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New Catalysts for the Indirect Liqu'e.faction of Coal 

Abstract 

Series of zeoliteJsupported Iron-containlng cata- 
lysts with ~ei&ht percent iron (~ Fe) varying from Jl 
to -17~ ~e have been prepared from Fe3(C0)I2 and the 
synthetic zeolites Z~M-5, mordenite and 13X by an ex- 
traction technique. Tl3e zeolites ZSM-5 and morde~.ite 
were used in the acid fo...~n, 13X in the:sodium form. 
The catalysts ~ere characterized by a variety of tech- 
niques includin E infrared spectroscopy, X-ray powder 
diffractometry, X-ray photoelectron spectroscopy, ion- 
scattering spectrometry and M~ssbauer spectroscopy. 
I~ll catalysts contain highly dispersed, small parti- 
cle-slzed 7-Fe203 with a small amount of the iron 
(0.6-1.5~ Fe dependin~ on the support) located in the 
pores of the support. Evaluation of the catalytic 
ability of some of these materials for s)mthesis gas 
conversion was conducted at 280©C and 300°C by using 
a fixed-bed coDtlnuous flow microreactor. All cata- 
lysts evaluated produce significant q~autities of 
hydrocarbons. The distribution of hydrocarbons var- 
ies, ~ependinE upon the support used, for catalysts 
with similar weight percent iron. Fez the llquid 
hydrocarbons, Fe/ZSM-5 produces the highest percen- 
taEe of aromatics, Fe/mordenite produces the hi~lest 
~ercentage of oleflns, and Fe/13X produces the hiSh- 
e~t percentaEe of saturates. The effect of support 
acidity and pore structure on ~ydrocarbon product 
~istribution is ~iscussed. 



/nLrg~un~i0n 

The use  of b i f u n c t i o n a l  matal/zeollte " c a t a l y s t s  f o r  the con- 
version of synthesis gas (carbon ~onoxide and hydrogen) to ~aso- 
flue range hydrocarbons has recently atiracted much attention. ~or 
~_xample, the combination of metal oxides with the m~dlum pore 
(~6A) zeol~te ZSH-5 and the use o f  a m~al i~itrate impregnated 
ZSH-5 catalyst have been sho~m to Dro~ce ~asoi~ne range hydrocar- 
bons contalnin~ a hlgh percentage of aro~@-tics from synthesis ~as 
( ! - ! )  • 

The tfficlency and selectivity of a supported metal catalyst 
is closely related to the dispersion and particle slzeof the 
metal component and to the nature of the interaction between the 
~etal and the support. Yora particular metal, catalytic activity 
~my be varied by changln ~ the metal d~sperslon and the support; 
thus, the ~ethod of synthesis and any pre-treatmentof the cata- 
lyst is important in the overall process of catalyst evaluation, 
Supported metal natalystshave traditionally been prepared by im- 
presnatioD techniques that involve trea~ment o f  a support~-ith an 
aqueous solution of ~ ~atal salt fo!lo~ed by calcination (~). In 
the Fe/ZSM-5 system, the decomposition of the iron n~trste during 
calcination produces ~-Fe203 of relatively larse crystallite size 
(>I00 ~). This study was initiated in an attempt to produce high- 
ly-dispersed, thermally stable supported metal catalysts ~hat are 
effective for synthesis gas conversion. The carbonyl Te3(CO)12 
~-as used as the source of iron; the supports used were the acidic 
zeol~tes ZSM-5 and morder~te and the non-acidic, larger pore zeo- 
iite, 13X. 

Experimental 

The z e o l i t e  s u p p o r t s  ~ e r e  c a l c i n e d  i n  aJLr ] p r i o r  t o  u s e .  ZSM- 
5 (Si02/Al2O 3 -: 30) and ,-oraenite (SiO2/Al203 = 11.4) were used in 
the acid form (H-ZSM-5, ~-Hora), and 13X (SiO2/AI203 = i) used in 
the sodium form. Series of zeolite-supported iron catalysts of 
~eisht percent iron (~ Fe) var}-ing from -l~ zo-17~ Fe were pre- 
pared from Te3(CO)I2 and the calcined zeolites with cyclohex/be as 
solvent b I an extraction tec.hnique "~evelopea in o u r  laborator~ 
(5). All materials were characterized by infrared spectroscopy, 
X-ray powder dlffractome~ry (XRPD), X-ray photoelectron spectro- 
scopy (XPS), ion-scatterin~ spectrometry (XSS), and M~ssbauer 
spectroscopy. The welgh~ ~erc~,t of iron was determined by atomic 
a b s o r p t i o n  spectroscopy. 

