
E D I T O R I A L S

The Insignificance o f  the Chem ist

WH ILE the theme and title of this editorial are in 
sharp contrast with the customary tone of these 

columns, it is perhaps just as well for the chemist to be 
reminded from time to time that the forces and quan
tities which he controls are, after all, rather puny com
pared with the might and vast resources of Nature.

Probably every chemist appreciates that the com
bined result of all our mining and chemical activities to 
date has made but an infinitesimal alteration in the 
composition of the earth’s crust or of the sea water. 
Taken by and large, the outstanding factor affecting 
the world’s material balance in this chemical and in
dustrial age is the tremendous quantity of mined fuels 
which are burned every day of the year. I t  recently 
occurred to the writer that the enormous quantity of 
carbon dioxide produced by this combustion should in 
lime have at least an appreciable effect on the tiny per
centage of carbon dioxide which is present in as tenuous 
a substance as our atmosphere. Such a change might, 
in turn, promote to some degree the growth of vegeta
tion, which depends almost entirely on this trace of 
carbon-bearing gas in the atmosphere. I t  even seemed 
conceivable that we might eventually begin to reverse 
what took place during the carboniferous era, when a 
combination of climatic conditions, probably including 
a high carbon dioxide content in the air, resulted in the 
fixing and locking up in the earth of most of our tre
mendous stores of coal.

Using rough figures, it appears that the total world’s 
production of mined fuels during the last 50 years of 
high activity has contained about 50,000,000,000 tons 
of carbon—including coal, lignite, crude petroleum, and 
natural gas, petroleum constituting roughly 7 per cent 
of the total.

On burning, this mined fuel probably yielded about 
180,000,000,000 tons of carbon dioxide, an amount 
which, if not dissipated in some way, sounds like 
enough to snuff out most of the animal life in the 
world, or in any case to make a very substantial change 
in the 0.03 per cent normal carbon dioxide concentra
tion in the air. Actually, however, calculation indicates 
that if all this extra carbon dioxide had been dumped into 
the atmosphere and none removed during this 50-year
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period it would only raise the carbon dioxide content 
from 0.03 per cent to about 0.032 per cent.

However, this overlooks another very important factor, 
namely, the function of the ocean in stabilizing and regu
lating the carbon dioxide content of the air. Available 
data indicate that there is 30 or 40 times as much carbon 
dioxide dissolved in the ocean as is present in the a t
mosphere, and the average partial vapor pressure of 
this dissolved carbon dioxide is probably largely what 
determines the average carbon dioxide content of the air, 
so that well over 90 per cent of any excess carbon dioxide 
introduced into the atmosphere eventually finds its 
way into the ocea? , leaving the composition of the 
former virtually unaffected. Incidentally, it appears 
that the temperature of the ocean, which is considerably 
influenced by glacial conditions and polar ice caps, has 
been, and probably will continue to be, the most signifi
cant factor in determining the carbon dioxide content 
of the air.

I t  also appears that if the small increase in the con
centration of carbon dioxide should occur, another fac
tor would tend to restore about the present balance— 
namely, a small increase in the rate of growth of a t least 
part of the world’s vegetation. The tremendous quan
tity  of carbon dioxide consumed every year by growing 
vegetation (and practically all returned by its eventual 
combustion or decay) is more than a thousand times 
the total amount produced by all the coal and petroleum 
burned in a year of high industrial activity!

“W hat is man, that Thou art mindful of him?”
R obert  E. W ilson

N am es W anted

WE ARE indebted to Jerome Alexander for the 
rhyme:
A aids development, saves from sore eyes;
B (or Bi) beriberi defies;
C conquers scurvy, and D dodges rickets;
E gives you heirs who can bowl at Life’s wickets;
G (or B2) keeps pellagra away—
These are the vitamins known today.

May we emphasize th a t last line, for it touches a 
controversial matter. If we include in our references 
to the literature articles which have appeared in 
abundance and which should be collated under the head
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ing of advertising, then there is one more letter in the 
alphabet -which has been appropriated by those who 
wish other substances to be known and accepted as a 
vitamin.

We are told that when Adam and Eve were naming 
the animals, it was a relatively simple matter. Thus, 
Eve said, “That looks like an elephant,” and so 
Adam agreed tha t “elephant” it should be. At any 
rate, they could see what they were naming. When 
vitamins were discovered, the most that could be seen 
was the effect in animal and some human experiments 
of the presence or absence of these food accessory sub
stances. When the letters were assigned, F was held 
in reserve because research then well on the way indi
cated that there was another substance which had the 
characteristics of a vitamin tha t could soon be an
nounced.

In those days little, if anything, was known of the 
structure of the vitamins. T hat was years before the 
classifc work on vitamin Bj, reported in detail by Wil
liams at the Chapel Hill meeting, which gave first a 
reasonable picture of the IT molecule, was soon fol
lowed by the preparation of a highly purified concen
trate, and then in 1936 was crowned with the synthesis 
of this very important substance. We seem to have 
come, therefore, to the place when what we have known 
as vitamins are pretty definite entities, for which names, 
rather than letters, can be assigned. Some names have 
already been suggested by authorities. Whereas a 
decade ago there were relatively few recognized vita
mins, today there are some 25 chemically different sub
stances which by their effect may be so classed.

Let us break away from the unsatisfactory letter 
designations, many now with subscripts, and proceed 
to identifying names selected in accordance with chemi
cal composition. Such a procedure will be welcome 
for many reasons, among them the clarification of cer
tain aspects of extreme commercialism in which the 
vitamins have been exploited.

I t  was ever thus. Success in some perfectly proper 
direction always yields its diverse by-products of ex
ploitation, few of which can be justified and all of them 
designed solely for profit. Unhappy results have oc
curred when good things have been overdone against 
the best advice. Overselling may sometimes be the 
cause.

But what about vitamin F? This designation has 
been applied, so far as we can ascertain, primarily to 
linoleic and/or linolenic acid which has been found by 
those researching in biological chemistry to be essential 
to the nutrition of rats and presumably other of the 
higher animals. These fatty acids, however, have never 
been officially accepted as vitamins. The application 
of such fatty acids having been shown to prevent or 
cure scaly rat tails, they have found their way into 
certain cosmetics, soaps, and similar commercial com
modities. Those who discovered that such substances

are essential constituents of the diet did not use the 
term “vitamin F ,” maintaining tha t it would only 
complicate matters to designate with a letter a com
pound that is already known chemically. I t  would be 
just as unsatisfactory to assign vitamin letters to each 
of the essential amino acids. But this point of view is 
not acceptable to those who recognize in the word 
“vitamin” a great popular appeal, and “vitamin F ” 
has been adopted by many manufacturers who are ap
parently pleased to indicate on their labels something 
supposedly so important. While these acids have been 
incorporated in cold creams, nail polishes, and various 
cosmetics, the benefits tha t may accrue from their use 
are probably no greater than those which result when 
you inadvertently spill paint on your hands when re
decorating the old wheelbarrow.

Remembering how many years of careful research 
with highly purified diets are required to demonstrate 
the necessity of almost vanishingly small quantities of 
fat in a complete diet for the ra t and th a t linoleic or 
linolenic acid will take the place of the natural fat, it 
would seem almost impossible for man to select a diet 
from naturally occurring foodstuffs that would be likely 
to  leave it deficient in fatty acids.

Let us, then, not be excited about what may happen 
to us if we do not get our daily allotment of “vitamin 
F .” However, let us be very much concerned about 
this further exploitation of science for no good pur
pose and speed the day when we will insist upon call
ing things by their right names, utilizing letters or 
other means of designation only as a temporary and 
more or less unsatisfactory expedient.

I t H as B een S a id

W hat greedy ears receive, loose tongues betray,
But no one can repeat what you don’t  say.
The heaviest burden a man can bear is a chip on his 

shoulder.
Research is an insurance policy, not a fire depart

ment.
According to Charles F. Kettering: “If a t any time 

you should want to stop research, I will tell you how 
you can do it and save time. Just get a small com
mittee together and have them pass on it. W hat they 
will say is th a t you were foolish for having started; 
so the first thing you can do is to say ‘tha t is no good’ 
and throw it away. But if you are curious and want 
to know what was really happening, keep fussing 
along with it until you find out why. Most things 
are known somewhere else.”

You say the experiment failed. T hat is just your 
alibi. I t  was your own thinking that failed in the 
experiment. Remember tha t an experiment is an 
impartial judge of your thinking.

Knowing how to do a thing and getting it done are 
two entirely different things.



SANDPAPER ceased to be merely 
grains of sand glued to paper and 
became a tool of thousands of cut

ting edges after John Manning1 failed to sell his rope cylinder 
paper to sandpaper makers. Whether or not lack of interest by 
sandpaper makers in a tougher paper was the real cause need 
not trouble us here. At least it was the proximate one, and 
the entry into this particular line of work of one accustomed to 
aid the native ingenuity of the mechanic with the deeper see
ing of science did the rest.

Sandpaper, convenience of the workman, had always been a 
coating of grit cemented to flexible sheets. Nothing much 
could be done about such an apparently simple thing. The 
grits, whether of sand, flint, garnet, emery, or what, were 
sieved for size and dropped more or less evenly on a piece of 
paper or cloth previously coated with glue. Crushed abra
sives were better than ground grit or sea sand. The paper or 
cloth backing received no special attention so long as the abra
sive was held to it with reasonable tightness. The glue was 
similarly chosen to form a bond between the abrasive grains 
and the backing. Inspection was a matter of the keenness of 
vision of the workmen, and as long as everything looked all 
right it  m ust be all right. Machines were developed to 
make sandpaper continuously, wonderful machines with huge 
capacities to apply glue and to drop sand upon it. Mechani
cal skill of high order went into those machines, and their 
operation day in and day out was a continuing mechanical

1 T he above pho tograph  shows the p lan t of the B ehr-M anning C orpora
tio n  a t  T roy , N. Y.', where coated  abrasives are m ade by  the  acre.

D. H. KILLEFFER 
60 East 42nd Street, New York, N. Y.

triumph for their makers. Everyone 
who saw them in action was duly im
pressed. Everyone, that is, but the

sandpaper itself.
Despite the elegance and intricacy of the “making” ma

chines, variations of as much as 1000 per cent in the usefulness 
of the product were common. The traditional obstinacy of 
the inanimate dogged the sandpaper industry. Paper split, 
cracked, or disintegrated when it had no business to do so. 
Glue often separated from the grains and allowed them to drop 
off without apparent cause. In the efforts to overcome this, 
so much glue was used that a t times it covered the grains and 
interfered with their cutting, often to the point of burning the 
work. Even when no such calamities happened, two pieces of 
presumably identical paper would produce effects quite dif
ferent both in kind and degree when doing identical jobs.

Complaints were passed around freely, and, as was usual a few 
decades ago, most of them got nowhere. Mystery shrouded 
the causes of failure for everyone. If the sand failed to 
stick it was the fault of the'glue, but the glue came from the 
same maker and the grit from the same source tha t had always 
supplied good materials. The paper, too, was always made on 
the same machines and hence must be uniform. So the 
whole accumulation of faults was laid on the perversity of 
nature!

Lest anyone, basing his view on the average person’s limited 
contact with and use for coated abrasives, look upon these 
problems and the value of their solution as trivial, let it be 
noted here that literally millions of dollars worth of sandpaper
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are consumed annually in scores of different industries. Pro
duction of such widely different articles as fine furniture and 
felt hats, automobiles and airplanes, shoes and steel speci
mens, machine work and marbles, gem stones and golf clubs, 
consumes literal acreages of coated abrasives. Let it also be 
noted that, although the term sandpaper is loosely used in 
this story as the equivalent of coated abrasives, much of the 
product so designated is not made with paper and a minimum 
proportion of it uses sand, in the sense of silicon dioxide, as 
its abrasive.

At about the time when industries were beginning to look 
rather shamefacedly into science as something of possible, but 
probably remote, use to them and scientists were beginning 
diffidently to peek outside their laboratories for things to do, 
John Manning, maker of paper, thought a market for his 
newly developed rope cylinder paper might exist in the sand
paper industry. Tough and flexible beyond any others then 
to be had, this rope fiber paper seemed very much the kind of 
thing sandpaper makers needed, and it  was with a distinct 
shock tha t reports were received from salesmen th a t it had 
failed to sell. Repeated efforts and conferences got nowhere. 
Sandpaper makers were quite unwilling to add a new complica
tion to their already long list of woes; especially were they 
reluctant to admit th a t someone outside their industry might 
be able to teach them something experience had omitted from 
its curriculum.

The combined effect of this rebuff and other factors per
suaded the papermaker to go farther to prove his point, and 
soon he was making sandpaper. T hat was the beginning of 
what is now the Behr-Manning Corporation. He, too, 
found it full of major mysteries in the ways of stuff. Fortu
nately, however, he had already learned tha t scientists, with 
aids to deeply penetrating vision a t their command, did not 
believe in mysteries. T hat was the turning point.

P ro b lem s S olved  b y  S c ien ce

Examination of the grits, glue, and backing revealed causes 
back of one mystery after another. A  new conception of 
coated abrasives as methods of utilizing hundreds of thousands

of sharp edges simultaneously as tools to cut, instead of mere 
hard surfaces to wear away, work in the course of finishing, 
brought out many reasons for what had been mysterious 
failures.

Microscopic examination of finished sandpaper that was 
good, bad, and indifferent began stripping the veil of mystery 
from one failure after another. Grains dropped into glue 
fell in more different ways than there were kinds of grains. 
Sometimes their sharp edges were up, but even more often 
flat surfaces were exposed and expected to cut. Often razor- 
edged long grains were buried beneath smooth ones. If 
chance allowed a long slender grain to stick up above the gen
eral level, it cut a deep groove into the work until the strain 
became too great, and it  either fractured itself or broke out of 
the glue tha t held it in place. Some grains were tightly 
stuck by the glue and held against even extraordinary strains; 
others simply lay loosely in the glue coat ready to drop out at 
the slightest provocation. Even distribution of abrasive 
particles was attained only by applying such an excess that 
the great majority became buried too deep ever to be useful 
abraders.

These insights into the peculiarities of the product were fur
ther confirmed by microscopic searches through the dust and 
detritus removed by the sandpaper in use. Some samples 
produced long shavings which looked as if they had been made 
by thousands of tiny planes. Those samples gave good per
formance from the user’s point of view. Others produced no 
discrete shavings a t all, but rather a dust like tha t which the 
friction of severe rubbing might yield. T hat kind had little 
value.

These revelations of things too tiny for the eye of the me
chanic to perceive provided the basis for new progress in this 
industry in directions previously unexplored. Upon them and 
other related findings, F. E. Gallagher built the new concep
tion of coated abrasives which has literally revolutionized the 
industry of their manufacture. Myriads of tiny cutting 
edges arranged and held in orderly array today cut work 
given them instead of wearing down surfaces by mere friction. 
By thus thinking of abrasive grains as tools, efficiency in use 
lias been enormously increased and uniformity attained.
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Solutions of some of the problems encountered have already 
been suggested. Others were more recalcitrant. In general, 
four major problems plague sandpaper makers—grit, glue, 
backing, and the coordination of all three. Each of them is 
complicated to an extraordinary degree by the vide variety of 
services the product is expected to perform. Some three 
thousand varieties of coated abrasives are required to meet 
the needs of users, and each must be accurately fitted to cer
tain specific requirements. Above all, each of the three 
thousand must be made with the greatest possible uniformity 
and a t a unit price that must be kept down.

A brasives
The problems presented by the abrasive grains have to do 

with size, uniformity, cutting edges, toughness, and hardness 
primarily, and with adhesion to glue and backing as a vital 
secondary characteristic. The differences in the material of 
the grains control hardness and toughness. Characteristic 
also of the material is its ability to fracture to give sharp or 
dull edges, and the grinding operation must be so conducted 
as to produce a maximum number of cutting edges without 
subsequently injuring them. The size and shape of the prod
uct of grinding are also essential to its service character, and 
finally the separation of particles into uniform sizes adapted 
to particular purposes is necessary if uniformity is to be ex
pected in the finished product.

Three natural minerals serve as abrasives—flint, garnet, and 
emery. Latterly, electric furnace practice has supplied the 
important synthetic abrasives, silicon carbide, and fused 
aluminum oxide. Each abrasive has its individual character 
and usefulness. F lint (actually selected quartz of the correct 
grade) has very sharp edges but is brittle and has relatively

little crushing strength. Garnet combines toughness with 
hardness somewhat higher than that of quartz. Only the 
hardest and toughest types of garnet can be used. Emery 
consists of minute crystals of naturally fused aluminum oxide 
held together by a matrix consisting largely of iron oxide. 
The particles of fused aluminum oxide in emery are harder than 
either quartz or garnet, but the soft matrix of iron oxide pro
duces a fine cutting and polishing action. The synthetic ab
rasives are harder than the natural in the following order: 
fused aluminum oxide, silicon carbide, and, hardest of all, 
boron carbide, a recent commercial development not yet used 
to any great extent in coated abrasives because of its rela
tively high cost. Although there is naturally much over
lapping of fields, flint and garnet are generally used on wood, 
leather, and other relatively soft materials; emery and arti
ficially fused aluminum oxide are invaluable in finishing 
metals, minerals, and other harder substances. This classi
fication is not exact, but, in general, garnet has replaced or is 
replacing flint in most woodworking operations. The intro
duction of better and higher speed machines is allowing 
properly crushed fused aluminum oxide to replace a large part 
of the garnet formerly used in woodworking machines. In 
general, fused aluminum oxide either has or should replace 
emery in metal working operations where cutting action is 
desired. For very fine polishing operations, emery still has 
certain advantages over the more abrasive synthetic material. 
Silicon carbide finds extensive use in finishing lacquers, paints 
in general, and leather, and is employed in some unusual wood 
■and metal finishing operations. For work on metals, fused 
aluminum oxide is generally the best material, but in rare 
cases with metals of low tensile strength there may be some 
advantage in the use of silicon carbide.

T h e  n a tu r a l  abrasives are ground from 
massive form or coarse particles, since natu
rally fine grains have dull rather than the 
sharp edges required for proper abrasive ac
tion. Synthetic abrasives must be similarly 
crushed to substitute sharp fracture edges for 
the duller ones of crystals. This fracture to 
grains must be accomplished by crushing or 
breaking of particles with a minimum of a t
trition. Roller mills following jaw crushers are 
satisfactory, but ball and rod mills tend to wear 
off the essential sharpness.

Adjustment of crushing equipment is critical 
for each material since shape of particles is 
e q u a lly  important with size. Long slender 
needles are usually too weak to withstand the 
stresses of use and, by breaking off under strain, 
lose their value too quickly. Solid chunky 
particles expose too few edges. Consequently 
the adjustment of the mills must be so made 
as to yield a maximum percentage of particles 
of intermediate shape with good cutting edges 
but not too slender for strength. Figure 1 illus
trates these characteristics of good and poor 
grains.

The accurate selection of particles to size is 
the next essential operation. Wire screens, silk 
screens, and air separators are used in classify
ing the successively finer particles. For the 
most accurate separations, water classifiers 
are employed. Each size is selected to match 
the percentages of control size, overgrade, and 
fines in standard samples for each grade of 
coated abrasive. This method of grading has 
been adopted in preference to specifying mesh 
sizes, since it better meets this industry’s needs 
for an accuracy greater than that attainable

A . Sea san d , rounded  by  wear on itself B . A crushed abrasive, too chunky and 
th rough  tide  action dull for general use

C . A c r u s h e d a b r ^ e ^ o t h i n a n d a l i v e r y  D. ^

F i g u r e  1. P h o t o m ic r o g r a p h s  o f  E x t r e m e  S h a p e s  o f  A b r a s iv e  P a r t ic l e s
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ture and solvents. In numerous operations, 
wet sanding of work drenched with water or 
oil is required, the specific requirement being 
the suppression of dust or the need for some 
lubricating agent to prevent too great accumu
lation of heat caused by the speed of sanding. 
Glue bonds resist oils generally, but either heat 
or moisture soon destroys them. The need for 
better bonds, resistant to both the heat of rapid 
work and the water used to lubricate and cool 
it, was growing as synthetic resinous bonds were 
being developed.

Now various resins and varnishes made from 
them are of growing usefulness to the abrasive 
coaters. Several types of varnishes, adapted 
initially from the quick-drying vehicles of the 
printing-ink makers, have been widely used. 
More recently, synthetic resin varnishes have 
come into favor and investigations of others are 
being actively pursued.

In  addition to the oil-modified binders or 
fle x ib le  binders, strong thermosetting resin 
bonds, resistant to water and heat, are used in 
coated abrasives designed for hard grinding. 
This type of product is particularly useful for 
disk grinding, an operation more or less inter
mediate between grinding with abrasive wheels 
and with relatively flexible coated abrasives. 
Using very strong special backings and heat- 

T h e  M a k i n g  M a c h in e  A p p l i e s  G l u e  a n d  G r i t  E v e n l y  t o  t h e  B a c k in g  a n ( j water-resistant bonds, such coated ab
rasives possess strengths approximating those 
of abrasive wheels and a t the same tune retain a 

certain degree of flexibility required in many grinding opera
tions where a rigid wheel cannot be used.

by mesh specification and avoids personal errors. The finest 
particles m ust be graded by special sedimentation methods.

M ost remarkable about this industry is that, despite the 
enormous tonnages of flint ground in its mills to extremely 
fine and sharp particles, its records show no cases of silicosis. 
The other abrasives used do not cause this disease.

A d h esives

The adhesive bond between the grains and the backing must 
possess strength under conditions of use, it m ust hold grains 
firmly in position against torsional strains set up when applied 
to the work under the requisite pressure, and it must not be
come so brittle under ordinary weather conditions as to crack 
when bent around the arc th a t may be required in service. 
Above all, it must be uniformly strong, so tha t today’s output 
may not differ from the same product made next week or 
next year by more than a minimum variation.

Glue was perhaps the most intricate problem of the indus
try, for glue itself is by nature difficult to manufacture or con
trol accurately in the region where it is near maximum strain. 
The effect of weather, too, was long a baffling problem in se
curing uniform glue performance. Improvements in glue 
manufacture, as well as careful selection of the glue maker’s 
products for the purpose, vastly improved sandpaper. Even 
the differences between glue from bone and from hide (which 
may be more than twice as strong) escaped the attention of 
early sandpaper makers and contributed much to the mys
terious failures they had to face.

By selecting hide glue on rigid specifications and by using it 
under conditions of carefully controlled temperature and hu
midity, most of the mystery has been dispelled from the coated 
abrasive industry. Now it is the largest consumer of animal 
glue. Attempts to use other adhesives—casein, blood, and 
bone glues—have been abandoned, and all glue-bonded coated 
abrasives are now made with hide glue.

T hat statem ent m ust be qualified because of the growing 
demand for even stronger bonds with high resistance to mois-

S t e e l  C h i p s  C u t  b y  a  M e t a l i t e  F i b e r  
C o m b i n a t i o n  D i s k  ( X 2 0 )

T his looked like b lack  d u s t to  th e  naked eye; 
under th e  m icroscope i t  was found to  be a  col
lection  of steel shav ings ju s t  as c lear and  d is
tin c t as those c u t on a p laner, m illing m achine, 

or la the .

In general, the waterproof bond made with oil-modified 
adhesives possesses a greater flexibility than the corresponding 
glue bond. The paper backings are specially treated to give 
them wet strength and prevent disintegration in use. Ordi
narily the backing for such abrasives is made flexible by soaking 
in water before use, and then the sanding is done with water as 
a lubricant. Sometimes oil is used as a lubricant, and this 
permits a certain control of depth and character of cut by 
varying the viscosity of the lubricating oil.

The nature and strength of the adhesive bond between the 
grain and the backing necessarily depend upon the natures of
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the surfaces of each. Glue readily bonds to paper and to 
cloth, the principal problem in the latter case being the pro
duction of a smooth surface by means of a sizing coat of filler 
calendered in to support grains evenly. The nature of the 
adhesive bond to the grains presents serious problems in sur
face effects and capillarity. In the solution of these, some of 
the best scientific work in the industry has been done.

The cracked glassy surfaces of the grains of abrasive are often 
glue repellent and require treatment to permit the bond to 
form. Among the methods used are controlled heating to 
high temperatures, chemical etching of bright, smooth sur
faces, and treatments which leave materials readily wet by the 
adhesive tightly bonded to the grain surfaces. The same 
treatments of grains that permit glue to bond with them are 
also effective, with a few exceptions, with resinous adhesives. 
Tests of capillarity of grains are made by measuring the height 
to which water is raised in a glass tube of standard diameter 
containing them. With this simple gage of capillarity, stand
ards are maintained for raw and treated grains which have 
completely overcome the old tendency for grains to drop out 
of the hardened glue coat.

B ack ing

The backing used for abrasive grains must possess high 
tearing strength. This is generally far more important than 
actual tensile strength. Several types of papers are adaptable 
for this purpose, but the superiority of rope paper has been 
amply demonstrated. Both the Fourdrinier process and the 
cylinder process are used in manufacturing this important 
material. Papers varying from 40 to 130 pounds, and even 
as high as 170 pounds, are required by the industry. To 
secure even higher tear strengths and greater flexibility, par
ticularly for heavy sanding jobs using hard abrasives, cloth 
backings are employed. Cloth-backed abrasives are gener
ally used in metal working and to a less extent for finishing 
wood. The cloth used is of special construction woven with a 
twill weave and a careful balance between warp and fill, as 
well as an accurate count of threads. Four weights of cloth 
meet the industry’s present requirements.

Because of the easy penetration of adhesives through cloth, 
various treatments are' given before it is coated. Neces
sarily the cloth must be shrunk and dried under tension for 
accurate size. Each type of finished product is made of a 
definite color to designate its properties. The sizing of the 
cloth backing is a starch-base filling which gives a glue-proof 
finish. The properties of the size are adjusted to give the 
balance between adhesion and flexibility required in final 
service. Rigid inspection of cloth a t all stages in the finishing 
is essential to a uniform product, because any imperfections in 
the weave or threads would show up in use. In the cloth- 
finishing department of this single plant, an average of 
750,000 yards of finished cloth per month undergoes three 
treatments equivalent to the processing of 2,250,000 yards of 
goods every 30 days.

For special strength, cloth is frequently laid on a backing of 
paper before the abrasive grains are bonded to the cloth 
side. For some purposes paper backings are employed, 
and for others vulcanized fiber in relatively thicker sheets 
is used.

C o o rd in a tio n  of P roblem s

The actual coating operation, carried out on remarkable 
automatic machines, consists of first applying a sizing coat of 
glue to the backing, leveling off this coat, and dropping on it a 
even layer of abrasive grains. Necessarily the quantity of 
abrasive is in excess of that required in the finished product, 
and a whipping machine, consisting of a rotating series of 
flights, knocks off those particles which are not imbedded in

F r o m  t h e  M a k i n g  M a c h in e  t h e  W e b  I s  F e s t o o n e d  i n  
a  D r y e r  t o  S e t  t h e  A d h e s iv e

the glue and returns them through screens to the feed of the 
machine. For fast-cutting products, the web from this op
eration is suspended in festoons to allow the adhesive to 
harden. An anchoring adhesive coat may be subsequently 
applied to hold the abrasive more firmly in place.

For relatively severe grinding, the web with its layer of ex
cess abrasive is often rolled before this excess is whipped off. 
The objective is to press more abrasive into the adhesive 
layer and form a denser coating. After this rolling-in opera
tion, the web, whipped free of unattached grains, is festooned 
to set the adhesive, and a subsequent adhesive coat is applied 
for anchoring purposes.

From the making machine, the continuous sheet of finished 
product goes in festoons to a drying room where the bond is 
set. If a varnish adhesive has been used, the temperature of 
the drying room is adjusted to harden it. With glue, drying 
is accomplished in a room where temperature and relative 
humidity are both carefully controlled. The dried sheet with 
its coating of abrasive is removed from the festoons and put 
through a flexing machine to break the adhesive bond evenly 
to make the product flexible in service. Several methods of 
breaking or flexing are employed, depending upon the degree 
of flexibility needed. The most common of these consists in 
drawing the sheet under controlled tension over a steel man
drel whose diameter is selected to give the desired result. The 
flexing mandrel may be placed either directly a t right angles 
to the length of the sheet, or two mandrels at angles of 45° to 
the sheet may be used to flex it in two directions a t once. The 
importance of this flexing operation is evident immediately in 
the feel and behavior of any sheet of coated abrasive; for hav
ing on.ce been through the treatment, a sheet retains its flexi
bility permanently.

The most important development in this industry has been
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the process of securing uniformity in distribution and position 
of abrasive particles on the sheet by using an electric field. 
In  this process, instead of dropping grains on the glued surface 
of the sheet, an electric field of 40 to 50 thousand volts is pro
duced between a dry belt carrying the abrasive grains and the 
glue-coated surface of the sheet held approximately 0.75 inch 
above the grains. As the grains and sheet enter this field, the 
particles are picked up by the charge and carried to the ad
hesive surface. This accomplishes two useful results. The 
grains are lifted by the lines of force of the field in the direc
tion of their major axes so th a t in the finished product sharp 
edges uniformly stick up. Because each particle is similarly 
charged and hence repels every other particle, their distribu
tion in the adhesive layer is of the utm ost uniformity. In all 
other ways the treatm ent of the electrocoated product is the 
same as th a t of those mechanically made.

In the  making operation, large rolls of backing are handled. 
For some of the lighter weights of backing for fine abrasive 
grains, as much as 3 miles of backing form a single roll continu
ously treated. In  the heavier weights the length of the roll 
is reduced to a few hundred yards to make it convenient to 
handle. In the coating operation one roll of backing is at
tached to another as it is drawn through the machine so that 
rethreading is not required, and the operation proceeds con
tinuously.

For special uses abrasive sheets are frequently required 
whose grains are widely separated. These products, particu
larly useful in removing old varnish coats from wood and in 
other operations where closely coated grams are likely to be
come quickly clogged by accumulations of detritus, are made

R o l l s  o f  C o a t e d  A b r a s iv e  A r e  S l i t  t o  C o n v e n i e n t  W i d t h s  f o r  U s e  a s  B e l t s

by dropping grains on the adhesive layer from corrugated 
rolls which leave substantial spaces between them.

The final finishing of the abrasive sheets consists in cutting 
from the rolls pieces or belts of the desired size convenient to 
the user. For making square sheets, the roll as made is slit to 
convenient widths by circular rotating knives, and from the 
narrower strips thus made the desired sheets are cut off. For 
abrasive belts the slitting operation is similarly conducted 
and the narrow strips are cut to  desired lengths and cemented 
into continuous belts. Disks are chopped out of the continu
ous roll for use on disk sanders. The waste from the finishing 
operation is burned to recover the grains, and they are returned 
to the operation.

Perhaps the most interesting feature about the industry is 
the variety of uses of its products and the accuracy of machines 
for applying them. I t  is even possible with one type of sand
ing machine (perhaps there are others) to remove the ink im
pression from paper on which it  is printed without tearing the 
sheet or wearing through it! W ith machines of such delicacy, 
on the one hand, using paper so fine-grained th a t it holds a 
hundred thousand particles per square inch and, on the 
other hand with rugged disks approaching the abrading ability 
of high-speed grinding wheels, the variety of operations in 
which these products are useful runs the whole gamut of in
dustry.

A ck n o w led g m en t
The illustrations are reproduced through the courtesy of the 

Behr-Manning Corporation.
R e c e i v e d  M ay 13, 1937.



MANILA RESINS
ORIGIN, PRO PERTIES, A N D  A P P L IC A T IO N S

C. L. MANTELL a n d  H. h. RUBENKOENIG1 
American Gum Importers Association, Inc., Brooklyn, N. Y.

M an ila  cop al is  derived from  con ifers of th e  
A g a th is  A lba  Foxw . sp ecies w h ich  is w idespread  
over th e  E ast In d ies area. T he N etherlands  
In d ies  fu rn ish e s  th e  b u lk  of th e  w orld ’s pro
d u c tio n . P h y sica l and  ch em ica l data on  th e  
various so rts  o f M a n ila  resin s are su m m arized . 
S o lu b ility  o f th e se  resin s in  a w ide variety of 
organ ic  so lv en ts  is  reported . M anila  copal 
a p p a ren tly  c o n s is ts  a lm o st en tire ly  of four  
d ifferen t resin  acid s. S o ft or h alf-h ard  M anila

resin  can  b e m a d e th e  b asis of a s u b s t itu te  for  
sh ella c  in  sp ir it varn ish es by  th e  a d d itio n  of 
fa tty  acid s and  beesw ax or by  th e  a d d itio n  of 
n itro ce llu lo se . B y proper tr e a tm e n t th e  sa m e  
resin s can  be d isso lved  in  a q u eo u s borax and  
a m m o n ia  so lu t io n  to  give w aterproofing s izes  for 
paper for in k  veh icles. T rea tm en t w ith  glycerol 
is  d iscu ssed , su g g e s t in g  th e  p o ss ib ility  o f a  
ch eap  th e r m o se tt in g  m o ld in g  resin  to  be d e 
rived from  th is  reaction .

MANILA resins are members of that rather vaguely de
fined class of natural resins known as copals. They are 
characterized by a comparatively high acid number, a 

moderately high melting point, solubility in alcohol, and in
solubility in petroleum solvents. They are often referred to 
as spirit-soluble gums. The resin as gathered soon after its 
exudation from the tree has a wide application in spirit var
nishes of many sorts and has numerous minor uses. Manila 
copal of a fossilized or semifossilized nature imparts some 
excellent qualities to oil varnishes. As with other natural 
resins, for the latter use the Manila copal must first be run 
or thermally processed. I t  is heated alone at 300° to 330 C. 
until sufficiently changed chemically to dissolve in hot drying 
oils. Except for the brown fossil variety dug from the ground, 
Manila copal is light in color; commercial grades vary from 
yellow to almost water-white. I t  is quite transparent and 
is not sticky to the touch.

The resin is exuded from a conifer of the Agathis family. 
Foxworthy’s work (S) traces it all to a single species, Agathis 
Alba Foxw.

Van de Koppel, chief of the Forestry Service of the Nether
lands East Indies Government, who has studied the economi
cally valuable flora of the Netherlands Indies for many years, 
is of the opinion that other similar species may also supply 
the resin {12). The bulk of the Manila copal of commerce is 
gathered in and exported from the Netherlands East Indies. 
Some of that gathered in Borneo is exported from Smgapore. 
The remainder of the world’s supply is collected in the I hilip- 
pines. Currently the Netherlands Indies supplies more 
than three-quarters of the United States requirements and 
the Philippines and Singapore the balance. The annual im
ports of resins of this class (soft Manilas, Lobas, Pontianaks, 
and Boeas) are currently of the order of 15,000,000 poun s.

Some study is now being made in Celebes on tapping and 
collecting this resin in a systematic m anner, and c osei con 
trol is being assumed by the Netherlands Indies Governmen . 
Exporters have also been supporting research work in the 
United States to study the possibilities of standardizing the 
resin grades, of improving present methods of use, an o 
finding new uses. In the course of this w ork some y 
five samples of commercial grades of Manila copa ia\ e een

■ Presen t address, H ilton-D avis Chem ical Com pany, C incinnati, Ohio.

examined. In addition, hundreds of botanical samples of 
resins from Agathis trees have been studied analytically, 
physically, and practically.

C o n stitu tio n  o£ M a n ila  R esin

Several chemists have published reports of research on the 
chemical constitution of Manila resin, but the results are 
diverse, and the samples in some cases are so illy defined that it 
is difficult to say just how much is accurately known {4,7-11).

All are agreed that a large percentage of the resin consists 
of a resin acid or acids. Tschirch and Koch {11) report 12 
per cent of resene. No samples contained more than 1.5 per 
cent of resinous substances insoluble in cold 10 per cent aque
ous sodium hydroxide, and as a rule the amount of insoluble 
material is about 0.5 per cent. Some chemists reported one 
acid in Manila resin; others report as many as four. In order 
to study the behavior with glycerol, a preliminary fractiona
tion of the soft and the half-hard Manila resin was carried 
out and four fractions were obtained; the resin was divisible 
into a fraction that was soluble in sodium bicarbonate solu
tion and one that was insoluble in bicarbonate solution, but 
soluble in sodium carbonate or sodium hyrdroxide solution. 
Each of these fractions can, in turn, be divided into a fraction 
whose potassium salt is soluble in alcohol and one whose po
tassium salt is insoluble in alcohol. Since more -precise 
separation was not required, no attem pt was made to purify 
these fractions, which were obtained as more or less amor
phous powders, but the presence of four different acids seems 
definitely indicated. In addition the resin contains a small 
amount of essential oils and 1 to 3 per cent of moisture.

P rop erties o f M a n ila  R esin s

Manila resins are divided into classes according to the age 
of the resin. The relationship of the various classes is shown 
in Figure 1. The softest grades, gathered between 1 and 3 
weeks after tapping, and called melengket by the natives, are 
exported from the Netherlands Indies in four qualities. The 
finest grade, PWS (prime white soft), is nearly water-white 
in color and almost entirely free from impurities of any sort. 
WS (white soft) is very clean and quite light in color. MA (or 
melengket A) may contain some bark and wood fiber. The

855
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M a  n I {_ A R e S ' N S  r  R .0 A  G A  ? A  L S A

R C M N S  F R O M  TA  P P C  D  T R E E S
R E S ' n S  F R O M  

ACC ' D E N T A L. LT  B O U N D E D  T R E E S

P r o d u c t  f r e s h l y  
G A T H E R E D  A F T E R  

T W O  W E E K S

P r o d u c t  g a t h e r e d

A F T E R  ONE  OR F IO R E  
_______M O N T H S __________

E x u d e d  c o p a l  g a t h e r e d  f r o m

W O U N D  A F T E R  A F E W  Y E A R S .  
S E M I - F O S S I L .  H A R D  M A N I L A  C OP A L.
 L o c  w o e , P o n t  ¡a  n a  k _____________

M c l c n g k c t  o r  s o f t  
M a n i l a  c o p a l  g r a d e d  
A 3 t o  s o f t n e s s , c o l o r .
C ON TA FUN AT I  ON. ANO S I Z E

L o r a  OR h a l f - h a r d  M a n i l a  
C O P A L .  I M P U R I T I E S  S C R A P E D  OFF, 
A N D  G R A D E D  AS  TO C OL O R  A N D  

_____________C O N T A M I N A T I O N ____________

Ve r y  c l e a n , q u i t e  w h i t e

P R I M E  W H I T E  SO F T
P W S ___________

S O M E W H A T  D I S C O L O R E D ,
_  AL M O S T NO S A R K  OR WOOD 

F I O R E .  W H I T E  S O T  T____ WS_______
B l o c k t  c o n g l o m e r a t e  o r  
c o p a l ,  s m a l l  a m o u n t  o r  

- D A R K  AND WOOD F I B R E ,  L I G H T  
I N  COLO R,  M C L E N G K E T  A

_______________M A __________________

S a m E a s  M A  b u t  w i t h

_ M U C H  WOOD A N D  B A R K ,  
M C L E N G K E T  S

M B

I n t e r m e d i a t e  b e t w e e n
_ SO FT  A N D  H A L F  HA R D ,  

O T H ER W IS E S A M E  AS M B  

 ¿1_____________

u£  M I X E D W ITH M A T E R I A L
S O R T E D F R O M L o b  a  C

CNE

_L
G r a d e d  a s

AND CON
TO C O L O R .  S I Z E ,  

T A M I N A T i O N

Ve r y  l a r g e  w h i t e

- P IE C E S .  CH IE F LY  BOLD
A A _________

B o l d P I E C E S
o v e r 4  C M .

A

C h i p s . P I E C E S  1-2 CM.
I N  S I Z E .  W IT H  S M A L L  
a m o u n t  o f  b a r k  a n d  

F O R E I G N  M A T T E R
C

E x u d e d  c o p a l  d u g  u p  a f t e r

A  LONG P E R I O D  U N D E R  G R O U N D ;
f o s s i l  M a n i l a  c o p a l  -  B o e a

i
G r a d e d  a s  to  c o l o r ,  s i z e

A N D  C O N T A M I N A T I O N

B o l d  S C R A P E D ,  l a r g e  
_ p i e c e s , m i x e d  c o l o r s ,

D A R K  A M B E R  TO L I G H T  
A M B E R

C u t t i n g s , p r o d u c e d  b y  
c l e a n i n g  a n d  s c r a p i n g

OF BOLD,  C O N S IS T IN G  OF
o l d  c r i p s  a n d  n u b s  

A l l  c o l o r s  m i x e d ,  
w i t h  d a r k  b r o w n
P R E D O M I N A T  i N G

HZ 
—EE

M A L L  N U B S

C h i p s , p i e c e s  i - z  c m .  i n  
s i z e ,  m u c h  d a r k e r  i n  c o l o r  
t h a n  C ,  a n d  c o n t a i n i n g

M O R E  B A R K  A N D  FO R EI G N  
__________M A T T E R  ________

D u s t  a n d

S E E D S

S m a l l  c h i p s , g r a i n s , o r

’S E E D S , '  LE S S  T H A N  I CM.  
I N  S I Z E

D
F i g . i  -  Or i o i n  

a n d  G r a d e s  o f  

M a n / l a  F e s i n s
D u s t  

f i n e  m a t e r i a l

B o l d , l a r g e  p i e c e s

OV ER  A C M .  S I Z E
H

S o r t e d  i n t o  c o l o r s

MA w h i t e
A L S O  1 /

M B ROSE  
AL S O  A

tic R E D
A L S O  B

MÙ B R O U N  
A L S O  D 

( D A R K )

N u b s  a n d  c h i p s ,
D A R K  I N  COLOR,  A N D  
C O N T A I N  I N G  S O M E  
B A R K  A N D  F O R E I G N  
M A T T E R  -  CBB

S m a l l  c h i p s , d a r k

i n  C O L O R ,  A N D  
- C O N T A I N I N G  S O M E  

B A R K  A N D  F O R E I G N  
M A  T T  CR -  D Ô 5

latter grades are by far the most used in this country. MB 
(or melengket B) may contain considerable amounts of wood}' 
impurities. Currently it is not much in demand in the United 
States but finds outlets abroad. These soft grades arrive 
on the market as blocky lumps, clear and free from any sur
face crust. A slightly older and harder grade is called E  and 
is marketed in admixture with the C grade of the Loba type 
of Manila as Loba CNE.

Half-hard Manila, or Manila Loba, is the designation of mate
rial gathered from 1 to 3 months or more after tapping. The

resin has become hard enough so that the pieces do not block 
together as does the soft Manila. I t  is scraped free of surface 
impurities and graded according to size of piece, from A (over 
4 cm.) to D (less than 1 cm.) and dust. These are Nether
lands Indies gradings. Singapore Manila is of the same 
type. Philippine Manila is also resin of about the same age; 
it is sorted according to both color and size of piece. Olrna- 
ciga is a Philippine designation for this resin.

The fossil grade of Manila is derived from the Netherlands 
Indies and is known as Boea or hard Manila. The light col-

T a b l e  I .  P r o p e r t i e s  o f  M a n i l a  R e s i n s  f r o m  D i f f e r e n t  L o c a l i t i e s

Resin

M anila (M acassar):
W S pale  soft 
M A  soft b locky 
L oba A bo ld  pale 
L oba B bo ld  pale nubs 
Loba C bo ld  pale chips 
L oba D  sm all pale chips 
Loba D K  d a rk  chips 
L oba C N E  d a rk  nubs 
L oba d u s t
C BB  m edium  pa le  nubs 
D B B  p a le  chips

Singapore M anila:
W hite sp lit chips

M anila  (P hilippine) sp irit-soluble: 
E x tra  bold pale  scraped 
B old pale
Bold ex tra  pale  sorts 
Bold pale chips 
Pale  sm all chips 
Bold am ber so rts  
Seeds an d  d u st 

P o n tian ak :
Bold scraped 
M ixed bold 
C u ttings  
N ubs 
Chips 

Boea M anila:
H a rd  bold white 
H a rd  bold  am ber 
H ard  bold dark

efractive Softening M elting Specific
G rav ity

D irect In d irec t Saponificati
Index P o in t 

° C.
P o in t 

° C.
Acid No. A cid No. No.

1.526 80-88 115-128 1 .0 6 -1 .0 7 135-137 150-165 170-190
1.526 77-7S 121 1 .0 6 -1 .0 7 127-134 149-165 158-190

82 117 1 .08 149 162 176
1.539 73-90 120-124 1 .0 7 - 1 .OS 136-139 147-162 160-170
1.540 81-88 114-123 1 .0 7 - 1 .OS 139-141 152-155 160-170
1.539 83-89 114-127 1 .0 7 -1 .0 8 127-131 151-164 160-180
1.53S 71-89 114-130 1.07 127-131 146-161 165-180

79-90 116-127 1.07 125-133 144-163 168-190
78-91 116-125 110-131 134-159 160-177

1 '¿38 82-90 119-130 1 .0 6 - Í .0 S 134-141 152-164 176-190
1.538 7S-SS 120-129 1 .0 6 -1 .0 7 135-143 154-163 170-179

94 126 1.07 120 139 144

86 123 1.06 107 13S 140
89 129 1.07 109 130 136
96 128 1.07 111 135 143
91 129 1.07 114 143 154
93 130 1.0S 113 135 143

103 128 1.07 110 139 148
110 132 1.08 110 142 157

87-135 135-161 1 .0 7 -1 .0 8 113-118 122-131 149-180
95 126 1.07 121 135 148
91 138 1 .08 11S 135 151

L Ś 40 99-135 136-169 1 .0 7 -1 .0 8 112—IIS 126-135 151-180
82-132 136-156 1 .0 7 -1 .0 8 119-120 127-139 154-180

79 130 1.07 lis 147 143
P 5 4 0 SO 131 1 .0 7 -1 .0 8 120-123 145-147 159
1.539 SO 132 1.07 122-141 147-150 175

Iodine
No.

118-124 
121-126

122
116-124
119-125 
114-115 
107-111 
104-130
68-87

114-120
112-113

125

125
123
124 
120 
116 
113 
104

119-142
131
127
106
125

137
110-129
110-133
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ored variety is found where it has exuded in the crotches of 
trees still standing. The amber and dark grades are found 
buried in the ground, often in masses so huge that the bota
nists are completely a t a loss to account for their formation. 
Manila CBB and Manila DBB are grades consisting of a 
mixture of Boea with Loba. The excellence of Boea as a 
varnish resin is outstanding. I t  is to be hoped that some 
treatment of the more recent Manila resins may be devised 
to obtain from them a product of the same qualities. Refer
ence should be made to previous papers for data on tests 
and characteristics of protective coatings made from this 
resin {1,2,5).

A closely related resin used for oil varnishes is Pontianak, 
also a fossil resin. I t  originates in Borneo, whereas Boea 
comes chiefly from Celebes and other parts of the Nether
lands Indies. Pontianak behaves more like Kauri gum in the 
varnish kettle, but otherwise its properties and the properties 
of its varnishes make it almost indistinguishable from Boea. 
Not enough is known with certainty about the origin of either 
resin to explain fully these differences and similarities between 
Pontianak and Boea.

The specific gravity of Manila resins varies from 1.06 to
1.08. Other properties vary according to the origin and age 
of the particular shipment examined, but the approximate 
limits of these variations may be defined as follows:

M elting
P o in t, D irect Indirect Saponin- Iodine 

R esin 0 C .“ Acid No. Acid No. cation No. No.
Soft and  ha lf-hard  . „„„

M anilas 115-135 125-150 140-165 160-190 120-130
Boea M anila  130-135 120-140 145-150 145-175 110-135

a M elting p o in t determ ined by  the  m ercury m ethod (6).

Typical characteristics of the Manila resins from different 
localities are given in Table I  for the commercial grades en
tering the American market.

The acid and saponification values for Philippine Manila 
run about ten points lower than the corresponding values
for half-hard Manilas from the Netherlands Indies. These
same values for Pontianak are lower than those for Boea by 
about the same amount.

The Manila resins are imported in containers of local ori
gin, in weights which have become standard by long usage. 
These specifications are as follows:

was determined by agitating 100-gram samples of the resins 
with an equal weight of each solvent overnight.

Petroleum distillates, whether paraffinic or naphthenic in 
base, whether low- or high-boiling, have no effect on these 
resins. Hydrogenated petroleum solvents sometimes may 
attack the resin enough to swell the particles, but have no 
further effect.

Coal-tar solvents, such as benzene, toluene, and xylene, 
may swell the particles or even form rubbery, gelatinous 
masses with Manila resins.

Turpentine and dipentene either swell the particles slightly 
or do not attack the resin a t all. The other terpenic solvents 
tried, Ilercosol 80 and terpineol, formed gelatinous masses 
and in some cases partly dissolved the resins.

Chlorinated solvents, examples of which are carbon tetra
chloride, amyl chloride, monochlorobenzene, tetrachloro- 
ethane, either swelled the particles or formed gelatinous 
masses.

The alcohols tried were: methyl, three anhydrous denatured 
ethyl alcohol formulas, isopropyl, n-butyl, scc-amyl, diace
tone, and benzyl alcohols. The Boea was largely, but not 
completely, dissolved by all of these except the benzyl alco
hol, with which it formed a gelatinous mass. The remaining 
Manila resins were completely soluble in all the alcohols, ex
cept that one sample of Loba was only swelled by benzyl 
alcohol and a sample of CBB formed a gelatinous mass with 
the same solvent. The viscosity of these solutions showed 
a marked increase with each increase in the length of the 
chain in the aliphatic alcohols. The benzyl alcohol solutions 
were the most viscous of all, and the Pontianak solutions were 
much more viscous than the corresponding solutions of the 
half-hard Manila resins.

The viscosities of the solutions are given in Table II. Boea 
was largely but not completely dissolved by acetone and 
methyl acetone. I t  was completely dissolved in phenol a t 
60° C. I t  was swelled by or formed gelatinous masses with 
all the other solvents tried.

The other Manila resins, except Pontianak, gave solutions 
of low viscosity with acetone and methyl acetone. Ponti
anak also was dissolved, but its solutions were much more 
viscous. Ethyl ether gave similar results. n-Butyl ether 
either swelled or did not attack the resins. Dichloroethyl 
ether only swelled the particles.

Resin

Boea

Loba Manila 

Soft Manila 

Pontianak

Class of Copal

Fossil

Semirecent

Recent

Semifossil

Tree

Agathis Alba 

Agathis Alba 

Agathis Alba 

Agathis Alba

Country of Origin

Netherlands East Indies

Netherlands East Indies;
Philippines 

Netherlands East Indies;
Philippines

Borneo

Net Weight of
Imported from Package Package

Lb.
Macassar; Netherlands Basket bags 160

East Indies
East Indian ports; Basket bags 160

Manila and bags
East Indian ports; Basket bags 160

Manila and bags
Pontianak; Borneo; Cases (bold) Cases, 224;

Singapore and bags bags, 160

S o lu b ility  S tu d ies
As is well known, resin solutions show no evidence of any 

saturation point, simply becoming more viscous as the con
centration of resin increases, and are probably more m the 
nature of colloidal sols rather than true solutions. These are 
generally spoken of as solutions, however, and the dissoh ing 
power of a solvent for a particular resin is considered to ta iy  
inversely with the viscosity of a solution of the resin m 1 . 
Using the term in this sense, some solvents dissolve these 
resins completely, some dissolve only part of it, some simp > 
swell the resin particles, some mix with it to form a moie or 
less elastic gelatinous mass, and some do not affect t ie  lesin 
a t all. The effect on Manila resins of sixty-seven different 
solvents, including different commercial petroleum solvents,

The alcohol-ethers, Cellosolve and butyl Carbitol, gave 
viscous solutions.

Ethyl acetate completely dissolved all the samples. Butyl, 
amyl, and octyl acetates and butyl lactate dissolved some 
samples and swelled or formed gelatinous masses with the 
remainder. Diethyl carbonate, methyl salicylate, dimethyl 
phthalate, and methyl abietate swelled or formed gelatinous 
masses with the resins.

Dioxane, aniline, Hexalin, and Tetralin completely dis
solved some samples and partly dissolved or formed gelati
nous masses with the remainder. Nitrobenzene and tricresyl 
phosphate swelled these resins. All the Manila resins were 
soluble in phenol a t 60° C.

When these resins are run or thermally processed to render
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T a b l e  II. V is c o s it i e s  a n d  C o l o r s “ o f  50 P e r  C e n t  S o l u t i o n s  o f  M a n i l a  R e s i n s

Boea M anila, P o n tian ak  Bold
H ard Bold Am ber -------Ma ■nila Loba C------ - ,------ M anila  CI IB------ . .------W[anila DB B------ > Bo!Id Pale  C hips Scraped
Vis- V is Vis Vis Vis Vis

cosity Color cosity Color cosity Color cosity Color cosity Color cosity Coi<
Poises .Poises Poises Poises Poises Poises

Acetone J 2 .5 0 2 B 0 .65 5 C 0 .8 5 5 A - 0 .5 0 - 10 A 0 .5 0 8 R 4 .7 0 5
Am yl ace ta te 5 .5 0 6 M 3.20 10 U 6.27 8 Y 17.6 5
sec-Amyl alcohol X 12.' 9 3 W 1Ó .70 5 U 6.27 6 R 4 .7 0 10 U 6 .2 7 9 Y 17 .6 5
Am yl chloride . T 5 .5 0 9
Aniline Ż3 4 6 .3 i i Z1 27 .0 18 Ż'l 2 7 '.Ó D a Ż4 63M i s
Ansol M & y 2 .5 0 4 F 1.40 5 E 1.25 6 b ' 'ĆL65 ió c 0 .8 5 9 N 3 .4 0 5
Benzyl alcohol Z1 27 .0 12 Z1 2 7 .0 12 Z6 148 8
B u ty l a ce ta te I. 3 .0 0 9 T 5 .50 9 Y 17.6 4
n-B u ty l alcohol V 8 .84 3 T 5 .5 0 5 R " i!  70 'Ś K 2 .7 5 10 N 3 .4 0 10 X 12.9 6
B u ty l C arbito l Y 17 .6 5 X 12.9 6 X 12.9 11 E 1.25 S Z2 36 .2 6
B u ty l e th e r A - 0 .5 0 - 0
B u ty l la c ta te Y 17’.6 "5 Z 22 .7 6 z i 27. Ó ib Z3 i è i à 7
Cellosolve U 6 .2 7 6 J '¿ '.5 0 ió P 4 .0 10 Y 17.6 5
D iacetono alcohol z 22 .7 6 W ió .7 0 U 6 .2 7 8 Q 4 .3 5 11 U 6 .2 7 10 Z2 3 6 .2 8
D ioxane V 8 .8 4 5 T 5 .5 0 10 u 6 .2 7 8 Z2 3 6 .2 5
D ipen tene 
E tn y l a ce ta te L 3 .0 0 '■4 §

4 .3 5
1.65

4
8 B " Ó.' 65 'Ó X 12 .9 i i W ió r i o '4

E th y l e ther C 0 .8 5 4 E 1.25 ■1 A 0 .5 0 8 c 0 .8 5 7 R 4 .7 0 4
H ercosol 80 c Z1 2 7 .0 6 '  ' Z3 46 .3 10
Hexalin Ż6 148* * ’5 Z3 4 6 .3 7 Z2 36 .'2 Î2 Z6 148 9 Ż2 3 6 .2 'Ś
Isopropyl alcohol V 6 .2 7 '4 P 4 .0 0 5 O 8 .7 0 6 H 2 .0 0 10 J 2 .5 0 9 V 8 .8 4 6
M ethy l acetone K 2 .7 5 2 C 0 .8 5 5 C 0 .8 5 6 A - 0 .5 0 - 9 A 0 .5 0 8 V 8 .8 4 5
M ethy l alcohol G 1.65 5 A 0 .5 0 7 B 0 .6 5 7 A - 0 .5 0 - 11 A 0 .5 0 10 M 3 .2 0 7
O ctyl a ce ta te Y 17.6 5 Z 22 .7 5 Z1 27 .0 11 Z5 9 8 .5 10
ShellacoH N 3’.40 4 H 2 .0 0 6 r 2 .2 5 6 A 0.50 11 E 1.25 10 R ’i r i o é
Soloxi» O 3 .7 0 4 I 2 .2 5 6 1 2.25 7 C 0 .8 5 11 H 2 .0 0 10

%
4 .3 5 6

Terpineol Z6 148 7 Z6 148 12 9 8 .5 9
T e tra lin Z6 148 ' 17 Z5 9 8 .5 18

‘ V iscosities refer to  G ard n er-H o ld t bubble  v iscosity  tubes and colors to  G ard n er-H o ld t s tan d ard s .
' A n anhydrous d en a tu red  e th y l alcohol.
: A special high-boiling so lven t for varn ishes an d  lacquers, consisting chiefly of te rpene , hyd rocarbons, and  ketones.

them soluble in drying oils, a number of changes take place in 
their properties. The Boea and the Pontianak suffer a 
weight loss of from 15 to 25 per cent in this process. The 
soft and half-hard Manila resins are somewhat more difficult 
to render soluble in oils and are more commonly used for 
spirit varnishes. Samples of each, however, have been run 
and their physical and chemical properties and solubilities 
determined. In each case the melting point was not markedly 
changed by the heat treatment, the acid and saponification 
values were reduced by 25 to 45 per cent, and iodine values 
were slightly reduced.

The characteristics of typical run resins are given in Table 
III. These properties are dependent on the temperatures 
employed, time of processing, and care exercised by the opera
tor, and may be varied widely.

The metal of the varnish kettle is an important factor in 
its effect on the color of the processed resin after running. 
The lightest colors were produced either in low-carbon aus- 
tenitic steel equipment of the 18 per cent chromium-8 per 
cent nickel type or in nickel kettles. Good results as far as 
color is concerned could be obtained in Monel metal equip
ment which, in turn, was superior to copper or its alloys. 
Iron, even when the time of contact was short, caused un
desirable darkening and increase of color when it was allowed 
to come in contact with Manila resins during r u n n i n g .

Solubility characteristics were strikingly changed by the 
treatment. The run resins were soluble in all the petroleum 
and coal-tar solvents, and also in the terpenic and chlorinated

solvents listed in Table II. The original untreated resin 
showed insolubility in the same solvents.

The run resins showed insolubility in methyl, ethyl, iso
propyl, and diacetone alcohols. They were soluble in n-butyl, 
sec-amyl, and benzyl alcohols. They were soluble in ethyl, 
n-butyl, and dichloroethyl ethers, Cellosolve, butyl Carbitol, 
and in ethyl, butyl, amyl, and octyl acetates. They were 
soluble in diethyl carbonate, butyl lactate, and methyl salicyl
ate, and were swelled by dimethyl phthalate and methyl 
abietate.

The run resins were partly soluble in acetone and methyl 
acetone and partly or wholly soluble in Hexalin. They were 
swelled by tricresyl phosphate. They were soluble in dioxane, 
aniline, Tetralin, nitrobenzene, and phenol a t 60° C.

The change in solubility as the result of thermal processing 
is marked. Material originally soluble in alco
h o ls  beco m es in s o lu b le  because of chemical 
changes on heating. In contrast, fossil resins 
such as Congo are converted by running from 
insoluble materials to soluble ones.

S h e lla c  S u b s t itu te s

Shellac used as a spirit varnish resin gives a 
film tha t is both hard and tough and has no 
tackiness. Since soft and half-hard Manila copals 
have a hardness equal to tha t of shellac, though 
their spirit varnish films are much more brittle, 
som e w o rk  h a s  b e e n  devoted to modifying 

Manilas so as to provide acceptable substitutes for shellac. 
A product only slightly inferior to shellac in hardness and 
toughness of film may be obtained by fusing the copal with as 
much as 30 per cent of a partially oxidized fatty acid and as 
much as 10 per cent of beeswax.

A spirit varnish superior to shellac varnish in hardness, 
flexibility, clarity, and lightness of color may be made by 
dissolving 3 parts of soft Manila resin, 2 parts of spirit-soluble 
nitrocellulose, and 1 part of dibutyl phthalate in a 3 to 1 mix
ture of alcohol and toluene.

Shellac may be dissolved in aqueous borax solution to 
yield a size, which gives a waterproof finish when coated on 
paper. I t  is also a good vehicle to make waterproof inks,

T a b l e  III. P r o p e r t i e s  o f  R u n  M a n i l a  R e s i n s

Soften D irec t d irec t fica-
ing M elting Specific Acid Acid tion Iodine

Resin Loss
%

P o in t 
0 C.

P o in t 
0 C.

G ra v ity No. No. No. No.

Boea h a rd  bold am ber 20-25 105 125-135 1 .06 78-85 86 91 106
M anila CBB 25 80-90 115-120 1 .06 60 67 70 99
M anila  D B B 25 85-90 125-135 1 .05 50-60 53 67 96
M anila  L oba C 20 85-90 125-130 1 .05 55-65 72 89 104
Philippine M anila  bold 

pate cbips 20 85 127 1 .06 50-55 62 72 93
P o n tian ak  bold  scraped 20-23 105 125-130 1 .06 75-S5 92 86 99
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using n basic dyestuff such as methyl violet as a coloring 
matter, which is fixed by the resin acids. Manila copal can
not be held safely in solution with borax alone, but with proper 
pretreatment of the resin it can be made to dissolve by the 
addition of ammonia. The raw resin as a rule swells up into 
a doughy mass when treated with ammonia and borax solution. 
I t  may, however, be rendered easily soluble by grinding and 
exposing to air a t a temperature just below its softening point

prevent it from gelling with glycerol. The course of this re
action can be fairly accurately followed and it might be pos
sible to develop a thermosetting molding resin from it.

A Manila copal tha t has been run until thoroughly soluble 
in oil can be esterified with glycerol, but with present methods 
so much heating develops an excessive color in the product. 
This esterified Manila copal imparts a high gloss and good 
water and weather resistance to an oil varnish.

T a b l e  IV. A p p l ic a t io n s  o f  M a n il a  R e s i n

A dhe
sives
and

A m ber Cliew- 
Substi- ing

D ry Finish- 
Colors ing 
and Compo- Lac- Lino- Oil-

011
Var- Paper

Cem ents tu te  Gum Driers Pastes sitions Inks quers leum cloth nishes Pa in ts  Sizing
Boea
Loba x
Soft M anila x 
P on tianak  x

R ubber Spirit Wax
Plas- C om po- Var- Textile  Com po -

tics Polishes sitions nishes Sizing sitions

for 100 hours. Several months of exposure in the ground 
condition to ah’ a t room temperature has the same effect. 
Resin acids which have been precipitated from a sodium 
hydroxide solution of the resin dissolve readily in ammonia 
and borax solution. These sizes are about as water- and wear- 
resistant as the shellac size and also fix the basic dyes as well. 
If Manila resin acids in alkali solutions are treated with
0.5-gram equivalent of sodium hypochlorite per 100 grams of 
resin, and then precipitated with mineral acid, the product 
gives a nearly colorless size. The viscosity of these sizes may 
be decreased by the addition of a little butyl Carbitol which 
also improves the flexibility of thick coatings of the sizes.

C h em ica l M od ification  of M anila  Copal
Raw Manila copal was treated with glycerol according to 

procedures similar to those used in making rosin ester. In 
every case the acid number was slowly reduced a small amount, 
then with continued heating the reaction mixture suddenly 
formed an infusible spongy mass somewhat like a China 
wood oil gel, which on cooling was very hard and tough, and 
insoluble in organic solvents. Addition of dammar or rosin 
ester to the reaction mixture delayed this gelation somewhat, 
but a t no time during the reaction was the mixture soluble 
in linseed oil. The fractionation of Manila copal mentioned 
earlier in the paper was undertaken with the idea of deter
mining if any one constituent of the resin might be responsible 
for this gelation with glycerol. Three of the fractions ob
tained gelled with glycerol even more promptly than the origi
nal resin. The fourth fraction which is soluble in sodium 
bicarbonate solution and whose potassium salt is soluble in 
alcohol, was readily esterified with glycerol to a clear resin 
soluble in linseed oil; the acid number was reduced from 145 
to 8 and the melting point from 205° to 115° C. This frac
tion, however, constitutes only 4 to 8 per cent of the original 
resin, and so has little practical value.

Heating soft or half-hard Manila resin with glycerol and 
maleic anhydride, with a partially reacted glycerol phthalic 
anhydride mixture, and with glyceryl mono- and diacetates 
gave similar infusible, insoluble products. Addition of cal
cium hydroxide or calcium chloride to molten Manila did not

Heating in a glass-lined autoclave a t 300° C. for several 
hours was found to render a soft Manila oil soluble with only 
about 20 per cent loss and with comparatively little increase 
in color. In such a treatment, however, contact with even 
very small amounts of metallic iron gives a strongly blackened 
product.

Manila copal at present is chiefly used in oil and spirit 
varnishes and paints, and also finds some applications in the 
manufacture of lacquers, sizing materials, plastics, japans, 
driers, linoleum, oilcloth, waterproofing compositions, printing 
inks, adhesives, and other miscellaneous uses. The applica
tions of the different classes are shown in Table IV.

The large supply of the resin, the known usefulness of some 
of its properties, and its uniform botanical origin promise the 
possibility that further research on the subject will be amply 
repaid. Supplies are sufficient to meet any demand. The 
collection, grading, and sorting are economic factors in the 
life of native populations, their consumption in the United 
States is a factor in the large field of decorative and protective 
coatings. They are not competitive with American products, 
and their properties are specific and individual and not shared 
with other resins.
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Condensation of Phenols 

with Formaldehyde

II. R ésin ifica tio n  of 

P h en o l A lco h o ls

F. S. GRANGER
50 East 41st S treet, New York, N. Y.

THE formation of resins by reaction of phenols with form
aldehyde may be conveniently studied in two distinct 
and practically separable steps: (a) the formation of 

phenol alcohols, and (6) the condensation of phenol alcohols.
The first of these steps, the foundation of the building-up 

of the complex resin molecule, was the subject of the previous 
article of the series (5). I t  consists of attachm ent of one or 
more formaldehyde molecules to the benzene ring, to form the 
grouping -CH2OH, a t positions ortho or para to the phenolic 
hydroxyl. Reaction may be stopped a t this stage by working 
under alkaline conditions and limiting temperature or time. 
The phenol alcohols may then be isolated. As a class they are 
more or less water-soluble, crystallizable substances.

R e sin ifica tio n
These ortho- and paraphenol alcohols are characterized by 

the property of undergoing condensation readily to form com
plex products, usually of a resinous nature. This consists in 
the union of two or more molecules with the elimination of 
water. In  general it  is brought about by the agencies of heat 
and of acidic or basic substances.

This now technically important fact has been known for 
nearly a century. I t  was observed when the first known 
phenol alcohol, saligenin or orthohydroxy benzyl alcohol, was 
isolated from a natural source by Piria in 1843 (12). The 
process was recognized from the beginning as one of dehydra
tion, involving the elimination of an approximately equimolar 
quantity of water. The products were called “saliretins.” 
Later as other alcohols of this class were prepared by various 
synthetic means, the same property was observed.

Reaction between phenols and aldehydes was unknown 
until many years later. The first known products were of the 
complex type resulting from the acid condensations of von 
Baeyer in the seventies (4). Twenty years more elapsed be
fore the direct synthesis of phenol alcohols from phenols and 
an  aldehyde (formaldehyde) was discovered by Manasse and
I.ederer (8), establishing the intermediary role of phenol al
cohols in the formation of the resinous condensation products.

C u ra b ility
Of the amorphous condensation products obtained by the 

early investigators, either from phenols and aldehydes direct 
or from phenol alcohols, some were soluble in certain solvents 
and fusible like the natural resins of recent or current origin; 
others were partially or wholly insoluble and infusible, re
sembling the semifossil and fossil resins.

In  the present discussion the designation “resin,” unless 
otherwise indicated, will be confined to products of the first

To fa c ilita te  a clear u n d e r s ta n d in g  of 
th e  p h en o l-fo rm a ld eh y d e  co n d en sa tio n  
process, i t s  co m p o n e n t s ta g e s  are s tu d ie d  
sep a ra te ly . T h e in it ia l  s im p le  c o m b in a 
t io n  w as th e  su b je c t  o f th e  p rev iou s ar
t ic le  o f th e  ser ies (5). T h e  seco n d  or resin -  
fo r m in g  s ta g e  is  d iscu ssed  h ere . R ea c
t io n  an d  p ro d u c t ch a ra c ter is t ic s  are d e 
scr ib ed  g en era lly  an d  a n a ly zed  w ith  re fer
en ce  to  th e  variou s d e te r m in in g  fa cto rs , 
in tr o d u c in g  ex p er im en ta l d a ta . C h e m i
ca l e q u a tio n s  are d erived  for th e  r e s in i
fica tio n  o f th e  d ia lco h o ls  o f o r th o - an d  
p aracreso l u n d er  variou s co n d it io n s .  
F u rth er  co n d e n sa tio n  is  sh o w n  to  en d  
w ith  th e  to ta l  lo ss  o f tw o  m o le c u le s  o f  
w a ter  per m o le c u le  o f d ia lc o h o l in  ea ch  
case .

class. All such products derived from phenols and formalde
hyde are soluble in acetone and practically insoluble in water 
or petroleum ether. With respect to various other common 
organic solvents, they vary greatly with the parent phenol.

The classical work of Baekeland, near the beginning of the 
present century (1), opened up the commercialization of this 
field by a thorough, fundamental investigation. He found 
tha t the second class of products, like its natural analogs, re
sults from the further condensation or polymerization of an 
intermediate product of the first type—i. e., a resin.

This change is brought about or greatly hastened by heat
ing. I t  has been designated by various names; the word 
“cure” and its derivatives have been adopted in the present 
discussion for the sake of simplicity of expression.

C la ss ifica tio n  o f R esin s

W ith respect to this phenomenon, three types of resins were 
recognized. They will be indicated by the following numbers: 
type 1, noncurable; type 2, partially or slowly curable; type 
3, completely and readily curable.

The resins of the first type had been suggested as shellac 
substitutes and Baekeland gave them the name “Novolak.” 
They are characterized primarily by permanent solubility and 
fusibility, by extreme brittleness, usually cracking spontane
ously after cooling from a fusion and solidifying as a glass, 
and by susceptibility to surface oxidation a t elevated tem
peratures. This produces a brown film which is infusible and 
unaffected by solvents, but does not form in the absence of air. 
In a vacuum they can withstand prolonged heating a t tem
peratures around 200° C. without losing their solubility and 
fusibility or suffering much discoloration. Some discolor de- 
cidely on aging, however, whereas others do not, depending 
apparently on the parent phenol from which they are derived.

To the second type belong those resins which, on heating, 
change slowly to products such as those called “polymerized

860
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saliretins” by Baekeland. Such products are softened in 
various degrees by heat or certain solvents, but are not com
pletely liquefied or dissolved.

The third or completely curable type of resin is represented 
by the well-known Bakelite A. When heated it passes 
through an intermediate stage, called Bakelite B, which is 
physically similar to type 2 products but differs in that further 
heating rapidly changes it  to the completely resistant Bake
lite C, which is entirely unaffected by solvents or tempera
tures short of charring.

Commercially these changes are usually brought about by 
hot molding under pressure. Bakelite B is sufficiently ther
moplastic to be molded in this way. One of the theoretically 
as well as practically important facts brought out by Baeke
land (2) is tha t the change from A to B involves elimination of 
water whereas the change from B to C is essentially one of 
polymerization only.

Products in the B stage are slowly gelatinized and disin
tegrated by acetone, which usually extracts varying quanti
ties of soluble m atter; other common resin solvents have com
paratively little effect. They may even be dissolved com
pletely by a small quantity of acetone but precipitate on dilu
tion with the same solvent.

F a cto rs D e term in in g  C urability
Baekeland, working with phenol, found that the type of resin 

formed depends primarily on the proportion of formaldehyde 
to phenol actually entering into the composition. Synthesis, 
either direct from phenol and formaldehyde or from saligenin 
and phenol or formaldehyde, and analysis of the resulting 
products associated the Novolak type of resin with an excess 
of phenol over the equimolar ratio, and Bakelite with an ex
cess of formaldehyde. Between the two a narrow type 2 
zone was found.

Baekeland also found tha t the proportions entering into the 
product from a given reaction mixture are, in turn, deter
mined by whether the reaction conditions are acid or alkaline. 
Alkaline conditions favor the utilization of a larger proportion 
of formaldehyde and consequently the formation of the Bake
lite type of resin. If a Novolak is desired, acid conditions are 
to be preferred. This applies only to direct résinification.

Baekeland found that metacresol resembles phenol in form
ing type 3 resins but reacts much faster; ortho- and para- 
cresols are slower, like phenol, but yield products of inferior 
curability (3).

The function of alkaline conditions in favoring the forma
tion of the highly curable type of resin evidently lies solely in 
bringing about the combination of the phenol with a larger 
proportion of formaldehyde. When applied to the résinifica
tion of phenol alcohols, the method of condensation becomes 
immaterial, since the phenol and formaldehyde are already 
combined. The type of resin formed then depends primarily 
on what phenol alcohol is resinified.

The properties of phenol alcohols, with reference to the 
curability of their résinification products, depend, in turn, on 
two factors, the number of formaldehyde molecules combined 
with one phenol molecule and the parent phenol from which 
the alcohol is derived. For a given phenol,_ curability in
creases with the formaldehyde to phenol ratio, but for the 
same ratio it varies with different phenols.

C la ssifica tio n  o f P h en o ls A ccording to  
C u rab ility

The writer has numbered the three types of resin, 1, 2, and 
3 in the order of increasing curability. The same désigna ion 
may be applied to the classification of phenols, indicating bj 
the type number the number of free positions on the enzene 
nucleus ortho or para to the phenolic hydroxyl. is is 
•done, we find tha t the type number of each class of phenol is

the same as that of the most highly curable resin type which 
it is capable of producing individually. This is in agreement 
with the conclusions of other recent investigators (10).

Thus, type 1 phenols have only one free active position and 
form resins only of type 1 or Novolaks in the absence of phe
nols of the other types—for example, 2,4-xylenol.1 2,6- 
Xylenol and pseudocumenol fail to form resins, owing to 
condensation of the monoalcohol with a second molecule of 
the phenol to form the crystalline diphenohnethane (5), leav
ing no active positions free for further condensation.

Type 2 phenols (e. g., ortho- and paracresol, 2,5- and 3,4- 
xylenols, thymol, carvacrol, and the naphthols) have only 
two free active positions and form resins of types 1 and 2 but 
not of type 3, except in conjunction with type 3 phenols.

1
185"

IOC*

>Fm 0  Cf IESO L DI ALC )H O

80

r ?AR CR ESO UCC H Q LIf
HOURS HEATED

F i g u r e  1. E f f e c t  o f  H e a t  o n  C o n d e n s a t io n

Type 3 phenols (e. g., phenol, metacresol, and 3,5-xylenol) 
have all three active positions free and can form the three 
types of resins. The dihydric phenol of this class, resorcinol, 
has attracted attention in recent years in the production of a 
type 3 product of outstanding properties.

Incident to this classification of phenols, the possibilities of 
phenol alcohol formation may be mentioned also. Type 1 
phenols can form only monoalcohols; type 2 can form mono- 
and dialcohols; and type 3 can form mono-, di-, and trialco
hols. The number of alcohol isomers possible also increases 
with the type number. With type 2 phenols, we find an ap
proximate coincidence between the type number of the resin 
obtained and the actual ratio of combination. In the case of 
type 3 phenols, however, any ratio above equimolar may 
yield a type 3 resin.

R ésin ifica tio n  P rocess
The contrasting characteristics of the three general methods 

of phenol alcohol condensation (acid, alkaline, and uncata
lyzed) will be described and illustrated specifically by quanti
tative experiments with the pure dialcohols of ortho- and 
paracresol, prepared as described in the first article of this 
series (5).

Polyalcohols have received very little attention in the lit
erature, in view of the predominating role which they evi
dently play as intermediates in the formation of resins of the 
highly curable type under practical conditions. The behav
ior of the dialcohols of type 2 phenols is of special theoretical 
significance, which will appear in a future article.

R ésin ifica tio n  by  H ea t A lon e
In the absence of catalysts (acidity or alkalinity), résinifi

cation of phenol alcohols occurs on heating, either dry or in 
aqueous solution, but is comparatively slow. From aqueous 
solutions the resins precipitate.

1 In  this discussion, th e  various xylenols will be distinguished by  num bers 
indicating  th e  positions of th e  side chains w ith reference to  the  phenolic 
hydroxyl tak en  as 1.
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The rate of condensation, in relation to temperature, was 
studied quantitatively in the case of the dialcohols of ortho- 
and paracresol. The very gradual condensation, on merely 
heating dry samples of these alcohols in an oven, and the 
sharp increases in the rate, on stepping up the temperature, 
are shown in Figure 1.

The progress of condensation is indicated by the loss in 
weight resulting from dehydration. This is expressed in per 
cent of the equivalent of two molecules of water per molecule 
of dialcohol, showing the ultimate close approach to this 
theoretically significant limiting value, which amounts to 
21.43 per cent of the weight of original dialcohol. Little, if 
any, odor of formaldehyde could be detected a t any time.

-D ia lc o h o l-
O rthocresol Paracresol

T o ta l loss in  w eight, %  of dialcohol 
%  of p ro d u c t soluble in  acetone

21.2
94 .65

2 0 .7
11 .5

In  the case of paracresol dialcohol, the rate of dehydration 
became so slow near the end tha t the experiment was discon
tinued before it had stopped entirely, but it  was then plainly 
approaching an ultimate loss close to the equivalent of two 
molecules of water.

Both products were plastic a t 185° C., solidifying on cool
ing; the orthocresol product solidified to a glass which cracked 
spontaneously like the usual Novolak.

Since the soluble portion in the latter case constituted the 
bulk of the product, its molecular weight was determined. 
The Menzies-Wright method (9) in acetone was used through
out this work. With phenol-formaldehyde products, in gen
eral, it was found to give consistent values a t widely varying 
concentrations.

The value obtained in the present instance was 981 =  7.43 
units. The term “unit” is used here to represent the yield of 
resin per mole of phenol alcohol. For cresol dialcohols,

, ., wt. of product
1 umt = wt. of alcohol X 1 6 8

corresponding in the present case closely to C9H 12O3 — 2H20  =  
168 — 36 =  132. Thus, the number of units in the molecu
lar weight of the resin expresses the number of phenol alco
hol molecules condensing to form the resin molecule. In 
the present case the results approximate the following equa
tion:

7C2H i20 s CesHseCb T  1 4 H 20

C h a ra cter istic s  o f A lk a lin e  R é sin ifica tio n

While résinification of phenol alcohols, on heating, is defi
nitely accelerated by substances of a basic nature, the situation 
is peculiar in that the effect appears to be independent of the 
hydroxide-ion concentration beyond a low minimum. Thus 
résinification velocity a t 100° C. was found to be practically 
the same in the presence of a quantity of sodium hydroxide 
equimolar to the phenol as with one-twentieth of tha t quan
tity.

Holmes and Megson (7) recently compared the résinifica
tion velocities of various phenols with formaldehyde in aque
ous solution in the presence of varying proportions of various 
bases at 100° C. Their interesting curves show, in general, a 
rapid increase in velocity with the proportion of catalyst up to 
a very low alkalinity, beyond which the reaction velocity re
mains nearly constant.

The physical behavior with high and low alkalinities, how
ever, is quite different. This is due to the phenolic character 
of the resin. With high alkalinity, equimolar to the phenol 
or phenol alcohol (phenolate proportions) or considerably less 
(sometimes down to about one-fifth tha t quantity), the resins

usually remain in solution until liberated by neutralization. 
Exceptions will be noted later.

With low alkalinity, on the other hand, the resin precipi
tates when the reaction has progressed to a certain point— 
namely, when the solvent effect of the diminishing concentra
tion by phenol alcohols is exceeded by the increasing concen
tration of resin.

The velocity of résinification under alkaline conditions, in 
contrast to its indifference to the degree of alkalinity, shows 
great variation with different phenols, as in certain instances 
by various investigators (3, 7, 11).

At room temperature the more slowly resinifying phenol 
alcohols, such as those of phenol, ortho-, and paracresol, etc., 
are quite stable in alkaline solution in phenolate proportions, 
standing for days without appreciable résinification. Those 
from metacresol and phenols of faster characteristics, on the 
other hand, undergo considerable résinification under these 
conditions.

With low alkalinity there appears to be an increase in the 
résinification rate a t room temperature so tha t some résinifi
cation occurs even with the slower phenols.

P h e n o la te  M eth o d
When a solution of a phenol in equimolar quantities of say 

1 0  per cent sodium hydroxide solution and the usual approxi
mately 40 per cent formaldehyde solution (known as formalin) 
is boiled under reflux, phenol alcohol formation is completed 
in the first few minutes of heating, with relatively little resin 
formation. From tha t point on, if the heating is continued 
the process is essentially the résinification of phenol alcohols 
which, under phenolate conditions, is much slower than their 
formation.

