is 
common w ith m ost solid dielectrics, there is considerable ab­
sorption current during the first few m inutes after applica­
tio n  of the testing voltage (usually no t less than 500 volts), 
a n d  it  is custom ary in the case of cables insulated w ith g u tta ­
percha to  measure the d. c. resistance after 1-minute absorp­
tio n  or electrification. To obtain a m easurem ent of the 
absorption, the d. c. resistance is again determined after 2- 
m inute application of the voltage; one hundred tim es the 
■difference between the two readings, divided by the first, is 
Tecorded as the percentage electrification. The d. c- capacity 
is measured on a galvanometer by  ballistic methods.

A lternating current characteristics given here were meas­
ured either upon a screened Schering bridge w ith a W agner 
•earthing device, or upon a parallel resistance bridge of a modi­
fied Wien type. As a standard for comparison purposes, a 
te sting  frequency of 2000 cycles per second was adopted 
th roughout this paper, unless otherwise stated. In  stating  
the dielectric loss factor, the ratio  G /C is quoted since th is is 
generally employed by submarine cable engineers instead of 
th e  power factor. The two constants are connected by  the 
form ulas:

G/C = 2»f{PF) (1)
PF = cos 0 (2)

where G = apparent conductance of cable, micromhos 
C = capacity of cable, microfarads 

PF = power factor 
/  =  frequency, cycles/second 
0 = phase angle, degrees

Equation 1 is applicable only to  small values of PF.
Since gutta-percha and balata are m ainly used for sub­

m arine cable insulation, the cores to be tested are immersed 
in water during the test. As will be seen later, the dielectric 
resistance varies with tim e from the date the core was made. 
I t  is therefore necessary to  standardize the tim e elapsed from 
the date of m anufacture to  the tim e of test; since m ost speci­
fications call for this period to  be 14 days, th a t time has largely 
been adopted in this paper.

A g in g  P rop erties
In  view of the long life expected of submarine cables in­

sulated with gutta-percha, i t  is necessary for test purposes to 
adopt some means of forecasting the aging properties of the 
material. As in the case of vulcanized rubber, i t  m ay be 
dem onstrated th a t the aging of gutta-percha is brought about 
largely by oxidation. Unfortunately the well-known ac­
celerated tests adopted for rubber are no t applicable to g u tta ­
percha and balata, on account of the low tem perature (about 
50° C.) a t  which these m aterials commence to  soften. The 
following test m ethods were therefore devised by  which ac­
celerated aging data  m ay be obtained. No comparison with 
service results can as yet be made, since it  is practically 
impossible to  obtain consistent aging results under service 
conditions. Comparison w ith specimens kept in tanks is 
progressing, however; although far from complete, results ap­
pear to  indicate th a t, employed in conjunction w ith a  knowl­
edge of the composition under test, the results of artificial 
aging m ay generally be relied upon to  give a m oderately ac­
curate forecast of the behavior in service. I t  m ay a t  least 
be claimed th a t a specimen possessing good accelerated aging 
properties will behave well in service, and vice versa. Little 
is as y e t known of the type of deterioration which takes place, 
b u t i t  is hoped a t  an early date to  be able to throw  more 
light on this problem.

D ry H e a t T e s t

The specimen is usually a piece of core about 6 inches long, 
b u t if not available, a sample w ith  dimensions approxim ately 
Vi X  'A  X 6 inches will suffice. I t  is suspended in a dark 
chamber m aintained electrically a t a constant tem perature of 
45 ° C. (113 ° F .) . The specimen is examined periodically by  a 
hand method consisting of bending the specimen double and 
m aking careful observation as to  surface cracks. If  this test 
is carried to completion, the specimen will eventually crack 
through.

I t  is appreciated th a t this m ethod of examination is some­
w hat arbitrary , b u t if the form and m ethod of m aking the 
specimen are consistent and the examination is carried out in a 
regular m anner, the results are sufficiently accurate for rou­
tine testing purposes and m ay be repeated w ith only a  small 
percentage of error. For more accurate work a series of 
specimens m ay be molded for tensile strength determ inations 
and the deterioration measured after the specimens have been 
subm itted to  the  testing conditions for a standard  period of 
tim e. The figures in  T able I  under th e  heading “H eat T est” 
were carried to  com pletion by hand exam ination.

U ltra v io le t T ests

A thin  specimen 0.006 inch thick is placed on the base of a 
H anovia quartz m ercury vapor lamp, a t  a distance of ap­
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proximately 8 inches from the source of light. The specimen 
is periodically examined by hand m ethods until i t  is easily 
broken when bent sharply. More accurate results m ay be 
obtained by  judging the condition of the sample before and 
after the standard period of tim e from a determ ination of its 
solubility in hot acetone. In this paper the figures were ob­
tained by hand methods, and the tests carried out to com­
pletion.

The m ethod is not very reliable when a sample in one group 
is compared w ith th a t from another, since the different 
resins are affected differently by the actinic rays. In  view of 
the varying emission of ultraviolet light from a quartz lamp, 
it is advisable to  compare all results w ith a  known arbitrary 
standard and to  calculate results to  a common standard. 
In view of the difficulties experienced in standardizing this 
test, i t  is subject to serious criticism, b u t i t  has its value in 
th a t com parative results m ay be obtained in a  few hours only, 
whereas other tests require days and often months.

H yd rogen  P erox id e T ests
Since some specimens are unduly and severely affected by 

dry heat or ultraviolet light in relation to  their life in serv­
ice, this test has been devised so th a t data  m ay be obtained 
in the absence of atmospheric oxygen. A sample 0.006 inch 
thick is immersed in a 20-volume solution of hydrogen 
peroxide m aintained a t  45° C. The sample is removed 
periodically and examined by hand, as in the  ultraviolet light 
test, and continued until brittleness has been reached. The 
results are of particular value when fairly rapid data  are 
desired upon samples abnormally sensitive to ultraviolet 
light. They are, however, liable to yield misleading infor­
mation when carried out upon samples containing antioxidant. 
Care m ust be taken to  m aintain the requisite strength of 
hydrogen peroxide.

E xp er im en ta l R e su lts
Under favorable circumstances measurements on the same 

sample m ay be repeated to within 1 or 2 per cent. Y et 
owing to the varied nature of some of the types of materials 
and to  the lack of supervision during their collection from the 
jungle, there are occasions when abnormal results are ob­
tained. In these cases it is presumed th a t the specimen has 
been contaminated in some way or adulterated with other 
gums, and those figures which experience shows to be un­
reasonable and misleading have been rejected.

Because of the wide variation in 'values from sample to  
sample, the usual m ethod of showing average figures with 
their variations has not been used. Instead, ranges have been 
given and it m ay be assumed th a t the distribution of values 
within these ranges is approxim ately uniform and not in 
accordance w ith the usual curve which has a heavy peak a t or 
near the average value.

Table I represents the abstracted data  upon hundreds of 
samples of each variety, b u t where the data  is limited and the 
figures variable, the information has not been included. T he 
resin contents are given in Table I I .

PER CENT LEAF GUTTA-PERCHA

F i g u r e  2 . D i e l e c t r i c  R e s i s t a n c e  v s . C o m p o s i t i o n  
f o b  M i x t u r e  o f  L e a f  G u t t a - P e r c h a  a n d  B l o c k  

B a l a t a  a t  750 F .

Obviously it is inadmissible to quote cable specifications in­
detail, bu t i t  m ay be stated th a t normal cable specifications 
call for a dielectric resistance of 500 to  2000 megohms per 
nautical mile, corresponding approxim ately to a specific 
resistance of approximately 5 to 20 olnn-cm. X 1014. F ur­
thermore, electrification limits are specified to be between 
3 and 8 per cent (more recently the upper lim it has been in­
creased to 15 per cent). These figures in no way represent 
working requirements bu t are based on w hat has been ob­
tained in the past.

T a b l e  I .  A b s t r a c t e d  D a t a  f r o m  T e s t s  o n  M a n y  S a m p l e s

------------------------------------Electrical C harac te ris tics-------------------------------------•
A. c. a t  35° F., 14 davs a fter 

D . c. a t  75° F .f 14 days a fte r raft. m ft. a t  2000 cycles/sec.
  *-----------------     n ,---*------------------- a * ,------------- Aging Properties-

Group N am e R esistiv ity  
Ohm-cm. X 10“

Dielectric
constan t

E lectrifi­
cation

%

Dielectric
constant G /C H eat te st 

Days
U ltrav io le t

Hours

H ydrogen
peroxide

//ours

A Leaf gu tta-percha 100-500 3 .0 20-50 2 .9 40-70 Above 150 40-75 Above 200*

B T apped  gu tta -percha 50-200 2 .9 -3 .0 5-25 2 .9 50-90 Above 150 40-75 Above 180*

C Jungle:
Pahang 
B ulongan red 
B andger red 
M ixed varieties

2-300 
70-200 

A bove 100 
V ariable, usu­

ally high

2 .9 -3 .5  
Above 3.2 
Above 3.3 
Above 3.3

1-30
5-15
5-15

U sually
high

Sim ilar to  
d. c. values

50-100
High
High
350

Above 150 
70-200

D Sheet b a la ta :
B ritish G uiana R . D. 
D utch  G uiana B. C. S. 
U nknow n origin C. L.

6-25
3-20

15-80

3 .0 -3 .2
3 .0 -3 .1
3 .1 -3 .3

10-20
8-15

15-20

3 .0 -3 .2  
3 .ÎH 3 .2
3 .0 -3 .3

150-250
100-250
250-350

30-50
20-50
50-100

15-25
12-25
20-40

90-100
70-100

120-200

E Block b a la ta : 
Venezuela 
Brazil 
P anam a 
Aniba

4-15
2-6
4-12

15-300

3 .0 -3 .5
3 .0 -3 .2  
3 .2 -3 .4
3 .0 -3 .5

12-20
8-18

12-20
4-10

3 .0 -3 .4
3 .1 -3 .2
3 .1 -3 .3  
3 .0 -3 .5

120-350 
80-200 

A bout 150 
250-400

10-30 
20-40 
10-40 
Over 90

10-20
15-25
10-25
25-50

100-150
100-150

80-150
150-250

F P a ra g u tta  (2) 
K -g u tta  (!)

300-1000
500-1500

2 .6
2 .5 -2 .6

35-50
30-60

2 .6 -2 .7  
2 .5 5 -2 .6 5

9-15
4-10

20-30 
Above 150

20
30

U p to  100 
Above 250
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Table I seems to show th a t i t  is impossible to  obtain such 
figures from the components available; in fact the specifica­
tion, though intended to  ensure a good quality m ixture, often 
precludes the use of any b u t the smallest proportion of the 
best materials. F ortunately  for the cable m anufacturer, 
mixtures of equal proportions of two m aterials from different 
groups do no t produce electrical characteristics which are the 
arithm etic means of those of the two components. Fre­
quently the m ixture possesses a lower dielectric resistance 
than either of the m aterials from which i t  is being made, and 
a selection of composition-resistance curves are included 
(Figures 1 to  3) so th a t this effect m ay be more clearly demon­
strated.

The electrical figures used in plotting these curves were 
obtained from test data  measured upon lengths of insulated 
core of a size in which the conductor and insulation each 
weighs 130 pounds per nautical mile. The dielectric resist­
ance figures are given in megohms per nautical mile a t  75° F., 
and the factor for conversion to  the specific resistance in 
ohm-centimeters is approxim ately 1Û1-.

The dielectric resistance of leaf gutta-percha in Figures 1 
and 2 are both below those given in Table I. The curves how­
ever were determined several years ago when the plantation 
gutta-percha gave generally lower figures for dielectric re­
sistance than  today. The samples used in making the mix­
tures are different for each set of curves, and consequently the 
electrical characteristics do not correspond exactly.

The degree by which the interm ediate values are depressed 
is obviously not dependent upon the figures for either com­
ponent, and attem pts to apply a standard m athem atical 
formula to  these curves have failed entirely. In  practice 
nothing more than  approximations to  the true results can be 
forecast; therefore, to obtain the exact figures for a mixture, 
samples m ust be m ade and the characteristics determined. 
Obviously, as experience is gained, the data  will be capable of 
prediction to fairly close values. B ut when it  is realized 
th a t the normal commercial mixture is made of perhaps 
tw enty components and rarely less than ten, the difficulties 
will be fully appreciated.

FER CENT SHEET BALATA

F i g u r e  3 . D i e l e c t r i c  R e s i s t a n c e  v s . C o m p o s i t i o n  
f o r  M i x t u r e  o f  L e a f  G u t t a - P e r c h a ,  S h e e t  B a l a t a ,  

a n d  B l o c k  B a l a t a  a t  7 5 °  F .

The above points have been stressed somewhat unduly in a 
desire to  show w hat is perhaps not generally appreciated—  
namely, the futility  of adhering to  old cable specifications 
which are out of date and which are undoubtedly tending to 
prevent the use of the best materials.

The cable specifications referred to were w ritten around 
early supplies which were manufactured largely from group

C and, in the main, from the best items in the group. I t 
would be com paratively easy to formulate a  m ixture from 
these components, were they available, which possess the 
desired characteristics.

In  view of the lack of supplies, present-day mixtures must 
be m ade from other groups classified in Table I. If the m at­
ter ended w ith meeting specified electrical values, i t  would 
also be comparatively simple to  provide the components of 
the mixture from groups D  and E. Aniba, group E, which 
possesses a low electrification percentage, cannot be relied 
upon, however, to produce a stable product when used in 
major proportions, and it will be observed th a t the aging 
characteristics of groups D  and E  are notably poor. Finally 
it m ust be remembered th a t the m anufacturer is expected to 
supply a cable which will function satisfactorily for many 
years.

T a b l e  I I .  R e s i n  C o n t e n t s  o f  C l e a n e d  M a t e r i a l s

T ype  of M aterial Resin C onten t, %
B alata , sheet 45-50
B alata , block 50-55
Leaf gu tta -percha  8-12
T apped  gu tta -percha  (F ederated  M alay  S tates) 8-14
Jungle g u tta -percha  (com m ercial m ixture) 35-45

This aim can be achieved by the use of the best materials 
available from the aging point of view which also possess the 
best fundam ental electrical characteristics. There are two 
im portant operational characteristics of a submarine cable 
upon which the cable speed largely depends and which de­
pend, in turn, upon the fundam ental characteristics of the 
insulating material. These are low capacity and low G/C  
factor; the la tte r becomes im portant only a t considerable 
speeds of operation. The dielectric resistance is of little 
importance provided it is not unduly low. Table I  shows tha t 
the materials possessing the best aging properties are those 
w ith the best fundam ental electrical characteristics from the 
operational point of view, and i t  seems most unreasonable, 
therefore, to apply a specification which precludes the use of 
a t least substantial proportions of such components.

Table I  clearly dem onstrates th a t the first and second 
groups possess the  lowest dielectric constants and the best 
aging characteristics. In  addition, these products are cul­
tivated under European supervision. The supplies of tapped 
gutta-percha are limited and somewhat expensive, b u t the 
supply of plantation gutta-percha is determined largely by 
the volume of the demand, and the quality is consistently 
good.

The use of these m aterials alone is not necessarily to be 
recommended, since both are rather harder than normal 
mixtures. If, however, a  specification were drawn up based 
upon cable requirements and good aging qualities, b u t not 
containing clauses lim iting the unim portant electrical char­
acteristics, then the hardness of items A  and B  could be 
tempered by a proportion of items D  and E, selected to pro­
duce the optim um  mechanical and electrical characteristics 
compatible w ith good aging values.

S u g g ested  F o rm  o f  S p ec ifica tio n s

Obviously specifications for a new and high-speed tele­
graphic or telephone cable will be based upon the special 
conditions of th a t particular cable. The m aterial used for 
insulating the center wire will probably be a special one such 
as those discussed under “Dielectrics for Telephone Cable.”

For repair lengths, or short cables, however, such expensive 
dielectrics are no t warranted, and in these cases a specifica­
tion could be advantageously based upon the following 
principles:
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1. The dielectric shall, except as stated under clause 2, consist 
entirely of a mixture of gums normally classified as gutta-percha, 
which shall include balata in its various forms.

2. Small additions of carefully selected waxes, deproteinized 
rubber, and antioxidants may be added if desirable, but in no 
case shall such additions exceed 5 per cent.

3. The moisture content shall be such as to be as nearly as 
jossible the optimum for the mixture—namely, that at equi- 
ibrium in a 3.5 per cent salt solution. I t  shall not be less than

0.5 per cent.
4. The dielectric constant of the material, as calculated from 

the capacity of the core in water a t 75° P., 14 days after manu­
facture and from its dimensions, shall not exceed 3.25.

5. The resistivity of the material as calculated from the 
dimensions and dielectric resistance of the core determined with 
a voltage of 500, 14 days after manufacture and after immersion 
in water a t 75 ° P. for not less than 24 hours, shall be not less than 
4 ohm-cm. X 10'V

6. The electrification of the cable shall be smooth and free 
from abnormalities, and shall be consistent with a faultless 
insulation.

7. The water absorption of the material determined in a
3.5 per cent salt solution by an approved method shall be not 
more than 2 per cent after allowing for the initial moisture con­
tent of the material.

8. The aging properties as demonstrated by artificial tests 
with an approved method shall be such as will ensure a faultless 
insulation with satisfactory aging properties.

9. The examination of a section of the core shall show clearly 
three separate layers of material and no cleavage which would 
indicate nonhomogeneous coverings.

D ie le c tr ic s  for T e le p h o n e  C able

Until com paratively recent times i t  has been assumed tha t 
balata insulation is more efficient than  gutta-percha a t 
voice frequencies. Unfortunately, however, the test data 
upon which this assum ption was based were determined a t 
75°,P . The sea-bottom tem peratures are usually consider­
ably below this figure and approach 34° F. Figure 4, con­
necting tem perature and G /C  factor, will dem onstrate the 
rapid increase of the la tte r as the former is reduced. Equiva­
lent curves are included for other compositions; a t  re­
duced tem peratures balata insulation does not show up 
favorably.

The rapid rise in G /C  factor for balata when the tempera­
ture is reduced as compared w ith th a t of the plantation 
gutta-percha insulation is connected with the high resin 
content of the former compared w ith th a t of the latter. 
W hen the resin is removed, the substances all possess similar
a. c. characteristics— namely, a G/C  factor of approximately 
20 a t  2000 cycles per second and 34° F ., and a dielectric con­
stan t of approxim ately 2.6. The resin contents of the ma­
terials are given in Table I I . The removal of the resins 
causes a much more serious loss in  the case of balata than  in 
th a t of gutta-percha.

If, therefore, i t  is desirable to  obtain the optim um  elec­
trical characteristics, the resins m ust be entirely removed 
from any one or a m ixture of the materials, thus employing 
w hat is substantially the pure hydrocarbon. In  some cases 
the extraneous m atte r is difficult to  remove by normal wash­
ing methods; the hydrocarbon should then be dissolved and 
filtered. In  all cases the la tter treatm ent provides materials 
w ith electrical characteristics which are definitely superior 
to  those of m aterial produced normally.

The hydrocarbon alone is rather expensive and difficult 
to  extrude satisfactorily on account of its toughness, and a 
softening m aterial cheaper than the hydrocarbon was sought. 
Experiments of different workers resulted in the production of 
P aragutta  (%) which consists of 50 per cent balata hydro­
carbon, 40 per cent deproteinized rubber, and 10 per cent 
hydrocarbon wax; and K -gutta  (1), consisting of 70 per cent 
hydrocarbon and 30 per cent refined petroleum jelly.

These two substances m ay be regarded as the best available 
commercially for insulating long-distance submarine tele-

phone cables. Each possesses a dielectric constant of about
2.6 and a G/C  factor of about 12. In  practice it  is found 
th a t the hydrocarbon from leaf gutta-percha is more plastic 
when hot than th a t from balata a t  the same tem perature, and 
since leaf gutta-percha also yields a cheaper hydrocarbon, its 
use is strongly advocated.

F i g u r e  4 . C o m p a r a t i v e  C h a n g e s  o f  G / C  F a c t o r  
w i t h  T e m p e r a t u r e  f o r  D i f f e r e n t  C o m p o s i t i o n s  

a t  2000 C y c l e s  p e r  S e c o n d

The ideal for either K -gutta or P aragutta  would appear to 
be a mixture of the two hydrocarbons, th a t from balata to 
provide toughness, and th a t from gutta-percha to increase 
therm oplasticity.

A d d itio n a l E lectr ica l D ata

M ention m ust be made of other electrical values looked 
upon as im portant in the testing of cables insulated with 
gutta-percha. One of the most im portant depends upon the 
fact, already mentioned, th a t the dielectric resistance will 
normally show a stead}7 rise in value with time, dating from 
the time when the mixture was processed. This improvement 
continues for a considerable period, often am ounting to 
years, before a steady sta te is reached. A study of a large 
num ber of data indicates th a t it is difficult to  com pute any 
definite figure for this characteristic to  any one or more types, 
bu t the data  available are no doubt vitiated by conditions 
outside normal control. The figures measured are seriously 
affected by several conditions which are normally uncon­
trolled, such as purity  of water in which the cable is immersed, 
the m inute proportions of affecting substances present in  the 
ta r  employed in the sheathing operations, and slight variations 
of tem perature not recorded.

I t  is unfortunate th a t the data  available to  an investigator 
upon this subject are confined to  those obtained upon the 
finished cable instead of upon the core, since such results will 
be seriously affected by the above-mentioned causes. Iso­
lated cases exist in which data  are available upon cores which 
have been stored in water for prolonged periods and regularly 
tested. However, when such a subject is being investigated, 
i t  is most unwise to depend upon the results of tests taken on 
one or two cores only. On account of the varying nature of 
the raw  materials, only the average results of a large number 
of determinations should be used in fixing the normal char­
acteristics of a  mixture.

The improvement, then, should no t be regarded as a neces­
sary criterion of quality, although it  is clear th a t a steady



704 INDUSTRIAL AND ENGINEERING CHEMISTRY VOL. 31. NO. 6

drop in insulation is m ost undesirable. Experiments and 
experience have dem onstrated th a t in certain cases an initial 
drop in dielectric resistance m ay be observed; then, provided 
the core is otherwise satisfactory, the improvement will 
eventually set in, although possibly a t a reduced rate. Addi­
tional factors affecting improvement are m oisture content of 
the dielectric and concentration of dissolved salts in the water.

T a b l e  III. E f f e c t  o f  C h a n g e s  i n  M o i s t u r e  C o n t e n t

Specific Resistance D ielectric
M oisture C onten t a t 75° F . C onstan t

% Ohm-cm. X 1014
4 .3 13.5 3 .2
3 .3 13.7 3 .18
1 .5 11.3 3 .1
0 .3 11.7 3 .0 5
0.1 14.2 3 .05

Little has been said of the dielectric constant of g u tta ­
percha, balata, and admixtures, in spite of the fact th a t it is 
the m ost im portant operational constant of a cable. How­
ever, it follows more definite laws than  the other characteris­
tics and m ay be predicted for a mixture w ith reasonable 
certainty by an  arithm etical com putation from  the figures of 
the components. Nonuniformity in the mixture will almost 
certainly be reflected in  its dielectric constant, and since the 
moisture content is usually affected by changes in processing, 
the high dielectric constant of the w ater will cause changes 
in the capacity of the finished material.

I t  m ight be expected th a t the dielectric resistance would 
be more susceptible than  the dielectric constant to changes 
in m oisture content; although this is found to  be the case, 
the variations in the former are very irregular, whereas those

of the la tte r are consistent w ith theory. Table I I I  gives 
the results obtained in a  series of experiments on a mixture of 
norm al proportions in which, as far as possible, the only 
variable was the moisture content.

C o n clu sio n s
The satisfactory insulation of a submarine cable core is 

fundam entally complicated by the considerable variation in 
the characteristics of the different types of raw  materials. 
Furtherm ore, the characteristics of a m ixture of components 
do not bear any known m athem atical relation to  those of the 
components. Finally, the considerable variations experi­
enced in sample to  sample of the same type of raw material, 
by  reason of their jungle origin, causes still further complica­
tion.

In  these circumstances, i t  is to be deplored th a t cable 
specifications are drawn up in such a way as to cause still 
further difficulties to  a m anufacturer endeavoring to  supply 
the best cables commercially possible.

I t  is to be hoped, therefore, th a t this paper will throw 
some light upon w hat is generally considered an obscure 
subject and a t  the same tim e cause serious thought by those 
responsible for drawing up cable specifications.
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Thanks are due to The Telegraph Construction & M ain­

tenance Com pany Limited, for permission to  publish the 
information in this paper.
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Removal of Ammonia in 
Water Treatm ent
A. M . B U S  W ELL AND M A X  SU TER
State Water Survey Division, Urbana, 111.

MANY microscopic organisms live and grow in water 
distribution systems. These organisms are trouble­
some; they often cause odors and unsightly conditions 

in the water, although they are nonpathogenic as far as we 
know. For the la tte r reason they have no t been subjected 
to  much study by medical bacteriologists. Usually they can­
no t be grown under artificial conditions and therefore are not 
attractive m aterial for the general microbiologist. However, 
increased demands for a more perfect water in any public 
supply requires th a t these organisms be eliminated as far as 
possible from the distribution system.

A t present, we have little system atic knowledge of these 
organisms. M ost of them  are a true and higher form of bac­
teria (iron and sulfur bacteria), but protozoa and higher 
organisms, especially nematodes, are also very common. In 
general three ways are available to  eliminate these organisms : 
avoidance of contamination, disinfection, and elimination of 
food supply (starvation).

E lim in a tio n  o f  O rgan ism s

Avoidance of contam ination requires th a t the organisms 
be kep t out by  the filter. The efficiency of the filter in  this 
respect is ra ther low. Even if m ost bacteria, spores, and 
cysts are kep t back in the filter and are to a great extent re­
moved from it  in backwashing, a few m ay pass through. I t  
is also known th a t nematodes can slowly wiggle through the 
sand and carry some organisms along. Furtherm ore, other 
sources of contam ination are possible, such as backsiphoning 
through plumbing fixtures, and eddy currents a t leaks and 
through fire hydrant drains.

Disinfection is produced mainly through chlorination, bu t 
all organisms found seem to be very resistant to  chlorine; a t 
least they are no t affected by  a chlorine dosage up to 0.5 
p. p. m., to  which the w ater in the distribution system is 
ordinarily limited because of tastes. Another way of prac­
tical disinfection for chlorine-resistant organisms is in  the use 
of the lime softening process. The meager observations made 
so far seem to show th a t chlorine-resistant bacteria can re­
sist a low pH  bu t no t the high pH  produced by the lime
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treatm ent. W ater softening combined with chlorination 
gives, therefore, a wide range of active disinfection.

Other means for the lim itation of these growths are much 
needed. I t  is conceivable th a t cutting off the food supply 
will cause their elimination by starvation. All living organ­
isms m ust have available some food supply which furnishes 
m aterial for bodily growth and which is also capable of yield­
ing energy through chemical reactions.

Iron organisms gain a t least p a rt of the energy needed from 
the oxidation of ferrous to ferric iron. Similarly, sulfur bac­
teria use the oxidation of sulfur to  sulfate ions 
or of hydrogen sulfide to w ater and elemen­
tary  sulfur. However, in some cases it  is 
found th a t these organisms or similar ones 
persist even in the absence of sulfur and with 
very complete removal of the iron. In  such 
cases atten tion  m ay be called to the possi­
bility th a t the organisms m ay gain energy 
from ammonia which is present in many 
well waters. The energy available from the 
oxidation of ammonia depends on the prod­
uct formed, as shown by the equations:

N H U  +  20* =  2H + +  NO,“ +
H20  -  81,230 cal.

NH,+ +  y 20 2 =  2H+ +  N 0 2-  +
H20  -  63,230 cal.

NH.+ +  V<02 = H+ +  »AN* +
*AH20  -  86,670 cal.

The existence of the process in  the second of 
these equations is confirmed by the fact th a t in 
m any distribution systems nitrites can be 
found, although the raw water contains only ammonia. Calcu­
lations from energy relations show th a t the energy in the 
ammonia in a million gallons of the U niversity of Illinois water 
supply would be sufficient to  produce 40 pounds of bacterial 
growth (dry weigh t ) . This m aterial would yield 800 pounds of 
wet sludge of 95 per cent moisture content and contains only 
about 12 per cent of the nitrogen of the ammonia in the original 
water. Even if -we do not anticipate th a t the biological reaction 
uses all the ammonia available, we can nevertheless assume th a t 
the am monia will furnish energy and nitrogen for a great 
am ount of organic sludge. Elim ination of the ammonia 
from the distribution system will therefore help to reduce 
considerably the after-growth in pipe lines.

E lim in a t io n  o f  A m m o n ia
I t  was first thought th a t the ammonia could be eliminated 

by the formation of ammonium magnesium phosphate. To 
study th is possibility, two series of experiments were run on 
5-liter samples w ith trisodium phosphate as the source of phos­
phate ions. Since trisodium phosphate is also used as a water 
softener, lime was employed to  soften the w ater and to aid 
the phosphate to  react w ith the ammonia. N either the tri­
sodium phosphate nor the  lime alone had any effect on the am­
monia. Even if the trisodium phosphate and lime were intro­
duced a t  practically the same time, no effect on the ammonium 
content could be found w ithin experimental error (actual re­
duction from 1.6 to  1.52 p. p. m. ammonia nitrogen). If 
the lime was introduced first and, after 20 m inutes of reaction 
time for the lime softening, twice the necessary am ount of tri­
sodium phosphate was added to  bind the ammonia, a slight 
reduction of the ammonia from 2.0 to  1.3 p. p. m. was found 
as the best result. A pparently trisodium phosphate reacts 
too easily with calcium to be effective for the removal of 
ammonia.

The recent development of carbonaceous zeolites offers a 
possibility for the removal of ammonia. Whereas ordinary 
silica zeolites have the property of base exchange (tha t is, they

replace calcium and magnesium ions in the water by sodium 
ions), carbonaceous zeolites have the property of hydrogen- 
ion exchange. They are able to  replace any metallic ion by 
hydrogen ions and thus form acids in the treated  water. 
Ammonia is included in the ions th a t are removed by carbo­
naceous zeolites.

Tests were made w ith the tap  w ater of the U niversity of 
Illinois. This water is aerated and filtered to  remove iron and 
then chlorinated. I t  is practically a pure carbonate water, 
free of sulfates, bu t after heavy chlorination it contains about 5

p. p. m. chlorine ions. On an average, the w ater contains 
the following metallic ions in parts per million: calcium,
60.6; magnesium, 28.2; sodium, 56.5; ammonium, 2.7. In 
a long run the carbonaceous zeolite (Zeo-Karb, provided by 
the Perm utit Company) shows two cycles w ith this type of 
w ater: first an acid cycle in which all metallic ions are re­
moved, then a sodium cycle in which the carbonaceous zeolite 
acts as a normal zeolite, removes only the hardness produc­
ing metals, and replaces them  w ith the sodium extracted dur­
ing the acid cycle. The boundaries between the cycles are 
not sharp, and there is somewhat a gradual change from one 
action to  the other. This can also be found relative to the re­
moval of ammonia.

In  the acid cycle practically all the ammonia is removed. 
In  the effluent an average is found of only 4.4 per cent of the 
ammonia in the raw water. A t the end of the acid cycle, when 
the to ta l solids increase, the ammonia content increases also 
to an average of 13.2 per cent of th a t in the raw water. D ur­
ing the sodium cycle very little ammonia is removed, the 
effluent containing on an average 77.8 per cent of th a t of the 
raw water. A t the end of the sodium cycle as soon as the 
hardness increases, the carbonaceous zeolite seems to  be un­
able to retain the ammonia; a t least an increase in ammonia 
was found then, the content of the effluent averaging 120 
per cent of th a t of the raw water.

Carbonaceous zeolites, if regenerated with sodium chloride, 
act like siliceous zeolite in removing the hardness from the 
water. Probably in this case they will also remove ammonia 
during the sodium cycle, a t least a t  the beginning of the cycle. 
B ut to  obtain full benefit of the special properties of the car­
bonaceous zeolites they should be used only in  the acid cycle—  
i. e., after regeneration with an acid. I t  is during this acid 
cycle th a t the carbonaceous zeolites form an excellent and re­
liable means for reducing the ammonia content of the water 
to  a very low am ount, averaging in these tests 0.12 p. p. m.
P r e s e n t e d  a t th e  96th M eeting of t h e  Am erican Chem ical Society, M il­
waukee, Wis.

R e m o v a l  o f  A m m o n i a  b y  C a r b o n a c e o u s  Z e o l i t e



Aerodynamics of Trickling Filters
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D u rin g  th e  p a st decad e c itie s  an d  in ­
d u str ies  h ave h cen  forced  m o re  an d  m ore , 
b eca u se  o f  so c ia l an d  e c o n o m ic  p ressu res, 
to  trea t th e ir  w a ste  w a ters . U n fo r­
tu n a te ly , a d eq u a te  d isp osa l sy s te m s  are 
b e in g  in s ta lle d  very slow ly  b eca u se  th e  
m e th o d s  o f  tr e a tm e n t  n o w  em p lo y ed  are 
ex trem ely  co stly  an d  p lace  a h eavy  b u rd en  
on  th e  taxp ayers or co n cern s in vo lved . 
T h ere is , th ere fo re , a n eed  for m o re  b a sic  
research  to  en su re  th e  fu r th er  d ev e lo p m en t  
o f  th e  various m e th o d s  o f  tr e a tm e n t.

T h is  p ap er is  con cern ed  w ith  th e  flow  o f  
air  in  lo w -c a p a c ity  filters an d  p articu larly  
in  th e  m o re  recen tly  d evelop ed  c o n tin u o u s  
h ig h -c a p a c ity  tr ick lin g  filters. D u r in g  
c o n tin u o u s  d is tr ib u tio n  o f  w ater  th e  rate  
o f  air flow  is  in d e p e n d e n t o f  th e  d osage up  
to  20 m illio n  g a llo n s  an d  is  fo u n d  to  b e  a 
s tr a ig h t- lin e  fu n c t io n  o f  th e  d ifferen ce  in  
air an d  w a ter  tem p era tu res. P u lsa tio n s  in  
air flow  d u r in g  in te r m it te n t  d osage  m a y  he  
ex p la in ed  o n  th e  b a sis  o f  in crea sed  h e a t  
tran sfer  d u r in g  th e  d is tr ib u tio n  period .

MOST engineers recognize th a t adequate ventilation is 
essential for the proper operation of the trickling 
filters employed in  sewage treatm ent. However, 

there is wide disagreem ent as to  the  m anner and mechanism 
by which the flows of air take place. Some say the flow 
m ay be upward or downward through the filter, and others 
sta te  th a t i t  is always downward. I t  is generally agreed, 
however, th a t ventilation  is essential, and th a t if i t  is n o t ade­
quate, decreased efficiency (11) and possibly clogging of the 
interstices w ith biological flora (5) will result. Some authori­
ties, however, regard ventilation as relatively unim portant 
(7).

During the course of the experimental work which led to 
the development of the high-capacity trickling filter by Hal- 
vorson a t  the U niversity of M innesota, i t  was noted th a t  the 
flow of air was im portan t to its operation (5). The influence 
of sewage and air tem peratures, of humidification, and of the 
dragging effect of the w ater were difficult if not impossible 
to  follow under the usual outdoor p lan t conditions because of 
the practical difficulties m et in suitably controlling the ex­
perim ental conditions. In  th is investigation an a ttem p t was 
made to  develop a more fundam ental understanding of the 
mechanism of the flow of air by studying the influences of the 
above factors in a clean filter.

A viewpoint common among engineers is th a t the necessary 
air is carried down into the interstices of the rock by the de­
scending flow of sewage w ater as a result of a dragging effect of 
the w ater on the air (9). M any consulting engineers feel 
th a t in term itten t dosage of the sewage on the filter beds is 
essential in order to  cause atmospheric oxygen to  come in 
contact w ith the bacterial film; however, the successful 
operation of continuous high-capacity filters have shown th a t  
in term itten t dosage is not necessary (5). I t  has been demon­
strated  th a t bottom  ventilation is essential; otherwise the 
filter soon clogs because of the accum ulation of excessive 
organic m atte r in the filter bed (8). Clogging (i. e., ponding), 
seems to occur m ost frequently in  the fall and spring of the 
year, b u t little is known about the mechanism of th is process.

The tendency of trickling filters to clog, whether as a result of 
insufficient aeration or some other cause, has always been an 
im portan t lim iting factor to be considered in the design and 
operation of filters. Certain writers, however, have pointed 
out the desirability of uniform air on sewage flow and even 
advocated forced ventilation (10, 11). F ilters m ade of very 
fine particles (sand, cinders, etc.) give high reductions b u t are 
easily clogged, and have therefore been abandoned by  engi­
neers in favor of rock filters which can operate successfully 
a t  higher capacities and still give sufficiently high reductions 
of B. 0 . D. A t present i t  is custom ary to  use filters 6 to 8 
feet deep, m ade of graded rock 0.75 to  3 inches in size, dosed 
a t  rates varying from a half up to  a m axim um  of 4 million 
gallons per acre per day with a sewage B. 0 .  D . between 200 
and 500. This am ounts to  an average of only 0.066 to  0.52 
pound of sewage w ater per square foot of filter surface per 
m inute. The high-capacity filter, on the other hand, oper­
ates continuously a t  20 to  25 million gallons per acre per day 
(m. g. a. d.) w ith excellent purification.

The flow of air through continuous high-capacity filters was 
found by Halvorson to  be upward or downward, depending 
on the relative tem peratures of the w ater and the outside air. 
In  summ er when the w ater was colder than the air, the flow 
was downward through the bed; in winter, the w ater was 
warmer and the flow of air upward. In  the spring and fall 
when the air and w ater tem peratures were about equal, there 
was very little air flow. A filter using forced draft a t  these 
tim es operated more successfully than  one using natural 
d raft (6). These observations were m ade by means of smoke 
drifts on the surface of the bed or in the outlet pipes. How­
ever, the highly variable and uncontrollable conditions af­
fecting the outdoor experimental p lan t prevented the taking 
of even roughly quantita tive m easurem ents w ith any cer­
ta in ty  of their significance, and the apparatus shown in 
Figure 1 was bu ilt for experimental purposes. I t  was pro­
posed in  th is  apparatus to  m ake a fundam ental investigation 
of several of the factors determ ining the flow of air in  trick­
ling filters. This was done by using pure w ater in place of
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sewage in  order to  elim inate unknown variables th a t would 
be encountered by a changing flora. Once the factors affect­
ing air flow in a clean filter are known and measured, i t  will 
become possible to  in terpret their effect upon a filter treating 
sewage.

F actors C au sin g  Air F low  in  a T r ick lin g  F ille r

A difference of air tem perature inside and outside a filter 
bed will set up columns of air of different densities above the 
drainage system and result in a flow of air to  the area of low 
pressure. If the air is cooled by the liquid in the filter, as is 
generally true during the summer m onths, its density will be 
increased and i t  will tend to flow downward. If the air is 
warmed in  the  bed, i t  will tend to rise through the stones and 
draw air from the bottom . The m agnitude of the draft—  
th a t is, the pressure difference— causing this flow will depend 
on the difference of density of the columns of air above the 
drainage system and on the depth  of the bed. The draft pres­
sure, P, causing a vertical flow of air to take place can be cal­
culated from the equation :

P  =  h (d, -  di) 
where h = depth of filter

di, di =  average air densities inside and outside the filter

The resulting air velocity will depend upon the resistance of 
the filter. By assuming certain tem perature differences and 
using equations for the pressure drop through packed columns, 
estimates were made of the velocities to be expected and the 
apparatus was designed on the basis of these.

T he reactions taking place in a biological filter give off a 
certain am ount of heat, and, if this heat is sufficient to cause 
an appreciable rise in tem perature, a flow of air will result 
from decreased air density. As a crude approxim ation of 
this effect one can choose a B. 0 .  D. reduction through the 
filter itself of 100 and assume th a t th is corresponds to  about 
the same weight of organic m atte r in p. p. m . This can hy­
pothetically be converted into gas w ith a heating value of 
about 600 B. t. u. per cubic foot. Then, per pound of ■water, it 
is not likely th a t more than 0.0001 X 600/0.03 or 2 B. t. u. are 
generated in  the filter. Since the tem perature of the filter is 
controlled by the tem perature of the water, this heat will go 
mostly to the w ater and thus m ight raise its tem perature 
2° F. Because this is a lesser tem perature effect in com­
parison to the usual outdoor and water tem perature varia­
tions, i t  is n o t unsafe to  say th a t probably the heat of reaction 
has little effect on the flow of air in a trickling filter.

As air comes in contact with the m oist surfaces in the filter, 
its hum idity will tend to increase, and since m oist air is lighter
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than  dry air, an upward draft 
will result. A calculation of 
the possible d r a f t  p re s s u re s  
which can result from humidi- 
fication of the air shows th a t 
the effect of hum idity is only 
relatively im portan t when the 
tem perature of the air and 
w ater are about the same. The 
degree of humidification will in­
crease w ith fine particles be­
cause of the larger area exposed 
and the greater resistance of fine 
filters to air flow.

I t  is commonly stated  th a t 
the sewage w ater, in trickling 
through the rock, mechanically 
pulls the air along w ith itself 
and thus causes a downward 
draft. In  a filter which is nearly 
filled w ith organic m atte r so 
th a t there is little  free space 
and the displacement volume of 
the w ater itself becomes larger 
by comparison, some slight 
effect is possible b u t i t  is doubt­
ful th a t this mechanical action 
is the cause of the downward 
drafts, as is often reported in 
the literature. I t  has been 
known for some tim e th a t the 
resistance offered to  the flow 
of a  gas by a rock bed increases 
about 10 to  15 per cent when 
w ater is flowing through the bed countercurrent to  the gas. 
However, in these reported experiments, the w ater rates were 
very high in  comparison to  biological filter rates (IS, 18).

A calculation of the am ount of air needed to  supply the 
necessary oxygen for the change in B. 0 . D. taking place as the 
sewage passes through the filter shows th a t this requirem ent 
is very low. However, the actual air flow required for the 
successful operation of a biological filter is no t known.

In  outdoor plants the wind wall be im portan t in  securing 
ventilation through filters. This is m ade evident by  compar­
ing the velocity heads of ordinary wind speeds with the es­
tim ates of pressure heads obtainable from the other effects 
considered. Calculations show th a t the tem perature effect, 
for instance, will result in d raft pressures ju s t below 0.002 or
0.003 inch of w ater. These are small compared to  the ve­
locity head of 0.05 inch of w ater caused by a 10 mile per hour 
wind. I t  should be remembered, however, th a t the pressure ex­
erted on a flat surface varies as the sine of the angle of impact, 
and therefore th a t m uch depends on how the wind strikes the 
filter. Near the top edge of a flat vertical surface, perpendicu­
lar to the direction of the wind, im portant low pressure 
areas exist which should be taken into account, since they 
m ay easily be determ ining the direction of air flow in the 
side portion of the filter. If  wind is directly striking the sides 
of a  filter and these are open to  the air, the path  followed by 
the air in the interstices of the filter will always be th a t of 
least resistance. This usually will be the shortest distance 
out of the filter— th a t is, upward or downward ra ther than 
horizontally through the whole filter. In  an indoor p lant 
the design of the housing, ventilators, drainage system, and 
effluent tunnel will have m uch to do in determ ining the venti­
lation of the filter (8). Engineers have paid little  attention 
to these problems, and probably m any plants are bu ilt so 
th a t the natural aeration of the beds is hindered rather than 
helped by the construction. I t  is evident th a t the flow of air

in a filter will always follow the 
path  of least resistance in ac­
c o rd a n c e  w ith  th e  p re s s u re  
gradients; if, for instance, the 
drainage system is such a poor 
one th a t i t  offers a real resist­
ance to air flow, it  is only logical 
th a t in some cases the flow of 
air m ay actually be downward 
in one section of the filter and 
upward through another sec­
tion where for one reason or an­
other the resistance to  air flow 
is low. The ne t effect of this 
condition is nonuniform and re­
duced air flow in all parts of the 
filter, with the presence of stag­
n an t air sections in some parts 
of the bed. A t the low rates (1 
or 2 m. g. a. d.) still being used, 
probably sufficient air for these 
low dosages is obtained in m ost 
of the filters so th a t clogging 
has no t always been the result. 
Nevertheless, such conditions 
are indications of poor distribu­
tion and poor design, which can 
hardly be expected to  lead to 
the efficient operation of trick­
ling filters. This is especially 
true  if the loading is to be in­
creased to higher rates of appli­
cation (11). The horizontal 
currents of air in  the interior of 

the filter are probably far less im portan t than  the vertical 
currents because the forces causing horizontal flow, if the tem ­
perature distribution throughout the filter is fairly uniform, 
will be small in comparison to  those forces and will ac t in a 
vertical direction.

E xp er im en ta l A p p aratu s
The filter consisted of a steel tank 2.5 feet in diameter, packed 

6 feet deep with unbroken gravel which passed a 2-inch and was 
retained on a 1.5-inch square screen. A large ratio of tower to 
particle diameter is essential in such an apparatus in order to 
minimize the effect of the walls (1, 4). A narrow tower would 
tend to collect a larger portion of the water from the interior on 
its walls and also allow air to flow more readily up or down the 
sides because of the greater free space. The following data were 
obtained on the filter packing:

T otal displacem ent, cu. ft. 29 .15
Free volum e of th e  packing, cu. ft. 10.38
P er cent free volum e 35 .6

The average volume of the stones was determined by measuring 
the volume of water displaced by fifty sets of ten stones each, 
chosen at random from the whole. By assuming these to be 
spherical, an average diameter can be calculated:
M ean volum e of any  ten  stones, cu. in. 2 4 .7  (<rm =  *=0.25)
M ean d iam eter of a  stone, in. 1 .68
Surface area  of packing calcd. as a  sphere,

sq. f t./c u . ft. of packing 27 .6

Thermocouples were embedded in stones placed a t various 
levels of the filter in order to determine the temperature of the 
packing during operation. I t  was necessary to dose the experi­
mental filter with water a t various but uniform temperatures. 
To do this, use was made of a large insulated tank equipped with a 
thermostatic control, two 550-watt heaters, an agitator, and a 
copper coil running through it as shown in Figure 1. The water 
in the tank served as a  constant-temperature bath for the feed 
water which passed through the coil to the feed pump. I t  was 
possible with this arrangement to keep the feed water tempera­
ture always constant within —2° F., or with an attendant watch­
ing the laboratory water-line temperature changes, a control of
0.2° F. was not difficult to maintain.

T il e  P a c k in g  U s e d  in  a  H ig h -C a p a c it y  T r ic k ­
l in g  F il t e r  P l a n t  O p e r a t in g  a t  20 M il l io n  

G a l l o n s  t e r  A c r e  p e r  D ay

A screen but no primary settling is used with 
this open packing
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Water was supplied to the apparatus from the temperature 
control tank by the gear pump installed as shown in Figure 1. 
By changing pulleys and using a speed reducer, it was possible to 
dose the bed a t constant rates varying from 1 to 30or more m. g. a. d. 
This was determined by weighing the water draining from the 
filter in a measured time. The pump delivery was very constant 
during the course of any one experiment. The temperature of the 
water distributed was determined by means of a thermometer 
fixed in the feed line just ahead of the distributor. The outlet 
water temperature was determined by taking the temperature 
of the water as it drained out of the tank through the siphon ar­
rangement shown in Figure 1. The siphon served to prevent 
air from escaping except past the heated wire in the contracting 
tube. In order to decrease heat transfer to or from the room, 
the base of the tank had been thickly coated with wax. No 
difficulty was experienced in duplicating either water tempera­
ture reading.

The temperature of the air outside the tank was taken from 
thermometers placed near the tank, at levels 4.5 and 7.5 feet 
above the floor. Air flow readings were taken only when room 
temperatures had been constant for some time. The labora­
tory temperatures varied enough however to make a 0.1° C. 
calibration of the 0-100° C. thermometers sufficiently accurate 
for the data. Air humidity readings were taken with a sling psy­
chometer. Small rotary distributors, which caused no appre­
ciable air disturbance, were designed. They rotated a t about 00 
r. p. m. and dosed the filter with the water so that no stone on the 
surface layer of the packing was not wetted. The distribution 
was tested by measuring the volumes collected in 250-cc. beakers 
placed on the rock. These were practically the same no matter 
where the beakers were placed.

In order to measure the very low movements of air which take 
place through the filter, it was necessary in the first place to de­
velop an instrument which would be sufficiently sensitive and at 
the same time offer no appreciable resistance to the flow of air. 
An electrically heated platinum wire placed in a contracting tube 
offers low resistance to the passage of air; a t the same time the 
contraction ensures a steady uniform flow of air past the wire over 
a wide range of air speeds. With the designed bridge it was 
possible to take measurements rapidly in succession with little 
difficulty. (The design and operation of this hot wire anemome­
ter will be detailed in a later publication.) In order to allow for 
the changes in the temperature of the air passing the hot wire, 
corrections were applied to the milliammeter reading. The 
anemometer was calibrated satisfactorily, and the instrument was 
found, during the later experimental work, to be well adopted 
to the purpose. The scattering of the calibration data indicated 
that the maximum error in reading was =*=1.2 inches per minute 
superficial velocity through the filter. This is sufficiently accu­
rate for the purpose. The outlet was protected from the labora­
tory drafts with an open box around which cloths were hung. 
The direction of the flow of air was observed by following the 
drift of ammonium chloride fumes in the contracting tube.

C o n tin u o u s D osage
In  these experiments the filter was continuously dosed with 

water a t  constant tem perature, and no air flow measurem ents 
were accepted un til the tem perature of the outlet water had 
become substantially constant. A t the lower distribution 
rates the filter was dosed a t  least 15 hours before readings 
were taken, and a single run was sometimes carried on for 2 
days to ensure steady conditions of tem perature. The room 
tem perature was held as nearly the same as possible for some 
tim e before an anemometer reading was recorded so th a t the 
data  given could be accepted as being taken a t, or a t  least 
quite near, equilibrium conditions of tem perature and air 
flow. I t  took a long tim e for changes in w ater tem perature 
to affect the air flow; however, changes in air tem perature 
were within a few m inutes followed by air velocity ad just­
m ents to a steady value. This is partly  due to  the fact 
th a t the air has only a slight heating or cooling effect on either 
the water or the filter bed itself.

D ata  were taken a t  various water and air tem peratures and 
also a t  various w ater distribution rates in order to  determine 
the effect of these variables on the flow' of air. The d a ta  are 
given in Table I. The rates were varied between the lim its 
of 1 and 20 m . g. a. d . since these include the usual dosage rates 
of both low- and high-rate trickling filters.

If  the difference of the arithm etical averages of the tem pera­
ture of the air outside the filter and of the w ater passing 
through the bed is plotted against the measured air velocity, 
a straight line can be drawn through all the d a ta  (Figure 2).

The following conclusions m ay be drawn for the range of 
conditions investigated: The flow of air under equilibrium 
conditions of tem perature and with continuous w ater dis­
tribution is a straight-line function of the difference between 
the tem perature of the outside air and the tem perature of the 
water. Since the points fall on the same line, independent of 
the dosage rates, evidently an increase in dosage ra te  from 1 
to 20 m. g. a. d. has no large effect on the flow of air. The 
dragging effect of the descending water on the air is very 
small since, if appreciable, this effect could be expected to 
increase w ith dosage rate  and therefore to cause greater down­
ward flows as the rate  is increased. No such effect can be 
observed from the plot of the data. The effect of hum idity, 
which tends to  cause an upward flow' because m oist air is

T a b l e  I. A i k  F low '  a t  E q u i l i b r iu m  ( D o s a g e  C o n t in u o u s )

-R oom  Air Temp.-
-W 'ater Tem p.----------- . U pper Lower

R u n  Dos a KO E n tering  Leaving therm om - therm om -
No. R a te  filter filter A verage e ter e ter Average

M . g. a. d. ° F. ° F. ° F. ° F. ° F. ° F.

11 2 0 .5  7 5 .2  75 .9  7 5 .5  77 .0  7 6 .8  76 .9
7 5 .2  7 6 .3  75 .7  77 .0  7 6 .8  76 .9
7 5 .2  76 .3  7 5 .7  77 .0  7 6 .5  76 .7
7 4 .7  7 5 .6  75 .1  7 6 .8  7 6 .5  76 .6

12 2 0 .0  59 .2  63 .1  6 1 .2  81 .3  7 8 .4  79 .9
5 9 .0  6 0 .8  5 9 .9  80 .4  78 .1  79 .2
6 0 .3  6 1 .2  60 .7  8 2 .2  81 .9  82 .0

13 16 .2  6 4 .2  6 6 .0  65 .1  8 0 .6  7 9 .2  79 .9
64 .9  6 5 .8  65 .4  8 2 .8  81 .3  82 .0
6 5 .8  6 6 .7  66 .3  83 .5  82 .1  8 2 .S
6 6 .9  6 7 .5  6 7 .2  81 .9  80 .9  81 .4
6 5 .3  6 5 .8  6 5 .5  7 7 .9  7 7 .4  77 .6

14 8 .7  6 5 .7  6 8 .5  67 .1  8 2 .8  81 .1  82 .0
6 7 .5  6 8 .9  6 8 .2  8 3 .7  8 1 .8  8 2 .8
69.1  6 9 .3  6 9 .2  8 3 .7  82.1 82 .9
6 8 .2  6 9 .6  68 .9  79 .9  76 .2  78.1
6 9 .4  70 .0  69 .6  80 .1  77 .0  78 .0
71 .1  7 2 .5  7 1 .8  82 .9  81 .2  82 .0

7 2 .5  7 1 .8  82 .9  80 .9  81 .9

15 1 .0  6 6 .8  6 7 .3  67 .1  7 3 .8  71 .4  72 .6
67 .1  7 0 .5  6 8 .8  7 7 .4  74 .7  76.1

16 2 .3  6 5 .7  7 1 .2  6 8 .4  8 2 .9  8 0 .8  81 .9

Tem p. ✓------A ir Flow ------ .
Difference P er sq. ft.

Air Passing Room of Air and of area  per D irection
Anem om eter H um idity W ater min. of flow

0 F. % ° F. Cu. ft.

7 6 .5 28 1.4 0 .3 5 Up
75.9 1.3 0 .30 U p
75.9 1.3 0 .30 Up
75 .7 1.5 0 .2 8 Up

71 .6 52 18.7 2.11 Down
71.1 19.3 2 .19 Down
72.9 21.3 2 .35 Down

74 .3 35 14.8 1.60 Down
74.3 16.6 1.77 Down
75.2 16.5 1.72 Down
75 .2 14.2 1.46 Down
73.4 12.1 1.30 Down

75 .7 26 14.9 1.52 Down
76.7 14.6 1.52 Down
76 .8 13.7 1.46 Down
73.6 9 .2 0 .85 Down
75.0 9 .0 0 .85 Down
78.1 10.2 1.00 Down
78.1 24 10.2 0 .97 Down

70.3 26 5 .5 0 .2 8 Down
73 .6 7 .3 0 .5 5 Down

75 .7 13.5 1.38 Down
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lighter than  dry air, explains the fact th a t the line of the data 
does n o t pass through the origin. T he extent of th is displace­
m ent is a measure of the effect of hum idity  under the experi­
m ental conditions. Some approxim ate m easurem ents showed 
th a t the change in hum idity  of the air while passing through 
the filter is not large. The tem perature of the packing was 
also determined during the course of a  high rate  experiment. 
These m easurem ents showed the stones to be a t  the tem pera­
ture of the w ater and not a t  th a t of the air. On stopping

it

F ig u r e  2 . R e l a t io n  b e t w e e n  F l o w  o f  A i r  t h r o u g h  t h e  
E x p e r im e n t a l  F il t e r  a n d  T e m p e r a t u r e  D if f e r e n c e  

b e t w e e n  A ir  a n d  W a t e r

the w ater distribution when equilibrium had been reached, 
there was little  or no change in air velocity for some tim e; 
th is was due to the relatively small heating or cooling effect 
of the air on the filter tem perature.

I n te r m it te n t  D osage
Since m ost trickling filters are still operating a t  low rates 

of 1 or 2 m. g. a. d. and are using in te rm itten t dosage 
is w orth while to  show how the flow of 
air takes place in them during the short 
periods of operation and the long "res t” 
periods.

Before beginning the in term itten t dosage 
experiment, the filter was dosed continuously 
for 12 hours a t  20 m . g. a. d. w ith w ater a t  
75-77° F . (about room tem perature) to 
obtain a uniform tem perature throughout 
the filter. The filter was then dosed inter­
m itten tly  w ith cold water a t  an average 
daily ra te  of 2.1 m. g. a. d. For 2 m inutes 
w ater a t  60.8° F . was distributed on the filter 
a t  a ra te  of 26 m . g. a. d. This was followed 
by a 23-minute rest period. This interm it­
te n t distribution was continued for ten  cycles; 
during this tim e frequent anemometer and 
air and water tem perature readings were 
taken. The air flow measurem ents during 
the dosage periods were taken about every 
30 seconds in order to  follow the rapid 
changes. Finally the filter was dosed con­
tinuously a t  26 m. g. a. d. until the flow of air 
had become nearly steady. The p lot of the 
results of th is experiment is shown in the 
upper half of Figure 3. T he hum idity of the 
room was close to 30 per cent throughout this 
experiment.

During in term itten t dosage the pulsations in air flow are 
due to  increased hea t transfer during the distribution period 
and m ay be explained as follows: Before in term itten t dosage 
was started , the filter was a t  a uniform tem perature through­
out, which -was due to the previous continuous dosage a t  20 
m. g. a. d. Because of the effect of hum idity and some tem pera­
ture difference between the packing and the room air, an up­
ward draft of 0.62 cubic foot per square foot per m inute was 
taking place through the bed. Cold w ater a t  60.8° F. was 
then d istributed over the packing for 2 minutes. As i t  flowed 
through, th is w ater cooled the air in  the filter enough to  set 
up a downward draft pressure which was sufficient to equalize 
the already present upward draft forces so tha t, during the 
first dosing period, the actual flow was practically zero; a t 
the same tim e hea t transfer was taking place from the rock 
to the water, and the tem perature of the packing, especially 
near the top  of the filter, was somewhat lowered. This was 
shown by  the rise in  tem perature of the ou tlet water, which 
was far too large a rise to be accounted for by the heat coming 
from the air. Since the average tem perature of the filter was 
being lowered by each application of cold water, the  upward 
draft was lowered during each succeeding rest period, and 
after the eighth cycle, the direction of air flow was always 
downward through the filter. If the cycles were continued, 
the downward flow through the bed would continue to  de­
crease un til the equilibrium flow had been reached. This was 
no t practical experimentally because it  was impossible to 
keep the large laboratory a t  constant tem perature for a suf­
ficiently long period (probably, judging from the slope of the 
curves, over 10 hours would be needed). The m inor rise in 
air flow noted during each resting period was probably the re­
sult of slow heat transfer from the interior of the stones to 
their wet, colder surfaces.

After the second cycle, the cooling of the air in  the filter, 
which took place during the period of distribution, was suf­
ficient to cause a  downward air flow during the dosing period. 
The downward d raft became more im portan t w ith each suc­
ceeding dose of cold w ater because the stones were becoming 
colder. Continuous dosage a t  26 m. g. a. d., following the tenth  
cycle, cooled the filter rapidly so th a t equilibrium was prac­
tically reached in  one hour, as the upper p art of Figure 3

F ig u r e  3. A ir  F l o w

(Atore) In te rm itten t dosage; average ra te , 2.1; m om entary  ra te , 26.0 m. g, a. d. 
(Below) In te rm itten t dosage a t  low rate , continuous dosage a t  high ra te
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T a b l e  II. A i r  F l o w  d u r i n g  I n t e r m i t t e n t  D o s a g e

M omentary
Dosage

R ate Tim e
E ntering

filter

-W ater T em p.— 
Leaving 

filter A verage

.-------------Room  Air T em p.-----------
U pper Lower 

therm om - therm om ­
eter e ter Average

Air Passing 
A nem om eter

Tem p. 
Difference 
of A ir and  

W ater

*--------- Air
P e r sq. ft. 
of nrea per 

min.

Flow----------

D irection  
of flow

M . q. a. d. Hr.:min.:scc. ° F. ° F. ° F. ° F. ° F. ° F. ° F. ° F. Cu. ft .

