As an-example, materials of the general stoichiometry M2Mo40g
(where M = Mg, In, Co, Mn, and others) have been suggested for study
as HbS cqta1ysts_(109] because of the unusual position of the Mo atoms
Tn these structures. They are located at the apices of equilateral
triangles with a Mo-Mo distance 2.53 A (shorter than in Mo metal).
However, only recently has a procedure been &eve]oped to prepare
these materials in high surface area (112). They. were indeed found to
exhibit unusual catalytic properties for hydrogenation and hydrogenolysis
reactions, with activities somewhat between those observed for metals
and oxides (112). The app]icatiqn of new catalytic materials will be
discussed more extensively in Parts 2 and 3 of this study.

Finally, mechanistic studies can be useful in discerning the
role of intermediates such as olefins and diolefins in coke formation.
This has important consequences in catalyst deactivation and the re-

generation problems discussed earlier in this report.

F. POLYNUCLEAR ARQMATIC CRACKING

Most of the accepted models concerning the structure of coal treat
it as a highly condensed pelynuclear aromatic substance. The broad
objective in coal liquefaction is to selectively crack this structure
with a minimum consumption of hydrogen. In general, this gives high
yields of Tow molecular weight aromatics and low yields of Tight gases.
The function of hydrogen is to-"heal" those carbon atoms involved in
£-C bond_5cission, and alsc to form HpS and NHy for heteroatom removal.
Clearly, whether the product chjective is boiler fuel or high octane
ga;oiine, catalyst selectivity is important for controlling hydrogen

utilization and the final product distribution. Therefore, studies
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of the effects of catalytic properties.on the selectivity patterns for
polynuclear hydrocracking reactions are useful in this respect.
Unfortunately, only minimal Qork has been done in this area, pri-
mari]y:peﬁause of the experimental difficulties in carrying out a
cata1y%%§ study with large aromatic molecules. These difficulties
include rapid catalyst deactivation and, more particularly, diffi-
culties in obtaining reliable product analyses. However, over the
past five years, chromatographic and mass spectrographic technigques
have been developed which are capable of giving more accurate

analyses (1, 2). A number of studies in this area have appeared in
this period. This section gives a brief summary of these studies.
After some general comments,-the discussion is divided into mechanis-
tic considerations for the hydrocracking of four representative model
structures, naphthalene, anthracene, phenanthrene, and pyrene. Some
general comments are given concerning catalyst differences ‘and deacti-
vation. The last section gives a discussion of implications for
furthaer vesearch in areas relevant for the catalytic.conversion of
coal.

1. GENERAL COMMENTS

The hydrocracking of polynuclear aromatic hydrocarbens has
been reported to proceed through a multi-siep mechanism involving
hydrogenation, isomerization, cracking, and rehydrogenation, in that
order {114, 115). This follows from a number of studies such as those
by Cawley (116).who studied hydrocracking of naphthalene over Mol,,-
and obtained alkylbenzenes and benzene as the main products. . Similarly,
the primary reactions observed during the hydrocracking of tetralin,

anthracene, phenanthrene, and pyrene over nickel sulphide on silica-

o
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alunina were found to be hydrogenation, iscmerization, alkylation,
cracking, and paring (117-119}. The latter reaction is an unusual
one which is frequently observed for the hydrocracking of naphthenes
(120). In effect, a reaction occurs which pares methyl groups from
cycloparaffin rings:(haphthenes) and eliminates them as branched
paraffins, maiﬁ]y isobutane, in such a way that rings are conserved.
Finally, in recent studies anthracene conversion to benzene was found
to take place in a stepwise manﬁer through the formation of hydro-
anthracenes and naphthalenes (121). These effects are described more
fully in the following discussion concerning the hydrocracking of
specific compounds. Much of the work described in this section was
done by Qader and co-workers {114, 115, 122) who carried out
their studies using an autoclave at 475°C and pressures of 1000-2000 psig.
The catalysts used were CoS, MoSp. Ni3, and WS, which were physically
mixed with silica-alumina to give a cracking component.
2. NAPHTHALENE

Studies of naphthalene hydrocraqking (114, 115) suggest that
naphthalene is first hydrogenated to tetralin. Tetralin is then iso-
merized to methylindan which subsequently dealkylates to indan. Benzenes
appear to fbrm from indan and/or tetralin by C-C bond scission. These
data are consistent with a sequence of hydrogenation, isomerization,
and cracking reactions as shown in Figure VII-2. At very high'con—
versions butylbenzenes form in significant amounts, probably through
direct ring opening reactions for tetralin and/or methylindan.

