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The relative rates of heteroatom removal from model N—, 8-, and O- compounds and of
hydrogenation of polynuclear aromatics have been measured in competitive experiments over
sulfided CoMo catalysts (300-1500 psig, 300—450°C). Feed components and compositions were
selected to approximate those of petroleum residua, shale oils, and coal oils and included fused
ring thiophenes and furans, quinoline, indole and alkylphenols.

The NSO compounds could be grouped by chemical type, both with respect to relative rates
and to the mechanisms of heteroatom removal. Experiments showed that, where nitrogen or
oxygen were bonded to an aromatic ring, saturation of that ring was necessary before C~N or
C-0 scission could occur and was rate determining. This was not true of S species.

Based on experimentally determined product distributions from these model feeds, the
hydrogen consumption associated with reaction of any given chemical type could be calculated.
Comparison was made with the hydrogen consumed in the processing of atmospheric resids,

shale oils, and coal oils.

INTRODUCTION

Accompanying the recent emphasis on
new energy sources has been an increased
interest in the upgrading of heavy charge
stocks such as coal oils, shale oils, and
petroleum residua. Upgrading is normally
effected by hydrogenation over a cobalt—-
molybdenum (CoMo) or nickel-tungsten
catalyst at 500-2500 psi pressure and at
350-450°C (7). Such processing, in addi-
tion to removal of ash (by its deposition
on the catalyst), reduces the nitrogen,
sulfur, and oxygen (NSO) content of the
feed and effects a partial saturation of
polynuclear aromatics.

The heteroatoms in resids, coal oils, and
shale oils are mainly restricted to a small
number of chemical types or classes. Some
typical elemental analyses of heavy charge
stocks are shown in Table 1. Sulfur, the
major heteroatom in resids and in tar

sands bitumen, is found primarily in the
form of thiophenes and, to a lesser extent,
of sulfides (2-4). Among the thiophenes,
the benzo- and dibenzo-derivatives pre-
dominate.

Nitrogen is the major heteroatom in
shale oils. As in petroleum, shale oil
nitrogen oceurs almost exclusively in 5-
and in 6-ring heterocycles such as indoles,
quinolines, and carbazoles (5-8). Phenolic
oxygen is the primary heteroatom of coal
oils (9), fused ring furans and carboxylic
acids being also present in resids (5). Oxygen
is not a significant component of petroleum,
however.

Hydrogenation experiments over sulfide
catalysts fall generally into two categories;
those dealing with actual heavy charge
stocks and those treating single com-
ponents. As evidenced by the recent
publication of Satterfield and co-workers
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TABLE 1

Heavy Carbonaceous Resources

Arab light Athabasca Shale oil, Utah coal Utah A
atmospheric bitumen filtered NTU oil (COED) coal
resid
C 84.8 83.3 86.3 83.3 74.8
H 11.8 104 114 8.8 5.5
N 0.2 04 2.0 1.0 1.4
S 3.6 4.6 0.9 0.3 0.5
0 0.1 1.3 — 6.6 6.1
H/Cb 1.6 1.5 1.6 1.3 0.9
Ref. — (33) 31 (32) 32)
a Not given.

b Mole ratio.
¢ Present work.

(34), however, the behavior of the various
components in a feed mixture can be inter-
related, one affecting the other. Little
information exists on the relative rates of
reaction of heterocycles in a competitive
conversion, as is typical of actual proces-
sing. Indeed, even the products of hetero-
cycle hydrogenation under realistic, indus-
trial conditions are often uncertain.

