











Part III:

Introduction eceos.-

® @ * & o 0 O 0 00000 0N

Literature ReVieW cee-coccesceees .o

Experimental Partceeccceccccccsccccsce

Materi&ls ® ® 0O ® 0 90 00O GO0 e e o0

Apparatus ® ¢ o 0 02 9 O O OO O OO PN

Procedure ® ® 0 O O O O 0 P e e O e 0 e

Results and DiscusSiONecsecescces

SUMMAYrY ecececcccccoccs SRR

Acknowledgments e.cceceecccecsns

Bibliography ecccecececccsccccccee

® o & 9 S 0 9O 0 00 e e

® o & o 0 O o0 000

Page.

87
88
92
92
99
102
109
140

-141

142



=

e

T YT YN OE O o

-




1.
GENERAL INTRODUCTION

In the Province of Alberta there exist vast
deﬁosits of coal, bitumen, and naturel gas (2, 3, 13, 34),
the development of which has been restricted up to the
present time to a few coal mining areas and to three gas
fields. DIExploitation of the resources of the Turner
Valley in particular has attracted much attention in
recent years. The extraction of naphtha from the "wet"
gas has resulted in wholesale wastage through the
practice of burning all excess stripped gases in the
field. That such a practice is to be condemned has been
realized and efforts have been made recently to minimize
loss through congservation restrictions.

Although complete conservation of the Turner
Valley gases with the object of their ultimate utiliza-
tion as fuel wouldi be the ideal solution of this problem,
it appears highly improbable that such will be practiced.
The Province is plentifully supplied with natural gas
elsewhere, which fact creates considerable opposition to
conservation, and it is likely that in excess of
100,000,000 cu. ft. will be wusted daily for some time to
come.

I'rom the viewpoint of a chemist these wusted

or other natural guses offer a cheap source of raw

material for a variety of proven und possible processes:
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particularly so wen the other carbonaceous materials
available, coal and bitumen, are considered. Ais
illustrative of the possibilities inherent in the
hydrocarbon compounds &available the production of carbon
black (16), methanol and other solvents, the pyrolysis of
natural gases to produce aromatics and olefines, and the
hydrogenation-cracking of bitumens and coals to produce
motor fuels may be mentioned. In this last-named process
the preparation of hydrogen may be readily achieved
through pyrolytic decomposition of natural gas. The im-
pure hydrogen thus formed may be readily purified by
preferential absorption of the unchanged hydrocarbons on
activated charcoal, as suggested by Frolich (23), or by
taking advantage of the greater solubility of hydrocarbon
gases in gus oils, kerosene, etc., at high pressure. This
latter method is practiced by the Standard 0il Develop-
ment Co. (29) and by the 1. G. Farbenindustrie (28).

The lack of adequate petroleum resources in
Alberta and the incresasing demand for motor spirits
suggests the utilization of hydrogen from natural gas as
an agent in the liguefaction of coal and bitumen. The
purpose of this investigation has been to determine the
susceptibility to hydrogenation of various Alberta coals,
and to determine the optimum conditions under which re-

action takes place boetweon hydrogen and bitumem on u con-
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tinuous basis. dxperiments carried out in the first
part of the investigation showed the exceptionally
beneficial effect of one of the suspending agents
employed. A further study of the action of this sub-
stance was made, in which various carbonaceous materials
were used.

2or the sake of convenience the report heas
been divided into three parts. Part I presents the work
carried out on the coals, part II deals with the hydro-
genating action of tetrahydronaphthalene, and the
preliminary investigation on the continous hydrogenation
of bitumen from the Fort llcilurruy bituminous sand deposits

has been discussed in part III.






PART I

ON THE HYDROGENATION OF THIRTEEN REPRESENTA-
TIVE ALBERTA COALS OF VARIOUS RANK.
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PART 1

INTRODUCTION.

In recent years the hopes of those interested
in the economic utilization of coal, and of those
primarily interested in the production of iiquid fuels
in countries lacking adequate supplies of petroleum
have been raised by the development of various processes
for the "liguefaction" of coal.

Of these processes perhaps the most promiéing,
and certainly the most unigue, is the possibility of
reaction between hydrogen and coal. The process as
developed by Bergius reguires the reaction to take placse
at temperatuvres from 430 °C to 480 0¢, depending on ths
coal employed, and under pressures of hjdrogen varying
from 50 to 200 atmospheres. Use 1s made of Zerric oxide,
or "lux masse", to act as a desulfurizing agent. This
process is known as "berginization", or the non-catalytic
nydrogenation ol coal.

In the more recent methous of procedure, use
has been made of a line of gullfur-resistant catalystis
developed by the L. G. Farbenindustrie. These cutulysts
materially decrease the necaescsary operating tempersature,
and this results in a lower formution of coke. Such
catalytic methods are termed "hydrogenation", or
"catalytic hydrogenation'" of coal. usither process is

often referred to as & "hydrogoenution-cracking" process.
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LITORATURS REVIEG

The first attempt to ligquefy coal with hydrogen
was made by Berthelot (8) as early as 1870. A French
coal was mixed with a saturated hydriodic acid solution
and the mixture sealed in a glass tube. By heating the
tube to 270 °C, the hydriodic acid was decomposed, and
a sufficient thermal pressure produced for the hydrogen
to react with the cosl. Using resction periods up to
twenty-four hours, Berthelot was able to convert as high
as 60% of the coal to liquid products.

Fischer and Tropsch (21) in 1917-20, were
unable to confirm these results using hydriodic acid
alone, but a modified procedure involving the additionsal
use of red phosphorous enabled them to successfully
carry out the reaction. An extensive research followed
which resulted in a fairly complecte tabulatioh of the
sugsceptibility to hydrogenation of coals of various
ages. Ln general it was found that the chloroform-
soluble reaction products increased with decreasing age
of the coal.,

In a later paper (22) Pischer was able to con-
firm the sarlier results using sodium formate in the
presence of water as the reducing agent. rrescures as
high as fifty atmospheres were developed and the con-

version to liquid proiducts amounted to approximately 44%
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by weight of the coal.

In 1913 Bergius (6) reported that cellulose,
when heated to a temperature of 340 °C in the presence
of hydrogen under a pressure of 100 atmospheres, was
decomposed to a black powder similar in many respects
to a soft bituminous coal. Under a pressure of 500
atmospheres a much more drastic decomposition took
place, resulting in the evolution of a large amount of
hydrocarbon gases, and a residue containing over 88%
carbon. Bergius was thus led (7) to compare the action
of hydrogen on coal to the action on cellulose. In
the preliminary experiments conversions to oils amounted
to over 70% of the dry, ash-free coal. Attempts to
carry out the reaction on a larger scale resulted in
the formation of excessive amounts of coke, because of
superheating due to the poor conductivity of the dry
charge. J.1n order to minimize coke formation by
elimination of superheating, the coal was mixed previous
to treatment with hydrogen, with sufficient mineral oil
or coal tar to maintaein a fluid charge.

The reaction was considered by Bergius to re-
guire no catalytic aid, but later developments led to
the addition of ferric oxide as a desulfurizing agent. .
A recent investigation by Skinner and Gruham (54), how-

ever, shows that besides desulfurizing action, ferric
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oxide is definitely catalytic in its action in the
hydrogenation process.

Owing to the war, 1little progress was mzde
by Bergius in the development of a process for continuous
hydrogenation on a commercial scale, but by 1921 a re-
newed activity in this field resulted in the installation
of a plant capable of treating one ton of coal per day.
The development of a 1line of sulfur-resistant catalysts
by the L. G. Farbenindustrie (28) soon led to the
hydrogenation of coal and coal tars on a very much larger
scale.

Since 1923 a considerable amount of
experimental work on the hydrogenation of British coals
by the Bergius process has been carried out in the'Mining
Research laboratory at Birmingham uUniversity, and later
at H. M, Puel Research Station at London. Shatwell and
Graham (52) investigated the susceptibility to hydro-
genation of the fractions obtained by extraction methods
of coal. In gemeral it was found that hydrogsnation of
immature coals resulted in larger yields of solid products
and lower gas yields than encountered with normal
bituminous coals &nd the o0il yields were much the same in
each case. Ln a later paper (44) Shatwell showed that the
view held by Bergius, that coals containing over 85%

carbon were not amenable to hydrogenation, was incorrect.
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Subsequent investigations by Graham and
co-workers (25, 26) involved the use of phenol as a
suspension agent for the coal. This choice was made on
account of the esase with which phenol may be remo;ed
from the reaction products. The technique employed may
be briefly summarized as follows: a 200 gram samble of
the finely ground coal was mixed with 100 grams of phenol
and a small amount of catalyst. The reaction mixture
was transferred to a three litre rotating autoclave and
.hydrogen led in to the desired initial pressure. The
autoclave was then heated to 430 °C and held at this
temperature for a period of eight hours. JIn this manner
yields of refined gasoline amounting to twenty-five
gallons per ton of dry ash-free coal were obtained.
Lush (40) comments on these investigations
with regard to the choice of phenol as the medium,
since at 250 °C this substance is readily reduced at
pressures as low as 15 atmospheres, the final product

being cyclohexene. Lush also suggests that the low

yields of phenolic bodies (4%) encountered by Graham, in
comparison with the 18 - 20% yields reported by Bergius

may be accounted for by the mass-action effect of using

phenol.

In addition to these investigations, a con-
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siderable amount of experimental work has been done in
other Buropean countries. TFor example, Waterman and
others of Delft, Holland, have reported the hydrogenation
of Emma coal, asphalt, paraffin wax, and cottonseed o0il
by the Bergius procsss, and a comparison has been made
between the reaction with hydrogen and the well-known
cracking reaction (59, 60, 61). In hydrogenating coal
cresol was used as the suspending agent and a large con-
version to liquid products was obtained, even when the
carbon content of the coal was over 88%. From the large
consumption of hydrogen (over 4% by weight of the coal)
Waterman concluded that an appreciable amount of the
hydrogen appeared in the liquid products.

From an exhaustive comparison of thse
behaviour of paraffin wax upon hydrogenation and on
cracking waterman postulated that the function of
hydrogen in hydrogenation of this type is to prevent
dehydrogenation in cracking. Whether Waterman is willing
to extend this theory to the hydrogenation of coual is not
certain. The theory may be better expressed by saying
that the hydrogen does not cause saturation of double
bonds, but causes a more regular decomposition than occurs
in the cracking reuaction, and hence diminishes polymeriza-

tion with resultant coke formation.

In contrust to the views held by Watermun,



t
¢ €
¢
Y ¢ ¢
3
-
’
[
t
. f—
-




10.
Kling and Florentin (37) state that the hydrogenation
reaction is characterized by rupture in the molecule
which results in the formation of nascent double bonds,
making the addition of hydrogen possible.
Tropsch (58) supports this view. Two rezctions
are postulated for hydrocarbons and three for phenolic
compounds. For the latter:

(1)« ROE + Hp ____ Ho0 + RHE

(2). RH _s unsaturated fragments.

(3). The fragments from (2) are saturated by
hydrogen.

ln other words the function of the hydrogen

is to diminish coke and gas formation by stabilizing
unsaturated fragments which would otherwise further
decompose to gases, or would polymerize to coke. Tropsch
and XKling both consider that the function of the catalyst
is to lower the decomposition temperature of the molecules,
promoting rupture, and the subsequent reaction of hydrogen
addition is better sble to compfete with the polymeriza-
tion reaction. With no catalyst, higher temperatures
must be used to produce cracking, and at the high tempera-
tures employed, the polymerization reaction moves for-
ward at a sufficiently high rate to produce large amounts

of coke, notwithstanding the presence of hydrogen in

high concentrations.

|
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Spilker (55, 56) has also demonstrated that the
hydrogenation reaction probably takes place in a manner
similar to that suggested by Kling. The experimental
procedure adopted by Spilker involved the use of
catalysts such as ferric chloride, long known for their
drastic cracking action, together with substances con-
taining iodine, such as sodium iodide.

Wilson (63, 64) has demonstrated mathematically
on consideration of the kinetics of the reaction that
cracking has a true end point only when the liguid phase
has completely disappeared, whereas this is not true of
the hydrogenation reaction. JLIn support of this view Kiss
(36) has derived formulae for the two reactions, showing
that :

(1). Cracking is a monomolscular decomposition
reaction characterized by polymerization.

(2)., Hydrogenation is a cracking reaction in
which polymerization is prevented by the stabilization
of cracked fragments.

lihether no polymsrization takes place in the
latter reaction due to prevention of dehydrogenation, as
suggested by Waterman, or whether this is due to the

stabilization by actual hydrogenation of unsaturated

linkages is difficult to say. The actual results found

by #@aterman are in perfect agreement with the theoretical
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data presented by Kiss.

Besides the more widely-known investigations
mentioned above, interest in the Bergius process has
been shown in many other countries. For example Arend
(4) has hydrogenated a few French coals, Hlavica (30)
and co-workers have studied the possibility of lique-
faction of some typical German coals by hydrogenation,
Tashiro (57) has reported the hydrogenation of coal and
Jow-temperature tars in Japan, and Beuschlein (9) has
adapted the technique of Graham and Skinner to a study
of the ligquefaction of some American coals.

The behaviour of Canadian coals on hydrogenation
has received little attention. uraham (27) conducted
a few experiments in which six typical Alberta coals
supplied by Prof. E. Stansfield were studied. A
preliminary investigzation of Alberta coals has been
carried out by Boomer and Saddington (51) at the
University of Alberta. Comparisons between these results
and thése obtained by Graham are difficult to make, due
primarily to the great differences in technigue em-
ployed. in this preliminary report a suitable procedure
has been adopted, and has the advantage of not being
dependent for success upon the medium used. A study

of various catalytic agents and of various suspension

media was made and attention was drawn to the highly
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beneficial effect of tetrahydronaphthalens, commonly
termed tetralin.

The literature on the sub ject of destructive
hydrogenation of coal and of related materials is
characterized t hroughout by a lack of experimental
detail. The large number of patents that have appeared
in recent years dealing with this process are obscure
and entirely unilluminating. The review presented
above cannot be considered as a complete treatment of
the literature for this reason, but it is felt that
little of importance has been omitted. An exhaustive
treatment of the whole subject up to the year 1930 has

been presented by Ellis (15).
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BXPLRIMGNTAL PART

MATERIALS

The series of thirteen coals studied was ob-
tained through the courtesy of Prof. E. Stansfield of
the Research Council of Alberta. A complete descrip-
tion and analysis is given in Table 1A and 18, and in
figure 1. The coals are representative samples taken
during the 1930 field work of the Alberta coal survey.
They are arranged in order of their maturity starting
from A, an anthracite -~ semianthracite coal, and end-
ing at N, of lignitic character. ©he following
typical characteristic variations will be noticed as
the coals decrease in age.

(1) Increase in moisture.

(2). Decrease in calorific value.

(3) Decrease, in general, in U/H, or carbon
hydrogen ratio.

Figure I has been inserted with table 1A and
18 which illustrates the interesting change in location
of the samples. Samples A and B were taken on the
mountain face, C. and D in the foothills immediately
gast, © and F a distance of some sixty miles east of
the mountain face, and a more or less regular inorease

in distance from the mountuin face will be noted to

N, locuted one hundred and sixty miles east of the
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facse.

With the above chart is given the proximate
analysis on the dry ash-free coals. This data was
supplied through the courtesy of Prof. Z. Stansfield
of the Research Council of Alberta,

The samples, stored under water when received,
were filtered, ground to somewhat less than pea size,
and dried in a current of viking natural gas at 110 °C
and at a pressure of 25 mm. mercury. This gas,
largel§ methane, is dry and free of sulfur. The coal
was immediately transferred, after drying, to a ball
mill where it was ground to pass 100 mesh, and was then
ready for use.

Commercial electrolytic hydrogen was used. The
catalyst was in every case molybdic oxide prepared
by the dehydration of molybdic acid just below dull-red
heat.

Two suspension media were used, tetralin and a
paraffin oil fraction of medicinal grade known as
liquid petrolatum B.P. *“he tetralin was the 1, 2, 3

’ ’

4 isomer and of the grade supplied by fastman. (B.Pt.
202 - 204 %. the A.S.T.M. distillation of the liquia

petrolatum used is given in Table LI.
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L.B.P. 152 °c.

10% - 327 9% 40%
20% - 345 ° 50%
30% - 357 ° 60%

3%% at

914% at

TABLE II

- 365 °
- 371 °
- 376 ©
300 9C
400 °C

70%
80%
90v%

380 ©
385 ©

%95 ©

19.












20,
APPARATUS

The compression and gas storage system con-
sisted of a compressor and auxiliary equipment designed
for operation to 5000 1lbs. per sq. inch pressure.
Standard types of joinks and valves were used (19) in
which all seals were metal to metal. Pressure measure-
ments were recorded continuously on a Bourdon tube
gauge calibrated at intervals by comparison with a
standard dead weight piston gauge or a Bourdon tube
test gauge. Temperature measurements, made with a
calibrated iron-constantan thermocouple, were recorded
on & Leeds and Northrup recording potentiometer con-
troller. The instrument enabled control to 2'5 2

The autoclave and its supporting parts is
illustrated in Figure 2. The arrangement is similar
to that described by Peters and Stanger (49). The
autoclave, machined from 511 - K A 2 chromium nickel
steel bar and designed for service to 7500 lbs. per
sq. inch pressure at 500 °C, was closed at each end by
six bolts in compression bearing on end plates B which
seated on a confined annealed copper gasket. A ring
nut C, screwed into the shell by buttress threads,
transmitted the stress from the end plates to the

autoclave body. One end plate carried a thermocouple
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well D which extended coaxially inside the shell to its
centre., The gas connection E was made to the reaction
chamber at its midpoint to allow charging and removing
gases. The capacity of the autoclave was 1800 c. cm.
when assembled.

The autoclave was heated by five strip heaters
attached to the outside of a split cylindrical casing made
from the longitudinal halves of a 5 inch steel pipe,
in which the autoclave was directly enclosed.

The outer furnace casing of sheet metal on a
light angle iron frame carried the weight of the
insulation only. The split inner casing H, which carried
the heaters, was bolted to steel cross-members J,
supported by the base plate of the furnace. Both halves
of the furnace were identical in design, the upper half
being bolted to the lower along an outside longitudinal
flange.

The autoclave fitted snugly in the two halves
of the inner casing, rotation being prevented by two
lugs fitting recesses in the pipe. A uniform tempera-
ture was maintained at the autoclave surface by heat
conduction agﬂbund the casing which was 1/4" thick.

Zxamination of the autoclave was readily'
accomplished by dismantling the furnace and removing

the autoclave. In g Similar manner the installation
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of new heaters was readily effected by the removal of
the split inner casing to which the heaters were bolted.

