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Coal liquefaction involves cleavage of methylene and dimethylenc bridges connecting polyeyelic aromatic units. The selected
compound for model coad fiquetaction reactions is 4-( 1-naphthylmethybibenzyl {NMBB). This work describes the synathesis
and screening of several hetero- and homomnetallic camplenes s precursors of dispersed catalysts for hydrocracking of NMB8B,
Esperiments were camied our at 400 °C for 30 min under 6.9 MPa Ha pressure. (NH42MoSy and MoClz converted NMBB
predominately into naphthafenc and 4-methy(bibenzyl. Smail amounts of secondary, products were formied by hydrogenation
and Yragmenation of the primary products. Lewis acid-type MoCly catalyst gave lower sclectivity o the primary products,
with relatively larger amounts off methylteirahydronaphthalene- and methylnaphthalene-derivatives, In contrast, the organo-
metallic catalyst precursors CpaCoaMm(C0O)2S4, CpyFeySy and (PhyPl(NitMoS ) inflict less fragmentation and fess
hydrogenation of primary cleavage products. CpaCorMos(CO)2Sy converled a substantial amount of starting material even
at 350 °C; whereas. a noncatalytic run under the same conditions showed only small conversion. Greater product selectivity
can be achieved by means of organometallic precursur and low severity reaction conditions. lnorganic and bimetallic cataly
precursors gave similar conversions. The synergistic effect of helerometaliic over homometallic catalyst precursors w
demonstrated by Co-Mo and Ni-Mo, which gave Far higher conversion than the thiocubane-type catalyst containing four iron
atoms. The addition of sultur 10 Mo(CO)g, and Con(CORMACO), gave higher conversion but reduced the yield of
hydrogenation products.
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Introduction

First attergts 10 liquel'y coal were carried out in the beginning ol the 20th century by Bergius (1). The proc:
and involves hundreds of different coal components with various functional groups in inierconnecied aromaic sy
complexily of coal liquefaction reactions makes it very difficult 1 study the reaction inechanisms. Therefore, it is extremely
difficult 1o find optimum reaction conditions [or selective bond cleavage. Furthermore, coals from different sources may react
differenty with dilferent catalysts. We sclecled therelore the model compound 4-(1-naphthylmethy)bibenzyl (NMBB). which
consists of (unctionalities that-are related 1o coal structures (2-6). Among these are alky! groups which interconnect aromatic
moieties and different ring systems. OF particular interest o our group was the lact that its reaction can give us information
about the features of dilferent catalysts. In a typical hydroliquelaction reaction, coal reacts al lempemtures above 400 °C with
7 MPa Hj pressure lor a period of ca. 30 min 1o primary liquefaction products. Efficienl conversion can only be achicved by
transition metal containing catalysts and metal concentrations of 1 w1 % or lower. Suitable catalytic systems contain Co, Ni,
Mo or its combinations, cither as inorganic complexes, or organometallic species. Good solubility of catalyst precursors
gencerally leads 10 better catalysi dispersion and greater effectivencss for liquefaction reactions (7,8). One way (o achicve belter
dispersion is the use of soluble organometallic precursors which produce in situ finely dispersed active catalyst particles at
clevated tempertures. Greater catalyst surface arca increases the yield of products dramatically, due 1o greater hyvdrogen
acitivation by augmented reactive catalyst sites. Hirschon and Wilson (9,10) demonstrated that highly dispersed catalysts (rom
organometallic precursors can be effective for hydrogenating the coal with molecular hydrogen withont relying upon a donor
solvent .

This paper reports our work on hydrocracking experiments of NMBB over dilterent transition metal catalyst precursors.
.The effects of inorganic and organometallic {monometallic and bimetallic) catalyst precursors on conversion and producl
seleetivity will be discussed. Also, the infuence of the reaction temperature on the product distribution will be investigated.