0
0

0 :0 0 :0 0
0 :2 4 :0 0

Bed resting  and a t abou t the  sam e tem pera tu re  as th e  room
75 .4  73 .9 74 .5 7 4 .5 0 .61 U p

20 0 :2 5 :0 0
20 0 :2 5 :3 0 . . . 0 Ü 6 U p*
20 0 :2 5 :5 0 0 .04 U p
20 0 :2 6 :1 0 0 .00
20 0 :2 6 :4 0 GÔ.'S 7 2 .0 GO A 75 .2 7 3 .8 74.’5 75 .2 8Ü 0.02 Down
20 0 :2 7 :0 0 0 .02 Down

0 0 :2 7 :3 0 0 .37 Up
0 0 :2 8 :0 0 0 .45 U p
0 0 :2 9 :0 0 0 .43 U p
0 0 :3 1 :0 0 0 .43 U p
0 0 :3 5 :0 0 0 .45 U p
0 0 :4 3 :0 0 7 4 !ö 73 .8 74.1 0 .51 Up
0 0 :4 9 :0 0 75 .0 7 3 .0 74.3 74 .8

20 0 :5 0 :0 0
20 0:5 0 :3 0 0Ü 4 Down
20 0 :5 1 :0 0 0.16 Down
20 0 :5 1 :3 0 0 .1 6 D ow n
20 0 :5 2 :0 0 c i !  3 73 .0 67! 5 75*. 2 7 3 .8 71 .5 74 .8 7 .0 0 .1 8 D ow n

0 0 :5 3 :0 0 0.42 Up
0 0 :5 7 :0 0 0.42 Up

- 0 1 :04 :00 0 .42 Up
0 1 :10 :00 0 .40 Up
0 1 :14 :00 74 .7 73.'G 7 4 . \ 75 .4

20 1 :15 :00
20 1 :15 :30 o . 'ic Down
20 1 :16 :00 0.20 D ow n
20 1 :16 :30 c6!o 7 3 .8 67! 2 75 .0 73." G 74 .8 7 .0 0 .23 Down
20 1 :17 :00 0.20 D ow n

0 1 :18 :00 0.20 Up
0 1 :21 :00 0.26 U p
0 1:29 :00 0.31 U p
0 1 :39 :00 74*. 8 73 .4 74*. 1 75.7 0 .37 U p

0 4 :1 4 :0 0 0 0 .8

D a ta  of Six 

73 .4

Following D istribu tion  Periods Are P lo tted  in 

67.1 7 3 .9  7 2 .5  73 .2

Figure 3

73 .8 6 .1 0 .16 Down
20 4 :1 5 :0 0
20 4 :1 5 :3 0 0A G D ow n
20 4 :1 6 :0 0 0 .58 Down
20 4 :1 6 :3 0 0.58 D ow n
20 4 :1 7 :0 0 0.62 Down

0 4 :1 7 :3 0 0 .26 Down
0 4 :1 8 :0 0 0 .22 D ow n
0 4 :1 9 :0 0 0 .23 D ow n
0 4 :2 0 :0 0 0 .22 Down
0 4 :2 3 :0 0 0 .22 D ow n
0 4 :2 9 :0 0 0 .1 7 Down
0 4 :3 9 :0 0 GO. 4 73 A go!9 7 3 .S 72'.2 73 .0

20 4 :4 0 :0 0
Dow n2G 4 :4 0 :3 0 0.47

20 4 :4 3 :0 0 7 3 .8 72.1 73 .0 7 3 4 0.73 Down
20 4 :4 5 :0 0 60 .3 7 \ .4 65 ! 8 7!2 0.76 Down
20 4 :4 8 :3 0 0 .90 Down
20 4 :5 2 :3 0 60 .3 70 .3 05 .3 73 .8 72.3 73 .0 7 .7 1.00 Down
20 4 :5 5 :0 0 1 .08 Down
20 4 :5 7 :3 0 08 .9 7ÜG 1.14 Down
2G 5 :0 1 :3 0 1.20 Down
20 5 :0 4 :3 0 GO .3 67 .3 63.7 73 .9 72.3 73 .2 7Ü 1 9 .5 1.26 Down
20 5 :2 9 :3 0 60 .3 03 .7 61 .9 74.1 72.3 73 .2 08.7 11.3 1.44 Down
20 5 :4 1 :3 0 00.3 62.4 61 .3 73.0 72.1 72 .8 08. S 11.5 Down
20 5 :5 7 :3 0 59.9 6 0 .8 00.3 73 .0 71 .0 72.3 66.7 12.0 1 .47 Down
20 0 :17 :30 69.5 00 .4 59 .9 72.9 71 .4 72.1 66 .2 12.2 1.54 Down
20 0 :3 7 :3 0 69.7 60 .3 00.1 72 .7 71 .4 72.1 60.2 12.0 1.54* Down

shows. The equilibrium value is somewhat higher than 
those indicated by  Figure 1, which is based on d a ta  taken up 
to 20 m . g. a. d . However, the value 1.54 cubic feet per square 
foot per m inute is entirely in  accord w ith other data  taken a t  
higher rates than 20 m. g. a. d.

On the basis of th is experiment the following conclusions 
m ay be m ade: The pulsations observed in the filter during 
the dosing periods are no t due to  a dragging effect of the 
descending w ater on the air in the filter. W hen dosed inter­
m ittently , the tem perature of a filter slowly tends to  ap­
proach th a t of the w ater distributed. During in term ittent 
operation of a filter, rapid pulsating changes in air flow take 
place during the dosage period if the tem perature of the filter 
is no t the same as th a t of the w ater being distributed on it. 
These pulsations m ay be tow ards a  lesser or a greater flow of 
air than  th a t taking place during the rest period. This de­
pends altogether upon the direction of flow during the rest 
period and whether the w ater tem perature is tending to cause 
a reversal in air flow direction or not.

Our d ata  would seem to indicate tha t, under the usual oper­
ating conditions, in term itten t distribution will not bring as 
much air through the filter as continuous distribution. The 
lag in reaching the equilibrium air flow, as a result of the 
in term itten t operation of the filter, will cause the to tal 
am ount of air passing through to be less than  th a t obtained 
during continuous operation.

R esista n ce  to  Air F low

In  a filter containing biological flora, the resistance to air 
flow can be expected to  vary widely as the am ount of organic 
m atte r on the stones changes. The filter m ay be almost 
clogged a t  times of poor operation and m ay be quite clean 
following a sloughing-off period. In  any case, the resistance 
will always be greater than th a t of a clean filter. On the 
other hand, the pressure heads due to  tem perature and hu­
m idity  effects m ay be expected to  increase as a result of better 
heat transfer, etc., due to  the more in tim ate contact of air
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and w ater in the smaller interstices of a loaded filter. B ut 
there are lim its to the increased pressure head which can 
possibly be attained through these effects. In  the natural 
d raft experiments, the tem perature of the outlet air was found 
to  be about halfway between th a t of the in le t air and of the 
w ater. I f  the outlet air tem perature in a filter of smaller 
packing or in  one containing biological flora were to  reach 
th a t  of the w ater, the pressure head for a given difference of 
w ater and outside air tem perature would be doubled. As a 
m aximum condition, the air throughout the height of the 
tower would be a t  the tem perature of the water, b u t even 
under these extreme conditions the pressure head has only 
been increased four tim es. I t  would take only a m inor in­
crease in  the resistance of the filter due to the presence of 
biological flora to  offset the higher pressure head gained by 
the better contact of the air and the filter. In  other words, 
the forces causing a flow’ will increase b u t only slightly in 
comparison to  the probable increase in resistance; as a re­
sult the actual velocities will always be lower than  those ob­
served in a clean filter.

The resistance of a  filter increases rapidly as the size of the 
particles is decreased. From the equations of Chilton and 
Colburn wre can deduce th a t if the flow is viscous, a  reduction 
of stone size from 1.75 to  0.25 inch will increase the resistance 
to the passage of air (1.75/0.25)2 or forty-nine tim es (2). 
T he highest possible increase in pressure due to tem perature, 
on the other hand, is only fourfold. Although advantages 
are to  be gained in using smaller particle sizes because of the 
increased surface, i t  is evident th a t definite precautions m ust 
be taken if adequate air flowr is to result in  a fine filter. Un­
less th is is done, the gain in area is obtained a t  the expense of 
a  decrease in  air flow’ which m ay be the more im portan t factor 
for the successful operation of a filter.

S u m m a r y
1. The flow of air a t  equilibrium and w ith continuous 

w ater distribution is a straight-line function of the difference 
between the tem perature of the outside air and the tem pera­
ture of the water.

Extraction of § 
from Soap Nut

a. This relation is not appreciably affected by changes in 
w ater dosage rates between the limits of 1 to  20 m. g. a. d.

b. The effect of humidification of the air is relatively slight 
except when the tem perature of the air and w ater is ap­
proximately the same. I t  will tend to  cause a slight upward 
d raft under those conditions.

2. The dragging effect of the descending w'ater is neg­
ligible.

3. During in term itten t distribution pulsations in  air, 
flow will take place as a result of the increased heat transfer 
during the dosing period. For a given am ount of w ater being 
dosed on a filter, the d a ta  indicate th a t in te rm itten t dosage 
will not bring as m uch air through the filter as continuous 
dosage. The maximum air flows obtained during the pulsa­
tions in  in term itten t dosage are less than  the equilibrium flow' 
set up by continuous distribution.

4. The filter medium, during continuous dosage a t  high 
rates, comes to  the tem perature of the w ater and no t to th a t 
of the air flowing in natural draft.
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J . L. SA R IN  AND M . L. B E R I g]
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P. O. Shahdara Mills, Lahore, India

SOAP n u t (Figure 1) is the fru it of a handsome tree 
(Figure 2) found throughout India. I ts  two species 
are Sapindus mukorossi Gaerten, and Sapindus lauri- 

fohus  Vahl. The former is found throughout northern India 
and grows in  the lower hills up to  an  altitude of 4000 feet; 
the la tte r is found m ostly in wrestern, central, and southern 
India and Ceylon (<?). The trees are called locally by  the 
vernacular name, Ritha. Soap n u t has been employed as a 
detergent from very ancient tim es and in  certain cases, es­
pecially in  washing woolen fabrics and silk, and in cleaning 
jewelry, it is given preference over soap and other cleansing 
agents. Some work has been done in  the past to  extract 
saponin from the nu t, bu t the m ethods cannot be employed 
on a commercial scale. Asahina and Shimidzu (I) tried to

prepare saponin from the alcoholic extract of soap n u t peri­
carp by  adding lead subacetate, removing the excess lead by 
hydrogen sulfide, acidifying a t  40° C. w ith hydrochloric acid, 
and storing for several days; i t  is stated th a t saponin was 
then  precipitated as white crystals. I t  was purified by being 
dissolved in alcohol and filtered through anim al charcoal. 
As sta ted  by  the authors, saponin precipitated very slowly 
and w ith difficulty by this method. Besides, the m ethod of 
purification is wasteful since animal charcoal retains much of 
the saponin. The authors did no t sta te  the percentage yield 
obtained. Basu {2) tried the different m ethods th a t are used 
for preparing saponin from im portant saponin-yielding plants 
but was unsuccessful in suggesting a practical method for 
extracting it  from soap nu t (3). In  the present investigation
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A m e th o d  h a s b een  w orked o u t  for th e  ex­
tra ctio n  o f  sa p o n in  from  soap  n u t , a raw  
m a ter ia l w h ic h  is fo u n d  a b u n d a n tly  in  
In d ia . T h is  m e th o d  is  e ff ic ien t an d  is  
p ra ctica b le  co m m ercia lly . T h e  y ie ld  o f  
sa p o n in  w as 17.21 per c e n t  o f  th e  w e ig h t  
o f  th e  n u t .  T h is  is  th e  h ig h e s t  so  far o b ­
ta in ed  from  an y  sa p o n in -y ie ld in g  p la n t .

I t  has no definite melting point b u t sta rts to  fuse a t  95° C. 
I ts  specific rotation [a]2i  in ethyl alcohol is —15.5. W ith con­
centrated sulfuric acid it  is reddish yellow in color which 
changes to violet on standing. W ith sulfuric acid and acetic 
anhydride it gives a deep red coloration. I t  is acidic in 
nature. When subjected to  various m ethods of separation 
of the saponins from each other (4), i t  was found th a t no 
neutral saponin could be separated.

Elem entary analysis showed the following results: car­
bon, 56.90 per cent; hydrogen, 8.26; oxygen 34.84. W hen 
hydrolyzed with 3 per cent sulfuric acid or, better still, w ith 
an alcoholic solution of hydrochloric acid, saponin gave crys-

an attem pt has been made to develop an efficient method 
for the industrial extraction of saponin from soap nut.

E xtraction

The soap n u t selected was from the Sapindus mulcorossi 
species. The n u t consisted of 56.2 per cent pericarp and 43.8 
per cent seed. Saponin is found in the pericarp. No a ttem p t 
was made to  determine the exact composition of the peri­
carp. Besides saponin, i t  is known to contain gums, resins, 
etc.

The following practical method for the extraction of 
saponin from soap n u t was worked out:

The pericarp was dried in the sun and ground to a rough 
powder. The powder was refluxed with ethyl acetate for 3 to 5 
hours. After allowing it to settle for some time ethyl acetate 
was drawn off. Three extractions with this solvent were suf­
ficient to remove all the available saponin. The fractions of 
ethyl acetate extract were collected and subjected to distilla­
tion; ethyl acetate that passed over as distillate was collected 
and the residue left was removed. The residue is a pale yellow, 
viscous, semiplastic substance. I t  dried under a desiccator to a 
hard mass a t room temperature. When powdered, this mass 
gave saponin tha t was almost creamy in color. For purification 
a concentrated aqueous solution was treated with a saturated

F ig u r e  1. S o a p  N u t s

solution of barium hydroxide. The precipitated barium salt of 
saponin was washed with barium hydroxide in which it is insolu­
ble, suspended in dilute ethyl alcohol, and decomposed by carbon 
dioxide into barium carbonate and saponin. The saponin solution 
was evaporated, and saponin was dissolved in ethyl alcohol and 
obtained by evaporation. The saponin yield was 30.625 per cent 
on the weight of the pericarp or 17.21 per cent on the weight of 
the soap nut. This yield is higher than has been obtained from 
any other known saponin-yielding plant (5).

P rop erties an d  U ses
The saponin obtained was a white crystalline substance. 

I t  is insoluble in chloroform, benzene, sulfuric ether, and 
petroleum ether, b u t is soluble in m ethyl alcohol and water.

F ig u r e  2. S o a p  N u t  T r e e

tallized sapogenin. The melting point of this sapogenin 
was 318-319° C. The other derivatives prepared were 
triacetyl and benzoyl. The melting point of the crude tri­
acetyl derivative was 125-140° C., b u t i t  could not be crys­
tallized from any solvent. The benzoyl derivative was 
crystallized from water. The melting point of the crude 
product was 105-107° C. and th a t of the crystallized product 
was ll3 -1 1 4 °  C.

The soap-nut saponin prepared could be utilized for the 
same purposes as saponin from other sources— e. g., as an 
emulsifying agent for vegetable and essential oils, as a foam 
stabilizer, and in the manufacture of soapless shampoos.
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FROSTING OF 
VULCANIZED RUBBER

F ro stin g  is  a d escrip tive  term  for a par­
ticu la r  ty p e  o f  d u llin g  o f  th e  su rfa ce  o f  
v u lca n ized  rubber a r tic le s , w h ich  occurs  
m o s t  freq u en tly  in  w arm , h u m id  w eath er . 
R ubber v u lca n ized  in  a  m o ld , in  s te a m , or 
in  a ir  w ill fro st, b u t  th e  effect is  m o st  
n o ticea b le  on  th e  b r ig h t fin ish  o f  a ir-cu red  
p ro d u cts . F ro stin g  is  a m icro sco p ic  d is ­
in te g r a tio n  o f  th e  su rfa ce  cau sed  b y  o zon e  
in  th e  a ir, an d  it s  a c tio n  on  th e  rubber is 
favored by w a rm th  and  h u m id ity . F rost­
in g  can  read ily  b e reproduced  in  a lab ora­
tory  te s t . I t  is  p reven ted  b y  p ro tective  
film s su c h  as la cq u er  or varn ish ; b y  trea t­
m e n t  a fter  v u lc a n iz a tio n  w ith  ch lo r in e , 
b ro m in e , or su lfu r  m o n o c lilo r id e; or by  
in co rp o ra tin g  in  th e  rubber before v u l­
ca n iza tio n  certa in  ty p es o f  h ig h -m e lt in g  
p etro leu m  w axes or o n e  o f  th e  a n ti frostin g  
a g e n ts , o f  w h ich  p ,p '-d ia m in o d ip h c n y l-  
m e th a n e  is  th e  m o s t  effective.

W . F . T U L E Y
Naugatuck Chemical, Division of United 
States Rubber Company, Naugatuck, Conn.

after vulcanization, it seems to develop a resistance to frosting 
and is unlikely to frost later.

Frosting was determined to  be due to the ozone in the air. 
So far as the writer knows, the cause was first determ ined by 
S. M. Boyd in 1931. He found th a t the effect could be re­
produced by exposing vulcanized rubber w ithout tension in 
warm, humid, ozonized air.

F ro stin g  T est

A simple and rapid determ ination of the relative tendencies 
of different stocks to frost may be made by means of this test:

The equipment shown in Figure 1 consists of a chamber, 
roughly, 2 feet on each side, which is provided with an ozone 
generator for producing ozonized air. Suitable ozone generators 
may be purchased from manufacturers of this equipment or may 
be made by a design recently described (5). A moderate stream 
of dry air is passed through the ozone generator during the opera­
tion to ensure maximum efficiency. The ozonizer operates on the 
110-volt a. c. lighting circuit. A 100-watt light bulb serves to 
heat the interior of the box.

RU BBER products, like’ most commodities today, must 
m eet the public demand for attractive appearance. 

'  Anything which damages the finish is a problem for the 
technical man. An appearance problem which seems to  have 
become frequent in recent years is concerned w ith a dulling 
or surface dimming of various types of rubber goods after 
vulcanization. This effect has been aptly  called “frosting”, 
and it sometimes resembles actual frost.

Frosting m ay be easily confused with bloom. I t  usually 
appears w ithin a few hours or days after vulcanization. I t  
differs from bloom in th a t i t  is not caused by migration to 
the surface of a constituent of the rubber composition. 
Bloom can usually be removed by solution in weak acid or 
alkali or in an organic solvent. Frosting cannot be removed. 
The microscopic appearance is also quite different.

Frosting m ay occur on rubber vulcanized in a press, or in 
an open-air or steam  cure such as is used for footwear. I t  is 
most noticeable on the bright finish of air-cured rubber goods. 
Sometimes it appears almost immediately after removal from 
the vulcanizer as a bluish sheen which m ay later become al­
most gray. Frosting has been observed on a great variety 
of rubber products including footwear, raincoats, inner tubes, 
druggist’s sundries, and other molded articles. U nfortu­
nately there is no known way in which frosting can be re­
moved after it has once formed. I t  can be covered with 
lacquer or other finish bu t this is seldom satisfactoiy when 
applied after vulcanization. A bloom of sulfur and some­
times of other m aterials can be removed by additional heating 
a t  vulcanizing temperatures, b u t this is not effective with 
frosting. If the rubber is not frosted within a few weeks

F ig u r e  1. F r o s t in g  T e s t  A p p a r a t u s

Iu making the test, a sheet of blotting paper is saturated with 
water, laid flat on a  glass plate placed in the box with the gener­
ator and light operating, and left for about one hour. The box 
should be tightly closed. The blotter is then thoroughly wet 
again, and the rubber samples to be tested are placed upon it. 
Care is taken tha t there is no water on the surface to be frosted. 
Under these conditions frosting is quite rapid. The time of



JUNE, 1939 INDUSTRIAL AND ENGINEERING CHEMISTRY 715

exposure varies from a few minutes up to 3 hours, depending upon 
the nature of the stocks and upon the degree of frosting desired. 
Measurements show a temperature of 127° to 130° F. and a rela­
tive humidity of 70 to 75 per cent while the box is operating as de­
scribed. Lowering the temperature and humidity slows the 
test, and if there is insufficient humidity, frosting will not take 
place.

R ea ctio n  o f  O zone an d  R ubber
Frosting occurs almost exclusively in warm, humid weather. 

Apparently the activ ity  of the ozone or the rubber is in­
creased by moisture and warmer tem peratures. Also under 
such weather conditions, windows are open and the outside 
air circulates a great deal more indoors than a t other seasons.

rubber which is not under tension. H arry L. Fisher found 
th a t a sample of unstressed pure gum stock in ozonized 
oxygen gained 0.2 per cent of its weight in 6 hours a t room 
temperature. After the final weighing it was bent b u t showed 
no cracks, even under microscopic examination. Fisher also 
found th a t vulcanized rubber swollen by benzene cracked in 
ozonized oxygen; the strain  produced by solvent absorption 
evidently had the same effect as tension. The action of 
ozone is not restricted to  soft vulcanized rubber. Fisher 
found th a t bent samples of hard rubber, 0.5 mm. thick w ith a 
coefficient of vulcanization of 43, cracked in less than  2 
minutes in ozonized oxygen.

O zone C racking a n d  F rostin g

F i g u r e  2. U n f r o s t e d  (left) a n d  F r o s t e d  (right) R u b b e r  S u r f a c e s  (X 7 0 )

Air is known to contain a m inute am ount of ozone, esti­
mated by Reynolds (Jf) a t  5 to  12 volumes per billion volumes 
of air. I t  is supposed to  be formed in the upper atmosphere 
by ultraviolet light and reaches the lower atmosphere by 
diffusion and convection currents. The concentration is 
undoubtedly variable and tends to a maximum in the spring. 
An attem pt was made to  determine atmospheric ozone by 
the best chemical m ethods described (1) and with all possible 
precautions. The maximum am ount 
found was 1.9 X 10~7 gram per liter 
of air or about 0.10 p. p. m. by 
volume of air. This determination 
was made in June and July, 1936.

Ozone was first shown by Williams 
(8) in 1926 to be the cause of the 
cracking of rubber under tension.
This was further established by Van 
Rossem (7) who proposed the term 
“atmospheric cracking” to describe 
this effect.

Ozone attacks the double bonds of 
rubber to form an ozonide (8). The 
primary or secondary reaction prod­
uct of ozone on rubber is a viscous 
liquid lacking in physical strength 
and therefore unable to withstand 
a stress. I t  appeal's th a t where 
ozone attacks stretched rubber it 
breaks, and thus relieves the tension 
in adjacent areas and decreases its re­
activity to ozone. The strain  is increased in the crack, and 
ozone continues to react a t th a t point and cause the crack to 
grow. The surface strains in a piece of rubber are un­
doubtedly very nonuniform and result in a nonuniform re­
activity to  ozone.

It is not generally recognized th a t ozone will react with

Rubber behaves like a supercooled liquid 
with colloidal properties. Liquids exhibit 
surface, tension, and this property is retained 
in supercooled liquids and solids (6) al- 

. though it  is not so easily dem onstrated in 
the latter. Evidence of the surface tension 
of rubber is th a t the surface of unvulcanized 
rubber flows when its viscosity is reduced 
by heating. This seems to explain the 
glossy finish on air-cured rubber.

The surface of rubber is therefore under 
tension even though the mass of the rubber 
is not strained. The surface is thus reac­
tive to ozone. When exposed to ozonized 
air, the surface is disintegrated into a maze 
of minute cracks. This microscopically 
cracked surface designated as frosting is 
distinguished from atmospheric cracking 

of stretched rubber principally in the size and number of the 
cracks.

The surface of vulcanized compounded rubber is essentially 
a continuous transparent film of rubber which transm its or 
reflects light w ithout diffusion. The appearance and color 
of a pigmented rubber composition depend upon the selective 
absorption and reflection of light by the pigment dispersed 
in the rubber. Disintegration of the surface rubber film

F ig u r e  3. A D r o p  o p  D i l u t e  H y d r o c h l o r i c  A c id  o n  (left) a n  U n p r o s t e d  a n d j; 
(right) a  F r o s t e d  R u b b e r  S u r f a c e  C o n t a i n i n g  W h i t in g

causes it to reflect diffused light directly, and the color of the 
underlying pigment is obscured.

Figure 2 (left) shows a photomicrograph of the surface of a 
glossy black rubber compound. The clear blackness results 
from the absorption of light by the black pigment under the 
continuous, transparent rubber surface. The same surface is
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Exposed

Covered

0.35 p a rt of 4 ,4 '-diam ino-diphenyl- A ir-cured rubber control, no p rotec- 0.50 p a rt of an tifrosting  wax per 100
m ethane per 100 p a rts  of rubber. tive  agent. pa rts  of rubber.

F ig u r e  4. E f f e c t  o f  A n t if r o s t in g  C h e m ic a l s

shown a t  the right after it has been frosted. The granular 
appearance is due to the reflected light from the  disintegrated 
and cracked surface. The larger objects on the surface are 
dust or pigm ent particles picked up during handling.

In  severe frosting the ozone disintegration of the surface 
exposes some filler particles which further interfere w ith the 
transmission of light and increase light diffusion. If a 
frosted rubber stock contains whiting, it can easily be demon­
strated  th a t the pigment particles are exposed by treating 
w ith dilute acid and observing the evolution of carbon dioxide. 
Zinc and other elements extractable by aqueous acids can be 
detected in an acid extract of the frosted surface. In  an un­
frosted or bloomed surface, the pigm ent particles are coated 
by a film of rubber and are not so easily attacked by dilute 
acids. Extraction of a  pigment from a frosted surface does 
not restore the original appearance.

Figure 3 (left) shows a drop of dilute hydrochloric acid on 
an unfrosted surface. A t the right a similar drop of acid is 
shown on the same rubber sample after frosting. This 
rubber compound contained whiting and the gas bubbles 
visible in the drop of acid are carbon dioxide being evolved 
from the frosted surface. The acid is prevented from re­
acting with the pigment in the unfrosted sample by the con­
tinuous rubber surface.

P rev en tio n  o f  F rostin g
R ubber vulcanized w ith aldehyde-amine accelerators 

seems to  be more resistant to  frosting than rubber vulcanized 
with the thiazoles, dithiocarbamates, and guanidines which 
are now more widely used. I t  is believed th a t frosting was 
not encountered until recent years because the accelerators 
formerly used produced vulcanized rubber less sensitive to  
ozone than  is obtained w ith the present accelerators.

Frosting can obviously be prevented by any protective 
film which excludes ozone from contact with the rubber. 
Varnished and lacquered surfaces do not frost. Also chemi­
cal treatm ents wdiich reduce the chemical reactivity of the 
surface will reduce its tendency to  frost. T reatm ents with 
chlorine, bromine, or sulfur monochloride are effective.

Frosting is also inhibited by incorporating a small propor­
tion of certain high-melting special petroleum waxes which 
bloom to the surface and form a protective film. Casper 
wax (2) from a Wyoming petroleum field is most effective. 
Ordinary paraffin is w ithout effect. Excessive wax bloom 
m ay affect the adhesive qualities of the unvulcanized rubber 
or the finish after vulcanization. One half per cent of wax 
on the rubber can generally be used w ithout a noticeable 
bloom b u t this is not sufficient to  give complete protection 
against frosting and atmospheric cracking.

A large num ber of chemicals have been investigated for 
inhibiting frosting by  the laboratory frosting test. I t  is 
noteworthy th a t the chemicals which have been found to 
inhibit frosting in the laboratory accelerated test have con­
firmed tliis result under natural frosting conditions. Some

aldehyde-amine and ketone-amine antioxidants are some­
times slightly effective in inhibiting frosting. M ost of the 
usual types of antioxidants and antiflex-eracking agents are 
entirely ■without effect. A limited num ber of chemicals have 
been found which are of any value. The most effective of 
these are all members of one class, the diprim ary aryl amines, 
represented by  p-phenylene diamine, benzidine (4,4'-diamino- 
diphenyl), and 4,4'-diaminodiphenylmethane.

p-Phenylene diamine and benzidine are toxic chemicals 
unsatisfactory for commercial use. 4,4'-Diaminodipbenyl- 
m ethane has some antioxidant properties and gives some 
activation of the cure for which allowance should be made. 
I t  has been in  commercial use for a  number of years and is 
far superior to  other knowm antifrosting chemicals.

The effect of these antifrosting agents is shewn in Figure 4. 
These samples were subjected a t the same tim e to ozonized 
air in the frosting chamber with the lower half of each sample 
covered w ith tin  foil. The protective action of the added 
chemicals is clearly dem onstrated.

This discussion of frosting should not be completed w ithout 
emphasizing th a t i t  is only one of th e  causes for objectionable 
changes in  the finish of vulcanized rubber products bu t it 
should be suspected in any case n o t obviously of another type.
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P r e s e n t e d  a t the  93rd M eeting  o f  th e  A m erican Chem ical Society, 
Chapel H ill, N . C

R o ta m e te r  F low  R a tes— C orrection
In our paper “Correlation of Rotameter Flow Rates” which 

appeared on pages 451-6 of the April, 1939, issue, we find that 
some confusion has arisen as to units employed. In the master 
plot of calibration data (Figure 3) the capacity of the meter, q, 
was expressed as cubic inches/minute. On taking slopes from 
this plot for correlation purposes, the dimensions of the slopes 
were converted from square inches/minute/minute to square 
inches/second/second by dividing by 3600; the handling of ex­
tremely large numbers was thus avoided. The value of “2gL 
(423) was determined from g =  386.4 inches/second/second, and 
L  as inches; therefore 423 was added to the above determined 
slope to give the constant C. C' ( =  Cp) was determined from 
this C; p and all other dimensions were as stated in the nomen­
clature.

J. C. W h i t w e l l  
D. S. P l u m b

P r i n c e t o n  U n i v e r s i t y  
P r i n c e t o n , N. J.



Entrainm ent 
in Plate Columns
EDWIN M . BAKER
University of Michigan, Ann Arbor, Mich.

MO D ER N  design of plate columns frequently calls for 
the use of vapor velocities sufficiently high so th a t 
the effect of entrainm ent on column performance can­

no t be neglected. The m ethod of calculating the required 
number of plates in columns when entrainm ent is an im­
portant factor has been treated by  Sherwood and Jenny (4), 
Colburn (1), Rhodes (3), and others.

The purpose of this paper is to  present a modification of 
the method of Sherwood and Jenny for binary systems. This 
modification seems to  possess some m erit from the viewpoint 
of simplicity, particularly as applied to the teaching of dis­
tillation calculations.

When there is no entrainm ent, a general m aterial balance 
on the assumption of constant molal overflow 
results in the following equations for the upper 
and lower operating lines on the McCabe-Thiele 
■diagram (2) :

Vny* =
o r

Vn =

L „ X n + 1 +  Did (1)
L n  . Dxd
V n  Xn + l +  ~ V n

(la)

L m  X m +  !  —  W xu (2)
L m  W X m (2a)y  Xm + 1 y  
'  tn V m

If one mole of vapor entrains or carries up 
the column e moles of liquid, a general m aterial 
balance yields the following equations for the 
operating lines:

Vnyn +  eV„xn = (L„ +  eV„)xn + i +  Dxd (3)

or y„ = Y~Xn+\ + y P  + e(x„  + i -  xn) (3a)

Tn, y  m -J- C VmXm =  LmXm  -f- 1 1
eVmxm+i -  W xw (4)

or L m JVxio . . . ., .
2A- =  X— Xm + 1 --------- b e(x„+l -  xm) (4a)y m y m

V  and L  in  Equations 3 to 4a, inclusive, 
refer to the quan tity  of dry  vapor and to 
the quantity  of reflux resulting from it. If 
there is zero entrainm ent, the last term s of 
Equations 3a and 4a drop out, and these 
equations become identical w ith Equations la  
and 2a.

For a system and conditions th a t make la  
and 2a equations of straight lines, Equations 
3a and 4a are equations of curved lines, since 
neither (xn +x — xn) nor (2^  — Xm) are linear
with x  due to the curvature of the equilibrium 
curve. Further, for any given value of X m + i, a 
point on the line of E quation 3a will lie above a 
point on the line of E quation la  by  the am ount

e(xn + 1  — x„). Likewise, for any given value of xm + 1 , a  point 
on the line of equation 4a will lie above a point on the line 
of Equation 2a by the am ount e(xm + i — a;m). Figure 1 shows 
a simple m ethod of constructing these curved operating lines 
to m eet the above requirements. Figure 1 is constructed for 
the conditions:

Composition of feed: 
Composition of distillate: 
Composition of waste: 
Thermal condition of feed: 
Reflux ratio:
Relative volatility 
Entrainment:

X/ =  0.50 
Xi =  0.95 
x w =  0.05 

q =  0.50 
Vn/D =  2.70 

=  4.0 
e =  0.40

*w0.l 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1.0
x

F i g u r e  1 . C o n s t r u c t io n  o f  O p e r a t i n g  L i n e s  f o r  e =  0 .4
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F i g u r e  2 . D e t e r m i n i n g  t h e  N u m b e r  o f  T h e o r e t i c a l  P l a t e s  f o r
e = 0 .4

Then D x J V n of E quation l a  =  0.95/2.70 =  0.352.
Line la  is then drawn through y = 0.352, x  =  0, point A , 

and x  — y  — 0.95. This line is extended, intersecting the 
line x  — 1 a t  point B. The g line is drawn through x  =  y 
=  0.50, w ith a slope of —1.

Line 2a is drawn through the intersection of the q line w ith 
line la ,  and through the point x  = y — 0.05. This line is 
extended, intersecting the y  axis a t point C. These are the 
ordinary McCabe-Thiele operating lines. The am ount of 
entrainm ent, e, is now laid off above point B , giving point D, 
and a straight line is drawn connecting points A  and D. 
Select any point, G, on the upper operating line where x = 
xn. The corresponding value of y  on the equilibrium curve, 
point K , is y n. From  point G on line A B  draw a line, GH, 
parallel to line AD . From K  on the equilibrium curve draw 
a horizontal line, K L , intersecting GH a t  R. Then R  is a 
point on the curved operating line (Equation 3a). The reason 
for this follows directly from the construction. D istance GS 
is equal to ex», distance U T  is ex, + x, and distance UR  is there­
fore e(xn4i — Xn). Thus for a liquid of composition x„ + i 
leaving plate n  +  1, a column operating w ithout entrainm ent 
would require th a t the vapor from the plate below be of com­
position U, whereas with e — 0.4 the composition of the vapor 
m ust be of composition R . O ther points on the curved upper 
operating line are readily determined in like fashion.

To plot the curved lower operating line, erect a vertical 
line from the intersection of the q line w ith lines la  and 2a 
to  give point Z  on line AD . Draw line CZ. The same type 
of construction as used previously will yield points on the 
curved lower operating line. This construction is shown in 
Figure 1; the same letters as before were used with prime 
m ark added.

Figure 2 shows the completed chart, w ith the curved operat­
ing lines for e = 0.4 in solid lines, and the straight operating 
lines for zero entrainm ent as dotted  lines. The problem has 
been worked on the assumptions th a t there is no entrainm ent 
from the still, and th a t the spacing above the top  plate is

sufficient so th a t there is no entrainm ent in the 
vapor going to  the single to ta l condenser. From 
this condenser, product is w ithdrawn and reflux 
a t  the boiling point is returned to the column. 
I t  should be noted th a t these conditions call for 
using lines la  and 2a for the stepwise construc­
tion a t  x =  x w, and a t  x =  x t as shown in Fig­
ure 2. W ith zero entrainm ent, 6.4 theoretical 
plates are required, and 8.6 theoretical plates 
with 0.4 entrainm ent.

If the entrainm ent in the upper and lower 
parts of the column is no t the same, the con­
struction would obviously be slightly modified to 
m eet this situation. Thus, if the entrainm ent in 
the lower p a rt of the column were 0.5, the en­
trainm ent in the upper p art remaining 0.4, the 
spread between line 2a and line CZ would be in­
creased in the ratio of 5 to 4 over th a t shown in 
Figure 1.

The curved operating lines intersect the normal 
operating lines a t  the points where extensions of 
the equilibrium line below x =  0 and above x =
1.0 intersect the norm al operating lines for zero 
entrainm ent. The two curved operating lines 
themselves intersect on the vertical through the 
intersection of the q line w ith the normal operat­
ing lines.

If i t  is desired to  apply M urphree plate efficien­
cies to the stepwise calculation to  determine 
directly the num bers of actual plates required, 
this is readily done by proportioning the dis­

tance between the curved operating lines and the equilib­
rium curve.

W hile the method presented is n o t basically new, it is hoped 
th a t i t  will prove of advantage.

N o m e n c la tu r e

D =  moles of distillate in unit time 
F =  moles of feed in unit time
L„ =  moles of reflux above feed plate in unit time, not includ­

ing the returned entrainment 
L m = moles of reflux (L„ +  qF) below feed plate
Vn =  moles drv vapor above feed plate in unit time = Vm +

(1 -  q)F
Vm =  moles dry vapor below feed plate 
W  = moles of waste (bottoms) in unit time 
e =  moles of liquid entrained by vapor per mole of vapor 
q — moles of liquid resulting on feed plate, per mole of feed, 

from introduction of feed 
x  = mole fraction of more volatile substance in liquid 
y = mole fraction of more volatile substance in vapor

Subscripts
d = distillate
w = waste
m =  any plate in lower part of column

m +  1 = plate above mth plate
n =  any plate in upper part of column

n +  1 =  plate above nth plate.
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Film Continuity of Synthetic 
Resin Coatings

Effect o f  C om position and Chain Length on M inim um  

Coating W eights for M ethacrylate Polym ers

SHUNT
Kaama
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R.
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E FF E C T IV E  C IR C U IT  W ITH K OPEN
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N T H E  first 
paper in  this 
series (2) a 

m ethod for the 
rapid determ ina­
tion of the "con­
tinu ity” of resin 
films was de­
scribed. In  this 
and later contri­
butions (8, 4) it 
was shown th a t 
t h e  m in im u m  
thickness of film 
required to pro­
duce such con­
tinuity  m ight be 
related to  the 
activity  of the 
m e t a l  b e i n g  
c o a te d ,  to  th e  
average molecu­
lar weight of the 
resin, and to its 
composition.

T h e  e x p e r i­
m e n ta l  t e c h ­
n iq u e  a n d  a p ­

paratus were discussed previously (2). I t  was pointed out 
tha t the use of the equation given by C arhart and Patterson 
(1) for the measurem ent of high internal resistances in tro­
duces inaccuracies in “observed” resistances which increase 
with the m agnitude of the resistances being measured; it 
was shown (2, 8) th a t this is to be expected when Carhart 
and Patterson’s lim iting assumptions are considered. A t 
th a t time the apparatus was calibrated against known 
resistances over its usual working range, and corrected in­
ternal resistance values were obtained by use of the calibra­
tion curves.

The approxim ated equation which C arhart and Patterson 
suggest for internal resistance measurements is derived by 
them as follows (1) :

Let d, be the deflection of the galvanometer when the circuit 
is closed through the high resistance (iîi), the key K  being left 
open; and let dj be the deflection when key K  is closed (see 
Figure 1). The two deflections are proportional to the currents 
through the galvanometer, and therefore to the P. D.’s at the 
terminals of the shunt, with K  open and closed, respectively. 
Since the shunt bears a constant ratio to the entire resistance 
in circuit, the deflections di and dt are proportional to the P. D.’s 
at the battery (cell) terminals in the two cases. Hence,

E F F E C T IV E  C IR C U IT  W IT H  K CLOSED

F ig u r e  1. E f f e c t i v e  C i r c u it s

G. H. YOUNG, G. W. GERHARDT,
W. K. SCHNEIDER, AND G. W. SEAGREN
Mellon Institute of Industrial Research, Pittsburgh, Penna.

d i'.d i  —  E'.Hj* =  ( I ¿2 d -  r ) : E i G)
When the key K  is open, the P. D. at the battery terminals, 
measured by di, is the entire e. m. f. of the celt if its internal 
resistance is negligible in comparison with the high resistance 
in circuit; and when K  is closed, the P. D. measured by ds is 
the fall of potential over the external resistance R. Now if the 
e. m. f. of the cell does not change immediately on closing K, 
then the fall of potential over the entire resistance, R  +  r, is 
the e. m. f. of the cell. We may, therefore, put the two de­
flections proportional to the resistances (Equation 1). From 
Equation 1 by subtraction,

(di — ck):dt — r:R2

whence R: di
(2)

(3)

An earlier paper (3) showed th a t Equation 3 gives accurate 
values only in low resistance ranges, and th a t only as the mag­
nitude of E i approaches infinity can the equation be con­
sidered quantitative.

Corrected E quation for C alcu lating Internal 
R esistances

Although the use of calibration curves for the several com­
binations of E i and Rt employed in this laboratory to  deter­
mine actual resistances from values obtained from Equation 3 
is satisfactory, the desirability of expanding the equation to

M in im u m  coating w eigh t stu d ies on  
three experim ental m ethacrylate polym ers 
o f varying com position  and varying average 
chain  len gth s show  th a t th e  coating  w eight 
required to  ju s t  produce co n tin u ity  seem s 
to  vary inversely w ith  th e  chain  len gth  
and directly w ith  th e  effective polarity. 
T his relation  was previously show n to  be 
valid for vinyl acetate and vinyl chloride 
copolym ers.
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T a b l e  I. C o a t i n g  C o n t i n u i t y  v s. F i l m  W e i g h t

-In te rn a l Resistance—*
Sam ple C oating Cor. by Caled, from

No. W t. P o ten tia l dx * curve E q u a tio n  10 E/Rcalcd•
M g./sq . in. Volt Ohms Ohms Microamp.

M ethy l M ethacry late
1 5 .07 D eflection too low to  read >500,000 < 1 .0
2 4 .3 8 0.663 1 .4 0 .3 145,000 137,500 4 .8
3 3 .20 0.584 2 .8 1.3 17,500 15,000 38 .9
4 2 .45 0.591 2 .9 1.6 9,000 9,720 61 .0
5 2.21 0.582 3 .1 1 .6 11,000 11,530 50 .4
6 1.70 0.655 2 .2 0 .7 40,000 37,500 17 .5
7 1.4S 0.653 3 .1 1 .7 10,000 9,875 66 .2
8 1.18 0.729 3 .2 1 .7 10,500 10,725 68 .0
9 0 .80 0.843 3 .5 2 .1 7,500 7,680 110.0

10 0 .62 0.761 3 .6 2 .2 7,000 7,290 104.5
11 0 .0 0 0.764 9 .6 7 .5 2,900 2,975 257.0

9 .24
6.74
6.02
4 .61
3 .62  
2.81 
1.68 
0.00

13.77
12.00
10.95
8 .75
6 .84
4 .33
3.20
1.45
0.00

n-P ropyl M ethacry la te
Film  continuous 
Film  continuous 
Film  continuous 

Deflection too  low to  read  >500,000
Deflection too low to  read  >500,000
0.783
0.659
0.764

1 . .
2 .5
9 .6

0 . 6
1.1
7 .5

40.000
17.000 
2,900

0.782
0.627
0.572
0.764

n-B u ty l M ethaorylate
F ilm  continuous 
F ilm  continuous 
Film  continuous 
Film  continuous 
F ilm  continuous

3 .6  
10.6 
11.7
9 .6

0.8
4 .6
5 .9
7 .5

115,000
17.500
11.500 
2,900

38,200
17,100
2,975

116,500
17,650
12,250

2,975

<1.0
< 1.0
20.5
38 .8

257.0

6 .7
35 .5
46 .7

257.0

Hot. — R ijd i  —  dj)
Ri +  Ri 

~Ri '

(10)
di

Finally, we m ay make use of the simplified re­
lationship in E quation 3 to derive an equation 
relating the “observed” internal resistance to  the 
true resistance, as follows: Let r ' be the resist­
ance calculated from E quation 3, and r be the  
resistance calculated from E quation 10. Then,

r̂ _ = d, -  d,
Ri di

I t  can be shown th a t

=  Q

Q =
r(F,)

Ri{r +  Äi)

Whence, equating (11) and (12),

r'Ri 
T Ry-r'

(11)

(12)

(13)

In  the present paper the results of a series of ex­
periments on three m ethacrylate thermoplastic 
polymers are presented. The d a ta  were calcu­
lated from expanded E quation 10, and a  com­
parison between these calculated values and 
those obtained by means of calibration curves 
are given in  Table I. The value of R\ was 50,000 
ohms and of R i was 10,000 ohms for these 
experiments.

yield accurate values over a wide range of measured resist­
ances is obvious. Accordingly, a general equation was de­
rived which is independent of the lim iting assumptions em­
ployed by C arhart and Patterson.

In  Figure 1, le t t'i be the current which flows through the 
galvanometer w ith K  open, and h  the current through the 
cell leads into the high resistance. Then,

ï'i ~  I y — kdy (4)

L et ¿2 be the current which flows through the galvanometer 
when K  is closed, and I t  the current through the cell leads into 
the parallel resistance circuit. Then,

tj = R,
Ri +  Ri

12 =  kd2 (5)

L et nut. be the cell internal resistance; R„ the circuit resist­
ance w ith K  closed, equal to  RyR2/(R i  +  R 2) ; and E  be the 
cell e. m. f.:

(K  open) E  =  Ar.nt. +  URi 

(K  closed) E  =  Unnt. +  UR,

(6)

(7)

Equations 6 and 7 m ay be equated if we assume no marked 
change in E  due to  polarization during the brief tim e re­
quired to  read deflection d2. The inherent error introduced 
by  m aking this assumption is well within the limits of ex­
perim ental error. Accordingly,

IlAnt. +  UR\ =  Lnot. +  U
RyRi 

Ri +  Ri (8)

Substitu ting  Equations 4 and 5 in  8, and clearing of common 
terms,

-  d i) =  Ry(dx dy) (9)

V aria tion  in  M in im u m  C oa tin g  W eig h t w ith  
C o m p o sitio n

The three linear polymers selected for study were methyl 
m ethacrylate, n-propyl m ethacrylate, and n-butyl m eth­
acrylate. All had a  reported average molecular weight of 
40,000. They were dissolved in  toluene a t  20 to  35 per cent 
solids and subsequently thinned to  desired viscosity w ith a 1 
to  1 m ixture of toluene and m ethyl isobutyl ketone. All the 
samples were dip-coated on freshly cleaned tin  plate under 
dust- and moisture-free conditions, as previously described 
(2). The weight taken up was controlled by varying the 
withdrawal speed and by successive thinning w ith 1 to  1 tolu- 
ene-m ethyl isobutyl ketone. Coating weights were deter­
mined as before by weighing measured areas cu t from dupli­
cate panels, stripping w ith acetone, and reweighing. The 
coated panels were baked for 15 minutes a t  300° F . D ata  on 
cell resistance as a function of coating weight are summarized 
in Table I.

Curves showing the relation between film continuity and 
coating weight are p lotted in  Figure 2. The extrapolated 
points for coating weights to  ju st produce complete continuity 
on tin  plate are as follows (in mg. per square inch) :

M ethy l m ethacrylate  
n -P ropyl m ethacry late  
n -B uty l m ethacry late

4 .8 -5 .8  
4 .0 -5 .0  
4 .5 -5 .5

M olecu lar  W e ig h t v s .  C h ain  L en g th  in  D eter ­
m in in g  M in im u m  C o a tin g  W eigh ts

The above estim ated minimum coating weights m ay seem 
inordinately high for linear polymers of 40,000 average mo­
lecular weight. Actually, they are of the proper order of 
magnitude, when average chain length is taken into considera­
tion rather than  over-all molecular weight. An earlier paper 
(8) showed th a t the weight of film to  ju s t produce continuity 
is an  inverse function of average molecular weight, when poly­
mers of the same basic structural un it are compared. Valid
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T a b l e  I I . C o m p o s it io n  o f  T y p ic a l  L i n e a r  P o l y m e r s

D istribu tion  * /------------Po lym er-
-M ol. W t. - In  side In  linear Av. mol. Av. linear M in.

T o tal Side chain chain chain w t. chain length  C oating  W t.
%  % C atoms M g./sq . in ,

62 36 5 8 .0  4 2 .0  28,000 900 2 .8 -3 .8

100 74 7 4 .0  26 .0  40,000 800 4 .8 - 5 .8

86 59 6 8 .5  3 1 .5  27,000 630 5 .5 -6 .5

128 102 80 .0  20 .0  40,000 626 4 .0 -5 .0

142 116 8 1 .5  18 .5  40,000 620 4 .5 -5 .5

M onom er

Vinyl chloride

M ethyl m ethacry late

Vinyl ace ta te

n-Propyl m ethacry late

n-Butyl m ethacrylate

comparisons between different polymers can be made only 
on the basis of effective chain length.

Table I I  lists a  num ber of monomeric units which polymer­
ize to therm oplastic chain-type polymers, together with the 
experimentally determined minimum coating weights ob­
tained in this laboratory.

Effect o f Polarity  
o n  M i n i m u m  
Coating W eight

In  order to  com­
p a re  p o ly m e rs  of 
d if f e r e n t  e f fe c tiv e  
polarity, i t  is neces­
sary to  select those 
of a p p r o x im a te ly  
equal chain lengths. 
T h u s ,  r e f e r r in g  to  
Table II, we may 
compare the n-propyl 
m e th a c ry la te  w ith  
th e  n - b u ty l  m e th ­
acrylate polymer and 
with polyvinyl ace­
ta te . Consideration of 
th e  atomic arrange­
m ent of the actively 
polar carbonyl group 
in  th e  m e th a c ry ­
late polymers with 
respect to  the linear 
chain, as compared 
with the arrangement 
in polyvinyl acetate, 
would perhaps indi­
cate th a t the la tter 
sh o u ld  be s l ig h t ly  
more polar than the 
m e th a c ry la te  po ly ­
mers. A ccordingly, 
one might expect to 
find a slightly higher 
m in im u m  c o a tin g  
weight for polyvinyl

acetate than  for the m ethacrylates, and this is found by ex­
periment.

A slight difference was found between n-propyl m ethacry­
late and n-butyl m ethacrylate. The shift in  minimum coat­
ing weight is in the direction th a t m ight be predicted on the 
basis of alternation for the atoms in  the respective side chains 
(such as is manifested in dipole mom ent measurements, for 
example). The experimental d a ta  do not w arrant valid con­
clusions to  be drawn on this point; the difference lies within 
the margin of experimental error.

Finally, i t  is of interest to compare the minimum coating 
weight for the relatively nonpolar polyvinyl chloride with th a t 
for methyl methacrylate. Although the experimental resins 
differ in effective average chain length by  only 11 per cent, the 
minimum coating weights are separated widely, and lie well 
outside experimental error. This seems to be added evidence 
th a t continuity m ay be directly related to  effective polarity.
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FOAMING OF BOILER WATER

T h is  paper describes ex p er im en ts  w ith  
tw o  w id ely  d ifferen t ex p er im en ta l b oilers  
eq u ip p ed  w ith  s ig h t  g la sses to  give a view  
o f  th e  in ter io r . In  b o th  b o ilers, an d  w ith  
a ll o f  th e  s y n th e t ic  b o iler  w aters tr ied , th e  
m e c h a n ism  o f  gross carry-over w as alw ays  
th e  d raw in g  in to  th e  s te a m  o f  fo a m  o n  th e  
su rface  o f  th e  w ater . T h is  w as a t  t im e s  
b ro u g h t a b o u t by th e  su rg in g  u p  o f  th e  
w ater w h ich  lif te d  th e  fo a m  layer o n  top .

W hen th e  c o n c e n tr a tio n s  o f  d isso lved  
sa lts  w ere p u sh ed  to  h ig h  va lu es, in  m o st  
cases th e  th ic k n e ss  o f  th e  fo a m  layer passed  
th ro u g h  a m a x im u m .

T h e  in c o n s is te n c ie s  in  th e  u se  o f  th e  
w ords “ fo a m in g ”  and “ p r im in g ”  are also  
p o in ted  o u t.

FOR many years the carry-over of liquid water into the 
steam line of an operating boiler has been ascribed to 
one or more of the following phenomena:

I. The formation of a sufficiently thick layer of foam on the 
surface of the boiler water to reach the steam outlet.

II. Violent ebullition or other mechanical agitation that 
throws slugs of water against the steam outlet.

III . Lifting of the boiler water by the sudden formation of 
steam bubbles throughout its mass.

These descriptions of the behavior of boiler water are not 
based on direct observation, because no commercial boiler 
has ever been equipped with sight glasses th a t give a view of 
the space between the water and the steam outlet. The 
water level gage glass does give some evidence of the be­
havior of the water, bu t it does not afford a view of the in­
terior of the boiler. These three ways, then, in which water 
is said to reach the steam  line m ust be looked on as specula­
tions rather than as observed phenomena. They are, how­
ever, sagacious speculations because, as shown below, ex­
periments with high-pressure laboratory boilers equipped 
with sight glasses have confirmed them  to a large extent. 
These laboratory experiments have also suggested a new 
question—namely, winch of the three phenomena occurs 
most frequently. The importance of this question can be 
stated as follows: Two of the three ways (the form ation of 
a layer of foam and the filling of the mass of water with steam 
bubbles) are chemical phenomena and therefore call for 
chemical' investigation. The upward projection of slugs of 
water, however, is a mechanical phenomenon, which makes 
it a mechanical problem.

“ F o a m in g ”  an d  “ P r im in g ”

The authors wish to point out th a t they deliberately 
om itted the words “ foaming” and “priming” from their

1 N early all experim ental details have been om itted  from  this paper. 
They  are  recorded in J o h n  W . R y zn a r’s doc to r’s  d isserta tion . The con­
ditions under which th is d isserta tion  m ay be consulted can be obtained 
from the  L ib rary  of T he Ohio S ta te  U niversity .

M anner in  W hich W ater 

Enters Steam  and Conditions 

A ffecting Foam  H eight1

C. W . FO U L K  AND JO H N  W . R Y ZN A R
The Ohio State University, Columbus, Ohio

descriptions of boiler phenomena. The reason is th a t con­
sistent definitions of these words have not yet crystallized 
in  the literature of boiler w ater chemistry. W hat one writer 
calls foaming another calls priming. Some writers call 
foaming a special case of priming and some call priming a 
special case under foaming. This chaotic condition was 
pointed out in  1924 by Foulk (4), and since then m ost writers 
define the term s as they use them. To say categorically 
th a t this phenomenon is priming and th a t one is foaming is 
merely adding to  the confusion. Fortunately, the use of the 
word “carry-over” to cover all situations th a t result in liquid 
water in the steam appears to be growing.

P reviou s In v estig a tio n s

No investigation of carry-over has been found th a t had as 
its original objective the problem of how w ater gets into the 
steam. Nevertheless, incidental inform ation is in several 
papers.

Joseph and Hancock (13) were the first to use an experi­
m ental high-pressure boiler w ith sight glasses so th a t the 
interior could be observed. They were studying the effect 
of suspended solids, bu t they recorded the m anner in  which 
the boiler water reached the steam  outlet and summed up 
their observations as follows: “ Priming in a boiler is caused 
by the layer of bubbles on the w ater surface increasing in 
thickness and stability to such an extent th a t i t  reaches the 
steam  exit pipe so th a t water is ejected w ith the steam. I t  is 
accompanied by a rise in w ater level which increases the 
effect.”  In  other words they observed phenomena I  and 
III , bu t not I I ; and they called them  both priming.

In  1933 Foulk and Groves (7), experimenting with a  steel 
water tube boiler w ith a long horizontal drum, found heavy’ 
carry-over if distilled w’ater or dilute sa lt solution was in the 
boiler and no cany-over with strong salt solutions. This 
anomalous behavior prom pted them  to construct a  glass 
boiler with the same design and dimensions as the steel one. 
Observation then showed th a t the carry-over was caused by 
waves moving along the drum. W hen the crest of a wave 
h it the steam  outlet, a slug of w ater was carried in. This, 
then, was a clear case of carry-over caused by boiler water 
thrown against the steam exit. The observations w’ere made 
in glass a t atmospheric pressure, b u t they agreed perfectly 
w ith the results obtained a t higher pressure in  the steel boiler.

The point of greatest im portance, however, in this in­
vestigation was the experimentally dem onstrated fact tha t 
the high waves were associated w ith distilled w ater and dilute 
solutions and were caused by  pulsations set up by large
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steam bubbles entering the drum  from the water tube. In 
the strong salt solutions, however, the steam bubbles were 
small and the waves were low. (The theory of the produc­
tion of small bubbles in sa lt solutions is given in  a paper by 
Foulk and Miller, 8.) I t  was thus shown th a t foaming con­
ditions in the boiler were the determining factors in  w hat ap­
peared, a t  first sight, to be purely mechanical effects due to 
the design of the boiler.

In addition, the senior author has received one or two 
personal accounts of old-fashioned horizontal boilers th a t 
gave less carry-over with concentrated than with fresh boiler 
water.

More detailed studies of carry-over made during the last 
few years have suggested a fourth way in which water may 
get into the steam. This is the upward projection of droplets 
which accompanies the bursting of bubbles on the surface of 
a liquid. I t  is a  reasonable supposition th a t this occurs in a 
boiler and is the cause of the small am ount of moisture usually 
in the steam. The first reference to this in boiler water 
chemistry is by Foulk (5) who also gives its cause (6).

W hether or not such projected droplets are carried into the 
steam is a function of the steam velocity. Cassidy (I) in 
discussing this question gives an equation for w hat he calls 
the “critical steam  velocity” which he defines as “the velocity 
which will suspend the particle in the steam, and above which 
the particle will be lifted by the steam .”

Finally, the mists or fogs described later in this paper may 
possibly be a fifth cause of moisture in steam.

B oilers

Two widely different experimental boilers were used in this 
investigation in  order to  reduce the influence of design on the 
results. One of them  was modeled after the boiler employed 
by Joseph and Hancock (IS) and m ay be described as a steel 
cylinder with a glass window in each end. I t  was used in the 
horizontal position and heated from below with air-driven 
gas burners. Full details are given by Foulk and Whirl (10). 
In the present paper i t  will be referred to as the cylindrical 
boiler. The second boiler was, in general, like the one de­
signed and built by  Christman, Holmes, and Thompson (2), 
but was larger and different in  a few details, as Figure 1 
shows. I t  is referred to in this paper as the water tube 
boiler. In  both boilers the steam  outlet was a  pipe [inside 
diameter, 1.9 cm. (0.75 inch) in  the cylindrical boiler and
2.5 cm. (1 inch) in the w ater tube boiler] th a t extended 
downward into the steam  space to  a  point below the sight 
glasses. This made it  possible to  observe how the boiler 
water reached the steam  line.

P r o c e d u r e . The general procedure was to pump salt 
solution into the boiler while i t  was steaming. In  this way 
the concentration of the boiler w ater was gradually increased 
until an Ulmer apparatus (15) indicated gross carry-over—  
that is, the presence of several per cent of boiler water in the 
condensed steam. The rate  of evaporation was 475 cc. per 
minute, and the pressure, unless otherwise stated, was 17.6 
kg. per sq. cm. (250 pounds per square inch) in the water 
tube boiler and 10.5 kg. per sq. cm. (150 pounds per square 
inch) in the cylindrical boiler. The distance of the steam 
outlet from the water was 9 cm. (3.5 inches) in both boilers.

The synthetic boiler waters used were solutions of sodium 
chloride, sodium sulfate, sodium carbonate, sodium alummate, 
calcium chloride, and magnesium chloride. In  a few cases 
solid m atter was also added.

Since the object of the research was to determine by which 
of the usually accepted ways (I, I I , or I II)  the water reached 
the steam exit, all th a t was done was to  increase the concen­
tration of the sa lt in the boiler w ater until gross carry-over 
occurred and a t  the same tim e observe through the sight

glasses the manner in which the boiler water entered the 
steam outlet. In  other words, purely qualitative observa­
tions were made.

H ow  W ater R each es S tea m  L ine

In all the experiments, with both boilers and with all of the 
synthetic boiler waters employed, the mechanism of gross 
carry-over was always the entrance of foam into the steam 
outlet, and it always occurred suddenly. During an experi­
m ent the Ulmer apparatus frequently showed a few hun-

F i g u r e  1 . W a t e r  T u b e  B o i l e r

dredths or tenths of a per cent of w ater in the steam , but 
there was no gradual increase from thife to the several per 
cent called “gross” carry-over.

Three modes of approach of the foam to the steam pipe, 
however, were observed:

1. The layer of foam grew deeper as the concentration of dis­
solved salt in the water increased, until it covered the steam out­
let. This deepening of the foam layer followed the well-known 
conditions that cause an increase in foaming and therefore needs 
no further discussion.

2. The layer of foam without becoming thicker was lifted 
against the steam outlet by an upward surge of the water. This 
surging up and down or rapid lifting of the boiler water varied 
somewhat with the nature of the salt in solution and with the 
concentration. Calcium chloride solutions, for example, surged 
more than the solutions of the other salts. Another instance of 
the erratic behavior of calcium salts is given by Foulk and Ulmer 
(9).

