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INTRODUCTION

Although the thickening of oils with and without
the presence of air and catalysts has occupied the attention
0f chemists for many years owing to its recognized industrial
importance, the sulphurization of oils has, on the other hand,
been practically neglected. Since sulpbhur and qxygen are
very similar elements, especially as regards the compounds
they form, it appeared that the changes taking place during
the sulphurization process would be analogous to those in the
oxidation process, and quite recently (1) this was shown to
be the case. The sulphurization process has the advantage
in that it takes place much more quickly, the setting-point
is more sharply defined, side-reactions occur to a smaller
extent owing to the lower temperatures used, and the experi-
mental conditions can be standardized more easily as a
definite quantity of sulphur can be added all at once whereas
oxygen or air can be introduced into the oifcgradually.

The object of the present investigation was to
study the effect of accelerators in the sulphurization of
0ils as it seemed likely to throw more light on the mechan-
ism of rubber vulcanization. Vegetable drying oils were
considered a satisfactory starting-point as they combine
with sulphur at comparatively low temperatures yielding a

substance of rubber-like consistency.



HISTORICAL

Vegetable 0ils are mixed glycerides of organic
acids, both saturated and unsaturated, and are usually
classified according to their power of setting to a solid,
without loss in weight, when exposed to the air in thin
films,

Three main groups are recognized: non-drying oils, e.ge
olive o0il; semi-drying oils, e.g. corn o0il; and drying oils,
@¢Ze¢ linseed and china wood oils. The drying properties

of the last group were considered due to the presence of a
considerable quantity of the highly unsaturated fatty acids,
namely, linolic and linolenic acids, but it has recently
been shown that the alcohol in combination with the fatty
aclds 1s very important as the methyl and ethyl esters will
not sete The drying of an o0il is due to its combination
with oxygen, but the drying is possible in any other atmo-
sphere which allows of combination with the gaseous medium
and coagulation of the product.

Although the drying properties of oils have been
found to depend upon their content of unsaturated acids,
and bence upon their iodine number, the latter is not always
a criterion of the rapidity of setting. China wood o0il
with an iodine number of 160-170 dries more quickly than
linseed 0il with an iodine number of 175-200, The iodine

number does serve to0 distinguish between the three main



classes of vegetable oils as non-drying oils have an
iodine number of 80-100, semi-drying oils from 100-120, and
drying oils over 120.

Owing to the complex nature of oils and the fact that
the composition depends on the maturity of the seed and the
place where it is obtained, only a few investigators have
attempted to determine their composition. Their work has
gerved to indicate the constitution of the unsaturated acids
which are found. Of the numerous possible isomers of oleic
acid depending upon the position of the double bond, the one
generally considered as being present in, say, linseed oil
is ¢

CHB.(CHz)v.ggzcg.(CH2)7.000H

Linoleic acid is gssigned the formula:

CH_.(CH.),.CH=CH.CH_.CH=CH. (CH )7¢COOH (2)

3 244312 21009 2
The formula given to linolenic acid by Erdmann, Bedford and
Raspe (3) is:

CH_ .CH_,.CH=CH.CH +CH=CH.CH OCH=CHO (CH ) OCOOHQ
3 2 16 15 2 13 12 2 10 9 2T

Linoleic acid absorbs four atoms of oxygen from the air
when exposed as a thin f£ilm, and is converted into a soligd
resinous substance (a linoxyn) whieh is insoluble in ether
(4) . No volatile products are formed. Coffey (5) showed

that linolenic acid absorbs nine atoms of oxygen to give a
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peroxide linoxyn and volatile products consisting of carbon
dioxide and acids (dcetic acid). His scheme for the oxidation
of linolenic acid is:

ClSHSOOZ 4+ 90— linoxyn + 002 + CHZCOOH + H20.

(volatile)
acids

When the oxidation of linolenic acid was carried out
with hydrogen peroxide or perbenzoic acid, Bauer and Kutscher
(6) found that the amount of oxygen taken up varies with the
experimental conditions. With hydrogen peroxide only part of
the double bonds disappear, the iodine number becoming 91.5
at room temperature and 55.9 at 100°C. In both cases molecular
weight determinations in benzene indicate that a bimolecular
compound has formed. Perbenzoic acid causes the linolenic
acid to become saturated, and the iocdine number falls to 3.45.
The ethyl ester of linolenic acid does not react with hydrogen
peroxide, and although perbenzoic acid does oxidise it the pro-
duct formed is monomolecular. Oleic acid and its ethyl ester
are not acted on by hydrogen peroxide, but perbenzoic acigd
causes the acid to absorb two atoms of oxygen per molecule with
increase in molecular weight, whereas the ethyl ester absorbs
only one atom of oxygen and remains a simple molecule .

Linseed 0il is considered to consist of mixed glycerides
of linolenic, linolic and oleic acids, together with glycerides
of the saturated acids, palmitic, stearic, and possibly small

quantities of myristic and arachidie. The following mixed



triglycerides have been identified and isolated in the form of
bromo-derivatives: -
(a) dilinolenylmonolinolyl glyceride,

=1inolyl)

c
H5(0L2)2 oL ]

3 (L§=1inoleny1.L

1

(b) 25 per cent. of the trilinoleic glyceride or an oleic-
linoleic~linolenic glycerids,

(c) dioleopalmitin (0.6 per cent.) (7)

Very recently Eibner, Widenmayer, and Schild (8) have isolated
dilinoleno-mono~olein. They also consider that dilinoleic-
monolinolenic glyceride is present. They believe that (a)
above is the chief drying constituent of linseed oil.

China wood oil, on the other hand, contains
glycerijes of A - and P - elaeostearic acids together with
small quantities of olein (10 - 15 per cent.) It is almost a
simple one-acid glyceride as compared with the mixed glycerides
of other drying oils. Elaeostearic acid (also called
margaric acid) was considered to be isomeric with linoleic
acid and given the formula:

CHz.(CH2)5.0H=CH.(CH2)2.CH=CH.(CHz)q.COOH.
14 13 10 9
Now,however, Boeseken and Ravenswaay (9) believe that the
elaeostearic acids have three ethenoid linkages and are
stereoisomeric with the linolenic acids, and in this way
they agcount for the great reasctivity of china wood oile. The

same duthors have shown that the A~ and B — elaeostearic
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acids are themselves steresoisomeric by determining their
molecular reactivity. By analogy with oleic and ela’idic acids

they are consijered to be bi-cis and cis-trans respectively.

HC.A HCW.A
Il I
HC. (CHg) 5+ CH HC. (CHy )54 CH
I i/
B .CH HC.B
Bi-cis form Cis-trans form

From spectographical observation of typical acids and comparison
of their absorption curves Manecke and Volbert (10) decide in
favour of the opinion that elaeostearic acid has three double
bonds, but have no definite information as to their conjugation.
The o{~ acid can be converted into the B- form by the

action of nitrous acid or by iodine and sulphur (11)

Drying at Room Temperature

On exposure to the air in thin films at room temperature
raw linseed 0il sets within 3-7 days to a smooth glossy f£ilm,
This relatively hard, tough, elastic substance is known as linoxyn.
The chief chemical changes which are apparent are: absorption of
oxygen, evolution of volatile decomposition products, drop in the
iodine number, increase in the amount of combined oxidized acids,
and increase in density. These changes depend upon the absorption
of oxygen, and it is found that there is a distinct induction
period.

The absolute changes that take place vary with the
conditions. Genthe (12) noticed that linseed o0il which absorbed

22.6 per cent of oxygen under ordinary conditions would absorbd



2548 per cent. when exposed to the light of a mercury vapor
lamp. At 95°Cthe gain in weight in air corresponded %o an
absorption of 26.8 per cent. whereas in an atmosphere of
oxygen 1t was 34.7 per cent. Por a rise of ten degress a
reduetion by a half in the time of drying was obtained.

Also the final hardening of the £ilm took place more rapidly
in dry air than in an atmosphere saturated with moisture
owing to the fact that in the presence of moisture there is
a second great rise in the weight time curve (13). This
gecond maximum is often greater than the first, whereas in
the presence of dry air it is usually slight or even entirely

lacking.

Effect of Driers

As has been mentioned before, there is an induction
period in the absorption of oxygen during tae drying of an oil.
Driers were found to remove this induction period, and also to
affect the percentage of oxygen absorbed and the f£inal behaviour
of the solid film. When 4riers are used the oxidation curves
do not run parallel to that for linseed 0il alone. Ingalls
obtained the following results with linseed oil £ilms (0,001~
0,003 inches thick) containing 2 per cent. of resinates of the
following metals.

Linseed o0il Mn Pb zn Ca Ca Pe Al Cr Linseed o0il
containing alone

Drying time 12 26 30 32 46 60 85 95 121
(hoars)

Percent&ge 1704 9.4 605 600 4,9 4,1 248 2.0 0.93



Marked variations are observed in the specific
astion of metallic driers. Manganese and cobalt are looked
upon as producing superficial oxidation, whereas lead driers,
although much slower in their action, favour the production
of a more uniformly oxidized f£ilm. Very small amounts of
manganese and cobalt (up to 0.2 per cent.) produce almost
maximaum acceleration, whereas in the case of lead and others
a much larger quantity of drier is necessary. Combinations
of driers, e.g. lead-manganese, are better driers than the
individual metals. The activity of lead driers is less
sensitive to temperature variations, whereas manganese driers
are peculiarly sensitive (14).
Recently it has been found that small quantities of
solid substances, which can have 1little or no chemical effect
on the properties of the f£ilm, nevertheless exert a strong
influence on the setting of the o0ils even in the presence of
metallic driers. Ortho-amidobenzoisc acid and salicylic acid
are such substances. They produce a softening action, and
also accelerate the rate of absorption of oxygen with consequent
reduction in the time of setting. This is especially noticeable
in the case of tung o0il, where the hardening is very slow indeed.
Rogers and Taylor (15) have found that substance such as
hydroquinone, beta-naphthol, and diphenylamine ast as inhibitors
in the oxidation of linseed 0il, and that they are more effective

at lower temperatures just as is the case with driers. They



believe that the inhibitor does not act solely by suppression
0f the catalyst but that both may exert their influence
independently.

The catalytic action of the metallic driers is considered
by Ingle (16) to be due to the formation of an intermediate
substance between the triglyceride and the drier, and this then
aids in the activation of the 0il or the oxygen or both with
formation of a peroxide of the oil. Carbon dioxide is evolved
from linseed o0il whether driers are present or not, but no
hydrogen peroxide is formed when driers are employed (17).

Rhodes and van Wirt (18) made a systematic study of
the influence of pigments in the case of linseed 0il. Their
action was found to be varied, some accelerating the setting
and others retarding it. In most instances they affected the
gquantity of oxygen absorbed and volatile products formed (generally
decreasing them), and sometimes reduced the period of induction.
As a whole the pigments were not found to act like true driers.

Prom an exhaustive investigation of the oxidized f£ilm
Ellis (19) confirmed Mulder's {20) work as regards the composition
of the oxidized film of linseed oil, and states that the formula
corresponds to a mixed glyceride containing two molecules of
linolic acid and one molecule of linolenic acide. This composition
does not correspond with that of Eibner obtained by direct analysis
of the oil.

The researches on the oxidation of linseed oil indicate

that the initially formed peroxide is not a permanent substance.
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Wolff, Borries, and Morrell (21) consider that it gives rise

to monoxides which polymerise. Rochs, and Salway (22) believe
that decomposition of the monoxide occurs with formation of
aldehydes, acids, and carbon dioxide, and that polymerisation
of the aldehydes takes place.

China wood o0il, often called tung oil, dries in from
one to three days, but the film, unlike that of linseed oil,
is dull and frosted in appearance. It sets in about half the time
required for the weight of the o0il to rise to a maximum, whereas
in the case of linseed o0il setting occurs when the weight of the
0il has reached a maximum., The acid number increases during the dry-
ing, but not to the same extent as in linseed o0il. China wood o0il
added to other less rapidly drying oils decreases the time of setting
of thin f£ilms of the oil.

Boiled and Blown Oils

Similar changes occur during the commercial processes
of boiling and blowing o0ils with the addition of driers, air
being present when boiling . In both cases considerable oxidation
ocecurs, and thin £ilms readily set in a much shorter time than
is the case with raw linseed oil. Blown china wood oil is not
prepared commercially because of the danger of its setiing during
its preparation.

Another important commercial process is that of heating
the o0ils to a high temperature in the absence of air. The product
is simply a thickened 01l and is called polymerized oil. In an



-11-

experiment performed by Slansky, linseed oil set after heating
in a carbon dioxide atmosphere at a temperature of 280-300°C.
for 115 hours. The iodine number droppsed from 174.6 to 105.5,
and the viscosity increased steadily until within an hour of
gsetting. At the settidipoint the viscosity rose suddenly and
the material, instead of being completely soluble in ordinary
solvents, became parily insolable.

Oils are also thickened at comparatively low temperature,
8eZe 8000., by exposing the o0ils to ultraviolet light and blowing
air through them.

Theories

In order to explain the phenomenon of the thickening
and gelling of olls, many theories have been put forth, some
chemical and some physieal.

Kronstein (23) distinguishes in general between two
kinds of polymerisation which he terms euthomorphic and
mesomorphice In euthomorphic polymerisation a solid polymerised
body is formed in a non-polymerised medium and immediately
precipitates out. In mesomorphic polymerisation a polymerised
body is formed which is at f£irst soluble in the non-polymerised
medium, but which, when it reaches a certain percentage
concentration, suddenly combines with the medium to form a
80l1id mass. If the heating is interrupted before gelatinisation
oceurs a solid body may be isolated which is a polymer of the
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original substance. This polymer cannot be isolated from
the gel finally formed, and Kronstein therefore considers
it an intermediate product. This kind of polymerisation

is very wide-spread.

He points out that China wood oil, on heating
either in contact with or in the absence of air, exhibits
the series of changes characteristic of mesomorphic poly-
merisation in that it thickens and then changes to the
gelatinous state. All the other oils thicken in the ab-
sence of air and, if not heated too long, do not set.

Hencs he considers that China wood o0il is either a poly-
merisable body or a gelatinisable mixture. Hence the other
0ils are considered non-gelatinisable mixtures of poly-
merisable and non-polymerisable glycer¥l esters, and there-
fore he concludes that if their percentage content of poly-
merisable bodies was increased they would also set.

In order %o prove this Kronstein made a vacuum
distillation of numerous oils. He found that distillation
began about 300°¢C. Suddenly it stopped, and the oil in the
distilling flask foamed and became more viscous. On cooling
the mass was found to be gelatinous . The percentage that
distilled over he called the distillation number of the oil,
and found that the distillation number varied between O - 25%
for drying oils, 25% - 43% for semi-drying oils, and around
50% for non-drying oils.
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By carrying out the distillation to within about
5% of the distillation number he obtained a thick oil,
which, on heating in a sealed tube, gelatinised similarly
to China wood oil.

Since the second reaction, namely that between
the intermediate product and the unchanged monomer, is
so rapid, Wolff (24) and others have criticised the theory
on the ground that it is difficult to understand why the
second reaction does not commence as soon as some of the
intermediate product has formed. He points out that it
is only when the second stage is slow that the first part
of a two-stage reaction can proceed alone. Moreover,
Kronstein stated that in a typical mesomorphic polymerisation
the intermediate product combines with the unchanged
monomer to form a solid mass, but several workers have
found it possible, by prolonged extraction, to separate a
considerable quantity of oily material from the end-product.
Wolff obtained as much as 807 from a solidified China
wood oil (25).

Turning now to the drying process, that is, the
setting of oils through the action of oxygen, Slansky (26)
gays that the important point to notice is the coagulation
of oxidised glycerides in non-oxidised or perhaps non-
oxidisable glycerides. This he considers to be a colloidal
change as will be seen from the following table in the case
of blown linseed oil:



No.o0f Time Consistency Iodine % Solubility
sample of of the oil No. Oxy-acids in ether
heating
1l 2 hours somewhat vis- 145 9 Soluble
cous
2 4 Vviscous 123 20 "
3 9 " 106 33 n
4 12 very viscous 97 35 w
5 15.5 " 88 39 "
6 18 solid 80 40 partially soluble

The viscosity is seen to increase with progressive
oxidation. Sample No.5 with 39% of oxy-acids is a liquiad
8till soluble in all the ordinary fat solvents (ether,
chloroform), whereas No.6 with 40% of oxy-acids is a solia
elastic body that is only partially soluble in the usual
solvents. Hence only a small change in the degree of oxi-
dation results in a sudden change in the state of aggregat-
ion and in the solubility of the oxidised oils. Obviously
linoxyn owes its main characteristics — solidity, elasti-
city, and insolubility in organic solvents —not to the
oxidation of the linseed 0il but to the coagulation of
the oxidised glycerides,as sample No.5 is a S0l and No.6 a
gel. Consequently the drying process includes two pro-
cesses; firstly, oxidation of the glycerides, and secondly,
coagulation of the oxidised glycerides.

Further, Slansky states that of two oils, each

oxidised to the same extent, one can be a fluid and the



other a solid. Hence the coagulation point depends upon
other factors besides the proportion of oxidised glyce-
rides. Therefore the oxygen absorption can give no
conclusive indication of the drying power of a sample
of linseed o0il. The molecular weight of linoxyn is not
the same as that of the oxidised glycerides since linoxyn
is formed by the condensation of two or more molecules
of the oxidised glyceride.

By heating linseed oil at 280-300%C. in an
atmosphere of carbon dioxide Slansky found that the
polymerisation process proceeds similarly to the drying

process.
No. of Time of Iodine Consistency Solubility
sample heating No. in Org.solvents
Raw o0il 0 174.6 fluid soluble

1 16 hrs. 153.9 " "

2 32 127.3 " "

3 50 125.8 " e

4 114 105.5 " "

b 115 105.9 solid partially soluble

Between numbers 4 and 5 the polymerised oil coag-
ulated, and merely to this is due its insolubility in ether
and its solid state of aggregation.

Many investigators noticed that the final product
of the thickening of linseed oil is insoluble in light
petroleum, whereas the intermediate product is soluble in

light petroleum but insoluble in acetone. Similar inter-
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mediate products were obtained from poppyseed and tung oils,
bift in the case of poppyseed o0il the temperature must be over
290°C. Olive o0il does not give this insoluble product.
Morrell (27) observed that a fall in the iodine number is
essentially a function of the temperature,and so assumed that
at each temperature a definite change in tbé(linseed oil
occurred. Molecular weight measurements in benzene indicated
that the acetone-insoluble material of the thickened linseed o0il was
at least a dimeride,whereas the acetone-soluble part was practically
all unpolymerised oil. The iodine value of the two parts was
practicaliy identical indicating that the changes taking place
in the o0il affects every molecule. He found that the iod ine values
of linseed or tung o0ils are practically unchanged even when the
0il is left in contact with the iodine solution far hours or even
days,but the iodine values of the thickened components may vary by
thirty to forty units aunder the same conditions. This variation
he explains as due to a slow disruption of the polymerised mole-
cules.

Prom a consideration of the solubiliﬁgs of the bgrium
and lead salts of the acids derived from each fraction, HLorrell
concluded that all traces of linolenic and linolic acids hagd
disappeared.

On fur ther heating of the acetone-soluble portion
of linseed o0il it changed into an acetone-soluble and acetone-
insoluble fraction similar to the one already described. The
molecular weight of this insoluble fraction represented four

and five molecules joined together.



Later (28) Morrell decides that the use of benzene
in the determination of molecular weights is unreliable since
association of the fatty acids and combination of the esters with
the solvent will occur. He considers that acetic acid or
gtearic acid give better results.

In 1915 Schumann (29) carried out a series of exper iments
on China wood o0il, and concluded that the polymerisation was
me somorphic. Investigating the action of oxygen on the time of
formation of a gel he observed that China wood 01l solidified in
2-1/2 hours when blown at 150%and in less than an hour when blown
at 200°C. Heated in an open dieh but not blown it d4id not
gelatinise for thirty hours. Further experiments indicated that
it was the oxidation products,and not the oxygen itself ,which
caused the increased rate of polymerisation. He considered that,
npon heating at sufficiently high temperature,two elaecomargaric
acid triglyceride molecules united through dissolution of one-half
of their double bonds. The rate of formation of this intermediate
product depends upon the temperature as well as upon the presence
of catalysers. Under favorable conditions this intermediate pro-
duct forms molecular complexes that constitute the gel, the
c0lloidal state of which is apparently the main caunse of its
insolubility. The formation of these complexes is largely
dependent upon the concentration, and is influenced by the presence
of certain substances acting as retarding or accelerating
catalysts. In the presence of a small quantity of decomposition

products or in the presence of a dilauting solvent we may have
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complete polymerisation of the elaeomargaric acid to the
dimoleocular intermediate product without gel formation taking
place.
The absence of gelatinisation in the superheated product
upon heating afterwards to polymerising temperatures must be due
to the presence of the decomposition products formed during
the superheating because the formation of the intermediate product
was complete. On the addition of 25% raw tung oil to a superheatead
0il the mass readily gelatinised at polymerising temperatures.
Therefore he claims it is apparent that a minimum concentration
of decomposition products are regquired to prevent gel formation.
Marcusson (30) put forth a hypotaesis to explain the
fact that blown oil,in spite of the polymerisation that has occurred,
has no higher molecular weight than unblown oil. He states that
the polymerisation of fatty oils can occur in two ways. Two
triglyceride molecules can -unite because the unsaturated fatty
acids of one molecule link up with those of a second molecule with
consequent disappearance of the double bond. Also the reaction
can take place intramolecularly if the fatty acids of one and
the same glyceride combine together either directly or by the
addition of oxygen. The polymerisation which occurs during the
blowing of fatty oils proceeds in the latter manner,and accordingly
the molecular weight of the resulting product is not increased.
Sometimes the molecular weights are lower than that of the original
oil,but this can be explained by a decomposition of high molecular
weight fatty acids under the action of oxXygen as in blown oils

there are considerable quantities of water-soluble and volatile



acids present.

