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Coal liqiicliiuion invnl\csclc;~\;lgc ( 1 1  mcthylcnc iind dimcthylcnc b r i d p  ccmnccling p~l!c].clir~ iiriimiilic unilc. Thc rclcclcd 
irrilipiund Iur mc&l cowl liquctaction rcacti(m< IC 4( I -naplilh~lmcthyl)bibcn/~l (NMBB). This \\<Irk dcsclibc\ lhc synthesis 
and scrccning ,,i scvcral hclcro- and Iimnomctdlic complc\n :R p~ccuiu, i~  oldirpcixcd calal!st, l<,i h)di(IciacLing id NMBB. 
E\perimcni.: ucrc c;inicd out iil 4 x 1  "C for 30 min undcr 6.9 MRi HZ prcssuic. (NH,)2M(B, imtl M(lCl.3 con\ crtcd NMBB 
picdoniinalcly inlu naphthalcnc and Cnicthylbibcn/.yl. Small anicwnt\ < > I  scc(indary prrduch Ivcic i (uncd by h!dn~gcnaIioti 
and Iragmcnliitiam 01 Ihc priman pndurls. Lcnis arid-lypc MKI.3 c:it;iI)sl p n c  lu\\cr LcIccIit ily 10 Ihc primiin pr iduc l~,  
wilh iclativcly lilrgcr amounts 111' mclh~ltclrali~dnmaphthalcnc- and mclhylnaphlhnlcnc-dcri\;ili\ CY, I n  c(lnlias1. lhc nrganii- 
mcliillic catal)sl prccurwis Cpy&~Mq(CO)?S,, Cp,FcjS, ;inJ (Ph,P)2(Ni(M,S,)) inl l ic l  ICSL lr i igmcnii i l i~~n and ICs< 

hyhrgcnalion ( 1 1  pnmaryclcatagc produeis. C p 2 C o ~ M w ( C 0 ) 2 S ~  con\crlcd a zubsvanlial iimuunl (11 slarling malcrial c tcn 
n<mc;ii;ilylic run iindcr Ihc s3mc cnndilions shoncd only sm;ill c',m\crrinn. Grcalcr produel selccli\ i t )  
cans d'organoinctallic prccursur and low sc\ cricy rcaclion ccmdiucm.;. 

prccursors gnvc similar cnnvcrsions. Thc syncrgi.;lic cl lccl hclcrt~mclsllic o \cr  hnmi 
dcmmslmlcd by Co-Mo and Ni-Mo. which gasc lar liighcr cnnvcrwm than lhc Ih iwuhnc-  
;items. Thc addition n i  suliur lo Mo(CO)(, and Cw(CO)X/Mir(CO)r, p c  highcr con\ 
hydnigcnauon priducts 
' 
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ln t rodurt ion 