This surging, which occurred in both boilers, seemed to go 
through a maximum; that is, it increased with the concentration 
in the dilute salt solutions and decreased in the concentrated ones. 
Time, however, did not permit a separate study of this behavior, 
and therefore no hypothesis is offered to explain it.

3. Foam was sucked into the outlet pipe from a distance of 1 
or 2 cm. from the foam layer if the outflow of steam was very 
rapid. This behavior was observed in the cylindrical boiler 
only. I t  could be induced by suddenly opening the steam valve.

No gross carry-over occurred unless the steam  outlet was 
completely covered with foam. Mode 3, however, gives an 
exceptional case.

A ppearance o f  F oam

M any observations on the appearance of the foams were 
made, b u t there is little point in recording them  here because 
no relation seemed to exist between the looks of the foam and 
the carry-over. In  general, the bubbles were smaller and 
more nearly uniform in size a t the higher than  a t the lower 
concentrations. The most interesting observation was th a t 
the bubbles in the dilute solutions of calcium and magnesium 
chlorides were football-shaped, whereas a t the higher con-
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centrations they were spherical as in the other salt solutions. 
Steam  bubbles so elongated th a t  some of them  are cigar­
shaped are shown in photographs made for the Dampney 
Com pany of America by K. J. Germenhausen, with an ex­
posure of 0.00001 second. They are reproduced in an article 
on heat transfer and condensation by Jakob (12).

F i g u r e  2 . F o a m  o n  S o l u t io n  o f  
S o d iu m  C h l o r i d e  i n  W a t e r  T u b e  

B o i l e r
L e ft , 5000 and  right, 30,000 p. p. m. of 

sodium  chloride

Figure 2 shows the differences in  foams a t  low and high 
concentrations. These are probably the first published 
photographs of solutions boiling a t  250 pounds pressure and 
over 200° C.

Less F o a m  a t  H ig h  C o n cen tra tio n s

Some years ago Hancock (11) told the senior author th a t he 
had observed maxima in foam layer thickness as the salt 
concentrations in  his experimental boiler were increased, and 
he suggested th a t  i t  m ight be desirable to  carry the concen­
trations in  commercial boilers a t  or beyond the point of this 
maximum foam height. Hancock did not make a systematic 
s tudy  of the phenomenon, however, and since it is a m atte r of 
interest, such a study was included in this investigation. 
The w ater level and the rates of evaporation perm itted push­
ing the concentrations of the synthetic boiler waters to  over
100,000 p. p. m .; by  so doing, maxima in  foam heights were 
found in nearly all the salt solutions.

The measurements of foam heights in the boilers could not 
be made exact, b u t by taking the average of several readings 
a t  each concentration of boiler water, sem iquantitative re­
sults were obtained. Two typical series of such results with 
sodium chloride solutions are shown in Figure 3.

Figure 3 indicates th a t the  concentrations of salt used in 
th e  experiments were far above those occurring in commercial 
boilers, bu t i t  should be remembered th a t conditions were 
being pushed to  extremes in  order to  find the maxima in  foam 
height, if any existed. Perhaps it  is of no practical value a t 
present to know th a t these maxima were observed only a t 
concentrations above those in commercial boilers. The 
authors can say, however, th a t their experiments satisfied 
their scientific curiosity. Fu ture steam  engineers may 
possibly find the inform ation useful. I t  should, however, 
be pointed out th a t the curves conform to the fact th a t the

rate  of increase in  the foaminess of a solution is much greater 
a t  the low than  a t  the high concentrations. This is im portant 
for steam  engineers to  keep in mind.

In  general the results of the experiments on foam height 
can be summarized as follows:

1. In the cylindrical boiler all of the salts showed maxima in 
the thickness of foam layer on their boiling solutions as the con­
centration was increased. On the solutions of sodium chloride 
and carbonate the foam thickness dropped a t the higher concen­
trations. In the case of calcium and magnesium chloride solu­
tions this falling off was not so marked.

2. In the water tube boiler the solutions of sodium sulfate 
and carbonate gave no indication of maxima a t the concentra­
tions used, but in both cases the increase in foam height was most 
rapid in the region of low concentration. Solutions of sodium 
chloride and sodium aluminate (a mixture of aluminate and hy­
droxide) showed distinct maxima with decidedly thinner foam 
layers at the high concentrations.

A decrease in foaminess a t  higher salt concentrations is to 
be expected on theoretical grounds, because in  th a t region 
there is less difference in concentration between surface and 
mass of the solution than  in more dilute solutions.

M ists  or F ogs in  S te a m  S p ace

M ists or fogs were observed in  the steam  space of both 
boilers. If distilled w ater was in  the boiler, the mist was 
in term itten t and appeared on the upstroke of the pump. 
This would be im m ediately after the introduction of cold 
water following the downstroke, and therefore the appearance 
of the m ist was probably due to  a m om entary lowering of 
tem perature and pressure. In  the sa lt solutions the m ist was 
always present. A t one time, w ith distilled w ater in the 
boiler and a t  about 50 pounds pressure, there was a  play of 
colors from yellow to red and then green. This color effect 
was evidently the result of changing size of the particles.

F i g u r e  3 . E f f e c t  o f  S o d iu m  C h l o r i d e  C o n ­
c e n t r a t io n  o n  F o a m  H e i g h t

Other investigators have also looked for such mists. Eberle 
(3) reports th a t  he saw no fog (Dampfwolken) in  the steam 
space w ith pure w ater in  the  boiler, b u t curiously enough he 
makes no mention of the appearance of the  steam  space over 
boiling sa lt solutions. Eberle’s boiler had glass windows and 
operated a t  atmospheric pressure. Joseph and Hancock 
describe the  appearance of the w ater and of the foam in their 
boiler b u t do not m ention fogs or mists. J . A. Holmes in the 
discussion of a paper by  Foulk (6) describes in  the following 
words the appearance of the w ater and the steam  in his 
experimental boiler: “W hen operating our experimental
boiler, as the pressure increased to  450 pounds we could not 
see through the water, b u t could see through the steam  by 
placing a light back of the sight glasses. Above 450 pounds 
there was a gradual clearing up of the water and a darkening 
of the steam, so th a t a t 600 pounds pressure or above, we 
could see through the w ater easily b u t could not see through 
the steam, which had a  very black appearance.”

Stum per (1 4 ) states th a t i t  is impossible for w ater to be 
carried along in the steam  in the form of m inute droplets and
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th a t observations in suitable testing boilers show the absence 
of mists. H e assumes th a t salt dusts resulting from the 
evaporation of droplets of boiler water are in the steam.

Apparently the presence of m ist in the steam is determined 
by the experimental conditions. T h a t the mists observed 
in the present investigation were not always salt dust is 
proved by their being present when distilled water was in the 
boiler.

No attem pt a t  measuring the effect of these mists on carry­
over was made. Such effect m ust, however, be very small.

C o n clu sio n s
The results of this investigation show th a t in every case 

gross carry-over was caused by foam th a t reached and 
covered the steam  outlet. Since the two boilers differed so 
widely in design and were operated a t different pressures, 
this fact seems significant and suggests th a t more emphasis 
should be p u t on the study of foaming conditions.

Since the maxima observed occurred a t  concentrations of 
dissolved salt above th a t in commercial boilers, no estimate 
of the practical value of this property of boiler water can be 
made a t  the present time.

Some observations are also recorded on the appearance of 
the foams on the boiler waters, and on the presence of mist or 
fog in the steam  space in the boilers. No conclusions can be 
drawn from these observations, however, because no con­
nection between them  and the extent of carry-over could be 
noted.

The old question also comes up as to  whether the behavior 
of the w ater in a commercial boiler is the same as th a t of the

water in these experimental boilers, and again the old answer 
will be given. Only a long series of experiments w ith com­
mercial boilers could determine whether the behaviors are 
the same, b u t it does not m atter; because the main object 
of work with experimental boilers is to  suggest new ideas to  
the operators of commercial boilers.
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Electrodeposition of Lubricants 
from Aqueous Dispersions
E lectro d ep o sitio n  is  e ffective  as a m ea n s o f  fo rm in g  or d ep o sit­
in g  lu b r ic a n t f ilm s on  w ire or o th er  m e ta llic  su rfaces. W h eth er
or n o t  e n h a n c e d  lu b r ic a n t re su lts  from  e lec tro d cp o sitio n  d e- RO BER T C. W ILLIA M S
p en d s larg e ly  on  th e  p h y sica l n a tu re  o f  th e  d ep o sited  film . The Ironsides Company, Columbus

TH E  field of lubrication as applied to metal-forming opera­
tions affords examples where the application of rela­
tively thick films of solid lubricants is advantageous (I). 

Thick films of lubricant are commonly applied to m etal sheets, 
rods, or other shapes by  spraying, brushing, or dipping pre­
paratory to  drawing.

Thij investigation of drawing lubricants for such forming 
operations also involved the study of various factors con­
cerned w ith the use of soap solutions and fa t emulsions (2). 
I t  was shown th a t adsorption, broadly, was responsible for 
the lubricating action of a  soap solution when wire was drawn 
through a die immersed in  or bathed by  the solution. I t  ap­
peared th a t  film form ation by adsorption of the dispersed 
lubricant phase m ight be aided by setting  up an electric field 
where the  wire would be the anode in  the case of negatively 
charged lubricant “particles.” A preliminary report on 
electrodeposition has already been published (3).

I, Ohio

A pparatus an d  P rocedure

Measurement of the pull on the wire-drawing die provided a 
means for the evaluation of the factors involved in lubrication as 
influenced by electrodeposition. The apparatus consisted of a 
glass tube, 11.4 X 2.2 cm., which was clamped horizontally 
against the die holder (Figure 1). The tube acted as an electro­
deposition cell. The wire passed through the lubricant solution 
contained in the cell prior to being drawn through the die. A 
carbon electrode was inserted through the rubber stopper. The 
distance between the carbon electrode and the wire was 0.9 cm. 
Storage batteries supplied d. c. voltage up to 30 volts. A resist­
ance placed in parallel provided a means for varying the voltage. 
Contact with the wire was made by clamping onto the steel 
dynamometer plate. An ammeter registered the current flow. 
The lowest current density calculated was of the order of 0.019 
ampere per sq. cm. (0.003 ampere per square inch); the highest 
was 1.05 amperes per sq. cm. (0.16 ampere per square inch).

The polarity of the wire could be changed a t will, depending 
upon the charge possessed by the dispersed lubricant. In the 
experiments reported here, the wire was the anode.
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F i g u r e  1. A p p a r a t u s  f o r  E v a l u a t in g  
F a c t o r s  I n v o l v e d  i n  L u b r ic a t io n

C  C l a m p

- T u n g s t e n  C a r b id e  D e

- D y n a m o m e t e r  P l a t e

The die holder was mounted in the 
calibrated dynamometer, previously 
described in detail (2), and consisted 
merely of a rigidly mounted, deflect­
able steel plate. Deflections measured 
in thousandths of an inch registered 
the entire pull on the die. A given de­
flection represented a pull of so many 
kilograms or pounds. The speed of 
drawing was 30 cm. (approximately 1 
foot) per minute, unless otherwise 
indicated. Die pull in these experi­
ments was independent of the speed of drawing from 1 to 100 feet 
per minute. The back pull necessary to keep the wire tau t was 
slightly less than one pound and was also kept constant in the 
experiments reported here. Fresh solutions were used for each 
reading, because the capacity of the cell was so small that im­
poverishment would result in prolonged runs. The percentage 
reduction in pull on the die refers to the ratio of the pull with the 
applied potential to the pull, using the lubricant bath with no 
potential applied. The percentage reduction would be much 
greater if the pull with the applied potential were compared to the 
pull with no lubricant.

E lectro d ep o sited  F ilm s
The effect of the electrodeposition of lubricant from a 0.225 

per cent solution of sodium soap w ith a  pH  of 9.5 (from fa tty  
acid of 40.8 titer) on the drawing of 0.0253-inch soft copper 
wire, through a 0.0225-inch tungsten carbide die is shown in 
Table I.

?ABLE I. E l e c t r o d e p o s it io n  o f  L u b r ic a n t  F il m s

%  R eduotion  in
Volta Ampere Pull on th e  Die

1 .0 0.000 0
1.9 0.001 29
3 .75 0.003 29
7 .5 0.007  minua 33

15.0 0.013  plua 36
22 .5 0.022 36
3 0 .0 0 .0 3 0 -0 .0 3 8 40

W hen the voltage was impressed sufficiently to cause an 
appreciable current to  pass through the  cell, a  pronounced re­
duction in  pull was effected. Simultaneous with current 
flow, a greenish coating, visible to  the naked eye, was de­
posited on the wire. A t higher voltages the pull on the die 
decreased further.

I t  is believed th a t the lubricating film, deposited on the 
wire in  these experiments and prim arily responsible for the 
enhanced lubrication, was copper soap formed by the union 
of the fa tty  acid radical ions and copper ions from the wire. 
In  the earlier paper (I) dealing w ith waxlike lubricants, copper 
oleate was also effective; i t  was pointed out th a t three con­
ditions relative to  the  unusual effectiveness of wire drawing 
lubricants m ust be satisfied: (a) The lubricant m ust adhere 
strongly to  a t  least one of the surfaces—the wire or the die; 
(6) the lubricant m ust be solid prior to being subjected to  the 
relative shearing of the surfaces to be lubricated; (c) the

lubricant m ust m elt or be transformed to a 
fairly mobile liquid between the surfaces while 
shearing takes place. Copper soap m ade from 
a fa tty  acid of 40.8 titer satisfies these 
conditions.

The above experiments were repeated but 
the pH  of the 0.225 per cent sodium soap 
solution was varied by adding hydrochloric 
acid to  decrease i t  and sodium hydroxide to 
raise it. These results are shown in Table II.

I t  is not difficult to explain the rather rem ark­
able results in Table I I  on the basis of previous 
work done on the admixing of fa tty  acids and 
copper oleate where the waxlike copper oleate 
lost adhesion and consequently enhanced lubri­
cation was not obtained. In  fact, precipitated 
copper oleate heated to  100° C. for 15 minutes 
decomposed to form sufficient fa tty  acid to 
prevent good adhesion of the copper oleate to 
the wire. The sweating out of an oily phase 
from an otherwise waxy solid does not permit 
enhanced lubrication, since adhesion to  the 
wire is lost.

In  the experiments (Table II) i t  is believed 
th a t simultaneous deposition of fa tty  acid as 

such (by electrophoresis) a t the lower pH  values likewise 
adversely affects lubrication by the copper soap. A t pH
11.8 the evolution of oxygen gas a t  the wire, as a result of 
relatively high hydroxyl ion concentration, caused a disruption 
of the film of copper soap and probably accounted for erratic 
results.

The study of the effect of pH  on the lubricating effective­
ness of soap solutions (2) showed a  gradual decline in  lubricat­
ing effectiveness as the pH  was raised to the vicinity of pH 
12; a t  this point there was a sharp decline which resulted in 
no lubrication whatsoever as the pH  was still further in­
creased. As pH  was increased, in  these experiments, there 
was a beneficial effect until gassing (oxygen) was pronounced. 
This would be expected with the repression of hydrolysis as 
pH  was increased and a consequent reduction in  free fatty  
acid. No substantial effect on the repression of ionization 
of the sodium soap was experienced, judging by the deposi­
tion of copper soap which presumably requires the existence of 
fa tty  acid radical ions.

As a control experiment a sodium hydroxide solution of pH 
12 was electrolyzed. The wire was drawn w ith great diffi­
culty, seizure occurring spasmodically.

T a b l e  II. E f f e c t  o f  p H  o n  L u b r ic a t i o n  b v  S o a p  S o l u t i o n  
S u b j e c t e d  t o  E l e c t r o d e p o s it io n

%  R eduction  in  Pu ll on D ie

Volta pH  7.5 p H  9.5 p H  10.2 p H  11.8
1 .0 6 0
1 .9 8 29 Î7 Î7
3 .75 10 29 30 41
7 .5 10» 33 46 44

15.0 10“ 36 46 44
22.5 38 46» 44
30 .0  

“ E rra tic .
0 40 46» 44»

T a b l e  III. E f f e c t  o n  L u b r ic a t io n  o f  t h e  E l e c t r o d e p o s i­
t i o n  o f  B e e s w a x  f r o m  E m u l s io n  C o n t a in in g  0 .9  P e r  C e n t  

W a x  a n d  0 .1 5  P e r  C e n t  S o d iu m  S o a p  ( p H  9  P l u s )»

Volta
1.9
3 .75
7 .5

15.0
30 .0

Am pere
0.001
0.004
0.009
0.024
0.054

°  All testa draw ing 0.0253-inch soft copper wire.

%  R eduction  in 
P u ll on Die

35 
37
39
40
36
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Table I I I  presents the results with a beeswax emulsion in 
the cell.

Favorable reductions in pull were observed. When 15 
volts were used, the actual pull in  pounds was the lowest ob­
served in any experiment reported here. Beeswax was the 
most effective waxlike lubricant tried under the similar con­
ditions reported previously (I). Unlike fa tty  acid which was 
also simultaneously deposited (Table II) , beeswax augmented 
efficiency because of its adhesive nature and typical waxy 
properties. Beeswax stably emulsified w ith soap is no t par­
ticularly effective in reducing die pull. I t  is apparently not 
adsorbed readily. Electrodeposition of tallow from an 
emulsion containing 1.4 per cent tallow and 0.2 per cent potas­
sium soap (pH 8.6 to  10) gave no enhanced effect under con­
ditions identical to those in  Table I. Here, as in  the case of 
the soap solution containing appreciable quantities of free 
fatty  acid, the waxlike nature of the copper soap was changed 
by the tallow. A rather heavy coating of tallow admixed 
with the greenish copper soap was readily observed, however. 
Emulsions of tallow in soap solutions have never shown any

advantage over soap solutions alone in this experimental de­
vice w ithout the electrodeposition procedure.

W ith 0.1 per cent sodium stearate (pH 9.9) no enhanced 
lubrication was observed and no visible deposition of green 
copper soap was noted a t  room tem perature when currents up 
to 30 volts were used. When the tem perature of the solution 
was raised to 75° C. so th a t the sodium stearate “dissolved” 
and subsequently ionized, enhanced lubrication did result 
and copper stearate was formed in visible quantities.

Regarding the tim e required to  deposit an effective film 
from a soap solution such as is described in Table 1 ,0.1 second 
is sufficient. T hus commercial drawing speeds should offer 
no particular difficulty, if we take into consideration an elec­
trodeposition “ cell” of reasonable size. The original elec­
trodeposited film is carried through three to four dies w ith a 
measurable lessening of die pull.

L itera tu re  C ited
(1) Williams, R. C., I n d .  E n g .  C h em ., 27, 64 (1935).
(2) Williams, R. C., J . Phys. Chcm., 36, 3108 (1932).
(3) Williams, R . C., Wire it: Wire Products, 12, 754 (1937).

Reaction of Carbonic Acid with 
the Zeolite in a Water Softener

RO Y E. K IN G
Panhandle Power and Light Company,

Borger, Texas

SIN C E the commercial introduction of the zeolite method 
or base exchange of w ater softening, it has usually been 
considered th a t the only exchange reactions occurring 

were those involving the basic ions. Although Riedel (2) 
in 1909 described the  reaction of dissolved carbon dioxide on 
zeolites, com paratively little consideration has been given to 
the basic properties of the hydrogen ion. In  this paper we 
show, as softening proceeds, th a t there is a gradual decrease 
in alkalinity w ith the formation of hydrogen zeolite, which 
subsequently exchanges its hydrogen ion w ith basic ions and 
thus forms free carbon dioxide and lowers the pH  of the 
effluent water.
) Two stations of the Panhandle Power and Light Company 
are supplied by deep well w ater having an analysis similar to 
tha t shown in Table I. The only significant difference is

T a b l e  I .  A n a l y s i s  o f  W e l l  W a t e r  a t  J o w e t t  S t a t i o n
P .  p . m. Grains/gal.

T otal solids a t 103° C. 319 18.7
T otal hardness as CaCOi 206 12.0
T o tal a lkalin ity 190 11.1

Silica 24 .8 1.45
FeiOi and  AUOa 1.2 0 .07
Calcium 73.0 4.27
M agnesium
Sodium

6 .0
26 .2

0 .35
1.53

B icarbonate 232.0 13.55
C arbonate 0 .0 0 .00
Chloride 18.0 1.05
Sulfate 33.0 1.93
N itra te 17.7 1.03
C arbon dioxide 15.0 0 .8 8

O. M . SM IT H
Oklahoma Agricultural and Mechanical College, 

Stillwater, Okla.

th a t the water a t Jow ett Station, near Mobeetie, Texas, 
contains 15 p. p. m. of carbon dioxide, whereas the w ater used 
a t Riverview Station, near Borger, Texas, contains 7 p. p. m.

Because of the low sulfate-carbonate ratio the boiler feed 
water was treated a t Jow ett Station with sulfuric acid prior 
to softening, and a t Riverview Station with acid following 
the softening. The to tal alkalinity of the w ater was reduced 
from 190 to  25 =*= 5 p. p. m. A t Jow ett Station it was ob­
served th a t no m atter how narrow the range of alkalinity in 
the influent to the softener, there was always a wide variation 
in the total alkalinity of the effluent.

C ause o f  V ariation  in  A lk a lin ity  o f  E fflu en t

An investigation was made to determine the extent and 
the cause of these variations. The usual methods of operat­
ing the water softener were followed. The total alkalinity 
of the influent and effluent during the softening period is 
shown in Figures 1 and 2. In  the beginning the to ta l al­
kalinity of the effluent was much higher than th a t of the in­
fluent but gradually decreased as the softener became ex­
hausted, until i t  was less than  th a t of the influent.

In  following the idea th a t dissolved carbon dioxide in the 
water might be responsible for the observed changes, tests 
were made in which the quantity  of free carbon dioxide was 
compared to  the to ta l alkalinity in the influent and effluent 
waters. Typical data  from one of these tests are shown in 
Figure 1. The influent was untreated Jow ett Station water 
with a  free carbon dioxide content of 15 p. p. m. Similar
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data  are shown in Figure 2 when using Riverview Station 
w ater which contains 7 p. p. m. of free carbon dioxide.

D uring the initial portion of th e  run, free carbon dioxide 
was absent in both  cases. From  the point a t which free car­
bon dioxide began to  appear until the end of the run, the 
carbon dioxide content increased gradually, and in the la tte r 
portion of the run it  occurred in greater quantities than  in 
the influent.

This is evidence th a t the quantity  of free carbon dioxide in  
the effluent is linked to  the changes in alkalinity and th a t 
probably this carbon dioxide is the result of the reactions 
taking place in the zeolite bed. The assum ption of the forma­
tion of hydrogen zeolite now seems quite logical.

I t  is believed th a t the reaction which occurs between car­
bonic acid and sodium zeolite results in the form ation of 
hydrogen zeolite and normal carbonate. W hen the quan tity  
of free carbon dioxide in the influent is around 7 p. p. m., the  
increase in alkalinity which occurs in the early part of the  
softening run appears to  be due to  the formation of normal 
carbonate (Figure 2). However, if the free carbon dioxide 
content of the influent w ater is around 15 p. p. m. or higher, 
then normal carbonate does not appear in the effluent but 
instead the observed increase in to ta l alkalinity appears to  
be due to  the bicarbonate ion (Figure 1).

The probable subsequent reaction of hydrogen zeolite also 
m ay explain the decrease in the to ta l alkalinity of the  effluent 
below th a t of the  influent during the la tte r stages of soften­
ing, and the increase in the quantity  of free carbon dioxide 
during this stage.

Z eo lite  R ea ctio n s
As softening progresses, there is a  decrease in the q u an tity  

of sodium zeolite remaining in the zeolite bed and a corre­
sponding increase in the quantity  of calcium, magnesium, and 
hydrogen zeolite. Finally, a lim iting point is reached a t  
which the ability of the sodium zeolite to  exchange completely 
w ith the hydrogen ion is exceeded. A lter this point is passed, 
there is an  exchange reaction between the hydrogen zeolite 
and the calcium and magnesium ions entering the softener. 
This reaction would yield a hydrogen ion and either calcium 
or magnesium zeolite, and thus lower the to ta l alkalinity and 
pH  and form free carbon dioxide. Other workers (I) in th is 
field observed the pH  variation which occurs throughout the  
softening cycle and also suggested the possibility of hydrogen 
zeolite formation.

The following experiments were m ade to  check these as­
sumptions. Carbon dioxide gas was passed through distilled 
w ater until the pH  of the w ater was 6.8. The w ater was then 
allowed to percolate through a small quantity  of greensand 
zeolite. The effluent had a pH  of 9.0 and contained only 
carbonate alkalinity to the extent of 21 p. p. m. as sodium 
carbonate. Carbon dioxide gas was further passed through 
distilled w ater until the pH  of the w ater was lowered to  4.9. 
W hen this water was allowed to  percolate through the zeolite 
bed, the pH  increased to  7.9 and only bicarbonate alkalinity 
appeared to the am ount of 110 p. p. m. as sodium carbonate. 
Then when sufficient carbonated distilled water had been 
passed through the zeolite bed so th a t no further change oc­
curred, tap  w ater of a pH  of 7.5 and a  to ta l alkalinity of 190 
p. p. m. was substituted for the carbonated water. The 
effluent w ater had a pH  of 4.4 after i t  had been heated and 
aerated to  drive off any carbon dioxide; the formation of 
hydrogen ions was thus indicated.

This procedure also indicates th a t carbonic acid occurring 
in water is probably responsible for the observed changes 
which occur in the to ta l alkalinity, pH, and dissolved carbon 
dioxide content of the effluent of a  zeolite softener. Any 
hydrogen ion could form hydrogen zeolite by  reaction w ith 
the sodium zeolite, b u t under normal operating conditions 
the formation of hydrogen zeolite is dependent only on the 
presence of carbonic acid in the influent.

L itera tu re  C ited
(1) Behrman, A. S., and Gustafson, H ., I n d .  E n g .  C h em ., 28, 1279-S2

(1936).
(2) Ricdel, J. D., Germ an P a ten t 224,934 (Nov. 23, 1909).
P r e s e n t e d  a t  the  95th M eeting  o f  the  A m erican C hem ical Society, D allas, 
Texas.



Leafing of Aluminum Pigments
T h e  lite r a tu r e  c o n ta in s  a variety  o f  
q u a lita tiv e  ob servation s o n  th e  lea fin g  o f  
a lu m in u m  p ig m e n t. Q u a n tita tiv e  in fo r ­
m a tio n , how ever, d ep en d s on  p recise  m e th ­
ods o f  m e a su r e m e n t. T h is  paper p resen ts  
a  s tu d y  o f  th e  fa cto rs  in vo lved  in  th e  
m ea su rem en t o f  lea fin g  b y  th e  so -ca lled  
sp a tu la  m e th o d . T h is  in fo r m a tio n  per­
m its  a n  in te l l ig e n t  a d a p ta tio n  o f  th e  
lea fin g  te s t  to  p a rticu la r  p rob lem s an d  also  
h elp s in  th e  in te r p r e ta tio n  o f  leafing  
m ea su r e m e n ts . T h ere  is  a lso  in c lu d ed  a  
variety  o f  ob servation s o n  th e  effect o f  
various fa cto rs  o n  th e  lea fin g  o f  a lu m in u m  
p ig m e n t u n d er  d ifferen t co n d itio n s  o f  
a p p lica tio n . I t  is  h op ed  th a t  th is  d is ­
cu ssio n  w ill lea d  to  a b e tte r  u n d ersta n d in g  
o f  lea fin g  an d  m e th o d s  for it s  m ea su re­
m e n t.

TH E leafing of aluminum flakes in aluminum paint is a 
phenomenon with which all users are familiar in a gen­
eral way. A precise understanding of leafing, however, 

m ust depend upon quantitative measurements of the effect.
When flake aluminum pigm ent is stirred in a varnish ve­

hicle, the flakes swirl around, and the motion of the liquid 
brings some of the flakes to the surface. If their character­
istics are right, m any of these flakes will stay  a t the surface 
when stirring slows up or ceases, and form w hat appears to 
be a continuous film of metal. This is the leafed film; its 
formation is a complex function of certain properties of the 
aluminum flakes and the  vehicle in  which they are immersed, 
as well as other factors, some of which are known. This 
action of leafing also occurs when aluminum paint is brushed 
or sprayed on a surface. Under these conditions of practical 
usage, leafing is even more striking and more complete be­
cause the pain t film is comparatively th in  and every flake is 
nearer to  the free surface and hence has a better chance of 
leafing.

N ot only the existence of the leafed layer a t the surface of 
the  vehicle can be dem onstrated by the examination of cross 
sections of aluminum pain t films under the microscope, but 
also the layerlike distribution of the remaining flakes through­
out the pain t film is clearly shown. In  Figure 1, a cross sec­
tion of an aluminum paint film, the leafed layer is a thin line 
of flakes a t  the top of the pain t film. The remaining flakes 
are roughly disposed so th a t their broad faces are approxi­
mately parallel to  the surface to  which the pain t has been 
applied, and they are therefore viewed “on edge” in the cross 
section. In  a strictly technical sense the term  “leafing” 
applies only to  the th in  layer of flakes ju st a t  the surface of 
the vehicle; however, since the other flakes in the pain t film 
remain disposed in much the same manner as a pile of fallen 
leaves, the term  “ leafing” has from tim e to tim e been de­
scriptively applied to  the arrangem ent of all of the aluminum 
flakes in the pain t film.

E. L. M CM AHAN, R O BER T I. W RAY,
AND JU N IU S D . EDW ARDS
Aluminum Research Laboratories, New Kensington, Penna.

A simple method sometimes employed for determining 
whether aluminum powder has the quality of leafing is to 
stir the powder with a suitable vehicle in a small dish such as 
an evaporating dish. After the m ixture has stood for a given 
period after cessation of stirring, an observation is m ade as 
to whether or not the entire surface of the liquid is covered 
with a leafed film of aluminum flakes (4). As a quantitative 
procedure the method has obvious disadvantages; further­
more, it does not work satisfactorily with aluminum paste 
pigments.

In  making such a test, however, a num ber of im portant 
phenomena can be observed, which m ust be taken into con­
sideration in any method of evaluating leafing. While the 
mixture of aluminum paste or powder and vehicle is being 
stirred, the flakes can be seen swirling around in the fluid cur­
rents produced by stirring. I t  is these currents which bring 
flakes to the surface and help the powder to leaf. Evaporation 
of solvent also assists in producing convection currents in 
the paint mixture, as does the liberation of small bubbles of 
air admixed with powder. Blowing gently upon the surface 
of the paint also results in an increased tendency to  leaf. 
If a brushful of the paint is wiped against the vessel so th a t 
the pain t flows down the side in a th in  film, leafing will readily 
occur in this thin-moving film and spread out over the main 
surface of the paint.

Leafing is a  combination effect of pigment and vehicle. In  
the case of the pigment, the size and shape of the aluminum 
flakes are factors in  determining their ability to  leaf, as is 
also their surface condition. In  the m anufacture of aluminum 
powder, the surface of each flake is coated with a  thin film

F i g u r e  1. C b o s #  S e c t io n  o f  A l u m in u m  P a in t  F il m

Thickness of paint film indicated at A; arrow at B  points to 
leafed flakes at surface

of stearic acid or similar material, the molecules of which 
are probably oriented to  a substantial degree. This orienta­
tion or arrangem ent of the long polar molecules of stearic acid 
so th a t the carboxyl groups are similarly directed makes an 
im portant change in the surface forces of the aluminum flakes. 
The surface tension relations between this oriented film and 
the vehicle are factors in determining the degree of leafing 
observed in any case. Because of the forces of surface tension, 
the leafed flakes stay a t the surface and do not sink, although

729
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they are specifically denser than  the fluid in which they are 
immersed. In  general, the vehicles with the higher surface 
tensions have the best leafing properties (5).

S p a tu la  L eafing T est

A test which provides a numerical value for leafing has 
been in  use in  the Aluminum Research Laboratories for a long 
tim e (1, 8).

A standardized steel spatula is dipped into a well-stirred mix­
ture of aluminum paste or powder with a vehicle. I t  is then 
withdrawn and suspended vertically; after a specified interval 
of time, the film is examined and a measurement made of the 
proportion of the total immersed area which is completely leafed. 
The leafing value is expressed as a percentage.

The test vehicle or “leafing liquid” consists of a solution of 30 
grams of powdered hard counmrone resin (melting point, 127- 
142° C.) in 100 cc. of mineral spirits meeting Federal Specifica­
tion TT-T-291. The blade of the spatula is 14 cm. long and 
1.4 cm. wide. In making the test, a predetermined weight of 
aluminum pigment is stirred into 25 cc. of the leafing liquid, and 
the well-mixed paint, a t 20-30° C., is poured into a test tube 2 
cm. in diameter. The spatula is dipped a t once into the freshly 
mixed paint until it touches the bottom of the test tube. The 
spatula is then withdrawn without touching the side of the test 
tube and suspended vertically in free space for 3 minutes. The 
height of the perfectly leafed area is then measured and expressed 
as a percentage of the total depth of immersion of the spatula.

Before proceeding to an analysis of the variables which 
affect this test, it is worth while to consider just w hat hap­
pens during the test. W hen the spatula is w ithdrawn from 
the pain t container, a film of pain t adheres to the surface of 
the spatula. Certain forces are a t work to promote leafing 
in this film, and certain forces oppose. M otion of the alumi­
num flakes within the pain t mixture is necessary to bring 
them to the surface. Because the pain t film is thin, the

brought the flake to the surface m ay take it  away again if the 
force of surface tension is not great enough to  hold it  against 
them.

Another force opposing leafing arises from the viscosity of 
the vehicle. The more viscous the vehicle, the greater the 
resistance to  movement of the flakes within it. The initial 
viscosity of the vehicle will have an effect upon the rate of 
leafing and perhaps on the completeness; furthermore, the 
viscosity will increase as the solvent evaporates and the ve­
hicle dries, so th a t eventually it  will become great enough to 
prevent any m ovement of the flakes or liquid and hence put 
an end to leafing.

The best leafing flakes remain a t  the surface and collect in 
little groups or islands which are pulled down the vertical 
surface of the spatula by gravity and build up a continuous 
leafed area beginning a t  the bottom  of the spatula. Here 
some of these flakes are lost in  the drop or two of liquid which 
almost invariably falls from the spatula.

The leafed area increases as long as there are leafable 
flakes in m otion and a place in  the surface of the film for them 
to occupy. The time element m ust therefore be considered 
in this test. For example, a slow-drying vehicle of relatively 
high viscosity often shows a  greater leafing value by the 
spatula method than  is exhibited by the same pigm ent in a 
thin, fast-drying vehicle such as the leafing liquid. However, 
the time required will be much longer.

E ffect o f  P ig m e n t  C o n cen tra tio n
The leafing test is not an exact measure of the number of 

flakes which are capable of leafing. M any flakes which would 
otherwise leaf never reach the surface; m any more arrive too 
late and find their places occupied by other flakes, so tha t 
although they are theoretically able to  leaf, the observer

F i g u r e  2 . S p a t u l a s  E m p l o y e d  i n  L e a p i n g  T e s t , S h o w in g  ( f r o m  L e f t  t o  R i g h t ) 
t h e  E f f e c t  o f  I n c r e a s in g  C o n c e n t r a t io n s  o f  P ig m e n t  i n  t h e  L e a f i n g  L iq u id

flakes do not have far to go to  reach the surface. M otion is 
provided in p art by  the tendency of the pain t m ixture to flow 
down the spatula; evaporation of the solvent also aids in 
producing movement of the flakes. 'When an aluminum flake 
has once leafed, the forces of surface tension, if strong enough, 
hold i t  a t the surface. However, the same currents which

never becomes aware of th a t fact. Some of these flakes be­
come entrapped behind the leafed film and account for the 
roughness observed on the lower p a r t of the spatula when the 
film dries (Figure 2).

The leafing values obtained when increasing quantities of 
powder are used are given in Table I, and the appearance
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of a corresponding group of spatula tests is shown in 
Figure 2. W ith the lower concentrations of powder the 
measured leaf is roughly proportional to  the am ount of powder 
taken; above a certain point i t  increases more slowly and 
finally reaches a constant. In  some cases the use of high 
amounts of pigm ent results in a spatula completely filled in and 
marked PC (practically complete), as will be explained later.

F i g u r e  3 . R e l a t io n  b e t w e e n  
1 P e r  C e n t  L e a f  i n  S p a t u l a  T e s t
[  a n d  C o n c e n t r a t io n  o f  P ig m e n t  in

L e a f i n g  L i q u i d  
A, pigment of high covering area; B, 

of low covering area

This proportionality between the percentage of pigm ent and 
the percentage of leafing suggests th a t another comparison 
be made between the area of the aluminum flakes and the 
leafing percentage. Fortunately, it is a simple m atter to  de­
termine the surface or covering area of the flakes by the
method of Edwards and Mason (S). This is accomplished by

T a b l e  I .  E f f e c t  o f  A l u m in u m  P o w d e r  C o n c e n t r a t io n  o n  
L e a f i n g  V a l u e

Standard  Per C en t Leaf for Following Concns. oft Powder, in 
Powder G ram a/25 Cc. of Leafing Liquid:

0.5 1.0 1.5 2.0 2.5 3.0 3.5
Lining 34 00 73 79 83 83 PC®
Varnish 12 26 40 55 60 63 67

° P ractically  com plete leaf.

sifting a weighed sample of powder upon a water surface held 
in a rectangular container. The powder is not wet by the 
water and leafs upon its surface. The powder is then manipu­
lated back and forth by two glass barriers so as to stretch 
it out to  a continuous film one flake thick. The area covered 
by the flakes when closely packed and touching can then be 
measured directly. This is the maximum area which the 
sample of powder can cover by leafing. W ith a determination 
of the weight of powder retained on the spatula, it is possible 
to calculate the covering area of the aluminum flakes on the 
spatula and hence of the maximum leafed area which they 
can produce if they all leaf.

The two graphs of Figure 3 show the relation between the 
observed percentage of leafing in the spatula test and the 
concentration of powder in the pain t mixture. These graphs 
were made w ith two different powders of high and low cover­

ing area. The relation between leafing and pigment concen­
tration  is a  straight-line function up to a certain point on each 
of these graphs. For m any powders a t the point where the 
break occurs (that is, where the relation departs from one of 
direct proportionality) the area of all the flakes on the spatula 
is just about sufficient to cover completely the immersed area, 
provided all the flakes leaf. Too much physical significance 
should not be attached to  this relation, however, since there 
are appreciable deviations.

Although the covering area of a paste or powder has no 
connection with the intrinsic leafing ability of the aluminum 
flakes, i t  m ay have an im portant effect upon the observed area 
of leafing in the spatula test, as Figure 3 shows. The relation 
between covering area and leafing power is shown in a some- 
w hatdifferentw ayinF igure4. The percentage of leaf observed 
in a large number of tests is plotted as a function of the avail­
able flake area. The term  “available flake area” is used to 
describe the total covering area of the aluminum flakes actu­
ally on the spatula in each test. This value is calculated from 
a knowledge of the covering area of pigm ent employed, the 
concentration present in the paint mixture, and a determina­
tion of the am ount of paint carried on the spatula in each 
test. The vertical dotted line, corresponding to  an area of 
about 30 sq. cm., gives the immersed area of the spatula used 
in the test. Figure 4 indicates th a t the leafing power with 
these particular pigments is roughly proportional to the avail­
able flake area up to  a critical point, which is approximately 
th a t of the immersed area of the spatula; beyond this point 
the leafing power shows irregular b u t minor changes with 
increase in available flake area. Some of the pigments show 
a leafing power which is very close to th a t of the theoretically 
perfect leaf, b u t none can exceed the perfect leafing value.

I t  is not possible to get every flake into the surface of the 
vehicle on the leafing spatula because of the formation of a 
film of leafed flakes which traps other flakes behind it. Fur­
thermore, with pigments of inferior leafing power, not all of the 
flakes which reach the surface will remain there. If the

UJ

LfcJocc
UJo_

Available  flake area on the spatula in so. cm.

F ig u r e  4 . R e l a t io n  b e t w e e n  P e r  C e n t  L e a f  in  
S p a t u l a  T e s t  a n d  T o t a l  A v a il a b l e  F l a k e  A r e a  

o f  P ig m e n t  o n  t h e  S p a t u l a

Vertical dotted line shows the immersed area of the spatula

spatula were suspended horizontally instead of vertically, all 
the flakes of a satisfactory leafing power would have a good 
chance to  leaf, and perfect leaf should result. Since it  is hung 
vertically, the leaf approaches perfection only w ith the com­
bination of a heavy overload of pigm ent and a slow-drying 
vehicle of high viscosity which will hold the flakes in the up­
per p art of the spatula in sufficient quantity  to  fill in a t the 
top as fast els the flakes leaf a t the surface and slide down 
towards the bottom.



The term  “practically complete leaf” is used in Table I 
to  describe the condition illustrated on the two spatulas a t 
ih e  right of Figure 2. A completely leafed area appears below 
with an area near the top w ith very small breaks in an other­
wise well-leafed surface. W here the quantity  of leafable 
flakes is too large to  spread over the area available on the 
spatula, the lower portion of the spatula becomes leafed and 
filled in behind the leafed surface so th a t any nonleafing 
flakes above are blocked from slipping behind the leafed area 
as would ordinarily occur. Also, as the liquid drains away 
and dries, other flakes are trapped above the leafed area 
where they more or less completely hide the  spatula. The 
remedy is obviously the use of a smaller quantity  of pigment, 
:sinee above a certain point any additional am ount only tends 
to  produce this result and to  obscure the  lim its of the tru ly  
leafed area.

Test Conditions
The spatula test obviously does not measure any intrinsic 

property of the  flakes b u t is a measure of their behavior when 
mixed with a vehicle and exposed as a th in  film to drying 
under certain conditions. Although these conditions may 
he selected arbitrarily, nevertheless a thorough knowledge of 
the factors affecting the test is im portant in order to select 
test conditions which perm it readily reproducible results to 
be obtained and which give a reliable comparison between 
aluminum pigments.

I t  has already been sta ted  th a t blowing on a mobile alumi­
num  pain t surface will facilitate leafing. Similarly, the pres­
ence of air currents around the suspended spatula bearing a 
w et pain t film m ay have an effect upon the  am ount of leafing 
secured upon the spatula. Sometimes a  difference in the 
degree of leaf on the two sides of the spatula m ay be attribu ted  
to  the impingement of an appreciable air current upon one 
side. In  general, air currents are not controllable, and to 
secure reproducible results the spatula should be suspended 
in  still air.

This suggests th a t there m ight be an advantage in sus­
pending the spatula within a confined space— for example, 
in a closed glass cylinder. This procedure, however, brings 
into play other factors which complicate the situation and 
m a y  be undesirable in some cases. Solvent vapor given off 
by  the pain t tends to  remain w ithin the cylinder and slows
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up further evaporation of solvent from the paint film and 
hence affects the rate  of setting and drying. The effect may, 
moreover, vary  considerably, depending upon the composi­
tion of the vehicle w ith which the aluminum pigm ent is mixed. 
Table I I  gives data  on the observed leafing on the spatula 
when it is hung freely in the air and when it  is suspended 
in a  confined space, in  this case a glass cylinder of 3.8 cm. 
internal diam eter and about 20 cm. high. The same powder 
was used for all of these tests and the variables were the con­
centration of powder, th e  vehicle w ith which it  was mixed, 
and the suspension of the spatula in air or in the closed 
cylinder. Observations of the degree of leafing were also made 
a t various periods from 3 to  30 minutes.

In  the case of the pain t m ade with the leafing liquid (Table 
II) , a slightly higher leafing value was obseived when the 
spatula was suspended in air than  when it  was placed in a 
closed cylinder. Because of the low viscosity of this ve­
hicle, leafing is rapid. The lower leafing values obtained when 
the spatula was suspended in the cylinder m ay be attributed 
to  the decreased rate of evaporation of solvent; th is causes a 
decrease in the convection currents in the fluid mixture on 
the spatula and also perm its more drainage of the paint. Be­
cause of the rapid drying, any leafing which m ay take place 
occurs within the 3-minute observation period used for this 
test.

T he second series of measurem ents was m ade w ith the 
same powder mixed in a 12.5-gallon phenolic resin varnish 
of higher viscosity than  the leafing liquid and w ith rapid- 
drying characteristics. Comparison of the leafing values ob­
served after periods of 10 minutes or longer shows th a t the 
higher values are obtained when the spatula is suspended 
w ithin the cylinder. This is particularly true in  the case of 
the pain t mixtures containing the higher concentrations of 
powder, and it appears probable th a t the accumulation 
of solvent vapor in the cylinder slows down the setting time of 
the pain t mixture, so th a t the leafable flakes are given more 
tim e to  leaf. Also the high viscosity of the vehicle reduces 
the num ber of flakes which slip down behind the leafed area 
and hence increases the num ber of available flakes above, 
where leafing is still possible a t  unfilled surface areas. In 
general, however, lower leafing values are obtained than  with 
the leafing liquid because the higher viscosity of the vehicle 
slows down the ra te  so much th a t less leafing occurs before 

the pain t mixture has set.
In  the third series of tests, w ith the 

50-gallon coumarone resin varnish, the 
vehicle was also of increased viscosity 
b u t i t  dried very slowly. After a 
sufficient time, therefore—for example, 
30 minutes—very high leafing values 
are observed even w ith some of the 
lower concentrations of pigment. The 
results in the cylinder are lower than 
in  the air, presumably because the de­
creased rate  of solvent evaporation pro­
duces less m otion of the flakes in  the 
pain t film on the spatula and permits 
more drainage.

If a  few drops of a very volatile sol­
vent, such as ether, are placed in the 
bottom  of the glass cylinder, the paint 
film will not set a t  all b u t will simply 
run off the bottom  end of the spatula, 
and no leafing whatever will be ob­
served . A slow-d rying vehicle suspended 
in a closed cylinder m ay also permit 
more pain t to drop off the end of the 
spatula and hence lower the apparent 
percentage of leafing.

VOL. 31, NO. 6

T a b l e  II. L e a p  V a l u e s  u n d e r  D i f f e r e n t  C o n d it io n s  o f  V is c o s it y  a n d
D r y in g  R a t e

S patu la  in Air*> S patu la  in Closed Cylinder^

Sam ple
W eight“

3 10 20 30 3 10 20 30
Vehicle m in. min. min. min. min. min. min. min.

Leafing liquid (coum arone resin, 0 .2 5 16 N C NC NC 15 NC NC NC
30%  in m ineral sp irits), v is­ 0 .5 0 34 NC N C NC 28 NC NC NC
cosity 0.07 poise, fast drying 0.75 50 NC NC NC 43 NC NC NC

1.00 60 N C NC NC 55 NC NC NC
1.50 73 + NC N C NC 68 NC NC NC« 2 .00 79 + NC N C NC 77 + NC N C NC
2.50 83 + NC NC NC 83 + N C NC NC
3.00 83 + NC NC NC 84 + NC NC NC

12.5-gal. phenolic resin varnish. 0 .2 5 8 + 12 NC N C 15 NC NC
viscosity 1.3 poises (tube  E + ) , 0 .5 0 28 + 31 NC N C 23 + 30 NC NC
rap id  drying 0 .7 5 39 + 44 + NC NC 26 + 43 NC NC

1.00 37 + 50 + N C N C 26 + 44 NC NC
1.50 40 + 45 + NC NC 36 + 63 NC NC
2.00 40 + 40 + NC NC 38 + 63 + 71 NC
2.50 42 + 42 + NC NC 42 + 64 + 75 NC

SO pal. coum arone resin varnish, 0 .25 13 + 19 + 20 + 21 + 7 + 12 + 17 + 18
visoosity 1.25 poises (tu b e  E), 0 .50 26 + 53 + 53 + 53 + 15 + 31 + 37 + 40
slow drying 0 .75 43 + 64 + 66 + 68 + 25 + 43 + 53 + 57 +

1.00 58 + 77 + 88 + PC 35 + 59 + 69 + 72 +
1.50 56 + 75 + 85 + 85 + 37 + 66 + 76 + 79 +

a Ind ica ted  weight in gram s per 25 co. of th e  vehicle; sam e S tan d ard  L ining-grade pow der used 
th roughou t.

N C  — no change; P C  =  practically  com plete leaf; +  indicates an  appreciable am ount of powder 
above th e  first b reak  in  th e  leafed area, which is unable to  jo in  th e  leafed area  because of lack of timo 
or rapid  film setting .
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Within reasonable lim its the depth to which the spatula 
is immersed does not seem to be a factor in the observed per­
centage leaf. Four tests, w ith depths of immersion varying 
from 7 to  13 cm., showed the same percentage of leaf within 
the limits of experimental variation. I t  is convenient to use 
a 10-cm. depth of immersion so th a t the percentage leaf can 
be measured directly by means of a  millimeter scale.

The shape and surface of the spatula used have some in­
fluence on the results obtained. The spatula should prefer­
ably have parallel sides ■with a rounded bottom. Tests have 
shown th a t a clean, polished stainless steel blade will give 
better reproducibility of results than  other surfaces. If the 
surface is rough i t  will tend to  hold more pain t and be more 
subject to  change w ith use than  would otherwise be the case.

The proportion of pigment to be mixed with the leafing 
liquid will depend upon a number of factors. For investiga­
tional purposes, it is usually desirable to test a number of 
concentrations, so th a t a  graph can be plotted to  showr the 
relation betw’een leafing power and pigment concentration. 
The covering area of the pigm ent should also be measured to 
aid in the in terpretation  of the graph.

The spatula test is not now suggested as a method for in­
clusion in specifications; however, i t  is frequently informative 
to make prelim inary comparisons of the leafing character­
istics of unknown pigments, using arbitrary pigment con­
centrations. In  comparing the leafing characteristics of 
Varnish grades of aluminum pow7der, the use of 2 grams of 
powder per 25 cc. of leafing liquid gives reproducible results. 
Where lining grades of powder are to  be compared, the use of 
1.25 grams per 25 cc. of leafing liquid is suggested. Where 
the pigment being tested is paste, an extra am ount m ust be 
taken to allow for the volatile content of the paste; for ex­
ample, with a  paste of about 65 per cent m etal content, a 
sample weight of 2 grams of S tandard or E xtra Fine Lining 
paste m ay be employed to  give the 1.25 grams of aluminum 
pigment suggested. In  reporting the percentage leaf, the 
grade of pigment and the weight taken for the test should be 
reported. Using the same sam ple weight for all pigments of 
the same grade will favor the pigment of higher covering area, 
other factors being equal. This is an advantage, b u t the pig­
ment would have it in application and so m ight be justified 
on th a t score.

Again it  should be emphasized th a t the test conditions are 
arbitrary and th a t  even though the  numerical leafing value 
by the spatula test appears lowr, the pigment m ay give prac­
tically perfect leafing under the conditions of practical applica­
tion. The am ount of pigm ent used with a vehicle in practice, 
however, is roughly three tim es as much as suggested above 
for the spatula test. For example, Standard Varnish, Stand­
ard Lining, and E x tra  Fine Lining powders are commonly 
mixed in the proportions of 2, 1.25, and 0.75 pound per gallon 
of vehicle, respectively, corresponding to  6, 3.75, and 2.25 
grams per 25 cc. of vehicle (6).

Test fo r Leafing Power o f Vehicles

The percentage leaf in the  spatula test is a  combination 
effect of both pigm ent and vehicle. The emphasis in this 
paper so far has been on the selection of test conditions w'hieh 
w'ould perm it a  reliable comparison of the leafing power of 
aluminum pigments. By the use of a standard sample, pref­
erably powder of the E xtra Fine Varnish grade, i t  is also 
possible to employ the spatula test to  compare the leafing 
power of various vehicles.

The first point to  be considered is the am ount of powder 
which should be mixed w ith the vehicle. For some types of 
comparison it  would seem desirable th a t the paint retained 
on the spatula should contain the same weight of powder in 
each case, so th a t there would be the same flake area available

for leafing. Since, however, the spatula will take up more 
pain t with the vehicles of higher viscosity, i t  is necessary to 
adjust the concentration of powder in the vehicle to  take ac­
count of this factor. This detail complicates the test, b u t i t  
is possible to  determine by preliminary experiments the rela­
tion between the viscosity of the vehicle and the powder con­
centration required to  give the same am ount of powder on the  
spatula in each test.

For most purposes it  would not seem necessary to  introduce 
this refinement into the test, since the use of some standard 
am ount— say 1 gram of powder (with a covering area of about 
6000 sq. cm. per gram) to 25 cc. of liquid— rates the leafing 
power of vehicles in approximately the same order as is ob­
served in their practical application. If the vehicle of higher 
viscosity carries a  little more powder onto the spatula, it is 
also true th a t i t  is likely to give a thicker pain t film when ap­
plied in a practical way.

When determining the leaf of an aluminum paint made 
with an oleoresinous vehicle, bubbles are sometimes present 
on the leafing spatula even when the greatest care is exercised. 
The presence of these bubbles in the pain t film tends to  change 
the observed leafing value. The test should be repeated care­
fully to avoid the formation of bubbles.

Sum m ary

1. A numerical value for the leafing of aluminum pigments 
can be obtained by dipping a spatula into a m ixture of the 
pigment and a special leafing liquid, withdrawing the spatula, 
suspending it in free air, and measuring the percentage of 
leafed area after 3 minutes.

2. The leafing value observed in the spatula test is in­
fluenced by a variety of factors, among which are the con­
centration of pigment, its fineness or covering area; the com­
position of the leafing liquid, its viscosity and drying tim e; 
the m ethod of suspending the spatula, whether in a draft o r 
still air or in a cylinder.

3. The investigation of the leafing properties of aluminum 
pigments is best carried out by  making enough measurements, 
to establish the relation between leafing power and pigm ent 
concentration and interpreting the data  in the light of the 
covering area of the pigment.

4. The numerical values for leafing power, determined by 
the spatula test, should include a statem ent as to  the weight of 
powder taken for the test and the grade of pigment or its 
covering area.

5. Experimental conditions are suggested for testing the 
leafing power of vehicles by means of a standard sample of 
aluminum powder.
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Saccharification of Starchy Grain 
Mashes for the Alcoholic 
Fermentation Industry
T w o stra in s o f  th e  m o ld  A spergillus  
orysae  h ave b een  fo u n d  very sa tisfa c to ry  
for p rod u cin g  a m y la se  for u se  in  sa cch a r ify ­
in g  corn  fe r m e n ta tio n  m a sh es . B est  
co n d itio n s  for th e  p ro d u ctio n  o f  h ig ld y  
a ctiv e  a m y la se  p rep aration s by grow ing  
th e  m o ld s on  w h e a t b ran  in  r o ta t in g  d ru m s  
h ave b een  developed  an d  are described .
D a ta  are p resen ted  for ex p er im en ta l fer­
m e n ta tio n s  in  w h ic h  th e  m o ld y  bran  w as 
u sed  for sa cch a r ify in g  th e  m a sh es; th e  
effects o f  g r in d in g , p rop ortion  o f  m o ld y  
b ran , an d  tem p era tu re  o f  sacch a rifica tio n  
w ere p a rticu la r ly  in v e stig a te d . B e s t  re­
su lt s  are o b ta in ed  w h en  th e  m o ld y  bran  
is em p lo y ed  in  th e  sa m e  m a n n er  as m a lt .
O n th e  average th e  m o ld y  b ran  produces  
a p p rox im ate ly  12 per c e n t  h ig h er  a lcoh o l 
y ie ld s th a n  d oes a  good  dried  b arley  m a lt .
T h e  p o ss ib ilit ie s  o f  u s in g  th e  m o ld y  bran  
to  rep lace  m a lt  in  th e  a lco h o l fe r m e n ta tio n  
in d u str y  is  d iscu ssed .

WH E N  starchy substrates, such as the various grains or 
potatoes, are employed for the production of alcohol, 
the starch m ust first be converted to sugars before the 

yeast is introduced. This is usually done by adding m alt 
(most commonly prepared by  sprouting barley) which con­
tains considerable quantities of the biological catalyst, or en­
zyme, of saccharification called “diastase” or “amylase.” 
T he authors prefer to  use the term  “amylase” since it  avoids 
confusion th a t sometimes results from the fact th a t “diastase” 
is the French term  for enzyme.

M any microorganisms produce amylase, and processes 
making use of microbial amylase for various purposes have 
been introduced into m any countries. Certain molds have 
been found to  be especially active in  producing amylase. The 
literature on the use of microbial amylase in  the ferm entation 
industry has been reviewed by Sm yth and Obold (8) and by 
Thaysen and Galloway (11). Amylase produced by molds 
has been used for centuries in  the Orient, particularly in 
Japan, where koji, an amylolytic preparation obtained by 
growing suitable molds on steam ed rice (9), is used instead of 
m alt. I t  has been suggested th a t mold amylase m ight well be 
employed also in the ferm entation industries of occidental 
countries. One development along th is line is the Amylo 
process for the m anufacture of alcohol, in  which molds of the

USE OF MOLD AMYLASE

L. A. U N D E R K O FL E R , 
E L L IS I. FU L M E R , AND 
LO RIN SCH O ENE
Iowa State College, Ames, Iowa

genera Mucor or Rhizopus are grown directly in the mash in 
order to  convert the starch before yeasting. The papers of 
Galle (4), based on practical experience w ith the working of 
the Amylo process, and of Owen (6) m ost adequately describe 
the sta tus of th is method.

Takam ine (10) patented the use of molds for the produc­
tion of amylase preparations; one commercial product is 
m arketed as “Taka-diastase.” Use of mold preparations to 
replace m alt in the ferm entation industry was suggested by 
Takamine, and large-scale tests a t  the p lant of Hiram Walker 
and Sons, Inc., in Canada in 1913 (9) proved entirely success­
ful, yields of alcohol being better than  w ith m alt. However, 
a slight off-flavor or odor was produced in  the alcohol, and 
since the flavor is of param ount im portance in  beverage alco­
hol, Takam ine’s preparation has no t found favor in the alcohol 
industry. Now, however, w ith the increasing in terest in 
power alcohol, i t  would seem th a t a procedure similar to 
Takam ine’s should hold much promise for production of in­
dustrial alcohol. Since the details of a  workable process using 
mold amylase had not h itherto  been well established, the pur­
pose of the present investigation was to develop m ethods for 
culturing molds in order to  produce an active am ylolytic prepa­
ration, and to study the use of this m aterial in saccharifying 
grain mashes for alcoholic fermentation.

P relim in a ry  S tu d ie s

The saccharifying power of an enzymic m aterial m ay be 
determ ined and expressed in degrees L intner according to the 
Official M ethod of the American Society of Brewing Chemists
(1) or by  the m ethod as modified by Anderson and Sallans
(2). However, the Lintner numbers obtained for different 
materials, such as m alt, soybean, different mold cultures, etc., 
have little m eaning w ith regard to the  relative m erits of these 
different m aterials for saccharifying ferm entation mashes. 
T he usefulness of an amylolytic m aterial for converting fer­
m entation mashes can be determined accurately only by 
running ferm entation tests. Hence, all results as given in this 
paper are based upon ferm entation experiments.
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Preliminary tests were made on amylase production by 
eight species of bacteria and twenty-one species or strains of 
molds. None of the bacteria gave very promising results. 
Of the molds tested, several strains of Rhizopus species and 
three strains belonging to the Aspergillus Jlams-oryzae group 
were found to  possess the highest amylolytic activity. For 
cultivation of the molds in flasks, several media were tried, 
including corn mash, moistened distiller’s grains, and mois­
tened wheat bran. The la tter medium gave by far the best 
results and was therefore adopted for further work. Growth 
of the several Rhizopus species wras in general less rapid and 
uniform than  th a t of the Aspergillus cultures. Hence atten­
tion was concentrated on the Aspergilli. The three cultures 
selected, w ith their laboratory numbers, were as follows: 
culture 2, Aspergillus oryzae, secured from the American Type 
Culture Collection as No. 4814; culture 10, A.flavus, secured 
from Thom as No. 3538; culture 22, A . oryzae isolated from 
oat hulls by the author. The three selected cultures were con­
tinuously cultivated on agar slants and on moistened bran. 
Cultures 2 and 22 were plated to  test for purity  and no con­
tamination was found. Individual colonies were selected 
for further cultivation.

The three mold cultures grew well on moistened bran. 
With cultures 2 and 10, only m oderate sporulation occurred 
in 4 days, and incubation for a t  least a week was found neces­
sary for abundant sporulation. Culture 22 produced a heavy

F i g u r e  1. L a b o r a t o r y  A p p a r a t u s  f o r  G r o w in g  M o l d s  i n  
a  R o t a t in g  5 -G a l l o n  P y r e x  G l a s s  B o t t l e  (A e r a t io n  f r o m  

t h e  C o m p r e s s e d  A i r  S u p p l y )

0.3 N  was employed. Growth of culture 2 was a little more 
rapid when w ater -was used, b u t sporulation was heavier in 
the acidified mashes. L ittle difference was observed in the 
growth or sporulation of culture 22 in either the m ash pre­
pared with water or w ith dilute acid.