3. ANTHRACENE

In their hydrocracking studies of anthracene, Qader and co-

workers (114, 115) found that this molecule is first hydrogenated to

hydroanthracenes in a stepwise fashion forming di-, tetra-, and
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octahydroanthracenes, respectively (éee Figure YII-3}. These workers
suggest that the saturated six-membered rings of tetra- and octahydro-
anthracenes are then isomerized to five-membered rings (iydroanthracene
isomers) which subsequently crack to naphthalene. The naphthalenes

are converted to benzenes through tetralins and indans as described
above. It should be noted from the scheme given in Figure VII-3 that

preferably one would 1ike to selectively crack the center ring in the

dihydroanthracene intermediate {to alky]l benzenes) before it consumes

additicnal hydrogen by further hydrogenation and dealkylation reactions.
4. PHENANTHRENE '

Phenanthrene hydrocracking has been studied in some detail by
Sullivan and co-workers (118-120) over several hydrocracking
catalysts. The principal preducts are tetralin and methylcyclohexane.
These workers indicate three types of reactions.

a. Satﬁration and cleavage of one of the terminal rings to
form a paraffin and a bicyclic such as tetralin. This
reaction is generally insignificant as paraffin yields
are usualiy small.

b. Ring saturation and cleavage of the central ring. This
accounts for most of the methylcyclohexane and ethylcyclo-

hexane formed. For minimum hydrogen consumption one would

prefer to saturate and crack only the center ring to form

ethyi- and methyl-benzenes. This has not been observed.

c. An unusual cracking reaction which prbduces bicyctic hydro-
carbons, principally tetralin, without giving equivalent
amounts of Tight paraffins. This is the predominant re-

action, a mechanism for which is suggested elsewhere {120)}.
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Some center-ring cracking of phenanthrene is indicated by
the work of Wu and Haynes {123). Their approach was to control the
selectivity of this reaction by using a Cr203-A1203 catalyst with
low acidic strength. They point out that Cr203-A1203 catalysts also
tend to be more resistant to poisons and that the alumina matrix
stabilizes the chromium ion to prevent reduction below Cr+3 in &
reducing environment. The presence of biphenyl and 2-ethy1bipheny1
in significant quantities indicated that a certain fracticn of the

reaction involved center-ring cracking, the desired reaction:

i! Y N
+ P + i
e OO ~ ) ‘/"2
H2CH3

Therefore, controlled acidity in the presence of transitional metal
catigns such as chromium may be an approach to enhancing the selec-
tivity of center-ring cracking reacticns.

5. PYRENE

Highly condensed polynuclear aromatics tend to be refractory

and difficult to study for catalytic reactions. Such is the case
for pyrene. The hydrocracking mechanism is highly complex. The
pattern shown in Figure VII-4 is suggested by Qader (114}. As with
the case for naphthalene and anthracene, it indicates that the
reactions occur stepwise through hydrogenation, isomerization, and

cracking.

6. EFFECTS OF CATALYST COMPOSITION

For convenience, most of the above menticned studies have been
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carried out in autoclaves. This procedure has many advantages. How-
ever, at high conversion levels specific catalytic activities are
disguised by catalyst deactivation effects and product inhibition.
Physical characterization of the catalyst before and after reaction
would be useful in fsolating and identifying these problems. Unfor-
tunately, while the studies by Qader and co-workers (114, 115,

122, 124) are among the more significant ones for the present.discus—
ston, the catalyst was only characterized in very few cases. Even
simple BET surface areas are seldom given. Therefore, it is difficult
to evaluate relative differences between the various catalysts

studied. However, in general, these authors find that CoS mechan-
ically mixed with silica alumina appeared.to be the most active hydro-
cracking catalyst among the simpie sulfides tested {MoSp, NiS, and
HSz). This is probably due to the facile formation of saturated rings
which then readily isomerize or crack. It was also found that catalysts
with lower levels of alumina were more active for hydrocracking than
those with higher alumina content. However, the CoS catalysts gave
lower yields of coke on the catalyst. This may be due to the relatively
higher hydrogenation activity of these catalysts which may prevent
deposition of unsaturated coke precursors on the catalyst surface. The
coke yield increased with the molecular weight of the polynuclear
aromatic tested.

7. PERSPECTIVE FOR FURTHER RESEARCH

Recent studies concerning the hydrocracking of polynuclear
aromatics give a perspective for the types of reactions which can occur
during coal liguefaction and coal liquids refining. There is a need

to carry out some of these same studies at differential reactor conditions

147



where product inhibition, catalyst deactivation, and heat and mass
transTer effects are minimized. This should be done in cénjunction
with the correlation of mechanism changes with known properties of
well characterized catalysts. The ultimate cbjectives of this work
should be.to maximize the yield of Tower molecular weight aromatics,
and to minimize hydrogen consumption and the yield of Tight gases.
In most instances this requires ring cleavage along the center of
symmetry. Although some progress has beén made in this- direction-
(123), there is much work to be done.

Controlled activity ard selectivity will certainly require
multi-functional catalysis. A controlled hydrogenation and cracking
activity may be central to the solution of .this problem. Matarials
such as many of the compiex oxides, sulfides, and oxysulfides discussed
in Part 2 of this study may well provide a controlled hydrogenation
activity which is stable at the conditions of liquefaction or upgrading. o~
Furthermore, numerous new solid acids can now be prepared and charac-
terized (125). These materials, in combination with the proper hydro-
genation. function, could give catalysts with increased activity and
activity maintenance, while.still retaining the desired product distribu-
tions. Application of these concepts to the specific needs of several

coal conversion processes will be discussed in Part 3.

