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Chem istry in M edicine

ON  October 21 and 22 laboratory directors, serolo- 
gists, and others vitally interested in the program 

of the Surgeon General to wage a sustained and active 
campaign against the so-called social diseases, more 
particularly syphilis, will meet in Hot Springs, Ark.
At long last there is frank discussion of diseases which 
have taken a frightful toll, largely because of prudish 
silence. Open attacks might well have resulted in cur
tailment, as in the case of other plagues.

The purpose of this assembly, over which Surgeon- 
General Thomas Parran will preside, is to make progress 
in the evaluation, improvement, and standardization of 
serological tests for syphilis. The principal tests now 
employed will be presented by their originators and 
thoroughly discussed. The program also includes the 
proper training of laboratory personnel and questions 
concerning approval by state boards of health or the 
licensing of laboratories for the performance of séro
diagnostic tests for syphilis.

The A m e r ic a n  C h e m ic a l  S o c ie t y  has a place on this 
program and President Whitmore will discuss the place 
of the chemist in the clinical laboratory. The tests 
themselves are chemical in nature. More particularly, 
they belong in the field of colloid chemistry. The tests 
of today are not the relatively simple and even crude ones 
earlier employed in clinical laboratories, to provide the 
facts upon which physicians could make their diag
noses. Many semiskilled laboratory workers, usually 
designated as “technicians,” among whom are thousands 
of nurses and pharmacists, have been taught to perform 
by rote simple tests, just as laboratory assistants in 
some large industrial laboratories have learned to carry 
out many useful and even indispensable functions, but 
they can be relied upon only when constantly super
vised by a director adequately trained in chemistry.

The tests of today are far more complex and difficult. 
Without suitable chemical training those who attempt 
to perform these tests are lost if something goes wrong, 
as not infrequently happens. It is then that the chem
ist thoroughly conversant with the principles of the re
agents and the probable sources of error or variation in
herent in the technic proves his indispensability.
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It is by no means strange that the chemist plays so 
fundamental a part in all this work. That body proc
esses are largely chemical in nature was long ago recog
nized. We are indebted to L. B. Hitchcock for the 
following quotation from a play written by Collins in 
1860, since which time progress in chemistry has been 
astounding:

The best years of my life have been passed in the ardent study 
of medical and chemical science. Chemistry, especially, has 
always had irresistible attractions for me, from the enormous, the 
illimitable power which the knowledge of it confers. Chemists, I 
assert it emphatically, might sway, if they pleased, the destinies 
of humanity. Let me explain this before I go further.

Mind, they say, rules the world. But what rules the mind? 
The body. The body (follow me closely here) lies at the mercy 
of the most omnipotent of all potentates— the Chemist. Give 
me— Fosco—chemistry; and when Shakespeare has conceived 
Hamlet, and sits down to execute the conception—with a few 
grains of powder dropped into his daily food, I will reduce his 
mind, by the action of his body, till his pen pours out the most 
abject drivel that has ever degraded paper. Under similar cir
cumstances, revive me the illustrious Newton. I guarantee 
that, when he sees the apple fall, he shall eat it, instead of dis
covering the principle of gravitation. Nero’s dinner shall trans
form Nero into the mildest of men before he has done digesting it; 
and the morning draught of Alexander the Great shall make 
Alexander run for his life, at the first sight of the enemy, the same 
afternoon. On my sacred word of honor, it is lucky for society 
that modern chemists are, by incomprehensible good fortune, the 
most harmless of mankind.

A few weeks ago the New-York Times discussed 
editorially the chemistry of insanity and after recount
ing some of the work done by leading specialists in 
mental diseases concluded: “Insanity as well as normal 
thinking must be interpreted chemically. The fact that 
drugs can accelerate or retard the action of both insulin 
and metrazol leads to that conclusion. There is work 
for the biochemists to do. They must discover what 
goes wrong with the brain’s chemical factory and re
duces a brilliant intellect to madness. That done, we 
shall have a new science of preventive psychiatry.”

The A m e r ic a n  C h e m ic a l  S o c ie t y , under its federal 
charter, has a duty to perform in aiding that protection 
of the public which is the chief concern of the Surgeon 
General and his co-workers. Cooperation must be 
afforded through training the chemical personnel, de
veloping properly qualified directors, and discouraging 
the creation of an artificial monopoly of supervision by 
any one profession.
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It is the earnest desire of every reputable chemist and 
of the A m e r ic a n  C h e m ic a l  S o c ie t y  that the program of 
the Surgeon General be permitted to deliver the maxi
mum benefit to humanity in achieving this end. The 
trained chemist has much work to do and a real obliga
tion in properly performing it.

The E ncouraging W ord

RECENT months are reported as having been more 
difficult for the chemist seeking employment than 

was the depression which began in 1929. We are in
formed that men with higher degrees have in most in
stances found places but it has been very difficult for 
those with but four years’ work to find employment.

We have corresponded with some who have been 
seeking places and a recent letter from one of these 
men lists a number of employers who had taken the 
trouble to write him heartening, sympathetic, and 
understanding letters, even though they could offer no 
place while operating at part capacity and with a cur
tailed budget. Letters of this type, which were so 
highly prized as to lead our correspondent to make a list 
of men and their companies, certainly add to the sum of 
good will enjoyed by those who write them.

The other type of letter, the curt reply, seems un
necessarily discouraging. Surely a letter which will 
strengthen the morale of the applicant requires but 
little effort and is an example of the common decency 
which in such times is so valuable. Through our News 
Edition we offer employers facilities for finding men of 
the type they need. All who use the service are ex
pected to reply to applicants. To make such replies in 
a kindly tone regardless of the news they bear is not 
specified, but may we not expect employers to give more 
attention to it?

Microcliemical D ivision

THE Council at the Milwaukee meeting approved 
the constitution and bylaws offered by the Micro- 

cheinical Section, which thereby became the Division of 
Microchemistry of the A m e r ic a n  C h e m i c a l  S o c i e t y .

There are many contrasts to be observed between old 
and new chemistry, but the differences between the 
technics, the apparatus, and equipment used in the 
laboratories of a generation ago and those which serve 
the specialist in microchemistry are among the most 
striking.

We recall well-developed courses in microchemistry 
early in the century. But that work was done under the 
microscope. The microchemist today employs equip
ment frequently so diminutive that a magnifying glass 
is used to make readings and the various tubes, beakers, 
combustion boats, and other apparatus appear like toys.

Microchemistry and microanalysis have already 
found a great variety of uses. A few years ago they made 
an appeal because they not only enabled saving time but

permitted precise work to be done on samples a mere 
fraction of those formerly required. This is important 
both where the substances are of great value and where 
only small samples are procurable. Combined with 
other modern tools in analysis, it enables the investi
gator to carry his work into heretofore dark corners and 
to obtain results which have been quite out of reach for 
those who employ only the older methods and technics.

Notwithstanding the skill which must be acquired if 
the best work is to be done in microchemistry, it has 
been observed that even the student immediately 
handles such tiny equipment with greater care and 
hence does better work. As A. H. Corwin has said: 
“Microchemistry has ceased to be the tool belonging 
only to the highly trained specialist. It is now avail
able even to freshmen in the green cap stage.”

The Microcliemical Section made a good record. As 
a division, this group of earnest workers will go on to 
still greater achievements in a field that is new, fascinat
ing, and highly useful.

Three C’s
IT U M A N IT Y  has frequently been classified, the 

■ category depending upon the point of view of the 
individual observer. A particularly interesting obser
vation has been made by W. J. Cameron, whose writings 
have become so well known, thanks to broadcasting. 
He says that people seem to gravitate into one of three 
classifications: creative, contributive, and covetous.

This is an interesting thought and as we look about us 
we can think of many men and women who have dem
onstrated creative ability in different fields. A con
siderable proportion of the chemical profession is so 
placed. These people create with the knowledge that 
everyone will have the opportunity to benefit from 
whatever contributions to truth they are able to make.

Then, as Mr. Cameron points out, there are many 
people who render important and necessary service by 
developing the results obtained by the creative group. 
Once shown, they can see clearly what must be done 
and frequently independent of the creative group carry 
their work further, overcome inherent difficulties in 
equipment and process, and deliver a better product.

Neither group is likely to harbor the idea that if one 
person has less, it is because another has more nor 
that one man’s success means another man’s failure.

Unfortunately, there is a vociferous minority who 
drift into the third group. They are neither creative 
nor contributive, but covetous. They are inclined to 
think of possessing in terms of dispossessing, and prefer 
to live by the work of the other groups. Strangely 
enough, their status is improved as the others progress. 
They may ultimately learn that the success of one man 
most frequently makes it more difficult for others to fail.

We hope you have not put yourself under the third C. 
If you even tend in that direction, do something about it.



MOTOR FUEL
GUSTAV EGLOFF
U niversal Oil P roducts C om pany,

ECONOMY OF c"

EUROPE

TH E  increasing tendency of nations to become autonomic 
in both thinking and action has been strongly felt by the 
author during the past ten years of European visits. As 

part of this nationalism, substitute motor fuels play an in
creasingly im portant role.

Countries such as Germany, England, France, and Italy  
have no m aterial petroleum resources and are conducting 
research feverishly to utilize their own potential motor fuel 
supplies from coal, vegetables, cereals, wood, natural gas, and 
oil shale. This research is not directed solely towards pro
ducing fuel for motor vehicles such as airplanes, pleasure cars, 
busses, trucks, and boats, but also towards the desire to be
come nationally self-sufficient, to keep people employed, and 
to utilize their own resources. T he cost of producing substi
tute motor fuels is not specifically involved, since gasoline 
produced from crude oil is markedly less in  cost than any of 
the sources enumerated comparing over-all motor vehicle 
performance.

A number of European nations directly and indirectly sub
sidize indigenous motor fuels through taxes on imported mo
tor fuels, partial'elim ination of taxes on the fuels and on the 
vehicles using nationally produced fuels, and, in som e cases, 
direct part paym ent on the vehicles using substitute fuels.

T able I gives a bird’s-eye view  of European crude oil pro
duction, motor fuel consumption, motor vehicles, alcohols 
(methanol, ethanol), coal, and forest resources, and indicates 
the interplay of economic forces that m otivate nations in their 
self-sufficiency programs.

The primary source of motor fuel in 
the world today is crude oil. Over
2,000,000,000 barrels of petroleum were 
produced during 1937, from which 
about 775,000,000 barrels of motor fuel 
were derived b y  distillation and crack
ing. Substitute motor fuels consist of 
compressed gases, liquids, and solids 
from coal, alcohols (m ethanol and 
ethanol), producer gas from wood and 
coal generators on motors cars, com
pressed natural gas, and oil shale.
A cetylene, cracking of ammonia, and hy
drogen have been used in an experi
mental way.

C oal
The primary substitute motor fuel in 

Europe is derived from the hydrogena
tion of coal and carbon monoxide. The

Self-sufficiency strikes th e  keynote for th e  desires 
of m ost European n ation s. T he production  of su b 
st itu te  m otor fuels derived from  th eir  ow n re
sources, su ch  as coal, wood, oil shale, and agricu l
tural products, is one of th e  goals. T he econom ics  
involved is n o t th e  prim ary factor.

Coal is converted in to  liqu id  m otor fuel by car
bonization , hydrogenation , and th e  w ater gas re
action . A lcohols from  farm  products and m eth a 
nol from  hydrogenation  of carbon m onoxide and 
wood d istilla tion  are also used.

M ethane, ethane, propane, and b u tanes, or c ity  
gas, are used  in  com pressed form  in  stee l cylinders 
(3000 to  4000 pounds per square in ch  pressure) 
in  gas-driven m otor vehicles. T hese gases are d e
rived from  coal carbonization , coal hydrogenation, 
and from  hydrogenation  of carbon m onoxide, 
and natural gas. There are about 26,000 of th is  type  
of m otor vehicle in  u se. O ther types of gas-driven  
vehicles m anu facture th eir  own com b ustib le  gas 
en  route from  wood and charcoal. T here are 
about 9000 su ch  w ood-burning m otor vehicles in  
Europe con su m in g  about 450,000,000 pounds 
of wood yearly. T hese vehicles are heavily  su b si
dized by governm ents through  direct paym ents, 
elim in ation  of taxes on th e  wood and vehicle, and  
taxes on im ported  gasoline.

T otal con su m p tion  of power alcohol in  Europe in  
1937 am ounted  to 510,000 ton s com pared w ith  646,- 
000 ton s during 1936. T he 510,000 ton s o f eth an o l 
(some m ethanol) represented 4.3 per cen t of th e  
to ta l 11,882,600 m etric  ton s of m otor fu el con 
sum ed  during 1937 in  Europe. It is estim ated  
th a t th e  510,000 ton s of alcohol used  in  Europe 
cost th e  consum er and sta te  in  additional expendi
tures on th e  order of abou t $100,000,000 in  subsidies, 
tax losses, and higher operating costs of vehicles.

Alcohol T o tal
M otor C ar M otor Fuel C rude Oil Coal Used as Forest

R eg istration C onsum ption P roduction Production M oto r Fuel Area
(*) (21) (21) (23) (10) (18)

1000 metric 1000 metric 1000 9q.
1000 car8 1000 bbl. 1000 bbl. tons tons miles

2,411.3 44,200 0 228,990 16 4 .7
2,200.0 25,000 532 46,146 153 3 4 .0
1,445.7 20,000 3,077 208,045 210 54 .6

514.4 24,000 199,636 81,000 3,014.5
429.7 5,200 150 988 37 4 .7
220.4 4,600 0 27,876
192.7 4,000 0 424 15 iÔÔ.4
147.8 3,500 0 12,893
125.0 2,900 0 7,320
9 5 .0 1,820 185 28,432 50 Î8 .8
76 .4 1,600 0 27 .0
47.4 970 33(9) 3.Î41 * 2 ?
44.4 800 0 84 .2
34 .3 600 3,870 29,768 *8 31 .0
26 .5 700 63,533 1,928 29 .3
21 .2 590 7,932 10 2 .1
14.6 0 4,476 4 47 .8

C ountry

U nited  Kingdom
France
G erm any
R ussia
Ita ly
Belgium
Sweden
N etherlands
Spain
Czechoslovakia
Norw ay
A ustria
F in land
Poland
R um ania
H ungary  t
Y ugoslavia

T a b l e  I .  C r u d e  O i l , C o a l  a n d  A l c o h o l  P r o d u c t io n , M o t o r  F u e l  C o n s u m p t i o n , 
F o r e s t  A r e a , a n d  M o t o r  V e h ic l e  U s e  i n  E u r o p e  d u r in g  193 7
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C O M P R E S S E D  W A K E  U P  H Y D R O G E N

F i g u r e  1. M o t o r  F u e l  f r o m  C o a l  H y d r o g e n a t io n

synthetic liquid motor fuel production in Germany will be at 
the rate of about 17,000,000 barrels a year from the units of 
the two processes now operating or under design and construc
tion. In England the rate of direct coal hydrogenation to 
gasoline is about 1,300,000 barrels a year. France is operat
ing a 110,000-barrel-a-year catalytic un it to  convert water 
gas to motor fuel. N o other European countries are using 
these processes at present. For European conditions the 
various sources indicate that the cost per U . S. gallon of 
motor fuel produced by either coal or carbon monoxide hy
drogenation is about 18 cents.

D ir e c t  H y d r o g e n a t io n  o f  C oal
The hydrogenation of coal and carbon monoxide derived 

from coal are two processes developed in Germany. The 
hydrogenation of coal is carried out a t pressures of the order 
of 4000 pounds and temperatures of about 850° F . in the 
presence of catalysts (Figure 1). T he hydrogenation of car
bon monoxide (Fiselier-Tropsch process) is carried out at 
atmospheric or superatmospheric pressure in the presence of 
catalysts and temperatures of the order of 350° F. (Figures 2 
and 3).

I t  is difficult to obtain precise figures on the cost of produc
ing a gallon of motor fuel from the hydrogenation of coal or 
from carbon monoxide. However, from a number of European 
sources it  has been learned th at the cost of motor fuel pro
duction b y  the two processes ranged between 17 and 19 cents 
per U . S. gallon. These figures are fortified by the conclusions 
in im portant reports issued by  the Com m ittee of Imperial 
Defence of Great Britain and by the Labor Party of England 
(7). T he Imperial D efence com m ittee reports:

The Billingham plant was originally intended to deal with coal 
only and to have a rated output capacity of 100,000 tons (30,- 
000,000 Imperial gallons or 36,000,000 U. S. galions) of motor 
spirit. It was subsequently decided to include provision for the 
treatment of coal tars to the extent of 50,000 tons of petrol per 
annum, thus making the capacity 150,000 tons (45,000,000 Im
perial gallons or 54,000,000 U. S. gallons) of petrol per annum.

The quantity of coal which was then expected would be re
quired for the plant when in full operation is stated to be as 
follows:

C oal hydrogenation:
Tons

150-200,000F or processing0
F or all o ther purposes (steam , power, hydrogen production, 

etc.) 300-350,000

T ar oil hydrogenation*> for steam , power, hydrogen produc
tion, etc.

T o tal

500.000

100.000 

600,000

° T he exact q u a n tity  depends, am ong o ther things, on the  ash and  m oisture 
content of the  coal.

b In  addition , ab o u t 60,000 tons of ta r  oils are required.

This gives for the coal hydrogenation 1 ton of petrol for each
1.5 to 2 tons processed, or for each 5 tons of total coal used.

The spirit produced by the plant is of a high grade and during 
the last few months an octane rating of 75 has been achieved. 
This is a high standard for a straight or undoped petrol.

If a new hydrogenation plant were to be built, it would have 
to be designed to use coal only, as there are not available sup
plies of creosote or low-t.emperature tar in sufficient quantities to 
provide for another mixed coal and tar plant. The plant would 
have a capacity of 150,000 tons of petrol, as Imperial Chemical 
Industries, Ltd., regard this size as the minimum from an eco
nomic point of view.

The capital cost of such a plant (to include land, offices, site 
development and design charges, research charges essential for 
this new plant, working capital, interest during construction, and 
fees payable to the International Hydrogenation Patents, Ltd.) 
is estimated by Imperial Chemical Industries, Ltd., at 8,000,000 
pounds (340,000,000), made up approximately as follows:

C apital cost (p lan t, m aterials, e tc .):
G eneral services and  workshops 
Boilers and  power p lan t 
Gas-m aking, purification, and  compression 
H ydrogenation  p lan t and  refinery

Sundry  charges (research during  construction, in te r
est during  construction, working capital, In te r
national H ydrogenation  P a te n ts  fee)

T otal

Pounds

1.035.000
1.570.000
1.762.000
2.880.000

Dollars

5.175.000
7.850.000
8.810.000 

14,400,000

7,247,000 36,235,000

750,000 3,750,000

7,997,000 39,985,000

The estim ated results of operations on a new plant thus 
calculated are shown below. The figures are set in tw o groups ; 
the first deal w ith a calculation for depreciation of the plant 
on the basis of 20-year life (i. e., w ith no provision for obso-
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lescencc), and the second group is based on a charge for 
depreciation and obsolescence combined which is sufficient 
to write off the plant within 10 years.

-— 20-Y ear Life---------- 10-Year Life— *
P ence/ C entsf Pence/ Cents/

Im p . gal. U. S . gal. Im p . gal. U. S . gal.
Assumed av. realization price a t 

works (assum ing existing ra te  of 
preference of 8a. (16 cents) per 
g a l . )

D educt:
W orks costs (including works 

overhead)
Works profit before providing for 

depreciation and  obsolescence 
Provision for depreciation a t  5%  
Provision for depreciation and 

obsolescence a t  10%

Profit a fte r charging depreciation
Profit a fte r charging depreciation 

and obsolescence

12.00 20 12.00 20

7 .20 12 7 .20 12

4 .8 8 4 .8 8
2 .13 3 .63

4 .27 7.1

2 .67 4 .45

0 .53 0.967

On the basis of a new plant to  hydrogenate coal costing 
$40,000,000 for the production of 150,000 tons a year of mo-

F ig u r e  2.

GASOLINE (M OTOR FUEL)

M o t o r  F u e l  f r o m  W a t e r - G a s  R e a c t io n , 
F i s c h e r - T r o p s c h  P r o c e s s

tor fuel, the production cost per U . S. gallon would be about 
15.6 cents on the basis of plant life of 20 years (no obsolescence 
charges included). On the basis of writing off the plant in 
10 years, including depreciation and obsolescence, the cost 
per gallon of motor fuel would be 19 cents.

T he British Labor Party, working independently of the 
Imperial D efence comm ittee, came to the conclusion that 
gasoline from hydrogenation of coal “ at the present tim e” 
costs about 11 pence (22 cents) per Imperial gallon or 18 
cents per U . S. gallon. The following is taken from the 
British Labor P arty’s report:

On the basis of their experimental work, I. C. I. (Imperial 
Chemical Indus! rics, Ltd.) were led to believe that petrol could 
be produced by hydrogenation at a cost of 7 to 9d. (14 to 18 cents 
an Imperial gallon, or 11.67 to 15 cents per U. S. gallon), of which 
about 2d. (4 cents) would be due to the cost of coal. The figure 
realized in practice has not been disclosed, but there is some 
reason to think that with a reasonable allowance for interest on 
capital and amortization the price stands in the region of lid .  
(22 cents) an Imperial gallon. The I. G. Farbenindustrie has 
been similarly reticent, but it is learned from an authoritative 
source that their cost of producing petrol (from brown coal) has 
been 25 pfennigs a kilogram which is about l id . (22'cents) an 
Imperial gallon (18.3 cents per U. S. gallon) at par.

The chairman of I. C. I., Lord McGowan, has twice referred 
recently to the nigh cost of producing petrol at Billingham. In 
his speech at the company’s annual meeting on April 29, 1937, 
he said:

“For general commercial reasons it is not the practice of the 
company to disclose the financial results of any particular ac
tivity. All that I can sav, therefore, in regard to the hydrogena
tion plant is that up to date it has not shown results which would 
justify its description as a good commercial proposition, even 
with the advantages of the existing customs duty, and without 
that, protection, of course, the enterprise would be uneconomic.”

In the House of Lords on July 14, 1937, Lord McGowan said: 
“Although the process is today in successful operation it does 
not, even with the protection afforded by the British Hydrocarbon 
Oils Production Act, present a favorable opportunity for the 
investment of large sums of private capital . . . Success from a 
commercial point of view in the synthetic production of petrol 
depends largely, as far as the future is concerned, upon the policy 
of the government of the day.”

Although the company has not disclosed its accounts, it is not 
difficult to form a rough idea of the principal items in the running 
costs of a hydrogenation plant similar to that at Billingham. 
The men employed on the plant are largely skilled workers, and 
their wages will average about £ 3 ,15s. ($19) a week. On this basis 
the wages bill for 2000 men will be £390,000 ($1,950,000) a year; 
spread over an annual production of 45,000,000 imperial gallons 
(54,000,000 U. S. gallons) of motor spirit, this is equivalent to 
2.1 d. (4.2 cents) an Imperial gallon (3.5 cents per U. S. gallon). 
The cost of the raw materials—600,000 tons of coal, 50,000 tons of 
creosote, and 12,000 tons of low-temperature tar—can hardly be 
put, at current market values, at less than £500,000 ($2,500,000), 
equivalent to 2.7d. (5.4 cents) an Imperial gallon (4.5 cents per 
U. S. gallon).

Imperial Chemical Industries provided the Billingham plant 
out of reserves, but in a calculation of the running costs of the 
hydrogenation process it is necessary to allow interest on the 
capital expenditure. With a rate of 3.5 per cent, at which the

C O K IN G
U N I T

. G A S O L I N E  
1ST I L L A T I O  N

G E N E R A T O R

C O M  P R E S S E D !  
C A S  T O R  

M O T O R  r U E L

F i g u r e  3 . M o t o r  F u e l  f r o m  C o a l  C a r b o n iz a t io n  a n d  C a t a l y t ic  W a t e r -G a s  R e a c t io n
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4500 pounds per square inch

money could be raised with a governmental guarantee, the in
terest on £5,500,000 ($27,500,000) would amount to £192,500 
($962,500) a year or l.Od. (2 cents) an Imperial gallon (1.67 cents 
per U. S. gallon).

It is difficult to know at what figure amortization of the plant 
should be reckoned. Imperial Chemical Industries suggest 
amortization in 10 years, with compound interest at 2 ‘/2 per 
cent on the reserves provided. German authorities take the view 
that 10 years is an unnecessarily short period, and amortization 
in 15 years, with compound interest at 2Vs per cent on reserves, 
seems reasonable; on a capital of £5,500,000 ($27,500,000) this 
would absorb about £300,000 ($1,500,000) a year or 1.6d. (3.2 
cents) an Imperial gallon (2.67 cents per U. S. gallon).

The total of these costs—wages, raw materials, interest on 
capital, and amortization—is £1,382,500 ($6,912,500) a year or 
7.4d. (14.8 cents) an Imperial gallon (12.3 cents per U. S. gallon).

These estimates may be checked by the reports made by Sir 
David Rivett personally, and by a committee of which he was 
chairman, to the Australian Government. Sir David Rivett’s 
estimates are based on figures supplied to him by Imperial 
Chemical Industries and by German firms. His final calculations 
are made in terms of Australian currency, costs, and wages, but 
by using his own multipliers as dividers it is possible to reverse 
the procedure and reach the European figures on which he ulti
mately relies, figures that have not otherwise been made generally 
available. By this means it may be calculated that the cost 
of a hydrogenation plant to produce 150,000 tons of petrol an
nually from coal (not, as at Billingham, from coal and other ma
terials) is £7,500,000 ($37,500,000). If amortization takes place 
in 15 years and interest on capital is charged at 3.5 per cent, the 
cost of petrol works out at 10.5d. (21 cents) an Imperial gallon 
(l7 .5  cents per U. S. gallon); if amortization takes place in 10 
years and interest on capital is charged at 6 per cent, the cost of 
petrol will be 12.75d. (25.5 cents) an Imperial gallon (21.25 cents 
per U. S..gallon).

With a reasonable allowance for amortization and interest 
on capital it seems fair, therefore, to say that petrol can be pro
duced by hydrogenation (directly from coal) at the present time 
for about l id . (22 cents) an Imperial gallon (18.3 cents per U. S. 
gallon).

H y d r o g e n a tio n  o f C arb on  M o n o x id e  fr o m  C oal

The Fischer-Tropsch process of producing motor fuel from 
the hydrogenation of coal was developed in Germany. M o
tor fuel, kerosene, D iesel oil, and paraffin wax are produced; 
the mixture is called “Kogasin oil.” The motor fuel produc
tion from th is process in  Germany will be at the rate of 530,000 
tons yearly when the units now operating and those under 
design and construction are functioning. There is one unit 
in operation in France producing motor fuel at the rate of
13,000 tons a year.

T he Imperial D efence com m ittee studied the Fischer- 
Tropsch hydrogenation of carbon monoxide process and 
reported:

Statements were furnished to the committee setting out par
ticulars relating to the recommended size of plant, estimates of 
the capital and operating costs, the type and yield of products 
it is claimed can be produced, and estimated realization value of 
the products, etc. . . The following are examples of the sizes of 
plants and estimates of capital cost submitted to the committee:

K o g a s in  O i l  Y e a r l y  P l a n t  C a p a c it y  C o s t s

20.000-ton p lan t (including coke ovens) £1,000,000 to  £1,500,000
($5,000,000 to  $7,500,000)

35.000-ton p lan t:
Including  coke oveas £1,901,000 ($9,505,000)
D irect gasification of coal in w ater gas

p la n t £1,717,000 ($8,585,000)
60.000-ton p lan t (including coke ovens and

d is tilla tion  p lan t) £3,100,000 ($15,500,000)

The estimates of cost have been prepared at different dates, 
based on information supplied by Ruhrchemie.

Until more information is available as to the most suitable 
methods of treating the primary product in this country, and of 
the resulting products which will give the best economic return, 
it is obviously impossible to obtain any reliable data as to costs 
of production. One witness gave estimated figures of the average 
costs of production of marketable products from a 35,000 ton per 
annum plant which ranged from 123/ 4 to 15d. an Imperial gallon 
(21.2 to 25 cents per U. S. gallon), according to the period allowed 
for amortization of the capital. The average realization price 
taken was 13d. (21.7 cents per U. S. gallon). Another stated that, 
on the basis of the best yields of products which be could at 
present accept, the over-all cost of the primary product would 
not have to exceed KB/id. (17.5.cents), and finished products an 
average of 123/id . per Imperial gallon (21.25 cents per U. S. 
gallon), if proceeds were to equal costs. He had not sufficient

A c e t y l e n e - B u r n in g  M o t o r  C a b , I t a l y

CjH s from calcium carbide and w ater
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data to say whether such results were practicable. Generally 
the evidence appears to indicate that the costs of production in 
the case of this process are not likely to be less than those of the 
hydrogenation process.

The following is reported from the British Labor Party’s 
report (7):

The synthetic process (i. e., catalytic water gas reaction), un
like hydrogenation, can be worked in relatively small units. The 
economic unit is said to be a plant producing about 35,000 tons 
of primary products annually, or, if it includes its own catalyst 
plant, about 60,000 tons of primaiy products annually.

The committee were given estimates for synthetic plants of 
two types: Plant A is a self-contained plant, with its own coke 
ovens, designed to produce annually 35,000 tons (11,077,500 
gallons) of primary products from bituminous coal. If the 
“Diesel” oil fraction were “cracked,” it would yield 28,350 tons 
of motor spirit annually, apart from subsidiary products. Plant 
B is a plant without coke ovens, designed to work in conjunction 
with a coal distillation unit and to produce from the low-tem- 
perature coke 10,000 tons of synthetic products annually.

It is difficult to assess the cost of a British plant from German 
experience, especially in view of recent wide fluctuations in the 
price of steel, and all estimates must be accepted with caution.

Plant A, it is stated, would cost about £1,900,000 (89,500,000) 
to build, which spread over the 35,000 tons of synthetic products 
made annually, works out at £54  (8270) per ton of annual pro
duction. [It is not possible to give so confidently the cost of a 
plant designed to make water gas directly from black coal, as 
such a plant has not yet been worked on the commercial scale, 
but it would probably be about £200,000 (81,000,000) cheaper.]

Plant B, it is stated, would cost 4,500,000 marks in Germany, 
which is equivalent to £225,000 (81,125,000) at par—this is, 
£22.5 (8122.50) per ton of annual production. When allowance 
is made for the omission of coke ovens, this is in substantial agree
ment with the estimate for plant A. To make a fair comparison, 
a portion of the capital costs of the accompanying coal-distillation 
plant should be added to the capital costs of plant B.

Estimates of the over-all cost of finished petrol depend to a 
great extent on interest charges and the period required for 
amortization. With coal supplied to the coke ovens at 18s. 6d. 
(84.62) per ton and amortization in 15 years, interest at 3 per 
cent and depreciation on three-quarters of the capital would 
amount to not less than 21 per cent of the cost of production.

For a plant similar to plant A, Sir David Rivctt made two 
estimates for the Australian Government of the cost of finished 
petrol. With amortization in 10 years, compound interest at
2.5 per cent on accumulated reserves, and a return of 3.5 per cent 
on capital, he estimated the cost at 15.8d. (31.6 cents) an Imperial 
gallon; with amortization in 15 years, compound interest at 3 
per cent on accumulated reserves, and a return of 3.5 per cent 
on capital, he estimated the cost at 13.0d. (26 cents) an Imperial 
gallon (21.67 cents per U. S. gallon). These figures are in terms 
of Australian currency and conditions. The comparable British 
figures would be about 12.1d. (24.2 cents) an Imperial gallon 
(20.17 cents per U. S. gallon) and lO.Od. (20 cents) an Imperial 
gallon (16.7 cents per U. S. gallon). These are of the same order 
as the estimated costs of hydrogenation.

For plant B, the ovcr-all cost of the finished motor spirit is 
given as 20.21 pfennigs a kg., which works out at about 8d. (16 
cents) an Imperial gallon (13.3 cents per U. S. gallon) at par. 
The lower estimate for plant B compared with plant A results 
from the lower capital cost, which in turn is due to the absence 
of coke ovens, and for this, as already explained, some allowance 
should be made. When allowance is made, the estimates are in 
substantial agreement.

With reasonable provision for amortization and interest on 
capital, the cost of synthetic petrol at the present time may there
fore be taken at 10.5d. (21 cents) an Imperial gallon.

The Falm outh com m ittee offers the following conclusion:

The limitations which have been referred to in the cases already 
dealt with do not arise with these processes (hydrogenation of car
bon monoxide); for the main product is oil, and there is no re
sidual solid fuel to be disposed of in competition with coal. The 
successful operation on a large scale of these processes would, 
therefore, produce an entirely new demand for coal, and offer 
greater opportunities for the creation of employment in the min
ing industry, as well as directly at the plants. Since, however, 
the development of these processes cannot be achieved on a 
strictly economic basis, it becomes necessary to consider at what 
cost the additional employment could be provided in present 
circumstances.

M e t h a n e  G a s  F i l l in g  S t a t io n , G e r m a n y

U p to 5000 pounds pressure

The information supplied to the committee indicates that for 
this hydrogenation process a plant with a production capacity 
of 150,000 tons per annum of motor spirit would afford direct 
employment to some 2000 persons in the plant, and a further 
4000 in the mining and secondary industries, giving a total em
ployment figure of 6000. Unfortunately the cost of erecting such 
a plant is very great, amounting, on the basis of the present cost 
of wages and materials, to about £8,000,000 (840,000,000). This 
would work out at a capital cost of £1333 (86665) per man em
ployed. In addition, on the basis of the present preference of 
8d. (16 cents) per Imperial gallon (13.3 cents per U. S. gallon), 
there would be a loss of revenue to the Exchequer which would 
represent at least £250 (81250) per annum per run. The cost of 
providing work by this means would therefore be very high. It 
would represent from the revenue point of view alone a continu
ing assistance amounting to about £ 5  (825.00) per week per 
person employed.

Though reliable figures are not available for these processes 
(hydrogenation of carbon monoxide), the information furnished 
to the committee indicates that they are not likely to be very 
different from those given for the hydrogenation process.

The committee, therefore, find themselves driven to the con
clusion that, viewed solely from the point of view of providing a 
large measure of employment, the hydrogenation and synthetic 
processes do not at present offer a very hopeful prospect, in re
lation to the cost which would be involved. In this view they 
are supported by one important witness, who, while advocating 
the development of these processes for other reasons, used the 
following words as regards their effect on employment: “Any 
idea that oil from coal can provide sudden salvation for the coal 
industry is clearly foolish.”

The foregoing cost figures and related data are interesting 
and instructive from the standpoint of present-day condi
tions in Europe. Secured from a number of w holly inde
pendent sources abroad, they conform surprisingly with 
figures from foreign coal hydrogenation operations translated 
to United States conditions of today b y  authorities close in 
touch w ith foreign operations. These latter data from 
American sources indicate 14 to 16 cents per U . S. gallon of
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motor fuel as the cost which would be obtained in hydro
genating coal in the U nited States today, w ith  present coal 
prices and freight rates.

However, this cost m ust not be considered conclusive as 
regards future conditions in the United States. Abundant 
oil supplies make prospects rather remote that coal or other 
substitute motor fuels w ill be utilized for m any years in the 
United States. When that distant tim e arrives, lower hydro
genation costs for America can well be anticipated. Since 
European plants were the first constructed, they have doubt
less suffered from much higher capital costs than would be 
expected for new installations. Further, the thorough ap
plication of American engineering technic, particularly pe
troleum refining technology, would reduce capital and operat
ing costs of gasoline from the hydrogenation of coal in the 
United States to a price m aterially below 16 cents a gallon.

B e n z e n e  M o to r  F u e l

The high-temperature carbonization of coal has been the 
primary source of benzene motor fuel for years. The products 
of high-temperature treatm ent of coal are gas, coal tar, and 
metallurgical coke. T he gas is scrubbed w ith oil or activated  
carbon and the coal tar is distilled to recover the benzene motor 
fuel content. Benzene is produced in the gasification of coal 
with a maximum yield of 3 gallons per ton of coal gasified. 
This type of motor fuel has an octane rating of over 90 and 
is used as a blending agent for lower grade fuels to raise their 
antiknock value.

Benzene and toluene, which are present in benzene motor 
fuel, are diverted in wartime largely toward explosive use. 
T he M ining and Power Commission of the French Chamber 
of D eputies recently reported (11): “Benzene would also 
have to be reserved in tim e of war for the manufacture of 
explosives. Its  production, moreover, is limited by  the ac
tiv ity  of coke ovens and gasworks and is therefore capable 
only of slight expansion. The domestic output of benzene 
last year at 75,144 tons (64,794 tons from coke ovens and

10,350 tons from gasworks) showed only a small advance 
over 1936, and was well below the 1929 peak of 79,200 tons.” 

The production of benzene motor fuel in the different coun
tries of Europe is as follows (18) in metric tons:

G erm any 430.000 A ustria  8,200
Czechoslovakia 12.000 Sweden 500
H ungary  3,100 H olland 10,800
Poland 10,000 F in land 200
Belgium 30,700 Sw itzerland 3,000
France 80,000 -----------
U nited  K ingdom  230,000 T o ta l 824,500

The cost to  consumers of Europe was 349,463,000 more for 
benzene motor fuel than it  would have been for gasoline, 
as a result of loss of taxes, governmental subsidies, and ben
zene production costs. Expressed another way, it was 20 
cents more for each gallon of benzene fuel consumed.

C o m p ressed  G as

The sources of substitute motor fuels in Europe which are 
increasing are combustible gases from coal carbonization, 
coal hydrogenation, Fischer-Tropsch hydrogenation of car
bon monoxide to hydrocarbons, natural gas, and the cracking 
process. Although during the World War England used bal
loons filled w ith c ity  gas as motor fuel because of an “impend
ing shortage of gasoline,” its use did not increase materially. 
The developm ent in Germany turned toward the light-weight 
alloy cylinders attached to the motor vehicle to  store the 
combustible gas under pressure. T he gases used for motor 
fuel are coal gas, m ethane, ethane, propane, and butane; they  
are compressed, depending on the type, up to 4000 pounds 
per square inch.

M otor vehicles are converted into the compressed gas type  
a t a cost of $150 to about $300, depending on the size (8 ,16) .  
The primary changes are as follows: (a) racks are installed 
to hold the steel cylinders. (Each weighs about 115 pounds 
em pty; when filled w ith propane-butanes at a pressure of 
150 pounds per square inch, one weighs 215 pounds or a net 
of 100 pounds of compressed gas (3), equivalent to 18 gallons

C o a l  H y d r o g é n a t io n  U n i t  a t  B i l l in g h a m , E n g l a n d
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P a s s e n g e r  B u s .  M o t o r m a n ’s  P l a c e  a n d  W o o d - B u r n in g  
S t o v e ,  F r a n c e

of gasoline.) Some of the larger trucks carry eight cylinders 
and some passenger busses use trailers to carry the cylinder. 
When methane a t 3000 pounds per square inch is used, the 
cylinder weighs 155 pounds; it  holds 28 pounds of methane, 
equivalent to 4.6 gallons of gasoline (S). W hen compressed 
city  gas is used, the cylinder content in terms of gasoline equiva
lency is about 1.8 gallons (5). (b) T he heart of the opera
tion is the control of the pressure reduction by  means of 
a regulating valve, so that a steady flow of gas passes to the 
motor, (c) A special gas-air mixer is used instead of the  
gasoline carburetor.

The greatest developm ent in the use of compressed gas 
has been in Germany where, it  is estim ated, over 150,000 tons 
(16,17)  of gasoline during 1938 will be replaced by  compressed 
gas, which is available at m any stations (19) similar to gaso
line filling stations.

Filling stations (6) dot Germany in a network which supply 
city gas, m ethane, or propane-butanes direct by filling the 
cylinders on the motor vehicle or replacing the em pty ones. 
Depending upon the type of compressed gas (city, methane, 
or propane-butane), the distances traveled by a given vehicle 
when using tw o cylinder storage tanks are about 25, 85, and 
225 miles, respectively, before th ey  have to be refilled (3). 
It is estim ated (17) that over 25,000 German motor vehicles 
are using about 250,000 cylinders as storage tanks for the 
compressed gas.

Ita ly  has developed a natural gas field near M ilan made up 
largely of m ethane. This gas is compressed a t 3000 pounds 
per square inch into steel cylinders and is distributed at eight 
filling stations which supply about five hundred busses and 
trucks in the M ilan and Florence areas (3). A t present 
(July 1, 1938) in  Ita ly , natural gas is replacing petroleum  
gasoline as a motor fuel a t the rate of about 40,000 tons a 
year. I t  is expected that within two years the use of methane

from natural gas and coal carbonization w ill be fourfold 
greater than it is now.

The use of motor vehicles burning compressed gases is 
subsidized by governments of Germany and Ita ly  by reduc
tion of taxes (4 ,16) .  T he tax on a U . S. gallon of gasoline 
shipped into Ita ly  is 51 cents; Germany charges 36 cents. On 
the basis of 59.6 cents a gallon for motor fuel in Germany, of 
which 36 cents is a tax on imported gasoline (it lands in Ham 
burg at 11 cents an Imperial gallon or 9 cents per U . S. gallon 
from the United States), the cost of c ity  gas, motor methane, 
and propane-butanes in Germany compared on a gallon of 
gasoline basis is 43, 41, and 61 cents (4).

I t  is estimated that in all Europe compressed gas w ill re
place about 250,000 tons of gasoline during 1938.

A lc o h o l M o to r  F u e ls

The increased use of power alcohol was demanded in Cen
tral Europe from 1930 to 1937 through enactm ent of laws. 
Power alcohol is supported by heavy governmental subsidies. 
Alcohol replaces imported motor fuel and is fostered by the 
national self-sufficiency programs. Power alcohol consump
tion increased in Europe during 1930 to 1936 from 59,000 to
648.000 tons. However, a sharp decline took place in 1937 
with the use of only 510,000 tons, a drop of 25 per cent. A 
more drastic drop is indicated for 1938. Alcohol m ay be 
eliminated as a source of power as a result of the staggering 
economic losses involved, its diversion to  other uses, and its 
encroachment upon food supplies.

The economic strain upon the governments of Europe due 
to power alcohol use has been heavy. A loss of income of 
about 8105,000,000 (IS) was incurred during 1937 alone, 
based upon subsidizing the producers, tax losses, and higher 
fuel costs. These losses resulted from the marketing of 510,- 
300 tons of alcohol out of a total 11,882,600 tons or 4.3 per 
cent of the motor fuel used in Europe.

Germany and France (SI) have been the heaviest consumers 
of power alcohol in Europe, and their supply was derived 
primarily from sugar beets and potatoes. Germany required 
a 10 per cent blend of alcohol w ith  gasoline but, four years 
after the legal requirement, it was found that there was in
sufficient alcohol produced in the country to fulfill the law. 
In order to m eet government specifications, it  w as necessary 
to im port alcohol to cover the deficiency. During 1937 
synthetic m ethanol was used in Germany to the extent of
70.000 tons to  m ake up the 10 per cent alcohol quota, but it  
was not sufficient to  stop the drain on basic foodstuffs entailed  
by so drastic a requirement in motor fuel. The percentage of 
alcohol required in m otor fuel was reduced from 10 to 8.5 per 
cent in October, 1937, and to 6.9 per cent in April, 1938.

In France the sugar beet is grown primarily for the purpose 
of furnishing power alcohol, so that there is no excessive drain 
on foodstuffs to furnish motor fuel. T he laws requiring from 
10 to 35 per cent alcohol in motor fuels were for the purpose 
of absorbing the products of the vineyards and beet farms; 
but as a result of drought neither group was able to  produce 
the legal am ount of alcohol required for blending.

The German subsidy to the potato alcohol producers is 
about S130 per ton of power alcohol or about 39 cents per 
gallon. In order to increase alcohol production 100,000 tons 
a year from farm products, France legislated in June, 1938, to 
the effect of paying 812,500,000 for this am ount of alcohol 
which figures about 36 cents a gallon subsidy.

Power alcohol consumption reached a peak of 321,300 tons 
in France, in  1935, dropping to  153,400 during 1937, a shrink
age of over 52 per cent. During 1935 France used over 55 
per cent of the total power alcohol of Europe and about 33 
per cent during 1937; an estim ate is given for 1938 of less 
than 25 per cent of the total. T he power alcohol goal set



by law has not been reached (the percentage alcohol blend 
during 1937 was 5.4 per cent) as a result of natural causes 
and to diversion of alcohol to other uses such as m unitions 
manufacture.

In Germany the use of alcohol from agricultural products 
has fallen oil sharply— i. e., 20,000 tons during 1937 compared 
to 1936. Of the 210,000 tons of alcohol used during 1937, 
methanol represented 70,000. tons, leaving 140,000 tons of 
ethanol derived from potatoes, etc. This alcohol tonnage of
140,000 is about the same quantity as was used in Germany 
five years ago.

Power alcohol consumption for Germany and France has 
been as follows:

Year G erm any France
E uropean

T otal

1930 ? 28,000 59,000
1931 50,000 52,100 121,000
1932 95,000 69,100 182,000
1933 135,000 180,000 362,000
1934 170,000 203,000 445,000
1935 170,000 321,300 576,000
1936 207,000a 303,900 646,000
1937 210,000a 153,400 510,000

° Includes m ethanol: 47,000 tons in 193G, 70,000 tons in  1937

The data showing the power alcohol consumption and per
centages of the total motor fuel consumed during 1937 in 
European countries are as follows; the alcohol used in motor 
fuel ranged from 0.3 per cent for the United Kingdom to
23.0 for Czechoslovakia:

Power T o tal L ight
Alcohol M otor Fuel

C ountry C onsum ption C onsum ption Alcohol
/■---------Metric tons--------- - %

Germ any 210,000 2,640,000 8 .0
France 153,400 2,827,000 5 .4
Czechoslovakia 50,600 220,000 23 .0
Ita ly 37,000 483,500 7 .6
U nited  Kingdom 16,000 4,840,000 0 .3
Sweden 15,200 503,200 3 .0
H ungary 10,500 69,100 15.2
Poland 8,000 98,200 8.1
Yugoslavia 3,800 30,200 12.6
A ustria 2,300 146,300 1 .6
L atv ia 2,200 19,400 11.1
L ithuania 1,300 5,700 22.7

Total 510,300 11,882,600 4 .3

Great Britain has never compelled the use of power alcohol 
for blending purposes in order to subsidize the agricultural 
industries. This is probably due largely to the fact that the 
raw material, molasses, m ust be imported.

T he British Government further encourages alcohol motor 
fuel blends by  exem pting both their alcohol and benzene 
content from the im port duty on motor fuel, which for years 
was 8d. per Imperial gallon (about 16 cents per U . S. gallon).
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R ecently the tax on imported motor fuel was 
increased to 9d. (18 cents) per Imperial gallon 
or 15 cents per U . S. gallon. T he principal 
alcohol blends sold in  England have been able, 
by reason of tax exemptions, to compensate for 
the higher alcohol cost of about 7.6 cents per 
Imperial gallon of blend due to the govern
m ental subsidy granted alcohol itself to the 
lim it of 17.5 cents per Imperial gallon (14.6 
cents per U . S. gallon). Alcohol blends have 
not occupied a significant position in British 
motor fuel markets in  com petition w ith gaso
line, as shown by the fact th at alcohol in the 
U nited Kingdom represents only 0.3 per cent of 
the total motor fuel consumed.

Governm ental pressure has been exerted this 
year to force the power alcohol producers to  
pay the tax of 18 cents per Imperial gallon (15 
cents per U . S. gallon) as do importers of gasoline 
or gasoline produced from imported oil, on the  

basis that the alcohol is derived from imported molasses and 
hence is not entitled to preferential treatm ent. However, 
loss of the 18 cent per gallon tax advantage for alcohol still 
leaves a preferential of approxim ately 5 cents per gallon in 
favor of alcohol motor fuel.

Upper. H e a d e r  C o n n e c t i o n  o f  S t e e l  C y l i n d e r s  o n  
T r u c k  t o  D e l i v e r  C o m p r e s s e d  G a s  t o  M o t o r ,  G e r m a n y  
Lower. C o m p r e s s e d  G a s  C y l i n d e r s  o n  T r u c k  a n d  T r a i l e r ,  

G e r m a n y

During 1937 a changed attitude regarding the use of power 
alcohol was noted in various European countries. In Ger
m any the use of foodstuffs for alcohol production was out of 
favor, and in Ita ly  and Latvia the legal regulations regarding 
alcohol blends have been suspended for the tim e being because 
of a shortage of crops and the increased fear of war, which has 
diverted motor fuel alcohol to munitions manufacture.
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Increased gasoline taxes have formed only a part of the en
couragement given to power alcohol. In m ost European 
countries alcohol is heavily subsidized— i. e., Germany 39 
cents per gallon and France 36 cents per gallon ; the govern
m ent m onopolies pay higher prices to distilleries than to dis
tributing companies. T he m onetary losses entailed due to 
power alcohol use in the countries of Europe during 1937 was 
3104,060,500.

The following table (13) shows alcohol tax losses, subsidies, 
and extra cost to consumer above tax-paid gasoline:

G erm any $53,738,000 Sweden $849,000
France 36,634,000 Poland 584,000
U nited  K ingdom 1,538,000 L atv ia 367,000
Ita ly 4,145,500 A ustria 383,500
Czechoslovakia 3,032,500 L ithuan ia 181,500
H ungary 1,077,500
Y ugoslavia 930,000 T otal $104,060,500

Europe’s power alcohol policies have made difficulties for 
motorists which have been little  recognized in the United  
States. The instability of alcohol supplies has caused repeated 
changes in the octane ratings of fuel sold the public. N o  
sooner do car operators and autom obile manufacturers adjust 
engines to run on fuels of a given antiknock value than an in
crease or decrease in the supply of power alcohol results in the 
raising or lowering of the antiknock value of fuels and in mak
ing readjustments necessary.

On June 17, 1938, the French Governm ent w as confronted 
with a surplus of w heat and imposed an additional tax of 
20 centim es per liter (2.1 cents per U . S. gallon) on gasoline 
to subsidize the manufacture of power alcohol primarily from 
w heat to the am ount of 1,250,000 hectoliters (32,875,000 U. 
S. gallons) annually, w ith  the result that alcohol again m ust 
be blended in essence lourisme and a further change in octane 
rating is made necessary.

A r m a m e n ts  o n  A lc o h o l P o lic ie s

R ecent events have confirmed previous analyses showing 
that the primary reason for compulsory use of alcohol in mo
tor fuel in  Europe is the desire of the countries to develop and 
m aintain their alcohol industries for the purpose of national 
defense; this is done not merely as a protection against failure 
of petroleum supplies in wartime due to blockades but par
ticularly to assure adequate capacity in  wartim e for manufac
ture of a prime raw material in making m unitions— namely, 
alcohol (1). Significantly, the war scare which gripped all 
Europe during 1937 w as accompanied by a sharp decline of 
alcohol used in motor fuel. This decrease was far too great 
to be explainable solely by  crop shortages in sugar beets, the 
main source of alcohol in  France and Italy , and m ust be at
tributed to the large quantities of alcohol consumed for arma
m ent purposes. Classified as confidential m ilitary informa
tion, diversion of alcohol from motor fuel channels to use in 
making m unitions has seldom been publicly mentioned. In  
at least one instance, however, it  has been reported as a  cause 
for the decline in France of alcohol for motor fuel purposes 
during 1937 (10). Numerous informed sources abroad pri
vately  acknowledge that similar diversion of alcohol is also 
an im portant factor for th e decline of alcohol for use in mo
tor fuel in Ita ly  and probably in Germany.

Because of the natural inclination of foreign nations to  
avoid th is sensitive topic, it  is likely th at the desire to main
tain a v ita l wartime industry in  a continuous condition which 
permits operations a t peak capacity has been greatly under
stressed as a cause of Europe’s compulsory use of alcohol in 
motor fuel. A realistic appraisal of the situation compels the 
conclusion th at this consideration has been a basic incentive 
for Europe’s power alcohol policies, possibly outweighing even  
the desire to overcome vulnerability to  wartim e failure of 
petroleum supplies due to blockade. A t tim es incapable of 

m eeting all peacetim e requirements as in 1937, 
m ost European nations clearly do not have 
alcohol industries of sufficient capacities to 
m eet motor fuel needs and wartim e scale of 
m unitions manufacture sim ultaneously. In
dications are that a t least one major Euro
pean nation does not contem plate the use 
of any alcohol in m otor fuel in the event of 
war. Reports are th at it  has rejected pleas of 
autom obile manufacturers and others to ad
vance the octane ratings of various fuels 
on the grounds that in wartime no alcohol 
would be available for that purpose, that 
the country’s limited supply of tetraethyl
lead would be used up in m ilitary fuels, and 
that commercial vehicles consequently should 
not be adapted to  fuels of high antiknock  
value in face of the probability they  would 
have to run on straight gasoline of relatively  
low antiknock value in tim e of war.

T he M ining and Power Commission of 
the French Chamber of D eputies recently  
reported (11): “So far as alcohol is con
cerned, wartime requirements for the ex
plosives industry, for solvents, and for m e
dicinal purposes would be so great that they  
would far exceed domestic production. This 
is borne out by  the experience of the Great 
War, when French consumption amounted 
to between 5 and 6 million hectoliters, of 
which dom estic output was able to  supply 
1 million hectoliters only. In tim e of national 
emergency alcohol would be far too valuable 
to be used as a motor fuel.”

Upper. W o o d - B u r n i n g  S t o v e  i n  D o o r w a y  t o  P a s s e n g e r  Bus, F r a n c e  
Lower. W o o d - B u r n i n g  P l e a s u r e  C a r  w i t h  C o o l i n g  P i p e s  S h o w n  

U n d e r n e a t h ,  P a r i s ,  F r a n c e



1100 INDUSTRIAL A ND  ENG INEERING CHEMISTRY VOL. 30, NO. 10

P ro d u cer  G as fr o m  W ood
Wood and coal as gas producers are not primary sources of 

motor fuel even in those countries urging their wider adoption. 
D espite drastic laws and government subsidies, the number 
of wood-burning motor vehicles is relatively small. T he total 
number in Europe is estim ated to be about 9000. These 
motor cars are m ade up of specifically designed wood-burning 
(producer gas) stoves and motors, or gasoline engines con
verted to wood-burning motors. Passenger busses, trucks 
(up to 20 tons), pleasure cars, and two taxicabs in Paris are 
using wood as the motor fuel source.

France has about 4500 wood-burning vehicles, Germany 
2200, and Ita ly  about 2200. M any wood filling stations dot 
France, Germany, and Ita ly  where the wood is sold in pack
ages varying from about 30 to  60 pounds. In  Germany there 
are over 1000 wood filling stations at distances between 20 to 
25 miles apart.

A t Holten, Germany (M ay, 1938), the cost of dried wood 
(at a filling station) was a t the rate of 51 cents for a sack of 
82 pounds. In order to start the motor readily, charcoal 
costing 70 cents for 33 pounds is used at the beginning of 
producer gas production. I t  has been estim ated that 25 
pounds of wood, costing 16 cents, will give the same distance 
performance as 1 gallon of gasoline. This comparison gives 
the effect of a cheap fuel source when compared to Berlin 
prices of motor fuel of 59 cents per gallon (filling station  
price, June, 1938). However, this gives but part of the pic
ture; we must take into consideration the high gasoline tax 
(36 cents per gallon), absence of taxes on wood, one-half tax 
rate on wood-burning vehicles, governmental subsidy in con

verting the vehicle from a gasoline burner to  wood burner, and 
the greater labor, repair, and depreciation costs involved in 
using wood-burning vehicles compared to gasoline.

Wood as a power substitute for motor transport is a factor 
in  those countries where the natural resources encourage it. 
T he use of wood is desired primarily in  France, Germany, and 
Ita ly  to  replace imported petroleum. I t  is estim ated that 
450,000,000 pounds of wood were substituted for the equiva
lent of 18,000,000 gallons or 53,000 tons of gasoline.

A  number of motor vehicle manufacturers fabricate equip
m ent directly for the purpose of using producer gas from  
wood. T he vehicles are more expensive in initial cost com
pared to gasoline type. M any of the wood burners have been 
converted from gasoline types a t  costs ranging from $300 to 
over $500, depending upon the size and work required. The 
additional parts of wood-burning vehicles over those using 
gasoline are: stove to burn the w ood; cooling pipes to reduce 
the producer gas temperature; tank to collect condensed 
water, tar, and acids; filtering agent to extract solid particle 
from the producer gas; blower in some units to draw the 
producer gas from the source and then inject it into the motor.

T he flow diagram of a gas producer, called in Europe 
“Gasogene,” is illustrated in Figure 4. I t  consists of a light 
steel cylinder 2 feet in diameter and 8 feet high, and m ay or 
m ay not be lined w ith a ceramic material for insulation. It 
has openings a t top and bottom , through which wood, wood 
charcoal, coal, briquets, or mixtures of them m ay be charged 
into the gas generator. Air flows into the solid fuel bed to 
ignite the producer-gas-forming material. A torch dipped in 
oil m ay be used to start the fire (actually observed by the
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C harcoal-an th rac ite  coal m ixture

Green wood is not as suitable for producer gas production 
as wood which has been air-dried in order to remove excess 
moisture. The drying period m ay take from 7 to 18 months. 
Beech, oak, and birch w ith a moisture content of 20 per cent 
are used. Part of the wood is converted into charcoal for 
“ quick” starting of the motor on a cold morning. From 10 to  
20 m inutes m ay be required, and in som e cases gasoline is used 
first to warm the motor. Depending upon the duty that the 
motor vefiicle has to perform, the wood is cut into sizes of
0.5 X 0.5 X  0.5 inch to about 2 X 2 X 3.5 inches. Some 
waste (sawdust) is briquetted w ith wood tar or coal tar and 
pitches.

In addition to the fact th at the initial cost of the Gasogene 
vehicles is higher than that of gasoline vehicles, other economic 
factors have to be considered. One lies in the bulk and weight 
of the generator equipment. T he transporting capacity is 
reduced about 20 per cent in comparison w ith gasoline mo
tors on trucks. A  wood gas generator capable of operating 
a 90-horsepower 5-ton truck weighs 1850 pounds. W hen a 
charcoal gas generator is used, the weight is 1575 pounds but 
the price of charcoal is about $2.18 higher per 100 miles of 
operation than wood which nullifies the excess loading 
possible in that type of truck. The general over-all perform
ance of the engine using charcoal is considerably better than  
that using wood because fewer cleanings are necessary and 
less water is produced.

The loss of power output based upon the heat content of 
wood gas in comparison to  gasoline is about 30 per cent. The 
combustible constituents of the wood gas are 30 per cent 
carbon monoxide and 1 per cent methane.

T he inconvenience and delay in starting are other objec
tions; when combined w ith the delays necessitated by clean
ing and reduced efficiency, the over-all picture of wood as a

W o o d - B u r n in g  F r e n c h  G o v e r n m e n t  M o t o r  B u s

To in terest people in th is kind  of vehicle shown in  Vienna F a ir a t  French 
concession

motor fuel compared to gasoline does not appear favorable 
except as necessity demands its  use.

If all the wood produced in France yearly were used as a 
motor fuel, it  would displace about 500,000 tons of oil or 
10 per cent of the nation’s requirement. Should this ever go 
into effect, there would be no wood left over for other pur
poses. This conclusion holds in general for other European 
countries as well.

P ro d u cer  G a s fr o m  C h a rco a l a n d  A n th r a c ite

The gas producer motor vehicle m ay operate on brown 
coal, lignite, anthracite coal, and peat coke alone or mixed 
with wood or wood charcoal. One taxicab in Paris operates 
on producer gas from a mixture of 20 per cent charcoal and 
80 per cent anthracite coal. Gasoline was used to warm the 
motor, and the charcoal-anthracite mixture was ignited from 
a torch dipped in oil. I t  actually took about 5 m inutes before 
the taxi was in sm ooth running order. In  general, it has been 
found that the use of coal gives som ewhat more difficulty in 
operation than dried wood or wood char.

P ro d u cer  G as fro m  B ro w n  C oal, L ig n ite , a n d  
L ig n ite  B r iq u e ts

On account of the high water content of brown coal and 
lignite fuels, they  should be converted to coke. The resultant 
cokes are similar to  wood charcoal in  activ ity  but have con
siderable ash which gives rise to  clinkers. In forming brown 
coal briquets, tar decomposition is accomplished by precar
bonization in order to remove volatile m atter.

Coal in general has not m et w ith favor as a producer gas 
fuel because of its  high gasification temperature. N everthe
less, Belgium favors an 80 to 20 mixture of anthracite and 
charcoal; a lower fuel expense is claimed than when city  gas 
is used. T he disadvantages which have halted the use of 
coal are slag formation, leading to sintering of the ceramic 
lining of tho generators, and discharge of high percentages 
of sulfur dioxide in the exhaust gases. I t  was impossible to 
obtain information as to  the number of coal-burning vehicles 
in Europe.
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author). Air is  adm itted into the bottom  of the generator, and 
combustion takes place a t about 1400° C.; the producer gas 
leaves the bottom  of the generator at about 800° C. as the 
gas passes through a series of air-cooling pipes connected to a 
knockout cylinder to collect water, tar, acids, and a solid- 
particle catcher, then into a filtering chamber to  take out the 
colloidal particles of dust in the gas stream as it  passes through 
a solid filtering material such as activated char and filtering 
cloth. T he purified producer gas mixed w ith air is then dis
charged by means of a blower into the motor.
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Upper. P a s s e n g e r  B u s  w i t h  C y l i n d e r s  o p  
C o m p r e s s e d  G a s ,  G e r m a n y  

Lower. B us a n d  C o m p r e s s e d  G a s  T r a i l e r ,  
G e r m a n y

Oil shale in Europe is found in the following countries: 
Great Britain, Estonia, Finland, France, Latvia, Sweden, 
Spain, and Czechoslovakia. The latter countries have little  
or no commercial production at present. Since these coun
tries have practically no crude oil, the exploitation of the shale 
deposits has become increasingly im portant from the economic 
standpoint. The following table shows the metric tons of 
shale motor fuel produced in Europe during 1937:

U nited K ingdom  26,000
E ston ia  7,300
F in land  2,700
France 1,500
L a tv ia  1,300

T o ta l 38,800

The Scottish oil industry started about 90 years ago to 
yield products such as motor fuel, kerosene, Diesel oil, wax, 
and ammonium sulfate. T he reserves are estimated at 280,- 
000,000 tons or a potential 6,160,000,000 gallons of oil, assum
ing 22 gallons of oil per ton of shale. The shale oil industry  
antedates the petroleum, and m any of the processes developed 
in this industry were subsequently applied to crude oil. The 
output of oil shale annually (1937) is approxim ately 1,400,000 
tons from which 100,000 tons of marketable products were 
obtained. T he shale motor fuel industry is protected by an 
18 cent tax per Im perial gallon (15 cents per U . S. gallon) 
against imported gasoline, but even this protection has not 
served to stabilize the industry.

Because of the more efficient motors of today, the fuel pro
duced from shale oil has required increased blending with  
higher octane fuels or cracking to raise the octane rating 
which in turn increases the cost of production. The motor 
fuel yield  is a t the rate of about 26,000 tons a year. It is 
estim ated that the cost of producing motor fuel from oil 
shale is about 15 cents per U . S. gallon.

T he E stonian oil shale deposits have been exploited com
m ercially since about 1922 when a fuel shortage made exten
sive developm ents desirable. The deposit has a total average

thickness of 10 feet and an area of about 
965 square miles. The oil shale reserve Is  
estim ated at 3,500,000,000 tons w ith a poten
tial oil production of about 675,000,000 tons. 
During 1937 about 112,000 tons of shale oil 
(5) were produced from which 14,000 tons of 
motor fuel were derived. I t  is estimated 
that 18,000 tons of motor fuel w ill be pro
duced during 1938 from 150,000. tons of shale 
oil.

The oil shale deposits of France are esti
m ated a t 21,000,000 tons of workable shale 
in the Autun region. The shale mined per 
year is about 120,000 tons w ith  a yield of 
about 9000 tons of oil a year. The motor 
fuel production during 1937 was about 1500 
tons.

Semiscale tests have been carried out in 
Ita ly  on the shale oil production from the 
deposits in Ragusa, Frosinone, and Abruzzi. 
The 1,800,000 estimated tons of shale of this 
area would probably produce over 100,000 tons 
of motor fuel; however, to date there has been 
no commercial production of shale motor fuel.

Sweden has oil shale deposits to the extent of about 5,000,- 
000,000 tons. I t  is estim ated that of th is quantity 630,000,000 
tons can be mined cheaply in open cuts and converted into
32,000,000 tons of oil. A retorting unit is in operation which 
processes 75 tons of oil shale a day, producing 3 tons of oil.

A t present, com petition with petroleum products has made 
oil shale motor fuels a nationalistic problem.

The following table shows the extra costs of shale gasoline 
above imported gasoline, in losses in taxes, government sub
sidies, and production costs for the countries where it  was 
marketed during 1937.

C ountry

C ost above 
Im ported  
Gasoline

E x tra  C ost 
per M etric 

T on of 
M otor Fuel

U nited K ingdom SI,309,000 S50.00
E stonia 282,500 37.00
Finland 98,000 36.30
France 105,500 70.00
L atv ia 53,500 41.00

Total S I,848,500

T he production and use of shale motor fuel have cost the 
consumer and governments about 15 cents per U . S. gallon 
above that of imported gasoline, owing to losses in taxes.

A m m o n ia , H y d ro g en , a n d  A c e ty le n e  a s  M o to r  
F u e ls

The desperate desire of nations to make them selves self- 
sufficient in  substitute motor fuels is reflected in  the experi
m ental work going on w ith such substances as ammonia, 
hydrogen, and acetylene.

Synthetic ammonia has been used in Ita ly  as a motor fuel 
substitute. T he ammonia is cracked into hydrogen and ni
trogen by means of a so-called disintegrator (probably cata
lytic) . Vaporization of the liquefied ammonia is accomplished 
by releasing the pressure in the storage tank and counteract
ing the refrigerating effect thus encountered, by means of a 
disintegrator which utilizes the heat from the motor exhaust. 
In Cherso, Italy, a test using a F iat passenger car developed
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T a b l e  I I .  E u r o p e a n  P r o p o r t io n s  o f  S u b s t it u t e  F u e l s  i n  1937»

C ountry Alcohol Benzene

G erm any 210,000 430,000
E ston ia
Czechoslovakia 50,000 12,000
L ithuan ia 1,294
H ungary 10,516 3,Í00
Poland 7,955 10,000
L atv ia 2,154
Y ugoslavia 3,800
Belgium 36,700
France 153,400 80,000
U nited Kingdom 16,000 230,000
Ita ly 37,000
A ustria 2,300 8,200
Sweden 15,247 500
H olland 10,800
Finland 200
Sw itzerland * ” 50 3,000

T otal 510,322 824,500

Oil from 
Coal and
S ynthetic  L. T . C .c 
Gasoline Gasoline 

------------------Metric tons-

Per

800,000

13,000
116,000 4,000

T o tal L ight C ent
Shale T otal M otor Fuel Substi
S p irit Substitu tes C onsum ption tu tes

j-------
1,440,000 2,640,000 54 .5

7’,300 7,300 14,300 51 .9
62,600 220,000 2S.5

1,294 5,700 22 .7
13,616 69,100 19.7
17,955 98,200 18.3

1,300 3,454 19,400 17.8
3,806 30,200 12.6

36,700 408,800 9 .0
i ,500 247,900 2,827,000 8 .8

26,000 392,000 4,840,000 8.1
37,000 483,500 7 .7
10,500 146,300 7 .2
15,747 503,200 3 .1
10,800 392 600 2 .8

2,700 2,900 112,500 2 .6
3,050 203,900 1 .5

38,800 2,306,622 13,014,700 17.7929,000 4,000

° T o tal E uropean ligh t m otor fuel consum ption, including countries not enum erated , 14,344,000 m etric tons. 
& Included under syn thetic  gasoline. c L ow -tem perature carbonization.

1. Isomerize the normal butane 
which they produce from hydro
genation of coal and the water gas 
reaction, dehydrogenate and poly
merize to isooctenes and hydro
genate to isooctanes.

2. Isomerize their normal pen- 
tane to isopentane which has an oc
tane rating of 90, whereas the normal 
has 64. The isopentane, because of 
its boiling point, will be blended 
with the isooctanes and then leaded 
to 100 octane.

3. Alkylation of normal or iso
butylene with isobutane or isopen
tane.

4. Catalytic cracking process, 
which is highly selective in the pro
duction of high octane gasoline.

5. Catalytic isomerization and 
cyclization of gasoline made by 
Fiseher-Tropsch water-gas reaction 
and hydrogenation of coal.

Tabi.e T i l .  R e t a i l  P r i c e s ,  I m p o r t  D u t y ,  a n d  T a x e s  o n
M o t o r  F u e l  (2 2 )

C ountry C ity
Gasoline

Price
Im port
D u ty

Im port 
D u ty  and 

Tax

Ita ly Rome

Cents per U. S  

73 49

. gal. 
51

G erm any Berlin 59 .6 31 36
L ithuania K aunas 63.1 23.2 23.2
Bulgaria Sofia 50 28 39
Czechoslovakia Prague 42 .4 5 16.1
Palestine Jerusalem 41 .4 20.7 20.7
Y ugoslavia Belgrade 40 .9 6 .7 23 .5
Sw itzerland Zurich 38 .2 19.2 19.2
H ungary B udapest 38 8 26
E ston ia Tallinn 38 8 .1 21.1
L a tv ia Riga

A thens
37 .8 14.4 21 .6

Greece 37 .5 19.9 21 .2
U nited  K ingdom London 36 .2 15 15
Belgium A ntw erp 36 20 2 0 +  9%  ad

France Paris 31 .8 18.5
valorem
19.5

Norw ay Oslo 27.5 None 9 .5
D enm ark C openhagen 26 .4 None 11

31 m iles per hour in  a road test. As a motor fuel the low  
heating value of ammonia (4.450 kcal. per kg.) does not lend 
itself to wide use. The high cost involved in the use of am
monia is another factor retarding its use.

Experiments on acetylene as a fuel indicated that acetylene 
cannot do the full work of a gasoline engine and that thermal 
efficiency is highest w ith  dilute air-gas mixtures.

Hydrogen as motor fuel in the form of compressed gas 
has also been tried. T he results so far do not look very  
promising.

There is nothing a t present to 
indicate th at 100-octane fuel, 

which has become practically necessary in the operation of 
military air craft, can be made from these Ersatz materials 
by any other methods.

S u m m a r y  o f S u b s t i t u t e  M o to r  F u e ls  (13)

The substitutes for petroleum gasoline in Europe in 1937 
composed of synthetic gasoline and benzene from coal, alcohol, 
and oil shale amounted to 203,306,622 tons or 15,250,000 bar
rels, or about 18 per cent of the total gasoline consumption. 
The tonnage of substitute fuels for each couhtry is shown in 
Table II.

In addition to the liquid substitutes given, two other types 
are produced from the gases of coal and wood. I t  is estim ated  
for 1938 that compressed and producer gas from coal and wood 
w ill substitute for 243,000 tons of petroleum gasoline or
1,823,000 barrels.

For the year 1938 about 25 per cent of the total European 
requirements for motor fuel w ill come from substitutes.

Im p o r t  D u ty , T a x es, a n d  P r ices
T he highest gasoline prices in Europe are in Italy, Germany, 

and Lithuania and are 76, 63, and 59.6 cents per U . S. gallon, 
respectively. The im port duty and tax per gallon of gasoline 
in Ita ly  is 51 cents and for Germany 36 cents. Detailed data 
are shown in Table III.

As a m atter of contrast, the average retail price for regular 
grade gasoline in the United States was 19.5 cents a gallon, 
of which 5 cents was tax (June, 1938).

1 0 0 -O cta n e  F u e ls

There are no units operating 
in Europe at present on sub
stitu te fuels to  produce 100- 
octane motor fuel. W hile there 
is one plant producing such fuel 
and several others are under
way, the source material is 
petroleum. However, 100-oc
tane fuel can be produced from  
Europe’s substitutes, provid
ing som e of the catalytic proc
esses developed and intro
duced in  the U nited States  
are em ployed. This m ay be 
done in one of the following 
ways:

T a b l e  IV. C o s t  o f  E u r o p e a n  S u b s t i t u t e  F u e l s  a t  A v e r a g e  R a t e s  o f  E x c h a n g e  d u r i n g
1937 (14)

C ountry

Alcohol Tax, 
Losses, Subsidies, 

and  E x tra  C ost to  
C onsum er above 

T ax-P aid  Gasoline Benzene
S ynthetic  and 
L .T .C . Gasoline Shale Spirit T o tal

G erm any S 53,738,000 $33,238,500 $70,952,000 $157,928,500
France 36,634,000 6,564,500 2,523,500 $105,500 45,827,500
U nited  Kingdom 1,538,000 9,660,000 6,039,000 1,309,000 18,546,000
Ita ly 4,145,500 4,145,500
Czechoslovakia 3,032,500 N ot caled. 3,032,500
H ungary 1,677,500 N ot caled. 1,677,500
Yugoslavia 930,000 930,000
Sweden 829,000 N ot caled. 829,000
Poland 584,000 N ot caled. 584,000
L atv ia 367,000 53,500 420,500
A ustria 383,500 N ot caled. 383,500
E stonia 282,500 282,500
L ithuan ia 181,500 181,500
Finland N ot caled. 98,000 98,000

T otal $104,040,500 $49,463,000 $79,514,500 $1,848,500 $234,866,500
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E xcess C o sts  o f  S u b s t i t u t e  F u e ls  over G a so lin e

For 1937 the extra cost to the consumer and state above 
the cost of imported gasoline (24) and losses in taxes amounted 
to  about $235,000,000, or 32 cents for every gallon of sub
stitu te fuel consumed. T he monetary losses involved in 
European countries are given in Table IV.

There will be an estim ated loss of 8300,000,000 due to 
the use of substitute fuels over petroleum gasoline costs 
(during 1938) to the consumers and governments of Europe.

A c k n o w le d g m e n t

The photographs of compressed gas used as motor fuel were 
furnished through the courtesy of Benzol-Verband G. m. b. H ., 
Bochum, Germany, and C. Padovani, Instituto di Chimica 
Industríale, M ilan, Ita ly . Appreciation is also expressed 
to Prudence M . Van Arsdell of U niversal Oil Products Com
pany for assistance.

L ite r a tu r e  C ited
(1) Am. Petroleum  Ind. Comm., “ Power Alcohol,” p. 14, June,

1935.
(2) Automotive Ind., 78, No. 9, 252 (1938).
(3) Automotive World News, No. 638, 1 (Feb. 1, 1938).

(4) Biissing-Nag Vereinigte Nutzkraftwagen A.-G., “ Heimische
Treibstoffe,” Nov., 1937.

(5) Chem. Ind. (Ger.), Nachr.-Ausgabe, 60, No. 3, 61-2 (1937).
(6) Henke, A., Z. kompr. floss. Gase, 33, No. 8, 97 (1937/38).
(7) Labor Party , “ Labor's Plan for Oil from Coal,” Labor Pub.

D ept., T ransport House, Smith Square, London, Juno. 1938; 
Comm. Imperial Defence of G reat B ritain, “ Oil from Coal,” 
June, 1938.

(8) Lutz, “Occurrence of Kukersito in Estonia,” 1938.
(9) Petroleum Press Service (London), 5, No. 20 (M ay 20, 1938).

(10) Ibid., 5, No. 21 (M ay 27, 1938).
(11) Ibid., 5, No. 30, 350 (July 29, 1938).
(12) Petroleum Times, 15, 47-50 (July 9, 1938).
(13) Ibid., 15, 48 (July 9, 1938).
(14) Ibid., 15, 50 (July 9, 1938).
(15) Petroleum Z., 34, No. 10 (1938).
(16) Pohl, H., Brennstoff-Chem., 19, No. 5, 95 (1938).
(17) Private communications.
(18) Rand McNally, International Atlas, 1923.
(19) Spausta, F., Chem.-Ztg., 41, No. 4, 65 (1938).
(20) Tokayer, Petroleum Press Service (London), 5, No. 21, 241-3

(M ay 27, 1938).
(21) Trans. Am. Inst. Mining Mech. Engrs., Petroloum Div„ 127,

305, 306 (1938).
(22) U. S. Bur. Mines, Economics and Statistics Branch, 6, No. 2

(June, 1938).
(23) U. S. Bur. Mines, Minerals Yearbook, p. 846 (1937).
(24) Wilson, Oil Gas J., p. 52 (July 28, 1938).

R e c e i v e d  A u g u s t  1 5 ,  1 9 3 8 .

B a t t e r y  o f  J a c k e t e d  
N i c k e l  P r o c e s s i n g  
K e t t l e s  a t  t h e  P l a n t  
o f  T h e  M a r b l e t t e  
C o r p . ,  L o n q  I s l a n d  

C i t y ,  N. Y.
B uilt by  Sholes Inc., Orange, 
N . J ., an d  by George Keller 
(Copper W orks), Brooklyn, 

N . Y.
Courtesy, International 
Nickel Company, Inc

A  S h o p  C o n s t r u c t io n  
V i e w  S h o w in g  O l i - 
v e r - R o b is o n  F i l t e r  
D r y e r  w i t h  M o n e l  
H o u s in g  a n d  A c c e s 
s o r i e s , a n d  F i l t e r  

C l o t h  S c r e e n s

T his u n it has a  d rum  6 feet 
in  d iam eter by  2 feet wide 
and a daily  capac ity  of 200 
tons of d ry  sa lt . D esigned 
by C lin ton  S. R obison and 
Associates and  b u ilt by 
Dom inion E ngr. C o., L td ., 

M ontreal, C anada
Courtesy, International 
Nickel Company, Inc.



C entrifugal Pum ps for the  

PROCESS INDUSTRIES
h . e . l a b o u r

T he LaBour C om pany, In c ., E lkhart, Ind.

TH E  centrifugal type of pump is the unit m ost commonly 
used in the process industries, but the characteristics of 
this pump, as y e ll as its advantages, are best explained 

by comparison with other available types of pumping equip
ment. T he term “ pumping equipm ent” as here used refers 
only to apparatus for m oving liquid by mechanical action 
and does not refer to devices utilizing the displacement ac
tion of compressed air.

T he pumps under discussion m ay be placed in two general 
classifications: (1) positive displacement pumps as represented 
by the reciprocating or piston pump and by the rotary 
pump; (2) the centrifugal type of pump.

Although they differ widely as to mechanical construction, 
the two varieties of displacement pumps employ the same 
principles of operation and have the same fundamental op
erating characteristics. In all cases the liquid flows or is 
drawn into the pump and then in a relatively quiescent con
dition is moved through the pump and expelled by the m e
chanical displacement action of a part of the pump. The 
mechanical motion m ay be of a reciprocating nature, such as 
a m oving piston, or it  m ay be in the form of revolving vanes 
which displace and push the liquid at moderate velocity.

P o s it iv e  D is p la c e m e n t  P u m p s

Because of their slow speed positive displacement pumps 
are v ita lly  dependent upon close clearances between the 
m oving and stationary parts, and this makes them unfit to 
handle corrosive or highly abrasive liquids. T hey will pro
duce a positive suction and will lift liquids from a lower level. 
T hey will develop high pressure, and the discharge pressure 
is not determined by the speed of operation or the specific 
gravity of the liquid but is limited fundam entally only by the 
limits of the mechanical construction of the pump and the 
power available for operation. Since this pump operates by 
mechanical displacement, its capacity is directly affected by  
the speed of operation.

In all displacement pumps, if the speed remains constant 
the capacity also remains relatively constant, and the power 
input increases as the head, against which the pump must 
deliver this constant capacity, increases. Inversely the 
power decreases w ith reduction in head but the capacity  
remains nearly constant. This characteristic is just the 
reverse of that displayed by the true centrifugal type of 
pump (Figure 1).

C e n tr ifu g a l P u m p s

The centrifugal type of pump operates at a relatively high 
speed, and the energy from the driving unit is imparted to 
an impeller revolving within a body of liquid. This impeller 
imparts energy and motion to the liquid. T he kinetic energy 
thus imparted to the liquid is converted to pressure within

the pump, and the liquid is discharged purely because of dif
ference in pressure, not because of displacement, as in the 
positive displacement pump.

T he ordinary centrifugal pump m ust be filled with liquid 
or primed before it can develop pressure. I t  can lift liquid 
from a lower level on the suction side if the suction line is at 
all times kept filled with liquid. However, if air is admitted  
to the pump suction, the pump drops its pressure and ceases 
to function.

