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EDITORIALS

The Insignificance of the Chemist

HILE 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. It recently
occurred to the writer that the enormous quantity of
carbon dioxide produced by this combustion should in
time 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. It 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-
tionin theair. 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 at-
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 ocear, 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.

It 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 at 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!

“What is man, that Thou art mindful of him?”’

RoerT E. WiLson

Names Wanted

E ARE indebted to Jerome Alexander for the
rhyme: :

A aids development, saves from sore eyes;

B (or B)) beriberi defies;

C conquers scurvy, and D dodges rickets;

E gives you heirs who can bowl at Life’s wickets;
G (or Bs keeps pellagra away—

These are the vitamins known today.

May we emphasize that 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 that ‘“‘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 that could soon be an-
nounced.

In those days little, if anything, was known of the
structure of the vitamins. That was years before the
classit work on vitamin By, reported in detail by Wil-
liams at the Chapel Hill meeting, which gave first a
reasonable picture of the B; 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.

It 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
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are essential constituents of the diet did not use the
term ‘‘vitamin F,” maintaining that it would only
complicate matters to designate with a letter a com-
pound that is already known chemically. It 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 that 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 rat and that 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. :

It Has Been Said

What 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 at 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. What they
will say is that you were foolish for having started;
so the first thing you can do is to say ‘that 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. That is just your
alibi. It was your own thinking that failed in the
experiment. Remember that an experiment is an
impartial judge of your thinking.

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



’San:pap.

ANDPAPER ceased to be merely D. H. KILLEFFER triumph for their makers. Everyone
S grains of sand glued to paper and 60 East 42nd Street, New York, N. Y.  who saw them in action was duly im-
became a tool of thousands of cut- pressed. Everyone, that is, but the

ting edges after John Manning! failed to sell his rope cylinder sandpaper itself.
paper to sandpaper makers. Whether or not lack of interest by Despite the elegance and intricacy of the ‘‘making” ma-

sandpaper makers in a tougher paper was the real cause need  chines, variations of as much as 1000 per cent in the usefulness
not trouble us here. At least it was the proximate one, and of the product were common. The traditional obstinacy of
the entry into this particular line of work of one accustomed to  the inanimat@ flogged the sandp;xper industry._ Paper split,
aid the native ingenuity of the mechanic with the deeper see-  cracked, or disintegrated when it had no business to do so.
ing of science did the rest. Glue often separated from the grains and allowed them to drop

Sandpaper, convenience of the workman, had always beena  off without apparent cause. In the efforts to overcome this,
-coating of grit cemented to flexible sheets. Nothing much  so much glue was used that at times it covered the grains and
could be done about such an apparently simple thing. The interfered with their cutting, often to the point of burn}ng the
grits, whether of sand, flint, garnet, emery, or what, were work. Even when no such calamities happened, two pieces of
sieved for size and dropped more or less evenly on a piece of presumably identical paper would produce effects quite dif-

paper or cloth previously coated with glue. Crushed abra- ferent both in kind and degree when doing identical jobs.
sives were better than ground grit or sea sand. The paper or Complaints were passed around freely, and, as was usual a few
cloth backing received no special attention so long as the abra- decades ago, most of them got nowhere. Mystery shrouded

sive was held to it with reasonable tightness. The glue was the causes of failure for everyone. If the sand failed to
similarly chosen to form a bond between the abrasive grains stick it was the fault qf the glue, but the glue came from the
and the backing. Inspection was a matter of the keenness of  same maker and the grit from the same source that had always
vision of the workmen, and as long as everything looked all supplied good m{iterlals. The paper, too, was always made on
right it must be all right. Machines were developed to  the same machines and hence must be uniform. So the
make sandpaper continuously, wonderful machines with huge whole accumulation of faults was laid on the perversity of
capacities to apply glue and to drop sand upon it. Mechani-  nature! it i
cal skill of high order went into those machines, and t}}elr Lest anyone, basing his view on the average person’s limited
operation day in and day out was a continuing mechanical 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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1 The above photograph shows the plant of the Behr-Manning Corpora-
tion at Troy, N. Y., where coated abrasives are made by the acre.
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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 distinet
shock that reports were received from salesmen that 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 that 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. That 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 that scientists, with
aids to deeply penetrating vision at their command, did not
believe in mysteries. That was the turning point.

Problems Solved by Science

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 heen 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 that held it in place. Some grains were tigl§t1}'
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 produ_ced no
discrete shavings at all, but rather a dust like that which the

friction of severe rubbing might yield. That kind had little

value.

These revelations of things too tiny for the eye of th.e me-
chanic to perceive provided the basis for new progressin 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 ’_f'he
industry of their manufacture. Myriads of tiny cutting
edges arranged and held in orderly array today cub W,mk
given them instead of wearing down surfaces by mere friction.
By thus thinking of abrasive grains as tools, efficiency in usé
has 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 wide 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 at a unit price that must be kept down.

Abrasives

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. Flint (actually selected quartz of the correct
grade) has very sharp edges but is brittle and has relatively

A. Sea sand, rounded by wear on itself
through tide action

C. A crushed abrasive, too thin and slivery D.
for hard usage

FI1GUre 1. PHOTOMICROGRAPHS OF EXTREME SHAPES OF ABRASIVE PARTICLES

-and metal finishing operations.

B. A crushed abrasive, too chunky and
dull for general use

Crushed quartz, an excellent shape grain’
for strength and sharpness
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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
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.

The natural 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 at-
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
equally 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
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by mesh specification and avoids personal errors. The finest
particles must be graded by special sedimentation methods.

Most 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.

Adhesives

The adhesive bond between the grains and the backing must
possess strength under conditions of use, it must 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 so0 brittle under ordinary weather conditions as to crack
when bent around the arc that may be required in service.
Above all, it must be uniformly strong, so that 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 purpcse, 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—ecasein, blood, and
bone glues—have been abandoned, and all glue-bonded coated
abrasives are now made with hide glue.

That statement. must be qualified because of the growing
demand for even stronger bonds with high resistance to mois-
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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
flexible 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-
and water-resistant bonds, such coated ab-
rasives possess strengths approximating those
of abrasive wheels and at the same time retain a
certain degree of flexibility required in many grinding opera-
tions where a rigid wheel cannot be used.

SteenL Cuips Cur BY A METALITE FIBER
ComBiNaTION Disk (X 20)
This looked like black dust to the naked eye;

under the microscope it was found to be a col-

lection of steel shavings just as clear and dis-

tinct as those cut on a planer, milling machine,
or lathe.

In general, the waterproof bond made with oil-modiﬁed
adhesives possesses a greater flexibility than the correspondl_ng
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 cub 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.

Backing

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. Iach 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 at 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.

Cobrdination of Problems

The actual coating operation, carried out on.r.emarkable
automatic machines, consists of first applying a sizing coat of
glue to the backing, leveling off this coat, and dropping on ita
even layer of abrasive grains. Necessarily tl}e quantity of
abrasive is in excess of that required in the ﬁmsl_led prqduct,
and a whipping machine, consisting of a rotating series of
flights, knocks off those particles which are not imbedded in
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FroMm THE MAKING MAcHINE THE WEB Is FESTOONED IN
A DRYER TO SET THE ADHESIVE

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 at 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 at once. The
importance of this flexing operation is evident immediately in
the feel and behavior of any sheet of coated abrasive; for hav-
ing once 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 that 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 utmost uniformity. In all
other ways the treatment of the electrocoated product is the
same as that 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 grains are likely to be-
come quickly clogged by accumulations of detritus, are made

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 isslit 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. It is even possible with one type of sapd—
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! With machines of such delicacy,
on the one hand, using paper so fine-grained that it holds a
hundred thousand particles per square inch and, on the
other hand with rugged disks approaching the abrading.abiht.-y
of high-speed grinding wheels, the variety of operations in
which these products are useful runs the whole gamut of in-
dustry.
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MANILA RESINS
ORIGIN, PROPERTIES, AND APPLICATIONS

C. L. MANTELL anp H. L, RUBENKOENIG!
American Gum Importers Association, Inc., Brooklyn, N. Y.

Manila copal is derived from conifers of the
Agathis Alba Foxw. species which is widespread
over the East Indies area. The Netherlands
Indies furnishes the bulk of the world’s pro-
duction. Physical and chemical data on the
various sorts of Manila resins are summarized.
Solubility of these resins in a wide variety of
organic solvents is reported. Manila copal
apparently consists almost entirely of four
different resin acids. Soft or half-hard Manila

ANILA 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 g.f_ter 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. It is heated alone at 3Q0° 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. It is quite transparent and
is not sticky to the touch. : .

The resin is exuded from a conifer of the Agai:,hls famlly".
Foxworthy’s work (3) 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 economu-
cally valuable flora of the Netherlands Ingiies 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 18
gathered in and exported from the Netherlands East Indies.
Some of that gathered in Borneo is exported from Singapore.
The remainder of the world’s supply is collected in the Philip-
pines. Currently the Netherlands Indies S}lpplles 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 (coft Manilas, Lf)ba.s, Pontianaks,
and Boeas) are currently of the order of 15,000,000 pounds.

Some study is now being made in Celebes on tapping and
collecting this resin in a systematic manner, ‘and closer con-
trol is being assumed by the Netherlands Indies Government.
Exporters have also been supporting research wor?:_m the
United States to study the possibilities of standardizing th(;
resin grades, of improving present me'ghods of use, angl 0
finding new uses. In the course of this work some thirty-
five samples of commercial grades of Manila copal have been

1 Present address, Hilton-Dayis Chemical Company, Cincinnati, Ohio.

resin can be made the basis of a substitute for
shellac in spirit varnishes by the addition of
fatty acids and beeswax or by the addition of
nitrocellulose. By proper treatment the same
resins can be dissolved in aqueous borax and
ammonia solution to give waterproofing sizes for
paper forink vehicles. Treatment with glycerol
is discussed, suggesting the possibility of a
cheap thermosetting molding resin to be de-
rived from this reaction.

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

Constitution of Manila Resin

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 hydroxide solution.
Each of these fractions can, in turn, be divided into a fraction
whose potassium salt is soluble in alecohol and one whose po-
tassium salt is -insoluble- in. aleohol: - Since--more: -precise
separation was not required, no attempt 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.

Properties of Manila Resins

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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latter grades are by far the most used in this country. MB resin has become hard enough so that the pieces do not block
(or melengket B) may contain considerable amounts of woody together as does the soft Manila. It is scraped free of surface
impurities. Currently it is not much in demand in the United impurities and graded according to size of piece, from A (over
States but finds outlets abroad. These soft grades arrive 4 em.) to D (less than 1 em.) and dust. These are Nether-
on the market as blocky lumps, clear and free from any sur- lJands Indies gradings. Singapore Manila is of the same
face crust. A slightly older and harder grade is called E and type. Philippine Manila is also resin of about the same age;
is marketed in admixture with the C grade of the Loba type it is sorted according to both color and size of piece. Olna-

of Manila as Loba CNE. ctga is a Philippine designation for this resin.
Half-hard Manila, or Manila Loba, is the designation of mate- The fossil grade of Manila is derived from the Netherlands

rial gathered from 1 to 3 months or more after tapping. The Indies and is known as Boea or hard Manila. The light col-

TaBLe I. PropeErTIES OF MANILA RESINS FROM DIFFERENT LOCALITIES

Refractive  Softening Melting Specific Direct Indirect Saponification Todine
Resin Index Point Point Geavity Aecid No. Acid No. No. No.
el Cied:
Manila (Macassar):
WS pale soft 1.526 80-88 115-128 1.06-1.07 135-137 150-165 170-190 118-124
MA soft, blocky 1.526 77-78 121 1.06-1.07 127-134 149-165 158-190 121-126
Loba A bold pale e 82 117 1.08 149 162 176 122
Loba B bold pale nubs 1.539 73-90 120-124 1.07-1.08 136-139 147-162 160-170 116-124
Loba C bold pale chips 1.540 81-88 114-123 1.07-1.08 139-141 152-155 160-170 119-125
Loba D small pale chips 1.539 83-89 114-127 1.07-1.08 127-131 151-164 160-180 114-115
Loba DK dark chips 1.538 71-89 114-130 1.07 127-131 146-161 165-180 107-111
Loba CNE dark nubs B 79-90 116-127 1.07 125-133 144-163 168-190 104-130
Loba dust e 78-91 116-125 o 110-131 134-159 160-177 68-87
CBB medium pale nubs 1.538 82-90 119-130 1.06-1.08 134-141 152-164 176-190 114-120
DBB pale chips 1.538 78-88 120-129 1.06-1.07 135-143 154-163 170-179 112-113
Singﬁpore Manila:
‘White split chips ale 94 126 1.07 120 139 144 125
Manila (Philippine) spirit-soluble:
Extra bold pale scraped A 86 123 1.06 107 138 140 125
Bold pale 89 129 1.07 109 130 136 123
Bold extra pale sorts A5 96 . 128 1.07 111 135 143 124
Bold pale chips S 91 129 1.07 114 143 154 120
Pale small chips e 93 130 1.08 113 135 143 116
Bold amber sorts 103 128 1.07 110 139 148 113
Seeds and dust e 110 132 1.08 110 142 157 104
Pontianak: ;
Bold scraped e 87-135 135-161 1.07-1.08 113-118 122-131 149-180 119-142
Mixed bold e 95 126 1.07 121 135 148 131
Cuttings “ v 91 138 1.08 118 135 151 127
Nubs 1.540 99-135 136-169 1.07-1.08 112-118 126-135 151-180 106
Chips D 82-132 136-156 1.07-1.08 119-120 127-139 154-180 125
Boﬁa I&I%nillélz . 13
ard bold white als 79 130 1.07 118 143 : 7
Hard bold amber 1.540 80 131 1.07-1.08 120-123 14%3{47 159 110-129
Hard bold dark 1.539 80 132 1.07 122-141 147-150 175 110-133
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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 at 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. It 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. It 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:

Melting

Point, Direct  Indirect Saponifi- Iodine
Resin °©C.6  Acid No. Acid No. cation No.  No.
Soft and half-hard
Manilas e 115-135 125-150 140-165 160-190  120-130
Boea Manila 130-135 120-140 145-150 145-175 110-135

& Melting point determined by the mercury method (6).

Typical characteristics of the Manila resins from different
localities are given in Table I for the commercial grades en-
tering the American market. i
°  The acid and saponification values for Philippipe 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 aniount. :

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:
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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 at all. The other terpenic solvents
tried, Hercosol 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, sec-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 aleohols, 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 aleohols. 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. It was completely dissolved in phenol at
60°C. It 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.

Net Weight of

Resin Class of Copal Tree Country of Origin Imported from Package Package
Lb.
: is Netherlands East Indies Macassar; Netherlands Basket bags 160
Boea Fossil Agathis Alba h B Tndic
‘ . : / is Al Netherlands East Indies; East Indian ports; Basket bags 160
Loba Manila Semirecent Agathis Alba L ePhilippines Manila et
: 7 is A Netherlands East Indies; East Indian ports; Basket bags 160
Soft Manila Recent Agathis Alba Philippines Manila dibass
; - S Y Borneo Pontianak; Borneo; Cases (bold) Cases, 224;
Pontianak Semifossil Agathis Alba Siroaen ey bags, 160

Solubility Studies

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 mn the
nature of colloidal sols rather than true solutions. These are
generally spoken of as solutions, however, and the dissolving
power of a solvent for a particular resin 1s considered to vary
inversely with the viscosity of a solution of the resin 11111 it.
Using the term in this sense, some solvents dissolve t efe
resins completely, some dissolve only part of it, some simply
swell the resin particles, some mix with it to form a more or
less elastic gelatinous mass, and some do not affect the resin
at 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 at 60° C.

When these resins are run or thermally processed to render
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Tasre II. Viscosiries AND Corors® oF 50 Per CenNT SonurioNs oF MANILA RESINS
Boea Manila, i Philippine Manila, Pontianak Bold

Hard Bold Amber ——Manila Loba C—— ——Manila CBB—— ——Manila DBB—— Bold Pale Chips Scraped

Vis- is- Vis- Vis- Vis- Vis-

cosity Color cosity Color cosity Color cosity Color cosit; Color cosity Color

Poises Poises Poises Poises Poises Poises

Acetone J 2.50 2 B 0.65 5 C 0.85 5 A- 0.50- 10 A 0.50 8 R 4.70 5
Amyl acetate S A i sk A 5.50 6 M 3:2027410 U 6.27 8 Y 17.6 5
sec-Amyl alcohol Xia 1239 3 w 10.70 5 U 6.27 6 R 4.70 10 U 6.27 9 Y 17.6 5
Amyl chloride 2% e o o 22T 5.50 9 S 5% oy oy o g
Aniline R A 5 Z3 46.3 17 Z1 27.0 18 B AT 134 Z1 27.0 Da Z4 63.4 18
Ansol Mb J 2.50 4 F 1.40 5 E 1.26 6 B 0.65 10 C 0.85 9 N 3.40 5
Benzyl alcohol e S0 A o S S b3 ARG A Z1 27.0 12 Z1 27.0 12 Z6 148 8
Butyl acetate & v ok e o &% L 3.00 9 Yy 5.50 9 4 17.6 4
n-Butyl alcohol Vi 8.84 3 ik 5.50 5 R 4.70 5 K 287535510 N 3.40 10 X 12.9 (i}
Butyl Carbitol a7 Ave o Y 17.6 5 X 12.9 6 X 12.9 11 B 1.25 8 Z2 36.2 6
Butyl ether s S 1i3 B3 433 A- 0.50- 2 18 3 53 o 36 A
Butyl lactate 5 R 3 Y 17.6 5 Z 22.7 6 b0 i Z1 27.0 10 Z3 46.3 7
Cellosolve 55 L e A e i U 6.27 6 J 2.50° °10 13 4.0 10 Y 17.6 5
Diacetone alcohol Z5n 2207 6 w 10.70 6 Uie5 6.27 8 Q 4.35 11 U 6.27 10 Z2 36.2 8
Dioxane Py & s &8 e AN 8.84 5 1 5.50 10 U 6.27 8 Z2  36.2 5
Digentene o it a0 50 g 4.35 4 ) /o5 e iy 55 ¥
Ethyl acetate on A L 3.00 4 I 1.65 6 B 0.65 9 X 12.9 11 W 10.70 4
Ethyl ether i A & (o] 0.85 4 E 1.25 4 A 0.50 8 C 0.85 7 R 4.70 4
Hercosol 80¢ o i s 55 Z1 27.0 6 e At Z3 46.3 10 455 5
Hexalin oS SR X 76 148 5 Z3 46.3 0 7Z2 36.2 12 Z6 148 9 Z2 ' 36:2 5
Isopropyl alcohol U 6.27 4 P 4.00 5 0 8.70 6 H 2.00 10 J 2.50 9 vV 8.8 6
Methyl acetone K 27852 C 0.85 5 C 0.85 6 A- 0.50- 9 A 0.50 8 Vv 8.84 5
Methyl aleohol G 1.65 5 A 0.50 7 B 0.65 7 A- 0.50- 11 A 0.50 10 M 3.20 7
Octyl acetate e % Y- 17.6 5 Z 227 5 Z1 27.0 11 Z5 98.5 10 s 57
Shellacol? N 3.40 4 H 2.00 6 I 2.26 6 A 0.50 11 BE 1.25 10 R 4.70 6
Solox? (0] 3.70 4 I 2.26 6 I 2.26 7 C 0.85 11 H 2:00:, 10 % 4.35 6
Terpineol 0 S il o 76 148 7, B 5, 7Z6 148 12 5 98.5 9
Tetralin i GBS i 76 148 17 Z5 98.5 18 54 TR g

@ Viscosities refer to Gardner-Holdt bubble viscosity tubes and colors to Gardner-Holdt standards.

5 An anhydrous denatured ethyl alcohol.

¢ A special high-boiling solvent for varnishes and lacquers, consisting chiefly of terpene, hydrocarbons, 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.

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 at 60° C.

The change in solubility as the result of thermal processing
is marked. Material originally soluble in alco-
hols becomes insoluble because of chemical

Tasre III. PropeErTIES OF RUN MaANILA RESINS

In-

Soften- Direct direct

5 ing Melting Specific Acid Acid

Resin Loss Point Point  Gravity No. No.

% 20 CALe
Boea hard bold amber 20-25 105 125-135 .06 78-85 86
Manila CBB 25 80-90 115-120 1.06 60 67
Manila DBB 25 85-90 125-135 1.05 50-60 53
Manila Loba C. 85-00 125-130 1.05 55-85 72
Philippine Manila bold

pale chips 2 85 127 1.06 50-55 62
Pontianak bold scraped 20-25 105 125-130 1.06 75-85 92

Saponi-

changes on heating, In contrast, fossil resins
such as Congo are converted by running from

o Todine insoluble materials to soluble ones.
No. 0.

Shellac Substitutes
70 1§g Shellac used as a spirit varnish resin gives a
50 104 film that is both hard and tough and has no
S5 tackiness. Since soft and half-hard Manila copals
86 99 have a hardness equal to that of shellac, though

their spirit varnish films are much more brittle,

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 running.

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

some work has been 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—solul}le
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
vield a size, which gives a waterproof finish when coated on
paper. It is also a good vehicle to make waterproof inks,
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using a 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.
It may, however, be rendered easily soluble by grinding and
exposing to air at a temperature just below its softening point
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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 that 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.

TasLE IV. APPLICATIONS OF MANILA RESIN

Adhe- Dry  Finish-

sives Amber Chew- Colors _ ing ; ; Qil Rubber Spirit i Wax
and  Substi- ing and Compo- Lac- Lino- Oil-  Var- { Paper  Plas- .. Compo- Var- Textile Compo-
Cements tute Gum Driers Pastes sitions Inks quers leum cloth nishes Paints Sizing  tics Polishes sitions nishes Sizing sitions
Boea x x x x x x x
Loba x x x x x x x x x x x X x
Soft Manila x x x X x x x X x x x X x
Pontianak x X x x X X x x x X X x X X x

for 100 hours. Several months of exposure in the ground
condition to air at 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.

Chemical Modification of Manila 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 suddeI}]y
formed an infusible spongy mass somewhat like a China
wood oil gel, which on cooling was very hard and tough, aqd
insoluble in organic solvents. Addition of dammar or rosin
ester to the reaction mixture delayed this gelation somewhat,
but at no time during the reaction was the mixture sq]uble
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 responsxble
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 sodlux.n
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 an.d
maleic anhydride, with a partially reacted glycerol 'phthahc
anhydride mixture, and with glyceryl mono- angi 'dlacetates
gave similar infusible, insoluble products. Addition of cal-
cium hydroxide or calcium chloride to molten Manila did not

Heating in a glass-lined autoclave at 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

Resinification of

I1.
Phenol Alcohols

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

HE 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 (b) 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). It consists of attachment of one or
more formaldehyde molecules to the benzene ring, to form the
grouping -CH,OH, at positions ortho or para to the phenolic
hydroxyl. Reaction may be stopped at this stage by working
under alkaline conditions and limiting temperature or time.
The phenol alcohols may then beisolated. Asa class they are
more or less water-soluble, crystallizable substances.

Resinification

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. It was observed when the first known
phenol aleohol, saligenin or orthohydroxy benzyl alcohol, was
isolated from a natural source by Piria in 1843 (72). 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
Lederer (8), establishing the intermediary role of phenol al-
cohols in the formation of the resinous condensation produets,

Curability

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
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To facilitate a clear understanding of
the phenol-formaldehyde condensation
process, its component stages are studied
separately. The initial simple combina-
tion was the subject of the previous ar-
ticle of the series (5). The second or resin-
forming stage is discussed here. Reac-
tion and product characteristics are de-
scribed generally and analyzed with refer-
ence to the various determining factors,
introducing experimental data. Chemi-
cal equations are derived for the resini-
fication of the dialcohols of ortho- and
paracresol under various conditions.
Further condensation is shown to end
with the total loss of two molecules of
water per molecule of dialcohol in each
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
that 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. It 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.

Classification of Resins

With 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 at elevated tem-
peratures. This produces a brown film which is infusible zu_ld
unaffected by solvents, but does not form in the absence of air.
In a vacuum they can withstand prolonged heating at 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
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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 that 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 matter; 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.

Factors Determining Curability

Bagkeland, working with phenol, found that the typeof resin
formed depends primarily on the proportion of formaldehyde
to phenol actually entering into the composition. Synthesi_s,
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. Betweecn the two a narrow type 2
zone was found.

Baekeland also found that the proportions entering into the
product from a given reaction mixture are, in turn, de.ter-
mined by whether the reaction conditions are acid or alkah.ue.
Alkaline conditions favor the utilization of a larger proportion
of formaldehyde and consequently the formation of t'h'e Bake-
lite type of resin. If a Novolak is desired, acid cgn_dltlo.ns are
to be preferred. This applies only to direct resunﬁcgtxon.

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 resinifica-
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 resinification products, depend, in turn, on
two factors, the number of formaldehyde molecules combined
with one phenol molecule and the parent phenol froxp'whl.ch
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.

Classification of Phenols According to
Curability

The writer has numbered the three types of resin, 1 2, a_nd
3 in the order of increasing curability. The same dgsxgpatlgrt
may be applied to the classification of p'hfanols, indicating by
the type number the number of free ppsxtlons on the fber}igen.e
nucleus ortho or para to the phenolic hydroxyl. Iht ISI s
done, we find that the type number of each class of phenol 1s
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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.! 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 diphenolmethane (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.
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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 dialeohols; 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.

Resinification Process

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.

Resinification by Heat Alone

In the absence of catalysts (acidity or alkalinity), resinifi-
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, the various xylenols will be distinguished by numbers

indicating the positions of the side chains with reference to the phenolic
hydroxyl taken 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 dialecohol, 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 at any time.

Dialcohol =

Orthocresol ~ Paracresol
Total loss in weight, % of dialcohol 2172 20.7
% of product soluble in acetone 94.65 11.5

In the case of paracresol dialcohol, the rate of dehydration
became so slow near the end that 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 at 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 at 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

L T ralcohol

X 168

corresponding in the present case closely to CoH;.0; — 2H,0 =
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:

7CDH110; —— CeaHuO7 -+ 14H20

Characteristics of Alkaline Resinification

While resinification 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
resinification velocity at 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 that quan-
tity.

Holmes and Megson (?) recently compared the resinifica-
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 aleohol (phenolate proportions) or considerably less
(sometimes down to about one-fifth that quantity), the resins
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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 resinification 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 resinification. Those
from metacresol and phenols of faster characteristics, on the
other hand, undergo considerable resinification under these
conditions.

With low alkalinity there appears to be an increase in the
resinification rate at room temperature so that some resinifi-
cation occurs even with the slower phenols.

Phenolate Method

When a solution of a phenol in equimolar quantities of say
10 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 that point on, if the heating is continued
the process is essentially the resinification 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 resinification 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 a-naphthol (with equimolar form-
aldehyde), which may be termed normally acting phenols 1n
this respect, no precipitation occurs until the addition of acid.

Precipitated Forms

Here an interesting phenomenon is encountered, which is
convenient as an index of the progress of resinification. The
physical form of the resin precipitating on neutralization
varies according to the extent to which resinification has pro-
gressed or, for any one phenol, with the reaction time. As be-
tween one phenol and another, the time required to produce &
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, O]
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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TaBLE I. REBINIFICATION OF ORTHOCRESOL DIALCOHOL

Experiment No. 1 2
Molar scale 1/100 1/20

Reaction mixture:

Orthocresol dialcohol, grams 1.880 8.400
Water, cc. 4 15
5 N NaOH, cc. 2.00 10.00
Hours boiled 1 2
Subsequent dilution, total cc. 75 300
Formaldehyde elimination millimoles:
Original NaOH 10.0 50.0
Titration (HCI) 7.5 38.5
Loss in alkalinity 258 11.5
Loss in HCHO 5.0 23.0
Dehydration, grams:
Original dialcohol 1.680 8.400
Total resin 1.305 6.641
Total loss in weight 0.375 1.759
HCHO 0.150 0.690
H,0 (by difference) 0.225 1.069
Moles}i)er mole dialcohol:
HCHO 0.50 0.46
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 resinification
proceeds, we have a diminishing concentration of phex}ol
aleohols accompanied by an inereasing 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. e

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 at room temperature, may result
from the carrying down of diminishing proportions of pl'lenol
aleohols by the resins on precipitation. The final gelatinous
form which at moderate dilutions is obtained only when the
phenol aleohols are nearly exhausted, thus signifying the
practical completion of resinification, would be tbe 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 ﬁltrat_ion and wash-
ing, is redissolved in dilute alkali and reprecipitated by neu-
tralization, it will come out in one of the more advancpd
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 g_elfltl‘
nous form will be attained eventually by repeated precipita-
tions after which there is no further effect.

Velocity Comparison

On the basis of these effects, whatever their mechanism may
be, resinification velocities can be indicated and co_mparec}.
Thus under these conditions in the case of phenol with equi-
molar formaldehyde, about 8 hours are requlr(;d to reach ﬂlle
gelatinous form; with the fastest phenols this result 1s ob-
tained in about 8 minutes. Metacresol is about ten times as
fast as phenol.

INDUSTRIAL AND ENGINEERING CHEMISTRY 863

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 at 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 ratic. In
the latter case the additional formaldehyde did not take part
in the reaction.

Loss of Formaldehyde by Polyalcohols

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 resinification in boiling aqueous solution.
This will be shown specifically in the cresol dialeohol 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 resinification 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 amgle 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 -+ CH;OH

and therefore can be determined by loss of alkalinity. The re-
sults, interpreted on this basis, were as follows.
Millimoles

Original alkalinity 100.0
Residual alkalinity 46.8

Alkalinity consumed 53.2
Formaldehyde lost 106.4
Formaldehyde total 390.0

Formaldehyde retained

283.6 (94.5% of 3:1)
Moles retained per mole of phenol 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.

Alkaline Resinification of Orthocresol
Dialcohol (Phenolate Method)

Reaction mixtures were prepared by dissolving the dialco-
hol in water and adding its equivalent of 5 N sodium hydrox-
ide solution. Resinification 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 form on titration, indicating nearly complete resinification.
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 resinification occurred after 2 days
at room temperature. In experiment 2 the main resin was
removed first and the completion of resinification was has-
tened by boiling down the acidified filtrate and washings.
The main resin was 97.8 per cent of the total.
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The resins were filtered off on fritted glass filters, washed
thoroughly with water, and dried to constant weight at 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 at the end of the first hour. This was
anticipated from 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 at 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 at 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 Dialcohol

Grams

Original dialcohol 1.680

Corrected minimum weight 1.259

Total loss in weight 0.421

CHO 0.150 S

H.0 0.271 16.13
H,0 lost in HCHO 0.090 5.36
Total H:O lost 0.361 21.49
Theoretical for 2H:0 S 21.43

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

Molecular weight 1450, 1454
Unit weight = 6.641 X 20 132.8
Units per molecule = 1452/132.8 10.94

Moles liberated per 10.94 moles dialcohol:
HCHO = 0.46 X 10.94 ; 5.03
H.0 = 1.19 X 10.94 13.02

11CsH 1203 — CaiHysO1s + SHCHO + 13H:0

Alkaline Resinification of Paracresol
Dialcohol (Phenolate Method)

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
resing even precipitate from strongly alkaline solutions when
resinification reaches a certain point.

Therefore in the present instance no attempt was made to
carry the resinification 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; 5N sodium hydroxide, 2.00 cec.; water,
5 cc.

The procedure was the same as with orthocresol dialcohol,
except in the following respects. After resinification, the solu-
tion was diluted with hot water and kept hot during titration
and filtration to prevent the unresinified dialcohol from crys-
tallizing.
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In experiment 1 (Table II) the resin precipitated in plastic
form on titration. It was filtered by decantation 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.

TaBLE II. RESINIFICATION OF PARACRESOL DIALCOHOL
Experiment No. 1 2
Hours boiled 1 4
Original NaOH, millimoles 10.0 10.0
Titration (HCI) 9.0 8.0
Loss in alkalinity 1.0 2.0

HCHO 2.0 4.0
Residual dialeohol, grams:

Recovered 0.663 S

Determined 0.271 0.244

Total 0.934 0.244
Resin 0.582 1.128
Total recovery 1.516 1.372
Loss in weight (resinification) 0.164 0.308
HCHO liberated, grams 0.060 0.120
H,0 liberated, grams 0.104 0.188
Further dehydration at 185° C, 0.026 0.033
Dialcohol resinified, grams 0.746 1.436
% of original 44 .4 85.5
Moles per mole of dialcohol consumed:

HCHO liberated (resinification) 0.450 0.468

H0 liberated (resinification) 1.302 1.221

H0 liberated at 185° C. 0.327 0.214

Total H:O 4 CH:0 liberated 2.079 1.903
% cure (1.5 hr. at 185° C.) 15.7 40.3

Copious crystallization of the dialeohol 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 resinification 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, ete., of the resin on continued
boiling in alkaline solution, in this case even during the prog-
ress of resinification. 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 that is stable under the resinification conditions, than t_‘,he
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 at 185° C. Thus,
we see two distinct stages or kinds of condensation which may
be designated, respectively, as resinification and curing (?-C'
cording to the limitations of the resin type). Some indication
of this can be seen also in Figure 1. Again we find the u}tl-
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 t}}ese
experiments on a larger scale for molecular weight determina-
tion and formulation, to see whether simple polymerization
(1. e., without dehydration) occurred after the resin formation
under the resinification conditions. This is suggested as 8
subject for theoretical investigation.
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Characteristics of Acid Resinification

Under acid conditions, in contrast to alkaline, the velocity
of resinification 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 polyaleohols, is
found as under alkaline conditions. In fact, the monoalco-
hols appear to resinify somewhat more rapidly than the poly-
alcohols.

The reaction starts at 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, ete. 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 aleohol at 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, at a rate varying with the intensity of the resinifi-
cation reaction as determined by conditions.

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

Acid Resinification and Curability

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
(6), 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 at 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,
at room temperature, this is a convenient means of producing
a material of the B type for molding. It 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 cqnden-
sation of the aleohols 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.
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This particular discoloration phenomenon appears to be
confined to acid condensation products of the highly curable
type. It was found to a less extent with metacresol but not
with any of the other phenols investigated nor in Novolak
from phenol or metacresol. It 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 dialecohol and phenol.

The solution of phenol alecohols 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 (5). 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 resinifica-
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.

Acid Resinification of Type 2 Dialcohols

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 IIT) 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 at room temperature and were then filtered off, washed,
and dried asusual. 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.

Tasre III. ResINIFIcATION OF TYPE 2 DI1ALcoHOLS

Cresol dialcohol Ortho Para
Moles taken 1/50 1/20
Grams taken 3.360 8.400
Days standing 5
Yields:
Main resin 2.835 7.260
Filtrate resin 0.010 0.067
Total resin 2.845 7.327
Loss in weight (dehydration) 0.515 1.073%
Formulation:
Unit weight 142.25 146,54
Molecular weight 967 1002, 1002
Units in resin molecule 6.8 7.0
Moles H:O liberated per mole resin 9.7 7.1¢
Equations:

Ortho: 7CsH120; — CuHaOn + 10H,O

Para: 7CeH1:03 — CesHnOu 4 7H.0
Ultimate dehydration:

Temperature, ° C. 178 185

Time, hours 3

% of original dialcohol:

Further dehydration 6.14 8.90
Previous 15.33 12.774
Total 21.47 21.67@
Theoretical for 2H.0 21.43

Cure (insoluble in acetone) 82.7%

@ Includes a little formaldehyde.
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Summary

The present article is restricted to the empirical facts re-
lating to resinification 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
resinification of phenol-formaldehyde mixtures, where the
ratio of combination is determined by the resinification 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:

Resinification 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-
seribed.

Under alkaline conditions, the velocity of resinification 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.
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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. Unsaturation of Rubber Vulcanized with Nitro
Compounds and Benzoyl Peroxide'

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

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

The studies of one of the authors (Z) on the vulcanization
of rubber with nitro compounds indicate that these sub-
stances or their decomposition products combine with rub-
ber. Van Rossem (8) also showed that vuleanization with
benzoyl peroxide is accompanied by a decrease in extractable
material, indicating that either the reagent or its decomposi-
tion products combine chemically with the rubber. The natu-
ral expectation would be that addition to the double bonds
occurs and that the unsaturation decreases correspondingly.

Van Rossem’s proposed mechanism for the vuleanization
with benzoyl peroxide would involve no change in unsatura-
tion. Fisher and Gray (2) applied Kemp’s method (4) in
determining the iodine numbers of a single vulcanizate 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

! Previous papers in this series appeared in 1930 (pages 737, 740, 744, 748),
1932 (page 549), and in 1934 (page 1283).

JOHN T. BLAKE aAnD PHILIP L. BRUCE
Simplex Wire & Cable Company, Boston, Mass.

from their results that “Ordinary
vuleanization is an unknown or
undetermined type of change in
the hydrocarbon involving no change in the unsaturation
and that chemical union of sulfur is a secondary reaction.”
If true, this evidence is a serious blow to the chemical thegry
of vuleanization which postulates that a chemical reaction
is essential for the process. The present paper offers evidence
that the vulcanization of rubber with these reagents does
involve change in its unsaturation.

Experimental Procedure

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 per}od-
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 (?) suggested that the hy-
drogen bromide formed by the substitution be titrated W_lth
potassium iodate and sodium thiosulfate. If this correction
is applied to the total bromine absorption, values are ob-
tained that are approximately correct, but conditions }mve
to be controlled carefully if precise results are to be obtained.
Kemp suggested the reaction of rubber with iodine chloride
at 0°. TUnder these conditions satisfactory results are ob-
tained, and this is probably the best method yet offered.

Nitro compounds react with rubber so weakly that only
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soft vuleanized rubber can be formed. Ebonite cannot be
produced with this reagent. It was thought at first that,
since iodine chloride is sufficiently active to react completely
with rubber at 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.

Iodine Bromide

Todine 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 (3) claimed that 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
at 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 (5) obtained low
values, but by using a larger excess of reagent and a longer
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50 ce. 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
C;sH; 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 Todine Reaction Excess Todine
Time Br No. Time r 0.
Min. % Min. %

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

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-

reaction time they obtained
better results. The results were
sufficiently variable, however, so
that they believed the method
could not be relied upon for a
high degree of accuracy.

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, wasbing 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 sublimed
arsenious oxide.

The determination of the un-
saturation of unvuleanized 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 vulcanized
samples at its boiling point
(172° C.) and does not react with
the reagent. Since it is a solid
at room temperature, 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 Erlenmeyer
flasks. A measured amount of the
iodine bromide solution was added,
andi the mixture was allowed to
stand in darkness for a definite period
at room temperature (22° to 25° C.),

Previous work in this field
indicated that the vulcaniza-
tion of rubber with dinitro-
benzene and benzoyl peroxide
is not accompanied by a de-
crease in unsaturation. This
implies that a chemical
reaction is unnecessary for
the formation of vulcanized
rubber and deals a serious
blow to the chemical theory
of vulcanization. Other evi-
dence indicates that nitro
compounds and benzoyl per-
oxide do react with rubber
during vulcanization.

The unsaturation of such
vulcanizates has been studied
by means of iodine chloride
and iodine bromide. The
results indicate that vulcan-
ization with these agents is
accompanied by a decrease
in unsaturation and that it
is proportional to the com-
bined material. Calculations
of the number of double
bonds saturated per molecule
of reagent give results that are
not readily explained.

