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T ^RA NC IS PATRICK GARYAN occupied a unique 
place in American history. He had gained dis

tinction in his chosen profession, the law, long before 
the promotion of science became his principal interest.

The Chemical Foundation, Inc., was conceived and 
formed by Mr. Garvan for the sole purpose of ad
ministering patents, patent applications, trade-marks, 
and copyrights being effectively used as a weapon 
by Germany in the war. The Chemical Foundation, 
Inc., saw to it that this property, purchased from the 
Alien Property Custodian, was used in the public in
terest for the development of an organic chemical in
dustry in the United States and for the furtherance 
of science. Forced into long litigation with the 
Government during the Flarding administration, the 
Chemical Foundation, Inc., through Mr. Garvan, 
asserted that the President was being duped by German 
interests anxious to regain the patents. The Founda
tion was successful in all the courts, including the 
United States Supreme Court, the opinion of which 
virtually placed the Foundation in the position of a 
trustee for the American chemical industry. Mr. 
Garvan lived to see the synthetic organic chemical in
dustry grow to fourth place among American industries.

Mr. Garvan, who was joined in his work of philan
thropy and education by his devoted wife, did more 
than any other layman to familiarize the public with 
the proper place of chemistry in everyday life. Prize 
essay contests were made possible through the gener
osity of Mr. and Mrs. Garvan, and hundreds of 
thousands of books and pamphlets freely made avail
able in connection with that enterprise. Rut there 
was no sphere of public activities which he left un
touched. Dozens of young people were assisted in 
their chemical education, and scores of professors 
were aided in their researches through grants quickly 
made available when convincing evidence was pre
sented as to the need and importance of the work. 
Educational institutions, hospitals, publications, all 
received help at his hand, and the National Farm Chem- 
urgic Council is indebted almost wholly to him for its 
existence and maintenance. He substantially aided 
projects in the fields of physics, radiology, and many 
medical specialties.

As time went on Mr. Garvan became more and more 
convinced of the possibility of the economic independ
ence of the United States through the application of 
science in the utilization of our natural resources and 
struck out boldly and persistently against any move
ment or any idea that ran counter to his clearly defined 
economic nationalism. He gave as generously of his 
time as he did of his money, was sincere, patient, kindly, 
and helpful. Many an industry, organization, and 
individual owes him an everlasting debt of gratitude. 
His fundamental creed was to make the United States 
the best possible living place for all the people.

Unprotected

THE number of deaths known to have been 
caused by the “elixir” of sulfanilamide distributed 

by the S. E. Massengill Company of Bristol, Va.-Tenn., 
now exceeds 70, and it is unlikely that anyone will ever 
know the complete record. How can the recurrence 
of such a tragedy be prevented?

A number of spectacular cures made with sulfanil
amide in the hands of skilled physicians early called at
tention to the potentialities of a compound about which 
not too much was then or is now known. A specific 
for certain types of coccus infections was sure to have 
wide application, and a number of manufacturers began 
production of this compound, which was quickly made 
readily available in most drug stores.

In some cases the dry tablet was difficult to swallow, 
so when salesmen began to report that even better busi
ness could be done if the drug were in solution, the S. E. 
Massengill Company searched for a satisfactory sol
vent, and unfortunately decided on diethylene glycol. 
Notwithstanding the extensive literature on the gly
cols, including ethylene, diethylene, and propylene 
glycol, and, so far as we have been able to learn, without 
making any physiological tests with the mixture, the 
company began to put it on the market. Something 
more than 700 shipments had been made by the time 
appeals started to come in for antidotes, advice as to 
treatment of cases, and distress signals from various 
places. The American Medical Association did all
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within its power to assist, and the officials of the Food 
and Drug Administration earned hearty commendation 
for the swiftness with which they acted and the com
pleteness of their search, which extended in the case of 
opened packages to the very medicine cabinets in 
private homes and hospitals.

Be it noted, however, that the Government had to 
make its seizures first because of mislabeling. The 
mixture was not an “elixir.” It is like convicting a 
murderer on the charge of speeding or income tax 
evasion. Note, too, that most of the deaths were among 
patients of physicians who had prescribed the “elixir.” 
Evidently some members of the pharmaceutical pro
fession, whose chosen duty it is to protect the health 
of the public, failed tragically in that prescriptions were 
filled with a substance the composition of which they 
did not know. It is also well-nigh criminal that those 
responsible for making the “elixir” did not at least 
consult the literature or indeed the manufacturers of 
diethylene glycol, who have habitually discouraged and 
recommended against diethylene glycol for any inter
nal use.

The public, notwithstanding all our efforts, remains 
unprotected to a sad degree. While pending legisla
tion to broaden the powers of the Food and Drug Ad
ministration would be helpful in discouraging a recur
rence, such laws in the very nature of things are puni
tive and have to do with locking the stable after the 
horse is many miles away. It is regrettable, but true, 
that, among the scores of thousands of physicians, there 
are so many who are incapable that we cannot de
pend on the medical profession alone for complete pro
tection. The physician, in common with many of the 
public, somehow has the opinion that because a prepa
ration for internal use is on the market it must have 
been approved by federal or state authorities. Nothing 
is further from the truth, since these products are not 
manufactured under license and at present only mis
labeling, short weight, miscount, or very obvious det
riment to the public health are causes for seizure.

And so we find ourselves at times unable to depend 
upon the protection which the literature, the drug 
manufacturer, the pharmacist, the physician, or federal 
authorities might be supposed to give us. What can 
be done about it?

Why license electricians and plumbers and allow 
any one who has the capital to engage, without let or 
hindrance, in the manufacture of our medicines? We 
suggest, notwithstanding our objection to extensive 
control, that some federal agency must be given the 
power to license those who would manufacture drugs, 
pharmaceuticals, and similar compounds, mixtures, or 
materials for internal use. Perhaps the U. S. Public 
Health Service should add this to its list of activities, 
with some reasonable fee for the license, thereby placing 
the whole transaction in the Treasury Department. 
Such licenses, which should be on an annual basis, 
would be granted only after competent authorities

were convinced of the ability and intent of the manu
facturer to take all possible steps to protect the public 
and that he was prepared to use the highest approved 
standards. A further safeguard might be the required 
disclosure on the label of the bottle or other package 
of the composition of the contents and some authori
tative approval for intended use prior to distribution.

Whatever may be done in this direction the difficulty 
of assuring proper use is still to be overcome. Educa
tion must be regarded as a continuing process. Notice 
has already been broadcast, discouraging the promis
cuous use of sulfanilamide, advising it only where the 
infection is by organisms susceptible to its action, 
urging the physician to individualize and make the di
agnosis, to attempt to make the dosage compatible 
with each individual requirement, determine quanti
tatively the concentration of the drug in the blood and 
keep it below 15 mg. per cent, and watch the hemoglo
bin, the white blood cell count, and the daily excretion 
of the drug. Things known to be harmful in their cross 
action when given with sulfanilamide must be avoided.

Here is a compound of great potentialities and a 
creditable history. It must not be misused, nor should 
the reputation of diethylene glycol in its proper place 
suffer because of criminal carelessness born of greed in 
this case. Other compounds considered harmless might 
prove toxic if taken in equally massive doses. Out of 
it all it is to be hoped that some procedure will be evolved 
which will be a distinct gain for the public, even though 
it is won, as are so many advances, at such frightful cost.

B utyric  A c id —Not B utter

T N  AN editorial entitled “Tracers” in our October 
issue, we erred in interpreting the work of 

Rudolf Schoenheimer as reported at the Rochester 
meeting, and gave our readers reason to hope that they 
could help themselves to butter without adding to the 
deposit of fat in inconvenient places. The facts in the 
case are these:

Animal experiments with fatty acids labeled with deuterium  
indicate that the higher acids, palmitic, stearic, and oleic, contain
ing 16 and 18 carbon atoms to the molecule, are very slowly 
metabolized after ingestion, being largely deposited in the fat 
tissues prior to oxidation. On the other hand, the lowest natu
rally occurring members of the fatty acid series, butyric and 
caproic acids (containing 4 and 6 carbon atoms, respectively) are 
metabolized with surprising rapidity, and when labeled by deu
terium cannot be detected in the fat depots.

The above observations bear on the metabolism of butter fat 
only to the extent to which butter contains these lower acids—  
namely, 5 to 6 per cent. Of the fate of the intermediate acids, 
capryiic (Cs), capric ( Cio), lauric (Cn), and myristic (Cu), which 
constitute in all some 15 per cent of the acids of butter, nothing 
has as yet been ascertained by the deuterium technic. State
ments in the daily press to the effect that butter fat is burned 
more rapidly than other fats may be correct, but are premature 
and lack experimental foundation. Only a systematic metabolic 
study of all the naturally occurring fatty acids can enable a de
cision to be reached. Such an investigation might explain why 
the newborn require a fat of such peculiar composition as that of 
milk.

The statement, given wide currency in the press, that butter, 
in contrast to other fats, is not fattening, is undoubtedly as in
correct as it is unjustified.



S Y M P O S IU M  O N

U N IT  P R O C E SSE S

BECAUSE s o  many of the actual processes 
that are carried on in our factories de

pend upon chemical change, this symposium 
has been planned. The object of the sym
posium is to study, under the caption of unit 
processes, the chemical reactions taking place, 
the equipment in which these reactions func
tion, and the conditions necessary to make 
such reactions pay dividends.

The invitation to participate in this sympo
sium was sent to men both in industry and in

universities. We very much appreciate their 
participation. We expect that this symposium 
is but the initial step in regular and periodic 
gatherings for the dissemination of research 
data that go to make up these unit processes. 
We anticipate that as a result of this work we 
shall be able to put a more quantitative back
ground into unit processes.

It. N o r k i s  S h r e v e ,  

Symposium Chairman

C la ssifica tio n  of U nit P r o c e s se s
R. NORRIS SHREVE 

P urdue U niversity , L afayette , Ind .

T oo o fte n  u n it  p rocesses have b een  p re
se n te d  in  a  p u rely  d escr ip tive  m a n n er . 
A lth o u g h  i t  is  ex ceed in g ly  d ifficu lt to  o b 
ta in  q u a n tita t iv e  d a ta  an d  eq u a tio n s  ex
ce p t for cer ta in  a sp ec ts  o f th e se  u n it  p roc
esses, th is  p aper p rese n ts  a  te n ta tiv e  
sy s te m  o f c la ss ifica tio n  w h ich  ca n  be a p 
p lied  to  ea ch  p rocess. T h is  c la ssifica tio n  
invo lves su c h  ite m s  as th e  g en era lized

ty p e o f ch em ic a l rea c tio n  on  w h ich  th e  
u n it  p rocess is  b ased , th e  variou s factors  
in f lu e n c in g  it s  ch em ic a l rea ctio n , an d  
tr e a tm e n t  o f th e  en ergy  invo lved , w ith  
sp ec ia l em p h a sis  u p o n  th e  e q u ip m e n t  
n ecessary  to  m a k e  th e  u n it  p rocess fu n c 
t io n  eco n o m ica lly . T h e ite m s  o f th e  
c la ssifica tio n  are ta b u la ted  an d  ex a m p les  
given  to  ex em p lify  th e ir  a p p lica tio n .

CERTAIN phases of chemical engineering are presented 
under the caption of “unit processes.” Here the empha
sis is upon the chemical changes, together with the 

conditions and the apparatus required to make these reactions 
take place in an economical manner. Unit processes are 
carried on in factories in wood, metal, or glass equipment. 
However, many of the essential and basic chemical changes 
involved can be more quickly studied on the laboratory scale 
and’, then applied industrially.

These unit processes have often, in a broader and older 
sense, been included in the term "chemical processes.” Here 
many of the unit operations function as an integral part of 
the chemical change. The reverse is not always true since 
many unit operations function when no chemical change is

1 P resen ted  before th e D iv is io n  o f In d u str ia l an d  E n gin eerin g C hem istry  
a t  th e  94 th  M e etin g  of th e  A m erican  C hem ical S oc ie ty , R och ester, N . Y .f 
S ep tem b er 6  to  10 , 1937.

occurring—for instance, in a salt-evaporating and -crystalliz
ing plant.

Taking a lead from the splendid work that has been done 
in emphasizing and studying the quantitative phases of the 
physical or unit operations, it has been thought that a similar 
close study of chemical or unit processes would result in more 
order. Hence there would result greater ease in studying and 
applying unit processes and in using the equipment for carry
ing them on industrially.

This paper is an attempt to classify some of the unit fea
tures. It is realized that what chemical engineers wish is a 
series of equations, the solutions of which will convert chemi
cal changes into dollars and cents. This is too idealistic; 
it is beyond hope. We may, however, reasonably expect that 
future research will put more quantitative data into many of 
the phases of unit processes, so that judgments of future proc
ess men will rest on a surer foundation than now. As the
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writer visions this problem, the first step involves the working 
out of the chemical and physical phases; the second, the 
apparatus required to commercialize these chemical changes 
economically.

The principal unit processes are as follows: nitration, 
estérification, sulfonation, amination by reduction, amination 
by ammonolysis, oxidation, hydrogenation, hydrogenolysis, 
alkylation, acétylation, halogénation, double composition, 
cracking, polymerization (depolymerization), résinification, 
diazotization and coupling, hydrolysis, hydration, and the 
Friedel and Crafts reaction.

Most of us have confined unit processes to organic tech
nology, but there is no reason why this helpful system of 
classification should not include inorganic technology» The 
chamber process, the contact process, and the air oxidation of 
ammonia to nitric oxide would be subheads under the unit 
process of oxidation, with the better opportunity of empha
sizing the analogous phases of such reactions—for example, 
the great amount of heat involved by such chemical changes 
together with the equipment necessary to handle it.

An excellent classification has been made for unit operations 
by Olive H). Here the emphasis is on the physical changes. 
Although these physical aspects are always important in 
industry, there are many procedures where the central or 
controlling change is chemical. It would be helpful in these 
chemical changes to have as useful a classification as is given 
by Olive for physical changes. As a subject for discussion 
and elaboration, the author submits the following classifica
tion of unit processes which he has been using for several years 
to bring the fundamentals of order to unit processes:

Tyr >es of reaction:
Addition Pyrolysis
Oxidation Polymerization
Reduction Condensation
Substitution

Factors affecting reaction:
Temperature
Speed of reaction
Solvents and solubility
Control—analysis
Phase—liquid, vapor, or solid:

If gaseous, effect of pressure 
If solid, effect of particle size; equipment 
If liquid, whether molten or in solution 
If nonhomogeneous, effect of agitation 

Effect of varying concentration and reactant ratios 
Heat of reaction (see “Energy change” below) 
Relative importance in aliphatic and aromatic fields 
Influence of other substituents, orientation 
Reversibility 
pH

Types of products:
Ease of recovery of product 
Purity and analysis of product

By-products or side reactions:
By-products
Prevention of by-products

Energy change:
Exothermic or endothermic 
Heat flow:

Rate
Medium—resist ance 

Power for mixing, etc.
Recovery 
Heat balance 
Energy balance

Raw materials used for unit process:
Chemical properties:

Corrosion 
Chemical grouping of agents used 
Physical characteristics:

Liquid, solid, or gas 
Concentration effects

Catalysts:
Nature Recovery
Concentration Inhibitors

Mechanism:
Free energy 
Activation 

Material Balance 
Yields:

Factors affecting losses 
Conversions 

Engineering flow sheet 
Equipment:

Materials of construction 
Corrosion:

Special alloys 
Erosion
Discontinuous and continuous operation 
Types of equipment—design 
Labor-saving devices 
Time 
Control 

Effect of unit process:
Nature of change in chemical properties 
Nature of change in physical properties 
Nature of change in physiological properties—e. g., toxicity 

Hazards and precautions:
Fire
Explosion
Toxicity

Labor:
Direct or shift operations 
Maintenance or repair 

Economics:
Statistics of industry 
Avenues of sale
Sectional sources of raw materials 
Sectional demand for products 
Cost of product:

Small scale
Based on commercial tonnage 

Plant site

This outline is mainly for instructional purposes, but the 
industrial viewpoint is always in mind. Chemical engineers 
are being trained to go out in industry; therefore it seems 
that, when we classify these unit processes, it would be far 
better to look at them from the manufacturing standpoint. 
The object of studying or operating unit processes is to make 
money from chemical reactions. The economic and the 
quantitative aspects are, therefore, the most important.

In unit processes, quantitative data are badly needed. If 
we glance over this field, we see that under some heads 
quantitative data can be obtained without too great trouble; 
in others it is very difficult. For a long time the right deci
sions will come as a result of mature experience developing 
into right judgment.

In the various headings listed, equipment is the most 
important; some men working in unit processes say that the 
design of equipment is the backbone of the process. The 
essence of the unit process is the economical application of a 
chemical reaction on a factory scale. Although design is of 
great importance, in a properly designed sulfonator, for in
stance, the exact conditions under which the equipment is 
operated will have a great deal to do with the chemical yields 
and hence with the costs. Therefore, the two most important 
phases seem to be the design of the apparatus and the condi
tions necessary to carry out this chemical reaction eco
nomically.

Purely chemical reactions have been ably treated for years 
in textbooks such as those by Lassar-Cohn (S) and Houben 
(2). These books are invaluable as the basis of much of the 
chemistry involved. On the other hand, when the chemical 
engineer looks at unit processes, the particular phase of chemi
cal reaction that is paramount is to secure as high a yield as
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possible; consequently, he is not interested in the reactions 
which have little or no economical importance. So we have a 
great deal of investigational work to lay the requisite quanti
tative chemical foundation under our unit processes. We 
shall have to study the chemistry involved in all phases to 
raise yields to an economical level, or else eliminate the reac
tion in question.

A p p lica tio n  o f U n it  P rocess C lassifica tion
For two years the writer has been applying this outline to 

the study of each of the unit processes presented. For ex
ample, the various factors involved in nitration were studied 
under all the heads listed in the outline; the same thing was 
done for the other unit processes. It is not to be expected 
that under each unit process will the facts support an equal 
treatment of every division of the outline. Quite the con
trary is true, frequently because of the nature of the underly
ing chemical reaction or of the availability of more data for 
one process than for the same feature of another. The 
following of such an outline does bring order into the unit 
process and ties in very definitely the various factors making 
up the unit process.

It has always seemed best to study a given sequence from 
raw materials to the finished product. This is the exact 
procedure that would be carried out in the factory. Since a 
number of such procedures are sequences of one or more unit 
processes, it does not permit an exact scientific division into 
each and every unit process involved. Continuity of indus
trial movement from raw material to product is more impor
tant than any exact classification. Therefore, it has been the 
writer’s practice to take up the most important of the unit 
processes involved and to classify the sequence in this process, 
mentioning the other processes but using the principal one as 
the example to fit into the outline.

T ypes o f R ea ctio n
One or more of the subheads under this caption will apply 

to any unit process. The reason for so classifying the reac
tion is to lay stress upon the chemical change taking place in 
the simplest possible terms. For instance, the cracking of 
petroleum is an example of pyrolysis. On the other hand, if 
we view resinification as a unit process, in most cases it would 
be an example of two types of reaction—namely, polymeriza
tion and condensation. Halogenation may be either a sub
stitution or an addition or both.

F actors A ffectin g  R ea ctio n
If a reaction is to be carried out with high yields, and conse

quently with low cost, the various factors affecting the reac
tion must be studied in great detail. These pertain largely 
to the pure chemistry of the unit process; on the other hand, 
the chemical engineer is interested only in those chemical 
factors that give satisfactory yields. Fortunately the litera
ture (I, 2, 3, 7) contains many data pertaining to commercial
ized reactions, and therefore many of the subheads under this 
division have been investigated, such as the influence of 
temperature on reaction speed and yields, methods of analysis 
and control, and influence of other substitutions on the 
course of reaction.

The factors under this heading involve first the chemical 
aspects and can be more quickly determined on a laboratory 
scale. However, the chemical engineer should never be 
satisfied with the laboratory results but should apply the best 
conditions for the reaction to the semiworks scale first and, 
finally, to the factory. Here can be determined those factors 
which influence fundamentally the nature and design of the 
equipment, such as the effect of particle size on agitation in 
the nonhomogeneous phase.

T ypes of P rod u cts
The physical and chemical properties of the products are 

fundamental in influencing the design of the equipment in 
which the reaction is carried on or in which the products are 
handled following the chemical change. For instance, in 
animation by reduction, where nitrobenzene is changed to 
aniline by means of iron, the stirring and the erosive action 
of the resultant iron oxide require the use of a heavy replace
able stirrer, located on the bottom of the reducer. In the 
nitration of benzene to nitrobenzene, where all the products 
and by-products are liquid, the handling is much simplified. 
On the other hand, if the product is m-dinitrobenzene, the 
material is solid at ordinary temperature, and provision 
should be made for removing the nitration as a warm liquid.

Since these reactions are of interest only from the commer
cial viewpoint, the purity and method of analysis of the 
product are of the utmost importance. It is hard for one who 
has not been in industry to visualize the deciding weight in 
the sale of a product caused by a small amount of impurity. 
The controlling decision in the choice of a given reaction is 
often whether or not the resultant product is initially pure or 
can be readily purified.

B y -P ro d u ct or S id e R ea ctio n s
Frequently men in chemical industry bemoan the fact that 

many reactions give more than one product; it is the very 
nature of things that many organic and inorganic reactions 
yield by-products. There is another way of looking at these 
by-products; they can be considered a challenge to the 
ingenuity of the chemical engineer to find a use for them. As 
we look at the past, we see certain materials that filled ware
houses before avenues of utilization were discovered. Condi
tions may change markedly; at one time o-nitrotoluene was 
a drug on the market, and at another time, p-nitrotoluene; 
now firms making the nitration products of toluene are able 
to dispose of both isomers. By altering such conditions as 
temperature, for instance, the proportions of the by-products 
may be altered or greatly reduced in volume. This is true in 
the nitration of acetanilide as a step in the production of p- 
nitroacetanilide to be saponified into p-nitroaniline.

E nergy C h an ge
Energy change is important in any laboratory chemical 

reaction; it is frequently of paramount weight in a unit 
process. In industry this division of the unit process study 
should receive great emphasis, and wherever possible the 
figures should be worked out regarding the changes that take 
place. The study devoted to the unit operation of heat 
transfer enables this phase to be calculated with considerable 
sureness. It is frequently well to construct flow sheets for 
both the chemical change and the entire heat balance involved 
in the process. If such balances are before the chemical engi
neer, frequently a plan can be made for recovery of some of 
the energy expended; for example, in the pressure process for 
oxidation of ammonia by means of air, the compressed waste 
nitrogen is used to drive compressors to give a part of the air 
needed.

In nitration and oxidation a considerable amount of energy 
is released, and only by the proper removal of this exothermic 
heat of reaction can the process be kept under control and the 
necessary good yields be obtained. Much of the equipment 
design is for the proper handling of this heat transfer—for 
instance, in the Hough nitrator for nitrating benzene or other 
hydrocarbons, or for making glycerol trinitrate. A similar 
skillfully designed apparatus is the Downs reactor for the 
oxidation of naphthalene in the vapor phase to phthalic 
anhj'dride.
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R aw  M ateria ls for U n it  P rocesses
The physical and chemical properties of the raw materials 

govern not only any corrosion but also the means by which 
the materials can best be handled. New products are con
tinually being put on the market, which can resist even corro
sive materials—for example, rubber-lined steel for hydro
chloric acid and stainless steel for nitric acid. Corrosion 
tests must always be made upon materials of the same purity 
that are expected to be used in the unit process, and not upon 
pure reagent chemicals. This rule seems self-evident, but it 
is surprising how frequently it is abused.

Concentration effects and their influence upon yield and 
purity should be emphasized. A good example is the use of 
many times the theoretical amount of ammonium hydroxide 
in the amination of organic halides by ammonolysis. For 
good yields it is necessary to handle this large amount in and 
out of the reaction equipment.

C a ta ly sts
The utilization of a catalyst frequently spells success or 

failure of the commercial process, whether it be vanadium 
pentoxide in the manufacture of phthalic anhydride or in the 
oxidation of sulfur dioxide to sulfur trioxide. The life of the 
catalyst, or its cost of recovery, has a direct influence upon 
the economy of the operation.

Under inhibitors we may present anticorrosive agents to 
save equipment, and anticatalysts which have a negative 
influence upon the speed of the reaction.

M ech a n ism
Although an operator may run a plant without understand

ing the mechanism of the reactions involved in the process 
under his control, this state of affairs should certainly be 
remedied. It is to be hoped that physical chemists will de
vote more and more attention to the fundamental laws and 
data pertaining to the mechanism of reactions. When we 
have the fuller explanation of the cause of reactions, their 
handling on a large scale will be more easily directed. In 
each unit process we should discuss whatever is known regard
ing the specific mechanism.

M ateria l B a lan ce
As a preliminary to yield figures and cost calculations, a 

balance sheet should be drawn up for the materials entering 
and leaving a given unit process. This has long been done, 
and its value is well recognized.

Y ield s
Generally in unit processes the chemical yield is the most 

important factor in the cost of the product. Continued 
research should be carried out until it is demonstrated that 
the highest practical yield has been reached. In unit proc
esses there are certain mechanical losses, such as spillage, and 
these should be considered in the material balance sheet. As 
a rule, they can be kept down to a small percentage.

A sharp differentiation should be made between conversion 
and yields, in accordance with industrial practice. If a 
reaction is put through a given equipment only once, the con
version would equal the yield; but frequently, before a cost 
calculation is made, a series is carried out that may extend 
over days or weeks. At the start of a given series the raw 
material may be put through the reaction and the products 
separated from the unused raw material. Then, in turn, this 
raw material would be used again. Consequently, although 
a conversion of only 15 or 25 per cent may result, at the end 
of the run the over-all yield may well be 90 or 95 per cent. 
Furthermore, at times it is found that, if the conversion per

cycle is forced up, there is a greater destruction of the raw 
material with the consequent lowering of the yield at the end 
of the series. It is important to point out certain examples 
of this differentiation under the various unit processes.

E n g in eerin g  F low  S h e et
No process is installed, nor should one ever be studied in 

detail, without drawing up at least a rough engineering flow 
sheet so that the chemical engineer, whether he be in the 
university or in industry, can see before him the movement 
of his material through the various pieces of equipment. A 
number of these flow sheets are generally made as a process is 
developed industrially. At first they may be rough block 
flow sheets, progressing to more complicated diagrammatic 
ones where sketches approximate the shape and size of the 
equipment as its design is evolved.

E q u ip m en t
The writer has already printed his ideas on how the equip

ment should be treated in typical unit processes (5). Fre
quently, though not always, the equipment is a distinguishing 
feature between a reaction carried on in a laboratory and in a 
factory. It is here that the skill and the imagination of the 
engineer is most usually shown.

In presenting any unit process, the materials from which 
the equipment can be constructed and their influence upon 
corrosion, erosion, and purity of product cannot be too 
greatly detailed (5). The man in the factory is particularly 
beholden to his fellow chemical engineers in the equipment 
concerns who have brought out the new stainless steels, special 
alloys, resins, etc.

Under equipment can best be presented the relative ad
vantages and disadvantages of continuous operation for any 
given process. Here it can be emphasized that, although a 
continuous process is generally harder to start, when once it is 
in operation less labor and less capital per ton of product are 
required. On the other hand, the markets have to warrant a 
considerable tonnage before the continuous operation can be 
considered. It is under equipment that we need more quan
titative data, but those working in unit operations of stirring, 
heat transfer, etc., have already put into the hands of the op
erating engineer many invaluable formulas. Yet it is here 
that many little devices or tricks of the trade have been 
evolved that either make or break a process— for instance, 
the use of the molten bath to carry away rapidly the great 
amount of heat involved in the catalytic oxidation of naphtha
lene to phthalic anhydride. If a glass stirrer breaks in a labo
ratory nitration, it is not usually very serious; but if a pro
peller drops off the bottom of the shaft in a nitrator making 
trinitrotoluene from toluene or nitrobenzene from benzene, 
it may be very serious unless the influx of the raw materials 
is immediately stopped. In the design of certain equipment, 
safety measures are used to take care of such contingencies.

Effect o f U n it P rocesses
The object of unit processes is to change chemical proper

ties and to make money by so doing. The chemical nature 
of these changes should be discussed in order to handle the 
process. This is likewise true of the changes in physical 
properties. Frequently the exact nature of the physical 
changes cannot be predicted from the laboratory but must 
be determined in a semiworks plant where conditions can be 
studied approaching those of the factory; for example, it can 
be discovered whether the products will be formed in a slimy 
or easily filterable condition.

Likewise in the factory scale the change in physiological 
properties has a decided bearing upon the design of the equip



DECEMBER, 1937 INDUSTRIAL AND ENGINEERING CHEMISTRY 1333

ment to carry on a reaction safely. In the manufacture of the 
highly toxic dinitrobenzene, very efficient ventilation must be 
provided or else the equipment must be placed out of doors. 
An outstanding example of the safe handling of highly toxic 
material is in the manufacture of tetraethyllead.

H azards an d  P reca u tio n s

With proper design, the careful handling of materials, and 
the efficient training of workmen and supervisors, explosive 
and toxicity hazards in the chemical industry can be brought 
to a very low figure. The student does not usually realize 
how safely the unit processes of nitration or esterification 
leading to the ordinary explosives such as picric acid, cellulose 
nitrate, or glycerol nitrate are carried out in the hands of 
experienced chemical engineers. In the chemical industry 
too great an emphasis cannot be placed on the avoidance of 
the fire hazard.

Labor

For some unit processes skillful design of equipment may 
save a considerable amount of labor, whether such operations 
are continuous or not. The distinction between operating 
and maintenance labor should also be made. From an in
structional point of view the presentation of the amount of 
labor to carry out a unit process is difficult. It is necessary to

cover this point well, since the young men have less compre
hension of the facts here than under any other head.

E co n o m ics
Although the economics of an operation is generally the 

business of the manager, the operator or even the student 
should have clearly before him the main economic features 
involved in any process that he is operating or studying. The 
unit process is carried on in the factory with the idea of sell
ing its products; therefore, such factors as statistics of pro
duction, channels of sale, and costs are the deciding ones in 
every unit process. In studying any process, much prelimi
nary information can be obtained from small-scale operations 
and their cost. Suggestions as to how this can be presented 
have already been published by the author (6).
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N itration
H . McCORMACK  

A rm our In s t itu te  o f T ech nology , C hicago, 111.

T h e in c en tiv e  for th is  s tu d y  or ig in a ted  
in  a n  a t te m p t  to  low er th e  co st o f  m ixed  
acid  u sed  in  n itr a t in g  m o n o ch lo ro b en -  
ze n e s  to  o - a n d  p -n itro b en zen es . S u ch  
favorable re su lts  w ere o b ta in ed  th a t  it  
w as d eem ed  ad visab le to  ex ten d  th e  s tu d y  
to  o th er  n itr a tio n s . T h e m e th o d  e m 
p loyed  w as th e  a d d itio n  o f th e  m a ter ia l to  
be n itra te d  to  th e  m ix ed  acid  ra th er  th a n

vice versa. T h e m a ter ia ls  n itra te d  w ere 
to lu e n e , b en zen e , m o n o ch lo ro b en zen e , 
n a p h th a le n e , an d  a ce ta n ilid e .

T h e p rocess h a s  a d v a n ta g es w h en  a 
p ro d u ct d esired  is  th e  h ig h e s t  n itro  c o m 
p o u n d  read ily  form ed . W h en  th e  p roc
ess  is  a t  a ll sa tis fa c to ry , th e  re su lts  are 
so ex ce llen t th a t  i t s  a p p lica tio n  in  o th er  
n itra tio n s  is  reco m m en d ed .

THE incentive for this study originated in an attempt 
to lower the cost of mixed acid used in nitrating mono
chlorobenzene to o- and p-nitrochlorobenzenes. A con

siderable number of nitrations were made, using highly con
centrated nitric acid along with concentrated sulfuric acid 
and fuming sulfuric acid.

M o n o ch lo ro b en zen e  N itra tio n
The nitration charge finally decided upon after an extended 

investigation of varying acid concentrations, acid ratios, tem
peratures, and times, with the customary addition of the acid 
to the chlorobenzene was as follows (in pounds):

C hlorobenzene 100 9 3 .5 6 %  H jSO i ■ 5 6 .6
8 7 .7 %  H N O , 1 7 .7  63%  fu m in g H ,S O , 34
7 7 .2 %  H N O » 6 4 .1

The percentage composition of this nitration charge was:

C hlorobenzene 3 7 .1  H jSO*, ca lcd . 100%  3 4 .0
HNO*. calcd . 100%  2 3 .4  W ater 5 .5

This acid mixture gave a satisfactory nitration, but a con
siderable period of time elapsed during the process and the 
cost of the mixed acid was somewhat high.

The nitrating conditions were then varied by adding chloro
benzene to the mixed acid. The final nitrating charge chosen 
for this procedure was as follows (in pounds) :

C hlorobenzene 100
65.5%  H N O , 1 0 6 .5
93.56%  H ,S O , 1 0 7 .9

The nitrating charge, calculated on the percentage basis, 
was:

C hlorobenzene 3 1 .7  HsSO«, calcd . 100%  3 2 .0
H N O j, ca lcd . 100%  3 0 .5  W ater 5 . 8
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The products of nitration were the same in both cases, 66 
per cent p-nitrochlorobenzene and 34 per cent o-nitrochloro- 
benzene, and the unnitrated chlorobenzene was found in both 
instances to be about 2 per cent.

P i i .o t - S c a l e  N i t r a t i o n  E q u i p m e n t

The cost of the mixed acid, using the first acid mixture, 
was S6.66 per 100 pounds of chlorobenzene nitrated. The 
cost of mixed acid in the second nitrating charge was S6.33. 
Thus, there is some advantage in cost of the second method. 
Further advantages are shown when the details of the two 
methods of nitration are compared.

In the first instance the chlorobenzene is cooled to — 5° C.; 
the mixed acid is then added slowly, attempting to keep the 
temperature as low as possible by circulating cold water 
through the nitrator jacket. It was found best to conduct 
the nitration at a temperature not over 10° C., and at no time 
should it be permitted to rise above 30° C. This tempera
ture control is secured by two operating conditions— water 
circulation through the jacket and the rate at which the mixed 
acid is added. To circulate as much water as possible through 
the jacket, about 4 hours were needed to complete the ad
dition of the mixed acid.

The second method of nitration was conducted with the 
chlorobenzene hot; the temperature ranged between 80° and 
95° C., and nitration was completed in 2.5 hours. In both 
instances about 7 per cent of the nitric acid used remained in 
the mixed acid at the end of nitration.

The customary practice in nitrations of this type is to 
strengthen the mixed acid and re-use it. This means a con
tinued increase in the quantity of mixed acid available, and a 
time finally arrives when the residual nitric acid has to be 
separated from the sulfuric, and the sulfuric acid has to be 
concentrated.

An attempt to obviate this procedure was made by washing 
the spent mixed acid with chlorobenzene to determine whether 
all of the nitric acid could be removed in this way, leaving

only a somewhat dilute sulfuric acid that could be easily con
centrated and re-used.

One washing with approximately one-third of the chloro
benzene to be used in the final nitration mixture reduced the 
nitric acid concentration in the mixed acid to 0.73 per cent, 
and an additional washing with the same quantity of chloro
benzene removed all of the nitric acid from the mixed acid. 
Thus, two washings of this type recover all of the nitric 
acid, which is very desirable.

The equipment used in this pilot-scale nitration is shown 
in the photograph. (It includes other pieces than that used 
for this nitration.) Kettles 1 are used for reductions, kettle 
2 for nitrations and sulfonations, and kettle 3 for steam dis
tillation. The manifold pipe lines below the kettles are for 
steam condensate and cold water. The ample capacity of 
the reflux condensers is to provide desired space for the en
tire contents of the kettle should the reaction become too 
vigorous. This equipment was designed, fabricated, and 
erected by students in chemical engineering, as part of the 
senior project.

B en zen e  N itra tio n
The nitrations of chlorobenzene were followed with nitra

tions of benzene to ??i-dinitrobenzene. The customary pro
cedure involves two steps, nitrating first to nitrobenzene, 
separating this from the mixed acid and then nitrating the 
nitrobenzene with stronger mixed acids to m-dinitrobenzene.

A considerable number of nitrations were conducted, and 
it was found that the most satisfactory acid mixture con
sisted of 617 grams of 59.4 per cent nitric acid and 836 grams 
of 20 per cent fuming sulfuric acid. The acid mixture was 
heated to 70° C., and then 69 grams of benzene were slowly 
added through a dropping funnel.

The heat of reaction would maintain the temperature at 
the desired point without any external heat. The time of the 
reaction was 2 hours. At the end of this period the tem
perature of the mixture was raised to 109° C. and maintained 
there for 2 hours. During this heating period it was neces
sary to stir vigorously because the nitrobenzene has a tend
ency to form an oily layer on top of the acid. At the conclu
sion of this heating period, the mixture was cooled to 80° C., 
drawn from the nitrator, and weighed. The results of such 
a nitration, together with all of the operating conditions, are 
as follows:

1. Yield of dinitrobenzene, % 79.1
2. HNOj used (sp. gr., 1.37):

% by weight 59 .4
Volume, cc. 450
Weight, grams 617

3. HiSCh used (20% fuming):
Volume, cc. 450
Weight, grams 836

4. Benzene used:
Volume, cc. SO
Weight, grams 69

5. Total charge:
Volume, cc. 980
Weight, grams 1522

6. Total material after reaction, grams 1510
7. Separated nitro- and dinitrobenzene, grams 37
8. Separated mixed acids, grams 1473
9. HNOj in mixed acids, grams 248

10. ILSO« in mixed acids, grams 930
11. Water in mixed acids, grams 189
12. Wash water used, grams 2000
13. Product lost in wash water, gram 0 .4
14. Dinitrobenze recovered from wash water, gram 0 .9
15. Dinitrobenzene recovered from mixed oil
16. Dinitrobenzene recovered from mixed acids (set

ting point <7.6° C., 85.6% dinitrobenzene, grams 84
17. Total dinitrobenzene recovered, grams 81
18. Oil separated from 15, grams 19
19. Setting point of oil IS, 0 C. 68.2
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20. Dinitrobenzene in o il:
% by weight 75
Weight, grams 14

2 1 . Nitrobenzene in oil and product from acid, grams 17
21A. Dinitrobenzene left in acid, grams 22
22. Total dinitrobenzene formed, grams 117
23. Yield of dinitrobenzene, % 79.1
24. Yield of nitrobenzene (calcd. from remaining

benzene), % 75.3
25. Benzene unaccounted for, grams 5 .25
26. Period during addition of benzene:

Time, hours l 6/e
Temperature, ° C. 70

27. Period during final heating:
Time, hours 2
Temperature, ° C. 109

28. HNOj unaccounted for, grams 21.3

O th er N itra tio n s
In a later series naphthalene was nitrated to a-nitronaph- 

thalene; the details are as follows:

Naphthalene, grams 100
HNO3 (sp. gr. 1.38, 61.3% HNOi), grams 83
H2SO4 (sp. gr. 1.83, 91% HiSOi), grams 233
Average tomperature, 0 C. 25
Wash water used, liters 2
Product in wash water Trace
Product, grams 115
Setting point of product, 0 C. 58
Yield, % of theoretical 85
HNOj in spent acid, % 2 .4

Following this, acetanilide was nitrated to p-nitroacetani- 
lide. Results of a typical nitration are as follows:

Acetanilide, grams 200
HiSOt to dissolve acetanilide, grams S10
HiSO, (sp. gr. 1.83, 91% H;SO<), grams 152
HNOs (sp. gr. 1.38, 61.3% HNOa), grams 156
Period of acetanilide addition, hours 5
Average temperature, ° C. 2
Maximum temperature, ° C. 6
Product, grams 223
Yield, % of theoretical 8 3 .5

An attempt was also made to nitrate toluene to p-nitro- 
toluene by the process under investigation, but it was un
successful because a considerable amount of dinitrotoluene was 
formed. This result is in conformity with earlier results on 
the nitration of benzene, where it was also found impractical 
to attempt the nitration of benzene to the mononitro com
pound.

C on clu sion

The rather meager data seem to show that the process of 
adding the material to be nitrated to the mixed acid is likely 
to be successful when the desired compound is the highest 
nitro derivative readily formed. When this is the case, the 
process has some operating advantages and can be conducted 
with a somewhat lower cost for nitrating acid.

In nearly every nitration it is possible to recover all of the 
nitric acid from the spent mixed acid by washing the latter 
with two or more portions of the material to be nitrated.

R e c e i v e d  A ugu st 1 3 ,  1 9 3 7 .

R ecen t P r o g r e ss  in  C hlorination'
H. B. HASS, E. T. M cBEE, AND L. F. HATCH2 

Purdue U niversity  and Purdue R esearch F oundation , 
W est L afayette, Ind.

S o m e o f th e  recen t d iscoveries in  th e  
field  o f organ ic c h lo r in a tio n s  are re 
view ed  an d  d iscu ssed . A m o n g  th e se  are 
th e  d irect su b s t itu t iv e  ch lo r in a tio n  of 
o lefin s, th e  a p p lica tio n  o f p ressu re to  th e  
c h lo r in a tio n  o f p araffins, th e  su b sta n tia l

ab sen ce of effect o f c a ta ly sts  u p o n  th e  
iso m er ic  ra tio s  o b ta in ed  in  th e  m o n o 
ch lo r in a tio n  o f p araffins, th e  co m b in ed  
a c tio n  o f su lfu r  d ioxide an d  ch lo r in e  u p o n  
h ydrocarb on s, an d  th e  e x ten s io n  o f th e  
co n cep tio n  of c h a in  rea ctio n s  to  th is  field .

THE rather extensive literature of chlorinations has been 
recently reviewed (8, 5) so that the present article will 
be confined to the developments of the past few years 

which seem to possess either theoretical interest, potential 
technical importance, or both. The steady development of re
search in this field during the past two or three decades has 
finally resulted in such a great demand for chlorine that the 
present plants are being taxed to capacity. Instead of being a 
troublesome by-product, chlorine is at present the most readily 
salable of the trio of substances produced in the electrolysis 
of brine. In spite of this, the patent literature gives the im

1 T h is  paper, w hich con ta in s m aterial ab stracted  from  the P h .D . thesis  
of L . F . H a tch , is th e  six th  in  a series on th e su b ject of syn th eses from  
natural gas h ydrocarbons. T h e o thers appeared in  I n d . E n g . C h e m . ,  23, 
352  (1931); 27 , 1190 (1935); 28 , 333 , 339» 1178 (1936).

2 Presen t address, Shell D ev e lo p m en t C om pan y , E m eryv ille , Calif.

pression that research on new uses for chlorine and improve
ments of existing processes is continuing unabated.

S u b s t itu t iv e  C h lo r in a tio n  o f O lefins
Organic textbooks have for many decades pointed out that 

olefins differ essentially from paraffins and cycloparaffins in 
that the former add halogens rather than reacting substitu- 
tively. While this is, of course, perfectly true under the 
proper conditions, Kondakov showed many years ago that 
olefins which are capable of adding hydrogen chloride readily 
will yield substitution as well as addition products and that 
higher temperature increases the proportion of chlorine react
ing substitutively. Deanesley (2) showed recently that the 
addition of chlorine to an olefin suffices (particularly in the 
absence of oxygen) to cause the substitutive chlorination of 
a copresent paraffin. Still more recently, Engs and Redmond
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(4) patented a process for the substitutive chlorination of 
olefins which consists essentially in preheating chlorine and 
olefin to a temperature of 200° to 500° C. and then mixing 
with extreme rapidity to cause the reaction. Thus, for ex
ample, allyl chloride may be produced directly from propyl
ene. The hydrogen atoms of the methyl group, being re
moved by one carbon atom from the double bond, are in an

tube to the right-angle nickel block, 7, then into the Primex 
(hydrogenated vegetable oil) bath heated by furnace K . In this 
bath the tube makes a right-angle bend and enters another right- 
angle block J  from which it emerges from the bath to pass through 
the copper water condenser, L.

Valve M  released the pressure, and the chlorinated product was 
collected in flask N , along with the excess heptane. The hydrogen 
chloride formed by the reaction passed over to container P  and 
through spiral condenser 0 . The condenser tends to take out 
and return to flask P  any entrained liquid. From 0  the hydrogen 
chloride passed through bubble counter Q to absorption tower R. 
This tower is packed with porcelain, and the absorption medium 
is water. Any nonabsorbable material passed out through the 
bubble counter, S.

The temperature of the Primex bath was regulated by a Leeds 
& Northrup regulating pyrometer. In the actual setup, the reac
tion tube makes a right-angle turn coming from J , and thus con
denser L  is at right angles to block J  and the rest of the apparatus 
back of J. Also, for compactness, the apparatus from iV on is 
arranged back towards the furnace at a 30° angle to the condenser.

i | | !
J N " j
| H r-Aj
'• 'v J j jSi— — zy»v4j

A /  N \

F i g u r e  1 . H i g h - P r e s s u r e  C h l o r i n a t i o n  A p p a r a t u s

“activated” position and therefore their substitution consti
tutes the predominant reaction. The low-temperature addi
tion reaction is suppressed by preheating the reactants prior 
to mixing them.

A p p lica tio n  o f P ressu re to  C h lo r in a tio n  of 
P araffins

The recent discovery (6) that liquid-phase chlorination of 
saturated hydrocarbons is capable of giving relative yields of 
primary substitution products which can be obtained in vapor 
phase only at much higher temperatures was the starting 
point for the investigation of liquid-phase chlorination at 
high temperatures and pressures.

A special apparatus had to be designed for chlorination 
work at high temperatures and pressures. There are several 
reasons for this. Even assuming that sealed glass tubes could 
withstand the high pressures which necessarily accompany 
the use of high temperatures, the contents might react be
fore attaining the desired temperature.

Figure 1 shows a drawing of the apparatus used:

A charge was prepared by cooling the desired amount of n- 
heptane with a bath of alcohol and solid carbon dioxide to —70° C. 
Enough chlorine was dissolved in the heptane to give a mole 
ratio of 1 to 8. The mixture was immediately transferred to 
bomb D, and the head of the bomb was replaced. The */< X Vis 
inch tubing, A , was connected to the tee, B, and a pressure of 500 to 
1000 pounds per square inch was passed to the bomb from a nitro
gen tank. This pressure was indicated by hydraulic gage C. 
Valve E  is also on the head of the bomb.

The bottom of the bomb is fitted with a 3/is X Vie inch Monel 
metal tube which goes to an angle block, F, and from there to 
valve G. At the start of the run, valve M  was cracked; then 
valve G was opened, allowing the heptane-chlorine mixture to 
pass along to reducer II which is connected to the nickel reaction 
tube (■/, X V.o inch). The mixture passed along the nickel

The apparatus, with the exception of the nickel reaction tube, 
was first made of stainless steel. This material proved unsatis
factory. The chlorine would chlorinate the iron of the stainless 
steel, resulting in the formation of ferric chloride. Ferric chloride 
is a catalyst for the splitting off of hydrogen chloride from chloro- 
hydrocarbons. This reaction resulted in a high yield of poly
chlorides and a gum, probably a chloroolefin polymer.

All of the stainless steel parts which were in contact with the 
chlorine-hydrocarbon mixture were replaced by Monel metal 
which gave satisfactory service.

A typical charge and data table (Run 40) is as follows:

n -H ep tan e, m l. 
C hlorine, m ole 
M ole ratio  
Tem perature, ° C.

400
0 .3 4
8:1
275

Pressure, lb ./s q . in . 900
E lap sed  tim e, m in. „ 20
Color of chlorides L igh t orange

The rate of flow should be so regulated that there will 
always be a small amount of free chlorine passing through the 
exit valve. As the valve was hard to regulate, this was not 
always accomplished. A two-way stopcock was inserted be
tween flasks N  and P  which permitted the turning of the exit 
gas into a potassium iodide-starch solution to test for free 
chlorine.

The results obtained in the chlorination of pure n-heptane 
in this laboratory are summarized in Figure 2. From — 65° C. 
to about + 1 2 5 ° C. a logarithmic curve was obtained similar 
to those previously reported. From 125 ° to 300 0 C. the points 
are more irregular but are fairly well represented by a vertical 
straight line. It is believed that the place where these two 
parts of the curve intersect represents the temperature at 
which the pressure used was no longer capable of maintaining 
completely the liquid phase, and at the high temperatures the 
increased proportion of vapor-phase reaction was nearly 
balancing the opposite effect of the increased temperature.
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A comparison of the two curves at 300° C., together with 
the fact that this is higher than the critical temperature of 
n-heptane, indicates clearly that the difference between the 
two curves is not essentially one of phase but of concentra
tion. This deduction was tested by a series of chlorinations 
of propane at 300° C. and at various pressures. The results 
of these experiments are summarized in Figure 3 and in the 
generalization advanced tentatively as chlorination rule 11: 
In vapor-phase chlorination of saturated hydrocarbons, in
creased pressure causes increased relative rates of primary 
substitution.

The theoretical interpretation of this phenomenon is not 
yet entirely clear. The hypothesis of two competing mecha
nisms for the reaction—one relatively selective for secondary 
hydrogen atoms, the other relatively nonselective, the second 
of which involves an instable addition compound and hence 
is favored by higher concentrations—requires further proof. 
This can also be said of an alternative hypothesis based upon 
the chain mechanism for chlorination formulated by Pease 
and Walz (8) and by Yuster and Reyerson (11):

Cl2 - 4- Cl +  Cl 
RH +  Cl — R +  HC1 
R  +  CL -*■ RC1 +  Cl

(1)
(2)
(3)

If we assume that reaction 2 is relatively nonselective but 
that before the free organic radical, R, reacts with Cl2 it may 
rearrange to an isomeric radical R'—e. g.,

c h 3—c h 2—CH2   CH3—Ch —CH (4)

the more rapid reaction with chlorine at the higher concentra
tions would tend to prevent reaction 4 and account for the 
lesser selectivity of the reaction under these conditions. If 
this mechanism is correct, the ratio of chlorine to hydrocarbon 
should change the isomeric ratios. Although this point has 
not been subjected to critical study, it  seems quite unlikely.

In an earlier article of this series the theory was expressed 
that the function of light in chlorinations is to initiate reaction 
chains by decomposition of the chlorine molecule

Cl2 +  hv — Cl +  Cl (5)

RELATIVE 
CHLORINATION RATE

F ig u r e  2. E ffe c t  of T e m p e r a t u r e  
u p o n  R e l a t iv e  C h l o r in a t io n  R ate  
o f  P rim a r y  a n d  S e c o n d a r y  H ydro 

g e n  A tom s

O  P rop an e, vap or phase 
#  n -H ep tan e, liq u id  phase  

(T he sign ificance of th e term  “ rela tive  
ch lorin ation  r a te ” is g iven  in  a previous  

paper, 6)

eriect or m e  otner 
chlorine carriers 
on the chlorina
tion of paraffins. 
Their powerful 
effect in the aro
m atic series of 
prom oting ring 
substitution rather 
than reaction on 
the side chain is, 
of course, well 
known. The re
sults of Table I 
indicate that at 
least those cata
lysts so far tested 
have no consider
able ef fect upon 
the relative reac
tion rates of 
primary and sec
ondary hydrogen 
atoms in paraffin 
molecules. This  
somewhat surpris
ing result must be 
considered as sub
stantial evidence 
for a chain mecha
nism.

It was previ
ously pointed out 
(6) that a simple  
equation of the 
type

X  =  K Y

and that catalysts also function by starting reaction chains. 
If the same chain mechanism or mechanisms result whether 
catalysts are present or absent, the quantitative ratio of 
isomers would be the same in the presence or in the absence 
of catalysts, assuming that the resulting chlorides are sub
stantially undecomposed by the catalysts. Although the ob
servation had been formerly made (6) that neither light, mois
ture, nor carbon surfaces affect the isomeric ratios signifi
cantly, there were no data in the literature in regard to the

T a b l e  I. E ffe c t  o f  C a t a l y st s  o n  R e l a t iv e  R e a c t io n  R a t e s  o f  P r im a r y  
a n d  S e c o n d a r y  H y d r o g e n  A toms

A verage

2 .8 0
2 .7 6  
2 .5 0

2 .6 2

2 .7 6

R u n  N o . C om pou n d T em p .
P o ly 

chlorides

P rim ary
M on o

chlorides

Prim ary  
M ono- • 

chlorides

R atio
Secondary:

P rim ary

1-C I*

° C. 

1 1 .5

Ml.
3 .2

Ml.
3 .2

%
1 7 .6 3 2 .8 0

2-C S8 3 5 .2 5 .2 17 .8 6 2 .7 6
3-C SbCla 7 4 .5 8 . 0 1 9 .1 8 2 .5 3 )  

2 .4 7  J6 -C SbCla 7 4 .4 8 . 0 1 9 .5 6
4-C SnC li 6 4 .5 7 .7 1 8 .4 7 2 .6 5  )

1 1 -C S nC li 6 4 .4 8 .4 2 0 .3 4 2 .3 4  [
16-C SnCl* 6 4 .2 6 .7 1 7 .3 5 2 . 8 6 )

5-C BiCla 6 4 .6 7 .4 17 .41 2 .8 5 )
12-C B iC lj 7 4 .5 7 .6 1 8 .2 7 2 . 6 8  (

7-C A lC lj 6 4 .4 7 .7 1 8 .8 2 2 .5 9 )
13-C A lC li 6 4 .4 7 .5 1 8 .5 2 2 .6 4  j

8 -C A sC lj 1 0 4 .5 7 .9 1 8 .7 2 2 . 0 1  )
14-C AsC L 7 4 .5 7 .7 1 8 .4 8 2 .6 5  J

9-C TiC L 6 4 .2 7 .8 1 9 .7 9 2 .4 3  )
15-C T iC li 6 4 .4 8 . 0 1 9 .7 5 2 .4 4 )

represents rather accurately the effect of excess hydrocarbon 
in suppressing the formation of polychlorides. In this equa
tion X  is the weight ratio of monochlorides over polychlorides, 
Y  is the ratio of moles of hydrocarbon over moles of chlorine, 
and A  is a constant peculiar to the hydrocarbon and the 
conditions. It has now been found (7) that the value of 
constant K  can be altered significantly by changing the 
momentary concentration of chlorine during the reaction.

This is illustrated by two experiments involving the liquid- 
phase photochemical ehlorinatior of l-chloro-2-methylpro- 
pane. In experiment a the monochloride was added to a 
stirred, illuminated, three-neck flask maintained at a tem

perature of 7° C. by means of an ice bath. 
_ _ _ _ _  Chlorine was added continuously over a period 

of 4 hours at such a rate that only a very low  
concentration was present. The concentration 
of chlorine was followed roughly by observing; 
the color of the reaction mixture; a comparatively 
small amount of chlorine appears as a distinct, 
yellow. The product was rectified and found to. 
contain 7.03 per cent of material boiling higher 
than dichlorides.

Experiment b was a duplicate of a except that 
the chlorine was added rapidly for a short time 
and then the addition stopped until the excess 
chlorine had reacted. This process was con
tinued until the same amount of chlorine had 
been added as in the previous case. The product 
from this experiment was rectified and found to 
contain 14.4 per cent of overchlorinated product.

2 .6 2

2 .6 3

2 .4 4



1338 INDUSTRIAL AND ENGINEERING CHEMISTRY VOL. 29, NO. 12

The theoretical interpretation of this result seem s clear. 
Chlorination is a highly exothermic reaction, and hence the 
monochloride molecule as freshly formed must be in an energy- 
rich condition. If the concentration of chlorine is high, this 
energy-rich or activated molecule is likely to find a molecule 
or atom  of chlorine and react w ith it  before it loses th is un-

F ig u r e  3. E f f e c t  of P r e ssu r e  u p o n  R e l a t iv e  
C h l o r in a t io n  R ate  of  P rim a r y  a n d  S ec o ndary  

H y d r o g e n  A toms

Propane, 30 0 °  C.

usual am ount of energy. If, on the other hand, the concen
tration of chlorine is low, the chances are greater that this 
energy will be exhausted in intermolecular collisions before 
the free chlorine is reached. T he effect of diluents in dimin
ishing overchlorination noted by Bosw ell and M cLaughlin  
(I ) is susceptible of the sam e explanation.

T he potential im portance of this means of diminishing  
overchlorination in  vapor-phase reactions, where heretofore 
i t  has usually been custom ary to add at once all of the chlorine 
for a given pass through the reactor, is obvious in view  of the 
low  economic value of m any of the overchlorinated materials 
such as the dichloropentanes. This m atter is being actively  
investigated.

C o m b in ed  A ctio n  o f S u lfu r  D ioxide and  
C h lorin e  u p o n  H ydrocarb on s

One of the m ost interesting recent discoveries in the field of 
chlorination is reported in  a patent b y  Reed (9 ) who studied  
the sim ultaneous action of chlorine and sulfur dioxide upon a 
number of hydrocarbons. It is not surprising that the pres
ence of sulfur dioxide should initiate substitutive chlorination 
of copresent material; this much is in  agreement with  
D eanesley’s work (2 ) upon mixtures of olefins and paraffins 
and is in perfect harmony w ith the chain mechanism. Thus 
R ice observed (10) that, in general, any chain reaction which  
takes place readily is likely to start chains which involve the 
corresponding reaction upon some more sluggish material. 
T he function of “carriers” such as antim ony trichloride which 
are alternately chlorinated by free chlorine to a higher valence 
and reduced to a lower valence by the organic material under
going chlorination is thus to be interpreted not upon the theory  
th a t all (or even necessarily a significant proportion) of the

organic compound reacts with the catalyst directly but that 
ordinarily the chlorination of the catalyst starts reaction 
chains which continue without intervention of the catalyst.

Since the reaction of sulfur dioxide with chlorine to form 
sulfuryl chloride (S 02C12) is well known and since sulfuryl 
chloride is a mild chlorinating agent (5), it is not surprising 
that the presence of sulfur dioxide should induce reaction in 
a mixture of chlorine and hydrocarbon. The surprising feature 
of Reed’s work is the formation of organic sulfur compounds. 
He interprets this as being due to an instable isomeric form 
of sulfuryl chloride having the structure

Cl—S = 0

A 
A,

which contains “positive” chlorine. Another possibility is 
that the free organic radicals believed to be formed during 
chlorination are capable of adding sulfur dioxide to form 
another type of free radical which subsequently reacts with 
chlorine molecules to continue the chain:

R—  +  S 0 2 — R S02— (6)
RSO~— +  Cl2 —  RSO,Cl +  Cl—  (7)

It is premature at present to attempt a choice between these 
mechanisms; much careful work is needed here. If the second 
mechanism is correct, other reagents should also be capable 
of reacting with the free radicals. If chlorine does, in fact, 
convert a saturated hydrocarbon to the most reactive known 
type of organic compound, a free radical, this opens up a 
wholly new approach to the chemical utilization of paraffins.

F u tu re  W ork
The conception of chlorinations, both of the substitutive 

and of the additive types, as chain reactions has so far been 
extremely fruitful. It has proved capable of offering a satis
factory interpretation of such diverse phenomena as the 
formation of pyrolytic products during thermal chlorination 
at temperatures at which both the hydrocarbons and their 
chloro derivatives are fairly stable (6) of the induction of 
substitutive chlorination by the additive chlorination of co
present olefins, of the absence of effect of catalysts upon the 
ratios of isomers obtained in the chlorination of paraffins, 
and of the effect of diluents and low momentary concentra
tions of chlorine upon the amount of overchlorination. The 
extension of this theory, accompanied by careful quantitative 
technic, to the chlorination of more complicated types of 
organic compounds comprises a field which holds much of 
interest both to the industrial and to the theoretical chemist.
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T h e m o re  im p o r ta n t a d v a n ta g es an d  
d isa d v a n ta g es  o f th e  e lec tro ly tic  m e th o d  
for red u c in g  o rg a n ic  c o m p o u n d s  are 
g iv en . T h e  fa c to rs  th a t  m u s t  be s tu d ie d

in  th e  d ev e lo p m en t o f a  p rocess o f e le c 
tr o ly tic  red u ctio n , to g e th e r  w ith  th e  
c o n d it io n s  for co n tr o llin g  th e  p rocess, are  
also  d iscu ssed .

THE electrolytic method for reducing organic compounds 
should compare favorably with other methods of reduc
tion. As has been pointed out in previous discussions, 

it has the distinct advantage over purely chemical methods 
that practically no metal is consumed in the reaction. This 
means that there is no contamination of the product by salts. 
On account of the more exact control of conditions than is 
possible with purely chemical reductions, the electrolytic 
method offers the hope of higher yields and a purer product. 
It has been found possible with better control to obtain higher 
yields by the electrolytic than by the catalytic method.

Regardless of these advantages, few electroorganic reduc
tions are being carried out industrially. Glasstone and 
Hickling {2) state that the following compounds have been 
manufactured by electrolytic reduction: pinacol, piperidine, 
benzidine, tolidine, dianisidine, p-aminophenol, and glycolic 
acid. They further state that it is not known whether all of 
them are manufactured in this way at present.

In the United States the only successful electroorganic 
reduction, the details of which are published, is the Creighton 
process for the electrolytic reduction of glucose to mannitol 
and sorbitol (6).

A survey of United States patents uncovered only about 
fifty-four electroorganic reductions. Reasons for the lack of 
popularity of electrolytic methods in organic technology 
have been discussed many times in the literature. The main 
objections seem to be the relative slowness of the reaction and 
the consequent low capacity of the unit, the careful control 
of the process which is necessary, and in certain cases the cost 
of power.

The first objection is self-explanatory. In order to present 
the second objection more clearly, the important factors in 
the development and control of an electrolytic process of 
reduction will be discussed. Most of these factors are 
given in detail by Glasstone {1 A)  and by Glasstone and Hick- 
ling (S). Lowy (9) reviewed the controlling factors of electro
organic chemistry as a whole, with illustrations limited 
almost entirely to their effects on oxidation.

The electrolytic reduction of an organic compound is car
ried out by bringing it into contact with a cathode at which 
hydrogen is being evolved, because of the passage of current 
through a suitable electrolyte. The compound reacts with 
the hydrogen and is, therefore, a depolarizer. The cathode 
compartment is usually separated from the anode compart
ment by a porous diaphragm to prevent reoxidation of the 
product.

In the development of a process for the electrolytic reduc

tion of an organic compound, the following conditions must 
be studied: the nature of the electrolyte, the composition of 
the cathode material, the physical structure of the cathode 
material, the effect of added salts, the current density, the 
temperature, the quantity of current, and power consump
tion.

C o m p o sitio n  o f C a th o ly te
That the composition of the catholyte will determine the 

type of product obtained from a given starting material is 
well known. The acidity or alkalinity of the solution will 
direct the formation of a certain product. A classical ex
ample is the reduction of nitrobenzene to aniline in acid solu
tion and to partial reduction products in alkaline solution (4).

The concentration of the electrolyte may affect the yield 
of product. In the electrolytic reduction of methyl n-propyl 
ketone to n-pentane at a cadmium cathode {12), a minimum 
starting concentration of about 30 per cent sulfuric acid is 
necessary for the best results. On the other hand, the yield 
of pentane at a lead cathode is inversely proportional to the 
sulfuric acid concentration within limits {17).

C a th o d e M ateria l
Whether the depolarizer will be reduced or not depends, 

practically speaking, on the cathode material. It was pointed 
out many years ago that, in general, a more complete reduc
tion of an organic compound takes place at cathodes of high 
hydrogen overvoltage. There are examples in the literature, 
however, of the effectiveness of cathodes of low hydrogen over
voltage {11) so that the importance of the overvoltage is un
certain.

The best yields of pentane by the electrolytic reduction of 
methyl n-propyl ketone are obtained at cathodes of cad
mium, zinc, lead, and mercury {17). The other common 
metals yield only very small amounts. On the other hand, 
satisfactory yields of amines from nitro compounds may be 
obtained at almost any cathode (8).

The activity of the cathodes in a given reduction may be 
varied by changing the electrolyte. When benzophenone is 
reduced to benzopinacol in aqueous sulfuric acid, appreciable 
yields are obtained only at cathodes of mercury {16) and 
aluminum {18). If the aqueous electrolyte is replaced by  
one of glacial acetic acid, all the common metals are active 
as cathodes; iron gives the best results {14). In this case 
benzopinacolone, the dehydration and rearrangement product 
of the pinacol, is the main product.

1339
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Alloys may also be used as cathodes. A 65 atomic per cent 
cadmium amalgam will give as good results as a pure cad
mium cathode in the electrolytic reduction of methyl n-propyl 
ketone to n-pentane {18). On the other hand, a 99.9 per cent 
chemical lead will not be as active as a 99.99+  lead {16A). 
In trying to develop more efficient cathodes by alloying 
metals, a complete series from 100 atomic per cent of one 
metal to 100 atomic per cent of another should be studied.

P h y sic a l S tru c tu r e  o f th e  C ath od e

Many years ago it was shown that a roughened cathode 
surface gave better results than a smooth one {19). In this 
laboratory, it was recently found that the crystal structure of 
the cathode material influences the yield of product in an 
electrolytic reduction.

The yield of pentane from methyl n-propyl ketone was 
shown to vary with the composition of a cadmium-amalgam 
cathode {18). Slight changes in the chemical composition 
sometimes produce marked changes in the yield in the regions 
where the physical structure changes rapidly with the com
position.

In the electrolytic reduction of methyl n-propyl ketone to 
pentane at a cadmium cathode, consistent results could not 
be obtained with commercial sticks, probably cast in a cold 
mold. The results became uniform w'hen this cadmium was 
recast {16A). Evidence in part indicates that the yield 
changes with crystal size of the cathode and strain in it.

A dded C o m p o u n d s

In certain cases small amounts of compounds added to the 
catholyte markedly increase the yield of product. A small 
amount of arsenic doubles the yield of A+V-dimethylbenzyl- 
amine from ATpY-dimethylbenzamide at a lead cathode (5). 
The action of added salts is not definitely known except in 
certain cases.

On the other hand, the iron contained in a new porous cup 
is enough to reduce the yield of benzopinacol from benzo- 
phenone at an aluminum cathode in sulfuric acid solution {18). 
In this connection it should be stated that care should be 
taken to prevent any extraneous substances from entering 
the cathode compartment, since they may poison the cathode. 
It is well known that small quantities of certain metals will 
poison the surface of a lead cathode {19). There is also the 
possibility of poisoning by other materials.

In the industrial electrolytic reduction of pyridine to 
piperidine, formerly carried out by the Rubber Service 
Laboratories, impurities in the cell poisoned the lead cathode 
so that the process had to be stopped and the lead reac
tivated (1). Careful supervision was therefore necessary. •

C u rren t D e n s ity

In many of the electrolytic reductions which have been 
investigated thoroughly, an optimum cathode current density 
has been found. This varies with the reduction and with 
the cathode material. In the electrolytic reduction of methyl 
n-propyl ketone to n-pentane at a cadmium cathode, the 
optimum current density is from 0.05 to about 0.15 ampere 
per sq. cm. {12).

On the other hand, the optimum current density for the 
reduction of benzophenone to benzohydrol in aqueous potas
sium acetate solution is 0.01 ampere per sq. cm. at a cadmium 
cathode {16A).

I t  is also possible to change the nature of the product by 
changing the current density. An example is the stepwise 
reduction of nitrobenzene. The cathode potential, which is 
controlled by the current density, determines the extent of 
reduction.

T em p era tu re

The effect of temperature depends on the reduction studied 
and the cathode material. In the electrolytic reduction of 
methyl n-propyl ketone to pentane, slight increases in yield 
from 30° to 50° C. were noted at a cadmium cathode, whereas 
the yield at a lead cathode was doubled {16A).

It is obvious that the temperature control is relatively 
simple since the reactions take place in the presence of a 
liquid phase and at low temperatures.

Q u a n tity  o f C u rren t
The quantity of current necessary for the maximum yield 

of reduction product will vary with the rate of depolarization. 
In the reduction of methyl n-propyl ketone to n-pentane at a 
cadmium cathode {12), no better yield was obtained when 
more than theoretical current was used. In fact, 90 per cent 
theoretical current gave just the same yield as theoretical. 
However, in the case of a poorer depolarizer such as benzoic 
acid, the yield of benzyl alcohol may be increased markedly 
by passage of more current than is needed theoretically {16A ).

P ow er C o n su m p tio n
The power consumption will depend on the amount of cur

rent and on the resistance of the cell. Resistance exists at 
three places: the electrolytes, the diaphragm, and the elec
trodes. Electrolytes which are good conductors are there
fore desirable. Agitation will help in eliminating the last 
factor. The other factors must be determined before a study 
of power consumption is made. Finally, losses from the 
cathode compartment into the anode compartment must be 
determined.

C o n clu sio n
It is obvious, then, that a large number of factors must be 

studied and conditions must be controlled carefully to obtain 
optimum results in an electrolytic reduction.

The author has pointed out that a considerable number of 
electrolytic reductions of many types of organic compounds 
compare favorably in yield with other methods on a small 
scale {15). It should therefore be possible to commercialize 
some of these.

The usefulness of the electrolytic method is limited by the 
solubility of the depolarizer. Industrially it seems best 
suited to depolarizers which are soluble in dilute acids or 
alkalies. Concentrated solutions of poor electrolytes will 
cause loss of power due to low conductivity and consequent 
heating. It is true that a nonreducible blending agent such 
as alcohol may be employed, or even a nonaqueous electrolyte 
may be used. Both of these methods are open to the objec
tion that they increase the power consumption due to poorer 
conductivity and will diffuse through the diaphragm into the 
anode compartment where they will be destroyed by anodic 
oxygen unless special pains are taken to remove them from 
the system.

The scope of electroorganic reduction has been extended 
greatly by the work of McKee et al. {10) who found that 
organic depolarizers will dissolve in appreciable amounts in 
concentrated solutions of alkali metal salts of aromatic sul
fonic acids. When used as catholytes, reduction takes place 
under mildly alkaline conditions. Acidic reductions may 
be carried out by adding free acid. Excellent results have 
been obtained in the reduction of nitro compounds to azo and 
hydrazo compounds.

In answer to the objection to the low capacities of the 
cells, it may be possible to develop cathodes which, either by 
themselves or with the assistance of catalysts, will permit 
depolarization at high current densities.



DECEMBER, 1937 INDUSTRIAL AND ENGINEERING CHEMISTRY 1341

The energy costs of electrolytic reduction compared to 
costs of chemical reducing agents appear to show a fair mar
gin in favor of the former except for the very cheapest reduc
ing materials, such as iron (7). An opportunity for reducing 
the cost of electrical energy is in the use of off-peak power.

With all the research that has been carried out in this field, 
the possibilities of the electrolytic method of reducing organic 
compounds are still undetermined, and more fundamental 
work is needed to overcome the uncertainties that exist.
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E stérifica tion
M a n u factu re  of M alon ic  E ster
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A  b rief o u t lin e  is  g iven  of th e  ch em istry  
of m a lo n ic  ester  (d ie th y l m a lo n a te )  
m a n u fa c tu re , em p h a s iz in g  th e  q u a n t ita 
tiv e  a p p lica tio n  o f th e  u n it  p rocess, e s tér i
f ica tio n , to  in d u str ia l p ro d u ctio n . T he

ch em ic a l en g in eer in g  p rin c ip les  involved  
in  th e  s tr a ig h t- lin e  p ro d u ctio n  o f th is  
rea g en t are d escrib ed ; ty p e  an d  d esign  
of e q u ip m e n t, flow  an d  tra n sfer  o f m a te 
rials, e tc ., are g iven .

THE classical malonic ester synthesis has, in recent years, 
received more than its share of consideration in the 
process industries. This has been due to the popularity 

of the barbiturates, a class of compounds for which malonic 
ester (diethyl malonate) is generally considered the starting 
material. The preparation of this chemical in the labora
tory is a procedure well known to all organic chemists. Its 
manufacture on an industrial scale, however, presents many 
problems unknown to the laboratory technician, and this 
phase of the subject is to be discussed here.

The chemistry of this esterification process is generally so 
well known that it will be mentioned only briefly. The proc
ess depends upon the following reactions:

Cl Cl

¿i-bCOOII +  NaOH — >- ¿ H 2COONa +  H20

Cl CN

CILCOONa +  N aCN  — >■ ¿HjCOONa +  NaCl

CN

2CII2COONa +  4C2iI 5OH +  5H2S 0 4 — >

COOC2H s

2CH2 +  Na2S 0 4 +  2N H S +  4SO, +  4H20

¿ o o c 2h s

In the plant these reactions are accomplished in the following 
steps: (1) neutralization of the monochloroacetic acid with

sodium hydroxide, (2) reaction of the formed sodium mono- 
chloroacetate with sodium cyanide, (3) concentration of the 
resulting mixture to a “cake,” (4) hydrolysis of the cake by 
sulfuric acid and subsequent esterification of the “nascent” 
malonic acid by ethyl alcohol, (5) extraction of the malonic 
ester with benzene, (6) purification of the benzene extract, 
and (7) removal of the benzene by distillation.

Through various improvements in the method of manu
facture over a period of years, this material is now produced 
in the plant by this process with an average yield of 70 per 
cent. When assayed by means of the saponification value, 
it contains not less than 90.0 per cent malonic ester, and the 
acidity in terms of malonic acid is less than 0.1 gram per 100 
cc. The material thus obtained is not a colorless liquid as 
described in the literature but has a slight yellow or straw 
color. It can be rendered colorless by fractionation, but 
since it is used in malonic ester syntheses, it  seems economi
cally inadvisable to purify the material further.

A few years ago it became desirable to segregate this proc
ess from the manufacture of other chemicals because of the 
hazardous nature of one of the reagents used— namely, ben
zene. After careful study, therefore, the process was in
stalled in an isolated building as a distinct unit process, where 
production was accomplished on a straight-line basis. The 
flow sheet evolved is shown in Figure 1.

H o u sin g  for th e  P rocess
This structure, made of red-faced reinforced brick, is 30 

feet long, 18 feet wide, and 28 feet high, inside dimensions.
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E n gin eerin g  D eta ils
The manufacture of the ester begins in a 300-gallon stone

ware jar located on the ground floor, in which are placed the 
monochloroacetic acid and an equal 
weight of ice. The acid is neutralized 
with a 50 per cent solution of sodium 
hydroxide which is run into the jar 
from a 300-gallon iron storage tank 
located on the upper mezzanine, where 
a week’s supply has been previously 
prepared. The heat of neutralization 
of this reaction melts the ice, thereby 
yielding a cool solution of sodium 
monochloroacetate. Agitation of the 
acid and ice during this neutralization 
is accomplished by a Lightnin mixer.

This solution of sodium monochloro
acetate is next drawn by vacuum into 
a 900-gallon jacketed iron still on the 
upper mezzanine where it is warmed to 
60° C. (140° F.) with steam. After 
adjusting the pH of the solution to 
about 9.0, a hot concentrated solu
tion of sodium cyanide is added.
This cyanide solution has been previ
ously prepared in an adjacent 150- 
gallon jacketed iron tank and is al
lowed to run slowly into the warmed 
solution of sodium monochloroacetate,

resulting in a vigorous reaction, accompanied by 
a great amount of foaming and a rapid evolution 
of cyanide vapors which have to be exhausted from 
the still by an efficient ventilating fan.

When this reaction is complete, the mixture is 
concentrated under the vacuum of the jet con
denser to about one-fourth of its original volume. 
This “cake,” as it is termed in the plant, is a thick 
semisolid mass which flows readily when hot but 
immediately solidifies upon cooling. It is dumped 
through the bottom outlet by means of an iron 
chute into one of two 500-gallon Pfaudler glass- 
lined reaction kettles located on the lower mez
zanine. This kettle contains warm, specially de
natured alcohol which, incidentally, has been re
covered from other malonic ester syntheses and 
is at least 99.5 per cent pure.

This esterification is a batch process which 
runs for about 36 hours. Thus, starting a new 
batch every morning, today’s lot will have been 
processed up to the above point while yesterday’s 
lot is being extracted from the reaction mixture. 
This is accomplished by using two reaction kettles ; 
each one is charged on alternate days from one 
cake still.

The reaction kettles are equipped with anchor-type direct- 
driven agitators and 9-foot vertical brass reflux condensers, 
the vapor pipes of which lead into scrubbing towers where the 
evolved gases of the reaction are washed down the sewer with 
showering sprays of water. The kettles are also connected to 
a pipe line leading to a 185-gallon iron sulfuric acid charger. 
This latter is filled with a definite weight of commercial sul
furic acid from the glass carboys under 12 to 15 pounds per 
square inch of air pressure.

After the reaction kettle has been charged with the alco
hol, which is pumped from 50-gallon drums, and with the 
cake, the acid is blown into the kettle from the acid charger 
under air pressure controlled by a Taylor temperature regu
lator. In this way the rate of addition of the acid is automati
cally controlled and depends upon the temperature and rate 
of reaction of the mixture within the kettle. When all the 
acid has been added, the entire mixture is gently refluxed over
night by heating with steam.