Special types of centrifugal pumps, designated as self
priming centrifugal pumps, have the ability to handle air. 
These will be discussed in more detail, but their general pres
sure and capacity characteristics are the same as those of other 
centrifugal pumps.

CAPACirr. S A L . PER MIN.

F i g u r e  1. T y p ic a l  C u r v e  o p  R o t a r y  P o s i
t iv e  D i s p l a c e m e n t  P u m p

Since the centrifugal pump develops its discharge pressure 
through the medium of motion, the factors of speed and the 
weight or specific gravity of the liquid are of prime impor
tance. Disregarding such accompanying factors as viscosity, 
slip, etc., the pressure which a centrifugal pump will develop 
varies directly w ith any change in the specific gravity of the 
liquid being handled and varies approxim ately as the square 
of any change in the peripheral speed of the impeller.

If a centrifugal pump operates against a given static head 
and the specific gravity of the liquid is increased, the pump 
at its discharge will show an increased pressure, but this 
will be offset completely by the increased pressure at the 
base of the column of liquid in the discharge line, due to the 
increase in the specific gravity of the liquid being handled. 
The change in the specific gravity will have no effect on the 
quantity discharged. The power input, however, will in
crease as the specific gravity increases.

Unlike the positive displacement pump, the centrifugal 
type of pump tends to increase its capacity and to increase 
its power input as the head is decreased. Also, inversely, the 
power input and capacity decrease as the bead is increased 
until that head or pressure is reached which is the maximum

1105



1106 INDUSTRIAL AND ENGINEERING CHEMISTRY VOL. 30, NO. 10

the pump will develop. Here the power input is a minimum. 
This characteristic permits the operation of centrifugal 
pumps w ith varying capacities from a maximum down to 
nothing w ithout the use of unloading devices and without 
danger to the pump. A  positive displacement pump requires 
the use of a by-pass or unloading valve to lim it the pressure or 
damage to the equipment will result (Figure 2).

F i g u r e  2 . T y p i c a l  C u r v e  o p  C e n t r i f u g a l  P u m p , 
C h e m i c a l  T y p e

Since the pressure which a single-impeller pump of given 
design and size w ill develop is limited by  its speed of operation, 
if pressures are required beyond the practical lim its of this 
impeller, it is necessary to stage two or more individual 
pumps by  placing their suction and discharge connections 
in series or tandem. Generally the pumping head require
m ents of the process industries are within the lim its of single- 
stage pumps.

I t  has been mentioned that the centrifugal pump cannot 
handle air and continue to function. This applies to con
ventional types of centrifugal pumps, but a specially de
signed pump of this type is capable of pumping air, or air 
and liquid mixed, or liquid alone. It will produce dry vacu
ums as high as 27 inches of mercury, and higher w et vacuums. 
It w ill lift  liquids from a lower level starting w ith an em pty  
suction line and will successfully handle, interm ittently, 
liquid and gas. This pump is known as a self-priming cen
trifugal pump.

The self-priming centrifugal pump has the same pumping 
characteristics as the simple standard centrifugal pump, but 
in the more commonly used design it obtains its self-priming 
action by a special type of impeller and casing which permits 
the recirculation of a part of the liquid only when priming is 
being accomplished. This recirculated liquid mixes w ith gas 
from the pump suction, and the mixture is discharged into a 
separator where the gas is removed before the recirculated 
liquid returns to the pump for more gas. In the best design 
the recirculation of liquid is autom atically stopped by hy
draulic balance after priming is completed.

This self-priming type of pump combines the advantages of 
the centrifugal pump w ith the suction ability of the positive 
displacement pump and can be made so simple in construction 
as to  permit its general use in  the process industries.

There is one more variation of the centrifugal type of pump 
which m ust be considered— the turbine pump. I t  is a cen
trifugal pump in so far as its pressure is affected by its ro
tative speed, and it  is operated at centrifugal pump speeds.

T he pressure capacity characteristics of the turbine pump 
are more those of the direct-acting or the positive displace
ment pump than of the centrifugal pump, since the load on 
the driving unit increases with increased pressure (Figure 3).

Roughly, this pump m ay be pictured as a single-impeller 
pumping unit having a m ultiplicity of sm all vanes on or near 
the periphery of the impeller and so arranged as regards the 
casing design that discharge and reentry occur in  sequence 
a number of tim es before final discharge. This has an effect 
similar to m ultistaging a standard centrifugal pump in so far 
as the building up of pressure is concerned. However, this 
pump has some characteristics peculiar to itself.

The turbine pump is quite dependent upon close clear
ances and is primarily of value in the smaller sizes where 
high heads and sm all capacities are desired and where the  
close clearances m ay be maintained. I t  is available in the 
self-priming type.

H isto r y

The real developm ent of centrifugal pumps for handling 
corrosive liquids has taken place within the last tw enty years. 
Prior to this, various types of pum ping equipment were used, 
running the whole gamut from conventionally designed cen
trifugal pumps made of lead, down to piston pumps of lead, 
bronze, or other materials, w ith rubber ball valves. M e
chanical pumping equipment, however, had a t th at tim e only 
a sm all part in  the handling of corrosive liquids, as by far the 
m ost commonly used transferring device for liquids was some 
form of the “ blow case” using compressed air as a displacing 
medium.

Just prior to the World War, interest in corrosion-resistant 
materials was stim ulated by the introduction from Germany 
of alloys of the chromium-nickel type, and about this time 
a demand also developed for more flexible and safe methods 
of conveying corrosive liquids. Toward the close of the 
World War some centrifugal pumps of special design ap
peared on the market but still their use was lim ited in scope 
by the absence of adequate materials of construction. The 
available materials w'ere confined alm ost entirely to lead and 
one or two high-priced chromium-nickel alloys.

C A P A C ir r ,  G A L L O N S  P C D  M IN U T E  (w A T C R )

N O RSE P O tVER

F i g u r e  3 . T y p ic a l  C u r v e  o f  T u r b i n e  T y p e  P u m p

T he really rapid growth in  the use of centrifugal pumps m ay  
be traced directly to  tw o separate developm ents. First 
was the introduction of the self-priming centrifugal pump 
which occurred in 1922; second was the tremendous develop
m ent in the production of corrosion-resistant alloys, begin
ning about 1923 w ith the general interest in the use of high- 
ehromium steels and the chromium-nickel alloys. Some 
of the latter, as represented by the “Parr” alloys, had been 
available for some years but were handicapped by high costs 
and by  uncertain composition and performance.

T he self-priming centrifugal pump for handling corrosive 
liquids inherently combined m any of the performance char
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acteristics of both the centrifugal and displacement types 
of pumps. This pump, for the first time, made it possible 
for the chemical plant operator to locate a centrifugal type 
of pump above the source of supply.

M a te r ia ls  o f  C o n s tr u c t io n
Except for some of the chlorine group of acids and their 

salts, practically every chemical commonly encountered today  
can be handled successfully w ith available materials of con
struction w hich are suitable for use in fabricating pumps. 
Materials, such as rubber, ceramics, and the high silicon-iron 
alloys, are not so classified because of structural lim itations 
that prevent their fabrication for general use.

A high percentage of the resistant alloys available are 
special products of individual manufacturers. Each of these 
alloys has its particular advantages and its lim itations.

However, these fall into a few general groups with certain 
group characteristics.

N o particular reference need be made to the fields of ap
plication of the old and well-known metals such as lead, 
bronze, aluminum, and cast iron, but these will be discussed 
later in connection with specific pump applications.

The newer alloys which have contributed heavily to the 
developm ent of pumps for the process industries consist 
basically of (1) iron and chromium, (2) iron, nickel, and 
chromium, and (3) nickel and chromium. A ny discussion  
of characteristics of these alloys can, at best, be only general 
since variations in composition and even in  methods of manu
facture influence inherent resistivity by  affecting size and 
type of grain structure, distribution of impurities, density  
of castings, or other factors.

Because of the tremendous variety of these alloys now  
available, the selection of materials of construction permits 
considerable variation. I t  is often much easier to point out 
what types of materials should be avoided than to offer defi
nite guidance as to what to select unless the details of the 
specific application are known.

Experience has demonstrated that in m ost cases nitric acid 
is best handled in  the chromium-iron alloys of the 18 per cent 
chromium and 8 per cent nickel type. These m ay or m ay not 
contain some molybdenum, but it  is advisable to maintain 
at least a 200 to 1 chromium to carbon ratio.

The materials used for handling sul
furic acid will vary w ith the strength  
and temperature of the acid. Weak 
acid solutions at moderate temperatures 
m ay be handled in lead or in some of 
the chromium-nickel alloys. I t  m ay be 
handled also in some of the better chro
mium-nickel-iron alloys. Lead should 
not be used if erosive conditions are en
countered.

The m ost corrosive range encountered 
in pumping sulfuric acid lies approxi
m ately between 40° and 55° B6. Lead 
and the best of the chromium-nickel 
alloys are still serviceable here but the 
iron-base chromium alloys should not 
be used.

In the middle ranges of strength of 
sulfuric acid— say approximately from 
15° to 60° B6.— there is a great tend
ency for the iron-base chromium alloys 
to show serious intercrystalline corro
sion, even when other corrosion resist
ance appears satisfactory. A great 
many lead pumps are in use for handling 
60° 156. sulfuric acid, and lead has been 
employed successfully up to 66° B6.;

but above 60° B6., lead should be used only in  special cases. 
On the other hand, cast-iron pumps are utilized to some 
extent w ith indifferent results for handling 60° B6. acid and 
are com m only used for 66° B6. acid. Either iron-base or 
nickel-base chromium alloys of proper composition are suit
able for this range.

Cast iron is commonly used from the middle ranges up to 
100 per cent acid and m ay be successfully employed for 
handling oleum if the iron is free from graphitic carbon seg
regations. Again, chromium alloys w ith either an iron or 
nickel base m ay be used.

N o alloys have y e t been found which m ay be regarded as 
generally satisfactory for handling the chlorine group of 
acids. Instances of successful behavior of a few alloys are 
numerous, but just as numerous are the records of failures. 
Probably local conditions- and impurities in the solutions 
have much to do with this lack of uniformity, but in pumping 
hydrochloric acid one point stands out prominently— namely, 
that the presence of air mixed w ith the acid tremendously 
increases the rate of corrosion.

Some alloys are offered for the handling of the above-men
tioned solutions in which dependence for resistance to cor
rosion is placed alm ost entirely upon the developm ent of a 
protective film of an insoluble salt. Obviously, if this is re
moved, either as a result of abrasive materials being present 
with the liquid or of the washing action of the rapidly moving 
liquid itself, then im m unity is lost.

The handling of alkaline or caustic solutions presents far 
less of a problem than the handling of m any acid solutions, 
since cast iron can be used in the large majority of cases. 
The factor of liquid contamination rather than corrosion of 
the materials of construction m ust be considered in the han
dling of caustics to be used in the rayon industry. Generally 
this industry specifies high-nickei alloys essentially low in  iron 
and copper. Pure nickel may be employed. M ost of the 
iron-base and nickel-base chromium alloys w ill handle alka
line or caustic solutions successfully in so far as corrosion is 
concerned.

N o definite recommendation can be offered for materials 
used in contact w ith the great mass of the chemical solutions 
encountered. E xact composition and even im purities in 
these solutions m ay be im portant as far as their corrosiveness

Courtesy, American Agricultural Chemical Company

F i g u r e  4 . T o w e r  P u m p s  U s e d  i n  t h e  C h a m b e r  S y s t e m  f o r  M a k in g
S u l f u r i c  A c id
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Courtesy, Rum ford Chemical Works and Chemical Construction Corporation

F ig u r e  5 . P u m p s  i n  a  C o n t a c t  T o w e r  I n s t a l l a t io n

is concerned. For instance, mixed sulfuric and nitric acids 
are easier to handle than either of the acids alone, but the 
presence of even a small quantity of hydrochloric acid with  
sulfuric acid enormously increases the rate of corrosion.

The variations in the composition and in the methods of 
manufacture of different alloys which belong in the same 
general classification m ay be sufficient to produce widely 
different results. This seemingly unaccountable variation 
is m ost confusing to the pump user, but as yet no practical 
method has been developed for predicting the behavior of any 
alloy under all conditions of operation. I t  is this uncer
tainty which induces the constant increase in the large num
ber of alloys already available.

S erv ice  A p p lic a t io n s

C i r c u l a t i n g  P u m p s . The two m ost commonly encountered 
applications under this classification are both found in con
nection with the manufacture of sulfuric acid; yet these two 
applications are so v ita lly  different that they m ust be con
sidered separately.

In the manufacture of sulfuric acid by the chamber system  
as commonly used in the phosphate fertilizer industry (Figure
4), the method of circulating acid over the Glover and Gay- 
Lussac towers is alm ost standard. A nonpriming type of 
pump is used which receives its supply by gravity from low  
tanks, usually not more than 3 or 4 feet deep, and located 
below the level of the base of the tower. This system  calls 
for the maintenance of a constant acid head or pressure at 
the top of the tower, and the pumping methods therefore 
involve delivering the acid to the tank at the head of the 
tower at as constant a rate as possible. Generally the rate 
of delivery is small (not over 20 gallons per m inute), and the 
static head seldom exceeds about 70 feet in plants in the United  
States. There are a few t)0-foot towers in operation.

Pumps with hard-lead (Regulus m etal) casings and nickel- 
base chromium alloy impellers are m ost commonly used and 
are generally satisfactory. In some few cases local plant 
operating conditions influence the building up of scale on the 
inside of the pump casings, and in such applications the

casing should be made of one of the resistant chromium- 
nickel or chromium-nickel-iron alloys. Pumps in this serv
ice will give a minimum of trouble if they are operated con
tinuously rather than interm ittently.

Pumps for service in contact system s for the manufacture 
of sulfuric acid encounter more severe conditions (Figure
5). The temperature of the liquid is often nearly 200° F ., and 
the liquid m ay be in such condition that gas is easily liberated 
from it. The corrosive action on the pump packing, particu
larly under pressure, is so severe that gravity-fed centrifugal 
pumps of the conventional type are not successful.

The modern contact plant generally uses the self-priming 
type of centrifugal pump and locates it  above the source of 
supply. This keeps the packing gland continuously under 
some vacuum, which, in combination w ith water cooling of 
the glands, the use of proper packing, and proper gland 
lubrication, gives very satisfactory packing life. Records of 
service conditions indicate that when the pumps are kept 
in continuous operation, it  is possible in m any cases to ob
tain several months of service before repacking is necessary.

The vertical centrifugal pump of the “boot” type is used to 
some extent in tower service. This pump receives its sup
ply by gravity, as the pump casing is located at or near the 
bottom  of the supply tank. The pump is driven through a 
long shaft which extends upward through an enclosed pipe 
or boot with the driving unit located above the maximum  
acid level. The packing m ay be entirely eliminated in some 
cases, or at worst it is so located as to be out of pressure con
tact w ith the acid (Figure 6).

When pumps of the self-priming type are used, considera
tion m ust be given to the fact that they are lifting the liquid 
from a lower level. Hence the capacity of the pump in terms 
of acid delivered m il be affected by any gas which m ay be 
released from the acid under the vacuum equivalent to the 
suction lift.

The strength of acid handled in contact tower service usu
ally permits the use of pumps with cast-iron casings, par
ticularly if electric-furnace cast iron is used, so as to  eliminate 
the danger of graphitic carbon segregations. In self-priming 
pumps the impellers are generally m ade of chromium-nickel
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iron and often it  is justifiable to m ake the entire pump of such 
an alloy. The vertical type of centrifugal pump for this 
service is generally of such size as to permit the use of cast- 
iron impellers as well as cast-iron casings.

T r a n s f e r  S e r v i c e .  W ithin th is classification is found the 
great bulk of pump applications, and so great a variety of 
conditions is encountered that only a lim ited number may 
be mentioned or classified.

The m ost simple type of installation involves the location 
of the pump so that liquid from the supply source flows to  the 
pump suction by gravity. Such service can be handled suc
cessfully w ith a nonpriming type of centrifugal pump except 
in cases where air or gas is drawn into the pump regularly 
or along with the liquid. Under such conditions the ability  
of the self-priming pump to handle air will prove beneficial.

W hen the pump is to be located so that it must lift the 
liquid by suction, several factors m ust be considered if best 
operation is to be obtained.

W hen well made, self-priming centrifugal pumps will 
produce high dry vacuums, but it  is well never to require a 
suction lift of more than 20 feet on the basis of water equiva
lent. T he effective height of suction lift is directly affected 
by the specific gravity of the solution. For instance, a pump 
capable of lifting water 20 feet by suction could lift a liquid 
of 1.82 specific gravity only about 11 feet.

Because of the ability of self-priming pumps to handle 
considerable quantities of gas, it  is quite possible that air leaks 
in  the suction line may not be detected as such, but the re
duction in capacity m ay be erroneously ascribed to corrosion, 
wear, or even misapplication.

W hen pumps of the positive displacement type operate 
under any specified condition, they actually displace a defi
nite volum e of fluid whether this be gas or liquid. On the 
other hand, a self-priming centrifugal pump displaces gas by  
mixing it  w ith liquid, and the resultant mixture has a specific 
gravity lower than that of the liquid alone. Thus, reduction 
in liquid-handling capacity in a self-priming centrifugal 
pump takes place both because of the actual volume occupied 
by the gas being handled and because of the loss in pressure 
differential resulting from the lowered specific gravity of the 
fluid within the pump.

If volatile liquids are to be handled, the problem is further
complicated by  
the necessity for 
consideration of 
the vapor pres
sure of the liquid 
and the fact that 
g a s  m a y  b e  
liberated on the 
suction side of 
the pump as a re
sult of the low
ered  p r e s s u r e .  
This gas may 
b e r e a b so r b e d  
within the pump  
during its transi- 
t io n  fro m  th e  
low-pressure con
dition on the suc
tion side of the 
p u m p  to  th e  
elevated pressure 
on the discharge 
side.

Courtesy, Chas. S . Lew is tC Company Another type
F i g u r e  6 . V e r t i c a l  C e n t r if u g a l  A c id  of in s t a l la t io n

P u m p  which is a com

bination of the two already mentioned involves the location of 
the pump at a level below the maximum liquid level but w ith  
the suction line elevated before it  reaches the pump. A 
typical installation of this kind is found in tank car unloading. 
Here the suction line enters the top of the car, but the pump 
m ay be at ground level. After flow has once been started, 
the pump is assisted by siphoning action, but a self-priming 
centrifugal pump should be used, since pumping is usually 
noncontinuous and more or less gas m ust be handled.

M any interesting applications which are difficult to  handle 
in any other w ay are possible w ith self-priming centrifugal 
pumps. For instance, liquids can be mixed and gases can 
be absorbed in liquids. Decantation m ay be accomplished 
with self-priming pumps. An interesting variation of the 
decantation application is in constant use in the oil refining 
industry where self-priming pumps are utilized to skim and 
reclaim waste oil from the surface of water reservoirs. Port
able pumps m ay be used for the em ptying of sm all containers 
such as drums or storage-battery-forming tanks.

P u m p i n g  f r o m  V a c u u m .  The continuous removal of liquids 
from vacuum apparatus, such as evaporators, condensers, and 
filters, employs centrifugal pumps as auxiliaries to vacuum  
producing pumps.

The centrifugal pump is always located below the source of 
supply but m ay have to withdraw liquids under vacuum s as 
high as 28 inches of mercury. In this service two funda
m ental principles m ust always be kept in mind: (1) In a 
centrifugal pump the flow of liquid is produced by pressure 
difference; and (2) the ability to develop vacuum is defi
n itely limited, regardless of speed or size of pump.

M any gravity-feed types of centrifugal pumps will operate 
successfully under relatively high w et vacuums. Self-priming 
pumps will work under as high or higher w et vacuums and 
will also handle gases a t the same time. E very centrifugal 
pump, whether of the gravity-feed or of the self-priming type, 
m ust be located far enough below the vacuum apparatus so 
that a sufficient liquid head can be developed on the pump suc
tion to permit the pump to  produce the pressure differential 
necessary to discharge the requisite am ount of liquid.

This suction head varies w ith different makes and types of 
pumps, but a head of at least 1.13 feet should be provided 
for each inch of vacuum above 20 inches of mercury.

In  a few isolated applications self-priming pumps have suc
cessfully removed liquid from vacuum apparatus and at the 
same tim e produced the vacuum under which the apparatus 
was working. This has been done with certain types of deep- 
submergence rotary filters and in some types of open filter 
bed applications.

P r e s s u r e  F i l t e r  F e e d .  The centrifugal type of pump is 
ideal for this service, and the selection of gravity-feed or 
self-priming pumps will depend entirely upon the location of 
the source of supply. Usually the gravity-feed type is used. 
Pressure filter service calls for a maximum flow at a minimum  
pressure when the filter is first started. This tapers off until, 
at the tim e of finishing the cake, the maximum pressure is 
desired and the flow is negligible. This exactly m eets the 
pressure characteristics of the centrifugal pump; in addition, 
unlike the positive pressure pump, the maximum head which 
the centrifugal will develop is limited and there is no danger 
of bursting the filter cloths as a result of excess pressure.

The building of pumps for the process industries is a highly 
specialized field of endeavor. For best results this requires 
on the part of the pump manufacturer a rather thorough 
understanding of the chemical problems to be met, and on 
the part of the user, a t least a fundamental knowledge of the 
lim itations and characteristics of available pumping equip
ment.

R e c e i v e d  M arch 30, 1938
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A M E R IC A N  independence of foreign 
A \  sources of pulp and paper is being  

found in the sw iftly developing in
dustry which utilizes fast-growing southern 
pines. In this developm ent im plications in 
other directions are of equal, if not actually  
greater, consequence. The rapidity of this 
m ovem ent of paper and pulp manufacture to  
the pine regions of the South A tlantic and 
Gulf states has been phenomenal. N ew  mills 
have increased the productive capacity of 
this region by 150 per cent in the brief span 
of two years, and plans awaiting a favorable 
time to be put into execution call for an
other substantial increment in plant capacity. 
The significance of this southward trek of 
paper has been frequently clouded by  m isstate
ments, and accounts deeply tinged with  
wishful thinking have received wide circula
tion.

The facts speak for them selves and show  
an industrial migration of a magnitude ap
proaching that of the textile industry two 
decades ago, and expansion aimed at remov-

(Top) S l a s h  P i n e  P l a n t a t i o n ,  11 Y e a r s  O ld ,  
S p a c e d  8 X 8  F e e t ,  a n d  G i v i n g  a  T o t a l  o p  68 0  

T r e e s  p e r  A c r e
The trees range from  4 to  8 inches in diam eter, 4.5 feet above 
ground, and are 25 to  30 feet tall, representing the  grow th of 
approxim ately 2.5 cords per acre per year. This is p articu 
larly good growth and is to  be expected only under optim um  
conditions, which include good soil and com plete pro tection  
from fire. The cost of planting  is S2.50 per acre, including 
the  cost of seedlings an a  labor for p lan t b u t not supervision.

{Center) E x c e l l e n t  G r o w t h  o p  S l a s h  P i n e  
R e p r o d u c t i o n  W o r k e d  u n d e r  a  W e l l - D i s t r i b 

u t e d  S t a n d  o f  S e e d  T r e e s

In  the  slash pine region beef cattle  production  offers an  addi
tional supplem ent to  tim ber growing.

{Below) An  E x c e l l e n t  S t a n d  o f  L o n g l e a f  
a f t e r  C u t t i n g  a n d  P e n n i n g

A cu t of 7.4 cords per acre was made, leaving a  residual of 4.7 
cords for fu tu re  harvest. This conservative cu tting  ensures 
the  landow ner, as well as the  pu lp  mill, a  perm anent supply  of 

tim ber in th e  future.
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mg pulp and paper from a leading position among imports to 
one of far less prominence among the “also rans.”

Involved in the situation is no new technology. In part a 
migration and in part a developm ent, the building of this new 
section of the paper industry is based primarily on increasing 
demand for its product and on lower production costs in the 
South.

As an im portant present phase of the developm ent, im
ports of pulp are being replaced by  less significant imports of 
salt cake, raw material of the kraft process. Presumably, 
this phase will pass as realignment in the chemical industry 
m eets the rising need for this raw material. M eanwhile, 
salt cake is used by Germany to pay for German imports of 
American goods.

D espite emphasis on the success of the sulfite process for 
treating southern pine, the new industry is utilizing the kraft, 
or sulfate, pulping process. This consists of an alkaline di
gestion, as distinct from the acid treatm ent in the sulfite 
process, of wood chips w ith a solution of a mixture of sodium  
hydroxide and sulfide. I t  is characterized by the strength of 
the pulp made b y  it  and by the fact that losses of sodium in 
the process are made up by the addition of cheap sodium sul
fate, salt cake. Its principal advantages are cheapness, re
covery of m ost of the active constituents of the digester liquor 
for re-use, and the ease w ith which it  can be applied to pine 
wood. M ost kraft pulp is used for purposes in which color is 
of minor consequence. L ately modifications of the digestion 
process and improved methods of bleaching by steps have en
abled kraft mills to m ake pulps equaling the sulfite product in 
whiteness. A lthough bleaching costs are high, the low origi
nal cost of the pulp itself allows bleached sulfate to  compete 
in the market.

Kraft pulp has been made from southern pine since 1911, 
when two mills, one at Orange, Texas, and the other at 
Roanoke Rapids, N . C., were put into production. During  
the tw enty years following, eleven other mills were added 
to make a total of thirteen kraft m ills from Virginia to  Texas. 
B y 1931 the total output of these mills was approxim ately  
2500 tons of pulp per day in the form of wrapping paper and 
liner board for corrugated box manufacture. Thus at the 
end of w hat m ay be called the “ predepression era” a sub
stantial pulp industry was already at work in the South.

H e r ty ’s  W ork
A t about this point, work w as undertaken by the late 

Charles H . H erty to show that sulfite pulp and groundwood, 
required for newsprint paper, can be successfully made from 
pine wood. T est runs com pletely proved this point and 
showed that young pines require at m ost only trifling modi
fications of the standard processes to  yield newsprint of a 
quality equal to that imported or m ade from other woods.

The significance of these findings lies in our relatively large 
imports of sulfite pulp. T he fundam ental fact on which they  
are based is that the sapwood of pine is but little more resin
ous than spruce, contrary to  generally accepted belief. 
Commercial oleoresin (gum turpentine) is formed in pine as a 
result of wounding the tree. In older trees heartwood builds 
up a resin content. The former is a pathological process, 
the latter a physiological one.

These findings have received wide publicity and as a result 
a misconception of what is comm only known as the Herty  
process has gained wide currency. Actually there is no 
Herty process (nor did H erty claim any). Rather there is a 
H erty idea th at southern pine is a useful pulpwood which can 
produce pulp and purified cellulose of a quality and at a price 
attractive to papermakers and to the rayon industry. The 
process used and its products are familiar to the pulp industry. 
Only the raw material is different.

T he H erty idea as set forth above is incom plete. Pri
marily it  is based on three im portant concepts: America 
m ust be made independent of imports; the South needs in
dustries; and pine is a crop growing under practically ideal 
circumstances for the economical production of cellulose. 
Only the third of these points needs special comm ent here.

T he pine lands along our southeastern seaboards have rela
tively  little  value for other crops, yet on them pine grows 
luxuriantly. Several species attain full growth from seed in 
tw enty years or less. Natural reseeding generously pro
vides for reforestation if only two or three adult trees are left 
to  the acre. As many as forty thousand seedlings m ay spring 
up on each acre of cut-over land. Such a number caimot 
grow to m aturity, and hence during the first few years the 
new forest m ust be thinned to about four hundred trees per 
acre to provide a satisfactory stand for turpentining and 
lumbering. A large proportion of these thinnings can be

T h e  B r u n s w ic k  P u l p  a n d  P a p e r  C o m p a n y  M a k e s  B l e a c h e d  
S u l f a t e  P u l p  f r o m  P i n e  a t  B r u n s w ic k , G a .



(Above) K r a f t  P a p e r  M i l l  o p  t h e  W e s t  
V i r g i n i a  P u l p  a n d  P a p e r  C o m p a n y ,

C h a r l e s t o w n , S. C .

(Below) K r a f t  M i l l  o f  t h e  C r o s s e t t  
P a p e r  M i l l s ,  C r o s s e t t ,  A r k .
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taken off when they have attained a size 
usable as pulpwood. Under favorable 
conditions of planting, seedlings may in 
ten years grow large enough to be 
profitably worked for turpentine, an 
operation that can be continued for 
eight to ten years. Subsequently, the 
trees can be cut as timber. Thus, by 
combining papermaking with present 
utilization of pine forests for timber and 
naval stores, 3 virtual third crop could 
be harvested during the growing cycle 
of the pine.

Such a forest utilization plan is diffi
cult to put into effect, and pulpmakers 
prefer to use ail the forest as they go 
rather than to complicate their opera
tions by  tim ing them with others.
Rather, they prefer to harvest a single 
pulpwood crop on a cycle established to  
give a maximum yield of their raw m a
terial from the land.

This desire to use all the yield of the 
forests for a single purpose is in part re
sponsible for preference for the kraft 
process. N o selection of logs is neces
sary unless bleached pulp is to be pro
duced. For bleaching, logs which have 
turpentine blazes or are otherwise in
jured, and are hence highly resinous, are 
discarded. T he sulfite process, on the 
other hand, requires careful sorting to 
ensure that only logs of young trees free from injury are used.

Economic considerations, too, have fostered the growth of 
kraft production. Demand for kraft, both for wrapping 
papers and for board, has increased a t a huge rate in the past 
decade, necessitating the building of new mills. Since the 
economy of the southern field was already proved, it  was only  
natural that these new m ills should be located there. United  
States consumption of sulfate pulp (1936) is approximately 
6800 tons per day. Of this, imports supply approximately 
2000 tons and domestic production, som e 4800 tons. These 
figures compare w ith a total of less than 3000 tons per day con
sumed in 1927.

T he rise of demand for bleached and unbleached sulfite 
pulp has been som ewhat slower. Consumption in 1936 was 
8500 tons per day, made up of 5000 tons produced and 3500 
tons imported. These figures compare with 7200 tons per 
day consumed in 1927, of which 4400 tons were produced aDd 
2800 tons imported. This more gradual increase in sulfite 
consumption has not stim ulated the building of new mills 
w ith the urgency behind kraft demand.

The answer of investors in pulp production to this situation  
is obvious. A  market which more than doubles in a decade 
and which shows evidence of continuing expansion is more a t
tractive than one whose demand increased by one-sixth during 
the same period.

On the other hand, imports of 3500 tons per day offer a 
field for exploitation by  m any mills producing sulfite pulp at 
low cost. Obviously there is an opportunity here, especially 
since the feasibility of the entire project has been amply  
proved. Sulfite pulp for rayon, newsprint, and book papers 
has been made economically from southern pine in ample 
quantity for demonstration purposes.

Actually one mill, that of Rayonier, Inc., at Fernandina, 
Fla., for the production of bleached sulfite pulp (albeit for 
rayon manufacture, not newsprint) has been largely com
pleted but is not ready to operate. Originally planned to 
begin the production of pulp in  June of th is year, the construc
tion of this mill was well advanced by early spring when 
falling demand caused by reduced exports to  Japan and by 
the nationwide slump in business postponed its  completion, 
presumably until fall. This sulfite mill is based in part on 
the H erty researches, confirmed and expanded by the m ill’s 
owners, who are experienced pulpmakers.

A mill to  make newsprint in E ast Texas has been planned 
and was expected to be under construction late in 1937 or 
early in 1938. Difficulties in financing have faced this proj
ect and at this writing it is held up on that account.

This in broad outline was the situation of the southern paper 
industry in the spring of 1938. T o understand w hy these de
velopm ents have been made and to learn som ething of what
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(Above) T i i e  U n i o n  B a g  &  P a p e r  C o m 
p a n y ,  S a v a n n a h ,  G a . ,  W a s  t h e  F i r s t  o f  
t h e  N e w e r  M i l l s  t o  C o n v e r t  P i n e  i n t o  

K r a f t  P a p e r  B a g s

(Below) K r a f t  M i l l  o f  t h e  St . J o e  
P a p e r  C o m p a n y ,  P o r t  St . J o e ,  F l a .

may be expected in the future, it  is necessary to consider the 
fundamental factors in greater detail.

F a c to r s  in  F u tu r e  D e v e lo p m e n t

First in importance is the supply of wood available and its 
essential qualities. Careful estim ates place the area of forest 
extending from Virginia down the A tlantic and across the  
Gulf Coast into East Texas between 125 and 150 million acres. 
On approxim ately three-fourths of this land pine grows at a 
rate between 0.33 and 1.0 cord per acre per year. T he aver
age is conservatively half a cord per acre per year. Forest 
control can easily double this. Fires, som etim es set to  im
prove grazing for cattle, now destroy large sections of forest, 
particularly seedlings, and efficient patrol of woodland to 
gether w ith fencing can minimize th is huge loss. T he re
mainder of this forest area grows gum and other woods, m ost 
of which are available for pulp making but some of which are 
more valuable as lumber.

Aside from the 700 or so million cords of standing timber 
on this land, the replacement growth will continuously yield  
more than 20 million cords of lumber per year and 40 million 
cords for pulp making. This am ount of pulpwood will yield  
approximately 25 million tons of pulp annually, or more than  
treble the 1936 United States consumption of all types of 
pulp. If as much as half of the standing timber is used as

pulpwood, it  would make available 
som e 200 million additional tons of pulp, 
an am ount apparently ample to  make 
up any deficiency during the initial 
period of expansion of the industry  
until such a time as reforestation pro
grams can be put into effect through
out the area.

T he character of the wood of the 
slash, loblolly, and longleaf pines, the 
predominant fast-growing species, has 
been widely misunderstood. Actually  
the principal constituents of the sap- 
wood of these species, in addition to  
cellulose and lignin, are free fa tty  acids, 
glycerides of fa tty  acids, and unsaponifi- 
able m atter consisting of waxes and 
sterols. T he resin acid content of sap- 
wood is negligible. In contrast, resin 
acids and turpentine form in the hard 
heartwood cores of older trees. The  
principal difference from a pulping 
standpoint between the fast-growing 
southern pines and spruce is in the 
sharper contrast between the thin-walled  
cells of the springwood and the thick- 
walled cells of the summerwood; the 
latter are produced in larger proportion 
in the mild southern climate. This fact 
requires a som ewhat different cooking 
in the sulfite digesters, but no difficulty 

is encountered in making the necessary adjustm ents. Where 
the kraft process is practiced, only minor differences in treat
m ent are required.

K r a ft P ro cess

The kraft process, in contrast to  the sulfite process, yields 
the digesting liquor in a form which can, and for reasons of 
economy m ust, be recovered for re-use. After digestion, the 
alkaline black liquor contains the lignins and other noncellu
lose constituents of the wood in a form which can be burned 
after suitable concentration. T he organic m atter in the black 
liquor amounts to approxim ately half of the original dry 
weight of the wood treated. After concentration in multiple- 
effect evaporators to about 56 per cent total solids, it  is 
burned under boilers for the dual purpose of supplying steam  
and recovering the sodium compounds required in the cooking 
of subsequent batches. T he burning of this concentrated  
black liquor produces from 8000 to 10,000 pounds of steam  
per ton of pulp and a t the sam e tim e yields its sodium com
pounds in a m olten stream for re-solution and re-use in the 
process. Losses are made up by the addition of salt cake to 
the black liquor before it is burned so th at the added sodium  
sulfate appears in the sm elt as sodium sulfide.

The sm elt from the recovery furnace is dissolved in  water 
(forming “green liquor”), clarified by sedim entation, and
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causticized in a continuous causticizer w ith  lime. This 
yields “w hite liquor” which is returned to  the digesters. 
T he calcium carbonate from the causticizers is reburned to  
quicklime for re-use.

T he w hite liquor, containing a mixture of sodium hydroxide 
and sulfide, is run into the digesters w ith fresh chips, and an 
am ount of untreated “black liquor” from a previous cook is 
added to bring the whole to  the desired proportion of caustic 
to wood.

Ordinarily the digesting process is carried out a t 110 
pounds gage pressure w ith  frequent release of permanent 
gases during the heating period. The tim e of heating m ay be 
half an hour, and the cook m ay be held at temperature for an 
hour or longer, depending on the results desired. Pulp for 
subsequent bleaching is cooked longer than that intended  
for direct use.

From the digester, the cook is blown by  its own pressure to  
diffusers, large tanks w ith internal screen bottom s, from 
which the black liquor, containing about 19 per cent total 
solids, is drawn off and the pulp given a preliminary wash. 
Subsequently the pulp is screened and refined, size is added, 
and it  is sheeted on the Fourdrinier machine.

Approximate requirements per ton of product of a kraft 
mill using southern pine are:

Wood, cords 1 .66
Salt cake, pounds 300
Process steam ,a pounds 16,000
Power, kw-hr. 1,000

° Process steam  requirem ents are approxim ately 3000 pounds a t  130 
pounds gage and  13,000 pounds a t  40 pounds gage.

Power is ordinarily furnished by generating superheated  
steam  a t high pressure in boilers burning oil or coal and waste  
wood and bark, and passing this through bleeder turbines 
from which process steam  is drawn at appropriate pressures. 
T his power is supplemented by either purchased or separately 
generated power to fulfill the requirements. Approximately 
3000 pounds of steam  per ton  of pulp is generated by  burning 
bark and waste wood. Another 9000 pounds per ton of pulp 
come from the black liquor recovery furnaces. This leaves 
4000 pounds per ton of pulp to be generated by  purchased 
fuel for process purposes and an additional 4000 pounds 
needed for power generation.

On the whole, the operation is planned for maximum  
econom y and is as nearly as m ay be self-sustained. Salt cake, 
lime, wood, and a minimum am ount of fuel are purchased, 
the first tw o only to make up process losses. R eductions in 
the salt cake requirement of as much as two-thirds are already 
anticipated through the application of more efficient recovery 
of alkali from the flue gases of the black liquor recovery fur
naces. Chemical by-products recovered from the operation 
w ill affect only its fuel requirement and this probably only to  
a negligible extent.

B oth pine and spruce yield by-products from the cooking 
operation of som e value. These consist of a low-grade tur
pentine, fa tty  oils, and soaps. Just how im portant they m ay 
become in the economics of the industry is not y e t clear, since 
few southern mills now recover by-products, but the expecta
tion is that they  m ay add as much as tw o or three dollars 
per ton of kraft pulp to the income of the producers.

I f bleached pulp is to be made, and this can have the white
ness of the sulfite pulp if desired, the cook is prolonged by  as 
much as several hours to complete the solution of lignins, and 
the pulp is subjected to bleaching by stages. First, the 
washed pulp is treated w ith a relatively heavy dosage (4 per 
cent) of chlorine whose primary purpose is to  make residual 
lignin soluble. This step is followed by a thorough washing 
and several subsequent treatm ents with smaller dosages (2 per 
cent) of chlorine as bleaching powder with washing between. 
As m any as five such successive treatm ents w ith washing be

tween m ay be given, depending upon the whiteness desired in 
the finished pulp. Chlorine is used first to convert non
cellulose constituents of the pulp into soluble form and later 
as a true bleach. T he am ount required m ay be 10 to 12 per 
cent of the weight of the pulp treated.

The only present w aste from the kraft process is the blowoff 
gases from digesters and diffusers which are more im portant 
as a nuisance than as a waste. After recovery of sulfate 
turpentine by cooling these gases, a penetrating disagreeable 
odor remains to form a serious nuisance to neighbors. R e
cently a method has been devised for abating this nuisance by 
treatm ent w ith gaseous chlorine to  the extent of approxi
m ately 25 pounds per ton of pulp produced. W hether or not 
the products of this treatm ent can be made to  pay for it  is 
not yet known, nor has its practicability been proved on a 
full-plant scale.

E c o n o m ic s

From an economic standpoint, the southeastern pine belt 
offers m any real advantages to the pulp and paper industries. 
M ills can be conveniently located on tidewater close to pine 
forests. Supplies of wood are thus within easy distance, and 
other raw materials as well as finished products can be 
cheaply transported by truck, by water, or by rail a t com
petitive rates. Salt cake from foreign sources thus enjoys 
an advantage in freight cost over the product of domestic 
natural deposits of sodium sulfate in  the desert country of our 
own Southwest. Lime is readily available near by, and oil 
for fuel can be brought to paper mills by  ocean freight from 
the E ast Texas fields. Labor is plentiful, intelligent, and 
cheap.

The question of domestic salt cake is one on which con
siderable thought is being spent. W ith present American 
demands for hydrochloric acid am ply m et by  processes which 
yield no salt cake by-product, other possibilities are being 
explored. Freight costs are too high to permit natural so
dium sulfate to  com pete seriously w ith the imported by
product a t present. There is little  hope, for the sam e reason, 
of increasing production of domestic by-product salt cake at 
plants remote from paper m ills. E ven if the western natural 
mineral or a domestic by-product should be able to  compete 
at present prices, it  is probable that the delivered price of the 
imported product m ight be adjusted to  m eet the change, in 
part at least.

R ecent attention has been directed toward the possibility  
of producing salt cake as a by-product of acidulating phos
phate rock. T his proposal is based on the treatm ent of salt 
with sulfuric acid and the use of the hydrochloric acid pro
duced to convert phosphate rock to a calcium hydrogen 
chlorophosphate. Chlorophosphate thus made contains a 
higher percentage of available P2Os than acid phosphate 
made by  the direct treatm ent of rock w ith sulfuric acid, and 
the salt cake by-product is readily marketable to the kraft 
mills. Although this possibility is still in the early experi
mental stages, it  seems admirably adapted to the conditions 
found in the Florida phosphate areas to  which salt from 
Louisiana and sulfur from Texas can be brought cheaply by  
water.

The probable expansion of demand for chlorine for bleach
ing as salt cake requirements grow suggests the treatm ent of 
salt w ith sulfuric acid to yield hydrochloric acid and oxidizing 
this to yield the needed chlorine. T his m ethod, since it  pro
duces two necessary raw materials for the paper industry, 
also merits consideration.

Forecasts of future expansion of pulp and paper manu
facture in this territory have been justifiably optimistic. 
One of these, made by  D . G. M oon on the basis of a careful 
analysis, will suffice to  round out this picture. From a con-
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sidération of all the factors involved, he reaches the conclusion 
that southern production will quadruple within a decade:

Expected A dditional 
Southern  C apacity  

Tons/day
3,550
2.500
2,000
3.500 

700
2,000

14,250

M oon further forecasts that the production of this addi
tional 14,250 tons per day will require the investm ent of ap

proxim ately 500 million dollars of capital— 60 per cent in 
new mills, 16 per cent in forests, 8 per cent in converting plants, 
and 16 per cent in housing for employees. The entire south
ern branch of the industry thus forecast will consume an
nually an estimated total of 800 thousand tons of salt cake, 
300 thousand tons of chlorine, and fuel equivalent to  3 million 
tons of coal.

Obviously the realization of any substantial part of this 
expectation will result in an im portant industry.

R e c e i v e d  A ugust 8 ,  1938.

Presen t (1938) 
Southern C apacity  

Tons/day
W riting and book papers 450
W rapping papers 2,000
Newsprint
Board 3,000
Tissue 50
M iscellaneous 250

5,750

DRYING MACHINERY
FRED KERSHAW  

Proctor & Schw artz, In c ., P h iladelphia , Pa.

TH E  need for good drying equipm ent today is great. 
Chemicals, ceramics, casein, tobacco, textiles, soap, 
leather, pharmaceuticals, plastics, rayon, gun powder, 

and a m ultitude of similar products m ust be dried one or more 
tim es in the course of their manufacture; and they m ust be 
dried properly and economically. The drying operation for 
these products is a more v ita l operation today than ever be
fore. W ith the extended use of brand-name products, stand
ards of quality in all these industries have been raised to a 
point which makes it  im perative that the drying system  be 
intelligently and scientifically engineered; otherwise the 
quality of the product m ay easily be brought below that 
of its competitors, w ith  a resulting loss of sales. Cigarets, 
for instance, are vastly  better today than those made 15 
or 20 years ago, and consequently they have a wider con
sumer acceptance. Modern drying system s, scientifically 
engineered, have played an important part in this improve
m ent, keeping step with  
the exacting requirements 
of the cigaret manufac
turers in their constant 
drive for better quality and 
economy. When tobacco 
is being dried, a gum or 
sap comes to the surface 
of the leaf under the ac
tion of the heat. If this 
gum condenses on the leaf 
a n d  i s  n o t  c o m p le t e ly  
evaporated, the tobacco will 
have a bitter and un
pleasant taste. Modern 
drying machines are now  
d e s ig n e d  to  a e r a te  and 
separate the leaves so com
pletely while they are be
ing dried that none of this 
bitter sap remains to spoil 
the flavor.

In the past 15 years the 
world production of rayon 
has increased 1500 per cent.
This would not have been 
possible if the manufac
turers of rayon had not done

such a splendid job of improving their product. The wet 
strength of rayon, for instance, is 80 per cent greater today than  
it  was 15 years ago. Its elasticity, dye absorption, uniformity 
of denier, and other qualities necessary for its manufacture into 
finished products have likewise been greatly improved. The 
refinement of the drying operation has played an important 
part in this improvement of quality. R ayon dryers today are 
scientifically designed for the particular plant in which they  
are to operate. The velocity, direction, and distribution of air 
flow necessary to give the best results have been scientifically 
determined for each type of rayon. Complete, accurately 
controlled air-conditioning equipm ent is made an integral 
part of the dryer. T he rayon in its travel through the dryer 
passes through various zones; each zone is of a predeter
mined length, and in each of them definite dry- and wet-bulb 
temperatures and air flow are maintained. All of these 
factors in drying rayon have a decided effect on its shrinkage,

strength, elasticity, uni
form ity of denier, dye ab
sorption, and other quali
ties.

Twenty-five years ago, 
when com petition was not 
so keen as it  is today, when 
the standards of quality of 
commercial articles were 
not so rigid or so high as at 
present, when products 
were much simpler in their 
construction and make-up, 
and when labor costs were 
not such vita l factors, the 
drying operation was much  
simpler and was not con
sidered of sufficient impor
tance to warrant the ex
tensive scientific study that 
is given to these problems 
today by the leading de
signers and builders of dry
in g  m a c h in e r y .  Conse
quently, many companies 
at that tim e either used 
homemade dryers or bought 
standardized ready-made

O n e  T y p e  o f  F a n  W h i c h  Is U s e d  i n  M a n y  D r y e r s  Is 
M o u n t e d  D i r e c t l y  o n  t h e  M o t o r  S h a f t



dryers, and obtained results that today would 
be ruinous in the face of existing standards of 
quality and costs.

For years a well-known company which 
manufactures w hite lead used a homemade rack 
dryer on which they dried their product in pans. 
I t  took them 7 days to dry it. Because of this 
long drying time there was considerable dis
coloration from one cause or another. To keep 
in step with their competition, they wanted to 
improve their product. T hey recently called in 
a well-known organization of drying experts and 
put the problem up to them. As a result they  
are now producing a much whiter and cleaner 
product, they dry their lead in an hour and a 
half instead of 7 days, they are saving 60 per 
cent of the floor space formerly occupied by 
their homemade dryer, and the handling of their 
product is com pletely autom atic from storage 
tank to finished-product storage bin. Their 
dust problem has also been greatly m inim ized.

D iv e r s ity  o f  D r y in g  P r o b le m s
Seldom are any two drying problems exactly  

alike. A slight difference in processing a ma
terial will sometimes make it  either harder or 
easier to dry. Ordinary dyed rayon skeins 
w ithout any oil treatm ent will dry in about 1 
hour, whereas dyed rayon skeins that have 
been processed w ith oils, waxes, or gums will 
take from 2 to 4 hours to dry, depending on the 
kind and amount of oil used. A  tallow-base 
toilet soap dries much faster and easier than 
an olive oil soap. I t  takes tw ice as long to dry 
Paris green in one plant as in another because 
of a slight difference in the method of process
ing, although the drying system s are exactly 
alike. Veneer from a gum tree grown in  the 
lowlands of M ississippi takes 50 per cent longer 
to dry than veneer from the same kind of a 
gum tree grown on land farther north. The 
textile fibers and fabrics dyed w ith dark colors 
take longer to dry than those dyed with lighter 
shades. M any bitter disappointm ents and 
failures have been recorded when someone 
w ithout sufficient experience and knowledge of 
drying has assumed that, because a material 
in one plant could be dried in a certain time,

(Reading from  lop to bottom)
B a t c h - T y p e  D r y e r  f o r  D r y in g  a n d  

S t r e t c h i n g  S k in s

B a t c h - T y p e  D r y e r  f o r  D r y in g  
P a c k a g e s  o f  C l o s e l y  W o u n d  C o t t o n  

a f t e r  D y e in g

S e m ia u t o m a t ic  D r y e r  f o r  D r y in g  
S m a l l  P o r c e l a i n  O b j e c t s  P r i o r  t o  

F i r i n g

A f t e r  R a y o n  Is S p u n ,  I t  Is D e -  
s u l f u r e d ,  W a s h e d ,  a n d  T h e n  D r i e d  
i n  t h e  S e m i a u t o m a t i c  M o d e r n  

R a y o n  D r y e r



a similar material in another plant could be 
dried in the same tim e. Consequently, in 
order to obtain the m ost efficient machine 
for a particular plant, it  is necessary to  
engineer the job from beginning to end. A  
careful study m ust be made covering the 
peculiarities of the material to be dried with  
relation to its sensitivity to heat, the rate 
at which it gives up moisture, the effect of 
drying under varying conditions on the 
color, feel, taste, and odor of the product, 
the amount of moisture to be removed, 
the capacity of dried material required, the 
most economical method of handling the 
material before and after drying in conjunc
tion w ith the method of handling through 
the dryer, the character of heat and power 
supply, the value of material per pound, the 
permissible amount of labor at the existing 
cost, and a great m any other details which 
must be analyzed before the type of machine 
which will be m ost efficient for that particu
lar job can be decided.

Drying machines are built of steel, stain
less steel, aluminum, brass, copper, wood, 
brick, cement, and concrete. The type of 
material used for the construction can be 
determined only after a careful study of the 
conditions under which the machine is to be 
operated w ith regard to the effect of acids, 
moisture, etc., on the m etals used and the 
contamination that m ight result from the 
effects of corrosion.

Drying machines m ust be well insulated  
to prevent loss of heat; otherwise steam con
sumption will be high and drying costs corre
spondingly high. The insulation utilized 
depends upon the temperature inside the 
dryer, the cost of heat used in the dryer, 
and the return on the investm ent represented 
by a saving in heat. Some machines are 
built w ithout insulation, others are built with  
various forms of air-cell asbestos, others with 
rock wool or glass wool, some with cork, some 
with aluminum foil, and others w ith magne
sium covering. A  complete study of the 
factors surrounding the particular installa
tion under consideration is necessary to deter-

(.Reading from  top to bottom)
S t ic k  a n d  A p r o n  T o b a c c o  D r y e r  f o r  
D r y in o  a n d  C o n d i t i o n i n g  B u n d l e s  
o f  T o b a c c o  L e a v e s  b e f o r e  T h e y  

A r e  P a c k e d  i n  H o g s h e a d s
H ogsheads of tobacco are aged for 2 years.

D r y in g  R a y o n  i n  S k e i n s  i n  a  M o d 
e r n  A u t o m a t ic  D r y e r , w i t h  C o n 
t r o l l e d  T e m p e r a t u r e  a n d  H u m id it y

A u t o m a t i c  T y p e  o f  D r y e r  W h i c h  
T a k e s  H o t  L i q u i d  S o a p  f r o m  t h e  
K e t t l e ,  S o l i d i f i e s ,  C h ip s ,  a n d  D r i e s  
I t  i n  15 M i n u t e s ,  R e a d y  f o r  P a c k 

a g i n g

A u t o m a t ic  T y p e  o f  D r y e r  f o r  
H a n d l in g  B l e a c h e d  C e l l u l o s e
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mine the most efficient type of insulation for the job. After 
a certain point is reached in insulation, the law of diminishing 
returns makes it  unwise to spend m oney for additional in
sulation; likewise it  is costly to  try to  save m oney by not 
having sufficient insulation.

C o sts

The variables affecting drying costs are so diverse and 
numerous that it is difficult to present them in the form of a 
table. In general, the estimated cost is approximately 0.1 to 
0.3 cent per pound of water evaporated, though there are 
m any cases above and below these limits.

In the cost of drying m ust be included steam, power, labor, 
floor space, depreciation, maintenance, and interest on the 
investm ent. T he expression of costs in terms of pounds of 
water evaporated is less variable than on the basis of pounds 
of material dried. For example, a thousand pounds of 
feathers requires a dryer w ith a much larger holding capacity 
than would be required for a similar weight of white lead. 
Therefore the cost of drying a pound of feathers would prob
ably be much higher than that of drying a pound of white 
lead, but the cost of removing a pound of water from the 
feathers by  a drying process m ight be less than for the lead. 
It  is obvious also that the various factors entering into the 
total cost of drying vary from one plant to another. Depre
ciation, maintenance, and interest on investm ent w ill vary 
especially w ith the type of machine required for a particular 
job. As an example of an extreme case, clay pots used in 
production of glass m ay be cited. About 2 weeks are re
quired to dry these clay pots in a mechanical dryer, and 
about 6 months are necessary if the pots are allowed to dry on 
the floor where they are molded. T he necessity of carefully 
drying such pots to avoid cracking them contributes to the 
high drying costs. Another example is glue, which m ust be 
dried at low temperatures; the drying cost is therefore higher 
than is the case w ith the average material which m ay be dried 
in the neighborhood of 200° F.

R esea rch  a n d  P r e lim in a r y  E n g in e e r in g 9

The building of modern and scientific drying machines is a 
complex engineering business, and a modern drying ma
chinery company m ust of necessity maintain a large research 
department. In this department tests are made to deter
mine the maximum temperature the material w ill stand with
out adversely affecting the quality. The exact percentage of 
moisture contained by the customer’s material must be de
termined, and tests at various air velocities m ust be made to 
find the lowest possible drying time. This research depart
m ent usually makes tests also on the customer’s material 
under various conditions of air flow— first, through the ma
terial, both up and down, then across the material from right 
to left, from left to right, and, in some cases, over a combina
tion of directions. In the case of loose materials the research 
department also makes various tests to determine the best 
thickness of loading the w et material to  give the m ost efficient 
drying.

The research department then turns over to the preliminary 
engineering department a detailed report of the ideal condi
tions under which the material should be dried. T he pre
liminary engineering department studies the customer's 
floor layout, his labor conditions, and the preceding and sub
sequent operations, and determines what type of dryer would 
suit these conditions best and would, a t the same time, m eet 
the conditions set forth by the research departm ent under 
which the customer’s material can be m ost efficiently dried.

In some cases a batch dryer, in which the material is placed 
on trays or trucks manually and left in the dryer for a stated

period, is the type which best m eets all conditions. In other 
cases a sem iautom atic dryer, in which trucks of material are 
autom atically progressed through a drying compartment, is 
needed. In the vast m ajority of cases, a com pletely auto
m atic machine, in which the material is autom atically fed to  
the dryer from some preceding operation, such as a rotary 
filter, autom atic press, etc., and is conveyed on some form of 
conveyor through the drying compartment, is the type of 
dryer that gives the greatest economy and best quality.

After the preliminary engineering department has made a 
study of all the conditions, a preliminary plan is made showing 
the general type of dryer and its location in the customer’s 
plant, w ith respect to  other equipment preceding and follow
ing the drying operation. This preliminary layout is then 
discussed with the customer’s engineers and production men, 
and any changes which seem desirable are then made.

D e s ig n  o f  t h e  M a c h in e

Aiter the preliminary plans have been approved, the data 
from the research departm ent and from the preliminary engi
neering department are given to the production engineering 
department, and a machine is designed to fit the require
m ents exactly. A t this point a long and varied experience 
in the design of drying machinery is essential. In order that 
a machine m ay be designed which will fill the customer’s re
quirements exactlj' and at the same tim e be efficient and 
economical, it is necessary that the designing engineer be able 
to interpret commercially the findings of the research and pre
liminary engineers. A test in the laboratory is more or less 
an ideal situation which is seldom reached in practice. I t  is 
vitally important, therefore, that the engineer designing the 
machine shall have had sufficient experience to be able to  
transform the findings of these preliminary studies into a 
machine which will give the customer the capacity, the 
quality of drying, and the economy of operation and mainte
nance he wants. H e m ust determine the best type of fans to  
use for the purpose, the number and size of fans, and their 
most efficient location and speed.

H e m ust also determine the best type of heating medium, 
keeping in mind the source of heat supply. H e m ust properly 
design all the mechanical parts of the machine so that there 
will be no undue wear or friction, and the conveying means 
must be such that the material being dried will not be dam
aged in its travel through the machine. H e m ust also see that 
the heat generated by the heating medium is used with the 
greatest efficiency, and to do so he m ust determine the proper 
amount of air to exhaust from the dryer, the corresponding 
amount of intake fresh air, and the am ount to be recirculated. 
He m ust design the framework of the machine in such a way  
that there will be no vibration and m ust make proper allow
ances for expansion and contraction; otherwise mechanical 
parts will be thrown out of line and wear unduly. Literally  
hundreds of other points too numerous to mention m ust be 
borne in  mind when designing a drying machine if an efficient 
machine is to  be produced, and the answers to all of these 
questions can be known only to those who have had years of 
experience in this kind of work.

R e c e i v e d  April 21, 1938.

C o r r e c t i o n ' .  In our June issue some statistics were given in an 
editorial entitled “A Witness for the Defense.” Through an 
oversight, the price quoted for sulfanilamide tablets failed to indi
cate the fact that this was for 1000 tablets. Correspondence 
indicates the desirability of giving this further information.
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T h e  a ir  d r y in g  o f  c o m m e r c ia l P r u ss ia n  
b lu e  is  b e liev ed  to  b e  ty p ic a l  o f  g e la t in o u s  
so lid s  t h a t  a d h ere  f ir m ly  to  t h e  d ry in g  
tr a y s . T h e  d ry in g  r a te  cu rv es  fo r  th is  
so lid  do n o t  e x h ib it  t h e  n o r m a l c o n s ta n t  - 
a n d  fa ll in g -r a te  p er io d s . A  r a te  a p 
p r o a c h in g  zero  is  e x p er ien ced  d u r in g  th e  
la s t  s ta g e  o f  t h e  c o n s ta n t -r a te  p er io d  a n d  
j u s t  p r e c e d in g  th e  fa ll in g -r a te  p er io d . 
T h is  w o u ld  lea d  to  t h e  b e lie f  t h a t  th e  
ca p illa r y  fo rces  in  t h e  so lid  w ere  c o n tr o l
l in g  d u r in g  t h a t  in te r v a l.

D r y in g  in  v a c u u m  a t  lo w er  t e m p e r a 
tu r e s  a n d  lo w er  v a c u u m  p r o d u c e d  d ry in g  
ra te  cu rv es  in  w h ic h  t h e  z e r o -r a te  p er io d  
w a s n o t  so  p r o n o u n c e d  a s  in  a ir  d r y 
in g . A t h ig h e r  te m p e r a tu r e s  a n d  h ig h e r  
v a c u u m  t h e  zero  r a te  p er io d  d id  n o t  ex ist .

T h is  ty p e  o f  so lid  s h o u ld  b e  d r ied  o n  
sc r e e n s  or in  a  r o ta r y  dryer. T h e  d ry in g  
cu rv es sh o w  for t h e  fir st  t im e  t h e  r e la t io n  
b e tw e e n  a ir  a n d  v a c u u m  d r y in g  o f so lid s .

MOST theoretical work on the mechanism of drying 
(1, 4, 6, 6) has been confined to ideal solids. The 
drying of industrial materials is not necessarily identi

cal with that of the perfect solids, and some investigators are 
broadening the accepted drying theory to include other than 
ideal solids. In this presentation a brief summary of semi
commercial experiments performed over a period of years to 
test rigorously the accepted principles w ith a solid unlike any

theoretical solid are discussed. A commercial paint pigment, 
Prussian blue, was dried under various conditions of humidity, 
temperature, and vacuum.

M e th o d  o f  M o is tu r e  T ra n sfer

In drying a very w et solid, the first period corresponds to  
the evaporation of a saturated solution, and the rate of drying 
is largely affected by the solubility characteristics of the particu
lar solid. Liquid is supplied both by that mechanically 
present on the surface and by diffusion from within the cake 
during this constant-rate period. M oisture transfer to the 
surface occurs by capillary action and diffusion of vapor 
through the pores of the material. The size of the capillaries, 
drying temperatures, and external pressure largely determine 
whether moisture transfer to the surface will be primarily by 
liquid or vapor movem ent or a combination of both.

Before drying commences, there are a large number of small 
voids on the surface that contain moisture. As these voids 
become exhausted after the start of the drying, a transfer of 
moisture to the surface is begun. As long as the supply of 
moisture and vapor to the surface is constant, the rate of dry
ing remains constant. When liquid is no longer supplied to 
the surface in sufficient quantities to keep up the rate of evapo
ration, the constant-rate period ends. T he critical m ois
ture content depends on the factors affecting the diffusion 
rate. W ith low diffusional resistance and a slow rate of dry
ing, the constant-rate period is prolonged and the critical 
moisture content is low; but with a high vaporization rate 
and large diffusional resistance, the drying rate falls off at 
high moisture contents (7). When heat is applied internally

1 F o u rth  Chem ical Engineering Sym posium  held under th e  auspices of the 
D ivision of Industria l and  Engineering C hem istry  of th e  A m erican C hem i
cal Society a t th e  U niversity  of Pennsylvania, Philadelphia , P a., D ecem ber 
27 and  28, 1937. Previous papers in th is  sym posium  appeared  on pages 384 
and  388 of th e  A pril issue, on page 500 of the  M ay issue, an d  on pages 993 
to 1010 of the  Septem ber issue.
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POUNDS HzO /  100 POUNDS DRY SOLID

F i g u r e  1. D r y in g  R a t e  C u r v e s

A .  140° F .; 10 and  15 per cent hum id ity
B . 160° F .; 10, 15, and  20 per cen t hum id ity
C. 180° F .; 10 and  15 per cent hum id ity

to the drying slab and the external pressure is lowered, in
creased diffusion results because of a greater pressure dif
ferential. This tends to lengthen the constant-rate period 
considerably, as will be shown later.

The type of capillaries have a large effect on the liquid dif
fusion. Solids with firm, closely packed structures have 
large capillary forces, but materials with loose, fibrous struc
ture exert small tensions (6). The capillaries supply moisture 
to the surface as soon as vaporization begins, and as water is 
brought to the surface, it  is necessarily replaced by air in the 
small passages. As water is brought to the exterior, it is nec
essarily replaced by air. As capillary rise varies inversely 
with the diameter, the liquid flows in the direction of capil
laries having the sm allest cross section. When the small 
internal reservoirs have been depleted, moisture continues 
coming to the surface until the external capillary diameters 
equal the internal diameters. Then water will be vaporized 
in the capillaries and the zone of evaporation will recede into 
the cake.

POUNDS Hzo /lO O  POUNDS DRY SOLID

F i g u r e  2 . D r y i n g  R a t e  C u r v e s  a t  a  S h e w
T e m p e r a t u r e  o f  100-130° C. (212-266° F.)
V acuum : A , 18 inches; B , 22 inches; C, 26 inches

Some capillaries have large surface openings and sm all in
ternal openings; others have their sm allest openings in the 
surface. During the course of drying, the tubes with their 
sm allest openings in the interior draw liquid inward, and then 
it  is brought back to the surface (3). During the constants 
rate period the inside of the cake is a t a low temperature, and 
little evaporation occurs from the water receding into the 
cake. During the falling-rate period and in vacuum drying, 
considerable amounts of water m ay be vaporized internally.

E x p e r im e n ta l P ro ced u re
Commercial Prussian blue, a paint pigment furnished by the 

Kentucky Color and Chemical Company, was used in the experi
mental work. The blue was prepared by adding sulfuric acid 
and ammonium sulfate to ferrous sulfate and then precipitating 
with sodium ferrocyanide. The resulting precipitate was oxi
dized by sodium chlorate at temperatures ranging from 60° to 100° 
C. (140° to 212° F.). The pigment was washed by deeantation 
over a period of 3 weeks and was then filtered in a p!atc-and-frame 
filter press. Semicommercial batches of 50 pounds containing 
about 50 per cent moisture were used in the air drying. In the 
vacuum drying, smaller batches of about 12 pounds were em
ployed.

The air drying was carried out in a twelve-tray H-W condi
tioner. The air was heated by passing it over steam coils, and the 
humidity was controlled by steam injection and recirculation.
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Temperature and humidity conditions of incoming and exhaust air 
were determined by means of wet- and dry-bulb thermometers.

The vacuum dlying was effected in a vacuum shelf dryer 
consisting of a cast-iron shell with three steam-heated shelves. 
Copper-constantan thermocouples placed in the top, middle, and 
bottom of the cake were used to determine the cake temperatures.

Runs lasting 28 hours were made in the air drying at humidities 
ranging from 10 to 20 per cent and temperatures from 120° to 
1400 F. Vacuum drying runs lasted from 8 to 12 hours and were 
carried out at vacuums of 18 to 26 inches and at shelf tempera
tures of 100° to 130° C. (212° to 266° F.) The rate of drying 
curves were obtained by determining the slope of the moisture
time curves and plotting against moisture content.

A ir D r y in g
The rate of drying curves of a few representative runs of 

Prussian blue are shown in Figure 1. The evaporation rate 
proceeded normally at first and at the end of the initial period 
suddenly decreased. The rate then rose sharply and fell off 
gradually as it  would during the falling-rate period.

The blue was exceedingly w et at the beginning of the runs 
and firmly adhered to the drying trays. Drying proceeded 
normally a t first while the surface moisture and internal reser
voirs were being exhausted. When m ost of the cavities 
were emptied, the only moisture supplied to the surface was 
that held in the capillaries themselves. The liquid began to 
rise in the capillaries, and as the bottom  of the cake adhered 
firmly to the tray, air was unable to enter the bottom open
ings. As the liquid rose, a vacuum was formed in the cap
illaries and liquid was unable to rise to the surface. W ith 
the supply of water diminished, the rate of drying immedi
ately decreased. Some moisture vaporized in the capillaries 
and the rate never reached zero. The solid which had been 
shrinking and crumbling pulled away from the bottom of the 
tray, and air entered the capillaries. W ith a new supply of 
moisture at the surface, the drying rate rose immediately and 
drying proceeded normally (2).

From the suggested mechanism, the break in the curve 
would occur when the only moisture in the cake was held in 
the capillaries. This would occur after all the internal res
ervoirs had been exhausted at the end of the constant-rate 
period. This is supported by the rate curves as the dimin
ished drying rates occur at the end of the constant-rate period.

V a c u u m  D ry in g

The drying rate curves of the pigm ent at varying vacuums 
and temperatures are plotted on Figure 2. A t 18 and 22 
inches of mercury there are noticeable breaks in the drying 
curves which are not so pronounced as in air drying. These 
discontinuities occur only at the lower shelf temperatures; 
and as the steam shelf temperature and rate of drying were 
increased, the shrinkage became much greater. The increas
ing shelf temperature m ust not be confused with increase in  
cake temperature, as the cake temperature depends only on 
the total pressure within the dryer and not on the shelf tem
perature during the constant-rate period. Increased shrink
age and crumbling by higher shelf temperature is a function  
only of the greater rate of moisture removal and not the shelf 
temperature. T he greater shrinkage caused the cake to 
crumble and pull away from the tray more rapidly, and the 
dip in  the curve was minimized with increasing temperature. 
A t the highest shelf temperature no break occurred. I t  was 
only at 26 inches of mercury that no cessation of drying was 
noticed at the lower temperatures. This gives a conception 
of the magnitude of the vacuum caused by the solid’s adher
ing to the drying trays.

The effect of applying heat internally to a drying slab is 
strikingly illustrated in the vacuum drying curves. In each 
case an increase in shelf temperature is accompanied by  
lengthened constant-rate period. A t 130 0 C. (266 ° F.) it  is re
markable that the constant-rate period extends over such a 
great moisture content. Similar results were obtained in the 
vacuum drying of Sil-O-Cel (S). The heat was supplied  
through the shelves to the bottom  of the cake, and each in
crease in shelf temperature correspondingly increased the  
diffusion rate and the amount of water available for evapora
tion.

The variations of cake temperatures are shown on Figure 3. 
These two sets of curves are typical of the data obtained on 
the drying in vacuum. Temperatures were recorded at the 
top, middle, and bottom of the cake. A t a shelf temperature 
of 120° C. (248° F .) and a vacuum of 18 inches of mercury in 
Figure 3A the cake temperature rose to a temperature corre
sponding to the boiling point of water at the total pressure on

TIM E IN HOURS T IM E  IN HOURS

ac
I

F i g u r e  3 . D r y i n g  R a t e  C u r v e s  a n d  C a k e  T e m p e r a t u r e s  a t  a  S h e l f  T e m p e r a t u r e  o f  1 2 0 °  C .  (2 4 8 °  F . )
V acuum : A ,  18 inches; B ,  26 inches

If the resultant force caused by the vacuum seal could be 
lessened sufficiently, the break in the drying curve would not 
occur. I t  was proposed that in vacuum the effect of the  
vacuum seal would be minimized, and at high vacuums no 
discontinuity would occur.

the dryer. A t the end of the constant-rate period the tempera
ture at the bottom  and top of the cake rose before that at 
the middle of the slab. The temperature a t the middle 
reached and passed the temperature at the top of the cake 
during the falling-rate period. There was good heatjransfer
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through the bottom of the cake, and the temperature there 
rose first. The top was being heated by superheated vapor 
and radiation, and the surface temperature rose before the 
temperature at the middle. More heat was transferred from 
the bottom  than from the top, and temperature at the middle 
reached and then passed that on the surface.

A t the highest vacuum and temperature a different phe
nomenon was encountered. In Figure 3B  temperature and 
rate curves at a shelf temperature of 120° C. and a vacuum  
of 26 inches of mercury are plotted. Similar results were 
obtained in runs at the same vacuum and a t shelf tempera
tures of 130° C. The rate of evaporation was very rapid and 
the moisture was quickly depleted a t the surface. Conse
quently the surface temperature rose, and a considerable 
amount of water was vaporized internally in addition to the 
upper surface evaporation. This result is similar to that ex
perienced by Ernst, Ridgway, and Tiller (3) in the drying of 
Sil-O-Cel. The temperature at the middle and bottom  of the 
cake surpassed the surface temperature during the falling- 
rate period.
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Practical Vacuum Drying
R. C. ERNST, J. W. RIDGWAY, a n d  F. M. TILLER 

U niversity of L ouisville, L ouisville. Ky.

D u r in g  th e  p a s t  d eca d e , m a n y  in v e s t i 
g a to r s  h a v e  c o n tr ib u te d  to  t h e  th e o r y  o f  
air d r y in g ; h o w ev er , r e la t iv e ly  l i t t le  
w ork  h a s  b e e n  rep o rted  o n  d ry in g  in  
v a c u u m  (3). E x p e r im e n ta l w ork  w a s  
u n d e r ta k e n  to  d e te r m in e  th e  m e c h a n is m  
o f  d r y in g  a t  d im in is h e d  p ressu re . T h e  
e ffe c ts  o f  v aried  c o n d it io n s  o f t e m p e r a 
tu r e  a n d  p ressu re  u p o n  a  n o n c o m p r e ss ib le  
so lid  w ere  s tu d ie d . S te a m  s h e lf  t e m 
p e r a tu r e  fr o m  100° to  130° C. (212° to  
266° F .) a n d  v a c u u m  fr o m  18 to  26 in c h e s  
o f  m e r c u r y  w ere e m p lo y e d .

BASICALLY vacuum  drying is similar to air drying, but 
there are several fundam ental differences. Any pres
sure below atmospheric falls into the classification of 

vacuum  drying, but in practice it  is seldom carried on under 
less than IS inches of mercury. The first stage of vacuum  
drying is usually, though not necessarily, a constant rate pe
riod. As the surface water is removed rapidly, moisture is 
supplied m ostly by capillarity and vapor diffusion. The 
rate of drying remains constant as long as the tota l latent heat 
of the available water is greater than the heat flow into the 
solid. B y  available water is m eant any water that is free to 
vaporize, regardless of its position in the cake. The concept 
of available water is im portant since a large am ount of water 
m ay evaporate internally during vacuum drying and diffuse 
to  the surface as vapor. W hen the heat flow into the solid 
just balances the latent heat of evaporating moisture, the 
critical point is reached, and beyond this, the falling-rate pe
riod begins.

A drying solid m ay Ire considered as a complex system  of 
capillaries extending from the surface into the interior of the 
solid and connecting sm all voids throughout the cake. B e
fore the liquid reaches the surface, it m ay travel m any times 
the thickness of the cake. The surface is connected with com
paratively large cavities in  the cake which act as liquid reser
voirs. Figure 1 shows an idealized solid w ith capillaries ex
tending from the surface into the interior. The flow of liquid 
is indicated by solid arrows and of vapor by dotted arrows. 
The capillaries in an ideal solid are in random distribution; 
som e have their sm allest ends in the surface, A ,  and others 
have their largest openings in the surface, B.

F i g u r e  1. I d e a l iz e d  S o l id  w i t h  
C a p i l l a r i e s  E x t e n d i n g  f r o m  t h e  

S u r f a c e  in t o  t h e  I n t e r io r

Those capillaries w ith large surface openings w ill draw water 
into the cake, but it  will, in  turn, be brought back to the sur
face by  the capillaries w ith their sm allest openings in the sur
face. T he vapor pressure of the capillary water is lowered be
cause of the concave liquid surface; and in air drying at at
mospheric pressure there is little  evaporation from the re
ceding liquid columns. In vacuum  drying at low pressure, 
however, there is considerably more vaporization from the 
receding capillaries w ith subsequent diffusion of vapor to the 
surface. Thus, in vacuum, drying is effected across the entire 
cross section of the solid and not primarily a t the surface as in
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F i g u r e  2 . T i i r e e -S i i e l f  V a c u u m  D r y e r

air drying. Block (1) maintained this fact as far back as 
1919, but he assumed that only vapor and no moisture was 
transferred through the solid.

A p p a r a tu s
Drying was carried on in an experimental three-shelf vacuum 

dryer provided with usual auxiliary equipment. The dryer 
(Figure 2) has three welded steel shelves, each 24 X 24 inches; 
the internal dimensions of the dryer are 25 X 25 X 11 inches 
high. Heating was accomplished by introducing steam into the 
shelves. Commercial Sil-O-Cel, a filter aid, was chosen as the 
drying solid because it is noncompressible, undergoes no chemical 
change, and remains consistent at high water content (70 per cent 
moisture, wet basis), and has a change of color on drying. The 
cake size was 8 'A X 8 V2 X I 1/* inches.

Copper-constantan therm ocouples calibrated to within  
-*=0.5° C. were used to determine cake and vacuum chamber tem
perature. Thermocouples were placed in the top, middle, and 
bottom of the cakes, and in the steam shelf, vacuum space, and 
upper wall.

All experimental data were taken over a 12-hour period, the 
control temperature was maintained within ± 0 .5° C., and the 
vacuum was kept within =*= '/in inch of mercury.

Moisture content-time curves were plotted, and the instan
taneous rates of drying were determined from the slope of these 
curves.

V a p o r  T e m p e r a tu r e

The temperature of the vacuum space depended upon the 
temperature of the vapor passing through it and was neces
sarily a t a higher temperature than the cake, as it received 
heat from the steam shelf directly above it. The tempera
ture of the vapor, which was actually superheated steam , de
pended upon radiation, distance between shelves, and con
tact of the vapor w ith the shelf. H igh vapor temperature 
means a considerable loss of sensible heat. High vacuums 
give lower vapor temperatures and less loss of heat, but result 
in an increased load on the pump.

In Figure 3 the variation of the vacuum space temperature 
is plotted w ith cake temperature and drying rate curves to  
show the relation. This curve is typical of other runs and is 
the only one shown. T he temperature of the internal vapor 
from the solid was at a higher temperature than the cake but 
did not become constant until nearly 30 per cent of the mois
ture had been removed about 2 hours after the start of the 
run. During the initial period 60 per cent of the total mois
ture was removed. When 9 per cent of the moisture had been 
removed during the falling-rate period, the vapor temperature 
began to rise and to approach the steam  shelf tem perature.

C ak e T e m p e r a tu r e

The general variation of cake temperature is shown in  
Figure 3. The cake reaches an equilibrium temperature in 
half an hour. A t the start of drying, the top and bottom  of 
the cake were heated slightly faster than the middle, indicat
in g  th at heat was being transferred into the solid from both  
the bottom  and the top. The temperature throughout the 
solid remained constant until 75 per cent of the water had 
been removed. A t this point, which is about half w ay  
through the falling-rate period (on a moisture content-rate  
curve, rather than time-rate curve), the temperature a t the  
top of the cake began to rise and indicated that the zone of 
evaporation was receding into the solid. This temperature 
rise followed that of the vapor. W ith the removal of an addi
tional 7 per cent of water, the temperatures at the middle and 
bottom of the cake followed an upward trend simultaneously. 
As the temperature at the top of the cake rose sooner than at 
the middle or bottom, it is obvious that the flow of heat into  
the cake from the superheated vapor and by  radiation ex
ceeded the flow into the cake from the shelf on which the cake 
rested. Had the top thermocouple been subject to radiation,

T IM E  IN HOURS

F i g u r e  3 . D r y i n g  R a t e  a n d  C a k e  a n d  V a p o r  T e m p e r a t u r e  
C u r v e s  a t  2 6 - I n c h  V a c u u m  a n d  S h e l f  T e m p e r a t u r e  o f  

110° C.
O . ra te  of dry ing ; □ , vapor tem p era tu re ; # .  tem p era tu re  of top  of 
cake; A , tem pera tu re  of m iddle of cake; X , tem p e ra tu re  of bo ttom  

of cake

its temperature would have gradually risen from the start of 
drying instead of remaining constant as indicated in Figure 3. 
W ith solids, such as Prussian blue, that adhere more firmly to  
the drying trays than Sil-O-Cel, heat m ay be transferred more 
readily through the trays than from the vapor. Experimen
ta l data show this to be true ( / ) .  The cake temperature ap
proached the steam shelf temperature.

It is particularly significant that temperature differences of 
more than 20° C. (36° F .) existed within the cake during the 
falling-rate period; this is a rather large temperature differ-
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POUNDS HgO^  100 POUNDS DRY SOLID

F ig u r e  4 .  E f f e c t  o f  S h e l f  T e m p e r a t u r e  o n  
D r y in g  R a t e  

A, vacuum  18 inches; B, 22 inches; C, 26 inches

ence for a cake only U /g inches thick. Excessive internal 
strains m ay develop when high shelf temperatures are em
ployed.

Unlike air drying, the cake temperature approaches the 
boiling point of the liquid rather than the wet-bulb tempera
ture during the constant-rate period. Under diminished pres
sure the slab temperature remains constant during the first 
period, regardless of the steam shelf temperature. On the 
contrary, in air drying, where the liquid is usually below its 
boiling point, an increased temperature of the drying media 
results in higher cake temperatures.

W a ll T e m p e r a tu r e

Condensation m ust not occur on the walls because the dryer 
would act merely as a reflux, and no appreciable water re
m oval would be effected. The temperature of the walls de
pends upon the heat conveyed to them by  the water vapor, 
and remains low until moisture is vaporized at the start of 
drying. I t  is interesting to note that the wall temperature 
remained constant during the falling-rate period. Although  
the vapor temperature rose, there was a corresponding de

crease in the am ount of vapor, and this accounts for the con
stancy in the w all temperature.

Low temperatures at low vacuum  are nearly useless because 
the heat given to the vapor is so small that the walls are not 
heated above the condensation temperature. The vapor 
m ust be heated enough to prevent condensation, but any  
temperature above this minimum will result in increased 
radiation and heat loss.

R a te  o f  D r y in g

S h e l f  T e m p e r a t u r e .  T he effect of shelf temperature 
upon the rate of drying is shown in Figure 4. T he vacuum  
was constant in each case at 18, 22, and 26 inches of mercury. 
The rate of drying was increased approxim ately 15 per cent 
per 10° C. (18° F .) rise in shelf temperature at the lower tem 
peratures. T he increase in drying rate was less pronounced 
at higher temperatures. W ith increasing vacuum and tem 
perature the constant-rate period was lengthened.

V a c u u m . The effect of vacuum  changes upon the rate of 
drying is shown in  Figure 5. These drying curves are for a 
constant shelf temperature of 130° C. (266° F .) and vacuums 
of 18, 22, and 26 inches of mercury. The curves indicate that 
little  variation results in the rate of drying when the vacuum is 
changed. This is true only for relatively high vacuums where 
there is a large difference between the boiling point of the 
water at the dryer pressure and the steam  shelf temperature.