The base of the furnace was attached to two
flat box journals fitted on a shaft which was supported
at each end by pillow blocks on inverted shaft hangers.
A motor operating a reducing gear equipped with a crank
and connecting rod mechanism produced the oscillating
motion. Springs stretched from each end of the furnace
base to chains of adjustable length attached to the
floor insured a smooth oscillating motion.

Gas connection was made to the inlet E through
a flexible 1/8 x 5/8" copper coil consisting of three
turns of 12" diameter attached to the bearing shaft.
The outer end of this coil was attached to a standard T
connection, one line from which led to the pressure
gauge, the other line terminating in a second T connec-
tion, from which one line led to the gas storage system,
the second leading to an expansion velve, through which
it was possible to bleed the autogenous gases.

Heat control on the autoclave was maintained by
ad justment of master rheostats placed in series with
the heaters. A magnetic switch, operated by the con-
troller through a relay, cut in or out one of the

rheostats in accordance with temperature fluctuations.
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PROCEDURE

Approximately 200 gram samples of the dry
powdered coal were intimately mixed with the desired
quantity of suspending agent, and 5% by weight of
molybdic oxide thoroughly incorporated with the mixture.
One hundred and fifty gram samples of tetralin were found
to produce a sufficiently fluid éharge, while 200 grams
of liquid petrolatum were required. The resulting
paste was transferred to the autoclave, the weight added
being accurately determined, the apparatus sealed gas-
tight, and after washing out the air with Viking
natural gas, hydrogen was added to the desired initial
pressure., Oscillation was commenced when the autoclave
reached a temperature in the neighborhood of 100 °C.

The reaction chamber was maintained at the desired
operating temperature for a period of four hours,
during which time a steady decrease in pressure in-
dicated & corresponding absorption of hydrogen. io
attempt was made to counteract the possible catalytic
effect of the steel walls of the autoclave.

A% the end of the four hour interval heating
was discontinued and the autoclave allowed to cool
overnight. The residual gases were bled through the

expansion valve the following morning and led through

activated charcoal absorbers, after which they were
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measured in an oil-filled wet test meter before
storage in a water-gealed gas holder.

The gas was allowed to stand until of
uniform composition and a sample drawn off for analysis.
The increase in weight of the charcoal absorbers was
noted and the spent absorbent revivified by steam
distillation, the yield of condensable products being
noted.

The auntoclave was recharged with hydrogen and
a second cycle completed in a manner identical with
that described above. The reaction chamber was then
opened and the contents withdrawn as rapidly as
possible, weighed, and transferred to a glass-stoppered
vessel. 1in spite of the precautions taken the volatile
nature of some of the constituents of this mixture re-
sulted in high evaporetive losses. The reported oil
yield is consegquently low by this amount. 1n those
experiments using liquid petrolatum-'a hard brittle
coke adhering to the walls of the autoclave was often
encountered and was removed with difficulty. The
estimated loss of so0lid products in such cases was ten
8T ams o

The determination of the yield of solid and

liquid products did not prove difficult. The oily

mass from the autoclave was filtered by suction and
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the residual solids thoroughly washed with ether and
subsequently dried and weighed. The weight of dried
coke, less the weight of catalyst used thus represented
the solid residue from the coal, together with any
coke formed in the decomposition of the medium. In
this way the o0il yield was determined as the difference
between the total weight of reaction products extracted
from the autoclave and the dried solid residue.

The filtrate from the ether washing was
distilled to recover the ether, the bottoms being
added to the o0il obtained by filtration. The combined
0ils were then subjected to distillation analysis.

The first fraction, boiling below 175 ©C, usually con-
tained a large amount of water and consequently
divided into two layers on condensing. The yields of
011l and water were recorded separately. The second

or middle fraction included that portion of the o0il
which distilled between 175 °C and 225 °C and in

those experiments in which tetralin was used in-
cluded all the recovered tetralin and decalin as well

as any naphthslene formed. The final fraction, ,

3 0
boiling between 225 "¢ gpn3 300 °C, was usually small
and included a viscous red oil of evident lubricating

value. On occasion wax-like crystals were obtained

in the neighborhood of 280 °C. The residue from the
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distillation was a stable pitch boiling to 450 °C with-
out decomposition and usually melting in the neighbor-
hood of 40 °C. The pitch was of particular interest
in its close resemblance to the residues obtained from
distillation analysis of the products of hydrogenation
of bitumen from the Athabasca bituminous sand deposits
(10).

The distillation of oils in those experiments
using liquid petrolatum was carried out more readily
than in the tetralin series. The water content was
usually quite low and an even distillation curve to
300 O9C was obtained. The yield of pitch was consider-
ably higher than in the tetralin series and the pitch
was quite soft..

rhe calculation of the yield of gaseous pro-
ducts was accomplished by use of the data procured
on gas analyses and total gas volumes. In estimating
the amount of hydrogen absorbed, two procedures were
adopted. In the petrolatum series it was assumed
that both the medium and the coal were reduced and
hence the total decrease in hydrogen was attributed
to absorption by the total charge, less catalyst. Lt
will be seen that the actual absorption of hydrogen

by the coal alone cannot be estimated. LIn those

eéxperiments in which tetralin was used however, it is
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safe to assume that no hydrogen was absorbed by the
tetralin, for though saturation of the double bonds would
lead to the formation of decalin, with consequent
hydrogen absorption, distillation analyses showed no
constant-boiling fraction corresponding to decalin. In
this regard it has been demonstrated by Spilker (55, 56),
Hugel (32) and Lush (41) that tetralin is the final
reduction product of naphthalene under comparable
operating conditions. Hence the total decrease in
hydrogen could fe attributed to absorption by the coal

without serious error.
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RESULTS AND DISCUSSION

For the sake of convenience the results have
been classified under two main headings:

1. The hydrogenation of coal in the presence
of tetralin.

2. The hydrogenation of coal in the presence
of liquid petrolatum.

In a similar manner the discussion has been
split up into parts so as to more conveniently assemble

the required results.
A. Hydrogenation in the Presence of Tetralin.

Tthe results obtained upon the hydrogenation of
thirteen representative Alberta coals, using tetralin
as medium have besan presentéd in tabular form in
Yable III. For the most part the data presented will
‘need no interpretation, but it will be advantageous
to more clearly define a few of the rows included.

The % hydrogen absorbed is given in % by weight
of the total charge, less the catalyst. The gas yield
in litres per kilogram charge is also calculated on
the basis of the total carbonaceous churge and is de-
rived from the gas volumes, less hydrogen, removed from

the autoclave.

The conversions to liquid, gases and solid
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residue is calculated on the total charge, including
the catalyst, and for this reason the figures given on
solid residue recovered include the catalyst. The %
of charge to loss is thus the difference between 100
and the sum of the recovered products.

The gas analysis figures are an average of each
cycle, account being taken of the gas volumes in each
case.

The figures on total conversions are obtained
from the coal charged less the solid organic residue
removed from the autoclave. This figure thus represents
the weight of coal converted to gas, oil and water.
1'he conversion to a percentage basis has been made in
each case., Lo calculate the conversion of the coal on
the basis of the ash-free coal, it is only necessary to
add to the non-organic so0lid residue (catalyst) the
weight of ash in the amount of coal charged. Lin this
way the carbonaceous solid residue decreases, with
consequent higher values for coal conversion.

t'he distillation analyses have been entered to
show the percent conversion of the total charge to the
respective boiling runges cited. Water has been in-
cluded in a separate section and the true oil yield

computed. The loss presented at the end of this section

of the table represents distillation losses only. The
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total o0il and water distillate to 300 ©C plus the
yield of residual pitch plus the distillation loss
will thus in all cases add up to the total conversion
of the charge to liquid products.

The results in Table III indicate clearly the
definite progression in susceptibility to hydrogenation
from 0ld to young coals. MNumerous small discrepancies
will be noted but for the most part these are within
experimental error. The hydrogen absorption increases
roughly from 3.9 to 4.4% for anthracite coals to an
average value of 6.0% for domestic coals. Ln this
respect Zxp. 165 on coal L - 311 represents an interest-
ing departure from the normal value. Lt will be noted
however that the initial pressure of hydfogen was
extremely low. Hence it may be suggested that the ex-
tent of reaction is to a large degree dependent upon
the concentration of hydrogen.

The discrepancy in BExp. 161 on coal J - 309 is
not large and probably within experimental error. The
absorption of hydrogen is slightly lower than the
normal value but this may be attributed to the shorter
period of operation. The remaining experiments fall
into a fairly normal progression from the point of view

of hydrogen absorption. They may be averaged as follows:
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Coal Hydrogen Absorption
Anthracite - (semi anthracite) 3.9%
Semi anthracite (semi bituminous) 4.4%
Bituminous 5.6%
Sub bituminous 5.6%
Domestic 5.9%

In agreement with this tendency to increased

hydrogen absorption, an inspection of the pressure-

time and pressure-temperature relations indicates that
the rate as well as the amount of hydrogen absorption
also increases as the age of the coal decreases. Iin

this regard figures 3 and 4 represent the pressure-

time and pressure temperature relations of the first
cycle of experiments conducted with representative coals
of various rank. In figure 3 the rate of reaction at
constant tehperature, sometime after hydrogenation has
commenced, is indicated by the downward slope of the
curve, while the total decrease in pressure is a rough
measure of the extent to which hydropgenution has taken
place. Thus for un anthracite coal the rate of reuction
is low and the total absorption is small. Pof bituminous

and sub-bituminous coals the rate of reuction is much
the sume, although the younger coul exhibits a much greater
absorption. The extremely rupid und lurge ubsorption of

hydrogen by domestic coals is cleurly illustruted in the

Fourth curve.
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A gimilar analysis may be made by inspection
of figure 4, in which the pressure-temperature relations
of the four coals are illustrated. 1t will be noted
that the temperature at which hydrogenation commences,
indicated by a change in sign of the slope in the rising
portion of the curve, and marked approximately by arrows,
decreases regularly with decreasing age of the coals.
Layng (39) has pointed out that a decrease in the
temperature of plasticity of coals becomes apparent when
the coals are arranged in descending order of their
maturity. The exact correlation of the "rest" tempera-
ture and initial decomposition temperature in hydro-
genation has received the attention of Arend (4), who
has shown that a very definite relationship does exist.

figures 5 and 6 present the pressure-time
| and pressure~temperature relations of the second cycle
of experirents on the same four cozlg illustrated in
figures 3 and 4., An examination of figures 5 and 6
reveals that an appreciably higher temperature is re-
guired for hydrogenation to take place when a coal has
been previously attacked by hydrogen. Apparently the
more unstable constituents become completely hydrogenated
in the first cycle. This evidence is of extrome im-

portance when the possibility of operation on a continuous

basis iz considered. "The evidence shows that under the
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conditions most suitable for partial hy.rogenation of
fresh material the reaction is not complete and morse
drastic conditions are necessary to obtain further re-
duction. This would suggest that satisfactory results,
with particular regard to speed of reaction, would be
obtainod in continuous operation when apparatus designed
for a multi-stage process was used., This fact has been
recognized by the I. G. Farbenindustrie (28) who have
carried out extensive research along these lines.

A further inspection of Table III shows a definite
increase in gas production as the coals decrease in
rank. Coincident with this is the expected tendency
toward the development of higher maximum pressures.
Analysis of the exit gases shows a pronouncgd increase
in the carbon dioxide and carbon monoxide yields. 'he
extent to which the coals became oxidized during
milling and storing is difficult to estimate, and the
susceptibility to oxidation that is characteristic of
young coals may account in some measure for the in-
creased production of oxygenated compounds.

Paralleling this tendency for increased yields
of carbon dioxide and carbon mo;oxide, the formation of
water takes place to a greater extent in youngser coals.

lt is assumed that water is formed upon the reduction

of hydroxyl groups in the coul and hydrogenation of

oxidation products formed during exposure of the coal
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to the air, together with the possible reduction of
more complex oxygenated compounds originating in the
coal. The fate of the oxygen in the coal upon
hydrogenation will be more fully discussed later.

From Table III it is further apparent that there
is a general tendency ftoward increased mechanical losses
with decrease in age of the coals. This may be taken
as indicating an increasing conversion to low-boiling
0ils. Appreciable amounts of propane, butane and other
volatile hydrocarbons aﬁpeared in the charcoal absorbers
and this, with the excessive amounts of carbon dioxide
formed in the combustion analyses of the residual gases
further support this view.

Though numerous small discrepancies are apparent
there is a tendency toward a decrease in residual
hydrogen with decreasing maturity of the coals. From
the theoretical point of view this fact is of great
interest. Lt has been earlier stated that there are two
conflicting theories regarding the mechanism of the
hydrogenation reaction. Waterman (59, 60, 61, 62)
based his theory that the function of the hydrogen was
to prevent dehydrogenation in cracking upon evidence
that the hydrogen absorbed could be accounted for in
the gaseous products produced, and also that the

amount of hydrogen absorbed was to some extent independent
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of the extent to which hydrogenation tool place. The
theories of Kling (37) and of Tropsch (58), on the other
hand, are based on experimental evidence in agreement
with the data given in this investigation.

Further inspection of Table III shows that in
general the relative conversions of light o0il, gas and
water increase at the expense of pitch formation. That
is, the ratio of low boiling oils, gas and water to
pitch increases with decreasing maturity of the coals.

Two experiments on domestic coals (exp. 165 on
L - 311 and 167 on i - 313) were characterized by the
appearance of considerable naphthalene in the reaction
products. This would suggest that the reaction wasv
incomplete after eight hours of operation. As has been
previously mentioned, the initial pressure in exp. 165
was extremely low. Since the pressure-time charts
indicated that the reaction was incomplete, and since
naphthalene was produced in large guantities, in spite
of a high concentration of hydrogen in the residual
gases, these experiments are of interest in ‘that they
illustrate the extremely efficient "carrier" action of
tetralin.

Assuming that the distillation products between
175 OC and 225 O9C may be attributed directly to the

tetralin (i.e. as decalin, unchanged tetralin, and
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naphthalene), then the average recovery of the
tetralin charged was 80%. The 20% loss was in all
probability due to the decomposition of some of the
tetralin, with the formation of benzene, cyclohexane

and other volatile liquids.
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B. Hydrogenation in the Presence of Liquid

Petrolatum

Though the behaviour of the coals upon
hydrogenation follows in general the same trend as in
the experiments in which tetralin was employed, the
efficacy of liquid petrolatum as & suspending agent
for coal will be seen to be definitely lower than
tetralin. A more complete comparison of the two media
will be made later.

The results of this series of experiments have
been set forth in Table iV. 1in this table the rows
have the same significance as in Table III. Lt will
be noted however that a larger sample of medium has
been used in this series and that the hydrogen
absorption is much lower than in the tetralin series,
due in some part to the method of calculation, in which
the whole charge was considered. furthermore these
experiments were run at 425 OC as against 450 °C in
the presence of tetralin. The reason for this lies
in the greater stability of tetralin toward heat.
mxtensive decomposition of liquid petrolatum takes
place at 450 °C with the formation of gas and coke.

An inspection of the table shows the expected

increase in gas production and in maximum reaction

pressures with decroease in maturity of the coul. The
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excoption to this statement obtained in exp. 152 on
coal C - 303 cannot be explained on the grounds of
technique. The exit gas was unusually low in hydrogen.
The excessive gas yields in exp. 164 on K - 310 and in
8xXp. 166 on L - 311 may be attributed to a higher
temperature of operation. The former experiment was

O¢ for

out of control and the temperature rose to 440
a short time. The latter, also out of control, rose to
470 °C and the temperature was over 430 OC for 45
minutes. The excessive coke yield and low conversion
to liquids that occurred in this experiment may also
be attributed to the high operating temperature. Hence
the coal cannot be accurately judged from this experi-
ment. More reliable data on the relative benaviour of
these coals may be obtained from experiments 163 and
165 of the tetralin series. It is interesting to note
the low gas formation in exp. 154 on D - 302 in spite
of a maximum reaction temperature of 442 °C, the
temperature remaining above 430 ©C for one hour.

Table LV again shows the increased yields of
low-boiling oils with decreasing maturity of the coal,
characterized by high evaporative losses, that was

found in the tetralin series. The same comparison to

Table I1I muay be successfully made with regard to

relative yields of low-boiling oils, gas and water to
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high-boiling oils or pitch.

It is to be noted that the formation of water
in this series of experiments is not as great in
general as was found in the tetralin series, while
the carbon dioxide production compares favorably in
amount with the data in Table III. A more complete
discussion of the water and carbon dioxide yields in
the two series will be given later.

FPigures 7 and 8 represent the pressure-time
relations of the first and second cycles of experi-
ments conducted on the same four coals discussed in
figures &, 4, and 5 and 6 in the tetralin series.
from an inspection of figures 7 and 8 it will be seen
that ag%@ hydrogen absorption is greatest and most
rapid with domestic coals. OCub-bituminous and
bituminous coals exhibit appreciable absorption, though
the reaction rate is lower than for domestic coals,
while the slight effect of hydrogen on anthracite coal
is again brought out.

Yields as high as 75% of a domestic coal to oil,
gas and water under the condit ions employed indicate
that heavy petroleum oils such as liquid petrolatum
may be suitable vehicles for suspending the coal. Lt

is to be expected that conditions, varying for each

coal, could be found such that higher conversions would
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41.
take place, but the procedure in this investigation was
standardized so as to form a basis for comparison of the
coals studied. This procedure was, of course, based on
the preliminary experiments conducted by Boomer and
Saddington (51). A preliminary treatment with water gas
was shown in that investigation to materially decrease
the oxygen content of the coal, saving materially on
hydrogen consumption. Hence there is possiﬁility of a
fechnigue being developed which could 0perate‘on a

commercial scale.

1t .is not possible to determine what fractiomns
of the coke and gas produced in this series are
assignable to the coals themselves since decomposition

of the liquid petrolatum occurs to some extent.
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C. Comparison of Tetralin and Liquid Petrolatum

as Suspending Agents.

The definite superiority of tetralin as a
suspending agent for coal is most readily shown by higher
hydrogen absorption and lower coke formation than occurs
in the Jpetrolatum series. This superiority is attributed
to the carrier action of tetralin and to its solvent
power on coal.

Carbon dioxide production is much the same with
both solvents, indicating no special tendency of tetralin
to aid in the decomposition of carboxyl groups in the coal.
Water formation is definitely greater in the tetralin
series and indicates reduction of oxygenated compounds,
probably those containing hydroxyl groups, which are not
otherwise changed.

.The formation of ammonia in certain experiments
using tetralin indicates the reduction of nitrogenous
materials, whereas the absence of ammonia as a product of
reaction in any of the experiments of the liquid petrolatum
series gshows that a milder reduction has taken place.
Amronia formation in the tetralin series may, however, be
attributed to the higher operating temperature employed.
A clear comparison of the two media may be drawn from the

following table:






TABLE V.

2 Petrolatum Tetralin
Coal 0il & Water Total Oils & Water Total
Gas Gas

Conversions on Basis of Dry Coal.