S o d i u m  C y a n o a c e t a t e  ( “ C a k e ” )  S t i l e

Above and in the center of the roof is a Transite monitor, 12 
feet long, 10 feet wide, and 7 feet high, in which is housed the 
exhaust fan for the ventilating system of the building and a 
three-stage Elliott steam ejector-condenser. The floor and 
ceiling of the building are concrete; the interior walls are 
white glazed brick. There are eight windows, three on each 
side and one on each end; each one practically fills an entire 
bay, except in the two bays where the doors are located. All 
of the sashes of these windows are operable so that there is good 
natural ventilation. Besides the ground floor, there are two 
mezzanines or working platforms at the 5- and 18-foot levels. 
Located just outside of the building is the storage space for 
the chemicals used in this process, such as sodium cyanide, 
monochloroacetic acid, sulfuric acid, etc.

F igure 1
NaNUFACTURE or MALONIC EASTER 

Flow Sheet
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M a l o n i c  E s t e r  R e a c t i o n  S t i l l s

The following morning there is added to the still an amount 
of distilled water equivalent to about one-fourth of the reac
tion mixture and an equal quantity of benzene, pumped 
from a 1000-gallon underground storage tank. This entire 
mixture is agitated and mixed intimately, and then allowed 
to settle and separate. The benzene, extracting out the 
malonic ester, rises as a top layer and is pumped off by a 
Duriron centrifugal pump into an adjacent 500-gallon Pfaud- 
ler glass-lined extraction tank, equipped with an anchor-type 
direct-driven agitator. Two additional extractions of the 
reaction mixture are made with benzene and added to the 
original extract in the extraction tank. Finally, three simi
lar extractions of the reaction mixture are made with more 
benzene. However, these extracts are pumped by the Duri
ron pump into a 300-gallon stainless steel storage tank lo
cated on the upper mezzanine, where they are held until the 
next day to be used as the first three extractions for the next 
batch of ester and are returned at that time to the reaction 
kettle by gravity. The reaction mixture is then washed 
from the still directly down the sewer.

The combined benzene extracts in the extraction tank are 
now washed twice by agitation with small amounts of dis
tilled water, which are removed as a lower layer and discarded. 
The extracts are then washed twice by agitation with cold 
portions of 12.5 per cent sodium hydroxide solution, which 
are likewise removed as a lower layer and discarded. After 
one more washing with distilled water, the extracts are finally 
dried with dry sodium sulfate.

The dry benzene extracts of malonic ester are now pumped 
out of the extraction tank by a Blackmer rotary pump into a 
near-by 300-gallon Pfaudler glass-lined jacketed recovery 
still, leaving as a residue in the bottom of the extraction tank 
the sodium sulfate and a small portion of the benzene ex
tracts. Both are removed through the bottom outlet and 
filtered on a gravity filter. The extract thus recovered is 
added as tailings to the next batch when the benzene extracts

are removed from the reaction still and transferred to the ex
traction tank.

The extract in the recovery still is next subjected to dis
tillation under atmospheric conditions until 75 to 80 per cent 
of the benzene has been recovered by the aid of a condenser in 
an iron receiver. After the still has been cooled somewhat by 
circulating cold water through its jacket, a 15-20 inch vacuum, 
supplied by the jet condenser, is applied to the apparatus 
and the remainder of the benzene is distilled off into the 
receiver. This benzene distillate is then returned to the 
1000-gallon underground storage tank to be re-used in future 
batches.

The residue remaining in the recovery still is malonic ester 
which is not less than 90 per cent pure. It is run out of the 
bottom of the still through a Y-pipe containing a strainer 
made of No. 20 mesh screen wire. This strainer, which can 
be readily emptied after each batch, serves as a filter to re
move any last traces of sodium sulfate that may have been 
accidentally pumped into the recovery still from the extrac
tion tank along with the benzene extracts. After passing 
through the strainer, the malonic ester is transferred by the 
Blackmer rotary pump to individual iron storage tanks, lo
cated on the upper mezzanine. These tanks are equipped 
with calibrated gage glasses so that the yield and percentage 
of yield of each batch can be easily determined.

These tanks are connected by individual bottom outlets 
and valves to a common header pipe which transfers the ester 
by gravity to the proper location in a neighboring building 
where it is used in subsequent malonic ester syntheses.

This paper discusses only the present working conditions 
of this estérification process. Naturally many problems had 
to be solved and much experimentation on a large scale had 
to be done before discovering the correct equipment, the right 
layout, and the proper manufacturing procedure to give the 
optimum results.
R e c e i v e d  S eptem ber 13, 1937.



E stérifica tion
A  review  of the recent past and 

a look towards the future
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T he p resen t im p o rta n ce  o f esters  in  
ch em ic a l in d u stry  is  stressed . T he  
litera tu re  h a s b een  search ed  for th e  p a st  
fou r-year period , an d  460 a rtic les  and  
p a te n ts  have b een  a b stracted . F rom  
th ese  and  from  so m e in fo rm a tio n  ob-

THE purpose of this paper is to emphasize the growing 
importance of esters, to note progress in their manufac
ture in the last four years, and particularly to point out 

lines in which further investigation is needed. Scientific 
scouts must go before the industrial army; in this as in so 
many other cases the army has caught up with the scouts.

The reaction of an alcohol and an organic acid to form an 
ester, a typical organic reaction, has interested organic chem
ists from the first. Ostwald, the great pioneer of physical 
chemistry, took up esterification as the best reaction with 
which to study the catalytic activity of acids. The ease 
and accuracy with which the velocities of esterification re
actions can be measured have ever since made them favorites 
with physical chemists. Furthermore they are the best ex
amples of reversible reactions. Biological chemists have 
had much to do with esters. Of late esters have become of 
great commercial importance, and making them is the chief 
concern of a number of industrial chemists. We start with 
an acid and an alcohol and get an equilibrium mixture of these 
with the ester and water. To complete the reaction, the 
water or the ester or both must be removed from the sphere 
of action. Water is volatile; so are the esters that are manu
factured in largest quantity. The separation of these involves 
fractionation and has required the best efforts of the frac
tionation engineers. Now the making of esters is a problem 
of engineering.

Im p o rta n ce  o f E sters

Natural esters we have in enormous quantity and great 
variety; the tonnage is furnished by such esters as linseed 
and cottonseed oils, tallow, waxes, and the like, while essential 
oils supply the variety. Whole industries are engaged in the 
utilization of esters. But natural esters do not fill all of our 
requirements. ‘Millions of pounds of esters are being manu
factured; ethyl acetate and butyl acetate as solvents, triacetin 
and dibutyl phthalate as plasticizers, ester gum, glyptals, and 
cellulose nitrate for lacquers and paints, and cellulose acetate 
for textiles— to name a few individuals which may be taken as 
typical of classes. The most beautiful plastic so far made is 
an ester. The ester that is manufactured in the largest 
quantity never comes into commerce but is in the plant only 
as a transitory intermediate. That is cellulose xanthate. 
Another ester, ethylidene acetate, is of tremendous impor
tance as an intermediate. The quest for cheap acetic acid

ta in ed  p erson ally , a survey h a s  b een  
m ad e o f recen t advances in  th e  th eo ry  
and  p ractice  o f ester ifica tio n . A n a t 
te m p t h as b een  m a d e  to  p o in t  o u t  th e  
n u m ero u s p laces w here fu n d a m e n ta l in 
fo rm a tio n  is n eed ed  for fu rth er  ad vances.

and acetic anhydride engages many chemists and keeps the 
Patent Office busy. These are for making esters. When 
we get cheap acetylene, much of it will go into acetates of 
which the United States production for 1936 was 135,960,386 
pounds. The largest use of phthalic anhydride is for making 
esters (over 10,000,000 pounds in 1936).

Government statistics show that the manufacture of syn
thetic nonaromatic organic chemicals increased 94 times in 
15 years, passing the 2,000,000,000-pound mark in 1936. 
Esters have been large items in this increase. As the demand 
for esters has mounted from thousands of pounds to millions, 
small reductions in cost per pound become important; a cent 
a pound saving on 100,000,000 pounds is 81,000,000. Pres
ent-day efforts are aimed at reducing costs, a fraction of a 
cent per pound here, another fraction there. A 10,000-gallon 
still requires little more attention than a 100-gallon still; 
labor costs come down as the scale of operations is enlarged. 
Greater quantities of esters are being produced and prices 
are being lowered.

T h eo retica l
The theory of esterification and saponification continues to 

receive attention. Polanyi and Szabo (187) by the hydroly
sis of amyl acetate in water containing O18 showed that the 
ester breaks thus Ac-OAm, the oxygen atom going with the 
alkyl. This accords with the conclusions from esterification 
velocities. Herold (96) found abnormalities in the ultravio
let absorption of carbonyl compounds in wrater and alcohol 
solution which indicate hydrate and hemiacetal formation 
and throw light on the mechanism of esterification. From 
observations of Kailan and co-workers (119-123) esterifica
tion goes 2,000 to 16,000 times as fast in formic acid as in 
acetic. There is no space to mention many articles on ki
netics, salt effect, steric hindrance, and saponification (2, 4, 
19, 20, 25, 39, U ,  100, 101, 104, 105, 111, 130, 132, 142, 176, 
179,180,185,186,190, 199, 201, 203, 207, 212, 229, 233, 253, 
256, 262).

A d d itio n  o f C arbon M onoxide
There are many wTays to make esters besides the action of 

acids on alcohols. These will be taken up first, beginning 
with the most novel, the addition of carbon monoxide to an 
ether or to an alcohol. W ith an ether we may represent it 
as simple addition:

1344
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ROR +  CO RCOOR

With an alcohol we have the intermediate formation of the 
acid which is esterified by the excess alcohol. Naturally, 
high pressures are advantageous; 50 to 700 atmospheres are 
mentioned in the patents with temperatures from 400° down 
to 20° C. Activated charcoal, metal oxides, and acidic salts 
are favored as catalysts, although a sodium alcoholate may 
be used. There are already many patents. In two of these 
an olefin and an alcohol are used with the carbon monoxide; 
the result is that the alcohol is esterified by the acid formed 
by the addition of the carbon monoxide to the olefin (22, 55, 
57, 78, 177, 184, H I ,  $55).

This method, which is promising but does not seem to have 
been put into large-scale production as yet, will doubtless re
ceive much attention in the near future, since it is direct and 
involves cheap materials. Obviously, improvements wall 
come with better catalysts and a more thorough understand
ing of the process.

K eten e
Ketene still appears in the patents (74, 83, 107) but does 

not attract much attention. It reacts with acetic acid to 
give the anhydride and hence is useful in maintaining an ef
fective concentration of the anhydride during an acetylation.

A ld eh y d es in to  E sters
The conversion of aldehydes into esters by aluminum al- 

coholates has been discussed by Kagan and Sabolev (118) 
and Batalin, Nikitina, Rivkin, and Sekretareva (12). The 
improvements relate to the preparation of the catalyst. This 
method, though of limited application on account of the 
poor supply of available aldehydes, is interesting in that one 
compound is almost quantitatively changed into another. 
There is one patent (45).

E sters from  A m id es
An amide, treated with an alcohol or phenol and boron 

fluoride, is converted into an ester (170). Formamide sul
fate reacts with an alcohol to give a high yield of ester (149). 
Since esters are usually more available than amides, this 
method is of little practical interest but it should be useful 
for making esters from rare alcohols since the yields may be 
very high.

A d d itio n  o f O lefins to  A cids
A number of patents have appeared for the manufacture 

of esters by the addition of olefins to organic acids in the pres
ence of various catalysts under different conditions of tem
perature and pressure (21, 23, 36, 43, 54, 64, 75, 82, 109, 113, 
124, 141, 773, 202, 206, 225). Two of these rely on boron 
fluoride as the catalyst. Syntheses of esters by means of 
boron fluoride are described by Dorris, Sowa, and Nieuwland 
(49, 216). In other patents the monoalkyl sulfate is actually 
prepared and the organic acid or its salt reacted with this 
(I4 3 , 163, 183, 219). This saves a step over making the 
alcohol from the monoalkyl sulfate, isolating it, and then 
esterifying it. There must be some difficulties not men
tioned in the patents, or more esters would be manufactured 
in this way. More data are required on solubilities of the 
olefins in the mixtures used and on reaction rates.

V in y l E sters
Two esters which are produced but never come on the 

market as such are vinyl acetate and ethylidene acetate. 
The conditions under which acetylene reacts with either one 
or two molecules of acetic acid are discussed by Morrison 
and Shaw (164). A few patents are concerned with additions

to and modifications of the usual mercury catalyst (108, 
I64, 182, 189, 251). In view of the interest in polyvinyl al
cohol, the vinyl acetate from which it is derived deserves 
more attention. Since millions of pounds of acetic anhy
dride are obtained from ethylidene acetate, this ester is of 
immense importance, and improvements in its manufacture 
are of great interest. In dealing with these two esters, which 
are not even mentioned in several of the widely used textbooks 
of organic chemistry, the industries are far ahead of the uni
versities. More fundamental investigations on them are 
much needed. How can the reaction be controlled so that 
either one of these esters may be obtained in 100 per cent yield 
as desired? What can we do with vinyl acetate besides poly
merizing it? What can we make out of ethylidene acetate 
besides acetanhydride?

V ap or-P h ase  E ster ifica tio n
Esterification in the vapor phase (254) has been thoroughly 

treated by Essex and Clark (66), by thermodynamics as well 
as by experiment. Swietoslawski and Salcewicz (198, 230) 
found the equilibrium K  to be 40.8 at 75.9° C. Jatkar and 
Gajendragad (115A) obtained 75 per cent esterification at 
200°. Turova et al. (236, 237) used activated carbon with 
25 per cent phosphoric acid as catalyst. Dolian and Briscoe 
(48) studied the effects of a large number of anhydrous salts.

Although the percentage of esterification at equilibrium is 
high, the reaction velocity is low and the space required to 
handle a ton of vapors is large. For these reasons vapor- 
phase esterification does not attract industrial attention.

E sters b y  A lco h o ly sis
The preparation of esters by alcoholysis continues to be of 

interest (115, 234, 235). Fehland and Adkins (70) deter
mined the relative replacing power of different alcohols, and 
Patel and Watson (181) measured the velocity of alcoholysis 
by methanol and ethanol of esters of several dibasic acids. 
Oda published a series of articles on the "reesterification” 
of fats (174). These deal with replacements of the acids as 
well as of the glycerol of vegetable and animal oils. There 
are only a few patents (37, 110, 246); one of them claims 
the preparation of an ester by heating a -vinyl ester with an 
alcohol or phenol in the presence of an acid catalyst. The 
vinyl alcohol is eliminated as acetaldehyde (38).

There is no published information as to the use of alco
holysis industrially though there are numerous places where 
it  might be used and probably is. More numerous and more 
exact quantitative data are needed.

There is an interesting special case in which the desired 
esters can be obtained in no way except by alcoholysis. This 
has to do with the preparation of cyclic esters with 10 to 20 
atoms in the ring, such as decamethylene carbonate. To 
make this ester, ethyl or butyl carbonate is alcoholized with 
decamethylene glycol which gives only the linearly polymeric 
ester. This, still containing the catalyst, is heated in a high 
vacuum. The cyclic ester distills out as it is formed, with 
the result that practically all of the linear polymer is trans
formed into the volatile cyclic ester (28, 61, 99, 214, 217).

C a ta ly tic  C on version  o f A lco h o l in to  E ster
The direct conversion of an alcohol into an ester by passing 

it over a dehydrogenation catalyst was of interest in this 
country some ten years ago. Recently Russian investigators 
have taken up this process ( 1 , 14 ,26, 46,114,181,133).  They 
claim (47) that the synthesis of esters at atmospheric pressure 
is new, although it was claimed in a German patent in 1935 
(33). The writer remembers getting butyl butyrate as a by
product in making butyraldehyde about ten years ago; this 
and similar observations -were doubtless made by many 
others.



1346 INDUSTRIAL AND ENGINEERING CHEMISTRY VOL. 29, NO. 12

In several patents the dehydrogenation is assisted by an 
oxidizing agent or chlorine (69, 84, 165). Conversely an 
ester can be obtained by the partial reduction of an acid 
(16, 58, 81).

That there is still some interest in this process outside of 
Russia is shown by several recent patents (6, 60,139,165,228, 
240). Making an ester directly from an alcohol simply by 
passing it over a catalyst is attractive. If the alcohol is much 
cheaper than the corresponding acid, and if catalysts and 
working conditions can be found which will give a high yield 
of ester and low yields of unwanted by-products, such a 
process will be interesting. The Russians have isolated and 
identified all of the products down to 0.1 per cent and can 
convert all of them into those that can be utilized (46).

E sters from  E th ers, S a lts , an d  A lkyl H alid es
An acid may react with an ether in the presence of boron 

fluoride (95) or of strong acids as catalysts (27,41)-
When a halide, such as benzyl chloride, is more available 

than the corresponding alcohol, it may be reacted with a metal 
salt. Special cases and improvements of this old reaction 
are claimed (7, 37, 80, 129, 138, 169, 188, 202, 223, 258, 261).

C a ta ly sts  for E ster ifica tion
In the matter of catalysts several observations have been 

made which are interesting although their practical applica
tions are not now evident. Flosdorf and Chambers (71) 
found that audible sound, 1,000 to 15,000 vibrations per 
second, speeds up the hydrolysis of esters. Forjaz (72) 
found that in “a forced-wave oscillatory circuit” esterifica
tion is accelerated. An alternating current is claimed (218). 
Langenbeck (136,137)  regards organic compounds containing 
the — COCH2OH group as analogous to esterase (8, 9, 68, 
158,159,244,245).  The saponification of methyl butyrate was 
speeded up six times by 0.005 M  phenacyl alcohol. Shemya- 
kin (208) found silver hydroxide to be an esterification cata
lyst. Nieuwland and associates (79, 216) catalyzed esteri- 
fications with boron and silicon fluorides (98). Tertiary bases 
are used with acid chlorides or anhydrides (91, 152, 156, 178, 
224).

It will be a long time before the use of sulfuric acid as a 
catalyst is discontinued. It is the cheapest known and is 
effective, but it has several disadvantages. It tends to dis
color and even char some mixtures, and separates out in the 
water layer if one is formed. Aryl sulfonic acids have been 
used (34, 168, 260); alkyl sulfonic acids will be when they 
become cheap enough. Silica gel and various salts are ad
vocated (31, 191, 226, 243). More consideration should be 
given to finding the most suitable catalyst and the proper 
amount of it to use for a given esterification.

C ellu lose  E sters
The interest in the esterification of cellulose is shown by the 

issuance of 155 patents in the past four years, 68 United 
States, 3 3  British, 2 3  German, 16 French, 11 Canadian, and 
4 Swiss; three-fourths of them were issued in the first half of 
this period (3, 5 ,1 1 ,1 3 ,1 5 ,1 6 ,1 7 ,  22, 32, 35. 40, 45, 50, 51, 52, 
53, 56, 59, 62, 65, 73, 77, S5-89, 92, 93, 94, 97,102, 107, 116, 
126,127, 146, 147, 148, 150-155, 157, 160,161, 162, 167, 171, 
192, 193, 204, 205, 209, 210, 213, 215, 220, 221, 222, 227, 239, 
249, 250, 257. There are many more patents on applications 
of cellulose esters and mixtures containing them. The patent 
activity is in keeping with the volume of the products manu
factured; the United States production of cellulose acetate 
was about 55,000,000 pounds in 1935 and about 70,000,000 
in 1936, or over 200,000 pounds each working day. Nearly 
all of this is acetate although some propionate and other esters 
are said to be mixed with it. Obviously an analysis of these

patents cannot be attempted here. There could hardly be 
68 entirely new ways to esterify cellulose in addition to those 
that were known four years ago. The patents cover many 
modifications and improvements of previously used processes. 
Technology has far outrun pure science in this field; there 
are only 10 articles on the esterification of cellulose in the 
same period. One of these by Yarsley (259) is a review of 
patents and another by White (252) is a practical talk on 
“how to avoid difficulties in cellulose acetate production.” 
There are four by Sakurada and associates (194-197) on the 
kinetics of acetylation. They measure the accelerating and 
degrading effects of catalysts and compare various pretreat
ments. A proper pretreatment may speed up the acetylation 
fifty to one hundred times. Kruger and Roman studied the 
catalytic action of various acids (136). Centola (30) experi
mented on the acetylation of alkali cellulose containing vary
ing amounts of water. Ohl (175) acetylated cellulose swelled 
with water and found that 20 per cent of water gives the best 
mechanical properties.

As the price of acetic acid and its anhydride come down and 
as acetylation methods are improved, the price of cellulose 
acetate is being reduced. This makes it available for more 
and more uses. Its production, already a large industry, is 
destined to be far greater.

There is no doubt that excellent scientific work is being done 
on the acetylation of cellulose, but unfortunately little of it is 
published. Probably the same investigations are being car
ried on in a half-dozen industrial laboratories with the result 
that all spend about the same amount of money and obtain 
about the same information, which thus costs the industry 
as a w’hole about six times as much as if the work were done 
just once. Or putting it the other way, if cooperation could 
be secured, about six times as much information could be ob
tained for the money now spent.

U se of A zeotrop es

As has been indicated, there are many ways of making 
esters, but to make an ester is not enough; it must be re
moved. Nearly all esterification processes give the ester 
mixed with other things from which it must be separated. 
The original, and still the most extensively used method of 
esterification, the reaction of an acid and an alcohol, with or 
without catalyst, is reversible reaction and comes to equilib
rium long before it is complete. In this case if the ester or 
the water or both are removed, we can approach a yield of 
100 per cent. Azeotropism is relied on for such removal. In 
the simplest case, in which the acid, alcohol, and ester are 
all nonvolatile, the water may be driven off by heating but 
even here some liquid as benzene is commonly put in to bring 
the water out at a lower temperature. In the more general 
case when reactants and products are volatile, azeotropes are 
all-important.

Wade in 1905 (248) made the epoch-making discovery of 
the ternary of ethyl acetate, alcohol, and water which comes 
off at /0.3° C. from any solution containing these three sub
stances in any proportion whatsoever, and continues to come 
off as long as all three are present. This makes it possible 
to convert practically all of the acid of even a dilute acetic 
acid into ethyl acetate.

Lecat continued his studies of azeotropes (140). Sklyarenko 
and Baranaev (211) developed a general formula for binary 
azeotropes. Mund and Heim (166) restudied the ethyl al- 
cohol-acetate system. Furnas and associates (24, 76) con
tinued their important studies on ethyl alcohol—acetate and 
butyl alcohol-acetate systems. They find the azeotrope of 
the latter to contain 72.9 mole per cent of the alcohol and to 
boil at 116.5° C.; Lecat had found 56 per cent and a boiling 
point of 113.5 0 C. Kireev, Klinov, and Grigorovich (128) and
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Longinov and Dzirkal (144) made measurements on the 
ethyl alcohol-acetate system and these with water. Han- 
notte (90) considered formic, acetic, and propionic esters of 
aliphatic alcohols. There are a few articles (125, 145, 200, 
231) and numerous patents (10, 18, 29, 42, 63, 67, 103, 106, 
112,117,134,172,232, 238, 242,247).

One discrepancy has just been noted, others could be men
tioned. The industry needs data that can be depended upon. 
In the ethyl acetate case, the ternary boils only a fraction of 
1° C. from the water-ethyl acetate binary. The design of a 
column and the required reflux ratio depend on the differ
ences of the boiling points of the materials to be separated. 
The cost of the fractionation depends on these and other 
factors. The amount of water required to wash the alcohol 
out of the ternary system depends on the percentage of alcohol 
present and on the amount that can be left in the finished 
ester. This wash water has to be distilled to recover the al
cohol, and the cost of this operation depends on the amount 
of alcohol removed. The writer has heard privately of two 
companies that have recently spent considerable money on 
more accurate determinations on this ternary', and this of all 
ternaries is the best known.

P rogress by  R e fin e m en ts

This is the day of refinements of manufacturing operations, 
of small savings per pound on large amounts of products.

Aside from the cost of acetic acid and alcohol, the cost of the 
steam for the necessary distillations is the big item in esteri
fication. There is a negligible heat differential between al
cohol plus acetic acid and ethyl acetate; the sulfuric acid 
required as catalyst is of trifling cost. Steam costs can be 
shaved by more accurate data and better column designs.

What has been said of ethyl acetate can be said with more 
force about the less well-known systems involving propyl 
and butyl acetates and other esters which are becoming large 
items.
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Q uantitative C ontrol o£ S u lfonation  

P r o c e sse s
W. A. SIM PSO N 1 a n d  J. C. OLSEN 

P oly techn ic  In s titu te , B rooklyn, N . Y ..

M an y co n d it io n s  affect th e  re su lts  o b 
ta in ed  in  a su lfo n a t io n  rea ctio n . C ontrol 
o f th e se  c o n d it io n s  a ffects  n o t  o n ly  th e  
y ield  o f th e  d esired  p ro d u cts  b u t a lso  th e  
iso m ers form ed  an d  a con sid erab le  variety  
o f b y -p ro d u cts . A d escr ip tio n  is  p re

sen ted  o f th e  a n a ly tica l s te p s  n ecessa ry  
to  d eterm in e  th e  su lfo n e s , re la tive  
a m o u n ts , o f m o n o - and  d isu lfo n ic  acid s  
from  various r in g  sy stem s. A n u m b er  
of p ractica l su lfo n a t io n s  are a lso  in c lu d ed , 
w ith  th e  in d ica ted  a n a ly tica l co n tro l.

A  CONSIDERABLE number of conditions influence the 
results obtained in a sulfonation reaction. Control of 
these conditions aflects not only the yield of the de

sired product but also the isomers formed and a considerable 
variety of by-products. Success or failure of the operation 
is often dependent upon the ability of the operator to follow 
quantitatively the progress of the reaction and determine 
the proper end point. When the numerous conditions which 
must be controlled have been determined, the sulfonation

1 P resen t address, 1 2 3 -12  116th  A ve., S outh  O zone P ark, L ong Island ,
X . Y .

mass and products must be analyzed in order to find the op
timum condition required to obtain the maximum yield of 
the desired product.

The complexity of the problem is evident from the follow
ing list of factors affecting the sulfonation reaction and 
yields:

Concentration of sulfuric acid or oleum. The strength may 
vary from less than 90 per cent sulfuric acid to 65 per cent 
oleum.

Temperature. The range for sulfonations is from room 
temperature to 250° C.
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Time of reaction. The time required for a sulfonation process 
may vary from a few hours to a few days.

Catalysts. In sulfonation processes catalysts usually take the 
form of an added metal salt and affect the orientation of the 
sulfonic acids produced.

Sulfonation aids. These aids take the form of a dehydrating 
agent and thus promote the sulfonation reaction.

Oxidation. Since sulfuric acid and especially oleum are oxi
dation agents under certain conditions, some oxidation usually 
accompanies every sulfonation process using these reactants.

Sulfone reactions. The tendency to form sulfones in a sul
fonation process, instead of the desired sulfonic acid, must be 
minimized as much as possible by accurate control of all physical 
and chemical conditions involved.

The analytical control of the process is directed to the de
termination of the following:

Extent of sulfonation
By-products, such as sulfones, water, tars, and condensation 

products
Relative amount of mono-, di-, and trisulfonic acids
Identification of the various isomers
Final yield of product or products

E x ten t o f S u lfo n a tio n

The progress of the sulfonation reaction may be followed 
most conveniently by a simple alkali reaction, since, for every 
sulfonic monovalent radical produced, one molecular weight 
of sulfuric acid or one molecular weight of sulfur trioxide 
must disappear. Although this method cannot be relied 
upon to produce exact results, it at least gives the experi
menter an approximate measure of the extent of the reac
tion and thus enables him to save much time. For example, 
in the sulfonation of 0-naphthol by 98 per cent sulfuric acid, 
the sulfonation time extends to 70-odd hours in order to in
troduce two sulfonic groups. The following data show the 
progress of this reaction. The acidity is calculated in terms 
of an arbitrary normality calculated from the number of 
gram or pound equivalents of sulfuric acid present and the 
total weight of the mixture; 144 grams of /3-naphthol and 
720 grams of 98 per cent sulfuric acid were used at 20-60° C.:

T im e A cid ity P rogress0
Ur. %

S tart 1 6 .6 6 0
2  (acid  a ll in) 1 4 .8 3 7 2 .0

48 1 4 .5 1 8 4 .6
72 1 4 .3 3 9 1 .7

°  F or 100%  d isu lfon a tion , a c id ity  sh ou ld  fa ll to  14.12.

In certain cases the progress of the reaction can be followed 
by applying reactions peculiar to the compounds involved. 
In the sulfonation of /3-naphthol-7-sulfonic acid to the 3,7- 
disulfonic acid, the color obtained by coupling the product 
with a diazo compound can be used to follow the progress 
of the reaction, since, for example, a bluish Bordeaux red 
with diazonaphthalene indicates small amounts of the mono- 
sulfonic acid. Again, in the case of naphthalene, it has been 
recommended to follow the degree and extent of sulfonation 
by oxidation with vanadic acid. The dry sulfonate salt 
mixture, free from sulfates, is oxidized to sulfophthalic acids 
with a solution of vanadic acid in 70 per cent sulfuric acid, 
and the vanadium is reoxidized by means of 0.1 N  permanga
nate; the oxidation is quantitative for the mono- and di- 
sulfonic acids. Thus the extent of the sulfonation reaction 
is determined by measuring the hydrocarbon percentage in 
the sulfonate salt mixture.

When reactions peculiar to the compounds involved can
not be applied, it is necessary to analyze the calcium or 
barium sulfonate mixtures obtained from the sulfonation in 
order to determine the exact progress of a disulfonation reac
tion—i. e., analyze these salts for the percentage of mono- 
and disulfonic acids. From the analysis of the sulfonate salt 
mixture for exact calcium or barium content, it is possible to

calculate the relative amounts of the sulfonic acids by ap
plying the following simple algebraic relation:

I — S-x-n +  £(100 — x)m  
where I =  known total metal content (determined by analysis) 

x =  monosulfonate, %
100 — x — disulfonate, % 
n =  known metal in monoaeid salt, % 
m =  known metal in disulfonic acid salt, %
S  =  known weight of sample

If carboxylic acid groups are present, they must be taken 
into consideration, since a correction must be made for the 
calcium or barium taken by the carboxyl group.

For the preparation of the barium sulfonate salt mixture 
a sample of the sulfonation mass is neutralized with barium 
carbonate and filtered from the barium sulfonate, and the 
barium sulfonate is recovered from the filtrate. Or the fil
trate and washings from the barium sulfonate can be made 
up to a known volume and the barium content of an aliquot 
portion determined by the chromate method. This par
ticular method is used in the disulfonation of benzene.

The calcium salt method can be carried out as follows: 
The sulfonation mass is limed after diluting with water, 
boiled, and filtered. The solution is then made slightly alka
line with lime, if it  was not already so, and carbon dioxide 
gas is allowed to pass into the mixture until it is acid to litmus. 
Then it is boiled and filtered. The clear liquor is analyzed 
for solid content; a measured volume is treated with excess 
standard sodium carbonate solution, boiled, and filtered; 
and the precipitate is washed until the washings are neutral. 
The excess sodium carbonate is determined in the filtrate and 
washings. Then there is the familiar oxalate method for 
calcium.

As an example of the use of these sulfonate mixture analy
ses, naphthalene was sulfonated and the following results 
were obtained by analyzing the calcium salt mixture:

1 2
N ap h th a len e, gram s 500  500
98%  su lfuric acid , gram s 2000 2000
H ours a t  160° C. a fter acid  is  a ll in  1 .5  3
D isu lfon a te , % 74 8 1 .4
M on osu lfonate , % 26 1 8 .6

U n s t j l f o n ' a t e d  M a t e r i a l .  For unsulfonated volatile 
hydrocarbon in a sulfonation mass it is sufficient to steam- 
distill out of a diluted sample of the sulfonation mass the 
unreacted crude material. In the case of an amine, it  is 
necessary to make the reaction mixture alkaline. Quali
tative results can be obtained simply by diluting the mixtures, 
whereupon the crude material separates. For materials 
that cannot be vaporized readily, such as anthraquinone, 
the sulfonation must be diluted with water and the unreacted 
portion filtered off.

S u l f o n e s .  For sulfone determination in a sulfonation 
mass, it is recommended to neutralize a portion of the re
action mass, evaporate to dryness, and extract in a Soxhlet 
apparatus with petroleum ether.

W a t e r .  For water determination, a sample is diluted 
with a known weight of water and neutralized with excess 
soda ash, and the total water is determined by passing in 
carbon dioxide gas, absorbing the water in calcium tubes, and 
finally heating to 180° C. in an oil bath.

Iso m er ic  S u lfo n ic  A cid  A n a ly sis
Investigation of isomeric acids formed in sulfonation re

actions is a complicated procedure in many cases, involving 
the peculiar properties of the compounds in question. A 
few of these methods are as follows:

D y e  M e t h o d .  In the dye method of selective reaction, 
one sulfonic acid in the form of its salt forms a dye with a 
diazo compound but the other isomer does not. This method
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is illustrated in separating and determining 2-naphthol-6,8- 
disulfonic and 2-naphthol-3,6-disulfonic acids. The latter 
forms a dye with a diazo compound, and so a standard diazo- 
m-xylidine solution is prepared and used to titrate a solution 
prepared from the disulfonate. In this way the 3,6-isomer 
is determined. Then a diazo solution is made to react quan
titatively with another sample, and soda ash is added. The 
color solution is boiled and salt is added to precipitate the 
dye, Ponceau 2 It. The latter is filtered, leaving in solu
tion the 6,8-salt which is concentrated and salted out pref
erably after adding enough hydrochloric acid to form the 
acid salt.

S u l f o n y l  C h l o r i d e  M e t h o d .  Preparation and deter
mination of the sulfonyl chloride derivatives of the sulfonic 
acids is the most common method of isomer analysis. The 
sulfonyl chlorides are generally prepared by reaction with 
phosphorus pentachloride, although phosphorus oxychloride 
and thionyl chloride can be used in some cases, the latter with 
some free sulfonic acids. Reactions are as follows:

R S020H  +  PC15 — >- POC1, +  HC1 +  r  so 2ci
3R S 020H  +  POC1, — =>- 3R S02C1 +  PO(OH),
R SOjOH +  SOCl2 — ■> R SOaCl +  SO, +  HC1

By far the most convenient laboratory method is that using 
phosphorus pentachloride. The dry sulfonate salts are 
mixed cold with the proper amount of the pentachloride, and 
the mixture is then warmed in a flask. Reaction takes place 
readily, and, after warming to about 100° C., the mixture 
is poured on ice and water, whereupon the sulfonyl chlo
rides solidify after a short while. The mixture of sulfonyl 
chlorides is then taken up in a suitable solvent (carbon di
sulfide, for example) and recrystallized. Fractional crys
tallization can be used to separate the isomers which are then 
identified by melting point determination. For example, the 
sulfonyl chlorides of 1,6- and 1,7-disulfonic acids of naphtha
lene can be separated by benzene, the 1,6-acid being more 
easily soluble. When there are only two such sulfonyl chlo
rides, the melting point of mixtures of the two can be plotted, 
and the composition of any of these mixtures can be deter
mined by taking the melting point of the particular mixture 
and locating the corresponding point on the curve. The 
sulfonamides may be used similarly. Eutectic mixtures are 
sometimes a possibility.

M e t a l l i c  S a l t  M e t h o d .  Where possible, advantage 
is taken of different solubilities of a metal salt for the sepa
ration of isomers, as in the case of the calcium, magnesium, 
ferrous, zinc, manganese, cobalt, and nickel salts of a-  and 
/3-naphthalene sulfonic acids, lead salts for the separation of 
naphthalene-2,6- and -2,7-disulfonic acid, and potash salts 
in the a-sulfonation of anthraquinone. The difference in 
solubility of sodium and potassium salts of anthraquinone- 
2,6- and -2,7-disulfonates is another example; the 2,7-disul- 
fonates are about ten times as soluble in water as the 2,6- 
disulfonates.

A r y l a m i n e  S a l t  M e t h o d .  The arylamine salts have 
been proposed as a means of separating the constituents of a 
sulfonation. The amines used are /3-naphthylamine, aniline, 
p-toluidine, and m-xylidine. A number of such salts of 
/3-naphthol-l-, -6-mono-, -3,6-, and -6,8-disulfonic acids have 
been prepared and characterized.2

H a l o g e n  D e r i v a t i v e  M e t h o d s .  Where possible, it is 
convenient to determine the orientation of isomers by bro
mine derivative formation. In this way metanilic acid can 
be distinguished from sulfanilic acid; the metanilic acid de
rivative forms a bromine addition product that is soluble, 
whereas the o- and p-aminobromine compounds are in

5 F orster and K ey  w orth , J . Soc. Chem Ind., 4 6 , 2 9 T  (1927).

soluble. Also /3-naphtholsulfonic acids, other than those 
with a sulfonic group in position 8, are monobrominated 
quantitatively in 10 N  sulfuric acid solution at ordinary 
temperature; therefore it is possible to determine the amounts 
of acids such as Schaeffer’s acid or R acid in sulfonation 
melts containing croceic or G acid (Vaubel method).

For anthraquinone sulfonic acids, monochloro and dichloro- 
anthraquinones are much used as a means of separation and 
identification. These are formed either through the sul
fonyl chlorides by means of thionyl chloride or from the sul
fonic acids by means of chlorate and hydrochloric acid. The 
composition of a mixture of isomeric sulfonic acids can be 
determined from the melting point of the chloroanthraqui- 
nones, as in the case of sulfonyl chlorides.

F u s i o n  M e t h o d s .  Sometimes it is necessary to fuse the 
sulfonic acid isomers and then determine the proportions 
by analysis of the oxycompounds formed. Thus, the di
sulfonates derived from phenanthrene can be separated and 
identified through the diacetoxyphenanthrenes that are ob
tained by alkali fusion and acétylation.

P ra ctica l S u lfo n a tio n s

For the purpose of illustrating practical sulfonation proc
esses, a number of simple cases can be carried out in the 
laboratory. A suggested list follows:

Monosulfonation of benzene 
Monosulfonation of naphthalene 
Disulfonation of naphthalene 
Monosulfonation of nitrobenzene 
Preparation of sulfanilic acid 
Monosulfonation of toluene 
Disulfonation of benzene 
Preparation of anthraquinone-l-sulfonic acid 
Preparation of anthraquinone-2-sulfonic acid 
Monosulfonation of /3-naphthol 
Disulfonation of /3-naphthol

Reliable procedures are available for most of these. Follow
ing are the suggested procedures for naphthalene-2,6- and 
-2,7-disulfonic acids and for nitrobenzene monosulfonic acid.

D i s u l f o n a t i o n  o f  N a p h t h a l e n e .  The disulfonation of 
naphthalene illustrates the method of disulfonation in one 
step where the time of reaction must be taken into considera
tion.

A cast-iron kettle with moderately good stirring facilities, 
a thermometer, charging and discharging holes, and a jacket 
for heating are required. The kettle is charged with 800 
pounds of naphthalene flakes of good quality and heat is 
applied to melt it. Then the temperature is raised rapidly 
to 150° C.; between 150° and 160° C., 3600 pounds of 98 per 
cent sulfuric acid are added. ' This should take 2 hours. 
When all the acid has been added, the temperature is kept 
at 160° C. for 3 hours more. It is then dropped into 20,000 
pounds of water and neutralized with milk of lime. The 
calcium salts of 2,6- and 2,7-disulfonic acids must now be 
separated. In order to do this, the difference in solubility 
of the calcium salts in brine is utilized. The limed mixture is 
brought to a volume of 4000 gallons, heated to boiling, and 
filtered from the gypsum. The filtrate together with the wash
ings are evaporated to a volume of 1440 gallons; 3200 pounds 
of common salt are dissolved in the liquor which is then cooled, 
with stirring, to 20° C., whereupon both the 2,6- and 2,7-cal
cium disulfonates crystallize out. The batch is then heated 
to boiling to dissolve the 2,7-salt, and the 2,6-salt is filtered 
off. Most of the 2,7-salt crystallizes from the filtered solu
tion upon cooling at least 24 hours. The crystallized sul
fonate is filtered off, and the filtrate is evaporated in order to  
obtain another crop by another cooling. After a second 
crop has been separated, the filtrate is discarded. The
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yield of the 2,7-isomer is 50 per cent of theory; of the 2,6- 
isomer, 35 per cent.

M o n o s u l f o n a t i o n  o f  N i t r o b e n z e n e .  A cast-steel jack
eted kettle, provided with moderately good stirring, a ther
mometer, and discharging and charging holes are required. 
Into the kettle are run 1350 pounds of good-quality com
mercial nitrobenzene; this is heated to 70° C., and the ad
dition of 20 per cent oleum is started with stirring. The 
temperature rises to 90° C. during addition of the oleum over 
a period of 2 hours, then to 110° C. during the addition of the 
last half of the oleum during the next hour. A total of

4730 pounds of nitrobenzene is required. After heating 
at 110° for 30 minutes longer, a sample is taken for control 
of the sulfonation. Upon diluting with water, no nitroben
zene should separate. Longer heating and possible addi
tion of oleum may be required to finish the sulfonation. The 
sulfonation product is dropped into 5600 pounds of ice water, 
and 2200 pounds of common salt are added with stirring and 
cooling. The sodium salt of the sulfonic acid separates in 
90 per cent yield.

R e c e i v e d  S eptem ber 2 0 ,  1 9 3 7 .

R ecen t P r o g r e ss  in  A m in ation  by  

A m m o n o ly sis
P. H. GROGGINS a n d  A. J. STIRTO N  

In d u str ia l Farm  P rodu cts R esearch  D ivision ,
B ureau of C h em istry  an d  Soils, W ash ington , D. C.

A lth o u g h  th e  greater n u m b e r  o f a m 
m o n o ly s is  r ea c tio n s  are carried  o u t  in  th e  
l iq u id  p h a se  w ith  a q u eo u s  a m m o n ia , th e  
a m m o n o ly s is  o f a lco h o ls , a ld eh yd es, an d  
oxides m a y  o fte n  be d on e m o s t  a d van 
ta g e o u s ly  in  th e  vapor p h ase .

D u rin g  th e  p a st few  years m ark ed  prog
ress h a s  b een  m a d e  in  im p ro v in g  th e  
o p era tin g  te c h n ic  in  th e  m a n u fa c tu r e  of 
a m in e s  from  p ra ctica lly  a ll c la sses  o f c o m 
p o u n d s  su scep tib le  to  a m m o n o ly s is . Of 
im p o rta n ce  a lso  h a s  b een  th e  fu n d a m e n -

IN  ORGANIC synthesis, amination by ammonolysis re
lates to those reactions where an amino compound is 
formed as a result of the action of ammonia. To a lim

ited extent such agents as urea and ammonium carbamate 
which, during the course of the reaction undergo decompo
sition with the liberation of ammonia, may be employed. 
When an organic ammonia derivative—e. g., an alkyl- or 
arylamine—is used as the reactant, the product will be the 
corresponding substituted secondary or tertiary amine. 
M ost frequently a univalent substituent, chloride, hydroxyl, 
or sulfonic acid group is replaced by the amino group during 
ammonolysis, but reactions involving simple addition and 
the replacement of oxygen are known, and some of these are 
economically important.

For convenience, the compounds that are susceptible to 
ammonolysis may be divided into four classes:

Halogeno compounds
Sulfonic acids
Oxygen-containing compounds:

Phenols and alcohols 
Aldehydes and intranuclear ketones 
Aliphatic ring oxides 
Carbon dioxide

Compounds possessing a labile nitro group

Although the preponderant number of reactions are car
ried out in the liquid phase with aqueous ammonia, the am-

ta l research  lea d in g  to  a b e tter  u n d er 
sta n d in g  of th e se  rea ctio n s. R e cen t in 
v e s t ig a tio n s  correla te  th e  u se  o f o x id a n ts  
an d  red u cin g  a g en ts  w ith  th e  su sc e p ti
b ility  o f th e  a m in e  to  o x id a tio n . T h e in 
flu en ce  o f a m m o n ia  ra tio  on  th e  propor
t io n s  o f p rim ary , secon d ary , an d  ter tia ry  
a m in es  h a s b een  stu d ie d  an d  g ives in fo r 
m a t io n  o f great p ra ctica l an d  th eo re tica l  
value. T he effect o f a m m o n ia  co n ce n tra 
tio n  on  p ra ctica l a m m o n o ly s is  an d  in  re 
a c tio n  ra te  s tu d ie s  h a s  a lso  b een  reported .

monolysis of alcohols, aldehydes, and oxides may often be 
carried out most advantageously in the vapor phase.

During the past few years a considerable number of new 
syntheses have been developed, and marked progress has been 
made in improving the operating technic in the industrial 
manufacture of amines from halogeno and oxygen-containing 
compounds. Of importance also has been the fundamental 
research leading to a better understanding of these reactions. 
In this brief review mention will be made only of those syn
theses of each class in which substantial progress has been 
made.

R e p la ce m en t o f H a lo g en
A n i l i n e  f r o m  C h l o r o b e n z e n e .  Although the patent 

literature (19) and trade journals have given ample evidence 
of activity and progress in the manufacture of aniline from 
chlorobenzene,

NH,
— >■
Cu+

there have been until recently no adequate published operating 
data regarding this important amination process. Voro- 
zhtzov (48) reported the results of an investigation based on 
methods disclosed in Dow patents (19). The procedure con
sists in reacting chlorobenzene with aqueous ammonia in the
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presence of cuprous oxide at 190° to 230° C. The reaction 
mass from the autoclaves is cooled and permitted to settle, 
whereby the charge separates into two layers—a dark brown 
layer comprising principally aniline and an almost colorless 
upper aqueous layer which rapidly becomes blue on exposure 
to air. The volume of the water layer will, of course, be con
siderably greater than that of the aniline layer and will vary 
with the ammonia liquor ratio. When 5 moles of 32 per 
cent ammonia and 0.1 mole of cuprous oxide were used per 
mole of chlorobenzene, Vorozhtzov found that the products 
of reaction were distributed as follows (in per cent by weight):

be taken advantage of in the preparation of 4-chloroaniline 
as well as 4-cbloro-(Ar-methyl-) aniline (34) '■

Cl< o Br
CH,NH2
 >-

Cu +

CH,

Cl.<Z>■N'
/

\
H

C om pon en t
A niline
P h en ol
D ip h en ylam in e  
C hloride ion  (N H 4CI) 
CusO  
N H ,

A niline
Layer
8 1 .5 5

4 .9
0 .8 5

Trace
Trace

W ater
Layer
4 .9  
0 .3 3

8 .8 4
2 .9  

1 3 .8

For the preparation of the substituted amine, 19.2 parts 
by weight of 4-chlorobromobenzene are reacted with 45 parts 
of aqueous monomethylamine (33 per cent) in the presence 
of 2 parts of cuprous chloride for 5 hours at 110° C.

1 ,3 -D ia m in o p r o p a n o l -2  
d r i n .  In this synthesis,

f r o m  G l y c e r o l  D i c h l o r o h y -

To recover the aniline and other products from the crude 
aniline, 50 per cent sodium hydroxide is added to the charge 
in an amount corresponding to 0.2 per cent of its volume. The 
batch is then subjected to fractional distillation, using jacket 
heat. The first fraction is aniline-water, and this is followed 
by a technically pure aniline of 97 to 99 per cent purity, 
which contains neither phenol nor diphenylamine. The 
weight of aniline thus recovered corresponds to 90 per cent 
of the amine originally present. After the removal of the 
aniline, the charge still contains sodium phenolate and di
phenylamine. The latter is separated by distillation with 
steam; the phenol is recovered by acidifying the residue and 
distilling.

Alkali is also added to the water fraction in an amount 
sufficient to react with all ammonium compounds and with 
phenol. Upon fractional distillation, ammonia is first ex
pelled and then recovered in a suitable absorption system. 
An aniline-water fraction is next distilled from which an ani
line layer separates out on cooling. The supernatant aqueous 
portion containing a small quantity of amine can be used 
advantageously in the ammonia absorption system. The 
residual solution of sodium phenolate and sodium chloride is 
then filtered from the precipitated copper oxides. The re
covered copper oxide catalyst is washed and again used 
along with fresh copper in subsequent operations (11).

T a b l e  I. E f f e c t  o f  Am m o n ia  R a t io  o n  A n il in e  P r e p a r a t io n “

CH2CI

¿HOH

¿ h 2ci

NH,

NH.Cl

CH.NH,

¿HO H

¿H ,N H ,

M ole
R atio
N H ,/

C hloro
b enzene

3
4
3
4
56 
8

12

T em pera
ture

° C.
187 -244
188-239  
193-242  
193-237  
192 -230  
196-229  
1Q4—222  
192-215

D ecom p o
sition

%
8 9 .1
9 8 .5
8 4 .2
9 5 .5
9 9 .1
9 9 .6  
9 9 .5
9 8 .2

A niline Y ield

% to  cT fe ic i
C«H»C1 w hich Phenol

used  reacts Y ield

*---------- % of th eoretica l-----------»
7 8 .3
8 9 .0
7 2 .2
8 3 .5
88.2 
8 9 .8
9 0 .0
9 0 .6

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

5 .2
5 .3
5 .5
5 .5
5 .6  
5 .5  
5 .2  
5 .0

R atio ,
A n ilin e /
P henol

15 .1  
1 6 .8
1 3 .1
1 4 .8
1 5 .8  
1 6 .6  
1 7 .3
1 7 .9

° 0 .2  m ole CuO per m ole chlorobenzene; op erating pressure 70 a tm ospheres or 980  
pounds per square in ch . S ize of charge ad justed  for 21 per cen t freeboard a t  room  tem 
perature according to  V orozh tzov (4$ ).

The data in Table I (4S) show that an increase in the am
monia ratio results in (a) a better yield of aniline, (b) an in
crease in the ratio of aniline to phenol, and (c) a slight diminu
tion in the yield of diphenylamine. These characteristics 
are especially marked in proceeding from 3 to 5-6 moles of 
ammonia per mole of chlorobenzene. A further increase in 
the ratio of aqueous ammonia has only a relatively small 
effect on the conversion and yield of aniline.

P r e p a r a t i o n  o f  C h l o r o a n i l i n e s .  The comparative ease 
in replacing the bromine atom of 4-chlorobromobenzene can

the principal precautions to be observed, according to B ot
toms (8), are: (a) use of methanol or ethanol as a solvent 
for the l,3-dichloropropanol-2, (6) use of a large excess of 
concentrated (50 to 60 per cent) aqueous ammonia, (c) the 
introduction of ammonium chloride, and (d) the gradual in
troduction of the dichlorohydrin into the reaction vessel con
taining the ammoniacal solution. Under such conditions the 
formation of secondary and tertiary amines and l-amino-2,3- 
dihydroxypropane is inhibited.

The method of operation is as follows: 375 grams of am
monium chloride are dissolved in 1750 grams of water, and 
the mixture is placed in a jacketed autoclave equipped with 
a mechanical stirrer. Thirty-five hundred grams of anhy
drous ammonia are added, and the temperature is brought 
up to 45-55° C. A solution consisting of 450 grams of glyc
erol dichlorohydrin and 300 grams of methanol is then 
pumped into the autoclave. The reaction is complete in 45 
minutes.

After removal of the excess ammonia, the charge is trans
ferred to a still, and 560 grams of sodium hydroxide are 
added. The liberated ammonia is distilled, and the remaining 
solution is concentrated to a small volume. Subsequent to 

removal of the precipitated salt by filtration, 
the amine is taken up in 500 cc. of ethanol 
and then distilled. The l,3-diaininopropanol-2 
distills over at 145-165° C. and 20-mm. pres
sure.

Pure l,3-diaminopropanol-2 is a white crys
talline solid melting at 42° C. and boiling at 
about 235° C. Because of its pronounced basic 
properties, high degree of stability over a wide 
temperature range, ready solubility in water, and 
low vapor pressures at low and high tempera
tures, it is an effective absorbent for acidic gases 
such as carbon dioxide and hydrogen sulfide. 
It combines chemically with such gases at com
paratively low temperatures and is regenerated 

= at elevated temperatures, during which process 
the absorbed gases are liberated. The appa

ratus shown in Figure 1 was suggested by Bottoms (7) for 
the absorption of acidic gases by amines.

M o r p h o l i n e  f r o m  (3, / T - D i c h l o r o d i e t h y l  E t h e r .  When 
the 2 chlorine atoms of sym-dichlorodietliyl ether are replaced 
by the imino group through the action of anhydrous am
monia, morpholine is obtained (14 ):

/CH,CH2C1

D ip h en y l
am ine  

Y ield , % 
of T h eo

retica l

1 .7
1.8
1 .5  
1 .9
1 .5  
1.0 
1.0 0 .0

CH,— CH.,( ™ d
mDHjCHjCI \ c h 2- c h /
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The synthesis is carried out as follows: 400 parts by weight 
of sym-dichlorodiethyl ether dissolved in 500 parts of ben
zene are introduced into a nickel-lined autoclave, and 286 
parts of liquid anhydrous ammonia are added. The total 
pressure is increased to about 1500 pounds per square 
inch (105.5 kg. per sq. cm.) by the addition of nitrogen gas. 
The temperature of the charge is brought to 50° C., corre
sponding to a pressure of 1750 pounds (123 kg.) and thus 
maintained for 24 hours. The ammonia is vented and re
liquefied. The benzene and unreacted 0,/3'-dichlorodiethyl 
ether remain in the autoclave along with aliphatic amines 
and ammonium chloride. After filtering off the ammonium 
chloride, the constituents of the liquid are separated by frac
tional distillation. Based on dichlorodiethyl ether consumed, 
the yield of morpholine is 80 per cent.

When the /3,/3'-dichlorodiethyl ether is reacted with hy
droxy amino compounds—e. g., 2-methyl-4-aminophenol— 
instead of ammonia, the resultant product is 3-methyl-4-hy- 
droxy-W-phenylmorpholine (89):

.C H jC H j. CH,
0  N -----/ ~ \ 0 H
\ c h 2c h /

A m m o n o l y s i s  o f  A l k y l e n e  D i h a l i d e s .  The prepara
tion of ethylenediamine and the polyamines obtained con
comitantly through condensation have been reported by a 
number of investigators. Curme (16) described a continuous 
process where ethylene dichloride is added to a large excess of 
aqueous ammonia maintained at 110° C. and 10 atmospheres 
pressure. Lauter (82) reported a process involving the use of 
sufficient metal salts to form a ternary complex with ammonia 
and dichloroethane, from which ethylenediamine is obtained 
upon hydrolysis. Bersworth (6) preferred to inject ethylene 
dichloride under pressure into a heated pressure system con
taining anhydrous ammonia vapors at 150° C. Anhydrous 
needles of ethylenediamine dihydrochloride are obtained 
which, on hydrolysis with alkali, yielded the free amine.

Mnookin (35) used a dilute aqueous ammonia and obtained 
the expected mixture of polyamines. When 1600 grams of 
water, 340 grams of 28 per cent ammonia liquor, and 200 
grams of ethylene dichloride are heated at 140° to 150° C. for 
approximately 1 hour, all of the halide has entered into 
reaction. The product consists approximately of the follow
ing:

C om pon en t

OopH* F orm ula Per C en t
E th y len ed ia m in e 118 H jN -C H s-C H jN H j

H -N -C H r C IK
40

D ieth y len e tr ia m in e 208 > N I I
H - N - C H r C I I , /
H î N C H î C H j.

> N H  
/  C H j-C H j/

H N
\  C H î C H jN H j

30

T rie th y len ete tram in e 266 2 0

H igher p o lyam in es 1 0

Nafash (86) developed a cyclic process for the preparation 
of ethylenediamine and other primary alkylamines from the 
corresponding bromine derivatives. A combination of well- 
known chemical reactions is employed according to the fol
lowing equations:

C2H,Br2 NHa:) C2H ,(N H 2)2-2HBr

C2H4(NH2)2-2HBr +  2NaOH— ^  C2H ,(N H 2)2 +  2NaBr +  2H ,0  
2NaBr (aq.) +  Cl2 — 5- 2NaCl +  Br2 
NaBr (aq.) +  Cl2 — >- NaCl +  BrCl

C:H, C2H<Br,

C,H, BrC1> C2H,BrCl

The alkyl bromides are more costly than the corresponding 
chlorine derivatives, and their use necessitates additional

F i g u r e  1 . P l a n t  L a y o u t  f o r  A b s o r b i n g  
A c i d i c  G a s e s  b y  A m in o  C o m p o u n d s

1. A bsorber, con ta in in g  so lu tio n  of am ino com pound
and p rovid ed  w ith  con tact filler an d  baflles

2 . In le t for absorbing agen t— e. g ., d iam in op rop an ol
and  trieth anolam in e

3. In le t for acid ic gases
4 . O u tle t for str ip p ed  gases
5. 6 . O u tle t lin e  and pum p for circu lating am in o  com 

pound con ta in in g  absorbed gases
7 . H e a t exchanger to  raise tem perature of absorbent
8 . In le t  p ipe to  regenerator
9. R egen erator , operated  a t  h igh tem peratures

10. S team  coil to  m ain ta in  tem peratu re of regenerator
11. O u tle t for gas d riven  from  ab sorbent agen t
12. 13. O u tle t lin e  and  pum p  for regenerated  am ine
14. H ea t exchanger to  cool ab sorbent agen t
15. C ondenser for vapors of ab sorbent agen t
16. O u tle t for coo led  acid ic gases
17. R etu rn  trap to  regenerator

operating steps. These economic handicaps are, to a substan
tial extent, offset by certain advantages as follows: (a) the 
practicability of using weaker ammonia liquor, (b) the feasi
bility of operating at lower temperatures and pressures, and 
(c) the production of comparatively pure primary amines as 
the principal product.

For the preparation of ethylenediamine, the following pro
cedure may be employed: Ethylene dibromide, preferably 
as a vapor, is introduced into a vertical autoclave partially 
filled with aqueous ammonia at 180° C. Reaction apparently 
occurs in the vapor phase with the formation of the solid di
hydrobromide of ethylenediamine. During the course of the 
amination, the solid particles fall into the ammonia liquor, 
creating a slurry which is periodically removed. The solid 
ethylenediamine dihydrohalide is then treated with sodium 
hydroxide, whereupon the base is liberated and is recovered 
by subjecting the alkaline mass to distillation. The residue 
which is essentially an unsaturated solution of sodium bro
mide is treated with chlorine gas, and the bromine is set free. 
The continued bubbling of chlorine into the solution appar
ently effects the solution of bromine, presumably as bromo- 
chloride. Although bromine and chlorine are soluble in their 
saturated salt solutions only to about 4 per cent by weight, 
40 parts by weight of bromine, when treated with chlorine, 
will dissolve in 75 parts of saturated sodium chloride solu
tion. When ethylene is introduced into the vessel containing 
the liberated bromine, ethylene dibromide is immediately 
formed, admixed with some of the corresponding bromo- 
chloride or dichloride.
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C orrosion  an d  pH  of A u toclave C harge
The fact that crystals of ethylenediamine dihydrohalide 

and alkylamine hydrohalides can exist as stable solids in 
aqueous ammonia is of interest in investigating the roll of 
amines during ammonolysis. Groggins and Stirton (28) 
showed that the pH of aqueous ammonia decreases with rising 
temperature and more rapidly under such conditions when 
ammonium salts are introduced. During the course of the 
reaction the concentration of ammonia in the charge dimin
ishes while that of the hydrohalide increases. It is impor
tant to remember that during annnonolysis the molar con
centration of the hydracid must be at least equivalent to the 
molar concentration of the amino compound, because of the 
concomitant formation of hydroxy compounds and secondary 
and polyamines. The hydrohalide may be distributed as 
free acid, as ammonium halide in solution, and as the salt 
of the newly formed amino compound. These are all acidic 
compounds (proton donors), and, unless their activity is neu
tralized, they will corrode steel vessels. The pH of molar 
solutions of such compounds at 25° C. is closely as follows:
N IR O , 4.7; CH3N H 2-HC1, 5.5; C2H6NI-I2-HC1, 6.0;

C6H5NH2IIC1, 2.3; CJRN  +  N IR O , 7.1

In closed systems containing an excess of aqueous ammonia 
in  addition to corresponding molal concentrations of hydro
chloric acid and primary amine, the equilibria involved may 
be represented as follows:

NIRO (aq.) ¡U NH,+ +  Cl~ : Cl" +  R-NIR+^RNIRCl 
+  +  : +  4-

OH" II+ : H + OH-
1} U : W \\

Excess NHS +  H20  N IR O IIIIO  : HC1 R-NH.OH ^
H20  +  R-NH2

The available information regarding these reactions at 
high temperatures is inadequate, and our knowledge relates 
only to certain segments of the whole. There is little doubt, 
however, that the principal factors which affect the equilibria 
are (1) the temperature of the system, (2) the relative basicity 
of the amine, and (3) the solubility of the amine.

Because of its volatility, ammonia can be displaced from 
[H(NH3) ]C1 by basic substances of higher boiling point, for 
this reaction is practically independent of the strength of the 
base. The rate at which such displacement occurs, however, 
obviously depends on the strength of the base—e. g., calcium 
hydroxide, alkylamine, etc.— the reaction temperature, and 
the counter influence of free ammonia. It is 
known, however, that with increasing tempera
ture ammonia has a diminishing capacity to form 
the ionogen, ammonium hydroxide, and at 290° C. 
the union of ammonia to hydrogen chloride in 
aqueous 1H(NH3)]C1 is so weak that the two 
components react as if they were alone, and 
ammonium chloride in aqueous solution can be 
employed to convert methanol to dimethylamine 
(9) and sym-xylenol to dixylylamine. The fact 
that the charge and free space in the autoclave 
contain a large excess of gaseous ammonia does 
not, therefore, signify that the hot aqueous am
monia has the capacity to hydrolyze all amino 
hydrohalides, for there is evidence to the contrary 
(86, 44)- When the amino hydrohalide is in
soluble, then the concentration of the phenyl 
ammonium ions in solution is diminished.

From the extensive literature on inhibitors, it would be 
expected that the amino compound being synthesized should 
serve as its own inhibitor, and indeed it would if sufficient 
free base were available. It is well known that the addition 
of aniline to aniline hydrochloride will reduce the dissocia
tion and, consequently, the corrosive action of the latter

(10). This probably explains why it has been found effica
cious to add acid inhibitors—e. g., alkylamines, secondary 
amines, and pyridine—to the autoclave charge in the prepa
ration of nitroamines (17). It is probable that the réin
troduction of some of the amine (any subspecification ma
terial) being synthesized would accomplish the same purpose, 
for this procedure would ensure the presence of free base 
during ammonolysis.

Two other useful methods of controlling the pH of the 
autoclave charge are the introduction of copper-ammonio 
hydroxides (11) and the use of buffer oxidants (24), such as 
chlorates which are attacked and decomposed when the con
centration of the hydracid is sufficiently great. The oxidants 
cannot be used to advantage, however, when the amino com
pound—e. g., aniline— is readily susceptible to oxidation.

E f f e c t  o f  A m m o n ia  C o n c e n t r a t io n . Extensive inves
tigations in the ammonolysis of halogeno compounds have 
shown that the practical advantages to be obtained by utiliz
ing a more concentrated ammonia solution for noncatalytic 
aminations may be summed up as follows: (a) Amination is 
more rapid; (b) conversion of reacting compound to amine 
is more complete; (c) formation of secondary and tertiary 
amines and hydroxy compounds is inhibited; (d) lower re
action temperatures can be used; and (e) since larger batches 
can be treated with the same quantity of liquor, economies 
in the number of pieces of equipment can be effected.

The effect of ammonia concentration in catalytic ammo
nolysis has been investigated by Vorozhtzov and Kobelev (48) 
and by Groggins and Stirton (25). The practical benefits of 
employing higher ammonia concentrations are brought out 
clearly by the data in Table II. In these experiments, as in 
plant practice, a constant ratio of ammonia and copper to 
4-chloroxenene was provided. From the tabulated data it 
can be concluded: (a) For any particular ammonia con
centration, within limits, the rate of conversion is a function 
of the copper-ammonio concentration; (b) most of the gen
eralizations relating to the noncatalytic ammonolysis of 
halogeno compounds are equally valid; (c) the difference be
tween conversion—i. e., decomposition of halogeno com
pound—as determined by chloride ion, and amination, for 
18 per cent copper, is approximately twice as great as that for 
12 per cent copper; and (d) as the ammonia concentration 
is increased, this “difference” becomes less, despite the fact 
the reaction has proceeded further.

Reaction rate studies showed that the effect of ammonia 
concentration on the rate of conversion in catalytic ammonoly
sis depends upon: (a) the ammonia ratio, (b) the reaction 
temperature, and (c) the halogeno compound (25). This 
is to be expected because the solubility of the organic com
pound is not the same in all ammonia solutions. It would

T a b l e  I I .  I n f l u e n c e  o f  A m m o n i a  C o n c e n t r a t i o n  i n  P r e p a r a t i o n  o f

X e n y l a m i n e “ (25)
A que- 4- 

E x p t. NH* ou3  C hioro- 
N o . C oncn. N ils  xenene

% Grams Mole
14
21
28  
35

C u-
(N O j) i-  C a ta ly st C onver- A m in a-  

3 H ,0  C oncn. s iou , A  tion , B
Gram atom 

Mole Cu/liler % %
1
2
3
4
5
6  14
7 21
8  28
9 35

10 35
11 21
a 16 hours a t  20 0 °  C.

304 '/« 0 .0 3 0 .0 9 3 2
304 ‘A 0 .0 4 5 0 .1 3 6 0
304 V . 0 .0 6 0 .1 7 7 0
292 V . 0 .0 7 2 0 .2 1 6 9
304 ■A 0 .0 7 2 0 .2 1 7 5
304 ■A 0 . 0 2 0 .0 6 2 1
304 V . 0 .0 3 0 .0 9 0 6
304 ‘A 0 .0 4 0 .1 1 8 0
292 0 .0 4 8 0 .1 4 4 6
292 ■A 0 .0 4 S 0 .1 4 4 6
304 ■A 0 .0 4 8 0 .1 4 5 0

5 5 .3 1
66.20
8 6 .3 5
9 3 .2 6
8 5 .5 6
4 1 .2 0
5 8 .3 8  
7 4 .1 0  
8 7 .0 2  
9 8 .9 2
7 3 .3 8

100 X M ole  
M ole R a tio  D iffcr- 
I ta tio  N H j /  ence  

C u /R  Cl R  C1 A -  B

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

18
18
18
18
2 8 .8
12
12
12
12
1 9 .2
1 9 .2

15
15
15
15
15
15
15
15
15
24
15

1 0 .1 7
8 .5 2
6.20
4 .4 9

1 1 .7 4
5 .4 7
4 .9 4
2 .7 5
2 .6 1
9 .9 3
9 .3 2
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be the same for the various systems only if there were no 
significant differences in solubility in 21, 28, and 35 per cent 
aqueous ammonia; but the solubility of the halogeno com
pound, like the respective partial pressures, is an intrinsic 
property of the ammonia used, and there is no satisfactory 
way of disassociating this factor in comparing the reactivity 
of ammonia solutions. When comparisons are made at com
paratively high temperatures or with excessive ammonia 
ratios (Figure 2), the advantageous properties of concen
trated ammonia are obliterated; consequently, the conclu
sions drawn from reaction rate studies in homogeneous sys
tems ignore the penalty that technical operations must pay 
for employing weak ammonia.

The results in Table III relating to the preparation of 1- 
naphthylamine show that at 180° C. an increase in conver
sion and amination rates is brought about by the use of 
stronger ammonia. When the reaction temperature is raised 
to 200° C., the conversion rate for 28 per cent aqueous am
monia is still better than that for 21 per cent ammonia, but 
the 35 per cent solution no longer has an advantage. The 
amination rates are, however, better with increased ammonia 
concentration.

R e a c t io n  R a t e  S t u d ie s  in  A m in a t io n  o f  1- 
ChLORONAPHTHALENE“ (25)
N H j 1 -N a p h th y l-

C oncn . C l“ am ine
% % %

T em p . 180° C .; C hloron aph th a lene T ak en , 0 .2  M ole; M ole  R a tio  N H j /  
C hloron aph th a lene, 18 .75; 6  =  G ram  A tom  C u /L iter  =  0 .12085

T a b l e  III.

E x p t.
N o .

lb
2
3
4

28
21
28
35

0.21
5 .5 4
7 .8 4
8 .6 2

T em p ., 2 0 0 °  C .; C hloron aph th alene T ak en , 0 .3  M ole;
C hloron aph th a lene, 12.5

5 21 1 2 .0 2
6  28  1 4 .4 3
7 c 28  1 4 .5 9
8  35  1 4 .4 4

°  T im e, 5 hours; ca ta ly st , C uC l. 
b N o  ca ta ly st . c Cu(NC>3) r 3 H 2 0  as ca ta ly st.

0
2 .3 2
4 .9 0
5 .6 6

M ole  R a tio  N H j /

1 0 .9 1
1 2 .3 8
1 2 .9 3
1 3 .1 6

T r e a tm e n t o f S u lfo n ic  A cids

No technical advances in the well-known method of pre
paring 2-aminoanthraquinone from sodium anthraquinone-2- 
sulfonate have been reported recently.

Of considerable economic significance, however, is the prepa
ration of “silver salt” from the sulfoketo acid by cyclization. 
When 4'-chloro-2-benzoylbenzoic acid, which is readily pre
pared according to the Friedel and Crafts reaction from 
chlorobenzene and phthalic anhydride, is reacted with a 
sodium sulfite solution under pressure, the corresponding 4'- 
sulfo-2-benzoylbenzoic acid is obtained (46). On cyclization 
with concentrated sulfuric acid, this leads solely to anthra- 
quinone-2-sulfonic acid from which 2-aminoanthraquinone of 
high purity is readily obtained by ammonolysis.

O x y g en -C o n ta in in g  C o m p o u n d s

Undoubtedly the greatest recent research progress in the 
field of ammonolysis has been made in the conversion of 
oxygen-containing compounds. The amines derived from 
alcohols, aldehydes, alkylene, and other oxides have wide 
technical application, and new industries are taking root in 
this soil, tilled by the tools of chemical exploration.

C o n v e r s i o n  o f  A l c o h o l s .  The literature reveals that 
practically the whole range of primary alcohols from methyl 
and butyl to cetyl and stearyl alcohols has been investigated. 
The synthesis of low-molecular-weight alkylamines from 
alcohols is almost always carried out in the vapor phase, ac-

F ig u r e  2. A m in a t io n  of 4 -C h l o r o x e n e n e  
20 hours a t  2 0 0 ° C „  0 .12  m ole of C u (N O i)}-3 H ,0 .  

% N H j M oles T ak en
21 3.75
28 5
35 6

cording to the method of Sabatier and Maihle (40) in which 
the reacting alcohol and ammonia are passed over a dehydrat
ing catalyst. Compounds of aluminum or phosphorus—  
e. g., alumina (2, 43), aluminum silicate (2, 88), aluminum 
phosphate (1), and diammonium phosphate (1)—are most 
frequently employed for this purpose. As in the amination 
of alkyl halides, the product of reaction may comprise pri
mary, secondary, and tertiary amines, depending on the spe
cific alcohol, the ammonia ratio, and other conditions em
ployed. The net reaction may be expressed thus :

-Alkyl. NH,

Alkyl OH
NIL Alky!

Alkyk 
. A lk y A N  
A lk y l/

A typical mode of manufacture of methylamines is as 
follows: Absolute methanol at the rate of 0.75 to 1.5 cc. per 
cc. of catalyst per hour, together with sufficient anhydrous 
ammonia to give a molecular ratio of 3-4  methanol to 1 am
monia is preheated to 325° C. and passed over an alumina gel 
catalyst maintained at 450° C. Under these conditions the 
initial conversion to total amines, based on ammonia input, 
is 85 per cent, of which 57 per cent is tertiary and 28 per cent 
secondary with no primary amine. The tertiary amine is 
separated from the secondary and recirculated with fresh 
reactants; the resultant product then contains only about 
8 per cent tertiary amine, whereas the conversion to secondary 
amine is 45 to 50 per cent, based on ammonia consump
tion. When the ratio of ammonia to methanol is in the order 
of 4-5 to 1, then the product consists primarily of monometh- 
ylamine with only small amounts of the secondary and ter
tiary amines.

Since it is difficult and often uneconomical and impracti
cable to arrange operating conditions for the production of 
one of the amines, it is customary to rework the products 
under suitable conditions or to reintroduce them into the 
amination system along with fresh reactants (28, 45). Swal- 
len and Martin (45) showed that primary methylamine can 
be converted to dimethylamine and trimethylamine by re
passing it through the catalytic chamber in the absence of 
ammonia. The results obtained when methylamine and
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various mixtures of it were passed over a partially dehydrated 
aluminum trihydrate catalyst are set forth in Table IV.

The reworking or recycling of unwanted amines to afford 
a greater yield of desired product is generally effective. Ob
viously, the results are more striking in the preparation of 
alkyl and alkanolamines where, in addition to primary amines, 
the formation of secondary and tertiary amines occurs in 
substantial quantities. This is particularly true when, in 
the interest of economy, moderate ammonia ratios are em
ployed. Evidence of a corresponding mechanism in the 
similar synthesis of arylamines is available, although here 
primary amines can be obtained almost exclusively.

T a b l e  IV. E q u i l i b r i u m  S t u d i e s  o n  P r e p a r a t i o n  o f  M e t h y l -  
a m i n e s  (45)

increasing the conversion, which falls off as the quantity of 
sodium sulfite is reduced:

C om pn. of Feed

100%  C H jN II j

8 7 .0%  C H jN H j +  
13.0%  (C H j) jN

65%  C H jN H j +  
20.2%  (C H j) î N H  
+  14.8%  (C H j)jN

Space  
V eloc ity , 

T em - R atio  
pera- G a s / 
ture C ata ly st  
° C. Cc.

450
450
425
425
450
450
450
450
475
475
450
450

550
550
400
400
670
630
550
550
510
420
680
350

NHj
%

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

(C H ,).- (C H ,),-
C oinpn . of P r o d u c t-  

CHs- 
N H :
%

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

N H
%

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

.1 7 .4
2 6 .2

N
%
3 .6
4 .3

1 5 .6
1 7 .1
1 2 .9
11.1
1 4 .5
1 4 .6
1 5 .3  
1 8 .0
2 0 .4
1 5 .9

In contrast to and supplementing the data of Table IV, 
showing the formation of di- and trimethylamines from mono- 
methylamine, are the results obtained by Arnold (8) in the 
conversion of ieri-butylamine to the more basic amines. 
When butyl alcohol and ammonia, in a molar ratio of approxi
mately 1 to 5, are passed over 50 cc. of alumina-sihca gel 
catalyst at 325° C., the conversion of butyl alcohol is 25.2 
per cent and the products are 5.2 per cent primary, 16 per 
cent secondary, and 4 per cent tertiary butylamine. When 
the tributylamine is recirculated with fresh ammonia in a 
molar ratio of 1 to 6.5, approximately 66 per cent of it is con
verted to mono- and dibutylamines. A loss of about 3 per 
cent is sustained through the formation of butylene. Hale 
(26) showed that also in the liquid-phase synthesis of butyl- 
amines from the corresponding halogeno derivative, the sec- 
and ieri-butylamine can be successfully recycled for the pro
duction of primary butylamine.

The amines of the high-molecular-weight fatty acids are 
best prepared in a pressure system. Cetylamine is thus ob
tained by conducting cetyl alcohol and ammonia through a 
catalytic reaction chamber containing aluminum oxide which 
is kept at 380-400° C. (42) and under a pressure of 125 atmos
pheres. The vented vapors are condensed and yield an oily 
liquid containing some water. Upon distillation of the oil, 
cetylamine is obtained. Oleyl and steary] alcohols react in 
a similar fashion. When alkylamines are employed instead 
of ammonia, the corresponding alkylamino compounds are 
formed. Thus, monoisobutyl dodecylamine is prepared 
from 1 part n-dodecyl alcohol and 10 parts monoisobutyl- 
amine (42). I t is also possible to carry out the ammonolysis 
of the higher fatty alcohols in the vapor phase (4). A mix
ture of primary', secondary, and tertiary alcohols is usually 
obtained.