First aucrnp~s kr Iiqucly coil1 w r c  carricd oul in  thc beginning o f  thc 20' 
and i n v d v n  huntlrcds 01 Jil'lc-rml cnal c<,mpnncnls \vith w"oi is luncliiinal 
complcxily ~ I c t l i l l  liquclaclion reactions makcs 11 ! c y  dilficull 10 sludy Ihc 
dillicull Io find optimum rciiclion conditions Cor sclccIiw hmd clc;i\sgc. Fur 
dillcrcntly w i h  dillcrcnicntalysts. Wc aclcctcd lhcrclirrc Ihc nindcl ciimpiund 4-( I -n~iphlhylmcthyl)bibcn~yl (NMBBJ. which 
consisis n i  liioclionitlitics that iirc rclafcd 10 ctul sIrucIiircs (2-6)  Among thcsc arc iilkyl groups which inlcrconnccl mimalic 
nioielics and dillcrcnt ring syste particular inlcrcsl 1,) our g rwp  was thc lac1 lhat its rcactio11 CJIl gl \c us Intormnticm 
aboul thc lcalurcs n l  dillcrcnt w In ii typical hydroliquciaclion rcaclion, coill rciicis a1 Icmpcriiliircs a h n c  4 N I  'C \I i th 
7 MPa H2 pressurc lor a period 30 min 10 primary liquclaclion pnducls. Elficicnl conversion can only bc achlcvcd by 
iransilion mctiil conlaining cnialysls and mcliil conccnlralions nl 1 WI 'i or Imvcr. Suiliiblc ciital)lic syslcms contain Co. Ni. 
MO or 11s combinalions. cilhcr as inorganic complcws. or nrganomctdlic spccics. Gixd solubilily 01 ci~lalysl prccursors 
gcncmlly lcads lo bcllcr cavalysl dispcrsion ;ind grcalcr cflccd\,cncss f o r  liquchclion rciiciions (73). Onc iva? 10 achio c bcllrr 
dispersion is the usc id' soluble r,rganomcl;lllic prccurwrs which prcxlucc i n  situ fincly dispcrscd aciivc catalyst particles a1 
clcvatcd lcmpcrturcs Grcalcr catalyst wrliicc arca incrrascs thc yield oC pnducls dramatically, duc 10 grcatcr hydrogcn 
acilivalion by augmented rciu'livc wlalysl sites. Himchon and Wilson (9.10) demonstrated lhat highly dispcned cxtalysls lnm 
organanomclallic prccurws can tccf lrCi i tc lor h)dri>gcn;iring Ihc co(iI wlh midcciilar hydnym wilhwl rclJing upon ii dimor 
solvcni . 

This paper rqxrLs our work on hydrncracking c\pcrirncnls iii NMBB m c r  dillcrcnt lransilinn mcliil catalysl precursors. 
Thc cllecls ilf inorganic and orf;~n~rmctallic (rnonimctallir and bimetallic) calalysi prcciirsor\ on convcrsinn and prodiirl 
scIccliviIy will be discussed. Also, thc inllucncc ol  lhc rcaction lcmpcnturc on Ihc pnducl distributirm will h investigated. 

Experimental Srr t ion 

Preparation of Catalyst Precursors. Thc complexes (PbP)2(Ni(MnS,)) ( I  I) (Ni-Mo) and Cp,Fc,S, (12) (Fc4) 
\ m c  prcpnrcdaccording lo Ihc mcthilds dcscribcd in Ihc litcralurc, kiscd on Ihc prnccdurcs or 6Nnncr ;md Wachicr (I I) and 
Schunn, Frilchic and Prcwill( 12). Thc IhiwAnnc cluster Cp$l?Mq(C0)2S, (CoM<>TC?) \VAS synlhesircd carlicr (13) in  
our l a h ~ ~ l o r y .  Samples w r c  slorcd a1 - 2.5 "C prior In use. A l l  rccr)slalli;.;liions 01 ihc hirmcb and hctcromctallic clustcr 
cornpumds w r c  earned OUI quickly. The crystalline prixlucls arc stable nn cxpxurc to illr but dccomplsc slo\vely in  solutinn. 
Sulfur and (Nk)zMoS, (ATTM) wcrc purchased lrnm Aldrich. Mc)(CO)h. C q ( C 0 ) s  from Alla and thc mndclcl compnund 
MNBB irom TCI America. GC-MS confirmed sulficicnl purity 01 NMBB (> 99 'h) and 11 was used wthout lurlhcr 
punficalion. 

Model  compound reactions. A stainless slecl rcilclor (tubing hmb) with a capwily o l  33 ml was Icudcd uslh ca. 
0.25 g NMBB. 2. I I .h'l% cal;rlyst prccunnr and 0.125g solvent (tndecanc). Thc reactor was purgcd ihfcc limes wilh HI and 
thcn prcssunml with 6.9 MPa H2 at rn im tcmpcraturc for all cxpcrimcnls. A prchcalcd Iluidi/.cd sand bath \%'as uscd as 
hcaling snurcc and Ihc rcaclnf agilaicd via an nscillator by wri ical shaking 01 ihc horimntal micru rcactor (aboui 240 
strokedmin.) Aner thc rcaclion the hut tubing h m b  w s  quenched in  cold uater and the gilre>us producls collccled in  a ga~ 
bag for lurthcr analysis. The liquid cnntcnls \wrc a,ahcd w i h  I S  ml C H ~ C I Z  through a low* sped fil icr papcr and slored in 
sinall glass bottles lor qualili l ivc and quanlivativc GC anilysis. ALI runs wcrc carricd nul ai lcasl lwicc 10 confirm 
rcprcducibilil). 