G. CARBON/COAL GASIFICATION

1. GENERAL DESCRIPTION OF GASIFICATION CHEMISTRY

The primary objective in c¢oal gasification is to produce high
BTU gas ( 2> 900 BTU/SCF). Those aspects of the gasification process

which are directly concerned with chemical conversions and amenable to
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improvement by catalysis can be divided into four areas.

i. Devolatilization in the gasifier, producing CHy »

Co, 502,'tars, and 1iquids;

ii. Gasification of residual char at 1800%F with Hy
or H20/02 mixtures to form CHy, CO, and Hos
1ii. HMater-Gas Shift catalysis of the CH4/CD/H2 mixture

to a Hp/CO ratio of approximetely 3;
iv.  Methanation catalysis of the residual CO/Hp mixture
to CHys
Methanation and water-gas shift catalysis have already been discussed
in Sections VII-B and VII-C, respectively. Therefore, the present

section will treat only devolatilization, and, in greater detail,

gasification.

2. DEVOLATILTZATION

Devolatilization of coal is an important reaction because it
forms CHg in the gasifier. From the thermé] efficiency point of view,
this is the most effective means to produce CH4, in particular when
compared to the gasification-methanation route. Two major reactions

give rise t0~CH4 formation during coal develatilization:

CnHm_ﬁ__ﬁ.B4n_m)/4j C + (m/4) CHy  (Hydrocracking)

Cnbip  * [I4“*m3/2] Hp — nCH, (Hydrogenolysis)

The first reaction can be considered to be Hy transfer within the coal
“molecule”., The second is essentially the reaction of H2 with C-C
bonds to form CHy.

Very Tittle definitive catalytic work has been done on de-

volatilization, although it is well known that the presence of Lewis
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acids such as ZnCI2 or 3nCl, tends to increase the yield of gaseous
products {including CHa) and decrease the amount of coke formed {126).
Similarly, it was discovered some years ago that the gas yield couid
be substantially affected by the temperature-time history of the coal
{127). For example, if coal is heated very rapidly (thousands of
degrees per second) the yield of Tiquid and gaseous products can be
increased significantly. In a simplistic way, this phenomenon
can be considered as consisting of two parallel and competing reactions.
One is a decomposition of the coal “"molecule" to CHa/CO/H,, Tight gases,
and liquids, the other a graphitization or polymerization reaction.
The latter process is likely to have a much lower activation energy
than the fragmentation reaction because it probably involves chain
steps and radical recombination. Therefore, rapid heating to high
temperatures should favor the first reaction to 1ight gases. A number
of studies have been done in this area with some reperts that as much o~
as 60 percent of the organic matter in coal can be volatilized in this |
manner. The Garrett pyrolysis process is based on this concept.

Although much of the chemistry 1n-this area is thermal and in-
volves free-radical'type reactions, there may be opportunities for the
use of catalysis to increase CH4land 1iquid yields, and possibly to
control the product distribution. Very Tittle work has been done 1in
}his area. The major problem involved in using catalysis in this area
is a common one for catalytic gasification in that it is necessary io
contact a solid reactant {coal) with a catalyst which is also a solid
or, probably at best, a liquid. While gaseous catalysts are hot excluded,

it is unlikely that they would be as effective as a sclid or liquid catalyst.
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3. GASIFICATION

Studies of coal or carbon gasification have primarily been

concerned with the following reactions:

C + 2H, ==——"= CHy (A)
2C + 3/2 0, === C0p + CO (B)
C+ cloz == 2C0 (€)
C + Hp0 === 00+ H, | (D)

The most desirable of these, for technological reasons, is reaction‘(D),
i.e. steam gasification. However, as discussed below, there are im-
portant thermodynamic and kinetic constraints involved with this
reaction. The other reaction of primary interest is (A), i.e. hydro-
gasification. A1l of the reactions mentioned (A-D} have been studied

in detail by a number of investigators both with and without the addi-
tion of catalytic components. Much of this work ié described by
numerous .authors in the series by Walker (128). However, it should be
noted that much of the mechanism work is speculative, primarily because
of the complexity of the systems involved, but alsc because many of
these studies do not include sufficient characterization data for the
carbon-catalyst system. Admittedly, the problem is a difficult one
because the systems studied freguently involve a solid catalyst.

Dynamic changes at the coal- or carbon-catalyst interface make charac-
terization difficult. Therefore, rate-controiling steps are often
speculated to vary substantially with the extent of reaction. Heat

and mass transport limitations are afso often encountered. Some studies

which are representative of this area are given in this section.
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Extensive work has been done for (0, and 0, gasification of carbon (128).
However, the present discussion is limited to steam gasification
and hydrogasification.

a. Steam Gasification

For the steam gasification of coal the key reaction is
that of steam plus carbon to form CO and H, (reaction D above). This
reaction is very endothermic (+31.4 kcal/mole). In most existing
processes the heat for this reaction is supplied by the direct combustion
of coal with air or 0. The supply of thermal energy in this part of
the process can account for as much as 1/3 of the process cost. The
chemical dilemma in steam gasification can be considered as an in-

efficient thermal balance. This is apparent from the following reactions.