Bimolecular formation occars, on the other hang,
during the hecating of fatty oils without the presence of air
ags it is techniecally carried oat, for example, in the production
of lithographic yarnish. In that case the polymerisation in-
creases with the duration and the degree of heating.

In the case of China wood o0il bimolecular polymerisation
occurs with exceptional ease. The polymerised product at first
remains in solution; then separates out to form an insoluble
portion. A China wood 0il which had been heated by Marcusson
to 200-250°C. until gelation was found to contain 40% of ether-
soluble material. This ether-soluble material consisted of 12%
acetone-insoluble material which was a thick, oily, viscous
mass and 88% of acetone-soluble material not much more viscous
than the original oil. Judging by its iodine number (89) and its
molecular weight (1670) the thick o0il consisted of a bimolecular
elasostearic triglyceride,whereas the acetone-soluble
product was a mixture of unchanged o0il with a small quantity of
thick o0il, the molecular weight of the mixture being 985. By
warming, and even by standing in the air, the thick oil,which
was still soluble in benzene, ether, and chloroform,changed over
into an insoluble solid mass.

Consequently Marcusson concluded that in solidified
China wood o0il there are,besides oxidation products ang
anhydrides, three components: unchanged oil, o0ily polymerisation

prodacts, and solid polymerisation products, the proportions of
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which ars variable and depend upon the conditions of heating.
The 0ily and solid polymerisation products are not chemically
different but are to one another as a sol is to a gel.

In the case of linseed o0il bimolecular products
are also formed,but they have a tendency to remain in the sol
stage because, during the heating process, vhich is ecarried
out at a higher temperature than it is for China wood o0il, the
linseed o0il splits off free fatty acids which oppose gel formation.
By removing the free acids as soon as formed by heating in vacuo
or by blowing through a rapid stream of an indifferent gas,gel
formation sets in, according to Schapringer and Krumbhaar, Just
as in the case of China wood oil.

Wolff (24) determined the drop in bromine number (which
corresponds to the iocdine number) upon heat treatment, and the
increase in viscosity. These should be proportional to one
anotbher if the bodying is due merely to polymerisation, that
is, to the formation of a dimolecular triglyceride. The bromine
number was found to drop rapidly in a straight line,then more
slowly, and finally remain constant. As long as the bromine
namber was dropping the viscosity inéreased only slightly, ang
then rose with increasing rapidity. The rapid rise occurs
when the bromine number (and incidentally the refractive index)
has reached its minimum value. From that point the shape of
the viscosity curve is that for a typical co0lloid. Thas it
follows thgt the colloid reaction proceeds when the chemical

change has already occurred, and it is the former vwhich causes



gel formation.

The same author also investigated the extent to which
polymerisation actually occurs. He points out that the ob-
served drop in the bromine number in the case of China wood o0il
corresponds to the formation of about 50% of a polymerisation
product on the assumption that only one of the two double bonds
in each acid radicle is affected. The actual increase in the
molecular weight was so much larger than expected that he
guspected they were in part due to association of the material
taking place in the solvent,as the association weight of a compound
varies with the conditions used.

To verify the above point he determined the molecular
weight by Rast's camphor method (31). He found that the molecular
weights of the thickened o0ils and of the fatty acids derived from
them were no greater than those of the original oils and of the
corresponding acids, his work covering China wood , linseed,
and soya-bean oils.

Wolff therefore concluded that polymerisation can
ocecur only to a very small extent in the bodying of an o0il, and
in no case can this amount of polymerisation account for the
considerable diminution in the bromine number (or iodine number)
which actually occurs. He suggests that the change need not neces-
sarily be a chemical one as an aggregation of o0il molecules
might be so arranged as to retard the addition of bromine.

In reply Marcusson (32) pointed out that his molecular

weight determinations of the liberated acids from blown oils were
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carried out in acetic acid with the purpose of avoiding
association. He also stated that the molecular weights of the
acids from a China wood o0il and a linseed 0il gel were determined
in camphor as well as in acetic acid, amd in both cases they
were found to represent a dimerigde.

Wolff (33) then sugzested that too high a concentration
had been used by Marcusson in his molecular weight determinations,
but the latter (34) then showed that the concentrations used by him
were. no greater than those used by Wolff, and that moreover his re-
sults using two different methods agree and thus prove that the
liberated acids are bimolecular.

Later work by Wolff (35) showed that linseed oil
varnishes will dry slowly in an atmosphere containing so
little oxygen that the drying process must be essentially of the
colloid type, and is possibly independent of the oxidation
reaction. Also (36) the gelatinising of China wood o0il by a
few drops of ferric chloride solution, hydrochloride acid, or
sulphuar dioxide changes the iodine number very little when
compared with the considerable decrease of the iodine number by
heat.

Sehmidt (37) upholds Wolff's.coagulation theory by
finding that in the absence of moisture tung oil dries com-~
raratively slowly, and believes that the commonly observed drying
consists of a colloidal coagulation with water as the flocculating
medium. Bauer and Higel (38) consider colloidal changes to

function in the drying of perilla oil and Stadnikoff (39) in
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that of sunflower oil.

Nagel and Griss (40) also incline partially to the view
of Wolff who regards the gelatinisation process as one of
aggregation as has been shown to be the case for shellac (41).
Using the methyl ester of elaeostearic acid,which does not
gelatinise and in which intramolecular condensation would hardly
take place,they found a drop in the iodine number of one-half
which corresponds to the formation of a dimeric methyl ester
having a formula such as the following:

CHB(CH CH - ?H.CH .CH,.CH :CH(CH2)7.COO.OCH

2)5’ 2 2 3
CHg(CHp ) sCH - CH.CHgeCHyoCH «CH(CHg)y.C00. OCH,

In the case of Chim wood o0il, assuming that the
changes there are parallel to those occurring in the methyl
ester, the drop in the iodine number at gelation corresponds to
the formation of about 60% of a dimeric product. Consequently
they believe that the dimeric trielaeostearate which forms during
the heating is colloidally dissolved in the unchanged o0il, and
when it is formed in sufficient quantity it changes, thr ough
aggregation,into a soliad.

They found that China wood oil could be gelatinised
by the action of a 10 per cent .solution of hydrochloric acid
in ether by careful regulation of the conditions,usually re-
quiring about seven hours in the cold. The same solution dissolves
China wood oil gels,so that the reaction is reversible. Hence
they consider that the gel formation is due to the tendency ot

the heavy dipolymer to form aggregates. Hence they agree with
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Wolff only as regards the last stage of the process.

They explain the fact that China wood o0il gels while
the methyl ester does not,although both undergo polymer isation,
by assuming that the setting or gelatinising power of an oil
is determined by the size or constitution of the alcohol with
which the acid radicles are combined.

On oxidising the methyl ester of elaeostearic acig,
liiller and Claxton (42) obtained two distinct fractions from
the end product by extraction with petroleum ether. The in-
soluble fraction was a simple polymer of the soluble one as it
had a molecular weight 3.86 times that of the latter even though
it showed only slightly greater oxigation.

Parther support for the views of Wolff is given by
Auer (43) who states that the formation of boiled o0il angd
the gelatinising of wood o0il are of a c¢olloidal nature and are
part of the phenomenon of a coagulation. The determination
of analytical constants appear to be influenced not only by
chemical structure but also by colloidal reactions. Hence
neither the molecular weight determinations,iodine numbers,
viscosity,or refractive index are finmal proof for polymerisation
during the boiling of fatty oils or during their film formation.
A final proof, he claims, would be a demonstration of the
presence of the 4-carbon-atom ring and a molecular weight
determination in a true solution. He adds further that it
seems improbable that a dimolecular polymerisation would occur
in the presence of high molecular colloidal media. He considers

that many so-called polymerisations are simply the coagulation



0f an isocolloid of a lyophilic nature.

Later (44) Auer showed that linseed oil dries in an
atmosphere of carbon dioxide or in a partial vacuum due to
a primary coagulation of the 0il by gas sinilar to that of
a lyophobic sol by an electrolyte. o drying was observed in
a high vacuum. He says that when drying occurs in the open
atmosphere the adsorption and coagulation are concurrent,
chemical combination succeeding the adsorption.

Slansky (45) doubts the validity of Auer's "drying
in vacuo" experiments and his consenuent gas coagulation
theory because he obtained no drying in vacuo over a period of
16 days. He mentions that the coagulation process leading to
the solidification of drying oil f£ilms are subseruent to purely
chemical reactions. 3Scheiber (46) and Scheifele (47) also oppose
Auer's view.

Calderwood, ebb and Reihl (48) thickened oils without
oxidation by heating and cooling in a filled, hermetically
sealed, vessel connected through a sealing trap with supply and
expansion vessels. This seems to support the coagulation theory.

Fonrobert and Pallauf (49) showed the possibilities
of intramolecular and extramolecular polymer isation of the
glycerides of elaeostearic acid by means of graphic formunlae,
and conclude that the reactivity of the partial valencies of

elaeostearic acid leads to the formation of molecular complexes.
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The same authors state (50) that the thickening
and gelatinising of wood o0il is a process involving re-
esterification and polymerisation, the latter of the
order of formaldehyde and phenol. It is, therefore,
mainly of a chemical nature in which the viscosity increase
is partly due to the glyceryl radicle as shown by the lowering
of the viscosity when it is replaced by a monohydric alcohol.

By a determination of the molecular weight changes
Which take place during the boiling of linseed oil, using
the freezing-point method in benzene (the same concentration
being used throughout), Long and his so-workers (51,52,53)
found that the apparent molecular weights increase tremendously
depending upon various factors, e.g., the presence of driers.

In one case the molecular weight rose from 722 to 3053, 1In

general he noticed that the increase was much greater when
air was allowed to enter than when it was excluded. They
consider that intramolecular rcactions with subsequent
condensations are fundamentals of the changes taking placs.
They further found that the presence of sulphur, selenium,
or tellurium suppressed the condensation tendency.

Bauer (54) observed that the molecular weights
of polymerised linseed 0il and perilla oil in camphoxr
indicated a monomolecular compound and in benzene a dimer.
He heated the o~ and PB-elaesosiearic acids separately at

200%.in an atmosphere of carbon dioxide. The molecular weight



of the polymerised ol —~form was 4588 and of the 8 —form
985.6 when determined cryoscopically in benzene solution,
and half those values in camphor. ILong and Wentz (53),
howsver, obtain comparable results using various solvents
both in the case of linseed and China wood oils.

Long, Egge and Wetterau (55) found that in thae
case o0f linolenic monoglyceride, blowing at lower tempera-
tures favors reaoctions which decrease the unsaturation
with relatively small attendant increase in molecular
weight. Heating at 293° ¢, favors condensation reactions.

Eibner and Munzert (56) establish that, in the
usual process of setting of a drying oil, extramolecular
polymerisation, which occurs during the thickening of
oils by heat, is absent. The changes occuring during
boiled-oil drying are more complex, not because of the
formation of anhydrides or lactones but because of a
rearrangement within the molecule of the fatty acids of
the glyceride. In the films formed by the natural drying
of the fatty oils the Rast camphor method showed no
intramolecular autopolymerisation, but this is shown by
boiled oils before drying. Hence they conclude that
autoxidation, and possibly intramolecular polymerisation
coupled with colloidal changes, comprise the stages in
the normal process of drying. They consider that molecular

weight determinations are dependent upon the degree of



dispersion, the concentration of the solution, the character
of the solvent, and the nature of the substance under
examination, Furthermore they believe (57) that the dried
£ilms of linseed and China wood oils are solid solutions
formed by a flocculation reaction. The amount and nature
of the gels formed vary with the o0il, the sols being glycerides
of B —elasostearic acid in the case of China wood o0il and
of A-and PB-linolic acids in the case of linseed oil.,
Marcusson (58) holds the same view as the above
authors as he considers that unsaturated fatty acids anite
at room temperature intramolecularly, whilst heat causes
the reaction to become polymolecular. Isomerism is considered
to occur before polymerisation, particularly in the case
of tung oil (halogens and sulphur being catalysts for this
isomerism). Prom determinations of the molecular weights
of fractions isolated from linoxyn by the use of chlorofornm,
acetons, and light petroleum, he f£inds that a linseed o0il
£ilm congists of 55% of solid polymerised and oxidised gel,
40% of polymerised and oxidised sol, and 5% of unchanged oil.,
In the case of tung o0il, various investigators have
found that solid masses are produced by heat polymerisation,
freezing, and the action of light. According to Rasquin (59)
the latter produces the true oL-to B—change. As a guide to
drying ability the iodine number is unreliable as Merz (60)
has shown that ol ~selaeostearin is a better drying constituent
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of fatty oils than is linolenin. That fact should enhance the
work of BBeseken and Ravenswaay (9) who showed that oL
-8laeogtearic acid has three ethenoid linkages.

Morrell has criticised both the views of Salway (61)
and of Wolff as regards the changes which take place during the
thickening of drying oils by heat. The formation of a dimeride
on the one hand and changes of aggregation of suspensoid material
in a dispersion medium on the other are insuflticient to explain
the facts, and hence Morrell has stated that a compromise between
the two theories should be considered. He bases this decision
on two facts: firstly, the viscosity of the o0il increases
tremendously at the gelation point with hardly any change in the
bromine value,thus emphasising the colloidal aspect; secondly,
the special chemical characteristics of drying oils when heated.
Poppy-seed o0il and tung oil contain glycerides of 1linolic and
elaeostearic acids respectively,differing only in the arrangement
of the ethenoid linkages, yet the difference in their behaviour
towards heat is very marked. Also in the thickening of linseed
0il, which requires prolonged heating, there seems to be a
shifting of the ethenoid linkages as he was unable to identify
linolenic or linolic acids in the depolymerised oil. Using tung
0il,where the heating is for a shorter period, the products
obtained could easily be transformed into derivatives of the
original elaeostearic aciad.

Many of the phenomena which occur when Chima wood oil
is thickened and coagulated by heat are comparable with the be-

haviour of a gelatin-water system. In tung o0il the equilibrium
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of the thickened o0il would seem to be at 50 per cent. of
associated components, and any increase in the amount of these
causes the system to set to a jelly. The gelation can be
prevented by the presence of small cuantities of apparently

inert substances, rosin being the one most generally used.

In other words, the rosin acts as a peptising agent. The ad-
dition of substances like glycerol or sulphur has a marked effect
in preventing coagulation, one per cent. of sulphuar and five

per cent. of glycerin being sufficient to prevent solidification
at 280°C.

In coagulated wood-oil jelly, which is formed, like all
jellies, with an evolution of heat, the jelly is either a sponge
or a honeycomb structure containing unchanged oil.

Summarising briefly,it is seen that the thickening of
oils is connected with the presence of ethenoid linkages in
special positions in the long carbon chain. Such unsaturated
components have the power of forming aggregates,adsorbing the oil
which is the dispersion medium, and remaining in a fluid condition
depending on the temperature and the presence of small nuantities

of peptising agents.

The Action of Sulvhuar on Unsaturated Orzanic Compounds

This subject is one which has received only a very slight
amount of attention from organic chemists. What work there is
shows that the reaction of sulpbur with organic compaunds does

not always run smoothly as undesired by-products may be formed



and so the reactions are often quite complicated. For example,
tetraphenylthiophene (62) is formed by heating either
phenylacetic acid or desoxybenzoin with sulpbur at 220 to 260°¢C.
Stilbene (63) is often formed as an intermediate compound,

and it is able to form tetraphenylthiophene on being heated

with sulphur at 250%C. or by passing in hydrogen sulphide at
260°C. In an analogous way cinnamic acid or styrene with sulphar
yield two diphenylthiophenes,which Baumann and Fromm (64)
consider structural isomers but which 3Steinkopf (65) believes
are physical isomers.

By passing acetylene or ethylene through boiling
sulphur Meyer (66) obtained a small ncuantity of thiophene, the
main products being carbon, hydrogen sulphide, and carbon
bisulphide. If, however, the sulphur is replaced (67) by finely-
divided pyrites so that the reaction can go on slowly, a distillate
is obtained containing about 40 per cent. thiophene. Thz2 formation
of homologous thiophenes from homologous butadienes, for example
the thiotolenes from isoprene (68),proceeds only at higher
temperature in the manner indicated above by Meyer (66) and gives
poorer yields.

In the case of acetylene the reaction is only one of
addition, but in the case of butadiene and ethylene simultaneous
oxidation is necessary.

Priedmann (69) made an investigation of the action of
sulphur on indene, hydrindene, and cyclopentadiene. He heated
one gram molecule of indene and one gram atom of salphar at 180°C.
and obtained two compounds, a diindenethiophene in which tw

molecules of indene were condensed with one atom of sulphur yielding
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cnz—ﬁ /!‘! —CHy
and also a substance having the formula C,JH24S5 which represents
four indene molecules condensed with one atom of sulphur. By
heating one gram molecule of indene with two gram atoms of
sulphar at 180°C. a black compound CzgHpaSz Was obtained, and
at 210%C. a compound ConHppS. When one gram molecule of indene
and one gram atom of sulphur were heated at 250°C., and then
mixed with iron filings and heated to redness there collected
on the upper part of the retort a compound CyqHpgS or CyppHpyS,
while the distillate contained a compound Cy4Hz53 or CypHzoS.
The compounds obtained from indene and sulphur are asphalt-like
in character.

The same author also found that hydrindene heated in
a sealed tube with sulphur gave a compound (CgHg)oS, and
oyclopentadiene a compound CjoHysS. These also seem %o be

condensation products of the original material with sulphur.

The Sulphurization of Oils.
Turning now to the setting of oils under the influence

of sulphur and heat we £ind that Whitby and Chataway (1) have

made the first systematic investigation, their work being carried
out on linseed oil. They found three well-defined stages
succeeding each other, namely, chemical combinmation of the sulphur
with the o0il, formation of an acetone-insoluble liquid, and

gelation. With smll proportions of sulphur (about 6%) the
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combination of the sulphur may be complete before the second

stage begins. They observed that the rate at which the
acetone-insoluble mater ial forms and the maximum cuantity
obtainable at gelation increases with the proportion of sulphur
present and with the temperature, and gelation takes place when

a sufficient proportion of the sulphurised o0il has become
insoluble in acetone. Presumably during the heating the acetone-
insoluble material gradually assumes colloidal dimensions,

the c0lloidal m terial imbibes the acetone-soluble liguid and

any portion of the acetone-insoluble portion which is still non-
colloidal, and a gel then appears rather suddenly. The polymerising
reaction, that is, the formation of acetone-insoluble materisl,
was found to be irreversible. The authors also believe that the
various species of triglycer ide molecules present in linseed

0il will undoubtedly behave differently with respect to the rate
at which combination with sulphur and polymerisation of the
sulphurised triglyceride takes place.

Molecular weight determinations of the acetone-soluble
and acetone-insoluble fraction showed that the former was of the
same order as that of the original oil, but that the latter
indicated that polymerisation had occurred. This is similar to what
is obtained in the blowing and heating of oils.

From a consideration of their results they decide that
the mechanism of the setting of o0ils under the influence of air

or heat or saulphur and heat are, in their main features, similar.
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In all three cases an intermediate 1liquid product is formed
which is soluble in ether or light petroleum, but is only partly
soluble in acetone. The acetone-insoluble part was found to have
a higher molecular weight than the acetone-soluble part thus
indicating that polymerisation has occurred.
Farthermore, the taking up of oxygen or sulphur by
the glycerides of drying oils greatly increases the polymerising
tendency of such glycerides, so that, for example, polymerisation
may occur in sulphurised linseed o0il more quickly at 160Cthan in raw
0il at 280°C. Just as different sulphurised glycer ides appear to
require different temperatures in order to cause them to polymerise
at an appreciable rate, so do the glycerides of raw o0il possess
different critical polymerisation temperatures as found by Morrell.
The authors further state that the views of Wolff
and of Harries and Nagel that true chemical polymerisation in the
case 0of the heating or blowing of oils does not occur, or at the
most to a very small extent, and that the changes in molecular
weight and ‘iodine number are simply due %o association is quite
tenable owing to the disturbing way in which the molecular weights
of the so-called polymerised oils vary with the concentration of
the solution. It seems possible, they say, that the aggregates
undergo disruption to a greater or less extent in different solvents.
Again, the anthors point out that the gelation of
the sulphurised o0il is essentially a colloidal phenonenon as all

the sulphur has reacted long before gelation occurs. Slansky,
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Schumann, and Marcusson have observed that the mere solig-

ification of an o0il, e.g., its transformation during the
course of drying from a very viscous liquid %o a soliag,
involves no change in the iodine number. The exact nature
of this eo0lloidal change is not yet known.

Recently Stamberger (70) has made several
observations on the vulcanisation of oil. Using rape-
seed 0il and 20% sulphur he noticed that the reaction
is strongly exothermic, the rise in temperature amounting
to 5%C. Also a very small amount of hydrogen sulphide
and sulphur-containing o0il are given off.