The rate of drying depends more on the steam shelf tem 
perature than on the vacuum. H igh vacuum s are not neces
sary for good rates of drying.

C o n c lu s io n s

Vacuum drying is especially adapted to drying substances 
that decompose or undergo undesirable physical changes at 
high temperatures. The drying can be accomplished at a 
vacuum high enough to give a total pressure corresponding to 
a boiling point of water below the transition temperature.

POUNDS H2o / l 0 0  POUNDS DRY SOLID

F i g u r e  5 . E f f e c t  o f  V a c u u m  o n  D r y i n g  R a t e  
C u r t o s  a t  a  S h e l f  T e m p e r a t u r e  o f  130° C. a n d  

V a c u u m  o f  18  t o  26  I n c h e s

Accurate control can easily be obtained by inserting a thermo
couple in the top of the drying cake. Any steam pressure can 
be used. W hen the falling-rate period is reached and the 
cake temperature begins to rise, it  is necessary to  cut off the 
steam im mediately, for the surface temperature rises rapidly 
(about 15 ° C. or 27 ° F . per hour in this investigation). From  
this point on, the drying m ust be completed by bleeding steam  
into the shelf, or better still, by  the use of hot water. As 
the cake approaches the shelf temperature, the water can be 
used at the desired temperature.
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For drying materials not affected by temperature, any  
vacuum above 18 inches of mercury will give a good drying 
rate. The higher the steam  pressure, the greater the drying 
rate will be up to a certain point. T he rate w ill increase w ith  
increasing temperature until the pump is unable to remove 
vapor as fast as it  is formed. Pressure would then build up 
and reduce the rate. The maximum tem perature that can 
economically be used will depend upon the individual pump. 
If this temperature is exceeded, the vapor will not be removed 
so rapidly as it  is formed, and the rate of evaporation will be 
lowered as pressure builds up. In this investigation approxi
mately 75 per cent of the water was removed in half the dry
ing time.

The temperatures w ithin the dryer are exceedingly impor
tant in determining the quality of product as well as the rate 
of evaporation and dryer efficiency. T he method of heat 
flow into the solid is entirely dependent upon the physical 
properties of the solid. Excessive temperatures at the start

of drying, although giving a high initial rate of drying, may 
cause surface hardening and subsequent lowered drying rates. 
Large temperature differences, usually occurring at the end of 
the constant-rate period, set up internal stresses and cause 
cracking. This is especially im portant when the constant- 
rate period extends over a long range of moisture, as the tem 
perature m ay then rise rapidly w ith the sudden falling off of 
the rate of evaporation.

L ite r a tu r e  C ited
(1) Block, Berthold, Chem. App., 6, 57-9  (1919).
(2) E rnst, R. C., Ardem, D. B , Schmiod, O. K., and Tiller, F . M.,

In d . E no . Chem ., 30, 1119 (1938).
(3) Passburg, Emil, B ritish P a ten t 3432 (Feb. 12, 1906); Chem.

Fabrik, 3, 93-5  (1930); L avett, C. O., and Van Marie, D. J„  
J. In d . E no . C h em ., 13, 600-5 (1921); M artin, Armand, 
Chimie el Industrie, 13, 883-9  (1925).

R e c e i v e d  May 2 7 , 1 9 3 8 .

Evaporation of Water into Quiet Air
F r o m  a  O n e-F o o t D ia m e te r  S u r fa c e

T he evaporation  from  a on e-foo t-d iam eter  pan  
of d istilled  w ater in to  q u iet air a t 53 per cen t 
h u m id ity  was m easured for w ater tem peratures 
b etw een  63° and 93° F . T he surface of th e  w ater 
w as a t th e  level of th e  surroundings. In  th e  cr iti
cal region, corresponding to  a w ater tem perature  
of 69.4° F ., th e  b u oyan t effects o f th e  m ixture at 
th e  w ater surface and far aw ay are equal. The 
u n it  evaporation rate above th e  critica l region, in  
pounds/(sq uare foot) (hour) m ay be expressed by  
th e  eq u ation ;

e =  —0.024 +  65 (cvw — c„„)
Below  th e  critica l region th e  resu lts m ay be ex
pressed approxim ately by th e  eq u ation  : 

e — 18.75 (c vw — c oa>) 
w here c ow is th e  con cen tration  of w ater vapor on  
th e  gas side of th e  gas-liq u id  in terface and c0(o is 
th e  con cen tration  of th e  w ater vapor in  th e  a tm o s
phere far from  th e  pan , b oth  in  pounds per cubic  
foot.

A ten ta tiv e  correlation  w ith  th erm al free co n 
vection  d ata  h as been  accom plished . T he ratio  
N u /N u '  =  1.29 for 10« <  Gr' X P r  (and G r' X Pr')
<  103 agrees fairly w ell w ith  th e  resu lts of H ilpert
(6) determ in ed  for m o ist clay p la tes p laced ver
tica lly . A cceptance of th e  th erm al free convec- 
tion -d iffu sion a l free con vection  analogy and g en 
era liza tion  to  oth er flu ids is  n o t urged u n til su b 
sta n tia ted  by furth er experim en ta l resu lts.

N U SSELT (8 ) suggested a detailed attack on the problem  
of diffusion. H eat transfer and diffusion phenomena 
obey similar field equations, and if the boundary condi

tions are similar, the solution of the steady-state thermal 
free-convection system  of a particular geometrical configura
tion should yield a solution of the corresponding system  in
volving diffusion. T he purpose of this paper is to present 
data which will confirm the analogy for the case of evapora-

B. F. SHARPLEY L. M. K. BOELTER
P elton  W ater W heel C om pany, U niversity of C alifornia, 
San Francisco, C alif. Berkeley, Calif.

tion of distilled water, w ithin the temperature lim its of 63° 
and 93° F ., from a one-foot-diameter surface into quiet air at 
71° =*= 1° F. and 50 to 54 per cent relative hum idity. The 
water surface was m aintained flush with the surrounding 
floor, except for the cases for which rims were used on the 
pan as described below.

E v a p o r a tio n  A p p a r a tu s

The experiments were conducted in  a hum idistatically and 
therm ostatically controlled room. T he evaporation pan was 
surrounded by a quieting chamber, open a t the top, of di
mensions 5 X 5 X 7  feet high. A ll instrum ents were located 
outside of the chamber; they included a wattm eter to record 
the power required to maintain the temperature of the water 
constant, barograph, potentiom eter, galvanom eter, psy- 
chrometer, and evaporimeter.

E v a p o r a t io n  P a n . T he tinned copper evaporation pan, 1 
foot in diameter and 6 inches deep, is shown in  Figure 1. 
T he evaporation pan was contained within a pan 20 inches in 
diameter and 9 inches deep, the space between the tw o pans 
was packed w ith hair felt and 85 per cent magnesia. An 
electrical heating elem ent placed below the evaporation pan 
supplied thermal energy to the water. Ten copper-constantan 
thermocouples were placed in the pan at various depths and 
diameters; the m ost im portant of them , for the purposes of 
this paper, were the tw o located a t the surface of the water 
in such a manner as barely to  deflect th e water surface.

Q u ie t in g  C h a m b er. T he evaporation pan was placed 
centrally in the floor of th e quieting chamber (Figure 2). 
Air supply to the quieting chamber was provided for b y  plac
ing the chamber upon blocks 1 inch high. T he floor of the 
quieting chamber was 2 inches less in each dimension than
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the corresponding inside dimensions of the chamber, thus 
allowing air to enter vertically along the walls. The floor 
of the quieting chamber existed at the temperature of the air 
far away except for a narrow ring close to the pan which 
was a few degrees warmer. T he top of the quieting chamber 
was open and the inside surface was covered w ith aluminum  
foil.

A traveling carriage was arranged across the top of the  
quieting chamber upon which copper-constantan therm o
couples were m ounted in such a fashion as to  m ake possible 
a complete temperature exploration of the quieting chamber. 
For the purposes of th is paper the mixture conditions outside 
of the quieting chamber were considered as the conditions far 
away.

E v a p o i u m e t e r . The evaporimeter and accessory equip
m ent are shown in Figure 3. The design permitted the de
termination of low evaporation rates in  fairly short time 
intervals. The luminous output of a housed G. E . ,  type  
G -l, “Sunlight” lamp (shown to the left in Figure 3) was 
filtered so th at only the green lines were transm itted to  the 
optical wedge. The standpipe, shown in the center of Figure 
3, was connected to the side, 3 inches up from the bottom , of 
the evaporation pan through a V-riuch o. d. copper pipe. 
M ake-up water to the pan was supplied through this stand
pipe. Another standpipe, 23/ 4 inches in diameter and 12 
inches high, separately connected to the evaporation pan 
and provided w ith leveling screws, contained the 2V 2-inch- 
diameter brass float pan. A  lever arm, L,  5.22 cm. long 
(2.039 inches), was pivoted on a knife edge in a grooved block 
located at the left edge of the standpipe. T he other end of 
the lever arm, which carried a 3/ 4 X 3/s  inch piece of plate 
glass, was actuated through a p ivot point b y  a jewel bearing 
located in the center of the pan float. Across the top of the 
standpipe a larger piece of plate glass was placed bearing two 
etched lines, a distance (¿ 0  0.4 inch apart. T he grooved 
block was adjustable by  means of tw o thum b screws. The 
error due to the difference in vertical temperature gradient 
existing in  the pan and the standpipe m ay be shown to be 
negligible.

Green lines from the filtered light source were reflected 
downward by  a piece of plate glass placed at 45° and above 
the standpipe. T his beam impinged upon both elem ents of 
the optical wedge and produced interference bands, provided 
an angle existed between the elem ents of the wedge. The 
interference bands are observed through a telescope mounted  
so as to  observe a limited field in a mirror placed above and 
parallel to  the plate glass in the 45° position.

T h e o r y  o p  t h e  E v a p o r i m e t e r . Figure 4 exhibits typical 
interference bands produced by the evaporimeter optical 
wedge. Figure 5 illustrates the significant variables required 
to relate the difference in level of the water w ith the number 
of interference bands (11).

(Reading from top to bottom)

F i g u r e  1. E v a p o r a t io n  P a n

F i g u r e  2 . E v a p o r a t io n  P a n  i n  P l a c e  i n  t h e  F l o o r  
o f  t h e  Q u i e t in g  C h a m b e r

F i g u r e  3 . E v a p o r im e t e r  a n d  A c c e s s o r y  E q u i p m e n t  

F i g u r e  4 . T y p ic a l  I n t e r f e r e n c e  B a n d s
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F i g u r e  5 . E v a p o r im e t e r  F l o a t  a n d  W e d g e

water surface l'/a  inches below the floor level. The latter two 
conditions were accomplished by attaching a sheet metal rim 
of the proper height to the evaporation pan and at the same time 
raising the floor an equal amount. By this procedure it was not 
necessary to disturb the thermocouples in tnc evaporation pan, 
and the change could be effected quickly. At all times the floor 
was flush with the top edge of the pan or rims, if the latter were 
being used at the time.

U n it  E v a p o r a tio n  R a te s
The results of the investigation are indicated in T able I 

and plotted on Figures 6 to 10.
The unit evaporation rates, e, are plotted for various water 

vapor concentration differences (approximately partial pres
sure differences) in Figure 6. The unit evaporation rate m ay

Interference will result if the distance, II, is 
a multiple of a half wave length; that is,

II — nn\ / 2
where noi =  number of interference bands be

tween 0 and 1

A change of level of the pan, AII, w ill result 
in a change of the number of bands, An0i, 
included between 0 and 1, in accordance with  
the relation

A / /  =* AuoA /2

obtained by  differentiation. The change in 
the number of bands, Aw, in length L\ is equal 
to ArioiLi/L cos <p. Substituting into the ex
pression for AII yields:

A f f =  A

provided the angle <t> is small. In these ex
periments, the wave length, A, was equal to 
5461 A.
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F i g u r e  6. U n i t  E v a p o r a t io n  R a t e  vs. C o n c e n t r a t io n  D i f f e r e n c e  
a t  t h e  S u r f a c e  a n d  F a r  A w a y

E x p e r im e n ta l T e c h n ic
The water being evaporated was heated to a 

given temperature which was held constant by 
means of the electric element under the pan. 
When equilibrium had been established (deter
mined by the constancy of water temperatures) 
barometric pressure, water temperatures, wet- and 
dry-bulb temperatures, power input, and the rate 
of evaporation were observed. The evaporation 
rate was measured by determining the rate of 
change of the interference bands produced at the 
evajxirimeter. The lower or floating glass plate on 
the evaporimeter was usually slightly above the 
zero angle position at the start of a run, and as 
the water evaporated it would drop through the 
zero angle position (indicated by 110 interference 
bands) to slightly below this mid-position. A small 
amount of water would then be added through 
the filling standpipe and the process repeated; 
several observations were thus made at each water 
temperature.

It was found impossible to take observations 
with the present evaporimeter when the water tem
perature was above approximately 93° F., owing 
to the rapid rate of change of bands. On the other 
hand, it was found that accurate data on the rate 
of evaporation could not be obtained when the 
water surface was below approximately 63° F., as 
a result of the slow rate of change of interference 
bands.

Observations were taken of the evaporation 
rate under three conditions: (a) water surface
flush with the floor of the quieting chamber, (6) 
water surface V2 inch below the floor level, and (c)

F i g u r e  7 . N u vs. G r'Pr a n d  N u ' vs. G r'Pr' f o r  H e a t  T r a n s f e r  a n d  
E v a p o r a t i o n  f r o m  H o r i z o n t a l  C i r c u l a r  S u r f a c e s

O E vaporation , no rim 
X E vaporation , 0.5-inch rim 
□  E vaporation , 1.5-inch rim
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be expressed by the following two equa
tions:

e =  —0.024 +  65 (c™ — c,»)
for (Cxw — Ctoo) ^  5 X 10“‘ lb./cu. ft. (1)

c — 18.75 (cvw
for (c™ — Ct„) S 5 X  10~4lb./cu. ft. (2)

T a b l e  I. S u m m a r y  o f  E v a p o r a t i o n  R e s u l t s

(P roperties of a ir taken  from In terna tiona l C ritical Tables a t  arithm etic  m ean tem pera
tu re ; average relative hum id ity , 53 per cent; average a ir tem peratu re , 71° F .; d iam eter of pan, 
1 foot)
R un

In this investigation the partial pressure 
of the air in  the gas side of the interface is 
approxim ately equal to the total pressure and 
is therefore substantially constant. For this 
reason the unit evaporation rate m ay be 
thought of as proportional to  the concentra
tion difference.

On the air-water vapor side of the liquid- 
gas interface a critical region exists a t a water 
vapor concentration difference of approxi
m ately 5 X  10-4 pound/cubic foot, corre
sponding to a partial pressure difference,

— p .a,, of 0.35 inch of mercury and a water 
temperature of 69.4° F . In this region Gr' X  
P r '  is equal to  0; that is, for Grashof’s modu
lus prime multiplied by Prandtl’s modulus 
prime (both for diffusion) equal to  zero, the 
mixture density a t the air-water vapor side 
of the liquid-gas interface is equal to the mix
ture density far away. In and below the criti
cal region the unit evaporation rates are likely  
to be rather erratic. For Gr' X  P r '  greater 
than zero, the scattering of the data indicates 
that a repetition of experimental results is 
possible w ithin a range of ± 1 5  per cent.
T he scattering, especially for Gr' X  Pr'  ^  0, 
is probably due to the fact that the mixture 
circulation within the quieting chamber de
pends upon initial conditions1 and other 
variables which are beyond experimental con
trol. In other words, the difference of water 
vapor concentration at the water surface and 
far away is not a true measure of the force 
causing evaporation because of intervening 
mixture currents. In order to substantiate 
this premise, vertical baffles were placed above 
the pan, the introduction of which appreciably 
changed the evaporation rate. Further, runs 
were made below the critical region during 
which evaporation and condensation occurred 
at random.

It is proposed to study carefully the effect on 
the evaporation rate of the natural circulation of water in the

1 Eddies have been observed to  persist several hours a fte r the  door of the 
cham ber has been closed.

No. tv> 

° F.

Cv  iff — Ct>oo
L b./cu . ft. 

X 10*

pto — p m

In .  Ilg

e
L b ./  

sq. ft. hr. 
R uns w ith

N u '

N o R im

Or' P r ’ Gr'  X P r'

1 69.7 4 .85 0.314 0.00985 20 .9 2 .13 X 10« 1.45 1.47 X 10«
2 68.0 4 .32 0.277 0.0079 18.85 - 2 .0 8 X 10« 1.45 - 1 .4 3 X 10»
3 67.2 4 .0 2 0.258 0.00895 22.9 - 3 .8 6 X 10« 1 .45 - 2 . 6 6 X 10«
4 6 6 .S 3 .92 0.249 0 .0095 24.95 - 4 . 1 5 X 10« 1.45 - 2 . 8 6 X 10«
5 69.4 4 .58 0.294 0.00913 20 .38 5 .36 X 10« 1.45 3 .7 0 X 10»
6 68.9 4 .66 0.300 0.00694 15.3 6 .07 X 10« 1.45 4 .1 8 X 10«
7 80.1 9 .65 0.636 0.0367 38 .4 2 .3 6 X 107 1.46 1.62 X 107
8 79.4 9 .3 0 .616 0.0354 38 .5 2 .1 X 107 1.45 1.45 X 107
9 80.1 9 .8 0 .648 0.0356 36 .5 2 .14 X 107 1 .45 1.475 X 107

10 80 .2 9 .6 0.633 0.0359 3 7 .7 2 .2 8 X 107 1.46 • 1 .56 X 107
11 80.3 9 .7 0.637 0.0359 37 .5 2 .2 8 X 107 1.46 1.56 X 107
12 80.3 9 .7 0 .637 0.0324 33.75 2 .28 X 107 1.46 1.56 X 107
13 80.45 9 .8 0 .642 0 .0370 38 .2 2 .45 X 107 1 .46 1 .68 X 107
14 80.6 9 .9 0 .659 0.0357 36 .5 2 .52 X 107 1.46 1.725 X 107
15 88.2 13.88 0.937 0.0608 42 .3 4 .07 X 107 1.49 2.73 X 107
16 84.2 11.7 0.783 0.0576 49 .6 3 .0 6 X 107 1.45 2.11 X 107
17 84 .4 11.64 0.787 0.0592 51 .0 3 .06 X 107 1 .45 2.11 X 107
18 84.6 11.91 0.800 0.0529 44 .2 3 .23 X 107 1 .45 2 .23 X 107
19 85.0 12.16 0.814 0.0616 50 .7 3 .2 7 X 107 1 .45 2 .26 X 107
20 85 .2 12.38 0.828 0.0538 43 .6 3 .30 X 107 1.45 2 .28 X 107
21 85.3 12.48 0.830 0.0520 41 .7 3 .27 X 107 1.45 2 .26 X 107
22 86.1 12.83 0.860 0.0553 42 .7 3 .49 X 107 1.46 2 .37 X 107
23 70.4 5 .5 0 .344 0.0144 26 .6 2 .42 X 10» 1 .45 1.67 X 10«
24 70.3 5 .5 0.351 0.0126 23 .5 3 .94 X 10« 1.45 2 .72 X 10«
25 70.4 5 .7 0 .369 0.0124 22.4 4 .54 X 10« 1.45 3 .13 X 10«
26 69.9 5 .4 0 .342 0.0116 22.1 4 .23 X 10« 1.45 2 .92 X 10«
27 70.4 5 .3 0 .338 0.0143 27 .6 4 .2 8 X 10« 1.46 2 .93 X 10«
28 70.9 5 .5 0 .357 0.0151 28.1 6 .07 X 10« 1.46 4 .1 6 X 10«
29 71.3 5 .6 0 .369 0.0148 31 .6 4 .20 X 10« 1.45 2 .90 X 10«
30 7 0 .8 5 .5 0 .356 0.0122 22.85 4 .22 X 10« 1.45 2.91 X 10«
31 74 .9 7 .25 0.472 0.0223 31 .35 1.22 X 107 1.45 8 .42 X 10«
32 74.9 7.1 0 .467 0.0247 35.45 1.06 X 107 1.45 7 .32 X 10«
33 75 .5 7 .3 0 .476 0.0247 34.3 1.257 X 107 1.45 S. 67 X 10«
34 71.85 5 .9 0 .380 0.0181 31 .4 6.34 X 10« 1.45 4 .33 X 10«
35 7 2 .8 6 .35 0.405 0.0189 30 .4 8 .32 X 10« 1.46 5 .7 X 10«
36 73 .5 6 .7 8 0.434 0.0193 29 .0 1.003 X 107 1.45 6 .92 X 10«
37 67.4 4 .4 0 .244 0.00615 24.3 - 4 .1 7 X 10« 1.45 - 2 . 8 8 X 10«
38 66.6 4 .5 0 .242 0.0083 18.95 - 4 .1 7 X 10« 1.45 - 2 . 8 8 X 10«
39 66.2 4 .4 0.229 0.00753 17.7 - 5 .8 8 X 10« 1.45 - 4 .0 6 X 10«
40 65.9 4 .7 0 .240 0.00678 14.7 - 5 . 8 8 X 10« 1.45 - 4 . 0 6 X 10«
41 91 .6 16.12 1.090 0.0823 45 .6 4 .77 X 107 1.61 3.01 X 107
42 91 .6 16.12 1.090 0.0823 45 .6 4 .775 X 107 1.62 3.01 X 107
43 92.1 16.3 1.104 0.0805 45.1 4 .77 X 107 1.62 2.99 X 107
44 92 1 16.3 1.105 0.0792 44.2 4 .7 7 X 107 1.62 2.99 X 107
45 92.1 16.2 1.105 0 .0740 41 .5 4 .77 X 107 1.62 2 .99 X 107
46 92.1 16.4 1.128 0.0740 40 .5 4 .79 X 107 1.62 2 .99 X 107
47 92 .2 16.4 1.133 0.0740 4 0 .5 4 .79 X 107 1.62 2 .99 X 107
48 69.0 4 .9 0.308 0.00740 15.6 9 .23 X 10« 1.46 6 .32 X 10»
49 69.1 4 .95 0.315 0.0082 17.1 11.04 X 10» 1.46 7 .57 X 10»
50 68 .9 4 .82 0.303 0.00870 18.55 3 .69 X 10» 1.46 2.53 X 10»
51 68 .6 4 .62 0.295 0.00705 15.75 - 1 1 .5 X 10» 1.46 - 7 .8 8 X 10»
52 66.3 4 .2 0 .265 0.00674 16.55 - 4 .5 4 X 10« 1.46 - 3 .1 1 X 10«
53 65 .6 3 .92 0 .245 0.00688 23 .2 - 6 .3 7 X 10« 1.46 - 4 .3 6 X 10«
54 65 .6 3 .80 0.235 0.00698 18.9 - 6 .8 3 X 10« 1.46 - 4 . 6 7 X 10«
55 64.6 3 .30 0.207 0.0074 23.25 - 8 .8 7 X 10« 1.46 - 6 .0 7 X 10«
56 64 .5 3 .32 0.204 0.0075 23 .35 - 7 . 5 X 10« 1.46 - 5 .1 3 X 10«
57 63 .8 3 .03 0.191 0.00653 22.3 - 8 .8 5 X 10« 1.45 - 6 .0 6 X 10«
58 56.3 1.50 0.0887 0.00326 2 2 .8 - 2 .4 3 X 107 1.43 - 1 .6 9 5 X 107
59 57.0 1 .5 0.0884 0.00361 25 .2 - 2 .2 8 X 107 1.43 - 1 .5 9 X 107
60 61.7 2 .6 0 .164 0.00633 33.35 - 1 .3 9 X 107 1.43 - 9 .7 3 X 10«
61 61.9 2 .4 0 .153 0.0060 25.95 -1 .365 X 107 1.43 - 9 .5 3 X 10«

F i g u r e  8 . Nu' vs. Gr'Pr' f o r  E v a p o r a t io n  f r o m  H o r iz o n t a l  C ir c u l a r
S u r f a c e s

O E vaporation , no rim  
X E vaporation , 0.5-inch rim  
□  E vapora tion , 1.5-inch rim

pan as well as the effect of the extraneous mixture circulation. 
The former effect will probably be very small or negligible. 

The rate of diffusion of water vapor through quiet air was 
calculated using the analogy (4) of the electrical 
energy flow from a disk to the earth (5). The 
computed diffusion rate was approximately one- 
tenth of the measured evaporation rate (below  
the critical), indicating the effect of the natural 
and extraneous circulation of the mixture in the 
quieting chamber. For Gr' X  P r'  ^  0 the mix
ture will tend to rise vertically above the pan 
carrying water vapor with it. However for Gr' X  
Pr' £. 0, mixture from infinity will fall vertically 
toward the pan and m ove horizontally outward 
as it  reaches the interface, carrying water vapor 
with it. The floor was maintained, as nearly as 
was possible, a t the temperature of the mixture 
far away.

I t  is presumed that the condensation rate-
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T a b l e  I. S tjm m a h y  o p  E v a p o r a t i o n  R e s u l t s  (Continued)
(P roperties of air taken  from In te rna tiona l C ritical Tables a t  arithm etic  m ean tem pera

tu re ; average re la tive  hum id ity , 53 per cen t; average a ir tem peratu re , 71° F .; d iam eter of pan. 
1 foot)
Run
No. tie

o p

Cvvo — Cv 00 
L b./cu. f t .  

X  10«

Pie — P co

In .  Ho

e
L b ./  

sq .ft. hr.
R uns with

N u ’

0.5-Inch

Gr'

R im

P r’ Gr’ X P r’

62 92 .8 17.2 1.164 0.0998 52.75 4 .9 8  X 10’ 1.61 3 .0 8 X 10’
63 92 .5 17.0 1.152 0.0962 51.35 4.93 X 10’ 1.595 3 .09 X 10’
64 92.2 16 .7 1.135 0.0865 47 .2 4 .86 X 10’ 1.59 3 .0 5 X 10’
65 92.0 16.3 1.110 0.0850 47 .2 4 .80 X 10’ 1.58 3 .04 X 10’
66 91 .8 16.2 1.101 0.0860 48 .8 4 .73 X 10’ 1 .58 3 .0 X 10’
67 67 .8 4 .6 0 .308 0.00833 18.6 - 1 .5 4 X 10« 1.45 - 1 .0 6 X 10«
68 68 .0 4 .8 0.292 0.00728 15.6 - 1 .1 7 X 10« 1.45 - 8 .0 7 X 10*
69 79 .0 10 .5 0 .624 0.03395 32.63 2 .09 X 10’ 1.45 1.44 X 10’
70 78.95 9 .5 0 .620 0.0365 38 .85 2.12 X 10’ 1.45 1.46 X 10’
71 79.05 9 .4 0.622 0.0365 39.25 2.16 X 10’ 1.45 1.49 X 10’
72 79.4 9 .5 0.631 0.0370 39 25 2 .19 X 10’ 1.45 1.51 X 10’
73 79.45 9 .5 0 .626 0.0367 40 .2 2 .19 X 10’ 1 .45 1.51 X 10’
74 79.5 9 .5 0 .624 0.0331 35 .2 2 .22 X 10’ 1.45 1.53 X 10’
75 79 .6 9 .8 0 .648 0.0334 34 .25 2 .25 X 10’ 1.45 1 .55  X 10’
76 68 .0 4 .7 0.300 0.00728 15.9 - 1 .3 5 X 10« 1.45 - 9 .3 2 X 10»
77 68 .3 4 .9 0.312 0.0065 13.65 - 1 . 2 2 X 10» 1 .45 - 8 .4 2 X 10«
78 68 .5 4 .9 0 .314 0.00758 15.85 - 1 . 2 2 X 10* 1.45 - 8 .4 2 X 10«
79 72 .4 6 .4 0 .414 0.02095 38 .5 7 .58 X 10« 1.45 5.23 X 10«
80 72 .5 6 .4 0.414 0.01795 28.63 7 .58 X 10« 1.45 5 .23 X 10«
81 7 2 .4 6 .3 0.407 0.0174 28.2 7 .58 X 10« 1.45 5 .23 X 10«
82 72 .4 6 .3 0.406 0.0159 25 .7 7 .58 X 10« 1.45 5.23 X 10«
83 74 .4 6 .9 0.450 0.0246 36.3 1.11 X 10’ 1.44 7 .62 X 10«
84 74 .7 7 .0 0.459 0.0241 34 .9 1.168 X 10’ 1.44 8 .09 X 10«
85 74.9 7 .3 0 .476 0.02295 31.95 1.20 X 10’ 1 44 8 .34 X 10«
86 75.1 7 .4 0.478 0.0235 32 .2 1.218 X 10’ 1.44 8 .45 X 10«
87 71 .2 5 .7 0.367 0.0181 32 .4 5 .04 X 10« 1.44 3 .5 X 10«
88 71.1 5 .8 0.367 0.0144 25.4 4 .33 X 10« 1.44 3 .0 X 10«
89 70 .7 5 .6 0.359 0.0124 22.63 4 .15 X 10« 1.44 2 .88 X 10«
90 70 .9 5 .8 0.369 0.0127 22.35 4.51 X 10« 1.44 3.13 X 10«
91 70 .6 5 .7 0.362 0.0114 20.5 3 .97 X 10« 1.44 2 .76 X 10« Evapo

where 10® <  Gr' X P r' <  108

92
93
94
95
96
97
98
99 

100 
101 
102
103
104
105
106
107
108
109
110 
111 
112 
113

87 .9
87.9  
87 .7
87 .6  
68 .5
68 .4
80.5
80 .7
80 .8
80.3
80.9  
80 .8
68.7
69.4
69 .8
74.4
74 .6
75.3
75.3
79 .4
79.6
79.9

13.3
13.4
13.2
13.2 
4 .9  
4 .7
9 .6
9 .6
9 .7
9 .5
9 .6
9 .4
4 .8  
5.1
5 .4  
7 .3
7 .5
7 .8
7 .9
9 .6
9 .7
9 .8

0.903
0.907
0.897
0.883
0.315
0.307
0.641
0.638
0.644
0.625
0.635
0.626
0.315
0.331
0.344
0.475
0.489
0.507
0.512
0.632
0.639
0.644

R uns with 
0.0673 
0.0668 
0.0657 
0 .0638 
0.00828 
0.0067 
0.0463 
0.0387 
0.0331 
0.0331 
0 .0407 
0 .0378 
0.00908 

(0 .00683  
(0 .00793  

0.01145 
0.0269 
0 .0237 
0.0244 
0 .0248 
0.0406 
0.0428 
0.0402

1.5-Inch
48 .7  
47 .9  
47 .75
46 .95
17.35
14.65
48 .65
40 .5
34 .5  
35 .15
42 .7
40 .5
19.35 
13.751 
15.98}
21 .7
37.2
32 .2  
31 .85
31.95
42 .8
44 .6  
41 .45

Rim
3 .8
3.82
3.79
3 .7 9  

-1 .9 3 5
- 6 .8 3

2 .34 
2.44  
2 .48
2 .35  
2 .46  
2.40

- 7 .8 2

X 10 
X 10 
X 10 
X 10 
X 10 
X 10 
X 10 
X 10 
X 10 
X 10 
X 10 
X 10 
X 10

5.375  X 10 
1.23  X 10 
1.40 X 10 

1.385 X 10 
1.43 X 10 
2 .17  X 10 
2 .22  X 10 

2 .295  X 10

1.53
1.53
1.53 
1.515
1.46
1.46
1.47
1.47
1.47
1.47
1.47
1.47
1 .44
1.44
1.44
1.45
1.45
1.45
1.45
1 .45
1.45
1.46

2 .4 8
2.50  
2 .47
2 .50  

-1 .3 3  
-4 .6 8

1.6
1.67 
1.69 
1.61
1.68 
1.64

-5 .4 3

X 10’ 
X 10’ 
X 10’ 
X 10’ 
X 10» 
X  10» 
X 10’ 
X 10’ 
X 10’ 
X 10’ 
X 10» 
X 10’ 
X 10*

3 .73  X 10* 
8 .49  X 10« 
9 .6 7  X 10* 
9 .5 5  X 10« 
9 .8 7  X 10« 

1.495 X 10’ 
1.53 X 10’ 
1 .57 X 10’

concentration difference curve will have a slope somewhere 
between the two unit-evaporation-rate lines. This portion 
of the curve is shown dotted on Figure 6, and no experimen
tal data were available to the authors upon which to base the 
prediction.

T h e r m a l F ree  C o n v e c t io n -D iffu s io n a l  
F ree  C o n v e c t io n  C o r r e la t io n

Figures 7 and 8 indicate the two boundary moduli, N u  and 
Nu',  for heat transfer and evaporation, respectively, as a 
function of Gr' X  P r  and Gr' X  Pr',  respectively. The 
physical constants which appear in these moduli were evaluated  
at the arithmetic mean temperature of the surface and 
far away. The coefficient of viscosity, p, the specific heat 
at constant pressure, CP, and the thermal conductivity, k, 
of dry air were used w ith a resultant error due to water 
vapor of approximately 1 per cent or less in each case. The 
density of the mixture was calculated as that of air w ith a 75 
per cent relative humidity and at the arithmetic mean tem 

perature. The diameter of the pan was chosen 
as the significant dimension. The function 
<j> (Gr', Pr')  was assumed to be of the form 
4>i (Gr' X  Pr') ,  implying that the inertia forces 
have been considered negligible compared with  
the viscous forces (10).

In the upper corner of Figures 7 and 8 a 
legend is shown indicating the portions of the 
curves wliich are being represented on the 
particular figure. The boundary modulus for 
evaporation, Nu',  was computed from the 
experimental evaporation data. The heat- 
flow boundary modulus, N u ,  was obtained  
by multiplying the experimental results pre
sented by ten Bosch (1) for a vertical plate 
by 1.2 as recommended by the same author 
(2). This procedure does not conform with  
the suggestion of Wiese (10). H e found that 
N usselt’s modulus for a free vertical plate 
was 20 per cent higher than for a free horizon
tal plate; heat transfer occurred on both sides, 
and the edges were also effeotive in heat 
transfer.

Figure 7 indicates that in a certain limited 
range the following empirical equations m ay  
be w ritten:

ration: N u ' =  0.53 (Gr' X Pr')0-18 (3)

Heat flow: N u  =  0.68 (Gr' X Pr)0-56 (4)
where 106 <  Gr' X P r  <  108

and N u  =  1.29 N u ' (5)

The ratio of N u /N u '  noted in Equation 5 
m ay be compared with N u /N u '  = 1 . 0 6  ob
tained by H ilpert (6) on vertical m oist clay 
plates. The approximate equality of N u  and 
N u '  implies that the effective film tliickness for 
heat transfer and evaporation are of the same 
order of magnitude.

Ten Bosch also presents experimental data  
which lie along a “ theoretical line,” the latter 
being some 20 per cent under the curve used 
in the computation of the coefficients and ex
ponents of Equation 4. Should further ex
perimentation indicate the lower curve to be 
correct, N u  will be but slightly higher than  
Nu'.

The upper curve of Figure 7 indicates that 
N u '  is approximately constant for Gr' X  Pr'  
104. The result indicates that within this 

range the weight film conductance, h', m ay be expected to  
vary inversely as the diameter of the pan. Further ex
perimental data on this point will be sought. For a par
ticular pan and Gr' X  Pr'  104, the unit evaporation rate 
should then vary linearly and directly with the concentration 
difference.

As noted earlier in the discussion, Gr' X  P r'  is equal to  0  
at a water surface temperature determined experimentally 
as 69.4° F . (calculated as 68.7° F.) for which the densities 
of the mixtures a t the surface and far away are equal.

The variation of N u '  w ith Gr' X  P r'  for negative values 
of Gr' X  P r'  is shown in Figure 8, which indicates that N u '  
is approximately constant. The evaporation rates measured 
for water surface temperatures under 70° F . are somewhat 
uncertain, and the corresponding results are to be considered 
only as generally indicative of trends.

The dissimilarity of the processes of heat transfer and 
evaporation is shown graphically in Figure 9; pertinent 
variables for each process are plotted against the surface
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T e m p e r a t u r e  ( i„ )

gradients across the quieting chamber and eddies 
a t the open end caused increased evaporation rates 
over those which would result due to free evapora
tion only.

The foregoing discussion has been written in 
terms of the generalized variables (moduli) of heat 
transfer and diffusion. In m any cases, however, 
reference has been made to the specific fluids, the 
diameter of the pan, hum idity far away, and cer
tain temperatures which obtained throughout the 
tests or which apply only to the system under ob
servation. I t  is hoped that further experimenta
tion with other fluids, w ith a variation of the 
humidity far away and other geometrical shapes, 
will indicate that the use of the generalized vari
ables has been justified. Such generalization has 
proved satisfactory in the cases of forced convec
tion and of forced convection and forced diffusion 
(S, 7).
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F i g u r e  10 . D i f f u s i o n  W e i g h t  F i l m  C o n d u c t a n c e  vs . I — 1 I '

temperature, U. For heat transfer alone Gr varies 
directly with (T » — T „ ) ,  Gr' varies directly 
with (M „ — Mu,) for isothermal evaporation,

and Gr1 varies directly w ith ~  -  1^ for

nonisothermal evaporation. For magnitudes of 
Gr’ near or below 0 (i„ =  53° to 71° F. in Figure 
9), heat transfer and diffusion occur in opposite 
directions with respect to the surface. For the 
experimental conditions of this investigation the 
change in direction of heat transfer alone occurs 
at 71° F .; that of isothermal evaporation occurs 
at 53° F . (the dew point). When both processes 
occur simultaneously, heat transfer and diffusion 
are in opposite directions for Gr' approximately 
between 0 and —2.5 X  107.

The w'eight film conductance per unit area for 
evaporation is plotted in Figure 10 against the

/A f„  Tv, Y /4 
dimensionless ratio ~  1 ) • In a similar

way, for only heat transfer by free convection  
the thermal film conductance per unit area is 
often plotted against the temperature difference 
to the quarter power.

Three additional incidental comments will be 
made. During preliminary tests a copper pan and distilled  
water were used. A  scum, just visible to the eye, forming on 
the water surface would result in an evaporation rate double 
that obtained before the formation of the scum.

Several runs were made in which the rim height was 
changed to 0.5 and 1.5 inches. In  both cases the lower 
boundary (floor) was kept at the level a t the top of the rim and 
the water depth was kept constant. N o appreciable changes in 
the evaporation rates were noted. This result is contrary 
to those reported by Stefan (9) for 0.64-6.16 mm. diameter 
tubes and large ratios of rim height to diameter. The tran
sient evaporation rate was found by him to be inversely pro
portional to  the depth (range, 0 -44  mm.) of the fluid in the 
tube. I t  is proposed to repeat these runs and to increase the 
rim height by steps to one and a half times the pan diameter.

The experimental results cited in this paper are presented 
as tentative. Extraneous air motion due to temperature

C. W. Quentel, and W. Hand for their help in collecting 
data; to W. F. Pemberton for his assistance in construct
ing the apparatus; to V. H . Cherry for analytical guidance, 
to M . P . O’Brien for suggestions and encouragement; and 
to the Civil Engineering Department, C. D eileth , Jr., chair
man, for the use of an air-conditioned room. N Y A  and 
W PA assistance was available for portions of the project.

N o m e n c la tu r e
a  =  thermal diffusivity, ft. sq./hr. =  k/pCp
a' =  diffusion coefficient, ft. sq./hr.
Cp =  sp. heat at constant pressure, B. t. u ./(lb .) (° F.) 
p =  weight density, lb./cu. ft.
c =  concentration, lb./cu. ft.
D  =  diameter of pan, ft.
e — unit evaporation rate, lb./(sq. ft.) (hr.) =  h'(c™ — c»„)
a =  gravitational constant, ft./lir .2 =  32.2 X 3600 X 3600
h — thermal film conductance per unit area, B. t. u./(hr.)

(sq. ft.) (• F.)
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h' =  diffusion weight film conductance per unit area, 
lb.

[(hr.) (sq. ft.)] [lb./cu. ft.] 
k =  t hermal conductivity, B. t. u.

[(hr.) (sq .ft.)] [°F ./ft.]
M  =  apparent mol. weight of air and water vapor mixture =  

28.95 -  10.93 pv/ P  
n =  coefficient of viscosity, lb./(lir.) (ft.) =  for example, 

0.43 X IO“8 X 32.2 X 3600 
=  partial pressure due to water vapor, in. of Hg 

P  =  total pressure of mixture, in. of Hg 
T  =  absolute temp., 0 F. abs.
Ai =  temp, difference between air-water vapor side of gas- 

liquid interface and far away, 0 F.
Subscripts:

w  =  surface of water in contact with water-mixture interface 
co =  mixture far away 
v =  water vapor

Generalized variables:
Gr =  Grashof modulus, ensuring similarity of velocity fields

. - .. O V s r AC]in free convection =  — = —
M !_-* 00 J

Gr' =  Grashof modulus prime, applicable to diffusion =  
D V g  Tw

m2 L T a

N u  = Nusselt modulus, ensuring similarity of boundary con
ditions on the fluid side of a fluid-solid boundarv =  
(hD /k)

N u' =  Nusselt modulus prime, applicable to diffusion =  
{h 'D /a ')

P r  =  Prandtl modulus =  Cpp /k  =  p /a p
P r' =  Prandtl modulus prime, applicable to diffusion =  p / a ’p
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Rate of Evaporation from a Free Water 

Surface by a Perpendicular

Air Stream M. C. MOLSTAD, P. FAREVAAG, a n d  J. A. FARRELL 
Yale U niversity, New Haven, C onn.

Circular w ater surfaces of areas ranging from  
0.05 to  0.37 square foot have been  subjected  to  a 
perpendicular air stream  having velocities from  
3 to  15 feet per second [corresponding to  m ass  
velocities, G, of approxim ately 800-4000 p ou n d s/ 
(square foot) (hour) ]. T ests a t prevailing room  
tem perature and h u m id ity  and a t th e  lower 
velocities gave evaporation coefficients [&'= pounds  
evaporated/(square foot) (hour) (unit h u m id ity  
difference) ] w hich  were about 50 per cen t greater 
th a n  th e  accepted coefficients for evaporation of 
w ater to  an air stream  flow ing parallel to  th e  
surface. At th e  h igher velocities th e  coefficients 
were ab ou t 10 per cen t above th ose  obtained w ith  
parallel flow by Lurie and  M ichailoff b u t 30 per cen t 
below  th o se  ob tained  by Shepherd, Hadlock, and  
Brewer. No explanation  of th is  anom alous s itu a 
tio n  a t th e  h igh er velocities is offered.

The coefficients were found to  fa ll on a lin e  hav
in g  th e  eq u a tio n : k ’ =  1.42 G0-37. The h eat tran s
fer coefficient in  th is  case of forced convection  is 
given as h c =  0.37 G°-37.

T ests w ith  air stream s a t 125°, 175°, and 225° F. 
gave th e  sam e evaporation coefficients as th e  tests  
a t room  tem perature. C oefficients in  s t ill air 
were on ly  about 2 per cen t of those a t th e  lowest.

air velocity. In a lim ited  num ber of drying te s ts  
on Celotex in su la tin g  board, th e  evaporation  
coefficients during th e  con stan t rate period were 
su b stan tia lly  th e  sam e as those for w ater under  
th e  sam e conditions.

TH E  drying of solids is usually considered as occurring in 
two major stages: (1) a constant rate period, followed
by (2) a falling rate period. In the first period, during 

which evaporation of liquid takes place at the surface of the 
solid, the rate of drying is assumed to be lim ited by the rate of 
diffusion of vapor through a surface gas film into the main 
body of the gas. During the second period the rate of drying 
w ill be lowered as a result of the progressive decrease in w et 
area of solid exposed to the gas stream and of the resistance 
to diffusion of liquid or vapor from the interior to the surface. 
T he fraction of the total drying tim e which is devoted to each 
of these periods varies over a wide range for different mate
rials, depending upon such things as the porosity of the m ate
rial being dried and the completeness w ith which the moisture 
can be removed b y  mechanical means previous to the drying  
operation. Inasmuch as the rate of vapor diffusion through a 
gas film is im portant as applied to the operation of drying, 
a number of studies have been made of the effect of certain 
variables on this rate. M any of these studies have, for



convenience, involved evaporation from a free water surface, 
and it  is generally assumed that the factors affecting the rate 
of evavoration in  that case are very similar to those affecting 
the rate of drying of a surface com pletely w et w ith water. 
T his assumption is supported by experiments reported by 
Sherwood (14) and by Shepherd, Hadlock, and Brewer (IS) 
in which rates of evaporation from a water surface agreed well 
w ith rates of drying of various materials under comparable 
conditions.

One factor of great practical significance is the velocity of 
the gas stream parallel to the surface of the solid or the water 
surface, and recent summaries (8, 15) show reasonably satis
factory agreement in the results of a number of investigators 
concerned w ith vaporization from a free water surface. An
other significant factor is the direction of the air stream rela
tive to the surface at which evaporation is taking place. An 
early investigation of this factor by Carrier (1) w as appar
ently intended to be applied to heat transfer to the wick of a 
wet-bulb thermometer. However, his results have often 
been interpreted as showing that the rate of drying by  a 
stream of air striking a surface perpendicularly is somewhat 
more than double the rate obtainable w ith  a parallel flow of 
the same velocity, other conditions being the same. R ates of 
the same order as those reported by  Carrier have also been 
obtained by Coffey and Horne (2) in tests on a large slat- 
packed humidifying tower. Their tests have recently (8) 
been referred to as confirming Carrier's results, but on exami
nation it  appears that virtually all of the w etted surface of 
their tower was exposed to a parallel flow of air.

An effect of the magnitude indicated by Carrier’s results is 
certainly of importance in  the design of drying equipment, 
but until recently no drying experiments taking air direction 
as a major variable have been carried out. The recent work 
of Kamei, Mizuno, and Shioni (7), in which the effect of air 
direction on the rate of drying of clays was studied, showed 
that perpendicular flow was only slightly more effective than 
parallel flow. Their results will be discussed later in this 
paper. There are, however, several types of commercial 
dryers which em ploy air streams directed perpendicularly a t 
the material being dried by  means of jets. Veneer board, for 
example, is satisfactorily dried in this way. N o  data have 
been published comparing practical drying rates in such 
equipm ent w ith those obtained in  equipm ent utilizing parallel 
air flow.

A  stream of air approaching a surface perpendicularly can 
readily be visualized as being converted into a stream flowing 
essentially parallel to  that surface as it  reaches the surface. 
It is reasonable to expect a som ewhat greater rate of evapora
tion than at the same velocity in purely parallel flow, because 
of the turbulence caused by the im pact of the air stream; 
but the necessity that the flow m ust become parallel to the 
surface m ight well result in the rates of evaporation in per
pendicular and in parallel flow being not greatly different. 
I t  appeared to the authors, therefore, that a set of experi
ments, involving evaporation from a free water surface by  a 
stream of air striking perpendicularly, would permit a valu
able comparison with the well-established results obtained 
when the air stream flows parallel to such a water surface. 
I t  was realized that the dimensions of the surface and the posi
tion with respect to the air stream affected the rate of evapora
tion, as shown by Hirnus (5) for water surfaces and by Powell 
and Griffiths (11) for cloth forms. The results in th is paper, 
therefore, apply particularly to the case of a stream of air 
emerging from a duct of circular cross section and impinging 
on circular water surfaces of several sizes.

A p p a r a tu s
The experimental equipment (Figure 1) consisted of a vertical 

galvanized steel pipe, B, 6 inches in diameter and 17 feet long, at
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the upper end of which was attached a blower, A, capable of 
giving an average air velocity down the pipe as high as 15 feet per 
second. Electrical heating elements, G, were installed 4 feet 
from the upper end of the pipe, and 6 feet below this the pipe was 
packed with thin metal tubes, H, 2 inches in diameter and 2 feet 
long to act as straightening vanes. A laboratory watch glass, C, 
completely filled with water, was supported above a sensitive 
balance, D, by a rod 0.4 inch in diameter and 16 inches long, and 

laced so that the water surface was centered just 6 inches 
elow the lower end of the pipe. Watch glasses 3 to 8.25 inches 

(7.5 to 21 cm.) in diameter were used in the tests. When the 
watch glasses were filled with water, surface tension raised the 
water surface slightly above the edge of the glass so as to make

any edge effect practically negli
gible. The balance was protected 
from the air stream by a sheet 
metal shield having its apex 10 
inches below the water surface.

The downward velocity of the 
air stream was controlled by an 
adjustable damper at the intake of 
the blower and was measured by a 
calibrated anemometer having a 
frame with an inside diameter the 
same as that of the pipe. This 
anemometer was checked at ve
locities up to 4 feet per second 
against a large commercial dry 
meter previously compared with a 
water-sealed gasholder. At higher 
velocities the experimental appa
ratus itself was used as a Thomas 
meter by measuring the electrical 
input and the temperature rise of 
the air stream. Comparing the 
results of these measurements with 
readings of the anemometer made 
at the same rate, but without elec
trical heat being supplied to the 
air stream, gave very satisfactory 
agreement with the results at 
lower velocities with the gas meter. 
It is believed that the air veloci
ties, taken as an average over the 
cross section of the pipe, were 
measured with an error not ex
ceeding 3 per cent.

Air temperature was measured 
by a shielded calibrated mercury- 
in-glass thermometer placed one 
foot above the lower end of the 
pipe. The humidity of the ap
proaching air stream was deter

mined by a sling psychrometer rotated in the vicinity of the 
blower intake and checked in the air stream at a high velocity 
before and after each run.

P ro ced u re

Before beginning a run the full delivery of the blower was 
utilized while measurements of air hum idity were made. 
T he blower was then adjusted to give the desired air velocity. 
M easurem ents of the temperature of the water and air were 
then taken, the water temperature being found by immersing 
a calibrated thermometer. (At no tim e were variations in 
water temperature in different parts of the watch glass ob
served, although stirring of the water appeared to be very  
slight, even a t the higher air velocities.) I t  was realized that 
the method did not reveal any possible difference between the  
temperature a t the surface and the measured temperature 
of the main body of w ater. W hen air and water tempera
tures were constant, water at the same temperature as th at  
in the w atch glass was added to  fill the watch glass completely. 
The tim e necessary for the evaporation of 1 to  5 grams of 
water, depending on the size of the watch glass being used, 
was then determined. A  run at a given set of conditions was 
repeated a t least once and som etim es several tim es until a 
satisfactory average value was obtained. For all runs w ith  
air a t room temperature the measured rate of evaporation  
for an individual run showed deviations from the mean rate
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of that set of conditions amounting to 0 .2-6 .2  per cent, the  
average of these deviations being 2.6 per cent. A t the higher 
air temperatures the observed tim es were shorter and con
ditions could be som ewhat less closely controlled, making the 
deviations 0.2 to 17.0 per cent w ith an average of 4.0 per 
cent.

The partial pressure of water vapor in the air stream in any  
given run was not controlled but was th at prevailing in the  
laboratory at the tim e. This was from 0.004 to 0.014 pound 
of water per pound of dry air (4.8 to 16.6 mm. partial pressure 
of water vapor), corresponding to  20-70 per cent of saturation  
at the average room temperature of 78° F . The air tempera
ture was not controlled during the runs at room temperature, 
and ranged from 72° to 80° F.

M e th o d  o f  C a lc u la t io n

M a s s  T r a n s f e r  C o e f f i c i e n t . The method of calcula
tion can be illustrated by a typical test, N o. 75. A  watch  
glass 15 cm. (5.9 inches) in diameter was used, and the air 
velocity set a t 9.35 feet per second as shown by the cali
brated anemometer. The dry-bulb temperature of the air 
leaving the vertical pipe was 76.9° and its wet-bulb tempera
ture 60.8° F ., corresponding to a hum idity of 0.0078 pound 
of water per pound of dry air. T he water temperature during 
the run was 64.5° F ., corresponding to a saturated hum idity  
of 0.0130 pound per pound and making the hum idity dif
ference 0.0130 — 0.0078, or 0.0052 pound. T he rate of evapo
ration was found to be 323 seconds per gram of water, equiva
lent to 0.129 pound evaporated per square foot per hour. 
Since th is was accomplished w ith a driving force (here a 
hum idity difference of 0.0052 pound of water per pound 
of dry air), the coefficient of evaporation or m ass transfer, 
k \  in the equation,

w =  k'A  {A H ) (1)
where w — pounds of water evaporated per hour

k' =  pounds of water evaporated per hour per square 
foot per unit of humidity difference 

A =  square feet of surface from which evaporation 
takes place

AII =  humidity difference, pounds of water per pound 
of dry air

in this case equals 24.8 pounds/(hour) (square foot) (A II).  
(It should be pointed out that the hum idity difference is 
som ewhat more precisely expressed in terms of the partial 
pressures of water vapor. T he use of the hum idity unit in
troduces a small error when evaporation w ith a relatively  
large driving force is compared w ith evaporation w ith a small 
one. A  comparison of the tw o extreme cases in the tests 
reported here shows that use of the hum idity unit overstates 
the larger driving force relative to the smaller one by only 
4 per cent. In all other cases the error is smaller; the use of 
the hum idity unit was therefore considered sufficiently ac
curate for these experiments and expedited the calculations 
by perm itting the use of an enlargement of a hum idity chart, 
19.)

V e l o c i t y  M e a s u r e m e n t . I t  is w ell known th at the ve
locity of a fluid flowing through a pipe of circular cross section  
is greatest a t the axis of the pipe and decreases as the wall is 
approached. T he average velocity  of the air approaching 
the sm allest of the watch glasses placed at the center of the 
air stream would therefore be appreciably greater than the 
average velocity of the air stream itself. In  order to find the 
"effective” air velocity  for each size of watch glass a t a given  
average velocity for the 6-inch pipe as shown by the anemome
ter, velocity  measurements were made at the end of the  
pipe, using a P itot tube and a sensitive Wahlen micromanome
ter {18). V elocities were found at a number of points

along two diameters at right angles. T he average of the 
velocities for each set of four points a t an equal distance from  
the pipe w all was then divided by the velocity at the axis; 
th is ratio was plotted on a log-log scale against the ratio of 
distance from the pipe w all to the radius of the pipe, accord
ing to the method of Stanton {16). I t  was found that the  
velocity  distribution at average air velocities of 6.1, 6.5, and
8.7 feet per second followed the line given by Stanton for the  
isothermal turbulent flow of air in a rough pipe, as shown by  
the anemometer. (Under the conditions of the experiment, 
turbulent flow would be expected at any velocity  above 0.7 
foot per second.) Similar runs at 15.9 and 17.9 feet per 
second conformed to the line given by Stanton for the iso
thermal turbulent flow of air in a sm ooth pipe. I t  was 
arbitrarily assumed that flows below 10 feet per second be
haved as though the pipe were rough, and above this velocity  
as though the pipe were sm ooth. T he velocities were then 
integrated over the area of each of the four watch glasses 
smaller than the pipe. For the velocities below 10 feet per 
second the effective velocity was found by m ultiplying the 
average velocity as shown by the anemometer by  the result
ing factors 1.23, 1.18, 1.14, and 1.01 for the 7.5-, 10-, 11.5-, 
and 15-cm. (2.95-, 3.9-, 4.53-, and 5.9-inch) w atch glasses, 
respectively. Similarly, for velocities over 10 feet per second 
the corresponding factors were 1.15, 1.12, 1.096, and 1.01. 
(The uncertainty introduced by  the assumption th at the 
nature of the flow changed at about 10 feet per second is only  
7 per cent for the 7.5-cm. watch glass, and less for all other 
sizes.) For the two watch glasses larger than the pipe diam e
ter it  was assumed that the descending air stream was dis
tributed over their entire areas, giving factors of 0.644 and
0.527 for the 19- and 21-cm. (7.5- and 8.25-inch) w atch glasses, 
respectively, for all rates of air flow.

2- JO I _________ _______ ______________ ________ ____________________ ___________
4 00  500 600  800 /ooo 2 0 0 0  3 ° ° °  4 ooo

MASS V E L O C IT Y  CO) • L8S./(5Q . FT) (HR.)

F i g u r e  2 . M a s s  T r a n s f e r  f o r  V a r i o u s  W a t e r  S u r f a c e s

B y means of smoke tests, described later in th is paper, it  
was found that there was little, if any, divergence of the air 
stream between the end of the pipe and the plane of evapora
tion. Such a divergence would have shifted the points in 
Figure 2 for the four sizes of watch glass smaller than the pipe 
to the left, relative to the points for the two larger sizes. 
T he latter were presumably large enough to intercept the 
entire air stream. Figure 2 shows that if divergence occurred 
at all, its effect was within the over-all accuracy of the data, 
although an eightfold variation in evaporation surface was 
involved.

Applying the above method to the specimen calculation, 
in which the density of the air is 0.0735 pound per cubic foot 
and the average velocity  9.35 feet per second, gives a mass 
velocity  of air approaching the 15-cm. watch glass as 9.35 X  
3600 X 1.01 X  0.0735 or 2500 pounds per square foot per 
hour.

H e a t  T r a n s f e r  C o e f f i c i e n t . The rate of vaporization  
of water can readily be used as a measure of the over-all
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T a b l e  I .  T y p ic a l  D a t a  a n d  R e s u l t s

Teat No.
W atch glass d iam ., cm.
M ass velocity of air, lb ./(h r.)(sq . ft.)
D ry-bulb tem p., ° F .
W et-bulb tem p., ° F .
W ater tem p., ° F .
E vapo ra tion  ra te , sec ./g ram
M ass transfer coefficient k', lb ./(h r.)(sq . f t .) (A //)°
M ass transfer coefficient lb ./(h r.)(sq . ft.)(A //)&
Tem p, difference, ° F .
Over-all h ea t transfer coefficient ht, B . t. u ./(h r.)(sq . ft.)

(° F-)
C onvection h e a t transfer coefficient he, B . t .  u ./(h r .)

(sq. f t .) (°  F .)

a Based on m easured w ater tem peratu re . 
b Assuming w ater a t  wet-bulb tem peratu re .
c C alculated  from  psychrom eter m easurem ents a t  room  tem peratu re . 
d Celotex disks.
• Surface assum ed to  be a t w et-bulb tem peratu re .

56 63 77 87 106 69 29 32 33 109 110 116
7 .5 10 11.5 15 19 21 19 19 19 10<* 19<* 15<*

4990 940 2870 4000 2500 2120 1430 1440 1440 4500 1620 790
75.7 75 .1 76.9 74 .5 80.1 73 .7 125.4 174.1 226.5 81.4 83 .4 86 .0
55.9 55 .5 60 .9 54 .3 59 .5 55.15 7 7 .9 e 9 2 .5 e 101.0« 62 .4 63 .8 66.4

59.35 60 .6 63.8 59.1 66.4 58.7 77 .0 88.9 98 .0 c « e
877 912 530 231 186 170 137 94 61 400 176 380

3 4 .6 17.5 27.4 29 .6 24 .5 23 .6 18.2 17.5 16.4
46 .6 25 .8 37.3 40.1 30 .4 31 .2 17.2 14.2 14.3 54 ! 6 33 ! 4 25^6

16.35 14.5 13.1 15.4 13.7 15.0 48.4 85 .2 128.5

12.3 7 .5 10.8 12.4 10.7 8 .8 * 4 .2 3 .6 3 .5 12.7 8 . 0 e 5 .9 e

9 .0 4 .5 7.1 7 .7 6 .4 6 .1 4 .7 4 .5 4 .3

rate of heat transfer a t the water surface according to the 
equation

le J j i - A f M )  (2)
Tw

whereh, =  over-all heat transfer coefficient, B .t .u ./(sq . ft.) 
( h r .) ( ° F .  temperature difference)

At =  measured temperature difference between air stream 
and water, ° F. 

rw =  latent heat of vaporization of water at the observed 
temperature of the water, B .t .u ./lb .

T he value of the over-all heat transfer coefficient, ht, for the 
case being considered is (0.129 X  1055.7)/(76.9 — 64.5) or
11.0 B. t. u ./(square foot) (hour) ( ° F .)

M a ss T ra n sfer  C o e ff ic ie n ts

Observed data and calculated results for a number of typ i
cal tests are given in Table I. Values of the mass transfer 
coefficient obtained at room temperature with the several 
sizes of watch glasses are plotted in Figure 2. The points 
can be represented by  curve A  having the equation

k' =  1.42 G°-31 (3)

For comparison, this line and those obtained by several pre
vious investigators for the evaporation of water are shown in 
Figure 3. Curve B  represents the equation given by Carrier 
as applying to m ass transfer for the case of a wet-bulb ther
mometer. While this curve was considered as applying to 
m ass transfer under conditions of perpendicular air flow, it  
had not previously been tested. T he present results indicate 
that it is reliable at the lower mass velocities but is about 50 
per ceut high at the higher mass velocities used in these ex
periments. Curves C  and D  illustrate the results obtained 
by Lurie and Michailoff (<§) and Thiesenhusen (17) in the 
evaporation of water by  air flowing parallel to a water sur
face. Curve E  is recommended by Sherwood {16) for parallel 
air flow and is approxim ately the same as was found by  
Carrier for that case.

The m ost recent work in this field is that of Shepherd, 
Hadlock, and Brewer {IS) who give curve F  as a result of the  
correlation of their results bn the drying of sand and the  
evaporation of water w ith parallel air flow with the results of 
a number of earlier investigators. T his line shows th e mass 
transfer coefficient as proportional to  the 0.75 power of the 
mass velocity. This is close to the 0.8 power slope of curve E  
which is based on the assumption that the well-established  
variation of heat transfer coefficients w ith the 0.8 power of 
the mass velocity in similar circumstances should also apply 
to mass transfer coefficients. The data on evaporation of

water represented by line D  show the mass transfer coefficient 
as increasing only as the 0.5 power of the mass velocity.

There have been no previous experiments to determine the 
nature of the variation of mass transfer or heat transfer w ith  
mass velocity  in perpendicular flow, but it  appears that the 
slope m ay well be below the 0.8 value. A  flow perpendicular 
to the axis of a cylinder m ay be considered as roughly equiva
lent to parallel flow on two sides and perpendicular flow on 
one face. Various cases of this sort showing lower powers 
could be cited. For example, Powell and Griffiths {11) found 
that evaporation from a cylinder was proportional to  the 0.61 
power of the mass velocity; D avis (S) found that heat was 
transferred from a wire in  proportion to the 0.43 power of the 
mass velocity. M cAdams (9) recommends the Reiher equa
tion, in which the heat transfer coefficient is in proportion to the
0.56 power of the m ass velocity, for the case of air flowing at 
right angles to a single cylinder. There appears, therefore, 
to  be no reason to question the 0.37 power variation of mass 
transfer w ith mass velocity  in  perpendicular flow, as indicated  
by the results plotted in Figures 2 and 4.

There is uncertainty as to the variation of m ass transfer 
coefficient w ith mass velocity in both parallel and perpendicu
lar flow at mass velocities below 500 pounds/(hour) (square 
foot), corresponding to about 2 feet per second for air at 
ordinary conditions. Extrapolation of the equation given 
by Him us and H inchley for evaporation in a current of air to 
zero velocity  indicates a rate two-thirds as great as found at a 
mass velocity of 1000. Their equation for evaporation in 
“still” air, however, indicates a rate a t zero velocity  some
w hat less than half as great as that at a mass velocity of 1000. 
In his later correlation of the sam e data, Him us gave an equa
tion which, upon extrapolation to zero velocity, predicted a 
rate one-fourth as great as that a t the above mass velocity. 
I t  has been suggested th at free convection effects have a con
siderable influence on the rate of evaporation at the lower air 
velocities. R ecently, careful work by  Sharpley and Boelter 
{12) showed that the rate of evaporation to really still air is 
very small. T ests m ade by the authors w ith the 19-cm. 
watch glass in its usual position in a large laboratory w ithout 
running the blower gave m ass transfer coefficients ranging 
from 0.22 to 0.36 pound/(hour) (square foot) (A H ). The 
average of the tests was 0.27, which was in good agreement 
w ith the value given by Sharpley and Boelter’s Equation
1. This coefficient is about 2 per cent of those obtainable at 
the moderate mass velocity of 1000 with either parallel or per
pendicular air flow; therefore free convection effects appar
ently cannot explain the appreciable rates of evaporation 
found at low air velocities.

A few drying experiments in which direction of air flow was 
varied have been reported by  Kam ei and co-workers (7). 
M ass transfer coefficients for these experiments cannot be
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calculated since the temperature a t the surface of the clay 
being dried was not measured. However, a comparison of 
actual drying rates during the constant rate period indicates 
the effect of air direction. For example, in a series in which 
the mass velocity was 3500 pounds/(hour) (square foot), a 
test w ith air a t 30° C. (86° F.) and 30 per cent relative hu
m idity gave a 15 per cent higher rate w ith perpendicular flow 
than with parallel flowa T ests with air a t 30° C. and 60 per 
cent relative hum idity and 40° C. (104° F .) and 40 per cent

It m ust therefore be concluded that the difference in drying 
rates, or mass transfer coefficients, between perpendicular 
flow and parallel flow conditions is not so great as has been 
thought. This is equivalent to saying that the Carrier equa
tion (Figure 3, curve B)  gives rates which are higher than  
those actually obtained over m ost of the range w ith per
pendicular flow, whereas the Carrier equation for parallel 
flow, approxim ately the sam e as curve E  , Figure 3, gives 
rates which are lower than those now accepted.
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relative hum idity showed the drying rate to be 9 per cent 
greater w ith perpendicular flow. I t  was reported that some 
tests showed as much as a 30 per cent greater drying rate 
with perpendicular flow than with parallel flow under the same 
conditions.

Kam ei and co-workers suggested that the twofold dif
ference between perpendicular and parallel flows to be ex
pected from Carrier’s experiments was not obtained by them  
because the porous clay surface held the water stationary, 
whereas different degrees of turbulence in a free water surface 
in the two cases m ight cause the difference to be more marked. 
However, the present experiments w ith  water show at m ost 
a difference of only about 50 per cent at the lower air veloci
ties, decreasing to about 10 per cent at the higher velocities, 
when compared w ith the results obtained w ith parallel flow 
by Lurie and Michailoff, for example. A comparison with the 
results obtained by  Iiim us and H inchley (6 ) and by Powell 
and Griffiths (11) could also be made, but as pointed out by 
Shepherd, Hadlock, and Brewer, such a comparison is of 
doubtful value. This is because in these two cases heat 
for vaporization of the water was supplied by submerged heat
ing elements.

As shown in Figure 3, curve A , which represents results 
with perpendicular flow, actually crosses curve F, which rep
resents the parallel flow results obtained both in drying sand 
and in evaporating water by Shepherd, Hadlock, and Brewer. 
A comparison of these tw o lines indicates that whereas per
pendicular flow is about half again as effective as parallel 
flow a t the low est mass velocities, the former is only 70 per 
cent as effective as the latter a t a mass velocity of 5000, for 
example. This anomalous situation at the higher mass 
velocities is n ot readily explainable, since a study of the data 
on which curves A  and F  are based does not reveal any reason 
for changing the position of either line. R esults obtained in 
the drying of Celotex insulating board are reported later in 
the present paper, and they show that evaporation from a 
water surface or from a w et porous surface proceeds at prac
tically the same rate.

M a ss T ra n sfer  C o e ff ic ie n ts  a t  H ig h e r  
T e m p e r a tu r e

Results of tests made at several air temperatures using the 
19-cm. watch glass are plotted in Figure 4. T he line shown 
has the equation

h' =  1 .3 9  G 0- "  (4)

which is practically the same as the line representing the re
sults a t room temperature shown in Figure 2. I t  would ac
tually be expected that the coefficients obtained at the higher 
temperatures would be somewhat greater than those a t room 
temperature, since the rate of vapor diffusion on a weight 
basis should be proportional to the square root of the ab
solute temperature of the Active air film at the -water sur
face. Assuming that this temperature is m idway between  
that of the water and that of the air stream, the average film 
temperatures for tests a t 75°, 125°, 175°, and 225° F . (N os. 
106, 29, 32, and 33 in Table I) are 73.2°, 101.2°, 131.5°, and 
162.2° F . The square roots of the ratios of absolute tem 
peratures thus indicate th at the diffusion coefficient should be 
2.6 per cent greater with the air stream at 125° than at 75° F .
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W ith the air stream at 175° F . the coefficient should be 5.3 
per cent greater than at 75° F.; at 225° F . it  should be
8.0 per cent greater than at 75° F. I t  is conceivable that 
the submerged thermometer bulb was affected by radiation  
from the heating elem ent so as to show a higher temperature 
than that a t the water surface. This error would have the 
effect of indicating a lower mass transfer coefficient than ac
tually existed; it  would account for the results a t the higher 
temperature being som ewhat lower than those at room tem 
perature, rather than several per cent higher as m ight be ex
pected. I t  cannot be claimed that the accuracy of the ex
periments is sufficient to establish that this sm all deviation  
from the expected results really exists.

H e a t T r a n sfe r  C o e ff ic ie n ts

Shepherd, Hadlock, and Brewer showed that results ob
tained in a number of investigations of the rate of evaporation  
of water and the drying of solids can be much better corre
lated b y  means of the convection heat transfer coefficient
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than by  the usual m ass transfer coefficient. T hey showed 
that a  reliable convection heat transfer coefficient, hc, can 
usually be obtained by deducting from h, (the over-all coef
ficient) one coefficient, hxl for heat transferred through the 
bottom  and sides of the experimental vessel, and another, 
hr, for the radiation of heat to or from the surface a t which  
evaporation takes place. As would be expected, the dif
ference between the over-all coefficients and the convection  
coefficient is particularly great when an uninsulated tray is 
used. In two such tests of the drying of sand their cal
culated convection coefficients were 45 and 46 per cent of the  
over-all coefficients, and in  one test of the evaporation of 
water the percentage was also 45.

A  test of the accuracy of their calculated convection coef
ficients involved the dynamic equilibrium relation employed  
in psychrometry— nam ely, the combining of Equations 1 
and 2, w ith hc replacing h„ to give:

(j-jjo Hn)   hc   ~ . .
(ta -  «„) ~  k'rw W

where =  convection heat transfer coefficient, B .t . u ./(hr.) 
(sq. ft.)(°  F.)

rw =  latent heat of vaporization of water at temperature 
of water surface, B. t. u. /lb .

Over fifty years ago the term C was shown by  Ferrel (4) to 
be substantially constant, and the recent work of M ark (10) 
showed th at hc in B . t. u ./(hour) (square foot) (°  F .) 
divided by k'  in pounds/(hour) (square foot)
(hum idity difference in  pounds water per pound dry 
air), taking r„ as substantially constant over a con- 
siderable range of wet-bulb temperatures, is equal to >
0.26. In alm ost all of the tests reported b y  Shep- §
herd, Hadlock, and Brewer, the calculated values £
of hc were such as to give very close to the expected Jti
value of this ratio when allowance was made for the <o g
different units used. & Ę

T he over-all heat transfer coefficients obtained T  o
in the tests made by  the present authors are shown ^  ̂
in Figure 5. There appears to be a variation of 51 k.-
this coefficient w ith the 0.33 power of the mass ^
velocity. On the same figure curve G represents A„ K-
so placed that at any given mass velocity the value 5
is 0.26 tim es the corresponding value of the mass ^
transfer coefficient k ' shown b y  curve A  in Figure 2.
T he equation for this curve is therefore:

hc =  0.37 G»." (6)

In  view  of the uncertainties involved in  calcu
lating hc by deducting estim ates of hx and hr 
from the observed over-all heat transfer coef
ficient in these experiments w ith uninsulated 
w atch glasses, th is m ethod of basing hc upon 
the observed values of the m ass transfer coef
ficient is probably to be preferred.

In the room-temperature runs, he ranges from 
56 to 60 per cent of ht; these figures are slightly  
higher"bhan those found by Shepherd, Hadlock, 
and Brewer w ith uninsulated trays. This dif
ference would be expected from the fact that 
their tests were made at a higher temperature 
so th at both hx and hr would be greater. Also,
hc tends to approach h, a t the higher mass
velocities; upon this phenomenon the accuracy 
of the sling psychrometer depends. Also shown 
in Figure 5 is curve H  for hc as found for 
parallel air flow by  Shepherd, Hadlock, and 
Brewer. I ts  relation to the line for perpen
dicular air flow is the sam e as shown by  the 
corresponding lines for the m ass transfer 
coefficients shown in Figure 3. A t the higher 

m ass velocities these lines for both mass transfer coef
ficient and heat transfer coefficient for parallel air flow lie
som ewhat above the plotted points representing the results 
of a number of other investigators. T his would indicate that 
the difference in coefficients between perpendicular and paral
lel air flowr at mass velocities of the order of 3000 and above 
is small. A t a lower mass velocity perpendicular flow would 
be expected to give greater turbulence than parallel flow, mak
ing the difference between the coefficients such as shown in 
Figures 3 and 5. Evidence bearing on this point is given by  
Powell and Griffiths, who found that at a mass velocity  of 
1000 pounds/(hour) (square foot) the rate of evaporation from 
a cylinder was about 55 per cent greater than that from a 
plane of the same area w ith a parallel air flow. A t a mass 
velocity of 3000 pounds/(hour) (square foot) the difference 
decreased to about 35 per cent.

Figure 6 shows the over-all heat transfer coefficients ob
tained w ith the 19-cm. watch glass a t several temperatures. 
T he value of this coefficient decreases w ith increasing air 
temperature, owing to the fact that the sum of hx and hr de
creases and then becomes negative when heat is lost to the 
surroundings by convection from the unwetted surfaces and 
by radiation. W ith the air stream at 125° F . and a mass 
velocity  of 5000 the temperature of the vessel of water is 
practically the sam e as that of the surroundings. Here 
h, becomes equal to  he. T he intersection of the 125° F . line

0 7 A S S  V E L O C I T Y  ( G } - L B S . / ( S Q . F W i R J  

F i g u r e  6 .  H e a t  T r a n s f e r  a t  H i g h e r  T e m p e r a t u r e s
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at this point w ith curve G, representing the he cal
culated from the mass transfer coefficient, gives 
support to  this m ethod of calculation.

D r y in g  o f  I n s u la t in g  B oard

The rate of drying of circular disks of Celotex 
(bagasse) insulating board of several sizes was 
also measured. T his was done only at room tem 
perature in the sam e w ay as was the rate of evapo
ration from a water surface, and data from  
several runs are included in Table I. T he disks 
were supported over the balance in the same way  
as the watch glasses, and the smoother side was 
held uppermost. T he disks were sealed with paraf
fin on the edge and lower side and saturated w ith  
water. Only the constant-rate period of drying 
was studied, and no attem pt was made to measure 
the temperature at which evaporation was taking  
place. However, the mass transfer coefficients 
during drying can be compared w ith those for the 
evaporation from a water surface by calculating 
both sets on the assumption that the evaporation  
took place at the wet-bulb temperature of the air 
stream.

These “apparent” coefficients for water, termed 
k", are plotted in Figure 7 and are represented by  
line L, having the equation

k" =  2.17 G0-37
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(7)

The black sym bols represent the values of k" obtained in 
the drying of the board. The agreement is sufficiently good, 
and it  m ay be concluded, therefore, that substantially the same 
rates are found in the drying of insulating board and the 
evaporation of water by a perpendicular air stream. As pre
viously mentioned, the drying rates of several materials by  
a stream of air flowing parallel to the surface have already 
been found to be of the same order as the rate for the evapora
tion of water.

A similar comparison can be made between the over-all 
heat transfer coefficients, again assuming that the evapora
tion took place at the wet-bulb temperature of the air stream. 
These apparent coefficients for the evaporation from a water 
surface, termed h,1', are plotted in Figure 8, giving curve M .  
T his p lot also shows curve J ,  which represents the actual 
over-all heat transfer coefficient as found in Figure 5. The 
distance between these curves shows the extent to  which the 
assumed temperature difference exceeds the one observed. 
As would be expected, the curves tend to  approach each 
other at the higher air velocities. The black sym bols in 
Figure 8 represent the apparent coefficients for the insulating 
board. These coefficients are substantially the same as those 
for water. However, a t the higher air velocities they tend 
to approach the actual coefficients for water, indicating that 
the temperature at which water is evaporating from the board 
is closer to the wet-bulb temperature of the air stream than  
is the case for a free water surface. T his would be expected  
in these room-temperature runs, since heat from the watch  
glass would be supplied through the water to the surface 
both by conduction and by convection, whereas the relatively  
low thermal conductivity of the insulating board would cause 
the heat flow through th at material to be much smaller.

N a tu r e  o f  A ir F lo w

W hen this work was begun, it  was assumed that a stream  
of air approaching a surface perpendicularly m ust be con
verted into a stream parallel to that surface. In the present 
experiments the air stream approaching the circular watch

glasses or the circular disks of wallboard would be converted 
into a stream flow radially outward. A  few qualitative ex
periments were made in which ammonia and hydrogen chlo
ride were mixed in the air stream, and it  was possible to ob
serve the anticipated radial flow. T ests were also made in 
which only ammonia was added to the air stream while hydro
chloric acid was added to the water in the w atch glass. A 
slowly m oving air film could be seen at the water surface, and 
this film exhibited increasing turbulence as the air velocity  
was increased. Similar behavior was observed when the air 
stream was made to flow parallel to  the water surface. This 
tends to confirm the conclusion that at the lower mass 
velocities a perpendicular air stream causes greater turbu
lence and therefore gives higher coefficients of mass transfer 
and heat transfer than does a parallel air stream. A t the 
higher velocities the turbulence in both cases is sufficiently 
great so that the difference in the coefficients becomes small 
and m ay disappear.

C o n v e r s io n  F a c to r s

Coefficients for evaporation are expressed in  the literature 
in a number of different units, and the following factors cal
culated to four significant figures are given for the use of 
those who need to make conversions from one unit to another. 
In using the hum idity unit of driving force (pounds of w ater/ 
pound of dry air) it  is convenient, and usually sufficiently 
accurate, to  take an average value for the partial pressure of 
air. A  value of 750 mm. of mercury is used in calculating 
these factors. A  coefficient of 1 pound/(hour) (square foot) 
(unit hum idity difference in pounds water per pound air) is 
equivalent to  a coefficient of

0.02106 lb./(hr.) (sq. ft.) (inch of mercury)
or
or
or
or

0.0008292 lb./(hr.)(sq. ft.) (mm. of mercury) 
0.004048 kg./(hr.)(sq. m.)(mm. of mercury)
0.061125 g./(sec.)(sq. cm.) (mm. of mercury)
0.0004048 g./(hr.)(sq. cm.) (mm. of mercury)

Similarly, dry air under ordinary conditions (assume 25° C. 
and 760 mm. of mercury) having a mass velocity  of 1 pound/ 
(hour) (square foot) has a velocity of 0.003757 foot per 
second, or 0.001145 meter per second.
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Sodium-Lead Alloys by Carbon Reduction
GARTH L. PUTNAM'

U niversity of W ashington, Seattle , W ash.

ALTH OUGH Castner (8) reported that the distillation  
of sodium (boiling point, 883° C.) from a sodium hy
droxide-carbon mixture requires a temperature of 

1000° C., Rossiter’s patent (6) states that the reduction takes 
place at the surprisingly low temperature of 750° C., and 
that the sodium can be efficiently extracted from its solution 
in  the m elt. Ilalla  and Tompa (4) showed that sodium re
acts reversibly w ith sodium hydroxide to give a mixture of 
sodium hydride and sodium oxide.

Into wrought-iron crucibles, of 30-ml. capacity and with 
closely fitting covers, were placed charges consisting of 10 grams 
of lead, 10 grams of anhydrous sodium hydroxide, and 1.6 grams 
of pulverized petroleum coke (99.8 per cent carbon). Parallel 
experiments were made in which lead was omitted. The cru
cibles were heated to 750° C. in a calibrated electric resistance 
furnace until the evolution of hydrogen became negligible. The 
reduction proceeds according to the equation (7)

6NaOH +  2C — >  2Na2CO, +  2Na +  3Ha

As estimated by the relative sizes of the vigorously burning 
jets of hydrogen, lead did not lower the temperature of reduction. 
This was an unexpected result, since the heat of solution of one 
gram-atomic weight of sodium in an excess of lead is 39.1 kg.- 
cal. (o), a value greater than the heat of formation of an equiva
lent weight of water.

When the charge from which the lead had been omitted was 
dissolved in water, hydrogen was produced in volumes corre
sponding to a 3 per cent sodium content.

After being washed thoroughly with cold dilute nitric acid, 
the load alloys were dissolved in 4 AT nitric acid, evaporated 
to dryness, and analyzed for sodium by the zinc uranyl acetate 
method (I); it had previously been determined that large 
amounts of lead nitrate have little effect on the accuracy of the 
determination. Typical analyses were 4.31, 4.04, and 5.83

er cent sodium, corresponding to yields of about 50 per cent,
ased on the amount of sodium carbonate produced.