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 showed
that neither m-dinitrobenzene nor
litharge 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.
Vuleaniza- Iodine Combined

tion No. N
Min. %

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
vulecanization 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
theory is correct that the two
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R23 [ e of acetone-soluble material was determined on com-
L QQT'MQE-Q o5 ,_QC’UQRE 'IéQM'NmI!-gS 160180 %’,"‘5'";2 N'°3 04 %d pounds D, E, and F, and from these values the amount
of products from the benzoyl peroxide which combined
Figures 3 AND 4. CompOUND B, m-DINITROBENZENE with the rubber was calculated. In the following
. . . . 1
effects are proportional, plotting the iodine e e I0DINE.
number against combined nitrogen should 350 e o imes mRoENT 090 355 AbL
give a straight line. These data are de- [
lineated in Figure 2 and produce a straight RS o2 35\0'
line within the limits of the experimental : FIG. 5 vl aHEsd
TITOT, : 2
2R g % 1 Pl 4
333, 045/ 1340
Iodine Chloride \\\ IODINE NUMBER \\
030|335
Todine chloride was used in following Besi
the unsaturation for several compounds. 3f25 a5 | 1330
Th? 1(l:omposition of these compounds is T O CURE s s T RS OMENED RO %
as follows: e e
F1Gures 5 AND 6. CoMpOoUND C, sym-TRINITROBENZENE
B C D E F
Smoked sheet 100 100 100 100 100
Litharge 5 5 T
m-Dinitrobenzene 6 A 1o S g I0DINE
sym-Trinitrobenzene o 6 RS Gt ik NUMBER
Benzoyl peroxide At Ay 7 11.1 25 \
These vuleanizates had tensile strengths of 1000 to 2000 22 \\
pounds per square inch. 55 N
In Kemp’s procedure for determining the unsaturation \
with iodine chloride, tetrachloroethane was used as the sol- k3o N
vent for disintegration of the samples. A number of blanks \
were run on this material, heating them exactly as Kemp 325 AN
prescribed. No matter how carefully the tetrachloroethane \
was purified, enough decomposition was found at its boiling P 2
point to introduce serious errors. Tests on c. p. p-dichloro- \
sugo % Sl 315 COMBINED AN
benzene indicated that this material is completely stable [BENZOYL PeRoXIDE T\
at its boiling point. Tests lasting up to 5 hours indicated 2l i pi N e

that the time of boiling of this reagent with rubber has no Ricunn 7 oo DR i
effect on the unsaturation determination. Therefore, this Benzovs Peroxmve
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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.

Compound B

Compound C

270° F. 245° F. :
vuleaniza- Combined Iodine vuleaniza- Combined Todin
tion N No. tion N No.
Min. % Min. %
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 0.480 324 30 0.900 333
180 0.466 325 90 0.921 330
Benzoyl Peroxide Compounds Vulcanized 20 Min. at 275° F.
* ——Benzoyl Peroxide—— Todine
Compound Total Combined No.
D 7.0 2.31 341
E 1131 5.31 333
F 25.0 13.97 311

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 at 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 at 0°C. The iodine numbers showed that
the long time of treatment changes the absolute values some-
what, but the slope of the line relating combined nitrogen
and unsaturation was almost exactly the same as that in
TFigure 4. An unusually long time of acetone extraction
had no effect on the iodine number or the per cent combined
nitrogen.

The possibility that 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:

~——Compound—— 270° F. Iodine No.
Rubber 5 PbO Heat Treatment (Not Acetone-Extd.)
% % Min.
100 0 None 352
100 0 120 350
95 5 None 350
95 5 120 351

An increase in unextractable nitrogen during the \{ulcani-
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. It was shown,
however, that on heating a mixture of litharge anq m-di-
nitrobenzene no acetone-insoluble nitrogenous material was
formed.

Discussion

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
at 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 chemicglly to t»l}e doub_le
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.
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It 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 vuleanizing agent may be calculated by the
following formula:

100 (Io — I)M

68 QoW double bonds saturated per molecule of nitro

compound or benzoyl peroxide, or atom of

sulfur or selenium

where Iy and I: = iodine numbers at vulcanization times of 0
and ¢, respectively

M = 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:

) Unsaturation Double Bonds Satd.

Vulcanizing Agent Reagent per Mol. of Reagent
m-Dinitrobenzene IBr 5.4
m-Dinitrobenzene ICL 7.5
sym-Trinitrobenzene ICl1 3.2
Benzoyl peroxide ICl1 2.6

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

A molecule of m-dinitrobenzene appears to saturate a
fairly large number of double bonds. It was perhaps to be
expected that 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. It is possible that
these results may be explained by the theory that 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 vuleanization.
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Titanium Salts in Water

Puritication

W. V. UPTON &anND A. M. BUSWELL
Illinois State Water Survey, Urbana, Ill.

HE possibility of using titanium compounds as coagu-

lants in water treatment was suggested by the inade-

quate removal of fluorides from drinking waters with
filter alum (3, 4). Some removal was obtained with this
coagulant, and it appeared that better fluoride removal might
be obtained by use of a salt having a quadrivalent cation in-
stead of the trivalent aluminum ion (5). 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.

Preparation of Reagent

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 (8). Three 5-ce. 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 ce. 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.
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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 cec. 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
{r%m an analysis of its constituents to be largely Ti(SOy), - zH:0
9).

Coagulation Experiments with Fluorides

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 at 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
floc 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
flocs 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 at 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. Treatment 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 80 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 on
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 (3); 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
that the coagulative and adsorptive
properties of the floc for the fluoride ions
or complexes might not be as great as
if the floc 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 1.0°= 0.5°C,,
and 10 grains per gallon of titanium
sulfate were added. This cooling
slowed hydrolysis and caused a some-
what better floc 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.

Coagulation Experiments with

Colored Water

A series of experiments was made to
compare the color-removing ability of
the ilmenite extract with those of
aluminum sulfate and ferric sulfate,
Color was produced in the water by
adding a dark brown trade waste whose
color was due to vegetable organic
matter. Theliquid had a high inorganic
salt content, mostly as sodium chloride,
but no analyses to determine the con-
centration were run.

The organic and inorganic matter 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, however, the
ilmenite extract gave good flocs and
considerable color removal. In water
treated with ilmenite extract amount-
ing to 7.6 grains per gallon of TiOSOs-
2H.0 and 7.1 grains per gallon of ferric
sulfate, an initial color of 43 on the

platinum-cobalt scale (1) was reduced to 10. The initial pH

was 7.2 and the final pH 4.3.

To obtain less dissolved and suspended material, a water was
Titanium sulfate was

der to find the effect

colored by soaking oak leaves in it.

substituted for the ilmenite extract in or

Titanium sulfate has ad-
vantages and disadvantages
as a coagulant for water treat-
ment. The reagent is hard
to feed and hydrolyzes readily
in the feed solution unless
it is kept concentrated.
Feeding the titanium sulfate
solution with aluminum or
iron sulfate, however, makes
it much easier to handle by
inhibiting hydrolysis in the
feed solution. Titanium
sulfate cannot be dry-fed
since it will not hydrolyze
completely in very dilute
solution. It shows no ad-
vantage over aluminum sul-
fate in fluoride removal but
removes color from water
more efficiently. The hy-
drous titanium oxide floc is
much more bulky and opaque
than the alum floc but settles
somewhat more slowly at
ordinary temperatures. The
pH range for good floc forma-
tion with titanium sulfate is
considerably broader than
that for alum. The titanium
floc forms much more rapidly
and in a bulkier condition at
temperatures near 0° C.
Ilmenite extract gives much
better coagulation in the
colored water high in colloidal
matter and dissolved salts
than aluminum or ferric sul-
fates.
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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 was adjusted
to 5.2 and the color was again read.
The final colors from the treatments
were as follows: ferric sulfate, 38; alumi-
num sulfate, 22; titanium sulfate, 7.

Effect of Temperature

The fact that good flocculation was
obtained with titanium sulfate at a
temperature near the freezing point of
water suggested the study of low-
temperature coagulation comparing
titanium sulfate with aluminum. Two
runs were made at 1.5° to 2.0°C.
Dosages of 2 grains per gallon of alumi-
num sulfate and of titanium sulfate
were used at pH values of 8.5 and 8.4,
respectively. The waters were stirred
for 3 hours; a floc appeared in half an
hour in the titanium sulfate run but
not at the end of the stirring period in
the aluminum- sulfate run. Standing
overnight at 3.0° to 4.0° C. caused a
bulky hydrous titanium oxide floc to
settle completely. The aluminum-
sulfate-treated water was still milky
and had a turbidity of 10 p.p.m., and
what floc 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 floc and
the faster the floc settled.
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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.

OLYMERIZED chloroprene (2) or neoprene resembles
Pnatuml rubber in that 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 that 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 at 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

The use of compounding ingredients
is not essential to the conversion of
plastic to nonplastic neoprene, but the
addition of suitable materials does affect
the  properties of both the plastic and
the cured neoprene. In this paper data
are presented showing the influence of
metallic oxides on the stability of uncured
neoprene and on the stress-strain proper-
ties, hardness, and water absorption of
cured neoprene. Proper mixtures are
more effective than single oxides. The
best compounds for general use contain
zinc oxide and magnesia. Calcium oxide
cannot be substituted for magnesia.
Mixtures of litharge and magnesia or
zinc oxide give compounds which have
low moduli and tensile strengths, but
which, with the properselection of oxides,
possess superior water resistance.

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
zine oxide, and litharge and magnesia were shown by Bridg-

plant production of neoprene type E is con-
sidered.
Metallic oxides have quite different effects,

TasLe I. IErrecr oF INORGANIC OXIDES ON THE CURE OF NEOPRENE

Stress at 600% Elongation at

: : s Elongation Tensile Strength Break
and can be classified according to their in- : Cureat 5 parts 10 parts 5 parts ll)gparts 5 parts 10 parts
fluence on the rate of cure of neoprene. When Oxide 153‘.’ C.  oxide® s oxide?® oxide? ¢ oxide?® oxide®  oxide®
used singly, the oxides of magnesium, zinc, i ﬂim : Kg. per sq. cm. (Ib. per sq. in.) % %

: : ) 25
mereury, and .calcmm ha.\e a strong a_ccelerat— g 39 54 57323 23 5388§ %82 éﬁ??; 10 8'}33; 1938 ggg
ing action while the oxides of antimony, 80 B fei i Ea e 44 (625) 63 (900) 510 510
barium, cadmium, aluminum, lead, manganese, Zn0 10 37.(625) 72 (1025) 35 (500) 700 300
ity it el ot Coupasiy mild 8o 30 (8o L3 (bo0) i 4303 iaoh
influence on cure. xides ¥

uence e COXIACEE0IS00 DD HgO o 19em 3250 97 (1375) 116 (1650) 970 840 .
chromium, vanadium, tungsten, and titanium 30 19 (275) 51 §725) 107 (1625) 92 (1300) 860 670
have a neutral effect; that is, the stress-strain ke SRl F9i1125) SR STB20) e a7, (12D) LA
properties remain unchanged when up to 10 Ca0 W gﬁg; 19 (275) L L a2 00 e LD
parts of these oxides. per 100 parts of neoprene 60 63 (900) 44 (625) 84 (1200) 116 (1650) 640 770
are added. The oxides of arsenic and molyb-  sho; 10 gz 121y 77 (1100) 101 (1450) 1000 1020
denum appear to retard the cure, especially 2 19 (275) 33 (475 62 Eg;g; 54 (775) 800 670
during the shorter cures. The actual test data i e e e 9 =

D : : 0. 0 9 (125) 5 (75) 40 (575) 65 (925 1000 1100
'OnT“{;iChI these conclusions are based are given 30 19 (275) 26 (375) a8 E1250) 81 (1152)) 900 760
in Table 1.

! , ; cdo 10 12 (175) 11 (150) 70 (1000) 81 (1150) 1200 1260

Typical plant neoprene type E was used in gg 19 (2753 23 (325) 114 (1625) 144 (2050) 1010 1060
these tests. The different oxides with a fine- 23 TN n200a00) LS AaLID) ce 129, (2075) 20 L2
ness of at least 100 mesh were mixed with the A0 10 12 I o) SOoa0e s szl P L0L0ge 2000
neoprene on a 15 X 30 cm. experimental rubber 60 19 (275) 33 '(475) 62 (875) 63 (900) sog 690
mill; the temperature of the rolls was main-

L € PbO 10 14 (200) 16 (225) 60 (850 77 (11 1 1050
tained at 50° C. Mixed stocks were slabbed gg 16 (225; 21 (300) 100 §142)5) 121 E17gg; lggg 1060
from the mill about 0.22 cm. thick, and cured 28 G2y R 909 i
ina 7.5 X 15 cm. mold 0.20 cm. deep. All cures PO 10 19 (275) 9 (125) 72 (1025 70 (1000) 1090 1150

o 30  23(325) 26 §375) 72 (1025 11 860
were made at 153° C. (307° F.). The vulcanized 60 47 (675) 51 (725) 54 5775)) gi 512383 ggg 700

specimens were aged 24 hours in the constant-
temperature (28° C.) testing room before test-

@ Per 100 parts neoprene by weight.
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on Neoprene Properties

water and Krismann (1) to give much better results with
neoprene type I' 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:

Neoprene type E 100
FF wood rosin 5
Phenyl-g-naphthylamine 2
Sulfur 5 1

FF wood. rosin, sulfur, and phenyl-8-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, 3) 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! has shown that sulfur should not
be used in compounding heat-resistant stocks. It has been
demonstrated repeatedly that rosin improves the stability
of the compounded uncured stock. Phenyl-8-naphthyl-
amine is a valuable antioxidant for use with neoprene (1, 2, 3).

Magnesia and Zinc Oxide

Magnesia (extra light calcined, with not over 2 per cent
carbon dioxide calculated as magnesium carbonate) was

1 Unpublished data.

used in combination with varying amounts of zine 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 II summarizes the stress-
strain properties of the compounds. Figure 1 is a graphic
representation of the alteration of the stress at 600 per cent
elongation and the tensile strength for the 10-, 30-, and 60-
minute cures at 153° C. as both the zinc oxide and magnesia
are varied. The influence of increased quantities of mag-
nesia on the stress at 600 per cent elongation of compounds
with different fixed amounts of zine 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 zin¢ 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 that contain more
than 15 parts of magnesia, the modulus gradually increases
as zinc oxide is added. Table II and Figure 1 show that
the tensile strength is mainly 3400 = 200 pounds per square
inch (240 == 14 kg. per sq. cm.), and the elongation at 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

TasLe L. (Continued)

the change in the stress. The hardness varies
from 37 (Shore Durometer, type A), without

S s oho : Flonzationiat metallic oxides,_ to 55 Wi!:h 20 parts zine oxi@e
Elongation 2 'Estz:snle Scrlegg;;:m : pmfrefgpam and no magnesia, to 65 with 40 parts magnesia
oxide THEE O34 TEE oBdes oxide?  oxide omde®  and no zinc oxide, and to 70 with 20 parts zinc
Min, Kg: per sq. cm. (Ib. per 8q. in.) % %0 oxide and 40 parts magnesia.

PbiO« 10 14 ggg; 2 éggg 09 ég;%) e %%Z?’ D The plasticity and.stability of the 1_3ompqunde51,
80 19 (275) 28 5375) 93 (1325) 81 (1150) 860 820 uncured stozk are Jmpc()lrtant cori)mderafll;c:ons ;n

ractice. compound must be sufficient
o :%8 18 §é§83 1 é%%’% ‘;8 %ﬁg%ﬂ %,% 3}}?2} 328 ég(g) glastic to mold, cI:Llender, or tube well, musyt
60/H1 23 (828) =331(470) L BI0TI(1620) 8 E100,(1500 2 exhibit a minimum recovery when sheeted or
o B s gEn BER BER U ML Gbodand hain e operie uring roces
60 46 (850) 49 (700) 65 (925) 54 (775) 650 610 ing and storage. A measure of the tendency
BeO 10 5I(76) i S0 1220 of a compound to scorch on the mill and to
%8 isla 8323 2 104 £1475) S 970 % “‘setup” durmg storage before it is cured is ob-
g 44 (625) 1140 tained by aging pellets. of the stock at 50° C.
Blank ég 8 8‘7’)5) 83 (900) 980 and comparing the plasticity and recovery figures
60 12 (175) Z41(1050) 9801 - obtained at fixed intervals with the initial figures.
Cu0 30 3 1) 11450 e I 1000 940 The plasticity was determined at 80° C. in the
650y 1040 Williams parallel plate plastometer (4). The
CrOses 30 9,020 238 o thickness of 2-cc. samples, which had been pre-
V204 805 110(150)n 1 TA(OT0) e B e i heated for 15 minutes, was measured in
WO; a0 et ey s 65 (38) i 900 thousandths of an inch after 3 minutes under a
o : o tls 46(650) 54 (T75) 1320 1250 load of 5 kg. at 80° C. and again after a rest in-
e 288 2 g (ozs) | 79 llan L0 1000 terval of 1 minute at room temperature. The
80 9 (125) 14 (200 83 (1175) 98 (1400) ¢ difference in the two thickness readings was taken
As:0; 10 2 (25) 2 28 47 g%g; on fggg; T as the recovery. The actual results obtained are
S0 2 ggg)) o5 390 65 (025) 58 (825) 780 730 presegted in Table III and in Figure 4. Com-
c 1140 1260 ounds containing as little as 1 part of zinc oxide
M0, 10 A 7 Goo) gg §§(55)§§ §§ E%gg; 118 110 glone are extremgly unstable fnd scorch very
60 9 (125) 11 (150) 208 readily on the mill. On the other hand, while
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storage life increased many times.
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Thus, by using 10 parts or more of
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neoprene at 150° C., compounds containing up to
40 parts of this material are relatively stable under

normal storage conditions and at 50° C.
more, the addition of magnesia to compounds con-
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In addition to the fact that z
the curing range and the stress-strain properties

of compounds containing magnesia, it increases
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in boil-
The testing

immersion

The results of the water absorp-

tests are expressed as percentage volume

f the compound after

ing distilled water for 48 hours.

tion

the water resistance of neoprene compounded
with magnesia.
tion and the procedure adopted was as follows:

A rectangular tin-coated iron can, 14 X 22 em.
on top and 32 cm. deep, was equipped with a

tight cover 9.5 em. in diameter and a reflux con-

apparatus used for determining the water absorp-
denser.
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Inside the cans, 7.5 em. from the top and

5 cm. from the sides on the 22 X 32 cm. faces,
were soldered two grooved Monel metal cross
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The test

1.5 X 7.5 em., were cut from the slabs

cured for 30 minutes, coded by tr

mming corners

The specimens were then

d water.

1r an

specimens,

both a
placed on Monel metal hooks and suspended from

and cutting notches, and weighed to a centigram
the cross bars in the can in boiling distilled water.

bars to support the test specimens.
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ErrecT OF VARYING AMOUNTS OF MAG-

NESIA AND ZINC OXIDE ON STRESS AT 600 PErR CENT

PARTS MgO PER 100 PARTS NEOPRENE

ELONGATION AND TENSILE STRENGTH
Cures, 10, 30, and 60 minutes at 153° C.; stress shown by solid
portions, tensile strength by whole column.
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STRESS AT 600% ELONGATION IN LBS. PER SQ. IN.

AUGUST, 1937
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EFFECT OF MgO ON STRESS OF CURED NEOPRENE
WITH VARYING ZnO

CURE: 30 MIN. AT I53°C.

CURVE NUMBERS REFER TO PARTS ZnO PER 100 PARTS NEOPRENE

|| e | e [ S | N [ | PR e

L 10 13 20 25 30 35 40
PARTS H&O PER 100 PARTS NEOPRENE

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) AL

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 zine oxide. On the
other hand, the water resistance of zinc oxide compounds is
improved by the addition of magnesia.

Magnesia and Zinc Oxide in a Stock Loaded
with Soft Carbon Black

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 stress-

strain properties,
hardness, and
water absorption
. of the cured com-
pounds, and the
stability of the
uncured com-
pounds were de-
termined. The
change in the
stress-strain
properties, as the
magnesia and zine
oxide are varied, is
shown by the
summary given in
Table IV and Fig-
ure 7. The be-
havior of magnesia
and zinc oxide in
varying amounts
in a compound loaded with soft carbon black is similar in
character to their action in the gum compound just de-
seribed. In both cases a small amount of zinc oxide added
to a magnesia-containing compound lowers the modulus

Flg.3
EFFECT OF Zn0 ON S8TRESS OF CURED
NEOPRENE WITH VARYING M¢O
2000f— CURE + 30 MIN. AT 163°C.
= CURVE NUMBERS REFER TO PARTS MO PER

1 100 PARTS NEOPRENE
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Qi 2255115 10 15 20
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Tasre ITI.  StaBiniry oF UNCURED STock COMPOUNDED WITH
MAGNESIA AND ZiNc OXIDE
MgO/100 Aging ~—Plasticity Recovery in 0.001 In. (0.025 Mm.)—
Parts Period at 0.0 part 1.0 part 5.0 parts 10 parts 20 parts
Neoprene 50° C. ZnO Zn0O ZnO nO nO
Parts Hr,
0 0 90-2 103-5 100-5 103-5 111-9
24 89-0 380 317 412 356-128
48 90-0 TS TIeNe 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
96 144-16 160-39 155-48 163-53 175-73
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 A 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 at 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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F1GuRrE 4. EFFECT OF VARYING AMOUNTS OF MAG-
NESIA AND ZINc OXIDE ON THE StABILITY OF UN-
CURED NEOQPRENE

Aging periods, 0, 24, 48, and 96 hours at 50° C.; plasticity
shown by solid portions, recovery by unshaded portions.
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- column,

Calcium Oxide and Zinc Oxide

The influence of various combinations of calcium oxide aqd is'considerab‘ly lower than that of the compounds prepared
zinc oxide on the properties of neoprene was determined in  with magnesia, and the percentage elongation at break de-
the same manner as that employed with magnesia and zinc creases more rap{dly as the curing time is lnc.reafsed. How-
oxide. The summary of the stress-strain properties given  ever, there is a similarity between the two series in the lower-
in Figure 9 shows that the calcium oxide-zinc oxide com-  Ing of the modulus of ‘compounds containing thg alkapne
pounds are much inferior to the corresponding compounds earth oxides by‘ the afidlt}on of srpall_amoupts of zine ox1_de.
in which the calcium oxide is replaced by magnesia. The fl‘he effect of zinc oxide in combn}atlon with calcium oxide
tensile strength of the compounds containing calcium oxide is better shown by the curves of Figures 10 and 11.
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Another pronounced difference between the calcium oxide
and magnesia compounds containing zinec 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 Ficure 16. EFFECT OF VARYING AMOUNTS OF LITHARGE AND

quantity of calcium oxide has been found to stabilize neo-
prene containing zinc oxide sufficiently for general use.
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compounds slightly (Figure 17). This is quite different from
the action of magnesia shown below.

Litharge and Magnesia

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 at 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 that 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
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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

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 that could be associated with type of carbon
black, chemists have been inclined to believe in the past that
the rubber grade of channel black was quite a uniform ma-
terial, at 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 at least rough correlation with more funda-
mental properties. It 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.

History

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 (13) 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 that 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 (8) applied the present pendulum to
the evaluation of carbon black over a broad range extending

An old test, impact resilience, has been
given a new application, that of grading
carbon black. Although an empirical
property itself, it is capable of at least
rough correlation with the more funda-
mental properties of carbon black.

Regardless of its theoretical signifi-
cance, it has proved to be a convenient
laboratory test which measures a definite
characteristic of a source of black and
which easily detects any wandering of a
source from its usual type. Through its
use a more uniform type of black has been
obtained.

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 (72) 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.

Apparatus, Corrections, and Calculations

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 Healy’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 must be corrected for energy losses in
the machine. The penetration of the hammer head into the
sample can also be measured. This must be corrected for
“permanent set’” so that the value of deflection finally re-
ported represents the penetration during the last blow.

Considering that when the pendulum is at rest it contains
a certain amount of potential energy which depends solely
upon the angle made with the vertical, &, 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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1 —cos a

%RB = o= X 100

SampLE CALCULATION 1.

Angle of start 15.09:
Corrected angle of rebound, « 12.05
1 — cos 12.05° 0.02209
o )5 = AU 1005 =648

2 FEB = T —e00e & A0 = 003807 2 %
Deflection reading 0.261
Permanent set 0.0(_)6
Corrected deflection of last blow 0.255

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 relegsed_ from
15° and allowed to bounce repeatedly until a reading is ob-
tained between some two definite limits—for e.\'a.mple., 4°and
5°. The pendulum is moving very slowly at this point, an‘d
the maximum value is not difficult to read.

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

1 — cos a X
(R ST e cts
FR =it for n impa

Within limits the per cent rebound is near!y inc}ependent
of the angle of start. Considering it to be entirely mglepgnd—
ent, the over-all fractional rebound for n bounces is given
by:

FR =

100

Hence, by this method the per cent rebound is found by taking
the nth root of the over-all fractiopal rebo'und anld mult;—
plying by 100. Since the relation is not rigorously exact,
it is advisable always to take the final readlnog between the
same narrow limits (e. g., between 4° and 5°).

%RB)n
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SAMPLE CALCULATION 2.
Angle of start
No. of impacts

15.00°
6
Angle of last rebound, « 4.1°

Over-all fractional rebound, FRR = lﬂ; =
1 — cos 15
0.00256
0703407, 07

% RB = 100 v/0.0744 = 64.9%

Deflection same as calculation 1

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

Variables Affecting Test

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 at 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 »s. black
loading. All three curves tend to intercept the zero loading
axis at 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 at the higher loadings. Hence,
for accurate separation of blacks it is advisable to use load-
ings of at least twenty-five volumes. Although the spread
between the extreme blacks may not at first seem very large,
it is easily seen from the curves that 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.

REBOUND

0.2601

162 0.240

DEFLECTION

DEFLECTION

% REBOUND

F60 0.220+

40 60 8p 190 120 140

"

MINUTES AT 260°F.

F1GUuRe 2. REBOUND AND DEFLECTION vs.
TiMeE oF Cure (Dara oF TaBLE 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 distinet advantage because it means that no error
is introduced when comparing fast- and slow-curing carbon
blacks.

On the other hand,
rebound is quite sensi-
tive to the temperature
of testing (Figure 3).
For that reason it has
been found essential to
condition samples in a
constant-temperature
bath for some time be-

" fore testing.

As a sample is struck TEMPERATURE °F.
repeatedly, it becomes o 1 )
more resilient. The big- FIGURE 3. REBOUND vs. TEM-
gest change is between PERATURE
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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 at 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. It is of such magnitude
that 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;” that 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 that 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 duplicability of tests of the same mix-
ing. In Tables IT and III each figure represents an average
of several tests. An analysis of these data, therefore, illus-
trates the exactness with which the absolute
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TasLE I. Errecr or TiMe oF CURE®

Min. at 260° F.

(126.7° C.) 35 45 55 70 90 100 140

% rebound 57.5 62.5 63.6 65.7 65.2 64.2 65.7
58.5 62.0 64.2 65.2 66.7 65.7 65.7
58.5 62.0 63.6 65.7 66.2 66.2 65.2
58.0 62.0 64.7 65.2 66.2 65.2 65.7
50.0 62.0 63.6 64.7 66.2 66.2 65.2
58.5 63.1 63.6 65.2 66.2 65.7 66.2

Av. 58.2 62.3 63.9 65.3 668.1 65.5 65.6

Deflection 0.275 0.267 0.255 0.244 0.233 0.226 0.225
0.277 0.264 0.261 0.238 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 0.268 0.258 0.245 0.237 0.231 0.226

Av. 0.277 0.266 0.259 0.244 0.234 0.229 0.225

@ Each figure represents a test on one block. All blocks were from the
same batch of stock and were cured on the same day. An average black was
used in the test formula. The data are plotted in Figure 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. At least two test
blocks are given the same cure, and usually this is done
at two points on the flat part of the curing curve (Figure 2)—
for example, at 85 and 140 minutes at 260° F. (126.7° C.).
Just prior to test, the blocks are conditioned for 2 hours
in water at 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 at least six times from an angle of 15°, and then

value of rebound can be duplicated from mixing
to mixing when sufficient tests are run to give
a good average. [Kinally, the same data are
given in Table IV on a relative basis; they
illustrate how exactly two blacks can be com-

Tasre II. RePEAT TESTS ON SAME SERIES OF BLACKS

pared from time to time.

Av. Deviation

Comparison Made from Mean
%
Duplicate tests on same mixing =0.6
Duplicate mixings of same black (av, 2 to
4 tests):
Absolute value =1.1
Relative value =0.6

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

Recommended Procedure for
Black Testing

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:

Rubber 100 Mercaptobenzothiazole 1
Black 50 Stearic acid 4
Zinc oxide 5 Pine tar 5
Sulfur Phenyl-g-naphthylamine 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 min. at 260° F.
140 min, at 260° F.
Deflection:
85 min. at 260° F.
140 min. at 260° F.
Nigrometer reading:®
Red

Green
% net volatile
‘73 DPG adsorption®

% rebound:
85 min. at 260° F.
140 min. at 260° F.
Deflection:
85 min. at 260° F.
140 min. at 260° F.
Nigrometer reading:
Rel
Green
net volatile
» DPG adsorption

% rebound:
85 min. at 260° F.
140 min. at 260° F.
Deflection:
85 min, at 260° F.
140 min. at 260° F.
Nigrometer reading:
Re
Green
% net volatile
% DPG adsorption

% rebound:
85 min. at 260° F.
140 min, at 260° F.
Deflection:
85 min. at 260° F.
140 min. at 260° F.
Kjd

Black Black Black Black Black Black No. of
4 B C D E F Tests
Set I¢
65.2 61.8 67.3 69.9 65.7 68.5 2
65.0 61.5 67.1 69.6 65.7 68.8 2
0.238 0.230 0.244 0.254 0.239 0.253 2
0.227 0.218 0.232 0.235 0.231 0.235 2
82.4 81.8 82.1 86.3 83.3 84.8 2
85.3 84.6 85.0 89.0 86.0 87.7 2
6.8 4.7 5.9 5.4 4.8 6.4 2
50.8 42.5 38.4 24.9 31.1 53.0 2
Set II
66.6 70.8 66.9 70.0 4
66.3 70.6 66.5 70.7 4
0.246 0.251 0.242 0.256 4
0.229 0.237 0.228 0.242 4
82.1 85.8 82.8 83.9 2
85.2 88.8 85.8 87.0 2
5.4 4.6 4.0 6.4 2
54.4 25.4 33.4 53.4 2
Set ITI
65.5 65.7 68.0 68.2 2
64.5 65.0 69.9 69.9 2
0.245 0.244 0.253 0.254 2
0.226 0.230 0.241 0.239 2
81.8 S 83.9 86.7 84.5 2
84.8 3 86.8 90.3 87.5 2
6.8 35 6.0 4.8 6.6 2
53.4 13, 36.5 25.3 48.8 2
Set IV
65.8 63.7 66.6 68.9 4
65.2 63.7 66.3 69.6 4
0.234 0.230 0.242 0.249 4
0.224 0.215 0.226 0.233 4
462 458 412 407 9

a Each set of data is entirely comparable within itself; that is, the processing of the
stocks and the running of the tests were so carried out that the relative comparison of each

black with black A is reliable.

b Nigrometer readings according to Johnson (11), using red and}geen filters.

¢ DPG (diphenylguanidine) adsorption according to Amon and
on a Williams plastometer.

d K3 determines

telow (2).
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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.

Application of Rebound to Factory Control

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 at 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. It was considered
a new test which was being applied to a virtually unknown
material. It 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 at about 89. This clearly indicates two producing units
so far apart in type of product that their distribution curves
are almost entirely separated. Curve Z is a recent curve
taken on a typical source. It has a higher peak than the
others and is spread between narrower limits. There is no
question but that it represents a far greater degree of uni-
formity than the others.
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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.

e T P P R B R R EER P T
l20 -
SOURCE X
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o
§—«o g
3 e ey S R e
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@
™
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20 -
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REBOUND

Ficure 4. FreqQuency IN Per CeNr oOF

SampLES FALLING wiTHIN A 2 Per CEeNT

Ranee oF REBOUND RATING, PLOTTED AT
THE MIDPOINT OF THAT RANGE

RATING

Meaning of Rebound as Applied to Black

For years certain blacks—for example, Thermax—have
been classed as soft blacks, and various investigators have
reported that such soft blacks are of large par-
ticle size, gray, relatively nonadsorptive, and

TasLe 1I. (Continued)
Black Black Black Blank Black
A B C D E
Set V
rebound:
%85 min, at 260° F. 66.5 63.2 68.7 70.2
140 min. at 260° F. 65.1 63.1 67.1 69.6
Deflection:
85 min. at 260° F. 0.236 0.228 0.239 0.245
140 min. at 260° F. 0.223 0.220 0.227 0.233
K; d 470 490 457 415
Ni t ing:
lﬁ::(:ime Sy 2.8 80.5 83.4 85.0
Green 84.0 82.5 85.8 88.0
% net volatile 6.1 7l 6.2 4.9
% DPG adsorption 571 52,6 4209 2001
Set VI
rebound:
%85 min. at 260° I, 67.3 63.5 68.1 71.0
140 min, at 260° F. 66.1 64.7 67.6 71.0
Deflection: o
85 min, at 260° F. 0.236 0.230 0.235 0.247
140 min. at 260° F. 0.222 0.222 0.225 0.233
3 d 472 488 469 436
Nigrometer reading:
Red S 81.2 81.0 84.4 86.2
Green 83.2 83.3 86.4 88.6
net volatile 6.0 4. 5.7 4.4
» DPG adsorption 55.1 42.1 38.1 24.7
Set VII
% rebound:
°85 min. at 260° F. 65.6 8.1
140 min. at 260° F. 64.0 65.
Deflection: a1
85 min. at 260° F. 0.232 0.23
\1'140 min. at 2go° F. 0.219 0.222
Nigrometer reading:
Red 82.0 82.0
Green 84.3 3‘;?
% net volatile 6.5 Eh
‘?’; DPG adsorption 53.5 . e 35.
Set VIII
% rebound:
’85 min. at 260° F. 65.8 64.2  67.8
140 min. at 260° F. 66.2 63.4 67.8
Deflection:
85 min. at 260° F. 0.239 0.233 0.240
< 140 min. at 260° F. 0.229 0.222 0.226
Nigromet ding:
Red i 83.0 81.6 83.5
Green 85.0 84.0 85.8
net volatile 5.1 4.2 4.6
2 DPG adsorption 50.4 38.3 33.9

Black No. of
F

capable of incorporation to very high loadings,
and that they produce soft uncured stocks and
resilient cured stocks, ete. (6,7, 8, 11, 14).

Many papers have been based upon the idea
of comparing soft blacks at one extreme with
color blacks such as Super Spectra at the other,
and have shown differences by a variety of tests.
It 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. It
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
were obtained with a Nigrometer (1), and a
high figure represents grayness. It seems obvi-
ous that a low-rebound black is a black black
(Figure 5).

Volatile matter 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 since there is no rea-

Tests
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Tasre III. EFFECT OF REMILLING®
Black Black Black Black No. of
A B C F  Tests
Regular Milling
% rebound:
85 min. at 260° F. 65.1 62.4 65.7 68.9 2
140 min. at 260° F. 63.2 62.2 65.4 68.4 2
Deflection:
85 min. at 260° F. 0.231 0.220 0.228 0.240 2
140 min. at 260° F, 0.218 0.212 0.218 0.231 2
Vol. rubber/vol. black? 1.261 1.345 1.234 1.080 3
One Remilling
% rebound:
85 min. at 260° F. 65.4 61.7 65.7 69.2 2
140 min. at 260° F. 63.0 61.9 65.1 68.9 2
Deflection:
85 min. at 260° F. 0.232 0.224 0.233 0.241 2
140 min. at 260° F. 0.218 0.212 0.221 0.235 2
Vol. rubber/vol. black 1.176 1.200 1.036 1.017 3
Two Remillings
bound:
%’81,5e ntl)in. at 260° F. 65.1 62.8 66.0 68.1 2
140 min. at 260° F. 63.0 61.4 64.8 67.6 2
Deflection:
85 min. at 260° F. 0.234 0.227 0.234 0.248 2
140 min. at 260° F. 0.221 0.217 0.221 0.230 2
Vol. rubber/vol. black 1.159 1.198 0.992 1.012 3
Three Remillings
9%, rebound:
‘/08?1;3!1. at 260° F. 65.4 61.9 65.4 67.8 2
140 min. at 260° F. 63.7 60.6 63.7 68.1 2
Deflection:
85 min. at 260° F. 0.233 0.226 0.233 0.253 2
140 min. at 260° F. 0.222 0.212 0.220 0.233 2
Vol. rubber/vol. black 1.139 1.195 0.967 0.994 3
Four Remillings
% rebound:
85 min. at 260° F, 63.0 62.7 64.8 67.6 2
140 min. at 260° F. 62.7 61.6 63.8 67.6 2
Deflection:
85 min. at 260° F. 0.231 0.226 0.235 0.250 2
140 min. at 260° F. 0.218 0.213 0.222 0.233 2
Yol. rubber/vol. black 1.076 1.128 0.923 0.942 3

a A master batch was made of each black, and portions of it were remilled
at 24-hour intervals; 24 hours after each remilling, a set of complete tread
stocks was milled and an extraction experiment was started. In this way all
samples had the same resting period between the last remilling and the final
milling or extraction,

b Extraction experiment: A 2-gram sample of black master batech was
covered with 50 cc. of benzene. Iach day for 6 weeks the clear cement
was poured off and renewed with fresh benzene. At the end of this time the
pellets were dried at room temperature and weighed. Results are reported
as volumes of rubber per volume of black. For example,

Initial weight, 2.000 grams containing 0.800 gram black

Weight after extraction 1.336 grams
1.336 — 0.800 _, 1.75 S _ )
0.800 X 008 = 1.261 vol. rubber/vol. black

son why oxygen content should have any relation to particle
size, shape, or any other physical characteristic of a black.
It is generally conceded that volatile matter 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 matter as having no connection with
rebound. This, too, is not difficult to believe, considering
the profound effect of oxygen content on acid
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property is definitely influenced both by type of black and by
the degree of milling the rubber has received. It seems reason-
able to believe that 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 that surface toward diphenyl--
guanidine. The latter is controlled by the oxygen content.
and is indicated by volatile matter. If there were a quanti-
tative relation between these three quantities (diphenyl-
guanidine adsorption, specific surface, and volatile matter),
it would be possible to predict any one of them knowing the
other two. In other words, knowing diphenylguanidine
adsorption and volatile matter, we could predict specific
surface. Although such a quantitative relation is not avail-
able, these blacks can be lined up at 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.
that a black which produces a resilient cured stock (i. e.,
high rebound) also (a) produces a soft uncured stock, (b) is:
a gray black, (¢) 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 that reason
there is no intention of stating that rebound is a direct meas~
ure of particle size.

Ability to Separate Blacks

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. It 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:

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. It is possible,
then, that 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.

It 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

Rebound rating (direct):

@ These are average ratings taken from Tables IT and III.
a rating of 100 and all others are found by proportion, either direct or inverse.

TasLe IV. ReraTive CoMPARISON OF VArIOUS TEsTS®

Av.
Black Deviation

Black Black Black Black Black
B C D E from Mean,

Original mix 100 96.2 102.1 106.4 100.6 105.5 +0.6
After remilling_ 100 96.6 101.6 S e 106.6 3
Williams rating (inverse) 10072559782 t1051 2211 137 e AL #=3.0
Nigrometer rating (direct) 100 98.9 101.6 105.0 100.6 102.4 =0.8
Bound rubber rating (inverse) 100 95.9  113.0 e Aoy 115.2 =1.9
Volatile rating (direct) 100 84 92 78 69 107 =8.2

G rating (direct) 100 82 71 48 63 97 =3.6
Particle size predicted from
volatile matter and DPG
adsorption Larger  Larger Larger
than B than B than A
and E

Black A is arbitrarily assigned.

very slowly. The data of Table ITI show that this
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spread in their ratings corresponding to a spread of 20 in
rebound rating as follows:

Total Spread, Av. Deviation Ratio

Test A from Mean, B A/2B
Rebound 20 *=0.6 17
Plasticity 30 =3.0 5
Nigrometer 11 +=0.8 e
Bound rubber 46 =1.9 12

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

EFFECT OF TEMPERATURE
AND MILL ROLL OPENING

ARTHUR H. NELLEN
Lee Tire and Rubber Company, Conshohocken, Pa.

VERYDAY
milling
practice

shows that rubber
becomes softer
when milled on a
cold mill than
when milled for
the same length
of time on a hot
mill, and also that
a tight mill will
produce softer
rubber than an
open mill, using
the same number
of passes. Al-
though this may
seem obvious to
one who is experi-
enced in rubber
milling, the pub-
lished work on
variations in the
softness of rubber
resulting 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.

TuBING MACHINE

Tubing Machine

In this method a small tubing machine 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
$/srinch (2.38-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. em.) and, when ap-
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plied to the diaphragm, pulls the barrel back with a force of 1380
pounds (625.97 kg.). The motion of the barrel is indicated on
a dial placed behind the machine, also in view of the operator.

Plasticity Determinations

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 éiaphragm 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 G, is a direct measure of tubeability or tubing
speed, and M is an inverse measure of plastic flow. @,./M, for
want of a better word, is called “plasticity.”

An apparatus and procedure are de-
scribed for accurately determining the
extrusion qualities and plastic flow of rub-
ber.