T a u r i n e  f r o m  H y d r o x y e t h a n e s u l f o n ic  A c id . Tau
rine, along with some ditaurine, can be obtained by reacting 
256 parts by weight of sodium hydroxyethanesulfonate with 
800 parts of 25 per cent ammonia liquor at 210° C. for 3 hours. 
The addition of 10 parts of sodium sulfite aids materially in

OH-CH2-CH2-SO,Na
NH,

Na2SO,
->■ HjN-CH2.CH,-SO,Na

The synthesis is of particular interest because it shows that, 
in aliphatic compounds containing both sulfonic and hy
droxyl groups, the — OH group can be replaced preferen-

-alkyl
tially by —N IL (88) and —N /  (87). In addition to

NH
sodium sulfite, other salts such as sodium carbonate can be 
used. In the preparation of the alkydamino derivatives—  
e. g., methyltaurine—the introduction of potassium hydrox
ide is found to be advantageous.

A m m o n o l y s is  o f  A l d e h y d e s . The conversion of alde
hydes to amines is generally carried out in the presence of a 
hydrogenation catalyst—e. g., nickel—for here the interme
diate reduction of the aldehydic group necessitates the pres
ence of hydrogen. When unsaturated aldehydes such as 
acrolein are reacted, saturation as well as amination takes 
place, and a normal primary amine—viz., propylamine—will 
be obtained.

G l u c a m in e  a n d  R e l a t e d  P r o d u c t s  f r o m  M o n o s a c 
c h a r id e s . Stable hydroxyamino compounds can be pre
pared readily by reacting ammonia or an aliphatic amine 
with monosaccharides in the presence of hydrogen and a 
suitable reducing catalyst:

CH,OH(CHOH)4CHO
N H , +  H,

CH2OH(CHOH),CH2N H 2
Ni

These reactions are exemplified by the following synthesis of 
glucamine (22): Twenty-five hundred grams of commercial 
glucose are charged into an autoclave containing 2500 grams 
of 21 per cent aqueous ammonia and 250 grams of a reduced 
nickel catalyst. Hydrogen is then introduced until a pres
sure of about 100 atmospheres is obtained, and the charge is 
stirred rapidly without heating for 0.5 hour to effect solu
tion of the glucose. With the application of heat, hydrogen 
absorption begins at 63° to 65° C., and the temperature is 
brought up to 95° C. Hydrogen is introduced periodically 
during a 0.5-hour period to replenish that consumed in the 
reaction. The charge which is then free from reducing sugars 
is filtered and concentrated. Glucamine is obtained in good 
yields as a viscous noncrystalline sirup. From the anhy
drous sirup, glucamine can be crystallized out of methanol as 
a white crystalline compound melting at 127° C.

B y treating glucose, xylose, fructose, and other monosac
charides with monomethylamine, the corresponding methyl- 
amino sugars are obtained. Any alkylamine with a replace
able hydrogen can be substituted for the methylamine to 
give a wide variety of alkylaminomonosaccharides (21).

C o n v e r s io n  o f  A l d e h y d e s . Saturated and unsaturated 
aliphatic and aromatic aldehydes and intranuclear ketones 
can be converted to amines in the vapor phase by passing 
their vapors along with equal volumes of ammonia and hy
drogen over a heated nickel catalyst (5). A reaction tem
perature of 125° to 150° C. has been found satisfactory. To 
avoid resinification of unstable unsaturated aldehydes or ke
tones before their contact with the catalyst, they are prefer-, 
ably vaporized separately and their vapors, admixed with 
fresh hydrogen, are led into the reaction system where they 
are mixed with the circulated preheated mixture of ammonia 
and hydrogen. The ammonolysis of acrolein, crotonalde- 
hyde, and cyclohexanone, respectively, is as follows:

CH2:CH-CHO
NH,

H,
->• CH, CH2-CH2N H 2 (n-propylamine)
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CHj-CH : CH-CHO
NIL

H,
- >  CHj-CHî'CHj-CHjNH j (n-butylamine)

CH,—c h 2 

ć h ,
W  Hs x c h 2- c h /

NH, /G H a -C H .
CII, c H N H , (cyclohexy lamine)

C o n v e r s i o n  o f  A l k y l e n e  O x i d e s  t o  A l k a n o l a m i n e s .  

The alkylene oxides—e. g., ethylene {29), isopropylene {29, 
6 0 ) , and isobutylene {2 9 ) oxides—can readily be converted 
to alkanolamines:

^CH2OH-CHiNH s (ethanolamine) 

CH2OH-CH2'

chlorine atom is removed with the formation of epi- 
chlorohydrin. This immediately reacts with a molecule 
of ammonia to form a glyceryl aminochlorohydrin, which 
then reacts with sodium hydroxide to form sodium 
chloride, releasing water and producing epiaminohy- 
drin. The epiaminohydrin forthwith reacts with a 
further quantity of ammonia to produce the 1,3- 
diaminopropanol-2. The intermediate formation of 

epihydrins makes it necessary to have ammonia present in 
large excess and at the operating temperature, 50° C., in order 
to prevent the amino derivatives which are first formed from 
reacting with further quantities of the chlorohydrin and pro
ducing undesirable secondary and tertiary reaction products 
and complex polymers.

CH2 — CH2 N H , /  v O h Î o h ^ O ï lZ 11 (diethanolamine) S y n th e s is  o f  
\ 0 /  V

ClLOHCHjx
. C H ,0H -C H A N  (triethanolamine) 
CH2OH-CH2/

rCHj-CI10H-CH2NH2 (isopropanolamine) 

CH,-CHOH-CH;

U rea fro m  C arbon  
A m m o n ia

D iox id e an d

CH,CH— CH2 N H , / ^  C H r C H O H - C /n n  (diisopropanolamine)

C H ,C H O H C H ,\
i OIL■ CHOII• CH2-)N  (triisopropanolamine) 
GHj-CHOH-CH2/

These reactions are exothermic, and an operating tem
perature of 50° to 60° C. usually suffices. When ordinary 28 
per cent aqueous ammonia is employed, primary, secondary, 
and tertiary amines are obtained, the proportions being de
pendent on the ammonia ratio.

When propylene oxide is bubbled into aqueous ammonia at 
40° to 50° C. in a sealed agitated vessel, the isopropanol- 
amines are formed and can be separated by fractional distilla
tion. Wickert {60) showed that it is feasible to control the 
proportions of the various amines by adjusting the relative 
concentration of the reactants. The curves in Figure 3 show 
clearly the relation of the reactants to the products. The 
physical properties of the ethanol- and propanolamines which 
find use as wetting agents, rubber accelerators, and absorbents 
for acidic gases, are as follows {60) :

Although urea was the first of the organic compounds to be 
formed synthetically, its commercial production had to await 

the development of the synthetic ammonia process. 
Here the principal product, ammonia, and a by
product, carbon dioxide, which constitute the raw 
m a te r ia ls  for  u rea  production, are prepared 
cheaply.

The reactions involved in the formation of urea 
from carbon dioxide and ammonia are as follows {/$) :

NH,
2N H , +  C 02 ;

/ n il

(ammonium carbamate)

At elevated temperatures urea is formed from ammonium 
carbamate by a series of reactions:

/N H ,
CO
Z nh,

ammonium
carbamate

/N H 2/
CO +  NH,
Z h

carbamic
acid

NH2
Co 
Z h

(HO-CN HN:CO) +  II20

Specific B oilin g
G ravity , P o in t at Freezing 1% Soln.

A m ine 2 0 ° /2 0 °  C. 5 M m . P o in t A lk a lin ity
° C. 0 C. pH

M on oisop rop an ol 0 .9 8 1 45 - 5 1 1 .4
D iisop rop an ol 1 .0 0 8 9 116 32 1 1 . 1
T riisopropanol 1 .0 1 9 6 144 45 1 0 . 2
M on oeth an ol 1 .0 1 8 0 58 1 0 .5 1 1 .5 0
D ieth an o l 1 .0 9 8 4 156 2 8 .0 1 1 .7 5
T rieth anol 1 .1 2 5 8 2 0 1 2 1 . 2 1 1 .3 0

cyanic acid 
(enol form) (keto form)

HN:CO +  N H , —

cj'anic
acid

/ N H ,  
H N :C  I O : /

NH,

Z h,
{27)

urea
(solution)

Although the alkylene oxides on ammonolysis give rise to 
amines with one to three alkanol groups, the epichlorohydrins 
derived from glycerol yield mono- and diaminopropanols. 
When 1 mole of glycerol dichlorohydrin is added to 2 liters 
of aqueous ammonia containing 2 moles of sodium hydroxide 
at 30° to 50° C., the conversion to diamine takes place accord
ing to the following scheme {8,20):

urea
(crystalline)

CHjCl

¿H O H

c h ,ci

NaOH  
 >.

CBZ

¿ H >
CH,C1

NH,

CH2NH,

Iuh o h

c h 2ci

NaOH 
 >

c h 2n h ,

l)H x

Lh > °

The first reaction that takes place probably is one between 
the dichlorohydrin and the sodium hydroxide in which one

Although the transformation of ammonium carbamate to 
urea is not a direct dehydration, the presence of water is a 
limiting factor with respect to the extent that the reaction 
occurs. It has been found that at any temperature a defi
nite equilibrium is established which can be approached from 
either direction {16). Krase and Gaddy {31) showed that a 

rea l s h if t  in the carbamate-urea- 
water equilibrium is obtained by em
p lo y in g  an e x c e s s  o f anhydrous 
a m m o n ia , w h ich  functions as a 
strong dehydration agent. The em
ployment of ammonia up to 280 per 
cent of that combined as carbamate 

gives conversions to urea between 81 and 85 per cent of the 
carbamate ammonia.

NH,
CH2NH2

¿H O H

¿ h 2n h
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The commercial production of urea from carbon dioxide 
and ammonia is carried out as a continuous process, Figure 
4 {18). Approximately 102 parts of ammonia and 44 parts 
of carbon dioxide are compressed and delivered separately 
as liquids (or compressed gases) into a steam-heated autoclave 
at 190° C.; maintaining an internal autoclave pressure of 
approximately 200 atmospheres. About 2 hours are re
quired for the passage of the materials through the autoclave, 
during which interval the reactants are almost wholly con
verted to ammonium carbamate, which in turn is transformed 
largely J o  urea. From the autoclave the melt, consisting of

äg
ZO<a.a  a  

0 .0

OIL
Î Z

V
\ A  TRI SOPROPA NOLAMINE

/

y
MONOISOPROPANO

V o

LAMINE^

IISOPROPANOLAMINE

50  IOO

MOLS or PROPYLENE OXIOE AODEO TO IOO MOLS OF AMMONIA

F ig u r e  3. R e l a t io n  of  R ea ct a n t s  to  
P roducts

11.7 parts of ammonium carbamate, 51 parts of urea, 68 
parts of ammonia, and 15.3 parts of water, is cooled to ap
proximately 150° C. and is then admitted to a urea still which 
is maintained at 60° C. Here 42.3 parts of unconverted am
monia and any unreacted carbon dioxide are removed and 
collected for return to the system. The urea-water solution 
is then delivered to a crystalhzer maintained at approximately 
15° C.jwhere 18 parts of the remaining free ammonia are re
moved by a suitable suction pump compressor. The result-

CENTRIFUGE

R e p la ce m en t o f L ab ile  N itro  G rou ps

It has long been known that, when a nitro group is found 
ortho or para to another nitro radical, it is rendered labile or 
very susceptible to chemical action {12, 80). Thus, when 2- 
chloro-3,4-dinitrotoluene is treated with ammonia or aniline, 
the following substituted toluidines are obtained:

F ig u r e  4. F low  D iagram  i n  t h e  U r e a  S ystem

ant magma is passed to a continuous centrifuge where 30 
parts of crystalline urea are obtained. The mother liquor, 
comprising 11.7 parts of ammonium carbamate, 21 parts of 
urea, 7.7 parts of ammonia, and 15.3 parts of water, may be 
variously used in the manufacture of mixed fertilizer.

CH3

NHj
k J N H ,

NO,

CHS CHj

R.NH,
: >

Although this m ethod of introducing amino or arylamino 
groups offers a convenient m ethod of m aking transforma
tions which are otherwise difficult, no notew orthy contribution  
in this field has been made in recent years.

M a ter ia ls  o f C o n stru c tio n

W hen consideration is given to the diversity of compounds 
undergoing amm onolysis, it  is clear th at no general statem ents 
with respect to  m aterials of construction are warranted. In  
the preparation of aromatic amines from the corresponding 
halogeno compounds, perceptible corrosion of steel autoclaves 
occurs, and this is reflected in  the contam ination of the amino 
compounds by iron. To overcome this difficulty in  the  
preparation of p-nitroaniline from p-nitrochlorobenzene, 
Saunders {41) advocated the use of acid-resistant stainless- 
steel alloys in the fabrication of the autoclave. T he sam e 
material of construction is also endorsed for the similar 
preparation of other amines {18). In  the preparation of urea, 
the liquid in  the autoclave, consisting of a mixture of urea, 
water, ammonium carbamate, and free ammonia, is h ighly  
corrosive to  ordinary materials of construction {47). Iron 
and steel are rapidly dissolved in it, and chromium steel and 
m any alloys are rapidly attacked. Lead and silver are tw o  
of the m ost resistant materials and these m etals are em
ployed as linings for the autoclaves and stills used in  this 
process. R esistant steel alloys are, however, used in the con
struction of parts where lower tem peratures are encountered.
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P rodu cts R esearch  D iv is ion

A m in ation  in  Liquid A m m on ia
R. NORRIS SHREVE a n d  L. W. ROTHENBERGER1 

Purdue U niversity , L afayette , Ind.

A s a  re su lt  o f th e  p resen t com p a ra tiv e ly  
low  p rice for liq u id  a m m o n ia  an d  th e  
fa c t th a t  a m in e s  are in crea sin g  in  in 
d u str ia l im p o rta n ce , a  s tu d y  is  b e in g  
m a d e  o f th e  u se  o f liq u id  a m m o n ia  as a 
so lv en t for th e  u n it  p rocess o f a m in a tio n .  
T h is  p ap er rep orts so m e  o f th e  ch em istry  
invo lved .

T h e  rea c tio n  o f a lk y l h a lid es , in c lu d 
in g  iso a m y l ch lor id e , iso a m y l b rom id e, 
iso a m y l io d id e , n -h e x y l b rom id e, and
2 - e t h y l  b u t y l  b r o m id e  u p o n  so d iu m  
a m id e  an d  p o ta ss iu m  a m id e , su sp en d ed  
in  liq u id  a m m o n ia , h a s  b een  stu d ied . 
Y ie ld s o f 50 to  60 per c e n t o f iso a m y l-  
a m in e  h ave b een  o b ta in ed  from  iso a m y l

LEBEAU in an early article (7) described the reaction 
between a liquid ammonia solution of sodium and alkyl 
halides. M ethyl iodide gave methane, ethyl iodide 

gave ethane, and propyl iodide gave propane. Chablay (8), in a 
later and more extensive investigation of the same type of re
action, gave the reactions as:

CjHsI +  2Na +  N H , — >- C2H, +  N al +  NaNH ,
CjHJ +  N aN H 2 — C2H4 +  N al +  NH,
C,H J  +  NaNH* — >  C2H ,N H 2 +  N al

n-Propyl iodide gave 71.4 per cent propane, 9.4 per cent pro
pylene, and 21.2 per cent propylamine; isobutyl iodide yielded
69.8 per cent isobutane, 14.6 per cent isobutylene, and 15.6 
per cent isobutylamine. Isobutyl chloride yielded only iso
butane; isoamyl chloride yielded only isopentane; isoamyl 
iodide yielded isopentane, isoamylene, and isoamylamine.

Chablay (8, 8) added alkyl halides gradually to suspensions 
of sodium amide in liquid ammonia at its normal boiling 
point. With methyl iodide the reaction was very vigorous 
and was said to lead to the formation of methylamine. The

1 P resen t address, H ercu les E xp erim en t S ta tio n , W ilm in gton , D el.

b rom id e an d  iod id e , an d  30 to  40 per cen t  
y ie ld s  o f  iso a m y la m in e  from  iso a m y l 
ch lorid e. W ith  n -h ex y l b rom id e 75 per  
c e n t y ie ld s  o f n -h e x y la m in e  have b een  
o b ta in ed ; 2 -e th y l b u ty l b ro m id e h a s  
given  o n ly  a b o u t 10 per c e n t  o f 2 -e th y l  
b u ty la m in e , a lo n g  w ith  75 per c e n t y ie ld s  
o f 2 -e th y lb u ty le n e . T h ese  y ie ld s  o f a m in e  
are co n sid erab ly  h ig h er  th a n  th o se  re 
p orted  in  th e  liter a tu r e  for co m p o u n d s  
of n e ig h b o r in g  m o lec u la r  w e ig h t. T he  
fa c t th a t  50 u p  to  75 per c e n t y ie ld s  o f  
a m in es  h ave b een  o b ta in ed  from  iso a m y l  
an d  n -h ex y l h a lid es  p o in ts  o u t  th a t  th is  
m e th o d  m a y  b e v a lu ab le  for th e  p repara
t io n  o f certa in  a m in es .

higher alkyl halides react with sodium amide to produce un
saturated hydrocarbons in amounts increasing with the mo
lecular weight of the halide. Thus, ethylene was obtained 
in 5.4 per cent yield from ethyl iodide, propylene in 37 and
69.6 per cent yields from n-propyl iodide and n-propyl chlo
ride, respectively, and isobutylene in 62.4 per cent yield from 
isobutyl iodide or in 83.6 per cent yield from isobutyl chlo
ride.

Picon (8), Bergstrom (1), and White, Morrison, and An
derson (11) have also worked in this field.

E x p er im en ta l P roced ure

Suspensions of sodium amide were made in liquid ammonia, 
using ferric nitrate as a catalyst, according to Vaughn, Vogt, 
and Nieuwland (10), Franklin (4), and Kraus (6):

A 500-ml. three-neck flask was fitted with a mechanical stirrer, 
a dropping funnel, an air outlet through a drying tube containing 
soda lime, and a pentane thermometer with a range of —200° 
to + 2 0 °  C. (Figure 1). The flask was cooled by means of a 
solid carbon dioxide-alcohol bath. (For lower temperature, 
ether was used as the solvent.) Approximately 300 ml. of am-
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monia were condensed in the 500-ml. flask, and 0.15 gram of 
finely powdered ferric nitrate was added. With the stirrer run
ning slowly, one-half molecular equivalent of the metal to be 
used was added in small portions slowly enough to prevent a too 
rapid rise in the temperature of the mixture. The mixture was 
stirred slowly for 15 to 20 minutes after addition of the last of 
the metal or until the blue metallic color had completely dis
appeared. The mixture was cooled to the desired temperature 
by means of the solid carbon dioxide-alcohol bath. With the 
mixture agitated thoroughly, one-half molecular equivalent of 
alkyl halide was added from the dropping funnel at a rate that 
would allow the temperature of the mixture to be maintained at 
the desired point. If the halide was added more rapidly than 30 
to 40 drops per minute, the temperature of the mixture rose so 
rapidly that it could not be controlled by the cooling bath. The 
stirring and cooling were continued for about an hour after com
pletion of halide addition.

The ammonia was evaporated slowly (about 24 hours for 
complete evaporation) by leaving the cooling bath around the 
reaction flask but not adding any more solid carbon dioxide. 
When the ammonia was all distilled, the contents of the reaction 
flask was hydrolyzed by dropwise addition (at the start) of water; 
150 ml. of water were added in all. The mixture was then 
treated with 20 grams of sodium hydroxide to ensure the freeing 
of any amine present in the reaction product. Organic material 
was extracted from the mixture with three 75-ml. portions of ethyl 
ether. The ether extract was placed over solid sodium hydroxide 
to dry for about 15 hours in preparation for distillation.

In runs where isoamylene was formed, this compound (boiling 
at 20.5° C.) passed out of the reaction flask during evaporation 
of ammonia and hydrolysis of the reaction mixture. In order 
to identify the isoamylene, the ammonia and other gases passing 
from the reaction flask were led through a condensing coil which 
was cooled by means of an alcohol-solid carbon dioxide bath at 
— 10° to —20° C. The cooling coil terminated in a 200-ml. 
round-bottom flask, its end dipping below the level of about 75 
ml. of carbon tetrachloride contained in the flask. After com
pletion of hydrolysis, the contents of the reaction flask was stirred 
and warmed to about 30° C. in order to drive over any remaining 
isoamylene. With the carbon tetrachloride solution maintained 
at 0° C., one-half equivalent of bromine, dissolved in 75 ml. of 
carbon tetrachloride, was added dropwise with shaking. The 
cooling bath was maintained at 0° C. for 2 hours and then 
gradually allowed to rise to room temperature with frequent 
shaking. The contents of the flask was treated with sodium 
bicarbonate to decompose excess bromine. The carbon tetra
chloride solution was washed with water and placed over 
calcium chloride to dry. The solution was analyzed by dis
tillation.

A n a ly sis  o f P ro d u ct
In every case the analysis was performed 

by distilling the dried ether extract through 
a Purdue modification of the Podbielniak 
column. The column consisted of a Pyrex 
glass reflux tube 8 mm. in diameter and ap
proximately 110 cm. long. The reflux tube 
contained a Nichrome wire in the form of a 
spiral which provided for intimate contact be
tween downgoing liquid and upcoming vapor. 
A dead-air jacket was provided by means of 
another and larger Pyrex glass tube (diameter, 
25 mm.) surrounding the reflux tube. Upon 
this second glass tube was wrapped a spiral of 
Nichrome resistance wire for maintaining the 
desired column temperature. A third and 
larger glass tube (diameter, 45 mm.) provided 
another air jacket around the heating coil. 
The column was equipped for regulation of 
reflux and was connected to a vacuum line in 
order to provide for distillation under re
duced pressure. The distillate was received in 
an inverted buret which allowed the quantity 
of distillate to be read to an accuracy of 
0.1 ml.

All compounds which boiled at tempera
tures much over 100° C. were distilled under 
reduced pressures. In order to determine the 
boiling point at standard pressure of such com

pounds and thus the identity of the compound, the equation 
given by Hass and Newton (5) was used:

2.8808 -  log V =  273.1 + t  -  0.15 dt
log p =  log of ob

served pres
sure in mm. 
of Hg 

t =  ob served  
b. p., ° C. 

p — entropy of 
v a p o r iz a 
tion at 760 
mm. 

dl =  b. p. at 760 
mm. minus 
i ,° C .

Figure 2 is a dis
tillation curve for 
th e  p ro d u c t of 
reaction between 
sodium amide and 
isoamyl b rom id e  
in liquid ammonia 
solution at —50°
C. The c a lc u la 
tion of the yield for 
each run was made 
by use of a distilla
tion curve of this 
type. The ether 
was first distilled 
from the ether ex
tract, and then a 
record was made of 
millimeters of dis
tillate vs. b o ilin g  
temperature as the 
p ro d u ct c a m e  
o v e r - F ig u r e  1. A m in a t io n  A p p a r a t u s

VOL. 29, NO. 12
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U se o f D ifferen t M eta llic  A m id es
In a preliminary investigation (in conjunction with A. R. 

Padgett), the difference in reaction of the amides of the four 
metals, sodium, potassium, barium, and calcium, with iso
amyl bromide in liquid ammonia at —34° C. was studied. 
The following table shows the results obtained (in per cent):

M etal
Isoam yl
B rom ide P rim ary Secondary T ota l

A m ide R ecovered A m ine A m ine A m ines
N a 0 . 0 5 3 .2 0 . 0 5 3 .2
K 0 . 0 2 7 .4 1 3 .7 4 1 .1
B a 3 9 .1 0 . 0 0 . 0 0 . 0
Ca 2 8 .4 0 . 0 0 . 0 0 . 0

Sodium and potassium amides were much superior to 
barium and calcium amides for the preparation of amines. 
The low percentage of halide recovered in the barium and 
calcium runs was due to the difficulty encountered in separat
ing the reaction products. The difference in reaction be
tween sodium and potassium is not a true indication, as shown 
in subsequent work where the reaction conditions were more 
closely regulated.

E ffect o f V ar ia tion  in  R e a ctio n  T em p eratu re
In order to determine whether there was any difference in 

the ratio of amine and unsaturate with variation in reaction 
temperature, several runs were made at temperatures ranging 
from —34° to — 70° C. The alkyl halide used in this series 
of experiments was isoamyl bromide. The results are as 
follows:

R eaction
T em p . M eta l M on oam in e D iam in e

T  ota l 
A m ines

° C % % %
- 3 4 N a 5 0 .0 2 . 0 5 2 .0
- 3 4 K 4 8 .8 2 . 1 5 0 .9
- 4 0 N a 5 0 .0 3 .9 5 3 .9
- 4 0 N a 4 8 .5 5 .9 5 4 .4
- 4 0 K 4 8 .5 4 .0 5 2 .5
- 5 0 N a 5 4 .3 2 .9 5 7 .2
- 5 0 K 5 3 .0 5 .8 5 8 .8
- 7 0 N a 5 6 .1 3 .9 6 0 .0
- 7 0 K 5 3 .5 3 .8 5 7 .3

Although there is not a wide variation in yield of amine 
over the temperature range, the yields at temperatures below 
—50° C. are from 4 to 6 per cent greater than those at tem
peratures above — 500 C. This may be due to loss of product 
by evaporation of ammonia at temperatures nearer its normal 
boiling point.

E ffect o f R e a c ta n t  C o n ce n tr a tio n  in  S o lv en t
Sodium metal and isoamyl bromide were used in varying 

concentrations in liquid ammonia in order to determine con
centration effect. All of the reactions were carried out at 
- 5 5 °  C.:

R ea cta n t  
per 1 0 0  

G ram s NH* M on oam in e D iam in e
T ota l

A m ines
Mole % % %

V» 4 8 .3 1 .9 5 0 .2
l / I S 4 5 .0 3 .9 4 8 .9
Ve 5 5 .0 3 .0 5 8 .0
Ve 5 4 .0 2 . 0 5 6 .0
V» 5 7 .4 1 1 .4 6 8 . 8
Vs 5 9 .5 8 .9 6 8 .4

Probably the increased yield with higher concentrations 
was due to the higher ratio of reaction products present to the 
solvent ammonia; thus a smaller proportion of amine would 
be carried over with the evaporating ammonia. Vaughn, 
Hennion, Vogt, and Nieuwland (9) found that as high as 10 to 
30 per cent of organic products of molecular weight compa
rable to the compounds obtained in this work were lost during 
evaporation of ammonia and hydrolysis after reaction. There

is a noticeable increase in the proportion of diamine at the 
highest concentration.

C om p arison  o f C h loride, B rom id e, a n d  Io d id e
Several runs were made under exactly similar conditions, 

except for the use of different isoamyl halides. The reactions 
were all carried out at — 50° C .:

Isoam yl H alid e
H alide M eta l M on oam in e D iam in e R ecovered

% % %
Cl N a 3 7 .8 0 . 0 1 0 . 0
Cl N a 4 3 .1 0 . 0 9 .2
Cl K 3 0 .7 3 .9 0 . 0
Cl K 3 3 .6 3 .6 0 . 0
Rr N a 5 4 .3 2 .9 0 . 0
Br K 5 3 .0 5 .8 0 . 0
I N a 5 5 .0 6 .9 0 . 0
I K 4 7 .5 7 .9 0 . 0

It seems significant that in the case of sodium amide and 
isoamyl chloride not all of the halide reacted. This was 
borne out by the fact that the reaction did not proceed nearly 
as violently as with the bromide. Also some of the sodium 
amide remained unreacted as evidenced by the heat given off 
upon hydrolysis. The yield of amine with potassium amide 
and isoamyl chloride was much lower than that with sodium 
amide; however, no isoamyl chloride was recovered, indicat
ing that the potassium amide tends to form unsaturates more 
readily than sodium amide in the case of reaction with iso
amyl chloride.

Di-lsoarr, y! Ami oe
r

Iso a m i  A m in e

r
5  10 15 2 0  2 5  30

MLS. OF DISTILLATE

F ig u r e  2 . D ist il l a t io n  C u r v e  fo r  t h e  P r o d u c t  of 
R e a c t io n  b e t w e e n  S o d ium  A m id e  a n d  I soam yl  B ro

m id e  i n  L iq u id  A m m o nia  S o l u t io n  a t  —6 0 ° C .

The reaction with metal amide and isoamyl bromide and 
iodide proceeded with a great deal more rapidity than with the 
isoamyl chloride. The iodide had more heat of reaction than 
the bromide but, as shown in the table, there was little differ
ence in yield of amine whether the bromide or iodide was used.

B a la n ce  on  Iso a m y l G roup
An attempt was made to identify as nearly as possible the 

complete course of the reaction by identification of the iso- 
amylene formed in the reaction. Several runs were made, 
using the procedure given for isoamylene determination. 
All were carried out with sodium amide and isoamyl bromide 
at - 5 5 °  C.:

M ono- Isoam ylen e T ota l
R un  N o. ' am ine D iam in e D ib rom id e Isoam ylen e Identified

% % Ml. % %
1 5 5 .4 4 .6 7 .3 1 1 . 0 7 1 .0
2 5 4 .3 4 .9 8 . 2 1 2 .4 7 1 .6
3 5 5 .1 5 .9 1 0 . 0 1 5 .1 7 6 .1
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D ifferen ce in  R ea ctio n  o f n -H ex y l an d  2 -E th y l 
B u ty l B rom id es

The best yield of amine in any runs was obtained from n- 
hexyl bromide. The smallest yield of amine was obtained 
with 2-ethyl butyl bromide. AH of the foHowing reactions 
were carried out at —55° C.:

2 -E th y l B u ty l-  2 -E th y l-
M eta l n -H exylam in e 1 -H cxy len e am ine b u ty len e

% % % %
N a 7 4 .3 4 .8 1 1 .4 4 1 .4
N a 7 3 .5 4 .0 9 .2 4 4 .7
K 7 4 .3 5 .6 4 .6 7 4 .5
K 7 1 .3 6 .4 6 . 1 7 1 .0

It is probable that a considerable amount of n-hexene (boil
ing at 64° C.) and 2-ethylbutylene (boiling at 66.2° C.) was lost 
during evaporation of ammonia and hydrolysis. The large 
proportion of unsaturate formed in the reaction with 2-ethyl 
butyl bromide is doubtless due to the reactivity of the ter
tiary hydrogen atom present in the molecule on the carbon 
atom next to the carbon atom holding the bromine atom, 
aUowing hydrogen bromide to be split out of the molecule as 
in the case of the reaction of alcoholic potash upon halides to 
give unsaturates. The potassium amide here, as in the case 
of isoamyl chloride, shows a greater tendency to form un
saturates than sodium amide.

E ffect o f  E xcess A lkyl H alide
The use of a slight excess of halide throws the reaction to

wards the formation of a large proportion of the dialkyl amine. 
In two runs, 0.6 mole of isoamyl bromide was added to 0.5 
mole of sodium amide suspended in liquid ammonia at — 50 ° C. 
In the first run, 31 per cent isoamylamine and 21 per cent 
diisoamylamine was obtained; in the second run, 25 per cent 
isoamylamine and 25.3 per cent diisoamylamine were ob
tained.

S o lv en ts  O th er th a n  
A m m o n ia

Work done in conjunction 
with A. R. Padgett has shown 
that apparently only the re
action mixture in which the 
sodium amide was prepared 
in the liquid ammonia solu
tion produced amine. So
dium amide, prepared in an
other vessel, ground, and sus
pended in liquid ammonia, 
seemed relatively in a c t iv e .  
The use of other solvents for 
the reaction, including petro
leum, ether, and benzene in
stead of liquid ammonia, led 
to the formation of little or 
no amine.

D iscu ss io n  o f R esu lts
I t  h as b een  shown that 

amines can be prepared in 
good yield by the action of

alkyl halides upon suspensions of alkali metal amides in liquid 
ammonia solution at atmospheric pressure and temperatures 
at and below the boiling point of ammonia.

The results reported in this paper are in disagreement with 
the work of Chablay (2) whose results indicate that the prin
cipal compounds formed in this reaction are alkenes. Chab
lay does not mention the method by which he prepared the 
sodium amide used in his experiments. Since it has been 
shown in this work that only sodium amide prepared in the 
reaction mixture yielded amines, the difference in yields ob
tained is probably due to the difference in sodium amide used. 
The iron nitrate used as a catalyst in the work here described 
for the preparation of amide may also have catalyzed the 
formation of amine. The indication that the yield of un
saturates increases with the molecular weight of the halide, 
shown by Chablay’s results, was shown not to hold under the 
conditions of the present experiment. Higher yields of amine 
were obtained with n-hexyl bromide than those with isoamyl 
bromide. Low yields of amine were obtained with 2-ethyl 
butyl bromide. The conclusion is that the ratio of unsaturate 
to amine formed does not depend on molecular weight but 
upon characteristics of the particular halide.

Sodium amide was found to be most desirable for carrying 
out the reaction, not only because of the lower price of sodium 
over potassium, but also because of the fact that in every case 
sodium gave as good, or in some cases better, results than 
potassium. As soon as the chemistry of the process is more 
fully determined, the plan at Purdue is to apply these reac
tions under conditions that will point to commercial applica
tion.
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D rying O ils
D . H . KILLEFFER

60 East 42nd Street, N ew  York, N. Y.

CHARACTERISTIC of the drying oils is their inter- 
changeability. This important fact is neglected by 
those whose interests have led them to emphasize the 

merits of a particular oil as against others. Because of interoil 
competition, perspective in this field occasionally becomes 
somewhat distorted and this survey has been made to suggest 
some of the corrections that must be applied to give a more 
accurate view of the whole field.

Industrially the applications of drying oils divide them
selves naturally into three major fields: (1) protective and 
decorative coatings, (2) printing inks, and (3) linoleum and 
oilcloth. There are other uses outside these fields, but either 
their economic importance for the present purpose is small or 
they depend primarily on properties of the oils other than their 
drying qualities, which allow us to omit them from present 
consideration.

Although a great many oils have been used and suggested 
for their drying qualities, only six are of present economic 
significance: linseed, tung (China wood), perilla, fish, oiticica, 
and soybean oils.

LINSEED oil is our most important drying oil. It is expressed 
from flaxseed from domestic sources (48.8 per cent) and from 
imported seed (51.2 per cent) largely from the Argentine and 
Canada. The seed is processed in this country. The plant 
itself is of a variety less suitable than others for fiber produc
tion and, despite oft repeated attempts to that end, no large 
linen industry has grown up in this country to assist in in
creasing flax acreage. Domestic production at present tends 
to decrease. The following table shows United States pro
duction and imports of flaxseed:

U . S. prod uction :

1 9 21 -1925  (av .)  
1 9 26 -1930  (av .)  
1 9 30 -1935  (av .)  
15-year av .

U . S. con sum p tion : 
15-year av .

1000 bushels'1 U . S . im ports:

17,749  
20,084  

9 991
15Í941 (48 .8% )  

3 2 ,679  (100.0% )

1922-1926  (av .) 
1927-1931  (av .)  
19 3 2 -1936  (av .)  
15-year av .

1000 bushels
18,198
18,659
13,357
16,738 (51.2% )

°  1 b ush el =■ 56 pounds.

Exports and imports of oil are small and are as follows:

U . S. U . S. U . S. U . S.
Y ear Im ports E xp orts Year Im ports E xp orts

1000 pounds 1000 pounds 1000 pounds 1000 pounds
1931 235 1094 1934 2781 653
1932 25 824 1935 2232 986
1933 9375 828

Tung oil, also called China wood oil, is second in importance. 
The oil itself is imported from the Far East, and a small but 
growing domestic production from plantations of tung trees 
along the Gulf Coast is entering the market. Domestic pro
duction is still small compared with imports. During the 
present year young groves of American tung trees are expected 
to yield about 1.5 per cent of the total amount of oil used in 
the United States. Unlike flaxseed growm on an annual crop 
plant, tung nuts grow on trees which begin to bear about 
their sixth year; hence with greater and greater numbers of 
trees bearing each year, the domestic production may be ex
pected to increase in the near future.

Perilla oil is of comparatively new economic importance in 
the drying oil industries here. Like linseed oil it is expressed 
from the seeds of an annual plant, and like tung oil it is im

ported from the Far East. Attempts to grow seed in this 
country are still in the early experimental stages. Perilla 
oil illustrates forcibly the interchangeability of drying oils for 
industrial use. The rapid increase of imports shows how 
rapidly a new valuable oil can be utilized to replace accepted 
standards when its properties are those desired.

The fish oils, notably menhaden and sardine oils, have 
become increasingly valuable as the technic of refining and 
handling them has developed within the past two decades. 
Their fishy odor formerly kept these oils outdoors, and they 
were principally used in roof paints and similar applications. 
Refining methods have now been so improved that odor is 
much less objectionable, and their valuable drying qualities 
are making these oils useful in a variety of special finishes.

Oiticica oil is the newest addition to the list of commercially 
important drying oils. In many ways it is similar to tung oil 
both as to properties and source. However, it has the im
portant advantage from an American point of view of being 
produced in Brazil, which is nearer and less likely to be sub
ject to the political and social revolutions that disturb the Far 
East. The importation of oiticica oil began only about two 
years ago, and it has not yet become an established member 
of the drying oil family. Presumably its importance will in
crease within the next few years.

Finally, soybean oil must be added to the list despite the 
facts (1) that it is not, in the strictest sense, to be classed with 
the foregoing in drying properties, and (2) that its major uses 
lie in other fields utilizing its fatty character rather than its 
drying ability.

Numerous other oils with drying properties are used for 
special purposes and to limited extents. Walnut oil, lumbang 
oil, rapeseed oil, hempseed oil, and numerous others have 
their fields which are, in one sense, competitive with the 
major oils but actually represent fractions of the market too 
small at present to be important in this discussion.

The production and imports of the five important drying 
oils (in 1000 pounds) and their uses in the three important 
divisions of industry are as follows:

Y ear Linseed T u n g Perilla
S oy
bean F ish

A ll D ry 
in g  Oils

1931 231,608
P a in t and V arnish  

72,853 2 ,904
In d u stry

6,256 12,107 328,390.
1932 173,816 59,158 3,226 7,485 7,565 254,251
1933 192,959 76,714 6,529 8,568 8,753 297 ,560
1934 205,743 88,184 9,898 10,451 11,654 329 ,894
1935 230,146 98,435 27,164 13,003 28,951 404 ,705
1936 233,340 94,642 53,222 14,471 35 ,780 441 ,282

1931 47,886
L inoleum  and  Oil C loth  In d u stry  

7,303  725  2 ,612 14,837 73 ,473
1932 32,375 7,299 1,651 4,061 11,988 57 ,515
1933 33,015 11,746 5,826 5,641 13,223 69 ,938
1934 32,108 12,854 4,481 2 ,843 13,282 67,811
1935 41,809 10,391 9,650 4,816 13,865 81,031
1936 50,076 7,131 17,717 2 , 8 8 6 16,235 101,882

1931 11,782
P rin ters’ Ink In d u stry  

965 34 33 45 13,284
1932 9,078 713 143 47 63 10,431
1933 10,863 1,523 419 65 113 13,419
1934 12,606 1,660 582 59 103 15,544
1935 14,266 2,013 828 52 354 18,000
1936 14,968 2,331 1,940 62 235 20 ,206

1931 520,735® 82.314&
A ll U ses  

4 ,7 2 2 b
1932 326,569 67 ,948 5,693
193? 405,948 91,549 14,186
1934 370,769 105,978 16,108
1935 502,043 114,287 41,809
1930 ? 107,875 80,019

° U . S. p roduction , b U . S im ports.
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It is important to note that large quantities of untreated 
linseed oil are used directly in paints by painters in addition 
to the quantity used in the paint and varnish industry proper. 
All other oils require industrial processing for use, and hence 
quantities used in industry correspond to consumption.

TO U NDERSTAND the present situation, it is necessary to 
go back to the time before the World War and trace subset 
quent developments up to the present. A little over two dec
ades ago, linseed oil was to all intents and purposes the 
drying oil. Tung oil was being imported, and paint and 
varnish makers were still learning how to use it. Their 
troubles were less chargeable to tung oil itself than to the 
variability of shipments from China, resulting from lack of 
uniformity on the part of the producers and handlers in the 
Orient in their practice of adulterating tung oil with other 
oils. Fish oil was at that time a malodorous product whose 
disability carried over through the ordinary cooking and 
processing steps into the finished job. Even a coat of paint 
in which fish oil was used retained the odor of its origin more 
or less permanently, and because of this and the refusal of 
fish oils to dry completely tack-free, their use was greatly 
restricted. Perilla, rapeseed, w’alnut, and hempseed oils were 
used but were of minor commercial importance then.

Linseed oil had always been the standard. Paint, varnish, 
printing ink, linoleum, and oil cloth had reached their im
portant places in the scheme of industrial things because their 
makers were able to buy and to use linseed oü. Paints were 
universally ground in it. Varnishes for use as finishes and as 
vehicles for enamels were made by “running” natural resins— 
kauri, manila, congo, and Zanzibar copals—with linseed oil. 
For printing inks, linseed oil was cooked to the desired con
sistency and used with or without the addition of varnish for 
grinding ink. Linoleum and oilcloth similarly depended 
upon linoxyn derived universally from linseed oil.

In each of these industries, technic was in a sense a guild 
matter passed from father to son and known only to the initi
ated. A new and strange oil, particularly one so uncertain 
in character as the early China wood oil, was heartily re
sented by the artisans asked to handle it. The change in 
traditional methods required was stubbornly resisted. Had it 
not been that China wood oil could yield an excellent varnish 
with rosin (common pine rosin) instead of requiring expensive 
copals as linseed oil did, it is possible that development of the 
oriental oil here might never have taken place. However, the 
profit motive for the early development was supplied by the 
cheapness of rosin-wood oil varnishes and their excellence in 
service, and the first important change in the drying oil 
industries was underway.

Tung oil had scarcely attained respectability as a varnish 
oil when the development of quick-drying lacquers based on 
nitrocellulose solutions appeared. The impact of these new
comers on the field of industrial finishes was tremendous. 
Although their cost was higher than customary finishes they 
replaced, the extraordinary speed with which work normally 
requiring many coats could be completed produced a sub
stantial net saving. Further, lacquers gave all users of pro
tective and decorative coatings reason to complain of the slow 
drying of the materials offered them.

At this time phenolic resins w7ere being developed for use 
with tung oil, and the combination yielded a varnish that 
could be applied alone or used in the vehicle of enamels, 
having the ability to dry tack-free in a few hours. This gave 
oil vehicles a new lease on life in their competition with 
lacquers. Later the extension of the same principles to other 
oils—linseed, perilla, and oiticica—produced similarly quick- 
drying vehicles. N ot only do phenolic resin varnishes possess 
the invaluable property of rapid film formation but they 
can be given a high degree of brilliance for fine finishes.

Combinations including natural resins and alkyds are also 
possible.

For exterior work, varnishes of this type made with tung 
are notably waterproof and form films of special value in 
the newer practice of painting for corrosion prevention on steel.

The next important development in the coating industry 
was that of the alkyd resin varnishes. These are based on 
resins of the polybasie acid (phthalic anhydride)-polyhydric 
alcohol (glycerol) type and are formed in the presence of 
fatty oils. For industrial use the speed of drying of alkyd 
vehicles and the excellent properties of the coating formed 
have made them active competitors of the lacquers from this 
field. Under suitable temperature conditions, alkyd resin 
coatings can be dried in a matter of minutes to a couple of 
hours where baking is practicable. The finished coat has an 
excellent appearance, a hardness meeting reasonable require
ments, and a high resistance to destructive agencies. Fur
thermore, and this has been a most important consideration, 
the solvents required in alkyd finishes are far cheaper than 
the esters and alcohols necessary in dissolving nitrocellulose 
to form lacquers.

The alkyds are made with drying oils and impart to the oils 
in which they are dissolved the peculiar property of drying 
throughout the film, apparently by polymerization, instead of 
from its surface as ordinary oil and varnish films dry, presum
ably by a combination of polymerization and oxidation. This 
fact is important in industrial finishing, since it obviates the 
formation of pouches of partly dry coating which has run be
neath the dried surface.

Throughout this shifting of emphasis on vehicles, there 
has had to be a similar shifting of emphasis between different 
pigments to fit their compatibilities. For use with linseed 
oil, both alone and in varnishes, white lead and zinc oxide are 
the leading white paint pigments. Lithopone, sublimed white 
lead (sulfate), and titanium oxide are equally compatible with 
linseed oil vehicles, and numerous other pigments, both 
white and colored, offer no difficulty. The advent of tung 
oil vehicles forced lithopone to the fore and both white lead 
and zinc oxide into the background. The extreme sensitivity 
of nitrocellulose to alkalies gave further impetus to chemically 
inert pigments, lithopone and titanium oxide, and these are 
still increasing in importance.

One thus finds throughout the drying oil industries frequent 
shifting of emphasis from one oil to another and a growing 
tendency to use mixtures and combinations to produce de
sired effects. One may almost set up a table of interchangea
bility based on costs of oils, but its figures necessarily change 
with conditions. Whenever under present conditions the 
order of increasing cost changes from linseed, perilla, and tung, 
the shift will be toward the cheaper oil. Suggestively, one 
may assume a price of 100 per cent for linseed oil and, from 
that as a yardstick, place perilla at 110 per cent and tung at 
120 per cent. If one or the other oil departs from this approxi
mate price scale, the trend of the industry is toward or away 
from it, depending on the direction of the price change. 
Naturally there are many exceptions to such a rule. Some re
sults are to be had only with one oil or another and may be so 
important as to overbalance an adverse price change of 100 
per cent. Necessarily substitutions require re-formulation 
and changes of practice which the industry seeks to avoid. 
Hence, changes are preferably on ‘permanent rather than 
transitory market shifts.

R e c e i v e d  Septem ber 14, 1937.
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C h em istry
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A d iscu ss io n  is  p resen ted  o f th e  re la tive  
im p o rta n ce  o f ra n k  o f coa l, n a tu re  o f  
v eh ic le , ty p e  o f  c a ta ly st , a g ita tio n , t e m 
p eratu re, an d  p ressu re in  co a l-h y d ro g en a -  
t io n  p rocesses. W herever p ossib le , th e

d iscu ss io n  is  co n d u c ted  to  sh ow  th e  in te r 
p la y  o f th e  ra tes  an d  eq u ilib r ia  involved , 
an d  to  in d ica te  w here a d d itio n a l d a ta  
w ou ld  h elp  in  fo r m u la tin g  th e  m e c h a 
n ism  o f th e  rea ctio n s  involved .

TWO excellent detailed reviews of the literature on the 
hydrogenation of coal appeared in 1931 {25, 28). The 
important contributions made from 1931 to the present 

have been briefly summarized every year by Fieldner {9). 
The purpose of the present paper is to present a critical dis
cussion of the important physical and chemical factors in
volved in the conversion of coal to useful liquid hydrocarbons 
by destructive hydrogenation.

R a n k  o f  C oal
The reactivity of coals to hydrogenation is, roughly, in

versely proportional to their carbon content. In laboratory 
investigations using small bombs at 450° C., about 100 atmos
pheres initial (cold) pressure of hydrogen, and 2 hours at 
reaction temperature, the yield of distillable oils (boiling be
low 360° C. at atmospheric pressure) was found to show an 
approximately linear relation to the carbon content of the coal 
{5). In experimental continuous plants, however, this 
relation is apparently much more complex. For example, a 
coal which gives a fair yield of oil in the bomb tests may be 
totally unsuited for use in a continuous hydrogenation plant 
because of any one of a number of factors that do not affect 
the operation of a small bomb but are of critical importance 
in continuous operation (5). Perhaps the most important of 
these critical variables is the optimum temperature range for 
the primary liquefaction of the coal. If this range is too 
narrow, the continuous plant may give markedly inferior 
results because temperature control is not so precise as in the 
bomb tests. Other factors that make it difficult to translate 
small bomb tests in terms of a continuous plant are the fusain 
and resin content of the coal, and the specificity attached to 
the peptization of the coal by the vehicle which determines 
the ease of pumping of the mixture.

The variation in oil yield from hydrogenation tests on vari
ous coals with the constituents of the coal, as determined by 
petrographic analysis, has not yet been completely investi
gated. However, it  is generally agreed that the fusain con
tent of coal cannot be readily hydrogenated {27). Some ex
periments on the hydrogenation of durain and vitrain are 
reported by Graham and Skinner {15). There is little, if any, 
difference between the results described for clarain and 
durain from the South Staffordshire white-seam thick coal. 
The results for vitrain from the Warwickshire slate seam indi
cate a considerably lower yield of oil than is obtained from 
the Staffordshire clarain and durain. The yield of oil from

1 T h is  series of three papers w as presented  before th e  D iv is ion  of G as and  
F u el C h em istry  a t  th e  94 th  M eetin g  of th e  A m erican C hem ical S ocie ty , 
R och ester, N . Y ., S ep tem b er 6  to  10, 1937. P u b lish ed  b y  perm ission of the 
D irector, U . S . B ureau  of M ines. (N o t  su b jec t to  cop yright.)

Lancashire Arley seam coking coal of 84 per cent carbon con
tent was about 70 per cent greater than that from the clarain 
and durain of 81 to 82 per cent carbon from the noncoking 
Staffordshire coal.

The products of the hydrogenation of bituminous coals are 
largely aromatic in nature, whereas appreciable yields (about 
12 per cent) of the paraffin hydrocarbons are reported in the 
hydrogenation of brown coals {37). A high-pressure extrac
tion of the brown coal with benzene, followed by hydrogena
tion of the extract thus obtained, is the procedure used for 
the production of paraffin wax.

N a tu re  o f S o lv en t (or V ehicle)
Laboratory studies on the extraction of coal by various 

solvents indicate that depolymerization, followed by colloidal 
solution, occurs when an appreciable fraction of the coal is 
dissolved by solvents such as tetrahydronaphthalene or coal- 
tar fractions; and that organic liquids of high boiling point, 
medium dipole moment, and medium dielectric constant are 
the best solvents {1 ,3 ,11 ,  IS).

All of the experiments {4, 24) on solvent extraction of coal 
under conditions comparable with those used in coal-hydro- 
genation practice indicate that solution of the coal constitu
ents, except ash, fusain, and some attrital matter, is rapid 
and complete {24). In all of these experiments, however, it is 
probable that, despite the absence of added catalysts and 
hydrogen gas, some hydrogenation occurred by transfer of 
hydrogen atoms from the solvent to the solute.

The data of Pott and Broche {24) show that, for each of the 
coals investigated, an optimum maximum temperature of 
extraction exists. At temperatures higher than this optimum, 
reprecipitation of polymers occurs. The optimum tempera
ture for most bituminous and brown coals was between 390° 
and 410° C. when equal parts of coal and solvent (tetrahydro
naphthalene: phenol ¡naphthalene =  2:1:2) were used. The 
product of this extraction resembles a primary coal tar.

A survey of the efficiencies of various types of organic 
compounds as vehicles in the primary liquefaction of coal by 
mild hydrogenation was made by Fisher and Eisner {11). 
Their results indicate that completely saturated hydrocarbons 
are generally poor vehicles. Tetrahydronaphthalene was 
found to be an excellent hydrogenation medium; and mix
tures of it with naphthalene, toluidine, cresol, and quinoline 
were equally satisfactory or superior to tetrahydronaphtha
lene alone. Methylnaphthalene was found to be a much 
better vehicle than naphthalene. In general, the addition of 
polar compounds, such as phenols and amines, increased the 
effectiveness of all aromatic and hydroaromatic vehicles.
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Im p o rta n ce  o f V eh icle , A g ita tio n , and  C a ta lyst
One would expect that in a heterogeneous reaction, such as 

that between coal-oil paste and hydrogen, agitation would be 
of paramount importance. The experiments of Horton, King, 
and Williams (19) indicated that this expectation is justified. 
Some of their data are given in Table I.

Comparisons of experiments 3 with 5, 2 with 6, and 4 with 7 
show that an increase in yield of 15 to 24 per cent is to be 
ascribed to agitation. Comparisons of experiments 2 with 4 
and 6 with 7 indicate an increase of 6 to 13 per cent due to the 
addition of a vehicle when a catalyst is also present. Com
parison of experiment 1 with 3 shows an increased yield of 13 
per cent due to the addition of a vehicle in the absence of a 
catalyst. Comparisons of experiments 3 with 4 and 5 with 7 
indicate an increased yield of 10 to 16 per cent due to the 
addition of a catalyst when a vehicle is also present. Com
parisons of experiments 1 with 2 ,1  with 3, and 5 with 6 indi
cate that the addition of a catalyst results in a greater in
crease in oil yield than the addition of the vehicle. From the 
comparisons indicated, it  is perhaps safe to list the following 
order of importance: agitation >  catalyst >  vehicle. This 
discussion applies only to the early stages of coal hydrogena
tion—that is, the liquefaction to produce a “heavy” oil. 
Furthermore, these three variables are probably not inde
pendent. It is likely that the function of catalysts such as 
stannous oxide and germanium monoxide in the early stages 
of the reaction includes the rapid production of liquid ma
terial from a portion of the coal; this liquid subsequently 
acts as a dispersion medium for the remaining solid material. 
Similarly, agitation will result in a dispersion of remaining 
solids in the earliest liquefied products formed. However, 
the much larger increase in yields, which must (on the basis 
of the data of Table I) be attributed to agitation as compared 
with either vehicle or catalyst addition, is probably significant 
in indicating a measure of the relative independence of this 
variable.

T a b l e  I .  S m a l l  A u t o c l a v e  T e s t s  o n  I n f l u e n c e  o f  
V e h i c l e , C a t a l y s t , a n d  A g i t a t i o n

E x p t. «—A u toc lave  C on ten ts—'
N o . C oal Vehicle® C ata lyst* A gita tion  Oil Y ield

% on coal
_ _ 23
— + — 49
+ — 36
+ + — 46
+ + 5 4 .4

+ + 6 4 .4
+ + + 7 0 .3

1 +
2 +
3 +
4 +
5 4-
6 +
7 +

°  C oal-tar d istilla te .
* 0.1 per cen t (on  w eigh t of coal) of SnO or GeO.

The importance of agitation in determining the rate of coal 
hydrogenation has not been the subject of any experimental 
work other than that of Horton, King, and Williams (19). 
Some recent patents (29, S3, 38, 46, 49, 63) describe mechani
cal arrangements for this purpose. It would be desirable to 
determine whether the rate of solution of hydrogen in the 
liquid phase is a rate-controlling factor in coal hydrogenation. 
In general, it has been recognized that the rate of hydrogen 
circulation is an important factor in the process, but the data 
at hand do not permit a decision as to whether such circula
tion is important, mainly because of the mechanical agitation 
produced or because of the increased rate of hydrogen solu
tion. Only one recent patent (69) mentions the rate of 
hydrogen circulation and specifies 10,000 to 30,000 cubic feet 
per hour per barrel of coal-oil mixture. This rate is 1700 to 
5100 cubic meters per hour per ton of coal (assuming equal 
parts by weight of coal and oil). This rate is about the same 
as that used by Warren (26) for the hydrogenation of Cana
dian coals.

C a ta ly sts
The nature of the catalysts employed in coal hydrogenation 

has been the subject of numerous patents. The presence of 
appreciable quantities of sulfur compounds and organic sub
stances of high boiling points makes impractical the use of 
the well-known active hydrogenation catalysts such as 
reduced nickel. Moreover, the latter frequently show a 
negative temperature coefficient at temperatures of 400° to 
500° C. in hydrogenation reactions where sulfur and high- 
boiling organic substances are absent; because of this, they 
are not so active as other catalysts which are inferior to them 
at lower temperatures (2).

The numerous recent patents disclosing catalysts for the 
destructive hydrogenation of coal and other carbonaceous 
materials may, for convenience, be classified in four groups as 
follows:

(1) Those emphasizing the desirability of the addition of 
some volatile chloride or compound which will yield a volatile 
chloride upon decomposition at process temperatures (SI, 34, 
36, 41, 47, 51).

(2) Promoted heavy metal sulfide catalysts (35, 39, 42, 7t4, 
48, 50, 52, 54, 56, 58).

(3) Finely divided metals (34, 45, 47, 55).
(4) Alkali and alkaline earth metals and their compounds, 

along with finely divided iron or other metals (SO, 40, 43, 67).

This survey of the recent patent literature shows the out
standing importance of volatile chlorine compounds as cata
lysts in the primary liquefaction of coal by hydrogenation. 
This fact may be correlated with the ability of halogens, 
alkyl halides, and halogen acids to function as catalysts in 
the thermal decomposition of oxygenated organic compounds 
such as ethers (14) and aldehydes (17).

A few amphoteric sulfides—namely, molybdenum and 
tungsten disulfides and stannous sulfide—are the most active 
of the metal sulfide catalysts. Stannous sulfide is reported 
to be particularly effective in the primary liquid-phase hydro
genation; molybdenum and tungsten disulfides are preferred 
for vapor-phase hydrogenation of tars or liquid primary coal- 
hydrogenation products. The metal sulfides are, in general, 
more active than the oxides, and it is desirable to maintain a 
minimum partial pressure of about one atmosphere of hydro
gen sulfide in order to avoid conversion of metal sulfides to  
oxides or to metals.

A series of investigations concerning the action of pro
moters for molybdenum oxide as a hydrogenation catalyst 
has recently been published. The experiments of Hollings, 
Bruce, and Griffith (18) on the influence of silica as a pro
moter for molybdic acid in the hydrogenation of tars showed 
that, when the yield under a given set of conditions was 
plotted against the atom percentage of silicon, a curve was 
obtained containing two maxima at 3.0 and 5.5 per cent and a 
minimum at 4.5 per cent. Their interpretation of this curve 
is as follows:

The curve appears to be the observed result of two simultaneous 
processes: one, a straightforward promoting influence of silica 
on the catalyst activity, and the other, a change in adsorptive 
power, which becomes so pronounced that either unchanged ma
terial or reaction products retard the activity between the silicon 
ratios of 3.0 per cent and 5.5 per cent. As every type of hydro
carbon appears to be adsorbed vigorously, the same effect would 
be produced either by complex cyclic hydrocarbons originally in 
the tar, or by fully hydrogenated reaction products of perhaps 
high molecular weight which would be stable under the experi
mental conditions.

These authors also studied the adsorption, at temperatures 
up to 450° C., of hydrogen, benzene, hexane, and cyclohexane 
by molybdic acid containing varying amounts of silica. The 
data for hydrogen are given in Table II.
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The adsorption curves (atom per cent silicon vs. cc. ad
sorbed per 100 grams of catalyst) for hexane at 400° C., cyclo- 
hexane at 450° C., and benzene at 450° C., are all of the same 
form, showing a pronounced maximum at about 4.5 per cent 
silicon. The rates of decomposition of hexane and cyclo- 
hexane at low pressures (about 200 mm.) and at 500° C. when 
plotted against the atom per cent of silicon yield curves with 
a pronounced maximum at about the same point—namely, 
4.5 per cent silicon.

T a b l e  II. A m o u n t  a n d  R a t e  o p  H y d r o g e n  A d s o r p t i o n  b y  
100 G r a m s  o f  C a t a l y s t  a t  A b o u t  550 M m . P r e s s u r e

H eat of 
A ctiv a 

tion
-—Hj A dsorbed (N . T . P .)—* -—T im e for H alf-S atn .—s a t  4 0 0 -

Si 35 0 °  C. 40 0 °  C. 4 5 0 °  C. 35 0 °  C. 400° C. 450° C. 450° C.
Atom % Cc. Cc. Cc. Sec. Sec. Sec. Kg. cal.

0 . 0 9 .1 9 .7 9 .6 528 2 1 0 51 2 9 .0
3 .0 2 4 .0 2 2 .5 2 2 . 1 372 157 4 4 .4 2 3 .9
4 .4 2 5 .9 2 5 .6 2 5 .6 330 125 3 4 .0 2 3 .5
5 .5 5 0 .0 4 4 .9 3 8 .0 156 5 7 .5 2 3 .0 1 7 .6

1 0 . 0 6 3 .0 5 7 .6 5 0 .0 180 5 2 .5 2 2 . 0 1 6 .9

However, it should be noted that the high-pressure experi
ments with coal tar gave a minimum at 4.5 per cent silicon. 
The authors’ explanation of the high-pressure coal tar results 
can be amplified somewhat by a consideration of the data of 
Table II. It is apparent that large decreases in heat of 
activation of the hydrogen adsorption occur between 0.0 and 
3.0 per cent silicon and between 4.4 and 5.5 per cent, whereas 
this heat is practically constant between 3.0 and 4.4 per cent. 
If one assumes a steadily increasing retardation by coal tar 
or its hydrogenation products with increasing atom per cent 
of silicon, it is reasonable to predict on the basis of the changes 
in heats of activated adsorption of hydrogen precisely the 
form of curve actually obtained— that is, two maxima, one 
somewhere between 0.0 and 3.0 per cent silicon, and the 
other between 4.4 and 5.5 per cent. From this point of view 
the adsorption tests for hydrogen, if carried far enough to 
locate the points of maximum change of slope of the curve 
(heat of activation vs. atom per cent silicon), constitute a good 
criterion of the optimum concentrations of silicon. This is 
not in accord with the authors’ conclusions which are that 
the adsorption data for hydrogen are of no value as a labora
tory test for catalyst efficiency in tar hydrogenation.

It is perhaps unfortunate that this work has apparently led 
to the omission of rates of activated adsorption of hydrogen 
in subsequent similar investigations on the effect of pro
moters for molybdenum catalysts for hydrogenation reac
tions. The efficiency of various promoters in increasing the 
catalytic activity of molybdenum oxide in the catalytic hy
drogenation of phenol to benzene was studied by Kingman 
and Rideal (SI). They found that phosphorus, nickel, 
chromium, aluminum, or silicon enhanced the activity, 
whereas tin and thorium compounds depressed it.

A detailed study of promoters for the dehydrogenation of 
hexane and the hydrogenation of phenol was recently pub
lished by Griffith (16). The optimum promoter concentra
tion for hexane decomposition at 500° C., using a molybde
num oxide catalyst, is found to be 4.3 atom per cent for 
sodium, chromium, cerium, aluminum, barium, boron, and 
thorium, and 2.2 atom per cent for iron, copper, and lead. 
The metal oxides of the first group are not reducible under 
the operating conditions, whereas iron, copper, and lead 
oxides are reduced to the respective metals. For the hydro
genation of phenol at 440° C., the optimum promoter concen
trations for a molybdenum oxide catalyst were 16 atom per 
cent for cerium, 16.5 for aluminum, and 15.0 for silicon. No 
adsorption measurements for phenol or hydrogen are re
ported.

Griffith (16) also gives a series of dehydrogenation rate 
determinations for decahydronaphthalene, decane, hexane, 
and cyclohexane, using chromic oxide gel plus various amounts 
of magnesia. For decahydronaphthalene the activity is 
constant from 0.0 to 90.0 per cent magnesia, and then it drops 
off linearly with increasing magnesia content. For decane 
the constant activity range is 0.0 to 50.0 per cent, for hexane 
0.0 to 20.0 per cent, and for cyclohexane the activity drops 
continuously with increasing magnesia content. Griffith (16) 
explains these data by assuming that the larger hydrocarbon 
molecules cover many active centers upon adsorption, and 
hence the dilution effect due to the inert carrier magnesia is 
not apparent until the active centers are farther apart than 
the necessary distance for activation and reaction. Similar 
experiments using a chromic oxide^ilica catalyst and adding 
various amounts of magnesia showed an immediate dilution 
effect with all hydrocarbons. Griffith (16) concludes from 
this that chromic oxide promoted with silica presents a surface 
which is qualitatively different from unpromoted chromic 
oxide and not merely one with a larger number of active 
centers.

This research will unquestionably be of importance in 
developing the chemistry of vapor-phase hydrogenation. 
It would, however, be desirable to have catalytic rate studies 
on the destructive hydrogenation of larger molecules. There 
is also a dearth of rate measurements on destructive hydro
genation in liquid phase of pure compounds of high molecular 
weight. Where relatively large molecules are involved, it  
seems probable that adsorption of such molecules will, beyond 
a certain limit, retard destructive hydrogenation reactions. 
Especially in liquid-phase hydrogenation of large molecules, 
one would expect the rate to be largely determined by that 
of the activated adsorption of hydrogen on a surface almost 
completely covered by the other reactant. I t  would, per
haps, be more logical to search for hydrogenation catalysts 
which do not strongly adsorb the organic molecule that it is 
desired to hydrogenate destructively, or for hydrogenation 
catalysts which are soluble in the liquids to be hydrogenated, 
thus avoiding the necessity of a contact catalytic reaction. 
Tetrahydronaphthalene probably functions in part as a 
liquid-phase catalyst for coal hydrogenation, and it is likely 
that the desirability of compounds such as methylnaphtha- 
lene, phenols, quinoline, etc., in liquid-phase coal hydrogena
tion systems may also be a matter of labile hydrogen atoms 
in these molecules, in addition to their well-known solvent 
action on coal.

Somewhat extraordinary hydrogenation catalysts are 
phthalocyanine and its copper salt. These are active in the 
para-to-ortho hydrogen conversion, and in the combination of 
hydrogen and oxygen (7, 8). This organic nitrogen com
pound is apparently capable of functioning as a hydrogena
tion catalyst at temperatures of about 300° C. A study of 
its applicability in the hydrogenation of organic compounds 
should be made.

T em p era tu re  an d  P ressure

It is commonly supposed that one of the important reasons 
for the necessity of a temperature above 400° C. for the 
liquid phase of coal hydrogenation is the fact that active 
pyrolysis of coal does not occur until such temperatures are 
employed. This explanation is probably too simple, for there 
are other factors involved, such as the positive temperature 
coefficient of the solubility of hydrogen in most liquids, the 
decrease in retardation of the reaction rate at high tempera
tures due to decreased adsorption of bituminous materials 
on the contact catalyst, and the effect of temperature and 
particle size on the rate of depolymerization and solution of 
the coal substances.
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Maxted and Moon (28) showed that the temperature coef
ficient of the molar solubility of hydrogen in all the liquids 
tested by them is positive. With a given gas-liquid inter
facial area (which is largely determined by the rate and man
ner of hydrogen recirculation), both the rate and the total 
equilibrium amount of hydrogen dissolved by a given weight 
of liquid will increase with the temperature.

The work of Fischer, Peters, and Cremer (10) showed that, 
when bituminous coal is ground to less than 1 micron in size 
and extracted with benzene at 260° C. in the presence of 160 
atmospheres pressure of hydrogen and a molybdenum oxide 
catalyst, 80 per cent of the coal substance was dissolved in 120 
hours of refluxing. The usual contact time in liquid-phase 
coal hydrogenation is 2 hours at 450 ° C. If one assumes that 
the difference in vehicles did not greatly affect the speed of 
primary liquefaction, then the temperature coefficient of the 
hydrogenation reaction is not greater than 60 for a tempera
ture difference of 180 ° C. It is unlikely that such an extraor
dinarily low temperature coefficient is characteristic of the 
chemical reactions involved; but is probably due to a com
bination of a diffusion process in the solution of the coal and 
to a very slow increase in catalyst activity with temperature 
as a result of decreased absorption of large molecules. Fur
ther experiments are needed on the temperature coefficient of 
liquid-phase hydrogenation of coal using the same vehicle in 
all experiments.

The rates of removal of oxygen, nitrogen, and sulfur atoms 
from coal during hydrogenation at 385° and 400° C. have 
recently been determined by Fisher and Eisner (12) in this 
laboratory. Since the hydrogen concentration was kept prac
tically constant throughout their experiments, the rate curves 
may be treated as those of a first- or zero-order reaction. 
Such treatment shows that about 60 per cent of the oxygen of 
the coal is removed rapidly at both temperatures, and the 
difference in rate at the two temperatures indicates an acti
vation energy of about 55 kg-cal. The remaining 40 per cent 
of the oxygen is removed much more slowly, and the tempera
ture coefficient for its removal indicates an activation energy 
of about 30 kg-cal. The slow removal of oxygen is probably 
a contact catalytic reaction, and the fast removal a homo
geneous reaction. It is therefore apparent that at least two 
types of oxygen linkages in the coal substance are indicated 
by these data. The rates of organic sulfur removal also indi
cate the possibility of more than one type of linkage, but the 
differences are not so pronounced as in the oxygen case. The 
rate of nitrogen removal is slow at these temperatures and is 
approximately constant.

Pressures of at least 200 atmospheres of hydrogen are found 
to be essential in liquid-phase hydrogenation of coal at tem
peratures of about 450° C. At appreciably lower pressures, 
repolymerization and coke formation occur. The function 
of the high hydrogen pressure is not entirely clear. Its 
necessity cannot be due to reversible hydrogenation reactions, 
for Boomer and Saddington (4) found it possible, in a small 
bomb test, to obtain good yields of oil using tetrahydro- 
naphthalene as vehicle and 150 atmospheres pressure of 
natural gas. Since the equilibrium partial pressure of hydro
gen for the tetrahydronaphthalene-naphthalene equilibrium 
at 450° C. is reported to be only 1 atmosphere (22), it  is 
apparent that high-pressure hydrogen is not thermody
namically necessary for the liquid-phase hydrogenation of 
coal. Two other possible functions of high-pressure hydro
gen are (1) to keep the bulk of the vehicle in the liquid phase 
and (2) to increase the amount of dissolved hydrogen.

In connection with the second factor the results of Ipatieff 
and Levin (20) are of interest. They found that hydrogen is 
more soluble in alicyclie than in aromatic compounds and the 
solubility in the latter decreases with increase in number of 
side chains. At low temperature and pressures the solubility

obeys Henry’s law, but at higher pressures the solubility 
coefficient increases with increasing pressure.

In the vapor-phase hydrogenation of oils obtained from 
coal, high-pressure hydrogen is probably a thermodynamic 
necessity, for reversible3 hydrogenation reactions are pre
dominant (5, 6). The necessity of temperatures as high as 
480° C. for vapor-phase hydrogenation is, however, not ob
vious. In fact, recent patent literature (32) indicates that 
much lower temperatures may be satisfactorily employed 
when sufficiently active catalysts are available.
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R e c e i v e d  Ju ly  2 2 ,  1 9 3 7 .

P rim a ry  L iquefaction  b y  D estru ctive  H yd rogen ation  
of the O xygen , N itrogen, and  S u lfu r  L in k a g es

C. H. FISHER AND ABNER EISNER

To o b ta in  in fo rm a tio n  regard in g  th e  
e lim in a tio n  o f th e  in o rg a n ic  e le m e n ts  in  
th e  co a l su b s ta n c e  d u r in g  th e  p rim ary  
liq u e fa c tio n , a  P ittsb u rg h  b ed  co a l w as  
h y d ro g en a ted  in  te tra h y d ro n a p h th a len e  
for d ifferen t le n g th s  o f t im e  (3, 6, 9, an d  12 
h ou rs) a t 385°, 400°, an d  415° C.

T h e  m o s t  m ark ed  ch a n g es  occurred  in  
th e  first 3 -h o u r  p eriod  w h en  a b o u t 60 
per c e n t  o f th e  oxygen  w as rem oved . T he  
r e m a in in g  40 p er c e n t  o f th e  oxygen  w as 
e lim in a te d  w ith  m u c h  greater d ifficu lty . 
T h ese re su lts  appear to  in d ica te  th a t  a t

lea st tw o  ty p es  o f oxygen  lin k a g e  are 
p resen t in  coal. T h e e lim in a t io n  o f n itr o 
g en  w as very s lo w  an d  a p p rox im ate ly  c o n 
s ta n t . S u lfu r  rem oval, w h ich  occurred  to  
th e  g rea test e x te n t in  th e  first 3 h ou rs, 
w as also  slow .

Several co n c lu s io n s , w h ich  m u s t  b e re 
garded  as te n ta t iv e  u n t il  con firm ed  by  
la ter  w ork, w ere draw n from  th e  a n a 
ly tica l an d  y ie ld  d a ta  co n ce rn in g  th e  
m e c h a n ism  o f th e  p rim ary  liq u e fa c tio n  
and  th e  n a tu re  o f th e  oxygen  lin k a g es in  
coal.

ON E  part of the coal-hydrogenation program at the Bu
reau of Mines is concerned with primary liquefaction, 
which consists principally in effecting dissolution of the 

coal substance, hydrogenating some of the carbon-carbon 
bonds, and converting considerable quantities of the coal oxy
gen, nitrogen, and sulfur into their hydrogen derivatives. 
A previous paper (S) described the primary liquefaction 
of coal in various types of vehicle. The present paper 
presents a study of the removal of oxygen, nitrogen, and 
sulfur from coal by hydrogenation under comparatively mild 
conditions. The rates of removal of these inorganic elements 
during the destructive hydrogenation are of interest because 
some approximations as to the number of different types of 
linkage and the bond strengths may be obtained from such 
data. Information of this kind should be valuable in studies 
of coal constitution and in engineering practice in coal-hydro
genation plants. The results obtained in the present experi
ments have thrown light also on other features of primary 
hydrogenation. Since the coal was hydrogenated stepwise at 
three different temperatures (385°, 400°, and 415° C.), the 
data give some indication of the effect of temperature and 
time on the yields and nature of products.

H y d ro g en a tio n  P roced ure

The hydrogenation experiments were carried out with the 
apparatus (18-8 stainless steel converter of 1200-cc. capacity 
rotating on its horizontal axis) described previously (S). 
The same coal, a Pittsburgh bed coal obtained at the Bureau 
of Mines experimental mine at Bruceton, Pa., was used in all 
the experiments. Its proximate analysis is as follows (per 
cent by weight): moisture, 1.6; volatile matter, 35.7; fixed 
carbon, 56.4; ash, 6.3. The ultimate analysis is given in 
Tables II and III.

Other analytical data obtained with this coal have been 
given in a previous paper (3). Tetrahydronaphthalene, 
purified by extraction with dilute alkali and acid and re
distillation, was employed as the vehicle. This method of 
purification failed to remove traces of a reactive hydrocar
bon, possibly dihydronaphthalene, which could be converted 
into an insoluble solid by treatment with 82 per cent sul
furic acid (Table VII).

The following stepwise hydrogenation procedure was used 
at each of three reaction temperatures (385°, 400°, and 
415° C.);
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A mixture of 1 gram of stannous sulfide and 100 grams of coal 
(200 mesh) was placed in the bomb, and 100 grams of tetrahydro- 
naphthalene were added. After the bomb was flushed succes- 

. sively with nitrogen and hydrogen, hydrogen was introduced un
til the pressure was 1000 pounds per square inch (70.3 kg. per sq. 
cm.). After 0.5 to 1 hour had elapsed, the pressure again was 
brought to 1000 pounds, replacing the hydrogen which had dis
solved in the coal-oil paste. The temperature of the converter 
was then brought to the desired value at the rate of approximately 
2° per minute, and held at reaction temperature for 3 hours. 
After the converter had cooled to room temperature, the gaseous

T a b l e  I. L iq u efa c t io n  Y iel d  D ata

E xp t.
N o . T em p .

T ota l
T im e

/— P rodu cts— ' 
Liquids,

Solids G ases Loss

Oil t 
C entri
fuged

Oil from  
C entri

fuge

C onversion of 
P ure Coal 

B ased  From  
on ash  

residue con ten t
° C. Hr. Grams Grams Grams Grams % % %

LI 385 3 191 3 .5 8 . 1 17 4 .1 44 8 3 .6 8 0 .7
L2 6 1 9 0 .6 6 . 0 6 . 8 17 2 .1 81 9 1 .0 8 9 .8
L3 9 1 9 1 .3 7 .6 5 .2 1 7 8 .6 81 9 2 .2 9 1 .3
L4 1 2 189 .1 9 .5 6 .3 1 7 5 .5 83 9 4 .4 9 3 .2
11 400 3 1 9 1 .7 5 .5 5 .8 1 7 8 .4 78 9 1 .5 8 9 .0
12 6 1 9 3 .4 7 .5 3 .1 1 7 3 .3 82 9 3 .6 9 2 .3
13 9 1 8 5 .8 9 .9 9 .4 16 7 .9 84 9 5 .4 9 3 .7
14 1 2 186 1 2 .3 7 .6 167 87 9 5 .4 9 4 .8
H I 415 3 188 6 .9 8 .5 1 7 2 .7 8 0 .7 9 3 .7 8 9 .7
H 2 6 1 8 6 .5 1 1 .4 7 .1 17 6 .9 8 4 .2 9 5 .0 9 3 .5
H 3 9 1 8 7 .2 1 5 .7 3 .3 177 85 9 5 .0 9 5 .1
H 4 1 2 1 7 6 .8 1 7 .9 1 2 . 2 1 6 6 .9 8 4 .2 9 5 .8 9 3 .5
P 4 400 1 2 191 181 95 9 9 .2 a 9 8 .6 a

a B ased  on  startin g  m aterial (100 gram s of p itch  ob tain ed  b y  hydrogen atin g  B ruceton  
coal for 3 hours a t  40 0 °  C .).

contents were passed through wash bottles (containing about 15 
per cent solution of sulfuric acid and sodium hydroxide) and a 
wet test meter into a gas holder. In the experiments of only 3- 
hour duration (LI, II, and HI at 385°, 400°, and 415° C., respec
tively), the converter was opened at this stage and its contents 
(as well as gas samples from the gas holder and solutions from the 
wash bottles) were analyzed by the methods described below. 
In the other experiments (L2, L3, L4 at 385°; 12, 13, 14 at 400°; 
and H2, H3, H4 at 415° C.) the converter was not opened but was 
recharged with hydrogen to a pressure of 1000 pounds (after 
bleeding and flushing the bomb with hydrogen), and the 3-hour 
hydrogenation experiment was repeated until the total time of 
treatment at each reaction temperature was 6, 9, or 12 hours.