With increasing proportions of formaldehyde up to the 
limit of combination for the phenol in question, a longer time 
is required for complete consumption of the aldehyde. Con
sequently there is more overlapping of thetwo stages. Loss of 
formaldehyde by Cannizzaro’s reaction (see under section on 
“Loss of Formaldehyde by Polyalcohols” ) also occurs to a 
minor but increasing extent, and any excess over the limit of 
combination is eventually consumed in that way.

In  the writer’s investigation of various phenols by this 
method, the reaction mixtures, after varying résinification or 
refluxing times, were diluted (usually about ten times) and 
neutralized (usually by titration with normal hydrochloric 
acid). In the cases of phenol, ortho-, and metacresol, 2,5-, 
2,4-, and 3,5-, xylenols and ct-naphthol (with equimolar form
aldehyde), which may be termed normally acting phenols in 
this respect, no precipitation occurs until the addition of acid.

P r e c ip ita ted  F o rm s
Here an interesting phenomenon is encountered, which is 

convenient as an index of the progress of résinification. The 
physical form of the resin precipitating on neutralization 
varies according to the extent to which résinification has pro
gressed or, for any one phenol, with the reaction time. As be
tween one phenol and another, the time required to produce a 
given form will vary, but the same series of forms is obtained 
in every case.

This series comprises a gradual progression from definite 
liquid to gelatinous solid, the two extremes. Ten definitely 
distinguishable forms were observed. Of these, the following 
five may be regarded as the principal forms and the others 
intermediate: (1 ) liquid, (2 ) gummy, plastic, or solid mass,
(3) loose, compact, fine, sandy granular, unhydrated, (4) 
bulky, claylike, soft, hydrated granular, (5) gelatinous.

Forms 4 and 5, pressed solid, still contain about 90 per cent 
of water and are therefore characterized by great shrinkage 
on drying, yielding a typically resinous mass.
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T a b l e  I. R é s i n i f i c a t i o n  o f  O r t h o c r e s o l  D ia l c o h o l

E xperim ent No. 1 2
M olar scale 1/100 1/20
R eaction  m ixture:

O rthocresol dialcohol, gram s 1.680 8.400
W ater, cc. 4 15
5 N  N aO H , cc. 2 .00 10.00

H ours boiled 1 0
Subsequent d ilu tion , to ta l cc. 75 300
Form aldehyde elim ination  millimoles:

O riginal N aO H 10.0 50.0
T itra tio n  (HC1) 7 .5 38.5
Loss in a lk a lin ity 2 .5 11.5
Loss in H C IIO 5.0 23.0

D ehydration , gram s:
O riginal dialcohol 1.680 8.400
T o ta l resin 1.305 6.641
T o ta l loss in  weight 0.375 1.759

H C H O 0.150 0.690
ILO  (by difference) 0.225 1.069

M oles per mole dialcohol: 
H C HO 0.50 0.46
H 20 1.25 1.19

Gelatinous form 5 is definitely the final form. Continuing 
the heating of the reaction mixture beyond this point gives no 
further change in form on precipitation. The only further 
effect is to cure the resin in the case of highly curable resins. 
When this occurs, the whole alkaline reaction mixture sets to 
a jelly, the skeleton of which is insoluble in alkali or other 
solvents.

These precipitated forms are by no means peculiar to phenol- 
formaldehyde resins. They are found also, for instance, when 
acid constituents of natural resins are dissolved in alkali and 
precipitated with acids. In general, they appear to be de
termined directly by the relation of the softening or melting 
point of the resin to the temperature of precipitation.

In the present instance prevailing conditions which may 
affect the above relation are as follows. As résinification 
proceeds, we have a diminishing concentration of phenol 
alcohols accompanied by an increasing concentration of resin. 
Thus, each successive form represents the precipitation of 
the resin, in larger yield, in the presence of a lower concen
tration of phenol alcohols. Furthermore, a certain physi
cal affinity exists between phenol alcohols and resins, as in
dicated by their miscibility and the solubility of the latter in 
concentrated aqueous solutions of the former.

In view of these conditions, it is conceivable that, in this 
instance, the variation in melting point, as indicated by the 
series of forms precipitated a t room temperature, may result 
from the carrying down of diminishing proportions of phenol 
alcohols by the resins on precipitation. The final gelatinous 
form which a t moderate dilutions is obtained only when the 
phenol alcohols are nearly exhausted, thus signifying the 
practical completion of résinification, would be the form of 
purely resinous material according to the above view.

This view is further supported by the following facts. If 
any one of the intermediate forms, after filtration and wash
ing, is redissolved in dilute alkali and reprecipitated by neu
tralization, it  will come out in one of the more advanced 
forms with a loss in weight, and soluble resinifiable material 
is found in the filtrate. The higher the dilution, the greater 
will be the change in form. Starting with any form, the gelati
nous form will be attained eventually by repeated precipita
tions after which there is no further effect.

V elo c ity  C om parison
On the basis of these effects, whatever their mechanism maj 

be, résinification velocities can be indicated and compaied. 
Thus under these conditions in the case of phenol with cqui- 
molar formaldehyde, about 8 hours are required to reach the 
gelatinous form; with the fastest phenols this result is o )- 
tained in about 8 minutes. Metacresol is about ten tunes as 
fast as phenol.

From the same phenol under alkaline conditions the poly
alcohols generally resinify faster than the monoalcohols. 
Thus in the cases of phenol and metacresol, which can form 
tri- as well as dialcohols, the mixed alcohols formed from a 2 
to 1 formaldehyde-phenol alkaline reaction mixture by allow
ing it to stand for several days a t room temperature, were 
found to resinify on subsequent heating about four times as 
fast as those from an equimolar mixture. With type 2 phe
nols, forming only mono- and dialcohols, the velocity ratios 
were about 2 or 3 to 1 ; with 2,4-xylenol, structurally capable 
of forming only a monoalcohol, there was practically no in
crease in velocity on doubling the formaldehyde ratio. In 
the latter case the additional formaldehyde did not take part 
in the reaction.

Loss of F orm ald eh yd e b y  P o ly a lco h o ls
The dialcohols of type 2 phenols are characterized by giving 

up a substantial part, varying with different phenols, from 
half to nearly all of the second molar quantity of formalde
hyde on alkaline résinification in boiling aqueous solution. 
This will be shown specifically in the cresol dialcohol exam
ples.

With the polyalcohols of phenol and metacresol, on the 
other hand, nearly all of the formaldehyde is retained. The 
following experiment, involving the phenol trialcohol, will 
serve as a specific illustration of this as well as various other 
items which have been mentioned in connection with the sub
ject of résinification generally:

A reaction mixture, made up of 0.39 mole of formalin to 0.1 
mole of phenolate solution, was allowed to stand at room tem
perature for 18 days to provide ample time to complete the for
mation of the trialcohol. It was then boiled under reflux for a 
half-hour, resinifying the trialcohol nearly completely as shown 
by precipitation of the gelatinous form upon titration with nor
mal hydrochloric acid which followed.

In strongly alkaline solution, at boiling temperature, free form
aldehyde is rapidly consumed by Cannizzaro's reaction,

2HCHO +  NaOH ■ NaOCHO +  CHjOII
and therefore can be determined by loss of alkalinity, 
suits, interpreted on this basis, were as follows.

The re-

Original a lkalin ity  
Residual a lka lin ity  
A lkalin ity  consumed

Form aldehyde lost 
Form aldehyde to ta l 
Form aldehyde retained 
Moles re ta ined  per mole of phenol

M illimoles
100.0
4 6 .8
5 3 .2

106.4
390 .0
283 .6  (9 4 .5 %  of 3:1) 

2 .836

The resin was filtered off, washed, and dried at room tempera
ture over a period of several days, finally in a desiccator. It 
was then insoluble in acetone and infusible, showing the high 
curing tendency of the trialcohol resin.

A lk a lin e  R ésin ifica tio n  o f O rth ocresol 
D ia lco h o l (P h en o la te  M eth o d )

Reaction mixtures were prepared by dissolving the dialco
hol in water and adding its equivalent of 5 N  sodium hydrox
ide solution. Résinification was effected by boiling under 
reflux. The solutions were then diluted with water and ti
trated with normal hydrochloric acid.

In both experiments (Table I) the resin precipitated in gelati
nous fonn on titration, indicating nearly complete résinification. 
The little remaining dialcohol was then resinified by strong 
acidification with hydrochloric acid. In  experiment 1 this 
was done before removing the main resin but had no visible 
effect upon it; complete résinification occurred after 2 days 
at room temperature. In experiment 2 the main resin was 
removed .first and the completion of résinification was has
tened by boiling down the acidified filtrate and washings. 
The main resin was 97.8 per cent of the total.



INDUSTRIAL AND ENGINEERING CHEMISTRY VOL. 29, NO. 8

The resins were filtered off on fritted glass filters, washed 
thoroughly with water, and dried to constant weight a t room 
temperature, finally in a desiccator, requiring several days.

The precipitation of the final gelatinous form in the first 
experiment indicates that the conversion of dialcohol to resin 
was near completion a t the end of the first hour. This was 
anticipatcdfrom previous experience. The second experiment 
shows no further dehydration or deformalization of the resin 
on further exposure to the same conditions. Thus there is no 
evidence of progressive condensation of the same type under 
these conditions beyond the state reached in the first hour.

The product of experiment 1 was used for the determination 
of ultimate dehydration under curing conditions. The stand
ard procedure, adopted throughout this series of cresol dial
cohol experiments, consisted of heating in an oven a t about 
180° C. until no further loss in weight occurred. Minimum 
weight was usually reached in the first hour, followed by a 
slight increase due probably to surface oxidation. The mini
mum weight was corrected accordingly.

The resins fused and frothed or puffed up without notice
able odor and eventually reached a semisolid rubbery or plas
tic state while hot, hardening on cooling. All were completely 
soluble in acetone before subjection to the curing temperature. 
The percentage of the final product insoluble in acetone is 
given in each case as a measure of cure, further illustrating 
type 2 curability.

In the present case the total time a t 180° C. was 2 hours, 
and 93.2 per cent of the resulting product was insoluble in ace
tone. The dehydration results were as follows.

%  of D ialcohol
Grams

O riginal dialcohol 1 .680
C orrected  m inim um  w eight 1.259
T o ta l loss in  weight 0 .421

H C H O 0.150
H 20 0.271 16.13

H 20  lost in  H C H O 0.090 5 .36
T o ta l H 20  lost 0 .361 21 .49
T heore tica l for 2H 20 21 .43

Molecular weight determinations on the main resin from 
experiment 2 at widely different concentrations completed the 
data for formulation of the résinification reaction, as follows:

M olecular w eight 1450,1454
U n it w eight -  6.641 X  20 132 .8
U n its  per molecule =  1452/132.8_ 10 .94
M oles libera ted  per 10.94 moles dialcohol:

H C H O  =  0 .4 6  X 10.94 5 .03
H*0 =  1 .19  X  10.94  13.02

llC sH uO a CmH kOu  +  5H C H O  +  13 II.0

A lk a lin e  R ésin ifica tio n  o f P aracreso l 
D ia lco h o l (P h e n o la te  M eth o d )

Paracresol is one of the most slowly resinifying phenols 
under alkaline conditions; it is second only to phenol in this 
respect among the phenols investigated. Furthermore, its 
resins even precipitate from strongly alkaline solutions when 
résinification reaches a certain point.

Therefore in the present instance no attem pt was made to 
carry the résinification to completion. Instead the progress 
of condensation, after different reaction times, was compared 
by means of two parallel experiments, boiling 1 and 4 hours, 
respectively.

The reaction mixtures were the same in both cases: dialco
hol, 1.68 grams; 5 N  sodium hydroxide, 2.00 cc.; water, 
5 cc.

The procedure was the same as with orthocresol dialcoliol, 
except in the following respects. After résinification, thesolu- 
tion was diluted with hot water and kept hot during titration 
and filtration to prevent the unresinified dialcohol from crys
tallizing.

In experiment 1 (Table II) the resin precipitated in plastic 
form on titration. I t  was filtered by décantation and thor
oughly washed by repeated boiling with water to free it of di
alcohol. This converted it  eventually into a friable solid 
which was ground up for further washing.

T a b l e  II. R é s i n i f i c a t i o n  o f  P a r a c r e s o l  D i a l c o h o l

E xperim en t No. 1 2
H ours boiled 1 4
Original N aO H , millimoles 10 .0 10 .0
T itra tio n  (HC1) 9 .0 8 .0
Loss in a lka lin ity 1 .0 2 .0

H C H O 2 .0 4 .0
R esidual dialcohol, gram s:

Recovered 0.663
D eterm ined 0.271 6 .244
T o tal 0 .934 0 .244

Resin 0.582 1.128
T o ta l recovery 1.516 1.372
Loss in  w eight (résinification) 0 .164 0 .308
H C H O  libe ra ted , gram s 0 .060 0 .120
I i20  libera ted , gram s 0 .104 0 .188
F u r th e r  d eh y d ra tio n  a t  185° C. 0 .026 0.033
D ialcohol resinified, gram s 0 .746 1.436
%  of original 4 4 .4 8 5 .5
M oles per mole of dialcohol consum ed:

H C H O  libera ted  (résinification) 0 .4 5 0 0 .46S
H 20  lib e ra ted  (résinification) 1.302 1.221
H 20  lib e ra ted  a t  185° C. 0 .327 0 .214
T o ta l H 20  +  C H 20  libera ted 2.079 1.903

%  cure (1.5 h r. a t  185° C.) 15 .7 4 0 .3

Copious crystallization of the dialcohol occurred from the 
filtrate on cooling. The bulk of it was recovered in this form 
after concentrating by evaporation, and the remainder was 
determined as resin by acidification, etc., as already described. 
The resin so obtained was dehydrated to constant weight at 
about 180° C., and the equivalent weight of dialcohol was cal
culated by assuming the elimination of two molecules of 
water.

In experiment 2 some of the resin precipitated in granular 
form in the later part of the refluxing period. The further 
procedure was like experiment 1 except that, because of the 
smaller quantity of residual dialcohol, it was all determined by 
the acid résinification method.

The original (alkaline condensation) resins from both ex
periments were used for determination of ultimate dehydra
tion, as already described.

As in the orthocresol dialcohol experiments, these results 
show no further dehydration, etc., of the resin on continued 
boiling in alkaline solution, in this case even during the prog
ress of résinification. Thus the progressive condensation 
which would be expected in the building of the complex resin 
molecule is evidently a much more rapid process, up to the 
state th a t is stable under the résinification conditions, than the 
initial condensation of the phenol alcohol molecules starting 
the formation of the resin molecule.

The product which is stable under these conditions under
goes further dehydration on dry heating a t 185° C. Thus, 
we see two distinct stages or kinds of condensation which may 
be designated, respectively, as résinification and curing (ac
cording to the limitations of the resin type). Some indication 
of this can be seen also in Figure 1. Again we find the ulti
mate dehydration (including formaldehyde) approximating 
two molecules of water per molecule of dialcohol or one mole
cule of water per molecule of original formaldehyde.

Unfortunately time was not available for repetition of these 
experiments on a larger scale for molecular weight determina
tion and formulation, to see whether simple polymerization 
(i. e., without dehydration) occurred after the resin formation 
under the résinification conditions. This is suggested as a 
subject for theoretical investigation.
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C h a ra cter istics  of A cid  R ésin ifica tio n

Under acid conditions, in contrast to alkaline, the velocity 
of résinification is a direct function of the hydrogen-ion con
centration, and no such variation of velocity, with reference 
to different phenols or between mono- and polyalcohols, is 
found as under alkaline conditions. In fact, the monoalco
hols appear to resinify somewhat more rapidly than the poly
alcohols.

The reaction starts a t room temperature with sufficient 
acidification and is highly exothermic, causing a rise in 
temperature with corresponding cumulative acceleration, vary
ing with the degree of acidification, concentration, thermal 
insulation conditions, scale, etc. At sufficiently high con
centrations the boiling point may be reached with more or 
less violent effects, but the reaction is easily controlled by 
dilution.

The variation of velocity with hydrogen-ion concentration 
is very apparent when either different quantities of a strong 
acid or equivalent quantities of strong and weak acids are 
compared. Thus the addition of a moderate quantity of hy
drochloric acid to a dilute solution of a phenol alcohol a t room 
temperature produces almost immediate turbidity, followed 
by increasing precipitation; with acetic acid the solution may 
remain clear for weeks. Acids of intermediate strengths give 
intermediate results.

The precipitation starts as a turbidity, coagulating on stir
ring or as the reaction progresses to either a white, pink, or 
pale yellowish, flaky solid or a liquid, according to conditions. 
The liquid solidifies on standing according to temperature and 
curability, a t a rate varying with the intensity of the résinifi
cation reaction as determined by conditions.

When polyalcohols in aqueous solution are resinified a t ele
vated temperatures under neutral or acid conditions, formalde
hyde is usually liberated, but this does not occur noticeably 
when the résinification is effected at ordinary room tempera
tures by acidification.

A cid  R ésin ifica tio n  an d  C u rab ility

Acid condensation is not usually associated with the 
production of curable resins, for reasons which have been in
dicated under “Factors Determining Curability.” If, how
ever, we first allow the phenol and formaldehyde to combine 
in the necessary proportions by the formation of phenol al
cohols in alkaline solution, and then resinify by acidification 
(d), we obtain the same curability types as are obtained by al
kaline condensation.

Thus resins are obtained from phenol which are not only 
highly curable but cure as far as the B state on merely stand
ing a t room temperature for periods of time varying widely with 
the degrees of acidification.

The resulting B product is easily pulverized and washed 
(to remove acid, etc.) and converted to a C product of high 
quality in 5 minutes or less by molding under pressure at tem
peratures in the neighborhood of 180° C. without the exces
sive thermofluidity and vaporization associated with the A 
state. Since the curing does not go further than the B state, 
a t room temperature, this is a convenient means of producing 
a material of the B type for molding. I t  is difficult to obtain 
a similar effect by heat precuring, in which the changes from 
A to B and from B to C go on simultaneously.

A and B products obtained as above from the acid conden
sation of the alcohols of phenol gradually develop a pink to 
coral surface discoloration which is associated with a brown 
discoloration in the C state. If the material is molded before 
this discoloration has developed or after it is scraped off, a 
creamy white C product is obtained which gradually turns 
brown on aging.

This particular discoloration phenomenon appears to be 
confined to acid condensation products of the highly curable 
type. I t  was found to a less extent with mctacresol but not 
with any of the other phenols investigated nor in Novolak 
from phenol or metacresol. I t  appears also to be a function 
of the formaldehyde-phenol ratio, reaching its maximum with 
the equimolar ratio, whether from a monoalcohol or a mixture 
of dialcohol and phenol.

The solution of phenol alcohols obtained as above from an 
equimolar or greater formaldehyde ratio less than trimolar 
(the limit of combination) contains a mixture of mono- and 
polyalcohols and free phenol (<?). When the monoalcohols 
and phenol are removed from the polyalcohols by extraction of 
the former with ether and the latter are then resinified sepa
rately by acidification, this discoloration phenomenon dis
appears.

If the monoalcohols are freed of the phenol extracted with 
them and then resinified by acidification, products are ob
tained which exhibit both the cold-curing and discoloration 
phenomena in question. If the phenol is not removed or if 
phenol is added to the purified monoalcohols, the résinifica
tion products are Novolaks which do not turn pink. A mix
ture of a dialcohol and an approximately equimolar quantity 
of phenol yields a cold-curing resin which turns an intense 
pink.

A cid R ésin ifica tio n  o f T ype 2 D ia lco h o ls

The dialcohols were dissolved in water and resinified by 
strong acidification with hydrochloric acid. In the case of 
paracresol, hot water was used for solution because of the 
sparing solubility of the dialcohol when cold. Probably for 
this reason there was a slight odor of formaldehyde on acidifi
cation. This did not occur with the cold orthocresol dialcohol 
solution.

The orthocresol resin (Table III) precipitated gradually in 
white granular form. The paracresol resin precipitated im
mediately and soon settled out as a yellow liquid solidifying 
on cooling. The mixtures were allowed to stand for several 
days a t room temperature and were then filtered off, washed, 
and dried as usual. The little remaining dialcohol was resini
fied by evaporation of the filtrates.

Molecular weights and ultimate dehydration were deter
mined on different samples of the main resins.

T a b l e  I I I .  R é s in if ic a t io n '  o f  T y p e  2  D i a l c o h o l s

Cresol dialcohol 
M oles taken  
G ram s taken  
D ays stand ing
Yields:

M ain  resin 
F il tra te  resin 
T o ta l resin 

Loss in weight (dehydration)
F orm ula tion :

U n it weight
M olecular weight
U nits  in resin  molecule
M oles HtO libera ted  per mole resin

O rtho
1/50
3.360
3

2.835
0.010
2.845
0.515

142.25
967

6 .8
9.7

P a ra
1/20
8.400
5

7 .260
0.067
7.327
1.073“

146.54 
1002,1002 

7.0  
7 .1°

E quations:
O rtho: 7C 9H 12O3 *
P a ra : 7C»Hiî03 —

CmH mOu +  lOlLO 
CmH 7oOj4 +  7HîO

U ltim ate  dehydra tion : 
T em peratu re , 0 C.
Tim e, hours 
%  of original dialcohol:

F u r th e r  dehydra tion
Previous
T o tal
Theoretical for 2HjO 

C ure (insoluble in  acetone)

0 Includes a little  form aldehyde.

178 185
3 2. 25

6. 14 8..90
15. 33 12. 77“
21..47 21.,67°

21 .43 <MÛO ■ 7%
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S u m m a ry
The present article is restricted to the empirical facts re

lating to résinification considered alone—i. e., as applied to the 
products of the preliminary combination in which the formal- 
dehyde-phenol ratio is already fixed. Consideration of direct 
résinification of phenol-formaldehyde mixtures, where the 
ratio of combination is determined by the résinification con
ditions, and the speculative question of molecular structure is 
reserved for later articles.

Much of the material presented is stated collectively in the 
form of generalizations covering numerous individual observa
tions. The principal items are the following:

Résinification is promoted slowly by heat alone and accelerated 
by alkalinity or acidity, giving rise to the two contrasting general 
methods of condensation. The characteristics of each are de
scribed.

Under alkaline conditions, the velocity of résinification is 
largely independent of the concentration of catalyst (hydroxyl 
ion) but varies greatly with the parent phenol and ratio of com
bination; under acid conditions the reverse is the case.

Three types of resins are obtained—noncurable, semicurable, 
and highly curable. When the ratio of combination is already 
fixed, the degree of curability is independent of the method of 
condensation and is determined by the ratio of combination and 
the number of free ortho and para positions in the molecule of the 
parent phenol.

The more elaborate experiments, made possible by the avail
ability of the pure dialcohols of ortho- and paracresol, are de
scribed specifically in detail. In addition to illustrating various 
items of the general discussion, these furnish special data, such as 
the empirical formulations of resinification reactions and resin 
molecules, and the extent of ultimate dehydration, in every in
stance closely approximating two molecules of water per molecule 
of dialcohol, or one per molecule of formaldehyde originally 
combined.
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Studies in the Vulcanization  
of Rubber

VII. U n sa tu ra tio n  o£ R ubber V u lca n ized  w ith  N itro  
C om p ou n d s and B en zo y l P e r o x id e1

RUBBER is primarily an 
unsaturated hydrocarbon.
Sulfur adds to its double 

bonds during vulcanization to form soft and hard vulcanizates. 
In  the formation of soft vulcanized rubber, unsaturation is 
reduced several per cent by the chemical addition of sulfur. 
Spence and Scott (10) showed tha t the proportion of com
bined sulfur corresponds exactly to the decrease in unsatura
tion, and therefore tha t sulfur combination consists entirely 
of addition to the double bonds of rubber.

The studies of one of the authors (1) on the vulcanization 
of rubber with nitro compounds indicate that these sub
stances or their decomposition products combine with rub
ber. Van Rossem (S) also showed tha t vulcanization with 
benzoyl peroxide is accompanied by a decrease in extractable 
material, indicating tha t either the reagent or its decomposi
tion products combine chemically with the rubber. The natu
ral expectation would be tha t addition to the double bonds 
occurs and tha t the unsaturation decreases correspondingly.

Van Rossem’s proposed mechanism for the vulcanization 
with benzoyl peroxide would involve 110 change in unsatura- 
tion. Fisher and Gray (2) applied Kemp’s method (4) in 
determining the iodine numbers of a single vulcanízate of 
each of four compounds. The vulcanizing agents involved 
were m-dinitrobenzene, trinitrotoluene, and benzoyl peroxide. 
Their unsaturation values agreed closely with calculated 
values for the unvulcanized compounds. They concluded

1 P revious papers in  th is  series appeared  in 1930 (pages 737, 740, 744, 748), 
1932 (page 549), and  in  1934 (page 1283).

from their results th a t “Ordinary 
vulcanization is an unknown or 
undetermined type of change in 

the hydrocarbon involving no change in the unsaturation 
and tha t chemical union of sulfur is a secondary reaction.’ 
If true, this evidence is a serious blow to the chemical theory 
of vulcanization which postulates tha t a chemical reaction 
is essential for the process. The present paper offers evidence 
tha t the vulcanization of rubber w ith these reagents does 
involve change in its unsaturation.

E x p er im en ta l P roced u re
There are a number of methods of determining the unsatura

tion of rubber. The early.ones involved reacting it with an 
excess of bromine and titrating the excess reagent with po
tassium iodide and thiosulfate after a definite time period. 
Various authors have recommended differing conditions 
(6, 9, 11). The reaction is complicated, however, by the 
substitution of some of the hydrogen of the rubber by bro
mine. Lewis and McAdams (7) suggested tha t the hy
drogen bromide formed by the substitution be titrated with 
potassium iodate and sodium thiosulfate. If this correction 
is applied to the total bromine absorption, values are ob
tained th a t are approximately correct, but conditions have 
to be controlled carefully if precise results are to be obtained. 
Kemp suggested the reaction of rubber with iodine chloride 
a t 0°. Under these conditions satisfactory results are ob
tained, and this is probably the best method yet offered.

Nitro compounds react with rubber so weakly that onlj

JOHN T. BLAKE a n d  PHILIP L. BRUCE 
Simplex Wire & Cable Company, Boston, Mass.
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soft vulcanized rubber can be formed. Ebonite cannot be 
produced with this reagent. I t  was thought a t first that, 
since iodine chloride is sufficiently active to react completely 
with rubber a t 0° C., the reagent might displace any com
bined nitro compound to give the impression that no combina
tion had occurred. This might explain the anomalous re
sults of Fisher and Gray. The first part of this paper con
tains work with iodine bromide, a reagent less vigorous than 
iodine chloride, with the idea of overcoming the above diffi
culty. The second part contains work with iodine chloride. 
Substantially the same results were obtained in both cases.

Iod in e B rom id e
Iodine is too inactive a reagent to add completely and 

saturate all the double bonds in rubber. Iodine bromide is 
intermediate in activity between iodine and iodine chloride. 
Gorgas (S) claimed tha t iodine bromide makes a very satis
factory agent for determining unsaturation. The regular 
Hanus reagent consists of a solution of iodine bromide in 
glacial acetic acid. Gorgas found that this gave low values, 
perhaps because of the coagulating effect of the acid on the 
rubber solution. With carbon tetrachloride as the solvent, 
better results were obtained, but a rapid increase occurred in 
unsaturation values with reaction time. Kemp found that 
a t 0° C. the rate of addition of this reagent was too slow to 
make its use feasible. At room temperatures following 
Gorgas’ procedure, Kemp and Mueller (o') obtained low 
values, but by using a larger excess of reagent and a longer 
reaction time they o b t a i n e d  
better results. The results were 
sufficiently variable, however, so 
tha t they believed the method 
could not be relied upon for a 
high degree of accuracy.

50 cc. of 10 per cent aqueous potassium iodide were added, and 
the excess halogen was titrated with aqueous sodium thio- 
sulfate. As the end point approached, starch solution was 
added and small amounts of acetic acid were used to destroy the 
emulsion. With practice, reproducible results can be easily 
obtained.

A series of determinations was made on 0.1-gram samples 
from a single batch of smoked sheet with varying times of re
action and with different excesses of reagent. Each sample 
was extracted with acetone after weighing, and the acetone was 
removed in a vacuum desiccator before solution in the solvent. 
It is generally accepted that rubber hydrocarbon is composed of 
C6H8 units, each containing one double bond. The theoretical 
iodine number of this hydrocarbon is then 372.8. Since the 
hydrocarbon content of rubber is 93 to 96 per cent, the iodine 
number of raw rubber should be 347 to 358:

Reaction Excess Iodine R eaction Excess Iodine
Tim e IB r No. Time IB r No.
M in . % M in . %

15 39 265 60 110 348
64 290 135 345

138 351
30 65 310 188 354

308 359 210 356
356 366

60 56 312
92 340 120 250 378

180 241 388

Gorgas used 0.2 N  solutions but 
in the present work reagents of half 
this strength were used. The car
bon tetrachloride was purified by 
treating with alcoholic sodium hy
droxide, washing with water, dry
ing with c. p. calcium chloride, 
and distilling fractionally. Exactly 
0.1 N  solutions of iodine and bro
mine in this solvent were then pre
pared and standardized with aque
ous sodium thiosulfate. Equal 
volumes were mixed to form the 
iodine bromide solution. This was 
standardized against s u b l i m e d  
arsenious oxide.

The determination of the un- 
saturation of unvulcanized rubber 
was carried out by refluxing the 
sample for 2 hours in c. p. carbon 
tetrachloride. Vulcanized samples 
were not dissolved sufficiently by 
this treatment. p-Dichlorobenzene 
was used as the solvent since it 
disintegrates most v u l c a n i z e d  
s a m p l e s  a t  i t s  b o i l i n g  point 
(172° C.) and does not react with 
the reagent. Since it is a solid 
at room t e m p e r a t u r e ,  carbon 
tetrachloride must be added after 
cooling to maintain a liquid solution.

A study of the suitability of the 
method involved an investigation 
with a substance of known be
havior. Samples of smoked sheet 
of known weight were swelled in 
the solvent in covered Erlenmever 
flasks. A measured amount of the 
iodine bromide solution was added, 
and' the mixture was allowed to 
stand in darkness for a definite period 
at room temperature (22° to 25° C.),

Previous w ork in  th is  field  
in d ica ted  th a t  th e  v u lc a n iz a 
t io n  of rubber w ith  d in itr o 
b en zen e  and  b en zoy l peroxide  
is  n o t a cco m p a n ied  b y  a  d e 
crease in  u n sa tu r a tio n . T h is  
im p lie s  th a t  a c h e m i c a l  
rea ctio n  is  u n n ecessa ry  for 
th e  fo rm a tio n  of vu lcan ized  
rubber and  deals a ser iou s  
blow  to  th e  ch em ic a l th eo ry  
of v u lca n iza tio n . O ther ev i
d en ce in d ica tes  th a t  n itro  
co m p o u n d s and  b en zo y l p er
oxide do react w ith  rubber  
d u rin g  v u lca n iza tio n .

T he u n sa tu r a tio n  of su ch  
v u lca n iza tes  h as b een  stu d ied  
by m ea n s of io d in e  ch lorid e  
and  io d in e  b rom id e. T he  
resu lts  in d ica te  th a t  v u lca n 
iza tio n  w ith  th e se  a g en ts  is  
acco m p a n ied  by  a decrease  
in  u n sa tu r a tio n  an d  th a t  it  
is  p rop ortion a l to  th e  c o m 
b in ed  m a ter ia l. C a lcu la tio n s  
of th e  n u m b er  of d ou b le  
b on d s sa tu ra ted  per m o lecu le  
of reagen t g ive re su lts  th a t  are 
n o t read ily  exp la ined .

From these results it may be concluded that, if less than 
100 per cent excess reagent is used and if the reaction time is 
less than 60 minutes, the action is incomplete. Increasing 
the excess beyond 200 per cent and the time beyond 60 min
utes gives values which are too high.

Compound A (smoked sheets 100, litharge 5, and m-dini- 
trobenzene 10) was vulcanized 
for varying periods of time at 
132° C. (270° F.). Unsaturation 
values were determined as above, 
using 200 per cent excess rea
gent, a 60-minute reaction time, 
and p-dichlorobenzene as the 
solvent. Experiments s h o w e d  
that neither m-dinitrobenzene nor 
l i t h a r g e  is affected by iodine 
bromide.

In order to compare the change 
in unsaturation with the chemical 
effect of the reaction with dini
trobenzene, combined nitrogen 
values were determined on other 
samples of the same cures after 
similar acetone extraction. The 
nitrogen values were corrected 
for the blank on the raw unvul
canized rubber after acetone ex
traction and calculated on the 
base of rubber in the compound:

270° F .
Vulcaniza Iodine Com bined

tion No. N
M in . %

10 338 0.027
45 329 0.082
60 326 0.197
90 313 0.483

120 306 0.720
180 299 0.822

There seems to be a progressive 
decrease in unsaturation during 
vulcanization as determined by 
this method, and this is accom
panied by an increase in com
bined nitrogen. In Figure 1 both 
sets of values are plotted against 
the time of vulcanization. If the 
theorv is correct tha t the two
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reagent was substituted for the 
tetrachloroethane in the present 
determinations.

F i g u r e s  1 a n d  2 . C o m p o u n d  A, w - D i n i t b o b e n z e n e

COMBINED 
NITROGEN 

X

IODINE
NUMBER

COMBINED NITROGEN -  %

F i g u r e s  3  a n d  4 . C o m p o u n d  B , w - D i n i t r o b e n z e n e

One-tenth-gram samples of the 
vulcanizates were acetone-extracted 
and added to 50 grams of p-di- 
chlorobenzene, and the mixture was 
b o i l e d  u n t i l  disintegration was 
complete. After cooling, 50 cc. 
of c. p. carbon disulfide were added
to assure a liquid solution. The
m i x t u r e  in watch-glass-covered 
flasks was chilled in ice for 30 min
utes. One hundred per cent excess 
of 0.2 N  iodine chloride in glacial 
acetic acid was added with stirring. 
After a 2-hour reaction period at 
0° C., 25 cc. of 15 per cent aque
ous potassium iodide and 50 cc. 
of water were added. The excess 

halogen was determined with 0.1 JV aqueous sodium 
t h i o s u l f a t e .  Emulsions were broken with small
amounts of ethyl alcohol. Tests indicated that ethyl
alcohol had no effect on the determination. Blanks 
were run on the reagents in the usual manner. The 
iodine numbers on duplicate samples normally checked 
to within less than four units. I t was found that the 
acetone remaining in the rubber sample after extraction 
was completely volatilized in the disintegration so 
that the acetone did not need to be removed previ
ously. I t was also determined that during the reaction 
period with iodine chloride no vapors of halogen were 
lost from the covered flasks.

The nitrogen content of the various cures of com
pounds B and C was determined by a micro-Kjeldahl 
method on acetone-extracted samples. The amount 
of acetone-soluble material was determined on com
pounds D, E, and F, and from these values the amount 
of products from the benzoyl peroxide which combined 
with the rubber was calculated. In the following

effects are proportional, plotting the iodine 
number against combined nitrogen should 
give a straight line. These data are de
lineated in Figure 2 and produce a straight 
line within the limits of the experimental 
error.

Io d in e  C h loride

Iodine chloride was used in following 
the unsaturation for several compounds. 
The composition of these compounds is 
as follows:

F i g u r e s  5  a n d  6 . C o m p o u n d  C ,  s ;/» i- T r i x i t r o b e n z e n e

B C D E F
Sm oked shee t 100 100 100 100 100
L itharpe 5 5
m -D im trobenzene 6
si/rn-Triiiitrobenzene * é
B enzoyl peroxide 7 i i . i 25

These vulcanizates had tensile strengths of 1000 to 2000 
pounds per square inch.

In Kemp’s procedure for determining the unsaturation 
with iodine chloride, tetrachloroethane was used as the sol
vent for disintegration of the samples. A number of blanks 
were run on this material, heating them exactly as Kemp 
prescribed. No matter how carefully the tetrachloroethane 
was purified, enough decomposition was found at its boiling 
point to introduce serious errors. Tests on c. p. p-dichloro- 
benzene indicated that this material is completely stable 
at its boiling point. Tests lasting up to 5 hours indicated 
that the tune of boiling of this reagent with rubber has no 
effect on the unsaturation determination. Therefore, this

325-

F i g u r e  7 . C o m p o u n d s  D ,  E ,  a n d  F ,  
B e n z o y l  P e r o x i d e
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table these values are listed as combined benzoyl peroxide. 
All analytical data are calculated on the basis of the raw rubber 
in the compound.

270° F.
-C om pound B - ------------------------, ,--------------------------Com pound C -

245° F.
ulcnnizn- C om bined Iodine vulcaniza Combined Iodine

tion N No. tion N No.
M in . % M in . %

10 0 .000 356 3 0.089 347
45 0.070 350 5 0.129 341
60 0 .174 346 10 0.427 342
90 0.395 329 15 0.581 342

120 0.4S0 324 30 0.900 333
ISO 0.466 325 90 0.921 330

Benzoyl Peroxide C om pounds Vulcanized 20 M in. a t  275° F .
— Benzoyl Peroxide . Iodine

C om pound T o ta l Com bined No.
D
E
F

7 .0
11.1
25 .0

2 .31
5.31 

13.97

341
333
311

<------Com pound 270° F .
R ubber PbO H eat T rea tm en t

% % M in .
100 0 None
100 0 120
95 5 None
95 5 120

These data are plotted in Figures 3 to 7. The procedure 
used in the present work is somewhat different from that of 
Fisher and Gray. They swelled the vulcanizates in carbon 
disulfide for 24 hours a t room temperature and then allowed 
the iodine chloride to react for 24 hours at 0° C. in the dark, 
or twelve times as long as the above experiment.

The effect of this long reaction period was examined by 
allowing iodine chloride to act on vulcanizates of compound 
B for 24 hours a t 0°C . The iodine numbers showed that 
the long time of treatm ent changes the absolute values some
what, bu t the slope of the line relating combined nitrogen 
and unsaturation was almost exactly the same as that in 
Figure 4. An unusually long time of acetone extraction 
had no effect on the iodine number or the per cent combined 
nitrogen.

The possibility tha t the decrease in unsaturation might 
be attributed to a reaction of the double bonds of the rubber 
with one another or, in the case of compounds B and C, a 
reaction of the double bonds with litharge was investigated. 
The following table contains the results of these experiments:

Iodine No.
(N ot A cetone-Extd.)

352
350
350
351

An increase in unextractable nitrogen during the vulcani
zation with nitro compounds might be explained as being due 
to a reaction of the nitro compound and the nonrubber con
stituents, or a reaction between the nitro compound and the 
litharge to form a material insoluble in acetone. These 
possibilities cannot be rejected definitely. I t  was shown, 
however, th a t on heating a mixture of litharge and ?n-di- 
nitrobenzene no acetone-insoluble nitrogenous material was 
formed.

D iscu ssio n
The data show an approximately linear relation between 

the per cent combined vulcanizing agent and the unsatura
tion of the rubber in the compound. These results obtained 
through the use of two independent analytical methods are 
a t variance with those of Fisher and Gray. The present ex
periments seem to indicate that during the vulcanization of 
rubber with polynitro compounds or benzoyl peroxide, the 
reagents or products from them add chemically to the double 
bonds of the rubber hydrocarbon. There is no evidence in 
these experiments nor is there any in the case of sulfur vul
canization to indicate whether the vulcanizing agents add 
to the double bonds in a single molecule or bridge between 
double bonds in adjacent molecules, thereby increasing mo
lecular size.

I t  is possible that, contrary to the experiments with sulfur, 
a single molecule of the present vulcanizing agents adds to 
more than one double bond. The double bonds saturated 
per molecule of vulcanizing agent may be calculated by the 
following formula:

100 (/„ -  I,)M  , , .  , , x x , , , ,— go (j ■)Ty—  = double bonds saturated per molecule of nitro 
'  compound or benzoyl peroxide, or atom of

sulfur or selenium 
where 70 and It = iodine numbers a t vulcanization times of 0 

and t, respectively 
¿17 = molecular weight of nitro compound or ben

zoyl peroxide, or atomic weight of sulfur or 
selenium

W = weight of vulcanizing agent combined with 
100 grams of rubber

The number of double bonds saturated per molecule of vul
canizing agent was calculated as follows:

Vulcanizing A gent
m -Dinitrobenzcne 
m -D initrobenzene 
s#m -Trinitrobenzene 
Benzoyl peroxide

U nsatu ration
R eagent

IB r
ICI
ICI
ICI

D ouble  Bonds S a td . 
per M ol. of R eagen t

5 .4
7 .5  
3 .2
2. 6

Preliminary data indicate tha t an atom of selenium saturates 
about 6 double bonds.

A molecule of m-dinitrobenzene appears to saturate a 
fairly large number of double bonds. I t  was perhaps to be 
expected tha t a molecule of trinitrobenzene would saturate 
more double bonds than the dinitro compound, but this does 
not seem to be true. A molecule of benzoyl peroxide also 
saturates more than one double bond. I t  is possible tha t 
these results may be explained by the theory tha t vulcaniz
ing agents produce some sort of cyclization. The quanti
tative implications of the data need more study.

The qualitative implications of these data are important, 
indicating that we have yet to find a vulcanization in which a 
chemical reaction does not take place and thereby give more 
support to the chemical theory of vulcanization.
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Titanium Salts in W ater 

Purification
W. V. UPTON AND A. M. BUSWELL 
Illinois State Water Survey, Urbana, 111.

THE possibility of using titanium compounds as coagu
lants in water treatm ent was suggested by the inade
quate removal of fluorides from drinking waters with 

filter alum (8, 4). Some removal was obtained with this 
coagulant, and it appeared tha t better fluoride removal might 
be obtained by use of a salt having a quadrivalent cation in
stead of the trivalent aluminum ion (o). Titanium salt 
appeared feasible from the standpoint of cost, and an investi
gation of these compounds was made (2).

Two types of reagent were studied, one a mixture of iron and 
titanium sulfates prepared from ilmenite and the other pure 
titanium sulfate. The mixture was studied because such a 
reagent could be more cheaply obtained from ilmenite than a 
pure titanium salt.

P rep a ra tio n  o f R e a g en t
The ilmenite extract was prepared from a Norwegian sample. 

Twenty-five grams of the ore, ground to pass a 200-mesh sieve, 
were mixed in a beaker with 30 cc. of concentrated sulfuric acid 
and heated with occasional stirring until the mixture became 
stiff (S). Three 5-cc. portions of sulfuric acid were added alter
nately with two portions (3 and 10 cc., respectively) of concen
trated nitric acid, heating after each addition and driving off the 
nitric acid as nitrogen dioxide. The mass was cooled, 50 cc. of 
water were added, and the solution was stirred. Chlorine was 
allowed to pass through the solution for 12 hours to oxidize the 
ferrous iron present. In one case this treatment was not suffi
cient and it was necessary to add barium persulfate to complete 
the oxidation, removing the precipitated barium sulfate by cen
trifuging.

The considerable excess of acid in these reagents caused the 
waters treated with them to have abnormally low pH values. 
To remedy this fault, a mixture of iron and titanium sulfates was 
obtained by diluting the original solution, adding sodium carbon
ate to neutralize the acid, filtering the precipitated hydrous oxides 
with suction, and dissolving them in the minimum amount of sul
furic acid. This solution was evaporated to dryness at room 
temperature, and the glassy material thus prepared was powdered 
and analyzed (7). Some of the titanium was lost during the 
treatment so that the dry reagent used was only about 20 per cent 
titanium sulfate.

Pure titanium sulfate was also tried as a coagulant. Ten 
grams of hydrated titanium dioxide (Eimer and Amend c. p . 
grade) were dissolved with heating in 10 cc. of concentrated sul
furic acid to which about 20 cc. of water had been added. A 
small amount of colored matter, insoluble in the acid, was re
moved by filtration; and the solution was evaporated to a small 
volume and placed in a refrigerator for several days. A white 
solid precipitated and was freed from the supernatant liquid by 
filtration. The product thus obtained dissolved in water (but 
hydrolyzed in dilute solution) fairly readily. This salt appeared 
from an analysis of its constituents to be largely Ti(SO<)s • xH»0
(9).

C o a g u la tio n  E x p er im en ts  w ith  F lu o r id es

In  all experiments the water samples to be treated were 
placed in gallon battery jars. If in solution, the coagulant 
was fed from a buret; if dry, it  was fed in small portions with a 
spatula. The waters were stirred mechanically by wooden 
paddles which revolved about one-third of the way down in 
the liquid a t a speed of 45 to 60 r. p. m. Tap water with s 
residue of 380 p. p. m., alkalinity of 375 p. p. m., and hardness 
of 296 p. p. m., was used in all experiments unless other
wise stated.

The first step in studying the behavior of the ilmenite ex
tracts as water coagulants was to test their ability to form a 
floe over the pH range in which coagulants might find use. 
Using a reagent containing about equal parts of iron and tita
nium sulfates in solution with excess sulfuric acid, good 
floes were obtained in waters with pH values in the treated 
waters ranging from 2.9 to 8.2, which were the extreme limits 
studied. All floes settled well except those a t the extreme 
lower end of the range. There was no residual titanium in 
any treated water with a pH of 3.5 or greater.

The relative abilities of the titanium reagents and of filter 
alum to remove fluorides from water were compared. The 
water treated was tap water to which about 4 p. p. m. of fluo
ride (6') had been added in the form of calcium fluoride. 
Only slight removal of fluoride was effected either with the 
titanium reagents or with aluminum sulfate. Treatm ent of 
three portions of water containing 4.5 p. p. m. of fluoride 
with 10 grains per gallon of aluminum sulfate, tita
nium sulfate, and the ilmenite extract containing 20 per cent 
titanium  sulfate and SO per cent ferric sulfate, gave a removal 
of only 0.5 p. p. m. of fluoride in each case. Varying the pH
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of the waters treated had little effect 011 
the removal of fluorides by titanium 
compounds. Filter alum gave some
what better removal in the pH range 
around 7.0, as found by Boruff (S); the 
best removal was obtained in an experi
ment where the final pH was 7.0 and 
the fluoride content of the water was 
reduced from 3.8 to 1.0 p. p. m.

Since the titanium sulfate appeared to 
hydrolyze so rapidly it  seemed possible 
th a t the coagulative and adsorptive 
properties of the floe for the fluoride ions 
or complexes might not be as great as 
if the floe formed more slowly and 
uniformly throughout the liquid. To 
try  to obtain slower coagulation, a 
water containing fluoride ion was cooled 
by an ice-salt bath to 1.0o±  0.5° C., 
and 10 grains per gallon of titanium 
s u l f a t e  w e r e  added. This cooling 
slowed hydrolysis and caused a some
what better floe to form but no removal 
of fluoride was obtained from a water 
containing 2.5 p. p. m. of fluoride with 
a final pH of 7.6.

C o a g u la tio n  E x p er im en ts  w ith  
C olored  W ater

A series of experiments was made to 
compare the color-removing ability of 
the i l m e n i t e  extract with those of 
a l u m i n u m  sulfate and ferric sulfate.
Color was produced in the water by 
adding a dark brown trade waste whose 
color was due to vegetable organic 
m atter. The liquid had a high inorganic 
salt content, mostly as sodium chloride, 
but no analyses to determine the con
centration were run.

The organic and inorganic m atter in 
the water made flocculation impossible 
with liquid ilmenite extract, aluminum 
sulfate, or ferric sulfate in dosages of 
14.7 grains per gallon (250 p. p. m.).
In the low pH range, h o w e v e r ,  t h e  
ilmenite extract gave good floes and 
considerable color removal. In water 
treated with ilmenite extract amount
ing to 7.6 grains per gallon of TiOSO/,- ,
2ILO and 7.1 grains per gallon of ferric 
sulfate, an initial color of 43 on the 
platinum-cobalt scale (I) was reduced to 10. 
was 7.2 and the final pH 4.3.

To obtain less dissolved and suspended material, a water was 
colored by soaking oak leaves in it. Titanium sulfate was 
substituted for the ilmenite extract in order to find the effect
of the titanium  salt. The pH had a great effect on the floc
culating power of the titanium sulfate; above a pH of 5 it was 
impossible to obtain a floe tha t settled completely a t Y’0’11 
temperature. The rate of hydrolysis of the titanium sulfate 
w'as so great tha t part of the hydrous titanium oxide forme 
remained colloidally dispersed instead of precipitating. Re- 
low this pH better color removal wTas obtained with titanium 
sulfate than with aluminum sulfate or ferric sulfate.

T ita n iu m  su lfa te  h a s  a d 
van tages an d  d isad van tages  
as a co a g u la n t for w ater tr e a t 
m e n t . T he rea g en t is  hard  
to  feed  and  h yd ro lyzes read ily  
in  th e  feed  so lu t io n  u n le ss  
i t  is  k ep t co n cen tra ted . 
F eed in g  th e  t ita n iu m  su lfa te  
so lu tio n  w ith  a lu m in u m  or 
iron  su lfa te , how ever, m a k es  
it  m u ch  easier to  h a n d le  by  
in h ib it in g  h yd ro lysis  in  th e  
feed  so lu tio n . T i t a n i u m  
su lfa te  ca n n o t be d ry-fed  
sin ce  it  w ill n o t h ydro lyze  
c o m p l e t e l y  in  very d ilu te  
so lu tio n . It sh o w s n o  a d 
v an tage over a lu m in u m  s u l
fa te  in  fluoride rem oval b u t  
rem oves color from  w ater  
m ore effic ien tly . T h e h y 
drous t ita n iu m  oxide floe is  
m u ch  m ore b u lk y  an d  op aqu e  
th a n  th e  a lu m  floe b u t  se t t le s  
so m ew h a t m ore slo w ly  a t  
ordinary tem p era tu res . T he  
pH  range for good  floe fo r m a 
tio n  w ith  t ita n iu m  su lfa te  is  
con siderab ly  b r o a d e r  th a n  
th a t  for a lu m . T he t ita n iu m  
floe form s m u ch  m ore rap id ly  
and  in  a b u lk ier  co n d it io n  a t  
t e m p e r a t u r e s  n ear 0° C. 
I lm e n ite  extract g ives m u c h  
b etter  co a g u la tio n  in  th e  
colored  w ater h ig h  in  co llo id a l 
m a tter  an d  d isso lved  sa lts  
th a n  a lu m in u m  or ferric s u l 
fa tes.

To be sure that the color removal 
was not due merely to bleaching as a 
result of increased acidity, the pH of 
each of the treated waters v7as adjusted 
to 5.2 and the color v7as again read. 
The final colors from the treatments 
were as follows: ferric sulfate, 38; alumi
num sulfate, 22; titanium sulfate, 7.

E ffect o f T em p era tu re
The fact tha t good flocculation was 

obtained with titanium sulfate a t a 
temperature near the freezing point of 
water suggested the study of low- 
temperature coagulation c o m p a r i n g  
titanium sulfate with aluminum. Two 
r u n s  w e r e  m a d e  a t 1.5° to 2.0° C. 
Dosages of 2 grains per gallon of alumi
num sulfate and of t i t a n i u m  sulfate 
were used a t pH values of 8.5 and 8.4, 
respectively. The waters were stirred 
for 3 hours; a floe appeared in half an 
hour in the titanium sulfate run but 
not a t the end of the stirring period in 
the aluminum sulfate run. Standing 
overnight a t 3.0° to 4.0° C. caused a 
bulky hydrous titanium oxide floe to 
settle completely. The a l u m i n u m -  
sulfate-treated water was still milky 
and had a turbidity of 10 p. p.m ., and 
what floe had formed was of a granular, 
pin-point character.

A series of six similar low-tempera- 
ture experiments was tried using mix
tures of the two coagulants. A total 
of 2 grains per gallon of coagulant 
was used in each case; the titanium 
sulfate dosages for the six runs were 
0, 0.10, 0.13, 0.20, 0.33, and 0.50 grain 
per gallon. The larger the proportion 
of titanium sulfate, the less tendency 
there was to form pin-point floe and 
the faster the floe settled.

The initial pH

In itia l
pH
5 .2
5 .2
5 .2

F ina l
pH
3 .3
4 .5
3 .7

G rains C oagulant 
per Gal.

2 Fe;(S04)s 
2 Al2iS04)3-18H:0  
2 TifSCMj

In itia l
Color

40 =* 2 
40 *  2 
40 *  2

F inal
Color

15
20
6
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Influence of Metallic Oxides

HOWARD W. STARKWEATHER 
AND HERBERT W. WALKER 

E. I. du Pont de Nemours & Company, Inc., 
Wilmington, Del.

POLYMERIZED chloroprene (2) or neoprene resembles 
natural rubber in tha t it can be obtained as a plastic 
material which is converted into an elastic, essentially 

nonplastic material by heating in the presence of various 
compounding ingredients. Neoprene differs from natural 
rubber in th a t the use of compounding ingredients is not 
essential to the conversion of the plastic to the elastic form. 
However, the properties of neoprene can be varied to a con
siderable extent by the proper selection of the compounding 
ingredients.

A fundamental investigation of factors influencing the 
properties of neoprene is being made a t  this laboratory. 
This particular paper deals with the influence of metallic 
oxides on the stability of compounded, uncured neoprene 
type E  and on the stress-strain properties, hardness, and 
water resistance of the cured product. This paper reports 
the results obtained, and defers a discussion of possible the
ories until a more nearly complete picture of the mecha
nism of the curing of neoprene is obtained. Bridgwater and 
Krismann (1) showed the desirability of compounding 
neoprene type F  with zinc oxide and magnesia. In the pres
ent paper the influence of metallic oxides, alone and in vari
ous combinations, upon the properties of current 
plant production of neoprene type E is con- = =  
sidered.

Metallic oxides have quite different effects, 
and can be classified a c c o r d i n g  to their in
fluence on the rate of cure of neoprene. When 
used singly, the oxides of magnesium, zinc, 
mercury, and calcium have a strong accelerat
ing action while the o x i d e s  of  a n t i m o n y ,  
barium, cadmium, aluminum, lead, manganese, 
iron, and beryllium have a comparatively mild 
influence on cure. The o x i d e s  of  c o p p e r ,  
chromium, vanadium, tungsten, and titanium 
have a neutral effect; th a t is, the stress-strain 
properties remain unchanged when up to 10 
parts of these oxides per 100 parts of neoprene 
are added. The oxides of arsenic and molyb
denum appear to retard the cure, especially 
during the shorter cures. The actual test data 
on which these conclusions are based are given 
in Table I.

Typical plant neoprene type E  was used in 
these tests. The different oxides with a fine
ness of a t least 100 mesh were mixed with the 
neoprene on a 15 X 30 cm. experimental rubber 
mill; the temperature of the rolls was main
tained a t 50° C. Mixed stocks were slabbed 
from the mill about 0.22 cm. thick, and cured 
in a 7.5 X 15 cm. mold 0.20 cm. deep. All cures 
were made a t 153° C. (307° F.). The vulcanized 
specimens were aged 24 hours in the constant- 
temperature (28° C.) testing room before test-

T h e u se  o f co m p o u n d in g  in g r ed ien ts  
is  n o t  e s se n tia l to  th e  co n v ersio n  of 
p la stic  to  n o n p la s t ic  n eo p ren e , b u t  th e  
a d d itio n  o f su ita b le  m a ter ia ls  d oes affect 
th e  p ro p erties  o f b o th  th e  p la st ic  an d  
th e  cu red  n eo p ren e . In  th is  p ap er d a ta  
are p resen ted  sh o w in g  th e  in flu e n c e  of 
m e ta llic  ox ides on  th e  s ta b ility  o f u n cu red  
n eo p ren e  an d  on  th e  s tr e ss -s tr a in  p rop er
t ie s , h a rd n ess , an d  w a ter  a b so rp tio n  of 
cu red  n eo p ren e . P roper m ix tu re s  are 
m ore effective th a n  s in g le  oxides. T h e  
b est c o m p o u n d s  for g en era l u se  co n ta in  
z in c  oxide a n d  m a g n es ia . C a lc iu m  oxide  
c a n n o t be s u b s t itu te d  for m a g n es ia . 
M ix tu res o f lith a rg e  an d  m a g n es ia  or 
z in c  oxide g ive c o m p o u n d s  w h ic h  h ave  
low  m o d u li an d  te n s ile  s tr e n g th s , b u t  
w h ic h , w ith  th e  proper se le c t io n  o f ox ides, 
p o ssess  su p er io r  w a ter  re s is ta n ce .

ing on a Scott rubber tensile testing machine. A. S. T. M. 
methods were used in the preparation and testing of samples.

Combinations of metallic oxides, such as magnesia and 
zinc oxide, and litharge and magnesia were shown by Bridg-

T a b l e  I .  E f f e c t  o f  I n o r g a n i c  O x i d e s  o n  t h e  C u r e  o f  N e o p r e n e

C ure a t

S tress a t  600%  
E longation  

5 p a rts  10 parts
Tensile S treng th  

5 p a rts  10 p a rts

E longation  a t  
B reak 

5 p a rts  10 pa rts
Oxide 153° C. oxide“ oxide“ oxide“ oxide“ oxide“ oxide“

MgO
M in .

10 25 (350)
Kg. per s q .  cm. (¡5. per eq. in .)

35 (500) 163 (2325) 81 (1150)
%

1050
%
900

30 54 (775) 56 (800) 104 (1475) 120 (1700) 720 810
60 44 (625) 63 (900) 510 510

ZnO 10 37 (525) 72 (1025) 35 (500) 700 300
30 44 (625) 33 (475) 480 360
60 60 (850) 42 (600) 430 360

HgO 10 19 (275) 32 (450) 97 (1375) 116 (1650) 970 840
30 19 (275) 51 (725) 107 (1525) 92 (1300) 860 670
60 79 (1125) 37 (525) 79 (1125) 550 600

CaO 10 18 (250) 
37 (525)

19 (275) 109 (1550) 114 (1625) 1080 1110
30 100 (1425) 760
60 63 (900) 44 (625) 84 (1200) 116(Í65Ó ) 640 770

SbjOj 10 9 (125) 12 (175) 77 (1100) 101 (1450) 1000 1020
30 19 (275) 33 (475) 62 (875) 54 (775) 800 670
60 47 (675) 590

BaO. 10 9 (125) 5 (75) 40 (575) 65 (925) 1000 1100
30 19 (275) 26 (375) 88 (1250) 81 (1150) 900 760

CdO 10 12 (175) 11 (150) 70 (1000) 81 (1150) 1200 1260
30 19 (275) 23 (325) 114 (1625) 144 (2050) 1010 1060
60 33 (475) 28 (400) 125 (1775) 146 (2075) 820 910

Al:Oi 10 12 (175) 12 (175) 60 (850) 
65 (925)

86 (1225) 1010 1010
30 12 (175) 920
60 19 (275) 33 (475) 62 (875) 63 (900) 800 ¿90

PbO 10 14 (200) 16 (225) 60 (S50) 77 (1100) 1000 1050
30 16 (225) 21 (300) 100 (1425) 121 (1725) 1020 1060
60 23 (325) 107 (1525) 900

PbO , 10 19 (275) 9 (125) 
26 (375)

72 (1025) 70 (1000) 1090 1150
30 23 (325) 72 (1025) 83 (1175) 860 860
60 47 (675) 51 (725) 54 (775) 84 (1200) 620 700

“ P er 100 p a rts  neoprene b y  w eight.
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on Neoprene Properties

water and Krismann (1) to give much better results with 
neoprene type F  than those obtained with any one oxide 
alone. The influence on neoprene type E  of combinations, 
of the strong accelerators magnesia, zinc oxide, and cal
cium oxide, and the mild accelerator litharge have been 
studied in some detail.

For all the tests on combinations of the oxides reported, 
master batches of the following composition were used:

N eoprene ty p e  E  100
F F  wood rosm  5
Phenyl-/?-naphthylam ino 2
Sulfur 1

FF wood rosin, sulfur, and phenyl-/3-naphthylamine were 
used because they are employed in a wide variety of prac
tical formulas and, so far as is known, except with regard 
to the effect of sulfur on the stability of litharge compounds, 
do not mask or interfere with the characteristic behavior 
of combinations of metallic oxides in neoprene. Sulfur and 
rosin (1, 8) improve the curing properties of neoprene, al
though it is possible to obtain good cured products from 
neoprene without the use of either. High-temperature 
aging of neoprene type E 1 has shown that sulfur should not 
be used in compounding heat-resistant stocks. I t  has been 
demonstrated repeatedly th a t rosin improves the stability 
of the compounded uncured stock. Phenyl-d-naphthyl- 
amine is a valuable antioxidant for use with neoprene (1, 2, S').

M a g n esia  an d  Z in c O xide
Magnesia (extra light calcined, with not over 2 per cent 

carbon dioxide calculated as magnesium carbonate) was

used in combination with varying amounts of zinc oxide 
(St. Joe Black Label) in such quantities as are given in Table
II. The compounds were mixed on the laboratory rubber 
mill and cured in the manner described for testing the dif
ferent metallic oxides singly. Four 2-cc. pellets were punched 
from the compounded, uncured stocks for plasticity and 
stability measurements. Table I I  summarizes the stress- 
strain properties of the compounds. Figure 1 is a graphic 
representation of the alteration of the stress a t 600 per cent 
elongation and the tensile strength for the 10-, 30-, and 60- 
minute cures a t 153° C. as both the zinc oxide and magnesia 
are varied. The influence of increased quantities of mag
nesia on the stress a t 600 per cent elongation of compounds 
with different fixed amounts of zinc oxide is given in Figure 2; 
Figure 3 shows the variation in the stress with increased 
amounts of zinc oxide for different quantities of magnesia.

Figures 2 and 3 exhibit the range over which the stiffness 
of the 30-minute cure of this master batch may be varied by 
controlling the amounts of zinc oxide and magnesia. A 
notable effect is the sharp decrease in the modulus when 1 
part of zinc oxide is added to compounds containing less 
than 15 parts of magnesia. With the use of more than 1 
part of zinc oxide in these compounds there is a gradual in
crease in the modulus. In  compounds th a t contain more 
than 15 parts of magnesia, the modulus gradually increases 
as zinc oxide is added. Table I I  and Figure 1 show tha t 
the tensile strength is mainly 3400 ±  200 pounds per square 
inch (240 =*= 14 kg. per sq. cm.), and the elongation a t break 
for the 30-minute cure falls mainly within the limits of 
850 =±= 50 per cent, for a variation in zinc oxide from 1 to 20
parts and in magnesia from 5 to 40 parts per 100 parts of

neoprene. Variation in the hardness parallels 
the change in the stress. The hardness varies 
from 37 (Shore Durometer, type A), without 
metallic oxides, to 55 with 20 parts zinc oxide 
and no magnesia, to 65 with 40 parts magnesia 
and no zinc oxide, and to 70 with 20 parts zinc 
oxide and 40 parts magnesia.

The plasticity and stability of the compounded, 
uncured stock are im portant considerations in 
practice. A compound must be sufficiently 
plastic to mold, calender, or tube well, must
exhibit a minimum recovery when sheeted or
tubed and retain these properties during process
ing and storage. A measure of the tendency 
of a compound to scorch on the mill and to 
“setup” during storage before it is cured is ob
tained by aging pellets of the stock a t 50° C. 
and comparing the plasticity and recovery figures 
obtained at fixed intervals with the initial figures. 
The plasticity was determined a t 80° C. in the 
Williams parallel plate plastometer (4). The 
thickness of 2-cc. samples, which had been pre
heated for 15 'm inutes, w a s  m e a s u r e d  i n  
thousandths of an inch after 3 minutes under a 
load of 5 kg. a t 80° C. and again after a rest in
terval of 1 minute a t  room temperature. The 
difference in the two thickness readings was taken 
as the recovery. The actual results obtained are 
presented in Table I I I  and in Figure 4. Com
pounds containing as little as 1 part of zinc oxide 
alone are extremely unstable and scorch very 
readily on the mill. On the other hand, while

1 U npublished  d a ta .

Oxide

T a b l e  I. (Continued)

C ure  a t 
153° C. 

M in .

Stress a t  600%  
E longation  

5 p a rts  10 p a rts  
oxide“ oxide“

Tensile S trength
5 pa rts  
oxide“

10 parts  
oxide“

Kg', per sq. cm. (lb. per sq. in .)

P b 30< 10
30
60

14 (200) 
16 (225) 
19 (275)

9 (125) 
26 (375) 
26 (375)

69
90
93

(975)
(1275)
(1325)

83 (1175) 
58 (825) 
81 (1150)

M nOi 10
30
60

9 (125) 
18 (250) 
23 (325)

14 (200) 
19 (275) 
33 (475)

30
79

107

(425)
(1125)
(1525)

81
83

105

(1150)
(1175)
(1500)

Fe-Os 10
30
60

4 (50)
7 (100) 

46 (650)

5 (75) 
11 (150) 
49 (700)

40
62
65

(575)
(875)
(925)

39 (550) 
69 (975) 
54 (775)

BeO 10
30
60

5 (75) 
11 (150) 
19 (275)

.63 (900) 
97 (1375) 

1 n a  M X 7 f n

B lank 10
30
60

4 (50) 
12 (175) 
12 (175)

44 (625) 
63 (900) 
74 (1050)

CuO 30
60

5 (75)
9 (125)

11.(150) 
11 (1501

5]
58

(725)
(825)

67
63

(950)
(900)

CrOi 30 9 (125) a  a r r t  n m

V20< 60 11 (150) 47 (675)

w n . on 7 (100) 
12 (175)

84 (1200)
t i  U j O U

60 65 (925)

TiC , 10
30
60

2 (25)
5 (75)
9 (125)

5 (75) 
12 (175) 
14 (200)

46 (650) 
65 (925) 
83 (1175)

54 (775) 
79 (1125) 
98 (1400)

As-Oj 10
30
60

2 (25)
2 (25) 

18 (250)

2 (25)
7 (100) 

23 (325)

47 (675) 
49 (700) 
65 (925)

56 (800) 
60 (850) 
58 (825)

MoOj 10
30
60

2 (25)
4 (50)
9 (125)

2 (25)
7 (100) 

11 (150)

35 (500) 
67 (950) 
60 (850)

26 (375) 
69 (975) 
58 (825)

E longation  a t 
B reak 

5 pa rts  10 pa rts  
oxide“ oxide“

%
1100
980
860

980
960
850

1160
950
650

1220
1090
970

%
1250
800
820

960
930
810

1020
940
610

1140
980
960

1180
1000

1040

930

1320
1110

960

1180
1080

780

1140
1160
1010

1000
940

1140
900

1250
1000

965

1340
1010

730

1260
1110
1010

873
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magnesia is a strong accelerator for the cure of 
neopreneat 150°C., compounds containing up to 
40 parts of this material are relatively stable under 
normal storage conditions and a t 50° C. Further
more, the addition of magnesia to compounds con
taining zinc oxide improves the stability of these 
compounds. Thus, by using 10 parts or more of 
magnesia in a compound containing zinc oxide, 
the tendency to scorch is greatly reduced and the 
storage life increased many times.

In  addition to the fact tha t zinc oxide improves 
the curing range and the stress-strain properties 
of compounds containing magnesia, it  increases 
the water resistance of neoprene compounded 
with magnesia. The results of the water absorp
tion tests are expressed as percentage volume 
increase of the compound after immersion in boil
ing distilled water for 48 hours. The testing 
apparatus used for determining the water absorp
tion and the procedure adopted was as follows: 
A rectangular tin-coated iron can, 14 X 22 cm. 
on top and 32 cm. deep, was equipped with a 
tight cover 9.5 cm. in diameter and a reflux con
denser. Inside the cans, 7.5 cm. from the top and 
5 cm. from the sides on the 22 X 32 cm. faces, 
were soldered two grooved Monel metal cross 
bars to support the test specimens. The test 
specimens, 1.5 X 7.5 cm., were cut from the slabs 
cured for 30 minutes, coded by trimming corners 
and cutting notches, and weighed to a centigram 
in both air and water. The specimens were then 
placed on Monel metal hooks and suspended from 
the cross bars in the can in boiling distilled water. 
After 48 hours the specimens were removed and 
cooled in water. The excess water on the surface 
of each specimen was removed by blotting with
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F i g u r e  1. E f f e c t  o f  V a r y in g  A m o u n t s  o f  M a g 
n e s i a  a n d  Z i n c  O x i d e  o n  S t r e s s  a t  6 0 0  P e r  C e n t  

E l o n g a t i o n  a n d  T e n s i l e  S t r e n g t h

C ures, 10, 30, an d  60 m inu tes a t  153° C .; s tress  show n by  6oiid 
portions, tensile  s tre n g th  b y  w hole colum n.
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T a b l e  I I I .  S t a b i l i t y  o f  U n c u r e d  S t o c k  C o m p o u n d e d  w i t h  
M a g n e s ia  a n d  Z in c  O x i d e

absorbent cloth, and the specimen was weighed at once. 
From the weight measurements, the percentage volume in
crease was calculated by the equation:

Per cent volume increase =
_____  gain in weight
(original weight in air) — (original weight in water) X 100

This per cent volume increase is volume of water absorbed 
per hundred volumes of neoprene stock; it does not take into 
account contraction in volume due to hydration of MgO.

The relative effects of magnesia and zinc oxide on the 
water resistance of neoprene compounds containing them is 
demonstrated by the curves of Figures 5 and 6. Compounds 
containing magnesia alone have low water resistance, but it 
is much improved by the addition of zinc oxide. On the 
other hand, the water resistance of zinc oxide compounds is 
improved by the addition of magnesia.

M a g n esia  an d  Z in c  O xide in  a S tock  L oaded  
w ith  S o ft  C arbon B lack

To determine the influence of these oxides in a typical com
pound loaded with soft carbon black, 25 parts by weight 
of P-33 were added to the neoprene master batch. Vary
ing amounts of magnesia and zinc oxide were added,

and the s t r e s s -  
strain properties, 
h a r d n e s s ,  a n d  
water absorption 
of the cured com
pounds, and the 
s t a b i l i t y  of the 
u n c u r e d com
pounds were de
t e r m i n e d .  The 
c h a n g e  i n  t h e  
s t r e s s - s  t r a i n  
properties, as the 
magnesia and zinc 
oxide are varied, is 
s h o w n  by  t h e  
summary given in 
Table IV and Fig
ure 7. The be
havior of magnesia 
and zinc oxide in 
varying amounts 

in a compound loaded witli soft carbon black is similar in 
character to their action in the gum compound just de
scribed. In  both cases a small amount of zinc oxide added 
to a magnesia-containing compound lowers the modulus

fi«. a
E F F E C T  OF ZnO ON STRESS OF CURED 

N E O P R E N E  WITH VARYING * ¿0

CURE • 3 0  MIN. AT I5 3 #C.

CURVE NUMBERS R E FE R  TO PARTS M̂ O PER  

100 PARTS  N E O P R E N E

8 0 0

2.5 5 10 'S  20

PA R TS  Z *0  PER  »00 PA R T S  N E O P R E N E

-M gO/100 Aging — P lastic ity  R ecovery in  0.001 In . 10.025 M m e —>
P arts Period a t 0.0 p a r t 1.0 p a rt 5.0 parts 10 pa rts  

ZnO
20 parts

N eoprene 50° C. ZnO ZnO ZnO ZnO
Paris

0
H r.
0 90-2 103-5 100-5 103-5 111-9

24 89-0 380 317 412 356-128
48 90-0 355-128
96 89-3 370-123

5 0 102-6 89-5 101-7 101-6 96-8
24 111-10 95-6 113-6 114-5 108-9
48 117-8 97-6 139-9 145-13 113-8
96 125-12 116-11 292-151 318-143 325-159

10 0 112-8 99-6 109-7 113-8 112-8
24 124-9 108-6 115-8 117-7 123-9
48 127-13 116-5 123-7 127-5 132-7
96 143-32 135-15 170-92 178-92 171-93

20 0 111-7 122-14 123-13 140-13 136-13
24 121-7 132-13 131-13 132-11 145-23
48 129-11 141-11 136-9 138-14 152-13
96 144-16 160-39 1 5 5 ^ 8 163-53 175-73

30 0 117-10 121-10 110-8 122-14 125-13
24 129-12 135-9 119-8 132-12 132-15
48 137-9 147-13 131-8 141-12 146-17
96 149-22 160-30 145-25 156-26 157-52

40 0 120-10 145-14 121-14 141-19 140-20
24 133-12 161-39 139-16 149-23 152-21
48 165-58 151-24 160-34 166-48
96 156-44 181-64 170-65 180-62 178-67

considerably. Magnesia has a greater effect on the modu
lus than zinc oxide in any given series of these com
pounds. In  the stock loaded with carbon black there is a 
greater tendency for the magnesia to cause a lowering of the 
percentage elongation a t break, with attendant decrease 
in tensile strength, than in the case of the gum stock. The 
variation in hardness of the 30-minute cure with variation 
in the amounts of magnesia and zinc oxide used is much the 
same as the variation with the gum stock. In each case the 
carbon black stock is slightly harder (5 ±  3) than the gum 
stock.

—
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F i g u r e  4 . E f f e c t  o f  V a r y in g  A m o u n t s  o f  M a g 
n e s i a  a n d  Z i n c  O x i d e  o n  t h e  S t a b i l i t y  o f  U n -  

c u r e d  N e o p r e n e

Aging periods, 0, 24, 48, and  96 hours a t  50° C .; p lastic ity  
show n by  solid  portions, recovery  by  u n sh ad ed  portions.
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T h e  s t a b i l i t y  of 
compounded, uncured 
n e o p r e n e  containing 
P-33 carbon black, FF 
wood rosin, s u l f u r ,  
pheny l-/?-naph  th y  1- 
amine and v a r y i n g  
amounts of magnesia 
and zinc oxide is shown 
in Figure 8. Ag a i n  
the use of magnesia 
s t r o n g l y  inhibits the 
premature c u r i n g  of 
compounds containing 
zinc oxide, particularly 
in amounts of 10 to 20 
parts. Similarly, as in 
the case of th e  gum  
s t o c k ,  an increase of 
th e  m a g n e s i a  to 40 
parts makes the com
pounds less stable than 
when 20 parts are used, 
and a stock containing 
10 parts of zinc oxide 
is as well stabilized by 
adding 10 to 20 parts 
of magnesia as one con
taining 1.0 part of zinc 
oxide.

The change in  th e  
water resistance of the
neoprene compounds, loaded with 25 parts of P-33 carbon 
black, with varying amounts of magnesia and zinc oxide, 
parallels the change in the water resistance of the neoprene 
gum compounds for similar variations in the quantities of 
magnesia and zinc oxide.

C a lc iu m  O xide an d  Z inc Oxide

The influence of various combinations of calcium oxide and 
zinc oxide on the properties of neoprene was determined in 
the same manner as th a t employed with magnesia and zinc 
oxide. The summary of the stress-strain properties given 
in Figure 9 shows tha t the calcium oxide-zinc oxide com
pounds are much inferior to the corresponding compounds 
in which the calcium oxide is replaced by magnesia. The 
tensile strength of the compounds containing calcium oxide
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PARTS MgO PER  IOO PARTS NEOPRENE

F i g u r e  8 . E f f e c t  o f  V a r y in g  A m o u n t s  o f  M ag
n e s i a  a n d  Z in c  O x i d e  o n  t h e  S t a b i l i t y  o f  Un- 
c u r e d  N e o p r e n e  C o n t a in in g  2 5  P a r t s  P - 3 3  

C a r b o n  B l a c k

Aging periods, 0, 24, 48, and  90 hours a t  50° C .; p lasticity  
shown by solid portions, recovery by  unshaded  portion .

0 5  10 20  40
PARTS MaO PER 100 PARTS NEOPRENE

F i g u r e  7 . E f f e c t  o f  V a r y in g  A m o u n t s  o f  M a g 
n e s i a  a n d  Z i n c  O x i d e  o n  S t r e s s  a t  6 0 0  P e r  C e n t  
E l o n g a t io n  a n d  T e n s i l e  S t r e n g t h  o f  C u r e d  
N e o p r e n e  C o n t a in in g  2 5  P a r t s  o f  P - 3 3  C a r b o n  

B l a c k

Cures, 10, 30, and  60 m inutes a t  153° C .; s tress  show n b y  solid 
portions, tensile  s tre n g th  b y  whole colum n.

o  5 10 20
PARTS OF c« 0  PE R  100 PARTS NEOPRENE

F i g u r e  9 . E f f e c t  o f  V a r y in g  A m o u n t s  
o f  C a l c iu m  O x i d e  a n d  Z i n c  O x i d e  o n  
S t r e s s  a t  6 0 0  P e r  C e n t  E l o n g a t io n  a n d  

T e n s i l e  S t r e n g t h  o f  C u r e d  N e o p r e n e

C ures, 10, 30, an d  60 m in u t e s  a t  153° C .; B trea a  
show n by solid  p o r t i o n s ,  t e n s i l e  s tre n g th  b y  w h o l e  

colum n.

is considerably lower than tha t of the compounds prepared 
with magnesia, and the percentage elongation a t break de
creases more rapidly as the curing time is increased. How
ever, there is a similarity between the two series in the lower
ing of the modulus of compounds containing the alkaline 
earth oxides by the addition of small amounts of zinc oxide. 
The effect of zinc oxide in combination with calcium oxide 
is better shown by the curves of Figures 10 and 11.
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Il 1 i  ill.

ÜUL .il. jlL ifil.
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F i g u r e  12. E f f e c t  o f  V a r y i n g  A m o u n t s  
o f  C a l c i u m  O x i d e  a n d  Z i n c  O x i d e  o n  

t h e  S t a b i l i t y  o f  U n c u r e d  N e o p r e n e
Aging periods, 0, 24, 48, am i 96 hours a t  60° C .; 
p la stic ity  show n by  solid  po rtions; reco v ery  b y  un - 

sh ad ed  portion .

0  5 10 20
PARTS PbO PER  100 PAR TS  NEOPRENE

F i g u r e  1 3 . E f f e c t  o f  V a r y i n g  A m o u n t s  
o f  L i t h a r g e  a n d  Z i n c  O x i d e  o n  S t r e s s  a t  
6 0 0  P e r  C e n t  E l o n g a t i o n  a n d  T e n s i l e  

S t r e n g t h  o f  C u r e d  N e o p r e n e
C ures, 10, 30, a n d  60 m inu tes a t  153° C .; stress 
show n by  solid  portions, tensile  s tre n g th  b y  w hole 

colum n.

The results from which these conclusions are drawn 
are presented in Figure 12.

Still another difference between the action of 
calcium oxide and magnesia in neoprene is their 
influence on the water resistance of cured com
pounds. Calcium oxide lowers the water resist
ance of neoprene containing zinc oxide, whereas 
magnesia improves it. The actual water absorp
tion for the calcium oxide-zinc oxide compounds 
varied from 20 to 50 per cent by volume.

L ith a rg e  a n d  Z in c  O xide

This combination of oxides gives neoprene 
compounds tha t have higher moduli and higher 

tensile s t r e n g t h  t h a n  com
pounds containing either oxide 
alone, but, c o m p a r e d  w i t h  
magnesia-zinc oxide compounds, 
they have a lower modulus and 
lower tensile s t r e n g t h  with 
correspondingly lowered hard
ness and they are less stable 
before curing. A summary of 
the stress-strain properties of 
litharge-zinc oxide compounds 
is given in Table V and Fig
ure 13. Figures 14 and 15 
show the r e l a t i v e  effects of 
litharge ( s u b l i m e d ,  Eagle- 
Pieher) and zinc oxide, in com
bination, on the stress a t 600 per 
cent elongation for the 30-minute 
cure. The stability of the un
cured compounds, wliile better 
than tha t of the corresponding 
calcium oxide-zinc oxide com
pounds, is poor. This poor sta
bility, in part a t  least, has been 
found to be due to the presence 
of sulfur, and its omission im
proves the s t a b i l i t y .  T h e  
change in plasticity and in the

II 1:

F IG . 14

E F F E C T  OF PbO ON T H E  S TR ES S  

OF C U R E D  N E O P R E N E  W ITH 

V A R Y IN G  ZnO 

C URE*  3 0  M IN . A T  I53*C.

F IG .15

E F F E C T  O F ZnO ON T H E  S T R E S S  

OF CURED  N E O P R E N E  W ITH  

V A R Y IN G  PbO  

C U R E ! 3 0  M IN . A T  I5 3 * C .

PARTS P>0 PER 100 PARTS N EO PR E N E

5 10
PARTS ZnO PER  100 PARTS N EO P R E N E

Another pronounced difference between the calcium oxide 
and magnesia compounds containing zinc oxide is found 
in the stability of the uncured compounds. Calcium oxide 
itself does not seriously impair the stability of neoprene and 
improves the stability of neoprene containing zinc oxide, but 
it  is far less effective in this respect than magnesia. No 
quantity  of calcium oxide has been found to stabilize neo
prene containing zinc oxide sufficiently for general use.