He found that the vuleanisation of triolein
proceeded the same as for rapeseed o0il, and yielded a
solid, sticky, very elastic mass. This could be divided
into three parts, an acetone~ soluble, a benzine-soluble,
and a part insoluble in both solvents, but he observed
that the acetone and benzine extraction could not be car-
ried to a very sharp end-point and hence variations in
the molecular weights of these fractions would occur.
Their composition were identical and in close agreement
with that of the isolated fatty acids. The molecular
weight of the acetone-soluble part indicated a unimolecular
size, that soluble in benzine corresponded to a dimeride,
and the molecular weight of the fatty acids obtained
by cold saponification of the benzine-insoluble part
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amounted to three times that of a sulphurised fatty aciad.
Hence the author considers that polymerisation has occured.
The benzine-soluble fraction swells in benzene before it
dissolves, whereas the insoluble portion swells about 700%
without dissolving. The acetone-soluble and the benzine-
goluble fractions become insoluble on long standing, by
heating at 120-15006., and through the action of sunlight or
ultraviolet rays.

The sulpbur content of the fatty acids obtained
by saponification was about 2.5% lower than that in the
glyceride. Hence he assumes that the difference was
bound in the glyceryl residue.

From the above results the author states that
the vulcanisation of oils proceeds in two sharply distinct
steps: firstly, the formation of a sulphur compound of the
0il in which the sulphur is chemically combined both in
the fatty acids and in the glyceryl residue, and secondly,
the polymerisation of this compound by further heating
producing a corresponding change in its physieal properties,

The above two-stage theory of vuleanisation is
seen to bear out the work of Whitby and Chataway, and the
third stage is lacking from his theory due to insufficient

experimental data.



EXPERIMENTAL

Apparatus

Por the purpose of carrying on this investigation
a thermostat was made which could be regulated at any temperature,
and was constant to * 0.1° C. The heating elements were
placed at the bottom of the oil bath and gave 14 ampéres
when connected in parallel and 3.5 ampéres in series.

It took one hour and a half to heat the bath up %o 160°C.
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Proéedure

Samples of approximately 20 grams of the o0il were
weighted into stout Pyrex test-tubes, 25 cm. long, 3.4 cm.
internal diameter, and having a 2 mm. wall. Definite percent-
ages of sulphur were then put in and, when used, other materials
such as accelerators, zinc oxide, etc., added in turn after it.
The tubes were then placed in the oil bath, the surface of the
0il in the tubes being about 2 inches below the surface of the
0il in the bath. The oxygen of the air was excluded by the
passage of a stream of carbon dioxide into the mouth of the tubes,
the carbon dioxide being dried by bubbling it through concentrated
sulphuric acid. The mixtures were stirred by means of heavy
glass rods. thickened at the lower end, and connected to a small
rotating wheel on a hot-air motor. At each rotation of the
wheel the plungers touched the bottom of the tubes. The wheel
was allowed to make about 130-135 revolutions per minute as
faster stirring caused splashing: The temperature of :the oil
in the thermostat was kept constant to within * 0.29C.

At definite intervals samples of approximately one
gram were removed from the tubes by means of small glass ladles.
Each sample was placed in a weighed beaker and its weight de-
termined. Twenty times its weight of acetone was then added from
a burette and the mixture thoroughly stirred during the first
half hour or.éo by means of a small glass rod, the beaker being
covered with a watch-glass when not being stirred to prevent
evaporation. One hour after the acetone was.added the super-

natant acetone was poured off and the beakers rinsed with 2 ca,
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acetone. In the case of the samples taken very near gelation,
especially when accelerators were used, the acetone was left
in contact with the material an additional half hour with
stirring as it seemed that a longer time would be needed for
the extraction because of the dense character of the material,
The stirrer was then washed off with ether into the viscous
liquid or solid which remained in the beaker. This was allow-
ed to stand overnight in an electric oven at 75°C., and then
c¢ooled and weighed.

The weight of this acetone-insoluble material was
calculated as a percentage of the weight of the sample taken.

This percentage is merely an empirical value as will
be sesn from later remarks.

It may be stated that the acetone used was commer-
cial acetone which was dried over calcium chloride and

fractionated twice.

Aceelerators

During the course of the work the following accel-
erators were employed:
1. Piperidinium pentamethylenedithlocarbamate
2, Zine
3. Zinc phenylmethyldithiocarbamate
4., Zinc diethyldithiocarbamate
5 Zinc salt of the linseed o0il fatty acids.
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6. Isopropyl dixanthogen
7. Isopropyl monoxanthogen
8+ Captax (mercaptobenzothiazol)
9. Grasselli 808
10. Zinc isopropyl xanthate
11. Diphenylguanidine
12. Aldehyde ammonia
13. P-nitrosodimethylaniline
14, Hexamethylenetetramine
15, Tetramethyl thiuram disulphide
16. Piperidine
17. Dibenzylamine

Of the above accelerators only a few were prepared
by the writer as most of them are commercial samples.
Piperidinium pentamethylenedithiocarbamate was prepared by
dissolving 17 grams of piperidine in 150 c.c. 0f ether, the
solution cooled, and a cold solution of carbon bisulphide
in ether added to it with cooling. The product was filtered
and dried. M.E. 162°C.

Zinc isopropyl xanthate was prepared by dissolving
10 grams of solium isopropyl xanthate in 100 c.c. of water
and adding a dilute solution of zinc acetate. After filtering
the material is washed well with water.

For the preparation of the zinc salt of the linseed
0il fatty acids about 100 grams of the oil was hydrolysed with

a slight excess of alcoholic potassium hydroxide. It was then
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acidified with dilute hydrocaloric acid, amd the fatty acid
layer washed several times with hot water through which carbon
dioxide was being bubbled. The fatty acids were now saponified
again with a slight excess of alcoholic potassium hydroxide,
and a dilute aleoholic solution of zinc chloride added to it.
The material was filtered and washed well with alcohol and then

with water.

Characteristics of the Linseed 0il

linseed
The characteristics of the second batch ofvoil (from

experiment 65 on) were the oniy ones dstermined a2s all of tae

first batch was used up in trying to get the most rapid time

for gelation. 1In the case of the acid number equal quantities

of benzene and alcohol were used to dissolve the o0il as

that is considered to reduce the degree of hydrolysis to a minimum,
Saponification number 190

Acid number 3.53

Abbreviations

To facilitate the writing-up of the tables it was thought
best to abbreviate three words as they occurred so often. They

are as follows:

P.P. Piperidinium pentamethylenedithiocarbamate

Zinec I. Zinc

G Gelled

¥ Sulphur separated out on cooling (unless otherwise
stated)

Note: Quantity of base used in the. following experiments

is equivalent only to the zinc salt of the

accelerator (aunless otherwise stateq) .



RESULTS

The first few experiments were really in the
natare of trial runs in order to become acquainted with
the procedure. However they proved of value in serving
t0o indicate the following points:
1) Large stirrers with a flat bottom (three-quarters the
diameter of the widest part) produce splashing unless slow
sti:ring is employed. If small stirrers of a similar shape
are used, more rapid stirring can be carried on, but the
stirrers are not heavy enough to sink to the bottom of the
0il with each revolution of the whesl when the o0il becomes
more viscous. Consequently long heavy plungers with a round
thickened end were made, and the motor rotated at 130-135
revolutions per minute. This was found quite satisfactory.
2) In a few samples, after the initial quantity of acetone
added had been poured off, the same quantity of fresh ace-
tone was added, a control sample in each case being treated
only once with acetone. The drop in weight was found to
vary between 13 and 20% approximately when the quantity of
acetone-insoluble material present after one extraction
was over 45%. In the case of earlier samples, containing
less acetone-insoluble material, the quantity d&issolved
by the second treatment was as high as 35%. This variation
indicates that the smaller aggregates are more soluble
in acetone than the larger ones. Also the fact that so

much will dissolve out during the second treatment points



out how essential it is that the quantity of acetone added
be exact, and shows why the percentage of acetone-insoluble
material obtained is only an empirieal value. Stamberger(nﬂ
has found that complete extraction with acetone or benzine
could not be obtainsd within 48 houars.

Also, in a few cases, a sample was left exposed
to the acetone for two hours instead of an hour. Instead
of the expected decrease in weight on longer extraction
there was an increase of 1.5 to 3 approximately. It was
noticed that in the samples containing a large quantity
of acetone-soluble material, 60 to 80%, a ring of acetone-
soluble material always formed a short distance above
the acetone. This must be due to a creeping of the ace-
tone solution up the side of the beaker, and the evapor-
ation of the acetone leaves this ring. Hence the increase
in weight recorded above on longer extraction is due to
an increase in this ring. At the start no special pains
were taken to remove this ring during the rinsing, but
from now on practically all of it was removed, the 2 cc.
of acetone being run in slowly around the side of the
beaker from a pipette.

%) In the case of the samples taken near the point
of gelation the acetone~insoluble materisl was very
viscous, and hence they were given a longer extraction,

with stirring, in order to make sure that the maximum
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quantity of acetone-soluble material was removed. Generally,
in these cases, an extra half hour extraction was allowed.
Very little creep was noticed in these samples, sSo no
appreciable error could be introduced.

The following table is given to illustrate the
second point mentioned, namely, that extracting once with

acetone only gives an empirical relationship.



Sulphur

Minutes
45

70
95
126

130
140

156

191

211

Table 1

w5

Linseed o0il ¢ Sulphur at 16000.

% Acetone~insoluble

Expt.l Expt.2 Expt.3 Expt.4 Expt.5 Expt.6

14%

-31l.1

41,7
4805

54,1
4745
54.9

5642
49,8
5749

wWhaowbPawbPaoawkkrPawbPobbwb

Gein

159 me 161 me 163 me.

14%

3065
20,8

45,9
3646

56.6
48,7

Gein

A. Normal procedure.

14%
3047
22.1

46,4
37.0

55.8

60,0

Gein

12%

19.2

43,1

46,9

51.6

5340

12% 12%
19.3 18,3
11,6
44,0
47,3
40’. 6
48,1
bl.8 50,6
44 .4 4045
52.0
53.6 52.3
43.6
Gein Gein

246 me, 250 m.

Acetone added in way described.
B, After decanting acetone, same quantity of fresh acetone

added and stirred well.
C. Original acetone left for an additional hour with stirring.

Having obtained satisfactory stirring and an

idea as to where the chances for error lay, it was now

possible to begin a study of ,the effect of accelérators.

Since nothing was known regarding the optimum temperature

51,1
42.3

and the optimum proportion of materials to use in the case

of oils, it was necessary to grope around in the dark for

a time.

accelerators at 160°C. are as follows:

The results obtained with a few common ultra-
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Table 11

Linseed o0il + 12%-Sulphur + Accelerator at 160°C.
% Acetone-insoluble.

Expt.8 Expt.9 Expt.l0 Expt.1l Expt.l2

Zine P 2%
Captax 2%
Grasselli 808 2%
P.P. 2%
Minutes
90 37.6 40,5 37 .4 31.0 42,0
150 48.0 49,5 46,5 43,1 51.0
210 54.8 54,8 52.5 49.1 58.2
240 58 ¢5 5647 5546 5l.8
270 55.4
Gein Gein Gein Gein Gein

248 m. 269 m. 278 me. 334 m, 208 m,

As seen P.P. is the only one of the above ultra-
accelerators to produce an acceleration ét 160°C. The
accelerators do not seem to change the quantity of ace-
tone-insoluble material‘present at gelation. In the case
0of Zinc P. the retardation in the time of gelation seems
to be due to a dispersive action whiéh prevents the acetone-
insoluble material from forming sufficiently large aggregates
to enable gelation to occur. This aispersive effect may be
due either to the accelerator itself or to its decomposition
products. With Grasselli 808 the retardation appears to be
caused chiefly by a slowing-up in the rate of sulphur combingtion.

In experiments #9 and #12 a white sublimate began
to form around the top of the tube in about 6 to 8 minutes.

It inoreased in quantity for a while, and then slowly passed
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awaye. 1t seems likely that the white sublimate is a carbonate
of piperidine as it was later found that it did not form

if the carbon dioxide was excluded from the tube.

The Zinc P. caused the material to assume a reddish-
brown colore.

Since, in the case of rubber, bases are known to
enhance the action of accelerators, it was decided to try
one here. The boiling-point of piperidine is 106°C., and
so dibenzylamine which has a boiling point of 3000cwas used.
The results obtaine&ggompared'with later results using

piperidine.
Table 111

Linseed 0il + 12% Sulphur + Accelerator + Base at 160°C.
% Acetone-insoluble

Expt.13 Expt.l4 Expt.l5
Zino P, 2%
Ziné: salt of
linseed o0il 2%
fatty acids ,
P.P. 2%
Piperidine 1 Equiv.
Dibenzylamine 1 Equiv. 1 Equiv.
Minutes
45 , 4.9
90 317 31.0 29.6
135 42,3
150 3946 43.1
180 53.2
210 44,9 49.1
240 46,2 51.8
270 55.4
273 48.8
305 50.1
Gein Gein Gein

455 me 284 m. 185 m.



The results are surpriéing in that the same
guantity of acetone-insoluble material is obtained in
each case at the end of 90 minutes, and yet there is
a tremendous variation in the time necessary for gelation
to occur. By comparing with table 11 we see that the
quantity of acetone-insoluble material present at the end
of 90 minutes is less when the dibenzylamine is present.
It appears likely that the combination of the sulphur is
not the stage affected, and that the retardation is due
to a dispersive influence exerted by the dibenzylamine
which slows up the formation of aggregates necessary for
gelation. This seems evident from the fact that the
formation of acetone~insoluble material in the latter
part of the sglphurization is very slow, and there is
approximately the same amount present at gelation in
each case., The material formed in experiment #13 is
reddish-brown in color which is the same as was obtained
in the absence of the base. The presence of the dibenzylamine
does not prevent the formation of a white sublimate along
the top of the tube in experiment #14.

Experiment #15 shows that piperidine does not
exert a dispersive effect, and it will be shown later
that piperidine enhances-the action of the zinc salts



of the accelerators.
TABLE 1V

Linseed 0il + 12% Sulphur + E. P. ¢ Zine oxide at 160°C.
% Acetone~insoluble

Expt.l2 Expt.16 Expt.l7 Expt.18 Expt.l9 Expt.20 Expt.21

Pe Po 2% 2% 2% 2% 2%
Zn0 5% 10% 5% 10% 5%
Minates
90 42,0 45,8 44,0 14,2 39.4 17,0
120 44,5 25.3
150 51,0 576 38.6 51.1 48,1 3342
180 58,0 57.9 51,2 38.8
194 58.9
210 58+2 5947 b5e7 42 .4
240 5l.4
250 46,6
25
Gein Gein Gein Gein Go.in Gein Gein
208 me 199 p. 197 m. 293 me 233 me 234 m, 377 m,

* In experiment #20 the sulphur and accelerator were mixed
together before adding them to the oil. In experiment #21
the sulphur, accelerator, and zinc oxide were mixed together
before adding. In all other experiments, unless otherwise
mentioned, the sulphur, accelerator, and zinc oxide were
added in turn.

Large quantities of zinc oxide are thus seen to
slightly activate P.P., but later it will be shown that

.’.

1 per cent. of zinc oxide is the optimum quantity éé; usee.
Pive per cent of zinc oxide alone produces a retardation,
but this may be due to a decrease in the quantity of
effective sulphur either through occlusion of the sulphur

by the zinc oxide or by reacting with it. Ten per cent
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of zinc oxide shows a slight acceleration of its own, but
this must be due to its action as a fiiler.

Experiments #20 and #21 show the effect of mixing
the materials before adding it to the oil, a retardation
being observed. The marked retardation in the case of
experiment #21 must be due to the occlusion of some of the
sulphur by the zinc oxide, a slight decrease in the quantity
of available sulphur being sufficient to increase the time of
gelation by the amount observed. Also the mixing would enable
more sulphur to combine with the zinc oxide whieh would also
cut down the concentration, but it seems that the first
explanation is the main one.

No gas seems to be given off and no white sublima te
is formed when 5 per cent of zine oxide is present with the
accelerator. The presence of the zinc oxide makes the
material assume a brown color whereas the accelerator alone
produces a cherry red color, a lighter cherry red color
being obtained when only sulphur is used.

The effect of zinc oxide on captax was also
determined, the sulphur, captax, and zinc oxide being mixed
before adding them to the oil. At the time, the harmful
effects of the mixing was not known, and experiments #20

and #21 in table 1V were later run as a check on these.
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TABLE V

Linseed 0il + 12% Sulphur + Captax + Zinc oxide at 160°¢.
% Acetone~insoluble

Expt.10 *Expt.22 ¥Expt.23

Captax 2% 2% 4%
Zno 5% 5%
Minutes
90 374 43,3 18.0
120 48,0 25.1
150 46,5 50,6
180 54,8 334
210 5245 57.2
240 55.6 3846
273
300 42.6
Gein Gein Had not G. in
278 m. 252 Me 440 m.

*Material mixed before adding.

Zinc oxide is observed to cut down the retard-
ation produced by captax, although its effect is only
slight. No apparent reason can be given for the great
retardation obtained with 4 per cent captax.

It-might be mentioned that the oil assumes a
light chocolate color due to the captax and zinc oxide,
whereas captax alone does not affect the color which
ordinarily is cherry red when sulphur is used alone.

Prom the above results it seemed that the
accelerators which were used with rubber were not going
t0 work well in the case of oils. Consequently it was
thought desirable to try the effect of driers when
sulphur was present as they are known to have a tremendous

effect in accelerating the drying of an 0il with oxygen.
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TABLE V1

Linseed o0il - 12% Sulphur - Drier at 1600C..
Expt.24 *Expt.25 ZExpt.26 =Expt.27 Expt.28 Expt.29

Mn 0 0.12% | 1.63%
Mn O, 0e16% 2%
Mn resinate 2.17% 2.11%
Minutes
90 37.0 3643 33,9 28.4 34,1 24.9
150 4644 45,7 45.8 45,0 46,1 42,9
180 49,3
210 50.4 54.5 53,9 51,8 5046
240 61.2 6146 56,2 5B.4
213 74,4 6948
Gein Gein G.in Gein G.in Gein

292 m. 305 me 245 m. 247 m. 255 m. 266 m.

* Sulphur and manganese resinate mixed before adding them to
the oil,

In the first four experiments the quantity of
drier used contained 0.1% of manganese as this had been
found to give almost maximum results with oxygen. As
seen, small amounts of manganese oxide and dioxide have no
apparent effect on the time of gelation, whereas larger
amounts exert a very slight retardation. Manganese resinate
exerts a dispersive action as evidenced by the large
amount of acetone-insoluble material present when gelation
occurs, and this accounts for the longer time needed for
gelation. Hence driers are of no value when sulpher is employed.

A couple of qualitative observations may be of
interest. In the case of experiments #24 and #25 contain-

ing manganese resinate, it was very difficult to decant



the acetone from the first two samplés as the insoluble
material had a tendency to run off too. The acetone-
insoluble material of the last sample behaves like rubber,
and the large quantity of insoluble matefial at gelation
may be one of the reasons for this behaviour.

It has so far been shown that at 160°C., P. P,
is the only accelerator that produces an acceleration in
the time of gelation., In the case of rubber, aczelsrators
have been found to work best at lower temperatures. Generally
125%t0 141° C. is the optimum temperature, but in some
instances, as in the dixanthogens and monoxanthogens, 1100~
125°Jc. is best. Also some ascelerators exert their effect
over a Wide range of temperatures whereas others are only
effective over a very narrow rahge as in the dixanthogens
and monoxanthogens, Consequently lower temperatures were

now tried.
TABLE V1l

Linseed o0il + 20% Sulphur at various:Temperatures
% Acetone-insoluble

Expt.30 Expt.31 Expt.32 Expt.33

Temp. 160°¢. 150%. 140%. 130° ¢.
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Minates -
63 51.9 25,.6%
90 3640 X
115 58.9
194 o
255 56,2 ¥
273 58.1
330 a
3175 42,4
420 48,0
«465 561
490 57.2
Gein Gein Gein Gein
81 m. 120 m. 276 me 505 m.

* Indicates sulphur has separated out on cooling.
x All sulphur, . Separated out when sample cooled.
o Material has assumed a cherry color.

The above results indicate that a rise of 10°C.
reduces the time of gelation by almost a half. The amount
of acetone~insoluble material at gelation does not appear
to increase appregigply with the temperature. At lower
temperatures there‘seems to be a pronounced induction in
the rate at which the sulphur goes into combination, and
no acetone~insoluble material appears to form until a
definite quantity of sulphur has combined. That all the
sulphur does not have to be combined before acetone-
insoluble material forms is indicated by sample 1,
experiment #31. The formation of acetone~insoluble material
proceeds very slowly as the gelatfﬁ point is approached,
and this would indicate that aggregation or polymerisation
was taking place slowly.

It must be pointed out that the saking out of
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samples before the sulphur is all dissolved changes the
concentration of the mixture somewhat and hence the time
of gelation. However these early samples are needed for
comparative purposes, and may be made use of just as well
as the time of gelation. This applies especially when
accelerators are used as it is desirable to know just
what stage of the process is affected. In any case the
removal of these early samples can only affect the time
of gelation very slighly when large proportions of sulphur
are employed and a moderate amount of acetone-insoluble
material h&g??g;mea indicating that a considerable
quantity of sulphur has alwready¥ combined.