Preliminary investigation of the amylolytic activity  of the 
molds selected was m ade by means of the moldy brans result­
ing from the growth of the molds on moistened wheat bran  in 
flasks. The moldy brans were used for saccharifying corn 
mash for ferm entation tests; in  the several series of ferm enta­
tions different proportions of the moldy brans and various 
temperatures were used during the saccharification period. 
However, the results were exceedingly variable. This was 
believed to  be due to  the difference in  the growth of the molds 
in the various flasks from day to  day, and to lack of uniform ity 
in the product which resulted from the excessive m atting and 
lumping occurring during the growth. Hence, equipm ent was 
developed for cultivating the molds in larger quantities and 
in a more reproducible manner.

The apparatus developed (Figures 1 and 2) was simply a 
rotating drum  through which a stream  of sterile air could be 
passed for aeration of the growing mold. The drum  used was 
a 5-gallon container (either a  Pyrex bottle or an iron can) 
which was mounted on a system of rollers to serve as a support 
as well as a rotating device. The current of air could be 
passed into the drum by means of a  glass or iron tube reach­
ing through the stopper nearly to the bottom  of the drum. 
The outlet for the air also passed through the stopper. The 
air was sterilized by bubbling through sulfuric acid and then 
humidified by passing i t  through sterile distilled water. The 
use of this equipm ent resulted in rapid mold growth w ith little 
m atting  and lumping; the moldy product was more uniform 
and possessed greater diastatic activity  than th a t produced in 
flasks. All the data included in this paper were obtained 
with mold preparations produced in the rotating drums.

M eth od s A dopted

As a result of the preliminary studies, the following m eth­
ods were adopted for the study of mold amylase in  saccharify­
ing corn m ash for alcoholic ferm entation:

The stock mold cultures were grown on slants of sterile solid 
media in test tubes. Both wort-agar and glycerol-yeast ex- 
tract-agar media were found suitable. For cultivating the 
molds in flasks, a bran mash was used. This was prepared by 
thoroughly mixing wheat bran with about an equal weight of dis­
tilled water and sterilizing for an hour a t 20 pounds per square 
inch (1.4 kg. per sq. cm.) steam pressure. For best results it was 
found that the mash should contain from 50 to 70 per cent of 
water. About 30 grams of bran were used in a 500-ml. Erlen- 
meyer flask, or 50 grams in a 1000-ml. flask. Growth and sporu­
lation were seriously retarded when larger quantities of bran were

crop of spores in 4 days. Likewise, the 
latter culture was observed to cause less lum p­
ing during growth. The optim um  tem pera­
ture for cultivation of the three mold cul­
tures was found not to be very definite, but 
all grew best w ithin the range 25° to 35° C.; 
the optim um was a t  about 30° C. Growth 
was somewhat lim ited a t  38° C., and the 
cultures failed to grow' a t 42° C.

Since the growth of m any microorganisms 
which m ight cause contam ination of mold 
cultures is prevented by  an acid reaction of 
the medium, use of dilute acid instead of 
water to m oisten the bran in  preparing the 
medium was investigated. Mold growth was 
satisfactory when hydrochloric acid up to

F ig u r e  2 . L a b o r a t o r y  E q u i p m e n t  f o r  G r o w t n g  M o l d s  i n  5 -G a l l o n ] I r o n  
C a n s  u n d e r  F o r c e d  A e r a t io n  a n d  w i t h  C o n t in u o u s  R o t a t io n



used, as a result of insufficient access of air to the mass. Rather 
heavy inoculations of the bran mash were made from well-sporu- 
lated slant cultures of the mold or, more conveniently, from well- 
sporulated cultures grown on the surface of sterile beer wort. 
The flasks were shaken every 4 to 8 hours to diminish matting 
and lumping of the contents as much as possible. Incubation 
was a t 30° C.

M o l d  G r o w t h  i n  R o t a t in g  D r u m . The drum is charged 
with 1000 to 1200 grams of wheat bran well mixed with the 
requisite amount of water to give a final proportion of 50 to 70 
per cent moisture. The drum and mash are sterilized by heating 
in the autoclave for 2 hours a t 20 pounds per square inch steam 
pressure. After being cooled to room temperature (about 25° C.), 
the mash is inoculated with 2 to 5 per cent of a well-sporu- 
lated bran mash culture of the mold grown in a flask. The con­
tents of the drum are then mixed by rotation. A slow stream of 
air is passed into the drum, and during the germination period 
(from 12 to 16 hours under normal temperature conditions) the 
drum is rotated for not more than 15 to 20 minutes each 2 hours. 
The active growth of the mold becomes evident by a rise in tem­
perature of the mass. After growth is well started, the rotation 
may be continuous or intermittent, but the speed of rotation 
should not surpass 1 r. p. m. Slow continuous rotation is prefer­
able, and increased aeration with cool air saturated with moisture 
becomes necessary. The aeration is so regulated as to keep the 
temperature a little below' 35° C. During the active growth pe­
riod the bran assumes a wffiite appearance due to  mycelial de­
velopment; sporulation of the mold changes the color to yellow- 
green. At the end of 40 to 54 hours the drum is stopped, and 
the moldy bran is spread out on papers and dried at room tem­
perature. The dried material is then ground in a burr mill to a 
coarse pow’der and as such is employed to saccharify corn mashes 
for fermentation in mucli the same manner as malt is used.

F e r m e n t a t i o n  T e s t s . Into each 1000-mi. Erlcnmeyer flask 
w'ere introduced 100 grams of corn meal, 1 gram of malt or moldy 
bran, and 500 ml. of w'ater which had been heated to 80° C. The 
contents wrere mixed thoroughly by shaking and then allowed to 
stand for about 30 minutes. This “premalting” period was re­
quired to produce preliminary liquefaction of the raw starch and 
thus prevent the mash from becoming too thick and lumpy on 
subsequent cooking. After being cooked for 60 minutes a t 20 
pounds per square inch steam pressure, the mash was cooled to 
the conversion temperature and kept there by placing the flasks 
in a constant-temperature w'ater bath. Weighed quantities of 
the amylolytic material w'ere added, and the temperature was 
maintained for 60 minutes, the contents of the flasks being agi­
tated frequently. After this period the mash was cooled to in­
cubator temperature (30° C.) and inoculated w'ith an active cul­
ture of yeast grow'ing in beer wort or molasses medium, 50 ml. of 
inoculum being used per flask. After incubation for 3 days, the 
final volume of the fermented mash in each flask was measured, a 
300-ml. aliquot distilled into a 100-ml. volumetric flask, and the 
alcohol content of the distillate determined by measuring the 
specific gravity (d |f) with a Chainomatic Westphal balance; the 
alcohol concentration was read from an appropriate table.

T he yellow com  used throughout these experiments was of 
very poor quality (containing only about 50 per cent starch) 
as grown in K ansas during the drought year of 1936. The 
ground corn was analyzed according to  the official, direct 
acid-hydrolysis m ethod of the Association of Official Agricul­
tu ral Chemists (S); the reducing substances formed W'ere esti­
m ated  by the m ethod of Shaffer and H artm ann (7) and cal­
culated as dextrose. T he Shaffer-Hartmann reagents were 
standardized against a  sample of pure dextrose.

The experimental results are expressed in the tables as per 
cent of the theoretical conversion of carbohydrate in  the corn 
to  alcohol according to  the equation:

C,H i20 , — >  2C02 +  2C2H5OH (1)

T he d a ta  given represent the average values for duplicate 
fermentations, and all yields W'ere corrected for the am ount of 
alcohol derived from the inoculum and amylolytic material. 
The m ethod of calculation is illustrated by the following ex­
am ple: T he final volume of beer in a ferm entation flask W'as 
600 ml., and the specific gravity  of the distillate from 300 ml. 
of th is beer was 0.9712, representing 18.05 grams of alcohol; 
the to ta l alcohol content, then, wras 18.05 X 600/300 =  36.10 
grams. Analysis of control ferm entations on the moldy bran 
employed in preparing the m ash and on the beer wort used
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for growing the inoculum showed th a t  0.058 gram of alcohol 
was obtained per gram of moldy bran and 0.029 gram of alco­
hol per ml. of inoculum. Since 10 grams of m oldy bran  were 
used in preparing the mash and 50 ml. of inoculum in the in­
oculation, alcohol derived from the moldy bran and inoculum 
in the ferm entation was (10 X 0.058) +  (50 X 0.029) =
2.03 grams. Hence the alcohol produced from the corn was 
36.10 — 2.03 =  34.07 grams. From the theoretical equa­
tion, one gram of dextrose should give

2 C2H 6OH/CoH120 5  =  92/180 =  0.5112 gram of alcohol

The dextrose equivalent of the corn was 70.0 per cent; then, 
from the 100 grams of corn used in  the ferm entation, the theo­
retical yield should have been 100 X 0.70 X 0.5112 =  35.78 
grams of alcohol. The actual yield of 34.07 grams therefore 
represents 100 X 34.07/35.78 =  95.2 per cent of the theo­
retical yield of alcohol.

P rep aration  o f  M oldy B ran
M ore than  fifty batches of moldy bran  have been prepared 

in the ro tating drums. The first five runs served to  deter­
mine the conditions of m oisture content, sterilization, inocula­
tion, rotation, and aeration required for the best growth of 
the molds. I t  was also determined during this preliminary 
period th a t the moldy bran  could be air-dried w ithout loss of 
amylolytic activ ity  and could be stored for extended periods 
in  the dry condition. The conditions found m ost suitable 
for preparation of moldy brans of highest amylolytic pow'er 
are given above in the description of methods used and were 
adopted for all subsequent runs. For plant-scale use the 
moldy bran could be prepared in equipm ent similar to the 
pneum atic m alting drums now in use.

M oldy bran preparations W'ere made from each of the three 
selected cultures. The m ost rapid development of the molds 
began about 12 to  16 hours after inoculation, and mycelial 
grow'th was completed in about 40 to  54 hours. Abundant 
sporulation of culture 22 occurred w ithin this period, bu t cul­
tures 2 and 10 did not sporulate so heavily. Since the amyl­
ase is probably m ost abundant a t the tim e of sporulation (6), 
i t  was desirable, when the moldy bran was to be dried, to re­
move i t  from the drum s and spread i t  out for drying before ex­
tensive sporulation had taken place. I t  was then observed 
th a t during the drying period the sporulation ensued.

F e r m e n ta tio n  o f  Corn M ash  S acch arified  w ith  
M oldy B ran

Several series of ferm entations were run in  flasks as out­
lined above for the purpose of testing the am ylolytic activity  
of moldy bran  preparations from the various runs and to de­
term ine the best m ethod of using moldy bran for saccharifica- 
tion of the ferm entation mashes to  give maximum alcohol 
yields. The la tte r included investigations of the effect of 
drying the moldy bran and of grinding it, and determ ina­
tion of the optim um  tem perature for conversion of the 
mashes by the mold amylase and of the proportion of the 
moldy bran required to  give maximum alcohol yields.

E ach of the moldy bran preparations from the several runs 
w'as subjected to ferm entation tests. The results of some 
typical ferm entations are given in  Table I. The mashes were 
saccharified according to  custom ary m alting practice for 60 
m inutes a t  50-55° C. by means of air-dried and ground moldy 
bran, equivalent to  approxim ately 10 per cent of the weight of 
corn in  the mash. Tests 1 to  4 (Table I) were run a t  a differ­
en t tim e from the others. The results show little difference in 
alcohol yields when moldy bran of either culture 2 or 22 w'as 
used for saccharifying the mashes. Culture 2 was appar­
ently slightly superior. R ather uniform yields were obtained 
with the various preparations from different runs w'ith the
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same culture. Culture 10 yielded a preparation definitely 
inferior for saccharifying a ferm entation mash. The better 
moldy brans gave greater alcohol yields than did m alt con­
trols, averaging about 12 per cent higher.

T a b l e  I. F e r m e n t a t i o n  T e s t s  w i t h  M o l d y  B r a n s

M old D rum Alcohol M old D rum Alcohol
Test C ultu re R un Yield, % T est C ulture R un Yield, %
No. No. No. of T heory No. No. No. of Theory
1 M alt C ontro l 80 .0 8 2 19 93.9
2 2 5 78 .0 9 22 5 92 .4
3 2 9 83 .5 10 22 16 91.6
4 2 10 87 .6 11 22 19 91.3
5 2 11 90 .0 12 10 8 68.7
6 2 13 97 .4 13 M alt C ontrol 80 .5
7 2 18 9 2 .9

A ferm entation experiment in which varying proportions 
of both ground and unground moldy bran were employed in 
saccharifying the mashes showed th a t grinding the dried ma­
terial increased the yields slightly a t  every proportion. For 
example, when 10 per cent moldy bran of the weight of corn 
was used, the alcohol yields were 76.4 and 78.8 per cent of 
theoretical for unground and ground material, respectively. 
Evidently the grinding process makes the enzyme more avail­
able for saccharifying the starch. The proportion of moldy 
bran required to  give maximum alcohol yields was 8 to  10 per 
cent of the weight of corn used. The data  of Table I I  con­
firm this proportion.

Table I I  shows the effect of the tem perature of conversion 
and proportion of moldy bran  required to  produce maximum 
alcohol yields. T he moldy brans used were dried and 
ground, and the mashes were saccharified a t  the indicated 
tem peratures for 60 minutes. The results in A  indicated th a t 
the highest conversion tem perature employed (50-55° C.) is 
advantageous in  the use of moldy bran from culture 2. In  
another experiment the  results were reversed, although some­
what erratic; slightly higher alcohol yields were obtained 
with the conversion tem perature of 40-45° C. There was 
little difference in alcohol yields throughout the range of tem­
peratures used in  the experiment w ith moldy bran from cul­
ture 22; a slight advantage appeared for the lowest tem pera­
ture employed. These somewhat conflicting results lead to 
the conclusion th a t any tem perature between 45° and 60° C. 
is suitable for the saccharification of corn m ash before fermen­
tation by moldy brans of cultures 2 or 22.

T a b l e  II. R e s u l t s  o f  V a r i a t io n  o f  P r o p o r t io n  o f  M o l d y  
B r a n  a n d  o f  S a c c h a r if ic a t io n  T e m p e r a t u r e  o n  A l c o h o l  

Y i e l d s

Saccharifi­ Alcohol Saccharifi­ Alcohol
cation M oldy B ran, Yield, cation M oldy Bran, Yield,
Tem p., %  of Corn %  of Tem p., % of Corn J T °of° C. (D ry  Basis) T heory ° C . (D ry  Basis) T heory

A .  C u ltu re  2, R un  13

40-45 4 .8 8 81 .2 45-50 9 .67 92 .0
40-45 7 .23 83 .5 50-55 4 .88 SO.2
40-45 9.67 88.1 50-55 7 .23 88 .4
45-50 4 .8 8 7 7 .5 50-55 9 .67 97 .4
45-50 7 .23 8 4 .8

B . C ultu re  22, R u n  16

45 10.56 93 .9 50-55 10.56 91 .6
60 10.56 91 .3 50-55 7 .92 92 .0

50-55 5 .36 8 5 .5

In  order to  test the suitability  of moldy bran preparations 
for the conversion of starchy mashes on a larger scale, four 
culture tank  ferm entations were carried out a t  different times 
on about 85 gallons of m ash in  each case. The mashes were 
prepared and the ferm entations were run  as follows: Approxi­
m ately 75 gallons of w ater were heated in  the tank  to about

80 ° C. Vigorous agitation was begun and continued through­
out the mashing process. To the warm w ater were added 90 
or 100 pounds of ground yellow corn w ith about 1 pound (I 
per cent on the weight of corn) of m alt or moldy bran, and 
the mash was “prem alted” by m aintaining the tem perature 
a t  approximately 60° C. or 30 minutes. W ater was then 
added to make the volume 85 gallons, the tank  was closed, 
and the m ash was cooked for 60 m inutes a t  15 pounds per 
square inch steam pressure. After being cooled to 55° C., 
the moldy bran was added to the cooked mash, and sacchari­
fication was carried out a t 50-55° C. for one hour. The m ash 
was then cooled to  30° C. and inoculated w ith an active yeast 
culture in molasses medium. Immediately after inoculation 
a sample of the m ash was taken for the determ ination of to tal 
carbohydrate, reducing sugars, and acidity. The m ash was 
agitated and vigorously aerated for 15 m inutes in each hour 
for the first 6 hours after inoculation. Twelve hours after 
inoculation the m ash was sampled and analyzed for alcohol 
content and acidity. Subsequently, sampling and analysis 
were repeated each 4 hours until the maximum alcohol con­
centration had been reached. Residual carbohydrates were 
then determined in a sample of the fermented mash or “beer.”

In  the two cases where sufficient of the ground moldy bran 
was employed for adequate conversion, the alcohol yields 
from the culture tank fermentations were as good as or better 
than those usually obtained w ith m alt. Typical data  are 
given for one culture tank ferm entation:

W eight of corn used, 100 lb.
T otal weight of starch in mash, 50.62 lb. (=  56.24 lb. dextrose)
Moldy bran used, 9.9 per cent of corn (dry basis)
T otal carbohydrate (as dextrose) in mash, 56.5 lb. (7.96 gram  per

100 ml.)
Residual carbohydrate (as dextrose) in beer, 5.66 lb. (0.80 gram

per 100 ml.)
Carbohydrate utilized, 90.0 per cent
Alcohol yield, 90.1 per cent of theory (3.66 gram per 100 ml.)
Final acidity, 5.9 ml. of 0.10 N  per 10 ml. of beer.

C o n clu sion s

Ferm entation tests in  flasks have shown th a t moldy bran 
prepared w ith either of the two mold strains of Aspergillus 
oryzae (cultures 2 and 22) gives better results than  m alt in the 
saccharification of com m ash for ferm entation; the alcohol 
yields are, on the average, about 12 per cent higher with the 
moldy bran than with m alt. M oldy bran of culture 2 was 
found to produce slightly higher yields of alcohol than  th a t of 
culture 22. However, the la tte r culture grows more rapidly 
with less tendency to  lumping, produces spores more abun­
dantly, and shows greater ability to overgrow contaminants, 
which would all be im portant factors when industrial use is 
contemplated. The moldy bran should be ground before 
being used in saccharifying mashes and m ay be employed 
either w et or dried. Air drying does not affect the amylolytic 
activity, nor does storing in the dry  condition. A proportion 
of moldy bran of 8 to 10 per cent of the weight of corn in  th e  
mash seems to be necessary for maximum alcohol production, 
and saccharification can be carried out satisfactorily within 
the range 45-60° C.

Culture tank  fermentations have shown th a t under favor­
able conditions alcohol yields of a t  least 90 per cent of the 
theory can be obtained by the large-scale use of moldy bran 
for saccharification of com mash. This alcohol yield is rarely 
reached w ith m alt, and i t  would seem th a t the preparation 
and use of m oldy bran  to  replace m alt in the production of 
industrial alcohol should hold much promise. The economic 
advantages of such a  process are obvious. N o t only can bet­
ter alcohol yields be expected, b u t the high cost of m alt can be 
largely eliminated. The raw m aterials for the preparation of 
mold amylase preparations, w heat bran, or other similar
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bulky substance, are much cheaper than barley for the pro­
duction of m alt. Likewise, the duration of the process for 
the preparation is much shorter for moldy bran than for m alt. 
For plant-scale use i t  should be possible to prepare the moldy 
bran w ithout difficulty in equipm ent similar to the pneumatic 
malting drums now in common use. The product can then 
be ground wet and used like green m alt, or dried and used like 
cured m alt in the saccharification of the starchy mashes. 
The problems which are always encountered in going from 
the laboratory to the p lant scale are now being investigated 
with regard to the production of the moldy bran. In the 
laboratory an investigation of the use of moldy bran for sac­
charification of starchy substrates other than corn is now in 
progress.
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Evaluation of Nitrocellulose 
Lacquer Solvents

SEVERAL factors m ust be taken into consideration when 
a nitrocellulose solvent is evaluated. These factors 
vary  in  their relative importance according to the type 

of lacquer and the use to which it  is applied. When con- * 
tem plating the adoption of a certain solvent or solvent mix­
ture for lacquer formulation it first becomes necessary to  con­
sider such items as the viscosity per un it of solids, hydrocar­
bon tolerance, cost, evaporation rate, flow-out characteristics, 
blush, and a num ber of others. However, the first three— 
viscosity, hydrocarbon tolerance, and cost—are of alm ost uni­
versal importance, regardless of the type of lacquer or its in­
tended use. The object of th is paper is to  describe a  m ethod 
for nitrocellulose solvent evaluation by means of which a single 
value m ay be assigned to  the . combined viscosity character­
istic and diluent acceptance of the solvent, and which, in turn, 
m ay be used to relate th is  combined solvency value to the cost 
of application.

Baker (7) in 1913 first advanced the use of viscosity of 
solutions as an indication of the solvent strength of the mix­
ture for nitrocellulose; Sproxton (7) in 1920 used the tolerance 
of the solution for hydrocarbons for the same purpose. These 
twTo procedures have been employed extensively in the indus­
try  for comparing the ability of solvents to  dissolve nitro­
cellulose, and no satisfactory m ethod has been advanced to 
replace them  up to the present time.

The viscosity and hydrocarbon dilution ratios of a lacquer 
solvent are commonly classed together under the heading of 
its "solvency characteristics” , b u t only recently has any ma­
terial appeared in the literature which a ttem p ts to interpret 
the two sets of data  and correlate them  into a more flexible 
and usable fonn. Doolittle (£) approached the problem by 
the utilization of phase diagrams which provide an evaluation 
of solvent strength by combining the two. I t  has been recog­
nized for some tim e (5, 6) th a t there are cases where dilution

Com parison by Means 
o f  a Constant V iscosity  
P rocedure

V . W . W ARE AND W . O. T E E T E R S
E. I. du Pont de Nemours & Company, Inc.,
Wilmington, Del.

ratio and viscosity actually furnish conflicting indications. 
Of still greater im portance in th is  connection is the fact th a t 
whether they are considered separately or together, they not 
only fail to  supply a satisfactory basis for comparison, b u t in 
some cases they tend to exaggerate the differences which exist 
between two or more solvents or solvent com binations and to 
minimize them  in others. Thus i t  is both difficult and con­
fusing to a ttem p t to  assign a definite solvency value to one 
solvent as compared w ith another by considering separately 
viscosity, on the one hand, and hydrocarbon tolerance, on the 
other.

T h a t there is a  real need for a simple means of correlation of 
viscosity and dilution values becomes more evident when we 
consider the drawbacks associated w ith each of the two 
methods. T he viscosity of a nitrocellulose solution alone in a 
pure solvent or solvent-coupler m ixture does not serve as an 
adequate indication of solvent strength because costs depend 
largely upon the extent to which the solution m ay be diluted 
with cheaper hydrocarbon. On the other hand, dilution
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T h e c o n sta n t v isco sity  pro­
cedure as o u tlin e d  gives a 
co m p le te  p ic tu r e  o f  th e  effect  
o f  d ilu e n t  on  th e  a c tio n  o f  a 
n itro ce llu lo se  la cq u er  so lv en t  
and a t  th e  sa m e  t im e  e lim i­
n a te s  th e  u se  o f  d ilu t io n  
ratios.

T h e  d a ta  o b ta in ed  b y  th e  
c o n sta n t  v isco s ity  procedure  
m a y  b e  ex ten d ed  to  th e  ca lcu ­
la t io n  o f  th e  re la tiv e  co sts  o f  
so lv en ts  or d ilu e n ts  for ac­
tu a l la cq u er  a p p lic a tio n  a t  
spray v isco s ity , a n d  a n  ex­
a m p le  o f  th is  m e th o d  o f  
co m p arison  for tw o  so lv en ts  
w ith  a  ty p ica l d ilu e n t  is  g iven  
in  d e ta il.

ratios as such are not a dependable criterion 
of solvency because they furnish information 
concerning the behavior of a nitrocellulose 
solution a t  the point of precipitation only and 
indicate nothing regarding its properties 
through all the interm ediate stages of dilution 
until th a t point is reached. The fact th a t 
the end point in  hydrocarbon titra tion  is ill 
defined presents still another disadvantage.

This paper deals w ith a method, referred to 
hereafter as the constant viscosity procedure, 
for simultaneously determining the combined

0 . NITROCELLULOSE PER 100 CC. BISE UCOTER

______ I____________ I ________ ____________
9  10 II  12

F i g u r e  1.

viscosity and dilution effect in such a way 
tha t the separate study of the two is elimi­
nated. I t  affords a direct and simple means 
of comparing the solvency for nitrocellulose of 
one m aterial with another a t  any hydrocarbon 
dilution over the entire range of spray viscosity under condi­
tions which approach those of actual commercial application. 
I t  has the added advantage of not dem anding any titra tion  
with hydrocarbon; the la tte r analytical m ethod has been be­
set w ith m any difficulties, some of which are still not under 
satisfactory control (S). The new m ethod replaces the 
qualitative “dilution ratio” with a quantitative figure.

C o n sta n t V isco sity  P rocedure
Briefly, the constant viscosity procedure for measuring the 

power of solvent and solvent-diluent mixtures to  dissolve 
nitrocellulose involves viscosity determ inations of nitrocellu­
lose solutions in three or more concentrations in  the range of 
spray viscosity. From these data curves are drawn by plot­
ting viscosity against weight of nitrocellulose per 100 cc. of 
base lacquer. The exact concentration of nitrocellulose a t 
any viscosity w ithin the chosen range m ay be obtained from 
the curve. Curves m ay be set up from experimental data in 
this way for any num ber of solvent-diluent mixtures, extend­
ing from the pure solvent under test through various degrees 
of dilution to the point where a cloudy solution is obtained 
(Table I, Figure 1). The values for nitrocellulose concentra-

. tion a t  a standard viscosity as obtained from the curves 
(Table II) are in themselves an accurate means of comparing 
the solvency of two or more solvent mixtures; they show the 
am ount of nitrocellulose th a t will dissolve over a range of 
dilutions to give a constant viscosity, and thus serve to com­
bine in one set of values all of the inform ation which has 
previously required both a viscosity determ ination and a 
dilution ratio.

The above information is sufficient for ordinary solvent 
comparison purposes, b u t its use m ay be extended further. 
By plotting the solvent-diluent composition against the con­
centration of nitrocellulose a t  any desired viscosity as ob­
tained from the first set of curves, a second curve (Figure 2) is 
obtained from which the ratio of solvent to diluent which will 
dissolve a  given am ount of nitrocellulose a t th a t viscosity may 
be read. Then, when the apparent values of the diluent and 
of the solvent in use as standards are known, the comparative 
value of the solvent strength of any new solvent composition 
offered to the trade m ay be established, whether or not its 
m arket price is known.

For example, assume th a t the values of the diluent and sol­
vent A used in a lacquer are 30 and 62 cents per gallon, re-

VISCOSITY-COM POSITION CURVES FOR SOLVENT A DILUTIONS
(above) a n d  S o l v e n t  B D i l u t io n s  (below)

1. 100 parts  solvent
2. 8Q solvent-20  diluent
3. 60 solvent—40 diluent
4. 50 so lvent-50  diluent
5. 40 so lvent-60 diluent
6. 30 so lvent-70  diluent
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T a b l e  I .  V i s c o s it y - N it r o c e l l u l o s e  C o n t e n t  a t  V a r io u s  
D il u t io n s

. G ram s NitrocelIuIoso/100 Co. Base Lacquer“ .
,—Com position—* 6 7 8 9 10 11 12
Solvent D iluent sec. sec. sec. 

Solvent A

sec. sec. 8CC. sec.

100 0 42 .0 52 .5 67.2 90.2
80 20 44 .0 54 .9 71.4 100.3
CO 40 38 .0 47 .3 62.1 86 .0
50 50 4 0 .0 51 .6 70 .5 100.5
40 60 3 ¿ !o 4 6 .0  63 .3  

Solvent B

90 .7

100 0 42 .9 51 .2 64.4 85 .5
80 20 44 .7 55.1 7 1 .8
60 40 40 .3 51 .9 63.5 91 .0
50 50 43 .0 53 .7 71 .7
40 60 38.'8 4 7 .9 63 .9 88 .0
30 70 45 .2 63.2 92 .7

“ Viscosity in  No. 7 cup a t  25° C.

T a b l e  II. N it r o c e l l u l o s e  C o n c e n t r a t io n  a t  V a r io u s  
D i l u t io n s  a n d  C o n s t a n t  V is c o s it y

G ram s N itrocellulose/100
Cc. Base Lacquer0

P arts P a rts -̂------------------s
Solvent D iluent Solvent A Solvent B

100 0 10.1 11.3
80 20 9 .9 10.9
60 40 9 .4 10.4
50 50 8 .9 9 .9
40 60 8 .3 9 .2
30 70 8 .2

“ A t 70-second viscosity (No. 7 cup a t  25° C.).

spectively, and th a t the m anufacturer offers a new solvent B 
w ith essentially the same evaporation rate  as solvent A a t  the 
same price of 62 cents. Assume also th a t th is  lacquer is 
applied a t  a viscosity of 70 seconds. Table I I  indicates th a t 
a t  a viscosity of 70 seconds an 80-20 m ixture of solvent A and 
diluent will dissolve exactly the same weight of nitrocellulose 
as a  50-50 m ixture of solvent B and diluent—th a t is, 9.9 
grams. However, an accurate comparison cannot be made 
on th is basis since there is no assurance th a t either the 80-20 
m ixture in  one case or the 50-50 in  the other is the m ost eco­
nomical under the circumstances. Hence the solvent-diluent 
m ixture of m inim um  cost for each solvent is established by 
calculating the  relative costs of several different dilutions as 
obtained from Figure 2 and shown in Table I I I .  These costs 
are then plotted against nitrocellulose content in each case to 
obtain cost curves (Figure 3) from which the most economical 
mixture, or m ixture of m inim um  cost, m ay be obtained for 
each solvent.

T a b l e  III. C o s t  V a l u e s  o f  S o l v e n t  a n d  D i l u e n t  f o r  
C o n s t a n t  V is c o s it y  a t  C e r t a in  N it r o c e l l u l o s e  C o n t e n t s  

a n d  C o r r e s p o n d i n g  D i l u t io n s

G ram s N itrocellu lose/
100 Co. Base Solvent: C ost of Solvent -f- D iluen t“

.—-------------*---------------- . D iluent   ,
Solvent A Solvent B R atio  Solvent A Solvent B

10.1 11.3 100:0 SO.15399 $0.13676
9 .9  10.9 80:20  0.14103 0.12742
9 .4  10.4 60:40  0.13177 0.12115
9 .2  10.1 55:45  0.13041 0.11700
8 .9  9 .9  50:50  0.1304S 0.11660
8 .6  9 .6  45:55  0.13054 0.11633
8 .3  9 .2  40 :00  0.13058 0.11725

8 .2  30:70    0.12300
“ To dissolve 100 gram s of nitrocellulose a t  70-second viscosity.

As the proportion of lower priced diluent is increased, the 
cost of the solvent m ixture decreases un til such a point is 
reached where the decrease in nitrocellulose solubility over­
comes th is factor. Figure 3 shows th is point to lie close to  a 
nitrocellulose content of 9.2 grams in the case of solvent A and
9.6 gram s for solvent B. Figure 2 shows a corresponding

solvent-diluent ratio  of 55 to  45 for solvent A and 45 to  55 for 
solvent B. A t th is point i t  is possible to  se t up three separate 
comparisons: (1) The point of minimum cost for solvent A 
m aybe  compared with the solvent B -d iluen t m ixture con­
taining the same weight of nitrocellulose; (2) the point of 
minimum cost for solvent B m ay be compared w ith solvent 
A -diluent a t  the same weight of nitrocellulose; or (3) the two 
minimum points m ay be compared with each other. The 
broken lines in Figure 3 indicate these three possibilities.

If  course 3 is adopted and the two solvents are compared 
a t their points of lowest cost, a labor cost factor is introduced 
im m ediately since the same to ta l volume of the two bases is 
not required to  apply a given weight of solids. The only ex­
ception would be the entirely fortuitous case in which the two 
mixtures dissolved identical quantities of solid a t  the mini­
m um  point. Hence such a comparison m ay be removed from 
further consideration in this paper. The constant viscosity 
procedure recognizes the im portance of, and to  a large extent 
excludes, the labor cost variable by  offering either or both of 
the two firsLnamed m ethods of comparison in  preference to  
the third. In  either of these two the u ltim ate value on which 
cost comparisons are based is th e  ratio of solvent to diluent 
necessary to  give a  lacquer solution containing a  standard 
am ount of solids per 100 cc. of solution a t  a  viscosity most 
applicable to the problem a t  hand. I t  should be pointed out 
th a t a change in  the cost of any of the volatile ingredients m ay 
change the solvent-diluent ratio a t  which minimum cost is ob­
tained, b u t no additional experimental details would be re­
quired in such a case.

In' order to complete the comparison of the two solvents, 
reference is again made to  Figure 2. Here the solvent B - 
d iluent ratio  which gives the same solvency performance as 
the minimum-cost solvent A -diluent ratio  of 55 to 45 (e. g., 
dissolves 9.2 grams of nitrocellulose) is 40 to  60. In  the same 
way the solvent A -diluent ratio  which corresponds to  the 
m inimum-cost solvent B -d iluen t ratio  of 45 to  55 (e. g., dis­
solves 9.6 grams of nitrocellulose) is found to  be 65 to 35. 
After the correct ratios of solvent to  diluent have been thus

F i g u r e  2 . S o l v e n t - D i l u e n t  N it r o c e l l u l o s e  S o l u b il it y  
C u r v e s  a t  7 0 -S e c o n d  V is c o s it y
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established in each case, the true value of solvent B in relation 
to the standard solvent A a t  the points of minimum cost for 
each solvent is merely a m atte r of calculation (Table IV). 
At a nitrocellulose content of 9.2 grams, solvent B has an in­
creased value over solvent A in  the ratio  of 62 to 74 cents per 
gallon, and a t  9.6 grams in the ratio  of 62 to  76.2 cents.

As mentioned previously, the com parative value of a new 
solvent m ay be established by means of this procedure even 
though the m arket price is not definitely known, or the m anu­
facturer m ay m ake use of it  in setting a ten tative value on a 
new product intended for solvent purposes. In  addition, a 
similar procedure m ay be followed for the evaluation of a 
diluent or a solvent coupler simply by comparing its effect on 
the  solvent strength of the solvent to  be used w ith the effect of 
a diluent of known value on the same solvent.

C o n d itio n s o f  T e stin g

Since the constant viscosity procedure was devised prima­
rily as a method of comparing the solvent power for nitrocellu­
lose of the numerous solvents now offered for lacquer formula­
tion under conditions approaching those of actual applica­
tion, an effort was m ade to  simplify the experimental details 
as much as possible and still m aintain high accuracy. For 
this reason all of the work has been carried out on a volume 
Tather than  a weight basis; th a t is, all nitrocellulose concen­
trations are in grams per 100 cc. of solution, and all solvent- 
diluent ratios refer to  percentage by volume. This m ethod 
has the added advantage of being in  agreement w ith the usual 
p lant practice where thinning is -done by volume and with 
actual film application where the im portant consideration is 
pounds of solid per gallon of lacquer.

T a b l e  IV .  C a l c u l a t io n  o f  V a l u e  o f  S o l v e n t  B  i n  T e r m s  
o f  S o l v e n t  A  o n  a  G a l l o n  B a s is 0

Solvent A Solvent B
Nitrocellulose/100 cc. base lacquer, gram s 9 .2  9 .6
Solvent A -d iluen t ra tio  55:45 65:35
Value of d iluen t in m ixt, a t  30 cen ts/ga l., cents 13.5 10.5
Value of solvent A in m ixt, a t  62 cen ts/ga l., cents 34 .1  40 .3
Value of 1 gal. of m ixt., cents 4 7 .6  50 .8
Solvent B -d iluen t ra tio  40:60  45:55
Value of d iluen t in m ixt, a t  30 cen ts/ga l., cents 18 .0  16.5
Value of so lvent B in  m ixt., cents 2 9 .6  34 .3
Value of 1 gal. of so lvent B, cents 7 4 .0  76 .2
C om parative value, so lvent A to  solvent B 62:74 62 :7 6 .2

° Based on m inim um  cost points of solvent plus d iluent.

A single lo t of standard, dry, VVsecond nitrocellulose was 
used throughout; since the weights were in the range of 6 to 
12 grams, all weighings were made to  w ithin ±0.02 gram of 
the desired am ount. For greatest accuracy the weighed 
nitrocellulose was dissolved in an am ount of solvent necessary 
to make somewhat less than  100 cc. of solution; after the 
nitrocellulose had dissolved completely, enough additional 
solvent was added to m ake the to ta l volume up to  exactly 100 
cc. All volumes were measured a t  25° C. An examination 
of a num ber of lacquers made in  th is m anner showed th a t for 
the range of concentration employed (6 to  12 grams in 97 to 94 
cc. of solvent mixture) the nitrocellulose dissolved to occupy a 
volume in cubic centim eters of solution equal to half of its 
numerical weight in  grams. This observation was checked 
closely, found not to  affect the accuracy of the  results seri­
ously, and adopted. By its use the procedure was simplified 
considerably in th a t w ith a given weight of nitrocellulose the 
volume of solvent necessary to form 100 cc. of solution could 
be calculated and added a t  the beginning (e. g., 10 grams 
nitrocellulose +  95 cc. solvent m ixture =  100 cc. base lac­
quer).

In  this paper the experimental data  involve the determina­
tion of the quantity  of nitrocellulose which solvent-diluent

mixtures m ade up in various proportions will dissolve to give 
100 cc. of base lacquer a t a viscosity of 70 seconds on the  Par- 
lin No. 7 cup a t  25° ±  0.1° C. (4). This is an efflux type of 
viscometer in  which the tim e in seconds required for 50 cc. of 
m aterial to flow through an orifice 0.07 inch in  diam eter is 
used as a measure of the viscosity. This m ethod was chosen 
because of its sim plicity and because th is type of viscometer is 
generally used in the lacquer industry.

F i g u r e  3 . S o l v e n t - D i l u e n t  C o s t  C u r v e s  a t  
7 0 - S e c o n d  V i s c o s i t y

Viscosity values are obtained for three or more nitrocellu­
lose concentrations w ith each mixture, and the quantity  of 
nitrocellulose is chosen so th a t a t least one value is below and 
one value above 70 seconds. However, in a  later paper which 
will deal w ith the constant viscosity procedure as applied to 
specific solvents diluted with toluene, the viscosity values 
cover the entire range of practical spraying and demand a 
larger number of determinations. All samples were tumbled 
a t  an identical rate  for 24 hours to  ensure complete solution. 
The viscosity measurements were made within 48 hours after 
the ingredients had been mixed. The recorded viscosity in 
seconds for the three or more nitrocellulose concentrations 
w ith each solvent-diluent mixture is plotted against grams of 
nitrocellulose, and the curves so obtained are used to  express 
the results as grams of nitrocellulose per 100 cc. of solution a t 
any viscosity common to all the mixtures—in th is case, 70 
seconds.

By using the above curve and choosing viscosity values a t 
random  for purposes of checking the  accuracy of the method, 
i t  has been established th a t for nitrocellulose concentrations 
of 6 to 12 grams per 100 cc. the values obtained are w ithin 0.1 
gram of the correct value. Thus in no case can the error be 
considered to be greater than 2.0 per cent.
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Bactericidal Properties of

Effect of pH

W . A. B IT T E N B E N D E R  W IT H  
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P . A. T E T R A U L T
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SIN C E  the first studies in bactericidal action, i t  has been 
recognized th a t acidity is an im portant factor. The 
classical work of Pasteur (1879) contains suggestions as 

to  the effects of acidity on bacterial growth. For this reason 
the influence of acid media on microorganisms has been 
studied in much detail and from m any points of vietv.

For any given species of bacterium  there is an optim um and 
relatively narrow pH  range which allows vigorous growth. 
A wider range exists on each side of the optim um over which 
growth occurs less readily. For most bacteria this optimum 
pH  lies a little  to  the alkaline side of neutrality  (about 7 .2- 
7.6). The wider range of pH  over which growth is possible 
has not been accurately determined for a great m any bacterial 
species. For most pathogenic bacteria, however, i t  appears 
to  extend between pH values 5.0 and 8.0 {21).

On the other hand, i t  has been shown th a t chemical com­
pounds are more highly bactericidal in acidic media. The 
study of the bactericidal power of hydrogen ions began with 
the work of Paul and Kronig {18) in 1896. They studied the 
action of mercuric chloride in the presence of salts of the noble 
metals, acids, and bases, and were the first to indicate th a t 
bactericidal action in  acid media is proportional to  the hydro- 
gen-ion concentration or the degree of the electrolytic disso­
ciation. Subsequently, Winslow and Lochridge {25) in 1906 
substantiated the results obtained by Paul and Kronig {18). 
They calculated the pH  of the solutions they studied by 
means of conductivity data. All of these early workers, 
however, were handicapped by the lack of a method for the 
direct determ ination of hydrogen-ion concentration.

As the methods of adjusting and determining pH  were im­
proved and made more readily available, additional work con­
firmed the previous results. Chick (4) in 1910 studied the 
coagulation of bacteria with hot w ater and found increasing 
effectiveness when acidity was produced by an am ount of 
acetic acid too small to be bactericidal in itself. O ther in­
vestigations made by N orton and Hsu {17) in 1916 and Frie- 
denthal {6) in  1919 gave similar results. In  1920 Bigelow and 
Estey  (1), studying the sterilization of food juices, found th a t 
those of low7 pH  were sterilized much more rapidly. These 
investigators employed electrometric m ethods for evaluating 
the pH  of the test solutions.

In  general, there are two m ethods of adjustm ent and deter­
mination— the first, by use of buffers and indicators in a com­
parator, and the second, by direct adjustm ent w ith acid or 
base and electrometric determ ination {6).

P h c n y lm e rc u ric  n itra te , M c rtliio la te , M etap h cn , 
M crcu ro ch ro m e, t in c tu re  o f  io d in e , p h en o l, H cxyl- 
rcso rcin o l, a n d  acrifla v in e  w ere  stu d ie d  u n d er 
co n tro lled  co n d itio n s  o f  pH  w ith  resp ect to th e ir 
b a c te ric id a l p ro p erties  a g a in s t  S ta p h y lo co ccu s  
a u re u s  a n d  E scherich ia  coli.

M e ta p h c n  an d  M c rtliio la te  co u ld  n o t be ad ­
ju s te d , a n d  a criflav in e  gave n egative  re su lts  a t  the 
c o n ce n tra tio n s  tested . A ll th e  o th e rs  show ed 
in creased  p o ten cy  w ith  an  in cre a se  in  th e  hyd ro- 
g cn -io n  c o n ce n tra tio n  o f  th e  m e n stru u m . P licn y l-  
m c rc u r ic  n itra te , fo r e xam p le , is  e ffective  in  a 
d ilu tio n  o f  1  p a rt  in  10,000 a t  a  pH  o f  7 ; a t  a  pH  o f 
3 it s  p o ten cy  a g a in s t  S ta p h y lo co ccu s  a u reu s  is 
in creased  ten fo ld . A t a  pH  o f  4 ph enol show ed a 
25 p er ce n t in crease  in  effectiven ess.

T h e  re su lts  in d ic a te  th a t , except fo r in te rfer in g

There are m any examples of each and m any types of com­
pounds th a t have been studied so th a t only a few instances 
m ay be mentioned. Using glycine and citrate buffers, 
Joachimoglu {12) found th a t mercuric chloride is m ost effec­
tive over a pH  range of 5.0 to 6.6 and practically ineffective 
from 7.8 to  10.1. The same type of buffer solution was also 
used by N orthrop and De Kruif {16) in 1922. Using buffered 
solutions, salicylic, benzoic, and related arom atic acids, and 
phenols were studied by V erm ast {23), W aterm an and Kuiper 
{24), and K uroda {14). Each found th a t the free acids are 
much better than  the sodium salts a t pH  values from 3.4 to 
8.4.

In  addition, the use of various compounds as urinary anti­
septics has provided a further field for investigation of the re­
lationship between pH  and antiseptic action. Herrold and 
Ew ert {10) studied the antiseptic action of maUophene (/3- 
phenylazo-a,a-diaminopyridine hydrochloride) in urine a t 
various pH  values attained by the use of phosphate buffers. 
M allophene was also studied by  T etrau lt {20) in an  aqueous 
solution of nutrient agar and glucose. He found minimum 
effectiveness a t a pH  of 6.6 and increasing effectiveness at 
lower pH  values.

Mandelic acid, which is rapidly becoming a  popular urinary 
antiseptic, was also found to  give better results in acidic me­
dia. Rosenheim {19) and Holling and P la tt {11) first used the 
sodium salt of the acid with ammonium chloride and la ter the 
ammonium salt to  obtain an acidic urine of pH  5.2 which pro­
duced high bacteriostatic action. M ore recently, Carroll, 
Lewis, and Kappel (S) adjusted the pH  of their solutions in 
urine w ith a Coleman glass electrode and found th a t highly 
acidic media gave good results.

In  1926 Keysser and Ornstein {IS) postulated th a t optimum 
pH  is the most im portant factor in disinfection, stating th a t 
“antiseptics are most effective a t some definite pH  which is 
different for each group of antiseptics.” Thus they found 
silver n itra te  m ost effective a t pH  7.6 and acriflavine most 
effective a t pH 8.0-8.4, b u t quite ineffective a t  pH  7.0. 
Herrold and Ew ert {10) stated similarly: “ I t  is evident th a t 
if the hydrogen-ion concentration influences the optimum 
range of action of urinary antiseptics, more importance should 
be given to  such observations in urinary infections.”
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Commercial Antiseptics
fac to rs  su ch  a s  in creased  in so lu b ility  o r in s ta b ility , 
these d iversified  a n tise p tic s  sh ow  a d e fin ite  in ­
crease in  effectiven ess w ith  a n  in crease  in  th e  
h yd ro gcn -io n  co n c e n tra tio n . T h is  is  in  a g reem en t 
w ith  th e  “ h y d ro g e n -io n  e ffec t”  p o stu la te d  by 
G osh orn , D cgcrin g , a n d  T c tr a u lt  (9), in  th e ir 
stu d ies o f  th e  p h e n y la lk a n o ic  ac id s. T h e  re su lts  
do n o t e n tire ly  co n firm  th e  s ta te m e n t o f  K cy sse r 
and  O rn stc in  (13) th a t  “ a n tise p tic s  a rc  m o st effec­
tive a t  som e d e fin ite  pH  w h ich  is  d iffe ren t fo r each  
group  o f  a n t ise p t ic s .”  T h e y  in d ic a te , in ste a d , 
th a t  th e  “ h yd ro g cn -io n  e ffe c t”  in cre a se s  p ro ­
gressively  u p  to a m a x im u m  fo r  b en zo ic  a c id , th e  
ph en yl a lk a n o ic  a c id s, p licn y l m e rc u ric  n itra te , 
M c rth io la tc , t in c tu re  o f  io d in e , H cxylreso rcin o l, 
phenol, c lo se ly  re la te d  co m p o u n d s, a n d  som e in ­
organ ic sn lts.

Recent results of Goshorn, Degering, and T ctrau lt (9) on 
the bacteriostatic and bactericidal action of benzoic acid 
corroborated these findings and led them  to postulate a  “hy­
drogen-ion effect” which holds for the bacteriostatic and bac­
tericidal action of benzoic acid, related compounds, and salt 
solutions. I t  was w ith the hope of adding further verification 
to this hypothesis th a t the present work of studying commer­
cially available antiseptics a t  controlled hydrogen-ion concen­
trations was undertaken.

S o lu tio n s  o f  D efin ite  pH

The pH  of the solutions was measured by the use of a mem­
brane type glass electrode (2) w ith a saturated calomel elec­
trode. They were connected to  a  Universal potentiom eter 
assembly constructed according to  the design of Goodhue 
(7); i t  contained modifications by H. W. Swank and R. H. 
Goshorn of Purdue University. The glass electrode was 
checked against buffer solutions of known hydrogen-ion con­
centration, before and after each period of use.

The following commercial products were tested as dispensed 
and a t pH  values of 3.0, 4.0, 5.0, 6.0, and 7.0:

Phenyl mercuric n itra te,“ 0.067%
M erthiolate,6 1-1000
M etapken,6 1-500
Mercurochrome,6 2%
Tincture of iodine1" (7% iodine, 5%  potassium iodide, 82.5% 

alcohol)
Phenol, 5%
Hcxylresorcinol,6 1-1000
Acriflavine11 (neutral), 1-1000
Elixir of mandelic acid5 (27.2% ammonium mandelate)
“ Supplied by  T he  H am ilton  Laboratories, H am ilton , Ohio.
5 Prepared  by  th e  School of Pharm acy , P u rdue  U niversity .
c In  ad justing  solutions of the  lower pH  values, concentrated  acetic acid 

was used.

An 80 ml. portion of each of the test solutions was placed in 
a Berzelius beaker into which the electrodes were inserted. 
The pH  of the solution was adjusted by adding 0.1 N  sodium 
hydroxide or 0.1 N  acetic acid dropwise'; adequate mixing 
was ensured by the use of a mechanical stirrer. When the 
final adjustm ent of the pH  had been made, the solution was 
transferred to a 100-ml. volumetric flask; the beaker, elec­

trodes, and stirrer were rinsed well w ith water of the same 
pH  as th a t of the solution, and the rinsings were added to  the 
volumetric flask. The flask was then filled to the m ark with 
water of the proper pH. (The pH  of the w ater was also ad­
justed with dilute sodium hydroxide and acetic acid.) After 
the contents of the flask had been thoroughly mixed, the pH  
was rechecked with the glass electrode, a drop or two of alkali 
or acid being added if necessary. The effect of the small con­
centrations of extraneous ions introduced in  adjusting the pH  
of these solutions was shown to be negligible by the work of 
Goshorn, Degering, and T etrau lt (9).

B a cteric id a l T ests

Escherichia coli and Staphylococcus aureus were used as test 
organisms. The sample solution was made up to a given 
dilution with water of the same pH . The technique was es­
sentially th a t described by the United States D epartm ent of 
Agriculture (22). The culture was adjusted to the pH  of 
each test before use. The dilution indicated in the table 
killed in 10 bu t not in 5 minutes a t 37° C. In  testing the 
mercurials, the “retransfer culture” modification was used 
as described in the D epartm ent of Agriculture circular (22). 
Controls of inoculated nu trient broth were run for each pH  
value tested. The results of these tests on standard pharm a­
ceutical preparations are shown in Table I.

T a b l e  I. R e s u l t s  o f  B a c t e r ic id a l  T e s t s

Lowest D ilution, Positive
pH H ighest Killing D ilution G row th

Staph, aureus Esch. coli Staph, aureus Esch. coli

Phenyl M ercuric N itra te

3 .0 100,000 400,000 600,000 a
4 .0 10,000 40,000 20,000 50,000
5 .0 10,000 30,000 20,000 40,000
6 .0 20,000 10,000 30,000 20,000
7 .0 10,000 30,000 20,000 40,000

M erth io late

3 .0 75,000 100,000 100.000 o
4 .0 75,000 25,000 100,000 50,000
5 .0 10,000 10,000 25,000 25,000
6 .0 5,000 5,000 10,000 10,000
7 .0 10,000 5,000 25,000 10,000

10.0 10,000 5,000 25,000 10,000

M etaphen

10.0 1,000 10,000 10,000 25,000

M ercurochrorae

10.0 100 300 300 600

T incture  of Iodine

3 .0 4,000 4,000 a a
4 .0 3,000 4,000 4,000 5,000
5 .0 2,000 3,000 3,000 4,000
6 .0 1,500 2,000 2,000 3,000
7 .0 1,000 1,500 1,500 2,000

Phenol (15)

3 .0 90 100 a a
4 .0 75 100 90 125
5 .0 70 100 75 125
6 .0 65 90 75 100
7 .0 60 75 65 90

Hexylresorcinol

3 .0 100,000 100,000 a a
4 .0 12,500 12,500 25,000 25,000
5 .0 5,000 5,000 12,500 12,500
6 .0 3,000 5,000 5,000 12,500
7 .0 3,000 5,000 5,000 12,500

a Controls in w ater a t  pH  3 did not grow.
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Consideration of the data  reveals a marked increase* in bac­
tericidal effectiveness w ith an increase in the hydrogen-ion 
concentration of the menstruum . These results are in agree­
m en t with the d a ta  obtained from a similar study of the 
phenyl alkanoic acids (8). The m arked difference in the 
structure of these compounds seems to  indicate th a t the 
“hydrogen-ion effect” (9) m ay be somewhat independent of 
structure, provided instability or insolubility in acid media 
are not interfering factors.

M etaphen and Mercurochrome could not be adjusted to the 
desired pH , hence their solutions could not be checked w ith re­
spect to  the “hydrogen-ion” effect (9). Acriflavine gave 
negative results in the concentrations tested.
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SUGAR MANUFACTURE By G io v an n i S tradano
( 1 5 3 6 - 1 6 0 5 )

T h  c second chemical plate in the “ Nova 
Rcperca" shown here, represents the 
manufacture of sugar as carried out in 
Sicily about the year 1570. Like the first 
plate shown in February, it is an engraving 
by the Brothers Gallc of Antwerp from an 
original painting by Stradano.

This is No. 102 in the Bcrolzhcimer 
Scries of Alchemical and Historical Repro­
ductions.

Again we are indebted to Professor 
E. C. Watson of the California Institute 
of Technology, who is the proud possessor 
of this very rare set of plates known as the 
"N ova Reperta”  (New Discoveries), for 
his courtesy in supplying a photograph of 
this engraving.

It is interesting to note the proximity 
of the factory to the field in which the 
sugar cane is growing.

50 East 41st Street D’ D ' B e r o l z h b . m e r  

New York, N. Y.

A complete list o f the first 96 reproductions appeared in our January, 1939, issue, page 124. 
An additional reproduction appears each month.



SETTING OF PORTLAND CEMENT
T herm al Characteristics during  

Setting at E levated T em peratures

F. W. JESSEN AN D  C. E. WEBBER  
Humble Oil and Refining Company, Houston, Texas

A  m e th o d  h a s  b een  developed  fo r  a  s tu d y  o f  the 
th e rm a l e ffects in  th e  se ttin g  o f  ce m e n t u n d er 
c o n d itio n s s im ila r  to  th o se  en co u n te re d  in  th e 
c e m e n tin g  o f  o il w e ll c a s in g . A  40 p er ce n t s lu rry  
o f  a  s ta n d a rd  b ra n d  o f  p o rtla n d  ce m e n t w as u sed  
th ro u g h o u t th e  in v e stig a tio n . H igh  fo rm a tio n  
te m p e ra tu re s  le a d  to a  ra p id  se ttin g  tim e  o f  o rd i­
n a ry  p o rtla n d  c e m e n t. T h is  in cre a se d  ra te  o f  
se ttin g  is  d u e  to th e  h ig h  fo rm a tio n  te m p e ra tu re  
to  w h ich  th e  ce m e n t is  su b je c te d  a n d  a lso  to th e  
re su lt in g  h ig h e r  te m p e ra tu re  d u e to  th e  ra p id  
h e a t  e vo lu tio n  d u rin g  se ttin g . T h e  la t te r  effect 
c o n trib u te s  q u ite  a n  ap p re c ia b le  q u a n t ity  o f  h e a t 
a t  e levated  fo rm a tio n  te m p e ra tu re s.

T h e  h e a t  o f  h y d ra tio n  o f  a  40 p e r ce n t cem en t 
s lu r ry  h a s  b een  m e a su re d  u p  to  te m p e ra tu re s  o f

15 0 °  F .  A s evidenced  b y  th e h e a t  o f  h y d ra tio n  an d  
th e  in it ia l se ttin g  tim e , i t  seem s th a t  d e fin ite  
co m p o u n d  fo rm a tio n  ta k e s  p lace  u p  to  th e  tim e  
o f  th e  in it ia l  se t o f  th e  ce m e n t. No g re a t  te m ­
p e ra tu re  effect w as n o ticed  d u rin g  th e  fin a l set 
o f  th e  cem en t.

T h e  re su lts  o f  th is  in ve stig a tio n  m a y  w e ll a cco u n t 
fo r th e  te m p e ra tu re  d ifferen ce  fo u n d  betw een  
c e m e n t a n d  fo rm a tio n s  a fte r  12  to 36 h o u rs . R e ­
s u lts  o f  th is  in v e stig a tio n  show  th a t  a t  fo rm a tio n  
te m p e ra tu re s  above 12 0 °  F . th e  ra p id  se ttin g  a n d  
a cco m p a n y in g  h e a t  evo lu tio n  o f  th e  cem en t m a k e  
i t  p ro b ab le  th a t  th e  ce m e n t s lu rry  b eg in s to set 
w e ll b efore  it  is  p u m p ed  in to  th e  d esired  p o sitio n . 
S u c h  a  con d itio n  w ould  u n d o u b te d ly  a cc o u n t fo r 
m a n y  fa u lty  cem en t jo b s .

TH E  ever-increasing trend toward deeper oil production 
levels necessitates the placing of cement a t temperatures 
considerably higher than  any heretofore encountered. 

At elevated formation tem peratures numerous complications 
arise in cementing casing, due to  the extreme rapidity with 
which the cement slurry attains its initial set. The purpose 
of the present investigation was (a) to evolve a method for 
the study of the therm al effects accompanying the setting of 
cement slurries a t tem peratures comparable to  those encoun­
tered in oil well cementing, (b) to  determine the maximum 
tem perature to  which a 40 per cent portland cement slurry 
might rise when placed in formations of relatively high tem­
perature, and (c) to measure the rate of heat evolution from 
such a slurry a t  tem peratures up to 150° F. Therm al data 
on the ra te  of heat evolution was anticipated up to  a tempera­
ture of 200° F .; however, i t  became unduly difficult to mix 
the cement and w ater to  a uniform slurry a t  175° F. because 
of the rapid setting of the cement. Hence, no measurements 
have been made a t  tem peratures above 150° F. The intro­
duction of special high-tcm perature cements for oil well ce­
menting has decreased the tendency of rapid initial setting, 
and it  should be possible in the future to  determine the rate of 
heat evolution from these cements a t  tem peratures up to 
200° F . The present practice of this laboratory is to deter­
mine the therm al properties of cement slurry as well as the 
physical character of such slurry as an additional guide in 
selecting oil well cement. W hen completed, this study of the 
therm al properties will be the basis for further results to  be 
presented on “special oil well” cements already developed 
and others now in process of development.

Previous Investigations

Numerous investigators (1, 3, 5, S, 11,12,15) have studied 
the effect of tem perature on the setting tim e of cement and the 
tensile and compressive strengths. Hemeon (7) studied the

phenomena of the volume decrease (contraction) and heat 
evolution accompanying the setting of cement a t  room tem ­
perature. A Carlson vane-type calorimeter (2) was used in 
the experiments to determ ine the rate of heat evolution; 
the results thus obtained compared favorably with the cus­
tom ary Dewar flask technique. The heat-of-solution method 
for evaluating the heat of hydration was employed by Lerch 
(10) and others (16). In  studying the generation of heat in 
the hardening of cement used in cementing bore holes, Groz- 
dorskaya and Yaichnikova (6) determined th a t equilibrium 
between the heat released by the cement and the heat trans­
ferred to  the surrounding medium is established in 1 to  3 
hours. M ost of the previous work reported shows th a t the 
rate of heat evolution on mixing cement with water attains a 
maximum value after a tim e (generally 8 to 15 hours) char­
acteristic of the given cement (H ). There appears to be no 
simple relation between the composition of the cement or de­
gree of fineness and the maximum rate of heat evolution (7).

M ethod o f the Investigation

Oil well conditions were simulated in th a t thick masses of 
cement were avoided, the thickness of the cement wall being 
from 5 to 8 cm. (2 to 3 inches). This thickness corresponds 
to the annular space generally employed in  oil well cementing 
practice. A standard brand of portland cement was used in 
all tests. This cement had the following chemical analysis 
and physical characteristics:

—Chem ical A nalysis- -M esh  Fineness—

Silica
Iron  and  alum inum  oxides 
Calcium oxide 
M agnesium  oxide 
Sulfur trioxide 
W ater
Loss on ignition 

Total

20..00%
9. 86

66..86
1..27
1..38
0..03
0. 07

100. 07

On 100
Passed 100 on 200 
Passed 200 on 325 
Passed 325 

Total 
N orm al consistency

2 .5 %
12.0
71 .0
14.5

100.0
24%
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The cement m et 
a ll req u irem en ts  
of the A. S. T . M. 
specifications for  
Portland cement.