Between 90° and 210° F. on a laboratory
mill when temperature is the only vari-
able, the lower the temperature the softer
the rubber. At any temperature between
90° and 210° F. on a laboratory mill when
the rubber is passed through an equal
number of times, the tighter the mill, the
softer the rubber. Between 120° and
200° F. in a tube machine used as a rubber
plasticizer, the lower the temperature,
the softer the rubber.

In rubber compounds tubeability and
plastic flow are not necessarily related.
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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
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Ficure 1. Resunts or ExrrusioNn Tests

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
mm.):

Grinding

Time G= M Gz/M
Min.
4 37.02 0.4 92.6
6 47.07 0.2 235.4
8 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.

Effect of Temperature and Roll Setting

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 90° 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° . (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
nilling.
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Ficure 2. Errecr oF Sizé oF MiLL OPENING
oN EXTRUSION QUALITIES

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 th(? rolls brought thefm
closer together when the rubber on the mill was hot and soft.
Table T gives data on samples milled at the three tempera-
tures.” e s : :
Figure 2 shows the effect of variations in mill openings, 1
each case the average of the three temperatures; Figure 3
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TasLe I. ErrFEct oF TEMPERATURE AND ROLL SETTING ON
RUBBER PROPERTIES

Gz/ M
: : % in-
Mill Mill Time of Increase crease
Open- Temp. Ten from from

ing at End Passes Gz M
Mm:=2C! Min.,

Mill Temp. at Start, 32.2° C.

Original  original® original

0.25 46.1 6 45.97 0.20 230 213.5 1293
0.51 40.6 3 35.90 0.44 81.5 65.0 393
17027 437:2 2 28.21 0.75 37.6 21:1 128
2.03  33.3 1l 24.34 1.04 23.4 6.9 42
3.05 32 0.9 23.89 1.03 23.2 6.7 41
Mill Temp. at Start, 73.9° C
0.25 8l1.1 ol 44715550527, 165.5 149.0 903
0.51 79.4 3.8 32.22 0.56 57.5 41.0 248
1.02 76.7 2.1 25.77 0.86 29.9 13.4 81
2.03 73.9 1.2°°-24.07-2:-1.09 22:1 5.6 33
3.05 173.9 1.0 °23.39. 113 20.7 4.2 25
Mill Temp. at Start, 98.9° C.
0.25° 98.9  11.5 35.87 0.45 79.3 62.8 381
0.51 98.9 5.7 24.93 0.83 30.1 13.6 82
1.02 98.9 2.3 23.76 0.97 24.5 8.0 48
2.03 98.9 1.3 2244 1714 19.7 3.2 19
3.05 98.9 1.1 23.93 "1.30 18.4 1.9 12

& Gz/M on original factory 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 plasticizer and run-
ning samples of the same smoked sheet through the machine
once each with the circulating water temperature varying

37 30
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Ficure 3. Errecr oF TEMPERATURE oON Ex-

TRUSION QUALITIES

between 120° F. 2 =
(48.9° C.) and 28" P 4 H
200° F. (93.3°C.). (ox 26—

After passing 400 27 o e

grams of the rub- i /

ber through the /”\\ 30 //
machine, it was Milraes 24/

run through the 8 ‘\\ za/

laboratory mill Z N ek ‘720‘
twice with the 200 //.fﬁ//’oﬁéa ,-L——LLi—U—L’»Lﬁ

3.05-mm. opening
and a tempera-
ture of 210° F.
(98.9° C.) to sheet
itout; 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 at the various
temperatures:

Frcure 4. Errecr or WaTeErR TEM-
PERATURE ON EXTRUSION QUALITIES

Circulating Temp. of
Sample Water Extruding Temp.
No. Temp. Rubber Rise Av. Watts
2O %G 4784
1 48.9 73.9 25 450
2 60.0 83.9 23.9 350
3 7151 88.3 17.2 250
4 82.2 94 .4 1272 170
3 93.3 103.9 10.6 140

As is to be expected, the lower the temperature of the bar-

rel and worm, the greater the temperature rise between the
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water temperature and that 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 tem-
perature:

Gz/M
% in-
Increase crease
Sample from from
No. Gz M Original original® original
1 30.42 0.85 46.8 30.3 183
2 29.02 0.77 37.7 21.2 128
3 27.05 0.84 32.2 15.9 96
4 25.50 0.91 28.0 11.5 70
5 2241 1.07 20.9 44 27
4 Grx/M on original rubber, 16.5.
275, 5
4 S Relation of
4 K
A pAf i Tubeability
BE% v 225 l and Plastic
I 200 ] Flow
34 A
175
52/ b | All of the data
22 d thus f
: I presented thus far
- \ 125 l show a direct rela-
by / \\ 100 tion between
N \| ™ | tubeability and
HE=aE AL/ l plastic flow, and
TRERD | IANER™ | FRICTION , \ conc.lusmns. “'0111_(1
oA Lr be identical if
L T g L either G, or M
a?mw V3E TORDE
Takg | were used and

G./M omitted.

Ficure 5. REeLATION OF TUBEABILITY
However, ¢, and
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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 G, values of five different
types of rubber compounds and then below this show the
M values, it becomes evident that tubeability and plastic flow
are not directly related. Although the G./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 G./M figure more
closely than with either G, or M. These data are given in
Figure 5 and the following table:

Gz* M Gz/M
Tread compound 29.7 1.23 24.2
Cushion 35.2 0.51 68.6
Inner tube 38.2 0.58 65.8
Loaded tubing 41.5 2.44 17.0
Friction 46.9 0.18 260.5

* Corrected to 0.92 specific gravity.

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.

REecerveD April 17, 1937. Presented before the Division of Rubber Chemis-
try at the 93rd Meeting of the American Chemical Society, Chapel Hill,
N. C., April 12 to 15, 1937.

Viscosity of Hydrocarbon

Solutions

S PART of a coordi-
nated program of re-
search upon 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.

BExperimental 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 that recorded in the present
paper, but no attempt was made to study systematically the
effect of composition upon the changes in viscosity of such

METHANE-PROPANE-
CRYSTAL OIL SYSTEM

B. H. SAGE, B. N. INMAN, anp W. N. LACEY
California Institute of Technology, Pasadena, Calif.

liquids. Hersey and Shore
(4) also determined the
effect of pressure upon
the viscosity of lubricat-
ing oils at several tem-
peratures.

The authors (6, 8, 9, 10,
11) reported measurements.
upon the viscosity of
hydrocarbon liquids saturated with gases at 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.

Materials

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 at
100° F., relative to water at 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 that it was primarily composed of constitu-
ents of a narrow range of high molecular weights, which
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accounted for the oil’s low volatility (10~ inch of mercury
at 100° F.). Throughout the remainder of this paper this
.0il 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,

as a result of the calibration wasless 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

organicliquids with that found by Bridge-

together with a special fractionation
-analysis showing that the propane con-
tained less than 0.05 mole per cent of
impurities. Investigation showed that

The effect of pressure
upon the viscosity of the

man (1). This comparison indicated that
changes in calibration of as much as 0.5
per cent might be encountered at the
higher pressures. Because of the limited

the vapor-pressure of this material varied liquid phase of eighteen over-all accuracy. of the measurements
by less than 0.3 pound per square inch mixtures of methane, (2 per cent), it was not considered worth
between dew and bubble points at 100° I, propane, and crystal oil while to correct the measured viscosity
‘The methane was prepared from natural was determined at 1002 F: for this small change in calibration.
gas by methods previously described Th 2 ; 7
: e work included meas- For this work on binary and ternary
(7). The m.ethane was punﬁe’d 'by ch-a.r- bubLl mixtures, the crystal oil was first added to
.coal adsorption and partial solidification urements at ubble the apparatus, and then the desired amount
at liquid air temperature, and it is the point and throughout Otf pﬁoganeb A ({istiUEd itl‘lttp it irom atsrimli
5 g . i > . stee. omb. 1€ quantities ot crysta. oi
.au_thors belief thg.-t the material con the condensed ligquid and | propane, which were det erm}i’ne i
tained les§ than 0.05mole per cent ethane region at pressures up to counterpoise weighing, were known with an
and heavier constituents, and probably 3000 d uncertainty of less than 0.1 per cent. The
not more than 0.2 mole per cent nitrogen Fasis po,}l; b liquare g‘ethafle As Moty ed intg t_fe. Bppar atus
: . inch. e results are y volumetric means, and it 18 believe
or other noncondensable constituents. 5 that the quantity of methane added to the
2 presented in tabular apparatus was determined within 0.3 per
Experimental Methods form, and several dia- cent. Af;:ax}-l the addition ofl the requisite
4 . . amount of the components, t i t
.The instrument el}lployed was & Ie- grams illustrating the was allowed to cogl{:a to the;fnZng(c)[ﬁli‘l:il?f
vised form of the rolling ball VISgonleter, behavior of the system rium at the desired temperature.
previously described (6), which was N AL After the attainment of thermal and of

adapted from earlier forms used by

phase equilibrium, the liquid was circulated
through the roll tube forcing the ball to

Flowers (2) and Hersey (3, 4). 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 4 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 4 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 4, 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 phdse
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

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. irculation
was again started, and the ball was gently wedged against
the upper contact. It 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
en, thus automatically recording the beginning of the roll time.
he 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
wilt(hdrawal 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-

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. s

he temperature of the viscometer was mgmtamed 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 o_f a series
of hydrocarbon liquids of known viscosity. _The
viscosity of these calibrating liquids was determined

1
L GAS INLET

AGITATOR —

MER_CEBV INLET
s I

at atmospheric pressure by means of a guar_tz Ostwald
pipet. It is believed that the uncertainty introduced

FIGURE 1. VISCOMETER ASSEMBLY
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Figure 4. Viscosity or BussrLe-Point Liquip axp Con-
DENSED LIQUID FOR THE METHANE-CRYSTAL OIL SYSTEM AT
100° F.

mental work upon similar systems. The accuracy of this
information was sufficiently great so that 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.

Experimental Results

The results of the experimental measurements for crystal
oil are presented in Figure 2 in which the change in viscosity
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*Ficure 5. Viscosity ofF BussLE-PoiNT LiQuip AND

CoxDENSED LiIQuiD FOR THE PROPANE-CRrysTaL OIL
SysTeEM AT 100° 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 at a given pressure to the viscosity at the vapor
pressure for a series of temperatures. Although the per-

TasLe I. Viscosity orF CrysTaL OIL

Abs.
Pressure, z——-——.—\bs Viscosity, Millipoises
Lb./Sq. In. 100° F. 130° F, 160° F 190° F. 220° F.

Bubble point® 103.0 62.5 40.9 28.2 21.6
500 109.1 66.1 43.2 29.9 22.8
1000 115.8 69.8 45.7 31.5 24.0
1500 123.5 73.8 48.2 33.1 25.2
2000 131.6 1Ay 50.6 34.7 26.3
2500 139.9 81.8 53.2 36.4 27.5
3000 148.4 85.9 55.6 38.0 28.6
3500 156.1 90.2 58.0 39.6 29.8

& Maximum bubble-point pressure was less than 0.1 inch of mercury.
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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 at the higher temperatures;
also the rate of change of viscosity with pressure at a con-
stant temperature increases with an increase in pressure.
Figure 4 presents the experimental results for the methane-
crystal oil system at 100° . The curve at 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 that in equilibrium with an appreciable
amount of gas phase at the same pressure and temperature.
However, with the materials involved, this difference was
less than the experimental uncertainty. Each of the curves
on the right-hand side of

Figure 5 depicts the results of the experimental measure-
ments upon mixtures of propane and crystal oil at 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 that 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. TFigure 6 presents the viscosity of the con-
densed and bubble-point liquid as a function of composition

Figure 4 represents the

change in viscosity with pres- Tasre II.  Viscosrties oF Liquip cl)\lmrtrpif(z)% oorI“ MEeTHANE, PROPANE, AND CRYSTAL
: 3 IL AT 25
sure for liquid or constant o 2 T
1t 1 1 Methane and Crystal Oil — ropane and Crystal Oi
composition.  The liquids CH., wt. % 0.48 1.33 2.42 4.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
containing larger amounts of & N G 0.00 0,00 000 0:00 1.79 412 472 6.52 9.10 10.78 17.54
methane show a smaller iso- Bubble-point pressure 276¢ 775 1390 2270 27 56 62 77 06 99 132
thermal increase in viscos- DR e ShiEe i A baoluite Viseosity SMillipoises:
ity with pressure. All of the Bubble point 85.3 62.3 46.1 32.5 79.5 58.2 55.3 45.3 33.8 29.9 16.2
liquids, however, show a 7e R 8305116019 577 4741 35.2 311, 16.8
d : £k f 1000 S35 630 1 88.3 64.4 607 50.1 37.3 327 17.6
G OGS e R
iscosity wi 490 714 H9i3a i iigg ot 7ot 3 : ¢ : i
Viscosity with pressure at the 2000 190:9 75:5 2.1 3.5 10415 76.0 703 58.3 434 37.6 19.8
higher pressures. The results 3000 117.1 79.6 55.1 36.1109.9 80.1 73.6 61.1 45.5 39.3 20.6
of these measurements are re- Methane, Propane, and Crystal Oil
corded in Table II. These oy, wt. % 0.81 1.58 2.76 0.45 1.23 2.56 0.40 1.08 0.41 0.85 2.13 3.93
ral - C.H,, wt. % 1.78 1.76 1,74 4.10 4.07 4.02 6.49 6.45 9.65 17.39 17.17 16.85
values of bubble-point pressure  GEls Wt 7o i15 795 1460 254 600 1i65 275 425 245 405 825 1400
were determined by the breaks e e
. o 3 S. ure, = 2 AT
m the viscosity-pressure rela- BY5i/Sa In: Absolute Viscosity, Millipoises
tions corresponding to that Bubble point ag.; 50.6 36.8 ii'i 41.9 31.6 1(111) i;i §§'§ ii,: 12.1 9.6
e oo 07 g B M2 Sy 0 2 N oML
70.5 54.8 36. : 3 32 '8 4375 327 15, { 9.

dental character of the deter- 5000 793 381 389 616 4810 343 497 4615 343 1614 154 1002
e i < 78.5 61.4 40.9 64. 4 36.0 52.7 49. (071702 (13t Bo%y
aiaiions (of bubbiGrOIE) 200 185 045 4279 681 540 37.7 55.9 52.7 3r.7 7.6 144 111

pressure, these values are not
considered reliable to better

@ Pounds per square inch absolute.

than 5 per cent.
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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 that under bubble-point conditions the
molal effect of methane and propane is similar but that the
pressures existing in the two cases are different.

A portion of the experimental work at 100° F. on mixtures
of methane, propane, and crystal oil is presented in Figure 8.
The general behavior of this system is similar to that 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 at 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

or BuBBLE-PoINT LiQuip FOR THE METHANE-PROPANE-
CrysTaAL O1L SysteEM AT 100° 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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Permeability of Varnish Films

Relative Effect of Structure
and Other Factors

HENRY F. PAYNE anp WM. HOWLETT GARDNER
Polytechnic Institute, Brooklyn, N. Y.

The permeability of a material is one of its
important, fundamental properties but is
specific only when the permeating substance
and the permeating conditions are defined.
The permeability of a variety of films to four
liquids besides water has been studied. Per-
meability depends upon the solvent power of
the diffusing liquid for the film, the relative
porosity of the film, and its imbibition capacity.
These factors are as important as the physical
dimensions and the vapor pressure differential

studies because of its great practical importance. Very

little is known, however, concerning the possible mecl'm-
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, 1 7). 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 h_ave
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 stqdy of a single
permeating substance (15). This paper will show that
structural changes are most pronounced during the .ear.ly
stages when the film is first exposed to the vapors of the h.quld.
These changes produce a marked effect upon the. ultimate
permeability of the film, in addition to other ph)‘fs.lcal prop-
erties. This is apparent when the usual permeability curves
for different liquids are compared for a wide variety of films.

PERM‘EABILITY has been a subject of many excellent

Mechanism of Permeability

The simplest mechanism which has been pospulated 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 t}}e
solution so formed. This theory has been used to explain
osmosis except in cases of films prepared .from glass‘(%)
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 pgrm.eabxhty andhby
certain properties of films which would indicate that © ey
have characteristics of semipermeable membranes (1). This
theory, however, fails to explain the increase in permeablhtg
with temperature which Edwards and Pickering (4) observlefl
for several gases through thin sheets of rubber, where the
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across the film in determining its permeability.
Fick’s diffusion law was shown to apply to the
permeation of both solvents and nonsolvents
after an initial period of nonuniform permea-
tion. A preliminary study of the initial stages
indicates that structural changes which take
place have a marked effect upon the final degree
of permeation obtained. The mechanism of dif-
fusion is discussed, relating both the physical
and chemical properties of film and liquid to
the process.

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.

It is clear moreover from the observations of Sheppard and
Newsome (18, 19), that 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.

Similarity to Gels

A careful examination of the properties of free varnish
films reveals that 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 4s 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, that 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 at some constant rate, depend-
ing upon the adsorptive forces hetween the film and the liquid.

Gortner (11) showed that 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 that 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 (7). TFrom 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:

z/m = kCn

= amount of liquid adsorbed per gram of material
= concentration of liquid in surrounding medium
= constants

where z/m
C
k. n

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
(18) 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. It 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 (76). Similarly, nonpolar
liquids are more apt 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 at 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 which 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.

Materials

The materials used for the preparation of the films were
selected for their wide differences in general types, in an at-
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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. Linseep OmL. 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. Bopiep Linseep Om. 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. It was then thinned to dipping consist-
ency with Varnolene (mineral spirits), and the films were dried
1 month before testing.

3. Rosiv Spar Varnisa. 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. Paenouic SpAr VArNIsH. This was a 50-gallon varnish 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. SueLuac VARNIsH. This was a spirit varnish of a 2-pound
cut of TN orange shellac in specially denatured alcohol. The
films were air-dried for 1 month before testing.

6. Rosin Varnise. 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. Arxyp Resin. 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. Arxyp Resix. No. 801 Amberol resin was incorporated in
resin 7 during the cooking of this product. It was also thinned
with toluene, and films were bakedp for 2 hours at 225° F.

9. ALkyp Resiy Varnise. 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. RuBBEr Sorurion. This was a Heveatex type R. L.
rubber solution. Films were air-dried for 3 weeks before testing.

11. PararriN Wax. Films were prepared by dipping the
paper in the molten paraffin wax and allowing them to set for 1
week before testing.

12. Giusonite. A select grade of gilsonite was melted at
500° F. (260° C.) and reduced with Varnish 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. Grue. 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. Gpratiy. 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. “Corron” SorutioN. 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. “Corrox” SorLurioN. This solution consisted of 10 parts
by weight of !/,-second R.S. ‘“‘cotton” in the previous solvent
mixture to which were added 4 parts of Lindol.

17. Lacquer. This lacquer was prepared by incorporating
8 parts of ester gum in “cotton” solution 16.

18. Lacquer. 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. LAcQuer. 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 19 was deliberately overfilled with Celite to provide
a film which was known to be porous.

The liquids used were water, methyl aleohol, acetone, ethyl
acetate, and benzene. They included a solvent and a non-
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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.

Apparatus

Permeability determinations were made in a specially de-
signed cup, similar in principle to the well-known Gardner
jar (6), where the
material to be tested
was sealed across
the mouth of the cup
and the amount of
vapor which passed
through the coating
was measured by
the loss in weight.
This cup (Figure 1)
was made from a
metal stamping to
which was soldered
a brass disk to form
a flange at the top.
2 _» Another brass disk
was bolted to the
one on the cup with
| six 3/j-inch bolts.
The centers of the
brass disks were so
machined as to give
! a circular opening

Ficure 1. PermeaBiLity Cup exactly 11.34sq. em.
1. Film 1 R Th con-
2, 3.  Brass disks i szrea 9
4. TLiquid tacting surfaces of

the disks were care-
fully ground by hand to optical flatness, so that th'ere was no
loss of vapor except directly through the test specimen when
it was placed between the disks. Twenty of these cups were
employed at the same time to ensure that all films would be
tested under the same conditions.

Preparation of Films

A support was used for films of all of thg materials such as
had been employed by Gettens (10) for similar measurements.
This was done because it would have been hnpos§1ble 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, Wh}ch had
been calendered to a hard smooth surface. ¥t contalnqd no
filler or size. This paper was remarkably uniform, having a
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thickness of 0.004 inch (0.1 mm.). It 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 deseribed. Disks were
then cut from the coated sheets so that the amount of paper
base contained in the disk would not vary in weight more than
=(.0002 gram. Their thickness was calculated from the
weight of the disk, its area, and the specific gravity of the
dried coating material. It was felt at the time that 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. TFigure 2
shows that the paper had a slight impeding effect on the
permeability in comparison with that of free films. However,
it is unlikely that 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.
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Ficure 3. EFrrEcT OF PAPER SUPPORT UPON

INITIAL PERMEABILITY

A. Free rosin spar varnish film
B. Same varnish on tissue paper
C. Same varnish 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. o

Permeability Measurements

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 at 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.

Initial-Stage Permeability Curves

The stepped-shape curves shown in Figure 3 for the initial
permeability of moisture through spar varnish films are un-



896 INDUSTRIAL AND ENGINEERING CHEMISTRY VOL. 29, NO. 8
L020. £ 3.2 . /
ol / L ik 5 2.4 e
3 2. =
Eono Bl ‘2' o /
ol 0] L % S
Sloos/ e A 0.8
o E2 = 24 3 .
/// /,,/ﬂ _’_,/~—// S ==;_———;‘—"'—~'———:;:‘—":_
0 40 B0 120 160 200 240 280 320 ) 20 30 oo 120

TIME IN MINUTES
F1Gure 4. INITIAL PERMEABILITY TO WATER

1. Shellac 3. Linseed Oil
2. Glue 4. Rubber
2 Pl
3us . —
o /
z Tt S
pfo — L fo—
u . —— 3"
3 é;"’//// s
0 20. 80 100 120

40 60
TIME IN HOURS

FIGURE 5. PERMEABILITY OF ROSIN SPAR VARNISH
Fiums
1. Alcohol 3. DBenzene
2. Acetone 4. Ethyl acetate
5. Water
1
4.0
3,2 /
9 e =
< . 2 1
Tloa L ]
z 3
» //
2l :
-
2 A —]
' - Sl
o8 / | —
- : 5
0 20 40 60 80 100 120

TIME IN HOURS

Fi1GURE 6. PERMEABILITY OF ESTER GUM LACQUER
Frums
1. Acetone 3.
2. Aleohol 4.
5. Water

Ethyl acetate
Benzene

usual and 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 that 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 physif:al
phenomena which were observed to take place with varnish
films in this and previous investigations.

Similar curves were obtained for shellac with acetone and
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 that 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. o

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 that the large number of hyd{‘O?\'yl
groups (9) produce a very polar film which has a relatlve}y
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 that 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 that 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.

Constant-Rate Permeability

The total weights of the amounts of vapor of each of the
five liquids studied which pirmeated 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
that the permeability was not directly proportional to the re-
ciprocal of the thickness of the film. The deviation from t}}e
customary proportionality could be neglected, howevgr, 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 permeaplhty
had been reached. These values are also shown graphically
in Figure 9. o

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. It was fhsplaced
in this respect by the more insoluble nqaterml, 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 beep_expected
that, in the case of soluble films at least, the vplatlhty of ?he
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 haq not been completefly
destroyed by the solvent, and its rela..tlon 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 “{hen comparing the
permeabilities of liquids of similar properties. Unfor!:unately,
the investigation did not include any _ﬁlms which were
soluble in both water and alcobhol, but, if comparisons for
these two liquids are confined to the insoluble films, it can be
seen that alcohol is nearly four times as permeable as water.
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TasLe I. PerMEABILITY DATA
Total Weight of Liquid Permeating
2 = Film, Grams
Film No. Name Permeability 24 hr. 96 hr, 120 hr.,
My.@
Permeability to Water
13% Glue 32.00 0.92 3.08 3.90
19% Lacquer 17.00 4.60 2.72 7.32
14 Gelatin 5.94 0.16 0.57 0.73
15 Lacquer 5.83 0.12 0.56 0.68
1 Linseed 4.90 0.11 0.47 0.58
2 Linseed 2.36 0.06 0.226 0.286
8 Alkyd 2.33 0.03 0.225 0.255
7 Alkyd 2.03 0.045 0.195 0.240
16 Lacquer 2.00 0.050 0.190 0.240
10 Rubber 1.95 0.045 0.187 0.232
3 Rosin spar 1.70 0.036 0.164 0.200
9 Alkyd 1.56 0.045 0.150 0.195
6 WW rosin 0.93 0.070 0.090 0.160
4 Phenolic spar 0.85 0.025 0.082 0.107
17 Lacquer 0.73 0.030 0.070 0.100
5 Shellac 0.42 0.140 0.040 0.180
18 Lacquer 0.31 0.050 0.030 0.080
11 Paraffin wax 0.008 0.000 0.010 0.010
Permeability to Alcohol
6 ‘W W rosin 47.0 1.10 4.55 5.65
19% Lacquer 32.8 1.40 3.15 4.55
5 Shellac 31.0 0.70 3.02 3.72
17 Lacquer 26.7 0.84 2.56 3.40
15 Lacquer 24.8 0.80 2.40 3.20
16 Lacquer 24.0 0.85 2.35 3.20
1 Linseed 18.7 0.30 1.72 2.02
3 Rosin spar 18.4 0.30 1.66 1.96
7f Alkyd % 16.9 0.30 1.60 1.90
2 Linseed 16.0 0.25 1.54 1.79
13% Glue 16.0 0.42 1.53 1.95
18 Lacquer 13.0 0.45 1.25 1.70
9 Alkyd 11.6 0.24 1511 1.35
14 Gelatin 9.5 0.21 0.89 1.10
8 Alkyd 8.7 0.15 0.82 0.97
10 Rubber 8.2 0.16 0.79 0.95
11 Paraffin wax 0.01 0.03 0.01 0.04
Permeability to Ethyl Acetate
6 WW rosin 41.80 0.95 4.05 5.00
17 Lacquer 23.10 0.60 2.74 3.34
19 Lacquer 21.35 0.61 2.05 2.66
16 Lacquer 19.30 0.45 1.87 2.82
18 Lacquer 14.40 0.40 1.40 1.80
1 Linseed 13.17 0.31 1.27 1.58
15 Lacquer 12.50 0.28 1.20 1.48
3 Rosin spar 7.30 0.20 0.70 0.90
13b ue 6.31 0.17 0.62 0.79
9 Alkyd 5.70 0.10 0.55 0.66
7 Alkyd 5.42 0.14 0.52 0.66
8 Alkyd 4.70 0.10 0.45 0.56
5 Shellac 3.54 0.14 0.34 0.48
11 Paraffin wax 1.94 0.03 0.19 0.22
14 Gelatin 0.44 0.018 0.042 0.06
Permeability to Acetone
6¢ WW rosin e 5 Fir s
10 Rubber 58.3 1.50 5.60 7.10
17 Lacquer 53.3 1.28 5.12 6.40
196 Lacquer 44.5 1.06 4.28 5.34
15 Lacquer 41.6 0.88 4.00 4.88
16 Lacquer 37.5 0.76 3.60 4,36
1 Linseed 21.4 1.02 2.07 3.09
18 Lacquer 20.4 0.49 1.96 2.45
7 Alkyd 17.3 0.56 1.66 2.22
13% Glue 12.4 0.20 1.28 1.48
9 Alkyd 10.3 0.24 0.99 1723
3 Rosin spar 10.2 0.24 0.98 1.22
8 Alkyd 9.7 0.27 0.93 1.20
5 Shellac 7.5 0.14 0:54 0.68
11 Paraffin wax 5.0 0.16 0.48 0.64
14 Gelatin 2.2 0.04 0.22 0.26
Permeability to Benzene
10 Rubber 285.00 5.7 grams in 20 hours
11 Paraffin wax 125.00 1.0 gram in 8 hours
6 WW rosin 29.20 0.65 .80 45
19% Lacquer 29.00 0.80 2.80 3.60
13% Glue 25.00 0.60 2.30 2.90
17 Lacquer 12.50 0.40 1.20 1.60
18 Lacquer 11.56 0.25 1.11 1.36
15 Lacquer 8.70 0.24 0.80 1.04
3 Rosin spar 8.70 0.20 0.80 1.00
4 Phenolic spar 8.44 0.15 0.81 0.96
1 Linseed - 8.00 0.26 0.73 1.00
16 Lacquer 7.70 0.16 0.70 0.86
2 Linseed 6.20 0.22 0.595 0.815
9 lkyd 2.28 0.075 0.210 0.285
8 Alkyd 2.03 0.045 0.195 0.240
14 Gelatin 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

¢ Milligrams of vapor which permeate through 0.1 gram of a film 11,34
sq. cm. in area, 1 hour after a constant rate of permeability is reached.

b Pérous.

¢ Film dissolved too quickly to obtain any measurements.
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9. Resin-oil modified alkyd 19. Porous lacquer
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This ratio is practically the same as that of their vapor pres-
sures at 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 (13), 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 that these films were highly polar in addition to being
porous. It might be expected that 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 that 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

dJ. K. STEWART, J. B. DORSCH, anD C. B. HOPPER!
Anderson Prichard Oil Corporation, Chicago, Ill.

Samples of two mixtures were evaporated 25,
50, and 75 per cent. The rate of evaporation of
butyl acetate in terms of itself showed the
least variation. The toluene-Troluoil mixture
apparently evaporated at a greater rate than
toluene alone in such solvent diluent mixtures.
Based on the assumption that each ingredient
would evaporate from the mixture. at the rela-
tive rate of evaporation of that ingredient alone,
the compositions of the samples were calcu-
lated. Fair agreement between the found and
calculated values was obtained except for Trolu-
oil. Upon evaporation, the mixture containing

ROWN and Crawford (3) pointed out the well-known
need of solvent balance during the evaporation of a
lacquer thinner from the film. Bent and Wik (Z) 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.

Mixture A was composed of butyl acetate, butyl alcohol,
and toluene. Mixture B was composed of butyl aqetate,
butyl alcohol, toluene, and a petroleum diluent. 1\'.leture
B bore a simple relation to mixture A. When both mixtures
were used to make nitrocellulose solutions, the la_tter 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-

Troluoil developed increasing tolerance at a
more uniform rate than in the case of the
mixture containing only toluene as the diluent.
The former also showed correspondingly greater
tolerance than the latter. The effect of replac-
ing part of the nitrocellulose with resins was ob-
served by means of dilution ratio, resistance
to blush, and viscosity data. The presence of
resins appeared to lower the dilution ratio for
the mixture containing Troluocil. However, as
evaporation progressed, the dilution ratio of
this mixture became greater than that of the

" mixture containing toluene alone as the diluent.

consisted of a tin funnel. It was constructed so that 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.
(173/s X 11*/3 X 7/ 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.).

Composition

The samples were analyzed by an adaption of the method of
Watts (6). In the case of

simple mixtures the method

pared by removing 25, 50, and 766 7 ] b
75 per cent of the mixture by 7 ,” could be simplified both oo
: / procedure and calculations.
evaporation. = 7 sikn ;i
8 ! The substitution of sulfuric
= / MIXTURE A —1—~ .
Evaporation of e o L acid of 80 per cent strength
Mixtures S8 (I ORICARRON / / by weight (specific gravity
5 ) ) / 1.727 at 20° C.) for sulfuric
ﬁl beaker ofd4-1ic§gr caé)aci?; —§ // / Fa Pl / ztz)cid ofl 80 per cent sgength
with an inside diameter 5 L 1 ; y volume, apparently im-
15.2 em. (6 inches) was used 508 R . 7 0T, proved the procedure. The
as the container. The beaker & //' / M’X( R f el 7 Achyfu composition of the samples is
was placed 7.6 cm. (3 inches) Q y } : 7 indicated in Table I. The
from a wind tunnel and // / e L s L change of composition in
centered. The wind tunnel b RS #0 60 8o __sed terms of unevaporated sample
Ficure 1. Cmance oF CoxposiTIoN IN TERMS oF Ux- 1s shown in Figure 1 for

! Present address, Bradley & Vroo-
man Company, Chicago, Ill.

EVAPORATED SAMPLE FOR SAMPLES 1 10 4 AND 9 10 12
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samples 1 to 4, and 9 to 12.



900 INDUSTRIAL AND ENGINEERING CHEMISTRY

TaBLe I. ComPoSITION OF MIXTURES

% Remaining Sample Hydrocarbons  Butyl Acetate® Butyl Alcohol
after Evapn. No. Per cent by volume————

Mixture A

100 1 60.2 29.5b 10.3
75 2 54.5 35.14 10.36
49.72 3 41.0 44,11 14.89
25 4 12.55 59.90 27.55
100 5 60.5 30.26 9.24
75 6 54.5 35.80 9.7
50 7 41.4 44.16 14.44
25 8 12.6 60.82 26.58
Mixture B
100 9 55.0b 33.23 11277
75 10 45.25 39.23 15.562
47 .48 11 28.0 50.21 21.79
25 12 7.15 62.46 30.39
100 13 55.00b 33.37 11.63
75 14 45.5 39.28 15.22
49,25 15 29.9 49.50 20.6
25 16 8.45 63.13 28.43

@ Butyl acetate of 94.5% A)urity. = 3
b A mixture of toluene and Troluoil in the ratio of 20 to 35.
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Relative evaporation curves were plotted from data ob-
tained by the Rubek-Dahl method as shown in Figure 2a (5).
The relative rates as calculated are shown in Table III.
Although not strictly comparable, the rates of Bent and Wik
(1) 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 (7).

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 ce. 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.

Tasre II. ReLATIVE EVAPORATION OF EACH INGREDIENT BASED ON ITs ORIGINAL VOLUME

Hydrocarbons: Butyl Acetate Butyl Alcohol
% Re- Sample Sample Sample Sample Sample Sampl
maining No. o No. % Av. % No. % No. % Av. % o A No. % Av. %
Mixture A
100 1 100 5 100 100 1 100 5 100 100 1 100 5 100 100
75 2 67.9 6 67.6 67.8 2 89.2 6 88.6 88.9 2 75.4 6 78.8 771
50 3 34.2 ¢f 34.2 34.2 3 74.7 7 72.7 73.7 3 72.3 7 78.2 75.3
25 4 5.2 8 5.2 5.2 4 50.8 8 50.2 50.5 4 68.8 8 71.9 70.4
Mixture B
100 9 100 13 100 100 9 100 13 100 1 9 100 13 100 100
75 10 61.8 14 9 61.9 10 88.5 14 88.3 88.4 10 8.9 14 98.1 98.5
50 11 25.5 15 27+1 26.3 11 75.4 15 74.2 74.8 11 92.7 15 88.5 90.6
25 12 .3 16 3.8 3.6 12 46.9 16 47.3 47.1 12 64.6 16 61.6 62.5

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 (7).

2. The toluene-Troluoil mixture apparently evaporates at a
greater rate than toluene alone. The greatest divergence ap-

ears when the original mixtures are half evaporated.

This was 29.5 — 15 cc. = 14.5 ce. 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 ce.) 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 ce. Therefore the amount of toluene left in sample 4 would
be 60.2 — 59.2 ce. = 1.0 ce. (Found, 3.1 ce.; calculated, 1.0 cc.)

The data are shown in Table IV. Although not strictly
comparable, the rates of Bent and Wik (Z) were used in a
check series. The data indicate a fair agreement between
calculated and found values with one exception. Apparently

roluoil 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

Sample No.

4 (mixture A) 6.9 7.3 8.1 3.1
12 (mixture B) 7.6 8.2 9.1 0.8

TaBLE IV. AmouNT OF INGREDIENT WHEN 25 PER CENT OF A 100-Cec.
Sampre Is EvaroraTeED (Basep oN Loss oF BuryL ACETATE)

¢c.—— ~—— Troluoil,* Cc.——

—Butyl Alcohol, Ce.—~ ——Toluene,
Caled. <

Ce.
Found Caled.b? Caled.¢ Found Caled.? Caled.¢ Found Caled.b

—4.7 2.2
—-3.3 —0.8 110 ==1433= 1801

are left.
Evaporation

¢ From unpublished report of Dorsch,
b Using rates from Figure 2a and Table III.
¢ Using rates published by Bent and Wik (1).

According to Bent and Wik (Z), “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.”

Tasre III. ReLATIVE RATES OF EvAPorATION BASED ON BUTYL

ACETATE®
1 2 3b 4c
Butyl acetated 1.0 1.0 .0 1.0
Toluene ¢ 5 2.21 2.18 2.19 1.96
Butyl alcohold 0.58 2 0.58 0.44
Troluoil 2.71 2.63 2.67 2.88
@ Usual temperature of evaporation, 21° = 1° C.
b Averages.

¢ Rates of Bent and Wik based on commercial grades.
d Redistilled to a boiling range of 1° C.
¢ A. C. 8. grade.

Troluoil does not follow the general rule. In this connection
it should be pointed out that Troluoil is a mixture of petroleum
hydrocarbons.

Tolerance

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 at various concentrations
of nitrocellulose.

Gardner points out that “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 Wray discussed end points for mixtures A and B. Ac-
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Ficure 4. Averace DiLurioN Rario CURVES

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 at 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. TFigure 4 shows average dilution ratio curves. As
pointed out by Gardner, the curves may be considered as
straight lines (4).

TaBLE V. DirurioN Ratio VALUEs FrROM THE CURVES

%
5 i o
S Remien SOt e VR
1 00 3.9 4.1 4.0 =2.5
2 l75 5.45 5.60 5.52 =1.5
3 50 0.86 0.88 0.87 =1.1
4 25 N 1.35
9 100 4.0 4.0 4.0 bois
10 75 6.4 6.35 6.38 3
11 50 SR 0.975 0.963 0.969 =0.3
6 75 5.70 5.67 5.69 :8'9
7 50 8.62 8.78 8.70 =0,
8 25 1.31 1.37 1.34 g2
14 75 6.45 5.84 6.14 5
15 50 9.50 9.70 9.60 =0 :
16 25 1.44 1.46 1.45 =0.

DiruTion Ratros or THINNERS A AND B. As pointed_ out
by Brown and Bogin in 1927 (2), the goncentrathns pf 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 d.eﬁne_d as 8
grams of nitrocellulose to 100 cc. of th'e final _hquld mixture.
The concentration used in this paper differs slightly. It may
be defined as 8 grams of nitrocellulose in 100 cc. of the solu-
tion found at the end of the determination. Thisis equlval.ent
t0 0.586 pound of nitrocellulose in a gallon of the final solution.

TION RATIOS

As calculated
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F16URE 7. CURVES FOR VARYING CONCENTRATIONS OF SoLips
wiTH EsTER GUM

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 only the partly evaporated samples, the follow-
ing point was noted: The dilution ratios for mixture B samples
are less sensitive to changes in the nitrocellulose concentrations
than the dilution ratios for mixture A samples.

4. The slope of the dilution ratio curve for mixture B remains
practically the same apparently until three-fourths of the mix-
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 con-
centration than are the others.
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% \ < r@() WITH DAMMAR
N\
ESTER GUM W\ — B i 5
ONE BAPT ; OM{,__\\\ e %’ﬁ%ﬁ gl j This is equivalent to 0.5 pound of
FALF SECOND § nitrocellulose per gallon of solvent mix-
6 RTTROCELL UL OE \ N REascorVeosaaRRIor] ;
VHREE RARTS) \c\‘,\\ C ogggNT /?AAZ'ION 80 GRAM 5 ture and also equivalent to 0.44 pound
LITER sl ansig] 1 i =
[ PER CENT| UNEVAPORATE DS 2 \ |F0p comVEs By Souins i)f mtr;)ce'llulose per gallpn of nitrocellu
2 | W | W v SR os 4% N—CONCENTRATION £QUAL ose solution. The partially evaporated
Ficure 8. Curves ror A CONSTANT X \| "700R GREATER réan §amples were made up to contain an
CONCENTRATION OF SOLIDS WITH ESTER < \ ABOVE, increased amount of nitrocellulose. The
{ Gum ,gg \ I increase in concentration was made to
olids C"“Lff;‘,:{:gg:‘h‘::rsO‘f":ol"u‘}‘l‘(‘);l“'e“t of 80 R \ \y @ correspond to the increase in concentra-
gr N\ N\ s tion that the original solution might
. 4 f \ A\ i >
Figure 5 shows the relative tolerance 0 Q X X = havedoq SYSDOLAOn; 'Ijhe samples were
of mixtures A and B during evapora- QRN {(:leste i Stormer VAL T,h e
tion, at a constant nitrocellilose. con- \i\ \\ @) atajobtainedsareishown fin dlabloVI;
centration. Figure 5 also $iitiwy*the 28 | '\ that mixtures A and B are alike is indi-
relative tolerance when the nitrocellu- S7E, /g g o] %;\ cated by Figure 6.
e ONE PART; ONE- :
lose concentration is increased to corre- g letal E oA N Resistance to Blush and Flow
spond to that found on evaporating the NITROCELL UL OSE N 5 :
equivalent original nitrocellulose solu- | 7HREE PARTS . NS T.he samples were submitted fofexs
tion= The:curves.indicated® thatimix- | A cavr unvevaroraTED \\I cessively critical conditions of humidity
g5 1| so | | = and temperature in order to deter-

ture B has greater tolerance than mix-
ture A.