(15.2-cm.) Vigreux-type column and distilled to 215° C. to re
move the vehicle, water, and any low-boiling oil formed during 
the hydrogenation. The distillation residue (the principal prod
uct) was poured from the flask while hot. The distillate was 
analyzed tor tar acids and bases and neutral oil constituents. 
To determine the olefin content, the oil was shaken for 5 minutes 
with 3 volumes of 82 per cent sulfuric acid and then distilled 
to 220° C., the distillate being taken as olefin-free oil. Aromatics 
were determined in the olefin-free oil by successive extractions 
with 3 volumes of 96 per cent sulfuric acid (60 cc.) and about' 5 
cc. of 98 per cent acid.

The products not removed manually from the 
bomb were washed out with acetone and added to  
the main residue in the centrifuge bottle. The 
bomb was weighed before and after the acetone 
washing on a Troemner bullion balance to determine 
the amount thus removed. The combined residues 
were washed with four or five 140-cc. portions of 
acetone (centrifuged each time) at room tempera
ture and dried at 110° C. for 24 hours to obtain the 
weight of acetone-insoluble material (Table III). 
This procedure of washing the residue with ace
tone extracts nearly as much organic material as 
does long refluxing with benzene. In previous ex
periments it w'as found that about 84 per cent of 
the acetone residue was recovered after extraction 
with benzene in the Soxhlet apparatus for 48 hours. 
The amount of pure coal (ash-, moisture-, and 
fusain-free) liquefied was calculated from the ace
tone-insoluble residue and, as a check, from the 
ash content of the residue (Table III).

The sodium hydroxide solutions used to absorb 
acidic material from the hydrogenation gases were

  diluted, and aliquot portions were analyzed for hy-
; drogen sulfide (iodine titration) and for carbon

dioxide (gravimetrically by acidifying the caustic 
solutions and passing the liberated gases through anhydrous copper 
sulfate and collecting the carbon dioxide in potassium hydroxide 
solution). The ammonia absorbed in the sulfuric acid solution 
■was regenerated by treatment with excess alkali, passed into a 
standard sulfuric acid solution, and titrated in the usual manner. 
Samples of the gas from the gas holder were analyzed in the Orsat 
apparatus (Table V).

D estru ctiv e  H y d ro g en a tio n  o f In organ ic  
L in k ages

The changes in oxygen, nitrogen, and sulfur contents dur
ing the 3-, 6-, 9-, and 12-hour intervals are indicated in Figure 
1 and Table II, winch contain data describing the composition 
of the original coal and of the products (pitches or very vis
cous oils) obtained in highest yield. These data indicate 
that the most marked changes take place in the first 3-hour 
interval.

Since the partial pressure of hydrogen in all these experi
ments was the same (within ± 5  per cent for the 3- to 12-hour 
period) the rates of oxygen removal should be first or zero 
order. The rate of oxygen removal during the first 3 hours is 
very rapid, but during the 3- to 12-hour period it is much 
slower than would be expected for either a first- or zero-order

T a b l e  II. C o m po sitio n  of P itc h e s

F ig u r e  1. Ox y g e n , H y d r o g e n ,
N it r o g e n , a n d  S u l fu r  C on

t e n t  o f  P itc h es

After the hydrogenation had proceeded the desired number of 
hours, the liquid and solid contents of the converter were trans
ferred to a weighed bottle and centrifuged for 1.5 to 2 hours at 
about 3500 r. p. m. The ash-free oil (the amount of this oil, 
calculated as per cent of the material centrifuged, is given in 
Table I) thus obtained was transferred to a flask with a 6-inch

Pitch
A vail

H
able C alorific C /H

N o. C N O S H V alue R atio
% % % % % % G. cal.

LI 6 .7 8 8 .4 1 .7 2 .7 0 .4 6 . 0 8861 1 3 .1 9
L2
L3

7 .0 8 8 .4 1 .7 2 .5 0 .3 6 .3 9183 1 2 .6 3
7 .2 8 8 . 1 1 .7 2 . 6 0 .3 6 .5 9233 1 2 .2 4

L4 7 .4 8 8 .5 1 . 6 2 . 2 0 . 2 6 . 8 1 1 .9 6
11 6 . 8 8 S .7 1 .7 2 .4 0 .3 6 . 1 9156 1 3 .0 5
12 7 .1 8 9 .1 1 . 6 2 . 0 0 . 2 6 .5 9322 1 2 .6 1
13 7 .4 8 9 .5 1 .4 1 .4 0 . 2 6 .9 9483 1 2 .0 9
14 7 .5 8 9 .8 1 .3 1 . 2 0 . 2 7 .1 9522 1 1 .9 7
H I 6 . 8 8 9 .6 1 .5 1 . 8 0 .3 6 . 2 9206 1 3 .1 8
H 2 7 . 2 8 9 .7 1 .4 1 .5 0 . 2 6 .7 9396 1 2 .5 3
H3 7 .4 S 9 .S 1 .3 1 .3 0 . 2 7 .0 9517 1 2 .0 9
H 4 7 .8 9 0 .0 1 . 1 0 .9 0 . 2 7 .4 9517 1 1 .5 4
P l a 6 .5 S S .7 2 .3 2 . 1 0 .4 5 .7 1 3 .6 5P  4 7 .6 9 0 .0 1 .4 0 . 8 0 . 1 7 .2 9561 1 1 .8 4C oala 5 .6 S 4 .2 1 .7 6 . 8 1 .7 4 .4 8361 1 5 .0 4

° Ash- and moisture-free basis.
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reaction. Hence, it is probable that at least two types of 
oxygen linkages exist in the coal substance. It appears un
likely that the original oxygen linkage in the coal yields, upon 
destructive hydrogenation, a second type that is more diffi
cult to hydrogenate for the following reason: Extrapolation 
of the slow rates to zero time shows that the original fast re
action is too slow to yield the necessary amount of the postu
lated second type of oxygen linkage. The possibility that the 
two types of oxygen linkage are located in different coal con
stituents instead of being uniformly distributed throughout 
the coal substance was not investigated.
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F ig u r e  2. R a t e s  o p  D e 
st r u c t iv e  H y d r o g e n a t io n  of  
O x y g e n  L in k a g e s  i n  B r u c e - 

t o n  C oal

The rates of oxygen removal at 385° and 400° C. are shown 
in Figure 2. These curves were made on the assumption that 
oxygen contained in phenols boiling below 2 1 5 ° , as well as the 
oxygen in carbon dioxide, carbon monoxide, and water, had 
been eliminated by destructive hydrogenation. Calculations 
made from the data thus far available (Figure 2), which are 
offered tentatively until more accurate results are obtained, 
indicate activation energies of 5 5  and 3 2  kg-cal., respectively, 
for the fast and slow reactions.

The rate of nitrogen removal was very slow and approxi
mately constant (Figure 1, Table II). The data in Figure 1 
show that the complete removal of nitrogen by hydrogenation 
at 400° C. or lower temperatures would be extremely difficult. 
The curves for organic sulfur content (Figure 1) are of the 
same qualitative shape as those for oxygen, but the differ
ences between the first and later 3-hour intervals are smaller.

The amounts of available hydrogen—-that is

Per cent H per cent 0  
8

3 (per cent N) 
14

in the original coal and in the pitches obtained by hydrogena
tion are shown in Figure 3. The differences between avail
able hydrogen are greater than the corresponding differences 
between the actual hydrogen content (Figure 1). The curves 
showing the carbon contents (Figure 3) indicate that' hydro
genation after the first 3 hours had little effect on the carbon 
contents of the products obtained at 385° and 415° C., but 
increased considerably the carbon content of the products ob
tained at 400°. It may be concluded from these facts that 
at 385° and 415° more hydrogen is consumed in the satura
tion or cleavage of carbon-carbon linkages than at 400°. At 
the latter temperature, a greater proportion of the hydrogen 
was utilized in the removal of inorganic constituents.

E ffect o f  T im e an d  T em p era tu re  on  
L iq u efa c tio n  Y ield s

The greatest amount of liquefaction at all reaction tem
peratures was achieved in the first 3 hours of hydrogenation 
(Figure 3, Table I). This was especially trile for the 400° and 
415° C. experiments, in which the first 3-hour periods effected 
90.3 and 91.7 per cent conversions, respectively. The second 
3-hour period was important in the 385° experiments, since 
the conversion was increased from 82.2 to 90.4 per cent of the 
pure coal. However, the last two 3-hour periods at 385 ° were 
similar to those at 400° and 415° in that the average conver
sion per period was very small (Figure 3). It is interesting 
that straight lines are obtained when the liquefaction yields 
are plotted against inverse time of hydrogenation (Figure 4). 
These straight lines should be useful in predicting conversion 
yields for any desired time of hydrogenation.

As was expected, the liquefaction of coal was greater at 
415° and 400° than at 385° C. However, the beneficial ef
fect of the higher temperatures diminished with the time of 
experiment. For example, the differences in percentage 
yields (385° and 400° experiments) after 3 and 12 hours are, 
respectively, 8.8 and 1.3 (Figure 3). The extent of the lique
faction was calculated in all cases from the amounts of ace
tone-insoluble material obtained. Since the amounts of this 
residue actually isolated agree well with the values calculated 
from ash contents (Table III), it  is believed that the liquefac
tion yield data are reliable.

N a tu re  o f P ro d u cts

In all experiments except one (LI), the products as removed 
from the converter were colloidal solutions of moderately low 
viscosity, which could be poured and centrifuged with ease. 
Ultramicroscopic examination indicated that even the solu
tion produced by hydrogenation for 12 hours at 400° C. was
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F ig u r e  3 . C o n v e r sio n  o p  P u r e  
C o al , C a r bo n  C o n t e n t , a n d  A v a il 

a b l e  H y d r o g e n  C o n t e n t

colloidal, although less so than the product removed from the 
converter after 3 hours of hydrogenation. The product ob
tained at 385° during 3 hours of hydrogenation (experiment 
LI) was a soft pitch as taken from the converter. This dif
ference in fluidity is roughly indicated by the fact that centri
fuging gave only 44 per cent yield of oil, whereas the oil yields 
from the centrifuge in the other experiments ranged from 78 
to 87 per cent (Table I). The great difference in viscosity 
and physical appearance of the LI product indicates that its
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average molecular weight is considerably higher than those of 
the other products.

The composition of the principal products of the hydrogena
tion experiments (pitches or viscous oils) has already been 
considered (Figures 1 and 3, Table II). The calorific values 
of the coal and the various pitches also are recorded in Table 
II. As was expected, these values are related to the hydrogen 
content, the carbon-hydrogen ratio, and the available hydro
gen (Figure 5).

Table II also gives the composition of a very viscous oil 
(designated as P4) which may be compared with pitch 14. 
This viscous oil was prepared by hydrogenating a mixture of 
pitches (PI, Table II) which had been obtained in a previous 
investigation (8) by hydrogenating Bruceton coal for 3 hours

Carbon-hydrogen ratio

s

—-

N
V

\
\ •

s 4sv

S. \ \

N

1
Time

F iourf, 4 . R a t e s  o f  P u r e  C oal C o n v e r sio n

at 400° C. The mixture of pitches (PI) was subjected to 
hydrogenation in tetrahydronaphthalene for 9 hours (three
3-hour periods) at 400° C., using stannous sulfide as a cata
lyst. The data in Table II show that pitches 14 and P4 are 
very similar; in view of the fact that both products arose 
from hydrogenation of the same coal under similar conditions, 
this may be taken as an indication of the reproducibility of the 
results.

Consistent variations in the composition of the acetone- 
insoluble residues are indicated by the data in Table III. 
The ash and sulfur contents of the residues increase with the 
time of hydrogenation; the percentages of hydrogen, carbon, 
nitrogen, and oxygen decrease. Since the sulfur-ash ratio is 
approximately constant, it appears that the sulfur in the resi
due (principally inorganic) is present in a form that is stable 
to further hydrogenation. The total amount of sulfur in the 
residue is about 80 per cent of the inorganic sul
fur originally present in the coal sample. The =  
yields of acetone-insoluble residues (calculated 
from the ash content) are also given; the cal
culated values check the amounts actually found 
very satisfactorily. The ash content of the ace
tone residue obtained in the hydrogenation of 
a mixture of pitches (PI, Table II) for 9 hours 
approximates that of the residue (14) prepared 
from coal by hydrogenation during 12 hours.

The analyses in Table III were used to calcu
late the composition of the organic material in 
the acetone-insoluble residues (Table IV). Since 
organic sulfur was not determined in the residues, 
the calculations were made on the assumption 
that hydrogenation and dissolution had removed 
nearly all the organic sulfur. This assumption 
cannot cause any appreciable error, since the 
organic sulfur of the original coal was only 0.713 
per cent. Judging from the calculations in

F ig u r e  5 . R e l a t io n s  b e t w e e n  C a l o r ific  V a l u e  
a n d  C a r b o n -H t d r o o e n  R a t io , A v a il a b l e  H t d r o q e n , 

a n d  H yd r o g e n  C o n t e n t

Table IV, the part of the pure coal not liquefied is quite dif
ferent from the organic matter of both the original coal and 
the pitches obtained from it by hydrogenation. The most 
conspicuous difference is the lower hydrogen and higher car
bon contents of the organic residue. This probably indicates 
the presence of fusain or other inert material high in carbon. 
Hydrogenation had little effect on the nitrogen content, but 
oxygen was eliminated more effectively from the residues than 
from the pitches. It is likely that most of this oxygen was 
removed by liquefaction of the oxygen-containing constitu
ents rather than destructive hydrogenation of the oxygen 
linkages.

The quantities of constituents found in the hydrogenation 
gases are recorded in Table V. Since the converter was bled 
and recharged with hydrogen at the end of each 3-hour inter
val, the gases analyzed were those formed in the last 3 hours 
of hydrogenation. Excluding the gas obtained from the 3- 
hour experiments at 400° and 415° C. (which were 87.9 and
85.9 per cent hydrogen, respectively), the hydrogen contents 
ranged from 91 to 95 per cent by volume. The hydrogen 
content of the gas samples increased with the total time of 
hydrogenation, another indication that the greatest consump
tion of hydrogen occurred in the early stages of the hydrogena
tion. The percentages of saturated hydrocarbons in the 
gases decreased with increase of hydrogenation time. Small 
and almost constant amounts of alkenes were found. The 
quantities of carbon dioxide, hydrogen sulfide, and ammonia 
found in the alkaline and acidic wash solutions (Table V) 
show definite trends that are in agreement with the other ex

T a b l e  I I I .  C om position  o f  A c e to n e - I n so l u b l e  R e s id u e s

R esi
due
N o.

A ceton e-In so l.
R esid ue

C aled.
from
ash

F ou n d  con ten t H C N O S A sh
S /A sh
R a tio

LI
Grama

2 4 .2
Grama
2 6 .8

%
3 .5

%
6 1 .9

%
1 .3

%
2 .9

%
3 .2

%
2 7 .2 0 .1 1 4

L2 1 7 .5 I S . 6 2 .9 5 1 .1 0 .9 1 .4 4 .4 3 9 .3 0 .1 1 3
L3 1 6 .4 1 7 .2 2 .7 4 S .6 0 .9 0 .7 4 .7 4 2 .4 0 . 1 1 1
L4 1 4 .4 1 5 .5 2 .4 4 4 .4 0 . 8 0 . 1 5 .1 4 7 .2 0 .1 0 8
a 1 7 .1 1 9 .3 2 .7 5 2 .6 1 . 0 1 . 6 4 .2 3 7 .9 0 . 1 1 1
12 1 5 .2 1 6 .3 2 .5 4 6 .3 0 .9 0 . 6 5 .0 4 4 .7 0 . 1 1 2
13 1 3 .5 1 5 .1 2 . 2 4 2 .4 0 .9 0 .3 5 .7 4 8 .5 0 .1 1 7
14 1 3 .5 1 4 .1 2 . 1 3 9 .4 0 . 8 0 . 0 5 .9 5 1 .8 0 .1 1 4
H I 1 5 .1 1 8 .7 2 .5 5 1 .0 1 . 0 2 .3 4 .2 3 9 .0 0 .1 0 8H 2 1 3 .9 1 5 .2 2 .3 4 3 .1 0 .9 0 . 2 5 .6 4 7 .9 0 .1 1 7
H3 1 3 .9 1 3 .8 1 .9 3 7 .3 0 . 8 0 . 0 6 .9 5 3 .1 0 .1 3 0H 4 1 3 .2 1 3 .6 2 . 0 3 7 .1 0 .9 0 . 0 6 .4 5 3 .6 0 .1 1 9
P4 2 .5 3 .1 . * * . . . 5 3 .9
C oal» . . . 5 .2 7 8 .8 1 . 6 6 .4 1 . 6 6 .4

‘ M oisture-free b asis.
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perimental data. M ost of the carbon dioxide and hydrogen 
sulfide were liberated early in the hydrogenation; the con
verse was true for ammonia.

T a b l e  IV. O r g a n ic  M a t t e r  in  I n so l u b l e  R e s id u e s

E x p t. — P er C en t b y  W eight--------
N o. H C N O

L I 5 .1 8 8 . 1 1 .9 4 .4
L2 5 .2 9 0 .2 1 . 8 2 .5
L3 5 .1 9 1 .3 1 .7 1 .3
L4 5 .0 9 2 .4 1 .7 0 . 2
12 4 .9 9 1 .1 1 . 8 1 . 6
13 5 .0 9 0 .8 1 .9 1 .5
14 4 .9 9 2 .5 1 .9 0 . 0
H I 4 .4 8 9 .3 1 . 8 4 .0
II2 4 .9 9 2 .0 1 .9 0 .4
H 3 4 .7 9 2 .8 1 .9 0 . 0
H 4 5 .0 9 2 .0 2 . 2 0 . 0
C oal“ 5 .7 8 5 .0 1 .7 6 .9

lated  organic m atter in  coal (om ittin g  su lfu r).

T a b l e  V. C o m po sitio n  o f  H t d r o g e n a t io n  G a se s  (i n  G r a m s)
E x p t.
N o. CO> C nH m H , C H . CîH s H iS N H ,

L I 0 .5 6 6 1 .0 4 4 .4 3 1 . 1 1 0 .6 0 0 .2 1 5 0 . 0 0 2
L2 0 .1 5 3 1 . 1 2 5 .1 7 0 .9 4 0 .1 6 0 .0 9 0 0 .0 0 7
L3 0 .1 3 4 0 .6 0 5 .2 6 0 .6 0 0 .1 6 0 .0 3 9 0 .0 1 6
L4 0 .0 8 8 0 .8 3 5 .2 4 0 .8 2 0 .1 6 0 .0 1 3 0 .0 1 9
11 0 .6 5 4 0 .7 4 4 .0 0 2 . 1 1 1 .6 5 0 .2 8 9 0 .0 0 6
12 0 . 1 1 1 0 .3 6 4 .9 8 1 .0 7 0 .4 6 0 .0 2 5 0 .0 1 4
13 0 .0 5 6 0 .5 0 4 .9 6 1 .2 3 0 .6 1 0 .0 0 6 0 .0 4 0
14 0 .0 3 9 0 .8 2 5 .2 1 0 .2 6 1 . 2 0 0 .0 0 3 0 .0 4 7
H I 0 .6 1 4 0 .1 7 3 .6 2 2 .8 9 2 .9 6 0 .3 0 6 0 .0 0 6
H2 0 .1 2 9 0 .6 1 4 .3 9 2 .5 8 1 . 0 2 0 .0 5 1 0 .0 3 5
H 3 0 .0 6 1 0 .9 9 4 .7 5 1 . 1 1 2 .0 9 0 .0 0 6 0 .0 5 8
H 4 0 .0 9 6 0 .1 6 5 .3 6 0 .1 3 1 .7 4 0 .0 0 4 0 .0 8 1

The maximum hydrogen pressures developed in the experi
ments and volumes of hydrogenation gases are given in Table
VI. It is interesting that both the maximum pressures and 
gas volumes increased with the time of hydrogenation. The 
increasing gas volumes resulted from decreased rates of hydro
genation. It is likely that a lowering in average molecular 
weight of the pitches was responsible for the increased pres
sures.

The distillates were found to be the recovered vehicle, 
tetrahydronaphthalene, somewhat contaminated with small 
amounts of hydrogenation products (Table VII). The 
specific gravity of the distillates and of the neutral oils ob
tained from them decrease with increase in time of hydrogena
tion, and the neutral oils were lower in specific gravity than 
their antecedent distillates. The distillates contained small 
amounts of phenols and traces of tar bases, but carboxylic 
acids were absent. Because of the formation of emulsions in 
some instances and the inherent errors of the analytical 
method, great significance cannot be attached to the small 
variations in the tar acid and base contents. In spite of the 
inaccuracies involved in the determination of neutral oil con
stituents, it  appears that there is a gradual 
increase in the content of saturated hy- = = =  
drocarbons with increase in time of hydro
genation. This conclusion is supported 
also by the specific gravities of the neutral 
oils, which decrease slightly with increase 
in reaction time (Table VII). The olefin 
contents of the original vehicle and the 
neutral oils were found to be similar, but 
the neutral oils, unlike the tetrahydronaph
thalene, did not give a precipitate with 82 
per cent sulfuric acid.

vestigators of coal constitution. Although the present study, 
as yet incomplete, does not cover all phases of destructive 
hydrogenation of oxygen, several interesting possibilities are 
discussed here in connection with the results thus far available. 
It is hoped that similar and other experiments now in prog
ress in this laboratory will throw more light on the constitu
tion of coal and the nature of its primary liquefaction.

The primary liquefaction, especially in the early stages, is 
characterized by the elimination of coal oxygen, principally 
as water, and by a decrease in molecular weight of the coal 
substance, which, after liquefaction, is recovered as a colloidal 
solution in the vehicle. Whether the removal of coal oxygen 
and the lowering of molecular weight are mutually independ
ent or the manifestation of one single reaction is extremely 
important in investigations bearing on coal structure and the 
mechanism of coal hydrogenation. It appears from coal ex
traction studies (I, 4), in the absence of hydrogen, that the 
average molecular weight may be reduced considerably with
out much loss of oxygen (assuming that dissociation or lower
ing of molecular weight precedes dissolution). It is quite 
likely that a part of the primary liquefaction by hydrogenation 
proceeds in a similar manner, giving a solution of the coal 
substance which later loses oxygen, principally as water. 
However, there is little or no evidence regarding the converse 
situation—namely, the lowering of molecular weight brought 
about by elimination of oxygen. If removal of oxygen has a 
profound influence on molecular weight, the oxygen thus re
moved is probably of the linear ether type, since loss of oxygen 
from the other types of linkage would have little effect. On 
the other hand, elimination of linear ether oxygen would 
cause tremendous lowering of molecular weight. For ex
ample, complete elimination of oxygen from the coal used in 
the present work (assuming that all the oxygen is of the linear 
ether type) would reduce the average molecular weight to 
about 220. Since precise information as to the lowering of 
molecular weight caused by oxygen elimination is lacking,

T a b l e  VI. H y d r o g e n  A b so r p t io n  a n d  M a x im u m  a n d  F in a l  
P r e s s u r e s  (fo r  L a st  3 H o u r s)

-—Pressure—. V ol.
E x p t. H yd rogenation H ydrogen F ina l at
N o. P eriod C onsum ed M ax. (cold) 0 “ C.

Hour a Grama Lb. per aq. in. Cu. ft.
L I 0 to  3 1 .5 7 2400 800 1 .8 4 4
L2 3 to  6 0 .8 3 2525 930 2 . 1 2 0
L3 6  to  9 0 .7 4 2455 930 2 .1 2 5
L4 9 to  12 0 .7 6 2590 940 2 .1 3 0
11 0 to  3 2 . 0 0 2450 770 1 .7 4 3
12 3 to  6 1 . 0 2 2615 880 2 .0 3 6
13 6  to  9 1 .0 4 2670 895 2 .0 4 3
14 9 to  12 0 .7 9 2710 940 2 .1 1 9
H I 0 to  3 2 .3 8 2480 730 1 .6 6 3
H2 3 to  6 1 .6 1 2685 815 1 .9 2 1
H3 6  to  9 1 .2 5 2815 910 2 .0 2 7
H4 9 to  12 0 .6 4 2870 950 2 .1 8 6

T a b l e  V II . C o m po sitio n  o f  D ist il l a t e

D iscu ss io n  o£ R e su lts

Studies of the elimination of oxygen 
from coal by hydrogenation offer several 
attractive avenues of approach to in-

B oilin g  below -------------- Di¡ stillate- -N eu tra l Oil-----
E x p t. Oil 215"1 C. Sp. gr. Tar Sp. gr. O le A ro- S a tu 

N o. D istilled W ater Oil (15 .6 °  C .) bases P h en ols (1 5 .6 °  C .) fins m atics rates
Grama Ce. Cc. % by volume -— % by volume-----

L2 135 T race 76 0 .9 7 2 0 . 8 2 . 2 0 .9 6 8 3 .5 9 6 .3 0 . 2
L3 1 4 4 .5 1 .3 80 0 .9 7 1 0 . 1 1 . 6 0 .9 6 9 3 .0 9 6 .8 0 . 2
L4 1 4 5 .9 0 . 8 85 0 .9 6 7 0 . 1 3 .5 0 .9 6 6 2 .5 9 6 .4 1 . 1
11 1 3 9 .1 0 .4 79 0 .9 7 4 0 .5 2 . 0 0 .9 7 1 3 9 6 .8 0 . 2
12 1 4 2 .1 1 .5 8 7 .5 0 .9 7 0 1 . 0 2 .5 0 .9 6 5 3 9 6 .2 0 . 8
13 141 3 .5 7 7 .5 0 .9 6 1 1 .5 2 .5 0 .9 6 0 3 .5 9 5 .5 1
14 145 3 .0 92 0 .9 6 3 0 . 6 2 .4 0 .9 6 1 3 9 6 .4 0 . 6
H I 133 Trace 7 9 .5 0 .9 7 1 1 .4 2 .7 0 .9 6 9 4 .6 9 4 .9 0 .5
H 2 145 2 .5 8 3 .5 0 .9 6 5 0 .7 3 .0 0 .9 6 4 3 .4 9 5 .9 0 .7
H 3 1 4 6 .9 2 . 0 9 3 .0 0 .9 5 8 1 . 0 3 .2 0 .9 5 7 3 95 2 . 0
H 4 1 5 2 .7 “ 846 0 .9 5 5 0 . 0 4 .5 0 .9 5 1 4 .6 9 4 .2 1 . 2
P 4 172 103 0 .9 5 7 2 . 2 2 . 0 0 .9 5 4 4 94 2
V ehicle . . . . . 0 . 0 0 . 0 0 .9 7 1 4 96 0 . 0

a T h is in clud ed  o il w ashed  from  th e con verter w ith  aceton e. 
b B o ilin g  a t  1 7 5 -2 1 5 °  C.
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this interesting relation has not been used in investigations of 
the oxygen linkage in coal.

Complete elimination of the inorganic elements and satura
tion of the carbon-carbon bonds by hydrogenation under 
mild conditions {2) should also furnish information as to the 
nature of the oxygen linkage. The connection between the 
nature of the original oxygen linkages and the hydrocarbon 
products obtained by complete saturation of the carbon 
skeletons may be described as follows: Although the produc
tion of completely cyclic hydrocarbons from coal containing 
linear ether linkages is easily explained, completely cyclic hy
drocarbons could arise from other types of oxygen linkage only 
in special cases. For example, cyclic hydrocarbons could re
sult from structures, such as I and II

but other types of heterocyclic rings, such as III and IV

III

would be expected to yield hydrocarbons with aliphatic side 
chains. The hydrocarbon products obtained from bitumi
nous coals containing considerable oxygen of the latter type 
should have appreciable amounts of aliphatic side chains.

The present work appears to indicate that oxygen elimina
tion and molecular weight lowering, although usually occur
ring simultaneously, are largely independent. In the 3-hour 
experiment at 385° C., almost as much oxygen was eliminated 
as at 400° C. (Figures 1 and 2, Table II), but the lowering of 
molecular weight was much less. (This conclusion is based 
on the high viscosity of the product as removed from con
verter.) This result would appear to indicate that oxygen 
may be removed without the occurrence of a commensurate 
change in molecular weight of the coal substance. It is 
planned to obtain more information on this point by deter
mining both molecular weights and oxygen contents of the 
products.

In the second 3-hour period at 385° C., the molecular weight 
was considerably lowered but little oxygen was removed. 
This result also may be taken as support of the hypothesis 
that oxygen removal and decrease in molecular weight are 
largely independent and that cleavage of carbon-carbon link
ages or rupture of secondary valence forces is chiefly respon
sible for lowering of molecular weight.

The addition of hydrogen to carbon-carbon double bonds 
or the cleavage of carbon linkages is indicated also by the 
changes in carbon and oxygen contents of the pitches ob
tained by more than 3-hour hydrogenation at 385° C. Since 
the oxygen was removed without increase in carbon content 
in the 385° experiments, a compensating amount of hydrogen 
must have been absorbed. In the experiments at 400° the 
carbon content increased slowly during the removal of oxygen; 
therefore, at this temperature more of the hydrogen was 
utilized in removing the inorganic elements. The carbon 
content of the 415° C. pitches also increased very little with 
time of hydrogenation. Saturation of carbon-carbon double

bonds at 385° and cracking at 415° could have been respon
sible for the small increase of carbon contents at these tem
peratures.

It has been pointed out already that there is some evidence 
for believing that the coal oxygen consists of two broad types 
(Figure 2). If the current belief (5) that nearly all the oxygen 
in Pittsburgh bed coal is present as ether linkages is correct, 
it follows that the two types of oxygen linkage are both ether 
linkages. Since diphenyl ether retains its oxygen under the 
conditions of the present work [such experiments (8) have 
been carried out at 400° C.], it is possible that ether linkages 
of this type represent the oxygen removed slowly in the latter 
stages of the liquefaction; other and more reactive types of 
oxygen are responsible for the considerable loss of water dur
ing the first 3 hours.

The demonstration that two broad types of oxygen linkage 
are present in coal is of great interest, and further work to 
confirm this view is desirable. If other coals are found to be
have in the same manner, the determination of these types 
should be included in a complete analysis of coal. Extrapo
lation of the slower rate curve to zero time (Figure 2) would 
give the amount of one type, and subtraction of this value 
from the total oxygen would give the other. Significant re
sults might be obtained by correlating the contents of the 
two types of oxygen with rank of coal, yield of phenols on 
coking, etc.

The peculiar composition of the residue resistant to lique
faction (Table IV) and the fact that the last 3-hour periods 
at 400° and 415° C. effected only a negligible increase in yield 
indicate that the liquefaction yield is limited by the presence 
of a material quite different from the rest of the coal substance. 
In this connection Figure 4 is of interest because it indicates 
that hydrogenation for an infinite time would leave some of 
the “pure coal” unconverted. Since the fusain content of 
Pittsburgh bed coal usually is 2 to 3 per cent, it appears that 
some constituent of the coal other than fusain is unusually 
resistant to hydrogenation. This conclusion was verified by 
microscopic examination, which revealed the presence of 
spore remains as well as fusain.
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U. S. B u rea u  of M in  
E xp erim en ta l P lant

H . H . STORCH, L. L. H IRST, P . L. GOLDEN,
I .1 . PINKEL, R. L. BOYER, J. R. SCHAEFFER, 
AND R . H . KALLENBERGER

THE U. S. Bureau of Mines experimental coal-hydrogena- 
tion plant was built to obtain information regarding the 
amenability of the various types of United States coals 

to hydrogenation for the production of liquid fuels. Owing 
to the absence of detailed information concerning the con
struction and operation of existing European coal-hydrogena- 
tion plants, it appears desirable to publish a description of the 
bureau’s plant at the present time and to present a discussion 
of some of the preliminary experiments.

H yd rogen  P ro d u ctio n  P la n t
The hydrogen plant shown in Figure 1 consists of a water- 

gas generator A,  water-gas shift chamber B, water-spray 
tower C, carbon dioxide scrubber D, amine regenerator E, and 
heat exchangers F. A four-stage horizontal compressor 
(Figure 2) is used for compressing the hydrogen. Hydrogen 
is stored in a battery of 25 high-pressure cylinders, each 200 
cubic feet in capacity (measured at atmospheric pressure).

The water-gas generator consists of two concentric tubes, 7 
and 472 inches 0 . d. and 60 inches long made of high chromium- 
nickel alloy (25 per cent chromium, 20 per cent nickel). The 
1-inch annulus between these tubes is filled with pure nickel 
stampings, V< X Vs inch, which serve as catalyst for the re
action . between the steam and natural gas. This reaction 
zone is maintained at 1050° C. (1920° F.) by two sources of 
heat— namely, a 1.5-inch Glowbar unit in the center of the 
inner tube, and a high-temperature resistance heater sur
rounding the outer tube. Equal volumes (about 100 cubic 
feet per hour) of steam and natural gas are used. The analy
sis of the natural gas varies somewhat with time but averages 
about 90 per cent methane, 8 per cent ethane, and 1.5 per cent

F ig u r e  1 (Top). H y d r o g e n  P l a n t  

F ig u r e  2  (Bottom). H y d r o g en  C o m presso r

nitrogen. The water gas produced by the generator contains 
about 75 per cent hydrogen, 21 per cent carbon monoxide, 1 
per cent carbon dioxide, 2 per cent nitrogen, and 1 per cent 
methane.

The water-gas shift tubes (Figure IB) have been replaced by 
a more compact catalyst chamber to reduce heat losses. The 
new water-gas shift chamber consists of a 24-inch section of 
6-inch steel pipe containing at its center a 2-inch copper rod. 
Attached to the latter are eight copper plates or vanes which 
divide the chamber into eight catalyst spaces. This arrange
ment permits rapid heat conduction and avoids excessive 
channeling of the water gas-steam mixture. A copper-cobalt 
catalyst, the preparation of which was recently described (1), 
was used for accelerating the water-gas reaction,

11:0 7  CO =  CO2 +  H i

the temperature being maintained at about 350° C. (660° F.). 
Approximately five parts of steam are mixed with the water 
gas as it issues from the water-gas generator. The exact 
amount of steam added is determined by the desired tempera
ture gradient in the column of copper-cobalt catalyst. This 
gradient is preferably kept below 50° C. (90° F.)— that is, 
a catalyst temperature of 300° to 350° C. (570° to 660° F.).

Water-spray tower C condenses the excess steam in the off- 
gas from the cobalt-copper catalyst. Carbon dioxide scrub
ber D  is an 8 inch X 12 foot tower packed with Vr-inch car.

A d escr ip tio n  is  g iven  o f a n  ex
p er im e n ta l p la n t for th e  c o n tin u o u s  
h y d ro g en a tio n  o f a b o u t 100 p o u n d s o f  
co a l per 24 h o u rs. T h e m a jo r  d iffi
c u lt ie s  exp erienced  in  o p era tio n  o f th e  
p la n t  an d  th e  s o lu t io n s  a d o p ted  are 
d iscu ssed . T yp ica l r e su lts  o n  th e  
l iq u id  p h a se  h y d ro g en a tio n  o f P it t s 
b u rg h  sea m  co a l are g iven .
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F ig u r e  5 (Below). C o n d e n s a t io n  T r a p s  a n d  
F u r n a c e

F ig u r e  3 (Above). P a s t e  P u m p i n g  
a n d  H y d r o g e n  R e c ir c u la t io n

F ig u r e  4  (R ight). C oal H y d r o g e n a 
t io n  C o n v e r t e r

F ig u r e  7 (Below). C ontr o l  V a l v e s  a n d  
D ischarge  C oil
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bon Raschig rings. A spray of 10 per cent Tetramine (Car
bide and Carbon Chemicals Corporation) is used to scrub out 
the carbon dioxide. The amine regenerator, E, consists of a 
boiler 12 X 30 inches, attached to a distillation column 8 
inches X 11 feet, packed with Vi-inch carbon Raschig rings. 
The spent amine is heated in the heat exchanger, F, by trans
fer of heat from regenerated amine, and is then pumped 
through a spray head in the center of the distillation column of 
E.  A reflux coil carrying cooling water is located in the top of 
this column.

The hydrogen plant has functioned satisfactorily during 
the production of about 25,000 cubic feet of hydrogen. The 
percentage analysis of the hydrogen produced is approxi
mately as follows: 96.0 hydrogen, 0.5 carbon monoxide, 0.2 
carbon dioxide, 1.2 methane, 0.2 oxygen, and 1.9 nitrogen.

C o a l-H y d ro g en a tio n  P la n t
The coal-hydrogenation plant is shown in Figures 3, 4, and 

5. The coal-oil paste is delivered under several pounds pres
sure by the gear-type oil pump A  (Figure 3) to the paste 
pump B. The latter is a vertical piston pump with steel ball 
check valves and adjustable stroke. The paste is forced into 
the converter shown in Figure 4 and contained in the furnace 
of Figure 5. This converter is a tube 5 inches o. d. X 3 inches 
i. d., made of 18 per cent chromium-S per cent nickel alloy- 
steel. The converter closures are the same as those described 
by Warren and Gilmore (#), except that Monel metal sealing 
rings are used in place of copper. Hydrogen is pumped in 
through the top of the converter and preheated by passage 
through a heat exchanger. The latter consists of several 
coils of aluminum tubing through which the incoming hydro
gen passes before being mixed with the paste. The light oil 
and hydrogen off-gas pass around these coils before leaving 
the converter. Heat is supplied to the converter by a cylin
drical electric resistance furnace (Figure 5). Temperatures 
are measured by thermocouples inserted in a well attached 
to the top closure of the converter and extending the full 
length of the latter. Surface temperatures on the outer wall 
of the converter are measured at four equidistant points.

The light oil and hydrogen off-gas pass through the two 
traps shown in Figure 5. The light oil condenses in the 
first trap, and hydrogen sulfide, water vapor, and carbon di
oxide are removed from the hydrogen gas by a layer of sodium 
hydroxide in the second trap. From the latter the gas is 
picked up by the recirculation pump and pumped back into 
the converter.

The switchboard and temperature-recording instruments 
are shown in Figure 6, and the control valves and discharge 
coil in Figure 7. Figure 8 is a floor plan of the present ar
rangement of the apparatus in the coal-hydrogenation building.

L iq u id -P h a se  
H y d ro g en a tio n
o f P ittsb u r g h  

S ea m  C oal

• S ix  s in g le - s ta g e  
runs, lasting 10 to 48 
hours, were made us
in g  c o a l from  th e  
b u r e a u ’s e x p e r i
m e n ta l m in e a t  
Bruceton, Pa. These 
show that it is pos
sible to liquefy about 
75 p er c e n t  o f th e  
coal (ash- and mois
tu r e -fr e e  b a s is ) ,  
a b o u t 20 p er c e n t

T a b l e  I. O p e r a t i n g  D a t a

(T em perature , 41 0 °  C . (770° F .);  pressure, 3200 pounds per square in ch ; 
hydrogen  recirculation  rate, 2 0 0 -3 0 0  cubic fee t (atm osph eric pressure) per 
hour; to ta l t im e of run, 18 hours; tim e  of con tact, 3 hours; ca ta ly st 0 .25  

per cen t stan n ou s sulfide, 0 .25  per c e n t m olyb d en u m  oxide)
T ota l % T ota l %
of A sh - of A sh-

aDd and
T o ta l M oistu re- T o ta l M oisture-

W eigh t, Free W eight, Free
Lb. C oal L d . Coal

P aste
C oal
H yd rogen  absorbed  
L iquid  products  
G aseous products

9 4 .0
4 6 .5

2 .7
8 8 .3

8 .4

6 .3

1 9 .6

H e a v y  oil 
L igh t oil 
W ater 
Solids 
Oil y ie ld

5 0 .1
3 4 .5

2 .7
3 .5

4 .7

7 4 .7

L igh t Oil cene Oil) H ea v y  Oil
% Sp. gr. % Sp. gr. % Sp. gr.

1 .1 0 3 1 .1 0 3

1 8 .5 0 .8 8 0 1 .5 3 .0
4 5 .0 0 .9 9 3 3 0 .5 Soi i'd
1 6 .5 1 .0 5 4 1 5 .0 1 .0 9 0
1 0 .0 1 .0 7 5 1 4 .0 Solid
1 0 .0 3 9 .0

53 !o 1 ! 057
4 .2 0 I4 3 .8
9 .2 4 .4 7 .4
0 .4 0 .0 0 .2

8 0 .2 0 Í9 9 0 8 9 .2 LÓÓ4

7 .5 8 .0
8 2 .0 9 2 .0

9 .9 ... 0 .0 • • •
6 Í7
5 .7

T a b l e  II. A n a l y t i c a l  D a t a  o n  P r o d u c t s

Sam ple as received  
D istn . tem p , of product: 

U nder 200° C. (390° F .) 
2 0 0 -2 7 0 °  C. (3 9 0 -5 2 0 °  F .)  
2 7 0 -3 0 0 °  C . (5 2 0 -5 7 0 °  F .)  
3 0 0 -3 3 0 °  C. (5 7 0 -6 2 5 °  F .) 
O ver 330° C.
T o  20 0 °  C . a t  5 m m .

Tar bases  
P h en ols
C arboxylic acids 
N eu tra l oil
C om pon en ts of n eu tral o il, % : 

Olefins 
A rom atics  
S aturates  

A ceton e in so l.
T etrah yd ron ap h th a len e in so l.

being converted to normally gaseous hydrocarbons. The 
product consists of about 50 per cent of light oil, distilling 
mainly between 180° and 300° C., and 50 per cent of a heavy 
oil that resembles a low-temperature tar. This heavy oil is 
centrifuged to remove the ash and other solid matter, such as 
fusain and catalyst material, and the liquid is then used for 
pasting an additional quantity of coal. The light oil is to be 
sent to the second hydrogenation stage, where it will be con
verted to gasoline. As an example of the data collected, 
Tables I  and II give the details of run C-4.

Several runs have been made recently and will be reported 
in detail in later publications. In these runs contact time 
was decreased from 3 to 1.5 hours and the temperature of the 
liquid in the converter was varied from 410° to 433° C. 
Paste was made using heavy oil from earlier runs as the ve
hicle. Oil yields as per cent of ash- and moisture-free coal 
varied from 74.7 to 79.3 per cent, with gas yields varying 
from 17.2 to 19.7 per cent. Light oil from these runs is being 
accumulated and will be used for charging stock for the 
second-stage converter.

O p eratin g
D iff ic u ltie stt- higas generatdp 

5 ■ sb l/t eat'a tyst 
e s T - tiO sfiray toner 
'■/ U ' a mine reservoir 
• W - amine regenerator 

X ~COz scrubber

•¿0/ -  —
5 V*

^  p  I 1
l / f- I eg

li= O

A.Á - gas holders 
B  -  bottle Storage 
C.C- compressors 
D -  fiaste /mm/i

^ Hater

f -  converter I-beery aitdischarge /I -  be/tous meters
F-tight a it trafi J-hydrogen intet N-ronverter firessure.gas fion m eters
G-caustic trab K-fiyrometers O -sui/ch  -board
ft-tigh t o it t/iscbarge L-booster fiumfi P -  hydrogen fi/a n t

F i g u r e  8 .  P l a n  o f  C o a l  H y d r o g e n a t i o n  P l a n t

D u r in g  these ex
periments the follow
ing difficulties w ere  
encountered and the 
in d ic a te d  solutions 
adopted:

P a s t e  P u m p i n g . 
Tetrahydronaphtha- 
lene-coal m ix tu r e s  
could not be pumped 
b y  t h e  H i l l s -  
M cC a n n a  p u m p . 
Anthracene o il-coa )  
m ix tu r e s  could be 
readily pumped only
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of the mixture was heated and agitated for several hours prior 
to feeding into the pump. The introduction of a gear-type oil 
pump to agitate the coal-oil paste by recirculation and to feed 
the paste under positive pressure to the Hills-McCanna pump 
made the paste-pumping operation much smoother and elimi
nated the frequent loss of “prime” of the paste pump. It was 
found, however, that the gear-type oil pump would occasion
ally cause a “gelling” of the paste. This can be avoided by 
lowering the temperature of the paste and reducing the speed 
of the oil pump.

Recently several hundred pounds of paste were made from 
Bruceton coal and centrifuged heavy oil from the earlier coal 
hydrogenation runs. With this paste there was little tend
ency for coal to settle out. It pumped readily and hydro
genated without difficulty.

H e a v y - O i l  D i s c h a r g e .  The erosion of ordinary high- 
pressure valves is very rapid in discharging the heavy oil plus 
solid residue of the first hydrogenation stage. A long coil of 
narrow-bore copper tubing A,  Figure 7, has been found to be 
a satisfactory discharge apparatus.

L i g h t - O i l  D i s c h a r g e .  Clogging of the light-oil discharge 
line by solid ammonium carbonate caused interruption of a 
recent run. This was avoided by steam-jacketing the dis
charge line and, when necessary, continuously injecting a 
small amount of water just ahead of the discharge valve.

H y d r o g e n  R e c i r c u l a t i o n .  Injection of hydrogen along 
with the coal-oil paste is the only means of mechanical agita
tion that is readily available. It has been found that the

amount of cold hydrogen that can be recirculated is limited t o . 
about 200-300 cubic feet per hour (measured at atmospheric 
pressure and temperature). Larger amounts of cold hydro
gen remove an excessive amount of heat from the converter 
and vaporize too much of the pasting fluid. The introduction 
of a heat exchanger inside the top section of the converter so 
that the light-oil vapors and hydrogen off-gas will preheat the 
incoming hydrogen will probably solve this problem. Such 
a heat exchanger fabricated of aluminum tubing is now being 
tested.
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W ater R esistance of N eoprene
HOWARD W. STARKWEATHER a n d  HERBERT W. WALKER

E. I. du P on t de N em ours and  C om pany, In c ., W ilm in gton , D el.

SUPERIOR water resistance of well-cured neoprene, 
like that of natural rubber, depends upon the absence 
of water-soluble ingredients and agents that are ca

pable of absorbing water. It has been shown (I, 2, 3, 5) that 
the water resistance of neoprene varies greatly with different 
activating agents. This paper includes a more detailed study 
of the water absorption of neoprene-magnesia-zinc oxide 
compounds and describes certain loaded stocks with improved 
water resistance. The water absorption was determined by 
the method already outlined (5), using slabs 0.20 cm. thick.

C a lcu la tio n  o f W ater A b sorp tion
The water absorption can be calculated from the increase 

in weight or from the increase in volume of a stock during 
immersion in water. A difference between these values is an 
indication of chemically combined water. This is based upon 
the assumption that water undergoes no significant change 
in volume during absorption but that there is a change in 
volume during a chemical reaction. The two methods of cal
culating the absorption of water are shown by the equations:

c — a 
a — b 
(c -  d) -  (a

X 100 = % vol. increase by weight method, IT 

&)'X 100 = % vol. increase by vol. method, Va — b
where a =  original weight in air, grams

b =  original weight in water, grams
c =  weight in air after immersion in water, grams
d = weight in water after immersion in water, grams

If there is no change in volume of the water, b =  d and 
both methods give the same result. If, however, there is a 
decrease in volume, d > b  and the calculated results by the 
weight method will be greater than those obtained by the 
volume method. The weight method gives, within the limits 
of the experimental error, the volume of water absorbed per 
100 volumes of sample, and the volume method gives the per
centage increase in volume of the sample.

M a g n esia  S to ck s
There is a contraction in total volume during absorption 

of water by stocks containing magnesia. This contraction 
varies with the amount of magnesia used but is independent 
of the zinc oxide content. It is apparently due to hydration 
of magnesia.

The amount of magnesia hydrated can be calculated from, 
the change in weight in water of a specimen after immersion 
in water as follows:

G ram  M ol.
M ol. W t. Sp. Gr. V ol., M l.

M gO  4 0 .3 2  3 .2 0  1 2 .6 0
HjO  1 3 .0 2  1 .0 0  1 8 .0 2
M gO  +  H jO  ‘ . . .  . .  3 0 .6 2
M g(O H )i 5 8 .3 4  2 .3 6  2 4 .7 2

C ontraction  per gram  m ole 5 .9 0

40.32
5.90

Wt. MgO hydrated = (d — b) X
Parts MgO hydrated per 100 parts neoprene (AT) =

(d — b) X  40,32 x  stoc^ formuIa 'vt- with 100 neoprene
5.90 a
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The results obtained 
with fo u r  d if fe r e n t  
stocks are sh o w n  in  
Table I. M ost of the 
hydration occurs dur
ing the first 24 hours; 
i t  in c r e a se s  o n ly  
slightly as the immer
sion is continued for 
420 hours, even though 
the water a b so r p tio n  
continues to increase 
substantially as shown 
by the values in the 
W  and V columns of 
Table I. The average 
amount of m a g n e s ia  
h y d r a te d  is  68 per 
c e n t  o f th e  t o t a l  
a m o u n t w h ich  w as  
su p p o s e d ly  a d d e d . 
The magnesia actually 
used had been on hand 
for  som e t im e . I t  
analyzed as follows:

MgO
M g(0H )i
MgCOa

61%
35

4

Since the determina
tions of both the de
gree of hydration and 
the composition of the 
m a g n e s ia  involve in
direct c a lc u la t io n s ,  
these results are in as 
good  a g r e e m e n t as 
might b e e x p e c te d .  
Leaching c a n n o t  a c 
c o u n t for the differ
ence, since water in 
w h ich  sa m p le s  had  
been exposed at 100 ° C. 
contained only traces 
of m a g n e s iu m  and  
zinc.

S im ila r  determina
tions with three stocks 
which did not contain 
magnesia, as given in 
Table II, did not show 
this change in weight 
in water even after an 
appreciable amount of 
w a te r  had  b een  ab
sorbed.

T h e h y d r a tio n  of 
magnesia can account 
for only a small part 
of the water a b so r p 
tion, and th e  r e s u lt  
with sample 7 shows 
t h a t  th e  replacement 
of magnesia by mag
nesium hydroxide does 
not improve the water 
resistance. S in c e  i t  
se e m e d  possible that 
some of this high ab
s o r p t io n  m ig h t  be

T he co n tr a c tio n  in  to ta l v o lu m e  d u r in g  
ab so rp tio n  o f w ater by n eo p ren e c o m 
p o u n d s co n ta in in g  m a g n es ia  is  a ttr ib 
u ted  to  h y d ra tio n  o f th e  m a g n esia . 
N eopren e co m p o u n d s w ith  a  w a ter  re 
s is ta n ce  exceed in g  th a t  o f sm o k ed  sh e e t  
rubber co m p o u n d s m a y  be o b ta in ed  by  
co m p o u n d in g  w ith  lith a rg e  an d  su c h  
a d d itio n a l a ctiv a to rs as z in c  su lfid e  an d  
ca tech o l. R o sin  im p roves th e  w a ter  re 
s is ta n c e  o f n eop ren e co m p o u n d s  a t  e le 
va ted  tem p era tu res . S u lfu r  d ecreases  
th e  w ater re s is ta n ce  o f m a g n e s ia -z in c  
oxide an d  lith a rg e-n eo p ren e  co m p o u n d s  
in  p rop ortion  to  th e  a m o u n t u sed . T h e  
in flu en ce  o f te m p era tu re  on  th e  w a ter  a b 
so rp tio n  o f b o th  m a g n e s ia -z in c  oxide  
an d  lith a rg e  co m p o u n d s  h a s b een  d e te r 
m in ed .

due to small amounts of magnesium chloride formed during 
cure, silver abietate and silver stearate where included in a 
series of compounds to convert the soluble chloride into 
insoluble silver chloride. These stocks failed to show any 
improvement over the controls.

T a b l e  II. A b so r p t io n  of W a t e r  b y  N e o p r e n e  w ith o u t  
M a g n e sia

F orm ula N o.

N eop ren e T y p e  E
PbO
ZnO
M g(0H )j

H ours in 
W ater at 
100° C.

0 
24 
48  

120 
185

48

100
20

6°
100
20
10

70

100

5
10

4 .5 0 7  

4.’ 762

d
1 . 4 2 7  

1 . 4 2 5

4 .6 2 8  

4 .‘ 8 6 6

d
1 .6 4 3

1 .6 4 2

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

1 .251
1 .2 5 8
1 .2 5 5
1 .2 5 5
1 .2 5 8

% V olu m e A bsorption  
8 .2  8.1 20.6

® Press-cured 30 m inutes a t  153° C .

L ith a rg e  G u m  S to ck s

Previous work (S, 5) showed that a litharge compound 
(Eagle-Picher sublimed litharge) containing zinc oxide, rosin, 
and sulfur had high water resistance. A disadvantage of this 
combination is the instability of the uncured compound and 
the processing difficulty it presents. The stability may be 
improved if the sulfur is omitted, but its activating influence 
is lost and the zinc oxide does not activate a litharge compound 
in the absence of sulfur. Possible activators for use in a 
litharge compound have been evaluated in a gum stock, and 
the results are summarized in Table III. Litharge alone gives 
a fairly stable stock, and the cured slabs have good water 
resistance but low modulus and tensile strength. The addi
tion of magnesia raises the modulus but decreases the sta
bility in the absence of rosin and lowers the water resistance.
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N N O N

*h c o c o »o

s• 3
: & 

>>

t

CO O  O  C i Hticoio
¿ ¿ A ACÔ ^CO
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FIG URE I

WATER ABSORPTION OF CARBON BLACK STOCKS3 —
15 RU8BER 18 NEOPRENE +  P b O +  ZnO +  S
16 NEOPRENE+  P b O  19 NEOPRENE +  PbO +  ZnS
17 NEO PR EN E+ P b O  +  MqO +  S 2 0  NEOPRENE + PbO  + CATECHOL

o  6.

V) 5

4 0  50
DAYS A T 30°C .

Zinc oxide without sulfur in the presence of litharge has no 
significant effect on the stability or water absorption but 
actually retards the cure and lowers the modulus. Zinc 
sulfide is a mild activator in combination with litharge, al
though less effective than magnesia; it has little effect on 
the stability or water resistance. Catechol is effective in giv
ing a high-modulus gum stock with good water resistance 
but low tensile strength. In fact, the tighter cure obtained 
with catechol gives a litharge compound with improved water 
resistance. Although catechol itself is water soluble, the small 
amounts used probably exist in the cured compound as an 
insoluble lead salt.

L ith a rg e-C a rb o n  B la ck  S to ck s
A comparison of carbon-black-loaded neoprene, com

pounded with litharge and additional activating 
agents, with a practical water-resistant rubber com
pound showed that the neoprene compounds, except 
that containing magnesia, have superior water resist
ance at 30° and at 100° C. Since two soft carbon 
blacks (P-33 and Thermax) were used in the rubber 
stock, both were used in the same proportion in the 
neoprene to give the same volume loading. The 
compounds and test data are included in Table IV.

The water absorption values at room temperature 
and at 1 0 0 ° C., as calculated from the gain in weight, 
are plotted against time in Figures 1 and 2. In each 
case the water resistance of the loaded neoprene stock 
is appreciably better than that of the corresponding 
gum stock (Table III). The effect is greater than 
that which can be attributed to the dilution of the 
neoprene by carbon black. At both room tempera
ture and at 100° C. the water resistance of the stock 
containing zinc oxide and sulfur is slightly inferior to 
that containing only litharge as activator. The addi
tion of zinc sulfide has little effect, whereas the ad
dition of catechol actually improves the water resist
ance.

These conclusions regarding the influence of com
pounding ingredients on water absorption of the 0 .2 - 
cm. slabs were substantiated by measurements made 
with thinner slabs. The thinner th e  sa m p le , th e  
greater the apparent water absorption of any given 
compound, especially during the shorter periods of ex
posure. For example, the apparent volume per cent 
absorption of compound 16 during 48-hour immersion 
in water at 100° C. increased from 0.64 to 0.85 to 1.07 
as the thickness of the samples varied from 0.21 to 0.14

to 0.08 cm., respectively. The apparent ab
sorption of similar rubber samples (compound 
15) under identical conditions increased from
1.92 to 3.02 to 5.65 per cent.

The water resistance of neoprene com
pounded with a high amount of soft carbon 
black, with and without softening agents, 
was measured to determine the advantage in 
water resistance to be gained by high load
ing and the influence of the softening agents 
on the water absorption. The compounds
prepared and the test data obtained are given 
in Table V. The results show that, although 
the use of an increased amount of carbon 
black by itself increases the water resistance, 
the selection of the softening agent employed 
to produce a stable and processable stock 
may decrease the water resistance consider
ably. This is illustrated by compound 22 
in which cottonseed and mineral oils were 
used. An agent such as Barrett No. 10 oil 

gives a compound (23) with a plasticity and stability com
parable to those of the compound containing cottonseed
and mineral oils. During the first 24-hour immersion period
at 100° C., Barrett No. 10 oil volatilizes, and the net re
sult is an apparent shrinkage rather than a swelling. After 
the first 24-hour period compound 23 containing the Barrett 
No. 1 0  oil shows a definite swelling, due to water absorp
tion. Upon prolonged exposure, especially at elevated tem
peratures, the apparent water absorption of all the sam
ples is influenced by loss of material due either to leaching 
or volatilization.

E ffect o£ W ood R o sin
The effect of the addition of 5 parts of rosin per 100 parts 

of neoprene to both magnesia-zinc oxide and litharge stocks

FIGURE 2

W ATER ABSORPTION OF CARBON BLACK STOCKS

15 RUBBER 18 NEOPRENE + P b O +  ZnO + S

16 NEOPRENE + PbO  19 NEOPRENE + PbO + ZnS
17 NEOPRENE + PbO + M jO f S  2 0  NEO PRENE-t PbO 4-CATECHOL

DAYS AT IOO C.
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is shown by the data plotted in Figure 3. The 
addition of rosin makes no difference on the 
water resistance of neoprene at room tempera
ture, but it appreciably improves the resistance 
at elevated temperatures. The litharge stock 
containing rosin actually appears to be more 
resistant at 1 0 0 ° C. than at some intermediate 
temperatures.

Amounts of rosin greater than 5 parts per 
1 0 0  parts of neoprene do not improve the water 
resistance; 1 0  parts are no more effective than 
5 parts, but 20 parts of rosin decrease the water 
resistance.

E ffect o f S u lfu r

M. A. Youker of the du Pont Company ob
served that the water absorption of a magnesia- 
zinc oxide gum stock was increased from 16.1 to
26.7 per cent by increasing the sulfur content 
from 1 to 3 parts per 100 parts of neoprene. 
The influence of sulfur was less marked in the 
case of carbon black stocks. N . L. Catton of the 
du Pont Company investigated in more detail 
the influence of sulfur and observed not only 
this effect on the water resistance of magnesia-

T a b l e  V. E f f e c t  o f  S o f t e n i n g  A o e n t s  o n  L i t h a r g e - C a r b o n
B l a c k  S t o c k s

F orm ula N o.

N eop ren e T yp e  E  
F F  w ood rosin  
L itharge 
C arbon black  

(Therm ax) 
C otton seed  oil 
M ineral oil 
B arrett N o . 10 oil

21 2 2

1 0 0 1 0 0
5 5

2 0 2 0

150 150
5
5

A ged a t 5 0° C ., 
H r.

0
24
48
96

Cure at  
153° C., 

M in. 
10 
20 
40  
60

S tab ility , P la stic ity —R ecovery  N um bers

2 00-14
2 5 0 -4 0
285-61
352 -1 1 6

130-14
162-7
1 8 9 -27
2 3 8 -6 9

S tress-Strain  D a ta “

130 -5
173 -8
2 0 2 -3 0
2 7 0 -8 9

56( 800) 121(1725) 330  
83(1175) 121(1725) 180 
90(1275) 139(1975) 230  
90(1275) 134(1900) 210

28(400) 97(1375) 260
42 (600) 121(1725) 290  
4 0(575) 121(1725) 290  
42 (600) 125(1775) 250

37 (525 ) 114(1625) 300  
5 4(775) 121(1725) 260  
5 4 (775 ) 121(1725) 250  
5 3 (750) 121(1725) 240

D a y s of 
Im m ersion

Stress-Strain  D a ta  a fter Im m ersion  in  W ater a t  100° C.

A  1^4(2050) 190 6 5 (  925) 127(1800) 200  S 6(1225) 132(1875) 200
16 118(1675) 13o(1925) 130 93(1325)7  128(1825) 180 104(1425) 127(1800) 160
32 111(1575) 146(2075) 160 6 7 ( 950) 130(1850) 180 93(1325 ) 127(1800) 160

% Loss of M aterial a fter Im m ersion  in  W ater a t 100° C.
0 .6 7  . 4 . 8 4  3 . 3 4

A pp arent %  V olum e W ater A bsorp tion  (W eigh t M eth od )

D a y s 30° C. 10 0° c . 30° C. 10 0 ° c . 30° C.
2 0.14 0.34 0.39 1.87 0 . 0 04 0.23 0.60 0.52 2.47 0.028 0.29 0.75 0.64 2.77 0.0416 0.33 0.97 0.76 2.75 -0 .0 932 1.17 2.0051 o!¿8 0.98 1.26 1 .1 8 —Ó.*3571 0.72 0.6781 0.72 1 Ü —0.72

1 00° C .
- 3 . 7 6
- 3 . 4 0
- 3 . 2 5
- 3 . 1 1
- 2 . 3 2
- 2.20
- 2 . 5 3

“ T h e figures for each form ula represent stress a t  100%  e lon gation  in  kg. per sq . cm . (lb . 
j^eak1' »“ •). ten sile  stren g th  in  kg. per sq . era. (lb . per sq . in .) , and per cen t e lon ga tion  a t

shown in Figure 3. These results indicate that the hydration 
of magnesia occurs at room temperature as well as at elevated 
temperatures. They show clearly the superiority of the lith
arge stocks.

L itera tu re  C ited
(1) Bridgwater and Krisman, I n d .  E n q .  C h e m ., 25. 280 (1933)
(2) Clapson, Ibid., 29, 789 (1937).
(3) E. I. du Pont de Nemours and Co., Inc., Du Prene Manual, Aug.

1934.
(4) Ind ia  Rubber World, “Compounding Ingredients for Rubber,”

1936.
(5) Starkweather and Walker, I n d .  E n g .  C h e m ., 29, 872 (1937).

R e c e i v e d  Septem ber 23 , 1937. Presen ted  before th e D iv is ion  of R ubbei 
C hem istry  a t th e 94 th  M eetin g  of th e A m erican C hem ical S oc ie ty , R och ester  
N . Y Septem ber 6  to  1 0 , 1937. C ontrib ution  36 from  Jack son  L ab oratory  
±j. I. du  P o n t de N em ou rs and C om pan y , Inc .

C orrection

On page 968 of the September, 1937, issue of I n d u s t r i a l  a n  

E n g i n e e r i n g  C h e m i s t r y  an error occurs in the very importar 
definition of “Molecular Distillation.” The sentence whic 
begins on the fifth line of the section on “Apparatus and Methods 
should read: “The free path of the majority of the molecuh 
emerging is then greater than the distance between the surface 
and distillation occurs at the lowest possible temperatures. 
The word “less” was printed instead of “greater.”

K . C . D . H ic k m a n

zinc oxide stocks but an even greater effect with litharge- 
magnesia stocks. In a stock containing 20 parts litharge, 2 
magnesia, and 5 rosin, as the sulfur was varied from 0 ,1 ,3 ,5  
to 10 per cent the water absorption in 48 hours at 100° C. in
creased from 7.53 to 11.09, 43.0, 76.2, and 96.5 per cent, 
respectively. Here again the effect was less marked in a 
carbon black stock than in a gum stock.

This decrease in the water resistance in the presence of 
sulfur may be attributed to the formation of water-soluble 
products by reactions of the sulfur with neoprene. A greater 
activating influence of litharge as compared with magnesia 
and zinc oxide on these reactions would account for the greater 
impairment by sulfur of the water resistance of a litharge 
compound than of a magnesia-zinc oxide compound.

V a ria tio n s w ith  T em p era tu re

The water absorption for both magnesia-zinc oxide and 
litharge gum stocks at temperatures from 30° to 100° C. is

FIGURE 3

EFFECT OF TEMPERATURE OH WATER ABSORPTION 
»Y NEOPRENE FOR 48 HOUR PERIOD.

IOO NEOPRENE TYPE E, 10 MjO, 5 ZnO

WEI0HT METHOO VOLUME METHOD
O ROSIN A B
8 ROSIN C 0

IOO NEOPRENE TYPE E .2 0  PkO
O ROSIN E
9 ROSIN G
CURED 30 MIN. AT I83*C.



SO R B O SE  FR O M  SO R BITO L

P rod u ction  b y  S u b m erg ed  G row ths  

of Acetobacter suboxydans

P .  A. WELLS, J. J . STUBBS, L. B . LOCKWOOD, 
a n d  E. T. ROE

In d u str ia l Farm  P roducts R esearch  D ivision , 
B u reau  of C hem istry  and  S oils, W ashington , D. C.

RECENT interest in ¿-sorbose arises from its use in the 
chemical synthesis of vitamin C (¿-ascorbic acid), 
since it is the configuratively correct starting material 

for the preparation of this important substance. The suc
cessful commercial production of d-sorbitol from glucose in 
the past few years has provided a ready source of this essen
tial intermediate, but the biological conversion of d-sorbitol 
to ¿-sorbose, the only practical method available, has been 
somewhat difficult to accomplish. This difficulty is chiefly 
due to inherent disadvantages of the surface type of fermen
tation process which has been used in all previous studies on 
this problem.

Bertrand (2) in 1896 first reported the formation of ¿-sor
bose from d-sorbitol by the action of the sorbose bacterium, 
now identified with Acetobacter xylinum. The oxidation of 
d-sorbitol to ¿-sorbose by this and other species of Acetobac
ter was studied by Sazerac (10), Boeseken and Leefers (3), 
Kluyver and deLeeuw (6), Bernhauer and Gorlich (1), Maurer 
and Schiedt (7), Fulmer et al. (Jf), and others (12, 13).

The reaction involved is as follows:

CHjOH

h AoH 

h o A h  

h AoH 

h Ao h

A:

Action of 
Acetobacter 
suboxydans

ILOH

(2-Sorbitol

CH2OH

hAoh

hoAh

h Aoh

Ao
Ah 2o h

¿-Sorbose

In most of this previous work concentrations of sorbitol 
varying from 2  to 6  per cent were employed, and periods 
ranging from 3 to 40 days were required for completion of the 
fermentation. Fulmer and his associates (J)), however, 
showed that sorbitol, in concentrations up to 35 per cent, is 
rapidly oxidized to ¿-sorbose by surface cultures of Aceto
bacter suboxydans. The use of such high concentrations of 
sorbitol represents an improvement in the process because 
it  makes possible the handling of minimum volumes of solu
tion with attainment of high sorbose yields.

The application of a submerged type of fermentation to 
this process would offer numerous advantages for large-scale 
production. Studies made in this division (5) on the pro
duction of gluconic acid from glucose by submerged mold 
growths under increased air pressure have shown that such

S tu d ie s  on  th e  effect o f air flow , a g ita 
t io n , an d  air p ressu re on  th e  p ro d u c tio n  
o f /-so rb o se  from  c/-sorb ito l b y  su b m erged  
g ro w th s o f Acetobacter suboxydans  in  
rotary  d ru m  ferm en ters  h ave revealed  
c o n d it io n s  u n d er  w h ich  th is  con version  
can  b e rap id ly  an d  e ffic ien tly  carried  o u t.  
U n d er th e  b e s t c o n d it io n s  fo u n d , u s in g  
15 per c e n t  so rb ito l so lu t io n s , a  y ie ld  o f /- 
sorb ose in  excess o f 93 per c e n t , b ased  on  
th e  so rb ito l ava ilab le, w as o b ta in ed  in  24 
h o u rs from  th e  t im e  o f in o c u la t io n .  
S o rb ito l in  co n ce n tra tio n s  u p  to  20 per  
c e n t  w as sa tis fa c to r ily  fe rm en ted . A  
m e th o d  o f p rep a ra tio n  o f a h ig h ly  active  
in o c u lu m  su ita b le  for u se  in  la rg e-sca le  
op era tio n  o f th e  p rocess w as developed .

a method is greatly superior to the surface type of fermenta
tion for the same process. Subsequently (5) an apparatus 
suitable for industrial application of submerged mold fermen
tations was developed and applied to the production of glu
conic acid on both laboratory (15) and semiplant scale (H).

Because of the similar character of the reactions involved, 
it  seemed probable that the equipment and method used for 
the oxidation of glucose by molds could be applied to the 
bacterial oxidation of (¿-sorbitol. Studies were made, there
fore, of the application of the rotary fermenter equipment, 
previously employed for the gluconic acid process, to the

F i g u r e  1. E f f e c t  o f  A n t  P r e s s u r e  a n d  o f  R a t e  o f  
R o t a t io n  o f  F e r m e n t a t i o n  o f  S o r b it o l  t o  S o r b o s e  b y  

Acetobacter suboxydans
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sorbose fermentation. The present report deals with studies 
of large-scale inoculum preparation and the effect of certain 
important factors for the production of ¿-sorbose from ¿-sor
bitol by submerged growths of Acelobacter suboxydans.

P rocedure
The sorbitol sirup used in these experiments was a technical 

grade containing 75.7 per cent sorbitol, 2.3 per cent glucose, 0.6 
per cent sodium sulfate, and 21.4 per cent water. The fermen
tation solutions were prepared from this sirup by proper dilution 
with distilled water and the sole addition of Difco yeast extract 
in the amount of 5 grams per liter of solution. The sorbitol con
centrations were checked by refractometer readings. Except 
when stated otherwise, the sterilized culture solutions (3200 cc. of 
1 0  per cent sorbitol solution for each drum) were inoculated with 
2 0 0  cc. of a bacterial suspension prepared in the following manner: 
200 cc. of solution containing 10 per cent sorbitol and 0.5 per cent 
of Difco yeast extract were placed in a 500-cc. Jena-glass gas 
washing bottle (type 1 0 1 a) and, after sterilization and cooling, 
were inoculated from a tube culture of the organism grown on an 
agar slant which contained 5 per cent sorbitol. Sterile air, at 
about 2 0 0  cc. per minute, was passed through the culture for a 
period of 48 hours. The contents of one flask prepared in this 
manner was used for inoculating each drum. The experiments 
were all made at 30° C. The method of operation of the rotary 
fermenter was described elsewhere (6). The course of the fer
mentation was followed by removing samples at intervals for 
sorbose analysis. Copper reduction values were determined by

TO IN O C U LA TE  
1

8 0 0  CC. 10% SORBITOL,O.SS5 
DIFCO YEAST E X TR A C T SOLUTIO N 
A E R A T IO N  4 8  HOURS IN  B O T TLE

8 0 0  C C .TO  
IN O C U LA TE4

2 4 0 0  CC. N U T R IE N T  S O LU TIO N  
C O N T A IN IN G  S O R B IT O L .Y E A S T  

E X T R A C T , G LU C O S E ,A N D  C A LC IU M  
C A R B O N A T E  IN  D R U M  FERM ENTER 

L IM IT E D  A E R A TIO N  A N D  AG ITATIO N 
A T A TM O S P H E R IC  P R E SS U R E  FOR 

2 4  TO 4 8  HOURS

3 2 0 0  C C .S O R B IT O L  S O LU TIO N  
TO BE FE R M E N TE D  IN  O RUM  

F E R M E N T E R

S O R B O S E -Y IE L D S  IN  EXCESS 
OF 9055 IN  16 TO  3 2  H O URS

F ig u r e  3. D iagram  op L a r g e- 
S cale I n o c u lu m  P r e pa r a t io n  
M eth o d  fo r  P r o d u c in g  S orbose  

from  S orbitol

F ig u r e  2. E ffe c t  of A e r a t io n  o n  F e r m e n t a t io n  of 
S o r bitol  to  S or bo se  b v  Acetobader suboxydans

the method of Shaffer and Hartmann (11), and the sorbose 
content was calculated by means of a table of copper values pre
pared from analyses of pure sorbose by this method. Yields 
were calculated as the ratio of sorbose produced to sorbitol origi
nally present in the culture solution. The data recorded in Table 
I were corrected for the amount of sorbose added with the inocu
lum. Since some glucose was present in the sorbitol sirup, the 
“sorbose” content calculated from copper reduction values ob
tained at the beginning of the experiments and shown in the 
various figures is not exact. However, since practically the 
same quantity of glucose was available in all cases, the actual 
reducing sugar values, calculated as sorbose, were used in pre
paring the curves in the figures. The small amount of glucose 
present was rapidly oxidized to gluconic acid, as shown by alkali 
titration of the culture solution, so that, in the calculation of final 
yields, correction for this factor wTas unnecessary. Recovery of 
sorbose from the culture solutions was accomplished by concen
tration of the clarified liquors in a small copper vacuum still at 
40-45° C. The sorbose which crystallized readily from the con
centrated sirup was quite pure, and the recovery yield was slightly 
over 80 per cent, based on the sorbose present in the culture 
solution.

E ffect o f A g ita tio n  an d  P ressure
Previous work (15) showed that increased air pressure and 

a high degree of agitation and aeration were important factors 
for the rapid biological oxidation of glucose to gluconic acid. 
A similar study of the effect of air pressure and the degree of

agitation on the pro- 
d u c tio n  of sorbose 
from sorbitol was 
m ade and the re
sults are shown in 
Figure 1. Curve A 
shows the course of 
the fe r m e n ta t io n  
under favorable con
ditions of air flow, 
pressure, and agita
tion. T h e o x id a 
tion was completed 
in 16 hours. Curve 
B  shows the results 
obtained under a less 
favorablej'degree of 
a g ita t io n  m a in 
tained by a slower 
speed of rotation of 
the fermenter. In 
th is  case  approxi
m a te ly  2 2  h ou rs  
w ere required for 
complete fermenta
tion. The r e su lts  
show n in  cu rve C 
were obtained when 
the fermentation was conducted at atmospheric pressure. 
They demonstrate that a considerably longer period was re
quired for the oxidation under these conditions than for 
that required when the pressure was increased to 30 pounds 
per square inch (2 . 1 1  kg. per sq. cm.) gage pressure. The 
beneficial effect of a high degree of agitation and increased 
air pressure in shortening the time required for the fermen
tation corresponds, in general, to the same effect observed 
in studies on the production of gluconic acid by molds.

E ffect o f A ir F low
The results of a study of the effect of air flow on sorbose 

production from sorbitol by Acetobacter suboxydans are shown 
in Figure 2. Curves A, B, and C clearly show that an in
crease in the air flow through the fermenter from 600 to 1800 
cc. per minute (corresponding to a flow of 177 to 530 cc. per 
minute per liter of solution) had little effect in shortening the 
fermentation period. The results given in curve D show that 
with an air flow of 2 0 0  cc. per minute, over 25 hours were 
required for the process as compared to about 17 hours re
quired for air flows over 600 cc. per minute. These results, 
likewise, agree with previous studies of the effect of aeration 
on gluconic acid production.

E ffect o f S orb ito l C o n cen tra tio n
The production of sorbose by the organism grown on vari

ous concentrations of sorbitol was studied and the results are 
shown in Table I. The total sorbitol available (column 3) 
was the sum of the sorbitol originally weighed out plus that 
contained in the inoculum. It is evident that rapid oxida
tion to sorbose occurred in all cases except where a 30 per cent 
concentration was used. The poor result in this case was 
apparently due to the high osmotic pressure. It should be 
pointed out that the fermentation in which 19.8 per cent sor
bitol was used was practically completed in a period of 3 3  
hours but was not harvested until 1 2  hours later. Fulmer 
and his co-workers (4) found that surface cultures of Aceto
bacter suboxydans were able to oxidize sorbitol in concentra
tions up to 35 per cent, but the results obtained here for sub
merged growths of the organism indicate that a sorbitol con-
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T a b l e  I . E f f e c t  o f  C o n c e n t r a t io n  of  ¿ -S o r b it o l  o n  
P r o d u c tio n  o f  ¿-Sor b o se  b y  S u b m e r g e d  G r o w t h s o f  Aceto- 

bacter suboxydans
[Air flow , 1800 cc . per m in u te; r. p. m ., 13; gage pressure, 30 p oun d s per 

squ are in ch  (2 . 1 1  kg. per sq . cm .)]
S orb ito l F erm en ta tion T o ta l S orb ito l

C oncen tration P eriod A vailab le Sorbose Produced
% Hours Grams Grams % by weight
1 2 3 4 5

1 0 . 1 1 6 .5 332 307 9 2 .5
1 4 .5 24 453 423 9 3 .4
1 9 .8 4 5° 632 617 9 7 .6
3 0 .3 69 975 194 1 9 .9

a F e rm en ta tion  p ractica lly  com p leted  in  33 h ours.

centration of 2 0  per cent was most satisfactory for high prac
tical yields of sorbose.