Desulfurization reactions have been
widely studied but frequently at only at-
mospheric pressure (I, 10-15). Benzo-
and dibenzothiophenes, under these con-
ditions, yield ethylbenzene and biphenyl,
respectively, but ring saturation has been
reported at elevated pressure (15). Elimi-
nation of nitrogen and of oxygen is sub-
stantially more complex. Hydrogenation
of nitrogen heterocycles, for example,
gives a multiplicity of hydrocarbon prod-
ucts as reaction severity is increased,
products suggestive of significant secondary
reactions competing with nitrogen removal
(1, 16-22). Phenol hydrogenates either
to cyclohexane or to benzene, depending
on reaction conditions (I, 23-24), but it
would be difficult to project the reported
distribution to actual heavy feeds. Re-
moval of oxygen from benzo- and dibenzo-
furans produces a mixture of hydrogenated
and partially hydrogenated aromatics (25,
26).

It has been the purpose of the present
study to determine relative rates, products,
and intermediates in the hydrogenation
of model heterocycles under actual indus-
trial process conditions, to determine
where hydrogen is consumed in these
processes, and to identify any distinctions
in mechanism or behavior among catalysts.

EXPERIMENTAL METHODS

Two catalysts were used in these experi-
ments, HDS-2 (CoMo) and HDS-1441
(8iOg-stabilized CoMo). Both are com-
mercial catalysts and were deseribed in
detail previously (35). Both were sized to
60/80 mesh and were presulfided prior to
use.

Hydrogenation experiments were con-
ducted in a down-flow, stainless steel
reactor containing 20 cm? (13.9 g) of
catalyst. The reactor measured 13.2 cm
long, 1.5 ecm diameter, with a 0.3 cm
thermowell in the center, all preceded by
a 20 cm preheater spiral. Provision was
made at the preheater inlet for hydrogen,
H.S, and liquid hydrocarbon. Hydro-
carbon was metered to the reactor system
by a Milton-Roy piston pump; hydrogen,
with a Matheson mass flow meter. Follow-
ing the reactor was a Grove back-pressure
valve to release the pressure, a water-
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jacketed liquid receiver, a liquid nitrogen
trap, and a wet test meter. Reaction condi-
tions were 290-430°C, 300-1500 psig,
WHSV = 1-5, Hy/feed mole ratio = 7-10.
Standard test conditions were 344°C,
700 psig, WHSV = 2 H,/feed = 8 (~6500
SCF/bbl).

Prior to analysis, liquid products were
contacted with Linde 3A molecular sieves
to remove any water produced in the
reactor. Both elemental and gas chromato-
graphic analyses were obtained on all
feed and product liquids. Elemental analy-
ses (CHNSO) were performed by Micro-
analysis, Ine., Wilmington, Del., and
totaled 100.0 2= 0.59%,. Hydrogen consump-
tion values were calculated from elemental
analysis. In addition, liquids were analyzed
for weight percent phenol, mercaptan
sulfur, and basic nitrogen by caustic
extraction, by silver titration, and by
perchloric acid titration techniques, re-
spectively.

Gas chromatographic results were ob-
tained with a 150 ft polyphenyl ether
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0.010 in. capillary column, programmed
from 25 to 160°C, 4°min. Flame ionization
response factors for all components were
determined experimentally using pure com-
pounds. Certain highly polar amines such
as cyclohexylamine were not cleanly eluted
from this column and a 10 ft column of
109, SE-30 on Gas Chrom Q was used to
test for their presence. (They were absent.)
Closure for any individual feed component
was always over 909.

RESULTS

A standard feed was selected comprising
9 components as detailed in Table 2. It
contained both sulfide and thiophene sulfur
and analyzed 3.619, S, 0.799, N, 0.909,, O,
85.919, C, and 8.799, H. Two components,
1,2,4-trimethylbenzene and hexadecane,
served as internal standards for analysis.