ExampLe. To determine the nitro-
cellulose concentration when 50 per cent

Figure 10. CurvEs FOR A CONSTANT
CONCENTRATION OF SOLIDS WITH
DAMMAR

Solids concentration was the equivalent of 80
grams per liter of solution.

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

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.

Viscosity

Solutions of the briginal mixtures were made up so as to
contain 6 grams of nitrocellulose per 100 ce. of liquid mixture.

and placed in a humidity cabinet. The
data are shown in Table VII. In all cases where blushing could
be observed, the resistance to blush was greater for mixture B
samples. No difference in flow was observed.

TasreE VII. Resistance To Brusu at 90° F. (32.2° C.) anD
68 Per CenT RELATIVE HUMIDITY

Liquid ——Mixture A—— ~————Mixture B——
Mixture Sample Sample
Remaining  No. Blush No. Blush
%o
100 1 Slight 9 Very slight
75 2 Slight 10 Very slight
49.72 3 Slight 9
49.48 WA e 11 Very slight
25 4 Slight 12 Very slight
100 3 THe LD T
75 6 Slight 14 None
50 7 Medium A AR
49.25 Bie <R 15 Slight
25 8 None 16 None

Tapre VI. AvERAGE ViscosiTy AT 20° = 0.2° C.

Liquid ~——Mixture A—— ——Mixture B—— Nitrocellu-
Mixture Sample ¢ Sample lose/100 Ce.
Remaining®? No. Viscosity No. Viscosity  Solvent
% Centipoises Centipoises Grams
100 1 28.1 9 2751 6
75 2 47.9 10 51.4 8
49.72 3 147.2 o 12
47.48 i 11 147.7 12
25 4 2040.0 12 1830.0 24
100 50 ST A raiora =5
75 6 50.8 14 50.0 8
50 7 153.4 2 AR 12
49.25 i 15 145.9 12
25 8 1851.6 16 1765.0 24

& Maximum variation is =0.5%.

Effect of Natural Resins on Nitrocellulose
Solutions of Mixtures

ToreraNcE. The procedure previously described was used.
According to Daley, Johnson, and Wray (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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Ficure 11. RELATIVE TOLERANCE OF
MIXTURES WITH SYNTHETIC RESINS

Solids concentration was the equivalent of 80
grams per liter 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 that would correspond to that of an original sample ?.fter
partial evaporation. Figure 8 therefore corresponds to Figure
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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 that 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 at the stage
where 75 per cent of the mixtures remains unevaporated.
Viscosiry. The viscosities of samples 1, 2, 9, 10, 6, and
14 were so low and apparently comparable that they were
not determined. The data obtained are shown in Table VIII.

TaBLeE VIII. Errect oF NATURAL RESINS ON AVERAGE

Viscosity aT 20° = 0.02° C.

Nitro-
Liquid ~ ——Mixture A®>—— ——Mixture B—— cellulose/ Resin/
Mixture Sample : ‘ Sample 100 Ce. 100 Ce.
Remaining No. Viscosity No. Viscosity  Solvent Solvent
% Centipoises Centipoises Grams Grams
Ester Gum
49.72 3X 12.6 = 2 3 9
47 .48 S 11X 12.7 3 9
25 4X 34.7 12X 33.3 6 18
Dammar
49.72 3X 12.5 % i 3 9
47.48 % 11X 12.9 3 9
25 . 4X 33.6 12X 34.0 6 18
¢ Mixtures A and B samples were 'de.up according to composition

shown in Table I. These were des’, .. u as X samples.

Resistance To Brusa. 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.

TasLe IX. ErrecT OF RESINS ON RESISTANCE TO BLUSH AT
90° F. (32.2° C.) and 68 Per CeEnT RELATIVE HUMIDITY

Nitro-
cellu-
Liquid ——Mixture A—— ——Mixture B—— lose Resin/
Mixture Sample Sample 100 Ce. 100 Ce.
Remaining No. Blush No. Blush Solvent Solvent
% Grams Grams
Ester Gum
100 1X Slight . 9X  None 1.5 4.5
75 2X Slight 10X  None 2 6
49.72 3X Slight s ) 3 9
47.48 11X None 3 9
25 ( Very slight 12X None 6 18
Dammar
100 1X Very slight 9X None 1.5 4.5
75 2X Very slight 10X None 2 6
49.72  3X  Slight i 3 9
47 .48 e s, 11X Very slight 3 9
25 4X Very slight 12X  None 6 18

Effect of Synthetic Resins on Nitrocellulose
Solutions of Mixtures

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.

R;. Modified phenolic, soluble in hydrocarbons and esters, in-
soluble in alcohols.

Ry. Modified alkyd, soluble in hydrocarbons and esters, in-
soluble in aleohols.

Rs. Concentrated phenolic, soluble in hydrocarbons and esters,
insoluble in alcohols.

Re. Saturated alkyd, soluble in aromatic hydrocarbons and
esters, insoluble in aliphatic hydrocarbons and alcohols.

R;. Ester gum.

Rs. Dammar.
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z their evaporation. Resin R; apparently is not
TaBLE X. EFFECT OF SYNTH‘)%I‘OICE.ESZII:SCON AVERAGE VISCOSITY compatible with mixtures A and B. As the evapo-
A : rated mixtures grow richer, R; becomes compatible.
Nitro-
" MixtureA— '~ Mixture B colln : ResistaNcE 10 BLuse AND Frow. The data of
Liqui Liquid lose/  Resin/ : Table XI indicate that mixture B has greater re-
mixture Sample : mixture Sample 100 Ce. 100 Ce. Resin . .
remaining  No. Viscosity remaining No.  Viscosity Solvent Solvent No. sistance to blush at all stages of evaporation than
% Centipoises Centipoises Grams Grams mixture A. No difference in flow was observed.
49.72 3X {g.g 47.48 11X 15.4 3 9 En ;
: 12.9 3 9
138 1417 3 9 R Acknowledgment
12.7 13.0 3 9 Rs
2 .
Pote e 2 o Grateful acknowledgment is due some of the lead-
12:5 12.9 3 9 Rs ing lacquer chemists for helpful suggestions. The
25 4X 47.2 25 12X 55.9 6 18 R authors are glad to acknowledge the assistance of
o B G. C. Hook in the preparation of blush test panels.
38.4 40.0 8 18 R In addition, various members of this laboratory
34.7 33.3 6 18 Ry rendered valuable help and assistance in the work.
33.6 34.0 6 18 Rs
TasrLe XI. ErrecT oF SYNTHETIC RESINS ON RESISTANCE TO BLusH aT 90° F. (32.2° C.) AND 68 PEr CENT RELATIVE HUMIDITY
Nitro- Nitro-
Liquid ) cellu- Liquid cellu- :
Mixture ——Mixture A—— ——Mixture B—— lose/ Resin/ Mlxture ——Mixture A—— ——Mixture B—— lose/ Resin/ ;
Remain- Sample Sample 100 Ce. 100 Ce. Resin Remain- Sample Sample 100 Ce. 100 Cc. Resin
ing No. Blush No. Blush Solvent Solvent No. ing No. Blush No. Blush Solvent Solvent No.
% Grams Grams % Grams Grams
1X Not dis- 9X Not dis- 1°5 4.5 Ri 47.48 -0 BT 11X Very slight 3 9 R:
solved solved 49.72 3X Slight %S 2T 3 9 Ri
100 1X Heavy 9X Medium 1.5 4.5 Rs 4748 i i 11X Very slight 3 9 Ri
100 X Medium 99X Slight 1.5 4.5 Ru 49.72 3X Gum blush {e 3 9 Rs
100 1X  Medium 9X  Slight 1358 2 4955 SRy 47:485 50 R 1i¥  Gum blush 3 9 Rs
% GUbIERy 49.72 3X  Slight 9 3 9 Rs
100 1X  Slight 9X None 106600 4.5 = Ry 47.48 ... e 11X  None 3 9 Rs
100 1X  Slight 9X  Nome 185 4!5 - Re 49.72 3X  Slight o & 3 9 7
75 2X Not dis- 10X Not dis- 2 6 Ry 47.48 ... Sl 11X None 3 9 Rz
solved solved 49572550500 Slight e SRR 8 9 Rs
7 2X Slight 10X Very slight 2 6 Rs 4748 NS A TS None 3 9 Rs
75 2X .  Slight 10X  Veryslight 2 6 R4
75 52X Slight 10X None 2 6 Rs 25 4X Slight 12X None 6 18 Ri
75 2X Slight 10X Very slight 2 6 Rs 25 4X Gum blush 12X Gum blush 6 18 Rs
75 2:Xi Slight 10X None 2 6 R7 25 4X Slight 12X None 6 18 R4
75 2X Very slight 10X None 2 6 Rs 25 4X Gum blush 12X Gum blush 6 18 Rs
; 25 4X Slight 12X None 6 18 Rs
49.72 3X Slight Ao None 3 9 Ri 25 4X Very slight 12X None 6 18 Rz
47.48 ... S 11X S 3 9 Ri 25 4X Very slight 12X None 6 18 Rs
49.72 3X  Slight 52 3 9 Rs
S
ToLerANCE. The procedure as previously described was Literature Cited

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 that was obtained for curves of
nitrocellulose solutions.

Indications are that many resins that 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 1lec.

Viscosiry. 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

(1) Bent, F. A., and Wik, S. N., Ixp. ExG. CHEM., 28, 312-16 (1936).

(2) Brown, B. K., and Bogin, C., Ibid., 19, 968 (1927).

(3) Brown, B. K., and Crawford, F. M., ‘A Survey of Nitrocellulose
Lacquer,” 1st ed., p. 16, New York, Chemical Catalog Co.,
1928.

(4) Gardner, H. A., “Physical and Chemical Examination of Paints,
Varnishes, Lacquers and Colors;” 8th ed., pp. 1087-90, Wash-
ington, Inst. of Paint and Varnish Research, 1937.

(5) Rubek, D. D., and Dahl, G. W., Ixp. ExG. CHEM., Anal. Ed., 6,
421-2 (1934).

(6) Watts, C. E., Ibid., 6, 262-5 (1934).

Recevep April 17, 1937. Presented before the Division of Paint and Var-
nish Chemistry at the 93rd Meeting of the American Chemical Society,
Chapel Hill, N. C., April 12 to 15, 1937.

v-’: y‘{,\ x:‘}“’l ez RS

L [ e

(28
"rfrds{ y 2‘ ol &




Liquid-Film Heat Transfer

Coefticients

For Condensing

Dowtherm A Vapors to
Petroleum and Linseed
Oils in a Vertical-T'ube

Heater'

DONALD S. ULLOCK:? anp W. L. BADGER
University of Michigan, Ann Arbor, Mich.

N THE turbulent range and for vertical tubes, data are
available for the film coefficient of heat transfer from met-
als to water and oil at moderate temperatures (14, 15).
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 Dittus and Boelter type of equation. They ob-
tained the same exponents for the Reynolds and Prandtl
groups as did Dittus and Boelter (13). The constant fot_‘ 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 f:ent
diphenyl oxide and 26.5 per cent diphenyl, and was descrxb.ed
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
(18) 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. It 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).

Equipment Flow Sheet

The equipment flow sheet is shown in Figure 1. 'Its detai.]s‘
were dictated primarily by the problem of bodying linseed oil:

1 Complete tables of data obtained in these experiments w%ll be published
in the Transactions of the American Institute of Chemical lsngmeer:s. :

2 Present address, Carbide and Carbon Chemicals Corporation, Sout
Charleston, W. Va.
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A heavy petroleum oil and linseed oil
were heated to temperatures up to 600° F.
in a tubular heater, using Dowtherm
vapor as the heating medium. The film
coefficients for heating the petroleum oil
agreed reasonably well with the Dittus
and Boelter equation. This work is of
importance because it confirms the Dit-
tus and Boelter equation up to higher
temperatures than have ever been used
before (600° F.) and up to higher Reyn-
olds numbers (50,000) than have ever
been reached in the heating of oils.

Linseed oil, both raw and bodied, fol-
lowed the Dittus and Boelter equation
with a precision that would ordinarily be
considered satisfactory. By trials with
different exponents on both the Reynolds
and the Prandtl groups, it was found that
the equation

hD . /Dup\87/ Cu\ 05
hD _ 0.00725 (T) (—k-)

represented the results on linseed oil with
a high degree of precision. This work
covers a range of the Reynolds group up
to 90,000 and of the Prandtl group up 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 heatin
and cooling were continued until the oil attained the desire
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 /5 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.

Thermocouple Installati‘g»éx

Copper-constantan and copel-X-chromel the;‘:’nocouples were
used for temperature measurements, and the cooper-constantan
couples were used at the lower temperatures. Liquid tempera-
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tubing with an inside diameter equal to the outside
T diameter of the nickel tubes in the heater. Two-inch
i lengths of this tubing were cut in half along the axis
Rt ;§; [ of the tube. When these pieces were placed on ‘the
a2 THERMOCOUPLE : heater tubes, they fitted snugly. The edges of each
% 18 WIRES L shield were beveled off so as to minimize the effect of
2| |z L the shields on the layer of condensate flowing down
Ak i over the surface of the heater tubes. A groove 1/s
AP HIGH MELTING POINT il % inch wide and !/;s inch deep was cut on the inside of
g 3 ~AY Swtver sowoer - [T {1 T the shield. The junctions of two couples were then
30 1A nsuLate  cement B 0 8 soldered at the center of the shield in the groove with
g = S AROUND WIRES - a silver solder of high melting point. The excess solder
& " A was filed off flush with the inside surface of the shield.
= S AN e e | An insulating cement was then applied around the
7 L.a thermocouple wires which lay stretched out in the groove
VERTICAL = SECTION ] of the shield and was allowed to dry. Later the ex-
= s cess cement was filed off flush with the inside surface
v, (L g of the shield until it fitted snugly on the heater
m-'j e . tube. The shields were then sweated onto the out-
LOENS e ol |_—HeATER Tuee] r¥ e s side wall of the heater tubes with a silver solder of low
: SHELD SWEATED ON TO TUBE witn - melting point.

SIMGI e N OE S et L (LW MELTING POINT SILVER SOLDER Tl : S hi 5
D il EATE 1e most serious objection to this method is the
change in the surface of the tubes where the shields

Ficure 1.
Linseep O1L

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 (4). 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. It 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. It consisted of a shield made from nickel

EquipmeNT FLow SHEET FOR HEAT TRANSFER T0 BODYING

areattached. 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 that 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 that 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.

Calibrations

The rate of flow of the oil was determined with a sharp-edged
orifice. This orifice was calibrated at 212° and 133° F. with a
petroleum oil having a viscosity of 79 seconds at 100° F.

a
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This oil had approximately the same specific ¢ S = SR
gravity and viscosity that the linseed oils used in 5 k‘;‘:g gy e~ el P e ey |
this heat transfer study would have under experi- 8 Soko, awh\‘\:‘i [ 40 sec. permoLEiat ot i
mental conditions at the higher temperatures. H TTE o *‘««u.%\: =TT

The thermocouples used for the measurement 1000 ;»L\“g '%\ e, i N O =00
of temperatures were calibrated in an oil bath o= §%\§§§§: SRt i
against a calibrated resistance thermometer he- ISSSNSNaNSaa Es
t::'een the temperatures of 11° and 360° C. The \§§§\\\ : - a5 E
temperature as measured is estimated to be  2° AN T TR
accurate to =0.5° C. The copel-X-chromel - 10l ~:¢b\>:::# 2
couples were checked with the boiling points of ;:i:?:—_\‘_:\:’g e
naphthalene and sulfur. 50 i e S m e

The thermocouples mounted on the linseed o A\A>\;,a7; o
oil heater tubes were checked by putting 20 —»\4&<\7\<;} 2
Dowtherm vapor into the heater at known pres- - sUIhE
sures. The inlet vapor for runs 39 to 43, inclu- 010256003 4 10FR 20T OB O 200 200 500 000 2000 5000 10000
shve ves slishilysupephested i s ol Ficure 3. Viscosiry vs. TEMPERATURE For Bobpying Linseep Orin

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 at six different
pressures.

Physical Properties of Oils

The specific heats of the petroleum oil and the bodied li_n-
seed oil were estimated with the use of the Fortsch and Whit-
man equation (5):

_ (L +670)(2.10 — 8)

g 2030

This equation was obtained for petroleum oils an.d should be
suitable for the petroleum oil used in these experiments. It
is believed that this equation is also suitable for the lpxseed
oil. With this equation the specific heat of the pure linseed
oil was calculated to be 0.703 at 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, apd
a bodied linseed oil were determined with a MacMichael vis-
cometer over a tempera-

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 at room temperature, its viscosity can
be estimated with Figure 3 at 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
(8) 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 at 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.

Thermal Conductivity

All of the equations that have been commonly used for the
correlation of heat trans-

ture range of 50° to 600° F. i fel'_ cot'afﬁcients to or from
The viscometer was cali- Sy fluids inyolve the thermal
brated with water, a U.S. 095 con_ductlwty of the ‘ﬂuld.
Bureau of Sta n, dards ~ i T.hxs Oﬂel'(?d a particular
standard oil sample No. 4, 3 090 LIS 2 S;f:iﬂggg;ulqlé tt}:;eté:rll'tl‘;iil;t
< . 2 8 o~ }-'\‘-\' 8 2 ~.- U /A [
?lilt(ll'(fgl?f:?d 0(l)1n :13:;}(1)?1?1:;1‘2? ] 4 E::L\_h,\\% tures at which the thermal
the expansion of the disk g \E\\\ conductivities were to be
plunger at 700° F. is less | SN~ | B evaluated were faf' beyond
than the experimental e i e sy any range at which ther-
Crfor| Saversl fresh g :}\- > _ mal conductivities of
samples of oil were used 075 e Rt o = ; \ liquids have ever been
in covering the 50-600° F. A ey e measured. Within very
temperature range 070|—— = DATTOW ranges the thermal
The data are plo'tted on conductivity of most or-
logarithmic covrdinates in 085 5—6 B0 200 250 300 350 400 450 S00 550 600 650 700 ganic liquids is known to

Figure 3. Guide lines 1
to 12 represent linseed oil
I progressive stages of

TEMPERATURE °F

Ficure 4. Specreic. GRAVITY vs. TEMPERATURE FOR Bopyine
LINSEED AND PETROLEUM OILS

decrease with tempera-
ture. For a long time it
was believed that the ther-

: Bodied linseed oil: ds/dt = —0.000352 mal conductivity of water
ol i increas- osod Gl daldt = —0000334 I ; L
polymerization or increas Refined linseed m(da/dt){“, =m0, 000284 e Rt

ing bodying effect. These
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temperature. The recent work of Schmidt and Sellschopp
(21) showed, however, that the thermal conductivity of water
passes through a maximum at 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 at least shows that thermal
conductivity determinations over a relatively narrow range
of temperature may not safely be extrapolated far beyond
the temperatures at which the determinations were made.
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Weber (26), 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 at 600° F., they give results differing
by several hundred per cent. It 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 matter in any case and would have been
so complicated at the temperatures involved in this work that
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

Viscosrry ror BopyiNGg
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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 Dittus and Boelter line. The equations used are:

For bodying linseed oil: %k = 0.864 (S)(C,)3*\/S/M
For petroleum oil: k = 0.342 (S)(C)* V/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 that 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.

Smoothing and Correlation of Data

The experimental data obtained from heating the petro-
Jeum 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-

shown by the following line of reasoning. o

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.,

1
<

the reverse process from that 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. It 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 at 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 Dittus and
Boelter equation, indicate the conductivity

10
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perimental data obtained from heating the linseed oil, how-
ever, can be given a preliminary treatment 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 treatment by
the Running method of graphical smoothing (20). This was
done because the rate of condensation decreased rapidly with
the time of heating.

It was impossible to check the heat input by calculating
that 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
Dittus and Boelter equation (13):

hD Dup\ ™/ Cu\™
Bt !

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 (72). In addition, the data are in & 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 at the film temperature would have
given only slightly different results.

The data for the petroleum oil were plotted as Nu/(Pr)°4
against Re and are illustrated in Figure 6. The line represent-
ing the Dittus and Boelter equation was drawn through these

data. A fairly good correlation resulted.
The values of the exponents for the Prandtl and Reynolds
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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 that each set of
data approximated a straight line (Figure 7).

The values for m and n seem quite low, especially z.
The value of m was increased to 0.4 and Nu/(Pr)"4 was
plotted against Re. The result was to find the data drawn
into a narrow band and isillustrated 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
Dittus and Boelter equation (with a slope of 0.8) very well.

The value of the exponent of the Prandtl group was increased
t0 0.5 and the Nu/(Pr) 4 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 at 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.

TasLe I. Bopying or Linseep Oin

Run 0il Nu/ Nu/ Nu/ Nu/
No. Velocity Nu Pr (Pr)e3s  (Pr)o4  (Pr)os  (Pr)o.s
90 7.7 345 70.3 99.6 62.9 41.1 11.5
57 7.1 325 65.3 93.3 60.8 40.2 11.45
66a 3.75 233 31.6: 94.3 58.0 41.1 14.72

The data for the bodying of linseed oil, therefore, correlate
best with the following empirical equation:

kD /(Cu\%5 5 (%)0.31
a2 / (T) ~ 0.00725 (2 @)

Sherwood and Petrie (22) have stated that the data on in-
dividual fluids can be correlated better with special equations
than with the Dittus and Boelter equation. This equation

was tried on the data on petroleum oil and some
of the data of Morris and Whitman (19). A

300

slight improvement was noted, but not enough
to warrant its use.

200

Conclusion

The liquid-film heat transfer coefficients
have been determined for a 140-second petro-
leum oil at 210° F. and for a bodying linseed

e oil in forced convection at high temperatures.
S The data on petroleum oil cover a temperature
= range of 350° to 600° F.; that of thelinseed oil,
= 570°t0600°F. These data were obtained from
§ a vertical heater, equipped with two 10-foot,
S5 0.75-inch 1. d. nickel tubes. All the results
W correlated well with the Dittus and Boelter
;a: 4 equation: :
0.8 0.4
; 3 % = 0.0225 (2’2—‘5) (%) (14)

The degree of correlation is indicated by the

20 following table, which gives the agreement be-
OlL VELOCITY  OIL T&MP. F. tween the calculated and the experimental
et FT/SEC. g values of the liquid film coefficients:

+ 71 582 Bodyin
o 375 582 Per Cent of Data  Linsced: Petrolsum
1 \ | ] | | Correlated to: 0il Oil
3000 5000 7000 10000 20000 50000 100 % %o
Du2 (CONSISTENT UNITS) = 5 67 15
=10 98 38
Fi1Gure 7. HeAT TRANSFER DATA FOR BopymnG LinseeDp OIn +209, 100 59
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Equation 1A was checked between the following limits:

Bodying Petroleum
Linseed Oil Qil
Nusselt No, 153-520 250-600
Reynolds No. 5,000-90,000 4,500-50,000
Prandtl No. 14-160 50-370
Qil velocitf'. ft./sec. 3.76-7.7 4-7.8
Viscosity, 1b./hr./ft. 1.0-8.5 1.5-10.7

The linseed oil data were even better expressed by the em-
pirical equation. It 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 at the average temperature of the main body of the
heated oil:

0,87 0.5
"D _ 0.00725 (%) (9'—‘) @)
k i k
Nomenclature
Hr. = hours of heating
a = constant in Dittus and Boelter equation
D = diam,, ft.
C = sp. heat, B. t. u./(Ib.)(° F.)
Cp = sp.heat at constant pressure
k= thermal conductivity, B.t.u./(hr.)(sq. ft.)(° F./ft.)
p = density, lb./cu. ft.
M = molecular weight
S = sp. gr. referred to water at 4° C.

Z = viscosity (by MacMichael viscometer), centipoises

Zy, (av.) = av. viscosity at temp. ¢ ° F. (values smoothed
graphically), centipoises

viscosity = 2.42 Z,, (av.), Ib./(hr.)(ft.)

e
w = oil velocity, ft./hr.
Nu = Nusselt group hpD/k
Re = Reynolds group Dup/u
Pr = Prandtl group Cu/k
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Heat Transter
Coefficients for
Condensing
Dowtherm Films

W. L. BADGER
University of Michigan, Ann Arbor, Mich.

ILM coefficients for the condensation of vapors are usu-

ally calculated from the equations of Nusselt (4). It is

important to remember, however, that 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) that the condensation was
true film type condensation and (b) that the condensate film
was in purely viscous flow.

Monrad and Badger (3) pointed out that 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:
‘L'J 1/3 il }l/’_
h<k"p2.0) &/ (uD b

Badger, Monrad, and Diamond () reported a number of
film coefficients for condensing diphenyl vapor. They showed
that, whereas according to the Nusselt equation the film coef-
ficient of heat transfer should have decreased with increasing
temperature drop, the coefficient actually increased with in-
creasing temperature drop. On a plot of Kirkbride’s equa-
tion in logarithmie codrdinates, the Nusselt equation should
be represented by a line with a slope of —1/;. XKirkbride
plotted these results of Badger, Monrad, and Diamond, to-
gether with a few others obtained from the earlier literature
and showed that they determined a line with a slope of 4/
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 with the liquid film
coefficients. It is the purpose of this paper to show 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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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 Dowtherm film must be
known at temperatures far above any at 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 at any temperature, much less at 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

TasLE I.

) W 5 n? )w:

Run No. he tr m “ud (lc’p'-‘u
2 240 552 0.709 3,250 0.255
3 258 546 0.721 5,232 0.274
4 236 647 0.568 4,012 0.268
5 210 650 0.564 5,445 0.239
6 261 650 0.564 6,405 0.297
7 232 651 0.561 5,135 0.265
8 238 620 0.602 4,610 0.263
9 253 618 0.606 4985 0.279
10 262 616 0.614 4935 0.288
11 264 616 0.614 5,264 0.291
12 224 596 0.636 4148 0.243
13 208 596 0.636 3.875 0.226
14 244 594 0.638 4,198 0.264
15 251 596 0.636 4,072 0.272
i? 190 574 0.668 . 2,588 0.204
18 199 573 0.670 3,625 0.213
19 182 572 0.870 3,589 0.195
20 161 547 0.718 2,788 0.171
21 143 547 0.718 2,452 0.152
22 118 549 0.714 1.998 0.125
24 283 543 0.723 5,910 0.300
25 292 545 0.721 4312 0.235
26 312 592 0.638 7,510 0.338
27 392 592 0.638 9,762 0.424
28 411 590 0.643 10,706 0.444
29 310 626 0.593 9,225 0.344
30 326 619 0.605 11,312 0.360
31 485 626 0.595 15,450 0.538
32 376 668 0.544 13,525 0.437
33 462 667 0.544 17,975 0.537
34 545 670 0.539 13,010 0.635
35 283 677 0.534 7,910 0.332
36 308 679 0.532 7,972 0.363
37 270 678 0.532 7,250 0.318
38 208 703 0.503 7,928 0.353
49 264 669 0.544 7,550 0.307
50 242 670 0.542 7,230 0.282
51 226 671 0.539 6,822 0.264
52 205 672 0.539 6,175 0.240

REecaLcuLaTION OF ULLock’s COerrFICIENTS BY KIRKBRIDE'S METHOD

W S (EntiNis
Run No. hy 174 B pd (k'p’a
53 186 673 0.539 5,001 0.218
54 175 674 0.537 4,839 0.210
55 334 670 0.542 12,050 0.389
55a 316 671 0.539 11,175 0.369
56 300 672 0.539 10,288 0.351
56a 284 672 0.539 9,148 0.332
57 274 672 0.539 8,500 0.320
58 263 672 0.539 7,935 0.307
59 256 672 0.539 7,560 0.299
60 243 673 0.539 7,348 0.286
61 239 674 0.537 6,950 0.280
62 231 674 0.537 6,738 0.270
63 227 674 0.537 6,500 0.266
64 220 675 0.537 6,000 0.258
65 220 675 0.537 5,925 0.258
66 283 674 0.537 7,935 0.331
66a 276 672 0.539 7,655 0.323
67 241 676 0.534 7,420 0.283
68 240 676 0.534 7,148 0.282
69 243 677 0.534 6,855 0.286
70 230 677 0.534 6,508 0.271
71 222 678 0.532 6,198 0.261
72 216 678 0.532 5,830 0.254
73 207 679 0.532 5,440 0.244
74 209 679 0.532 5,140 0.246
75 204 680 0.530 4,775 0.241
76 197 681 0.527 4,642 0.233
77 199 681 0.527 4,465 0.235
78 196 682 - 0.527 4,335 0.232
79 194 682 0.527 4,188 0.230
80 193 682 0.527 4,025 0.229
91 309 656 0.556 12,388 0.354
92 448 648 0.566 11,975 0.509
93 329 658 0.556 11,962 0.378
94 288 664 0.547 11,912 0.333
95 286 665 0.547 11,075 0.331
96 279 669 0.544 10,250 0.325
97 277 670 0.542 9,475 0.323
98 278 672 0.539 8,770 0.325
99 276 672 0.539 8,475 0.322
100 276 675 0.537 8,218 0.323
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serious question. The line of reasoning indicating that this
is not an important source of error in the present case is given
in some detail in the paper by Ullock and Badger. Briefly,
the argument is that 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

VOL. 29, NO. 8

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. .

3

is a tedi-
ous matter, 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.

2
Inasmuch as computation of the term (k;:)—,g)

Literature Cited

(1) Badger, Monrad, and Diamond, Trans. Am. Inst. Chem. Engrs.,
24, 56-83 (1930); Iwp. Exa. CaeMm., 22, 700-7 (1930).

(2) Kirkbride, Trans. Am. Inst. Chem. Engrs., 30, 170-86 (1933).

(3) Monrad and Badger, Ibid., 24, 84-119 (1930); Inp. Exa. CHEM.,
22, 1103-12 (1930).

(4) Nusselt, Z. Ver. deut. Ing., 60, 541 (1916); McAdams, ‘‘Heat
Transmission,” pp. 258, 263, New York, McGraw-Hill Book
Co., 1933.

(5) Ullock and Badger, Inp. Exc. CaEM., 29, 905 (1937).

Recervep May 11, 1937, Presented before the meeting of the American
Institute of Chemical Engineers at Toronto, Canada, May 26 to 28, 1937.

Temperature Drops and Liquid-

Film Heat Transfer Coefficients

in Vertical Tubes

R. M. BOARTS,? W. L. BADGER, aND S. J. MEISENBURG?
University of Michigan, Ann Arbor, Mich.

HE design of forced-circulation evaporators is at pres-

ent accomplished by the use of over-all coefficients

which are mainly a matter of experience. It has been

long realized that the proper approach to this problem is

through the use of film coefficients, but there are practical
difficulties.

The simplest equation for the design of an evaporator is:

Q/6 = UAAT? 1)

ATz 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

A 1
U = _1_ +__k:_ i 1 (2)
hs ' Ly ' hg

This gquation holds rigidly only for the case where no ther-
mal resistances are present except the steam film, the wall of

1 Complete tables of data obtained in these experiments will be found in
the Transactions of the American Institute of Chemical Engineers.

2 Present address, University of Tennessee, Knoxville, Tenn.

3 Present address, Shell Petroleum Corporation, Arkansas City, Kans.

the tube, and the liquid film. Where other resistances are
present, such as scale and impure steam, they must be in-
cluded by additional terms in Equation 2. This definition
also assumes that the areas of the steam film and the liquid
film are appreciably equal.

Equation 1 cannot be used because ATy, the true mean
temperature drop, is not known. Most designs are based on
the over-all apparent temperature drop because it can be
readily determined. The over-all apparent temperature
drop, AT, 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 data has been built up on this
system which has been useful in design. On this basis, design
has been a matter of experience. It 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



i

| semicommercial forced circulation evaporator
{with 8-foot tubes under essentially nonboiling

‘pear, then, that the applicability of this equa-
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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.

Many investigators have reported that the
average true liquid film coefficient of heat
transfer for the simple heating of fluids mov-
ing in forced convection inside of tubes could

HP.STEAM 25

AR

H.P

L DSTILLED
WATER

21 19

be predicted by use of the Dittus and Boelter
relation (4):

@ i (%)0.8 (%)0.4
Eiis o\ G %

Here %, 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 at

@)

= 21|28 2

VENT

TEAM

average bulk temperature, and the constant a.
McAdams (10) discussed this equation fully.

S PR
| )
|

He concluded that 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, Fragen, and Badger (9), working on a

conditions, found that the Dittus and Boelter

ﬁ

|
2

PR 3
4 -DEFL
5~ STEAM BAFFLE
6 - EXPANSION JOINT
7 - DOWNTAKE PIPE
8 - PACKING GLAND

24 9 -T.C. GUARD PIPE

10 = TRAVELING COUPLE
11 = CIRCULATION ORIFICE
12 = CIRCULATION - PUMP.
13 ~ CONDENSATE RETURN PUMP
4 -BOILER FEED PUMP
15 - VACUUM  PUMP.
16 - EVAPORATOR FEED PUMP

17 - SURFACE CONDENSER
18 - STEAM SAMPLE CONDENSERS

equation correlated their data. It would ap-

19 - BOILER
20 - PRE-BOILER

tion has been proved in the case where appreci-
able boiling does not occur.

It is important, therefore, to the problem of
the logical design of forced-circulation evapo-
rators that the relation between the over-all

FIGURE 1. DIAGRAM OF APPARATUS

21 - BOILER FEED STORAGE TANK
22 - FEED STORAGE TANK

23 - VAPOR CONDENSATE TANKS

24 - STEAM CONDENSATE TANKS

25 - SUPERHE

26 - ENTRAINMENT SEPARATOR

27 - VACUUM MANOMETER

28 - STEAM PRESSURE MANOMETER
29 - AIR MANOMETER

30 - VELOCITY CONTROL MANOM.
3| - TUBE PRESSURE DROP. MANOM.
32 - AR CONTROL ORIFICE

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).

Literature 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. ILogan, 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 Dittus and Boelter equation.

Claasen (), in 1902 in a theoretical discussion, stated
that 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 that of Logan, Fragen, and Badger, are
not significant to the present work.

No work on the correlation of the over-all apparent tem-
perature drop with the true mean temperature drop has been
reported.

Experimental Apparatus and Procedure

The experimental apparatus was described in a previous
paper (11):

It 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.; cendensing
steam temperature, 176° 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-
constantan 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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20 constantan thermocouple. The lead
wires were carried out of the
evaporator through a !/s-inch out-
5 side diameter brass tube which

=2 : moved through a packing gland.

176 °F. B.PT.
194°F. STEAM
18°F. OVERALL AT

z—
/

X x The junction was soldered direct
VELOCITY FT/SE ; )
9 o213y %.o t6 the end of the tube, and three
233 * B[ apT, brass fins were “attached an inch
| : 212°F. STEAM above the hot junction to keep the

36°F. OVERALL AT thermocouple centered in the

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
0 evaporator tube. By a pulley and
0 12 take-up system the junction of the
76°F BT, thermocouple could be moved to any
30°F. STEAM predetermined point in the evapo-
4°F. OVERALL AT rator tube. Wli)th 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.
TN Other thermocouples were - used
N to measure the temperature of the
steam jacket, vapor space above
the tube, liquor inlet at the bottom
a of the tube, and superheated steam.
3 All readings were made on a Leeds
& Northrup type K-2 poten-

tiometer.
10 The temperature of the liquid
0\3 side of the tuble wasdcalcula}tieddfrm;l
= a the tube couple readings, the depth
2 B = to which their junctions were im-
: FEER R/ bedded in the tube wall, and the
: égé temperature gradient corresponding
10 to the known rate of heat flow
2 4 6 8 10 12 through the tube wall. Typical
DISTANCE. FROM BOTTOM OF TUBE-FT. curves showing the corresponding
temperature distributions of tube
wall temperatures and liquid tem-
peratures are represented by Fig-
ure 2. From these data I'igure 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.
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Liquid-Film Coefficients for Long Vertical Tubes

Since Logan, Fragen, and Badger found that they: could correlate their
data reasonably well by means of a Dittus and Boelter type equation, that was
the first step taken in the present work (Equation 3). ‘

The Prandtl group, cu/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/u 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 at temperatures from 140° to higher than 212° F., and since quantity &
entered into the Dittus and Boelter equation to the 0.6 power, the calculated
values of this work were lower than if Jakob’s data had been used. This differ-
ence varied from 0 per cent water at 151° F. to 3.5 per cent for water at 212° ¥.

s hD
To check the power function of the Reynolds number, the quantity <T)/
0.4 = 3
(%) was plotted against (Dup/p). This 18
shown as Figure 4. A line with a slope of 0.8 on
the logarithmic plot adequately correlates the
data except at very low velocities where Dup/p
isless than 65,000. The median of the calculated
values of constant a for the runs with a Reyn-

FIGURE 2. TEMPERATURE
DistriBurion or Tusr
Warrs axp Liquips
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olds number higher than 65,000 was 0.0278, and the line on
Figure 4 is drawn with @ equal to this value.

For water flowing under forced convection in a vertical
heated tube with a small degree of boiling, the Dittus and
Boelter equation furnishes a satisfactory means of determin-
ing the true mean liquid film, k. This is a confirmation of
the work of Logan, Fragen, and Badger. Equation constant
a 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 Dittus and Boelter equation is much lower than experi-
ment shows. With the data at hand, it was not found pos-
sible to give more than semiquantitative demon-
strations of this fact.
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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 that 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.

An attempt was made to break up into two 1000 | |
parts the calculations on the runs in which 2 I EOSTEALTE ——15/Sec. VeLociry —
appreciable boiling occurred. Examination of 8 . 22 248 B
the temperature distribution curves (Figure 2) 7 e '2?3 : oy
shows that active boiling in the tube reduces 1 = B h'[oL{]EfTCY"” : / g
the temperature of the liquid by the conversion o 10 |76 [ 5 A'
of sensible heat to latent heat. If the point X Mo | il g /{
where this sudden drop in liquid temperatures =z 2 I LD Z3 7
occurs is taken as the point of active boiling, O Safs
then heat transmission in the tube length can be }l_« 3 5/Sec __.i x A
considered in two sections. Simple heating S r_me;, | 5
occurs in the part of the tube up to the break \ | . To  Stope,08

in the curve. Thus in Figure 4 it can be as- =
sumed that 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;

~—2.3 & 3.5/Skc.
VELocity

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

lengths is calculated on the basis of the o
pounds of circulation per hour times the sensible
heat increase, then the mean true liquid film
coefficient can be determined from the Newton

FIGURE 4.DIMENSIONLESS GROUPS PLOTTED
ITO CHECK DITTUS & BOELTER EQUATION

equation: l03(()),000

Q/0 = hpAp Aty (€Y)

The temperature drop over the liquid film, At 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 Dittus 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 that assigned to the nonboiling sec-
tion. The average value of the coefficient to boiling water
is approximately twice that of the coefficient to nonboiling
water. The temperature drop relations determined by this
method exhibit some inconsistencies.

Temperature Distributions Observed

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
(6). The traveling, or liquid, thermocouple is described
above. Figure 2 is presented as representative of all the runs.

ATnais = 6 & 100000 2 3400000

Dup/

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 At;, 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 isboiling are curved lines, or a 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.
That is, At for the same over-all AT but different velocities
may be considerably different at the bottom of the tube, but
they all go through a minimum about 2 feet from the top and
they all rise to a constant value.

The influence of boiling on Af;, 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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Mechanism of Heat Transfer to Liquids in a
Forced-Circulation Evaporator

The liquid enters the tubes of a forced-circulation evapora-
tor at substantially the equilibrium temperature in the vapor
space, although in some cases it may be somewhat cooler
than this temperature owing to heat losses in the return line
and the use of cold make-up feed. Heat 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 Dittus and Boelter equation
holds.