W ith 15-minute heating at 750° C., the conversion of 
sodium hydroxide to sodium carbonate was more than 90 
per cent complete, as determined by plienolphtbalein and 
m ethyl orange titrations. It is believed that the reason for 
the higher yields when lead was present was the exclusion of 
air from the alloy by the layer of molten sodium carbonate.

The carbonate of sodium was more difficultly reducible

1 P resen t address, Division of E lectrochem istry, C olum bia U niversity , 
New York, N. Y.

than the hydroxide. Uniform charges, consisting of 7.5 
grams of anhydrous sodium carbonate, 2.5 grams of pul
verized petroleum coke, and 25 grams of lead, were heated at 
1000° C. The following results indicate that the reaction is 
a slow process:

Tim e of heating, hr. 0 .2 5  1 .0  4 .0
Na found in alloy, %  0 .0 1  0 .3 8  0 . 7 9

W ith sodium carbonate, finely ground coke was a more 
efficient reducing agent than the coarse material. The  
reaction mixtures evolved small amounts of combustible 
gases when treated with water. These observations indicate 
that sodium can be held in solution a t temperatures consider
ably above the boiling point of sodium and that the reaction 
proceeds in the stages (a) reduction of the carbonate and (b) 
combination of the alkali metal w ith lead.

All attem pts to prepare alloys of the alkaline earth metals 
by carbon reduction of calcium oxide, barium carbonate, or 
strontium carbonate at 900° to 1100° C. were unsuccessful, 
the lead containing less than 0.01 per cent of the alkaline 
earth metal. However, potassium compounds were found 
more easily reducible than those of sodium.

Five to ten per cent sodium-lead alloys are used for the 
manufacture of tetraethyllead {2). As a simple method 
requiring a low capital investm ent, the Rossiter process m ight 
be found suitable for the production of sodium-lead alloys.

The author wishes to thank Kenneth A. Kobe for his very  
generous assistance and encouragement.
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of H ydrogen

DAVID BROWNLIE 
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London, W. 5, England

BECAUSE of the vast developm ents in the synthetic 
nitrogen, hydrogenation, synthetic liquid fuel, soap 
and edible fat (margarine), methanol, and solvent 

industries, hydrogen has become, in  recent years,, one of the 
world’s m ost important raw products. In this connection 
also the great advance of the synthetic ammonia process, 
the decline of the cyanamide process, the eclipse of electric 
arc methods, and the fact that the nitride process is not yet 
commercially feasible has had the result of increasing enor
m ously the hydrogen demand for synthetic nitrogen. Prob
ably also new commercial uses will be found, such as the 
operation of the internal combustion engine.

The following are the main reactions and methods that 
m ight theoretically be used for the production of hydrogen:

(1) Cold water and certain metals, such as sodium, potas
sium, and lithium:

2Na +  2H ,0 =  2NaOIi +  H2

(2) Cold water and a mixture of metallic sodium and 
aluminum silicidc:

8Na +  AhSh +  181LO =  4N a,Si03 +  Al2(OH)c +  15H2

(3) Boiling water and the alkaline earth metals, mag
nesium, calcium, strontium, and barium:

Mg +  2H20  =  Mg(OH)a +  H2

(4) Boiling water and certain metals, such as zinc, covered 
with a film of copper (zinc-copper couple):

Zn +  2H20  = Zn(OII)2 +  H,

(5) Water at very high temperatures—for example, 572° F. 
(300° C.) or over—and finely divided iron, with the addition of 
catalysts if desired, although this is not necessary:

1139

2Fe T  3H20  — 1' e20 2 -{- 3II2

(ti) Water at very high temperatures, 572-662° F. (300- 
350° C.), and finely divided carbon (coke), especiallvt with the 
aid of catalysts:

C +  2H20  =  C 02 +  2H2

(7) Water on metallic hydrides, such as lithium and calcium: 

LLH2 +  4H20  =  4LiOH +  3H2 (Hydrolith process)

(8) Steam and metals, or oxides of metals, at a high tem
perature such as iron borings heated to a bright red heat, over 
1202° F. (650° C.):

3Fe +  4H20  =  FejCh +  4H2

(9) Steam and phosphorus (Liljenroth process):

P2 +  5H20  =  P20 6 +  5II2

(10) Highly superheated steam at about 1472° F. (800° C.) 
and sulfur vapor:

S +  2H20  =  S 0 2 +  2II2

(11) Steam, air, and metallic sulfides, such as zinc blende:

2ZnS +  4H20  +  0 2 =  2ZnO +  2S02 +  4H,

(12) Dilute mineral acids and metals, such as sulfuric acid 
and zinc:

Zn +  II,SO, =  ZnSOj +  II2

(13) Boiling dilute sodium or potassium hydroxide solution 
and various metals, particularly aluminum, zinc, magnesium, 
and iron:

Zn +  2KOH =  Zn(OK)2 +  H2
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(14) Boiling dilute sodium hydroxide solution and silicon or 
ferrosilica (Silicol process):

Si +  2NaOLI +  LLO =  Na2S i03 +  2H2

(15) Heating sodium hydroxide to a red heat with coal or 
coke:

4NaOH +  C =  Na2COj +  Na20  +  2H2

(16) Heating alkaline salts of various organic acids, such as 
oxalic and formic:

Na2C20 ,  +  2NaOH =  2Na2CO, +  II2

(17) Ignition of a mixture of powdered ferrosilicon and soda 
lime (Hydrogeint process of G. F. Jaubert, 1910):

Si +  Ca(OH)2 +  2NaOH =  Na2S i0 3.Ca0 +  2H2

(18) Electrolysis of water, made acid or alkaline:

2H20  =  2H2 +  0 2

(19) Complete gasification of carbonaceous material, such 
as coal, coke, and lignite, using a separate blast of steam and air, 
according to the water-gas reaction,

C +  H20  =  CO +  H2 
C +  2H20  =  C 02 +  2H2

or the producer-gas reaction, with the steam and air blast to
gether, giving carbon monoxide and hydrogen mixed with 
nitrogen, and separating the hydrogen by various methods such 
as treatment of the water gas with steam and removal of the 
carbon dioxide:

CO +  H20  =  C 02 +  H2

(20) Separation of hydrogen by very low temperatures and 
moderate pressures to give fractional liquefaction from the 
complicated mixed gases obtained by the carbonization of coal, 
lignite, and other carbonaceous material, especially coke-oven 
gas, at low, high, or medium temperatures.

(21) Cracking of hydrocarbon gases, such as petroleum 
gases, natural gas, and carbonization gas, at very high tempera
tures, where the simple reaction is:

CH, =  C +  2H2

(22) Heating hydrocarbon gases, especially natural gas 
(mostly methane) mixed with steam, to high temperatures such 
as 932-1832° F. (500-1000° C.) in the presence of catalysts 
(such as nickel), with the formation of carbon dioxide and 
hydrogen. The main simple reaction is:

CH4 +  H20  =  CO +  3H2

followed by

CO +  II20  =  C 02 +  H,

The carbon dioxide is then scrubbed out with water or dilute 
alkali under pressure or with organic amines in solution in water.

(23) Action of the electric spark on compressed acetylene:

C2H2 =  2C +  H 2

(24) Electrolytic processes in which hydrogen is a by-product, 
such as the electrolysis of salt (sodium chloride) solution for 
the manufacture of bleaching powder.

(25) Bacteriological processes in which hydrogen is a by
product, such as the manufacture of acetone and butyl alcohol 
from starch jelly by the Fernbach bacteria, where the gases 
evolved are hydrogen, carbon dioxide, and a small proportion 
of nitrogen.

Obviously m ost of these reactions and methods are of no 
practical importance for the bulk production of hydrogen, 
chiefly because of the net cost of manufacture. Thus in 
m any cases the raw products are too high in price or the hy
drogen is so impure, as in the case of the action of acids upon 
metals, th at an elaborate and expensive system  of purification 
would be necessary.

Three methods are used for alm ost the entire world com
mercial production of hydrogen: (a) total gasification of 
coal, coke, and lignite by the water-gas and producer-gas

processes, which appears to account at the present time for 
about 55 per cent of the total; (6) separation from coke-oven 
gas by the use of the Linde, Claude, and similar low-tempera- 
ture compression liquefaction plants, corresponding to about 
26 per cent of the total; and (c) elcctrolyis of water, amount
ing to about 16 per cent, leaving 3 per cent for all other 
methods. These include electrolysis of salt solution, fer
mentation, cracking of petroleum gases, natural gas, and 
coke-oven gas, and the action of steam on iron or iron oxide. 
Since 1925 there has been a decline in the production of hy
drogen from water gas, a rapid rise in the production from 
coke-oven gas, and a slow increase in  the use of electrolysis. 
A bout 1925 nearly 90 per cent of the total am ount of hydro
gen for all purposes came from water gas.

Several other processes, however, have valuable possibilities 
for the manufacture of hydrogen although they have not 
yet reached the stage of commercial success. For example, 
commencing about 1911, Friedrich Bergius studied the action  
of liquid water at 572-662° F . (300-350° C.) upon finely 
divided carbon or iron, using an autoclave. A t 572° F. 
water begins to act rapidly upon carbon, forming carbon di
oxide and hydrogen, and also upon iron:

2Fe +  3H20  =  Fe20 3 +  3H2

T he action is helped by catalysts, such as thallium chloride, 
a film of copper on the iron, ferrous chloride, and various 
copper, nickel, or platinum  salts; the results obtained were 
very promising.

An interesting process for the synthetic nitrogen industry 
is the Liljenroth; steam acts on phosphorus to form very  
pure hydrogen, along w ith phosphorus pentoxide. The 
latter is dissolved in water to give phosphoric acid which is 
easily converted to phosphate fertilizers.

Equally interesting is the action of steam at 1472° F. 
(800° C.) on sulfur vapor. T he sulfur dioxide is removed 
from the hydrogen by scrubbing w ith ammonia solution, 
forming ammonium sulfite; the latter is then oxidized to am
monium sulfate, ready for sale along w ith the synthetic am
monia.

H y d r o g e n  fr o m  W a ter  G as

W ater gas is generally made from coke, anthracite, bitu
minous coal, or lignite, using an alternate “blow” of about 2 
minutes w ith air and a “run” of 5 -6  m inutes w ith steam. 
The endothermic water-gas reaction in the latter case is

C +  H20  =  CO +  H2

but the temperature has to be maintained higher than about 
1652° F . (900° C.) because below this point the reaction

C +  2H20  =  C 02 +  2H2

begins to predominate. E ven at very high temperatures such 
as 2012° F . (1100° C .), there is always some formation of 
carbon dioxide according to the latter equation. For ex
ample, the following is the average composition of the water 
gas using coke at various temperatures in  the fuel bed:

T em peratu re
Steam

Decomposed H .
■Compn. of G aa- 

CO COi
° F. ° C. % % % %
1523 828 41 .0 62.0 15.1 22.9
1751 954 70 .2 53.5 3 9 .7 6 .8
1850 1010 94 .0 4 8 .8 49 .7 1 .5
2057 1125 99 .4 50.9 48 .5 0 .6

After the blow w ith air, the bed is incandescent at about 
1832-2012° F . (1000-1100° C .), but when the run w ith steam  
commences, the temperature im m ediately begins to drop. 
Consequently, after about 5 -6  m inutes it  is necessary to  
stop the run before the figure falls lower than about 1742° F. 
(950° C.) and resume the blow with air for about 2 minutes
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to restore the temperature by combustion of part of the fuel 
bed:

C 4- 0 2 =  C 02

The very hot blow gas, carbon dioxide and nitrogen with a 
small amount of carbon monoxide, is discharged separately.

T he lower temperature reaction (C +  2ILO =  C 0 2 +  
2H 2) w ith simple removal of the carbon dioxide from the 
hydrogen by water scrubbing cannot be used on a com
mercial scale because the speed of the reaction is too slow. 
In the producer gas process the solid fuel is blown continu
ously w ith a mixture of air and steam, which means that all 
the nitrogen of the air remains in the producer gas and results 
in a much lower heating value. T he approximate average 
composition of commercial water gas made from coke— that 
is, blue water gas— and producer gas made from bituminous 
coal is as follows:

Com position W ater Gas Producer Gas
% %

CO 43.00 24.00
H* 47.70 13.00
H ydrocarbons, satd . 0 .35 1.75
H ydrocarbons, unsatd . 0 .00 0 .25

T o tal com bustibles 91.05 39.00
CO, 3 .75 5 .50
O, 0 .35 0 .3 5
N , (by difference) 4 .85 55.15

T otal 100.00 100.00
H eating  value (gross) B. t. u ./cu . ft. 300 155

When water gas is made from anthracite, bituminous coal, 
and lignite, the only difference as compared with coke is a 
slight increase of saturated hydrocarbons and the addition 
of a trace of unsaturated hydrocarbons. In preparing hy
drogen from water gas the dust is removed, along with any 
small amount of sulfur, by means of iron oxide or by other 
methods, such as the Thylox process or activated carbon. 
Steam is then added and the gas heated to 752-932° F . (400- 
500° C.) and passed over a catalyst, such as iron with a pro
moter to convert all the carbon monoxide into carbon di
oxide (CO +  H 20  =  C 0 2 +  H 2). The carbon dioxide is then  
removed by scrubbing with water and the result, after dry
ing, is a gas containing approximately 97 per cent hydrogen, 
2 per cent carbon monoxide, and 1 per cent nitrogen, which is 
pure enough for hydrogenation and m ost other processes. If 
required, traces of carbon monoxide and nitrogen can be 
removed by additional processes.

For example, according to the older methods the gas can 
be passed through concentrated sodium hydroxide at 500° F. 
(260° C.) under a pressure of 50 atmospheres, or through soda 
lim e a t 572° F . (300° C.) to eliminate carbon monoxide. 
Modern methods are the use of ammoniacal cuprous formate 
or conversion to methane by the reaction:

CO +  3Hj =  CH, +  H20

Nitrogen can be removed by passing the gas over heated 
calcium chloride.

For ammonia synthesis this total gasification method is 
particularly suitable because the 1-3 nitrogen-hydrogen mix
ture can be made direct. Thus water gas and producer gas 
(containing over 55 per cent nitrogen) are mixed in the 
correct proportions, giving a product of about 35-40 per cent 
carbon monoxide, 33-36 per cent hydrogen, up to 1 per cent 
hydrocarbons, 3 -5  per cent carbon dioxide, and 22-23 per 
cent nitrogen. This product is mixed w ith steam and passed 
over the iron catalyst, and the carbon dioxide is removed by 
water scrubbing; after drying, the correct 1-3 nitrogen- 
hydrogen proportion is left, and any remaining traces of 
impurities can be removed.

About 55 per cent of the world’s hydrogen is believed to be 
produced by this total gasification method. It is used at

the largest Haber-Bosch or similar synthetic ammonia in
stallations— for example, a t Oppau and Leuna in Germany 
(I. G. Farbenindustrie A.-G.) w ith lignite as the raw ma
terial, a t the du Pont plant at Belle, W . Va., and the Allied  
Chemical and D ye plant at Hopewell, Va., and at Billingham- 
on-Tees, Great Britain (Imperial Chemical Industries, Ltd.). 
In the latter plant synthetic ammonia and m ethanol manu
facture, as well as hydrogenation, using bituminous coal, 
creosote, and low-temperature tar, is operating.

One of the main advantages of the method is the low net 
cost of the hydrogen production which on the average is much  
cheaper than electrolysis. Comparison with the coke-oven  
gas method is complicated because of the difficulty of placing 
a correct value upon the latter gas. Approximately, how
ever, under m ost conditions total-gasification hydrogen is 
cheaper than coke-oven-gas hydrogen only when very large 
consumptions are involved. An important advantage, how
ever, as compared w ith coke-oven gas is that water gas is very  
simple in composition (nearly all carbon monoxide and hy
drogen, w ith only traces of sulfur and hydrocarbons) so that 
the purification plant is not costly.

Total gasification also means that the hydrogenation, 
synthetic ammonia, or other plant is entirely self-contained  
and independent of outside or “external” sources of supply 
of the primary raw product— that is, hydrogen.

I t  is believed that some of the very large Winkler generators, 
which are used at the Leuna works in Germany for making 
water gas from roughly pulverized lignite for synthetic ni
trogen, hydrogenation, and synthetic liquid fuel, are being 
operated with a blast of oxygen or of air enriched to a con
siderable degree w ith oxygen. Under these circumstances a 
continuous blast of steam and oxygen can be used; the result 
is water gas (carbon monoxide plus hydrogen) w ith a large 
admixture of carbon dioxide and some nitrogen, since the 
heat generated by the extra am ount of oxygen, as compared 
w ith that in the atmosphere, is sufficient to  maintain the  
temperature of the fuel bed w ithout an alternate blow with  
air. The carbon dioxide can then be scrubbed out under 
pressure with water. In addition, the fuel bed of the genera
tor, stated to be up to 18 feet wide, is relatively shallow  
(about 4.5 fe e t); and the oxygenated air and steam blast is 
supplied at very high pressure so that the particles of lignite 
are kept more or less in  partial suspension and continual 
motion, resulting in a high rate of gasification. According to 
some reports these generators each have an output up to
35,300,000 cubic feet (1,000,000 cubic meters) of gas per 24 
hours.

A  new modification of total gasification now beginning to 
be used in Germany and other countries for the production of 
a high-hydrogen gas of the water-gas type is the Bubiag-Di- 
dier process. This has been developed by the Didier-Werke 
A.-G., of Berlin; the basic principle consists in the operation 
of vertical, continuous, externally heated chamber ovens 
carbonizing noncoking coal, lignite, or lignite briquets, w ith  
heavy continuous steaming of the charge by means of super
heated steam. Also the main gas offtake is about halfway up 
the oven instead of a t the top; this gives some degree of low- 
temperature carbonization in the upper part, w ith internal 
cracking of gases and vapors. In the lower part, however, up 
to 1832-2462° F. (1000-1350° C.) is obtained— that is, very  
high-temperature carbonization.

Steam ing is carried out so that either complete gasification 
occurs, leaving only ash and clinker, or so that sufficient coke 
is left only for making the producer gas necessary to heat the 
chamber oven setting.

The Bubiag-Didier process m ay be described, therefore, in 
one sense as the water-gas process with a continuous run of 
steam and the heat necessary for maintaining the fuel bed at 
the required temperature of about 1832° F . (1000° C.) or
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per metric toil of coal is 11,000 cubic 
feet of rich coal gas w ith the following 
approximate average composition:

CO 6 .0 %
H i 50 .0
H ydrocarbons, sa td . 27 .0
H ydrocarbons, unsatd . 3 .0

T otal com bustibles 80 .0
CO 2 4 .0
Oa 0 .2
Nj (by difference) 9 .8

T o tal 100.0
H eating  value (gross), B. t. u ./cu . ft. 520

B u b ia g - D i d i e r  P l a n t  a t  P e t f u r d o , H u n g a r y
Twelve cham ber ovens are arranged in tw o row’s of six ovens each, trea tin g  predried  lignite

over; this heat is supplied from an external source instead of 
from an alternate blow with air and separation of the blow gas. 
The result is a gas containing about 33-35 per cent carbon 
monoxide and 50-52 per cent hydrogen, with less than 1.0 per 
cent saturated and unsaturated hydrocarbons because of the 
internal cracking. The composition of the gas can also be 
varied according to the exact method of operation which is 
very flexible; it depends, for example, upon whether the pro
duction of hydrogen, synthesis gas (CO +  2IL), or towns gas 
is the object.

In 1935 a Bubiag-Didier hydrogen plant with twelve cham
ber ovens was erected by the Didier-Werke A.-G. at the syn
thetic nitrogen plant at Petfurdo, Hungary, belonging to the 
Hungarian Government; lignite from the Varpolota mine is 
dried down to about 19 per cent moisture by the special Fleiss- 
ner predrying process.

The normal production of the original plant, using any de
sired method to eliminate the carbon monoxide such as oxida
tion to carbon dioxide by means of catalysts and scrubbing 
with water, was 2,048,000 cubic feet (75,000 cubic meters) of 
hydrogen per 24 hours. Since 1935, however, the plant has 
been enlarged, and it is believed that hydrogenation and syn
thetic liquid plants have also been erected.

A new method also used in Germany for the manufacture of 
hydrogen is the Pattenhausen process which consists in  passing 
highly superheated steam (over 932° F. or 500° C.) continu
ously through carbonized lignite (char), presumably to give 
the reaction, C +  2ILO =  C 0 2 +  2H 2. The carbon dioxide is 
removed by scrubbing, and apparently when a very reactive 
fuel such as carbonized lignite is used the action proceeds at a 
sufficient rate.

H y d ro g en  fr o m  C o k e-O v en  G as

The coke-oven gas method for the production of hydrogen 
is of the utm ost importance because full use can be made of an 
important and abundant by-product, not only in relation to 
the hydrogen content but also to other products. Any car
bonization gas can be used in the same way. The world is 
carbonizing approxim ately 160,000,000 metric tons of coal per 
year in by-product recovery coke ovens, and the average yield

This analysis represents the gas taken 
over the whole period of carbonization, 
but the percentage of hydrogen varies 
according to the duration of the heat
ing of the charge and is higher in the 
latter stages. In some cases up to 70 
per cent hydrogen results towards the  
end; an ideal practice, not yet de
veloped on a commercial scale, would 
be to separate the coke-oven gas into 
two or three portions according to the 
time the charge has been carbonized. 
For example, only the last 50 per cent 
would be used for hydrogen production.

The carbonization of 160 million 
metric tons of coal per year in by

product coke ovens means the production of 1760 billion 
cubic feet of coke-oven gas per year (11,000 cubic feet per 
ton).

Although a certain proportion of dual-fired or compound 
coke ovens are now operating (allowing for the settings being 
heated by blast furnace gas), nearly all the plants of the world 
are still heated by coke-oven gas. Detailed statistics are not 
available, but it  is a  fair assumption that throughout the 
world 55 per cent of the total production of coke-oven gas, or 
6000 cubic feet of gas per ton of coal carbonized is used to heat 
the settings, although individual plants are much more ef
ficient. The remaining 45 per cent, or 5000 cubic feet of gas 
per ton, is used in various ways, often on m ost uneconomical 
lines; in m any cases it is actually blown to w aste in the air. 
Thus part of the gas is burned in steam  boilers and another 
part is sold to the manufactured towns gas industry, often at 
a price below the real value.

There is, however, no necessity for using coke-oven gas to 
heat the oven settings, since blast-furnace gas or producer gas 
made from coke breeze will do just as well. Since the an
nual world production of coke-oven gas is approximately 1760 
billion cubic feet, this corresponds to a potential yield of 880 
billion cubic feet of hydrogen (50 per cent). Unfortunately  
accurate figures for the annual world consumption of hydrogen 
are not available.

The general methods of separating hydrogen from coke- 
oven gas consist in scrubbing the gas w ith water, ammonia 
liquor, gas oil, and other products; if necessary, dust and tar 
particles are also separated. The gas is then subjected to  
pressure and extreme cooling on progressive lines in a lique
faction type of plant so that methane and other saturated  
hydrocarbons, ethylene and unsaturated hydrocarbons, car
bon monoxide, and part of the nitrogen are liquefied. H y
drogen is then left in a very pure condition free from catalyst 
poisons, although it  contains a small amount of nitrogen. 
The two main types of equipment used, as already indicated, 
are the Linde and the Claude; they differ only as regards the 
method of attaining the cooling effect.

The Linde or Linde-Bronn process originated about 1909 
and was first used to obtain hydrogen from water gas. The  
Joule-Thomson effect is used for cooling; that is, the low tem
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perature obtained by the evaporation of the liquid cools the 
incoming gas by means of special heat interchangers, so that 
gradually a large amount of gas is converted into liquid under 
the conditions of compression within the range of about 10- 
200 atmospheres pressure (142-2840 pounds per square inch).

In separating hydrogen from coke-oven gas by the Linde 
process in its earlier years of developm ent, the gas was com
pressed to 10 atmospheres (142 pounds per square inch) and 
scrubbed w ith water. This removed nearly all the carbon 
dioxide, and any small amount of light oil left after the gas 
had passed through the gas oil scrubbers. The last traces of 
carbon dioxide were then eliminated by scrubbing with so
dium hydroxide solution, and the gas was cooled by heat inter
change with liquid gas. Following these steps, further 
cooling took place on the heat interchange principle from 
the evaporation of the liquid nitrogen. Under the pressure 
of 10 atmospheres, part of the nitrogen gas, as well as meth
ane and other hydrocarbons in very sm all amount, separated 
in the liquid condition. The hydrogen gas, with some ni
trogen, was finally sprayed w ith liquid nitrogen to complete 
the purification. For ammonia synthesis the necessary 1-3 
nitrogen-hydrogen mixture was obtained by adding a further 
amount of nitrogen (by evaporation of the liquid).

In recent years, however, the Linde process has been al
tered in detail, and the coke-oven gas is first scrubbed with 
ammonia solution in water (to remove carbon dioxide), dilute 
sulfuric acid (to remove ammonia), and sodium hydroxide 
(to remove final traces of carbon dioxide).

N ext a preliminary compression to 9 atmospheres (128 
pounds per square inch) is given, followed by cooling with  
liquid, after which the coke-oven gas is warmed again to the 
temperature of the atmosphere and scrubbed with water. 
Then the gas is cooled to remove water, with further cooling 
and fractional liquefaction of all the gases except hydrogen.

These include, as already indicated, nitrogen, carbon monox
ide, methane, and other saturated hydrocarbons, and ethylene  
and other unsaturated hydrocarbons, which are made avail
able for sale. Thus the unsaturated hydrocarbons can be 
separated and mixed with saturated hydrocarbons to give a 
liquid product in cylinders which, on evaporation, results 
in a gas of 1550-1600 B. t. u. per cubic foot. Average com
position is about 30 per cent ethylene, 6 per cent propylene, 
30 per cent methane, 30 per cent ethane, and small amounts 
of other hydrocarbons. Refractionation results in alm ost 
pure ethylene and propylene, available for the manufacture 
of products such as ethyl and propyl alcohol.

In the process of Georges Claude, developed in France by  
the Soci<5t6 l ’Air Liquide, the cooling effect is obtained by  
causing the expanding gases, from a pressure of 30-40 atm os
pheres (426-569 pounds per square inch), to do external 
work— that is, drive an engine— which has the effect of caus
ing a rapid drop in the temperature. The coke-oven gas 
from the by-product plant is compressed to 18-20 atm os
pheres (256-284 pounds per square inch) and scrubbed in 
succession with dilute ammonia (to remove carbon dioxide, 
hydrogen sulfide, and hydrogen cyanide), w ith water (to re
m ove ammonia), w ith gas oil (to remove light oil), and with  
sodium hydroxide solution (to remove carbon dioxide), fol
lowed by drying with solid sodium hydroxide. T he com
pressed gas then enters the liquefying apparatus and is pro
gressively cooled by heat interchange from the extrem ely cold 
hydrogen as it  ascends a liquefying column. Unsaturated  
hydrocarbons (including ethylene), saturated hydrocarbons 
(including methane), carbon monoxide, and m ost of the 
nitrogen are liquefied in turn; the hydrogen passes out at 
the top in a very pure condition. Also the design of the plant 
is such that the liquefied nitrogen scrubs the hydrogen gas, 
and the latter is then expanded to  the final low temperature 
by being used to drive an engine.

As already indicated, the production of coke-oven-gas hy
drogen is increasing rapidly at the expense of total-gasification  
hydrogen. For example, in 1926-27 about 86.5 per cent 
of the world’s synthetic nitrogen products, operated on the 
principle of direct combination of nitrogen and hydrogen, 
used total-gasification hydrogen. In 1930-31, however, the  
total was 66.9 per cent, largely because of the increase in the 
use of coke-oven-gas hydrogen.

D ia g r a m  o f  t h e  P r o d u c t io n '  o f  S y n t h e s i s  G a s  b y  t h e  
B u b ia g - D i d i e r  P r o c e s s

A. C oal bunker
B. Valve
C. In te rm ed ia te , bunker
D. H ot com bustion gas outlet, 150-180° C.
E. Predryer
F. H ot com bustion gas inlet, 550-600° C.
G. O fftake pipe for low -tem perature gas and oil vapors
II. R eaction cham ber
I. H eating cham ber a t about 1350° C.
J . R ecuperators
K. W ater-gas zone
L. Steam  inlet, 350-400° C.

M. Cooling jacket
N. W ater seal
O. Residual coke
P. A utom atic discharge gear
Q. Com bustion gas inlet to  recuperators 1050° C.
R. Air for com bustion
S. G enerator gas
T. D u st dryer
U. H o t gas
V. C irculating fan (and motor)
W. G enerator
X . Residual coke
r . R esidual gas and synthesis gas
z . Oil-free low -tem perature carbonization gas

A A . Hydrogen sulfide separation , A lkazit process
BB. E lec tro sta tic  ta r  separator
CC. To the coolers and  sulfur e lim ination p lant

DD. Synthesis gas
E E . W aste h ea t boiler
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Above. M a n y  o f  t h e  V e s s e l s  
U s e d  i n '  . t h e  P r o c e s s  M u s t  
B e  o f  E n o r m o u s  S t r e n g t h  t o  
W i t h s t a n d  t h e  C o m b in e d  
S t r e s s e s  o f  H e a t  a n d  P r e s -

SURE

V i e w s  T a k e n  a t  t h e  H y d r o 
g e n a t io n  P l a n t  o f  I m p e r i a l  
C h e m ic a l  I n d u s t r i e s  a t  B i l l -  

in g h a m - o n - T e e s , E n g l a n d

Left. W a t e r  G a s  P l a n t  w i t h  
B o i l e r  a n d  P o w e r  P l a n t s  i n  t h e  

B a c k g r o u n d

Above. Top o f  t h e  
P l a n t  w i t h  T a n k  F a r m  

i n  t h e  B a c k g r o u n d

Right. C o n t r o l  I n s t r u 
m e n t s  a n d  V a l v e s
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One of the main advantages of this method is that full use 
is made of coke-oven gas, and the other liquefied products 
obtained, especially the hydrocarbons, are a valuable source 
of revenue. In general also, although it is difficult to place 
a fair value on coke-oven gas, hydrogen made from the latter 
is cheaper unless very large water-gas plants are operated. 
Consequently, for the Fischer-Tropsch and other synthetic 
liquid fuel plants which, unlike hydrogenation, can be of 
comparatively small size, and for synthetic nitrogen plants, 
such as the Claude, Casale, and Fauser which are also smaller 
in size than Ilaber-Bosch plants, coke-oven-gas hydrogen is, 
generally, cheaper and more convenient.

In these days also of successful long-distance pipe-line 
transmission of coke-oven gas, often extending to several 
hundred miles (as in Germany) and linking up many plants, 
the fact that the hydrogen is obtained from external sources 
is not now so objectionable as in the earlier days when pipe
line length was limited. A  difficulty, however, w ith coke- 
oven-gas hydrogen for ammonia synthesis is the indefinite 
and varying nitrogen content, generally within the range of 
7.5-15.0 per cent, because of air leakage through the brick 
walls of the setting. Consequently the correct 1-3 nitrogen- 
hydrogen proportion is not always easy to obtain, but for 
hydrogenation and synthetic liquid fuel this is of no impor
tance because all the nitrogen is removed.

A more recent #.nd quite different developm ent of the use 
of coke-oven gas as a source of hydrogen is cracking, mixing 
the gas w ith steam , and heating under pressure in stages to  
a very high temperature about 2372° F . (or 1300° C.) in alloy 
steel converters. T he simple equation is

CH, +  2H20  =  C 02 +  4H2

although free carbon is formed and the carbon dioxide can be 
removed by pressure water sprays. For example, in Germany 
the Gesellschaft fur Kohlentechnik, a t Dortmund-Eving, 
makes the 1-3 nitrogen-hydrogen mixture for ammonia by 
cracking methane (or coke-oven gas) in the presence of steam  
and scrubbing out the carbon dioxide w ith water. The 
high-pressure converters used are stated to be constructed 
of an alloy composed of 55 per cent iron, 25 per cent chro
mium, and 20 per cent nickel. T he similar Kuhlmann process 
in France uses coke-oven gas for making either hydrogen or 
the nitrogen-hydrogen mixture for ammonia synthesis.

H y d ro g en  fr o m  P e tr o le u m  G a ses

Apart from coke-oven gas in particular, the action of super
heated steam  upon hydrocarbon gases

CH, +  H20  =  CO +  3H2
CIL +  2H20  =  C 02 +  4H2

was studied by Franz Fischer and H ans Tropsch in Germany 
beginning about 1928; they also studied the corresponding 
reactions w ith carbon dioxide,

CH< +  C 02 =  2CO +  2H2

with heating to a high temperature, 1544-1688° F. (840- 
920° C .), but within the range of 932-1832° F. (500-1000° C.). 
Various catalysts were used, such as iron, cobalt, nickel, 
copper, molybdenum, and tungsten in a suitable carrier, such 
as clay, silica, alumina, or magnesium carbonate. Generally 
cobalt carried in clay is believed to give the best result.

T he Standard Oil Company of N ew  Jersey is using the 
cracking principle for the bulk production of hydrogen at 
their two large oil hydrogenation plants at Bayway, N . J., and 
B aton Rouge, La. Natural gas, if necessary along with  
petroleum-refinery and cracking gas, is mixed with steam  
and passed through alloy steel tubes filled with a catalyst 
at a temperature of 1600° F. (870° C .). (D etails of the cata

lyst are not given but presumably it is of the nickel or cobalt 
composite type.) The methane interacts to form carbon 
monoxide and hydrogen, and the same general reaction takes 
place w ith other hydrocarbons present. The carbon mon- 
oxide-hydrogen mixture is then treated at 850° F. (455° C.) 
in the presence of another catalyst, presumably of the nickel 
variety, to  convert the carbon monoxide into carbon dioxide, 
for easy removal. For this purpose pressure jets of water 
are used at the first plant (B ayw ay), but at the second plant 
(Baton Rouge), started in M ay, 1931, the carbon dioxide is 
scrubbed out w ith triethanolamine at 250 pounds per square 
inch pressure.

Carbon dioxide is rapidly absorbed, and a much smaller 
volum e of liquid is required as compared w ith water. This 
general method of producing hydrogen, using natural gas as 
the raw product, is being used also at the U nited States Bu
reau of M ines experimental laboratory hydrogenation plant 
at Pittsburgh. According to Ficldner (I), natural gas is 
mixed with steam and heated to the high temperature in the 
presence of a nickel catalyst, the carbon monoxide present is 
converted to carbon dioxide by the addition of more steam  
and heating in the presence of a copper-cobalt catalyst, and 
the carbon dioxide is removed by scrubbing w ith a solution 
of amines in water.

The natural gas has the average composition of about 90 
per cent methane, 8 per cent ethane, and 1.5 per cent nitrogen, 
along w ith traces of other gases, and is mixed 50 to 50 by 
volum e with steam . This mixture is cracked in an apparatus 
consisting of two vertical concentric tubes of 25 per cent 
chromium-25 per cent nickel steel. B oth  tubes are 5 feet 
long; the outside diameter of the outer one is 7 inches and 
that of the inner, 5 inches. The annular space between is 
packed with the catalyst, made of nickel stampings, l/ 4 X  
y 4 inch in  size; and the temperature is m aintained at about 
1922° F . (1050° C.) as a 50-50 mixture of natural gas and 
steam passes through a t the rate of 200 cubic feet per hour 
(normal temperature and pressure). T he composition of the 
cracked gas is 75 percen t hydrogen, 21 per cent carbon mon
oxide, 1 per cent carbon dioxide, and 1 per cent m ethane, ap
proximately. For conversion of the carbon monoxide to  
carbon dioxide, the gas, along w ith steam, is passed through 
a vertical 6-inch-diameter steel tube w ith a 2-inch copper 
rod at the center; eight plates or vanes are attached and 
project horizontally to form eight sm all compartments each 
carrying some of the copper-cobalt catalyst. Also the cracked 
gas is mixed in the proportion of 1 part by volum e w ith 5 
parts of steam, and the temperature is maintained at 572- 
662° F. (309-350° C.) by external heating. N ext the excess 
steam is removed by a limited water spray and the carbon 
dioxide is scrubbed out w ith a solution of tetramine in water. 
This is a trade name for a mixture of polyethylene amines 
(stated to be chiefly diethylene triamine and triethylene tetra
mine) which has a boiling range of 5 per cent below 392° F. 
(200° C.) and 10 per cent over 572° F . (300° C .). The use of 
slightly alkaline polyethylene amines, dissolved in water, as 
an absorbent for m ildly acidic gases such as carbon dioxide, 
as well as sulfur dioxide and hydrogen sulfide, was patented  
by Perkins (S).

These amines, which contain more atom s of carbon than  
of nitrogen, are made by the interaction of ethylene dichloride 
with ammonia followed by treatm ent w ith sodium hydroxide 
to liberate the free amine. T hey are of tw o kinds— open- 
chain amines of the general type N H 2—  C2H 4—  (C2H 4NI1)I —  
N H 2, and closed-chain or ring amines of the type

NH Crib

¿rib (N H ),1 

where a; is a whole number.
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Thus the composition of typical open-chain amines, (a) 
diethylene triamine, (6) triethylene tetramine, and (c) tetra- 
m ethylene pentamine, is, respectively:

(а) NIL—C-jIIi—N i l —C=H,— NIL
(б) NIL—CdL—NH—C.H,—N il—CTL—NIL

• (c) NH2—C2H4—NH—CjH,—N il—CjFL—HN—C2H(—NHj

Of the second or ring series of amines, diethylene diamine 
and triethylene triamines are representative:

NH< >NH and 
X C:I l /

Polyethylene amines of this type usually have a boiling 
point w ithin the range of 392-572° F. (200-300° C.) and 
are best used as a 50 per cent solution in cold water. For 
regeneration the solution is heated to about 212° F. (100° C.) 
when the carbon dioxide or other absorbed acid is driven off, 
leaving the solution ready for re-use on cooling.

Laboratory experimental work in connection with the use 
of these polyethylene amines for the removal of carbon di
oxide was described by Hirst and Pinkel (2). Different 
amines and different solution strengths were used, such as 
50 per cent diethanolamine, 50 per cent triethanolamine, and 
5, 10, and 25 per cent Tetramine. Very good results, for 
example, were obtained with equal volum es of 50 per cent 
diethanolamine and 10 per cent Tetramine or w ith 10 per cent 
Tetramine alone. After treatm ent w ith the copper-cobalt 
catalyst, the cracked gas contains roughly about SO per cent 
hydrogen and 20 per cent carbon dioxide, but traces of other 
gases, such as carbon monoxide, methane, and nitrogen, are 
present. After scrubbing with the amine solution, the re
sulting gas averages 96.0 per cent hydrogen w ith about 0.2 
per cent carbon dioxide, 0.5 carbon monoxide, 0.2 oxygen,
1.2 methane, and 1.9 nitrogen. W hen more or less saturated, 
the amine solution is passed through a heat interchanger and 
regenerated by being heated in a boiling vessel operating with  
a distillation column; the carbon dioxide is driven off.

H y d ro g en  b y  E le c tr o ly s is

T he manufacture of hydrogen by electrolysis, representing 
about 16 per cent of the world production, is obviously of 
great importance for countries generating cheap electricity 
by means of water power, such as the U nited States, Canada, 
Norway, Switzerland, and Russia, especially since the off-peak 
night load can be utilized to the fullest extent. Two general 
methods are used, electrolysis of a 20-30 per cent sulfuric acid 
solution, w ith lead electrodes, or a 10-20 per cent sodium  
hydroxide solution w ith iron electrodes.

During recent years the iron-alkali cell method has rapidly 
increased in favor, and is now generally regarded as superior 
to the lead-acid cell because there is less polarization and a 
lower voltage can be employed. The latter more Jlian com
pensates for the lower conductivity.

In general, an electrolytic plant for making hydrogen con
sists of electrolytic cells, direct-current m otcr generators 
operating at the desired voltage, gas compressors, and gas
holders.

All kinds of electrolytic cells have been designed generally 
according to one of four ty p es: the tank type, the filter press 
type, and the partition type; the latter is made in two va
rieties, m etal and nonpoisonous nonconductor types. The 
main object is to prevent the liberated hydrogen and oxygen 
from contam inating each other by admixture, so as to o!>- 
tain hydrogen which is 99.75 per cent pure or more if possible.

Another principle developed in 1928 is electrolysis of water

under high pressure up to 300 atmospheres (4266 pounds 
per square inch) w ith the claim that 99.9 per cent hydrogen 
and over 99 per cent oxygen are obtained, both under pres
sure.

An im portant factor in relation to the manufacture of hy
drogen by electrolysis is the effective utilization of the oxygen. 
Thus about 5 .0-8 .0  cubic feet of hydrogen and 3 .0-4 .0  cubic 
feet of oxygen (normal temperature and pressure) are pro
duced per kilowatt-hour, depending upon the conditions. 
One method of using the oxygen is for the total gasification 
of any solid carbonaceous material, such as coal, coke, and 
lignite, w ith a continuous blast of steam and oxygen or 
oxygenated air to obtain direct a gas of 300-335 B . t. u. per 
cubic foot.

An outstanding advantage of the principle is the high de
gree of purity of the hydrogen, and it  is also convenient to 
operate; but in m ost nonwater-power countries the serious 
disadvantage is the high cost of production because of the 
price of current made from coal or other fuel.

A secondary source of hydrogen is the electrolysis of salt 
for the manufacture of chlorine and sodium hydroxide:

2NaCl =  2Na +  CL
2Na +  2U .0  =  2NaOH +  H,

Finally with regard to the less im portant m ethods in com
mercial use for the production of hydrogen, the action of 
steam on iron or iron ore, forming black oxide of iron, is still 
employed, especially for fat hardening. According to one 
method, a bed of iron ore is maintained at about 1000- 
1500° F. (540-815° C .). Steam is passed through for about 
10 minutes, when approximately one-third is converted into 
hydrogen:

3Fe +  4H50  =  FejOj +  4H,

W ater gas is then passed through for about 20 minutes to 
reduce the black oxide to metallic iron or to the lower oxides of 
iron, after which the cycle is repeated, and so on.

L ite r a tu r e  C ited
(1) Fieldncr, A. C., Bur. Mines, Information Circ. 6992 (1938).
(2) H irst, L. L., and Pinkel, I. I., Ltd. E n g .  Chem ., 28, 1313-15

(1930).
(3) Perkins, G. A. (to Carbide & Carbon Chemical Corp.). U. S.

P a ten t 1,951,992 (M arch 20, 1934).

R e c e i v e d  April 4, 1938.
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E ffect of C orrosion  on the

D urability of

Paint F ilm s

V. M. DARSE Y
Parker R ust-P roof C om pany,
D etroit, M ich.

ON E  of the oldest recognized factors in the painting of 
m etal products and structures is the effect of corrosion 
on the durability of the paint film. It is obvious that 

m any other factors, such as the composition and preparation 
of the base metal, the adherence and composition of the paint 
coating, as w ell as the conditions under which it  was applied, 
influence the durability or serviceability of the paint film. 
So pronounced is the tendency of iron to rust that in practice 
very little  bare iron or steel is employed, and nearly all such 
m etal objects are painted either for protective or decorative 
purposes, and in either case the paint coating m ust remain 
as a continuous film over the base m etal if it  is to  fulfill this 
requirement.

Throughout this discussion the word “durability” is used 
in the broad sense for referring to the serviceability or useful 
life of the paint film and is not to be construed as referring 
to the composition of the paint film itself or to its properties

T h e  d u r a b ility  o f p a in t  c o a t in g s  a p p lied  
over d iffe r e n t m e ta ls  d e p e n d s  to  a  g r e a t  
e x te n t  o n  t h e  c o r r o d ib ility  o f  t h e  b a se  
m e ta l in  t h e  e n v ir o n m e n t  to  w h ic h  i t  is  
ex p o sed . C h e m ic a l t r e a tm e n t  o f  e a s ily  
co rro d ib le  m e ta ls  so  a s  to  c o n v e r t th e ir  
su r fa c e s  to  a  m o r e  s ta b le  a n d  le s s  r e 
a c tiv e  p h o s p h a te  c o a t in g  m a te r ia lly  i n 
crea ses  t h e  d u r a b ility  o f  a p p lie d  p a in t  
c o a t in g s . T h is  t r e a tm e n t  p ro v id es i n 
crea sed  a d h e s io n  o f p a in t  f i lm s  to  th e  
b a se  m e ta l  a n d  t h u s  re ta rd s  t h e  p e e lin g  
or c h ip p in g  o f t h e  p a in t  a w a y  fr o m  a n  
ab rad ed  area .

P a in t  c o a t in g s  c o n ta in in g  a  c o r r o s io n - 
in h ib it in g  s u b s ta n c e  h a v e  g rea ter  d u r a 
b i l i ty  th a n  s im ila r  p a in t  c o a t in g s  w i t h 
o u t  t h e  c o r r o s io n - in h ib it in g  c o m p o u n d .  
M o st p a in t  tr o u b le s  h a v e  th e ir  b e g in n in g  
a t  th e  p o in t  o f  c o n ta c t  b e tw e e n  t h e  p a in t  
a n d  t h e  m e ta l  su r fa c e , a n d  a n y  r e c o m 
m e n d e d  s c h e d u le  for p a in t in g  sh o u ld  n o t  
o n ly  in c lu d e  t h e  c o m p o s it io n  o f  th e  p a in t  
b u t  a lso  sp e c ify  th e  tr e a tm e n t  o f  th e  
m e ta l p rior to  p a in t in g .

such as water resistance, flexibility, inertness, or similar 
characteristics. Indeed, the composition of the various paints 
employed in the test m ight well have been om itted from the 

report, since the investigation was under
taken primarily as a study of the effect of 
coiTOsion on the durability of paint films of 
the sam e composition applied over different 
m etals and not a study of different paint 
formulations. T hat paint films differ w idely  
in their protective value is w ell recognized, 
and for this reason the same paint coating  
m ust be used over metals of different corro
sion resistance if the effect of corrosion is to 
be determined. However, for completeness, 
the paint formulas are included and any  
value they m ay serve should be considered 
purely supplemental.

In view of the nature of this subject a 
brief description of the corrosion phenomenon  
is given; for a more detailed account, the 
reader is referred to some of the recent litera
ture (4, 6).

C o rro sio n  M e c h a n ism

The electrochemical theory of corrosion is 
generally accepted by authorities as the best 
m ethod of explaining the corrosion process. 
In a broad sense, the term “corrosion”S p k a - B o n d e r iz in g  L i n e  i n  a  L a r g e  A u t o m o b il e  P l a n t
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E q u i p m e n t  U t il iz e d  i n  t h e  B o n d e r i t e  P r o c e s s

A . P roduction  entering  th e  cleaning section
B . A lkaline cleaning
C. R inse
D. R inse
E. Spra-Bonderizing section
F. C lear w ater rinse
G. Acidified rinse 
/ / .  D rying  oven
I .  T ank  for Spra-B onderizing so lution
J .  T ank  for replenishing Spra-Bonderizinçç so lution

K . Bonderized production  leaving th e  d ry ing  oven, ready  for the  final finish

covers all reactions w ith the m etals and 
their alloys. The ordinary corrosion or rust
ing of iron would cease under m ost condi
tions if moisture were excluded. N o metal 
surface can be so homogeneous, both chemi
cally and physically, that all points on its 
surface will exhibit exactly the same poten
tial in contact w ith a liquid. Differences in 
chemical constitution and internal stresses 
serve to make some areas cathodic w ith re
spect to  others as soon as the surface comes 
in  contact w ith a corrosive medium. The 
corrosion reaction m ay be divided into two 
parts which m ay be called “ anodic” or 
“cathodic” according to whether the elec
trodes absorb or give up electrons. Corro
sion of m ost m etals is largely produced by 
the flow of electric currents (that is, corro
sion is electrochemical in nature instead of 
chemical) between the anodic and cathodic 
areas. The anodic part of the reaction is the 
dissolving of the base m etal as m etal ion which 
is accompanied by the giving up of electrons 
to  the electrode. T he cathodic part is the 
hydrogen ion going out of solution and be
coming hydrogen gas w ith the absorption of 
electrons from the cathode. The combina
tion of the two is the replacement of hydro
gen in solution by m etal, w ith corrosion of 
the m etal and evolution of hydrogen gas either visibly or 
invisibly. If this hydrogen accumulating a t the cathodic 
areas reacts w ith dissolved atmospheric oxygen, it  permits 
corrosion to continue and the removal of hydrogen ions 
leaves an excess of hydroxyl ions; as a result the solution  
in the v icin ity  of the cathodic areas becomes alkaline (3). 
The formation of this alkali destroys the adhesion of any 
paint film over such areas, and the effect has been termed 
“alkaline peeling.”

A great m any factors influence the distribution or intensity  
of the corrosion reaction. Thus, if a certain m etal forms a 
continuous film over its entire surface as soon as it  is exposed 
to  a certain medium, attack will be stifled at once. If, how
ever, the film formed on the m etal is not continuous, then 
attack m ay be initiated and continue indefinitely. The 
oxides of the m etals are often nonconductors of electricity  
and insoluble in water, so that their presence or absence m ay  
have a vital effect on corrosion rates. The formation of any  
continuous nonmetallic coating on m etal surfaces, such as 
their natural oxides, prevents corrosion to  the extent that 
they exclude moisture and oxygen of the atmosphere con
tacting the base m etal; since such coatings are nonconductors, 
they retard the flow of electric currents between the anodic

and cathodic areas. T he formation of nonmetallic phosphate 
coatings on m etals by chemical treatm ent retards corrosion 
in a manner similar to the oxide coatings, except th at the 
phosphate coatings are less cathodic and are thus more pro
tective. Paint films had their evolution from oxide coatings 
and they afford protection to m etal surfaces, either by  
mechanically excluding corrosive agents or by chemically 
inhibiting the corrosion reaction.

M e ta ls  U se d  in  T e s t

Some of the m etals employed in the test are included in 
Table I and were chosen on account of their wide difference 
in corrosion resistance and for their common use.

S u r fa c e  P r e p a r a tio n  P rior  to  P a in t in g

Surface preparation is now recognized as one of the more 
im portant factors in securing durable and satisfactory paint 
films over m ost m etal surfaces. In a previous paper, the 
author (1) emphasized certain factors in the preparation of 
iron and steel for painting; chemical treatm ent w ith a rust- 
proofing solution (7) so as to  convert the m etal surface to a 

nonmetallic phosphate coating of the proper tex
ture adapted to inhibiting corrosion and in
creasing the adherence of any paint film applied 
thereon was described. Surface treatm ent has 
been stressed by m any investigators in preparing 
various metals for painting such as zinc sur
faces (5), aluminum (2), magnesium and cad
mium (8 , 9). W ithout exception, the treatments 
recommended have as their main objective the 
formation of a stable and nonreactive coating, 
chemically combined with the base m etal, which 
not only retards corrosion but provides greater 
adhesion of applied paint films.

I t  is difficult to  determine when bright sur
faces such as galvanized iron are clean; they 
may look clean and fail to show any visible 
dirt when wiped with a cloth damp with an

T a b l e  I. M e t a l s  T e s t e d

M etal
C M n 

(max.) (max.)

-A nalysis-

% %

   Zn
P  Ś C r Ni Al C oat- 

(max.) (max.) (max.) (max.) (m in.) ing 
O z.f

%
Steel3 , 0 .20
Bonderized steeR  0 .20
H ot-d ipped galvanized iro n c . .  . 
Bonderized galvanized iron . . .
Aluminum** __
C oated alum inum *
18-8 stainless s tee l/ 0 .0 8

0.60
0 .6 0

%
0.045
0.045

sq .ft.
0.055
0.055

0 .6 0  0 .030  0 .030  18

99 .0
99 .0

1.75
1.75

3 SAE No. 1015.
b Chem ical trea tm en t w ith phosphate  rustproofing solution.
* Class C ; A. S. T . M . designation A 93-27. 
d H alf-hard  brigh t finish.
* Chem ical tre a tm en t in phosphate-fluoride ba th .

/  W hite pickled surface.

Bond- 
erito 

C oating 
(?. P M  

sq .ft.

0!ÓŚ50 

0.0850



organic solvent, and yet paint will often show premature 
failure over such surfaces by peeling or chipping. The ad
vantages of some foolproof m ethod of preparing such m etals 
for painting whereby a visible coating is produced on the 
surface is of tremendous practical importance.

Some estim ate of the value of surface preparation prior to 
painting m ay be gained from the results obtained in this test. 
Four separate m ethods were used for preparing the steel 
panels for painting— namely, alkali cleaning, acid cleaning 
(phosphoric acid containing an organic solvent), sand blast
ing, and Bonderizing (a process which converts iron and zinc 
surfaces to a finely crystalline phosphate coating, 1). Half 
the number of galvanized panels were solvent-cleaned only, 
and the remainder were solvent-cleaned and Bonderized. 
Half the number of aluminum panels were solvent-cleaned  
and sanded w ith N o. 400 paper, and the remainder were 
solvent-cleaned aDd coated in a phosphate-fluoride solution. 
The stainless steel panels were all prepared by  solvent clean
ing. All steel panels were prepared from cold-rolled stock  
free of any m ill scale. T he alkali cleaning consisted in im
mersing the panels in  a hot (212° F .) solution containing 4 
ounces of alkali cleaner per gallon of water until all grease 
and foreign m atter were removed and then rinsing in clean 
water to remove all traces of the cleaning solution before 
drying. T he acid cleaning was carried out by  scouring the 
panels w ith steel wool dipped in phosphoric acid (15 per cent) 
containing an organic solvent, followed 
by a thorough rinse in clean water and 
drying before painting. Preparation of 
the sandblasted panels consisted of re
m oving all grease by  alkali cleaning be
fore sandblasting in the usual manner.
T he Bonderized panels were alkali- 
cleaned and then treated in a phosphate 
rustproofing solution for 2 m inutes so as 
to convert the m etal surface to a non
m etallic phosphate coating. T he paint 
finishes used for preparing the samples 
are described in  Table II.

T e s ts  fo r  D e te r m in in g  D u r a 
b i l i t y  o f  P a in t  F ilm s

D evelopm ent of new finishes, yearly  
model changes, and other circumstances 
often m ake it  necessary to determine the 
durability of paint films over m etal prod
ucts in a short time, and for this pur
pose laboratory and outdoor exposure 
tests are used. As a rule, laboratory tests  
are accelerated; that is, some factors in
fluencing the paint film are accentuated in  
the hope of producing in a relatively short 
tim e a result of some significance with re
spect to the durability of the paint film.
Two laboratory tests (the salt spray and 
hum idity tests) were employed for de
termining the durability of the paint 
films used in this investigation. Un
fortunately no standardized procedure has 
been established for these tests, and the 
manner and purpose for which one labora
tory makes use of the tests m ay differ 
widely from that of another; for this 
reason the procedure used in this in
vestigation is briefly explained.

S a l t  S p r a y  T e s t . The main purpose o f  
the salt spray test is to show the effect o f  
corrosion on the durability of paint films.
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Before the painted panels were placed in the salt spray cabinet, 
they were purposely scratched by means of a sharp instrument so 
as to expose a very thin section of the base metal. The test was 
graded at convenient intervals by measuring in inches the dis
tance the paint film peeled or the distance of corrosion creepage 
under the paint film from this scratch. This procedure permits 
a definite numerical method of rating the degree of breakdown 
and thus practically eliminates the human element in evaluating 
the test data.

The amount of salt mist inside the cabinet was adequate and 
was maintained as uniform as possible. The temperature inside 
the test cabinet averaged 75° F. A 20 per cent salt solution pre
pared from high-purity sodium chloride was used in the cabinet; 
the solution was sprayed over and over again. A fresh salt solu
tion was built up each week, and test specimens were inspected 
every other day.

H u m id it y  T e s t . This test is generally used to show the effect 
of moisture on the durability of paint films and is graded in terms 
of paint blistering. The temperature inside the humidity cabinet 
was maintained at 100° to 110° F. with 96 to 100 per cent relative 
humidity. Moisture was caused to condense on the surface of 
the test specimens by having them rest on a suitable base through 
the inside of which cold water was passed. A difference was thus 
created in the temperature of the test specimens and the main 
cabinet.

O u t d o o r  E x p o s u r e  T e s t . Next to actual service tests, out
door exposure tests are the most reliable for estimating the dura
bility or useful life of paint films. They approximate as nearly 
as possible the actual service conditions in which the paint films 
are generally used. The painted panels exposed in this test were 
purposely scratched across their face side with a sharp instrument, 
exposing a very narrow section of the base metal and placed in
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T a b l e  I I .  P a i n t  F i n i s h e s  E m p lo y e d

Designation Composition Baking Schedule

Black enamel:
Prim e coat Gilsonite, linseed oil, and syn

thetic resin
54 min., 390° F.

Finish coat Asphalt, Gilsonite, and synthetic 
resin

45 min., 455° F.

Synthetic fender finish:
1st finish coat Carbon black, synthetic resins, and 

gums
Air-dried 5 min

2nd finish coat Carbon black, synthetic resins, and 
gums

1 hr., 250° F.

Synthetic body finish:
1st primer, surfacer coat Iron oxide, fillers, linseed and tung 

oils
Air-dried 5 min.

2nd primer, surfacer coat Iron oxide, fillers, linseed and tung 
oils

1 hr., 250° F.

1st finish coat Carbon black, synthetic resins, and 
gums

1 hr., 250° F.

2nd finish coat Carbon black, synthetic resins, and 
gums

1 hr., 250° F.

Lacquer body finish: 
Prime coat 
1st surfaccr coat

2nd surfacer coat

2nd surfacer coat

1st lacquer coat 
2nd lacquer coat

Iron  oxide, linseed and tung oils
Iron oxide, fillers, linseed and tung 

oils
Iron  oxide, fillers, linseed and tung 

oils
Iron oxide, fillers, linseed and tung 

oils
Lamp black, nitrocellulose base
Lamp black, nitrocellulose base

Synthetic refrigerator finish (white) :
Prim er Pigm ent unknown, synthetic resins

and gums
Finish enamel Pigm ent unknown, synthetic resins

and gums

Exterior protective finish: 
Prime coat

1st finish coat

2nd finish coat

Red lead, chromate, linseed and 
tung oils

Titanium  oxide, linseed and tung 
oils

Titanium  oxide, linseed and tung 
oils

1 hr., 250° F. 
Air-dried 5 min.

Air-dried 5 min.

1 hr., 250° F.

Air-dried
Air-dried

20 min., 425° F. 

1.5 hr., 285° F.

Air-dried 48 hr. 

Air-dried 24 hr. 

Air-dried 48 hr.

INDUSTRIAL A ND  ENG INEERING CHEMISTRY
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A lkali-cleaned HaPOv-clcaned S and-blasted  Steel Bonder- 
steel steel steel ized

Stainless
steel

Alum inum A lum inum
coated

G alvanized G alvanized  iron 
iron B onderized

F i g u r e  1. P a i n t e d  S p e c im e n s  a f t e r  7 8 0  H o u r s  i n  S a l t  S p r a y  (above) a n d  a f t e r  1 8 - M o n t h  E x p o s u r e  i n  F l o r i d a  (below)

Miami, Fla., at 45° facing south in May, 1930. Monthly reports 
were made on the condition of the painted specimens.

A  summary of the results obtained from the salt spray, 
hum idity, and Florida exposure tests on the various m etals 
and paint finishes are included in Table III.

I n te r p r e ta t io n  o£ P a in t  T e s t  R e s u lts

Evaluation of results obtained from any accelerated method  
of testing the durability of paint films is often difficult and 
conclusions m ust be drawn with caution.

Throughout these experiments 4 X  12 inch panels were 
used for the painted specimens. The different m ethods used 
in preparing the panels for painting have been described 
elsewhere, and it w ill suffice to  m ention th at extreme care 
was taken to assure that the surface of all panels was free of 
any substance which m ight have a deleterious effect on the 
paint film. In so far as was humanly possible, the same film 
thickness of the paint finishes was applied on all panels. Three 
panels of each base m etal and of each cleaning treatm ent as 
well as the individual paint finishes were tested for durability  
by the separate accelerated and outdoor exposure tests.

The condition of the painted specimens is shown b y  Figure 
1, and the relation between the results obtained by the salt 
spray test and Florida exposure of the different metals 
finished w ith two coats of baked black enamel is indicated  
in Figure 2. I t  is apparent that corrosion is the primary cause 
of the paint failure observed on the easily corrodible speci
mens shown in Figure 1, since the same paint finish was used

on all the specimens. Improved adhesion of paint films applied 
over a roughened surface obtained by sandblasting did not 
materially improve the durability of the paint finish. Any 
recommended method of preparing easily corrodible surfaces 
for painting should tend to reduce or elim inate rather than 
increase the corrodible surface area underneath the paint film. 
Once moisture penetrates a paint film, its deleterious effect 
depends upon the am ount of corrosion resulting from it. 
Chemical treatm ent of easily corrodible m etal so as to provide 
a more stable and less reactive surface has been shown to be 
an effective method for increasing the durability of applied 
paint films. There is a fair relation between the results of 
the salt spray and Florida exposure tests a t this date,, and 
they reveal the influence of corrosion on the durability of the 
various paint finishes tested. (In previous experiments the 
writer observed a close relation between the results obtained  
from salt spray and Florida exposure tests for estim ating the 
durability of various paint finishes.) Exposing a narrow 
section of the base m etal by scratching the painted specimen 
with a sharp instrument before placing it in test approximates 
closely a condition which often occurs in actual service. 
Evaluating the breakdown of paint films from a given scratch  
on the face of the test specimen has proved more reliable as a 
means of predicting the durability of paint films in actual 
service than measuring the breakdown from thé edges of the 
specimen. The uniformity in film thickness of the paint coat
ing on the face as compared to the irregular and indefinite 
film thickness of the paint filin on the edges of the specimen 
is believed responsible for this result.

Corrosion and its effect on the adherence of paint films over
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metal surfaces are clearly shown by the salt spray test; the test 
is therefore of considerable value in estim ating the durability 
of paint coatings which are exposed to marine atmosphere or 
saline conditions. In  sections of the country where ice con
ditions are severe, the deleterious effect of the salt used on 
the streets for removing the ice is a v ita l factor in the dura
bility of finishes on automobiles. I ts  effect is often observed 
by the corrosion creepage under the paint finish from the edges 
of the fenders or from scratches and breaks in the paint film, 
and the resultant rust increases in volum e until it forces the 
paint film from the metal.

Over bare steel and galvanized surfaces the durability of 
paint films as shown by 18-month Florida exposure was 
found to Ire directly proportional to the degree of blistering 
exhibited by  the same finish tested in the hum idity test here 
described. T he durability of the paint films applied on 
aluminum and stainless steel are shown by 18-month Florida 
exposure not to be influenced by the degree of blistering they  
exhibited in the hum idity test. Although the aluminum and 
stainless steel painted specimens rated “very badly blistered” 
in the hum idity test in a short period, there is no sign of 
breakdown in the finish over these m etals after 18-month 
Florida exposure. One m ay conclude from these results that 
the durability of paint films applied over easily corrodible 
metals is inversely proportional to the degree of blistering the 
paint films exhibited in the hum idity test. T he degree of blis
tering does not m aterially affect the durability of paint films
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applied over alm ost noncorrodible metals. (Additional ex
posure of these specimens m ay alter this conclusion.)

I t  is believed th at water penetration of the paint film is 
the main factor of all paint blistering. Assuming that a 
paint film w as absolutely impervious to  moisture and ap
plied over clean m etal (surface free of any active substance), 
it  would not blister. Contrary to popular opinion, corrosion 
is a result of paint blistering and not a cause. Carefully 
cleaned glass specimens were painted and exposed in the 
hum idity test; they were found to  exhibit the sam e degree 
of blistering as steel specimens prepared in the same manner. 
Sandblasting or etching the glass w ith hydrofluoric acid so 
as to  roughen its surface failed to prevent blistering when it  
w as painted and tested as described. In general, the adhesion 
of the paint film to its supporting base influenced the size 
of the blisters but was found not to affect their number ap
preciably.. Increased adhesion of paint films to their base is 
conducive to preventing blisters from increasing in size and 
thereby to extending its useful life. Expressed by W ray and 
Van Vorst {10): “T he permeability of the paint film to  
moisture is a fundam ental property of practical importance.

M oisture is necessary for the common types of corrosion; 
the exclusion of moisture by  the paint film is an im portant 
function of a m etal protective paint, and an understanding 
of the mechanism of moisture penetration and its measure
m ent has become essential in modern paint technology.”
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P retreatm ent of M etal
F. N. SPELLER 

N ational Tube C om pany, P ittsburgh , Pa.

OF  ALL factors that influence the protection obtained 
from paint, those associated w ith the metal-surface 
condition are probably the m ost im portant, even more 

so than the composition of the paint itself. Since more than  
half of the iron and steel in  use is painted, even if only for 
appearance, we will discuss the subject w ith particular ref
erence to ferrous metals, although the sam e principles apply 
to the protection of nonferrous metals. Consideration of 
the subject w ill be m ainly from the view point of the user of 
paints, w ith the hope of encouraging the developm ent of 
better and more economical m ethods of preparing m etals 
for painting, and their more general use in everyday practice 
on steel used in larger structures.

One of the purposes of painting is to  form a physical barrier 
between the m etal and its  environm ent to  prevent cor
rosion. However, all paints are more or less permeable to  
moisture, and, where it  finds access, damage to the m etal 
and the inner paint film follows. Therefore, both chemical 
and physical protection of the m etal is required. The former 
m ay be controlled by corrosion inhibitors, such as zinc chro- 
mate, now commonly used in the priming coat. Wherever 
moisture is present, this treatm ent passivates the m etal to 
som e extent.

A d h e s io n  o f  P a in ts

T he Underground Corrosion Conference held in W ashing
ton, D . C., N ovem ber 15 to 17, 1937, included a useful and 
tim ely contribution on the principles of “Adherence of Or
ganic Coatings to M etals” by  Schuh {15). A t this time, 
therefore, it  is necessary only to refer briefly to the im portant 
factors that affect the adherence of paints. E very one knows 
that it  is impracticable to  make paint adhere properly when 
there is moisture or loose foreign m atter on the m etal sur

face. All such unbonded m atter should be removed com
pletely. However, there are other factors that are not so 
generally recognized in preparing the surface for painting.

The bond between a paint film and the m etal m ay vary  
greatly, depending upon several factors. T he film should be 
directly in contact w ith the m etal or so near (i. e., within  
several molecular layers) that it  is within the close range of 
attractive forces a t the interface between these materials. 
Furthermore, reactions som etim es take place between the 
m etal and paint, which in some cases weaken the bond. 
Specific adhesion between paint and different materials can
not y e t be measured. B ut for any one metal, all that is re
quired is a  reliable test for relative adhesion. In the follow
ing discussion of the principal factors that influence adhesion, 
it  w ill be noticed that these are often interrelated.

M e t a l  S u r f a c e  F i l m s .  On all the common metals, 
surface films form by  reaction of the m etal w ith its environ
ment— for example, the oxides, phosphates, or chromate com
binations. In  fact, oxide films form so rapidly in the at
mosphere that it  is doubtful whether paints are ever applied 
to a perfectly clean m etal. Surface films that are tightly  
bonded, stable, and absorptive usually afford a better surface 
for painting than the m etal itself. E vans (4) showed an 
oxide film to be blended into the m etal surface structure. 
The bond of a surface film to m etal, the cohesive strength of 
the film, and the adhesion between paint and surface film are 
all of fundam ental importance in protection by paints.

Phosphated surfaces generally give good paint adherence. 
A number of processes based on this principle are now avail
able for treating a wide variety of zinc and steel surfaces. 
The choice is based on service requirements and cost of ap
plication. M etallic phosphate combinations, as applied by  
the Parkerizing or Electrogranodine processes, are examples 
of effective but relatively expensive methods of making a 
better bond between paint and m etal and of protecting it  to 
some extent from corrosion. T he influence of other less expen
sive chemical treatm ents on adhesion will be referred to later.
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R o u g h n e s s .  Another im portant factor that materially 
improves adhesion is roughness, which increases the actual 
surface area. For instance, a metal surface that has been 
roughened by steel-grit blasting m ay have well over fifteen 
times the area of a sm ooth surface (S, 16); even a very fine 
abrasive increases the surface area several tim es over a 
sm oothly polished surface. T he contour of the surface de
pends m ainly on the particle size of the grit. Excessive 
roughness m ay invite corrosion, because of the thinner paint 
film that covers the high spots. M etal spray adheres me
chanically to a  sand-blasted m etal surface but not to one that 
is smooth-machined. T he surface area is also increased when 
a nonreactive stable film, such as iron phosphate, is formed on 
the warm m etal surface (see the preceding paragraphs). 
This method of providing an enlarged inert surface for the 
reception of paint seems preferable in  some w ays to increasing 
the m etallic surface, which is subject to corrosion. The 
weathering of hot-galvanized steel prior to painting is a 
well-known illustration of the beneficial effect of chemical 
roughening and m etal surface films in im proving adherence 
of paints.

In flu e n c e  o f  M ill S c a le  o n  D u r a b ility  o f  P a in ts

There has been much controversy on the question of 
whether or not mill scale should be com pletely removed be
fore painting. An oxide layer builds up on the m etal surface 
as it  cools after the last pass of the rolling mill, and its com
position and structure vary with the temperature at which 
the m etal leaves the rolls. Therefore, there is considerable 
difference between mill scales, and their composition and 
adhesion cannot always be controlled in finishing steel prod
ucts. About tw enty years ago, a process was introduced by 
the N ational Tube Company to produce a uniform thin scale 
on pipe. The temperature was lowered to about 1650° F. 
before the finishing pass was entered in order to crack off the 
relatively thick welding scale and form a new thin scale 
of more uniform thickness which is comparatively easy to 
remove by pickling. Russian iron, blued sheets, and m any  
of the colored m etal finishes are examples of oxide films that 
provide considerable protection in some environments. How 
ever, the properties of mill scale on the larger steel prod
ucts are not always under such control.

S u rfa ces  for P a in t in g__

D r y  S u r f a c e .  Where the relative hum idity is above 7 0 , 
there is always the chance that an invisible adsorbed layer 
of moisture m ay be present on the m etal, particularly when 
the m etal temperature is below that of the air {18). Warm
ing the m etal sufficiently assures a dry surface and also im
proves the strength of bond to the coating.

M e t a l  C o m p o s i t i o n .  T he composition of the m etal is 
of some importance w ith  respect to the properties of the sur
face film formed in air. For example, on account of the more 
adherent film on copper steel, paint holds better and lasts 
longer on this m etal than on plain steel under m ost atm os
pheric conditions (17).

C h e m i c a l  A c t i o n .  Chemical action between the metal 
and the decomposition products of the paint vehicle m ay 
loosen the bond. For example, the adhesion of m ost oil 
paints to a new hot-galvanized surface weakens after a short 
tim e so that the paint tends to peel. This is thought to be 
due to the formation of zinc formate on the interface between 
the paint and the zinc {S3). If the galvanized surface is 
previously roughened by chemical or physical means, or if a 
considerable amount of zinc dust is added to the paint, ad
hesion is much improved. The bond of asphalt coating ap
plied hot over an asphaltic primer m ay be weakened in time 
by separation of an oil which fluxes the undercoat when the 
latter is very different in type or consistency from the outer 
coat. Therefore, it  is not wise to conclude that adhesion of 
new coating combinations is good until so proved by a pro
longed test under service conditions.

Changes in  strength and ductility of the paint film also 
tend to destroy adhesion. Shrinkage, particularly in thick  
films, m ay overcome the adhesive bond. T he composition, 
permeability to moisture, and aging properties of paints m ay  
have a marked effect on the initial adhesion or permanence of 
adhesion. When present in amounts over 2 5  per cent of the 
total pigm ent in the primer, inhibitors such as zinc chromate 
retard or prevent m etal corrosion under paint that otherwise 
would destroy the bond between paint and metal.

During the past two or three years, the corrosion comm ittee 
of the British Iron and Steel Institute, and other investigators 
in England, have taken a rather definite stand in favor of 
removal of all m ill scale (7). However, it  is sometimes 
difficult and expensive to descale large fabricated steel units 
completely. I t  is therefore im portant to consider the matter 
carefully and determine what, if any, advantage is obtained 
by the additional expense involved. The bond of m ill scale 
to the m etal varies considerably on the same piece of steel. 
In some cases the strength of this bond amounts to  several 
thousand pounds per square inch, before weathering, and the  
paint adheres firmly to dry mill scale surfaces just as it does 
to the clean metal. I t  cannot be denied that m any success
ful painting jobs have been done where only the loose scale 
and other foreign m atter have been removed.

On the other hand, where moisture is present the scale is 
cathodic to the metal by about 0 .2 5  volt, and corrosion tends 
to proceed underneath the scale, which eventually loosens. 
If this happens after the steel is painted, failure of the coating 
is likely to be hastened. Later in this paper m etal surface 
treatm ent will be discussed that m ay be applied to a clean 
metal or to one that is partly covered with a tight scale to 
prevent or retard corrosion under paint.

The best and m ost economical practice of surface treat
m ent w ill therefore be determined by consideration of all of 
the factors involved, including cost and service conditions. 
Where a highly finished painting job is essential, as on auto
mobile bodies, there is little question that all scale should be 
removed unless it  is very thin and adherent and a corrosion 
inhibitor is applied. On the other hand, when the thicker 
bituminous or Portland cem ent coatings are used as for pro
tection of pipe underground, it  does not pay to spend much, 
if anything, on removing tight scale.

The N ational Bureau of Standards’ tests {10) of bare pipe 
in corrosive soils show no material difference between the 
pitting of pipe carrying a standard mill scale and the same 
pipe with very little or no scale. General conclusions cannot
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A . As-rolled finish, scratch-brushed D. Pickled, d ipped in chrom atc inhibiting C. P ickled, tre a te d  w ith phosphoric ac id -
solution a t  180-190° F ., and washed w ith chrom ate inh ib ito r, no t washed

ta p  w ater

F ig u r e  1. S t e e l  P a n e l s  G iv e n  T w o  C o a t s  o f  L i n s e e d - T u n g  O i l  L a c q u e r  a f t e r  P r e t r e a t m e n t s  N o t e d  
A b o v e , a n d  E x t o s e d  53  W e e k s  o n  t h e  R o o f  i n  P i t t s b u r g h ’s  S e m i - in d u s t r ia l  A t m o s p h e r e

be drawn from these tests because m etal underground is sub
jected to local differences of potential due to variations in 
the soil and water in  contact w ith the pipe, which are often in 
excess of the potential generated between mill scale and metal.

M e th o d s  o f  C le a n in g  t h e  M e ta l S u r fa ce

There are various w ays of cleaning the surface before it  is 
painted. Where desirable, m ost of the mill scale can be re
moved or loosened by  exposure to a corrosive atmosphere for 
several months. T he percentage of scale removed depends 
m ainly upon the corrosiveness of the air and the period of 
exposure. For instance, a few purchasers of pipe for gas and 
oil pipe lines order the material shipped without any coating 
because they find that after being weathered in transit, the 
pipe is easier to clean by sand, steel-grit blasting, or other 
means. Sandblasting is one of the m ost effective means for 
removing m ill scale. Under som e conditions, however, it 
is objectionable on account of the dust problem, the cost, and 
the difficulty of application. The air used in the blast should 
be fairly dry; otherwise, when it  expands, moisture m ay be 
deposited on the clean m etal. N o m atter how the surface is 
cleaned, in corrosive air it  should receive a rust-inhibitive 
priming paint im mediately after cleaning.

A method of hydraulic sandblasting is being developed that 
m ay have some advantages particularly in  preventing dust in 
foundries.

M echanical im pact appliances have proved effective for 
cleaning steel, particularly after the mill scale has been 
loosened b y  weathering. Cleaning machines of this type 
have been devised that remove m ill scale and rust from the 
pipe, and also roughen the surface.

Power-driven wire brushes in the hands of reliable oper
ators can be used m ost effectively in reconditioning old struc
tures that require repainting.

Pickling in hot dilute acid and rinsing in hot water are often  
less expensive and more satisfactory than sand or steel-grit 
blasting.

One of the latest methods is to pickle the m etal free from 
scale in 5 per cent sulfuric acid at 160° F . (6‘). After being 
rinsed in  hot water, it  is immersed in a 2 per cent free phos
phoric acid bath containing approxim ately 0.5 per cent of 
iron in solution at 185° F . for about 3 or 4 m inutes. On 
removal from the phosphoric acid bath the pipe is allowed to  
dry w ithout washing and is painted w hile warm. Phosphoric 
acid gives an iron phosphate inhibitive finish well adapted to 
hold paint, as pointed out before. W here practicable, this

treatment is favorable to good painting. E ven scrubbing 
w ith a water-alcohol solution of phosphoric acid is reported 
to be useful in preparing the surface for painting.

If there is any suspicion that a film of moisture is present 
on the surface of a m etal, it  m ay be wiped w ith a clean gas 
flame im m ediately before the paint is applied. (W et metal 
should not be dried in this way.)

A p p lic a t io n  o f I n h ib ito r s  to  M e ta l S u r fa c e s

I t  is well known that the electrochemical process of cor
rosion is retarded or prevented under certain conditions 
when the electrolyte contains a certain am ount of an inhibi
tor, such as sodium chromate. This is apparently due to the 
polarization of anodic areas by the formation of self-healing  
films {6,1 4 ,  19).

The potential of a m etal to water is that of the natural 
metal surface film and is materially affected by the composi
tion of applied paint coatings. T im e-potential curves indi
cate that the chemical protective effect is just as important 
as physical protection of paints on m etals {2).

The use of a slightly soluble zinc chromate in the priming 
coat of paints is now generally recognized as good practice. 
Red and blue lead are m ild inhibitors of corrosion but are 
much improved when used w ith more than 25 per cent of 
zinc chromate. The general use of red lead as priming paint 
on the as-rolled surface of iron or steel probably accounts for 
the comparatively little  trouble experienced in painting over 
tightly  attached m ill scale. Apparently the m etal is ren
dered more or less passive b y  a sm all amount of inhibitor dis
solved by moisture which finds access through defects in  the 
paint. Addition of the sodium chromates to water greatly 
retards or stops the galvanic action between mill scale and 
steel. T he am ount required to do this depends upon the 
composition of the water. Based on qualitative tests in 
Pittsburgh city water, only a trace of corrosion is found 011 
steel carrying mill scale when the dichromate concentration  
is about 800 p. p. m. In the absence of mill scale, about 300 
p. p. m . of dichromate w ill be sufficient to prevent corrosion 
under these conditions. The normal chromate (pH 8.5) is 
still more effective. I t  would seem to be only one step further 
to  apply a chromate inhibitor to the m etal before painting. 
The phosphated film formed by  reaction between iron and 
phosphoric acid acts as a milder inhibitor and serves a useful 
purpose in  improving adherence of paint. Combination of 
these materials has proved useful in preventing or retarding 
corrosion in industrial water.
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W ithin the past few years, a number of water-inhibitive 
solutions have appeared on the market for pretreatment of 
m etal surfaces on a large scale, prior to painting, to improve 
adhesion and retard corrosion under the paint. These con
tain essentially orthophosphoric acid or chromic acid. At 
least one contains both phosphoric acid and chromium salts 
with other proprietary oil-dispersing ingredients.

The effect of these inhibitors depends upon their proper 
application and som ewhat upon conditions of exposure. For 
instance, in industrial air and in the salt-spray chamber, a 
marked improvement was found in the resistance of a paint

Inhib ited N ot inhibited

Basic lead chrom ate prim er

Zinc ch rom ate-iron  oxide pain t

R ed lead-linsced oil pain t

F i g u r e  2 . S t e e l  P a n e l s , a s  R o l l e d , w i t h  a n d  w it h o u t  P h o s p h o r ic  
A c id - C h r o m a t e  I n h i b i t o r  a n d  O n e  C o a t  o p  P a i n t ; E a c h  P a i r  E x p o s e d

IN THE SaLT-SpRA Y  CHAMBER AT THE SAME T lM E  FOR THE S.VME PERIOD 

Courtr.su, American Bridge Company Laboratory

film on steel test panels that had received a wash of ortho
phosphoric acid-chrom ate solution (Figures 1 and 2). In 
warm Florida salt air there was some improvement although  
much less, as would be expected, probably as a result of the 
presence of chloride ions. When applied to steel panels 
prior to painting for tests underwater, the same inhibitor 
showed a material reduction in size and number of blisters 
(Figures 3 and 4):

In preparing these test panels, the inhibitor was applied after 
1110}' were thoroughly cleaned, surplus solution drained off, sur

face dried, and paint brushed on indoors at 
about 70° F. The best procedure for practical 
application remains to be developed in detail, 
according to operating conditions. To secure 
the most satisfactory results, the steel surface 
should be preferably descaled but at least free 
from unbonded mill scale, rust, and dirt; the 
temperature of the treated metal and atmos
phere should not be below 60° F. to ensure 
completion of reaction; excess inhibiting solu
tion should be removed, and the surface com
pletely dried before painting. In practical 
application it may prove advisable, especially 
on surfaces that have not been completely 
descaled, to wash with water after the in
hibitor has reacted, before drying. If applied 
when the temperature is too low, the reac
tion between the solution and the metal may 
be incomplete, leaving unused acid on the 
metal. When painted, this acid may be trapped 
in and later react, destroying the paint film.