For the cataly=ic actlvit~ evaluation, selected materials 
were pressed into l~B ~-Ach diameter pellets, zegueed under R 2 at 
300 psig (20.7 bar) end ~50°C for 24 hours, and then treated wlth 
synthesis gas {el/CO ,= I/i) at lOO "psIE (6.9 bar) and 250~C for 2~ 
~ours. Catalytic data were obtainea by using a flyer-bed continu- 
ous flow microreactor. Conditions employed were 300 psi E (20.7 
bar) pressure of i/i synthesis 8as, GHSV -10O0 h -I and reactor 
tempe .atures of 2800C and ~.0©C. The products obtained over a ~8 
¢o 72 tour perloa from the ~icroreactor were analyzed in two frac- 
tions. The gaseous effluent, including CI-C ~ hydrocarbons, was 
analyzed ~y use of a gas chromatograph that is an integral part of 
the microreactor. The liquid product was collected in .em lee- 
cooled trap located after a heated (175=C) trap ¢o collect high. 
molecular ~e~ght (wax) produces. The l i q u i d  product was separated 
~nto ~il and aqueous fract~.ons; analysis of the oll fraction was 



accomplished by ~IA chrd=ato.~zaph)" on silica Eel (6) and I... simu- 
lated distiSlation (_7). .. 

Results and Discussion 

Characterization. Infrared spectra of the prepared ~aterials 
do not show the presence of \,(CO) bands; thus, it is conc]uded 
~hat decomposition of Fe3(CO)I2 accompanies adsorption onto the 
supports during the preparative procedure. For catalysts with Io~ 
(<I0Z) iron loading, only the support is detected b~ X~PD suggest- 
ing that the particle size of the Iron-contsinin K species is <50A. 
However, above -10~ Te load~ a diffraction pattern associated 
%-ith ]'-~e2O 3 and/or Ye30 ~ is o~served in addition tO that for the 
support. The )~S ~ata confirm the presence of iron oxide i~ all 
the prepared cata!ysts~ a detailed study of the XPS data for a 
ser~es of ~e/ZS~-5 catalysts has recently been described (8). ~on 
scatterinE spectrometry, with 4Be+ sputterlng~ has Seen employed 
to study the surface of the ~ron/zeolite catalysts. For all sam- 
ples stud~ed, large Fe/S~ intensity ratios are obtained in com- 
parison vith those ratios from iron/zeollte catalysts prepared by 
~at-i~pre~nation techr,~ques using an aqueou~ solution of iron ni- 
trate. It is concluded that the ~ron oxide particles in the cata- 
lysts prepared from ~e3(C0)12 are considerably smaller than those 
obtained by using iron nitrate. Depth profiling s{udies (XPS and 
!SS) have demonstrated that &ome iron (-1%) is incorporated i~to, 
and is strongly interactin~ %~th, the aeol~te support; dale for 
the Ye/ZSM-5 catalysts have Lean reported (8). Recent studies (9) 
of the infrared spectra of c~,~isorhed pyr~ine on ~e/ZS}}-5 ca~a- 
lysKs prepared by the extraction technique from Fe3(CO)12 has Sug- 
~e~e~ that, in the prepared form, the iro~ is not interacti~ 
%'~th the support a~ the Bron~ted acid s~tes ~:nar~as for i~on ni- 
trate impregnate6 Fe/ZSN-5 c~zelysts some ion e~:c~anse does tak~ 
place. Mossbsuer spectroscopy has ddantif~ed the surface iron- 
contain.~n~ species as small particle-sized 7-Ye203 in a superpara- 
~agnetlc form,(10 , Ill ) . For ~e/ZSM-5 aatalysts, (!5~ to 16Z Fa) 
maEnetic and Hosshauer studies (122) have concluded that the car- 
bonyl-~pre~natad samples contain ~'-Fe203 particles of did_meter 
• 60-66 A whereas the nitrate-impregnated samples contain ~-~e203 
of -I00 ~ diameter. 

Characterization of Ehe used catalysts (-15Z ~e) has sho~m 
the presence of X-FehC 2 (~'g~ carbide) and ?e304 for all ~aterials 
investigated. For an Fe/ZSM-5 catalyst, it is estimated that ~aOZ 
of the iron is in the metallic form after the reduction step (I~2). 
~ollowiug the carhidiug step, X- and s-carbides are de~ected in 
~d~ition to Fe30 &. 