A 7.1 6.0 ».1 10,8 0.0 10.8
B 9.3 0.0 9.3 38 03 0.0 32 .3
C 3840 2.8 40.8 64.1 0.5 64.6
D 377 0.0 37.% 7344 De1 7345
E 44,1 3.8 47,9 4.7 2.3 77.0
F 45,9 4,4 50,3 79 .0 1.0 80,0
G 47 .8 T8 $b.6 69.7 10.8 80.5
H 53.9 7.1 61,0 72.6 87 81.3
J 54 .5 7.3 61.8 72.0 74 86.4
K 53.8 9.2 63240 729 13 .4 8663
L 3649 10.0 46,9 67 .8 16.2 83.0
M 50,9 6.6 57,5 777 10.0 877
N 60.3 14,3 74.6 72.9 15.1 88.0
Conversions on Basis of Dry, Ash-free Coal.
A 8.0 C.0 8.0 12.2 0.0 12.2
B 10.1 C.0 10,1 34,9 0.0 3449
c 42,5 3.1 45,6 71.7 0.5 72.3
D 43.6 0,0 43.6 84,9 Del 85.0
E 49,9 4,3 54.2 S4.1 8¢9 87 .0
F 62,7 5.0 57,7 90.9 1.1 92.0
G 53.8 8.8 5246 78.5 12.1 20.7
H 59.1 7.8 66,9 79.7 9,6 89.3
J €0.1 8.0 68.1 856.9 8.2 95.1
K $9.9 10.0 69.9 80,5 15,2 96,7
L 40,4 11,0 b5l.4 74 .5 16.7 91.2
M 56.1 73 634 3567 11,0 26,7
N 66,0 16,6 81,6 79.9 16.3 96.2
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The columns in table V are self-explanatory and
the figures serve to show the relative effect of the two
media quite clearly. A rapid comparison may be made by
consulting figure 9, in which the degree of hydrogenation
is given on a thumb-nail chart. In this diagram, the per-
cent conversion of coal in all cases represents total
conversion to gas, 0il, and water, and is calculated from
the residual so0lid material. The large discrepancy on L
in the petrolatum series has been mentioned earlier, and
is due to the high temperatures at which hydrogenation
took place.

FPor the sake of convenience the ultimate
analyses of the dry ash-free coals has been recorded 1in
figure 8 with the above-mentioned chart. It will be seen
that in general hydrogenation is proportional to the
oxygen content of the coal, and is inversely proportional
to the carbon content. This fact was early recognized by
Bergius (7), and in tnis connection Bergius postulated
that coals containing higher than 85% were not amenable to
hydrogenation. Thus, of this series, coals A - E in-
clusive would not be susceptible to hydrogenation. It is
seen that at leust with coals C, I, and ¥ a large con-

version has been obtained.
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D. Conclusions.

Thirteen Alberta coals of graded rank have been

hydrogenated in the presence of tetralin at 450 °C and in
the presence of liquid petrolatum at 425 °C., The de-
finite superiority of tetralin as & suspending agent has
been shown, and it is believed that this superiority is
due to the efficient manner in which tetralin acts as a
hydrogen carrier and to its powerful solvent action on
coal. Hence the use of tetralin or materials of similar
chemical constitution is indicated in a commercial
process as being promising, and it 1s possible that the
greater cost of the medium would be more than made up by
its increased efficiency over the ordinary heavy oils.

A definite progrecssion from old to young coals
has been shown by increasing yields of volatile oil,
gas and water, with decreasing yields of pitch and coke.

Coul conversions as high as 94% with tetralin

and 75% with liquid petrolatum have been reported.
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be The Tate of Oxygenated Compounds in the

Hydrogenation of Coal.

Parr anu ladley (48) investigated the oxidation
of coal and found that the combined oxygen was liberated
as carbon dioxide upon thermal decomposition of the coal.
It is reasonable to suppose, therefore, that carbon
dioxide is a product, to some extent, of thermal de-
composition, rather than of the specific action of
hydrogen. This would account for the proauction of
carbon dioxide in comparable amounts in the two series
of experiments.

The formation of water is due in a large
measure to hydrogenation of phenolic bodies in the coal
(58)., Examination of table V reveals that in general
water is produced to a greater extent in the tetralin
series. Two theoriss may be proposed to account for
this.

(1). Increased water formation in the tetralin
series may be attributed to the higher temperature of
operation throughout, resulting in a decreased stability
of the phenolic substunces. This theory is substantiated
by the excessive water yields reported in those experi-
ments of the petrolatum series 1in which the temperuature
of the reuction chuamber rose above 430 OC. .or example,

8Xp. 164 on c¢oul K - 210 was out of control and the
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temperature rose to 440 °C. The water yield in this
case was 4.6%. In exp. 166 on L - 311 the temperature
rose to 470 °C and the yield of water was 5.0%. Ex-
periments on other domestic coals resulted in wafer
yields averaging 3.5% (neglecting coal Il - 312, of
lignitic character). In these experiments the tempera-
ture did not rise above 430 °C

(2). The alternative theory may be stated
with some evidence in its favor. It is the view that
excessive water yields are produced by hydrogenation
of phenolic bodies which would otherwise remain un-

attacked, the action being attributed to the efficient

|

manner in which tetralin itself will act as a hydrogenat-

ing agent. In view of the fact that eight hours of
operation at a temperature of 450 °C produced a water
yield of 8.7% in exp. 165 on coal L - 311 of the
tetralin series, a yield much higher than the excessive
yield of 5.0% on the same coal with petrolatum, in
which experiment the temperature rose to 470 °C, it

may be ressonably concluded that the higher yield of
water was due to either the specific action of tetralin
or to the longer period of operation at the high
temperature. It is probable that both of these proposed

causes affect the water yields. Unfortunately, de-

finite information requires experiments that have not
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been made - i.e. equal temperatures of operation for
the two media, and ultimate analyses.

The mechanism of resctions involving the
production of carbon monoxide is more obscure and no
justifiable conclusions may be drawn from the data pre-
sented. L1t may be remarked, however, that reduction of
carboxyl groups by successive stages would produce
aldehydes which, according to Hurd (35), decompose
readily to give carbon monoxide and a hydrocarbon. Such

& source is not improbable and will fit the observed facts.
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PART II.

ON THE ACTION OF YETRAHYDRONAPHTHALENE
AS A HYDROGENATING AGENT.
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PART 11

The Action of Tetralin as a Hydrogenating Catalyst

Introduction:

The action of tetralin as a suspending agent
in the hydrogenation of coal has been discussed in Part I
and the most striking results obtained in that investi-
gation were in regard to the use of this substance. Llhe
superiority of tetralin to other media used and, it is
believed, to other media reported elsewhere is due to the
hydrogen carrier action of the tetralin, a property which
it possesses to a remarkable degree. By hydrogen carrier
action is meant the ability of a substance to undergo such

changes as are represented in the following equations:

H  H. i
a = R R # t 4
o N g A ///
2 | C —> HL —{_}
t-:ha'i:t- mf;‘uﬁﬂw .

This reaction is followed by hydrogenation of the naphtha-
lene to reform tetralin. i.e.

ol H

Z.Ha._—>

According to these equations tetralin acts as a hydrogenat-

ing catalyst according to the accepted intermediate com-
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pound theory (71). The reaction is analogous to the
formation of a hydride of nickel in the hydrogenation of
organic compounds in the presence of an active form of
this metal.

In order to study further the hydrogenating
action of tetralin the behaviour of a number of carbon-
aceous materials in the presence of tetralin and under
hydrogenating conditions has been investigated. The
materials used were bitumen, pitch residues from the
hydrogenation of bitumen and of coal, and two types of
cellulosive materials, namély grain screenings and wood.

On account of the high content of polynuclear
aromatic compounds similar in constitution and properties
to naphthalene present in the aromatic tar obtained by
the pyrolysis of hydrocarbon gases, the action of this
tar as a hydrogenating agent has been also studied in a

few experiments.
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Literature Review:

The properties of tetralin as a hyirogenating
catalyst have in only one instance been reported in the
literature. Akabori and Suzuki (1) found tetralin to
possess an efficient promotor action in the hydrogenation
of cinnamic acid, linoleic acid, and other similar com-
pounds, using palladium black as a catalyst.

A thorough investigation of the hydrogeration
of naphthalene has been made by Hall (Z3). Ln this in-
vestigation it was shown that in the presence ol molybdic
oxide naphthalene may be hydrogenated at 450 OC, the
reaction products containinglés% fetralin. Af tempera-
turés-in'éxcess of 460 °C hoﬂevor, mariked Jdccomposition
occurs with the formation of gus, coke, and low-boiling
oils. The earlier researches of Spilker (55, 56) and of
XKling (37) were in agreement with the results obtained by,
Hall, though in generual the lower temperatures used re-
sulted in an appreciable rednction in the yield of
hydronaphthalenes.

With regard to the hydrogenation of such
materials as have been studied in thig investigution,
much has boen reported from those countries lucking
adeguate deposits o carbonaceous materials suitable for
%otor fuels. <The hydrogenation of bitumen, asphalt, und

chals 0il huas been studied to u considerable oxtent and




-0,




52,
a complete review of this field of investigation will Dbe
presented in Part III.

The hydrogenation of residual pitch obtained
from the hydrogenation of coal has been exhaustively
studied by the I. G. Farbenindustrie and by other concerns
practicing the hydrogenation of coal and coal tars on a
commercial scale., The literature is thus composed
largely of patents so that lifttle has been presented in
the way of experimental data. It is apparent, however,
from the specifications listed that arrangements in
technigue must be so made as to operate under more
strenuous conditions of temperature and catalyst than are
required for the hyuirogenation of coal. The most reliable
experimental data on the hydrogenation of stable tars
from coal has been presented by £Ling and .lathews (66) and
by Morgan and Veryard (65). According to llorgan the
hydrogenation of otherwise resistant residues may be
brought about by the use of molybdic oxide and sulfur us
catelytic agents in a very high concentration of hydrogen.
The effectivensescs of this catalyst was also demonstrated
by King in an investigation of the continuous hydrogenua-
tion of coal tars and their residues from previous
hydrogenation. The most effective means of obtaining
rapid and complete decomposition was found to be vapor

phase hydrogenation at temperatures as high as 500 OcC,
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The hydrogenation of cellulose has attracted
the attention of many investigators. Bergius (6) de-
composed cellulose thermally in a closed vessel under the
pressure ol the auftogenous gases. The cocal-like sub-
stance obtaihed was later hydrogenated to produce a small
gquantity of oil resembling a crude petroleum. Bowen (11)
found that cellulose did not undergo any appreciable
change unler berginization conditions at 440 OcC, but
using nickel as a catalyst a & to 4% decrease in hydrogen
pressure was recorded and water, tar, and a small amount
of a light o0il was obtained. The exit gas contained 85%
hydrogen, the remainder consisting of approximately 8%
carbon dioxide, 2% carbon monoxide, and 5% hydrocarbon
gases, largely methane.

Frolich and Spalding (68) compared the de-
composition of cellulose in the presence of a methanol
catalyst in atmospheres of hydrogen and nifrogen. The
similarity in the products obtained led these workers to
the belief that the decomposition was thermal only.

Wiaterman (67), using cotton wool pellets,
studied the decomposition of cellulose under pressure,
with and without hydrogen, at a temperature of 450 oC,
The reaction products were found to contain carbon

monoxide, carbon dioxide, methane, water, and a solid

recidue. The hydrocarbon gas yield appeared to be
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slightly increased by the aduaition of hydrogen, but no
other difference was noted.

Fierz-David (20) has reported the hydrogena-
tion of cellulose and woou in the presence of ferrous
oxide, cupric oxide, and nickel oxide as catalysts. In
the presence of cupric oxide a 38% conversion of
cellulose to a sticky tar was obtained, while the use
of nickel oxide resulted in the comﬁlete conversion of
wood pulp to water and a clear mobile oil. Herrous oxid
appeared to exert no influence in the reaction.

In an attempt to increase the yield of
methanol from wood distillation, Frolich and Spalding
(68) conducted an investigation of the high pressure
distillation of wood. 1n the presence of hydrogen at 10
atmospheres pressure and at temperatures from 280 to
370 °C, yields of methanol as high as 3.1% of the wood
were obtained, an increase of 100% over the amounts ob-
tained at atmospheric pressure. The presence of methano.
catalysts appeared to favor the formation of tar wifh a
reduction in the yield of methanol.

An extensive research program on the
hydrogenation of wood has been carried out by Lindblad
(70). Operation at 250 °C with nickel or cobalt catalys
resulted in the formation of a thick tar, while at

higher temperatures gas formation became extensive. wWit!
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cobaltous sulfide impregnated on sawdust yields of oils
amounting to 40% of the wood by operation at 380 OC were
obtained. In these experiments sulfite liguor was used
as the suspending agent for the woo®., Yields as high as
56% of the carbonized charges to oils ﬁere obtained using
ferrous hydroxide with ferrous sulfide as catalyst.

A preliminary investigation of the behaviour
of wood and cellulose under hydrogenating conaitions in
the presence of tetralin has been made by Boomer and
Argue (5). With regard to the hydrogenation of cellulose
it was found that (1) the beneficial effect of tetralin -
was shown by more complete decomposition of the cellulose
than was obtained in experiments in which tetralin was
not used, and (2) the hydrogenating action of tetralin
was demonstrated by the formation of naphthalene in those
experiments conuucted under high pressure of an inert gas.
In these cases the decomposition of the cellulose was as
complete as in experiments in which hydrogen was used.

Tetralin was shown to act as a very efficient
catalyst in the hydrogemation of woou, promoting the
formation of large amounts of carbon dioxide, carbon
monoxide, methane, water, and oils. With hydrogen also
present incrcased conversions to ligquid and gaseous pro-

ducts were obtained. The ncurly complete dissolution of

Wwood occurring in these experiments was in sharp contrust

|
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to the results of other investigators, and the highly
efficient manner in which tetralin promoted gas and oil

formation suggested the attempt to hydrogenate grain

screenings.
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tlaterials:

The bitumen used was obtained from Dr. K. A.
Clark of the Research Council of alberta, anu was pre-
pared by the hot water separution process from Licllurray
bituminous sands (13). The large amounts of water

Lo P

present in the crude tar made prolonged heating at
110 OC a necessary step in purification. The pitches
used in this investigation were composite samples of
distillation residues obtained from the ether-soluble
0il from the hydrogenation of coal ani bitumeg)/ The
history of each pitch used will be given latsr. The
screenings were supplied by Jr. Robert Illewton of the
Department of ield Crops and were representative
samplas of elevator screenings, being largely weed seeds
with some chaff. Thelir description and analysis will
be discussed later. The samples of wood used were in
all cases firwood sawdust.

Apparatus:

The apparatus and procedure employed was identi-
cal with that used in the investication on coal. The
second series of experiments on weed seeds was conducted
in a small autoclave designed for continuous gas circula-
tion. This apparatus has becen described in connection

with the experiments for which it was used.
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bxperimental Results and Discussion.

1. The Hydrogenation of Bitumen.

A determination of the effect of tetralin on the
hydrogenation of bitumen at 400 °C was made using
approximately 400 gram samples in the 1800 c.cm.
oscillating autoclave described in Part 1. The results
of three experiments with bitumen have been presented
in Table VI. In these experiments bitumen has bheen
hydrogenated with and without tetralin, and one experi-
ment on bitumen with tetralin in the absence of
hydrogen has been recorded to offer data regarding the
extent to which tetralin may be expected to act as a
hydrogenating agent for bitumen.

In Table VI the titles on the left margin have
the same significance as in the similar tables drawn up
in connection with the experiments on coal in Part I.
The conversions to gas, oils, and solid residue have
again been calculated on the basis of the total charge,
so that the reported solid residue includes the re-
covered catalyst. Insofar as hydrogen absorption is
concerned, the figure in experiment 179 is given by
calculation on the basis of total bitumen churged, it
being assumed that tetralin doss not absorb hy.irogen

under the operating conditions employed.

An analysis of the results of experiments 178
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Material Bitumen
Experiment Number 178 179 180
Tetrelin, grams 0.0 110 104
Material, grams 391 294 302
Temperature, °C. 400 400 400
Average pressure, 1b/sq,in, | (CHy)
Initial, cold ' - 1115 1060 1035
Maximum, hot 2575 2450 3510
Final, cold 770 795 1105
Hydrogen absorbed, % by wt. 2.0 2
Gas produced, L/kg, charge 54 .8 56,9 131.0
Hydrogen in gas, % 81.6 80.2 3,4
Yields, based on init, charge:
Charcoal absorber 2.0 1,9 4,5
0il, % 80.7 80.0 33,7
Solid residue, % 10,6 9,4 20,5
Gas, % 4.0 3.3  14.5
Naphthalene, % 0 0 16.8
Loss, 4.7 7,3 14.5
Conversion of charge to
fractions, based on oil
distillation vields
over at 175°C., % R.5 7 .6 3.2
" " 2259¢,, % 15.3  33.0 5.3
" 300°C., % 26.6 41.6 12,4
Pitech, % 54 .1 38 .4 2.3
Loss, % 0.0 0.0 0.0
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and 179 in Table VI shows that tetralin was of little
benefit as regards yields of oils, but a slight decreasse
in coke and gas formation was evident. That & more ex-
tensive decomposition of bitumen occurred in experiment
179 with tetralin is shown by higher absorption of
hydrogen and more complete removal of sulfur as hydrogen
sulfide. The low conradson carbon value for the oil from
experiment 179 may be in part due to the low viscosity of
the oil, with consequent ease of settling of suspended
matter rather than to a lower conversion to finely divided
carbon.

Whereas it has just been demonstrated that the
conversion to liquids, etc. was not materially affected
by the addition of tetralin, there was, nevertheless, a
large increase in the rate of reaction using this agent.
Figure 10 presents the pressure-time record of the first
cycle of experiments 178 and 179. Inspection of figure

10 reveals that the rate of reaction at constant
temperature, and sometime after hydrogenation has com-
menced, showed by the downward slope of the curve, was
approximgtely doubled in the case where tetralin was
used. It will be noted that the total decrease in pressure
was much the same in each case, showing, roughly, that

the extent of reaction in the two experiments was com-

parable,
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With regard to experiment 180, in which tetralin
was used as a hydrogenating agent in the absence of hydrogen
173 litres of methargwas charged to the autoclave and
approximately 180 litres recovered. Approximately 2% of
the o0il recovered was tetralin, and 5% was naphthalene. 4(
The tabled recovery of naphthalene, entered as % of
initial charge, was obtained from the so0lid material ex-
tracted from the autoclave as crystalline naphthalene.
Roughly 70% of the tetralin charged was converted fto
naphthalene, and on this basis the absorption of hyurogen
by the bitumen was between 0.7 and 0.8p%. The result
clearly demonstrates the powerful hydrogenating action of
tetralin. The high yields of gas and solid residue re-
ported for this experiment may be attributed to an in-
sufficient concentration of tetralin to give complete
hydfogenation, so that cracking became extensive,
in conclusion it may he said that tetralin
possesses to a remarkable degree the ability to act as a
catalyst in the hydrogenation of bitumen. The presence of
tetralin under hydrogenating conditions is beneficial
from the point of view of rate of reaction rather than of

conversion to volatile oils.
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2, The Hydrogenation of Pitc¢ch Residues.