At the same time as the above control experiments

were carried out a similar set were run using an accelerator.

Phe results are as follows:
TABLE V11l

Linseed 0il + 20% Sulphur + 5% Zine phenylmethyldithiocarbamate
+ 3% Piperidine (1% Equivalents)
% Acetone-insoluble

Temp. 160° ¢. 150° ¢. 140° ¢c. 130° c.
Minutes
45 692
63 69,9 6048 49.6 45,3
76
83 64.3
90 60.9 50,0
100 13,3
120 55.5
126 6247
150 64,7 58.3
165 59.6

195 60.2
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Gein Gein Gein Gein
88 me 109 m. 170 m« 216 m.

The results obtained here are best realised
by comparison with those of table V1l, The most obvious
result is the marked decrease in the time of gelation
at lower temperatures, whereas at higher temperatures
the accelerator actually has a retarding effect, perhaps
due to decomposition products. The effect of the accelerator
appears to be twofold. It first increases the rate of
sulphur combination at all the above temperatures, as is
evidenced by the quantity of acetone-insoluble material
formed at the end of 63 minutes and the fact that no sulphur
separates from any of the samples on cooling. The second effect
is a retardation in the time of gelation from this point to
the end as the control samples gel more quickly than the
accelerator samples from the time they contain as much acetone-
insoluble material as the latter do at the end of 63 minutes.
This is probably due to the dispersive action of either the
accalerator itself, its decomposition products, or the zinec
goaps formed by a reaction of the accelerator with the free
acids present, and the fact that there is an increase in the
quantity of acetone-insoluble material at gelation, especially
at 150° and 160° C., would seem to prove this.

In most cases the decomposition products must exert
a greater dispersive effect than the accelerator itself and
more must decompose at higher temperatures as the differences
in the quantity of acetone-insoluble material at gelation

between the samples containing an accelerator and the controls
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are much greater. At those higher temperatures the increase
in the rate of sulphur combination may be practically egual
to the dispersive effect, and so the accelerator indicates
little action if gaunged by the time of setting, At lower
temperatures this increase far overshadows the dispersive
action.

Another striking point is the increase, with the
temperatures, of the quantity of acetone-insoluble material
present at gelation as compared to no appreciable variation
in the control samples.

It may be mentioned that the sample containing an
accelerator always looks much more viscous than the correspond-
ing control sample. Alsoihe material around the gelation
point is generally somewhat elastic when hot, but its
elasticity decreases greatly on cooling. Other polymerisable
materials, such as meta-styrene, behave similarly. The
elasticity of the material decreases on continued heating
after gelation.

A white sublimate formed at the top of the tubes
in the above four experiments. It formed more quickly and
in greater amount at the higher temperatures, and in the
next series of experiments it was shown that the amount is
increased by using larger quantities of accelerator. When
1 per cent of zinc phenylmethyldthiocarbamate and one

equivelent of piperidine are used there is only a small
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amount of white sublimate, but if only 1/2 ecuivalent of
piperidine (or no piperidine) is present there is none
at all indicating that piperidine is the cause of the
formation.

The above results showed thst with oils, as with
robber, accelerators do not produce good results at higher
temperatures, and that above a certain temperature, which
may vary with the accelerator, it is ineffective. A% 160°
C. a retarding effect was even observed. Consequently
further work was now carried on at 140° C., and 20 per cent
of sulphur was used in order to get rapid gelation.

The optimum quantity of piperidine was the next point
determined.
TABLE 1X

Linseed 0il + 20% Sulphur + Zinec phenylmethyldithiocarbamate

+ Piperidine at 140  C.

% Acetone-insoluble

Expt .38 Expt.39 Expt.40 Expt.41l Expt.36 Expt.42 Expt.43

Accelerator 1% 1% 1% 5% ?g 2% 2%

Piperidine 1/2equiv.lequiv.1-1/2 lequiv. 1-1 lequiv. 1-1/2
equiv, equiv. equive.
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Minates

63 0.4
78
90 0.9% 8.,8% 0.4
98

105 .

120 5842

135 3.2% 33,0 7.0* 6247 0.9

141 60e2

144 60¢9

150 64,9

165 14.6 47.1 16,5% 3.1*

197 25,1 57,7 2644 9.4%*
202 60.0

255 55,9

259 58,6

300 55.5 28,0

Gein Gein Gein Gein Gein Gein G.in
260 m. 204 me 308 me 108 m, 170 m, 145 m, 443 m.

4%.6 17,0 1.1

=30
00 o~Mm

60.9 38,0 1.1

O, oy 1

* Sulphiar present in aeetoﬁﬁinsolable ms terial on drying, It
.did not separate out from the sample on cooling. Part of it
may be zinc sulphide.

It is readily seen that, regardless of the ouantity
of accelerator used, one equivalent of piperidine gives the
optimam results. Having less than one equivalent of base
is not as detrimental as having more than one equivalent,
but no regularity is observed in the effect of the execess
base with increasing amounts of accelerator. Farthermore,
two per cent. of accelerator plus one equivalent of piperidine
is seen to be the most economical proportion to use for the
results obtained.

The effect of increasing amounts of the accelerator
plus the optimum quantity of piperidine is to increase the

rate at which the sulphur combines with the oil., This in

turn determines the rate at which acetone-insoluble material
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is going to form, and thus the time of gelation. The quantity
of acetone-insoluble material at gelation also seems to increase
slightly with increase in the cuantity of accelerator. The
effect of an excess or deficit of piperidine is to decrease the rate
0of combination of the sulphur, and also to decrease the quantity
of acetone-insoluble material present at gelation, although
this result is more pronounced with lower proportions of
accelerator. Hence piperidine differs from dibenzylamine by
retarding the sulphur combination and by exerting no &ispersive
action.

The following table is presented in order to compare
the effect of zinc phenylmethyldithiocarbamate when used alone
and when one equivalent of piperidine is added %o it.

TABLE X
Linseed 0il + 20% Sulphur + Zinc phenyjmethyldithiocarbamate
¢ Piperidine at 140° C.
% Acetone-insoluble

Expt.32 Expt.44 Expt.45 Expt.39 Expt.42 Expt.4l _

Accelerator 1% 5% 1% 2% 5%
Piperidine 1 equiv. 1 equiv. 1 enuiv.
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Minuntes

45 5045
63 2,94% 3644 17.0 57,7
78 61.6
90 B4* 10,30 44,7 8.80 38,0

98 6540

105 6546

120 5842

135 34,1 53,2 33,0

141 60.2

144 6049

150 55.6

165 46,7 47.1

180 61.8

197 57.7 57.7

202 60.0

255 5642

273 58.1

Gein Gein Gein G.in Gein G.in
276 m. 210 m. 210 me 204 m. 145 m, 108 m.

* Sulphur separated out on cooling.
o Sulphur did not separate out. Present in acetone-insoluble
material on drying; may be all zinec sulphide.

The most striking observation to be noted here is
the marked activation which the piperidine exerts on the
accelerator. This is not so obvious in the case of the
one per cent. sample, but it seems likely that in this case
there is a deficit of the accelerator, and if it is used
up very quickly at the start the piperidine could not have
much effect on it. The piperidine seems to aid the accel-
erator in still further cutting down the induction period
for sulphur combination or wlase in increasing the rate of
sulphur combination, either result being obtained by an
activation of the accelerator itself.

By comparisén with table 1X it is seen that a

deficit or an excess of piperidine, with small amounts of
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accelerator, will retard the gelation as much, if not more,
than the accelerator increases it.

Another interesting point in table X is the fact
that the time of gelation in experiments #44 and #45 is
the same, and yet there is a tremendous difference in the
quantity of acetone-insoluble material at the end of 63
minutes. Hence the presence of excess accelerator seems
to exert a dispersive action in retarding gelation, and
this view is further borne out by the fact that the
quantity of acetone-insoluble material present at gelation,
when 5% of accelerator is used, is greater than with only
1%, this result being verifisd by experiments #41 and #42
when piperidine is hsed. It takes 120 minutes for the 2%
sample to have as much acetone-insoluble material as the
5% sample has in 63 minutes, and yet there is only 38
minutes difference in the time of gelation. Consequently
it seems that there is an optimum concentration of
accelerator which wonld give the best results, that is,
decrease the time for sulphur combination considerably and
yet exert little dispersive action afterwards.

Since one equivalent of piperidine was found to
activate the 2zinc salts of dithiocarbamic acid, it was
decided to try its effect on PeP. and on mercaptobenzothio-
zol, commercially known as captax, and the results are
compared with those later obtained using zinc isopropyl

xanthate and other bases.
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TABLE X1

Linseed 0il + 207 Sulphur + Accelerator + Base at 140° C.

% Acetone-insoluble

Expt.46 Ex_pt.4’7 Expt.48 Expt.4-9 Expt.50 EX'pt.51

Mercaptobenzo~ ,
thiazol 2% 2%
P.F. 2% 2%
Zine isopropyl 2% 2%
xanthate
Piperidine 1 equiv. 1 enuive.
Dibenzyl-
amine 1l ecuniv.,
Aniline 1l ecuiv.

Minutes
63 5,.,8%
90 20.7*
135 44.9
145
152
154
166 5565
175 577
181 59,3
202 62.1
265 Some hsd
formed

0.9
10.8
29.6

OO
VO3 -1
¢ o o
(VAR RAVES; J3)

*

OO 1Y
i Yo ) M V1O
°
WOUT oo,

Gein Ge.in G.in Gein Removed at Removed at
183 m. 154 m. 154 me. 204 m. 318 m. 318 m.

* Sulphur separated out on cooling.

Piperidine acts as an activator for mercaptobenzo-
thiazol, but not for P.Pe In each case the presence of
piperidine does not change the quantity of acetone-insoluble
material present at gelation, but it does affect its rate
of f86mation during the process. This may be due to an
increased rate of sulphur combination in the case of mercapto-
benzothiazol and a decreased rate in the second case.

Using the same proportion of sulphur and the same temperature
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different accelerators seem to produce approximately the

same quantity of acetone-insoluble material at gelation,

Piperidine has been found to activate in those
cases where it can react with a zinc salt or can form an
addition compound, as in the case of zinc isopropyl xan-
thate and captax respectively. With P.P. neither of
these conditions are present.

Dibenzylamine and aniline both have a tremendous
retarding effect. This is surprising in the case of
dibenzylamine as it is quite a strong base. A large
amount of sulphur was found at the bottom of each tube
when they were removed indicating that these bases retard
the sulphur combination greatly. The material in both tubes
was much more viscous than the original oil showing that
a change was going on, and it seems probable that both
samples would have gelled if left long enough. By
comparison with table 111 it appears likely that these
bases cause more retardation at lower temperaturss.

It seems a striking fact that no sulphur separated
out from any of the samples which contained a base, and
yet atter five hours a large amount of sulphur was found
at the bottom of the tubes containing aniline and dibenzyl-
amine even in the presence of a powerful accelerator such
as zinc isopropyl xanthate. Hence the obvious conclusion

to draw is that the aniline and dibenzylamine decrease the
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solubility of the sulphur in the o0il to a very marked
extent at low temperatures, and thus the sulphur combination
is retarded. This in turn retards the gelation. In
the case of piperidine,one would assume from the results
that it also affects the solubility of the sulphur except
in those cases where it can work in conjunction with the
accelerator.
It might be mentioned that no white sublimate
was formed when captax was present alone or with piperidins.
In the experiments listed in tables 1V and Vv,
5% of zino oxide was added as an activator because it is
one of the usual quantities used in rubber, but as shown
it did not give the same resualts as obtained with rubber.

Since the experiments in table X scemed to indicate that
an optimum REOPL oB—~0-5—t i do—Woutdmpr-ods i
Iiét4u»4¢tgﬂm»¢nq&ntb»aigau,Auqu_Amm1¢ el

of an accelerator. This is now shown to be the case.

TABLE X11

Linseed oil + 20% Sulphur + P«Pe + Zinc oxide at 140° Ce
% Acetone-insoluble

Expt.48 Expte52 Expt.53 Expt.54 Expt.55 BExpt.56

Zn 0 % o?%z% 12%% 12% 226% 5?@
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Minutes

45 2.3 767
63 75 79 44.8 20,0
90 31.5 28.2 5745 373
100 60.1
115 6348
120 47.9 64.0
130 51.7
135 57.2 _ 16.8
145 6046 59.9 55,3
150 61.9 6342
163 5844 42,3
180 3641
195 8.5
199 63,1
221 65.1
226 62,5

> D0 D0
o @
OO
2
L

Gein Gein Gein G.in Gein G.in
154 m¢ 151 me 126 m. 166 me 226 me 199 m.

Prom the above it is seen that P.P. is quite a
powerful accelerator for linseed o0il as it cuts down the
time of gelation at 140° C. by almost one half. about
1% of zinc oxide enhances the action of the accelerator
somewhat, whereas larger quantities produce a retardation
in the time of gelation.

The quantity of acetone-insoluble material present
at the 63 minute period indicates that the activation
produaced by one per cent. of zine oxide is due tdafurther
reduction of the induction period or an increased rate
of sulphur combination. A comparison of experiments #48
and #54 shows that the excess zinc oxide or the zinc soaps
formed may exert a dispersive action,as experiment #54
has much more acetone~insoluble material at the end of 63

minutes and yet takes longer to gel. The quantity of



acetone~insoluble material present at gelation varies

somewhat with the proportion of zinc oxide used. One per
cent. of zinc oxide causes more to be present than is
formed in the presence of the accelerator alone, whereas
larger amounts of zinc oxide show no difference. In the
case of experiments #55 and #56, it is found that there
is a sudden increase in the quantity of acefone-insoluble
material at the gelation point, the increase being much
greater than during a corresponding time just prior to the
gelation. Other experiments might have given the same sudden
inorease if samples had been taken at the gelation point.

A white sublimate began to form in every onse of
the above cases in about 7 or 8 minutes.

When excess zinc oxide was used a hard cake was
found at the bottom of each tube.

A lower temperature was next employed in order
t0 see how P.P. acted at lower temperatures. At the same
time the work would show whether the optimum proportion

of zinc oxide changed with the temperature.
TABLE X111

*¥* 1inseed 0il + 20% Sulphur + P.P. + Zinc oxide at 130°C.
% Acetone-insoluble

Expt.57 Expt.58 Expt.59 Expt.60 Expt.6l

0 g% 8% i% o% i% 1% 5%2% %



Minates

63 . 15,8 5.5 1.7* 4.8%

90 10.4 26.1 18.3 3,9*
135 18.2 38.8 12.4
155 37.0 24,5
185 26.1 49,6 48,3 42.6
222 55.7 49,8 42,0
2322 5645
238 5843
243 58 o7

256 5547
276 54 .4
285 5641
308 57.8

G.in G.in Gein G.in Goin

310 m. 244 m. 242 m, 265 m, 287 m,

** Presh oil used.

These results show the great effect which small
variations in the quantity of zinc oxide exert on the
rate of gelation at low temperatures, and it is strange
that about one per cent. is the optimum quantity, and
that slight decreases or increases in that amount should
affect the rate of gelation so decidedly. By comparison
with Table X1 and X11, it will be noticed that a rise
of 10° C. decreases the time of gelation by about half,
and that the amount of acetone-insoluble material formed
at gelation increases slightly with the temperaturs. This
is exactly what has already been observed in Tables V1l and
Vill.

The white sublimate mentioned previously takes
about twelve minutes to start forming instead of eight
minates at 14 C. indicating that the accelerator acts

more slowly at lower temperatures, and this partly accounts



for the increased time needed for gelation. At 160° C.
it begins to form in about 5 minates.

The material at this temperaturs remains tacky
for over half an hour after gelation, whereas at 160° C.
the material is non-tacky and brittle in about ten minates.
The material at the lowmer temperature seems to be more
spongy and rubbery.

The speed with which the final gelation takes
place, after the material seems to be on the point of
gelation, varies with the materials added, their pro-
portions, and the temperature. At 130° Cc. the sample
containing 0.8 per cent. of zinc oxide goes through
this final stage more quickly than the 1 per cent. sample.

TABLE X1V

Linseed o0il 4 20% Sulphur 4 Accelerator at 140° C.
% Acetons-insoluble

Expt.52 Expte62
P.P. 2%
Zine oxide 0¢33%
Zinc P, 1.57%
Piperidine 069%
Minates
45 263 7.8
63 7.9 21.3
190 28.2 43,3
120 47,9
127 61,7
144 593
149 62.6
Goin Gein

151 m. 132 me.



The materials used in these two experiments
are exactly equivalent as regards the quantity of zinc
and piperidine present, but the resnlts obtained are
not the same, At the time the above experiments were
ran it was not known that one per cent. of zinc oxide
was the optimum quantity in the presence of two per cent.
of accelerator. With one per eent. of zinec oxide instead
of 0.33% on the one hand and an equivalent quantity of
material in the following experiment, identical results
might be obtained.

Several experiments were now carried out
to see if driers such as manganese oxide and manganese
resinate would enhance the action of an accelerator
at a low temperature. Also an attempt was made to
accelerate the gelation after the sulphur was combined
by using a p&iymerising agent such as zine chloride
aniline.

TABLE XV

Linseed o0il + 20% Sulphur + P.P. + Drier at 130° C.
% Acetone~insoluble

P.Pe 2% 2% 2% 2% 2%
Drier 1% 0487% 15,5% 1%
Zn O Mn O Mn resinate Zn O



=71l

Minautes
63 15.8 6el* 15.4 4.8
33 2%.8
1% zine chloride(() 5*4 t.bs
aniline added ( éﬁu'é)
90 2641 5.,8% 2743 2.9
120 38,6
135 38.8 19.9*% 44,4 12.4
155 45.0
162 42.0
180 35.5 56e4
185 49.6 ‘
195 513
203 60.2
218 6243
225 46,53
238 5843 5645
240 BG*
243 55- 8056
249 &5+9- 526 B4v2-
275 559 4.2
G.in Gein Gein Gein Ge.in

244 m, 284 n, 230 me 255 m, 287 me.

N.Bs~ The amount of manganese oxide and resinate used
above contained a quantity of manganese equivalent to
the quantity of zine in 1% of zinc oxide.

By comparing experiments #61 and #63 it is evident
that manganese oxide does not activate the action of the
accelerator. Manganese resinate produces the same activation
as zinquide as indicated by the quantity of aceton-insoluble
material formed at the end of 63 minutes, although it docs
cut down the time of gelation slightly more than the latter.

This experiment also yielded some very interesting

qualitative observations which might be mentioned here.

On sticking a stirring rod into the tube, and withdrawing,
an ordinary sample gives a long, stringy material during

the five minutes prior to gelation, yet in this experiment
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this long, stringy material was obtained for one hour and

ten minutes after gelation. During a portion of the period

the material was extremely elastic and could be stretched

into a very fine thread about ten feet long without breaking;
it was also practically non-tacky, seemed cuite rubbery, and
had considerable strength. Furthermore, it could be squeezed
between the fingers without becoming tacky. Hence the manganese
resinate must exert a softening effect, and this may be con-
sidered due entirely to the rosin it contains.

Since the accelerator seemed to aid the corbination of
the sulphur and had very little effect on the gelling of the
product, it was thought likely that a polymerising agent might
have some effect. Hence one per cent. of zinc chloride
aniline was added after most of the sulphur was in combination,
but a negligible result was obtained.

Using manganese oxide as an activator a large amount
of the white sublimate mentioned previously formed at the top
of the tube, whereas %gé zinc oxide or manganese resinate only

a smell amount was observede.
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TABLE XV1

Linseed oil + 20% Sulphur + Accelerator + Zinc oxide at 130° C.
% Acetone-insoluble

Expt.66 Expt.61 Expt.67 Expt.68 Expt.69

Isopropyl 2% 2%
dixanthogen

Isopropyl Mono- 2%
xanthogen

Zine diethyldi- 2%
thiocarbamate

P.P. 2%

Zine oxide 1% 1%

90 7.5*’ 5.9* 702* 501*
135 12,4 12,3 18.1* 9,7*
180 7.,0% 21,1 23,6*
220 41,5 31.5
240 45,0 39,7
276 19.8% 54.4 50.8
285 5146 52,2 48,5

317 5349
330 36.4%
395 50.1
420 54,9
Goin Goin Goin Gbin Goin
422 m, 287 m, 311 m, 308 m, 325 m.
At any temperature all accelerators do not
show an equal accelerative action, and of course the
satie thing has been found by other investigators to
apply in rubber. The presence of zinc oxide cuts down
the time of gelation when isopropyl dixanthogen and

monoxanthogen are used just as has already been shown
with P.P. and captax, but the activation produced in
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the latter is not as great. The isopropyl monoxanthogen
is slightly better than the dixanthogen, and the same thing
has been found to hold in rubber. The ~uantity of acetone-~
insoluble material at gelation in the above experiments

is approximately the same.

It was surprising that isopropyl dixzanthogen and
monoxanthogen did not produce greater acceleration than they
did since they are very powerful accelerators. But in the case
0of rubber it has been found that they are effective over a very
narrow range of temperatures, namely,between 110% 125°¢., as
above that temperature they decompose. Consecuently it was
decided to try their effect at ll6°C.,using 1% of zinec oxide
as an activator in one case and 1 equivalent of piperidine in
the other. At the end of eight and a half hours the experiments
were stopped as the materials were far from the gelation point,
although they had turned cherry red and were more viscous than
at the start. Hence we see that the temperature plays a very
important role in the sulpburization of oils, more so than it
does in rubber, and that below a certain temperature rapid
gelation will not occur even in the presence of an accelerator.
Consider ing the fact that solution of the sulphur takes place
very slowly at low temperatures and the observation that the
accelerator aids chiefly the combination of the salphar)we can

nnderstand the above results.