The cnmpwnds wcrc identilied by capillary gas chr(imalngraphy-mass specimmctn. (GC-MS) using a Hcwlclt-Pdckard 
.w90 I I  GC couplcd with a HP SY71A mass-selccIivc dclcclor operating at clcclron impel modc (El, 70 cV). Thc column 
uscd for GC-MS was a J&W DB-17 column: 30-rn X 0.2S-mm. ccwlcd with 100 % phcnylmclhylp)lysilo~anc with a 
coaling film lhickncss o l  0.25 fim. Fnr quanlilicalion a HP 5x90 II capillary GC with a flame ionizatian dcteclor and thc 
Liilmc type of column (DB-17) w x  used. Both Hcwlctt-Packard GC and GC-MS wcrc prngrammcd from 40 10 280 "C ai a 
hcaling ralc of 4 W m i n  and a final timc or30 min. The rcsponsc laciors of 10 pure compounds werc dclcmincd. Morc 
CXpenmCnwl and analytical deals may be found clscwhcrc (1417). 

Results and Discussion 

Hydrocracking of N M B B .  Tables I and 2 show thc results nl hydrocracking of  the mcxlcl compund NMBB ovcr 
diflcrcnt calalgst prccursors. In the absence o l  a catalyst, lhc conwrsion ai 3(x) "C is only 1 C and incrca%s 10 about 4 .i: al 
4 M ) O C .  The Inorganic cal;llyst precursor ATTM increased thc conversion ai 350 'C rclatiw lo the thcrmd N n  by El lo. A 
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run ai 4(X)OC shows the cllcci of clcvaling rcaulion lcmpcraturcs. Thc con\ciri<in inclcwcd b! :ddlll~lWd 3 0  ' 4  . hkd!bdcnum 
lrichloridc prnvcd 111 bc Icss cllcclivc and ga'c ah111170 Q con\cnim. 

Ol ihe calalysis sstcd. (Ph,P)?(Ni(MoS,)) and Cm(CO)x+S sh<wcd Ihc highcsl con\cnion (95 '1 t .  N i - M ~ ~ c ~ i n \ i \ i *  il 
ckun Iikc siructurc with Iclnhcdral cnvinmcnl aniund nickel iind miilybdcnum (Schcmc I ). 

From thc &la in Tablcs I and 1 Ni-Mo IF apprcntcly thc bcsi 
prccuruw and Cp,Fc& is  thc worst among thc catal!ci 
prccurwrr ic+xl. A gcncral obscmation is lhal  lhc acwit\ 
thc in silu gcncralcd calaly\ls 15 %mallcr a1 lnncr Icmpcmiurcr 
and incrcLws al clc\atcd smpcralurcs. In an allcmpl lu c\amlnc 
thc role 01 h i d i n g  bclwccn Iransilion mclals. wc lcslcd Ihc hl. 
i i ic i i i l l ic ihi<cubanc-lypc GI 

(Schcmc 1). thc hoiiiomclallic 
Schemel: Structure of the bimcwllic SulliJc IPh4Pl~lNilMoS4)ZI and dllicrcnl lj~clitl c i l r h q l  coin 

ihcrmnl dccompisili<in) similiir ralal? SI cmnpxilrim a\ Co-M<+ 
TC3. 
Thcrcarc dirct:l mclal-mctal hmds bclnccn C<l-Mo, Cci-Co and 
MwMn. bcstdcs Ihc sullur bridgcs in  Ciihlc 
is. do in  situ gcncrasd cahlysh irom caul) 
haw mctal-mcul hinds, s h w  dillcrcni 
Tablc I show.< thc supcrioi perloriiiancc 01 cawl)cl\ cmhining 
cilhcr Mo, or Co+Mo. Using Mo(CO)6 alnnc gavc Similar 
rcsulis as runs with Ihc iniuurc o(i two corrcspmding inclal 