Each day, except during process variable
studies, one component of the standard
feed was changed but the mole fraction
of all components was held constant.
Dibenzothiophene (DIBT) was replaced

(OS124, Applied Science Laboratories) by benzothiophene (BT) or thiophenol;
TABLE 2
Feed Compositions
Standard feed Moles Wt 9,
Dibenzothiophene 1.0 104
Dibutylsulfide 1.0 8.2
Quinoline 1.0 7.3
Dibenzofuran 1.0 9.5
Naphthalene 1.0 7.2
2-Methylnaphthalene 2.0 16.0
2,3-Dimethylnaphthalene 1.0 8.8
Hexadecane 1.5 19.1
1,2,4-Trimethylbenzene 2.0 13.5

Substitute components
Benzothiophene
Dioctylsulfide
Thiophenol

Indole
o-Ethylaniline

p-Cresol

4-Propylphenol
2-Ethylphenol
2,3-Benzofuran
2-Phenylphenol
cis-2-Phenyl-1-cyclohexanol
1-Naphthol
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F1a. 1. Rate constants for hydrogenation. HDS-2,
700 psig, Hy/feed = 8, 344°C.

dibutylsulfide, by dioctysulfide; quinoline,
by indole or o¢-ethylaniline; and dibenzo-
furan, by one of the oxygen species listed
in Table 2. After a 15-day sequence of
model feed experiments, an Arab light
atmospheric resid was tested for com-
parison with the model feed behavior and
for its effect on relative rates of reaction.

Rate Comparisons

Conversion data for the various feed
components have been compared assuming
a first-order rate expression (14, 15, 18, 27).
The validity of this assumption, ie., the
validity of the relative rate relationships
across a range of pressure, temperature,
conversion, and catalyst age, are discussed
below. Since the removal of NSO atoms
is an essentially irreversible process, the
following rate expression holds:

—In (1-conversion)
ks f(Hy) K
(WHSV-p/p)  WHSV-po/pr
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In this expression p; and p, are the densities
of the liquid feed and of the catalyst
particles, respectively. Conversion sig-
nifies the fraction of heteroatom removed
from the respective charge component.

Naphthalene hydrogenation to tetralin
approaches an equilibrium value less than
1009, such that the appropriate equation
for calculating its rate constant for con-
version becomes the following:

(equilibrium conversion)

In
(Equil. conv. — observed conv.)

_ kf‘f(H2) + kr
(WHSV -0./p1)

Little or no decalin was observed in the
products of these runs. Based on the litera-
ture (28), equilibrium conversion of naph-
thalene to tetralin under present test
conditions (700 psig, H./feed = 8) would
be 96.99, at 344°C and 78% at 399°C.
Tests at 399°C with fresh catalysts and
at low LHSV gave conversion of 78-807,
in good agreement.
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Fia. 2. Rate constants for hydrogenation. HDS-
1441, 700 psig, Ha/feed = 8, 344°C.
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TABLE 3

Relative Rate Constants for Conversion®

Rate constants® HDS-2 HDS-1441
Stable Aged Stable Aged
2-Methylnaphthalenes 1.0 1.0 1.1 1.0
2,3-Dimethylnaphthalene® 14 1.2 1.2 1.1
Dibenzothiophene 3.6 58 6.3 6.2
Benzothiophene 3.4 4.6 6.2 —
Thiophenol =10 — — —
Indole 0.9 — 0.9 1.1
o-Ethylaniline 1.1 — — —
Quinoline 1.3 1.5 1.7 1.7
2,3-Benzofuran 1.0 — 1.1 —_
o-Ethylphenol 1.2 — — 1.2
Dibenzofuran 04 —4 0.3 —d
2-Phenylphenol 14 — 14 —
cts-2-Phenyl-1-cyclohexanol >10 — — —
p-Cresol 5.2 6.5 7.2 —
4-Propylphenol — — 7.6 —
1-Naphthol — — 0.7 —

@ 700 psig, Ha/feed = 8, 344°C; sulfided CoMo catalysts.

b Relative to naphthalene; reproducibility, £20%,.