F i g u r e  10. E f f e c t  o f  V a r y i n g  A m o u n t s  o f  L i t h a r g e  a n d  
Z i n c  O x i d e  o n  t h e  S t a b i l i t y  o f  U n c u r e d  N e o p r e n e

Aging periods, 0, 24, 48, and  96 hours a t  50° C .; p la s tic ity  show n by 
solid portions, recovery  b y  u n sh ad ed  p o rtio n .
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F i g u r e  IS .  E f f e c t  o f  V a r y i n g  A m o u n t s  o f  
L i t h a r g e  a n d  M a g n e s i a  o n  S t r e s s  a t  6 0 0  P e r  

C e n t  E l o n g a t i o n  a n d  T e n s i l e  S t r e n g t h

Cures, 10, 30, and  60 m inu tes a t  153° C .; s tress  show n by 
solid portions, tensile s tren g th  b y  w hole colum n.

recovery aurmg aging 
a t 50° C. of these com
pounds containing sul
fur with various quan
t i t i e s  of litharge and 
zinc oxide is shown by 
th e  m e a s u r e m e n t s  
given in Figure 16.

I t  is to be expected 
t h a t  a material like 
l i t h a r g e ,  with little 
affinity fo r  wa t e r ,  
w o u l d  i m p r o v e  the 
water r e s i s t a n c e  of 
n e o p r e n e .  T h i s  is 
found to be the case. 
Compounds containing 
litharge alone possess 
a water resistance tha t 
appears to be propor
tional to the amount 
of l i t h a r g e  used .  
Added zinc oxide im
p r o v e s  t h e  w a t e r  
resistance of litharge

i I  M M II llll:

.il1 Jill Jill à  i t

.111l ni Jli i  it

III! 1111 mi
5

mi mi:
10 20

M K TS  M O  PIN  100 PARTS N EO PREN E

500̂
v>2005

i g u r e  2 1 . E f f e c t  o f  V a r y in g  A m o u n t s  o f  
i t h a r g e  a n d  M a g n e s i a  o n  t h e  S t a b i l i t y  o f  
n c u r e d  N e o p r e n e  C o n t a in in g  2 5  P a r t s  F -3 3  

C a r b o n  B l a c k

ginK periods, 0, 24, 48. and  96 hours a t  50° C.j p lasticity  
i show n by  solid  portions, recovery  by  unshaded  portion .

compounds slightly (Figure 17). This is quite different from 
the action of magnesia shown below.

L ith a rg e  an d  M a g n esia

In order to raise the moduli and tensile strengths and to 
improve the stability of compounds containing litharge, 
magnesia may be added. A summary of the actual stress- 
strain data obtained for compounds containing varying 
amounts of litharge and magnesia is given in Table VI and 
Figure 18; and the relative effects of these oxides on the 
stress a t 600 per cent elongation for the 30-minute cure are 
illustrated by Figures 19 and 20. Litharge, an accelerator 
of the curing of neoprene, retards the cure of neoprene com
pounds containing magnesia in a manner th a t may be related 
to that in which zinc oxide retards the cure of neoprene com
pounded with magnesia or with calcium oxide. The stabiliz
ing action, of magnesia in unstable compounds containing 
litharge is shown by the plasticity data given in Figure 21.

The magnesia which may be used in litharge compounds 
to improve the stability of the uncured stock and to stiffen

PARTS PfeO PER 100 PARTS N EOPRENEPARTS M^O PER 100 PARTS NEOPREN E

FIG . 22

EFFECT OF PWO WITH VARYING M^O ON THE 
WATER ABSORPTION OF CURED NEOPRENE---------

CURE * 3 0  M IN . AT I5 3 *C 4
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the moduli of the cured compounds decreases the water 
resistance. Magnesia should be omitted in a compound where 
a high water resistance is needed. The effect of magnesia 
on the water absorption of litharge compounds is illustrated 
by the results presented in Figure 22.
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Impact Resilience in Testing

Channel Black
J. H. FIELDING 

The Goodyear Tire & Rubber Company, Akron, Ohio

T HE precise grading of carbon black has been a problem 
to rubber manufacturers for years. Empirical specifi
cation tests inherited from the paint and ink industries 

have been used extensively; although they may have great 
merit in predicting the behavior of a black in paint or ink, 
they generally tell very little of its value in rubber. Since 
neither these tests nor the usual stress-strain data showed any 
great differences tha t could be associated with type of carbon 
black, chemists have been inclined to believe in the past th a t 
the rubber grade of channel black was quite a uniform ma
terial, a t least when used in mercaptobenzothiazole stocks.

Among the tests which have been used recently in the 
grading of black is resilience of the cured stock as determined 
by an impact pendulum. Although superficially it seems to 
measure no fundamental property of the black, it is a very 
practical test from a laboratory standpoint and appears to 
be capable of a t least rough correlation with more funda
mental properties. I t  is not a new property; the fact that 
it is influenced by carbon black is not new; but its applica
tion to the separation of blacks within the range of rubber 
channel black is new, and this phase will be discussed here.

H istory

As the term implies, impact resilience involves rapid def
ormation and forces which are largely compressive. More 
specifically, it is a measure of the amount of energy which 
can be returned by the rubber after a rapid blow. There 
have been several publications on the subject.

Memmler (18) described several falling-ball methods and a 
pendulum hammer for determining resilience, all of which 
dates back to before 1920.

Healy (9) referred to a pendulum impact tester tha t is 
capable of measuring both the resilience and the penetration 
under impact. He reported maximum resilience in the neigh
borhood of 212° F. (100° C.) and its increase after repeated 
impacts. He illustrated the deadness and hardness brought 
about by carbon black.

Goodwin and Park (S) applied the present pendulum to 
the evaluation of carbon black over a broad range extending

A n o ld  te s t ,  im p a c t  re s ilien ce , h a s  b een  
given  a  n ew  a p p lica tio n , th a t  o f g ra d in g  
carbon  b la ck . A lth o u g h  a n  em p ir ica l  
p rop erty  its e lf ,  i t  is  ca p a b le  o f a t  lea st  
ro u g h  co r re la tio n  w ith  th e  m o re  fu n d a 
m e n ta l p ro p ertie s  o f carb on  b lack .

R egard less o f i t s  th e o r e tic a l s ig n if i
ca n ce , i t  h a s  proved  to  h e a  co n v e n ie n t  
lab o ra to ry  t e s t  w h ich  m e a su r es  a  d efin ite  
ch a ra c ter is t ic  o f a so u rce  o f b la ck  an d  
w h ich  ea s ily  d e te c ts  a n y  w a n d er in g  o f a  
so u rce  fro m  it s  u s u a l ty p e . T h r o u g h  it s  
u se  a  m o re  u n ifo r m  ty p e  o f b la ck  h a s  b een  
ob ta in ed .

all the way from the soft blacks to the high-color blacks. 
They made no mention of significant differences within the 
range of rubber channel black.

Finally Luepke {12) described an impact resiliometer con
sisting of a horizontal rod supported on four wires (or cords) to 
form a geometric pendulum which measures resilience but 
not indentation.

A p p aratu s, C orrection s, a n d  C a lcu la tio n s

The machine used in this work was designed and built 
some years ago by George Albertoni under the direction of 
W. W. Vogt. Although not a copy of Ilealy’s pendulum, it 
was built subsequent to his and some of its constants are the 
same (1).

Briefly, it consists of a pendulum capable of storing energy, 
which is equipped with a hammer head for striking the sample, 
and whose angular rebound after the blow can be measured. 
The angular reading m ust be corrected for energy losses in 
the machine. The penetration of the hammer head into the 
sample can also be measured. This m ust be corrected for 
“permanent set” so th a t the value of deflection finally re
ported represents the penetration during the last blow.

Considering tha t when the pendulum is a t rest it contains 
a certain amount of potential energy which depends solely 
upon the angle made with the vertical, a, and defining per 
cent rebound (RB) as the percentage of striking energy that 
is returned to the sample, it can easily be shown that:
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F i g u r e  1. P e r  C e n t  R e b o u n d  a n d  I n c h e s  
o f  D e f l e c t i o n  v s . B l a c k  L o a d i n g  i n  

V o l u m e s  p e r  10 0  V o l u m e s  o f  R u b b e r
T hree  types of black  were used.

% RB  = 1 — cos
X  100

1 —  COS a o

S a m p l e  C a l c u l a t i o n  1.
Angle of start
Corrected angle of rebound, a

% ™ = r ™ t * oS x i o o =  0-022091 -  cos 1 5 .0 0 °  
Deflection reading 
Permanent set
Corrected deflection of last blow

0 .0 3 4 0 7

1 5 .0 0 °
1 2 .0 5 °

X  100  =  6 4 .8 %

0 .2 6 1
0 .0 0 6
0 .2 5 5

In practice all of this is performed by means of convenient 
tables.

Another method of using the pendulum is worthy of men
tion because it  eliminates’ pawl friction and also magnifies 
small differences. Probably, however, it also magnifies er
rors due to such things as faulty mounting of the sample and 
lateral vibration of the pendulum. The pawls are tied back, 
and after a half-dozen blows the pendulum is released from 
15° and allowed to bounce repeatedly until a reading is ob
tained between some two definite limits—for example, 4 “ and 
5°. The pendulum is moving very slowly a t this point, and 
the maximum value is not difficult to read.

Following the same line of reasoning as before, let the over
all fractional rebound (FR) be:

FR = cos a for n impacts
1 — cos 15°

Within limits the per cent rebound is nearly independent 
of the angle of start. Considering it to be entirely independ
ent, the over-all fractional rebound for n bounces is given 
by:

nice, by this method the per cent rebound is found by taking 
e n th  root of the over-all fractional rebound and multi- 
ying by 100. Since the relation is not rigorously exact, 
is advisable always to take the final reading between the 
me narrow limits (e. g., between 4° and 5°).

S a m p l e  C a l c u l a t io n  2 .
Angle of start
No. of impacts
Angle of last rebound, a
Over-all fractional rebound, FR =

% RD =  10 0  - \ / 0 .0 7 4 4  =f 6 4 .9 %  
Deflection same as calculation 1

1 — cos 4.1°
1 — cos 1 5 °  ~  

0 .0 0 2 5 6  
0 .0 3 4 0 7

1 5 .0 0 °6
4.1°

0 .0 7 4 4

This calculation also is performed easily by the use of tables.

V ariab les A ffectin g  T est

Like most other physical tests which are applied to rubber, 
rebound is influenced by a great many factors such as type 
and history of raw materials, and conditions of curing and 
testing. Various experimental errors, some accidental and 
some systematic, may creep in a t any point between the 
weighing of the batch and the final recording of the result. 
A few of these variables will be discussed.

Figure 1 shows three curves of per cent rebound vs. black 
loading. All three curves tend to intercept the zero loading 
axis a t 92 to 93 per cent rebound, which is the value usually 
obtained with a pure gum stock. They proceed downward 
to the right, spreading apart a t the higher loadings. Hence, 
for accurate separation of blacks it  is advisable to use load
ings of a t least twenty-five volumes. Although the spread 
between the extreme blacks may not a t first seem very large, 
it is easily seen from the curves tha t if twenty-five volumes 
of the high-rebound black will produce a certain deadness, 
that same deadness can be produced with only eighteen 
volumes of the low-rebound black.

F i g u r e  2 . R e b o u n d  a n d  D e f l e c t i o n  v s . 
T im e  o f  C u r e  ( D a t a  o f  T a b l e  I )

Rebound is comparatively insensitive to state of cure 
(Figure 2) after the condition of undercure has been passed. 
But this is not true of deflection. Insensitivity to state of 
cure is a distinct advantage because it  means th a t no error 
is introduced when comparing fast- and slow-curing carbon 
blacks.

On the o t h e r  h a n d ,  
rebound is quite sensi
tive to the temperature 
o f t e s t i n g  (Figure 3). 
For that reason it  has 
been found essential to 
condition samples in a 
c o n s t a n t - t  emperature 
bath for some time be- 

’ fore testing.
As a sample is struck 

repeatedly, it  b e c o me s  
more resilient. The big
gest change is between

F i g u r e  3 . R e b o u n d  v s . T e m 
p e r a t u r e
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the first and second blows, and after five or six blows it 
levels off to a fairly constant value. This is not due to the 
heating of the sample as might be supposed a t  first but rather 
is analogous to the change from the first to the nth hys
teresis loop of a stress-strain curve. In  order to eliminate 
this as a source of error, the practice has been to strike the 
block until the reading becomes constant.

After precautions have been taken either to eliminate 
these sources of error or to keep them constant, there is still 
an irregular day-to-day variation. I t  is of such magnitude 
th a t it is impractical to use the absolute value of per cent re
bound as a means of factory control. In  this respect the 
rebound pendulum is not unique, for many other rubber tests 
have met with the same difficulty. On the other hand, 
samples of black which have passed through the laboratory 
as a group should all be subject to the same systematic er
rors, which would not affect the test when viewed in a rela
tive sense. For want of a better method, we have dealt in 
terms of “per cent standard;” th a t is, assigning a value of 
100 to the standard, ratings are found for the other samples 
by direct proportion. This eliminates the systematic error 
but has the disadvantage tha t any chance error in the stand
ard is automatically transferred to the relative ratings of all 
the other samples.

As an example of the errors of testing, the figures of the 
tables were subjected to a rough analysis. In  Table I  each 
figure represents an individual test, and an analysis of this 
table illustrates the duplicabilitv of tests of the same mix
ing. In  Tables II  and I I I  each figure represents an average 
of several tests. An analysis of these data, therefore, illus
trates the exactness with which the absolute 
value of rebound can be duplicated from mixing - •—
to mixing when sufficient tests are run to give 
a good average. Finally, the same data are 
given in Table IV on a relative basis: they 
illustrate how exactly two blacks can be com
pared from time to time.

T a b l e  I. E f f e c t  o f  T im e  o f  C u r e “

M in. a t  260° F . 
(126.7° C.)

% rebound

Av.

D eflection

Av.

35 45 55 70 90 100 140

57 .5 6 2 .5 6 3 .6 6 5 .7 6 5 .2 64 .2 6 5 .7
58 .5 6 2 .0 64 .2 65 .2 6 6 .7 65 .7 65 .7
58 .5 6 2 .0 6 3 .6 65 .7 66 .2 6 6 .2 6 5 .2
58 .0 6 2 .0 64 .7 6 5 .2 66 .2 6 5 .2 65.7
59 .0 6 2 .0 6 3 .6 64 .7 6 6 .2 6 6 .2 65 .2
5 8 .5 6 3 .1 6 3 .6 65 .2 6 6 .2 6 5 .7 66 .2
58 .2 62 .3 6 3 .9 6 5 .3 66 .1 6 5 .5 6 5 .6

0 .275 0 .2 6 7 0 .2 5 5 0 .244 0.233 0 .226 0 .225
0 .277 0 .264 0.261 0 .2 3 8 0.234 0 .230 0 .224
0 .276 0 .266 0.262 0 .246 0.237 0 .230 0 .224
0 .280 0 .264 0 .257 0 .244 0.233 0 .227 0 .223
0.276 0 .264 0 .258 0 .244 0.232 0.232 0 .227
0 .278 0 .2 6 8 0 .2 5 8 0 .245 0 .237 0.231 0 .226
0 .277 0 .266 0 .259 0 .244 0 .234 0.229 0 .2 2 5

a E ach  figure represen ts  a  te s t  on  one block . All blocks were from  the  
sam e b a tch  of s tock  an d  w ere cured  on th e  sam e day . A n average b lack  was 
used in  th e  te s t form ula . T he  d a ta  a re  p lo tted  in  F igu re  2.

Customary good laboratory practice is followed in the 
selection of rubber and other materials, in milling, in curing, 
and in resting between the various steps. A t least two test 
blocks are given the same cure, and usually this is done 
a t two points on the flat part of the curing curve (Figure 2)—  
for example, a t 85 and 140 minutes a t 260° F. (126.7° C.).

Just prior to test, the blocks are conditioned for 2 hours 
in water a t 82° F. (27.8° C.). They are removed singly from 
the water, dried, and mounted in the test piece holder. This 
must be done carefully to avoid distortion. The pendulum 
is released a t least six times from an angle of 15°, and then

T a b l e  I I .  R e p e a t  T e s t s  o n  S a m e  S e r i e s  o f  B l a c k s

C om parison M ade

D up lica te  tests  on sam e m ixing 
D up lica te  mixings of sam e black  (av. 2 to  

4 te sts):
A bsolute value 
R elative  value

Av. D eviation  
from  M ean

%
± 0.6

± 1.1
± 0 .6

I t  is obvious tha t complete reliance should 
not be placed in a test on a single block, and 
th a t the relative value is more reliable than the 
absolute.

R e co m m e n d ed  P roced u re for 
B lack  T estin g

Giving due consideration to the variables dss- 
cussed, the following procedure has been worked 
out as being good practice:

In order to obtain differences between blacks 
which are of sufficient size to measure accu
rately, the test formula has been:

R u b b er 100 M ercaptobenzothiazole
B lack 50 S tearic acid
Zinc oxide 5 P ine ta r
Sulfur 3 Pheny l-0 -naph tby lam ine

1
4
5 
1

169

A known black which may be considered a 
standard of reference is always included with the 
blacks to be tested and is subjected to exactly 
the same conditions. For the sake of both effi
ciency and accuracy the number of unknown 
samples is usually held between three and seven.

% rebound :
85 m in. a t  260° F . 
140 m in. a t  260° F . 

D eflection:
85 m in. a t  260° F . 
140 m in. a t  260° F . 

N igrom eter reading  
R ed 
G reen 

%  n e t volatile  
%  D P G  adsorp tion«

%  rebound:
85 m in. a t  260° F . 
140 m in. a t  260° F . 

D eflection:
85 m in. a t  260° F . 
140 m in. a t  260° F . 

N igrom eter read ing : 
R ed 
G reen 

%  n e t vola tile  
%  D P G  adso rp tion

%  rebound:
85 m in. a t  260° F . 
140 m in. a t  260° F . 

D eflection:
85 min. a t  260° F . 
140 m in. a t  260° F . 

N igrom eter read ing : 
R ed 
G reen 

%  n e t vola tile  
%  D P G  adsorp tion

%  rebound:
85 min. a t  260° F . 
140 min. a t  260° F . 

Deflection:
85 m in. a t  260° F . 
140 m in. a t  260° F.

K id

Black B lack B lack B lack B lack B lack No. of
A B C D 

Set 1°

E F T ests

65 .2 6 1 .8 6 7 .3 69 .9 6 5 .7 6 8 .5 2
6 5 .0 6 1 .5 67 .1 69 .6 6 5 .7 6 8 .8 2

0 .2 3 8 0 .2 3 0 0 .2 4 4 0 .2 5 4 0.239 0 .2 5 3 2
0.227 0 .218 0.232 0 .235 0 .231 0 .235 2

8 2 .4 8 1 .8 82 .1 8 6 .3 83 .3 8 4 .8 2
8 5 .3 8 4 .6 8 5 .0 8 9 .0 8 6 .0 87 .7 2

6 .8 4 .7 5 .9 5 .4 4 .8 6 .4 2
5 0 .8 4 2 .5 3 8 .4 24 .9  

Set I I
3 1 .1 5 3 .0 2

6 6 .6 7 0 .8 6 6 .9 7 0 .0 4
66 .3 7 0 .6 6 6 .5 70 .7 4

0.246 0.251 0.242 0 .256 4
0.229 0 .237 0 .228 0 .242 4

82 .1 8 5 .8 8 2 .8 83 .9 2
85 .2 8 8 .8 8 5 .8 8 7 .0 2

5 .4 4 .6 4 .0 6 .4 2
5 4 .4 2 5 .4  

Set I I I

3 3 .4 53 .4 o

6 5 .5 65 .7 6 8 .0 68 .2 2
6 4 .5 6 5 .0 6 9 .9 69 .9 2

0 .2 4 5 0 .244 0 .253 0 .254 2
0 .2 2 6 0 .2 3 0 0.241 0 .239 2

8 1 .8 83 .9 8 6 .7 8 4 .5 2
8 4 .8 8 6 .8 9 0 .3 8 7 .5 2

6 .8 6 .0 4 .8 6 .6 2
53 .4 3 6 .5 2 5 .3  

Set IV

4 8 .8 2

6 5 .8 6 3 .7 6 6 .6 6 8 .9 4
65 .2 6 3 .7 6 6 .3 6 9 .6 4

0 .234 0 .2 3 0 0.242 0 .249 4
0 .224 0 .215 0 .226 0 .233 4

462 458 412 407 9

° E ach  se t of d a ta  is en tire ly  com parab le  w ith in  itse lf; th a t  is, th e  processing of the 
stocks and  th e  runn ing  of th e  te sts  were so carried  ou t th a t  th e  re la tiv e  com parison  of each 
black  w ith  b lack  A is reliable.

i> N igrom eter readings according to  Johnson  (11), using red  and  green filters. 
c D P G  (diphenvlguanid ine) adso rp tion  according to  A m on and  E ste low  (S). 
d K i  d e term ined  on a  W illiam s p lastom eter.
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released repeatedly until the angle of rebound no longer in
creases. The most frequent value is taken as the angular 
reading. The deflection reading is taken for several impacts, 
and finally permanent set is determined. The results in 
their final form of per cent rebound and deflection are read 
from tables embodying the corrections and calculations al
ready outlined.

A p p lica tio n  o f R eb o u n d  to  F actory  C ontrol

Rebound was applied first to the routine testing of carbon 
black, not because it was thought to measure a desirable 
property of a black but because it measured a property that 
was characteristic of a source. In fact, it was used a t first 
merely as an additional test to obtain as complete data as 
possible on daily shipments of black. Its interpretation was 
not hampered by any preconceived ideas. I t  was considered 
a new test which was being applied to a virtually unknown 
material. I t  appeared statistically, however, that certain 
sources were producing different types of black than others. 
Figure 4 shows a few distribution curves, each one represent
ing a source. Source Y  is of particular interest since its curve 
has two humps, one forming a definite peak at about 98 and 
one a t about 89. This clearly indicates two producing units 
so far apart in type of product tha t their distribution curves 
are almost entirely separated. Curve Z  is a recent curve 
taken on a typical source. I t  has a higher peak than the 
others and is spread between narrower limits. There is no 
question but th a t it represents a far greater degree of uni
formity than the others.

The interpretation of the test came after its use as a routine 
test. Because of its practical nature it was comparatively 
easy to use it in selecting type blacks which were then sub
jected to other tests such as those described below.

T a b l e  II. (Continued)
B lack Black Black Blank Black Black No. of

A B C D 
Set V

E F Tests

%  reb o u n d :
85 m in. a t  260° F . 6 6 .5 63 .2 68.7 70 .2 4
140 m in. a t  260° F . 65 .1 63 .1 67.1 69 .6 4

D eflection:
85 m in. a t  260° F . 0 .236 0.228 0.239 0.245 4
140 m in. a t  260° F . 0 .223 0.220 0.227 0.233 4

Ki 470 490 457 415 12
N igrom eter read ing :

R ed 8 2 .8 80 .5 83.4 8 5 .0 l
G reen 8 4 .0 82 .5 85 .8 88 .0 1

% n e t vo latile 6 .1 7 .1 6 .2 4 .9 1
% D P G  adso rp tion 57:1 5 2 .6 42 .9 29.1  

Set VI

1

%  rebound :
85 m in. a t  260° F. 67 .3 63 .5 68.1 71 .0 4
140 m in. a t  260° F . 66 .1 64 .7 67 .6 71 .0 4

D eflection:
85 m in. a t  260° F. 0 .236 0.230 0.235 0.247 4
140 m in. a t  260° F . 0 .222 0.222 0.225 0.233 4

Ki 472 488 469 436 12
N igrom eter read ing :

R ed 81 .2 8 1 .0 84.4 86.2 l
G reen 8 3 .2 83 .3 86.4 88.6 1

%  n e t vo la tile 6 .0 4 .1 5 .7 4 .4 1
% D P G  adso rp tion 55.1 42 .1 38 .1 24.7  

Set V II

1

% rebound:
85 m in. a t  260° F . 65 .6 65.1 4
140 m in. a t  260° F . 6 4 .0 65 .0 4

Deflection: _ _
85 m in. a t  260° F. 0 .232 0.234 4
140 m in. a t  260° F. 0.219 0.222 4

N igrom eter read ing : ___
Red S2.0 »2.U i
Green 84 .3 84 .5 1

% ne t vo latile  
% D P G  adso rp tion

%  rebound:

6 .5 4 .1 1
153 .5

Set V III

35 .0

69.285 m in . a t  260° F. 6 5 .8 64 .2 67 .8 7
140 m in . a t  260° F . 

Deflection:
66 .2 63 .4 6 7 .8 68.3 1

85 m in. a t  260° F . 0.239 0.233 0.240 0.250 7
140 m in . a t  260° F . 0.229 0.222 0.226 0.233 1

N igrom eter read ing : ~ ,
R ed 8 3 .0 81 .6 83 .5 . u i
G reen 85 .0 84 .0 85 .8 86 .2 1

%  n e t vo latile 5 .1 4 .2 4 .6 6 .0 1
%  D P G  adsorp tion 50 .4 38.3 33 .9 46 .8 1

F i g u r e  4 .  F r e q u e n c y  i n  P e r  C e n t  o f  
S a m p l e s  F a l l i n g  w i t h i n  a  2  P e r  C e n t  
R a n g e  o f  R e b o u n d  R a t in g , P l o t t e d  a t  

t h e  M i d p o i n t  o f  T h a t  R a n g e

M ea n in g  o f R eb o u n d  as A p p lied  to  B lack

For years certain blacks—for example, Thermax-—have 
been classed as soft blacks, and various investigators have 

reported tha t such soft blacks are of large par
ticle size, gray, relatively nonadsorptive, and 
capable of incorporation to very high loadings, 
and th a t they produce soft uncured stocks and 
resilient cured stocks, etc. (6, 7, 8,11, l/t).

M any papers have been based upon the idea 
of comparing soft blacks a t one extreme with 
color blacks such as Super Spectra a t the other, 
and have shown differences by a variety of tests. 
I t  is of interest, therefore, since a separation 
has now been made within the normal range of 
rubber channel black through the use of rebound, 
to find how many of these other properties vary 
in the same way as they do over the broader 
range of all blacks. The most instructive data 
are found in Table IV in the form of ratings in 
which black A has been assigned an arbitrary 
value of 100.

Plasticity of the uncured tread stock as meas
ured by the Williams plastometer is definitely in
fluenced by type of black. Although the correla
tion of rebound with some properties is doubtful, 
as will be shown below, no exception has yet 
been found in the case of plasticity. Low re
bound and toughness go hand in hand (Figure 5).

Blackness of the black, as viewed by reflected 
light either in the dry state or when dispersed in 
oil, has been found to be related to rebound. I t  
is a rather difficult property to measure, but, con
sidering the number of tests made, the average 
ratings of Table IV are probably reliable. They 
wrere obtained with a Nigrometer (11), and a 
high figure represents grayness. I t  seems obvi
ous tha t a low-rebound black is a black black 
(Figure 5).

Volatile m atter which is a measure of the 
oxygen content of the black (10, 18) seems to 
be entirely unrelated to rebound. This is not 
difficult to believe s i n c e  t h e r e  is n o  rea-
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T a b l e  III. E f f e c t  o f  R e m i l l i n g 0

B lack Black Black Black No. of
A B C F T ests

R egu lar M illing

65.1 62 .4 65 .7 68 .9 2
63 .2 62 .2 65 .4 68 .4 2

0.231 0 .220 0 .228 0 .240 2
0 .2 1 8 0 .212 0 .218 0.231 2
1.261 1.345 1.234 1.080 3

One R em illing

65 .4 61 .7 65 .7 69 .2 2
6 3 .0 61 .9 65 .1 68 .9 2

0 .232 0.224 0 .233 0.241 2
0 .218 0.212 0.221 0.235 2
1.170 1.200 1.036 1.017 3

Tw o R em illings

65 .1 6 2 .8 66 .0 68 .1 2
6 3 .0 61 .4 0 4 .8 6 7 .6 2

0.234 0.227 0 .234 0 .248 2
0.221 0.217 0.221 0 .230 2
1.159 1.198 0 .992 1.012 3

T hree  R em illings

65 .4 6 1 .9 65 .4 6 7 .8 2
63 .7 6 0 .6 63 .7 68 .1 2

0 .233 0 .226 0 .233 0.253 2
0 .222 0.212 0 .220 0.233 2
1.139 1.195 0 .967 0.994 3

F o u r Rem illings

6 3 .0 6 2 .7 6 4 .8 6 7 .6 2
62.7 61 .6 6 3 .8 67 .6 2

0.231 0.226 0 .235 0 .2 5 0 2
0.218 0 .213 0.222 0 .233 2
1.070 1.128 0.923 0 .942 3

%  rebound:
85 m in. a t  260° F . 
140 m in. a t  260° F . 

Deflection:
85 m in. a t  260° F . 
140 m in. a t  260° F. 

Vol. ru b b e r/v o l. b lack b

%  rebound:
85 m in. a t  260° F . 
140 min. a t  260° F. 

D eflection:
85 min. a t  260° F . 
140 min. a t  260° F . 

Vol. ru b b e r/v o l. black

%  rebound:
85 min. a t  260° F . 
140 min. a t  260° F. 

D eflection:
85 min. a t  260° F. 
140 min. a t  260° F. 

Vol. ru b b e r/v o l. black

%  rebound:
85 min. a t  260° F . 
140 m in. a t  260° F. 

D eflection:
85 m in. a t  260° F . 
140 m in. a t  260° F. 

Vol. ru b b e r/v o l. black

%  rebound:
85 m in. a t  260° F .
140 m in. a t  260° F .

Deflection:
85 m in. a t  260° F .
140 min. a t  260° F .

Vol. ru b b e r/v o l. b lack

° A m aster b a tch  was m ade of each black, and  portions of i t  were rem illed 
a t  24-hour in te rva ls ; 24 hours a fte r each  rem illing, a se t of com plete tread  
stocks was m illed and  an  ex trac tio n  experim ent was s ta r te d . In  th is  w ay all 
sam ples had  th e  sam e resting  period betw een th e  la s t  rem illing and  the  final 
m illing or ex trac tion .

b E x trac tio n  experim ent: A 2-gram  sam ple of black  m aster b a tch  was
covered w ith  50 cc. of benzene. E ach  day  for 6 weeks th e  clear cem ent 
was poured  off and  renew ed w ith fresh benzene. A t th e  en d  of th is  tim e the  
pellets were dried  a t  room  tem p era tu re  an d  weighed. R esu lts  are repo rted  
as volum es of ru b b er per volum e of b lack . F o r exam ple,

In itia l w eight, 2.000 grains con tain ing  0.800 gram  black  
W eight a fte r ex trac tio n  1.336 grains

h3%.S00'--- X M l -  1-261 VOl‘ r ^ W v«L black

son why oxygen content should have any relation to particle 
size, shape, or any other physical characteristic of a black. 
I t  is generally conceded th a t volatile m atter has its biggest 
influence on such things as rate of cure and adsorptive ca
pacity.

Diphenylguanidine adsorption from benzene (2) may be 
placed with volatile m atter as having no connection with 
rebound. This, too, is not difficult to believe, considering 
the profound effect of oxygen content on acid 
or basic adsorption (15,17,18). ------

Particle size measurements unfortunately are 
not available. However, over the broad range 
of black from Thermax to Super Spectra, low 
rebound, toughness of uncured stock, and black
ness all mean fine particle size. I t  is possible, 
then, tha t within the range of rubber channel 
black, particle size and rebound may be related.
Two other facts may be used to throw some light 
on this point.

I t  has been reported before (4, 5, 7, 16) that, 
when a mixture of black and rubber is extracted 
with benzene, a pseudoequilibrium may be 
reached beyond which rubber is extracted only 
very slowly. The data of Table I I I  show th a t this

property is definitely influenced both by type of black and by 
the degree of milling the rubber has received. I t  seems reason
able to believe tha t this rubber is held by forces of adsorption 
(3, 4) and, if so, the amount held should be a function of the 
specific surface of the black and hence a function of particle 
size. Considered in a relative sense, as in Table IV, it ap
pears to agree broadly with per cent rebound (Figure 5).

Finally, it is no doubt possible to go farther in this inter
pretation of diphenylguanidine adsorption. Diphenylguani
dine adsorption should be a function both of specific sur
face and of the activity of tha t surface toward diphenyl- 
guanidine. The latter is controlled by the oxygen content 
and is indicated by volatile m atter. If there were a quanti
tative relation between these three quantities (diphenyl
guanidine adsorption, specific surface, and volatile m atter), 
it would be possible to predict any one of them knowing the 
other two. In other words, knowing diphenylguanidine 
adsorption and volatile m atter, we could predict specific 
surface. Although such a quantitative relation is not avail-, 
able, these blacks can be lined up a t least qualitatively by 
such a line of reasoning. Black F  has higher volatile matter- 
content than black A. If it had the same specific surface as. 
A it should be more adsorptive. Actually it is less. There
fore, it has less specific surface than A or larger particle size.. 
By a similar line of reasoning other comparisons can be made:: 
F  is larger than A, C is larger than B, D is larger than B, and 
D is larger than E.

Summing up the data of Table IV, therefore, it  appears, 
tha t a black which produces a resilient cured stock (i. e., 
high rebound) also (a) produces a soft uncured stock, (b) is 
a gray black, (c) binds a relatively small amount of rubber 
and consequently has low specific surface, and (d) is less 
adsorptive toward diphenylguanidine than its volatile con
tent requires and hence has low specific surface. The last 
two relations are distinctly qualitative, and for th a t reason 
there is no intention of stating th a t rebound is a direct meas
ure of particle size.

A b ility  to  S ep a ra te  B lack s

Entirely apart from its significance or its correlation with 
other properties, if a test cannot separate blacks clearly, it 
is of no practical use. This ability to give a clear separation, 
does not depend solely upon the size of the experimental 
error. I t  depends rather upon how much larger than the 
experimental error the total range of readings is.

To be more specific, the total spread in rebound ratings, 
which we find in rubber black is about 20 per cent (Figure 
4). The experimental error may be represented by twice 
the average deviation from the mean, or 1.2 per cent. 
The total spread, therefore, is seventeen times the experi
mental error. In order to compare this with the other tests, 
we may extrapolate the curves of Figure 5 to obtain the

T a b l e  IV. R e l a t i v e  C o m p a r i s o n  o f  V a r i o u s  T e s t s “
A v.

B lack B lack B lack B lack B lack B lack D eviation
A B C D E F from  M ean,

R ebound  ra tin g  (d irec t):
O riginal mix 100 9 6 .2 102.1 106.4 100 .6 1 0 5 .5 'Î ± 0 .6A fter rem illing 100 9 6 .6 101.6 1 0 6 .6 .

W illiam s ra tin g  (inverse) 100 9 7 .8 105.2 1 i  i  ’ 7 ± 3 .0
N igrom eter ra tin g  (direct) 100 9 8 .9 101.6 105 .0 1ÓÓ.6 102 .4 ± 0 .8
B ound ru b b er ra tin g  (inverse) 100 9 5 .9 113 .0 115.2 ± 1 .9
V olatile ra tin g  (direct) 100 84 92 78 ' ¿ 9 ’ 107 ± 8 .2
D P G  ra tin g  (direct) 100 82 71 48 63 97 ± 3 .6
P artic le  size p red ic ted  from

vo latile  m a tte r and  D P G
adsorp tion Larger 

th a n  B
L arger 
th a n  B

L arger 
th a n  A

an d  E

° These a re  average ra tin g s  ta k e n  from  T ables I I  and  I I I .  B lack  A is a rb itra r ily  assigned 
a  ra tin g  of 100 and  all o thers  a re  found  b y  p ro po rtion , e ithe r d irec t or inverse.
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been in constant touch with the problem from the start and 
who has always taken a vital part in its discussion; and to 
PI. V. Powers who has engineered the daily testing of blacks 
and has kindly consented to the publication of the distribu
tion curves.
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spread in their ratings corresponding to a spread of 20 in 
rebound rating as follows:

T o ta l Spread, Av. D eviation  R atio
T ea t A  from  M ean, B  A /2 B

R ebound  20 =±=0.6 17
P la s tic ity  30 =±=3.0 5
N igrom cter 11 =±=0.8 7
B ound  ru b b e r 46 =±=1.9 12

Therefore, of these four tests, rebound seems to give the 
clearest separation.

F i g u r e  5 . C o r r e l a t io n  o f  
R e b o u n d  w i t h  O t h e r  P r o p e r 

t i e s  ( D a t a  o f  T a b l e  IV)

BOUND RUBBER

105 «

-100 u

REB0UN0 RATING

19O_______195

PLASTICITY

B e s s e m e r  C o n v e r t s  M i l l , E d g a r  T h o m s o n  W o r k s , C a r n e g i e  S t e e l  C o . ,  B r a d d o c k , P a .



Extrusion Q u a l i t i e s  o£ Rubber
E F F E C T  O F T E M P E R A T U R E  

A N D  MILL ROLL O PE N IN G
ARTHUR H. NELLEN 

Lee Tire and Rubber Company, Conshohocken, Pa.

E v e r y d a y
m i l l i n g  
p r a c t i c e  

shows tha t rubber 
becomes s o f t e r  
when milled on a 
cold m i l l  t h a n  
w h e n  milled for 
the same length 
of time on a hot 
mill, and also that 
a tight mill will 
p r o d u c e  softer 
r u b b e r  than an 
open mill, using 
the same number 
of p a s s e s .  Al
though this may 
seem obvious to 
one who is experi
enced in rubber 
milling, the pub
l i s h e d  work on 
variations in the 
softness of rubber 
r e s u l t i n g  from 
differences in roll 
temperatures and 
mill roll setting is 

meager; additional data on this subject would not be un
welcome in rubber literature. Also, a series of tests to de
termine the effects of these factors on the working qualities 
of rubber provides a satisfactory means for describing a 
method for operating a tubing machine plastometer which 
has proved to be of considerable value in this laboratory.

T u b in g  M a ch in e
In this method a small tubing macliine was specially built 

for the purpose:

The temperature is regulated by means of water passing 
through both barrel and worm at 180° F. (82.2° C.) in a closed 
system with thermostatic control, and temperature variations 
of this circulating water are indicated on a dial thermometer 
plainly visible to the operator. Speed is held constant at 35 
r. p. m. of the worm, which is 1.25 inches (3.2 cm.) in diame
ter with progressively decreasing pitch; the power consumed 
is indicated on a wattmeter, also in front of the operator. A 
Vas-inch (2.3S-mm.) orifice is used for the extrusion, and built 
into the head is a thermocouple around which the rubber must 
pass before extruding. This is connected to a temperature in
dicator, also in position over the machine. The barrel of the 
tubing machine is free to move back and forth a short distance 
(0.75 inch, or 19 mm.) and is rigidly attached to a diaphragm 
operated by air pressure. This air pressure, obtained from a 
small tank under the machine, is maintained constant at 20 
pounds per square inch (1.406 kg. per sq. cm.) and, when ap

plied to the diaphragm, pulls the barrel back with a force of 13S0 
pounds (625.97 kg.). The motion of the barrel is indicated on 
a dial placed behind the machine, also in view of the operator.

P la s t ic ity  D e te r m in a tio n s
In the operation of this tubing machine for determining the 

plasticity of a sample, the rubber is cut into pieces small enough 
to be easily fed into the hopper. The cold rubber is fed at a 
uniform rate with the air pressure off, so that the barrel is in the 
forward position with relation to the worm. Exactly 200 grams 
of the rubber are run through before any readings are taken, in 
order to bring the rubber in the machine and the die to a con
stant temperature. Then the tubing is continued with additional 
rubber, and three one-minute samples are cut off by means of 
the cutter fastened in front of the die. During the extrusion 
of these three samples, temperature of the extruding rubber is 
recorded and average power readings are taken. Any varia
tions in the circulating water temperature are also noted. The 
three samples are weighed individually, and the average is taken 
and recorded as “grams extruded per minute,” which for 
brevity is called G,. The worm is then stopped with the ma
chine loaded and held for exactly 3 minutes. Then the air 
valve is opened, and the 20 pounds per square inch pressure is 
applied to the diaphragm which forces the die back against the 
rubber in the space between the die and screw with a pressure 
of 1380 pounds. The movement of the barrel backward as the 
rubber is forced out of the die is indicated on the dial back of 
the machine, and the divisions on the dial correspond to the 
volume of rubber extruded. With a stop watch the number of 
minutes to extrude 5.4 cc. are taken and recorded as M. This 
completes the test, and the machine is cleaned out; each test 
is started with an empty machine.

The factor Gz is a direct measure of tubeability or tubing 
speed, and M  is an inverse measure of plastic flow. G JM , for 
want of a better word, is called “plasticity.”

A n  a p p a ra tu s an d  p roced u re are d e 
scr ib ed  for a ccu ra te ly  d e te r m in in g  th e  
ex tru sio n  q u a lit ie s  an d  p la s t ic  flow  o f r u b 
ber.

B etw een  90° a n d  210J F. o n  a  laboratory  
m ill  w h en  te m p era tu re  is  th e  o n ly  vari
ab le , th e  low er th e  te m p e r a tu r e  th e  so fter  
th e  rubber. A t a n y  te m p e r a tu r e  b e tw e en  
90° an d  210° F . o n  a  la b o ra to ry  m ill  w h en  
th e  ru b ber is  p assed  th r o u g h  a n  eq u a l 
n u m b e r  o f t im e s , th e  t ig h te r  th e  m ill ,  th e  
so fte r  th e  ru b ber. B etw een  120° an d  
200° F . in  a  tu b e  m a c h in e  u sed  as a  rubber  
p la stic izer , th e  low er th e  tem p era tu re , 
th e  so fter  th e  rubber.

In  ru b ber c o m p o u n d s  tu b e a b ility  and  
p la s t ic  flow  are n o t  n ece ssa r ily  re la ted .

T u b i n g  M a c h in e
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Figure 1 and the following table give results on four 400- 
gram samples taken from the same slab of factory milled 
and blended smoked sheet which were ground for 4, 6, 8, and 
10 minutes on a 12 X 6 inch (30.48 X 15.24 cm.) laboratory

6 O
Minutes Grind on M ill

/

/

/

/
/

V
I O

F i g u r e  1. R e s u l t s  o f  E x t r u s i o n  T e s t s

mill, front roll speed 22 r. p. m., back roll speed 32 r. p. m., 
ratio 1.45 to 1, roll temperature maintained at average of 
90° F. (32.2° C.), and opening between rolls 0.010 inch (2.54 
m m .):

G rinding
Tim e Gr M G x/M
M in .

4 37 .02 0 .4 92 .6
6 47 .07 0 .2 235.4
S 52.81 0 .11 480 .5

10 57.21 0 .08 715.0

These figures serve to illustrate the magnitude of differ
ences in plasticity readings, even when samples are taken 
with only 2-minute variations in grinding.

E ffect o f T em p era tu re  an d  R oll S e tt in g

In order to determine the effect on the rubber tubing quali
ties and plastic flow of the variations in roll temperature and 
roll settings, fifteen 400-gram samples, taken from a slab of 
factory milled and blended smoked sheet, were treated on 
the same laboratory mill as follows: Each passed through 
the rolls exactly ten times. Five samples were subjected to 
a roll temperature of 00° F. (32.2° C.) and openings between 
the rolls of 0.010, 0.020, 0.040, 0.080, and 0.120 inch (0.25,
0.51, 1.02, 2.03, and 3.05 mm.), respectively; five to a roll 
temperature of 165° F. (73.9° C.) and the same openings; and 
five to a roll temperature of 210° F. (98.9° C.) and the same 
openings. Samples were tested approximately 24 hours after 
milling.

F i g u r e  2 .  E f f e c t  o f  S i z e  o f  M i l l  O p e n i n g  
o n  E x t r u s i o n  Q u a l it i e s

The time for making the ten passes decreased as the mill 
opening increased. Also, the time increased as the roll 
temperature increased, as the spring of the rolls brought them 
closer together when the rubber on the mill was hot and soft. 
Table I  gives data on samples milled at the three tempera
tures.' _ .

Figure 2 shows the effect of variations in mill openings, in 
?ach case the average of the three temperatures; Figure 3

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

-f fx /.U -
M ill M ill Tim e of Increaso

%  in- 
creaseO pen Tem p. T en from froming a t E nd Passes Gx M Original original*1 original

M m . ° C. M in .
M ill T em p , a t  S ta r t ,  32.2° C.

0 .2 5 46.1 6 45 .97 0 .2 0 230 213 .5 1293
0 .51 40 .6 3 35 .90 0 .4 4 81 .5 65 .0 3931.02 37 .2 2 28.21 0 .7 5 37 .6 21 .1 1282.03 33 .3 1 24 .34 1.04 2 3 .4 6 .9 42
3 .0 5 32 .2 0 .9  23 .89 1 .03 2 3 .2 6 .7 41

M ill T em p, a t  S ta r t ,  73.9° C.
0 .2 5 81 .1 7 .7  44 .71 0 .2 7 165.5 149.0 903
0 .51 79 .4 3 .8  32 .22 0 .5 6 5 7 .5 4 1 .0 2481 .02 76 .7 2 .1  25 .77 0 .8 6 2 9 .9 13.4 81
2 .03 73 .9 1 .2  24 .07 1.09 22.1 5 .6 33
3 .0 5 73 .9 1 .0  23 .39 1.13 20.7 4 .2 25

M ill T em p, a t  S ta r t ,  98.9° C.
0 .25 98 .9 11 .5  35 .67 0 .4 5 7 9 .3 6 2 .8 381
0 .51 98 .9 5 .7  24 .93 0 .8 3 30.1 13 .6 82
1.02 98 .9 2 .3  23 .76 0 .97 2 4 .5 8 .0 48
2 .03 9 8 .9 1 .3  22 .44 1 .14 19.7 3 .2 19
3 .05 9 8 .9 1 .1  23 .93 1 .30 18.4 1 .9 12
a G x /M  on original fac to ry  slab , 16.5.

shows the effect of temperature,' in each case the average of 
the five mill openings.

Another test was run to determine the effect of tempera
ture by using the tubing machine as a plastieizer and run
ning samples of the same smoked sheet through the machine 
once each with the circulating water temperature varying

l.l
w

.7
2IÖ1 165*

jft/fJx fa . ?r

so
10

»2
4 0

30

.......

/

Roll Temp ‘A
T o'

F i g u r e  3 . E f f e c t  o f  T e m p e r a t u r e  o n  E x 
t r u s i o n  Q u a l i t i e s

between 120° F. 
(48.9° C.) a n d  
200° F. (93.3° C.). 
After passing 400 
grams of the rub
ber through the 
machine, it was 
run through the 
laboratory m i l l  
t w i c e  w i t h  the 
3.05-mm. opening 
and a t e m p e r a 
t u r e  of  210° F. 
(98.9° C.) to sheet

\
\

N
X s

X

5 ■ ///
5 jL

/

/
200 ô lèA 14ô 120

4 g p l  ,4  > >  Æaàùâf.M c S s fil
Çirct/Itùçg Wjfer Teno. 7T

F i g u r e  4 . E f f e c t  o f  W a t e r  T e m 
p e r a t u r e  o n  E x t r u s i o n  Q u a l i t i e s

it out; it was then held approximately 24 hours before testing 
for plasticity. The following table gives the data obtained 
in running the rubber through the machine a t the various 
temperatures:

C irculating Tem p, of
Sam ple W ater E x tru d in g Tem p.

No. Tem p. R ubber Rise Av. W atts
° C. ° C. ° C.

1 4 8 .9 7 3 .9 25 450
2 60 .0 8 3 .9 2 3 .9 350
3 71.1 8 8 .3 17.2 250
4 82 .2 9 4 .4 12.2 170
5 9 3 .3 103.9 10 .6 140

As is to be expected, the lower the temperature of the b. 
rel and worm, the greater the temperature rise between t
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water temperature and th a t of the rubber extruding through 
the die, and the greater the power consumption.

Figure 4 and the following table show the effect on the ex
trusion qualities of the variation in circulating water tern-

Sam ple
No. Gx M O riginal

— G x /M —

Increase
from

original0

%  in 
crease 

from 
original

1 30 .42 0 .6 5 4 6 .8 30 .3 183
2 29 .02 0 .77 3 7 .7 21 .2 128
3 27 .05 0.84 3 2 .2 15.9 96
4 25 .50 0 .9 1 2 8 .0 11.5 70
5 22.41 1.07 2 0 .9 4 .4 27

a G x /M  on original rubber, 16.5.

F i g u r e  5 . R e l a t io n  o f  T u b e a b i l i t y  
a n d  P l a s t ic  F l o w

R e la t io n  o f  
T u b ea b ility  
an d  P la stic  

F low

All of the data 
presented thus far 
show a direct rela- 
t i o n  b e t w e e n  
tubeability a n d  
plastic flow, and 
conclusions would 
be i d e n t i c a l  if 
either Gz or M  
w e r e  u s e d  and 
G J M  o m i t t e d .  
However, G, and

M  have a direct relation when the same type of rubber or 
compound is compared, but not always when different types 
of rubber or different compounds are compared. For ex
ample, if we draw a curve of the Gx values of five different 
types of rubber compounds and then below this show the 
M  values, it becomes evident tha t tubeability and plastic flow 
are not directly related. Although the G J M  figure may 
mean little mathematically, it is a good index of the actual 
softness of the stock; if stocks are graded arbitrarily by “feel’’ 
on the mill, they fall into line with the Gx/M  figure more 
closely than with either Gx or M. These data are given in 
Figure 5 and the following table:

Gx* M G x/M
T read  com pound 29 .7 1.23 2 4 .2
C ushion 3 5 .2 0 .51 68 .6
In n er tu b e 38 .2 0 .5 8 6 5 .8
Loaded tub ing 41 .5 2 .4 4 17 .0
F riction 4 6 .9 0 .1 8 260 .5

* C orrected  to  0.92 specific g rav ity .

In this paper only one procedure for the successful opera
tion of this tubed machine plastometer has been described. 
A discussion of other procedures designed for factory con
trol of stocks which permit of rapid testing of samples, for 
development of stocks of certain desired characteristics, for 
determination of tubing and plastic properties of pigments, 
for scorch tests of compounds would provide data enough 
for a number of papers.

R e c e i v e d  A pril 17, 1937. P resen ted  before th e  D ivision of R u b b er C hem is
try  a t  th e  93rd  M eeting  of th e  A m erican C hem ical Society, C hapel Hill» 
N . C ., A pril 12 to  15, 1937.

Viscosity of Hydrocarbon 

Solutions

A S PART of a coordi
nated program of re- 
s c a r c h  u p o n  the 

physical and thermody
namic properties of hydro
carbon systems, a study of 
the effect of pressure and 
composition upon the vis
cosity of the liquid phase of 
a part of the methane-propane-crystal oil system was made. 
The work was primarily limited to a temperature of 100° F. and 
to liquid compositions containing less than 5 per cent methane 
and 20 per cent propane by weight. The viscosity of the 
liquid phase of numerous mixtures in this composition range 
was determined in both the two-phase and condensed-liquid 
regions at pressures up to 3000 pounds per square inch ab
solute.

Experimental investigation of the effect of pressure and 
composition upon the viscosity of hydrocarbon liquids has 
not progressed sufficiently to permit correlation of the vis
cosity as a function of state. Bridgeman (1) made measure
ments of the effect of pressure upon the viscosity of several 
hydrocarbons. His pressure range (17 X 10* pounds per 
square inch) was many times th a t recorded in the present 
paper, but no attem pt was made to study systematically the 
effect of composition upon the changes in viscosity of such

liquids. Ilersey and Shore
(4) also d e t e r m i n e d  the 
effect of p r e s s u r e  upon 
the viscosity of lubricat
ing oils a t several tem
peratures.

The authors (6, 8, 9, 10, 
11) reported measurements 
upon th e  v i s c o s i t y  of 

hydrocarbon liquids saturated with gases a t pressures as 
high as 3000 pounds per square inch. This work deter
mined only the combined effect of changes in composition 
and pressure upon the viscosity of these liquids and offered 
no information concerning the individual effects of the vari
ables.

M a ter ia ls
The oil used in this investigation was a water-white 

paraffin-base oil refined from Pennsylvania crude stock. The 
average molecular weight, as determined by the freezing 
point lowering of benzene, was 342. Its  specific gravity a t  
100° F., relative to water a t its maximum density, was 0.8244, 
and the viscosity-gravity constant (5) was found to be 0.7979. 
The results of an aniline extraction analysis upon similar 
material indicated th a t it  was primarily composed of constitu
ents of a narrow range of high molecular weights, which

M E T H A N E -P R O P A N E -  
C R Y ST A L  OIL S Y S T E M

B. H. SAGE, B. N. INMAN, a n d  W. N. LACEY 
California Institute of Technology, Pasadena, Calif.



accounted for the oil’s low volatility (10-3 inch of mercury 
a t 100° F.). Throughout the remainder of this paper this 
oil will be called “crystal oil,” but it is quite different from 
the water-white oil used in other phase-equilibrium and vis
cosity studies by the authors. The latter was refined from 
western crude stock. The propane used in this investigation 
was obtained from the Philgas Company, 
together with a special fractionation 
analysis showing tha t the propane con
tained less than 0.05 mole per cent of 
impurities. Investigation showed that 
the vapor-pressure of this material varied 
by less than 0.3 pound per square inch 
between dew and bubble points at 100 ° F.
The methane was prepared from natural 
gas by methods previously described 
(7). The methane was purified by char
coal adsorption and partial solidification 
a t liquid air temperature, and it is the 
authors’ belief tha t the material con
tained less than 0.05 mole per cent ethane 
and heavier constituents, and probably 
not more than 0.2 mole per cent nitrogen 
n r  other noncondensable constituents.

E x p er im en ta l M eth o d s
The instrument employed was a re

vised form of the rolling ball viscometer, 
previously described (6), which was 
adapted from earlier forms used by 
Flowers (2) and Hersey (S, /+). In 
principle the method consisted of meas
uring the time for a close-fitting steel ball under the influence 
of gravity to move down a closed inclined liquid-filled tube 
through a fixed distance. Figure 1 is a schematic diagram 
of the instrument as used for these measurements:

The liquid under investigation filled the entire system, except 
when measurements in the two-phase region were made; under 
these circumstances the upper part of saturation cell A was filled 
with gas. The liquid was circulated through chamber B, up 
through the flow tube of the viscometer proper, and back to satu
ration cell A by means of the small cam pump mounted in the 
lower part of the saturation cell. This circulation, in addition 
to the action of a stirrer in saturation cell A, permitted the rapid 
attainment of equilibrium between the gas and the liquid por
tions of the system. The effective volume of the system could be 
varied approximately 25 per cent by the addition or withdrawal of 
mercury from chamber B. This variation in volume permitted 
the investigation of the change in viscosity of the liquid phase 
with changes in pressure for a system of constant composition.

The roll time of the ball was ascertained by means of an elec
trically driven chronograph actuated through con
tacts C and D. The upper contact C was movable to 
permit release of the ball. The chronograph was of such 
a design that the lapse of time between the breaking of 
the upper contact and the making of the lower one could 
be determined with a precision of 0.01 second. How
ever, an uncertainty in the roll time as great as 0.2 per 
cent may have existed because of irregularities in the 
frequency of the alternating current supply used for driv
ing the chronograph. . .

The temperature of the viscometer was maintained by 
means of an oil thermostat in which the maximum varia
tion in temperature was 0.05° F. The pressure on the 
system was measured by means of a pressure balance 
connected to the mercury in cell B. The pressure within 
the apparatus was known within 0.3 pound per square 
inch at pressures below 300 pounds per square inch and 
within 1.5 pounds per square inch at higher pressures.

The instrument was calibrated by use of a series 
of hydrocarbon liquids of known viscosity. The 
viscosity of these calibrating liquids was determined 
a t atmospheric pressure by means of a quartz Ostwald 
pipet. I t  is believed that the uncertainty introduced
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as a result of the calibration was less than 0.5 per cent. For a 
discussion of the parameters involved in these calibrations, the 
reader is referred to the work of Flowers (2) and Hersey (3), 
and to an earlier paper of this series (6). The effect of pressure 
upon the calibration of the instrument was determined by a 
comparison of the measured increase in the viscosity of several 

organic liqu ids with tha t found by Bridge- 
man (I). This comparison indicated that 
changes in calibration of as much as 0.5 
per cent might be encountered a t the 
higher pressures. Because of the limited 
over-all accuracy of the measurements 
(2 per cent), it was not considered worth 
while to correct the measured viscosity 
for this small change in calibration.

For this work on binary and ternary 
mixtures, the crystal oil was first added to 
the apparatus, and then the desired amount 
of propane was distilled into it from a small 
steel bomb. The quantities of crystal oil 
and propane, which were determined by 
counterpoise weighing, were known with an 
uncertainty of less than 0.1 per cent. The 
methane was measured into the apparatus 
by volumetric means, and it is believed 
that the quantity of methane added to the 
apparatus was determined within 0.3 per 
cent. After the addition of the requisite 
amount of the components, the viscometer 
was allowed to come to thermal equilib
rium at the desired temperature.

After the attainment of thermal and of 
phase equilibrium, the liquid was circulated 
through the roll tube forcing the ball to 
the top above the outlet tube. Circu
lation was then stopped, the ball was 

allowed to roll part way down the tube, and the upper con
tact was then lowered a definite small amount. Circulation 
was again started, and the ball was gently wedged against 
the upper contact. I t was found that small inaccuracies (0.001 
inch) in setting the upper contact caused a negligible effect upon 
the roll distance of the ball. The valve at the lower end of the 
roll tube was then closed and the upper contact lifted. The 
break in the upper contact circuit actuated the chronograph 
pen, thus automatically recording the beginning of the roll time. 
The end of the period was recorded by the pen as the ball touched 
the lower contact. The valve at the bottom of the roll tube was 
then opened, circulation started, and the measurement repeated. 
The pressure on the system was changed by the addition or 
withdrawal of mercury, and another set of measurements was 
taken.

The density of the liquid phase, which is required in order 
to determine the viscosity from the measured roll time, was 
calculated from data upon the partial specific volume of the 
components. These latter data were obtained from experi-

889INDUSTRIAL AND ENGINEERING CHEMISTRY

T he effect o f p ressu re  
u p on  th e  v isco sity  of th e  
liq u id  p h a se  o f e ig h tee n  
m ix tu r e s  o f  m e t h a n e ,  
propane, and  cry sta l o il 
w as d eterm in ed  a t  100° F. 
T he w ork in c lu d ed  m e a s
u r e m e n t s  a t  b u b b le  
p o in t  a n d  th r o u g h o u t  
t h e  c o n d e n s e d  l i q u i d  
region  a t  p ressu res u p  to  
3000 p o u n d s per sq uare  
in c h . T h e  r e s u l t s  are  
p r e s e n te d  in  t a b u l a r  
form , and several d ia 
gram s illu s tr a tin g  th e  
b ehavior of th e  sy s te m  
are in c lu d ed .
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PRESSURE LB. PER SQ. IN.

F i g u r e  2 . E f f e c t  o f  P r e s s u r e  a n d  T e m p e r a t u r e  o n  
V i s c o s it y  o f  C r y s t a l  O i l

mental work upon similar systems. The accuracy of this 
information was sufficiently great so tha t an uncertainty 
in the viscosity measurements of less than 0.3 per cent was 
introduced by its use. Because of the uncertainties of com
positions, density, calibration, etc., the viscosity measure
ments are considered trustworthy to approximately 2.0 per 
cent, although the consistency of measurement was usually 
better than 0.2 per cent.

E x p er im en ta l R e su lts
The results of the experimental measurements for crystal 

oil are presented in Figure 2 in which the change in viscosity

T a b l e  I .  V i s c o s it y  o f  C r y s t a l  O i l

Abs.
Pressure, a d s . > iscosiiy , .Miiiipoises

L b ./S q . In . 100° F . 130° F . 160° F. 190° F. 220° F.
B ubble  p o in t0 103.0 6 2 .5 4 0 .9 2 8 .2 21 .6

500 109.1 66 .1 4 3 .2 29 .9 22 .8
1000 115.8 69 .8 4 5 .7 3 1 .5 24 .0
1500 123.5 7 3 .8 4 8 .2 33 .1 25 .2
2000 131.6 77 .7 5 0 .6 3 4 .7 26 .3
2500 139.9 81 .8 5 3 .2 3 6 .4 27 .5
3000 14S.4 85 .9 55 .6 3S .0 28 .6
3500 156.1 90 .2 5 8 .0 3 9 .6 29 .8

a M axim um  b ubb le -po in t pressure was less th a n  0.1 inch  of m ercury.

PRESSURE LB. PER SO. IN.

F i g u r e  3 . R a t io  o f  V is c o s it y  a t  a  G i v e n  P r e s s u r e  t o  
V is c o s it y  a t  V a p o r  P r e s s u r e  f o r  C r y s t a l  O i l

PRESSURE LB. PER SQ. IN.

F i g u r e  4 .  V is c o s it y  o f  B u b b l e - P o i n t  L i q u id  a n d  C o n 
d e n s e d  L i q u i d  f o r  t h e  M e t h a n e - C r y s t a l  O i l  S y s t e m  a t  

1 0 0 °  F .

with pressure is shown for five temperatures. Table I  records 
the results of these measurements. The tabulated values were 
taken from smooth curves drawn through the experimentally 
determined viscosities. Figure 3 presents the ratio of the oil 
viscosity a t a given pressure to the viscosity at the vapor 
pressure for a series of temperatures. Although the per-

PRESSURE LB. PER SQ. IN.

'  F i g u r e  5 . V i s c o s it y  o f  B u b b l e - P o i n t  L i q u id  a n d  
C o n d e n s e d  L i q u i d  f o r  t h e  P r o p a n e - C r y s t a l  O il  

S y s t e m  a t  1 0 0 °  F .
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centage increase in viscosity with pressure is not greatly 
affected by temperature change, there is a much smaller 
change in viscosity with pressure a t the higher temperatures; 
also the rate of change of viscosity with pressure at a con
stan t temperature increases with an increase in pressure.

Figure 4 presents the experimental results for the methane- 
crystal oil system a t 100° F. The curve a t the left represents 
the variation in the viscosity of bubble-point liquid with 
bubble-point pressure. The points shown on this curve were 
taken from measurements made with an appreciable quantity 
of gas phase in equilibrium with the liquid. Actually there 
should be a difference between the viscosity of the bubble- 
point liquid and tha t in equilibrium with an appreciable 
amount of gas phase a t the same pressure and temperature. 
However, with the materials involved, this difference was 
less than the experimental uncertainty. Each of the curves 
on th e  r i g h t - h a n d  side of 
F i g u r e  4 r e p r e s e n t s  t he  
change in viscosity with pres
sure for liquid or constant 
composition. T h e  l i qu i ds  
containing larger amounts of 
methane show a smaller iso
t h e r ma l  increase in viscos
ity with pressure. All of the 
l i q u i d s ,  h o w e v e r ,  show a 
greater rate of c h a n g e  of 
viscosity with pressure at the 
higher pressures. The results 
of these measurements are re
c o r d e d  i n  Table II. These 
values of bubble-point pressure 
were determined by the breaks 
in the viscosity-pressure rela
tions corresponding to  t h a t  
point. Because of the inci
dental character of the deter
m i n a t i o n s  of bubble-point 
pressure, these values are not 
considered reliable to better 
than 5 per cent.

Figure o depicts the results of the experimental measure
ments upon mixtures of propane and crystal oil a t 100° F. 
The general behavior is similar to that found for the mixtures 
of methane and crystal oil just discussed. All of the ex
perimental points taken in the two-phase region fell on the 
bubble-point curve within the experimental uncertainty of the 
measurements, but most of them were omitted from the 
diagram. Comparison of Figures 4 and 5 shows tha t propane 
does not affect the viscosity of the liquid phase as markedly 
as methane when compared on a weight basis. The results 
of the experimental measurements upon the propane-crystal 
oil system are given in Table II.

For some purposes it is interesting to determine the effect 
of changes in composition upon the viscosity of a two-com
ponent liquid. Figure 6 presents the viscosity of the con
densed and bubble-point liquid as a function of composition

T a b l e  I I .  V is c o s it ie s  o f  L i q u i d  M i x t u r e s  o f  M e t h a n e , P r o p a n e , a n d  C r y s t a l
O il  a t  1 0 0 °  F .

M ethane and  C rysta l Oil -P ro p an e  and  C rysta l Oil—

CH*, wt. %
C3H 8, w t. % 
B ubble-point pressure

Abs. Pressure, 
L b ./S q . In. 

Bubble point 
500 

1000 
1500 
2000 
2500 
3000

CH«, Wt. %
C3Hg, wt. % 
Bubble-point pressure

Abs. Pressure, 
L b ./S q . In. 

Bubble point 
500 

1000 
1500 
2000 
2500 
3000

0 .4 8 1.33 2.42 4 .0 0  0 .0 0 0 .0 0 0 .0 0 0 .0 0 0 .0 0 0 .0 0 0 .0 0
0.00 0.00 0 .0 0 0 .0 0  1.79 4 .12 4.72 6.52 9.19 10.78 17.54
276° 775 1390 2270 27 56 62 77 96 99 132

. . . . . .  -

85 .3 62.3 46.1 3 2 .5  7 9 .5 5 8 .2 55 .3 4 5 .3 3 3 .8 2 9 .9 16.2
87 .7 8 3 .5 60 .9 57 .7 4 7 .4 35 .2 31 .1 16.8
93 .2 63*9 88 .3 64 .4 60 .7 50.1 3 7 .3 3 2 .7 17.6
98 .9 67 .5 46*7 9 3 .5 68.1 63 .9 52 .8 39 .4 34 .4 18.3

104.9 71 .4 49 .3 98 .9 72 .1 6 7 .0 55 .6 41 .4 3 6 .0 19.1
110.9 75 .5 52.1 33 .5  104.5 76 .0 70.3 58 .3 43 .4 3 7 .6 19 .8
117.1 79.6 55.1 36 .1  109.9 80.1 73 .6 6 1 .1 4 5 .5 3 9 .3 2 0 .6

M ethane , P ropane, and  C ry sta l Oil -
0 .81 1.58 2.76 0 .4 5  1 .23  2 .5 6  0 .4 0  1 .08  0 .41 0 .8 5 2 .13 3 .9 3
1.78 1.76 1.74 4 .1 0  4 .07 4.02 6 .49 6 .4 5 9 .6 5 17.39 17.17 16.85
415 795 1460 254 600 1165 275 425 245 405 825 1400

--------- A bsolute V iscosity, M illipoises-----

Pounds per square inch absolute.

M O L E  P E R C E N T  M E T H A N E  

F i g u r e  6 . E f f e c t  o f  C o m p o s i t i o n  o n  V i s c o s i ty - f o r  t h e  
M e t h a n e - C r y ' s t a l  O i l  S y 's te m  a t  1 0 0 °  F .

MOLE PERCENT PROPANE

F i g u r e  7. E f f e c t  o f  C o m p o s it io n  o n  V is c o s it y  f o r  t h e  
P r o p a n e - C r y s t a l  O i l  S y s t e m  a t  1 0 0 °  F .
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F i g u r e  9 . E f f e c t  o f  C o m p o s i t io n  o n  t h e  V i s c o s it y  
o f  B u b b l e - P o i n t  L i q u id  f o r  t h e  M e t h a n e - P r o p a n e -  

C r y s t a l  O i l  S y s t e m  a t  1 0 0 °  F .

as might be desired for certain purposes but was sufficient 
to permit an interpolation on a composition basis. Figure 
9 presents the viscosity of the bubble-point liquid as a func
tion of weight per cent methane for a series of propane- 
crystal oil ratios. The methane has a much smaller absolute 
effect upon solutions rich in propane than it  does upon the 
crystal oil.
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F i g u r e  S. V i s c o s it y  o f  B u b b l e - P o i n t  L i q u id  a n d  C o n 
d e n s e d  L i q u id  f o r  M i x t u r e s  o f  M e t h a n e , P r o p a n e , a n d  

C r y s t a l  O i l  a t  1 0 0 °  F .

for the methane-crystal oil system. The rate of viscosity 
change with respect to composition under bubble-point con
ditions is smaller than the corresponding isobaric change in 
viscosity. This behavior results from the increase in pressure 
along the bubble-point curve, tending to increase the vis
cosity and thus offsetting a part of the decrease caused by the 
change in composition. A similar diagram for the propane- 
crystal oil system is presented in Figure 7. Comparison of 
Figures 6 and 7 shows tha t under bubble-point conditions the 
molal effect of methane and propane is similar but tha t the 
pressures existing in the two cases are different.

A portion of the experimental work a t 100° F. on mixtures 
of methane, propane, and crystal oil is presented in Figure 8. 
The general behavior of this system is similar to tha t found for 
the methane-crystal oil and the propane-crystal oil systems. 
The upper family of curves presents the effect of methane upon 
the viscosity of a mixture composed of a fixed ratio of pro
pane and crystal oil. Throughout all of the measurements 
for this group of curves, the ratio of the weight of propane 
to that of crystal oil was 0.0183, while the weight per cent of 
methane was varied from zero to 2.76 per cent. The lower 
family of curves represents a similar set of measurements in 
which the propane-crystal oil ratio was 0.213. The bubble- 
point curve a t the left represents the viscosity of bubble-point 
liquid as a function of bubble-point pressure for mixtures of 
propane and crystal oil. The results of the experimental 
work for this ternary system are reported in Table II. The 
experimental work on this ternary system was not as complete

4 0



Permeability of Varnish Film s

R elative E ffect of S tructure  
and O ther F a cto rs

HENRY F. PAYNE AND WM. HOWLETT GARDNER 
Polytechnic Institute, Brooklyn, N. Y.

T h e p erm ea b ility  of a  m a teria l is one of its  
im p o r ta n t, fu n d a m e n ta l properties b u t is  
sp ecific  o n ly  w h en  th e  p erm ea tin g  su b sta n ce  
an d  th e  p erm ea tin g  co n d itio n s  are defined. 
T h e p erm ea b ility  o f a  variety  of film s to  four  
liq u id s  b esid es w a ter  h a s  b een  stu d ied . P er
m e a b ility  d ep en d s u p o n  th e  so lv en t pow er of 
th e  d iffu s in g  liq u id  for th e  film , th e  relative  
p o ro sity  o f th e  film , an d  its  im b ib itio n  capacity . 
T h ese  fa c to rs  are as im p o rta n t as th e  p h ysica l 
d im e n s io n s  an d  th e  vapor pressure d ifferentia l

across th e  film  in  d e te rm in in g  its  p erm ea b ility . 
F ick ’s d iffu sio n  law  w as sh o w n  to  a p p ly  to  th e  
p erm ea tio n  o f b o th  so lv en ts  an d  n o n so lv en ts  
a fter  an  in it ia l  period  o f n o n u n ifo rm  p erm ea 
t io n . A p re lim in a ry  s tu d y  o f th e  in it ia l  s ta g e s  
in d ica te s  th a t  s tr u c tu r a l ch a n g es  w h ich  ta k e  
p lace have a m arked  effect u p o n  th e  fin a l degree  
of p erm ea tio n  o b ta in ed . T h e m e c h a n ism  o f d if 
fu s io n  is  d iscu ssed , re la tin g  b o th  th e  p h y sica l  
an d  ch em ica l p rop erties o f film  an d  liq u id  to  
th e  p rocess.

PERM EABILITY has been a subject of many excellent 
studies because of its great practical importance. Very 
little is known, however, concerning the possible mecha

nism of this phenomenon, since most of the information 
concerning it has been based upon measurements of permea
bilities to water after a constant rate of permeation has been 
obtained.

Studies of the sorption of moisture by films (5, 8, 17) and 
of the reasons why varnish films become opaque (7) indicate 
that the inherent structure of these films (25) and the changes 
which may occur during adsorption of vapors probably have 
a profound effect on permeability. This has been recognized 
to some extent by recent investigators (20), but the complete 
picture cannot be obtained from a limited study of a single 
permeating substance (15). This paper will show that 
structural changes are most pronounced during the early 
stages when the film is first exposed to the vapors of the liquid. 
These changes produce a marked effect upon the ultimate 
permeability of the film, in addition to other physical prop
erties. This is apparent when the usual permeability curves 
for different liquids are compared for a wide variety of films.

M ech anism , o f P erm ea b ility

The simplest mechanism which has been postulated to ac
count for permeability is based upon the classical theory of 
diffusion which is supposed to take place through semiperme
able membranes. Here it is assumed that the permeating 
liquid or vapor dissolves in the film and evaporates from the 
solution so formed. This theory has been used to explain 
osmosis except in cases of films prepared from glass (22) 
and from brass (23). The extension of this hypothesis to 
various varnish films has been supported by observations 
of the effect of vapor pressure (24) upon permeability and by 
certain properties of films which would indicate that they 
have characteristics of semipermeable membranes (1)■ This 
theory, however, fails to explain the increase in permeability 
with temperature which Edwards and Pickering (4) observ ed 
for several gases through thin sheets of rubber, where the

solubility of the permeating gases are known to decrease with 
temperature as would be expected from Henry’s law. In 
like manner it does not take into account many phenomena 
which unquestionably have a marked effect upon permea
bility; some of these will be described here.

I t  is clear moreover from the observations of Sheppard and 
Newsome (IS, 19), tha t permeability does not take place by 
simple diffusion through capillary pores as we generally know 
them except perhaps in certain definite instances where var
nish films have deliberately been prepared to contain macro
pores. They found that the permeability of normal films 
of cellulose was independent of the hydrostatic head applied 
at one side of these films. Unquestionably both the purely 
mechanical structure of the film and its physico-chemical 
properties and those of the liquid contribute to the ultimate 
constant rate of permeation which is finally observed.

S im ila r ity  to  G els

A careful examination of the properties of free varnish 
films reveals tha t substances of this type might well be classi
fied as gels (2, 3, 12, 14, 21). This applies equally well to 
such diversified substances as oils, resins, rubber, cellulose 
derivatives, casein, and glue, even though such films are pro
duced by entirely different processes as oxidation, polymeri
zation, thermoplastic setting, or simple evaporation.

Studies of colloids show that, in the formation of gels, mole
cules are grouped to produce aggregates. These molecular 
aggregates or micelles are further bound together by cohesive 
forces into bundles known as fibrils. The nature of these 
fibrils determines to a large extent the characteristics of the 
gel. Short fibrils produce brittle gels; long fibrils give the 
gel elasticity and flexibility. The strength of the gel de
pends on the cohesive forces between the fibrils. As Van 
der Waals showed, some of these forces would depend upon 
the size of the fibrils and the distance between them.

In a nonporous film these fibrils would be packed closely 
together and held very firmly by the cohesive forces. If some 
other force were found, however, tha t would overcome these
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cohesive forces, then the fibrils would be separated slightly 
and the interfibrillar spaces might readily become capillary 
pores. Liquids could then flow through these capillaries and 
evaporate from the other side a t  some constant rate, depend
ing upon the adsorptive forces between the film and the liquid.

Gortner (11) showed tha t gels will imbibe liquids and swell 
considerably against a very great pressure. The pressure 
required to prevent the imbibition of a liquid by a gel is known 
as the imbibition pressure. This phenomenon of imbibition 
is a peculiarity of gels and should not be confused with os
mosis which is due to variation in concentration on either 
side of a semipermeable membrane. Gortner showed tha t a 
cactus will draw water from concentrated salt solutions of 
much higher osmotic pressure than the salt content of the 
cactus would produce. The gel structure of the cactus makes 
this possible. Imbibition can thus be regarded as the ad
sorption of the dispersion medium (11). From the heat lib
erated by this adsorption, it  is possible to construct the im
bibition curve. These curves are typical adsorption curves 
represented by the Freundlich equation:

x/m  — kC'n
where x/m  = amount of liquid adsorbed per gram of material 

C = concentration of liquid in surrounding medium 
k, n = constants

Gel imbibition is not limited to hydrogels but has been 
shown to exist with organogels. Rubber, for example, will 
imbibe naphtha and swell considerably against a very great 
pressure, although naphtha is not a solvent for the rubber.

An equilibrium exists in a gel between the adsorptive force 
toward the liquid and the cohesive forces between the fibrils 
under a specified set of conditions. This equilibrium deter
mines the amount of liquid imbibed by the film and the ex
tent to which the fibrils can be separated in acting as capilla
ries for diffusion. A liquid may also penetrate the intra- and 
the intermolecular spaces of crystalline solids as Lengyel 
(IS) showed to be the case from x-ray studies of crystalline 
silicates. In  this case, the imbibition may be greater than 
that calculated from the porosity of a rigid gel. A true sol
vent for a film would overcome the cohesive forces between 
the fibrils completely. I t  would either disperse the fibrils 
and produce a colloidal solution, or in some cases would even 
overcome the forces which maintain the micelles. In  this 
last instance a true solution would be obtained.

Polar liquids are more apt to wet the surfaces of polar 
solids than are nonpolar liquids (16). Similarly, nonpolar 
liquids are more ap t to wet nonpolar solids than are polar 
liquids. When vapors are in contact with a film, a similar 
condition should exist, and we should expect condensation 
of the liquid to take place rapidly following adsorption of the 
vapors upon the surface of a material.

If the structure of a film is that of a gel, it would be affected 
also by the orientation of the fibrils a t both the air-film inter
face and the film-solid interface, the surface to which the 
film is applied. The orientation velocity of a colloid, how
ever, is slower than the velocity with wliich aggregates form; 
consequently the interior of a film or gel would have an ir
regular or “brushheap” fibrillar structure. This irregularity 
of interior structure can cause relatively large interfibrillar 
spaces to be scattered throughout the film. These spaces can 
hold an entrapped nonsolvent liquid phase which may have a 
marked effect upon the adsorption of various vapors. Syn- 
eresis or the squeezing out of the dispersed phase during 
the drying of a film would also affect its structure.

M ateria ls

The materials used for the preparation of the films were 
selected for their wide differences in general types, in an at-

tempt to obtain films which would differ in mechanical struc
ture, in solubility, and in dielectric properties. These var
nishes, with the possible exception of the glue and the gela
tin, are representative of those used in the protective coat
ing industry. Glue and gelatin were included to provide 
water-soluble materials. Those selected were as follows:

1. L i n s e e d  O i l .  This was an alkali-refined varnish linseed 
oil which had been heated to 450° F. (232° C.) to incorporate 
litharge and manganese linoleate so that it would contain 1 per 
cent lead and 0.5 per cent manganese for drying purposes. The 
films were dried for 1 month before testing.

2 . B o d i e d  L i n s e e d  O i l .  In this instance a sample of the 
same linseed oil had been bodied for 6 hours at 600° F. (316° C.). 
After cooling, the same proportion of driers was added at 450° F. 
as with the previous oil. I t was then thinned to dipping consist
ency with Vamolene (mineral spirits), and the films were dried 
1 month before testing.

3. R o sin  S par  Va r n is h . This was a 50-gallon China wood 
oil, rosin spar varnish with lead, manganese, and cobalt driers. 
The films were air-dried for 1 month before testing.

4. P h en o lic  S par  Va r n is h . This was a 50-gallon vamish of 
the China wood oil but was made with a 100 per cent phenolic 
resin and with only cobalt as the drier. Films were air-dried for 
1 month before testing.

5. S h e l l a c  V a r n i s h .  This was a spirit vamish of a 2-pound 
cut of TN orange shellac in specially denatured alcohol. The 
films were air-dried for 1 month before testing.

6. R o sin  Va r n is h . This was also a spirit varnish, consisting 
of a 30 per cent solution of WW gum rosin in Varnish Maker’s 
and Painter’s naphtha. In this case the films were baked for 2 
hours at 160° F. (71° C.) to remove all traces of solvent.

7. A lkyd  R e s in . This vehicle was composed of an alkyd 
resin made from phthalic anhydride, glycerol, linseed oil fatty 
acids, and maleic acid, cooled, and then reduced with toluene. 
Films were baked for 2 hours at 225° F. (107° C.) for testing.

8. Alkyd  R e s in . No. 801 Amberol resin was incorporated in 
resin 7 during the cooking of this product. I t was also thinned 
with toluene, and films were baked for 2 hours at 225° F.

9. Alkyd  R e s in  V a r n is h . For this varnish, linseed oil and 
tung oil were incorporated with the alkyd resin 8 and No. 801 
Amberol resin during cooking. It was reduced with toluene, and 
the films were baked for 2 hours at 225° F.

10. R u b b e r  So lu tio n . This w as a  Heveatex ty p e  R . L. 
rubber solution. Films were air-dried for 3 weeks before testing.