Amoiig lhc tcslct niclal carhnyls. C<izICO)x i s  ICSS a c h c  
compiirctl 10 lhc Ihiocubiinc lypc 
mi\cd mctal carhmylr. A bcnclicial 
\\hen sull'ur \\:Is addcd l o  C<rz(C 
incrcmcd dramalically. Addition 01 sullur lo Mo(CO)h did not 
improvc Ihc uonwrl ibi l i ty ol NMBB, bul ;iddcd siilltir 10 

Mo(CO)h/C<q(CO)x gave IO <%, highcr conversion. Work o n  lhc advantagc ni using dillcrcnl mclals in  a single calrllysl 
rcpms Ihc syncrgislic cllcct ol hcsrogcncous u;iwlysis Thc addilion or Co or Ni IO MoS?-conhining prccunors incrcacd 
lhcir catalylic aclivily considerably. Howcvcr, lil l lc wnrk h ~ s  bccn done o n  comparison (11 calalylic cllccls bclnccn mncd 
mctal c;irbonyls, inorganic- and organomcullic hclcnwlnmic prccurson. Prc\'ious w i r k  ( IX-22) rcpvls mainly Ihc mi\lurc 01 
dil'l'crent transition mchl wlls.lt is knaa,n (34-27) lhal wlal!sl prccurum likc mctal carhmyls rcquirc Ihc addition ol sullur 
lor  sullicicnl iiclivily. Thc bcnclicial c l lcc l  n l  siillur addition 111 hydrogcnal i i~~ rcxl ions n i i s  suidicd on thc s)slcm 
malybdcnum sull'idc and oxide (31). There seems (33) to bc cnnscnsus lhal Ihc sullidcs nl lhc transilion mctals arc more 
acfivc in catalytic hydndiquclistion lhan lhcir <i\idcs. The rcason lor this rcmiiins tinelcar. Monl;inc> and cw\nrkcrs l2X,2')) 
haw cmphaFi/.cd the imp)rhncc 01 correct sloichiomclry bcl\\ccn molybdenum o\idcs and sulliir in high lcmpcralurc 
con\,crsinn rcaclions in irrdcr 10 gcncnilc wlalylically aclivc Ma72 puiirlcs. Tcmpcr;rturcs as high iis 391 'C arc rcqiiircd lor 
this aclivalion pnxess. The awdoguc translnrmaiion ul FeCC0)s ink) pyrihotitc (FCI .%S. where Or\rO. 125) is dillicull 10 
pcrfnrm and irnn carbonyls lcnd io T n r m  Icss rciicliw m n  carbides and midcs (15) during thc iiclimliiin pnrcss. This might 
explain the 1kw actiwly o1'our caulyst precursor Cp,Fc,S,. Thc iron catalysl 1rom C p ~ F c ~ S ~ . w ~ w l d  no1 bc UCIIYC due 10 lhc 
difficulty d' limning pyrrhnlitc. Annlhcr rcason f o r  lhc In\\, clfcclivcncss ol the irnn-cluclcr in hydnrr  
that irnn appears In lunctim by removing oxygen lunclionahlies whcrcas Mo  caw1 
In our prcvious work. il has been dcmosnlratcd that the Ihic&?anc CnMwTC2 I 
Cq(C0)8, and sullur lnr liquclaclion 01' a subbiluminoua coal ( 13). Comparison n1 
the Ihiocutxinc bimckl l i r  c:~lalysts iire no1 supcrior 10 lhc corrcspmding mislurcs ol Co. Mu and sullur. Thc rxthcr c\pcnsiw 
preparation nl thc bimetallic catalysl precursors leads 10 lhc cnnclusinn lhal chcapcr meliil combinaiinns can achieve 
comparablc rcsulls. Wc lncusal lhcrclorc nur mcntion 10 pnxluct selectivity under ID\\. sc\'criiy rcaciion ccmdilirms io siudg 
prwlucl dislnbulton ol NMBB hydrocracking rcaclions under lhc influence d homo- and bimclallic caLllysl prccurwrs. 
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Scheme 1: Slruclureo(thc Iharubanc-lypc calal)\l prccumln 
C~JEJSJ. and C ~ C O ~ M O ~ ( C O ) ~ S J  