The hydrogenation of pitch residues obtained
from the A.S.T.il. distillation to 300 °C of the oily re-
action products from the hydrogenation of bitumen was
carried out at 420 O¢ and the effect of the addition of
tetralin determined by comparative experiment. In the
presence of metallic cétalysts only, Boomer and Saddington
(10) showed that the residues were remarkably stable and
resistant to hydrogenation, but operation at a high
temperature (460-500 ©°C) in the presence of & cracking
catalyst such as aluminium chloride resulted in a high
conversion of the pitch. In the light of the probable
reactions involved in hydrogenation by tetralin it would
appear improbable that the decomposition or cracking
temperature would be appreciably lowered by the presencs
of tetralin, but an increase in the rate of hyirogenation
with a subsequent decrease in coke and gas formation would
be a likely consequence of the use of this substancse.
from the point of view of continuous operation the re-
duction of these pitch residues is of extreme importance
and any method by which the rate of reaction may be in-
creased is worthy of investipation.

The results of two experiments with the above

mentioned pitches have been shown in Table VI1. In ex-

periment 176 the hydrogenution of the pifch was undertuaken

|






TABLE VIT

Material Residue 011
Experiment Number 176 L
Tetralin, grams 0.0 o8
Material, grams 399 293
Temperature, °C, 420 420
Average pressuvre, 1bh/=q.in,
Initial, cold 1100 1060
Maximum, hot ' 2360 2500
Final, cold 640 750
Hydrogen absorbed, % by wt, 2.4 2,3
Gas produced, L/kg.charge 72,0 43 .7
Hydrogen in gas, % 71.7 82.3
Yields, based on init, charge:
Charcoal absorber 2.6 1.7
0il, % 80,3 9] .4
Solid residue, % 10,3 e
Gas, % 6.5 4.5
Naphthalene, % o 7 0
Loss, % 29" - 3.2

Conversion of charge to
fractions, based on oil
distillation yields

over at 175°C., % 2.5 2.1
" 225%., % 5.3 20 .4
" " 300°C., % 13.8  33.8%
Piteh, % 64 .7 57 .8
Loss, % 1.8 0.0
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without tetralin, and in experiment 177 the pitch was mixed
with approximately 1/3 of its weight of tetralin before
treatment with hydrogen. An inspection of Table VII re-
veals that the only noticeable effect of tetralin has been
to reduce the coke and gas yields. The pressure-time and
pressure-temperature charts for these experiments failed to
show any difference in the rate of reaction.

llo appreciable benefits are to be expectel from
the use of tetralin with these substances under the con-
ditions employed. Further experiments with tetralin under
more strenuous temperature conditions and with an active
destructive catalyst such as aluminium chloride, which has
been shown (10) to decompose these pitches are indicated.

The hyurogenation of pitches from coul hydrogena-
tion was conducted in a similar manner to that described
above. Two samples of pitch were used:

(1) Composite pitches from the hydrogenation of
coal with tetralin as a hyurogenating and suspending agent.
These pitches were remarkably stable, an: at room
temperature were solid.

(2) Composite pitches from the hydrogenation of
coal in the presence of liquid petrolatum. <rhese pitches
were less stable than the ftetralin samples, and at room
temperature wore gnite soft.

A more complete description ol the sumples used has boen

glven in Purt I. y

-






TARLE VITT

-~

From
Petrolatum From Tetralin
Experiment No, 172 175 173 174
Wt. of »nitwh in grams 390 356 268 387
Wt ., of medium in grams{Tetralin) - 42 129 -
Catalyst, MoOz 5 5 5 S
Number of cycles & 2 2 2
Time per cycle in hours 4 4 4 4
Temperatnre, average ©C,. 450 450 450 450
Pressure, averase init.,1h/sg,in, 930 1135 1035 1085
. v max , " 2245 2740 2360 2405
! ! final ! 670 820 610 H55
" " drop . 260 315 425 510
Ho absorbed % 1.6 2,3 3,4 2.8
Gas yield, less Hy, in.1./kg,
charge ' 46.3 80,8 100,5 86 .3
Yields based on init.charge »
Charcoal absorber il o G 2.8 2.0
0il recovered -~ % 85,2 84,3 76.8 64 .0
Snl1id residue recovered % 5,9 5.5 R.2 18.0
ras b 3.1 82 7.3 8.9
Loss % Fg- 1.4 T 9.1
I(Gas Analysis:
COo Z 0.3 0.1 0.0 0
CnHon % 0.1 0.0 0.0 0
Ho % 83.0 72.8 71,8 62
cO % 1.2 0.8 1.1 0
CoHg 4 2.1 11.5 12.6 21.
CH, -~ g 7. 8.1 9.7 15.
Pitch converted 4 32,0 52.4 40.7 51
(based on pich fraction
found by distillation)
Distillation vields, based on
initial charge (Water) 0.2 0,0 0.0 0.0
0il over at 175°C. % 3.8 11.4 5,1 3= 0
e 22500, % 6.8 2%.8 23.6 5.5
moor " 300°%. 9% 18.0 42.1 33.2 14 .4
Residue (pitch) % 67.2 41.8 40.6 49.1
Loss 2 0.0 0.4 3.0 0,5
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The results of this series of experiments have been
presented in the nsual manner in Table VIII. In experiments
172 and 175 the pitch from the netrolatum series (Part I)
weas hydrogenated with anc without tetralin at 450 ©C,
drom an exXamination of Table VILI it is apparent that a
more drastic action occurred in exp. 175 vith tetrslin than
in exp, 172 in which no tetralin wes used. This is borne
out by conversions of 52.4% of pitch to o0il, gas and water
as against a 52% conversion, and also bty the higher
hydrogen absorption of 2.3% as compared with 1.6%. Lt
will be noted that the increased formation of gas and solid
recidue with fetralin present is extremely unusual.

dith regard to experiments 173 and 174, in which
hydrogenation of the pitch from the tetralin series (Part
I) was undertaken, the results obtained offer better
evidence of the beneficial effect of tetrzlin. Jrom an
exanination oi Table VIII it is eviient that the presence
of tetralin has materially decreused coke [ormation
(exp. 173)., The higher absorption of hydrogen that occurred
in thie experiment indicates a more complete reuction in
the presence of tetralin,

Ilngpection of the pressure-time and pressure-
temperature curves for this geries of experiments fuiled fo
reveal any incrsused rate of reuction uging tetralin.

The results indicate thuat the pitches uncer dis-
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cussion arc extremely stable an. resistuant to hydrogena-

tion, but their decomposition is materially increased by

the aduition of tetralin, as snown by higher absorption

of hydrogen ani decreased coke formation.






3. Hydrogenation with .iromatic Tar.

On account of the similarity in congtitution be-
tween naphthalene and many ccenstituents of the aromatic
tar from the pyrolysis of natural gas, the effect of this
material as a suspending agent for coal has been gtuiied
in the following series of-experiments.

The tar used was a product of the pyrolysis plant
at Calgary, in which a separate investigation on naturel
gas was in progress. wvistillation analysis of the tar has

been given in Table IX.,
(@]

TABLE IX

IoBoPo - 90 OC 40% = 269 0 i

10% - 208 © 50% - 309 73.5% - 390 °C.
20% - 225 60% - 325 Barometric pressure
30% - 244 70% - 386 67 cm. Hg .

Constant boiling fractions: 20% at 225 °C - naphthalene
5% at 290 °C
10% at 345 ©°C.
The material was largely composed of polynuclear aromatic
compounds, and contained a few percent of free carbon in
suspension.,

The preliminary experiments of this series were
conducted using the tar as received as the suspending
agent, but the abnormal hydrogen absorptions encountered
indicated that this material was extremely unsaturated,

and partial hydrogenation of the tar itself resulted in

the formation of a material more suitable for suspending
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60 .
coal. Hydrogenution resulted in the formution of tetralin
and other polynuclear naphthenes similarly constituted.
These compounds would be expected to exert a definite
catalytic action in hydrogenation.

The results of experiments using the tar and the
hydrogenated tar as media for coal hydrogenation have been
presented in Table X. Two coals were used, & - 305
classified as a bituminous coal in Table I and J - 309, a
domestic coal. Ior the purpose of comparison the results
of experiments 155 and 161 of the tetralin series (Table
II1) on these coals have been recopied. The hydrogen
absorption in each case was recalculated to conform with
the method adopted for the pyrolysis tar, i.e. absorption
by the total carbonaceous charge.

Sxperiment 186, in which the tar itself was
hydrogenated with 5% molybdic oxide at 425 °C has been
included in Table X. The hydrogen absorbed is fairly
large, being 2.1% by weight of the tar. The high yield
of solid material in this experiment is deceptive as it
includes 5% of the charge as catalyst, tcgether with at
least 5% of free suspended carbon present in the
original tar. Hence the coke formed wuring hydrogenation
wag extremely small. The ether-soluble o0il obtained from
this experiment was used as the suspending agent in

experiments 187 and 189.
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That enormous hydrogen absorption with low gas
formation occurred in the hydrogenation of the ftar is
shown in figure 11, in which the pressure-time curves of
the two cycles of experiment 186 are illustrated. The
continuous downward slope of the curve in the second cycle
indicates that hydrogenation of the tar was incomplete.
The o0il recovered in this experiment contained 14% of
tetralin, as compared with 20% of naphthalens in the
original tar, so that on this basis 70% of the naphthalene
was hyldrogenated to tetralin. This fact is of interest in
that the above figure agrees closely with the 68% con-
version to tetralin obtained by Hall (43) in the
hydrogenation of naphthalene with molybdic oxide at 450 °C.

In experiment 183 the untreated tar was used as
thg suspending agent in the hydrogenation of the
bituminous coal E - 305. 1ln experiment 189 the same coal
was hydrogenated using the partially hydrogenated tar us
the medium for coal suspension. ifrom the data in Table X
it will be seen that the hydrogenation of bituminous
coal has been accomplished with a fair degree of success
using the pyrolysis tar, a 50% conversion of the dried
coal being obtained, as compared with a 48% conversion
using liquid petrolatum (Table V, exp. 156). The con-
version obtained was much lower than with tetralin, duse

probably to the inability of the coal to successfully com-
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pete with the ftar for the hydrogen available. In contrast
to this result the remarkably high conversion of the coal
obtained with the hydrogenated tar indicates that this
material acts as a hydrogen carrier quite as efficiently
as tetralin.

In figure 12 the pressure-time curves of the
first cycles of experiments 183 and 189 are illustrated.
It will be noted that the extremely unsaturated nature of
the untreated tar is reflected in an exceptionally low e
maximum pressure attained in experiment 183, -and in a h
fast absorption of hyirogen at a temperature of 350 OC,
the pressure decreasing with increasing temperature from
this temperature onward. The more normal absorption in
experiment 189 indicates a lesser tendency on the part of
the hydrogenated tar to take up hydrogen.

The behaviour of au domestic coal.uhder similar
conditions (exp. 187 and 188) indicates again that the
pyrolysis tar is a satisfactory mediunm for the hydrogena-
tion of coal, a conversion of the dry coal amounting to
71.8% being obtained ac compared with a 61.8, conversion
using liquid petrolatum (Lable V, exp. 162).

The definite superiority of tetralin to the tar
is aguin illustrated by higher conversion o’ the coal,
while the beneficial effect of hydrogenuted tur as a

suspending ugent is brought out b,y the hich yields o gus

?
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0il, and water obtained. .« definite lower conversion
has been obtained thum with tetralin, however, and this
may be due, in part at least, to the incomplete re-
aaction of the tur previous to use as « suspending agent.

figure 15 shows the pressure-time record of the
first cycles oI experinents 187 and 188. 4in inspection
of this chart again shows the extreme rapidity with
which hydrozen is absorbed in exp. 188, in which the
unhydrogenated tar was used. & r0reé normal Ccurve re-
sulted using the hydrogsnated tar, indicating a slower
absorption of hydrogen.

Conclusions:

The effect of pyrolysis tar as a hJsirogenating
agent for coal has been studied and comparisons with
tetralin made. The pyrolysis tar shows a great affinity
for hydrogen and for thig reuson the hydrogenation of coal
is particlly depresse.. The hydrogenute. tar acts as an
efficient sucpen.ing agent for coal, as shown by high
conversions of coal to gas, 0il, and water. 1he benefli-
cigl action of this tur is attriouted to its sipilarity
in constitution to tetralin, the polynuclear compounus
present acting as hyirogen carriers for the coal. The
results are of some pructical valuo in connection with the
whole problem of utilization of naturul gus in that a

guccessful pyrolysic procosi would result in u supply of






70.
tar of low cost and excellent properties for the hydrogena-

tion of coal.
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4, Hydrogenation of Grain Screenings.

The investigation on the hydrogenating action of
tetralin was extended to a study of its ability to assist
in the reduction of cellulosic materials of which the firgst
example is grain screenings. Ilany suggestions have been
offered for the economic disposel of the tremendous
quantities of screenings which result each year from the
cleaning of grain in the elevators at :sort William and
Port Arthur, so fhat a twofold purpose was served by the
following study.

The samples were opntained from _r. Robert Lewton
of the department of Field Crops. A description of their

moisture content and appearance has been given in Table XI.

TABLE XI Iry matter,
as % of
BEXp. o, Sample Mo. Description wet weight
194 1 Black seeds, Lumbs
quarter, etc. 90.8
193 2 . Very fine material. Re-
fuse screenings, seed
coats and chaff 91.4
192 3 Ragweed screenings,
seeds largely ’ 91.5
191 4 Slightly coarser than
number 2. Refuse
screenings 91.3
190 5 Mixture of 1,2,3 and 4 91.4
195 Lqual parts of hydrogenated

oe 4 and Noe. 3
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PABLE XIT. INDROGENATTON OF SCRLENINGS IN [HE PRUSENCE
Ol TEIMRALIN,.

H- ~ 5 > A
Experiment Numbe:r 190 5a: 192 193 194a 195
Sanple Humber 5 4 o 2 1 4 3
Weight of sced in grams s6m7 295 2Ll 267 345 24:5
Previous treatment of secd none none dried dried Dried Hydro-
€110°C ¢110°C < 1100C gena-
ted
Weight of Yetralin in gfams 256 211 244 200 210 196
Time in hours 2 2 2 2 3 1
Temperature,©C. 350 300 225 %25 250-350 350
Initial pressure, 1lb/sq.in,., 110 990 1115 935 990 1095
Maximum pressure 4920 2560 4040 5420 3290 2390
Iinal pressure, cold 1235 755 1205 1035 1085 785
% charge to liquids 58,3 b4L.,35 48,6 54,2 5l1.1 53.5
$ charge to solids 24;0 36.2 38.9 32,0 32,0~ 40,8
o charge to gases 4,2 27 28 2.7 2.6 0.4
¢% charge as loss 13.5 6.8 51, 7 11.1 14,3 5.5
% seeds to liquids (1) 33,6 26.5 36.,1@ 35.1 38,4 22.1
%6 seeds Lo liquids (2) 55.6WB5.4 25,58 3940 44LPW 2509
Gas Analysis, ¢ CO2 2b.2 27.6 20.2 21.7 15,7 4.6
CnHon 0.0 0.2 0.0 0.0 0.0 0.0
Ho 60.5 64.3 73,9 72.0 70,3 ¢91.2
CcO 1.0 1.0 0.5 1806 0.5 0.5
CoHg 1.3 0.9 0.0 0.0 0.0 0.0
CHag 10.5 4,8 S 5.5 ed GRS
Structure of seeds in des- well part nard des- les-
solid residue, troyed pre- des- des- troyed troyed
sexrvedtroyed troyed
Distillation of oil,
~ I.B.Pt, 80°C, 80°C. 769C,  809C. 780°C, 79°C,
¢ Viater 9.6 3.9 9.9 9.0 13,7 0.9
% 0il to 175°¢, 1.9 0.4 4.0 0.9 2.1 1.7
' % 0il (less tetralin) to 5.3 5.7 10.3 6.3 6.6 4.7
%2500. A e
¢ 01l (less tetralin) %o » 0. 3.9 > 4 7 o i
sooa ) 8,9 ;0‘5 1% 12, 15,3  11.1
% pitch 18.1 1z2.7 21.1 14,9 19.9 _Lase
% loss 0.7 1.2 0.0 0.4 0.0 0.0
Fractionation on 14" colunn
(200-206°C,) tetralin 9.0 97.5 64,3 30.2  71.3 97,3
recovered, entercd as % of

‘tetralin chrrged.

() Evperiment in two cycles, the first

%5000,, both of 1.5 his, duration.

t 2500C., the

econd Y
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The apparatus and procedure was identical with
that previously described. The results obtained using
the 1800 c.cm. oscillating autoclave have been given in
Table XII, With regard to the data presented in this
Table, two values have been given for the % conversion of
seeds to liquids. |

(1) was calculated on the basis of recovered
liguid and tetralin as tabled and is subject to errors
due to mechanical and evaporative losses.

'(2) was calculated from the mass of solid
residue and the mass of gas formed and may be the more
precise value.

The oil distillation analysis has been entered
as % of the total o0il used for distillation and bears no
direct relation to the yield of liguid products extracted
from the autoclave. The tetralin recovefed, entered as %
of tetralin charged, was calculated from the distillation
fraction between 200 and 206 °C ani from the total
méterial extracted from the autoclave less the solid re-
sidue. An attempt has been made to record the extent to
which destruction of the original physical characteristics
of the seeds took place since this probably indicates
roughly the extent to which reaction occurred.

Inspection of Table XII1 shows that the structure

of the seeds wuas completely destroyed at 350 °C., ,itn
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operation at 300 °C the seeds remained well preserved,
while at 325 °C partial decomposition occurred. In this
regard the small black seeds appeared more resistant to
hydrogenation than did the other types of seeds and
screenings.

The formation of gases was extremely low in
all cases. JLn this connection the relatively high con-
version to gas may be attributed to the high operating
temperature used. That high gas yields were not en-
countered in the second cycle of exp. 194 is probably due
to the high partial pressure of hydrogen present by
reason of the earlier removal of carbon dioxide. The

low gas formation in exp. 195 may be due to the small
amount of reaction which occurred on account of previous
hydrogenation of the screenings. This was borne out by
the high concentration of hydrogen in the exit gas.