L arge-S ca le  In o c u lu m  S tu d ie s
The preparation of inoculum in the Jena-glass gas washing 

bottles, previously described, was entirely satisfactory for 
the small-scale studies reported here, but, in anticipation of 
adapting the process to large-scale operation, studies were 
made to develop a* -suitable method for preparation of large 
quantities of a highly active inoculum. Since the rotary fer- 
menters had previously (9) been used successfully in the prepa
ration of inoculum for the gluconic acid fermentation, they 
were employed as culture vessels in this study. The method 
employed, shown diagrammatically in Figure 3, was as follows:

The solutions used had the same composition as indicated 
previously except when otherwise noted. An 800-cc. portion of 
sterile nutrient solution contained in a 2-liter Pyrex glass bottle 
was inoculated with two tube cultures of the organism grown on 
agar slants containing 5 per cent sorbitol. Sterile air was passed 
through the culture by means of a Jena glass distribution tube 
(type 33C) at a rate of 800 cc. per minute for a period of 48 hours. 
This suspension was used to inoculate 2400 cc. of sorbitol solution, 
thus giving a total volume of 3200 cc. which was then introduced 
into the drum fermenter operated in the usual manner. Analy
ses for sorbose were made at frequent intervals. It was desired 
that the bacterial suspension thus produced in the fermenter 
could, in turn, be used for inoculating purposes in the proportion 
of 1 part to 32 parts of solution to be fermented because of the 
limited capacity of equipment available for this purpose in con
nection with the large-scale experimental work. The fermenta
tive activity of the suspension was tested by aseptically removing 
1 0 0 -cc. and 2 0 0 -cc. samples at intervals and using them to inocu
late the solutions to be fermented, in each case 3200 cc. of 10 per 
cent sorbitol solution.

The results obtained by this procedure are shown in curve 
R, Figure 4, and in curves A, B, and C, Figure 5. In explana
tion of these results, curve R, Figure 4 shows the increase in

10

9

8

7

6

/
7 y/
/ y/ / y

4

1

IN O C U LU M  R 
A IR  FLOW  1800 CC. PER M IN . 

G AG E PRESSURE 3 0  LBS. 
R .P .M . 13 

IN O C U LU M  S 
A IR  FLOW  2 0 0  C C  PER M IN . 
GAGE PRESSURE 0 LB S . 

R .P .M . 6 
GLUCO SE 3 2  G M S. 
C a C 0 3 10 G M S.

1

n
12 l< 2 0  2 4  2 8  3 2  3 6  4 0  4 4  4 8

AGE IN  HOURS

F ig u r e  4 . S o r b o se  F orm ation  d u r in g  I n o c u lu m  
P r e pa r a t io n  b y  Two D if f e r e n t  M eth o d s

sorbose concentration in the inoculum prepared in the drum 
fermenter. Since, in this case, the conditions of air flow, 
pressure, and agitation were the same as those found to be 
most favorable for the fermentation, the sorbitol was oxidized 
completely to sorbose in 13 hours. Samples of this inoculum, 
which for convenience is designated as inoculum R, were re
moved after intervals of 9 and 13 hours for testing its ac
tivity; curves A, B, and C, Figure 5, show the results obtained 
in the production of sorbose using inoculum R. It is evident 
that the oxidations were not uniform, and the pronounced 
decrease in activity at 13 hours as compared to that at 9 
hours indicated that such an inoculum would be far from 
satisfactory for practical purposes.

AGE IN  H O URS

F ig u r e  5. E ff e c t  o f  A ge a n d  D if f e r e n t  Q u a n t it ie s  
o f  I n o c u lu m  o n  S or bo se  F e r m e n t a t io n

G age pressure, 30 poun d s; r. p . m ., 13; air flow , 1800 cc . per m in u te

It was thought that the addition of a more readily avail
able carbon source to the nutrient solution used for prepara
tion of the inoculum would provide conditions for a more 
rapid and suitable growth of the organism. Experiments 
(not shown) were made in which 1  per cent of glucose was 
added to this nutrient solution. The formation of free glu
conic acid from the glucose in this solution caused a complete 
cessation of sorbose formation. However, after addition of 
a slight excess of calcium carbonate to neutralize the acid 
produced, formation of sorbose was resumed, and samples of 
this inoculum tested for activity gave promising results.

The nutrient solution for preparation of the inoculum was, 
therefore, modified by the addition of glucose and a slight ex
cess of calcium carbonate above that required to neutralize 
the gluconic acid produced. The solution which finally 
proved satisfactory for inoculum preparation in the drum 
fermenter had the following composition per liter of solution: 
sorbitol, 100 grams; Difco yeast extract, 5; glucose, 10; 
and calcium carbonate, 3.1.

The results obtained using the above solution are shown 
in curve S, Figure 4. Conditions of air flow, pressure, and 
agitation were maintained which were less favorable for sor
bitol oxidation, in order to provide a longer growth period 
without exhaustion of the sorbitol supply.

The activity of inoculum S  was tested in the same manner 
as that described for inoculum R. The results are shown in 
Figure 5, curves D, E, F, and G. I t is evident that the in
oculum was uniformly active at both the 22- and 46-hour pe
riods. Moreover, it  possessed a high degree of activity, as 
shown by curves F  and G where 1  part of inoculum to 32 parts 
of solution fermented was used. The oxidation of the 10 per 
cent sorbitol solutions to sorbose was completed in about 18 
hours in all cases.



1388 INDUSTRIAL AND ENGINEERING CHEMISTRY VOL. 29, NO. 12

C o n clu sio n s
The results of studies on the effect of air flow, air pressure, 

and the degree of agitation on the production of sorbose from 
sorbitol by submerged growths of Acetobacter suboxydans show 
that these factors are of great importance in determining the 
duration of the fermentation period. The combined effect 
of the proper adjustment of these factors is emphasized by the 
results shown in Figure 4, curves R  and S. Highly aerobic 
conditions are most satisfactory for the rapid conversion of 
sorbitol to sorbose.

The use of 20 per cent sorbitol solutions in the submerged 
growth process provides a commercially feasible method for 
sorbose production.

The method developed for the large-scale preparation of a 
highly active inoculum overcomes one of the chief obstacles 
encountered in the industrial application of such a process. 
Translation of the small-scale results to semiplant scale op
eration is planned for the near future.

A ck n o w led g m en t
The culture of Acetobacter suboxydans used in this work 

was kindly furnished by W. H. Peterson of the University of 
Wisconsin, and the sorbitol sirup by the Atlas Powder 
Company.
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CHERUBS IN THE ALCHEMIST’S WORKSHOP

Again we return to that reliable 
old standby of the collector of al
chemical prints, the younger and 
more famous of the two David 
Teniers.

The original of No. 84 in the 
Berolzheimer Series of Alchemical 
and Historical Reproductions is in 
the Staedelsches Kunst-Institut in 
Frankfort-on-Main, Germany.

The paintçr, in a lighter vein 
than usual, has here portrayed the 
beneficent cherubs furthering the 
work of the absent alchemist, who, on 
his return to work, will no doubt find 
a goodly amount of gold in his 
crucible after a forced cessation of 
work because of “lack of funds.” 

Please note thepaucityof equip
ment and apparatus needed by the 
cherubs to bring about the trans
mutation.

A d eta iled  li s t  of R ep rod uction s N os. 1 
to  60 appeared in  our issue of January, 
1936, p age 129, and th e  lis t  of N o s. 61 
to  72 appeared in  Jan uary, 1937, page  
74, w here a lso  w ill b e fou nd  R ep rod uc
tion  N o . 73 . R ep rod uction  N o . 74  
appears on  p age 166, February issue , 
N o. 75  on  p age 345 , M arch  issue , N o. 
76 on  page 459, A pril issue , N o . 77 on  
page, 554, M ay  issue , N o . 78  on  page  
710 , Ju ne issue , N o . 79 on p age 776, 
Ju ly  issu e , N o . 80 on  p age 945 , A ugust  
issue , N o . 81 on  p a g e  1039, Sep
tem ber issu e , N o . 82 on  p age 1134, 
O ctober issue, an d  N o . 83 on p age 1276, 
N ovem b er issue .

B y D avid  T en iers, th e  Y o u n g er



R ecovery  of M ercaptans from  
C racked N aphtha F ractions

R. W. CRARY a n d  M . M . HOLM  
Standard Oil C om pany of C alifornia, R ichm on d , C alif.

S EVERAL articles have described caustic scrubbing 
of naphthas to remove mercaptans. Birch and Nor
ris (1) presented an analysis of the sodium mercaptide 

solution resulting from caustic treatment of the first 36 per 
c e n t  f r a c t i o n  distilled from a 
Persian crude, and interpreted the 
results in terms of relative strengths 
of individual mercaptans found.
Borgstrom, Dietz, and Reid (2) ex
perimented with fourteen known 
mercaptans varying in composition 
from n-propyl to sec-nonyl. Several 
different naphthas were used as 
solvent, and the extractions were 
made with c a u s t i c  v a r y i n g  in 
strength from 0.76 to 6.06 normal.
Meyer (11) discussed the chemical 
theory of mercaptan scrubbing and 
presented experimental confirma
tion of his concepts. Happel and 
Robertson (6) extracted an 83- 
338° F. cracked naphtha from 
Luling crude with half its volume of 
1.25 normal caustic and determined 
mercaptan sulfur in narrow cuts of 
the naphtha before and after such 
treatment. The data o b t a i n e d  
were applied to the operation of a 
commercial countercurrent scrub
bing system.

Regeneration o f  m e r c a p t i d e -  
containing caustic solutions by boiling or steam stripping has 
been described in general terms (1 ,10 ,11).  No quantitative 
data on the equilibrium relations involved seem to have been 
reported. .

Data on the following specific problems were obtained 
here:

1 . Removal of methyl mercaptan from the butene-butane 
fraction of cracked naphtha by countercurrent extraction with 
caustic.

2. Removal of ethyl mercaptan from the pentene-pentane 
fraction by the same method.

3. Regeneration of the foul caustic solutions by steam strip
ping.

The purpose of this paper is to report the experimental re
sults and to discuss their meaning in terms of conventional 
absorption and stripping diagrams.

M a ter ia ls

The butene-butane used was obtained by fractionation of 
the reflux liquid available in commercial stabilization of 
Dubbs cracked naphtha. The 0.40 per cent by weight of 
mercaptan sulfur present in the crude cut was removed by
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treatment with a large excess of caustic. The treated prod
uct analyzed 1.4 per cent by weight of propylene, 4.0 per cent 
propane, 14.5 per cent isobutene, 34.4 per cent n-butene, and
45.7 per cent mixed butanes.

The pentene-pentane was ob
tained by direct fractionation of the 
stabilized naphtha. Mercaptans 
present in the crude cut were re
moved with excess caustic, and the 
final product was analyzed 9 8 +  
w'eight per cent of pentene-pentane 
cut, less than 1  weight per cent of 
butane fraction, and less than 1  
weight per cent of hexane fraction. 
Bromine number (6) was 0.72 gram 
per gram, corresponding to 48 per 
cent olefins and 52 per cent paraf
fins.

Methyl and ethyl mercaptans 
were obtained from the Eastman 
Kodak Company. In most of the 
tests they were used without further 
purification. Boiling points and 
molecular weights were c h e c k e d  
roughly to eliminate any chance 
of gross error.

Caustic used was Baker’s c. p. 
grade, analyzing 0 . 8  per cent sodium 
carbonate. Solutions were made 
up on a total alkalinity basis—in 
other words, assuming that 1  mole 

of sodium carbonate was equivalent to 2  moles of sodium hy
droxide with respect to mercaptan absorption.

P roced ure

Bulk supplies of caustic containing the various desired con
centrations of methyl and ethyl mercaptans were prepared. 
For consistency the solutions used in the absorption tests were 
identical with those used in making the stripping measure
ments.

Distribution of methyl mercaptan betw'een butane and caustic 
was determined with the aid of a one-quart steel bomb. The 
bomb was charged with about 2 0 0  cc. of sodium mercaptide 
solution and 2 0 0  cc. of butene-butane and shaken for 1 0  minutes; 
the lower caustic layer was discharged, the bomb was weighed, 
the butane layer was discharged into a vessel containing several 
times its volume of mercaptan-free petroleum ether, the bomb 
was again weighed, and finally the petroleum ether solution was 
analyzed for mercaptan. In the case of ethyl mercaptan and 
pentane, the equilibrium between hydrocarbon and caustic layers 
was effected in an ordinary separatory funnel, and the upper 
pentane layer was titrated for mercaptan direct. Temperatures 
were 70° and 75° F. in the cases of methyl and ethyl mercaptans, 
respectively. Mercaptan concentrations in caustic were de
termined by iodimetry (9). Mercaptan concentrations in hydro
carbon were determined by titration with silver nitrate (3 ).

E q u i l ib r i u m  d a t a  a r e  
p resen ted  for a b so rp tio n  in  
ca u stic  o f m e th y l an d  e th y l  
m erca p ta n s  from  th e  corre
sp o n d in g  cracked  n a p h th a  
fra ctio n s. S im ila r  d a ta  are 
given  for rem oval o f th e  sa m e  
m e rca p ta n s  from  ca u stic  
so lu t io n  by s te a m  str ip p in g . 
T h e d a ta  are correlated  by  
m e a n s  o f eq u a tio n s  derived  
from  th e  eq u ilib r iu m  c o n 
s ta n t  for th e  n eu tra liza tio n  
rea ctio n . A p p lica tio n  of th e  
d a ta  to  th e  d esig n  o f c o m 
m ercia l e q u ip m e n t is  d is 
cu ssed .
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The stripping measurements were made by the flow method in 
all cases where the total pressure of mercaptan and water was 
below atmospheric. The sodium mercaptide solutions were 
charged to a series of four glass bubblers, about 50 cc. to each 
vessel. Connections between bubblers were all glass, and the 
whole unit was immersed in a water bath heated to the desired 
temperature. A measured volume of dry nitrogen was passed 
through the series, and the exit gas was scrubbed in a weighed 
absorption train containing caustic solution and solid calcium 
chloride. The relation between volume of nitrogen passed and 
volume of solution tested was such that the change in mercaptan 
concentration of solution was negligible; further assurance on 
this point was the separation of the four bubblers and practical 
establishment of equilibrium in the first unit. Actual proof that 
equilibrium was established between liquid and gas was obtained 
by testing pure liquids of known vapor pressure.

The total increase in weight in the absorption train represented 
mercaptan plus water. Mercaptan was determined by titration 
with iodine, and water was determined by difference. The 
principal source of error in these measurements was the tem
perature, no attempt being made to hold closer than 1° F. to the 
value reported. The point of particular interest, however, was 
the ratio of mercaptan to water vapor pressure; therefore minor 
errors in temperature measurement should cause only a negligible 
error in the final interpretation of results.

In the single instance where the total pressure was above at
mospheric, the stripping vapor pressures were measured by the 
static method, the sodium mercaptide solution being charged to 
a steel bomb which was then immersed in an oil bath heated to 
the desired temperature. As the temperature within the bomb 
increased, the air -was released and finally only mercaptan and 
water vapor remained. When thermal equilibrium was well 
established, as evidenced by a pressure gage, a sample of the va
pors was absorbed in a weighed caustic-calcium chloride train 
and analyzed as above. The sample release valve was immersed 
in the hot oil bath, thus avoiding any chance of refluxing during 
sampling.

D eriv a tio n  o f E q u ilib r iu m  E q u a tio n s

Equilibrium concentrations of methyl or ethyl mercaptan, 
whether between caustic solution and steam or between caus
tic solution and naphtha, may be calculated from the equi
librium constant for the following reaction:

NaOH +  RSH =  RSNa +  H20

or, written in ionic form,

(OH)- +  RSH = (RS)~ +  IIjO

The equilibrium constant for this reaction may be written: 

[H2Q] [(RS)~]K [RSH] [(OH)-] (1)

The bracketed symbols represent molal concentrations of 
the various reactants.

The symbols used in the equations have the following 
meanings:

A« •=■ mercaptan sulfur per gal. of naphtha, lb.
X e *= mercaptan sulfur per gal. of caustic solution, lb.
Y  =  mercaptan sulfur per lb. steam, lb. 
a =  NaOH per gal. of sulfur-free caustic solution, lb.
P„ = vapor pressure of water over caustic solution, lb. per 

sq. in. abs.
Pr =  vapor pressure of pure mercaptan, lb. per sq. in. abs.
M =  av. mol. weight of naphtha 
d =  density of naphtha, lb. per gal.

S tr ip p in g  E q u ilib r iu m

From Equation 1:

[RSH] _  [(RS)-l

Using partial pressures as a measure of the concentrations 
of RSH and H 20 , and assuming Dalton’s law to hold for 
mixtures of steam and mercaptan vapor:

[RSH] _  187 
[HjO] 32

[(RS)-1 -  §

-  a  -  §
Substituting Equations 3, 4, and 5 in 2:

187
32

Xc
32

K  ( JL _
\4 0  3 2 )

Solving for 7  and simplifying:

18K  Va -  1.25 X J

(3)

(4)

(5)

(6) 

(7)

Equation 7 is the equation of the equilibrium curve for 
stripping mercaptan from caustic solution with steam.

A b so rp tio n  E q u ilib r iu m

Again using partial pressures as a measure of concentra
tions of RSH and H 20 , and assuming that mercaptan 
dissolved in naphtha follows Raoult’s law:

[RSH] PrX nM 
[HjO] = 32 dP„

Substituting Equations 8 , 4, and 5 in 2 :

(8)

P r X M
32 dPu

X e
32

K \40  32 J

Solving for X„ and simplifying:

40dP„ f  X c \  
n PrM K  \a  — 1.25 X c)

Let K' 40 dPy,
PrM K

x - -  * '  G r ^ & r a )

(9)

(1 0)

( 1 1 )

(12)

[HjO] X[(OH)- (2 )

Equation 1 2  is the equation of the equilibrium curve for 
absorbing mercaptan from naphtha with caustic solution. 
The relation between K  and K '  is given by Equation 11.

R e su lts

Experimental results of the absorption tests are presented 
in Table I. The values of a shown were calculated from 
data (7) on specific gravity of caustic solutions. Values of 
K '  were calculated from Equation 12. In Table II the arith
metic average of values of K '  for each mercaptan is shown. 
Corresponding values of K  were calculated from Equation 1 1 . 
Values of d and M  were calculated from the hydrocarbon 
analyses of the two naphthas. Values of P ,  and P„ were 
obtained from the Chemical Engineers’ Handbook (12) and 
the International Critical Tables (S), respectively.

Data on stripping equilibria are recorded in Table III. 
Values of K  were calculated from Equation 7. The numeri
cal value of the equilibrium constant, K ,  depended primarily 
upon the mercaptan considered, the strength of caustic used, 
and the temperature. Consequently, in Table III, w'hen 
several determinations were made with a given mercaptan, 
using the same strength caustic and a constant temperature, 
an arithmetic average K  has been computed.
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T a b l e  I . A b s o r p t io n  E q u il ib r ia  (12° B É. C a u s t ic  S o l u t io n )

M ercaptan

E th y l

M ercap
tan  S  in

N a p h th a  T em p . N a p h th a -V n Xe a K '
° F. Weight %

B u ten e-b u ta n e  70 0 .0 0 3 0 0 .0 0 0 1 5 0 . 1 1 0 0.73G 0 .0 0 0 8 9 6
0 .0 0 6 0 0 .0 0 0 3 0 0 .1 8 0 0 .7 3 6 0 .0 0 0 8 5 2
0 .0 1 4 8 0 .0 0 0 7 4 0 .3 2 0 0.73G 0 .0 0 0 7 7 7
0 .0 4 4 0 . 0 0 2 2 0 .4 5 1 0.73G 0 .0 0 0 8 3 9
0 .0 7 4 0 .0 0 3 7 0 .4 9 5 0 .7 3 6 0 .0 0 0 8 6 0

P en ten e -p en tan e 75 0 .0 1 0 5 0 .0 0 0 5 7 4 0 .0 8 8 0 .7 3 6 0 .0 0 4 0 9
0 .0 3 4 1 0 .0 0 1 8 0 0 .2 3 5 0 .7 3 6 0 .0 0 3 5 0
0 .0 7 6 0 0 .0 0 4 1 8 0 .3 5 2 0 .7 3 6 0 .0 0 3 5 2
0 .1 7 7 0 .0 0 9 0 7 0 .4 7 0 0 .7 3 6 0 .0 0 3 0 7

T a b l e  II. A v e r a g e  E q u i l i b r i u m  C o n s t a n t s  C a l c u l a t e d  f r o m  A b s o r p 
t i o n  E q u i l i b r i a  (1 2 °  B e . C a u s t i c  S o l u t i o n )

M ercap tan

M eth y l
E th y l

N a p h th a T em p . K ' (A v.)
o P'

B u ten e-b u tan e
P en ten e-p en tan e

70
75

0 .0 0 0 8 4 5
0 .0 0 3 5 4

4 .8 9
5 .2 9

K
Pr Pu, (A v .)

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

T a b l e  I I I .  St r ip p in g  E q u il ib r ia

M er W a K
cap tan C austic T em p . Xe M ercap tan ter Y a K (A v .)

° Bé. ° F. A im . Atm.
M eth y l 1 2 . 0 87 0 .1 5 8 0 .0 0 0 2 7 0 .0 4 2 0 . 0 1 1 0 .7 3 6 5 9 .2 5 9 .2

1 2 0 0 .1 5 8 0 .0 0 0 6 9 0 .1 0 6 0 . 0 1 2 0 .7 3 6 5 4 .3 5 4 .3
170 0 .1 5 8 0.003G 0 .3 4 5 0 .0 1 9 0 .7 3 6 3 4 .3 3 4 .3

2 5 .0 1 2 0 0 .1 7 5 0 .0 0 0 5 6 0 .1 1 3 0 .0 0 8 8 1 .8 9 2 6 .4 2 6 .4
2 0 0 0 .0 6 6 0 .0 0 1 1 6 0 .6 1 2 0 .0 0 3 4 1 .8 9 2 3 .8
2 0 0 0 .1 7 5 0 .0 0 4 6 0 .6 2 1 0 .0 1 3 1 .8 9 1 7 .9 1 9 .4
2 0 0 0 .3 8 0 0 . 0 1 2 0 0 .6 2 7 0 .0 3 4 1 .8 9 1 7 .6
289 0 .1 7 5 0 .0 2 2 5 2 .7 0 0 .0 1 5 1 .8 9 1 5 .5 1 5 .5

E th y l 1 2 . 0 90 0 .2 3 5 0 .0 0 1 3 6 0 .0 4 6 0 .0 5 3 0 .7 3 0 2 2 .3 2 2 .3
150 0 .2 3 5 0 .0 1 2 4 0 .2 3 0 .0 9 6 0 .7 3 6 1 2 .3 1 2 .3
190 0 .0 2 9 0 .0 0 1 8 0 .5 8 0 .0 0 5 5 0 .7 3 6 1 6 .7 ]
190 0 .0 5 9 0 .0 0 4 8 0 .6 0 0 .0 1 4 2 0 .7 3 6 1 3 .9
190 0 .1 1 7 0 .0 1 1 4 0 .6 1 0 .0 3 3 0 .7 3 6 1 3 .4 1 4 .1
190 0 .2 3 5 0 .0 3 6 0 .6 0 0 .1 0 6 0 .7 3 6 1 1 . 1
190 0 .4 1 1 0 .0 9 4 0 .6 2 0 .2 7 0 .7 3 6 1 5 .3

It is to be expected that over short ranges of temperature, 
when the natural logarithm of equilibrium constant K  is 
plotted against the reciprocal of the absolute temperature, a 
straight-line relation-will result. In Figure 1 the values of 
K  in Tables II and III were plotted in this way. The data 
show clearly that the relation between equilibrium constant

Xc. IB . MERCAPTAN SULFUR 
GAL. CAUSTIC

F ig u r e  2

where T

Curve B: log, K  =  730 +  0.

Curve C: log, K  ■= 1400 — 1.1400

abs. temperature, 0 K.

99

24

F ig u r e  1

and temperature is a function, not only of the mercaptan 
considered, but also of the strength of caustic used. The 
various points plotted correspond to averages of from one to 
five experimental determinations. In drawing the curves, 
more weight was given to points representing an average of 
several runs.

Equations of the three curves are as follows:

C u rv e  A  : log , K  =  698 Ö) -f- 1.70

In Figure 2  the calculated equilibrium curve and data for 
absorption of ethyl mercaptan from pentane-pentene in 
12° B€. caustic at 75° F. are presented. The curve was calcu
lated from Figure 1  and Equations 11 and 1 2 , using appropriate 
values of flj dy P Ty P 10 y and M  ( 8 ,1 2 ) .  Figure 2  also presents 
similar data for stripping ethyl mercaptan from 1 2  ° BA caustic 
at 190° F. In both cases the close agreement between the 
data and the calculated equilibrium curve indicates the validity 
of the algebraic form of equilibrium Equations 7 and 1 2 .

D esig n  o f E q u ip m en t
The graphical design methods used were described by 

Evans (4) and by Walker, Lewis, and McAdams (13). Let us 
assume that it is desired to design a caustic-treating system  
to reduce the mercaptan sulfur content of a liquid pentene- 
pentane cut from 0.23 to 0.006 weight per cent. Treating is 
carried out in a countercurrent, packed tower. Design is 
based on the following assumptions: (a) use of 12° Be. caustic 
and (b) a treating temperature of 75° F.

The design diagram for the present example is given in the 
upper part of Figure 3. The equilibrium line is calculated 
as described above. The operating line is fixed by the inlet 
and the outlet mercaptan concentrations. The stoichiometric
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of which have already been set in the absorber diagram of 
Figure 3—namely, the mercaptan sulfur in the caustic en
tering and leaving the stripper. Five theoretical plates have 
been assumed. The corresponding steam rate required is
4.7 pounds of steam per gallon of caustic, as obtained from 
the slope of the operating line.

Figure 3 represents one operable solution to the problem as 
stated—namely, to reduce the mercaptan sulfur content of a 
liquid pentene-pentane cut from 0.23 to 0.006 weight per 
cent. Assuming that the equipment has been built and that 
the number of theoretical plates available in the absorber and 
stripper is known, the caustic circulation rate and corre
sponding stripping steam requirements may be varied over 
fairly wide limits. The optimum values depend so largely on 
local costs that their determination is beyond the scope of 
this paper.

In the example given here the design methods have been 
applied to ethyl mercaptan. They are equally applicable to 
the removal of methyl mercaptan from butane-butene frac
tion. However, ethyl mercaptan is more difficult to remove 
from naphtha by caustic scrubbing, whereas methyl mercap
tan is more difficult to strip from the caustic. It may be 
desired to remove both methyl and ethyl mercaptan from a 
butane-pentane fraction. In this case, computation of simul
taneous scrubbing or stripping of both mercaptans is some
what laborious. It is suggested that for this case, absorber 
design be based on equilibrium for ethyl mercaptan, and 
stripper design on equilibrium for methyl mercaptan.

L itera tu re  C ited

units employed result in a straight operating line. In lo
cating the operating line, some judgment is required. In view 
of practical limitations on the height of the treating tower, it 
is probable that not over two or three theoretical plates should 
be used. In Figure 3 two theoretical plates have been assumed. 
The slope of the operating line gives the required caustic 
circulation rate— 0.052 gallon per gallon of naphtha.

MERCAPTAN ABSORBER 
DESIGN DIAGRAM

2 THEORETICAL PLATES 
CAUSTIC RATE -0.052 G AL/G Al. 
NAPHTHA 
TEMP. -  75'F

(1) Birch and Norris, J . Chem. Soc., 127, 898 (1925).
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(4) Evans, I n d .  E n q .  C h e m ., 26, 860 (1934).
(5) Francis, Ibid., 18, 821 (1926).
(6) Happel and Robertson, Ibid., 27, 941 (1935).
(7) Hodgman, Handbook of Chemistry and Physics, 10th ed.,
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(8) International Critical Tables, Vol. I l l ,  p. 370, New York,

McGraw-Hill Book Co., 1928.
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Stripping of the mercaptan from the caustic is carried out 
in a conventional bubble tray column. The stripper design 
diagram is presented in the lower part of Figure 3. Design 
is based on the following assumptions: (a) use of 12° Be. 
caustic and (6 ) operation at 190° F. The operating line is 
again fixed by the terminal mercaptan concentrations, two

DESIGN
5 THEORETICAL PLATES
STEAM RATE -  4.7 LB/G AL. CAUSTIC

TEMP -  I90*F.



Oxidation of Unbodied L inseed  Oil
Antioxidant Influence of 

Phenol-Form aldehyde R esins on Unbodied 

Linseed Oil in the Presence of D riers

THE phenomenon known as dry
ing of certain u n s a t u r a t e d  
polymerizable oils has been long 

known. Many factors govern this drying, and many sub
stances when mixed with oil accelerate or retard it. Many 
theories have been proposed in an effort to explain this behavior.

It is generally recognized that oxidation and polymeriza
tion are the principal factors involved in the process. The 
oxidation is believed to be confined to addition of oxygen to 
unsaturated carbon atoms of those acids whose esters com
prise the major part of a drying oil. The gain in weight fol
lowing such addition of oxygen provides an approximate 
criterion of the rate of oxidation, despite the fact that vola
tile products are evolved during the drying process, especially 
at the end of it.

Moureu and Dufraisse (5) proposed a theory relative to 
inhibition of autoxidation processes in general, which has 
been helpful in planning this study and which has indicated 
some of the procedures followed. This theory holds that 
antioxidants are themselves oxidizable substances with the 
antioxygenic property localized in 
the oxidizable part of the molecule.
Prominent among the antioxidants 
of Moureu and D u f r a i s s e  are  
phenols, which are used in the pro
duction of many synthetic resins.
Several investigators (4 ,9 ,10)  have 
shown that phenolic compounds 
inhibit the oxidation of linseed oil 
during the induction period. Other 
investigators (I, 8) have inferred 
the presence of free phenols in syn
thetic resins. Careful tests of the 
samples used in this investigation, 
using diazotized p-nitroaniline as 
well as ferric chloride, showed the 
absence of any considerable amounts 
of u n r e a c t e d  simple phenol left 
there from the manufacturing proc
ess. In one instance a somewhat 
complex phenol was detected and 
removed.

Synthetic resins have been used 
in the manufacture of varnishes 
for some time. Such varnishes 
have dried satisfactorily, although 
the effect of the resins on such dry
ing has varied. This behavior must 
not be confused with the results 
reported for this study. The oil 
used in the manufacture of these 
varnishes was heat-bodied to begin 
with, became heat-bodied during 
the process, or else was tung oil 
which has a conjugated system of

double bonds particularly susceptible 
to polymerization. This study was 
limited to unbodied oil, and the results 

attained should not be compared to those where bodied oils 
were used.

M eth o d
After a study of the limitations of such methods as ultimate 

analysis, volumetric measurement of oxygen absorption, and 
blowing with conditioned air, the simple gain-in-weight 
method was chosen.

This method gave only the apparent rate of oxygen absorp
tion, but in a study such as this one where conclusions were 
to be drawn from a comparison of data collected under iden
tical experimental conditions, it was considered adequate. 
It 'had the further advantage of rapidity, making possible 
many readings in the time available.

The resin-oil solutions were prepared in concentrations cal
culated as per cent by weight. Each constituent was weighed 
to 0.5 mg. on an analytical balance; for each gram of oil in the 

solutions, 0.0427 gram of naphthenate 
drier was included, the metal content 
of which is given in the section headed 
“Materials.” The m i x t u r e  w a s  
heated to 150° C. for 5 minutes to 
ensure complete dispersion, sealed in 
vials, and stored in a dark cabinet 2 
days before use. The mixture so pre
pared was then spread on slightly 
etched, tared glass plates so that an 
area of approximately 95 sq. cm. was 
exposed. These plates were weighed 
immediately and at timed intervals 
t h e r e a f t e r ;  t h e  intervals were 
governed by the rapidity of drying. 
The initial weights of the films so pre
pared varied from 0.1000 to 0.2580 
gram, depending on the thickness of 
the film which, in turn, was governed 
by the viscosity of the original solu
tion. No attempt was made to govern 
the thickness of the films, except to 
keep it within the limits prescribed by 
Wise and Duncan (11) who showed 
that reasonable variation did not ap
preciably affect the rate of oxidation. 
The present writers’ experience in 
securing checks with films of the same 
resin mixture but varying in weight, 
and therefore thickness, confirmed 
the finding of these investigators.

Since temperature (6,10), humidity 
(7), and light (3) all influence the 
drying of oils, it was necessary to carry 
out the experiments under conditions 
such that these factors were as nearly 
constant as possible. During the day 
the films were exposed to diffused 
light, and the temperature variation 
for the test periods was held within 
2° C. limits. The h u m i d i t y  was 
much more difficult to  control, but it 
was found that data collected when 
the humidity varied from 50 to 60

C. C. VERNON a n d  W. W. RINNE  
U niversity  o f L ouisville, L ouisville, Ky.

T h is in v e stig a tio n , u s in g  
co m m erc ia l m a t e r i a l s ,  
sh ow ed  th a t  th e  six  p h en o lic  
resin s  te s te d  in creased  th e  
in d u c tio n  period  in  th e  oxy
g en  ab so rp tio n  o f u n b o d ied  
lin seed  o il in  th e  p resen ce of 
driers, in  d irect p rop ortion  
to  th e  a m o u n t  o f resin  
p resen t. T he b e h a v io r  of 
th e  o il a fter  th e  in d u c tio n  
period  w as a p p a ren tly  u n 
affected , s in c e  i t  ev en tu a lly  
dried  co m p le te ly . M ixtu res  
of sy n th e t ic  resin s w ith  ester  
g u m  h a d  th e  sa m e  effect as  
th e  p ure resin s, b u t to  a less  
degree s in ce  th e  p rop ortion  
of resin  w as less. T rea tm en t  
of tw o  o f th e  th ree  resin s  
t h a t  s h o w e d  t h e  m o st  
m arked  a n tio x id a n t effect 
w ith  an  ox id iz in g  a g en t r e 
su lte d  in  a  d im in u tio n  of  
th is  effect.
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agreed within the limits of experimental error. Most of the data 
were collected at an average of 55.

Weighings were made over a period of 180 hours, the intervals 
being longer after 60 hours. The most satisfactory agreements 
were secured during the first 15 hours, after which time uncon
trollable factors caused some variation.

M ateria ls
The resins investigated met the usual industrial specifica

tions and contained the amount of phenolic resin indicated 
in the following table. The diluent for those resins speci
fied as less than 100 per cent phenolic was ester gum. The 
numbers given provide the key for reference in the discussion:

R esin  A pprox. P h e - A pprox. P h e-
N o . n o lic  R esin  T est for R esin  no lic  R esin  C on- T est for

C on ten t, % F ree P h en ol N o . ten t, % F ree P h en ol
1 100 -  4 45 +
2 100 -  5 20 -
3 100 -  6  14 -

The alkali-refined linseed oil used had the following values:
Iod in e N o ., W ijs m eth od  
A cid  N o .
S apon ifica tion  va lu e  
S pecific g ra v ity

1 8 5 .3
0 .6 5

1 9 3 .2 0
0 .9 3 1

The metal content of the naphthenate drier used was 0.30 
per cent cobalt, 0.30 per cent manganese, and 4.60 per cent 
lead; the specific gravity of the drier was 0.855.

C o n sid era tio n  of Curves
The curves presented represent the percentage gain in 

weight of the oil in the resin-oil mixtures, not that of the 
entire mixture. It was shown in preliminary studies that 
thin films of the resin, spread from ether suspensions or solu
tions, did not gain in weight when exposed to air under the 
experimental conditions which prevailed during this study. 
The amount of oil present in any given sample was easily 
determined from the original weight of the film and the per
centage composition of the solution. The “raw” data were 
all recalculated by the use of an appropriate conversion fac
tor so that the new data showed the percentage gain in weight 
of the oil.

The conclusions were drawn by comparing the curves for 
the resin-oil mixtures with curves for linseed oil without 
resin; both curves were from data collected under identical 
experimental conditions. This method had the advantage 
that the inherent defects of the gain-in-weight method were 
eliminated.

Each of these curves represents data collected in several 
runs under similar conditions and agreeing within the usual 
experimental limits. In addition to curves representing 
the resin-oil mixtures is the curve showing the behavior of 
linseed oil (Figure 2 , 1) and a curve (Figure 5 , 1) showing the 
behavior of ester gum, the diluent for resins 4, 5, and 6 . The 
data for these curves were collected under the experimental 
conditions prevailing during this study and the curves have 
been included for comparison with the resin-oil curves.

The curves for the 100 per cent phenolic resins (Figures 1, 
2, and 3) show that each of these had antioxidant influence, 
in direct proportion to the amount of resin present. This 
effect was confined for the most part to the induction period.

There was a loss in weight after the initial weighing in 
the higher concentrations of resin 1  and in all concentrations 
of resin 3. This portion of the curves was checked many 
times in an effort to determine the cause. It was found 
that heating the weighed sample of resin to incipient fusion 
under a vacuum before incorporation in the linseed oil re
sulted in the elimination of this behavior, without affecting 
the rest of the curve. Boiling weighed samples of resin in 
water, drying, and incorporating with oil had precisely the 
same effect. Naturally, there was a loss in weight of resin 
by both of these treatments. Some volatile water-soluble

■to JO so 
TIME-HOURS

substance was eliminated by these treatments, but it could 
not be identified with certainty, although occluded or ad
sorbed formaldehyde was suspected. Elm (£) noted a simi
lar initial loss of weight in the drying of trilinolenic glyceride, 
which of course was not due to formaldehyde.

In order to test the applicability of Moureu and Dufraisse’s 
theory to the work in hand, 4.0 grams of resins 1 and 3 were 
oxidized for one hour with 60 cc. of 30 per cent hydrogen 
perQxide. After thorough washing and drying, these sam
ples were spread and weighed in the usual manner. Although 
the antioxygenic properties were not completely eliminated 
(Figure 1 , 1, and Figure 3 , 1), they were sufficiently decreased 
to substantiate the theory.

This same antioxidant effect was noted when commercial 
resins made up of mixtures of phenolic resins and ester gum 
were tested (Figures 4, 5, and 6 ). Ester gum itself was 
found slightly oxidizable, gaining 1 . 7  per cent in weight after
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120 hours when spread as a film from an ether solution.- It 
did not, however, show antioxidant properties when incor
porated in linseed oil and treated in the usual manner (Figure 
5, I). The synthetic resins did not gain in weight when 
treated in the same manner as the ester gum.

The amount of synthetic resin actually present in these 
solutions was less than the percentage given for the curves 
in the figures. Thus a 30 per cent solution of a 20 per cent 
phenolic resin-ester gum mixture actually contained but 6  
per cent phenolic resin. Curves for such mixtures can 
scarcely be compared to 6  per cent solutions of purely phe
nolic resins, since the amount of oil exposed at the surface 
interface of the former was much less than that exposed in 
the latter case.

The temperature required to disperse resins 4 and 5 was 
260° rather than 150° C. The curve for the linseed oil heated

to 260° was identical with that heated to 150° within the 
limits of experimental error, and therefore was not included.

An interesting point concerning resin 4 was that it yielded, 
on prolonged treatment with boiling water, 19.93 per cent of 
4,4-dihydroxydiphenylmethane. When this substance had 
been removed, the dried residue, incorporated in oil and 
spread in the usual manner, showed markedly less antioxi
dant effect (Figure 4, II). The other resins when so treated 
did not show any change in their antioxidant effect. With 
resin 3 an initial loss of weight was eliminated by this treat
ment, as has already been mentioned.

The increased viscosity of the solutions containing the 
larger amounts of resin was undoubtedly a factor in the rate 
at which the oil in the mixture absorbed oxygen, in that 
the diffusion of oxygen was rendered more difficult. No way 
of eliminating this was found. Then, too, there was less oil 
exposed at the surface of the more concentrated solutions, 
which would tend to slow up the oxygen absorption. It was 
believed that the slope of the curves representing more con
centrated solutions was due at least in part to these factors.

C o n clu sio n
The six phenol-formaldehyde resins and mixtures of these 

resins with ester gum studied in this investigation showed 
marked antioxidant effect on pure alkali-refined linseed oil 
in the presence of driers. This effect was specific for each 
individual resin, and was confined to the induction period. 
This antioxidant effect was partially due, in two cases, to some 
oxidizable part or component of the resin, since it was mark
edly decreased when the resin was treated with oxidizing 
agents. This last fact was in accord with the theory of 
Moureu and Dufraisse ip) relative to antioxygens, and indi
cated a possible treatment of such resins should their anti- 
oxygenic properties be undesirable.

The resins studied were apparently free from simple phenols 
used in their manufacture, although one of the resin-ester 
gum mixtures yielded a considerable amount of a complex 
phenol. The presence of free formaldehyde could not be 
demonstrated; yet in one case a behavior was noted which 
indicated the possibility of its presence.

The results of this investigation must not be compared to 
those attained with heat-bodied oils, since the oil used here 
was not heat-bodied. Neither must it be concluded that 
these resins prevented the complete drying of the oil, for the 
oil did dry eventually. The results of interest are those 
shown during the induction period of oxygen absorption.

A ck n o w led g m en t
This work was made possible by a fellowship granted to 

AV. AV. Rinne, the junior author, by the Louisville Oil, Paint, 
and A'arnish Production Club. The authors wish to express 
their deep appreciation, not only for the fellowship, but also 
for the generous cooperation of the members of the club in 
furnishing materials and helpful suggestions.

L itera tu re  C ited
(1) Bradley, It., I n d .  E n g .  Chem., Anal. Ed., 3, 304 (1931).
(2) Elm, A. C., I n d .  E n g .  Cheii., 23, 881 (1931).
(3) Long, J. S., Rheineck, A. E., and Ball, G. L., Ibid., 25, 1086

(1933).
(4) Morrell, R. S., J . Oil Colour Chem. Assoc., 10, 278 (1927).
(5) Moureu, C., and Dufraisse, C., Chem. Ren., 3, 113-62 (1927).
(6) Rodgers, W., and Taylor, H. S., J . Phya. Chem., 30, 1334 (1926).
(7) Schmutz, F. C., and Palmer, F., I n d .  E n g .  Chem., 22, 84 (1930).
(8) Seebach, F„ U. S. Patent 1,891,455 (Dec. 20, 1932).
(9) Tanaka, Y., and Nakamura, M., J . Soc. Chem. Ind . Japan, 33,

126 (1930).
(10) Wagner, A. M., and Brier, J. C., I n d .  E n g .  Chem., 23, 40 (1931).
(11) Wise, L. E., and Duncan, R. A., Ibid., 7, 203 (1915).
R e c e i v e d  D ec e m b e r 1 4 , 1 9 3 6 .  A b s tra c te d  fro m  a  th e s is  p re s e n te d  b y  
W . W . R in n e  to  th e  f a c u l ty  of th e  G ra d u a te  S choo l, U n iv e rs ity  of L o u isv ille , 
in  p a r t ia l  fu lf i llm en t of th e  re q u ire m e n ts  fo r  th e  M .S . d eg ree , J u n e ,  1 9 3 6 .



C
A

P
A

C
IT

Y
 

- 
LB

S.
 

SO
, 

R
E

C
O

V
E

R
E

D
/ 

100 
L

B
S

. 
E

X
T

R
A

C
T

O
R

R ecovery  of 
Sulfur D ioxide from  

W aste G a ses’
Effect of Solvent Concentration on Capacity  

and Steam  Requirements of Ammonium  

Sulfite-Bisulfite Solutions

H . F . JOHNSTONE  
U niversity  of Illin o is, U rbana, 111.

IN PREVIOUS papers (I, 2) in this series2 the equilibrium partial vapor pressures of 
solutions in the ammonia-sulfur dioxide-water system were reported. The applica
tion of these solutions as solvents for sulfur dioxide in a cyclic method involving re

generation by heating was pointed out, and a method for estimating the minimum 
steam requirements was developed. When the concentration of sulfur dioxide in the 
original gases is low and the humidity and temperature are high, there is an optimum  
concentration of the solvent which produces the maximum capacity and requires the 
smallest quantity of steam. This optimum is due to the increase in the vapor pressure 
of ammonia as the concentration of the solution increases, an effect which limits the 
extent of regeneration and thus offsets the increase in capacity and decrease in steam  
requirements encountered normally in solutions in which the base is not volatile. 
The increase in steam requirement with increase in ammonia vapor pressure is due to 
the greater tendency to hold the sulfur dioxide in solution in the regenerator, even 
though the actual vapor pressure of the latter at any given temperature also increases 
w i t h  concentration.
These relations may 
be understood by ex
a m i n a t i o n  of the  
equilibrium diagrams 
and equations in the 
previous paper.

The existence of the 
optimum concentra
tions when the ab
sorption temperature

C  -CONCENTRATION OF NH3 

MOLE8/IOO HOLES HjO

F i g u r e  1. E f f e c t  o f  
A m m onia. C o n c e n t r a 
t i o n  o n  C a p a c i ty  o f  
S u l f i t e - B i s u l f i t e  S o l u 
t i o n s  f o r  A b s o r b in g  
S u l f u r  D io x id e  f r o m  
G a s e s  C o n t a i n i n g  0 .3 
P e r  C e n t  S u l f u r  D i 
o x id e ,  A ssu m in g  E q u i 
l i b r i u m  I s  R e a c h e d  i n  

t h e  S c r u b b e r

in
m a x im u m
m in im u m

B eca u se  o f th e  vapor p ressu re o f a m 
m o n ia  over su lf ite -b isu lfite  so lu t io n s  d u r
in g  reg en era tio n , th ere  is  a n  o p t im u m  
co n ce n tra tio n  o f th e  a m m o n ia  in  th e  
s o lu t io n  w h ich  p rod u ces th e  
ca p a city  an d  requ ires th e  

.q u a n tity  o f s te a m  for reg en era tio n . T h is  
co n cen tra tio n  is  a  fu n c tio n  o f th e  c o m 
p o s it io n  o f th e  raw  gas an d  o f o th er  
o p era tin g  co n d it io n s . For d ilu te  gases  
w ith  h ig h  h u m id ity , th e  o p t im u m  c o n 
ce n tra tio n  m a y  be le ss  th a n  h a lf  th e  c o n 
c e n tra tio n  o f th e  sa tu ra te d  sa lt  so lu t io n .

1 P resen ted  before th e  D iv is io n  of Ind u stria l and  E n gin eerin g  C h em istry  
at th e  94th  M eetin g  of th e  A m erican  C hem ical S o c ie ty , R och ester , N . Y .,  
Septem ber 6  to  10 , 1937. P u b lish ed  b y  perm ission  of th e  D irector  of th e  
E ngineering E xp erim en t S ta tion , U n iv ersity  of I llin o is . T h is  p aper con 
ta in s p art of th e resu lts  ob ta in ed  on  th e  coop erative research p roject, C ase  
34 , w ith  th e U tilit ie s  R esearch  C om m ission  of C hicago.

5 T h e th ird  paper in  th e  series appeared  in  M arch , 1937, pages 286  to  297.
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F ig u r e  2. E f f e c t  
ok A m m o n ia  C o n c e n 
t r a t io n  o n  S t e a m  R e 
q u ir e m e n t s  f o r  R e 
g e n e r a t io n  o f  S u l 
f i t e -B is u l f it e  S o lu 
t io n s  f o r  A b s o r b in g  
S u l f u r  D io x id e  f r o m  
G a s e s  C o n t a in in g  
0 .3  P e r  C e n t  S u l f u r  
D i o x i d e , A s s u m in g  
E q u i l i b r i u m  I s 
R e a c h e d  i n  t h e  

S c r u b b e r

is at 35°C .(95°F .) or 
above, is shown in 
F i g u r e s  1 a n d  2. 
M a n y  i n d u s t r i a l  
g a s e s ,  particularly 
those resulting from 
c o m b u s t i o n ,  have 
w e t - b u l b  tempera
tures in this range. 
It will be o b s e r v e d  
that, for the condi
tions represented, the 
concentrations of am
monia producing the 
highest capacity for 
absorbing sulfur di
oxide coincide with 
those requiring the 
smallest amounts of 
steam for regenera
tion.

The curves in Fig
ures 1  and 2  are based on an arbitrary set of operating condi
tions chosen only for comparison. The solution is assumed to 
leave the scrubber saturated with respect to gases contain
ing 0.3 per cent sulfur dioxide. Regeneration is carried to 
the point where the vapor pressure of ammonia over the lean 
solution at the stated temperature equals that of sulfur 
dioxide. The vapors leaving the regenerator are assumed to 
be in equilibrium with the influent solution.

The graphical derivation of these curves is tedious and in
exact, involving as it does reading off data from several graphs. 
The derivation given in this paper of the optimum concentra
tion is applicable to the general case and may be used in 
predicting the capacity of any solution of ammonium sulfite- 
bisulfite for absorbing sulfur dioxide from dilute gases.

The operating conditions affecting the optimum concentra
tions of ammonia in the solvent are: ( 1 ) concentration of sul
fur dioxide in the gases being treated, (2 ) efficiency of the 
scrubber, (3) temperature of solution leaving the scrubber, 
(4) temperature of regeneration, and (5) efficiency of regenera
tion.

The solution cannot leave the scrubber completely satu
rated with the sulfur dioxide in the entering gas. The degree 
of saturation depends on the size and on the efficiency of the 
scrubber. Items 1  and 2 , however, may be combined by des
ignating the equilibrium sulfur dioxide pressure over the solu
tion leaving the scrubber at the scrubber temperature. As 
previously shown, the relation between this equilibrium pres
sure and the composition of the solution over the ranges in 
question is as appears in Equation 1.

F ig u r e  3. E f f e c t  o f  T e m p e r a t u r e  o f  
R e g e n e r a t io n  o n  C o m p o s it io n  o f  R e g e n e r 

a t e d  S o l u t io n s

(2 S  -  c y
Psos = M  q  _  g  ■ (I)

where M  is a function of the temperature only,

log M  =  5.865 -  2~  (2)

The maximum concentration of sulfur dioxide in the solu
tion leaving the scrubber, then, is given by:

(2Sm — C)2 _  pso2 _
C -  Sm M ~  (6)

Solving for S m:

„  4C — a v V  +  8 aC . . .
¿>m g (4)

Only the positive root is of interest.
The operation of the regenerator is somewhat arbitrary, but 

it will be assumed here that regeneration will be carried to the 
point at which the vapor pressure of ammonia equals the vapor 
pressure of sulfur dioxide over the solution. As shown in the 
previous paper (2), this represents the approximate limit of 
regeneration. The equilibrium vapor pressure of ammonia is 
given by an equation analogous to Equation 1,

N-C{C -  S)
PNIJh =  —~2S~—~C ' (6)

where N  is also a function of temperature only,

4987
log N  =  13.680 -  ~  (0)

Equating ( 1 ) and (5) for the value of S,:

( 1  -  S . / Q 2 _  M  
(2.S./C1 —l) s N

The ratio S J C ,  therefore, is a function of temperature only 
and is independent of the value of C. Although Equation 7 
indicates that the effect of temperature is a complex function, 
it happens that in the range of practical interest—viz., from 
70° to 120° C., a linear relation exists (Figure 3).
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The capacity of the solution is defined as the pounds of sul
fur dioxide recovered per 1 0 0  pounds of solution entering the 
scrubber, or

6400 (fl. -  S.)
1800 +  17C +  64S. K 1

Substituting the values of S m and S,  from Equations 4 and 8 ,

w  -  ( V a ' +  8 aC -  C (0.696 +  0.0175t,) -  a \  . . . .
V 1800 +  0.14t,C +  54.6C /  ( ’

Equation 10 may be used for determining the capacity of any 
solution of known ammonia concentration under fixed condi
tions of operation, giving the values of the parameters a and tr.

The equation of the fine is:
S./C  =  0.00219t, +  0.587

T a b l e  I. O p tim u m  C o n c e n t r a t i o n s  o p  S o l u t i o n s  f o r  
A b s o r b in g  S u l f u r  D io x id e  f r o m  G a s e s  C o n t a i n i n g  

0 .3  P e r  C e n t  S u l f u r  D io x id e
R egeneration M oles N H j/1 0 0  M oles H *0 a t  A bsorption  T em p , of:
T em p ., ° C. 3 5 °  C. 4 0 °  C. 4 5° C. 5 0° C. 55° C.

70 (2 8 .8 )° (2 4 .3 ) 2 0 .4 17 .1 1 4 .0
80 (2 5 .7 ) 2 1 . 2 1 7 .7 1 4 .7 1 2 . 0
90 2 2 .4 1 8 .5 1 5 .2 1 2 .5 1 0 . 2

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

a V alues in parentheses are ab ove th e sa tu ration  con centration  of an
m onium  sulfite.

Differentiating Equation 10 in respect to C and equating to 
zero, we have, after simplifying,

7200a -  0.14asfr -  54.6a2 -  aCmax. (0.56i, +  218.4)
1250 +  31.51, -  0.14 at, -  54.6a

V a 2 +  SaCm„ . (1 1 )

From Banka Tin

Although Equation 11 appears to be complicated, numerical 
examples can be solved easily for Cm»x., so that the optimum 
concentration can be found for any conditions of operation. 
A table of values covering practically all such conditions when 
the vapor pressure of sulfur dioxide over the solution leaving

the scrubber is 2.3 
mm. (corresponding 
to equilibrium with a
0.3 per cent gas) is 
s h o w n  in Table I. 
Since the saturated 
concentration of am
monium sulfite exists 
at approximately 22.5 
moles of ammonia per 
1 0 0  moles of water at 
25° C. values of C 
g r e a t e r  t h a n  this 
value obviously can
not be used. 'When 
the absorption tem
perature is relatively 
high, the table shows 
that the o p t i m u m  
concentration of the 
solution may be less 
than half of the con- 
c e n t r a t i o n  of the 
saturated salt solu
tion.

T h e s e  d a t a  are  
plotted in Figure 4 in 

order to show the effect of the temperature of absorption and of 
regeneration on the optimum value of C. Since the constant

REGENERATION TEMPERATURE t r C .

F ig u r e  4 . E f f e c t  o f  T e m p e r a 
t u r e  o f  A b s o r p t io n  a n d  o f  R e 
g e n e r a t io n  o n  O p t im u m  S o l u 
t io n  C o n c e n t r a t io n  f o r  G a s e s  
C o n t a in in g  0 .3  P e r  C e n t  S u l f u r  

D io x id e

F i g u r e  5. E f f e c t  o f  G a s  C o m p o s i t i o n  o n  O p t im u m  
S o l u t i o n  C o n c e n t r a t i o n  f o r  A b s o r p t i o n  a t  4 5 °  C .

a is directly proportional to the concentration of sulfur dioxide 
in the gases, assuming equilibrium is reached, it  is possible to 
use the data of Table I to show the effect of changing the gas 
composition. This is shown in Figure 5, for which the ab
sorption temperature is held constant at 45° C. It is evident 
from Figures 4 and 5 that the optimum concentration of am
monia (a) decreases as the absorption temperature decreases, 
(6 ) decreases as the regeneration temperature decreases, (c) in
creases as the sulfur dioxide concentration of the gas increases, 
and (d) increases as the efficiency of the scrubber increases the 
saturation of the solution.

N o m e n c la tu re
a =  ratio psoi/M  at temperature of absorption 
C =  concentration of NIL, moles per 100 moles H20  
M, N  =  constants in vapor pressure equations for S 0 2 and NIL, 

respectively
Psoi =  equilibrium vapor pressure of S 02, mm. Hg 
P n h :  =  equilibrium vapor pressure of ammonia, mm. Hg 
S  =  concentration of S02, moles per 100 moles H20
Sm =  concentration of S 0 2 in solution leaving the absorber
S. =  concentration of S 0 2 in solution for which pso2 =  P n h i  

at regeneration temperature 
t, =  temperature of solution leaving absorber, ° C.
tr =  temperature of solution leaving regenerator, ° C.
W  =  capacity of solution for abosrbing S 02, lb. per 100 lb. 

solution entering scrubber

L itera tu re  C ited
(1) Johnstone, I n d .  E n g .  C h e m ., 27, 5 8 7  (1935).
(2) Johnstone and Keyes, Ibid., 27, 659 (1935).

R e c e i v e d  Ju ly  1 2 , 1937.



A C E T O N E
LLOYD C. COOLEY

706 S trau s B u ild ing , C hicago, 111.

FROM being a vitally needed munition of war with pro
duction lagging behind demand and at a high price, ace
tone has become a plentiful solvent with production of 

one year nearly double the sales and at a low price. The con
sumption of acetone now is somewhere near twice that of the 
war period, but the development of synthetic methods of manu
facture from practically unlimited amounts of raw material 
has flooded the market. The price is at the lowest level in 
history (Figure 1). Before discussing the future possibilities 
it will be of interest to develop background by reviewing the 
older methods, both obsolete methods and those still in use 
for making acetone.

Acetone is a pleasant smelling liquid, water-white, boiling 
at 56.1° C., completely miscible with water, and weighing 
about 6 . 6  pounds per gallon. The liquid is inflammable and 
the vapors form explosive mixtures. The manufacturers is
sue complete specifications of the numerous properties.

H isto ry

It has been stated (2) that cordite in Great Britain during 
part of the war period was produced at the rate of 2 0 0 0  tons 
per week. This amount would require, without solvent re
covery, 440 tons of acetone. As solvent recovery methods 
became perfected, the net amount of acetone required per 1 0 0  
pounds of cordite was reduced to 15 or 17 pounds. The latter 
figure would call for 600,000 pounds of acetone on the weekly 
output of 2000 tons of cordite. Cordite was the name given 
the British propellant used in army and navy cannon. I t  was 
made from gun cotton (13.2 per cent nitrogen) of higher nitra
tion than that used in the United States, and was character-

F i g t j k e  1 . P r i c e s  o f  A c e t o n e  i n  T a n k  C a r s ,  1917-37
(Source, Oil, Paint and Drug Reporter)

ized by its low solubility in ether-alcohol mixtures such as were 
used in this country. Mixed with the gun cotton was nearly 
half its weight of nitroglycerin and 8  per cent petrolatum. The 
presence of nitroglycerin added to the risk of solvent recovery 
operations although no serious trouble was reported. To 
make collodion from the above mixture prior to forcing 
through macaroni presses, 35.5 pounds of a solvent mixture 
were added to 1 0 0  pounds of mixed gun cotton, nitroglycerin,

and petrolatum. The solvent was approximately 60 per cent 
acetone and 40 per cent denatured alcohol (formula 2B).

Prior to the war the only commercial source of acetone was 
calcium acetate obtained from wood distillation. Its use was 
scattered over a large number of items, but only a few took 
large volumes—-for dissolving compressed acetylene, for use 
in the production of photographic film, and in pharmacy as a 
denaturant for rubbing alcohol where it was said to have some 
specific benefit. The manufacture of iodoform and chloro
form was based on acetonei and acetone was used in paint and 
varnish removers and for making celluloid and artifical leather.

The amount of acetone needed to supply war demands for 
the manufacture of British cordite and airplane dopes or lac
quers could not be produced by increasing the number of 
wood-carbonizing plants because of the amount of time and 
capital involved and the number of wood cutters that would 
have been required from a nonexistent supply of idle labor. 
Therefore, new processes were studied and started; among 
them were fermentation of grain, molasses, and kelp from 
the Pacific Ocean, fermentation of ethyl alcohol to vinegar, 
and conversion of acetylene to acetic acid.

O cean  K elp
From the kelp which was harvested from narrow beds or 

fields stretching parallel to and half a mile or so from the beach 
of the Pacific Coast, fermentation produced acetic acid in the 
presence of suspended calcium carbonate; the resulting cal
cium acetate was evaporated in long-tube evaporators, dried, 
and roasted in standard acetate retorts. A simple continuous 
column still was used to rectify the crude acetone, and some 
pure acetone was made and shipped, as well as a nearly equal 
quantity of methyl ethyl ketone.

The development of this process had its share of wartime 
development troubles. One of the first striking accomplish
ments was the construction of a mechanical cutter or sickle bar 
like a giant hay mower, which was used for harvesting the kelp. 
The first fermentations were conducted in the presence of so
dium carbonate, possibly from a California lake, and the so
dium acetate was decomposed by roasting with niter cake. 
The high maintainance cost of this part of the process led to 
its abandonment; calcium carbonate was substituted for soda 
and acetate retorts were installed.

Later when the task of disposing of spent kelp became al
most overwhelming, owing to the need for acres of dumping 
ground and the enormous number of flies which bred in the 
mass, a method was developed for fermenting the kelp almost 
to a liquid so that the waste could be run back into the ocean. 
In addition to acetone, other ketones and various fatty acids 
were obtained (“taffy salts”) as well as an important propor
tion of potash salts.

C a lc iu m  C arbide
The most startling of the wartime methods for producing 

acetone was developed at Shawinigan Falls, Quebec, by H. 
W. Matheson and H. S. Reid at the plant of the Canadian 
Electro-Products {48). Acetylene was piped from the neigh
boring carbide plant and bubbled through a hot mixture of 
sulfuric acid and mercuric oxide in Duriron kettles:

CaC2 +  2H20  =  C2H2 +  Ca(OH) 2 
C2H2 +  H-0 =  CILCHO
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Distilled acetaldehyde was converted to acetic acid under 
pressure in aluminum-lined steel kettles by bubbling air 
through the liquid in the presence of manganese acetate cata
lyst:

2CHjCHO +  On = 2CH,COOH

The acetic acid thus formed was distilled to make glacial acetic 
acid, and shipped as such or revaporized for use in the cata
lytic formation of acetone in converters:

2CHsCOOH = (CH3)2CO +  C 02 +  H20

The catalyst used for converting acetylene to acetaldehyde 
was mercuric oxide which was made in a cast-iron or concrete 
electrolytic cell, using 5 per cent solution of sodium hydroxide 
and provided with a steel cathode and a mercury anode. The 
cell contained about 1240 pounds of mercury per charge. In 
the earliest days there was an unpleasant amount of caustic 
fume in the air and a few men had sore gums, but that condi
tion was soon cured by ventilation.

The conversion of acetylene to acetic acid was carried out in 
Duriron kettles with hot water jackets, Duriron paddle agita
tors, and mercuric oxide paste feeders. The catalyst was kept 
in suspension in 6  per cent sulfuric acid at about 60° C.; a 
batch was added every half-hour while acetylene was bubbled 
through. As the kettle filled with water and catalyst, a por
tion was drained from the bottom to large wooden storage 
tanks where the sludge was settled out and then dried in a 
steam-jacketed agitator pan.

The gas and aldehyde from the kettles passed through a 
water-cooled and then a brine-cooled condenser and a scrub
bing tower to a gas holder. The condensed aldehyde and 
scrubbing water flowed to large steel tanks provided with 
brine coils and covered with insulation. Supply pumps from 
storage to still house feed tank were controlled by a float in the 
tank operating an electric switch. The acetaldehyde was dis
tilled free of water and some paraldehyde in a cast-iron con
tinuous still column with a combined rectifying and exhaust
ing column about 6  feet in diameter and a short 5-foot-diame- 
ter auxiliary purifying column. The still was provided 
with a partial and a final condenser, a cooler, a feed-slop heat 
exchanger, and a vapor-pressure-operated steam regulator.

For converting the acetaldehyde to acetic acid, a battery of 
aluminum-lined steel kettles was used and the unconverted 
aldehyde and acetic acid were condensed in aluminum tube 
condensers followed by scrubbers. Back pressure was main
tained on the kettle and reflux condenser system by suitable 
valves.

To refine the acetic acid, pot stills were used which were 
about 7 X 7  feet in size, built of 0.5-inch copper and pro
vided with a copper steam coil and a 40-inch-diameter alu
minum column, with aluminum-tube partial and final con
densers.

At the time of the first distillation of acetic acid a small 
amount of unconverted material got into the kettle so that 
when a little heat was applied there was quite an evolution of 
vapor and foam which blew through the column and condens
ers and caused a little excitement among the operators, be
sides giving the traveling-crane operator a shower bath just 
as he passed the building.

To convert acetic acid to acetone, small copper vaporizers 
were used which were heated by steam. The vapor passed 
into converting tubes packed with small iron balls, all coated 
with lime. The resulting acetone was first condensed in a 
water and then a brine condenser, followed by a scrubber.

The resulting acetone was purified in a four-column con
tinuous still provided with the usual partial and final condens
ers, cooler, feed-slop heat exchanger, oil cooler, decanter, and

steam regulator. The columns varied from 6 6  to 46 inches in 
diameter.

During the development of this process, an oxidation kettle 
was used which had a large explosion relief head held down by 
bolts with large springs. Many times until the control was 
perfected, the head lifted and sprayed aldehyde and acid 
around the landscape. In fact, once or twice during the early 
days of plant operation the pressure ripped open an aluminum 
reflux condenser with consequent fire. Fortunately, the 
supply of aldehyde was protected in insulated tanks in 
the cellar.

Bookkeeping indicated poor yields, and yet sampling showed 
no losses from the bases of the continuous stills; a search was 
therefore made and suspicion was cast on a float feed tank 
which contained a cooling coil. Nothing appeared to be 
wrong, but a cooling coil outlet was found to be piped to a 
water drain without a sight glass or an open top funnel. As 
soon as the change in piping arrangements was started by 
opening the pipe union, the odor of aldehyde was strong. 
Here was the leak. A cracked fitting inside the tank, possibly 
caused by the freezing of residual testing water, had permitted 
acetaldehyde to escape through a closed drain and into the 
river under the ice.

While all the new process plants were being built and put 
into operation, the wood distillation plants were “sawing wood” 
literally and figuratively; the conversion of molasses alcohol 
to acetone and the fermentation of corn to acetone and butyl 
alcohol were yielding great volumes.

W ood D is t illa t io n

Better prices due to war demand enabled the wood distillers 
to invest in better equipment for the existing plants and to 
build additional carbonizing capacity with equipment which 
gave better yields and at lower operating costs. The standard 
method of carbonizing wood with recovery of by-products, or 
in fact any products other than charcoal, consisted of heating, 
in a sheet steel retort, cord wood which was piled in strap iron 
buggies as wide as the wood sticks were long. A retort could 
hold three or four buggies and was built over a narrow-gage 
railroad track. Each retort in some of the later plants was 
provided with a long brick predryer, a tunnel in which the 
loads of wood were partially dried by hot gases from the fires 
under the retorts. Predrying permitted the use of freshly cut 
wood and avoided the delay of seasoning cordwood in the yard 
for periods as long as a year. Following each retort were 
three coolers, similar in size and construction to the retorts, in 
each of which the buggies of charcoal were held for 24 hours 
for cooling. Gases and vapors from the retorts were carried 
to tubular copper condensers withhold water around the tubes. 
While reducing the capacity per square foot, tliis method of 
construction permitted the cleaning of the tubes more easily 
(removal of tar and dust). From the condensers, a conden
sate of pyroligneous acid was run to storage and settling tanks. 
Wood tar was removed by settling and also in some plants by 
a primary distillation or evaporation of the acid liquor. After 
removal of wood tar which otherwise would give an objection
able color, the crude was treated with lime “to a rich wine 
red,” the volatile portion (methanol and ketones) was removed 
in a lime lee still or column, and the water residue which con
tained calcium acetate was evaporated in double- or triple
effect evaporators and then finished to a paste on drum dryers 
or in pans with steam-jacketed bottoms. From the pans the 
semicrystalline and nearly dry mush was spudded and then 
shoveled out onto drying floors which were steel plates over 
waste gas flues; or, as in the case of drum dryers, the paste was 
carried by screw conveyors to apron dryers, such as the Huil- 
lard. The usual calcium acetate of commerce was 82 per cent 
acetate.
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Calcium acetate is heated dry to pro
duce acetone:

CHjCOCk
>Ca — CH3COCHs +  CaCO,

C H jC O C K

An approximate yield of 20 pounds of 
acetate per 1 0 0  pounds of 82 per cent 
acetate is obtained.

In early - methods large direct-fired 
kettles were used with attendant dust 
troubles (86) and difficulties of good 
t e m p e r a t u r e  control. The industry 
finally settled on the method of loading 
shallow trays with the acetate from an 
overhead hopper or weigh scale and then 
pushing buggy loads of trays along a 
transfer car into retorts similar to those 
built for carbonizing wood, with rails 
laid in them. The acetate retorts were 
heated with tar, wood gas, or coal. One 
wartime plant which was typical of its 
kind had an oven house, still house, 
barrel house, and chemical storage. The 
oven house was 55 feet wide and 366 
feet long, holding twenty-four acetone 
retorts in pairs; they, in turn, could 
h o l d  n i n e t y - s i x  c a r s  or buggies.
The ovens were built of brick, each setting carrying two 
retorts with a separate firebox for each. The hot gases 
from burning fuel were distributed along the bottoms of the 
retort and then up around the sides and out to the stack.

The retorts were built of 0.5-inch boiler plate about 41 inches 
square and 2 1  feet 6  inches long, containing rails for the four 
acetate buggies and a perforated steam pipe for blowing out 
residual vapors before the retort could be opened safely. The 
door was of cast iron, usually hinged to a cast-iron frame which 
was riveted to the retort. Some of the early jobs had welded 
frames and the closed end had a welded head, but many 
cracked and were replaced with cast-iron frames riveted on to 
the steel retorts.

The cars were approximately 9 feet 4 inches long, 38 inches 
wide, and 38 inches high, with seven angle-iron guides, each 
supporting two acetate pans, 1 inch deep, 37.75 inches wide, 
and 56.5 inches deep. Each car held fourteen pans with 500 
pounds of dry calcium acetate. The heating period was 
about 8  hours at 450° to 500° C. The crude acetone with 
water, oils, and other ketones was condensed and run to stor
age. Some operators used to blow steam into a retort during 
the heating period to sweep out the acetone faster and prevent 
tar formation.

The still house was 55 X  90 feet with six pot stills and 
columns and twelve steel storage tanks for fractions, two hori
zontal tanks with agitators for washing acetone, and twelve 
small test tanks (two for each still for holding the product un
til chemical tests were completed and each tank of acetone 
was passed or rejected).

Some plants had four-column copper continuous stills pro
vided with feed-slop heat exchangers, vapor heaters, chemical 
treatment plates and sections, and continuous oil decanters; 
others had batch stills. Returning to the typical example of a 
plant with twenty-four retorts and six stills, the kettles were 
of steel 8  feet in diameter and 1 2  feet high, with copper coils, 
8 -inch vapor pipes, and approximately 4-foot-diameter col
umns. Two stills were set aside for refining acetone and were 
so connected by pipes to the rest of the system that no crude 
but only partially refined materials could be run into them or 
to the washer which was devoted to the refining end. Figure 
2  shows the top of a column, the lower end of a condenser with

O p e r a t in g  F l o o r  o f  a  W a r t im e  A c e t o n e  P l a n t

regulating bottle from which reflux returned to the column, 
pressure-indicating bottle, sensitive regulating cocks for con
denser water, and sampling cocks.

Experience determined that acetone “cuts” from the crude 
stills could not be set aside for refining unless they remained 
pink with potassium permanganate solution at least 2 0  min
utes. This was called “20-minute acetone.” Twenty-min
ute acetone was diluted in the washer to about 60 per cent 
with cooled condensate from the steam traps, 1 0  or 15 pounds 
of aluminum sulfate in solution were added, and the agitator 
was run for about 30 minutes; then the contents was pumped 
to the charging tank to settle for 2  hours. About an hour was 
required to heat the still and column. Heads and 20-minute 
acetone were set aside for further treatment. When a sample 
from the still stood the permanganate test for 50 minutes and 
had less than 0 . 0 0 2  per cent carbon dioxide the condensate was 
switched into one of the “cut” tanks. By waiting until the 
acetone was of this quality, contamination of a cut tank could 
be avoided. Cut tanks were filled and tested alternately and 
dumped to the pure acetone tank as long as each cut tank 
passed the tests. Near the end of the run, as the vapor tem
perature at the base of the column began to rise, the run was 
switched to a 2 0 -minute tank and later to an oil separator un
til the run was over. Yields and fuel consumption were as 
follows:

Y ields per 100 lb . ace ta te , lb .:
A ceton e 18.37
K eton e oil 4.77

C onsu m p tion  of ch em icals per to n  of ace ton e , lb .:
A lunrinum  su lfa te  2.2
Sodium  chloride 245.0
Sodium  h ydrox id e 7 0 I2

C rude aceton e from  retorts, per 100 lb . a ce ta te , ga l. 0 *
S team  consum ption  in  s till h ouse per lb . ace ton e, lb . A pprox. 8
C oal used  under retorts per 100 lb . ca lcium  a ce ta te , lb . 37 .5

V in egar

The manufacture of acetone from vinegar was carried out 
in conjunction with the production of ethyl alcohol from mo
lasses by the Curtis Bay Chemical Company, Baltimore. The 
alcohol was fermented to vinegar in generators built like 
wooden stave tanks in which the alcohol was automatically 
fed at intervals and filtered down over coke or beech shavings.

Courtesy, T, C. Albin, Newberry Lumber Chemical Co.
F ig u r e  2.
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It took a 40-car train from Oregon to bring the lumber. Spe
cial shavings were required and could not be brought in fast 
enough, so coke breeze was substituted. Nine hundred sixty 
of the generators were 18 feet tall and 1 0  feet in diameter. 
Two hundred more were 18 feet high and 25 feet in diameter. 
Air circulated through the generators due to natural draft, 
which gave lower production in summer than in winter, and 
oxidized the alcohol to acid by vinegar bacteria. After neu
tralizing with lime, the solution was evaporated in horizontal- 
tube quadruple evaporators. One strange feature of the evapo
ration was'the fact that the acetate solution made from vine
gar from beech chips behaved differently in the evaporators 
from the solution made from vinegar from the coke-filled gen
erators ; one solution foamed much more than the other. The 
partially concentrated solution was dried to a mush on drum 
dryers and finished on ITuillard dryers (long wire screen 
aprons which traveled in tunnels against hot air). At first, 
hot flue gases were tried but had to be changed to air heated 
by steam coils because the flue gases deposited sulfur dioxide 
compounds which spoiled the permanganate test of the acetone 
from the stills.

From the dryers, the dried acetate was conveyed to rotary 
retorts for dry-distilling in batches, and the crude acetone was 
refined in large pot stills with copper columns. Chemical 
treatment was accomplished by trickling dilute sulfuric acid 
down each column from near the top and feeding dilute caustic 
solution on one of the plates a short distance from the bottom  
of the column.

F e r m e n ta tio n

The production of acetone by fermenting corn mash has 
been fully described (26, 86). The first operation in North 
America was in Toronto using cultures brought over from 
England by Speakman and Legg. Strict attention to details 
of cleanliness and correct propagating and operating condi
tions made a success of the process. The firm of Gooderman 
and Worts, Ltd., turned over part of their Toronto whisky dis
tillery with fermenters and beer stills to the Imperial Muni
tions Board. A continuous acetone refining still was bought 
in the United States and production was carried on. This was 
one of the war industries where girl students or graduates of 
Toronto colleges acted as fermenter and still operators. Be
tween observations they found time to do their knitting. 
The hydrogen and carbon dioxide gases evolved from the fer
menters were passed through water seals to vents on the roof. 
A large tank was used to store the then little used “butyl,” 
while experiments were carried on seeking to convert butyl 
alcohol to methyl ethyl ketone which was later produced on a 
manufacturing scale.

Soon after the United States entered the war, Colonel Good- 
erham assisted in the purchase of a distillery in Terre Haute, 
where the process was carried out as in Toronto and later be
came the foundation of the Commercial Solvents Corpora
tion.

As the different methods for making acetone are reviewed, 
it is evident that comparatively few patents have been taken 
out recently relating to the wood distillation, vinegar, or kelp 
processes, but a great many have been issued to describe the 
fermentation and the catalytic conversion methods, the latter 
based on such raw materials as ethyl alcohol, acetylene, acetic 
acid, still gases, and natural gas.

Except for the fermentation method, little information is 
made available by the manufacturers so that patent literature 
is the only source from which to obtain ideas as to how the 
more modern methods are carried out.

One of the earliest fermentation patents is that of Fernbach 
and Strange (22) which describes a process for the production 
of acetone and higher alcohols from starch, sugars, and other

carbohydrate material. Either maize, potatoes, or glucbse 
are mashed and sterilized; then yeast is added which has been 
degraded by either Tyrothrix tenuis or by steam or hot water 
under pressure. After cooling, the mash is seeded with “Fitz” 
butyl bacteria.