Product Distribution 

Hydrixrackingol NMBB yiclds ihrcc prcxluct calcgnrics that can bc c\plaincd by Ihc clcavagc ol lhc hinds bciwccn the 
arnmiilic mniclics. Thc idcnli lied produels can bc classilicd inlo hydnuiicking, hydrngcn;ili,m and isomcnziiion pnxlucl\. 
Those coming lrom hydnxracking rcaclinns form lhc major prd nl  reaction produeis, lollo\vcd by hydrogcnaiion and 
isnmcn%iilinn produeis. Figurc 1 shows ihc prcxluci disiribulion lrom c;iwlysl-ircc roiclions. Thc Ihcrm,tl rcaclim 01 NMBB ill 
300 "C yields only Iwo pnducls. 4-mcthylbibcn~yl (4-MBB) and naplhthalcnc (N). Highcr tcmperaturc (4)O "C) gavc 
enhanced cw~vcnion and 111'icc as much product.\. BcsidcsCMBB and N. I-(naphlhyl)-41~rlyI mclhanc (NTM) imd tcln$lin can 
bc iound as hixh lcmwralurc ~nxlucls. Gcnerallv. increased lcmocralurc rcsults in  lower x lcc l iv i iv  The ratio 0 1  m a w  \ ~~ ~ - .  
products in  nur mndcl rcaclinnso\cr IhioL.ut*nc c;it;ilysls (Figurr ?) rcmiiins similar n ~ c r  ii widc lcmpcralurc range. Wc ran 
see in  Figurc 3 mnrc 4-MBB lhan BB and more naphlhalcnc (N) lhan lctrdin. Scwrd  sludics. including Ihc prcscnl w r k  hmc 
shnwn lhal NMBB lcnds 10 undergo clc;ivagc o1 hmd a cnnnccling Ihc naphthyl group 10 Ihc rcmindcr 01 Ihc molcculc when 
subjedcd Io a varicly 01 catalysts under a \'anel). olcondilions. Farcaiu c i  ill. suggcslcd a rcaclinn mechanism in  which ihc 

o i  Ihc Snrmalion nl a radical ciilion. Thc loss 01 clcclrnn dcnsily Ieiidc IO ii uwkcnrd a-hml  which ciin lhcn 
ly easily. This is  in  conirw lo modcl sludics in  which phenyl-containing compounds undergo prclciably b- 

In  lhc work 01- Pcnn and Wang (h)  radical callions ucrc gcncmtd in 
lhc mass spcclromclcr undcr a variety nlcondilions which had lill lc 
i m p c l  on lhc hmd clcvagc plthway. Prclcrcnce lnr kleavagc ivas 
observcd. It was e\plaincd by rcsnnancc stablizalinn (11. the 
iniermcdi;lles lormcd wa bond b clravagc. Both inlcrmcdialcs arc 
I-csonancc skbiliicd. Thcrniiclicm~cd cdculalions ( 3 0 )  shon lhsl 
rcaction pathway b i s  30 kcallmal lower Ibr hrlh neutral and rdid 
cationic spccics lhan pathway a. In contrast. nciilicr of Ihc 
inlcrmcdialcs rcsulling l rom bond a cleavage is stabiliicd. 
H~nscvcr. in Ihc prcscncc o l a  catalyst. the major rcaciion pathway 
mainly involves ihc cleavage ol hmd il (Schcmc 3). These sludics 

~ l k - 3 :  ~ w ~ t i d  c ~ ~ ~ , ~ ~ ~  ,itCr in . l . ( i -rnphth, lmrihgl )h ,~ .~ ,~ l ,  indicaic that a ncw dccompr;iiton pathway mechanism must h 

clca\,age (6). 