The adherent films that these inhibitors 
form on the metal increase the surface avail
able for contact w ith  the paint and a t the 
same tim e have a passivating effect that m ay  
be quite useful in neutralizing local poten
tials such as those due to mill scale or rust.

These inhibiting materials have not been 
applied in practice on a large scale long 
enough to develop fully all necessary precau
tions in application and determine the de
gree of protection that can be depended  
upon under various service conditions. How
ever, much the same principle has been 
employed for some tim e in various forms (in 
hot solutions) for the preparation of highly  
finished steel for painting, such as for auto
m obile body parts.

Chromate inhibitors would probably not 
be effective in an atmosphere th at was de
cidedly acid, since acidity dissolves the film  
and increases corrosion. T he addition of a 
basic pigm ent or zinc dust should be help
ful in the priming coat, under such condi
tions.

T he amount of moisture that can pene
trate a good paint film is quite limited, so 
that a very small am ount of soluble chro
m ate should give the concentration neces
sary to passivate the m etal. T he solu
bility of zinc chromate in water is about 
800 p. p. m.

S u m m a r y  a n d  C o n c lu s io n

I t  is evident th at m etal corrosion and 
the paint problem are intim ately related. 
To obtain the best protection of iron and 
steel by paint, proper preparation of the 
surface is of fundamental importance. This 
includes, a t least, removal of all foreign 
matter not tightly  bonded to the m etal or
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unsuitable as a base for paint. Various 
m ethods for removing mill scale under dif
ferent conditions of service have been dis
cussed. T he surface should be actually dry, 
preferably warm, and free from reactive sub
stances when paint is applied.

W ater solutions of inhibitors applicable at 
normal or higher temperatures are being de
veloped that react w ith the m etal to form in- 
hibitive films. The rate of this reaction de
creases w ith  the temperature so that precautions m ust be taken 
to ensure either the completion of the reaction or the removal 
of all soluble material th at has not reacted before the surface 
is dried prior to painting.1 Properly applied, this treatm ent 
in certain cases has been found to improve paint adhesion; 
it  tends to polarize the iron mill-scale couple, and to reduce 
local differences in potential. The advantage of an efficient 
inliibitive pigm ent in the priming coat is now generally rec
ognized. The combination of an inhibitor properly applied 
to the m etal and in the priming paint tends to reduce further 
the chance of destruction of the bond between paint and m etal 
by corrosion. However, the practical value of these low-cost 
water inhibitors to fabricated or structural steel has not been 
fully demonstrated by long-tim e tests in service. The re
markable developm ents in paints and painting technic in re
cent years have been accomplished gradually by testing and 
experience. T he successful application of water-soluble in 
hibitors to  the m etal on a large scale w ill probably have to go 
through a similar process of developm ent. Where better and 
more expensive paints are to be applied, it  seems still more im 
portant that all necessary precautions be taken in the prepa
ration of the surface.1

R ecent tests and experience indicate that, as a rule, when 
carried out w ith all necessary precautions, the m ost desirable 
preparation of steel surfaces for painting (particularly for un
derwater service) is complete descaling, followed by  phosphat- 
ing or similar chemical treatm ent.

1 A fter th is  paper was w ritten , th e  Am erican Society for Testing  M a 
terials set up  a  new subcom m ittee (X X IX  of C om m ittee D -l)  on P repa 
ra tio n  of Iro n  and  Steel for Pain ting . This subcom m ittee should be a  good 
m edium  for testing  all factors having to  do with p reparation  of the  m etal 
surfaces for painting.
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EQUATIONS, w ell tested by experiment, are available 
for flow of gases through primary devices such as the 
plate or nozzle orifice or the Venturi tube. These in

volve a difference of pressure across the constriction, usually  
expressed as differential manometer reading. B y  the use of 
the equation it  is possible to calculate the flow, as volum e (or 
weight) per unit time, which will be discharged through the 
instrument a t any given differential pressure manometer 
reading; the in let temperature and pressure m ust be specified. 
The converse, the manometer reading for a given discharge, 
is similarly calculable.

Less well developed but equally well proved are the equa
tions for discharge from an instrument of the same type in  
which the pressure-reducing constriction is a long piece of 
capillary tubing. Calculations of discharge rate, a t specified 
conditions, m ay be made for any manometer reading.

If it  is desired to draw a line of discharge rate vs. manome
ter reading for any of the above instruments, the condi
tions at which this line applies m ust be specified. For any  
other conditions it  is necessary to draw another line. An 
infinite number of lines is therefore required to provide for 
all the operating conditions possible.

The purpose of this paper is to  show that, by  a rearrange
ment of the terms of the known equations, plots of discharge 
flow rates m ay be recorded in such a manner that a single 
line represents all conditions of temperature and pressure. 
The data for the drawing of this original p lot m ay be cal
culated at specified conditions, or measurements of actual 
discharge rates (i. e., calibration of the instrument) m ay be 
employed. Exam ples of lines drawn by  each of these methods 
are given in Figures 3 and 4.

The proposed methods provide a much speedier w ay of 
using the instruments than calculation by  the equation. The 
author knows of no other single-line m ethod, universal for 
all pressures and temperatures, of correctly recording flow 
rate data through such instruments, although two incorrect 
m ethods are known to  be practiced. T he first adm its its  
error but fails to  do anything to remedy it . T he meter is 
calibrated a t one tim e of year and recalibrated when seasonal 
changes result in w idely different average room tempera
tures. N o effect of pressure variation is ever included. T he 
second method is probably the more insidious, since it  in
volves a supposed “correction” which does not actually effect 
a true correction. The volum e flowing per unit tim e is 
measured,corrected to standard conditions, and plotted against 
the reading of the differential manometer (2). This is ob
viously equivalent to a p lot of weight rate (or molal rate) 
against R. The equations developed here prove that this is 
not a correct method for weight rate plots in any of the meters 
discussed. Since the volum e rate a t standard conditions, V„ 
is equal to

V {T ,/T){p /v .)  =  V (p /r )(a  constant)

it  will be apparent from the equations presented here that this 
constitutes an incorrect method for volum e flow rate plots 
as well, for none of the derived p lot ordinates is of this form.

A n e w  m e th o d  is  p ro p o sed  o f p lo t t in g  
d isch a rg e  flow  r a te s , for in s tr u m e n ts  o f  
th e  V e n tu r i a n d  orifice  ty p e , a g a in s t  th e  
d iffe r e n tia l m a n o m e te r  rea d in g . T h e  
g ro u p s to  b e  p lo t te d  are so  c a lc u la te d  
t h a t  o n e  lin e  o n  s u c h  a  p lo t  w ill  b e  u n i 
versa l for v a ry in g  v a lu e s  o f  in le t  p ressu re  
a n d  te m p e r a tu r e . T h e  g ro u p s are d e 
rived  b y  r e a r r a n g e m e n t o f  t h e  te r m s  o f  
w e ll-k n o w n  e q u a tio n s .

T y p es o f  in s t r u m e n ts  in c lu d e d  in  th e  
d isc u ss io n  are p la te  a n d  n o z z le  orifices, 
V e n tu r i tu b e s , a n d  lo n g - tu b e  ca p illa r y  
orifices. T h e  la s t  are s tu d ie d  in  b o th  
v isc o u s  a n d  tu r b u le n t  flow  r a n g e s  for  t h e  
g a s  in  th e  ca p illa ry . F or e a c h  o f t h e  
ty p e s  o f  m e te r , a  s a m p le  d isc h a r g e  ra te  
p lo t  is  sh o w n , a s  r e c o m m e n d e d .

A lig n m e n t  c h a r ts  are a lso  g iv en  a s  a  
c o n v e n ie n t  m e th o d  o f c a lc u la t in g  th e  
g ro u p s fo u n d  to  b e  n e c e ssa r y  in  t h e  n e w  
ty p e  o f  p lo t .

If V, is plotted against R, subsequent use of the plot will 
result in the following errors for a temperature change of 
10° C. and barometric change of 20 mm. of mercury in the 
opposite direction (i. e., temperature rise and barometric fall, 
or vice versa ): for plate or nozzle orifices or Venturi tubes, 
3 per cent on either weight or volum e rate plots; for capillary 
meters, 2.3 per cent on volum e rate plots and 12 per cent on 
w eight rate plots.
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A s s u m p t io n s  a n d  L im ita t io n s

In all subsequent work it  is assumed that the simple gas 
laws apply. N o cases in  which Ap is large as compared to p A 
(not to  exceed 10 per cent a t the m ost) were considered. 
H igh pressure drops require the use of more complicated  
equations of discharge and invalidate th e  sim plifying assump
tions made in relating AH  to R. T he situation m ay be 
avoided by the proper selection of the size of the line in  which 
the throttling constriction is placed.

P la te  O rifices, N o z z le  O rifices, a n d  V e n tu r is

A p p a r a t u s . M eters considered in this section consist o f  
tw o parts: (a) the primary device, orifice or Venturi, and
(6) the differential manometer connected to show the pres
sure drop across the constriction of the primary device. 
Illustrations of plate orifices, nozzle orifices, and Venturis are 
available in the literature (1 ,3 ) . T he capillary orifice is not 
included in  this section.

P r e s e n t  E q u a t i o n s . Years of research by mechanical and 
gas engineers have resulted in  the following equations for 
the devices of this group (1):

FA(cu. ft./sec. at p A, T  A) =  140.6 K Y aD \ V R '

( 1 )

where D  is in feet, p A in pounds per square foot, and T A in 
0 K . For the Venturi a preferable equation exists w ith  sub
stitutions for K  and Y A. Since these terms are to be elimi
nated, the presentation of both equations is unnecessary.

If we consider only one instrument and only one gas a t a 
time, and if we assume the ratio p J p A to be nearly unity  
so th at Y A is essentially unity, and the sim ple gas laws to 
apply so that y  is unity, considerable simplification w ill result:

VA = Ci VR ^  (2)

I t  is apparent that the value of C\ m ay also include a term  
to  correct the units of V  to cubic feet per m inute or per hour. 
I t  is also apparent that w ith small values of Ap it  is reason
able to  drop the subscripts on V, T, and p.

Rearranged, Equation 2 gives

VA - y j ^  =  Cd V R  (3)

Equation 3 now indicates th at a p lot of V AV p A/ T A as 
ordinate against V~R  as abscissa should result in a curve which 
is universal for all values of p A and T A. I f VA alone is 
plotted against V~R, a different line will result for every set of 
pressure and temperature values, as indicated by  Equation 1.

I t  is often more desirable to  know a w eight rate than a 
volum e rate. T he weight rate is obtained by m ultiplying  
both sides of Equation 1 or 2 by pA. Then, since

V„Px =  W

w  =  c , ’ pa ^ V r  (4)

From the A. S. M . E . report on fluid meters (1),

p a  =  0.01042 p AG y /T A (5)

Sim plifying by the same assumptions used to  produce Equa
tion 2 from 1, the y  m ay be dropped and G regarded as another 
constant. Then, substituting Equation 5 in  4,

B y  rearrangement th is becom es:

w V t j ^ I  =  C , 'V R  (6)

Therefore, the universal p lot to be used should be W V T A/ p A 
as ordinate against V R  as abscissa.

T he results of Equations 3 and 6 m ay be obtained by a 
different method; the equation for liquids flowing through 
orifices or Venturi tubes (3, 5) is used as the basis. T h is equa
tion is given as

V  ujp — uA2 =  C V  20 A/I (7)

In order to em ploy this equation for gases, it  is necessary 
to m ake the sam e assumptions used in  sim plifying Equation
1. Then, for any instrument, uB m ay be expressed in  terms 
of uA, u A m ay be expressed in terms of volum e flow rate, 
V, or weight flow rate, W ,  and the following equations m ay be 
derived:

V  =  CiV r H  (8)
W = Ci pV aH (9 )

In Equations 8 and 9,

C..  A,  C V 2 j  (,A >

B y the simple gas laws,

p  —  p M /B T  (10)

and Equation 9 m ay be written

IF =  C2 1  V a R ;  C2 =  C iM /B  (11)

Although Equations S and 11 m ay be used to specify uni
versal plots w ith AH  as abscissa, they w ill be more useful 
normally if AH  is replaced by R:

AH =  Pp) =  r ( ~ -  l )  (12)

where dL and d0 are specific gravities referred to  the same 
standard. Equation 12 is simplified by the assumption that 
one is negligible in comparison w ith dL/ d g, which amounts 
to neglecting the weight of gas on top of the liquid in the 
manometer.

W ith an air-water manometer, if the temperature of each 
phase is 20° C. and the air is at a pressure as high as 30 
pounds per square inch gage, dL/ d 0 is approxim ately 276; 
the assumption th at one is negligible in comparison w ith this 
figure involves an error of slightly less than 0.4 per cent. For 
heavier gases or lighter liquids in the manometer arms, the 
error under the same conditions is magnified. In general, 
the error increases w ith increase of pressure and decrease of 
temperature.

For normal conditions it  is therefore reasonable to write 

A H  =  R di/da  (13)
, , d,T, p

where d0 =  —

since dg is dependent upon conditions. Since d„ T„ p„  and 
dL are all constants, E quation 13 becomes:

AH  =  aRT/p; a =  dhp,/d ,T ,  (14)

B y  substituting E quation 14 in 8 and 11, the following are 
obtained:

v V pJt  =  c y V r  
w V t / p =  c y V r

( 1 6 )
( 1 6 )
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These results are the same as those obtained with the A. S. 
M. E . equation as a starting point (compare Equations 3 
and 6).

In the recommended plots the intercept on log-log paper 
(the slope on coordinate paper) m ay be calculated if values of 
C, the discharge coefficient, are known (see subsequent para
graphs on the variable value of C); the values of CV and CV 
are known for any instrum ent and any gas (Equations 8, 
9A, 11, and 14). These should be of principal use in predict
ing a calibration line as a check on the accuracy of the data  
taken.

A l i g n m e n t  C h a r t .  An alignment chart is presented in 
Figure 1 for the rapid calculation of values of V(p/T ') l/2 or 
W ( T / v ) 1/2. T he method of use is illustrated in Figure 1. 
The line (T / p ) l/2, (p / T ) 2' 2 is essentially a reference line; 
the units are not essential to the solution of the groups de
sired.

E x a m p l e  o p  M e t h o d .  D ata are available for volum e dis
charge rates vs. manometer readings for a Venturi tube; the 
pressure and temperature conditions are known at each rate 
of discharge. Since it  has been assumed that p b/ p A ap
proaches 1, outlet conditions m ay be substituted for in let 
T  and p  if desired, although accuracy is decreased thereby.

A t each discharge rate, calculate V (p / T ) 1 n , utilizing Figure 
1 if desired. P lot these values against R  on log-log paper. 
Draw a line through the points.

A t some subsequent tim e a definite flow rate, V, is desired. 
The pressure and temperature a t which the instrum ent is 
to operate are determined and V ( p / T ) 1/2 is calculated. The

p fw m .)
fOOO

r  voo 

■ooo

— 7 0 0  

6 0 0

Exomp/es:
/> *  Ö 0 0  m m .  
t - S O ' C .  
V (o rW )= 7 .S  

F in d  V ( p /T V *  i / .d .e r  
F in d  W C r /p )* *  4 .7 6

manometer reading to be set is then read from  
the plot of V { p / T ) 112 against R. If the converse, 
the flow rate for a definite recorded value of R, 
had been desired, V { p / T ) 112 would have been 
read from the chart a t th is known R, and V 
would have been calculated by the aid of Figure 
1 or by  direct calculation, using the recorded 
values of p  and T.

P o s s i b i l i t y  o f  V a r i a b l e  V a l u e  o f  C. W hen 
the equations on orifice plates and Venturi tubes 
are plotted on appropriate graph paper, they will 
produce straight lines only if coefficient C  is 
constant over the range at which readings are 

required. This means that the rate of flow in the main tube 
m ust be of a Reynolds number greater than 10,000 {1, 8).  
Since it  is not always feasible to  design a low Ap  orifice of 
such high flows, it  is entirely possible that a varying C  may  
be involved. The methods recommended for the recording 
of calibration curves will, in  such cases, produce curves in
stead of straight lines. If desired, this variable C  m ay be 
removed from the group of constants (e. g., C  m ay be w ith
drawn from the constant, Ci, of E quation 9A) and included 
in the variables. Equations 15 and 16 would then appear as

('V / C ) { p / T )".« =  c s V r  

{ W / C ) { T / p ) * . ‘  =  Ct’V R
(15A)
(16A)

Use of plots would require a knowledge of the variation of 
C w ith u, or D u p/p ,  which would be obtainable from the 
calibration. T he use of the calibration is complicated by  
this correction factor and should be avoided whenever pos
sible by  design of the orifice to  provide the proper range of 
Reynolds numbers. Since this becomes increasingly difficult 
w ith smaller pipe sizes, it  is a point which m ust not be over
looked.

It is probable, atmospheric temperature and pressure being 
the sole variations, that variation of Reynolds number will 
have little  effect upon C because of the small range covered. 
For m ost accurate work, however, the effect should be investi
gated unless all Reynolds numbers are in  the range of 10,000 
and greater when constancy of C  is well assured.

C a p illa ry  T u b e  O rifices

M e t e r  T y p e .  The meter consists of a differential pressure 
manometer connected across a primary device in which the 
pressure-throttling constriction is a long tube of smaller 
diameter than the main gas line. T his type of device is 
usually employed in glass equipment, the throttling con
striction being a piece of capillary glass tubing. T he valid ity  
of the following equations is dependent upon the design of 
the instrument so that Ap  from friction shall present the 
major resistance, Ap  from expansion and contraction at 
entrance to, and exit from, the capillary being negligible in com
parison. If any doubts occur in a particular case as to the 
fulfillment of such conditions, the situation m ay be assured 
by using sm all tapered contraction and diffusion tubes at 
the in let and outlet of the capillary.

P r e s e n t  E q u a t i o n s  a n d  T h e i r  R e f o r m a t i o n .  Viscous 
Flow in  the Capillary. T he equation for this type of meter, 
with the gas in viscous flow in the capillary, was presented  
by Benton {2) in 1919. I t  is Poiseuille’s equation for pressure 
drop for fluids in viscous flow:

K D*Ap
pL K ^ L - Kpjj

l i
8

(17)

If this equation is to  be used in a manner similar to that 
recommended for plate or nozzle orifices and Venturi tubes, 
ju and p m ust be expressed in terms of pressure and tempera-
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F ig u r e 2 . A l i g n m e n t  C h a r t  f o r  O b t a i n i n g  F a c t o r  
W T ' n/ p  o f  E q u a t i o n  22

ture. For gases p has already been expressed in terms of p 
and T  (Equation 10). I t  m ay be said that p  is independent 
of pressure over normal ranges; its dependence upon tem 
perature is given by

p =  aT°-" (18)

Theoretically this relation w ill be found expressed as

p =  a \ / T

T he author’s investigation of the data on m any common 
gases has led to the conclusion that the use of the 0.75 power 
of T  is consistent w ith the data w ithout resort to more com
plicated equations, such as Sutherland’s (3), in the range of 
0° to 100° C. The gases for which this has been found to 
be nearly true are air, oxygen, nitrogen, carbon monoxide, 
nitric oxide, hydrogen, and ethane. Certain others (am
monia, carbon dioxide, and m ethane) have viscosities which 
appear to vary w ith the 0.9 power of the absolute temperature. 
For these gases the temperature powers in the subsequent 
equations must, of necessity, be changed. Exam ples of this 
w ill be shown. T he data from which these powers of the 
temperature have been derived were obtained from the 
Chemical Engineers’ Handbook (3).

Substituting Equations 10 and 1 8 ,1 7  becomes

F  =  K i p AH/T'-™ 
IF =  Kip* A H/T*-™

(19)
(20)

Elim inating A H  in favor of R  by E quation 14,

72-0.75 =  K i’R  (21)
W T l -n / p  =  K i ’R  (22)

These two equations suggest the proper plots for this type 
of meter— namely, F T 0-75 vs. R  or W T l-n/ p  vs. R. Both are 
to  be p lotted on coordinate paper.

Alignment Chart. Figure 2 is an alignm ent chart to aid in 
the calculation of the values of WT'-'^/p  (Equation 22). N o  
figure is given for F T 0-75 as it  was believed that, in general, 
w eight rate calibrations would be found more useful than those 
of volum e rates. N o figures are presented for gases in which 
p  =  aT°-9. All such om itted charts are simple of construc
tion. Complete information on the subject may be obtained 
from the Chemical Engineer’s Handbook (3).

An example is given of the use of Figure 2 on the chart. 
The use of the method is similar to that explained for plate 
and nozzle orifices and Venturi tubes.

Turbulent Flow in the Capillary. I t  seems well worth while 
to consider th is case, for the m aintenance of viscous flow in 
the capillary lim its one to extrem ely sm all flows.

For a 2-mm. capillary, the critical velocity  for air is roughly 
50 feet per second, corresponding to 0.1 cubic foot per minute; 
similar figures for a 4-mm. capillary are 25 feet per second 
and 0.25 cubic foot per minute.

T he equations for th is situation are not in the literature 
as applying to capillary meters. T hey are available for pure 
frictional drop in straight pipe (3, 6) :

where

A p 
P

fLu7 
2gD

(23)

This function, ip, never assumes the simple form,

(24)

but it  can be so considered over short ranges of D up/p .  
T he larger the range, the greater the error involved. For 
the case of D u p /p  from 2500 to 20,000, an average value of 
the slope of the /  vs. D u p /p  line shows n  =  —0.28, from 
which the following equations result:

AH =
if{Dup/i±)Lu- 

2gD

Substituting Equations 10 and 18,
/ T o . n  T \ o . n  / 7 ’ i . 7 5 \ o . 2 S

AH =  b' ^ up J u2 =  b' v'-:

Since AH =  a R T / p  (Equation 14),

T̂ o.« ffi
R =  &i  ------— m1*7211 Ul p0.28 T u

biR
pp.™
T’o.si
7 ) 0 .4 2

71.72

7 ) 0 .4 2
J ) , / ? 0 . 5 8  —    V
° * £ t  T 0 .3 0  Y

(25)

A log-log p lot of V{p°-U/ T °-S0) vs. R  should thus produce a 
slight curve of average slope equal to  0.58.

It  should be noted that these equations are developed from 
the assumption that the coefficient of v iscosity of the gas 
varies w ith the 0.75 power of T. If this is not true for the gas 
being metered, the powers of T  will change throughout the 
derivation. For those gases for which p  =  aT°-s, the power 
of T  in Equation 25 becomes 0.27.

Design of the meter should be such that Ap  m ay not become 
so high that the relation A H  =  a R T / p  is in danger of in-
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ential manometer connected to a 4 X  2 inch Venturi tube. 
From these assumed values the discharge w eight rate was 
calculated (Equations 1 and 5). As indicated by Equation 6, 
these weight rates were multiplied by { T / p ) l n . All values 
are given in the following table :

M anom eter /  7’\  171
Reading, R u  p a  IVcalcd. VÎT/
Inches 11:0 ° C. Inches Ha Lb./sec.

t 20 29 .92  0 .113  0 .678
2 20 30 0 .162  0.971
4 25 40 0 .256  1.35
5 60 40 0 .272 1.50

10 25 20 0.281 2 .10
12 40 20 0 .302  2 .3 0
15 100 30 0 .380  2 .57
17 20 30 0 .456  2 .73
20 40 48 0 .606  2 .96

The values of W { T / p ) l / - are plotted on log-log paper against 
R  in Figure 3. This shows the perfect straight line obtainable 
at liigh Reynolds numbers.

Pinkus ( / )  presented very accurate data for the calibration  
of a capillary meter, operating in the viscous flow range, w ith  
air and oxygen. Conditions w ith air varied to include 
pressures from 775 to 830 mm. of mercury and temperatures 
from 3.9° to 19.5° C. These data were recalculated and 
plotted as suggested by Equation 19; the 1.75 power of 
T  was used, since the coefficients of v iscosity of both air and 
oxygen were found to be dependent upon the 0.75 power 
of T. This work is presented in Figure 4.

“Corrected” points w ill be noted for the oxygen line. The 
corrections are theoretical, made by determining the relative 
values of K ,  for oxygen and air in Equation 19. T he factors 
involved in the correction are the molecular weights of the  
tw o gases and the a  values in the expression :

P = a'T  °-,s

Since the factor is 0.995, the lower points are inappreciably 
affected. T he single line for the two gases indicates that it  
should be possible to use an instrum ent of this type, calibrated 
with one gas, for any other gas whose coefficient of viscosity  
varies w ith the same power of the absolute temperature.

A c k n o w le d g m e n t

The author wishes to express his appreciation of the valu
able advice and suggestions offered by J. C. Elgin, Princeton 
University, and T . H . Chilton, the du P ont Company.

N o m e n c la tu r e
Consistent units are used throughout.

a =  constant =  d.LP,/d,T, 
b =  constant
d =  specific gravity, dimensionlcss 
f  — friction factor, dimensionless 
g =  gravitational constant 
p  — absolute pressure
t =  normal scale temperature (Centigrade or Fahrenheit ) 

u =  mean linear velocity 
y  =  supercompressibility factor (f)

A =  cross-sectional area
B =  gas law constant in pV  =  nBT, where n is the number 

of moles of gas in a volume V  
C =  constant in orifice or Venturi equation 
D  =  diameter
G =  specific gravity of any gas referred to (air =  1)
H  =  static head, units of length 
K  — constant in A. S. M. E. orifice-Venturi equation 
K  =  constant in capillary meter equation 
L  =  length of capillary 

M  =  molecular weight of gas 
R =  differential manometer reading

R' =  differential manometer reading, corrected to inches 
of water at 60° F.

T  =  absolute temperature

F i g u r e  3 . N e w  D is c h a r g e  R a t e  P l o t

C alculated  d ischarge ra tes  from  a  4 X 2 inch V enturi tube , rep lo tted  as 
suggested by  E q u a tio n  16

validation by  w idely differing values of p in the two arms of 
the manometer. I t  seems quite satisfactory to use Ap  values 
up to 10 per cent of the in let pressure.

E x p e r im e n ta l C o n fir m a tio n

Since calibration data are usually taken over a short period 
of tim e, frequently w ith constancy of conditions a definite 
object, it  is not easy to find experimental data to check the 
equations. However, Equation 1, based upon long experience, 
and m any data, requires no experimental check. Equations 
3 and/or 6 require proof of their applicability under universal 
temperature and pressure conditions only. For this reason 
widely divergent values of air pressures and temperatures 
were assumed to correspond to varying readings of a differ-

—  70

F ig u r e  4 .  N e w  D is c h a r g e  R a t e  P l o t
P inkus’ d a ta  (4) rep lo tted  as suggested by E quation  19

2 S O  
__I_____
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V  =  volum e ra te  of flow 
W  — w eight ra te  of flow
Y  =  expansion fac to r (f)

a  =  co n stan t
A =  difference, applied  to  AH  o r Ap 
£  =  function  
y =  coefficient o f v iscosity  
p =  d ensity

Subscrip ts:
A  =  u p stream  pressure ta p  position , differential pressure 

producing device 
B  =  constriction , differential pressure  p roducing device 
G — gas 
L  =■ liquid
b =  dow nstream  pressure ta p  position, d ifferential pressure 

producing device

s =  reference s ta te
1, 2, 3, 4 =  different values of co n stan ts o r different condi

tions of tem p era tu re  an d  pressure
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T he A ction of F ilter A ids

IN  T H E  filtration of liquids contain
ing a fairly small quantity of unwanted 
colloidal or gelatinous matter in  suspen

sion, it  has long been realized that the rate 
of filtration can be improved by adding 
certain finely divided substances generally 
known as filter aids (1). Brick dust, pre
cipitated calcium carbonate, paper pulp, 
and m any other materials are utilized, but 
m ost generally efficient and m ost widely  
used is diatomaceous earth or kieselguhr 
(2). D espite the wide use of filter aids, 
little attention has been paid to their mode 
of action. Addition of solids to a suspen
sion m ight be expected to decrease the 
rate of filtration, and normally this would 
be the case. A filter aid has the reverse 
effect, apparently because it  can build up 
a rigid skeleton which is sufficiently porous 
to accomm odate all the gelatinous particles 
and to leave channels for filtrate to pass 
through freely. In support of this point 
of view  it  is found that the m ost efficient 
types of kieselguhr contain particles of a 
shape adapted to lock together to form a tough bulky cake, in 
which the pores occupy over 70 per cent of the total volume.

Other views, however, have been advanced. Olin, Morri
son, Rogers, and N elson (7) carried out a few experiments 
in an attem pt to relate adsorption of m alachite green by  
various filter aids to their influence on the filtration rate and 
the settling rate of suspensions. Their results, though 
inconclusive, did not seem to indicate that adsorption was an 
im portant factor.

The experiments in the present paper support the view  
that the main function of a  filter aid is to provide a porous 
cake structure; but evidence is also given which suggests 
that the electrical charges on colloidal particles can play an 
important part.

C a lc u la t io n  o f  S p ec ific  R e s is ta n c e

As shown by Walker, Lewis, and M cAdams (10), rates of 
filtration are given by the equation,

P. C. CARMAN1 
R am say M em orial Laboratory of C hem ical E ngineering, 

U niversity C ollege, London

A lth o u g h  filter  a id s  s u c h  a s  k ie se lg u h r  are w id e ly  u se d  
to  a s s is t  in  d if f ic u lt  f i ltr a t io n s , i t  is  n o t  g e n e r a lly  rea lized  
t h a t  a  filter  a id  is  p ro p er ly  e ffec tiv e  o n ly  i f  c o r r e c t ly  p r o 
p o r tio n e d  in  t h e  filter  ca k e . T h is  s tu d y  is  c o n c e r n e d  
w ith  th e  e ffec t  o f  th e  p ro p o r tio n  o f filter  a id  a n d  o f  th e  
p ressu re  o f  f iltr a t io n  o n  th e  p e r m e a b ility  o f  f ilte r  ca k es . 
F ilte r  a id s  g iv e  ca k es  o f  m o r e  o p e n  te x tu r e , w h ic h  a llo w  
h ig h e r  r a te s  o f  flow , g rea ter  r ig id ity , a n d  h ig h e r  p re ssu r e s  
o f f i ltr a t io n . I f  to o  m u c h  filter  a id  is  u se d , t h e  in c r e a se d  
th ic k n e s s  o f  ca k e  te n d s  to  c o u n te r b a la n c e  th e s e  a d v a n 
ta g e s . T h e  p ro p er tie s  o f  filter  a id s  are d isc u sse d .

Ginneken, and Waterman (6) therefore suggested th at the 
specific resistance be referred to unit weight of cake per unit 
area. Then instead of v, the proportional quantity, c, is 
used where c is the dry weight of cake (in grams) deposited 
by 1 cc. of filtrate. To determine c, a known volum e of 
slurry is measured out, evaporated, and ignited to constant 
weight. In the case of fairly thick slurries, as R uth (8 ) 
pointed out, it  is necessary to take account of the difference 
between volum e of filtrate and volum e of slurry— i. e., of 
volum e of cake— and he has given complete rules for this 
correction. For the present work this correction was deemed  
unnecessary, as the highest values of c, used for kieselguhr, 
were 0.02 gram per cc.; for less easily filtered materials they  
extended down to 0.005 gram per cc.

The writer also showed th at it  is permissible to  introduce 
a term for viscosity, r/, in analogy w ith Poiseuille’s law, so 
that the modified filtration equation becomes

d V
de

P A 2
(2)

d V
do

P A 2
(1)

where V  
P

A
v
p
T

rvV  +  pA
=  cc. of filtrate in time 8 (seconds)
=  pressure difference across cake and cloth, grams/sq. 

cm.
=  area of filtering surface, sq. cm.
=  cc. of filter cake deposited by 1 cc. of filtrate 
= resistance of cloth
=  specific resistance of filter cake, or resistance of unit 

thickness on unit area—i. e., of unit cube

jj(n cV  +  pA) 
where rj — viscosity of filtrate, poises

n  =  specific resistance in the sense of being the resist
ance of unit dry weight of cake solids per unit area

For compressible cakes,

r,'P*

If filtration is carried out a t constant pressure, rx and 
p are both constant, so that the time-discharge curve is given  
by

For cakes containing rigid particles, r  is independent of P ,  but 
for compressible cakes it  is necessary to insert r  — r'P', 
where r ’ and s are constants for a given cake but vary for 
different cakes.

Now  v is not a convenient quantity to measure accurately, 
owing to the difficulty of measuring cake thickness. Gilse,

1 P resen t address. U niversity  of C ape Town, C ape Town, South Africa.

V ’ l C  

2 P A 1
V2 + V P

P A (3)

and is therefore a parabola. T he best method of rectifying 
this curve is  th at given by Underwood (9)— nam ely, to  
plot 6 / V  against V. Incidentally, to obtain the best results, 
V  and 6 should be measured from the m om ent that P  reaches

1163
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*10 x 10

F i g u r e  1 (Left). F i l t r a t i o n '  o f  M i x t u r e s  o f  F e r r i c  O x i d e  a n d  C a l c i u m  C a r b o n a t e  

F i g u r e  2  (Right). F i l t r a t i o n  o f  M i x t u r e s  o f  F e r r i c  O x i d e  a n d  K i e s e l g u h r

its constant value and not from the beginning of the filtration. 
The gradient, b, of the straight line obtained is thus given by

h =  7?r‘c 
2 PA 2

Conversely, n  is obtained by substitution in
2 bPA*n  =

7)C
(4)

In general, r, denotes the specific resistance for unit weight 
of total cake solids. In cases where filter aids are added to a 
slurry, however, it is proposed to use it  in a somewhat modi
fied way. Suppose it  is necessary to filter a slurry containing 
concentration, Ci, of ferric oxide, and that to effect rapid 
filtration, a concentration, c2, of kieselguhr is added. If 
the results are to be truly comparable, rx should correspond in  
both cases to 1 gram of ferric oxide per sq. cm. Therefore, in 
calculating n  from Equation 4, the value inserted for c should 
be the concentration of ferric oxide, ¿i, and not the total con
centration of cake solids, cx +  c2. For instance, if cake solids 
contain 99 per cent kieselguhr, it  is less im portant to know  
that the resistance of unit weight of cake solids approximates 
that of unit weight of kieselguhr, than th at the resistance per 
unit weight of ferric oxide approximates that of 99 grams of 
kieselguhr. As the proportion of kieselguhr rises to 100 per 
cent, rl rises to infinity.

Actually, in  plotting the curves given in the present paper, 
reciprocals of n , or specific permeabilities, were used, since 
these correspond to rates of flow and thereby enable more 
ready interpretation of the curves by the practical engineer. 
These reciprocals can be converted to practical units if 
multiplied b y  the factor, 1.06 X  1010. T hey then correspond 
to rate of flow in Imperial gallons per hour per square foot of 
filtering surface given by a liquid of 1 centipoise viscosity  
(e. g., water at 20° C.), a t a filtration pressure of 1 pound per 
square inch when the cake contains 1 pound per square foot 
of the reference solid— e. g., ferric oxide in the preceding 
paragraph. As 1 /n  varies with P ,  it  would be more correct 
to state that P / r x corresponds to rate of filtration at a filtra
tion pressure of P  pounds per square inch.

In order to show the relative values of 1 / r x m ost clearly 
in Figures 1 to 4, the ordinates were plotted on a logarithmic 
scale, since a constant ratio between two values of 1/ri is 
then represented by a constant length, independent of their 
absolute values.

P r e p a r a tio n  o f  R e p r o d u c ib le  S lu r r ie s

The apparatus used for the present work was a small filter 
with a filtering surface of 34.2 sq. cm., which was carefully 
designed to give accurate reproducibility of this filtering area 
in successive runs. During an experiment the slurry was kept 
agitated in  order to prevent sedimentation. Full details of 
apparatus and technic were published elsewhere (8).

The calcium carbonate used was the material known as 
levigated whitening, the ferric oxide was a finely ground prod
uct used as a pigment, and the kieselguhr was the grade sold 
under the name of Filter-Cel. Each of these was stirred with  
several successive quantities of distilled water, followed by  
settling and decantation after each stage in order to remove all 
traces of all soluble matter, especially soluble electrolytes. 
During this process the coarsest fractions from ferric oxide 
and kieselguhr were discarded, as these would tend to settle  
out during filtration and thus make reproducibility difficult. 
Finally, each material was made up into a concentrated stock  
suspension in distilled water. The concentration was meas
ured so that, to prepare any concentration of slurry for filter
ing, it  was necessary merely to shake the stock slurry and to 
pipet 25 cc., 50 cc., 100 cc., etc., into 2 liters of distilled  
water. . Since dilution was w ith distilled -water and the stock  
contained no soluble matter, it  was possible to attain a high 
degree of consistency and reproducibility. T ests showed 
that the stocks did not change when kept for 2 or 3 months.

To obtain reproducible slurries of the two m etallic hy
droxides was a more difficult m atter. These substances were 
precipitated with sodium hydroxide from concentrated 
solutions of the corresponding salts. T hey were then sub
jected to a long series of washings and decantations w ith  
distilled water to remove all soluble electrolytes. As this
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AND KlESELGUHR 
(Specific perm eabilities referred to  1 g ram /sq . cm. ferric oxide)

F i g u r e  4  (Below). F i l t r a t i o n  o f  M i x t u r e s  o f  A lu m in u m  H y 
d r o x i d e  AND K lESELGUHR 

(Specific perm eabilities referred to  1 g ram /sq . cm. alum ina)
Sym bol '------------ F iltra tio n  a t  P —

O

O./sq. cm 
1700 
3520

Lb./sq . in. 
25 
50

approached completion, fairly extensive peptization  
took place and settling became very slow. Conse
quently, in the final stages decantation was carried 
out in a centrifuge. The thick slurry in distilled  
water which was finally obtained for each hydroxide 
was passed tw ice through a small hand emulsifier 
to disintegrate all large aggregates and, after aging 
for a few days, was ready for use. Experimental 
slurries were prepared as before by  dilution w ith  
distilled water; for the same reasons they gave con
sistent and reproducible data. This result has not 
been achieved with similar types of slurry in any 
previous investigation; as published elsewhere (S), 
these stock slurries were used to test Equation 2, 
and they provided the first experimental confirma
tion for system atic variation of c and of A  for highly 
compressible cakes. T he stock slurries changed slowly  
in filtering properties when kept (about 10 per cent 
in 2 m onths); but since in the former series of experi
ments (S) and also in the present series only 2 weeks 
elapsed between the first and the last experiment, 
this variation need not be taken into account.

The concentration of all stock slurries was deter
mined by pipetting out 50 cc. into an evaporating 
dish, evaporating, and heating strongly to constant 
weight. Thus, the concentrations of the hydroxides 
are expressed as grams per cc. of ferric oxide and of 
alumina, respectively.

E ffect o f  P r o p o r tio n  o f F ilte r  A id
In the following experiments the p lot of Q/V  

against V  was always linear, showing that Equa
tion 2 and its integrated form at constant pressure 
(Equation 3) are as true for mixtures of gelatinous 
and rigid particles as for either alone. As further 
confirmation, for any given proportion of filter aid 
to total filter cake, n  was shown to have the same 
value for two different values of c (one double the 
other), provided P  was the same in both experiments.

In Figures 1 to 4, values of 1 /n  on a logarithmic 
scale are plotted against the percentage w eight of 
filter aid in the dry cake. Each curve corresponds 
to a different value of P,  as shown.

Figure 1 illustrates the effect of adding precipitated  
calcium carbonate to suspensions of finely ground 
ferric oxide. Although precipitated calcium carbon
ate is often used unwisely as a filter aid, in this 
particular case it  does not behave as a filter aid at 
all. The values of 1 /n  decrease steadily to the final 
value of zero at 100 per cent calcium carbonate. 
As already noted, this final value m ust be given by  
all filter aids since for 100 per cent calcium carbon
ate, unit weight of ferric oxide corresponds to a cake 
of infinite thickness.

In Figure 2 the curves are given for the addition of 
kieselguhr to another sample of finely ground ferric 
oxide. A t first, when the kieselguhr particles are few  
and scattered through the bulk of the cake, they serve 
merely to increase cake thickness w ithout giving the 
cake a more porous texture. Consequently, the value 
of 1/ri falls a t first, but as kieselguhr becomes present 
in sufficient amount to form a porous cake structure, 
1 /n  begins to rise rapidly until it reaches about twice 
its original value. This represents a maximum value, 
since 1 /n  m ust finally fall to zero at 100 per cent 
kieselguhr in the filter cake. These curves emphasize 
that, although kieselguhr does behave as a filter aid, it  
does so only for proportions between 10 and 80 per cent 
of the filter cake.



1166 INDUSTRIAL AND ENG INEERING CHEMISTRY VOL. 30, NO. 10

Ferric oxide, however, does not provide the type of sus
pension which would normally be treated w ith filter aids. 
Figure 3 shows the effect of adding kieselguhr to  gelatinous 
ferric hydroxide. T he curves are of the same general type as 
in Figure 2, but as would be expected, the beneficial effect 
of adding kieselguhr is much more marked. However, 
for small additions of kieselguhr, 1 /n  does not decrease but 
remains constant.
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F i g u r e  5 .  E f f e c t  o f  S m a l l  A d d it io n s  
o f  M e t a l l ic  H y d r o x id e s  t o  K i e s e l g u h r

(SpcciBo perm eabilities referred to  1 g ram /sq . cm. 
of kieselguhr)

O
Ferric  h jrdroxide an d  kieselguhr 
A lum inum  hydroxide and  kieselguhr

(In  bo th  curves, P  «=» 1760 g ram /sq . cm., i. e., 25 
lb ./sq . in.)

In a further series of experiments (Figure 4) kieselguhr was 
added to  gelatinous aluminum hydroxide. T he trend of the 
curves is similar, except that 1 /n  rises towards its maximum  
value on addition of even the sm allest proportion of kiesel
guhr.

Figures 3 and 4 suggest that the action of kieselguhr is not 
always lim ited to its  mechanical influence on the structure of 
the filter cake. I t  seems reasonable that the only possible 
effect of adding a sm all proportion of kieselguhr is to  increase 
the bulk of the cake and hence its resistance, as is th e case in  
Figure 2. T he apparent contradiction to this statem ent in 
the above cases would be explicable if a kieselguhr particle 
were able to bind som e of the hydroxide in  its v icin ity  firmly 
to its  surface. This would be equivalent to removal of part 
of the gelatinous part of the cake and thus lead to a higher 
permeability than would normally be expected. Kieselguhr 
consists of skeletons of diatoms, the structure of which 
abounds in crevices and pores. I t  is possible, therefore, that 
the soft hydroxide is forced into these pores and thereby 
becomes an integral part of the rigid kieselguhr particles.

The writer, however, favors a different suggestion. Col
loidal silica bears a negative electrical charge in  pure water, 
and it seems probable that a negative charge will also be 
found on any silica surface, such as that of the kieselguhr 
particle. In fact, the negative charge on certain particles of 
diatomaceous earth was demonstrated by W hite (2). Col
loidal sols of ferric and aluminum hydroxides
contain positively charged particles. In the .....
present suspensions of these hydroxides in dis
tilled water, it  was observed that a consider
able part of the hydroxide seemed to be in 
colloidal suspension, since it did not settle on 
standing. Owing to the high specific surface of 
kieselguhr, therefore, the effect of a small addi
tion would be considerable, if it  attracted some 
of the positive colloid particles to its surface 
where they would remain firmly bound. This 
effect would be especially noteworthy when 
it is remembered that the colloidal part of the

suspension creates m ost of the resistance to filtration. 
One strong reason for preferring this explanation is th at it  
also explains the marked coagulating action of kieselguhr, as 
shown in Table I.

T hat kieselguhr particles can in some manner bind these 
hydroxides to form particles which are rigid and larger than  
the kieselguhr particles them selves is borne out by another 
remarkable property of the curves in  Figures 3 and 4. In 
each figure a dotted curve is drawn. T his is calculated from  
the specific permeability of kieselguhr, determined in a 
separate experiment, and represents the permeability of the 
cake, calculated as if only the kieselguhr present in the cake 
contributed to its resistance. A t about 92 per cent kiesel
guhr in the filter cake in each case, the curves cross above 
the dotted line. T his means that, above 92 per cent kiesel
guhr, the permeability of the filter cake is greater than that 
of the kieselguhr which it  contains. From another viewpoint 
(Figure 5) if less than 8 per cent hydroxide is added to kiesel
guhr, the resistance of the latter is actually decreased. In 
Figure 5 the converse method of p lotting to that employed in 
Figures 1 to 4 is used; i. e., 1/ri, the specific perm eability of 
unit weight of kieselguhr, is plotted against the percentage 
of hydroxide in the filter cake. The increase in  1/Vi is not 
great (about 20 per cent of the original value at m ost), but it 
is quite definite and indicates that a sm all quantity of hy
droxide can separate the kieselguhr particles to make the 
cake more permeable. This can happen only if the hydroxide 
is so firmly bound to the surface of the kieselguhr particles 
that it  forms a filrii strong enough to resist the deforming 
forces in the cake. In connection w ith the theory postu
lated above, reference to the association of electropositive 
material w ith kieselguhr has also been made by 
Cummins (5).

E ffec t o f  P r e ssu r e

A filter aid not only makes a filter cake more permeable 
but also renders it  more rigid, since the rigid particles of the 
filter aid form the skeleton of the cake. The sim plest method  
of demonstrating this is to compare ratios of values of n  at 
two standard values of P .  T his has been done in  Figure 6 
where the curves represent the ratios of ri at pressure differ
ences of 50 and 25 pounds per square inch (3520 and 1760 
grams per sq. cm.) plotted, as before, against the percentage 
of filter aid in the dry cake.

These curves bear out the deductions in  the previous sec
tion. Precipitated calcium carbonate has no filter aid action  
when added to ferric oxide; correspondingly, the compressi
bility  of the cake is that of ferric oxide itself up to about 80 
per cent calcium carbonate. On the other hand, when 
kieselguhr is added, the cake becomes considerably less 
compressible at 16 per cent kieselguhr. This corresponds 
roughly to the point where l / n  exceeds its initial value and 
thereby confirms the fact that a t this point interlocking 
kieselguhr particles begin to form the main structure of the 
cake. A t 30 to 40 per cent kieselguhr, the process is com-

T a b l e  I

%  Kieselguhr
0.0
6.8

22.7

54.0

98.6

C o a g u l a t io n  E f f e c t e d  b y  K i e s e l g u h r  W h e n  A d d e d  t o  
S u s p e n s i o n s  o f  F e r r i c  H y d r o x id e

Effect
H ardly any sediment in 30 rnin.; suspension dark brown 
Considerable coagulation; loose floes settle  rapidly, leaving dark 

brown supernatant liquid 
Much more coagulation; supernatan t liquid definitely lighter in 

color
Practically whole of solids settled in less than  1 m in.; light yellow 

supernatant liquid 
Actually settles faster than  kieselguhr; clear supernatan t liquid
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hour per square foot at 2 5  pounds per square inch and to  
1 5 9 0  gallons at 5 0  pounds, respectively. N ot only has the 
rate of filtration been increased enormously, but it  is also 
now well worth while to use the higher pressure. I t  is not 
intended here to work out the m ost economical quantity of 
kieselguhr to use, since this has already been done in some 
detail elsewhere (4)-

S u m m a r y  a n d  C o n c lu s io n s

The behavior of filter aids has been studied experimentally 
by determining the specific permeability of various typical 
slurries for various proportions of filter aid and at different 
filtration pressures. These are in agreement with the theory 
that:

1. The action of a filter aid such as kieselguhr is mainly 
mechanical; i. e., its function is to provide a rigid filter cake 
structure of high porosity. When kieselguhr is added to sus
pensions of finely ground ferric oxide, this conception is sufficient 
to explain the results.

2 . However, when kieselguhr is added to suspensions which 
are partly in the colloidal state, the kieselguhr proves to have a 
greater efficiency than is to be expected from its action in forming 
a porous cake. Since colloidal particles of the metallic hydroxides 
used have positive electrical charges, it is suggested that these 
become firmly bound to negatively charged kieselguhr particles.

3. An interesting corollary of the foregoing observation is the 
fact that a small addition of the metallic hydroxide to kieselguhr 
actually increases the permeability of the latter.

4. The mode of calculating and plotting the data in the 
present paper has made clear that (a) filter aids are effective only 
if correctly proportioned in the cake, and (b) they are best applied 
to highly compressible cakes, since the improvement in rigidity 
of the cake enables higher filtration pressures to be used.
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P r a c t ic a l S ig n if ic a n c e  o f  R e s u lts

The method of p lotting used in Figures 1 to 4 has a con
siderable practical value, since such curves show at once the 
relative effect of various proportions of filter aid and of various 
filtration pressures on the rate of filtration. T hey could also 
be used to compare different filter aids tested under similar 
conditions on the same slurry. Two points emerge from 
the present study— namely, that a filter aid is efficient only 
if properly proportioned to  the solids in the slurry, and that 
a filter aid is particularly im portant for slurries giving highly 
compressible filter cakes, since the cakes are made more rigid 
and higher filter pressures can be used with advantage. As a 
numerical example from Figure 3, if we convert to practical 
units by the factor given in an earlier section, a cake contain
ing 1 pound per square foot of ferric oxide gives a rate of 
flow of 187 gallons per hour per square foot a t 25 pounds per 
square inch, and 228 gallons a t 50 pounds, w ith respect to  
water at 20° C. If kieselguhr is to be added, the proportions 
must be kept between 3 and 20 pounds per pound of ferric 
oxide— i. e., between 75 and about 96 per cent of kieselguhr 
in the cake. Taking 7 pounds per pound of ferric oxide as a 
reasonable figure, we find that the rates of flow for 1 pound 
per square foot of ferric oxide have risen to 1030 gallons per

plete; the cake then 
has practically the 
rigidity of kieselguhr 
i t s e l f ,  w h i le  l / i q  
reaches its maximum  
value. The curve for 
ferric hydroxide is re
lated in the same 
way to the specific 
permeabilities in Fig
ure 3. In the case 
of a lu m in u m  h y 
droxide (Figure 4) al
though 1 /n  increases 
for even small values 
of kieselguhr present, 
the cake does not 
b e c o m e  le s s  com
p r e s s ib le  until the 
k ie s e lg u h r  exceeds 
about 40 per cent.
This bears out the 
previous contention  
that the increase in 
permeability for low  
percentages of kiesel
guhr cannot be at
tributed to the for
mation of a rigid skeleton of kieselguhr particles. As already 
discussed, secondary effects which increase the efficiency of 
the filter aid m ust be sought.

F i g u r e  6 . C o m p r e s s i b i l i t y  o f  
F i l t e r  C a k e s  a s  a  F u n c t io n  o f  
P r o p o r t io n  o f  F i l t e r  A id  A d d e d

F erric  hydroxide and kieselguhr 
Alum inum  hydroxide and  kiesel

guhr
Calcium  carbonate  and  ferric oxide, 

the  form er in tended as the  filter 
aid

Kieselguhr and ferric oxide

X

+



E ffect of T em perature on the

T h e  e ffec t o f  te m p e r a tu r e  o n  t h e  ra te  
o f o x id a tio n  o f v u lc a n iz e d  ru b b er  h a s  b e e n  
d e te r m in e d  a t  60°, 70°, a n d  80° C . T h is  
in v e s t ig a t io n  w a s c o n fin e d  to  t h e  o x id a 
t io n  ra n g e  w h ic h  a c c o u n ts  fo r  a  s u b s t a n 
t ia l  d e te r io r a t io n  o f p h y s ic a l p ro p er tie s . 
P h y s ic a l d e te r io r a t io n  w a s co r r e la ted  w ith  
q u a n t i ty  o f  o x y g en  a b so rb ed .

I t  w a s  fo u n d  t h a t  t h e  q u a n t i ty  o f  o x y 
g e n  ab so rb ed  w a s a  lin e a r  fu n c t io n  o f  t h e  
t im e  o f  a g in g  a t  e a c h  o f  t h e  th r e e  t e s t  
te m p e r a tu r e s , a n d  t h a t  t e n s i le  s tr e n g th  
a n d  e lo n g a t io n  a t  b rea k  d ecrea sed  as  
lin e a r  fu n c t io n s  o f  t h e  q u a n t ity  o f  o x y g en  
a b so rb ed  fo llo w in g  a n  in i t ia l  in d u c t io n  
p er io d . A d d it io n s  o f  a n t io x id a n t  to  th e  
c o m p o u n d  r e d u c e  t h e  r a te  o f  o x id a tio n  
w h ic h  r e m a in s  a  l in e a r  fu n c t io n  o f t im e .

T h e  te m p e r a tu r e  c o e ff ic ie n t  o f  o x id a 
t io n  or  p h y s ic a l  d e te r io r a tio n  w a s c a lc u 
la te d  to  b e  2.38 for e a c h  10° C. in c r e a se  
in  te m p e r a tu r e  over t h e  r a n g e  in v e s t i 
g a te d . T h is  is  e q u iv a le n t  to  a n  8° C . r ise  
in  t e m p e r a tu r e  to  d o u b le  t h e  r a te  o f  o x i
d a t io n , w h ic h  is  in  g o o d  a g r e e m e n t  w ith  
th e  r e s u lt s  o f  o th e r  in v e s t ig a to r s .

IT  IS NOW  generally recognized that the primary agent 
usually responsible for the deterioration of rubber is oxy
gen which is absorbed from the atmosphere. Accelerated 

aging tests devised to increase the rate of oxygen absorption 
are in general use for comparing and predicting the probable 
life of rubber compounds and rubber goods. In these tests 
acceleration of oxygen absorption is usually effected by in
creasing the oxygen concentration above atmospheric, by in
creasing the temperature, or by a combination of both. The 
present tendency of accelerated aging tests is in the direction 
of using moderate increases in oxygen concentration over 
atmospheric conditions and temperatures higher than 60° 
or 70° C. which have been considered as standard for the pur
pose for some years. In an earlier paper (9 ) the present au
thors suggested the use of an oxygen pressure of 3.5 kg. per 
sq. cm. (50 pounds per square inch) and a temperature of 
80° C. rather than 21.1 kg. per sq. cm. (300 pounds per square 
inch) pressure and 70° C. as now generally used in the oxygen 
pressure aging test. This suggestion was based on data pre
sented which showed that the rate of aging is not reduced ap
preciably if a t all by this reduction in oxygen pressure but is 
increased by the increase in temperature. Williams and 
N eal (13) have also emphasized the fact that rate of oxidation 
of rubber is not proportional to oxygen pressure.

The present investigation was undertaken to determine the 
comparative rates a t which soft vulcanized rubber absorbs 
oxygen at 60°, 70°, and 80° C. and to correlate the physical 
deterioration w ith the quantity of oxygen absorbed at the

J. H. INGMANSON a n d  A. R. KEMP 
B ell T elephone Laboratories, N ew  York, N. Y.

above temperatures in an effort to detect any differences in 
mechanism of deterioration which m ight be attributed to  
increased temperatures. Compounds with and w ithout an 
antioxidant were investigated. These studies have been 
limited to the range of oxygen absorption which accounts for 
a substantial deterioration of the usually accepted physical 
characteristics of rubber as determined by tensile strength  
measurements.

Only recently has it been recognized that com plete de
terioration of the useful physical properties of rubber occurs 
as the result of the absorption of only a small amount of the 
total oxygen which the rubber m ay ultim ately absorb. In 
his studies relating oxygen absorption to natural aging a t con
stant pressure at 80° C., Kohman (11) reported that the de
terioration of well-cured rubber m ay be considered as directly 
proportional to the am ount of oxygen absorbed so long as the 
rubber retains sufficient strength to be of practical use, and 
that the absorption of as little as 0.5 per cent of oxygen m ay  
result in substantial decreases in tensile strength.

Dufraisse and E tienne (8) recently studied the effect of 
vulcanization on the rate of oxidation at 80 ° C. in relation to 
deterioration of tensile strength and elongation at break. 
Cramer, Sjothun, and Oneacre (5) determined by analysis the 
amount of oxygen absorbed by rubber and rubber compounds 
as a result of milling and accelerated aging. T hey also cor
related oxygen found by analysis w ith deterioration in tensile 
strength. Milligan and Shaw (IS) showed that decay of ten
sile strength of rubber compounds is proportional to the 
amount of oxygen absorbed from the air at 82.22° C. (180° F .).

In discussing the determination of oxygen absorbed by 
rubber, Dufraisse (6) lists three processes which are appli
cable: analytical, gravimetric, and volumetric methods. In 
his work, Kohman used a volumetric method at constant pres
sure. Dufraisse and his co-workers have also contributed 
greatly to the developm ent of this method. Cramer, Sj othun, 
and Oneacre preferred the analytical method because of its 
applicability to  determination of oxygen content of rubber 
already aged.

The work here reported was carried out by em ploying both 
gravimetric and volum etric methods. Standard tensile 
specimens of vulcanized rubber after drying and weighing 
were suspended in a small pressure vessel under an original 
oxygen pressure of about 2 atmospheres absolute for various 
periods of time a t 60°, 70°, and 80° C. As oxidation pro
gressed, the decrease in oxygen pressure was followed by 
means of a recording pressure gage attached to the pressure 
vessel. W hen specimens were removed from the vessel they  
were weighed and tested for tensile strength and percentage 
elongation a t break. A comparison of these properties was 
made w ith those of unoxidized dry specimens tested at the 
same tim e as the aged specimens.

P r e p a r a tio n  o f C o m p o u n d s  a n d  E x p e r im e n ta l  
P ro ced u re

T he three rubber compounds shown in Table I were used 
for the work here reported. Compounds 2 and 3 differ from 
compound 1 in that they contain 1 and 2 per cent, respec
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M ech an ism  of O xidation of Rubber
tively, based on the crude rubber content of 
an antioxidant, phenyl-a-naphthylamine.

The procedure followed in the preparation 
of compounds and molded sheets was that 
recommended by the Physical Testing Com
m ittee of the Division of Rubber Chemistry,
A m e r i c a n  C h e m i c a l  S o c i e t y  (1). Sufficient 
quantities of crude rubber and other com
pounding materials for the entire investigation  
were set aside when the work here reported 
was undertaken in order to avoid variations 
in the rubber which might occur as a result 
of using different lots of materials.

The compounds were cured in the form of 
sheets about 15.2 cm. square and 0.19 cm. thick 
in a mold for exactly 40 minutes at 142° C. The 
time of cure was selected to give slightly less than 
maximum tensile strength. For test purposes 
standard tensile specimens were cut using a die 
having an over-all length of 13.4 cm. (5.375 
inches) and a constricted area identical with the 
A. S. T. M. type C die (2). The average tensile 
strength and percentage elongation at break 
were calculated in accordance with A. S. T. M. 
standard procedure for evaluating aging effects 
(S).

Aging tests were carried out in a steel pressure 
vessel having a capacity of about 500 cc.. designed 
and used generally for determining “potential 
gum” in gasoline. Connections were made 
through the screw top of the vessel to an oxygen 
supply tank and to a recording pressure gage 
having a chart range of 0 to 1.40 kg. per sq. cm. (0 to 20 
pounds per square inch) and scale divisions of 0.014 kg. (0.2 
pound) permitting estimations to less than 0.007 kg. (0.1 pound) 
pressure. The pressure vessel was immersed in a water bath 
maintained at the test temperature with a possible variation of 
± 1 ° C. The temperature during the tests showed less than 
this possible variation, however. Figure 1 is a schematic draw
ing of the apparatus used.

T a b l e  I. C o m p o s i t i o n  o p  R u b b e r  C o m p o u n d s

REC O R D ING  
R E C O R D IN G  P R E S S U R E

M aterial 1
------Com pound------

2 3
Smoked sheets 100.00 100.00 100.00
Zinc oxide 20.00 20.00 20.00
Sulfur 3.00 3 .00 3.00
Di-o-tolylguanidine 0 .75 0.75 0.75
Phenyl-a-naphthylam ine 1.00 2 .00

123.75 124.75 125.75

Tensile specimens cut from molded sheets of the compound 
were strung six on a supporting pin, which was the number used 
for each aging charge, and dried in the dark at room temperature 
over phosphorus pentoxide. When dried to constant weight, the 
six specimens supported on a pin were removed from the desicca
tor and quickly placed in the pressure vessel which had pre
viously been warmed to the desired aging temperature. The screw 
top was attached and oxygen passed into the vessel at once to a 
gage pressure of 1.05 kg. (15 pounds) and then released. This 
operation to flush out most of the air was repeated four times, the 
aging test starting with the fifth charge of oxygen. At the termina
tion of the desired aging period, the residual oxygen in the vessel 
was released and the aged specimens were removed from the vessel 
and placed in a desiccator again in the dark over phosphorus 
pentoxide. The specimens were again weighed all together on 
the mounting pin to determine weight gain. They were then re
placed in the desiccator and tested for tensile properties after 
resting for at least 16 hours along with control specimens which 
had been kept in the desiccator during the aging period. Weight 
gain at the end of this drying period was found to be practically 
identical with that previously determined.

Details of the various oxidation runs are given in Table II. 
Although the volume corrections applied are smaller than the 
pressure indicated by one scale division on the pressure gage, 
their application appears to be justified since gage readings 
were estimated between scale division marks.

E ffect o f  T e m p e r a tu r e  o n  t h e  R a te  o f  O xygen  
A b so r p tio n

T est specimens of compound 1 were aged under the con
ditions described for periods of time varying from 72 to 234 
hours at 60° C., 24 to 145 hours at 70° C., and 10 to 47 hours 
a t8 0 °C . Figure 2 shows the course of oxygen pressure re
ductions as indicated on the pressure gage for all these runs. 
While the reduction in pressure was apparently not an exact 
linear function of time in each case, i t  was sufficiently close to  
a straight-line function to be considered as such for present 
purposes. It is recognized that the mechanism of oxidation 
of rubber is autocatalytic in nature, but it  appears that over 
the short range of oxidation investigated and under the con
ditions selected, the autocatalytic effect is negligible. The  
end quantities of oxygen absorbed in each run as indicated by 
weight gains and pressure reductions at the various tempera
tures are plotted in Figure 3.

As would be expected, the rate of Oxygen absorption in
creases with increased temperature. As indicated by the 
difference in slope of the 60°, . 70°, and 80° C. curves, the 
amount of oxygen absorbed at each temperature appears to 
be a linear function of the elapsed time. Some of the points 
on the 60° and 70° C. curves diverge somewhat. This is 
accounted for on the basis of possible slight inadvertent vari
ations in the degree of vulcanization of specimens. As has 
been shown by Dufraisse and Etienne, the rate of oxidation of 
rubber will vary widely w ith only small variations in degree 
of vulcanization.

1169



1170 INDUSTRIAL AND ENG INEERING CHEMISTRY VOL. 30, NO. 10

C0000«5(0 CHOOOOMCOOHNHrJiMOiflOO 
■t'NCO‘OHhrtOOOrl<i0^tDCO'-'- 

<M F -  O l  T * t ^  • - t - © © t > .
■ • o  • o o © t* < © © t í<m  w -h o o « h h h  w

M  - r  CO 'NHH f-H CI 00  • ■
CO CI wo 00*00©

W O © © © ©  N i C O O O M N T j i t O W O C I C U O O i O O
© © © » - <  rH • O 'H N C O O C O H I N C I '- I O N C O O C O C I -

00  C O  © t ' -  • • C O © » '. ! ' .
• • O  • C O L O T f lr - iO '^ C IC O l^ '— ' - i O O C I  CO

C I CO • Ol »-H »-< rH r-H r-H C I —I ■ •
CO (M ©  0 0 C - O O

CO O  © O  ©  —< T j < 0 © 0 © © © 0 i r - —< © © 0 1 0 © 0  0
00 • 1^ ©  O  • O O C l N O l O N ' - C J O N ^ O O X O n Ob» © r H .......................................Tfi © • • © © b- ©

©  • • ©  - © © T t < © © T i< O IO I© O IO I» -H r H O I CO
•“ IC Í^ C O  • Ol r-H r-H f-t CI • •

CO C I ©  00 © o  o

OI O  ©  ©  O  ©  O  ©  ©  ©  t}< ©  ©  ©  ©  ©  Ol >-h O  ©  ©  ©  oo^b-eo--i •c-cjc-r-ci©t-ioco©co©Ti«©orHco
t -  T j <  © C I  • - © t - « ©

■ - O  •0 0 © T } < O lO lT Í < O IC O O O O '- 'O O C O  CO 
W tJ « W  ■ M H r t r t r t H  C I ©  « •
COCI ©  C O I'- o o

OI O  b -  ©  Tt< O l C 0 © O O © O i } i i i , O © C 0 O i M O O O O
g o  oo  o  ©  c i  • © c i o o © o t - ^ H C i c i o o o O M <n <^ ^ r ^ ©

rH O © .........................................................  ■ Tj< © • • © © © ©
• ■ O  • 0 0 © ' ^ © © ^ d ' ^ O C O C O r - l r - l r - l  CO

C I^ C O  ■ (M r-l »-( rH C I 00 • •
COCI ©  00  ©  o  o

C I O  C» 00  00  ^  r H O © © b » C O - < © 0 1 © b - O t - - © © © ©
0 0  ©  C I r f  (M • © ■ » l < C S © * - 'Q 0 0 I C 0 '- < © 0 » Q 0 r - © l '- O ©  © © .......................................CO *-h ■ • 00 © o  ©

•COiO’íO O '^ C lO S ’-iCIOOtM 
* ’ • ' h h h  e o ©  • ■

c o © o o

5b-©©© ©0©©©0©r-i'C©©b-i^0000Ot* tJ«|>.,h .©dl^O©©-<©C-CI©©-^©CO^©00 ©  ©00 • •©©«©
• ■ o  • oo ©  t}< ©  ©  t*  d  oo t*  w  co *-« «h  co

d  Tb ©  • O l rH rH rH r - l ©  • •
©  d  ©  00 ©  o  o

- « O © - « © ©  © © 0 © © © 0 © ^ ' ^ ‘ 0 © © 0 0 0 0
00 d © O -< •b-d©TbOt—CJ©<N©00©©©-—I©b - ©    © ■ - o  © oo ©

• • ©  - ( » © ^ © © ^ d M M I N d H O C I  ©
C I Tb ©  - d H H  rH C I ©  • •
© d  ©  © © o o

h  O  O d  ©  O  © 0 © © © © d C J ^ T j l T í < © © © © 0 0  
o o d © w ©  • r o © o o © o © c i t N d r - < t - - © © c o c O ' - < orH ©    ■ © © • • © © © ©

• - O  • © © T b —I H l b d O l O r - l r - . O O d  ©
©  Tb ©  . N h h h h h  d ©  • •
© d  ©  ©  t - o  o

D rH o  O M © —I Tb©O©O©-b '̂T’Tc000’_<O©OOryí © rH o  © -b .T b© © © © O dlí3b'*'-,Odd©©rHCS
pH  O ©  •... ..............................................©  l "  ■ ' O N © ©. ■ -O • M i 0 ^ ^ n ^ d Hl,5 0 0 0 0 ^  ©
fe  © T b  N  . N h h h h h  © O  • •0  © d  © © t-O O
H■< rH O © O © O ©©OOO4<roC5ClMl t'O i0O i.7O i0  o  N^nMO •OOHt.cOOOOWOWNHWNiONC» 
LJ rH b— ©  T f b -  • • ©  Tb ©  ©□ . . o  ■N©xb'fW'í'dNN'í'’bHH co

© © «  -ClrHrH rH Tb © • •O  ©  d  ©  oo © o o

NaHtfIW  . O IfS . ñl »ri ̂  rTl (S3 Ll.    „ .© ©  «*h • -O .OOiijHOC^dOOM COHr
*2 M © © .d H  rH ©O • -< © d  © » © o o
w
O

  _  - O d
• - O  . © r H T b t - b - T b d © © d © r  

’  d  Tb ©  - d  rH rH T b ©  * *
j""! © d  ©  © © O O

W©  r-< O  Tb O  © ©  0 © 0  W © O T b T b O O O © H O O O ©vr ►— m  H ,  i ►— i . rf’ k_ .. m  ir i  t— m  en i— n  frl mn
H

b - d O T b H  - N h j s  . 0 0 t T N W d © N r t W N O C 0 o  
©  © ...................© ...........................t—©  • - O b - © ©< • • O .© © TbH dTbdTbrlOO O O ©
d  Tb ©  . d  rH rH H H  T b ©
©  d  ©  ©  t »  O  O

gTb © d  d  M « © 0 ) i l ) d T b N N W C O W “ J © 0 0  
© T b © ©  . ©  • ©  • • © T b © r H r H T b © T b © © r H , b
d  ©  d  • .  • ©  • © ©  • . • • © ©  • • ©  ©  ©  ©

• - O  . b - r H ©  T b M © M « © H H H  CO
Tb ©  ©  . d  rH rn  © © • •
W d  ©  ©  ©  O  O

H O d - H T b ©  © d © b - « © T b 0 b - © © r H © © 0 0 0  
©  ©  ©  ©  ©  .T b  • b» • - © © © b - d d d H b - © H C S  

H O  • • . • ©  . ©  ©  • . • - b - O  • ■ ©  ©  ©  ©
■ Tb o  .  00 rH Tb Tb ©  ©  ©  d  ©  rH rH H  CO 

C O dC O  . d  rH rH r -  ©  • •
©  ©  « © O O

h o c o c o o  © © tT .H r - e o c o © o o o © © o © o ©
©  Tb Tb O  d  . © r H  • • .© T b C O l- H © —T | > © 0 © C 5 ©

r H © ©  . . . -Tb rH O  • • • . © O  • - r H © © ©
• .rH  , N © H H H T } I C O I ¡ ) b H H O O C O  ©  

C O © C O . d r H  rH b r ©  • •
W O I ©  © t ^ O O

H O d eo o d io ro © o © o o o o JH S ® o co H io © io io  
© b - © © W « © ©  • d  - © d © © I ^ C I C O © r H f ^ C O r - l  

O ©  ■ . - • Tb • d  • ■ ■ - O ©  • ' » © O N
• - O © « © r H C 0 r H T b © d ©  - O O O C O  Tb 

CO Tb CO ©  d  H  rH rH © o o -
W d  © ©  © ©  o

o .
O O CS -  r *— O W I_ r" O. 2

ft .'« ¿ ft  - S J  - “ S »T -1 11
8 1=2 5 1  l i l i  s i  1=2 !  g-¡. d r- O. • £¿í .O  O t£ä v ,5 a g

|  ¿ I  g 2£.=S£.2; - g l s j  s. c » g I j b  
B-S51 S g l  I “ ? * S ” S g l-g  JL|'S »2 G £ 3 >• hxs « O «- > « ä« r* * fia ** 2.tí 5 C’f

* -  i  I I I  « I  s ö ö  o 5 5 - £ « . 2 ¿ !
o . a í; ? J o o o á - - - ' n ¡ g 0 : > Í B'5 Í  - c /  = E £ g ¿ g ¿ § >^^-s -S-s ato gco g
O < y .2 *a  3  0  0  0  3  0 . 3  O d M O  O . ;  A  "   -----  . 05OHHO«>>P-rOasQBO».tiO!iO£-'WE-'H

F ig u r e  2 . R a t e  o p  O x i d a t i o n  o p  C o m p o u n d  1 a t  6 0 ° ,  7 0 ° ,  a n d  8 0 °  C .
As indicated  by  oxygen pressure reduction  (gage readings)

The quantity of oxygen absorbed in each run as determined by pressure 
drop was somewhat less than the quantity determined by weight gain. 
This is explained on the basis that a small quantity of volatile oxidation 
product was given off by the rubber. Milligan and Shaw found in their 
investigation that the residual pressure was greater when all oxygen was 
consumed than it  should have been. T hey attributed this to  the pres
ence of moisture originally in the specimens. The authors believe that 
the lower values obtained by  the pressure-reduction method are probably 
due largely to the presence of water split off from the rubber following 
oxidation, since the test specimens were dry originally.

On the basis of the investigations of Dufraisse and Etienne, and Cramer 
and co-workers, it is to  be expected that the rate curves shown in Figure 
3 would be inclined to the right if the rubber had been vulcanized less or 
if the compound had contained an antioxidant. Other accelerator com
binations giving better aging compounds m ight also be expected to re
duce the rate of oxidation and incline the curves in the direction of the 
abscissa. Overcures would be expected to move the curves in the direction 
of the ordinate. I t  is believed, however, that the oxidation rates for this 
compound at the three temperatures investigated would remain propor-

F i g u r e  3 .  R a t e  o p  O x i d a t io n  o p  C o m p o u n d  1 a t  6 0 ° ,  7 0 ° ,  
a n d  8 0 °  C .

As determ ined by  w eight gain and  decrease in oxygen pressure
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T IM E  OF AG ING  IN HOURS

F i q u r e  4 . E f f e c t  o f  a n  A n t i o x i d a n t  o n  R a t e  o f  O x y g e n  
A b s o r p t i o n  a t  8 0 °  C .

tional to  each other despite shifts in either direction for any 
of the enumerated reasons.

E ffect o f  A n tio x id a n ts  o n  R a te  o f  O xygen  
A b so rp tio n

Specimens of compounds 2 and 3 containing 1 and 2 per 
cent, respectively, on the rubber content of phenyl-a-naph- 
thylamine were aged under conditions described at 80° C. for 
periods of time varying from 48 to 240 hours. As was ex
pected, the rate of oxidation was reduced over that of the 
specimens containing no antioxidant. The oxidation rate 
curves as obtained for compounds 2 and 3 at 80° C. are given 
in Figure 4 in comparison with the rate for compound 1 con
taining no antioxidant.

, The curves show that the compound containing no antioxi
dant requires 30 hours to absorb 1 per cent of oxygen, as 
compared with 125 hours for the compound containing 1 part 
of antioxidant and 160 hours for the compound containing 
2 parts of antioxidant. Under the conditions of this investi
gation the presence of the particular antioxidant employed 
causes a retardation in the rate of oxidation but does not ap
pear to change the type of linear relationship which exists 
between quantity of oxygen absorbed and time. Further 
increases in antioxidant content would be expected to effect 
further decreases in  rate of oxygen absorption, but the effect 
would be less marked.

E ffect o f  O x y g en  A b sorb ed  o n  T e n s ile  S tr e n g th  
a n d  E lo n g a t io n

During the initial stages of oxygen absorption or oxidation, 
in some cases there was an increase of tensile strength and elon
gation a t break. This was very likely due to further curing 
of the samples a t the aging temperature. Following the ini
tial oxidation period, it  was found that tensile strength and 
elongation at break decreased as a linear function of the quan
tity  of oxygen absorbed. In Figure 5 are plotted the tensile 
strength values determined on specimens of compound 1 
which had absorbed various quantities of oxygen at 60°, 
70 °, and 80 ° C. Figure 6 shows the change in tensile strength  
of compounds 2 and 3 w ith progressive absorption of oxygen. 
These figures showing proportionality between tensile strength 
and quantity of oxygen absorbed are drawn with respect to 
points representing weight gains rather than pressure losses 
because it  is believed that the former are the more accurate 
for the reasons given above.

F ig u r e  5 . E f f e c t  o f  O x y g e n  A b s o r b e d  o n  T e n s i l e  
S t r e n g t h  o f  C o m p o u n d  1

F i g u r e  6. E f f e c t  o f  O x y g e n  A b s o r b e d  a t  80° C. o n  T e n 
s i l e  S t r e n g t h

As indicated by  a comparison of the data plotted in Figure 
5, the .extent of physical deterioration corresponding to a 
given quantity of oxygen absorbed appears to increase slightly  
as the temperature of oxidation is increased. This apparent 
difference m ay be due to the loss of a greater quantity of the 
volatile oxidation product w ith increased temperatures of 
oxidation.

A comparison of the data plotted in Figures 5 and 6 indi
cates that additions of antioxidant to the compound reduce 
the physical deterioration which corresponds to a given 
oxygen absorption, the larger quantity of antioxidant having 
a correspondingly greater effect. This can be explained on 
the basis that the antioxidant consumes some of the oxygen in 
the process.

In Figure 7 all the weight gain and oxygen pressure loss 
values for compounds with and w ithout antioxidant aged at 
the three test temperatures are plotted against corresponding 
tensile strength values found. Similar data for oxygen ab
sorption-and elongation a t break are shown in Figure 8, ex
cept that weight gains alone are used to represent oxygen ab-
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F ig u r e  7 . R e l a t io n s h i p  b e t w e e n  O x y g e n  A b s o r b e d  a n d  D e c r e a s e  i n  
T e n s i l e  S t r e n g t h

sorbed. The elongation value of 475 per cent, obtained for 
an oxygen gain of 1.86 per cent at 70° C., is not shown in the 
figure because it  is obviously out of line w ith other values ob
tained. This deviation brings out the fact that tensile and 
elongation tests are subject to  considerable error when made 
on specimens which have been aged to an oxygen content ap
proaching 2 per cent.

The points are recorded on the basis of tensile strength in 
Figures 5 to 7 and elongation a t break in Figure 8 as deter
mined rather than as percentage deterioration. This method 
of plotting the relationship between deterioration of physical 
strength and oxygen uptake is a t variance with that followed 
by others (5, 11, 12) who related percentage deterioration 
with oxygen absorbed. The authors’ preference was based on 
the fact that there was some variation in tensile strength and 
elongation of the several groups of control specimens and be
cause of some question as to the justification for taking the 
tensile strength value of control specimens as representing 
zero oxidation. I t  is apparent th at an extension of the curve 
in Figure 10 in the direction of higher tensile values to a point 
where it  intersects the zero oxidation line corresponds to a 
tensile value of about 330.4 kg. per sq. cm. (4700 pounds per 
square inch), a value higher than any attained on control speci
mens. A similar extension of the curve in Figure 8 would 
indicate a value for elongation a t break of about 770 per cent, 
which is also higher than was obtained on any controls.

U sing the data in Figure 7 to relate approximate percent
age deterioration in tensile strength w ith oxygen absorbed as 
was done by others we find an oxygen absorption of about 1.2 
per cent on the rubber hydrocarbon corresponding to a 50 per 
cent decrease in tensile strength. This compares with about 
0.5 per cent on hydrocarbon content reported by Kohman, and
1.2 per cent on the rubber content reported by Cramer, 
Sjothun, and Oneacre. Kohman obviously did not infer that 
the absorption of a definite quantity of oxygen would always 
result in a definite deterioration with various compounds and 
various degrees of cure. H is data referred to one particular 
compound which was vulcanized to a state where m ost of the 
sulfur content was probably combined with the rubber. If 
Kohman's data are plotted on the same scale as Figure 7, they  
can be represented by a straight line above but parallel to 
that representing the data here reported. I t  is the authors’ 
opinion that in the case of an overcured stock a lower oxygen 
addition will correspond to a given deterioration than with a 
normally cured or an undercured stock. On this basis, 
probably none of the reported values for quantity of oxygen 
absorbed corresponding to a given physical deterioration are 
necessarily in error but vary because of a difference in state of

cure or quantity of sulfur combined with the 
rubber or to the presence of an added antioxi
dant.

T e m p e r a tu r e  C o e ffic ie n t o f  O x id a tio n
When the logarithm of the tim e required for 

the absorption of a given amount of oxygen 
corresponding to a reduced tensile strength or 
reduced elongation a t break was plotted against 
the different aging temperatures, it  was found 
that a direct proportionality existed between 
the two in each case. In Figure 9 are plotted  
data representing the oxygen absorbed a t 60°, 
70°, and 80° C. corresponding to deterioration 
to various reductions in tensile strength. In 
Figure 10 are plotted data representing the 
oxygen absorbed at these three temperatures 
corresponding to various reductions in elonga
tion at break. All the data in both figures 
conform to families of straight parallel lines. 
The experimental results so plotted m ay be ex

pressed by the following equation:

h =

k ~ A
log h -  log i2 = log A

o T t - T ,
8.00

log A  =  0.0376 (A T\)
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E LO N G A T IO N  A T  B R E A K  IN PER C E N T

F ig u r e  8 . R e l a t io n s h i p  b e t w e e n  O x y g e n  A b s o r b e d  a n d  
D e c r e a s e  i n  E l o n g a t io n  a t  B r e a k

where fi, A  and T\ and i2, A  and Tt are, respectively, a first 
and second set of values of time of aging, degree of oxidation 
or deterioration, and temperature in degrees Centigrade. 
The equation is similar to that used for expressing coefficient 
of vulcanization and the procedure followed in calculating 
the temperature coefficient of oxidation parallels that followed 
in calculating temperature coefficient of vulcanization (10).