The apparatus 
(Figure 1 A )  used 
for d e te rm in in g  
t h e  m a x im u m  
te m p e r a tu r e  to  
which the cement 
m ight rise was ex­
tremely simple:

A 2-gallon, well- 
insulated stone jar 
served as a ther­
mostatic bath. I t 
was equipped with 
an electric heater, 
a s t i r r e r ,  and a 
sensitive therm o­
regulator for con­
tro l l in g  th e  tem­
p e r a t u r e  of th e  
water bath. In the 
bath was placed a 
tin container, 10 
cm. in diameter and 
15 cm. deep, which 
served as a mold for 
the cement. The 
w a te r  b a th  s u r ­
rounding the mold 
was maintained at 
a constant tempera­
ture, the greatest 
v a r ia t io n  being  
±0.2° F. or ap­
proximately 0.1 ° C. 
All te m p e ra tu re  
measurements were 
read on a calibrated 
thermometer with 
an a c c u ra c y  of 
±0.1° F.

One th o u sa n d  
gram s of cem ent 
and four hundred 
g ra m s  of w a te r  
w e r e  m i x e d  
thoroughly in the 
mold a t room tem­
perature, giving a 
mass which filled 
the mold to a depth 
of 9 cm. Imme­
diately upon being 
m ixed, th e  m old 
was placed in the 
water bath. A 6- 
mm. glass test tube 
w h ich  e x te n d e d  
into the cement to a 
depth of 5 cm. (2

F ig u r e  1

.4 . A p p a r a t u s  f o r  D e t e r m in ­
in g  M a x im u m  T e m p e r a t u r e  to  
W h ic h  t h e  C e m e n t  M ig h t  

R is e

B. A pp a r a t u s  f o r  St u d y in g  
I n c r e a s e  in  R a t e  o f  H e a t  
E v o l u t io n  w it h  T e m p e r a t u r e

C. A r r a n g e m e n t  o f  C a l o r im ­
e t e r  t o  T e s t  R e l ia b il it y  o f

125° F. D a ta

inches) served as a thermometer well. Water was used as the 
thermometer well fluid. The temperature of the cement was 
recorded a t regular intervals until the final set had been reached. 
Six separate experiments were made, one at each of the following 
temperatures: 80°, 100°, 120°, 140°, 160°, and 180° F. No 
correction due to evaporation of water from the cement slurry 
was made, since any loss of water by evaporation could have 
taken place only while the cement was a t a greater temperature 
than that of the surrounding bath. By the time this occurred, 
the cement had in every case practically reached its initial set. 
The results of this investigation at the various temperatures are 
presented by Figures 2, 3, and 4.

In  order to study the actual increase in the rate  of heat 
evolution w ith tem perature, the following m ethod was em­
ployed :

A 40 per cent portland cement slurry was used in all instances, 
the amount of cement used being 150 grams. Figure IS  illus­
trates the apparatus. The calorimeter consisted of a 500-cc. 
Dewar flask. A 250-cc. volume of water was placed in the flask 
to provide an adequate water bath. The calorimeter was 
equipped with a copper coil, through which cooling water could 
be circulated, a heating element, and a motor-driven variable- 
speed stirrer to maintain proper thermal conditions. A copper 
container was used; it was 4.5 cm. (1.75 inches) in diameter and 
8.25 cm. (3.25 inches) high, and was made of thin sheet copper 
which allowed maximum conductivity from the inside of the 
setting cement mass to the bath. This container fit snugly 
inside the cooling coil so that any heat emanating from the 
cement mass was immediately dissipated to the bath. Cooling 
water flowed through the copper coil, the rate being regulated 
by means of a pinch clamp. The inlet and outlet temperatures 
of the circulating water were measured to within 0.05 F. with 
accurately calibrated thermometers. The inlet water was 
maintained approximately 10° F. below that of the calorimeter 
by means of an auxiliary heated and thermostatically controlled 
bath. Heat losses were minimized by placing the Dewar flask 
in a water bath which was kept a t the same temperature as the 
calorimeter. Under these conditions this type of calorimeter 
was considered to give results as accurate as those obtainable 
with the Carlson vane-type calorimeter (2).

In later experiments to test the reliability of the data at 
125° F., the cooling coil was eliminated from the calorimeter, 
and water was allowed to flow directly into the Dewar flask. 
The Dewar flask was closed with a tight-fitting rubber stopper, 
the center of which was cut so tha t the copper container for the 
cement could be slipped into place through the center hole. 
After the cement had been lowered into the water in the calorim­
eter, the center hole was stoppered tightly. Since the cement 
slurry in the mold was completely covered with water through 
the test period, no water evaporated from the cement. A 
mercury seal was provided on the stirrer to prevent water from 
entering the Dewar flask. The whole calorimeter was then 
submerged in the outer bath. A sketch of the setup is shown in 
Figure 1C. This procedure also necessitated a change in the 
method of maintaining the cooling water a t a constant tem­
perature. A large copper coil was immersed in the outer bath 
in which the calorimeter was placed, to assure the inlet water a 
temperature within a few tenths of a degree of the calorimeter 
temperature. The inlet and outlet water temperatures were 
measured in the same way as before. Such a small temperature 
difference between the inlet water and the calorimeter meant 
that a greater volume of fluid had to be passed through the 
calorimeter. The results of this test checked the data obtained 
in the first series of tests and are given in Figure 5.

The desirability of having the cement, mixing w ater,. and 
calorimeter as nearly as possible at a uniform 
temperature is obvious; hence, prior to making 
any determinations of the rate of heat of hydration, 
they were brought to the same temperature. The 
cementslurry (150 grams of cement and 60 grams 
of water) was mixed by means of a small spatula 
in the copper mold, and the container was imme­
diately submerged in the water of the calo­
rimeter. This procedure eliminated any transfer 
of the cement slurry and therefore reduced heat 
losses before placement in the calorimeter. The 
greatest variation in temperature between the 
cement paste after mixing and the water of the 
calorimeter was 2° F.

The adiabatic heat evolution of the cement was 
observed by means of the calorimeter tha t was 
used in the previous tests, and a heating coil 
was inserted in the water bath surrounding the
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F ig u r e  5. H ea t  E v o l u t io n  o f  C e m e n t  a t  E l e v a t e d  
T e m p e r a t u r e s

200

1 9 0

ieo

u:170 
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“ 1 6 0uicc
3  1 5 0  t-
«  1 4 0  
ui
Ł  1 3 02
Ui

120

no

cement mass. A voltmeter and an ammeter were placed in the 
line to measure the amount of energy required to maintain the 
water in the calorimeter a t the same temperature as tha t of the 
cement. In this particular test the temperature of the cement 
and the water a t the beginning were both 110° F. The duration 
of current flow through the heating coil was measured with a 
stop watch. At times the current flow was intermittent. Two 
hundred grams of cement and eighty grams of water were used 
to form the slurry in this instance. Three hundred cubic centi­
meters of water were used in the calorimeter. The temperature 
of the calorimeter rose slowly a t first, and then increased rapidly 
until a t the end of ISO minutes the temperature was 210° F. 
The test was discontinued a t this point, the cement having 
reached an initial set far earlier in the course of the determi­
nation. The result of this experiment to determine the heat 
evolution of cement under adiabatic conditions is shown in 
Figure 6.

Figure 4 illustrates the tim e required for the initial and the 
final sets determined w ith the Gilmore needle. The time of 
the initial set in each case just follows the time required to 
reach the maximum tem perature.

Discussion o f Results

As Figure 2 shows, the tem perature of the cement rises 
fairly uniformly until i t  reaches the tem perature of the bath.

A rapid increase in tem perature then occurs with the result 
th a t the tem perature of the cement passes through a maxi­
mum and then drops gradually to the tem perature of the bath, 
remaining there for the time required to  a tta in  the final set. 
As the tem perature of the bath  is raised, the rate  of rise of the 
cement tem perature increases, and in each case a maximum is 
reached which is above th a t of the bath ; this maximum is 
30° F. when the formation tem perature is 180° F. No ap­
preciable increase in tem perature was noticed while the ce­
m ent reached its final set. The rather rapid decrease in the 
tem perature from th a t of the maximum, indicated by the 
curves in Figure 2, does not actually occur in practice. I t  is 
considered th a t the maximum tem perature reached, as indi­
cated b}' these experiments, is approximately the true value; 
however, it is readily understood th a t the decrease of the 
tem perature from the maximum value to  th a t of the formation 
is not as rapid as Figure 2 indicates. T h a t this decrease in 
tem perature is much slower is shown by Figure 7, which plots 
the tem perature decrease with tim e of a mass of cement com­
parable to th a t used in previous tests when placed in a well- 
insulated sand bath  rather than the w ater bath . At the end 
of 18 hours there was still a difference in tem perature of 3° F .; 
after 27 hours this difference had reached 1° F. The low 
heat conductivity of the cement and the formations generally

0

F ig u r e  2. T e m p e r a t u r e  C h a n g e s  in  C e m e n t  A l l o w e d  to  
S e t  a t  V a r io u s  B a th  T e m p e r a t u r e s

FO R M A T I O N  T E M R ,  * F .

F ig u r e  3. T e m p e r a t u r e  A t t a in e d  
by C e m e n t  a t  V a r io u s  F o r m a t io n  

T e m p e r a t u r e s

8 0  100  1 2 0  14 0  1 6 0  18 0
T I M E  IN M I N U T E S

F ig u r e  6. I I e a t  E volu tio n’ o f  
C e m e n t  u n d e r  A d ia b a t ic  C o n ­

d it io n s
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F ig u r e  4. E f f e c t  o f  T e m p é r a t u r e  on  
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surrounding the cement, which results in  the ra ther long pe­
riod in  which a tem perature difference between the cement 
and  form ation exists, has been the basis of numerous schemes 
th a t  have been devised for measuring the tem perature in  wells 
in  order to  locate th e  top of the cem ent behind the casing 
after the casing has been cem ented.

T IM E IN MINUTES

F i g u r e  7 . C o o l in g  C u r v e  o f  C e m e n t  i n  
S a n d  B a t h

The rate  a t  which the cement reaches its  maximum tem ­
perature increases rapidly as the tem perature of the formation 
becomes higher. A line drawn from the origin to  the maxi­
m um  tem perature attained  by the cement represents approxi­
m ately the  average n e t rate of hea t transfer up  to  the tim e the 
cem ent reaches the maximum tem perature. This average 
net value of the heat transfer is so called because the cement 
a t  first absorbs hea t from the surrounding bath  a t  a rate  above 
th a t of the  ra te  of hea t evolution due to  hydration; later, as 
th e  tem perature of the cement becomes higher and higher, 
th is ra te  of hydration is accelerated and an increasing quan­
tity  of heat is evolved, owing to the faster hydration of the 
cement, un til the tem perature developed in  the cement mass 
is greater than  th a t of the surroundings. H eat then flows 
from the  cem ent to  the bath.

T he tem perature developed in  the cement a t a  bath  tem ­
perature of 80° F . except for the rather rapid rise in  the first 
15 minutes (which m ay be attribu ted  to  the initial wetting or 
hydration of the cement) is quite moderate. The rate of this 
tem perature rise is also very  low. I t  thus appears th a t with 
a tem perature somewhat lower than  80° F., the average net 
h ea t transfer ra te  m entioned above would be zero, and no 
maximum value of tem perature would be reached. T h a t is, 
the ra te  a t  which hea t is evolved in  the cem ent would be equal 
to  the  ra te  a t which hea t is dissipated from the cement, w ith 
the  result th a t the tem perature-tim e curve would be a straight 
line. This is very nearly the case a t 80° F . However, when 
the cement is allowed to  set a t  an elevated tem perature, the 
tim e required for the same am ount of hydration is less, 
which results in  heat being stored up w ithin the cement mass 
and the consequent rapid rise in tem perature above th a t of 
the bath .

The d a ta  obtained allows a calculation of the maximum 
tem perature to  which the cement will rise when placed in a 
formation having a known tem perature. Such a calculation 
presupposes conditions generally attained in oil well cementing 
practice and is, of course, not applicable to  large masses of 
cement more common to general construction work. Figure 
3 was constructed by  plotting the maximum tem perature 
a ttained in the cement a t  the formation tem perature against 
the tem perature of the formation. The equation of this 
curve is given b y :

T m„ .  =  - 9 2  +  2 .7 2 T  -  0 .0 0 5 8 6 T 1 

where T  =  formation temperature, 0 F.

The preceding curves show th a t the tem perature rise of a 
cement slurry in  a well in which the tem perature is above 
120° F. would be greater than th a t normally expected, be­
cause of the increased rate  of hydration (and the accompany­
ing increase in heat evolution) of the cement. The result is 
th a t the tem perature of the cement is raised by  the high for­
m ation tem perature and also by the heat of hydration. The 
rate  of hydration a t  elevated tem peratures is rapid, and the 
heat thus liberated is capable of building up a considerable 
am ount of heat w ithin the cement mass.

The method of evaluating the rate of heat evolution of oe- 
m ent takes into account the fact th a t a t no tim e is the actual 
tem perature of the cement mass allowed to exceed the tem­
perature of the w ater in  the  calorimeter by more than  0.2° F. 
A slight error is introduced (particularly during the first 1 or 2 
hours of setting a t  elevated tem perature) when the heat evolu­
tion from a cement slurry is measured by means of a  calorime­
te r such as the Carlson vane type (2) which assumes a con­
stan t specific heat for the cement mass and calculates the 
h ea t stored in  the sample and the rate  of hea t storage from 
the hea t capacity per gram of cement. I t  is to be pointed out, 
however, th a t in  recent types of the vane calorimeter the re­
sults are largely independent of specific heat. I t  is obvious 
th a t the specific heat and the heat conductivity of the  cement 
are continually changing in the course of the setting of the 
slurry. The heat conductivity of set portland cement is re­
ported a t  0.00071 (9). Sheard (IS) measured the thermal 
constants of setting concrete prior to  3-day age by observing 
the heat flow between coaxial cylinders; the value of the heat 
conductivity, K , thus obtained was 0.006. D avey and Fox 
(4) stated  th a t for setting concrete the hea t conductivity 
equals 0.0045.

F i g u r e  8 . R a t e  o f  H e a t  E v o l u t io n  o f  C e m e n t

Figure 5 shows the hea t evolution in calories per gram of 
cement a t  100°, 125°, and 150° F . The to ta l heat evolution 
up to  the tim e of the final set is much the same in each case; 
however, since the setting of cement varies with the tempera­
ture, and because the setting is accompanied by  a certain 
evolution of heat, quite a difference exists in the actual amount 
of hea t liberated a t  various tim e intervals. Thus an equal 
am ount of h ea t is liberated in  2 hours a t  150° F . and 4.5 hours 
a t  100° F., and it  is easily recognized why the cement set is 
accelerated a t  elevated tem perature.

Figure 8 shows th a t the  rate  of heat of hydration increases 
rapidly between 100 ° and 125 ° F . Between 125 ° and 150 ° F. 
the rate  of increase is no t as great as th a t between 100° and
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125° F. This characteristic of this portland cement is also 
noticeable on Figure 2, where there is a more decided increase 
in the slope of the curves from 100° to  120° F. (each after 
reaching bath  tem perature) than there is from 120° to 140°. 
Since the slope of the curves after they reach the tem perature 
of the bath  is dependent m ainly on the heat of hydration, it 
seems th a t there is a  somewhat greater rate increase between 
100° and 120° F. than  there is between 120° and 140° F. 
Likewise the slopes of the succeeding curves a t  higher tem­
peratures increase only slightly. These observations tend to 
indicate th a t definite compound formation was taking place 
a t the initial set, and th a t this compound formation was ac­
companied by an am ount of hea t which characterizes the re­
action. This is in accord w ith the observations of Woods, 
Steinour, and Starke (16) who established the fact th a t there 
is a relation between the heat of hydration and chemical com­
position of the cement. Also, the rate  of this reaction, as 
evidenced by the heat evolution, is rather constant, and is not 
influenced appreciably by tem peratures between 125° and 
150° F.

On Figure 6 is p lotted the heat evolution from cement when 
allowed to  set under adiabatic conditions. I t  is immediately 
discernible th a t the to ta l am ount of heat evolved under these 
conditions is three to  four tim es th a t evolved a t  150° F. in  the 
same length of time. This behavior would be expected, since 
no heat leaves the cement mass. This fact, in conjunction 
with the data  given in  Figure 7, well accounts for the low

heat flow from cements which set a t tem peratures of 150° 
to 200° F.— i. e., under oil well conditions.
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Inactive Inositol and Its
Derivatives PREPARATION AND PRO PERTIES

FO R EST A . H O G LA N  AND EDW ARD BARTOW
State University of Iowa, Iowa City, Iowa

BARTOW  and W alker (I) prepared inositol from the 
steep w ater obtained in  the m anufacture of starch from 
corn w ithout the use of acids. This work was con­

tinued for the purpose of obtaining larger quantities of inosi­
tol, of improving the process of preparing inositol, of finding 
other sources of inositol, and of studying the preparation and 
properties of its derivatives.

P rep a ra tio n  o f  In o s ito l

Inositol was prepared by the simple m ethod of Bartow and 
Walker (1). The raw m aterial (obtained from Penick & 
Ford, Ltd.) was the precipitate made by adding lime to  steep 
water. I t  had the consistency of th in  paste and contained 
about 20 per cent of solids. A 225-kg. batch of this wet 
material, equivalent to  45 kg. of dry  substance, was heated 
in a large autoclave for 10 hours under 5.6 kg. per sq. cm. 
steam pressure. After being heated, the m aterial was 
neutralized w ith milk of lime (to phenolphthalein alkalinity), 
diluted with w ater to  about 680 liters, then agitated, and 
boiled for 5 m inutes by passing in  steam . After the sludge 
settled, the supernatant liquid was removed by decantation. 
The sludge was diluted w ith water, heated with steam, and

allowed to  settle, and the supernatant liquid was again de­
canted. This process was repeated and the combined liquids 
from the three decantations were evaporated to  a small 
volume in large open evaporators; they were filtered while 
hot to remove precipitated impurities. The inositol which 
crystallized out on cooling was removed by filtration, the 
m other liquor was further concentrated, and the residual 
inositol was precipitated by adding glacial acetic acid and 
alcohol. The average yield for the first nine experiments was 
12.00 per cent of the dry m atter in the m aterial used.

A lower yield of inositol was obtained when an a ttem p t 
was made to  remove the liquid from the sludge by filtration. 
Only 10.00 per cent of inositol was obtained when the liquid 
was separated from the sludge by filtration on an Oliver filter. 
More washing on the filter should increase the yield.

E f f e c t  o f  p H  o n  Y i e l d  f r o m  P r e c i p i t a t e s . Precipitates 
were carefully prepared by the Clinton Company by adding 
milk of lime to  steep w ater until the desired pH  values were 
reached. Five samples precipitated a t  pH  values ranging 
from 5.5 to  7.5, inclusive, gave a yield of inositol decreasing 
regularly as the pH  increased (Table I). About 3 kg. of the 
precipitate (dry) were used in each of these tests. The 
am ount of precipitate obtained from given quantities of 
steep w ater a t  the lower pH  values is small; hence it  is less 
practical to  use m aterial precipitated below a pH  of 6.5. 
The precipitate obtained a t  tbe higher pH  values probably 
contains such impurities as CaCOs or CaIIPO<. The crude
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inositol obtained a t  a  pH  of 7 or higher was very dark and im­
pure, b u t a recrystallization gave good quality.

T a b l e  I .  Y i e l d  o f  I n o s it o l  W h e n  P r e c i p i t a t e  W a s  F o r m e d  
a t  D i f f e r e n t  r H  V a l u e s

Sample Yield of
No. pH  Inositol, %
11 5 .5  11.94
12 6 .0  10.80
13 6 .5  10.14
14 7 .0  8 .85
15 7 .5  6 .25

I n o s i t o l  f r o m  W h e a t  B r a n . W heat bran  was steeped 
for 24 hours a t 50° C. in  a solution containing 0.4 per cent of 
hydrochloric acid. The steep water, which contained the 
acid-soluble portion of the bran  and some starch and gluten, 
was drained from the bran; and after settling for several 
hours, the supernatant liquid was siphoned from the starch- 
gluten mixture. N eutralization w ith milk of lime to phenol- 
phthalein alkalinity brought down an insoluble precipitate 
from which inositol was obtained by hydrolysis. The same 
procedure was used as w ith the precipitate from steep water 
obtained in the m anufacture of cornstarch.

The yield of inositol from w heat bran in five experiments 
was relatively small—only 0.52 per cent. B ran is less satis­
factory than  steep water as a source of inositol. Since bran 
is valuable as a stock food, its use as a source of inositol can 
be practical only if the treated bran can still be used as feed.

O rganic E sters o f  In o s ito l

M üller (3) prepared the hexacetyl derivative by  heating 
inositol with an excess of acetic anhydride in the presence of 
zinc chloride. Griffin and Nelson (2) prepared inositol 
hexabenzoate by heating benzoyl chloride and inositol to 
120° C. in the presence of quinoline.

I n o s i t o l  H e x a c e t a t e , C6H6(OCOCH3)s, was prepared 
according to the m ethod of M üller (3) by  heating inositol 
w ith an excess of acetic anhydride in the presence of zinc 
chloride. The reaction proceeded w ithout difficulty, and a 
pure product was obtained. The melting point was 212° C., 
and the yield was almost quantitative.

Inositol hexacetate was also prepared by refluxing inositol 
(1 gram) and an excess (5 grams) of acetyl chloride in the  
presence of a little zinc chloride. W ithout zinc chloride 
little or no reaction took place, b u t when this reagent was 
added, the reaction proceeded briskly w ithout further appli­
cation of heat. After recrystallization from alcohol, the 
white crystalline compound melted a t  212° C., which is the 
same as th a t recorded by Müller (S).

I n o s i t o l  H e x a p r o p i o n a t e , C6H6(OCOC2H 5)6, was pre­
pared by  refluxing inositol with an excess of propionyl chloride 
for one hour in the presence of zinc chloride. When the 
m ixture was poured into ice water, the derivative precipitated 
immediately. The precipitate was washed repeatedly with 
portions of w ater and finally recrystallized with alcohol. The 
white crystalline substance melted a t  100° C. and had a 
molecular weight of 532.

I n o s i t o l  H e x a B u t y r a t e , C6I I6(OCO CJI-)6, was prepared 
by refluxing inositol w ith an excess of n-butyryl chloride in 
presence of zinc chloride. After being heated for one hour, 
the dark colored sirupy liquid was poured into a beaker of 
ice w ater. The solid ester precipitated immediately and was 
separated by  filtration, thoroughly washed w ith water, dried, 
and recrystallized from alcohol. I t  was necessary to  recrys- 
tallize twice from alcohol to obtain a . pure product, which 
melted a t S I0 C. and had a molecular weight of 5S7.

I n o s i t o l  H e x a i s o b u t y r a t e , C6H0[OCOCH(CH3)2]6, was 
prepared by refluxing inositol and sec-butyryl chloride in the 
presence of zinc chloride in the manner previously described. 
The white crystalline product melted a t 181 ° C. and had a 
molecular weight of 624.

I n o s i t o l  H e x a v a l e r a t e , C e H s C O C O C iH ^ e ,  a n d  I n o s i t o l  
H e x a i s o v a l e r a t e , C6H6[OCOCH2C H (CH 3)2]6, were pre­
pared by refluxing inositol w ith an excess of valeryl chlorides 
in the presence of zinc chloride for 45 minutes on an oil bath 
a t  120° C. In  each case a brisk reaction began when a tem­
perature of about 90° C. was reached, and much hydrochloric 
acid gas was evolved. After refluxing, the dark colored 
sirupy liquid was poured into ice w ater. A t first no solid 
precipitate was formed, bu t instead an oily layer appeared in 
the bottom  of the beaker which would not harden. After 
prolonged stirring, the dark colored oil began to  crystallize. 
The precipitate in each case was pulverized, washed re­
peatedly w ith water, and finally filtered. Recrystallization 
from alcohol gave a white crystalline product in  each case. 
Inositol hexavalerate melted a t  63° C. and had a molecular 
weight of 668. Inositol hexaisovalerate melted a t 147° C. 
and had a molecular weight of 697.

T a b l e  I I .  M e l t in g  P o in t s  a n d  M o l e c u l a r  W e ig h t s  o f  t h e
O r g a n ic  E s t e r s

M . P.,
.—M ol. W eight—» 

Theo-
D erivative F orm ula  ° C. D etd. retical

Acetyl CiHefOCOCID)« 212 432
Propionyl CeH6(OCOC2H 5)8 100 532 516
n-B utyryl C öH6(OCOC3H7)5 81 587 600
sec-Butyryl CeH6[O C O CH (CH 3)2Î6 181 

C 6H 6(OCOCtH9)6 63
624 600

n-Valeryla 60S 684
Isovalery la C6H6fOCOCH2C H (C H 3)2]8 147 697 6S4
3,5-D initrobenzoyl C8H 6[0 C 0 C 8H 3(N 0 2)2]8 86 1252 1380

a R eaction was carried ou t by  heating  on an  oil b a th  a t  110° 
for 45 m inutes.

to  120° C.

The melting points of derivatives of the normal acids de­
crease as the molecular weights of the fa tty  acids used in­
crease. The branehed-ehain acid derivatives have a higher 
melting point than the corresponding straight-chain acid 
derivatives.

A ttem pts to  prepare derivatives of n-caproic, isocaproic, 
and n-capric acids have thus far been unsuccessful. In  each 
case inositol was heated with an excess of the corresponding 
acid chloride in presence of a little zinc chloride. A brisk 
reaction took place and much hydrochloric acid gas was given 
off. In  each case an oily substance was obtained which 
would not crystallize.

I n o s i t o l  H e x a - 3 ,5 - d i n i t r o b e n z o a t e , CgHc[OCOC8H3- 
(N 0 2)«]s, was prepared by heating inositol w ith an excess of 
3,5-dinitrobenzoyl chloride for 3 to  5 minutes over a free 
flame. 'W hen the m ixture was poured into ice water, a solid 
precipitated and was recrystallized from alcohol. The 
molecular weight was found to  be 1252 (theoretical, 1 3 8 0 ) ;  
the m elting point was 86° C.

A c t i o n  o f  C e r t a i n  C h l o r i d e s  a n d  A n h y d r i d e s . Un­
successful attem pts were made to prepare derivatives of 
succinic acid, phthalic acid, and the chloroacetic acids. In 
each case a m ixture of inositol w ith the chlorides or anhydrides 
was heated w ith or w ithout zinc chloride as catalyst and with 
or w ithout pyridine as a solvent. Unchanged inositol was 
recovered except when decomposition took place.
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Enzyme Activity 
Vegetables
C. L. BEDFORD A N D  M. A. JOSLYN
University of California, Berkeley, Calif.

TH E inactivation of the respiratory enzymes of vegetables 
by scalding is now well established as an essential practice 
in the preparation of vegetables for preservation by 

freezing (3, 5). The heating, however, often causes pro­
found modifications in texture, m ay cause the formation of 
undesirable cooked flavors, and m ay bring about the loss of 
desirable nu tritive elements such as soluble salts and vitamins. 
Therefore, considerable atten tion  has been paid to the de­
velopment of scalding procedures which are adequate for the 
necessary destruction of the enzymes bu t which will result in a 
minimum of the undesirable changes.

There is some difference of opinion concerning the most suit­
able scalding tem peratures and periods of exposure to  be em­
ployed in producing frozen vegetables of high quality. These 
differences of opinion m ay be due to variations in the vege­
tables used (such as variety, m aturity , freshness, or growing 
conditions), to  the m ethods of the investigation, or to the 
different objectives of the respective investigators.

In scalding the vegetables, they should be brought quickly 
to the desired tem peratures (usually about 210° F.) in  a suit­
able medium (steam, water, or citric acid solution), held 
there for the necessary period of time, and then promptly 
cooled. Although some inform ation on the therm al rate of 
inactivation of certain enzyme systems in several vegetables 
is available, and several investigations on vitam in losses in 
blanching have been made, all the data  necessary to  the selec­
tion of the best procedure of scalding vegetables is still lacking. 
Our knowledge of the nature of the enzyme systems involved, 
of the substrates acted upon, and of the products formed is 
still fragmentary. There is some evidence th a t the individual 
vegetables vary  considerably in  their response to scalding.

In  the belief th a t an investigation of the quantitative rate  of 
destruction of the enzymes believed to be involved in forma­
tion of off-flavors would lead to a  better understanding of the 
process, the investigations on the relation between enzyme 
activity and the retention of flavor and color of vegetables 
stored a t —17° C. (+ 1 .4 °  F.) previously reported for peas 
and spinach (I) and artichoke hearts (4), have been con­
tinued and data have been obtained for other vegetables. 
In this paper the data  are reported on the enzyme activity  in 
frozen stringbeans as affected by blanching conditions.

There are no extensive investigations of the effect of scald­
ing on the quality  of string beans; the usual procedure is to 
blanch the beans in boiling water for 2 to 5 minutes, depend­
ing on size and m aturity . The procedure used in canning is 
to heat the beans only to the point where they are flexible 
enough to pack well. According to  B itting  (2):

Two minutes suffice for prime Nos. 1, 2, and 3 sizes and from 
3 to 4 minutes for the Nos. 4 and 5 sizes. If, however, the stock 
be old or the growth be arrested by dry weather, the larger 
sizes may require 5 or 6 minutes. Beans requiring more than

1 Previous articles in  th is series appeared  in 1936 (1) and 1938 (Z).

in Frozen
STRINGBEANS1

4 minutes may be made soft but not of prime quality. The 
almost universal practice is to blanch at a temperature between 
200° and 212° F., though a somewhat lower one, about 180° to 
185°, continued for a longer time, might prove preferable, 
especially for Nos. 1 and 2. The French use a 12 to 15 minute 
low-temperature blanch but do not indicate the degree used.

If the pods show a tendency to soften to excess or to slough 
in the blanching, it has been found advantageous to use hard 
water, or at least this has been reported as desirable by one of 
the large packers. Under most circumstances, however, the 
better practice is to use soft water and to regulate the heat ac­
cordingly.

Preparation and Storage of Material
S e r i e s  I. Locally grown Kentucky Wonder stringbeans of 

large size were trimmed and cut into 2-inch (5-cm.) lengths; 
after being mixed and washed, aliquots were treated (blanched) 
in water for 2 minutes at 20°, 40°, 50°, 60°, 65°, 70°, 75°, 77.5°, 
80°, 82.5°, 85°, 87.5°, 90°, 95°, and 100° C. (68°, 104°, 122°, 
140°, 149°, 158°, 167°, 171.5°, 176°, 180.5°, 185°, 189.5°, 194°, 
203°, and 212° F.), respectively. The stringbeans were im­
mersed in a 45-liter water bath in loosely tied cheesecloth bags 
containing approximately 1.4 kg. of stringbeans. The cheese­
cloth bags were sufficiently large to allow the blanching water 
to circulate freely over the stringbeans. The beans came to 
bath temperature in less than 30 seconds. Each successive lot 
was blanched in the same water. After being blanched, the 
stringbeans were rapidly cooled in running cold water, packed 
into 8-ouncc (237-ml.) tin cans, sealed, and stored at —17 ° C.

Stringbeans were also blanched in water for various periods 
from 30 seconds to 60 minutes at 55°, 65°, and 75° C. (13 1°, 
149°, and 167° F.), and in boiling water and in flowing steam 
for 15 and 30 seconds, and 1, 2, and 5 minutes, respectively. 
In this set of tests the quantities of stringbeans needed for the 
samples were tied in separate cheesecloth bags. All the bags 
that were to be held at a constant temperature were then im­
mersed in a 12-gallon (45-liter) water bath; at definite pre­
arranged intervals a bag of stringbeans was removed, cooled in 
running water, packed, sealed, and stored. The water in the 
bath was changed for each succeeding temperature interval. 
In addition, in order to remove air from intracellular spaces 
and to destroy organic peroxides, samples of stringbeans were 
impregnated in water, 3 per cent salt solution, 1 per cent tartaric 
acid, and 1 per cent hydrochloric acid solution by a process of 
vacuumization followed by release with air which was repeated 
for several cycles. The stringbeans were under the various 
solutions mentioned when air replaced the vacuum.

The samples for the first series of tests were prepared on June 
22, 1932, and held in storage for over 4 years before analysis.

S e r i e s  II. Freshly picked, uncut, pink-seeded, Kentucky 
Wonder stringbeans grown in Santa Clara County were used 
in the second series. The stringbeans were graded for size and 
snipped as for canning, the No. 2 sieve size being used. After 
being mixed and washed, aliquots were blanched in water at 
100° C. for 1, 2, 3, 4, 5, and 6 minutes. In this set of tests the 
quantities of stringbeans needed for the samples were placed in 
Chinese bamboo baskets. The baskets were immersed in the 
water bath; at definite intervals a basket of stringbeans was 
removed, cooled in running water, packed, sealed, and stored. 
The bamboo baskets were filled one third full. They were very 
porous so that the blanching water was able to circulate freely 
over the aliquots of stringbeans. There was a temperature lag 
of 15 seconds in the center of the baskets that was taken into 
consideration in the blanching time.
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Aliquots were also blanched in water for 5 minutes a t 71.1° C. 
(160° F.) and 76.7° C. (170° F.), respectively, and for 3 and 5 
minutes a t 82.2° C. (180° F.). 87.8° C. (100° F.), and 93.3° G. 
(200° F.), respectively. Each successive lot was blanched in 
the same water. After being blanched, the stringbeans were 
rapidly cooled in running cold water, packed, sealed, and stored. 
They were frozen a t —34° C. ( —30° F.) in an air blast tunnel.

The above aliquots were all packed in one-quart friction-top 
cans and stored a t —23° C. (+9 .4° F.). The material was 
held a t —23° C. for 7 months before examination.

A n a ly tica l M eth od s

C a t a l a s e  A c t i v i t y  was determined as in the previous in­
vestigation (1) by  a modification of the Balls and Hale pro­
cedure.1 A representative sample of stringbeans (250-350 
grams) was taken, and the ice crystals clinging to  the external 
surface were removed. The sample was ground in  a food 
chopper while frozen and was then mixed, and an 8- or 10- 
gram aliquot of the m ixture was further tritu ra ted  with ap­
proximately 10 grams of sharp quartz sand and 40 or 50 ml. 
of an equal m ixture of 95 per cent glycerol and 0.2 M  phos­
phate buffer a t  pH  7.0. This m ixture was allowed to stand 
15 minutes to  allow for solution of the catalase. The aqueous 
portion was separated by thorough pressing through cheese­
cloth, and the volume of extract was determined.

An aliquot of enzyme solution (1-10 ml.), sufficient to de­
compose approximately half of the hydrogen peroxide solution 
used, was introduced into a 50-ml. volumetric flask contain­
ing 4-C ml. of 0.2 M  phosphate buffer (pH 7.0), approxi­
m ately 1 gram of dextrose per 40 ml. of w ater (freshly pre­
pared), and 1 ml. of 0.2 N  hydrogen peroxide, and the volume

T a b l e  I. R e p r e s e n t a t i v e  D a t a  o n  C a t a l a s e  A c t iv it y  
O b t a in e d  f o r  S a m p l e s  o f  V a r y in g  S t r e n g t h

Blanching

was made up to 50 ml. The volumetric flask was thoroughly 
shaken to  obtain a uniform mixture. Then a 10-ml. aliquot 
was removed and pipetted into a  125-ml. flask containing 20 
ml. of 4 A  sulfuric acid and 5 drops of a saturated  w ater solu­
tion of molybdic acid. Tim e was taken a t  half delivery of 
pipet and is the starting  tim e of the run. Ten milliliters of 
10 per cent potassium iodide were added immediately, and 
the contents allowed to  stand approxim ately 4 m inutes. The 
iodine liberated was then titra ted  w ith 0.01 N  sodium thio- 
sulfate by means of a microburet. Additions of 10-ml. ali­
quots were removed a t  various tim e intervals.

The catalase factor is determined by the formula:

K  =  y logt °  a — x
where t =  time

a =  first titer value 
a — x =  subsequent titer values

C ondition
. W t. of 

Sam ple 
Grams

Vol. of A liquot 
E x trao t Used 

M l. Ml.

0.01 N'T'L: _ Av.
X i/G ramTem p. Tim e 

° C. M in .
Tim e
M in .

i  mo- 
su lfa te  

M l.
K , IC i/G ram

N o blanch 10 50 3 0
5

10
15

3.60
3.00
2.40
2 . 1 2

o!6iio
0.0166
0.0153

0Ü17
0.138
0.127 0.127

20 2 10 49 3 0
5

10
15

3.50
3.00
2.57
2.23

o !0132
0.0142
0.0136

OÜÖS
0.116
0.111 0 . 1 1 2

40 2 10 51 5 0
5

10
15

3.54
2.75
2 . 1 2
1.68

o !0220
0.0223
0.0219

o! Ü2
0.114
0 . 1 1 2 0.113

50 2 10 51.6 5 0
5

10
15

3.61
2.92
2.42
2.00

0)0is4
0.0174
0.0171

o !Ö95
0.090
0.088 0.091

60 2 10 50 5 0
5

10
15

3 .6 0
3.15
2.70
2.40

o!6i32
0.0132
0.0123

o !Ö66
0.066
0.062 0.065

65 2 10 51 10 0
5

10
15

3.05
3.14
2.60
2.38

0!6i32
0.0148
0.0124

o !634
0.038
0.032 0.035

76 0.5 8 41 10 0
5

10
15

3.62
3.22
2.75
2.44

0 ]ÖiÖ2
0.0119
0.0114

o !Ö26
0.030
0.029 0.028

75 1 8 40 10 0
5

10
15

3.70
3.57
3.54
3.42

o !ÖÖ31
0.0020
0.0023

o!ÖÖ77
0.0050
0.0056 0.0081

75 2 8 41 10 0
5

10
15

3.70
3.06
3.58
3.58

oiööio
0.0014
0.0009

o;ÖÖ26
0.0036
0.0023 0.0028

100 0.25 10 50 10 0
5

10
15

3.70
3.48
3.22
3.04

o !6Ö53
0.0061
0.0057

o'öiä
0.015
0.014 0.014

Representative titrations and corresponding K  values are 
given in Tables I  and I I  where Kt is the actual K  value ob­
tained and IG /gram  is the  catalase factor based on grams of 
fresh m aterial present in the 10-ml. aliquot used. Table I 
includes the ranges in  volume of extract used and the titra ­
tion values obtained. The reproducibility of the results ob­
tained is shown in Table II.

P e r o x i d a s e  A c t i v i t y  was determined as in the previous 
investigation (1) by  a modification of the Balls procedure. A 
representative sample was prepared as for catalase, and a 5- 
gram  aliquot was further tritu ra ted  w ith approxim ately 10 

grams of sharp quartz sand and 45 ml. of
_______  0.1 M  phosphate buffer of pH  8.0. This mix-
— ' ture was allowed to stand 15 minutes to  allow

for solution of the peroxidase. The aqueous por­
tion was then separated by  thorough pressing 
through cheesecloth into a 50-cc. graduated 
cylinder, and the volume of extract was deter­
mined after the larger particles had settled.

Two hundred milliliters of distilled water and 
25 ml. of 0.2 M  phosphate buffer (pH 8.0) were 
introduced into a  300-ml. stoppered flask, and 
placed in a  w ater bath  a t  30° C. (86° F .) for 15 
minutes. Then 2 ml. of 0.2 N  hydrogen per­
oxide and 10 ml. of 6.25 per cent pyrogallol solu­
tion were added, and the contents of the flask 
thoroughly mixed.

Previous investigations showed th a t  the trend 
of the results is the same whether the layer of 
mineral oil recommended by Balls is used or not. 
Even the omission of nitrogen to  flush out the 
air from the flask and to  stir the m ixture had 
b u t little effect, although the end point in  the 
titra tion  was obscured by the  products of au- 
toxidation of pyrogallol. L ittle or no autoxidation 
occurred when care was taken to  vacuumize the 
mixture in the flask, and relieve with nitrogen 
gas, and repeat this cycle several times. More

* In  th e  artic le  on peas and  spinaoh (I ) ,  th e  catalase 
ac tiv ity  was expressed, no t in  te rm s of th e  k u nits  per gram  
of fresh m aterial, b u t in  k u n its  per cc. of enzym e extract. 
This was prepared  b y  grinding  4 gram s of vegetable with 
18 cc. of phosphate  buffer, centrifuging, an d  adding  1 cc. 
of th is  ex trac t to  50 cc. substrate-buffer m ixture, 10-cc. 
aliquots of which were tak en  for analysis. L iver ex tract 
was no t used, since p relim inary  tests  ind ica ted  th a t  cata ­
lase inhib itors were no t p resent, a t  least in  appreciable 
concentrations, in  th e  peas and  spinach investigated . To 
ob ta in  th e  catalase fac to r in  k u n its  per gram , th e  results 
given should be m ultip lied  by  5 X  (18/4) or 22.5. This 
does no t a lte r th e  trends.
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T a b l e  II. R e p r o d u c i b i l it y  o f  t h e  C a t a l a s e  D e t e r m i n a t io n  i n  V a r io u s  S t iu n g b e a n  S a m p l e s

Time
0.01 N  

T hiosulfate Kt
0.01 N  0.01 N  

K t/G ra m  T hiosu lfate  K t X i/G ram  T hiosulfate K t K t/G ra m Av. K t
Av. 

K t/G  ram

Av. of 
Preceding 

Colum n
M in. M l. M l. M l.

I. U nblanchcd, 10 Gram s per 50 M l., 3-M I. A liquot

0
5

10
15

3 .60  
3 .00  
2 .46  
2 .12

o!6i4o
0.0166
0.0153

0.117
0 .138
0.127

3 .4 5  
2 .88
2 .46  
2 .05

3 .51
0 .0180 0 .150  3 .05  
0 .0158 0 .132  2 .45  
0 .0158 0.132 2 .15

0.0124
0.0156
0.0142

0ÜÔ3
0.130
0.118

0lÛi48
0 .0160
0.0151

0Ü 23
0.133
0.126 0.127

II . U nblanched, 10 G ram s per 50 M l., 3-M I. A liquot

0
5

10
15

3 .59
2.86
2 .40
1.91

o!oio8
0.0174
0.0183

0 ^ 6 5
0.145
0.153

3 .5 2
2.89
2.35
2 .00

___  ___  3 .65
0.0172 0.143 2 .98  
0.0176 0.147 2 .34  
0 .0164 0.137 2 .06

0.0176
0.0193
0.0166

0Ü 47
0.161
0.138

0.ÔÎ82
0.0181
0.0171

0Ü 52
0.151
0.143 0.148

I I I . U nblanched, 10 Gram a per 51 M l., 3-M I. Aliquot

0
5

10
15

3 .6 4
3 .0 6
2 .50
2 .24

o!öiö2
0.0163
0.0141

0Ü3Ô
0.139
0.120

3 .60
3 .02
2 .50
2 .14

0.0152 0.130 
0 .0158 0.135 
0.0151 0 .129

0!6iö2
0.0160
0 .0146

0Ü3Ô
0.137
0.124 0.130

Blanched 4 M inutes a t  55° C .f 8 Gram a per 41 M l., 3-M I. A liquot

0
2
6
7

4 .34
4 .12
3 .77
3 .5 3

oiôiio
0 .0120
0.0127

o !094
0 .103
0 .108

4 .32
4 .10
3 .7 6
3 .55

0 .0115 0.098 
0 .0120 0.103 
0 .0123 0.105

o !ÔÜ2
0.0120
0.0125

o!Ô96
0 .103
0 .106 0.102

Blanched 4 M inu tes a t  55° C ., 8 G ram s per 41.5 M l., 3-M I. A liquot

0
2
5
7

4.41
4 .19
3 .89
3 .6 5

0!Ôi20
0 .0110
0 .0120

0 . i 04 
0 .096 
0 .104

4 .4 4
4 .17
3 .86
3 .6 8

0 .0130 0.113 
0 .0120 0.104 
0 .0116 0.101

0 ’.ÔÎ25
0.0115
0.0118

0ÜÔ8
0.100
0.102 0.103

B lanched 1 M inu te  a t  75° C ., 8 G ram s per 41 M l., 10-MI. A liquot

0
5

10
15

3 .7 0
3 .7 6
3 .5 0
3 .5 0

0!ÔÔ24
0.0016

o’ôôèi
0.0041

3.81
3 .8 4
3 .50
3 .54

___  ___  3 .90
___  ___  3 .8 6

0 .0037 0 .0095 3 .63  
0.0021 0 .0054 3.61

0.0010
0.0032
0.0022

0!ÔÔ82
0.0056

0!ÔÔ31
0.0019

0!ÔÔ79
0.0050 0 .0064

B lanched 1 M inu te  a t  75° C ., 8 G ram s per 40 M l., 10-MI. A liquot

0
5

10
15

3 .7 0
3 .5 7
3 .54
3 .4 2

0!ÔÔ31
0.0020
0.0022

0.ÔÔ79
0.0050
0.0055

3 .64
3 .6 2
3 .4 8
3 .3 8

3 .6 8
3 .56

0.0020 0 .0050 3 .45  
0 .0022 0 .0055 3 .47

0.0029
0.0028
0.0017

0.0072
0 .0070
0.0042

0!ÔÔ30
0.0023
0.0020

o !ÔÔ74
0.0057
0.0051 0 .0060

readily reproducible results were obtained with this tech­
nique. However, for the m ost p a r t the determinations re­
ported in  this paper were made w ithout these precautions.

An aliquot of enzyme solution (1-10 ml.) th a t does not de­
compose more than  one th ird  of the hydrogen peroxide added 
was then introduced, and the contents of the flask again thor­
oughly mixed. A 25-ml. aliquot was removed and placed in a 
125-ml. flask containing 0.5 gram of pyrogallol per 25 ml. of 
2 N  sulfuric acid. Time was taken a t  half delivery of the 
pipet and is the starting tim e of the run. Then 10 ml. of 
10 per cent potassium iodide were added, and the flask was 
allowed to  stand 12-14 minutes. The liberated iodine was 
titrated  with 0.01 N  thiosulfate by means of a  microburet. 
Additional 25-ml. aliquots were taken a t  tim e intervals of 2, 
5, 7,10, and 15 minutes.

From the titra tions the peroxidase units are calculated on 
terms of the purpurogallin num ber of W illstatter, milligrams 
of purpurogallin produced by 1 mg. of enzyme m aterial in 5 
minutes, as follows:

P.E. =  0.00184 •

where
t

a =  initial titration of 0.01 N  thiosulfate a t 0 min., ml. 
x  =  titration of 0.01 N  thiosulfate at time I, ml.

P.E. =  peroxidase units in aliquot used for the titra­
tion—namely, 1/10 of total enzyme used

I t  is convenient to  express peroxidase quantities as P .E . per 
gram, since the num ber of units per gram is also the purpuro­
gallin number.

Representative titrations and corresponding P .E . values 
are given in Tables I I I  and IV. As in  the case of artichokes 
(4), the P .E . values in Table I I I  markedly decreased with 
tim e in the more active samples, although substantially c on- 
s tan t values were obtained for the weaker preparations. As 
Table IV  shows, the trends in m ost cases were quite reproduc­
ible with only an occasional erratic result.

The determ inations of catalase and of peroxidase activity  
were made in triplicate, and only the average of closely agree­
ing duplicates is given in the subsequent tables.

A scorbic A cid Oxidase Activity was determined as for 
artichokes in the following way (4): A 10-gram sample was 
ground w ith sand and 50 ml. of w ater. To a 5-ml. aliquot of 
the extract were added 40 ml. of 8 per cent sulfuric acid and 
then 1 ml. of an ascorbic acid solution containing 0.5 mg. of 
ascorbic acid per m l.; the mixture was titra ted  a t  once with 
0.01 N  iodine solution w ith starch indicator. Another 5-ml. 
aliquot of the extract was heated for 5 m inutes a t  100° C., 
cooled, mixed with 1 ml. of ascorbic acid solution and stored 
a t room tem perature for 15 minutes. I t  was then acidified 
and titra ted  as above. A third aliquot was treated with 1 ml. 
of ascorbic acid solution, allowed to  stand for 15 minutes, 
and acidified and titra ted  as above.

A cetaldehyde was determined by the direct iodometric 
sulfite procedure used previously (1 ,4 )-

O rgan o lep tic  O bservations

Series I . Samples of the canned frozen m aterial were re­
moved from freezing storage and observed for color, odor, tex­
ture, and flavor before and after cooking. These samples
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T a b l e  I I I .  R e p r e s e n t a t i v e  D a t a  o n  P e r o x i d a s e  V a l u e s  
O b t a i n e d  f r o m  P r e p a r a t i o n s  o f  V a r i o u s  S t r e n g t h s

B lanching 
C ondition

Tem p. Tim e 
° C. M in .
No blanch

W t. of Vol. of A liquot 
Sam ple E x tra c t Used 

M l.Grama
5

M l.
4G

20

50

05

75

7 7 .5

80

85

87 .5

50

50

50

50 5

50 5

50 5

50 5

50

Tim e

0.01 iV 
Thio- 

su lfa te
a —x  

t
P .E ./G  ram

x  io-*
M in . 

0
M l.
4 .42

2 4 .08 0Ü 70 1 * 44
5 3 .04 0.150 1.32
7 3 .49 0.133 1.12

10 3 .30 0.112 0 .95
15 3 .03 0.092 0 .78

0 4 .00
2 4 .08 0Í260 l ! ¿ 8
5 3 .03 0.194 1.19
7 3 .3 9 0.173 1.06

10 3 .10 0.144 0 .8 8
15 2 .74 0.124 0 .70

0 4 .7 2
2 4 .29 0 Í2 Í5 1Í32
5 3 .90 0.164 1.00
7 3 .00 0.151 0 .9 2

10 3 .4 8 0.124 0 .76
15 3 .10 0.104 0 .04

0 4 .49
2 4 .00 0 Í2 Í5 1Í32
5 3 .0 0 0.17S 1.09
7 3 .4 0 0.155 0 .95

10 3 .14 0.135 0 .83
15 2 .SO 0.108 0 .06

0 4 .47
2 4 .05 o!¿io 0 .7 7
5 3 .59 0.176 0 .65
7 3 .3 8 0.155 0 .57

10 3 .10 0.137 0 .50
15 2.81 0.110 0 .40

0 4 .4 0
2 4 .20 0Ü 20 o’Ás
5 3 .8 0 0.132 0 .4 9
7 3 .50 0.128 0 .47

10 3 .30 0.116 0 .43
15 3 .03 0.095 0 .3 5

0 4 .67
2 4 .49 o!Ô90 o !¿3
5 4.21 0.092 0 .34
7 4 .04 0.090 0.33

10 3 .86 0.0S1 0 .3 0
15 3 .5 2 0.076 0 .2 8

0 4 .50
2 4 .43 o !ó¿5 o! 24
5 4 .25 0.062 0 .23
7 4 .17 0.055 0 .20

10 3 .9 8 0.058 0.21
15 3 .00 0.064 0 .24

0 4 .02
2 4.01 0ÍÓÓ5 0ÍÓÍ8
5 4 .00 0.004 0.015
7 4 .57 0.007 0.026

10 4 .5 0 0.006 0.022
15 4 .35 0.018 0.067

were observed organoleptically 3 and 6 m onths after storage 
and a t the tim e of analyses. Tltey were cooked in a boiling 
one per cent sodium chloride solution for 15 minutes. In  the 
samples of stringbeans blanched a t  a constant tim e of 2 min­
utes, those below 77.5° C. had a good green color; those be­
tween 77.5° and 82.5° C. were brownish to a dull olive green. 
A t 85° C. and above they had the characteristic green color of 
properly blanched stringbeans. W hen cooked, the 82.5° C. 
sample and those below turned olive green whereas the samples 
a t  85° C. and above retained the green color. Texture 
changes occurred in samples blanched a t  85° and a t 90° C. 
Those blanched below 85° C. were tough and those a t 90°, 
95°, and 100° C. were m ushy and soft when cooked; these 
qualities increased with tem perature. Noticeable differ­
ences in flavor and odor occurred in the ranges of tem perature 
from 20° to  80°, 82.5 to 90°, and 95° to 100° C. Before and 
after cooking, the odor and flavor of the samples blanched 
in the tem perature range 20° to  S0° C. were decidedly alfalfa­
like and disagreeable. This odor and flavor decreased in in­
tensity  as the tem perature of blanching increased. The 
sample blanched a t 82.5° C. had a slight off-flavor and those 
a t  85°, S7.5°, and 90° C. had a fairly agreeable odor and

flavor. A t 95° and 100° C. there was no off- 
odor, b u t the samples were insipid and had lost 
their stringbean flavor.

S e r i e s  I I . Before and after cooking, the 
odor and flavor of the samples blanched at 
71.1° and 76.7° C. for 5 minutes were decidedly 
haylike and disagreeable. The samples blanched 
a t 100° C. for 1 m inute and a t 82.2° C. for 3 
m inutes had a slight off-flavor bu t no off-odor. 
The other samples all had an agreeable odor and 
flavor, b u t those blanched a t 100° C. began to 
lose their flavor when blanched longer than 3 
minutes.

The color of the sample blanched for 1 minute 
a t 100° C. was dull grayish green, bu t all other 
samples had the characteristic green color of prop­
erly blanched stringbeans.

The samples blanched a t 100° C. for 3, 4, 5, 
and 6 minutes, and a t  87.8° and 93.3° C. for 3 
and 5 minutes, respectively, were decidedly 
m ushy in texture and sloughy when cooked; 
these qualities increased w ith tem perature and 
length of blanching period.

D a ta  an d  D iscu ss io n

As Table V shows the catalase activity  in cut 
stringbeans heated for 2 m inutes a t various 
tem peratures rapidly decreased with increase in 
tem perature of blanching and was practically 
absent in samples blanched a t 75° C. The acet- 
aldehyde content also decreased w ith increase 
in tem perature and paralleled the decrease in 
catalase activity; this tendency indicated that 
anaerobic respiration processes were closely 
related to production of off-flavors as was found 
previously for peas (1). However the flavor of 
the stringbeans scalded just long enough to in­
activate catalase was poor, although in this lot 
of stringbeans all samples were below the 
average m arket quality because of the long 
storage period. A pparently the catalase of 
these stringbeans was inactivated a t tempera­
tures below those necessary to inactivate the 
enzyme systems, and off-flavors resulted. As 
in the case of peas, heating to temperatures 
necessary to inactivate the agencies respon­

sible for spoilage also resulted in retention of green color. 
Thus the color of stringbeans heated a t  tem peratures be­
low 85° C. browned. Scalding either rendered the chloro­
phyll in the chloroplasts more resistant to  decomposition 
(principally to  pheophytin) or reduced the acid concentra­
tion in  the cell sap. Investigations on the transformation 
of chlorophyll on scalding are under way and will be re­
ported elsewhere.

The data  on the effect of period of blanching a t various 
tem peratures on catalase activ ity  is shown in Table VI. As 
the tem perature increased, the rate  of inactivation of cata­
lase increased also. As in the case of peas, blanching in 
w ater was more uniform and resulted in  more rapid inactiva­
tion of catalase. Here too the samples in which the catalase 
was ju st inactivated were definitely off flavor. Tem peratures 
higher or times longer than  those necessary to  inactivate 
catalase are required to  inactivate the agencies responsible 
for production of off-flavors. The aldehyde content of the 
corresponding samples is shown in Table V I. The constant 
level reached in  the samples heated a t  55 ° C. is considerably 
higher than  th a t found before and does not show as regular a 
decrease with decrease in catalase activ ity  as was found for
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T a b l e IV . R e p r o d u c i b i l i t y  o f  P e r o x i d a s e A c t iv it y  D e t e r m i n a t io n s

Av. Av.
0.01 N a —x P .E ./G ra m  0.01 N a —x P .F ./G ra m  0.01 N a —x 0.01 iV a —x P .P ./G ra m

Time Thiosulfate t x  10- 2 Thiosulfate t X IO "2 Thiosulfate t Thiosulfate t X IO "2
M in. M L M l. M l. Ml.

Unblanched, 5 Grams por 46 M l., 2- M l. A liquot
0 4 .42 4 .4 8 4 .44
2 4 .0 8 0Ü 70 1Ü 4 4 .12 0Ü 80 1Í52 4 .00 0^220 1 .86 0" Í 90 1 *61
5 3 .6 4 0.156 1.32 3 .70 0.156 1.32 3 .68 0.152 1.29 0.155 1.31
7 3 .49 0.133 1.12 3 .60 0.125 1.06 3 .54 0.130 1.10 0.130 1.10

10 3 .30 0.112 0 .95 3 .34 0.112 0 .95 3 .37 0.107 0.93 0.110 0 .93
15 3 .03 0.092 0 .7 8 3 .20 0.085 0 .72 3 .20 0.083 0 .74 0.087 0 .74

Unblanched, 5 Grams per 47 ML, 2- M l. A liquot
0 4 .30 4.34
2 3 .90 0.' 200 1 .74 3 .97 0.‘ Í85 1.60 0Ü 92 l!0 6
5 3 .5 4 0 .152 1.32 3 .57 0.154 1.33 0.153 1.32
7 3 .3 8 0.131 1.13 3.41 0.133 1.15 0.132 1.14

10 3.19 0.111 0 .96 3 .22 0.112 0.97 0.111 0 .9 6
15 3.07 0.082 0 .71 3 .06 0.085 0 .74 0.083 0 .7 2

C an 1 B lanched 2 M in a t 55° C , 5 Gram s per 49 M l., 5-MI. A liquot
0 4 .60 4.81
2 4 .1 8 0 Í2 Í0 0 .77 4 .45 0 . i  80 0 .65 0Ü 95 0Í71
5 3 .76 0.168 0.61 4 .00 0.162 0 .58 0.165 0 .59
7 3 .52 0.154 0 .56 3.81 0.143 0 .52 0.148 0 .54

10 3 .3 0 0.130 0 .47 3.64 0.117 0 .42 0.123 0 .44
15 3 .1 8 0.095 0.34 3.52 0.086 0.31 0.090 0 .3 2

C an 1 Blanched 2 M in a t 55° C ., 5 G ram s per 50 M l., 5-MI. A liquot
0 4 .0 8 4.40
2 3 .65 0 .2  Í 5 0 .79 4 .00 0.200 0 .74 0 ’. 207 0 .7 6
5 3 .15 0.186 0 .6 8 3 .4 8 0.186 0 .6 8 0.186 0 .6 8
7 2.91 0.167 0.61 3 .29 0.158 0 .58 0.162 0.59

10 2 .70 0 .138 0.51 3 .04 0.138 0.51 0.138 0.51
15 2 .46 0.108 0.40 2.77 0.108 0 .40 0.108 0 .40

C an 2 Blanched 2 M in a t 55° C , 5 G ram s per 4S M l., 2-MI. A liquot
0 4 .30 4 .35 4.42
2 3 .91 0Ü 95 1.72 3 .97 0*. Í90 1.68 4 .06 o ’, iso 1.59 0Ü 88 1.66
5 3.51 0.158 1.40 3 .56 0.158 1.40 3 .59 0.166 1.47 0.161 1.42
7 3 .35 0.135 1.19 3 .39 0.137 1.21 3 .42 0.143 1.26 0.138 1.22

10 3 .19 0.111 0 .98 3 .20 0.115 1.02 3.22 0.120 1.06 0.115 1.02
15 2.85 0.096 0 .85 2 .90 0.096 0 .85 0.096 0 .8 5

C an 2, B lanched 2 M in. a t  55° C. 5 Gram s per 48 M l., 2-MI. Aliquots
0 4 .57 4.59
2 4.22 0 . i 75 1.54 4 .29 0Ü 50 1.32 .. 0Ü 62 1Í43
5 3 .90 0.134 1 .18 3 .94 0.130 1.15 0.132 1.16
7 3 .8 0 0.110 0.97 3 .78 0.114 1.01 0.112 0.99

10 3 .6 6 0.091 0 .8 0 3 .66 0.093 0 .82 0.092 0.81
15 3 .52 0.070 0 .62 3 .51 0.072 0 .64 0.071 0 .63

C an 2, Blanched 2 M in. a t  55° C.. 5 Gram s per 47.5 M l., 2-MI A liquot
0 4 .70 4 .70
2 4.33 0Ü 85 1! 62 4 .33 0Ü 85 l!o 2 0! i 85 i !¿2
5 3 .96 0.148 1.30 4 .00 0.140 1.22 0.144 1.26
7 3.81 0.127 1.11 3.S4 0.123 1.08 0.125 1 .09

10 3 .66 0.104 0.91 3 .68 0.102 0.89 0.103 0 .90
15 3 .46 0.082 0 .72 3 .37 0.088 0.77 0.085 0 .74

T a b l e  V . E f f e c t  o f  B l a n c h in g  T e m p e r a t u r e  o n  C a t a l a s e  
AND A cETALDEHYDE CONTENTS (SER IES I )
C atalase A cet­ C atalase A cet­

Temp. F ac to r aldehyde Tem p. F ac to r aldehyde
° C. P . p. m. ° C. P . p. m.