The Dittus 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. Schmidt, Schurig, and Sellschopp (15) and Nagle and
co-workers (12, 13) showed that dropwise condensation can
produce coefficients four to eight times that 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 that 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 Dittus 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 shown by the drop in A#r shown 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 that 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 Afr. The temperature
difference drops smoothly with increasing heat input. This
indicates that 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 Afr, much
as the bodies of a multiple-effect evaporator adjust their own
temperatures; hence the tube wall and liquor temperature
must be in such relationship as to show a smoothly decreasing
Atr. :

Near the top of the tube all temperature drops over the
liquid film approach a constant value, no matter 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
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steam that are reabsorbed in the cooler liquid just the same
as those that 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
matter 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.

True and Apparent Temperature Drops in a
Forced-Circulation Evaporator

In the logical design of a forced-circulation evaporator, it
has been shown that the equation,

Q/a = UAATy (1)

cannot be used at 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, ATr.

Where appreciable boiling does not occur in the tubes (i. e.,
the usual case), the liquid film coefficient, Az, can be predicted
by the Dittus 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 that some relation must 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.
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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

Ty = Tg ®)

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 that 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 A7 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 = Tg + b(u)ATg(X) (6)
where T'x = temp. of liquid at any point, ° F'

Ty = temp. of entering liquig, N

u = velocity, ft./sec.

ATg = temp. cirop from steam to entrance temp. of
liquid, ° F.

X = dlstance from bottom of tube, ft.

s, b = constants

On Figure 5 the constants are evaluated. The slope, s, is
—0.73 and the intercept, 6, is 1/9.5. The average liquid tem-
perature for nonboiling runs lies halfway up the tube; therefore

= ATg N
T = T + g (2) Y
where 7. = av. liquid temp. in tube

This is purely an empirical formula that describes the present
data. It 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 that 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:

ATy =Ts — T, ®
where AT7r = av. true AT
s = steam temp.
Tr = av. temp. of liquid in tube
AT N
Hence ATT = Ts e TE . gmfi‘)Ti(E) (9)

ATy is equal to the apparent over-all temperature drop, AT,
in this case.

Now ATy, =Ts — Ty (10)

where AT, = apparent over-all temp. drop
Ty = vapor temp.

Therefore, from Equations 5, 9, and 10:

w5 (2) o

ATp = AT, —

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 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
AT value of Equation 91is AT, — AT zpp; then

AT4 — ATgpe (N) (12)

ATy = AT4 — ATgpr — 9.5(u)°-73 =

2
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

ATa = ATp+ ATg —ATp — AT+ ATpre  (13)

where ATy = apparent over-all AT
ATy = av. true AT
ATg N
ATy = av.temp. rise of liquids in tubes, HOR n( )
ATy = cooling effect of cold make-up feed
ATy = temp. loss through circulatory system
= boiling point elevation

ATgpE
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Therefore, using only those terms which appear in the
specific case and which are either known or easily calculated,
Equation 1 becomes

Q/9 = UA(ATA — ATy + ATr + ATgr — ATgpg.. ) (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.

Summary

1. Ininvestigating 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 that
an equation of the form of the Dittus and Boelter relation
adequately correlates the data is confirmed. This demon-
strates that 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

= 0.0278 (%) o (5]2‘-‘)“ (15)

2. Semiquantitative determinations of the liquid-film
coefficient, to boiling water lead to qualitative conclusions
that 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:.

AT N
oot gl ()

This equation should be used in evaluating the physical
properties of the liquid for the Dittus 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. With the means at hand to determine the average
temperature increase of the liquid in the evaporator tubes,

w30 (3)

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.

ATy =
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Nomenclature

area of heating surface, sq. ft.

constant in Dittus and Boelter equation
constant in liquid temp. rise equation
true mean film coefficient of heat transfer

k = thermal conductivity

Ly = tube wall thickness, ft.

N = length of tube, ft.

s = constant in liquid temp. rise equation

u = liquid velocity, ft./sec.

Q/0 = heat transferred, B. t. u./hr.

1¢ = temp., ° F.

Al = temp. drop across film

Dup/n = Reynolds criterion, consistent units

cu/k = Prandtl criterion, consistent units

hD/k = Nusselt criterion, consistent units
Subscripts:

A = apparent over-all temp. drop

7 = true over-all temp. drop

S = steam

V = vapor in evaporator

L = liquid at mean temp.

E = liquid at entrance temp.

H = temp. rise of liquid in tube

BPE = boiling point elevation

F = evaporator make-up feed

R = temperature loss from system
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Heat Transfer Coefficients in the
Boiling Section of a Liong-Tube,
Natural-Circulation Evaporator

C. H. BROOKS? anp W. L. BADGER
University of Michigan, Ann Arbor, Mich.

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 that 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.

Previous Work

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 heat-sensitive liquids without damage (2,
15, 28, 24, 27, 28).

2. Relative freedom from sealing trouble (3, 24, 27, 28).

3. Freedom from foaming (I, 15, 24, 27).

1 Complete tables of data obtained in these experiments will be published
in the Transactions of the American Institute of Chemical Engineers.

? Present address, Sun Oil Company, Marcus Hook, 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, ete.,
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.
It has been found that all of these materials, in addition to
dilute salt brine, may be handled economically in this type of
machine (26).

Although many papers have been written about the Kest-
ner evaporator, quantitative data on the subject are lacking.
The only two papers that present experimental results (11,
16) report them in such a form that 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 coeflicient could
not be determined since the
rate of circulation was a
function of other variables.

An exhaustive investiga-
tion on an evaporator with a
single vertical tube is re-
ported by Kirschbaum,
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. Itis
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 study has
been made of the individual
coefficients of heat transfer
between metal surfaces (in-
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A method, as suggested by Boarts (8),
has been developed for determining the
length of the boiling section in an ex-
ternally heated tube.

An empirical correlation of over-all co-
efficients of heat transfer in the boiling sec-
tion of a 2-inch o. d., No. 10 Birmingham
wire gage, copper tube shows that the
coefficient is a function of the amount of
vapor present, the weight rate of liquid
fed to the tube, and the average over-all
temperature difference between the
steam and the liquid. This correlation is
applicable only within the ranges of vari-
ables used for experimentation and to
water, or to materials with similar physi-
cal properties.

The mechanism of boiling in an exter-
nally heated tube is exceedingly compli-
cated. Three types of action, froth, slug,
and film, have been found, but no definite
connection between the types of action
and the conditions of operation could be
developed.

In general, the surface
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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 equivalent
quantity of water was thus
forced into the 2.002 inch
o.d. X.1.760 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, wilere it was con-
densed. 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 steam drip
tanks, 8.

The pressure in vapor head 9
was maintained constant
within =1 mm. of mercury by
the manual and solenoid
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.

ternally heated) and boiling liquids.
has been a flat plate in either a vertical or a horizontal posi-
tion (9, 12, 18, 22). This work is of interest but as yet shows
too great inconsistencies to be of any pragctical significance.

Experimental Apparatus =

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

Measurements and Control Devices

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/s-inch
copper tubing which passed through a standard 3/s-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

FEED TANKS

FEED

o

Tn FEED PUMP
FEED HEATER

. FEED HEATER BRINE TANK
FEED HEATER BRINE PUMP

W W —
@>

WATER i

e pemiiiid ko5

o

w
o

. 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-BEND

STEAM JACKET VENT LINE

B

VAPOR LINE

TO SEWER

THICK LIQUOR LINE
ORIFICE

FEED CONTROL VALVES
VENT CHAMBER

PRESSURE DROP MANOMETER
SOLENOID VACUUM BREAK
MANUAL VACUUM BREAK
STEAM CONTROL VALVES

. ORIFICE MANOMETER

STEAM JACKET MANOMETER
YAPOR HEAD MANOMETER.

TOWENSL AL OO0 N Y

S
TN TN TSNS RO NS R e o o e e e e
S GRLRE

STEAM

e

FIG.1. GENERAL DIAGRAM OF APPARATUS.




920 INDUSTRIAL AND ENGINEERING CHEMISTRY
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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,
nlllid e, 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 Eotenti—
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, 20). 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 %y 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
=(.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
élu;ix;g a run was determined by difference at the feed weigh

anks.

The steam chest and vapor head pressures were determined by
means of mercury manometers. All manometer lines were of
1/,-inch standard pipe.

Experimental Procedure
The following ranges of variables were studied:

Variable

Feed rate to the tube, 1b./hr.

Feed temp. below vapor bead temp., ° F.
Boiling point in vapor head, ° F.

Steam temp. minus vapor head temp., ° F.

Range
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 at 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
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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/0)s. 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 attempt 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 must have
closely duplicated the situation present in commercial ma-
chines. The condition of the liquid side was controlled by
the following procedure: With a given set of feed rate, feed
temperature, and boiling point conditions, three runs were
made at different values of the apparent temperature differ-
ence, spread over the entire range to be covered. Before
check runs were made at 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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Determinationiol BOIhng Section IQZO FEED RATE, 250 LB. PER HR. FEED RATE, 750 LB.-PER HR.
As pointed out above, the liquid tempera- > \L T
ture distribution along the tube was deter- &0 3 ~ Piums
mined during each run. Several typical = g Gi=T= TS 1A% =iea
curves for temperature vs. length are shown S 6 = A BOILING POINT,F. o?
in Figure 3. The outstanding characteristic = ZHRpEt L o 10 Sl
of all of these curves is the maximum which g g = 21(7)‘3
is reached. 20 .
The length of the boiling section or the boil- g FEED RATE, 500 LB.PER HR. o FEED RATE, 1000 LB. PER HR
ing length, Ly, was taken as the length between e \qj\\ﬂf
the point in the tube at which the maximum = 10 u i =
temperature occurred, and the upper tube E 8 P S : FreR T
sheet. The choice of the maximum liquid tem- 0 H—2 0 s
perature as the division point between the sec- = 4 I
tion of the tube used for heating and that in 20 40 80 100 200 400 20 40 60 80 100 200 400
which boiling occurs, needs explanation. =3 V, POUNDS OF VAPOR PRODUCED PER HOUR.
The liquid entering the tube, always be- Ficure 5. Upg vs. V

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
oceurs, the temperature of the liquid will be such that its
vapor pressure will be equal to the pressure existing at 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 at once. Jakob and Fritz (14) and
Stewart and Hechler (25) showed that 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, at 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 that 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 at which boiling starts is at the point where
the maximum temperature occurs. The heat transfer area,
A p, 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
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FIG. 4.
DEFINITION OF TERMS USED IN L.T.V. CALCULATIONS

temperature must be determined graphically. When the

average liquid temperature is subt.racted from the steam
temperature, it permits the calculaj;{on of tbe average over-
all temperature difference in the boiling section, Atay..

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,
Atapp., and the apparent temperature drop corrected for boiling
point elevation, Atcor., are shown as usually defined. The
true mean temperature drop in the boiling section, Atay., is
the mean height of the shaded portion. The true boiling coef-
ficient, U, reported in this paper is calculated on the surface
corresponding to the length, Lp, and on the mean tempera-
ture drop, Atav..

Correlation of Results

Up, the average over-all heat transfer coefficient for the
boiling section, is mathematically defined as follows:

_ ©@/e)s

Us = ALY

It was believed that the most important variable affecting
the boiling heat transfer coefficient must be the velocity of
the liquid. It was further believed that 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. Up 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 at a constant feed temperature and feed
rate, as well as the slopes of the bands.

The remaining variables, W, (the feed rate to the tube),
Alay., Lg, and the temperature level were similarly investi-
gated. The latter two had no appreciable effect.

As shown in Figure 6, it was found that:

UBV0-27

) - f(Aty)

m = 0.0557 logio-1 TN
m is shown graphically as a function of At... in Figure 7.

In 81 per cent of the 135 runs the calculated coefficient is
within =20 per cent of the observed.

It is to be emphasized that 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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5.0 R T T w.h.ere the operat%ng con- peared on the wall of the tube, above the point where the
ditions are outside the slugs broke. : e e
= range of variables used These experiments were repeated duru}g this investigation,
during the experiments using a glass tube, approximately 3/s 1.nch o..d., in a glass
koo upon which it is steam jacket. Barbet’s results were verified; i. e., progress-
\ based. ing up the tube the following types of action were encountered:
0.50 . .
O“:'mg to the nopunts 1. A very short length in which the vapor and liquid were
£ formity of the liquid ;556 or less uniformly distributed both transversely and longi-
temperature distribu-  tudinally in the tube. :
™~ tion curves (Figure 3) 2. A section of slug action in which the transverse distribution
et —a—m—| s oA ; was uniform but the longitudinal was not; i. e., there were
lt. is impossible to pre- alternate slugs of liquid and vapor.
e e L e dich these curves.In 3. A section in which film action occurred, or the longitudinal

By order to predict the

value of At.. 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.

Discussion of Results

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 (8). 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, attempts were made
to determine the phenomena in this section. The literature
is deficient in this respect, yielding only two articles in which
any attempt 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 that 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 that annular rings of liquid ap-

distribution was uniform, but the transverse was not; 1i. 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.

H{E B.PT.
{50°F, N
= 115°F ~NO N
3, = \\\
< "|Feeo RATE  200F ] N
2[250 LB MR N
oo 500 1000 5000
3, e —] ~
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2 3 SF T L—1
D [T N S o
2
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5 5= >
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1
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Vig

Ficure 8. CORRELATION oF A(Af)
FOR VARIOUS FEED RATES
Correction to over-all temperature difference
for the boiling section of 2-inch o. d. tubes.
Aaf) = (Atoverall _Atav.) SF Atover-all =
(steang temperature — vapor head tempera-
ture) ° F. At = (steam temperature —
average liquid temperature) °F. L p=length
of boiling section, feet. V = pounds of
vapor per hour.
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In the apparatus of Kirschbaum et al. (18), 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 that 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.

It 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, at 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 at the outlet of the tube.

In the apparatus used for the investigation reported here,
two sight glasses were installed at 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. TFurthermore, 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 time, 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’ that has not yet been explained. :

In the study made by Kirschbaum and his associates (18),
it was shown that in the boiling section the temperature dis-
tribution across the tube was practically uniform for almost
the entire cross section, but that it climbed rapidly at the
walls. Since the static pressure at the walls will be the same
as that at 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 )thh there may
be more or less spray. The temperature difference and the
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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.

Nomenclature

(Q/6)s = heat transferred through heating surface in boiling
section, B. t. u./hr.

Ly = length of boiling section, ft.

Ap = heat transfer area in boiling section, sq. ft.

B = av. over-all heat transfer coefficient in boiling section,

B. t. u./hr./sq. ft./° F.

Atyy. = av. over-all temp. difference in boiling section, ° F.

V = vapor produced, lb./hr.

Wy = feed rate to tube, lb./hr.
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Wetting and Spreading Properties

of Aqueous Solutions

Mixtures of Sodium Hydroxide with n-Caproic,
n-Caprylic, n-Capric, Liauric, Myristic,
and Palmitic Acids’

HE efficiency of sprays

that 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 that 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

H. L. CUPPLES

Bureau of Entomology and Plant Quarantine,
U. S. Department of Agriculture, Washington, D. C.

solution was a good indicator
of its dirt-suspending power
and efficiency as a detergent.
In other words, the foam-
producing power, djrt-suspend-
ing power, and detercrent properties were found to attain
a maximum value at a given pH, with lower values accom-
panying higher or lower pH values. The present writer
wishes to emphasize that this correlation may not apply to
materials other than the usual fatty acid soaps.

In previous papers (2) the author pointed out that 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. Hxcess 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 that the wetting power of soap solutions
depends to a substantial degree upon their hydrogen-ion con-
centration. It thus appears that the wetting power of a soap
solution, as measured by its spreading coefficient on mineral
oil, is closely related to its

uncontrollable variations in
the surfaces to be protected,
it may be difficult to deter-
mine and to maintain the
particular degree of wetting
power that will produce the
maximum effectiveness in
sprays of this type.

Wetting power is also an
important factor in the
detergent action of aqueous
solutions. The detergent
action of such solutions is
generally recognized as de-
pending upon such factors as
wetting power, 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 that with
solutions of sodium stearate
the abundance of-foam de-
pended on the hydrogen-ion
concentration, and that the
foam-producing power of a

1 For previous articles in this
series, see literature citation 2.

For aqueous mixtures of sodium hy-
droxide with a number of fatty acids, at a
concentration of 1.0 per cent of fatty acid,
it is found that the surface tension, inter-
facial tension against mineral oil, and
spreading coefficient, when plotted as
functions of the alkali-fatty acid mole
ratio, give curves which are similar in
form. The relative positions of the
curves correspond approximately with the
order of increasing molecular weight of
the fatty acids.

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 efficiency as a detergent.
Others have shown that the wetting
power of a contact spray is directly re-
lated to its insecticidal efficiency. The
influence of wetting power in sprays that
function as stomach poisons or protec-
tive fungicides merits investigation.

924

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
additional fatty acids—
namely, n-caproic, n-caprylic,
n-caprie, lauric, myristic, and
palmitic—at the concentra-
tion of 1.0 gram of fatty acid
per 100 cc. Some of the
previously reported measure-
ments with oleic acid mix-
tures are included for com-
parative purposes. The
measurements include surface
tension, interfacial tension,
and spreading coefficient on
mineral oil, with the alkali-
fatty acid mole ratio varying
for each acid from 0.80 to 3.0.

Experimental
Procedure

The calculated quantities of
standard sodium hydroxide,
fatty acid, and water were
measured into loosely stop-
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pered Erlenmeyer flasks. HEach mixture was heated to the
boiling point, shaken well, and allowed to stand at least 1 hour
before being tested. The fatty acids were reagent chemicals
with alkali equivalents that 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 Notiy 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. at 25°, 50°, and
65° C., respectively. To avoid errors due to curvature of the
surface 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 at 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.

35 40 45 50

SURFACE. TENSION - DYNES PER CM.
30

30

TaABLE I. VARIATION IN WETTING PROPERTIES WITH SODIUM
Hyproxime-FATTY Acip RATIO, FOR MIXTURES CONTAINING
1.00 Gram oF Farry Acip peR 100 Cc.

a5

Inter- Inter-
NaOH- Sur- facial Spreading NaOH- Sur- facial Spreading

o
('}

=
5}
{14
w
o
2
Fatt face Tension Coeffi-  Fatty face Tension Coefi- =
Aci Ten- against cient Aci Ten- against cient a
Ratio sion 0il on Oil Ratio  sion 0il on Oil 0
Moles —Dynes per cenlimeter— Moles ~—Dynes per centimeter— 5
~—n-Caproic Acid, 256° C.——  ———Lauric Acid, 25° C. glg
0.80 43.6 27.8 —40.9 0.80 21.8 2.2 + 6.5 =
0.90 47.1 31.1 —47.7 0.90 21.8 2.3 + 6.4
1.00 47.5 34.1 —51.1 1,00 27.5 6.4 — 3.4 &'
1.10 52.56 31.0 —-53.0 1.10 34.8 10.8 —15.1 30
1.25 50.4 29.4 —49.3 1.256 34.9 10.8 —15.2 < =
1.50 49.8 29.4 —48.7 1.50 34.4 10.6 —14.5 &
2.00 51.4 29.4 -50.3 é ;l)g gi % %8% —%gg 2—‘
—n-Caprylic Acid, 25° C.—  3l00 334 9.2 121 =
0:30 43 Ioce o4 ——Moristio Acid, 50° C.——
1.00 41.56 32.1 —41.3 0.80 21.0 2.7 4+ 4.8
1.10 45.2 28.6 —43.3 0.90 20.9 1.7 + 5.9
1.25 46.6 28.5 —44.6 1.00 24.9 2.6 + 1.0 le) :
1.50 45.0 27.9 —42.4 1.10 30.4 gt — 9.6 25 a
2.00 43.8 26.4 —39.7 1.25 31.9 8.1 —11.5 o
3.00 46.4 24.4 —40.3 1.50 30.7 7.5 - 9.7 T
7 s 1.756 £ 30.1 7.1 — 8.7
~——n-Capric Acid, 25° C. — 2.00 30.6 6.5 — 8.6
0.80 21,8 13.8 - 5.1 3.00 29.9 5.9 - 7.3 i :
?:gg %é:g %2:? > g:f ———Palmitic Acid, 65° C.—— o OLEATE -25°
1.10 36.8 17.0 —23.3 0.80 21.0 0.8 + 5.7 _—© -
1.25 36.6 17.4 —23.5 0.90 20.1 1.2 + 6.2 - ¥ “-PALMITATE-65°
1.50 35.2 15.7 —20.4 1.00 23.1 3.9 + 0.5 -
2.00 34.5 15.1 —19.1 1.10 26.3 4.1 - 2.9 o MYRISTATE-50°
3.00 32.2 13.3 —15.0 1.25 28.1 5.2 — 5.8 g 4
ipgy te g : .
75 g c =20 %
o 7k
)
.
Discussion
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The curves show that 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 distinet group
from the curves for the  Figure 1. VARMTION IN SUR-

n-caprylate and n-capro- FACE TENSION, IN INTERFACIAL
ate. which are more  LENSION AGAINST MINERAL Oz,
4 AND IN SPREADING COEFFICIENT
Widely separated from oN MiNgrAL OIL, WITH SODIUM k 1.0 1.5 2.0 25

each other and from HyproXIDE-FATTY AcID RATIO - MOLES NaOH PER MOLE FATTY ACID
those of the acids of (100 GRAM FATTY ACID PER 100cc)

higher molecular weight.

SPREADING COEFFICIENT - bYNES PER CM.
-40
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TasLE II. Surrace TeENsIONs oF Farry Acips
~——Surface Tension——
% Ring Literature
Fatty Acid Temp. method values?®
28 Dynes per cm.

n-Caproic 25 2 27.1
n-Caprylic 25 2 2759
n-Capric 35 4 2755
Lauric 55 8 27.8
Myristic 55 5 28.8
Palmitic 65 2 28.6
Oleic 25 1 32.1

2 Value for oleic acid from International Critical Tables, obtained by
drop-weight method; other values from Landolt-Bornstein, obtained by
capillary-rise method. Minor interpolations made to adjust temperatures.

The decrease in surface tension corresponds with the fact
that, although the n-caproate 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 n-caproate the sequence parallels that of decreasing
molecular weight.

The form of the curves might lead one to suspect that the
surface tensions in those mixtures containing excess fatty acid
are the surface tensions of the respective fatty acids. Table
II gives the surface tensions of the fatty acids used in these
experiments. It is apparent that the surface tensions of the
fatty acids are higher than those of the corresponding aqueous
soap solutions containing excess of fatty acid. This accords
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with the hypothesis, suggested by the writer and by others
(5), that 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 this
point there is a gradual decrease. In their effectiveness in
lowering the interfacial tension the fatty 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 n-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 at a given temperature, it is to be expected that 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, at 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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Wall Friction
in Liquid Agitation

Systems

ARTHUR W. HIXSON anp VALENTINE D. LUEDEKE!
Columbia University, New York, N. Y.

HE 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 bas been
mainly confined to the ability of certain agitation systems to
perform some predetermined task (3, 4, 7138, 15, 18, 20).
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 that a unifying principle was found. He showed that
the transition depended on a

relation between the total drag and cer-
tain other factors. It has become cus-
tomary to write the drag in the form:

Dy = cApuw?

The factor of proportionality, ¢, 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:

Dy = cApw? = 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 Nd*. The
Froude number may be defined as N*d/g. Newton’s equa-
tion may be rewritten:

D, = f(Nd*/v, N*d/g)pAw?

In order to have complete dynamic similarity in two cases
with both Re and F defined as above, we must 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

dimensionless expression
known today as the Reyn-
olds number (74). The law
of similarity, later named
after Reynolds, states that
two different motions tak-
ing place in or around
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-

vessel diameter,

given.

The laws of fluid motion are studied in
cylindrical agitation systems. The loga-
rithmic plot of the friction drag vs. the
Reynolds number is characteristic and is
analogous to the case of a fluid flowing
parallel to a flat plate.
tween power input and stirrer speed,
liquid depth,
depth, stirrer pitch, and fluid properties is

F. It was considered, how-
ever, that the surface effects
over the range of systems
studied would be negligible.
In other words, it was as-
sumed that the drag
coefficient varied only as
Re, instead of as both Re
and F. The assumption is
substantiated by the agree-
ment of the data over a
range of sizes of vessels
when analyzed on the basis
of Re alone. Thus we may
write:

The relation be-

stirrer

ence of free surfaces, where
the effect of gravity must be i
considered, a second dimensionless quantity, known as the
Froude number, must also be satisfied in order to have com-
plete dynamic similarity. 3

Newton was the first to express an equation for. the p'he-
nomena of friction drag resulting when relative motion exists
between a body and a fluid in contact. Newton’s law is:

Dy = fApw?

The factor of proportionality, f, 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
! Present address, Experimental Station, E. I. du Pont de Nemours and
Company, Inc., Wilmington, Del.

Dy = cpAw? = f(Re)pAw?

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
5/4md? or kd* (where k = 5/4m); wwasdefined asbNd. Since
the actual velocity at the wall was not measured, the velocity
was taken to be a straight-line function of the theoretical
velocity at the wall if the whole fluid were rotating at con-
stant angular velocity. The drag coefficient ¢ is then de-
fined as

¢ = Dy/pAw? = D;/pkd*(bNd)* = D,/k'pd‘N*
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The constant %’ was then included in the functional relation
between ¢ and Re. The definition of ¢ then is

¢ = Dy/pN*d}

Apparatus and Materials

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 I\%Ieade (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 A
and less frequently by a pycnometer. The solution 8%

was preserved by the addition of some sodium 104
fluoride and sodium chloride. The added salts did 5
not affect the viscosity of the solution enough to cause /4

any error in the results. /8
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

e
SPEC/FICATIONS X
(INCHES) x
B G Vo) E ' N
2.7l e 0678 .36 | q
342 %2 0853 /.7 ' Q
47/ Ve 118 236 | 3
6.0 Y% [ 507 3.0 j—
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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° (Fropeller, the depth of the stirrer was varied, keeping
the liquid depth constant, and then the liquid depth was varied,
keeping the stirrer clearance constant.

Experimental Method

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 deseribed. The stirrer was then
started and the speeds used were determined by the Reeves
drive settings. It 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

TORQUE
TABLE
BEARING

M-

o

AGITATION SYSTEM

F1GURE 2. DEgTAILS OF GEOMETRICALLY SIMILAR AGITATION SYSTEMS
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‘sugar solutions. At the completion of a run the density of the
solution was again checked.

Wall Friction in Geometrically Similar
Systems

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 ¢, 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 105: ¢ = 0.000000258 (Re) %5 = 0.0,258/V/ Re =
2.58 X 1077//Re

and ¢ = 0.00000000625 (Re)~%1% = 0.0,625 (Re) ¢ = 6.25
(Re)=0:198 % 10~°

for Re > 10%: ¢ = 0.0:63/~/Re = 6.3 X 10~°/v/Re

Of particular interest is the functional relation between
¢ and Re for flat plates because of an apparent analogy bf:-
tween the flow of fluid past a flat plate and the flow of ﬂqld
in an agitation vessel. The bottom of the yessel 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. It should
be expected, then, that the experiments s}xo?v an analogj./ to
the flow of fluid along a flat plate. The friction drag against
flat plates was studied at Re values below 5 X 108 by the law
of Blasius and above 5 X 10° by various 1nve§t1gators. For
the laminar flow region the functional relation between ¢
and Re is given by:

¢ = 1.327/A/Re, Re < 5 X 10°

Investigations by Wieselsberger (19), Gebers (5), and Gibbons
(6) show that the relation for the turbulent region can be ex-
pressed as

¢ = 0.072/~/Re, Re > 5 X 10°

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 H1) 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 that the liquid velocity
outside the stagnant film is a linear function of the theo-
retical (constant angular) velocity of the liquid at 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,

Dy/pN*d* = ¢ = 0.0:63/+/Re = 0.0:83(Nd?/) -2
D; = 0.0;63pN1-8d%.6,0.2 = (0.0,63p0-8N1-873.6,0.2
P = 0.0,63p%-8N1.843.60.2k N d
P = k’pO.BnU.ZNz.Bdl.G
where P = power lost to friction

The exponents of p, 7, and N agree fairly well with those of
Buckingham (2) who studied power consumption due to
windage in turbines. Although the value of %’ could not
be evaluated at this time, the form of the function which is
encountered may be seen. :

The exponents of p, 7, 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 — 0.000129L2.7220.14N2.36D1.IPO.SGW0.3H0.!
where P = horsepower
‘length of paddles, ft.
absolute viscosity, Ib./sec. ft.
rotational speed, revolutions/sec.
density, Ib./cu. ft.
D = diameter of agitation vessel, ft.
W = width of paddle, ft.
H = liquid depth, ft.

T

® >N
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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.

Effect of Propeller Pitch

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
IIT). 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 that of the 90° pro-
peller against the pitch angle at various definite Reynolds
numbers is shown in Figure 4. The curves for the three
Reynolds numbers chosen do not fall together at the lower
pitch angles. This spreading is caused by the fact that the

TaBLE I. RuNs wiTH GEOMETRICALLY SIMILAR VESSELS AND
AcrraTors wiTH Liquip DepTH AT VESSEL DIAMETER

Stirrer
Speed Dy p v

R. p.m. Grams

Run B2a: 60% Sugar Soln. in 26.0-Cm. Vessel
204 8.8 1.2853 0.389 3.53 X 10 3.61 X 10—

Re(Nd2/v) c(Dy/pN2dt)

233 11.4 1.2853 0.389 4.04 3.60

269 15.8 1.2853 0.389 4.66 3.76

302 21.0 1.2853 0.389 5.24 3.96

336 25.5 1.2853 0.389 5.63 3.85

376 32.5 1.2853 0.389 6.52 3.94

425 42.1 1.2853 0.389 7.37 4.00

452 48.3 1.2853 0.389 7.82 4.05

485 54.4 1.2853 0.389 8.40 3.96

Run C1: 60% Sugar Soln. in 26.0-Cm. Vessel (Elevated Temp.)

124 3.3 1.2810 0.250 3.34 X 105 3.66 X 10-10 _
143 4.9 1.2810 0.250 3.85 4.10

160 6.5 1.2812 0.255 4.23 4.36

180 [rsif 1.2813 0.257 4.73 4.06

204 9.5 1.2814 0.262 5.25 3.91

376 28.4 1.2820 0.276 9.20 3.46

425 37.2 1.2821 0.278 10.3 3.51

452 46.9 1.2821 0.281 10. 3.94

485 54.0 1.2821 0.281 11.61 3.92

Run F3: 60% Sugar Soln. in 20.6-Cm. Vessel

302 8.4 1.2848 0.366 3.50 X 108 4.00 X 10~
340 10.0 1.2848 0.366 .94 3.73

377 12.0 1.2848 0.365 4.38 3.66

421 15.0 1.2848 0.365 4.89 3.66

458 18.0 1.2847 0.364 5.34 3.72

493 20.0 1.2847 0.364 5.75 3.56

Run G1: Water in 35.9-Cm. Vessel

113 5.1 1.0 0.0089 1.62 X 107 2.4 X 10-1
124 7.0 1.0 0.0089 1.78 2.75

141 8.9, 1.0 0.0089 2.02 2.70

159 10.2 1.0 0.0089 2.28 2.44

180 12.7 1.0 0.0089 2.58 2.38

204 15.3 1.0 0.0089 2.92 2.22

229 19:1 1.0 0.0089 3.29 2:22

267 25.5 1.0 0.0089 3.83 2017

302 33.1 1.0 0.0089 4.33 2:19

340 42.0 1.0 0.0089 4.87 2:19

377 52.2 1.0 0.0089 5.40 2.22

421 59.8 1.0 0.0089 6.05 2.04

458 68.7 1.0 0.0089 6.58 1.98

493 75.1 1.0 0.0089 7.09 1.87

Run G2: Water in 45.7-Cm. Vessel

100 11.0 0.996 0.00839 2.49 X 107 2.53 X 10~10
113 15.0 0.996 0.00839 2.83 2.69

124 20.0 0.996 0.00839 3.10 2.98

141 23.0 0.996 0.00840 3.51 2.66

159 26.5 0.996 0.00843 3.97 2.41

180 30.0 0.996 0.00843 4.48 2.13

204 36.0 0.996 0.00844 5.08 1.99

229 43.0 0.996 0.00844 5.71 1.89

267 54.0 0.996 0.00844 6.65 1.74
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DAtA For Runs wird THE PADDLE AND 60° Pro-
PELLER STIRRERS IN THE 26.0-Cx. VESSEL

TasLe II.

Stirrer
Speed Dy P v Re (Nd2*/v) ¢ (Dy/pN*d*)
R.p.m, Grams
Run D1: Paddle Stirrer with 60% Sugar Soln.

124 10.2 1.2879 0.513 1.63 X 10° 11.26 X 10~
143 11.9 1.2879 0.513 1.88 10.0

160 14.0 1.2879 0.513 2.10 9.45

180 18.1 1.2879 0.510 2.38 9.568

204 21.6 1.2878 0.507 2.71 8.90

233 29.8 1.2878 0.504 3.12 9.40

269 38.2 1.2877 0.501 3.62 9.10

302 47.0 1.2876 0.499 4.08 8.85

336 56.0 1.2876 0.494 4.58 8.28

377 66.3 1.2875 0.490 5.18 8.00

449 79.6 1.2874 0.486 5.88 7.60

493 106.1 1.2873 0.481 6.92 7.50

Run D4: 60° Propeller Stirrer in 60% Sugar Soln.

124 8.0 1.2822 0.409 2.04 X 108 8.91 X 10-»
141 10.0 1.2822 0.409 2.32 8.63

159 13.5 1.2822 0.409 2.62 9.15

180 15.0 1.2822 0.409 2.97 7.95

204 19.0 1.2822 0.398 3.46 7.76

233 24.0 1.2822 0.398 3.94 7.61

267 29.5 1.2822 0.398 4.52 7.09

302 37.0 1.2822 0.398 5.11 6.95

340 46.0 1.2822 0.397 5.78 6.77

377 56.5 1.2822 0.397 6.40 6.82

421 67.0 1.2822 0.397 7.15 6.46

458 79.0 1.2822 0.397 7.76 6.46

493 89.0 1.2822 0.394 8.42 6.26

three drag coefficient—Reynolds number curves are not ex-
actly parallel. The curve of ¢/cmix. = sin @ is also shown
on this plot to illustrate that the curves do not follow this
simple sine relation. In order to correlate the data with

1.0
. '9
3 § ® Re=4x/0%
&
uE’a O Re=1/x/0
X T x Re='x/07
.é .7/ /'
~ i VERAGE CURVE:
NS e fm 7 =s/ =
& T8 Zar Sin(113x-12)
X [ndegrees
.5 |RARA QIR
40 60 80 degrees
PITCH ANGLE :
o0.70 1L05 /,40 radians

Ficure 4. Errecr oF Pro-
PELLER PITCH

the final purpose of obtaining a composite variable to in-
clude the effect of propeller pitch, an average curve was
drawnfand the equation of this curve was found to be:

¢/Cmax. = sin(1.13z — 12.0)
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Effect of Agitator Clearance

The effect of the change of propeller clearance—in other
words, the agitator depth at constant liquid depth—was
investigated with the paddle stirrer and the 45° propeller
stirrer in the 26.0-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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TaBie ITI. DATA For RUNS WITH 45° PROPELLER AND PADDLE
StirreRs T0 NoTE IFFECT OF STIRRER CLEARANCE
Stirrer
Speed Dy P v
R.p.m. Grams

Run E1: Paddle Stirrer in 60% Sugar Soln.; Clearance = 8.80 Cm.

Re(Nd2/v) c(Dr/pN2dt)

267 33. 1.2842 0.347 5.18 X 10 8.13 X 10-w
302 42, 1.2842 0.347 5.85 7.91
340 50 1.2842 0.347 6.60 7.51
377 63 1.2841 0.344 7.39 7.61
421 77 1.2841 0.344 8.25 7.43
458 88 1.2841 0.344 8.97 7.23
493 98 1.2841 0,342 %70 6.91

SO0 B B ~TEOHD D D
5
=
1)

267 34 0.342 5.26 X 105 8.19 X 10-w
302 42 1.2841 0.342 .96 7.89
340 51 1.2841 0.342 6.71 7.64
377 63 1.2841 0.342 7.45 7.61
421 77 1.2841 0.342 8.30 7.44
458 88 1.2840 0.339 9.05 7521

Run E3: 4

I

© Propeller, 60% Sugar Soln.; Clearance = 6.89 Cm.

267 19.0 1.2822 0.378 4.76 X 108 4.55 X 10-w
302 23.5 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 4.28
458 49.6 1.2822 0.382 8.10 4.05
Run E5: 45° Propeller Stirrer, 60% Sugar Soln.; Clearance = 12.9 Cm.
267 19.0 1.286 0.426 4.21 X 108 4.55 X 1071
302 22.5 1.2862 0.426 4.77 4.22
340 29.5 1.2862 0.426 5.37 4.35
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
Run EB: 45° Propeller, 60% Sugar Soln.; Clearance = 12.9 Cm.
267 19.2 1.2860 0.412 4.37 X 108 4.60 X 10—
302 25.8 1.2860 0.412 4.95 4.§4
340 31.1 1.2859 0.410 5.56 4.58
377 36.4 1.2860 0.412 6.17 4.38
421 45.1 1.2860 0.412 6.90 4.33
458 50.4 1.2860 0.412 7.51 4.10

TasLe IV. Dara For Runs witH 45° PROPELLER STIRRER IN
26.0-Cy. VessEL wirH Liquip DEprH VARIABLE

Stirrer
Speed Dy Re(Nd*/v) Dy/pN3d3h Dy/pN2d3(d + 4h)
R. p.m. Grams
Run I1: 27.0% Sugar Soln.; Liquid Depth = 20.5 Cm.; p = 1.1128;
v = 0.0250
159 3.8 4.29 X 10¢ 3.76 X 10~ 7.15 X 10~1
180 6.8 4.85 3.70 7.04
204 5.8 5.50 3.45 6.55
233 6.8 6.29 3.14 5.96
267 8.3 7.20 2.91 5.63
302 9.3 8.15 2.56 4.87
340 12.3 9.24 2.66 5.05
377 14.8 10.20 2.61 4.95
421 19.8 11.40 2.78 5.29
458 23.8 12.40 2.83 5.37
493 26.8 13.30 2.75 5.22
Run I2: 27.0% Sugar Soln.; Liquid Depth = 15.9 Cm.; p = 1.1128;
v = 0.0264
159 2.4 4.06 X 10¢ 3.04 X 10~w 5.41 X 1071t
180 3.3 4.60 27 5.83
204 4.5 5.20 3.44 6.13
233 5.8 5.95 3.44 6.13
267 7.8 6.85 3.50 6.24
302 9.8 7.74 3.35 5.96
340 11.8 8.70 3.26. 5.81
377 14.8 9.61 3.34 5.95
Run I3: 24.89, Sugar Soln.; Liquid Depth = 29,9 Cm.; p = 1.103;
v = 0.0238
159 3.8 4.5 X 108 2.59 X 1070 5.31 X 10-1t
180 5.8 5.10 3.09 6.34
204 7.8 877 3.12 6.40
233 9.8 6.60 3.12 6.40
267 11.8 7.55 2.86 5.86
302 13.8 8.58 2.61 5.35
340 15.3 9.65 2.28 4.68
377 19.8 10.70 2.41 4.94
421 23.8 11.90 2.30 4.71
458 27.8 13.00 2.28 4.68
493 30.8 14.00 2.19 4.49

used with the two different agitators. The results of this
investigation are shown in Table IIT and Figure 5. Figure
5 shows particularly that 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 depth the change in depth of the
stirrer has no effect on the drag coefficient.

Effect of Liquid Depth

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 at this time will be of value:

Df = Cp.‘hvz

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 = 7d?/4 + wdh = =d(d + 4h)/4

As before, the term w can be expressed as kNd so that the
quadratic equation of Newton becomes

Dy = cpd(d + 4h)w(kNd)*/4

Also as before, the quantity wk*/4 can be included in the
functional relation between ¢ and Re. A new drag coeffi-
cient is then defined, say ¢, which is not the same as that

b

heretofore discussed; this coefficient is
¢! = Dy/pd¥(d + 4h)N?