¢ Assumes equilibrium conversion is 97%, at 344°C.,

4 Conversion too low for accurate comparison.

Rate constants are plotted for HDS-2
as a function of time on stream in Fig. 1.
The reactor was conditioned for 2 days
at 288°C and the temperature then was
raised to that In Fig. 1. Relative rate
constants for conversion reached a stable
level after 56 days on stream. Data
for the silica-promoted catalyst, HDS-
1441, are plotted in Fig. 2 and show a
stable performance almost immediately.
Although the initial behavior of the two
materials is different, most probably due
to differing rates of coke deposition, both
attain a stable activity from which rate
data can be extracted. The performance
of the two catalysts is compared in Table 3.

Under all conditions of space velocity,
temperature and catalyst age, conversion
of dibutylsulfide to butane and H,S was
1009,. The sulfide was nevertheless re-
tained as a feed component in order (a)
to prevent changes in catalyst composition
with changing thiophene conversion and

(b) to provide an approximately constant
H,S distribution across the reactor bed.
This H,S, present at about 1 mole%,, would
have reduced the apparent rate constant
for thiophene conversion by about 109
(14).

With increasing time on stream, the
relative rate constants for conversion over
the two CoMo catalysts became almost
identical. Although not all components
were tested for both materials, the data
in Table 3 indicate a decreasing reactivity,
general to conventional CoMo catalysts,
in the order:

R-SSR 3> R©—0H>/ @ > @N
QOH ~ @ ~ (1—0] ~
R H
In addition, the rate data in Table 3 led

to conclusions regarding possible inter-
mediates and rate determining steps in
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the conversion processes. One would not
expect to observe cyclohexanols during
phenol hydrogenation, for example. o-
Ethylaniline on the other hand should be
readily observed, if formed, during hydro-
genation of indole.

Relative rate data are of limited use if
they pertain to only a single set of reaction
conditions, as in Table 3, and experiments
were performed to show that these ratios
are not strongly dependent on pressure
or on temperature. The effect of hydrogen
partial pressure over stable catalysts is
shown in Fig. 3. To within the accuracy
of the measurements, a first-order de-
pendence on hydrogen for the components,
dibenzothiophene, naphthalene, quinoline,
indole, and p-cresol was found. Such a
dependence has been reported by several
investigators for mnaphthalene and for
dibenzothiophene (7). The minimal effects
of temperature are shown in Table 4.
Activation energies were determined as
follows (keal/mole) : Dibenzothiophene, 36;
quinoline, 30; naphthalene, 31; indole,
28; and p-cresol, 26. Cecil et al. (36)
reported a value of 38 kcal/mole for fuel
oil desulfurization in the absence of dif-
fusion problems.

Product Analysts

Sulfur. The desulfurization (deS) of
benzo- and dibenzothiophenes at low tem-
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perature (344°C) was highly selective,
producing ethylbenzene and biphenyl, re-
spectively, as shown in Table 5. At higher
severity (399°C), biphenyl selectivity was
reduced (to about 759%,) as increased
phenyleyclohexane was observed. Ethyl-
benzene selectivity was also reduced but
remained over 959,. Thiophenol yielded
benzene.

In the studies of BT and DIBT, products
were routinely analyzed for mercaptan
sulfur and rarely contained even 100 ppm.
This observation and the high reactivity
of thiophenol would indicate that the rate
determining step in deS is the initial ring
opening of the S-heterocycle and not
reaction of any mercaptan- or thiophenol-
type intermediate, if indeed such inter-
mediates exist as fluid phase species.
(Brackets designate postulated but not
observed intermediates in a conversion
sequence.) This finding agrees with at-

Co-0o-OC O

mospheric pressure data of Givens and
Venuto (10).

Observation of phenyleyclohexane in the
product from DIBT suggests ring satura-
tion may become a competing reaction to
S-ring opening at higher temperature. It is
not believed that phenyleyclohexane is a
sequential hydrogenation product (of bi-
phenyl). Biphenyl, as a component in test

TABLE 4

Temperature Dependence of Relative Rates®

Compound Relative rate constant®
(°C): 288 316 344 399
Dibenzothiophene 53 6.0 62 52
Indole — 11 09 07
Quinoline 1.0 17 15 —
p-Cresol 85 74 65 58

& 700 psig, Hy/feed = 8, CoMo catalysis.
b Relative to naphthalene hydrogenation.
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feeds, was not hydrogenated, indicating a
rate constant of <0.01 relative to naph-
thalene. Thus any ring hydrogenation
which does occur must come prior to
desorption from the catalyst. Dicyclohexyl
was not formed from DIBT under the
standard test conditions.