No blanch 0.134 28.44 65 0.033 9 .6
20 0.111 25.00 75 0.000 9 .6
40 0.115 24.20 77.5 S .8
50 0.091 22.80 80 5 .2
60 0.067 15.80 82.5-100 3 .5 -4 .8

T a b l e  V I .  E f f e c t  o f  B l a n c h in g  T im e  o n  C a t a l a s e  
a n d  A c e t a l d e h y d e  C o n t e n t s  (S e r i e s  I )

--------Ciitalase Tactor a t B lanching--------* /—Acet aldehyd e C ontent a t  Blaríching-
Blanch­ Tem p, of: Tem p, of:

ing 100° C. 100° C. 100° C. 100°
Time 55° C. 65° C. 75° C. (H jO) (steam ) 55° C. 65° C. 75° C. (HiO) (stear
M in. ✓---- - P .  p. m.-

No
blanch 0.209 7 .92 14.6

0.25 0.Ó Í4  0 .028 24 .*2 33 .*9 13.’ 0 4 .40 7 .4
0 .5 0Ü 52 01Ó85 O’. 028 0.000  0.0076 24 .6 17.6 8 .2 3 .96 3 .0
1 0.125 0 .055 0.006 0.000 42 .2 11.0 8 .0 3 .96 3 .4
2 0.114 0.027 0.002 4S.0 9 .2 6 .8
4 0.106 0.013 0.000 5 .72 3 .0
6 0.087 0.011 4Í . 4 9 .6 5 .2
8 0.072 0.005 41 .0 9 .2 6 .0

10 0.072 0.003 3 0 .8 7 .4 7 .4
15 0.039 0.000 30 .8 9 .6 7 .2
20 0.034 26 .4 9 .6 5 .0
30 0.024 22 .0 8 .8 .,
60 0.009 19 .8 9 .2 8 .8

the samples blanched for 2 minutes a t  various temperatures. 
A t 65° C. and a t  higher tem peratures the acetaldehyde con­
ten t was smaller and decreased more regularly with decrease 
in  catalase content. The relatively incomplete inactivation 
by steam  a t  short intervals as compared w ith boiling w ater is 
apparent also.

The data  presented in Table V II shows tha t, as previously 
found for peas, impregnation with salt or tar- 
taric acid reduced catalase activity  bu t did 
not destroy it, whereas impregnation with hy­
drochloric acid inactivated it. However the 
aldehyde content of the hydrochloric-acid- 
treated beans was as high as th a t for the tar- 
taric-acid-treated samples. Again the decrease 
in acetaldehyde content followed the decrease 
in catalase only qualitatively. On the assump­
tion th a t this acetaldehyde was formed by an­
aerobic respiration, the inactivation of the res­
piratory enzymes occurs somewhat more 
slowly than th a t of catalase. However, regen­
eration of heat-inactivated enzyme systems and 
the formation of acetaldehyde by the injured 
tissues prior to  treatm ent m ay be involved 
also.
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T a b l e  VII. E f f e c t  o f  D e a e r a t i o n  I m p r e g n a t i o n  o n  C a t a -  
l a s e  a n d  A c e t a l d e h y d e  C o n t e n t  ( S e r i e s  I )

Im pregnating  Agent

H iO
N aCl, 3%  
T a rta r ic  acid, 1% 
H C l, 1%

C atalase  F ac to r

0.091
0.039
0.018
0.000

Acetaldehyde 
P . p. m.

40 .0  
3 3 .8  
20.6
25 .0

T a b l e  V I I I .  E f f e c t  o f  T e m p e r a t u r e  a n d  T i m e  o f  B l a n c h ­
i n g  o n  C a t a l a s e  a n d  A c e t a l d e h y d e  C o n t e n t  ( S e r i e s  I I )

B lanch- B lanch-
ing C atalase A cet­ ing C atalase Acet­

Tem p. Tim e F acto r aldehyde Tem p. Tim e Faotor aldehyde
° C . M in . P . p. 7». ° C. M in . P . p. m.
N o blanch 0.447 28.60 93.3 3 6 .16
71.1 5 0.0087 11.00 93.3 5 4 .84
7 6 .6 5 0.0000 8 .36 100 1 0.ÓÓ45 3 .96
8 2 .2 3 11.88 100 2 0.0000 3 .96
8 2 .2 5 3 .9 6 100 3 4 .84
8 7 .8 3 3 .96 100 4 3 .0 8
S 7 .8 5 3 .96 100 5 2 .20

T a b l e  I X .  E f f e c t  o f  B l a n c h i n g  T e m p e r a t u r e  o n  
P e r o x i d a s e  A c t i v i t y  ( S e r i e s  I )

Re­
action 
Tim e 20° C. 40° C. 50° C. 60° C. 65° C. 75° C. 77.5° C. 80° C. 82.5° C. 85° C. 87.5° C.
M in .

2 1.50 1.44 1 .32 1.54
— P .E . 

1 .34
per gram X  10 
0 .79  0 .4 7

—*

0 .31 0 .21 0 .21 0 .018
5 1.19 1.19 1.02 1.19 1.10 0 .66 0 .5 0 0 .33 0 .2 5 0 .22 0.014
7 1.08 0 .99 0 .93 1.02 0 .94 0 .57 0 .44 0 .32 0 .25 0 .19 0.022

10 0 .88 0 .8 5 0 .76 0 .87 0 .81 0 .51 0 .4 0 0 .29 0 .23 0.21 0 .018
15 0 .73 0 .7 0 0 .69 0 .71 0 .6 7 0 .41 0 .35 0 .26 0 .23 0 .2 4

T a b l e  X .

Tim e of 
R eaction

E f f e c t  o f  B l a n c h i n g  T i m e  o n  P e r o x i d a s e  A c t i v i t y  
( S e r i e s  I )

-P erox idase  A ctiv ity , P .E . per G ram  X 10"*—
w ith  H jOi 0.5 1 2 4 6 8 10 15 20 30 60

and  Pyrogallol m in. m in. min. min. m in. min. min. min. m in. m in. min.

T em perature , 55° C.
2 1.44 1.45 1.63 1.29 1.29 1.15 1.11 0 .9 4 0 .94 0.79 0 .69
5 1.24 1.20 1 .38 1.06 1.02 0 .9 6 0 .9 6 0 .81 0 .85 0 .72 0 .62
7 1.07 1.03 1.12 0 .9 2 0 .8 8 0 .81 0 .83 0 .72 0 .7 5 0 .6 2 0 .54

10 0 .90 0 .8 4 0 .93 0 .7 7 0 .7 0 0 .67 0 .69 0 .6 2 0 .6 4 0 .5 3 0 .44
15 0 .69 0 .6 7 0 .7 6 0 .6 0 0 .57 0 .53 0 .5 4 0.49 0 .49 0.41 0 .36

T em perature , 65° C.
2 1.32 1.06 0 .83 0 .7 8 0 .9 0 0 .8 7 0 .8 4 0.69 0 .74 0 .69 0 .5 9
5 1.09 0.91 0 .69 0 .6 8 0 .77 0 .77 0 .7 2 0 .0 6 0 .67 0 .63 0 .54
7 0 .93 0.81 0 .62 0 .6 0 0 .6 8 0 .6 8 0 .6 2 0.60 0 .6 0 0 .5 5 0 .49

10 0 .77 0 .69 0 .5 2 0.51 0 .5 8 0 .57 0 .5 3 0 .54 0 .51 0 .47 0 .42
15 0 .6 0 0 .5 4 0 .42 0 .4 2 0 .4 8 0 .46 0 .41 0 .41 0 .41 0 .3 6 0 .35

T em peratu re , 75° C.
0.5 1 2 4 I.0 12 14 16 18 20 30

min. m in. min. min. min. min. min. min. m in. m in. min.
2 1.03 1.02 0 .5 9 0 .2 0 0 .13 0.19 0 .1 8 0 .1 2 0 .1 7 0.19 0 .07
5 0 .8 4 0 .83 0 .47 0 .26 0.19 0.21 0 .2 7 0 .1 8 0 .20 0 .2 0 0 .1 3
7 0 .72 0.71 0 .4 4 0 .2 4 0 .1 8 0 .21 0 .2 5 0 .1 8 0 .22 0 .1 8 0 .1 3

10 0 .59 0 .6 2 0 .3 7 0 .2 2 0 .17 0 .1 8 0 .24 0 .1 8 0 .21 0 .1 8 0 .14
15 0 .4 8 0.51 0 .3 7 0 .2 6 0 .1 8 0.23 0.21 0 .1 8 0 .1 8 0 .2 2 0 .18

,------100° C. (H jO)------ - ^ -100  ° C. (S team )—»
0.25 min. 0.5 min. 0.25 min. 0.5 min.

2 0 .35 0 .04 0 .81 0 .39
5 0 .32 0 .04 0 .6 4 0 .36
7 0 .29 0 .03 0 .5 8 0 .32

10 0 .2 7 0 .49 0 .2 7
15 0 .2 5 0 .4 6 0 .2 5

T a b l e  XI. E f f e c t  o f  I m p r e g n a t i o n  D e a e r a t i o n  o n  P e r ­
o x i d a s e  A c t i v i t y  ( S e r i e s  I )

1%  HCI
R eaotion 1%  T artaric

T im e
M in .

HiO 3%  N aC l
D E » ----

Acid 
» __\ /  ,

2 1.47 1.62 1.37
5 1.01 1.32 1.04
7 0 .8 6 1.11 0 .8 8

10 0 .69 0 .94 0 .7 0
15 0 .5 7 0 .79 0 .5 7

N egative

Similar results were found for the uncut beans of series II  
as reported in Table V III. The enzyme activ ity  of the beans 
in this series was considerably higher than  th a t found for 
series I. The beans in this series were less m ature than  the 
others and also were uncut and probably required a longer 
heating period to  reach the same internal tem perature. Here 
again the samples in which the catalase was ju st inactivated 
developed off-flavors so th a t inactivation of catalase could not 
be used as an index of the inactivation of the agencies respon­
sible for production of off-flavors.

The peroxidase activity  of the cut stringbeans heated for 2 
minutes a t various tem peratures is shown in Table IX . No 
peroxidase activ ity  was found in  the  samples heated a t  90° C. 
and above. I t  is evident from the d a ta  present (in spite of 
the confusion caused by decrease in  peroxidase values with 
reaction time) th a t the inactivation of peroxidase corresponds 
more closely to  inactivation of the off-flavor-producing agen­
cies than  is true for catalase.

Similar results were obtained in samples of vegetables 
heated for various tem peratures, as shown in

• Table X . The results on the samples treated
with various solutions (Table X I) indicate that 
neither sa lt nor tartaric  acid had any notice­
able effect on peroxidase activ ity  although both 
markedly reduced the activ ity  of catalase. If 
anything, salt increased the peroxidase activity. 
Hydrochloric acid, however, inactivated the 
peroxidase.

The d a ta  for the peroxidase activity  in  uncut 
beans of series I I  heated under varying con­
ditions is given in Table X II . Here the corre­
lation between peroxidase activ ity  and flavor 
retention is not so good, for samples w ith a P.E. 
value of about 1 X  10_I un it per gram of 
sample were of acceptable quality. Apparently 
complete inactivation was not necessary in this 
case.

The quantitative data  for peroxidase m ay be 
compared w ith the qualitative d a ta  on the de­
frosted samples as given in Table X II I . Ap­
parently the cu t stringbeans contained an 
enzyme system capable of bluing guaiacum di­
rectly. However, this system was rapidly in­
activated by heat and was present in  samples 
heated to  65° C. for 2 m inutes in  one series. 
However, positive tests were obtained for the 
oxidase system in samples heated a t  65° C. for 
60 minutes in  another. I t  was definitely de­
stroyed in samples heated 30 seconds a t  75° C. 
and 30 seconds in steam  and in boiling water. 
The enzyme system bluing guaiacum in the 
presence of hydrogen peroxide was destroyed 
only when the samples were heated a t  tempera­
tures above 85° C. for 2 minutes. The per­
oxidase bluing benzidine, however, was not 
inactivated even a t  100° C. after 5 minutes. 
The quantitative d a ta  presented in  Table IX  
are more in  line w ith the guaiacum peroxidase 
inactivation. The qualitative tests for cata­
lase in stringbean of series I  are in line with the 
quantita tive d a ta  obtained previously.

The qualitative data  for the uncut beans in Table X III  
(Series II)  indicate again the presence of a very thermolabile 
oxidase, a particularly therm ostable benzidine peroxidase, and 
a moderately thermolabile guaiacum peroxidase. The inac­
tivation of the la tte r follows more closely the destruction of 
the agencies responsible for off-flavor formation.

The am ount of added ascorbic acid destroyed by the ascor­
bic acid oxidase of the stringbeans and by the metals and



JUNE, 1939 INDUSTRIAL AND ENGINEERING CHEMISTRY 757

T a b l e  X II.

No

E f f e c t  o f  T e m p e r a t u r e  a n d  T im e  o f  B l a n c h in g  o n  
P e r o x i d a s e  A c id it y  (S e r i e s  II)

Reaction T rea t-  71.1° C ., 76.7° C ., 
Time m en t 5 M in. 6 M in.

✓—82.2° C .-;- 
3 min. 5 min.

/—87.8° C.—  
3 m in. 5 min.

93.3° C ., 100° C., 
3 M in.° 1 M in.b

M in.
2 8 .2 2 2 .95 0 .99

— P .E . per gram  
0 .9 3  0 .81

X 10-*— 
0 .38 0 .06 0 .07 0 .15

5 5 .55 2 .45 0 .9 8 0 .84 0 .73 0.37 0 .0 8 0 .05 0 .1 2
7 4 .6 0 2 .1 0 0 .9 0 0 .7 8 0.C7 0.31 0 .07 0 .05 0 .09

10 3 .60 1.78 0.81 0 .70 0 .5 9 0 .28 0 .06 0 .04 0 .08
15 2 .78 1.37 0 .6 7 0 .5 8 0 .48 0 .23 0 .05 0 .03 0 .07

° Two other runs were negative, 
fr R uns a t  2 m inutes were negative.

T a b l e  X III. R e l a t iv e  E n z y m e  A c t iv it y  i n  S t r in g b e a n s

E f f e c t  o f  T e m p ,  o f  B l a n c h i n g  f o r  2  M i n . ( S e r i e s  I) 
-Peroxidase—

Catalase

Oxidase Gum
(Gum guaiacum Benzidine

Tem p. G uaiacum ) +  HiOi +  H jOj
° C.
20 +  +  + +  +  +  + +  +  +  +
40 + +  +  + +  +  +  +
65 +  +  + +  +  +  +
77 .5 +  +  + +  +  +  +
80 +  +  + +  +  +  +
82.5 +  +  + +  +  +  +
85 + +  +  +  +
87 .5 +  +  +  +
90 +  +  +  +

100 +  +  +

+ +  + 
+  +  + 
+

E f f e c t  o f  T i m e  o f  B l a n c h i n g  ( S e r i e s  I)

-P erox idaae-

Temp. of 
Blanching 

° C.
55

6 5

75

100 (boiling 
water)

100 (steam )

71.1
76.7

82 .2

87.8  

93 .3

100

Tim e of 
B lanching

Oxidase
(Gum

G uaiacum )

Gum
guaiacum

+  HiOi
Benzidine 
+  HiOi C atalase

30 seo.
4 min. 

60 min.

+  +  +  H- 
+  +  +  +  
+  +

+  +  +  +  
+  +  +  +  
+  +  +  +

+  +  +  +  4-4-4-4- 
+ + +  +

+  +  +  +  
+  +  +  +  
+  +  +

30 sec. 
60 min.

+  +  +  +  
+  +  +

+  +  +  +  
+  +  +

+ + + +
+ + +

+  +  +  +  
+  +  +

30 sec. 
10 min. 
30 min. +

+
+

+
+

+
'

+
+

+ + + + +  +  
+ + + +  
+ + +  +

+ +
+ +

+ + + +  
+  +  +  
+ +
+ +

+  +

15 seo. 
30 seo.

1 m in. 
5 m in.

+  + +  +  
+  +

+  +

E f f e c t  o f  T i m e  o f  B l a n c h i n g  ( S e r i e s  II) 

5 min. +  +  +  +  +  +  +  +  +
5 min. ..........  + 4 -4 -4 -  4-4-4-

3 min. ..........  +  +  +  +  +  +  +
5 min. ........... 4-4-4-4- + 4 -  +

3 min. ..........  +  +  +  +  +  +
5  min. ..........  4-4-4* 4-4-4-

3 min. ........... + +  +  +  +
5 min. . . . . . .  +  +  +

1 min. ..........  ..........  +  +  +
2 m in.....................  ........... +  +
3 mjn. ..........  ........... +  +
4 min. ........... ........... +  +
5 min. ..........  ..........  ...........

+ +  + 
+
+
+
+
+

other therm ostable catalysts present is shown in Tables 
XTV to X V II. In  these tables a is the to ta l ascorbic acid 
content calculated from the initial titration , b is the value ob­
tained after storage for 15 m inutes in the presence of heated 
inactivated enzyme extract, and c is the value obtained after 
storage for 15 m inutes in  the presence of the active enzyme 
extract. As was the case w ith artichoke heart extracts, the 
loss of ascorbic acid caused by therm ostable catalysts was 
small (about 0.05 mg. per gram of tissue added). The 
data  in Table X IV  show th a t the ascorbic acid oxidase

is practically inactivated on heating a t  75° C. 
for 2 minutes, as was the case for catalase 
(Table V). The d a ta  presented in the other 
tables show th a t the ascorbic acid oxidase of 
stringbeans is inactivated a t  nearly the same 
rate  as the catalase. Im pregnation w ith salt 
and ta rtaric acid, however, as well as with hy­
drochloric acid inactivated this oxidase (Table 
XVI).

The ascorbic acid oxidase activity for the 
uncut im m ature beans also followed closely the 

— ■ inactivation of catalase (compare Tables V III  
and X V II).

S u m m a ry  an d  C o n clu sion s
The activity of catalase, peroxidase, and ascorbic acid 

oxidase, and the acetaldehyde content of stringbeans scalded

T a b l e  XIV. E f f e c t  o f  T e m p e r a t u r e  o f  B l a n c h in g  f o r  2 
M i n u t e s  o n  A s c o r b ic  A c id  O x id a s e  A c t iv it y

-A scorbic Acid P re sen t-

Tem p.
° C .

U nheated
control,

a

H eated
control,

b

Un­
treated ,

c

15 M in.

o-c b-c o-6

20 0 .55 0 .46 0 .3 0 0 .25 0 .16 0 .0 9
40 0.53 0.46 0.32 0 .21 0.14 0 .07
50 0 .54 0.46 0 .3 8 0 .16 0 .0 8 0 .0 8
60 0.51 0 .45 0.31 0 .20 0 .14 0 .0 6
65 0 .46 0.41 0 .33 0 .13 0 .08 0 .0 5
75 0.44 0.39 0 .36 0 .0 8 0 .03 0 .0 5
77 .5 0 .47 0.41 0.39 0 .0 8 0 .02 0 .0 6
80 0.47 0.43 0.42 0 .05 0.01 0 .04

T a b l e  XV. E f f e c t  o f  B l a n c h in g  T im e  o n  A s c o r b ic  A c id  
O x id a s e  A c t iv it y  (S e r i e s  I)

Ascorbic Acid D estroyed in 
15 M in.

Tim e
Afin.

*—Ascorbic Acid P resent—s 
U nheated  H eated  U n­

control, control, treated ,
o b cc a-c

Mg. per gram—
b-c

T em perature , 55° C.
0 .5 0 .46 0.40 0 .32 0 .14 0 .0 8 0 .06
1 0.46 0.40 0 .32 0 .14 0 .08 0 .0 6
2 0.46 0 .3 8 0 .2 5 O'. 21 0 .13 0 .0 8
4 0.44 0 .36 0 .2 5 0 .20 0.12 0 .0 8
6 0 .48 0.42 0 .29 0 .1 8 0.13 0 .0 5
8 0 .4 8 0.43 0 .33 0 .15 0 .10 0 .05

10 0.49 0.44 0.33 0 .16 0 .11 0 .0 5
15 0.47 0.40 0 .2 8 0 .1 8 0 .11 0 .07
20 0 .48 0.40 0.29 0 .1 8 0 .10 0 .0 8
30 0 .48 0.40 0 .32 0 .15 0 .0 8 0 .07
60 0.42 0.41 0.36 0 .07 0 .0 6 0 .01

T em perature, 65° C.

0 .5 0.49 0.43 0 .30 0 .19 0.13 0 .0 6
1 0 .49 0 .40 0 .29 0 .20 0.11 0 .09
2 0 .50 0.41 0 .34 0 .16 0 .07 0 .0 9
4 0 .4 8 0.41 0 .3 8 0 .09 0 .03 0 .07
6 0 .49 0.40 0 .36 0 .1 3 0 .0 4 0 .09
8 0 .49 0.43 0 .40 0 .09 0.03 0 .0 6

10 0 .49 0.41 0 .3 8 0.11 0 .0 3 0 .0 8
15 0 .49 0.43 0.40 0 .09 0.03 0 .0 6
20 0 .49 0 .42 0 .40 0 .09 0 .02 0 .0 7

T em perature , 75° C.
0 .5 0 .46 0 .42 0.30 0 .1 6 0.12 0 .04
1 0 .46 0 .40 0.36 0 .10 0.04 0 .0 6
2 0.46 0 .40 0 .36 0 .10 0 .0 4 0 .0 6
4 0 .45 0 .3 8 0 .36 0.09 0 .02 0 .07

10 0 .45 0 .40 0 .3 8 0.07 0 .02 0 .0 5
12 0 .46 0 .42 0 .40 0 .06 0.02 0 .0 4

T em perature, 100° C .(S team )

0 .25
0 .50
1

0 .4 8
0 .46
0 .47

0.44
0.41
0.41

0.40
0 .40
0 .42

0 .0 8
0 .06
0 .05

0.04
0.01

0 .04
0 .0 5
0 .0 5

T em perature , 100° C. (Boiling W ater)

0 .25 0.44 0 .42 0 .39 0 .05 0 .0 3 0 .02
0 .50 0.44 0.40 0 .39 0 .05 0.01 0 .04
1 0.47 0.41 0 .3 9 0.08 0 .02 0 .06
2 0 .45 0 .40 0 .40 0 .0 5 0 .0 0 0 .05
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T a b l e  XV I. E f f e c t  o f  I m p r e g n a t i o n  D e a e r a t i o n  o n  
A s c o r b i c  A c id  O x i d a s e  A c t i v i t y  ( S e r i e s  I )

T rea tm en t

HjO
N aCl, 3%  
T a rta r ic  acid, 1% 
IIC1, 1% 
U n trea ted

/—Ascorbic Acid P resen t— 
U nheated  H eated  U n­

control, control, trea ted , 
a b c

Ascorbic Acid D estroyed 
in 15 M in.

c a-c
■Mg. per grarn-

b-c

0 .45
0 .49
0 .4 8
0.37
0 .4 8

0 .40
0.43
0 .40
0 .35
0 .44

0.29
0 .4 6
0 .44
0.32
0.32

0.1G
0.03
0 .04
0.05
0.1C

0.11

0 .03
0.12

0 .05
0 .06
0 .0 8
0.02
0.04

T a b l e  XVII. E f f e c t  o f  T e m p e r a t u r e  a n d  T im e  o f  B l a n c h ­
in g  o n  A s c o r b i c  A c id  O x i d a s e  ( S e r i e s  II)

^—Ascorbic Acid Present—* 
U nheated  H eated  U n- 

contro l, control, treated ,

Ascorbic Acid D estroyed 
in  15 Min.

T em p. 
° C.

Tim e
M in .

a b c a-c b-c a-b

No trea tm e n t 0 .54 0 .4 8 0 .14 0 .40 0.34 0 .0 6
71.1 5 0.60 0 .5 2 0 .54 0 .06 0 .0 8
76 .6 5 0 .60 0 .53 0 .56 0 .04 0 .07
82 .2 3 0.61 0.52 0 .55 0 .06 0 .09
87 .8 3 0.62 0.53 0 .57 0 .05 0 .09

100 1 0 .55 0 .4 8 0 .50 0 .05 0.07
100 2 0.53 0 .47 0.51 0.02 0.06

T a b l e  X V III. E f f e c t - o f  A c e t a l d e h y d e  a n d  C a t a l a s e  
C o n t e n t s  o n  Q u a l i t y  o f  S t h i n g b e a n s

Blanching Cntalase A cet­
Tem p. Tim e Color T exture R em arks F acto r aldehyde
° C. M in . P . p. m.

Series I

20 2 Brown Tough Off-flavor 0.111 25 .0
40 2 Brown Tough Off-flavor 0.115 24 .2
65 2 Olive green Tough Off-flavor 0.033 9 .6
77 .5 2 Olive green Tough Off-flavor 0.0000 8 .8
80 2 Olive green Tough Off-flavor 5 .2
82 .5 2 Olive green Tough F a ir flavor
85 2 Good Firm F air flavor
87 .5 2 Good Firm F air flavor 4^8
90 2 Good M ushy F a ir flavor

100 2 Good Very m ushy Poor flavor 3 .5

Series I I

71.1 5 Good Tough Off-flavor 0.0087 11.0
76 .7 5 Good Tough Off-flavor 0.0000 8 .3 6
82.2 3 Good Firm Very slight off-

flavor 11.88
82 .2 5 Good Firm Good flavor 3 .9 6
87 .8 3 Good M ushy Good flavor
87 .8 5 Good M ushy Good flavor
93 .3 3 Good M ushy Good flavor
93 .3 5 Good M ushy Good flavor 4! 86

100 1 Olive green Firm Slight off-flavor 0.0045 3 .9 6
2 Good Firm Good flavor 0.0000 3 .96
3 Good M ushy F a ir flavor
4 Good M ushy F a ir flavor
5 Good M ushy F a ir flavor 2.' 20

under various conditions were studied in relation to  flavor 
retention during storage a t  —17° C. I t  was found th a t 
acetaldekyde, a  known product of anaerobic respiration, ac­
cum ulates in samples containing active catalase. The am ount 
of acetaldehyde is smaller, the lower the catalase activity, bu t 
although it  decreases regularly w ith decrease in the latter, 
there is no definite relation between the two such as was found 
for peas (I). The catalase activity  and acetaldehyde con­
te n t decrease as the quality  of the product improves (Table 
X V III) b u t they are not a reliable index of flavor retention. 
The rate  of hea t inactivation of catalase is definitely more 
rapid than  th a t of the agencies producing oiT-flavors. The 
ascorbic acid oxidase activ ity  closely parallels th a t of catalase 
and is reduced by heating a t  about the same rate. The per­
oxidase activ ity  as measured by the ra te  of decomposition of 
hydrogen peroxide in the presence of pyrogallol is definitely 
more resistant to heat inactivation than  catalase. On com­
paring the tem perature and tim e necessary for its destruction 
w ith those required for retention of flavor, we find th a t there

is a fairly close correlation between its inactivation and keep­
ing quality. Thus, in stringbeans, peroxidase activity 
would probably serve as a better index of quality than  would 
catalase activity.

However, i t  is difficult from the quantitative d a ta  obtained 
by the m ethod used to determine ju st how much of the per­
oxidase present m ust be destroyed for flavor retention. Ap­
parently  it  need no t be all destroyed. The usual qualitative 
tests showed th a t the benzidine peroxidase of beans was sur­
prisingly therm ostable, while the guaiacum peroxidase was 
inactivated in samples th a t were found quantitatively to  be 
low in peroxidase. A pparently the peroxidase system of 
stringbeans is quite complex. There was a fair correlation 
between the heating conditions necessary for flavor retention 
and those required to  inactivate the guaiacum peroxidase. A 
very thermolabile oxidase was observed to  be present in 
stringbeans.

Im pregnation w ith hydrochloric acid inactivated catalase, 
peroxidase, and ascorbase activity. Im pregnation with so­
dium chloride and tartaric  acid decreased catalase activity 
and inactivated ascorbase b u t did not noticeably effect per­

oxidase activity; however, the vegetables im- 
_ _ _ _  pregnated with hydrochloric and with tartaric 

acid were so badly disintegrated by these agents 
th a t they were not fit for use.

The enzyme activity  in im m ature uncut beans 
was greater than  th a t of the cut m ature beans. 
Thus it  is necessary, as is also shown by or­
ganoleptic tests, th a t m aturity  be taken into 
consideration when blanching. In  series II, 
uneut stringbeans were used and a longer blanch­
ing period was thus required to obtain the 
necessary heat penetration.

A satisfactory product was obtained by 
blanching cu t stringbeans for 2 m inutes a t  85° 
to 87.5° C., for 5 m inutes a t 82.2° C., and for 
2 minutes a t  100° C. in less m ature uncut 
stringbeans.
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Preparation of Pure Cyclohexane
W. F . SE Y E R , M A U R IC E  M . W R IG H T , 
AND RAY M O N D  C. B E L L
University of British Columbia, Vancouver, Canada

TH E best cyclohexane available through m ost of the 
leading chemical dealers has a  freezing point between 
3.5° and 4.5° C. Timm ermans (IS) and others have 

shown th a t the freezing point of the pure substance lies close 
to 6.4 0 C. Since the physicochemical properties of the hydro­
carbon m ake i t  a  useful solvent for m any purposes, a simple 
method of purification seemed highly desirable.

The im purities m ay arise from two sources: (a) side re­
actions during hydrogenation and (b) the nature of the ben­
zene utilized. Although Sabatier (9) claimed th a t no side re­
actions took place when nickel was used as a catalyst, others 
found th a t th is was not invariably true. Thus Burrows and 
Lucarini (1), studying the equilibrium of benzene, hydrogen, 
and cyclohexane, had to discontinue the use of nickel be­
cause of side reactions; they substituted platinum  instead. 
The side reaction which is m ost likely to  occur is the scission 
of the benzene ring w ith the form ation of methylcyclopentane. 
Recently, Flynn (4), working in these laboratories, obtained 
information as to the extent of these side reactions by hydro­
genating benzene over a nickel catalyst a t 170° C. By re­
cycling the condensate over the nickel in  an atmosphere of 
hydrogen, he obtained a completely saturated liquid whose 
freezing point was approxim ately —40° C. after the benzene 
had been removed by  treatm ent w ith sulfuric and nitric 
acids. This c. p . benzene had previously been purified by 
three recrystallizations in  order to  remove traces of the 
xylenes and toluenes which are ordinarily present. Calcu-
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lations based on the la ten t heats of fusion of cyclohexane and 
methylcyclopentane would indicate th a t a mixture of the 
two, with a freezing point of —40°, should have a composition 
of about 30 per cent methylcyclopentane.

Thermodynamic calculations indicate th a t methylcyclo­
pentane will be even more likely to  form than  cyclohexane. 
Thus from the d a ta  and method given by Thomas, Egloff, 
and Morrell (IS), the free energy change for the reaction,

C,H, +  3H2 — >- CsH„.CH3 

is AF°«i =  —19,762; and for the reaction, 

C,H, +  3H;— C5H,2

(1)

(2)

the free energy change is A = —4534. I t  is possible 
th a t the method of making the catalyst m ay influence the 
course of reaction, for Ipatiev  (7) claimed to  have produced 
only cyclohexane when nickel sesquioxide was used.

E vidence is  p resen ted  to  sh o w  th a t  m c th y l-  
cy c lo p en ta n e  is  lik e ly  to  he p rod u ced  
in  th e  h y d ro g en a tio n  o f  b en z e n e  w ith  
a n ick e l ca ta ly st . P u re cyc loh exan e  can  
h e p rod u ced  from  th e  co m m ercia l m a te ­
rial by rectifica tio n  in  a F cn sk e , Q u igg le , 
and  T on gb erg  co lu m n .

F i g u r e  1. C o o l in g  C u r v e s

Extensive recrystallizations of the best cyclohexane ob­
tainable from Eastm an Kodak Company and the British 
D rug House, as carried out both  by Selwood (10) and Flynn
(4), showed little promise th a t cyclohexane could be purified 
this way. Hence rectification in an efficient column seemed 
to be the only alternative m ethod of preparing th is substance 
in a pure state.

S ep aration  o f  F raction s

A rectification column was built according to the plans 
given by Fenske, Quiggle, and Tongberg (3). The dimen­
sions, however, were altered to suit the space available. The 
column proper was made of a copper pipe 2.54 cm. o. d. and 
4 meters long. I t  was filled with a No. 18 jack chain. The 
still was a copper-plated iron pot, insulated and bound with 
Nichrome wire so th a t i t  could be heated both from the sides 
and bottom.

A reflux ratio of a to u t  35 to  1 was m aintained by keeping 
the tem perature difference between the still and condenser 
head constant a t 11.5° C. The product was withdrawn in 
100-cc. fractions every 2 hours. In  this manner over 3000 
cc. of the Eastm an K odak Company’s commercial cyclohexane 
were separated into th irty  fractions. They were then ex­
amined for purity  by density, refractive index, and freezing 
point measurements.

D ensity. The densities were measured with a hydrome­
ter, graduated to four decimal places. I t  was calibrated 
by immersing it  in two samples of cyclohexane whose densi­
ties had been carefully determined previously by means of a 
standard 50-cc. specific gravity bottle. All measurements
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F i g u r e  2 . P h y s ic a l  P r o p e r t i e s  o p  F r a c t io n s

were carried out a t  20° C. in  a constant-tem perature bath  
whose variation was no t greater than  0.03° C. The mercury 
therm om eter had been calibrated against a  platinum  re­
sistance therm om eter recently checked by the Bureau of 
S tandards for accuracy.

R e f r a c t i v e  I n d e x . The refractive indices were measured 
by a  Pulfrich refractom eter constructed by Adam Hilger. 
Powdered sodium chloride sprayed into a Bunsen burner 
flame served as a  source of monochromatic light. W ater a t 
20° C. from the constant-tem perature bath  was led through 
the apparatus a t  such a ra te  th a t no difference in  tem perature 
reading could be detected between the bath  and the re­
fractom eter cup.

P u r ity  o f  th e  F ra ctio n s

F r e e z i n g  P o i n t . T he apparatus used was described by 
Seyer and Walker (11). The bath  fluid was water and ice, 
and was kept stirred by a small m otor. The cyclohexane 
was stirred by hand once every 5 seconds to  obtain constant 
results, because the heat of fusion of th is hydrocarbon is so 
low. For freezing point determ inations two of the 100-cc. 
fractions were combined in  order to  have sufficient liquid in 
the freezing point chamber.

To show the difference in behavior of the various fractions, 
the cooling curves of fractions 1-2 and 19-20 are given in 
Figure 1. The densities (corrected to  vacuum ), refractive 
indices, and freezing points of the fractions are listed in 
Table I.

The results are shown graphically in  Figure 2. Since the 
freezing point is the m ost sensitive to  im purities of the physi­
cal properties measured, i t  is obvious th a t fractions 11 to  26, 
inclusive, constitute pure samples of cyclohexane. In  other 
words, a  yield of 50 per cent of pure cyclohexane can be 
obtained from the commercial variety by  using a column such

T a b l e  I .  P h y s ic a l  P r o p e r t i e s  o f  F r a c t io n s

No. of 
F rac ­
tion d 1° _20 

*  D

Freezing
Point,
° C .

No. of 
F rac ­

tion C
L O _30n d

Freezing
Point,

° C .
1 0.7771 1.42562 16 1.42632 6.47
2 1.42C06 1130 17 1.42637
3 o[7775 1.42627 18 0[7784 1.42632 6.*4G
4 1.42627 5 .79 19 1.42642
5 1.42627 20 0.7784 1.42642 6 [47
6 o !7780 21 0.7784 1.42632
7 1[42627 Q.2Z 22 0.7784 1.42637 ö[48
8 1.42627 6 .3 2 23 0.7784 1.42637
9 0.7784 1.42627 24 1.42632 6.48

10 0.7784 1.42632 6.*40 25 0.7784 1.42632
11 1.42632 26 1.42632 QA6
12 o !7784 1.42637 6 .47 27 0[7784 1.42632 6.44
13 1.42632 28 1.42632
14 1.42627 6[48 29 0[7784 6Ü 6
15 0.7784 1.42632 30 l ! 42632

as has been described. A rerun of m ost of the fractions 
would certainly increase the yield.

The average values of the densities, refractive indices, and 
freezing points of the pure samples are, respectively, 0.7784,
I.42635, and 6.47 =*= 0.02° C. These results agree well with 
those given by other investigators and summarized in  Table
II.

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  w i t h  T h o s e  o f  O t h e r  
I n v e s t ig a t o r s

Freezing 
Point,

D ensity  R efractive  Index ° C.

0 .7785 (20° C .) 1.42886 (15° C .) 6 .40
0 .7788 (19.5° C .) 1.4289 (19.5° C.) 6 .40

1.42900 (15° C.) 6 .28
6 .50

1.42640 (20° C.)

0 .7786 (20° C.) . . .  6.54
0.7783 (20° C.)
0.7784 (20° C .) 1 .42635 (20° C.) 6.47

The tables show th a t the present values fall well within 
those given by others. Considerable weight m ust be given 
the values of Timm ermans and M artin  (13), who were very 
careful to  prepare a pure compound. The difference in their 
density values and those found here differ by only 0.0001. 
The refractive indices cannot be directly compared because 
of the lack of knowledge of an accurate tem perature coef­
ficient. The difference in the freezing point, 0.07° C., is 
worthy of note. The value given in  th is paper is an average 
of seven determ inations, and the cooling curve of fraction 
19-20 (Figure 1) shows a high degree of purity . The char­
acteristics of the platinum  therm om eter used were described 
elsewhere (11). I t  was frequently checked against the freez­
ing point of conductivity of w ater both during and a t  the end 
of the freezing point experiments.
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Specific Heat of Strained Rubber
CH ARLES G . B O ISSO N N A S

University of Geneva, Switzerland

T h e  sp ecific  h e a t  o f  tw o sa m p les  o f  rubber  
a n d  it s  v a r ia tio n  w ith  e x te n s io n  w ere d e­
te r m in e d . O n e o f  th e  sa m p les  w as h ig h ly  
v u lca n ized , th e  o th er  u n v u lca n ized . T h e  
m e a su r e m e n ts  w ere m a d e  a t  ro o m  te m ­
p eratu re  (19° to  21° C.) a n d  in vo lved  te m ­
p eratu re  ch a n g es  o f  le ss  th a n  0.1° C.

T h e  sp ec ific  h e a t  o f  n e ith e r  sa m p le  varied  
m u c h  w ith  e x te n s io n . T h is  r e su lt  is  n o t  
in  a g reem en t w ith  p rev iou s d a ta  w h ich  
in d ic a te d  a  d ecrease  in  sp ecific  h e a t  o f  
a b o u t 30 per c e n t  a t  100 per c e n t  ex ten sio n .

curve for the specific heat is most interesting, as the strong 
variation of this quantity  w ith the elongation m ust be of 
utm ost importance for the understanding of the molecular 
sta te  of rubber.”

In  order to check these results by another method, the 
writer measured the specific hea t of rubber a t  room tem pera­
ture (19° to 21° C.) by a process involving tem perature 
changes of less than 0.1° C. Two samples of rubber were 
chosen. Sample I  was highly vulcanized for 30 minutes 
under 3 atmospheres pressure. I ts  composition was as fol­
lows:

Sm oked sheet 
Sulfur 
A ccelerator 
ZnO, carbon black

89
1.8
0 .9
8 .3

TH E  specific heat of unstrained rubber as a function of 
tem perature has been the subject of m any investigations; 
b u t only one set of data  has been published on the spe­

cific heat of strained rubber.1 O m stein and his co-workers 
heated samples of strained vulcanized rubber to  80° C. and 
dropped them  into a  calorimeter a t room tem perature. The

F i g u r e  1 . S p e c i f i c  H e a t  o f  
S t r a i n e d  R u b b e r , a f t e r  O h n -  

STEIN, W OUDA, AND E y MERS

results they obtained are presented in Figure 1, where the 
specific heat of one gram  of rubber is p lotted against exten­
sion:

AI

•where I 
lo

length of strained sample 
length of same sample unstrained

As Figure 1 shows, the specific heat diminishes to about two 
thirds of its original value when the extension is increased 
from 0 to  100 per cent (AZ =  1); i t  increases again on further 
•extension. According to  Ornstein et al., ‘‘the form of the

1 O rnstein, W ouda, and  Eym era, Proc. Acad. Set. Amsterdam, 33, 273 
1930).

Sample I I  was a patented, pure crepe, milled, pressed, calen­
dered rubber; it was unvulcanized and contained no fillers. 
A band-shaped piece of rubber was cut from each sample, the 
same piece was studied a t several extensions.

C alorim eter
The heating unit (Figure 2) iB made of constantan wire, 0.2 

mm. in diameter, with a resistance of 7.6 ohms; it is coiled 
around the thin-walled 
copper tube, A  (10 mm. in 
diameter, 75 mm. long, 0.1 
mm. thick) and insulated 
with Bakehte. One end of 
the band-shaped rubber, B, 
is held by a steel pin, C, 
so ldered  tran sv e rse ly  
through the copper tube.
The rubber is then wound 
over the heating unit under 
a constant strain produced 
by a weight attached to the 
free end. The latter is 
finally attached also to the 
s a m e  p in . O n e  o f th e  
copper-constan tan j u n c - 
tions of the thermocouple 
(constantan 0.2 mm., copper 
0.15 mm.) is thus placed 
between the heating unit 
and the rubber band; the 
other junction, D, is forced 
into a hole in the center of 
a 70-gram copper block.
The calorimeter is placed in 
a glass container with a 
ground joint and can be 
evacuated . T he ru b b er 
and the internal face of the 
glass container are covered 
by light aluminum foils, E, 
which reduce the losses by 
radiation. The whole ap­
paratus is immersed in a 
Dewar flask.

The thermocouple is con­
nected to a Kipp and Zonen 
galvanometer, type Zc.
The heating coil and its con­
nections (which serve also 
to suspend the heating unit) 
are not shown in Figure 2.
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C alib ration  a n d  M ea su rem en ts

The two junctions of the thermocouple are attached to the 
bulbs of two Beckmann therm om eters and placed in two De­
w ar flasks filled w ith w ater of slightly different temperatures. 
During tem perature equalization, readings of the arbitrary  
tem peratures indicated by th e  two therm om eters and of the 
position of the spot on the galvanometer scale are made every 
2 minutes. The difference between the readings of the two 
therm ometers is plotted against those of the galvanometer

- 5 0  0  + 5 0

F i g u r e  3 . C a l ib r a t io n  o r  t h e  G a l v a n o m e t e r

T a b l e  I .  S u m m a r y  o f  D a t a
T otal Av.

Expt. E nergy Tem p. H eat Specific Specific
No. Al In p u t Increase C apacity H eat H eat

Cm. Calories ° C. C a l./°  C. C a l./0 C ./gram

Sam ple I
1 58 0 0.275 0.0049 5 .65 0.375
2 0.275 0.0049 5 .65 0.375
3 0.275 0.0048 5 .75 0 .38
4 0.275 0.0050 5 .54 0.365
5 0.426 0.0072 5 .95 0 .40
6 0.426 0.0075 5 .72 0 .38
7 0.873 0.0151 5 .78 0.385 0 .3 8

8 96 (58) 0 .65 0.393 0.0069 5 .70 0 .3 8
9 0.565 0 .0098 5 .80 0.385 0.385

10 166 (58) 1.9 0 .5 6 0.0102 5.50 0.365
11 0 .5 6 0.0100 5 .58 0.37
12 0.273 0.049 5 .62 0.37
13 0.79 0.0140 5 .65 0.375 0 .3 7

Sam ple II
1 64 0 0.285 0.0058 4 .92 0.395
2 0.287 0.0061 4 .73 0.375
3 0.448 0.0100 4 .47 0 .35
4 0.670 0.0140 4 .7 8 0 .3 8
5 0.407 0.0083 4 .92 0.395
6 0.573 0.0119 4 .83 0.385 0 .3 8

7 170 (04) 1 .7 0 .573 0.0109 5 .27 0 .43
8 0.330 0.0063 5 .28 0 .43
9 0.560 0.0109 5 .16 0.42

10 0.447 0.00S6 5 .22 0.425 0 .43

11 300 (64) 3 .7 0.447 0.0083 5 .40 0 .445
12 0.289 0.0054 5 .33 0.435
13 0 .440 0.0082 5 .37 0 .44
14 0.534 0.0100 5 .37 0 .44 0 .44

15 67 0 0.673 0.0135 4 .97 0 .40
16 0.420 0.00S1 5 .18 0 .42
17 0 .482 0.0097 4 .99 0 .40
18 0 .206 0.0041 5 .1 8 0 .42 0.41

19 105 (69) 0 .5 0 .527 0.0106 4 .9 8 0 .40
20 0.407 0.0079 5.13 0.415
21 0.374 0.0075 4 .98 0.40
22 0.475 0.0100 4.7S 0 .3 8
23 0.622 0.0128 4 .86 0 .39
24 0.289 0.0057 5 .07 0.41 0 .40

25 220 (71) 2 .1 0.425 0.0083 5 .13 0 .415
20 0.462 0.0089 5 .17 0 .42
27 0.425 0.0084 5 .08 0.41
28 0.613 0.0117 5 .25 0 .43
29 0.712 0.0141 5 .07 0 .41 0 .4 2

(Figure 3). The slope of the curve thus obtained gives the 
calibration. In  the present case a 100-mm. displacement of 
the spot corresponds to a  tem perature difference of 0.092° C. 
with an accuracy better than  one per cent.

One hour after the rubber band is mounted, readings of the 
galvanometer are made a t intervals of 30 seconds over a pe­
riod of several minutes. A  current of known intensity  (be­
tween 0.08 and 0.18 ampere) is sent through the heating coil 
for 5 to  30 seconds, and the readings are continued for 5 min­
utes. ( I t  was found th a t a regular slope of the time-deflection 
curve is practically attained after 2 minutes.) The increase 
of tem perature corresponding to  a  known energy input and 
thus the to ta l heat capacity of the rubber and the heating unit 
can be easily deduced. The hea t capacity of the heating unit, 
calculated from its components (copper, constantan, alumi­
num, Bakelite), was found to be 0.97 calorie per ° C., about 
20 per cent of the heat capacity of the rubber band. By de­
ducting 0.97 from the to ta l heat capacity and dividing by the 
weight of the rubber, we obtain the specific heat of the rubber.

R esu lts

T he experimental d a ta  are given in Table I  and summarized 
in Figure 4, where the values of Ornstein are reproduced for 
comparison.

S a m p l e  I  (580 X  11 X  2 mm., weight 12.5 grams) shows 
practically no perm anent deformation after straining. The 
specific heat does not change w ith extension between 0 and 
1.9.

F i g u r e  4 . S p e c i f i c  H e a t  o f  S a m p l e s  I a n d  II 
a s  a  F u n c t io n  o f  E x t e n s i o n

S a m p l e  I I  (040 X  14 X  1 m m . ,  weight 10.0 grams) shows 
a marked perm anent deformation after straining. A t the 
end of the series of experiments, the length of the band was 
710 mm., as compared w ith 640 mm. a t  the beginning. To 
give consideration to  the possible influence of this change on 
the specific heat, extensions were tried in the following order: 
0, 1.7, 3.7, 0, 0.5, 2.1. The interpolation in Figure 4 seems to  
indicate a slow increase of the specific heat with the extension, 
bu t this increase is near the lim its of reproducibility.

The results obtained with both samples do not confirm the 
large decrease in  specific heat w ith extension, found by Orn­
stein. Ornstein and his co-workers measured a “mean 
specific hea t” over a tem perature interval of 60° C. The 
transform ations which m ay occur in strained rubber when it 
is heated to 80° C. and then suddenly cooled m ay be accom­
panied by considerable evolution of heat.

6 4 * 0
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stems
T h e  la te n t  lie a t  o f  vap oriza tion  was 
m easu red  ex p er im en ta lly  for prop an e a t  
tem p era tu res from  100° to  170° F . a n d  for 
n -p e n ta n e  from  80° to  200° F . T h e  ap p a ­
ra tu s  em p lo y ed  for th e se  m e a su r e m e n ts  is  
described  in  d e ta il. T h e  re su lts  arc pre­
se n te d  in  b o th  tab u lar  and  grap h ica l form . 
A com p arison  is  m a d e  b e tw een  th e  resu lts  
o b ta in ed  an d  th e  d a ta  o f  o th er  in v e s t i­
gators.

TH E  la ten t heat of vaporization is of importance in 
establishing the therm odynamic behavior of pure sub­
stances in the two-phase region. Although th is quantity  

may be calculated from volumetric and vapor pressure data  
by means of the Clapeyron equation, i t  can be measured 
direct in  certain regions more accurately. This measure­
ment also affords a desirable check upon the consistency of 
thermodynamic data  related to  the saturated liquid and gas. 
For this reason an experimental investigation was made of 
the la ten t heat of vaporization of propane and n-pentane a t 
temperatures from 80° to as high as 200° F. This work is 
part of a general study of the heat of mixing of the lighter 
paraffin hydrocarbons.

D ana and co-workers (2) measured the latent heat of 
vaporization of propane from —40° to 68° F. w ith an esti­
m ated uncertainty of approxim ately one per cent. These 
data were obtained directly by measuring the weight of 
propane evolved from a calorimeter as a  result of the addition 
of a known quantity  of electrical energy. These investigators 
also determined the specific volume of the saturated liquid 
and saturated gas, and measured the vapor pressure of pro­
pane throughout the above-mentioned tem perature interval. 
They compared values of the la ten t heat of vaporization 
calculated from these volumetric and pressure data with the 
directly measured values.

Pressure-volume-temperature measurem ents from the au­
thors’ laboratory (IS) also perm itted the calculation of the 
latent heat of vaporization of propane by the use of the 
Clapeyron equation. These data  indicated values approxi­
m ately 6 B. t. u. per pound lower than values obtained by 
Dana and co-workers (2) by extrapolation of their measure­
ments a t  lower tem peratures. This large discrepancy caused 
doubt as to  the proper value of the la ten t heats of vaporiza­
tion for propane a t tem peratures below 160° F.

The heat of vaporization of commercial n-pentane a t 
temperatures between —4° and 86° F. was measured by 
Griffiths and Awbery (S) who expressed their results as a 
linear function of the tem perature. They also reported data 
upon the specific volumes of saturated gaseous n-pentane a t  
temperatures from 32° to 88° F . The specific volumes of the 
saturated liquid and the saturated gas of n-pentane as well as 
the vapor pressure were measured by Young (15) a t  tempera-

1 This is th e  tw en ty -fou rth  paper in th is series. P revious articles appeared 
during 1934 to  1938, inclusive, and  in M arch , 1939.

tures from 70° to the critical tem perature (387° F .). The 
measured values of Griffiths and Awbery (3) are in only fair 
agreement w ith values calculated from the pressure-volume- 
tem perature measurements reported by Young. The vapor 
pressure and the volumetric behavior of liquid n-pentane 
were studied in  the authors’ laboratory a t tem peratures be­
tween 70° and 220° F. (12). These data  were in good agree­
m ent with the measurements made by Young.

• M ateria ls  and  M eth od

The propane and n-pentane used in this investigation were 
obtained from the Phillips Petroleum Company. The 
special analyses furnished showed th a t the propane did not 
contain more than 0.03 mole per cent of impurities. The 
sample of n-pentane contained 99.3 mole per cent n-pentane 
and 0.7 mole per cent isopentane. The propane was used 
w ithout further purification, bu t the n-pentane was subjected 
to a fractionation in a column packed with glass rings in 
order to remove dissolved air and some of the isopentane. 
The purity  of these samples was substantiated by the degree 
of constancy of their vapor pressure throughout the course of 
isothermal condensation. The presence of the isopentane 
in the sample of n-pentane was not of serious consequence 
since its la tent heat of vaporization is not greatly different 
from th a t of n-pentane. I t  is believed, therefore, th a t the 
presence of the impurities indicated above did no t cause any 
appreciable uncertainty in the reported values of the la ten t 
heat of vaporization.

The method employed is similar to th a t used by Osborne 
and co-workers (5, 6, 7) in their investigation of the la ten t 
heat of vaporization of water and ammonia. Since Osborne
(5) has already made an excellent therm odynamic analysis 
of the behavior of such a device, i t  is unnecessary to derive 
the expressions th a t were employed in reducing the experi­
mental data to the desired thermodynamic quantities.

In  principle, the method consisted of adding a known 
am ount of electrical energy to a calorimeter containing liquid 
and gas phases of the substance in question and determining 
the weight of m aterial th a t was withdrawn as saturated gas 
in order to m aintain the tem perature and pressure within 
the calorimeter a t  constant values. Under ideal conditions 
in which there is no superheat of the gas or liquid during the 
isothermal evaporation process, the latent heat of vaporiza-
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F i g u r e  1. D ia g r a m  o p  A p p a r a t u s

tion is simply related to  the electrical energy added by means 
of the following expression:

However, additional correction term s are required when the 
actual process digresses from the above-mentioned ideal 
vaporization process. In  the present instance the maximum 
total of all of the corrections am ounted to  only 0.6 per cent 
of the la ten t heat of vaporization. These corrections were 
applied in a m anner sim ilar to th a t proposed by Osborne (5). 
Information concerning the specific heat of the saturated 
liquid and saturated gas as well as data  upon the specific 
volume and isothermal enthalpy-pressure coefficient ( b H /  
bP ) t of both of the phases is required in the evaluation of 
these corrections. In  addition, the heat capacity of the 
em pty calorimeter m ust be known in order to  determ ine the 
net energy added to  the system when digressions from an 
isothermal vaporization process are encountered.

A p p aratu s

The apparatus developed for m aking the measurements 
reported in this paper is depicted in  Figure 1:

The calorimeter bomb, A , was mounted within the vacuum 
Jacket, B. The space between the calorimeter and the jacket 
was maintained a t a pressure below 10“  inch of mercury by means 
of the oil diffusion pump, C. This pressure was measured by 
means of the McLeod gage, E. I t  was found that the quantity of 
condensable vapor within the vacuum space was sufficiently small 
so that the pressure measurements by means of the McLeod 
gage gave a satisfactory indication of the resistance to  heat trans­
fer by conduction through the space from the bomb to the jacket.

The temperature of the jacket was maintained at the desired 
value by means of the small oil bath, F, of low heat capacity, 
which was agitated by means of stirrer G. A four-junction ther­
mocouple was mounted with one set of junctions on the exterior 
surface of calorimeter bomb A  and the other on the interior sur­
face of vacuum jacket B. This double-wire copper-constantan 
(No. 40 B. and S. gage) thermocouple was employed to measure 
the temperature difference between the bomb and jacket during 
the course of a given set of measurements. A similar two-junction 
thermocouple was mounted on the surface of the bomb and the 
interior of the jacket. This latter thermocouple was connected 
to a high-sensitivity low-resistance galvanometer. The light 
beam from this galvanometer actuated a photoelectric relay 
which in turn controlled the electrical energy added to the jacket 
bath. This arrangement was used when the heat capacity of the

calorimeter was being evaluated and permitted the automatic 
maintenance of a temperature difference of nearly zero between 
the interior surface of the jacket and the exterior of the. calo­
rimeter bomb. In general, temperature differences of not more 
than 0.02° F. were encountered in the course of a particular set 
of measurements of this type. For the actual measurements of 
latent heat of vaporization, the temperature of the jacket oil 
bath was controlled a t a constant value by means of a four-junc­
tion thermocouple operating between an ice bath and the thermo­
stat. This four-junction thermocouple in conjunction with a 
potentiometer actuated the high-sensitivity galvanometer ■which 
controlled the same photoelectric relay mentioned in connection 
with the differential control apparatus. This control device 
maintained the temperature of the vacuum jacket within 0.01° F. 
of the desired value. Oil bath F was placed within an air 
thermostat which was maintained a t a temperature approxi­
mately 2° F. below that of the calorimeter.

Calorimeter bomb A  was connected to the motor-operated 
valve, H, by means of a small stainless-steel tube approximately 
0.02 inch in inner diameter. This tube was in good thermal con­
tact with the jacket, avoiding any thermal gradient in this tube 
adjacent to the calorimeter bomb. All of the tube outside of oil 
thermostat bath F was enclosed in an isobaric steam jacket to 
avoid any condensation in this part of the apparatus. The work 
of Osborne and co-workers emphasized (£>) the importance of 
avoiding such condensation. The weighing bomb, J , was im­
mersed in the condenser thermostat bath, K , which was main­
tained a t a predetermined temperature, lower than that of the 
calorimeter bomb. This temperature was so chosen tha t a pres­
sure differential of approximately 4 pounds per square inch was 
maintained across the motor-operated valve, H, which was re­
motely controlled from the location of the temperature measuring 
equipment. The calorimeter could be evacuated through valve 
L. The pressure existing within the calorimeter was measured by 
means of a  pressure balance, N, which was connected to it 
through the oil-mercury interface in the U-tube, M . The exte­
rior of tube M, as well as that of the tubing connecting it with 
the calorimeter bomb, was steam-heated to avoid condensation.

The details of the construction of the calorimeter bomb 
are presented in Figure 2:

The bomb was machined from solid bar stock which, after heat 
treatment, exhibited an elastic limit in excess of 200,000 pounds 
per square inch. The hemispherical ends were threaded to the 
cylindrical section and were soldered to it with block tin. Ade­
quate agitation of the contents of the calorimeter was desirable in 
order to avoid undue superheating of the liquid and inequalities 
in the temperature within the calorimeter. This was accom­
plished by placing a small centrifugal agitator, Y, within the 
calorimeter bomb, similar in some respects to tha t employed by 
Osborne and Van Dusen (7). This agitator circulated the liquid 
upward around shield W  past heater P. The pump was mounted 
upon jewel bearings and was driven externally by means of a small 
(0.01-inch) piano wire which was enclosed in the stainless-steel 
tube, Q. Outside the vacuum jacket this piano wire passed 
through the packing gland, R, of Figure 1 and was driven by 
means of the electric motor, S. A valve, T, was provided above 
the packing gland to permit the addition and withdrawal of 
samples of liquid from the calorimeter. The apparatus was so 
designed tha t less than 0.03 cubic inch (0.4 cc.) of free space ex­
isted in stainless steel tube Q and packing gland R. This quan­
tity  was small in comparison with the volume of the calorimeter 
which was approximately 18.3 cubic inches (300 cc.).

Heater P  of Figure 2 was constructed of approximately 3 feet of 
No. 36 constantan wire enclosed within a small (0.03-inch inner 
diameter) stainless-steel tube. I t  was so constructed that all of 
the constantan wire was within the calorimeter bomb and only 
relatively large (No. 28 B. and S. gage) copper leads were brought 
out of the calorimeter. The voltage impressed upon the heater 
was measured by means of potential leads connected to the heater 
at the exterior surface of the calorimeter bomb. Since this elec­
tromotive force was approximately 9 volts, a volt box with a 
resistance of 10* ohms was employed in conjunction with a re­
cently calibrated Leeds & Nortbrup type K-2 potentiometer for 
its measurement. Intercomparisons of the various unsaturated 
cadmium standard cells employed in the laboratory indicated 
that this voltage was measured with an uncertainty of not more 
than one part in ten thousand. The current flowing through 
the heater was established by measuring the potential across a 
standard resistance connected in series with heater P. I t  is be­
lieved that the current flowing was measured with an uncertainty 
of not more than two parts in ten thousand. Each of these 

uantities (i. e., the current and the voltage) was corrected for the 
ow of current through the volt box and for the resistance of the 

heater leads from the potential connections to the heater. The
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time during which the electrical energy was added to the calo­
rimeter was determined by means of an electrical timing device 
operated by the power supply to the laboratory. I t  is believed 
that in the period involved in a  given measurement (more than 
1000 seconds) no uncertainties greater than 0.05 per cent were in­
volved in this quantity. Storage batteries of adequate capacity 
were employed as the current source of the calorimeter heater. 
Changes in the rate of energy addition of more than 0.1 per cent 
were usually not encountered in the course of a  given set of meas­
urements. These batteries were maintained in closed circuit for 
a period of at least one hour before their use with the calorimeter 
in order to avoid initial changes in voltage upon closing the cir­
cuit. I t  is believed that the energy added to the heater within 
the calorimeter was known with an uncertainty of not more than 
0.1 per cent.