h-lbriiion 

+l'c4tion &-@ 00 
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Table I. Hydr~~,-acl;ing 0 1  NMBB ~ w c r  dispersed metal carbonyls and mi& mclal carbonyl with and u,iihoul added sulfur ill 
4x1 'C 

Rwclion 300 400 m 44x1 400 400 400 400 

S Co2(CO)x Crq(C0)X +S 

PrlXhlClS [\VI 11 
Cycliihcunc 1 . 1  2 1  

Tolucnc 0.3 I .4 0 5  0.4 0. I 0.7 0.8 
pXylcnc 0.7 0.2 0. I 0.3 
Tcwdin 0.3 17.3 15.1 21.0 11.7 6 3  5.3 
Naphthalcnc 0.4 n.6 13.n 15.3 s. 1 10.2 5.4 28 0 
2-MTHN l1.X 0.9 0.6 0.x 0.2 
I-MTHN I .x 1.2 2 . 4  0.9 I ,I1 (1.5 
2-MN 11.5 0.4 0.4 0.5 1.2 
I-MN 1.7 I .6 0,s 2.0 (1.4 3.0 

lempcmuire ("C) 
Calillysl Praursor None Nmc Mi(CO)6 Mo(CO)h+ Mo(COk+ M<<CO)6+ Co2(CO)x Cq(CO)8 

+S 

B c 7 m  0.6 0.2 0.7 11.7 0.7 

Bihniyl 
2-MBB 

7.7 10.5 6.3 10.3 I 0 9.9 
0.4 

4MBB (1.6 I .3 34.x 3x5  38.3 40.7 14.0 44.X 
I -NB 0.4 
NTM 0.9 
THNMBB 6.6 
Othcr-THNMBB 7.Y 
Conversion [ut 561 I .O 3.9 X6. I x5 7s.x X6.9 45.6 9s.x 

R w m r  rcsidcncc limc in  prchcatcd sand bath 30 min. \VI 1 baed on Ihc inilial ncighl (>I NMBB Iccd. 

Table 2 Ellccl illinorganic and ih iocuhc- type  precursors on hylrtxracking reaclionsa ol  NMBB ai 3IX)4Xl "C 

Rcaclion 3503 403' 4 W  Joci' 4 X P  3W' ' 3XP 4 X P  4x1'' 
tcmccmlurc PCI  

BCwm.2 0.7 (1.6 4.Y 11.6 0,s 0.6 
Tolucnr 0. I 1.3 1.0 11.6 11') 

Tctralin 6.5 14.2 4.5 X.S 11.5 1.6 6.7 ').4 
Naphthdcnc 14.3 16.9 20.9 13.6 4.3 4.0 I 1 . 0  24.4 23.: 

I-MTHN 0.8 I .2 0.4 0.x 0. I 0.5 O h  

I-MN I .5 1.7 2.7 2.7 fl.6 :.(I 

2-MBB 3.7 (1.2 

Conversion I\vl'k] 55.7 X6.2 70.0 94.7 I 1.7 1I .X 33.5 x(1.3 x7.x 

pxyicnc 0.3 0.5 0 3 0.4 

2-MTHN (1.2 0.4 

2-MN 0. I 0.7 

Bibcn/.yl 3.4 6.3 19.2 6.9 0.3 0.5 1.7 4.7 6.11 

4MBB 28.9 45.1 16.4 445 6.5 6.X I X . 2  411.9 445 

,? 

'' Rcaclor rcsidcncc limc in prchcatcd sand bath: 30 min. ho min. 

Y 
I T  

& 

300 'C 400 'C 1 

Temperature 

Figure I :  Yicld~alpr~xluclsc\cludinggilscs lor non-cowlyiic lhcrmal hydrcx'rackingol NMBB ai 3fKl-JCXl "C. 
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Figure 3. Cdlalylic aclivil) 01 ini\cd lnclill usl-hm>ls and lhc mi\lutc plus addcd suIIui on hydnxracliing crl- NMBB. 
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Figure 4: Elfccl 0 1  lcmpcwlurc on hydrw;rxking ( 3 1  NMBB using ini,r@anic catdlysl piccursors ill 3.504XI "C Iur 311 min 
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