The data found for the effect of liquid depth (Table IV) may
be plotted as this variable against the ngnolds number as
in Figure 7. It 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, D,/pN*d%h, 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

42070
analyzed on the basis of the X [og ] 230
2 5 S b 90 P009
first variable. This second 3 XXX 4G
: : T 2 o200 |
dimensionally correct variable, < x t d‘l e
may be used in those cases Q2 || | 1% )"
. , i * |o15.9cm. (6.25n,
W hf;re ease of caleulation is B 2008 i o8 k)
desired. X 29.9 cm. (11.75in,)
LINE REPRESENTS|
. |pEPTH OF 26.0cm.
The Composite Variable ‘FI it (10.25,in)
f
e J 7 9-o
Although a great many vari- .% - w\&o"-’b&n
ables are yet to be considered, P T =0
time prevented the study of %_4 EhEEER
others. However, on the basis N'T 5678907 75
Q' reywoLos NUMBER

of those variables studied, a
composite variable can be drawn
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

Ficures 6 aAxp 7. Er-
FECT OF Liquip DEprH

¢’ = D;/pN?d3(d + 4h) sin (1.13z — 12)

When this coefficient ¢” 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 that the
data follow this function well in the turbulent region of flow
but not very well in the laminar flow region. It may be
said that 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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VESSELS
d-vesse/ drameter, cm. 45° Propeller Stirrer
Dr-drag, gms. + 20.6 cm.
h -depth of ligquid, cm. O 26.0cm.
RS N-R.EM. of stirrer v 35.9 cm.
0 X -slirrer pifch angle, degrees 0 45.7 cm.
% 0o ly e- //'quid density, gms./ccC. A 26.0 cm. - depth
S R I‘ oo v -kinematic viscosity of /iquid, variable
;, 0% 2 f"‘.\“'&:‘.x' & : I I I cm’/sec. 60° Propeller Stirrer
D> M —0—==5 or_* st x X 26.0 cm.
¥ Do +QQC% Q%o P SO | B0° Stirrer (Paddle)
S L 0 1R4 S ha 4 ® 260 cin
‘;Q 5 + T4 X! =X %O d\ j f
2 8 29N ’5“521 A%g Yy
\?: 7 S A K A}_!E%t
Q & I
/5552 & ek G A ISR JE4Es 671819 | | | U
3 4 57687°8795/05

REYNOLDS NUMBER -

Nd? 702558 T
7

Ficure 8. Pror or THE CoMPOSITE VARIABLE D;/pN?d3(d + 4h) sin (1.13z — 12) acANsT THE REYNOLDS NUMBER Nd?/»

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 (Re)~%2 X 10~
Using this relation the value of D, is

Dy = (2.54 X 1079)p%-7970.21N'1.7942.58 (d + 4h) sin 6
where § = 1.13z — 12

The power lost to wall friction can be derived as before on the
basis of this function:

P = kp%790.21N2.7933.58(d 4~ 4h) sin 6

Conclusions

The experimental results warrant the following conclusions
concerning the wall friction of various liquid agitation sys-
tems. It has been definitely shown that the fluid friction
in this case follows the same type of laws that exist for the
fluid friction against other bodies. The existence of two
distinet 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; = 0.0,63 p?3N1.8d3.650.2

The conversion of this function to one showing the power
lost to friction cannot be given at this time. Although the
type of function is known, the numerical value of the con-
stant in that function could not be determined. In order
to find this power loss accurately, it is necessary to know
the fluid velocity immediately outside the stagnant film
at the vessel wall.

A number of other variables were considered and these
may all be represented in the composite function for the
friction drag, in grams:

D; = (2.54 X 1079)p%79,0.21N'1.7972.53(d + 4F) sin 0
where § = 1.13z — 12

As before, the actual values of the power lost to friction
could not be calculated by the type of function which ob-
tains has been shown.

It 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
that 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. Thatis, 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.

Nomenclature

S

= wetted area or area of body projected in the direction of
flow, sq. cm.

= a constant

= drag coefficient = D;/pN?d*

~

modified drag coefficient = D;/pd3(d + 4h)N?
composite drag coefficient = D;/pN?d3(d + 4h) sin
(1.13z — 12)
drag, grams
vessel diameter, cm.
= factor of proportionality
= Froude number = N2d/g
acceleration of gravity
liquid depth, cm.
constants
agitator speed, r. p. m.
ower input, any unit of power
ynolds number = Nd?/»
stirrer pitch angle, degrees
velocity %
= viscosity, poise .
= kinematic viscosity, sq. cm./sec.
= liquid density, grams/sq. cm.

oS00 o
=

I

2
I nnn

> SR '-q'wm.\b

v gy
(y)
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A Polyuronide from Tobacco Stalks

The isolation and partial analysis of a polyuronide from
the cured stripped stalk of Havana seed tobacco is described.
Upon hydrolysis the polyuronide yields xylose as the chief

sugar.

HE tobacco plant (Nico-

tiana tabacum) is unique

in at least two respects.
First, few cultivated plants at-
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 matter of this paper deals
with the polyuronides.

Experimental Procedure

The methods of analysis were as follows:

Asu. This determination was made by ignition in a muffle
furnace at a dull red heat. ; :

ProTEIN. Nitrogen was determined by the Kjeldahl-Gunning-
Arnold method (1) and converted to protein bfr the factor 6.25.

FurruraL. The A. O. A. C. phloroglucinol method (1) was
employed. !

Uronic Acip ANHyDRIDES. This group was determined by
the method of Dickson, Otterson, and Link (4) as modified by
Phillips, Goss, and Browne (9). ;

ToraL HEMICELLULOSE. This group was 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 at 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 at 70° C.; (b) 5.0 per cent sodium hy-
droxide in 50.0 per cent aqueous alcohol, ﬁ\.v'e 12-hour perlods
at room temperature; (¢) 5.0 per cent sodium hydroxide, 48
hours at 70° C. :

The method of fractionation of the hemicellulose was es-

EMMETT BENNETT
Massachusetts State College, Amherst, Mass.

sentially that 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 at 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:

Determinations Original Stalks  Purified Hemicelluloses
Furfural 10.72 45.20°
Uronic acid anhydrides 10.53 11.03
Total hemicellulose 20213 i e s

¢ Corrected for furfural from uronic acid anhydrides (6).

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 [«]% 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. LITKENHOUS! anp CHARLES A. MANN
University of Minnesota, Minneapolis, Minn.

ICKEL carbonyl was first recognized by Mond (12-20)
N asan 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 at 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 at the end of their reaction
chamber. Later work (1,4, 8, 31, 33) hasled to the belief that
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.

Experimental Method

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, 4, by adjusting
a long-handled needle valve, B, 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, H. Cylinders
D and E acted as cushions for the hydrogen by taking up small
surges in pressure. Pressure gage H, which had a mirror arm,
I, 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

! Present address, University of Louisville, Louisville, Ky.
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Nickel carbonyl was decomposed and
converted into carbon dioxide, methane,
and water in a dynamic pressure hydro-
genation apparatus. Data, taken from
25° to 400° C. and from 1 to 75 atmos-
pheres pressure, were treated according
to the methods employed by Randall and
Gerard (23), Kelley (9), and Chipman (3).
The resulting equilibrium constants ob-
tained by this treatment showed that
the reaction between water and carbon
to form carbon dioxide and methane
gave ‘constant values over the whole
reaction range whereas other possible
reactions did not.

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, @, through
a needle valve, R, and T-connector S into the single-acting piston
pump, 7, 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, A4. This hollow tube was 2 feet (61 cm.)
long, 1.125 inches (2.9 em.) o. d., and 0.364 inch (0.925 em.) i. d.
Copper cooling coils, ¥, 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
serewed two large hexagonal nuts, BB, into which were built the
iron-constantan couples, W, 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, !/; inch (0.635 cm.) o. d., and
1/ inch (0.318 em.) i. d. Through this tube was placed a /s
inch o. d. quartz tube fo insulate the steel element from the
constantan wire in the center of the quartz tubing. The steel
tube was drawn 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, HH, 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 wit
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.
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between 300'° and 400° C. the values of the log, K

TaBre I. PriNcipAL EQUATIONS 1N HYDROGENATION OF NICKEL CARBONYL are constant within experimental error and
Reaction agree with previous values offered in the litera-
No. Reaction Equilibrium Constant® ture. A general equilibrium is established within
: : g (CO)SE this temperature range.
L7a NICON Bitan el K= Nicon T At 250° C. the log;oK values from experimental
EE (CO)Ehe e data are not constant except for reaction 8.
Zie S (&Y K s Oone Water, one of the reagents in this system, was
; Vi (GO formed below 300° C. This was expected both
St Ok O GO s (0) [ from the results of Bone and Wheeler (2) and
4 e (CHy from the catalytic effect of moisture in speeding
ai OWb ot OFL 8 )2 i up the combustion of coal (6). ;
: S A (H.0) e Figure 2 gives isobaric plots of the equilibrium
b Heddi0: 2D i = (Ha)-(0)172 ) exit gas mixtures as listed in Table II, These
. _ (CHY:(CO» _ KiKi curves show the effect of temperature upon the
S 2250 3t SR COL K e o) E (2 e K reaction products, and in each of them smooth
2 : . (CHy-(H:0) _ KiKs lines were drawn through the experimental
Zas - CONhisHs CHGHiIEL0 e K i s (CO)-(H2)* K. values.
. (CO»:(CH) _ KiKi At 1 atmosphere pressure the nickel carbonyl
83 2CemeBl e COLg CHE Mats (H.0)*  (Ky):* was relatively stable but decomposed with in-
(00 creasing temperatures. At slightly over 100° C.
98 200 C0: 1 C Kyses (€C0): (K22 it was totally decomposed. Above 200° C.
. (COn:(Hy): & Ks reaction began with the formation of water,
108 B0 CO COnmt s S = (CO)-(H.0) K:Ks methane, and carbon dioxide. The quantity of
5 e . _ (CHy-(H:0)*  Ki(Ey)? water formed ranged from 58 to 60 per cent of the
el CO: + 4H. —> CHy + 2H:0 Ku = (CO.-(H)*  K; exit gas volume at 250° C. and gradually de-
¥ . (CO:H:) K creased in quantity with increasing temperatures.
128 H:05LC OO i e (H:.0)  Ks The quantity of methane and carbon dioxide in-
1388 CO-LICOs 1 7H; > (CHJ)* (H:0)* (K)2(Ks)? creased to a maximum between 300° and 350° C.,
2CH; + 3H:0 Ks = 150)(COp- )~ KKs and then began to decrease.
o Parentheses/indicats Dartial pressurcs: At 5 atmospheres pressure nickel carbonyl was
3 more stable and decomposed less with increasing
The condensed liquid products \\'ere'\varmed gently by
removing the cooling liquids from adjustable platforms. /)c v \
The expanded gas was allowed to bubble through the 2SN R _‘-_—_\:B
absorption coils, RR, into which were placed 100 cec. of B 3 el
distilled water. Nickel carbonyl, immiscible with water, B R
was drawn out through the petcock, and the water con- Pl
taining any possible reaction products was tested for ~<
methyl alecohol and formaldehyde by the methods of 0 E o
Lockemann and Croner (70), Dhar and Ram (}), and
Romijn (26). No positive test for either formaldehyde o "
or methyl alcohol was obtained in any run. :
Before each run the apparatus was flushed with hy- M
drogen gas, and the combustion tube was actwat.ed accord-
ing to the method of Bone and Wheeler (2)—i. e., heat-
ing at 350°C. in the presence of hydrogen. During the
activation period, the hydrogen was by-passed through N
the needle valve, DD, the T-connector, FF, the needle R
valve, GG, to the gas meter. Needle valves EE and PP
were closed. = i
o Reaction
Data and Results Chomber

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 at 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 log,,K values are given for each reaction In
Table IIT and are compared with corresponding values
offered in the literature (3, 9, 11, 21, 22, 24, 25, 31, 32).
This comparison shows that in the temperature range FIGURE 1. DIAGRAM OF APPARATUS

To Gos Holder
ond Corboy

To Gas Mefer
through Saturator
Boftles
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TasLe II. Data OBTAINED FROM HYDROGENATION OF NICKEL CARBONYL

Expt. Reaction Reaction Exit Gas — Exit Gas Analysis Caled. Exit Gas Mixtures —————————
No. Temp. Pressure Flow® CO. CcO CHq H, CO: Cco CHi H, Ha0 Ni(CO)«d
Laf; Atm. ©  Cc./min, Per cent by volume.
1C 2731 1 4.436 00.00 18.03 00.00 81.97 00.00 10.97 00.00 50.00 00.00 39.03
11C 100.0 7.183 00.00 49.45 00.00 50.55 00.00 48.92 00.00 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 00.00 00.00
31C 250.0 1.699 29.10 19.23 25.32 25.74 1 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 56.81 00.00
41C 300.0 1.624 47.88 00.00 45.08 07.02 21.07 00.00 19.85 03.09 55.97 00.00
41D 300.0 1.583 48.41 00.00 44.30 07.39 20.75 00.00 18.98 03.17 57.13 00.00
51C 350.0 1.768 47.09 00.22 40.66 12.01 22.26 00.10 19.22 05.68 52.71 00.00
61C 400.0 2.114 41.46 06.82 32.31 19.39 22,44 03.69 17.48 10.49 45.87 00.00
2C 24.7 5 4.175 00.00 13.04 00.00 86.96 00.00 07.49 00.00 50.00 00.00 42.51
12C 100.0 6.230 00.00 41.72 00.00 58.27 00.00 35.78 00.00 50.00 00.00 14.22
22C 200.0 7.264 00.00 49.87 00.00 50.13 00.00 49.72 00.00 50.00 00.00 00.28
32C 250.0 1.669 28.10 19.65 27.88 25.32 11.75 08.22 11.66 10.59 58.16 00
42C 300.0 1.527 47.96 00.00 47.85 04.08 19.99 00.00 19.94 01.70 58.31 00.00
52C 350.0 1.775 45.21 00.17 47.42 07.20 21.85 00.08 22.92 03.48 51.93 00.00
52D 350.0 1.668 46.71 00.10 46.85 06.31 21.15 00.05 21.21 02.85 54.72 00.00
62C 400.0 1,908 43.84 03.39 42,98 09.77 22.27 01.72 21.83 04.96 49.20 00.00
3C 25.2 10 3.979 00.00 08.77 00.00 91.23 00.00 04.81 00.00 50.00 00.00 45.19
13C 100.0 5.533 00.00 34.38 00.00 65.62 00.00 26.19 00.00 50.00 00.00 23.81
23C 200.0 7.204 00.00 49.59 00.00 50.41 00.00 49.17 00.00 50.00 00.00 00.83
33C 250.0 1.617 29.35 19.61 30.27 20.76 11.99 08.01 12.36 08.48 59.13 00.00
33D 250.0 1.579 30.25 17.96 30.54 21.25 12,12 07.20 12.24 08.51 59.92 00.00
33E 250.0 1.628 29.70 18.50 29.68 22.22 12.22 07.63 12.21 09.14 58.85 00.00
43C 300.0 1.489 49.40 00.00 49.30 01,23 20.20 00.00 20.16 00.50 59.10 00.00
53C 350.0 1.646 48.06 00.00 47.71 04.21 21.58 00.00 21.42 01.89 55.10 00.00
63C 400.0 1.787 45.30 02.51 45.16 07.02 21.78 01.21 21.71 03.37 51.92 00.00
4C 26.8 25 3.856 00.00 05.84 00.00 94,16 00.00 03.12 00.00 50.00 00.00 46.88
14C 100.0 4.771 00.00 23.89 00.00 76.11 00.00 15.70 00.00 50.00 00.00 34.30
24C 200.0 7.116 00.00 48.97 00.00 51.03 00.00 47.99 00.00 50.00 00.00 02.01
34C 250.0 1.675 29.84 20.05 29.74 20.36 12.59 08.46 12.55 08.59 57.79 00.00
44C 300.0 1.502 49.69 00.00 49.57 00.72 20.52 00.00 20.47 00.30 58.68 00.00
54C 350.0 1.630 49.00 00.00 48.98 02.02 21.83 00.00 21.81 00.90 55.37 00.00
64C 400.0 1.741 46.73 01.58 46.90 04.78 22.07 00.75 22.15 02.26 52.76 00.00
5C 24.7 50 3.790 00.00 04.16 00.00 95.84 00.00 02.17 00.00 50.00 00.00 47.83
15C 100.0 4.298 00.00 15.58 00.00 84.41 00.00 09.23 00.00 0.00 00.00 40.77
25C 200.0 7.044 00.00 48.35 00.00 51.85 00.00 46.81 00.00 50.00 00.00 03.19
35C 250.0 1.635 30.78 19.14 31 18.34 12.78 07.95 13.22 07.62 58.45 00.00
35D 250.0 1.594 31.25 18.45 31.63 18.41 12.66 07.47 12.81 07.45 59.48 00.00
45C 300.0 1.510 49.97 00.00 50.03 00.00 20.78 00.00 20.81 00.00 58.40 00.00
55C 350.0 1.717 49.12 00.00 49.09 01.78 23.14 00.00 23.12 00.84 52.89 00.00
85C 400.0 1.718 47.70 01.20 47.70 03.40 22.34 00.00 22.34 01.59 53.17 00.00
6C 23.4 75 3.747 00.00 03.16 00.00 96.84 00.00 01.59 00.00 50,00 00.00 48.41
16C 100.0 4.226 00.00 14.16 00.00 85.84 00.00 08.25 00.00 50.00 00.00 41.75
26C 200.0 6.768 00.00 46.38 00.00 53.62 00.00 43.25 00 50.00 00.00 06.75
36C 250.0 1.516 33.22 16.76 33.01 16.99 12.95 06.54 12.87 06.62 60.98 00.00
36D 250.0 1.582 32.85 17.12 32.94 17.07 13.31 06.95 13.35 06.92 59.45 00.00
48C 300.0 1.543 49. 00.00 50.17 00.00 21.24 00.00 21.38 00.00 57.37 00.00
56C 350.0 1.675 50.15 00.00 49.84 01.32 23.17 00.00 23.02 00.61 53.79 00.00
66C 400.0 1.751 48.22 00.98 48.07 02.72 23.06 00.00 22.99 01.30 52.17 00.00

@ Standard temperature and pressure, dry basis. % Per cent Ni(CO)« recorded as volume per cent CO in the molecule.

TasLe III.  CompARISON OF L0G1oK VALUES CALCULATED FROM EXPERIMENTAL DATA AND FROM EQUATIONS REPORTED IN
THE LITERATURE FOR REACTIONS 1 THROUGH 13

Reaction 1: Ni(CO)« —> Ni + 4CO Reaction 6: 2CO + 2H; —> CH + COa (Cont'd.)
——25° C—— ——100°.C—— ——200° C.—— ——250° C.m— i ——300°/C.—— 2223500, 0, =40 imd00° C.——
(1)e —2.919 (1ne 1.272 (e  5.108 33D 0.5967
33E 0.4885
1C —4.426  11C  0.742 21C 34C  —0.3200
2C  —2.907 @ 12C  1.146° 22C  3.435 35C —0.7336
3C  +0.261 13C  1.208 23C  3.847 35D  —0.6770
40 051035 14C 1.891 24C  5.013 36C  —0.8011
5C 2297600 15604 13847 250 '5i274 36D —0.8649
6C —2.750 18C  1.675  28C  5.345
Reaction 7: CO 4 3H; —> CH: -+ H.0
Reaction 4: C + 2H; —> CHq.
(3 8.1608  (3)  7.279 ()  5.688  (29) 5.5067
e Ol BU0S O = BB08 Gy 4008 Ces (szg glggess (38 T3 @y sisles (G pllael
Eg; g.ggg g 2 :;ggg g) }.zgzég Eggn gggg (26 8.68082 (25 6.79968 (25 5.2817  (25) 3.0887
(32) 2.8725 (52 2.1503 (3¢ 1.5344 232) 1.7918 g%g §'§§§§ 5 258 é'ﬁgg gég g%{ég
(24) 2.9711 (24 2.3071 (24 1.7463 (24 2.0952 32C 18443700 06 52D  5.6032 63C  3.3863
(22) 3.4342 28 2.4040 22 1.8091 éﬂg 2.1293 33C 1'1747 o St ; 84C 3.3888
(25) 2.9285 25 2,2434 25 1.6681 25 1.1780 33D 12177 e S 3 iRG % :
31C 0.9557 41C  2.3178 51C  1.7750 81C  1.2009 33E 1.0909
31D 0:9004 41D  2.2762 52D  1.7178 ... 34C  +0.3361
32C 0.3193 42C  2.1398 52C  1.5780 62C = 1.2492 35C  —0.0461
33C 0.2352 43C  2.9031 53C  1.7779 63C  1.2813 35D  —0.0008
33D 0.2279 44C  2.9647 54C  2.0362 64C  1.2395 36C  —0.1334
340 & —0i1678 ¢ 2.5y 550 1.8164  85C = 1.2528 36D —0.2180
ggg -0.3475 Aehsl 56C 191720 88C L 152584
SRt T Reaction 8: 2C + 2H:0 —> COs + CHq
36D  -0.4322 (3; —1.1784 2) —1.0789  (3) —0.9986 (3) —0.9314
(25) —0.9244 (25) —0.7901 (25) —0.8772 (253 —0.5811
FoeHon 0 00 M CHe ok COn 35 Cnfnr 4B 051 Be obas a8 0%
(s 11.1075 (3 8.8847  (3)  7.0112 s 6.612 T The - T
(31% 11.5275 (313 9.2928 (szg 7.4105 5:(,1; 7.389 §§8 _{'gggg 3%8 :8-33;; 2%8 TR 638 ‘8'4223
(89 Lol (59 87838 (58 688 (39 6301 gp T1EE 4G ooise  heg S e
(208 11.2642 25 8.3183  (25) 6.5435  (25) 5.0335 33E —1.3658 45C —0.8972 55C :0'7(1)3? ggc :0.7109
31 22355 = . LB B1C, 71905 1 61C o 874178 34C  —1.3246 46C —0. —0. ok i
31D 21094374 ....  52C  6.4120 62C  3.4268 35C  —1.3057 S50 N0 .1
32C 0.8608 .. .c.. 52D 8.9462  63C  3:4537 35D —1.3392
33C 0.5068 o s 50 G 64C 3.4401 36C —1.3485 (Table III continued on page 937.)




TaBLE III (Continued)
Reaction 9: 2CO —> CO: + C

~——300° C.—— ——350° C.—~

() 7.9905 (3; 6.4883 (8) 5.2881 (8 4.4839
(21; 8.1605 (21 6.6184 21; 5.32456 (21 4,5885
(31 8.6562 (81) 7.2798 31 6.1435 (81 5.5190
(26) 7.4936  (25) 6.0767 26) 4.8691 (25) 3.8480
31C 1.2798 51C 5.3475 61C 2.2169
31D 1.1939 52C 4.8343 62C 2.1776
32C 0.5413 52D 5.2284¢ 63C 2.1725
33C 0.2716 564 R 64C 2.2003
33D 0.3688
33E 0.3218
34C —0.1527
35C —0.3921
35D —0.3409
36C —0.3941
36D —0.4327

Reaction 10: H.0 4+ CO = CO: + H:

(5; 1.9467 (3) 1.5678 (8) 1.3235 (3) 1.0546
(25, 1.8205 (25) 1.5171 (256) 1.2625 (26) 1.0451
31C —0.5232 51C 1.3785 61C 0.1433
31D —0.5483 52C 1.2624 62C 0.1156
32C —0.5245 52D 1.3653 63C 0.1361
33C —0.6683 S0 0 64C 0.1024
33D —0.6216
33E —0.5411
34C —0.68552
35C —0.6780
35D —0.6721
36C —0.6678
36D —0.6500

Reaction 11: CO: + 4H: = CH: -+ 2H:0

(3) 7.2148 (3; 5.6728 (3) 4.3650 (3) 4.4518
(22) 7.0435 %92 5.5228 522; 4.2360 (22; 4.0572
(23) 6.9380 23) 5.4591 23 4.2074 (23 4.0783
31C 2.2819 41C 5.5101 51C 4.3643 61C 3.1314
31D 2.1915 41D 5.4708 52C 3.8875 62D 3.1953
32C 2.0298 42C 5.2103 52D 4.2156 63C 3.1816
33C 1.8433 43C 6.7387 53C 4.3733 64C 3.2350
33D 1.8393 44C 6.8430 54C 4.8814 65C 3.2586
34C 0.9903 55 Siete 55C 4.3516 (373 s
35C 0.6226 56C 4.5717
35D 0.6670
36C 0.5344
36D 0.4347

Reaction 12: H:0 4+ C = CO + H:

(8) —6.0336 (8) —3.8825 (8) —3.9420 (8) —3.4294
31C —1.8030 51C -—3.9678 61C —2.0738
31D —1.7428 52C —3.5719 62C —2.0620
32C —1.1259 52D —3.8630 63C —2.0362
33C —0.9401 3 64C —2.0979
33D —0.9906
33 —0.8630
34C —0.5026
35C —0.2860
35D —0.3312
36C —0.2738
36D —0.2171

Reaction 13: CO + CO: + 7H: = 2CHi: + 3H.0

6)) 16.3756 (3) 12.9512 3 10.0533 (3 9.9585
31C 5.0406 51C 9.1146 61C 6.4063
31D 4.8150 52C 9.0374 62C 6.5082
32C 3.4736 52D 9.8189 63C 6.5880
33C 3.0183 i ovels, 64C 6.6238
33D 3.1553
34C 1.3263
356C 0.5766
36C 0.4563
36D 0.2199

@ Literature references are in parentheses; other numbers in these columns

refer to experiments.

temperatures.

At 200° C. the carbonyl was almost com-

pletely decomposed. Reaction at 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

at 5 atmospheres pressure and higher.

With increasing pressures (10
to 75 atmospheres) and the same
temperature range, the nickel car-
bonyl became more and more
stable. Upon reaction the same
products were formed. In all
cases the yield of water was at a
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Ficure 3. Pror oF UNAccOUNTED-FOR CArBON IN ALL Ruxs

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 at 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 at constant temperature, and the percentage
conversion of carbon changed about 2 per cent over the pres-
sure range of 74 atmospheres.

TasLe IV. UNAccOUNTED-FOR CARBON
Expt. No. Unaccounted-for Carbon Expt. No. Unaccounted-for Carbon
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
33D 0.0001065 65.74 52D 0.0000923 6
33E 0.0001051 64 53C 0.0000917 56.58
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 0.0001058 65.34 61C 0.0000859 53.03
36D 0.0001035 63.86 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 54.28
43C 0.0000964 59.51 66C 0.0000860 53.08
44C 0.0000955 58.92
Conclusions

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 + 2H,0 = CO. + CH,

This equation gave constant values for log;oK over the whole
reactive range, whereas the other equations did not. Bone
and Wheeler (2) found that electrolytic hydrogen and oxygen
first reacted at about 220° C. over finely divided nickel as a
catalyst. In the hydrogenation of nickel carbonyl almost 60

(7)
(8)

9)
(10)
(11)
(12)
(13)
(14)
(15)
(16)
(17)
(18)
(19)
(20)
(21)
(22)

(23)
(24)
(25)
(26)
(27)
(28)
(29)
(30)
(31)
(32)
(33)

per cent water was formed at 250° C. After this water
was formed, it reacted with carbon according to Equa-
tion 8. The element carbon is quite unreactive to water
at 250° C. In the presence of nickel the carbon was
activated sufficiently to react with water.

At temperatures above 250° C., general equilibrium
prevailed between all the reactions listed in Table IIT.
The logicK 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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Primary Liquefaction of Coal by

Hydrogenation

Chemical Nature and Effectiveness of the Vehicle

C. H. FISHER AND ABNER EISNER
U. S. Bureau of Mines Experiment Station, Pittsburgh, Pa.

To obtain information on the relative effec-
tiveness of various dispersion media in the
primary liquefaction of coal by hydrogenation,
Pittsburgh bed coal from the bureau’s experi-
mental mine was hydrogenated in over thirty
vehicles under comparatively mild conditions
(400° C. and 67 atmospheres original hydro-
gen pressure).

Previous claims that tetrahydronaphthalene
is a good dispersion medium were confirmed.
Of the other hydrocarbons studied, only methyl-
naphthalene and diphenyl were of compa-
rable effectiveness. Several completely aromatic

LTHOUGH several important variables involved in the
liquefaction of coal by hydrogenation have received
much attention, little work has been carried out to dg-

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, that some individual compound, or mixture of several
compounds, may be used economically in the imtml_stages to
convert the coal into an ash-free material more s1}1table f_or
further hydrogenation. A process of this kind, using a mix-
ture of tetrahydronaphthalene and phenols as vehicle, recently
received considerable attention and reached tl}e stage of
commercial development (23). The little evidence now
available indicates that the nature of the vehicleis i.mportant,
especially in the preliminary stages where the main purpose
is to get the coal substance into solution. Therpfore, a st-gdy
of the vehicle’s influence in coal hydrogenation is of practical
as well as theoretical significance. :

In laboratory studies a few pure organic compoux@s l.mve
been used as vehicles. Beuschlein, Wright, and Wllham.s
(5) showed that phenol or anthracene is preferable to di-
phenyl. Boomer and Saddington (?) 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, tetrabydro-
naphthalene being the most effective. Pertierra (21, 22) and
Pott and Broche (25) found that mixtures of tetrahydro-
naphthalene and tar phenols are bettey dlspersmq agents for
coal hydrogenation under mild conditions than eltl.ler tetra-
hydronaphthalene or phenols alone. Twenty-nine coals
ranging in rank from lignite to anthracite were hydrogenated

939

(naphthalene and chrysene) and saturated
hydrocarbons (decahydronaphthalene and n-
hexadecane) proved to be poor vehicles. The
presence of polar compounds, such as phenols
and amines, in the vehicles was found to be
beneficial.

The products formed in highest yield were
pitches, which melt at moderately elevated tem-
peratures. Elementary analyses of these
pitchesindicated that hydrogenation had raised
the carbon and hydrogen contents, lowered the
sulfur and oxygen contents, and caused little
change in the nitrogen content.

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 tar acids in the vehicle was shown to be beneficial,
and a high-boiling oil from hydrogenated coal was found to be
one of the best vehicles; it was surpassed only by a mixture
of m-cresol and tetrahydronaphthalene. Warren (30) found
that 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, must have high
solvent and depolymerizing action on the coal. The numer-
ous researches already carried out on the extraction of coal
(2, 8) 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 that of the ex-
periment. The melting point and viscosity should be com-
paratively low so that 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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TaBLe I. PrysicAL CONSTANTS OF VEHICLES
Used in Compound Used as Reference Melting Boiling Critical Surface Tension at Dielectric Constant Dipole
Expt. No. Vehicle No. Point Point Temp. 205:C.2 at 20° C.@ Moment
o7 °.0, elel
39 Acetamide 16) 81 222 22 39.3 (85° C.) 60.3 (83° C. 3.72
9, 20 m-Cresol 11 203 432 37: 5.0 (24° C.) 1.60
9, 20 o0-Cresol 31 191 422 39.8 (10° C.) 5.8 (24° C.) 1.44
9, 20 Cresol 35-6 202 426 36.7 5.6 (2.4° C.) 1.64
13 ecalin (15, 18) 191-3 384 28.7 (15.5° C.) 2.11 0.0
23 Diphenyl (9, 18) 69-70 255 528 29.5 (129° C.) 2.62b 0.0
25 Bip}:eny}um}i‘no 6 .) gg ggg Sk 37.7 (80° C.) %gg (52° C.) %35
36 iphenyl ether 1 3 3
38 Digheuil]lmethune EII) 25 258 ks 37.1 (30° C.) 2.56 0.0
10 Naphthal 80) B 518 i 30.05 A 0:0
10 aphthalene cicls $ S :
26 a-b?nphthylamin e (4, 6) 50 301 s 51.1b ko 1.44
21 Pinene A —55 158-61 o 27.0 (10° C.) 207 1.10
32 Quinoline A —-19.5 237 > 520 45.0 8.9 (21°C.) 2.26
31 ' Stearic acid (18) 69-70 291 (100) oy 32.65 2.32 (67° C.) 2
8 Tetrahydronaphthalene 29) -31 05~ 421 34.25 (18.3° C.) 2.66 0.52
18 o-Toluidine S —16 200 R 40.0 6.0 13
@ Unless otherwise noted.
b Extrapolated.
o : TasLe II. Anavnyses oF BruceroN Coan (Per Cext BY WEIGHT)
facilitate the lique- Volatilo Fixed In most cases the
faction. It has been Moisture Matter Carbon Ash vehicles were pro-
postulated (7, 8) that Proximate 1.6 35.7 56.4 6.3 cured in a satisfactory
tetrahydronaphtha- Ultimate: SZ = 706 X 0 5, Ash state of purity and
lene acts as a hydro- Moisture-free siatt itgig B g Bl gtes Ty el gy used as such. Deca-
gen carrier or donor Moisture, ash-free 5.6 84.2 157 6.8 13T ol hydronaphthalene
in the hydrogenation $i0: ALO; TFe:0; TiO: P:0s CaO MgO S0; N0 K:0 (Eastman Kodak
and extraction of coal Ash analysis, % 45.4 24.1 19.9 1.0 0.2 3.6 0.6 3.5 0.6 0.9 Company) was

washed with concen-

under pressure and
that its effectiveness
as a vehicle is due to this behavior. The possibility of using
vehicles that 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 treatment. From a practical
standpoint it is desirable that 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 aromaticity or paraffinicity. Decahy-
dronaphthalene, tetrahydronaphthalene, pinene, nicotine,
abietic acid, and ethyl dihydroabietate were selected pri-
marily because of the possibility that 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. Data for which references are missing were taken from
International Critical Tables.

Coal and Vehicles

The same coal, obtained at the Bureau of Mines experi-
mental mine at Bruceton, Pa., was used in all the experiments.
This Pittsburgh bed coal is classified as a high-volatile A cok-
ing coal (1) and falls toward the low-rank boundary of this
class. Plastic range curves obtained with coal from the ex-
perimental mine, which show that the plastic state is first
reached at about 388° C., were recently given (26). The
proximate and ultimate analyses of the coal used in the
present work are given in Table IT. 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 Pitts-
burgh bed coal generally is 2 to 3 per cent (12).

trated sulfuric acid
and distilled. The cresol (mixture of isomers), tetrahydro-
naphthalene, and c-methylnaphthalene were redistilled, only
the middle fractions being retained. Technical grades of
dimethylnaphthalene, chrysene, xylenol, and abietic and
stearic acids were used.

Hydrogenation Apparatus and Procedure

The hydrogenation experiments were carried out in a con-
verter (1200-ce. 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
serews 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 that indicated by the encased thermo-
couple was determined and found to be about 4° at 400° C.

A few preliminary experiments were conducted to arrive
at the standard conditions to be employed in the subsequent
work. Using tetrahydronaphthalene as the vehicle, satis-
factory results were obtained at 1000 pounds per square inch
(70.3 kg. per sq. em.) initial hydrogen pressure and 400° C.
when either 1or 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 evidence1s
at hand to indicate that 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:
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Tasre III. Data oN VARIOUS VEHICLES
A B C D B F G H
Conversion of Pure
~———Products—— oa
- Liquids, . Oil from Benzene Insol. Ash
No. Vehicle solids Gases Loss Centrifuged Centrifuge Insol. residue analysis
Grams Grams Grams Grams % Grams % %
Hydrocarbon Vehicles
2:8 Tetrahydronaphthalene 193.2 5.8 2.0 171.7 78 14.9 94.5 89.7
16, 44 50% Naphthalene, 50% tetrahydronaphthalene 193.1 4.2 3.7 180.6 61 16.1 93.2 87.8
17 Methylnaphthalene® 191.2 6.5 3.3 175.8 79 17.0 92.2 88.1
23 Diphenyl 192.1 Sor S 187.0 41 19.2 89.8 88.8
38 Diphenylmethane 195.4 3.6 2.0 182.3 56 25.8 82.4 80.3
46 Chrysene 194.3 i Gk 5 26.9 81.2
10, 27 Naphthalene 191.9 4.6 4.5 181.0 30 29.2 78.7 68.2
13 Decahydronaphthalene 194.6 5.4 1.0 185.3 48 31.0 76.7 BAE
21 50% Pinene, 50% tetrahydronaphthalene 189.8 6.2 5.0 179.7 55 33.4 74.0
30 Cetane 192.7 4.7 3.6 183.9 60 34.9 72.3
11 40% Decahydronaphthalene, 60% naph-
thalene 192.4 3.4 5.2 36.4 70.7
Hydrocarbon-Phenol Vehicles
24, 42 50% Diphenyl, 50% cresol 195.7 4.8 0.5 184.8 7 15.7 93.7 91.3
7.9 50 Tetrahfrdronnphthaleno, 509% cresol 192.8 4.2 4.0 170.8 84 15.7 93.7 88.3
28 50% Methylnaphthalene, 50% xylenol 193.3 6.9 0.8 184.1 79 17.3 91.9 89.0
20, 41 509% Naphthalene, 50%, creso 194.4 5.0 1.6 181.5 74 17.6 91.6 i
29 509% Fluorene, 50% cresol 192.5 3.9 4.6 178.0 42 22.4 86.2 85.0
33 50% Tetrnhyc{ronnphthalene, 509 catechol 193.1 5.1 2.8 180.8 66 28.0 80.0 e
Amine and Hydrocarbon-Amine Vehicles
19, 32 50% Tetrahydronaphthalene, 50% quinoline  193.9 4.3 2.8 183.1 81 14.8 94.7 91.8
15, 18 509, Tetrahydronaphthalene, 50% toluidine 193.3 4.2 3.5 180.7 78 16.3 93.0 s
37 50% Tetrahydronaphthalene, 50% nicotine 91.5 6.4 3.1 176.1 79 17.8 91.3 e
25 Diphenylamine 192% 3.7 179.7 49 18.0 91.1 87.3
26 a-Naphthylamine 191.7 3.3 6.0 164.5 57 20.6 88.2 o
Miscellaneous Vehicles
29 759, Tetrahydronaphthalene, 25 -thio- .
! Z‘_,esoer Y 2 % 187.4 8.7 6.9 179.0 77 16.2 93.1 90.9
39 50% Tetrahydronaphthalene, 509 acet-
amide 189.3 1175 0.2 179.7 77 18.8 90.2
14 Abietic acid 180.4 17.0 3.6 138.3 i 2251 86.6 81.9
35 Ethyl dihydroabietate 172.8 20.6 7.6 163.6 30 24.2 84.2 Si3ts
34 509, Tetrahydronaphthalene, 50% glycol 175 21.3 Sh 162.0 63 24.6 83.8
31 50% Tetrahydronaphthalene, 509, stearic
acid 194.1 7.6 +0.7 188.8 56 29.7 78.1 RS
36 Diphenyl ether 196.8 3.4 0.8 186.2 44 30.0 77.8 76.0

% 60 per cent alpha- and 40 per cent beta-methylnaphthalene.
b Approximate.

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.
T}IJ)e température 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 ITI (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 48 hours in Soxhlet extractors, dried in an oven
at about 100° C. for 24 hours (or in a vacuum at 100° for 8
hours), and weighed to ascertain the amount of benzene-insoluble
material (column F, Table III). : s

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 cg_lcu]atmg
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 %oih‘ng point (naphtha-
lene, Tetralin, cresol, toluidine, ete.) could be easily separated
from the high-boiling product in this manner. Great difficulty
was experienced in distilling the high-boiling vehicles, either
at 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.

Nature of Products

As obtained from the converter, the products ranged from
viscous oils to comparatively firm solids. Products smelling
strongly of ammonia were obtained in the e-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.
Centrifuging 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 at room temperature. At moderately elevated tem-
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peratures (100° to 150° C.) these products were soft or fluid.
Although little volatile at reasonable temperatures, distilla-
tion of the pitches at 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:

—_—— Total Extn, Loss after: ey
Pitch No. 24 hr. 48 hr. 96 hr, 48 hr.@ 144 br.
—————————Weight per cent
12 63.3 77.3 s o <5
15 36.4 62.0 o e o
17 e 61.3 65.1 = 67.0
22 50.6 69.5 s N e
32 s 36.4 53.5 70.7 70.7

@ Tetrahydronaphthalene.

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):

Pitch Volatile Fixed
No. Moisture Matter Carbon Ash
22 0.7 70.0 29.2 0.1
28 0.5 62.7 36.3 0.5

Several significant conclusions may be drawn from the
pitch analyses in Table IV. With certain understandable ex-
ceptions, the pitches are rather uniform in composition. The
high nitrogen content of the pitches from experiments 18
and 19 are probably due to incomplete separation of the nitrc-
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 that the total sulfur content was considerably
lowered. The organic sulfur was reduced from C.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.