- OHaggok Reaction
{kecal/mole) Temperature
Gasification
2C + 2Hy0 —=2C0 + 2H, + 62.76 1000°C {1800°F)
Shift
CO + HpD—— 0, + Hy - 9.83 300°C (600°F)
Methanation
3Hy + €O —=CHy + H0 - 49.27 400% (700°F)
2C + 2H,0—=CHy + €O, + 3.66

Thus, the sum of the reactions which give rise to the formation of CHy
are nearly thermoneutral. 'However, in existing technology water-gas
shift and methanation steps are carried out at much Jower temperatures
for reasons of thermodynamics and catalyst maintenance. Therefore, the

exothermic heat generated in these two steps cannot be efficiently
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utilized at the higher temperature for gasification. The solution- to
the problem is catalytic gasification of coal at 800-900°F. Then
the heat from the shift and methanation steps can be used for the
gasification reactions. This possibility of a "single step" gasification
has been a primary motivating force for catalytic steam gasification.

For the steam gasification reaction alkali metal oxides
and carbonates have been found to be among the best catalysts. During
reaction, it is likely that the salt is molten and probably oxygen
deficient. The molten state may Tead to increased mobility and thereby
enhance coal-catalyst contact for more effective gasification. A
recent study by Willson and co-workers (129) found that K,CO3 was an
active catalyst for the steam reaction at 650°C and 2 atm pressure,
'especiaTTy at levels of about 20 weight percent. Similar results are
reported by Haynes, et al. (130) who found that alkali metal compoundsl
are among the most effective carbon gasification catalysts when steam
is used as an oxidant. Gasification rates were increased by 30-66 percent
by using 5 weight percent alkali metal.

To have a "single-step" gasification reactor, the gasi-
fication, water-gas shift and methanation reactions must be catalyzed
simultaneously. This requires a bifunctional catalyst. Catalysis of
the steam reaction has already been mentioned. The water-gas shift
and methanation reactions are usually catalyzed by metal cqta]ysts
such as Ni or Fe, Conseguently, combinations of Ni and other transi-
tion metals with the alkali metal oxides or carbonates have been ex-
plored as "single-step" gasification catalysts {129-131). The results

are encouraging. However, massive amounts of catalyst are usually
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required for effective activity. A recent patent in this area (131)
describes a related process which takes advantage of the catalytic
properties of alkali metal catalysts for gasification. However,
instead of having a methanation constituent, increased hydrogen partial
pressures are used in the gasifier. This gives rise to a substantial
increase in hydrogasification (see below}, and in principle methane is
producea by a thermoneutral process.

b. Hydrogasification

As mentioned previously, the direct combination of Hy
with coal to form CHy occurs to a limited degree in many gasifiers,
and is highly desirable because it is exothermic (-17.9 kcal/mole
carbon), and therefore reduces heat requirements to drive the endo~ -
thermic carbon-steam reacfion. Unfortunately, this reaction is
k1netica11y very slow. Furthermore, it is thermodynamically favored
by high pressures and low temperatures, and therefore a catalyst is
needed. The relative gasification rates of carbon with Hy, and other
gases are jllustrated by data of Walker and co-workers (132), obtained

at 800°C and 1 atm pressure with no catalyst present.

Relative Rate

C-0, 10°
C-C0y 1
C-Hp 10-3

Clearly, the hydrogasification reaction is very siow compared to other

gasification reactions. However, several recent catalytic studies (132- 136}
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have been reported for the C-Hy reaction; and indicate some promise.

For example, Rewick and co-workers (134} studied the
change in reactivity of carbon.with Hy in the présence of various
catalysts. With Pt over an extensive temperature range, these workers
found that the rate of CH, formation was approximately equal to the
rate of Hz-dissociation to atomic hydrogen. Therefore, the catalytic
effect is interpreted as an enhancement of H, dissociation on the
metal surface, followed by surface diffusion across the metal/carbon
interface and reaction with carbon to form CH4. Interestingly, the
reaction rate -of carbon with H,0.was also increased by more than an
order of magnitude by the presence of small amounts of Pt metal on
the surface of the carbon. However, in this case C0 and Hy were
primary products. For the hydrogasification reaction to CHy it would
appear that the rate-determining step at the conditions of study
(975-1175° K, 1 atm) was H, dissociation. This is supported by other
studies as well (137).