11. P a r a f f in  W a x . Films were prepared by dipping the 
paper in the molten paraffin wax and allowing them to set for 1 
week before testing.

12. G i l s o n i t e .  A select grade of gilsonite was melted at 
500° F. (260° C.) and reduced with Vamish Maker’s and Painter’s 
naphtha. Films were baked for 2 hours to remove the solvent. 
This, however, did not make a satisfactory film for testing.

13. Glu e . A water solution of flake Emery glue was pre
pared and was heated above the gelling point when dipping the 
paper. Films were air-dried for 2 weeks.

14. G el a t in . One-half pound of Knox plain gelatin was
dissolved in 1 pound of water. The paper was dipped in a hot 
solution to prevent gelling. Films were air-dried for 2 weeks.

15. “ C otto n” S o lu tio n . One-half second, R. S. “cotton” 
was dissolved in a solvent mixture which contained the following 
parts by weight: 24 butyl acetate, 39 toluene, 5 ethyl acetate, 
5 especially denatured alcohol formula No. 5, and 5 butyl alcohol.

16. “ C otto n” S o lu tio n . This solution consisted of 10 parts 
by weight of ' / 2-second R. S. “cotton” in the previous solvent 
mixture to which were added 4 parts of Lindol.

17. L a c q u e r .  This lacquer was prepared by incorporating
8 parts of ester gum in “cotton” solution 16.

18. L a c q u e r .  This lacquer was comprised of 40 parts by 
weight of R. B. H. aluminum No. 431 lacquer base and 2 parts of 
Lindol in the above solvent. This was equivalent to 10 parts by 
weight of aluminum, 30 parts ‘/¡¡-second R. S. “cotton” and 2 
parts of Lindol.

19. L a c q u e r .  This was a solution of 40 parts by weight of
R. B. H. Celite No. 303 lacquer base, 2 parts of Lindol in the
above solvent, or 10 parts Celite, 30 parts ‘/¡¡-second R. S. “cot
ton,” and 2 parts Lindol.

. Lacquer 18 was selected because aluminum powder was 
known to reduce the permeability of a film containing it; 
lacquer 1 9  was deliberately overfilled with Celite to provide 
a film which was known to be porous.

The liquids used were water, methyl alcohol, acetone, ethyl 
acetate, and benzene. They included a solvent and a non
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thickness of 0.004 inch (0.1 mm.). I t  can be readily obtained 
since it is used in the bottle-cap industry where it is impreg
nated with a resistant varnish. The varnishes completely 
penetrated this paper except in two instances. Since the 
purpose of the experiments was to compare the general be
havior of the different materials toward the five liquids, this 
did not prove to be a serious handicap.

The varnishes were applied to the paper by dipping strips 
which were 3 inches (7.6 cm.) wide and 2 feet (61 cm.) long. 
They were dried as has already been described. Disks were 
then cut from the coated sheets so tha t the amount of paper 
base contained in the disk would not vary in weight more than 
=*=0.0002 gram. Their thickness was calculated from the 
weight of the disk, its area, and the specific gravity of the 
dried coating material. I t  was felt a t the time tha t this was 
a more precise method than other means for measuring the 
thickness of the softer materials. The thickness of hard films 
such as shellac was checked with a sensitive micrometer and 
was found to agree with the calculated thickness. Figure 2 
shows that the paper had a slight impeding effect on the 
permeability in comparison with tha t of free films. However, 
it is unlikely tha t this base materially affected the general 
permeability characteristics of any of the films since it  was 
very porous as shown. If it did, the effect would probably 
be more pronounced during the earlier stages of permeability.

solvent for each of the films. These liquids varied in mo
lecular size and in physical and chemical composition. They 
increased in polarity from the nonpolar benzene to the very 
polar liquid water. They included an alcohol, an ester, a 
ketone, and an aromatic hydrocarbon.

A p p aratu s
Permeability determinations were made in a specially de

signed cup, similar in principle to the well-known Gardner
jar (6), whe r e  t he  
material to be tested 
was sealed ac r os s  
the mouth of the cup 
and the amount of 
vapor which passed 
through the coating 
was m e a s u r e d  by 
the loss in weight. 
This cup (Figure 1) 
was made f r om a 
metal stamping to 
which was soldered 
a brass disk to form 
a flange a t the top. 
Another brass disk 
was bolted to  th e  
one on the cup with 
six Virinch bolts. 
The centers of the 
brass disks were so 
machined as to give 
a circular opening 
exactly 11.34 sq.cm. 
in area. The con
tacting surfaces of 
the disks were care

fully ground by hand to optical flatness, so that there was no 
loss of vapor except directly through the test specimen when 
it was placed between the disks. Twenty of these cups were 
employed a t the same time to ensure that all films would be 
tested under the same conditions.

F i g u r e  1. P e r m e a b i l i t y  C up

1. F ilm
2, 3. B rass disks 
4. L iquid

P rep aration  o f F ilm s
A support was used for films of all of the materials such as 

had been employed by Gettens (10) for similar measurements. 
This was done because it would have been impossible to pro
duce free films of some of the materials studied without dam
aging them during the necessary handling.

The support chosen was a pure cellulose paper, which had 
been calendered to a hard smooth surface. I t  contained no 
filler or size. This paper was remarkably uniform, having a

1.
2.

F i g u r e  2 . E f f e c t  o f  P a p e r  S u p p o r t

D e n  dish 3. F r e e  varnish film
ncoated paper 4. Paper coated with varm sh

F i g u r e  3 . E f f e c t  o f  P a p e r  S u p p o r t  u p o n  
I n i t i a l  P e r m e a b i l it y

-4. F ree  rosin sp ar varn ish  film
B . Sam e varnisn  on tissue paper
C. Sam e varn ish  on heavy  paper

That this was not the case can be seen from the similarity 
in the initial permeability curve for a spar varnish shown in 
Figure 3, which compares a free film with those having tissue 
paper and calendered paper for bases.

P er m ea b ility  M e a su r em e n ts
In determining permeability, 10 to 15 ml. of the liquid were 

placed in the metal cup, and the coated disks were then 
fastened securely between the brass ring and the flange of the 
cup under a slight compression. The cups were next placed 
in an electric oven automatically maintained a t 25° C. This 
oven contained two metal baskets with 5 pounds (2.3 kg.) of 
anhydrous calcium chloride to remove any traces of moisture 
not otherwise removed and a circulating fan to remove any 
escaping vapors. For the initial permeability measurements, 
the cups were weighed every 5 minutes. A similar period of 
time elapsed before the first weighing could be obtained. 
With the other measurements the cups were weighed each 
morning for 5 days to ascertain the vapor loss through the 
films.

In it ia l-S ta g e  P er m ea b ility  C urves
The stepped-shape curves shown in Figure 3 for the initial 

permeability of moisture through spar varnish films are un-
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usual aud show clearly what takes place. The curves for
free films, for those on tissue paper, and for those on heavy
paper have the same characteristic shape, prior to the estab
lishment of the final uniform rate of permeation.

These curves suggest some interesting phenomena during 
this initial period. The complete lack of permeability for the 
first 20 minutes would indicate that, if pores exist, they are 
too small for vapor diffusion through the film, but this does 
not exclude the possibility of a large vapor adsorption in the 
interfibrillar spaces which would build up an imbibition pres
sure sufficient to overcome, by the end of this time, the co
hesive forces operating between the fibrils of the elastic gel 
film structure. The interfibrillar spaces would then be rap
idly emptied of water by the vapor pressure differential which 
exists across the film. This is shown in the curve by the 
10-minute period of loss in weight which follows the 20-min
ute period of imbibition. The loss of water would then allow 
the cohesive forces again to draw the fibrils sufficiently close 
together to prevent further immediate diffusion.

The curve shows that the second period of no diffusion was 
longer than the first one. This would indicate that, although 
the interfibrillar spaces are too small to permit vapor diffusion
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during this period, they are larger than they were originally. 
Consequently a longer adsorption period is required to build 
up an imbibition pressure which is never as large as th a t de
veloped during the first impermeable period.

The state ultimately obtained as a result of this swelling 
and contraction of the film would be one of a constant per
meation where an equilibrium would exist between the imbi
bition and cohesive forces, such as was characteristic of these 
films and the others studied. This explanation is purely 
hypothetical. However, it was based upon the physical 
phenomena which were observed to take place with varnish 
films in this and previous investigations.

Similar curves were obtained for shellac with acetone aud 
with ethyl acetate. These are not shown, to save space. 
The effect of adsorption or imbibition was not so evident in 
these as in the previous graphs, so tha t only one period of 
impermeability was clearly defined. This followed rather 
than preceded a brief period of rapid permeation in the case 
of these films.

The curves in Figure 4 are typical of the rest of the initial 
permeability curves obtained. These curves are not as un
usual as the previous ones. The various steps are not dis
tinct, and the curves show only a slight variation in curva
ture to indicate the various changes which take place. This 
group of films have either a more rigid and open structure 
or weaker cohesive forces acting between their fibrils.

The curve for shellac is interesting because it  illustrates the 
chemical as well as the physical aspects of this complex proc
ess. The rapid initial permeability of this film is not nec
essarily due, as one might expect, to a very porous structure. 
Rather the facts indicate tha t the large number of hydroxyl 
groups {9) produce a very polar film which has a relatively 
large adsorption capacity. The imbibition pressures built 
up within the film would open the film to immediate water 
vapor diffusion, which would not be the case for linseed oil.

It is probable tha t the adsorbed moisture causes a deaggre
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gation of the shellac agglomerate which would decrease the 
size of the intermolecular spaces in the film. This would 
account for the steady decrease in rate of permeability ob
served. The reverse is true for linseed oil. With films of 
the latter substance the interfibrillar spaces become progres
sively larger until an equilibrium is reached.

The permeability curve for shellac and alcohol was similar 
to tha t shown for linseed oil and water. Here there can be no 
question of the imbibition and swelling effects which take 
place in the former case, since these can be readily observed 
when shellac is dissolved in alcohol. For example, the resin 
will completely imbibe the solvent, swelling to form a dis
tinct gel which appears as a single phase, when many samples 
of shellac are treated with alcohol in proportion to give a 5- 
pound cut, provided they are not vigorously agitated. 
These conditions are similar to those in the permeability ex
periments. In  fact, a very slight swelling was also noted 
for many of the films in carrying out these measurements.

C o n sta n t-R a te  P erm ea b ility

The total weights of the amounts of vapor of each of the 
five liquids studied which pi .-meated the different films for 
consecutive 24-hour periods are summarized in Table I. The 
films are listed in these tables in the order of what is generally 
taken as permeability—i. e., the rate of permeation after it 
has become constant. Typical permeability curves are 
shown in Figures 5 to 8 where it can be seen that in all in
stances the final rate of permeation would follow Fick’s law.

A study of the amount of vapor which passed through 
films of different thicknesses under these conditions showed 
tha t the permeability was not directly proportional to the re
ciprocal of the thickness of the film. The deviation from the 
customary proportionality could be neglected, however, in 
equating results to a single thickness for the film studied in 
this investigation, since they varied to only a limited extent 
in their thickness and exceeded in all instances a required 
minimum of 0.1 gram in weight. Thus, calculated values 
for a single thickness for comparison are given in Table I. 
These figures represent the number of milligrams of vapor 
which would permeate through 0.1 gram of a film 11.34 sq. 
cm. in area, in 1 hour after a constant rate of permeability 
had been reached. These values are also shown graphically 
in Figure 9.

The table and graphs illustrate in a surprising manner the 
importance which must be attributed to solubility in deter
mining the extent to which the films were permeable to the 
different vapors. For example, paraffin wax had the great
est impedance to water and alcohol vapors. I t  was displaced 
in this respect by the more insoluble material, gelatin, where 
ethyl acetate and acetone are the liquids; whereas benzene, 
which is a solvent, causes it to be placed among the most 
permeable substances.

The permeability was different for each vapor but was not 
proportional, in general, to the differences in vapor pressures. 
This was rather striking because it  might have been expected 
that, in the case of soluble films a t least, the volatility of the 
liquid might have been the controlling factor in determining 
the rate of permeability by true diffusion. Apparently even 
here the gel structure of the film had not been completely 
destroyed by the solvent, and its relation to other properties 
of the liquids still had an important influence upon the rate 
of permeation. Hence, the effect of vapor pressure differ
ences would be clearly evident only when comparing the 
permeabilities of liquids of similar properties. Unfortunately, 
the investigation did not include any films 'which were 
soluble in both water and alcohol, but, if comparisons for 
these two liquids are confined to the insoluble films, it can be 
seen tha t alcohol is nearly four times as permeable as water.

T a b l e  I. P e r m e a b i l i t y  D a t a

Film  No. N am e

T otal W eight of L iquid P erm eating  
Film , G ram s 

Perm eability  24 h r. 96 hr. 120 hr.
M o.a

Perm eab ility  to  W ater
13* Glue 32 .00 0 .92 3 .0 8 3 .9 019b Lacquer 17.00 4 .6 0 2 .7 2 7.3214 G elatin 5 .9 4 0 .1 6 0 .5 7 0.7315 L acquer 5 .83 0 .12 0 .5 6 0 .6 81 Linseed 4 .9 0 0.11 0.47 0 .5 82 Linseed 2 .36 0.06 0.226 0 .2868 Alkyd 2 .3 3 0 .03 0.225 0.2557 A lkyd 2 .0 3 0 .045 0.195 0 .24016 Lacquer 2 .0 0 0.050 0.190 0 .24010 R ubber 1.95 0.045 0.187 0.2323 R osin spar 1.70 0.036 0.164 0.2009 Alkyd 1.56 0.045 0.150 0 .1956 W W  rosin 0 .9 3 0.070 0.090 0 .1604 Phenolic sp ar 0 .8 5 0.025 0.082 0.10717 L acquer 0 .73 0.030 0.070 0 .1005 Shellac 0 .4 2 0 .140 0.040 0.18018 Lacquer 0 .31 0.050 0.030 0 .08011 Paraffin  wax 0.008 0.000 0.010 0 .010

Perm eability to  Alcohol
6 W W  rosin 4 7 .0 1 .10 4 .5 5 5 .6 5

19b Lacquer 3 2 .8 1 .40 3 .1 5 4 .5 5
5 Shellac 3 1 .0 0 .70 3 .02 3 .7 2

17 Lacquer 26 .7 0 .8 4 2 .56 3 .4 0
15 Lacquer 24 .8 0 .8 0 2 .4 0 3 .2 0
16 Lacquer 24 .0 0 .8 5 2 .3 5 3 .2 0

1 Linseed 18.7 0 .3 0 1.72 2 .0 2
3 R osin sp ar 18.4 0 .3 0 1.66 1.96
7 A lkyd 16.9 0 .30 1.60 1 .90
2 Linseed 16.0 0 .25 1.54 1 .7913b Glue 16.0 0 .42 1.53 1.95

18 Lacquer 13.0 0 .4 5 1.25 1 .70
9 Alkyd 11.6 0 .2 4 1.11 1 .35

14 G elatin 9 .5 0 .21 0 .89 1.10
8 Alkyd 8 .7 0 .15 0 .82 0 .97

10 R ubber 8 .2 0 .1 6 0 .79 0 .9 5
11 Paraffin wax 0.01 0 .03 0 .01 0 .04

P erm eability  to  E th y l A cetate
6 W W  rosin 4 1 .80 0 .9 5 4 .0 5 5.00

17 Lacquer 23 .10 0 .6 0 2 .7 4 3.34
19 Lacquer 21 .35 0.61 2 .0 5 2 .6 6
16 Lacquer 19.30 0 .4 5 1.87 2 32
18 L acquer 14.40 0 .4 0 1 .40 F 8 0

1 Linseed 13.17 0 .31 1.27 1 .58
15 L acquer 12.50 0 .2 8 1.20 1 .48
3 R osin spar 7 .30 0 .20 0 .70 0 .9 013b G lue 6.31 0 .17 0 .62 0 .7 9
9 A lkyd 5 .70 0 .1 0 0 .5 5 0 .6 6
7 A lkyd 5 .42 0 .14 0 .52 0 .6 6
8 A lkyd 4 .7 0 0 .10 0 .4 5 0 .56
5 Shellac 3 .5 4 0 .14 0 .34 0 .4 8

11 Paraffin wax 1.94 0 .03 0 .19 0 .22
14 G elatin 0 .44 0 .018 0.042 0 .0 6

P erm eab ility  to  Acetone

6 C W W  rosin
10 R ubber 58 .3 1.50 5^60 7 Ü 0
17 L acquer 53 .3 1 .28 5 .12 6 .40
19b L acquer 4 4 .5 1 .06 4 .2 8 5 .34
15 L acquer 4 1 .6 0 .8 8 4 .0 0 4 .8 8
16 Lacquer 3 7 .5 0 .76 3 .6 0 4 .3 6

1 Linseed 21 .4 1 .02 2 .0 7 3 .09
18 Lacquer 20 .4 0 .4 9 1.96 2 .4 5

7 Alkyd 17.3 0 .56 1.66 2 .22
13b Glue 12.4 0 .2 0 1.28 1 .48

9 A lkyd 10.3 0 .2 4 0 .9 9 1 .23
3 R osin spar 10.2 0 .24 0 .9 8 1.22
8 Alkyd 9 .7 0 .2 7 0 .93 1 .20
5 Shellac 7 .5 0 .14 0 .54 0 .6 8

11 Paraffin wax 5 .0 0 .1 6 0 .4 8 0 .6 4
14 G elatin 2 .2 0 .04 0 .22 0 .2 6

P erm eab ility to  B enzene
10 R ubber 285.00 5 .7  gram s in  20 hours
11 Paraffin wax 125.00 1 .0  gram  in  8 hours
6 W W  rosin 2 9 .20 0 .65 2 .8 0 3 .4 5

19b L acquer 2 9 .00 0 .8 0 2 .8 0 3 .6 0
13b Glue 25 .00 0 .6 0 2 .3 0 2 .9 0
17 L acquer 12.50 0 .4 0 1 .20 1 .6 0
18 L acquer 11.56 0 .2 5 1.11 1 .36
15 L acquer 8 .70 0 .24 0 .8 0 1 .04

3 R osin  spar 8 .7 0 0 .2 0 0 .8 0 1 .00
4 Phenolic spar 8 .4 4 0 .1 5 0 .81 0 .9 6
1 Linseed • 8 .0 0 0 .2 6 0 .7 3 1 .00

16 Lacquer 7 .70 0 .1 6 0 .7 0 0 .8 6
2 Linseed 6 .2 0 0 .22 0 .595 0 .815
9 A lkyd 2 .2 8 0.075 0 .210 0 .2 8 5
8 A lkyd 2 .03 0.045 0 .195 0 .240

14 G elatin 1.57 0 .050 0 .150 0 .200
7 Alkyd 1 .10 0 .075 0.105 0 .180
5 Shellac 0 .288 0.000 0 .0028 0 .0028

° M illigram s of vapor which perm eate  th rough  0.1 gram  of a  film 11.34 
sq . cm. in area, 1 hour a fte r a  co n stan t ra te  of perm eab ility  is reached, 

b P6rous.
e F ilm  dissolved too  quickly  to  ob ta in  an y  m easurem ents.
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F i g u r e  9 . C o m p a r is o n  o f  P e r m e a b i l i t i e s  o f  F il m s

1. R aw  linseed oil 10. R ubber
2. B odied linseed oil 11. Paraffin  wax
3. R osin  sp a r  varn ish 13. Glue
4. Phenolic varn ish 14. G elatin
5. Shellac 15. Cellulose n itra te
6. R osin 16. P lastic ized  cellulose n itra te
7. A lkyd resin 17. E s te r gum  lacquer
8. M odified a lkyd 18. A lum inum  lacquer
9. Resin-oil modified a lkyd 19. P orous lacquer

This ratio is practically the same as that of their vapor pres
sures a t 25° C., where water has a pressure of 23.5 mm. and 
alcohol has one of 116 mm. This relation does not hold for 
comparisons between any other two of the liquids studied. 
The same is true for any relations based upon the molecular 
size of the vapor molecules.

The graphs also show the effect of porosity. If the pores 
are large, porosity is secondary in importance only to solu
bility as a controlling factor. Two sets of films in this in
vestigation had definite macroporous structures—the films 
from lacquer 19, which was formulated with an excess of fine 
silica particles, and the glue coatings {IS), which developed 
fine cracks during drying. These porous films followed more 
or less the order of permeability observed for the other films in 
relation to solubility, except with the two most polar liquids, 
water and alcohol. The very high permeability of the two 
liquids through films from lacquer 19 was probably due to 
the fact tha t these films were highly polar in addition to being 
porous. I t  might be expected tha t under such experimental 
conditions, the pores of the film would be the most completely 
wet of any of those studied.

The films containing the alkyd resins were also of special 
interest. The order of permeability varied with the liquid, 
showing tha t the composition of the resin affects its permea
bility. Alkyd 7, containing no modifying Amberol resin, 
showed the least permeability in only one instance—namely, 
when benzene was the permeating liquid.

♦
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Solvent Balance of a Solvent 

Diluent Mixture
J. K. STEWART, J. B. DORSCH, a n d  C. B. HOPPER1 

Anderson Prichard Oil Corporation, Chicago, 111.

S a m p les  of tw o  m ix tu res were evaporated 25, 
50, an d  75 per ce n t. T he rate of evaporation of  
b u ty l a ce ta te  in  term s of itse lf show ed th e  
lea st varia tion . T he to lu en e-T ro lu o il m ixtu re  
a p p aren tly  evaporated  a t a  greater rate th a n  
to lu e n e  a lon e  in  su ch  so lven t d ilu en t m ixtures. 
B ased  o n  th e  a ssu m p tio n  th a t each ingred ien t  
w ou ld  evaporate from  th e  m ixtu re at th e  rela
tiv e  rate  o f evaporation  of th a t ingred ien t alone, 
th e  co m p o sitio n s  of th e  sam p les were ca lcu 
la ted . Fair a g reem en t b etw een  th e  found and  
ca lcu la ted  va lues w as obtained  except for T rolu- 
oil. U p on  evaporation , th e  m ixture con ta in in g

T roluoil developed in crea sin g  to leran ce a t a  
m ore u n ifo rm  rate th a n  in  th e  case o f th e  
m ix tu re  co n ta in in g  o n ly  to lu en e  as th e  d ilu en t. 
T he form er also sh ow ed  corresp on din gly  greater  
to lerance th a n  th e  la tter . T he effect of rep lac
in g  p art of th e  n itro ce llu lo se  w ith  resin s w as o b 
served by m ea n s o f d ilu tio n  ratio , resista n ce  
to  b lu sh , and  v iscosity  d ata . T h e p resence of 
resin s appeared to  low er th e  d ilu tio n  ratio  for  
th e  m ix tu re  co n ta in in g  T roluoil. H owever, as  
evaporation  progressed, th e  d ilu tio n  ratio  of  
th is  m ix tu re  b ecam e greater th a n  th a t  of th e  
m ixtu re co n ta in in g  to lu en e  a lon e as th e  d ilu en t.

B ROWN and Crawford (S) pointed out the well-known 
need of solvent balance during the evaporation of a 
lacquer thinner from the film. Bent and Wik (I) sug

gested the relative rates of evaporation of the thinner in
gredients as a handy tool for estimating solvent balance. The 
purpose of the present paper is to carry this thought a step 
further by the experimental study of two mixtures of thinner 
ingredients. The solvents used were prepared from com
mercial grades by redistillation. The toluene was of A. C. S. 
grade. The mixtures, therefore, are not strictly comparable 
to those found in the lacquer industry.

M ixture A was composed of butyl acetate, butyl alcohol, 
and toluene. M ixture B was composed of butyl acetate, 
butyl alcohol, toluene, and a petroleum diluent. Mixture 
B bore a simple relation to mixture A. When both mixtures 
were used to  make nitrocellulose solutions, the latter were 
found to be similar in three respects. The solutions were 
equivalent as to nitrocellulose concentration, viscosity, and 
dilution ratio. The evaporation rates were roughly similar.

The object of this paper was to prepare samples of mixtures 
A and B which had been partially evaporated and to study 
them. Liter samples were pre
pared by removing 25, 50, and 
75 per cent of the mixture by 
evaporation.

E v ap oration  of  
M ix tu res

A beaker of 4-liter capacity 
with an inside diameter of 
15.2 cm. (6 inches) was used 
as the container. The beaker 
was placed 7.6 cm. (3 inches) 
from a w i n d  t u n n e l  and 
centered. The wind tunnel

1 P resen t address, B rad ley  <fc Vroo- 
m an C om pany, Chicago, III.

consisted of a tin funnel. I t  was constructed so tha t its 
wide end would fit snugly over a 12-inch fan of 110-volt 
a. c. type. The diameter of the wide end was 34.3 cm. 
(13.5 inches). The diameter of the narrow end was 23 cm. 
(9 inches).

As a check on the method of evaporation, liter portions of 
the same sample were subjected to different conditions. One 
portion was evaporated to one-fourth of its original volume in 
a 2-liter beaker by means of a draft of air. One portion was 
evaporated from a shallow tin pan, 43.5 X 28.2 X 2.1 cm. 
(1778 X 11'A  X Vs inch), to one-fourth of its original volume 
in quiet air. Comparative dilution values of the evaporated 
samples were 15.6 and 15.3 cc., respectively.

During the evaporation, temperature conditions were kept 
within relatively narrow limits. The initial temperature of 
the samples was kept between 19.4° and 20.5° C. (67° and 
69° F.). Room temperature was maintained between 20.5° 
and 26° C. (69° and 79° F.).

C o m p o sitio n
The samples were analyzed by an adaption of the method of

W atts (6). In  the case of 
simple mixtures the method 
could be simplified both as to 
p r o c e d u r e  and calculations. 
The substitution of sulfuric 
acid of 80 per cent strength 

.by weight (specific g r a v i t y  
1.727 a t 20° C.) for sulfuric 
acid of 80 per cent strength 
by v o l u m e ,  apparently im
proved the procedure. The 
composition of the samples is 
indicated in T a b l e  I. The 
change of c o m p o s i t i o n  in 
terms of unevaporated sample 
is shown in F i g u r e  1 f o r  
samples 1 to 4, and 9 to 12.

F i g u r e  1 C h a n g e  o f  C o m p o s i t i o n  i n  T e r m s  o f  U n 
e v a p o r a t e d  S a m p le  f o r  S a m p le s  I  t o  4  a n d  9  t o  12

899
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%  R em aining  
a fte r E v ap n .

100
75
4 9 .72
25

100
75
50
25

T a b l e  I .  C o m p o s it io n  o f  M i x t u r e s  

Sam ple H ydrocarbons B u ty l A ceta te0 B u ty l Alcohol
No.

9
10
11
12

M ix tu re  A 
6 0 .2
5 4 .5
4 1 .0  
12 .55
6 0 .5
54 .5  
41 .4
12.6

M ixture  B 
55.0&
45 .2 5
2 8 .0  

7 .1 5

P e r cen t by  vo lum e-

29.5*»
35 .14
44.11
59 .90
30 .26
3 5 .8 0
4 4 .16
60 .82

33 .23
39 .23  
50 .21  
6 2 .46

100 
75
47 .48  
25

100 13 5 5 .0 b 33 .37
75 14 4 5 .5  3 9 .2 8
4 9 .2 5  15 2 9 .9  49 .50
25 16 8 .4 5  63 .13

° B u ty l a ce ta te  of 94 .5%  p u rity .
b A m ix tu re  of to luene and  T roluoil in  th e  ra tio  of 20 to  35.

10 .3
10.36
14.89
2 7 .55

9 .2 4
9 .7

14.44
26 .5 8

11.77
15.52
21 .79
30 .39

11.63
15.22
20.6
28 .43

Relative evaporation curves were plotted from data ob
tained by the Rubek-Dahl method as shown in Figure 2« (o). 
The relative rates as calculated are shown in Table III. 
Although not strictly comparable, the rates of Bent and Wik 
(I) are shown. Figure 2b indicates approximately the rela
tive evaporation curves of mixtures A and B. Calculations 
were made to check the hypothesis of Bent and Wik (I).

The data of Table I  were used to calculate the amounts of 
each ingredient in the sample when 25 per cent of each mix
ture remained unevaporated. An example based on sample 
4 follows:

According to Table I, 29.5 cc. of butyl acetate were found in 
100 cc. of the original mixture (sample 1). When sample 1 had 
evaporated to one-fourth of its volume or to 25 cc., only 59.9 
per cent or 15 cc. of butyl acetate remained. Therefore the differ
ence between the values represents the volume of butyl acetate 
that evaporated.

T a b l e  I I .  R e l a t iv e  E v a p o r a t i o n  o f  E a c h  I n g r e d i e n t  B a s e d  o n  I t s  O r i g i n a l  V o l u m e

%  R e
m aining

Sam ple
No. %

Sam ple
No. %

100 1 100 5 100
75 2 6 7 .9 6 6 7 .6
50 3 3 4 .2 7 3 4 .2
25 4 5 .2 8 5 .2

100 9 100 13 100
75 10 6 1 .8 14 6 1 .9
50 11 2 5 .5 15 27 .1
25 12 3 .3 16 3 .8

Av. %
Sam ple

N o.

-------- B u ty l A cetf
Sam ple 

%  No.

ite ---------

% Av. %
Sam ple

% %

B u ty l A lcohol-------
Sam ple 

N o. % A v. %

100 1
M ix tu re  A 

100 5 100 100 1 100 5 100 100
6 7 .8 2 8 9 .2  6 8 8 .6 8 8 .9 2 7 5 .4 6 7 8 .8 77 .1
3 4 .2 3 7 4 .7  7 7 2 .7 73 .7 3 7 2 .3 7 7 8 .2 7 5 .3

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

100 9
M ix tu re  B 

100 13 100 100 9 100 13 100 100
6 1 .9 10 8 8 .5  14 8 8 .3 8 8 .4 10 9 8 .9 14 9 8 .1 9 8 .5
2 6 .3 11 7 5 .4  15 7 4 .2 7 4 .8 11 9 2 .7 15 8 8 .5 9 0 .6

3 .6 12 4 6 .9  16 4 7 .3 4 7 .1 12 6 4 .6 16 6 1 .6 6 2 .5

When one-fourth of the original mixtures remained, the 
following changes were indicated: Butyl acetate had roughly 
doubled. Butyl alcohol had roughly increased two and a half 
times. Hydrocarbons, however, had decreased to one-fifth 
or less.

The change in each ingredient is clearly shown in Table II, 
where the following indications may also be noted:

1. The rate of evaporation of butyl acetate, in terms of itself, 
shows the least variation. This lends support to the idea of using 
the evaporation of butyl acetate as a reference standard (I).

2. In e  toluene-Troluoil mixture apparently evaporates at a 
greater rate than toluene alone. The greatest divergence ap
pears when the original mixtures are half evaporated.
Troluoil is a petroleum diluent refined from a Mid- _____ ^
continent crude oil. The estimated composition is 
roughly as follows: paraffins 58 per cent, naph- 
thenes 39, and aromatics 3. The distillation range 
of a typical sample, according to the A. S. T. M. 
method, is 93.3° to 121.7° C. (dry point).

3. Five per cent or less of the hydrocarbons re
main when only 25 per cent of the original mixtures 
are left.

This was 29.5 — 15 cc. = 14.5 cc. The fraction of butyl acetate 
lost then was 14.5/29.5. Therefore, if the evaporation rates of 
butyl acetate and toluene were the same, the amount of toluene 
lost would be the initial amount of toluene (60.2 cc.) multiplied 
by the fraction 14.5/29.5. However, according to Table III  the 
evaporation rate of toluene is double that of butyl acetate. Then 
the amount of toluene lost would be 60.2 X (14.5/29.5) X 2.00 = 
59.2 cc. Therefore the amount of toluene left in sample 4 would 
be 60.2 — 59.2 cc. =  1.0 cc. (Found, 3.1 cc.; calculated, 1.0 cc.)

The data are shown in Table IV. Although not strictly 
comparable, the rates of Bent and Wik (I) were used in a 
check series. The data indicate a fair agreement between 
calculated and found values with one exception. Apparently

T a b l e  IV. A m o u n t  o f  I n g r e d i e n t  W h e n  25 P e r  C e n t  o f  a  100-Cc. 
S a m p l e  Is E v a p o r a t e d  ( B a s e d  o n  L o s s  o f  B u t y l  A c e t a t e )

.—B u ty l Alcohol, Cc.—.   T o luene, Cc.     T ro luo il,“ C c.—— -
Sam ple No. F o u n d  C aled .1» C aled .“ F o u n d  C aled .6 C aled .“ F o u n d  C a l e d . C a l e d . “

4 (m ix ture  A) 
12 (m ixture  B)

6 .9
7 .6

7 .3
8 .2

8.1
9 .1

3 .1  - 4 . 7
0 .8  - 3 . 3

2 .2
- 0.8 1.0 -1 4 .3  - 1 8 . 1

E vap oration
According to Bent and Wik (I), “The absolute = = = = =  

rates of evaporation of solvents and diluents 
usually change somewhat when these materials are added to 
lacquer mixtures, but the relative rates . . . .  are preserved 
during the evaporation unless the materials form constant- 
evaporating mixtures.”

T a b l e  I I I .  R e l a t iv e  R a t e s  o f  E v a p o r a t io n  B a s e d  o n  B u t y l  
A c e t a t e “

B u ty l acetate«*
Toluene®
B u ty l alcohol«*
T roluoil

°  U sual te m p e ra tu re  of evapo ration , 21° =*= 1° C. 
b Averages.
c R a tes  of B en t and  W ik based  on com m ercial grades.
<* R edistilled  to  a  boiling range  of 1° C.
® A. C. S. grade.

° F rom  unpub lished  re p o rt of D orsch. 
b Using ra te s  from  F igure  2a and  T ab le  I I I .  
c U sing ra te s  pub lished  by  B en t a n d  W ik (I ) .

1 2 3b 4 “
1 .0 1 .0 1 .0 1 .0
2 .21 2 .1 8 2 .1 9 1.96
0 .5 8 0 .5 8 0 .4 4
2 .71 2 .6 3 2 .6 7 2 .8 8

Troluoil does not follow the general rule. In  this connection 
it  should be pointed out th a t Troluoil is a mixture of petroleum 
hydrocarbons.

T o lera n ce
As pointed out by Brown and Bogin (2), the limit of toler

ance of a mixture for a nonsolvent has been described as dilu
tion ratio. Therefore, dilution ratios, with respect to  Troluoil, 
were determined for each sample a t various concentrations 
of nitrocellulose.

Gardner points out th a t “the end points . . . .  are rather 
indefinite, and experience is necessary to be able to  check 
the results” (4)- An unpublished report of Daley, Johnson, 
and W ray discussed end points for mixtures A and B. Ac-
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R a t io s

Sam ple
No.

T h in n er
R em aining A

—O perato r— 
B C Average Variation

1 100 3 .9 4 .1 4 .0 =*=2.5
2 75 5 .4 5 5 .60 5.52 =*=1.5
3 50 0 .8 6 0.88 0.87 =*=1.1
4 25 1.35
9 100 4 !6 4 . 6 ’ 4 .6

10 75 6 .4 6 .3 5 6.38 =¿6.'5
11 50 0.975 0.963 0.969 =*=0.6

6 75 5 .7 0 5 .67 5 .69 =*=0.3
7 50 8 .6 2 8 .78 8 .70 =*=0.9
8 25 1.31 1.37 1.34 =*=2

14 75 6.45 5.84 6.14 =*=5
15 50 9 .5 0 9 .70 9 .60 =*=1
16 25 1.44 1.46 1.45 =*=0.7

D i l u t i o n  R a t i o s  o f  T h i n k e r s  A a n d  B. As pointed out 
by Brown and Rogin in 1927 (2), the concentrations of nitro
cellulose in the samples at the conclusion of the dilution ratio 
determination should be roughly the same. A concentration 
of 8 per cent was suggested by them since it was often found 
in practice. The concentration was apparently defined as 8 
grams of nitrocellulose to 100 cc. of the final liquid mixture. 
The concentration used in this paper differs slightly. I t  may 
be defined as 8 grams of nitrocellulose in 100 cc. of the solu
tion found a t the end of the determination. This is equivalent 
to 0.586 pound of nitrocellulose in a gallon of the final solution.

b. As calculated

^-¿ /rrp  o r  sou/r/osv------
f o p  c o p v p j  x  x  / v / r /? o  -  

-c ru u zo ss  corcfA/rwr/oN
TO 0/? MEATS/? - . /X £ 4 N  A B O V f . .

F i g u r e  4 . A v e r a g e  D i l u t io n  R a t io  C u r v e s

cording to them, the end point shall be taken when a film of 
the solution on the sides of the Erlenmeyer flask appears 
striated, like the waves of sand a t the seashore. In very con
centrated solutions the striation may give way to a pebbly 
effect. The degree of precision is indicated in Table V and 
Figure 3. Figure 4 shows average dilution ratio curves. As 
pointed out by Gardner, the curves may be considered as 
straight lines (4).
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F i g u r e  7 . C u r v e s  f o r  V a r y in g  C o n c e n t r a t io n s  o f  S o l id s  
w i t h  E s t e r  G u m

For the calculation of this factor the following bulking values 
of Hook (unpublished) were used: In  mixture A, 1 pound 
nitrocellulose bulks 0.0739 gallon; in mixture B, 1 pound 
nitrocellulose bulks 0.0735 gallon.

Figure 4 shows the average dilution ratios for all samples 
and the following indications may be pointed out:

1. Mixtures A and B match as formulated.
2. At various stages of evaporation, mixture B has greater 

tolerance than the corresponding sample of mixture A.
3. Considering onlythe partly evaporated samples, the follow

ing point was noted: The ddution ratios for mixture B samples 
are less sensitive to changes in the nitrocellulose concentrations 
than the dilution ratios for mixture A samples. canons

4- The slope of the dilution ratio curve for mixture B remains 
practically the same apparently until three-fourths of the m "- 
ture has been evaporated.

5. In the case of mixture A, the sample 50 per cent evaporated 
is apparently more sensitive to changes in the nitrocellulose concentration than are the others miruoeuuiose con-
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F i g u r e  8 . C u r v e s  f o r  a  C o n s t a n t  
C o n c e n t r a t i o n  o f  S o l i d s  w i t h  E s t e r  

G u m

Solids concen tra tion  was the  equ iva len t of 80 
gram s per lite r of solution.

Figure 5 shows the relative tolerance 
of mixtures A and B during evapora
tion, a t a constant nitrocelljiJcv“ con
centration. Figure 5 also ëiiWtv'che 
relative tolerance when the nitrocellu
lose concentration is increased to corre
spond to tha t found on evaporating the 
equivalent original nitrocellulose solu
tion. The curves indicated th a t mix
ture B has greater tolerance than mix
ture A.

E x a m p l e .  To determine the nitro
cellulose concentration when 50 per cent 
of the liquid mixture has been evaporated.
One gallon of nitrocellulose solution con
tains 0.043 gallon of nitrocellulose. Therefore 1 gallon of nitro
cellulose solution contains 0.957 gallon of liquid mixture. There
fore when 50 per cent of the mixture has evaporated, only 0.4785 
gallon of mixture remains. Therefore at the 50 per cent point, 
nitrocellulose is 0.043 gallon and liquid mixture is 0.4785 gallon. 
Therefore the total solution at the 50 per cent point is 0.522 
gallon, but the nitrocellulose content is 0.586 pound. Therefore 
the concentration of nitrocellulose is 0.586/0.522 = 1.121 pounds 
per gallon of solution.

Apparently the curve for mixture B more closely approaches 
a straight line than the curve for mixture A. In  other words, 
on evaporation the tolerance of mixture B apparently in
creases more uniformly than the tolerance of mixture A.

V isco s ity
Solutions of the original mixtures were made up so as to 

contain 6 grams of nitrocellulose per 100 cc. of liquid mixture.

F i g u r e  9 . C u r v e s  f o r  V a r y in g  C o n c e n t r a t io n s  o f  S o l id s  
w i t h  D a m m a r

This is equivalent to 0.5 pound of 
nitrocellulose per gallon of solvent mix
ture and also equivalent to 0.44 pound 
of nitrocellulose per gallon of nitrocellu
lose solution. The partially evaporated 
samples were made up to contain an 
increased amount of nitrocellulose. The 
increase in concentration was made to 
correspond to the increase in concentra
tion th a t the original solution might 
have on evaporation. The samples were 
tested in a Stormer viscometer. The 
data obtained are shown in Table V I; 
th a t mixtures A and B are alike is indi
cated by Figure 6.

R e sis ta n c e  to  B lu sh  a n d  F low
The samples were submitted to ex

cessively critical conditions of humidity 
and temperature in order to deter
mine whether a difference in the resist
ance to blush could be observed under 
any conditions. Samples in pairs were 
flowed out side by side on glass plates 
and placed in a humidity cabinet. The 

data are shown in Table V II. In  all cases where blushing could 
be observed, the resistance to blush was greater for mixture B 
samples. No difference in flow was observed.

F i g u r e  10 . C u r v e s  f o r  a  C o n s t a n t  
C o n c e n t r a t i o n  o f  S o l id s  w i t h  

D a m m a r

Solids concen tra tion  was th e  equ iva len t of 80 
gram s per lite r  of solution.

T a b l e  VII. R e s i s t a n c e  t o  B l u s h  a t  9 0 °  F .  (3 2 .2 °  C . )  a n d  
6 8  P e r  C e n t  R e l a t i v e  H u m id it y

L iquid
M ix ture

R em aining

,------M ixt
Sam ple

No.

ure A------*

B lush

---------Mis
Sam ple

No.

:tu re  B---------

B lush
%

100 1 S light 9 V ery sligh t
75 2 S light 10 Y ery sligh t
49 .72 3 S light
4 9 .4 8 i i V ery sligh t
25 4 S light 12 V ery slight

100
75 6 S light i i N one
50 7 M edium
4 9 .2 5 Î5 S light
25 8 N one 16 N one

T a b l e  VI. A v e r a g e  V i s c o s i t y  a t  20° =*= 0.2° C.
Liquid *------M ix ture  A------» -------M ix tu re  B------ * N itrocellu-

M ixture Sam ple Sam ple lose/100 Cc.
Remaining® No. V iscosity No. V iscosity Solvent

% Centipoises Centipoises Grams
100 1 28 .1 9 27 .1 6
75 2 4 7 .9 10 5 1 .4 8
49 .72 3 147.2 12
4 7 .4S i i l i 7 \ 7 12
25 4 2Ó4ĆL0 12 1S30.0 24

100
75 6 *50 .’S i i ’¿o.'o *8
50 7 153.4 12
4 9 .2 5 i s Ü 5 i9 12
25 8 185 i . '6 16 1765.0 24

a M axim um  v aria tio n  is —0.5% .

E ffect o f N a tu ra l R e sin s  o n  N itr o c e llu lo se  
S o lu t io n s  o f M ix tu res

T o l e r a n c e .  The procedure previously described was used. 
According to Daley, Johnson, and W ray (unpublished report), 
the end point is more difficult to  check than  in the case of 
solutions containing only nitrocellulose. Therefore the pre
cision obtained for curves is less than for nitrocellulose solu
tions. Further work along this line would be advantageous. 
In  addition, the curves are drawn through points relatively 
close together. Therefore considerable error could creep in 
with regard to the slope of the curves. Figure 7 shows the
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F i g u r e  11 . R e l a t iv e  T o l e r a n c e  o f  
M i x t u r e s  w i t h  S y n t h e t ic  R e s i n s

Solids con cen tra tio n  was the  equ iva len t of 80 
gram s per lite r of solution.

average curves of the samples for varying concentrations of 
solids with ester gum as the resin. Figure 8 shows the curves 
for a constant solid concentration and for a solid concentra
tion tha t would correspond to tha t of an original sample after 
partial evaporation. Figure 8 therefore corresponds to Figure

5, with the exception of the intersection of the curves found 
on the former. Comparison of the two figures indicates that 
the type of curve is the same. Figures 9 and 10 correspond 
to 7 and 8, respectively. In the case of the former, the resin 
used was dammar instead of ester gum. Comparison of Figures 
5 and 10 indicates th a t the relative position of mixture B 
curves has changed with respect to those of mixture A. This 
results in an intersection of the curves roughly a t the stage 
where 75 per cent of the mixtures remains unevaporated.

V i s c o s i t y .  The viscosities of samples 1, 2, 9, 10, 6, and 
14 were so low and apparently comparable th a t they were 
not determined. The data obtained are shown in Table V III.

T a b l e  VIII. E f f e c t  o f  N a t u r a l  R e s i n s  o n  A v e r a g e  
V is c o s it y  a t  2 0 °  =*= 0 .0 2 °  C .

N itro -
Liquid -------M ix tu re  A®------ • -------M ix t ure B °------» cellu lose/ R es in /
M ixture Sam ple Sam ple 100 Cc. 100 Cc.

R em aining No. Viscosity No. Viscosity Solvent Solvent
% Centipoisea Centipoisea Gra?na Grams

E ste r G um
49.72 3 X 12 .6 3 9
47 .48 l i x 12 .7 3 9
25 A X 34! 7 12Ä" 3 3 .3 6 18

D am m ar
49.72 3X 12 .5 3 9
47 .48 l i x 12^9 3 9
25 A X 33! 6 12 A' 3 4 .0 6 18

° M ixtures A and  B sam ples were ‘ le -u p  according to  com position 
shown in  T ab le  I. These were des‘«_ . i!Ju.as X  sam ples.

R e s i s t a n c e  t o  B l u s h .  The samples were handled simi
larly to those containing nitrocellulose as the only solid. The 
data are shown in Table IX . In  all cases where blushing could 
be observed, the.resistance to blush was greater for mixture B 
samples.

T a b l e  IX. E f f e c t  o f  R e s i n s  o n  R e s i s t a n c e  t o  B l u s h  a t  
90° F. (32.2° C.) and 68 P e r  C e n t  R e l a t i v e  H u m id it y

N itro - 
cellu-

Liquid /------M ix tu re  A------ » /------M ix tu re  B------ » lo se / 
100 Cc. 

Solvent

R e s in /
M ixture

R em aining
Sam ple

No. Blush
Sam ple

No. B lush
100 Cc. 
Solvent

%

100 IX S light .
E ste r G um  

9X N one

Grama

1 .5

Grama

4 .5
75 2X Slight 10X N one 2 6
49.72 3Ar Slight 3 9
47 .48 l i x N one 3 9
25 A X V ery sligh t 12X N one 6 18

100 IX V ery s ligh t
D am m ar

9X N one 1 .5 4 .5
75 2X V ery slight 

S light
10X N one 2 6

49.72 3X 3 . 9
4 7 .48 i i x V ery s ligh t 3 9
25 4X V ery s ligh t 12 X N one 6 18

E ffect o f S y n th e t ic  R e sin s  o n  N itr o c e llu lo se  
S o lu t io n s  o f M ix tu res

The procedure previously outlined was used. The follow
ing typical resins of the lacquer type were chosen:

R!. Saturated alkyd, soluble in aromatic hydrocarbons and 
esters, insoluble in aliphatic hydrocarbons and alcohols.

Rj. Modified phenolic, soluble in hydrocarbons and esters, in
soluble in alcohols.

R4. Modified alkyd, soluble in hydrocarbons and esters, in
soluble in alcohols.

R5. Concentrated phenolic, soluble in hydrocarbons and esters, 
insoluble in alcohols.

R«. Saturated alkyd, soluble in aromatic hydrocarbons and 
esters, insoluble in aliphatic hydrocarbons and alcohols.

R7. Ester gum.
R6. Dammar.
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T a b l e  X. E f f e c t  o f  S y n t h e t i c  R e s i n s  o n  A v e r a g e  V i s c o s i t y  
a t  20° =■= 0.2° C.

-M ix tu re  A -
L iquid  
m ix tu re  Sam ple 

rem aining  No. V iscosity

L iquid
m ixture

rem aining

-M ix tu re  B -

Sam ple
No.

N itro 
cellu
lo se / 

100 Cc.

% 
4 9 .7i

Centipoises

R es in / 
100 Cc. 

V iscosity  S o lv en t S olvent 
Centipoises Grams Grants

3X

4 A'

R esin
No.

16 .0 4 7 .4 8  11X 15.4 3 9 Ri
12.4 12.9 3 9 Rs
13.8 14 .7 3 9 R i
12.7 13 .0 3 9 Rs
24 .6 24 2 3 9 R«
12.6 12 .7 3 9 117
12.5 12 .9 3 9 r 3

4 7 .2 25 12X 55 .9 6 18 R i
3 2 .2 3 6 .7 6 18 r 3
4 5 .7 5 0 .2 6 18 R i
3 5 .4 4 0 .0 6 18 R i
54 .2 56 .1 6 18 R i
3 4 .7 3 3 .3 6 18 R t
3 3 .6 3 4 .0 6 18 Rs

their evaporation. Resin Ri apparently is not 
compatible with mixtures A and B. As the evapo
rated mixtures grow richer, Ri becomes compatible.

R e s i s t a n c e  t o  B l u s h  a n d  F l o w .  The data of 
Table X I indicate tha t mixture B has greater re
sistance to blush at all stages of evaporation than 
mixture A. No difference in flow was observed.

A ck n o w led g m en t

Grateful acknowledgment is due some of the lead
ing lacquer chemists for helpful suggestions. The 
authors are glad to acknowledge the assistance of 
G. C. Hook in the preparation of blush test panels. 
In  addition, various members of this laboratory- 
rendered valuable help and assistance in the work.

T a b l e  XI. E f f e c t  o f  S y n t h e t i c  R e s i n s  o n  R e s i s t a n c e  t o  B l u s h  a t  90° F. (32.2° C.) a n d  68 P e r  C e n t  R e l a t i v e  H u m i d i t y

N itro  N itro 
L iquid

M ix ture
cellu L jquid cellu

R esin //------M ix tu re  A------ * ✓------M ix ture  B------ * lo se/ R es in / M ix ture .------M ix tu re  A------ * -------M ix tu re  B------ « lose/
R em ain Sam ple Sam ple 100 Cc. 100 Cc. R esin R em ain Sam ple Sam ple 100 Cc. 100 Cc. R esin

ing No. B lush No. Blush S olven t Solvent No. ing No. B lush No. B lush Solvent S o lven t No.

% Grams Grams % Grams Grams

IX N o t d is 9X N o t d is 1 .5 4 .5 Ri 47 .48 11X V ery slight 3 9 r 3
solved solved 49 .72 3X Slight 3 9 Rt

100 IX H eavy 9 X M edium 1 .5 4 .5 Rs 47 .48 lix Very s ligh t 3 9 R.
100 IX M edium 9X Slight 1 .5 4 .5 R i 49 .72 3X G um  blush 3 9 Rs
100 IX M edium 9X S light 1 .5 4 .5 R» 4 7 .4 8 iix G um  blush 3 9 Rs

R i 49 .72 3X Slight 3 9 Rs
iö ö ix SI i giit 9 X N one i . 5 4 .5 R t 47 .48 lix None 3 9 Rs
100 l.Y Slight 9 A" None 1 .5 4 .5 Rs 49 .72 3X Slight 3 9 R t

75 2X N ot dis 10X N o t dis 2 6 R i 47 .4 8 iix None 3 9 R t

solved solved 49 .72 S light 3 9 Rs
75 2 A' Slight 10X V ery sligh t 2 6 Rs 47 .48 N one 3 9 Rs
75 2X Slight 10 A' V ery sligh t 2 6 R i

Ri75 2 A' S light 10X None 2 6 Rs 25 4X Slight 12 A' N one 6 18
75 2 A' S light 10X V ery sligh t 2 6 R« 25 4 A' G um  blush 12X G um  blush 6 18 Rs
75 2X Slight 10X None 2 6 R t 25 4 A' S light 12 A' N one 6 18 Rs
75 2X Very sligh t 10X N one 2 6 Rs 25 4 A' G um  blush 12 X G um  blush 6 18 Rs

25 4 A’ S light 12 A' None 6 18 Rs
49 .72 3X Slight N one 3 9 Ri 25 4 A' V ery sligh t 12 X None 6 18 Rr
47 .4 8 lix 3 9 Ri 25 4 A' V ery sligh t 12 X N one 6 18 R i
49 .72 3X Slight 3 9 r 3

T o l e r a n c e .  The procedure as previously described was 
used. The results are indicated on Figure 11. Apparently 
the resins gave the same type of curve. They differed as to 
the values for the original samples. Consequently the curves 
differ as to the point of intersection. The slopes of the curves 
lack the degree of precision th a t was obtained for curves of 
nitrocellulose solutions.

Indications are tha t many resins tha t are less compatible 
in nitrocellulose solution B than in solution A may- become 
more soluble as evaporation progresses. An exception is 
noted in the curves of Figure 11c.

V i s c o s i t y .  The data of Table X  point to the following: 
When a resin is soluble in nitrocellulose solutions of mixtures 
A and B, the solutions remain roughly comparable throughout
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Liquid-Film Heat Transfer

Coefficients

F or C o n d en sin g  
D ow th erm  A  V ap ors to 
P etro leu m  and L in seed  
O ils in  a V ertical-T ube  
H ea ter1

DONALD S. ULLOCK2 a n d  W. L. BADGER 
University of Michigan, Ann Arbor, Mich.

IN THE turbulent range and for vertical tubes, data are 
available for the film coefficient of heat transfer from met
als to water and oil a t moderate temperatures (14, IS). 

Logan, Fragen, and Badger (10) measured liquid-film heat 
transfer coefficients in a semicommercial vertical-tube forced- 
circulation evaporator. They boiled sugar solutions of differ
ent concentrations, and the data obtained could be correlated 
by using the D ittus and Boelter type of equation. They ob
tained the same exponents for the Reynolds and Prandtl 
groups as did D ittus and Boelter (13). The constant for the 
equation was 0.0205 as compared to 0.0225 obtained by Dittus 
and Boelter. The range of their Reynolds number was from 
7800 to 250,000 and the Prandtl number from 2 to 50.

This investigation involves the study of liquid-film co
efficients of heat transfer between condensing vapors of Dow
therm A and petroleum and linseed oils in a vertical-tube 
heater. Dowtherm A is the eutectic mixture of 73.5 per cent 
diphenyl oxide and 26.5 per cent diphenyl, and was described 
by Heindel (8). Holser (9) presented heat transfer data in
volving the use of this material. The work on the evapora
tion of caustic soda by Badger, Monrad, and Diamond (1) and 
the heating of asphalt by Montillon, Rohrbach, and Badger 
(IS) was carried out with condensing diphenyl vapors. The 
advantage of Dowtherm A over either diphenyl oxide or di
phenyl is its melting point of 53.6° F. A stable petroleum 
oil of high grade was used. I t  was obtained from the Kendall 
Refining Company and had a viscosity of 140 seconds at 
210° F. The thermal properties of Dowtherm A were ob
tained from calculations and data of Ullock, Gaffert, Konz, 
and Brown (25).

E q u ip m en t F low  S h eet

The equipment flow sheet is shown in Figure 1. Its details 
were dictated primarily by the problem of bodying linseed oil.

1 C om plete tab les  of d a ta  ob ta ined  in  these experim ents will be published 
in the  Transactions o f  the Am erican Institu te  o f Chemical Engineers.

1 P resen t address, C arb ide  and  C arbon  Chem icals C orporation , South 
C harleston, W . Va.

A h eavy  p e tr o le u m  o il a n d  lin se ed  oil 
w ere h ea te d  to  te m p era tu re s  u p  to  600° F. 
in  a  tu b u la r  h ea ter , u s in g  D o w th erm  
vapor as th e  h e a tin g  m e d iu m . T h e  film  
co e ffic ien ts  for h e a t in g  th e  p e tr o le u m  oil 
agreed  rea so n a b ly  w ell w ith  th e  D it tu s  
an d  B o e lter  eq u a tio n . T h is  w ork  is  of 
im p o rta n ce  b eca u se  i t  con firm s th e  D it 
tu s  a n d  B o elter  eq u a tio n  u p  to  h ig h er  
te m p era tu res  th a n  have ever b een  u sed  
b efore (600° F .) an d  u p  to  h ig h er  R e y n 
o ld s n u m b e rs  (50,000) th a n  have ever 
b een  reach ed  in  th e  h e a tin g  o f o ils.

L in seed  o il, b o th  raw  an d  b od ied , fo l
low ed  th e  D it tu s  an d  B o elter  eq u a tio n  
w ith  a  p rec is io n  th a t  w o u ld  ord in ar ily  be  
con sid ered  sa tis fa c to ry . B y tr ia ls  w ith  
d ifferen t ex p o n en ts  o n  b o th  th e  R eyn o ld s  
an d  th e  P ra n d tl grou p s, i t  w as fo u n d  th a t  
th e  eq u a tio n

rep resen ted  th e  re su lts  o n  lin se ed  o il w ith  
a h ig h  degree o f p rec is io n . T h is  w ork  
covers a  ran ge o f th e  R ey n o ld s grou p  up  
to  90,000 an d  o f th e  P ra n d tl grou p  u p  to  
370.

The oil was pumped from the flash pot to the heater, heated to 
about 580° F., and then went to a cooler where the temperature 
immediately dropped 10° or 20° F. From the cooler the oil 
was returned to the flash pot where an inert atmosphere and a 
reduced pressure were maintained and where any vapors formed 
were released; it was then returned to the pump. The heating 
and cooling were continued until the oil attained the desired 
characteristics of a bodied linseed oil.

No iron could be used where it would come in contact with the 
linseed oil because it would produce a dark color in the heated 
oil. Nickel, brass, and aluminum were used for pipes and fittings. 
The boiler that supplied the Dowtherm A vapors was a semi- 
commercial type, gas-fired unit (17).

The vertical two-tube heater was approximately 12 feet long. 
The tubes were 7/ s inch o. d., 16 Birmingham wire gage nickel 
tubes with a heating length of 11 feet 8.5 inches between the 
tube sheets, and were rolled into nickel-clad tube sheets. The 
shell of the heater was a 3-inch extra heavy steel pipe. The ap
paratus was to be subjected to temperatures around 700° F. 
This would produce stresses between the tubes and the tube 
sheet due to a difference in the expansion coefficients for the steel 
pipe and nickel tubes. The tubes were prevented from slipping 
when under stress by cutting grooves Vie inch wide and deep in 
each tube sheet, and in the rolling operation the nickel tubes were 
expanded into these grooves.*

Approximately 18 inches from each end of the heater a 4-inch 
nipple and a 10-inch flange were welded on opposite sides of the 
shell to form a cross and allow access to the nickel tubes in the 
heater (Figure 2). A 2-inch vapor inlet at the top and a 1.25-inch 
condensate outlet at the bottom were welded to the heater.

T h erm o co u p le  InstallatiV -h
Copper-constantan and copel-X-chromel thermocouples were 

used for temperature measurements, and the cduper-constantan 
couples were used at the lower temperatures. Liquid tempera-
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F i g u r e  1. E q u i p m e n t  F l o w  S h e e t  f o r  H e a t  T r a n s f e r  t o  B o d y in g  
L i n s e e d  O i l

tures were measured with bare thermocouples specially installed 
in tees on the pipe line; the lead wires came through packing 
glands. The vapor temperatures were measured with couples 
that had their hot junctions silver-soldered into small blocks of 
brass. The brass block prevented small fluctuations in tempera
tures. The couples were installed to meet the conditions out
lined by Colburn and Hougen (.{)■ Care was taken to have the 
junction of the couples situated at the center of the stream. Mix
ing boxes were installed before each thermocouple so that the 
average temperature of the liquid stream was measured.

The tube temperatures were measured with thermocouples 
mounted on the tubes at the top and at the bottom of the heater 
as illustrated in Figure 2. I t was not possible to use the method 
developed by Hebbard and Badger (7) but the combined sugges
tions of Hebbard and McCabe (6, 16) were used in the method 
illustrated in Figure 2. I t  consisted of a shield made from nickel

tubing with an inside diameter equal to the outside 
diameter of the nickel tubes in the heater. Two-inch 
lengths of this tubing were cut in half along the axis 
of the tube. When these pieces were placed on the 
heater tubes, they fitted snugly. The edges of each 
shield were beveled off so as to minimize the effect of 
the shields on the layer of condensate flowing down 
over the surface of the heater tubes. A groove 1/ s 
inch wide and Vis inch deep was cut on the inside of 
the shield. The junctions of two couples were then 
soldered at the center of the shield in the groove with 
a silver solder of high melting point. The excess solder 
was filed off flush with the inside surface of the shield. 
An insulating cement was then applied around the 
thermocouple wires which lay stretched out in the groove 
of the shield and was allowed to dry. Later the ex
cess cement was filed off flush with the inside surface 
of the shield until it fitted snugly on the heater 
tube. The shields were then sweated onto the out
side wall of the heater tubes with a silver solder of low 
melting point.

The most serious objection to this method is the 
change in the surface of the tubes where the shields 
are attached. They change the characteristics of the 
film on the tube wall, which in turn  causes a varia
tion in temperature of the tube wall. The shields 
were beveled so tha t the condensate may flow 

down over them without an abrupt change in direction. This 
precaution helps to give correct tube-wall temperatures. The 
resistances of the liquid and vapor films are known to be of the 
same order of magnitude, and the over-all temperature drop 
will be large. Therefore, it  is expected th a t any variation in 
the temperature of the tube wall near these shields will not 
have a critical effect on the calculation of the film coefficients.

C a lib ra tio n s

The rate of flow of the oil was determined with a sharp-edged 
orifice. This orifice was calibrated a t 212° and 133° F. with a 
petroleum oil having a viscosity of 79 seconds a t 100° F.

DOWTHERM A VAPOR

A-LNSEED OIL HEATER 
B.C.D,-COOLERS 
E -FLASH  POT 
F —CIRCULATING PUMP 
G -C O j CYLINDER
H-SPECIFIC GRAVITY APP (WESTPHAL)
I-SAMPLE COOLER
J —OIL STORAGE TANK
K.L-DRIP TANKS
M.N-MERCURY MANOMETERS
O.P-KING-SEELEY GAGES
©  TO @  THERMOCOUPLE NUMBERS

F i g u r e  2 . D e t a i l s  o f  T h e r m o c o u p l e  S h i e l d  A t t a c h m e n t
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F i g u r e  3 . V i s c o s i t y  v s . T e m p e r a t u r e  f o r  B o d y i n g  L i n s e e d  O i l

This oil had approximately the same specific 
gravity and viscosity that the linseed oils used in 
this heat transfer study would have under experi
mental conditions a t the higher temperatures.

The thermocouples used for the measurement 
of temperatures were calibrated in an oil hath 
against a calibrated resistance thermometer be
tween the temperatures of 11 ° and 360° C. The 
temperature as measured is estimated to be 
accurate to =*=0.5° C. The copel-X-chromel 
couples were checked with the boiling points of 
naphthalene and sulfur.

The thermocouples mounted on the linseed 
oil h e a t e r  t u b e s  were checked by putting 
Dowtherm vapor into the heater a t known pres
sures. The inlet vapor for runs 39 to 43, inclu
sive, was slightly superheated; in runs 44 to 48, 
inclusive, it came direct from the boiler and 
had to be slightly wet to ensure saturation con
ditions of temperature for each pressure. When the pres
sure became constant, the temperatures of the vapor in, the 
condensate out, and the tube thermocouples were measured 
and found to be in excellent agreement.

Heat lost from the linseed oil heater by radiation was de
termined by putting the heater under pressure with slightly 
superheated Dowtherm vapor. When the pressure in the 
heater remained constant, the condensate and time were 
measured. This procedure was followed a t six different 
pressures.

P h y sic a l P rop erties of O ils

The specific heats of the petroleum oil and the bodied lin
seed oil were estimated with the use of the Fortsch and Whit
man equation (5):

n  -  « +  670) (2.10 -  S)
0 ~ 2030

This equation was obtained for petroleum oils and should be 
suitable for the petroleum oil used in these experiments. I t  
is believed th a t this equation is also suitable for the linseed 
oil. With this equation the specific heat of the pure linseed 
oil was calculated to be 0.703 a t 550° F. This value agrees 
to within 6 per cent of the data published by Long, Reynolds, 
and Napravnik (11).

The viscosities of the petroleum oil, refined linseed oil, and 
a bodied linseed oil were determined with a MacMichael vis
cometer over a tempera
ture range of 50 ° to 600 ° F.
The viscometer was cali
brated with water, a U. S.
Bureau of S t a n d a r d s  
standard oil sample No. 4, 
and castor oil. The error 
introduced on account of 
the expansion of the disk 
plunger a t 700° F. is lass 
than the e x p e r i m e n t a l  
error. S e v e r a l  f r e s h  
samples of oil were used 
in covering the 50-600° F. 
temperature range.

The data are plotted on 
logarithmic coordinates in 
Figure 3. Guide lines 1 
to 12 represent linseed oil 
in progressive stages of 
polymerization or increas
ing bodying effect. These

lines were obtained by dividing the distance between the curves 
for the refined and bodied linseed oil into eight equal parts. 
Lines 10 to 12 are extrapolations. If the viscosity of a bodied 
linseed oil is measured a t room temperature, its viscosity can 
be estimated with Figure 3 a t any temperature between 50 ° 
and 600° F.

The specific gravities of the petroleum oil, refined linseed oil, 
and a bodied linseed oil were determined with the Westphal 
balance equipped with an invar plummet (Figure 4).

The molecular weight was determined in order to estimate 
thermal conductivity. The freezing point depression method 
of Beckman was employed for the petroleum oil. Benzene was 
the solvent, and the molecular weight was found to be 744.

The molecular weight for bodied linseed oil was determined 
through a correlation of the data of Caldwell and Mattiello
(S) with viscosity. Figure 5 is a plot of their values of vis
cosity in poises vs. molecular weight on a log-log chart. The 
curve represents viscosity determinations a t 25° C. (77° F.) 
converted to 15.5° C. (59.9° F.) by Figure 3. The error in
troduced through the use of these data can have but a minor 
effect on the calculated value for thermal conductivity for 
linseed oil. For example, if the molecular weight determined 
is in error by about 5 per cent, the calculated thermal conduc
tivity will be in error approximately 1 per cent.

T h erm a l C o n d u c tiv ity
All of the equations that have been commonly used for the

correlation of heat trans
fer coefficients to or from 
fluids involve the thermal 
conductivity of the fluid. 
This offered a particular 
difficulty in the present 
case because the tempera
tures a t which the thermal 
conductivities were to be 
evaluated were far beyond 
any range a t which ther
mal c o n d u c t i v i t i e s  of 
liquids have ever been 
measured. Within very 
narrow ranges the thermal 
conductivity of most or
ganic liquids is known to 
d e c r e a s e  with tempera
ture. For a long time it 
was believed tha t the ther
mal conductivity of water 
i n c r e a s e d  linearly with
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temperature. The recent work of Schmidt and Sellschopp 
(21) showed, however, th a t the thermal conductivity of water 
passes through a maximum a t about 260° F. and then de
creases. Although it is not safe to discuss the physical 
properties of organic liquids on the basis of the physical 
properties of water, this fact a t least shows tha t thermal 
conductivity determinations over a relatively narrow range 
of temperature may not safely be extrapolated far beyond 
the temperatures a t which the determinations were made.

F i g u r e  5 . M o l e c u l a r  W e i g h t  v s .  V i s c o s i t y  f o r  B o d y i n g  
L i n s e e d  O i l

Weber (20), Bridgman (2), and Smith (23, 24) proposed 
equations based on various physical constants for the pre
diction of thermal conductivities. When these equations 
are applied to linseed oil a t 600° F., they give results differing 
by several hundred per cent. I t  is doubtful whether the au
thors of these equations ever expected them to be valid under 
such conditions. The direct determination of thermal con
ductivity is a  difficult m atter in any case and would have been 
so complicated a t the temperatures involved in this work tha t 
it  was out of the question to consider it.

The only recourse, therefore, was to try  one of the above 
equations to see whether or not the results could be correlated 
on the basis of the data furnished by it, even though it was un
known whether the values of thermal conductivity so ob
tained were reliable or not. This does not introduce any 
fundamental error into the correlation as is 
shown by the following line of reasoning.

Experimental data, directly determined, are 
correlated into a single equation by the use of an 
arbitrary value for the thermal conductivity of 
the liquid, which may or may not be correct.
In  using the equation so determined for calcu
lating a desired heat transfer coefficient (i. e., 
the reverse process from th a t considered in this 
paper), the same values of thermal conductivity, 
determined in the same way, are employed.
Consequently, even though these values are 
purely empirical, they are used in one sense in 
developing the equation from the data and in an 
opposite sense in determining coefficients from 
the equation; thus any error they contain is 
neutralized. I t  follows that, if there is a serious 
error in the thermal conductivity so determined 
(and especially if the ratio between the calcu
lated thermal conductivity and the true thermal 
conductivity should change greatly with tem
perature), it  would not be safe to use this 
method a t temperatures or under conditions 
where the numerical value of thermal conduc
tivity to be used was greatly different from that 
employed in the range where the calculations in 
this paper were made.

When the Weber equation is used to calcu
late the thermal conductivity of the petroleum 
oil, the correlation of the data gives values 
which, when checked against the D ittus and 
Boelter equation, indicate the c o n d u c t i v i t y

values to be high. If the constant in the Weber equation is 
changed from 0.864 to 0.342, the petroleum oil data will fall 
around the D ittus and Boelter line. The equations used are:

For bodying linseed oil: k — 0.864 (S)(Cp)s\ /S /M
For petroleum oil: k = 0.342 (S)(C)! y /S /M

The runs on petroleum oil were made first, and then the 
apparatus was cleaned before introducing the linseed oil. The 

petroleum oil was washed out with kerosene, followed by 
hot solutions of trisodium phosphate, and was finally 
washed several times with hot distilled water. The heater 
tubes had some carbon residue on them. They were care
fully wiped clean with cloths.

The bodying of the linseed oil took place over an in
terval of several hours, and the viscosity was continu
ally changing. The time was divided into 15-minute 
periods. At the end of the first 15 minutes and every 
30 minutes thereafter, a sample of the bodying oil was 
removed. Three sets of readings for pressures and tem
peratures, and of the mercury manometer were taken 
for each 15-minute run. When the viscosity had in

creased to such an extent th a t the oil velocity began to de
crease, the valve for the Dowtherm vapor was closed and the 
flow of water to the coolers increased. When the linseed oil 
had cooled down to about 250° F., it  was discharged from the 
apparatus. Fresh linseed oil was immediately introduced 
into the apparatus and circulated to wash out the bodied oil. 
The equipment was then drained, and a new charge of linseed 
oil pumped in to keep the heater tubes and piping filled with 
oil.

S m o o th in g  a n d  C o rrela tio n  o f D a ta
The experimental data obtained from heating the petro

leum oil were used direct in the usual heat-transfer calcula
tions. Erratic results were recognized only by comparisons 
among the data or later when they were correlated. The ex-

M
F i g u r e  6 . H e a t  T r a n s f e r  D a t a  f o r  1 4 0 - S e c o n d  P e t r o l e u m  O i l  a t  2 1 0 °  F.
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perimental data obtained from heating the linseed oil, how
ever, can be given a preliminary treatm ent to improve them. 
This oil was heated for periods of 2.5 to 4 hours. The read
ings for each 15-minute run were averaged and plotted against 
the average time for each interval, and smoothed values ob
tained from this curve. The B. t. u. transferred, vapor, tube, 
and oil temperatures, liquid film coefficients, and viscosity were 
smoothed graphically in this manner. The gross weights of 
Dowtherm condensate were given a more special treatm ent by 
the Running method of graphical smoothing (20). This was 
done because the rate of condensation decreased rapidly with 
the time of heating.

I t was impossible to check the heat input by calculating 
tha t absorbed by the oil, since the temperature increase is 
generally only about 12° F. The accuracy of the temperature 
measurements was estimated to be about ± 1 °  F., which 
leaves room for considerable error when the heat absorbed by 
the oil is calculated.

The data on linseed oil were correlated with the following 
D ittus and Boelter equation (IS):

hD /D uP\ n/C ß\"  
k " “ y  » ) \ k ) (1)

groups for the linseed oil runs were next obtained by trial and 
error as outlined by Logan, Fragen, and Badger (10). This 
correlation fixed m equal to 0.3 and n  equal to 0.64 with the 
data defining the usual band of points, except tha t each set of 
data approximated a straight line (Figure 7).

The values for in and n  seem quite low, especially n. 
The value of m  was increased to 0.4 and N u /(P r)aA was 
plotted against Re. The result was to find the data drawn 
into a narrow band and is illustrated in Figure 7. If lines were 
drawn through these data, they would have a slope equal to
0.78. This correlation of the data checks the line of the 
D ittus and Boelter equation (with a slope of 0.8) very well.

The value of the exponent of the Prandtl group was increased 
to 0.5 and the N u /(P r)0-* plotted against Re. Figure 7 illus
trates the result of this operation. All the data are drawn so 
close together as to approximate a straight line, rather than a 
band. The slope of this line is 0.87. If the exponent for the 
Prandtl group is increased further, the correlation becomes 
poor again with the data falling into a band. Table I  illus
trates the effect of increasing the value of the exponent of the 
Prandtl group a t a constant Reynolds number of 20,000. 
The oil velocity is expressed in feet per second, but the Nus- 
selt, Reynolds, and Prandtl groups are in consistent units.

The physical properties used in the correlation of the data 
were based on the arithmetic average of the inlet and outlet 
temperatures of the oil stream after mixing. This was done 
in preference to using the film temperature because the corre
lated data can be compared directly with those presented by 
McAdams (12). In addition, the data are in a more useful 
form for design purposes. The film temperature of the linseed 
oil was generally about 30° F. higher than the main body of 
the oil (which was about 590° F.). A correlation based on the 
physical properties taken a t the film temperature would have 
given only slightly different results.

The data for the petroleum oil were plotted as N u/(P r)0-* 
against Re and are illustrated in Figure 6. The line represent
ing the D ittus and Boelter equation was drawn through these 
data. A fairly good correlation resulted.

The values of the exponents for the Prandtl and Reynolds

300

T a b l e  I. B o d y in g  o f  L i n s e e d  O i l

R u n
No.
90
57
66a

Oil
Velocity

7 .7
7 .1
3 .7 5

N u
345
325
233

P r
7 0 .3
65 .3  
31 .6

N u / N u / N u / N u /
(Pr)«-» (P r)°-‘ (Pr)»-« (Pr)«.«
9 9 .6 6 2 .9 41 .1 11 .5
9 3 .3 6 0 .8 4 0 .2 11.45
94 .3 5 8 .0 4 1 .1 14.72

The data for the bodying of linseed oil, therefore, correlate 
best with the following empirical equation:

hD
k

^  0.87

(2)

Sherwood and Petrie (22) have stated tha t the data on in
dividual fluids can be correlated better with special equations 
than with the D ittus and Boelter equation. This equation 

was tried on the data on petroleum oil and some 
of the data of Morris and Whitman (19). A 
slight improvement was noted, but not enough 
to warrant its use.

C o n clu sio n
The liquid-film heat t r a n s f e r  coefficients 

have been determined for a 140-second petro
leum oil a t 210° F. and for a bodying linseed 
oil in forced convection a t high temperatures. 
The data on petroleum oil cover a temperature 
range of 350° to600°F .; th a t of the linseed oil, 
570°to600°F. These data were obtained from 
a vertical heater, equipped with two 10-foot, 
0.75-inch i. d. nickel tubes. All the results 
correlated well with the D ittus and Boelter 
equation:

? - « P “ ««
The degree of correlation is indicated by the 

following table, which gives the agreement be
tween the calculated and the experimental 
values of the liquid film coefficients:

"30OO 5ÔÔÔ 7Ô0Ô 10)000 20,000 5 0 p 0 0
(CONSISTENT UNITS)

F i g u r e  7 . H e a t  T r a n s f e r  D a t a  f o r  B o d y in g  L i n s e e d  O i l

T55SÖO

P e r C en t of D a ta  
C orre la ted  to :

* lo t
±20%

B odying
Linseed

Oil
%
67
98

100

Petro leum
Oil
%
15
38
59
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Equation 1A was checked between the following limits:

N usselt No. 
R eynolds No. 
P ran d tl No.
Oil velocity , f t./s ec . 
V iscosity, lb . /h r . / f t .

B odying 
Linseed Oil

153-520 
5,000-90,000 

14-160 
3 .7 5 -7 .7  
1.0-8.5

P etro leum
Oil

250-600
4,500-50,000

50-370
4 -7 .8

1 .5 -1 0 .7

The linseed oil data were even better expressed by the em
pirical equation. I t  can be recommended only for bodying 
linseed oil with the thermal conductivity estimated by Web
er’s equation. All the physical properties of the oils were 
taken a t the average temperature of the main body of the 
heated oil:

N o m e n c la tu re

(2)

Hr. = 
a = 
I) = 
C = 
CP = 
k =  
p = 
M  = 
S  = z =
Z,o (av

M = 
U —
N u  =  
Rc = 
P r  =

hours of heating
constant in Dittus and Boclter equation 
diam., ft.
sp. heat, B. t. u./(lb.)(° F.) 
sp. heat at constant pressure
thermal conductivity, B. t. u./(hr.)(sq. ft.)(° F./ft.) 
density, lb./cu. ft. 
molecular weight 
sp. gr. referred to water at 4° C. 
viscosity (by MacMichael viscometer), centipoises 

) = av) viscosity at temp, t ° F. (values smoothed
graphically), centipoises 

viscosity = 2.42 Zt0 (av.), lb./(hr.)(ft.) 
oil velocity, ft./hr.
Nusselt group hLD /k  
Reynolds group D up/n  
Prandtl group Cfi/k
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Heat Transfer 
Coefficients for 

Condensing 
DoAvtherm Films

W. h .  BADGER 
University of Michigan, Ann Arbor, Mich.

F ILM  coefficients for the condensation of vapors are usu
ally calculated from the equations of Nusselt (4). I t  is 
important to remember, however, th a t the Nusselt equa

tions were determined by purely theoretical reasoning, and 
that, in the integration which resulted in the equations usu
ally employed, it was assumed (a) th a t the condensation was 
true film type condensation and (6) th a t the condensate film 
was in purely viscous flow.

Monrad and Badger (3) pointed out th a t in the case of ver
tical tubes it  might well be possible to  have turbulent flow in 
the condensate film. This idea was further developed by 
Kirkbride {2) who developed a modified Nusselt equation as 
follows:

Km)' 'CSX
Badger, Monrad, and Diamond (I) reported a number of 

film coefficients for condensing diphenyl vapor. They shoived 
that, whereas according to the Nusselt equation the film coef
ficient of heat transfer should have decreased Avith increasing 
temperature drop, the coefficient actually increased Avitli in
creasing temperature drop. On a plot of Kirkbride’s equa
tion in logarithmic coordinates, the Nusselt equation should 
be represented by a line Avith a slope of — W  Kirkbride 
plotted these results of Badger, Monrad, and Diamond, to
gether with a feAv others obtained from the earlier literature 
and showed tha t they determined a line with a slope of + 1/* 
on the same plot. This deviation from the Nusselt equation 
he explained by the existence of turbulence in the film.

In  the investigation of Ullock and Badger (5) the Dowtherm 
film coefficients were determined but were not reported, since 
the above paper was concerned solely Avith the liquid film 
coefficients. I t  is the purpose of this paper to s I io a v  that 
these points can be correlated by means of Kirkbride’s equa
tion.

The apparatus, the method of determining tube wall tem
peratures, and the method of taking the data are discussed in
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A1 D
F i g u r e  1

the paper by Ullock and Badger. In recalculating these 
data in terms of Kirkbride’s equation, certain constants of
fered some difficulty.

The viscosity of the liquid in the Dowtherin film must be 
known a t temperatures far above any a t which determina
tions have been made. Determinations made by the Dow 
Chemical Company up to 400° F. were plotted against tem
perature to a logarithmic scale and found to determine 
a straight line with a considerable degree of precision. This 
straight line was then extrapolated to the temperature range 
in question. The density of liquid Dowtherm was taken

from the tables of constants prepared by the Dow Chemical 
Company.

No determinations of the thermal conductivity of Dow
therm a t any temperature, much less a t the temperatures in
volved in this investigation, were available. The thermal 
conductivities were therefore calculated by the use of Weber’s 
equation, using values of specific heat and density from the 
Dow Chemical Company’s tables and using a mean molecu
lar weight based on a mixture of 76 per cent diphenyl oxide 
and 24 per cent diphenyl.