Experimental Section

Preparation of Catalyst Precursors. The complexes (PhyP)2(Ni(MoSy)) (11) (Ni-Mo) and CpyFeySy (12) (Fed)
were preparcd according to the methods described in the literature, based on the procedures of Brunner and Wachter (1 1) and
Schunn, Fritchic and Prewitt (12). The thiocubane cluster Cp2CoaMop(CO)2S 4 (CoMo-TC2) was synthesized carlier (13) in
aur laboratory. Samples were stored at - 25 °C prior 1o use. All reerystallizations of the homo- and heterometallic cluster
compounds were carried out quickly. The erystalline products are stuble on exposure 1o air but decompose slowely in solution.
Sulfur and (NH.1)2MoS4 (ATTM) were purchased fom Aldrich, M(CO)a, Con(CO)g rom Alla and the madel compound
MNBB from TCI Amecrica. GC-MS conlirmed sulticient purity of NMBB (> 99 %) and it was used without lurther
purification.

Model compound reactions. A stinless steel reactor (lubing bomb) with a capacily of 33 ml was louded with ca.
0.25 g NMBB, 2.11 wi % catalyst precursor and 0.125 g solvent {iridecanc). The reactor was purged three times with Hp and
then pressurized with 6.9 MPa Hp at room temperature for all experiments. A preheated Muidized sand bath was used as
healing source and the reactor agitated via an oscillator by verlical shuking of the horizontal micro reactor (about 240
strokes/min.) After the reaction the hot tubing bomb was quenched in cold water and the gaseous products collected in a gas
bag [or further analysis. The tiquid contents were washed with 15 ml CHCly through a low speed filter paper and stored in
sinall glass bowtes {or qualitative and quantitative GC analysis. Al runs were carried ow at least wice to conlirm
reproducibility.

The compounds were identified by capitlary gas chromatography-mass spectrometry (GC-MS) using a Hewlet-Packard
5890 11 GC coupled with a HP 5971A mass-scleclive detector operating at clectron impact mode (E, 70 ¢V), The column
used for GC-MS was a J&W DB-17 column; 30-m X 0.25-mm, coated with (00 % phenylmethylpolysitoxanc with a
coating film thickness of 0.25 pm. For quantification a HP 5890 11 capillary GC with a Name ionization detector and the
same type ol column (DB-17) was used. Both Hewlett-Packard GC and GC-MS were programmed from 40 10 280 °C at a
heating rate of 4 °C/min and a linal time of 30 min. The responsc factors of 10 pure compounds were determined. More
cxperimental and analytical details may be found clsewhere (14-17).

Results and Discussion
Hydrocracking of NMBB. Tubles 1 and 2 show the results of hydrocracking of the model compound NMBB over

different catalyst precursors. In the absence of a catalysl, the conversion at 300 °C is only | % and increases 1o about 4 % al
400 °C. The inarganic catalyst precursor ATTM increased the conversion at 350 °C relative to the thermal run by 54 %. A
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run at 400 °C shows the effect ol clevating reaction iemperatures. The conversion increased by additional 30 % . Molybdenum
trichloride proved 1o be less effective and gave about 70 % conversion.

Of the catadysts tested, (PhyP)2(Ni(MoSy)) and Coa(CO)g+S showed the highest conversion (95 %), Ni-Mo consists of a
chain like structure with tetrahedral enviroment around nickel and molybdenum (Scheme ).