Similar studies were done by Gardner, et al. (133, 135)
at conditions more representative of a typical process (0-100000,
0-1000 psig). These high pressure thermobalance studies were used to
develep a rough kinetic model in which the activation enthalpy was
assumed to be a linear function of the extent of reaction. The

salts KHCO4, K,CO04, and ZrCl, were found to be effective catalysts for

2
hydrogasification. In another recent study (136}, Ni, Pt, and Rh were
found to he very effective catalysts for hydrogasification to CH4. The
reaction occurs in two stages. First, amorphous carbon is quickly
gasified. During the course of reaction some carbon graphitizes. The

latter does not gasify until higher temperatures are attained.
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4. PERSPECTIVE FOR FURTHER RESEARCH

Catalytic carbon and coal gasification is a complex area.
Indeed, many of the complexities described in this section are
responsible for the slow progress which has been made in understanding
the nature of the processes occurring at the catalyst-carbon interface.
However, some general trends can be discerned. For the steam gdsi-
fication reaction, base catalysis is likely to be important for Ho0
activation, probably a rate-determining step over a significant range
of conditions. Future programs should be directed at understanding
this catalytic reaction over a broad.range of temperatures and pres-
sures. This would require the use of high pressure thermobalance
similar to that used by Gardner -and co-workers (133}. Correlations
between basicity and gasification rates will be useful. These comments
apply to the hydrogasification.reaction as well. MWork in these areas
will have to include efforts to characterize the catalyst and the o
carbon, This admittedly presents some technical challenges, however,
it is the only way in which these systems will be more clearly understood.

In terms of a "single-step" gasification to methane in one
reactor, techniques must be devised to combine compatible gasification
and methanation functions in one catalyst. These functions must also
be relatively insensifive te sulfur, nitrogen, and in some instances to
mineral matter.

The progress which has been made in catalytic materials over
the last decade {see Part 2} will play a major role for catalytic
gasification. Increased understanding of the nature of acid and base
catalysis in activating hydrocarbons should find relevance for coal

gasification. The synthesis of hydrogenation functions which are
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sulfur insensitive is now possible with the increased understanding of
such effects as metal-support interactions. Thermally stable

materials which have been developed for catalytic oxidation or automo-
tive catalysis will also find applications. Finally, there are pos-
sibilities for the application of novel contacting systems for more
effective gasification. These might include molten salt catalysis

and gasification at supercritical conditions. A1l of these possibilities
will be developed in Part 2, and described in more detail with respect

to coal gasification in Part 3.

157



L= AT 4 B <

10.

il.
12.

13.

14.

15.

16.

17.
18.

‘H. REFERENCES

Pichler, H., and Schulz, H., Chem—Ing. Tech. 42, 1162 (1970}.

Pichler, H., and Hector, A., Kirk-Othmer Encyclopedia Chem. Tech. IV,
446 {1964).

Nefedov, B. K., and Eidus, Y. T., Russ. Chem. Rev, 34, 272 {1965).
Eidus, Y. T., Russ. Chem. Rev. 36, 338 (1967),
Emmett, P. H., (Ed.), Catalysis, Vo. 4. Reinhold, New York, 1956.

Storch, H., Golumbic, N., and Anderson, R., The Fischer-Tropsch
and Related Syntheses. Wiley, New York, 1951, ‘

Pichler, H., in Advances in Catalysis {W. G. Frankenburg, V. I.
Komarewsky, and E. K. Rideal, Eds.}, Vol. 4, p. 271. Academic
Press, New York, 1952.

Vannice, M. A., J. Catal. 37, 449 (1975).
Vannice, M. A., J. Catal. 37, 462 {1975).

Eisch?r, F., Tropsch, H., and Dilthey, P., Brennst.-Chem. 6, 265
1925).

Mills, G. A., and Steffgen, F. W., Catal. Rev. 8, 150 (1973).

Van Herwijnen, T., Van Duesburg, H., and Dedong, W. A., J. Catal. 28,
391 (1973).

lee, A. L., Feldkirchner, H. L., and Tajbl, D. G., Amer. Chem. Soc.,
Div. Fuel Chem., Prepr. 14, 126 (1970).

Lunde, F. J., and Kester, F, L., J. Catal. 30, 423 {1973).
Bousquet, J. L., Gravelle, P. Ch., and Teichner, S., Bull. Soc.
Chim. Fr. 3693 {1972}.

Dalla Betta, R. A., Piken, A. G., and Shelef, M., J. Catal. 35,
54 (1974}.

Schoubye, P., J. Catal. 18, 118 (1970).

Lunde, P. J., and Kester, F. L., Ind. Eng. Chem., Proc. Des.
Dev. 13, 27 (1974).

158




18.
20.

21.
22.

23.
24.

25.
26.

27.
28.

29.

30.
31.
32,

33,
34.
35.
36.
37.

38.

Bousquet, J. L., and Teichner, S. J., Bull. Soc. Chim. Fr. 3687
(1972).

¥1ase?ko, V. M., and Yuzefovich, G. E., Russ. Chem. Rev. 38, 728
1969).

McKee, D. W., J. Catal. 8, 240 (1967).

Baldwin, V. K., Jr., and Hudson, J. B., J. Vac. Sci. Technol. 8,
49 (1971). .