This method of predicting thermal conductivities is open to

T a b l e  I. R e c a l c u l a t i o n  or U l l o c k ’s  C o e f f i c i e n t s  b y  K i r k b r i d e ’s  M e t h o d

TF /  n~ y / » IF
h (  ^

R un No. hv tf ttd \ k 3p*g) R u n  No. hv tf pd u v W
o 240 552 0.709 3,250 0 .255 53 186 673 0.539 5,001 0.218
3 258 546 0.721 5,232 0.274 54 175 674 0.537 4,839 0 .210
4 236 647 0.568 4,012 0.268 55 334 670 0.542 12,050 0.389
5 210 650 0.564 5,445 0.239 55a 316 671 0.539 11,175 0 .369
6 261 650 0.564 6,405 0.297 56 300 672 0 .539 10,288 0.351
7 232 651 0.561 5,135 0 .265 56a 284 672 0.539 9,148 0.332
8 238 620 0.602 4,610 0.263 57 274 672 0.539 8,500 0.320
9 253 618 0.606 4,985 0.279 58 263 672 0.539 7,935 0 .307

10 262 616 0.614 4,935 0.288 59 256 672 0.539 7,560 0 .299
11 264 616 0.614 5,264 0.291 60 243 673 0.539 7,348 0 .286
12 224 596 0.636 4,148 0.243 61 239 674 0.537 6,950 0 .280
13 208 596 0.636 3,875 0.226 62 231 674 0.537 6,738 0 .270
14 244 594 0 .638 4,198 0.264 63 227 674 0.537 6,500 0 .266
15 251 596 0.636 4,072 0.272 64 220 675 0.537 6,000 0 .2 5 8
16 190 574 0.668 2,588 0.204 65 220 675 0.537 5,925 0 .258
17 66 283 674 0.537 7,935 0.331
18 io6 573 0.670 3,625 0 .2 i3 66a 276 672 0 .539 7,655 0 .323
19 182 572 0 .670 3,589 0.195 67 241 676 0.534 7,420 0.283
20 161 547 0 .718 2,788 0.171 68 240 676 0.534 7,148 0 .282
21 143 547 0 .718 2,452 0.152 69 243 677 0.534 6,855 0.286
22 118 549 0.714 1,998 0.125 70 230 677 0.534 6,508 0.271
23 71 222 678 0 .532 6,198 0.261
24 283 543 0 .723 5,9 io 0i300 72 216 678 0 .532 5,830 0.254
25 222 545 0.721 4,312 0 .235 73 207 679 0 .532 5,440 0.244
26 312 592 0.638 7,510 0.338 74 209 679 0 .532 5,140 0 .246
27 392 592 0.638 9,762 0.424 75 204 680 0 .530 4,775 0.241
28 411 590 0.043 10,706 0.444 76 197 681 0.527 4,642 0 .233
29 310 626 0.593 9,225 0.344 77 199 • 681 0 .527 4,465 0 .235
30 326 619 0.605 11,312 0.360 78 196 682 - 0 .527 4,335 0 .232
31 485 626 0.595 15,450 0 .538 79 194 682 0 .527 4,188 0 .230
32 376 668 0.544 13,525 0 .437 80 193 682 0.527 4,025 0 .229
33
34
35

462
545
283

667
670
677

0.544
0.539
0.534

17,975
13,010

7,910

0.537
0.635
0.332

91
92
93

309
448
329

656
648
658

0 .556
0 .566
0.556

12,388
11,975
11,962

0 .354
0.509
0 .3 7 8

36 308 679 0.532 7,972 0.363 94 288 664 0.547 11,912 0 .333
37 270 678 0.532 7,250 0.318 95 286 665 0.547 11,075 0.331
38 298 703 0.503 7,928 0.353 96 279 669 0.544 10,250 0 .325
49 264 669 0 .544 7,550 0.307 97 277 670 0.542 9,475 0.323
50 242 670 0.542 7,230 0.282 •98 278 672 0 .539 8,770 0.325
51 226 671 0.539 6,822 0.264 99 276 672 0.539 8,475 0.322
52 205 672 0.539 6,175 0 .240 100 276 675 0 .537 8,218 0.323
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when a value is taken from the chart and used to predict a 
heat transfer coefficient.

Figure 1 is a plot of Kirkbride’s equation showing in open 
circles all the points calculated by Kirkbride in his paper; 
the solid symbols represent the data added by this paper. 
The pertinent data are given in Table I.

/  m 2 N l / 3  .

Inasmuch as computation of the term is a tedi
ous m atter, and since this quantity is a function of tempera
ture only, Figure 2 shows a plot of this quantity in terms of 
temperature for the more ready use of the curve of Figure 1 
in predicting heat transfer coefficients.

L itera tu re  C ited
(1) Badger, Monrad, and Diamond, Trans. Am. Inst. Chem. Engrs.,

24, 5 6 -8 3  (1 9 3 0 ); I n d . E n g . C h e m . ,  22, 7 0 0 -7  (1930).
(2) K irk b r id e ,  Trans. Am. Inst. Chem. Engrs., 30 , 1 7 0 -8 6  (1933).
(3) M o n ra d  a n d  B a d g e r ,  Ibid., 2 4 , 8 4 -1 1 9  (1 9 3 0 ) ; I n d .  E n g .  C h em .,

22 , 1 1 0 3 -1 2  (1930).
(4) N u s s e l t ,  Z. Ver. deut. Ing., 60, 541 (1 9 1 6 ) ; McAdams, "Heat

Transmission,” pp. 258, 263, New York, McGraw-Hill Book 
Co., 1933.

(5) TJllock a n d  B a d g e r ,  I n d . E n g . C h e m . ,  29 , 90 5  (1937).

R e c eiv e d  M ay  11, 1937. P resen ted  before th e  m eeting  of th e  A m erican  
In s ti tu te  of C hem ical E ngineers  a t  T oron to , C anada , M ay  26 to  28, 1937.

Temperature Drops and Liquid- 

Film Heat Transfer Coefficients 

in Vertical Tubes
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serious question. The line of reasoning indicating tha t this 
is not an im portant source of error in the present case is given 
in some detail in the paper by Ullock and Badger. Briefly, 
the argument is th a t in using such fictitious thermal conduc
tivities any error they contain is introduced in one sense in 
converting the experimental results to the form of Kirk
bride’s equation and determining the line of Kirkbride’s 
chart. The same error is introduced in the opposite sense

R. M. BOARTS,2 W. L. BADGER, A N D  S. J. MEISENBURG3 
University of Michigan, Ann Arbor, Mich.

T HE design of forced-circulation evaporators is a t pres
ent accomplished by the use of over-all coefficients 
which are mainly a m atter of experience. I t  has been 

long realized th a t the proper approach to this problem is 
through the use of film coefficients, bu t there are practical 
difficulties.

The simplest equation for the design of an evaporator is: 

Q/6 =  UA a T t  (1)

A T T is the true mean temperature drop based on the true 
mean liquid temperature and the steam temperature and U is 
the over-all coefficient of heat transfer defined as

As Lw hi.

This equation holds rigidly only for the case where no ther
mal resistances are present except the steam film, the wall of

1 C om plete tab les  of d a ta  ob tained  in  these  experim ents w ill be found  in 
th e  Transactions o f the Am erican Institu te  o f Chemical Engineers.

1 P resen t address, U niversity  of Tennessee, K noxville, Tenn.
8 P resen t address, Shell P etro leum  C orporation , A rkansas C ity , K ans.

the tube, and the liquid film. Where other resistances are 
present, such as scale and impure steam, they m ust be in
cluded by additional terms in Equation 2. This definition 
also assumes th a t the areas of the steam film and the liquid 
film are appreciably equal.

Equation 1 cannot be used because AT t , the true mean 
temperature drop, is not known. M ost designs are based on 
the over-all apparent temperature drop because it  can be 
readily determined. The over-all apparent temperature 
drop, AT a, is defined as the temperature difference between 
the steam in the steam jacket and vapor in the evaporator 
body. Coefficients based on this definition are known as 
over-all apparent coefficients of heat transfer. These coeffi
cients are entirely fictitious because the effect of ignoring boil
ing point elevation, circulatory system heat losses, tempera
ture changes of the liquid in the tubes, etc., is to show a lower 
coefficient than the true over-all coefficient of heat transfer. 
Nevertheless, a large body of da ta  has been built up on this 
system which has been useful in design. On this basis, design 
has been a m atter of experience. I t  is desirable to reduce 
this operation to  a logical basis by the use of film coefficients. 
From the film coefficients can be calculated the over-all 
coefficient of heat transfer, U, by the use of Equation 2
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■(ir (3)

FIGURE I . DIAGRAM OF APPARATUS

1 -  STEAM JACKET
2 -  EVAPORATOR TUBE
3 -  VAPOR HEAD
4 -  DEFLECTOR
5 -  STEAM BAFFLE
6 -  EXPANSION JOINT
7 -DO'.VNTAKE PIPE
8 -  PACKING GLAND
9 - T . C .  GUARD PIPE

10-TRAVELING COUPLE
11 -  CIRCULATION ORIFICE
12 -  CIRCULATION PUMP
13-CONDENSATE RETURN PUMP 
14 -  BOILER FEED PUMP 
IS-VACUUM PUMP
16 -  EVAPORATOR FEED PUMP
17 -  SURFACE CONDENSER
18 -  STEAM SAMPLE CONDENSERS
19 -  BOILER

20 -PRE-BOILER
21 -  BOILER FEED STORAGE TANK
2 2 -FEED STORAGE TANK
2 3 -VAPOR CONDENSATE TANKS
24 -  STEAM CONDENSATE TANKS
25 -  SUPERHEATER
26 -  ENTRAPMENT SEPARATOR 
2 7 -VACUUM MANOMETER
26 -  STEAM PRESSURE MANOMETER
29 -  AIR MANOMETER
30 -  VELOCITY CONTROL MANOM.
31 -  TUBE PRESSURE DROP MANOM. 
3 2 -A IR  CONTROL ORIFICE

The temperature drop must be the true mean 
temperature drop.

Equation 1 cannot be used until the apparent 
over-all temperature drop from steam to vapor 
and the average true temperature drop from 
steam to average liquid in the tube can be recon
ciled, and until means of calculating the film 
coefficients without the necessity of knowing the 
tube wall temperature are available.

M any investigators have reported tha t the 
average true liquid film coefficient of heat 
transfer for the simple heating of fluids mov
ing in forced convection inside of tubes could 
be predicted bjr use of the D ittus and Boelter 
relation (4) •

hD 
k

Here h, the average true liquid film coefficient 
of heat transfer, is shown to vary with some 
function of the tube diameter, the velocity, the 
physical properties of the fluid evaluated a t 
average bulk temperature, and the constant a.

McAdams (10) discussed this equation fully.
He concluded th a t Equation 3 is the best 
general equation for the simple heating of fluids, 
with the constant a equal to 0.0225, where all 
units are consistent.

Logan, Eragen, and Badger (9), working on a 
semicommercial forced circulation evaporator 
with 8-foot tubes under essentially nonboiling 
conditions, found th a t the D ittus and Boelter 
equation correlated their data. I t  would ap
pear, then, tha t the applicability of this equa- 

I tion has been proved in the case where appreci- 
■ able boiling does not occur.

I t  is important, therefore, to the problem of 
the logical design of forced-circulation evapo
rators th a t the relation between the over-all 
apparent temperature drop and the true mean 
temperature drop be known. Further, the effect 
of appreciable boiling upon the liquid film coefficient of heat 
transfer in such a system should be examined. This paper 
presents the results of such investigations made on a single 
vertical-tube forced-circulation evaporator. The steam film 
characteristics of the same runs made on the same apparatus 
were reported in a previous paper (11).

L itera tu re  Survey

McAdams (10) reviewed the work done on the simple 
heating of water and other fluids both in horizontal and 
vertical tubes. The data on the heat transfer to boiling 
fluids in forced convection are very few. Logan, Fragen, 
and Badger (9) had some boiling when using a sugar solution 
in a forced-circulation evaporator -with twelve 8-foot copper 
tubes, 0.75 inch inside diameter. Their results followed 
the D ittus and Boelter equation.

Claasen (1), in 1902 in a theoretical discussion, stated 
th a t vapor bubbles clinging to the heating surface should 
reduce the coefficient of heat transfer by blanketing off part 
of the active area. Jakob and Fritz (7) verified this hypothe
sis, using a horizontal plate evaporator. Cleve (2), Linden 
and Montillon (8), and Cryder and Gilliland (3) took data on 
water boiling under natural convection in vertical, inclined, 
and horizontal tubes, respectively. These investigations, 
with the exception of tha t of Logan, Fragen, and Badger, are 
not significant to the present work.

AUGUST, 1937

No work on the correlation of the over-all apparent tem
perature drop with the true mean temperature drop has been 
reported.

E x p er im en ta l A p p aratu s an d  P roced u re
The experimental apparatus was described in a previous 

paper (11):

I t was essentially a single-tube forced-circulation evaporator. 
The tube was 12 feet long, 0.76 inch inside diameter, with an 
inside heating surface of 2.367 square feet. The arrangement 
of the equipment is shown in Figure 1.

All data were obtained on the transfer of heat to distilled 
water. The variables and the ranges covered by each were: 
apparent boiling point of the liquid, 140° to 212° F.; condensing 
steam temperature, 1760 to 248° F.; inlet velocity of liquid, 
2.5 to 15 feet per second; apparent over-all temperature drop, 
18° to 72° F.; and percentage of evaporation, 0.25 to 5.00, 
approximately.

Condensate from the steam space was measured in closed 
calibrated receivers. From the weight of this condensate and 
the known temperature and pressure of the steam, the total heat 
input was calculated. A semiquantitative check was obtained 
by measuring the condensate obtained from the vaporization 
of the liquid in the evaporator tube. Entrainment prevented 
a close check. The evaporator was completely lagged against 
heat loss.

Temperatures along the tube were measured by ten copper- 
conslantan thermocouples installed at 15-inch intervals by the 
method of Hebbard and Badger (5). The liquid temperature 
rise in the tube was followed by means of a traveling copper-
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Since Logan, Fragen, and Badger found tha t they could correlate their 
data reasonably well by means of a D ittus and Boelter type equation, that  was 
the first step taken in the present work (Equation 3).

The Prandtl group, cp/k, was not a primary variable in this work. There
fore, the experience of past workers in the general field was drawn upon, and 
this group was introduced raised to the 0.4 power.

The Reynolds and Nusselt numbers, Dup/p  and hD /k, were calculated from 
the observed data. In  these calculations consistent units were used through
out. The only deviation from past work occurred in the use of the data of 
Schmidt and Sellschopp (16) for the values of the thermal conductivity, k. 
Their results are lower for water approaching 212° F. than the thermal conduc
tivities based on the work of Jakob (6'). Since this investigation was on 
water a t temperatures from 140° to higher than 212° F., and since quantity  k 
entered into the D ittus and Boelter equation to the 0.6 power, the calculated 
values of tins work were lower than if Jakob’s data had been used. This differ
ence varied from 0 per cent water at 1510 F. to 3.5 per cent for water a t 212° F.

To check the power function of the Reynolds number, the quantity

( j~ ^  was plotted against (Dup/p). This is
F i g u r e  2. T e m p e r a t u r e  shown as Figure 4. A line with a slope of 0.8 on
D i s t r i b u t i o n  o f  T u b e  the logarithmic plot adequately correlates the

a l l s  a n d  i q u i d s  data except a t very low velocities where Dup/p
is less than 65,000. The median of the calculated 
values of constant a for the runs with a Reyn-

constantan thermocouple. The lead 
wires we r e  c a r r i e d  o u t  of the 
evaporator through a V s - m c l i  out
side d i a m e t e r  brass tube which 
moved through a packing gland. 
The junction was soldered direct 
to the end of the tube, and three 
brass fins were attached an inch 
above the hot junction to keep the 
thermocouple c e n t e r e d  in t h e  
evaporator tube. A copper wire of 
approximately the same diameter 
was soldered to the end of the 
small tube to act as a tag wire in 
keeping the brass tube taut in the 
evaporator tube. By a pulley and 
take-up system the junction of the 
thermocouple could be moved to any 
predetermined point in the evapo
rator tube. With this arrangement 
small resistance was offered to the 
flow of liquid in the tube, and the 
resistance was constant no matter 
where the junction was.

Other thermocouples were used 
to measure the temperature of the 
steam jacket, vapor space above 
the tube, liquor inlet at the bottom 
of the tube, and superheated steam. 
All readings were made on a Leeds 
& N o r t h r u p  type K-2 poten
tiometer.

The temperature of the liquid 
side of the tube was calculated from 
the tube couple readings, the depth 
to which their junctions were im
bedded in the tube wall, and the 
temperature gradient corresponding 
to the known rate of heat flow 
through the tube wall. Typical 
curves showing the corresponding 
temperature distributions of tube 
wall temperatures and liquid tem
peratures are represented by Fig
ure 2. From these data Figure 3 

was drawn to show the temperature drop over the liquid film at any point on the 
tube. All the curves were similar in their characteristics; those shown were from 
four representative runs.

The length of the runs was 40 minutes. During that time manometer read
ings were taken every 2 minutes. All thermocouples were read at least three times 
during a run. The levels of the condensate in the vapor and steam condensate 
tanks were read at frequent intervals and plotted to show constancy of operation.

STEAM
OVERALL AT
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olds number higher than (55,000 was 0.027S, and the line on 
Figure 4 is drawn with a equal to this value.

For water flowing under forced convection in a vertical 
heated tube with a small degree of boiling, the D ittus and 
Boelter equation furnishes a satisfactory means of determin
ing the true mean liquid film, hL. This is a confirmation of 
the work of Logan, Fragen, and Badger. Equation constant 
« is, respectively, 0.0205 and 0.0278 for the former and pres
ent investigators. This difference is not serious.

For runs with appreciable boiling in the tube (in this work, 
those with velocities of 2.3 and 3.5 feet per second), the true 
mean liquid-film coefficient of heat transfer predicted by 
the D ittus and Boelter equation is much lower than experi
ment shows. With the data a t hand, it was not found pos
sible to give more than semiquantitative demon
strations of this fact.

An attem pt was made to break up into two 
parts the calculations on the runs in which 
appreciable boiling occurred. Examination of 
the temperature distribution curves (Figure 2) 
shows th a t active boiling in the tube reduces 
the temperature of the liquid by the conversion 
of sensible heat to latent heat. If the point 
where this sudden drop in liquid temperatures 
occurs is taken as the point of active boiling, 
then heat transmission in the tube length can be 
considered in two sections. Simple heating 
occurs in the part of the tube up to the break 
in the curve. Thus in Figure 4 it can be as
sumed tha t 5.5 feet of the tube are operating 
under simple heating with 2.3 feet per second 
velocity; 9.2 feet with 3.5 feet per second;
11.5 feet with 5.0 feet per second; and prac
tically the entire tube with higher velocities.
If the heat quantity transmitted over these 
l e n g t h s  is calculated on the basis of the 
pounds of circulation per hour times the sensible 
heat increase, then the mean true liquid film 
coefficient can be determined from the Newton 
equation:

All temperature plots had the same characteristics. The 
only differences were those, of amount of temperature rise and 
extent of boiling in the tube caused by changes in the effective 
temperature of the steam outside the tube.

Examination of any liquor temperature plot shows that 
the temperature of the liquid rises in a straight line to the 
point where boiling starts. The 10 and 15 foot per second 
velocities do not show boiling in the tube, and the 5 foot per 
second shows very little. After boiling starts, the tempera
ture of the water drops in a curved line to a temperature sub
stantially equal to tha t of the vapor in the evaporator, in the 
case of low velocities. The higher velocities do not come to 
equilibrium with the pressure in the vapor space until after 
the liquid has been ejected from the tube.

(4)

The temperature drop over the liquid film, AtL, is the inte
grated temperature difference from liquid to the tube wall 
thermocouples corrected for the resistance of the portion of 
the tube wall from the thermocouple junction to the inside 
surface of the tube.

Inserting this calculated coefficient in the D ittus and Boel
ter equation, the constant a for the nonboiling section was 
calculated. The average constant, 0.0293, is much closer to 
the constant, 0.0278, for runs entirely nonboiling, than would 
be expected from this procedure.

The value of the Nusselt criterion for the boiling portion 
is calculated by Newton’s equation from the heat transferred 
over the entire tube, less tha t assigned to the nonboiling sec
tion. The average value of the coefficient to boiling water 
is approximately twice tha t of the coefficient to nonboiling 
water. The temperature drop relations determined by this 
method exhibit some inconsistencies.

T em p era tu re  D is tr ib u tio n s  O bserved
Reference has been made to plots of the temperature dis

tribution and temperature difference between the tube wall 
and the liquid/ These plots have interesting ramifications.

A description of the method of attaching the thermocouples 
to the tube wall has been described by Hebbard and Badger
(5). The traveling, or liquid, thermocouple is described 
above. Figure 2 is presented as representative of all the runs.

The plots of the tube wall temperatures show much the 
same phenomena. The tube wall temperature also rises in a 
straight line, but the break where boiling starts precedes 
somewhat the point in the tube where the liquid showed its 
change in the curve. The tube wall, where boiling occurs, 
loses temperature in a straight line in contradistinction to the 
curved line taken by the water. Somewhat surprisingly, the 
tube wall temperature at the top of the tube in nonboiling 
runs up sharply.

In the plots of the AlL values of these same runs (Figure 3) 
an interesting similarity is seen. The temperature difference 
from tube wall to liquid, for the nonboiling runs, drops in a 
straight line to a minimum and then rises again. The runs 
in which there is boiling are curved lines, o ra  mixture of curved 
and straight lines, to a minimum. This minimum occurs 
about 2 feet from the top of the tube. Then all curves rise 
and come approximately' together at the top of the tube. 
T hat is, AtL for the same over-all A T  but different velocities 
may be considerably different a t the bottom of the tube, but 
they all go through a minimum about 2 feet from the top and 
the}' all rise to a constant value

The influence of boiling on Ath is very marked in the graphs. 
Based on the temperature data and on the observed coeffi
cients, the following hypothesis of the mechanism of heat 
transfer to liquids flowing in forced convection in a vertical 
tube evaporator is suggested.
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M e ch a n ism  o f H ea t T ran sfer  to  L iq u id s in  a  
F o rced -C ircu la tio n  E vaporator

The liquid enters the tubes of a forced-circulation evapora
tor a t substantially the equilibrium temperature in the vapor 
space, although in some cases i t  may be somewhat cooler 
than this temperature owing to  heat losses in the return line 
and the use of cold make-up feed. H eat is transferred 
through the tube wall and superheats the liquid above the 
equilibrium temperature in the vapor space. The liquid is 
kept from vaporizing by the hydrostatic and friction heads 
above it. In  this region the D ittus and Boelter equation 
holds.

The D ittus and Boelter equation is based on the Nusselt 
theory (14) of heat transfer to liquids in pipes, based on con
duction and convection. The heat must pass by conduction 
through a viscous film and by convection through the bulk 
of the liquid. On the outside of the tube, heat passes from 
condensing steam to the tube by two mechanisms—film con
densation (either viscous or turbulent) and dropwise condensa
tion. Sclunidt, Schurig, and Sellschopp (IS) and Nagle and 
co-workers (IS, 13) showed th a t dropwise condensation can 
produce coefficients four to eight times th a t of viscous film 
condensation. If producing a bubble of water from steam 
can be so much more effective than transferring heat through 
a viscous film of condensate on the outside of the tube, then 
it  does not lie beyond possibility tha t the production of a 
bubble of steam in the inside of the tube would likewise be a 
better heat transmission agency than a viscous film. The 
minute drop of steam so formed is removed immediately, and 
convection into the cooler bulk of water condenses it. Such 
mechanism would account for the uniformly higher coeffi
cients obtained than those the D ittus and Boelter equation 
predicts.

As the superheated water passes up the tube, it becomes 
still hotter. This has the effect of raising both the Prandtl 
and the Reynolds numbers. Consequently, the heat trans
ferred through the viscous film increases because of scouring 
effects. This is s h o w  by the drop in a í l  s h o w  by the tem
perature difference curves (Figure 3) as the liquid proceeds up 
the tube.

At the point where marked boiling occurs in the tube, the 
hydrostatic and friction heads are now not sufficient to pre
vent vaporization of the water. An evolution of stable bub
bles occurs which tremendously increases the volume of the 
mixed liquid and vapor. This induces a large velocity which 
reduces the thermal resistance of the liquid film over the part 
of the tube in boiling action. The liquid film coefficient for 
the boiling sections was approximately twice tha t of the non
boiling section for these runs.

The lag in the maximum temperature of the liquid as com
pared to the tube wall loses most of its significance when 
checked against the corresponding a í l .  The temperature 
difference drops smoothly with increasing heat input. This 
indicates tha t vaporization in the tube is not sudden but pro
gressive action. The temperature of the tube wall and liquid 
are not independent variables but are dependent on a í l  much 
as the bodies of a multiple-effect evaporator adjust their o w  
temperatures; hence the tube wall and liquor temperature 
must be in such relationship as to show a smoothly decreasing 
A tí.

Near the top of the tube all temperature drops over the 
liquid film approach a constant value, no m atter what inlet 
velocity is used. This requires the tube wall temperature 
of the nonboiling runs to rise. The meaning of this is obscure.

To summarize this hypothesis of the mechanism of heat 
transfer in a vertical-tube forced-circulation evaporator pro
poses a three-component action: (1) heat transfer through a 
viscous liquid film; (2) the formation of incipient bubbles of

steam tha t are reabsorbed in the cooler liquid just the same 
as those th a t can be observed by watching a pan of water over 
a burner; (3) the formation of stable bubbles by flash evapora
tion of the superheated liquid. If this hypothesis is true, 
the determination of coefficients to boiling liquids becomes a 
m atter of degree of the relative predominance of the three ac
tions. Possibly the best correlation of this mixed mechanism 
would be on the basis of the percentage of liquid evaporated.

T ru e an d  A p p a ren t T em p era tu re  D rops in  a 
F o rced -C ircu la tio n  E vaporator

In  the logical design of a forced-circulation evaporator, it 
has been shown tha t the equation,

Q/e = UAATt (1)

cannot be used a t present because of the uncertainties enter
ing into the over-all coefficient of heat transfer, U, and be
cause there was no simple way of determining the true mean 
temperature drop, A T t.

Where appreciable boiling does not occur in the tubes (i. e., 
the usual case), the liquid film coefficient, hh, can be predicted 
by the D ittus and Boelter equation. The steam film coef
ficient does not usually control, especially where dropwise 
condensation occurs. Other thermal resistances which go to 
make up the over-all coefficient, U, can be predicted or avoided. 
The bar to use of Equation 1 is not, therefore, one of coef
ficients but of temperature drops.

If from the over-all apparent temperature drop the true 
mean temperature drop can be calculated, then a logical de
sign of a forced-circulation evaporator may be made. This 
means tha t some relation m ust be found between the tem
perature indicated by the pressure of the vapor in the evapo
rator body and the average temperature of the liquid. The 
steam temperature is common to both methods of defining 
temperature drops.

-Q
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FIGURE 5
^  1 PLOT o r EQUATION RELATING 

AVERAGE LIQUID TEMPERATURE WITH 
------- LIQUID ENTRANCE TEMPERATURE

| ’ Tc * T s f r  ©

In  the simplest case (where there is no elevation of boiling 
point and no temperature loss in the circulatory system, and 
where the make-up feed is preheated) the temperature of the 
vapor is the same as the temperature of the liquid entering 
the tubes or

T v = Te (5)

The question of the average liquid temperature when there 
is no marked boiling in the tubes can be answered by consider
ing the temperature distribution curves.

Figure 2 shows th a t the temperature of the liquid in the 
5, 10, and 15 foot per second velocity runs rises in a straight 
line as the top of the tube is approached. These lines have 
increasing slope with increasing A T  and decreasing slope with 
increasing velocity.

For each velocity the slopes of the lines were calculated 
and averaged. By plotting the log of the slopes against the 
log of the velocities, an equation of the following type was 
found to fit the data:
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Tx  =  Tb +  b(u)‘ATE{X) (6)
where Tx  = temp, of liquid at any point, ° F.

Tu = temp, of entering liquid, ° F.
u = velocity, ft./sec.
A T b =  temp, drop from steam to entrance temp, of

liquid, ° F.
X  = distance from bottom of tube, ft. 
s, 6 = constants

On Figure 5 the constants are evaluated. The slope, s, is 
—0.73 and the intercept, b, is 1/9.5. The average liquid tem
perature for nonboiling runs lies halfway up the tube; therefore

-T- + (f) m
where Tj. = av. liquid temp, in tube

This is purely an empirical formula tha t describes the present 
data. I t  also fitted the data of Logan, Fragen, and Badger 
on runs taken at random, even though their liquid was strong 
sugar solution.

When concentrating a delicate solution tha t may be in
jured by high temperatures, the maximum temperature in 
the system may possibly be checked with the same equation, 
using the full length of the tube instead of the half-length. 

The average true temperature drop is:

A T t — T s  — T l (8)
where ATt = av. true AT

Ts = steam temp.
Tl =  av. temp, of liquid in tube

Hence A7Y = Ts -  TE -  (9)

AT e is equal to the apparent over-all temperature drop, X T a, 
in this case.

Now ATa = Ts - T v (10)
where AT a. =  apparent over-all temp, drop 

Tv  = vapor temp.

Therefore, from Equations 5, 9, and 10:

ATt = AT a -  9-5(u)o.H ( 2 )  (11^

Thus the average true temperature drop is expressed in 
terms of the over-all temperature drop. This equation gives 
results about 1° to 2 °F . high for AT t in this investigation. 
No reason for the discrepancy is known.

With a solution having an appreciable elevation in boiling 
point, the above equation must be changed somewhat. In 
this case the entrance temperature of liquid to the tubes is 
the vapor temperature plus the boiling point elevation. The 
ATb value of Equation 9 is AT A — AT BPE; then

ATt = AT a ~  ATrpe -  ( ^ )  (12)

Wherever there is a temperature loss in the circulatory 
system between the evaporator body and entrance to the 
tubes, or cold feed is introduced, the proper correction should 
be made on the temperature of the liquid entering the tubes.

These equations are nothing more than a temperature- 
drop balance and can be expressed in the general case as

AT a = ATt  +  ATh -  ATF -  ATR +  A TBpb (13)
where AT a = apparent over-all AT

ATt = av. true AT ^
ATb = av. temp, rise of liquids in tubes, q (  2 )
ATp = cooling effect of cold make-up feed
ATr =  temp, loss through circulatory system
ATrpe = boiling point elevation

Therefore, using only those terms which appear in the 
specific case and which are either known or easily calculated, 
Equation 1 becomes

Q/0 = TJ A. ( AT a — A Th +  ATf +  ATr — ATrpe- ■ .) (14)

and the rational design of forced-circulation evaporators 
awaits only a confirmation of the above equations for liquids 
other than water and sugar solutions.

S u m m a ry

1. In  investigating the average true liquid-film heat trans
fer coefficients of a long vertical-tube forced-circulation evapo
rator operating with velocities and temperature drops that 
do not cause marked boiling in the tubes, Logan’s claim th a t 
an equation of the form of the D ittus and Boelter relation 
adequately correlates the data is confirmed. This demon
strates tha t the predominant mechanism in the usual forced- 
circulation evaporator is simple heating and is in complete 
accord with the work of Logan, Fragen, and Badger who em
ployed a shorter tube.

The equation which best correlated the results on nonboil
ing water in this investigation is

“ ,  0 .0 2 7 s ( ^ e )  “ ( ! ) " •  M

2. Semiquantitative determinations of the liquid-film 
coefficient to  boiling water lead to qualitative conclusions 
tha t this coefficient is much greater than would be predicted 
by the above equation based on predominately nonboiling 
conditions.

3. Film temperature drop and distribution curves are regu
lar and uniform for all cases. They form a firm basis upon 
which interpretation of the essential heat transfer mecha
nisms can be approached with confidence.

Based on the temperature and heat transfer data, a hy
pothesis of heat transfer in a vertical-tube forced-circulation 
evaporator is presented. This hypothesis visualizes a three- 
part mechanism of simple heating through viscous films, in
cipient vaporization, and stable vaporization by conversion 
of sensible heat to latent heat.

4. Based on the temperature distribution curves, a for
mula relating the average liquid temperature in evaporator 
tubes to the entrance temperature is advocated:

t  — T  -1- A T Ie  / N \
. L E +  9.5(a)°-73 V 2 /

This equation should be used in evaluating the physical 
properties of the liquid for the D ittus and Boelter type equa
tion, especially where a high temperature drop is being used. 
As is customary in forced-circulation evaporator design, the 
velocity of the liquid should be sufficient to prevent marked 
boiling in the tubes.

5. W ith the means at hand to determine the average 
temperature increase of the liquid in the evaporator tubes,

a  7 1 -
H 9.5(a)0-75 V2 /

The reconciliation of the apparent over-all temperature 
drop with the average true temperature drop follows very 
simply. The average true temperature drop is equal to the 
apparent over-all temperature drop less the average tempera
ture rise of the liquid in the tubes less the boiling point 
elevation plus the temperature loss in the circulatory system 
plus- the cooling effect of cold make-up feed.

This is an essential step in the development of a method of 
rational design of forced-circulation evaporators.
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Heat Transfer Coefficients in the 
Boiling Section of a Long-Tube, 
Natural-Circulation Evaporator1

C. H. BROOKS2 a n d  W. L. BADGER 
University of Michigan, Ann Arbor, Mich.

T HE long-tube, natural-circulation evaporator falls into 
the classification of the low-level, climbing-film ma
chines. The most common representative is the so- 

called Kestner evaporator. This particular type was de
veloped in Europe, beginning about 1900 (17). For some 
reason little interest was shown in this country until recently. 
Because of the redevelopment of this type of machine in 
America, entirely independent of the old Kestner evaporator, 
there is now an inclination to speak of it as the LTV (long- 
tube vertical) evaporator.

The characteristic feature of this type of evaporator is the 
length of the vertical tubes, up to 22 feet. In  operation, the 
liquid is fed to the bottom of the tubes so slowly th a t it does 
not issue from the top as a solid stream but boils in the tube 
and is carried to the top as a spray or a climbing film.

P rev io u s W ork
A number of papers in the foreign literature extol the vir

tues of the long-tube, natural-circulation type; among its 
advantages may be mentioned:

1. Ability to handle lieat-sensitive liquids without damage (2, 
15, S3, 34, 37, 3S).

2. Relative freedom from scaling trouble (3, 34, 37, 38).
3. Freedom from foaming (1, 15, 34, 37).
1 C om plete tab les of d a ta  ob ta ined  in  these  experim ents will be published 

in  th e  Transactions oj the Am erican In s titu te  o f Chemical Engineers.
• P resen t address. Sun Oil C om pany , M arcus H ook, Pa .

Within the last few years in this country the LTV evapo
rator has come into some prominence for the handling of 
materials such as glue, sugar sirup, sulfate waste liquor, etc., 
of relatively small unit value but with high viscosities. The 
latter property makes them difficult to handle in the standard 
types of natural-circulation evaporators, and the pumping 
cost is a disadvantage of the forced-circulation evaporator. 
I t  has been found th a t all of these materials, in addition to 
dilute salt brine, may be handled economically in this type of 
machine (36).

Although many papers have been written about the Kest
ner evaporator, quantitative data on the subject are lacking. 
The only two papers th a t present experimental results (11, 
16) report them in such a form th a t they cannot be inter
preted.

The other types of natural-circulation evaporators have 
been more thoroughly investigated (4, 6, 10, 18, 19, 21). 
The coefficients reported, either over-all or film, are based on 
the entire length of the evaporator tube. They are usually 
spoken of as boiling coefficients but include the effect of a 
certain but unknown length of tube in which the liquid is not 
boiling.

This type of coefficient has been found to be a function of 
the temperature difference (6, 19, 21), the liquid level (4, 6), 
the temperature level (19, 21), and the concentration of the 
solution (21). In  some cases the velocity of circulation was
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determined (10, 19), but its 
effect on the coefficient could 
not be determined since the 
r a t e  of  circulation was a 
function of other variables.

An exhaustive investiga
tion on an evaporator with a 
single vertical tube is re
ported b y  K i r s c h b a u m ,
Kranz, and Starck (18). In 
this study the rate of circula
tion, the liquid temperature 
gradient along and across the 
tube, and the tube-wall tem
perature gradient were de
termined. A correlation of 
their data is presented. I t  is 
entirely empirical and is in 
no way general.

Kirschbaum and his co- 
workers, however, did realize 
that “the way to the de
velopment of the final equa
tion probably leads to a divi
sion of the heating surface 
into two parts, one for heat
ing the liquid and one for 
evaporation.”

Considerable s t u d } '  h a s  
been made of the individual 
coefficients of heat transfer 
between metal surfaces (in
ternally heated) and boiling liquids. In  general, the surface 
has been a flat plate in either a vertical or a horizontal posi
tion (.9, 12, 13, 22). This work is of interest but as yet shows
too great inconsistencies to be of any practical significance.

E x p er im en ta l A p p aratu s

The investigation reported in this paper was carried out in 
a single-tube evaporator of the type known in commercial 
practice as the long-tube, natural-circulation evaporator. A

flowsheet of the equipment is 
given in Figure 1:

Distilled water for feed was 
drawn from storage tanks into 
the feed weigh tanks, 1, from 
which the feed pump, 2, forced 
it into the double-pipe feed 
heater, 3. An e q u i v a l e n t  
quantity of water was thus 
forced into the 2.002 inch 
o. d. X -1.700 inch i. d. copper 
tube, 6, which was 20.0 feet 
long between tube sheets. As 
the water flowed up the tube, 
it was heated by the condensa
tion of steam in steam chest 7 
until it began to boil. The 
vapor and liquid were sepa
rated by the deflector in vapor 
head 9. The vapor was led 
through the vapor line, 16, to 
condenser, 10, where it was con- 
d e n s e d . The unevaporated 
water left the vapor head 
through the thick liquor line, 
17, going to the thick liquor 
tanks, 11. The steam con
densed in steam chest 7 flowed 
through the condensate U- 
bend, 14, into s t e a m  d r i p  
tanks, 8.

The pressure in vapor head 9 
was maintained c o n s t a n t  
within ± i mm. of mercury by 
the manual and s o l e n o i d  
vacuum breaks, 23, 22. The 
steam pressure was maintained 
within the same limits by 
means of the steam control 

valves, 24, and the steam chest vent line, 15.

M e a su r em e n ts  a n d  C o n tro l D ev ices
All temperatures were determined by means of copper-con- 

stantan thermocouples. With the exception of the traveling 
thermocouple, the couples were inserted by sealing the wires, 
with litharge and glycerol cement, into a 6-inch length of 3/ 8-inch 
copper tubing which passed through a standard ?/8-inch com
pression fitting, drilled out with a No. W drill.

Couples of this type were used to determine the temperatures 
of the inlet to the evaporator tube, the unevaporated water outlet

A m eth od , as su ggested  by  B oarts (8), 
h as b een  developed for d eterm in in g  th e  
len g th  of th e  b o ilin g  sec tio n  in  an  ex
tern a lly  h ea ted  tu b e.

An em pirica l correlation  of over-all co 
efficien ts of h ea t transfer in  th e  b o ilin g  s e c 
tio n  of a 2 -in ch  o. d ., N o. 10 B irm in g h a m  
w ire gage, copper tu b e  sh ow s th a t  th e  
coefficien t is  a fu n ctio n  of th e  a m o u n t of 
vapor present, th e  w eig h t rate o f liq u id  
fed to  th e  tu b e , and  th e  average over-all 
tem p eratu re difference b etw een  th e  
stea m  and  th e  liqu id . T h is correlation  is  
applicab le on ly  w ith in  th e  ran ges of vari
ables u sed  for ex p er im en ta tio n  an d  to  
w ater, or to  m ateria ls  w ith  s im ila r  p h y s i
cal properties.

T he m ech a n ism  of b o ilin g  in  an  exter
n a lly  h ea ted  tu b e  is exceed ingly  co m p li
cated . T hree typ es of action , froth , s lu g , 
and  film , have been  fou n d , b u t  n o  defin ite  
co n n ectio n  b etw een  th e  typ es of actio n  
and th e  co n d itio n s of op eration  cou ld  be 
developed.

FEED TANKS 
FEED PUMP 
FEED HEATER
FEED HEATER BRINE TANK 
FEED HEATER BRINE PUMP 
FEED HEATER TEMPERATURE 

REGULATOR 
CIRCULATING PUMP 
ADAPTER 
TUBE
STEAM JACKET
STEAM DRIP TANKS
VAPOR HEAD
CONDENSER
THICK LIQUOR TANKS
VACUUM PUMP
STEAM LINE
CONDENSATE U“8END
STEAM JACKET VENT LINE
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THICK LIQUOR LINE
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FIG. I. GENERAL DIAGRAM OF APPARATUS.
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from the vapor head, the vapor in the vapor head, the steam en
tering the steam chest, the steam in the steam chest (at the top, 
middle, and bottom), and the condensate leaving the steam 
chest.

These thermocouples were calibrated in an oil bath against a 
calibrated platinum resistance thermometer (5). The e. m. f. 
was read with a Leeds & Northrup portable precision potenti
ometer. The limit of error of the calibration was =*=0.04° F.

The traveling couple (Figure 2) for the determination of the 
liquid temperature along the axis of the tube was of the same 
general type as that used previously (8, SO). No. 30 Birmingham 
wire gage, enameled, cotton-covered copper and constantan 
wires were inserted into an 0.086 inch o. d. X 0.050 inch i. d. tube, 
22 feet long.. Provision was made for centering the lower end 
of the tube by vertical fins. The junction extended three-fourths 
inch beyond the lower end of the brass tube. The leads were 
withdrawn at the upper end.

The traveling couple was calibrated by comparing the reading 
in its highest position with the temperature calculated from the 
vapor head manometer. Conditions in the evaporator were 
maintained such that fairly vigorous boiling occurred. It was 
found that the steam temperature could be varied within rather 
wide limits without appreciable change in the reading of the 
traveling couple. The limit of error of this calibration was 
±0.10° F.

The rate of feed to the evaporator was determined by means 
of the orifice installed between the control valves and the evapora
tor, as shown in Figure 1. The total quantity of feed delivered 
during a run was determined by difference at the feed weigh 
tanks.

The steam chest and vapor head pressures were determined by 
means of mercury manometers. All manometer lines were of 
’/i-inch standard pipe.

E x p er im en ta l P roced ure
The following ranges of variables were studied:

V ariable
Feed  ra te  to  th e  tube , lb ./h r .
Feed tem p, below vapor head tem p ., ° F .
Boiling po in t in  vapo r head , ° F .
S team  tem p, m inus vapo r head tem p ., ° F .

R ange
250, 500, 750,1000 
10, 25, 30, 50, 60 
150, 175, 200 
5-50

A run consisted of continuous operation under constant 
conditions for 20 minutes. All drip tanks and manometers 
were read a t regular intervals, the minimum number of read
ings being six. Difference readings on the tanks were deter
mined during the run to ensure constancy of heat transfer rate.

Three complete sets of thermocouple readings and three

traverses of the tube with the traveling thermocouple were 
made. The values used for calculation were the average of 
the three readings in each case.

The total heat input was used as the basis for calculation. 
Radiation was neglected. Slight superheat was maintained 
on the inlet steam. The increase in the sensible heat of the 
feed in being raised from the feed temperature to the maxi
mum liquid temperature was subtracted from the total heat 
to give the heat transferred through the heating surface in the 
boiling section, (Q/Q)B- This does not include the amount 
of heat produced by the decrease in the sensible heat content 
of the unevaporated liquid in cooling from the maximum 
liquid temperature to the vapor head temperature.

The remaining items in the determination of the over-all 
heat transfer coefficient in the boiling section are fully dis
cussed below.

In all investigations of this type the condition of the sur
faces of the tube is important. An attem pt was made in this 
work to duplicate commercial conditions as closely as pos
sible. Approximately one hundred and fifty runs were 
made before the data used for this paper were taken. Steam 
from the University of Michigan powerhouse was used for 
the heating medium. Hence, the steam side m ust have 
closely duplicated the situation present in commercial ma
chines. The condition of the liquid side was controlled by 
the following procedure: W ith a given set of feed rate, feed 
temperature, and boiling point conditions, three runs were 
made a t different values of the apparent temperature differ
ence, spread over the entire range to be covered. Before 
check runs were made a t intermediate values of the tem
perature difference, the tube was boiled out with a dilute solu
tion of inhibited hydrochloric acid. The results were re
quired to be within ± 10  per cent of a smooth curve to be 
satisfactory.
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D e te r m in a tio n  o f B o ilin g  S ectio n

As pointed out above, the liquid tempera
tu re  distribution along the tube was deter
mined during each run. Se ve r a l  t y p i c a l  
curves for temperature vs. length are shown 
in Figure 3. The outstanding characteristic 
of all of these curves is the maximum which 
is reached.

The length of the boiling section or the boil
ing length, Lb, was taken as the length between 
the point in the tube a t which the maximum 
temperature occurred, and the upper tube 
sheet. The choice of the maximum liquid tem
perature as the division point between the sec
tion of the tube used for heating and tha t in 
which boiling occurs, needs explanation.

The liquid entering the tube, always be
low the boiling point in the vapor head dur
ing this investigation, will be heated as it flows up the 
tube. At the same time the pressure exerted by the material 
farther up in the tube (both from static head and friction) 
will decrease. At some point in the tube, provided boiling 
occurs, the temperature of the liquid will be such that its 
vapor pressure will be equal to the pressure existing a t that 
point.

If the liquid comes to equilibrium immediately, boiling 
should occur when the vapor pressure of the liquid equals 
the static pressure. There is, however, some doubt that 
equilibrium is reached a t once. Jakob and Fritz (14) and 
Stewart and Hechler (25) showed tha t it is possible to have 
superheating of the liquid before boiling starts. If this oc
curs, the liquid will continue up the tube until some tempera
ture is reached, a t which point vaporization will occur.

The vapor produced when the liquid boils flows up the tube 
to the vapor head. Hence, the pressure must decrease as 
the liquid progresses up the tube. No evidence has been ad
vanced to indicate tha t superheating of the liquid is possible 
when boiling has once started. Hence, the temperature of 
the liquid in the boiling section must decrease as the distance 
above the boiling level increases.

Thus, the level a t which boiling starts is a t the point where 
the maximum temperature occurs. The heat transfer area, 
A B, is the area of the evaporator tube above the boiling level.

As shown in Figure 3, the temperature gradient of the 
liquid in the tube has no definite shape. Hence, the average

FIG. 4.
DEFINITION OF TERMS USED IN L.T.V. CALCULATIONS

temperature m ust be determined graphically. When the 
average liquid temperature is subtracted from the steam 
temperature, it permits the calculation of the average over
all temperature difference in the boiling section, ALv..

The terminology developed may be more easily visualized 
by Figure 4 where temperatures are plotted against tube 
length. The curve for liquid temperature is for the most 
general case—namely, a solution with an appreciable eleva
tion in boiling point and a feed temperature below the boiling 
point in the vapor head. The apparent temperature drop, 
ALpp., and the apparent temperature drop corrected for boiling 
point elevation, A tc<>„., are shown as usually defined. The 
true mean temperature drop in the boiling section, A t  av.} Is  
the mean height of the shaded portion. The true boiling coef
ficient, U B, reported in this paper is calculated on the surface 
corresponding to the length, L Bl and on the mean tempera
ture drop, ALv..

C orrela tion  o f R e su lts

U B, the average over-all heat transfer coefficient for the 
boiling section, is mathematically defined as follows:

rr _  (Q/8)b
B A  B A L v ;

I t  was believed tha t the most important variable affecting 
the boiling heat transfer coefficient must be the velocity of 
the liquid. I t  was further believed tha t the controlling fac
tor in this velocity would be the quantity of vapor present in 
the boiling section. As the most practicable approach, the 
total quantity of vapor was used. U B is plotted against V, 
the pounds of vapor produced per hour, in Figure 5.

The average slope of the three groups containing the larg
est number of points was found to be —0.27. This average 
was determined by averaging the slope of the lines through 
the groups of points a t a constant feed temperature and feed 
rate, as well as the slopes of the bands.

The remaining variables, TP/ (the feed rate to the tube), 
ALv., L b, and the temperature level were similarly investi
gated. The latter two had no appreciable effect.

As shown in Figure 6, it was found th a t :

(IP/)" ~  f  ( "'r-)
n a  "v i 8.28m = 0.0oo7 logio-i —-—ALv.

m  is shown graphically as a function of ALv. in Figure 7.
In  81 per cent of the 135 runs the calculated coefficient is 

within ±20 per cent of the observed.
I t  is to be emphasized th a t this correlation is entirely em

pirical. The information thus far obtained is not sufficient 
to permit the proposal of any general, theoretical equation 
for this type of heat transfer. Because of its empirical na
ture, this correlation should not be used for design purposes
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— FIG.7 CORRELATION Of m  VS. A tAV>

V
\

where the operating con
ditions are outside the 
range of variables u s ed  
during the experiments 
u p o n  w h i c h  i t  is  
based.

Owing to the nonuni
formity of th e  l i q u i d  
temperature d i s t r i b u 
tion curves ( F i g u r e  3) 
it is impossible to pre
d i c t  t h e s e  curves. In

W 11/ CV /V 'V  JW t

o r d e r  t o  p r e d i c t  the 
value of At av. from the 

steam temperature and the vapor head temperature, the 
curves in Figure 8 were developed. In  85 per cent of the 
runs the calculated value is within ± 0 .5° F. of the observed 
value. This is within the limits with which design data are 
usually known.

D isc u ss io n  o f R e su lts

This investigation is unique in that the heat transfer coef
ficients reported apply only to the boiling section. Pre
viously reported results have combined the boiling and non
boiling (or heating) sections; the coefficients reported are a 
weighted average of the coefficients which apply over the 
two sections.

The method used to determine the boundary between the 
two sections is that suggested by Boarts (<?)• However, his 
results of this type were too few to permit correlation. In 
addition, they are completely out of the range of the present 
experiments.

Inasmuch as this investigation was concerned primarily 
with the section in which boiling occurs, attem pts were made 
to determine the phenomena in this section. The literature 
is deficient in this respect, yielding only two articles in which 
any attem pt was made to explain the mechanism in the boil
ing section (7, 18).

Barbet (7) describes in detail the appearance of the liquid 
when boiling occurs. He states th a t with low inlet velocities 
of the order of 0.3 foot per second, bubbles form which coa
lesce, pushing slugs of liquid ahead of them. Because of at
trition at the walls of the tube, these slugs become thinner and 
finally break, allowing the vapor to pass through. If vapori
zation is sufficient, the liquid on the walls of the tube moves 
upward. 'Mention was made tha t annular rings of liquid ap

peared on the wall of the tube, above the point where the 
slugs broke.

These experiments were repeated during this investigation, 
using a glass tube, approximately 3/s  inch o. d., in a glass 
steam jacket. Barbet’s results were verified; i. e., progress
ing up the tube the following types of action were encountered:

1. A very short length in which the vapor and liquid were 
more or less uniformly distributed both transversely and longi
tudinally in the tube.

2. A section of slug action in which the transverse distribution 
was uniform but the longitudinal was not; i. e., there were 
alternate slugs of liquid and vapor.

3. A section in which film action occurred, or the longitudinal 
distribution was uniform, but the transverse was not; i. e., there 
was a core of vapor with the liquid in a film of varying thickness 
on the walls of the tube. The annular rings mentioned by 
Barbet also appeared in this section.

F i g u r e  8 . C o r r e l a t io n  o f  A (A f) 
f o r  V a r i o u s  F e e d  R a t e s

C orrection  to  over-all tem p e ra tu re  difference 
for th e  boiling section  of 2-inch o. d . tubes.

-  (A<ovcr.a„ — Afav ) ° F. Alont_ £  =  
(steam  tem p e ra tu re  — v ap o r head  tem p era 
tu re) F . Aiav> =» (steam  tem p e ra tu re  — 
average liqu id  tem p era tu re ) °F . L B =  leng th  
of boiling section , feet. V  =  pounds of 

vapo r per hour.
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In the apparatus of Kirschbaum et al. (IS), a special glass 
plate was installed over the outlet of the evaporator tube. 
They observed the action mentioned in the first two situa
tions but not tha t in the third. Instead, the vapor and 
the liquid, in the form of drops, appeared to be uniformly 
distributed over the entire cross section of the tube.

I t  is believed that a faulty method of observation caused 
Kirschbaum and his co-workers to draw erroneous conclu
sions concerning conditions in the tube. When a stream of 
liquid and vapor came out of the tube, some of it, a t least, 
must have impinged on the glass plate installed over the out
let of the tube. The vapor, acting on the film of liquid that 
would undoubtedly have been present on the glass, certainly 
would have caused ripples to form in the film. This would 
not allow the operator to make correct observations of the 
conditions a t the outlet of the tube.

In the apparatus used for the investigation reported here, 
two sight glasses were installed a t the level of the upper tube 
sheet. These permitted observation of the outlet of the tube.

With boiling lengths of one foot or less, froth appeared, 
corresponding to situation 1. With small temperature dif
ferences the liquid came out in slugs, traveling at high ve
locity with quiet intervals between the slugs. 'This corre
sponds to the second type of action.

As the temperature difference and boiling length increased, 
two types of spray, coarse and fine, began to appear. The 
coarse spray seemed to be traveling at a much lower ve
locity than the fine spray. In addition, the fine spray seemed 
to be in the center of the tube, whereas the coarse was on the 
outside. Furthermore, the coarse spray appeared in most 
cases to be blown outward, but the fine spray traveled up to 
the deflector in straight lines.

If there were a film on the walls of the tube, it would tend 
to be blown outward in the form of spray as soon as the re
taining walls of the tube were removed. On the other hand, 
if there were drops of liquid in the vapor stream, they would 
tend to travel in a straight line for a tune, owing to their 
momentum, even though the line of motion of the vapor 
changed. Hence, it appears that action according to situa
tion 3 does actually take place with the addition of a phe
nomenon’ th a t has not yet been explained.

In  the study made by Kirschbaum and his associates (18), 
it was shown th a t in the boiling section the temperature dis
tribution across the tube was practically uniform for almost 
the entire cross section, but tha t it climbed rapidly a t the 
walls. Since the static pressure at the walls will be the same 
as tha t a t the center of the tube, boiling should occur at the 
wall. The formation of a bubble of vapor and its subsequent 
release into the main vapor stream by bursting, undoubtedly 
would tend to produce drops. Some of these drops might be 
thrown over to the other side of the tube—i. e., back into the 
liquid film. The remainder might stay in the vapor stream 
to form the fine spray observed.

Hence, it would appear that in progressing upward from 
the boiling level, a section of froth is found, then slug action, 
followed by film action, superimposed upon which there may 
be more or less spray. The temperature difference and the

boiling length, and possibly the amount of liquid present, de
termine the action occurring at the outlet of the tube. The 
relation between the operating variables and the types of 
action occurring is not yet known.

N o m e n c la tu re
(Q/0),, = heat transferred through heating surface in boiling 

section, B. t. u./hr.
Lb = length of boiling section, ft.
A n =  heat transfer area in boiling section, sq. ft.
Ub — av. over-all heat transfer coefficient in boiling section,

B. t. u./hr./sq. f t . /0 F.
Ai»v. =  av. over-all temp, difference in boiling section, ° F.
V  = vapor produced, lb./hr.
W; =  feed rate to tube, lb./hr.
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Wetting and Spreading Properties 

of Aqueous Solutions
M ixtu res of S od iu m  H yd rox id e  w ith n-C aproic, 

n-C aprylic, n-Capric, L aurie, M yristic, 
and  P alm itic  A c id s1

T H E efficiency of sprays 
tha t function as contact 
insecticides or fungicides 

is directly related to the ease 
with which they wet the sur
faces to be covered (4 ,6 ,7), and water-soluble “wetters” or 
“spreaders” are now widely uesd as auxiliary agents to in
crease their efficiency. The situation is different with 
stomach poisons and protective fungicides, which function 
by means of the deposit th a t remains after evaporation of 
the liquid medium. In  this case the aim is generally to 
obtain a maximum deposit, evenly distributed over the 
surfaces to be protected. Solutions with high wetting 
power will generally produce excessive runoff, thus causing 
loss of spray material and a lessened deposit of the active 
material. Maximum efficiency in a spray solution of this 
type may well be associated with relatively high surface and 
interfacial tensions against the surface being covered—i. e., 
with a low wetting power (spreading coefficient). If the wet
ting  power is too low, however, the spray solution will collect 
in drops instead of evenly covering the surface, and thus leave 
a spotty deposit. Owing to 
uncontrollable variations in 
the surfaces to be protected, 
it may be difficult to deter
mine and to maintain the 
particular degree of wetting 
power th a t will produce the 
m a x i m u m  effectiveness in 
sprays of this type.

W etting power is also an 
i m p o r t a n t  factor in the 
detergent action of aqueous 
solutions. The d e t e r g e n t  
action of such solutions is 
•generally recognized as de
pending upon such factors as 
w e t t i n g  p o w e r ,  solvent 
action, deflocculating power, 
and emulsifying power, al
though under a particular set 
of conditions one or more of 
these factors may be more 
important than the others.

Baker (1) found tha t with 
solutions of sodium stearate 
the abundance of foam de
pended on the hydrogen-ion 
concentration, and tha t the 
foam-producing power of a

1 F o r previous artic les  in  th is 
.•series, see lite ra tu re  c ita tio n  2.

solution was a good indicator 
of its dirt-suspending power 
and efficiency as a detergent. 
In  other w o r d s ,  the foam- 
producing power, dirt-suspend

ing power, hnd detergent properties were found to attain 
a maximum value a t a given pH, with lower values accom
panying higher or lower pH values. The present writer 
wishes to emphasize th a t this correlation may not apply to 
materials other than the usual fa tty  acid soaps.

In previous papers (2) the author pointed out tha t the wet
ting power of certain soap solutions may be substantially 
decreased by using a slight excess of caustic alkali. This de
crease in wetting power is accompanied by a readily apparent 
decrease in foam-producing power. Excess of carbonate, 
however, did not produce a similar decrease in wetting power 
and foam-producing power, and the results as a whole have 
led to the conclusion th a t the wetting power of soap solutions 
depends to a substantial degree upon their hydrogen-ion con
centration. I t  thus appears th a t the wetting power of a soap 
solution, as measured by its spreading coefficient on mineral

oil, is closely related to its 
foam-producing power, dirt- 
suspending power, and effi
ciency as a detergent.

The present paper extends 
the previous work to mixtures 
of sodium hydroxide with six 
a d d i t i o n a l  fa tty  acids— 
namely, n-caproic, n-caprylic, 
n-capric, lauric, myristic, and 
palmitic—a t the concentra
tion of 1.0 gram of fa tty  acid 
per 100 cc. Some of the 
previously reported measure
ments with oleic acid mix
tures are included for com
parative p u r p o s e s .  The 
measurements include surface 
tension, interfacial tension, 
and spreading coefficient on 
mineral oil, with the alkali- 
fa tty  acid mole ratio varying 
for each acid from 0.80 to 3.0.

E x p er im en ta l 
P roced u re

The calculated quantities of 
standard sodium hydroxide, 
fa tty  acid, and water were 
measured into loosely stop-

H. L. CUPPLES 
Bureau of Entomology and Plant Quarantine,

U. S. Department of Agriculture, Washington, D. C.

F or a q u e o u s m ix tu r e s  o f s o d iu m  h y 
d roxide w ith  a  n u m b e r  o f fa t ty  a c id s, a t  a 
c o n c e n tr a tio n  o f  1.0 p er c e n t  o f fa t ty  acid , 
i t  is  fo u n d  th a t  th e  su r fa ce  te n s io n , in te r 
fa c ia l te n s io n  a g a in s t  m in era l o il, an d  
sp rea d in g  co e ffic ien t, w h e n  p lo t te d  as 
fu n c t io n s  o f th e  a lk a li- fa t ty  a c id  m o le  
ra tio , g ive  cu rves w h ic h  are s im ila r  in  
fo rm . T h e  re la tiv e  p o s it io n s  o f th e  
cu rves corresp on d  a p p ro x im a te ly  w ith  th e  
order o f in c rea s in g  m o lec u la r  w e ig h t  o f  
th e  fa t ty  acid s.

T h e  w e tt in g  p ow er o f a  soap  s o lu t io n ,  
a s m e a su r ed  b y  it s  sp rea d in g  co e ffic ien t  
o n  m in era l o il, is  c lo se ly  re la ted  to  it s  
fo a m -p r o d u c in g  pow er, d ir t-su sp e n d in g  
pow er, a n d  e ffic ien cy  as a  d e te rg en t.  
O th ers h ave sh o w n  th a t  th e  w e tt in g  
pow er o f a  c o n ta c t  sp ray  is  d ir ec tly  re 
la te d  to  i t s  in se c tic id a l e ffic ien cy . T h e  
in f lu e n c e  o f w e tt in g  pow er in  sp rays th a t  
fu n c t io n  as s to m a c h  p o iso n s  or p ro te c 
t iv e  fu n g ic id e s  m e r its  in v e s t ig a tio n .

924
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pered Erlenmeyer flasks. Each mixture was heated to the 
boiling point, shaken well, and allowed to stand a t least 1 hour 
before being tested. The fatty  acids were reagent chemicals 
with alkali equivalents tha t agreed closely with the theoreti
cal values. The recorded alkali-fatty acid ratios are based 
on the experimentally determined neutralizing values of the 
fatty  acids.

The surface tension and interfacial tension were measured 
with a du Noiiy interfacial tensiometer, using ring correction 
factors as determined by Harkins and Jordan (.3). The oil 
was a highly refined (medicinal) petroleum oil with surface 
tensions of 30.5, 28.5, and 27.5 dynes per cm. a t 25°, 50°, and 
65° C., respectively. To avoid errors due to curvature of the 
surfaoe or interface, it was desirable to have the diameter of 
the free surface as large as practicable; for these measure
ments the containing vessel had an internal diameter of 53 
mm. Interfacial tensions were measured 10 minutes after 
formation of the interface. In measuring both interfacial 
tension and surface tension, the pull on the platinum ring was 
increased very gradually to the point of rupture or maximum 
pull. Myristic and palmitic acids were tested a t higher tem
peratures to avoid the formation of gels, and in the case of 
palmitic acid only a restricted range could be covered even 
then.

The results are presented in Table I  and Figure 1.

T a b l e  I .  V a r i a t i o n  i n  W e t t i n g  P r o p e r t i e s  w i t h  S o d iu m  
H y d r o x i d e - F a t t y  A c id  R a t i o ,  f o r  M i x t u r e s  C o n t a i n i n g  

1.00 G r a m  o f  F a t t y  A c id  p e r  100 Cc.
In te r-  In te r-

N a O H - Sur- facial Spreading N a O H - Sur- facial Spreading
F a t ty  face Tension Coeffi- F a tty  face Tension Coeffi-
A cia T en- again st cient Acid Ten- against cient

R a tio  sion Oil on Oil R atio  sion Oil on Oil

M oles .—Dunes per centimeter—■»
-C aproic A • j  O K OL.C1Q, *20

0 .8 0 4 3 .6 2 7 .8 - 4 0 . 9
0 .0 0 4 7 .1 3 1 .1 - 4 7 .7
1 .00 4 7 .5 3 4 .1 - 5 1 .1
1 .10 5 2 .5 31 .0 - 5 3 .0
1 .25 5 0 .4 2 9 .4 - 4 9 . 3
1 .50 4 9 .8 2 9 .4 - 4 8 .7
2 .0 0 5 1 .4 29 .4 - 5 0 .3

rt. l • A n i  H 9  5 o c .____.i-^ap ry n c rvciu, zo
0 .8 0 2 4 .3 16 .8 - 1 1 .6
0 .9 0 24 .3 16.6 - 1 0 .4
1 .00 4 1 .5 32 .1 - 4 1 .3
1 .10 4 5 .2 2 8 .6 - 4 3 .3
1 .25 4 6 .6 2 8 .5 - 4 4 .6
1 .50 4 5 .0 27 .9 - 4 2 .4
2 .0 0 4 3 .8 26 .4 - 3 9 .7
3 .0 0 46 .4 2 4 .4 - 4 0 .3

i-C aprio Acid, 25° C . -------
0 .8 0 2 1 .8 13 .8 -  5 .1
0 .9 0 2 1 .9 13.8 -  5 .2
1 .00 2 2 .5 14.1 -  6 .1
1 .10 3 6 .8 17 .0 - 2 3 .3
1 .25 3 6 .6 17 .4 - 2 3 .5
1 .50 35 .2 15 .7 - 2 0 .4
2 .0 0 3 4 .5 15.1 - 1 9 .1
3 .0 0 32 .2 13 .3 - 1 5 .0

Moles f—Dynes per centimeter—*
•Laurie Acid, 25° C.-

0 .80 2 1 .8 2 .2 +  6 .5
0 .90 21 .8 2 .3 +  6 .4
1.00 27 .5 6 .4 -  3 .4
1.10 34 .8 10 .8 - 1 5 .1
1.25 34 .9 10.8 - 1 5 .2
1.50 34 .4 10.6 - 1 4 .5
1.76 34.2 10.2 - 1 3 .9
2 .00 34.2 10.2 - 1 3 .7
3 .00 33 .4 9 .2 - 1 2 .1

, ,  . .. Q '_____,•Mynfltic ACIQi OU
0 .80 21 .0 2 .7 +  4 .8
0 .90 20 .9 1 .7 +  5 .9
1.00 24.9 2 .6 +  1 .0
1.10 30 .4 7 .7 -  9 .6
1 .25 31 .9 8 .1 - 1 1 .5
1.50 30 .7 7 .5 -  9 .7
1.75 30.1 7 .1 -  8 .7
2 .00 30 .6 6 .5 -  8 .6
3 .00 29 .9 5 .9 -  7 .3

■Palmitic Acid, 65° C .--------.
0 .80 2 1 .0 0 .8 +  5 .7
0 .90 20 .1 1 .2 +  6 .2
1.00 23.1 3 .9 +  0 .5
1.10 26.3 4 .1 -  2 .9
1.25 28.1 5 .2 -  5 .8
1.50 29 .0 4 .4 -  5 .9
1 .75 28 .5 4 .0 -  5 .0

D iscu ss io n

The curves show tha t the surface tension decreases with 
increase in molecular weight of the fatty acid. The curves 
for the palmitate, myristate, oleate, laurate, and n-caprate are
close together and form 
a rather distinct group 
from the curves for the 
n-caprylate and n-capro- 
ate, w h i c h  a r e  m o r e  
widely separated from 
e a c h  o t h e r  and from 
those of the acids of 
higher molecular weight.

F ig u r e  1. V a r i a t io n  i n  S u r 
f a c e  T e n s i o n , i n  I n t e r f a c ia l  
T e n s i o n  a g a in s t  M in e r a l  O i l , 
a n d  i n  S p r e a d i n g  C o e f f i c i e n t  
o n  M i n e r a l  O i l , w i t h  S o d iu m  
H y d r o x id e - F a t t y  A c id  R a t io



926 INDUSTRIAL AND ENGINEERING CHEMISTRY VOL. 29, NO. 8

T a b l e  II. S u r f a c e  T e n s i o n s  o f  F a t t y  A c id s

* Surface T ension  -
R ing L ite ra tu re

F a t ty  Acid Tem p. m ethod values'*
0 C. D ynes per cm.

n-C aproic 25 2 7 .2 27 .1
n-C aprylic 25 2 8 .2 27 .9
n-C apric 35 28.4 2 7 .5
Laurie 55 2 7 .8 2 7 .8
M yristic 55 2 8 .5 2 8 .8
Palm itic 65 28 .2 28 .6
Oleic 25 32 .1 32 .1

° Value for oleic acid from  In te rn a tio n a l C ritical Tables, ob ta ined  by 
drop-w eight m ethod ; o ther values from  L ando lt-B ornste in , o b ta in ed  by 
capillary-rise m ethod . M inor in te rpo la tions m ade to  ad ju s t tem p era tu res.

The decrease in surface tension corresponds with the fact 
that, although the w-eaproate solutions have substantially no 
foaming properties, the n-caprylate solutions foam a little 
better and the others are distinctly soapy.

All the curves are similar in form, showing a minimum sur
face tension below a mole ratio of 1.0, a sharp rise in the vi
cinity of the ratio 1.0, and a gradual decrease beyond this point.

. The n-caprylate curve shows an especially large increase in 
surface tension near the point of equivalence, from 24.3 to 
45.2 dynes per cm., between the mole ratios 0.90 and 1.10. 
Between approximately the same two mole ratios the oleate 
curve increases only from 25.4 to 30.6 dynes per cm. The 
increase between the mole ratios 0.90 and 1.10 may be taken 
as a rough measure of the rate of increase of surface tension 
with increase of the alkali-fatty acid mole ratio in the vicinity 
of the point of equivalence. These values are, in order of 
magnitude, oleate 5.2, n-caproate 5.4, palmitate 6.2, myristate
9.5, laurate 13.0, n-caprate 14.9, n-caprylate 20.9. Exclud
ing the ?i.-caproate the sequence parallels that of decreasing 
molecular weight.

The form of the curves might lead one to suspect th a t the 
surface tensions in those mixtures containing excess fatty  acid 
are the surface tensions of the respective fatty  acids. Table 
I I  gives the surface tensions of the fa tty  acids used in these 
experiments. I t  is apparent tha t the surface tensions of the 
fatty  acids are higher than those of the corresponding aqueous 
soap solutions containing excess of fatty  acid. This accords

with the hypothesis, suggested by the writer and by others
(0), tha t the lowest surface tensions of the aqueous solutions 
are due to the presence of an “acid soap” which has a high 
surface pressure.

The curves representing the interfacial tensions of the same 
solutions against mineral oil (Figure 1) are similar to the sur
face tension curves. Minimum interfacial tensions are ob
tained with an alkali-fatty acid ratio less than 1.0. In the 
vicinity of the ratio 1.0 a sharp rise occurs, and above tin's 
point there is a gradual decrease. In their effectiveness in 
lowering the interfacial tension the fa tty  acids follow the same 
order as their molecular weights, and this relation is more 
nearly uniform than in the case of surface tension. Whereas 
the oleate has the lowest interfacial tension curve, its surface 
tension curve is higher than several of the others. The n- 
caprate curve for interfacial tensions deviates from the curves 
for the acids of higher molecular weight more widely than does 
the M-caprate curve for surface tension.

As the spreading coefficient is obtained by subtracting the 
sum of the surface tension plus the interfacial tension from the 
surface tension of the reference mineral oil, which is a constant 
value a t a given temperature, it  is to be expected th a t the 
spreading coefficient- curves (Figure 1) should show relation
ships which are similar, but inverse, to those shown by the 
other two sets of curves. The magnitudes of the spreading 
coefficients, a t least in the range of alkali-fatty acid ratios 
above 1.0, are in the same order as the' corresponding mo
lecular weights.
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T H E purpose of this investigation is the application of 
the laws of fluid flow to the case of an agitation system. 
Notable advances have recently made the unit operation 

of agitation better understood. Previous work has been 
mainly confined to the ability of certain agitation systems to 
perform some predetermined task (3, 4, 7-13, 15, 18, 30). 
The present research was carried out from the standpoint 
of the fluid motion involved. The fluid motion is obviously 
very complex, but the effects and thus indirectly the fluid 
motion may be studied by considering the fluid friction 
against the walls of the agitation vessel.

The existence of a transition between the two modes of 
flow has long been recognized, but it is to the credit of Reyn
olds th a t a unifying principle was found. He showed that 
the transition depended on a 
dimensionless e x p r e s s i o n  
known today as the Reyn
olds number (14). The law 
of similarity, later named 
after Reynolds, states that 
two different motions tak
ing p l a c e  i n  or  a r o u n d  
geometrically similar bodies 
in the absence of free sur
faces are also mechanically 
(dynamically) similar when 
they have the same value 
of the Reynolds number.

In the case of the exist
ence of free surfaces, where 
the effect of gravity must be
considered, a second dimensionless quantity, known as the 
Froude number, m ust also be satisfied in order to have com
plete dynamic similarity.

Newton was the first to express an equation for the phe
nomena of friction drag resulting when relative motion exists 
between a body and a fluid in contact. Newton’s law is.

Df -  fApw-

The factor of proportionality, / ,  is as yet undetermined. 
Newton derived this law from his momentum theorem.

Owing to the difficulty of separating the different types 
of friction drag, the practice has been to determine only the

1 P resen t address, E xperim enta l S ta tion , E . I. du  P on t de Nem ours and  
C om pany, Inc ., W ilm ington , Del.
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relation between the total drag and cer
tain other factors. I t  has become cus
tomary to write the drag in the form:

Df = cApw2

The factor of proportionality, c, the 
drag coefficient, is different for various 
shapes, sizes, and positions of the body.

The simple relations outlined are prac
tically true only when the total drag 
consists almost entirely of pressure drag 
and when the geometry of flow is de
termined by sharp edges. In all other 
cases the simple relation does not hold 
because geometrical similarity does not 
imply dynamic similarity.

The conditions for dynamic similarity 
as we have seen, where geometrical simi
larity is ensured, consists in having the 
Reynolds and Froude numbers the same 
for the two cases. Only then are the 
drag coefficients necessarily the same 
for the two cases. We write, therefore:

Df =  cApw2 = f(Re, F)pAw'-

In applying this modified form of Newton’s equation to 
cylindrical agitation vessels, some arbitrary assumptions 
had to be made in order to analyze the existing conditions. 
First the Reynolds number was defined as N d2v. The 
Froude number may be defined as N 3d/g. Newton’s equa
tion may be rewritten:

Df = f(N d2/v, N-d/g)pAw2

In order to have complete dynamic similarity in two cases 
with both Re and F defined as above, we m ust have two 
liquids of vastly different viscosities. In  the case of this 
research no case exists where complete dynamic similarity

exists, based on both Re and 
F. I t  was considered, how
ever, tha t the surface effects 
over the range of systems 
studied would be negligible. 
In other words, it was as- 
s u m e d  t h a t  t h e  d r a g  
coefficient varied only as 
Re, instead of as both Re 
and F. The assumption is 
substantiated by the agree
m e n t  of  t h e  data over a 
r a n g e  of sizes of vessels 
when analyzed on the basis 
of Re alone. Thus we may 
write:

Df = cpAw2 = f{Re)pAw2

In this equation A  was taken as the internal wetted area 
of the vessel. Since the depth of the liquid in the geometri
cally similar series of systems was taken equal to the vessel 
diameter, the internal wetted area may then be taken as 
5/4ird- or kd- fwhere k = 5 /4 tt) ; w was defined as bNd. Since 
the actual velocity a t the wall was not measured, the velocity 
was taken to be a straight-line function of the theoretical 
velocity a t the wall if the whole fluid were rotating a t con
stant angular velocity. The drag coefficient c is then de
fined as

c = D,/PAw2 =  D,/pkd2(bNd)2 = D,/k'pd*N2

T he law s o£ flu id  m o t io n  are s tu d ie d  in  
cy lin d r ica l a g ita tio n  sy s te m s . T h e lo g a 
r ith m ic  p lo t of th e  fr ic tio n  drag V s .  th e  
R eynold s n u m b er  is  ch a ra c ter is tic  an d  is  
a n a lo g o u s to  th e  case  o f a  flu id  flow in g  
p aralle l to  a flat p la te . T h e  re la t io n  b e 
tw een  pow er in p u t  an d  stirrer  sp eed , 
vessel d ia m eter , liq u id  d ep th , stirrer  
d ep th , stirrer p itch , and  flu id  p rop erties is  
given .
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F i g u r e  1 . A p p a r a t u s  L a y o u t

The constant k ' was then included in the functional relation 
between c and Re. The definition of c then is

c = D//pN2d4

A p p a ra tu s a n d  M a ter ia ls
As pointed out earlier, it  was impossible to extend the 

study beyond simple liquid agitation systems.
The method of measuring the wall friction, which 
in this work is truly the horizontal component of 
the friction, was to place the agitation vessel cen
trally upon the torque table. The details of the 
apparatus and its setup are shown in Figures 1 
and 2. The details of the method of measure
ment will be given in the ensuing section.

The investigation was first carried out in the vessel 
of 26.0-cm. (10.25-inch) diameter, using a 45° pro
peller type of stirrer as described by Hixson and 
Wilkens (9), at the standard depth of liquid and 
standard stirrer clearance. The liquids used were 
water, 60 per cent sucrose solution, 27.5 per cent 
sucrose solution, and 12.5 per cent sucrose solution. 
The data for the viscosity and density of these solu
tions were taken from Bingham and Jackson (1) as 
well as from Spencer and Meade (16). To vary the 
viscosity of the 60 per cent sucrose solution over a 
considerable range, a Nichrome ribbon was wound 
around the vessel and the temperature of the solu
tion raised. The 60 per cent sucrose solution was 
made from commercial cane sugar by weight, and 
the gravity was periodically tested by hydrometer 
and less frequently by a pvcnometer. The solution 
was preserved by the addition of some sodium 
fluoride and sodium chloride. The added salts did 
not affect the viscosity of the solution enough to cause 
any error in the results.

The investigation was also continued to vessels of 
larger size as well as one smaller. The agitators 
used were geometrically similar and fitted their re
spective vessels to give geometrically similar sys
tems. The specifications are given on Figure 2.

The investigation was extended to a 90° paddle

agitator and a 60° propeller agitator, both of the same length 
and width as the corresponding 45° propeller. These were used 
in connection with the 26.0-cm. vessel. With the paddle and 
the 45° propeller, the depth of the stirrer was varied, keeping 
the liquid depth constant, and then the liquid depth was varied, 
keeping the stirrer clearance constant.

E x p er im en ta l M eth o d

In  this research a special method of balancing the torque 
produced by the suspended weights against the torque pro
duced by the friction on the vessel walls was developed. 
The static friction of the table bearing was high enough so 
that a balance made in the usual way would result in the in
troduction of very large errors in the relatively small values 
of the wall friction.

The method used may be briefly described as follows:

With the two torques equal or approximately so, the pointer 
and the pin on the circumference of the table (Figure 1) are 
brought together. The table is given a small motion by a tap 
of the finger so that the pin moves about 5 mm. in the direction 
of the friction torque away from the pointer. If the torques are 
balanced, the pin will return to its initial position opposite the 
pointer. If the pin returns to a position on one or the other 
side of the pointer, then more or less weight is required on the 
weight pan. By this method the static friction of the table 
bearing is partially overcome and the readings of the wall friction 
are thus more accurate.

In making a run, the procedure was first to check the solution 
density and liquid level in the vessel as well as the stirrer depth. 
The friction of the bearing alone was then determined with the 
stirrer stopped in the manner described. The stirrer was then 
started and the speeds used were determined by the Reeves 
drive settings. I t  was found throughout the research that the 
revolutions per minute corresponding to any Reeves drive setting 
did not vary by more than 2 or 3, as determined with the use 
of a revolution counter and a watch. The temperature of the 
solution was determined after each reading at each setting. 
When the Nichrome heating element was used at elevated tem
peratures, it was found necessary to take a reading of the tem
perature immediately before and after each reading of the wall 
friction. Sufficient time was allowed between each change in 
speed to allow the flow in the vessel to come to equilibrium. 
The time required was longer in the case of the more viscous
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sugar solutions. At the completion of a run the density of the 
solution was again checked.

W all F r ic tio n  in  G eo m etrica lly  S im ila r  
S y stem s

According to the theory the drag coefficient should have 
the same value in two cases where the systems are geomet
rically similar and the two fluid motions should have the 
same Reynolds number. In this research a number of geo
metrically similar systems were investigated. The 45° pro
peller stirrer was used in these cases. The data for this 
geometrically similar series of systems are presented in Table
I. The values of drag coefficient c, when plotted on double 
logarithmic paper against the Reynolds number Re (Figure 3, 
curve I), yield characteristic curves. The concordance of the 
data to the curves drawn is fairly good, considering the error 
involved in making the measurement of the relatively small 
torque involved.

This curve shows definitely the critical range of flow. 
From the curves for the laminar and turbulent region of 
flow, the following equations were derived.

for Re < 4 X 10s: c = 0.000000258 (Re)"0-5 = 0.06258fy /R e  =
2.58 X 10~VVSe 

and c = 0.00000000625 (Re)-0-198 = 0.07625 (Re)"0-198 = 6.25
(Re)-»-199 X 10“9

for Re > 108: c = 0.0J63 /v /Re = 6.3 X 10^ ly fR e

Of particular interest is the functional relation between 
c and Re for flat plates because of an apparent analogy be
tween the flow of fluid past a flat plate and the flow of fluid 
in an agitation vessel. The bottom of the vessel is readily 
seen to belong to the classification of flow against a flat plate. 
The side walls, although curved, are truly flat plates in re
lation to the fluid motion, because the stream lines of the 
fluid are also curved and parallel to the walls. I t  should 
be expected, then, th a t the experiments show an analogy to 
the flow of fluid along a flat plate. The friction drag against 
flat plates was studied a t Re values below 5 X 105 by the law 
of Blasius and above 5 X 106 by various investigators. For 
the laminar flow region the functional relation between c 
and Re is given by:

c = 1.327/s /R e , R« < 5 X 108

Investigations by Wieselsberger (19), Gebers (5), and Gibbons
(6) show th a t the relation for the turbulent region can be ex
pressed as

c =  0.072/\lRe, Re > 5 X 108

The exponents of Re are the same in the case of friction 
against flat plates and against agitation vessel walls. The 
difference in numerical coefficients is expected from the geo
metrical dissimilarity of the two cases.