The temperature coefficient of a reaction is m ost frequently 
expressed as a factor by which the rate m ay be multiplied  
when the temperature is raised 10° C. So expressed, the 
temperature coefficient of oxidation or deterioration under 
the conditions of this investigation was found to be 2.38, cor
responding to 8.00° C. (14.4° F .) to double the rate of aging. 
Bierer and D avis (4) found that the aging rate doubles for 
an 8.3° rise in temperature and Williams and N eal (13) have 
reported that the rate of oxygen absorption doubles for each 
7° to 10° C. rise in temperature up to about 80° C.
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R e la t io n  to  A c c e le ra te d  A g in g  T e sts
A temperature coefficient of oxidation as here reported is 

useful in predicting the time for a given deterioration to take 
place a t other temperatures when the time is known for one 
temperature. I t  provides a method for predicting ultimate 
life of the rubber at service temperature when life a t some ac
celerated aging temperature is known. I t  is interesting to  
note th at when line 4 in Figure 9, representing a deterioration 
to 140.6 kg. per sq. cm. (2000 pounds per square inch) tensile 
strength, is extended to the 25° C. ordinate, the correspond
ing time of aging is about 4500 hours or 187 days. In a co
operative test carried out by a number of laboratories some 
years ago under the auspices of the A. S. T . M. it  wras found 
that a compound alm ost identical w ith that represented and 
cured to the same extent deteriorated about 20 per cent on 
shelf-aging in 6 months and about 50 per cent on outdoor ex
posure for the same period of time. This correlation of out
door aging rate w ith predicted aging rate on the basis of re
sults here reported is certainly of interest though possibly of 
little significance.

Judging from the work here reported and the work of others 
to which reference has been made, it would appear that the 
decay of physical properties of vulcanized rubber, particularly 
tensile strength and elongation at break, is linear with in
creased oxygen absorption following a preliminary induction  
period. During this so-called induction period, the tensile 
strength and elongation at break m ay actually increase if a 
substantial amount of the sulfur present is not combined. If 
the rubber is overcured there m ay be no apparent induction 
period.

The use of an accelerated aging test has been suggested 
(7, 12) in which the extent of deterioration is evaluated by 
measuring the consumption of oxygen volumetrically. Such 
a test has advantages for factory control testing and research 
investigations, since the apparatus is simple, only small
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samples are required, and the use of the volumetric method 
eliminates the need for tensile tests. However, the volu
metric method has certain disadvantages for specification 
testing by consumers. For example, since the rubber con
tent of the compound is not always known, it  is not possible 
to base the absorption of oxygen on a definite amount of 
rubber hydrocarbon. Furthermore, the interpretation of the 
results is complicated by the fact that rubber resins, antioxi
dants, and other nonrubber hydrocarbon substances are 
likely to be present which will absorb appreciable quantities 
of oxygen during the test. Furthermore, Dufraisse and E ti
enne showed that the change in physical properties w ith a 
given oxygen absorption varies w idely with tune of vulcaniza
tion.

It m ust be borne in mind, however, that in spite of the de
ficiencies of the oxygen absorption method for use as a general 
aging test it remains a valuable method when combined with  
physical tests to study the mechanism of oxidation of rubber.
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P h en ols from  C ornstalk  A lkali 

Lignin
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S e p a r a tio n  b y  F r a c t io n a l D ist illa tio n

GROVER LEON BRIDGER1 
Iow a S ta te  C ollege, A m es, Iowa

TH E  destructive distillation of lignin isolated from wood 
by the fuming hydrochloric acid and 72 per cent sulfuric 
acid methods has been studied by m any investigators 

{6, 7). Lignin prepared from sources other than wood and 
by other m ethods has been largely neglected in destructive 
distillation studies. The only experiments of this kind on 
alkali lignin are those of Phillips (7) who prepared his lignin 
from corncobs. H e compared the yields of products from the 
destructive distillation at atmospheric pressure of corncob 
lignin isolated by three methods— namely, the fuming hy
drochloric acid, the 72 per cent sulfuric acid, and the alkali 
methods.

Of particular interest is the oil or tar obtained as one of the 
products from the destructive distillation of lignin. This tar 
amounts to 8-14 per cent (basis lignin) in the case of the fum
ing hydrochloric acid and 72 per cent sulfuric acid lignin, 
and 17-28 per cent in the case of the alkali lignin. Phillips 
obtained 7.5 per cent of tar (basis lignin) from the corncob 
fuming hydrochloric acid lignin, 7.8 per cent from the corncob 
72 per cent sulfuric acid lignin, and 17.7 per cent from the 
corncob alkali lignin. Comparing these yields on the basis 
of the original corncobs, the order is reversed: for the hy
drochloric acid lignin the yield is 1.9 per cent; for the 72 per 
cent sulfuric acid lignin, 1.5 per cent; and for the alkali lignin, 
0.88 per cent. The yield of the tar is dependent on the pres
sure at which the distillation is carried out; for example, by  dis
tilling alkali lignin from corncobs at a pressure of 25 mm. of 
mercury in an atmosphere of carbon dioxide, Phillips and 
Goss (S) obtained a yield of 28.3 per cent of tar (basis lignin).

The oil or tar from all 
kinds of lignin contains a 
certain amount of material 
which is insoluble in sodium  
b ic a r b o n a t e  s o lu t io n  but 
which is soluble in sodium  
hydroxide solution and is 
therefore phenolic in  nature.
The am ount of this phenolic 
fraction is from 20 to  35 per 
cent (basis tar) in  the case 
of the fuming hydrochloric 
acid and 72 per cent sulfuric 
acid m ethods of isolation, and

1 P resen t address, C hem ical E n 
gineering D epartm en t, P ice  In s ti
tu te! H ouston, Texas.

much higher (80 to 90 per cent) in the case of the alkali 
method of isolation. T he only previous investigation of the 
nature of the phenolic fraction of the tar is th at of Phillips and 
Goss, who used chemical methods to separate several phenols 
from the tar. T hey identified phenol, o-cresol, guaiacol, 
«-propyl guaiacol, creosol, and l-vinyl-3-m ethoxy-4-hydroxy- 
benzene in the phenolic portion of the tar. T he fraction of 
the tar from which these compounds were isolated amounted  
to only 15 per cent of the crude tar, however, and no esti
mation of the amounts of the several compounds could be 
made by the m ethods of separation used.

In the present study the conditions of the destructive dis
tillation of cornstalk alkali lignin for obtaining high yields 
of phenols were determined. I t  was found possible to  distill 
fractionally the phenolic tar or the phenols extracted from the 
tar. In this w ay many of the constituent phenols of the tar 
were quantitatively separated and identified.

D e s tr u c t iv e  D is t i l la t io n  E x p e r im e n ts  ,
P r e p a r a t i o n  o f  L i g n i n .  Shredded cornstalks (50 pounds or

22.7 kg.) were cooked with one-tenth their weight of sodium hy
droxide and eight to ten times their weight of water for 2 hours at 
90 pounds per square inch (6.3 kg. per sq. cm.) gage pressure in a 
spherical rotating cooker heated by direct steam. When cool 
the cook liquor was drained off and the pulp washed two or three 
times with water, the washings being added to the main portion 
of the’liquor. After having been allowed to settle, the liquor) was 
filtered through cloth into a large open steam-heated kettle and 
evaporated until its specific gravity at 90° C. was 1.06. The 
volume of the liquor at this point was 12 to 15 gallons (45 to 57 
liters). The liquor was then transferred to lead-lined or Duriron

kettles heated by steam jackets, 
and enough muriatic acid (25 
per cent hydrogen chloride),was 
added to bring the excess acid 
concentration to at least 3 per 
cent by weight, about 0.2 pound 
of acid per pound of liquor being 
required. The acidified liquor 
was boiled gently for 2 hours, 
after which time the precipi
tated lignin was well coagulat ed 
and easily filtered. It was then 
washed free from acid with 
water and dried in the oven at 
105° C. The yield of the oven- 
dried lignin was 4.5 to 5.0 
pounds or 9 to 10 per cent of the 
oven-dried cornstalks.

A p p a r a t u s  a n d  P r o c e d u r e .  
For small-scale destructive dis
tillations, a cast-iron retort, A,

1174
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A lk a li l ig n in  fro m  c o r n sta lk s  h a s  b e e n  
d e s tr u c t iv e ly  d is t il le d  u n d e r  v a ry in g  c o n 
d it io n s  o f  t im e , te m p e r a tu r e , m e th o d  o f  
h e a t in g , a n d  p ressu re . T h e  c o n d it io n s  
for o p t im u m  p h e n o lic  ta r  y ie ld  a t  a n  
a b s o lu te  p ressu re  o f  5 .5  in c h e s  o f  m e rcu ry  
are (a) a  f in a l r e to r t  te m p e r a tu r e  o f  a t  
le a s t  400° C. ; (5) a t im e  o f h e a t in g  s u f 
f ic ie n t  to  a llo w  a ll  th e  d is t i l la te  to  c o m e  
over, t h e  r a te  o f  h e a t in g  n o t  b e in g  im 
p o r ta n t  ; (c) a n y  c o n v e n ie n t  m e a n s  o f
h e a t in g  t h e  r e to r t, a  d irec t  fla m e  g iv in g  
a s g o o d  r e s u lt s  a s  a  h e a t in g  b a th . T h e  
o p t im u m  p ressu re  fo u n d  for p r o d u c tio n  
o f p h e n o ls  w a s 2 .2  in c h e s  o f  m e rcu ry

a b so lu te , a lth o u g h  s t i l l  lo w er  p re ssu r e s  
w o u ld  p ro b a b ly  prove b e tte r .

T h e  p h e n o ls  w ere  fr a c t io n a lly  d is t il le d  
in  a n  e f f ic ie n t  c o lu m n  b o th  fr o m  t h e  
cru d e  ta r  a n d  fro m  t h e  c h e m ic a lly  e x 
tr a c te d  p h e n o lic  p o r t io n  o f t h e  ta r . I t  
w a s fo u n d  p o ss ib le  to  fr a c t io n a te  40 to  
55 per c e n t  o f  t h e  ta r  in t o  c o n s ta n t -  
b o ilin g  c u ts . T h ese  fr a c t io n s  w ere  id e n 
tified  in  la rg e  p a r t;  p h e n o l, o -c r e so l, 
p -c r e so l, g u a ia c o l, 3 ,5 -x y le n o l, a n d  creo so l 
w ere fo u n d . A lk a li l ig n in  c a n  t h u s  b e  
c o n sid ered  a  p o te n t ia l  so u r c e  o f  p h e n o ls  
w h ic h  m a y  b e c o m e  im p o r ta n t  in  th e  
fu tu r e .

about 180 cubic inches (3 liters) in capacity was used (Figure 1). 
The retort was heated either by a direct gas flame or by a suitable 
bath which was in turn gas-heated. A tightly fitting cover was 
held in place by a yoke and small clamps, an asbestos composition 
gasket being used. The cover was fitted with a thermometer well 
which extended to within 0.25 inch (0.635 cm.) of the bottom of the 
retort. The temperature was determined either by a thermome
ter or an iron-eonstantan thermocouple connected to a suitable 
pyrometer. The vapor line through which the distillates passed 
led directly to a receiving flask, B, which was cooled in a water 
bath, C. Above this was a Liebig condenser, D, which further 
cooled the lighter constituents. The vapors were finally led 
through an ice-cooled trap, E, and thence to a small rotary vacuum 
pump, F, which maintained the system at the desired pressure.

In making the distillations, the lignin was charged into the re
tort, and the system was tightly closed. When the desired pres
sure had been attained, the ring burner which supplied the neat 
was turned on and the distillation was allowed to proceed until 
no more distillate came over at the maximum temperature used. 
The distillates from the receiver and from the trap were combined 
and the two layers separated in a separatory funnel. The weights 
of the aqueous layer, tar layer, and residual carbonized material 
were recorded, and the gas and loss calculated by difference; 
the per cent yields were calculated on the basis of the oven-dried 
lignin and also on the basis of the oven-dried stalks. The tar 
thus separated contained some dissolved water, the amount of 
which was not determined in the small-scale experiments.

For the large-scale experiments a similar system was used ex
cept that the retort consisted of a horizontal iron pipe, 8 inches 
(20.3 cm.) in diameter and 14 inches (35.6 cm.) in length. One 
end of the pipe was fitted with a flange and the other was closed 
by a circular piece of sheet iron which was welded on.

E ffec t o f  T im e , T e m p e r a tu r e , a n d  M e th o d  
o f H e a t in g

A number of distillations were made under various condi
tions of time, temperature, and methods of heating. In each 
run 0.441 pound (200 grams) of oven-dried lignin was used, 
and the pressure was maintained at 5.5 inches (14 cm.) of

mercury absolute (23.5 inches vacuum). The retort was 
heated by baths of lubricating oil, sodium nitrate, and molten 
lead, and by direct flame.

The results are shown in Table I. T he maximum retort 
temperature is the maximum temperature inside the retort as 
shown by the thermocouple in the well. The tim e of heating  
is the total time between the firing of the retort and the tim e  
when the fire was cut off. For the first three runs in Table I 
(II, IV, and V II) in which direct flame heating was used, the 
temperature inside the retort is an im portant factor in the 
yield of tar; at 300° C. the yield is much smaller than at 395°  
and 500° C. This fact is further borne out by run III , in 
which the lignin was heated no higher than 235° C. for 4.3 
hours, after which tim e practically no distillate had been ob
tained. It was then heated an additional 4.5 hours at tem
peratures no higher than 360° C. T he yields of tar were al
most as great as those in the direct-flame heating runs. It 
can be concluded that the greater part of the distillate came 
over between about 250° and 400° C. Phillips (7) stated  
that 400° C. is the best temperature for the destructive dis
tillation of alkali lignin from corncobs, which checks the pres
ent findings well.

The total tim e and rate of heating seemed relatively un
important. For example, runs V and VI were both made with 
a heating bath of molten lead, the maximum temperature be
ing about the same in each case. Although the tim e of run 
V is over twice that of run V I, the yields of tar and aqueous 
distillate are identical. This fact was also observed in other 
experiments.

It was thought that by heating the lignin more uniformly, 
overheating at the surface of the retort would be prevented  
and better yields of distillates m ight be obtained. Conse
quently, the several runs (III, V, and VI) using liquid heat

T a b l e  I. E f f e c t  o f  T e m p e r a t u r e ,  T im e ,  a n d  M e t h o d  o f  H e a t i n g  o n  Y i e l d s
-Per C en t Yield of Producta-

M ax. M ax. ;------------- Baais O ven-Dried Lignin- -------------- Basiiï Oven-■Dried S ta lk s-
Run M ethod of R eto rt B ath Tim e of Aqueous C arbon Gas and Aqueous C arbon Gas and
No. H eating Tem p. Tem p. H eating dist. T ar residue loss dist. T ar residue loss

° C. ° C. Hours
II D irect flame 300 2 .0 7 .0 14.2 07.0 1 1 .S 0.70 1.42 0 .70 1.18
IV D irect flame 395 3 .2 11.1 17.7 57 .5 13.7 1.11 1.77 5.75 1.37
V II D irec t flame 500 2 .75 14.5 17.5 52 .0 10.0 1.45 1.75 5.20 1.60
II I Oil ba th 235 290 4 .3 Slight Slight S light Slight Slight Slight

N aN O i bath 300 420 4 .5 7 .5 14.4 00 .’5 17.0 0 .75  ‘ 1.44 6.*05 1.76
VI Lead b a th 420 490 2 .0 10.0 17.0 51 .2 20 .0 1.00 1.70 5.12 2.00
V Lead b a th 390 490 4 .25 10.0 17.7 50 .0 15.1 1.00 1.77 5.60 1.51
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ing baths were made. However, in no case were the yields 
of distillates better than those obtained by direct flame heat
ing. I t  m ust then be concluded th at the method of heating 
has no effect on the yields of distillates if the retort tempera
ture is high enough.

I t  m ay be concluded from the above experiments, there
fore, that the optimum conditions for the production of tar 
by destructive distillation of alkali lignin under 5.5 inches 
(14 cm.) of mercury absolute pressure are: (a) a final retort 
temperature of at least 400° C., (b) a tim e of heating sufficient 
to drive over all the distillate (the rate of heating is not very  
important), and (c) any convenient means of heating the re
tort (the method of heating is relatively unimportant, and a 
direct flame gives as good results as a heating bath).

E ffec t o f  P r e ssu r e s  L ow er t h a n  A tm o sp h e r ic
Once the above conditions (for 5.5 inches of mercury) were 

established, a number of distillations were carried out at vary
ing pressures below atmospheric in  order to observe the effect 
on the yield of the products. 0.441 pound (200 grams) of 
oven-dried lignin was used in each distillation. D irect flame 
heating was used, the maximum retort temperature being 
400° to 500° C. The pressures were kept constant within
0.5 inch (1.27 cm.) of mercury. The absolute pressures re
corded were based on a 29.0-inch (73.7-cm.) barometer read
ing. T he tune of heating was about 3 hours in all runs.

The results are given in Table II and shown graphically in 
Figure 2. A t an absolute pressure of about 5 inches (12.7 
cm.) of mercury the yield of total distillate and tar reached a 
distinct maximum. On the other hand, the aqueous distillate 
was sensibly constant throughout the entire range of pressure 
except in the very low range, where it  dropped. Another in
teresting feature of Figure 2 is the abrupt increase in tar yield 
and consequently in total distillate yield when a very slight 
vacuum was maintained on the retort. T he carbonized resi
due curve is roughly the inverse of the tar and total distillate 
curves.

T a b l e  II. E f f e c t  o f  Low P r e s s u r e s  o n  Y i e l d s

resulting from a further decrease in pressure m ay be supposed  
to  result from the lowered boiling points and, to some extent, 
from the increased speed of vapor removal. T he reason for 
the decreasing yield after the pressure had been reduced below  
5 inches is rather hard to explain on this basis, however.
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-B asis Oven-D ried Lignin-
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ltu n
Abs.

Pressure. Aqueous C arbon
Gas
and Aqueous C arbon

Gas
and

No. In . 11 g dist. T ar residue loss dist. T ar residue loss
X IV 2 2 8 .2 16.1 59 .8 15.9 0 .82 1.61 5 .98 1.59
XV 2*. 2 11.0 15.7 57 .0 16.3 1.10 1.57 5 .70 1.63
X V I 2 .2 14.7 15.5 56 .0 13.8 1.47 1.55 5 .60 1.38
X III 4 .0 13.8 17.1 53 .7 15.4 1 .38 1.71 5 .37 1.54
X II 5 .0 11.8 19.5 57 .0 11.7 1.18 1.95 5 .70 1.17
IV 5 .5 11.1 17.7 57 .5 13.7 1.11 1.77 5 .75 1.37
V II 5 .5 14.5 17.5 52 .0 16.0 1.45 1.75 5 .2 0 1.60
IX 17.0 14.4 14.6 54 .5 16.5 1.44 1.46 5 .45 1.65
X I 17.0 1G.1 14.7 57 .0 12.2 1.61 1.47 5 .7 0 1.22
X 28 .0 15.0 14.0 56 .5 14.5 1.50 1.40 5.65 1.45
V III 29 .0

(atm .)
15.0 11.6 59 .2 14.2 1.50 1.16 5 .92 1 .42

Reducing the pressure in the retort m ight be expected to 
produce two major effects: (a) an increased rate of removal 
from the retort of the vaporized decomposition products and
(b) lowering of the boiling points of the products and thus the 
temperature at which they would be vaporized. Both of 
these factors should increase the yield of distillate because of 
the smaller chance for complete decomposition of the inter
mediates into carbon or its oxides.

The abrupt increase in tar yield when the pressure was 
reduced to 1 inch of mercury below atmospheric m ay be ex
plained by assuming that the first-mentioned factor was the 
determining one in this range. T he increase in yield of tar 
due to  the better removal of the vapors would certainly be 
more pronounced than th at caused by the lowering of boiling 
point at this slight vacuum. T he gradual increase in distillate

A B S O L U T E  P R E S S U R E ,  I N C H E S  H iS
F i g u r e  2 . Y i e l d s  o f  L i g n i n  D i s t i l l a t e s  

a t  Low P r e s s u r e s

I t  is interesting to compare the yields of tar obtained in the 
present study with those of Phillips (7). T he best yield of wet 
tar obtained in  the present experiments was 17.7 per cent 
(basis oven-dried lignin); Phillips and Goss obtained 28.3 
per cent from corncob alkali lignin at 25 mm. of mercury ab
solute pressure. However, the lignin used in the present ex
periments represented 10 per cent of the cornstalks, whereas 
that of Phillips represented only 5 per cent of the corncobs 
because of milder conditions of extraction. The yields of tar, 
based on the original raw material, are thus 1.77 per cent (basis 

oven-dried cornstalks) in the present study and 
■ 1.41 per cent (basis corncobs) in Phillips’ experi

ments. T he fact that the yields are so different 
when based on the lignin seems to indicate that 
the lignin of the raw material which requires more 
drastic conditions for its removal is considerably 
different from that which comes out w ith rela
tively  mild extraction conditions. This was also 
shown by  Phillips (6) in experiments on the 
fractional extraction of lignin from corncobs.

C o m p o s it io n  o f  T ar
The separation of the tar into its major classes 

of compounds was accomplished by previous 
lignin investigators by successive extractions 
w ith sodium bicarbonate and sodium hydroxide 
solutions which were supposed to dissolve the 

acidic and phenolic portions, respectively. The acids and 
phenols were recovered by acidification of these solutions, 
and the insoluble tar remaining from the above extractions 
was classed as neutral tar. This m ethod of analysis gave in 
some cases very high percentages of phenols; Phillips (7), 
for example, found that 84 per cent of the tar from his de
structive distillation experiments at atmospheric pressure was 
insoluble in sodium bicarbonate solution but soluble in so
dium hydroxide solutions. H e thus reported that the tar 
contained 84 per cent of phenols.

In studying tar from the low-temperature carbonization of 
coal, Morgan (8 ) found that sodium hydroxide extractions of 
the tar dissolved not only the phenols but also considerable 
am ounts of other classes of compounds which, when sepa
rated from the phenols, were entirely insoluble in caustic solu



OCTOBER, 1938 INDUSTRIAL AND ENG INEERING CHEMISTRY 1177

tion. H e found that one of the best methods of separating  
these phenate-soluble compounds was by the use of caustic 
soda saturated with salt, a reagent which extracts only the 
phenols, instead of the ordinary aqueous solution of sodium  
hydroxide. The phenate-soluble materials then remained 
behind w ith the neutral oils, and the phenols were thus se
lectively extracted.

This method of separation was tried on some of the tars 
from the first six runs, and it was found that they behaved  
similarly to the coal tar studied by Morgan. W hen aqueous 
10 per cent sodium hydroxide was used to extract some of the 
lignin tar which had previously been extracted w ith sodium  
bicarbonate, about 90 per cent of it  dissolved. W hen 10 
per cent sodium hydroxide saturated w ith salt was used, how
ever, only about 60 per cent of it  dissolved. The tar which 
was insoluble in the caustic-brine extraction was now also 
insoluble in the ordinary 10 per cent sodium hydroxide solu
tion. As a result of these tests the following m ethod of sepa
ration and estimation, which is similar to that used by Mor
gan, was adopted:

1. The tar from each run, about 30 to 35 grams in quantity, 
was extracted with 50 ml. of 10 per cent sodium bicarbonate. 
Its loss in weight was recorded as acids.

2. The insoluble tar from the first step was dissolved in an 
equal volume of benzene and extracted with two 25-ml. portions 
of the caustic-brine reagent. After having been shaken with this 
reagent and allowed to stand, the mixture separated into three 
layers: the lower layer consisted of the alkaline solution of the 
phenols, the middle layer consisted of precipitated neutral tar, 
and the top layer consisted of a solution of the benzene-soluble 
tar. The benzene was necessary for good separation of the neu
tral tar and the phenate solution; unless it was present a suspen
sion formed which was very difficult to break up. The phenol 
solution wus separated, acidified, and the resulting phenols were 
separated and weighed.

3. The neutral tar was calculated by difference, no attempt 
being made to estimate the quantities of the benzene-soluble and 
benzene-insoluble neutral tar because of the difficulty of separat
ing them quantitatively.

The tar from each of runs V II to X V I, inclusive, was ana
lyzed by the above procedure, and the results are recorded 
in Table III. T he per cent composition of the tar was cal
culated both on the basis of the crude w et tar and on th at 
of the original oven-dried lignin. The tar in each case 
contained some water, but this was not determined in the 
small-scale runs. T he percentage of phenols increases with  
decreasing pressure, the percentage of neutral tar first in
creases and then falls off w ith decreasing pressure, and the 
percentage of acids remains sensibly constant. From the 
standpoint of phenol production it appears advantageous to 
decrease the pressure as much as possible, because the yield of 
phenols continues to increase at very low pressures, despite 
the drop in total tar yield. The yield of phenols is also shown 
graphically in Figure 2.

T a b l e  III. E f f e c t  o f  Low P r e s s u r e s  o n  T a r  C o m p o s it io n

/ ; P e r  C en t Com position of T a r----------------- »
Abs. Basis C rude T a r  (W et) Basis Oven-D ried L ignin

R un Pressure, N eu tra l N eutra l
No. In . Hg Acids Phenols ta r Acids Phenols ta r

X IV 2 . 2 7.1 64 .5 28 .4 1 . 1 10.4 4 .6
X V 2 . 2 8 .9 72 .0 19.1 1.4 11.3 3 .0
X V I 2 . 2 5 .5 86.9 7 .6 0 .9 13.4 1 . 2
X III 4 .0 8 . 8 57 .2 34 .0 1.5 9 .8 5 .8
X II 5 .0 4 . G 60 .0 35 .4 0 .9 11.7 6 .9
IX 17.0 1 0 . 0 4 9 .0 41 .0 1.4 7 .1 5 .9
X I 17.0 1 1 . 2 5 7 .0 3 1 .8 1 . 6 8 .4 4 .7
X 28 .0 10.7 53 .2 36.1 1 .5 7 .5 5 .0
V III 29 .0  (atm .) 12.9 49 .2 37 .9 1 .5 5 .7 4 .4

In view  of the rather large difference between the am ount 
■of phenols observed when the caustic-brine reagent is sub
stituted for the usual aqueous caustic solution, it  is probable 
■that m ost of the values for the yield of phenols in the literature

are considerably higher than the true values. T he amounts 
found in the present study are large enough to make lignin an 
attractive potential source of phenols, however.

F r a c t io n a t io n  o f  D is t i l la te s
A p p a r a t u s  a n d  M e t h o d . The fractionating column was 

constructed of 0.39-inch (10-mm.) inside-diameter Pyrex tubing. 
It was packed with 0.126-inch (3.2-mm.) inside-diameter single
turn glass helices (1), the packed section being 100 cm. in height. 
Around the packed section was a 0.55-inch (14-mm.) inside- 
diameter Pyrex tube on which was wound 50 feet (15.2 meters) 
of Nichrome resistance wire to provide side heating, and this was 
in turn enclosed in a 1.26-inch (32-mm.) inside-diameter Pyrex 
tube which served as further insulation. The kettle consisted 
of a 500-ml. flask which was heated by an electrical heater. Re
flux was furnished by a total condenser at the top of the column.

The fractionations were carried out using 150- to 250-ml. 
charges. A high reflux ratio (20-30 to 1) was maintained at all 
times and the still was operated at as high a boiling rate as pos
sible without flooding. Adiabatic conditions were maintained 
in the column by close control of the side heat. Fractions were 
collected corresponding as nearly as possible to the constant-boil
ing portions of the fractionation curves. All fractionations were 
conducted at atmospheric pressure.

F r a c t io n a t io n  o f  T ar
The tar from the large-scale destructive distillations was 

fractionated after various pretreatments. This tar was wet, 
containing 13 per cent water (wet basis) as determined in the 
following fractionations, and represented 14 per cent of the 
oven-dried lignin; the dry tar thus represented 12.2 per cent 
of the oven-dried lignin. In fractionation A  the tar was 
given no pretreatment. In fractionation B  the tar was pre
distilled in an ordinary distilling flask before being fraction
ated. For fractionation C  the phenols were extracted from

F i g u r e  3 . F r a c t io n a t io n  o f  L i g n i n  T a r s

the crude tar as follows: 204 grams of the crude w et tar were 
dissolved in an equal volum e of benzene and extracted suc
cessively w ith 10 per cent hydrochloric acid, 10 per cent so
dium bicarbonate, 10 per cent sodium hydroxide saturated  
with sodium chloride, and 10 per cent sodium hydroxide. 
T he hydrochloric acid and sodium bicarbonate extracts were 
washed with benzene, and these washings were added to the  
residual solution of tar before the alkaline extractions. The 
alkaline extracts were combined and the phenols were re
covered by acidification w ith 25 per cent sulfuric acid. The 
crude phenols thus obtained were distilled w ithout fractiona
tion before being charged into the fractionating column. The 
hydrochloric acid extract was made alkaline with sodium  
hydroxide solution, and a precipitate formed which was 
filtered, washed, and dried. I t  was a dark purple amorphous 
powder weighing 0.4 gram which partially dissolved in water 
to give a deep purple solution. This material was not fur
ther investigated; it probably consisted of a mixture of basic 
nitrogenous compounds, since it had a characteristic odor and 
evolved ammonia when boiled w ith sodium hydroxide solu
tion. For purposes of comparison a fractionation of a com-
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mercial cresylic acid was made; this is designated as fractiona
tion D.

The fractionations were carried out until decomposition of 
the material in  the kettle set in, as evidenced by liberation of 
white fumes and lowering of the vapor temperature. The 
fractions from the lignin tar were in all cases colorless or very  
light shades of pink or yellow. On standing several days, 
however, they turned dark red or black. T he fractions from 
fractionation C  (extracted phenols) showed less tendency than  
the others to  discolor, but after several weeks they were also 
dark in color. The fractions from the commercial cresylic

The results of the 
fractionations are 
shown in Figures 3 
and 4, where the 
cum ulative volum e 
per cent of distillate 
(basis dry crude tar) 
is plotted against 
the vapor tempera
ture in the top of 
the column. Sharp 
fractions were ob
tained in m ost cases. 
The material boil
ing below 182° C., 
t h e  lo w e r  l i m i t  

of the phenolic temperature range, consisted entirely of water 
and in a few cases of a sm all am ount of m ethanol; there was 
no evidence of light oils or other material of any kind. A 
summary of the recovery of material is shown in Table IV. 
T he amounts of the dry crude tar, the dry charge to the frac
tionating column, the phenolic distillate (the distillate ob
tained above 182° C .), the residue in  the still kettle, and the 
loss in the fractionation are shown both in weights and in per
centages on the basis of the dry crude tar. Since the crude 
tar contained 13 per cent water, there were small amounts of 
water in  the materials throughout the operations, but these 
have been subtracted for purposes of comparison.

T a b l e  I V .  R e c o v e r y  f r o m  F r a c t i o n a t i o n s

R un C rude T ar Charge to Phenolic
No. (D ry) C olum n (D ry) D istillate Residue Loss

Grams % a Grams % a Grams % a Grams % a Grams % °
A 236 100 236 100.0 119 5 0 .5 76 32 .2 41 17.3
B 125 100 104 83 .2 69 55.2 1 1  8 . 8 24 19.2
C 178 100 88 .5  49 .6 58 32.6 15 8 .4 15.5 17.5
D 199 100 199 100.0 171 85 .9 1 2  6 . 0 16 8 . 1

° All per cents are on th e  basis of the  d ry  crude ta r.

T he predistillation w ithout fractionation (fractionation B) 
increased the yield of the phenolic distillate by alm ost 5 per 
cent (basis dry crude tar). Figure 3 shows th at this is due in  
large part to the fact that decomposition set in earlier in the 
fractionation of the crude tar (fractionation A) than in that 
of the predistilled tar (fractionation B ).  T he crude tar be
gan to decompose at a vapor temperature of 233° and a kettle  
temperature of 312° C., whereas the predistilled tar began to  
decompose a t a vapor temperature of 248° and a kettle tem 
perature of 330° C. The recovery of phenolic distillate from 
the extracted and predistilled phenols (fractionation (7) was 
som ewhat poorer than that of the first two fractionations. 
This m ay be explained in part by the greater loss of material 
due to incomplete extraction, mechanical losses, etc. I t  is 
also possible that the phenolic distillates of fractionations A  
and B  contained substances other than phenols, but this seems 
unlikely because of the similarity in  properties of the frac
tions of the extracted phenols and crude tar. Furthermore,

rough experiments on the neutral portions of the tar indicated  
that they  contained very little  material boiling in  the phenolic 
range. T he losses were rather large because the material 
held up in  the column packing after the fractionation was not 
removed but was included in the losses.

These results on the recovery of total phenols from the tar 
check the analyses made by the caustic-brine extraction 
method quite well. Table II I  shows th at at a pressure of 28 
inches of mercury absolute (the pressure of the large-scale 
runs) the tar contains about 53 per cent phenols (w et basis) 
or 61 per cent phenols (dry basis). The recovery of phenolic 
distillate in fractionations A  and B  was 50.5 and 55.2 per 
cent, respectively. Thus over 80 per cent of the total phe
nols (as estim ated by the caustic-brine m ethod) were recovered 
in fractionation A ,  and 91 per cent in fractionation B. The 
recovery of the crude predistilled phenols in fractionation C 
was 49.6 per cent of the dry crude tar which contained 61 per 
cent total phenols (dry b asis); this recovery amounted to 81 per 
cent of the total phenols. The recovery of fractionated phenols 
in this run was 32.6 per cent of the dry crude tar, or 53 per 
cent of the total phenols. The smaller recovery in fractiona
tion C  m ay be attributed to the fact that the am ount of 
charge was smaller than in  the other fractionations which 
would m agnify the percentage loss in the column holdup, and 
also to the fact that the residue in this fractionation consisted 
entirely of phenols whereas in fractionations A  and B  it  was 
probably largely composed of neutral and acidic compounds.

I d e n t if ic a t io n  o f  P h e n o ls
T he yields of the various fractions from the three runs are 

shown in Table V. The boiling points and refractive 
indices are those of the material a t the flat portions of the 
curves. T he amounts of the various fractions were ascer
tained by drawing vertical lines through the m id-points of the 
transitions between the various fractions and recording the 
differences in abscissas between these lines. This m ethod, of 
course, w ill include any compounds which m ay have been 
present in amounts too small to be fractionated out distinctly, 
but the sharp breaks in the curves indicate that few such com
pounds were present in appreciable amounts in the m ajority 
of cases. All of the fractions were cooled to —20° C. in an 
attem pt to freeze them , but in m ost cases a glass or very v is
cous mass was obtained which could not be crystallized. 
For comparison, Table V I shows the boiling points and refrac
tive indices of the more common phenols in the boiling range 
studied (2).

Since the fractions from run C (extracted phenols) seemed 
more pure than those of runs A  and B, they were used ex
clusively for the chemical identification work; the details are 
as follows:

The fraction boiling at 183° C. was solid a t room tempera
ture and showed the characteristic crystal structure of phenol. 
I t  melted at 35° C. A  nitro derivative was prepared accord
ing to M ulliken’s procedure (4 ) which melted at 121.5- 
122.5° C. (m elting point of picric acid, 122.5° C .). The frac
tion was therefore phenol.

The fraction boiling a t 191° C. was sm all and therefore not 
very pure. A  picrate was prepared which m elted at 8 7 -  
88° C. (m elting point of the picrate of o-cresol, 88° C .). The  
fraction therefore contained o-cresol.

The fraction boiling at 201° C. gave an aryloxyacetic acid 
m elting at 130-132° C. (m elting point of the aryloxyacetic 
acid of p-cresol, 134-136° C .). The fraction therefore con
sisted chiefly of p-cresol.

The fraction boiling at 205° C. yielded a 3,5-dinitrobenzoyl 
ester which melted at 140-141° C. (m elting point of the 3,5- 
dinitrobenzoyl ester of guaiacol, 141° C .). I t  also gave a 
picrate m elting at 87 -88° C. (m elting point of the picrate of 
guaiacol, 86° C .). The fraction was therefore guaiacol.

acid remained light in color, however.

V O LU M E . P E R C E N T  ( B A S I S  D R Y  A C I D )

F i g u r e  4 . F r a c t io n a t io n  o f  C o m -
m e r c ia l  C r e s y l ic  A c id  ( R u n  D)
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T a b l e  V. F r a c t i o n a t i o n  o p  T ars

F raction — Per C en t Y ield---- ;--------
Boiling R efractive Basis Basis Basis

a t, Index, d ry oven-dried oven-dried Chief
° C. „ 2 0

D ta r lignin stalks C onstituen t
C rude Lignin T a r (R un A)

183 1.5405 14.9 1.82 0.182 Phenol
191 1.5275 6 .7 0.83 0.083 o-Cresol
2 0 1 1.5195 6 .4 0 .7 8 0.078 p-Cresol
207 1.5210 5 .1 0 .62 0.062 Guaiacol
215 1.5230 5 .5 0 .67 0.067 Xylenols
2 2 2 1.5198 4 .7 0 .57 0.057 Creosol
233 1.5175 7 .2 0 . 8 8 0.088

T o tal yield 50 .5 6 .17 0.617
Predistilled Lignin T a r (R un  B)

182 1.5422 9 .6 1 .18 0.118 Phenol
189 1.5402 4 .0 0 .49 0.049 o-Cresol
2 0 1 1.5400 10.4 1.27 0.127 jj-Cresol
208 1.5290 6 .4 0 .78 0.078 Guaiacol
218 1.5310 5 .6 0 . 6 8 0.068 Xylenols
225 1.5290 7 .2 0 . 8 8 0.088
248 1.5468 1 2 . 0 1.46 0.146

T o ta l yield 55.2 6 .74 0.674
C rude P redistilled  Phenols from  Lignin T a r (R un  C)

183 Solid 6 . 8 0 .84 0.084 Phenol
191 1.5407 1 . 1 0 .13 0.013 o-Cresol
2 0 1 1.5378 2 . 8 0.34 0.034 p-Creaol
205 1.5392 4 .3 0 .52 0.052 Guaiacol
208 1.5345 1.4 0 .17 0.017
216 1.5320 5 .6 0 . 6 8 0.068 3,5-Xylenol
2 2 0 1.5300 1 .7 0 . 2 1 0 . 0 2 1 Creosol
225 1.5299 2 . 8 0.34 0.034
231 1.5330 2 . 8 0.34 0.034
240 1 . 1 0.13 0.013
249 L 5 4 Î2 2 . 2 0.27 0.027

T o ta l yield 32.6 3 .97 0.397

T he fraction boiling at 208° C. had a refractive index of 
1.5345; it  was sm all in am ount and probably not very pure. 
An aryloxyacetic acid of this fraction melted sharply at 
93° C. after recrystallization from water and petroleum ether. 
The fraction was not further identified.

The fraction boiling at 216° C. probably contained more 
than one compound. N o sharp-melting 3,5-dinitrobenzoyl 
ester could be obtained, its m elting point increasing from 98° 
to 126° C. on repeated recrystallization from ethanol, pe
troleum ether, and m ethanol. However, a sm all amount of a 
bromo derivative was isolated which melted sharply at 160° 
C.; this indicates that 3,5-xylenol was present (m elting point 
of the tribromo derivative of 3,5-xylenol, 162.5° C .). The 
other constituent or constituents of this fraction were prob
ably other isomeric xylenols, since there are several such com
pounds boiling in this region.

The sm all fraction boiling at 220° C. contained creosol since 
an aryloxyacetic acid prepared from it  melted sharply at 86° 
C. (melting point of the aryloxyacetic acid of creosol is 84-85°
C.) and a picrate melted at 97° C. (m elting point of the picrate 
of creosol is 96.8° C.).

The fraction boiling a t 231° C. yielded an aryloxyacetic 
acid m elting a t 74 -76° C. I t  was not further identified.

T he fraction boiling at 249° C. yielded a 2,4-dinitrophenyl 
ether which melted at 162-163° C. after repeated recrystalh- 
zation. A  3,5-dinitrobenzoyl ester m elted a t 157-160° C. 
N o known phenol could be found which yielded derivatives 
of these characteristics, and the fraction was not further 
identified.

The yields of the various fractions for the three fractiona
tions are given in Table V. T he yields are calculated on the 
basis of the dry crude tar, the oven-dried lignin, and the oven- 
dried cornstalks, using a yield of 14 per cent of w et tar from  
the lignin and a yield of 10 per cent oven-dried lignin from  
the oven-dried cornstalks. These figures are for a distillation  
pressure of 28 inches of mercury absolute, and the yield of 
tar and phenols would be considerably higher from a high- 
vacuum distillation (Table III).

Comparing these results w ith those of Phillips and Goss 
(8) who identified several phenols in lignin tar, it is observed 
that all of the compounds which they found, w ith the excep
tion of n-propylguaiacol and l-vinyl-3-m ethoxy-4-hydroxy- 
benzene, were found in the present study. Phillips and Goss 
separated the phenolic compounds from the tar by alkaline 
extraction, steam  distillation of the crude phenols, separation 
of the steam -volatile portion into solid and liquid potassium  
phenolates, and finally fractionation of the recovered phenols 
in a three-bulb fractionating column. Their recovery of the  
steam -volatile phenols was 15 per cent df the tar, and th at of 
the total fractionated phenols was 9.1 per cent of the tar. B e
cause of the relatively inefficient fractionation and because 
of the incom plete recovery of the phenols, no quantitative 
estim ation of the amounts of the various compounds was pos
sible. As a result of the present study it  is believed that 
Table V gives a fairly accurate quantitative account of the 
distillable components of the lignin tar. T he yields of phenol 
and o-cresol seem unusually high in fractionation A ;  poor 
fractionation was obtained in this region due to flooding, how
ever, and they are probably too high. The yields of the other 
fractions in fractionations A  and B  agree fairly well. The 
yields in fractionation C  are all smaller than those in fractiona
tions A  and B, and in some cases are in different proportions. 
This m ay be the result of incom plete extraction of some of the 
more difficultly alkali-soluble phenols.

Fractionation D  (Figure 4), in which a commercial cresylic 
acid was used, indicates the similarity between coal-tar phe
nolic distillates and the lignin-tar phenols. In  addition to m- 
and p-cresols, a number of other compounds were present as 
indicated by the numerous plateaus. The separation of m-  
and p-cresol (at 201° and 203° C .), although probably not 
complete, is an indication th at the column was sufficiently 
efficient for the present purposes.

F r a c t io n a t io n  o f  A q u e o u s  D is t i l la te s

I t  is usually assumed that the principal constituents of the 
aqueous distillate from lignin are acetone, methanol, and 
acetic acid. T he customary method for determining acetone 
in the distillate is by  the iodoform reaction (Messinger 
m ethod), that used for detennining m ethanol is usually  
m ethoxyl determ ination, and that used for acetic acid is ti
tration of the distillate w ith standard alkali (7). These 
three compounds have not been isolated quantitatively from 
the distillates, however, by any of the previous investigators. 
T he usual yield of acetone reported in the literature ranges

T a b l e  V I . P h e n o l i c  C o m p o u n d s  A r r a n g e d  t n  O r d e r  o p  I n 
c r e a s i n g  B o i l i n g  P o i n t

R efractive

Phenol
2-M ethylphenol (o-cresol)
4-M ethylphenol (p-cresol)
3-M ethylphenol (m-cresol) 
2-M ethoxyphenol (guaiacol)
0-E thylphenol
2.4-D im ethylphenol (xylenol)
2.5-D im ethylphenol (xylenol)
2.6-D im ethylphenol (xylenol) 
m -Ethylphenol
2.3-D im ethylphenol (xylenol) 
p-E thylphenol
3 ,5-D im ethyl phenol (xylenol) 
2-M ethoxy-4-inethylphenol (creosol)
3.4-D im ethylphenol (xylenol)
1-M ethyl-6 -isopropylphenol
4-M ethyI-6-isopropylphenol
2-M ethyl-6-isopropylphenol (thym ol) 
l-M ethyl-5-isopropylphenol (carvacrol) 
1,2-D ihydroxy benzene (catechol) 
l-H ydroxy-4-m ethylphenol (hom ocatechol) 
Eugenol
Isoeugenol

B. P., Index,
° C. n  D

182 1.5425 (41° C.
190.8 1.547
2 0 1 . 1 1.540
2 0 2 . 8 1.540
205.1
207.5
211.5
211.5
2 1 2
214
218
219
219.5
2 2 1 . 8 1.537
225.1
226 l l5 2 i8
229 1.5234
231.8
237.9 i ! 524
245
252 115425 (74° C.
253 1.5439 (14° C.
267.5 1.5680
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from 0.10 to 0.20 per cent (basis lignin) for both alkali and 
fuming hydrochloric acid lignin, although Phillips (7) found as 
high as 1.0 per cent for 72 per cent sulfuric acid lignin. For 
methanol, 0.07 to 1.9 per cent (basis lignin) have been re
ported, 0.90 per cent being an average figure for alkali, 72 
per cent sulfuric acid, and fum ing hydrochloric acid lignin. 
T he yield of acetic acid ranges from 0.05 to 0.30 per cent for 
alkali lignin and 0.9 to 1.3 per cent for the fuming hydrochloric 
acid and 72 per cent sulfuric acid lignins.

In order to compare the present aqueous distillates with 
those of previous investigators, the aqueous distillates from 
four of the large-scale distillations were analyzed using the 
customary methods previously mentioned. The results of 
the analyses are: acetone, 0.285 per cent; m ethanol, 0.28 
per cent; and acetic acid, 0.432 per cent.

These figures were somewhat different from those reported 
in the literature; therefore a quantitative separation of the 
constituents by fractional distillation was attem pted. The 
combined aqueous distillates from three large-scale runs were 
divided into two portions and fractionated in the column, one 
without any pretreatment and the other after it  had been 
made alkaline w ith sodium hydroxide. In order to obtain a 
check on the efficiency of the column for such a separation, a 
control fractionation was made of a solution of acetone, 
methanol, and water in amounts corresponding to 0.10 and
0.79 per cent (basis lignin) for the acetone and methanol, re
spectively.

The results are shown in Figure 5. Good separation of the 
methanol was obtained, and the average yield from both 
fractionations is 0.84 per cent (basis oven-dried lignin). A  
separation of the acetone was not accomplished, however, and

on the basis of 
comparison with  
the control frac
tionation, it can 
be c o n c lu d e d  
that there was 
less than 0.10 per 
c e n t  ( b a s i s  
lignin) present, 
since the initial 
b o i l in g  p o in t s  
a n d  t h e  f i r s t  
parts of the frac
tionation curves 
lie considerably 
higher than that 
for the control 
run. After the 
w a te r  h a d  a ll  

been removed in the first fractionation (no pretreatment of dis
tillate) such a sm all am ount of material remained in the kettle  
that it  could not be fractionated further; the acetic acid (boil
ing point 118 0 C.) could therefore not be separated in  this way.

In order to separate the acetic acid, the alkaline residue 
from the second fractionation was saturated w ith carbon di
oxide and the liberated phenols were removed by  filtration 
and ether extraction. T he solution was then acidified with  
sulfuric acid, and the free acids were separated from the solu
tion by four ether extractions. The ether solution was con
centrated by distillation of the extract until the vapor tem 
perature was 50° C. The total am ount of oil remaining 
after the ether had been removed was only 0.1 per cent (basis 
lignin). It was distilled in a sm all flask; the temperature 
rose steadily from 50° to 255° C., alm ost all of the oil being 
distillable. I t  m ay be concluded that the am ount of acetic 
acid (boiling point 118° C.) present was very small; the value 
(0.432 per cent) obtained by the usual titration m ethod is 
therefore much too high.

I t  m ay be concluded that the values obtained b y  the cus
tom ary m ethods of analysis for acetone, m ethanol, and acetic 
acid m ay lead to considerable error when applied to the aque
ous distillates from lignin. This is doubtless due to the 
presence of materials other than these three constituents 
which interfere w ith the reactions. It is likely that many  
of the values recorded in the literature are in error because of 
this fact.

N e u tr a l T ar a n d  C a rb o n ized  R e s id u e

The neutral tar as separated by the caustic extraction  
method consisted of a benzene-soluble portion and a benzene- 
insoluble portion. The latter was a light brown soft mass, 
which settled to  the bottom  of the benzene solution. These 
two fractions were entirely soluble in  benzene in the presence 
of the phenols, as is evident from the method of separation 
used. N o attem pt was made to identify these materials.

The carbonized residue was a light, porous material which 
had about tw ice the volum e of the original lignin. I t  was of 
a granular texture and was not sooty.

D is c u s s io n

In comparison to coal tar, wood tar, and other natural 
sources of phenols, the tar from alkali lignin has a far greater 
phenol content. The yield of the tar from the lignin is also 
larger than that of the tar from coal and wood destructive  
distillations. As a source of phenols, therefore, alkali lignin 
would be far superior to the present-day sources w ith respect 
to the yield. Offsetting this advantage, however, is the 
higher cost of production of the lignin and the difficulty of 
using the lignin carbonized residue as a substitute for coke 
and charcoal. T he first of these disadvantages would be 
overcome by the developm ent of a cheap method of recovering 
the lignin from soda and sulfate wood pulp liquors or of a 
cheap method of separating lignin from agricultural by-prod
uct materials. The second disadvantage would be overcome 
either by developm ent of new uses for the carbonized residue 
sufficient to absorb its production or by modification of it  in 
such a manner as to make it acceptable as a substitute for 
ooke or charcoal. Preliminary tests indicate that good ac
tivated carbon m ay be made from it. B y  briquetting the 
carbonized residue it could be used for fuel and for many  
other purposes. In view  of the increasing demand for phe
nolic compounds, lignin should thus be considered a potential 
source of phenols which m ay become im portant in the future.
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R elation of So il P roperties to 

C orrosion  of Buried S teel
WALTER F. ROGERS 

G ulf Oil Corporation, H ouston , Texas

S tu d ie s  w ere  m a d e  o f t h e  r e la t io n  o f  
th e  s o il  v o lu m e —w a te r  c o n te n t ,  t h e  so il  
p H , a n d  t h e  so il  e le c tr ic a l r e s is t iv ity  to  
th e  co rro sio n  o f b u r ied  s t e e l  p ip e . D a ta  
w ere d ev e lo p ed  fr o m  la b o r a to r y  t e s t s  
to  sh o w  t h e  im p o r ta n c e  o f  e a c h  o f th e s e  
fa c to r s . T h e  r e s u lt s  w ere  e x te n d e d  to  
fie ld  m e a s u r e m e n ts  o f  so il  r e s is t iv it ie s  
a n d  pH  v a lu e s  o s .  a c tu a l co rro sio n  r a te s  
to  sh o w  t h e  c o r r e la t io n  b e tw e e n  th e  fie ld  
a n d  la b o r a to r y  r e s u lts . I t  w a s  fo u n d  
t h a t  w h ile  b o th  th e  e le c tr ic a l r e s is t iv ity  
a n d  th e  p H  o f s o i ls  h a v e  s o m e  e ffec t  o n  
th e  so il  c o r r o s io n  ra te , t h e  g o v e r n in g  
fa c to r  is  t h e  so il  v o lu m e -w a te r  c o n te n t .

T H E  subject of the corrosion of buried steel pipe is of 
great interest to the oil, gas, and water industries and 
has received considerable attention during the past 20 

years. The importance of this subject to the oil industry is 
indicated by the fact that there are 201,170 km. (125,000 miles) 
of pipe ranging in size from 10.16 to 50.8 cm. (4 to 20 inches) 
used to transport petroleum and its products (11). Among 
the first in the United States to be concerned with the problem  
of underground corrosion was Logan (7). H is attention was 
first directed to this subject through corrosion of city  water 
and gas pipes caused by leakage of direct currents from street 
railway system s. The results of these studies showed that 
factors other than stray current leakage could be responsible 
for corrosion of buried pipes and that these factors arose from  
contact of the pipes w ith soils. This work led to the well- 
known tests of the N ational Bureau of Standards (6-9), 
where duplicate sets of ferrous pipe materials were buried in 
each of a number of test soil locations scattered over the 
United States. The American Petroleum Institute later 
recognized the problem of underground corrosion by forming 
a subcom m ittee in 1928 to foster investigations of this sub
ject. The American Gas Association has likewise fostered a 
study of soil corrosion with particular reference to the formu
lation of pipe coatings. A  great deal of the work has been 
done from the standpoint of investigating and developing 
methods for reducing the rate of attack; this has led to the 
developm ent of numerous pipe coating system s and to the 
use of cathodic protection. Other students of the soil cor
rosion problem have attem pted to correlate soil corrosion 
rates w ith soil properties. In this work different investiga
tors have attem pted to show that several soil factors can be 
used to predetermine soil corrosion rates. Denison (1) pre

sented data to show that the total acidity and the pH  of soils 
were closely related to the actual corrosion experienced by a 
pipe line. H e also found that the pitting factor of a soil is 
influenced by certain of its mechanical properties, such as 
the percentage of the total volum e of m oist soil occupied by  
air, the ratio of the moisture for saturation to the moisture 
equivalent, and the dispersibility of silt and clay. Weidner 
and D avis (16) concluded that there is some correlation be
tween long line currents and soil corrosion, and that there is 
considerable correlation between soil resistivity and p it 
depth. Gill and Rogers (4) made a thorough investigation of 
several miles of pipe to test the theory that either the soil 
electrical resistivity or long line currents m ight be used to 
determine corrosive areas. Their results were that the ac
cumulation or discharge of long line currents is w ithout prac
tical bearing upon the subject of soil corrosion, and that there 
is a slight correlation between corrosion and soil resistivity  
but the relation is too general to possess practical importance. 
Shepard (15), however, in agreement w ith Weidner and D avis, 
found that the measurement of long line currents and soil 
resistivity could be used as an aid in locating corrosive soils. 
Although M cGary (10) indicated that soils containing oxidiz
ing agents such as nitrates give rise to severe corrosion, and 
Richards (12) reported that the quantity of sulfur present in 
the soil can be used as the corrosion index, the m ajority of the 
argument in soil corrosion studies has revolved around the 
measurement of soil acidity, pH, electrical resistivity, and long 
line currents. The latter measurement is applicable only  
where the line is in place and is n ot a method for predeter
mining the soil corrosion rate.

A d a p ta t io n  o f  E le c tr o c h e m ic a l T h e o r y  to  S o il  
C orro sio n

In studying soil corrosion the factors encountered are not 
only the numerous ones found in cases of atmospheric cor
rosion but also those which result from the peculiar physical 
and chemical properties of soils.

The properties of soils which also contribute to the con
dition of atmospheric corrosion are:

1. The presence of water.
2. The presence of soluble salts. These may be either easily 

soluble and leachable materials such as sodium chloride or 
sparsely soluble soil complexes. These soluble materials give 
rise to the soil electrical resistivity, the pH, the total acidity, 
the buffer capacity, etc.

3. The presence of gases such as air, together with the usual 
or changed proportions of oxygen, carbon dioxide, nitrogen, 
hydrogen sulfide, etc.

4. The corrosion product, which may be protective or not, 
depending upon the method of formation.

5. Temperatures between the annual maximum and mini
mum.

6. Alternate wetting and drying conditions or negligible 
water velocity in the case of submersion.

1181
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water evaporated, leaving more and 
more air in the soil pores.

The second tests were m ade to de
termine the effect of variations of the 
electrical resistivity of the soil. In 
these tests the soil water content, the 
soil air content, and the pH  were kept 
constant; the electrical resistivity was 
the only variable.

The third tests were made to deter
mine the effect of the soil pH . In 
these tests all factors were again kept 
constant except the variable, hydro- 
gen-ion concentration.

F ig u r e  1. R e l a t io n  o f  S o il  V o l u m e  a n d  W a t e r  C o n t e n t  t o  C o r r o s io n

The properties which are more or less peculiar to soil cor
rosion deal with physical as well as chemical factors. These 
result from the com plexity of the soil particle. Soils vary in 
composition from pure sands which possess little or no soil 
colloids, to clays which are made up alm ost entirely of col
loidal particles. Between these lim its are all possible inter
m ediate conditions. Pure sands are comparatively easy to 
evaluate in  regard to chemical and physical properties. They  
usually possess little or no soluble salts and are but slightly  
buffered. The addition of moisture to a sand does not cause 
any change in its  particle size. The main effect of the m ois
ture is sim ply th at of filling the soil pores and replacing the 
soil air. The'm ajority of soils, however, contain more or less 
colloidal particles. These colloids are complexes of iron, 
silica, or alumina, and the addition of water to such soils 
allows the colloidal properties to  be brought into play. In
stead of moisture replacing the soil air, it  is utilized by the 
soil colloids to develop the properties of absorption, swelling 
or contraction, gelation, plasticity, etc. A ny description of 
these soil colloids is outside the scope of this paper, and au
thoritative texts m ay be consulted (2). I t  is sufficient here 
to point ou t these properties and to indicate how they may 
affect the corrosion reaction. For instance, clay soils are 
known to possess a  greater porosity than do sands. Clay 
soil air, however, as a result of the more tortuous passages of 
the soil, does not easily m ove to enter into the corrosion re
action. The addition of a small quantity of moisture to such  
a clay soil m ight result in such swelling that all the soil air 
would be displaced or so bound th at the permeability of the 
soil would approach zero and the corrosion rate would be 
greatly reduced. The addition of an equal quantity of mois
ture to a sand (if less than the saturation value) m ight in
crease the corrosion rate because the water would not be ab
sorbed by the soil particles but would be available for the 
corrosion reaction.

L a b o ra to ry  T e s t  P ro ced u re
Studies were made in the laboratory on several typical 

soils to  determine the effect of the variation of each of several 
factors on the soil corrosion rate. For purposes of test three 
soils were used. One of these was known to be corrosive to  
steel; the second was known to be noncorrosive; and the 
third which was a coarse river sand was chosen because of its 
high resistivity, low buffer action, lack of colloids, and high 
permeability.

The first tests were made to determ ine the effect of varia
tions of the soil air for fixed moisture concentrations. In 
this series of tests the pH  was kept constant. The soil re
sistiv ity  varied w ith the water content. The object was to 
determine how the corrosion rate would vary for a soil as

The soil to be tested was first dried at 
105° C. for 6 hours. It was then ground 
in a ball mill until the soil particles 
would pass through a 20-mesh screen.
One h und red  gram s of dried  so il  

were taken for each test. The test specimens were 0.092-em. 
(20-gage) cold rolled steel cut in 2.54-cm. squares. These 
specimens were pickled in acid to remove all mill scale, numbered, 
cleaned in sodium hydroxide and zinc mixture (3), washed, 
dried, and kept in a desiccator until ready for use. The required 
quantity of water, either as distilled water or buffered for pH 
or electrical resistivity as desired, was added to the soil, and the 
mixture was ground with a large spoon until the soil and water 
were thoroughly mixed. About half of the soil was placed in 
the glass jar and tamped with a porcelain bar. The metal speci
men was laid on top of this soil and the remainder of the soil 
placed over the specimen. This soil was then tamped until 
the required degree of packing was obtained.

About four dozen 138-cc. (4-ounce) glass containers were used 
to hold the specimens. A representative number were gaged 
and were found to have a capacity of 138 =*= 2.0 cc. The average 
depth was 6.9 cm. The soil depth was measured to the nearest 
0.079 cm. (Vs2 inch) using a steel rule calibrated to this accuracy. 
A deviation of 0.079 cm. in height would amount to 1.58-cc. 
variation in soil volume. The 100 grams of soil were weighed 
to the nearest gram which, with a specific gravity of 2.7, would 
amount to a variation of 0.37 cc. This variation would result 
in a small change in corrosion for some of the tests and a rather 
large change for others. Its value cannot be given as a definite 
figure but can be approximated from the moisture-volume curves. 
The vapor space left in the glass jar depended upon the depth 
to which the soil was packed. In all cases, however, there was 
ample oxygen present to allow for a greater weight loss than was 
obtained. After the soils were packed to the required depth, 
the test jars were left at room temperature for 7 days. At the 
end of this time the jars were opened and the metal specimens 
were removed, cleaned in hot sodium hydroxide and zinc solu
tion, and reweighed. The weight loss was calculated as grams 
per square meter for the 7-day period of test. These data have 
been taken as indicative of the true soil corrosion rate under the 
conditions of the test.

E ffect o f  V a r ia t io n s  in  S o il  W a ter  a n d  A ir
The three soils which were used for this and the other tests, 

together w ith some of their physical and chemical properties, 
are given in Table I.

T a b l e  I. P r o p e r t i e s  o f  L a b o r a t o r y  T e s t  S o il s

Soil
Corrosion R ate  

per Y ear 
M m . In .

Sand Silt C lay 
Colloids

K alm ia . . .  . . .
G arland-G reenvillc 

69-3 0 .127  0.005
E l V iata-O lean 31.60 1.02 0.040

%
100

% % %

R esistiv ity  
pH  a t Satn.

Ohm-cm. 
7 .4  10,100

22 20 58 64
57

7 .0
5 .5

504
401

E l  V i s t a - O l e a n  31.60. This soil possesses an acid pH  
and a low resistivity. I t  is a corrosive soil since it  gives rise 
to  rust holes in 5 years. Because of the high colloidal content 
of this soil the water requirements were large, a  maximum of 
35 per cent being necessary for saturation. For the various 
tests the water content was reduced in quantities of 5 per cent
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each. T he data are shown at the left 
of Figure 1. Examination of the figure 
shows that for 15 per cent water, the 
minimum used, the soil gives large 
coiTosion rates regardless of the air 
content. For the other water concen
trations, particularly those where the 
soil was closely packed (possessing a 
volum e of 48 to 62 cc.), evidently the 
soil pores were filled with water to the 
exclusion of oxygen and little corrosion 
occurred. Increasing the soil volum e 
over 62 cc., which is the same as in
creasing the quantity of oxygen present, greatly increased the 
corrosion rate. Figure 1 shows th at 35 per cent water gives the 
minimum corrosion rate and indicates that the soil lias a scar
city of oxygen and a low air permeability while in this condi
tion. The maximum variation in corrosion rate was from 
67.7 to 1.9 grams per square meter, a variation of 31 to 1.

G r e e n v i l l e - G a r l a n d  69-3. This soil possesses a neutral 
pH and a low resistivity when w etted with distilled water. 
The soil is known to be noncorrosive in the field. T he soil 
possesses a high colloidal content, and 35 per cent water was 
required for saturation. The data are shown at the right of 
Figure 1. For the 15 and 20 per cent moisture concentrations 
when the soil was loosely packed, high corrosion rates were 
obtained. For the values of 25, 30, and 35 per cent moisture 
and for the 15 and 20 per cent concentrations when the 
packing was below 80 cc., the corrosion rate was very low. 
Thus for m ost moisture contents this soil would be noncor
rosive. Only when this soil is in a very loose condition and 
has a sm all water content is it  corrosive. The maximum varia
tion in corrosion rate was from 1.1 to 62.2 grams per square 
meter, a variation of 56.5 to 1.

E ffec t o f  S o il  R e s is t iv ity
Of the three soils in this test group only one, the Kalmia 

sand, possessed a sufficiently high resistivity to allow of any  
downward variation. W hile it  is possible that continued 
washing of soluble salts from the other soils m ight have in
creased their resistance, it  was not considered advisable to 
do th is because the losses of colloidal materials through the 
washing m ight result in an altered soil physical condition 
which would give rise to untrue corrosion rates. T ests were 
made using the Kalmia sand to determine the effect of varia
tion in electrical resistivity on the soil corrosion rate. In 
this test the soil volum e-w ater content and the pH  were kept 
constant. T he resistivity alone was varied. In order to ob
tain a weight loss high enough for differences in resistivity to 
m anifest them selves, the soil water-air content chosen was 
that which conforms to a packing of 50.7 cc. and 13 per cent 
moisture. A series of solutions of varying resistivity were 
made up, consisting of chemically pure sodium chloride dis
solved in distilled water. The resistivity of these solutions 
varied from 10.1 ohm-cm. in the low est case to 4560 ohm-cm. 
in the highest. Three sets of tests were run. Each test in
cluded duplicate samples for check, giving a total of six 
measurements for each value of resistivity. W hen the test 
specimens were made up, samples of the soil-sodium  chloride 
solution were packed in a one-inch cube conductivity cell, 
and the resistance of the soil-moisture mixture was deter
mined. The resistivity measurements were made w ith a 
Leeds & Northrup ohmmeter (serial number 129,717) operated 
by alternating current. A t the conclusion of the tests pH  
check determinations were made on a representative number 
of the soils. These checks were made b y  mixing samples of 
the soil w ith distilled water in the percentage of two parts of 
water to one of soil. This mixture was well shaken and al
lowed to stand 24 hours. The pH  of the soil water was then

F i g u r e  2 . E f f e c t  o f  S o il  R e s i s t i v i t y  o n  
C o r r o s io n  o f  K a l m i a  S a n d - S o d iu m  C h l o 

r i d e  S o l u t io n s

F i g u r e  3 .
CORROSION

E f f e c t  o f  
o f  K a l m ia

S o l u t i o n  M i x t u r e s

S o il  p H  o n  
S a n d - B u f f e r

determined colorimetrically using La M otte1 color standards. 
The data obtained in these tests are given in Table II  and 
Figure 2.

The soil resistance varied from 94 to 11,750 ohm-cm. This 
caused a variation in corrosion rate from 54.7 to 36.1 grams 
per square meter, which is a ratio of 1.5 to 1. Thus, although  
the soil resistivity does influence the soil corrosion rate, 
Figure 1, which shows the variation caused by soil water-air 
values, indicates that this latter function is o f much greater 
importance than the effect of the soil resistivity.

T a b l e  II. E f f e c t  o f  E l e c t r ic a l  R e s i s t i v i t y  o n  C o r r o s io n  
b y  K a l m ia  S a n d

Soil, water, air volume, cc. 50 .7
W eight d ry  soil, gram s 100
M oisture, %  13.0
pH  6 .4 -7 .0
C ontainer size, cc. 138

R esistiv ity  Range 
Ohm-cm.

94-104
246-260
490-570

1,610-2,200
4,500-5,700

10,800-12,700

Av. R esistiv ity  
Ohm-cm.

253
530

1,905
5,150

11,750

W eight Loss0  

Grams/sq. meter
54 .7
52.0
54.1 
51 .5
41 .0
36 .1

° E ach weight loss m easurem ent is the  average of six indiv idual specimens.

E ffect o f  S o il p H  o n  S o il  C o rro sio n

The effect of the soil pH  on the corrosion rate of Kalmia 
sand was next determined. In this case the soil volum e- 
water proportion and the electrical resistivity were kept con
stant and the only variation was the pH  of the soil. In this 
case only the Kalmia sand was used because the other soils 
possessed such high buffer capacities that no variation in pH  
was obtained when a 0.1 M  buffer solution was added. The 
water content and the soil volum e values were taken as 13 
per cent and 50.7 cc. packing, respectively, as were used 
for the soil resistivity tests. I t  was found that even the 
Kalmia sand possessed a slight buffering action. The buffer 
solutions were made up to a strength of 0.1 and 0.5 M  accord
ing to the data given by K olthoff and Furman (5). The pH  
of the buffer solutions was checked colorimetrically by La 
M otte color standards and also w ith  a Beckm an2 glass elec
trode. To determine the buffer capacity of the Kalmia sand, 
tests were made using only the buffer solution-soil mixture 
but -without the m etal specimen. The tests were allowed to 
stand (he regular tim e of 7 days. The pH  of the mixture be
fore and after test was determined by means of a glass elec
trode. The data are given in Table III . There is a slight 
shift in the alkaline direction, varying from 0 to 0.5 pH.

Three series of tests were made to determine the effect of pH  
on corrosion. In these tests the electrical resistivity of the 
mixture was determined at the tim e of preparation of the test

1  L a  M otte  Chem ical Com pany, B altim ore, M d.
* N ational Technical Laboratories, Pasadena, Calif.
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T a b l e  III. E f f e c t  o f  p H  o n  C o r r o s io n  b y  K a l m ia  S a n d

A .  Buffer C apacity  of K alm ia Sand to  0.5 M  Buffer Solutions 
In itia l pH  of sand  w ith 13% buffer aoln.:

4 .3  4 .6  5 .1  6 . 8  6 . 6  8 .0  8 .4
pH  of m ixture a fte r 7-day con tact:

4 .7  4 .9  5 .5  . . .  6 .9  8 .0  8 .9
B. Corrosion R ates  Using 0.1 M  Buffer Solutions and  138-Cc. C ontainer

pH  of
p H  of 
Soil Soil

Specimen 
W t. Loss pH  of

pH  of 
Soil Soil

Specimen 
W t. Loss

Buffer afte r 7 Resis a fter 7 Buffer afte r 7 Resis a fte r 7
Soln. D ays tiv ity D ays Soln. D ays tiv ity D ays

4 .0 6 .5
Ohm-cm. 

2132
O./sq. m. 

42 .7 1 0 . 0 a.o
Ohm-cm.

1778
O./sq. m. 

43 .5
4 .0 6 . 2 2235 32 .2 1 0 . 0 9 .0 1625 35 .9
8 .0  7 .4  2032 32 .3
8 .0  7 .4  2006 47 .5

r. Corrosion R ates  Using 0.5 M  Buffer Solutions and  138-Cc. C ontainer
4 .0 4 .7 748 86 .5 8 . 0 8 . 0 580 44.0
4 .0 4 .7 622 75 .5 8 . 0 8 . 0 580 53.4
5 .0 5 .2 646 39 .0 9 .0 7 .8 464 46 .7
5 .0 6 . 6 642 41 .5 9 .0 8 .9 382 37 .8
6 . 0 6 . 6 496 40 .0 9 .0 8 .9 434 40.1
6 . 0 6 . 6 568 40 .0 1 0 . 0 9 .0 523 30 .0
6 . 2 7 .2 584 45 .5 1 0 . 0 9 .6 470 42 .7
8 . 0 7 .8 432 4 2 .8 1 0 . 0 9 .6 386 37.1

D. Corrosion R ates  TJsing 0.5 M  Buffer Solutions and  276-Cc. C ontainer
3 .8 4 .5 610 57 .5 4 .8 5 .5 510 39.3
2 .9 4 .5 456 62 .5 8 . 0 7 .4 410 44.6
3 .8 4 .7 610 49.7 8 . 0 7 .7 410 50.0
3 .8 4 .7 610 51.2 6 . 0 7 .8 500 59.7
4 .0 5 .0 660 74.7 5 .7 7 .9 480 3 3 .8
4 .0 5 .0 660 68.3 5 .7 8 . 2 4 SO 35.1
4 .8 5 .2 510 53 .0 9 .4 8 .5 510 47 .6
5 .0 5 .3 550 65 .7 9 .4 8 . 6 510 42 .5
4 .8 5 .4 510 37 .4 5 .7 9 .0 480 40 .3

pH  of 4.5 and 9.75 is not large, the ratio being 2.2 to 1. This 
variation is only slightly larger than the variation due to 
resistivity alone. Here again, however, these variations are 
small compared with the variations which m ay be caused by 
changes in the water-air volumes.

C o r r e la tio n  o f  L a b o ra to ry  w ith  F ie ld  D a ta

The data show that, while variations in the electrical re
sistiv ity  or the pH of a soil m ay result in some slight variation 
in the soil corrosion rate, the m ost im portant function of a 
soil is its water-air content. I t  remained, therefore, to deter
mine whether or not these data could be applied to field cor
rosion rates. In order to obtain definitely the pitting rates 
of soils in the field, p it depth measurements were made on 
several pipe lines when they were uncovered for repairs. 
These lines were located on the Texas Gulf Coast. Two sec
tions of pipe lines were taken for this study, and the soils 
from these lines were used from tim e to tim e to obtain data 
on any particular factor that was to be checked. The first 
line was the Almeda-Lynchburg 15.2-cm. (6-inch) line be
tween mile poles 25.82 and 23.90. This line was laid in 1920 
and was uncovered in 1931 after 10.3-year burial. A t the 
tim e the line was uncovered, p it depth measurements were 
made each 20 feet along the 2 miles exposed. The second line

cell. The pH  of the test soil was determined at the start and 
close of the test. These pH  determinations were made colori- 
m etrically, as the glass electrode was not available a t that 
time. T he data are presented in Figure 3. The resistivities 
of these tests were rather high, lying in  the range 1600 to 
2200 ohm-cm. For the 0.5 M  buffer solutions the electrical 
resistivity varied between 400 and 660 ohm-cm. The data 
are rather scattered, particularly in  the range 7.5 to 8.5. In 
this range the factor of chance seemed to exercise an im portant 
part in causing such a wide dispersion in the data. I t  is 
evident, however, that pH  does exert an influence on the soil 
corrosion rate. Apparently above 5.5, variations in pH  are 
of little  importance. Below 5.5 the soil pH  causes an increase 
in the corrosion rate. The maximum difference between the

F i g u r e  5. R e l a t io n  o f  S o il  R e s i s t a n c e  t o  S o il  
C o r r o s io n

was the D elphine-E l V ista N o. 2, 25.4 cm. (10 inches) be
tween mile poles 28.90 to 31.27. T his line was laid in 1927 
and was taken up for repairs in 1933 after 5.9-year burial. 
The deepest p it each 10 feet of this pipe was recorded.

S o il R e s is t iv ity  a s  C o rro sio n  In d ex

V a r i a t i o n  o f  R e s i s t i v i t y  w i t h  M o i s t u r e  C o n t e n t . 
The electrical resistivity of soils has been used by a number of 
investigators (16, 16) to differentiate between corrosive and 
noncorrosive areas. The electrical resistivity m ay be meas
ured in the field at pipe depth, or the soils may be brought into 
the laboratory and the measurement made under water- 
saturated conditions. T he latter method has the advantage 
that it leads to a determination of the minimum resistance of 
the soil and is a reproducible figure. Soil resistivity measure
m ents made in the field are likely to vary widely, depending 
upon the season of the year at which the measurements are

F i g u r e  4 . E f f e c t  o f  M o i s t u r e  o n  S o il  
R e s is t a n c e
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T a b l e  IV.
made. To illustrate this point, measurements 
were made in the laboratory to show the effect 
of the water content of a soil on its electrical 
resistivity. The results of one of these typical 
tests are shown in Figure 4, where the data are 
listed as resistivity vs. percentage of water for 
saturation. The resistivity varied from 100,- 
000 to 375 ohm-cm. as the water content in
creased from 20 to 120 per cent saturation.

These data show that, if any correlation is to 
be obtained between the soil resistance and 
corrosion, the resistivity m ust be obtained under 
defined moisture conditions. For this reason 
the comparisons which are made here use the 
soil resistivity a t the moisture-saturated condi
tion .

A lm ed a -L y n c iib u r g  L in e . When this line 
was repaired, ninety-nine soils a t 30.4S-meter 
(100-foot) intervals were sampled, and the 
deepest p it w ithin 3.05 meters was noted. The 
soil resistivities a t saturation vs. the p it depths 
are listed in Table IV  and plotted in the upper 
half of Figure 5. For purposes of comparison 
the soils are split into four groups. The first 
two groups are classed according to resistance.
One of these includes the soils below 1800 ohm- 
cm., and the second group, those higher than  
1S00. The third and fourth groupings are made 
on the basis of corrosion rate. All soils which 
gave rise to a pipe pit depth greater than 3.04 
mm. (0.120 inch) are considered corrosive; pit 
depths below this are considered noncorrosive.
In addition, a curve was drawn to show the 
average variation in pit depth with soil resis
tivity. Below 1800 ohm-cm. there were sixteen  
corrosive and tw enty-eight noncorrosive soils.
Above 1800 ohm-cm. there were ten corrosive 
and forty-five noncorrosive soils. Thus if all the 
pipe in soils w ith less than 1800 ohm-cm. resis
tiv ity  had been coated, 44 /99  or 44.5 per cent 
of the pipe would have been coated. Of this 
amount 16.1 per cent would have required coat
ing whereas 28.4 per cent would not. In addi
tion, 10.1 per cent of the soils which should have 
been coated would have been left bare. A trend
exists between soil resistance and corrosion, but _______
it is not sufficiently defined to be used as an 
index value.

D e l p h in e - E l  V is t a  L in e . W hen this line was repaired, 
sixty-eight soils a t 68.58-meter (225-foot) intervals were 
sampled, and the deepest pit within 3.05 meters of the soil 
sample was obtained. The data showing the relation be
tween soil resistivity and p it depth are listed in Table V  and 
shown in the lower half of Figure 5. Again the soils were 
split into the four groups. E ight of the sixty-eight soils 
were corrosive. All of these fell in the resistivity interval 
below 1800 ohm-cm. In addition, however, tw enty-two non- 
corrosive soils also fell in this same resistance group. Thus 
if soil resistance were made the basis for coating this line, 
thirty of the sixty-five soils or 46.2 per cent would have been 
coated. Of these thirty soils, only eight or 12.3 per cent re
quired coating, whereas the other 23.9 per cent did not. The 
remaining thirty-five soils above 1800 ohm-cm. were uni
formly noncorrosive. A curve was also drawn to show the 
relation between the average pit depth and soil resistivity. 
The average p it depth decreases w ith increase in soil re
sistivity.

The data obtained from a study of the relation of soil re
sistance to p it depth measurements on these two lines show

S o i l  P r o p e r t i e s  a n d  P i t  D e p t h  D a t a  f o r  t h e  A lm e d a -  
L y n c h b u r g  L i n e 11

Sample Soil Sample Soil
Location Resistivity Location R esistivity

No. P it D ep th a t  Satn. pH No. P it D ep th a t Satn. pH
M m . In . Ohm-cm. M m . In . Ohm-cm.