S From the data in Tables t and 2 Ni-Mo is apparentely the best
\ precursor and CpyFegSy is the worst among the catalyst

"J '( precursors tested. A general observation is that the acuvity of

the in situ generated catlysts is smaller at fower lemperitures

/ / \ / \ and increases at clevated emperatures. Inan attempt 0 cvamine

the role ol bonding between transition metals, we tested the bi-
metallic thiocubane-type caulyst  Cp2CoaMua(CORS,
(Scheme 2), the homometallic cluster CpyFesSy (Scheme 2y

Schemel: Structure of the bimetailic sulfide [Ph_P),INi(M0S )1 4nd difTerent metal carbonyl combinations which may give (afier
thermal decomposition) similar catalyst composition as Co-Ma.
TC2.

p X There are direct metal-metal bonds between Co-Mo, Co-Co and
Mo-Mo, besides the suttur bridges in CoMo-TC2. The question
is, do in situ generaied catalysts Itom catalyst precursors which
have meti-metal bonds, show different catalylic behaviour,
Table | shows the superior performance of catalysts conlaining
cither Mo, or Co+Mo. Using Mo(CO)q alone gave similar
results as runs with the mixwre of (wo corresponding metal
p compounds that can also be found in CpaCoaMoy(CO)2Sy.

CpaCosMoyCONS, Among the lestet metal carbonyls, Coa(CO)y is less active
compared to the thiocubane type catalyst Co-Mo-TC2 and
mixed meial carbonyls. A benelicial effect could be observed,

Scheme 2: Structure of the thiscubanc-type catalyst precursors — when sulfur was added 1o Coa(CO)g. NMBB conversion
CpyFe Sy, und CppCuaMo(COYS 4. increased dramaticalty. Addition of sullur 1 Mo(CO)q did not
improve the convertibility of NMBB, but added sulfur o
Mo{CO)/Cp(CO)R pave 10 % higher conversion. Work on the advantage ol using dilferent metals in a single catalyst
reports the synergistic effect of heterogencous catalysis. The addition of Co or Ni 10 MoSp-contining precursors increased
their catalytic activity considerably. However, litde work has been done on comparison of catalytic ellects between mixed
mectal carbonyls, inorganic- and organometallic heteroatomic precursors. Previous work (18-22) reports mainty the mixture of
different transition metal salts. It is known (24-27) that catalyst precursors fike metal carbol require the addition of sulfur
for sufficient activity. The beneficial effect of sullur addition 1o hydrogenation reactions was studied on the system
m()l)bdcnum sulfide and oxide (21). There scems (23) to be consensus that the sullides of the transition metals are more
active in catalytic hydroliquefaction than their oxides. The reason for this remains unclear. Montano and co-workers (28,29)
have emphasized the importance of correct stoichiometry between molybdenum oxides and sullur in high tcmperature
conversion reactions in order 1o gencrate catalytically active MoS2 particles. Temperaiures as high as 350 °C are required for
this activation process. The analogue transformation of Fe(CO)s into pyrrholite (Fey.xS. where 0=x<0.125) is dilticult 1o
perform and iron carbonyls tend to form less reactive iron carbides and oxides (25) during the activation process. This might
cxplain the low activity ol our catadyst precursor CpyFeyS4. The iron catatyst from CpyFeyS . would nol be active duc to the
difficulty of forming pyrrhotite. Another reason for the low cffectiveness of the iron-cluster in hydrocracking reactions may be
that iron appears to function by removing oxygen {unctionalitics whereas Mo catal are good hydrogenation catalysts (9).
In our previous work, it has been demosntrated that the thiocubane CoMo-TC2 is superior o the mixtures of Mo(CO)g,
Cop(CO), and sulfur for liquefaction of a subbituminous coal (13). Comparison of the results in tables 1 and 2 indicates that
the thiocubane bimetallic ysts are not supcrior o the corresponding mixtures of Co, Mo and sullur. The rather expensive
preparation of the bimetallic catalyst precursors leads 10 the conclusion that cheaper metal combinations can achicve
comparable results. We focused therefore our atiention to product selectivity under low severity reaction conditions 1o study
product distribution of NMBB hydrocracking reactions under the influcnee of homo- and bimctallic catalysi precursors.