The form=tion of water was extensive in nearly
all of the experiments. 1n this regard the relatively
low yield reported in exp. 191 may be attributed to the
low temperature of operation, ani the low yield in 195

is undoubtedly due to previous hydrogenation of the seeds,
during which treatment the elimination of water was normal.
The water was acidic in every cuse.

The light oils obtained upon distillation of the

liquid reaction products possessed a faint yellow color
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which darkened on standing. The extremely sour odor
common to all the distillates was readily removed by
washing with 65% sulfuric acid. 1The pitches obtained
by distillation were similar in all cases in that they
possessed a high melting point, being extremely hard and
brittle at room temperaturs. The stability of the
pitches was not great, cracking occurring below 300 ©C,
In those experiments in which the structure of the
screenings was not completely destroyed, the hydrogenat-
ed seeds were carefully removed from adhering carbcn and
thoroughly washed with ether. The dried seeds were then
heated at atmospheric pressure. 1In all cases a heavy
vellowish 0il with a pungent odor distilled out of the
seeds. On account of this fact a second treatment with
hydrogen was given the seeds at 350 °C (exp. 195) and re-
sulted in a high conversion to liguid pro.ucts.

With the exception of exp. 195 the gas analyses
showed high concentrations of carbon dioxide in the
autogenous gases. ifrom the low water and carbon dioxide
yields encountered in exp. 195 it may be concluded that
these compounds were almost entirely eliminated in the
first treatment with hydrogen. The formation of carbon
dioxide may be explained from the data prosented, since

the high concentrution of carbon dioxide in the exit guses

in exp. 191 suggestc that this substance is for the most
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part eliminated below 300 °C. An inspection of figure 14,
in which the pressure-time and pressure-temperature re-
lations in exp. 191 are illustrated, reveals that after
heuting for approximately one hour, when the autoclave
temperature reached 250 9C, a rapid increase in the slope
of the curve occurred. Since carbon dioxide was evolvedl
below 300 Ov it is reasonable to assume that the rapid
increase in pressure at 250 °C was due to the formation of
large amounts of carbon dioxide. On this evidence it
may be suggested that carbon dioxide was formed through
a thermal decomposition of the screenings occurring at
approximately 250 ©u,

The elimination of water cannot be explained from
the data available, and whether the formation of water
occurred through thermal decomposition or whether by
hydrogenation of alcoholic hydroxyl groups can only be
determined by an investigation of the cracking of grain
screenings under high pressure of an inert gas. 4in any
event the elimination of water (and carbon dioxide) does
not account for a great deal of the oxygen in the original
charge. .n general less than 20% of the oxygen content,
about 3.5% of the carbon, and 10% of the hydrogen of the
original cellulosic material appeared as wator, carbon

monoxide, and carbon dioxide, the oxygen eliminated appear-

ing in approximately equal. amounts as water anl carbon
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dioxide, and the hydrogen as water. 1t is evident that the
0ils produced must contain a considerable amount of
oxygenated compounds.

The tetralin is seen to behave as an efficient
catalyst by reason of relatively high conversions of seeds.
The medium may be recovered almost quantitatively from the
reaction products, the decomposition of tetralin during
hydrogenation being negligible under the temperature con-
ditions used.

in view of the high yields of o0il obtained in
the above investigation on screenings, work was extenuied

to operation on a semi-continuous scale,using sample 5 of
the screenings as received. The apparatus used was such
as would allow a continuous flow of hydrogen through the
reaction chamber, sweeping out any gases anu volatile oils
as formed. 'he autoclave used for this purpose has been
illustrated in figure 15. ''he autoclave body A was
Inachined from Znduro 34" bar. A gas entrance to the
reaction chamber R was made through a chrome-molybdenum
tube C machined to fit a 120 © gseat B drilled in the centre
of the base of the autoclave. The thermocouple well =
extended as illustrated to a poit midway along the
loutoclave body A. The reaction chamber was closed by the
lead F held in place by six 4" bolts of hardened drill steel
screwed into the autoclave body. The gas-tight joint was

made at G by a step currying an annealed copper gasket.
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The column D of 1/4 x 3/4" Enduro tube was designed with
$moothly finished ball ends of 1" radius to fit 120 © gseats.
fonnection was made with the autoclave cover at F. The
bolumn head n was fitted to the upper end of the column D
by & connection similar to that at ¥. The exit gas con-
nection was made at K, the temperature of the exit gases
being measured by a thermometer inserted in the head at J.
The assembled autoclave fitted snugly into a split electric
fFurnace.

The termperaturs measurements of the reaction
chamber were made by an iron-constantan thermocouple and
recorded on a Leeds and lorthrup recording potentiometer
controller. The adjustment of a series resistance by the
controller operating through a relay maintained the
autoclaﬁe at the desired operating temperature, the
nmaximum deviation being 5 Ou.

A convential drawing of the complete setup is
given in figure 16. The hydrogen from storage was led
through the check valve A to the small storage cylinder B,
installed to prevent sudden pressure changes weakening the
Bourdon tube of the pressure gauge C. By opening the
valve L the gas passed into the reaction chamber L, in-
cased in the split electric furnace um, and through the
heated column r to the water-cooled pressure condenser G.

' From the condenser the gas passed to the expansion valve




1%




B
H maintained in a heated oil bath N to avoid freezing
of the valve tip. &rrom the expansion valve the gas was
then led at atmospheric pressure through the ice-cooled
condenser J to the differential flowmeter P and then to
the o0il-filled wet test meter K. The gas,collected in a
water-sealed gas holder, was sampled for analysis after
standing 3 or 4 hours.

The desired quantities of screenings and tetralin
were transferred to the reaction chamber and the column
bolted in place. rhe autoclave was placed in the split
electric furnace ani gas-tight connection made at the
upper and lower ends. 4yarogen was led in to the desired
initial pressure and heating of the autoclave commenced.
was flow was started af a temperature in the neighborhood
of 200 9C, on account of the possibility of a back
pressure developing through the rapid evolution of carbon
dioxide, in which event the tubing and valve L would become
plugged with screenings. The column F was heated by a
bunsen Hdurner directed upon an asbestos sheet § surrounding
the column, the temperature at the head being measured by
the thermometer 1. At the end of an experiment the valves
S and L were closed and the autoclave .llowed to cool, the
pressure slowly decreasing as the gases passed through H.

when the autoclave was cold and the pressure was in the

neighborhood of 500 tb/sq.inch the liquid condensate was

blown through IM anu the remaining gas in the system releused
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through H. By disconnecting the tubing at the lower side
of the valve L and at the head of the column it was
possible to remove the autoclave from the furnace, the
column being subsequently removed and the contents of the
reaction chamber noted. The products were weighed and
transferrecd to a glass-stoppered vessel.

The solid residue was removed by filtration of
the total mass extracted from the autoclave, removal of
adhering o0il being effected by washing with ether. After
the treatment with ether the solid material was dried and
weighed. The filtrate from the ether washing was topped
to remove the ether and the bottoms combined with the
original oil. The combined o0il was placed in a separatory
funnel and the water drained off, after which the oil was
distilled through a 14" fractionating column equipped with
a device for maintaining a constant reflux ratio. rhe
water was tested for acidity and distilled through a
Cooper and Fasce (72) column to recover any low-boiling
constituents soluble in water.

Ixperimental Results and oiscussion.

The results obtained from this series of experi-
ments are entered in Table XIII. The two temperatures
recorded are:

(1) The autoclave temperature, or the tempera-

ture at which the reaction chumber was maintained during
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opcration.

(2) The stillhead temperature, or the tempera-
ture at which the exit gases from the autoclave left the
head of the column.

The row titled "Gas flow commenced, °u" records
the temperature of the reaction chamber at which the cir-
culation of hydrogen was started. Ln those experiments in
which a metallic catalyst was used the conversions were
based on total organic charge so as to conform with the
other calculations.

drom an examination of Table XIII it will be
seen that for reaction periods of one hour complete
destruction of the seeds occurred only when an operating

OC or higher was used. The results

temparature of 400
in'exPeriments 5-5, 5-6, 5-7, and 5-8, all at 400 ©C
indicate that the s0lid material may be reduced to 4% of the
original charge, or to 15% of the weight of the screenings '
used. This represents an exceptionally high conversion |
to 0il and water. Gas production was uniformly small re-
presenting only & small part of the screenings charged.
¥hile reaction appears almost complete at 400 ©C, a high
yield of liguid prouucts was obtained by operaution at

375 %, lower temperatures resulting in only partial ue-

composition of the seeds. In this connection the low

yield of unchanzed so0lid muterial reported in 5-1 at 330
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OC may be explained on the grounds of fuulty technigyue,
the abnormally high loss entered in the tuble consisting
for the most part of solid material lost in handling.

The beneficial effect of the lonpger period of
operution used in exp. 5-6 at 400 °C is revealed by a
decreased amount of the seeds remaining in the solid re-
sidue compared with the amount obtained in exp. 5-5. In
this regard the effect of the two metallic catalysts em-~
ployed, Zn: Cu: Al (1:1:1) in exp. 5-7 and molybdic oxide
in exn. £-8 was to decrease the solid residue in an
experiment of one hour duration the surie aount as obtain-
ed in two hours withoit a catalyst (exp. 5-6).

In contrast to the earlier results (presented in
Table XII) heat treatment of the solid regidues obtained
from hydrogenation at 400 ©°C diu not result in the
distillation of any 611 iromm the recovered coke.

Gas formation was low in all the experiments,
th: carbonacaous gases cousicting Zor the most part of
carbon dioxide and methane, with small amounts of carbon
monoxilie. The formation of water in large amounts is un-
avoidable, and it may be that appreciecble amounts of
hydrogen are used in the elimination of oxygen as water.
Jigtillation analysis of ths water showed a content of up
to 30% of substunces boiling below 95 ©cC.

On the basic of the oxygenated compoun s carbon
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dioxide, carbon monoxide, wund water forned in hylrogena-
tion, then in those experimeuts conducted at 400 °C
approximately 50% of the oxygen, 2 of the carbon, and
35% of the hyu.rogen of the original cellulosic materials
was removed as water and these gases. Hence a consider-
able amount of oxygen reijained in the recovered oils.
oxperiment 5-9 was conducted on the hydrogenation
of a conmposite sample of pitches obtained in previous
runs. A higher operating temperature was used, and
molybdic oxide employed as a catalyst. Ln spite of the
strenuous conditions imposed the pitch remaine. resistant
to complete decomposition. The unusual stability of this
pitch, showed by negligible coke andi gas “ormation, is
in sharp contrast to the unstable nature of the resi‘ual
pitches obtained by hydrogenation of screenings at lower
temperatures for & longer time (uiscussion following
Table XII).

The rate of hy.irogen flow in all cases appeared
insufficient for distillation of the light oils as
formed. It was necessary to <eep the stillhead tempera-
ture as low as possible to avoid Jistillation of the
tetralin, anu attempts to secure fractionation of the
light ends was only partially successful. This is borne
out by the initial boiling point reported for the oily

reaction products.

Further examination of Table XIII reveals that
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the losses in generul increase with increuse in operuting
temperature, inuicuting a higher conversion to volatile
oils. (&xp. 5-1 nmust be excepted on account of the faulty
technique previously described).

Conclusions:

from the point of view of conversion to oils, gas,
and water good results have been obtained by the hydrogena-
tion of grain screenings at 400 °C in the presence of
tetralin.,
The beneficial effect of metallic catalysts has
been demonstrated by an incresased rate of reaction, though
higher conversions have not peen obtained.

The residual pitches obtuained have been shown to
be remarxably stable und fairly resistant to hyurogenation,

though appreciable decomposition does occur at 425 SN
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5. The Hydrogenution of .Jood.

A short investigation of the hehaviour of firwood
sawdust in the precence of tetralin was conducted in the
1800 c.cm., oscillating autoclave previously described. The
results of this study have been presented in Table XLV,

“rom an examination of the Table it will be seen
that the wood underwent a considerable decomposition in the
presence of tetralin, hydrogen absorptions as high as 3.7%
by weight of the wood being obtainec. 1In exp. 197 the low
temperature of operation accounts Zor the slight reaction
taking place, whereus at 350 ©C in exp. 196 the pressure-
temperature record indicuted that extencive cracking
occurred. Lt was thus attempted inm exp. 198 %o hydrogenate

wood in two cycles, the Iirst cjycle being operuted at 325

01’\ O 1
A

and the seconu at 275 “C. The result was highly
satisfactory, the total cownversion of wood to o0il, gas,

and water being 58% by weight of the vwood, wunu it is highl,
probable that higher conversions could be obtained by
using more suitable operating conditions. MNevertheless the
beneficial effect of tetralin is rhbun by comparison with
the maximum coxversion of 56,5 of wood reported by Lindblad
(70) in an extensive study of the cffect of & great number
of matullic cutulysts and suspenvuing agents on the

hydrogenation of wood.






TABLE XIV - Hydrogenation of Wood in the Presence
of Tetralin, and—the—effect of Addition-
al Catalysts, over a lim

ited Temperature

Range.

Experiment Number 196 197 198

Welght of Wood in grams 163 152 149

Weight of Tetralin in grams 198 180 148

Number of Cycles 1 1 2

Average Time per Cycle,ohours 2 lo 1l
Average Maximum Temp., ~C. 350°C 325 C 325~

375

Average Initial Pressure 1220 1200 1140

Average Maximum Pressure 3740 3435 3475

Average Final Pressure 1205 1175 1140

verage Pressure Drop 15 45 0

ydrogen Absorbed, % by Wt. S 205 357

as yleld, less H,,in litres /kg.chge. 2647 15.9 36.7

Charge to Eiquigs 68,7 56,9 65,0

Charge to Solids 20.2 34,3 23.9

Charge to Gas 1,2 l.1 1.3

» Wood to Oils 3346 13,6 $7.2
Wood to Water 9.2 SR Tah1.|

Loss 9.9 o W 9,8

Gas Analysiz, % CO 8.0 HelD 4.3

CnHgn On4 0.0 0.0

H 8la3 89,3 87.8

c6 1.5 b9 Lig6

CoHg 0.6 0.0 0.5

C 6.0 249 208

Distillation of 0if in 14" column s N .
1.B.Pt. 43 C. 68°C. 54 C,

% Hs0 & 847 6.9 7a8

% 0§1 to 175.C. 2.3 L)

% 011 to 225 C.(less tetralin) 33,7 58 T13rl

% 0il to 300 C.(less tetralin) no crack crack

dist. no no

(crack) dist. dist.

% Tetralin in 0il 68e.4 80,4 64,3

Recovered Tetralin, % 9243 84,4 83,8

|
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Summarz.

The wction of tetralin as a hy .rogenating agent
has been stidied with various curbonaceous materials under
a variety of operating conditions.

The beneficial effect of tetralin in the re-
duction of resiuues from bitumen hydrogenation has been
shown by increased rate of reaction and lower coke an. gus
formation.

The hyurogenating power of tetralin alone has
besn demonstrated by hydrogenation reactions carried out
in an inert atmosphere.

That materials containing large amounts oo
polynuclear aromatic compounds may act as hydirogenating
agents in a manner similar to tetralin has been
demonstrated in an investigation of the influence of
aromatic tar irom the pyrolysis of natural gas as a
suspending agent Ior.coal.

The action of tetrulin as a hydrogenating agent
in the reduction of cellulosic materials huas been studied
in an investigution of the hydrogenation of grain screen-
anu high conversions of these materials to

ings and wood

y

gas, 011, an. water have heon reported.

It is suggestoed that the tetralin owes its

efficiency to the "hydrogen carrier" action possible with

polynuclear aromatic hydrocurbons in the presence of
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hydrogen. The action way boe compared to that of a solvent
and a catalyst in that it is Dbelieved that tetrulin
hydrogenates unsaturated fragments resulting from the
cracking of carbonaceous materials. lnlthis reaction
tetralin is dehydrogenated to naphthalene, but in the
presence of catalysts, and at temperatures in excess of
500 OO, the naphthalene is readily reduced again to
tetralin in high concentrations of hydrogen (33). Tetralin
is an excellent solvent for carbonaceous materials (15),
thus insuring the necessar,; close contact at high
temperatures of the hydrogen donator and the hydrogen

lcceptor.,







PART III

ON THE CONTINUOUS HYDROGENATION OF BITUMEN
FROM THE BITUMINOUS SANDS OF ALBERTA.
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PART III

Continuous Hydrogenation of wmcllurray Bitumen.

Introduction.

It has been demonstrated in an earlier in-
vestigation (10) that the hydrogenation under pressure
of bifumen on a batch scale may be accomplished urder
severe enough conditions of temperature and with a
catalyst to insure a rapid reaction without coke forma-
tion. The results obfained pointed to an extension to
operation on a continuous basis in a reaction chamber
designed so that hydrogenation could occur in the gas
and liquid phases.

Iln what follows the susceptibility of bitumen
to hydrogenation on a continuous scale has been investi-
gated, and equipment has been devised whereby a satis-

factory operative technique may be used.
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Literature RevVview.

While the hydrogenation of bitumen has not re-
ceived a great deal of attention in the past, investiga-
tions on the hydrogenation of allied substances such as
gas oils, pitch, coal tars, and petroleum residues have
been extensively carried out.

The hydrogenation of coal tars and pitches yields
products similar in nature to those obtained from aéphalts.
In this regard the resesrches of Hugel (31), llorgan (63)
and Tropsch (58) have been mentioned previously. The
hydrogenation of gas o0il was studied by Junstan (43) and
Shatwell (53%) and the results obtained in these investiga-
tions indicated that higher yields of gasoline could be
obtained than by the cracking process. The hydrogenated
product was of higher quality, and the refining losses
sustained were very low. An investigation of the
susceptibility to hydrogenation of asphaltic oils has been
carried out by Roberti (50), and high yields of volatile
0ils of good quality were obtained. In this regard it was
demonstrated that molybdic sulfide supported on pumice or
charcoal was & highly beneficial catalyst. Bruylants (12)
working in the Bergius laboratory at Mannheim, has studied
the hydrogenation of bitumen and petroleum residues on a

cont inuous scale. By virtue of higher gasoline yields and
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superior qualities of the gasoline it was shown that
hydrogenation offered more satisfactory results than were
obtained by the cracking process. LIn support of the
theory of the mechanism of hydrogenation proposed by
liaterman (60) Buylants concluded from his results that the
function of the hydrogen in hydrogenation was to prevent
dehydrogenation in cracking. Hence no hyirogen was ab-
sorbed by the oil. The evidence for this proposed
mechanism was extremely scanty. Ln contrast to the higher
yields obtained by Roberti ana Bruylants, Waterman (60)
found that Mexican and sorneo asphalts were no more
susceptible to hydrogenation than to cracking. L1t may
be suggested here in this regard that the high tempera-
tures and low hyurogen pressures used in these experiments
accounted to some extent for the low oil yields obtaine..