Blyholder, G., and Neff, L. D., J. Catal. 2, 138 (1963).

Gupta, R. B., Viswanathan, B., and Sastri, M. V. C., J. Catal. 26,

212 {19872).

Kolbel, H., Patzxchke, G., and Hammer, K., Brennst.-Chem. 47,
4 {1966).

Subramanyam, K., and Rao, M. R. A., J. Res. Inst. Catal.
Hokkaido Univ. 18, 124 (1970).

Blyholder, G., and Neff, L. D., J. Phys. Chem. 66, 1664 (1962).

Anderson, R. B., in Catalysis (P. H. Emmett, Ed.), Vol. 4. Reinhold,

New York, 1956.

Dry, M. E., du Plessis, J. A. K., and Leuteritz, G.EM., J. Catal,

194 {1966},
Dry, M. E., and Ferreira, L. C., J. Catal. 7, 352 (1967}.
Dry, M. E., and Oosthuizen, G. J., J. Catal. 11, 18 (1968).

Dry, M. E., Shingles, T., Boshoff, L. J., and Qosthuizen, G. J.,
J. Catal. 15, 190 (1969).

Dry, M. E., Shingles, T., van H. Botha, C. S., J. Catal. 17,
341 (1970).

Ory, M. £., Shingles, T., Boshoff, L. J., and van H., Botha, C. 5.

J. Catal. 17, 347 {1970).

Dry, M. E., Shingles, T.., and Boshoff, L. J., J. Catal. 25, 93
(1972). : '

Guyer, A,., Guyer, P., Schneider, F., and Marfurt, H. R.,
Helvetica Chemica Acta 38, 798 {1955).

Guyer, A., Jutz, J., and Guyer, P., Helvetica Chemica Acta 38,
971 {1955).

Guyer, P., Thomas, D., and Guyer, A., Helvetica Chemica Acta 42,
481 (1959).

159

6

—’



39,

40.

41,

42,

43.
44.

45.
46.

47,

48.
49.
50.
51.
32,

23.
54,

93.

56.
57.

8.

99.

Karn, F. S., Schultz, J. F., and Anderson, R. B., Ind. Eng. Chem.,
Prod. Res. Dev, 4, 265 {1965).

Randhava, 5. S., Rehmat, A., and Camera, E. H., Ind. Eng. Chem., Proc. S
Des. Dev. 8, 482 (1969), ' '

Sastri, M. V., C., Gupta, R. B., and Viswanathan, B., J. Indian
Chem. Soc. 51, 140 (1974).

Sastri, M, V. C., Gupta, R. B., and Viswanathan, B., J. Catal. 32,
325 (1974).

Weitkamp, A. W., and Frye, C. G., Ind. Eng. Chem. 45, 363 (1953).

Kummer, J. T., Podgurski, H. H.. Spencer, W. B., and Emmett, P. H.,
J. Amer. Chem. Soc. 73, 564 (1951).

Kolbel, H., and Hanus, D., Chem.~Ing. Tech. 46, 1042 (1974).
Schoubye, P., J. Catal. 14, 238 (1909).

Bohlbro, H., Acta. Chem. Scand. 16, 431 (1962).

Bohlbro, H., Acta. Chem. Scand. 17, 1001 (1963).

Bohlbro, H., J. Catal, 3, 207 (1964).

Giona, R., Passino, R., and Toselli, L'Ingegnere 33, 631 (1959).
Hulburt, H. M., and Vasan, C. D. Sc., AIChE J. 7, 143 (1961).

Kodama, S., Fukui, K, Tame, T., and Kinoshita, M., Shokubai 8.
50 (1952).

Paratelia, A., Chim. Ind. 47, 38 (1965).

Shchibrya, G. G., Morozov, N. M., and Temkin, M. I., Kinet. Katal. 6,
1057 (1965).

Podolski, W. F., and Kim, Y. G., Ind. Eng. Chem., Proc. Des. Dev."
13, 415 (1974), :

Oki, S., and Mezati, R., J. Phys. Chem. 77, 1601 (1973}.

Tanek?, Y., and Oki, 5., J. Res. Inst. Catal., Hokkaido Univ. .13, 55
1965).

%anek?, Y., and Oki, S., J. Res. Inst. Catal., Hokkafdo Univ. 13, 169
1965).

Fanek?, Y., and Oki, 5., J. Res, Inst. Catal., Hokkaido Univ. 15, 185
1967).

160



60.
61.
52.

63.
64.
5.
66.
67.
68.
69.

70.
71.
72.

73.
74.

. 75,

76.
77.
78.

79.
80.

Oki, S, Kaneko, Y., Arai, Y., and Shimada, M., Shokubai 11, 184
(1969). ‘

Oki, S., Happel, J., Hnatow, M. A., and Kaneko, Y., Proc. Int.
Congr, Catal., 5th, 1872, in press.

Boreskov,G. K., Yur‘eva, T. M., and Sergeeva, A. S., Kinet. Katal.
1476 (1970).