The line for the laminar region is drawn through the 
points which were made with the greatest care (run H I) as 
well as late in the investigation when the full technic of 
making the readings and operating the apparatus had been 
developed.

On the basis of an assumption tha t the liquid velocity 
outside the stagnant film is a linear function of the theo
retical (constant angular) velocity of the liquid a t the wall, 
a relation between the power lost to wall friction and other 
variables can be formulated. Thus for the turbulent ré
gime of flow,

Df/pNW  =  c = 0.0t63 iV R e  =  O.W3(Ndt/v)-<>A 
D, =  0.0j63 = 0.0763p8-8]V1-icPV -J
P = O.M3pQ-W l-*d*-W-*kNd 
P  = fc'p0-V-W 2-8d‘-8 

where P  = power lost to friction

The exponents of p, r\, and N  agree fairly well with those of 
Buckingham (2) who studied power consumption due to 
windage in turbines. Although the value of k ' could not 
be evaluated a t this time, the form of the function which is 
encountered may be seen.

The exponents of p, rj, and N  also agree with those found
by White and his co-workers (17), who made a study of the
total power requirements of simple agitation systems. By 
dimensional analysis they found the following relation to 
hold:

P  = 0.000129Ls-7iz°-1W 2-8CD1-ip0.86]^o.3^o.« 
where P  = horsepower

L  =  length of paddles, ft-.
Z  =  absolute viscosity, lb./sec. ft.
N  — rotational speed, revolutions/sec. 
p = density, lb./cu. ft.
D =: diameter of agitation vessel, ft.
IF = width of paddle, ft.
H — liquid depth, ft.



930 INDUSTRIAL AND ENGINEERING CHEMISTRY VOL. 29, NO. 8

By analyzing the data with the use of the modified New
ton equation, it has been possible to include the effects of 
agitator speed and of liquid properties, such as density and 
viscosity, in one function for this geometrically similar series 
of systems.

E ffect o f P rop eller  P itch

The effect of the change of propeller pitch on the wall 
friction of an agitation vessel was investigated with the use 
of agitators of 45°, 60°, and 90° pitch. These agitators all 
had the same length and width of blade and were used in the 
26.0-cm. vessel with the standard conditions of depth and 
agitator clearance as shown in Figure 2. The data obtained 
with 60° and 90° agitators are presented in Table II. The 
curves obtained when the drag coefficient is plotted against 
the Reynolds number are shown in Figure 3 (curves II and 
III). The three curves (including the one for the 45° pro
peller) are approximately parallel and lie above one an
other.

To correlate the change in drag coefficient caused by a 
change in the propeller pitch, a plot of the ratio of the drag 
coefficient for a propeller of one pitch to th a t of the 90° pro
peller against the pitch angle a t various definite Reynolds 
numbers is shown in Figure 4. The curves for the three 
Reynolds numbers chosen do not fall together a t the lower 
pitch angles. This spreading is caused by the fact tha t the

T a b l e  I .  R u n s  w i t h  G e o m e t r i c a l l y  S i m i l a r  V e s s e l s  a n d  
A g i t a t o r s  w i t h  L i q u i d  D e p t h  a t  V e s s e l  D i a m e t e r

T a b l e  II. D a t a  f o r  R u n s  w i t h  t h e  P a d d l e  a n d  60° 
p b l l e r  S t i r r e r s  i n  t h e  26.0-C m . V e s s e l

P ro-

Stirrer
»Speed D f P V R e(N d 2/v ) c (D f/p N 'd <)

R. P. in. Grams
R u n  B 2a: 60%  Sugar Soln. in 26.0-C m . Vessel

204 8 .8 1.2853 0.389 3 .5 3  X 105 3 .6 1  X 1 0 " »
233 11.4 1.2853 0.389 4 .0 4 3 .6 0
269 15 .8 1.2853 0.389 4 .6 6 3 .7 5
302 2 1 .0 1.2853 0.389 5 .24 3 .9 6
336 2 5 .5 1.2853 0.389 5.63 3 .8 5
376 32 .5 1.2853 0.389 6 .52 3 .9 4
425 42.1 1.2853 0.389 7 .3 7 4 .0 0
452 48 .3 1.2853 0.389 7 .82 4 .0 5
485 5 4 .4 1.2853 0.389 8 .40 3 .9 6

R u n  C l: 60%  Sugar Soln. in  26.0-Cm . Vessel (E levated  Tem p.)
124 3 .3 1.2810 0.250 3 .3 4  X 105 3 .6 6  X lO “ 10 .
143 4 .9 1.2810 0.250 3 .8 5 4 .10
160 6 .5 1.2812 0.255 4 .2 3 4 .3 6
180 7 .7 1.2813 0 .257 4 .73 4 .0 6
204 9 .5 1.2814 0.262 5.25 3 .91
376 2 8 .4 1.2820 0.276 9 .2 0 3 .4 6
425 37 .2 1.2821 0 .278 10 .3 3 .51
452 46 .9 1.2821 0.281 10.85 3 .9 4
485 54 .0 1.2821 0.281 11.61 3 .9 2

R u n  F3: 60%  Sugar Soln. in  20.6-Cm. Vessel
302 8 .4 1.2848 0.366 3 .5 0  X 105 4 .0 0  X 10“ 10
340 10 .0 1.284S 0.366 3 .9 4 3 .7 3
377 12.0 1 .2848 0 .365 4 .3 8 3 .66
421 15 .0 1.2848 0.365 4 .89 3 .6 6
458 18.0 1.2847 0.364 5 .34 3 .7 2
493 2 0 .0 1.2847 0.364 5 .75 3 .5 6

113 5 .1
R un  G1 
1.0

: W ater in 35.9-Cm . Vessel 
0 .0089 1 .62  X  107 2 .4  X 1 0 -»

124 7 .0 1.0 0.0089 1.78 2 .7 5
141 8.9. 1 .0 0 .0089 2 .0 2 2 .70
159 10.2 1 .0 0 .0089 2 .2 8 2 .44
180 12.7 1 .0 0 .0089 2 .5 8 2 .3 8
204 15.3 1 .0 0.0089 2 .92 2 22
229 19.1 1 .0 0 .0089 3.29 2 .22
267 2 5 .5 1 .0 0 .0089 3 .8 3 2 .17
302 33.1 1 .0 0.0089 4 .33 2 .1 9
340 42 .0 1 .0 0.0089 4 .87 2 .19
377 52 .2 1 .0 0.0089 5.40 2 .22
421 5 9 .8 1 .0 0 .0089 6 .0 5 2 .04
45S 68.7 1.0 0.0089 6 .5 8 1.98
493 75 .1 1 .0 0 .0089 7 .09 1.87

100 11.0
R un  G2: 
0 .996

W ater in 45. 
0 .00839

7-Cm . Vessel 
2 .4 9  X 107 2 .5 3  X 10

113 15.0 0 .996 0.00839 2 .8 3 2.69
124 2 0 .0 0.996 0.00839 3 .1 0 2 .9 8
141 2 3 .0 0 .996 0.00840 3.51 2 .6 6
159 2 6 .5 0.996 0.00S43 3 .9 7 2.41
180 3 0 .0 0.996 0.00843 4.4S 2 .1 3
204 3 6 .0 0 .996 0.00S44 5 .0 8 1.99
229 4 3 .0 0 .996 0.00844 5.71 1.89
267 5 4 .0 0 .996 0.00844 6.65 1.74

S tirrer
Speed Df P V Rc (N d 2/v ) c (D f/p N W )

R . p. 1/1. Grams
R un D l :  P add le  S tirrer w ith 60%  Sugar Soln.

124 10.2 1.2879 0.513 1 .6 3  X 105 11 .26  X IO "10
143 11.9 1.2879 0.513 1 .8 8 10 .0
160 14.0 1.2879 0.513 2 .1 0 9 .4 5
180 18.1 1.2879 0.510 2 .3 8 9 .6 8
204 2 1 .6 1.2878 0.507 2.71 8 .9 0
233 2 9 .8 1 .2878 0.504 3 .12 9 .4 0
269 3 8 .2 1.2877 0.501 3 .6 2 9 .1 0
302 4 7 .0 1.2876 0.499 4 .0 8 8 .8 5
336 56 .0 1.2876 0.494 4 .5 8 8 .2 8
377 66 .3 1.2875 0 .490 5 .1 8 8 .00
449 7 9 .6 1.2874 0.486 5 .8S 7 .6 0
493 106.1 1.2873 0.481 6 .9 2 7 .5 0

R u n  D 4: 60° P ropeller S tirre r in 60%  Sugar Soln.
124 8 .0 1.2822 0.409 2 .0 4  X 105 8.91  X 1 0 -*
141 10.0 1.2822 0.409 2 .3 2 8 .63
159 13.5 1.2822 0.409 2 .6 2 9 .15
180 15.0 1.2822 0.409 2 .97 7 .9 5
204 19.0 1.2822 0 .398 3 .4 6 7 .7 6
233 2 4 .0 1.2822 0 .398 3 .9 4 7 .6 1
267 2 9 .5 1.2822 0 .398 4 .52 7.09
302 3 7 .0 1.2822 0.39S 5 .11 6.95
340 4 6 .0 1.2822 0.397 5 .7 8 6 .7 7
377 5 6 .5 1.2822 0.397 6 .4 0 6 .82
421 67 .0 1.2822 0.397 7 .15 6 .4 6
458 7 9 .0 1.2822 0.397 7 .7 6 6 .4 6
493 8 9 .0 1.2822 0 .394 8 .42 6 .2 6

three drag coefficient-Reynolds number curves are not ex
actly parallel. The curve of 'c /cmll,  =  sin x  is also shown 
on this plot to illustrate tha t the curves do not follow this 
simple sine relation. In order to correlate the data with

4*IOs  
Re = / x / O ff 

x R e  * /

W E  R A G E  C U R V E :

\%maZS>n.(U 3*-lZ) 
t x m  d e g re es

6 0  6 0  d e g re e s
P IT C H  A N G L E  

LOS l y4 0  r a d ia n s

F i g u r e  4 . E f f e c t  o f  P r o 
p e l l e r  P it c h

the final purpose of obtaining a composite variable to in
clude the effect of propeller pitch, an average curve was 
drawnjand the equation of this curve was found to be:

c / c m« .  =  s in  ( 1 .13a: — 1 2 .0 )

S T IR R E R  
C L E A R A N C E S  

•  6 .8 9  c m . (Z .7 I  in.) 
O 8 .8 0  cm . ( 3 .4 6  in.) 
0  12. 7  Cm. (S .  0 0  in .) 
X ¡ 2 .9  c m .  ( 5 .0 8  in  ')

3  4 S 6  7 8  9  /O'
R E Y N O LD S  N U M B E R

L IN E S R E P R E S E N T  DATA 
FOR STAND ARD  C LEARANC E  
OF 4 .3 S  Cm. ( t . 7 i  in .)

F i g u r e  5 . E f f e c t  o f  S t i r r e r  D e p t h  (26.0-C m. 
V e s s e l )

E ffect o f A g ita to r  C learan ce
The effect of the change of propeller clearance—in other 

words, the agitator depth a t constant liquid depth—was 
investigated with the paddle stirrer and the 45° propeller 
stirrer in the 2G.0-cm. vessel. Clearances of 6.89, 8.80, 12.7, 
and 12.9 as well as the standard clearance of 4.35 cm. were
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T a b l e  III. D a t a  f o r  R u n s  w i t h  45° P r o p e l l e r  a n d  P a d d l e  
S t i r r e r s  t o  N o t e  E f f e c t  o f  S t i r r e r  C l e a r a n c e

S tirrer
Speed D f p v Re(Nd-/i>) c( D f/p N W )

R. p. in. Grains
R un E l :  P ad d le  S tirre r in 60%  Sugar Soln.; C learance «= 8.80 Cm.

267 33 .9 1.2842 0.347 5 .1 8  X 105 8 .13  X 10“ w
302 42.1 1.2842 0.347 5 .85 7.91
340 50.9 1.2842 0 .347 6 .60 7.51
377 63 .2 1.2841 0.344 7 .39 7.61
421 7 7 .3 1.2841 0.344 8 .25 7 .43
458 88 .7 1.2841 0.344 8 .97 7 .23
493 98 .4 1.2841 0.342 9*70 6.91

R un E 2: Sam e as E l ;  C learance «= 6.89 Cm.
267 34 .2 1.2841 0.342 5 .26  X 105 8 .1 9  X lO-w
302 42 .1 1.2841 0.342 5 .96 7 .89
340 5 1 .8 1.2841 0.342 6.71 7 .64
377 63.2 1.2841 0.342 7 .4 5 7.61
421 77 .3 1.2841 0.342 8 .30 7 .44
458 8 8 .6 1.2840 0.339 9 .05 7.21

R un E 3: 45° Propeller, 60%  Sugar Soln.; C learance =  6.89 Cm.
267 19.0 1.2822 0 .378 4 .7 6  X IO* 4 .5 5  X 10-1°
302 2 3 .5 1.2822 0.378 5 .40 4 .30
340 30 .4 1.2822 0.382 6 .00 4 .60
377 37 .4 1.2822 0.382 6 .66 4 .51
421 44 .4 1.2822 0.382 7 .44 4 .2 8
458 4 9 .6 1.2822 0.382 S .10 4 .0 5

R un  E5: 45° P ropeller S tirre r, 60%  Sugar Soln.; C learance =* 12.9 Cm,
267 19.0 1.2862 0.426 4 .21  X 10« 4 .5 5  X 10-i°
302 22 .5 1.2862 0.426 4.77 4 .22
340 2 9 .5 1.2862 0.426 5 .37 4 .3 5
377 36 .6 1.2862 0.426 5 .95 4.41
421 42 .6 1.2862 0.426 6 .65 4 .09
458 50.1 1.2862 0.422 7.24 4 .07

R un E 6 : 45° Propeller, 60%  Sugar Soln.; C learance =  12.9 Cm.
267 19.2 1.2860 0.412 4 .3 7  X 105 4 .6 0  X 10-1°
302 2 5 .8 1.2860 0.412 4 .95 4 .84
340 31.1 1.2859 0.410 5 .56 4 .5 8
377 36 .4 1.2860 0.412 6 .17 4 .3 8
421 45.1 1.2860 0.412 6 .90 4 .33
458 50.4 1.2860 0.412 7.51 4 .10

T a b l e  IV. D a t a  f o r  R u n s  w i t h  45° P r o p e l l e r  S t i r r e r  i n  
2 0 .0 -C m . V e s s e l  w i t h  L i q u i d  D e p t h  V a r i a b l e

S tirrer
Speed Df Re{Nd*/v) D f/PN W h D f/p N H K d  +  4M

R. p. m. 
R u n  11:

Grams
27.0% Sugar Soln.; L iquid D epth =* 20.5 C m .; p -  1.1128;

159 3 .8 4 .2 9  X
v »  0.0250
10« 3 .7 6  X 10-«* 7 .1 5  X IO "”

180 6 .8 4 .8 5 3 .70 7 .04
204 5 .8 5 .50 3 .45 6 .5 5
233 6 .8 6 .29 3 .14 5 .96
267 8 .3 7 .20 2 .91 5 .53
302 9 .3 8 .15 2 .56 4 .8 7
340 12.3 9 .24 2 .66 5 .05
377 14 .8 10.20 2 .61 4 .95
421 19.8 11.40 2 .7 8 5 .29
458 2 3 .8 12.40 2 .83 5 .3 7
493 2 6 .8 13.30 2 .7 5 5 .22

R u n  12: 27.0% Sugar Soln.; L iquid D ep th  =* 15.9 C m .; p -  1.1128;

159 2 .4 4 .0 6  X
v =  0.0264
10« 3 .04  X l 0 - ‘° 5 .41  X 10 “ ”

180 3 .3 4 .6 0 3 .27 5 .83
204 4 .5 5 .20 3 .44 6 .1 3
233 5 .8 5 .95 3 .4 4 6 .13
267 7 .8 6 .85 3 .50 6 .24
302 9 .8 7 .74 3 .35 5 .9 6
340 11.8 8 .70 3.26. 5 .81
377 14 .8 9.61 3 .34 5 .95

R un  13: 24.8% Sugar Soln.; Liquid D ep th  *■ 29.9 C m .; p -  1.103;

159 3 .8 4 .5  X
n =  0.0238
10« 2 .59  X 10“ 10 5 .31  X 1 0 - ”

180 5 .8 5 ,10 3 .09 6 .34
204 7 .8 5 .77 3 .12 6 .40
233 9 .8 6 .60 3 .12 6 .4 0
267 11.8 7 .5 5 2 .86 5 .86
302 13.8 8 .5 8 2 .61 5 .35
340 15.3 9 .6 5 2 .28 4 .6 8
377 19.8 10.70 2 .41 4 .9 4
421 2 3 .8 11.90 2 .3 0 4 .71
458 27 .8 13.00 2 .28 4 .6 8
493 30 .8 14.00 2 .19 4 .49

used with the two different agitators. The results of this 
investigation are shown in Table I I I  and Figure o. Figure 
5 shows particularly tha t the change in stirrer depth has no 
effect on the drag coefficient, at least within the error of the 
experiment. However, it can be safely stated that up to 
49 per cent of the liquid deptli the change in depth of the 
stirrer has no effect on the drag coefficient.

E ffect of L iqu id  D ep th

The depth of the liquid in the agitation vessel was varied, 
keeping the agitator clearance constant. The 26.0-cm. 
vessel was used with the 45° stirrer. Before considering the 
experimental results, reference to the modified Newton equa
tion a t this time will be of value:

Df =  cpAu'-

If the effect of the change of liquid depth can be considered 
only as a change in the wetted area of the vessel, the term A 
in this equation will become

A  = x d 2/ 4  +  vdh = Trd(d +  4h)/4

As before, the term w can be expressed as kNd  so that the 
quadratic equation of Newton becomes

Df =  cpd{d +  4h)ir(kN d)2/4

Also as before, the quantity 7tA2/4  can be included in the 
functional relation between c and Re. A new drag coeffi
cient is then defined, say c', which is not the same as that 
heretofore discussed; this coefficient is

c ' =  D,/pd*(d  +  4  h )N 2

The data found for the effect of liquid depth (Table IV) niai 
be plotted as this variable against the Reynolds numbei as 
in Figure 7. I t  is evident that this variable expresses the 
change of liquid depth fairly well.

If the dimensions of the various factors which enter into 
the effect of the change of liquid depth were considered, a 
dimensionally correct variable, Df /p N 2(Ph, can be obtained. 
The use of this variable as a basis of analysis results in the 
curve shown in Figure 6. The 
data agree more closely when 
analyzed on the basis of the 
first variable. T h i s  s econd ,  
dimensionally correct variable, 
may be used in t h o s e  cases  
wh e r e  ease  of calculation is 
desired.

T h e C o m p o site  V ariab le ■S
^  s ’io-y
ä 7 6

O 15.9 cm . (6 .2 5  in.)
O 2 0 .5  cm. (8 .0 6  in.) 
X 23.9  cm . (11 .75in.) 

L IN E  R E P R E S E N T S  
DEPTH OF 2 6 .0 c m .

(10 .25  in.)

o Z

5  6  7  8  9 / 0 ’  ! . S

R E Y N O L D S  N U M B E R

F i g u r e s  6  a n d  7 . E f 
f e c t  o f  L i q u id  D e p t h

Although a great many Ami
ables are yet to be considered, 
time prevented the study of 
others. However, on the basis 
of those variables studied, a 
composite variable can be draAvn 
up to take care of fluid prop
erties (viscosity and density),
rate of stirring, vessel size, liquid depth, propeller pitch, 
and propeller depth. From the foregoing discussion, this 
composite variable will be

c" =  D//pN2d3(d■ +  4h) sin (1.13x — 12)

When this coefficient c" is plotted against the Reynolds 
number, a curve should be obtained which will fit all the data. 
Such a plot is shown in Figure 8, where it  is seen th a t the 
data follow this function well in the turbulent region of flow 
but not very Avell in the laminar flow region. I t  may be 
said tha t the effect of a number of these variables was con
sidered only for the turbulent region.

The line which fits the data in the turbulent region has a
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d  - v e sse l diam eter, cm. 
D f-d r a g , gms. 
h  -  d ep th  o f liquid, cm.
N - R.P.M. o f  s t ir r e r  
x  -  stirrer pitch an gle , degrees 
p  - liqu id  den sity , g m s ./c c . 
v  - k in em a tic  viscosity o f  liquid, 

1 1 1 cm .ysec .

x

V E S S E L S  
4 5 °  P r o p e l le r  S t i r r e r  

+ 2 0 .6  cm.
O 2 6 .0  cm.
▼ 5 5 .9  cm.
O 4 5 .7  cm.
A 2 6 .0  cm. - d e p th  

v a r ia b le  
6 0 °  P r o p e lle r  S t ir r e r  

x 2 6 .0  cm .
5 0 °  S tir r e r  (P a d d le )

•  2 6 .0  cm .

6  7  8 9 10s i.5  2 J

R E Y N O L D S  N U M B E R  -

4  5  6  7  6 9
N d 2 /o 7

F i g u r e  8 . P l o t  or t h e  C o m p o s i t e  V a r i a b l e  Dy/pN2d3(d +  Ah) s in  (1 .1 3 x

t.5 2 J  4 5  6 7 8  9 /0 *

1 2) a g a i n s t  t h e  R e y n o l d s  N u m b e r  Nd,2/»

slope of —0.21 which is still in fair agreement with the value 
of —0.2 for flow against flat plates. The equation for the 
curve was found to be

c" = 2.54 (Ee)-°-sl X 10“»

Using this relation the value of D, is

D, =  (2.54 X 1 0 -V -7V -J1Ari-73d2-s8 (d + Ah) sin 0 
where 8 — 1.13a: — 12

The power lost to wall friction can be derived as before on the 
basis of this function:

P = +  Ah) sin 8

C o n c lu sio n s

The experimental results warrant the following conclusions 
concerning the wall friction of various liquid agitation sys
tems. I t  has been definitely shown tha t the fluid friction 
in this case follows the same type of laws th a t exist for the 
fluid friction against other bodies. The existence of two 
distinct modes of fluid flow has been shown—namely, lami
nar and turbulent. The value of the wall friction, in grams, 
for the geometrically similar series of systems when the flow 
is turbulent is given by the equation:

D, = 0.0r63 ‘• '¿ '•Y '1

The conversion of this function to one showing the power 
lost to friction cannot be given a t this time. Although the 
type of function is known, the numerical value of the con
stant in th a t function could not be determined. In  order 
to find this powrer loss accurately, it is necessary to know 
the fluid velocity immediately outside the stagnant film 
a t the vessel wall.

A number of other variables w'ere considered and these 
may all be represented in the composite function for the 
friction drag, in grams:

D, =  (2.54 X +  Ah) sin 8
where 8 — 1.132 — 12

As before, the actual values of the powrer lost to friction 
could not be calculated by the type of function which ob
tains has been shown.

I t  is of interest to point out the method by which these 
results may be used in the future for the purposes of design.

Although there is no experimental verification, it  is believed 
th a t the difference between the power input into an agitation 
system and the power output to wall friction is a function 
of the degree or efficiency of mixing. T hat is, the difference 
would be a function of the cube-root-law velocity constant for 
dissolution, or a function of the mixing index of Hixson and 
Tenney (8). The results of this research along with a knowl
edge of the fluid velocity immediately outside the stagnant 
boundary fluid layer will give the power lost to friction, over
all power measurements such as those of White and his co- 
workers will give the total power input, and the difference 
may thus be obtained. With a knowledge of the desired 
rate of dissolution, the power difference may be calculated 
and from this the power lost to friction and the total power 
input may be calculated.

N o m e n c la tu r e
A  =  wetted area or area of body projected in the direction of 

flowr, sq. cm.
6 = a constant
c = drag coefficient = Df/pNW  
c' =  modified drag coefficient =  D//pd3(d +  Ah)N2 
c" = composite drag coefficient = D//pN2d3(d +  Ah) sin 

(1.13a; -  12)
Df  = drag, grams
d = vessel diameter, cm.
/  = factor of proportionality
F =  Froude number = N 2d/g 
a =  acceleration of gravity
h — liquid depth, cm.
k, k' = constants
N  =  agitator speed, r. p. m.
P = power input, any unit of power
Re — Reynolds number = Nd2/v 
x — stirrer pitch angle, degrees 
w =  velocity 
i) =  viscosity, poise 
v = kinematic viscosity, sq. cm./sec. 
p = liquid density, grams/sq. cm.
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A Polyuronide from Tobacco Stalks
T h e iso la tio n  and  p a rtia l a n a ly s is  o f  a  p o ly u ro n id e  from  

th e  cu red  str ip p ed  s ta lh  of H avana seed  to b a cco  is  d escrib ed .
U p on  h yd ro lysis  th e  p o ly u ro n id e  y ie ld s  xy lo se  as th e  c h ie f  
su gar.

T HE tobacco plant (Nico- 
liana tabacum) is u n i q u e  
in at least two r e s pec t s .

First, few cultivated plants a t
tain  as large a growth in as short a time at so great an expense 
to the soil. Second, few plants of such proportions are as 
easily decomposed when returned to the soil. These are the 
chief characteristics which justify the common practice of 
using the stripped stalks as a fertilizer. This paper represents 
a portion of a study of the composition of tobacco stalks in
tended to reveal other possible uses for this material.

In 1932 Hawley and Norman (5) differentiated the hemi- 
celluloses on the basis of their association with Cross and 
Bevan cellulose. On this basis two distinct major groups are 
recognized—cellulosans and polyuronides. Cellulosans are 
structural substances found in Cross and Bevan cellulose, 
which do not contain uronic acids. Polyuronides are incrust- 
ing substances not found in Cross and Bevan cellulose, which 
contain uronic acids. The subject m atter of this paper deals 
with the polyuronides.

E x p er im en ta l Procedure

The methods of analysis were as follows:

Ash . T his determ ination was made by ignition in a  muffle 
furnace at a dull red heat. .

P r o t e i n .  Nitrogen was determined by the Kjeldahl-Gunning- 
Amold method (1) and converted to protein by the factor 6.25.

F u r f u r a l .  The A. O. A. C. phloroglucinol method (1) was 
employed. . , ,

U r o n i c  A c id  A n h y d r i d e s .  This group was determined by 
the method of Dickson, Otterson, and Link (4) as modified by 
Phillips, Goss, and Browne (9). , , ,,

T o t a l  H e m i c e l l u l o s e .  This group w a s  determined by the 
method described by Buston (2).

The entire stalk of the cured stripped Havana seed tobacco 
was used for analysis, with the exception of the short woody 
section a t the base. For the most part the portion used repre
sents the material which is returned to the soil. The stalks 
were dried at 60° C., crushed, and finely ground in a Wiley 
mill. The ground material was extracted successively with 
the following solvents: (a) 0.5 per cent ammonium oxalate, 
two 12-hour periods a t 70° C.; (6) 5.0 per cent sodium hy
droxide in 50.0 per cent aqueous alcohol, five 12-hour periods 
at room temperature; (c) 5.0 per cent sodium hydroxide, 48 
hours a t 70° C.

The method of fractionation of the hemicellulose was es

s e n t i a l l y  t h a t  introduced by 
O’Dwyer (7). The hemicellulose 
precipitate did not appear un
til after the addition of an equal 

volume of ethanol. Purification of the precipitate was ac
complished by resolution, reprecipitation, and the use of 
Fehling’s solution. After the purified substance was dried in 
a vacuum oven a t 50° C., it was found to have the follow
ing general properties: (a) tasteless, slightly yellow in color; 
(b) very slightly soluble in cold water; (c) soluble in hot 
water; (d) blue color when treated with iodine; (e) optically 
inactive. The production of a blue color with iodine is be
lieved to be due to the presence of anhydroglucose units (3, 8).

Analytical data representing duplicate and triplicate de
terminations on the percentage furfural and uronic acid an
hydrides of the original tobacco stalks and the purified 
hemicellulose on an ash and moisture-free basis are shown in 
the following table:

D eterm inations O riginal S talks Purified HemicelluJoses
F urfu ra l 10 .72  45 .20*
U ronic acid anhydrides 10.53 11.03
T o ta l hem icellulose 20 .13  ..........

° C orrected  for fu rfu ral from  uronic acid anhydrides (£?).

A portion of the purified product was hydrolyzed with 4.0 
per cent sulfuric acid in a bath of boiling water for 15 hours. 
The acid-free sugar solution was obtained in the usual man
ner, and the sugars were allowed to crystallize from alcohol. 
A second recrystallization yielded a product which gave a 
positive phloroglucinol test, decomposed at 148° C., and gave 
an [a]2D value of +19.42°. These tests would indicate that 
the sugar obtained by the hydrolysis of the polyuronide was 
xylose.
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HYDROGENATION

OF NICKEL CARBONYL
E. E. LITKENHOUS1 a n d  CHARLES A. MANN
University of Minnesota, Minneapolis, Minn.

N ICK EL carbonyl was first recognized by Mond (12-20) 
as an intermediate product in the carbon monoxide re
duction of nickel ores. This same compound was be

lieved by Sabatier and Senderens (27-30) to  exist as an in
termediate product in the synthesis of methane by the hydro
genation of both carbon monoxide and carbon dioxide over a 
finely divided nickel catalyst a t temperatures below 400° C. 
Probable evidence of both the formation and decomposition 
of carbonyl was observed by Hightower and White (7) in the 
formation of a nickel mirror a t the end of their reaction 
chamber. Later work ( 1 . 5 , 8 , 3 1 , 33)  has led to the belief tha t 
nickel-gas complexes as well as nickel carbonyl are responsible 
for the catalytic effect of nickel in hydrogenation reactions.

As a method of determining the hydrogenation reaction 
mechanism in the methane synthesis, nickel carbonyl was re
duced with hydrogen over a temperature range of 25 ° to 400 ° C. 
and a pressure range of 1 to 75 atmospheres. Equilibrium 
constants determined over this range were compared with 
those based upon equations and constants given by other in
vestigators. The principal equations are compared in Table I. 
The equilibrium constants are listed in terms of partial pres
sures of the reacting gases and also in terms of the constants 
of Equations 1 to 5.

E x p er im en ta l M eth o d

The apparatus (Figure 1) was designed for high-tempera- 
ture, high-pressure, and dynamic operation between liquid 
and gas reactants:

Hydrogen, taken from a commercial cylinder, A, by adjusting 
a long-handled needle valve, li, was passed to a Bourdon pressure 
gage, C, two cylinders, D, E, a check valve, F, and a needle 
valve, G, to a specially constructed Bourdon gage, II. Cylinders 
D and E  acted as cushions for the hydrogen by taking up small 
surges in pressure. Pressure gage If, which had a mirror arm, 
/, welded direct to the extreme tip of the Bourdon ring, reflected 
a light beam from a source of light, J, to a calibrated meter 
scale, K. By this means, pressure was measured within 4 pounds 
per square inch over the range of 1 to 75 atmospheres. The 
hydrogen next passed through the orifice flow manometer, L, L. 
This orifice consisted of a small steel disk with two female open
ings, one on either side, into which were forced two male blocks 
L, L. These blocks were held tightly compressed over the 
orifice disk by a threaded steel pin in a cast-iron base. By the 
use of various-sized orifice holes in several steel disks, the size 
of the orifice was rapidly changed. The difference in head on 
either side of the orifice was measured by electrical contact with 
mercury in the manometer well, N. The electrical contact 
points were stationary, and the height of the mercury on either 
side of the well was measured by forcing the mercury up to the 
contact points by means of a plunger attached to a graduated 
micrometer scale. Contact was made on either arm at will by 
switching a current first through one side arm and then through 
the other. Thus, the difference in head could be measured 
directly on the one micrometer scale. A 6-volt battery supplied 
the current for a small pilot light mounted on the base block of 
the manometer well and showed when contact between the 
mercury and insulated contact points was made. Mercury traps

1 Present address, U niversity  of Louisville, Louisville, Ky.

N ick el ca rb o n y l w as d eco m p o sed  and  
co n v erted  in to  carb on  d iox id e, m e th a n e ,  
an d  w a ter  in  a  d y n a m ic  p ressu re h y d ro 
g e n a tio n  ap p a ra tu s. D a ta , ta k e n  from  
25° to  400° C. an d  fro m  1 to  75 a tm o s 
p h eres p ressu re , w ere trea ted  accord in g  
to  th e  m e th o d s  em p lo y ed  b y  R a n d a ll and  
G erard (23),  K elley  (9), an d  C h ip m a n  (J). 
T h e r e su lt in g  eq u ilib r iu m  c o n s ta n ts  o b 
ta in e d  b y  th is  tr e a tm e n t  sh o w ed  th a t  
th e  r e a c tio n  b e tw e en  w ater an d  carbon  
to  form  ca rb o n  d iox id e an d  m e th a n e  
gave c o n s ta n t  v a lu es  over th e  w h o le  
r e a c tio n  ra n g e  w h erea s o th er  p o ssib le  
r e a c tio n s  d id  n o t.

M ,M  were installed to prevent mercury from entering the 
system. The hydrogen passed from the orifice through the needle 
valve, O, into a T-connector, P, where it was mixed with nickel 
carbonyl before entering the reaction chamber.

Nickel carbonyl was taken from a supply container, Q, through 
a needle valve, R, and T-connector S  into the single-acting piston 
pump, T, on the backward stroke of the pump. When the 
piston chamber was filled with nickel carbonyl, the carbonyl 
was forced through a T-connector, S, and needle valve, U, to 
T-connector P  where it was mixed with the hydrogen.

The mixed nickel carbonyl and hydrogen then passed into a 
nickel reaction tube, AA. This hollow tube was 2 feet (61 cm.) 
long, 1.125 inches (2.9 cm.) o. d., and 0.364 inch (0.925 cm.) i. d. 
Copper cooling coils, Y, were wrapped around both ends of the 
nickel tube to prevent the hydrogen and nickel carbonyl from 
reacting before they reached the heated tube inside the resistance 
furnace, Z. Over both threaded ends of the reaction tube were 
screwed two large hexagonal nuts, BB, into which were built the 
iron-constantan couples, IF, X , used in measuring the reaction 
temperature. These couples extended 9 inches (22.9 cm.) into 
the bore of the reaction tube or within 6 inches (16.2 cm.) of 
each other. One element of the couple was a nickel-plated 
Shelby seamless steel tubing, 1/ i inch (0.635 cm.) o. d., and 
Vs inch (0.318 cm.) i. d. Through this tube was placed a 'A 
inch o. d. quartz tube to insulate the steel element from the 
constantan wire in the center of the quartz tubing. The steel 
tube was draw-n around the constantan wire, and the two were 
welded together to make the couple. Thermocouple readings 
for record were made by a potentiometer, even though a milli- 
voltmeter was also used as a check and guide during the intervals 
when readings were not taken.

The pipe connecting hexagonal nut BB of the reaction tube 
with the mixing T-connector, P, was bent in the shape of a 
question mark to permit connection to the reaction tube, no 
matter where the inlet opening in the nut happened to be placed 
after both hexagonal nuts were drawn tight upon the nickel tube.

The product gases from the reaction tube were expanded 
through, a specially designed needle valve-, CC, in which any 
small adjustment could be made, since the needle was excep
tionally long and tapered. A 1-foot- (30.5-cm.) handle bolted 
to the metal handle of the valve allowed for even finer adjust
ment. The reaction products were then run through Pyrex 
glass condensers, IIII, II, to either a gas holder or a flow
meter. Samples of the gases were taken during the run and 
analyzed in the direct-connected gas analysis apparatus with 
explosion pipet LL. An aspirator bottle, NN, was lowered to 
draw the gas into the glass sampler, JJ , and then raised to force 
the gas into the gas analysis apparatus.



AUGUST, 1937 INDUSTRIAL AND ENGINEERING CHEMISTRY 935

T a b l e  I. P r i n c i p a l  E q u a t i o n s  i n  H y d r o g e n a t i o n  o f  N i c k e l  C a r b o n y l

Reaction 

N i(C O ), >- Ni +  4CO

Reaction
No.

3

o

3

4

5

e

7

s

9

10

11

12

13

A'. =

Equilibrium Constant" 

(CO)<
(Ni[CO]t)

= A,

C +  > /;0 :---- >- CO

C +  0 ; -----*- CO;

AY = m .  = A.

A'3 =

(02)*'=
(CO;)
(0;) AY

C +  2 H :-----i-  CH,

H; +  ‘AO;  S' H ;0 As =

2CO +  2H » S- CH« +  CO; Ac =

CO +  3H »---- >  CRY +  H ;0 A , =

2C +  2 H ; 0  S- CO; +  CH< A s =

2 C O  S- CO; +  C AY =

H ;0  +  CO  S- CO; +  H; A,o =

AY -  m -  K ,(H;)2 
(H;0) = As

(H ;)-(0;)‘ /2 
(CH<)-(CO:) AYAY

CO; +  4H; ■ 

H ;0  +  C —

CO +  CO; +  7H; 
2CH, +  3H ;0

'  CK, +  2H ;0 An =  

CO +  H ; A n = 

Al3 =

(CO) "■ (H;) * A ;2
(CH<)(H;0) K ,K s
(CO)-(H;)2 K i

(CO;MCH<) AYAY
(H ;0) 2 (AY) 2

(CO;) AY
(CO)2 (A ;)2
(CO;)-(H,) A;
(COMH;0) AYAY
(CERMHiO) 2 K t(K i)-
(CO;)-(H;)‘ 

(CO) * (H;) =  A; 
(H:0) " As 

(CIR)2-(H ;0) 2 
(CO)-(CO;MH;)7

As

(A Q -(A s) 7 
A:Aj

° P aren theses  in d ica te  partia l pressures.

Tiie condensed liquid products were warmed gently by  
rem oving the cooling liquids from adjustable platforms. 
The expanded gas was allowed to bubble through the 
absorption coils, R R , into which were placed 100 cc. of 
distilled water. N ickel carbonyl, immiscible with water, 
was drawn out through the petcock, and the water con
taining any possible reaction products was tested for 
m ethyl alcohol and formaldehyde by the methods of 
Lockem ann and Croner (70), Dhar and Ram (4), and 
Rom ijn (26). No positive test for either formaldehyde 
or m ethyl alcohol was obtained in any run.

Before each run the apparatus was flushed with h y 
drogen gas, and the com bustion tube was activated accord
ing to the m ethod of Bone and Wheeler (2)— i. e., heat
ing at 350° C. in the presence of hydrogen. During the 
activation  period, the hydrogen w as by-passed through 
the needle valve, D D, the T-connector, FF, the needle 
valve, GG, to  the gas meter. Needle valves E E  and PR  
were closed.

between 300° and 400° C. the values of the Jogi0/v’ 
are constant within e x p e r i m e n t a l  error and 
agree with previous values offered in the litera
ture. A general equilibrium is established within 
this temperature range.

At 250° C. the logi0A values from experimental 
data are not constant except for reaction S. 
Water, one of the reagents in this system, was 
formed below 300° C. This was expected both 
from the results of Bone and Wheeler (2) and 
from the catalytic effect of moisture in speeding 
up the combustion of coal (6).

Figure 2 gives isobaric plots of the equilibrium 
exit gas mixtures as listed in Table II. These 
curves show the effect of temperature upon the 
reaction products, and in eacli of them smooth 
lines were drawn through the experimental 
values.

At 1 atmosphere pressure the nickel carbonyl 
was relatively stable but decomposed with in
creasing temperatures. At slightly over 100° C. 
it was totally decomposed. Above 200° C. 
reaction began with the formation of water, 
methane, and carbon dioxide. The quantity of 
water formed ranged from 58 to 60 per cent of the 
exit gas volume at 250° C. and gradually de
creased in quantity with increasing temperatures. 
The quantity of methane and carbon dioxide in
creased to a maximum between 300° and 350° C., 
and then began to decrease.

At 5 atmospheres pressure nickel carbonyl was 
more stable and decomposed less with increasing

D a ta  and  R esu lts

Table II  includes the experimental data obtained 
under various conditions of temperature and pressure. 
In all these runs the molecular ratio of hydrogen to 
nickel carbonyl was maintained at four to one and 
the molecular ratio of carbon monoxide to hydrogen 
was one to one. The initial rate of flow for all runs 
was regulated a t 7.26 cc. per minute (standard tem
perature and pressure, dry basis). From the Orsat 
analyses of the exit gases were calculated the exit gas 
mixture percentages, employing the method of Randall 
and Gerard (23).

Numerical values for the equilibrium constants for 
reactions 1 to 13 were calculated by using the partial 
pressures of gases obtained from Table II. The re
sulting logio/v values are given for each reaction in 
Table I I I  and are compared with corresponding values 
offered in the literature (3, 9, 11, 21, 22, 24, 25, 31, 32). 
This comparison shows tha t in the temperature range
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T a b l e  II. D a t a  O b t a i n e d  f r o m  H y d r o g e n a t i o n  o f  N i c k e l  C a r b o n y l

E x p t.
No.

R eac tion
T em p.

0

R eaction
Pressure

Atm .

E x it Gas 
Flow"

C c./m in .
COi

----- E x it Gas A nalysis—
CO C H . H , CO. CO

Caled. E x it 
C H ,

G as M ixti 
H ,

ores--------
HjO NiCCORi

1C 27 .1 1 4.436 00 .00 18.03 00 .00 81 .97 00 .00 10.97 00 .00 50 .00 00 .0 0 39 .03
11C 100.0 7.183 00 .00 49 .45 00 .00 50 .55 00 .00 48 .92 00 .0 0 50 .00 00 .00 01 .08
21C 200 .0 7.255 00 .00 50 .06 00 .00 49 .94 00 .00 50.12 00 .00 50 .00 0 0 .00 00 .00
31C 250 .0 1.699 2 9 .10 19.23 25 .32 25 .74 13.25 08 .34 10.71 10.89 57 .71 00 .00
31D 250 .0 1.748 27 .56 20 .19 24 .96 27 .27 11.89 08 .72 10 .78 11 .78 66.81 00 .00
41C 300 .0 1.624 4 7 .88 00 .00 4 5 .0 8 0 7 .02 21 .07 00 .00 19 .85 0 3 .09 55 .97 00 .00
41D 30 0 .0 1.583 48.41 00 .0 0 4 4 .3 0 07 .39 20 .75 00 .00 18 .98 03 .17 57.13 00 .00
51C 35 0 .0 1.768 47 .09 00 .22 4 0 .66 12.01 2 2 .2 6 00 .10 19.22 0 5 .6S 52 .71 0 0 .0 0
61C 400 .0 2 .114 41 .46 06 .82 32 .31 19.39 2 2 .44 0 3 .69 17 .48 10.49 45 .87 0 0 .00

2C 2 4 .7 5 4 .175 00 .00 13.04 00 .00 86 .96 00 .0 0 07 .4 9 0 0 .0 0 5 0 .0 0 0 0 .0 0 42 .51
12C 100 .0 6 .230 0 0 .0 0 41.72 0 0 .0 0 58 .27 0 0 .0 0 3 5 .7 8 00 .00 50 .00 00 00 14.22
22C 200 .0 7.264 0 0 .0 0 49 .87 00 .00 50.13 00 .00 49 .72 0 0 .0 0 50 .00 0 0 .0 0 0 0 .2 8
32C 250 0 1.669 28 .10 19.65 27 .88 2 5 .32 11.75 OS. 22 11.66 10.59 58 .16 00 .00
42C 300 .0 1.527 47 .96 0 0 .0 0 47 .85 04 .08 19.99 00 .00 19.94 0 1 .70 58 .31 00 .00
52C 3 5 0 .0 1 775 45 .21 00.17 47 .42 0 7 .20 21 .85 00 .0 8 22 .92 0 3 .4 8 51 .93 00 .00
52D 35 0 .0 1.668 46 .71 00 .10 46 .85 06 .31 21 .15 00 .05 21 .21 02 .85 54 .72 0 0 .0 0
62C 400 .0 1.908 4 3 .84 03 .39 4 2 .9 8 0 9 .7 7 22 .27 01 .72 21 .83 0 4 .96 4 9 .2 0 0 0 .0 0

3C 2 5 .2 10 3 .979 0 0 .0 0 08 .77 00 .00 91 .23 00 .0 0 04 .81 00 .00 50 .00 00 .00 45 .19
13C 100.0 5.533 00 .00 34 .38 00 00 65 .62 0 0 .00 26 .19 00 .0 0 50 .00 0 0 .00 23.81
23C 200 .0 7 .204 0 0 .00 4 9 .5 9 00 .00 50.41 00 .0 0 49 .17 00 .00 50 .00 00 .00 00 .83
33C 2 50 .0 1.617 29 .35 19.61 30 .27 20 .76 11.99 08 .01 12.36 08 .48 59 .13 0 0 .0 0
33D 250 .0 1.579 3 0 .2 5 17.96 30 .54 21 .25 12.12 0 7 .20 12.24 08 .51 59 .92 0 0 .0 0
33E 2 5 0 .0 1 .628 29 .70 18 .50 29 .68 2 2 .22 12.22 0 7 .63 12.21 09 .14 58 .85 0 0 .00
43C 3 0 0 .0 1.489 49 .40 00 .00 49 .30 01 .23 2 0 .20 0 0 .0 0 20 .16 00 .50 59 .10 0 0 .0 0
53C 3 5 0 .0 1.846 4 8 .0 6 0 0 .0 0 47.71 04 .21 2 1 .5 8 0 0 .0 0 21 .42 01 .89 55 .10 0 0 .0 0
63C 400 .0 1.787 4 5 .3 0 02 .51 45 .16 07 .02 2 1 .7 8 01 .21 2 1 .71 03 .3 7 5 1 .92 0 0 .0 0

4C 2 6 .8 25 3 .856 00 .0 0 0 5 .8 4 0 0 .0 0 9 4 .16 0 0 .0 0 03 .12 00 .0 0 50 .00 00 .00 4 6 .8 8
14C 100.0 4 .771 00 .0 0 23 .89 0 0 .0 0 76 .11 00 .00 15.70 00 .0 0 50 .00 0 0 .00 3 4 .3 0
24C 200 .0 7 .116 00 .00 48 .97 0 0 .00 51 .03 0 0 .00 47 .99 00 .00 50 .00 00 .00 0 2 .01
34C 250 .0 1.675 29 .8 4 2 0 .0 5 2 9 .7 4 20 .36 12.59 08 .46 12.55 08 .59 5 7 .7 9 0 0 .0 0
44C 3 0 0 .0 1.502 49 .69 0 0 .0 0 4 9 .5 7 00 .72 20 .52 0 0 .00 20 .47 0 0 .3 0 58 .68 00 .00
64C 3 5 0 .0 1.630 4 9 .0 0 00 .00 4 8 .9 8 0 2 .02 21 .83 0 0 .0 0 21 .81 00 .90 55 .37 0 0 .0 0
64C 400 .0 1.741 46 .73 0 1 .5 8 4 6 .9 0 0 4 .7 8 22 .0 7 0 0 .7 5 2 2 .1 5 0 2 .26 62 .76 00 .00

5C 2 4 .7 50 3 .7 9 0 0 0 .0 0 04 .16 00 .00 95 .84 00 .00 02 .17 0 0 .0 0 50 .00 0 0 .00 47 .83
15C 100.0 4 .298 0 0 .0 0 15.58 0 0 .0 0 84.41 00 .00 09 .23 00 .00 50 .00 0 0 .0 0 4 0 .7 7
25C 200 .0 7 .044 00 .00 4 8 .3 5 0 0 .0 0 51 .65 00 .00 46 .81 00 .00 50 .00 0 0 .0 0 03 .19
35C 250 .0 1.635 3 0 .7 8 19.14 31 .83 18.34 12.78 07 .9 5 13.22 07 .62 58 .45 0 0 .0 0
35D 250 .0 1.594 31 .25 18.45 31 .63 18.41 12.66 07 .47 12.81 07 .4 5 5 9 .4 8 0 0 .0 0
45C 300 .0 1.510 49 .97 0 0 .00 50 .03 00 .00 20 .78 00 .00 20 .81 00 .0 0 58 .40 00 .00
55C 350 .0 1.717 49 .12 0 0 .0 0 4 9 .09 0 1 .7 8 23 .14 0 0 .0 0 2 3 .12 0 0 .84 52 .89 00 .0 0
65C 400 .0 1.718 47 .70 01 .20 4 7 .70 0 3 .4 0 2 2 .34 0 0 .00 2 2 .3 4 01 .59 5 3 .17 00 .00

6C 2 3 .4 75 3 .747 00 .00 03 .16 0 0 .0 0 9 6 .8 4 00 .00 01 .59 00 .00 50 .00 00 .0 0 48 .41
16C 100.0 4 .226 00 .0 0 14.16 0 0 .00 85 .84 00 .00 08 .25 0 0 .0 0 50 .00 0 0 .0 0 41 .75
26C 200 .0 6 .768 00 .00 46 .3 8 0 0 .0 0 53 .62 0 0 .00 4 3 .25 0 0 .00 50 .00 0 0 .0 0 06 .7 5
36C 250 .0 1.516 33 .22 16 .76 33 .01 16.99 12.95 0 6 .54 12.87 0 6 .62 6 0 .9 8 00 .0 0
36D 250 .0 1.582 3 2 .85 17.12 32 .94 17.07 13.31 0 6 .9 5 13.35 0 6 .9 2 59 .45 0 0 .00
46C 3 00 .0 1.543 4 9 .83 00 .00 50 .17 00 .00 21 .24 00 .0 0 21 .38 0 0 .00 57 .37 0 0 .00
56C 3 50 .0 1.675 50 .15 00 .00 49 .84 01 .32 23 .17 0 0 .00 23 .02 00 .61 53 .79 0 0 .0 0
66C 400 .0 1.751 48 .22 0 0 .9 8 48 .07 02 .72 23 .06 00 .00 2 2 .99 01 .30 52 .17 00 .00

a  S tan d ard  te m p era tu re  and pressure, d ry  basis. & P er cent Ni(CO)< recorded as volum e p e r cen t CO in  th e  m olecule.

T a b l e  III. C o m p a r is o n  o f  L o g ioK  V a l u e s  C a l c u l a t e d  f r o m  E x p e r i m e n t a l  D a t a  a n d  f r o m  E q u a t io n s  R e p o r t e d  i n  
t h e  L i t e r a t u r e  f o r  R e a c t io n s  1 t h r o u g h  13

R eaction  1:
.------25 ' ’ C .------ . .------100° C.------ - -------200 '1 C.—
(11)“ - 2  919 (11)“ 1.272 (11)“ 5 .106

1C - 4 .4 2 6 11C 0 .742 21C
2C - 2 .9 0 7 12C 1.146 22C 3 ! 435
3C +  0 .261 13C 1.296 23C 3.847
4C - 0 .1 0 3 14 C 1.891 24C 5.013
5C - 2 .7 6 0 15C 1.347 25C 5.274
6C - 2 .7 5 0 16C 1.675 26C 5.345

R eaction  4: C +  2 H , — ->■ C H .
------ 250

(3)
1» C .____. , ----- 300° Qt____, r____350° Q ____,

3 .1169 (3) 2.3963 (3) 1.7830
(9) 2.829S (9) 2.1022 (9) 1.4863

(33) 2 .8725 (32) 2.1503 (SB) 1.5344
W ) 2.9711 (24) 2.3071 (24) 1.7463
(22) 3.4342 (22) 2 .4040 (22) 1.8091
(25) 2.9285 (25) 2.2434 (25) 1.6681
3 lC 0 .9557 41C 2.3178 51C 1.7750
31D 0.9004 41D 2.2762 62D 1.7178
32C 0 .3193 42C 2.1398 52C 1.5780
33C 0.2352 43C 2.9031 53C 1.7779
33D 0.2279 44C 2.9647 54C 2.0362
34C -0 .1 6 7 3 55C 1.8164
35C -0 .3 4 7 5 66C 1.9172
35D - 0  3361
36C -0 .4 0 7 2
36D -0 .4 3 2 2

R eaction  6: 2CO + 2 H , -----■> C H . +

(if] 11.1075 (3) 8.8S47 (3) 7 .0112
11.5275 (31) 9 .2928 (31) 7 .4105

(S2) 11.0177 (S3) 8 .7538 (S3) 6 .8488
(25) 11.2642 (33) 8 .3163 (25) 6 .5435
31C 2.2355 51C 7.1225
31D 2.0943 52C 6.4120
32C 0.8608 52 D 6.9462
33C 0 .5068

62 C 
63C 
64C 
65G 
66C

(S)
(SI)
(S3)
(SB)
61C
62C
63C
64C

6.612
7 .389
6 .3501
5 .0335
3 .4178
3 .4268
3 .4537
3 .4401

R eaction  6: CH< 4- COa (Cont’d .)

33D
250° C .------ ,

0 .5967
.------300° C .------ . *—---- Í150° C. -------400° C .------ -

33E U .4865
34C - 0 .3 2 0 0
35C -0 .7 3 3 6
35D - 0 .6 7 7 0
36C - 0 .8 0 1 1
36D - 0 .8 6 4 9

R eaction  7: CO +  .3 H a ---- ->  C H . + HaO
(3) 8 .1608 (3) 7 .279 (3) 5 .6 8 8 (29) 5.5067

(S3) 9 .03623 (S3) 7 .1273 (32) 5 .5158 (32) 5.1261
(25) 8 .6082 (25) 6 .7996 (25) 5.2817 (25) 3.9887
31C 2 .7588 . . . 51C 4.7426 61C 3.2748
31D 2.6331 52C 5.1498 62C 3.3109
32C 1.4437 . . . 52D 5.6032 63C 3.3863
33 C 1.1747 64 C 3 .3888
33D 1.2177
33E 1.0909
34C + 0 .3 3 6 1
35C -0 .0 4 6 1
35D -0 .0 0 0 6
36C - 0 .1 3 3 4
36D - 0 .2 1 8 0

R eaction  8: 2C  +  2H iO  — - >  CO. + CHa
(3) - 1 .1 7 8 4 (3) - 1 .0 7 8 9 (3) - 0 .9 9 8 6 (3) -0 .9 3 1 4

(25) -0 .9 2 4 4 (25) - 0 .7 9 0 1 (25) - 0 .6 7 7 2 (25) -0 .5 8 1 1
31C - 1 .3 7 0 5 41C - 0 .8 7 4 6 51C - 0 .8 1 2 5 61C -0 .7 2 9 5
31D -1 .4 0 1 1 41D  - 0 .9 1 8 6 52C - 0 .7 3 1 2 62 C -0 .6 9 7 3
32C - 1 .3 9 2 5 42C - 0 .9 3 1 1 52D - 0 .8 2 4 5 63 C -0 .7 5 6 0
33C -1 .3 7 2 8 43C  - 0 .9 3 3 3 53C - 0 .8 1 7 6 64C -0 .7 5 5 5
33 D - 1 .3 8 3 9 44C  - 0 .9 1 3 6 54C - 0 .8 0 8 8 65C -0 .7 5 3 0
33E - 1 .3 6 5 8 45C - 0 .8 9 7 2 55C - 0 .7 1 8 1 66C -0 .7 1 0 9
34C - 1 .3 2 4 6 46C -0 .8 6 2 1 56C - 0 .7 3 5 4
35C - 1 .3 0 5 7
35D - 1 .3 3 9 2
36C - 1 .3 4 8 5 (T able I I I  con tinued  on page 937.)



T a b l e  I I I  (C o n tin u e d )

R eac tion  9: 2 C 0  COj 4- C
.------250° C.------. ,------300° C.------ . ------ 350° C .------• .---- -400° C.

(3) 7.9905 (3) 6.4883 (S) 5.2881 (3) 4.4839
(SI) 8.1605 (.SI) 6.0184 (SI) 5.3246 (SI) 4.5885
(SI) 8 .6562 (SI) 7 .2798 (31) 6.1435 (31) 5.5190
(SB) 7 .4936 (SS) 6.0767 (SB) 4.8691 (SB) 3.8480
31C 1.2798 51C 5.3475 61C 2.2169
31D 1.1939 52C 4.8343 62 C 2 .1776
32C 0.5413 52D 5.2284 63C 2.1725
33C 0.2716 64 C 2.2003
33D 0.3688
33 E 0 .3218
34C - 0 .1 5 2 7
35C - 0 .3 9 2 1
35D - 0 .3 4 0 9
30C - 0 .3 9 4 1
36D - 0 .4 3 2 7

R eaction 10: HiO +  CO -  C O . +  H .
(3) 1.9467 (S) 1.5678 (S) 1.3235 (3) 1.0546

(SB) 1.8205 (SB) 1.5171 (SB) 1.2625 (SB) 1.0451
31C - 0 .5 2 3 2 51C 1.3785 61C 0.1433
31D -0 .5 4 8 3 52C 1.2624 62C 0.1156
32C -0 .6 2 4 5 52D 1.3653 63 C 0.1361
33C -0 .6 6 8 3 64C 0.1024
33D - 0 .6 2 1 6
33E -0 .5 4 1 1
34C - 0 .6 5 5 2
35C - 0 .6 7 8 0
35D -0 .6 7 2 1
36C - 0 .6 6 7 8
36D - 0 .6 5 0 0

R eaction  11 COi + 4H , = C H . 2 H .0
(S) 7 .2148 (3) 6 .6728 (S) 4 .3650 (3) 4 .4518

(SS) 7 .0435 (SS) 5.5228 (SS) 4.2360 (SS) 4.0572
(SS) 6.9380 (S3) 5.4691 (S3) . 4 .2074 (S3) 4.0783
31C 2.2819 41C 5.5101 51C 4.3643 61C 3.1314
31D 2.1915 41D 6.4708 52C 3.8875 62D 3.1953
32C 2.0298 42 C 5.2103 52 D 4.2158 63C 3.1816
33C 1.8433 43C 6.7387 53C 4.3733 64C 3.2350
33D 1.8393 44C 6.8430 54 C 4.8814 65C 3.2586
34C 0.9903 55C 4.3516
35C 0.6226 56 C 4.5717
35D 0.6670
36C 0.5344
36D 0.4347

R eaction 12: HiO + c =  CO + H,
(S) - 6 .0 3 3 6 (S) -3 .8 8 2 5 (3) -3 .9 4 2 0 (3) - 3 .4 2 9 4

31C - 1 .8 0 3 0 51C - 3 .9 6 7 8 61C - 2 .0 7 3 8
31D - 1 .7 4 2 8 52C -3 .5 7 1 9 62C - 2 .0 6 2 0
32C - 1 .1 2 5 9 52D -3 .8 6 3 0 63C - 2 .0 3 6 2
33 C - 0 .9 4 0 1 64C - 2 .0 9 7 9
33D - 0 .9 9 0 6
33E - 0 .8 6 3 0
34C - 0 .5 0 2 6
35C - 0 .2 8 6 0
35D - 0 .3 3 1 2
36C - 0 .2 7 3 8
36D - 0 .2 1 7 1

R eaction  13: CO +  COs +  7H , »  2C H , +  3HiO
(3) 16.3756 3) 12.9512 (3) 10.0533 (3) 9.9585

31C 5.0406 51C 9.1146 61C 6.4063
31D 4.8150 52 C 9.0374 62C 6.5082
32C 3.4736 52D 9.8189 63C 6.5880
33C 3.0183 64 C 6.6238
33D  3 .1553
34C 1.3263
35C 0 .5766
36C 0 .4563
36D  0 .2199

°  L ite ra tu re  references are in  parentheseB; o ther numberB in these colum ns 
refer to  experim ents.

temperatures. A t 200° C. the carbonyl was almost com
pletely decomposed. Reaction a t 250 ° C. yielded water, 
methane, and carbon dioxide as products. The increased pres
sure had little effect upon the percentages of these products. 
Carbon dioxide, which was formed in excess of methane at 
1 atmosphere pressure, was produced in almost equal amounts 
a t 5 atmospheres pressure and higher.

W ith increasing pressures (10 
to 75 atmospheres) and the same 
temperature range, the nickel car
bonyl b e c a m e  more and more 
stable. Upon reaction the same 
products were formed. In all 
cases the yield of water was a t a

F i g u r e  2 .  I s o b a b ic  P l o t  
o f  R e a c t io n  P r o d u c t s  a t  

V a r io u s  P r e s s u r e s  '

ATMOSPHERE

AT 5 
ATMOSPHERES

AT 25  
ATMOSPHERES

TEMPERATURE °C.

937
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F i g u r e  3 . P l o t  o p  U n a c c o u n t e d - f o r  C a r b o n  i n  A l l  R u n s

maximum between 250° and 300° C.; the maximum yield 
of carbon dioxide and methane was obtained between 300° 
and 350° C. The quantity of both carbon dioxide and 
methane varied less than 4 per cent between 1 and 75 
atmospheres pressure. When the quantity of these products 
was a t a maximum, the unreacted carbon monoxide and hy
drogen became a minimum.

The percentage of unaccounted-for carbon in the various 
runs, calculated by the method of Randall and Gerard (23), 
is given in Table IV and plotted in Figure 3. The effect of 
increasing temperature was to decrease the amount of un
reacted carbon. This carbon was deposited in the reaction 
tube and necessitated frequent cleaning.- The effect of pres
sure was slight a t constant temperature, and the percentage 
conversion of carbon changed about 2 per cent over the pres
sure range of 74 atmospheres.

T a b l e  IV. U n a c c o u n t e d - f o r  C a r b o n

E x p t. No. U naccounted-for C arbon E x p t. No. U naccoun ted-fo r C arbon
Mole % Mole %

31C 0.0001057 65 .25 . 45C 0.0000946 58 .40
31D 0.0001053 64 .98 46C 0.0000932 57 .49
32C 0.0001056 65 .23 51C 0.0000926 57 .16
33C 0.0001052 64 .95 52C 0.0000885 54.62
33 D 0.0001065 65.74 52 D 0.0000923 56 .96
33E 0.0001051 64 .88 53 C 0.0000917 5 6 .5S
34C 0.0001025 63 .25 54C 0.0000907 56 .00
35C 0.0001011 62.41 55C 0.0000867 53 .53
35D 0.0001041 64 .28 56C 0.0000873 53 .86
36C 0.000105S 65.34 61C 0.0000859 53.03
36D 0.0001035 63. S6 62C 0.0000852 52 .59
41C 0.0000946 58.41 63C 0.0000878 54.23
41D 0.0000969 59.84 64C 0.0000881 54 .33
42C 0.0000967 59.69 65C 0.0000879 5 4 .28
43C 0.0000964 59.51 66C 0.0000860 5 3 .08
44C 0.0000955 58.92

per cent water was formed a t 250° C. After this water 
was formed, it reacted with carbon according to Equa
tion 8. The element carbon is quite unreactive to water 
a t 250° C. In the presence of nickel the carbon was 
activated sufficiently to react with water.

A t temperatures above 250° C., general equilibrium 
prevailed between all the reactions listed in Table III. 
The logio/v values for these reactions were constant at 
constant temperature above 250° C. and agreed within 
experimental error with the results of other investigators.
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C o n c lu sio n s

Nickel carbonyl in the presence of hydrogen in molecular 
ratios of one to four decomposed with increasing temperatures 
and finally, upon sufficient activation, reacted to form carbon 
dioxide, methane, and water. These products were identical 
with those obtained by Sabatier and Senderens when hydro
genating the carbon oxides. The mechanism of the reaction 
depends upon the formation of water and the subsequent 
reaction according to Equation 8:

2C +  2HsO = CO= +  CHi

This equation gave constant values for log107C over the whole 
reactive range, whereas the other equations did not. Bone 
and Wheeler (5) found th a t electrolytic hydrogen and oxygen 
first reacted a t about 220° C. over finely divided nickel as a 
catalyst. In the hvdrogenation of nickel carbonvl almost 60

•- » ,1* r -  : ,

R u b b e r  P l a n t a t i o n  “ S m o k e  H o u s e ’’



Prim ary Liquefaction of Coal by  

Hydrogenation

C h em ica l N atu re and  E ffe c tiv e n e ss  of the V eh ic le

C. H. FISHER a n d  ABNER EISNER 
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To o b ta in  in fo rm a tio n  on  th e  relative effec
t iv en ess  o f variou s d isp ersion  m ed ia  in  th e  
p rim ary  liq u e fa c tio n  o f coa l b y  h y d ro g en a tio n , 
P ittsb u r g h  bed  co a l from  th e  b u rea u ’s experi
m e n ta l m in e  w as h y d ro g en a ted  in  over th ir ty  
v eh ic les  u n d er  co m p a ra tiv e ly  m ild  co n d it io n s  
(400° C. an d  67 a tm o sp h eres  orig in a l h y d ro 
g en  p ressu re).

P rev ious c la im s  th a t  te tra h y d ro n a p h th a len e  
is  a good  d isp ersio n  m e d iu m  w ere confirm ed . 
O f th e  o th er  h ydrocarb on s stu d ied , o n ly  m e th y l - 
n a p h th a le n e  an d  d ip h en y l w ere o f co m p a 
rab le effec tiv en ess . Several co m p le te ly  a rom atic

(n a p h th a len e  an d  ch rysen e) an d  sa tu ra te d  
h ydrocarb on s (d eca h y d ro n a p h th a len e  and  n - 
h exad ecan e) proved to  be poor v eh ic les . T h e  
p resen ce  o f polar co m p o u n d s, su c h  as p h e n o ls  
an d  a m in es , in  th e  v eh ic les  w as fo u n d  to  be  
b en eficia l.

T he p ro d u cts  form ed  in  h ig h e s t  y ie ld  w ere  
p itch es , w h ich  m e lt  a t  m o d era te ly  e lev a ted  t e m 
p eratu res. E le m e n ta r y  a n a ly s e s  o f  th e s e  
p itc h e s  in d ica ted  th a t  h y d ro g en a tio n  h a d  ra ised  
th e  carbon  an d  h yd rogen  c o n te n ts , low ered  th e  
su lfu r  an d  oxygen  c o n te n ts , an d  ca u sed  l i t t le  
ch a n g e  in  th e  n itro g en  co n te n t .

A LTHOUGH several important variables involved in the 
liquefaction of coal bj- hydrogenation have received 
much attention, little work has been carried out to de

termine the importance and role of the vehicle. Primarily this 
is because vehicles other than oils obtained from coal by hydro
genation or carbonization have not been considered interest
ing from a practical standpoint. The possibility exists, how
ever, th a t some individual compound, or mixture of several 
compounds, may be used economically in the initial stages to 
convert the coal into an ash-free material more suitable for 
further hydrogenation. A process of this kind, using a mix
ture of tetrahydronaphthalene and phenols as vehicle, recently 
received considerable attention and reached the stage of 
commercial development (33). The little evidence now 
available indicates th a t the nature of the vehicle is important, 
especially in the preliminary stages where the main purpose 
is to get the coal substance into solution. Therefore, a study 
of the vehicle’s influence in coal hydrogenation is of practical 
as well as theoretical significance.

In laboratory studies a few pure organic compounds have 
been used as vehicles. Beuschlein, Wright, and Williams
(5) showed tha t phenol or anthracene is preferable to di
phenyl. Boomer and Saddington (7) found that the conver
sion obtained on hydrogenating various coals in phenol, tet
rahydronaphthalene, petrolatum, bitumen, and naphthalene 
was largely a function of the dispersion agent, tetrahydro
naphthalene being the most effective. Pertierra (21, 22) and 
P o tt and Broche (25) found tha t mixtures of tetrahydro
naphthalene and tar phenols are better dispersion agents for 
coal hydrogenation under mild conditions than either tetra
hydronaphthalene or -phenols alone. Twenty-nine coals 
ranging in rank from lignite to anthracite were hydrogenated

in phenol (13, 14), and unsatisfactory results were obtained 
only with anthracite.

In  one of the most recent and extensive studies of the effect 
of vehicle, no direct connection between the chemical nature 
and effectiveness of the vehicle was observed (10). The pres
ence of ta r acids in the vehicle was shown to be beneficial, 
and a high-boiling oil from hydrogenated coal rvas found to be 
one of the best vehicles; it was surpassed only by a mixture 
of m-cresol and tetrahydronaphthalene. Warren (30) found 
tha t high- and low-temperature tars, but not lubricating oil, 
are suitable for the hydrogenation of coal in a continuous 
system.

To be completely satisfactory in coal liquefaction the ve
hicle must possess several important characteristics. The 
compound, or mixture of several compounds, m ust have high 
solvent and depolymerizing action on the coal. The numer
ous researches already carried out on the extraction of coal 
(2, 3) afford some basis for selecting solvents effective in this 
respect. In addition to dissolving the coal, the ideal vehicle 
should be a good solvent for hydrogen under the conditions 
of the operation. To remain in the liquid phase, the vehicle 
must have a critical temperature higher than tha t of the ex
periment. The melting point and viscosity should be com
paratively low so tha t the solutions obtained can be easily 
filtered, centrifuged, etc. The boiling point, which must be 
as high as about 200° C. to afford a satisfactory critical tem
perature, should be low enough to permit easy separation of 
the vehicle from the hydrogenated coal by distillation.

The ideal vehicle also should function as a hydrogen car
rier. ' Permanent consumption of hydrogen by the vehicle is 
objectionable, but temporary absorption and subsequent 
transference of hydrogen to the coal substance appear to
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T a b l e  I .  P h y s ic a l  C o n s t a n t s  o f  V e h i c l e s

U sed in C om pound Used as
E x p t. N o. Vehicle

39 A cctam ide
9, 20 m -Cresol
9, 20 o-Cresol
9, 20 p-Cresol

13 D ecalin
23 D ipheny l
25 D iphenylam inc
36 D iphenyl e ther
38 D iphenylm ethane
34 Glycol
10 N aph thalene
26 ar-N aphthylam in e
21 Pinene
32 Q uinoline
31 S tearic acid

8 T e trah y d ro n ap h th a len e
18 o-Toluidine

a Unless otherw ise no ted . 
b E x trap o lated .

Reference M elting Boiling C ritical Surface T ension a t D ielectric  C o n stan t Dipole
No. P o in t 

0 C.
P o in t 

0 C.
Tem p. 

0 C.
20° C .a a t  20° C .° M om ent

(.16) 81 222 3 9 .3  (S5° C.) 6 0 .3  (83° C.) 3 .72
11 203 432 37 A 5 .0  (24° C.) 1.60
31 191 422 3 9 .8  (10° C.) 5 .8  (24° C.) 1 .44

35-6 202 426 36 .7 5 .6  (2.4° C.) 1 .64
U S, IS) 191-3 384 2 6 .7  (15.5° C.) 2 .1 1 0 .0
(9, IS) 69l70 255 528 2 9 .5  (129° C.) 2.626 0 .0

53 302 3 7 .7  (80° C.) 3 .3  (52° C.) 1.3
l i i ) 27 259 3 .6 9 1.05
(11) 25 258 37'. 1 (30° C.) 2 .5 6 0 .0

- 1 5 197 47 .7 41 .2 2 .2
(¿0) 80 218 3 9 .0 t 0 .0

(4, o) 50 301 51.16 1.44
- 5 5 158-61 2 7 .0  (10° C.) 2 .7 1.10
- 1 9 . 5 237 > 5 2 0 45 .0 8 .9  (21° C.) 2 .2 5

( is ) 69-70 291 (100) 3 2 .65 2 .3 2  (67° C.)
(29) - 3 1 205-7 42 i 3 4 .2 5  (18.3° C.) 2 .6 6 6!52

- 1 6 200 4 0 .0 6 .0 1 .3

facilitate the l i q u e 
faction. I t  has been 
postulated (7, 8) tha t 
te trah y d ro n ap h th a 
lene acts as a hydro
gen carrier or donor 
in the hydrogenation 
and extraction of coal 
u n d e r  pressure and 
that its effectiveness 
as a vehicle is due to this behavior. The possibility of using 
vehicles tha t may liberate hydrogen during the experiment 
(such as decahydronaphthalene, tetrahydronaphthalene, and 
hydrogenated quinoline) is extremely interesting.

Vehicles for coal liquefaction also should be noncorrosive, 
nontoxic, and stable to thermal treatm ent. From a practical 
standpoint it is desirable tha t the vehicle be readily available, 
easily recovered, or produced during the hydrogenation, and 
it should form with pulverized coal a paste capable of being 
pumped without settling.

In the present work the vehicles were selected with little re
gard for practical considerations. Cresol, xylenol, catechol, 
quinoline, toluidine, naphthylamine, diphenylamine, thio- 
cresol, stearic acid, glycol, and acetamide were studied because 
of their polar properties. Naphthalene, methylnaphthalene, 
diphenyl, diphenylmethane, and n-hexadecane were used to 
illustrate the effect of aromatieity or parafBnicity. Decahy
dronaphthalene, tetrahydronaphthalene, pinene, nicotine, 
abietic acid, and ethyl dihydroabietate were selected pri
marily because of the possibility th a t they would function as 
sources and carriers of hydrogen. Some of the compounds 
used as such or as mixtures in the present work for the lique
faction of coal are listed in Table I, together with physical 
data. D ata for which references are missing were taken from 
International Critical Tables.

C oal an d  V eh ic les
The same coal, obtained a t the Bureau of Mines experi

mental mine a t Bruceton, Pa., was used in all the experiments. 
This Pittsburgh bed coal is classified as a high-volatile A cok
ing coal (I) and falls toward the low-rank boundary of this 
class. Plastic range curves obtained with coal from the ex
perimental mine, which show th a t the plastic state is first 
reached a t about 388° C., were recently given {26). The 
proximate and ultimate analyses of the coal used in the 
present work are given in Table I I . The sulfur was found to 
be present mainly in the pyritic and organic forms (0.83 and
0.71 per cent, respectively), sulfate sulfur being present to the 
extent of only 0.06 per cent. The fusain content of P itts
burgh bed coal generally is 2 to 3 per cent {12).

In  most cases the 
veh i c l e s  we r e  pro
cured in a satisfactory 
state of purity and 
used as such. Deca
h y d r o n a p h t h a l e n e  
( E a s t m a n  K o d a k  
C o m p a n y )  w a s  
washed with concen
t r a t e d  sulfuric acid 

and distilled. The cresol (mixture of isomers), tetrahydro
naphthalene, and a-methylnaphthalene were redistilled, only 
the middle fractions being retained. Technical grades of 
dimethylnaphthalene, chrysene, xylenol, and abietic and 
stearic acids were used.

H y d ro g en a tio n  A p p a ra tu s a n d  P roced u re
The hydrogenation experiments were carried out in a con

verter (1200-cc. capacity) made of 18-8 stainless steel. The 
converter rested on rollers which caused rotation (about 
twenty-three turns per minute) on the horizontal axis. The 
closure was a modification of the self-sealing Bredtschneider 
joint recently described {28). The seal was effected by 
means of turned copper rings made from hard drawn tubing 
The initial sealing was made by drawing up the head with set 
screws in a spider web arrangement attached to the head. 
Heat was provided by an electric furnace, the temperature 
being indicated by a thermocouple in a well bathed by the con
verter contents. The difference between the temperature of the 
converter contents and th a t indicated by the encased thermo
couple was determined and found to be about 4° a t 400° C.

A few preliminary experiments were conducted to arrive 
a t the standard conditions to be employed in the subsequent 
work. Using tetrahydronaphthalene as the vehicle, satis
factory results were obtained a t 1000 pounds per square inch 
(70.3 kg. per sq. cm.) initial hydrogen pressure and 400° C. 
when either 1 or 0.1 gram of stannous sulfide was present. 
The liquefaction of the coal was much less satisfactory when 
the stannous sulfide was omitted; this catalyst was therefore 
used in the later experiments.

Some of the previous investigators of hydrogenation ve
hicles have preferred to work without catalysts, and evidence is 
a t hand to indicate th a t differences in the effectiveness of 
vehicles are more pronounced in the absence of catalysts {10). 
In  spite of this apparent tendency of catalysts to make vehicle 
effectiveness uniform, a catalyst was used in the present ex
periments to effect considerable liquefaction under mild con
ditions and to make the operating conditions similar to those 
of actual practice.

The following is a description of the procedure adopted:

T a b l e  I I .  A n a l y s e s  o f  B r u c e t o n  C o a l  ( P e r  C e n t  b y  W e i g h t )

Volatile F ixed
M oistu re  M atte r C arbon Ash

P rox im ate 1 .6 3 5 .7 5 6 .4 6 .3

U ltim ate^ H C N O S Ash
As received 5 .3 7 7 .6  1 .6 7 .6  1 .6 6 .3
M oisture-free 5 .2 7 8 .8  1 .6 6 .4  1 .6 6 .4
M oistu re, asb-free 5 .6 8 4 .2  1 .7 6 .8  1 .7

SiO, AI3O3 F e ,0 ,  TiOs P,Os CaO M gO SO, N a ,0  K ,0
Ash analysis, %  4 5 .4 24 .1 19 .9  1 .0  0 .2 3 .6  0 .6  3 .5 0 .6  0 .9

( P e r  C e n t  b y  W e i g h t )

Fixed
C arbon Ash

5 6 .4 6 .3

O S Ash
7 .6 1 .6 6 .3
6 .4 1 .6 6 .4
6 .8 1 .7

CaO M gO SO, N a ,0  IC,0 
3 .6  0 .6  3 .5  0 .6  0 .9
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T a b l e  III. D a t a  o n  V a r i o u s  V e h i c l e s

No.

2, 8
16, 44 

17 
23 
38 
40

10, 27 
13 
21 
30 
11

24, 42 
7, 9 
28

20, 41 
29 
33

19, 32 
15, 18 
37
25
26

22
39

14
35 
34 
31

36

Vehicle

T e trah y d ro n ap h th a len e
60%  N aphthalene , 50%  te trah y d ro n ap h th ah
M eth y ln ap h th a len e0
D iphenyl
D ipheny lm ethane
C hrysene
N aph thalene
D ecahydronaph tha lene
50%  Pinene, 50%  te trahyd ronaph tha lcne
C etane
40%  D ecahydronaph tha lene, 60%  naph

tha lene

D iphenyl, 50%  cresol 
i T e trahyd ronaph tha leno , 50%  cresol
> M ethy lnaph tha lene , 50%  xylenol
> N aph thalene , 50%  cresol 
i F luorene, 50%  cresol 
i T e trahyd ronaph tha leno , 50%  catechol

50%  T e trah y d ro n ap h th a len e , 50%  quinoline 
50%  T e trah y d ro n ap h th a len e , 50%  toluidine 
50%  T etrah y d ro n ap h th a len e , 50%  nicotine 
D iphenylam ine 
a -N ap h th y la ra in e

75%  T e trah y d ro n ap h th a len e , 25%  p-thio- 
cresol

50%  T etrah y d ro n ap h th a len e , 50%  acet- 
am ide 

A bietic acid 
E th y l d ihyd roab ie ta te  
50%  T etrah y d ro n ap h th a len e , 50%  glycol 
50%  T etrah y d ro n ap h th a len e , 50%  stearic 

acid 
D iphenyl e ther

A B C D E F G H
Conversion of P u re

— P roducts------- . Coal
Liquida, Oil from Benzene Insol. Ash
solids Gases Loss C entrifuged Centrifuge Insol. residue analysis
Grams Grams Grams Grams % Grams % %

H ydrocarbon Vehicles
193.2 5 .8 2 .0 171.7 78 14.9 9 4 .5 8 9 .7

me 193.1 4 .2 3 .7 180.6 61 16.1 9 3 .2 8 7 .8
191.2 6 .5 3 .3 175.8 79 17.0 9 2 .2 88 .1
192.1 187.0 41 19.2 89 .8 8 8 .8
195.4 3 .6 2.'0 182.3 58 2 5 .8 8 2 .4 8 0 .3
194.3 . . 2 6 .9 81 .2
191.9 Ï . 6 ï . h 18Ü 0 30 2 9 .2 78 .7 68*2
194.6 5 .4 1 .0 185.3 48 31 .0 7 6 .7
189.8 6 .2 5 .0 179.7 55 33 .4 74 .0
192.7 4 .7 3 .6 183.9 60 34 .9 7 2 .3

192.4 3 .4 5 .2 36 .4 70 .7
H ydrocarbon-Phenol Vehicles

195.7 4 .8 0 .5 184.8 77 15.7 9 3 .7 91 .3
192.8 4 .2 4 .0 170.8 84 15 .7 93 .7 88 .3
193.3 6 .9 0 .8 184.1 79 17 .3 9 1 .9 8 9 .0
194.4 5 .0 1 .6 181.5 74 17 .6 9 1 .6
192.5 3 .9 4 .6 178.0 42 2 2 .4 86 .2 85 ! Ó
193.1 5 .1 2 .8 180.8 66 2 8 .0 80 .0

Am ine and H ydrocarbon-A m ine Vehicles
! 193.9 4 .3 2 .8 183.1 81 14 .8 9 4 .7 9 1 .8

193.3 4 .2 3 .5 180.7 78 16.3 9 3 .0
191.5 6 .4 3 .1 176.1 79 17 .8 91 .3
192» 3 .7 179.7 49 18 .0 91.1 87'.3
191.7 3 .3 è'.ô 164.5 57 2 0 .6 8 8 .2

M iscellaneous Vehicles

187.4 6 .7 6 .9 179.0 77 16.2 9 3 .1 9 0 .9

189.3 11.5 0 .2 179.7 77 18.8 90 .2
180.4 17.0 3 .6 138.3 22.1 86 .6 8 ÍÍ9
172.8 2 0 .6 7 .6 163.6 30 24 .2 84.2
175 21 .3 162.0 63 24 .6 8 3 .8

194.1 7 .6 + 0 .7 188.8 56 2 9 .7 78.1
196.8 3 .4 0 .8 186.2 44 3 0 .0 7 7 .8 76 '.Ô

a 60 per cen t a lpha- and  40 per cent be ta -m ethy lnaph thalene. 
& A pproxim ate.