Nitrogen. As evident in Table 5, deN
of indole, o-ethylaniline, and quinoline
yielded cyclohexane derivatives in good
selectivity. These data indicate a primary
reaction sequence as follows:

Et Et £
@ﬂ]_‘@:ﬂj - <):"::[(j:rmz}—“(j/ '

In support of this sequence were the
observations that (a) product distribution
from o¢-ethylaniline was essentially iden-
tical to that from indole (Table 5), (b)
at deN levels of over about 409, neither
indole nor indoline, but only o-ethylaniline,
was detected by ge analysis, (¢) at all
levels of conversion studied over 959
of the nitrogen in the liquid product was
basic nitrogen (indole is nonbasic), and
(d) the rate constant for deN of o-ethylani-
line is equal to that of indole (Table 3).
Similarly, o-propylaniline was the stable
intermediate in the hydrogenation of quino-
line (and propyleyclohexane the major
product), indicating that the rate determin-
ing step in N removal from both quinolines
and indoles is ring-saturation of an o-
alkylaniline.

As shown in Table 5, selectivity to
cycloparaffin decreases with increasing tem-
perature, a trend common to both N- and
O- removal. This decrease is attributed to
a second, distinct reaction sequence, o-
ethylaniline to ethylbenzene, and not to
an equilibration of naphthene and aromatic.
First, it was shown with aged catalyst
that the reduced selectivity at 399°C
was a temperature, not a conversion level,
effect. Second 1,2,4-trimethylbenzene was
a constituent of all present feed mixtures
and was never hydrogenated.
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TABLE 5

Alkyleyclohexane Selectivities over CoMo Catalystse

leactant Selectivity (%) to

alkylcyclohexane®

344°C 399°C
Benzothiophene 1 4
Indole 93 74
o-Ethylaniline 91 78
Quinoline 97 86
Benzofuran 95 92
o-Ethylphenol 95 88
4-Propylphenol 91 69

@ 344-399°C, 700 psig, Hy/feed = 8.
® As opposed to alkylbenzene.

Ozygen. Considerable information exists
on the hydrogenation of phenols but very
little on O removal from heterocycles (15,
23-26). The data in Table 5 show that,
under the standard reaction conditions,
both benzofuran and substituted phenols
give cyclohexane derivatives in high se-
lectivity. The following reaction scheme
is proposed analogous to that of N-—
removal :

seiiswSecloses
As would be expected, benzofuran and o-
ethylphenol show almost identical product
distributions (Table 5). In addition, mea-
surements of phenolic oxygen matched
the elemental analysis, showing that
phenol, not benzofuran was rate limiting
in O- removal. The data in Table 3 show
a close similarity between reactivities of
the two oxygen species. The results of
Landa et al. (25) would support these
observations.

A further conclusion is suggested from
Table 3, namely, that phenols can be
divided into two groups, hindered (ortho-
substituted) and nonhindered, the former
showing the lower rate of reaction. The
mechanism of O- removal remains the
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TABLE 6

Summary of Relative Rates and
Hydrogen Consumption®

Chemical species Relative H:/ Hydrogen
rate hetero-  consumede
constant?  atom
Sulfides >50 2 90 SCF
Benzothiophene 4-6 3 130
Dibenzothiophene 4-6 2 90
Indole 1.0 6 600
Quinoline 1.5 7 700
p-Alkylphenol 5-7 4 350
o-Alkylphenol 1.4 4 350
Benzofuran 1.1 6 530

a 344°C, 700 psig, Ha/feed = 8, CoMo catalysts.

b Relative to naphthalene, =209%,.