Young, P. W., and Clart, C. B., Chem. Engr. Progr. 69, 69 (1973).
Aldridge, C. L., U. S. Patent No. 3,755,556 {1973).
Aldridge, C. L., U. S. Patent Ne. 3,615,216 (1971).

Aldridge, C. L., U. S. Patent No. 3,539,297 (1970).
Aldridge, C. L., U. S. Patent No. 3,850,840 (1974).
Aldridge, C. L., German Patent No. 1,959,012 (1970).

Minachev, K. M., and Isagulyanmis, 6. V., Int. Congr. Catal., 3rd,
Amsterdam, 1964.

Smith, W. M., Landrun, T. C., and Phillips, G. E., Ind. Eng. Chem.
44, 586 (1952).

Cottingham, P. L., White, E. R., and Frost, C. M., Ind. Eng. Chem.
49, 679 (1857).

Sonnemans, J., Goudriaan, F., and Mars, P., Catal. Proc. Int. Congr.
5th, 1972 2, 1085 (1973).

Sonnemans, J., and Mars, P., J. Catal, 31, 209 (1973).

Sonnemans, J., Vandenberg, G. H., and Mars, P., J. Catal. 31, 220
(1973). o

Aboul-Gheit, A. K, and Abdou, I. K., J. Inst. Petrol., London 58,
188 (1973).

Sonnemans, J., Nevens, W. J., and Mars, P., J. Catal. 34, 215 (1974).
Sonnemans, J., Neyens, W. J., and Mars, P., J. Catal. 34, 230 {1974).

Mayer, J. F., PhD Thesis, Massachusetts Institute of Technology.
Cambridge, Massachusetts, 1974,

McIlvried, H. G., Ind. Eng. Chem.,Proc. Des. Dev. 10, 125 {1971).

Flinn, R. A., Larson, 0. A., and Beuther, H., Hydrocarbon Precess.
Petrol. Refiner 42, 129 (1963).

161 .



81.

82.

83,

84.

85.

B6.

g7.

88.

89.

90.

8l.
9z,
93.

94,
5.
96.

97.
98.
99.
100.

Doelman, J., and Viugter, J. C., Proc. World Petrol. Congress, 6th,
Frandfurt, Germany, 1963, Sect. 3, Pap. 12-PD 6.

Schreiber, G. P., PhD Thesis, Montana State College, Bozeman, MT, .
1961. ; .

Koros, R: M., Bank, S., Hofmann, J. E:, and Kay, M. I., Amér. Chem.
Soc., Div. Petrol. Chem. Prepr. 12, B-165 (1967). '
Cox, K. E., and Berg, L., Chem. Eng. Prog. 58, 54 (1962).

Wilson, W. A., Voreck, W. E., and Male, R. V., Ind. Eng. Chem. 49,
657 (1957). —

Rosenheimer, M. O.; and Kiovsky, J. R., Amer. Chem. Soc., Div.
Petrol. Chem. Prepr. 12, B-147 (1967).

Tsusima, S., and Sudzucki, S., J. Chem. Soc. Japan 64, 1295
(1943). Chem. Abstract 41-3801C (1947).

Smith, H., in Catalysis (P. H. Emmett, Ed.), vol. 4. Reinhold
Publishing Corp., New York, 1857,

Goudriaan, F., Gierman, H., and Flugter, J. C., J. Inst. Petrol.,
London 59, 40 (1973}.

Akhtar, 5., Sharkey, A. G., Shultz, J. L., and Yavorsky, P. M.,
"Organic Sulfur Compounds in Coal Hydrogenation Products", presented
at 167th National Meeting Amer. Chem. Soc., Los Angeles, California,
March 31-April 5, 1974.

Schuit, G. €. A., and Gatés, B. C., AIChE J. 19, 417 (1973).
Schuman; S. C., and Shalit, H., Catal. Rev. 4, 245 (197D).

McKinley, J. B., in'Cata1gsis (P. H. Emmett, Ed.), Vol. V, p. 405.
Reinhold, New York, 1957.

Wilson, R. L., and Kemball, C., J. Catal. 3, 426 (15964).
Kieran, P., and Kemball, C., J. Catal. 4, 380 (1965).

Wilson, R. L., Kemball, C., and Galwey, A. K., Trans. Faraday Soc.
58, 583 (1962). )

Kieran, P., and Kemball, C., J. Catal. 4, 394 (1965).

Owens, P. J., and Amberg, C. H., Canad. J. Chem. 40, 941 {1962},
Owens, P. J., and Amberg, C. H., Canad. J. Chem. 40, 947 (1962).
Kolboe, S., and Amberg; C. H., Canad. J. Chem. 44, 2623 (1966).

162




101.
102.
103.
104.

105.
106,
107.
108.
- 109.
110.

i1
112.
113.

114,
118,

116.
117.

118.