A mixture of 1 gram of stannous sulfide (prepared in the usual 
manner from the chloride) and 100 grams of coal (200-mesh) was 
placed in the bomb, and 100 grams of the vehicle were added. 
After the head was attached and the bomb flushed successively 
with nitrogen and hydrogen, hydrogen was introduced until the 
pressure was 1000 pounds per square inch. After 0.5 to 1 hour 
had elapsed, the pressure was again brought to 1000 pounds, 
replacing the hydrogen which had dissolved in the reactants. 
The temperature of the converter was then brought to 400° C. 
at the rate of approximately 2° per minute and maintained at 
400° (±3°) for 3 hours. After the converter had cooled over
night to room temperature, the gaseous contents were passed 
through a wet test meter, and an average sample was collected 
by mercury displacement. Gas samples were analyzed in the 
Orsat apparatus, Bureau of Mines type (Table VII).

The liquid and solid contents of the converter were transferred 
to a weighed bottle and centrifuged for 1 to 2 hours at about 
2800 r. p. m. The ash-free oil thus obtained was removed from 
the bottle, weighed, and distilled. The amount of oil obtained 
from the centrifuge, calculated as per cent of the material centri
fuged, is given in Table III (column E). 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 re
moved. The combined residues were washed several times 
with acetone at room temperature and dried to obtain the weight 
of acetone-insoluble material. The acetone residues were washed 
with benzene for 4S hours in Soxhlet extractors, dried in an oven 
at about 100° C. for 24 hours (or in a vacuum at 100° for S 
hours), and weighed to ascertain the amount of benzene-insoluble 
material (column F, Table III). .

Since the degree of liquefaction is probably best indicated 
by the quantity of benzene-insoluble material, a check on the 
accuracy of the manipulations leading to the isolation of this 
material was desired. This check was obtained by determining 
the ash content of the benzene-insoluble residue and calculating 
the amount of ash recovered. Usually about 6 of the 7.3 grams 
originally present (6.3 grams of ash and 1 gram of catalyst) was 
accounted for in the benzene-insoluble residues. The conversion 
of pure coal was then calculated on the basis of complete ash 
recovery; these data, which are in satisfactory agreement with 
the yields (column G) determined in the usual manner, are given 
in column H.

The centrifuged oil was distilled through a Vigreux column 
to recover the unchanged vehicle and separate any low-boiling 
material. The vehicles of moderately low boiling point (naphtha
lene, Tetralin, cresol, toluidine, etc.) could be easily separated 
from the high-boiling product in this manner. Great difficulty 
was experienced in distilling the high-boiling vehicles, either 
a t atmospheric pressure or in vacuum, because of their tendency 
to foam or run over. The distillation residue, the main product 
of the liquefaction process, was conveniently poured from the 
flask while hot.

In a few instances the products were analyzed by a modified 
procedure. The solid products obtained in experiments 10, 11. 
and 46 were extracted directly with benzene for 3 to 4 days, the 
extent of liquefaction being judged by the weight of benzene- 
insoluble residue. The products obtained in experiments 14, 
23, and 27 were converted into viscous oils by warming to 50- 
60° C., diluted with 30 cc. of benzene or Tetralin, and centrifuged. 
The centrifuge residues were then washed with acetone and 
extracted for 48 hours with benzene in the usual manner.

N a tu re  o f P ro d u cts
As obtained from the converter, the products ranged from 

viscous oils to comparatively firm solids. Products smelling 
strongly of ammonia were obtained in the a-naphthylamine 
and acetamide experiments, possibly because of the produc
tion of ammonia or aliphatic amines from the vehicles. In 
most cases the products had the odor of hydrogen sulfide. 
Cfentrifuging separated the crude products into:

1. Residues consisting of ash, fusain, stannous sulfide, and 
other material resistant to hydrogenation, as well as some of the 
solution containing the vehicle and dissolved products.

2. Small quantity of water and a solution of vehicle and 
hydrogenated coal. This solution appeared to be homogeneous 
but exhibited definite colloidal properties upon ultramicroscopic 
examination.

After being separated from ash and residues by centrifuging 
and from vehicles by distillation, the products were firm 
pitches a t room temperature. At moderately elevated tem
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peratures (100° to 150° C.) these products were soft or fluid. 
Although little volatile a t reasonable temperatures, distilla
tion of the pitches a t 5 mm. to 200° C. produced small yields 
(8 to 10 cc.) of oil. Ultimate analyses of the pitches are given 
in Table IV. Since the pitches contained small amounts of 
ash (about 0.5 per cent) the separation of heavy oil and ash 
by centrifuging was not complete. As shown in the follow
ing table, extraction with benzene in the Soxhlet apparatus 
caused about 70 per cent of the pitches to dissolve:

T o ta l E x tn . Loss afte r:
P itch  No. 24 hr. 48 hr. 96 hr. 48 hr.® 144 hr.

■Weight per cent-
12 6 3 .3 7 7 .3
15 3 6 .4 6 2 .0
17 61 .3 65 .1 67 !o
22 50 .6 69 .5
32 36 .4 53 .’5 7CL7 7 0 .7

° T e trah y d ro n ap h th a len e .

The two pitches dissolved with greatest difficulty (17 and 32) 
were obtained by distillation to 245° C.; the other vehicles 
were removed by distillation to about 215° C. The usual 
proximate analysis was carried out for pitches 22 and 28 with 
the results shown below (in per cent) :

P itch  V olatile Fixed
N o. M oistu re  M a tte r  C arbon  Ash
22 0 .7  7 0 .0  2 9 .2  0 .1
28 0 .5  6 2 .7  3 6 .3  0 .5

Several significant conclusions may be drawn from the 
pitch analyses in Table IV. W ith certain understandable ex
ceptions, the pitches are rather uniform in composition. The 
high nitrogen content of the pitches from experiments IS 
and 19 are probably due to incomplete separation of the nitro
gen-containing vehicles on distillation. As was to be ex
pected, addition of hydrogen and removal of inorganic ele
ments as hydrogen sulfide, etc., increased the hydrogen and 
carbon contents and lowered the carbon-hydrogen ratio. 
Both the sulfur analyses and the sulfide-like odor of the prod
ucts show tha t the total sulfur content was considerably 
lowered. The organic sulfur was reduced from G.713 to about 
0.4 per cent. The high sulfur content of pitch 22 probably 
arose from the incomplete removal of the sulfur added origi
nally as p-thiocresol in the vehicle.

T a b l e  IV. P i t c h  A n a l y s e s  ( P e r  C e n t  b y  W e i g h t )

•Ash, M oisture-F ree
P itch  No. H C N O S

9 6 .3 8 7 .8 1 .8 3 .6 0 .5
16 6 .5 8 8 .4 1.6 3 .1 0 .4
17 6 .2 88 .6 1 .8 3 .0 0 .4
18 6 .8 87 .9 2 .5 2 .5 0 .3
19 6 .4 S7.7 3 .2 2 .3 0 .4
20 6 .4 S8.2 1 .8 3 .2 0 .4
22 6 .5 88 .9 1 .6 1.4 1 .6
28 6 .4 89 .1 1 .8 2 2 0 .5
43 6 .4 8 8 .5 1.9 2 .7 0 .5
44 6 .6 8 9 .2 1 .6 2 .2 0 .4

C oal analysis 5 .6 84 .2 1.7 6 .8 1 .7

The products, excluding the a-naphthylamine and acet- 
amide experiments, had no odor of ammonia. This fact 
and the nitrogen analyses indicate th a t the mild conditions 
used in the present work, although sufficient to eliminate con
siderable quantities of sulfur and oxygen, failed to remove 
much nitrogen. Since the recovered hydrocarbon vehicles 
contained tar bases, some of the coal nitrogen m ust have been 
converted into amines.

More than half the oxygen was removed during the hydro
genation (Tables IV and V). The distribution of oxygen 
among the products of two experiments (hydrocarbon 
vehicles) is shown in Table V. Unlike the carbonization proc
ess which converts most of the oxygen into water, hydrogena
tion under the conditions of the present experiments gave

products which contain a large proportion of the original oxy
gen in phenols and pitch. Since recovery of all the water 
formed during hydrogenation is difficult, it is likely tha t the 
data for oxygen going into water (Table V) are erroneously 
low. The carbon dioxide value includes all acidic gases and 
hence is high. In  spite of these errors the data in Table V 
show clearly th a t mild hydrogenation gives products whose 
oxygen distribution is different from tha t of carbonization 
products.

T a b l e  V. D i s t r i b u t i o n  o f  O x y g e n  a m o n g  P r o d u c t s

/-------------%  Oxygen in  O riginal Coal— ---------
B itum inous 

Brow n coal coal carbon-
A ppearing in P roducts /—P resen t w ork—' hydrogen ¡zed a t

as C o n stitu en t of: E x p t. 16 E x p t. 17 a te d  (IS) 520° C. (27)
W ater (constitu tion) 7 7 3 5 .6 7 0 .8
C arbon  dioxide 7 15 4 6 .0 6 .6
C arbon m onoxide 0 ■1 2 .8
Phenols 5 15 15.5
P itch 42 39 1 .9
R esidue (or coke) 10 12 17.9

T o tal 73 92 97 .1 100.0

In no case was it demonstrated that the vehicle could be 
quantitatively recovered by distillations although good yields 
were usually obtained. In  a number of experiments the re
covered vehicles were extracted with alkali and mineral acid 
to determine the tar acid and base contents (Table VI). The 
presence of ta r acids and bases in the recovered hydrocarbon 
vehicles indicates th a t these products were formed from the 
coal during the liquefaction. Analysis of the recovered 
phenol and amine vehicles for ta r acids and bases showed 
th a t these compounds resist hydrogenation under the present 
experimental conditions. The low tar acid content of the 
distillate and the high sulfur content of the pitch (Table IV) 
indicate th a t the recovery of p-thiocresol in experiment 22 
was poor. The high yield of water and the high tar acid 
content of the distillate boiling up to 202° C. (experiment 33, 
Table III) show th a t catechol (boiling point 240° C.) was hy
drogenated to phenol.

The composition of some of the hydrogenation gases is 
shown in Table V II. Experiments for which gas analyses are 
not reported yielded gaseous products similar to those of the 
first four experiments in Table VII. When the composition 
of the gas varied much from tha t of these four experiments 
(tetrahydronaphthalene, naphthalene, tetrahydronaphtha- 
lene-naphthalene, and tetrahydronaphthalene-cresol vehi
cles) the differences could be traced to reactions of the 
vehicle. When stable vehicles were used, the gases con
tained methane and ethane as the chief constituents (exclud
ing hydrogen), the first hydrocarbon predominating. Only 
negligible amounts of unsaturated hydrocarbons or substances 
soluble in sulfuric acid were found in the gases.

The presence of large amounts of methane in experiments 
34, 35, 37, and 39 indicates th a t this hydrocarbon was formed 
by hydrogenation of the vehicle. The high ethane contents of 
the gases from the glycol and acetamide experiments might be 
expected. The carbonyl groups in the vehicles [abietic acid 
{17), stearic acid, and ethyl dihydroabietate] were respon
sible for the high yields of carbon dioxide and monoxide in ex
periments 14, 31, and 35. I t  is interesting to note tha t carbon 
monoxide, but not carbon dioxide, was obtained in increased 
yield when acetamide was the vehicle. There is no obvious 
reason for the high carbon dioxide content of the gas from 
the glycol experiment. The high yield of acidic gases in ex
periment 22 was probably due to the conversion of some of the 
vehicle (p-thiocresol) into hydrogen sulfide.

The acetone- and benzene-insoluble residues were brown or 
black finely divided solids. I t  was difficult to identify con-
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T a b l e  VI. D i s t i l l a t i o n  o r  C e n t r i f u g e d  O i l

E x p t.
No. Vehicle

Oil
D istilled

D istilla
tion  E n d  
P o in t

D istilla te  
W ater Oil

Vol. %  
D istilla te  

T a r  T a r 
acids bases

G rav ity  a t  60° F . 
(15.6° C.) 

D is
t illa te  Vehicle

2 T e trah y d ro n ap h th a le n e

Grams

127.3

° C. 
i 220 
( 200°

Cc. Cc.

7l 5} 2 .9 0 .4 5

°A . P . I,

9 T e trahydronaph tha lene-
cresol 148.5 214 2 .0 80 5 0 .0 10.0 10.0

15 T  e trahyd ronaph tha lene- 
to lu id ine 135.5 215 1 .0 75 46 .0 12.5

19 T etrahydronaphfchalene-
quinoline 149.3 245 2 .3 71 3 5 .6 11.0

13 D ecahydronaphtha lene 88.1 207 83 29 .3 2 7 .6
17 M ethy lnaph tha lene

T e trah y h ro n ap h th a lcn e
thiocresol

139.2 245 Ü 3 79 i'.8 i  .4 11.9
22

137.9 220 0 .8 72 9 .2 13.4
“ A t 6 mm.

T a b l e  VII. A n a l y s i s  o p  H y d r o g e n a t i o n  G a s e s

No. Vehicle CO2 H jS CnH«n O2 h 2 CO CEU C 2Hr N j
2, 8, 12 T e trah y d ro n ap h th a len e 1 .3 0 .1 0 .5 88 .4 0 .3 3 .6 3 .9 1 .8

10, 27 N aph thalene 1 .3 0 .1 0 .3 88 .9 0 .5 5 .3 3 .4 0 .4
16, 44 

7, 9

T e trah y d ro n ap h th a len e-
n aph tha lcne

T e trahydronaph tha iene-
0 .7 0 .1 0 .5 90 .1 0 .4 4 .4 2 .8 1.1

cresol 1 .0 0 .0 0 .6 9 0 .0 0 .2 4 .5 2 .0 1 .7
14 A bietic acid 11.1 0 .0 0 .5 77 .9 1 .0 5 .9 3 .3 0 .3
22 T etrah y d ro n ap h th a len e -

thiocresol 2 .4 0 .2 0 .4 88 .6 0 .1 5 .5 2 .9 0 .0
31 T etrah y d ro n ap h th a len c- 

s tearic  acid 3 .6 0 .2 0 .7 8 4 .4 2 .0 6 .1 3 .3 0 .0
34 T e trahydronaph tha lene -

glycol 4 .4 0 .6 0 .6 60 .6 2 .9 10 .8 18.2 1 .9
35 E th y l d ihyd roab ie ta te 10.0 0 .0 O.S 67 .2 1 .9 15 .4 4 .8 0 .0
37 T etrah y d ro n ap h th a len e -

nicotine 0 .5 0 .0 0 .1 8 3 .5 0 .3 10.6 4 .3 0 .7
39 T e trahydronaph tha leno -

acetam ide 0 .0 0 .3 0 .3 73 .0 3 .1 10.2 13.0 0 .1

as a measure of the fluidity of the products 
a t room temperature.

In  confirmation of previous claims, tetra- 
hydronaphthalene was found to function 
excellently as a hydrogenation medium. 
However, the addition of stable polar com
pounds (toluidine, cresol, quinoline, etc.) to 
tetrahydronaphthalene gave vehicles which 
were equally satisfactory or superior. Be
cause coal hydrogenation proceeds better in 
the presence of acids (34), it  is somewhat 
astonishing th a t mixtures of amines (o- 
toluidine, quinoline, etc.) with tetrahydro
naphthalene gave good results. However, 
amines (2, 3) such as toluidine and quino
line are known to be effective in dissolving 
or depolymerizing the coal substance.

Several hydrocarbons (tetrahydronaphtha
lene, methylnaphthalene, and diphenyl) 
were found to be good vehicles. Methyl
naphthalene is especially interesting be
cause, like tetrahydronaphthalene, it  gave 
a product fluid a t room temperature. Why 
methylnaphthalene is a good dispersion 
medium is not known. The superiority of 
methylnaphthalene is in harmony with the 
observation (10) that low-temperature tar 
(containing alkylated aromatic hydrocar-

stituents in these residues with the microscope, but their col
loidal nature and the excellent distribution of the catalyst 
were established. The acetone residue from experiment 17 
was analyzed with the following results (per cent by weight) : 
hydrogen, 3.3; carbon, 60.3; nitrogen, 1.3; oxygen, 0.8; sul
fur, 3.7; ash, 30.6.

The amounts of hydrogen consumed in the liquefaction ex
periments were calculated and found to vary from 1.5 to 3.5 
grams. Since the possibility of slight leakage cannot be 
completely excluded, great significance cannot be attached to 
these values. However, in most cases the calculated hydro
gen absorption agrees well with the other experimental data. 
For example, only 1.5 and 1.9 grams of hydrogen were con
sumed in the diphenyl ether and diphenylmethane experi
ments, respectively, whereas considerably more hydrogen was 
absorbed in other experiments in which extensive liquefaction 
occurred (Table V III). The vehicles reacted with hydrogen 
in the naphthalene, tetrahydronaphthalene-quinoline, tetra
hydronaphthalene - catechol, tetrahydronaphthalene - glycol, 
and tetrahydronaphtlialene-acetamide experiments (2.7, 3.2, 
3.2, 3.5, and 3.4 grams of hydrogen absorbed, respectively). 
In the diphenyl experiment the outlet tubing became clogged, 
and a gas sample was not collected. A similar experience 
with diphenyl was reported by Beuschlein, Wright, and Wil
liams (5).

D iscu ss io n  of R e su lts

Several vehicles were found to be excellent media for the 
liquefaction of Bruceton coal. These and the other solvents 
are arranged in Table I I I  approximately in the order of de
creasing merit, the degree of liquefaction being judged by 
the amount of residue insoluble in acetone and benzene. 
Although considerable differences in effectiveness were ob
served, it was impossible to make exact comparisons or ex
tensive correlations between constitution of vehicle and ef
fectiveness. The amount of ash-free oil obtained on centri
fuging the crude product (column E, Table III) may be taken

T a b l e  VIII. M a x im u m  a n d  F i n a l  P r e s s u r e s  o p  H y d r o g e n  
A b s o r p t i o n

E x p t. No. Vehicle
Pressure, L b ./S q . In . 

M axim um  F inal
H ydrogen
A bsorbed

2, 8 T e trahydronaph tha lene 2458 775
Grams

2 .4
7, 9 T e trahydronaph tha lene-

cresol 2450 765 2 .2
10, 27 N aph thalene 2335 658 2 .7
16, 44 T e trahydronaph tha lene-

naph tha lene 2340 705 2 .1
19, 32 T e trahydronaph tha lene-

quinoline 2125 520 3 .2
20, 41 N aphthalcne-cresol 2300 640 2 .6
24, 42 D iphenyl-cresol 2300 695 2 .3

17 M ethy lnaph tha lene
T e tranydronaph tha lenc-

catechol

2230 625 2 .8
33

2440 510 3 .2
34 T e trahydronaph tha lene-

glycol 2920 630 3 .5
39 T etrah y d ro n ap h th a len e-

acetam ide 2910 550 3 .4
36 D iphenyl e th e r 2310 810 1 .5
38 D iphenylm ethane 2310 750 1 .9

bons) is a better vehicle than high-temperature tar (contain
ing large amounts of naphthalene and other completely 
aromatic hydrocarbons).

Two completely aromatic hydrocarbons, naphthalene and 
chrysene, were poor vehicles. Diphenylmethane, which is 
principally aromatic, was also a poor liquefaction medium. 
Permanent absorption of hydrogen (little or no subsequent 
dehydrogenation or transference of hydrogen to coal) would 
explain the failure of these aromatic hydrocarbons to function 
as good vehicles. I t  is interesting that, when naphthalene 
was used with tetrahydronaphthalene or cresol, the liquefac
tion of coal was better than with naphthalene alone. The 
saturated hydrocarbons, decahydronaphthalene and n-hexa- 
decane, were very unsatisfactory, probably because of their 
poor solvent action for coal. The poor results obtained 
with decahydronaphthalene (as well as in the pinene-tctra- 
hydronaphthalene experiment) may be attributed in part to 
its low critical temperature (384° C.).

The hydrogen-rich compounds (decahydronaphthalene, 
pinene, abietic acid, and ethyl dihydroabietate), which con-
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ceivably might have evolved hydrogen during the experi
ment, proved very unsatisfactory as vehicles. Perhaps 
higher temperatures or more suitable catalysts would have 
converted these compounds into hydrogen and (at least for 
decahydronaphthalene) good liquefaction media. Another 
hydrogen-rich compound, nicotine, was very effective, but 
whether this resulted from hydrogen liberation or from its 
polar properties is not known.

Although all the other cresol-hydrocarbon mixtures were 
good vehicles, the cresol-fluorene mixture was only fair. I t  
is interesting to note tha t fluorene is somewhat similar in 
structure to diphenylmetliane, which is a poor vehicle. Cate
chol, an interesting compound because of its depolymerizing 
action on coal derivatives, was an unsatisfactory vehicle, 
partly because its conversion into phenol and water required 
a considerable amount of hydrogen. Several other polar 
vehicles (p-thiocresol, acetamide, and glycol) were also hydro
genated during the liquefaction experiments.

Two fractions (boiling a t 185° to 215° and 270° to 399° C.) 
of a hydrogenated coal distillate furnished by T. E. Warren of 
the Department of Mines, Ottawa, Canada, were used under 
the standard conditions of the present work in the liquefac
tion of Bruceton coal. The analysis of the hydrogenated 
coal from which these fractions were taken is given in Table 
IX . The lower boiling fraction (185° to 215° C.) was a poor 
vehicle (75 per cent conversion of pure coal), partly because 
of the low critical temperatures of some of its constituents 
and the hydrogenation of the vehicle (distillation indicated 
that considerable quantities of lower boiling material had 
been formed). The product obtained with the higher boiling 
fraction (270° to 399° C.) was a gummy ta r which, although 
not fluid a t room temperature, was almost completely dis
solved (excluding ash, fusain, and catalyst) by benzene in a 
Soxhlet extractor.

Technical dimethylnaphthalene (containing 3.3 per cent 
tar acids and 8.9 per cent ta r bases) was found to be a fair 
vehicle; S5 per cent of the dry, ash-and fusain-free coal was 
liquefied. The vehicle recovered by distillation to 260° C. 
contained 4.3 per cent tar acids and 7.8 per cent tar bases.

Anthracene oil was found to be a good vehicle; over 90 per 
cent of the pure coal was liquefied. The anthracene oil used 
contained 3.0 per cent tar acids and 4.6 per cent ta r bases; 
on distillation, 3 per cent came over up to 200° C. and 68 per 
cent up to 200° C. (9 mm.). The ultimate analysis of the 
oil follows (per cent by weight): carbon, 90.6; hydrogen,6.4; 
nitrogen, 0.8; sulfur, 0.6; oxygen, 1.6. The anthracene oil 
experiment, as well as the ones employing naphthalene, chry- 
sene, and the two hydrogenated coal distillates, indicates tha t

vehicles of high molecular weight are superior to those of low 
molecular weight and the same chemical nature.

If a few vehicles are excluded (especially those modified 
during the experiment), several general correlations can be 
made between the effectiveness and physical constants. Such 
generalizations cannot be relied upon completely, for too 
many variables and unknowns are involved. A satisfactory 
vehicle should be effective in dissolving the coal substance; 
the situation is therefore somewhat similar to the extraction 
of coal, in which polar solvents are known to be superior. 
However, the extraction of coal in the presence of hydrogen 
is much more complicated. Other factors, such as resistance 
to permanent hydrogen absorption, ability to act as hydrogen 
carrier, etc., are involved. In  the following discussion of the 
relation between effectiveness as a vehicle and physical con
stants the constants are given for 20° C. unless otherwise 
stated.

None of the vehicles with low surface tensions (below 30) 
proved to be effective (Table I). However, the 
surface tension cannot be taken as a complete 
measure of the vehicle’s merit. For example, 
diphenylmetliane (37.1 a t 30° C.) and naphtha
lene (39.0) were not as good as tetrahydro
naphthalene, which has a surface tension of 34. 
Tetrahydronaphthalene, however, has a dipole 
moment of 0.52, while the other two hydrocar
bons have zero moments. The greater resist
ance of tetrahydronaphthalene to hydrogenation 
and its hydrogen-carrying capacity are probably 
largely responsible for its superiority.

Tetrahydronaphthalene (0.52) was the only 
vehicle with a dipole moment under 1.3 to func
tion satisfactorily as a vehicle. Some of the worst 
vehicles (cetane, diphenylmethane, naphthalene, 
decahydronaphthalene) have zero dipole mo
ments; other vehicles with low moments (di
phenyl ether 1.05, pinene 1.10) were also un
satisfactory. However, one hydrocarbon with a 
zero moment (diphenyl) was a fair vehicle.

None of the good vehicles has dielectric constants below
2.5, and only one (diphenyl, 2.62) has a constant below 3.3. 
However, one vehicle (diphenyl ether, 3.69) with a constant 
above 3.3 was a poor dispersion medium. In  most cases the 
best vehicles (cresol 5.5, quinoline 8.9, toluidine 6.0, and xy- 
lenol 4.8) have high dielectric constants.

A ck n o w led g m en t

The authors desire to express their sincere appreciation of 
the generous assistance given by H. M. Cooper, R. F. Aber- 
nethy, and W. A. Selvig of the Coal Analysis and Miscellane
ous Analysis Sections. The gas analyses were carried out 
under the supervision of H. H. Schrenk of the Gas and Dust 
Section, Health Division. Reinhardt Thiessen of the Coal 
Constitution Section made the microscopic examinations.

Special thanks are due H. H . Storch and his associates in 
the Physical Chemistry Section for many helpful suggestions 
during the course of the work and the construction of the hy
drogenation equipment.

L itera tu re  C ited
(1) Am. Soc. Testing Materials, Process 35, Part I, p. 847 (1935).
(2) Asbury, R. S., I n d .  E n g .  C h e m ., 28, 68 7  (1936).
(3) Bakes, W. E., Dept. Sei. Ind. Research (Brit.), Fuel Research

Tech. Paper 37  (1933).
(4) Bergmann, E., and ffeizm an, A., Trans. Faraday Soc., 32, 1318

(1936).
(5) Beuschlein, W. L., Wright, C. C., and Williams, C. M., Ind.

E n g .  C h e m ., 26 , 4 65  (1 9 3 4 ).
(6) Bhatnagar, S. S., and Singh, B ., J. Indian Chem. Soc., 6 , 263

(1929).

T a b l e  IX. C o m p o s i t i o n  or H y d k o g e n a t e d  C o a l  D i s t i l l a t e

F rac tio n  1 F rac tio n  2 F rac tio n  3 F rac tio n  4

Boiling range, 0 C. T o  150 150-225 225-300 300-370
Y ield, cc. 37 (0.75 cc. of H ,0 ) 138.5 275 293
Y ield, %
G rav ity  a t  60° F . (15.0° C.)

5 18.6 37 3 9 .4

(hyd rom eter), ° A. P. I. 3 6 .8 ° 23 .2 15.8
1.029 kt*86° F. 

(30° C.)
Sp. gr. (pycnom eter) 0.822 a t  87° F . 

(30.6° C.)
0 .914° 0 .9 5 9 “

T a r acids, % 6 .0 21 .4 15.9 7 .4
T a r bases, % 6 .5 3 .0 2 .1 0 .6

N eu tra l oil constituen ts , % :
Olefins 10 0 8 10
A rom atics 

U nsu lfonated  oil (paraffins and
33 5 0 .7 7 0 .8 75

naph thenes), %
Paraffin  fraction:

R efractive  index a t  85° F.

57 4 9 .3 2 1 .2 15

(29.4° C.) 1.4115 1.4324 1 .4558 1.4678
Sp. gr. (pycnom eter) a t  85° F . 
Aniline poin t, ° C.

°  C alcula ted .

0 .740 0 .786 0 .835 0 .8 5 8
49 .3 5 6 .8 7 1 .6



AUGUST, 1937 INDUSTRIAL AND ENGINEERING CHEMISTRY 945

(7) Boomer, E. H., and Saddington, A. W., Can. J. Research, 12,
825 (1935).

(8) Boomer, E. H., Saddington, A. W., and Edwards, J., Ibid., 13,
Sect. B, 11 (1935).

(9) Cork, J. M., Rev. Sci. Instruments, 1, 5G3 (1930).
(10) Dept. Sci. Ind. Research (Brit.), Rept. Fuel Research Board for

Year Ended March 31, 1936.
(11) Estermann, J., Z. physik. Chem., B l, 134 (1928).
(12) Fieldner, A. C., and Davis, J. D ., U. S. Bur. Mines, Monograph

5 (1934).
(13) Graham, j .  I., and Skinner, D. G., J. Soc. Chem. Ind., 48, 129T

(1929).
(14) Graham, J. I., and Skinner, D. G., Proc. 3 rd  Intern. Conf.

Bituminous Coal, 2, 17 (1931).
(15) Herz, W., and Schuftan, P., Z. physik. Chem., 101, 269 (1922).
(16) Kumler, W. D ., and Porter, C. W., Am. Chem. Soc., 56, 2549

(1934).
(17) LaLande, W. A., Jr., I n d .  E n g .  C h e m ., 26, 678 (1934).
(18) Lautsch, W., Z. physik. Chem., B l, 115 (1928).
(19) Makray, I. von, Brennstoff-Chem., 11, 61 (1930).
(20) Marti, F. B ., Bull. soc. chim. Belg., 39, 590 (1930).

(21) Pertierra, J. M., Anales soc. espaü. / is . qulm., 32 , 7 02  (1 9 3 4 ).
(22) Pertierra, J. M., J . Inst. Fuel, 9, 16  (1935).
(23) Petroleum Times, 35 , 609 (1 9 3 6 ) ; Chem. Trade J ., 99 , 133

(1 936).
(24) Pier, M., German Patent 5 97 ,255  (M ay 19, 1934).
(25) Pott, A., and Broche, H., Glückauf, 69 , 903  (1933).
(26) Schmidt, L. D., Elder, J. L., and Davis, J. D ., I n d .  E n g .

Chem., 28 , 1346 (1936).
(27) Thau, A., “Die Schwelung von Braun- und Steinkohle,” p. 36,

Halle (Saale), W. Knapp, 1927.
(28) Tongue, H., “Design and Construction of High Pressure

Chemical Plant,” p. 203 , London, Chapman and Hall, Ltd., 
1934.

(29) Van der Pyl, L. M., Am. Gas Assoc. Proc., 1933, 870.
(30) Warren, T. E., and Gilmore, R. E., I n d .  E n g .  Chem., 29, 353

(1937).

R eceived F ebruary  16, 1937. Presen ted  before the  D ivision of Gas and 
Fuel C hem istry  a t  the  93rd M eeting of the  A m erican C hem ical Society, 
C hapel H ill, N. C ., A pril 12 to  15, 1937. Published  by  perm ission of the 
D irector, U . S. B ureau  of M ines. (N ot su b jec t to  copyright.)

DER ALCHIMIST

B y M a rtin  J o h a n n  S c h m id t

Here we see the effect of Shakes
peare’s witches upon the alchemists’ 
activities. Just what rare element 
the scorpion contains and its effect 
upon the elixir of life or love philtre 
being prepared are, of course, unknown.

Schmidt was born near Krems, 
Austria, in 1718, and studied in Vienna 
and Venice. He spent most of his 
life in Stein on the Danube, where he 
became a City official, dying here in 
1801 after an active career as a painter 
and etcher.

This is No. 80 in the Berolzheimer 
series of Alchemical and Historical 
Reproductions, having been copied 
from an engraving by Ferdinand 
Landerer of the original painting.

A detailed  lis t of R eproductions Nos. 1 to  60 
appeared  in  our issue of Jan u a ry , 1936, pa^e 
129, and  the  lis t of Nos. 61 to  72 appeared  in 
Jan u a ry , 1937, page 74, where also will be 
found R eproduction  No. 73. R eproduction  
No. 74 appears on page 166, F eb ruary  issue, 
No. 75 on page 345, M arch issue, No. 76 on 
page 459, A pril issue, No. 77 on page 554, 
M ay  issue, No. 78 on page 710, Ju n e  issue, 
and  N o. 79 on page 776, Ju ly  issue.



Dextrose in the Manufacture of 

Fruit and Vegetable Products

T h e p h y sica l an d  c h e m ic a l p rop erties o f r e 
fin ed  d extrose  are d isc u sse d  in  r e la tio n  to  its  
s u ita b ility  in  m a n u fa c tu r e d  fru it a n d  v eg e 
ta b le  p ro d u cts . D extrose , a s n o w  o b ta in a b le  on  
th e  m a r k e t, is  co m p a ra b le  to  su cro se  in  p u r ity  
an d  m a y  b e  u sed  a d v a n ta g eo u s ly  in  m a n y  
ca n n ed  food s, fru it p ro d u c ts , an d  p ick les . B e
ca u se  o f low er so lu b ility , fin a l d extrose c o n 
c e n tr a tio n s  are l im ite d  to  le ss  th a n  50 per ce n t .  
N o rm a lly , m ix tu re s  o f su cro se  an d  d extrose  
m u s t  b e  u sed  u n le s s  th e  a m o u n ts  are s m a ll  
as in  ca n n ed  v eg e ta b le s  a n d  to m a to  ju ice .

Preserves, ja m s, an d  je llie s  c o n ta in in g  d ex
tro se  sh o u ld  n o t  b e “ f in ish e d ” b y  te m p e r a 
tu r e , b eca u se  o f th e  h ig h er  b o ilin g  p o in t  o f  
dextrose  so lu t io n s  as co m p a red  to  th o se  p re

pared  w ith  su cro se . D extrose  a lo n e , or in  
m ix tu re s  w ith  su cro se , d oes n o t  in ju r e  g e la tio n  
of p e c t in  in  je llie s  an d  preserves. S im ila r ly  
th er e  is n o  effect o n  y ie ld . A lis t  o f p ro d u c ts  
in  w h ich  d ex trose  ca n  b e u sed  to  a d v a n ta g e  is  
given .

T h e a d d itio n  o f 1 to  2 p er c e n t d ex trose  to  
b rin ed  cu cu m b er s , p ep pers, cau liflow er , o n io n s ,  
an d  g reen  to m a to e s  g rea tly  im p ro v es th e  
r e su lt in g  p ro d u c ts  b y  in c rea s in g  th e ir  la c t ic  
a cid  c o n te n t , p rev en tin g  sp o ila g e , a n d  e n 
h a n c in g  th e  k eep in g  q u a lity . P re lim in a ry  
e x p er im en ts  sh o w  th a t  d ex trose  is  u s e fu l in  
sw ee t p ick le  m a n u fa c tu r e  b y  im p ro v in g  th e  
te x tu re  an d  y ie ld  w ith o u t  in ju r in g  th e  a p 
p earan ce .

C RYSTALLINE dextrose 
manufacture was made 
commercially possible in 

1923 by the granting of the New
kirk patents {19, 20) on corn 
starch hydrolysis and the eco- 
n o m i c a l  separation of high- 
purity dextrose from the con
verter liquors. Commercial production, which began in 1922, 
has risen phenomenally. B ut not until 1926 was chemically 
pure dextrose accepted by the United States Pharmacopoeia 
in its Tenth Revision. Industrial applications of refined 
dextrose and its properties have been pointed out by Cathcart 
(4), Arnold (I, 2), and Krno {15), as well as by the manufac
turers themselves. Krno, in particular, summed up the infor
mation relative to the suitability of various commercial grades 
of dextrose in the food industries. Bakers and confectioners 
have always been the largest users of refined dextrose, al
though large quantities are also used in chocolate, pharmaceu
tical, and medicinal products. Recently, dextrose has been 
offered a t retail for home use.

Not until 1930, when the Secretary of Agriculture ruled 
th a t refined dextrose could be used in the manufacture of food 
products without label declaration, was the utilization of 
dextrose by canners, preservers, beverage manufacturers, 
and allied food industries seriously considered. Although a 
few states still require the labeling of some manufactured 
foods containing dextrose, the wisdom of retaining such regu
lations is questionable. Certainly no fraud is perpetrated and 
no nutritional or public health aspects are concerned. Dex
trose and sucrose have practically equivalent purity and nu
tritive values. The former contains fewer microorganisms. 
Since corn is one of our staple agricultural crops and a surplus 
is often produced, it would seem to be in the public interest to 
extend, rather than to restrict, the use of refined dextrose.

P h y s ic a l P ro p erties

Hydrated dextrose contains 
one  m o l e c u l e  of water of 
crystallization. I t  is a white 
crystalline s u b s t a n c e  r e s e m 
bling sucrose but is only about 
75 per cent as sweet. Dextrose 

is readily soluble in water a t  ordinary temperatures bu t not so 
soluble as sucrose. Thus a t 30° C. (86° F.) saturated solu
tions of dextrose and sucrose contain 54.6 and 68.1 per cent 
sugar solids, respectively. Mixtures of the two sugars are 
slightly more soluble than would be indicated by the respec
tive solubilities of the two components. This is of some in
dustrial advantage in th a t crystallization dangers are de
creased. Since jellies and preserves commonly contain from 
60 to 70 per cent sugar, it is obvious th a t these products can
not be manufactured exclusively with dextrose.

Dextrose solutions are somewhat more fluid than sucrose 
solutions of equal density. This allows the use of higher con
centrations of sugar without the product becoming too thick 
and difficult to handle. This is an advantage in some prod
ucts, a disadvantage in others. At temperatures between 250 
and 50° C. (77° and 122° F.) a 50 per cent dextrose sirup is 
approximately 22 per cent less viscous than a sugar solution of 
equal concentration.

The osmotic pressure exerted by dextrose solutions is about 
twice th a t exerted by equal concentrations of sucrose. For 
this reason dextrose sirups are considered somewhat more in- 
hibitive to the growth of microorganisms than sucrose sirups. 
In  this connection Buchanan reported (3) th a t a t higher tem
peratures sucrose solutions destroyed yeasts more effectively 
than dextrose, but the reverse was true a t lower temperatures. 
He found th a t dextrose gave carbonated beverages a better 
“body” than sucrose and also reduced objectionable sweet

CARL R. FELLERS, JOSEPH MILLER 
Massachusetts Agricultural Experiment Station, 

Amherst, Mass.
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ness. Since dextrose has a higher osmotic pressure, it  may be 
reasoned th a t fruits packed in dextrose sirups will shrink less 
than those packed in sucrose sirups of equal concentrations. 
This is still a moot point. The authors’ data show no marked 
shrinkage reductions in fruits preserved with dextrose.

Extensive data covering the physical and other properties 
of dextrose have been reported by Jackson and Silsbee (12, 
13) and by the Research Committee of the Com Products 
Refining Company (6). M any of the detailed data not re
produced in the present paper may be found in the theses of 
Onsdorff {21) and Miller (17).

Dextrose sirups boil a t considerably higher temperatures 
than sucrose sirups. The respective boiling points for pure 
dextrose and sucrose sirups are as follows: 20 per cent
sirup, 101.4° and 100.6° C. (214.5° and 213° F.); 40 per 
cent sirup, 102.9° and 101.5° C. (217° and 214.7° F.); 60 
per cent sirup, 105.7° and 103.0° C. (222.2° and 217.4° F.). 
If the finishing point—-that is, desired degree of concentra
tion—is determined by a thermometer, the final temperature 
must be increased when dextrose is used. Thus, if pure 
dextrose and pure sucrose jellies are cooked to the same tem
perature and examined with a refractometer, the dextrose jelly 
will be found to contain 5 to 10 per cent less solids than the 
sucrose jelly. Other methods are available for the determina
tion of the “finishing point” of preserves, jams, jellies, and 
sirups, and the differences in boiling point due to the introduc
tion of dextrose into the product are of little consequence in 
practical food processing. The refractometer gives sufficiently 
accurate readings with either pure dextrose or dextrose-sucrose 
mixtures for most purposes.

*>>■p

Time i n  Days

F i g u r e  1. E f f e c t  o f  D e x t r o s e  o n  T i t r a -  
t a b l e  A c i d i t y  i n  F e r m e n t i n g  C u c u m b e r  a n d  

P e p p e r  B r i n e s

— — — — C ucum ber pickles A . 2 per cen t dextrose
added to  the  brine 

-------------Sw eet green peppers B. N o sugar added

Improvements in manufacturing methods have made pos
sible increased purity of dextrose from year to year. Though 
pure white in the crystalline form, the regular dextrose hy
drate gives a little color when dissolved in water. I t  depends 
entirely upon the use to which the sirup is put as to whether 
its color is an asset or a detriment. In general, the color is 
insufficient to be of importance in the preserving industry. 
Recrystallized dextrose hydrate gives clear sparkling solu
tions.

The subjection of dextrose sirups to high temperatures tends 
to darken them, though the color change is influenced to 
a large extent by the pH  value of the solution. At pH 4.5 
there is no serious change in dextrose when heated to 110° C.

R egular
Reorys ta i R ecrysta l-

li zed R egular lized
D extrose D extrose D extrose D extrose
H y d ra te H y d ra te H y d ra te H y d ra te
Per cent Per cent Per cent Per cent

7 .7 5 8 .0 0 Fe 0.0001 0.0002
9 1 .4 9 1 .8 Cl 0 .016 0.002

SO< 0.008 0 .008
9 9 .5 9 9 .8 SiOt 0 .0035 0 .005

0 .0 5 0.009 C a 0 .0022 0.002

(230°F.) fo r20minutes. However, at 121°C. (249.8°F.) con
siderable darkening takes place. Fruits are never subjected 
to such high temperatures, although such nonacid vegetables 
as sweet corn, peas, and beans are normally heat-processed 
under steam pressure. Alkalies have a marked darkening 
effect on dextrose solutions although dilute acids arc with
out effect.

G rades of C o m p o sitio n

Several grades of dextrose are available for commercial use. 
Among these are regular dextrose hydrate, recrystallized dex
trose hydrate, and anhydrous dextrose. Since by far the 
largest output is of regular dextrose hydrate, this is of greatest 
interest to the food manufacturer. Recrystallized dextrose 
hydrate, though somewhat more highly refined than regular 
dextrose hydrate, has given essentially the same results in the 
food preservation experiments with these sugars.

M arket samples of regular dextrose hydrate and recrystal
lized dextrose hydrate used in the experimental work showed 
the following values on chemical analysis:

M oisture 
D extrose 
P u r ity  of dex

trose solids 
Ash

The high purity of dextrose hydrate is of special interest. 
The ash content is very low. Since dextrose hydrate contains 
91.5+ per cent dry substance, it is necessary to use 109.4 
pounds in order to obtain the same amount of sugar solids 
that is present in 100 pounds of sucrose.

D extrose  in  F ru it an d  V eg eta b le  P ro d u cts

Since dextrose has been available for industrial purposes, it 
is surprising th a t so few investigations have been published 
relative to its use in the food preservation industries. In 
1933 Van Arsdale and Eddy (22) found tha t dextrose could 
successfully replace a part of the sucrose in many fruit and 
vegetable products. They found dextrose was of particular 
value in canned tomatoes, peas, beets, carrots, peaches, pears, 
marmalade, cranberry and currant jellies, and various pre
serves. The amounts used in the canned vegetables were 
very small and are not significant. M rak and Richert (IS) 
reported that the swelling of canned prunes was not affected 
by the sugar used in canning them. Pure commercial dex
trose was slightly superior to sucrose or invert sugar, but was 
inferior to straight prune juice when used as a sirup. Lathrop 
(16) reported in 1926 tha t “com sugar” could not be substi
tuted for sucrose in fruit preserves, jellies, maraschino cherries, 
or even in candy centers without greatly injuring quality and 
hastening spoilage. Although he gives no data, this investi
gator apparently refers to fruit products manufactured en
tirely with “corn sugar” which was a much inferior product to 
the refined dextrose of today. This is an important point. For 
example, during the period 1930-1932 Fellers and Mack (11) 
reported tha t com sugar was unsatisfactory in frozen fruit 
because it injured the flavor and color of the fruits. Some of 
the tests were repeated in 1935 and 1936 with the result th a t 
sucrose-dextrose ratios of 3 to 1 were the equal of the all
sucrose packs in the case of strawberries, sour pitted cherries, 
and red raspberries. Probably the differences obtained were 
due largely to the purity of the dextrose used. No doubt 
some of the adverse results obtained several years ago on the 
suitability of dextrose in food products would have been dif
ferent had a purer dextrose been available.
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E x p er im en ta l P ack s

Experimental packs of canned fruits and vegetables and 
manufactured food products were made during the past 
two and one-half years. The procedure was to make small 
preliminary packs of the various products in glass jars in 
order to work out details of preparation, preservation, and 
storage. This was followed by larger semicommercial-scale 
packs in tin  and/or glass containers for careful examination. 
At least two such packs were made for all products reported in 
Table I  except frozen Morello cherries, Fellenburg plum pre
serves, apricots, pickled Jerusalem artichokes, yellow cling
stone peaches, and loganberries. Several ratios of dextrose 
and sucrose were used in the several packs, including, in every 
case, all-sucrose and all-dextrose controls. The usual com
mercial methods of handling and processing were used, and 
individual details will not be repeated here.

Quality of the food products was judged after 1 month and 
again after 4 to 6 months by a qualified group of persons in
cluding several women, three men with commercial food pack
ing experience, and from three to five others who were more 
or less familiar with fruit and vegetable products. Naturally, 
there was much disagreement among the individuals of this 
group but the majority opinion was taken after several trials. 
I t  was observed that, although some of the judges preferred 
high-sucrose packs, usually because of their greater sweetness, 
others preferred more dextrose because the products were less 
sweet.

In general, there was little to choose between all-sucrose and 
sucrose-dextrose packs in so far as texture, color, viscosity, and 
attractiveness were concerned. Hence, the real work of the 
judges lay in making distinctions of flavor and palatability. 
Obviously, products showing crystallization of sugars were 
disqualified. M ost of the all-dextrose, and many of the 1 to 
1 sucrose-dextrose packs, were disqualified because of crys
tallization.

The dextrose used in this investigation was from three lots 
purchased a t various times from dealers in Boston and Hol
yoke. So-called regular dextrose hydrate was used. Although 
some fruits were also packed in sirups made from recrystal
lized dextrose hydrate, the results are not sufficiently different 
to warrant reproduction here. However, recrystallized dex
trose hydrate gave whiter sirups and a milder taste with some 
fruits than regular dextrose hydrate. Products packed with 
recrystallized dextrose hydrate showed no particular advan
tages over regular dextrose hydrate.

Pears, berries, and grape products did not lend themselves 
particularly well to the use of dextrose sirups, although in 
nearly all products it was possible to use 20 to 30 per cent 
dextrose in the sugar mixture without adversely affecting 
quality.

In  other products the addition of substantial amounts of 
dextrose to the sugar mixture brought about an improvement 
over the all-sucrose packs. Table I  shows the results. Gela
tion or setting of the pectin in fruit jellies, marmalades, and 
preserves was not affected by dextrose or dextrose-sucrose 
mixtures. Dextrose had no effect on yield of these products. 
Cole, Cox, and Joseph (5) have also showed th a t both invert 
sugar and dextrose give jellies with pectin. Premature gela
tion may occur if the dextrose used is acid. Ekhard (8) re
ported that “glucose” was a satisfactory sugar for fruit mar
malade manufacture. The use of dextrose in the manufac
ture of sweet pickles is particularly advantageous and a ratio 
of 1 to 1 sucrose-dextrose mixture seems to be near the opti
mum.

Sugar is sometimes used in small amounts in canned corn, 
peas, beets, and tomato juice. Except for sweet corn, dex
trose was well adapted for use in canned vegetables and in 
tomato juice in the amounts shown in Table I. Sweet corn

T a b l e  I. S u i t a b i l i t y  o p  D e x t r o s e  i x  V a r i o u s  P r o d u c t s

T o ta l R a tio  of
Sugar in Sucrose to  D extrose

P ro d u ct Sirup
%

aüd  Vegetr

P referred0 A cceptable^

C anned  F ru it ibles
Apples, R hode Island  G reening, 

and  Baldwin 20 N one 2:1
A pricots 40 None 2:1
A rtichokes, Jerusa lem , in sw eet 

pickle 17 1:1 All dextrose
B lackberries 40 N one 2:1
B eets, diced 4 1:2 All dextrose
C herries: 

R oyal Anne 40 N one 2:1
M orello 60 3:2 1:1
M ontm orency , p itted 60 3:1 2:1

G rap efru it 10 2:1 1:1
Loganberries 70 N one 2:1
Peaches:

Yellow clingstone 60 2:1, 1:1 1:1
H ale 60 2:1 1:1

Pears, B a r tle t t  and  Anjou 40 N one 2:1
Peas, A laska an d  A lderm an 4 1:1 1:2
P ineapp le , w hite C uban 40 2:1 1:1
P runes , fresh 40 2:1 1:1, 1:2
R ed  raspberry : 

C u th b e rt 60 N one 3:1
S t. Regis 60 N one N one

R h u b arb , pieces 60 2:1 1:1
Straw berries 60 N one N one
Sw eet corn:

G olden B an tam 4 N one N one
E vergreen 4 N one None

Tom atoes 3 1:1 All dextrose
T o m ato  juice 5 1:1 A ll dextrose

F ru it  and  V egetable P ro d u cts
A pple je lly , R hode Is la n d  G reen

ing, and  B aldw in 68 N one 2:1
A pple sauce, R ed  A strachan 25 3:1 1:1
A pple b u tte r 20 2:1 1:1
B lackberry  preserves 68 4:1 3:1
C herry  preserves, M orello 68 3:1 2:1
Cherries, frozen: 

M orello 33 .3 N one 3:1
M ontm orency 3 3 .3 N one 2:1

C ran b erry  sauce, s tra ined 40 N one 2:1
C u rra n t jelly 68 3:1 3:1
G rape  jam  a n d  b u tte r 67 N one 3:2
G rape  ju ice (sucrar added  to  20% ) None 3:1
P ineapp le , crushed, w hite 66 3:1 3:2
P lum  preserves: 

F ellenburg 67 N one 3:1
G ran d  D uke 67 N one 3:1
M onarch 67 N one 3:1
D am son 67 N one 3:1

R ed  rasp b erry  preserves, S t. Regis 68 N one 4:1
R ed  raspberries, frozen 
R h u b arb , sauce

25 N one 4:1
50 1:1 2:1

S traw berry  preserves 69 3:1 2:1
S traw berries , frozen, H ow ard  

Suprem e 3 3 .3 N one 3:1
Sw eet cucum ber a n d  m ixed pickles 36 1:1, 1:2 1:3

° Superior to  th e  all-sucrose pack.
6 A pprox im ately  equal to  th e  all-sucrose p ack  in  q u a lity .

containing dextrose became dark in color and was of poor 
flavor, no doubt because of the decomposition of the dextrose 
a t the processing temperature of 121.1° C. (250° F.).

D ex tro se  in  P ick le  M a n u fa c tu r e

Experiments were conducted for two seasons on the effect of 
adding dextrose to fermenting cucumber pickles, dill pickles, 
onions, cauliflower, green tomatoes, and sweet red and green 
peppers. The dextrose was added to the fruit in the salt 
brine before fermentation began. In  the case of all these 
products where the sodium chloride concentration varied 
from 5 to  15 per cent, the addition of dextrose in the ratio of
1 to 2 per cent of the weight of the vegetable materially in
creased the titratable acid, reduced spoilage, and improved 
keeping quality and texture. M ost striking results were ob
tained with dill and salt stock cucumber pickles and with red 
and green peppers. Figure 1 shows graphically how the ad
dition of dextrose increases acidity in fermenting cucumbers 
and peppers. Similar, though less striking, results were ob
tained with onions, cauliflower, and green tomatoes.

Vegetables used for brining contain only 2 to 4 per cent sugar, 
and the added dextrose serves to accelerate the fermentation 
as well as produces a much greater quantity of lactic acid due 
to stimulation of lactobacilli by the readily available sugar.
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The higher acidity decreases bacterial spoilage and hastens 
the curing period. Since acidity decreases slowly during 
storage, a pickle with a high acid content will generally re
main firm and sound longer than one of lower acid content. 
The main factors involved in loss of acidity are surface 
growths of Mycoderma and scum yeasts which are able to 
utilize lactic acid as a source of energy.

Although the use of 2 per cent dextrose produced somewhat 
higher acidities than 1 per cent, the differences in the final 
products would scarcely warrant the use of 2 per cent dex
trose. However, the latter amount ensures a rapid, clean 
fermentation and improves keeping quality.

Fabian and Bryan (9) and Fabian and Wickerham (10) rec
ommended the addition of 2 pounds of sugar per 45-gallon 
barrel of fermenting pickles to accelerate the curing process 
and increase total acidity. Similarly, Cruess (7) found that 
the addition of dextrose to fermenting green olives resulted in 
a desirable higher acidity. Joslyn (14) showed that the use of 
2 to 5 pounds of dextrose per barrel of dill pickles accelerated 
fermentation and decreased spoilage by producing more lactic 
acid. Dextrose was superior to lactose in his experiments. 
The present results are in full accord with those of Fabian and 
Joslyn.

D ex tro se  in  S w eet P ick les

Sweet pickles are usually prepared from cucumbers, cauli
flower, onions, and peppers which have been fermented in salt 
brine. The vegetables are desalted, cut if desired, and placed 
in a 2.5 to 3.0 per cent distilled vinegar solution. This solu
tion is gradually sweetened by the addition of sugar until a 
final concentration of 35 to 50 per cent sugar is reached.

Although only a few experimental packs have been made in 
these laboratories using dextrose in sweet pickles, the results 
show much promise. The pickles are decidedly crisper and 
show an increased drained weight when dextrose is used in

place of sucrose. This is true of both sweet cucumber and 
sweet mixed pickles." A ratio of dextrose to sucrose of 1 to 1 
gave good results.
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MICROBIOLOGICAL CONTROL
In the M an u factu re  of P a p er  W rap s and  

C on ta in ers for F o od s
J. R. SANBORN1 

International Paper Company, Glens Falls, N. Y.

operation with plants manufacturing and handling food con
tainer stock in the application of a program of supervision and 
control. Such a program should start a t pulp and paper 
mills where early contamination of stock takes place.

In  a previous paper the author2 referred to the rich food 
supply provided by pulp systems, particularly groundwood 
stock, and to the diversity of types of microorganisms which 
usually develop there.

D ev e lo p m en t o f M icro o rg a n ism s in  P u lp  
S y ste m s

The abundance of organisms present in groundwood con
tributes largely to the excessively high bacterial numbers 
commonly found in mixed pulp going to  paper machines. 
Inadequate chlorination of fresh water in a sulfite mill may 
also foster considerable development of microorganisms in

’ J . B u d ., 26, 373 (1933).

C ELLULOSE industries have been forced to recognize the 
profound influence of microorganisms upon manufac
turing processes. Uncontrolled development of organ

isms in pulp and paper mills presents serious obstacles to high 
operative efficiency and satisfactory quality in finished prod
ucts. The appearance of discolorations or “slime spots” and 
the presence of objectionable odors in paper or container 
board are usually direct evidences of undesirable growth ac
cumulations.

In  the case of mills engaged in the manufacture of paper and 
board which may come in direct contact with foods, it is de
sirable tha t methods and practices be consistent with stand
ards of food quality. Rapid developments in the use of paper 
containers for milk and other foods have brought to the atten
tion of public health authorities and research organizations of 
food and cellulose products industries, the need for close co-

'  P resen t address, New Y ork S ta te  A gricultural E xperim ent S ta tion , 
N . Y
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EFFECT OF GROUND WOOD PULP UPON 
B A C T E R IA L  CONTAMINATION

sulfite stock. M any of the species present throughout the 
system are slime formers and notorious trouble makers, habitu
ally colonizing on rough surfaces which favor attachm ent and 
spread. Figure 1 shows the total bacterial counts of mixed 
stock in the presence of various proportions of groundwood

pulp. Stock consisting of 
v a r y i n g  a m o u n t s  of 
groundwood was obtained 
directly from mills produc
ing these grades of paper. 
Temperatures of pulp sus
pensions during pulp and 
paper manufacture a t the 
mills included in this inves
tigation were usually be
t we e n  22°  a n d  35°  C.  
S a m p l e s  were plated out 
immediately using standard 
nutrient agar; plates were 
incubated a t 30° C. for 48 
hours.

Microbiological s u r v e y s  
of pulp and paper mills re
veal the growth characteris
tics of a variety of micro

organisms. Examinations of gelatinous coatings, which may 
readily form on surfaces in contact with pulp suspensions, 
yield slimy varieties of a number of bacteria which closely re
semble the following species:

F i g u b e  1

Isolations 
from: 

Plant A

Plant B

Plant C 
Plant D  
Plant E

Aerobacler aerogenes 
Aerobacler cloacae 
Pseudomonas viscosa 
Bacillus vulgatus 
Bacillus subtilis 
Aerobacler cloacae 
Alcaligenes faecalis 
Actinomyces f  radii 
Alcaligenes viscosus 
Didymohelix ferruginea 
Bacillus peptogenes 
Bacillus albolactis

-Bacteria-
Achromobacler pinnatum° 
Achromobacter hartlebii“ 
Achromobacler ambiguuma 
Flavobacterium aurantiacuma 
Actinomyces {radii 
Achromobacter reticularum“ 
Flavobacterium denilrificansP 
Flavobacterium turcosum“

jMicrococcus albus1j

a Iden tifica tion  som ew hat uncerta in , since original organism  is poorly 
know n.

!> M . conglomeraius and  M . variant were iso la ted  from  th e  sam e source.

Detailed study of the isolations reveals which types are in
timately concerned in the formation of growth accumulations 
and those representing only casual contamination. Slime 
production by pure cultures growing on suitable laboratory 
media, followed by study and 
classification of th e  s l i me  
masses produced, yields valu
able evidence pertaining to 
identification and control.

In  m a n y  instances, pre
dominating species a re  n o t  
bacteria bu t belong with the 
filamentous or yeastlike fungi.
Such organisms often pro
duce leathery or r u b b e r y  
sheets of fungus g r o w t h ,  
characteristic of O i d i u m,
M o n i l i a ,  Mucor, and Tri- 
choderma. Although sheet 
formations are usually found' 
in undisturbed or overlooked 
portions of a mill, fungi of 
these general types may build 
up resistant growths in parts

of the process involved in regular operation. Typical isola
tions may include the following groups:

Plant F  Oidium lactis, Aspergilltis fumigatus 
Plant G Oidium pullulans, M onilia Candida 
Plant H  Trichoderma lignorum, Mucor racemosus 
Plant I Botrytis cinerca, Oidium lactis 
Plant J Cladosporium herbarum 
Plant I i  Penicillium guttulosum

In these cases, too, study and classification of the slime 
films or membranes produced by pure cultures serve as a basis 
for determining causal species and recommending remedial 
measures. I t  will be obvious th a t variability in types in
volved necessitates im portant differences in methods of eradi
cation and control.

I t  is significant th a t an appreciable number of organisms 
from the above lists have appeared in paper and board off 
driers and after formation of food containers. These species 
frequently occur in mills as gelatinous, stringy, or rubbery 
growth masses and are therefore difficult to eliminate entirely 
by heat or chemicals. On the other hand, the presence of sur
faces and materials contaminated from prolonged contacts, 
direct and indirect, with organisms from water, pulp, pulp- 
wood, and slime accumulations, may result in recontamina- 
tion of the newly formed sheet unless immediate steps are 
taken to remove it, properly protected by suitable wrapping.

C o n tro l o f M icro o rg a n ism s
The best method of control may be determined according to 

the results of a microbiological survey of the plant. The pur
pose of the survey is threefold: (a) to determine predomi
nating types of slime-forming microorganisms, their origin, 
distribution, and identification; (&) to reveal by microbiologi
cal tests in terms of numbers or relative contamination per 
cubic centimeter of white water or stock where focal points of 
slime contamination occur; and (c) to recommend a program 
of control based upon knowledge of local conditions and spe
cific types of slime involved.

A P P R O X IM A T E  B A C TE R IA L  DEVELOPMENT  
3 0 0 0  AND DEGREE OP CONTROL

STAGES IN PULP MANUFACTURE 
I 2  3 4 5 C

F i g u r e  2

Control measures depend upon the utilization of a sterile 
process water. The system is first cleared of all slime ac
cumulations and contaminated surfaces are periodically hosed 
out with chlorinated fresh water. Further procedures will 
vary with local conditions and types of organisms predominat
ing. Forms of fungus contamination, which cannot be eco
nomically controlled by chlorination, may be successfully 
combated by dripping in copper sulfate solution a t focal 
points in the system. Although other chemical treatments 
are sometimes employed in parts of the country where manu
facturing conditions vary, practices in plants of the Northeast 
do not usually permit the utilization of reagents whose effects 
are drastic or prolonged. As a m atter of fact, no two mills 
present identical slime problems.
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In emergencies the utilization of both chlorine and copper 
sulfate is a frequent practice. During slime troubles, where 
bacterial counts are uniformly high, appropriate control 
measures invariably result in marked reductions of micro
organisms.

Figure 2 illustrates the average counts secured under ordi
nary mill conditions. Results were obtained by the plating 
method, using standard agar and incubating for 48 hours at 
30° C.

Although plant conditions (as shown in Figure 2) may not 
permit complete control of organisms to a state of practical 
sterility, it is possible for many mills to manufacture pulp 
which is relatively free from microorganisms. For example, 
a t bull screens (stage 2, Figure 2) colonies have been re
duced to 8 per cc. Counts a t groundwood deckers (stage 5) 
were reduced a t the same time from 320,000 to 1,500. Con
tamination in a sulfite mill was almost completely eliminated; 
less than twenty colonies per cc. of white water or stock were 
obtained in this part of the system.

Progress in effective control is reflected in the production of

stock which is relatively free from bacteria, offensive odors, 
and dirt. This is the quality of paper recommended for food 
wrappers and containers. In  cases of contamination of stock 
by spore-forming bacteria, it should be possible to reduce the 
number of viable spores in newly made sheets to less than 100 
per gram of stock (Figure 3).

Further contacts while paper remains exposed in paper 
mills tend to recontaminate it with spores, growth fragments, 
and bacteria-laden dirt. In order to avoid contamination 
following sheet formation, wrapper and container stock should 
be immediately encased and sealed in uncontaminated paper 
wrappers, providing complete protection a t ends of rolls or 
sheeted stock. I t  is particularly important to eliminate, as 
far as possible, direct human contacts. Detailed studies of 
microorganisms present in paper containers for milk suggest 
that, in order to obtain paper of satisfactory quality for con
tact with foods, it will be necessary to enlist the aid of sanitary 
procedures during every step in its fabrication.

R e c e i v e d  Decem ber 28, 1936.

Oat Flour as an Antioxidant
F I N E L Y  ground oat flour, 

known as Avenex, has been 
recommended as a suitable 

inhibitor of rancidity in oil- and 
fat-containing foodstuffs; it has the advantages of availa
bility, blandness of flavor, absence of color, and accept
ance as a food (2, Jh 7). Experiments are reported here 
which deal with the dusting of Avenex over the surface of 
potato chips. Other studies were undertaken to determine 
the effectiveness of oat flour in reducing the rapid oxidation 
of fats a t the surface of wrapping materials such as parchriient 
paper, wax paper, and cardboard containers. These processes 
are referred to broadly in certain United States patents (5, 6).

P o ta to  C hips
Potato chips were freshly prepared and dusted with 5 per 

cent of Avenex. The desirability for the elimination of the 
proôxygenic actinic rays in the storage of potato chips was 
previously reported {1,3). However, because of the fact that 
exposure of potato chips to ultraviolet light or to direct sun
light does not simulate average commercial conditions, it 
was considered advisable to store them in the dark and at 
room temperature.

Peroxide determinations following the Wheeler method (8) 
were made to determine development of rancidity. The fol
lowing procedure gave consistent results'.

Twenty-five grams of crushed chips were thoroughly extracted 
by shaking with 50 ml. of chloroform in a tightly stoppered bottle. 
The contents of the bottle then were transferred to a dry, previ
ously weighed folded filter, and the bottle was washed out with an 
additional 25 ml. of chloroform which was likewise added to the 
filter. The filtrate was collected, and the filter plus the extracted 
chips was thoroughly dried and weighed. By difference the weight 
of the extracted oil was obtained. Titration of aliquot portions 
of the total filtrate gave the peroxide number or the oil. ien- 
milliliter portions were usually taken for titration. Forty per 
cent of glacial acetic acid was added together with 1 ml. oi satu
rated potassium iodide solution. After standing for exactly 
minute, 50 ml. of water and a few drops of starch solution were 
added, and the solution was immediately titrated with O.UUJ A 
sodium thiosulfate.

1 P resen t address, Calco Chem ical C om pany, B ound Brook, N. J.
2 P resen t address, Conshohocken, Pa.

Table I  records the values for 
treated and untreated chips taken 
over a period of 42 days. Other 
series were run with similar re

sults. Slight differences in the peroxide values were observed 
which could not be correlated with either the length of time 
the chips remained under test or with organoleptic rancidity. 
Other unusual variations in the peroxide value were fre
quently observed, such as the reduction in peroxides of the 
fat from treated chips between the 10- and 21-day periods.

F o o d -P a ck a g in g  M ater ia ls
For such products as crackers, potato chips, nuts, etc., the 

fat of the product is adsorbed a t the surface of the packaging 
material, whereas for butter, lard, oleomargarine, etc., the fat 
is always in direct continuous contact with the packaging 
material. Consequently, it  was desirable to determine the 
degree of rancidity protection afforded by the use of oat-flour- 
treated (Avenized) packaging materials as would be obtained 
under normal commercial conditions.

Avenized parchment paper was prepared by surface-water 
sizing with oat flour following the parchmentizing operation; 
the normal appearance of the paper is not changed by this 
treatment.

T a b l e  I. P e r o x i d e  N u m b e r s  o f  T r e a t e d  a n d  U n t r e a t e d  
P o t a t o  C h i p s 1» a f t e r  S t o r a g e  a t  R o o m  T e m p e r a t u r e  i n  

t h e  D a r k

T rea tm en t  ---------------------Peroxide N um ber a f te r :--------------------- .
of C hips 0 days 3 days 10 days 21 days 32 days 42 days

U n trea ted  2 .1  3 .8  4 .4  12.66 2 0 .9  3 5 .7
D usted  w ith 5%

Avenex 2 .1  • 2 .8  3 .8  3 .0  10 .6  1 5 .3 C
° Cooked in  refined cottonseed oil.
6 D is tinc t organoleptic rancid ity . 
c Slightly rancid.

Avenized greaseproof wax papers were prepared by mixing 35 
per cent Avenex with 6-5 per cent paraffin in the waxing trough 
and applying the paraffin-Avenex mixture to the paper in the 
normal manner. Appearance of the paper was not changed, 
but moisture resistance was decreased by this procedure.

ROBERT C. CONN1 AND ROBERT E. ASNIS2 
Musher Foundation, Inc., New York, N. Y.
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F i g u r e  1 . P a r c h m e n t  P a p e r  E x p e r i m e n t F i g u r e  2 . G r e a s e - P r o o f  W a x  P a p e r  E x p e r i m e n t

Avenized cardboard containers were prepared by surface- 
water sizing or as otherwise described in Figure 3.

T hat a marked degree of protection was afforded could be 
simply demonstrated by thinly coating pieces of the Avenized 
papers and their respective controls with lard, placing them in 
tightly closed jars, and opening the jars at regular intervals 
to note any changes in the odor of their contents. The jars con
taining the controls were found to have a definitely perceptible 
rancid odor for an appreciable length of time before those con
taining the Avenized papers.

To demonstrate chemically and quantitatively, however, 
the exact amount of inhibitory protection afforded, the follow
ing method, which was found to be the most convenient for 
this purpose, was adopted:

Exactly 1 ml. of molten 
lard held at 35° to 40° C. 
was run from a volumetric 
pipet onto a piece of the 
paper measuring a b o u t
5.5 X 4 inches (14 X 10 
cm.). The paper was then 
tilted up and down until 
the lard was fairly evenly 
spread over its surface.
The papers thus coated 
with lard were set aside, 
and care was taken to place 
all under exactly iden
tical light and tempera
ture conditions. In these 
experiments the p a p e r s  
were kept in uniform dark
ness a t room temperature.

ment paper and a t the end of about 5 days in the case of the 
waxed papers, whereas the oat-flour-treated parchment re
quired 13.75+ days, and the treated wax paper required 
about 11 and 20 days, depending upon the concentration of 
oat flour on the paper.

Similar tests were made in the laboratory of Musher Foun
dation with treated and untreated cardboard packaging ma
terials and are recorded in Figure 3.

The decrease in the initial peroxide number of the lard with 
increasing concentration of oat flour indicates a destruction 
of the peroxides initially present by the oat flour. A uniform 
increase in protection is obtained as the concentration of oat 
flour is increased. As indicated in Figure 3A, 4 per cent of 
oat flour was sufficient in these experiments to keep the per-

F i g u r e  3 . C a r d b o a r d  
C a r t o n  E x p e r i m e n t

Substantially the Wheeler peroxide titration method (8) 
was used as before:

The piece of paper containing the lard to be tested was folded 
to a convenient size or cut into strips and placed in a 125-ml. 
Erlenmeyer flask. To the flask containing the paper were added 
about 10 ml. of a fat solvent, consisting of a mixture of 60 per cent 
glacial acetic acid and 40 per cent chloroform. The flask was then 
allowed to stand for about 5 minutes with occasional shaking. 
At the end of this time, 0.2 ml. of saturated potassium iodide 
was added, and the solution allowed to stand exactly 1 minute. 
Ten milliliters of distilled water and a few drops of a 0.2 per cent 
starch solution were immediately added, ana the solution was 
immediately titrated with 0.01 V sodium thiosulfate solution.

The parchment and wax paper experiments were carried 
out in the Princeton University Chemical Laboratory. Fig
ures 1 and 2 show the degree of rancidity protection ob
tained with these types of Avenized papers. Since a peroxide 
number of 20 is generally considered to indicate the approxi
mate rancid point of lard, it  is shown in the figures in that 
manner.

The rapidity of the oxidation of lard spread on the surface 
of the control papers may be noted; the lard reaches a per
oxide value of 20 a t the end of 3 days in the case of the parch-

oxide number below 20 for a period of about 70 days. The 
control reached this level in 19 days.

These results indicate th a t it is possible to secure substan
tial inhibiting effect to formation of peroxides in the fat of (1) 
potato chips by dusting 5 per cent Avenex over their surfaces, 
and (2) parchment paper, wax paper, and board materials 
surface-coated with lard, by treatm ent of such packaging 
materials with Avenex.
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pH Properties of Colloidal 
Carbon
WILLIAM B. WIEGAND 

Columbian Carbon Company, New York, N. Y.

I F  ONE part of colloidal carbon pigment1 is boiled for 15 
minutes or more with three to ten parts of distilled water 
and cooled, the supernatant liquid decanted, and the 

sludge placed in contact with the glass electrode of a pH elec
trometer, a reading is obtained which is characteristic of the 
material. A representative list of the pH values thus ob
tained is shown in Table I. In  this preliminary account some 
of the factors will be given which influence pH values of par
ticulate carbon, some of the relations between pH and other 
properties of colloidal carbon, and something of the signifi
cance of these pH properties.

traction of the carbon with boiling distilled water; (b) organic 
solvent extraction (acetone, ethyl alcohol, ethyl ether, and 
toluene) did not change this property of the carbon; (c) 
water-soluble acidity in impingement carbons is less than 
0.01 per cent calculated as sulfuric acid, part of which has 
been shown to be sulfur dioxide, but this does not explain their 
acid properties; (d,) carbons produce a greater change in the 
pH value of neutral salt solutions than they do in distilled 
water; and (e) relations have been found between the pH 
value, the volatile content, and the adsorption index for di- 
phenylguanidine (D. P. G.).

GRAPH I

M IC R O N E X  M ARK IX CARBON

The results of a great number of experiments are shown 
in Graphs 1 to 4. I t  was found: (a) The pH value remained 
unchanged within the experimental error after repeated ex-

1 T he  fam ily  of carbon p igm ents ranges in partic le  size from  approxim ately 
250 to  5000 A, Im p ingem en t carbons range from  abou t 250 to  700 A. 
T hese a rc  e stim ated  values.
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These results seem to show tha t the pH change produced 
by colloidal carbons is an adsorptive phenomenon in which 
the selective adsorption of the particles of the colloid varies 
as some function of the volatile m atter content; the higher 
the volatile m atter content, the lower (more acid) is the pH. 
By heating in the absence of air, a carbon (Micronex M ark II) 
with an original pH of 3.6 has been given a pH value progres
sively higher (more alkaline) as the temperature of heating is 
raised above an apparently critical point. The results of 
this treatm ent (each carbon sample was held a t the tempera
ture noted for one hour) are shown in Graph 1. In  Graph 2 
the pH values of various types of carbon are given in relation 
to their volatile content. Volatile m atter is determined as 
follows: Fill a tared platinum crucible completely with the 
sample. Place the lid tightly in position. Heat for 7 minutes 
a t 950° C. Determine the loss in weight and correct for 
moisture content.

Graph 3 shows the relation of pH  values of the different 
carbons to their D. P. G. adsorption (X ) values. Fifty cubic 
centimeters of a solution of 2 grams of c. p. diphenylguanidine 
in 1 liter of alcohol are shaken with 1 gram of carbon for 2 
hours. After filtering, 25 cc. of the filtrate are titrated with

T a b l e  I .  p H  S u m m a r y  o f  C a r b o n  S l u d g e s

p H

H igh-grade im pingem ent carbon blacks:
Long ink  carbon (Peerless) 2 .6
E asy-w etting , high-color (N eo-Spectra) 2 .8
H ighest color (R oyal Spectra) 3 .1
M edium -color (Superba) 3 .2
H igh-color, general-purpose (Super Spectra) 4 .1

Lam pblacks:
H igh-grade 3 .1
R ubber-g rade  3 .6
C hinese (na tive) carbon b lack  4 .2

R ubber-g rade  im pingem en t carbon blacks:
Slow -vulcanizing (M icronex M ark  II) 3 .6
S tan d a rd  vulcanizing  (M icronex S tandard) 4 .1
Fast-vu lcan izing  (U ltra  type) 4 .6
D egussa C K  3 5 .7

N onim pingem ent carbons:
P-33 8 .2
A cety lene b lack  8 .2
Bone b lack  9 .0
Funionex (or G astex) 9 .3
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0.01 N  hydrochloric acid using a mixture of bromophenol 
blue and methyl red as indicator. The result is expressed as 
percentage of D. P. G. removed. Graphs 2 and 3 were both 
made up from the carbons listed in Table II, which also shows 
other properties.

T a b l e  II. C o l l o i d a l  C a r b o n  P r o p e r t i e s

G rade pH

D. P . G.
A dsorp

tion
Index

Tim e of 
C ure in 
D .P .G .  

P er C en t T ype  
Vola- R ubber 
tile  Com- 

M a tte r  pound
H igh-grade, long-ink  earbon (Peerless) 2 .6 5 8 .4 12 .0
H igh-color carbons:

E asy -w etting , high-color (Neo- 
S nectra  II)

H ighest color (R oyal Spectra)
2 .8 9 7 .2 14 .0
3 .1 9 6 .0 12 .8 Several

M edium -color (Superba) 3 .2 7 7 .7 9 .4 hours
H igh-color (Super Spectra) 4 .1 4 2 .5 7 .2

R ubber-grade  carbons:
F ine-particle , slow -curing (M ark  II )  
S tandard-curing  (G rade  A)

3 .6 16 .0 6 .1 50 min.
4 .1 10.1 5 .1 30 m in.

Fast-curing 4 .6 8 .4 4 .5 25 m in.
D egussa C K  3 5 .7 5 .3 3 .4 17 m in.

N onim pingem ent carbons: 
P-33 8 .2 1 .8 0 .41 15-18
A cetylene 8 .2 4 .1 0 .6 m in.
F um onex (or G astex) 9 .3 2 .5 0 .7

D eac tiv a ted  ru b b er carbons:
IIS-421 (1.5 h r. to  1500° F „  0.5 h r. 

a t  1500° F .) 9 .0 5 .1 1 .1 '
H S-355 (2.5 h r. to  2000° F ., 0 h r. a t 

2000° F .) 10 .0 4 .6 0 .4 10 m in.
H S-335 (2.5 h r. to  2000° F „  3 h r . a t  

2000° F.) 10 .6 4 .8 9 .2

The relation between volatile m atter and pH seems to offer 
the key to the situation. Since the volatile content of col
loidal carbon is chiefly, if not wholly, made up of oxygen and 
its compounds with carbon, it  seems safe to assume th a t the 
carbon-oxygen complex CxO„, described by Rhead and 
Wheeler (4), may not only account for the original pH values 
of carbons prepared by different methods but in addition ex
plain the changes in pH  observed on deactive heating in the 
absence of air.
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The pH values shown in Table I  permit the various families 
of colloidal carbon to be differentiated. The impingement 
carbons (including CK 3, according to present information) 
and the lampblacks give low (acid) pH readings. On the 
other hand, the finely divided thermal decomposition carbons 
(P-33) and what may be called the furnace type carbons 
(Fumonex and Gastex) give high (alkaline) pH values. 
(Fumonex and Gastex are produced in furnaces involving 
partial combustion, the heat of which causes separation of

particulate carbon which is, however, not collected by im
pingement. The true “thermal” carbons are produced with
out combustion. Both are “born” in a reducing atmosphere.) 
By subjecting impingement carbons to deactive heat treat
ment (8), their characteristic pH values can be varied from 
low to high (acid to alkaline) according to the intensity of the 
treatm ent as measured by its time and temperature. The 
high-color specialty carbons used in inks and paints give low 
(acid) pH readings, and the rubber carbons fall into an inter
mediate acid range extending from pH 3.3 to 4.6.

The slow-vulcanizing carbons show lower pH than those 
which cure rapidly. Most rapid curing of all are the thermal- 
decomposition and deactivated carbons with the highest pH 
values. In  paints, enamels, and inks the true impingement 
carbons, which are relatively slow drying, have low pH values. 
Relatively quick-drying carbons (bone blacks) show high 
pH.

In Graph 4, pH  values and adsorption indices (X) are 
plotted as variables dependent on volatile content (F). The 
curves are smoothly drawn from Graphs 2 and 3 and are in
tended to indicate only broad relations. Four general cate
gories of colloidal carbon may be recognized:

1. Thermal and deactivated carbons, in general, correspond 
to definitely alkaline reactions ranging from pH 7.5 upwards. 
The adsorption indices are uniformly below 5, and the volatile 
contents, in general, are at or below 1 per cent. These carbons 
include acetylene black, Fumonex, and Gastex, in addition to 
P-33, and also some forms of graphite, and are markedly quick 
curing in rubber compounds. This section also includes impinge
ment carbons which have been strongly heat-deactivated to ap
proximately 1.5 per cent volatile, or less. (Thermal carbons 
of large particle size, such as Thermax and Velvetex, do not ap
pear to have any appreciable pH effect.)

2. The second area may be described as the only blank space 
in our map. It is populated only by members of the true Ultra- 
micronex series (8) which, owing to their high cost, are not 
in general use at present. The range in pH is from about 4.75 
to 7.5, in volatile content from about 1.5 to 4, and in adsorption 
of X from about 4 to 7.5. From the manufacturing point of 
view this range of carbons represents a middle ground between 
carbons produced under essentially oxidizing conditions and those 
under essentially reducing conditions.

3. Next comes the range of commercial impingement carbons 
used in the rubber industry. The pH ranges from 3.3 to approxi
mately 4.6, the volatile content from 4 to 7, and the adsorption 
index (X) from 8 to 20. This band represents over 85 per cent 
of all the colloidal carbon now being produced and goes in the 
main to the reinforcement of tire treads. (Consumption for 
1936 is estimated at 363,000,000 pounds.)