The temperature of the liquid within the calorimeter was es­
tablished by means of the single-junction copper-constantan 
thermocouple, V, of Figure 2. This thermocouple was of three- 
wire construction and was calibrated accurately after its installa­
tion within the apparatus against mercury-in-glass thermometers 
which had been standardized recently a t the U. S. Bureau of 
Standards. The electromotive force measurements for all of the 
precision thermocouples used in connection with the calorimeter 
were made by means of a  White double potentiometer with which 
temperature differences as small as 0.005° F. could be detected. 
The standard cell for this instrument was enclosed in a brass 
thermostat block which showed a maximum variation of ap­
proximately 0.1° F. throughout any particular month. Three 
standard cells were placed in this thermostat block and were so 
arranged as to permit their direct intercomparison. Such a 
comparison indicated a probable uncertainty in standard cell vol­
tage of approximately one part in ten thousand during the entire 
course of the present investigation. The use of a thermostat 
container for the standard cells was found to be justified because of 
the rather large daily fluctuations in the temperature of the labo­
ratory which were found to result in nonequilibrium changes 
in standard cell voltage of as much as four parts in ten thousand. 
I t  is believed that the thermocouples employed permitted the 
establishment of the temperature of the contents of the apparatus 
with an uncertainty of not more than 0.1 ° F. relative to the Inter­
national Platinum Scale. Changes in temperature in the course 
of any one measurement of less than 0.001° F. were easily meas­
urable. The temperature of the gas leaving the calorimeter was 
established by means of a single-junction, three-wire, copper-con­
stantan thermocouple attached to the outlet tube of the calo­
rimeter approximately one inch from the calorimeter bomb. The 
cold junctions of this thermocouple and of the main thermocouple 
V  were immersed in an agitated ice bath.

In  order to avoid temperature gradients along the agitator 
drive tube Q, a small manually controlled heater, U (Figure 1), 
was installed. This heater was so controlled that a differential 
two-junction thermocouple operating between the lower end of 
this agitator tube and vacuum jacket B indicated no measurable 
temperature difference between these two points. All of the 
other metallic connections to the calorimeter bomb passed 
through oil bath F and therefore were a t substantially the same 
temperature as the calorimeter bomb.

The material evaporated from the calorimeter was condensed 
in -weighing bombs which had capacities of approximately 2 cubic 
inches. These bombs were weighed in air with a nearly identical 
tare, and the change in weight was determined by means of cali­
brated brass weights. Additions and withdrawals of the contents 
of the calorimeter by such means indicated tha t the quantity of 
material withdrawn could be determined with an uncertainty of 
not more than 6 X 10_e pound (3 mg.). Therefore, it is be­
lieved tha t the weight of material evaporated was established with 
an accuracy of 0.1 per cent for all of the measurements reported 
in this investigation.

P roced u re
The apparatus was first evacuated through valve L  of 

Figure 1. A known weight of the hydrocarbon in  question 
was then  introduced through valve T. A sufficient quantity  
of m aterial was added so th a t the liquid level would be ap­
proximately 0.75 inch above the top  of the circulation shield. 
The bomb and jacket -were then brought to  the desired tem­
perature, and the various adjustm ents m ade to  avoid ap ­
preciable therm al leakage from the apparatus. The weighing 
bomb was attached and immersed in the condenser thermo­
s ta t b a th  which was adjusted a t  the proper tem perature rela­
tive to  the calorimeter. M easurem ents as a function of tim e 
were m ade of the tem perature difference between the jacket

and bomb, and of the tem peratures of the outlet tube and the 
interior of the calorimeter bomb. The vacuum jacket was 
m aintained a t a constant tem perature by the photoelectric 
control previously described. The agitator was then started  
and electrical energy added to the calorimeter heater. The 
motor-operated valve was opened sufficiently to m aintain a 
nearly constant tem perature of the contents of the calorim­
eter. During this evaporative period readings were taken 
of the tem perature difference between the calorimeter 
bomb and jacket, the tem perature of the outgoing gas, and 
the tem perature of the contents of the calorimeter. Each 
of these quantities was measured a t  approxim ately 30- 
second intervals. During this period measurem ents of the 
voltage impressed upon the calorimeter heater and the  cur­
ren t flowing through i t  were also taken a t  intervals of ap ­
proximately one minute.

The electrical energy was added for a period of approxi­
m ately 20 minutes, which corresponded to the removal of 
from 0.022 to 0.044 pound (10 to 20 grams) of m aterial from 
the calorimeter. The heater current was then shu t off, and 
readings of the tem perature difference and the tem peratures 
were continued until static equilibrium had been reestab­
lished. The motor-operated valve was closed gradually 
during this period in such a fashion as to m aintain a nearly 
constant bomb tem perature. The pressure existing within

F i g u r e  2 . C a l o r i m e t e r  B o m b

the bomb was also measured a t  periodic intervals. How­
ever, i t  was found th a t the tem perature of the evaporating 
liquid corresponded w ithin small lim its (0.05° F.) w ith the 
value predicted from the vapor pressure measurements. 
This indicated th a t the evaporation from the liquid was taking 
place substantially a t  equilibrium. However, approximately 
0.2° F. difference in  tem perature was encountered between 
the exit gas and the evaporating liquid.

The experimental results yielded information concerning 
the electrical energy furnished to  the heater and the weight of 
m aterial removed from the calorimeter. The tem perature 
of the contents of the calorimeter bomb and of the exit gas, 
as well as the tem perature difference between the calorimeter 
jacket and the exterior of the bomb, were also available as
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functions of time. From  these d a ta  the la ten t heat of vapori­
zation could be calculated. The isobaric heat capacity and 
the isothermal enthalpy-pressure coefficient of gaseous pro­
pane required in the evaluation of the small correction terms 
were taken from published data  (10, 14)- Similar data  for 
n-pentane were also taken from the literature (4, 14)- In ­
formation concerning the isobaric heat capacity and the 
isothermal enthalpy-pressure coefficient of liquid propane

T a b l e  I. L a t e n t  H e a t s  o f  V a p o r iz a t io n

—: L a te n t H e a t » ,--------- L a ten t Heat-

Tem p. E xptl. Sm oothed
Devia­

tion Tem p. E xptl. Sm oothed
D evia­

tion
0 F. ,— B . t. u ./lb .---- . % 0 F. ,— B . t. u ./lb .— * %

103.4 132.94 133.98
a . :

- 0 .7 8
Propane

118.4 128.22 126.21 1.59
103.7 133.16 133.84 - 0 .5 1 130.7 119.84 119.23 0 .51
109.5 130.34 130.92 - 0 .4 4 130.9 119.26 119.10 0 .13
109.8 132.20 130.76 1.10 144.4 110.21 110.SO - 0 .5 3
110.0 132.20 130.06 1.18 144.5 110.67 110.74 0 .06
110.1 129.58 130.61 - 0 . 7 9 162.6 99.56 98.97 0 .60
114.4 128.50 128.36 0.11 163.2 99.39 98.17 1.24
118.1 128.07 120.37 1 .35 167.0 94 .48 95.45 - 0 .8 1

82.3 156.12 155.90
B . « 
0 .14

-P en tane
131.0 147.76 147.44 0 .22

103.7 152.58 152.58 0 .0 135.1 140.35 146.62 - 0 .1 8
104.3 152.09 152.49 0 .13 149.0 142.92 143.50 0 .40
111.5 151.65 151.24 0 .27 154.3 142.63 142.27 0 .25
114.4 150.51 150.67 - 0 . 1 0 158.2 141.21 141.33 - 0 .0 9
120.5 149.58 149.55 0 .02 180.4 135.65 135.79 - 0 .1 0
122.4 148.69 149.18 - 0 .3 3 ISO. 5 136.01 135.72 0.66
127.8 148.73 148.11 0 .42 200.0 130.38 130.41 - 0 .0 2

and n-pentane were obtained from earlier investigations 
(10,11, IS, 14). I t  is believed th a t these d a ta  are of sufficient 
accuracy so th a t they introduce no uncertainties in the re­
sulting values of the  la ten t heat of vaporization greater than 
0.03 per cent. Inform ation concerning the specific volume 
of the saturated liquid and gas is also required in the solution 
of Equation 1. The specific volume of saturated liquid 
propane was taken from unpublished direct measurements 
from the authors’ laboratory which are in  satisfactory agree­
ment with earlier data  (IS). The specific volume of gaseous 
propane was based upon some recent direct measurements for 
superheated propane gas made in the same laboratory, which 
are in agreement w ith values reported by Beattie and co­
workers (1). These data  for the superheated gas were used 
as a basis for determining the specific volume of the saturated 
gas from the Joule-Thomson coefficients already available 
(10). The specific volume of saturated n-pentane liquid was 
taken from an earlier experimental investigation (12). The 
specific volume of the saturated gas was based upon the data 
of Rose-Innes and Young (8) relating to  the specific volume 
of the superheated gas, in conjunction w ith available Joule- 
Thomson measurements (4). I t  is believed th a t these 
volumetric data  were accurate enough so th a t no uncer­
tainties greater than  0.2 per cent were introduced by  them 
in the evaluation of the la ten t heat from the experimental 
data.

R esu lts
The la ten t heat of vaporization of propane was determined 

a t sixteen tem peratures between 100° and 170° F. The 
experimental results are recorded in  Table IA , together with 
smoothed values th a t were obtained by residual interpolation 
of the experimental data. The deviation of each of the ex­
perim ental points from these interpolated values has also 
been included in Table I. The average deviation of the 
recorded experimental values for propane was 0.77 per cent. 
All of the experimental results are included, w ith the excep­
tion of a single measurem ent during which a small leak de­
veloped in  the weighing bomb. The experimental results 
were obtained in p art w ith a calorimeter bomb in which there

was no internal agitator, b u t i t  was impossible to distinguish 
any systematic variation between the measurements ob­
tained w ith this equipment and those made with the apparatus 
described in this paper. The volumetric term  indicated in 
Equation 1 am ounts to  approxim ately 20 per cent of the 
la ten t heat of vaporization of propane a t  a tem perature of 
160° F . This large factor introduces a  possible added un­
certainty in  the data  recorded in Table I  a t  the higher tem ­
peratures. However, it is believed th a t no uncertainties 
larger than  0.2 per cent have been introduced by  th is term  in 
the calculation of the la ten t heat of vaporization from the 
experimental results even a t tem peratures as high as 1C7° F.

In  general, the direct measurem ent of the la ten t heat of 
vaporization becomes increasingly difficult as the critical 
sta te  is approached, and it  is therefore not surprising th a t 
discrepancies somewhat larger than  would be indicated by 
the precision of measurem ent were encountered in the ex­
perimental results. Table I I  records interpolated values of 
the la ten t heat of vaporization a t  even tem peratures through­
out the range covered by the experimental investigation. 
For comparison, the smoothed results published by Dana 
and co-workers (2) are included. The results tabulated are 
somewhat above the tem perature range covered by their in­
vestigation, and some added uncertainty probably exists due 
to this extrapolation. Figure 3 presents the experimental 
results obtained in this laboratory together w ith the measure­
m ents of D ana et al. In  the tem perature region covered by 
the experiments of the la tte r investigators, the curve was 
drawn through their smoothed points. There is no appre­
ciable inconsistencjr between the two sets of experimental 
measurements.

T a b l e  I I .  C o m p a r is o n  o f  L a t e n t  H e a t  o f  V a p o r iz a t io n

E xptl.,
A uthors

R e s u l t s  f o e  P r o p a n e
E xptl.,
D ana E q u a tio n  2, E xp tl., E q u a tio n  2, 

A uthors A uthors 
,---- B. t. u ./lb .---- *

Tem p. 
0 F.

et a l.a 
B. t. u ./lb .

A uthors Tem p. 
° F.

60 153.0 152.6 130 119.7 119.4
70 149.5 148.7 140 113.6 112.8
80 146.0 144.6 150 107.2  105.6
90 142.5 140.2 160 100.4

100 135! 6 138.5 135.6 170 93 .3
110
120

130.7
125.3

134.0
129.0

130.6
125.3

180 85 .8

a T he h ighest tem pera tu re  a t which experim ental m easurem ents were 
m ade was 07° F .

Published data  (10, 11, 14) relating to the isobaric heat 
capacity and the isothermal enthalpy-pressure coefficient of 
saturated  liquid and gaseous propane perm it the calculation 
of the change in  the la ten t heat of vaporization w ith tem pera­
ture by means of the following equation:

L  =  L a  +

Table I I  includes values of the la ten t heat of vaporization 
based upon Equation 2 and the  experimentally determined 
value of the la ten t heat a t  100° F., which was taken as the 
reference value, L a- The agreement between the experi­
m ental results and those calculated from E quation 2 is satis­
factory when it is considered th a t they are based primarily 
upon different types of experimental measurements.

The la ten t heat of vaporization of n-pentane was deter­
mined experimentally a t  fourteen tem peratures between 80° 
and 200° F. The individual experimental results are re­
corded in Table IB, together w ith smoothed values obtained 
by  residual interpolation. T he deviations of the experi­
m ental values from the smoothed d a ta  are also included. 
These measurements are somewhat more consistent than  were
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the values for propane, the average deviation 
of the experimental values from the smoothed 
data being only 0.22 per cent. This improved 
accuracy is to  be expected since n-pentane was 
farther below its critical tem perature under 
these conditions than  was propane, and there­
fore the heat of vaporization was larger and the 
correction term s were much smaller.

Smoothed values of the la ten t hea t of 
vaporization of n-pentane a t  even tempera­
tures are recorded in Table I II . For com­
parison, values of the la ten t heat of vapor­
ization calculated by  Young (15) from his 
volumetric data  are included. The latter 
results were interpolated by residual methods 
to  the even tem peratures recorded in Table
III . The agreement between the experimental 
results and the values reported by Young is 
considered satisfactory, although the dis­
crepancies a t some tem peratures are larger 
than the estimated experimental uncertainty 
in the present measurements.

TEMPERATURE E

F i g u r e  3. L a t e n t  H e a t  o r  V a p o r iz a t io n  f o r  P r o p a n e

T a b l e  III. C o m p a r is o n  o f  L a t e n t  H e a t  o f  V a p o r iz a t io n  
R e s u l t s  f o r  « - P e n t a n e

Tem p. 
0 F. 

60

E xptl.,
A uthors

E xptl., 
Griffiths 

an d  Awbery
R t

C lapeyron
E quation ,

Young
u /lb

E quation  2, 
Authors

——————— i j . t.
158.3 161.3

70 156.0 159.3
80 156Í2 153.6 155.8 157.3
90 154.7 151.2 154.0 155.3

100 153.2 148.8 152.2 153.2
110 151.5 150.2 151.1
120 149.7 148.2 148.9
130 147.7 146.2 146.6
140 145.6 144.0 144.3
150 143.3 141.7 141.8
160 140.9 139.4 139.3
170 138.4 137.0 136.7
180 135.9 134.5 134.1
190 133.2 132.0 131.3
200 130.4 129.3 128.4
210 126.6 125.4
220 124.0 122.3
230 120.9 119.1
240 118.0 115.8
250 115.0 112.4

Griffiths and Awbery determined experimentally the latent 
heat of vaporization of a commercial pentane, consisting 
primarily of n-pentane, a t tem peratures from —4° to 86° F. 
A p art of the results of their experimental work is included in 
Table III . In  general, they obtained values of the latent 
heat of vaporization which were approximately 6 B. t. u. per 
pound less than  the values based either upon Young’s volu­
metric d a ta  or upon the experimental measurements reported 
from th is investigation. W ithin th e  accuracy of the Griffiths 
and Awbery measurements, they found a linear variation in 
the la ten t hea t of vaporization with temperature.

The isobaric heat capacity and the isothermal enthalpy- 
: pressure coefficient for saturated liquid and gaseous n-pen­
tane (4 ,9, 12,14) were used in conjunction with Equation 2 to 
evaluate the change in the la ten t heat of vaporization with 
tem perature. The experimental result a t 100° F. was taken 
as a reference point in calculating the values based upon 
Equation 2 which are recorded in Table I II . The agreement 
of these values w ith those measured directly is considered 
satisfactory.

I t  is difficult to  estim ate w ith accuracy the absolute un­
certainty involved in the experimental results reported in 
this paper. The precision of the directly measured quantities 
was distinctly better than  the consistency of the final experi­
m ental results. This difference is probably due to traces of 
condensation in th e  packing of the motor-operated valve and

possibly to entrainm ent of small particles of unvaporized 
liquid in the gas stream from the calorimeter. I t  is believed, 
however, th a t the values for the latent heat of vaporization 
of propane recorded in Table I I  do not involve any absolute 
uncertainty greater than  1.5 per cent. The values for 11- 
pentane reported in Table I I I  are somewhat more accurate 
and probably do not involve an uncertainty greater than  1 
per cent. The errors of measurem ent of the prim ary quanti­
ties and of evaluation of the correction term s taken together 
were approximately 0.4 per cent in each case.
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search relating to the thermodynamic behavior of hydrocar­
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N o m en cla tu re
heat of vaporization, R. t. u./lb. 
specific volume of saturated gas, cu. ft./lb. 
specific volume of saturated liquid, cu. ft./lb. 
electrical energy added to calorimeter, B. t. u. 
energy lost from calorimeter due to temperature differ­

ences between it and the surroundings, B. t. u. 
change in weight of contents of calorimeter, lb. 
absolute temperature (thermodynamic scale), 0 F. abs. 
pressure, lb./sq. in. abs. 
vapor pressure, lb./sq. in. abs. 
enthalpy, B. t. u./lb.
isobaric heat capacity of saturated gas, B. t. u. /lb ./°  F. 
isobaric heat capacity of saturated liquid, B. t. u. /  lb ./° F.

L  =

Vi =
v„ =  
<2. = 
Q =

At« =
T  =  

P

P "  =  
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C p . =

CPJh =
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TRISODIUM PHOSPHATE 
SODIUM FUUORIDE

Phase Studies and A nalytical M ethods

C. W . M A SO N  AND E . B . A SH C R A F T 1
Cornell University, Ithaca, N. Y.

IN T H E  m anufacture of commercial trisodium phosphate, 
the caking of the product due to  the formation of a m at 
by the needlelike crystals of the dodecahydrate is a 

serious problem {42). A small adm ixture of fluoride has 
been used to give a product consisting mainly of octahedral 
crystals, the granular character of which improves the physi­
cal properties of the product. The nature of these crystals 
has been in  question, and they have been considered to be 
either a double sa lt of sodium phosphate and sodium fluoride, 
or else sodium phosphate decahydrate.

I t  seemed questionable whether the la tte r  hydrate actually 
existed or w hether a  double salt containing sodium fluoride 
(a persistent im purity  in phosphate) had been repeatedly 
m istaken for it even in supposedly pure materials. I t  was 
also possible th a t here was a  case of the stabilization of a 
m etastable phase by adsorption of some im purity  (possibly 
fluoride ion) which would prevent the crystallization of the 
stable hydrate. I t  can be stated  a t  the outset th a t, although 
fluoride is apparently  strongly adsorbed by trisodium phos­
phate dodecahydrate, no stabilization of any lower hydrate 
has been observed.

Trisodium phosphate decahydrate was first described by 
Rammelsberg {34) in  1865. H e prepared i t  in  the form of 
colorless, transparent, regular octahedra by  recrystallizing 
small red and yellow crystals which were sometimes obtained 
as an im purity  in  the m anufacture of soda. L ater (85) he 
reported th a t this compound contained fluorine. In  1885 
Baker (3) prepared and analyzed trisodium vanadate deca­
hydrate, isometric octahedra and dodecahedra; he stated 
th a t, although they had not been prepared in  any quantity, 
the isomorphous arsenate and phosphate could be demon­
strated  microscopically. Continuing Baker’s work, H all {20) 
gave details of a m ethod for preparing trisodium  arsenate 
decahydrate b u t did no t succeed in  obtaining th e  correspond­
ing phosphate.

M ore recently Salkowski {39) claimed to  have prepared a 
trisodium phosphate decahydrate by treating a 10 per cent 
solution of potassium, sodium, or ammonium dihydrogen 
phosphate w ith 0.3 to  0.4 volume of sodium hydroxide solu­
tion of density 1.34 and recrystallizing the product from 
water. W estbrook {45) patented  a process for the prepara­
tion of th e  decahydrate in  which a solution with the com­
position lN aiPO ( :10H2O is held above its crystallization 
tem perature and seeded w ith the decahydrate, and the 
crystals formed of the la tte r are removed. M ason {8, 49)

1 Prea«nt »ddreM* W estinghouse E lectric  and  M anufac tu ring  C om pany, 
E ae t P ittsb u rg h , Penna.

determined the refractive in­
dex of octahedra and dodeca­
hedra obtained by crystalliza­
tion of a  warm trisodium 
phosphate solution on a  mi­
croscope slide, and reported 
the compound as the deca­
hydrate. Cross {11) later 
pointed out th a t the refractive 
index given for the decahy­
drate is the same as th a t of 
a d o u b le  s a l t  c o n ta in in g  
fluoride, 2NajPCh.NaF.19- 
H ,0 , which crystallizes in 
colorless octahedra and do­
decahedra and which, in 
view of the small molecular 
weight of sodium fluoride, 
w o u ld  a n a ly z e  a t  a b o u t 
N a3P 0 4.10H2O if the pres­
e n c e  of f lu o r id e  w ere 
unsuspected.

Besides the decahydrate and the well-known dodecahy­
drate, the following hydrates of trisodium phosphate have 
been reported: NajPOj.SHjO  {29, 34), N a3P04.7H20  {20), 
N a3PCh.6H20  {29), and N a3P 0 4. y 2H 20  {29). The crystal- 
lographic descriptions of these are meager b u t are sufficient 
to  prevent their being mistaken for the isometric octahedra 
or dodecahedra ascribed to the 10-hydrate. Apparently the 
only x-ray work done on any of the trisodium  phosphates is 
shown by some recently published diagrams {29) of powder 
photographs of the 12-, 8-, 6-, and ‘/ r h  yd rates w ithout com­
m ents as to  the possible lattice types. Several authors have 
determined a transform ation tem perature a t about 70° C. 
b u t have not described the new phase {19).

Because of the rather pronounced hydrolysis of trisodium 
phosphate solutions {19, 28, 42), i t  is necessary in  investigat­
ing the various hydrates to  consider the three-component 
system, N a20 - P 20 s-H 20 . This system was first investi­
gated by  D ’Ans and Schreiner (14 ). They determined a 
transition tem perature for trisodium phosphate dodecahy­
drate a t  70.75 =*= 0.1 ° C. (but did not give the transition prod­
uct) and gave data  for the  25° C. solubility isotherm within 
the limits 7.31-1.56 moles sodium and 6.40-0.040 mole phos­
phate per 1000 grams solution. W ithin this region the tri­
sodium salt appeared in  the solid phase only as the dodecahy­
drate. The composition of the solution in equilibrium with 
the dodecahydrate extended from the highly alkaline side 
(4.28 moles sodium, 0.040 mole phosphate per 1000 grams 
solution) through the solution having the 3:1 ratio  of sodium 
to phosphate, and a little  beyond to  the slightly acid, in­
varian t solution (3.48 moles sodium, 1.33 moles phosphate 
per 1000 grams solution) in equilibrium w ith both trisodium 
phosphate dodecahydrate and disodium phosphate dodeca­
hydrate.

Smith {4 1 ) published a paper in 1917 on the constitution 
of the alkali phosphates. The facts th a t only ratios of 
sodium to  phosphorus (or of N a20  to NaJPCh) were considered 
in  this paper and th a t the  w ater of hydration was usually not 
determined have led to  some misconceptions in  the literature. 
B oth Mellor {28) and Gmelin-Meyer {19) refer to  Sm ith’s 
work under the  preparation of anhydrous trisodium phos­
phate. Sm ith was not able under any conditions to  prepare 
a  product having the simple ratio  sodium ¡phosphorus =  3:1. 
W hen the crystals were free of the disodium salt, they in­
variably carried excess alkali and he concluded th a t the purest 
possible product had the molar ratio N a3P 0 4 :Naa0  =  18:1, 
corresponding to  2.1 per cent N a20  on a dry  basis. Recent 
work tends to  confirm these results.

768
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During the past decade patents have been issued dealing 
with methods of m anufacturing and purifying trisodium 
phosphate (10, 15, 27). T h a t a product containing the 
ratio sodium ¡phosphorus =  3:1 is not readily obtained is 
attested by paten ts (5, 43) which have to  do with' methods of 
obtaining neutral trisodium phosphate. The ratio of di- to 
tri- salt in  the product is not mentioned. Several of the 
patents (9, 24, 45) claim m ethods of preparing lower hydrates 
although it is not stated  in the abstracts whether or not these 
are definite phases. T he m ethods are all based upon the 
reaction of concentrated phosphoric acid or feebly hydrated 
di- or mono- salt w ith concentrated sodium hydroxide solu­
tion.

Recently a comprehensive article by Menzel and Sahr (29) 
cleared up some of the difficulties concerning the trisodium 
phosphates. They studied the 20° C. isotherm of the system 
N a20 -P j0 r -H 20 , from the invariant solution in equilibrium 
with the two solid phases, N ajH P 04. 12H20  and N a3P 0 4.- 
12II-0, to  a concentration in the highly alkaline region of 
32.58 per cent N a20  and 0.12 per cent P2Os. They also 
studied the solid phases obtained by the isobaric decomposi­
tion of the dodecahydrate and those in equilibrium with the 
solution of about the 3:1 ratio of sodium ¡phosphorus a t 
elevated tem peratures. Reference has already been made to

T h e  su p p o sed  o cta h ed ra l NajPO4.10H 2O is  
sh o w n  b y  a n a ly s is  a n d  b y  p h a se  stu d ie s  
to  b e  th e  d o u b le  s a lt  N a F . 2N a3P 0 4. 19IT20 .  
T h is  p h a se  m a y  appear in  sa m p le s  o f  tr i­
so d iu m  p h o sp h a te  c o n ta in in g  as l i t t le  as 
0.1 per c e n t so d iu m  flu orid e , a n  a m o u n t  
o f  im p u r ity  n o t  u n c o m m o n .

D ep en d in g  u p o n  tem p era tu re , w ith in  
lim ite d  reg io n s o f  th e  ternary  d iagram  
e ith e r  th e  oc ta h ed ra l d o u b le  sa lt  or th e  
d o d eca h y d ra te  m a y  b e  th e  so lid  p h a se . 
A n ew  iso tro p ic  p h a se , s ta b le  in  a lk a lin e  
p h o sp h a te  s o lu t io n  a t  75-90° C ., is  reported .

D a ta  sh o w in g  th a t  th e  fluoride io n  is  
e ith e r  s tro n g ly  adsorbed  o n  or c o n ta in ed  in  
so lid  so lu t io n  in  tr iso d iu m  p h o sp h a te  
d o d eca h y d ra te  are p resen ted . A n a ly tica l 
m e th o d s  for th e  d e te r m in a tio n  o f  sm a ll  
a m o u n ts  o f  flu o r in e  in  th e  p resen ce  o f  
p h o sp h a te  are rev iew ed , an d  m o d ifica tio n s  
o f  th e  v o lu m e tr ic  th o r iu m  n itr a te  pro­
ced u re are su g g ested .

the hydrates which were found by these authors. No deca- 
hydrate was mentioned and none of the descriptions given 
■corresponded with regular octahedra or dodecahedra. W ith 
the exception of a  determ ination of 50° C. and a solution 
composition of 3.49:1:90.44 N ajO :P jO i:H 20 , their investiga­
tions did no t extend into the region of high alkalinity and 
high tem perature. This paper also brings out the hitherto 
unsuspected fact (it m ight have been suspected from the 
work of Smith, 41, to which no reference is made) th a t tri- 
■sodium phosphate dodecahydrate having the ratio sodium:

phosphorus =  1:3 does not exist in equilibrium with any 
solution in the system N a20 -P 20 s-H 20 . I t  separates w ith 
variable amounts of excess alkali which is apparently held 
in  the lattice and whose presence can be accounted for, the 
authors claim, on räumlich-statistische grounds. The excess 
approaches the limiting ratio N a20 :P 20s =  3.25:1 in highly 
alkaline solutions. The solid containing the ratio 3.22:1 is 
congruently soluble.

I t  is well known th a t fluorides are a  common constituent 
of practically all phosphate rock, and the problem of their 
removal during the m anufacture of phosphoric acid and 
phosphates has long been recognized in the technical litera­
ture. Several patents (10, 15, 27) taken out during the past 
few years indicate the interest in the problem. T h a t fluorides 
are present in  appreciable am ounts (from 5 p. p. m. to 0.1 per 
cent) in m any c. p. grade phosphates and phosphoric acids 
has been reported (1,21, 36) frequently in  the past few years.

A double salt of trisodium phosphate and sodium fluoride 
was first described by Briegleb (6) in 1856, who ascribed to  it 
the formula N a3P 0 4.NaF.12H20 . As already mentioned, 
Rammelsberg (35) reported fluorine in the octahedra which 
he had previously described as trisodium phosphate deca- 
hydrate. These octahedra from the soda m anufacture were 
later examined by Baumgarten (4) who obtained from them  
on recrystallization the compound to  which he ascribed the 
formula 2N aP 04.NaF.19H20 . Later both Thorpe (44) and 
Baker (3) confirmed th is composition.

The various investigators, all working on crystals described 
as regular octahedra, were almost certainly dealing with the 
same compound, of which 2Na3P 0 4.NaF.19H20  is the correct 
formula. This is confirmed by the recent work of Neuman 
(30) who has described the space lattice and unit cell for the 
compound. No other double salts of sodium fluoride and 
trisodium phosphate have been reported.

P relim in a ry  E xp erim en ts

The relation between fluorine content and phases separat­
ing from sodium phosphate solutions was established by a 
series of crystallizations which were studied microscopically. 
The octahedra whose refractive index was given by Mason 
(8, 49) had been obtained by crystallization of "c . p.” tri­
sodium phosphate dodecahydrate from warm solutions; 
they were reproducible with two lots of trisodium phosphate 
dodecahydrate which had been in  the laboratory stock for a 
number of years. Trisodium phosphate samples, prepared 
in  the laboratory from c. p . phosphorus pentoxide or from 
burning c. p . yellow phosphorus, gave no octahedra or other 
isotropic crystals. Recently purchased c. p. trisodium phos­
phates also failed to  give octahedra.

M ixtures of sodium fluoride and trisodium phosphate 
(reagent grade), in the double sa lt ratio 2 N a:P 0 4:NaF 
(5.2 per cent N aF) gave large, well-formed octahedra. These 
solutions could be evaporated to dryness either slowly or 
rapidly without the formation of any anisotropic material. 
Quite often when an excess of fluoride was present, the octa­
hedra were not so well formed and their faces had a rough 
appearance. Solutions containing an excess of the phosphate 
always gave the characteristic needles (hexagonal prisms) 
of the dodecahydrate along with the octahedra. I t  was not 
possible to  judge accurately a t  w hat ratio the needles began 
to  come out first because of the tendency of the solutions to 
supersaturate and because of the rapid evaporation a t  the 
edges of the preparation. When the percentage of sodium 
fluoride was low, the behavior of the solutions was similar to 
th a t of the phosphate preparations previously studied by 
Mason; th a t is, octahedra (and dodecahedra) were obtained 
only from warm, concentrated solutions. W hen the  sodium 
fluoride, computed on the basis of the weight of solid dodeca-
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hydrate, amounted to  about 0.57 per cent, octahedra were 
still easily obtained a t room tem perature and were judged to 
be present in the preparation in excess. A t 0.34 per cent 
sodium fluoride the octahedra were easily obtained by warm­
ing; a t  0.11 per cent they were obtained only w ith difficulty 
and in small quantity  even by warming; and a t  0.05 per cent 
only twice out of a number of trials wTere single, thin, iso­
tropic dendrites obtained. Evidently the presence of iso­
tropic octahedra on recrystallization is a fairly sensitive indi­
cation of the presence of fluoride in  trisodium phosphate.

A ttem pts to  seed a saturated solution of the composition 
N a3PO4.10H2O w ith crystals of the double sa lt yielded no 
additional crystals of isotropic material. Various other a t­
tem pts a t crystallization in the absence of fluoride gave only 
anisotropic crystals.

As mentioned above, the obvious place to look for a tr i­
sodium phosphate decahydrate in stable equilibrium is in 
alkaline solution a t tem peratures above 25° C. The ex­
ploratory work was limited to  a systematic microscopical 
study, as follows:

Standard solutions of trisodium phosphate (containing less 
than 2 p. p. m. fluorine based on the solid dodecahydrate) and 
carbonate-free sodium hydroxide (up to 30 per cent excess) were 
prepared. The latter was kept in a  paraffin-lined bottle. A drop 
of the phosphate solution was placed on a slide and to this was 
added a drop of the hydroxide solution either directly or after 
evaporation of the original drop according to the concentration 
desired. The hydroxide was added as rapidly as possible, and 
the preparation was immediately covered with a cover glass. Since 
the concentrated solution pressed out around the edge of the cover 
glass quickly solidifies, the rather permeable seal thus formed 
both decreases the rate of diffusion and prevents the carbon di­
oxide from the air from diffusing into the main body of the solu­
tion during the time of observation (15 to 30 minutes). The 
preparations were next placed in a hot stage for observation a t 
the desired temperatures.

By these m ethods it was discovered th a t a new isotropic 
phase is formed, apparently  under equilibrium conditions, 
when a preparation containing 25-35 per cent N a3P 0 4 and 
10-15 per cent NaOH (10-15 per cent P 2Os, 25-30 per cent 
N a20 ) is held a t tem peratures of from 75-90° C. No a t­
tem pt wTas made to determine the limits within which the 
phase is stable; those given are merely limits w ithin which it 
is easily obtained. The characteristic habit of the crystals 
is bladed dendritic. Clusters of six blades radiating a t right 
angles from a point are quite common. Frequently the 
crystals which form on the surface of the slide appear to  be 
very tiny  octahedra, b u t the larger specimens are invariably 
bladed forms. When a preparation containing this isotropic 
phase is cooled to room tem perature, it is seen to be unstable. 
Usually spontaneously (always after seeding) the needles of 
the dodecahydrate begin to grow slowly through the prepara­
tion; the isotropic crystals meanwhile plainly dissolve among 
the tangled m at of needles.

The refractive index of the isotropic phase was determined 
by immersing a good preparation in absolute alcohol, lifting 
the cover glass, and moving the slide about to remove the 
water. Crystals isolated in this manner still transformed 
rather rapidly to  anisotropic pseudomorphs both in the alco­
hol and the immersion liquids. However, by using a number 
of preparations it was possible to fix the refractive index a t 
approximately 1.465 =*= 0.003. T h a t the isotropic phase is not 
the same as the double salt, 2Na3P 0 4.NaF.19H20 , was defi­
nitely established by' placing crystals of both together in a 
liquid of refractive index 1.460. The index of the double salt 
is lower w'hereas th a t of the new isotropic crystals is higher 
than  th a t of the liquid.

Although precaution had been taken to  exclude carbonates, 
preparations w ith added sodium carbonate were crystallized 
as described above, bu t none yielded any isotropic phase.

I t  seems reasonable to  conclude th a t the isotropic phase is a 
lower hydrate of trisodium phosphate w ith less than  12 mole­
cules of wTater, bu t its composition and the precise conditions 
for its formation and stability remain to  be studied quantita­
tively.

T h e  S y ste m  N a3P 0 ,-N a F -H 20

Before the quantitative examination of the system N a3P 0 4-  
N aF-IL O  w'as begun, it wras realized that, a t least over the 
w’hole range, it could not be looked upon as a true three- 
component system. This is due to  the fact th a t trisodium 
phosphate dodecahydrate crystallizes w ith variable contents 
of excess alkali (29). Ilow’ever, i t  was thought probable 
from the work of Menzel and Sahr th a t the variations would 
be so slight as to  escape detection by most types of observa­
tions and th a t the results would be of some practical value. 
The deviations from “three componency” would be manifest 
by the dependence of the composition of the “invariant” 
solution having Na3+ P 0 4.12H20  as one solid phase on the 
ratio of the total am ounts of the components present. (The 
3 +  signifies th a t the compound actually contains a little 
sodium in excess of th a t given by the stoichiometric formula, 
29.) As expected, the deviations were too small to  be de­
tected by the analytical methods used.

In  general, the procedure used followed the well-known 
methods for investigating the phase relations of solid-liquid 
systems. M uch tim e W'as saved by identifying the solid 
phases microscopically. This system is an ideal example for 
emphasizing the value of such a method. I t  could be used 
because the crystal properties of the solid phases expected 
wrere known. Because of the difficult and tedious analytical 
w'ork required, and because of the necessity for frequent 
observations to ensure equilibrium conditions, it wras esti­
m ated th a t the work was done in  less than  a th ird  of the time 
which would have been required for methods based w'holly on 
indirect analysis.

The following chemicals were used in the preparation of the so­
lutions: trisodium phosphate and sodium fluoride, reagent grade 
(General Chemical Company); phosphoric acid, 85 per cent, 
U. S. P., sirupy (American Agricultural Chemical Company); 
distilled water.

The solutions were made up in large Pyrex test tubes, and re­
peated additions of the various components made until the de­
sired solid phase was achieved. The solutions wrero heated to 
such a temperature tha t all, or nearly all, of the solid dissolved 
and were then cooled slowly with frequent stirring to the tempera­
ture of investigation. They were then seeded with small crys­
tals of the phases which might be expected. The tubes were 
closed with tight-fitting, cleaned rubber stoppers and were kept 
in a constant-temperature (±0.1° C.) bath for 2 weeks or more 
before the first analysis was made. During this time the tubes 
were shaken several times daily and were subjected intermit­
tently to temperatures 1-2° C. above and below the temperature 
of investigation. Immediately before analysis, the tubes, with 
the stoppers wired on, were shaken for about 24 hours. These 
precautions were necessary since the system is quite prone to 
supersaturation effects. Analysis of second samples taken sev­
eral days after the first showed that equilibrium had been reached.

Samples for analysis were removed from the tubes through a 
fine glass wool filter by means of a pipet. They were transferred 
to weighing bottles and weighed immediately. Samples of the 
solid phase were removed and examined microscopically whenever 
samples of the solution were taken. Some difficulty was found 
in taking samples from solution 3 a t 25° and from solution 4 at 
40° C. Solution 3 had a tendency to hold some of the solid in 
suspension in a finely divided form, and this could be eliminated 
only by allowing it to settle undisturbed a day or two before sam­
pling. At 40° C. it was difficult to remove the sample without 
some crystallization on the walls of the pipet unless the latter was 
warmed.

Table I  summarizes the analytical data. Since the system 
is not tru ly  three component, solution 1, containing three 
solid phases, was included. This solution should be tru ly
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invarient in the four-component system N a 0 I i-H 3P 0 4-  
N aF -H 20 . Since the solid phases found here are representa­
tive of those found throughout the system with the exception 
of sodium fluoride, a  photomicrograph is shown in Figure 1. 
Much of the m aterial is in  fragmental form, b u t typical 
crystals of the three phases are easily recognized. Although 
in the case of solutions 2 and 3 the sodium :phosphorus ratios 
fall slightly below 3:1, as would be expected from the work 
of Menzel and Sahr (29), the difference is very slight (the 
results recorded are subject to  the analytical error to be 
mentioned later, which would tend to  raise them ); and for 
practical purposes solution 3 may be considered invariant. 
In the cases where the values for sodium fluoride are given to 
only one significant figure, the results were obtained by the 
colorimetric method and are presented merely as confirma­
tory evidence of the small am ounts present.

Solution 2 showed the same behavior of the double salt 
octahedra as had been observed in the microscopic work. 
I t  was originally thought to be the invariant solution 3, but 
several days after preparation the octahedra were evidently 
dissolving and within a week were completely gone. When 
the solution was warmed to about 50° C., the solid phase 
changed from 100 per cent dodecahydrate to 100 per cent 
octahedral double salt. A t about 40° C. both  phases were 
present so th a t the solution was brought to equilibrium a t 
th a t tem perature and analyzed. I t  is evident from the large 
decrease in  the fluoride content of the solution (from 0.3 per 
cent a t  25° to  0.02 per cent a t 40° C.) th a t the solubility of 
the double salt decreases rapidly with rising tem perature in 
the range 25-40° C., as long as the solution remains satu­
rated with respect to  phosphate. The same would almost 
certainly be true a t lower and most probably a t somewhat 
higher tem peratures.

Figure 2 is a diagram  of the system prepared from the data 
of Table I. Figure 3 is a type diagram which has been dis­
torted in order to  illustrate certain points more clearly. 
The coordinates (per cent N aF  and per cent N a3POi) of 
various points are included in  Figure 3 for reference. Cor­
responding points of the two diagrams are designated by the 
same letters.

The diagrams are of the usual type for the representation 
of the isothermals of three-component systems where the 
percentages by weight of the three components are plotted 
along the three sides of an equilateral triangle. All lines 
shown are boundary lines which separate regions in  which the 
num ber and composition of phases are different. Any com­
position to  the left of line ABCD  will give a single phase (a

solution); compositions to the right of this line and to  the 
left of E F H  (Figure 3 only) will give both a  liquid (solution) 
phase and one or two solid phases. Regions to  the  right of 
E F H  will be completely solid.

In  the region A B E  the solid phase is trisodium phosphate 
dodecahydrate. Line A B  shows the com paratively large 
decrease in  the solubility of the phosphate upon the addition 
of small am ounts of fluoride. A similar decrease on addition 
of chloride has been reported (31).

F ig u k e  1. P h o t o m ic r o g r a p h  o f  t h e  S o l id  P h a s e s
a. Hexagonal prisms, Na^PCh. 12IIsO
b. M onoclinic rhom bs, NaiHPO*. lOHiO
c. R egular octahedra, N aF .2N aaPO t. lOHaO

Compositions in the region B E F  give two solid phases, 
the dodecahydrate and the double salt, and the invariant 
solution B. In  BCF  there is again only one solid phase (the 
double salt) in equilibrium w ith solutions whose compositions 
are given by line BC. A t C is another invariant solution, 
and w ithin CHF  the phases are solution C, double salt, and 
sodium fluoride. In  CDH  the only solid phase is sodium 
fluoride, and line DC represents the decrease in  its solubility 
on addition of phosphate.

T a b l e  I .  E q u i l i b r ia  a t  Two T e m p e r a t u r e s

Solu­
tion
No.

T o ta l C om position, 
%  by  W t.

N aF

1.1

0 .1 7

1.6

0 .83

6 .9

0 .17

NaaPOa HaPOa

23

15.3

17.2 

6 .5  

3 .0

15.3

2.0

Solubility  of NaaPOa (14) 
Solubility of N aF  (32)

Solid Phases 
(M icroscopically)

NaaPOa. 12H ;0 
N aallPO a. 12H :0 
2 NaaPOa. N aF . 19HaO 
N aaP0..12H aO

NaaPOa. 12HaO 
2NaaPOa. N aF . 19H .0 
2NaaPOa. N aF . l9HaO

2NaaPOa. N aF . 19HaO 
N aF

NaaPOa. 12H :0 
2N aaP O a.N aF .19H iO

NaaPOa. 12HaO (25° C.) 
N a F  (25° C.)

Solution Com position, % by W t.

PaO,

A t 25° C. 

7 *00 j  7 .097 .17  J

3.941 
4 .14  ] 
3 .1 0 ]  
3 .0 8 ]  
1.39 1 
1 .38  j

4 .04

2.09

1.39

0.544 

A t 40° C.

S:lo}6*36

NatO

6 .60  j6 -41} } 6.51 

5 .28  

3 .933 .95
3.90

NajPCh

9 .33

7 .14

3 .22

1.26

14.7

12.3

N aF

0.012
0 .02
0.02
0 .04
0.048
0 ,317  j  0 .3250 .3 4 2 )
0 .412

l:àlî100
0.02391 
0 .0243 ]

3.97

0.0241

M olar R atio  
NasO : PsO»

2 .09  1 o 102.10 J
2 .85

2 ,0 2  1 2 91 2 .9 0  j
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Point B ' shows the position to  which the invariant solution 
B  shifts a t  40° C. The phases to  be found within area B 'F E  
a t  40° are the invariant solution B ', the double salt, and the 
dodecahydrate. The region of compositions within which 
double sa lt octahedra formed by heating (to 40° C.) will dis­
solve on cooling (to 25° C.) m ay be found direct from the 
diagram. I t  is the region B X E B ',  common to two fields of 
the diagram: (a) to  either the field B 'E F  or the field B 'C F ,  
w ithin which the double salt (with or w ithout the dodeca­
hydrate, respectively) will be stable a t  the higher tem pera­
ture; and (6) to  the  field B A E , w ithin which only the dodeca­
hydrate will be stable a t  the lower tem perature. Of this 
region, portion B 'X E  (black, Figure 3) is common to both 
B 'E F  (which gives the two solid phases a t  40°) and to B A S 
(which gives only the dodecahydrate a t  25° C.). Since above 
this region the system is richer in sodium fluoride, within the 
field X 'F E  both solids will be stable a t the lower tem perature 
as well as the higher; below this region, w ith very little 
sodium fluoride present, no solid or only the dodecahydrate 
will be obtained a t the higher tem perature.

The other portion, B B 'X  (lined in Figure 3), will have as 
the  solid phase only the double salt a t  40°, and only the do­
decahydrate a t 25° C. I ts  precise shape will depend upon 
the location of the 40° solubility curve, B 'C ', which has not 
been determined, b u t no probable location of this curve could 
eliminate it.

The existence of these two regions, within which phase 
transitions depend so markedly upon tem perature over 
such a narrow composition range, throws light upon the 
known behavior of supposedly pure and commercial grades 
of trisodium phosphate. The above study, while adm ittedly 
incomplete, can serve as a basis for interpreting and con­
trolling the changes in the relative am ounts of the various 
crystalline phases. A more detailed investigation of the 
system a t  40° C. or higher tem peratures, w ith definite loca­
tion of the positions to which the various points A ', C', D ', 
and solubility curves shift, would be in order b u t is not es­
sential evidence for the explanations sought in the present 
investigation.

The authors’ opinion, based on the evidence presented, is 
th a t in  all cases in which a trisodium phosphate decahydrate 
has been described the substance really obtained was the

double salt, 2Na3P0<.NaF.19H20 . This is due to  the fact 
th a t m any samples of supposedly pure phosphate have un­
doubtedly contained enough fluoride (0.1 per cent sodium 
fluoride) to cause the formation of the double sa lt a t  higher 
tem peratures. I ts  observed instability  a t lower tem peratures 
and in  the presence of the dodecahydrate would naturally  be 
interpreted, when the presence of fluorine was not suspected, 
as the behavior of a  lower hydrate. Further, the analysis of 
the double salt for w ater by difference would, if the presence 
of fluorine were not suspected, give a  value only 1.6 per cent 
higher than  th a t of a  decahydrate.

I t  is believed th a t the other isotropic phase (the bladed 
dendrites) obtained a t  considerably higher tem peratures is 
a  lower hydrate which has not been reported previously.

E xcess F lu o r id e  in  S o lid
During the course of the investigation an anomalous be­

havior of the solutions whose solid phase is trisodium phos­
phate dodecahydrate was noticed. For instance, the fluoride 
found in the case of solution 2 is only about 25 per cent of 
th a t originally added. This suggested a t once th a t another 
solid phase might be present, b u t a careful examination failed 
to  reveal anything b u t the needles of the dodecahydrate. 
In  order to  obtain additional d a ta  concerning th is behavior, 
three new solutions were prepared by  neutralization with 
sodium hydroxide of phosphoric acid to  which small am ounts 
of a  standard sodium fluoride solution had been added. Both 
the solid and th e  solution were analyzed. The results are 
as follows; similar results m ight be obtained either because 
of adsorption of fluoride ion on the dodecahydrate or because 
of the formation of a solid solution:

% by  W t.
%  N aF  
in SolidNo. N aF N aiPO .

2 0 .1 7 15.3 0 .50°
6 0 .0144 14.7 0.026S
7 0 .0104 10.1 0 .0238
8 0.00344 11.7 0.0111
a E stim ated .

T o tal Totnl
M r. M r.

.%  N aF N aF N aF
in  Liquid Added Found
0.048
0.00841 o 'Äö g !oi
0.0030 4 .3 0 4 .44
0.000549 2 .15 2.13

F i g u r e  2 . P a r t  o f  D ia g r a m  f o r  H j0-N a3P 0 4-N aF  S t s t e i i  a t  2 5 °  C.

A n a ly tic a l M eth o d s
T he work of Menzel and Sahr (29) showed the necessity 

of determining both sodium and phosphorus when trisodium 
phosphate dodecahydrate is present as a solid phase, 
even if they were originally added in stoichiometric 
proportions.

A few preliminary trials of the volumetric method 
as used by Smith (41) and Menzel and Sahr (29) 
were first made, b u t it soon became apparent tha t 
the results depend greatly on the skill and experi­
ence of the operator. I t  was decided th a t a gravi­
metric method would give more reliable results in 
a  shorter time.

The reagents used were made up from c. p. or re­
agent grade chemicals. The magnesia mixture was 
made up of MgClj.6H20  (50 grams per liter) and am­
monium chloride (100 grams per liter), and acidified 
with hydrochloric acid. The double acetate reagent con­
sisted of 32 grams of uranium acetate, 28 grams of mag­
nesium oxide, 100 grams of glacial acetic acid, 500 
ml. of 95 per cent alcohol, and water to make 1000 
ml. The wash solution was made up of 95 per cent 
alcohol saturated with sodium magnesium uranyl 
acetate.

The sample in about 100 ml. was made acid to litmus 
with hydrochloric acid, and magnesia mixture. About 5 
ml. in excess of the calculated amount were added. This 
was cooled in ice water and 1:4 ammonium hydroxide 
was added until it was neutral to methyl red. After for­
mation of the precipitate, 15 ml. of concentrated ammo­
nium hydroxide were added, and the solution was al­
lowed to stand overnight. The precipitate was filtered 
through a previously ignited Gooch crucible, washed 
with 60 ml. of 1:19 ammonium hydroxide, dried at



110° C., placed in a muffle, and heated slowly to 1100°.
In several trials a reignition resulted in a loss of weight 
of only 0.2 mg.

The filtrate from the phosphate precipitate was evapo­
rated to about. 20 ml. and made neutral to methyl red, and 
2.5 ml. of the double acetate reagent were added for every 
milligram of sodium expected. After standing for an hour 
or more in the dark with frequent stirring, the precipitate 
was filtered through a Gooch crucible, washed several 
times with the wash alcohol, and dried at 110° C. A blank 
containing identical amounts of all reagents and wash 
solutions was run with each sodium determination. The 
factor used for conversion of the weight of precipitate 
to sodium is 0.0150 (26).

Fluorine must be removed from the solution before the 
magnesia precipitation is made (a solution containing 
0.3 per cent sodium fluoride caused an error of about 25 

er cent in the phosphate determination). This was done 
y repeated evaporation of the sample to dryness in 

platinum with concentrated nitric acid (26). In order 
that the magnesium ammonium phosphate precipitate 
may have the correct composition, it is necessary that 
the excess magnesia be carefully controlled (26). This 
is usually done by means of a second precipitation, but in 
the present work the amount of phosphate was known 
approximately from the preliminary run and the amount 
of magnesia could be calculated directly. When the 
phosphate precipitation is made from solutions containing 
much sodium, some magnesium sodium phosphate is 
precipitated (26). Because of the low sodium concentra­
tions in the solutions analyzed, it is thought tha t this 
effect is small if not negligible. Such an effect would 
tend to make the phosphate results too high and the 
sodium too low and so would be magnified in the ratio 
sodium: phosphorus.

Preliminary runs were also necessary in order to know the 
am ount of sodium present, for the am ount in a determination 
m ust be lim ited to  less than  about 40 mg. of sodium oxide (26). 
Caley (7) puts the error to  be expected in analyzing for such 
an am ount a t  less than  0.7 mg.

As a test of the method a sample of Kahlbaum secondary 
sodium phosphate “for analysis” was analyzed. The water of 
crystallization in this compound, the dodecahydrate, is not 
constant b u t the molar ratio  sodium: phosphorus should be very 
nearly 2:1. The results obtained for this ratio were 1.91 and 
1.95. I t  is probable th a t a t  least p art of this deviation from 
theoretical is due to  the loss of sodium mentioned above.

By far the most difficult problem of the whole investiga­
tion was the development of a satisfactory technique for 
the determ ination of small amounts of fluorine. An in­
tegral p a rt of the problem of determination is the separa­
tion of the fluorine from phosphates which were almost 
always present in  large excess in  the materials analyzed in 
this work. Even traces of phosphates interfere in any 
method for the determ ination of fluorine yet developed. 
The authors’ belief is th a t several im portant and critical 
points in the m ethods of separation and determination have 
not been sufficiently stressed and perhaps not even recognized. 
T h a t the m ethods in  use are not immediately successful in 
the hands of different operators is evidenced by a recently 
published collaborative study (12). The results for the 
am ount of fluorine in a standard sample of dicalcium phos­
phate reported by a group of thirty-five collaborators differed 
by a factor of 6.5 a t the extremes and gave almost a linear 
distribution between these values.

The following methods appeared most promising: titration 
with thorium  n itrate with sodium alizarin sulfonate indicator 
(1, 2, 28, 48); precipitation as lead chlorofluoride (22) or 
triphenyl tin  fluoride (17); colorimetric methods based on 
the bleaching of a solution of oxidized titanium  (47) or 
zirconium-alizarin lake (40); and a spectrographic method 
(83). A consideration of the small am ount of fluorine to  be 
expected in some of the samples eliminated the lead chloro­
fluoride method. Precipitation as triphenyl tin  fluoride was 
not attem pted because of the unavailability of the reagent.
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F ig u r e  3 . T y p e  D ia g r a m  ( D is t o r t e d ) o f  lUO-NaiPOr-NaF 
S y s t e m  a t  2 5 °  C.

The oxidized titanium  method was not tried because it 
seemed to offer no advantages over the zirconium-alizarin 
lake method unless a  polarizing photom eter was available. 
The m anipulation of the quantitative spectrographic tech­
nique was rather laborious, and in some cases the samples to 
be analyzed were outside (both above and below) the range 
(88) to  which the method is applicable.

The methods chosen for the present investigation were the 
thorium  n itrate titra tion  and the colorimetric m ethod of 
Sanchis (40) based on bleaching of a zirconium-alizarin lake.

By far the most practical method for the separation of 
fluorine from nonvolatile substances is the distillation as 
fiuosilicic acid from sulfuric or perchloric acid solutions, 
first used by W illard and W inter (48). This method was 
used in the present work, the procedure being modified to 
include recent improvements:

The apparatus consisted essentially of a steam generator, 
Claisen distilling flask, and Liebig condenser. The distilling 
flask was fitted with cleaned rubber stoppers, one of which car­
ried a thermometer and a glass tube from the steam generator. 
Both the tube and the thermometer reached to the bottom of 
the flask. About a dozen glass beads were placed in the flask. 
The lower end of the condenser was fitted with an adapter whose 
end dipped below the surface of the distillate. Before each run 
the flask was cleaned with hot alkali to remove the siliceous coat­
ing which might retain some fluorine (23. 36). Ten milliliters of 
freshly boiled sulfuric acid (23) were used for a distillation. This 
should result in 100 per cent recovery of fluorine when the distil­
lation is carried out a t 140° C. and 150 ml. are collected (13). As 
a precautionary measure 200 ml. were collected. The tempera­
ture was kept as close to 140° as possible by constant observation 
and control of the rate of distillation and of steam addition.

Failure to appreciate fully some of the critical factors gov­
erning the distillation seems to be largely responsible for failures 
in the determination of fluorine (12, 46). One point which has 
not been sufficiently stressed is that, when large amounts of 
phosphate are present, some is distilled along with the fluorine
(36). This, as well as the distillation of a little sulfuric acid 
(or some volatile impurity not removed by the previous boiling), 
was found to introduce appreciable error; to eliminate this, 
400 ml. of distillate were always collected and the last 200 ml. 
were used as a blank. This entails strict control of the tempera­
ture and possibly of the rate of distillation. A difficulty with 
the distillation is the tendency for bumping which may introduce 
large errors by causing spray to be carried over. The bumping 
is overcome to a certain extent by the use of a bath of Crisco for
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heating the distilling flask rather than a free flame. An air bath
(37), or one of a suitable liquid (IS) in which the whole flask is 
immersed is undoubtedly desirable. Runs during which serious 
bumping occurred were always discarded or redistilled.

After distillation the fluorine was determined either colori- 
metrically or volumetrically. The colorimetric procedure as de­
scribed in the literature (40) is apparently not subject to unex­
pected difficulties and, within the limitations given as to amount 
of fluorine and accuracy, is satisfactory. In  this investigation 
its use was limited to preliminary determinations where only a 
semiquantitative result was necessary.

Both methods of determination require a  standard fluoride 
solution. Pure sodium fluoride was prepared according to the 
method of Furman and Allen (17) from reagent-grade sodium 
carbonate (Merck) and hydrofluoric acid (General Chemical 
Company). From this a solution containing 2.1525 grams of 
sodium fluoride per liter was prepared and stored in a wax-lined 
bottle.

The following solutions were used for the volumetric deter­
mination: sodium hydroxide, 1 per cent; hydrochloric acid, 1 per 
cent; thorium nitrate, about 0.008 N ;  buffer solution, 2 M  with 
respect to both chloroacetic acid and sodium chloroacetate; in­
dicator, 0.05 per cent aqueous solution of sodium alizarin sul­
fonate (Alizarin Red S).

The following procedure was adopted: One milliliter of sodium 
hydroxide was added to the distillates, both sample and blank, 
and these were evaporated to about 10 ml. They were trans­
ferred to 50-ml. flasks, two drops of indicator were added, and 
then hydrochloric acid was added until the yellow acid color of 
the indicator developed. They were then allowed to stand until 
the colors of the two became identical. This required from 15 to 
30 minutes and sometimes the addition of another drop of acid to 
the blank. Sodium hydroxide was then added until the indicator 
just turned, and the final acidification was made with nine drops 
of the buffer solution. As soon as the colors became identical, 
10 ml. of 95 per cent alcohol were added. (It was the authors’ 
experience tha t equally good results could be obtained without 
the use of alcohol. In this connection see the recent paper by 
Rowley and Churchill, 3S.) The blank was then titrated to a 
faint pink and the sample titrated to match. Some skill and ex­
perience on the part of the operator are necessary in matching 
the colors.

Two im portant points in this procedure have not been 
sufficiently stressed. Because of the lack of sharpness in 
the development of the color of the indicator, i t  is necessary 
to m atch the color with th a t of a blank rather than  try  to  
stop a t the same color each tim e through color memory. 
[Eberz, Lamb, and Lachele (16) suggested the use of a 
perm anent standard  for judging the end point.] The dis­
tillation blank m ay also serve as the color m atching blank 
since the  am ount of thorium  solution equivalent both to  the 
color developed and to  the phosphate and sulfate distilled 
is to  be subtracted from th a t used for the sample. Whenever 
the solutions have been concentrated in the presence of 
sodium hydroxide, i t  is necessary upon acidification to  wait 
for the true acid color to  develop. Failure to  do so m ay lead 
to the addition of too much or too little acid and, in spite of 
the buffer solution, vitiation  of the results by  as much as 
50 per cent. The cause of this is not known, bu t it is prob­
ably connected w ith the rate of loss of carbon dioxide; it 
m ight easily result in errors unless two solutions were treated 
a t  the same time. I t  is always more apparent in the blank 
where less of the alkali added is neutralized.

Some of the d a ta  bearing on the accuracy of the determ ina­
tions are as follows:

S t a n d a r d iz a t io n  o f  T h o r iu m  N i t r a t e  S o l u t io n

. Ml. T h  Soln. . M g. N aF /M I.
B lank Sam ple (cor.) T h  Soln.