TasLe IV. Prrcr Avavyses (Per Cext BY WEIGHT)

Ash, Moisture-Free
N

Pitch No. H C S
9 6.3 87.8 1.8 3.6 0.5
16 6.5 88.4 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 87.7 3.2 2.3 0.4
20 6.4 88.2 1.8 3.2 0.4
22 6.5 88.9 1.6 1.4 1.6
28 6.4 89.1 1.8 232 0.5
43 6.4 88.5 159 237 0.5
44 { 6.6 89.2 1.6 2.2 0.4
Coal analysis 5.6 84.2 157 6.8 187

The products, excluding the c-naphthylamine and acet-
amide experiments, had no odor of ammonia. This fact
and the nitrogen analyses indicate that 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 must 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

. Appearing in Products

VOL. 29, NO. 8

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 that 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 that mild hydrogenation gives products whose
oxygen distribution is different from that of carbonization
products.

TaBLE V. DISTRIBUTION OF OXYGEN AMONG PRODUCTS

% Oxygen in Original Coal
Bituminous
Brown coal coal carbon-
hydrogen- ized at
ated (19) 520° C. (27)

~—Present work—

as Constituent of: Expt. 16 Expt. 17

Water (constitution) 7 7 35.6 70.8
Carbon dioxide 7 15 46.0 6.6
Carbon monoxide 2 4 3 2.8
Phenols 5 15 15.5 e

itch 42 39 e 1.9
Residue (or coke) 10 12 At 17.9

Total 73 92 9731 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 tar acids and bases in the recovered hydrocarbon
vehicles indicates that these products were formed from the
coal during the liquefaction. Analysis of the recovered
phenol and amine vehicles for tar acids and bases showed
that 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 that 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 that catechol (boiling point 240° C.) was hy-
drogenated to phenol.

The composition of some of the hydrogenation gases is
shown in Table VII. 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 that 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 that 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. Ttisinteresting to note that 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. It was difficult to identify con-
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as a measure of the fluidity of the products

TasLe VI. DistiLLATIoN oF CENTRIFUGED OIL at room temperature
e D‘i’:tli'u?ée Grm(rilgez;t gﬂ)" F. In confirmation of previous claims, tetra-
Expt. i _Oil  tionEnd_Distillate ~ Tar  Tar  Dis- : hydronaphthalene was found to funection
o, ehicle Distilled Point Water Oil acids bases tillate Vehicle excellently as a hvd ti di
Grams °C. Ce. Ce. “A.PL°APTI @ yth d d't'y ro%enabxon FOOCLILTE
2 Tetrahydronaphthalene 127.3 {%gga 7;'5} 2.9 0.45 XAy .e a L0a 0 Sta: le.pOIar Sors
e e pounds (toluidine, cresol, quinoline, etec.) to
7 Tegﬁ)‘;}dmmphthmne_ 148.5 214 2.0 80 50.0 10.0 10.0 tetrahydronaphthalene gave vehicles which
= Tetl(');‘ﬁi é,r,gm iy 135.5 215 1.0 75 46.0  12.5 were equally satlsfact_ory or superior. Be-
trabydronap SR A e R S cause coal hydrogenation proceeds better in
13 Decahydronaphthalene 88,1 207 ... 83 R Gl 00 i3 0 Tig the presenc i it 1
17 'A\;Icth{lnnphthnlene 139.2 245 1:3-379 4.8 1.4 11.9 ’6 t p hi ° l(l)f amd.s (94)’ S8 sognewhat
22 Tetrahyhronaphthalene astonishing that mixtures of amines (o-
i MG::::CTM 137.9 220 0.8 72 9.2 13.4 toluidine, quinoline, ete.) with tetrahydro-
: : naphthalene gave good results. However,
amines (2, 3) such as toluidine and quino-
TasLe VII. AnALysis oF HYDROGENATION GASES line are known to be effective in dissolving
Expt. / ~————————Per Cent by Volume or depolymerizing th
No. Vehicle CO: + H:SCnH:n O: H:  CO  CH( C:He N S D ﬁ d & b B Sut{ftame'
2, 8, 12 Tetrahydronaphthalene 1.3 0.1 0.5 88.4 0.3 3.6 3.9 1.8 S Aok CLOCBE 0TS (tetra ydronaphthn-
10:27 Naphthalone 18358 041 Y0ial i est0l 05 513 3ia 04 lene, methylnaphthalene, and diphenyl)
3 etr: ronaphthalene- 1
s o plaphthalene 007t 01 05 90104 44 s wer(}alti;o%nd to be good Jeh}cles. Methyl-
: etrahydronaphthalene- na nalene L
cresol 1500 ©10.0.:0.6.: 90.00 /0.2 4.5 2.0 1.7 P like & 3 hes(i)ecm y mterestl'ng be-
14 Abitioacid 1151 00 05 77.9 10 590 33 0.3 cause, like tetrahydronaphthalene, it gave
etrahydronaphthalene~ 1
pes thigcrg,so it 245 0/2750°42 88,6 0°1 55,505 2.9-°0.0 & p{}odluct ﬁzﬁdlat poom tempergtug_e. W.hy
etrahydronaphthalene- mevnyina alen 1
fp :te%rigncid i 3.6 0.2 0.7 84.4 2.0 6.1 3.3 0.0 medlgm II; not kIfOWfl aT}gIZOSU e;?gr?;sml}
etrahydronaphthalene- . 0.
glycol ] 4.4 08 06/ 606 29 10.8 182 1.9 methylnaphthalene is in harm 5 'thytl
gg %tl;ylhdxgydroall;éﬁt%te 1050800701 018 Te7iod H1i0l Tt iR nig b t'p (10) that 1 ony with the
etrahydronaphthalene- opservation -
nicotine 005 10,0 0 1@ 83T s 013 10161 #4134 017 S ) that low tem_perature tar
39  Tetrahydronaphthalene- (containing alkylated aromatic hydrocar-
acetamide 0.0 033::0.3 +73.0; 3.1 10.2 13.0° 0.1

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 8.5
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 VIII). The vehicles reacted with hydrogen
in the naphthalene, tetrahydronaphthalene-quinoline, tetra-
hydronaphthalene - catechol, tetrahydronaphthalene - glycol,
and tetrahydronaphthalene-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).

Discussion of Results

Several vehicles were found to be excellent media for the
liquefaction of Bruceton coal. These and the other solvents
are arranged in Table III 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 IIT) may be taken

TasLe VIII. MaxiMmuMm AND FINAL PRESSURES OF HYDROGEN

ABSORPTION
< Pressure, Lb./Sq. In.  Hydrogen
Expt. No. Vehicle Maximum  Final A{sorged
Grams
2,8  Tetrahydronaphthalene 2458 775 2%

7,9 Tetrahydronaphthalene- .
cresol 2450 765 2:2
10, 27 Naphthalene 2335 658 237

16, 44 Tetrahydronaphthalene-
naphthalene 2340 705 251

19, 32 Tetrahydronaphthalene-
quinoline 2125 520 3.2
20, 41 Naphthalene-cresol 2300 640 2.6
24, 42 Diphenyl-cresol 2300 695 2.3
17 A\Iethg]naphthnlene 2230 625 2.8

33 Tetrabydronaphthalene-
catechol 2440 510 3.2

34 Tetrahydronaphthalene-
glycol 2920 630 3.5

39 Tetrahydronaphthalene-
acetamide 2910 550 3.4
36 Diphenyl ether 2310 810 1.5
38 Diphenylmethane 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. It 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-tetra-
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. It
is interesting to note that fluorene is somewhat similar in
structure to diphenylmethane, 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.

VOL. 29, NO. 8

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

TasLe IX. ComposiTioN OF HYDROGENATED COAL DISTILLATE

Fraction 1 Fraction 2 Fraction 3
Boiling range, ° C. To 150 150-225 225-300
Yield, ce. 37 (0.75 cc. of H:0) 138.5 275
Yield, % 5 18.6 37
Gravlty at 60° F. (15 6°°C.)
(hydrometer), ° A.P.T. 36.8 23.2
Sp. gr. (pycnomcter) 0. 8320361’. Sg)F 0.914¢2
Tar acids, % 6.0 21.4 15.9
Tar bases, % 6.5 3.0 271
Neutral oil constituents, %:
efins 10 0 8
Aromatics 33 50.7 70.8
Unsulfonated oil (paraffins and -
naphthenes), % 57 49.3 2172
Paraffin fraction:
Refractne index at 85° F.
(29.4° C.) 1.4115 1 4324 1.4558
Sp. gr. (pycnomeber) at 85° F. 0.740 0.835
»\mlme point, ° C. 49.3 56 8 71.6

@ Calculated.

15.8 R
0.959¢ 1.029 at 86° F.
(30°.C.)

surface tension cannot be taken as a complete
measure of the vehicle’s merit. For example,
diphenylmethane (37.1 at 30° C.) and naphtha-

fracdond lene (39.0) were not as good as tetrahydro-
ST naphthalene, which has a surface tension of 34.
89.4 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

0:8 and its hydrogen-carrying capacity are probably
10 largely responsible for its superiority.
5 Tetrahydronaphthalene (0.52) was the only
15 vehicle with a dipole moment under 1.3 to func-
tion satisfactorily as a vehicle. Some of the worst
1.4678 vehicles (cetane, diphenylmethane, naphthalene,

0:808 decahydronaphthalene) have zero dipole mo-
ments; other vehicles with low moments (di-

phenyl ether 1.05, pinene 1.10) were also un-

Two fractions (boiling at 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
vehiele (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 tar which, although
not fluid at room temperature, was almost completely dis-
solved (excluding ash, fusain, and catalyst) by benzene in a
Soxhlet extractor. X

Technical dimethylnaphthalene (containing 3.3 per cent
tar acids and 8.9 per cent tar bases) was found to be a fair
vehicle; 85 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 tar 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 that

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.
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By Martin Johann Schmidt
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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 list of Reproductions Nos. 1 to 60
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Januarﬁ, 1937, page 74, where also will be
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No. 74 appears on page 166, February issue,
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Dextrose in the Manufacture ot

- Fruit and Vegetable Products

The physical and chemical properties of re-
fined dextrose are discussed in relation to its
suitability in manufactured fruit and vege-
table products. Dextrose, as now obtainable on
the market, is comparable to sucrose in purity
and may be used advantageously in many
canned foods, fruit products, and pickles. Be-
cause of lower solubility, final dextrose con-
centrations are limited to less than 50 per cent.
Normally, mixtures of sucrose and dextrose
must be used unless the amounts are small
as in canned vegetables and tomato juice.

Preserves, jams, and jellies containing dex-
trose should not be ‘‘finished’’ by tempera-
ture, because of the higher boiling point of
dextrose solutions as compared to those pre-

manufacture was made

commercially possible in
1923 by the granting of the New-
kirk patents (19, 20) on corn
starch hydrolysis and the eco-
nomical separation of high-
purity dextrose from the con-
verter liquors. Commereial production, which began in 1922,
has risen phenomenally. But 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 (1, 2), and Krno (15), as well as by the manufac-
turers themselves. Kirno, 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 at retail for home use.

Not until 1930, when the Secretary of Agriculture ruled
that 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 microsrganisms.
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.

CRYSTAI.LINE dextrose

CARL R. FELLERS, JOSEPH MILLER

Massachusetts Agricultural Experiment Station,
Ambherst, Mass.

AND THOMAS ONSDORFF

Oregon Agricultural Experiment Station,
Corvallis, Ore.
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pared with sucrose. Dextrose alone, or in
mixtures with sucrose, does not injure gelation
of pectin in jellies and preserves. Similarly
there is no effect on yield. A list of products
in which dextrose can be used to advantage is
given.

The addition of 1 to 2 per cent dextrose to
brined cucumbers, peppers, cauliflower, onions,
and green tomatoes greatly improves the
resulting products by increasing their lactic
acid content, preventing spoilage, and en-
hancing the Lkeeping gquality. Preliminary
experiments show that dextrose is useful in
sweet pickle manufacture by improving the
texture and yield without injuring the ap-
pearance.

Physical Properties

Hydrated dextrose contains
one molecule of water of
crystallization. It is a white
crystalline substance resem-
bling sucrose but is only about
75 per cent as sweet. Dextrose
is readily soluble in water at ordinary temperatures but not so
soluble as sucrose. Thus at 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 that crystallization dangers are de-
creased. Since jellies and preserves commonly contain from
60 to 70 per cent sugar, it is obvious that 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 25°
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 that 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) that at higher tem-
peratures sucrose solutions destroyed yeasts more effectively
than dextrose. but the reverse was true at lower temperatures.
He found that dextrose gave carbonated beverages a better
“body” than sucrose and also reduced objectionable sweet-
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ness. Since dextrose has a higher osmotic pressure, it may be
reasoned that 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 Corn Products
Refining Company (6). Many 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 at 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.  Therefractometer gives sufficiently
accurate readings with either pure dextrose or dextrose-sucrose
mixtures for most purposes.
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TABLE ACIDITY IN FERMENTING CUCUMBER AND
PePPER BRINES
2 per cent dextrose
added to the brine
———— Sweet green peppers  B. No sugar added

— — — — Cucumber pickles A,

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. It 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.
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(230°F.) for 20 minutes. 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 are with-
out effect.

Crades of Composition

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.

Market samples of regular dextrose hydrate and recrystal-
lized dextrose hydrate used in the experimental work showed
the following values on chemical analysis:

Recrystal- Recrystal-
Regular lize Regular ize
Dextrose Dextrose Dextrose  Dextrose
Hydrate Hydrate Hydrate Hydrate
Per cent  Per cent Per cent Per cent
Moisture 7.75 8.00 Fe 0.0001 0.0002
Dextrose 91.4 91.8 Cl 0.016 0.002
Purity of dex- 804 0.008 0.008
trose solids  99.5 99.8 Si0: 0.0035 0.005
Ash 0.05 0.009 Ca 0.0022 0.002

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.

Dextrose in Fruit and Vegetable Products

Since dextrose has been available for industrial purposes, it
is surprising that so few investigations have been published
relative to its use in the food preservation industries. In
1933 Van Arsdale and Eddy (22) found that 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. Mrak and Richert (18)
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 that “corn 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. Thisis animportant point. For
example, during the period 1930-1932 Fellers and Mack (11)
reported that corn 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 that
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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Experimental Packs

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.
It 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 packsin 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. Most 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 at various times from dealers in Boston and Hol-
yoke. So-called regular dextrose hydrate wasused. 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 that 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
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Tasre I. Surrasmuiry or DEXTROSE IN VARIOUS PrRODUCTS
Total Ratio of
Sugar in Sucrose to Dextrose
Product Sirup  Preferred®  Acceptabled
%
Canned Fruit and Vegetables
Apples, Rhode Island Greening,
and Baldwin 20 None 2:1
Apricots 40 None 241
Artichokes, Jerusalem, ‘in sweet
pickle 17 1:1 All dextrose
Blackberries 40 None 2:1
Beets, diced 4 1:2 All dextrose
Cherries:
Royal Anne 40 None 2:1
Morello 60 3:2 141
Montmorency, pitted 60 3:1 2:1
Grapefruit 10 2:1 1:1
Loganberries 70 None 2:1
Peaches:
Yellow clingstone 60 221,151 121
Hale 60 2:1 1:1
Pears, Bartlett and Anjou 40 None 221
Peas, Alaska and Alderman 4 1:1 1:2
Pineapple, white Cuban 40 2:1 11
Prunes, fresh 40 2:1 13175132
Red raspberry:
uthbert 60 None 3:1
St. Regis 60 None None
Rhubarb, pieces 60 2:1 1:1
Strawberries 60 None None
Sweet corn:

Golden Bantam 4 None None
Evergreen 4 None None
Tomatoes 3 1:1 All dextrose
Tomato juice 5 131 All dextrose

Fruit and Vegetable Products
Apple jelly, Rhode Island Green-

ing, and Baldwin 8 None 2:1
Apple sauce, Red Astrachan 25 3: 1:1
Apple butter 20 2:1 131
Blackberry preserves 68 4:1 3:1
Cherry preserves, Morello 68 3:1 2:1
Cherries, frozen:

Morello 33.3 None 3:1

Montmorency 5 33.3 None 2:1
Cranberry sauce, strained 40 None 2:1
Currant jelly 68 3:1 3:1
Grape jam and butter 67 None 3:2
Grape juice (sugar added to 20%) None 3:1
Pineapple, crushed, white 66 3:1 3:2
Plum preserves:

Fellenburg 67 None 3:1

Grand Duke 67 None 3:1

Monarch : 67 None 3:1

Damson 67 None 3:1
Red raspberry preserves, St. Regis 68 None 4:1
Red raspberries, frozen 25 Non 4:1
Rhubarb, sauce 50 1:1 2:1
Strawberry preserves 69 3:1 2:1
Strawberries, frozen, Howard

Supreme 3 . 33.3 None 3:1
Sweet cucumber and mixed pickles 36 1155122 1:3

@ Superior to the all-sucrose pack. 5 i
b Approximately equal to the all-sucrose pack in quality.

containing dextrose became dark in color and was of poor
flavor, no doubt because of the decomposition of the dextrose
at the processing temperature of 121.1° C. (250° F.).

Dextrose in Pickle Manufacture

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. Most 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 (?) 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.

Dextrose in Sweet Pickles

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
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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 Manufacture of Paper Wraps and
Containers for Foods

J. R. SANBORN!
International Paper Company, Glens Falls, N. Y.

ELLULOSE industries have been forced to recognize the
C profound influence of microérganisms upon manufac-
turing processes. Uncontrolled development of organ-
isms in pulp and paper mills presents serious 9bstaf:1es to high
operative efficiency and satisfactory quality in finished prod-
ucts. The appearance of discolorations or “‘slime spots” ?,nd
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 that 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-

1 Present address, New York State Agricultural Experiment Station,
Geneva, 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 at pulp and paper
mills where early contamination of stock takes place.

In a previous paper the author? referred to the rich food
supply provided by pulp systems, particularly groundwood
stock, and to the diversity of types of microérganisms which
usually develop there.

Development of Microdrganisms in Pulp
Systems

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 microérganisms in

2 J. Bacl., 26, 373 (1933).
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sulfite stock. Many of the species present throughout the
system are slime formers and notorious trouble makers, habitu-
ally colonizing on rough surfaces which favor attachment and
spread. Figure 1 shows the total bacterial counts of mixed
stock in the presence of various proportions of groundwood
pulp. Stock consisting of
varying amounts of
groundwood was obtained
directly from mills produc-
ing these grades of paper.
Temperatures of pulp sus-

EFFECT OF GROUND W0O0D PULP UPON
BACTERIAL CONTAMINATION
OF MIXED STOCK

g

700g . .
b pensions during pulp and
002 paper manufacture at the
z mills included in this inves-
S0 tigation were usually be-
T tween 22° and 35° C.
= Samples were plated out
m;:: immediately using standard
I nutrient agar; plates were
2003 incubated at 30° C. for 48

- hours.
Microbiological surveys
PER CENT GROUND WOOD .

o 80 70 60 50 40 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:

FIGUre 1

Isolations
from: - Bacteria
Plant A Aerobacter aerogenes Achromobacter pinnatum?®
Aerobacter cloacae Achromobacter hartlebii®
Pseudomonas viscosa Achromobacter ambiguum?®
Bacillus vulgatus Flavobacterium aurantiacum®
Bacillus subtilis Actinomyces fradii
Plant B Aerobacter cloacae Achromobacter reticularum?®
Alcaligenes faecalis Flavobacterium denitrificans®
Actinomyces fradii Flavobacterium turcosum®
Plant C  Alcaligenes viscosus
Plant D  Didymoheliz ferruginea
Plant E Bacillus peplogenes Micrococcus albus®
Bacillus albolactis

5 ¢ Jdentification somewhat uncertain, since original organism is poorly
nown.
b M. conglomeratus and M. varians were isolated from the same 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 the slime
masses produced, yields valu-
able evidence pertaining to
identification and control.

In many instances, pre-
dominating species are not
bacteria but belong with the
filamentous or yeastlike fungi.
Such organisms often pro-
duce leathery or rubbery
sheets of fungus growth,
characteristic of Oidium,
Monilia, 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

DEVELOPMENT OF MICRO-ORGANISMS
INPULP SYSTEMS
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of the process involved in regular operation. Typical isola-
tions may include the following groups:

Plant ¥ Oidiwm lactis, Aspergillus fumigatus
Plant G Oidium pullulans, Monilia candida

Plant H 7Trichoderma lignorum, Mucor racemosus
Plant I  Botrylis cinerea, Oidium lactis
Plant J  Cladosporium herbarum

Plant KX 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. It will be obvious that variability in types in-
volved necessitates important differences in methods of eradi-
cation and control.

It is significant that 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.

Control of Microsrganisms

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: (@) to determine predomi-
nating types of slime-forming microdrganisms, their origin,
distribution, and identification; (b) toreveal 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 (¢) to recommend a program
of control based upon knowledge of local conditions and spe-
cific types of slime involved.

APPROXIMATE BACTERIAL DEVELOPMENT
3000 AND DEGREE OF GONTROL
POSSIBLE DURING PAPER

M,
5500 ANUFACTURE
2000
(%Y
4
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1500 3
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PULP MANUFAGTURE ggﬁ'f%
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FIGURE 3

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 at 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 matter 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 microérganisms. For example,
at bull screens (stage 2, Figure 2) colonies have been re-
duced to 8 per cc. Counts at groundwood deckers (stage 5)
were reduced at 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
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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 at ends of rolls or
sheeted stock. It is particularly important to eliminate, as
far as possible, direct human contacts. Detailed studies of
microdrganisms 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.

REece1vep December 28, 1936.

Oat Flour as an Antioxidant

INELY 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, 4, 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 at the surface of wrapping materials such as parchment
* paper, wax paper, and cardboard containers. These processes
are referred to broadly in certain United States patents (9, 6).

Potato Chips

Potato chips were freshly prepared and dusted with 5 per
cent of Avenex. The desirability for the elimination_ of the
prodxygenic actinic rays in the storage of potato chips was
previously reported (Z, 3). However, because of the fact that
exposure of potato chips to ultraviolet light or to dxfta_ct 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 ()

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-of the oil. Ten-
milliliter portions were usually taken for titration. Forty per
cent of glacial acetic acid was added together with 1 ml. of satu-
rated potassium iodide solution. After standing for eg(actly 1
minute, 50 ml. of water and a few drops of .st-arch so_lutlon “eﬁs
added, and the solution was immediately titrated with 0.001
sodium thiosulfate.

1 Present address, Calco Chemical Company, Bound Brook, N. J.
2 Present address, Conshohocken, Pa.

ROBERT C. CONN! anpD ROBERT E. ASNIS?
Musher Foundation, Inc., New York, N. Y.

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.

Food-Packaging Materials

For such products as crackers, potato chips, nuts, etc., the
fat of the product is adsorbed at the surface of the packaging
material, whereas for butter, lard, oleomargarine, ete., 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.

TaBLE I. PerOXiDE NUMBERS OF TREATED AND UNTREATED
PoraTo CHIPS® AFTER STORAGE AT RooM TEMPERATURE IN

THE DARK
Treatment ~—~———————Peroxide Number after:
of Chips 0 days 3 days 10 days 21 days 32 days 42 days
Untreated 2.1 3.8 4.4 12.60 20.9 35.7

Dusted with 5%
Avenex 2. 15218 3.8 3.0 10.6
8 Cooked in refined cottonseed oil.
b Distinct organoleptic rancidity,
¢ Slightly rancid.

15.3¢

Avenized greaseproof wax papers were prepared by mixing 35
per cent Avenex with 65 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.
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Figure 1. PARcEMENT PAPER EXPERIMENT

Avenized cardboard containers were prepared by surface-
water sizing or as otherwise described in Figure 3.

That 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
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F16ure 2. GREASE-PROOF WAX PAPER EXPERIMENT

ment paper and at the end of about 5 days in the case of the
waxed papers, whereas the oat-flour-treated parchment re-
quired 13.75+4 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 34, 4 per cent of
oat flour was sufficient in these experiments to keep the per-

lard held at 35° to 40° C. 8O UNTREATED BOARD
was run from a volumetric Wi S B A S
pipet onto a piece of the ABOARD SZED WITH 4 % AVENEX
paper measuring about BT
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.
he papers thus coated
with lard were set aside,
and care was taken toplace
all under exactly iden- 0 10 20 30 %0
tical light and tempera-
ture conditions. In these
experiments the papers
were kept in uniform dark-
ness at room temperature.

PEROXIDE  VALUE

FiGure 3. CARDBOARD
CARTON EXPERIMENT

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, and the solution was
immediately titrated with 0.01 N 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. Sincea 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 at the end of 3 days in the case of the parch-

40

30

20

TIME — DAYS

oxide number below 20 for a period of about 70 days. The
control reached this level in 19 days.

These results indicate that 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 treatment 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.

F ONE part of colloidal carbon pigment! 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. .

TasLe I. PH Summary oF CARBON SLUDGES
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High-grade impingement carbon blacks:
Long ink carbon (Peerless)
Easr\\'ebting. high-color (Neo-Spectra)
Highest color (Royal Spectra)
Medium-color (Superba)
High-color, general-purpose (Super Spectra)
Lampblacks:
High-grade
Rubber-grade
Chinese (native) carbon black
Rubber-grade impingement carbon blacks:
Slow-vulcanizing (Micronex Mark II)
Standard vulcanizing (Micronex Standard)
Fast-vulcanizing (Ultra type)
Degussa CK 3

Nonimpingement carbons:
P-33
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Acetylene black
Bone black
Fumonex (or Gastex)
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The results of a great number of experiments are shown
in Graphs 1 to4. It wasfound: (a)The pH value remained
unchanged within the experimental error after repeated ex-

1 The family of carbon pigments ranges in particle size from approximately

250 to 5000 A. Impingement carbons range from about 250 to 700 A
These are estimated values.
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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.).
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These results seem to show that 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 matter content; the higher
the volatile matter content, the lower (more acid) is the pH.
By heating in the absence of air, a carbon (Micronex Mark IT)
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 treatment (each carbon sample was held at 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 matter is determined as
follows: Fill a tared platinum crucible completely with the
sample. Place thelid tightly in position. Heat for 7 minutes
at 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 Jiter of alcohol are shaken with 1 gram of carbon for 2
hours. After filtering, 25 cc. of the filtrate are titrated with
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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.

TasLe II. CorrompaL CARBON PROPERTIES
Time of
Cure in
DIP. G
D.P.G. Per Cent Type
Adsorp- Vola- Rubber
tion tile Com-
Grade pH Index Matter pound
High-grade, long-ink carbon (Peerless) 2.6 58.4 12.0
High-color carbons:
Easy-wetting, high-color  (Neo-
Spectra ) 2.8 97.2 14.0
Highest color (Royal Spectra) 3.1 96.0 12.8 Several
Medium-color (Superba) 3.2 777 9.4 hours
High-color (Super Spectra) 4.1 42.5 72
Rubber-grade carbons:
Fine-particle, slow-curing (Mark 1I) 3.8 16.0 6.1 50 min,
Standard-curing (Grade A) 4.1 10.1 5.1 30 min.
Fast-curing 4.6 8.4 4.5 25 min,
Degussa CK 3 5.7 5.3 3.4 17 min.
Nonimpingement carbons:
P-33 8.2 1.8 0.4 15-18
Acetylene 8.2 4.1 0.6 min.
Fumonex (or Gastex) 9.3 2.5 0.7
Deactivated rubber carbons:
HS-421 (1.5 hr. to 1500° F., 0.5 br.
at 1500° F.) 9.0 5.1 1,1
HS-355 (2.5 hr. to 2000° F., 0 hr. at
2000° F.) 10.0 4.6 0.4 10 min.
HS-335 (2.5 hr, to 2000° F., 3 hr. at
2000° F.) 10.6 4.8 9.2

.

The relation between volatile matter 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 that the
carbon-oxygen complex C,0,, 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
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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
treatment 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-vuleanizing 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 (V). 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 that due to the combined oxygen. Each
particle size will, in general, correspond to a different value
for what has been designated Xo; 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-
Z{)}I)’ption curve will cross the ordinate at 34 per cent (Xo =
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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
vuleanization 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.

Adsorptive Nature of Colloidal
Carbon Acidity

The experimental results, especially those
dealing with water-extractable acidity, lead to
the conclusion that 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
orbound. 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 vuleanization of rubber and the dry-
ing of paints.

If, however, these carbons are immersed in
a neutral salt solution instead of in distilled
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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. It is believed, howe'v.er,
that the range (pH 2.6 to 10.6), continuity, and amenability
to artificial control of the colloidal carbons here described are
unique.

pH Properties and Electrical 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 }rmnersed
in water these particles, by adsorption of hydroxyl ions, take
on a negative charge. The reversal in charge of sugar chars
reported by Kruyt (3) when the material had been heated to
1000° C., together with the change in adsorptive activity to-
wards sodium hydroxide solution, may be xtegayded, m.the
light of data presented here, as an isolated pom't in a contu}u—
ously varying sequence of adsorptive properties, deper_ldlpg
on the surface structure of the material and reflected in its
PH values.

pH Properties and Combined Oxygen

The chief ingredient in the volatile matter from carbon
black is oxygen in the form of carbon ox1d§s (2). After re-
moval of volatile matter, elementary analysis shows t}‘mt fghe
change in composition consists essentially in the 1_311m1nat10_n
of oxygen and, along with it, of carbon (10). The inference 1s
that the bulk of the oxygen content of a carbon can be re-
moved only in the form of carbon monoxide and carbon di-

2 4 6 8 10= |2 14
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oxide, and that it is combined on the surface of the carbon
particle in thie form of a complex which has been described by
Rhead and Wheeler (4) as C,0,.

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 C,0, complex associated with the pure carbon.

Removal of oxygen decreases the adsorptive activity of
carbon toward alkaline substances and instead induces a
selective 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 thermal-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 earbon family
are characterized by alkaline or high pH values (provided that
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 matter 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 C,0, radicals.

pH Properties, Combined Oxygen, and
: Dispersibility

Reference has been made to the fact that the low-pH car-

bons retard vuleanization of rubber and drying of paints and
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enamels. It must, however, be kept in mind that 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 that raising the pH of rubber carbons by means
of heat treatment, 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.0O, and Reinforcement of Rubber

If there is any merit in the hypothesis (6) that 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 C:0,
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 50u (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 that 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 fatty acids in the dispersion of carbon in rubber
is now recognized as important (Z, 6, 9). The higher the
C:0, 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). It would thus
seem that the C:0, 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
thf: .a.vailable content of fatty acid or its equivalent, in the
mixing.

pH-C.0, and Paint Vehicles

The considerations respecting rubber apply with added
force to many paint and ink vehicles. This derives from the
fact that here mechanical work plays a relatively minor role,
with the result that the attainment of complete colloidal dis-
persion necessitates the highest degree of compatibility be-
tween carbon and vehicle.

The heat bodying of linseed oil #n vacuo leaves the dispersing
characteristics of this widely used vehicle in a comparatively
low state, whereas 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:0,, or low pH, in the carbon with which
it is ground.

VOL. 29, NO. 8

The conclusion is inescapable that ease of dispersion, high
“fAow” 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 that 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 (2.6 to 3.0) carbons in ink and paint
may involve retardation in drying, just as those rubber car-
bons with lower pH values retard vulcanization, so that 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 wide range of pH values are
already available, so that 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,! S. LAWROSKI, anp M. R. FENSKE
The Pennsylvania State College, State College, Pa.

SINGLE-TURN helix packing material for distillation
A 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 !/s to 1/; 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
3/s 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 ¥/3-inch 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 Present address, Standard Oil Development Company, Elizabeth, N. J.

TasLe I. EFFICIENCIES OF */p-INcH SINGLE HBLIXES IN A
Coruomy witTH 0.79 INcH INSIDE DIAMETER AND 23.5 INCHES OF
PACKED SECTION

No. of

Time Theoretical
Test . between Rate of —-n-Heptane—  Plates in

No. Tests Boiling Distillate  Still Column H.E,T.P.b
Hours Cec./hr.® Mole per cent In Cm.
Column Started with Packing Dry o

1 4 430 54.2 31.2 14.0 2Lt 4.
2 1 430 51.4 32.3 11.5 2101 =531
3 2 690 50.5 31.2 12.0 15965550
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
Column Deliberately Flooded e

6 2.5 5 55.5 27.3 18.0 1.3 3
7 2 ;go 56.0 27.0 18.5 1:25% 01352
8 2.5 340 60.3 25.5 22.0 1.05 2.7

Column Shut Down and Let Stand Overnight to Dry Packing; Restarted
and Deliberately Flooded

9 3.5 1350¢ 54.7 29.0 16.0 1.46 3.7
10 4 800 54.9 27.3 17.5 1.35 3.4
1 2 300 62.3 27.0 22.0 15051000217
12 2 360 61.7 26.2 225 1.05 2.;
13 5 1140 53.6 24.9 18.5 15250 @3¢

Column Shut Down and Let Stand Overnight to Dry Packin%; Column
Restarted and Packing Wet by Pouring Liquid in from Top

i 4 600  55.5  29.5  16.0  1.45 3.7
15 1.5 780 56.8 28.7 17.5 1.35 3.4
Column Shut Down and Let Stand Sevgrz:il Days; Restarted and Deliberately

4 Floode
16 3.5 5 55.2 29.2 6.0  1.45 3.7
17 2 ;58 58.7 29.0 18.5 125 + 3.2

Column Shut Down and Let Stand Overnight to Dry Packing; Restarted
and Deliberately Flooded
20.5 1.15 2.9

18 2.5 800 60.6 27.6
19 5.5 880 60.6 27.6 20.5 15158 219

Column Shut Down and Let Stand Overnight to Dry Packing; Restarted
with Packing Dry
14.5 1.8 4.1

20 4 940 50.0 27.6

¢ The actual measured rate. ;
eight equivalent to a theoretical plate.
¢ At higher rates the column 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.
Bach 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 111 inches (282 cm.). The test liquid was a binary
mixture of n-heptane and methylceyclohexane; alpha = 1.07
(1). All tests were at 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 methyleyclohexane
or the distillate toolean. The rate of distillation was measured
by opening the take-off stopcock and timing the condensate

TasLe II. EFFICIENCIES OF 3/p-INCH SiNGLE HELIXES IN A
Coromy wiTH 0.79 INcH INSIDE DIAMETER AND 111 INCHES OF
PackeD SECTION

- No. of
Theoretical

Time
Test between Rate of —n-Heptane~—  Plates in
No. Tests Boiling Distillate  Still Column H.E.T.P.
Hours Cec./hr.®  Mole per cent In. Cm.
Column Started with Packing Dry
1 4 1200 90.3 15.5 58 1.9 4.9
2 5 120 - 89.6 15.5 57 1.9 4.9

Column Shut Down and Left Overnight to Dry Packing; Restarted and
Deliberately Flooded

3 6 1260 95.8 7.4 84 1.3 3.4

4 2 1260 97.4 5.0 97 1.1 2.9

5 5 660 97.2 3.7 100 1.1 2.8

6 5 280 96.9 3.4 100 1.1 2.8
Column Shut Down to Allow Packing to Dry; Restarted with Packing Dry

7 6 770 60.9 4.8 51 2.2 5.5

Column Shut Down to Allow Packing to Dry; Restarted with Fresh Binary
Solution and Packing Dry

8 8 880 70.4 14.0 39 2.8 7.2
9 10 900 68.6 10.5 43 2.6 6.6
10 5 900 67.4 10.5 42 2.8 6.7
11 6 1020 63. 6.6 47 2.4 6.0
12 7 1000 58.0 6.6 44 2.5 6.4
: Column Deliberately Flooded v
13 9 92! 79.9 2.2 77 1.4 3.7
Column Shut Down to Allow Packing to Dry; Restarted and Deliberately
Flooded
14 9 960 99.9 8.8
15 2 900 98.8 6.9 103 151 2.7
16 7 860 98.8 3.8 113 1.0 2.5
17 3 1080 95.4 212 101 171 2.8
18 5 1260 89.0 0.8 102 121 2.8

& Actual measured rate.

957
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TasLe III. PressurRe DRoOP FOR 3/p-INcH SINGLE HELIXES IN
A Corumn witH 0.79 IncH InsiDE DIAMETER AND 111 INCHES OF
PACKED SECTION

Rate of Boiling® Pressure Drop Rate of Boiling® Pressure Drop

Ce./hr. Mm. Hyg. Ce./hr. Mm, Hg
580 11 900 18
624 14 1000 22
780 21 1120% 28
810 19

a Actual measured rate for n-heptane—methylcyclohexane mixtures at
total reflux. | : 3
b This rate is approaching flooding.

for one minute. This 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 that 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.

VOL. 29, NO. 8

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 ce. per
hour, and in the 111-inch column, 1260 cc. with n-heptane-
methyleyclohexane 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 anD V. I. KOMAREWSKY
Universal Oil Products Company, Riverside, Ill.

merization, of olefinic hydrocarbons was described (3).

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
(1). The most interesting and important hydrocarbon sub-
mitted 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. em. 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 at 350° C. The cata-
lyst was prepared by mixing 1.5 parts of solid phosphoric acid

RECENTLY a new simultaneous reaction, hydropoly-

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:

Expt. 1 Expt. 2
Temperature, ° C. 250 300
Reaction time, hours 12 6
Isobutylene taken, grams 108.7 117.0
Liquid product obtained, grams 100.0 112.5
Isobutylene conversion, % 92 96
Pressure drop during expt., kg./sq. em. 36 35

The results of the investigation of the product of each ex-
periment are as follows:

Expt. 1 Expt. 2
Unsatd. content of product, %% 10 9
Octane fraction (b. p., 100-125° C.),

% of total liquid product 46 56
Octane No. of octane fraction 83% 84
Gases from the reaction, %:

Hydrogen 95.8 95

Butane 4.2 5.0

¢ Determined by sulfuric acid method.

b The fraction of this product boiling at 100~110° C. had an octane number
of 100. The comparatively low octane number (83) of the total octane cut
is probably due to the formation of isomeric octanes other than 2,2,4-tri-
methylpentane.

Literature Cited

(1) Ipatieff, U. S. Patents 1,993,512, 1,993,513, 2,018,065, 2,018,066,
2,020,649 (1935).

(2) Ipatieff and collaborators, Inp. Exc. CHEM., 27, 1067 (1935).

(3) Ipatieff and Komarewsky, J. Am. Chem. Soc., 59, 720 (1937).

ReceIvEp May 10, 1937. Presented under the title of **Hydropolymeriza-
tion" before the Division of Organic Chemistry at the 92nd Meeting of the
American Chemical Society, Pittsburgh, Pa., September 7 to 11, 1937.



ELECTRODE
POTENTIALS

Relation to Corrosion
of Alloys and Metals

in Liubricating Oils

FRANK HOVORKA
Western Reserve University,

AND JOHN K. ANTHONY

The Cleveland Graphite Bronze Company,
Cleveland, Ohio

Data are presented on the electrode
potentials of various bearing metals and
alloys in several lubricating oils. Poten-
tials were found to start at about 110° C.
in unstirred cells and at about 70° C.
in stirred cells. Voltage as high as 1.1
volts at 170° C. was found. Potentials
varied considerably with temperature.
A reversal of polarity was found in several
instances. The possibilities of correlat-
ing these potentials and their variations
with the problem of bearing corrosion are
discussed. It is pointed out that much
work is yet to be done before any definite
conclusions may be drawn.

ORROSION of metals dates from the time when man
C first prepared and used them. It is not t.he purpose
of this paper to discuss the various prevailing theories

of corrosion but rather to point out a possible factor .whlc'h
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.! The purpose of this xyork is to
determine (a) whether a measurable elec_tromqtlve force
exists, and (b) if it does exist, to measure it, using several
metals and alloys in different oils at various temperatures.
For example, in the automobile engine much work has tzeellz
done to explain and eliminate corrosion. However, Wor
thus far has not taken into consideration that each part 18
made up of various alloys or metals, and all of these parts
are connected in such a way as to form a network of elec-

wo years ago during

YA i i ibility wi t made about t .
suggestion of this possibility was first m: locelaads OBid:

a conference by Zay Jeffries, General Electric Comp{m.V,
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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
it 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 ¥. 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 ¥ may
serve as electrodes at 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.

Experimental Procedure

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. It was possible when: desired to hold the temperature
even at 170° C. to =0.2° C.