Product Distribution

Hydrocracking ol NMBB yields three product categories that can be explained by the cleavage ol the bonds betwceen the
aromatic moictics. The identified products can be classified into hydrocracking, hydrogenation and isomerization products.
Those coming Itom hydrocracking reactions form the major pool of reaction products, followed by hydrogenation and
tsomerization products. Figure 1 shows the product distribution ftom catalyst-free reactions. The thermal reaction of NMBB
300 °C yields only two products, 4-methylbibenzyl (4-MBB) and napththalenc (N). Higher temperature (400 °C) gave
cnhanced conversion and twice as much products. Besides 4-MBB and N, 1-(naphthyl)-4-t0ly] methane (NTM) and tetralin can
be found as high temperature products. Generally, increased lemperature resulis in lower selectivity. The ratio ol major
products in our model reactions over thiocubane catalysts (Figure 2) remains similar over a wide lemperature range. We can
sec in Figure 2 more 4-MBB than BB and more naphthalene (N) than tetralin. Several studics, including the preseat work have
shown that NMBB 1ends 1o undergo clcavage of bond a connecting the naphthyl group to the remainder of the molccule when
subjected o a \dncly of catalysts under a variely ol conditions. Farcasiu ct al. suggested a reaction mechanism in which the
first stage consists of the formation of a radical cation. The loss of clectron density leads 10 a weakened a-bond which can then
be broken relatively casily. This is in contrast lo model studies in which phenyl-containing compounds undergo prefcrably b-
cleavage (6).

In the work of Penn and Wang (6) radical cations were gencrated in
the mass spectromeler under a varicty of conditions which had little
impact on the bond clevage pathway. Preference for b-cleavage was
observed. It was explained by resonance stablization of the
intermediates formed via bond b cicavage. Both iniermediates are
resonance stabitized. Thermochemical calculations (30) show that
reaction pathway b is 30 keal/mol lower lor both neutral and radical
cationic species than pathway a. In contrast, neither ol the
intermediales resulting rom bond a cleavage is stabilized.
However, in the presence of a catalyst, the major reaction pathway
mainty involves the cleavage of bond a (Scheme 3). These Studies
Scheme 3: Potcntial Cleavage sites in 4-(1-uaphthylmethyl)hibeazyl. indicale that a new decomposition pathway mechanism must be
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deveioped o evplain the results of bund deavage involving nrodel reactions on NMBB. The product distnbution is dilferent
over metal carbonyls (Figure 3). The main reaction product is 4-MBB, bul the ratio of tetralin/naphthalenc \Ippcn‘lx o _lhc
addition ol sull'ur, Sullur-ree metal carbonyl precursors are relatively betier hvdrogenating catalysts than sulfur containing
metal carbonyls and their combinations. This becomes more appareatin the case of Co+Mo and Co+Mo+S. Sulfur enhances
the formation of naphthalenc and surpresses the generation of tetadin. In order o get more information about the influcnce of
sulfur on hydrogenation reaction, we carried out experiments with tetralin in tridecanc as solvent, with and without added
suliur. A sulfur-frec run showed only a negligible amount of naphthalene (naphthalenc/tetralin ration = 0). but the addition of
sulfur lcad w a sub tally higher naphthalenc-to-tetralin rtio ((L0R).

Products found in hydrocracking of NMBB over the inorganic catalyst precursor (Figure 4) at 400 °C are similar © those
found in runs with organometailic precursors, Unlike all other catalysis, the lewis-acid-type compley MoCly gave a dilferent
Product distribution. MoCly ix the only catalyst that cleaved both boad a and b in NMBB with about equal probability. The
aggressiveness of MoCly as catalyst precursor is also demuonstrated by a relatively farger pereentage of isomerization products.
The general observation is that tow serverity reaction conditions benelit higher selectivity, AL3S) °C ATTM gives
considerable amount ol hydrogenation and isomerization products, whercas the organometallic compley CoMa-TC2 viclds
only products, coming lrom hydrocrucking und hydrogenation reactions. The latter category of compounds can not be found in
a reaction invoiving CpaCoaMo2(C0O)2S wt 300 °C. Higher product selectivity can also be Tound in experimenis with Fed.
This refatively inreactive precursor Yields at 400 °C mainly hydrocracking products.
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Table 1. Hydrocracking of NMBB over dispersed metal carbonyls and mixed metal carbonyl with and without added sulfur at
. 400°C