The process was started by Strange and Graham, Ltd., in 
England about 1910 as part of an effort to make synthetic rub
ber (2). When the World War broke out, Strange and Gra
ham contracted to supply acetone to the British Government 
but their output was small and the government took over the 
plant, later putting inWeizmann’s process and obtaining better 
yields. Since the grain supply in England was short because 
of submarine warfare, plants for producing acetone were con
structed in Canada and India. The Canadian plant which 
has just been described turned out about a million gallons in 
two years.

The Weizmann patent (68), which was the basis of the large- 
scale processes just mentioned, states that Fitz had to carry 
on the fermentation under anaerobic conditions; Weizmann 
claims that his bacteria did well with or without air. 
A process for isolating the bacteria is described, and although 
their spores stand some heat, it was specifically stated that 
they would not stand the test mentioned by Scheckenbach 
(49) of resisting saturated steam at 100° C. for 30 minutes. 
Weizmann’s bacteria were found on cereals or in the soil.

Delbruck and Meisenburg (18) obtained a patent for fer
menting sugar in 1916, but it is not known how widely the 
process was used.

A process for producing acetone from either starch or 
sugar was patented in 1919 by Northrup (40). The organism 
was called B. acetoethylicum and was derived from old pota
toes. From a corn mash containing calcium carbonate a 
yield was obtained of 8  to 1 0  per cent acetone on the dry 
weight of the corn and the 1 2  to 20 per cent ethyl alcohol. If 
molasses was used, a solution was made up containing 8  per 
cent sugar. The fermentation was completed in about 40 
hours with a yield of 8  to 1 0  per cent of the weight of the sugar 
as acetone and 1 2  to 20 per cent ethyl alcohol. N o added 
nitrogenous substance was needed for feeding the bacteria.

Naturally, attempts were made to broaden the field of avail
able raw materials and to improve the yields from corn. The 
Commercial Solvents Corporation was the leading producer of 
of acetone during the period from 1924 up to recent years and 
naturally led in the number of patents taken out concerning 
methods of producing acetone; a few will be reviewed.

Pike and Smyth (43) used an organism, Clostridium bulyri- 
cum, for the fermentation of blackstrap molasses, which is 
described minutely according to the methods of the Society of 
American Bacteriologists. Acid, gas, and alcohols are formed 
in dextrose, lactose, sucrose, and starch. The acid is prin
cipally butyric and the gas is mixed carbon dioxide and hydro
gen. The optimum temperature is 30 ° to 40 ° C.

Clostridium butyricum was originally derived from corn meal 
according to the method of Weizmann but was thereafter 
propagated by several successive subcultures in deep tubes of 
dextrose agar; the material for the subcultures was taken from 
the tubes after cutting open the bottoms with a file. Just 
before being cut open, the tubes were heated at 100° C. for 2  
minutes before incubation. After a pure culture was obtained, 
the bacteria were retained in 5 to 10 per cent com-meal mash. 
In order to use blackstrap molasses, it  was diluted to 5 per cent 
sugar and sterilized for 30 minutes at 15 pounds per square 
inch steam pressure. The several steps are described. The 
fermentation should be conducted without the presence of cop
per and there is no need to add nitrogenous substances as food 
for the organism.

Considerable illumination is cast on the fermentation proc
ess for producing acetone and butyl alcohol by Legg (87); he 
refers to Weizmann’s patent (68) and describes the usual
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methods previously in use on starch. A method of observing 
the progress of the fermentation makes use of the rise in the 
acidity of the mash which normally reaches a peak of 4 to 6  cc. 
of 0 . 1  A  sodium hydroxide per 1 0 0  cc. of mash and then falls off 
to 2 or 3 cc. Yields of 24 per cent of solvents based on the 
weight of the raw material were ordinarily obtained but were 
frequently followed by recurrent periods of lowered yields 
due to abnormal fermentations in which acidity did not rise 
and fall in the usual way. There are two kinds of abnormal 
fermentation, one is due to contamination by lactic acid 
bacteria and the other to a filterable virus or bacteriophage 
which appears to be parasitic on the acetone butyl alcohol 
bacillus. The former can best be controlled by rigid aseptic 
precautions; the latter, according to the patentee, has been 
successfully dealt with by immunizing the acetone organism 
against the virus. One-millionth part of the Berkfeld filtrate 
from a sluggish mash induces sluggish fermentation in a new 
sterile mash. A process was discovered to render the bacteria 
resistant to the disease of sluggishness. They were repeatedly 
subcultivated in the presence of filtrate from a sluggish cul
ture until they became immune. The cultures were heat- 
shocked before each subcultivation in order to eliminate 
vegetative forms of the bacteria, leaving only the spores to 
germinate. The result of using immunized high-yielding 
strains of the bacteria was to eliminate the periods of slug
gishness in which yield was often between 7 and 22 per cent 
and also to raise the normal yield from 24 to 25 per cent on 
the dry corn.

Fernbach (21) describes an acetone-butyl alcohol fermenta
tion process and gives methods for fermenting saccharose. 
In previous methods the bacteria which were used fermented 
starch but did not fully ferment saccharose as in beet or cane 
molasses. The object of the patented method is to invert 
the sugar, provide available nitrogen for the bacteria, and re
move caramel.

Hydrolysis of the molasses is accomplished by invertase or 
preferably by yeast ( 1  or 2  pounds per 1 0 0  pounds of sugar). 
The dilute molasses is heated to 50-55° C. to prevent prolif
eration of yeast and alcoholic fermentation, maintaining the 
temperature until inversion is complete at a pH of 4.3 to 4.5. 
During the hydrolysis, protein in the mash undergoes pro
teolysis thereby enriching the solution in nitrogen. The 
mash is then boiled to destroy the yeast, and the caramel is re
moved by filtering through activated carbon. Finally, the 
pH is adjusted to 5 or 6 , and a culture of acetobutylic bacteria 
is added.

According to the United States Bureau of the Census, the 
principal producers of acetone since 1929 are Commercial 
Solvents Corporation, Publicker, Inc., Carbide and Carbon 
Chemicals Corporation, and Shell Chemical Company. Two 
of these companies use fermentation and two use methods to 
be described later.

Two other interesting patents were issued to Viljoen (67) 
and Schorger (61). Vilj oen’s method is for use with mashes of 
high sugar content. He discovered that, by adding a compara
tively large number of Clostridium acetobutylicum to a properly 
buffered sugar solution, it  is possible to ferment mashes of 
4 to 6.5 per cent sugar concentration with yields of 30 to 33 
per cent on the sugar in the ratio of 5 parts butyl alcohol to
2.5 parts acetone to 1 part ethyl alcohol. Briefly, the method 
consists of using a sterile starter mash of molasses equivalent 
to 2  per cent sugar, adding sufficient proteolyzable protein, 
and allowing the mixture to ferment to a maximum bacterial 
concentration. A second mash of 8  per cent sugar concentra
tion is then added in such quantity that the sugar concentra
tion of the combined mashes is 5 per cent. Haner (27) uses 
a primary and secondary fermentation to ferment all the 
sugar. After the butyl organism has become fully active, 
yeast is added to ensure complete utilization of the sugar

which is left over by the butyl bacteria. Starch mashes, if 
used, must be hydrolyzed to sugar.

To increase the proportion of butyl alcohol in the acetone- 
butyl alcohol fermentation Hutchinson (29) suggested that 
ammonium lactate be added to the fermenting mash; to in
crease the proportion of acetone, ammonium acetate may be 
added to the mash.

Izsak and Funk (32) describe a new organism Clostridium 
saccharobutylicum (gamma) for fermenting sugar and produc
ing isopropyl alcohol and acetone in different proportions 
from those of previously discovered bacteria. The beta form 
of the organism (31) is claimed to produce from five to ten 
times as much isopropyl alcohol as acetone; the gamma form 
reverses the action and goes farther, producing ten to twenty 
times as much acetone as isopropyl alcohol. Identification 
charts are given according to the Society of American Bac
teriologists. The spores stand 1 0 0 ° C. for 5 minutes, are in
capable of unaided fermentation of cereal starch, but are 
capable of fermenting molasses at 24° to 40° C.

Clostridium propyl butylicum (SS) should be noted and also 
a process (63) for producing butyl and isopropyl alcohols with 
minor amounts of acetone from inverted sucrose in molasses.

Arroyo (3) was allowed a patent for producing butyl al
cohol and acetone from molasses by an organism found on the 
root of sugar cane.

E th y l A lcoh ol

Allied to the fermentation processes of making acetone is 
the use of ethyl alcohol as a starting material, especially where 
the ethyl alcohol used is a fermentation product, as in the 
plant of British Industrial Solvents, Limited, at Salt End 
near Hull (30). For making acetone the process used is that 
of reacting ethyl alcohol (made from molasses) with steam  
and a catalyst:

2 C2H 5OH +  H20  = (CH,)2CO +  4H2 +  C 0 2

Some of the hydrogen is used under the furnaces; the balance 
of the heat is furnished by oil burners. In the furnaces are 
contact chambers containing the catalyst through which the 
alcohol and steam pass. The gases, coming out together 
with a small amount of uncondensed alcohol, pass through 
condensers and scrubbers. The weak acetone is concentrated 
and fractionated in batch stills.

A patent for the use of ethyl alcohol as a source of acetone 
under reduced partial pressure was issued to Bloomfield, 
Swallen, and Crawford (6). The partial pressure is reduced 
by using nitrogen, carbon dioxide, gaseous reaction product, 
or a vacuum pump. The catalysts are oxygen compounds 
of the first long period of the periodic table. Unlike the 
British process just mentioned, no water vapor is used.

A patent was issued to Dreyfus (16) which relates to the 
production of ketones from aliphatic primary alcohols con
taining at least 2  carbon atoms, especially the production of 
acetone from ethyl alcohol. Alcohol and water vapor are 
subjected to high temperature in the presence of zinc or zinc 
compounds and alkaline earth oxides, hydroxides, or salts 
(zinc acetate, zinc oxide, zinc carbonate, etc.). The tempera
ture may range from 2 0 0 ° to 700° C., but 400° to 550° C. 
is particularly suitable. Vacuum, atmospheric pressure, or 
3-10 atmospheres may be used. A ratio of two to ten times 
as much steam as alcohol and of two to five times as much air 
as alcohol should be utilized.

A cety len e

In addition to the production of acetone from acetylene 
by catalytic conversion of the latter to acetaldehyde and 
thence to acetic acid, a method of using acetylene and steam
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with a catalyst at high temperature has been patented. 
Schlecht’s method (60) for producing acetone is similar to 
the one for producing acetaldehyde except that a longer time 
is allowed. The catalysts contain metals or their compounds, 
the acetates of which decompose to form acetone when heated. 
The inventor also found that good yields of acetone could be 
obtained from aldehyde (instead of acetylene) and steam  
over the same catalysts which consist of zinc or the oxides, 
carbonates, or acetates of zinc, tin, or aluminum. The best 
temperature is 400° to 450° C. The ratio of acetaldehyde to 
steam is less than 1 to 1. Part or nearly all of the steam can 
be replaced with air. A high velocity should be maintained 
through the apparatus to avoid polymerization or decom
position. The reaction is

2CH.CHO +  IIjO = (CHs)2CO +  C 02 +  2HS

Anderson’s patent (1) covers similar methods but is not spe
cific as to velocity, which should be about 30 liters per hour 
and per liter of catalyst.

Two other recent patents cover the conversion of acetylene 
or acetaldehyde to acetone (46, 47). The first states that it 
has been found better for the catalyst to consist of basic oxy
gen compounds of metals with at least one heavy metal. 
The use is recommended of iron shavings or iron sponge with 
a superficial oxide layer. Calcium acetate was dried on rusty 
iron shavings. The second patent mentions troubles in 
earlier catalytic processes with poor yield, loss of efficiency, 
etc. These troubles are avoided, according to the later pat
ent. The catalysts are not affected by poisons so that it is 
not necessary to purify the acetylene. Economy is improved 
by using less steam and lower temperatures with the improved 
catalysts. The patent claims the new principle of adjusting 
the composition of the catalyst to yield a partial pressure of 
oxygen within the limits 1 0 '“  to 10 ~ 30  atmosphere at 400° 
to 500° C. and with 5 to 10 parts of water vapor to 1  of acety
lene.

P etro leu m  O il or G as

When petroleum is cracked, gases are evolved which con
tain propylene. Propylene is obtainable from natural gas 
also but, whatever the source, it is the basis for the manu
facture of acetone and isopropyl alcohol.

When oil cracking is used as a source of propylene, a pro- 
pane-propylene fraction is obtained from the pressure dis
tillate. For the removal of impurities, especially sulfur com
pounds, the propylene fraction is subjected to intensive puri
fication and is then brought into contact with sulfuric acid 
whereby propyl hydrogen sulfate is formed and dissolved in 
the acid layer. The acid layer is separated and diluted with 
water, hydrolyzing the sulfuric acid ester to produce isopro
pyl alcohol. From the acid mixture isopropyl alcohol is dis
tilled and then the pure distillate is subjected to either the 
dehydrogenation or oxidation process at high temperature to 
convert it to acetone. After the usual refining distillation, 
the acetone is marketed as a very pure material having over
99.5 per cent dimethyl ketone which holds the permanganate 
test for at least 60 minutes. The minimum initial boiling 
point is 55.9° C.; the maximum dry point is 56.6° C. The 
total distillation range is not more than 0.5 ° C. The bromine 
color is not completely decolorized in 15 minutes, and the 
acetone is free from all fogging or photographically active 
substances. The acidity is less than 0.002 per cent as acetic; 
after carbon dioxide removal, there is no acidity.

The foregoing description of a process for making acetone 
is similar but not quoted from a portion of a patent issued to 
Ellis and Wells (19). The patent relates to oxidation prod
ucts of alcohols, etc., which are derived from petroleum, 
especially such products from alcohols obtained by cracking

an oil to produce unsaturated hydrocarbons, and sulfating the 
latter with sulfuric acid of 1 . 8  specific gravity in a packed 
tower. B y diluting with two volumes of water and distilling, 
alcohols may be obtained in the boiling range from 75° to 
100° C. The distillate can be oxidized by sodium bichromate 
in dilute solution yielding ketones. Instead of converting the 
acid extract to alcohols and then oxidizing them to ketones, 
one may convert the olefins of the acid extract direct to 
ketones. The reactions are illustrated as follows (17):

CioH22 =  C5H 10 +  C5H 12 
CsHio +  H2SO< =  CsHufHSCh)
CjHn(HSO() +  H20  =  CjHnOH +  H2SO<

C5Hit(HSCh) +  CHjCOONa = CH3COOC6Hn +  NaHSO,
(CH,)2CHHSO< +  H20  =  (CHi)2CHOH +  H2SCh
2(C H j)2CHOH +  O, =  2(CH,)3CO +  2H20

Wells (59) claims some improvements for the process just 
described. The gases should be dried. In addition to sul
furic acid, other dibasic or tribasic acids may be used—for 
example, selenic or phosphoric. For oxidation, air is pre
ferred and nitrogen or carbon dioxide may be added to dilute 
the oxygen and to control the vigor of the reaction. The 
various alcohols obtained may be cracked to ketones at high 
temperature, in which case no oxygen is needed. Iron and 
copper are good catalysts; copper tubes become spongy on 
the surface. Other metals are mentioned. The temperature 
may range from 700° to 900° C., and a cooling coil may be 
needed in the catalyst bed.

Naturally many laboratories are at work on the problem of 
improving these processes and particularly to obtain catalysts 
of greater activity and longer life. For example, Lorany 
(39) describes the addition of a promoter (about one per cent) 
to the catalyst for dehydrogenating isopropyl alcohol in order 
to prolong its life. Zinc oxide, thorium oxide, etc., may be 
used for the purpose.

The term “dehydration” is restricted to compounds con
taining oxygen and olefins, according to Taylor and Lazier 
(54). The formation of mesityl oxide and pharone from ace
tone and the preparation of ethers or olefins from alcohols are 
cited.

On the other hand, dehydrogenations cover a broader field 
and are applicable to hydrocarbons and to compounds con
taining the hydroxyl radical. The invention of Taylor and 
Lazier makes it possible to select a catalyst suitable for these 
two classes of reactions from the standpoint of durability, 
activity, and insensitivity to poisons and then so to alter the 
qualitative performance of the mass as to suit the needs of the 
process in question.

As an example, when isopropanol is vaporized at 400° C. 
over a catalyst consisting of zinc oxide, 0.05 mole of propylene 
and 0.95 mole of acetone are obtained. But if zinc oxide is 
triturated with a solution of sodium carbonate and dried so 
that the product contains 4.5 per cent sodium carbonate, less 
than 0.01 mole of olefin and 0.99 mole of acetone are obtained.

Frolich (24) writes fully about the discovery of the hydro
genating power of a variety of metallic oxides which offer a 
great degree of selectivity with respect to chemical reactions 
and show marked resistance to poisons as well as to changes 
in temperature. Examples are nickel, platinum, and palla
dium. Among other products, aldehydes, ketones, acids, and 
esters may be formed.

U ses

After the war the demand slackened somewhat for a short 
period but the growth of the lacquer industry and especially 
the need for acetone in the use of cellulose acetate again in
creased the consumption of acetone to an important status.
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The prewar uses still exist; in many, the proportion of acetone 
used has increased and new uses have been developed as 
follows: Dissolving compressed acetylene; special dénatu
rant for alcohols (rubbing, etc.); artificial leather solvent; basis 
for manufacture of diacetone alcohol, plastics and resins, and 
ketene; cellulose acetate and nitrate (solvent); celluloid 
solvent; confection glaze; cosmetics solvent (nail polish re
mover, etc.); dehydrating agent; explosives solvent; ex
tractions (vitamins, fats, etc.); film; lacquer solvent; paint 
and varnish remover; petroleum dewaxing and lubricating 
oil refining; plastics solvent; safety glass; shoe and rubber 
cements; and textile specialties.

It is practically impossible to obtain a reliable estimate as 
to the relative tonnages used in the various processes, but it is 
safe to say that cellulose acetate and petroleum dewaxing 
are near the top, along with the use for dissolving compressed 
acetylene. The principal manufacturers issue very complete 
descriptions of the various properties, together with charts 
of viscosity, vapor pressure, specific gravity at various tem
peratures, specific heats of solutions, low-temperature char
acteristics, and evaporation rates compared with other sol
vents.

The use of acetone for dissolving compressed acetylene 
is responsible for the vast commercial development of the use 
of acetylene in burning and welding. It is practically im
possible to compress acetylene gas for commercial use be
cause it explodes. However, when acetone is distributed over 
kapok (23), asbestos, or similar inert material, it is capable of 
dissolving twenty-five times its own volume of acetylene at 
normal temperature and for every atmosphere of pressure so 
that, at 15 atmospheres, one volume will hold 375 volumes. 
The efficiency of acetone as a solvent depends on its purity. 
Claude and Hess (10) show that the increased solubility of 
acetylene in acetone is nearly proportional to the increase in 
pressure. Butler (S) discusses the effect of pressures above 
75 pounds per square inch. Freeman writes (23) that the 
heat of combustion of acetylene is approximately 1500 B. t. u.; 
for coal gas the heat of combustion is 500 B. t. u. and for hy
drogen, 350—hence the advantage in using acetylene for 
welding. The kapok fills about 20 per cent of the cylinder.

One of the large users states that acetone is employed in 
considerable quantities for denaturing rubbing alcohol and 
as a solvent for artificial leather. As to its use in rubbing 
alcohol, the opinion has been expressed that acetone itself 
is somewhat effective in bringing blood near the surface of the 
skin.

As a basis for the manufacture of several materials, acetone 
has the advantage of being easily obtainable at a price which 
is moderate, of uniformly great purity, and of a pleasant odor.

A resin can be prepared from o-cresol or a mixture of cresols 
with a ketone, which can be used for coating a plastic com
pound containing cellulose or cellulose derivatives. This is 
claimed by Seymour (52). The resin is compatible with de
rivatives of cellulose and can be used to make yarn. Some 
of the catalysts which can be employed are strong hydro
chloric, sulfuric, or phosphoric acid.

Werner (60) mentions resins made from acetone and formal
dehyde in the presence of alkali, likewise from acetone and 
acetaldehyde, paraldehyde, aldol, and furfural.

Ketene (CH 2 :CO) is a useful acetylating agent for many 
organic syntheses, although it is extremely active and un
stable and must be used at closely controlled temperatures. 
For the manufacture of ketene "from acetone, Reid’s patent 
(43A) specifies the pyrolysis of acetic anhydride and acetone:

CH.COCH, =  CH»:CO +  CH,

In the presence of iron, nickel, or alloys, the reaction may
be

CHjCOCH, = H, +  CO +  CH, +  C

so that the choice of catalysts is limited. Copper has been 
used but the difficulty is that it oxidizes readily at the tem
peratures used, so that up to the cracking zone the tube is 
made of iron-chromium alloys. In the pipe furnace the tube 
is made of different alloys, depending on temperature condi
tions. The different sections are composed first of iron, then 
chromium-iron with copper lining, and then chromium-iron. 
No nickel or nickel alloys can be used.

Ketene is also made from hydrogen and carbon monoxide 
under pressure and heat in volumes proportional to the mo
lecular properties required. The process is covered by a pat
ent granted to Dreyfus (14) ■

3CO +  H2 =  C 02 +  CH2CO

Examples of catalysts are zinc oxide, copper oxide, copper 
chromate, zinc chromate, zinc aluminate, potassium zincate, 
or mixtures of any of these. Temperatures between 200° 
and 300° C. and pressures up to 200 atmospheres are pre
ferred, depending on the catalyst. The velocity of the gas 
has an influence.

Ketene vapors can be absorbed in glacial acetic acid to 
form acetic anhydride (9):

CH2CO +  CH.COOH = (CH,CO)20

Acetone can be used as a precipitant in the manufacture of 
a prepared resin according to Thomas and Hochwalt (55). 
From a cracking process an unsaturated hydrocarbon is ob
tained which reacts with pulverized aluminum chloride. 
Other catalysts which can be used are chlorides of iron, boron, 
zinc, antimony, indium, titanium, and tin, propyl alcohol 
saturated with hydrogen chloride, ethyl sulfate, and aniline 
hydrobromide. The viscous reaction product is neutralized 
and steam-distilled, removing unconverted hydrocarbon. 
Particles of aluminum hydroxide or salt give a putty color. 
The mass left in the still is dissolved in benzene, carbon 
tetrachloride, or ethylene dichloride and dumped. To the 
solution is added a water-soluble liquid such as acetone or 
ethyl alcohol which precipitates the resin. The latter is then 
decanted and filtered.

Acetone and an aldehyde can be used in the presence of 
sodium hydroxide to form an “amorphous product,” a plastic 
according to Ellis (18). For example, when 20 pounds of ace
tone and 50 pounds of formaldehyde (37 per cent) are reacted 
with 5  pounds of soda ash in a heated kettle with a reflux con
denser, 29 pounds of sirup are obtained. This is quite thick 
when cold and is soluble in alcohol or alcohol and benzene. 
If more alkali is used, the mass is harder.

Acetone is called “not the best but the most suitable sol
vent for acetylene” by Remler (45); he gives a table of the 
advantages of acetone as a solvent and several tables of the 
solubilities in acetone of resins, fats, oils, greases, mineral 
oils, asphalts, and bitumens (44)-

Wire with a thin textile insulation was covered with a thin 
film of cellulose acetate dissolved in acetone by a prominent 
wire manufacturer (4) continuously and in very large amounts.

Aliphatic ketones as solvents (42) have been fully de
scribed by Park and Hofmann, and the evaporation rates of 
organic liquids are thoroughly covered by Hofmann (28).

Petroleum dewaxing is an application of acetone developed 
at the Indian Refining Company by Go vers; it  was started 
in 1927 and later taken over by the Texas Development Com
pany (26). There are eight installations in the United 
States and six in Europe. Wax-bearing stock is dissolved in 
solvent, chilled to the required temperature depending on 
the desired pour point, and filtered to remove the precipitated 
wax, and the wax-free oil is recovered by distilling the sol-
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vent. The solvent used is a mixture of an oil solvent and a 
wax antisolvent. The proper composition of the solvent 
involves a balance between wax precipitation and oil solu
bility. Acetone and benzene were the first solvents used to 
replace the conventional straight-run solvent naphtha com
mercially in dewaxing operations. Recently some advantage 
has been found in using methyl ethyl ketone instead of acetone 
because the former has greater solvent power for oil without 
increasing wax solubility. The latest improvements involve 
introduction of continuous processes such as continuous stills 
and rotating disk- or drum-type filters operating under pres
sure and covered with insulation instead of being installed in 
refrigerated rooms.

In ketone-benzene mixtures the ratio of ketone to benzene 
is limited at two extremes. One extreme is that benzene crys
tallizes with low ketone concentration, and with high ketone 
concentration there is a liquid-phase separation (heavy oil).

Anderson (I) points out that acetone is an antisolvent for 
wax in petroleum to such a great extent that oil will separate 
with the wax so that the acetone must be blended. Benzene 
is a good secondary solvent; an effective mixture is 62 per 
cent benzene and 38 per cent acetone. For treating heavy 
oils, the latter mixture is not satisfactory; a third ingredient 
is needed, preferably naphtha (initial boiling point 165° F.; 
end point 250° F.). When using naphtha the percentage of 
benzene is slightly increased and the percentage of acetone is 
decreased. One volume of oil to 2.5 volumes of diluent is 
used in the exact ratio depending on the nature of the oil to be 
dewaxed. The mixture is chilled at about—10° F. and filtered. 
An object of this invention is to provide means of using 
an acetone-benzene mixture for dewaxing heavy oils without 
causing benzene to freeze out or heavy oil to separate from 
the diluent.

Ba Thi and Strang describe with charts the principles of 
solvent dewaxing (5) but make no mention of acetone.

Acetone can be used to distribute a plasticizer in making 
plastics (16). “Plasticizers make cellulose esters less elastic 
and more plastic, more extensible.” The work described 
shows that even volatile solvents are, in small part, long re
tained. A chart shows the percentage of several solvents 
evaporated over a period of five days. It is believed that loss 
of solvent in the last stages is responsible for the cracking of 
old celluloid. There seems to be some evidence that nitro
cellulose combines chemically with acetone.

In combination with either benzene or carbon tetrachloride, 
amyl or ethyl acetate, ether, chloroform, and alcohols, ace
tone is used for spraying rubber solutions or lacquers or for 
making rubber cement. Sufficient acetone is used in the rub
ber industry to have interested the assistant medical director of 
the Goodyear Tire and Rubber Company in investigating the 
health hazard (12). It was determined that the toxicity of 
acetone is very slight and that it occurs normally in small 
amounts in the blood but is increased to a pathological ex
tent in the following conditions: diabetes (mellitus), certain 
forms of malignancy, starvation, autointoxication, certain 
metabolic changes which produce acetonuria, and fevers of 
prolonged duration.

Proper ventilation is necessary to keep acetone vapors 
away from workers. This is especially true where, as is usual, 
acetone is associated with substances such as benzene which 
are definitely toxic. The conclusions reached as to the health 
hazard of acetone were as follows:

Acetone is safe to use in well-ventilated and guarded systems.
Acetone is a fire hazard.
Acetone is toxic but much less so than any of the other usual 

solvents used in the rubber industry.
There are no characteristic blood findings.
Individuals who show slight symptoms can be removed and 

are all right in 24 hours.

Recovery of acetone from gas or air mixtures can be accom
plished by scrubbing with water in packed or spray towers or 
in bubble-cap columns such as were used in the war period. 
In recent years activated carbon has been used almost ex
clusively (4 ,20). A recovery system consists of active carbon 
absorbers, a condensing tower, and a batch still for removing 
acetone from water. Air and vapor from the wire-coating 
machines pass through tubular coolers to the absorbers which 
are large horizontal tanks carrying active carbon. Air 
stripped of acetone goes to the roof. After one hour of opera
tion, the flow is cut off and switched into another tank while 
low-pressure steam is admitted to the first tank to drive off ace
tone. The mixed steam and acetone vapor are condensed in 
about equal parts and stored underground. Recovered ace
tone from the still is sampled to be sure that it is dry and 
pure. The over-all recovery is 85 to 8 6  per cent.

Precautions for preventing explosion and fire are fully 
described (4 ), including the use of lead and aluminum dia
phragms in explosion relief openings on the tanks and coating 
machines and a carbon dioxide fire-extinguishing system.

Fire is a real hazard where acetone and other solvents are 
used. Static was apparently responsible for an explosion 
which occurred when a vacuum shelf dryer was opened for 
unloading golf balls or similar goods. Since that time residual 
acetone vapors have been swept out with steam before the 
doors are opened. In Great Britain a fire occurred in a 
vacuum stove (shelf dryer) in a solvent recovery house (11) 
during unloading. Nitrocellulose was dried in Uralite trays 
with wooden rims which rested on hollow iron shelves for 
heating with steam. It had been the custom to admit air 
when the vacuum was at a certain height, then open the door, 
and pull the trays. A flash occurred while the door was open, 
apparently because of the friction of a tray on warm dry 
nitrocellulose dust on an iron shelf. In the future it is pro
posed to blow in steam with the air in order to sweep out the 
vapors and to help discharge the static by the presence of high 
humidity. Also a door will be installed on the back of the 
stove as well as the front for better inspection and cleaning. 
Trays half as long will be used, and a pair of brass wheels 
will be provided at the inner end of each tray.

To prevent serious damage from the explosion of vapors, 
vents (7) with hinged automatic shutters are used at a ratio 
of 1  square foot per 10 cubic feet of room. Self-closing shut
ters are desirable because they help to retain the inert atmos
phere which results from the first explosion.

The United States Bureau of Mines and the Western Elec
tric Company made a study of the use of diaphragms (S3). 
One of the wire-coating machines was set up in a special 
building and used in testing the upper and lower limit of ex- 
plosibility of acetone. The effect of humidity was investi
gated, and studies were made of flame propagation. In 
another paper (34) studies of solvent mixtures were reported. 
Nuckolls reports on the propagation of flames in pipes and the 
effectiveness of arresters (4 1 ).

P ro d u ctio n

Data on acetone production from 1919 to 1929, inclusive, 
are as shown in Table I  (2,56).

Since about 1927 little or no acetone has been produced 
from calcium acetate originating in a hardwood distilling 
plant. The two sources of supply have been the fermentation 
of grain or molasses and by catalytic methods from petroleum- 
still gases containing propylene.

The outstanding point of interest regarding acetone in 1929 
was the production of commercial quantities of acetone from 
propylene in natural gas. This method and fermentation 
accounted for nearly all of the 1929 production.
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T a b l e  I
Y ear Pounds Source
1914 10,425,817 W ood d istn .
1919 6,045,914 W ood d jstn .
1921 4 ,380 ,085 W ood d istn .
1923 10,927,841 W ood  d istn .
1925 13,348,229 C om m ercia l S o lven ts C orp. on ly
1926 21,466,483 C om m ercial S o lven ts  Corp. on ly
1927 .25 ,519,506 C om m ercia l S o lven ts  C orp. on ly
1928 25,058,000 C om m ercial S o lven ts  C orp. on ly
1929 32,000 ,000 C om m ercial S o lven ts C orp. an d  C arbide

and C arbon C hem icals C orp. (estd .)
1930 N o t published
1931° 25,853,902
1932 N o t published
1933 42,205,4436
1934 42,615,3126 (6 ,456 ,865  gal.)«*
1935 56,124,0006 (8 ,503 ,000  g a l.) e
1936 64,651,1286 (9 ,795 ,625  g a l.) /
1936 94 ,5 6 5 ,0 0 0 e
1935 5,607 ,176  gal. E th y l a ce ta te  sa les

°  F igures from  1931-1936 , in clu sive , ob ta in ed  from  U . S. Tariff. C om m .
\OOSlJ.

6 S ales, p revious figures sh ow  production .
c P relim inary e s tim a te  of production .
d Sales (com pared w ith  73 ,868 ,000  ga l. of benzene and m otor fu el). 
•  Sales (com pared w ith  82 ,486 ,000  gal. of ben zen e and m otor fu el). 
/  Sales.

S u m m a ry

The downward trend in the price of acetone has halted at 
5  cents per pound in tank car lots. Will it go lower? No one 
can predict. Certain facts suggest that there is little profit 
in acetone for the lowest cost producers, who make it from 
petroleum process gases. The gases which can be used for 
the manufacture of acetone are chargeable in most plants at 
the cost of fuel except where special effort has been made to 
modify the cracking process in order to increase the propor
tion of propylene for its derivatives. To 4 cents per therm 
(100,000 B. t. u.) or about 64 cents per 1000 cubic feet of pro
pylene (equivalent to 0.5 to 0.6 cent per pound) might be 
added an estimated 2.5 to 3.0 cents per pound for conver
sion or a total of 3 to 3.6 cents per pound of propylene 
processed. At 90 per cent yield, then, acetone would cost 
2 . 4  to 3 . 0  cents per pound at the plant; therefore, with freight, 
sales costs, and taxes, a 5 cent price does not leave much 
profit.

How far can the fermentation companies go in order to meet 
competition is another guessing game. When the price of 
acetone goes below the cost of production, butyl alcohol and 
the by-products of the fermentation gases, carbon dioxide and 
hydrogen, will have to carry the burden of making a profit for 
the plant or else acetone will have to be converted into prod
ucts which have a better price or a large enough market to 
take a large volume of acetone. The butyl price cannot go up 
much without danger of competition from substitutes. Natu
rally, the low price of acetone is causing many people to ex
periment with it in place of more expensive solvents but prog
ress in that direction is slow. Vigorous research to find new 
outlets for acetone are not at present producing the desired 
results. The shadow of overproduction still looms.
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Boiling Points and  

Critical Properties of 

H ydrocarbon

Watson and Nelson (7) intro
duced the following boiling point 
and gravity ratio, t e r m e d  the 
“characterization factor,” as an in
dication of the chemical character 
of a hydrocarbon and as a correla
tive factor:

(i)
where K  =  characterization factor 

d =  s p e c i f i c  g r a v i t y  
at 60° F.

Tb =  atmospheric b o i l i n g  
point, 0 Rankine

M ixtures
R. L. SM ITH  a n d  K. M . WATSON  

U niversal Oil P roducts C om pany, Riverside, 111.

KNOWLEDGE of the critical properties of hydrocarbon 
mixtures, particularly as a function of properties readily 
determinable, is of great value for estimating the physi

cal and thermal properties necessary for intelligent design of 
petroleum refining equipment. Many of these properties are 
directly correlatable on the basis of the critical temperature 
and pressure by application of the theorem of corresponding 
states.

The most easily determined properties definitive of a hydro
carbon are the specific gravity and the boiling point. Many 
other properties, such as molecular weight, chemical char
acter, cracking reaction velocity constants, hydrogen content 
and heats of combustion, are correlatable as functions of these 
simple inspection data. However, petroleum problems al
most always involve mixtures of great numbers of components 
which it is usually impracticable to treat separately, even to 
the extent of determining individual boiling points and 
gravities. In such cases it is customary to measure the 
gravity of the entire mixture and to report the boiling point 
in the form of a batch distillation curve. For the higher 
boiling substances, the distillation must be carried out at 
sufficiently low temperatures to avoid decomposition, neces
sitating pressures lower than atmospheric and correction to 
the equivalent atmospheric pressure values by means of 
vapor pressure relations. Since the true boiling point distil
lation is not yet in general use by the industry, boiling point 
curves obtained by the A. S. T. M. and Engler distillations will 
be considered in the following discussion and correlations.

This factor is valuable in that it 
is reasonably constant for chemi
cally similar hydrocarbons. It is 
useful as a quantitative means for 
expressing the effect of variation in 
chemical type and, in conjunction 
with one other property, serves as 
a basis for correlating properties 
of pure components of widely vary
ing c h e m i c a l  types and boiling 
points.

Application of the characterization factor was extended to 
mixtures by considering the boiling point of the whole mix
ture to be the "molal average boiling point,” which was less 
than the volumetric average by a correction which was a 
function of the Engler distillation curve slope. It was 
pointed out that the boiling point so obtained was actually 
higher than the true molal average boiling point and was 
established in an effort to obtain a single, simple average 
boiling point which would eliminate dependence on width of 
boiling range from the characterization factor and correlations 
of other physical properties. However, more complete data 
and application of the principle of additivity of the properties 
of mixtures indicate that for wide boiling mixtures the Wat- 
son-Nelson “molal average boiling point” represents an un
satisfactory approximation to the proper variable for cor
relation of many properties.

If components of the same chemical character or characteri
zation factor, K,  are mixed, the resultant blend should have 
the same K.  From the above definition of K,  since d varies 
linearly with volume per cent, {Tb) ijz must also vary linearly 
with volume per cent.

A  mix. —
fvATnY'* + f v ¿ T B¡y ' * +  . . . .

draix.
(2 )

A d d itive P rop erties of M ixtu res
Many properties of mixtures may be estimated by assuming 

that the properties of the individual components are directly 
additive. For example, such properties as the weight or 
hydrogen content of a mixture are equal to the sums of the 
corresponding properties of the components. Similarly, it  
may be satisfactorily assumed that in liquid hydrocarbon 
mixtures at atmospheric temperature and pressure the volume 
of the mixture is equal to the sum of the volumes of the com
ponents, neglecting volume changes in mixing. On the basis 
of these principles of additivity, it is possible to establish 
conditions which must be met by correlations of various 
properties that are to be mutually applicable to mixtures and 
pure components.

where fn  = volume fraction of component 1  in mixture 

Thus, the proper boiling point to use for calculation of K  is: 

Tb{ av.) =  [/ki(Tb) 1 / 3  + / w ( r « ) l / * +  • ■ • -V

This boiling point will be termed the “cubic average boiling 
point.” For petroleum fractions it may be obtained by sub
tracting from the volumetric average a correction expressed 
as a function of Engler distillation curve slope and volumetric 
average boiling point. This correction is presented graphi
cally by the series of curves in Figure 1 , designated as cubic 
average.

If two components of different K  and the same or different 
boiling points are mixed,

A  m ix. —
_ M T b iY '*  +  M T b i ) 1'3

fndi  +  frtd¡
/wiCTbi)17* , M T bíV »

di di
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or Kmix. =  fwiKi +  fwtKi (3)
where fw\ — weight fraction of component 1

Therefore, the characterization factor, K,  when based on 
the correct cubic average boiling point, is additive with weight 
fraction in all mixtures where changes in volume with mixing 
are negligible.

It may be similarly demonstrated that A. P. I. gravity is also 
additive with weight fraction in all mixtures where volume 
changes in mixing are negligible:

A. P. I.mix. =  fwi  X A. P. I.j +  f  wt X A. P. 1.2 +  . . . .  (4)

A p p lica tio n  o f P u re-C o m p o n e n t C orrela tion s  
to  M ixtu res

If a correlation of any dependent variable is developed as a 
function of two definitive properties, it may be validly ap
plied to both mixtures and pure components only if the 
average definitive properties of the mixture are so defined 
that the dependent variable for any mixture is the same as 
that of a pure component having the same definitive proper
ties as the average definitive properties of the mixture. This 
principle may be used to determine directly the proper average 
definitive properties for mixtures when pure-component data 
are available. When only data on mixtures are available, 
the principle may be applied, by trial-and-error assumptions 
of average property, to determine the correct average de
finitive property and consequently establish a valid pure- 
component correlation if the range of variation in each mix
ture is small relative to the total range covered by the cor
relation.

As an application of the above principle, the correlation 
of molecular weight with boiling point and A. P. I. gravity 
may be considered. The molecular weight of a mixture is 
additive with the mole fractions of its components as is also

its true molal average boiling point. However, if molecular 
weights of pure components are plotted against boiling points 
with lines of constant A. P. I. gravity, it is found that the 
molecular weight of a pure component, having an A. P. I. 
gravity and boiling point the same as the A. P. I. gravity and 
true molal average boiling point of a mixture, is not the same 
as the molecular weight of the mixture. Therefore, the true 
molal average boiling point cannot be the proper definitive 
property for applying the pure-component correlation to mix
tures. Similar consideration shows that the cubic average 
boiling point is also unsound as a correlating variable. How
ever, an average boiling point which is the arithmetic average 
of the true molal and cubic averages does form a sound basis 
for correlation of molecular weights. This average, which 
will be termed the “mean average boiling point” of a blend, 
corresponds to a molecular weight on the pure-component 
correlation, which is equal to the actual molecular weight of 
the mixture.

In Figure 1 are plotted curves for obtaining true molal 
average boiling points of petroleum fractions from Engler 
distillation curve slopes and volumetric average boiling points. 
Midway between these curves and those establishing the 
cubic average boiling point are plotted similar corrections for 
obtaining the mean average boiling point. When working 
with mixtures of pure components or narrow cuts, for which 
the distillation curve slope is meaningless, the mean average 
boiling point is directly calculated as the arithmetic average 
of the true molal and cubic average boiling points of the com
ponents.

A similar analysis may be applied to the published cor
relation (8) of hydrogen content with boiling point and spe
cific gravity. Again it is found that the mean average boiling 
point is the proper definitive variable for application of this 
pure-component correlation to mixtures and that correlations 
involving the characterization factor and cubic average or 
true molal average boiling point are not sound for mixtures 
of wide boiling range.

Examination of the mean average boiling point shows it to 
approximate closely the original Watson-Nelson "molal 
average,” which was developed initially for molecular weight 
correlations. In general, the previously published corre
lations employing the Watson-Nelson average boiling point 
are satisfactory for the pure components and relatively nar
row cuts for which they were developed, but break down when 
applied to mixtures of extremely wide boiling range, except 
where the proper correlating variable is the mean average 
boiling point as defined above.

The viscosities of blends of petroleum fractions cannot be 
calculated by directly additive methods, as are molecular 
weights and hydrogen contents. However, the recommended 
A. S. T. M. viscosity blending procedure, together with the un
published results of a fuel oil blending investigation, have 
been used for predicting empirically the relations between the 
viscosities of components and their blends. These relations 
indicate that the cubic average boiling point is the proper 
variable for use in the correlation of viscosity with gravity 
and boiling point. Therefore, the published correlations be
tween characterization factor and viscosity are sound and 
independent of width of boiling range when the characteriza
tion factor is based on the correct cubic average boiling point. 
However, measurement of viscosity alone permits estimation 
of only the cubic average boiling point, and data must be 
available on the Engler distillation curve slope to permit cal
culation of either mean or true molal average boiling points.

C ritica l T em p era tu res

Several methods of correlation of the critical temperatures 
of pure hydrocarbons have been proposed, based on extrapola-

C o n sid era tio n  o f th e  p r in c ip les  o f a d d i
t iv ity  o f m ix tu re s  sh o w s th a t ,  for th e  a p 
p lic a tio n  to  m ix tu re s  o f co rre la tio n s of 
p rop erties o f p ure c o m p o n e n ts  w ith  s p e 
cific grav ity  an d  b o ilin g  p o in t , no  on e  
ty p e  o f average b o ilin g  p o in t  is  su ita b le  
for a ll p rop erties. T h e fo llo w in g  d if 
feren t average b o ilin g  p o in ts  h ave b een  
developed  for a p p lica tio n  to  co rre la tio n s  
o f th e  variou s p h y sica l p ro p erties: (a)
cu b ic  average b o ilin g  p o in t—ch a ra cter i
z a t io n  factor , v isco s it ie s ;  (6) tr u e  m o la l  
average b o ilin g  p o in t—p seu d o cr itica l 
te m p era tu re ; (c) m e a n  average b o ilin g  
p o in t—m o lec u la r  w e ig h t, h yd rogen  c o n 
te n t ,  h e a t  o f c o m b u stio n , p seu d o cr itica l 
p ressu re; (d) w e ig h t average b o ilin g  
p o in t—tr u e  cr it ica l tem p era tu res .

U s in g  th e se  average b o ilin g  p o in ts , n ew  
co rre la tio n s o f tr u e  an d  p seu d o critica l 
te m p era tu re  an d  p ressu re d a ta  are p re
se n te d  w h ic h  are a p p lica b le  b o th  to  p ure  
c o m p o n e n ts  a n d  w id e b o ilin g  m ix tu res .
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tions of measurements of low-boiling materials together with 
experimental data on petroleum fractions. In attempting to 
apply these correlations to mixtures, the problem is compli
cated by the lack of additivity of critical properties. I t  has 
long been recognized that the true critical pressure of a mix
ture may be much greater than the critical pressure of a pure 
component having the same definitive properties, and ordi
narily is greater than the critical pressure of any component 
present in it. It has been assumed, however, that the critical 
temperature of a mixture was the same as that of a pure com
ponent of the same gravity, in conjunction with either char
acterization factor, molecular weight, or molal average boil
ing point. However, the recent investigations of Roess (5) 
indicate that the true critical temperature of the mixture is 
also higher than that of a corresponding pure component 
having the same gravity and molecular weight.

True critical properties of mixtures are of particular value 
in the calculation of phase relations and vaporization equi
librium data. However, for the equally important problem 
of vapor volume and compressibility calculations, it has long 
been recognized that use of the true critical properties of a 
mixture for calculating reduced temperatures and pressures 
renders the theorem of corresponding states inapplicable. 
Thus the compressibility factor of a mixture at specified re
duced conditions is generally greater than the corresponding 
value for a pure component at the same reduced condi
tions.

Kay (4), as a result of careful measurements of the P. V. T. 
relations of vapor mixtures, introduced the ingenious and 
simplifying concept of the pseudocritical point; he defined it 
as that temperature and pressure which, used as critical prop
erties to calculate reduced pressure and temperature, pro
duce the same reduced compressibility factor correlation as 
that of pure components.

Although there is no theoretical certainty of the existence 
of such a point, Kay proved its existence, within experimental 
accuracy, for those mixtures that he studied; it will be as
sumed that every mixture has a definite pseudocritical point, 
and it is the same as the critical point of a pure component 
having the same definitive properties as some type of average 
definitive properties of the mixture.

The correlation presented by Kay plots pseudocritical 
temperature against molecular weight for lines of constant 
characterization factor, K. Several considerations indicate 
that the extrapolated portion is incorrect, and that K  and 
molecular weight are probably not the proper correlating 
variables. If, as Kay stated, pseudocritical temperature 
is additive with mole fraction, his constant K  lines must be 
straight since molecular weight is also additive with mole 
fraction, but the plot actually shows deviations from line
arity of more than 100° F. Also, since it has been shown in 
the foregoing discussion that K  is properly a function of the 
cubic and molecular weight of the mean average boiling point, 
it appears that two different average boiling points have been 
used in the pseudocritical temperature correlation. Further
more, constant-boiling-point lines through the extrapolated 
portion of Kay’s pseudocritical temperature plot show a de
crease to a minimum and then a rise in the values of pseudo
critical temperature as K  increases. The minimum value 
and the rise are contrary to available pure component data, 
though this phenomenon in Kay’s correlation may be only- 
apparent, due to possible inaccuracies in boiling point-molecu
lar weight correlations.

An indication that boiling point is a better correlating 
factor than molecular weight lies in the fact that hydrocar
bon isomers having the same molecular weight and practically 
the same characterization factor may possess widely different 
boiling points and critical temperatures. Consequently

critical temperatures of isomers do not correlate well with 
molecular weight and K .  They do, however, with boiling 
point and A. P. I. gravity, though this gives no indication of 
the proper average boiling point.

If a correct plot of pseudocritical temperature against boil
ing point and gravity is developed, it is necessary that this 
plot be applicable to pure components, for which the pseudo
critical temperature is equal to the true critical temperature. 
This same correlation must be correct for true critical tem-

peratures of mixtures of this property can be correlated on the 
basis of only boiling point and gravity, using the proper aver
age boiling point. Conversely, a plot developed from true 
critical temperatures must be correct for the pseudocritical 
temperatures, using proper average boiling points. This 
must follow from the fact that a pure component is the lim it
ing case of mixtures, for which the pseudocritical and the true 
critical temperature correlations must agree and for which all 
average boiling points are identical.

Because of the scarcity of pseudocritical data on wide- 
boiling mixtures, it is difficult to determine with certainty 
the proper average boiling point for a correlation. However, 
the principles of valid pure-component-mixture correlations, 
applied to those mixtures studied by Kay that have a wide 
enough range to be significant, indicate that the true molal 
average boiling point is the proper correlating variable for 
pseudocritical temperatures. The mean average boiling 
points or molecular weights of the mixtures give, in all cases 
when used with a pure-component correlation, pseudocritical 
temperatures considerably higher than the experimental 
values. The true molal average boiling point used in the 
same manner gives values only slightly higher than, or the 
same as, the experimental. K ay’s correlation, although 
agreeing well with his experimental values, does not agree 
well with pure-component data in the region he investi
gated.

Roess (5), by an ingenious flow method, made accurate 
determinations of true critical temperatures and pressures 
of a great number of mixtures; many were at temperatures 
considerably above the cracking range. Unfortunately the 
inspections of his samples probably have a lesser degree of 
accuracy than his critical data, since the atmospheric Engler 
distillation was the only boiling point data obtained. For 
the higher boiling stocks it is certain that average boiling 
points calculated from these atmospheric pressure distillations 
are too low as a result of decomposition. However, by means 
of a correlation obtained by comparing a great number of 
vacuum and atmospheric pressure distillations, an approximate
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correction may be obtained to be added to the atmospheric 
pressure Engler distillations as a function of the temperature 
and the per cent distilled over. Roess’ distillation curves 
were corrected in this manner to approximate the results of 
vacuum distillation. Fortunately these corrections were 
small in the majority of cases, and in the worst significant 
case the correction affected the average boiling point by 
25° F.

Roess correlated true critical temperatures as a function 
of volumetric average boiling point and A. P. I. gravity. The 
volumetric average was selected because data on wide-boiling- 
range blends of relatively narrow cuts indicated that the 
true critical temperature was more nearly proportional to 
volume per cent than to mole per cent, and that, using volu
metric average boiling point as the correlating factor, better 
agreement was obtained between the experimental critical 
temperatures on these blends with those predicted from a 
correlation of the data on narrow cuts. However, continua
tion of this same type of reasoning favors the use of the weight 
average boiling point as opposed to the volumetric, though 
the discrepancies between the two are much less than between 
the volumetric and the molal. Moreover, true critical data 
on methane-propane mixtures (6‘) and pentane-heptane mix
tures (3) show that, for this low-boiling region where Kay 
found pseudocritical temperature to be nearly linear with 
mole per cent, true critical temperatures are more nearly 
linear with weight per cent than with liquid volume per cent. 
From these considerations it appears that true critical tem
perature is the same function of weight average boiling point 
that pseudocritical temperature is of true molal average boil
ing point.

The weight average boiling point is readily calculated for

F ig u r e  2

blends of pure components or narrow boiling cuts. For 
petroleum fractions with smooth Engler distillation curves, 
the weight average boiling point may be obtained by adding 
to the volumetric average boiling point a correction which is a 
function of Engler distillation curve slope and volumetric 
average boiling point. These corrections are presented 
graphically in Figure 1.

The data of Roess on true critical temperatures were plot
ted against weight average boiling points together with the 
pseudocritical temperature data of Kay against true molal 
average boiling points on the same plot with all available data 
on pure hydrocarbons. Lines of constant A. P. I. gravity 
were drawn through these points, resulting in the chart shown 
in Figure 2 . 1 Table I gives values from this chart in com
parison with some experimentally determined true and pseudo
critical temperatures of mixtures and pure components. The 
average deviation of the correlation of all available data of 
these three different types is ± 4 . 5 °  F., with a maximum de
viation of 31° F. Figure 2  is also in close agreement with a 
chart published by Watson and Nelson (7), which was derived 
by mathematical extrapolation of the then-existing data on 
pure compounds. The good agreement between the true 
and pseudocritical temperature data, together with those on 
pure compounds, gives further justification to the choice of 
the weight average boiling point for true critical temperatures 
and the true molal average boiling point for pseudocritical 
temperatures as described above.

C ritica l P ressures

True critical pressures of mixtures present a problem of a 
different nature from any of those considered above in that, 
for mixtures of any two components of appreciably different 
boiling points, the true critical pressure attains a maximum 
value at some intermediate composition. Because of this 
maximum value, greater than the critical pressure of either 
component, it is evident that true critical pressures cannot be 
correlated as a function of only two average properties, such as 
an average boiling point and characterization factor or gravity. 
However, K ay’s data on pseudocritical pressures indicate 
that no such maximum exists for them, and that the pseudo
critical pressure is approximately proportional to mole fraction 
in binary mixtures.

If pseudocritical pressure can be correlated with two proper
ties definitive of a hydrocarbon, such as boiling point and 
gravity, it  follows that this same correlation must apply to 
pure components which are merely a limiting case of mixtures. 
On this basis a correlation of pseudocritical pressures may be 
built up from three sources of data: critical pressures of pure 
components, measured pseudocritical pressures, and estimated 
critical pressures obtained by extrapolating vapor pressure 
data to the critical temperature. Unfortunately these three 
methods are limited to materials of low boiling point, since 
true and pseudocritical pressures of pure components have 
not been measured for high-boiling substances, and since 
vapor pressure extrapolations in the high boiling range are 
uncertain.

The Roess measurements of true critical pressures of rela
tively high-boiling-point narrow cuts constitute the best 
basis for estimating the critical pressures of high-boiling com
pounds. However, for these data a relation between true 
and pseudocritical pressures must be developed for translation 
of the true critical data to pseudocritical.

* T h e authors d id  n o t a t  first in ten d  to  p resen t th eir  orig in a l, som ew h at  
d oub tfu l ex trap ola tion s of con stan t A . P . I . lin es  for th e  lig h t  hydrocarbon  
gases, b u t  th e  loca tion  of th ese  lin es  has s in ce  b een  verified  b y  true cr itica l 
d ata  of W . B . K a y  on  e th an e-h ep tan e m ixtures (to  be p ub lish ed  i n  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  under th e  t it le  “ L iquid-V apor P h ase  
E quilibrium  R ela tion s in  th e  E th a n e -n -H ep ta n e  S y ste m ”).
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T a b l e  I .  B o i l i n g  P o i n t s  a n d  T r u e a n d  P s e u d o c r i t i c a l  T e m p e r a t u r e s a n d  P r e s s u r e s  o f  R e p r e s e n t a t i v e  M i x t u r e s

AND P u r e  C o m p o n e n t s

T.- » ■■ I 1 n f n * P /"N-------- 'XV u BSS La- /  -tv a y  D a ta  > 'jT ure co m p o n e n ts ------
S am ple N o. 1452 1454 1419 1482 1483 1484 1471 1472 6 11 n -P en - n -O c- D n so - B en  T o lu 

(75% (50% (25% (50% (25% (2 6 .6 2 tan e tan e b u ty l zene en e
1452 1452 1452 1452 1452 m ole % (C sH n) (C sH i.) (C sH u) (C«He) (C ;H .)
plus plus p lus plus plus eth an e
25% 50% 75% 50% 75% plus
1454) 1454) 1454) 1419) 1419) 7 3 .3 8

m nl aixioiv / o 
n -liep-
tane)

° A. P. I. (6 0 ° /6 0 °  F .):
O bsd. 5 5 .4 1 9 .6 3 5 .3 4 5 .3 3 4 .9 2 6 .7 4 4 .5 3 9 .8 52 . , 9 1 .1 6 8 . 6 7 1 .4 2 9 .0 3 1 .2
C alcd. 4 5 .2 3 5 .7 2 7 .2 4 4 .8 3 9 .9 8 7 .7

C orrected  d is tilla tio n , 0 F .
1 0 % 2 2 2 442 500 228 245 295 2 5 4 . 280 188 . .
30% 252 488 535 ,. 2 2 1
50% 273 538 568 250
/ 0 % 293 604 604 278
90% 317 739 692 568 678 720 640 674 318 . ,

E n gler slope 1 .1 9 3 .7 1 2 .4 (4 .2 5 ) (5 .4 ) (5 .3 ) (4 .8 3 ) (4 .7 7 ) 1 .6 3 • • • • • • • •
A v . b oiling  p o in t, ° F .:

V olu m etric 271 562 580 251 97 258 229 175 231
W eight 274 570 584 360 437 507 438 5 Î3 255 i.76 97 258 229 175 231
C ubic 267 550 574 329 399 471 410 493 245 145 97 258 229 175 231
T ru e m olal 261 527 561 311 370 441 365 445 237 113 97 258 229 175 231
M ean 264 538 567 320 385 450 388 469 241 129 97 258 229 175 231

M ol. w eigh t 116 205 245 132 152 176 160 195 107 -1 0 6 8 1 .4 7 2 .1  1 1 4 .1 3 1 1 4 .1 3 7 8 .0 5 9 2 .0 6
K 1 1 . 8 8 1 0 .7 0 1 1 .9 2 1 1 .5 4 1 1 .2 3 1 0 .9 5 1 1 .9 1 1 .9 1 1 1 .5 5 1 3 .1 2  1 2 .9 4 1 2 .6 5 1 2 . 6 6 9 .7 5 1 0 .1 6

Te, ° F .:
T ru e, obsvd . 590 941 903 6 8 8 787 870 764 836
True, correlation 597 938 899 694 783 863 762 833
Pseu d o , correlation 584 904 881 650 725 810 700 779 573 410 387 565 533 551 608
P seu d o , K a y  correlation 600 919 939 670 749 830 740 830 581 410 377 561 560 580 610
P seu d o , ob svd . 573 413 387 565 531 551 609

tTc/pTc  (ab s.) 1 .0 1 3  1 .0 2 4 5 1 .0 1 4 1 .0 4 1 .0 4 9 5 1 .0 4 1 5 1 .0 5 3 5 1 .0 4 3 5 .. ., .. ..
tPe/pPc (abs.) 1 .1 1 3 1 .2 1 3 1 . 1 2 2 1 .3 4 8 1 .4 3 1 .3 6 1 .4 6 6 1 .3 7 8
Pc, lb . /s q .  in . abs.:

T ru e, ob svd . 476 399 275 547 556 501 493 405
P seu d o , ob svd . 463 450 485 362 361 704 o i l
P seu d o , ca lcd . (from

ob svd . tPe) 427 329 245 406 389 369 336 294
P seu d o , correlation 407 336 238 401 385 365 332 288 456 450 486 359 380 704 é i i
P seu d o , K ay  correlation 406 297 230 384 359 330 316 274 452 420 477 365 364 740 611
T rue, correlation 454 408 268 541 550 496 487 397
T ru e, R oess correlation 448 437 247 554 600 560 493 440

R elation, b e tw e en  T ru e an d  P seu d o cr itica l  
P ressures

Development of a correlation between true and pseudo
critical pressures is particularly difficult with the data now 
available because of the fact that no measurements of both 
properties are reported for any mixture. In K ay’s work with 
low-boiling mixtures, pseudocritical but not true critical 
properties were measured. Roess, on the other hand, meas
ured true but not pseudo properties.

Qualitative consideration of the variation of true critical 
temperatures and pressures of mixtures suggests that there 
should be a relation between the ratio of the true critical to 
the pseudocritical temperature (tTc/ p T c) and the ratio of 
true critical to pseudocritical pressure {tPc/pPc).  Consider
ing a binary mixture, these ratios are both equal to unity for 
the two pure components and increase to maximum values 
at intermediate compositions.

An approximate quantitative relation which would be ex
pected to exist between these two ratios may be predicted 
from the reduced compressibility factor diagram for pure sub
stances. According to Kay’s postulate of pseudocritical 
properties, any compressibility factor isotherm of a vapor 
mixture when plotted on a reduced basis will coincide with 
the isotherm of the same reduced value on the compressi
bility factor plot for pure components, if the reduced prop
erties of the mixture are based on its pseudocritical prop
erties. Thus the pseudocritical temperature isotherm of the 
mixture will coincide on the reduced compressibility factor 
chart with a Tr =  1 line for pure components. However, 
the true critical temperature isotherm of a mixture when plot
ted on a pseudoreduced basis will coincide with some pure 
component compressibility-factor isotherm greater than Tr —
1 . A t some point on this isotherm occurs the true critical

point. If the true critical pressure can be located on such a 
pseudoreduced plot, the ratio of the true critical to the pseudo
critical pressure will equal the pseudoreduced pressure at the 
true critical point, and the ratio of true critical to pseudo
critical temperature is equal to the pseudoreduced value of 
the true critical isotherm.

The possibility presents itself that the true critical pres
sure on a pseudoreduced basis may be a function of the shape 
of the true-critical-temperature compressibility factor iso
therm. For pure components the critical pressure is located at 
the point of inflection of the critical temperature isotherm 
and is also at the point of intersection of extrapolations of the 
concave downward portions of the negative and positive 
slope sections of the isotherm. In attempting to locate 
critical pressures on higher pseudoreduced temperature iso
therms, the point of inflection of the curve was discarded as a 
criterion since it soon reaches a nearly constant value of 
pseudoreduced pressure. The values of pseudoreduced pres
sure, obtained at points of intersection of extrapolations of 
two parts of each pseudoreduced temperature line, may be 
plotted against pseudoreduced temperature. If the pseudo
reduced pressure located in this manner actually represents 
the pseudoreduced pressure of the true critical point, then 
this resultant plot is a plot of the ratio (tPc/ p P c) vs. ( tT J  
pT c). This plot is shown by points on Figure 3. However, 
further evidence is necessary before this assumption can be 
accepted.

A direct calculation of the value of the above ratios at one 
point is possible from the true critical data on pentane-hep- 
tane mixtures. By interpolation of these data, the true 
critical temperature of a mixture having the same true molal 
average boiling point as hexane and the true critical pressure 
of a mixture haring the same molecular weight as hexane are 
determinable. Assuming that true molal average boiling
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may be plotted against (tT c/ p T c), and the best line drawn. 
Since (tP c /p P e ) =  1.0 at ( tT c/ p T c) =  1.0, integration of 
the differential curve from 1 . 0  gives (tPc/ p P c) as a function 
of ( tTc /pTc) .  Points with the same pseudocritical pressure 
are located at the point of intersection of lines representing 
the mixtures on a plot of A. P. I. gravity against the proper 
average boiling point. A plot of the relation so calculated 
using true molal average boiling point as the variable for 
pseudocritical temperatures and mean average for pseudo
critical pressures is shown in Figure 3. This line coincides 
almost exactly with points determined by the various other 
methods. The use of either the true molal or mean boiling 
point as the correlating variable for both pseudocritical con
stants gives relations that differ widely from one another and 
from any of the above relations. Thus further evidence is 
adduced as to the validity of the relation as presented and in 
favor of the average boiling points selected. For values of 
(tTc/ p T c) greater than those investigated by Roess, extrapo
lation of the relation becomes necessary. In Figure 3 
two extrapolations are presented as broken lines. The higher 
line is calculated from extrapolated pentane vapor pressures 
and the lower, which is the one recommended for use, results

point and molecular weight are, respectively, 
the proper correlating variables for pseudocriti
cal temperature and pressure, the pseudo
critical properties of this mixture will then be 
equal to the critical properties of hexane. As 
shown in Figure 3, the point calculated in this 
manner falls almost exactly on the curve calcu
lated from the compressibility factor curves, as 
described above.

Another possible method evolves from con
sideration of the extrapolation of a vapor pres
sure curve beyond the critical. It might be 
supposed that, for any temperature above the 
critical of the pure component, the extrapolated 
vapor pressure represents the pressure of com
plete liquefaction of an imaginary liquid for a 
pure component, or the critical pressure of a 
mixture of the same average properties with the 
given temperature as its true critical tempera
ture. If true, a plot of P ,  vs. T, of the extrapo
lated vapor pressure curve is, again, also a 
plot of (tP c /p P c ) vs. (tT c /p T c ). Points cal
culated from the Brown-Coats (¿) extrapolation 
of the vapor pressure of n-pentane are shown in 
Figure 3.

Application of the principles of valid pure- 
component-mixture correlations to pure com
ponent data and the pseudocritical pressure of 
K ay’s wider boiling mixtures indicates that 
molecular weight, or the mean average boiling 
point, is the proper correlating variable for 
pseudocritical pressures.

From precise data on mixtures of the type 
studied by Roess, it is possible to calculate the true relation 
between the ratios (tPc/ p P c) and (tTc/ p T c) if the proper 
average boiling points are known. Since

log (lPJpPc) =  log lPc -  log pPc

log tPc may be plotted against (tTc/ p T c) for various constant 
values of p P c, the slope of these constant pPc lines may be 
calculated,

from a direct extrapolation of the function as calculated from 
Roess’ data.

It may be that the relation between ( tP c/p P e )  and { tT c/  
p T c) is not the same for all types of mixtures. The assump
tion that it is the same is tantamount to any one of the fol
lowing statements, and verification of any one of these state
ments would validate the assumption: (a) The compres
sibility factor must be the same at the true critical point for
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all mixtures with the same value of (tTc/ p T c); (6 ) the com
pressibility factor isotherms for the true critical temperature, 
when plotted against log P , must be exactly similar at the 
true critical point for all mixtures with the same value of 
(tTc/pTc) ; and (c) the true critical temperature isotherms

on the true reduced basis must coincide for all mixtures with 
the same value of (tTc/ p T c). All of these statements seem 
reasonable. They are similar in nature to the assumption of 
the theorem of corresponding states and of the existence of 
pseudocritical properties as defined by Kay.

P seu d o cr itica l P ressure

There is some indefinite indication from Itoess’ data that 
at constant { tT c/pTc) ,  { tPc/pPc)  may increase somewhat 
with increasing boiling point. However, in the absence of 
any definitely invalidating evidence, the single-line relation 
was used to calculate pseudocritical from Roess’ true critical 
pressures, and the correlation of the former with pure com
ponent data and K ay’s pseudocritical pressures is presented 
in Figures 4 and 5 as a function of mean average boiling point 
and A. P. I. gravity, or molecular weight and A. P. I. gravity 
for the lighter components. Molecular weight was not used 
for the higher boiling substances, since such a correlation 
would depend on another. The three sets of data correlate 
consistently within themselves and with one another.

The correlation for the lighter components was based on 
the following extrapolated values of A. P. I. and specific" 
gravities at 60° F.:

I so - Ti-
C om p on en t CH< C jH 2 C 2II4 C2H 6 C3H# CaHs C<Hs C<Ha

0 A . P . I. 440  167 213 213 138 145 104 99
S p .g r .  0 .2 4 7  0 .4 7 3  0 .4 1  0 .4 1  0 .5 2 6  0 .5 1 1  0 .6 0 0  0 .6 1 3

In using Figure 5, the A. P. I. gravity of a mixture must be 
calculated as the weight average of these same values for the 
components. I t  may be that K ay’s method of using the 
molal average of the criticáis of the pure components, when 
known, is as satisfactory as any other for substances lighter 
than pentane.

C a lcu la tio n  of C o m p lete  C ritica l D ata

By means of Figures 1 to 5 the critical properties, both 
true and pseudo, of any mixture are readily calculated. The 
true molal, mean, and weight average boiling points and 
A. P. I. gravity are first determined. The true critical tem
perature is then read from Figure 2 , using the weight average 
boiling point. The pseudocritical temperature is then read

from the same figure, using the true molal average boiling 
point. The ratio of these two critical temperatures on an 
absolute scale is then used to obtain {tPc/ p P c) from Figure 3. 
The pseudocritical pressure is read from Figure 4 or 5 and 
multiplied by this ratio to determine the true critical pres
sure.

The correlations and methods presented here have the ad
vantage over previous correlations of being based on and ap
plicable to both pseudocritical and true critical properties for 
all widths of boiling range and any type of mixture. The 
correlation of true critical pressures presented by Roess does 
not include the limiting case of the pseudocritical and is, in 
any case, limited only to those mixtures with a uniform dis
tillation curve where slope is significant. Moreover, values 
read from his correlation deviate rather widely from his 
experimental values.

A tabulation of some representative data, with the corrected 
distillations of Roess, is presented in Table I, along with com
parisons of -values given by different correlations. Devia
tions from all the available experimental data of the various 
correlations are as follows:

, R oess '-------------- K a y  -
M ax. A v . M ax. A v.

tPc, Ib ./sq . in . 130 ± 2 6 .7
pTc, ° F .    29 ± 7 .3
pPc, lb . /s q .  in . . . .  . . .  36 ± 1 0 .2

°  A b ove b u tan e. & B elow  b utan e.

Pure components are included with the pseudos.

V apor P ressure R e la tio n s

For high-boiling materials the Brown-Coats and all other 
vapor pressure extrapolations become uncertain and cannot 
be used with confidence to determine pseudocritical pressure 
from pseudocritical temperature. Comparison of the pseudo
critical pressures of Figure 4 with those estimated from the 
Brown-Coats chart (2) indicate that the extrapolated pres
sures are too low for the higher boiling materials at high tem
peratures and pressures on the chart. For substances with 
a characterization factor of about 1 2 .0 , critical pressures from 
Figure 4 agree almost exactly with those of Kay for the high- 
boiling materials. Critical pressures for aromatic substances 
predicted from Figure 4 are higher than those of Kay in the 
high-boiling region; they are closer to, but still higher than, 
those predicted from the Brown-Coats chart.

Recently data were obtained (1 ) on the vapor pressures of 
n-dodecane from very low pressures to the critical point.

These data indicate that the vapor pressure lines 
w c.Hio on the Brown-Coats chart are not straight or 
t 1 1 0  horizontal, but should slope first upward at very

0 .5 7 6  0 .5 S 5  low pressures with increasing pressure and tem
perature, and then downward to the critical, in 

agreement with predictions of the present critical pressure 
correlation.
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A bsorption of N itrogen Dioxide  
by A queous Solutions

F. S. CHAMBERS, J r . , i a n d  T. K. SHERWOOD 
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N itro g en  d iox id e w as absorbed  from  a  
m ix tu re  in  n itro g en  u s in g  ca u stic  s o lu 
t io n s  vary in g  from  2.7 to  34.1 p er c e n t  
so d iu m  h ydroxid e, an d  acid  so lu t io n s  
vary in g  from  5.7 to  69.8 per c e n t  n itr ic  
a cid . S im ila r  te s t s  w ere carried  o u t  in  a 
w e tte d -w a ll tow er an d  in  a  b a tch  ab sorp 
t io n  vesse l. T h e observed  ab sorp tion  
ra tes  for N 0 2 w ere com p ared  w ith  corre
sp o n d in g  ra tes  o f evap oration  o f w a ter  in  
th e  sa m e  a p p a ra tu s u n d er  s im ila r  c o n d i
tio n s .

T h e  ra te  o f a b so rp tio n  w as fo u n d  to  go  
th r o u g h  a  m a x im u m  for p ure w ater , an d  
to  b e m u c h  le ss  in  s tro n g  acid  or stro n g

ca u stic . Even in  th e  str o n g  s o lu t io n s  th e  
ra te  o f a b so rp tio n  w as fo u n d  to  be p ro
p o rtio n a l to  a p p rox im ately  th e  0.8 pow er  
o f th e  gas v e lo c ity , in d ic a t in g  th e  g a s-film  
d iffu sion a l re s is ta n ce  to  be co n tro llin g . 
T h e re su lts  are exp la in ed  by  th e  h y p o th e 
s is  o f rea ctio n  in  th e  gas p h a se , w ith  th e  
d ep o sitio n  of a  n itr ic  acid  m is t  in  th e  gas  
film .

N ew  d a ta  are p resen ted  on  vap oriza
t io n  o f w ater, d eso rp tio n  o f a m m o n ia  
from  a q u eo u s so lu t io n , a b so rp tio n  o f a m 
m o n ia  b y  w ater an d  b y  acid , an d  ab sorp 
t io n  o f su lfu r  d ioxid e by ca u s tic  in  th e  
w e tted -w a ll tow er.

THE absorption of nitrogen oxides to form nitric acid, 
nitrates, and nitrites has long been a subject of much 
scientific and industrial interest. The chemistry of the 

important oxides, their reactions with one another, with 
oxygen, and with various aqueous solutions have been subjects 
of extensive investigations reported in the chemical literature, 
but the possible importance of diffusional resistances in the 
absorption process has received relatively little attention. 
The present paper presents the results of a study of the signifi
cance of diffusional resistances in the absorption of nitrogen 
dioxide by water and by aqueous solutions of nitric acid and 
of alkali.

Of the various oxides of nitrogen, only NO, N 20 3, N 0 2, and 
N 20< appear to be involved in the absorption process. Nitric 
oxide (NO) is stable and relatively inactive, although it re
acts with oxygen to form the dioxide (N 0 2) and with N 0 2 to 
form the trioxide (N 20 3). These latter are absorbed by water 
and by caustic solutions. N 0 2  polymerizes rapidly to an 
equilibrium mixture of N 0 2 and the tetroxide (N 20 4), and 
this equilibrium mixture will be referred to as nitrogen di
oxide. This equilibrium was the subject of careful study by 
Bodenstein (3), Yerhoek and Daniels (23), and others (16, 
19, 20, 24), and the equilibrium constant is known as a 
function of temperature over the range from 0° to 90° C. 
The reaction of NO and N 0 2 is believed to be very rapid, al
though the data show that even at moderate temperatures 
very little N 2 0 3  exists in the equilibrium mixture.

The reaction of NO with oxygen to form nitrogen dioxide 
has been the subject of much study, partly because of its in
dustrial importance and partly because of its scientific in
terest as a trimolecular reaction with a negative temperature 
coefficient. The reaction is relatively slow, as shown by the 
rate constants determined in the classical studies of Boden- 
stein (2). These data, amplified by the results of other

1 Present address, Eastern Laboratory, E. I. du Pont de Nemours & 
Company, Gibbstown, N. J.

workers, are apparently good only for dry gases, since with 
wet gases, with paraffin-coated vessels, or in contact with 
charcoal, the rate constants are quite different (5, 6, 14). It 
seems unlikely that Bodenstein’s rate data are exactly ap
plicable under the conditions obtaining in industrial absorp
tion equipment, although Taylor, Chilton, and Handforth (22) 
found them of value in this connection. The oxidation 
equilibrium was also studied by Bodenstein, who found that 
under ordinary conditions the oxidation is essentially com
plete.

The dioxide and the trioxide were formerly believed to 
react with sodium hydroxide in aqueous solutions according 
to the reactions: *

2NOj +  2 NaOH =  N aN 0 2 +  NaNO, +  H20  (1)
N20 3 +  2NaOH = 2NaN02 +  H20  (2)

In the absorption of nitrogen dioxide an excess of nitrate is
usually found, however, and in reaction 2  some nitrate as well 
as nitrite is formed. This point will be discussed further in 
connection with the present results.

The reaction of nitrogen dioxide with water is believed to 
take place in two steps:

2N 0 2 +  H20  = H N 0 2 +  HNOj (3)
3HN0 2 =  HNO, +  2NO +  H20  (4)

The nitrous acid decomposes rapidly (11,16), and only a frac
tion of one per cent nitrous acid is found in the nitric acid 
formed. The over-all reaction may be written as

3N 0 2 +  H20  =  2HNO, +  NO (5)

Equilibrium constants for reaction 5 have been obtained by 
Burdick and Freed (7), Abel, Schmid, and Stein (1), and by 
the authors (8).

1415
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No = RT pa x [ 2  DaPa +  Dcpc] (6 )

Although the rapid reaction of N 0 2 
and N 20< in the film has been allowed 
for in the derivation, the result is the 
same as for the diffusion of the two 
gases unaffected by the presence of 
each other. The equation as given 
is valid only for the condition of no 
N 0 2 vapor pressure over the solution, 
as may be seen from the outline of 
the derivation, described previously 
by one of the authors (SI). The ap
plicability of the general Stefan equa
tion to interphase diffusion of vapors, 
as in evaporation of liquids and ab
sorption of gases, was shown by Gilli
land (IS), who also presented a gen
eral correlation of diffusivities in gase
ous systems (IS).

P roced ure

The absorption of the dioxide in water has been studied by 
various workers, notably by Foerster and Koch (10), who 
showed that the rate of absorption fell off to zero in the vi
cinity of 6 8  per cent nitric acid, and that stronger acid could 
not be obtained by absorption of N 0 2 at atmospheric tem
peratures and pressure. The observed maximum acid 
strength was first explained by Burdick and Freed (7) on the 
basis of their equilibrium data for reaction 5, which showed 
that at high acid strengths equilibrium would be reached 
with only traces of NO present in the gas phase.