1 3.81 0.150 1,780 54 1.90 0.075 1 , 2 2 0 6 .3
2 4 .44 0.175 406 7 .2 55 1.90 0.075 2,320 4 .5
3 3 .17 0.125 1,810 5 .9 56 1.27 0.050 3,680 4 .4
4 5 .08 0 . 2 0 0 1,320 6 . 2 57 7.11 Hole 2 , 1 1 0 5 .0
5 7 .11 0.280 1,015 7 .2 58 0 .63 0.025 11,450 4 .7

G 3.81 0.150 4,440 6 .9 59 1.90 0.075 4,820 4 .9
7 3 .SI 0.150 1,500 6 . 1 60 1.90 0.075 407 5 .7
8 3.81 0.150 1,060 5.3 61 0 .63 0.025 1,520 5 .6
9 No 2,260 5 .4 62 1.27 0.050 1,675 5.1

1 0 1.27 0.050 2,370 5 .5 63 1.27 0.050 1,320 4. S

1 1 No 3,430 64 No 10,150 4 .9
1 2 l!2 7 0.050 1,780 65 No 9,650 4 . S
13 0.63 0.025 5.0S0 5 .8 6 6 0^63 0.025 738 5 .7
14 No 5,080 5 .0 67 1.27 0.050 610 5 .7
15 No 6,350 5 .3 6 8 0 .63 0.025 1,470 5.1

16 7.11 0.280 940 5 .7 69 No 3,810 5 .3
17 1.90 0.075 965 5 .9 70 No 4,060 4 .9
18 3.17 0.125 1,065 5 .6 71 o !63 0.025 3,040 5 .4
19 1.27 0.050 1,675 5 .4 72 1.27 0.050 2,990 5 .3
2 0 0 .63 0.025 2,920 5 .3 73 No 2,030 5 .8

2 1 1.90 0.075 5 .8 74 No 2,290 5 .5
2 2 3 .17 0.125 2,790 5 .6 75 o !g3 0.025 6 . 0
23 0.63 0.025 3,300 5 .4 76 0 .63 0.025 2,920 5.3
24 No 9,140 5.1 77 2 .54 0 . 1 0 0 2,540 4 .5
25 l!2 7 0.050 1,420 5 .9 78 2 .54 0 . 1 0 0 8 8 8 6 .3

26 2.54 0 . 1 0 0 1,450 6 .4 79 1.90 0.075 1,780 5 .9
27 No 1,295 5 .9 80 3.81 0.150 660 5 .8
28 No 4 .9 81 3 .17 0.125 698 5 .7
29 No 8,890 5 .3 82 1.27 0.050 1,830 5 .3
30 No 6 , 1 0 0 83 1.90 0.075 1,070 5 .8

31 No 5,840 5 .0 84 1.90 0.075 2,540 6 . 1
32 No 11,450 4 .8 85 3.81 0.150 5 .4
33 ö !35 0.250 1,040 7 .2 8 6 4 .44 0.175 2,290 5.1
34 4 .44 0.175 1,092 6 .3 87 1.27 0.050 8,620 4 .8
35 3.81 0.150 750 6 .9 8 8 0 .63 0.025 5.7

36 3.17 0.125 6,350 4 .3 89 3.17 0.125
37 7.11 0.280 2,050 5 .4 90 2.54 0 . 1 0 0 ’ 737
38 1.90 0.075 1,575 5 .5 91 1.90 0.075 5,340 5.9
39 0.63 0.025 11,450 4 .5 92 1.90 0.075 2,790 5 .4
40 No 660 7 .4 93 1.90 0.075 4,440 5 .3

41 0 .63 0.025 889 5 .7 94 1.27 0.050 7,620 5 .3
42 No 890 5 .9 95 2 .54 0 . 1 0 0 8,640 5 .3
43 i ! 6 o 0.075 470 6 . 2 96 0.63 0.025 7,370 5 .6
44 0 .63 0.025 97 0 .63 0.025 8,890 5 .3
45 1.25 0.050 1,550 4 .8 98 3.17 0.125 6,600 5 .0

40 2 .54 0 . 1 0 0 4,450 5 .5 99 2.54 0 . 1 0 0 1,675
47 3.81 0.150 1,675 5 .8 1 0 0 1.90 0.075 2,180 5 .2
48 7.11 0.280 1,775 6 . 0 1 0 1 1.27 0.050 10,400
49 3 .17 0.125 2,290 5 .9 1 0 2 0.63 0.025 5,580

50 0.63 0.025 7,870 5 .0 103- 1.27 0.050 4,820
51 1.90 0.075 1,730 5 .4 104 5 .08 0 . 2 0 0
52 1.90 0.075 890 6 . 1 105 2 .54 0 . 1 0 0 4,700
53 1.27 0.050 1,680 6 . 2 106 7.11 0.280 1,015

° M easurem ents m ade 30.48 m eters (100 feet) ap art; 10.3-year burial.

that, while in general there is a tendency for the soils of lower 
resistance to give rise to the more rapid corrosion rates, the 
tendency is not sufficiently marked to be used as an index to  
determine soil corrosion in rates. I t  can only be said that, if 
a survey of a line shows that all the soils have a resistance at 
saturation greater than 1800 ohm-cm., there w ill be very few  
corrosive soils among them. However, few areas will be 
found for which the soil resistivities will, in general, be above 
1800 ohm-cm.

R e la t io n  o£ S o il  p H  to  C o rrosion
Alm ed a -L y n c iib u r g  L i n e . N inety-nine soils taken at 

30 48-meter (100-foot) intervals along this line were brought 
to the laboratory for determ ination of the pH  values. A 
Beckman glass electrode was used to make these measure
m ents. D istilled water was added to each soil until it  be
came plastic enough to allow the glass electrode to be inserted. 
These moisture contents approached the saturation point 
but rarely, if ever, exceeded it. Thus these soils were wetted  
to a condition which approaches their normal condition during 
the wet season of the year. The pH  measurements are given
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T a b l e  V. Soil* P r o p e r t i e s  a n d  P i t  D e p t h  D a t a  o n  t h e  D e l p h i n e -  
E l  V i s t a  L i n e “

Soil Soil .
R esistivity Pole R esistiv ity

Pole P it  D ep th a t  Satn. pH No. P it D ep th a t Satn. pH
M m . In . Ohm-cm. Mm. In . Ohm-cm.

1 1.27 0.050 42 1.27 0.050 2790 6 .7
2 1.27 0.050 5080 43 1.27 0.050 1780 6 . 8
3 1.27 0.050 4320 44 1.52 0.060 1475 5 .9
4 1.27 0.050 2790 45 1.52 0.060 1425 6 . 0
5 1.27 0.050 2415 46 2 .29 0.090 1195 5 .3

6 1.27 0.050 3305 47 1.27 0.050 1525 5 .3
7 1.27 0.050 1675 48 1.27 0.050 1590 4 .6
8 1.27 0.050 2240 49 1.52 0.060 1980 5 .2
9 1.27 0.050 3050 50 1.14 0.045 1625 7 .0

1 0 1.27 0.050 2670 51 1.14 0.045 1 1 2 0 7 .9

1 1 1.27 0.050 2690 52 1.27 0.050 1195 4 .9
1 2 1.27 0.050 2670 53 1.14 0.045 2670 5 .8
13 1.27 0.050 2790 54 1.52 0.060 2920 6 .7
14 1.27 0.050 5080 55 1.52 0.060 1610 7 .2
15 1.27 0.050 2440 56 1.27 0.050 915 5 .2

16 1.27 0.050 2730 57 1 . 0 2 0.040 2290 6 . 0
17 1 . 0 2 0.040 2540 58 1.52 0.060 840 6 . 0
18 0 . 8 8 0.035 2980 59 1.90 0.075 1320 7 .4
19 0 . 8 8 0.035 2600 60 3 .17 0.125 635 6 .5
2 0 0 . 8 8 0.035 2415 61 3.81 0.150 1145 5 .0

62 3 .43 0.135 1780 5 .9
2 1 0 . 8 8 0.035 2340
2 2 1 . 0 2 0.040 3175 63 3 .17 0.125 1420 6 .3
23 0 . 8 8 0.035 3690 64 3 .17 0.125 825 6 .4
24 0 . 8 8 0.035 2290 6 . 2 65 3.81 0.150 1650 5 .8
25 0 . 8 8 0.035 2490 5 .3 6 6 3.81 0.150 1270 5 .0

67 3.17 0.125 1345 6 . 1
26 0 . 8 8 0.035 1525 5.1 6 8 3 .17 0.125 1145 5 .3
27 0 . 8 8 0.035 3460 5 .0
28 0 . 8 8 0.035 2790 5.3
29 0 . 8 8 0.035 3430 5 .6
30 1.52 0.060 2670 4 .9 a M easurem ents a t poles 68.58
31 1.40 0.055 6 .4 m eters (225 feet) a p a r t;  5.9-year
32 1.52 0.060 1425 6 .3 burial.
33 1.52 0.060 2160 5.2
34 1.40 0.055 1780 5 .2
35 1.40 0.055 1625 5.9

36 1.40 0.055 1270 5.2
37 1.40 0.055 1435 6 . 1
38 1.40 0.055 6 . 0
39 1.27 0.050 1295 4 .7
40 1.27 0.050 1005 5.1
41 1.27 0.050 2860 4 .3

iu Table IV . These are plotted against the corresponding 
pit depth in the upper half of Figure 6. In making the com
parison between pH  and corrosion, all soils which gave rise to  
a pit depth greater than 3.04 mm. (0.120 inch) are considered 
corrosive. In general these ninety-three soils possessed a wide 
range in pH  value. Twenty-four of them were corrosive and 
varied in pH from 4.3 to 7.1. Sixty-nine were noncorrosive 
and varied in pH  from 4.4 to 7.4. T his shows that both cor
rosive and noncorrosive soils varied over identical pH  ranges 
and th at there is no relation between these values and the 
soil corrosion rate.

D e l p h in e - E l  V is t a  L i n e . Forty-six soils were taken at 
68.58-meter (225-foot) intervals along the D elphine-E l Vista 
line and brought to the laboratory for pH  measurements.
The technic and m ethod of making the measurement were the 
same as for the Almeda-Lynchburg soils. T his line was of 
unusual interest in th at the soils were noncorrosive until 
the last half m ile was reached, when they became highly cor
rosive. The data obtained are listed in Table V and shown in 
the lower half of Figure 6. Again the soils were split into 
corrosive and noncorrosive groups. T hey varied w idely in 
pH. T he nine corrosive soils varied between pH  values of
5.0 to 6.5. The thirty-seven noncorrosive soils varied be
tween pH  values of 4.3 to  7.9. Certain of the noncorrosive 
soils were even more acid than were the corrosive soils. Here 
again there fails to be demonstrated even the slightest corre
lation between soil pH  and soil corrosion.

T he data from these two lines show that, although m any  
soils of acid character were encountered, the severe pitting  
which occurred was not related to the pH  value. Although  
the laboratory tests show that variation of soil pH  only exerts F i g u r e  6 .

an influence over the corrosion rate, in the field 
the variation of other factors and particularly 
the soil volum e-water content are of such great 
importance that the effect of the pH  is obscured. 
I t  is concluded that this factor cannot be used as 
an index of the soil corrosion rate.

In flu e n c e  o f  A r tif ic ia l F a c to r s  o n  S o il  
C o rrosion

E f f e c t  o f  T r e n c h  B a c k f il l . One of the 
interesting features of soil corrosion which has 
been pointed out by  Scott (14) is the fact that 
the pitting rate of a soil m ay decrease w ith time. 
These data have been shown to be true not 
only for the Bureau of Standards soil corrosion 
tests but also in this investigation. Scott points 
out that this decrease of corrosion rate with  
time is probably due to m any factors, among 
which the enlargement w ith tim e of the anodic 
or cathodic areas and the protective effect of 
the corrosion products which accumulate on the 
pipe are im portant. In addition to these two 
factors, it  is believed that the data of this report 
show that the changing soil conditions which 
arise through settling of the backfill are also of 
great importance. This follows from the im
portant effect variations in the soil volum e- 
water content have on the corrosion rate. The 
test data show that a loose soil is more corro
sive for any given quantity of water below the 
saturation point than is a tightly packed soil 
under the same moisture content. Thus the high 
initial corrosion rates of buried pipe can be ex
plained on the basis of the high porosity and 
permeability of soils im mediately after backfilling.

  Inasmuch as several years are usually required for
a soil to settle com pletely, during this tim e the 
soil is in an accelerated rate as regards its normal 

corrosive action. Thus soils which slowly pack back to normal 
show annual decreases in corrosion losses. I t  is believed that 
this variation in soil porosity is more responsible for the de
crease in corrosion rate than is the protective effect of the 
corrosion product, although the developm ent of this latter un
doubtedly aids in decreasing the corrosion rate. Evidence

93 SOILS At 30-48-METER INtERVALS ‘

24 CORROSIVE SOILS pH 4.3-71

69 NON:e0R̂ 0Sivr̂ OlLS0'p°H'4Ti 7.4
o o o 

<$>o o o 
o o 8 >® <*><£>o 

dfia.

o o
o od<£> cPo o

ALM EDA-LYNCHBURG
LIN E

&i 5-5
q  O  4 6  S O IL S  AT  6 8 -5 8 -M E T E R  IN T E R V A L S  

9  C O R R O S IV E  S O IL S  p H  5 0 - 6 - 5
O

o o O  O  O

3 7  N O N -C O R R O S IV E  S O IL S  p H  4 3 * 7 9  

O

o

8  8 1 o

o

0
 

O 
0

oo

°  O O  1*7 9
o o © o O

D E L P H IN E -E L  V ISTA LINE

S O IL  p H

R e l a t io n  o f  S o il  p H  t o  S o i l  C o r r o s io n



OCTOBER, 1938 INDUSTRIAL A ND  ENG INEERING CHEMISTRY 1187

(Reading from  top to bottom)
F i g u r e  7 . T h ic k  I r o n  O x i d e  C o r r o s io n  P r o d u c t  

D e v e l o p e d  i n  5 Y e a r s

F i g u r e  8 . T h i n  I r o n  O x i d e  C o r r o s i o n  P r o d u c t  
a f t e r  12 -Y e a r  B u r i a l

F i g u r e  9 . C o r r o s iv e  S o i l  A r e a  C a u s e d  b y  O il  
L e a k

(Soil k ep t so ft and  m ucky by  oil on Boil particles)

that a t least thickness of the corrosion product is no guide to 
the protection afforded b y  it is shown by Figures 7 and 8. 
Figure 7 is a very thick iron oxide scale developed on a pipe 
during 5 years, and in this time penetration of the wall occurred. 
This m ay be contrasted with Figure 8 which shows a thin  
scale found on a pipe after 12-year burial ; during that time the 
in itial corrosion rate had probably decreased materially. It  
follows that high initial corrosion rates of soils can be pre
vented in som e measure by  tightly packing the soils a t the

time of backfill. This, of course, is impractical in any ex
tensive pipe-line job.

E ffect  of Oily  S oils . Rogers (18) showed that soils 
which become admixed with oil are frequently highly corro
sive to the buried pipe. Figure 9 shows the appearance of 
the usual type of oily ground in which these high corrosion 
rates are found. Although the fact was not fully appreciated  
at the time the original data were presented, such soils are 
alm ost always quite loose and nonconsolidated. W hen the 
soil particles become coated w ith oil, they do not coalesce 
easily but remain in the abnormal condition of being loosely 
packed and possessing a high porosity. The effect of oil thus 
changes what m ay be normally a noncorrosive soil to a  soil in  
a condition susceptible of producing rapid corrosion rates of 
buried steel pipe.

D isc u ss io n  o f R e s u lt s
The m ost im portant conclusions which m ay be drawn from 

these tests deal w ith their practical value. I t  has been 
shown that the physical condition of a soil as regards its soil 
volum e-water content controls its corrosion rate. B y  ar
tificially or naturally controlling the soil volum e-w ater con
tent, any soil can be put in a condition which will allow cor
rosion to occur. In order to determine in the field whether or 
not a soil could be considered as corrosive, a seasonal study of 
its variation in moisture-air values would have to be made. 
Such a study would show definitely the corrosive action of 
the soil. Although this type of investigation is applicable to 
a study of a few soils, it  cannot be made at present along an 
extensive right of w ay because of the mass of labor involved. 
The method cannot, therefore, be recommended for field use 
at present where a simple inexpensive test is desired.

Certain conclusions can also be drawn regarding the value 
of these studies in protective pipe coatings. The data show  
that the physical condition of the soil controls the corrosion 
rate. Suppose that a permanent wrapping m aterial without 
the use of any coating between the pipe and the wrapper were 
put around the pipe. This wrapper m ight allow free water to 
leak through the lap of the wrapper and to the pipe, but the  
effect of the soil physical property would be removed. The 
pipe would then suffer such corrosion as is experienced under 
slow conditions of w etting and drying. Although this m ay be 
fairly rapid under som e conditions, in all probability the cor
rosion rate would be much less than if the pipe were exposed to 
the soil. If a coating were placed between the pipe and the 
wrapper, the corrosion rate would be further reduced. I t  is 
believed that the use of a permanent nonrotting wrapper for 
a pipe is the m ost important part of any protective coating 
system  and can alone be relied upon to prevent the majority  
of the soil corrosion which would otheiw ise occur.

C o n c lu s io n s
From the laboratory and field studies which have been made 

of soil corrosion of buried pipe it  is concluded that:

1. The controlling factor in soil corrosion of buried steel is 
the effect of variations in the soil water-air proportions. Labora
tory variations of these factors allowed variations in corrosion 
rates of 31.1-1 to 56.5-1 to occur.

2. The electrical resistivity of a soil exerts an influence on 
its corrosion rate. Variations in this factor in the laboratory for 
Kahnia sand over the range 12,000 to 94 ohm-cm. resulted in a 
variation in corrosion rate between 1.5 and 1.

3. The pH of a soil exerts an influence on its corrosion rate. 
Laboratory tests show that varying the pH of Kalmia sand 
between 4.5 and 9.75 resulted in a variation in corrosion rate 
between 2.2 and 1.

4. Comparison of soil resistivity measurements at saturation 
with the corresponding pipe pit depth show that there is a 
definite trend between resistivity and corrosion. The trend is 
not sufficiently accurate, however, to be used as an index of soil 
corrosion. It can only be said that very few corrosive soils
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have resistivity values greater than 1800 ohm-cm. The majority 
of soils, however, possess values of resistivity less than this.

5. Comparison of soil pH values with field corrosion rates 
indicate a complete lack of any correlation between these quan
tities. The method cannot be used as a field index of soil corro
sion.

6. The corrosion rate of a soil in the field may be determined 
by following its seasonal variation in water-air volumes and 
checking again a laboratory index test.
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I

SEPARATION PROCESSES

A n a ly s is  o£ U n it S e c t io n s

MERLE RANDALL a n d  BRUCE LONGTIN  
U niversity of California, Berkeley, Calif.

I N  A PREVIO US paper (3) the general methods of analy
sis of separation processes were discussed. The method  
was illustrated by an analysis of an ideal contactor section, 

a nonadiabatic simple section, and a feed or withdrawal unit. 
In general, the apparatus for any complicated process m ay  
be broken down into several standard units which m ay be 
combined to make up the apparatus of the complete process. 
The graphical analysis of such standard units of equipment 
and process is always the same, and we m ay obtain the 
analysis of the complete apparatus and process by combining 
the analyses of the unit sections.

C o n ju g a te  P h a se s

In the previous paper it was indicated that in the counter- 
current contactor the compositions of A  and B  phases leaving 
the same contact unit (e. g., liquid and vapor leaving the same 
plate) are determined by a contact condition. In general 
this condition will involve diffusion rates, rates of flow of A  
and B  streams, degree of intimateness of contact, and the 
compositions of all four streams associated w ith the unit, as 
controlling factors. In the sim plest case the A  and B  phase 
streams leaving the unit will be at equilibrium.

The molal heat content of a boiling liquid of any definite 
composition has a definite value, and the boiling liquids are, 
in general, represented by points on a single curve. Similarly 
the saturated vapors are represented by points on the vapor 
curve. In solvent extraction, saturated solvent-rich phase is

T h e  e q u ip m e n t  u se d  in  s e p a r a tio n  
p r o c e sse s  c a n  b e  t h o u g h t  o f  a s  c o m p o se d  
o f r e la t iv e ly  s im p le  u n i t s  w h ic h  m a y  b e  
c o m b in e d  in  a  n u m b e r  o f w a y s . T h e  
m o la l p ro p er ty  v s . m o le  fr a c tio n  d ia g r a m s  
for a  n u m b e r  o f s u c h  s im p le  u n i t  p a r ts  
are p r e se n te d , a n d  t h e  c o m b in a t io n  o f  
th e s e  u n i t  p a r ts  in to  t h e  d e s ig n  d ia g r a m  
for a  c o m p le te  u n i t  is  i l lu s tr a te d . S p e c ia l  
c o n s id e r a t io n  h a s  b e e n  g iv e n  to  c o lu m n  
s e c t io n s  w ith  in e f f ic ie n t  p la te s  a n d  
c o lu m n  s e c t io n s  o p e r a t in g  w ith  e n tr a in -  
m e n t .

represented by  one curve and saturated solvent-poor phase 
by another.

To each particular composition of boiling liquid there corre
sponds only one composition of saturated vapor which can be 
in equilibrium with the liquid. To each point on the curve 
of boiling liquid there corresponds only one point on the satu
rated vapor curve which represents vapor that can be in equi
librium w ith the given boiling liquid. I t  is customary to  
represent this equilibrium condition by joining the two 
equilibrium phases by an equilibrium tie line. The points at 
the end of an equilibrium tie line are called “conjugate 
points” in the diagram.

The equilibrium condition m ay be represented in other less 
cumbersome w ays than by the use of tie lines. For instance, 
we m ay locate on the B  phase curve (Figure 1) points conju
gate to points on the A  phase curve which represent round 
mole fractions of light component. Each of these points is 
labeled w ith the mole fraction of light component in the con-
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jugate A phase. W hen we wish to locate a point representing 
liquid in equilibrium with a given saturated vapor, w e read a 
value from this equilibrium scale at the point representing the 
vapor and locate a point on the liquid curve which has this 
value as its mole fraction of light component.

C a u s t i c  C u r v e s . If we draw in the tie lines and extend  
them past the equilibrium phase curves, we find that in gen
eral they are tangent to a curve. T he tie lines possess an  
envelope or caustic curve (E  and F, Figure 2). We m ay use 
this caustic curve to locate tie lines. To find the points on the

N = 0 25 50 75 N=l
F i g u r e  1 . C o n j u g a t e  

P h a s e s

N = 0  N =l
F i g u r e  2.  C a u s t i c  
C u r v e  o f  T i e  L i n e s  i n  

C o n j u g a t e  P h a s e s

B  phase curve corresponding to given A  phase points, we 
draw a straight line from A phase curve tangent to the caustic 
curve. T he intersection of this tangent line w ith the B phase 
curve will represent the conjugate (equilibrium) B phase 
corresponding to the given A  phase. T he caustic curves are 
particularly useful for interpolation between the points ex
perimentally determined.

Id e a l S im p le  D is t i l l in g  C o lu m n  S e c t io n

When equilibrium is established in each contact unit and 
the equilibrium diagram takes the simple form of Figure 3, as 
it does for distillation processes, the design method reduces 
to that of Ponchon (3) for an ideal simple section. As shown 
in Figure 3, the A points m ust lie on the A phase curve and the 
B points on the B phase curve, since the streams leaving any  
one contact unit (i. e., Ay and B*+x) m ust be at equilibrium  
and lie a t the ends of a tie line on the equilibrium curves. In  
no other case is this so. The method of Ponchon (2) is ap
plicable only to an ideal column which is adiabatic, w ith  
negligible or constant holdup, and which ef
fects com plete equilibrium on the plates.

N o n e q u il ib r iu m  C o n ta c t

Failure to establish equilibrium m ay be due 
to failure to  reach the proper composition, 
failure to reach the right temperature, or both.
In the first case the A and B phase points will 
all lie on the equilibrium curves, but the con
tact phases will not lie a t the ends of an equi
librium tie  line. In this case in going from By 
to By + !, we will advance only a fraction of the 
distance towards the point we should reach for 
equilibrium with Ay. This fraction of the equi
librium distance is w hat Murphree (I) has 
designated as the efficiency of a bubble plate, 
in connection w ith the design m ethod of M cCabe and 
Thiele. I t  is the ratio of change in mole fraction of the vapor 
stream effected by the plate to  that which it  should accom
plish at equilibrium. Figure 4 represents a plate which is 
approxim ately 60 per cent efficient.

E n tr a in m e n t

When liquid from the plate is entrained in the vapor, al
though the vapor has equilibrium composition, the presence 
of the (equilibrium) liquid causes the B phase point to  m ove 
down along the equilibrium tie line a distance proportional 
to  the percentage of entrained liquid. H ence any percentage 
of entrainment m ay be represented by a curve cutting the 
equilibrium tie lines in the proper ratio. A curve one-tenth  
of the distance below the B phase curve represents 10 per 
cent entrainment (Figure 5), etc. This curve, in conjunction 
w ith the original tie lines, is to be substituted for the true 
equilibrium vapor curve.

The effect m ay also be represented by a Murphree efficiency 
factor. From the geometry of Figure 5 it  is apparent that the 
efficiency factor will be less than unity by approxim ately the 
fraction of the entrained liquid (4)-

R eflu x  R a t io  a n d  T o ta l  R eflu x

T he reflux ratio has been defined (3) as the ratio of moles of 
A stream to m oles of B stream (i. e., moles of liquid to moles 
of vapor, O /V )  a t any particular interunit. From the prop
erties of the diagram (as shown in  Figure 5 of the previous 
paper, 8) the reflux ratio is sim ply AD/BD. W hen the re
flux ratio is unity (total reflux), D m ust m ove to an infinite 
distance. This also follows when we observe that in a con
tactor from which no product is withdrawn and no feed 
added, the net flow of total material m ust be zero. When 
this occurs, the weight of the D point becomes zero and its 
position indeterminate.

Hence at total reflux the D points are of little value. B ut 
there is a definite n et flow of component and of heat. The  
flow of component is:

(AfoNjd) — A /bn b — M  aN a (1)

B ut the number of moles, M B, is the same as M A =  M :

( M d^ d) =  M ( k b  -  N a ) (2 )

Similarly the net flow of heat is:

(McHb) =  M (n B -  Ha) (3 )

Hence the slope of line AB is ( i i b  — H a ) / ( n b — N x ) ,  equal to 
the ratio of the net flow of heat to  the net flow of component 
a t the particular interunit. If between the vth and (v +  l) th

N = 0 N -l
F i g u r e  3 . I d e a l  S im 
p l e  C o l u m n  S e c t i o n  

U n i t

N = 0  N=l
F ig u r e  4 .  N o n e q u i 
l ib r i u m  C o n t a c t  U n i t

N = 0 N = l
F ig u r e  5 . U n i t s  w i t h  

E n t r a i n m e n t

interunit no heat or component is added to or withdrawn  
from the net flow, the tw o lines AyBy, and Ay+iBy+i are 
parallel. If heat and component are added, the slope will be 
different by an am ount depending on the change produced in 
the ratio of net heat flow to net component flow.
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S o lv e n t  E x tr a c tio n  P r o c e sse s

The graphical analysis of distillation sections has been 
discussed as being more familiar than the other types of sepa
ration equipment. Before continuing w ith the description 
of the auxiliary equipment, let us consider the mechanical 
significance of solvent extraction processes. These are of two  
types. In the first a differential distribution of the mixture 
components between two phases in the same solvent is uti
lized in effecting the separation. The second makes use of a 
distribution between two immiscible or only partially miscible 
solvents.

In either case we p lot on the vertical axis of the diagram, 
in place of molal heat content, the molal solvent content (i. e., 
number of moles of total combined solvent per m ole of solvent- 
free mixture). Hence quantity of solvent plays to some ex
ten t the same role in these processes as is played by  heat in 
the distillations. W e m ay speak of a solvent-rich phase as 
being “hot,” whereas a solvent-poor phase is “cold.” When 
we add solvent to  a phase we have “heated” it. In vaporiz
ing a liquid we m ust add heat to convert one (A) phase into  
the other (B ) phase. Hence we m ay speak of the solvent-rich  
phase as the “vaporized” phase. “Vaporization” consists, 
then, in adding solvent to  convert A  phase (solvent-poor) into 
B  phase (solvent-rich).

HEAT or 
SOLVENT

c)

A

Ä 7
HEATor

SOLVENT

(») (b)

F i g u r e s  6 , 7 , a n d  8 . F l o w  (a )  a n d  
D e s i g n  (6 )  D i a g r a m s  f o r  V a r i o u s  

U n i t s
Figure 6  (above). T o ta l vaporizer 
F igure 7 (center). P a rtia l condenser 
F igure 8  (below). P a rtia l vaporizer

The foregoing discussion refers only to the case of a single 
solvent. W ith two solvents, in order to go from A  to B  phase 
it  is necessary to replace one solvent by the other. Hence 
the process analogous to heating m ust in this case involve in 
som e w ay the exchange of solvents. I t  is as if we had two

kinds of heat. T he greater number of degrees of freedom  
makes it  difficult to pursue the analogy further.

In the case of the single solvent process the above analogies 
are sufficient to make apparent the operation of processes 
analogous to familiar distillation processes.

A u x ilia r y  E q u ip m e n t

In discussing the parts from which a countercurrent proc
ess m ay be built, we have so far considered only the contact 
section and a feed or withdrawal unit. Certain other pieces 
of equipment are sufficiently standardized as parts of counter- 
current processes to be w orthy of discussion. We shall par
ticularly consider distillation apparatus and also indicate 
analogous solvent extraction equipment.

T o ta l  V a p o r iz e r . In the total vaporizer diagrammati- 
cally represented in Figure 6a, a number of possible conditions 
are illustrated. Stream A  a t its  boiling point m ay be com
pletely vaporized to stream B  at its boiling point as shown at 
the right of Figure 66. T he difference point represents pure 
heat and is therefore located at an infinite distance. In a 
second case represented by A 'B '  in the diagram, the A  stream  
at its boiling point is vaporized and superheated. In a third 
case represented by A  B" a liquid stream below its boiling 
point is vaporized at its boiling point. In a fourth case repre
sented by A " 'B '"  a liquid stream below its boiling point is 
vaporized and superheated. In the fifth case represented by  
A IVB IV the A  stream consisting of a mixture of liquid and vapor 
(which m ay or m ay not be in equilibrium), for example, a 
foam,, is vaporized and superheated. In  every case the D  
point is a t an infinite distance on the line joining the liquid 
and vapor stream points.

Analogously, solvent is added to A  phase to  convert it  com
pletely to B  phase w ith the same solvent-free composition, 
but greater solvent content, etc.

T o ta l  C o n d e n s e r . In  a  total condenser the process is 
exactly reversed. B  phase flows in, heat (or solvent) is re
m oved, and A  phase of the same (solvent-free) composition  
but lower heat content leaves the condenser. Figure 6 serves 
as well for total condensation when we observe that the direc
tion of flow is reversed. The points B A  w ill represent the 
diagram for saturated vapor phase being com pletely con
densed to a liquid at its boiling point; B 'A '  represents super
heated vapor being condensed to the liquid a t its boiling point; 
B “A"  represents saturated vapor being condensed and cooled 
below its boiling point; B " ' A represents superheated vapor 
being condensed and cooled below its boiling point. Corre
sponding to A IVB IV we m ay draw a diagram representing the 
condensation of a foam to liquid below its boiling point. We 
m ust emphasize that heat is easily added or removed in  a 
distillation process and that if w e are to select a suitable sol
vent for an extraction process corresponding to the diagram  
of Figure 6, we m ust choose a solvent which m ay be readily 
removed from a mixture.

P a r t ia l  C o n d e n s e r . A vapor stream (A,) is partially 
condensed with the removal of heat. The leaving stream  
consists in part of liquid, A 2, and in part of vapor, B 2. The 
sum point, A 2 +  B 2, differs from the incoming vapor, Bi 
only in total heat content. Hence it lies directly below the 
vapor point B 2 in the diagram. T he two leaving phases are 
determined by  a contact condition (e. g., are in equilibrium  
or at some definite distance from equilibrium) and hence lie 
at the ends of a contact tie line passing tlirough the sum  
point (Figure 7). The relative amounts of liquid and vapor 
stream are represented by the relative distances to the sum  
point. M odifications to represent superheated vapor or 
foaming B  streams are similar to those used in Figure 6.

P a r t ia l  V a p o r iz e r . In  a partial vaporizer the liquid 
stream entering is partially vaporized by addition of heat and
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removed as a liquid and a vapor stream. T he treatm ent is 
seen from Figure 8 to be similar to that of the partial con
denser (but inverted).

B o t to m  E q u ip m e n t  o f  a  C o lu m n . Total Vaporization. 
T he liquid stream, Ab, removed from the bottom  of the col
umn is sp lit into two streams, Bb and W. Stream Bb is 
totally  vaporized and returned to the bottom  of the column. 
H ence W stream differs from At only in number of moles. 
Phase points At and W hence coincide. Stream Bb differs 
only in being totally  vaporized and hence lies directly above 
Ab. T he difference between Ab and Bb (represented by  Db 
in Figure 9) is the net flow out of the bottom  of the column.

If the column is provided with splitter and total vaporizer 
units as bottom  equipment, the graphical construction will 
start w ith the diagram of Figure 9. The net flow of material 
out of the bottom  of the column section is represented by  
point Db of Figure 9, wrhich represents the difference between  
the liquid leaving the bottom  of the column (which is fed to 
the vaporizer) and the vapor received by  the column from the 
vaporizer.

From this D point we m ay start the stepwise construction 
wfliich represents the section of the column below the feed  
point. T he introduction of feed causes a change in  net down- 
flow at the feed level. Graphically the position of the D point

Ab B b
-HEAT

—  14/

fa) (b)

F i g u r e s  9  a n d  10 . F l o w  (o)  a n d  D e s i g n  (6) 
D i a g r a m s  f o r  S p l i t t e r  U n i t  C o m b in a t io n s

Figure 9 (above). S p litte r u n it w ith to ta l vaporizer un it 
F igure 10 (below). S p litter u n it w ith  partia l vaporizer 

un it

I t  m ust lie on the line joining B b w ith Ab and hence vertically  
below Ab. I t  differs from W only in the am ount of heat 
added to the vapor phase in the vaporizer. Stream Ab 
comes from contact w ith the vapor stream (Bb+ 1) rising from  
the bottom  plate, and hence B b+i  is determined by a contact 
condition. T he construction continues into the column sec
tion as previously discussed.

Partial Vaporization. The liquid stream from the column 
is partially vaporized, the vapor is returned to the column, 
and the liquid is withdrawn as product. Streams Ab, B b, 
and W  obviously replace streams A,, B 2, and A2, respectively, 
of Figure 8. W e need only to add th at point Ab (as in the 
section on “T otal Vaporization”) fixes B b+1 by a contact con
dition, and that since W  can differ from the net flow of m ate
rial out of the column only by  the heat added in the vapor
izer, point Db m ust lie belowr point W in the diagram. From  
Figure 10 the extension of the construction is obvious.

C e n te r  F eed  C o lu m n

The pieces of equipment so far discussed are those from 
which an ordinary continuous rectification colunrn with cen
ter feed m ay be constructed. Likewise the molal heat con- 
tent-m ole fraction diagram for the center feed column m ay  
be constructed from the diagrams representing the individual 
pieces of equipm ent (Figure 11).

F -

P
HEAT

lit
(a)

HEAT

A b Bb

B,Nb ■ HEA[

(a) (b)
F i g u r e s  11 a n d  12 . F l o w  (a )  a n d  

D e s i g n  (6 ) D i a g r a m s

F igure 11 (above). C en ter feed colum n u n it 
F igure 12 (below). B atch  ta n k  u n it w ith equi

librium  vaporization

representing net flow in the top section is obtained from that 
representing net flow in the bottom  section by  the construc
tion given in  Figure 8 of the previous paper (S). Figure 11 
shows a case in which the feed consists of about one-third 
vapor and two-thirds liquid in mole units.

W hen we have drawn in sufficient steps in the bottom  sec
tion to locate the position of the vapor w'hich leaves the feed 
plate, w e then enter into the top or enriching section, w ith the 
net flow now D, rather than Db. W e continue w ith a con
struction for a simple column section w ith D, as the common 
D point.

Finally, if the column is equipped with a total condenser we 
m ust finish off the construction w ith the typical diagram of a 
total condenser.

If the column wrere supplied with partial, rather than total, 
vaporization and condensation, we would substitute the dia
gram of Figures 7 and 10 for those of Figure 9 as end units of 
the complete rectification diagram. Additional feeds or 
withdrawals m ay be represented by incorporating further D 
points located by the feed or withdrawal construction of the 
previous paper.

B a tch  T a n k . Equilibrium Vaporization. Liquid is va
porized directly from the contents of a large tank and fed to  
the bottom  of the column section, from which the liquid 
stream is fed into the tank.
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Hence point Bb, representing the vapor, is determined by a 
contact condition w ith the tank contents (point B),  as shown 
in  Figure 12. The liquid stream is determined by the nature 
of the column action and the feed conditions. Point A<, is 
fixed by a contact condition with the vapor rising from the 
bottom  plate (point U t+ i); point B t+ i is fixed by  the re
maining graphical construction.

If the total number of moles, B, in the tank remains con
stant, it is necessary that the column be operating at total re
flux. Otherwise the net flow represented by D* would have 
to be supplied by  a gain or loss of m aterial from the tank. 
W hen such a column operates, there is a net loss of light com
ponent from the bottom  tank equal to the difference in con
tent of light component between entering (At) and leaving 
(Bb) streams. B ut since the total number of moles in the 
tank is constant, the composition m ust be changing. Point 
B, representing the bottom  tank liquid, must move.

C o n c lu s io n s
The fundam ental methods have been studied, more or less in 

detail, by which we m ay set up a general graphical analysis of

any countercurrent process. This m ay be done by the use 
of a rnolal heat content-m ole fraction diagram in the case of 
distillations; analogous diagrams have been indicated for 
other processes. Under certain simple conditions the design 
method reduces to  various standard m ethods. Finally, a set 
of unit graphical constructions has been developed for use in 
further work, and the w ay in  which they  m ay be used in de
sign problems has been illustrated.
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NITRIC ACID PULPING
A n a ly s is  o f th e U se d -A c id  P u lp in g  L iq u o r s

E. R. WHITTEMORE, J. DAVID REID, AND D. F . J. LYNCH  
U . S. A gricultural B y-P roducts Laboratory,

Iowa S ta te  C ollege, A m es, Iowa

T H IS paper is the first of a projected series of studies on 
the use of nitric acid as a pulping agent for the produc
tion of alpha-cellulose, particularly from fibrous farm  

w astes such as bagasse, cornstalks, and straw.
Although the use of nitric acid as a pulping agent is not 

new, a process having been patented by Barré and Blondel 
{2) in  1861, it  is only in recent years that the price of anhy
drous ammonia and hence nitric acid has been low enough 
to make its use commercially possible. In 1932 Lynch and 
Goss {17) found that a nitric acid concentration of only 5 per 
cent a t room temperature produced good cellulose pulp from 
bagasse. Furthermore, the acid liquors could be re-used 
m any times. Considerable interest has been manifested in 
this process. Patents were granted to Foster (9) and to  
Hoche {IS, 14) on the use of nitric acid for pulping bagasse. 
Hachihama, Onishi, and Takemura {11, 12) and Payne {21) 
did further work on the pulping of bagasse w ith nitric acid. 
Aronovsky and Lynch (I) compared the action of alcoholic 
and aqueous solutions of nitric acid on bagasse. During 
1934 and 1935 the United States Departm ent of Agriculture 
accepted the offer of private interests in Hawaii to cooperate 
on an investigation of the merits of the process on a pilot-plant 
scale. In this work {16) it  was found that a preliminary wet
ting, using 0.05 per cent soda followed by a digestion with
2.0 to 2.5 per cent nitric acid at 90° C. (194° F .) and then a 
2 per cent soda cook, gave good pulp from bagasse. The re
covered pulping acids could be re-used m any times and a 
better quality of pulp obtained, as was noted by other workers 
(4, 6, 8). Re-use of the acid is necessary also for economic 
reasons.

The object of the present investigation was to develop a 
rapid analytical procedure to be used to study the change in 
composition of the re-used liquors from successive cooks to 
serve as a guide in  commercial procedure. I t  was found that 
the liquors, although fortified to the original normality 
(using the conductometric end points) w ith fresh nitric acid, 
contained progressively lower percentages of nitric acid, the 
remainder of the acid content being made up of a mixture of 
organic acids. Since the chemical analysis of these liquors is 
both difficult and tedious, the conductometric apparatus 
developed in this laboratory and recently described as applied 
to alkaline liquors (18) was used to determine quickly and 
sim ply the approximate percentages of the principal constitu
ents of the acid solutions. T he principal acids present were 
found to  be nitric, oxalic, formic, and acetic.

E x p e r im e n ta l P u lp in g  P ro ced u re

The pulping procedure consists of a mild alkaline steep, a 
treatment w ith hot nitric acid, a digestion w ith caustic soda, 
and finally a bleach to produce high alpha-cellulose pulp:

Air-dry bagasse which passed through 4-mesh screen and was 
retained on 12-mesh screen was used. This material (1.5 pounds 
moisture-free basis) was steeped for .2 hours in 3.5 gallons of 
0.05 per cent sodium hydroxide solution at boiling temperature. 
In each step a 5-gallon 18-8 stainless-steel pot was used, and 
the mixture wras slowly and continuously agitated by a long 
stainless-steel propeller-type stirrer. The volume was held 
constant by the addition of water. The pulp wras washed 
thoroughly and pressed to remove excess water. The pulp 
(yield, 1.46 pounds moisture-free basis, 97.3 per cent on original) 
was then treated with 3 gallons of 2.1 per cent nitric acid solution,
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allowance being made for dilution by the water in the pulp. The 
mixture was held at 90° to 95° C. (194° to 203° F.) for 2 hours. 
The pulp was filtered and thoroughly washed with gallon portions 
of hot water. Samples of the drain and of the first three washes 
were taken. The drain and washes were then combined and 
evaporated to approximately 2.5 gallons to be fortified with 
nitric acid and used in the succeeding digestion. The pulp 
(yield, 1.13 pounds moisture-free basis, 75.3 per cent on original) 
was boiled with 2.5 gallons of 2 per cent sodium hydroxide for 
one hour. This alkali-treated pulp (yield, 0.75 pound moisture- 
free basis, 50.0 per cent on original) was then thoroughly washed 
and saved for later studies.

A series of seven digestions was made. Samples of the initial 
acid, drain, mixed drain and washes, and concentrated liquor of 
each digestion were analyzed conductometrically (Figure 5). 
Samples of the drained acid from the first and seventh digestions 
were analyzed chemically and compared with the conducto- 
metric results (Table IV and Figure 5). A second series of 
twelve runs was made, of which only the drain was saved and 
fortified. Data from this series are also presented (Figures 6 
and 7).

C o n d u c to m e tr ic  A n a ly s is

T he conductometric titration method of analysis was se
lected because it  was found by experiment that each of the 
individual acids could be identified in a single titration, 
whereas a potentiometric titration determined only the total 
acid present. The conductometric apparatus used was that 
recently described (18). The acids are titrated w ith standard 
alkali, and the apparatus measures in milliamperes the al
ternating current passing at constant voltage between two 
platinum electrodes immersed in the solution being titrated. 
These readings are proportional to the conductance of the 
ions and are plotted against cubic centimeters of the titrating 
agent to  show the rate of change in conductance. The slope 
of the curve shows the rate of change in conductance and 
depends not only on the hydrogen ions neutralized, but also 
upon the reactions of the other ions present. Thus each acid 
is neutralized in turn according to its strength, and the end 
point of each is indicated by a point of change in the slope of 
the curve. An exception, of course, is when side reactions 
such as precipitation interfere w ith the usual course of re
action. For example, in the titration of mixed acids such 
as oxalic and acetic, advantage is taken of the insolubility of 
calcium oxalate to titrate both the first and second hydrogens 
simultaneously, the second hydrogen of oxalic acid thus being 
titrated before the stronger acetic. Each acid alone produces 
a characteristic curve. In a mixture, secondary effects 
change the curve, but the result is a composite picture in 
which the portion corresponding to each acid is readily dis
cernible.

Accordingly a sample approximately equivalent to 1.5 
cc. of normal acid contained in 200 cc. of water was titrated, 
using 0.05 N  calcium hydroxide. A  solution of 1.2 grams of 
glucose was added, for it  was found that such addition gave 
sharper breaks in the titration curve of the organic acids. 
Hydrogen-ion concentration changes were observed w ith a 
pH meter using a glass electrode.

C h e m ic a l A n a ly s is  o f  L iq u o rs

T o ta l  A cid  w as d e te rm in e d  b y  p o te n tio m e tr ic  t i t r a t io n  of 
th e  a c id  liq u o rs .

Ox a l ic  A cid  was identified by precipitation as the calcium  
salt from neutral solution, regeneration, and preparation of 
the oxalyl toluidide. I t  was determined by the usual pre
cipitation as the calcium salt, first from a solution slightly  
acid w ith acetic acid, then from a slightly ammoniacal solu
tion, and finally from an acetic acid solution. The calcium 
oxalate was washed with a little hot water after each pre
cipitation. This procedure was necessary in order to rid the 
precipitate of the yellow color due to the presence of the cal

cium salt of 3-nitro-4-hydroxybenzoic acid (10). T he re
sulting calcium oxalate was then titrated with standard po
tassium permanganate solution.

N it r ic  A c id . The titration of the nitric acid to a definite 
pH is difficult in the presence of oxalic acid, because of the 
strength of the first hydrogen of the oxalic acid. The titration  
(with the addition of the theoretical amount of acid to form 
potassium and manganese sulfate), after destroying the oxalic 
acid by potassium permanganate, was not successful because 
of the strong buffering action of the manganese sulfate.

Precipitation of the nitric acid with nitron was adopted. 
The method recommended by Cope and Barab (6) was used. 
Since the presence of oxalic acid tends to give high results, 
the oxalic and 3-nitro-4-hydroxybenzoic acids of a 100-cc. 
sample were removed by  precipitation w ith barium hydroxide, 
the excess barium being precipitated w ith sulfuric acid. The 
solution was then made alkaline and concentrated to about 
40 cc. A brown ligneous precipitate was filtered off, and the 
resulting liquor was made up to 90 cc. and neutralized with  
sulfuric acid. An excess of 12 to 15 drops of sulfuric acid 
(2:3) was added and the solution heated to boiling. Ten  
cubic centimeters of a 10 per cent solution of nitron in 5 per 
cent acetic acid was then added. After standing 2 hours in 
ice water, the precipitate was transferred to a Gooch crucible, 
washed with 10 cc. of ice water, dried 1-.5 hours at 105° C., and 
weighed. Although the needlelike crystals were darker in 
color, their structure appeared to be identical with that of 
the pure nitric acid salt. The results were corrected for 
the ammonium nitrate present in the liquor. I t  was found, 
as shown later, that the amount of picric acid present was too 
small to cause a serious error.

F o rm ic  A c id . Donath and Braunlich (7) observed the 
odor of this acid in a mixture of propionic, butyric, and 
caproic acids obtained by  the action of 7 per cent nitric 
acid on brown fossil coal. The formic acid was iden
tified by reduction with magnesium ribbon, and the presence 
of formaldehyde shown by  the milk and ferric chloride method  
(26). A  sample of the cook liquor showed no formaldehyde 
in a blank determination. The formic acid was determined 
quantitatively, by means of the Weihe and Jacobs (27) method  
and apparatus (oxidation to carbon dioxide by mercuric ace
tate and absorption by repeated passing of the vapors through 
barium hydroxide solution). The complete distillation of a 
mixture of pure dilute nitric and formic acids a t 60 mm. with  
absorption of the vapors in barium hydroxide solution re
sulted in the loss of half of the formic acid, probably by oxi
dation, indicating that this method is unsuited for the separa
tion of formic acid from the other constituents of the liquor. 
However, the determination of formic acid in a mixture of 
nitric, oxalic, acetic, and formic acids by the W eihe and 
Jacobs method gave results which agreed to two parts in a 
thousand. It has been shown (27) that only 0.08 per cent 
of the oxalic acid present forms carbon dioxide. Therefore, 
formic acid determinations were run by th is method on 50-cc. 
portions of the acid liquors.

A c e t ic  A c id . T he acetic (and formic) acid content was 
obtained by distillation, after removal of the nitric acid by 
reduction to ammonia, and the total acid corrected for formic 
to obtain acetic acid content. The nitric acid (and other 
nitrates) in a 100-cc. sample were quantitatively reduced to  
ammonia by  aluminum and sodium hydroxide according to  
the method of Bartow and Rogers (3). This liquid was 
transferred quantitatively to a distilling flask, an excess of 
15 cc. of phosphoric acid was added, and the solution was dis
tilled. Exactly 500 cc. of distillate were collected in 25-cc. 
portions, each portion being replaced by the addition of 25 
cc. of water. Am aliquot of this distillate was titrated for 
total acid, using phenolphthalein as an indicator, and the 
formic acid content in another aliquot was determined by the
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Weihe and Jacobs method (27). The difference between these 
two determinations gave acetic acid. The formic acid con
tent, as m ight be expected (20), was always lower than that 
of the original solution. A  large amount of furfural due to 
the pentosan content of the nitric acid liquors came over in 
the distillate. This has been shown to make little  difference 
in the formic acid determination (27).

A m m o n i a  a n d  A m i n e s . During the conductometric ti
tration a flat portion of the curve was noticed just after the 
neutral point, as indicated by the pH  meter, showing the 
presence of a substance which reacts w ith  calcium hydroxide 
to  produce a compound of very low conductance. After a 
considerable number of tests it  was found th at an ammonium  
salt produced a similar curve in a synthetic mixture (Figure 
2). W hen the nitric acid liquor was made alkaline, a strong 
ammoniacal fishlike odor was evolved. A sample of the 
liquor from the twelfth run was made alkaline and distilled  
into acid solution. T he distillate contained 0.6 gram of 
ammonia and amine, calculated as ammonia, per 100 cc. of 
solution. T he carbylamine test for primary 
amines gave positive results when applied 
to the concentrated distillate. R im ini’s test 
(19,23), however, gave only a faint coloration 
when compared with a solution of equal 
basicity prepared from pure methylamine.
On the basis of these color tests, it  appeared 
that probably not more than one-fifth of the 
total was methylamine and the remainder 
ammonia.

N o nitrous acid was found by  Lynch and 
Goss (17) in the nitric acid liquors. On the  
basis of the above test for primary amine, 
it  is probable that nitrous acid is diazotized  
as rapidly as it  is formed.

R e d u c i n g  S u b s t a n c e s , aldehydes, and 
other reducing materials were determined by 
the Shaffer and Hartmann method (25) and 
calculated as xylose. T he following results 
were obtained on the series of tw elve runs 
in grams per 100 cc.: 0.87, 1.53, 2.10, 2.60,
2.66, 2.83, 3.10, 3.33, 3.53, 3.47, 3.90, 3.93.
These results are plotted in Figure 5. Thus, 
in  the tw elfth run an am ount of reducing 
material accumulated equivalent to nearly

75 per cent of the weight of the charge being 
pulped.

T o t a l  S o l i d s . N o determination of 
total solids was m ade because the sugars 
were oxidized by the nitrates present even 
when the acids were neutralized and evapo
ration carried out a t 60° C. in a vacuum  
oven.

M i s c e l l a n e o u s  S u b s t a n c e s . The pres
ence of 3-nitro-4-hydroxybenzoic acid, 3-5- 
dinitro-4-hydroxybenzaldehyde, and 3-nitro- 
4 -h y d r o x y b e n z a ld e h y d e  was reported by  
Hachihama and Onishi (10) who obtained 
them by extracting the used nitric acid 

* liquors w ith ether. The 3-nitro-4-hydroxy- 
benzaldehyde had been obtained independ
ently in this laboratory by the following 
procedure: The nitric acid liquors were 
made alkaline, concentrated, acidified with  
sulfuric acid, and steam-distilled. The alde
hyde in the distillate solidified on cooling. 
U s in g  th e  c o n t in u o u s  e th e r  e x t r a c 
tion method, 0.27 gram of crystalline alde
hyde was obtained from one liter of acid: 
m elting point, 137° to 140° C. (reported 139° 

to 144.5°); oxime m elting point, 169° to 170° C. (re
ported 169°).

Hydrocyanic acid to the extent of 0.23 to 0.27 per cent on 
the basis of dry bagasse was evolved during the acid treat
m ent according to Hachihama, Onishi, and Takemura (12). 
These figures are in agreement w ith the results obtained in 
this laboratory. One titration w ith cuprammonium solution 
(24) gave approximately 0.3 per cent hydrogen cyanide based 
on the dry weight of the bagasse. N o hydrocyanic acid was 
found in the cold liquors.

The presence of picric acid was reported by Payne, Fuku- 
naga, and Kojima (22). T he extract from 100 grams of acid- 
treated pulp gave a slight color test w ith potassium cyanide 
solution (19A ) ,  and conductometric titration showed a strong 
acid present to  the extent of 0.94 cc. of normal acid (equivalent 
to 0.23 gram picric acid per 100 grams bagasse). T he ex
tract obtained by continuous ether extraction of 100 cc. of 
the acid liquor gave no color w ith potassium cyanide, indi
cating the absence of picric acid in  the liquor.

F i g u r e  2 . C o n d u c t o m e t r ic  T it r a t i o n  o f  a  M i x t u r e  o f  N i t r i c , O x a l ic , 
A c e t ic , a n d  F o r m ic  A c id s  ( T a b l e  I)



T a b l e  I.
R e s u lts  o f  C o n d u c to m e tr ic  A n a ly se s

Preliminary conductometric analyses of used acid pulping 
liquors showed a series of changes in slope when conductance 
was plotted against cubic centimeters of the titrating agent 
(0.05 N  calcium hydroxide solution). In  an endeavor to 
reproduce such curves from the acids known to be present 
and the position of each acid in that curve, the pure acids were 
titrated individually and in a combination of known propor
tions.

Figure 1 shows typical conductometric curves for nitric, 
oxalic, formic, and acetic acids. The nitric acid shows the 
characteristic steep straight-line slope of a strong acid. The 
portion of this curve beyond A  denotes excess calcium hy
droxide. The oxalic acid shows a slope descending through 
B  to the end point, C. Calcium hydroxide was selected as a  
titrating agent because it  precipitates oxalic acid and thus 
eliminates the ascending slope characteristic of a weak acid, 
such as the monobasic salt of oxalic acid. Point B  is not a 
dependable m id-point since it  varies w ith the pH change, di
lution, and supersaturation. Generally, a slight drop in pH  
occurs at the calcium oxalate precipitation point which varies 
between 3.5 'and 4.0 pH. T he formic acid shows a pro
nounced curve grading into the straight ascending curve men
tioned above, ending at the neutralization point D. The 
acetic acid curve is a short curve grading into a slightly  
steeper slope to E, corresponding to the slightly greater con
ductance of calcium acetate over that of acetic acid as com
pared to that of calcium formate over formic acid.

These end points correspond exactly to those obtained by  
simultaneous determinations of potentiometric and indicator 
end points.

Figure 2 shows the titration curve of the four combined 
acids. The ionization constants of these acids indicate that 
in a mixture they should titrate in the following order:
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T y p ic a l  C o n d u c t o m e t r ic  T it r a t i o n  D a t a  a s  
S h o w n  i n  F i g u r e  2

Cc. of Cc. of Cc. of Cc. of
0.05 iV Ma.® 0.05 tV Ma.® 0.05 AT Ma.® 0.05 iV Ma.®

C a(O H )j X 10 Ca(OH)* X 10 C a(O H )j X 10 Ca(OH)* X 10
0 232 13 118 + 25 1 0 1 37 119
1 224 14 114 26 1 0 1 38 1 2 2
2 214 15 1 1 0 27 1 0 1 39 126 +
3 204 16 107 28 1 0 1  + 40 131
4 194 17 105 + 29 103 + 41 136
5 184 18 104 30 105 + 42 141
6 173 + 19 104 31 106 43 145 +
7 164 2 0 1 0 2  + 32 109 44 150 +
8 154 + 2 1 1 0 2 33 1 1 0  + 45 155 +
9 145 2 2 1 0 2 34 113 46 160

1 0 138 23 1 0 1  + 35 114 + 47 164 +
1 1
1 2

129 +  
123 +

24 1 0 1  + 36 116 48 169

® M a. X 10 equals m illiainperes in  units of 0.1 M a.; +  indicates approxi
m ately 0.05 M a.

T a b l e  II. C o n d u c t o m e t r ic  A n a l y s is  o f  M i x e d  P u r e  A c id s  
a s  S h o w n  i n  F i g u r e  2

Acids in  M ixture
N itric  (O-A) 
Oxalic (A-C) 
Form ic (C-D) 
Acetic (D-E) 
T o tal (O-E)

—Cc. of 0.05 JV Ca(OH)* U sed - 
-E n d  P o in t- -D ifference »

Calcd. Obsvd. Added Found Cc. P er C en t
8 .90 8 .9 S .9 8 .9 0 . 0 0 . 0

17.75 17.9 8 .85 9 .0 + 0 .1 5 +  1.7
27.70 27.7 9 .95 9 .8 - 0 .1 5 - 1 . 5
37.50 37 .6 9 .80 9 .9 + 0 . 1 0 +  1 . 0
37.50 37 .6 37.50 37 .6 + 0 . 1 0 + 0 .2 7

H N O a  
(C O O H )j + + 
H C O O H  
H (C O O )j  + 
C H jC O O H

8 .2  X  10"»
3 .8  X  10-2  
2 .1 4  X  IO "*
4 .9  X  10-5  
1.8G X  10 -5

According to this, oxalic acid would appear at two places on 
the titration curve. However, since it  is quantitatively pre
cipitated as calcium oxalate at a pH  of 4 (16) it is completely 
removed before the succeeding organic acids are titrated 
and appears at only one place on the curve.

In curve V  (Figure 2) a typical titration curve of the four 
combined acids has been plotted using the experimental data 
given in  Table I. Readings m ay be taken at smaller inter
vals, but, in general, a t these concentrations enough points to 
define a line are obtained by reading at 1-cc. intervals. The 
curve shows a series of slopes to the neutralization point, E. 
The experimental points thus obtained for each acid agree 
very well w ith the calculated end points (Table II), the maxi
mum deviation from the theoretical being 0.15 cc. or 1.7 per 
cent error. This curve is typical of those obtained on mix
tures of pure acids.

In Figure 2 the first steep slope of line O-A  represents nitric 
acid. The angle a t point A  is not readily discernible on 
casual observation, but by laying a straight edge on both 
lines O-A and A -B  and extending them (indicated by  dotted  
lines) the break point is readily apparent. P lotting the points 
given on a larger scale makes it  easily seen. The change in 
slope, while small, is very definite. Furthermore, an error of 
location along line O-A  of any given distance is greatly m ini
mized on the abscissas because of the slope of the line.

Point B  of curve V  corresponds to B  of curve II (Figure 1), 
and 0  is the end point between oxalic acid and formic acid. 
The portion of the curve between C and E  shows the slopes

of weak acids, and a break is evident at D, indicating the 
end point between formic and acetic acids.

Experience with the apparatus and repetition of the pro
cedure with identical results increases the operator’s accuracy 
and his confidence in the reproducibility of the curve. On 
the apparatus used, readings could be made to closer than  
0.1 milliampere, and the graphs are readily reproducible with  
approximately the accuracy shown in Table II. While single 
readings m ay be in error, the error is readily noted in the 
series of points representing a component. As is evident 
from the above work and Table II, the method is satisfactory 
when applied to a mixture of these four pure acids.

Curves I, II, and III  of Figure 3 give the results by the 
application of the method to pulping acids which have been 
used, respectively, one, seven, and twelve times. Curve IV  
for a synthetic mixture of pure acids corresponds closely to 
that (III) of the pulping acid re-used twelve times. The 
flattened portion of the curve of pure mixed acids beyond E  
(the 8.5-pII end point) is produced by the addition of am
monium nitrate, the length of this portion corresponding to its 
normal equivalence. A  similar result is produced by  the  
addition of methylamine to the mixture.

F ig u r e  3 . C o n d u c t o m e t r ic  T it r a t i o n  o f  N i t r ic  
P u l p i n g  A c id s  U s e d  O n e , S e v e n , a n d  T w e l v e  
T i m e s , a n d  o f  M ix e d  P u r e  A c id s  P l u s  A m m o n iu m  

N it r a t e

Readings were taken  a t  0.25-cc. in tervals  (Table I I I ) .
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Since it  has been established that xylose is present in the 
acid liquors (10), its effect on conductometric curves was 
investigated. Although xylose, glucose, and sucrose ex- 
liibited little  apparent effect on any one of the individual 
acids, they intensified the break between oxalic and formic, 
and that between formic and acetic acids in a mixture of at 
least three of the acids. Under the conditions used it  was 
found that the addition of 0.6 per cent glucose gave optimum  
results. There was apparently no titratable reaction be
tween the calcium hydroxide and the sugar.

As an additional confirmation of the conductometric 
method, each of the four pure acids and ammonium nitrate 
were added in a known amount to the pulping acid used 
tw elve times. In each case the curve was increased by  the 
amount of calcium hydroxide equivalent to  the material 
added and in the specific portion of the curve that had been 
assigned to that material. Table III  indicates the calculated 
comparison and shows th at both the added material and the 
same material in the used liquor titrate in chemical equiva
lents.

T a b l e  III. E f f e c t o f  A d d in g  P u r e  M a t e r ia l s  t o  
P u l p i n g  L i q u o r s

U s e d

E quivalen t Increased
M aterial Used-Acid A m ount E n d  Poin t

Added E n d  Po in t Added Calcd. Found F—Difference—*
Cc. Cc. Cc. Cc. Cc. %

N itric acid 5 .2 13.6 18.8 18 .8 0 . 0 0 . 0
Oxalic acid 11 .5 13.5 25.0 25 .0 0 . 0 0 . 0
Form ic acid 1 S . 0 14.7 32.7 3 2 .4 - 0 . 3 - 1 . 4
Acetic acid 23 .3 14.7 3S .0 37 .4 - 0 . 6 - 3 . 0
Am m onium

nitra te 28 .3 13.6 41 .9 42 .6 +  0 .7 + 3 .8

5  50

........
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II. AMMON
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ACID 
ACID 
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E
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F i g u r e  4 . D i s t r i b u t i o n  o f  C o n s t it u 
e n t s  i n  F i n a l , D r a i n , a n d  W a s h  

L iq u o r s

The chemical analyses of the first and seventh pulping 
acids of the series as shown in curves I and II, Figure 3, are 
compared with conductometric analyses as given in Table 
IV.

Since each organic acid represents only a small portion of 
the 5-cc. sample used in the conductometric analysis, the 
accuracy in the determination of the individual organic acid 
in this instance is not as high as that of a chemical analysis 
in which the individual organic acid is determined inde
pendently. This discrepancy could be corrected to a con
siderable extent by  modifying the conditions of the con
ductometric titration to am plify portions of the curve. The 
rapidity and sim plicity of the conductometric titration, to
gether with its approximate agreement w ith chemical analy
sis just demonstrated, recommends this method for plant 
control. Since the pulping solutions change slightly on stand
ing, the rapidity is of a special advantage in obtaining a true 
picture of the constituents present before the change.

T a b l e  IV. A n a l y s is  o f  U s e d  N i t r i c  A c id  P u l p i n g  S o l u t io n s

C onstituen t
-U sed O nce-

Conductom etric 
Q./tOO Nor-

cc. m ality cc. viality
N itric  1 .20  0 .200° 1 .20  0 .1903° 0.624
Oxalic 0 .096  0 .0215 0.051 0 .0113 0 .230
Form ic 0 .076  0 .0165 0 .052  0 .0112 0.161
Acetic 0 .100  0 .0167 0 .120  0 .0200 0.284
Calcd. acid itv  . . .  0 .2547 . . .  0 .2328
T itra ted  acid ity  & . . .  0 .2547 . . .  0 .2600
A m m onium  

n itra te
° N itron  n itra te  de term ination  corrected for am m onium  n itra te .
b T itra ted  using a  p H  m eter. Differences a re  due to  lapse of tim e betw een determ ina- 

tions. These so lutions were found to  decrease 6 -7  per cent over a period of 3 m onths.

■Chemical— 
G ./100 N or-

-U sed  Seven Tim es
C onductom etric 

Q ./100 N or
ce. mality

0.171
0.084
0.287

0.0991
0.0511
0.0351
0.0473
0.2326
0.2326

0.081 0.0101 0 .073  0.0091 0 .235  0 .0294 0 .226  0 .0282

The chemical analysis shows less total acid, especially in 
the pulping acid used seven times, owing partially to inherent 
errors in the m ethods of analysis and in part to loss in acidity

during the period of 
the investigation. 
The latter loss was 
about one-third of 
the difference. The  
c o n d u c t o m e t r i c  
a n a l y s i s ,  on  t h e  
other hand, tends to 
give high results be
cause of the pres- 
e D c e  o f  s m a l l  
amounts of organic 
acids other than the 
three principal ones. 
The slight differ
ences in slope be
tween the curves of 
some of the acids 
enhance the diffi
culty of determining 
the exact intersec
tion. .The applica
tion of the conduc
tometric method of 

analysis to  this study was considered satisfactory, and an exami
nation was made of the changes in composition of the pulping 
acid during the two types of digestion previously mentioned.

A typical wash curve is shown in Figure 4. The relative 
proportions of the constituents, except for ammonium nitrate, 
remain approximately the same in  each succeeding wash as 
in the drain. This would be expected from their solubilities 
and the affinity of acids for cellulose.

The recovery of the pulping acid depends upon the method  
and efficiency of removal of the drain and washes from the 
pulp as well as upon the volumes of the washes used. Under 
the conditions indicated in  Figure 4, 79 per cent of the acid 
content was recovered in the drain, 13 per cent in the first 
wash, 5 per cent in the second wash, 2 per cent in the third 
wash, w ith a final loss of 1 per cent. An examination of 
Figure 5, however, indicates that the procedure originally 
adopted of evaporating the combined drain and three washes 
m ay be impractical because in nearly every case the loss in 
nitric acid during concentration exceeds the gain due to wash 
recovery. An investigation was made to determine the 
source of loss, and it  was found experimentally that acid 
equivalent to 7.5 per cent of the total acid came over in the 
distillate from the pulping liquor. Only a small fraction of 
this is nitric acid, since a loss of only 0.1 per cent was found 
when pure dilute nitric acid solutions were concentrated. 
The organic acid content of the concentrates decreases 

slightly although the loss is less than 7.5 per cent
 —=  of the total acidity. The nitric acid, therefore,

is probably lost in oxidizing the organic matter 
present in solution, being partially used to pro
duce the volatile acids found in the distillate.

Figure 5 shows that there is a comparatively 
uniform addition of about 13.5 grams of nitric 
acid per 100 grams of bagasse treated and a 
consumption (due. to reaction, concentration, 
and washing loss) of about 15.6 grams of nitric 
acid. The total acidity of the cooking liquor is 
held constant and, therefore, the nitric acid con
tent decreases due to the accumulation of organic 
acids which contribute to the total acidity. This

  explains why the nitric acid consumption is greater
than the acid added. A  further source of loss is due 

to the formation of ammonia, present as ammonium nitrate, 
which accounts for about 3.5 per cent of the acid consumed. 
After seven runs the ammonium nitrate represents 33 per

-C hem ical— * 
G ./100 N or

ce. mality
0 .664° 0 .1053°

0.0380
0.0183
0.0479
0.2095
0.2250
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VII.
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CULATED AS XYLOSE, WITH R e -USE OF N lT R IC  ACID

cent of the total nitrate ion present in the con
centrate or 17 per cent of the nitrate ion in the 
succeeding cook. T hat this nitrate ion m ay be 
available for oxidative purposes is indicated  
by the fact that after four cooks it  consistently  
decreased during the concentration. Appar
ently the organic acid content reaches a prac
tical equilibrium after the fourth cook.

U se  o f A c id  P u lp in g  L iq u o r  
T w elv e  T im e s
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After a consideration of the above data, a 
series of runs was made using the nitric acid 
tw elve times (Figure 6). To simplify the pro
cedure the drain alone was recovered, fortified, 
and used in each succeeding cook. The objects 
of this series of cooks were: (a) to determine 
whether less nitric acid would be consumed if the 
drains and washes were not concentrated, (6) to  
confirm the results of the first series, and (c) 
to determine the equilibrium condition result
ing from a larger number of cooks.

T he average addition of nitric acid was found to be 20 
grams per 100 grams of bagasse and the consumption to be 
20 grams as compared to 13.5 and 15.6 grams, respectively, 
when the washes were saved. B y  calculations based on the 
volum e of drain lost, it  was found that about 20 per cent was 
lost by not saving the washes, which agreed with the loss 
found in the first series of runs as shown by the wash study in 
Figure 4. The consumption of nitric acid based on the re
acting acid was therefore about 15.5 grams per 100 grams of 
bagasse or approximately the same as that in the first series of 
runs. I t  becomes evident then that the organic matter pres
ent in the drains is slowly oxidized ■whether during the con
centration or during the succeeding run. The loss of more 
than the amount of nitric acid saved in the washes as shown in 
Figure 5 is, then, unavoidable. A  better procedure would 
probably be to recover the wash acid by a separate evaporation.

In this series of runs the acetic acid continued to increase 
during the last five runs while the formic and oxalic acids in
creased more slowly. This increase is due to the fact that 
there was no evaporation. Since there is an increase in the

I
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F i g u r e  6 . D a t a  o n  T w e l v e  U s e s  o f  N i t r i c  A c id

12

organic acids, the residual nitric acid is decreased in proportion 
in order to maintain constant acidity. T he ammonium ni
trate shows a general trend of increase.

The reducing material, calculated as xylose, accumulates 
rapidly to a concentration of nearly 4 per cent after twelve 
runs (Figure 7). Hoche (14) patented a process by which 
he claims beneficial results from the addition of sugar or 
starch to the nitric acid digestion of bagasse and similar ma
terial.

S u m m a r y  a n d  C o n c lu s io n s
1. A method of conductometric analysis has been de

scribed and provides a means for the rapid determination of the  
principal acidic and salt constituents of nitric acid liquors 
used for pulping bagasse. Its  rapidity and sim plicity rec
ommend it  for industrial control work. I ts  rapidity is es
pecially desirable in the analysis of unstable solutions.

2. M ethods of chemical analysis suitable for the deter
mination of the various components of the nitric acid pulping  
liquor have been selected and described.
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3. The conductometric method was checked by the con- 
ductometrie analysis of pure acids, by the analysis of pure 
acids added to a pulping acid, and by  comparison with the 
chemical analysis of the pulping acid.

4. Two methods of digestion were studied:
M ethod I. Drain and wash pulping liquors were mixed 

and concentrated to about the optimum concentra
tion required for digestion:

a. The nitric acid consumption (due to reaction, con
centration, and washing loss) was about 15 grams 
per 100 grams of bagasse.

b. During the evaporation, nitric acid apparently acts
on the organic material present in solution to pro
duce organic acids. The volatile acids that distill 
off during this tim e are equivalent to about 7.5 
per cent of the total acid originally present.

c. There was a saving of about 3 grams of nitric acid
per 100 grams of bagasse by recovery of the wash 
liquors and a loss of about 4 grams during the con
centration, a net loss of 1 gram.

M ethod II. The drains only were recovered:
a. The nitric acid consumption was 20 grams per 100 

grams of bagasse. However, nearly 20 per cent of 
this is due to washing losses, the consumption due 
to reaction being about 15.5 grams per 100 grams 
of bagasse. The organic material present (oxidized 
during concentration in the first method) is prob
ably oxidized during the succeeding cook. Thus, 
the consumption of nitric acid in this series of runs 
corresponds approximately to that consumed in 
the first scries.

5. Examination of pulping liquors that have been re-used 
several tim es resulted in  the following observations:

a. Formic and oxalic acids are produced and their con
centration reaches a practical equilibrium of about
0.2 per cent after a few runs.

b. Acetic acid is formed and has a tendency to increase
slightly with each run, unless the used liquor and 
wash are concentrated, in which case the acetic 
acid approaches an equilibrium similar to that 
reached by formic acid.

c. Ammonia (with a small amount of an amine) is
formed and fixed as the nitrate salt. I t  accumu
lates rapidly during the first four cooks and then 
continues to increase at a more moderate rate. 
There are indications that the ammonium nitrate 
so formed m ay be a potential source of nitrate ion 
for oxidation in the presence of increasing quan
tities of organic acids. Further studies will be 
made on this phase of the subject.

d. Reducing materials, mainly sugars, increase tre
mendously, rising to 2.6 per cent after the first 
three cooks and to nearly 4 per cent in the twelfth

cook. The influence that this large amount of 
sugar will have on more extensive use of the pulp
ing solutions will be further studied.

6. An improved procedure would probably be to recover 
the acid from the washes by a separate evaporation.
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M ethod for D eb asin g

N ew  J e r se y  Peat

L. N . M ARKW OOD  
B u rea u  o f E n to m o lo g y  a n d  P la n t  Q u a ra n tin e ,

U . S . D e p a r tm e n t o f A g r icu ltu re , W a sh in g to n , D . C.

IN  C O N N EC TIO N  w ith the production of the new in
secticides nicotine peat and nicotine humate (2) it  has 
been found necessary to remove from peat the inorganic 

base-forming elem ents that occur chemically combined as salts 
of the organic acids present. This removal is accomplished 
by treatm ent w ith acids. The base-forming elem ents (cal
cium, iron, aluminum, etc.) are largely removed, leaving the 
uncombined organic acids. Although complete removal is 
attained only after repeated extractions w ith acid, it  has been 
established in the preparation of nicotine peat th at a single 
acid treatm ent does m aterially increase the nicotine-com
bining power of those peats high in inorganic base-forming 
elem ents and is therefore sufficient for the purpose in hand (2).

The process gave no trouble when conducted in the labora
tory in  numerous trials w ith various samples of peat. The 
peat, of about GO-mesh size, was immersed overnight in weak 
acid, such as 2 per cent hydrochloric acid, and washed on a 
funnel until free of soluble chlorides.

During the research on these insecticides interest centered 
chiefly on a commercial N ew  Jersey reed peat. This is a 
dark, well-decomposed product classified as a muck (1). Its 
pH  is 5.1. This specimen, like the various other peats ex
amined, was readily washed free of soluble m atter in repeated 
laboratory tests. The pH  of such acid-treated peat is 2.3. 
A difficulty arose, however, when the process was first tried 
on a larger scale. For this work a fresh lo t of N ew  Jersey 
peat was purchased. I t  came from the regular commercial 
source in 100-pound bags. This product carried a standard 
m oisture content of 65 per cent and felt damp to the touch. 
A portion of it  was immersed overnight in five tim es its weight 
of 2 per cent hydrochloric acid. The mixture was strongly  
acid to litm us. T he slurry was transferred to a basket-type  
centrifuge, which was considered a satisfactory apparatus for 
industrial washing operations. The expected removal of the 
liquid and form ation of. a com pact filter cake did not occur. 
Instead, the basket retained practically all the contents fed 
to it, both solid and liquid, and because of unequal distribu
tion of the load it soon began to wobble so dangerously that 
the attem pt had to be discontinued.

Two questions im mediately arose: W hy did this lot of 
peat behave differently from the earlier material? How  could 
the trouble be remedied?

The questions were answered partly on theoretical grounds 
and partly from observation of the difference in  physical con
dition of the two lots. The earlier lo t came from a supply  
that had been stored in the open in burlap sacks for a year or 
more; it  was consequently well dried and had, from the feel of 
it, probably not more than 10 to 15 per cent of moisture, for 
it was dry enough to crumble in the fingers. The new lot, 
on the other hand, was decidedly damp to the touch and by

actual test had the full 65 per cent moisture on which basis it  
was sold. Of special significance was the spongy, resilient 
feel, which indicates a cellular or gelatinous condition. This 
physical difference, arising from the drying out of the raw 
peat, pointed at once to the method of achieving the desired 
filtration characteristics.

Before an experiment was tried, it  was conceived that the  
damp peat, as pm-chased, retained in large measure the cellu
lar or gel structure of the original plant material or of its 
degradation products. The cells were swollen with water and 
packed down to a practically impervious mat, especially under 
pressure. Furthermore, diffusion of acid both into and out 
of the cells was necessarily slow. If the cell walls could be 
broken or the structure altered the process would be one of 
flushing rather than diffusion and would consequently be 
more rapid. A  possible explanation, therefore, is that when  
the peat dried out the cell walls collapsed; perhaps they were 
ruptured or otherwise altered, w ith an accompanying break
down of gel structure, and thus the peat was left in  a filterable 
condition. The first lo t of peat had apparently reached this 
condition by natural drying.

Several pounds of the new lot of peat were dried in a cham
ber over closed steam  coils. The material issued very dry  
and crumbly, and had shrunk considerably. The moisture 
content was 4 per cent. I t  was immersed overnight in 2 per 
cent hydrochloric acid. W hen the slurry was whirled in the 
centrifuge, the liquid ran through as speedily as could be de
sired, and the built-up cake of debased peat was washed free 
of soluble m atter (chloride test) within several minutes. 
Hence the efficacy of first drying the peat was demonstrated.

A total of 500 pounds of N ew  Jersey peat was subsequently  
processed in several runs in this way, w ith the use of commer
cial equipment such as a vacuum  dryer or shelf dryer for 
drying the peat and a centrifuge for washing out the acid and 
dissolved bases. N o difficulty was encountered.

Just how far the peat m ust be dried to permit satisfactory  
filtration is a matter of opinion. A moisture content of 10 per 
cent was entirely adequate, whereas 21 per cent was found to  
be too high; th at is, filtration was too slow (distinctly slower 
than with a 10 per cent product).

T he information presented here is based upon a study of  
N ew  Jersey peat. Since different peats vary appreciably in 
physical properties, it m ay not be necessary to resort to the 
drying operation with other types.
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reat deal of attention which the subject 
lere is little agreement among investi- 
molecular weights of cellulose and cellu
le  state of dispersion of these materials 
ss and his school (9, 17) still maintain  
•ials dissociate in suitable solvents and 
small units, even so far as units of one, 
residues. Haworth and his co-workers 

group m ethod of determining the molecu- 
iccharides (recently criticized by Hess, 
iscrepancy between their values and the 
sained w ith several other m ethods by  the 
Deflation into large aggregates occurs in  
.tely, neither of these schools has made 
ig  viscosities, so that other workers are 
i the degree of degradation of their prod- 

(14)  also feel that cellulosic materials 
ited  in solution, and they consider the 
iscosity  of dilute solutions to be due 
i, bulky character of the aggregates, 
ther hand, has continued to defend his 
determining molecular weights, but re- 
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rr weights of cellulose in  cuprammonium  
s removing a large part of the discrep- 
existed between his conclusions and 
Unfortunately a detailed quantitative  

inger’s results and those of the writer 
ing to  the unsuitability of his type of 
olution of precipitated and dried basic 
monium hydroxide) for ultracentrifugal 
co-workers {2, 6) go so far as to suggest 
tically insoluble in  cuprammonium, dis- 
t only to  particles 1-1 .5  microns in size, 
3 particles retain their identity in  solu- 
ivatives. B y  means of the ultracentri- 
has been reached th at the molecular 
and certain derivatives m ay be very  

00-3500 glucose residues per molecule, 
een obtained supporting qualitatively, 
ely, Staudinger’s conclusions relating 
ics and molecular weights, 
ituation, therefore, it is not expected  
.-emove all discrepancies or w ill be uni- 
\Teither w ill it  be possible to correlate 
n detail w ith those of other workers, 
se of the paper is to  outline the experi- 
5 describe briefly the conclusion to  which

,’estigating molecular weights, like most 
factory theoretical foundation, depends 
ions. Therefore, two principal aspects 

(a) The determ ination of the sizes of 
c units in solutions of celluloses or cellu- 
(5) the consideration of the question as

to whether the particles or kinetic units are single molecules 
or not.

T he first phase can be satisfactorily elucidated w ith the 
ultracentrifuge; the second phase requires information of 
another sort and is adm ittedly much more difficult to handle 
in an entirely rigorous manner.

D e te r m in a t io n  o f  K in e t ic  U n it  S iz e  in  C e llu lo s ic  
S o lu t io n s

For solutions containing large particles, as cellulosic solu
tions undoubtedly do, the m ost satisfactory general means 
for determining particle size experim entally is by  the sedi- 
mentation-equilibrium method in the ultracentrifuge. This 
method possesses the following advantages:

1. It has the same thermodynamic foundation as osmotic 
pressure or vapor pressure methods (16).

2. It is accordingly not influenced by particle shape.
3. In general it is not aSected by solvation (13).
4. Its sensitivity increases with increase in particle size.
5. It can be used with complex solvents like cuprammonium, 

with which osmotic pressure measurements would be very 
difficult.

6 . It avoids difficulties associated with the use of semi
permeable membranes.

7. It permits recognition of the uniformity or nonuniformity 
of particle size, and it can give a quantitative rating of the 
degree of nonuniformity (12).

8 . For solutes containing relatively small molecular weight 
contaminants, it is much less adversely affected than osmotic 
pressure and other methods.

T h e  c o m p a r iso n  o f  t h e  in tr in s ic  v is 
c o s it ie s  and. m o le c u la r  w e ig h ts  o f  c e l lu 
lo se s  a n d  c e llu lo s e  d er iv a tiv es , d e te r m in e d  
w ith  t h e  S v ed b erg  u ltr a c e n tr ifu g e , d e m 
o n s tr a te s  t h a t  a  s im p le  r e la t io n  e x is ts  
b e tw e e n  t h e  tw o  w h e n  s u ita b le  s o lv e n ts  
are u se d . T h e  d iffe r e n t v is c o s ity  c h a r 
a c te r is t ic s  o f  v a r io u s  t e c h n ic a l  c e l lu lo s ic  
p r o d u c ts  r e p r e se n t  d iffe r e n t  d eg rees  o f  
d e g r a d a tio n  o f  t h e  n a t iv e  c e l lu lo s e  c h a in ,  
t h e  r a n g e  in  c h a in  le n g th  b e in g  a b o u t  1 
to  10. O b se r v a tio n s  o f  s e d im e n ta t io n  
v e lo c ity  in  t h e  h ig h -s p e e d  u ltr a c e n tr ifu g e  
sh o w  t h a t  c e llu lo s ic  m a te r ia ls  are n o t  
h o m o g e n e o u s  in  m o le c u la r  w e ig h t  an d  
t h a t  t h e  h e te r o g e n e ity  is  n o t  o f  t h e  s t e p 
w ise  or d is c o n t in u o u s  c h a r a c te r  a s  b e 
lie v e d  b y  s o m e  in v e s t ig a to r s . C y c lic  c o n 
v e r s io n  o f  c e l lu lo s e  to  c e l lu lo s e  a c e ta te  
a n d  m e a s u r e m e n t  o f  t h e  m o le c u la r  
w e ig h ts  a n d  in tr in s ic  v is c o s it ie s  o f  t h e  
p r o d u c ts  p ro v id e  very  d e f in ite  e v id e n c e  
t h a t  t h e  u n i t s  in  s o lu t io n  are t r u ly  m o le 
c u le s  in  t h e  c h e m is t ’s  s e n s e  o f  t h e  te r m .
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and C ellu lose  D e r iv a t iv e s__

W ith the slow-speed Svedberg ultracentrifuge the particle 
sizes in solutions of various cellulosic materials have been  
determined by  the sedimentation-equilibrium m ethod; the 
results obtained are outlined in Table I. As will be shown 
below, the particle sizes in these particular cases are identical 
w ith the molecular weights. In addition to the molecular 
weights, the tables also present data on the intrinsic v is
cosities [rj] of the solutions. T he intrinsic v iscosity is de
fined by the equation :

/In  dA
\  C /  c —*■ 0

where vr =  viscosity of the solution, relative to that of the 
solvent

c =  concentration, grams solute per 10 0  cc. of solution

rir is norm ally measured at a concentration which gives it  a 
value not greater than 1.2-1.3.