Reaction 300 400 400 400 400 400 400 400
temperature (°C)
Catalyst Precursor Nonc None Mo(CO)s Mo(CO)g+ Mo(CO)o+ Mo(CO)s+ Coa(CO)g  Cour(CO)y
S Coz(CO)g  Coa(CONg +S
+S

Products [wt %)
Cyclohexane 1.1 2.1
Bezene 0.6 0.2 0.7 0.7 07
Toluene 0.3 1.4 0.5 0.4 0.1 0.7 0.8
p-Xvlene . 07 0.2 0.1 0.3
Tetralin 0.2 173 151 21.0 1.7 6.8 53
Naphthalcne 0.4 0.6 13.8 153 5.1 19.2 5.4 28.0
2-MTHN 0.8 0.9 0.6 0.8 0.2
1-MTHN 1.8 1.2 24 0.9 1.0 0.5
2-MN 0.5 0.4 0.4 0.5 1.2
1-MN . 1.7 1.6 0.s 2.0 0.4 3.0
Bibenzyl 1.7 10.5 63 10.3 1.0 9.9
2-MBB 0.4
4-MBB 0.6 1.3 39.8 38.6 383 40.7 14.0 448
I-NB 0.4
NTM 0.9
THNMBB 6.6
Other-THNMBB 7.9
Conversion [wt %} 1.0 39 80.1 85 758 86.9 45.6 95.8

4 Reactor residence time in preheated sand bath 30 min. P wi % based on the initial weight of NMBB fecd.

Table 2: Effect ol inorganic and thiocubane-type precursors on hydrocracking reactions? of NMBB at 300-400 °C

Reaction 3508 4000 4000 4000 AP 3000 359 4000 400"
temperature (°C)

Cawlyst Precursor - ATTM ATTM MaoCliy Ni-Mo Fed4 Co-Mo Co-Mo Co-Mao Co-Mo
Products fwit 7|

Benzene 07 0.6 49 0.6 0.5 0.6
Toluene 0.1 1.3 1.0 0.6 0.9
p-Xylenc 03 0.5 03 0.4
Tetralin 6.5 14.2 4.5 8.5 0.5 1.6 67 9.4
Naphthalene 14.3 169 209 23.6 4.3 4.0 Lo 24.4 232
2-MTHN 0.2 0.4

I-MTHN 0.8 1.2 0.4 0.8 0.1 0.5 0.6
2-MN (A 0.7

1-MN 1.5 1.7 2.7 2.7 0.6 2.0 22
Bibenzy! 3.4 6.3 19.2 6.9 0.3 0.5 1.7 a7 6.0
2-MBB 3.7 0.2

4-MBB 289 45.1 16.4 44.5 6.5 HR 1R2 4.9 4.5
Conversion jwi %} 557 RG.2 70.0 94.7 11.7 11L.R 33.5 R0.3 878

# Reactor residence time in preheated sand bath: 30 min. P 60 min.
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Figure 1: Yields of products excluding gascs for non-catalytic thermal h)'drucrd.cking of NMBB at 300-400 °C.
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Figure 2: Cawlyuc activity of thiocubanc-type catalysts in the temperature range ol 300-400 °C for 30-60 min.
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Figure 4: Effcct of temperature on hydrogracking of NMBB using inorganic catalyst precursors at 350-400 °C for 30 min.

804
.70 1
60
504
404

304

Catalyst Precursors

737

| B 3-Methylbibenzy!
=] BibenzyIA

B 1-mn

O Naphthalene

EdTetralin