119,

Owens, P. J., and Amberg, C..H., Advan. Chem. Series 33, 182.(1961).
Desikan, P., and Amberg, C. H., Canad. J. Chem. 41, 1966 (1963).
Desikan, P., and Amberg, C. H., Canad. J. Chem. 42, 843 (1964).
Givens, E. N., and Venuto, P. B., "Hydrogenolysis of Benzo | bJ-
thiophenes and Related Intermediates Over Cobalt Molybdena
%ata]gsts“, Amer. Chem. Soc., Petrol. Chem. Prepr. 15, Al83

187Q).

Griffith, R. H., Marsh, J. D. F., and Newliing, W. B. 5., Proc.

~Roy. Soc. A197. 194 (1949).

McKinley, J. B., in Catalysis (P. H. Emmett, Ed.), Vol. 5, p. 471.
Reinhold, 1957.

Badger, E. H. M., Griffith, R. H., and Newling, W. B. 5., Proc.
Roy. Soc. A197, 184 (1949). |

Hoog, H., J. Inst. Petraleum 36, 783 (1950).

Mitchell, P. C. H., "The Chemistry of Some Hydrodesulfurization
Catalysts Conta1n1ng Molybdenum", published by Climax Molybdenum
Co., Ltd., 1987.

Phillipson, J. J., "Kinetics of Hydrodesulfurization of Light and
Middle Distillates", presented at AIChE Meeting, Houston, 1971.

Frye, C. G., and Mosby, J. F., Chem. Eng. Prog. 63, 66 (1967).
Tauster, S. J., J. Catal. 26, 487 (1972).

Brown, R. R., and Howard J., "Symposium on the Chemistry,
Occurrence, and Measurement of Polynuclear Aromatic Hydro-
carbons", Amer., Chem. Soc., Div. Petrol. Chem., Prepr. 20,
785 {1975).

Qader, 5. A., J. Inst. Petrol. 58, 178 (1973).

Qader, S. A., and Hill, G. R., Amer. Chem. Soc., Div. Fuel Chem.
Prepr. 16, 93 (1972).

Cawley, C. M., Research (London) 1, 55, 33 (1947-48).

Flinn, R, A., Larson, 0. A., and Beuther, H., Ind. Eng. Chem. 52,
153 (1960). . ,

Sultivan, R. .F., Egan, C. J., Langlois, G. E., and 5ieg, R. P.,
J. Amer. Chem. Soc. 83, 1156 (1961).

Sullivan, R. F., Egan, C. J., and Langlois, G. E., J. Catal. 3,
183 (1984). .

163



120. Langlois, G. E., and Sullivan, R. F., Advan. Chem. Ser. 97, 38
(1970).

121. Wiser, W. H., Singh, S., Qader, S. A., and Hill, 6. R., Ind.
Eng. Chem., Prod. Res. Dev. 3, No. 3, 350 {1970).

122. Qader, 5. A., Sridharan, R., and Hill, G. R., Abstracts of Papers,
The Second North American Meeting of the CataTySIS Society, Houston,
Texas, 75 {1971).

123. Wu, W., and Haynes, H. W., Jr., Amer. Chem., Soc., Div. Petrol.
Chem., Prepr. 20, 466 (1975).

124. Qader, S. A., and Hill, G. R., 160th Natl, Meeting, Amer. Chem.
Soc., Div. Fuel Chem., Prepr. 14, No. 4, Part 1, 84 {1970).

125. Boudart, M., Cusumano, J. A., and Levy, R. B., New Catalytic
Materials for the Liquefaction of Coal, Report RP-415-1, Electric
Power Research Institute, October 30, 1975.

126. Bodily, D. M., Lee, S. H. D., and Wiser, W. H., Amer. Chem. Soc.,
Div. Fuel Chem., Prepr. 18.(1974).

127. Schroeder, W. C., U. S. Patent No. 3,030,297 (1962).
128, Articles in Carbon (P. L. Walker, Jr., Ed.).

129. Wilison, W. G., Sealock, L. J., Jr., Hoodmaker, F. C., Hoffman, K. W.
Stinson, D. L., and Cox, J. L., Advan. Chem. Ser. 131, 203 (1974).

130. Haynes, W. P., Gasior, S. J., and Forney, A. J., Advan. Chem. Ser.
131, 179 (1974). '

131. Kalina, T., and Moore, R. E., U. 5. Patent No. 3,847,567 {1874).
132. Thomas, J. M., and Walker, P. L., Carbon 2, 434 (1965).

133. Gardner, N., Samuels, E., and Wilks, K., Amer. Chem. Soc., Div.
Fuel Chem., Prepr. 18 (1973).

134. 1 Rewick, R. T., Wentrcek, P. R., and Wise, H., Fuel 53, 274 (1974).

135. %ardnﬁr, N., Samuels, E., and WiTks, K., Advan. Chem. Ser. 131, 217
1973}. .

136. Tomita, A., Sato, N., and Tamai, Y., Carbon 12, 143 (1974).

137, Coulon, M., and Bonneta1n, .» J. Chim. Phys. Phys.-Chim. Biol. 71,
725 (1974)

164