TABLE XV1l1

Linseed o0il + Sulphur + Accelerator, etc. at 125°0. and 140°c.
% Acetone-insoluble

Temp. 125°C. Temp.140°C.
Sulphur 20% 20% 14 14%
Isopropyl 5.32% 2%
dixanthogen
Zine isopropyl- 4,12%
xanthate
Zine diethyldai- 2%
thiocarbamate
Zinc oxide A 1%
Piperidine 1 equiv,
Minuntes
90 10.8 1.4
135 12,2* 15,6 27.9 15,7
185 24,.8% 28.4
210 4344 37 .6
255 37 44 29.4
270 51 .4 47 .8
330 51.1 504
359 54,0 55,2
Geln Gein Gein Gein
367 m. 368 me. 318 m, 358 m.

Since the results obtained at 116° C. using
isopropyl dixanthogen were not very encouraging, a tem-
perature of 12500. was next employed as the accelerator
decomposes above that temperature. By comparing with
experiment #69, Tahle XV1, it is seen that the results
are not as good &8 at 1259 C. even though there is more
accelerator present. In experiments #70 and #71, 3.32%
of isopropyl dixanthigen plus 1% zinc oxide are equiva-
lent to 4.12% zinc isopropyl zenthate.

Seeing that isopropyl dixanthogen gives better

results at 130°C, than at 125°C. even though 130%¢C. is
above the temperature at which it begins to decompose, an
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experiment was run at 14(PC. Although zine diethyldithio-
carbamate, even without piperidine, was shown to work
better than isopropyl dixanthogen plus zinc oxide at 13(PC.,
the latter is more effective at 14CPC. Thié&&ery surprising
as isopropyl dixanthogen will not work at all in the case
0of rubber at that temperature.

Since zinc oxide was found to activate P.P., it
was thought that zinc in a more scluble form would give
even better results, Hence the zinc salt of the fatty

acids in linseed o0il was prepared.
TABLE XV11l

Linseed o0il + 20% Sulphur + P.P. + Zine salt of the fatty
acids in linseed o0il at 140°C,
% Acetone-insoluble

P.P. 2% 2% 2% 2% 2% 2% 2%

Zine 1% 2% 5%
galt ? 1%zine 2%zine  2%zinc
salt, salt, salt,
1%zine 2equive lequive
oxide piper- piper-
idine idine
Minutes
45 38 .8
63 20,0 40,0 17.6 75 746 44,8 49,5
20 43,0 52.9 380 31le5 17.3 5346 54,8
110 5749
117 5549 47 .4
120 5549 29,3 55,2
129 5766 58.8
135 572
145 60.6
151 56.9 62.1
Be
e 55.2
Gein Gein Gein Gein G.in Gein Ge.in

1%8 m. 136 m. 179 me 154 m, 182 m, 136 m. 127 m.
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This table brings out several very interesting
points. Two per cent. of the zinc salt of the linseed
0il fatty acids produces the greatest initial activation
of the accelerator as evidenced by the quantity of acetone-
insoluble material at the end of 63 minutes, and yet 1 per
cent. gives the same time of gelation as 2 per cent. Also
1l per cent . and 5 per cent. produce the same result at the
end of 63 minutes, but the 5 per cent. sample takes much
longer to gele These results indicate that the zinc salt
has a twofold effect. It first ehhances the actidnfﬁ;azzg:?nr
and then serves to disperse the acetone-insoluble material
and thus retard gelation. If the zinc salt is used up during
the activation of the accelerator we can see why 1 per cent.
of the zinc salt has little dispersive power as it may be
almost all used up at the start,

As shown previously, and also as indicated by
experiment #77, having too much zinc present is worse than
having none at all. Its main effect seems to be a retardation
of the sulphur combination.

The presence of piperidine seems to have little
effect, 1 equivalent producing a slight activation, whereas
2 equivalents have no effect whatever. This is especially

remarkable as a considerable excess has been used, and it

was shown in Table 111 that an excess of piperidine exerted

a considerable retardation,
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Since the zinc salt of the linseed o0il fatty acids in
the presence of piperidine is shown in Table XIX to be just as good
an accelerator as P.P. itself, the results here show that a com-
bination of accelerators is better than each accelerator alone.
The combination of accelerators, in all cases shown, seems to
2id chiefly the combination of the sulphur.

Gelation came very slowly in experiments #75, #78, and
#79 after the material was exceedingly viscous, and an examination
of the amounts of acetone-insoluble material present during those
experiments as compared with some of the others bears this out.

In the last set of experiemtns it was showm that the
ginc salt of the linseed oil fatty acids did activate F.P.,
but the activation is not as much as that produced by zinec
oxide unless one equivalent of piperidine (qalcalated on the
amount of zinc salt) is also present. The next point to
determine was whether the zinc salt would act as an accelerator

alone.
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TABLE X1X

Linseed 0il + 20% Sulphur + Zinec salt of the linseed oil
fatty acids + Piperidine at 140°C.
% Acetone-insoluble

Expt.80 Expt.81 Expt.82 Expt.83

Zinc salt 2% 3¢5% 5.15% 7.7%
Piperidine 1 equiv, 1 equiv. 1 equive 1 equiv.
Minutes
45 1.1* 3,3% 1.0* 3.6¥
63 545 14,8 ,
75 5,6 10.0
90 20,0 38.5 22.1 28.1
138 50,0 5746
145 5543 5342
178 5846
Gein Gein Geln Gein
160 m. 146 m. 160 n. 188 m.

These results indicate that the zinc salt
of the linseed o0il fatty acids is a very good acceler-
ator when 1 equivalent of piperidine is present.
Whether it would work just as well without the piper=-
idine has not been determined. In the above, 2 per cent.
of the zinc salt contains a quantity of zinc equivalent
to the acid number of the 0il, 7.7 per cent, the same
quantity as 1 per cént. zinc oxide, 5.15 percent. re-
presents a quantity of zine equal to the zinc present
in 1 per cent. zinc oxide less the ruantity of zine
necessary to react with 2 per ceent. P.P. if all the
accelerator is used up in that way, 3.5 per cent. of the
gine salt represents an intermediate amount. As seen,
this intermediate quantity of zinc gives the best result.
Since the zinc salt is entirely soluble in the o0il and
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the zinc oxide not nearly so soluble, it appears that some
of the zinc oxide is not used up during the reaction or
else it has an additional function such as reacting with
the P.P.

By comparison with Table XV11ll a striking observation
is the fact that the formation of acetone-insoluble material
proceeds at the same rate in experiments #48 and #81l, and that
the initial formation of acetone-insoluble material here is
much slower than in, say, experiments #75 and #79. Hence
the induction periocd for sulphur combination does not seem
to be entirely removed in the former experiments, or else the
rate of sulphur combination is much smaller. The latter
explanation seems the more likely one.

The experiments recorded in the following three
tables endeavoured to show if the accelerators aided the

sulphur combination more at lower temperatures.



TABLE XX
Linseed 0il + 20 % Sulphar + 2% P.P. + 2% Zinc salt
of the linseed o0il fatty acids + 1 equivalent Piperidine
% Acetone-insoluble
Expt.79  Expt.84  Expt.85  Expt.86
Temp. 140°C.  150°C,  140%.for 1/2 140°C.for 1/2

hr,Then rais- hr,Then raised
ed to 150000 tO 150000 in

in 12 min. 12 min.Then
raised to 160°C.
in 12 min.
Minntes
30 11,68 14.9
45 38.8 14,9 35e7 40.8
63 49,5 277 51,8 57.8
13 : 63,0
81 4645
84 60,6
90 54,8
102 5769
110 57,9
G‘.iﬂ G’o in Goin Gein
127 m, 109 m, 93 me 84 m,

These results indicate that the accelerator
produces more rapid combination of the sulphur at a
lower temperature, but that the further changes whigh
lead towards gelation take place more rapidly at a
higher temperature. However, by comparing with Tables XX1
and XX11, we see that this is not universally true of
accelerators as in those cases the higher temperature
is conducive to more rapid combination of the sulphur
as gauged by the quantity of acetone-insoluble material

formed at the end of 30 mintgtes.
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TABLE X4
Linseed oil + 20% Sulphur + 2% Isopropyl dixanthogen +
2% Zine isopropyl xanthate + 1 equivalent Piperidine
% Acetone~insoluble

Exphk .87 Expt.88 Expt.89 Expt.90

Temp. 140%. 14Pc.for 15FPC.for 160°C.
1/2 br.Then 1/2 hr.Then

raiged to raiged to
150°C.in 12 160 C.in

mine 12 min.
Minutes
30 2.8% 19.6 53.4
40 67 ¢4
42 69.8
45 5.5 51l.1
57 68«3
63 14.9 2847
90 35.2 55.4
115 48.1
Gein Gein Ge.in Gein
140 m. 97 me. 60 m. 43 m.
TABLE XX11

Linseed o0il 4 20% Sulphur + 2% Zinc salt of the linseed oil
fatty acids ¢+ 1 equivalent Piperidine

% Acetone-insoluble

Bxpt.9l Expt.80

Temp. 140°C. 150°C.for 1/2 hr,
Then raised to
160°Ce in 12 min,

Minutes
30 8.3
45 1,1* 40.3
63 Heb
90 20.0
138 50
Ge.in Gein

140 nm. 65 m,
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As regards the experiments recorded in the last
three tables, it may be stated that gelation came very
quickly only in the case of the four experiments listed
in Table XX1, that is, the material gelled in a very
short time after it became extremely viscous.

A study was now made of the effect of varying
the proportion of sulphur on the sulphurisatioh of linseed

oil’,
TABLE XX111

Linseed oil + Sulphur + 2% Isopropyl dizanthogen + 2% Zing
isopropyl xanthate + 1 equivalent Piperidine at 160 C.

% Acetone-insoluble

Expt.92 Expt.93 Expt.94 Expt.95 Expt.96 BExpt.90 Expt.97

Sulphur 12% 14% 14% 16% 18% 20% 20%
No isopropyl dixanthogen in experiment#47

Minutes
30 840 13.3 2e2 3846 534 51.3
40 67 44
42 698
45 246 21l.2 21.6 14,7 533 65.4
49 66,6
59 583
64 60.1
90 26,1 45,3 46,9 46,7
102 59,8
135 40,2
180 49,0
204 533

G.in Ge.in Gein G.in Goin G.in G.in
209 me 130 me 126 m, 102 m. 65 me 43 m. 51 m.

The great decrease in the time of gelation with

increasing proportions of sulphur is very noticeable. The



quantity of acetone-insoluble material formed at gelation
increses slightly up to 18% sulphur, and then rises more
sharply. The 16% sulphur experiment does not seem to fit
in the series as regards the quantity of acetone-insoluble
material formed after 30 minutes, but the 14% sulphur sam-
ple was checked and gave quite concorant results.

A very striking point is the tremendous increase
in acetone-insoluble material formed at the end of 30 minutes
in the case of the 18% and 20% sulphur experiments.

Experiment #97 again shows that a single accelerator
is not as effective as a combination of two accelerators.

As before, the added decrease in the time of gelation due
to the second accelerator is not very great.

In order to speed up the work several samples were
weighed up the day before making the run. However, one of
the resilts did not fall in line with previous results,
and on checking these experiments it was found that allowing

the material to stand over-night had an effect in some cases,
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TABLE XX1V

Linseed o0il + Sulphur + Accelerator ¢+ Piperidine
% Acetone-insoluble

At 1400 ¢, A% 160° C,
Sulphur 204 20% 16% 16% 18% 18%
Zine salt of 2% 2%
linseed o0il
fatty acids
Piperidine 1 ecuive 1 equiv.
Isopropyl 2% 2% 2% 2%
dixzanthogen
Zine isopropyl 2% 2% 2% 2%
xanthate
Piperidine 1l equive. 1 ecquive. 1 equiv. 1 eguiv.,
Minntes _
30 0.9 2.2 27,4 3846
45 1.2* 1.1* 7.4 14.7 42,3 5343
59 5843
63 8.9* 545 18.1 55.8
64 60.1
90 20,0 3648 46,7
102 59.8
110
128 55,9
138 5040
140 57,1
Gein Gein Gein Gein Gein G.in

155 me 160 me 131 m, 102 m, 74 me 65 m,
N.B, Experiments #98, #99, and #100---material weighed out,
added to the oil, and left over-night.

The results indicated by this table are very
interesting as we see that in one case weighing out the
material the previous day has no effect on the time of
gelation, whereas in the other two it has. Now, in

table XV11ll, it was shown that piperidine did not seem
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to activate the zinc salt of the linseed oil fatty acids
appreciably, whereas it was previously fo that piperidine
did enhance the action of the zinc dithiocarBhmates, and
hence it must activate zinc isopropyl xanthate. The activation
seems to be due to a reaction between the two, and such a reaction
taking place over—night would, in all probability, affect the
quantity of accelerator available when the heating was
carried on.
Another explanation appears likely. It was found
that when the samples were left corked over-night that
the inside of the tubes were sticky. A thin film of
piperidine there would cause that stickiness, and it seems
possible that some of the piperidine evaporated from the
0il and condensed along the side of the tube. Since it
has already been shown that unless exactly one eguivalent
of piperidine was present the optimum results would not
be obtained, except in the case of the zine salts of the
linseed o0il fatty acids, it is evident why a variation
would occur in one sample on standing and not in the other.
Several experiments were now carried out at 180°C.

to see if gelation would occar with low percentages of sulphur,



287 -

TABLE XXV
Linseed o0il + Sulphur + Isopropyl dixanthogen 4 Zinc isopropyl
xanthate + Piperidine at 180°C.
% Acetbne-insoluble

Expt.101 Expt.l102 Expt.l103 Expt.104

Sulphur 12% 12% 8% 6%
Isopropyl 2%
dixanthogen
Zine isopropyl 2%
xanthate
Piperidine 1l equiv.
Minubes
30 28,0 0.4 None None
46 41,2 0.3
74 54,0
90 2l.3 None None
145 51l.8
180 17.5 12.1
360 40,3 2847
480 46,8 34 .6
520 5045
Gein Gein Gein Had not G.in
82 m. 153 m, 537 m. 638 m.

Raising the temperature 2P 0. cuts down the time
of gelation of a 12 per cent., sample from 248 minutes at
160°%. to 82 minutes at 1805 C. The accelerator must
decompose very rapidly at that high temperature, and its
decomposition products greatly retard the gelation. They
appear to d6 that by retarding the combination of the
sulphar as the cuantity of acetone-insoluble material
formed in experiment #101 and #102 at the end of 30 minutes
and 90 minutes respectively are approximately the same,

and the material in each experiment gels in about the
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same time from this point.

Exzperiments #103 and #104 are interesting in that
they show that gelation will ocour with small ruantities of
sulphur. The 6% sulphur experiment was not carried to
completion, but it is very probable that it would gel if
heated long enough, A very rapid stream of carbon dioxide
was pasged into the mouth of the tubes to make sure that no
appreciable quantities of air would enter. When the tube
containing the 6% sulphur sample was removed from the bath
and cooled, the material was found to be extremely viscous.

At gelation the 8 per cent. sulphur sample had
hardly any body to—i% in contrast to what is obtained at
lower temperatures, especially in the presence of
accelerators. Heating the material eontaining 8 per cent.
sulphur after gelation causes it to become denser and to
have some bulk, but the material is very tacky. The acetones
insolyble material of all the samples taken in experiments
#103 and #104 were soluble in ether.

As observed previously, over 50 per cent. of acetone-
insoluble material must be formed before gelation occurs. It
must be remembered that this is simply an empirical value.

A number of control experiments for those listed in
table XX111 were now to be run, but unfortunately the oil
and sulphur gave out. When the new materials arrived it was

decided to spend some time in studying one set of experiments
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in detail,in order to see whether the accelerator only
affected the sulphur gombination or also the last part of
the process,
The first point to be determined was at what time
in the process at 140" C. the sulphur was all combined, both
in the presence of an accelerator and in the control.
Chataway{lhad found that at 160° C. all the sulphur was
combined in 45 minutes. Since P.P. is a powerful accelerator
and leaves no residue it was considered a satisfactory one to use.

Table XXV1 gives the results obtained the first time.
TRABLE XXV1

**Lingeed 0il 4 20% Sulphur + P.P. at 140° C.

% Acetone-insoluble % Ether-insoluble
Expt.105 Expt.106 Expt.105 Expt.106
P.P. 2%
Minutes
45 7.0* 2.,2*
55 14,9* 1.4:
63 22,0* .8
90 44,2 None
123 56,7 28,5 .
121 10.4* 1.453
143 16.6* 0.5:
155 25,1* 0.2
175 36.8% Negligible*
210 52,0 12.1
Gein G.in
128 me. 225 ‘mo

*  Sulphur separated out on allowing sample to stand for some time,
** Presh oil.
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The ether-insoluble material was obtained by adding
twenty times its weight of ether to the sample, stirring well
several times, decanting at the end of an hour, and then
rinsing twice with 2 c.c. of ether. It was found to be very
jelly-l1like,

No ether-insoluble material is obtained until almost
50% of acetone-insoluble material has formed. Hence at the
start all the ether-insoluble material present represents
dissolved sulphur. Therefore in the tube containing the
accelsrator dissolved sulphur is présent in the oil for about
80 minutes whereas in the control it is present for 175 minutes,
and it may be pointed out that the difference almost corresponds
to the difference in the time of gelation.

The fact that there is dissolved sulphur in the oil
when over 30% of acetone-inscluble material is present
indicates that acetone-~insoluble material can begin to form as
goon as a definite percentage of sulphur is combined.

The variation in the time of gelation obtained here
and those given previously may be due either toachange in the con-
centration of the mixtures due to the removal of so many
samples before the sulphur is all dissolved and combined, or
else to the fact that the fresh o0il has a slightly different
composition from the previous one. By comparison with table
XXV1ll it is seen that the second assumption is the main one

as the control given in that table takes less time to gel

than before. Hence the results shown in this table and in
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later experiments cannot be compared with previous results.
In experiment #105 it was shown that when 20%
of sulphur is used in the presence of an accelerator, 2.2%
of dissolved sulphur is present at the end of 45 minutes.

Consecuently it was thought that by starting with 16% of

sulphur none would be uncombined in 45 minutes,
TABLE XXV11l

Linseed o0il + 16% Sulphur + P.Pe at 1400 Ce

% Acetone-insoluble % Ether-insoluble
Expt.107 Expt.108 Expt.107 Expt.108
P.P. 2%
Minutes
35 2,5% 1,3*
45 2.8% 1.7*
55 3.3* 0.8%
63 7.9% Negligible*
80 1643 None
105 30,0 "
127 1.8%
138 2.9%
152 6.6 ¥
165 5542 14.6
180 16.9 None
240 4649 "
267 5507 20,6
Gein Gein

177 m, 275 m,

The result obtained was unexpected as dissolved
sulphur was present in both samples almost as long as before.
Hence this indicated that the sulphur combination was a time

reaction, the rate varying with the temperature and with the



amount of sulphure.

The quantity of acetone-insoluble material present
when all the sulphur disappears is much less than when 20 per
cent. of sulphur wastusedgzés not changed by the presence
of an accelerator.

Having found the point at which only a negligible
quantity of salphur is dissolved in the o0il, 2% of an
accelerator was added at that point. A control experiment

was run at the same time.
TABLE XXV11ll

Linseed o0il + 20 % Sulphur at 140° C. 2% of P. P. added
166 minuntes after the Start.

% Acetone-insoluble % Ether-insoluble
Minutes
143 11,1* 0.06*
165 25,0* 0.05*
166 2% of P.P. 2% of P.P.
added - added
180 55,0 3369 1.9 None
195 63,0 337
205 67.4 42,5
212 45,5
22b b5.2 175
Gein Gein
212 me. 234 m,

Fourteen minutes after the accelerator was added

the appearance of that sample had changed tremendously compared
to the control. It had more bulk than the control sample 9
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minutes before gelation. Contrary to what happens when the
accelerator is present right from the start there was a
great increase in the quantity of acetone-insoluble material
at gelation in this case. As seen, there is a hastening of
the gelation, bui ‘the decrease is not very great due chiefly
to the slow rate at which the last part of the process takes
place giving a very indeterminate end-point. This may be due
to a dispersive effect exerted by excess accelerator. Very
likely if only, say, 1% of accelerator had been added the
slow rate of gelation after the material became extremely
viscous would not have been so prominent.

After about 50 per cent. of acetone~-insoluble
material has formed the formation of ether-insoluble
material takes place at a very rapid rate, and so it is
the main factor in the production of a gel.

Before drawing the conclusion that the acceleratar
aids the last part of the process as well as the combination
of the sulphur, it was decided to try a few mere experiments
on similar lines. In one experiment 4% P.P. was added at the

22 rone addad o the Xt and
start; in the othervtwo per cent. more when the sulphur was

all combined as found in experiment #105.



TABLE. XX1X

Linseed oil + 20% Sulphur + P.P. at 140° C.