¢ Hydrogen consumed for each 1.0% heteroatom removed,
assuming a charge stock density of 1.0 g/cms3,

same, however, in both cases and cyclo-
hexane derivatives are the major products.

DISCUSSION

The results in the previous section
showed that NSO compounds could be
ordered by chemical type, both with re-
spect to the relative rates and to the
mechanisms of heteroatom removal. Both
rates and hydrogen consumption have
been compared for the various model
compounds in Table 6.

Sulfur compounds comprised the sim-
plest group wherein elimination of hetero-
atom was facile and did not involve
significant hydrogenation of any associated
aromatic ring system. Thus only the
stoichiometric 2-3 moles of H, are re-
quired to remove the sulfur atom, cor-
responding to about 110 SCF Ha/bbl to
remove 1.09, sulfur from a resid of density
1.0 g/cm?.

Two aspects of these results require
special comment. First in high pressure
experiments with BT and DIBT, some
authors report only aromatic, others par-
tially saturated hydrocarbon products (3,
11, 87, 38). Examination of these reports
shows that, where aromatics hydrogenation
occurred, high temperatures or fresh cata-
lysts were employed. The present data
suggest that, under conventional process
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conditions, these hydrogenation reactions
are largely absent in desulfurization.

Second, deS rates of the two thiophene
derivatives have been reported to be in
the order BT > DIBT (15, 27, 30). This
distinction in rate was not found in the
present experiments. One possible explana-
tion, that the similar rates were artifacts
of competitive adsorption in these model
mixtures, was excluded by replacing the
thiophene component of the feed with 1:1
BT:DIBT. Both exhibited very similar
reactivities. It is proposed instead that
physical (diffusion) effects may have con-
tributed to the differences reported earlier.
The unusually low activation energy, 5
keal/mole, in one of these reports (15)
could well have resulted from diffusion
restrictions.

Nitrogen removal from indole, o-ethyl-
aniline and quinoline all yielded alkyl-
cyclohexane as the major product, and
it is proposed that this conversion is
general to the nitrogen compounds found
in our carbonaceous resources. Namely,
whenever nitrogen is attached to an
aromatic ring (as it almost invariably is),
saturation of that ring is required prior
to C—N bond cleavage. As a result, hydro-
gen consumption with CoMo catalysts
is high, corresponding to a stoichiometry
of 6—7 moles H;/mole NH; produced or
about 650 SCF/bbl to remove 1.09
nitrogen.

Distinetion is again found between these
results and those in the literature, and it
regards ultimate products. Most authors
agree that indoline and tetrahydroquino-
line are the first products of hydrogenation
and that there is little initial saturation
of the carbocylic ring (16—19). Anilines
follow, but there is often a multiplicity of
subsequent reactions and eventual prod-
ucts. It is suggested that the present simple
reaction sequence better represents actual
process behavior and that the presence of
H.S is particularly important in modeling
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deXN reactions. Wherever an extreme multi-
plicity of products has been found in the
literature, the experiments have been con-
ducted with fresh or unsulfided catalyst or
in a closed autoclave system.

With oxygen compounds, the elimination
reactions are analogous to those of nitrogen.
It is proposed then that oxygen removal
from a phenol (or from a benzofuran)
over CoMo requires prior saturation of
the attached aromatic and consumes 4-6
moles of H,/mole of water produced.
Regarding rates of deO of substituted
phenols, it is suggested that the more
facile conversion of the para-isomers is due
to less steric hindrance. Supporting this
suggestion was the generality of the relative
rate behavior (p-CH; and p-propyl vs
2-ethyl and 2-phenylphenol). In the litera-
ture cresol reactivities decrease in the
order p > m > o (1).