Assuming that reactions 3 and 4 represent fairly the process 
of absorption of N 0 2 it would appear evident that the general 
mechanism is as follows: (a) N 0 2 diffuses in the gas phase 
through the surface gas film at the interphase boundary; 
(6 ) N 0 2 diffuses in the liquid phase from the gas-liquid inter
face to the point in the liquid where the formation of nitrous 
acid occurs, (c) nitrous acid decomposes with the liberation 
of NO, and (d) the NO formed is either returned to the gas 
phase, or is oxidized in the liquid phase by oxygen diffusing 
in along with the N 0 2. If the gas is originally a mixture of 
NO and oxygen, then the oxidation to NO* must occur before 
absorption can take place. It seems clear that either a dif- 
fusional resistance or the speed of one of the chemical reac
tions involved might control the rate of the over-all process. 
Partington and Parker (17) treat the process as though the 
physical absorption were the controlling step and apply 
their treatment to the performance of commercial towers. 
Taylor, Chilton, and Handforth (SS) conclude that nitric 
oxide oxidation is the controlling step in absorption of gas 
from ammonia oxidation, although realizing the limitations 
on acid strength imposed by the equilibrium of reaction 5. 
Bolshakoff (4) found the rate of absorption from a mixture of 
nitrogen dioxide and nitrogen to increase approximately as 
the 0.8 power of the gas velocity over the liquid surface. This 
result suggests strongly that diffusion through the gas film 
was controlling. Bolshakoff also found that NO oxidation 
was controlling when absorbing from a mixture of NO and 
air, as evidenced by the fact that the rate of absorption de
creased with increased gas velocity through the apparatus.

Roberts (18) applied the Stefan diffusion equation to the 
diffusion of N 0 2 and N 20< through the stagnant gas film, with 
the assumption that the two come to equilibrium with each 
other instantly at each point in the film. The resulting equa
tion is:

With a view to i n v e s t i g a t i n g  
the important variables separately, 

the present investigation was planned as a study of N 0 2 
absorption only, thus eliminating NO oxidation from the 
problem. The first type of equipment employed was a 
wetted-wall column (Figure 1) through which gas and ab
sorbing solution passed in a countercurrent direction, the 
solution flowing by gravity down the inner wall of a 1.46-cm. 
i. d. glass tube. The N 0 2 disappearing from the gas stream 
was calculated from the gas flow and gas analyses. Liquor 
analyses served to show the amount of N 0 2 absorbed in those 
runs in which dilute sodium hydroxide solution was used as 
absorbent. The second type of equipment was a cylindrical

GEAR

F ig u r e  2 . B a t c h  A b s o r p t io n  V e s s e l

glass vessel in which the absorbing liquid was placed and 
through which gas was passed continuously. Both gas and 
liquid were stirred, the whole arrangement being indicated 
by Figure 2.

Both pieces of equipment were designed to be “calibrated” 
by carrying out a standard absorption or evaporation experi
ment in which diffusion through the gas film was the control-
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ling process. Comparison of N 0 2 absorption rates with the 
results of these tests served to indicate the importance of 
diffusion in the more complicated process.

W etted -W a ll T ow er

Figure 1 shows the tower absorber with auxiliaries as set 
up for the experiments with N 0 2:

The supply of liquid N 0 2 was contained in a glass flask placed 
in a heated water bath, and connected through a glass stopcock 
to a spiral of glass tubing. This spiral had sufficient flexibility 
so that the flask could be rocked mechanically and eliminated the 
necessity of rubber connections for this purpose. The vaporized 
N 0 2 passed through a calibrated flowmeter to an 800-cc. gas 
mixing vessel into which nitrogen was fed from a cylinder and 
flowmeter. Samples of the inlet gas were withdrawn into a Gail- 
lard bulb from a point in the line shortly after the mixing vessel. 
The mixed gases passed down through a section of electrically 
heated tubing and up through a vertical lagged calming section, 
approximately 95 cm. long below the inlet to the toiver.

The absorption tower proper consisted of a jacketed length of 
1.46-cm. i. d. glass tube, flared at the bottom to permit the 
entry of the gas feed tube of the same size. The inner tube was 
ground level at the top, and this upper end served as a weir feed 
device to supply the absorbing liquid in a smooth film on the inner 
wall. The flare at the bottom guided the liquid out past a ther
mometer into a measuring vessel and prevented liquid from falling 
into the gas supply tube. A thermometer was placed in the 
liquid in the inverted 300-cc. round-bottomed liquid feed vessel, 
and another was inserted in the gas line leaving the tower. Gas 
samples were withdrawn from the exit gas line into two Gaillard 
bulbs as indicated in Figure 1. The main liquid feed reservoir 
was placed in a water bath at an elevation of several feet above the 
top of the tower, and an auxiliary supply was placed in a thermo
stat at a lower level. Water was circulated from the thermostat 
through the jacket on the tower to the upper water bath, whence 
it returned to the thermostat bath.

The tower absorber was also used to measure rates of absorp
tion and desorption of ammonia in water, absorption of ammonia 
in dilute acid, absorption of sulfur dioxide in 2 N  sodium hy
droxide and evaporation of water from water and from strong 
caustic solutions. These were the "calibration” tests carried out 
for the purpose outlined above. Compressed air was supplied in 
place of nitrogen and was ran through a glass wool filter and a 
simple pressure-regulating device. Ammonia or sulfur dioxide 
was introduced at the bottom of the glass spiral shown at the right 
of Figure 1. In the evaporation tests this line was closed.

For the tests on rates of vaporization of water, wet- and dry- 
bulb thermometers were placed in the gas line between the air 
flowmeter and the gas mixing bulb. These served as a rough check 
on the humidity of the outlet air, measured by absorption trains 
using anhydrous magnesium perchlorate as the desiccant. The 
air was sufficiently preheated before entering the tower so that 
its wet-bulb temperature agreed closely with the temperature of 
the water running down the walls of the tower. Since a ther
mometer in the air stream at the bottom of the tower would de
feat the purpose of the calming section, the inlet air temperature 
was not measured during the course of a run. However, it was 
found that the variation in this temperature was negligible, and 
it was measured at the beginning and end of each run of this series 
by lowering a thermometer on a string through the tower. The 
water film on the inner surface of the tower was somewhat ir
regular, and annular ripples moved down the tower. The addition 
of a small amount of wetting agent (Alphasol) to the water elimi
nated these ripples and produced a smooth regular film which 
wetted the glass wall perfectly.

B a tc h  A b so rp tio n  V esse l
This apparatus consisted of a cylindrical round-bottomed glass 

flask fitted with a large coated rubber stopper. One stirrer in 
the liquid and two in the gas space were arranged as shown in 
Figure 2 and connected to suitable electric drives. The liquid 
stirrer speed was 2 0 0  r. p. m. and the gas stirrers were driven 
at 375 r. p. m. in all tests. A mixture of N 0 2 and nitrogen was 
prepared as for the wetted-wall absorber and introduced to the 
flask through a bent glass tube directed at the inner wall at the 
gas stirrer level. The gas leaving ivas withdrawn from a point 
about 1 cm. from the top of the gas space. In each run 800 cc. 
of liquid were used, this being easily introduced through the 
filling spout without wetting the sides of the flask in the gas space. 
When the liquid level was filled it was approximately 1 cm. below 
the gas stirrers and 8  cm. above the liquid stirrer. The stirring

shafts passed through mercury seals, and the liquid stirrer shaft 
revolved in a fixed sleeve which extended below the liquid level 
and eliminated the effect of a rotating shaft on the liquid surface. 
The inside diameter of the flask was 9.6 cm. and the diameter of 
the central sleeve 1 . 1  cm. so that the exposed liquid surface area 
was 71.5 sq. cm. The whole absorber was immersed in a thermo
stat maintained at 25° — 0.05° C. Gas entered at approximately 
6 6  liters per hour, passing first through a glass coil in the thermo
stat batb in order to adjust its temperature.

As in the case of the wetted-wall absorber, this apparatus was 
“calibrated” by measuring the rate of vaporization of water from 
caustic solutions. The air from the compressed air line was 
thoroughly dried and purified by sulfuric acid, sodium hydroxide 
pellets, and P20 5 tubes. It was metered by passage through a 
calibrated flowmeter, and the humidity of the exit air determined 
gravimetrically using Anhydrite and P2Os. The results of those 
tests served as a basis for calculating the effective film thickness 
for vaporization of water.

Absorption of N 0 2 was measured in this apparatus, using both 
nitric acid and caustic solutions. Since the volume of liquid was 
large relative to its surface, the change in the average liquid 
concentration during a run was negligible. A sample of the 
inlet gas was drawn into a single Gaillard bulb for determination 
of total nitrogen oxides, and the result interpreted as N 0 2 (and 
N 20 4) only, since negligible impurities were found in the NOa 
supplied.

Samples of the exit gas were taken into two Gaillard bulbs, 
one containing permanganate and the other water for determina
tion of both NO and N 02. The N 0 2 disappearance in passing 
through the absorber was calculated from these analyses and the 
measured gas rate.

P rep a ra tio n  o f M a ter ia ls
Most of the N 0 2 was obtained as a liquid from the Ex

plosives Department of E. I. du Pont de Nemours & Com
pany, Inc., and the rest was prepared by thermally decom
posing lead nitrate in a stainless-steel tube and condensing 
the vapor. Each lot was purified by oxygen distillation, and 
the product gave pure white crystals when frozen with solid 
carbon dioxide.
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1 1
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F ig u r e  3. D a t a  o f  P r e l im in a r y  A b s o r p t io n  
a n d  E v a p o r a t io n  T e s t s  i n  W e t t e d -W a l l  T o w e r

Acids, alkalies, etc., used as reagents and as absorbents 
were c. p. reagent grade. Nitrogen, ammonia, and sulfur 
dioxide were obtained from commercial cylinders.

A n a ly tica l P roced u res
The analysis of the gas samples by withdrawal and titrating 

in Gaillard bulbs was described in detail elsewhere (5). 
Total nitrogen oxides plus nitric acid were determined by 
oxidation and titration of the sample in the bulb containing 
water, and the ratio of nitrogen dioxide to nitric oxide was 
determined by titration of the sample collected in the bulb 
containing permanganate.

Water vapor in air was determined gravimetrically by ab
sorption on solid magnesium perchlorate, using two weighed 
U-tubes in series, and a gas washing bottle for humidifying 
the air before measuring its volume over water in a large bottle.
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Ammonia in air was determined by titrating a weighed 
sample collected in an evacuated Gaillard bulb containing 
25 cc. of water. Sulfur dioxide in air was determined in a 
similar way using barium hydroxide as absorbent. Excess 
barium hydroxide was titrated with standard acid.

W ater V apor, A m m o n ia , a n d  S u lfu r  D iox id e in  
W etted -W a ll C o lu m n

The data obtained in the calibration runs are reported in 
Tables I and II. The results (except those with ammonia 
and water) are plotted in Figure 3 as d /x / (p /p D ) 0 - 44 vs. Re 
for comparison with the empirical equation of Gilliland and 
Sherwood (IS), where x, the effective film thickness, is calcu
lated from the Stefan diffusion equation. Tins equation, 
based on the data of Gilliland for vaporization of various liquids 
in a wetted-wall tower, is represented by the solid line shown. 
The agreement is good, and it is apparent that the empirical 
equation referred to can be used to calculate the gas film resist
ances in the present tower.

50
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30

20

------- 1------- 1------1— i— i— i—i—i— r
o-ABSORPTION Or N H j IN WATER- ROOM AIR
•  -ABSORPTION Of N H j IN WATER-HUMIDITIED AIR _|__
4 -  DESORPTION Or NH,  INTO ROOM AIR 
A-DESORPTION o r  N H j INTO HUMIDITIED AIR 
x-ABSORPTION Of N H j BY ACID

1000 2000 3000 4000 5000 6000 6000

REYNOLDS NUMBER . ÍÜ/L
V

T a b l e  I. E v a p o r a t i o n  o f  W a t e r  i n  W e t t e d - W a l l  T o w e r

Partia l
Pressure

,---------T em perature W ater Vapor R ey n 
R un L iquid  Liquid G as G as gas gas B arom e Air olds
N o . L iquid in le t ou tle t in le t  o u tle t in le t ou tle t ter F low N o. d /x

Mm. Mm. O. moles/
0 C. 0 C. 0 C. 0 C. Ha Hg Atm. sec.

6 A lp hasol so ln . 2 4 .4 2 4 .4 58 30 1 .7 2  1 8 .1 0 1 .0 0 0 0 .0 3 5 3 4580 1 8 .7
7 2 4 .3 2 4 .4 5 59 31 4 .0 5  1 8 .5 8 1 .0 2 2 0 .0 2 6 9 3500 1 4 .6
8 W ater 2 4 .8 5 2 4 .8 60 31 3 .4 6  1 9 .1 8 1 .0 2 0 0 .0 2 6 9 3500 1 4 .3
9 2 4 .8 2 4 .9 60 32 3 .3 4  2 0 .0 2 1 .0 2 0 0 .0 2 6 9 3500 1 6 .6

10 2 4 .9 2 5 .0 58 30 1 0 .2 6  2 0 .7 8 0 .9 8 7 0 .0 3 7 3 4840 2 1 .8
11 2 5 .0 2 5 .2 60 32 1 0 .5 0  2 0 .4 0 0 .9 8 7 0 .0 3 3 0 4280 1 6 .8
12 2 5 .1 2 5 .3 57 33 6 .2 7  2 0 .1 0 0 .9 8 7 0 .0 2 9 5 3820 1 6 .8
13 2 4 .4 2 4 .5 54 30 3 .2 2  1 8 .7 2 1 .0 0 0 0 .0 2 5 9 3350 1 4 .3
14 2 4 .6 2 4 .6 5 51 30 2 .5 8  1 9 .6 5 1 .0 0 0 0 .0 2 3 3 3100 1 4 .6
15 2 4 .7 5 2 4 .8 55 32 2 .5 4  1 9 .0 8 1 .0 0 0 0 .0 1 9 8 2570 1 1 .3
16 2 4 .6 2 4 .8 5 51 35 2 .0 7  1 6 .9 5 1 .0 0 0 0 .0 1 5 0 1950 6 .7
17 2 4 .8 2 4 .8 52 32 2 .2 0  1 8 .1 0 1 .0 0 0 0 .0 1 7 9 2300 8 .8
18 2 4 .2 5 2 4 .4 5 53 32 1 .3 7  1 6 .8 0 1 .0 1 2 0 .0 1 6 1 2090 7 .6
19 2 4 .4 5 2 4 .5 5 54 32 1 .2 8  1 6 .S5 1 .0 1 2 0 .0 1 6 9 2180 7 .7
20 2 5 .0 2 5 .3 59 32 6 .5 2  2 1 .3 0 1 .0 1 2 0 .0 2 1 6 2900 1 4 .4
21 2 5 .0 2 5 .1 59 31 7 .7 0  2 1 .3 5 1 .0 1 2 0 .0 2 2 8 3050 1 4 .8
22 2 4 .8 2 5 .0 59 32 7 .4 8  2 0 .5 0 1 .0 1 2 0 .0 2 0 5 2750 1 2 .2
23 1 5 .7 5 1 5 .6 5 23 18 7 .7 0  1 2 .4 5 1 .0 0 6 0 .0 3 0 8 4300 2 0 .0
24 1 5 .6 1 5 .6 23 18 8 .7 5  1 2 .3 5 1 .0 0 6 0 .0 2 7 3 3850 1 5 .5
25 1 6 .1 1 5 .9 5 23 18 8 .7 8  1 2 .6 2 1 .0 0 6 0 .0 2 3 6 3300 1 3 .0
26 1 5 .2 5 1 5 .5 5 22 17 3 .9 0  1 1 .4 3 1 .0 1 2 0 .0 1 8 7 2650 1 1 .3
27 1 6 .1 5 1 5 .9 22 17 4 .6 8  1 1 .8 5 1 .0 1 2 0 .0 3 6 8 5180 2 1 .3
28 2 4 .6 %  N a O Il 2 4 .9 2 5 .6 55 30 4 .0  1 2 .1 1 .0 0 7 0 .0 3 2 9 4300 1 7 .0
29 2 2 .4 %  N aO H 2 4 .8 5 2 5 .1 55 31 2 .9  1 2 .2 1 .0 1 3 0 .0 2 9 1 3750 1 4 .0
30 2 2 .4 %  N aO H 2 4 .3 2 4 .8 55 29 3 .1  1 2 .4 1 .0 1 3 0 .0 2 4 3 3120 1 2 .0

When using pure water, some difficulty was had in wetting 
the tube surface, and ripples in the water layer could be ob
served by looking vertically down from above. These were 
flat annular rings which traveled down the tube with the 
water film. Addition of a small amount of commercial wet
ting agent (Alphasol) to the water caused it to wet the glass 
surface readily and eliminated the ripples. As shown by 
Figure 3, the tests with and without the wetting agent gave 
the same results, and it may be concluded that the ripples 
were of negligible importance.

In order to eliminate temperature gradients in the water 
film caused by temperature change of the water passing 
through the tower, a number of runs (Table I) were made 
with inlet feed and jacket water maintained nearly at the 
temperature of adiabatic saturation of the inlet air. This 
condition was obtained by varying the temperature of the 
inlet air, depending on its humidity. The temperature 
change of the water in passing through the tower was accord
ingly never more than 0.3° C. The data obtained when this 
precaution was observed agreed with the absorption data and 
with the Gilliland equation, indicating that the temperature 
gradient effect was probably negligible in Gilliland’s tests 
using liquid and air at the same inlet temperatures.

F i g u r e  4. D a t a  ox A b s o r p t i o n  a n d  D e s o r p 
t i o n  o f  A m m o n ia  i n  W e t t e d - W a l l  T o w e r

The data obtained with ammonia and 
with sulfur dioxide are shown in Table H. 
Ammonia was absorbed by water and 
desorbed from an 8 - 1 1  per cent aqueous 
ammonia solution. In each case tests were 
made using air of ordinary room humidity, 
and with air humidified to more than 80 
per cent relative humidity at the inlet tem
perature. The agreement of these various 
results is indicated on Figure 4, where d/x  
is plotted against Re. The effect of air 
humidity, suspected by Chilton (9), is not 
observable. Similar tests absorbing am
monia from room air by 2 N  sulfuric acid 
gave higher values of d/x,  as shown in the 
upper curve of Figure 4. These same data 
are plotted on Figure 3, where they are 
seen to agree with the water data and with 
the Gilliland equation. It seems reason
able to conclude that the discrepancy of 
the two lines of Figure 4 is due to a small 
liquid film resistance in the case of am
monia with water as the solvent.

Data on absorption of sulfur dioxide 
by 2 N  sodium hydroxide solution, tabu
lated in Table II, are a l s o  p l o t t e d  on 
Figure 3. The agreement with the other 

data indicate that this also is a case of gas film resistance 
wholly controlling.

Di££usivity o f N itro g en  D iox ide
In order to calculate the effective film thickness from data 

on NO 2 absorption, it is necessary to have reliable values for 
the diffusivities D a and Dc of N 20 4 and NO 2 to be substituted 
in Equation 6 . These values can be estimated by the empiri
cal equation for diffusivities proposed by Gilliland (IS), but 
it was deemed desirable to obtain experimental values if 
possible. Data were accordingly obtained by the method of 
Stefan, using liquid nitrogen dioxide in small tubes.

A small graduated tube about 3 mm. in internal diameter 
and 18 cm. long, closed at one end, was filled to within about 
2.5 cm. from the open end with liquid N 0 2. The tube was 
then suspended in a large test tube through which nitrogen 
was passed slowly at atmospheric pressure. The test tube 
was placed in a cooled bath, and the nitrogen was precooled 
approximately to the bath temperature. It was assumed 
that the partial pressure of N 0 2 was zero at the mouth of the 
small tube and equal to the vapor pressure at the bath tem
perature at the liquid surface. B y a material balance and 
Equation 6 , the following relation is obtained:
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T a b l e  II. A b s o r p t i o n  a n d  D e s o r p t i o n  i n  W e t t e d - W a l l  T o w e r
------- T em perature— P artia l Pressure

R u n Gas G as L iquid Liquid NHa in  L iquor S o lu te  in  G as Liquor R eyn o ld s
N o. in le t o u tle t in le t ou tle t In let O u tle t In le t O u tlet B arom eter F low Air F low N o. d /x

°  C. °  C. 0 C. °  C. % %  Mm. Hg M m. Ho Atm. Q./aec. Q. moles/see.
A bsorp tion  of A m m onia  in  W ater

31 22 2 5 .5 2 4 .6 2 7 .8 0 1 .9 2  1 0 6 .8  4 0 .8 1 .0 3 0 0 .0 2 9 5 4300 1 7 .0
32 22 25 2 4 .6 2 6 .7 0 1 .1 0  7 5 .4  2 7 .3 1 .0 3 0 4.'00 0 .0 3 5 7 5200 1 9 .9
33 22 24 2 4 .2 2 6 .7 0 1 .3 8  8 2 .5  3 0 .3 1 .0 2 0 0 .0 3 1 7 4650 1 7 .9
34 22 2 4 .5 2 4 .4 2 6 .7 0 1 .31  8 4 .7  3 0 .0 1 .0 2 0 2.'78 0 .0 2 4 7 3650 1 4 .6
35 22 2 4 .5 2 4 .6 2 5 .8 0 0 .6 4  5 9 .5  1 8 .4 1 .0 2 0 3 .3 0 0 .0 2 0 6 3000 1 2 .8
3 6 ° 22 25 2 3 .9  • 2 7 .0 0 1 .8 0  6 5 .2  2 8 .1 1 .0 0 0 1 .8 5 0 .0 3 9 2 4950 1 8 .3
37° 22 25 2 4 .4 2 7 .3 0 1 .0 5  6 5 .9  2 3 .2 1 .0 0 0 3 .0 8 0 .0 2 8 0 4050 1 6 .7
38° 22 2 4 .5 2 4 .6 2 5 .9 0 0 .4 2  5 9 .4  1 8 .3 1 .0 0 0 5 .9 0 0 .0 2 2 6 3300 1 4 .6
39° 22 25 2 4 .6 2 7 .1 0 1 .0 9  6 6 .1  2 4 .1 1 .0 0 0 2 .9 7 0 .0 3 0 0 4350 1 7 .6

D esorp tion  of A m m onia  from  A queous Solution
4 0 “ 21 23 2 4 .7 2 0 .4 1 0 .5 0 8 .3 5  0 5 8 .5 1 .0 1 0 2 .0 3 0 .0 3 0 1 4250 1 6 .3
4 1 “ 21 21 2 3 .4 1 9 .7 1 0 .5 2 7 .6 1  0 5 2 .3 1 .0 1 0 1 .6 3 0 .0 3 7 2 5200 1 9 .3
4 2 “ 21 23 2 4 .6 2 1 .6 1 0 .4 5 9 .5 5  0 6 8 .8 1 .0 1 0 4 .3 5 0 .0 2 2 3 3200 1 4 .7
43 22 22 2 4 .5 2 0 .6 8 .5 5 6 .1 8  0 4 2 .2 1 .0 0 0 1 .3 3 0 .0 3 1 7 4500 1 6 .0
44 23 23 2 4 .7 2 2 .5 8 .7 0 7 .8 2  0 4 7 .4 1 .0 0 0 3 .1 3 0 .0 1 8 2 2600 1 0 .5

A bsorp tion  of A m m onia  b y  2 JV Sulfuric A cid
45 25 29 2 4 .3 2 7 .0 6 1 .3  1 5 .6 1 .0 0 0 0 .0 3 2 8 4750 2 2 .9
46 24 26 2 5 .0 2 6 .5 5 6 .6  1 4 .5 1 .0 0 0 0 .0 1 9 7 2850 1 3 .7
47 24 26 2 4 .1 2 6 .8 5 6 .6  1 4 .4 1 .0 0 0 0 .0 2 3 8 3450 1 6 .6
48 24 26 2 4 .5 3 0 .0 7 2 .8  1 9 .8 1 .0 0 0 0 .0 1 6 8 2450 1 1 .3

A bsorp tion  of Sulfur D iox id e b y  2 N  Sodium  H ydroxide
49 24 26 2 5 .0 2 9 .5 2 9 .3  1 1 .3 0 .9 9 5 0 .0 3 9 1 5800 3 0 .7
50 23 27 2 5 .0 2 9 .5 4 0 .8  1 4 .7 0 .9 9 5 0 .0 2 8 6 4350 2 4 .3
51 24 27 2 5 .2 2 9 .5 3 7 .1  1 3 .5 0 .9 9 5 0 .0 2 3 9 3600 2 0 .0
52 24 27 2 5 .3 2 9 .3 3 8 .7  1 4 .4 0 .9 9 5 0 .0 2 0 1 3050 1 6 .3

“ In le t air hum idified  to  m ore th an  80%  re la tive  h u m id ity .

PL_ dy = P P A 
Me dQ RType [| PA +  ^ P ' ] (7)

[ 2p a  +  ~  P c ]  (8)

On integration this gives:

2  McP DaO 
plRTpb

The density of the liquid and the vapor pressure of the 
liquid dioxide were obtained from the International Critical 
Tables, and pa  and pc  were calculated from N 0 2- N 20j  
equilibrium data referred to above.

Since Equation 8  contains the two unknowns, D a  and Dc, 
it is not possible to obtain both diffusivities by means of a 
single experiment. The ratio D c / D a  can be obtained from 
the kinetic theory, however, and the value of 1.43 for this 
ratio, obtained by either the theoretical equations of Maxwell 
or Jeans, or by the empirical equation of Gilliland, is doubt
less quite reliable. Using this value, it is possible to calculate 
either D a  or Dc from the experimental data.

Two runs were made at 0° C. and one run at 10° C. The 
data and calculated values of D a  are shown in Table III, to
gether with corresponding values of D a  calculated by the 
Gilliland equation. The agreement of the latter with the 
data was sufficiently good so that the empirical equation was 
used in all subsequent calculations.

T a b l e  III. D a t a  o n  D i f f u s i v i t y  o f  N jO . i n  N i t r o g e n
Da Da

T em p. Vi 2/2 T im e (E xp tl.) (G illiland)
° C. Cm. Cm. Hour s

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

10 12 .1 0 1 6 .7 0 9 1 .9 2 0 .0 9 0 0 .0 8 6

A b so rp tio n  o f N 0 2'
The experimental results obtained in the wetted-wall tower 

and in the batch absorption vessel are given in Tables IY and 
V. Nitrogen dioxide was absorbed from a mixture in nitrogen 
using caustic solutions varying in strength from 2.7 to 34.1 
per cent sodium hydroxide and acid solutions varying from
5.7 to 69.8 per cent nitric acid. In order to interpret the 
results, the effective film thickness x (or xso.) was calculated

by Equation 6  using values of Da and Dc calculated from the 
Gilliland equation.

The effect of gas velocity is best illustrated by the data on 
the wetted-wall tower, a part of which is plotted as d /x  vs. 
Re in Figure 5. It is evident that the values of d/x,  calcu
lated from Equation 6 , vary approximately as the 0.8 power 
of Re, as is typical of processes in which the diffusional re
sistance of the gas film controls the rate. Comparison with 
Figure 4, however, shows that the values of d /x  are consider
ably smaller than those obtained for ammonia absorption. 
It will be further observed that the points for 27.6 per cent 
nitric acid solutions fall approximately on the same line as 
those for 2.9 per cent sodium hydroxide solutions and that 
the points for 50.7 per cent nitric acid and for 18.0 per cent 
sodium hydroxide likewise agree.

REYNOLDS NUMBER
d uz»

F i g u r e  5. E f f e c t  o f  G a s  V e l o c i t y  o n  
A b s o r p t io n  o f  N 0 2 i n  W e t t e d - W a l l  

T o w e r

The effect of acid or caustic concentration is illustrated by 
the two curves of Figure 6  for the tower and for the batch 
absorption vessel, respectively. The ordinate is the ratio of 
the effective film thickness for water vapor to that for nitro
gen dioxide, and is essentially the same as the reciprocal ratio 
of the gas film absorption coefficients. A maximum is ap
parent in. each curve, indicating the rate of absorption to be
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greatest in pure water. The decrease in rate with increase in 
acid strength is similar to that noted by Foerster and Koch 
(10). Because of the possible effect of solution viscosity, the 
values of a;H!o for the caustic runs in the batch absorption

i.e
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F ig u r e  6. E f f e c t  o f  S o l u t io n  C o n c e n t r a t io n  
o n  R e l a t iv e  R a t e  o f  A b s o r p t io n  o f  N 0 2 f r o m  

N it r o g e n

vessel were determined experimentally by vaporizing water 
from caustic solutions of various strengths. The results 
varied only a few per cent from those for pure water but pro
vided a sounder basis of comparison.

The empirical equation of Gilliland and Sherwood, repre
sented by the solid line of Figure 3, is

i  =  0-023 (*<0 °'8S( £ T (9)

As shown above, this equation is substantiated by the present 
results on vaporization of water and on absorption of ammonia 
and of sulfur dioxide. Since the effective film thickness, x, 
is proportional to the 0.44 pow'er of the diffusivity, and dif- 
fusivities of both N 0 2 and N 2Oa are approximately half that 
for water vapor, it would be expected that z Hio/£noi would 
be somewhat greater than unity. Figure 6  shows this ratio 
to be less than unity in every case except in the range from 
2 0  per cent sodium hydroxide to 28 per cent nitric acid in the 
batch absorption vessel. In general, therefore, the effective

film thicknesses are greater, and the rates of absorption‘less, 
than would be predicted from the data on water vaporization 
under similar conditions. The calculated values allow for 
no vapor pressure of N 0 2 over the solutions since none would 
be expected except in strong acid.

Summarizing the results on N 0 2 absorption, it is noted, 
first, that d/x  (or the absorption coefficient) is proportional 
to the 0.8 power of the Reynolds number over a wide range of 
caustic and acid concentrations, and second, that the effective 
film thicknesses are larger, or the absorption coefficients 
smaller, than would be calculated from the data on water 
vaporization under the same conditions. The first point 
indicates strongly that the gas film resistance controls the 
absorption p ro c
ess, whe re as  the  
second point indi
c a t e s  t h a t  an 
ad ded resistance 
has been placed in 
series with that of 
the gas film. This 
anomalous s i t u a 
t ion  is explained 
on the assumption 
that i n t e r a c t i o n  
between N 0 2 and 
water vapor occurs 
in the gas phase, 
with the formation 
of a m o d e r a t e l y  
stable mist. Water 
vapor diffusing out 
into the gas from 
the liquid i n t e r 
f ace  m e e t s  N 0 2 
diffusing t ow ar d  
the liquid and the 
tw o  r e a c t  to de
posit a nitric acid- 
water mist in the

VAPOR PRESSURE Or WATER OVER SOLUTION-MU Hj

F ig u r e  7. E f f e c t  o f  V a p o r  P r e s 
s u r e  o f  W a t e r  o v e r  t h e  A b s o r b in g  
S o l u t io n  o n  t h e  R e l a t iv e  R a t e  o f  
A b s o r p t io n  o f  N 0 2 fr o m  N it r o g e n

T a b l e  IV. A b s o r p t io n  o f  NO;! in  W e t t e d -W a l l  T o w e r

R u n
N o .

I n le t  L iqu id  
C om pn.

-T em p era tu re -
L iq u id  L iquid  G as G as ✓ 

in le t  o u tle t  in le t  ou tle t
- I n le t  G as C om pn.— 
NOj N,0« Nj

 O u tle t G as C om pn .-
NOj N2O4 NO N,

B arom e
ter

% 0 C. 0 C. 0 C. 0 C. a-------Mole per cent------ % —Mole per cent- Aim.
53 1 8 .0  N aO H 2 5 .2 2 4 .1 22 28 3 .7 2 0 .9 7  . 9 5 .3 3 .2 2 0 .7 9 0 .1 7 9 5 .8 0 .9 9 5
54 1 8 .0 2 4 .6 2 4 .7 22 28 4 .5 2 1 .4 6 9 4 .2 4 .1 3 1 .1 8 0 .0 4 9 4 .7 1 .0 0 0
55 1 8 .0 2 5 .2 2 4 .5 23 28 3 .7 8 1 .00 9 5 .2 3 .3 2 0 .8 2 0 .1 7 9 5 .7 1 .0 0 0
56 2 .9 7 2 5 .3 2 4 .0 23 29 3 .7 5 0 .9 8 9 5 .3 2 .9 2 0 .6 4 0 .0 6 9 6 .3 1 .0 1 0
57 2 .9 7 2 5 .3 2 4 .5 23 29 3 .6 3 0 .9 4 9 5 .4 2 .9 9 0 .6 4 0 .0 9 9 6 .2 1 .0 1 5
58 2 .9 7 2 5 .3 2 5 .0 23 29 4 .1 7 1 .24 9 4 .6 3 .2 3 0 .7 2 0 .1 7 9 5 .8 1 .0 1 0
59 2 .9 7 2 5 .1 2 4 .9 23 29 3 .7 0 0 .9 7 9 5 .4 2 .8 6 0 .5 8 0 .1 2 9 6 .4 1 .0 1 0
60 2 .9 7 2 5 .3 2 4 .5 23 28 3 .5 3 0 .9 4 9 5 .4 2 .7 4 0 .5 2 0 .1 4 9 6 .5 1 .0 1 0
61 1 7 .8 2 4 .8 2 4 .6 23 28 2 .7 0 0 .5 5 9 6 .5 2 .2 1 0 .3 4 0 .1 4 9 7 .4 1 .0 0 0
62 1 7 .8 2 4 .9 2 4 .4 23 28 3 .5 7 0 .9 1 9 5 .7 3 .1 6 0 .7 0 0 .1 4 9 5 .8 1 .0 0 0
63 2 .8 6 2 5 .4 2 4 .5 23 29 3 .7 2 1 .0 0 9 5 .3 2 .9 9 0 .6 7 0 .0 9 9 6 .3 1 .0 0 0
64 2 .8 6 2 5 .0 2 4 .5 23 29 4 .0 4 1 .1 5 9 5 .0 3 .0 7 0 .6 4 0 .1 7 9 6 .2 1 .0 0 0
65 2 .7 5 2 5 .2 2 5 .1 24 28 4 .1 7 1 .2 7 9 4 .7 3 .2 6 0 .7 6 0 .1 2 9 5 .9 0 .9 9 5
66 2 .7 5 2 5 .4 2 5 .4 24 28 3 .4 1 0 .8 4 9 5 .7 2 .5 0 0 .4 3 0 .1 1 9 6 .7 0 .9 9 5
67 2 .7 0 2 5 .7 2 5 .3 24 29 4 .3 6 1 .3 7 9 4 .2 2 .8 0 0 .5 8 0 .1 7 9 6 .7 0 .9 9 5
68 1 7 .9 2 5 .5 2 5 .2 24 27 3 .5 4 0 .9 1 9 5 .6 2 .9 9 0 .6 4 0 .1 4 9 6 .3 0 .9 9 5
69 1 7 .9 2 5 .4 2 5 .4 24 28 4 .0 7 1 .1 8 9 4 .7 3 .6 0 0 .8 8 0 .1 2 9 5 .7 0 .9 9 5
70 1 0 .3 2 5 .4 2 4 .7 24 28 3 .7 S 1 .0 0 9 5 .2 3 .1 1 0 .6 7 0 .2 3 9 6 .0 1 .0 0 0

71 2 7 .6  H N O j 2 5 .1 2 5 .1 24 27 4 .1 0 1 .21 9 4 .7 3 .2 3 0 .7 6 0 .3 2 9 5 .7 0 .9 9 5
72 2 7 .6 2 5 .4 2 5 .2 23 28 4 .1 4 1 .2 4 9 4 .7 3 .1 0 0 .6 7 0 .3 2 9 6 .0 1 .0 0 0
73 2 7 .6 2 5 .4 2 4 .1 23 27 3 .4 4 0 .8 4 9 5 .5 2 .6 2 0 .5 2 0 .3 7 9 6 .4 1 .0 0 0
74 5 4 .5 2 6 .0 2 5 .1 24 26 3 .7 8 1 .0 0 9 5 .2 3 .4 8 0 .8 5 0 .1 5 9 5 .6 1 .0 0 0
75 4 3 .7 2 5 .6 2 5 .2 24 26 3 .6 3 0 .9 4 9 5 .4 2 .8 0 0 .5 8 0 .4 9 9 6 .3 1 .0 0 5
76 1 7 .5 2 5 .8 2 5 .0 24 2S 3 .7 5 0 .9 8 9 5 .3 2 .5 9 0 .4 9 0 .4 9 9 6 .5 1 .0 1 5
77 9 .2 2 5 .4 2 5 .0 24 28 3 .7 8 1 .0 0 9 5 .2 2 .7 5 0 .5 5 0 .2 9 9 6 .5 ■i .015
7S 5 .7 2 5 .5 2 4 .7 24 28 3 .7 8 1 .0 0 9 5 .2 2 .7 4 0 .5 2 0 .2 9 9 6 .5 1 .0 1 5
79 2 2 .3 2 4 .9 2 4 .5 24 28 3 .8 6 1 .0 9 9 5 .2 2 .9 5 0 .6 1 0 .3 8 9 5 .8 1 .0 1 5
SO 5 0 .7 2 5 .7 2 5 .2 24 26 3 .6 0 0 .9 2 9 5 .6 3 .2 0 0 .7 0 0 .1 2 9 5 .8 1 .0 0 5
81 5 0 .7 2 5 .3 2 4 .9 24 26 3 .6 3 0 .9 4 9 5 .4 3 .2 0 0 .7 3 0 .1 4 9 6 .0 1 .0 0 0
82 5 0 .7 2 5 .6 2 5 .3 24 26 3 .8 2 1 .0 5 9 5 .2 3 .5 5 0 .8 7 0 .1 9 9 5 .3 0 995
83 5 0 .7 2 5 .6 2 5 .3 24 26 3 .6 3 0 .9 4 9 5 .4 3 .2 0 0 .7 3 0 .2 6 9 6 .0 0 .9 9 5

N itrogen
F low

G. moles/ 
sec.

R e y n 
olds
No.

A bsorp
tion  

R a te  x s  O
XHiO

W  x  0. 
moles N O i/ 

(sec.)
(sq. cm.)

0 .0 3 2 2 4700 7 .7 0 .2 1
0 .0 1 9 3 2900 5 .5 0 .1 7
0 .0 2 6 5 3920 6 .3 0 .2 0
0 .0 2 6 6 3950 1 1 .3 0 .3 9
0 .0 3 3 2 4900 1 1 .8 0 .4 0
0 .0 1 7 5 2550 9 .7 0 .4 1
0 .0 2 1 2 3100 1 0 .0 0 .3 6
0 .0 2 6 5 3850 1 2 .1 0 .4 4
0 .0 1 7 4 2520 3 .9 0 .2 6
0 .0 2 3 4 3460 5 .5 0 .2 0
0 .0 2 9 3 4300 1 1 .6 0 .3 6
0 .0 1 9 3 2860 1 1 .1 0 .4 4
0 .0 1 1 7 1700 6 .8 0 .4 0
0 .0 1 0 2 1450 5 .0 0 .4 3
0 .0 0 6 9 1000 3 .9 0 .3 6
0 .0 1 0 2 1450 3 .2 0 .2 4
0 .0 1 1 7 1750 3 .7 0 .2 0
0 .0 2 0 3 3000 7 .4 0 .2 9

0 .0 1 1 7 1750 5 .8 0 .3 5
0 .0 1 9 3 2860 1 2 .1 0 .5 0
0 .0 2 9 0 4200 1 1 .8 0 .4 4
0 .0 2 0 3 3000 3 .4 0 .1 4
0 .0 2 0 1 3000 8 .7 0 .4 0
0 .0 2 0 3 3000 1 1 .8 0 .5 5
0 .0 2 0 3 3000 1 1 .0 0 .5 0
0 .0 2 0 3 3000 1 1 .6 0 .5 3
0 .0 2 0 3 3000 1 0 .8 0 .4 6
0 .0 1 0 4 1550 2 .4 0 .1 8
0 .0 3 2 8 4850 7 .9 0 .2 3
0 .0 2 0 3 3000 4 .2 0 .1 6
0 .0 2 7 0 3950 6 .6 0 .2 2
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T a b l e  V .  A b s o r p t i o n  o p  N 0 2 i n  B a t c h  A b s o r p t i o n  V e s s e l
(All runs a t 2 5° C .)

R u n Liquid ■—In le t G as C om pn .— .-------O u tle t G as C om pn .-----
N itro -  

-> B arom e- een
A b-
sorp- JHiO

N o. C om pn. N O . N ,0 . Nj N O . N .O . N O N , ter F low R ate ZNOi

84

% .-------Mole per cent------- ■

2 3 .6  N aO H  5 .4 6  2 .1 4  9 2 .4 3 .9 8

- Mole per cent- 
0 .8 2  0 .2 5 9 5 .0

Atm.
1 .0 1 5

10* X  o. 
moles/ 

sec.
7 .7 2

W  X  o.
moles 

. N O ,/ 
(sec.) 

{sq. cm.)
4 .9 6 0 .8 1

85 1 5 .2 4 .7 6 1 .6 5 9 3 .5 2 .6 2 0 .4 9 0 .3 7 9 0 .5 1 .0 0 5 7 .7 2 5 .0 8 1 .2 2
86 2 7 .2 5 .4 6 2 .1 4 9 2 .4 3 .9 3 1 .1 3 0 .1 2 9 4 .8 1 .0 1 0 7 .7 2 4 .3 0 0 .0 7
87 2 7 .2 5 .2 7 1 .9 7 9 2 .8 3 .6 0 0 .9 4 0 .1 7 9 5 .3 1 .0 1 0 7 .7 4 4 .5 0 0 .7 8
88 1 9 .5 5 .3 8 2 .0 9 9 2 .5 3 .6 3 0 .9 5 0 .2 1 9 5 .2 1 .0 0 0 7 .7 4 4 .8 5 0 .8 0
89 1 9 .5 5 .2 4 1 .9 6 9 2 .8 3 .3 9 0 .8 2 0 .2 6 9 5 .5 1 .0 0 0 7 .7 2 4 .9 2 0 .8 9
90 1 2 .0 5 .2 9 2 .0 1 9 2 .7 2 .8 1 0 .5 8 0 .4 4 9 6 .2 1 .0 0 0 7 .7 2 0 .3 5 1 .3 9
91 7 .9 5 .1 6 1 .9 0 9 2 .9 2 .7 2 0 .5 3 0 .2 9 9 6 .5 1 .0 0 0 7 .7 0 6 .1 6 1 .3 8
92 3 4 .1 5 .3 2 1 .9 8 9 2 .7 4 .0 8 1 .1 9 0 .0 6 9 4 .7 1 .0 0 0 7 .7 4 3 .4 5 0 .5 3
93 1 5 .4 5 .2 6 1 .9 8 9 2 .8 3 .2 0 0 .7 2 0 .2 5 9 5 .8 1 .0 0 0 7 .7 4 5 .4 6 1 .0 5
94 4 .1 5 .3 0 2 .0 2 9 2 .7 2 .5 8 0 .4 7 0 .3 1 9 0 .6 1 .0 0 0 7 .7 0 6 .9 2 1 .6 4
95 5 4 .4  H N O i 5 .0 4 1 .7 7 9 3 .2 4 .2 6 1 .3 0 0 .1 8 9 4 .3 0 .9 9 5 7 .6 6 2 .0 5 0 .2 6
96 5 4 .4 5 .3 2 1 .9 9 9 2 .7 4 .6 2 1 .4 9 0 .3 3 9 3 .5 1 .0 0 5 7 .6 6 2 .0 5 0 .2 4
97 4 5 .5 5 .2 8 2 .0 6 9 2 .7 4 .0 0 1 .0 9 0 .7 9 9 4 .2 1 .0 0 0 7 .6 6 3 .8 4 0 .5 3
98 3 5 .1 5 .2 7 2 .0 0 9 2 .7 3 .3 8 0 .8 1 0 .9 9 9 4 .8 1 .0 1 0 7 .6 6 5 .0 4 0 .8 3
99 2 5 .7 5 .3 2 1 .9 9 9 2 .7 3 .0 6 0 .6 8 0 .9 9 9 5 .2 1 .0 1 0 7 .6 6 5 .8 8 1 .1 2

100 6 9 .8 5 .3 2 1 .9 9 9 2 .7 5 .1 4 1 .8 3 0 .0 0 9 2 .8 1 .0 0 5 7 .6 6 0 .5 9 0 .0 6
101 1 5 .7 5 .5 9 2 .1 9 9 2 .3 3 .1 0 0 .6 4 1 .1 3 9 5 .3 1 .0 0 5 7 .0 6 0 .3 8 1 .2 6
102 H iO 5 .1 9 1 .9 4 9 3 .0 2 .7 5 0 .5 5 0 .9 5 9 5 .7 1 .0 0 5 7 .6 6 6 .1 8 1 .3 5

gas film. If the partial pressure of NOi 
in the gas is large and the vapor pres
sure of water over the solution is small, 
the mist is deposited in a layer very 
near the gas-liquid interface. Such a 
mist is difficult to dissipate, since this 
part of the gas film is quite stagnant.
Consequently, the obstruction to N 0 2 
diffusion offeree! by the stagnant mist 
more than offsets the reduced distance 
the N 0 2 must diffuse, and the rate of 
absorption is low. If the partial pres
sure of N 0 2 in the gas is small and the 
vapor pressure of water over the solution 
is large, the mist is deposited in a layer 
further removed from the gas-liquid in
t er fa c e  and is more easily dissipated.
Under such conditions the rate of ab
sorption may be larger than predicted 
for gas-film diffusion.

The hypothesis of mist formation in 
the gas film is supported in a number 
of ways. Although the film itself could 
not be observed, mist in the main body of the gas was evident 
in both types of experimental apparatus. At low gas veloci
ties in the tower the stream lines in the exit gas could be 
followed visually because of the mist carried. At the critical 
gas velocity these broke into eddies, the break coming at a 
Reynolds number of 2000-2500. In the batch absorption 
vessel the mist made the gas space opaque, and some con
densation occurred on the walls. The mist formation was 
always more noticeable when absorbing in water than w'hen 
using strong acid or strong caustic.

The temperature of the solution passing through the wetted- 
wall tower showed a tendency to drop in nearly every run, 
although the liquid-phase reactions are exothermic, and the 
water in the surrounding jacket was within a fraction of a 
degree of the inlet solution. At the same time the gas tem
perature rose 2 -6° C. in passing through the tower, and left 
several degrees above the temperature of the jacket water or 
of the inlet solution. These facts indicate evaporation of 
water from the solution and the occurrence of an exothermic 
reaction in the gas phase. Most of the heat effect noticed was 
probably due to the condensation of water in the mist formed.

The importance of the vapor pressure of water over the 
absorbing solution is indicated by Figure 7, which shows the 
ratio xn,0/ x S0l plotted as ordinate with the vapor pressure of 
water over the solution as abscissa. Although the points 
scatter somewhat, a definite correlation is indicated, espe
cially in the case of the data obtained in the batch absorption 
vessel.

The data of Table IV show that appreciable amounts of 
nitric oxide were found in the outlet gas. In the case of the 
sodium hydroxide solutions no nitric oxide could be liberated 
if the dioxide reacted in the liquid phase, and it must be con
cluded that any NO formed was the result of a gas-phase 
reaction of the dioxide and water vapor. With strong caustic 
the NO formed was 2 per cent of the dioxide disappearing 
from the gas phase, corresponding to the formation of an al
most equal-molal mixture of nitrate and nitrite by reaction
1. Since the vapor pressure of water over the strong caustic 
is small, there was presumably little gas-phase reaction, and 
correspondingly little excess nitrate formed by direct reaction 
with the nitric acid mist. In the dilute caustic solutions the 
nitric oxide found was as high as 8  per cent of the dioxide 
disappearance, indicating a greater gas-phase reaction and 
proportionately greater excess of nitrate.

The total nitrogen in the exit solution was determined in 
the case of ten runs in the wetted-wall column using dilute
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caustic solutions. The ratio of N 0 2 absorption as calculated 
from the liquor analyses (AT) to the N 0 2 disappearing from 
the gas phase (No) was less than unity in each case except for 
the run at the lowest gas velocity. The gas analysis does not 
include the mist, which presumably carried the unaccounted- 
for N 0 2 as nitric acid. At the higher gas velocities the mist 
has less chance to settle out in the liquid on the tube walls, 
and the ratio N l / N o  decreased progressively to approximately 
0.6 at the highest Reynolds numbers.

It is seen that the hypothesis of mist formation near the 
liquid-gas interface can be used to explain the general failure 
to get equal-molal mixtures of nitrate and nitrite in the ab
sorption of N 0 2  by caustic, and the fact that nitrate as well 
as nitrite is formed when mixtures of NO and N 0 2  are ab
sorbed by caustic. In each case nitric acid mist deposited 
in the solution increases the ratio of nitrate to nitrite.

Perhaps the most difficult result to explain is the fact that 
the ratio XhoiAnoi for the runs in the batch absorption 
vessel is considerably greater than for the wetted-wall tower, 
as shown by Figure 6 . The liquid surface was horizontal in 
the first case and vertical in the tower; the time of contact of 
gas and liquid in the batch absorption vessel was of the order 
of three hundred times that in the tower. It may be sup
posed, therefore, that much less mist, as such, entered the 
solution in the tower than in the batch vessel and that the 
rates of disappearance of N 0 2 in the former were relatively 
less when compared with water vapor diffusion in the calibra
tion tests.

The importance of mist formation of N 0 2 absorption as in
dicated by the results described will suggest a number of 
points of industrial interest. For example, it would appear 
that acid formation from N 0 2 might be speeded up by en
couraging the reaction in the gas phase, as by introducing 
water vapor into the gas, with the subsequent separation of 
the relatively unstable though possibly dilute mist formed.

A ck n o w led g m en t
Thanks are due J. B. Roberts and W. G. Hockberger who 

constructed the batch absorption vessel and who did most of 
the experimental work on that apparatus, and to the E. I. 
du Pont de Nemours and Company, Inc., for the liquid 
nitrogen dioxide used.

N o m e n c la tu re
d —  tube diam eter, cm.
D —  gas diffusivity, sq. cm ./sec.
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Da =  diflusivity for N20 4-carrier gas system, sq. cm./sec.
Dc =  diflusivity for N 02-carrior gas system, sq. cm./sec.
Mc =  molecular weight of liquid N 0 2
No =  absorption rate, gram moles N 0 2/(sec.)(sq. cm.), as 

indicated by gas analyses 
N l — absorption rate, gram moles N 0 2/(see.)(sq. cm.) as 

indicated by liquor analyses 
P a  — partial pressure N20 4 in main body of gas, atm.
pB =  mean partial pressure of nondiffusing or carrier gas in

gas film, atm.
pc = partial pressure of N 0 2 in main body of gas, atm.
P  =  total pressure, atm.
It =  gas constant, cc.-atm./(gram moles) (° K.)
Re =  Reynolds number =  dp p / p .
T  =  absolute temperature, ° K.
x — effective film thickness, cm.
xmo =  effective film thickness for evaporation of water, cm. 
XN2 0  =  effective film thickness for absorption of N 02, cm.
y = thickness of stagnant gas layer in diflusivity experi

ments, cm. 
p =  gas viscosity, gram/(sec.)(cm.)
p =  gas density, gram/(cc.)
PB =  liquid density, grams/(cc.)
0  =  time, sec.
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Effect of Humidity on  

H ygroscopic Properties of S u g a rs
A. SOKOLOVSKY 

S cientific-R esearch  In s titu te  of th e  
C onfectionery Industry , M oscow , U. S . S. R. and C aram el

THE hygroscopicity has been investigated of saccharose, 
maltose, lactose, dextrose, levulose, galactose, and cara
mel made from saccharose and treacle with the addition 

of various sugars at relative humidities of 43, 62.7, 81.8, and
8 8 . 8  per cent. The experiments were made at 25° C. and 
lasted for 60-75 days. The temperature was held constant 
in the thermostat at 25° C. ( ^ O . l 0).

The sugar specimens were dried in vacuo until constant 
weight was obtained. Approximately 1-gram specimens of 
these anhydrous substances were placed in a weighed vessel 
and transferred to a desiccator over a saturated salt solution 
which created a constant relative humidity in the vacuum of 
the desiccator. The moisture-absorbing capacity of the 
specimens was obtained by weighing the vessels containing 
them at certain intervals, the difference in weight giving the 
amount of moisture absorbed. Specimens of caramel con
tained from 0.4 to 0.8 per cent moisture. The amount of 
moisture absorbed by the caramel under various conditions 
of relative humidity was found by the above method.

The data relating to the equilibrium conditions of super
saturated salt solutions with air are taken from the work of 
Adams and Merz. 2

* B row ne [J. I n d .  E n g .  C h e m .,  14, 7 1 2 -1 4  (1922)] carried ou t experim ents  
on  various pure sugars and  com m ercial sugar p rod ucts. D ittm a r  27, 
333 (1935 )] exp erim en ted  w ith  th e  h ygroscop icity  of certa in  sugars.

* I n d .  E n g .  C h e m .,  21, 305 (1929).

For the experiments the following saturated solutions were 
prepared: K 2C0 3 -2 H 2 0  corresponding at 25° C. to 43 per 
cent relative humidity, N H 4NO 3  corresponding to 62.7 per 
cent, (NH 4) 2SOi corresponding to 81.8 per cent, and K 2S 0 4 
corresponding to 98.8 per cent. The saturated solutions of 
these salts were placed at the bottom of the desiccator and 
over them were placed the vessels containing the sugar 
samples to be investigated. The desiccator was covered with 
a close-fitting lid at all times, and a vacuum was thus created 
in which a constant relative humidity was maintained.

When the sugar specimens were kept in the desiccator at 
a relative humidity of 62.7 per cent, the greatest absorbing 
capacity (9.93 per cent) was exhibited by maltose during the 
first 17 days. In the same period levulose absorbed 7.09 per 
cent of the moisture. The smallest quantity of moisture 
under the same conditions was absorbed by galactose, 0.03 per 
cent.

After 76 days under the same conditions, the greatest quan
tity  of moisture was absorbed by levulose, 21.4 per cent. 
After 17 days the amount of moisture absorbed by maltose 
showed little variation. The smallest quantity of moisture 
was absorbed by galactose, 0.03 per cent. Levulose absorbed 
15 per cent moisture, and then changed from the crystal to the 
liquid form.

When the different specimens of sugar were kept in the 
desiccator at a relative humidity of 81.8 per cent, during the
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T a b l e  I. M o i s t u r e  A b s o r p t i o n  a t  V a r i o u s  R e l a t i v e  H u m i d i t i e s  (25° C.)
-P e r  C en t M oistu re  A bsorbed  in : -

Sugar 1 d ay 3 d ays 7 d ays 17 d ays 30  days 50 d ays 60 days 76 days
62 .7  P er C en t R e la tiv e H u m id ity

S accharose 0 .0 6 0 .0 5 0 .0 5 0 .0 5 0 .0 5 0 .0 5 0 .0 5 0 .0 5
M alto se  (anhydrous) 4 .5 1 8 .1 4 9 .7 7 9 .9 3 9 .8 5 9 .9 1 0 .0 1 9 .9 5
L actose 0 .0 3 0 .0 3 0 .0 3 0 .0 5 0 .0 5 0 .0 5 0 .0 5 0 .0 8
D extrose 0 .0 4 0 .0 4 0 .0 4 0 .3 8 0 .4 3 0 .7 9 1 .0 7 1 .7 4
L evu lose0 0 .6 5 1 .4 1 2 .6 1 7 .0 9 1 3 .0 1 1 8 .3 5 2 1 .8 5 2 1 .4
G alactose 0 .0 5 0 .0 3 0 .0 3 0 .0 3 0 .0 3 0 .0 3 0 .0 3 0 .0 3

81 .8  Per C ent R ela tiv e H u m id ity
S accharose 0 .0 5 0 .0 5 0 .0 5 0 .0 5 2 .2 8 4 .5 4 3 .8 6 3 .9
M alto se  (an h yd rou s)& 8 .5 2 9 .2 9 .8 9 .9 5 10 .7 7
L actose 0 .0 7 0 .0 7 0 .0 7 0 .0 7 0 .1 1 ô.’ i i Ó.*Í1 0 .0 7
D extrose 0 .6 2 2 .0 4 5 .1 5 9 .7 9 .6 2 9 .7 7 9 .6 9 .6
Levulose® 4 .1 8 1 0 .2 2 1 8 .5 8 2 9 .1 6 3 5 .0 5 3 6 .3 2 3 5 .3 3 5 .5
G alactose 0 .0 6 0 .0 6 0 .0 6 0 .0 6 0 .0 7 0 .1 3 0 .1 6 0 .1 1

9 8 .8  Per C ent R ela tive H u m id ity
1 d ay 3 d a y s  7 d ays 11 days 20  d ays 26 d ays 40 d ays 60 days

Saccharose«* 1 .3 1 4 .8 5 1 3 .5 3 2 0 .8 1 3 3 .0 1 3 8 .5 3 4 5 .6 2
L actose* 0 .0 5 0 .0 5 0 .0 9 0 .1 2 0 .1 3 0 .2 6 0 .3 3
D ex tr o se / 4 .6 8 8 .6 1 1 5 .0 2 2 0 .7 8 2 8 .4 3 3 3 .9 5 4 2 .8 2
Levulose? 1 1 .0 9 1 8 .4 3 3 0 .7 4 3 7 .6 1 4 5 .9 5 4 9 .4 1 5 4 .9 9 59 .‘ Î4
G alactose 1 .1 6 1 .5 4 3 .3 3 5 .1 8 8 .3 4 1 0 .4 7 16 .4 2 2 5 .7 2

°  A ll th e lev u lo se  crysta ls  liquefied .
& A fter 30 d ays m old  b egan  to  form .
c A fter 6 d ays th e levu lo se  crysta ls  began  to liq u efy ; after 

30 d ays a m obile liqu id  was form ed.
d T h e saccharose crysta ls  began  to  decom p ose and liq u efy  

after h av in g  absorbed approx im ately  16-18%  of th e m oisture; 
w hen th ey  had absorbed ap proxim ately  3 6 -3 8 %  all th e  
crysta ls  turned in to  a m ob ile  liqu id ; w hen  up to  45%  of th e  
m oisture had been  absorbed, a film  of m old  was form ed.

* A fter th e  lac to se  had been k ep t for 25 d ays and had  
absorbed an in sign ifican t am ou nt of m oisture, it  was covered  
w ith  m old.

/  W hen  th e dextrose had absorbed  15-18%  of th e  m oisture, 
it  began  to  d isso lve; w hen i t  had absorbed  42% , it  com p lete ly  
liquefied  an d  was covered  w ith  m old .

o W hen th e levu lo se  had absorbed ap proxim ately  15%  of 
th e  m oisture, i t  began  to  d isso lve . A fter h av in g  absorbed  
ap prox im ately  30% , i t  liquefied .

first 24 hours the greatest quantity of moisture was absorbed 
by maltose, 8.52 per cent; within the same period levulose ab
sorbed 4.18 per cent moisture. The smallest amount under 
the same conditions was absorbed by lactose, 0.07 per cent.

After 76 days under the same conditions levulose absorbed 
the greatest percentage of moisture, 35.5; maltose ab
sorbed the next Largest amount, 10.77 per cent in 30 days, 
after which it became moldy and the experiment was stopped. 
Dextrose was third with 26 per cent moisture absorbed in 76 
days and the smallest quantity was absorbed by lactose 
(0.07) and galactose (0.11 per cent).

When the sugar samples were kept in the desiccator with a 
relative humidity of 98.8 per cent, they absorbed large quanti
ties of moisture, with the exception of lactose. In 40 days 
levulose absorbed the greatest quantity, 54.99 per cent; sac
charose absorbed 45.62, dextrose 42.82, galactose 16.42, and 
lactose only 0.38 per cent. On the first day maltose became 
moldy and was not weighed. After having absorbed 15-18 
per cent moisture, levulose, saccharose, and dextrose began to 
liquefy.

These experiments showed that, when the specimens were 
kept a certain length of time, the greatest hygroscopicity was 
exhibited by levulose and the least by lactose. After crystal
line sugars absorbed 16-18 per cent moisture, they became 
liquids. Maltose absorbed a large quantity of moisture within 
the first few days, and became moldy at the same time.

C aram el T est
Absorption of moisture by caramel, made from saccharose 

with the addition of different sugars, was carried out at rela
tive humidities of 43, 62.7, and 81.8 per cent.

Various kinds of caramel were prepared as follows:

C om pn. N o . Saccharose T reacle (D ry) O ther In gred ien t
Grams Grams Grams

1 100 -f-40
2 100 + 3 5 5 dextrose
3 100 4-30 10 dextrose
4 100 4-35 5 m a lto se
5 100 4 -3 7 .5 2 .5  lev u lo se
6 100 4-35 5 d extrin
7 100 4 -3 7 .5 2 .5  starch

The caramels were prepared in the laboratory at 135° C. in 
a 740-mm. vacuum. The initial humidity of all the samples 
was between 0.4 and 0.8 per cent. The air temperature was 
25 ° C. The samples were placed in dried and weighed vessels, 
which were then reweighed and placed in a desiccator with a 
close-fitting lid. The quantity of absorbed moisture was de
termined by weighing the samples at different intervals.

As shown in Table II, caramel is highly hygroscopic and 
attracts moisture even at a low relative humidity. The 
hygroscopicity of caramel is higher than that of its different 
ingredients. The composition of the caramel has little effect 
upon its hygroscopicity.
R e c e i v e d  J u ly  15, 1937.

T a b l e  II. M o i s t u r e  A b s o r p t i o n  b y  C a r a m e l  a t  V a r i o u s  R e l a t i v e  H u m i d i t i e s  (25° C.)
C a r a m e l.--------------------------------------------------------------Per C en t M oistu re  A bsorbed in :-

N o . 1 d ay  3 d ays 5 d ays 11 d ays 20 d ays 26 days 32 d ays 40 d ays 50 d ays 60 d ays 75 d ays S tart of C rysta lliza tion
Days

R ela tiv e  H u m id ity , 43 P er  C en t
1.2  20
1 .1 8  26 (grew  clo u d y  in  11 d ays)
0 .9 6  3
1 .4  20
0 .9 8  3
1 .4 8  3
0 .8 8  3

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

R e la tiv e  H u m id ity , 6 2 .7  Per C ent
1 0 .8 3 2 .2 9 2 .3 5 2 .6 5 3 .2 8 3 .5 8 3 .6 1 4 .1 3 .9 4 .1 5
2 0 .6 9 0 .9 4 2 .0 9 2 .5 2 4 .0 4 4 .6 9 4 .6 4 4 .8 5 5
3 0 .7 3 1 .7 9 2 .0 3 2 .6 7 4 .5 2 5 .3 1 5 .6 7 5 . 7 3
4 0 .0 6 1 .7 3 1 .9 2 2 .2 2 .8 3 3 .1 7 3 .Ï 58 3 .4 8 3 .6 1
5 0 .6 6 1 .2 7 1 .3 9 1 .7 3 3 .2 8 3 .7 3 3 .3 7 3 .6 7 3 .7 8 3 .9 2
6 0 .6 1 1 .5 3 1 .6 2 .0 6 2 .9 1 3 .2 2 3 .2 8 3 .8 3 3 .6 3 3 .9 2
7 0 .6 6 1 .4 3 1 .4 5 1 .7 4 2 .4 2 2 .7 3 2 .7 9 3 .8 1 3 .4 2 3 .4 7

R e la tiv e  H u m id ity , 81 .8  P er C en t
1 2 .3 6 7 .2 1 0 .8 7 1 5 .3 2 1 8 .4 5 1 9 .1 8 2 1 .6 4 2 1 .9 3 2 2 .6 1
2 1 .9 1 5 .5 6 8 .1 6 1 1 .7 6 1 6 .0 1 1 6 .1 6 18 .4 6 1 8 .2 1 2 0 .7 9 2 1 .8 1
3 1 .7 7 5 .0 4 7 .8 1 1 2 .1 2 1 5 .9 7 1 7 .0 4 2 0 .2 7 1 9 .9 9 1 9 .8 9 2 1 .0 8
4 1 .8 3 4 .9 7 7 .2 4 9 .2 2 1 2 .2 9 1 3 .8 9 1 4 .3 4 1 6 .6 5 1 6 .6 2 1 8 .3 2
5 1 .4 4 3 .8 3 5 .9 2 8 .5 7 1 1 .3 3 1 2 .3 4 1 4 .5 1 4 .5 9 15 1 5 .0 5
6 2 4 .8 1 7 .0 9 1 0 .1 1 1 3 .2 5 1 5 .3 1 7 .7 9 1 7 .8 4 1 8 .7 7 1 9 .2 3
7 1 .7 1 3 .5 9 4 .6 4 6 .9 7 8 .8 5 1 1 .1 5 1 2 .8 1 1 3 .5 2 1 5 .6 8 1 5 .6 2

4 .8 2  3
5 .8 8  3 (started  to  liq u efy  in  5 d ays)
6 .3 9  3 (started  to  liq u efy  in  3 d ays a lso)
4 .3  3 (started  to  liq u e fy  in  7 d ays)
4 .6  3 (started  to  liq u e fy  in  11 d ays)
4 .4 6  5 (started  to  grow  c lou d y  in  3 d ays
3 .9 3  3

A ll th e specim en s began  to  crysta llize  
in  8 to  12 hours; in  40  to  50 hours  
th ey  b egan  to  liq u efy ; in  40 d ays  
th ey  began to  be covered  w ith  m old .



H eats of Form ation of Sim ple  

O rganic M olecu les 1

FREDERICK D. ROSSINI 
N ation a l B ureau o£ Standards, W ash ington , D. C.

WITH IN  the past fifteen years, the simpler organic 
molecules have assumed an importance of new magni
tude in the chemical and petroleum industries. Or

ganic molecules are being treated in many different types of 
reactions (such as addition, polymerization, oxidation, hydra
tion or dehydration, hydrogenation or dehydrogenation, and 
decomposition) to produce, on a large scale, molecules hitherto 
available only in the laboratory. These industrial chemical 
syntheses are made economically possible because the sub
stances produced have physical and chemical properties which 
permit them to fill with particular advantage the specialized 
services arising from the ever-expanding needs of our modern 
civilization. In the petroleum industry, especially, some of the 
above reactions are being carried out on a large scale to pro
duce superior motor fuels for both land and air service in 
quantities which are increasing almost geometrically.

After the first rush of success in any virgin field of endeavor, 
the increase of competition makes necessary greater economy 
in operation and higher efficiency in processing methods. At 
this point inquiry must be made as to whether the chemical 
reactions involved in the given processes are being carried on 
under the optimum conditions of greatest economy and high
est yield. Two important criteria in this respect are the rate 
and the free energy of the reaction. The rate of the reaction 
can usually be made sufficiently great by the selection of an 
appropriate catalyst and of a temperature compatible with 
the desired free energy. The question as to whether the 
reaction will proceed at all in the desired direction, and to 
what extent under given conditions of temperature and pres
sure, can be answered by the empirical and costly methods 
of trial and error or by simple calculation from the thermo
dynamic constants of the substances involved. One of the 
most important factors in this latter calculation is the heat 
of the given reaction; and an accurate value for this must 
be known to obtain a reliable thermodynamic analysis of 
the process.

The foregoing discussion gives some idea of the immediate 
technical importance of the heats of formation of organic 
molecules. Another value of such data lies in the more 
fundamental question of the energies of the atomic linkages 
in these molecules— the energy of binding which keeps atoms 
together in certain preferred structural relations. These bond 
energies are important in the calculation of energies of activa
tion and rates of reaction, which yield information concerning 
the “mechanism” of given reactions. Although certain other 
data are also required in evaluating bond energies, the heat 
of formation is the keystone in the calculation.

The purpose of the present paper is to discuss the heats of

1 P art of th e S ym posiu m  on  C haracteristic P roperties of H yd rocarb ons and  
T h eir  D e r iv a tiv es  a s  R e la ted  to  S tructu re presen ted  before th e  D iv is ion  of 
P etro leu m  C hem istry  a t th e  94 th  M eetin g  of th e  A m erican C hem ical S oc ie ty , 
R och ester , N . Y ., S eptem ber 6 to  10, 1937.

S u ffic ien tly  a ccu ra te  v a lu es are a v a il
a b le  for th e  n o rm a l p araffin  h y d ro 
carbons, o n e  or tw o  o f th e  b ra n ch ed -ch a in  
p araffin  h ydrocarb on s, th e  p r im a ry  n o r
m a l a lk y l a lco h o ls , th e  n o rm a l o lefin  
(1 -a lk en e) h ydrocarb on s, an d  th o se  iso 
m eric  o lefin s for w h ich  a ccu ra te  d a ta  on  
h e a ts  o f h y d ro g en a tio n  have re cen tly  
b een  ob ta in ed .

T h e e x is tin g  v a lu es for th e  re m a in in g  
s im p le  o rgan ic  co m p o u n d s (b ra n ch ed -  
ch a in  p araffin  h yd rocarb on s, n a p h th e n e  
or cyc lop araffin  h yd rocarb on s, a ro m a tic  
h ydrocarb on s, iso a lk y l, secon d ary , an d  
ter tia ry  a lco h o ls , e th ers , k e to n es , a ld e 
h yd es, acid s, a m in es , cy a n id es  or n i-  
tr ile s , su lfu r  co m p o u n d s, a n d  h a lo g en  
co m p o u n d s) d ep en d , w ith  a  few  excep 
t io n s , u p o n  w ork  d o n e fro m  30 to  80 
years ago. T h ese  v a lu es n eed  to  b e re 
d e te rm in ed  o n  p u re sa m p les , w ith  an  
accu racy  co m m e n su r a te  w ith  th e  p o s 
s ib ilit ie s  o f th e  ca lo r im etr ic  an d  a n a ly t i
ca l ch em ic a l a p p a ra tu s a va ilab le  to d a y .

T h e a c q u is it io n  o f th e se  th e r m o c h e m i
ca l d a ta  is  d esirab le  from  th e  s ta n d p o in t  
of th e ir  p ra ctica l im p o r ta n ce  to  in d u s 
try  an d  o f th e ir  th e o r e tic a l in te r e s t  to  
sc ien ce .

formation of the simple organic molecules, to show how in
adequate are the data from the standpoint of the needs of 
present-day science and technology, and to point out certain 
structural regularities that will simplify the acquisition of 
these much needed data.

E v a lu a tio n  o f H ea ts  o f F o rm a tio n
In the assembly of a thermochemical table giving the heats 

of formation of the organic compounds from their elements, 
the values for the elements, carbon, hydrogen, oxygen, nitro
gen, sulfur, fluorine, chlorine, bromine, iodine, etc., are arbi
trarily assigned values of zero in their “standard” states at 
the “standard” temperature. A value for the heat of forma
tion of a given organic molecule is then obtained from ex
perimental data on the heat of a reaction in which all the 
reactants and products, except the given substance, are ones 
whose heats of formation from the elements are known. Ap
propriate addition and subtraction of values from the table 
will then give the value of the heat (AH) associated with a 
given reaction.

Because of its simplicity of execution, the reaction of 
combustion in oxygen has been the classical one employed to

1424
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determine heats of formation of organic compounds. For 
compounds containing only carbon, hydrogen, and oxygen, 
and in some cases nitrogen, the reaction of combustion is com
plete and clear-cut; but for compounds containing sulfur or 
a halogen, the simplicity of execution of the combustion re
action is misleading because of the complicated nature of the 
reaction and of the uncertainty as to the actual products of 
the reaction and their final states. Unless the identity and 
state of each of the products of the reaction can be established 
within the desired limits of accuracy, the experimentally 
measured heat of combustion has no thermodynamic signifi
cance. This latter point introduces a large chemical un
certainty, in addition to the calorimetric uncertainty, into 
many of the old thermochemical data.

Another point that must be emphasized in connection with 
evaluation of the heat of formation of a substance from data 
on its heat of combustion is that, in order that the uncertainty 
in the heat of formation shall be small, the heat of combustion 
must be measured with high accuracy. For example, the 
heat of combustion of gaseous n-hexane is twenty-five times the 
value of its heat of formation from solid carbon and gaseous 
hydrogen, so that an error of 0 . 1  per cent, or 1  kilocalorie per 
mole, in the heat of combustion contributes 1  kilocalorie per 
mole or 2.5 per cent uncertainty to the heat of formation.

It is sometimes possible and desirable to determine the dif
ference in the heats of formation of two organic molecules 
directly— for example, by measurement of the heat of hydro
genation of an olefin hydrocarbon to the corresponding paraf
fin. Even in this case where the difference in the heats of for
mation is known, however, it  is necessary to have the heat of 
formation of either the olefin or the paraffin hydrocarbon, 
from solid carbon and gaseous hydrogen, determined in sepa
rate sets of experiments, as by combustion.

In connection with the evaluation of heats of formation 
from data on heats of combustion, it is desirable to have ac
curate values for the heats of formation of gaseous carbon 
dioxide from gaseous oxygen and a reproducible form of solid 
carbon, and of liquid water from gaseous hydrogen and 
oxygen. The National Bureau of Standards (77, 87) de
termined in 1930 a value for the heat of formation of water 
which has been selected as a standard by the International 
Committee on Thermochemistry (106), and is now carrying 
on an investigation on the heat of formation of carbon dioxide 
from diamond and several samples of artificial and natural 
graphite. The Coal Research Laboratory of the Carnegie 
Institute of Technology has recently completed measure
ments on the heats of combustion of four different samples of 
natural graphite and two samples of artificial graphite. When 
these new data are available, they should do much to clarify 
the thermochemistry of solid carbon and provide a reliable 
standard value for the heat of formation of carbon dioxide 
from a reproducible and known state of solid carbon (23, 81).

E x istin g  T h e rm o c h e m ica l D ata

Before examining the existing thermochemical data on the 
simple organic compounds, it may be well to consider to what 
extent errors in the heat (AH)  of a given reaction affect the 
calculated value of the free energy (AF) or the equilibrium 
constant (K). At 380° C. (653° K.) an error of 3 kilocalories 
per mole makes an error of the same magnitude in the free 
energy change (AF) and causes the equilibrium constant to 
be in error by a factor of 10. It would seem, therefore, that 
for most reactions involving simple organic molecules an error 
of 2 or 3 kilocalories per mole would be very significant.

Until several years ago the great body of the thermochemi
cal data on organic compounds was dependent upon experi
mental data obtained from 30 to 80 years ago in the European 
laboratories of Thomsen, Berthelot, Louguinine, Zubow,

Stohmann, and others. References to these early investiga
tions are given in the compilation by Kharasch (48), and, for 
molecules of 1 and 2 carbon atoms, by Bichowsky and Rossini 
(28). In connection with these old data two points must be 
emphasized: (a) These early investigators and their co
workers performed exceedingly well with the meager appara
tus and the more or less impure materials available to them; 
(b) these old data fall short of meeting the present-day re
quirements of accuracy which have increased tenfold or more 
in the past half-century (84, 86).

This latter point is exemplified by the following comparisons 
between the old values of the heats of combustion of some 
gases, taken from the International Critical Tables (39), and 
new values recently obtained at the National Bureau of 
Standards (78-83, 88-90):

Gas
✓— H e a t of C om bu stion  a t  2 5° C ., 

Old va lu e  N ew  va lu e
K ca l./M o le — * 

D ifference
c m 2 1 0 .6 2 1 2 .7 9  ±  0 .0 7 2 .2
C2H 8 3 6 8 .2 3 7 2 .8 1  ±  0 .1 1 4 .6
CaHs 5 2 6 .0 5 3 0 .5 7  ±  0 .1 2 4 .6
n-C<Hio N o  d ata 6 8 7 .9 4  ±  0 .1 5
Iso-C iH io 6 8 3 .0 6 8 6 .3 1  ±  0 .1 3 3.3
n-CsH u 8 3 7 .8 8 4 5 .2 7  ±  0 .2 1 7 .5
C2H 4 332 3 3 7 .2 8  ±  0 .0 7 5 .3
C3H , 4 9 0 .0 4 9 1 .8 2  ± 0 . 1 5 1 .8
c i i 3o h 1 7 9 .7 1 8 2 .5 8  ±  0 .0 5 2 .8
CjEUOH 338 3 3 6 .8 0  ±  0 .1 0 - 1 . 2

These differences are of such a magnitude that, if there are 
no compensating factors, the calculated equilibrium constant 
at 380° C. will be changed by factors ranging from 2.5 to 
300.

From the above data on the simplest of all organic mole
cules, it may be concluded that practically none of the old 
data on organic compounds can be used in thermodynamic 
calculations where errors in AH  of several kilocalories per mole 
are significant.

It is of interest to examine the extent of the existing data on 
the simple organic molecules, including only those with from 
1  to 6  or 7 carbon atoms per molecule, from the following 
classes of compounds: paraffin (alkane) hydrocarbons, olefin 
(alkene) hydrocarbons, acetylene (alkine) hydrocarbons, 
naphthene or eycloparaifin hydrocarbons, aromatic hydro
carbons, alcohols, ethers, ketones, aldehydes, acids, amines, 
cyanides or nitriles, sulfur compounds, and halogen com
pounds.