4. The specialty carbons are characterized in general by higher 
volatile content, lower pH, and higher adsorption index. These 
again are classified according to whether they follow the lower pH 
and adsorption curves or the upper members which have been 
designated in the graph as high-color adsorption and high-color 
pH.

In the former case the curves terminate at Peerless carbon 
which, while exhibiting no marked difference as regards color 
or particle size from the rubber group, is distinguished by its 
low pH, high volatile content, and high adsorption value. In 
the latter group are included the high-color paint, lacquer, and 
enamel carbons such as Super Spectra, Superba, Royal 
Spectra, and Neo-Spectra which may be broadly distinguished 
by small particle size (about 250 A., 6) as compared to the 
rubber and ink grades.

The adsorption curves do not terminate in zero values. 
This is due to the adsorptive effect associated with specific 
surface, apart from tha t due to the combined oxygen. Each 
particle size will, in general, correspond to a different value 
for what has been designated X 0; the latter value thus be
comes an indirect method of estimating particle size. Thus, 
if the volatile content of Super Spectra is entirely removed 
by high-temperature deactive treatment, the high-color ad
sorption curve m il cross the ordinate a t 34 per cent (X0 = 
34).
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These differences in particle size must be 
considered in correlating pH with, for example, 
the retardation in drying of paints and in the 
vulcanization of rubber. Thus the retarding 
effect of a rubber carbon with a volatile con
tent of 7 per cent but an adsorption value of 
only 20 is not so great as that of Super Spectra 
with almost the same volatile content but with 
a much higher adsorption index due to its 
greater specific surface.

A d sorp tive N a tu re  of C ollo idal 
C arbon  A c id ity

The experimental results, especially those 
dealing with water-extractable acidity, lead to 
the conclusion tha t none of the colloidal car
bons should be regarded as a true acid nor any 
of the thermal or highly deactivated carbons as 
true bases. In  pure water the acid carbons 
tend to adsorb hydroxyl ions, thereupon taking 
on a negative charge, the corresponding hy
drogen ions are more or less loosely associated 
or bound. With the alkali-reacting carbons the 
reverse condition holds. In  both cases the 
outer layer or atmosphere of ions is nevertheless 
capable of affecting the potential of the glass 
electrode and is perhaps more significantly 
capable of influencing the behavior of the car
bon in the vulcanization of rubber and the dry
ing of paints.

If, however, these carbons are immersed in 
a neutral salt solution instead of in distilled 
water, this powerful selective adsorption results 
in actual chemical decomposition. With an 
acid carbon immersed in a sodium chloride 
solution, the selective adsorption toward alka
lies will promote hydrolysis, followed by adsorp
tion of caustic soda and the release of free hydrochloric acid. 
The extent to which such hydrolysis occurs will depend on 
the pH value of the carbon and on the strength of the acid.

With basic types the reverse condition will obtain. In 
general, this behavior of carbon is not different from that of 
other colloids such as fuller’s earth. I t  is believed, however, 
that the range (pH 2.6 to 10.6), continuity, and amenability 
to artificial control of the colloidal carbons here described are 
unique.

pH  P ro p erties  an d  E lectr ica l Charge
The incandescent particles of carbon in the luminous hydro

carbon flame are positively charged and tend to collect on a 
negatively charged plate or channel (5, 7). When immersed 
in water these particles, by adsorption of hydroxyl ions, take 
on a negative charge. The reversal in charge of sugar chars 
reported by K ruyt (3) when the material had been heated to 
1000° C., together with the change in adsorptive activity to
wards sodium hydroxide solution, may be regarded, in the 
light of data presented here, as an isolated point in a continu
ously varying sequence of adsorptive properties, depending 
on the surface structure of the material and reflected in its 
pH values.

pH  P ro p erties  an d  C om bined  O xygen
The chief ingredient in the volatile matter from carbon 

black is oxygen in the form of carbon oxides (£). After re
moval of volatile matter, elementary analysis shows that the 
change in composition consists essentially in the elimination 
of oxygen and, along with it, of carbon (10). The inference is 
that the bulk of the oxygen content of a carbon can be re
moved only in the form of carbon monoxide and carbon di

oxide, and that it is combined on the surface of the carbon 
particle in the form of a complex which has been described by 
Rhead and Wheeler (£) as CxO„.

According to this view the change in pH which occurs after 
deactive heating and the differences in pH for various types of 
carbon (Graph 4) may be regarded as due to changes in the 
amount of CxO„ complex associated with the pure carbon.

Removal of oxygen decreases the adsorptive activity of 
carbon toward alkaline substances and instead induces a 
.-elective adsorption towards acidic materials (10). This 
also may now be regarded as a single member of a continuous 
series, the pH and adsorptive properties of which vary with 
the combined oxygen content.

In view of the fact that colloidal thennal-decomposition 
carbons produced under reducing conditions, and heat-de
activated carbons invariably show alkaline pH  values, it 
seems permissible to assume that, in the entire absence of 
combined oxygen, all members of the colloidal carbon family 
are characterized by alkaline or high pH  values (provided tha t 
the particle size is small enough). The progressive addition 
of combined oxygen may then be regarded as gradually alter
ing the adsorptive characteristics toward the acid side, in 
accordance with the trend of the pH-volatile m atter curve; 
the latter is a measure of the increasing oxygen content. The 
flattening of the pH  curve at a minimum value of approxi
mately 2.6 suggests complete saturation of the carbon surface 
with CxO„ radicals.

pH  P rop erties, C o m b in ed  O xygen , an d  
D isp ers ib ility

Reference has been made to the fact that the low-pH car
bons retard vulcanization of rubber and drying of paints and
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enamels. I t  must, however, be kept in mind th a t low pH 
properties, together with their concomitant high combined 
oxygen values, play an important constructive role in disper
sion. Preliminary experiments carried out in these labora
tories indicate th a t raising the pH of rubber carbons by means 
of heat treatm ent, while increasing the rate of vulcanization, 
may ultimately reach a point where dispersibility declines 
seriously.

Also, in the family of rubber carbons it is by no means those 
of the highest pH  and the lowest volatile content which have 
given the best results in the reinforcement of rubber. Thus 
the central position of the family of rubber carbons in the 
classification diagram (Graph 4) may be looked upon as repre
senting a compromise between high pH  with diminished dis
persibility on the one hand, and high volatile content involv
ing low pH and excessive retardation of cure, on the other.

pH -C iO j an d  R e in fo r c e m e n t o f R u b ber
If there is any merit in the hypothesis (6) tha t the carbon 

reinforcement of rubber consists essentially in the formation 
of new physico-chemical complexes between individual macro
molecules of the rubber substance and layers of carbon par
ticles surrounding them, it would seem probable that the CxOv 
complexes are essential to  the bond between carbon and rub
ber, thus also implying a relation between pH  and reinforce
ment. According to this view and on the basis of a calcula
tion of the oxygen required to form a monomolecular layer on 
the surface of a carbon particle of diameter 50/i (10), the value 
for such oxygen content (3 per cent) corresponds to a total 
volatile content of between 5 and 6 per cent.

This calculation is, of course, subject to various errors, but 
it invites the theoretical suggestion tha t the maximum rein
forcement of rubber is not likely to occur if the combined oxy
gen content is depressed much below this level. On the other 
hand, combined oxygen much higher than this value probably 
plays no useful role in the development of what may be termed 
the “reinforcement bond.”

The role of fa tty  acids in the dispersion of carbon in rubber 
is now recognized as important (1, 6, 9). The higher the 
CxOv content (with progressively lower pH), the higher ap
pears to be the dosage of fatty  acid required to bring out the 
full reinforcing properties of the carbon (6). I t  would thus 
seem that the CkO„ contribution to the carbon-rubber bond 
can reach its highest effectiveness only if the rubber units 
(macromolecules) are, as it were, activated by the presence of 
long-chain polar bodies.

On the other hand, the optimum pH (or combined oxygen 
content) for a rubber carbon is in all likelihood influenced by 
the available content of fa tty  acid or its equivalent, in the 
mixing.

pH-CiOj, a n d  P a in t  V eh ic les
The considerations respecting rubber apply with added 

force to many paint and ink vehicles. This derives from the 
fact tha t here mechanical work plays a relatively minor role, 
with the result tha t the attainm ent of complete colloidal dis
persion necessitates the highest degree of compatibility be
tween carbon and vehicle.

The heat bodying of linseed oil in vacuo leaves the dispersing 
characteristics of this widely used vehicle in a comparatively 
low' state, W'hereas heat bodying under oxidizing conditions 
results in a varnish highly responsive, or activated, to col
loidal carbon pigments of the proper chemical structure. The 
presence in considerable proportions of the oxygen-containing 
and generally acidic, highly polymerized substances in open- 
kettle-bodied linseed oils permits and indeed requires a cor
respondingly higher C*Ov, or low' pH, in the carbon with which 
it is ground.

The conclusion is inescapable that ease of dispersion, high 
“flow” characteristics, freedom from thixotropy, seeding, and 
other undesirable characteristics depend upon the develop
ment of maximum carbon vehicle as opposed to carbon-carbon 
bond, and tha t this in turn is governed by the combined oxy
gen (pH) of the carbon in conjunction with the presence of 
activating bodies in the vehicle.

The use of very low' pH (2.G to 3.0) carbons in ink and paint 
may involve retardation in drying, just as those rubber car
bons with low'er pH values retard vulcanization, so th a t a 
compromise may be preferable in this case as well. Often 
such a compromise need not influence the selection, as in 
inks where quick surface drying (skinning) is undesirable and 
in lacquers and some synthetic enamels where drying occurs 
either by evaporation or by a nonoxidizing mechanism. In 
such cases the pH of the carbon may be selected with sole 
regard to dispersion behavior, color, tone, and gloss of the 
finished product.

Fortunately carbons with a wdde range of pH  values are 
already available, so th a t a selection of the most compatible 
carbon for any given vehicle can now be made in a systematic, 
if empirical, manner.
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Packing Material for Fractional 

Distillation Columns
C. O. TONGBERG,1 S. LAWROSKI, a n d  M. R. FENSKE 
The Pennsylvania State College, State College, Pa.

A  SINGLE-TURN helix packing material for distillation 
and extraction work was developed in this laboratory 
and found to have excellent efficiency and throughput 

{2, 8, 4, 6). The helixes were usually made of No. 26 B. & S. 
gage wire in sizes from 1/ s  to 1/ i inch (3.2 to 6.4 mm.) i. d. 
The efficiency increased and the throughput decreased as the 
inside diameter of the helix was decreased. Helixes made 
of No. 30 B. & S. gage wire, with an inside diameter of 
V32 inch (2.4 mm.), have now been tested. The results show 
this packing material to be more efficient than any other 
used in this laboratory and yet to have a good throughput.

These W in c h  diameter helixes exhibit to a marked degree 
a peculiarity found previously in other packings (5)—namely, 
a relation between efficiency and dryness of the packing prior 
to testing. The number of theoretical plates realized is much 
greater if the test is started with the packing thoroughly wet 
rather than dry. Apparently when the packing is first wet,

1 P resen t address, S ta n d a rd  Oil D evelopm ent Com pany, E lizabeth , N. J.

T a b l e  I .  E f f i c i e n c i e s  o f  3/ 32- I n c h  S i n g l e  H e l i x e s  i n  a  
C o l u m n  w i t h  0 .7 9  I n c h  I n s i d e  D i a m e t e r  a n d  2 3 .5  I n c h e s  o f  

P a c k e d  S e c t io n

No. of
Tim e Theoretical

T est . betw een R a te  of .— n-H ep tane— - Plates in
No. T ests Boiling D istilla te Still Column H. E. T . P .t

H ours C c./hr.a Mole per cent In . Cm.

C olum n S ta rted  w ith Packing D ry
1 4 430 54.2 31.2 14.0 1.7 4.3
2 1 430 51.4 32.3 11.6 2 .0 5 1
3 2 690 5 0 .5 31.2 12.0 1.95 5 .0
4 2 780 51 .4 31 .0 12.5 1.9 4 .8
5 2 .5 750 53 .0 29.5 14.5 1 .6 4 .1

C olum n D eliberately  Flooded
6 2 .5 785 5 5 .5 27.3 18.0 1.3 3 .3
7 2 720 56 .0 27.0 18.5 1.25 3.2
8 2 .5 340 ' 60 .3 25 .5 22 .0 1.05 2 .7

Colum n S h u t D ow n and  L et S tand  O vernight to D ry Packing; R estarted 
and  D eliberately  Flooded

9 3 .5 1350e 54 .7 29 .0 16.0
10 4 800 54 .9 27.3 17.5
11 2 300 62 .3 27 .0 22 .0
12 2 360 61 .7 26 .2 22 .5
13 5 1140 5 3 .6 24 .9 18.5

1.45
1.35
1.05
1.05 
1.25

3 .7  
3 .4
2 .7
2 .7  
3 .2

Colum n S h u t D ow n and  L e t S tan d  O vernight to  D ry  Packing; Column 
R es ta rte d  and  P ack ing  W et by  Pouring Liquid in from Top

14 4 600 5 5 .5  2 9 .5  16.0 1.45 3 .7
15 1 .5  780 5 6 .8  28 .7  17.5 1.3o 3 .4

Colum n S h u t D ow n an d  L e t S tan d  Several D ays; R estarted  and D eliberately
Flooded

16 3 .5  750 5 5 .2  29 .2  16 .0  1.45 3 .7
17 2 750 58 .7  2 9 .0  18.5 1.25 3 .2

Colum n S h u t D ow n an d  L e t S tan d  O vernight to  D ry  Packing; R estarted  
and  D elibera tely  Flooded

18 2 .5  800 6 0 .6  27 .6  20 .5  1.15 2 .9
19 5 .5  880 6 0 .6  2 7 .6  2 0 .5  1 .15  2 .9

Column S hu t D ow n and  L et S tan d  O vernight to  D ry  Packing; R estarted  
w ith  Packing D ry

20 4 940 5 0 .0  27 .6  14.5 1 .6  4 .1

T he ac tu a l m easured  ra te .
° H eight eq u iv a len t to  a  theore tical plate. 
c A t higher ra te s  th e  colum n flooded.

the subsequent condensate spreads uniformly over the entire 
wet surface; on a dry packing the flow of condensate tends 
to be somewhat agglomerated or coalesced. This effect is 
usually greater with the more efficient packings but is probably 
true of all packing materials. Thorough wetting of the pack
ing is best accomplished by deliberate flooding of the column 
at the start of the distillation or test. Pouring the material 
to be distilled down through the top of the column has not 
been found as effective.

This new packing was tested in two different columns. 
Each column was made of glass and had an inside diameter of 
0.79 inch (20 mm.). The stillheads were the regular type 
used in the research laboratories here. The height of packed 
section for the first column was 23.5 inches (60 cm.) and for 
the second 1 1 1  inches (282 cm.). The test liquid was a binary 
mixture of n-heptane and methylcyclohexane; alpha =  1.07 
{!)■ All tests were a t total reflux. Whenever possible the 
original concentrations of the two components were chosen 
so that neither the distillate nor the still would be too rich 
in one component when equilibrium was established. Be
cause of the difficulty of analysis, errors of considerable mag
nitude may develop if the still is too rich in methylcyclohexane 
or the distillate too lean. The rate of distillation was measured 
by opening the take-off stopcock and timing the condensate

T a b l e  II. E f f i c i e n c i e s  o f  V ^ - I n c h  S i n g l e  H e l i x e s  i n  a  
C o l u m n  w i t h  0 .7 9  I n c h  I n s i d e  D i a m e t e r  a n d  111 I n c h e s  o f  

P a c k e d  S e c t i o n

No. of
Tim e T heoretical

T eat betw een R ate  of ✓— n-H ep tane— >. P la te s  in
No. Testa Boiling D istilla te  S till C olum n H . E . T . P .

Hours C c./hr.a Mole per cent In .  Cm.
C olum n S ta rted  w ith  Pack ing  D ry

1 4 1200 9 0 .3  15 .5  58 1 .9  4 9
2 5 120 8 9 .6  15 .5  57 1 .9  4^9

Colum n S hu t D ow n and  L eft O vern igh t to  D ry  P ack ing ; R es ta rted  and  
D eliberately  Flooded

1260 9 5 .8 7 .4 84 1 .3  3 .4
1260 97 .4 5 .0 97 1 .1  2 .9
660 9 7 .2 3 .7 100 1 .1  2 .8
280 9 6 .9 3 .4 100 1 .1  2 .8

to  Allow P ack ing  to  D ry ; R es ta rted  w ith  Pack ing  D ry
770 60 .9 4 .8 51 2 .2  5 .6

Colum n S hu t D ow n to  Allow P ack ing  to  D ry ; R es ta rte d  w ith F resh  B inary  
Solu tion  a n d  P ack ing  D ry

8 8 880 7 0 .4 14 .0 39 2 .8 7 .2
9 10 900 6 8 .6 10.5 43 2 .6 6 .6

10 5 900 6 7 .4 10 .5 42 2 .6 6 .7
11 6 1020 6 3 .0 6 .6 47 2 .4 6 .0
12 7 1000 5 8 .0 6 .6 44 2 .5 6 .4

C olum n D elibera te ly  Flooded
13 9 920 7 9 .9 2 .2 77 1 .4 3 .7

Colum n S hu t Dow n to  Allow Pack ing  to  D ry ; R es ta rte d  an d  D eliberately
F looded

14 9 960 9 9 .9 8 .8
15 2 900 9 8 .8 6 .9
16 7 860 9 8 .8 3 .8
17 . 3 1080 9 5 .4 2 .2
18 5 1260 8 9 .0 0 .8

103
113
101
102

1 .1  2 .7
1 .0  2 .5
1.1 2.8
1.1 2.8

a A ctual m easured ra te .
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T a b l e  I I I .  P r e s s u r e  D r o p  f o r  3/ s2-In c h  S i n g l e  H e l i x e s  i n  
a  C o l u m n  w i t h  0 .7 9  I n c h  I n s i d e  D i a m e t e r  a n d  111 I n c h e s  o f  

P a c k e d  S e c t i o n

R ate  of Boiling® Pressure  D rop R a te  of Boiling® Pressure  D rop
C c./hr. M m . Jig. C c./hr. M m . Jig

580 11 900 18
624 14 1000 22
780 21 1120«» 2S
810 19

® A ctual m easured  ra te  for n -h cp tane-m ethy lcyclohexane  m ixtures a t 
to ta l reflux.

& T his ra te  is approach ing  flooding.

for one minute. Tliis is a minimum value, since the take
off tube did not catch all the condensate and some condensa
tion took place below this tube.

The results (Tables I to III)  are given in some detail so that 
the effect of preliminary wetting and other variables may be 
observed. To ensure constancy of operation, certain of the 
tests were conducted for as long as 36 hours. The wetting 
of the packing by flooding was accomplished by raising the 
still heat so th a t the rate of distillation was too great for the 
capacity of the column. As soon as the flood had subsided, 
by momentarily shutting off the still heat, the latter was 
set'for the desired rate of distillation. The data in the tables 
represent consecutive time intervals of continuous operation 
except where otherwise noted.

These results show high efficiency combined with reasonable 
throughput and low-pressure drop per theoretical plate (ap
proximately 0.3 mm. of mercury). The maximum measured 
rate of condensation in the 23.5-inch column was 1350 cc. per 
hour, and in the 111-inch column, 1260 cc. with 7i-heptane- 
methylcyclohexane mixtures. These figures correspond to 
0.86 and 0.80 feet per second vapor velocity, respectively. 
The actual condensation rate is estimated to be 8 to 23 per 
cent greater.

With this packing, columns of the order of 100 theoretical 
plates can be built in a laboratory of average height. Such 
columns have the advantages of simple packed columns, 
including cheapness, ease of operation, simplicity of opera
tion, ruggedness, and low pressure drop per theoretical plate.
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Isooctane Production by Simultaneous 
Polymerization and Hydrogenation

V. N. IPATIEFF a n d  V. I. KOMAREWSKY 
Universal Oil Products Company, Riverside, 111.

R ECENTLY a new simultaneous reaction, hydropoly
merization, of olefinic hydrocarbons was described (8). 
This reaction takes place in the presence of mixed cata

lysts consisting of a combination of polymerizing and hydro
genating agents. In  the presence of such mixed catalysts 
and hydrogen the simultaneous polymerization and hydro
genation of olefinic hydrocarbons take place, resulting in the 
formation of hydrogenated polymers; this reaction was there
fore called “hydropolymerization.” In  the study of different 
catalysts adaptable for this reaction particular attention was 
given to phosphoric acid, because of its successful use in the 
polymerization of olefins (2) and the development of the in
dustrial process of catalytic polymerization of cracked gases 
(I). The most interesting and important hydrocarbon sub
m itted to hydropolymerization was isobutylene.

By hydropolymerizing isobutylene in the presence of a 
solid phosphoric acid-nickel oxide-iron catalyst under hydro
gen pressure, it was possible to obtain direct a mixture of iso
meric octanes.

The experiments were conducted in a steel rotating auto
clave, 1 liter in capacity. The catalyst and the liquid iso
butylene were weighed in a steel liner which was afterwards 
placed in the autoclave.

In each experiment 80 kg. per sq. cm. of hydrogen were 
used. The liquid products of the experiment were fraction
ated through a Podbielniak column. The gases were ana
lyzed by a combined Gockel and Podbielniak method.

Isobutylene was obtained by catalytic dehydration of iso
butyl alcohol over an alumina catalyst a t  350° C. The cata
lyst was prepared by mixing 1.5 parts of solid phosphoric acid

catalyst (1) with 1 part of reduced iron and 0.5 part of nickel- 
oxide. Twenty grams of this mixed catalyst were used in 
each experiment. The following table represents the results 
of two experiments:

T em p era tu re , ° C.
R eac tion  tim e, hours 
Isobu ty lene  taken , gram s 
L iquid  p ro d u c t ob ta ined , gram s 
Isobu ty lene  conversion, %
P ressure  d rop  du ring  exp t., k g ./sq . cm.

E x p t. 1
250
12

108.7
100.0
92
36

E x p t. 2
300

6
117 .0
112.5
96
35

E x p t. 1 E x p t. 2

10 9

46 56
83 b 84

9 5 .8 95
4 .2 5 .0

. h a d  a n  octane num ber

The results of the investigation of the product of each ex
periment are as follows:

U nsatd . co n ten t of p ro d u c t, %®
O ctane frac tion  (b. p ., 100-125° C .),

%  of to ta l liqu id  p roduct 
O ctane No. of oc tane  frac tion  
G ases from  th e  reaction , % :

H ydrogen 
B u tane

® D eterm ined  by  su lfuric  acid m ethod.
*> T h e  frac tion  of th is  p ro d u c t boiling a t  100-11~  ~-------- --------------

of 100. T h e  com para tively  low octane num ber (83) of th e  to ta l octane cut 
is p robab ly  due to  th e  fo rm ation  of isom eric octanes o th e r th a n  2,2 ,4-tn- 
m e th y lp en tan e .
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ELECTRODE 

POTENTIALS
R elation  to C orrosion  

of A llo y s  and M etals  

in L ubricating O ils

FRANK HOVORKA 
Western Reserve University, 

a n d  JOHN K. ANTHONY 
The Cleveland Graphite Bronze Company, 

Cleveland, Ohio

D a ta  are p resen ted  on  th e  electrode  
p o te n t ia ls  o f variou s b earin g  m eta ls  and  
a llo y s in  severa l lu b r ica tin g  oils. P o ten 
t ia ls  w ere fo u n d  to  s ta r t a t ab out 110° C. 
in  u n stir red  ce lls  and  a t a b o u t 70° C. 
in  stirred  ce lls . V oltage as h ig h  as 1.1 
v o lts  a t  170° C. w as fou n d . P oten tia ls  
varied  co n sid era b ly  w ith  tem perature. 
A reversa l o f  p o la r ity  w as fou n d  in  several 
in s ta n c e s . T h e  p o ssib ilit ie s  of correlat
in g  th e s e  p o te n tia ls  and  th eir  variations  
w ith  th e  p ro b lem  o f bearin g  corrosion are 
d iscu ssed . I t  is  p o in ted  o u t th a t  m u ch  
w ork is  y e t  to  b e d one before an y  defin ite  
c o n c lu s io n s  m a y  be draw n.

C ORROSION of metals dates from the time when man 
first prepared and used them. I t  is not^ the purpose 
of this paper to discuss the various prevailing theories 

of corrosion but rather to point out a possible factor which 
appears to have been thus far overlooked by workers in this 
field—namely, the electrode potential of metals and alloys 
in contact with oils and the resulting electromotive force of 
the various connected parts.1 The purpose of this work is to 
determine (a) whether a measurable electromotive force 
exists, and (6) if it  does exist, to measure it, using several 
metals and alloys in different oils a t various temperatures. 
For example, in the automobile engine much work has been 
done to explain and eliminate corrosion. However, v o i ' 
thus far has not taken into consideration that each part is 
made up of various alloys or metals, and all of these par s 
are connected in such a way as to form a network of elee-

1 A suggestion of this possibility was first made about two years ago during 
a conference by Zay Jeffries, General Electric Company, Cle\e ant,

trodes in contact with oil. Each metallic part has a defi
nite potential against its surroundings, which ordinarily is 
oil. This potential may be large or it may be so small that 
i t  is immeasurable by the best potential measuring instru
ments. However, whichever it may be, the final result is 
the presence of a large number of cells, each contributing 
its electromotive force caused by various chemical reactions 
which may prove destructive to the surfaces of the various 
metallic parts.

For example, let us take a bearing made of metal X  and a 
crankshaft composed of metal Y. These two are contacted 
by some oil, and the whole setup acts as a galvanic cell. 
The following results may be expected as the cell works:
(1) X  or Y  may, because of its electrolytic solution pressure, 
dissolve and form a conducting solution. (2) X  or Y  may 
serve as electrodes a t which some of the components of the 
oil are oxidized, and then these oxidation products may 
chemically attack the metals in contact. (3) The oxidation 
products may cause further chemical reactions in the oil 
which may result in corrosive substances. Thus it  may be 
possible that the electrode potential is either directly or 
indirectly responsible for some of the corrosion in the case 
illustrated.

E x p er im en ta l P roced ure
Temperature Control. A regular 4-liter Dewar vessel fitted 

with a stirrer and knife-edge type of heater was filled with min
eral oil. This served as an outside temperature controlling 
bath. I t was possible when desired to hold the temperature 
even at 170° C. to ±0.2° C.

T h e  C e l l .  A Pyrex glass beaker served as a container for the 
cell. I t was held in place by suspending it from a Bakelite 
board that was securely fastened to the top of the wooden frame 
holding the Dewar vessel (Figure 1). In order to avoid any 
stray electromotive forces, the oil in the cell was heated entirely

by conduction of heat from the outside temperature bath. A 
stirrer in the cell assured uniform temperature throughout. The 
electrodes were approximately 5 cm. long, 0.9 cm. wide, and 1 mm. 
thick, and were held tightly about 1 cm. apart. At first it was 
thought desirable to hold the electrodes quite close together 
in order to approximate the actual working conditions in an 
automobile engine. After numerous runs when the electrodes 
were held. 0.007 to 0.015 cm. apart, it was found almost im
possible to obtain any reproducible and therefore trustworthy 
results owing to poor oil circulation. In future work a cell will 
be constructed with moving electrodes, making it possible to 
reproduce the actual working conditions of an engine. Only
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T a b l e  I. E f f e c t  o f  T e m p e r a t u r e  o x  R e l a t i v e  C o n d u c t i v i t y  o f  O i l s  i n  V a r i o u s  C e l l s

Cell .

A1 “-u se d  o il-C d-A g + annealed 
Al “—oil B -C d -A g + annealed  
A1 “-o il A -C d-A g + annealed 
S te e l‘•‘-o il B -C d -A g “ annealed  
S te e l+-o il B -C d -A g “ annealed 
S te e l+-u se d  o il-C d-A g “unannealed  
Steel +-u s e d  o il-b ab b itt m e ta l"  
C u +-u se d  o il-C d -A g " unannealed  
S tee l+-u se d  o il-A l"

'--------

do1 (F irs t Cycle)—

dE-4i (Second Cycle)—

140 155 170 155 140 140 155 170 155 140
1 .3 3 .0 3 .6 1 .6 1 .1 1 .3 2 .1 3 .4 3 .1 2 .7
1 .3 1 .6 2 .7 2 .3 1.6 1 .2 1 .6 2 .1 1.7 1 .1
1.1 2 .4 3 .9 2 .4 1 .6 1 .1 3 .1 4 .1 3 .9 1 .6
1 .1 1 .2 2 .9 1 .9 1 .2 1 .3 2 .2 2 .8 2 .3 1 .4
1 .2 2 .4 3 .S 2 .8 2 .0 2 .2 2 .8 4 .0 3 .4 2 .2
2 .0 4 .1 6 .1 3 .9 3 .0 3 .3 4 .7 8 .5 6 .7 5 .2
1 .5 1 .5 3 .0 2 .1 1 .7 1 .1 1 .7 3 .6 3 .4 1 .9
2 .5 3 .3 6 .0 5 .0 5 .0 5 .8 8 .5 11.3 8 .9 7 .2
1 .4 2 .1 3 .9 2 .S 2 .2 2 .1 3 .1 5 .0 3 .3 2 .3

about half of the electrodes were allowed to dip into the oil, in 
order to eliminate any electromotive force that might be due to 
connecting metals. Heavy copper leads, attached to the elec
trodes, passed through a cork which was held in position by 
fitting it tightly in the Bakelite board.

T h e  P o t e n t i o m e t e r .  Since oils exhibit very high resistance, 
it was necessary to use a sensitive galvanometer in order to 
cope with the low microamperage of the cell. A type H. S. 
Leeds & Northrup reflecting galvanometer was available, and, 
although not the most adaptable one Leeds & Northrup make, 
it gave sufficiently qualitative results to justify its use. In 
future work a galvanometer will be used which will have speci
fications to meet the requirements of the new cell in which the 
metals serving as electrodes will be as close as they are in their 
natural working conditions. The galvanometer was mounted 
on a solid wall and was used with a lamp and scale at 1 meter 
distance. The potentiometer used was the Leeds & Northrup 
type K2.

C o n d u c t i v i t y .  The conductivity was determined at various 
times in order to obtain a few comparative values. Two methods 
were employed: (o) A direct current of 120 volts was passed 
through a conductivity cell, and the resulting amperage was 
determined. (b) A regular Leeds & Northrup Kohlrausch 
bridge using two-stage amplification was used. However, since 
only qualitative results were obtained at this time, it was thought 
desirable to report only in relative terms the effect of tempera
ture on conductivity. This was done separately for each cell 
by using the term I /E  as determined from the total deflection 
of the galvanometer and the electromotive force. For sim
plicity the conductivity at 120° C. was made unity (Table I).

M a t e r i a l s .  The oils used in this investigation consisted 
chiefly of new oils A and B and used oil. The used oil was ob
tained by pipetting the oil out of 40 V -8  Fords in which the oil 
was used for at least 500 miles, but less than 1000 miles. All 
of the forty fractions were mixed in order to give a better average 
used oil. No attempts were made to re-refine or to dry the oils. 
For a great many of the experiments the A and B oils were treated

T a b l e  II. O i l  C o n s t a n t s

G rav ity  a t  60° F ., °A . P . I. 
F lash  p o in t, ° F .
F ire  p o in t, ° F .
S ay b o lt U niversal viscosity , 

see.:
100° F ;
210° F.

V iscosity index 
C arbon  residue, %  
Sedim ent, %

Oil A 
Oil A (Oxidized)

Oil B 
Oil B (Oxidized)

Used
Oil

2 7 .7 2 7 .3 2 9 .4 28 .1 2 6 .8
440 445 435 440 240
505 500 495 500 360

439 547 445 605 431
65 67 66 73 64

116 106 116 109 115
0 .5 0 0 .6 0  0 .2 0 0 .3 0 0 .91

0 .2 4

with oxygen. This was accomplished by bubbling oxygen 
through the oil for 24 hours at about 170° C. A definite dark
ening of the oil occurred in each case due to the oxidation. The 
constants of these oils are given in Table II. For some of the 
work, new oils C and D were also used.

Three types of regular production bearing alloys were fur
nished by The Cleveland Graphite Bronze Company. These
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alloys were babbitt metal, cadmium-silver, and copper-lead. 
The annealing of some of the cadmium alloys was carried on at 
about 175° C. The steel and aluminum electrodes were made 
of steel and aluminum automobile parts. Pure copper served 
as a copper electrode.

P r o c e d u r e .  The speed of the stirrer and the amperage of the 
heaters were controlled manually by rheostats. No readings 
of the electromotive force were taken until the temperature of 
the cells became constant. At first each cell was heated without 
regular stirring from room temperature to 170° C. or above and 
then cooled down to room temperature. Readings of the elec
tromotive force were taken every 10° C., both when increasing 
and decreasing the temperature. Later, to learn the effect of 
efficient and regular stirring and also the effect of heating and 
cooling on the recovery of the system, it was decided to run con
tinuously through two complete cycles: that is, the oil was (a) 
heated from room temperature to 170 C. or above, (6) cooled 
to room temperature, (c) again heated to 170° C., and (d) cooled to 
room temperature. As before, the recordings were taken for 
every 10° C. change in temperature, and check readings were 
taken at the highest temperatures. Efficient stirring was used 
for both of the cycles. A complete run required 12 to 20 hours.

R e su lts
To simplify the discussion, the more important data were 

graphed using only the electromotive force and tempera
ture. In  each single-cycle run the electromotive force ob
tained on heating up to 180° C. appears on the left of the 
voltage axis; the electromotive force obtained on cooling 
appears on the right of the axis. The graphs of the two-cycle 
runs are plotted as follows: The first cycle is identical with a 
single-cycle run, bu t the second cycle is designated by a 
broken line; its electromotive force on heating appears on 
the right and th a t of the cooling appears on the left of the 
voltage axis. In  each graph the original polarity of the 
electrodes is indicated. Data for one of the two-cycle runs 
appear in Table III .

The results of this work may be expressed in several ways. 
For convenience, various electrode systems will be taken 
individually a t 170° C. Equilibrium conditions are probably 
most easily attained, a t this temperature, partly because 
of low viscosity and partly because of higher conductivity 
conditions prevailing.

The cell aluminum-oil-cadmium-silver (Figures 2 to 5) 
gave about 0.2 volt. The electromotive force of the two- 
cycle runs reproduced itself almost exactly. Figure 2 shows 
the irregularities wrhen stirring is not employed.

In the cell cadmium-silver-oil-steel (Figures 6 to 8) the 
cadmium-silver was negative; in the cell used for Figures 
2 to 5 it was positive. Since the unannealed electrodes w ere 
heated to 170° C. during the first cycle, they should be con

sidered as annealed during the second cycle. The conduc
tivity during the second cycle was from 20 to 40 per cent 
greater than during the first cycle. This was the experience 
with all the following cells.

During both of the cycles the steel-oil-babbitt metal cell 
(Figure 10) exhibited a decrease in the electromotive force 
on cooling. When no stirring w'as employed, the opposite 
effect was found (Figure 9). This cell also had a strong 
tendency to reverse itself in polarity.

As would be expected, a relatively flat curve wras obtained 
for the cadmium-silver-oil-cadmium-silver annealed cell 
(Figures 11 to 14) for the two-cycle run; very irregular curves 
with frequent changes in polarity were obtained for the 
single runs.

Figures 15 and 16 illustrate cells with other metals.

T a b l e  III. E l e c t r o m o t i v e  F o r c e  o f  U n a n n e a l e d  C a d 
m i u m - S i l v e r  A l l o y s  a g a i n s t  S t e e l  i n  U s e d  O i l  a t  

V a r i o u s  T e m p e r a t u r e s
Time Tem p., ° C. E . M . F . Tim e T em p., ° C .a E . M . F.

7 :40  a . m . 2 0 2 : 0 0  p .  m . 29
7:50 60 2 :08 59
8 : 0 2 75 o!30 2:13 76 0.*3i4
8:13 90 0.359 2 :1 7 89 0.372
8:19 1 0 0 0.356 2:24 99 0 .366
8:24 109 0.357 2:29 109 0 .347
8:29 1 2 0 0.337 2:35 1 2 0 0.347
8:35 129 0.336 2:40 129 0 .356
8:43 139 0.385 2:47 139 0 .364
S:50 150 0.505 2 :55 150 0.507
8:58 159 0.526 3:07 160 0 .408
9:05 169 0.547 3 :15 170 0.407
9:10 170 0.567 3:19 170 0.408
9:11 170 0.566 3:22 170 0.407
9:18 165 0.556 3 :35 159 0.314
9:23 161 0.566 3 :50 151 0.304
9:29 153 0.554 4:00 141 0.289
9:40 143 0.468 4:11 131 0.232
9:53 132 0.381 4:22 1 2 2 0.217

10:04 123 0.342 4 :3 7 1 1 2 0.191
10:17 113 0.331 4:54 1 0 2 0.181
10:34 103 0.322 5:10 91 0.170
10:51 93 0.313 5:24 80 0.175
1 1 : 1 0 83 0.300 5:34 71 0 .1 8
1 1 : 2 1 73 0.249 5:50 61 0 .1 8
11:31 64 0 . 2 2 6:04 55
11:40 58 0 .23 6:14 51
11:50 53
11:58 49

a Allowed to  cool slowly to  29° C.

W ien various new untreated oils, including A, B, C, and 
D, were tried with different electrode systems, they gave 
electromotive forces. Usually, the voltage did not appear 
until a temperature above 100° C. was reached, and it wras 
of small extent. However, the conductivity of all the oils 
was very different. For instance, the voltage in C and D 
oils was less than 0.1 volt a t 170° C., but the conductivity in 
C oil was about ten times greater than tha t in D oil. In  A 
oil, on the other hand, the conductivity was about twice 
as great as in C oil.

D isc u ss io n  o f R e su lts
Inasmuch as this work is preliminary in this field, one 

cannot offer definite conclusions because it  is impossible as 
yet to reproduce every step in the various experiments. 
This is due in part to the uncertainty of reproducing the oils, 
particularly the used oil. The following general observa
tions, however, seem to be warranted by the experimental 
data:

All of the various combinations of metals and alloys gave 
rise to an electromotive force in the oils thus far used.

In almost all of the single runs where there was a change of 
temperature but no stirring, the electromotive force was 
greater a t lowTer than a t higher temperatures. A t corre
spondingly high temperatures the electromotive force of a 
single-cycle run agreed usually well with tha t of a two- 
cycle run. This is probably due to high diffusion when the 
viscosity is low a t high temperature.
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In almost all of the single-eycle runs the electromotive 
force started and stopped approximately a t 115° to 120° C. 
However, in the case of two-cycle runs the electromotive 
force appeared a t a much lower temperature and usually 
persisted on cooling to an even lower temperature. The 
presence of water in all of the oils used may be a factor 
in explaining this behavior.

Steel in different combinations with annealed and un
annealed cadmium alloys exhibited a positive potential. How
ever, steel against aluminum showed a normal behavior as 
in water. Steel in combination with babbitt metal exhibited 
a greater electrolytic solution pressure under certain con
ditions. This may explain why in some cases a steel crank
shaft becomes pitted when a motor has been idle for a long 
time.

In  order to relate corrosion and electromotive force, it is 
necessary to know the conductivity of the oils used. I t  was 
found tha t the conductivity of the oils increased considerably 
with temperature. This is due to many factors. Some of 
the more important are decrease in viscosity, presence of 
water, increase in the oxidation products which may yield 
ionized substances, etc. Since the amount of chemical 
reaction is proportional to the amperage it is possible to have 
(a) a  high electromotive force and low amperage and (6) low 
electromotive force and much higher amperage than in case 
a. Both of these cases have been demonstrated during this 
work. In used oil the amperage was always much higher 
than for the same voltage with A and B oils. When two- 
cycle runs were made, the amperage was always greater 
during the second cycle by 20 to as much as 100 per cent in 
spite of the fact tha t the electromotive forces were nearly 
equal. This means a decrease in resistance which results 
in higher conductivity (Table I). This property ought to
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be of importance to the oil chemist because with each heating 
the oil may become more and more conductive, which may 
result in greater and greater corrosion, regardless of whether 
the corrosion is due to galvanic action or to straight chemical 
reaction or to both. To inquire into the cause of what 
contributes to the conductivity of oil is to inquire into the 
physical and chemical make-up of the oil itself. (In the case 
of used oil the colloidal particles no doubt contribute a great 
deal to the high conductivity through cataphoresis, and this 
effect would probably be more evident during the second 
cycle.)

No doubt many substances added to oils for various rea
sons may prove detrimental if they are conductive by them
selves, or if they are easily converted into good conductors. 
This fact is shown by the work on entirely new and untreated 
oils. For example, if such an oil as C starts with ten times 
the conductivity of oil D, there is ap t to be great corrosion 
immediately, and such an oil may prove to be almost useless 
in a short time. However, it is also quite possible to have 
a new oil with a very high resistance, which will contain 
substances tha t are easily converted into conductive solu
tions; the final result will be the same as the example just 
given.

Much work needs to be done to correlate corrosion in oils 
(with and without the various agents commonly added to 
them) with such factors as conductivity and electrode po
tentials of metals and alloys in contact with them, and 
further to correlate these factors with actual service con
ditions. Undoubtedly some of these properties will be used 
eventually to characterize oils just as much as viscosity is 
today.

For the present these experimental data do not permit 
the discussion of the effects of such factors as polarization 
and oxygen gas electrodes. The presence of either one of 
them or both would help to explain some of the results.

A. P. Anderson of the Shell Petroleum Corporation called 
the writers’ attention to the fact th a t Wawrziniok [Automo- 
billech. Z., 35,428-30, 600-1 (1932); Chem. Abstracts, 2 7 ,407, 
1153-4 (1933)] published some work on “Corrosion of Auto
mobile Engine Parts Caused by Lubricating Oils,” in which 
it is claimed th a t “corrosion of motor parts may be due to 
galvanic currents generated between different metal parts, 
the oil serving as electrolyte.”

The summary of Wawrziniok’s data in Chemical Abstracts 
reveals th a t his results are of the same order as the present 
ones.

R e c e i v e d  N ovem ber 18, 1936.
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DON’T KILL ’EM ✓ STUN ’EM
You can poison the uhm*i n  cracked gasoline w ith  sulfuric acid 
and drag them out feet first but some of the gasoline and a lot of 
its anti-knock value go to the morgue w ith  them

T h a t’s mighty expensive It’s better just to stun them

T h a t’s w hat the chemical sergeant does H e  marches in w hen 
the job is too tough for the chemical cop H e paralyses the u h m 
and the o m** in the air so they can’t get together and form gumbugs 
T h e  molecules come to later and do their proper w ork in the engine

T h e  chemical sergeant saves the cost of acid, saves loss of gasoline, 
preserves anti-knock value

Saves you money
’ u h  m  U n s a tu ra te d  hydrocarbon molecules 

** o m  O x y g e n  molecules

Universal Oil Products Co
Chicago, Illinois

Dubbs Cracking Process
O w ner and Licensor

C opyright 1 9 3 7  U n iversal O il Products C ô



MARKET REPORT July, 1 9 3 7
These prices unless otherwise specified are those prevailing in the New 

York market, July 15, for commercial grades in carload quantities.

A cetaldehyde, d rum s, o /l., w ks.............lb . . 14
Acetaldol, 50-gal. d ru m s .........................lb . .27
A cetam ide, tech ., c/1., d ru m s ...............lb . .32
A cetanilide, U . S. P ., pow d., b b l s . . . .lb . .25
Acetic anhydride , d rum s, fr t. allow ed.lb. . 13
Acetone, d rum s, w ks.,c /l.,frt.allow ed .lb . . 06
A cetphenetid in , bb ls  lb . 1 .30
Acid, a b ie tic ................................................ lb . .0924

Acetic, 28% , c/1., bb ls  100 lbs. 2 .5 3
56% , c/1., bb ls................... 100 lbs. 4 .7 5

G lacial, c/1., d ru m s  100 lbs. 8 .7 0
G lacial, U . S. P ., c/1., carboys

................................................. 100 lbs. 13 .75
Acetylsalicylic, U . S. P ., bbls...........lb . .50
A nthran ilic , tech ., bb ls ....................... lb . .75
Benzoic, tech ., bbls...............................lb . .43
Boric, tech ., bbls ton  95 .00
B u ty ric  (99% ), d rum s, w ks.............. lb . .22
C hloroacetic, m ono-, tech ., bbls.,

wks..........................................................lb . .16
Chlorosulfonic, d rum s, wks............... lb. .0336
C hrom ic, 99% , d ru m s.........................lb . • 1424
C innam ic, b o ttle s  lb . 2 .8 5
C itric , U . S. P ., cry st., bbls............. lb . .25
Cresylic, H . B ., c/1., wks., fr t.

equal, d ru m s .................................... gal. .91
Form ic, 90% , cbys., N . Y  lb . . 11
Furo ic, tech ., d ru m s ............................ lb . .35
Gallic, tech ., bb ls .................................. lb . .65
H , bbls., wks........................................... lb. .50
H ydriod ic , 57% , 5-lb. bofc lb . 2 .6 5
H ydrobrom ic, 10% , U. S. P ., cbys.,

wks..........................................................lb . .18
H ydrochloric, 20°, tan k s, wks.

......................................................100 lbs. 1 .10
H ydrofluoric, 30% , bbls., w k s . . . .lb . .07

60% , bb ls ., wks................................. lb . .15
H ydrofluosilic, 35% , bbls., w k s .. . .lb . .1034
H ypophosphorus, 3 0% , U . S. P ., 5-

gal. dem is............................................. lb . .75
K och, bbls................................................ lb . .36
Lactic, 22% , d a rk , bbls 100 lbs. 2 .5 0

44% , lig h t, bbls., w ks 100 lbs. 6 .5 0
Linoleio, d ru m s ...................................... lb . .16
M aleic, pow d., d ru m s ......................... lb . .30
M ixed, tanks, wks N  u n it .0634

S u n it .0085
N aph tben ic , S. V. 120-200, drum s.lb . .07
N aphth ion ic , tech ., bb ls  lb . nom.
N itric , c . p ., cbys.................................. lb . .1034
N itric , 36°, c/1., cbys., w k s.. .  100 lbs. 5 .0 0
Oxalic, bbls., wks.................................. lb . .1024
Phosphoric, 50% , U . S. P ..................lb . .12
Picram ic, kegs........................................ lb . .65
Picric, bbls., c/1..................................... lb . .35
Pyrogallic, tech ., bbls..........................lb . .90
Salicylic, tech ., bbls ............................. lb . .33
Sebacic, tech ., d ru m s.......................... lb . .37
S tearic, d. p ., bb ls ., c/1....................... lb. .1234
Sulfanilic, tech ., 250-lb. bb ls............. lb. .17
Sulfuric, 66°, c/1., cbys., w ks.. 100 lbs. 1 .25

66°, tanks, wks to n  15 .50
60°, tan k s, wks to n  12 .00
Oleum , 20% , tanks, wks ton  18 .50

T annic , tech ., bbls ................................lb . .26
T a rta r ic , U . S. P ., c ry s t., b b l s . . . .lb . .2424
T ungstic , teoh., kegs lb . 2 .7 5
Valerio, c . p., 10-lb. b o t lb. 2 .5 0

Alcohol, e th y l from  molasses, 190
proof, bbls gal. 4 .13

Amyl, from  pen tane, ta n k s  lb. .123
Secondary, ta n k s .............................. lb. .0834

B u ty l, d rum s, c/1., wks., fr t.  a l
low ed .................................................... lb . .10

C innam ic  lb. 2 .5 0
D enatu red , No. 11, comp, den a t.,

c/1., d ru m s    gal. . 35
D iacetone, te c h ., c. 1., d ru m s . . .  .lb . .1234
Furfu ry l, tech ., 500-lb. d rum s, c /l..lb . . 30
Iaoam yl, d ru m s ..................................... lb . .27
Isobu ty l, ref., d ru m s ........................... lb. .0936
Isopropyl, ref., 91% j d rum s, frt. 

allow ed  gal. .3934

W ood, see M ethanol
Aldol, 95% , d rum s, c/1..............................lb . .21
A lpha-naph tho l, bb ls ................................ lb . .52
A lpha-naph thy lam ine , bb ls ....................lb . .32
Alum , am m onia , lum p, bbls., wks.

......................................................100 lbs. 3 .0 0
C hrom e, casks, w ks...................100 lbs. 7 .0 0
P o tash , lum p , bbls., w k s . . . .100 lbs. 3 .0 0
Soda, bbls., wks.......................... 100 lbs. 3 .2 5

A lum inum , m eta l, N . Y .......................... lb . .20
C hloride, an hyd ., com m ercial,

wks., drum s ex tra , c/1 lb . .05
S tea ra te , 100-lb. b b l............................. lb . .19
Sulfate, com m ’l, bags, wks., frt.

equal.......................................100 lbs. 1 .80
Iron-free, bags, wks 100 lbs. 2 .0 0

A m inoazobenzene, 100-lb. kegs............lb . 1 .15
A m m onia, anhydrous, cyl., wks lb . .1534

50,000-lb., fr t., tanks, wks lb. . 0426
A m m onia, aq u a , 26°, ta n k s , wks.,

con ta ined  N I L ........................................lb . .0424
A m m onium  ace ta te , kegs ....................... lb . .26

B ifluoride, bb ls ....................................... lb. .16
B rom ide, bbls.......................................... lb. .35
C arbonate , tech., bb ls......................... lb . .08
C hloride, g ray , bbls ...................100 lbs. 5 .5 0

L um p, casks lb . .103-6
Iodide, 25-lb. j a r s ..................................lb . 3 .2 5
Linoleate, bb ls........................................ lb . .11
N itra te , tech ., c ry s t., bb ls..................lb. .04
O leate, bbls .............................................. lb . .10
O xalate, kegs........................................... lb . .223-6
P ersu lfa te , cases.....................................lb. .21
P hosphate , dibasic, tech ., b b l s . . . .lb . .073-6
S tea ra te , an hyd ., d ru m s .....................lb . .26
Sulfate, bu lk , wk9................................ ton  26 .5 0

A m ylene, tan k s, w ks.................................lb . .09
A m yl a ce ta te , tech ., from  pen tane,

tan k s, fr t .  a llow ed  lb . . 1134
Chloride, norm al, d rum s, w k s . . . . l b .  .56
C hlorides, m ixed, tan k s, w ks lb . .06
M ercap tan , d rum s, w ks......................lb . 1 .10
O leate, 1. c. 1., d rs., wks...................... lb . .25
S tea ra te , 1. o. 1., d rs ., wks.................. lb . .26

A niline oil, d ru m s ...................................... lb . .15
A nthracene, 80 -85% , casks, w k s .. . .lb . .75
A nthraqu inone , sub l., b b ls .  lb . .65
A ntim ony, m e ta l ........................................ lb . .1424

C hloride, cbys ......................................... lb . .17
Oxide, bbls., c/1......................................lb . . 1526
S alt, dom ., k eg s ..................................... lb . -23%
Sulfide, golden, bb ls............................. lb . .22

A rsenic, m eta l, kegs ..................................lb . .42
R ed , kegs, cases..................................... lb . .1524
W hite , c/1., kegs    lb . .03

B arium  carbonate , bb ls., bags, w ks.. to n  44 .0 0
C hloride, bbls., w ks............................ to n  72 .0 0
D ioxide, d rs., wks................................. lb . .11
H ydroxide, bb ls  lb . .0424
N itra te , casks lb . .07
T b iocyana te , 400-lb. bbls..................lb . .27

B ary tes, floated, 350-lb. bb ls ., w ks.. to n  23 .65
B enzaldehyde, tech., d ru m s .................. lb . .60
B enzidine base, bbls..................................lb. .70
Benzol, tan k s, wks...................................gal. .16
Benzoyl chloride, d ru m s ......................... lb . .40
Benzyl ace ta te , F . F . C ., b o t t le s . . .  .lb . .55

C hloride, tech ., d ru m s ........................ lb . .30
B eta-naph tho l, bb ls ...................................lb . .23
B eta-n ap h th y lam in e , bbls...................... lb . .51
B ism u th , m etal, cases.............................. lb . 1 .0 0
B ism uth , n itra te , cases............................lb . 1 .2 0

O xychloride, kegs .................................. lb . 2 .9 5
S u b n itra te , 25-lb. ja r s ......................... lb . 1 .22

B lanc fixe, d ry , bags, c/1.........................to n  60 .00
B leaching pow der, d rum s, w ks.. 100 lbs. 2 .0 0
Bone ash , kegs ............................................ lb . .06
Bone b lack , bb ls ......................................... lb . .0834
B orax, b a g s .................................................to n  4 2 .0 0
B ordeaux m ix ture, d ru m s ...................... lb . .10
B rom ine, cases............................................ lb. .30

Brom obenzene, d ru m s  lb . .50
B rom oform , j a r s  lb . 1 .40
B u ty l ace ty l ricinoleate, d ru m s  lb . .24

A cetate , d rum s, c/1., fr t. allow ed, .lb . . 10
A ldehyde, d rum s, c/1., wks.................lb. .1624
C arbinol, norm ., d rum s, wks lb . .60
C arbinol, sec., w ks lb . .60
L ac ta te , d ru m s ........................................ lb . . 22 34
Oleate, d ru m s lb. .25
S tea ra te , d ru m s  lb . .26

B u ty ra ldehyde, d rum s, wks................... lb . .3534
C adm ium , m eta l, cases lb . 1 .20

B rom ide, 50-lb. ja r s  lb . 1 .61
Sulfide, boxes lb. .90

Caffeine, U . S. P ., 5-lb. c a n s  lb . 2 .1 0
C alcium  ace ta te , b a g s .................. 100 lbs. 2 .2 5

A rsenate, bb ls .......................................... lb . .0624
C arbide, d ru m s....................................... lb . .05
C arb o n ate , U . S. P ., p recip ., 175-lb.

bb ls.......................................................... lb . .0636
C hloride, bags, flake, c/1., d e liv .. .  to n  22 .00
G luconate, U . S. P ................................ lb . .50

T ech ........................................................ lb . .28
P h o sp h a te , m onobas., b b ls .................lb . .0734

T ribas., bb ls    lb . .0634
Calom el, 100-lb. d ru m s ...........................lb . 1 .59
C am phor, J ap ., s la b s ................................ lb . .55
C arbazole, 7 0 -8 0 % , bb ls ......................... lb . .60
C arbon  bisulfide, d rum s, c/1................ lb . .05
C arbon  b lack , bags, c/1............................lb . .05
C arbon  dioxide, liq ., cyl..........................lb . .06
C arbon  te trach lo ride , d ru m s ................. lb . -0534
C asein, s tan d , gr., bb ls.............................lb . .13
Cellulose a ce ta te , bb ls .............................. lb . .0836
C erium  oxalate, k e g s ................................ lb . .28
C harcoal, willow, pow d., b b ls ............... lb . .06
C hina  clay, b u lk ........................................to n  8 .0 0
C hloral h y d ra te , d ru m s .    lb . .80
C hlorine, liq ., c/1., cy l.*     .lb . .055
C hlorine, ta n k s ................................ 100 lbs. 2 .1 5
Chlorobenzene, m ono-, d ru m s .............. lb . .06
Chloroform , tech ., d ru m s ........................lb . .20
C hrom ium  ace ta te , 20° soln ., b b ls .. .lb . .05
Coal ta r , bbla., wks...................................bb l. 7 .5 0
C obalt oxide, bb ls ...................................... lb . 1 .67
C opperas, c/1., b u lk  to n  12 .00
C opper, m etal, elec........................ 100 lbs. 14 .00
C opper carbonate , bb ls ., 5 2 /5 4 % ..  .lb . .18

C hloride, bb ls .......................................... lb . .15
C yan ide, d ru m s ...................................... lb . .37
Oxide, b lack , bbls.................................. lb . nom.
Sulfate, c/1., b b ls ........................100 lbs. 5 .15

C o tton , soluble, b b ls ................................. lb . .40
C ream  of ta r ta r ,  b b ls ............................... lb . .1824
C ro tonaldehyde, d rum s, c/1...................lb . .26
C yanam ide, bu lk , A tlan tio  p o r ts ............

...................................A m m onia  u n it 1 .15
D iam inophenol, kegs ................................ lb . 3 .80
D iam ylam ine, d rum s, o. 1., w ks........... lb . .47
D iam ylene, tan k s, wks.............................lb . .0834
D iam yl e th e r, d rum s, wks...................... lb . .0834
D iam yl oxalate, lc-1., d rs ., wks.............lb . .30
D iam yl p h th a la te , ta n k s ........................ lb . .2036
D iam yl sulfide, d rum s, wks................... lb . 1.10
D ianisid ine, bb ls .........................................lb . 2 .25
D ib u to x y e th y lp h th a la te , w ks., d rum s

 lb. .35
D ib u ty l e th e r, d rum s, w ks..................... lb . .30
D ib u ty l p h th a la te , d rum s, wks., fr t .

a llow ed   lb . .21
D ib u ty l ta r t r a te ,  d ru m s ..........................lb . .35
D ich lo rethy l e th e r, d rum s, c/1., w k s .. lb . . 15
D ich lo ropen tanes, tan k s , w ks...............lb . no  prices
D ie thano lam ine, d rum s, w ks.................lb . .31
D ie thy lan iline , d ru m s .............................. lb . .50
D ie thy lene  glycol, d rum s, w ks............. lb . .22

M ono b u ty l e th e r, d rum s, w k s . . . .lb . .26
M onoethyl e th e r, d rum s, w k s . . . . . lb .  .1®

D ie thy lene  oxide, d rum s, w ks.............. lb . .20
D ie th y l carb ino l, d rum s, w ks............... lb . .60
D ie th y l p h th a la te , d ru m s .......................lb . .19

* F . O. B . destination .

(Continued on page 44) 
42
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The magic of industrial construction creates a steady 
call for concrete. M ammoth dams spring into being 
great aqueducts honeycomb the mountains endless 
ribbons of roads thread the nation.

111,615,000 barrels of Portland cement were pro
duced in 1936—and backing this tremendous production 
is accurate quality control in thousands of modern, 
well-equipped laboratories for research and experiment.

Kimble Blue Line Exax Glassware has always been 
closely associated with the cement and allied industries. 
Its reliability in analysis and control protects vast in
vestments in crude materials and assures a finished prod
u c t  o f g r e a t  s e rv ic e  to  in d u s try . Blue L ine Exax 
ware is retested  and annealed (strain-free). Its brilliant 
BLUE LINES are fused-in for durability.

W herever control and research are involved in chemi
cal fields, in clinical or medical institutions, in biological 
and bacteriological work — Blue Line Exax Glassware is the 
laboratory standard for accuracy, service and assurance.

Stocked by leading Laboratory Supply Houses 
throughout the United States and Canada

£/ K ̂
P i  <EXAX> Ö

BLUE
L I N E

=ta„ y iT tb h  Guarantee o f  Invis ib le  Q u al i ty

KIMBLE GLASS COMPANY vineland, n. j.
N e w  Y O R K  • • C H I C A G O  • • P H I L A D E L P H I A  • •  D E T R O I T  • • B O S T O N

CHEMISTRY
an d

CONCRETE



MARKET REPORT (continued from  page 42)

D iethy l aulfate, tech., d rum s, wka.. .lb . . 13
Diglycol oleate, ligh t, bb ls  lb. .24
D im ethylam ine, pu re  25.40%  sol.—

100%  basis, d ru m s     .lb . .95
D im ethylam ine, fr t. allow ed E . M iss.,

d rs., c. 1 lb. 1 .00
D im ethy lan iline , d ru m s lb. .26
D im ethy l e thy l carbinol, d rum s, w ks.lb. . 60
D im ethy lsu lfa te , d ru m s  lb. .45
D im ethy l p b th a la te , d rum s, wks., frt.

allow ed.......................................... . . . . l b .  .21
D initrobenzene, tech ., d ru m s  lb . .16
D initrochlorobenzene, bb ls  lb. .16%
D in itronaph tha lene , bb ls  lb. .35
D initrophenol, b b ls . .   lb . .23
D ipheny l..................................................... lb. .15
D iphenylam ine, bb ls  lb. .31
D iphenylguanid ine, bbls.........................lb . .35
Epsom  sa lt, tech ., bbls., c/1., N . Y.

..................................................100 lbs. 1 .90
E th er , conc., d ru m s ......................... . .  .lb . .09
E th er , n itrous, b o t lb. .75
E th y l ace ta te , 8 5 -88% , tan k s, c/1.,

wks., fr t. allow ed ........................... lb . .0 6 %
A cetoacetate , 110-gal. d rum s, wks.,

fr t. a llow ed  lb . .2 7 %
B rom ide, d ru m s  lb. .50
C arb o n ate , 90% , 50-gal. d ru m s, .gal. 1 .85
C hlorcarbonate , c arb o y s  lb. .30
C hloride, d ru m s  lb . .22
E th e r , abso lu te, 50-gal. d ru m s  lb. .50
F o rm ate , 1. o. 1., d rs., fr t .  allow ed, .lb . .31
M ethy l ketone, d ru m s  lb. .07

E thy lbenzy lan iline , 300-lb. d ru m s . . .  lb . .86
E th y len e  d ichloride, d rum s, wks.,

fr t .  a llow ed  lb . .05%
E thy lenech lo rohydrin , a n hyd .,

d rum s, w ks lb . .75
Glycol, c/1., w ks lb . .17
M onobu ty l e th e r, d rum s, w k s . . . . l b .  .20
M onoethy l e th e r, d rum s, w ks lb . .16
M onoethy l e th e r ace ta te , d rum s,

wks............................................................lb . •
M onom ethyl e ther, d rum s, w ks.. .lb . .18
Oxide, cylinders, wks lb . .50

Feldspar, b u lk ............................................ to n  11 .00
F luorspar, 98% , b ag s ..............................to n  nom .
Form aldehyde, bb ls  lb. .0 5 %
Form aniline, d ru m s lb . .3 7 %
F u ller’s e a rth , bags, c/1., m ines ............to n  10 .00
F u rfu ra l, d rum s, tech ., con trac t,

w orks............................................................lb . .10
G lauber’s sa lt , bb ls ........................ 100 lbs. 1 .0 5
G lycerine, c. p., d ru m s  lb . .22
G lyceryl p h th a la te , d ru m s  lb . .30
Glycol p h th a la te , d ru m s  lb . .29

S tea ra te , d ru m s  lb . .23
G sa lt, bb ls   lb . .45
H exam ethy lene te tram ine , tech .,

d ru m s .......................................................... lb . .35
H ydrogen peroxide, 100 vol., cbys.. .lb . .20
H ydroquinone, kegs...................................lb . .90
Indigo, sy n th ., iiq ., bb ls lb . .16%
Iodine, resubl., j a r s ...................................lb . 1 .50
Iron  ace ta te , liq ., 17°, bb ls ., c/1 lb . .03
Iron  chloride, c ry s t., bb ls  lb . .05
Isobu ty l carb inol (128-132° C .),

ta n k s ............................................................lb . .32
K ieselguhr, bags, Pac. C oast, w ks.. .  to n  22 .00
L ead, m etal, N . Y .......................... 100 lbs. 6 .0 0
Lead ace ta te , d rs., w h ite  lb . .13%

A rsenate, d rs ............................................ lb . . 1 1 ^
Oxide, litha rge , bbls., 20-ton lo ts . .  lb . . 07 %
Peroxide, d ru m s  lb . .46
Red, bb ls., 20-ton  lo ts  lb . .0 8 %
Sulfate, bbls..............................................lb . .07
W hite, basic carb ., bbls lb . .0 7 %

Lim e, h y d ra ted , bbls 100 lbs. .85
Lim e, live, chem ical, bb ls ., wks.

..........................................................280 lbs. 1 .70
L ithopone, bb ls  lb . .0 4 %
M agnesite, calcined, 500-lb. bbls.,

wks............................................................. ton  60 .00
M agnesium , m etal, wks...........................lb . .30
M agnesium  carbonate, b a g s ..................lb. .0 6 %

C hloride, d ru m s.........................   to n  39 .00
Fluosilicate , c ry s t., b b ls .................  .lb . .10
Oxide, U . S. P ., ligh t, bb ls ................ lb . .36

M anganese chloride, bbls....................... lb . .09
Dioxide, 85 -90% , bb ls .......................to n  51 .50
Sulfate, casks..........................................lb . .07

M an ito l, pure , c ry s t., cs., w ks lb . 1 .48
M ercury  bichloride, c ry s t., 100 lb s . . .  lb . 1 .22
M ercury , flasks, 76 lbs......................... flask 9 5 .0 0

M eta-n itroan iline , bbls ............................. lb. .67
M eta-phenylenediam ine, kegs ...............lb. .80
M eta-to ly lenediam ine, bb ls .................... lb . .65
M ethano l, pure, sy n th e tic , drum s,

wks., fr t.  allowed, c/1 gal. .38
T anks, wks., fr t. allow ed ..................gal. .33

M ethy l acetone, tan k s, wks., fr t.
allow ed gal. .36

C hloride, cy linders................................ lb . .36
F orm ate. 1. o. 1., d rs., fr t.  a llow ed .lb . .39
H exyl ketone, drs., tech ., w'ks............lb . .60
L ac ta te , 1. o. 1., d rs., fr t .  a llow ed ..lb . .30
P ropy l carbinol, d rum s, w ks............ lb . .60
Salioylate, cases...................................... lb . .42

M ichler’s ketone, kegs lb . 2 .5 0
M onoam ylam ine, d rum s, c. 1., w k s ..lb . .52
M onoethanolam ine, d rum s, w ks............lb. .31
M onom ethylam ine, d ru m s ..................... lb . .65
N aph thalene , c ru d e .......................100 lbs. 2 .5 0
N ickel, m e ta l................................................lb . .35
N ickel sa lt , single, b b ls ............................ lb . .13

D ouble, bb ls .............................................lb . .13
N iter cake, b u lk  ton  nom.
N itrobenzene, d ru m s lb. .08
N itrogen so lu tion  u n i t  u n it 1.04
O ctyl ace ta te , tan k s, w ks....................... lb . .15
Oil, casto r, No. 1 ........................................lb . .10%

C hina wood, bb ls ................................... lb. .1 2 %
C oconut, ta n k s ....................................... lb . .05%
Cod, N . F ., bbls................................... gal. .52
C orn, crude, tanks, m ills....................lb. .0 8 %
C ottonseed , oil refined, bb ls............. lb . .1 0 %
Linseed, boiled, bb ls .............................lb . .116
M enhaden, crude, ta n k s  gal. .40
N e a t’s-foot, pure, bbls lb . .1 3 )4
Oleo, No. 1, b b l s . . . . , ..........................lb . .13
Olive oil, den a t., bb ls.........................gal. 1 .5 0

F oots, bbls lb. .1 1 %
P ean u t, crude, ta n k s ............................lb . .0 8 %
Perilla, d ru m s......................................... lb . .1 1 %
R apeseed, d en a t., bb ls.......................gal. .95
R ed, bb ls................................................... lb . .1 1 %
Soy bean , crude, ta n k s ....................... lb . .095
Sperm , 38°, bb ls .....................................lb . .10
W hale, bbls., n a tu ra l, refined........... lb . .105

O rtho-am inophenol, kegs ........................lb . 2 .1 5
O rtho-dichlorobenzene, d ru m s ............. lb . .06
O rtho-nitrochlorobenzene, d ru m s. . .lb . .28
O rtho-n itropheno l, bb ls ........................... lb . .85
O rtho-n itro to luene , d ru m s ..................... lb . .07
O rtho-to lu id ine, bb ls .................................lb . .14
P ara ldehyde , 110-50-gal. d ru m s  lb . .16
P ara-am inopheno l, kegs  lb . 1 .05
P ara-d ich lo robenzene  lb . .16
P ara-fo rm aldehyde, cases lb . .34
P ara ldehyde , tech ., d ru m s  lb . .16
Para -n itran ilin e , d ru m s  lb . .45
P ara-n itroch lorobenzene, d r u m s . . .  . lb .  .2 8 %
P ara-n itropheno l, bb ls  lb . .35
P ara-n itro sod im ethy lan iline , b b ls . . . lb .  .92
P ara -n itro to lu en e , bb ls  lb . .35
P ara-phenylened iam ine, bb ls  lb . 1 .25
P a ra -te r t ia ry  am yl phenol, d rum s,

c/1., wks   lb . .26
P ara-to lu id ine, b b ls  lb . .56
P a ris  G reen, 250-lb. kegs lb . .22
P erch lore thy lene , d rs., f r t .  a llow ed, .lb . . 10%
Phenol, d ru m s  lb . .18%
P heno lph tha le in , yellow , d ru m s lb . .85
P h en y le th y l alcohol, 1-lb. b o t .  lb . 3 .7 5
Phloroglucinol, tech ., d ru m s  lb . 15 .00

c. p., d ru m s  lb . 20 .00
Phosphorus, red, cases lb . .40

O xychloride, 175-lb. c y lin d e rs .. .  .lb . .16
Trichloride, cyl lb . .16

P h th a lic  anhydride , bbls lb . .1 4 )4
P la tin u m , m eta l, so lid  oz. 4 8 .0 0
P o tash , caustic , d ru m s ............................ lb . .06%
P o tassium  a b ie ta te ....................................lb . .06

A cetate , kegs...........................................lb . .26
B icarbonate , g ran ., bb ls ..................... lb . .10
B ichrom ate, cask s .................................lb . .0 8 %
B inoxalate , bbls..................................... lb . .23
B ro m id e .................................................... lb . .31
C arb o n ate , 8 0 -85% , calc., c a s k s ..lb . .0 5 %
C hlorate , c ry s t., kegs.......................... lb . .0 0 %
C hloride, crysta ls, bbls ....................... lb. .04
C yanide, cases........................................lb. .55
M eta-b isu lfite, bb ls .............................. lb . .15
M uria te , fe rt., bu lk , per KjO u n i t . . .  .5 8 %
P erm anganate , d ru m s ........................ lb . .18%
P russia te, red , casks ........................... lb . .35

Yellow, cask s .....................................lb. .15
T itan iu m  oxalate, b b ls ....................... lb. .32

Pyrid ine, d ru m s.........................................gal. 1 .30
Pyrocateohin , c. p., d ru m s ...................... lb . 2 .1 5
Resorcinol, teoh., kegs lb. .75
Rochelle sa lt, bbls., U . S. P  lb. .15%
R  sa lt, bb ls  lb . .52
Saccharin, c an s ............................................ lb . 1 .70
S alt cake, b u lk ............................................to n  12.00
Saltpe te r, gran ., b b ls .  lb . .06
Silica, ref., b a g s . . . . .  ton  22 .00
Silver n itra te , 16-oz. b o t oz. . .82%
Soda, ash, 58% , ligh t, bags, con trac t,

wks 100 lbs. 1 .23
Soda, caustic , 76% , solid, drum s,

co n trac t, w ks 100 lbs. 2 .60
Sodium  ab ie ta te , d ru m s ...........................lb . .OS

A cetate , flake, bbls lb. .0 4 %
A lginate, d ru m s  lb . .69
A ntim onia te , d rs  lb. .1 5 %
B enzoate, tech ., bb ls  lb . .40
B icarbonate , bbls 100 lbs. 1 .75
B ichrom ate, casks lb. .0654
Bisulfite, bbls lb . .03%
B rom ide, bbls., U. S. P  lb . .31
C hlorate , c ryst., b a g s  lb. .06%
C hloride, b ag s  ton  14.80
C yanide, cases lb. .1 6 %
Fluoride, bb ls  lb. .07%
M etallic , d rum s, 12% -\b. b ric k s ..lb . .19
M etasilicate, c ry s t..................... 100 lbs. 2 .75
M etasilicate, g ran ., bb ls  100 lbs. 2 .15
N ap h th en a te , d ru m s  lb . .12
N ap h th io n a te , b b ls  lb. .52
N itra te , crude, bu lk , N . Y  to n  26 .50
N itrite , bbls lb . .07
P erb o ra te , bb ls  lb. .14%
P h o sp h a te , disodium , bags. .100 lbs. 1 .70
P h o sp h a te , trisod ium , b b ls . . .  100 lbs. 2 .05
P ic ram ate , kegs..................................... lb. .65
P russia te , bb ls ........................................lb . .10
Silicate, d rum s, ta n k s , 4 0 ° .. .  100 lbs. .80
Silicofluoride, b b ls ................................ lb . .05)4
S tan n a te , d ru m s ....................................lb . .38
Sulfate, a n h y d ., b a g s ................100 lbs. 1 .45
Sulfide, c ry s t., b b ls .............................. lb . .02%

Solid, 6 0 % .......................................... lb . .03
Sulfocyanide, b b ls ................................ lb. .28
T hiosu lfate , reg ., c ry s t., bb ls  lb . .024
T u n g s ta te , tech ., kegs  lb . no  prices

S tro n tiu m  carbonate , p u re , b b l s . . . .lb . .30
N itra te , bb ls ........................................... lb . .07%
Peroxide, 100-lb. d ru m s  lb . 1 .25

Sulfur, bulk , m ines, w ks ton  18.00
Sulfur chloride, d ru m s ............................lb. .03
Sulfur dioxide, com m ercial, cyl............ lb . .07
Sulfuryl chloride, d ru m s ........................lb . .10
T etrach lo re th an e , 50-gal. d r u m s . . .  .lb . .08
T hiocarban ilid , bb ls .................................lb . .20
T in .................................................................. lb . .60%
T in  te trach lo ride , anhydrous, d rum s,

bb ls ........................................................lb. .30%
Oxide, bb ls .............................................. lb . .58

T itan iu m  dioxide, bb ls ., w ks............... lb . .16)4
Toluene, ta n k s ..........................................gal. .30
T riam ylam ine, d rum s, o. L, w ks.........lb . .77
T riam yl b o ra te , 1. c. 1., d rs ., w k s . . . .lb . .27
T rib rom ophenol, cases lb . 1 .10
T rib u ty l c itra te , 1. o. 1., d rs ., fr t .  a l

low ed....................................................... lb. .45
P h o sp h a te , 1. o. 1., d rs ., fr t. a llow ed.lb . . 50

T rich lo roe thy lene, d rum s, w ks., fr t.
allow ed ........................................................ lb* .089

T ricresy l ph o sp h ate , tech ., d rs ......... lb. .24%
T rie thano lam ine , d rum s, w ks., frt.

allow ed ........................................................ lb. .26
T rihyd roxyethy lam ine  o leate, d ru m s. lb . . 40

S te a ra te ...................................................... lb. .35
T rim ethy lam ine , d rs ., fr t .  allow ed E .

M iss., c. 1................................................... lb. 1.00
T ripheny lguan id ine, d ru m s ................... lb . .58
T ripheny l p h osphate , d ru m s .................. lb. .34
T u ngsten , tech ., pow der..........................lb . n0® ’
U rea, c ry s ta ls ...............................................lb . t
V inyl chloride, 16-lb. cy lin d e rs  lb . 1.00
W hiting , b a g s .............................................to n  7 .00
X ylene, 10°, ta n k s , w ks........................gal. .30
X ylid ine , d ru m s..........................................lb . .36
Zinc, m eta l, E . S t. L ou is ...............100 lbs. 7 .00
Zinc am m onium  chloride, b b ls .............lb . .0465

C hloride, g ran u la ted , d ru m s ............lb . .05
Oxide, A m er., b b ls ................................lb. *2*
P erb o ra te , 100-lb. d ru m s ...................lb. 1*25
Peroxide, 100-lb. d ru m s ..................... lb. * ~
S tea ra te , bb ls .......................................... lb. *20

Zinc dust, bbls., c/1.................................. lb. .0S9O

4 4
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G -E  gear-motor, single  

reduction unit

A b o v e  is show n the p lanetary-type 

of transm ission in G - E  gear-molors. 

The even distribution o f gear-tooth 

pressure made possib le  b y  this design  

assures long, trouble-free operation.

ALL TYPES OF ELECTRIC EQUIPMENT 

FOR THE CHEMICAL INDUSTRIES

Explosion-proof control

Process timers

A rc-w eld ing sets

Capacitors

Switchgear

ELECTRICg e n e r a l
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D S
Pioneers in  Alloy P la te  Fabrica tion

M ain  Office &  W ork t; Downin«{tuwn, I'a . New Y ork : 30 Church St.

EXACTLY,

A p p ro v e d  b y  " H a r t fo rd "  to A rc -W e ld  
A .S .M .E . un fired  pressure vessels, Par. 
U 69-she ll thickness up to and  inc lud ing

1 V s"

That it is not unusual for us to produce an order 
of sixty, seventy or a hundred duplicate tanks 
with never a detail at variance, is significantly 
indicative of the skill and experience and facili
ties found in this shop. It is the reason why 
your order, of any size, may be placed with 
D O W N IN G T O W N  with every confidence of 
delivery E X A C T L Y  T O  Y O U R  SPECIFICA
T IO N S .

W e've a lim ited  number o f  copies 
o f  our 32 page book o f fabrications. 
One is yours, upon request.

W rite, N O W  I

SECOND EDITION

SOLUBILITY of NON-ELECTROLYTES
By JOEL H. HILDEBRAND, Ph.D.

Professor of Chemistry in the University of California

TH IS book is the outgrow th of m any years of s tu d y o f the problems presented by 
the various phenomena of solubility. T he publication in the first edition of 

the earlier results of these studies seemed desirable in view of the im portance 
of the subject and the lack of any other comprehensive m odern trea tm ent. Its  
cordial reception, the p art it has evidently played in stim ulating further researches 
and the considerable progress made during the twelve years since its appearance 
have supplied the motives for this new edition. D uring this interval the theory of 
dipole m oments has grown to m atu rity ; the foundations of a general theory of inter- 
molecular forces have been laid; several promising attem pts have been m ade to deal 
quantitatively  with the deviations of solutions from the ideal solution laws, par
ticularly for th a t class of solutions th a t have come to be known as regular; extensive 
additions have been made to the body of d a ta  having theoretical significance. In  
consequence of these developments, this M onograph has been alm ost entirely  
rewritten.

„  . C hapter T itles: In troductory ; The Ideal Solution; D eviations from R ao u lt’s Law— General;
Po larity ; Forces between N on-Polar Molecules; Solvation; Ionization and Association; Vapor Pres- 

L iquid M ixtures; Solubilites o f Gases; Solubilities o f  Liquids in Liquids; Solubilities of 
Solid N on-E lectrolytes; M etallic Solutions; Partition  o f Solutions between Im miscible L iquids; Solu
bility  and \a r io u s  R elated Phenom ena; Appendix; A uthor Index; Subject Index.

A . S. C. Monograph No. 17 203 Pages Illustrated $4.50

R E IN H O L D  P U B L IS H IN G  C O R P O R A T IO N ,  3 3 0  W e s t  4 2 n d  Street, N e w  Y o rk , U .S .A .
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ALDRI CH
engineers can 

design and build  
to your specifications

CUSTOM BUILT 
HIGH PRESSURE 

PUMPS

W r ite  for information

THE ALDRICH PUMP CO.
Allentown, Penna.

l ass i f ie rs
0»t»ruw

Ha k d i n g e  c o u n t e r  c u r r e n t
CLASSIFIERS assure you of ou t

standing results, in washing silt from 
grain, or making a clean separation in 
particle size. And they save floor space, 
last longer, and.provide greater freedom 
from contam ination — with capacities 
from 1 to 10,000 tons per machine per 
day and particle sizes from 325 mesh
to  6"  lu m p s  !

H AR DIN G E

hickeners
a n d  C la r ifie r s

SIMPLICITY itself ! No shaft to twist off under over
load, or sleeve hearings to jam , because a large tor

que tube (too heavy to be damaged) is used instead. 
Entire assembly rotates on a ball bearing table, with 
driving gears running in oil. No hand greasing — Giants 
for strength, hut attractively priced !

YORK. PENNSYLVANIA, M ain  O ffice a n d  H arks  
NEW  YO RK , 122 E. 42nd S t. CH1CACO. 205 W. W uck.tr D ri.c

H a r d i n g e
C O M PA NY IN C O R P O R A T E D
SAN FR A N C ISCO , 501 llo w u rd  S t .  DEN V ER, 817 17th  S t.

R o o t s - C o n n e r s v i l l e  
P o s i t i v e  D i s p l a c e m e n t  
P u m p s provide s tea d y  su c 
tio n  for w e t or dry vacu u m  
p rocesses a t  m in im u m  cost 
for pow er, m a in te n a n c e , 
an d  d ep rec ia tio n .

V a cu u m s to  26" H g. F u ll 
ran ge o f  s izes .
“ Tomorrow’ s Engineering Approved by 

Yesterday s Experience.”