The hydrogenation of petroleum oils and
residues was first undertaken by the Standard 01l vevelop-
ment Co. ond the highly satisfactory experimental results
obtained led to the installation of hydrogenation plants
capable of treating several thousand barrels of crude oil
daily. A description of the methods of operation used and
the products obtained has been given by Haslam (29) and
lMcKee (42). In all of the processes used operation may

be continued for months at a time without either (eactiva-

tion of catalyst or coke formation.
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The susceptibility to hydrogenation of liclMurray
bitumen has been exhaustively studied in batch scale
operation by Boomer and Saddington (10, 51). It was
found that in the presemnce of hydrogen unter a pressure
of approximately 200 atmospheres bitumen was hydrogenated
at 425 O0C without appreciable coke formation, provided a
suitable catalyst such as molybdic oxide was used. The
refined gasoline yields of approximately 35% of the
bitumen did not represent an increase over the yields
obtained by cracking (17), but the negligible coke forma-
tion in hydrogenation both of the bitumen and of the heavy
0il residues from previous hydrogenations suggested the
use of continuous operation with recycling of the heavy
oils. 1t was shoﬁn that only about 15% of the bitumen
was highly resistant to hydrogenation. Continuous opera-
tion with recycling has also been suggested by Sachauen
(73) from a cop81deration of the kinetics of the reactior,
andqrnls gggults as a means of obtaining high yields of
gasoline. According to llash (46) the oil yield obtained
upon berginization of mdMurray bitumen amounted to 50% of
the charge as compared to a 41% yield obtained by cracking.
virect retorting of the bitumen yielded 62% of oils. The
high coke formation reported for the berginization experi-

ments may be attributed to the high temperature used

(450 0C.) in the absence of a cutulyst
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Besiies the results mentioned above, the speci-
fications described in the large patent literature in-
dicate that more satisfactory results may be expected in
continuous operation than by batch treatmept. 4 full re-

view may be found in Ellis (15).







Materials

The bitumen was supplied by Dr. s A. Clark of the
Research Council of Alberta and was prepared by the hot
water extraction proceés from rort llcilurray bituminous
sands (13). An extensive analysis of the bitumen has been
given by llash (46), from whose paper the following pro-
perties have been reproduced below.

Spo Gr. 1.02 e 1003

L.B.P. 60 ©°C, sulfur content.

nglar distillation, standard Crude distillate - 2.68%

I.P.T., given as % by volume. Fraction to 175°C- 1.64%

Distillate to 175 °C - 7% 175 - 2250 - 2.61
175 - 225 °C - 9% 225 - 3000 - 2,75
225 - 300 °C - 18 Above 3000 - 3.38
Above 300 ©C - 66
Saponifiable matter - 2% Ultimate Analyses.
Asphaltenses - 22.,5% S, 2.73%. C, 84.49
Resins - 24% H, 11.23. N, 0.04.

O0ily comnstituents - 51.5%
After separation from the sand the tar, freed from
asphaltenes and petroleum resins by llarcusson's method, was

found to have the following characteristics:

agg 0.927 S - 1.87

n 1.500 C - 85.76
Uptical activity dextro 1.5-1.6. H - 12.19
Viscosity @ 25 °C - 20.0 Iodine No. 2.1.

Mol. weight - 350.
This data by wmash while probably indicative of

the general nature of MclMurray bitumen and of value in
showing the relative amounts of various fractions and con-

stituents, cannot be taken for other samples; especially

[With regard to the ultimate analyses. Below is given some
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analytical data on the bitumen used in the early stages

of this work.

carbon - 82.3% Initial b.p. - 175 °C
Hydrogen - 10.2% Carbon residue - 14.2%
Nitrogen - 0.37% Density at 25°C - 0,998

Sulphur - 4.2%

Lhe above data differs widely from that given
by Mash and is probably approximately true of all the
bitumen used in this work. The later samples of bitumen
differ from the above principally in regard to density
which is higher, 1.02 to 1.03 gr. per ccm. at 25 ©C.

The behaviour of the bitumen toward hydrogena-
tion cracking and direct retorting as reported by uash
has been previously discussed in the literature review.

The crude bitumen as received contained a large
amount of water and prolonged heating at 110 °C was a
necessary operation in purification. All large particles
of suspended matter were removed by filtration of the hot
tar through a 100 mesh sieve.

The hydrogen used was prepared by electrolysis
of 15% H580, using lead electrodes. The hydrogen was
purified by passage through a glass tube packed with
copper gauzse and maintained at a temperature of 400 °C.
In this manner any oxygen present was removed as water.

The catalyst used was in all cases molybdic

oxide. Ln those experiments in which the catalyst was
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introduced into the autoclave in the powdered form and
maintained in suspension by agitation of the charge, the
molybdic oxide was prepared by dehydration of molybdic
acid below dull red heat. Ln some experiments the catalyst
was supported on inert carriers and in these cases was
prepared by impregnating the carrier with a saturated
solution of ammonium molybdate with subsequent heating to
give the oxide; the process being repeated a number of
times so that as large an amount of catalyst as possible
was obtained.

The supports used were unglazed porcelain and
pumice. Attempts to prepare a suitable inert alumina
catalyst proved unsuccessful, the final product being in
all cases too friable for use. Silica gel supportis were
not prepared on account of the possibility of glazing

occurring at the high temperatures used on ignition.
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Apparatus:

The compression and gus storage system was the
same as that used in the other parts of this work and
has been described briefly.

On account of the multiplicity of parts, the
apparatus used for semi-continuous and continuous-batch
hydrogenation of bitumen has not been represented by a
detailed drawing, but two photographs, figures 17 and 18,
and a flow sheet, figure 19, have been shown.

The autoclave is shown in an inclined position
in figure 17, centre foreground, and denoted Il in figure
19. The reaction chamber was in some respectis similar
in design to the 1800 c.cm. oscillating autoclave
previously described, particularly with regard to the end
plates, ring nuts, etc. L1ts inside dimensions were 9 cm.
diameter by 66 cm. long, a volume of 4100 c.cms.

Leading from the autoclave chamber, and bolted
to its midpoint by six 5/8" studs screwed into the
autoclave body, was a high pressure distilling column A,
2.8 cm. diemeter and 45 cm. long terminating in a dis-
tilling head carrying a coaxial thermocouple well and a
gas connection and a lead off to the condenser. The gas-
tight connections to the autoclauve and head were made at

the ends of the column by annealed copper gaskets. <Lthe

autoclave body, end plates, and the distilling column






96.
yere made of a high chromium nickel steel. i'rom the
fiistilling column the autogenous gases and oils could be
led via a 5/16" I.D. chrome-vanadium tube to a coil of
fhe saome material terminating in a receiver D, figure 19,
bpoth of which were immersed in a water cooler, shown in

the right centre of figure 17.

One end plate of the auntoclave carried a thermo-
couple well extending to the centre inside of the re-
action chamber. A 1/2" L.0. tube equipped with an
electric heater, led to the other end plate ani served
as a preheater for the gas and ftar entering the autoclave
through this tube.

The autoclave fitted snugly in a semi-circular
trough made by splitting longitudinally the appropriate
size of pipe. Heat transmission occurred from the heaters
through this ftrough to the autoclave. The trough was
screwed to three cast iron pedestals, one of which at each
end carried the weight of the autoclave. These end
pedestals fitted over the large end portion of the
autoclave and prevented sliding motion. The pedestals were
bolted to & longitudinal H beam which zlso carried the
lower half of the sheet iron furnace casing B, figure 19,
and shown also in the centre foreground of figure 17 as a

box-shaped structure. 41he top half of the furnace casing

was made in two parts and was bolted to the lower half.
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The design of the uppoer part of the furnuce wuas such that
the part of 1/4" steel in contact with the autoclave fitted
snugly and served as a means of producing uniform heat
conduction to the autoclave from the upper heaters.

Heating was produced by nichrome windings
supported on transite sheets bolted aroundi the autoclave
casing which heated this casing by radiation and conduction
through the small air space present. Sil-0-vel insulating
powder was packed in the space between the transite sheets
and the outer sheet iron casing, bolted to the longitudinal
girder mentioned previously to &a cradle supported on the
main shaft, the enu of which may be seen in the centre fore-
grouﬁd of figure 18. The shaft was held in place by three
ad justable pillow blocks attacﬁed to three inverted shaft
hangers, one of which may be seen in the centre fore-
ground of figure 18, the other two being on either side
of the autoclave, figure 17. <The shaft hangers were
bolted to a heuvy cast iron base. Attached to the main
shaft between and above the two left hangers, figure 17,
was a table supporting a steam géenerator, a tar reserwoir,
an: a hy.raulic pump operated through a reducing gear by
& snmall electric motor. The table an. contents are shown
in figare 17, left foreground, and in figure 18, centre
“oregoundi. Bolted to the opposite end of the main shaft

Was a steel bar to wuich wug attuched the con.erser re-
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ceiver and surrounuing water cooler. A second receiver
not visible in the photogruphs but shown as Z on figure 19
was connected to the first receiver through valve 8, to
the atmOSphére through valve 9, wund to the atmospheric
pressure collecting system by a smwll expansion valve in
its lower end.

The main shaft carrying the autoclave in its
cradle, the tur supply system an. the condensing system
vas connected through a jointed connecting ro. to a
rotating crank on the slow speed shaft ol a recicing gear
as may he seen at the lower foreground in figure 18 and
left foreground of figure 17. 4 motor resting beneath
the autoclave cradle on tne base cacting was used to “rive
the high s;@ed shaft of the reducing gear.

Gas connactions from the moving parts to the
rigid auxiliary eqguipment were made by the ftwo copper
coils coaxial with the main shaft, an. visible in the
right foregound of fizure 17. They are inaicate
viagranalicelly at the right and left sices of figure 19.
The coil supports mey be sean wttached to the right end
shuft hanger (figure 17). These coils of 1/8 x 5/8"
copper tubin2 consisted ol three turns ol about 12"
alameter.

One enu of euach coil was bent in to the centre

£ the corl and attached to a bar bolted to the main shaft
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while the other or fixed end «t the circumference wws
alttached to « bar bolted to the end shuft hanger.

™0 chrome-vanadium cylinders of 5 litres
capacity euch, [ront end of figure 1%, right, wecre
used as gus purifiers, one fitted with buffles and 4
litres of gas o0il acting as a scrubber an. the other
as & spray trap ana gus reservoir. These are visible
in figure 17 at the extreme right. Above ani behind
the second purifier may be seen the safety valve in-
gserteu to protect the equipment against high pressures
develoned in the event of a plugged gas line.

The gas circulating pump may he seen in
figure 17, right background, or in figure 18, left
background, an: is shown at J, figure 19. The cylinder
currying the head, in which was cut two poppet valves, was
bolted to the cylinuef 0f « small air compressor whose
piston was modified to wct as a crossheud for the
circulator piston. the dimensions of the circulator
were 7/16" bore x 3 1/2" stroke anu it was driven at
about 180 r.p.m. The glanu was of tne double type
designed to recover .rom the spuce between the glands
any gas that lewcked from the cylinuer, which gas could
be sent to the atmospheric storage system as is shown

in figure 19.

The temperuature ol the reaction chavber was
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moasured by an iron-constuntun thermocouple inserted
in » thermocouple well extending to the miadle of the
autoclave wund was recocuved by a tvo point Leeds and
Lorthrup potentiometer controller. Heat control was
accomplished by the adjustment ol series resistgnces by
a magnatic switch operated by the controller through a
relay. Temperature measure.aents ol the stillhead were
made with an iron-constantgn thermocouple and a portable
potentiometer shown in figure 17, at the lower right
foreébund. Temperature messurements and control of the
preheater to the autoclave, visible in figure 18, left
background, where the asbestos covered tar supply line
terminates were made by an iron-constantan thermocouple
connected to the controller, the adjustment of resistances
being effected in & manner siniiar to that described for
temperature control of the reaction chamber.

Pressure measurements were made by a Bourdon tube
recording gauge calibrated by comparison with a standard
dead weight piston gauge.

The atmospheric-pressure part of the equipment
can best be seen in the flow diagram (dotted lines in
figure 19). This apparatus consisted of a separator, K,
for separuting the oil from dissolved and entrained gas
and an absorption train for these gases. The circulating

pump leak was also connected to this separating system.
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The absorbers used were an ice condenser and a charcowl
absorber for volatile ends, a calcium chloride tube for
water, and a soda-lime tower for hydrogen sulfide. From
the absorbers the gas passed through an oil-filled wet -
test meter and to storage in a water-filled gas holder.
Upon the completion of a run the residual gas in the
autoclave was liberated through a heated expansion valve
to a similar absorption train to storage in a gas holder.

The apparatus as described above represents the
final development of considerable experimentation and was
used only in the later experiments carried out in the
manner described in what follows as Procedure B. The
earlier work was carried out without a gas circulator, a
preheater for the gas and tar entering the asutoclave or a
high pressure scrubber for the gas and in other details
was less satisfactory. The methods followed are

described below unuier Procedure B and A.
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Procedure.

The installation of improved equipment from time
to time necessitated chunges in procedure, but in general
two distinct methods of operation were adopted§ the first,
termed a continuous-batch procedure, has been outlined
below in A. Of the second procedure, a more satisfactory
technique termed semi-continuous hydrogenation, has been
described at some length in 3.

Procedure A.

Although figure 19 illustrates a great deal more
equipment than was used in the early experiments for
which procedure A was adopted, it will be advantageous
to refer to this diagram in the following outline. rend-
ing the installation of a gas-circulating pump, the
distillation of hydrogenated 0ils through the column A
under pressure was promoted by the use of a gas-bleeding
operation conducted as follows: The apparatus was
charged with hydrogen to the desired initial pressure and
approximately two litres of tar pumped into the heating
autoclave. when the autoclave had remuained at the
opercting temperature for a length of time sufficient to
produce an extensive conversion of bitumen, valve 2 was
opened. On opening valve 8 the pressure in the autoclave

wus released, anu the gas at higher pressure in I' passed

through valve 2 into the autoclave. in this manner a
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flow of gus through the reuction chamber and out by the
column A occurred, which resulted in the distillation of
appreciable amounts of oil. The o0il was condensed in L
and forced through 8 into a separator at atmospheric
pressure. The reduction in pressure throughout the system
which resulted from this bleeding operation was compensated
for by recharging the auxiliary storage cylinder F with
fresh hydrogen to the original pressure, the gas passing
from P through 2 to the reaction chamber. When an amount of
pressure distillate corresponding to a 50% conversion of
the bitumen had been collected a fresh supply of tar was
pumped to the autoclave and the whole process repeated.
This operation was continued until the end of the experi-
ment, in general one complete cycle taking two hours to
perform.

The analytical procedure adopted with regard to

the products will be described following procedure B.

Procedure B.

The large losses sustained by removal of the
pressure distillate in the manner described above and the

poor conversion results obtained made the installation of

improved handling equipment necessary for accurate work.
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The difficulties involved in promoting distillation by
bleeding the autogenous gases, as well as the unsatisfactory
yields obtained with such a procedure pointed to the use
of a gas-circulating system by means of which a continuous
distillation of hydrogenated oils could be obtained. The
installation of such a system would also allow purifica-
tion of the hydrogen under pressure by passage through
absorbers Wherein hyarogen sulfide, hydrocarbon gases
and oil vapours would be absorbed.

The complete equipment devised to offer the most
suitable results has been indicated in the flow diagram
(figure 19).

Hydrogen was passed in to the desired initial
pressure and approximately two litres of tar pumped into
the autoclave. Dluring the time the autoclave was heating
to the operating temperature valve 1 was open and valve
2 closed so that the pressure would remain equal inside
and outside thelconverter, thus removing any possibility
of the inlet tubing becoming plugged with tar through the
development of a back pressure. As a precautionary
measure this valve arrungement was always used when the
circulating pump was not in use. hen the autoclave
reached the desired temperature the gas circulating pump

was put in operation.

Under normal operation the gas was pumped by J
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to the two-way valve 4, through the "b" end of which it
was forced to the oil scrubber , where hyirogen sulfide
and hydrocarbons were partly removed and the hyirogen
concentration raised. rrom G the gas passed through valve
S to the four-way conrection illustrated. Vvalve 4 “a' and
the 1line to the storage system being closed, the gas
passed to the spray trap or auxiliary storage #, from
which it proceeded via the copper coil (illustrated by
means of staggered gas lines) to the valve 2, valve 1
being closed. #rom 2 the gas passed through the preheater
C to the reaction chamber Ii where some gas was absorbed
in reaction. The remainder, together with hydrocarbon
gases and hydrogen sulfide, promoted, by rapid circula-
tion, the distillation of gasoline through A. irom A the
mixture passed to D, where the oil was condensed. The
gases passed on to the valve 7 via the second copper coil,
and from valve 7 returned to the circulating pump J.

If at any time the formation of a high-boiling
aigtillate indicated a too-rapid circulation of gas,
oﬁening valve 5 resulted in a by-pass of gas from &
through valve 5 to the pump J. The extent to which valve
5 was open as compared to the opening of valve 2 naturally
determined the fraction of gas which would bypass the

antoclave. Moreover, when it was necessary to replace the

0il in scrubber & with fresh oil, operation was not dis-
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continued. At such times valve 4b was c¢losed, valve 3
closed, anl valve 4a opened, the cylinder G thus being
completely bypassed while the second bypass using valve

5 remained unaffected. The o0il was removed from G when-
ever Jdesired by opening 6, the pressure of gas above the
0il in & forcing the material through the safety valve u
to the atmospheric pressure separator «, the accompany-
ing gas passing through the absorbers to the meter and

gas holder.

The pressure distillats collected in . was re-
moved by opening valve 8, which let it into &, from which
an expansion tip allowed its removal to k, the gases
passing again to the meter and holder via the absorption
truin,

The amount of tar pumped to the autoclave was
kept as close as possible to 50% more than the amount of
pressure distillate removed, experience having shown this
to be a good approximation of the ratio to be used to
allow a balance. The process has been termed semi-
continuous because it has been found advantageous to
pump the tar into the autoclave in batch lots, during
which time the circulating system was shut down and all
valves except 1 closed. L1n this manner the possibility

of distillation of cracked fragments before stabilization

had occured by hydrogenation was precluded.
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By adjusting the resistunces so that the auto-

clave temperature fell to 200 ©

C, the apparatus could be
safely left overnight with all valves shut except 1.
Operation could be continued on the following day. At
the end of an experiment the circulating pump was stopped,
all valves closed, and the heat shut off. hen the
autoclave was cold valve 7 was opened and the autogenous
gases bled through the expansion valve to an absorption
train, meter, and gas holder. The autoclave was opened
and the contents removed. <whe coke and the catalytic
mass remaining from filtration of the autoclave material
was washed with ether, dried, and weighed. YThe ash con-
tent of the coke was usually determined.