Since it was an objective of this study
to obtain conversion data under conditions
approximating industrial practice, it is
appropriate to check these results and
conclusions with actual feed behavior.
As shown in Table 7, despite significant
differences in process conditions, over 709,
of the hydrogen consumed in the threc
examples could be accounted for in terms
of NSO- removal. Indeed, essentially all
of the hydrogen consumed in the processing
of the coal oil was associated with elimina-
tion of the phenolic oxygen. Thus no
conflict exists between model and actual
feed behavior.

CONCLUSIONS

The present studies constitute an at-
tempt to relate, semiquantitatively, the
behavior of individual NSO- compounds
and polynuclear aromatics to that of actual
heavy charge stocks. Mixtures of model
compounds representative of the chemical
types predominant in petroleum residua,
in shale oils and in coal oils were examined
to determine the relative rates of hydro-
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TABLE 7

Hydroprocessing of Commercial Feeds

Feed Arablight Shaleoil, Utah
atm. resid NTU-type coal oil
31 (32)

Pressure (psig) 700 3,000 2,500
H-cire. (SCF/bLbl) 9,500 6,000 15,000
Temperature (°C) 399 375 397
LHSV 2.3 0.5 1.0
deS 80 89 99+
deN 36 65 67
deO — — 80
H:-consumption

(SCF/bbl) 520 1,000 2,240
Caled H2

consumed® 370 870 2,290

« Required for NSO- removal, based on the data in Table 7.

genation of the individual feed components
and the products of that hydrogenation.

Based on these comparisons, and on
data obtained for postulated intermediates
in the hydrogenation of NSO- compounds,
an ordering of reactivity by chemical type
was proposed as follows:

Sulfides > p-alkylphenols > benzo-
thiophenes > quinoline ~ o-alkylphenols
~ indoles ~ benzofurans ~ naphthalenes
> dibenzofurans >> mononuclear aro-
matics.

Examination of the products of hydro-
genation indicated that NSO-compounds
fall into two categories in terms of the
mechanisms of heteroatom removal. Sulfur
compounds (sulfide, fused ring thiophenes)
were readily cleaved to give H,S and
alkane or aromatic, respectively. With
N- and O- species, saturation of any
aromatic ring attached to the heteroatom
was required prior to C-N or C-O bond
seission.

Hydrogen consumption values were de-
termined for NSO- removal from the
model compounds, and these values were
projected onto the observed behavior of
atmospheric resids, coal oils, and shale
oils,

ACKNOWLEDGMENT

The encouragement and suggestions of 1. Mil-
stein and R. H. Fischer, Mobil’s Paulsboro Labora~



252

tory, and the technical assistance of R. R. Jones,
Mobil Central Research Laboratory, have been
greatly appreciated.

10.

11,

12.

14.
15.

16.

17.

REFERENCES

. Weisser, O., and Landa, S., “Sulphide Catalysts,

Their Properties and Applications.” Perga-
mon, Elmsford, N. Y., 1973.

. Drushel, H. V., Amer. Chem. Soc. Prepr., Div.

Petrol Chem. 15(2), C13 (1970).

. Hoog, H., Recl. Trav. Chim. 69, 1289 (1950).
. Richter, F. P, Williams A. L., and Meisel, S. L.,

J. Amer. Chem. Soc. 78, 2166 (1956).

. Cady, W. E,, and Seelig, H. 8., Ind. Eng. Chem.

44, 2636 (1952).

. Ball, J. S., Dinneen, G. U., Smith, J. R., Bailey,

C. W, and Van Meter, R., Ind. Eng. Chem.
41, 581 (1949).

. Snyder, L. R., Amer. Chem. Soc. Prepr., Div.

Petrol. Chem. 15(2), C44 (1970).

. Richter, F. P., Caesar, P. D., Meisel, 8. L., and

Offenhauer, R. D., Ind. Eng. Chem. 44, 2601
(1952).

. Palmer, T. J., and Vahrman, M., Fuel 51, 22

(1972).