0.5 ml. N a F  soln. 0 .1 3  2 .74  0 .393
0.5 ml. N a F  soln. 0 .11  2 .7 5  * 0 .393

E f f e c t  o f  A m o u n t  o f  S u l f u r i c  A c id  D i s t i l l e d

. M l. T h  Soln. .
B lank D istilla te

200 ml. d is tilla te  0 .1 0  0 .2 3

R e c o v e r y  o f  S o d iu m  F l u o r i d e  o n  D is t i l l a t i o n

. M l. T h  Soln. .
B lank Sam ple (cor.) %  Recovery

0.5 ml. N aF  soln. 0 .3 3  2 .7 0  98 .2

A n a l y s is  o f  P h o s p h a t e s

%  N aF

c. p . trisodium  phosphate  dodecahydrato  (old stock) 0 .09
R eagent-grade trisodium  phosphate  dodecahydrato

(G eneral C hem ical Co.) 0.0003
c. r .  phosphoric acid (V ictor Chem ical W orks) 0 .0004
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Carbon Monoxide in Underground 
Atmospheres

T he R ole o f  Bacteria  
in  Its E lim ination
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T e sts  a rc  d escribed  sh o w in g  th a t  c e rta in  ty p e s  o f  
b a c te ria  o r m ic ro o rg a n ism s are  p re se n t in  a n th r a ­
c ite  g a n g w a y  -waters, sew age, an d  su rfa c e  m a ­
te r ia ls  w h ich  h ave  th e  a b ility  o f  re a d ily  co n su m in g  
h yd ro g e n  a n d  carb o n  m onoxid e fro m  gaseous 
m ix tu re s .

T h e  re a c tio n s  ap p eared  to co n sist  la rg e ly  o f  
o x id a tio n  o f  th e  carb o n  m o n o xid e  to  carb on  d ioxide 
a n d  o x id atio n  o f  th e  h yd ro gen  to w a te r . In  th e  
te s ts  in  w h ich  oxygen  w as p resen t in  th e  a tm o s­
p h ere , th e  carb o n  m on oxid e  d id  n o t com b in e  w ith  
th e  h y d ro g e n  to  g ive  m e th a n e  a n d  w a te r  vapor. 
U n d er fa v o ra b le  co n d itio n s c e rta in  a n th ra c ite -  
m in e  b a c te ria  o r m ic ro o rg a n ism s rem ove carbon  
m on o xid e  a t  a rap id  ra te ; fo r  exam p le , a  g an g w ay

w a te r fro m  one a n th ra c ite  m in e  co n ta in ed  en ou gh  
b a c te ria  to rem ove 1 .7  vo lu m es o f  carb o n  m on oxid e 
p er vo lu m e o f  th e  w a te r  d u rin g  a  20-d ay  exp osu re  
p eriod . T h e  typ e  an d  c h a ra c te r  o f  th e  b acte ria  
t h a t  cau se  e lim in a tio n  o f  th e  h yd ro gen  an d  carb on  
m o n o xid e  h ave  n o t as y e t b een  id en tified , b u t  w o rk  
on  th is  p h ase  o f  th e  in ve stig a tio n  is  now  u n d e r 
w ay .

B ec a u se  o f  th ese fin d in gs i t  is  110  lo n g er sa fe  to 
a ssu m e  th a t  a n th ra c ite -m in e  fires are  e x tin g u ish e d  
w h en  th e atm o sp h eres in  sealed  fire a re a s  c o n ta in  
no carb on  m onoxid e. B a c te ria  o r o th e r liv in g  
m ic ro o rgan ism s m a y  be p resen t w h ich  are  ab le  
to  e lim in a te  th e carb o n  m onoxide a s  fa s t  as i t  is 
gen erated  b y  th e fire.

DU R IN G  an investigation by the Bureau of Alines of 
combustible gases and explosions in underground cham­
bers, manholes, and conduits it was observed th a t cer­

tain  gases lose p art or all of their hydrogen and carbon mon­
oxide contents on passing through certain soils, especially 
those containing organic and sewage materials. The action 
was thought to  be due to  microorganisms. A study by the 
Bureau of Mines, now in progress, has confirmed the sugges­
tion th a t microorganisms found in the water and sludge from 
certain manholes consume both carbon monoxide and hydro­
gen a t  a rapid rate ; and they m ay elim inate these gases from 
m anufactured gas w ithin 10 to 30 days, depending upon the 
rate a t  which the microorganisms m ultiply while in contact 
with the gas.

Some tim e ago the authors investigated a rather extensive 
underground fire in  one of the anthracite mines of Pennsyl­
vania. The fire area, which comprised some 6 million cubic 
feet of space, was sealed; a complete record of the atmosphere 
behind the seals was obtained by taking samples of the a t­
mosphere a t  frequent intervals and a t  different locations. A 
plot of the composition of the atmosphere against the tune 
elapsed after sealing showed th a t the carbon monoxide con­
tent, although rather high 2 days after sealing, dropped rapidly 
and had disappeared within 20 days after sealing. The 
final disappearance of the carbon monoxide was determined 
by testing the atmospheres a t the seals in the mine w ith a 
micro carbon monoxide indicator capable of indicating con­
centrations of 0.002 per cent of carbon monoxide. Although 
calculations showed th a t some leakage took place in the 
sealed area it could account for only part of the carbon mon­
oxide th a t had disappeared in the 20-day period.

Two suggestions were offered for th is high rate of carbon 
monoxide disappearance: (a) The carbon monoxide was oxi­
dized a t tem peratures below 150° C. by either- the anthracite 
or its ash (tests on m any anthracites have shown th a t a t 
tem peratures above 150° C. carbon monoxide is liberated in 
the oxidation products when air is passed through i t ) ; (6) the 
carbon monoxide was consumed by microorganisms in the 
sealed area, as indicated in manhole surveys, if carbon-mon­
oxide-consuming bacteria were present in the gangway water, 
on the decaying timber, or on the coal itself.

In  m any anthracite mines in Pennsylvania conditions are 
favorable for the harboring and growth of bacteria. Surface 
water containing various types of bacteria often passes 
through fissures and broken areas from the surface into the 
mine workings; various types of bacteria will be present in 
and around stables and along the gangway over which the 
mules travel; and there are microorganisms associated with 
the decay of mine tim ber.

T hat bacteria m ight be the cause of the carbon monoxide 
elimination in the area was indicated by Graham (8) who made 
oxidation experiments on wetted shavings from old p it props 
and found th a t the residual gas remaining after the experi­
m ents did not contain even a trace of carbon monoxide; 
however, he found th a t if zinc chloride was added to  kill any 
bacteria th a t m ight be present, the oxidation was accom­
panied by the form ation of carbon monoxide. These experi­
m ents showed th a t microorganisms m ay be instrum ental in 
the elimination of carbon monoxide when wood is oxidized.

Haldane and Makgill (S) conducted an investigation to 
determ ine why carbon monoxide is absent in concentrated 
black dam p from old workings. When they confined dry coal
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dust in a flask a t  104° F. (40° C.) until the oxygen in the a t­
mosphere disappeared (after 17 days), carbon monoxide was 
produced, and the quan tity  increased steadily as the  oxygen 
was absorbed. The percentage of carbon monoxide liberated 
was 0.32 a t  the end of the experiment, b u t in  similar tests on 
w etted coal dust w ith pure oxygen substitu ted  for air a sample 
taken 20 hours after the s ta rt of the experiment contained

E ffect o f  B a cter ia  o n  C arbon M on oxid e
T he disappearance of carbon monoxide in  the particular 

sealed anthracite area was a t  first thought to  be due to  its 
absorption by the coal a t  tem peratures below 150° C. A 
sample of 900 grams of 8-14 mesh anthracite was confined in a 
mercury-sealed bell ja r  containing 8.6 liters of an atmosphere 
w ith 1.10 per cent carbon monoxide for 5 m onths a t  laboratory

F i g u r e s  1 {left) a n d  2  {right). R e a c t io n  V e s s e l  f o r  S t u d y in g  t h e  A c t iv it y  o f  M ic r o ­
o r g a n is m s  o n  G a s e s

0.36 per cent carbon monoxide; on the th ird  day the percent­
age had risen to 0.55 per cent, on the fourth day i t  had fallen 
to 0.41, and after 14 days the carbon monoxide had dis­
appeared. These investigators suspected th a t bacterial ac­
tion m ight be hastening the oxidation of wet coal and causing 
the disappearance of carbon monoxide; b u t further experi­
m entation with a solution of mercuric chloride of 1 p art in 
1000 instead of pure w ater showed th a t the carbon monoxide 
disappeared after a time. As a result of these and numerous 
other tests they concluded “ th a t bacteria did not cause the 
elimination of carbon monoxide, b u t th a t the disappearance 
of the  carbon monoxide is due to  the oxidizing action of the 
substance which is a t  first found in  the coal when i t  takes up 
oxygen from the  air . . .  . and th a t if coal is wet when air is 
slowly passing over it, the carbon monoxide formed in  its 
oxidation will disappear completely, so th a t we can thus easily 
account for the absence of carbon monoxide in  the black 
dam p issuing from old workings where the coal is nearly al­
ways w etted by water.”

The experiments to  be reported here show th a t in  mine-fire 
atmospheres containing high percentages of carbon monoxide 
and hydrogen, both gases m ay be removed by microorganisms 
(bacteria) and th a t even when the atm osphere was not in con­
ta c t w ith coal, the carbon monoxide was entirely eliminated 
and the hydrogen alm ost completely eliminated before the 
oxygen content of the atm osphere in contact w ith th e  micro­
organisms was reduced to zero. The results presented here 
indicate th a t bacteria m ay play a m ajor p art in  the consump­
tion of carbon monoxide and hydrogen in  anthracite-m ine fire 
areas, underground soil areas, and manholes used by utilities 
for power, light, and other services.

The authors have m ade no a ttem p t as yet to  identify  the 
type of bacteria th a t causes the reactions a t  ordinary tem pera­
tures; however, enough selected and diverse m aterials have 
been tested to  show th a t such carbon-monoxide-consuming 
bacteria are widely distributed and m ay perhaps be present in 
bitum inous and other mines.

tem peratures. The slight decrease in the carbon monoxide 
content was insufficient to  account for the  disappearance of 
carbon monoxide in the sealed-mine fire area.

Atmospheres containing various percentages of carbon 
monoxide were passed through charges of an thracite a t  tem ­
peratures ranging from 150° C. to  ordinary room tem pera­
tures to  determ ine whether the carbon monoxide reacted 
catalytically w ith the heated coal or any of the  m ineral con­
stituen ts in  the coal ash; the results showed little if any reac­
tion of the carbon monoxide.

As a preliminary experiment to determine the effect of bacteria 
on carbon monoxide, a sample of surface drain water from a 
storm sewer a t the Central Experiment Station a t Pittsburgh 
was placed in a test apparatus of the type shown in Figure 1. 
Reaction vessel a, previously sterilized a t 100° C., was filled 
with distilled water by passing the water from leveling bulb b 
through cock c into the bottle. The connection between bottle 
a and mercury sampling bottle e was broken a t g, and a gas mix­
ture containing 0.52 per cent of carbon monoxide was added as 
the water was withdrawn completely from the reaction chamber. 
Three hundred cubic centimeters of the sewage were then run 
into the vessel from leveling bottle b, and the gas displaced by 
the liquid was allowed to escape to the air. The cock above 
manometer d was then closed, and samples were withdrawn 
through cock h for analysis a t the end of 8 and 20 days, by means 
of sample bottle e and leveling bottle /.

The following change in composition of the gas m ixture was 
observed (in per cen t):

D ays afte r s ta r t  of te s t 0 8 20
C arbon dioxide 0 .03 2 .30 3 .2 8
Oxygen 17.50 15.54 14.59
H ydrogen 0.00 0 .00 0 .0 0
C arbon monoxide 0 .5 2 0 .43 0 .28
M ethane 0 .00 0 .00 0 .0 0
N itrogen 81.95 81.73 81.85

- The above results indicated th a t bacteria caused a very 
slow elimination of carbon monoxide and th a t other reactions 
caused the production of more carbon dioxide than  would be
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produced by reaction of the bacteria w ith the carbon mon­
oxide to  produce carbon dioxide. These results were en­
couraging enough to  try  further experiments in which numer­
ous types of bacteria would be present. A m ixture of rotted 
wood, toadstools, fungi, and m anure (materials th a t m ay be 
present in  an anthracite mine) were stirred together in  dis­
tilled water. A 300-cc. portion of the liquid and solid mixture 
was placed in  reaction vessels of the type shown in Figure 1 in 
contact with an atm osphere m ade by  the oxidation of anthra­
cite w ith air a t  elevated tem peratures. After 11 to 14 days
the three atmospheres were analyzed and the following results 
were obtained (per cent by volum e):

/ Com position of Gas after:------»
Original 11 days, 13 days, 14 days.

Gas M ix ture  b o ttle  2 bo ttle  3 bo ttle  1
C arbon dioxide
Oxygen
H ydrogen
C arbon monoxide
M ethane
N itrogen

1.1
17.4
3 .3
2 .7
0.6

74 .9

18 .7
0 . 2
0
0
0 .5

80 .6

20 .5
0
0
0
0 .5

79 .0

24.3  
0
0
0
0 .3

75.4

Reactions were taking place in  these mixtures even during 
the first day of test because of the reduction of pressure inside 
the bottles as indicated by the m ercury manometers. In  11 
days or longer the gas m ixture which originally contained 3.3 
per cent of hydrogen and 2.7 per cent of carbon monoxide 
contained no hydrogen or carbon monoxide, the oxygen had 
been entirely consumed, and large percentages of carbon di­
oxide had been produced. Although these tests showed th a t 
bacteria had removed the hydrogen and carbon monoxide, 
they did not give evidence as to  whether the hydrogen and 
carbon monoxide were removed before the oxygen had been 
eliminated. This is an im portant factor because in  most 
mine-fire areas oxygen is always present. T he high percent­
age of carbon dioxide in  the final m ixtures indicated th a t a t 
least p art of th is gas was produced by the solid m atter in the 
liquid.

E ffect o f  S o lid  O rgan ic  M ateria l

Tests were next made in which all solid m atte r was filtered 
out and only the liquid was used. They were m ade to deter­
mine whether organic m atter, such as decaying wood, and

F ig u r e  3 . A c t io n  o r  B a c t e r ia  o n  a  G a s e o u s  A t m o s ­
p h e r e  C o n t a in in g  H y d r o g e n  a n d  C a r b o n  M o n o x id e

blank test made under sim ilar conditions, except th a t one part 
of mercuric chloride was added per 1000 parts of liquid to kill 
any bacteria present and thus to show whether bacteria 
caused the reactions.

As Table I  and Figure 3 show, the hydrogen was completely 
consumed in 10 days. D uring the first 17-day period there 
was little change in the carbon monoxide content. However, 
after 17 days the elimination of carbon monoxide began, and 
th is gas had disappeared a t  the end of 51 days. No m ethane 
was formed in these tests; therefore the microorganisms caus-

T a b l e  I .  A c t i o n  o f  B a c t e r i a  o n  a  G a s e o u s  A t m o s p h e r e  C o n t a i n i n g  H y d r o g e n  a n d  C a r b o n  M o n o x i d e

Days 
from 

S ta r t of 
Test

Tem p., 
° C.

T o tal
Pressure,

M m .
R elative

Vol.
_C alcd Pololivo Vnl %  b v  Vnl —

CO, O, H , CO CH* Nj CO, O, H , CO CH« N,

0 23 754 1.000 3 .5 9 .2 4 .1  11 .6  0 71 .6 3 .5 9 .2 4 .1 11 .6 0 71 .6
2 24 720 0.952 3 .5 8 .0 0 .3  12 .0  0 76 .2 3 .3 7 .6 0 .3 11.4 0 72 .5
5 2 2 .5 706 0.938 3 .9 7 .4 0 .1  12 .2  0 76 .4 3 .7 6 .9 0 .1 11.4 0 71 .7

10 24 710 0.93S 4.1 7 .2 0 11 .5  0 77 .2 3 .8 6 .7 0 10 .8 0 72 .4
17 23 705 0.938 4 .8 6 .9 0 11 .4  0 76 .9 4 .5 6 .5 0 10.7 0 72.1
33 24 683 0.898 10.6 4 .2 0 5 .9  0 79 .3 9 .5 3 .8 0 5 .3 0 71 .2
37 25 677 0.894 11.7 3 .8 0 4 .5  0 80 .0 10.5 3 .4 0 4 .0 0 71 .5
44 24 .5 667 0.879 13.8 2 .4 0 2 .0  0 81 .8 12.1 2 .1 0 1 .8 0 7 2 .0
51 24 662 0 .875 15.2 2 .0 0 0 0 82 .8 13.3 1.7 0 0 0 72 .5
65 25 660 0.879 15 .3 1 .6 0 0 0 83.1 13.5 1 .4 0 0 0 7 3 .0
86 25 675 0.890 15.4 1.7 0 0 0 82 .9 13.7 1 .5 0 0 0 7 3 .8

B lank Teat, B ac teria  Killed w ith IlgC li
0 27 733 1.000 2 .1  11 .3  2 .0  10 .0  0 74 .6

50 25 736 1.010 2 .3  1 1 .2  1 .8  10 .0  0 74 .7

solids were necessary to cause elimination of hydrogen and 
carbon monoxide. A liter of the decanted liquid was placed 
in a 19-liter vessel (Figure 2) in contact w ith a gas mixture 
made by passing air through incandescent anthracite. About 
50 per cent of th is  gas and 50 per cent of air were introduced 
into the vessel holding the liquid containing the bacteria. 
The atmosphere was analyzed periodically to  determ ine the 
reactivity  of the bacteria on the gaseous mixture. The 
results are summarized in Table I ; data  are included for a

ing the elimination of hydrogen and carbon monoxide are not 
of the same type as those m entioned by Fischer, Lieske, and 
Winzer {1). They found th a t certain bacteria cause hydrogen 
and carbon monoxide to combine in the absence of oxygen to 
form methane:

CO +  3HS =  GTb +  H jO

They proposed th is m ethod for the removal of carbon mon­
oxide from illum inating gas to  render the gas nontoxic.
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T a b l e  I I .  A c t io n  o f  M i n e  B a c t e r ia  o n  G a s e o u s  A t m o s p h e r e s  C o n t a in in g  H y d r o g e n  a n d  C a r b o n  M o n o x id e

M ine Sam ple C o n tac t Tim e, ■ Com pn. of Gas M ixt., %  b v  Vol.
No. No. R em arks D ays C 0 2 Ox Hx CO CH« Nj

1 1 W ater from gangw ay fire area 0 0 .4 11.3 14.3 12.3 0 61.7
30 7 .0 4 .7 1 .6 7 .6 0 79.1

2 2 W ater from  gangw ay 0 0 .9 9 .5 7 .8 15 .9 0 65.9
40 5 .3 3 .3 2 .2 13.6 0 .3 75.3

2 3 W ater from gangway 0 0 .9 9 .5 7 .8 15.9 0 65.9
40 5 .1 2 .1 1 .0 13.5 0 78 .3

2 4 W ater from  slope 0 0 .9 9 .5 7 .8 15.9 0 65.9
40 1 .6 7 .8 5 .8 15 .8 0 .1 68.9

2 5 Slime from inactive abandoned 0 0 .4 11.3 14 .3 12.3 0 61.7
section of mine 40 0 .7 11.1 12.6 10.2 0 6 5 .4 '

3 6 W ater from  gangw ay 0 0 .4 11.3 14.3 12.3 0 61.7
40 7 .6 2 .6 3 .3 9 .0 0 77.5

The nitrogen content of the m ixture increased w ith the tim e 
of contact of the gas with the bacteria, and the increase was 
due to  a decrease in the volume of hydrogen and carbon mon­
oxide. W hen corrections are m ade for the change in  volume 
of the test m ixture, as given in Table I, the carbon dioxide is 
produced by oxidation of the carbon monoxide and the de­
crease in oxygen content of the gas m ixture is due largely to 
oxidation of the hydrogen to  w ater and the  carbon monoxide 
to carbon dioxide. Thus, in these tests the following reac­
tions appear to  have taken place:

2LI2 +  0 2 =  2H 20  (1)
2CO +  0 2 =  2C 02 (2)

T he reason for the delayed reaction of the carbon monoxide 
with oxygen is not clear.

The results show th a t solid organic m atte r is not required 
in the reaction, th a t hydrogen is more reactive than  carbon 
monoxide in th is particular media, th a t the reaction takes 
place in atmospheres in  which free oxygen is present, and th a t 
the reactions are due to living organisms. A control test 
which was m ade a t  the same tim e and in which mercuric chlo­
ride was present showed virtually  no change in the composi­
tion of the original gas mixture after 50 days of contact.

B a cter ia  in  W ater an d  S lim es
A further step in the investigation was the detennination of 

w hether gangway w ater and slimes from stagnant and other 
regions in various m ines in the anthracite region contained 
bacteria of a type th a t would consume carbon monoxide and 
hydrogen.

Six samples of liquids and slimes were collected from three 
different mines, and tests were conducted in reaction vessels of 
the type shown in Figure 1. The results obtained are given in 
Table I I . The samples of w ater from mines 1 and 3 showed a 
considerable elimination of hydrogen and carbon monoxide 
from the gas m ixtures after 30 or 40 days of contact w ith the 
liquid, while one sample from mine 2 showed practically no 
change in carbon monoxide concentration after 40 days and 
the other three only a slight reduction.

Sample 1 was of special significance because it  came from 
the mine-fire area in  which the carbon monoxide content of 
the air had decreased rapidly a few days after the area was 
sealed. The liquid from the 30-day test was given further 
treatm ent in the 19-liter reaction vessel shown in Figure 2. 
A gas containing hydrogen and carbon monoxide was made by 
passing air through incaudescent anthracite, and a mixture 
containing about 40 per cent of this gas and 60 per cent of air 
was prepared. The final m ixture contained 9.4 per cent of 
carbon monoxide (Table I II ) . A t the end of 20 days the 
bacteria had entirely eliminated the carbon monoxide, and 
only 0.5 per cent of hydrogen remained in the atmosphere.

A t the end of 40 days the carbon dioxide content had in­
creased slightly and the oxygen content had fallen as shown; 
however, the m ajor reactions had taken place during the first 
20 days. The test was therefore stopped a t  the end of 60 
days. In  this test small strips of sponge (i , Figure 2), 
sterilized a t  100° C. in  an oven for 12 hours, were suspended in 
the reaction vessel to  increase the surface contact between the 
liquid and the gas. An approxim ate estim ate of the am ount 
of carbon monoxide th a t was eliminated by the mine water 
can be obtained from the decrease in  carbon monoxide content 
over the 20-day exposure period and from the volumes of the 
gas m ixture and the m ine w ater containing the bacteria. 
The data  show th a t for an exposure of 20 days 1 volume of the 
mine w ater eliminated approxim ately 1.7 volumes of carbon 
monoxide.

T a b l e  I I I .  C h a n g e  i n  C o m p o s it io n  o f  a  M i n e - F i r e  A t m o s ­
p h e r e  C o n t a in in g  C a r b o n  M o n o x i d e  a n d  H y d r o g e n  i n  C o n -

t a c t  w i t h  a  G a n g w a y  W a t e r  C o n t a in in g  B a c t e r ia “
D ays from  s ta r t  of te st 0 20 40 60
C arbon dioxide 2 .4 12.8 14.5  15.2
Oxygen 11.0 3 .7 1 .4  0 .5
H ydrogen 1.3 0 .5 0 0
C arbon monoxide 9 .4 0 0 0
M ethane 0 0 0 0 .1
N itrogen 75 .9 83 .0 84 .1  84 .2

a One lite r of liquid in  con tact w ith  18 lite rs  of gas m ixture a t  s ta r t  of test.

The rate  of elimination of carbon monoxide is am ple to ac­
count for the elimination of the carbon monoxide in the mine- 
fire area discussed a t  the beginning of th is  report.

These results show conclusively th a t some waters and 
sludges in anthracite mines carry unidentified bacteria or 
microorganisms; under favorable conditions they react 
rapidly w ith  carbon monoxide to  produce carbon dioxide and 
with hydrogen to produce w ater vapor, and thus cause the 
disappearance of these gases in sealed areas.
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Whipping Capacity of 
Ice Cream Mixes
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T h e  im p ro ved  w h ip p in g  p ro p erties  o f  ice  c ream  
m ixes b ro u g h t a b o u t b y  a g in g  ca n  he o b ta in e d  i f  
b u t te r fa t  an d  im p ro ve rs  a re  a b se n t, b u t  ca n n o t i f  
th e  m ix  lia s  n ot been H eated. H igh er h o m o gen iza­
tio n  p ressu res favo r in creased  s ta b ility  an d  g reater 
m a x im u m  o v erru n s w ith o u t  a ffe c tin g  the lie o f  the 
o v e rru n -te m p e ra tu re  lin e . H igh er h o m o g e n iz a ­
tion te m p e ra tu re s  m a y  acce le ra te  ag in g  effects in  
m ixes w h ere  th ey  a rc  n o rm a lly  n o t ap p aren t.

B u t te r fa t  exerts  a m ark ed  d ep ressin g  effect upon 
o v erru n s an d  d e te rm in e s  th e leve l o f  w h ip  o f  ice 
c re a m  m ixes. T h e  u se  o f  b u tte r  in  ice c ream  m ixes 
lo w ers w h ip p in g  ca p a c ity . T h is  d iffic u lty  can  be

overcom e w ith o u t the use o f  egg yo lk  b y  first re ­
c o n st itu t in g  a cream  fro m  b u tte r  a n d  u s in g  th is  as 
n o rm al c ream  is used in  m a k in g  up  th e m ix . S u ch  
m ixes w h ip  w ith  ab n o rm al ra p id ity .

In creased  su g a r  co n ten t tend s to ra ise  o verru n  in 
ice  c ream  m ixes, p a rt ic u la r ly  a t  the low er te m p e ra ­
tu re s ; th is  ad v a n ta g e  is  o ffset b y  th e d e trim e n ta l 
e ffect o f  su g a r u p o n  s ta b ility  an d  m a x im u m  over­
ru n s  o b ta in a b le . G e la tin  beyond a ce rta in  a m o u n t 
d ecreases o verru n . So d iu m  a lg in a te  sta b iliz e s  ice 
cream  m ixes re m a rk a b ly . Carol) hcan  e x tra c t  a c ts  
in  m u c h  the sa m e  w ay as ge la tin  h u t in creases the 
load  011 th e  freezer.

PREVIOUS work by the authors,1 which showed th a t ice 
cream overrun is a function of tem perature and th a t this 
relationship, with certain qualifications, can be shown 

graphically by a straight line, makes possible the exact com­
parison of the whipping capacities of different ice cream mixes. 
Using this graphic m ethod of expressing whipping capacity, 
the authors studied a num ber of the factors usually incident to 
ice cream m anufacturing procedure in their effect upon over­
run and here present the results of this study.

This report is limited to experiments conducted with 
batch freezers, b u t the study is being continued with a 
freezer of the continuous type. I t  is believed th a t a complete 
investigation of the factors influencing the whipping capacity 
in the more simple batch freezers is essential as a preliminary 
to work with continuous freezers since the data  thus obtained 
are of a fundam ental character. The work is also limited to 
mixes of normal composition, reserving for later investigation 
mixes of extremely high bu tte rfa t and solids content, as well 
as mixes prepared from special ingredients such as frozen 
cream, powdered milk, and various milk powders low in their 
lactose content.

I t  has previously been the custom, in comparing the whip­
ping capacities of ice cream mixes in batch freezers, to  record 
the tim e interval necessary to  obtain a certain overrun. Since 
this tim e interval is now known to be dependent upon a 
number of factors— for instance, the tem perature to which 
the mix is frozen and the speed with which the mix can warm 
up in the individual freezer, factors th a t have not been con­
trolled or recorded— satisfactory comparison cannot be made 
between the d a ta  of various investigators.

The authors’ previous w ork1 showed tha t, if a number of 
samples of a given ice cream mix are frozen down to different 
tem peratures and then whipped back, and the overrun data 
are plotted against tem perature, portions of each curve 
follow along a common straight line. This equilibrium line

1 J . Dairy Sci., 20, 371 (1937).

is the locus of points which represent the highest overruns 
obtainable w ith the given mix a t the existing tem peratures. 
This line can be used as a measure of the whipping capacity 
of the mix. In other words, th a t work showed th a t if the ice 
cream mix is whipped long enough for equilibrium to be 
reached, the resulting overrun for a given mix is dependent 
upon the temperature, provided th a t the mix has not been 
whipped too long. In  a brine-cooled 20-quart freezer, 
equilibrium is attained in about 12 minutes total tim e in the 
freezer; in a direct-expansion ammonia freezer with higher 
dasher speed, the total time is about 8 minutes. If whipping 
is carried on too long, the mix either warms close to the m elt­
ing point and the overrun decreases, or an incipient churning 
of the mix occurs, also with loss of overrun. The data  show 
clearly that, if the freezing process is so adjusted th a t the 
tem perature corresponding to the desired overrun is reached 
a t the time equilibrium is attained, then the whole process of 
freezing has been carried out in the shortest possible time. 
If, as has frequently been the custom in m anufacturing pro­
cedure, the mix is frozen to lower tem peratures than this, 
then it is necessary to wait for the m aterial to  warm up before 
the desired overrun is attained. On the other hand, if the 
mix in the freezer is held a t higher tem peratures than this, the 
desired overrun can be obtained in less time, but the mix is 
drawn w ithout the formation of all the ice th a t can exist a t 
this overrun. W hether or not this causes an im pairm ent of 
texture has not been determined. Theory clearly indicates 
th a t the freezing should be carried out so th a t equilibrium 
exists a t the time of drawing. Mixes vary  considerably in 
regard to their ability to resist churning. As might be ex­
pected, mixes homogenized at the higher pressures are the 
more stable. I t  is of considerable interest, too, th a t mixes of 
identical composition made up from time to tim e during the 
course of nearly two years’ work almost always gave identical 
overrun lines. The whipping capacity of a mix expressed 
as a function of tem perature is therefore a fundam ental
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property of the mix, and, once determined for a certain 
formula, i t  can be used as a  control for other mixes of the same 
composition.

Bearing these facts in mind, we shall now discuss the 
effects on overrun of the various processes and constituents 
common to ice cream m anufacture. In  the course of this

10 per cent milk-solids-not-fat, and 14 per cent sugar; the 
th ird  contains 16 per cent bu tterfa t, 8 per cent milk-solids- 
not-fat, and 14 per cent sugar. Figure 1 shows the overrun 
lines for these mixes when m ade up w ithout gelatin, homo­
genized a t  2500 pounds per square inch pressure, and aged one 
day. These overrun lines are taken as the standard for com­
parison in presenting the data  of this report.

I

/ I

! / /

/ /

/ / I
) A

/

B C

/20>.
3100 cc 
a; 

00 ^
o

6 0  H

4 0

t e m p e r a t u r e  ° c .
F i g u r e  1. O v e r r u n  L i n e s  o f  

S t a n d a r d  M i x e s

A . 8 per cent b u tte rfa t
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work the mix was usually prepared, pasteurized, homogenized, 
and cooled im m ediately on a surface cooler. One portion of 
the mix was taken from the cooler and frozen immediately, 
another portion was frozen after 4 hours, and the rest was 
frozen after aging for one day a t a tem perature of 35° F. 
Only one portion was taken from the cooler because the whip­
ping capacity was usually changing so rapidly a t the tim e th a t 
duplicate measurements could not be made. Overruns were 
recorded every 2 minutes during the freezing process, the 
recordings usually starting  4 minutes after the mix entered the 
f reezer. Tem peratures of the overrun samples were recorded. 
As shown in the previous report,1 a t  equilibrium overrun 
plots a straigh t line against tem perature. In the graphs pre­
sented in this paper th is line only will be shown, its upper 
extrem ity being the maximum overrun obtained. The line 
will be referred to  in the text as the overrun line and represents 
the whipping capacity of the mix. The overrun line of aged 
mixes is usually a p lo t of the d a ta  from three to five separate
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A g in g  P e r io d s

A . 8 per cent b u tte rfa t
B. 12 per cent b u tte rfa t
C. 16 per cent b u tte rfa t

freezings. The lines representing freezings upon unaged and 
mixes aged 4 hours are the d a ta  from b u t a single freezing for 
each separate mix, and the upperm ost point is not necessarily 
the highest overrun th a t could be attained with these mixes. 
During m ost of this work two freezers were used, the overrun 
line with the direct expansion freezer usually lying slightly 
above the one obtained w ith the brine freezer. The data  pre­
sented are those obtained with the brine freezer.

M ost of the work reported here has been carried out with 
three characteristic ice cream mixes. The first contains 8 
per cent bu tterfa t, 11 per cent milk-solids-not-fat, and 14 
per cent sugar; the second contains 12 per cent butterfat,

A gin g
Although comparison of aged and unaged mixes will be 

made throughout the report, a brief discussion of the effects 
of aging upon overrun is perhaps not out of place here. An 
unaged mix is usually less stable to  the action of the beaters, 
possesses lower whipping capacity, and cannot be whipped to 
as high a maximum overrun as a mix th a t is aged one day. 
In respect to these properties, a 4-hour-aged mix m ay ap­
proach the day-old mix closely, b u t more often it  is inter­
mediate between the fresh and the day-old mix.

The improved whipping properties of a mix can be obtained 
through aging even if no improver is present and also if 
bu tte rfa t is absent. They cannot be obtained unless the 
mix has been heated as in the pasteurization process. I t 
seems evident, then, th a t the effects of aging concern the 
serum solids and are the result of the heating process. The 
stability  of mixes to  the action of the beaters also increases 
w ith aging when bu tte rfa t is present. This effect is concerned 
prim arily with the condition of the bu tte rfa t and m ay be the 
result in part simply of the solidification of the fa t particle.

F i g u r e  3 . E f f e c t  o f  
H o m o g e n iz a t io n  o n  W h i p ­

p in g  C a p a c it y

A . 1500 pounds per square inch
B . 2500 pounds per square  inch
C. 3500 pounds per square inch
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F i g u r e  4 . E f f e c t
o f  B u t t e r f a t  o n
W h i p p i n g  C a p a c ­

it y

A. 12 per cent b u t­
te rfa t

B. No b u tte rfa t
C. 0.5 per cent b u t­

te rfa t
D. 1.0 per cent b u t­

te rfa t
E. B u tte r as fa t 

source, 12 per

TEMPERATURE

As will be evident from data  to be 
presented subsequently, excess gela­
tin or other stabilizer may cause a 
decrease in whipping capacity upon 
aging. This is invariably caused 
by heavy gelation. Figure 2 gives 
overrun lines for aged and unaged 
standard mixes.

H o m o g en iza tio n  T em p era ­
tu re  and  P ressu re

Increases in homogenization pres­
sure above 1500 pounds per square 
inch do not alter the position of 
the mix tem perature-overrun equilib­
rium line b u t do increase markedly 
its stability to the action of the 
beaters as well as the maximum over­
runs obtainable in both  the aged and 
the unaged mixes. For example, 
Figure 3 gives the overrun lines of 
three normal 12 per cent bu tte rfa t 
mixes made up a t  different times 
and homogenized a t  different pres­
sures. The lie of the overrun lines
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is the same for the three mixes, b u t stability  and maxi­
mum overrun are raised by increasing the homogenization 
pressure. Similar relationships were found to exist with the 
mixes containing 8 and 12 per cent bu tterfat.

An increase of homogenization tem perature may increase 
whipping capacity of certain high-fat mixes. As will be 
shown, the process of aging seems to receive an impetus. 
In mixes of high gelatin content higher tem peratures of 

h o m o g e n iz a tio n  may decrease 
whipping capacity, probably be­
cause of accelerated gelatin. Bear­
ing these facts in mind, we can 
now consider the effects of ice 
cream constituents upon whipping 

, capacity.
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A mixture of sugar and milk- 
solids-not-fat of the w ater con­
centration normally used in ice 
cream mixes whips readily upon 
freezing. I t is known th a t over­
run is decreased by the addition of 
bu tterfat. The exact magnitude 
of th is decrease had not previously 
been measured. Figure 4 shows 
the overrun lines of a mix con­
taining different am ounts of bu tter­
fat.

The nature of the surface of 
the fa t particle is probably also 
of im portance in its effect upon 
overrun. Line E  (Figure 4) repre­
sents the same mix containing 12 
per cent bu tterfat, but in this case 

butter was used as the source of milk fat. This overrun 
line lies m arkedly below the others, which indicates th a t the 
surface of the fa t particle is impor­
tant.

A.

E.

Mix m ade from 
norm al cream  and 
also from b u tte r 
cream
Mix m ade from 
b u tte r
B u tte r mix with 
egg yolk added 
B u tte r mix from 
b u tte r  cream  m ade 
w ith concentrated  
skim  milk 
B u tte r mix made 
from b u tte r  cream 
from d ilu te  skim 
milk
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B utter has long been used as an 
emergency source of fat in ice 
cream m anufacture; one drawback 
is the poor whipping quality of 
mixes in which it  is used. This 
has been overcome in p art by the 
addition of egg yolk. A  (Figure a) 
is the overrun line of the normal 
mix made from cream; B  repre­
sents the same mix in which the 
butterfat was supplied by butter.
C is the same b u tte r mix with egg yolk added. In the prepa­
ration of these mixes the bu tte r was simply melted in the 
pasteurization kettle and homogenized with the mix.

There seemed to be the possibility th a t the surface of the 
butter particle m ight be coated so heavily with protein as to 
mask the effect of the b u tte r particle. In order to prove this 
point, b u tte r was melted and homogenized with the condensed 
skim milk (approximately 35 per cent to tal solids) th a t was 
to be used. This cream was then used in making up the 
mix, and the whole mass was homogenized as if fresh cream 
were being employed. The oxrerruns from this mix (Figure 5, 
D) were markedly lower than those obtained when plain 
butter was used.

The bu tte r was then homogenized in skim milk, and this 
cream was used in the preparation of the mix; the normal 
overrun was obtained (Figure 5, A). If the bu tte r was made

into a cream diluted with skim milk, overruns were greater 
than normal (Figure 5, E). I t  would seem, therefore, th a t 
the difficulties of low overrun encountered when bu tte r is 
the source of milk fat in ice cream may be overcome by the 
simple expedient of preparing a cream of skim milk and b u tte r­
fat by homogenization and using this cream as normal cream 
is used in the preparation of the mix.
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Another observation of interest is the speed with which 
these mixes made from bu tte r cream whipped. No mixes 
other than these have been encountered in nearly two years’ 
work in which temperature-overrun equilibrium was reached 
in the brine freezer in less than 10 to  12 minutes to tal time 
in the freezer. As Figure 6 shows, the equilibrium curve is 
approached from below in the case of the normal mix. The 
bu tter mix whips so rapidly, however, th a t equilibrium is 
approached from above. Equilibrium was reached with the 
bu tter mix in 6 minutes, with the cream mix in 12 minutes. 
The bu tter mix could have been drawn from the freezer com­
pletely frozen and whipped in 6 minutes. Two facts have 
therefore been dem onstrated: (1) The whipping capacity of 
a mix can be varied by the simple expedient of varying the 
fat particle, and (2) the speed of whipping can be altered 
by the same process. This presents opportunity for further 
work which should be of considerable value.

Sugar

In spite of the fact th a t sugar has long been known as an 
overrun deterrent, we should expect th a t sugar, by lowering 
the freezing point of a mix, would cause higher overruns a t 
given temperatures. Figure 7 shows th a t the stability of 
mixes and maximum overruns are lowered with increase in 
sugar content; a t lower temperatures, particularly with 
mixes containing corn sugar, there is a marked increase in the 
overruns under equilibrium conditions over the corresponding 
14 per cent sugar content mixes. If cane sugar in increasing 
am ounts is substituted for the corn sugar until mixes of the 
same freezing points are obtained, the overrun curves are 
practically identical with the lines of the corn sugar mixes; 
thus the effect is largely the result of lowering the freezing 
point. I t  is known th a t creams containing sugar churn 
more readily. I t  is likely th a t the instability of ice cream 
mixes high in sugar content is the result of this action of 
sugar in accelerating churning.

Stab ilizers
Of the so-called stabilizers, gelatin is one of the most 

commonly used. In proper am ounts it favors the formation
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0.3 per cent gelatin 
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0.5 per cent gelatin

Ï
r

/

120^: 
3  100 cç
[T

lao u j 

6 0 0  
10

of small ice crystals and increases the m elting resistance 
w ithout the formation of a mass th a t will not melt. As 
Figure 8 shows, an increase in the am ount of gelatin decreases 
the whipping capacity of 8 per cent bu tte rfa t mixes. This 
effect is not as m arked w ith 12 per cent bu tte rfa t mixes and 
is entirely absent in the mixes containing 16 per cent bu tte r­
fat (Figure 8). In  comparing these curves la ter w ith the data 
on sodium alginate, it m ust be remembered th a t the lines 
for unaged and 4-hour aged mixes are those of single freezings 

and th a t the highest overruns re­
corded are not necessarily the high­
est th a t could be obtained. The solid 
line indicating the whipping capacity 
of aged mixes is the composite of 
from three to five freezings, and its 
upperm ost point indicates the highest 
overrun obtainable.

A t a later date i t  was found th a t 
aging effects could be produced in the 
high-butterfat mixes by homogeniza­
tion a t  higher tem peratures. This 
will be referred to again in the ex­
perim ents with sodium alginate bu t 
is illustrated in Figure 9. The solid 
line of the aged mix is realized only 
if the mix is frozen a t  a  compara­
tively high tem perature. Otherwise 
the lower overrun line results. The 
mix thus has two equilibrium lines.

Sodium alginate in a form especially 
prepared for the purpose is another 
stabilizer recommended for ice cream. 

The claim is made th a t w ith its use aging is unnecessary. 
Actually, aging does improve the whipping properties of 
the mixes containing sodium alginate. However, sodium 
alginate does have the remarkable property  of im m ediately 
stabilizing the b u tte rfa t to  the action of the beaters so th a t 
freshly prepared mixes can easily be brought to the desired 
overruns. I t  is thus a double stabilizer; i t  stabilizes the 
structure (as does gelatin) and the particles in addition.
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TEMPERATURE 'C.
F i g u r e  10. E f f e c t  o f  S o d iu m  A l g i n a t e  u p o n  t h e  
W h ip p in g  C a p a c i ty  o f  M ix e s  C o n t a i n i n g  (above)
8 P e r  C e n t  (center) 12 P e r  C e n t ,  a n d  (below) 16 

P e r  C e n t  B u t t e r f a t
A . N o sodium  alginate
B. 0.1 per cent sodium  alginate
C. 0.2 per cent sodium  alginate
D. 0.3 per cent sodium  alginate
E. 0.4 per cent sodium  alginate

These effects are shown in Figure 10 for the mixes of varying 
b u tte rfa t content. Of particular in terest are the high over­
runs obtainable under certain conditions w ith both unaged 
and aged mixes.

As mentioned previously, the aging effects produced in the 
16 per cent fa t content mixes 
were found to  be caused by the 
high tem perature of pasteuriza­
tion and homogenization (71° C.) 
recommended for use when sodium 
alginate is employed, rather than 
to  any specific effect of the al­
ginate.

A few experiments were carried 
out to study the use of a certain 
carob bean extract, as an improver 
in ice cream. This m aterial acts 
in m any respects as does gelatin. 
I ts  effect upon whipping and ag­
ing is shown in Figure 11. In 
spite of the fact th a t the over­
run of these mixes is similar to 
the overrun of gelatin mixes, the 
presence of this product was 
shown to increase markedly the 
load on the freezer. Where the 
gelatin mix of the same composi­
tion would cause the m otor to 
draw 6 amperes a t a given tem­

perature, the mix containing the extract would draw 7 
amperes a t the same point.

D iscu ss io n

In  the foregoing a survey has been made of factors influencing 
the overrun of ice cream mixes. I t  is noteworthy th a t 100 
per cent overrun, the highest usually considered desirable to 
take, can be obtained w ith practically all of the mixes used and 
reported here. I t  is a m atte r of so adjusting the freezing 
process th a t the required tem perature is reached in the
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F ig u r e  11. W h ip ­
p in g  C a pa c it y  o f  a 
12 %  B  u t t e r f a t  M  ix  
C o n t a in in g  C a r o b  
B e a n  E x t r a c t  C om­
p a r e d  w it h  A  S im i­
la r  M ix  C o n t a in ­

in g  G e l a t in

A. G elatin  0.3 per cent
B. C arob bean extract, 

0.2 per cent
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freezer within the necessary tim e interval before incipient 
churning starts. The realization of this fact should do much 
to clarify the confusion th a t exists concerning the compara­
tive whipping properties of various mixes and the procedure 
tha t m ust be followed to  obtain the higher overruns.

Since the work here reported was concerned primarily 
with overrun, no reference has heretofore been made to ice 
cream quality. Other things being equal, the ice cream th a t 
can be drawn from the freezer with the greatest am ount of 
water in the form of ice has the best texture because the ice

crystals will not grow so much in the hardening room. (This 
is probably the reason ice creams made from aged mixes are 
superior.) Therefore, those mixes th a t can be drawn from 
the freezer a t the desired overrun w ith the greatest am ount of 
water in the form of ice present are to  be preferred. More­
over, ice cream should be drawn from the freezer while the 
temperature-overrun equilibrium exists, because a t this point 
the greatest am ount of water possible a t the chosen overrun 
has been frozen to ice and the best possible texture is therefore 
to be had.

Enthalpy-Concentration Charts 
from Vapor Pressure Data

W ILLIAM  HALTEINBERGEIl, JR.
Villanova College, Villanova, Penna.

TH E minimum therm al data  required for the construction 
of an enthalpy-concentration chart for a liquid solution 
are the heats of dilution a t one tem perature, and heat 

capacities over the entire tem perature and concentration 
range to  be covered; or else, heat capacities a t one concen­
tration, and heats of dilution over the entire tem perature and 
concentration range (6). Experimental data  on either heat 
capacities or heats of dilution a t higher concentrations and 
temperatures are scarce; consequently enthalpy-concentra­
tion charts have been prepared for only few systems. How­
ever, information is available on the equilibrium properties 
(notably vapor pressures) of m any liquid solutions, from 
which heats of dilution a t higher concentrations and tem pera­
tures can be calculated. The enthalpy-concentration chart 
for the system can then be constructed by combining the cal­
culated heats of dilution w ith experimental heat capacities 
a t low concentrations. The relations involved in one of the 
several possible conversions of this nature are derived and 
illustrated here.

The experimental data  required for the construction of an 
enthalpy-concentration chart by the method under consid­
eration are (a) heat capacities of the solution a t any one con­
centration, over the entire tem perature range and (6) vapor 
pressures of the solution over the concentration and tempera­
ture range to be covered. The m ethod is applicable to all sys­
tems containing a single volatile constituent. The accuracy 
of the calculated values is discussed a t  the end of the paper.

All methods based on pure thermodynamics for the calcu­
lation of therm al properties from equilibrium properties in­
clude the differentiation of the equilibrium data. The differ­
entiation can be greatly simplified if the equilibrium data can 
be converted to  a linear or nearly linear form. The most con­
venient of the several possible “linear” relations for the pres­
ent purpose is the Diihring plot, since i t  has to  be constructed 
anyway for calculations on most processes involving solutions.

Brown (S) showed how the Clapeyron relations for a liquid 
and for a solution containing th a t liquid as solvent can be 
combined to  give a relation in which the differential term  is 
the slope of the Diihring line. The slopes of the Diihring 
lines are, by all present evidence, constant a t low concentra­

tions and vary only slightly a t higher concentrations. The 
relation is :

dt
AH A F T ' 
A H 'A FT = I) ( 1 )

C.
where at a given concentration,

t' = saturation temp, of solution at pressure P, 
or °F .

7”  = saturation temp, of solution at pressure P, ° K or 
° R.

I = saturation temp, of solvent at pressure P, ° C. 
or °F .

T — saturation temp, of solvent at pressure P, ° K  or 
° R-D — slope of Diihring line 

AH = latent heat of solvent at temp. I and pressure P 
AH' = latent heat of solvent in solution at temp, i' and 

pressure P
AF = difference between gas and liquid volumes of 

solvent at temp, t and pressure P 
A F' = difference between gas and liquid volumes of 

solvent at temp. I' and pressure P

This is an exact relation, applicable to all systems contain­
ing a single volatile constituent. To simplify future discus­
sion, it will be assumed th a t the volatile constituent is water, 
and English units will be used. This will make all quantities 
in Equation 1 and future equations, steam table quantities.

Equation 1 can be simplified, w ithout introducing a serious 
error, by neglecting the volume of the liquid phase. Then 
A F  =  Enas, denoted by V  hereafter. Furtherm ore, for ideal 
gases a t the same pressure,

T 'F
T V;. (çy

If <f>, a measure of deviation from the ideal gas law, is defined 
as

T 'F '
<t> T V ( ¥ ) ■ (2)

Equation 1 can be thrown into a convenient form for calcula­
tions:

AH |
DAH' = KB’H Í3)



784 INDUSTRIAL AND ENGINEERING CHEMISTRY \V O L. 31, NO. 6

0
.0 0 9

.0 0 8

.00 7

.00 6

.0 0 5

F i g u r e  1. <j> vs. I f o r  S t e a m  a t  C o n s t a n t
S u p e r h e a t  T e m p e r a t u r e s

Figure 1, based on Keenan’s steam tables (<?), gives values 
of 4> vs. I for steam, for boiling point elevations up to 100° F. 
For values of t below 100° F., 0  can safely be neglected.

A H ' has been defined as the la ten t heat of w ater in the solu­
tion. I t  is therefore the difference between the heat contents 
of w ater in the vapor and the liquid state:

M I’ = Ih  -  Ht

H i  =  H ,  -  A I V  (4 )

where Hi -  partial heat content of water in solution, B. t. u./lb. 
water

//,. =  heat content of steam a t temp, i ' and pressure P, 
B. t. u./lb. steam

The heat quantity  appearing on the enthalpy-concentration 
chart is the relative enthalpy of the solution, H, in B. t. u. per 
pound of solution, plotted as isotherms vs. concentration. 
H  is referred to arbitrarily chosen conditions of the solvent 
and the solute. A t any given tem perature, I', the relative 
enthalpy of a solution of concentration W b pounds of solute 
per pound of solution can be calculated by

,h  W J W b (5)
where H„ = relative enthalpy of solution a t temp. I' and con­

centration ITT, B. t. u./lb. of solution 
Ih  = relative enthalpy of solution at temp. I' and con­

centration TIT, B. t. u./lb. of solution

Equation 5 can be derived as follows: Consider the iso­
therm al evaporation of w ater from one pound of dilute solu­
tion. Let W  be the number of pounds of solute per pound of 
solution; consider the initial concentration as IFa. If X  
pounds of w ater are removed, the final concentration is:

TIT =  TIT/G -  X ) (6)

From  this, the water removed is:

X  = 1 -  TTT/ITT (7)

W riting a m aterial balance,

1 = TTT/ITT +  (1 -  ITT/IIT) v (8) 

The heat balance is: 

r w b
IU +  /  A//'rf(l -  TIT/IT) =  (1TT/TIT)/T +

J W .
/'TIT
/  //,d (l -  TIT/IF) (9)

J W a

J ~ A H 'd { \  — W J W )  is the heat input into the solution,

where A H ' is the la ten t heat a t  any concentration, and 
d{ 1 — W J W )  is the num ber of pounds of w ater removed at 
th a t concentration.

N oting th a t H v — A H ' — Hi (Equation 4) and solving for 
IIb, we obtain Equation 5.

The value of the relative enthalpy, //„, a t concentration 
W a and tem perature I', may be assumed to be zero— th a t is, 
the datum  from which all other enthalpies are calculated. 
Since the precision in determining relative enthalpies a t low 
concentration m ay be poor by this method, experimental 
heats of dilution a t low concentrations should be available if 
it is desired to refer the enthalpies to  the customary standard 
sta te of infinite dilution a t some chosen tem perature.

When the relative enthalpy a t a given tem perature and 
concentration is known, the relative enthalpy a t  th e  same 
concentration b u t a different tem perature m ay be calculated 
by means of the Person-Kirchoff law:

d ll = Cpdt (10)
where Cp = heat capacity of solution at constant pressure

A p p lica tio n

The application of Equations 3, 4, 5, and 10 to the calcu­
lation of the 120° F. isotherm on the enthalpy-concentration 
chart for sodium hydroxide solutions is shown in the example

.0 0 5

% BY W E IG H T NaOH

F ig u r e  2 . E n t h a l p y - C o n c e n t r a t io n  C h a r t  
f o r  S o d iu m  H y d r o x id e  S o l u t io n s

Reference conditions: liquid w ater a t 32 0 F. for the  
solvent, infinite d ilu tion  a t  GS ° F . for th e  solute
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C o n s t r u c t i o n  o f  E n t h a l p y - C o n c e n t r a t i o n  C h a r t . 
Pure water a t  68° F. was chosen as reference condition for the 
solute, since reliable experimental heats of dilution down to 
infinite dilution are available a t  th a t tem perature. The 
reference condition of the solvent is th a t of the steam  tables—• 
namely, liquid water a t  32° F. As a basis in the application 
of Equation 5, the relative enthalpy, Ha, is assumed to  be 
th a t of a solution, of concentration 20 per cent by weight so­
dium hydroxide a t  120° F. This value for IIa—namely, 
73.9 B. t. u. per pound of solution—was obtained by applica­
tion of Equation 10 to experimental data  on heats of dilution 
(1) between 20 per cent by weight sodium hydroxide and in­
finite dilution, and experimental heat capacities (0) a t  the 
same concentration.

The following table shows the steps required in the calcula­
tion of H. The last column gives B ertetti and M cCabe’s ex­
perimental values for H, referred to the same conditions as 
the calculated values.

which follows. O ther isotherms are calculated in an identical 
manner. The enthalpy-concentration chart (Figure 2) shows 
a comparison for values of H  to 50 per cent by weight sodium 
hydroxide and 160° F. between the calculated values and ex­
perimental values referred to  later.

C o n s t r u c t i o n  o f  D u h r i n g  P l o t . Complete data  on the 
vapor pressures of sodium hydroxide solutions, as determined 
by various investigators, are available up to about 60 per cent 
by weight from 32° to 212° F. (4). A convenient correlation 
of the original d a ta  is a plot of (i' — t) isotherms vs. concen­
tration (Figure 3). The smoothed values of it' — t) can be 
transferred directly to  the D uhring plot (Figure 4). The

in the divergence between observed and calculated values 
a t higher concentrations in Figure 2.

Values of AII, the la ten t heat of w ater a t saturation tem ­
perature t, and Hv, the heat content of superheated steam  a t 
120° F. and the pressure corresponding to  saturation tem pera­
ture t of water, were read from plots based on the Keenan 
steam tables (5). Values of the correction, <t>, are read from 
Figure 1 a t the 120° F. isotherm and the various values of t.

The following table summarizes the calculation of H i a t 
120° F. for two concentrations (from Equations 3 and 4):

D
i. 0 F.
T, 0 R . 
t r y r p  
p

%  N aO H  b y  W eight % N aO H  by  W eight
30 50 30 50

1.0490 1.1068 C T '/D *  +  * 1.0922 1.2799
95.09 52.77 A // 1039.0 1062.2

554.78 512.46 A //' 1081.8 1228.3
1.0918 1.2796 Hv 1113.3 1114.1
0.0004 0.0003 Hi + 3 1 .5 -1 1 4 .2

Z  BY W EIG HT NaOH

F i g u r e  3 . (¿ ' — i)  vs. C o n c e n t r a t i o n  a t  C o n s t a n t
B o il in g  T e m p e r a t u r e s  f o r  S o d iu m  H y d r o x id e  S o l u ­

t io n s

Wi TFs 1 ~J?i Hl jw!Ihd ( 1 - T f) /io‘lcd-
0 .2  1 0 + 7 6 .0  0 73 .9  73 .9
0 .3  0 .667  0 .333  + 3 1 .5  + 2 0 .2  8 0 .5  80 .7
0 .4  0 .500  0 .500  - 6 2 .0  + 1 9 .0  109.8 110.1
0 .5  0.400 0 .600  - 1 1 4 .2  + 1 0 .0  159.7 162.3

heavy line shows the position of the same 
value of (¿' — i) on the two plots. The 
correlation should be based on the original 
data and done w ith great care. I t  will be 
shown later to w hat extent errors in the 
Duhring plot affect the calculated values 
of H.

C a l c u l a t i o n  of H i. For the construc­
tion of an isotherm on the enthalpy-concen­
tration chart, values of Hi a t one tem perature 
and over the contem plated concentration 
range are required. Equations 3 and 4 are 
used for the calculation of Hi. Values of t 
at various concentrations corresponding to  
t' =  120 are read from the D uhring plot. 
The D uhring p lo t should be large enough so 
that values of t can be read within 0.1° F.

The D uhring lines on Figure 4 are indi­
cated as being straight a t  all concentrations. 
This is undoubtedly incorrect above 30 per 
cent concentration, bu t the available data 
are not exact enough to  establish the curva­
ture of the lines. The extent of error intro­
duced by assuming straight lines shows up

i  so

F i g u r e  4.

W E IC H T  NaOH

SO 100 120 140 160 ISO
t ,  BOILING POINT OF W ATER,- F.

} P l o t  f o r  S o d iu m  H y d r o x id e  S o l u t io n s
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A ccuracy

The chief source of errors in this m ethod lies in the deter­
m ination of the Diihring line slopes. The order of magni­
tude of AH  for steam  is 1000 B. t. u. From  E quation 3 an 
error of one thousandth in  D  will introduce an error of about 
1 B. t. u. in  A H '. This error ■«dll be numerically transferred 
to  Hi. The resultant error in  H , the relative enthalpy, is a 
function of the concentration a t  which the error occurs. From 
Equation 5, for an average error of E  B. t. u. in A H ' between 
concentrations W a and W b, the error in H  is:

E rro r in II, B. t .  u.

  /  i t r \
w% ( *  +  * )d  ( l  -  £ )

w./wt

Wa/Wb (11)

or E  (1 -  W b /W a) B. t .  u.

The following table shows the order of m agnitude of errors 
in H  due to errors of one thousandth and one hundredth  in D 
over a 10 per cent concentration range:

Wa W b
0.001 error 

in D
0.01 error 

in D
0.1 0.2 1.0 100.2 0 .3 0 .50 5 .0
0 .3 0 .4 0 .33 3 .3
0 .4 0 .5 0 .2 5 2 .5

These errors become cum ulative as E quation 5 is integrated 
from low to high concentration. This, combined with the 
fact th a t vapor pressure data  are likely to  be less reliable at 
high than a t low concentrations, «dll tend to  give larger errors 
a t  higher concentrations.
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CORRESPONDENCE

Study o f  Liquid Flow

S i r : In The Du Pont Magazine [33, No. 3, 3 et scq. (1939)] we 
find an article by W. T. Collins “Research Employs Plastics.” 
This publication is primarily devoted to  a discussion of the out­
standing advantages to be gained by the use of transparent 
plastics—for example, “Pyralin”—in the construction of models 
for hydraulic research work.

The possibility of being able to follow visually the flow of a 
liquid in systems of involved construction should be of great ad­
vantage to the engineer engaged in studies of liquid flow. Models 
such as those described by Collins will permit the detection of 
extreme cases of turbulence, usually responsible for erosion, cavi­
tation, etc. Frequent!}* the addition of dyes, insoluble in the 
liquid, will assist in detecting turbulent zones of flow in the 
system. However, these methods are not sufficiently accurate to 
permit a study of the type of flow encountered or the detection of 
turbulence in cases of low rates of flow. These factors, moreover, 
are not only of importance to the civil engineer, but equally so 
to the chemical engineer in the construction of stills, rectifiers, 
piping in general, columns, etc., since maximum efficiency will 
largely depend on flow characteristics of the liquid.

We have found tha t the phenomenon of birefringence, or 
stream double refraction of colloidal dispersions consisting of 
anisometric particles, can be advantageously applied in such 
studies. I t is known tha t anisometric particles will always tend 
to orient « 0 1 1 1  one axis parallel to their direction of flow, and that

such orientation becomes readily detectable if we place the con­
tainer through which the liquid flows between crossed Polaroid 
films or plates and illuminate it with a strong source of diffuse 
light.

Highly diluted water dispersions of natural bentonite have 
proved especially suited for such work. Other colloidal sols 
exhibiting stream double refraction—i. e., vanadium pentoxide, 
ferric oxide, soap solutions, etc.—have also been tested. How­
ever, they have certain disadvantages which make their use less 
attractive. The most important are color, change of the sur­
face tension of the liquid, difficulty of production, and cost.

A well prepared one per cent dispersion of bentonite in water 
obtained by fractionating bentonite in a supercentrifuge and 
selecting fractions with particles below 50 m/i will be practically 
clear to the eye, have a viscosity and a surface tension close 
to tha t of water, and exhibit pronounced birefringence even at 
extremely low rates of flow for temperatures up to the boiling 
point of water.

A detailed study of liquid flow under different conditions is in 
progress and will be published later.

E. A. H a u s e r  a n d

D .  R. D e w e t , 2 n d

M a 8S A C H T JB E T T 6 ‘ IN S T IT X 7 T E |O F  T E C H N O L O G Y  
C a m b r i d g e ,  M ass.
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