T a b l e  I .  M o l e c u l a r  W e ig h t s  a n d  I n t r i n s ic  V is c o s it i e s

d . P.
M ol. W t. D. P .° M M

Celluloses in  C upram m onium
Purified co tton  linters 300.000& 1300 5.05 260
Purified co tton  linters 270,0006 1 2 0 0 4 .20 285
Purified co tton  linters 200,0006 890 3.40 260
R egenerated cellulose 110,0006 490 1.83 270
R egenerated  cellulose 90,0006 400 1 . 2 0 330

Cellulose A cetate  in  Acetone*
Cellulose ace ta te  I 1 0 0 , 0 0 0 380 1.64 230
Cellulose ace ta te  I 90,000 340 1.64 2 1 0
Cellulose ace ta te  II 90,000 340 1.52 2 2 0
Cellulose ace ta te  I I I 50,000 190 0.74 260
Cellulose ace ta te  IV 6 8 , 0 0 0 260 1.23 2 1 0
Cellulose ace ta te  V 250,000 950 3 .7 8 250

N itrocellulose in A cetone1*
Nitrocellulose I 1 0 2 , 0 0 0 390 1.40 280
N itrocellulose II 140,000 530 2 . 0 0 265
N itrocellulose I I I 160,000 600 2 . 2 0 270

E thylcellulose in  D ioxane
Ethylcellulose I 125,000 540 1.83 300

° D . P . significa decree of polym erization or num ber of glucose residues 
per m olecule. For the  celluloses in cupram m onium  they  are calculated on 
th e  assum ption  th a t  1  copper a tom  is com bined per glucose un it.

6 M olecular w eight of th e  cellulose-copper complex. 
c A bou t 54 per cen t acetic  acid.
¿ 1 2  * 0 . 1  per cent n itrogen.

T he consistency of the above results, especially of the  
values for D . P . /  [77 ], m ay not appear very good, but they should 
be considered in  the light of the accuracy and consistency at
tainable by  osm otic pressure and other methods. T he in
consistencies are partially due to the fact that in m ost cases 
the com plete calculations of true weight-average or 2-average 
molecular weights were not carried out, owing to their la
borious character. W ith materials as nonuniform as m ost 
cellulose derivatives, the short-cut method of averaging, which 
was employed, is not entirely free from objection.

T he above data support Staudinger’s conclusions that an 
approxim ately linear relation exists between molecular weight 
and the intrinsic v iscosity  [77]. U sing the following values for
D . P./[T7],

Cellulose in cupram m onium  
scc-Cellulose ace ta te  in  acetone 
N itrocellulose in  acetone

260
230
270

the average molecular w eights (strictly speaking, the 
weight-average molecular weights) of numerous cellulosic 
materials were estim ated from intrinsic v iscosity measure

m ents. As we have pointed out, these constants are pro 
portional to the reciprocal specific volum es {11). T he follow
ing table gives representative values:

N ative  cellulose 
Purified cotton  lin te rs  
W ood pulps
C om m ercial regenerated  celluloses 
F a rr and  Eckerson hydrocellulose 
Beta-celluloses 
Gamma-celluloses 
D ynam ite  nitrocellulose 
Plastics nitrocellulose 
Vî-sec. nitrocellulose 
C om m ercial cellulose aceta tes

M ol. W t.
>570,000

150.000-500,000
90.000-150,000 

30,000-90,000
40.000 

3,000-15,000
<3.000

750.000-875,000
125.000-150,000

45.000
45.000-100,000

Degree of Po ly 
m erization

>3500
1000-3000
600-1000

200-600
250

15-90
<15

3000-3500
500-600

175
175-360

M o le c u la r  S ta te  o f  D isso lv e d  C e llu lo s ic  
M a te r ia ls

There is too great a body of data demonstrating beyond  
any doubt that solutes comm only associate in  certain solvents 
to justify  any hope th at celluloses and cellulose derivatives 
always disperse in  solvents to  the ultim ate molecule. Ad
m ittedly, each solvent and each solution m ust be considered 
separately, and unfortunately molecular w eight determina
tions alone do not, in  general, give any evidence on the exist
ence or nonexistence of association in a given solution. I t  is 
only by a study of various chemically related solutes in  a 
variety of solvents th at a case can be built up on th is point. 
The discussion of the present paper is therefore restricted to  
the consideration of a lim ited number of solvents; it  is to  be 
definitely noted that no attem pt is m ade to generalize con
cerning all solutions. Further, these data refer only to very  
dilute solutions, and no inferences are made concerning the  
presence or absence of association in more concentrated solu
tions.

E ffect o f  S o lv e n t  o n  I n tr in s ic  V isc o s ity

The first item  of evidence indicating definitely th at certain  
solvents can disperse cellulose derivatives to  the single mole
cule is provided by the effect of solvent on intrinsic viscosity. 
The following table reproduces data of D obry (4) for a 
m edium -viscosity nitrocellulose (11.4 per cent nitrogen) in  
various solvents a t a concentration of 0.04 gram per 100 cc. :

Solvent
In trinsic
Viscosity Solvent

In trin sic
Viscosity

Acetic acid 3 .3 Cyclohexanone 3 .3
Acetone 2 .9 A cetophcnone -f-
Acetonitrile 3 .1 3%  ethanol 3 .2
M ethanol 3 .0 E th y l benzoate +
Isobu ty l form ate 3 .0 1 1 %  ethanol 3 .2
E th y l form ate 3 .2 M ethy l salicy la te  -f-
N itrobenzene 3 .1 2 0 %  m ethanol 3 .3

Since v iscosity is very sensitive to association and aggrega
tion in dispersions, the constancy of the intrinsic v iscosity  in 
the above cases demonstrates that these solvents all disperse 
the nitrocellulose to substantially the sam e degree. I t  seems 
rather improbable that these solutions contain the same sizes 
of ramifying aggregates held together by van der W aals’s 
forces and im mobilizing so nearly the same volum e of solvent. 
T he simpler hypothesis seems preferable that the kinetic 
unit in all these solvents, which give rise to approximately 
the sam e intrinsic viscosity, is the single molecule. W e need 
not consider a t this point the mechanism by which a solution
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of single molecules can have such a high intrinsic viscosity, in 
contrast to a value of 0.02-0.03 for com pact spherical mole
cules.

E ffect o f  S o lv e n t  o n  O sm o tic  P ressu re

Even more definite evidence that the average particle 
w eight in  nitrocellulose solutions is practically constant in 
the above-m entioned solvents is provided by osmotic pres
sure measurements, also carried out by D obry (5) :

(Osmotic Pressure, cm. H tO )/
Solvent (Concn., g ./100 cc.)

Acetone 2 .4
M ethano l 2 .4
Cyclohexanone +  5.8%  ethano l 2 .2
E th y l benzoate  +  11.3% ethanol 2 .4
M ethy l salicy la te  +  20%  m ethanol 2 .4
Acetophenone - f  3%  e thano l 2 .4
Acetic acid 2 .4
N itrobenzene 2 .35

These ratios of osm otic pressure to concentration, extrapo
lated to zero concentration, show th at the value of the ratio 
is satisfactorily constant. T he necessity for working at very  
low concentrations is well demonstrated by this work, for al
ready at a concentration of 0.1 per cent the osm otic pressures 
show a spread of 25 per cent; and at higher concentrations 
the spread continues to increase. T he average molecular 
w eight, calculated from the osm otic pressure data, is 110,- 
000. This, of course, is a number-average value.

D obry (8) published similar data on cellulose acetate 
solutions :

(Osmotic Pressure, cm. H tO )/ 
Solvent (Concn., g./1 0 0  cc.)

Tetrachloroethane +  13.4% ethanol 3 .7
Acetic acid 3 .8
A cetonitrile 3 .7
D ioxane 3 .7
Acetone 3 .7
N itrom ethane 3 .9
C yclohexanone 3 .7
E th y l form ate 3 .7

The values again represent an extrapolation to zero concen
tration, and correspond to a number-average molecular weight 
of 66,000.

I n te r r e la t io n  o f I n tr in s ic  V is c o s ity  a n d  
M o le c u la r  W e ig h t

T he approximate constancy (Table I) for the ratio D . P . /  
fo] for different cellulosic products constitutes substantial 
evidence for the conclusion that the particles measured in the 
ultracentrifuge work are single molecules. Primarily, the 
constancy of D . P . / M  demonstrates th at the solutions in 
question contain particles of approximately the same size 
and fonn, in spite of the marked differences in the chemical 
character of the solute or the nature of the solvent.1 In  
other words, the intrinsic v iscosity of solutions of cellulose 
and cellulose derivatives in suitable solvents depends pri
marily, but not necessarily entirely, upon the molecular weight 
of the cellulosic material. I t  has been suggested that the 
particle in solution m ay have a definite size, form, and in
trinsic viscosity w ithout being a single m olecule, owing to the 
activ ity  of some skin substance, cem enting material, or struc
ture of biological origin, which is capable of holding an as
sem bly of molecules together in the same manner for various 
derivatives and in various solvents. This is theoretically 
conceivable, but the simpler hypothesis seems preferable—  
namely, that the particle in question is in these particular 
cases the single molecule. A t least it  is preferable until some

1  T he  results also ind ica te  th a t  the  cellulose-copper complex is alm ost 
com pletely dissociated, so th a t  the  centrifugible com ponent is sim ply the 
oellulose-copper complex anion.

one demonstrates in clearer fashion than has y e t been done, 
the existence of such an extraneous structure and shows th at 
its chemical character is such that it  can go through éthérifi
cation, estérification, bleaching, and hydrolyzing reaction 
either w ithout being affected or, if affected, w ithout more 
markedly influencing the relations between particle size and 
intrinsic viscosity.

Additional support for these conclusions is provided by the 
interrelation of the intrinsic viscosities of celluloses and of 
cellulose acetates formed from the celluloses w ithout degrada
tion (10):

Cellulose in  Cellulose T riace ta te  sec-Cellulose A cetate
C upram m onium  ->- in CHClj-Alcohol in Acetone
to] D .P .< -2 6 0 fo ])  toi b l  D. P.(*=230tol)

0 .6 4  170 . .  0 .7 5  170
1.20 310 1 .30  1 .56  360
1 .74  450 1 .80  2 .3 5  540
2 .5 3  660 2 .4 9  2 .85  660
3 .31  860 3 .4 0  3 .7 8  870

The equality of the intrinsic viscosities of the celluloses and 
the corresponding cellulose acetates can m ost sim ply be in
terpreted by assuming that in each case the cellulose or 
cellulose derivative disperses to single molecules in very low  
concentration; th at true molecular weights, in the chem ist’s 
sense of th e term, are measured in  the ultracentrifuge; that 
the intrinsic v iscosity is primarily determined b y  the degree 
of polymerization of the cellulosic material and relatively 
slightly affected by  its chemical character, solvation, or ag
gregation; and that the form assumed by the dissolved mole
cules is determined by some property of the long primary- 
valence chain of glucose residues which make up the cellulose 
skeleton.

A  complete proof of the fact that the chemical conversions 
m entioned above can be earned out w ithout appreciable 
degradation m ay be obtained b y  closing the cycle and de
termining the molecular weight of the cellulose regenerated 
from the sec-cellulose acetate. D ata  on th is point are as 
follows :

cellulose triacetate 
MCHCL-alcohol 1.19

sec-cellulose acetate
[77] acetone 1.64
blCHCb-alcohol 1.31 

(mol. wt. 90,000)

I
regenerated cellulose

[ t)] cuprammonium 1.20 
(mol. wt. 93,000)

The molecular sizes of the two members in each pair of similar 
derivatives are substantially alike. I t  is quite unlikely that 
any assem bly of cellulosic molecules held together by  van der 
W aals’s forces or by cem enting substances could be broken 
down by agencies reducing the intrinsic viscosities of cellulose 
or cellulose derivatives and y e t not be broken down by reac
tions used in the interconversions of cellulose and cellulose 
derivatives; it  is also unlikely that, when broken down, the 
disintegration could occur w ithout influencing the relations 
of form, degree of swelling, and intrinsic v iscosity to particle 
size. T he conclusion therefore seems inevitable that cellu
lose and cellulose derivatives form dilute solutions in  suitable 
solvents, in which the molecular kinetic unit is the single 
molecule, and that, accordingly, in these cases the particle 
size values obtained w ith the ultracentrifuge are, strictly  
speaking, molecular weights.

cellulose triacetate 
MCHCb-alcohol 1.15

sec-cellulose acetate
[ij] acetone 1.78/
MCHCl,-alcohol 1.36 

(mol. wt. 95,000)

regenerated cellulose 
[17] cuprammonium 1.23 

(mol. wt. 103,000)
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B y  means of the ultracentrifuge the above type of analysis 
could be carried out in much greater detail. Particularly 
im portant would be information on the nonuniformity, w ith  
respect to  molecular weight of cellulosic materials, on molecu
lar weights of a given material in a variety of solvents, and on 
sedim entation-velocity relations. However, the data along 
these lines are not y e t sufficient for public presentation. 
However, the present status of the subject seems to  justify  
the use of intrinsic viscosity measurements for characterizing 
the degree of degradation of cellulosic materials and esti
m ating the average (weight-average) degree of polymeriza
tion by means of the constants relating it  to intrinsic viscosity, 
which have been determined w ith the ultracentrifuge.
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C O R R E S P O N D E N C E

D is t ille r y  B y -P r o d u c ts

S ib : The June, 1938, issue of I n d u s t r i a l  a n d  E n g i n e e r i n g  
C h e m i s t r y  contains a description of “Distillery By-Products” by 
Lloyd Cooley (8) and gives a flow sheet of the Hiram Walker & 
Sons plant at Peoria, 111. None of this equipment was in the dis
tillery on the day before its opening, July 4,1934, except the con
veyor mixer and the rotary steam dryers, nor was it then con
templated. Stricter laws compelled the adoption of the process 
of saving the soluble solids. Cooley’s historical review (S) omits 
some of the earlier work because this author has been engaged in 
the work only since the repeal of prohibition.

There is an idea among the newer generation that little chemi
cal work had been done before prohibition in the arts of distilling 
and utilizing the by-products (1). Feeding slop to cattle had 
been practiced for many generations and was stopped only after 
legislation against it was passed in many states, for the waste 
from the cattle barns was more polluting than the hot slop. It 
became illegal to feed milch cows with slop because of the result
ing unsanitary condition of the bams. No objection to using 
dried solids as a feed stuff was ever made.

Screening and pressing the grains for slop were developed at the 
end of the last century. Patents issued to Hinken (J) for a filter 
press specially adapted for slop filtration and to Turney (5) for a 
rotary dryer heated by inside steam tubes gave practical means 
for saving the insoluble solids in the slop.

Saving the soluble solids began in 1905, following the work of 
the great pioneer, Otto Behr, who experimented with cornstarch 
and glucose and made “gluten meal,” etc. This was done mostly 
to prevent pollution of the Mississippi tributaries, as a result of 
laws on the subject. During prohibition the industry died and 
was revived with repeal. As Cooley states, the prewar slop sav
ing was “in principle much like the methods used today” except 
that the later units “have greater capacity.”

That “they use less steam, and/or fuel, labor, and water” is 
open to question. Figure 1 is a diagram of an apparatus from a 
patent issued to me in 1910 (2). This illustration gives a better 
understanding of the processes than those published by Cooley. 
The beer still, 1, is omitted in Cooley’s paper; the still shown here 
has a superheater, 36, that receives part of the slop and evaporates 
it by steam coils, 39. The tubes boil the slop, and the water con
densed in the process returns to the steam boilers as pure distilled 
water. Practice shows that about 20 pounds of steam condense 
to water in distilling a hundred pounds of “beer.” Keeping this 
out of the slop by use of the superheater means a 20 per cent 
saving in evaporation and in fuel by this system. The screens 
illustrated by Cooley and by 23 of my drawing have been im
proved by arranging them double and in tandem. The coarse 
grain falls on the lower screen, and the filtrate from the upper 
screen passes again through the grains on the lower screen, thus 
producing a thin slop nearly equal to that from the centrifugals. 
As described, this centrifugal process is not attractive on ac
count of the expense of installation, the driving power required, 
and the labor, although it yields a product with only 20 per cent 
solids and 80 per cent water. Perhaps these centrifugals might be 
of the milk type and produce a sludge cream that would con
tain about the same percentage of solids. The presses men
tioned are quite old and have been successful in breweries for 
squeezing the brewers’ grains fairly dry. The roller press, 24, is 
the most popular at present. Cooley mentions returning the 
“screen effluent.” This is the old process of “slopping back.” 
It has the advantage of furnishing the yeast with nitrogen, 
organic acids, and potash. Since yeast is a vegetable, it needs 
fertilizers (as Pasteur found out); Cooley showed that it is also 
advantageous when the slop is slopped back, since that means a 
saving in evaporation. This is most important when all solids
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F ig u r e  1

are to be saved. The multiple-effect evaporators sketched in 
Cooley’s paper compare with the A, B, C effects here illustrated, 
but it is probably preferable to have 2 third effects with valves so 
that either one may be taken off alternately and used as the 
“cast-iron finishing pan,” while the other evaporates the slop to 
a point where it is ready for the finishing under higher steam pres
sure. It is stated that if the (screened) liquid could be dumped 
into the sewer, it would hold half the solids and save most evapo
ration costs. In prewar days the grains gave 9 pounds of cattle 
feed, and the complete saving was 18 pounds from Bourbon 
mashes. Cooley claims only 15 pounds.

The “ten panels with buttons” reveal the modem tendency to 
operate plants with buttons; in prewar days they were operated 
with brains.

It is hoped that this more detailed description of what is 
possible with this process of by-product recovery and elimination 
of nuisances will be profitable to manufacturers in other lines who 
have problems that can be solved in the same way.
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50 E a s t  4 1 s t  S t r e e t  H .  O . CHUTE
N ew  Y o rk , N . Y.
June  (j, 1938

Sir: H. O. Chute has furnished a welcome and informative 
elaboration of my recent article on “Distillery By-Products.” 
However, his second sentence, “except the conveyor mixer and 
the rotary steam dryers,” should have had added to it, “and 
screens and rotary presses.”

Installation of evaporators had been seriously contemplated 
prior to the building of the distillery, but the cost of installing 
and operating them had appeared to outweigh probable profits. 
Permission was requested of the authorities to delay the installa
tion of the evaporators until at least a year’s investigation could 
be made of better methods. This permission was denied.

Because the recovery units are larger than former units, the 
labor cost is lower. The over-all cost for steam per ton of prod
uct is lower than formerly, because of the fact that sirup is sent 
to the dryers at double the customary concentration.

Fair comparisons of yield are difficult to make because of varia
tions in the fermentable contents of the grain. A yield of 15 
pounds of dried feed per bushel of grain mashed would be very 
satisfactory if the yield of alcohol were also good. A yield of 19 
pounds per bushel might imply a low starch content or a poor 
yield of alcohol, leaving more solid matter to be recovered in the 
feed.

A closed heater for the beer still would save steam in the 
evaporating process. The subject was considered seriously by 
the engineers at the time the distillery was built, but in view of 
the projected supply of low-cost exhaust steam, the large heaters 
needed for the size of the beer stills, and the probable operating 
troubles, it was deemed wise to oriiit closed beer heaters or va
porizers at that time.

In regard to Chute’s remarks about operating plants “with 
buttons. . .brains,” it is of interest to note that only graduate 
chemical engineers were employed to operate the cookers, stills, 
and evaporators. The brains had to see beyond the buttons.

15 E nos Peace L lOYD C . COOLEY
J e r s e y  C i t y , N . J .
Ju ly  27, 1938
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E f f e c t i v e  N O W

—  F R O M  O C T O B E R  F I R S T

Five cents brings you the right 
to crack a barrel of oil by the 
Dubbs process

Dubbscracking gives you the 
highest yield of the best kind of 
gasoline —and o ther salab le  
products that are w orth more 
than  the oil you started w ith

I t’s the best buy any nickel 
could make for any refiner

Universal Oil Products Co 
Chicago, Illinois

Dubbs Cracking Process 
Owner and Licensor



CHEM ICAL M ARKET PRICES
S E P T E M B E R  1 2 , 1 9 3 8

C o m p iled  fro m  w eek ly  c u r re n t p r ice  l is t in g s  in  th e  Oil, P a in t  a n d  D r u g  R e p o r t e r ,  
w ith  p e r m iss io n  o f th e  p u b lish e r  u n d er  i t s  c o p y r ig h t. T h e se  p r ices, u n le s s  o th e r 
w ise  sp ec ified , are th o se  p r ev a ilin g  in  th e  N ew  Y ork m a r k e t for  te c h n ic a l  g rad es in  

u su a l large  c o m m e r c ia l q u a n t it ie s .

Acetaldehyde, drum s, c/1., wks........... lb. .14
Acetam ide, tech., kegs, 1000-lb. lots,

d lvd ............................................................ lb - *3 9
Acetanilide, tech., 95% , bbls................ lb. .29*
Acetio anhydride, drum s, c/1., frt.

allow ed......................................................lb. . 1 0 %
Acetone, c. p ., drum s, c/1., d lvd ........... lb. .05%
Acetophenone, drum s. 100 lbs..............lb. 1 .05
A cetphenetidin, bbls., 1000 lbs............. lb. 1.00
Acid, abietic, drum s, c/1.........................lb. .08%

Acetic, 28% , bbls., c/1 100 lbs. 2.23
56% , bbls., c/1 100 lbs. 4 .15

Glacial, syn th ., drum s, o /l . .100 lbs. 8.43
Glacial, U. S. P ., drum s, c/1..

 100 lbs. 10.25
Acetylsalicylic, U. S. P ., bbls........... lb. .60
A nthranilic, tech., bbls........................lb. .75
B attery , cbys., c/1., E . w ks.,100 lbs. 1 .60
Benzoic, tech., bbls   lb. .43
Boric, tech., gran., bbls.................... ton  106.00
Butyrio (99% ), drum s, c/1., w ks..lb . .22
Chloroacetic, mono-, tech., bbls.,

wks.........................................................lb. .15
Chlorosulfonic, drum s, c/1., w ks,. .lb . .03%
Chromic, 99% , d ru m s.........................lb. .15%
C innam ic, b o ttle s ................................. lb. 2 .85
C itric, U. S. P ., cryst., bb ls.............. lb. . 2 2
Cresylic, H . B ., drum s, c/1., wks.,

fr t. e q u a l.......................................... gal. .73
Form ic, 90% , cbys., f. o. b. stock

points, c / l ............................................lb. . 1 0 %
Gallic, tech., bbls.................................. lb. .70
H ydriodic, 57% , 5-lb. b o t................. lb . 2 .75
H ydrobrom ic, 10%, U. S. P ., cbys.,

wks........................................................ lb. . 2 0

Hydrochloric, 20°, tanks, wks.
.....................................................100 lbs. 1.15

Hydrofluoric, 30% , bbls., w k s ... .lb . .07
60% . lead cbys..................................lb. .15

Hydrofluosilicio, 35% , bbls., wk8..1b. .09
H ypophosphorus, U . S. P ., 30% , 5-

gal. dem is............................................ lb. .75
Lactic, dark . 22% , bbls...........100 lbs. 2 .50

Light, 44% , bbls., w k s .. . .100 lbs. 6 .50
M aleic, powd., d ru m s......................... lb. .30
M ixed, tanks, wks...............N  u n it. lb. .05

S u n it.lb . .0085
N aphthenic, S. V. 120-200, drum s.lb. .07
N itric, c. p., cbys..................................lb. .13

30°, cbys., c /l., wks.............100 lbs. 5 .00
Oxalic, bblB., wks   lb. .10%
Phosphoric, U. S. P., 5 0 % ................lb . . 12
Picram ic, kegs....................................... lb. .65
Picric, bbls.............................................. lb. .35
Pyrogallic, tech., bbls......................... lb . 1.05
Salicylic, tech., bbls.............................lb. .33
Sebacic, tech., drum s, wks................ lb. .37
Stearic, d . p., bags, d lvd .................... lb. .10%
Sulfanilic. tech., 250-lb. bbls............ lb. .17
Sulfuric, 6 6 °, cbys., c /l., E . wks.

............................................... 100 lbs. 1.50
6 6 °, tanks, E . wks........................ ton  16.50
60°, tanks, E . wks......................... ton  13.00
Oleum, 20% , tanks, E . w 'k s ....to n  18.50

Tannic, tech., bbls............................... lb. .40
T artaric , U. S. P ., cryst., bb ls...........lb. .27%
Tungstic, tech., kegs........................... lb. 1 .65

Alcohol, e thy l, 190 proof, from mo
lasses, bbls., c / l  gal. 4 .5 6 %

Amyl, from pentane, ta n k s  lb. .106
B utyl, drum s, c /l., wks., fr t. al

low ed lb. .09%
Cinnam ic, b o ttle s  lb. 2 .00
D enatured , C. D . 14, d ru m s,c /l.,

wka gal. .33
Diacetone, tech.. drum s, c / l  lb. .11%

Alcohol, furfuryl, tech., drum s, c / l . ,
w’o rk s .................................................... lb. . 2 0

Isoam yl, d ru m s ..................................... lb. .27
Isobuty l, ref., drum s, c / l ................. lb. .08%
Isopropyl, ref., 91% , drum s, c /l.,

f. o. b. dest gal. .33%
Wood, see M ethanol

Aldol, 95% , drum s, c /l., d lv d ............... lb. .20
A lpha-naphthol, bbls............................... lb. .52
A lpha-naphthylam ine, bbls................... Ib. .32
Alum, am m onia, lum p, bbls., wks.

....................................................100 lbs. 3 .40
Potash-chrom e, bbls................ 100 lbs. 6 .25
Potash , lum p, bbls., w k s .. . .  100 lbs. 3 .65
Soda, bbls., wks.........................100 lbs. 3 .25

Aluminum, m etal,98-99% , drum s, c /l.lb . . 20
Chloride, anhyd ., commercial,

drum s extra, c /l., wks....................lb. .06
S tearate , 100-lb. bbls., c / l ...............lb. .19
Sulfate, com m ’l, bags, c. 1., wks.,

frt. e q u a l.............................100 lbs. 1.15
Iron-free, bags, wka 100 lbs. 1 .30

Ammonia, anhydrous, fertilizer, tanks
(50,000 lbs.), wks.............................lb. .04%

Pure, cyls................................................. lb. .16
Ammonia, aqua, 26°, tanks (on NH*

conten t), dlvd. E .................................. lb. .05
A m m onium  aceta te , kegs...................... lb . .27

Bifluoride, bbls...................................... lb. .14%
Bromide, bbls.........................................lb. .35
C arbonate, tech., bbls........................ lb. .08
Chloride, gray, bbls.................100 lbs. 5 .50

U. S. P ., gran., bbls........................ lb. .12
Iodide, 25-lb. ja r s .................................lb. 3 .45
Linoleate, bbls....................................... lb. .12
N itra te , tech., bags, c /l., w ks.100 lbs. 3 .60
O leate, bbls.............................................lb. .14
O xalate, kegs......................................... lb. .19
Persulfate, cases................................... lb. .21
Phosphate, dibasic, tech., b b ls . . . . lb .  .07%  
Sulfate, bulk, c /l., f. o. b. ports or

ovens................................................... ton 27 .00
Sulfide, liq. 35 -40% , basis 100%,

tanks, delvd....................................... lb. . 1 1
Amyl ace ta te , from  pentane, tanks,

w orks.................................................... lb. . 1 0
Chloride, norm al, drum s, w k a .. . . lb .  .56
Chlorides, mixed, tanks, wka.......... lb. .06
M ercaptan , drum s, 1. c. 1., w k s ... .lb .  1 .10
Oleate, drum s, 1. c. L, wks................lb . .25
Stearate , drum s, 1. c. 1., wks............ lb. .26

Amylene, tanka, w k s ..     .lb . .09
Anilin oil, d ru m s  lb. .15
A nthraquinone, subl., bb ls lb. .65
Antim ony, chloride, soln., cbys lb. .17

M etal, N. Y ........................................... lb. .11%
Oxide, bbls., c / l .................................... lb. .11%
Salts, 65% , kegs..................................lb. .26

Argols, te s t 75-80% , basis 100%
.....................................................100 kilos 32 .00

Arsenic, m etal kegs lb. .40
R ed, kegs, cases....................................lb. .15%
W hite, c /l., kegs ...................................lb. .03

Barium  carbonate, n a tu ra l, 90%  bags,
c /l., wks ton  41 .00

Chloride, tech., cry st., bgs., c / l . .  .to n  77 .00
Dioxide, drum s, w ks lb. .11
H ydroxide, bbls lb. .04%
N itra te , casks lb. .06%

B arytes, floated, 350-lb. bbls., w k s..to n  23 .65
Benzaldehyde, tech., d ru m s lb. .60
Benzidine base, bbls lb. .70
Benzol, tanks, frt. allowed e. of

O m aha gal. .16
Benzoyl chloride, d ru m s lb. .23
Benzyl aceta te , F. F. C ., d ru m s . . .  .lb . .44

Chloride, tech., d ru m s  l b .  .25

(C o n tin u e d  o n  p a g e  40)

B eta-naphthol, tech ., bbls................. lb. .23
B eta-naphthylam ine, tech., kegs___.lb. .51
Bism uth, m etal, ton  Io ta.................... lb. 1.05

N itra te , cans ...................................... .lb. 1 . 2 0
Oxychloride, kegs............................. . lb. 2 .95
S ubnitra te, pow'd., fib. d ru m s .. . . , 1 b. 1.18

Blanc fixe, dry , bags, c / l .................... ton 55.00
Bleaching powder, drum s, wka..100 lbs. 2 . 0 0
Bone black, 4, bbls., c /l., fr t. al -

lowed E ................................................ , 1 b. .08%
Borax, tech., gran., ska...................... ton 43.00
Bordeaux m ixture, d ru m s.................. .lb. . 1 1
Bromine, cases....................................... lb. .30
Bromoform. ja r s .................................... lb. 1.40
Butyl aceta te , drum s, c /l., frt. a!1-

low ed................................................ , 1 b. .09%
Aldehyde, drum s, 1. c. 1.................. .lb . .16%
C arbinol, norm ., drum s, w k s .. . . .lb. .60
C arbinol, sec., wks........................... , 1 b. .60
L actate, d ru m s.................................. lb. . 2 2 %
S tearate , d ru m s ................................ lb. .26

Cadm ium , m etal, cases...................... lb. 1.05
Bromide, 100 lbs., wks., frt. equal..lb . 1 . 6 6
Sulfide, boxes..................................... .lb. 1.50

Caffeine, 100-lb. drum s, 10,000 lbs.
or m ore ................................................. lb. 2 . 2 0

Calcium  aceta te , b a g s ................ 100 lbs. 1.65
A rsenate, bbls.................................... .lb . .06%
C arbonate, precip., bags, 50 lbs

c /l., wks........................................... .lb . . 0 2 %
Chloride, bags, flake, c /l .,  d e l iv . . . ton 2 2 . 0 0
Gluconate, U. S. P ., bbls., 125 lbs. .lb . .50
Phosphate, dibasic, 38-42%  PiO*,

bags, A tlan. p ts ............. un it-ton .80
Trihfts.. hhln............ ..................... lb. .0 6 %

Calomel, bbls., kegs, 50 lbs. or m ore.lb . 1 .28
C am phor, synthetio , gran., powd.,

drum s, ton lo ts ................................. .lb! .47
Carbazole, 95%  drum s, ton  lots, wks.lb. .70
C arbon, bisulfide, drum s, c / l ............ .lb . .05

Black, s tandard , bags, o /l., dlvd.
N. Y .................................................. .lb . .0375

Dioxide, liq., cyl.............................. .06
T etiach loride , d ru m s..................... lb. .05

Casein, dom., 20-30 mesh, bags., c/l,..lb . .09%
Cellulose aceta te , flakes, cs., w ks... .lb. .40
Cerium  oxalate, bbls., wks................. .lb . .35
Charcoal, willow, powd., bbls.......... .06
C hina clay, bulk, c /l., wks................ .ton 7 .0 0
Chloral h yd ra te , d ru m s ...................... .lb . .80
C hlorine, liq., c / l . ,  cyl., d lvd ............ .lb . .05%

T anks, fr t. eq u a l., wks........... 100 lbs. 2 .15
Chlorobenzene, mono-, d ru m s ......... . lb . .06
C hlorolorm , tech., d ru m s.................. lb. . 2 0
C hrom ium  acetate , 8 %  soln., bbls.. .lb . .05
Coal ta r, bbls., o /l., wks................... bbl. 7 .5 0
C obalt oxide, black, kgs..................... .lb . 1 .67
C opper carbonate, 5 2 /54% , b b ls . . . .lb . .14

Chloride, bbls..................................... lb. . 1 2 %
Cyanide, d ru m s................................. .lb. .34
M etal, elec........................................... ,1 b. . 1 0 %
Oxide, black, bbls.. tons, w k s... .lb . .14%
Sulfate, bbls., c /l .,  wks.........100 lbs. 4 .2 5

C opperas, cryst., bulk, c / l ................ .to n 13.00
C ream  of ta rta r, bbls........................... lb. . 2 2 %
Cresol, U. S. P., drum s, c /l .,  w k s .. . .lb . . 1 0 %
C rotonaldehyde. 97% , drum s, dlvd. .lb . . 2 2
Cyanam ide, bulk, A tlan tic  p o r ts . . .

.........................................A m m onia un it 1.15

D iam ylam ine, drum s, c /l .,  w k s .. . . .lb . .47
D iam ylene, tanks, wks........................ lb. .08%
D iam yl ether, tanks, wks................... , 1 b. .07%
D iam yl oxalate, drum s, 1. o. 1., wks..lb. .30
Diam yl ph tha la te , ta n k s ................... .lb . .18
D iam yl sulfide, drum s, wks.............. , 1 b. 1 . 1 0

* N om inal.
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EXAX

Kimble Normax and Blue Line Exax Volumetric 
Pipettes are m ade from carefully selected , automatic- 
m achine-m ade, extra heavy tubing of very uniform 
bore.

O UTSTA N D IN G  A D V A N T A G E S
1. D esigned  to deliver contents accurately and at 

a proper speed.
2. D elivery ends are tapered gradually; tips are 

ground and slightly bevelled .
3 . The tops are smoothly finished.
4. Volumetric pipettes have joints that are care

fully m ade without constrictions.
5. Expertly calibrated at 20°C  to deliver capacity  

b y  free outflow through tip. No drainage period  
allowed.

6. A ll calibration lines are deep ly  acid-etched and  
filled with a durable b lue fused-in glass.

7. Retested and retem pered (strain-free).

NORMAX TOLERANCES
C a p a c ity  T o leran ce  C a p a c ity  T o leran ce

1 ml + 0 .006  ml 25 ml + 0 .03  ml
2 .006 50 .05

USA
OlllVlRS

EXAX TOLERANCES

Fully detailed Kimble Normax and Exax Catalogs 
are forwarded promptly upon request.

S to c k e d  b y  le a d in g  la b o r a to r y  s u p p ly  h o u se s  
th ro u g h o u t th e  U n ite d  S ta te s  a n d  C a n a d a .

CAT, Wo 
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C a p a c ity T o leran ce C a p a c ity T o leran ce
1  ml ± 0 . 0 1 2  ml 15 ml ± 0 .0 6  ml
2 . 0 1 2 2 0 .06
3 .0 2 25 .06
4 .0 2 50 . 1 0
5 .0 2 1 0 0 .16

1 0 .04 2 0 0 .2 0

• • • T h e  V i s i b l e  G u a r a n t e e  o f  I n v i s i b l e  Q u a l i t y  • • •

KIMBLE GLASS C O M P A N Y  VINELAND, N. J.
N E W  Y O R K  • •  C H I C A G O  • • P H I L A D E L P H I A  • • D E T R O I T  • • B O S T O N



M A R K E T  R E P O R T  (contin ued  from  page 38)

Diatom aceous earth , dom ., bags,
c/1., Pacific C st ton  22.00

D ibutylam ine, drumB, 1. c. 1., w k a ... .lb . .55 
D ibutyl p h tha la te , drum s, wka., frt.

allow ed...................................................vlb. .19
D ibutyl ta rtra te , d ru m s.......................... lb. .45
D ichlorethyl e ther, drum s, c/1., wka..lb. . 15
D iethanolam ine, drum s, o/L, w ka..lb . .24
D iethylaniline, d ru m s...............................lb. .40
D iethylene glycol, drum s, c/1., wks..lb. . 16

M onobutyl ether, drum s, wks............lb. .23
M onoethyl e ther, drum s, c/1., wks.lb. . 15

D iethyl carbinol, drum a, wks................ lb. .60
D iethyl ph tha la te , drum a, c/1............... lb. .19
D iethyl sulfate, tech., drum s, w ka..lb . .13
Diglycol oleate, light, bbls......................lb. .20
D im ethylaniline, d ru m s........................... lb. .26
Dim ethyl e thyl carbinol, drum s, wks.lb. . 60
D im ethyl ph th a la te , drum a, c. 1., dlvd.

 .............................................................. lb. .18%
D initrobenzene, tech ., d rum a ................lb. .18
Dinitrochlorobenzene, bbls.....................lb. .14
D initronaphthalene, bbls........................ lb. .35
D initrophenol, bbls................................... lb. .22
Diphenyl, bbls., c/1., wks........................lb. .15
Diphenylam ine, bbls................................. lb. .31*
Diphenylguanidine, bbls......................... lb. .35

Epsom  salt, tech ., bags...............100 lbs. 1.80
E ther, conc., d rum a.................................. lb. .09

N itrous, bots., 100 lbs........................ lb. .08
E thy l aceta te , 85-88% , tanks, frt.

allow ed..................................................lb. .05%
A cetoacetate, drum s, c/1., w ks.. . .  lb. . 27%
Bromide, d rum a..................................... lb. .50
Chloride, d ru m s..................................... lb. .18
F orm ate, d ru m s..................................... lb. .23
M ethyl ketone, d rum a........................ lb. .06%

E thylene dichloride, drum a, wks.,
frt. allow ed..........................................lb. .0545

Glycol, drum s, c/1................................ lb. .16
M onobutyl e ther, drum s, w k s . .. .lb .  .18
M onoethyl e ther, drum s, w k s . . . .lb . . 15
M onoethyl e ther aceta te , drum a.

wks......................................................... lb. .13
M onom ethyl e ther, drum s, w ks.. .lb . . 17

Feldspar, 20 mesh, bulk, wks........... ton  9 .75
Film scrap, colors, dk . cs., 1000 lbs.,

E . wks.......................................................lb. .12%
Fluorspar, 98% , b ag s ............................. ton 31.50
Form aldehyde, bbls., c/1.........................lb. .05%
Fuller’s earth , bags, c/1., m in e s . . . to n  10.00 
Furfural, drum s, tech., contract,

w orks......................................................... lb. .10

G lauber’s salt, bbls., c/1.............. 100 lbs. .95
Glycerine, c. p ., dma., c/1.......................lb. .14%
Glycol ph tha la te, d ru m s.........................lb. .38

Stearate , d ru m s..................................... lb. .25

H exaraethylenetetram ine, tech.,
d ru m s........................................................ lb. .35

Hydrogen peroxide, 100 vol., obys.,
c / l ............................................................... lb. .20

Hydroquinone, kegs lb. .90

Indigo, syn th ., liq., bbls lb. .16%
Iodine, resubl., ja r s  lb. 1.75
Iodoform , drum s, 100 lbs.  lb. 3 .95
Iron aceta te , N . F . IV , cbys lb. .15
Iron  chloride, tech ., cryst., bbls...........lb. .05
Isobutyl carbinol (128-132° C.),

ta n k s  lb. .32
Isopropylacetate, tan k a  lb. .05%

Lead aceta te , white, b roken  lb. .10
A rsenate, bags lb. .12%
M etal, N . Y .......................... . . .1 0 0  lbs. 4 .90
Oxide, litharge, bbls., 20-ton lo ts . .  lb. . 0640
Peroxide, cans, wka lb. .46
R ed, bbls., 20-ton lo ta  lb. .0740
Sulfate, bbls lb. .06
W hite, basic carb., bbls lb. .06%

Lime, live, chem ical, bulk, wks ton 7 .00
Lim e-sulfur, d ry , bags, c / l  lb. .07>4
Lithopone, bbls lb. . 04 %

M agnesite, calcined, 500-lb. bbls.,
wks ton  56.00

M agnesium  carbonate, teoh., bags,
c /l  lb. .06%

Chloride, d ru m s  ton  39.00
Fluosilicate, cryst., bbls lb. .09%
Oxide, light, bbls lb. .26

M anganese chloride, bbls lb. .07%
Dioxide, 85-90% , bbla., c. 1., w ks.ton 59 .00  
Sulfate, casks lb. .07

M annitol, com in., cryst., ton  lots,
bbls lb. .55

M enthol, syn., tech., cs  lb. 2 .25
M ercury bichloride, cryst., drum s,

50 lbs. or m ore lb. 1.13
M ercury, flasks, 76 lbs flask 80 00
M eta-nitroaniline, bbls............................ lb. .67*
M eta-phenylenediam ine, kegs...............lb. .65
M eta-tolylenediam ine, bbls................... lb. .65
M ethanol, pure, syn thetic , drum s,

wks., frt. allowed, c / l .................... gal. .38
Tanks, wks., frt. allow ed..................gal. 33

M ethyl acetone, na t., ta n k s ................ gal. .25
Chloride, cy linders................................lb. .32
Form ate. 1. c. 1., d rum s....................... lb. .35
Hexyl ketone, drum s, tech., w ks..lb . .60
Propyl carbinol, drum s, wks............lb. .60
Salicylate, d ru m s................................... lb. .40

M onoam ylam ine, drum s, c. 1., w ks.. . lb. . 52
M onobutylam ine, drum s. 1. c. 1., wks.lb. 65
M onoethanolam ine. drum s, w k s . .. .lb .  .24

N aphthalene, crude, im p., bags,
A tlan tic  p o r ts ............................ 100 lbs. 1.40

Nickel salt, single, bbla............................lb. .13
N iter cake, b u lk  ton  16.00
N itrobenzene, d ru m s................................lb. 08
N itrocellulose, alcohol-sol., bbls.,

wks............................................................. lb. .28
Nitrogen solution u n i t ..........................u n it 1.02

Octyl aceta te , tanks, wks........................lb. .15
Oil, castor, No. 3, ta n k s .........................lb. .08%

C hina wood, dm s.................................. lb. .13%
Coconut, crude, tanka, Pac. C at., .lb . .0 2 ¿ - 6
Cod, N . F ., bbls...................................gal. .38*
Corn, crude, tanks, m ills................... lb. .07%
Cottonseed, refined, bbls.................... lb. .09%
Linseed, boiled, ta n k s .........................lb. .0790
M enhaden, crude, tanks, f. o. b.

Baltim ore...........................................gal. .30
N eat's-foot, pure, bbla........................ lb. .11%
Oiticica, bbls...........................................lb. .10%
Oleo, No. 1, bbls................................... lb. .09%
Olive oil, denat., bb ls........................ gal. .94

Foots, bbls.......................................... lb. .07%
Palm , Niger, bbla..................................lb. 03%

Sum atra, b u lk ................................... lb. .02%
Peanut, crude, ta n k s ...........................lb. .07% *
Perilla, d ru m s.........................................lb. .10%
R apeseed, denat., bbls......................gal. .75
Red, bbls.................................................. lb. .083%*
Soy bean, crude, ta n k s .......................Ib. .05%
Sperm, 38°, bbls....................................lb. .10
Whale, bbla., na tu ra l, refined lb. .0770

Ortho-dichlorobenzene, d ru m s............. lb. .06
Ortho-nitrochlorobenzene, kegs........... lb. .15
O rtho-nitrotoluene. d rum a................... lb. .08
O rtho-toluidine, bbls................................lb. .16

Para-dichlorobenzene, drum s, c / l . . . l b .  .11
Para-form aldehyde, d ru m s lb. .34
Paraldehyde, tech., d ru m s  lb. .16
Para-n itraniline, d ru m s lb. .47
Para-nitrochlorobenzene, d ru m s . . .  . lb .  .15
Para-nitrophenol, bbls lb. .35
Para-nitrotoluene, bbls lb. .35
Para-phenylenediam ine, bbls lb. 1.25
Para-toluidine, bbls lb. .56
Paris Green, 250-lb. kegs lb. .23
Phenol, drum s, c /l., wks lb. .14%
Phenolphthalein, yellow, drum a, ton

lo ts  lb. . 80
P henylethyl alcohol, b o ttle s  lb. 2 .70
Phloroglucinol, tech., tins, w k s ...lb . 15.00

c. P., tins, wks lb. 20.00
Phosphorus, red, cases lb. .40

Oxychloride, 175-lb. c y lin d e rs .. .  .lb . .15
Trichloride, cyl lb. .15

Phthalic  anhydride, bbls lb. .14%
Potash , caustic, so lid , d ru m s lb. . 06 %
Potassium  aceta te , tech ., bb ls .. . . lb .  .26

B icarbonate, gran., bbls lb. .15
B ichrom ate, casks, c /l., wks lb. .08^1»
Binoxalate, bbls lb. .23
Bromide, U. S. P ., gran., bbls lb. .31
C arbonate, 80-85% , calc., casks.lb . .05%
C hlorate, cryst., kegs lb. .09%
Chloride, tech ., cryst., bgs lb. .04
Cyanide, d ru m s lb. .50
M eta-biaulfite, bbls . .lb . . 12
M uriate, fert., bulk, per KtO u n i t . . . . 53 %
Perm anganate, tech., d ru m s Ib. . 1 8 ^
P russiate, red, casks lb . 30 %

Yellow, casks.....................................lb . . 15
Pyridine, denat., d ru m s gal. 1 .53
Pyrocatechin, c. p ., d ru m s lb. 2 .15

40

Quinine, 100-oz. cans............................. o i. .76

Resorcinol, tech., kegs   .lb . .75
Rochelle salt, powd., bbla.......................lb. .16%

Saccharin, d ru m s.......................................lb. 1.70
Salt cake, bulk, wks............................... ton  15.00
Saltpeter, gran., bb ls ...................100 lbs. 6 .50
Silica, 99% , 325 mesh, bags, c /l .,  wks.

............................................................ ton  2 2 . 0 0
Silver n itra te , v ia ls .................................. oz. .31%
Soda, ash, 58% , light, paper bags,

contract, wks......................... 100 lbs. 1 .05
C austic, 76% , solid, drum s, con

trac t, wks 100 lbs. 2 .3 0
Sodium abietate , d ru m s.......................... lb. .10

A cetate, flake, bbls............................... lb. .04
Alginate, d ru m s  lb. .69
A ntim oniate, bbls.................................. lb. .12
B enzoate, U. S. P ., bbla lb. .46
B icarbonate, powd., bbls., c /l .,  wks.

....................................................100 lbs. 1.85
B ichrom ate, c /l., wks lb. .06%
Bisulfite, bbls.............................100 lbs. 3 .30
Brom ide, U. S. P ., bbls.......................lb. .31
C hlorate, cryst., bags  lb . .06%
Chloride, bags.......................................ton  13 .20
Cyanide, 96-98% , dom ., d rum s., .lb . .14
Fluoride, white, 90% , bbla., o/L,

f .o .b .  P h ila ............... .................... lb. .07%
M etallic, untrim m ed brioka, drum s,

f. o b. N iagara  F a lls .....................lb. . 15%
M etasilicate, gran., bbls........100 lbs. 2 .20
N aphth ionate, bbla...............................lb. .50
N itra te , crude, b u lk ............................ton  27.00
N itrite , bbls.......................................... lb. .06%
Perborate, bbls .................................... lb. .1 4 %
Phosphate, disodium , bags, c / l . ,

wks............................................100 lbs. 1 .85
Phosphate, trisodium , bags, c /l.,

wks............................................1 0 0  lbs. 2 . 0 0
Picram ate, kegs.....................................lb. .65
Prussiate, yellow, bbls...................... lb. .09%
Silicate, drum s, tanks, 4 0 ° . .  100 lbs. .80
Silicofluoride, bbls.............................. lb. .0 5 %
S tannate , d ru m s................................. lb. .29
Sulfate, anhyd., bags............. 100 lbs. 1 .45
Sulfide, cryst., bbls............................ lb. .0 2 %

Solid, 6 0 % .......................................... lb. .03
Sulfocyanide, bbls................................. lb. .28
Thiosulfate, reg., cryst., bgs.. 100 lbs. 2 .2 5
T ungsta te , tech., kegs.........................lb. 1 .05

S tron tium  carbonate, pure ,’ b b ls . . . .lb . .30
N itra te , bbls......................................... lb. .0 7 %

Sulfur, bulk, m ines................................. ton  18.00
Chloride, d ru m s................................... lb. .03
Dioxide, commercial, cyl., w k a ...lb . .07

T etrach lorethane, 50-gal. d ru m s .. .  .lb . .08
T hiocarbanilid , bbls................................. lb. .24
Tin, S tra its  lb. .4290

Crystals, bbls lb . .3 4 %
Oxide, bbls.............................................. lb. .48
T etrachloride, anhydrous, drum s,

bbls lb. . 2 1 %
T itan ium  dioxide, bags, wks................ lb. .15
Toluene, ta n k s  gal. .22
T riam ylam ine, drum s, c /l .,  wks lb. .77
Triarayl borate, drum s., 1. o. 1., wks.lb. . 27
Tributylam ine, drum s, 1. c. 1., w k s..lb . .70
Trichloroethylene, drum s, wks., frt.

allow ed lb. .09
Tricresyl phosphate, tech. 2, d ru m a .lb . .2 3 %
T riethanolam ine, drum s, c /l., w ks..lb . .21
T riphenyl phosphate, d ru m s lb. .38
T ungsten, tech., pow der........................ lb. 2 .8 0

Urea, dom ., 46 +  %  N ., bags, f. o. b.
wks. or seab o ard  ton  95 .00

Vanillin, 25-lb. tin s  lb. 2 .1 0

W hiting comm, dry-grd ., bags, c /l .,
wks ton  1 2 . 0 0

X ylene, 10°, ta n k s  gal. .29
X ylidine, d ru m s  lb . .35

Zinc am m onium  chloride, bbls lb. . 0515
Chloride, g ranu la ted , d ru m s lb. .05
D ust, bbls., c / l  lb . .06%
M etal, slabs, a t  N . Y  lb. .0515
Oxide, Amer., b b ls  lb. .0625
S teara te , bb ls  lb. .20
Sulfate, c ry s t., bgs., c / l . ,  wks.

................................................... 100 lb s . 2 .7 5



If centrifugal force is app licab le , regard less  of its 

com plexity o r the m aterials of construction, an  R-E 

C entrifugal can  b e  desig n ed  a n d  bu ilt th a t will do 

the  job. W hy not le t an  R-E E ng ineer m ake a  "no  

obligation” survey of your p rocessing  m ethods? 

His recom m endation m ay be  the  answ er to a vital 

p rocessing  or cost problem . R ochester E ng ineer

ing  an d  C entrifugal C orp., 108 Buffalo Road, 

Rochester, N. Y.

ROCHESTER EflGinEERIIlG&CEDTRIFUGAL CORP.

1 A 30" U nderd riven  R-E C entrifugal w ith Safety 

In terlocks as u sed  in  a  distillery for the  rem oval of 

w hiskey from filter m ass an d  ag ing  chips.

2  Automatic, Sem i-Continuous R-E C entrifugal for 

autom atic hand ling  of various m aterials, in  this 

case for the rem oval of excess freezing solution 

from quick-frozen fruits an d  vegetables, frozen by 

Im m ersion o r Spray processes.
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tutu-

A B O V E :  A  K E L C A L O Y  e o rro tion  
re s ista n t  p re s su re  ve sse l.

LEFT: A  s h e ll fo r  co n t in u o u s  filter. 

R IG H T : A  co ld  p ro p a n e  su rg e  tan k . 

B E L O W : A  la r g e  d ige ste r.

THE M. W . KELLOGG CO M PANY • JERSEY CITY, NEW  JERSEY • 2 2 5  BROADW AY, NEW  YORK
REPRESENTATIVES

Los A n g e le s :  1031  Sou th  B r o a d w a y  H o u sto n , T e xa s
C h ic a g o :  1 2 2  Sou th  M ic h ig a n  A v e n u e  T u ls a :  P h ilto w e r  B u ild in g

"M a s t e r w e ld "  p re ssu re  ve sse ls  fo r  the Pow er, R e fine ry  a n d  C h e m ica l Industrie s. 
Pow e r P lan t a n d  In d u str ia l p ip in g .  H ea t E x ch an g e rs ,  R a d ia l Brick  C h im n e y s,  
P la stic  Re fractorie s. C ro ss, H o lm e s-M an le y , de  F lo re z  a n d  T ube  a n d  T a n k  
c ra c k in g  units. G a s  P o lym e r iz a t io n  U n its. D e a sp h a lt in g ,  D e w a x in g ,  S o lv e n t  

Extraction , A c id  T re a t in g  Plants, A b s o rp t io n  P lants a n d  P ip e  Stills.

K E L L O G G

C HEMICAL PROCESSES generally impose  

u n u su a lly  exactin g  requirem ents  

upon pressure vessels. K e llogg  customers 

in the process industries have found that 

the know ledge, resourcefulness and ab il

ity of Ke llogg engineers is of the greatest 

economic and technical value to them in 

d e s ign in g  an d  fab rica t in g  processing  

equipment to meet the most severe oper

ating conditions confronting them.

SION
KELLOGG-BUILT 
PRESSURE VESSELS
f o r  t h e  p r o c e s s  i n d u s t r i e s

WELDED
PRESSURE VESSELS
In tegra lly  Lined Corrosion 
Resistant Pressure Vessels

HEAT EXCHANGERS AUTOCLAVES

CORRUGATED
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targes* P'«
«  spW  ' , s e n i *»*

. oW ernote

1 rt« d  ^ Section  o f  6 0 '  co n t in u 
o u s  p i c k l i n g  t a n k —  

P U O W E L D - U N E D

S e w e r  p ip e  e lb o w —  

P U O W E I D - L I N E D

la r g e
\ ° b  * ° ° , R ubber V U*

A c id  d ru m  —  

P L IO W E L D -L IN E D
T a n k  c a r—  

P L I O W E L D - L IN E D

Ferric ch lo r id e  duct 

P L IO W E L D -L IN E D  

a n d  cove red

F a n  w h e e l a n d  s id e  

p la te — P L IO W E L D -L IN E D
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A n o t h e r  P r o b l e m  S o l v e d  b y  A d s o r p t i o n !

A C T I V A T E D  A L U M I N A  

E F F I C I E N T L Y  R E M O V E S  M O I S T U R E  

F R O M  L I Q U I D  M I X T U R E S

In gen iou s a p p lica tio n s o f  th is  ad sorp tion  p h en om en on  

o f  A c tiv a te d  A lu m in a  are m eetin g  a c o n sta n tly  w id e n 

ing circle o f  process p rob lem s. I t ’s a v ersa tile  fu n ction . 

N a m e  you r need! F or y o u . it  w ill e ffic ien tly  rem ove  

m oistu re  from  air and o th er  gases, or e ffec tiv e ly  d e 

h y d ra te  liqu ids. W ith  su ch  ch aracter istics. A c tiv a te d  

A lu m in a  can  serve h u n dred s o f  d iversified  u ses —  re

cover in g  v a lu ab le  vap ors and  gases, recon d ition in g  

o ils , e tc . It is also em p lo y ed  as a c a ta ly s t  an d  as a 

c a ta ly s t  carrier. W ou ld  i t  ex p ed ite  you r process? G et 

all th e  fa cts  a b o u t it , sen d  for th e  free b o o k le t, “ A c t i 

vated A lu m in a ,  It's  Properties  a n d  Uses.”  A l u m in u m  

O r e  C o m p a n y . Sales A g en t, a l u m in u m  c o m p a n y  

O F A M E R IC A , 1911 G u lf B u ild in g , P ittsb u rg h , P en n a .

A c t i v a t e d  A U u tti^ ta  ¿ d  e a U f . t a  u d e

ADSORPTION: Activated. Alumina removes moisture 
from gases and vapor at substantially 1 0 0 % efficiency.

REACTIVATION: Controlled heat, applied by any con
venient means (electric resistors, hot gas, or coils for cir
culating steam or hot oil) reactivates Activated Alumina. 
Thus it is adapted to simple cycles of use and reactivation.

INERT: Activated Alumina is chemically inert and non
toxic, insoluble in most commercial fluids.

STRONG: It resists abrasion, and has mechanical strength 
which prevents packing.

MANY SIZES: All variations of pressure, flow-rate, and 
viscosity can he met liy mesh sizes o f Activated Alumina 
ranging from powder to IJ^ inch lumps.

 - ......— ' ALORCO  .... ............

X!. "X?"

A C T I V A T E D  
A L U M I N A

A  P R O D U C T  O F  T H E  A L U M I N U M  O R E  C O M P A N Y
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" j Have you beard o f  the wonderful one-boss sbay, 
That was built in sucb a logical w ay  

Jt ran a hundred years to a  day?”

I N D U S T R Y  I N M A S S A C H U S E T T S
TODAY AS ALWAYS  

S TI L L B E N E F I T S  F R O M  C O N S C I E N T I O U S  C R A F T S M A N S H I P

Just as in the d ays w h e n  O liv e r  W e n d e ll  H o lm e s ’ 

w o r t h y  d e a c o n  built himself the p e rfe ct  chaise, la b o r  

in M assachusetts con tinues to be  p r o u d  of its skill. 

T h o u s a n d s  o f  intelligent w o r k e r s  w ith that splendid  

heritage of  p rid e in a job  w ell  d on e still con trib ute  

a priceless asset to  ind ustry  in this State.

But, the opportunity of em ploying the best and 

m ost level-headed labor in the world is but one of 

the advantages Massachusetts bestows on industry. 

W ithin the com pass of 500 miles from the heart of 

Massachusetts are most of the major markets of the 

North Am erican continent —  reached in 24 

hours or less, linked by im proved highways, 
rail, water and air.

In e v e r y  w a y ,  industrial-m inded M assachusetts  

e n c o u ra g e s  industry. M a n u fa c tu r in g  c orp oratio n s  

here e n jo y  the low est taxes o f  a n y  industrial state, and  

M assachusetts banks, lo n g  fam iliar w ith industrial  

needs, stand r e a d y  to  su p p o rt a n y  ind ustry n e w  o r  

o ld  w h ic h  justifies their aid. Sp ecial  steps h a ve  been  

taken to  p r o v id e  r e a d y  financing for industries to  

settle here.

M assachusetts invites n e w  industries and offers  

un pa ralle led  ind ucem en ts. W r i t e  f o r  " I n d u s t r ia l  

A d v a n t a g e s  o f  M assachusetts",  a b r i e f ,  readab le  

b o o k  o f  a c c re d ite d  facts.

T H E  M A SSA C H U SET TS D E V E L O P M E N T  A N D  INDUSTRIAL 

COMMISSION • STATE HOUSE, BOSTON, MASSACHUSETTS

I T ' S  P R O F I T A B L E  T O  P R O D U C E  I N  M A S S A C H U S E T T S
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tX C E L L O

\  ^ ■ S S H S  oW CONTROL

m w a m m m
THE PHILADELPHIA DRYING MACHINERY CO.

3351 S t o k le y  S tree t, P h i la d e lp h ia ,  Pa.

•  For news, book or magazine work, an ink 
must be o f good color intensity and tinting 
strength. Use EXCELLO, the correct black 
for this purpose. The manufacturer of high 
grade lithographing and fine-screen halftone 
inks wants a black that is superior in flow 
properties. KOIIINOOR is the firtcst carbon 
Idack in this field — soft and easy to work.

b l o w e r s /* .
LOW O P E R A T IN G  C O ST  
and R E L IA B L E  D E L IV E R Y

of AIR...
Pressures from 8 oz. to 1 5 lbs.

E A S Y -F L O  p e n e t r a t e s  
r a p id ly  to  every  crev ice  
o f  a  j o i n t  a n d  d if fu s e s  
in to  th e  m e ta ls  i t  j o in s .  
A lw a ys  u se  H a n d y  F lu x  
w ith  it!

I f  jo in in g  d iss im ila r  m e ta ls  
is  o n e  o f  y o u r  p ro b lem s,  
E A SY -F L O  offers a re lia b le  
s o lu t io n . T h is  low  te m 
p era tu re , free -flo w in g  silver  
a llo y  m a k e s s tr o n g , d u c t i le ,  
c o r r o s io n -r e s is ta n t  j o in t s  
b e tw e e n  s te e l,  s ta in le s s  
s te e l,  M o n e l, In co n e ], co p 
p er, b ra ss , b r o n ze , n ick e l 
a n d  o th e r  c o p p c r -n ick c l  
a n d  c h r o m e -n ic k c l a llo y s  
a t  su rp r is in g ly  low  c o sts .  
I ts  low  w o rk in g  te m p er a 
ture— 1175° F— m a k e s  i t  
casyr to  gu ard  a g a in s t  
d a m a g e  to  p h y s ica l proper
tie s  d u e  to  o v erh ea tin g .  
F u ll d e ta ils  in  E A S Y -F L O  
B U L L E T IN  10-1. W rite  
for  a  co p y — tod ay .

M u lti - P a s s  C o n tin u o u s  C o n v e y o r  D ry e r

S p e c ia l ly  d e s ign ed  O V E N S  a n d  D ry e rs  
i V  I  fo r  B a tc h  o r  C o n t in u o u s  O p e ra t io n .

F U R N A C E S — O il a n d  G a s  B u rn e r s

W IT H  M O D ER N  “ H U R R IC A N E ” D R Y E R S

D epending on th e  m ate
rials to be dried, “ H urri
cane”  H igh-S peed D ryers 
frequently  save as m uch 
as 50%  in operating costs 
and  labor. In  many cases 
one “ Hurricane”  has re
placed 3 or 4 old m a
chines. In  all cases, labor 
and steam  costs a re  
greatly  reduced. F aste r 
drying, increased  capac
ity, and  h igher quality 
products a re  a ssu red .

T ru c k -T ra y  D ry e r

“ H urricane”  D ryers em 
body m any exclusive en
gineering fea tu res: Aero-
T herm  U nits, which circu
late larger volumes of 
heated  a ir—higher drying 
speeds—stream -lined  con
struction— m axim um  out
put in m inim um  space.

L et u s conduct TESTS 
in your plant, w ithout 
cost, to prove ju s t W HAT 
YOU CAN SAVE.

RO O T S CO NN ERSV ILLE BLO W ER CORP.
C O N N E R S V IL L E ,  IN D IA N A

H A N D Y  A N D  H A R M A N
82 Fulton St., New York
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_ A  NEW AND SUPERIOR

A d h esives a n d  Cemm ■
I n s u l a t i n g  C o m p

S o l u t i o n s .- • I m P r e ^ H ?
CmylingSolutions and  Emu

■nns°  Moislure-Vapor-l roof

T n u n g s ^ at-8e a H u g )...S ^ -  Coating V j C o v e r
tlietio Batata Golf Ball

P LIOLITE’S superiority in these many uses 

is explained by the fact that it consists 

of rubber hydrocarbon in a thermoplastic 

form. It is readily soluble in all petroleum 

and coal tar solvents with resultant low 

viscosities.

It retains the chemical resistance of the 

original pure pale crepe rubber from 

which it is derived and has better electri
cal properties. It is highly moisture- and  

water-resistant, and is chemically inactive.

BASIC MATERIAL FOR

- R e Z u i n t l o A c i d s a n d A l k a l i s ;

A Salt Water; Fumes,F r e s h  a n d  b a u  f o

7 i ü e r f o r R u h b e r - L o u  G r a v i t y -

Because of these unique and valuable  

properties Pliolite is finding widespread  

industrial and technical use. If you have 

a particular problem we will welcome 

the opportunity of showing you what can 

be done with Pliolite. Tell us what you 

want and we will send you a sample best 

suited to your need. Address: Pliolite 

D eve lopm en t and  S a le s  Departm ent, 
Goodyear, Akron, Ohio.

*P lio lite , a  reg istered  trade-m ark  o f  The G o o d y e a r  Tire & 

R ubber C om pan y

T H E  G R E A T E S T  N A M E N  R U B B E R



/  THRCE 
¡ELEPHANT) 

BORAX  /

MERIAM Inclined Tube 
Flow Meters

THREE ELEPHANT

Th e  MERIAM Co.
I N D I C A T I N G  I N S T R U M E N T S  FOR E V E R Y  I N D U S T R Y  

C L E V E L A N D  • O H I O

BORAX-BORIC ACID

M O D E L
A -2 1 1

Adaptable 
for panel 
mounting

□xm 
MURIATE OF POTASH
Stocks carried in principal cities of United States 

and Canada

AMERICAN POTASH & CHEMICAL CORP.
7 0  PINE STREET NEW YORK
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I n c l i n e d  tube meters are the most practical for 
accurate flow readings where low  differential 
pressures across the orifice are required to 
minimize pressure loss due to metering.

Extensively employed in measuring steam flows (with  
scales graduated to read direct in lbs. per hour), Model 
A-211 is also used for flow measurement o f fluids, gas, air, 
water, etc. on line pressures up to 150 lbs. The drop 
leg effects important savings by acting as a return w ell to 
prevent loss o f indicating fluid due to line surges. W rite  

Jor pre lim in ary  B ulletin  A.

La MOTTE
SULFAMIC ACID (Cryst.) 

Pure- Standardized of G re a t  Importance 
to Industry

•  M olded in one piece from carbon-
im pregnated m aterial.

•  Free from d isto rtion—  in e rt to
solvents.

•  H ard  —  dense— virtually  non-ab
sorbent.

•  Will not crack or break under or
d inary  weights or therm al 
shocks.

•  D o not chip easily, resist ab ra
sion— Lighter, S tronger, E asier 
to  Clean.

g p e c l j t f  KARCITE
MOLDED CERAMIC SINKS
Karcite Sinks have a ceramic body of fine uniform texture, 
the pores of which are filled with carbon. Color—gray black. 
Smooth surface with dull gloss finish. 39 designs now avail
able from stock. Distributed by most leading manufacturei-s 
of laboratory furniture. Be sure to specify Karcite Sinks on 
all orders. Write for Catalog and Price List.

D IV IS IO N
C . G .  C a m p b e l l ,  P r e s ,  a n d  G e n .  M g r .

3 0 3  L i n c o l n  S t . ,  K e w a u n e e ,  W is .
E a s t e r n  B r a n c h :  2 2 0  E .  4 2 n d  S t . ,  N e w  Y o r k ,  N .  Y .
M id  W e s t  O f f ic e :  1 2 0 8  M a d i s o n  S t . ,  E v a n s t o n ,  111. 

R e p r e s e n t a t i v e s  i n  P r i n c i p a l  C i t i e s

C \

\ H

A new compound offering tremendous possibilities in re
search and practical application.

SOME OF ITS UNIQUE PROPERTIES

1.

2.
3.

4.

5.

Colorless, odorless, crystalline solid. (M elting 
Point 205°C).
Non-hygroscopic; soluble in water.
Highly ionized (strongly acidic) in aqueous solu
tion ; approaching HC1 and other strong m ineral 
acids.
Forms stable salts and shows promise as new 
standard in acidimetry.
Barium, Lead and Amine Salts, soluble in water.

Full information will be sent on request.

La MOTTE
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LOUISVILLE

DRYER

INCREASES
DRYING
PROFITS

BY 602%!
T H E  F A C T S :  Louisville Dryer engi
neers were called in to correct existing 
dryer which was turning out only  
$ 3 9 ,9 0 0  of dried product, at the ex
tremely high cost of $ 3 5 ,7 0 0 .

R E S U L T S :  N e w  L o u isv i l le  D ryer  was 

d e s ig n ed  and installed. Profits up p e d  
from $ 4 ,2 0 0  to $ 3 0 ,4 5 0  per yearl

★  ★  ★  ★

The manufacturer featured above is 
now  m aking $ 2 6 ,2 5 0  extra profit every  
year by his use o f  a Louisville Dryer.

This is not an unusual performance. 
It is probably fairly close to the 
average improvement achieved by the 
average Louisville Dryer over "com

FORMER DRYER
(Steam-jacketed batch type)

Annual output, tons .  . . . . 2,100
Value, at $19 per ton . . $39,900
A ll drying c o st s ....... . $35,700
Net annual return . . .  $4 ,200

LOUISVILLE DRYER
(Rotary, Continuous type)

Annual output, tons . . , .  . 2,100
Value at $19 per ton . . $39,900
A ll drying costs . $ 9,450
Net annual return . $ 30 ,4 50

SUMMARY
Net annual return,
Louisville D ry e r ....... . $30,450
Net annual return,
"Competitive" d ry e r.. . $ 4,200
Annual net increase
in profit ..............  .. $26,250

Installed cost, Louis
ville Dryer . . . . . . . . . . . $25,000
Annual return on in
vestment ................ . .  105%

petitive” equipment. It is probably 
close to the figure you could save by 
"changing to Louisville.”

All over the country, hundreds o f o b 
solete dryers are wasting from $10,- 
000 to $ 4 0 ,0 0 0  per year for their 
owners—figuratively burning up a fifty  
dollar bill, or a hundred-dollar bill, 
every day they operate.

If you would like to know  the relative 
efficiency o f  your drying  operations, 
Louisville w ill gladly study your plant, 
and tell you exactly what w ould hap
pen if  you should install a Louisville 
system. After that, it’s up to you . . . 
Address: Louisville Drying M achin
ery Company, Incorporated, 433  Bax
ter Avenue, Louisville, Kentucky.
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NEW TABER
EVAPORATOR PUMP

IN G

d * DO U B'-e

T s U P P O B t

vpTed
UR ME t 0 S

This pump is applicable to Evaporator Service and 
any apparatus from w hich liquids are to  be removed 
under vacuum. • • •  Like all Taber pumps o f  special 
or standard construction, this Taber pump has been 
painstakingly engineered and carefully constructed. 
• • • A large chamber com pletely surrounds the stuff
ing box and seals perfectly against vacuum. Sealed, 
double ball-bearing shaft support is another feature 
o f  this Taber single suction Centrifugal Pump. • • • All 
the details and more especially its satisfactory per
formance bears evidence o f  the Taber organization’s 
experience since 1859. Y ou  can always depend up
on a Taber pump, for whatever service or condition  
it is purchased. . .  because all Taber pumps are engi
neered or adapted to suit the particular service o f  
the user. • • • Bulletins on standard and specially en
gineered Taber pumps on request. T ell 
us what you desire to  accomplish w ith  
a pump. W e w ill supply you w ith the 
proper information. Taber Pump Co.,
2 9 3  Elm Street, Buffalo, N . Y. s367

WANTED!
B a c k  J o u r n a ls  o f  t h e  A m e r ic a n  C h e m ic a l S o c ie ty  

IN D U S T R IA L  A N D  E N G IN E E R IN G  
C H E M IS T R Y
Industrial Edition—Vol. 27, No. 11 @ .25 each

28, Nos. 1, 3 and 4 @ .25 each
29, No. 3 @ .25 each

Analytical Edition—Vol. 6, No. 3 @ .50 each and No. 6@  .25 each 
8, No. 1 @ .25 each 

News Edition—Vol. 5, No. 6 @ .25 each 
6, No. 1 @ .25 each

C H E M IC A L  A B S T R A C T S
Vol. 1, Nos. 12, 13, 14,16 and 22 @ $1.00 each 
Vol. 1, Nos. 2, 3, 15, 17, 18, 19, 20, 23 and Index @ .75 each 

1, Nos. 4, 5, 8, 9, 10 and 24 @ .50 each

1, Nos. 1, 6, 7, 11 and 21 @  .25 each
2, Nos. 1, 3, 6, 7, 8, 11, 17 and 19 @ .75 each
2, Nos. 2, 4, 5, 9, 10, 12, 13, 14, 15, 16, 18, 20, 21, 22, 

23 and 24 @ .50 each
3, Nos. 1 ,2 , 4, 6, 7, 8, 9, 10, 1 1 ,1 2 ,1 3 ,1 4 ,1 5 ,1 6 ,1 7 ,1 8 , 

19, 20, 21, 22, 23, 24 and Index @ .25 each
4, Nos. 1, 2, 5, 8, 9, 15, 16, 17, 22 and 24 @ .25 each
5, Nos. 1 ,6 ,10,11,12, 13,14,15,16,17 and 24 @ .25 each 

30, Nos. 5 and 6 @  .50 each

JO U R . A M E R . C H E M . SO C IE T Y
Vol. 58, Nos. 2 and 3 @ .25 each 

Address all packages to the American Chemical Society, 
20th and N ortham pton Streets, Easton, Pa., and pay trans
portation charges. Express collect packages will be refused. 
Be certain th a t your name and address appear thereon. Also 
send memorandum to Charles L. Parsons, Secretary, Mills 
Building, W ashington, D.C. Journals m ust be received in good 
condition. This offer is subject to withdrawal w ithout notice.

STUBBORN BINS AND HOPPERS I 
F L O W  F R E E L Y

W h e n  E q u ip p e d  With

S y N T R O A f  

E L E C T R I C  V I B R A T O R S
W r ite  f o r  o u r  1938 C a ta lo g u e  

w h ic h  a lso  c o n ta in s  in fo r m a t io n  on  o u r : —

V IB R A T O R Y  P A C K E R S  *  V O L U M E T R IC  F EED ER  M A C H IN E S  
V IB R A - F L O W  FEED ER S  *  W E IG H  FEED ER  M A C H IN E S

S Y N T R O N  C O M P A N Y

CH AS.

PFIZER
AND CO., INC.

M ANUFACTURING CHEM ISTS

81 MAIDEN LANE 
NEW YORK  

444 W. GRAND AYE. 
CH ICA G O . ILL.

HOMER CITY, PA.

Citric A c i d  

Tartaric A c i d  

Cream Tartar 

R o c h e l le  Salt 

Tartar Emetic 

Bismuth Subnitrate 

Bismuth Subc arb o nate  

Potassium Io d id e  

Phenolphthale in  

G lu c o n ic  A c i d  

Io d in e  R esu b lim ed  

Calom el

Corrosive Sublim ate  

R e d  Precipitate 

Potassium Citrate 

So d iu m  Citrate 

Strychnine 

C inchophen 

Chloroform 

Calcium G lu c o n a te  

•  • •

415 LEXINGTON AVENUE
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THE tw o important problem s encountered in var
nish fire design and operation are 1. To obtain max

imum beat delivery to the kettle in order to assure the 
greatest possible production. 2 . To assure even beating of 
the kettle a t a ll points, hence to obtain long kettle life and  
eliminate spoiled material.

A "Carbofrax” varnish fire dom e makes maximum pro
duction possible and at the same time 
prevents overheating o f  the kettle at 
any point because, due to its design and

the high heat transfer of "Carbofrax”, it provides these 
advantages:—1. Makes uniform beat distribution possible.
2. Completely gasifies an d  burns the fuel. 3 . Rapidly beats 
large volumes o f oil to bodying temperatures.

Many ink, enamel and heavy varnish producers tell us 
that these "Carbofrax” domes are effecting econom ies 
by reducing maintenance expense and providing ample 

production capacity.
Call any one o f  the offices listed below  
for com plete information.

THE C A R B O R U N D U M  C O M P A N Y ,  R E F R A C T O R Y  D I V I S I O N ,  P E RT H A M B O Y ,  N.  J.
RËO. U. S. PAT. OFF.

District Sale* Branches: Chicago, Philadelphia, Detroit, Cleveland, Boston, Pittsburgh. Agents: McConnell Sales and Engineering Corp.. Birmingham. Ala.; Christv Fire Brick 
Company, St. Louis ; Harrison & Company, Salt larke City. Utah; Pacific Abrasive Supply Co., Los Angeles, San Francisco, Seattle; Denver Fireclav Co., El Paso, Texas.

(Carborundum and Curbolrux are registered trade-marks of The Carborundum Company)

"CARBOFRAX" VARNISH FIRE DOME
REQ. U. S.PAT. OFF.

SOLVES TWO IMPORTANT PROBLEMS
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N ew ark  W irc C lo tn  is 
made o ff all m alleable 
m etals, ,  and ia  all 
meshes, ‘ F  w eaves, 
len g th s , w id th s , and 
w eights.
O th er h ig h est grade 
“ N e w ark ”  W oven 
W ire P roducts arc: 
T esting  Sieves; T est
ing Sieve S hakers; 
P lain and G askctcd  
F ilte r C lo th s; S tra in 
ers; Foundry  R iddles; 
F ru it T esting  Sieves; 
and Special W ire C lo th  
P roducts made to  your 
ow n specifications.

L A M M E R T  V A C U U M -O R -P R E S S U R E  P U M P S

AIR FLOW AS S TEADY  
AND I R R E S I S T I B L E  
AS THE T I DES!
L a m m e r t 
Vacuum - or - 
C o m p r e ss io n  
Pumps attain 
t h e i r  h i g h  
p r e s s u r e  or  
v acu u m  effi
ciency through 
rotary action.
There is a con
stant, powerful 
flow of air without storage tanks or reservoirs.

Their Rotary action makes very close clearances 
possib le— minimizes slippage—insures full ca
pacity at high vacuum—(30 microns).

Automatic take-up o f wear and an efficient lubricat
ing system enable Lammert Rotary Pumps to main
tain their h igh initial capacity.

W r ite  f o r  d e s c r ip t iv e  c a ta lo g  to d a y

L A M M E R T  & M A N N  CO.
217 N. W ood Street Ch icago, III.

Rep resen ta t ive s in  P r in c ip a l C it ie s

N E W A R K  W IR E  C L O T H  CO.
354-368 Verona Ave., Newark, N. J.

Sales Representatives: Chicago, Boston, Detroit. Havana 
Houston, Los Angeles, San Francisco Tulsa

T -T -R IE  ind ispcnsab ility  o f  p latinu m  in  the laboratory is  so w ell recognized  that it  needs no  
I com m ent. B ut the great service this un iq u e m etal is ren dering , as an actual part o f  pro- 

JL du ction -cqu ipm en t, is  not so w ell kn ow n . In  fact it  seem s that its qu alities o f  un usual 
resistance to chem ical agents, its w orkab ility  and  a reasonably  p le n tifu l su pp ly  are to m ake its 
even wider use  in  industry inev itab le .

M any m anu factu rin g  processes are co m p lete ly  dep en d en t up on  p latinu m  and its a llied  m etals, 
notably in  the produ ction  o f  n itr ic  acid , w here p latinu m -rhod ium  gauze has revolu tion ized  lon g  
estab lished  m eth ods— in  p la tin u m  m ass catalysts fo r  m a k in g  su lp hu ric  acid— for the sp inner- 
e ltes  through w hich rayon filatures are form ed and for the protection  o f  refractory surfaces in  
the m anu factu re o f  g lass. M aybe your industry too could  m ake u se  o f  p latinu m  in  qu ite a new  
ap p lica tion . T h e  su bject is worthy o f  study.

P erhaps you  have a problem  that h as proven d ifficu lt o f  so lu tion . C onsu lt u s. W e have had  
so m uch  exp erien ce , have so o ften  fou n d  the p la tin u m  m eta ls to be the answ er to such a 
variety o f  d ifficu lties, that we m ay be a b le  to h e lp  you  lo o . Our research staff w ill be glad  
to work with y o u  and you  assum e no o b liga tion .

S M E L T E R S ,  

N E W  Y O R K

BAKER & CO., INC.
R E F I N E R S  A N D  W O R K E R S  O F  P L A T I N U M ,  G O L D  

54 Austin Street, N ew ark, N ew  Jersey 
S A N  F R A N C I S C O

A N D  S I L V E R  

C H I C A G O