Paraffin. H ydrocarbons

Sufficiently accurate values are now known for all the nor
mal or straight-chain paraffin hydrocarbons. Within the past 
seven years the heats of combustion of all the normal paraffins 
from methane to dodecane, inclusive, have been measured at 
the National Bureau of Standards (41, 78, 80, 81). From 
the data on the normal paraffin hydrocarbons the writer re
cently deduced (81) the following generalization: In any 
organic molecule containing a normal alkyl group of more than
5 carbon atoms, the addition of a methylene group to the 
normal alkyl group to form the next higher normal alkyl group 
results in an increase in the heat of combustion of the organic 
molecule in the gaseous state, at 25° C. and a constant total 
pressure of 1 atmosphere, of 157.00 ±  0.08 kilocalories per mole.

There are seven branched-chain paraffin hydrocarbons with
6  or fewer carbon atoms per molecule— one butane, 
two pentanes, and four hexanes. No data have ever 
been reported for three of the isomeric hexanes—-2 -methyl- 
pentane, 3-methylpentane, and 2,2-dimethylbutane. In 1886 
Thomsen (105) reported values for isobutane, tetramethyl- 
methane, and 2,3-dimethylbutane. In 1923 Roth and Mache- 
leidt (95) reported a value for 2-methylbutane which was 
later withdrawn (91). In 1936 Roth and Pahlke (96) re
ported ̂ another value for 2-methylbutane. In 1935 the writer
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reported a value for isobutane (83). Within the next several 
years the National Bureau of Standards plans to obtain new 
values for the two branched pentanes and the four branched 
hexanes. When these data become available, it is hoped that 
it will be possible to deduce, without measurement, values 
for all the higher branched-chain paraffins, a t least for the 
gaseous state (81).

O lefin H ydrocarbons

Within the past several years data have been obtained 
which yield satisfactory values for the heats of formation of 
the normal olefin (1-alkene) hydrocarbons. The heats of 
combustion of ethylene and propylene were measured at the 
National Bureau of Standards (89), and the heats of hydro
genation of ethylene, propylene, n-butene-1 , and n-heptene- 1  
were measured at Harvard University (44, 45, 45). Combi
nation of the data on heats of combustion with values for the 
heats of formation of water and carbon dioxide yields values 
for the heats of formation. The data on heats of hydrogena
tion yield the difference in the heats of formation of the 
given olefin and its corresponding paraffin hydrocarbon, and, 
if a value for the heat of formation of the paraffin is available, 
then that for the olefin hydrocarbon becomes known. Utilizing 
the foregoing data, together with the previously reported 
values for the normal paraffin hydrocarbons and the rule re
garding the increment in heat content per added methylene 
group for normal alkyl groups of more than 5 carbon atoms, 
Rossini and Knowlton (90) computed values for the heats of 
formation of all the normal olefin ( 1 -alkene) hydrocarbons 
in the gaseous state.

With regard to the isomeric butenes, pentenes, and hexenes, 
the data existing prior to 1935 were meager, consisting of 
values reported for isobutene and trimethylethylene by Thom
sen (105) in 1886, and a value for trimethylethylene by Zubow 
(114) in 1898. However, in 1935 and 1936 important and 
extensive data on heats of hydrogenation were reported by 
Kistiakowsky, Vaughan, and co-workers (27, 44~47) for 
the following molecules: n-butene- 2  (as), n-butene- 2  (Irans), 
isobutene, wisya-methylethylethylene, n-pentene- 2  (mixture 
of a s  and trans), rmsï/m-methylisopropylethylene, trimethyl
ethylene, tetramethylethylene, isopropylethylene, ieri-butyl- 
ethylene, neoamylethylene, 2,4,4-trimethylpentene-l, 2,4,4- 
trimethylpentene-2, 1,3-butadiene, 1,4-pen tadiene, 1,3-pen- 
tadiene, 1,5-hexadiene, and 2,3-dimethylbutadiene-l,3. As 
pointed out above, these data on heats of hydrogenation will 
yield a value for the heat of formation of the olefin if that for 
the corresponding paraffin is known. Sufficiently reliable 
values for the branched-chain paraffins appear to be available 
only for isobutane and possibly 2-methylbutane. There is, 
therefore, a pressing need for values for the heats of forma
tion of the branched-chain paraffin hydrocarbons, so that all 
the foregoing data on hydrogenation can be utilized to yield 
accurate values for the heats of formation of these olefin 
hydrocarbons.

A cety len e  H ydrocarbons

With several exceptions the data on the simple alkines are 
those of Thomsen and Berthelot: acetylene, Berthelot (5) 
in 1881, Thomsen (105) in 1886, Berthelot and Matignon 
(19) in 1893, Mixter (65) in 1906; allylene, Thomsen (105) 
in 1886; dipropargyl (1,5-hexadiine), Berthelot (6) in 1881 
and Thomsen (105) in 1886; dimethyldiacetylene (2,4-hexa- 
diine), Louguinine (60) in 1888; 1 -heptine, Moureu and 
André (66) in 1914.

N a p h th e n e  or C ycloparaffin  H ydrocarbons
The data on the simple naphthene, cycloparaffin, or poly

methylene hydrocarbons are meager. Values for cyelopro-

pane were reported by Thomsen (105) in 1886 and by Berthe
lot and Matignon (19) in 1893, the difference in the two 
values being of the order of 7 kilocalories per mole. The heat 
of combustion of cyclobutane has never been measured. 
Zubow (114-116) reported values in 1898-1903 for methyl- 
cyclobutane, cyclopentane, methylcyclopentane, and cyclo- 
hexane. Data for cyclohexane were also reported in 1915 
by Roth and von Auwers (94) and by Richards and Barry 
(78), but their values differ by over 3 kilocalories per mole.

A ro m a tic  H ydrocarb on s
Data on benzene and toluene were reported by Stohmann 

and co-workers (102, 103) in 1886-87, by Roth and von  
Auwers (94) in 1915, and by Richards and co-workers (73, 74, 
76) from 1910 to 1917. The values from the latter two labora
tories differ by over 1  kilocalorie per mole for benzene and by  
nearly 3 kilocalories per mole for toluene.

A lcoh o ls
The data on the primary normal alkyl alcohols were re

cently reviewed by the writer (S2). Data obtained on methyl 
and ethyl alcohols at the National Bureau of Standards (79) 
in 1932, on the primary normal alkyl alcohols from butanol to  
decanol, inclusive, by Verkade and Coops (109) in 1927, and 
on n-propanol-1 and n-butanol-1 by Richards and Davis 
(74, 75) in 1917-20 were utilized, in conjunction with the rule 
concerning the energy increment per added methylene group 
in a normal alkyl radical of more than 5 carbon atoms, to  
deduce fairly reliable values for the heats of formation of all 
the primary normal alkyl alcohols (82).

The data on the isoalkyl, secondary, and tertiary alcohols 
are far from satisfactory. With the exception of a value for 
isobutyl alcohol reported in 1917 by Richards and Davis 
(74), no thermochemical data on any of these monohydroxy 
alcohols have been obtained in the present century. Thomsen 
(105) reported a value for propargyl alcohol in 1886. Values 
for allyl alcohol and ethylvinylcarbinol were reported by 
Louguinine (56) in 1880. Data on isopropyl alcohol and 
trimethyl-, dimethylethyl-, and allyldimethylcarbinol were 
reported by Louguinine (53, 54, 55) in 1880-82 and by Zubow 
(113-116) in 1898-1903. In the same period Zubow (113- 
116) reported data on isobutyl, pinacolyl, and cyclobutyl 
alcohols and on methyldiethylcarbinol.

E th ers
No data on the simple ethers have been reported for half 

a century. In 1881 Berthelot (5) published values for di
methyl ether. In 1886 Thomsen (105) gave data for dimethyl, 
methyl ethyl, methyl propargyl, methyl allyl, and diallyl 
ethers. In 1887 Stohmann (100) reported a value for diethyl 
ether.

K eto n es
With several exceptions the data on the simple ketones are 

also over 50 years old: allylaeetone and ethyl allyl ketone, 
Roth (98) in 1911; acetone, Deldpine (26) in 1900, and Emery 
and Benedict (28) in 1911; diethyl ketone and mesityl oxide, 
Louguinine (57,58) in 1884-85; methyl propyl ketone, Thom
sen (105) in 1886; methyl ethyl, diethyl, methyl propyl, 
methyl butyl, and ieri-butyl methyl ketone, Zubow (1 1 4 ) in 
1898.

A ld eh yd es
The data on the simple aldehydes are meager: formalde

hyde, von Wartenberg and co-workers (111) in 1924; acet- 
and propionaldehyde, Berthelot and co-workers (15, 22) in  
1881 and 1899, and Thomsen (105) in 1886; glyoxal, de 
Forcrand (33) in 1884; and acetaldehyde, Louguinine (60) 
in 1889.
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A cids
D ata on the simple organic acids were reported as follows: 

formic acid, Favre and Silbermann (32) in 1852, Berthelot 
(1, 2) in 1873-75, Thomsen (105) in 1886, Jahn (40) in 1889, 
Berthelot and Matignon (17, 20) in 1892; acetic acid, Thom
sen (105) in 1886, Berthelot and Matignon (16) in 1892; 
propionic acid, Louguinine (59) in 1885, Stohmann and co
workers (101) in 1894; n-butyric acid, Stohmann and co
workers (101) in 1894, Guillemard (35) in 1908; isobutyric 
acid, Louguinine (58) in 1885. All of these data are from 
30 to 50 years old. In 1927 Roth (48, 92) reported a value for 
acetic acid, and in 1935 Schjanberg (97) gave data for acetic 
and propionic acids. The newer values for acetic acid differ 
by about 2  kilocalories per mole (nearly 1  per cent of the 
measured value).

A m in es
With the exception of values for trimethylamine and ethyl- 

amine reported by Berthelot (8) in 1881, all of the existing data 
on the simple primary, secondary, and tertiary amines were 
reported by three investigators: Thomsen in 1886, Muller in
1885 and 1910, and Lemoult in 1907. Thomsen (105) re
ported values for methyl-, ethyl-, n-propyl-, allyl-, dimethyl-, 
diethyl-, trimethyl-, and triethylamine; Muller (67, 68) on 
methyl-, dimethyl-, diethyl-, trimethyl-, and triethylamine; 
Lemoult (51) on methyl-, ethyl-, n-propyl-, n-butyl-, isobutyl-, 
■sec-butyl-, teri-butyl-, allyl-, dimethyl-, diethyl-, trimethyl-, 
and triethylamine.

C yan id es or N itr ile s
The existing data on the simple nitriles are neither plenti

ful nor new. Thomsen (105) reported data on acetonitrile in
1886 and Lemoult (52) on aceto- and propionitrile in 1909. 
For hydrogen cyanide, only two determinations were re
ported: Berthelot (5) in 1881 and Thomsen (105) in 1886. 
For cyanogen, values were reported in 1879 by Berthelot 
(3), in 1886 by Thomsen (105), and in 1933 by von Warten- 
berg and Schiitza (112) and by McMorris and Badger (62). 
Unfortunately the two latter modern determinations yield 
values which differ by 10 kilocalories per mole (about 4 per 
cent of the measured value).

S u lfu r  C om p ou n d s
On the simple sulfur compounds, data have been reported 

only by Thomsen and Berthelot. Thomsen (105) in 1886 re
ported values for carbonyl sulfide, carbon disulfide, methyl 
and ethyl mereaptans, and dimethyl sulfide. Berthelot gave 
data on carbon disulfide (7 ,10) in 1881 and 1893, and on ethyl 
mercaptan (13, 14) in 1901.

H a lo g en  C o m p o u n d s
With several exceptions, data on the simple chloro-, bromo-, 

and iodo-methanes, ethanes, and ethylenes were reported only 
from the laboratories of Thomsen and Berthelot. In 1886 
Thomsen (105) reported values for CH3C1, CHCb, C2H 3C1, 
CH 2C1CH2C1, CH3CHC12, CCL, CH3Br, CjHsBr, CH.I, and 
C 2H 5I. From 1881 to 1900 Berthelot and his co-workers 
(4 ,1 0 ,1 1 ,1 2 ,1 8 ,  21, 22) gave data on CH3C1, CH2C12, CHClj, 
CCL, C2H 5C1, CH3CHC12, CHjBr, C2I4, CH3I, CII2I2, CHI3, 
and CH 2ICH 2I. In 1930 Kablukow and Perelman (42) re
ported values for CHC13, CHBr3, and CH 2BrCH2Br, and in 
1933 Popoff and Schirokich (72) reported a value for CH2Br- 
CH 2Br. Unfortunately the uncertainties in these new values 
range from 7 to 20 kilocalories per mole. In 1926 Bodenstein 
and co-workers (24) reported data on the reaction of CCfi 
with hydrogen to form solid carbon and gaseous hydrogen 
chloride.

N ew  D a ta  N eeded

The foregoing résumé shows that accurate values are greatly 
needed for the heats of formation of the following compounds:

Paraffin hydrocarbons: the branched-chain pentanes and hex
anes.

Olefin hydrocarbons: the branched-chain olefins. (Values
for the corresponding branched-chain paraffins will suffice, 
since data on the heats of hydrogenation are already avail
able.)

Naphthene or cycloparaffin hydrocarbons: cyclopropane, cyclo- 
butane, cyclopentane, cycloliexane, cycloheptane, and 
their simple alkyl derivatives.

Aromatic hydrocarbons: benzene and its simple alkyl derivatives. 
Alcohols: all the simple isoalkyl, secondary, and tertiary alco

hols.
Ethers: all the simple aliphatic ethers.
Ketones : all the simple aliphatic ketones.
Aldehydes: all the simple aliphatic aldehydes.
Acids: all the simple aliphatic acids.
Amines: all the simple primary, secondary, and tertiary ali

phatic amines.
Cyanides or nitriles: hydrogen cyanide, cyanogen, and the 

simple aliphatic nitriles.
Sulfur compounds: carbonyl sulfide, carbon disulfide, and the 

simple alkyl mereaptans.
Halogen compounds: all the simple chloro-, bromo-, and iodo- 

methanes, ethanes, and ethylenes.

B on d  E nergies

As has been known for many years (30, 31, 34, 63, 69, 99), 
it is possible to express, to a more or less rough approxima
tion, the energy of fonnation of a molecule from its constitu
ent atoms, each in the normal gaseous state, as the sum of 
constant terms representing the energies of the various atomic 
linkages in the molecule. For example, in the formation of 
ethane from gaseous carbon and hydrogen atoms,

2C (gas) +  6H (gas) =  C2H6 (gas) ( 1 )

the energy of formation can, to this rough approximation, be 
written as

-  AE =  6a +  6 (2)

where a and b are numbers assigned to represent, respectively, 
the energies of the carbon-hydrogen and carbon-carbon bonds. 
As recently as 1933 the existing data on the paraffin hydro
carbons appeared to indicate a linearity in the heat of forma
tion with the number of carbon atoms in the molecule (70, 
99), which linearity leads to agreement with the relation of 
the additivity of bond energies as given by Equation 2 . 
However, it was also observed at that time (99) that, when 
an atom other than carbon or hydrogen (such as a halogen 
atom) was introduced into each member of the series of 
homologous molecules, the simple additivity relation was ap
parently thrown out of line.

Within the past several years it has been demonstrated 
both experimentally and theoretically that for accurate 
values the energy of formation of a molecule is not capable 
of such a simple expression as that given by Equation 2. 
From the new experimental data on the normal paraffin 
hydrocarbons, it was shown (81) that the atomic energy of 
formation cannot be expressed accurately as a linear function 
of the number of carbon atoms, or by the simple addition of 
constant values of the carbon-carbon and carbon-hydrogen 
bond energies. Furthermore, the new data indicated that the 
energies of formation of the simple isomeric paraffin hydro
carbons are significantly different; the difference between 
n-butane and isobutane was found by measurement to be 1 . 6  
kilocalories (83), and that between n-pentane and tetra- 
methylmethane was estimated to be about 5 kilocalories per 
mole (85). From these data, it was concluded (81) that even 
in these simple hydrocarbons each atom has a measurable
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sphere of influence that includes the atoms twice removed 
from it, so that there is a specific interaction between atoms, 
either carbon or hydrogen, which are not directly linked to 
one another but which are attached to the same carbon atom.

It has also been pointed out (36, 64-, 69, 107, 110) that, in 
evaluating the true energy of the atomic linkages in molecules, 
due cognizance must be taken of the fact that some of the 
atoms in combination in the molecule may not be in their 
normal state but will be in an excited valence state. If all 
the atoms of one kind—the carbon atoms, for example— are in 
the same state in the molecule, the inclusion of this excitation 
energy term will not change the linear relation given by 
Equation 2, but will change only the values of the constants 
giving the energies of the links of which the particular kind of 
atom is a member. For example, if the energy state of the 
carbon atom in combination in the paraffin hydrocarbons is 
q calories per mole above the normal state of the atom, then 
the conventional value assigned to the carbon-hydrogen and 
carbon-carbon links will be increased, respective^, by q/ 4 
and q/ 2  calories per mole.

In making calculations leading to bond 
energies, it is desirable to correct the ex
perimental values of the energies of forma
tion down to the absolute zero of tempera
ture, where the atoms and molecules will 
possess no energy of translation, rotation, or 
vibration, with the exception, for the mole
cules, of the zero-point vibrational energy 
of one-half quantum. In making assigmnents 
of true bond energies, it is necessary to take 
account of this zero-point energy. If for the 
2  molecules, AT and 7 2, the true energies of 
binding are identical, then the values of AE 
at 0  ° It. for the energies of the reactions

X,  =  2X  and 7* =  2 7

will differ by an amount equal to the differ
ence in the zero-point energies, which is essen
tially l / 2 h (vx, — vy,), where h is Planck’s 
constant and vx, and vy, are, respectively, the 
fundamental frequencies of vibration of the 
molecules X i  and 7 2.

It appears, then, that any accurate repre
sentation of the energies of the atomic link
ages in organic molecules must consider the 
following points, either individually or in cer
tain combinations which may make a work
able resultant: (a) the simple and direct energy 
of binding of the directly attached atoms;
(b) the various interaction energies between 
all atoms twice removed from one another;
(c) the energy of excitation of the carbon 
atoms to the appropriate valence state; (d) 
the correction to the absolute zero of tem
perature to eliminate translational, rotational, 
and ordinary vibrational energy; and (e) the 
zero-point energy.

It does not seem possible at present to 
reproduce, within the narrow experimental 
error, the heats of formation of those com
pounds for which accurate data exist, by 
means of considerations of bond energies in
cluding the points outlined above. However, 
progress is being made in this direction by 
theoretical chemists and physicists (25, 29,
61, 70, 71, 98, 104, 107, 10S, 110).

It is not possible at this time to evaluate 
accurately the atomic energies of formation 
of organic molecules, because an indisputable

value for the energy of formation of gaseous monatomic 
carbon has not yet been established.

The energy of the reaction

C (gas) +  4H (gas) =  CH, (gas) (3)

is derivable from two series of reactions. The first series is:

CIL (gas) +  2 0 2 (gas) =  C 0 2 (gas) +  2II20  (liquid) (4)
2Hj (gas) +  0 2 (gas) =  2H20  (liquid) (5)
CO (gas) +  V20 2 (gas) =  C 0 2 (gas) (6)

2H2 (gas) =  4H (gas) (7)
' / 20 2 (gas) =  0  (gas) (8)

CO (gas) =  C (gas) +  O (gas) (9)

Addition of reactions 5, 6 , and 8 , and subtraction of 4, 7, and 
9 yield the desired reaction 3. In this series accurate values 
are known for the heats of reactions 4, 5, and 6  from calori- 
metric data, and for 7 and S from spectroscopic data. The 
value for the energy change for reaction 9, in principle de
rivable directly from spectroscopic data, has never been ac-
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curately established. The published values range from about 
270 to 160 kilocalories per mole and yield, for reaction 3, 
values ranging from about 290 to 400 kilocalories. The value 
most favored at this time for the energy of dissociation of 
carbon monoxide according to reaction 9 is near 210 kilo
calories per mole (23, 37).

The second series of reactions is

CH, (gas) +  20 2 (gas) =  C 0 2 (gas) +  2H20  (liquid) (10)
2H2 (gas) +  0 2 (gas) =  2HsO (liquid) (1 1 )
C (crystal) +  0 2 (gas) =  C 0 2 (gas) ( 1 2 )

2H2 (gas) =  4H (gas) (13)
C (crystal) =  C (gas) (14)

Addition of reactions 11 and 12 and subtraction of 10,13, and 
14 yield the desired reaction 3. In this series accurate values 
are known for the heats of reactions 1 0  and 1 1 , and a fairly 
accurate value is known for reaction 1 2 , from calorimetric 
data; an accurate value for reaction 13 is known from spec
troscopic data. Unfortunately an indisputable value for the 
heat of sublimation of solid carbon to gaseous monatomic 
carbon has not yet been established (23,37,38). The published 
values range from about 130 to 210 kilocalories per mole, 
and these yield values ranging from about 350 to 430 kilo
calories per mole for the energy of reaction 3.

It is hoped that the recent theoretical work of Herzberg et 
al. (37, 38) and the new experimental work on the vapor 
pressure of carbon, carried on by Johnston and Marshall in 
the laboratories of the General Electric Company, will soon 
resolve the existing discord among the various data involving 
the energy of formation of gaseous monatomic carbon, so that 
accurate values for the atomic energies of formation of organic 
molecules may be calculated.

R eg u la r itie s  in  H ea ts  o f  F o rm a tio n

Since it has been definitely established that the heats of 
formation of organic compounds cannot be reproduced ac
curately by means of simple equations, it is desirable to see 
just what regularities do exist, and whether these regularities 
will not make it possible to deduce, without actual measure
ment, values for some of the molecules.

The data on the gaseous normal paraffin hydrocarbons show 
that the energy content of the members of this simple ho
mologous series is a linear function of the number of carbon 
atoms for those molecules above n-pentane, but not linear 
below; and that the deviations from linearity are in the direc
tion of lesser energy content, or greater stability, and increase 
to a maximum of nearly 5 kilocalories per mole for methane. 
These data make it possible to say exactly how much the 
energy content of a gaseous molecule containing a normal 
alkyl group of 5  or more carbon atoms will be increased on the 
addition of a methylene group to form the next longer normal 
alkyl group. For any homologous series of gaseous molecules 
Y— R (where Y  is any atom, radical, or combination of atoms 
and R  is a normal alkyl group) a knowledge of the heat of 
formation of the molecule having R equal to CeHu or, possibly 
with slightly more uncertainty, CsHn, immediately gives a 
knowledge of the heat of formation for all the members of the 
series with normal alkyl groups above pentyl. This means, 
then, that, in order to know the heats of formation for all the 
members of a homologous series of gaseous molecules, Y—R, 
it is necessary to determine experimentally values for not more 
than six of them—namely, Y —CH3, Y—C2H5, Y—C3H 7 , 
Y— C4II9, Y— C5Hn, and Y— CcH w. The deviations of the 
fourth and fifth members are so small that the value for Y  
C5Hu can be interpolated.as accurately as it can be measured, 
and that for Y— C J i9 nearly so.

Figure 1 shows the values recently obtained for all the 
normal alkyl members of three homologous series of gaseous

molecules: normal paraffin hydrocarbons, normal olefin (1- 
alkene) hydrocarbons, and primary normal alkyl alcohols. In 
Figure 1 the deviation from linearity of the heat of formation 
is plotted against the number of carbon atoms in the molecule. 
The heat of formation (AIT) of the molecule Y—R can be 
represented as

A H  =  A  +  Bn +  A ( 1 5 )

where A is a constant characteristic of the end group Y  of the 
given homologous series, B  is a universal constant for all series, 
and n is the number of carbon atoms in the normal alkyl radi
cal R. A, the deviation from linearity, is zero for n >  5. For 
the three homologous series considered in Figure 1, the end 
group or radical, Y — , is II— , HO— , and H2C = C H —, respec
tively. When the end group Y  contains one or more carbon 
atoms, n in Equation 15 may, if desirable, be taken as the 
number of carbon atoms in the entire molecule by appropriately 
changing the value of constant A. Values of A  for each of 
the above three homologous series of molecules, of constant 
B  common to all series, and of A for each of the molecules 
with n <  5, have already been obtained (81, 82, 90).

In the case of the normal paraffin hydrocarbons, the devia
tions are uniformly in the direction of lesser energy content 
or greater stability. For the primary normal alkyl alcohols, 
the deviations are uniformly in the opposite direction of 
greater energy content or lesser stability. For the normal 
olefin (1-alkene) hydrocarbons the deviation for ethylene is 
in the direction of greater energy content or lesser stability; 
for the others it is in the direction of lesser energy content or 
greater stability.

The magnitude and sign of the deviation from linearity 
for the lower members of the series is determined by the 
specific interactions of the “near neighbor” atoms not directly 
attached to each other and by the deviation from linearity 
in the zero-point energies for the various members of the 
series. These contributions to the net deviation will be ex
pected to be greatest for the first member of the series, and 
they may be of such sign and magnitude as to produce the 
irregular trend observed for the normal olefin (1-alkene) hy
drocarbons.

Sufficiently accurate data for determining the effect of 
branching in the alkyl radical on the energy content of a given 
molecule are as yet available only for n-butane and isobutane 
(83). The data show that in this case branching results in a 
decrease (toward greater stability) in the energy content of 
the gaseous molecule of 1.63 =*= 0.15 kilocalories per mole at 
25° C., or of 1.55 =*= 0 .I6  kilocalories at absolute zero tem
perature. By utilizing the experimental value for methane, 
ethane (monomethylmethane), propane (dimethylmethane), 
and isobutane (trimethylmethanc), and extrapolating to 
tetramethylmethane, the writer estimated a value for the 
latter (85). This estimate indicates that the energy content 
of gaseous tetramethylmethane is less than that of gaseous 
n-pentane by 4.9 =*=1.0 kilocalories per mole. (It is expected 
that an experimental determination of the difference in the 
energies of these two isomers will soon be made.) Because 
of the paucity of the data, it is hardly safe to make any 
generalizations concerning the effect of branching except to 
say that branching appears to yield a lower energy content 
(toward greater stability).
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T H E  COOKING P R O C E S S
X. P u lp in g  W ood with A lcoh o lic  N itric  

A cid  S o lu tio n s 1

S. I. ARONOVSKY2 a n d  ROSS AIKEN GORTNER  
M in n esota  A gricu ltural E xperim ent S ta tion ,

S t. P au l, M in n .

A ser ies o f cook s w as m a d e  on  a sp en  an d  
ja ck  p in e  sa w d u st an d  ch ip s  b y  reflux in g  
w ith  a q u eo u s an d  a lco h o lic  (e th y l an d  n -  
b u ty l) so lu t io n s  o f n itr ic  acid , fo llow ed  by  
b o ilin g  th e  a c id -tr ea te d  w ood w ith  d ilu te  
so d iu m  h ydroxid e so lu t io n s . T h e c o n 
ce n tr a tio n s  o f th e  acid  an d  a lk a li as w ell 
as th e  d u ra tio n  o f th e  tr e a tm e n t  w ere  
varied . A n u m b e r  o f cook s w ere also  ru n  
w ith  m ix tu re s  o f a q u eo u s an d  a lco h o lic  
n itr ic  acid  an d  w ith  a lco h o lic  so lu t io n s  of 
s u lfu r  d iox id e an d  l i th iu m  b isu lfite . T he  
a lco h o lic  n itr ic  acid  so lu t io n s  gave m u ch  
h ig h er  y ie ld s  o f good  p u lp  th a n  w ere o b 
ta in ed  w ith  th e  a q u e o u s  acid  u n d er  s im i
lar p u lp in g  co n d it io n s . In crea sin g  th e  
co n c e n tr a tio n  o f th e  acid  re su lted  in  low er  
to ta l  y ie ld s  b u t  gave larger y ie ld s  o f  
screen ed  p u lp . D ilu t io n  o f th e  a lco h o lic  
s o lu t io n s  w ith  w a ter  h ad  b u t  l i t t le  effect 
o n  th e  y ie ld s  o f p u lp . Ja ck  p in e  d id  n o t  
p u lp  as read ily  as th e  asp en . Soda a sh  
w as n o t  as e ffic ien t as so d iu m  h ydroxide  
in  rem o v in g  th e  co m p o u n d s form ed  by  
th e  a c tio n  o f n itr ic  acid  on  w ood . S u lfu r  
dioxide an d  b isu lfite s  in  a lco h o l w ere n o t  
effic ien t p u lp in g  a g en ts .

TH E  use of nitric acid as a pulping agent has received con
siderable attention in recent years. Although the pulp
ing qualities of this acid were known as early as 1861 (2) 

and possibly earlier, its high cost prevented it from competing 
with the common cheap pulping agents used in the sulfite, 
soda, and kraft processes. The present relatively low cost 
of nitric acid and the search for an efficient, economical 
method of pulping fibrous plant material other than wood are 
probably the main reasons for the revival of this pulping 
method.

Brief reviews of recent research and patent literature on 
this process were given by Klein (6) and Krais (8 ). Hachi-

1 P rev iou s p apers in  th is  series appeared in  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  in  1930, 1933, 1934, 1935, and 1936.
J P resen t ad dress, A gricu ltu ra l B y -P rod u cts  L aboratory, Ind u stria l Farm  

P rodu cts R esearch  D iv is io n , B u reau  of C hem istry  and  Soils, U . S . D ep art
m en t of A griculture, A m es, Iow a.

hama, Önishi, and Takemura {3, 4), Lynch and Goss {10), 
and Payne {11) showed that yields of 35-40 per cent of high 
a-eellulose pulp, with low copper numbers and ash contents, 
could be obtained from sugar cane bagasse by the nitric acid 
process. Relatively high yields of good pulp were obtained 
from cornstalks by Horvdth and Eber {5) and Suida, Sadler, 
and Noss {18,19). Suida and Sadler {17) and Shimoda {15) 
obtained good pulp by cooking cereal straws with nitric acid. 
The effects of this acid on woods were studied by Routala and 
Sevön {12), Schaarschmidt and Nowak {18), Shimoda {14), 
Solechnik {16), and Suida and Sadler {17). They obtained 
40-50 per cent yields of pulps with low copper numbers and 
ash contents and high a-cellulose contents. These pulping 
experiments were carried out by steeping the raw material in 
aqueous nitric acid solutions of various concentrations and 
temperatures for definite time intervals, and then heating the 
resultant product in hot alkalies.

An analytical method for the determination of the cellulose 
content of fibrous plant, material was recently given by 
Kürschner and Hoff er {9). This method consists of repeated 
extraction of the plant material with a solution of nitric 
acid in ethanol. Aronovsky and Gortner {1) and Kleinert 
and Tayenthal (7) showed that fairly high yields of good pulp 
could be obtained by using alcohols as the pulping agents. 
It was therefore thought that high yields of pulp with desir
able properties might be obtained by using a combination of 
these methods—i. e., treatment of the fibrous raw material 
with alcoholic nitric acid followed by extraction with dilute 
alkalies.

E xp erim en ta l P rocedure

Aspen and jack pine wood, both in chip and sawdust form, 
were used in these experiments. Ethyl and »-butyl alcohols 
and c. p. nitric acid and sodium hydroxide were used as the 
pulping agents. A number of cooks were made on jack pine 
wood in which sulfur dioxide and lithium bisulfite were used 
in place of the nitric acid as pulping agents. The procedure 
was as follows:

The wood (50 grams) and the liquor were placed in a 1-liter 
Erlenmeyer flask and boiled gently under reflux. The concen
tration of acid, volume of liquor, and time of refluxing were 
varied. After the desired boiling period had elapsed, the con
tents of the flask were poured into a large Büchner funnel fitted 
with a filter paper, and the excess liquor was removed by suction. 
The residue in the funnel was washed three or four times with 
800-ec. portions of water and then replaced in the flask, covered 
with water, and allowed to stand overnight. The water was then 
decanted from the residual wood, a dilute solution of sodium 
hydroxide was added, and the mixture was again boiled under 
reflux, varying the volume and concentration of the sodium 
hydroxide solution and the time of boiling. The contents of 
the flask were then poured into a set of laboratory screens (top 
screen, 0.065-inch or 1.65-mm. openings; bottom screen, Four-
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(Figure 2 ). Apparently the nitric acid delignifies the wood 
more readily in aqueous than in alcoholic solution, but the deg
radation of cellulose also takes place to a greater extent in 
water. Considerably lower yields were obtained with saw
dust than with chips. This may have been due to the greater 
ease of impregnation

6 0 \ Alcoholic N itr ic / i c id  
• -S cree ne d  P u lp

□ -Total Pu/p

■ 8
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A qu eo us N it r ic  A c id  
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F ig u r e  1. E f f e c t  o f  N it r ic  A c id  C o n c e n t r a t io n  
Y ie l d s  o f  T o t a l  a n d  S c r e e n e d  P u l p

drinier wire) where the residue was washed and screened, if 
possible, to separate the pulp from the unpulped portion. The 
pulps and unpulped portions were then dried to constant weight 
in order to determine the yields obtained under the various ex
perimental conditions.

The data obtained are given in Tables I and II and Figures 
1 to 4.

Aspen.
The first striking feature of the results on aspen (Table I) 

can be seen by comparing the yields obtained 
with ethanol and water, the other conditions re
maining constant. This is shown particularly by 
cooks 154 and 156. The yield obtained by using 
alcoholic nitric acid was 1.7 times that produced 
by the aqueous nitric acid liquor. This result 
may be due to the action of the alcohol in hinder
ing the hydrolytic effects of the acid upon the 
cellulosic constituents of the wood. When water 
was used in these cooks, the brown fumes of 
nitric oxide were given off from the top of the 
reflux condenser, indicating decomposition of the 
nitric acid. This effect was not noticed when 
alcoholic nitric acid was used as the cooking 
agent.

As shown in Figure 1 and by cooks 159 and 163 
(Table I), the concentration of nitric acid in the 
liquor, whether water or ethanol, should be greater 
than 2  volume per cent in order to obtain pulped 
material. This may not hold true under condi
tions of cooking other than t h o s e  e m p l o y e d  
here.

In the experiments conducted on aspen saw
dust, the concentration of nitric acid was kept 
constant at 3 volume per cent. The total volume 
of liquor used was varied in cooks 170 to 177 
(Table I), thus varying the actual quantities of 
nitric acid present in these cooks. The results 
show that the yields of screened pulp decreased 
and the screenings and total yields increased with 
the decrease in quantities of nitric acid and the 
ratios of total liquor to wood. This effect was 
more noticeable 114111 alcohol than with water

and consequently more 
drastic cooking of the 
sawdust, under similar 
cooking conditions.

The use of mixtures 
of water and ethanol 
gave r e s u l t s  i n t e r 
mediate between those 
obtained with aqueous 
and with a l c o h o l i c  
nitric acid solutions, as 
shown in Table I and 
Figure 3. Eighty per 
cent ethanol and 2 0  per 
cent water gave nearly 
the same yield as was 
obtained with 1 0 0  per 
cent alcohol (cook 170).
The substitution of 20 
per cent of the water by 
ethanol (cook 181) gave 
a considerably larger
yield than was obtained with 1 0 0  per cent water (cook 174), 
thus indicating that a relatively small amount of alcohol tends 
to inhibit the degrading effect of nitric acid on the cellulose. 
It was also noticed in these four cooks that no nitric oxide 
fumes were formed during the refluxing.

Using aqueous nitric acid solutions, varying the time of 
refluxing with these liquors, and keeping the other cooking 
conditions constant, the yields tended to decrease with increas-

T a b l e  I. C o o k in g  D a t a  a n d  Y i e l d s  o f  P u l p  O b t a i n e d  f r o m  A s p e n

o n

10/1 8/1 6 /i
Ratio o f Total Liquor 
to Wood -  cc ./ffra rrj

F ig u r e  2 . E f f e c t  o f  R a t io  o f  
T o t a l  L iq u o r  t o  W oo d  o n  Y ie l d s  

o f  T o ta l  a n d  S c r e e n e d  P u l p

-A c id  T r e a tm e n t-

C ook
T im e

V ol. T o ta l of b oil
N o. Liquor H N O j v o l. in g

Vol. % Cc. Hr.
A spen

155 HiO N one 750 7
158 H jO 1 750 7
159 H jO 2 750 7
160 H iO 3 750 7
161 H :0 4 750
156 HiO 5 750 7
157 . U nd ilu ted  sp en t liquor 7

from  cook 156
153 E th an o l N on e 750 7
162 E th an ol 1 750 7
163 E th an ol 2 750 7
164 E th an ol 3 750 7
165 E th an ol 4 750 7
154 E th an ol 5 750 7

A spen  S¡
170 E th an ol 3 750 7
171 E th an ol 3 500 7
172 E th an ol 3 400 7
173 E th an ol 3 300 7
174 HjO 3 750 7
175 h 2o 3 500 7
176 H jO 3 400 7
177 H jO 3 300
17S 8A -2W 6 3 750 7
179 6A -4W 3 750 7
180 4A -6W 3 750 7
181 2A -8W 3 750 7
1S4 HjO 3 750 1
185 H jO 3 750 2
186 H jO 3 750 4
187 H jO 3 750 6
188 H jO 3 750 2
189 H jO 3 750 2
190 H jO 3 750 2
191 H jO 3 750 2

o On basis of oven-dried  w ood.
b A  =  parts alcohol; W  = parts w ater.

/—A lkaline—* 
T rea tm en t - 

T im e

N aO B
Cc.

750
750
750
750
750
750
750

750
750
750
750
750
750

d ust
600
600
600
600
600
600
600
600
600
600
600
600
600
600
600
600
600
600
600
600

of

 P u lp  Y ie ld s0—
U npulped  

Screened w ood or
b oiling pulp screen in gs T o ta l

Hr. % % %

6 7 9 .2 7 9 .2
6 5 8 .1 5 8 .1
6 5 6 .6 5 6 .6
6 3 Ü 4 2 .2 3 3 .6
6 3 0 .8 0 .7 3 1 .5
6 2 8 .9 2 8 .9
6 2 1 .7 19 ! 7 4 1 .4

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

6 3 9 .6 3 9 .6
6 3 7 .0 6 .6 4 3 .6
6 3 3 .0 1 6 .4 4 9 .4
6 3 0 .S 2 2 .0 5 2 .8
6 2 5 .0 2 5 .0
6 2 8 .6 Ü 6 3 0 .2
6 2 8 .6 2 .4 3 1 .0
6 2 6 .6 2 .8 2 9 .4
6 3 8 .2 0 .6 3 8 .8
6 3 4 .0 0 .6 3 4 .6
6 3 6 .0 0 .4 3 6 .4
6 3 1 .6 1 .0 3 2 .6
6 2 8 .6 1 .2 2 9 .8
6 2 7 .6 0 .4 2 8 .0
6 2 8 .4 0 .4 2 8 .8
6 2 6 .S 2 6 .8
1 3 2 .0 Ó .4 3 2 .4
2 3 0 .0 0 .4 3 0 .4
3 2 7 .8 0 .4 2 8 .2
4 3 0 .2 0 .4 3 0 .6
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T a b l e  I I .  C o o k in g  D a t a  a n d  Y i e l d s  o f  P u l p  O b t a i n e d  f r o m  J a c k  P in f .

C ook
N o. L iquor

-A cid  T rea tm en t-----
T ota l

H N O j 
Vol. %

v o l.
Cc.

T im e of 
b oiling  

Ur.
A lkali

-A lk a lin e  T rea tm en t-----

C oncn. V olum e

%
Jack P ine C hips

301 H *0 4 500 2 N aO H 4
302 H 20 4 500 4 N aO H 2
303 E th a n o l 4 500 2 N aO H 4
304 E th a n o l 4 500 4 N aO H 2
305 n -B u ta n o l 4 500 2 ' N aO H 2
306 n -B u ta n o l 4 500 2 N aO H 2
307 E th a n o l 3 500 6 N aO H 2
308 E th a n o l 4 500 6 N aO H 2
309 E th a n o l 5 500 6 N aO H 2
310 E th an o l 6 500 6 NaOH* 2
329 E th an o l 3 750 7 N aO H 2
330 E th a n o l 3 750 7 N a ;CO , 2
331 E th an ol 6 750 6 N aO H 2
332 E th an o l 6 750 6 NajCOs 2 .

65

Jack  P in e Saw d u st

Cc.

500
500
500
500
500
500
500
500
500
500
750
750
750
750

T im e of 
b oiling

Hr.

323 E th an o l 3 500 6 N aO H 2 500 5
324 E th a n o l 4 500 6 N aO H 2 500 5
325 E th an o l 5 500 6 N aO H 2 500 5
326 E th a n o l 6 500 6 N aO H 2 500 5
327 E th a n o l 3 750 7 N aO H 2 600 6
328 E th an o l 3 750 7 N aiC O i 2 .6 5 600 6

Screened
pulp

%

2 5 .6  
1 6 .8

3 .0
5 .8
4 .4
2 .4  
5 .6

2 9 .6
3 8 .6

6 .4
2.8 

3 4 .0  
3 3 .2

4 4 .4
4 3 .4

-P u lp  Y ie ld s ° -  
U npulped  

w ood or 
screenings

%

1 5 .2
2 3 .8
7 3 .2
6 4 .8  
66 .0
6 7 .6
68.2
5 9 .6  
2 6 .2
1 1 .4
5 8 .2
7 1 .4
1 9 .2  
2 9 .0

6 5 .0
5 8 .4  

3 .8  
0 .8

5 8 .2
6 9 .4

T o ta l

%

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

6 5 .0
5 8 .4
4 8 .2
4 4 .2
5 8 .2
6 9 .4

° On basis of oven -d ried  w ood.

ing time of boiling but the differences so obtained were very 
slight. These data are given by cooks 184 to 187 (Table I) 
and Figure 4. In cooks 188 to 191 the conditions of acid 
treatment were held constant while the time of boiling with 
alkali was varied. The results showed that there was a slight 
decrease in yield with increasing time of alkali treatment 
(Figure 4). These data seem to show that, under the con
ditions used in these experiments, it is possible to obtain a 
good pulp of fair yield by refluxing for 1 to 2 hours with 3 
volume per cent aqueous nitric acid solution, followed by 
a 1-hour treatment with 1.5 to 2 per cent sodium hydroxide 
solution.

The pulps obtained with aqueous nitric acid solutions were 
very light in color, approximating that of sulfite pulp; the 
alcohol-treated woods yielded pulps which were only slightly 
darker. After the acid treatment the residual woods were 
orange to orange-red in color; the residual liquors were 
orange-red to red. The residual alkali liquors were black in 
bulk. The screenings were dark brown and generally fairly 
soft, although some hard cores were found occasionally. It 
was noticed, in boiling with the alkali solution, that the liquor 
foamed profusely.
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F ig u r e  3 . E f f e c t  o f  D il u t in g  A l c o h o l ic  N it r ic  A c id  w it h  
W a t e r  o n  Y ie l d s  o f  T o t a l  a n d  S c r e e n e d  P u l p

That the nitric acid is not completely used up in this cook
ing process is shown in the case of cook 157, in which the 
undiluted residual liquor of cook 156 was used as the cooking 
agent. A check on the nitric acid consumption, based on 
the oven-dry weight of the original wood, was attempted in 
cooks 184 to 187:

C ook U N O , HNOa HNOa
N o. A dded R ecovered C onsum ed

% % %
184 4 2 .4 3 3 .4 9 .0
185 4 2 .4 2 9 .6 1 2 .8
186 4 2 .4 2 7 .0 1 5 .4
187 4 2 .4 2 3 .6 1 8 .8

The amounts of nitric acid recovered, on the basis of the 
original nitric acid used, were approximately 79, 70, 64, and 
57 per cent for cooks 184, 185, 186, and 187, respectively, 
decreasing with the increased duration of the cooking period. 
Although the percentage recovery of acid in cook 184 can be 
considered fairly good, it must be pointed out that these

4 0

°  i

I'

x - N itn  
• -  Sod/L

c A c id  7  

jm  H y d r
~reat ment 
oxide Trea tm e n t

"  "5 -  ^  -3 (— -

T tm e o f  B o it m g  -  H o u rs

F ig u r e  4. E f f e c t  o f  D u r a t io n  o f  A c id  a n d  A l k a l in e  
T r e a t m e n t s  o n  Y ie l d s  o f  T o t /  l  a n d  S c r e e n e d  P u l p

results were obtained by titration of the residual liquors and 
wash liquors with standard alkali; and any other acids, such 
as acetic, formic, and oxalic, formed by the oxidizing action 
of the nitric acid on the wood, would be calculated in this 
manner as nitric acid.

J ack  P in e

The data on pulping jack pine wood are given in Table II. 
These results indicate that, in order to obtain a pulp from 
jack pine under the conditions used in these experiments, the 
concentration of nitric acid, whether in alcoholic or aqueous 
solution, should be at least 6  volume per cent. Increasing 
the concentration of the acid resulted in increased yields of 
screened pulp and decreased total yields, similar to the results 
obtained with aspen. n-Butanol-nitric acid mixtures and 
ethanol-nitric acid solutions had approximately equal effects 
on the yields of pulp. Lower total yields but higher yields of
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screened pulp were obtained from jack pine sawdust than 
from the chips. It is apparent from these data that jack pine 
is not pulped as readily as is aspen by the nitric acid process.

The substitution of sodium carbonate for the sodium hy
droxide in the alkaline treatment had a deleterious effect on 
the resultant pulps, as shown in Table II. Apparently the 
reaction products from the action of alcoholic nitric acid on 
wood are not as soluble in sodium carbonate as in the sodium 
hydroxide solution.

When sulfur dioxide and lithium bisulfite were substituted 
for the nitric acid in both ethyl and n-butyl alcohols, no pulped 
residues were obtained after the sodium hydroxide treatment. 
This indicates that the nitric acid acts as an oxidizing rather 
than as a hydrolyzing agent.
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THE usual means of estimating the number of theoreti
cal plates for a given separation of two liquids is the 
MeCabe-Thiele graphical method. When the number of 

plates is very large, as is the case with certain hydrocarbon 
separations and especially with isotopes, this method is tedious 
and apt to be inaccurate if carried out with the usual, small- 
scale diagram. The purpose of this paper is to call attention 
to the method proposed by Lewis (S) some years ago which 
has been completely supplanted by the later method of 
McCabe and Thiele (4), but which has distinct advantages in 
the case of a large number of plates. This method was given 
in the first edition of Walker, Lewis, and McAdams’ book 
(7) but was omitted from the second.

The usual material balance on a rectifying column, coupled 
with the assumption of constant heat content of the vapor and 
liquid streams throughout the column, leads to the following 
■equation for rectification above the feed level:

y *  =  Z n + l  +  ß  (?c y») (i)

1 Present address, Department of Chemical Engineering, 
■University, University Heights, New York, N. Y.

New York

Subtracting xn from both sides,

Xn + 1 Vn Xn ß  Çxc Vn) (2)

Xn + 1  — Xn is the enrichment per plate and may be written 
A r/ An. When the number of steps is large, A x/ An =  d x /d n  
very closely. Finally we may write:

dn
dx

Vn X n ß  (p'c yjn)

Similarly for the section below the feed level:

1dm
dx F  -  P  .

Vm Xm xljm  X w)

(3)

(4)
F  +  O

Equations 3 and 4 can be rearranged to 5 and 6 , respectively:

dx
A n

Am

- r -Jx,

- r~Jxa Vm

X'n {xe y„)

dx
F  -  P  
F j Q  (.Urn Xnf)

(5)

(6)

In the original application of these equations, as given by 
Lewis (S), and in the text by Walker, Lewis, and McAdams 
(7), they were integrated graphically; but in the case of an
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ideal solution, which would be a valid assumption in many 
cases of hydrocarbon separation and certainly in all cases of 
isotope separation, the algebraic integration is relatively 
simple. Thus for an ideal solution at constant temperature,

(7)1  — x +  ax

and for the constant-pressure distillation of an ideal solution, 
a, which is the ratio of the vapor pressures of the two pure 
components, is substantially constant and an average value 
may be used.

Substitution of Equation 7 in 5 and rearrangement (with 
the subscripts dropped for simplicity) leads to:

An
J x /

dx
Ax 2 +  Bx +  C rJX]

xdx
Ax2 +  Bx +  C (8)

where A =  R ( 1  — a)
B — R(a  — 1) — Xc(a 
C =  — xc

1 ) +

Integrating and substituting limits:

An =  2.303 2 R +  B
2 V B 2 -  4AC 

2Ax, +  B +  V R a -  4AC) 
2Axc +  B +  V R 2 -  4A C )

log 2Axc +  B -  VB* -  4AC  
2Axs +  B -  V R 2 -  4AC

+  ’A log
Ax/  +  Bx/ +  C 
A x /  +  Bxc +  C

(9)

The equation for plates below the feed level is exactly the 
same in form but, in place of R  we have R' =  (F +  0 ) / (F  — P ) 
(in the case of an exhausting column alone, R' — F /W )  
and the limits are Xf (in place of xc) and x» (in place of x/). 
Also, A =  R' (1 — a); B  =  R' (a  — 1 ) +  Xv, (a — 1) — a; 
(7 =  X w

In the special case of a rectifying column where Xf approaches 
1.0 (or Xy, approaches 1.0 in an exhausting column), Equa
tion 9 is not satisfactory because the log term involves a 
small difference of large numbers. This can be avoided and 
the equation greatly simplified by using the equilibrium re
lation in the form:

y' =  a'x' ( 1 0 )

This equation holds only where y'  and %' are approaching 
zero.

Substituting Equation 10 in 5 and integrating,

2.303 , A x /  +  R
An = —  log Z V T R (1 1 )

where A =  a' x /
R

Similarly for the exhausting column,

2.303 , A x /  +  R
An = —  lo g I 5 7  +  R

( 12)

where A — a' — 1 ~  jp

B = R'

The An equations are readily solved for any given case 
where R (or R'), xc (or xw), X/, and a  would be known. There 
is a minimum value of R  which can readily be found by the 
usual equations. It may be assumed that the minimum over
flow for the rectifying section will supply more than the mini
mum requirement for the exhausting section.

The minimum possible number of plates for separation is 
found by letting R (or R') =  <» in Equations 5 and 6  and 
integrating. This gives the equation,

An (min.) =  [ l o 8  ^  +  “ loS \ _  (13)

For the analogous equation applying below the feed level, re
place xc by Xf and x/ by xw. Adding the two An equations 
would give the following for the number of plates in the entire 
column:

A n (m in .)  =  — ["log ^  +  a  log  j ~  (14)<X I L Xw 1 Xf J

Peters (5) developed equations which appear to be the same 
in general form as those of the writers, but there are evidently 
some differences in detail because they do not give results in 
agreement with the McCabe-Thiele method as do the writers’. 
Furthermore Peters’ derivation considers a packed column 
and makes the assumption (stated to be based on experiment) 
that the ratio between the enrichment and the height of the 
column is a constant. This does not appear to be a good as
sumption, and, although it leads to the same differe.ntial equa
tion as the Lewis derivation given above, the latter is to be 
preferred.

Underwood (6) gives equations for analytical (as distinct 
from graphical) calculation of the number of plates which are 
not the same as Equations 9 and 13 but give approximately 
the same results in many cases. His equations were obtained 
by series summation of finite steps rather than by integration 
and hence should be more accurate when the number of plates 
is relatively small. Underwood also states that his equations 
for finite reflux are restricted to the case where both products 
of the column are nearly pure. The equations given here 
should not be subject to this limitation.

The second log term in Equation 9 is usually negligible. 
More than sixty different cases were calculated with it, and in 
none was this term more than 2  per cent of the whole.

The use of the equations will be illustrated by a few ex
amples. One of the most interesting applications is to the 
separation of isotopes by distillation. Huffman and Urey 
(2) developed an equation for calculating the number of 
plates in their special column for the separation of the oxygen 
isotopes by the distillation of water, from the rate at which 
concentrations were changing with time. This made it pos
sible to estimate the number of plates from experimental data 
without waiting for equilibrium to be attained which, in such 
cases, is often a matter of days and even weeks. For the 
case where ordinary water containing 0 . 2  mole per cent 
H 20 1 8  is concentrated in an exhausting column to 0.85 mole 
per cent H 20 18, their equation shows that 428 plates are re
quired with total reflux. Using Underwood’s formula, they 
calculated that if equilibrium were attained, the tail product 
should contain 2.54 mole per cent II20 18. a  for this case is 
1.006, based on concentration of II20 16. Using Equation 13, 
the minimum number of plates to produce this separation with 
total reflux is 427, which checks the result obtained from the 
Underwood equation.

The minimum reflux ratio (F /W  in this case) is estimated 
to be 1960. Assuming a reflux ratio of double the minimum is 
used, how many plates would be required for this separation? 
Equation 12 should be used since 9 is unsatisfactory owing to  
the small differences of large numbers that are encountered. 
The result obtained is 520 plates. Obviously the calculation 
of such a large number of plates by the equations is far simpler 
than the usual graphical method.

Fenske and co-workers (I) state that 98 theoretical plates 
are required to rectify a n-heptane-methylcyclohexane solu
tion ( a  =1.07) containing 3.3 mole per cent n-heptane to pro
duce a distillate containing 96 mole per cent, under total re
flux. This same figure is obtained from Equation 13. The 
minimum reflux ratio for this separation is 415. Assuming a
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reflux ratio of 1000, Equation 9 calls for 105 plates for the given 
separation. As a check the same calculation was made by 
the McCnbe-Thiele method, and the same result was obtained.

N o m e n c la tu re
x — mole fraction of more volatile component in liquid 
y — mole fraction of more volatile component in vapor 
x' — mole fraction of less volatile component in liquid 
y ’ =  mole fraction of less volatile component in vapor 
O =  overflow or reflux in section of column above feed level, 

moles
P  =  overhead product, moles 
W  =  tail product, moles
R =  reflux ratio for the rectifying section =  O/P  
R' =  reflux ratio for the stripping section = (F +  0)/(F  — P ) 

or F /W  for a stripping column alone 
F =  feed, moles 
n =  number of plates
a — ratio of vapor pressure of the more volatile component of 

a binary solution to that of the less volatile component, 
at the same temperature 

a' — reciprocal of a

Subscripts: 
n, n +  1  =  plates above feed level 
to, to +  1  =  plates below feed level 
c =  overhead product 
w =  bottoms or tail product 
/  =  feed
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Production of Starch  

from  W ater Caltrop
M OHD. SHAFEE a n d  J. L .  SARIN  

G overnm ent In dustria l R esearch Laboratory, 
P. O. Shahdara M ills, Lahore, India

WATER caltrop or water chestnut (Trapa bispinosa) 
is an aquatic plant which has been grown in India 
from the most ancient times. It yields a nut whose 

kernel is used locally in bilious troubles and diarrhea, as a gen
eral article of food, and in the preparation of poultices (1 ). 
No statistics are available as to the total production of the 
nut, but it has been roughly estimated to be more than 1 0 , 0 0 0  
tons a year at present and is gradually decreasing (5). Eco
nomic utilization of this crop would be important to areas 
of the country where it is grown extensively and is available 
at a low cost.

The caltrop nut is triangular in shape and about 0.75 inch 
long (3). I t is covered with a tough brown skin whose 
thickness varies with the species of plant. In certain cases 
the shell is very thick and has long projected horns. The 
kernel is white and of a fine fibrous texture. Usually a thin- 
skinned nut is composed of two-thirds kernel and one-third 
shell. The nut is collected from underneath the surface of 
the water where it grows, and the skin is removed by specially 
designed knives. The kernel is spread in the open for drying.

P ro d u ctio n  o f S tarch

For the preparation of starch the sun-dried broken kernel 
was used. The percentage composition of the dried kernel 
was as follows:

M oistu re
P rotein
A sh
C rude fiber

7 .6 5
7 .5 6
1 .9 3
2 .3 2

Oil
G u m s, sugar, e tc . 
Starch

A m e th o d  h a s b een  w orked  
o u t  for th e  p rep aration  of 
w ater ca ltrop  s ta r ch  (san- 
gara). I ts  p rep aration  in  
n o rth ern  In d ia  w ou ld  im p ly  
a m ore ex ten siv e  u t il iz a t io n  
of an  ec o n o m ic  crop th a n  
a t p resen t. T h e d e te rm in a 
t io n  o f its  p h y sica l p roper
t ie s  an d  a c tu a l fa c to ry  te s ts  
see m  to  sh o w  th a t  th e  s ta rch  
can  be u sed  w ith  ad van tage  
for s iz in g  c o t to n  an d  rayon  
y a r n s ,  f o r  f in ish in g  and  
p r in t in g  c o t to n  c lo th , an d  
for p rep arin g  ice  crea m  an d  
m ilk  pow ders.

0 .0 7
7 .9 2

7 2 .5 5

The following practical procedure was developed for starch 
production:

The dried kernels were washed with water to remove dust and 
dirt. They were then steeped in 0.25 per cent sodium hydroxide 
solution for 24 hours, preferably at a temperature of 40° to 4 5 ° C. 
This removes most of the coloring matter and softens the kernel 
for further treatment. The kernels were washed to remove as 
much of the alkali as possible and were finally immersed in a 
0.25 per cent hydrochloric acid solution to neutralize the re-
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T a b l e  I. G e l a t i n i z a t i o n  T e m p e r a t u r e  p r o m  ‘ / » - S e c o n d  V i s c o s i t y  M e a s u r e m e n t s

3%  S tarch  P a ste 60°C . 62 °C . 64 °C . 66 °C . 68°C . 70 °C . 72 °C . 74°C .

Sangara 33 33 33 33 33 33 33 (34)
Farina 33 33 (37) 41 45 50 56 59
M aize 33 33 33 33 33 33 33 (36)
W h eat 33 33 33 33 33 33 33 33

r6°C . 78 °C . 80°C . 82°C . 84 °C . 86 °C . 8S °C . 9 0 °C . 92 °C . 94 °C . 96 °C .
35 36 38 38 39 40 42 42 44 45 46
62 72 81 90 97 109 120 138 150 186 225
37 41 44 48 52 54 54 52 50 50 49
33 33 33 33 (34) 35 35 36 36 37 39

T a b l e  II. E f f e c t  o f  C o n t i n u e d  H e a t i n g  a t  90° C. o n  C h a n g e  
i n  V i s c o s i t y  ( i n  ‘/ »  S e c o n d s )  '

3%  S tarch  P a ste

Sangara  
Farina  
M aize  
W h eat

10 15 20 25 30 60 120 180 240 360
M in . M in . M in . M in . M in. M in . M in . M in . M in. M in.

48 51 52 50 50 47 45 43 41 40
265 305 421 374 358 226 116 78 53 46

57 52 51 51 51 49 45 41 39 37
45 46 46 43 43 39 37 36 35 34

T a b l e  III. V i s c o s i t y  o f  C o n s t a n t l y  A g i t a t e d  S t a r c h  P a s t e s  ( i n  ‘ /»  S e c o n d s )

3% , S tarch  P a ste 5 M in . 10 M in . 15 M in . 20 M in . 25  M in . 30  M in . 60 M in. 90 M in. 120 M in . 180 M in . 240  M in . 300  M in . 360  M in.
Sangara 72 82 82 73 72 70 55 51 45 43 40 39
P o ta to 1800 750 514 454 290 243 158 81 60 47
M aize 58 55 51 50 49 49 47 45 43 41
W h eat 45 40 47 44 45 45 43 43 41 38 ¿6  ; 35

maining alkali. The washed and softened kernels were pulped 
in a coconut shredder under a regulated constant stream of 
water, the pulp was strained through a sieve ( 1 2 0  mesh per 
inch), and the residue was ground in an edge runner, washed, 
and passed through a series of shaking sieves. The residue which 
did not pass through the sieves was thoroughly stirred with 
water and again passed through sieves to remove all possible 
starch. The washings were collected and again passed through 
a finer sieve (200 mesh per inch). The liquors passing through 
the sieve were concentrated to the desired consistency by depo
sition and then allowed to settle in a series of tanks or a set of 
tables where the starch was deposited. The liquor containing 
fibrous suspended matter was allowed to flow away.

The starch was further purified by washing with slightly 
dilute sodium hydroxide and retabling. It was dried in the 
open or in an air oven at a temperature not exceeding 30° C. 
(8 6 ° F.). The starch obtained was white and had the following 
percentage composition:

M oistu re  9 .8 3  N itrogen  Trace
S tarch  8 9 .9 2  F a tty  m atter N one
Ash 0 .1 3

B y -P ro d u cts  o f W ater C altrop  S tarch  P rocess

The waste material from the production of water caltrop 
starch consists of the residual pulp (36 per cent) and the water 
from the various starch operations and purifications. The

F i g u r e  1 . G e l a t i n i z a t i o n  T e m p e r a t u r e  f r o m  
‘ / » - S e c o n d  V i s c o s i t y  M e a s u r e m e n t s  

A. S angara B. F ar in a  C. M a ize  D. W h eat

approximate percentage composition of the suspended air- 
dried pulp was as follows:

W ater 6 .7 5  A sh 3 .4 4
Starch 5 4 .4 8  P ro te in  1 .5 2
C rude fiber 3 3 .6 0

It can be satisfactorily used as a cattle feed.

P rop erties o f W ater C altrop  S tarch

Water caltrop starch (sangara) granules are of medium 
size. One hundred twenty granules were measured and 
found to range in size from 10 to 48ju. The average diameter 
was 2 0 /x. To measure the starch granule, the micrometer 
ocular (X  10) was used on the microscope, together with a 
0.65-mm. (X  40) objective. The microscopic examination 
showed that the starch consisted of simple oval or round 
granules. On the whole, the granule resembled that of 
potato starch in shape.

A . Sangara B. F arina C. M a ize  D. W h eat
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For viscosity determinations, a 3 per cent starch paste was 
prepared. The required amount of starch was first suspended 
in 1 0  cc. of cold water, and then the remaining water was 
added from a pipet, allowance being made for the moisture 
content of the starch. For all measurements this water was 
maintained at 99° C., except for the determination of gelati-

F ig u r e  3. V is c o s it y  o f  C o n s t a n t l y  A g it a t e d  S ta r c h  
P a s t e s  ( in  ' / s S e c o n d s)

A. Sangara  Bi P o ta to  C. M aize D . W heat

nization temperature when it was held at 50° C. Paste 
uniformity was ensured by agitating with a stream of water 
from the pipet. A Stormer viscometer was used for all 
viscosity determinations (4).

A series of measurements was made of the temperature 
at which the starch begins to swell for gelatinization. The 
maximum viscosity was determined by continuous heating

and this also served as a measure of the point at which com
plete gelatinization occurs. Readings were taken at 2° C. 
intervals. The effect of continuous heating with and without 
constant agitation was also investigated. For comparison, 
determinations of viscosity were also made of potato, maize, 
and wheat starches. The results are given in Tables I, II, 
and III and in Figures 1, 2, and 3. Water caltrop starch 
behaves similarly to maize and wheat starches.

P roposed  U ses
Sangara starch can apparently be used for textile sizing, 

since its viscosity varies little over a wide temperature range. 
Its suitability as a sizing and finishing material can be judged 
when the experimental work on the chemical properties and 
penetrating and coating power of the starch on cotton yarn 
is finished. Actual sizing and finishing tests carried out 
in the Government Finishing and Dyeing Factory, Shahdara, 
show that the water caltrop starch possesses satisfactory 
coating and penetrating qualities and is suitable for sizing 
cotton and rayon yarns, for finishing cloth, and as a thicken
ing material in calico printing.

Another use appears to be in the manufacture of ice cream 
“improvers” and powders (intended for boiling milk and 
sugar mixes) and as a constituent of dried milk powders. 
Analysis of a number of ice cream powders showed that 
they contain an appreciable percentage of cornstarch (2). 
When water caltrop starch was substituted for cornstarch 
in these powders, it gave better results in making the ice 
cream more creamy and in improving and smoothing its 
texture and body.

L itera tu re  C ited
(1) Badel, Powol, “Punjab Raw Materials,” 1868.
(2) Food, 6 , 4 0  (1936).
(3) Kashyap, S. R., “Lahoro District Flora,” 1936.
(4) Thurber, F . H., I n d . E n g . C h e m ., 25, 565-8 (1933).
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Treatm ent of R ayon Boil-off 
W aste
FOSTER DEE SNELL 

Foster D ee Snell, Inc., Brooklyn, N. Y.

THE plant under discussion is a knitting mill operating 
solely on rayon. Some rayon contains as low as 6.5 per 
cent of oil, but at least 25 per cent of production is from 

rayons containing up to 18 per cent. This rayon is knit, 
boiled off, and dyed in the production of underwear. The 
boil-off process is carried out with low-titer soap and soda 
ash. Some of the product receives a hypochlorite bleach 
treatment before dyeing.

Operations in this mill were previously described in detail 
(2). The volumes and methods have altered since that time, 
and the method of waste treatment then in use has been aban
doned.

The city of Sparta, 111., has an activated sludge plant with a 
capacity approaching 400,000 gallons per day. The dye 
wastes can be satisfactorily handled by this plant along with 
the normal sewage. The problem is therefore only the 
treatment of the minor amount of boil-off waste. This has 
been as low as 15,000 gallons per day and is at present esti-

mated at 60,000 gallons per day. A temporary expedient of 
discharging this waste into a near-by stream proved unsatis
factory because of damage to riparian rights of downstream 
landowners.

The former method of treatment has been included (I) 
in a recent survey (2 ) of textile waste treatment. Therefore 
this paper is intended to bring up to date the information as 
to methods of treatment used. The original plant now 
serves only as a temporary impounding basin.

By acidifying the boil-off and putting it through a cen
trifugal separator, satisfactory results were obtained. The 
cost of treatment was not excessive but the cost of equipment 
would be large for handling such a small volume of waste. 
Methods of treatment with ferrous sulfate and lime or alu
minum salts and lime were tried. Although the waste could be 
clarified, the cost was substantial and the finished effluent was 
strongly alkaline. Precipitation by lime was tried and was 
even more objectionable because of alkalinity.
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The ingredients of the waste are mainly sodium carbonate, 
alkali metal soaps, and emulsified mineral oil. Such an 
emulsion would be decomposed by conversion of the soap to 
an insoluble form. Experimental work indicated that 
addition of calcium chloride will convert the soap to insoluble 
calcium soaps which will entrain all of the emulsified oil to 
give it a clear and colorless effluent.

In laboratory experiments 2 and 4 cc. of 12 per cent calcium 
chloride solution, per 100 cc. of boil-off gave the finished 
effluents shown in Table I. These factor weights correspond 
to treatment with 2 and 4 pounds of calcium chloride per 100 
gallons, respectively, the calcium chloride being the com
mercial 75 per cent grade. For practical use a solution of 
calcium chloride containing about 3 pounds to the gallon 
would be suitable.

T a b l e  I.

T rea tm en t

R e s u l t s  o f  T r a d e  W a s t e  T r e a t m e n t  (i n  P a r t s  
p e r  1 0 0 ,0 0 0 )

R aw
Liquor

2 Lb. 4 Lb. F iltered
C aC lj C nC h through

per per B ed  of
100 G al. 100 G al. A shes

p H  1 0 .6
T o ta l so lid s a t  110° C. 668
Inorganic so lid s  (b y  lo ss  on ign ition ) 308  
O rganic so lid s (b y  difference) 360
O t con sum ed  (p erm an gan ate

m ethod) 376

7 .6
394
333

61

7 .2
739
509
130

7 .0
241
216

25

66

a N o t  sign ifican t becau se chlorides are presen t.

stroyed by this treatment, the emulsion is broken and pre
cipitation of the oil results.

In practice the bed used is 3 feet deep and contains 1440 
cubic feet or 30 tons of ashes. It is roughly divided into 
three sections, and the oldest section is replaced each week. 
The used ashes are hauled away by local people because their 
oily condition makes them excellent material for building 
secondary roads. Each charge of 30 tons of ashes treats 
about 1,000,000 gallons of boil-off. It is estimated that this 
volume of boil-off contains 6500 pounds of oils and 1500 
pounds of soap, soda ash, etc. Although this treatment has 
been in use for only about a year, satisfactory results have 
been obtained.

A ck n o w led g m en t
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Company of St. Louis, Mo., and Sparta, 111. The coopera
tion of Paul Weil and A. S. Barnard is acknowledged particu
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The amount of calcium chloride required is substantial be
cause the sodium carbonate must be converted to sodium 
chloride and calcium carbonate as well as the alkali soaps to 
calcium soaps. The pH of the finished effluents indicates that 
the reaction takes place smoothly since they are nearly 
neutral. Laboratory results such as these are only an indi
cation, and for practical results it is highly probable that 
further reduction could be made. The process was tried out 
on a plant scale and operated satisfactorily with a pilot plant. 
The development of a simpler process rendered its complete 
installation uimecessary.

The removal of such sludge in a relatively concentrated 
condition is satisfactorily carried out by filtration on a light 
cotton fabric. The rate of filtration is about 1 gallon per 
90 square inches of filtering area per minute so that commer
cially about 1.25 square feet of filter area would be required 
per 1000 gallons per day. The sludge is curdy in nature. If 
it stands for several hours, it becomes oily. It was expected 
that the sludge would need to be filtered before it became 
oily but experience shows that such was not the case. A 
tank of calcium chloride solution was expected to feed the 
solution to the waste to be treated while passing through a 
suitable calender for mixing. As indicated by the analyses 
of Table I, the finished effluent is clear and transparent and 
harmless to fish and vegetable life. Pilot plant operation 
indicated a cost for materials of 20 cents per 1000 gallons. 
The indicated labor cost is low.

The use of ashes as a filter bed was developed with the 
cooperation of the State of Illinois Sanitary Water Board 
and proved to be simpler and less expensive. The effluent 
was found acceptable, and analysis of a representative sample 
is included in Table I. The results reported with addition of 
calcium chloride cannot be directly compared because of the in
crease in solids due to the salts resulting from treatment. The 
effluent from the ashes contains considerable suspended mat
ter at times but is much clarified from the original condition.

The ashes can be expected to contain substantial amounts 
of soluble heavy metal compounds, mainly lime. Probably 
the reaction of these with the soap is similar to the reac
tion of calcium chloride. Since the stabilizing agent is de-
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TESTS were made to determine how long various samples 
of shellac would stand heating without losing their tacki
ness. The samples were aged in an electric oven for varying 

periods and tested on an electric hot plate maintained at 
275° F. The table gives the time in seconds, after the shellac 
had melted, necessary for the samples to lose all tackiness 
when tested with a spatula.

The specifications are given in the A. S. T. M. Standards 
(Designations D237-33 and D207-55):

A fter H ea tin g  a t  140° F .
------T im e of H eatin g ------------- -

Shellac 0 1 hr. 2 hr. 3 hr. 4 hr.
A. R efined d ry  bleached 0 0 0 0 0

R egular dry b leached 94 50 0 0 0
B. R efined  d ry  b leach ed 183 104 88 87 0

512 340 270 255 115
G rade A , orange shellac 1036 1282 1238 1216 925

1153 1237 995 895 561
866 688 638 575 530

C. R egular dry b leached 137 36 30 0 0
R efined d ry  b leached 570 462 394 365 17

D . Grade A , orange sh e llac 1415 1395 1365 1137 1047

A fter H eatin g  a t  180° F .
A. R efin ed  d ry b leached 0 0 0 0 0

R egular d ry  b leached 94 0 0 0 0
B. R efined  d ry  b leached 183 0 0 0 0

512 290 217 0 0
G rade A , orange sh e llac 1636 891 836 122 0

1153 708 633 0 0
866 470 355 90 0

C. R egular d ry  b leached 137 0 0 0 0
R efined d ry b leached 570 206 174 0 0

D . G rade A , orange she llac 1415 984 930 0 0

Each group represents a product of a different manufac
turer. The samples were furnished through the courtesy of 
George Lawson.

R e c e i v e d  Ju ly  23 , 1937.



O ils from  R esin s by D istillation  
with Phosphoric Acid

IRW IN A. PEARL a n d  WILLIAM M. DEHN  
U niversity  of W ashington , S eattle , W ash.

WHILE studying the cause of spoilage of beer in wooden 
kegs whose interior walls had been coated with a 
certain rosin, it was found that this rosin yielded a 

larger percentage of oil than other and satisfactory rosins. 
Also it was found that, when distilled directly, “common rosin 
I” gave only 17 per cent oil. However, when it was distilled 
with phosphoric acid in accordance with the method de
scribed here, 80 per cent oil was obtained. Certain industrial 
and natural resins were then distilled by the latter method. 
A study of the data thus obtained showed no correlations of 
percentages of oil with melting points, acid numbers, or class 
of resin.

When compared with methods of destructive distillation and 
of distillation with sulfuric acid the phosphoric acid method 
showed certain advantages. For example, Schultze (6) 
obtained 60 per cent oil by dry distillation of American rosin. 
From kauri resin by dry distillation Rennie (5) obtained 10 
per cent oil; Andés (1), 24 per cent; Wallace (7), 40 per cent.

be applied industrially. The method for total oil is as 
follows:

In a 0.5-liter distilling flask are placed 50 grams of the powdered 
resin and a few cubic centimeters of water. The flask is con
nected with a dropping funnel and a condenser. A separatory 
funnel is used as a receiver. The flask is heated until some 
water distills, then 50 cc. of 85 per cent phosphoric acid are 
dropped in slowly while continuing to heat strongly. Oil and 
water distill into the receiver and, as the heating is continued, 
white fumes begin to form. After all of the acid has been added, 
water is dropped in at such a rate as to avoid the evolution of 
copious white fumes. The addition of water, and distillation to 
the point of evolution of fumes are continued until no more oil is 
carried over by the steam. Advantageously the water collected 
in the separatory funnel is dropped into the distilling flask to 
carry over the oil. The oil is extracted with ether, poured into a 
weighed beaker, and concentrated by evaporation of ether on the 
water bath.

In Table I the weight of the oil is reported as percentage of 
the weight of the original material used.

N am e C lass0 M . p .b 
° C.

A cid  N o .

C om m on (w ood) rosin I I 69 156
C om m on rosin  II I 5G-74 155
K auri I 101 -125
D am m ar I 9 3 -1 1 0 33
M astic I 7 7 -9 4 57
C opal- I 9 7 -1 1 7 128
W h ite shellac I D ecom p osed 50
Jalap I 1 28-132 21
S andarac I 130-145 132
G uaiacum I 6 7-81 57
T olu II 8 0 -9 0 121
Storax II 60
G um  rosin F III 8 2 -9 8 158
G um  rosin  G III 8 0 -9 8 158
G um  rosin  Z III 7 1 -8 9 155
A m m oniac III 125-149
B en zo in I 7 4 -7 6 *76
G am bier

i i i
8 8 -1 1 0

M yrrh
°  I => resin; I I  =  oleoresin; I I I  =  gu m  resin.
& D eterm in ed  in  sealed  cap illary  tu bes.
c A fter 3 -year exp osure to  atm osph eric oxygen , th ese  o ils sh ow ed  litt le  
d A — am ber; B  — black; G =  green; S =  so lid  or sem iso lid ; V  =  > 
• B ecause of d ecom p osition  th ese  fraction s w ere n o t d istilled  ab ove 27£ 

/  B en zo ic acid  (18% ) d istilled  before oil appeared.

T a b l e  I
i l c as % <-----------------------------------------------Oil Fractions-
; R esin B elow  200° C. 2 0 0 -2 7 5 °  C. 275--350° C. Over 35 0 °  C.

% Colord % Color % Color % Color
80 8 Y 73 Y /V 19 B
67 ’i Y 20 Br 71 G /B r 8 B
61 13 Y 24 A 38 B r /G 25 B /G (S )
56 21 A 34 B r /V 45 B /G (S )
65 2 A 16 A 28 B r /G 54 B /G (S )
66 2 Y 15 A 48 B r/G 35 B /G (S )
55 12 Br 15 B 45 B r /G 28 Br(S )
18 36 A 27 A 29 B r /G 8 B (S )
70 6 A 25 A 45 B r /G 23 B /G (S )
11 26 A 38 B 3 6 a B
2 0 / 21 Y 30 Y 44 B 5
66 21 Y 15 Br 39 B /G 25 B (S )
56 2 A 10 Br 58 B r /G 30 B (S )
70 16 Br 71 B r /G 13 B (S )
81 5 Y 13 Y 67 B r /G 13 B (S )
27

3
0 .4
0 .0

11 Br 39 B r > 32 B r /G  
(A fter 42%  b en zo ic acid  had d istilled )

18 B (S )

or no résin ification .
fi°te t; W  =  colorless; Y  =  yellow ; /  =  fluorescent.

Easterfield and McClelland (S) obtained 40 gallons of oil per 
ton of kauri resin. Guedras (4) obtained oils from copals by 
dry distillation. Von Buyen (2) described a process of 
heating rosin with sirupy phosphoric acid to 260° C. until 
effervescence ceases. Since the present method yields a 
preponderance of oils boiling above this temperature, after 
being carried over by steam, the composition of the oils from 
the two processes diffère. Owing to the fact that phosphoric 
acid can easily be recovered for reprocessing, this method can
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