% Acetone-insoluble % Ether-insoluble
P, P. 4% 2% at the
start
2% after 76
minates
Minutes
45 5e7 0.17
b5 13,56 Negligible
"6 2% of accel- 2% of accel-
99 erator added erator added
Jrl-qu 48,0 5305 Oeb6 205
305 59,4 61l.3 28,4 27.3
1236120 323
5x126 39,4
343131 4,7 49,0
5% 141 41,9
153 52.2
Gein Gein
128 m. 148 me

The conclusions arrived at here are obtained by
comparison with tables XXV1 and XXV1ll. Although 4 per cent.
of the accelerator causes a disappearance of the dissolved
sulphur about 25 minutes before that in the 2 per cent.
sample, yet the two samples have the same time of gelation.
Purthermore there is a marked increase in the quantity of
acetone-insoluble and ether-insoluble material at gelation
in the case of the 4 per cent. sample, and hence it seems
that the additional 2 per cembt. of accelerator or its
decomposition products must exert a dispereive effect and

thus retard the gelation. This seems to be borne out by
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experiment #112 as the addition of 2 per cent. of accelerator
after there is no &issolved sulphur present causes a retardation
of 20 minutes in the time of gelation,with consequent increase
in the cuantity of acetone-insoluble and ethsr-insoluble
materiale Also in experiment #109 it seems that the addition
of 2 per cent., of accelerator after there is no dissolved
sulphur left is an excess as a marked slowing up of the gelation
occurs after the initial accelerating effect, Hence a smaller
quantity of accelerator in that experiment would likely produce
better results.

It may be pointed out that the initial acceleration
produced in experiments #109 and #112 on adding 2 per cent.
of accelerator after the dissolved sulphur has combined is
approximately the same, s®d In both cases the end-point is
very indeterminate and gelation ocecurs extremely slowly, the
result of this being a large increase in the amount of acetone-
insoluble and ether~-insoluble material at gelation.

Exper iments #105 and #111 which have 2 per ceat.

and 4 per cent. of accelerator respectively also have the
same quantity of acetone-insoluble material after 55 minutes,
and yet in the 4 per cent. sample there is no dissolved
sulphur present at that time., Hensce within certain narrow limits
the rate of formation of acetone-insoluble material does
not seem to depend on the quantity of sulphur combined.

After gelation the amount of acetone-insoluble
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and ether-insoluble material continue to increase,

More white sublimate is formed around the top of
the tube in the case of the 4 per cent. sample than in the
2 per cent. sample.

For the purpose of getting more information as
regards the sulphur combination experiments #107 and #108
were repeated, and a determination made of the ruantity of
undissolved and dissolved sulphur present in the tubes at
various periods of time. The procedure followed was as
follows: Two tubes were placed in the bath. At the end
of, say, 25 minutes a sample was taken from one tube for
the determination of acetone-insoluble and ether-insoluble
material, A minute later the tube was removed, a layer
of liquid sulphur being found at the bottome. The bottom
of the tube was coolﬁ? causing this sulphur to solidify
in one mass. On allowing the material to stand for a day
or two the uncombined sulphur, which had been dissolved,
orystallized out, and on extracting the material with ether
the undissolved and uncombined sulphur remained, The
undissolved pass was in one solid lump and could be removed
from the crystalline material, After washing well with
ether the weight of each was determined, and a correction
added to the amount of dissolved sulphur owing to the
sample removed. A similar procedure was followed at other

periods of time, the results being recorded in the next table.
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TABLE XXX

Linseed o0il + 16% Sulphur + P. P. at 140° C.

% Sulphar % of original
% Acetone- % Ether- % ‘Sulphur dissolved but/ Sulphur
insoluble insoluble undissolved uncombined combined

Expte. Expt. Expt. Expt. Expt. Expt. Expt. Expt. Expt. Expte
113 114 113 114 113 114 113 114 113 114

P. P. 2%

Minuntes

25 2.76 1l.25

27 7.00 2.25 42,2

35 2011 0,92

46 Hed2 2.46 50,8

60 0.06 None

6l 4,10 l.44 65.4

82 292 None

83 3.78 0.86 71.0
138 566 0.09

139 1.15 3.24 72.6
163 15,8 None
165 0,36 1.13 90.8

N.Be The sulphur remaining at the various periods of time
is caloulated as a percentage of the original oil.

These results are very important as they show that
the ocombination of the sulphur is a time reaction regardless
of whether an accelerator is present. At the start, in the
presence of an accelerator, only 42% of the sulphur combines

in 27 minntes, 51% in 46 minutes, 65% in 61 minutes, and 71%

in 83 minutes.

In 83 minutes

the sample containing the accelerator has as much sulphur
combined as the control in an hour longer. But it was shown
previously that the difference in the time of gelation was over
1 hour and a half, Hence this indicates that the accelerator
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.does accelerate the last part of the process, and table XXX11
appears to bear this out.

It may be noticed tmaéfthe uncombined sulphur there
is always more of the sulphur undissolved than dissolved when
the accelerator is present, whereas the reverse holds true in
the absence of the accelerator. It appears probable that
solution of the sulphur is the slow process, and that the
accelerator only aids the combination of the sulphur. In
doing so, however, it continually destrays the eouilibrium
between dissolved and undissolved sulphur, and hence the
accelerator increases the whole process. Further work along
this line would be very helpful in drawing a complete picture.

Seeing that there was still 1-1/2 per cent. uncombined
sulphar present at the end of 165 minutes when only 16 per cent.
was used at the start, it seems that more might have been present
at that time if 20 per cent., had been used instead. Hence
the acceleration obtained in experiment #109 when 2 per cent.
of accelerator was added after the sulphur was thought to be
all combined may have been due to a more rapid combination
of this uncombined sulphur. Since Chataway had found that
all the sulphur was combined in 45 minutes at 160° C., it
was decided to repeat experiment #109 using only 14 per cent.
of sulphur and heating at 160° C. until all the sulphur was
combined. Then the material was to be cooled to 140° C. and
2 per cent of accelerator added. By running a control at the
same time it would thus be possible to,see if the accelerator
alded the last part of the process leading to gelation after

all the sulphur was combined.



In order to ses how soon the sulphur would be
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combined two tubes containing linseed oil and 14 per cent.

of sulphur were placed in the bath at 160° C.

minutes a sample was removed from one tube, the tube

removed the next minuts, coolea)and the proprotion of

undissolved and dissolved sulphur determined as before.

After 45

At the end of 80 minutes a similar procedure was followed

with the material in the Second tube.

The results obtained were as follows:
TABLE XXX1
Linseed o0il 4 14% Sulphur at 160° C.

% Acetone- % Ether- % Sulphur
insoluble insoluble undissolved

Expt.115  Expt.115  Expt.115

Minutes
45 6.4 None
46 5,01
80 30,0 None
81 0.23

% Sulphur
‘dissolved
but not

combined

0.008

None

% of original
Sulphur com-

bined

64.2
98.4

By comparison with experiment #114 we see that the

rate of sulphur combination is much greater at 160° C. than

at 1409 C,, but even at the higher temperature it takes

considerable time. Contrary to what was found at 140° C.,

Vvery 1little dissolved sulphur is present even though there

is a considerable quantity of undissolved sulphur.

This
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leads to the conclusion that at 160° C. combination of

the sulphur takes place as soon as it dissolves, and that

solution of the sulphur is a slow process even at that

temperatures A%t 140° C. combination of the sulphur takes

place much more slowly, and so there is always a consideralble

amount of dissolved sulphur present. The accelerator seems

to aid only the combination of the sulphur, but by producing

a faster removal of the sulpbur more is caused to go into solution.
Having found that practisally all the sulphur

combines at 160° C. in about 80 minutes when 14% of sulphur is

used, it was now possible to determine if the accelerator

aids the Inpt portion of the process by adding, say, 2 per cent,.

after thei%ilphur was all combined, a centrol being run at

the same time. Since accelerators work best at lower temperatures,

140° C. was considered a satisfactory temperature at which to

add the accelerator. Consequently experiment #115 was repeated

and the 0il heated with 14 per cent, of sulphur for 109

minutes. The tubes were removed from the bath,and the latter

cooled down to 140° ¢. in one hour. They were then replaced,

and five minutes allowed for the materials to heat up again.

After an additional 11 minutes heating 2 per cent. of P.P.

was added to one tube with stirring. The results obtained

were as follows:
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TABLE XXX11

Linseed 0il 4 14% Sulphur. Heated at 160°C. for 109 minutes.
Tubes removed and then heated further at 140°C.

% Acetone-insoluble % Ether-insoluble
Expt.l116 Exptl.117 Expt.116 Exptell?
Minuntes
108 3547 None o
109 Tubes removed and bath cooled to 140 C.
120 2% P.P. added 2% P.P. added
135 45,2 5345 None 30.7
168 49,3 54,8 None 35,7
G.in Gein

228 Me 193 m.

When the tubes were removed from the bath a
very small amount of sulphur was noticed at the bottom,
but the quantity was negligible as it was much smaller
than that found in experiment #115 after 81 minutes,
An extremely small amount of sulphur was noticed at
gelation at the bottom of the tube which comtained no
accelerator,whereas in the other tube none could be seen.

The acoelerator does seem to have an immediate
offect on the material when added as seen by the increased
formation of acetone-insoluble and ether~insoluble mater-
ial and by the greater bulk of the samples as compared
with the corresponding control samples, but it causes the
material to have a very slow and indeterminate end-point.
It does make the material less tacky and more elastic at
gelation. The time of setting was reduced one-third from
the time the asccelerator was added. This result was also

obtained in experiment #109 using 20 per cent. of sulphur.
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** RXPERIMENT 118

Although the results of experiments #109 and
#117 seeme§~to prove that the accelerator d4id produce
a notici?gie effect on the sulphurised oil after the
sulphur was all combined, there was always the possibility
that a small amount of free sulphur mighthzszbeen present,
and this of course would affect the result. Consecuently
a large batch of linseed 0il was heated with 20% of sulphur
at 140 C. for 186 minutes, and the sulphurised oil extracted
with dried ether in order to remove any uncombined sulphur
(only a very small quantity was found)e The ether was then
removed in vacuo, and portions of the residue heated as follows:

**pPresh o0il used.
TABLE XXX111

Temp. 140°c. 130%¢c.
% Acetone-insoluble % Ether-insoluble
Expt.119 Expt.120 Expt.119 Expt.120 ZExpt.l121 Expt.l22

PoPe 1% 1% 1%
Minntes
0 46,0 , 0.0
10 5049 49,9 246 1%7.0
15 533 51.0 8.1 3845
20 54.4 43,1
31 57.1 277
35 46,6
41 302
66 41,7
76 6504 57.1
920 63.1 49,3
Gein Gein Gein Gelin

35 m. 23 m. 50 m, 26 m,
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The above results are very important as they furnish
positive proof that the accelerator does hasten the last part
of the process after about 46 per cent of acetonse-insoluble
material has formed, even though there is no free sulphur
present. Although a decrease of one-third is obtained at
140°C,, the actual shortening in the time of setting during
this part of the process is very small. The main effect of the
accelerator at this stage is in producing a tremendous increase
in the rate of formation of the ether-insoluble material, that
is, the large aggregates. Experiment #120 was as far advanced
one minute after gelation as experiment #119 was 15 minutes
after setting as regards bulk, tackiness, etec.

A rise of 10°C. does not change the effeét of the
accelerator during the last stage, and hence in the presence
of an accelerator changes of temperature mainly affect the
rate of combination of the sulphur and the rate of formation
of the acetone-insoluble material.

The solubility in benzene and in ether of the products

obtained in table XXX111 was as follows:

TABLE XXXQV
Solubility in Bengzene Solubility in Bther
Expt.119 Expt.120 Expt.119 Expt.120
Minutes
23 Almost completely gonsiderable
soluble 'guantity insoluble

35 Completely Considerable quantity

soluble insoluble

Considerable

quantity insoluble

Almost completel
50 goluble o v

95 Considerable quantity
insoluble
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The material insoluble in benzene was in a swollen
condition, whereas that insoluble in ether was not. In the
case of experiment #121, the material was still completely
soluble in benzene after 125 minutes, i.e., 75 minutes after
gelation, This is a further example of the effect of temperature

on the last stage of the process,

It has just been stated that the material in exvperiment
#120 was as far advanced one minute after gelation as the
control sample was 15 minutes after gelation as regards bulk,
tackiness, etc., and an inspection of table XXX111 indicates
that at those two points the ~uantity of ether-insoluble
material was of the same magnitude. Also the solubility
in benzene at those two pericds was shown in table XXX1V to

be about the sane.
EXPERIMENT 123

The next point to determine was whether the accelerator
would have any effect on the acetone-soluble portion of the
sulphurised o0il. Hence another large batch of linseed oil
was heated with 20% of sulphur at 140%C. for 186 minutes; ana
this time the sulphurised oil was well extracted with
successive quantities of acetones @The acetone-insoluble
material remaining was a spongy solid. It may be mentioned
that the acetone-insoluble material was now partly insoluble

in ether, whereas before the extraction it was completely
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soluble. The geetone was removed in vacuo from the

acetone-insoluble material, and the latter heated as follows:
TABLE XXXV

Temperature 140%.,
% Acetone-insoluble
Bxpt.124 Expt.125 Expt.126 Expt.127

Sulphur 10% 10%
P.P. 1% 1%
Minutes
60 49.4 583
275 43,9 3.5
360 5067 43,2
Gein Gein Gein Gein
378 m. 480 me 96 m. 69 m,

The acetone~soluble material must have contained a
considerdble amount of sulphur in combination to enable
gelation to occure. A surprising feature is the retardation
produced by the accelerator. Again it is observed that
over 50 per cent. of acetone~-insoluble material must be
formed before gelation takes place.

Experiments #126 and #127 indicate that the
sulphuriséd oil can take up sulphur at a rapid rate, and
the accelerator is again observed to function. The final
end-point came quickly in these experiments, whereas it was

very slow indeed without the additional 10 per cent. of

sulphar.
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EXPERIMENT 128

In order to get a large cuantity of sulphur in
combination nuickly so as to avoid, as much as possible,
the changes taking place in the sulphurised oil during the
heating, it was decided to heat linseed oil with 30 per cente.
of sulphur at 160°C. Gelation occurs in this case in 34
minutes, and preliminary work indicated that 20 per cent.
of sulphur was combined at the end of 29 minutes whereas
only 11l.5 per cent. was combined after 22 minutes.

A large batch of linseed o0il was heated with 30 per
cemt. of sulphur at 160°C. for 25 minutes, and cooled
quickly. This material was then extracted with dried ether,
and 15.2 per cent. of sulphur was found to be in combination,

The ether was removed in vacuo, and the residue heated as follows:
TABLE XXXV1

Temperature 14000.

4 Acetone-insoluble % Ether-insoluble

Expt.129 Expt.l30 Bxpt.129 Expt.130
P,P. 1% 1%
Minutes

15 18.6 23.2
60 31.2 3548

120 42,3 4342
150 None None

Gein Gein
247 m. 24% m,
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Althoughthe material in experiment #130 appeared
much denser than the control at the end of 15 minutes,
nevertheless there is very little difference in the
quantity of acetone-insoluble material present at that time
in the two experiments. Also we notice that the rate
of ﬁzgggggiof acetone~insoluble material in the control
is slightly greater than in the experiment containing the
P.P., and so it seems that the accelerator slightly retards
the formation of.the acetone-insoluble paterial. However
its retardation during this stage is offset by the greater
rate of formation of the ether-insoluble material during the
following stags, and so in this case the time of setting is

the same.
EXPERIMENT 131

Part of the ether-soluble material prepared in experiment
#128 was heated in two tubes (30 grams in each) for 70 minutes
at 140°C¢. so that about 33 per cent. of acetone-insoluble
material would be present. It was then cooled and extracted
well with acetone using successive quantities of 150,150,75,
75, and 50 c¢.¢. in each tube, that is, 13 times its weight.
The acetone-insolable material remaining was Jelly-like in
character and extremely viscous. It would barely flow.

Tube I - Heated to 140°C.

Material d4id not liguefy on heating, and in four
minutes it had taken the appearance of the ordinary
gelled material 10 minutes after setting. It was tacky,
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Tube II - 1% of P.P. added - Heated to 140°¢C.

Material became non-tacky immediately (within two
minutes) and did not change in appearance on con-
tinued heating for 30 minutes. It could be rubbed
to soft separate particles throughout that period.
The material in tube I reached that non-tacky and

powdery stage in 50 minuates.

EXPERIMENT .132

The last experiment was repeated, but this time less
acetone was employed for the extraction (100 c.c. and 75 c.c.
nsed successively, which repressnts about five times its weight
of acetone). The:; acetone-insolable m3 terial this time was
quite fluid.
Tube I - Heated to 140°C.

Gelation occurred in about 7 minutes.

Tube II - 1% P.P, added - Heated to 140°C.

Material gelled in about three minutes.
The material obtained in the last experiment at
‘gelation is more tacky than that in experiment #131, especially

so in the presence of the acscelerator.

EXPERIMENT 133

Experiment #131 was again repeated, but this time only
50 c.c. 0f acetone was used for the extraction of 16 grams of

material, that is, 2.5 times its weight of acetone was employed.
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There was only enough material left for one tube.

Tube I - 1% P.P. added - Heated at 140°C.

Gelation occurred in 78 minutes, an indeterminate
end-point being obtained. The material was extremely tacky
at gelation as a sort of fluid gel was formed.

From the last few experiments it is readily seen
that the acetone-soluble material plays a great part in re-
tarding the setting of the sulphurised oil. Simply extracting
with 2,5 times its weight of acetone produces a reduction in
the time of setting of almost two~thirds from that point, whereas
using five times its weight in two successive juantities
causes almost instantaneous gelation at 140°C.

It was thought desirable to carry out a few more

experiments on similar linese.

EXPER IMENT 134

Experiment #128 was repeated, linseed oil being heated
with 30 per cent. of sulphur at 160°C. for 25 minutes. On
extracting with dried ether it was found that there was 16.2
per cent. of combined sulphur present. The ether was removed

in vacuo, and the residue hested as follows:
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TABLE XXXV1l

% Acetone-insoluble

Expt.135 Expt.136 Expt.137 Expt.138

Temp. 140°C. 140°C. l60°C. 160000
P.P, 1% | 1%
Minutes
15 25,0 2645
60 3746
‘Gein Gein Gein G.in
179 m. 202 me 71 me. 80 me.

The results shown verify those in table XXXV1
by proving that the accelerator does not enhance the
formation of the acetone-insoluble materisl even though ihexe
there appwars to be a marked increase in the bulk. The
retardation produced during this stage is greater than
the accelerating effect it exhibits during the succeeding
stage in which the ether-insoluble material is formed,
and so the accelerator, on the whole,shows a slight
retardation.

A rise in temperature produces a marked decrease

in the time of setting of the sulphurised oil,

EXPERIMENT 139

Part of the ether-soluble maberial prepared
in the previous experiment was heated for 1 hour at
140°C. in order to increase the quantity of acetone-
insoluble materiale It was then cooled and extracted with
2,5 times its weight of acetone. The insoluble material

was placed in two tubes and heated.
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Error 4n Numbering
TABLE XXXV11ll ~ Pages’
Temperature 140°C,

% Ether-insoluble material

Expt.140 Expt.141
PoPo ]_%
Minutes
15 None None
Ge.in Gein
35 Me 31 Me

The acetone-insoluble material remaining above
after extraction had acetone dissolved in it. When only
1.3 times its weight of acetone had beeneadded a homogeneous
solution was obtained. Hence %this seems to indicate that
sulphurised linseed o0il has a two~phase structure, and that
when acetone is added it increases the proportion of one
of the phases until the oritical amount is reached. Further
addition of acetone then causes a separation of the two
phasas, the completeness of the separation depending on the

proportion of acetone added.

EXPER IMENT 142

Experiment #128 was again repeated, but this time
linseed o0il was heated with 30 per cent. of sulphur fér
29 minutes, and cooled quicklye. The material was extracted
with dried ether, the amount of combined sulphur thus

found to be 18.2%. The ether was digtilled in vacuo, and

the sulphurised oil heated as follows:
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TABLE XXX1X
o
Temperature 120 C, Temp. 160°C.
% Acetone-insolublelf Ether-insoluble
Expt. Expt. Expt,. Expt. Expt,. Expt. Expt. Expte.
143 144 145 143 144 145 146 147
P.P. 1% 1%
Minntes
15 363 3749 None  None
60 47.4 51.7 1% P.P{None 1.1 1% P.P.
added added
75 5348 0.4
Gein Gein Go.in Gelin Gein
125 me 122 m. 124 Me 50 m. 50 Me

Even though there is a higher proportion of combined
sulphur present this time the result obtained is no different
from that obtained in the last three tables. This indicates
that the accelerator does not aid the gelation of the
sulphurised oils But it was seen in table XXX111 that the
accelerator does aid the formation of ether-insoluble
material which represents the last stage before gelation.
Hence it seems that in experiment #118 the prolonged heating
at 140 C, must have enabled some change to take place in the
oil thus making it more subject to the presence of an aceceler-
ator.

However, in experiment #145 no increase in the
formation of ether~insoluble material is observed, and in
that case the accelerator was added after the heating had

been carried on at 140°C.for some time, Consequently the
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heating at 160"¢, may have produced some retarding effects
No definite conclusion can be drawn as regards the effect

of the acc@lerator on the later stages of the sulphurisation
process until some further experiments are carried out.