The o0il from the scrubber G was removed in the
manner previously described and stripped of dissolved
gases anl! volatile oils by distillation. The increase in
weight of the charcoal, calcium chloride, and soda~lime
absorbers was noted, and the charcoal revivified by
distillation with stean superheated to 150 - 175 Ou, the
recovered oil yield being tabled.

Analysis of the pressure distillate usually
consisted of distillations, density and sulfur determina-
tions, olefine content measurement, and analysis of the
constitution of the gasoline fraction by the Lgloff-

Morrell method (18). Refining data was usually obtained.
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In those experiments in which a suitable grade of heavy
oil was secured as a product of reaction vacuum distilla-
tion followed by viscosity measurements of the lubricating
0il fractions were made.

The calculation of gas yields offered consider-
able difficulty and in most of the experiments the figures
presented may be in error by 1-2% by reason of the largs
volumes under consideration and the losses sustained from

time to time.
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#3S0LrS AD DISCUSSION

A. Continuous-patch Hyurogenution of fort licllurray
Bitumen

The results obtained in three experiments which
were operated under the conditions described in procedurs
A are presented below. As a foreword it may be stated
that experiment 2-3 was carried out under berginization
conditions, i.e., no catalyst was used. IExperiments 2-4
and 2-5, in which the catalyst, molybdic oxide, was used,
offer comparative data on the effect of time of operation
on coke formation as well as data on the effect of im-
proved handling conditions on the losses sustained. On
account of unavoidable gas losses occasioned by leakage
Vin the compression system and occasionaly in the
hydrogenation equipment, the values given for conversion
to gaseous hyarocarbons and for hydrogen absorption are
not very reliable. The experimental data in these ex-
perinents will be considered separately.

Lxperiment F2-3.

The results obtained in this experiment were ex-
tremely unsatisfactory on account of extensive coke
formation. The following table describes the operating
conditions employed an. the yields of oil, gas and coke

obtained..
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TABLE AM
BZxperiment nunber 2-3
Time, hours at temperature 19
uperating temperature, ©C 425
Average of maximum pressures, hot 1950 1lb/sq. inch.

Average pressure drop during absorptions 650 " "

Materials recovered, % by weight of bitumen.

Residual oils, from autoclave 15.6%
Pressure distillate 9.4
Coke 40.8
Gas )
Loss 206.7

#ractionation Data. Press. uvist. Residual 0il

- to 225 O¢ 83% 47%
225 - 260 ©°C 4% 9%
260 - 2% 42%
Loss 11% 2%

Yields: DBitumen to gasoline 16.9%
" " kerosene 1.8%
" " fuel oil 6 «4Y

The low I.b.p. of the pressure distillate, namely
25 OC, may account to some extent for the large losses
tabled, though it is believed that these losses are for
the most part due to mechanical difficulties in handling
the distillate with the apparatus in use.

The low pressure drop accompanying each absorption
is misleading unless it be remembered that the total
volume of the gas phase was in excess of 8 litres as
compared with a ligquid phase volume of asbout one litre.
Consequently these small pressure drops represent a normal
hydrogen absorption.

The large coke prouuction is very unfavorable and

particularly so as the coke wus hurd un. solidly attached
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to the walls of the wutocluve. The recults obtuined
indicate thut the hydrogen.tion ol bitumen cunrot be
satisfuctorily curried out under continuous operation

without the aid of u catalytic agent.







Lxperinent 2-4.

2ollowing the experiment discussed above a determina-
tion was made of the cffect of u catulytic agent. The
run wus of short durution dne to failure of the hylraulic
pump. The results obtalned are presented below.

The operating conuitions unuer vhich this experi-
ment wus cuarried out are given in Table XVI.

TABLE XVI

Uperating concitions

T'ime, hours ogeration at temperature 1brs
Temperature, v 425

Total bitumen added, granms 2650

Catalyst, 11003, grams 100

initial hycrogen pressure, cold 1800 #/sq. in.
Average of maximum pressures, hot 2700 #/sq. in.
Average presgure Jdrop dur ing absorption 250 "

the yielus of products obtuined an. prelinminary
vigstillation wnalysis of the oil produced are shown in
table XVII.
raBLs  XVII

laterials recovered, v% by weight oi bitumen.

Residual 01l from autoclave 39 . 5%
Pressure distillate 29.8%
i 7 0%
§2e 4.1%
e © 19.6

Prectionation Latu

Pregg. dist. Tegidual 01l
to 225 9O 74 257%
225 to 260 ¢ H 9
ashove 260 ©C 12 64

loss 7 4
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Yields: Bitumen to gusoline 37.8/%
5 to kerosene 5.6%
i to fuel oil 26.1%

/
The small amount of ccke formed in this experiment

appeared in a finely divided form suspended in the oil,

a most fuvorible condition from the point o view of

handling the nateriul i» sonti.wous overation. .vhen it

is considered that the ninaral metter of the original bitu-

men runs as high as 2% the yield of coke actually formed

in hy.rogeration will he g2en to be 5-6% o7 the chaurge.

This figure ic & very fdvor;ble valae.

The pressure .iistillate again ha. an l.3.P. of

-

25 °C anu hence a lurge loss has been recorded uue to
evaporution of volatile constitueits ¢oring handling of
the distillate.
The properties o. the various fractions are
illustra¥ed by the analytical tables gziven below.
1. Crude Gasoline, 225 °C end point.
uensity at 20 0C -~ 0,75
solubility in 91“ HoS0, = 7.0
sulfur, % - 0.20
The /5 solubility in the 91% H,80, ic a measure of
the olefine content of the oil, though the figure is
0% an exact vzlue Jiue to solubility oo ««l "1~ compounds
in the acid. The sulfur value was obtaincd by the lamp
nethod according to 4.5.7... specifications.

S A ; ; — i .
Upon refining with 22 © Saume (= 1%,) colium

hylroxide, followed by two treatments with 10 by volume
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of 935 Hy,50,, the gusoline waus found to huve the follow-

ing properties:

density at 20 ©C
solubility in 91% H,50,
e a =
suliur, %

/

The refining loss was 12% by volume,

the most part by evaporation of

tion.
obtained in refinery practice.
product was sweet,

water while,

color after standing for several months.

time no gum formed.*
fining method employed,
2. Kerogsene.

0 «

and 260 "¢ was
The

Crude Xerosene,
Tensity at 20 OC

Olubl]ltj in 91% HQSO4
lamp method§ %

sulfur,

Zefining by repeated treatment with 93%

the corrosion good,

". 0074.46’

- L 1p

i 00098

nade up for

light ends during agita-

The figure is very much higher than would be

The odor of the finished

zna the color

and the gasoline remained unchanged in

~uaring this

As woula be expected from the re-
the stock was coctor pass.

Thé total o0il distilling between 225 ©OC
collected and. samples ftaken for analysis.

more important veta is given below.

- 0.8920
_ 21%
1laos

rz &7

HoS0,

yielded a water white product with the following pro-

perties:
Deusity @ 20 ©C
SOlubllltJ in 91% H250
sulfur, %

A large refining loss of

O. 8904

1%
0040

20% was encountered.

This waus to ﬁe expected from the high solubility of the
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unrefined stock in 91} HgS0,. The vulue given, 21%,
consists to a large extent oI sulfur compounus.

Sxperiment 2-5.

gl
from the results obtained in the two experiments

above it became apparent that an improved method of
handling the pressure distillate was necessary in order
to curtail losses. This was accomplished by the use of
a second condenser in series with the first, a valve
connecting the two being opened when 1t was desired to
draw off a sample. The closed system at atmospheric
pressuré used in conjunction with the second condenser
is chown in the flow diagram (figure 20). The semi-
continuous hydrogenation of Licllurray bifumen carried out
in experiment 2-5 undier these improved handling condi-
tions is-deSCribed below,

TABLE XVIII

Operating conditions

EXperiment number 2-5
Time, hours 1in operation at temperature 32
initial pressure, cold. 1b/sq. inch 1800
Average of maXimum pressures, hot 2750
Charge (bitumen) to autoclave, grams 5130
Cataulyst, molybdic oxide, grams 100
Ho absorbed, % by weight of bitumen 2.1

The conversions of bitumen to various products
that were obtuined under the above conditions are pre-

sented in table XIX.
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TABLE XIX

Materials recovered, % by weight of charge

(1) to hydrocarbon gases 5.8%
(2) to hydrogen sulfide 1.1
(3) to water 0.6
(4) to pressure distillate 49.2
(5) to coke 26 .8
(6) to residual tar (in autoclave) 4,3
(7) loss 12.2

I'rom the above data it may be seen that the
tabled loss is a decided decréase over the values re-
corded in previous experiments. The corresponding
increase in yield of light 0ils (pressure distillate)
is readily seen. The formation of coke, considerably
higher than recorded in the previous experiment, has
been attributed to the longer time of operation. That
& shorter period of operation must be used is not a
necessary cbnclusion, and attempts must be made to
hydrogenate bitumen without serious formation of coke
in runs considerably longer than 32 hours to obtain a
process suitable for commercial application. Two
remedies immediately suggest themselves, an. later
experimentation will be seen to have developed along
these lines. The remedies suggested are

l. Gas circulation, resulting in immediate
distillation of stabilized volatile oils before further

cracking occurs with the formution of coke by

polymerization.
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2+ Supported cutulysts whereby the possibility of
settling out will be precluded.
Analytical data on the recovered progucts from
experiment 2-5 are given below.
1, Crude pressure distillate.

In this experiment two procedures were
resorted to in obtaining the distillate. By the first
method the autoclave temperature was reduced to 275 OC
and the autogenous gases completely removed, the stillhead

OC. Under these con-

temperature being maintained at 225
ditions distillation of the autoclave o0il through the
vertical column resulted in the collection of gasoline in
the condenser having an end point of approxzimately 250 ©C.
This practice is common in refinery technigque, where a

similar procedure, known as "flashing" is used. The crude

distillate obtained was found to have the following pro-

perties:

Density at 20 °cC - 0.7766
solubility in 91% H,S0, - 9
sulfur, % 0.72
% distillate to 225 °C 81.1

The second method of obtaining low-boiling o0ils
was the usual high-pressure practice described in
procedure A, whereby a sudlen bleeding of the autoclave
gases resulted in a pressure drop of 5000 #/sq. inch to

2000 #/sq. inch accompanied by rapid distillation of oil.

By this methou a straw colored distillate having the
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following properties was obtained:

Density @ 20 °C - 0.8250
solubility in 91% HZSO4 18%
sulfar, % 1.10
% distillate to 225 ©C 72.5%

The combined cistillates to 225 OC end point were

refined by the usual treatment. Refining data is present-

ed below.
xefined gasoline stock.
vensity at 20 ©C - 0.7608
solubility in 91% Hy80, %
sulfur, % 0.088
refining losses 12

No gum tests were carried out. The stock was
water white, color stable, doctor pass, and sweet in odor.
o color developed after standiing for one month. The
total refined gasoline represented a yield of 33.8% of the
bitumen charged.

An Egloff-lMorrell (18) analysis of the refined

gasoline showed the following:

Unsaturated hydrocarbons 7+5%
Aromatic " 14.7
Taphthene 3 47,5
Parraffin 2 50.5

uon this basis the gasoline had an aromatic
equivalent of 28.5.

i.e. the antiknock value was equal to that of a
paraffinic mixture containing 28.5% of aromatics (18).

Conclusions.

drom the results obtained in semi-continuous
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hyirogenation of bitumen it may be concluded that

(1) The formation of excessive amounts ol coke
in experiment 2-3 is an unfavorable result of operation
in the absence of a catalytic agent.

t2) The difficulties involved in obtaining a
continuous distillation of volatile oils under pressure
point to the installation of a gas circulating pump which
would allow a rapid current of hydrogen to pass through
the autoclave without the drop in pressure conseguent to
the bleeding operation eﬁployed in experiments to this
point. At the sasme time a smaller coke production would
occur due to a continous maintenance of a suificiently
high partial pressure of hydrogen to preclude the
polymerization reaction which would otherwise follow
cracking. The use of a gas circulating pump would also
make possible the installiation of a suitable 0il serubber
to remove gaseous or volatile hydirocarbons from the
auatogenous gases under pressure.

(3) The appearancé of & high coke yield in experi-
ment 2-5 points to the use of supported catalysts in order
that settling out of the catalytic mass may be precluied
in experiments of long duration.

B. Continuous Hydrogenation of licllurray Bitumen

As suggested in the conclusions drawn from the

preceding investigation a gas circulating system and a

1
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high-pressure o0il scrubber were added to the eguipment
and used for all following experiments. The arrangement
of apparatus and the methods of manipulation from this
point onward coincide with the flow diagram (\figure 20)
and tﬁe procedure outlined as method B.

In the three experiments discussed together in
what follows, the effect of rate of gas flow and the
effect of a suitably supported catalytic mass upon the
yields of gasoline and coke have been determined.

In experiment 2-6 the effects of the use of an
unsupported catalyst and of a high rate of gas flow have
been studied, while in experiment 2-7 a lower rate of
gas flow under the same catalytic conditions was used.
in an attempt to increase the tﬁroughput the temperature
was raised to 435 %G, and it will be seen later that the
large amount of hard coke formed indicated .the use of more
moderate temperatures.

in these experiments the stillhead temperature
was found to vary directly with the gas-flow rate, so
that this temperature h@s been recorded in all of the
experiments. The actual flow rates are not obtainable
from the equipment in use and only & rough idea of the
change 1in rate of gas flow was possible by observation

of the stillhead temperature.

With the dats furnished by these two experiments
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at hand, experiment 2-8 was carried out under immensely
improved opsrating conditions. A comparison of the three
axperiments is given in the following tables.

TABLLS XX

Operating vonditions for Continuous Hydrogenation

Lxperiment number 2-6 2=-"7 2-8
T'ime, hours inoperation at tempera-
ture 447 13.5 26

Autoclave temperature, °C 425 435 425
Stillhead temperature, °C 300 260 210
Rate of gas flow (approximate) lMax. £ Max. 2/3 lax.
Average operating pressure, hot 19005 /gq,2000 2300
Charge (bitumen) to autoclave 3050 in, 5575 4832
Catalyst, 1Mo0Oz, grams 100 125 31 on

porcelain

The effect of the variation of these conditions
upon the products forméd is difficult to accurately judge.
As an example the coke produced (Table xXI) in 2-7 may
be attributed to one or both of

(1) A higher operating temperature

(2) An unsupported catalyst.

nevertheless an attempt can be made to trace the
reasons for coke formution and various other phenomena
which took place, from the relations between the operating
conditions and the yields of products as tabulated in the
following table.

TABLE XXI

The Lffaect of Autoclave 'wemperature

mxperiment number 2-6 2-"7 2-8
Autoclave temperature, 9 4259 4359¢ 425






% bitumen to o0il 56 .4 45,2 66.4
% bitumen to coke 19.0 12.1 6.0
% bitumen to gas 11.1 8.6

The figure on gus formation in experiment 2-6
is not available. whe cause of high coke formation in
2-6 in spite of the moderate temperature may be traced
to opseration in two stages. Lt is probable that the
coke formed in the first stage settled in the bottom of
the autoclave during the quisescent period between stages,
carrying the catalyst with it and caking to a hard mass.
As a result coke formation became excessive in the second
stage of operation because of the absence of a catalyst.
A compariSon'of the coke yields in 2-7 and 2-8 shows the
beneficial effects of the lower temperature and the
supported catalyst. The high yield of o0il reported in
2-8 1s considered due to the use of a supported catalyst
and a moderate gas-flow rate.

The effect of the rate of gas flow and stillhead

temperature is shown in Table 4&XII,

TABLE XXI1I
o, The fLffect of Stillheuad Temperature and Rate of
Gas flow
Bxperiment number 2-~6 2-7 2-8
Stillhead temperature, Ov 300 260 210
Rute of gus flow (approximate) max. 3/4 max. 2/3 max.
% total distillate boilin§
below 2259 13% 43 .6% 55 .9%
Bgloff-liorrell Analysis of
distillate boiling wunsaturates 6.7 8.0

below 225 O Aromatics 12.5 11.1
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naphthenes 20.4 24.9

paralfins 50.4 56.0
Viscosity of lubricuting oils
from higher boiling pressure

distillate
Saybolt (Universal Tip) at 100 OF 371" 9g" 298"
@ 130 O 218" 61" 127
210 O 68" 36 47.5

Carbon resiaue of bottoms from vacuum 0.68% 3+.51% 1.04%
distillation
Crude distillate, solubility in
917 HyS04 33% 20% 16%

The above table shows that a marked decrease in
low=-boiling distillates results from an increase in still-
head temperature which, as mentioned before, is partially
controlled by the rate of gas flow. The Egloff-iorrell
analysis of the 225 °C end point fraction does not offer
any conclusive evidence regarding the unsaturated content
of the gasoline, but the figures on solubility in 91w
sulfuric acid show that compounus rich in sulfur as well
as large amounts of unsaturates are distilled through the
column at high stillhead temperatures and with rapid gas
circulation. This fact was evidence of incomplete re-
action as operation under satisfactory conditions results
in the gasification of the greater part of the combined
sulfur as hydrogen sulfide.

The viscosities of the lubricating oils obtained
by vacuum digtillation of the high-boiling ends of the
pressure distillate have been entered in the above table

since the quality of the gusolines obtained should bear
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some relationship to the lubricating value of the heavier
0ils. The evidence is not conclusive, however. The 0il
obtained in exp. 2-6 corresponds to an exceptionally high
grade lubricating o0il of viscosity S.A.BE. 20. The o0il
was straw-colored, the good color reflecting the low
conradson carbon value found to be less than 0.05%. The
0il obtained in exp. 2-8 was also of a very high grade,
and corresponded to an S.A.D. 10-20 lubricating oil.

The high gas rate and high temperature used in
exXp. 2-7 resulted in the rapid distillation of an oil which
had probably not become completely stabilized or
hydirogenated, since the viscosity measurements on the oil
bore eviicence of a distinctly inferior lubricating value.
This inferiority in grade was bormne out by the dark color
that developed after standing for a short time.

The high gquality of the oil obtained in exp. 2-6
may be explained on the grounds of technique, since the
stillhead temperature wus on two occasions raised to higher
than %25 °C. This resulted in the rapid distillation of
high-boiling oils which had probadvly remained in the
autoclave for a sufficient length of time to become com-
pletely stabilized.

Yhe effect of an increase in pressure is not

readily determined on account of the large number of

Vuriuble conditions employed. 1in the light of the ex-
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poerimental evidence obtuinéd by Boomor and Sad.ington
(10) in a preliminary investigution on a batch scale it
is reu., 3able to suppose thut the yield of oils would in
general Vafy directly a8 the partial hy.rogen pressure.

The greater part of the aunalytical datu obtuained
regarding the preaucts from these experiments has been
reserved for individual study. The results are given
below.

bxperinent 2-6.