Givens, E. N., and Venuto, P. B., Amer. Chem.
Soc. Prepr., Div. Petrol. Chem. 15(4), A183
(1970).

Landa, S., and Mrnkova, A., Collect. Czech.
Chem. Commun. 31, 2202 (1966).

Hoog, H., Reman, G. H., and Brezesinska
Smithuysen, W. C., 3rd World Petrol. Congr.,
Sect. IV, 282 (1951).

. Shono, 8., and Yamada, M., Koru Taru 15(9),

405 (1963).

Schuit, G. C. A., and Gates, B. C., AICRE J.
19, 417 (1973).

Bartsch, R., and Tanielian, C., J. Catal. 35, 353
(1974).

Landa, S., Kafka, Z., Galik, V., and Safer, M.,
Collect. Czech. Chem. Commun. 34, 3967
(1969).

Hartung, G. K., Jewell, D. M., Larson, O. A,
and Flinn, R. A., Amer. Chem. Soc. Prepr.,
Div. Petrol. Chem. 5(3), 27 (1960).

18.

19.

20.
21.
22.

23.

24.

25.

26.
27.
28.
29.
30.
31.

32.

34.
35.
36.
37.

38.

LOUIS D. ROLLMANN

Flinn, R. A., Larson, O. A., and Beuther, H.,
Hydrocarbon Processing 42(9), 129 (1963).
Doelman, J., and Vlugter, J. C, 6th World

Petrol. Congr., Sect. III, Pap. 12-PD7
(1963).

Cox, K. E., and Berg, L., Chem. Eng. Progr. 56,
54 (1962).

Eru, 1. 1., Sakhnovskaya, E. M., and Pichko,
V. A, J. Gen. Chem., USSR 8, 1563 (1938),

Sonnermans, J., Neyens, W. J., and Mars, P.,
J. Catal. 34, 230 (1974).

Cawley, C. M., Carlile, J. H. G., Newall, H. E,,
and Kingman, F. E. T., J. Insi. Peirol. 32,
660 (1946).

Alekseeva, K. A., and Moldanskii, B. L.,
Khim. Tekhnol. Topliv Masel 4(1), 43 (1959).

Landa, S., Mrnkova, A, and Bartova, N,
Sci. Papers Inst. Chem. Technol., Prague
D16, 159 (1969).

Hall, C. C., and Cawley, C. M., J. Soc. Chem.
Ind. 58, 7, (1939).

Frye, C. G., and Mosby, J. F., Chem. Eng.
Progr. 63(9), 66 (1967).

Wilson, T. P., Caflisch, E. G., and Hurley, G. F.,
J. Amer. Chem. Soc. 62, 1059 (1958).

Papadopoulos, R., and Wilson, M. J. G,
Chem. Ind. 6, 427 (1965).

Obolentsev, R. D., and Mashkina, A. V,
Dokl. Akad. Nauk SSSE 131, 1092 (1960).
Smith, W. M., Landrum, T. C., and Phillips,

G. E., Ind. Eng. Chem. 44, 586 (1952).

Jones, J. F., Schmid, M. R., Sacks, M. E,
Chen, Y-C., Gray, C. A., and Eddinger, R.
T., Office of Coal Research Technical Report,
NTIS PB-173 916, October, 1965.

. Bowman, C. W., 7th World Petrol. Congr. 3,

583 (1967).

Satterfield, C. N., Modell, N., and Mayer, J. F.,
AIChE J. 21, 1100 (1975).

Rollmann, L. D., Amer. Chem. Soc. Prepr.,
Diy. Fuel Chem. 21(7), 59 (1976).

Cecil, R. R., Mayer, F. X., and Cart, E. N, Jr.,
61st AIChE Meet., Los Angeles, Dec., 1968.

DeBeer, V. H. J., Dahlmans, J. G. J., and
Smeets, J. G. M., J. Catal. 42, 467 (1976).

Drushel, H. V., and Sommers, A. L., Anal.
Chem. 39, 1819 (1967).