It might be mentioned here that the material in
experiment #145 appeared markedly denser after the acceler-
atig; was added even though there was no increase in the
quantity of ether-insoluble material or any shortening in
the time of gelation.

Determination of Molecular Weights

Molecular weight determinations were made of the
material during experiment #119, this material having been
obtained by heating linseedcoil with 20 per cent of sulphur
at 140°C. for 186 minutes and extracting with ether.

TABLE XL
Time of heating Conce. Depression Molecular Wt,
(Min. after % (in Degrees)
extraction)
0 2466 «101 1314
348 «131 1330
6410 «239 1277
15 2.02 072 1400
2.84 »099 1432
28 1,97 +063 1565
4,28 0137 1600
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The molecular weight of the sulphurised oil is
observed to increase slowly on continued heating, and does
tratior
does not vary with the 223255142;. The results indicate

that polymerisation of the sulphurised oil has occurred.

TABLE XLl

Expt. No. Time of heating Conc. Depression Mol. Wt,

(Minntes)
129 15 1.94 <087 1114
129 15 3499 175 1140
*130 15 2,01 .082 1226
*131 (tube 11) 2¢5 1.84 077 1194
182 (" 1) 745 04645 «0145 2227
132 ( " 1) 7.5 1.86 0040 2330
22 (" 11) 3.5 1.82 .113 806
*Indicates that P.P. was present during. the heating.,

Again we find that the molecular weights do not
;;;§ appreciably with the concentration. This seems to
be further evidence of polymerisation. The fact that #4
and #7 have such low molecular weights compared to #6 must
be due to the presence of the accelerator in the benzene
solution,

The acetone-insoluble material obtained in
experiment #123, which was a spongy solid, was dried in
vacuo. Only a part of it dissolved in benzene, the
remainder being in a swollen state. The molecular weight
of the soluble part was 1555, the concentration of the
solution being 0.96%.

In addition to this instance it has been observed
a number of times that extraction with acetone makes the

rtly
resi&z;¢iﬁsoluble in other solventse
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At this stage it was thought desirable to examine
the effect of sulphar on China wood oil with and without

an accelerator, and some very interesting results were ob-

tained.
TABLE XL11

China wood 0il 4 Sulphur at 140°C.

ExpteNo. % Sulphur Minntes
148 12 102
149 14 82
150 16 88

China wood o0il is thus seen to produce more rapid
gelation than linseed o0il even using much smaller proportions
of sulphur, Also thd effect of varying the proportion of
sulphur does not produce such marked differences as in linseed

oil.
TABLE XL111

Ching wood o0il ¢+ Sulphur + Accelerator at 140°C.

ExpteNoe % sulphur % PoPe Minutes
151 10 2 123
152 12 1 108
153 13 1 93
154 14 1 13.5
155 14 05 39
156 16 1 14.5
157 16 2 14
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By comparison with the previous table we see
that the accelerator shows a marked effect only when 14
per cent, of sulphur is present, but that then there is
an enormous effect quite comparable with the acceleration
produced in rubber by the same accelerator when zinc oxide
is not present. A definite amount of accelerator is needed
to produce the best results, but this amount is much lower
than when linseed o0il is used. Whether a large excess
would not give as good results as the optimum amount was not
determined.

In the case of experiment #154 the material was
very fluid at the end of 12 minutes, and looked no different
than the original oil in this respect, and yet one minute
later it had considerable body and appeared on the point of
setting.Q little sulphur was found at the bottom of the tube
at gelation, but not nearly as much as when 16 per cent. of
sulphur was used.

The material in experiment #151 containing 10 per cent.
of sulphur had a much darker cherry red color in 7 minutes
than the 16 per cent. control had in 65 minutes, and yet
took much longer to gel. It was quite viscous after 20
minutes and near gelation, but the last stage took place
very slowly and gave an indeterminate end-point. The material
was also very tacky when it gelled. Using 18 per cent. of

silphur with an accelerator the final gelation point comes
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comparatively quickly, but the material is still very
tacky.

When 14 or 16 per cent. of sulphur is employed
in the presence of an accelerator the material not only
gels so much faster due %o the additional 2 per cent.
of sulphur, but is also non-tacky at gelation. Furthermore;
it is practically non-elastic as it cannot be stretched without
breaking. Hence the tackiness is either a function of the
ansaturation, the time of heating, or the size of the aggregatese.
Using only 0.5 per cente of the accelerator takes the material
three times as long to gel, and it is quite tacky at gelation.
With 14 per cent. of sulphur and 1 per cent. of accelerator
the material is transparent at gelation, whereas if heated
with 12 per cent. of sulphur plus accelerator it is much darker
in color and not apparently transparent.

When 12 per cent. of sulphur is used with and withous
ah accelerator at the end of 45 minutes the mixture congaining
the accelerator is quite viscous whereas the control is very
fluid., At the end of 75 minutes it was only slightly more
viscous than the control. Nevertheless the control sample
gelled soomer, and the final gelling came very ~uickly in it

and much more slowly in the mixture containing the accelerator.
The work on China wood oil was halted for about

five weeks, and then it was found that the o0il had become
partially oxidised and that slightly over 12 per cent., of

sulphur, instead of 14 per cent. was sufficientto give
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optimum results. The effect of addimg various msaterials
and varying the temperature was now studied.
TABLE XL1V

China wood oil + 10% Sulphur at 140°C.
Expt.No. %.P. Zg 0 Piperidine Miscellaneous Time

70 (Mino )
158 100
159 1 98
160 1 1 90
161 1 5 44
162 5 , 105
163 2% 127
164 1% Zinc P. 81
165 1 Eouiv. 1% " 102
166 2 M 1% " 121
167 2% 01810 acid 97
168 2% " 96

The results tabulated above are difficult to
understand. Using 10 per cent. of sulphur, that is,
an amount of sulphur less than that required to give the
optimum results, it is found that the addition of an
accelerator or its activator has very little effecte
The only real activation that is obtained is by the use
of a large ouantity of zinc oxide with P.Pe Even t he
presence of one equivalent of piperidine does not ehhance
the action of zinec P. Hence the results obtained using
china wood oil with a deficit of sulphur are not, on the whole,

in agreement with those of linseed o0il under the same cénditions,
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TABLE XLV

China wood oil + 15% Sulphur at 140°C.
Expt.No. g.P. 230 Piperidine Misce%laneous Time

70 e % (Min)

169 68
170 1 1345
171 1 1 13,5
172 1 5 18
173 5 70
174 2% 10.5
175 1% Zinc Pipe. 17.5
176 1 Equive 1% " " 11.5
177 2 " 1% " " 945
178 1" 3% " " 9.5
179 g 3% " " 945
180 2% oleic acid 65
181 1 2% " n 12.5
182 2% linoleic acid 64

With an excess of sulphur,that is, 15 per cent.,the results fall
more in line with those obtained using linseed oil. P.P. and

zinc P. are observed to produce a marked acceleration. However
the effect of the accelerators are much more striking with

china wood oil, the results obtained approaching the aeceleratiqn
produced in rubber. The presence of an excess of piperidine with
zinec P. does not exert a retardation, but the reason is apparent
as piperidine alone acts as a powerful accelerator when an
excess of sulphur is present. Vhy it should not do so with a
deficit of éulphur is unexplainable. The presence of oleic acid
does not affect the result obtained without it. The o0il is not so
subject to variations in the per cent. of zinc oxide added when

an excess of sulphur is used, whereas zinc oxide alone shows no

effect in either case.
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TABLE XLVl

China wood o0il ¢ Sulphur at various Temperatires
Expt.No. Temp. Su%phur P.Pe 2Zn0 Miscellaneous Time
0

% % % (Min. )
183 140 12 I 18
184 140 12 1 1 18
185 130 1Y 10% oleic acid 66
186 140 17 10% 1linoleie" 59
187 130 15 144
169 140 15 68
189 160 15 20
188 130 15 1 18

}38 140 15 1 1345
160 15 1 18
158 140 10 100

191 160 10 375
159 140 10 1 98
192 160 10 1 54

In the control samples there is a noticeable reduction
in the time of setting with rise in temperature both in case o
an excess and a deficit of sulphur, The effect is n~uite
comparable to that found with linseed o0il. ‘lhen an accelerator
is present with an excess of sulphur very little variation with
the temperature in the time of gelation is observed, but with
a deficit of sulphur the results again are similar to those
obtained with linseed oil.

Large aquanti ties of oleic and 1linoleic acids do not
affect the rate of gelation if sufficient excess sulphur is

present to take care of their unsaturation.



combined very auickly but the formation of acetone-insoluble

material was observed to be slow.

Sulphur

Minutes
08
10
11
22

acetone-insoluble ma terial required before gelation oceurs is
of the same order as that for linseed o0il, although the

actual amount is somewhat lower.,

obtained with china wood o0il using an excess and a deficit

of sulphur, a set of similar experiments were run with linseedq

In the case of experiment No.,192, the sulphur
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TABLE XLVII

China wood oil at 140°C.

1&%

19.5%
34.6
48.4

Gein
1l m.

15%

9.2%

2544
41 .4%*
50.5%

Gein
66 m.

% acetone-insoluble
BExpt. 194

Expt.195 Expt 196
10% 10%
1%
29.2
36.8 5.3
45,8 28 .5
49.4 468

bh,2
Gein Gein
88 m, 98 m,

* Sulphur separated out on coeling.

These experiments indicate that the cuantity of

Having observed marked variations in the results

0il to see if the same conditions held there.
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TABLE XLVIII

Linseed oil + 20% Sulphur at 140°C.
Expt. No, P,P, z% 0 Piperidine Misce%laneous Time

(Min. )
197 215
198 1 134
199 2 129
200 2 1 136
201 2 5 130
202 5 201
208 2% 134
204 2% Zinec P. 144
205 1 Equive. mooo 119
206 2 " AN U 133
207 2% oleic acid 224

Although a deficit of sulphur has been used above the
results obtained are practically identiecsl with those in table
XLV using an excess of sulphur with china wood oil, although,
as mentioned previously, the magnitude of the effect of the ac=-
celeratars and their activators is not nearly as great with
linseed oil. The only difference noted is the fact thaqhwo
equivalents of piperidine is not as efficient as one equivglent
in the case of linseed 0il , whereas no variation was observed

with china wood oil.
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TABLE XL1X

|
Linseed oil + 25% Suiphur at 140°C.

Expt.No. P.Ps 2n0 Piperidine Miscellaneous Time
o % % (Min, )
208 166
209 1 95
210 2 89
211 2 1 76
212 2 5] 74
213 5 164
214 2% 89
215 2% Zinec P. 80
216 1 Bquive 2% " " 68
217 2 " 2% " ow 75

The results obtained in the above table using an
excess of sulphur are practically identical with those in
tabls XLVIII where a deficit of sulphur was employed, whereas

this similarity was not obtained with china wood oil.
TABLE L

Linseed o0il ¢ Sulphur at 140°C.

Expt. Noe. Sulphur PP, Time
% % (Min)
218 22 184
219 23 174
220 30 157
221 35 150
222 30 2 76
223 35 2 73

Even when an excess of sulphur is present the time of sefting

observed to decrease slightly with increasing proportions of

sulphur.
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TABLE LI

Corn Oil + Sulphur + P.P. at 140°C.

E:x:pﬁ. No, Sulphur P.P. Time
% % (Min,)
224 15 600 (not gelledd
225 20 392
226 23 349
227 30 287
228 35 274
229 20 2 311
230 23 2 221
231 26 2 223
232 30 2 190
233 35 2 174
234 40 2 161

Attention was now turned to semi-drying olls in order
to see how they would react with sulphur. Corn oil recuires
an exsess of sulphur in order +to gel comparatively cuickly, and as
found in the case of linseedbil the greater the excess the
shorter the time of setting. The rate of sulphur combination
was observed to be much slower than with linseed o0il, and the
long time required for gelation to occur was partly due to that.
The formation of acetone-insoluble material also proceeded slowly.
P.P. produces almost the same absolute amount of
decrease in the time of setting of corn oil as it does in linseed
oil, namely about 80 to 90 minutese
The product obtained at gelation is quite similar

to that produced by linseed oil with the same quantity of sulphur,
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TABLE LII

Perilla oil + 20% Sulphur + P.P. at 140°C.

Expt. No. % P.P. Time (Min.)
235 189
235 2 119

Perilla o0il, another good drying oil, was found to
give results that were quite comparable with those obtained
in the case of linseed o0il. A very tacky product was

obtained at gelation both with and without the accelerator.
TABLE LIII

**¥ 0hina wood oil ¢+ Sulphur + Various Accelerators at 140°C.

Expt.No,. Sulphur  Accelerator Time
% % {Min.)
237 15 2% PePe 15
238 20 2% PePe 11,5
239 17 2% P.Pe 11
240 17 1%P.P, 17
241 17 2% Captax 67
242 17 2% Grasselli 808 13
243 17 2% Aldehyde-ammonia 14,5
244 17 2% Diphenylguanidine 17
245 17 2% P-nitrosodimethylaniline 1645
246 17 2% Tetramethylthiuramdisulphide 19.5
247 17 2% Hexamethylenetetramine 4048

** Presh 0il

Only a slight difference is noticed in the effect
of several of the accelerators, and their action is found to
be quite pronounced as in the case of rubber. Hexamethylene-
totramine is only found to show a moderate effect, but this was

observed to be due to the slow rate of sulphur combination,
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As soon as a dark cherry red color formed the actual gelation
occurred quickly just as it does with P.P. Captax did not
produce an acceleration at all, In the case of Grasselli 808
the material was on the point of setting in 12 or 13 minutes,
but it remained in that state for an additional 12 minutes

whereas with the other accelerators it takes only a minute or

$wo.
TABLE LIV
Linseed oil + China wood o0il + 25% Sulphur 4B.P. at 140°C.
Expte. Nos Linseed o0il China wood o0il P.P. Time
% % (Min.)

248 90 10 137
249 90 10 2 74
250 75 25 112
251 75 25 2 57

In the above experiments China wood 0il was added to
linseed oil in order to see whether small increases in the
quantity of the easily-polymerisable material would hasten the
setting of linseed oil. By comparison with experiments #208
and #210 it is seen that an appreciable decrease in the time
of gelation was obtained.

EXPERIMENT 252

The ether-soluble material prepared in experiment

#118 was mixed with its own volume of chloroform, and about
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10 per cent. of its weight of Sb Cl, added (a 10 per cent.
solution of Sb Cls»in chloroform was used). The material was
found to gel immediately in the cold, the heat of reaction
driving off a great deal of the chloroform., The same result
was obtained with Sn Clk_when it was used instead of Sb Clce
When the Sn Cl, solution was added to China wood oil
(the o0il is partially oxidised as it only re-~uires a 1little
over 12 per cent. of sulphur in order to give optimum results)
gelation again occurred immediately in the cold. Rsw linseed
0il treated in the same way did not show any signs of thickening.
A determination of the guantity of acetome-insoluble
and ether-insoluble material present at gelation in the above
are noted in the following table. A correction was made for
the quantity of Sb Cl, or Sn Cl, used, but the results may be

taken as only approximte.

TABLE LV
%Acetone~insoluble % Ether -insoluble
Sb Cls Sn Cl¥ Sn Ol# on Sb €1, Sn 014 Sn C1, on

Chim wood oil China wood o0il

55.4 54,0 60.6 5743 57,0 6844

The guantity of acetone-insoluble material present at
gdlation in the above experiment is of the same magnitude as
that obtained ordinarily at high temperatures, but the amount
of ether-insoluble material is greater. Hence the products

obtained above may represent a more advanced state of the gelation
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process. This is probably 4he case as the products
obfained are brittle and can be rubbed to a powder, and
a similar brittle (although softer) material is generally
obtained on continued heating of the sulphurised oil for
a long time after gelation,as in experiment #120.

Since Sn Cla_and Sb Cl,are well-known polymerising
agents, it appears likely that some polymerisation does occur
on heating oil and sulphur at high temperatures. This will be

discussed later.

EXPERIMSNT 253

Crotonaldehyde was heated with one and with two
gram atoms of sulphur both with and without 2% P.P. on a boiling
water bath, a long reflux tube being attached to each test-tubse.
The samples containing the accelerator showed a much more rapid
rate of sulphur combination, being as far advanced in three hours
as the control samples were in twelve as regards combination
of the sulphur. ©No evidence of thickening was apparent.

When the P.P. was added to the crotonaldehyde there
was an immediate change in color indicating a reaction between

the twoe
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DISCUSSION OF RESULZTS

Since most of the work in this investigation was
carried out with linseed 0il, only the results obtained with
this 0il will be discussed. A note will be made at the end
of any differences between this and other oils.

The results obtained during the course of the work
indicate that the sulphurisation process consists of five
stages: solution of the sulphur, combination of the sulphur,
the formation of a liquid intermediate acetone-insoluble
fraction, the formation of a solid ether-insoluble fraction,
and finally gelation. None of these stages is separated by well-
defined boundaries from the others. Solation and combinmation
of the sulphur proceed concurrently, acetone-insoluble material
begins to form as soocn as a definite ocuantity of sulphur has
combined, ether ~-insoluble material forms after about 48 per
cent. 0f acetone-insoluble material is present, and gelation
occurs when there is a sufficient quantity of the former. After
the setting the amount of acefone-insoluble and ether-insoluble
material inereases with prolonged heating.

The temperature and the percentage of sulphur were
observed to be the two main factors in the whole process,.
Combination of the sulphur is very slow at low temperatures,
but very rapid at, say, 160°C. As soon as a definite quantity
of sulphur is combined the formation of acetone-insoluble
material takes place cuickly at the start, even at low

temperatures, but its rate of format ion inereases with the
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temperature and depends, furthermore, upon the quantity

of combined sulphur present. This in turn depends on the
proportion of sulphur used., After a time the rate of formation
of this acetone-insoluble material slows up, and when about

48 per cent. has been produced ether-insoluble material forms
very rapidly. Gelation occcurs when a definite amount is
present, the cuantity depending on the temperature, the
vercentage of sulphur, and the proportions of other materials
added. Continued heating after setting produces an increase

in the ocuantity of acetone-insoluble and ether-insocluble
material, and to this fact may be due the change from a tacky,
elastic product at gelation to a non-tacky and non-elastic one.

Judging by molecular weight determinations the acetone-
insoluble material appears to be at least bimolecular, and
since no appreciable variation in the molecular weights occurred
on varying the concentration, polymerisation may be consideread
as having occurred.

On the other hand, the formation of the ether-in-
soluble material appears %o be a colloidal phenomenon in which
the polymerised acetone-insoluble material has aggregated.

The fact that it forms so quickly after 48 per cent. of acetone-
insoluble material is present, that gelation depends on its
presence, that the amount necessary varies with the temperature
and the materials added, and that the gquantity increases
markedly on prolonged heating after gelation indieates that

colloidal changes are at the rodot of the setting. Continued
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heating after gelation causes the sulphurised oil to become
partly insoluble in benzene, thus showing that larger
aggregates are being formed.

Now turning to the effect of added mterials, such
as accelerators, it was found that most of the accelerators
used appeared to have a very narrow range of maximum effective-
ness, whereas the otiers have a slightly greater range. 130
$0 140°C. seems to be the optimum temperature for most of the
accelerators examined, a higher temperature, say 160°C.,
producing a retardation instead of an acceleration. 3Since the
rate of salphur combination does not seem to be affected, this
mast be due to a dispersive effect of the accelerator or
its decomposition products which slows up the formation of
both the acetone-insoluble and ether-insoluble material, es-
pecially the latter. P.F., the zinec salt of the linseed oil
fatty acids plus one equivalent of piperidine, and a combination
of isopropyl dixanthogen and zinc isopropyl xanthate plus one
equivalent of piperidine produced an acceleration at 160°C.

At any temperature the same quantity of dif ferent
accelerators, when used alone, produce the same amount of acetone-
insoluble material at gelation, but they show variations in
its rate of formation. F.P. and zinc P. decompose during the
reaction as a white sublimate forms at the top of the tube, ana
it begins to form much more quickly at higher temperatures in-
dicating that they act more quickly then. The nuantity of white
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sublimate increases for some time showing that the action

of the accelerator is not instantaneous. The white sublimate
is consijered to be a carbonmate of piperidine as it does not
form if the carbon dioxide is excluded.

An optimum quantity of accelergtor appears to be
necessary in order to get the shortest time of setting,
because a large amount exerts a twofold action. It first
markedly increases the rate of sulphur combination, and then
exerts a dispersive effect which retards the formation of
the large aggregates essential for gelation. Hence if the
optimum cuantity was used the increass in the rate of sul-
phur combination would over shadow, to the greatest extent,
the effect of the dispersive action. In most cases the
decomposition products exert a greater peptising action than
the accelerator itself, and since the difference in the
quantity of acetone-insoluble material at gelation between
the sample containing an accelerator and the control is more
marked at higher temperatures, more must decompose.

Two per cent. of the zinc salts of the dithiocarbamiec
acids plus one equivalent of piperidine, although not
giving as good results as 5 per cent., is still the most
economical proportion %o use, However it must not be considered
the optimum amount.