This experiment was commenced with a view to at
least twelve to twenty-four hours operation continuously
but»after four hours treutment hy rogenation was
suspenced due to feilure of the electric heaters. The
second attempt at operation met with 1little success
because of exceusive coking due no doubt to caking of
the catalyst with coke durins the time regquired for re-
palrs. T:.. dat. regarding yields hus been presented in
Tuble XXI1I. With regard to the figure on coke production,
a rapia combustion developing within the «wutoclave vhen it
was opened while hot {o remove the contents resulted in
a s1hotantial loss. The tubled convercion, based on the
weighed solid residue recovered, is consegqnently low b,

thig awount.,.
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TABLIS XXIITI

Conversion ol 3Jitumen, ;o of charge.

(1) to oils 36 .4:5

(2) to wuter 1.2

(3) to coke 19.0 approximutely
(4) to hy.irocurbon gases 10.0 approximately
(5) to hy.rogen sulfide 3.6

{6) Logs not available

The regiducl tar in the antoclave ghowed the

Zollowing properties:

(1) Conradson carbho:
(2) purcert cephaltenss

SRR

-~

|
W -3
.

o H

-

The crude 0il had « deusity at 20 °C of 0.9194
and the solubility in 91% HoS0, was 33%. _istillation

analyses of the crude «istillate is given in Teble XXIV,.

Tistillation Data
~igtillation in a 27" air Jjacketed frauctionation column
packed with spiral stainless steel turnings,with crude

precssure distillate.

1.3.F. 28 °¢ crude gasoline fraction to

109 - 92 °C 225 00 had

204 - 1%6 © density @ 20 °C - 0.7544
30% - 160 © solubility in 91%

0' - 180 © Ho50, - 875
50” - 192° sulfur, 4 0.44
600 = bl
707 - 228 © Refined to give « stuble loctor
Bottoms - ?8” pass, water white, gasoline,
Loss - 2, S - 0.076%

Refining 10 - 135%

Vucuum cigtillation of bottoms from crude pressure

distillate at 12 mm. Hg. precsgure.
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charge - 350 c.c.
I.B.P. - 124 0\.1.

to 190 oC -« 115 c.¢ - Truction A
190 - 225 °C - 111 ¢.c. - fruction B
225 - 250 °¢ 58 c.c.)
250 - 275 °¢C - 34 c.c o) = fruction C
275 - 300 © - 17 c.c.)
Bottoms - 14 ¢c.C,
Loss -1 c.C.

Froction 4 was a high grade spindle oil. Fractions
B and C were combined and a light acid treatment was
sufficient refining treatment. The resulting oil was a
high grade lubricating oil corresponding to S.L.&5. 20.
Viscosity measurements have been presented sarlier (lable
XXI1).

Lxperiment 2-7,.

A successful experiment carried out at 435 °cC
for 13.5 hours continuous operation resulted in the follow-

ing conversions.

TABLZ XXV
Conversion of Bitumen, % of Chargs.
(1) Jonversion to oils, % 45,2
(2) to water, % 2T
(3) to hyurogen sulfide 4.1
(4) to hydrocarbon guses 11.1
(6) to coke 12.1
(6) Residual tar in autoclave 1.5
(7) Logcses 13.2

A relatively high coke yield indicutes that the
temperature used, 435 °C, ullowed a rapid cracking re-

uCction with conseyuent excesgsive polymerization to coke.

analyticul data on the constitution of the

gasoline by
| ]
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mgloff-ilorrell analysis and on the lubricating value of
the heavy oils have been presented in Table XXII. further
data on the properties of the crude pressure distillate are
given below in Table XXVI. A characteristic property of
natural and cracked gasolines is a lowering in anti-detona-
tion value with increase in molecular weight. 1t has been
found, however, that gasolines produced by the hylrogené-
tion of crude petroleum, asphalt, etc., offers an interest-
ing exception to this tendency, and it has been stated (29)
that the anti-knock value of the higher boiling constitu-
ents of gasoline produced by hydrogenation is greater than
that of the more volatile ends. To determine whether this
important characteristic is possessed by gasoline produced
by bitumen hydrogenation a sample of crude gasoline with
a 225 O¢ end point was fractionated to produce the.follow-
ing cuts:

fraction 4. L1.B,P. 28 °C to 125 °C E.P.

»raction B. 125 °-175 °C,

Fraction C. 1756 -225 ©C.

The Egloff-ilorrell analyses anl aromatic equi-

valents of these fractions are given below.

rraction A. Fraction B. Fraction C.

Unsaturates 6% 7% 7Y%
Aromatics 2.0 13.6 22.0
Naphthenes 29.6 30.8 20.8
raraffins 52.4 48.6 50.2
Aromatic equivalent 13.1 22,7 28.6

1he aromatic equivaulent varies directly as the

anti-knock value. Hence it may be concluded that the
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loss volatile fructions of gusoline produced by
hydrogenation of .icllurray bitumen have an appreciably
higher value as antidqtonants than have the lower frac-
tions and offer possibilities as "safety" fuels.

Distillation analyses similar to those presented
for experiment 2-6 have been carried out anl the results
given in Table XXVI.

T.BLE XXVI

Distillation Data
uistillation in a 27" air jacketed fractionation column
packed with spiral stainless steel turnings with crude
pressure distillate.

L.B.P. 24 9. The crude distillate to 225 °C had the

10% - 83 °O following properties: Lensity at 20 °C
2055 -.122 - 0.7481
30% - 143 © solubility in 91% H,50, -
40% - 164 O sulfur, % 0.28%
50% - 190 On refining a water whilte gasoline was
60% - 210 8 prepared with a sulfur content of 0.086%.

70% - 225
Bottoms - 27%
Loss - 2%

The refining loss was 9% by volume.

The bottoms from the above fractionation were dis-
tilled in vacuo through the 27" column under a pressure
of 2-4 mm. Hg.

Charge to still 260 c.c.
1.B.BE. 103 °c.
103-175 °¢ 108 c.c.
175-265 OC 146 c.c. - lubricating oil.
Bot toms , 6 C.0.
The lubricating oil obtuined was of very low grade

and of high color. A4 lurge amount of decomposition occurred






150.

in distillution. The viscosity measurement (Saybolt,

Universal Tip) are given as follows:

LxXperiment 2-

98" at 100 °F.
61" at 130 °p.
26" at 210 °F.

8.

This was a satisfactory experiment upon the

continuous hydrogenation of licliurray bitumen at 425 ©C

in the presence of /I\:Ioo5 supported on unglazed

porcelain as

catalyst. The high o0il conversions, with

low gas an: coke yields show "that more suitable

operating conditions have been employed in this experi-

ment. The conversions obtained have been recorded

below in Table XXVII.

(1) to
(2) +to
(3) .to
(4) to
(5) to
(6)
(7)
Hyd

TABLE XXVII

Conversion of Bitumen, % of charge.

oils 66 .4%
water 1.55
hydrogen sulfide 4,0
coke 6.0
hydrocarbon gases BNO5

Residual tar in autoclave 5.4
losses _ 8.1
rogen absorption, % by weight: 2.94%.

An inspection of Table XXVII reveals that

a considerably higher o0il yield has been recovered

than has been previously reported. Along with this

high yield is tabled the low value for losses. Vith

regard to the coke yield, it has been previously stated

that the mineral content of the bitumen is as high as
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2%, so that the recovered solid residue consists largely
of inorganic muterial. By ashing a representative sample
it wus found that a mineral residue amounting to 76.8%

-

of the coke remained.

The conversion to hydrogen sulfide agrees closely
with the previously tabled value of 4.1% in expsriment
2-7, and considering the total sulfur content of the
original bitumen was between 4 and 5% this figure re-
presents an almost complete gasification of the combined
sulfur.

The more accurate data available in this experi-
ment allowed a calculation of the hydrogen absorption.
The tabled value of 2.94% was determined from the total
hydrogen charged less the hyurogen recovered from all the
waste gases and the residual gases remaining at the end
of the experiment, and represents a fairly complets
absorption according to the data presented by Boomer and
Saddington (10).

Distillation analyses of the pressure distillate
have been tabied below. The gasoline fraction was re-

fined to a stable water whi¥e o0il whose properties have

also been presented in the following table.
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TABLE XXVIII

Pressure Distillate. Jractionation and refining duta.

ERP. 27 °C 140 OC - 35.2 225 OC - 84.8
over at 40 °C - 2% 160 - 45.8 Bottoms 15.0
60 - 6% 175 - 54,0 Loss %2

80 - 1104 190 bt 6204

100 - 17.6 200 - 68.6

120 - 25.4 210 - 73.8
Properties of crude distillate to 225 °C.
Density @ 20 °C - 0.7718
Solubility in 91w H,S0, - 10%
Sulfur, %

The o0il, on refining, gave the following tests
as carried out in the Imperial 0il lnspections Laboratory,

Calgary, Alberta.

AP.I Gravity - 53.4 A.S.T.lI. distillation
Sulfur - trace. over at 60 °C - 1.5%
voctor - DPags. 70 -3
Acid Heat -7 T, 100 - 18
Corrosion, Ef. - O.K. 105 - 21
Zum 4] .2 mg. 140 - 50
vctane lio. 61.0 177 - 82
ilnitial B.P. 122 OF 190 - 89
200 - 93
204 - 93%
210 - 94%
) - 95?'
238 - 963
F.B.P. - 464 OF

The bottoms from the distillation to 225 °C were dis-
tilled through the 27" column under 2-4 mm. Hg. pressure.

I.B.P. 102 ©°C.

to 140 °C - 4.8% ~uu-0cb®C - 14.%%
140-1750C - 20.4 225-240°C - 9.0
175-1880C - 21.9 Bottoms 1.2
188-195°C - 18.5 Loss 1%
195-200°C - 9.9

Praction from 200-225 OC taken as lubricating

0il, light grade. The Viscosity measurements given below
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show this 0il to possess high qualities in this regard.
Saybolt viscosity at 100 °F - 298"
(dniversal Tip) 130 o9 - 127"
: 210 °F - 47.5"

The relatively high yield of crude kerosene and
fuel o0il obtained from the pressure distillate in the
above experiments suggested the possibility of increasing
the gasoline yield by recycling the heavier o0il. 1n order
to determine approximately the extent to which decomposi-
tion of this 0il would occur under the operating conditions
employed, an experiment was carried out in the 1800 c.cm.
autoclave using bottoms from the distillations to 225 OC
of pressure distillates as the charge. The result of this
treatment has been given below. It will be noted that
hydrogenation has taken place without any coke formation
whatsoever. The low yield of light 0il obtained shows
that the material hydrogenated wus exceedingly stable,
and that more strenuous temperature conditions must be
employed.

TABLE XXIX

Batch Hyarogenation of lliddle 0il and neavy 0il
from continuous hydrogenation of Bitumen.

Lxperiment Ilo. 199

Temperature of operation, °C 425,

vatalyst, 100s 5%

Hours in operation at temperature a

Initial pressure, cold 1000 #/sq. inch
flex. pressure, hot 2100 #/sq. inch
Hydrogen absorbed, % 0.9%

by weight of o0il charged
Conversion of oil to gas 2e53%
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Conversion of o0il to coke 0.0%
to light oil (FBP 2250C) 12.8
to heavy oil (IBP.225°C) 83.4
loss 1.3
Hence it may be concluded that at 425 9C the
recycling of heavy o0il would not result in coke forma-
tion, but the stability of the o0il would be such as to
make conversion to light o0il very slow. Ln order to
determine the effect ol more strenuous operating con-
ditions on the susceptibility of this material to
hyirogenation, an experiment similar to 199 was carried

out at 470 Ou. The yields obtained were:

Experiment 200

(1) Conversion to gus 20.51%
(2) Conversion to coke , 0.9%%
(3) Light o0il (F.B.P. 225 9C) 38.37%
(4) Heavy o0il (I.B.P..225 Ou) 56 . 74%
() Loss 3 . 45%
Hydrogen absorption, % 1.4

Thus it is seen that recycling at the higher
temperature would result in the formation of large
amounts of volatile oils, as well as a considerable
yield of gas. The coke yield shows that continuous
operation at 470 °C is feasibls.

The pressure-time charts of exp's. 199 ana 200
have been shown in figure 2D. The drop in pressure in
exp. 199 is roughly equivalent to the hydrogen absorp-
tion, the extent of gas formation being small. Ln exp.

200 & continued rise in pressure at constant tempera-

ture is u result of the high gas formation that occurred.
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On account of the possiulity of recycling heuvy
0il at 425 % without coke formation, and with partisl
conversion to more volatile oils, the following three ex-
periments on the continuous hyurogenation of bitumen have
been carried out. L1n these experiments the heavy oils
from fractionation to 225 OC of pressure distillates have
been recharged to the autoclave. The low viscosities of
the oils made a more easily handled charge when mixed
with fresh bitumen than Wés obtained with the bitumen
alonse.,

Sxperiment 2-9.

In this experiment the catalyst used was molybdic
oxide supported on pumice. The extremely active nature
of this material was shown by excessive coke formation.
The run was of short duration on account of plugging of
one of the gas lines with tar ani coke. ~Prressure measure-
ments became erratic ani gas circulation was impossible.'

The yields obtained have been given in Table XXX belovi.

TABLE XXX
Zxperiment number 2-9
Temperature, °C 425,
Hours at temperature 13.

Bitumen to autoclave, grams 3835
Conversion of bitumen, as % of charge.

(1) 220 °3nd Point Gasoline 19.7%
(2) Heavy oil and unchanged tar 11.0%
(3) Coke 50 ¢ 3%
(4) Hyurogen sulfide (approx) 2%
(5) Hydrocarbon gases (approx.) S0

(6) Losses (approx.) 11

/9
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The gus and hyurogen sulfide yields were
difficult to estimute on account of the gus lines being
plugged, resulting in incomplete removual of gaseous
products through the ubsorbers and meter. The tabled
values were estimated from the data available.

Zxveriment 2-10.

The effect of recycling heavy oils using molybdic
oxide supported on porcelain at 425 °C was studied in exp.
2-10. The catalyst wus placed in & steel tray held
imnovable in the wutoclave, so that catalytic throgena-»
tion was possible in both the liquid and vapor phase.

The results of operation for twenty hours have been pre-
sented in Table XXI.
TABLE XXZXI

Zxperiment number 2-10

remperature 0C 425 :

Catalyst, LoOq on porcelain Vapor wnu liguid phase
nykrovenutlon pOSSlb]G.

Hours in operation at 425 OC 20.

Bitumen to autoclave, gus. 4560.

Conversion of bitumen, as 5 0. charge.

(1) to 220 O°C end point gasoline 46,35
(2) to hewvy o0il an. unchanged tar 28.1%
(3) to water 2486
(4) to hylrogen sulfice 440%
(5) to coke 6.8%
(6) to hy.rocurbon guses (approx.) 6.0,9
(7) Loss 4,0%

The extremely low losg racorced in Tuble XXXI
Was due to operation without le.ks occurring. [he
beneficiul effect of prele.ting the tur wnd hyuroron to

950 O0(¢ hue - ,
C hus becn deounstrueted by u low coke un. -

o
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The oxtremely wstuble constituents probubly wecomvosed
at o slow rute so thut hy.rogenation was complete belore
1Xcessive crucking occurcred with consegunent coke forma-
tion. The ftot«l recovery of liquid osrocucte, 76.4:0 of
the charge, represents « high value in comparison to
garlier results.

—Xoeriment 2-11.

The hy:.rogenation oi bitumer. ancer experimentsa
coraitions siuilar to 2-10 has been und3rtaren in a
thirty hour experiment. 1. this experiment the largze
~mounts of steble middlie oil which accunulated in the
autoclave during ths first twerty hours operctiion mads
-urther reaction .iflicult, so ftiutl the temperature of the
reaction chamber was raised to 435 OC in order to promote
decomposition of these oils. The high yield of i ressurse
~istillate obtained by this meuns, together with the low
coke form.tion which resulted illuctr«ates the a.vantue
0. higher temperatures in the decomposition of stoble
middle 0il. The yields of products obtuilned in this
experinment have been recorded below in TubleXXXII.

2aBLo ZOUIT

wxpariment number 2-11

Temperature, °C 425-435

Iiours in operuation at 425°C 22
" " " " 4?)500 8

Bitumen to wutocluve, grums SEIN
Heuvy 01l from previous
hytrogenution of bitumen,pgracc 585.
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Jotal charge to antoclave,

Srans . 59156,
converyions of bitumen, ;o of charge.
(1) 220°¢ o.P. gausolire. 53,55
(2) to heavy oil (I.B.P. 2259) 22.0,5
(3) to minsr.l matter from
bitumen 2e300
(4) to coke 1.93
(5) to HoS 3425
(6) to water 0.7%
(7) to hydrocarbon gases (approx.) 6.5%
Lossas (approx.) 10:0%

It may be seen from an examination of the above
Table that a deciied increuse in the yield of pressure
distillate has Dbeen obtuined, while the very small value
given for coke formation is evidence of a very Zavorzble
rewction., The exact figures on gas formution are not
available, so that the tabled losses may be in error by
the saue amount asc the ercsor in the gas culculations.
The total bitumen and heavy oil to the wutoclave, as given
in the above table, represents the fresh bitumen charged
nlus heavy o0il obtained from previous experiments. Hence
the actual material charged to the wutoclave was much
grecter in amount than has bheen tabled, heavy o0il from the
tabled charge having been added for recycling from time
to tiwe. The yield of hydrogen sulfide tubled is in fuir
agrecment with the values obtained in formor experimsnts.
The fresh bitumen had an ash content of 2.9% und on this
basis the actual coke formution wus culculated by

difference between totul recoverea golid residue (less
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the catalytic mass) and the known mineral content of the
bitumen charge. It will be seen that roughly 60,5 of the
s0lid residue obtained is comprised of minercl matter and

this material 1is unavoidably present.
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Sunmary.

The hydrogenation of ilcllurray bitumen has been
studied under continuous-batch and semi-continuous
operating conditions and yields of gasoline amounting to
over 50% of the bitumen have been obtained without the
formation of appreciable amounts of coke. 1t has been
demonstratea that the gasoline yield may be materially
increased by recycling the heavy oils formed upon
hydrogenation.

A consiuerable amount of equipment has been de-
vised, by means of which a suitable operating technique
may be used.

The beneficial effect of catalyst supports, by
means of ﬁhichhyarogenation may be promoted in both
the vapor and liquid phases, has been shown by the use
0L a suitable tray carrying the catulytic mass.

The oils obtained have been, for the most vart,
unusually low in sulfur content, considering the high
concentration of sulfur in the originaul tar, extensive
elimination of sulfur occurring as hydrogen sulfide. The
more volatile oils formed may be refined to high quality
gasolines low in sulfur, water white and stable in color,
and high in anti-knock value. Lubricating oils of ex-
ceptionally low carbon residue and extremely satisfactory

viscosity properties have been obtuined.
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