Tae CeLL. A Pyrex Flass beaker served as a container for the
cell. It 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

SEE{RER THERMOMETER STIRRER  HEATING ELEMENT
b e ] N
[
DEWAR
FLASK

ELECTRODES:

TEST OIL

“SBEAKER

OlL BATH

Ficure 1. DisGrAM oF CELL ASSEMBLY

by conduction of heat from the outside temperature bath. A
stirrer in the cell assured uniform temperature throughout. The
electrodes were agproximately 5 cm. long, 0.9 em. 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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TasrLe . ErFect oF TEMPERATURE ON RELATIVE Conpucriviry oF Oins N VArIous CELLS

Cell . —~ T °C. (First Cycle) T °C. (Second Cycle)—™——
140 155 170 155 140 140 155 170 155 14
Al ~—used oil-Cd-Ag * annealed 1.3 3.0 3.6 1.6 1.1 1.3 2151 3.4 3.1 247
Al ~—oil B-Cd-Ag* annealed 1.3 1.6 2.7 2.3 1.6 152 1.6 2.1 1.7 121
Al——oil A-Cd-Ag* annealed 1571 2.4 3.9 2.4 1.6 16208 3.1 4.1 3.9 1.6
Steel *—oil B-Cd-Ag~ annealed 151 132 2.9 1.9 1.2 1.3 2.2 2.8 2.3 1.4
Steel *—o0il B-Cd-Ag~ annealed 132 2.4 3.8 2.8 2.0 2.2 2.8 4.0 3.4 2.2
Steel *—used oil-Cd-Ag ~unannealed 2.0 4.1 6.1 3.9 3.0 3.3 4.7 8.5 6.7 5.2
Steel *-used oil-babbitt metal = 1.5 1.5 3.0 2.1 157, 1%1 157 3.6 3.4 1.9
Cu *—used 0il-Cd-Ag ~ unannealed 2.5 3.3 6.0 5.0 5.0 5.8 8.5 11.3 8.9 7.2
Steel +—used oil-Al~ 1.4 2.1 3.9 2.8 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 MaTeriALS. The oils used in this investigation -consisted

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.

TeE PoTENTIOMETER. 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

distarige. The potentiometer used was the Leeds & Northrup
type K.
%ONDUCTIVI’I'Y. The conductivity was determined at various

times in order to obtain a few comparative values. Two methods
were employed: (a) A direct current of 120 volts was passed
through a conductivity cell, and the resulting amperage was
determined. (b) A regular Leeds & Northrup I‘[){ohlrausch
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).
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Ficures 2 1o 5. DarA oN AvuvMiNUM-OrL-CapmiuMm-
SiLver CeLLs

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 flc))r 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

TasLe II. OiL CONSTANTS

Oil A Qil B Used
Oil A (Oxidized) Oil B (Oxidized) Oil
Gravity at 60° F., °A. P. I. 27.7 27.3 29.4 28.1 26.8
Flash point, ° F, 440 445 435 440 240
Fire point, ° F. 505 500 495 500 360
Saybolt Universal viscosity,
s€c.:

100° F. 439 547 445 605 431

210° F. 65 67 66 73 64
Viscosity index 116 106 116 109 115
Carbon residue, % 0.50 0.60 0.20 0.30 0.91
Sediment, % 0.24
with oxygen. This was accomplished by bubbling oxygen

through the oil for 24 hours at about 170° 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.

Procepure. 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 cyclesg that is, the oil was (a)
heated from room temperature to 170° C. or above, (b) cooled
toroom 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.

Results

To simplify the discussion, the more important data were
graphed using only the electromotive force a.nd 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, but the second cycle is designated by a

broken line; its electromotive force on heating appears on
the right and that of the cooling appears on the }eft 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 spveral ways.
For convenience, various electrode systems will be taken
individually at 170° C. Equilibrium conditions are probably
most easily attained, at this temperature, partly because
of low viscosity and partly because of higher conductivity
conditions prevailing.

The cell pa.luminuxgn—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 when stirring is not empl.oyed- b

In the cell cadmium-silver—oil-steel (Figures 6 to 8_) the
cadmium-silver was negative; in the cell used for Figures
2 t0 5 it was positive. Since the unannealed electrodes were
heated to 170° C. during the first cycle, they should be con-
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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 was 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 was obtained
for the cadmium-silver-oil-cadmium-gilver 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.

TasLe III. ELeEcTROMOTIVE FORCE OF UNANNEALED CAD-
MIUM-SILVER ALLOYS AGAINST STEEL IN Usep OrnL AT
VAR10US TEMPERATURES

Time Temp., ° C. E. M. F. Time Temp., ° C2 E. M. F,
7:40 A, M, 20 2:00 p. M, 29
7:50 60 2:08 59
8:02 75 0.30 2:13 76 0.314
8:13 90 0.359 217 89 0.372
8:19 100 0.356 2:24 99 0.366
8:24 109 0.357 2:29 109 0.347
8:29 120 0.337 2:35 120 0.347
8:35 129 0.336 2:40 129 0.356
8:43 139 0.385 2:47 139 0.364
8:50 150 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 4:22 122 0.217

10:04 123 0.342 4:37 112 0.191
10:17 113 0.331 4:54 102 0.181
10:34 103 0.322 5:10 91 0.170
10:51 93 0.313 5:24 80 0.175
11:10 83 0.300 5:34 71 0.18
1121 73 0.249 5:50 61 0.18
11:31 64 0.22 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.

When 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 was
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 at 170° C., but the conductivity in
C oil was about ten times greater than that in D oil. In A
oil, on the other hand, the conductivity was about twice
as great as in C oil.

Discussion of Results

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 at lower than at higher temperatures. At corre-
spondingly high temperatures the electromotive force of a
single-cycle run agreed usually well with that of a two-
cycle run.  This is probably due to high diffusion when the
viscosity is low at high temperature.
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In almost all of the single-cycle runs the electromotive
force started and stopped approximately at 115° to 120°C.
However, in the case of two-cycle runs the electromotive
force appeared at 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. It was
found that 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, ete. Since the amount of chemical
reaction is proportional to the amperage it is possible to have
(@) a high electromotive force and low amperage and (b) 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 that the electromotive forces were nearly
equal. This means a decrease in resistance which results
in higher conductivity (Table I). This property ought to

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 apt 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 that are easily canverted 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 that Wawrziniok [ Automno-
biltech. Z., 35, 428-30, 6001 (1932); Chem. Abstracts, 27, 407,
11534 (1933)] published some work on “Corrosion of Auto-
mobile Engine Parts Caused by Lubricating Oils,” in which
it is claimed that “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 that his results are of the same order as the present
ones.

REece1vep November 18, 1936.



AUGUST, 1937 INDUSTRIAL AND ENGINEERING CHEMISTRY 41

DON'T" KILL 'EM ~»STUN EM

You can poison the uhm*in cracked gasoline with 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 with them

That’s mighty expensive It's better just to stun them

That’s what the chemical sergeant does He marches in when
the job is too tough for the chemical cop He paralyzes the uhm
and the om™ in the air so they can’t get together and form gumbugs
"The molecules come to later and do their proper work in the engine

The chemical sergeant saves the cost of acid, saves loss of gasoline,
preserves anti‘knock value

Saves you money

*uhm Unsaturated hydrocarbon molecules
**om Oxygen molecules

Universal Oil Products Co Z313
Chicago, Illinois "w

Copynight 1937 Universal Oil Products Co

Dubbs Cracking Process

Owner and Licensor




MARKET REPORT

These prices unless otherwise specified are those prevailing in the New

July, 1937

York market, July 15, for commercial grades in carload quantities.

Acetaldehyde, drums, ¢/1., wks...... 1b.
Acetaldol, 50-gal. drums........... 1b.
Acetamide, tech., ¢/l., drums....... 1b.

Acetanilide, U. 8. P., powd., bbls.. . .lb.
Acetic anhydride, drums, frt. allow ed 1b,
Acetone, drums, wks.,c/l.,frt.allowed.lb,

Acetphenetidin, bbls............... 1b.
Acidi abietio: o st e S 1b.
Acetic, 28%, ¢/1., bbls.. 100 Ibs,
56%, c/l., bbls.. . 100 1bs
Glacial, ¢/l., drums....... 100 Ibs.
Glacial, U, 8. P., ¢/l., carboys
...................... 100 lbs.

Acetylsalicylic, U. S. P., bbls.....lb.
Anthranilic, tech., bbls..
Benzoic, tech., bbls ..............
Borice; tech=bblaiael oo iy
Butyric (99%), drums, wks
Chloroacetic, mono-, tech., bbls.,

M A i A D b
Chlorosulfonie, drums, wks....... 1b,
Chromic, 99%, drums........... 1b.
Cinnamic, bottles............... 1b.
Citrie, U. 8. P,, oryst., bbls...... 1b.
Cresylic, H. B., c¢/l., wks., frt.

equal, drums .o TR gal,
Formic, 90%, cbys., N. Y.. s:1bs
Furoic, tech., drums............. 1b.
Gallie, tech., bbls
Hy:bblssrwlka s tiinep o it maa:

Hydriodic, 57%, b .
Hydrobromio, 10%, U. 8. P., cbys.,
1b.

Hydrochlorw, 20°, tanks, wks.

........................ 100 1bs.
Hydrofluorie, 30%, bbls., wks....lb,
80%; bblsipwkei it el 1b.

Hydrofluosilie, 35%, bbls., wks....lb.
Hypophosphorus, 30%, U S. P, 5-
b.

gal i demis R e et 1
K ooh} bbla. Lty T 1b.
Lactic, 22%, dark, bbls...... 100 1bs.

449, light, bbls.. wks.....100 Ibs.
Linoleio, drums. ..o .. i,
Maleic, powd., drums
Mixed, tanks, wks...........

Naphthenic, S. V. 120-200, drums.lb.

Naphthionic, tech., bbls.......... 1b.
'Nitric; ol 2} lebysit i ntina st 1b,
Nitrie, 36°, o/l.. cbys., wks...100lbs,
Oxalic, bbls., Wks....ovuivenosns 1b.
Phosphoric, 50%, U. S. P........ 1b,
PIOrAIC, L OEE s s ers s aaias raiats 1b.
Pjerio)ibblate/lii oo Ton 1b,
Pyrogallic, tech., bbls............ 1b
Salicylic, tech., bbls............. 1b.
Sebacic, tech., drums............ 1b.
Stearic, d. p., bbls., ¢/l........... 1b.
Sulfanilic, tech., 250-lb bbls...... 1b.
Sulfuric, 66°, c/l cbys., wks., 100 lbs.
66°, tanks, wks ............... ton
802 tanks whke U oot .. ton
Oleum, 20%, tanks, wks....... ton
Tannig, tech., bbls............... 1b
Tartarie, U. S. P., cryst., bbls....lb
Tungstic, tech., kegs............. 1b,
Valeris, c. p., 10-1b. bot.......... 1b.
Alcohol, ethyl from molasses, 190
Pproofbbla. it C o e ey gal.
Amyl, from pentane, tanks....... 1b.
Secondary, tanks.............. 1b.
Butyl, drums, o/l., wks., frt. al-

lowed....... R taeslbe

Diacetone, tech., o. 1., drums. e
Furfuryl, tech., 500-1b. drums, o/1. ]b
Isoamyl,‘drums.. 000 R 1b.
Isobutyl, ref., drums............ 1b.
Isopropyl, ref., 91%, drums, frt.

allowed iR vl ViR gal.

15.
120
18.

>~

Wood, see Methanol
Aldol, 95%, drums, ¢/leeeceeevesoss 1b.
Alpha-naphthol, bbls.............. 1b.
Alpha-naphthylamine, bbls.,.......lb.
Alum, ammonia, lump, bbls., wks.

........................ 100 lbs.
Chrome, casks, wks......... 100 lbs.
Potash, lump, bbls., wks....100 lbs
Soda, bbls., wks........ 100 1bs

Aluminum, metal, N, Y............ 1b.
Chloride, anhyd., commercial,
wks., drums extra, ¢/L.......... 1b.
Stearate, 100-1b, bbl.......ovunn. 1b.
Sulfate, comm’l, bags, wks., frt.
BQUALT St sl slereeare 100 1bs.
Iron-free, bags, wks....... 100 Ibs.
Aminoazobenzene, 100-1b. kegs..... 1b.
Ammonia, anhydrous, cyl., wks.....lb.
50,000-1b., frt., tanks, wks........ 1b.
Ammonia,- aqua, 26°, tanks, wks.,
ocontained NHG 500 iTTooNTT. Ib.
Ammonium acetate, kegs.......... 1b,
Bifluoride;ibbls it D st 1b.
Bromide;:bbls:t i s ot oL 1b
Carbonate, tech., bbls............ 1b
Chloride, gray, bbls......... 100 lbs

Lump,easks e Uil sk 1b.
Todide, 25-1b. jars......ocvuveunn 1b,
LinoleAte, tbbla Tt Breset s 1b.
Nitrate, tech., cryst., bbls........ 1b.
Oleate; bbledfs Bv S ce e ot 1b.
Oxalate, kega. . i i oosiion. 1b.
Persulfate, cases.......ovvevunns 1b.
Phosphate, dibasic, tech., bbls.. . .lb.
Stearate, anhyd., drums......... 1b.
Sulfate, bulk, wka....covvnnennn ton

Amylene, tanks, Wks.....oveveniann 1b.
Amyl acetate, tech., from pentane,
tanks, frt. allowed .. .0 L0030 1b

Chloride, normal, drums, wks....lb.

Chlorides, mixed, tanks, wks.....lb,
Mercaptan, drums, wks...... .1b.
Oleate, 1. c. 1., drs., wks... ..lb.
Stearate, 1. o. 1., drs., wks........ 1b.
Aniline oil, drums...........0000nn 1b.
Anthracene, 80-85%, casks, wks....lb.
Anthraquinone, subl.,,bbls.......... 1b.
Antimony, metal.....co0oevvnennnn 1b.
Chloridescbysiii, ot il 1b.
Oxide, bbls., ¢/l ..1b.
Salt, dom., kegs. ... = 1b:
Sulfide, golden, bbls............. 1b.
Arsenic, metal, kegs....oovvvinanan 1b.

Red, kegs, cases......ccovvveunsn
White, ¢/l., kegs

Barium carbonate, bbls. bags. wks..ton
Chloride, bbls., wks.......vunn. ton
Dioxide,drs; wka.s iR niin s veien 1b,
Hydroxide, bbls. o i o 1b.
Nitrate;, caskalitn s ias v vant 1b.

Thiocyanate, 400-1b. bbls........lb,
Barytes, floated, 350-1b. bbls., wks..ton

Benzaldehyde, tech., drums........ 1b.
Benzidine base, bbls............... 1b.
Benzol, tanks, Wk8......e0neannn gal.
Benzoyl chloride, drums........... 1b.
Benzyl acetate, F. F. C., bottles....lb.

Chloride, tech., drums........... 1b.
Beta-naphthol, bbls.....c..covunnnn 1b.
Beta-naphthylamine, bbls.......... 1b.
Bismuth, metal, cases............. 1b.
Bismuth, nitrate, cases............ Ib.

Oxychloride, kegs......ccvevvunnn 1b.

Subnitrate, 25-1b. jars........... 1b.
Blanec fixe, dry, bags,¢/l........... ton
Bleaching powder, drums, wks..100 lbs.
Bone ashs kegat o e ce e e 1b.
Bone black, bbls...ccooviiiiiinann 1b.
Borax, bagsio@ i it ano et ton
Bordeaux mixture, drums.......... 1b.
Bromine; CR8eS iiaa sas s aisatssisinnos 1b.

(Continued on page 44)
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Bromobenzene, drums............. 1b.
Bromolorm, AT R e 1b.
Butyl acetyl ricinoleate, drums..... 1b.
Acetate, drums, c/l., frt. allowed. .1b.
Aldehyde, drums, c/l WS S 1b.
Carbinol, norm., drums, WS e 1b,
Carbinol, sec., Wk8...coceevasvaas 1b.
Liactate, drums: et Sl oo s 1b.
Oleate, druma.. 0 Sl il v iois 1b.
Stearate, drums.......o0uvvennn. 1b.
Butyraldehyde, drums, wks......... 1b.
Cadmium, metal, cases............ 1b.
Bromide, 50-1b. jars............. 1b,
Bulfide;iboxestisoian s it ee S De
Cafieine, U. S. P., 5-1b. cans....... 1b.
Calcium acetate, bags......... 100 1bs.
Arsenate, bbls...iii o il 1b.
Carbide; drumsi itogiii Lo, 1b.

o] ) R e N e S S SO0 1
Chloride, bags, flake, ¢/1., deliv.. .ton
GluconatetUsSEP T Ao o Ib.

4TS R S e AR 1b.
Phosphate, monobas., bbls........lb.

Tribas: X bbls e s s s 1b,

Calomel, 100-lb. drums........... 1b.
Camphor, Jap., slabs.... s

Carbazole, 70-80%, bbls...
Carbon bisulfide, drums, o,

Carbon black, bags, ¢/l............
Carbon dioxide, lig.,, eyl...........
Carbon tetrachloride, drums........ 1b.
Casein, stand, gr., bbls............. 1b.
Cellulose acetate, bbls,.......cuunn 1b.
Cerium oxalate, kegs.............. 1b.
Charcoal, willow, powd., bbls....... 1b.
China clay bulkiisiis ool i ton
Chloral hydrate, drums............ 1b,
Chlorine, ligi e/l oyl X o Jiing 1b.
Chlorine, tanks.....c.eoveeesns 100 lbs.
Chlorobenzene, mono-, drums...... 1b.
Chloroform, tech., drums.......... 1b.
Chromium acetate. 20° soln., bbls.. .1b.
Coal tar, bbla., wks.. . oo oaiveaaiian bbl.
Cobaltioxide, bbls oot Tiiiii sl 1b.
Copperas, ¢/l,, bulk.............. ton
Copper, metal, elec.....cvess.. 100 1bs.
Copper carbonate, bbls., 52/54%,...1lb
Chloride, bblsstiim il gan i 1b
Cyanide; drams il srasmaii
Oxide, black, bbls.c..oioiaaean..
Sulfate, ¢/l., bbls,...........
Cotton, soluble, bbls...
Cream of tartar, bbls s
Crotonaldehyde, drums, ¢/L......... 1b.
Cyanamide, bulk, Atlantic ports......
.................... Ammonia uni
Diaminophenol, kegs......covveuann 1b.
Diamylamine, drums, o. 1., wks.....lb.
Diamylene, tanks, wks........ ..1b.
Diamyl ether, drums, wks..... .1b.
Diamyl oxalate, lc-l., drs., wks...... 1b.
Diamyl phthalate, tanks...........
Diamyl sulfide, drums, wks.........
Dianisidine, bbls.. 0 l0 Ciiic il

Dibutoxyethylphthalate, wks., drums :
Dibutyl ether, drums, wks......... .
Dibutyl phthalate, drums, w.

allowed s oot it ot BRCsR 5
Dibutyl tartrate, drums..... St 1b.
Dichlorethyl ether, drums, ¢/1., wks. .1b.
Dichloropentanes, tanks, wka....... 1b.
Diethanolamine, drums, wks........ 1b.
Diethylaniline, drums............. 1b.
Diethylene glycol, drums, wks...... 1b.

Monobutyl ether, drums, wks....lb.
Monoethyl ether, drums, wks.....
Diethylene oxide, drums, wks....... 1b.
Diethyl carbinol, drums, wks.......
Diethyl phthalate, drums.......... 1b.

* F. O. B, destination.

.31



A

=

AUGUST, 1937 INDUSTRIAL AND ENGINEERING CHEMISTRY 43

i m1|n|lthullnu[gnhm@nhlu@mmigulnuh:@=

)Mw@nmu

CONCRETE

The magic of industrial construction creates a steady
call for concrete. Mammoth 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 &E S

closely associated with the cement and allied industries. Ly K '?;\
Its reliability in analysis and control protects vast in- o =
vestments in crude materials and assures a finished prod-
uct of great service to industry. Blue Line Exax s
ware is retested and annealed (strain-free). Its brilliant ey S e

BLUE LINES are fused-in for durability.
Wherever control and research are involved—in chemi-
cal fields, in clinical or medical institutions, in biological
and bacteriological work — Blue Line Exax Glasswareis the
laboratory standard for accuracy, service and assurance. w

Stocked by leading Laboratory Supply Houses
throughout the United States and Canada

s

e » s The Visible Guarantee of Invisible Quality o o o

R

KIMBLE GLASS COMPANY - ... VINELAND, N. J.

NE W YORK--CHICAGO-oPHILADELPHIA'-DETROIT.-BQSTON




MARKET REPORT (continued from page 42)

Diethyl sulfate, tech., drums, wks...lb, %13

Diglycol oleate, light, bbls......... 1b. .24
Dimethylamine, pure 25.40% sol.—

100% beasis, drums.....coevevnnn 1b. .95
Dimethylamine. frt, allow ed E. Mms.,

drs., 0. e 1ble217 00,
Dxmethylam]ine. drums ............ 1b. .26
Dimethyl ethyl carbinol, drums, wks.lb, .60
Dimethylsulfate, drums............ 1b. .45
Dimethyl pbthalate, drums, wks., frt.

Allowed i e sis cialsis sieliioie's s sioeinis 1b. 21
Dinitrobenzene, tech., drums.......lb. .16
Dinitrochlorobenzene, bbls.........lb. .16%4
Dinitronaphthalene, bbls........... 1b. .35
Dinitrophenol, bbls.....o..vunn. e1b, .23
Diphenyl.......... RGOS .15
Diphenylamine, bbla e s et aTale ety 1b. .31
Diphenylguanidine, bbls............ 1b, .35
Epsom salt, tech., bbls., ¢/1., N. Y.

.......................... 100 1bs, * 1.90
Ether, conc., drums........... sl Lo .09
Ether, nitrous, bot................ lb. 75
Ethyl acetate, 85-88%, tanks, c/l.,

wks., frt. allowed..c..oovveen 1b. 0634

Acetoacatate, 110-gal. drums, wks.,

fri.allowed e aa e siit i v nies 1b. 2734

Bromide, drums.......covueuns .1b. .50

Carbonate, 90%, 50-gal. drums. .gal. 1.85

Chlorcarbonate, carboys......... 1b. .30

Chloride, drums.....coveveeeess 1b. .22

Ether, absolute, 50-gal. drums. . ..lb. .50

Formate, 1. ¢. 1., drs., frt. allowed .1b. .31

Methyl ketone, drum ........... 1b. .07
Ethylbenzylaniline, 300-1b. drums...lb. .86
Ethylene dichloride, drums, wks

frécallowed . e i ieee e 0534
Ethyleneohlorobydrm, anhyd

Arums Wk ClTa s aels e s o b. .75
Glycoli o/l wka L it h s 1b. .17

Monobutyl ether, drums, wks....lb. .20
Monoethyl ether, drums, wks.....lb. .16
Monoethyl ether acetate, drums,

WKE L T o siis e s s xleidls s e 1b. .14
Monomethyl ether, drums, wks.. .lb, .18
Oxide, oylinders, wks.e..vvvvnnns 1b, .50

Feldspar;ibulk e/ ses « s aaisiols's s ton 11.00

Fluorspar, 98%, bags...ccveevve.. ton nom,

Formaldehyde, bbls......covvuunnnn 1b. L0534

Formaniline, drums.......... snaenlbs L3734

Fuller's earth, bags, ¢/1., mines..... ton 10.00

Furfural, drums, tech., contract,

WO S e e et € als oale e ilbs .10
Glauber’s salt, bbls......... ...1001bs. 1.05
Glycerine, C, P., drums.......... ..1b. .22
Glyceryl phthalate, drums......... 1b. .30
Glycol phthalate, drums....... Gadlon 29

Btearatsldruma s ittt it oo 1b. .23
QG salt, bbls............ S GO R 1b. .45
Hexamethylenetetramine, tech.,

WIS 2% oialo%s e o olnis s els’e ola s atere olble ks .35
Hydrogen peroxide, 100 vol., cbys.. .lb. .20
Hydroquinone, kegs....oovvuvavsan 1b. .90
Indigo, synth., hq sy DDIBFERE TSR o 1b. .1834
Todine, resubl., jars......co0uuennn ]b. 1.50
Iron acetate, liq., 17°, bbls., c/l .03
Iron chloride, cryst., bbla ........... lb. .05
Isobutyl carbinol (128—132° C.),

O Y s S A0 SO0 1b. .32
Kieselguhr, bags, Pac. Coast, wks...ton 22.00
Lead, metal, N. Y............lOOlbu. 6.00
Lead acetate, drs., white........... 1b. L1334

ATBONALENATE ¢ 55 e e sl loials anlix 1b. 1134

Oxide, litharge, bbls., 20-ton lots. .1b. 0734

Peroxide, drums........ O 1b. .46

Red, bbls., 20-ton lots..eeueu... 1b. 0834

Sulfate, bbls........... +1b; 07

White, basic carb., bbls, Salbe 0734
Lime, hydrated, bbls.......... 00 1bs. 85
Lime, live, chemical, bbls., wks.

.................. ..2801bs. 1.70

L:thopone. ) s A R s S s 1b. L0414

Magnesite, calcined, 500-1b. bbls.,

B e e e e e laraiins
Magnesium, metal, wks.

Magnesium carbonate, bags........ 1b, L0614
Chloride, drums....cceevevenns. ton 39.00
Fluosilicate, cryst., bbls.......... 1b. .10
Oxide, U. 8. P, light, bbls.. ...... 3

Manganese chloride, bbls........... ;
Dioxide, 85-90%, bbls...... 3
Sulfate, casks........0vuuenn s .

Manitol, pure, cryst., cs., wks...... Ib. 1.48

Mercury bichloride, cryst., 1001bs...1b. 1,22

Mercury, flasks, 76 Ibs.. ... ... flask 95.00

Meta-nitroaniline, bbls,............ 1b.
Meta-phenylenediamine, kegs...... 1b.
Meta-tolylenediamine, bbls.........lb.
Methanol, pure, synthetic, drums,

wka., frt. allowed, ¢/l......... gal,
Tanks, wks., frt. allowed........ znl.
Methyl acetone, tanks, wkas.,
allowed st aisish

Chloride, cylinders
Formate, l.c. 1., drs., frt. allowed. lb
Hexyl ketone, drs tech., wks.....lb,
Lactate, 1. o. ., drs., frt. allowed..lb.

Propyl carbinol, drums, wks..... 1b,
Salicylate, cases....ccevevennnens 1b.
Michler's ketone, kegs....coooveunn. 1b.

Monoamylamine, drums, . 1., wks..lb.
Monoethanolamine, drums, wks.....

Monomethylamine, drums.........
Naphthalene, crude. .. ........
Nickel metal: i o ctee ses onesios 1b.
Nickel salt, single, bbls............. 1b.
Double; bbla. s s s e e s 1b,
Niter oake, bulk i ricii oo dies ton
Nitrobenzene, drums.........o0vn. 1b.
Nitrogen solution unit. . unit
* Octyl acetate, tanks, wks tielbs
Oil,fcastor;ENo. 1L s oaaisae . G 1b,
China wood, bbls,....ccevvennnn. 1b.
Cooconutiitanksi oo ot v 1b.
Cod NGRS bbls il i oues v oy gal,
Corn, crude, tanks, mills......... 1b,

Cottonseed, oil refined, bbls......lb.
Linseed, boiled, bbls..... =

Menhaden, crude, tanks. ..gal,
Neat’s-foot, pure, bbls........... 1b,
Oleo,:No.:15 bbls.CC i tosioivins 1b.
Olive oil, denat., bbls,.......... K
Foots,ibbls. .. i iiaeesvenss
Peanut, crude, tanks............
Perillaydrums; . sl asitiieht
Rapeseed, denat., bbls...
Redibblssts it S
Soy bean, crude, tanks
Bperm, 882, bbla i il il Tt
Whale, bbls., natural, refined.....lb.
Ortho-aminophenol, kegs........... 1b.
Ortho-dichlorobenzene, drums...... 1b.
Ortho-nitrochlorobenzene, drums. . .1b.
Ortho-nitrophenol, bbls.....ovuuen. 1b.
Ortho-nitrotoluene, drums. vie's1Ds
Ortho-toluidine, bbls....... et s st 1b.
Paraldehyde, 110-50-gal. drums. . ..lb.
Para-aminophenol, kegs..cuveeuen.. 1b.
Para-dichlorobenzene.......... ntelbs
Para-formaldehyde, cases.......... 1b.
Paraldehyde, tech., drums...... salbl
Para-nitraniline, drums............ 1b.
Para-nitrochlorobenzene, drums....lb.
Para-nitrophenol, bbls............. 1b.
Para-nitrosodimethylaniline, bbls...lb,
Para-nitrotoluene, bbls,....... enicaa1D:

Para-phenylenediamine, bbls.......lb.
Para-tertiary amyl phenol, drums,
O/ W S i i an o s os ate o 1
Para-toluidine, bbls........ g
Paris Green, 250-1b, kegs..
Perchlorethylene, drs., frt.

Phenol,idrumss e i e e re 1b.

Phenolphthalein, yellow, drums.....lb,

Phenylethyl alcohol, 1-1b, bot....... 1b.

Phloroglucinol, teoh.. drums........ 1b,
C. P., drums..... Sheashs oo

Phosphorus, red, cases.....
Oxychloride, 175-1b. cylinders. . lb

Trichloride; oylii s ceaesin 1b.
Phthalic anhydride, bbls........... 1b.
Platinum, metal, solid.............

Potash, caustic, drums..

Alcatate keRs: it et vals e iasis b,
Bicarbonate, gran., bbls, A
Bichromate, casks.....

Binoxalate, bbls........ SR 1b.
Bromide s e st o e g
Carbonate, 80-85%, calec., casks..lb.
Chlorate, cryst., kegs............ 1b.
Chloride, crystals, bbls........... 1b.
Cyanide; cases il o i naote: 1b.
Meta-bisulfite, bbls.............. 1b.
Muriate, fert., bulk, per K:O unit. . .
Permanganate, drums........... 1b.
Prussiate, red, casks.. CeaneIby

Yellow, ca.ska ...... e e 1b.
Titanium oxalate, bbls e e 1D)
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Pyridine;idrums G a s st aiaioleas

Pyrocatechin, c. ., drums.. b
Resorcinol, tech., kegs......oovvun. 1
Rochelle salt, bbls., U, S. P....ven.. 1b.
Risalt, bbls/iii e aRni s SOTTC 1b.
Sacobarin, oans, it Lt venlbl
Saltreake bullele e sosis coithant

Saltpeter, gran., bbls.
Silica, ref., bags
Silver mtrate, 1
Soda, ash; 58%.l|ght bags, contract,

wks ....................... 100 1bs. 1.23
Soda, caustic, 76%, solid, drums,

contract, wks... .cioiciaven 100 lbs.  2.60

. Sodium abietate, drums............ .08

Acetate, flake, bbls.............. L0434

Alginate, drums..........cc0nues .69

Antimoniate, drs............ o A6

Benzoate, tech., bbls............. .40

Bicarbonate, bbls........... 1.75

Bichromate, casks........cvuvuun 1b. .065%

Bisulfite, bbls...........co0vanen 1b. .03%

Bromide, bbls,, U. 8. Pi......... 1b. .31

Chlorate, cryst., bags......ovvuun 1b. L0634

Chloride; bagsiliis BEiqi s ...ton 14.80

Cyanide, cases......... R1bl .16%4

Fluoride, bbls.........oovvennnn. 1b. 07Y%

Metallic, drums, 1214-lb. bnck.s .1b. .19

Metasilicate, cryst.......... 100 lbs. 2.75

Metasilicate, gran., bbls.....100 lbs. 2.15

Naphthenate, drums............ 1b. 12

Naphthionate, bbls.........ccuu. 1b, .52

Nitrate, crude, bulk, N. Y....... ton 26.50

Nitrite, bbls......... ..lb. .07

Perborate; bbla ooy it 1b. L1434

Phosphate, disodium, bags..100 lbs. 1.70

Phosphate, trmodxum, bbls...100 1bs. 2.05

Picramate, kegs....cvovevinennn. 1b .65

Prussiate; bbls} it tn ot ith. 1b. .10

Silicate, drums, tanks, 40°,. 100 1bs, .80

Silicofluoride, bbls.....vvveueanns 1b. L0534

Stannate, drums.......co000enes lb. .38

Sulfate, anhyd., bags ..1001bs. 1.45

Sulfide, cryst., bbls..... N T TaHi 1b. 024

Solid:6095E R SR e Lo .03

Sulfocyanide, bbls.......uvennn salbs .28

Thiosulfate, reg., cryst., bbls.....lb. .024

Tungstate, tech., kegs........... 1b. no prices
Strontium carbonate, pure, bbls....lb. .30

Nitrate,ibblal. . Fh oiisian s, 1b .073%

Peroxide, 100-1b. drums.. 1.25
Sulfur, bulk, mines, wk8....o00eu.. ton 18.00
Sulfur chloride, drums............. h .03
Sulfur dioxide, commerecial, eyl...... 1b. .07
Sulfuryl chloride, drums........... 1b. .10
Tetrachlorethane, 50-gal. drums. ...lb. .08
Thiocarbanilid, bbls......... i 1b. .20
A B B e e s S S F R R 1b. .60%%
Tin tetrachloride, anhydrous, drums,

bbls; bt e e raare e Tarelsrt 3 .30

Oxide, bblss st nnt el tealbl .58
Titanium dioxide, bbls., wks........lb. L1834
Toluene, tanks.. i i oosin et e, gal. .30
Triamylamine, drums, o. l. wks.... .lb. LS
Triamyl borate, 1. c. 1., drs., wks....l .27
Tribromophenol, c88€8...ceveessssn lb. 1.10
Tributyl citrate, L. . 1., drs., frt al-

lowed it s v s s b aaisie 1b. .45

Phosphate, l c. 1., drs., frt. allowed.lb. .50
Trichloroethylene, druma, wks., frt.

T b s s A S R PR 1b. .089
Tricresyl phosphate, tech., drs.....lb. 2434
Triethanolamine, drums, wks., frt.

Allowed F i e e e st .26
Tnhydroxyethylamme oleate,drums. lb .40

Btearate’ s itie o vosiainioists slpiers ol 1b. .35
Trimethylamine, drs., frt. allowed E.

Miss., c. 1. .1b.  1.00
Tnphenylguamdme. dnnm At b .58
Triphenyl phosphate, drums ........ 1b. .34
Tungsten, tech., powder........ ...1lb. nom.
Urea, orystals.. i o i iiaieacsees 1b. L0475
Vinyl chloride, 16-1b. cylinders..... b, 1.00
Whiting, bags............ A ton 7.00
Xylene, 10°, tanks, wks.ocovenoron gal. .30
Xylidine, drumsiiiae s e ssasis soiss 1b. .36
Zine, metal, E. St. Louis....... 100 1bs. 7.00
Zinc ammonium chloride, bbls......lb. .0465

Chloride, granulated, drums...... 1b. .05

Oxide, Amer., bbls......osseennss 1b. 06X

Perborate, 100-1b. drums......... b, 1.25

Peroxide, 100-1b. drums.......... Ib. 1.25

Stearate, bbls.......cveieennnns 1b. .20
Zinc dust, bbls., ¢/L...coieiunennn. 1b 0890
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G-E gear-motor, single
reduction unit

en . : Above is shown the planetary-type
; * = of transmission in G-E gear-motors.
g The even distribution of gear-tooth

pressure made possible by this design

BY using G-E gear-motors to drive the low-speed equipment assures long, "°“§|°‘f'“ operation.

in your chemical plant, you back up your production :
schedule in two ways: ey SET S S e
1. You save room, and thus can take full advantage of the floor space - ! : i

of your plant.

2. You get assurance of continuous operation over a long period of time. & ALL TYPES OF ELECTRIC EQUIPMENT
Easy to Install o FOR THE CHEMICAL '|NDUSTR|ES

As G-E gear-motors are compact units, little larger than stand-
ard motors, they can be installed easily and economically. They
are excellent drives for agitators, grinders, feeders, mixers, and
low-speed pumps, and for other low-speed applications, because
they operate smoothly and quietly, require little maintenance,
and will perform dependably for years.

b Ex‘plo:lon-prool control

Process timers

Their advantages result from their superior design. The helical-
gear, planetary-type of transmission makes possible the complete
utilization of space within the gear housing—an important reason
for their compactness—and, by distributing pressure on the gears
evenly, aids greatly in assuring long-time, trouble-free operation.

To Help Meet Your Needs

The G-E service organization, which covers every sectioq of ’Fhe
country, is prepared to help you with your motor application
problems. The G-E representative nearest you will be glad to
show you how G-E gear-motors can be successfully and profit-
ably applied in your plant. General Electric, Schenectady, Ny

Capacitors.

Switchgear

020-339

GENERAL 3 ELECTRIC
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LA s

That it is not unusual for us to produce an order
of sixty, seventy or a hundred duplicate tanks

We've a limited number of copies

with never a detail at variance, is significantly of our 32 page book of fabrications.
indicative of the skill and experience and facili- One is yours, upon request.
Write, NOW |

ties found in this shop. It is the reason why
your order, of any size, may be placed with
DOWNINGTOWN with every confidence of
delivery EXACTLY TO YOUR SPECIFICA-
TIONS.

Approved by '"Hartford” to Arc-Weld
A.SM.E. unfired pressure vessels, Par.
U 69-shell thickness up to and including
1.1 /%.

[JOWNEETOW

SECOND EDITION

SOLUBILITY of NON-ELECTROLYTES

By JOEL H. HILDEBRAND, Ph.D.

Professor of Chemistry in the University of California

HIS book is the outgrowth of many years of study of the problems presented by

the various phenomena of solubility. The publication in the first edition of
the earlier results of these studies seemed desirable in view of the importance
of the subject and the lack of any other comprehensive modern treatment. Its
cordial reception, the part it has evidently played in stimulating further researches
and the considerable progress made during the twelve years since its appearance
have supplied the motives for this new edition. During this interval the theory of
dipole moments has grown to maturity; the foundations of a general theory of inter-
molecular forces have been laid; several promising attempts have been made to deal
quantitatively with the deviations of solutions from the ideal solution laws, par-
ticularly for that class of solutions that have come to be known as regular; extensive
additions have been made to the body of data having theoretical significance. In
consequence of these developments, this Monograph has been almost entirely
rewritten.

. Chapter Titles: Introductory; The Ideal Solution; Deviations from Raoult’s Law—General;
Polarity; .Fogccs between Non-Polar Molecules; Solvation; Ionization and Association; Vapor Pres-
sure of Liquid Mixtures; Solubilites of Gases; Solubilities of Liquids in Liquids; Solubilities of
Solid Non-Electrolytes; Metallic Solutions; Partition of Solutions between Immiscible Liquids; Solu-
bility and Various Related Phenomena; Appendix; Author Index; Subject Index.

A.S. C. Monograph No. 17 203 Pages Illustrated : $4.50
REINHOLD PUBLISHING CORPORATION, 330 West 42nd Street, New York, U.S.A.
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assifiers

ARDINGE COUNTER CURRENT
W":“;ﬂﬁnm\,_ CLASSIFIERS assure you of out-
e standing results, in washing silt from

T Fiow o
Mo Hasn

grain, or making a clean separation in
particle size. And they save floor space,
last longer, and provide greater freedom
from contamination — with capacities
from 1 to 10,000 tons per machine per
day and particle sizes from 325 mesh

to 6’ lumps!

HARDINGE

ickeners

and Clarifiers .

g g o =Bl v 7 IMPLICITY itself ! No shaft to twist off under over-

{ load, or sleeve bearings 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, but attractively priced !

HARDINGE

. YORK, PENNSYLVANIA, Main Office and Works COM PA‘NY INCORPORATED

NEW YORK, 122 E. 42nd St. CHICAGO. 205 W, Wacker Drive SAN FRANCISCO, 501 Howard St. DENVER, 817 17th St.

ALDRICH

engineers can
design and build
to your specifications

CUSTOM BUILT
HIGH PRESSURE

Roots-Connersville
Positive Displacement
Pumps provide steady suc-
tion for wet or dry vacuum
processes at minimum cost
for power, maintenance,
and depreciation.

Yacuums to 26" Hg. Full
range of sizes.

“Tomorrow’s Engineering Approved Dby
Yesterday’s Experience.”

Write for information

THE ALDRICH PUMP CO.

Allentown, Penna.

----- 2 -

CONNERSVILLE
BLOWER CORPORATION

z CONNERSVILLE, IND- :