Zinc oxide was found to enhance the action of P.P.,
isopropyl dixanthogen and monoxanthogen, and captax, but the

activation was not very great. In the case of P. P, an optimum
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amoant, 1 per cent., was observed to give the best results

when 2 per cent. of the aceelerator was present, smaller

or larger proportions {(except within narrow limits) pro-

ducing a retardation which was greater at lower temperatures.
The activation seems to be due almost entirely to an increased
rate of sulphur combination. Having too much zinc oxide
present also produces an initial increase in the combination

of the sulphur (not as much as when the optimum amount is used),
but later it exerts a dispersive action which overshadows the
initial activation, and hence the time of setting is increased,

5 per cent. of zinc oxide was shown to enhance the
action of captax. Consecuently every accelerator may not re-
quire the same optimum proportion and may not be so sensitive

to variations. Also the action of each accelerator is not
enhanced to the same extent, isopropyl dixanthogen being activated
the most. In the case of the zinc dithiocarbamates the optimum
proportion of zinc oxide was not found, all proportions used
giving a retardation.

Mixing the sulphur with the accelerator or with zine
oxide retards their effects Consequently it appears that the
accelerator must exert its effect on the oil, and mixing it
with sulphur perhaps enables it to be decomposed before it
can exert its influence.

Large amounts of zine give the material a brown or
reddish-brown colour whether present as zine oxide or as the

ginc salt of a dithiocarbamic acid.
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Driers such as manganese oxide and manganese
resinate produce a retardation when used alone. With P.P.
manganese oxide shows no affect whatever, but the resinate
produces the same initial activation as zinec oxide as re-
gards the sulphur combination. However it later exerts a
dispersive effect which greatly increases the quantity of
acetone-insoluble material at gelation. When the resinate
is used both alone and with P.P. the material for some
time after setting is very elastie, cuite rubbery, and
practically non-tacky, these characteristics being more
noticeable when the accelerator is present.

In the presence of an accelerator, piperidine only
shows an activation when it can react with a zinc salt or
form an addition compound as with the zinc salis of the
accelerators and captax respectively. One ecuivalent of the
base is the optimum quantity, less than that amount not
being as detrimental as more. The effect of an excess or
a deficit is chiefly to decrease the rate of sulphur com-
bination. Piperidine alone produces an acceleration nuite
comparable with that shown by the same cuantity of F.P.

A%t 140°C. aniline and dibenzylamine decrease the
solubility of the sulphur tremendously, and thus there is a
marked reduction in the rate of sulphur combination. This
is verified by the fact that a polymerising agent such as

zine chloride aniline had a negligible effect when added after
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the sulphur was all combined. A% 160°C. dibenzylamine did
not affect the combination of the sulphaur but did exert a

great dispersive action. Piperidine was also found to de-
crease the solubility of the sulphur,except in those cases

where it enhances the action of the accelerator,as no sulphur

?
separated out from any of the samples containing it even when
only a trace of acetone-insoluble material had formed.

The ginc salt of the linseed o0il fatty acids plus one
ecuivalent of piperidine is ocuite a good accelerator, but
again there is an optimum cuantity to give the best results.
In this case it is about 3.5 per cent. Less zinc is renuired
when it is in the form of soluble zinc salt than as zinc oxigde
in order to give the best results. ‘'hen used with 2 per cent.
of P.P, between 1 to 2 per cent. of the above zinc salt will
enhance the action of the accelerator to the greatest extent,
that is, have the largest differerc e betwesn its initial
activation and its final dispersive action. Piperidine has only
a slight effect in this case, even when present in excess.

Thus it is seen that a combination of accelerators
give better results than each accelerator alone, the increased
effect being exerted chiefly at the beginninge.

In those cases where piperidine markedly enhances the
action of the accelerator as in zinc isopropyl xanthate,

permitting the material to stand overnight causes a decrease in

the effectiveness, whereas with the zinc salt of the linseed oil
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fatty acids no reduction was noticed. This is considered due
either to an escape of piperidine or to a reaction between
it and the zinc isopropyl xanthate.

It was found that low percentages of sulphur will
Produce gelation if heated at a sufficiently high temperature.
With 8 per cent. gelation occurred at 180°C., and 6 per
cent. would have caused setting if the material had been heated
long emough. At that temperature the decomposition products
of accelerators exert a marked retardation. This material
has very littie balk at gelation, but it becomes denser
on continued heating. However it is still extremely tacky
after two hours.

All the evidence so far points to the fact that the
combination of the sulphur is a time reaction, the rate in-
creasing with the temperature, the amount of accelerator, and
to a lesser extent with the proportion of sulphur. Using 16
per cent. of sulphur at 140%C. a sample containing 2 per cent.
of P.P. has as much sulphur combined in 83 minutes as the
control in an hour longer, but the difference in the time
of gelation was over one hour and a half. Also with 20 per cent.
of sulphur it remained in solution 95 minutes longer without
the accelerator. Hence the accelerator appers to have a twofold
function as it incereases both the rate of combination of the
sulphur and the later stages of the process, the former being

the more important. At 160°C. the second function may be almost
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negligible.

That the accelerator does not aid the solution of
the sulphur seems to be best indicated by isopropyl dixanthogen.
This accelerator exerts a powerful action in the case of rubber,
but shows its effect only over a narrow range of temperature
from 110 to 125°C. With oils, however, it is only slightly
effective at that temperature, and as solution of the sulphur
is very slow at 116°C. the reason for its ineffectiveness is
apparent.

The same accelsrator has no effedt at all when used
with rubber at 140°C., but with oils it gives tuite good
results. Hence this is evidence of differences in the effect
0of accelerators in the presence of oils and rubber.

Any activation of an accelerator,either by the use
of ginc oxide or piperidine or the presence of a combination
of accelerators,seems to show ifs action mainly in an increased
rate of sulphur combination. It is a siriking fact that at any
temperature, using a definite percentage of sulphur and
approximately equivalent quantities of several accelerators,
there is a 1limit to the amount of reduction attainable in the
time of gelation, even with activation, and no further decrease
can be obtained by using a combination of them.

0f the uncombined sulphur present during the sul-
phurisation at 140°C., there is almys more of the sulphur
und issolved than dissolved when the accelerator is present,

whereas the reverse holds true in its absence. Hence this



=140~

furtaer shows that the solution of the sulphur is the slow
process,and that the accelerator does not aid it directly.
It does so indirectly by causing the sulphur to combine more
quickly and thus destroying the ecuilibrium constantly.
Contrary to what was noticed at 140°C., very little
dissolved sulphar is present at 160°C. after 45 minutes even
though there is a considerable quantity of undissolved sulphur.
Hence it seems that at 160°C. combination of the salphur takes
Place as soon as it dissolves, and that the dissolving of the
sulphur is the slow process even at that temperature. Using
14 per cent. of sulphur at 160°C. practically all the sulphur
is combined in 80 minutes, whereas Chataway (1) found that it
took less than 45 minutes. Considering that she obtained this
result by find ing no ethsr-insoluble material present after 45
minutes and not by removing the tube from the bath, the reason
for her erroneous conclusion is apparent.

Besides cautting down the time of gelation as already
noted the accelerators also improve the material at gelation
by making it denser, less tacky, amd more elastic. The speed
with which the actual setting takes place, after the material
seems to be on the point of gelation, varies with the material
added, their proportions, and the temperature. As a rule
the higher the temperature the sharper is the emd-point. At
140°C,the material may remain tacky for over half an hour after

gelation,whereas at 160°C., in the presence of an accelerator,
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it becomes non-tacky and brittle in about ten minutes.
At the lower temperature it seems to be more spongy and
rubbery.

A rise of 10°C. was found to reduce the time of
gelation by about a third or one-half with and without the
presence of an accelerator, and the cuantity of acetons-
insoluble material at gelation increased somewhat with the
temperature only when an accelerator was present. Regardless
of the temperature, the proportion of sulphur, or the amount
of added materials, over 50 per cent. of acetone-insoluble
material must be present before gelation occurs. It must
be remembered that this statement only applies when 20 times
its weight of acetone is used for extraction.

There is a great decrease in the time of setting
with inereasing proportions of silphur. The guantity of
acetone-insoluble material at gelation increases slightly
up to 18 per cent. of sulphur,and then rises more sharply.
A very marked increase in the amount of acetone-insoluble
material formed at the end of 30 minutes was observed when
18 and 20% sulphur were used in the presence of an accelerator,
and the same thing might apply without it at a longer period of
time. The cuantity of acetone-insoluble material formed by
the time no free sulphur remains depends on the proportion
of sulphur used.

Adding an accelerator after no dissolved sulphur is

present but while some is still undissolved causes a
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tremendous change in the appearance of the ma terial,as it
becomes extremely bulky within a few minutes and looks like
the control sample near gelation. The suantity of acetom -
insoluble material at the setting-point was markedly increased
thereby. Only a small decrease in the time of setting was
obtained, but this is due to the slow rate at which gelation
occurred and the production of a very indeterminate end-point.
It appears that a smaller amount of accelerator would have
given better results. When the accelerator was added after
the sulphur was all dissolved and combined the same changes
took place as described above, a decrease of one-third in

the time of gelation from this point being obtained.

This time,however, the initial change in density was not so marked
as only 14 per cent. of sulphur was used, and a lower pro-
portion of sulphur always gives a less bulky materigl,

Since the above experiments tended to prove that the
accelerator did aid the later stages of the sulphurisation
process there was always the possibility that some uncombined
sulphuor may have been present, and this would have tended to
affect the result. Consequently a number of experiements
were performed in which the sulphurised oil was extracted
with dried ether, the ether evaporated in vacuo, and P.P.
added to portions of this material with heating. The results
indicated that the accelerator markedly increased the rate
of formation of the ether-insoluble material provided that the

acetone~insoluble material had been formed dur ing a long
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period of heating, and only a slight variation in its

rate of formation was found to occur on varying the
temperature in the presence of an accelerator. Without the
accelerator the rate doubled for a rise of 10 degrees.

When the linseed o0il was heated with a large
excess of sulphur at 160°C. for a short time in order to
cat down the time of heating of the sulphurised oil, and
the m terial then extracted with ether, it was found that
the accelerator did not affect the setting of the sulphurised
0il appreciably, regardless of the temperature.

The acetone-soluble fraction of sulphurised linseed
0il was observed to set on heating for a long period of time,
bat the presence of P.P., caused a marked retarding effect.
Hence it seems likely that prolonged heating of the sulphurised
0il enables sufficient change in the acetone-soluble material
to take place to permit the accelerator to show its effect
in inereasing the rate of formation of the ether-insoluble
material. The acetone-soluble material was shown to be the
factor which slows up the setting of linseed oil.

The accelerator does not seem to produce any
positive increase in the rate of formation of the acetons-
insoluble material, although irdirectly it does do so as its
rate of formation depends on the percentage of combined
sulphur, and the rate oﬂvsulphur combination is greatly in-

creased by an accelerator.
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The sulphurisation of china wéod oil was found to
vary considerably from that of linseed o0il . Without an
accelerator china wood oil, with an excess of sulphur,gelled
in about half the time recuired for an excess of sulphur to
produce gelation in the case of linseed o0il, and it was
not so subject to variations in the proportion of sulphur.
Whereas the effect of acceleratorsand their activators was
évident in the case of linseed o0il regardless of whether
an excess or a deficit of sulphur was emplcyed, the same
condition 4id not hold in china wood oile With an excess
of sulphur the latter gave almost identical results with
those found for linseed oil, except that the accelerators
showed a much greater effect with china wood oil (quite
comparable with that found in rubber) and did not vary much
with the temperature. However, with a deficit of sulphur,
only one example of appreciable acceleration was found.
China wood 0il reguired a smaller quantity of acetone-
insoluble material to be present before gelation occurred,
but even then the amount was in the neighborhood of 50 per
cent.

A drying oil such as perilla o0il gave results that
were quite éomparable with those obtainead using linseed o0il,
as d4id also a semi-drying oil such as corn oil, but it was
observed that in the latter case the rate of sulphur

combination was slower, and hence a longer time was required

for gelation.
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Stannic chloride and antimony pentachloride, which
are well known polymerising agents, caused sulphurised linséed
0il (formed on prolonged heating at 140°C. and containing 20%
of sulphur) and slightly oxidised china wood oil to gel
immediately in the cold yielding a material which was
comparable to that obtained at high temperatures by heating
for a long time after gelation. This would enhance the idea
that polymerisation Bakes place,

Although thickening did not occur , P.P. was observed
to produce a marked acceleration in the rate of combination
of crotonaldehyf%nd sulphur.

It is believed that evidence was obtained to 552%
that sulphurised linseed 0il had a two-phase compositione.
Oxidised linseed oif?gbown by Eibner and Greth (71) to also
have a two-phase composition which could be separated by
formic acid.

It has also been found that different samples of
linseed o0il gave a differnt ¢&time for gelation, indicating
differences in their composition. Slansky (26) observed

this same festure during the oxidation process.

Most investigators are agreed that the mechanism
of the drying of oils under the influence of air and the
thickening or setting of oils under the iniluence of heat
are analogous, and Whitby and Chataway (1) believe that
they both appear be similar to the setting of oils under

the influence of sulphur and heat. In all cases an



=146~

intermediate 1liquid fraction insoluble in acetone but
soluble in ether is first formed, then a solid fraction
insoluble in ether forms, and finally the viscosity of
the material increases very rapidly from this point to
the setting. Slansky (26) found that when 40 per cent.
0f oxy-acids had formed in oxidised linseed o0il the
material became s0lid and was partly insoluble in ether.
In %he sulphurisation process about 30 to 40 per cent.
of ether-insoluble material had to be present before gelation
occurs, the amount varying with the materials added and
the temperature.

Molecular weight determinastions of the acetone-
insoluble material from sulphurised linseed oil indicate
that it is a bimolecular compound. Only s few investigators
are opposed to that view in the case of the blowing and
boiling of oils. Colloidal changes are generally assumed to be
be responsible for the actual setting of the acetone-
insoluble material, and indications are that the same thing

applies in the sulphurisation process.

Turning now %o a comparison of the sulphurisation
of 0ils and the vulcanisation of rubber it is found that
the main chemical change which takes place is the addition
of sulphur at some of the double bonds. In both cases this

causes a marked change in the physical proporties. The o0il
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becomes more viscous and finally sets to a gel, which in
some cases may be somewhat elastic and only slightly tacky,
while the rubber shows a great increase in its elasticity,
tensile strength, and ageing properties. The rate and the
amount of these changes depend on the proportion of sulphur
and the temperature.

The use of organic accelerators causes not only a
great shortening in the time of wvulcanisation of rubber but
also a tremendous improvement in the physical properties,
especially as regards ageinge. These imprnved characteristics
are considered due to the lower content of sulphur capable
of being used, the lower temperature possible, and the
shorter time of heating, and so the effect of the accelerator
is indirect instead of direct, With oils, as with rubber,
the presence of the accelerator generally necessitates the
use of a low temperature, say 140’0.,1n order to get the

best results. ilso,in both cases,some of the accelerators

)
produce their effect over a wide range of temperature whereas
others do so only over a very narrow range, and variations are
found §n their relative effectiveness. However, the decrease
in the time of heating and the improvement in the physical
proporties which they produce are not nearly as great in

linseed 0il as in rubber, although the materisl does become
denser, more elastic, and less tacky at gelation. Chins

wood oil, with an excess of sulphur, gives results comparable
to those of rubber as regards the reduction in the time

of setting and the non-tackiness of the material.
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The addition of zine oxide, bases, etc., is
known to enhance the action of many organic accelerators
when used in rubber. The same thing, with limitations,
has been found to hold in oils, although, as before, the
activation is not nearly as great in the latter.

Both in the case of the sulphurisation of oils
and the vulcsnisation of rubber the presence of the
accelerator, either with or without its activator, markedly
increased the rate of combination of the sulphur, but
whereas in the case of rubber the rate increased with
increasing proportions of accelerator, an optimum proportion
was found to give the best results in linseed oile. The
effect of the accelerators on the changes which take place
after the sulphur combines is noﬁhery apparent in the case
0of oils except that it makes the sample containing the
gccelerator appear denser, whereas with rubber we have a
great improvement in the physical proporties.

That there should be differences in the effect
of accelerators and their activators in the two processes
is quite understandable, as on the one hand we start with
a very fluid oil and on the other we have a material which
is already in a high state of aggregation.

As to the mode of action of the accelerators, most
authors consider that they do not exert their effect directly

upon the rubber, but act on the sulphur and change it into a
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more active modification capable of reacting mote quickly
with the rubber. Various theories have been put forth by
Kua§,74, Lond Bomani (15), Seott and bﬁg
Dubosc (72) Ostrémysslensky (73),) Twiss (77),and others
for the action of any one class of accelerators, but most
of them have exceptions or are in opposition to other theories.
The main trend, however, is the initial formation of addition
or reaction products between the sulphur and the accelerator,
and the consecuent decomposition of these give an activated
form of sulphur which they consider to be the true vulcanisation
accelerators Most of the investigators say it is thio-ozone
(S;), while Bedford and Sebrell (78) even claim it is trithio-
ozone. The enhanced activity given to the organic accelerators,
which may form addition products such as polysulphides, by the
presence of zinc oxide, lead oxide, etc., is considered due
to the decomposition of the addition products by the zinc oxide.
Recently, Whitby and Cambron (79) introduced a new
view-point into the theories of aacelerator action by
suggesting that their action is not due to the activation
of the sulphur but to an effect on the rubber itself. They
consider that the presence or the formation of soaPs during
the valcanisation produces an increased dispersion of the
rubber. This causes a greater reactivity in the latter,
thereby making it combine with sulphur more ~uickly,
The result s obtained during the sulphurisation of
oils does not seem to throw any further light on the mode

of action of the acceleratorss
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Tackdiness

The sulphurisation of linseed o0il at a temperature
of 140°C. instead of 160°C. using the same percentage of
sulphur, say 16 per cent., gives a less tacky, denser, and
more elastic material at gelation. However it takes much
longer for the tackiness to disappear at the lower temperature,
and the material has compressible elasticity for a large part
of this time., Increase in the proportion of sulphar also
decreases the tackiness at gelation, and it does not take as
long for the tackiness to disappear. Using 8 and 12 per cent.
of sulphur at 180°C. setting takes place, very ~uickly in the
latter case, but the material is extremely tacky even three
hours after gelation and has little bulk.

In the presence of the accelerators at 140°C. a
much denser material is obtained, and it has more compressible
elasticity and is much less tacky. The addition of manganese
resinate greatly enhances these features and, in addition,
the material assumes extensible elasticitye.

Now it was found that the accelerators increased the
quantity of acetone-insoluble and ether-insoluble material
at gelation, and that continued heating after gelation bota
with and without an ac®melerator increased the quantity of
each, especially the latter, and also caused the formation
of larger aggregates which were insoluble in benzene.
During the additional heating the material became non-tacky

and could be rubbed to a soft powder,
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In determinating the acetone-~ingoluble material it
was observed, towards the end of the extraction, that the
acetone~-insoluble material consisted of sklid particles ok if
it contained a large proportion of ether-insoluble material,
that it was a very spongy tacky gel if it conbtained only a
small proportion, and that it was a very viscous fluid if the
ether-inslouble material had not started to form. Also, even
if a large proportion of ether-insoluble material was present,
extraction with acetone caused it to pass through a stage in
which it was a very tacky spongy gel which, on further extraction,
became solid particles.

Consequenily it appears that the disappearance of the
tackiness and elasticity depends on the aggregation of the
acetone~-insoluble material to form ether-insoluble material,
and then further agzregation to form benzene-insoluble
materiale Hence a material to be elastic must contain a
proper proportion of a solid disperse phase and a licuid

dispersion mediume.
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SUMMBMARY

The sulphurisation of 0ils has edks~kae been shown
to consist of five stages: solution of the sulphur, combination
of the sulphur, the formation of a liocuid intermediate
acetone~insolgble fraction, the formation of a solid ether-
insoluble fraction, and finally gelation. None of these stages
were found to be separated by well-defined boundaries from
the others. Solution and combination of the sulphur proceed
concurrently, acetone-insoluble material begins to form as
soon as a definite guantity of sulphur has combined, ether-
insoluble material forms when about 48 per cent. 8f acetone~
insoluble material is present (empirical value), and gelation
occurs when there is a dlefinite amount of the former.

The rate at which these stages proceed was found to
vary with the temperature, the percentage of sulphur, and the
nature and amount of added materials such as organic accelerators,
zinc¢;oxide, bases, and driers.

Molecular weight determinations indicate that the
formation of acetone-insoluble material is due to polymerisstion,
but that the formation of ether-insoluble material and the
actual setting are due to colloidsal changes. However this
cannot be considered as definitely settled.

Linseed and china wood oils were shown to respond
similarly to the effect of organic accelerators and their

activators, provided_thatian excess of sulphur was present
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with the china wood o0il, but the relative acceleration
produced was much greater in the latter and is suite
comparable with that obtained with rubber. With a deficit
of sulphur china wood o0il showed an appreciable acceleration
in the time of setting in only one instance, although the
rate of sulphur combination was markedly increased in mossb
cases.

In the sulphurisation of o0ils organic accelerators were
found to produce a marked increase in the rate of sulphur
combination and in the rate of formation of the ether-
insoluble material, and not to affect the rate of formgtion of
the acetone-insoluble material. With rubber they are known
to produce an increased rate of sulphur combination, and a
tremendous improvement in its tensile strength, elasticity,
and ageing properties. Variations in the relative effect of
various accelerators with oils,were found, and similar
variations occur with rubber.

Tackiness was shown to be due to the presence of a
retatively large proportion of the viscous li~uid acetone-
insoluble material as compared to the solid ether-insoluble

material.
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