It is concluded from the characterization stud~es~ that the 
extraction technique ~hich ~e ha~e employed ~or the preparation of 
zeolite-supported iron catalysts results in the formation of high- 
.ly dispersed, small partlcle-sized T-Fe203 on .the support surface 
and, i~ addition, a small amount (~i~) of iron present as a spa- 



c~es,, possibly in a non-ox~ide form, that interacts s =rongRy ~.ith 
the zeolite sulport. It i~ suggested that the stror.gl y interact- 
ing iron may be incorporat~:d into the pores of the zeolite~ The 
• I . . ' 

z r o n  component in the prepared catal~sts zs readily reduced lco the 
mete_lie form %'hich in turn forms iron carbides w~nch are active. 
for hb, drocarbor, s)unthasis., : '~ 

I { 
Catal},tic Evaluation. i In order to investigate support ef- 

fects in th'ese iron/zeolit~ catalysts prepared from Fe3(C0)I2 b}, 
the exlracrion technique, three catalysts of simile: weight per- 
cent iron ]oad./~g were evalluated for their ability lo cat'~.J.~'ze ; 
s}-:thesis gas ~onversion; {~hese catalysts were 15.0:.' Fe/Z$.~-5,. 
16.4% Fe/~'~orde:.ite andl5.0~..ve/13X. All catalysts vere e~:a]uated :,' 
under similar condEt~ons a's describaa in the experir.en:al section. '-. 
Catal~,tic data is presentdd in the accompan3'ing figures'; in e~ch ~. 
figure the first three points for each catalyst are dat'a.ohtained :" 
at 280~C, the second three points are data at,. 3O0=C. :'" '. 

The cata!vsts evaluated are active for s~nuthesis gas conver ~- 
" c ". 

s~on; the percent convers.-lon of I~ 2 and CO is sho~m for each cata- 
3},st in. _~gure ! ~=-_ =- func'rion of tix~e, under evaluation conditions' 
and te_=p&razure. At 280=C t.%.e percent conversion of s3nuthesis gas 
~.~creases with rim£., for t;he acidic zeolite-supported cataly~t.=, ~' 
Yc/ZEH-5 and Fe/.~;or.denit~., but decreases for the ]arger pore, non- 
acddie zeoiltc-supporte~, catalyst Fe/13X.. The percent con versEon 
L-,creases for all c="La!ysts ~t 300=C; for Fe/ZSH-5 and Te/~.;orden~te 

t b lhe conversio-:s remain constant at this te~perature for several 
£~vs, although for Fe/lSX the con.version increases "-'~th t'~me. The 
%ren6s it, % sD-3thesis g~:s conversion, par=icu~arly t CO, are re- 
flected im the ~eight "~/ hydrocarbons, carbon dioxide and ~'ster 05- 
~a=.ned ir~ ~he reactor dffluent over the period of e'.'a3uatJon~ see 
Ti£ure _. ~ It is apparent tLat the catalysts_ are effectix, e for th~ 
proeuctJon of hydrocarbons fro= s}-nthesis gas, but also ca~al}-ze 
the waLer gas shif~ reaction; the ~ hydrocarbons ~_nd % CO 2 o~ai~ed 
are greater at the hi~;her temperature [30O°C) whereas Khe ~ ~.20 i~ 
less at this te-moerature than at 280~C. 

The. distribution of the hydrocarbons is presented in ~igures 
3(a) through (d) and Figures ~(a) and (b) as a ~eight percent o f  

the total hydrocarbon product. ~ig°,,re 4 (a) represents C5+ ]~ydro- 
~-arbons obtair:e~ fro~ the ~ce-coo]ed trap .and Figure 4(b) the high 
molecular weight wa~.~" products obtained from the heate~ trap. All 
catalysts produce a ~-~de range of hydrocarbon products; the Fe/ 
ZS.H-5 catalysL produces the ~ighast yield of methane and the low- 
est yield of oil of the three catalysts investiKated. High meth- 

ane and low oil yields may be related to the small p'.-' ticle size 
of the iron-containiug species• in th~s catal:yst. Ca:', on monoxide 
chemisorption date on Fe/].~ordenite catalysts have indicated the 
presence of larger particle sizes for the iron-conteini~K species 
in these catalysts compared with those in the Fe2ZSM-5 catalys~s. 
(13). It has also been observed (!_~4) that for" the ~e/ZSM-5 cata- 
lyst, calcina~io~ im air (300=C and 500=C) leads to an increase in 
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par t i c l e  s±ze.of"the i ron oxid~ which ~ e s u l t s i n £ e c r ~ a s e d  neLhane 
~and inhreasad oil production for these catalysts compared with the 
as-prepared~ uncalcined, catalyst. Simulated distillation data 
for the oil p=oduct,(Cb+ hydrocarbons) obtained b x usin& Fe/ZSM-5 
and:Fe/Mordenite catalysts suggest that ~90~ of the~product boils 
in the Easoline range (<204°C) compared with -70Z for the oil ob- 
tained by usin E Ye/13X. The Fe/ZSM-5" and Fe/Mord~nite catalysts 
produce only small amounts of wax'whereas Fe/13X ;roduces signifi- 
cant quantlties, particularly at 300cC. ~t should be noted that 
for the Fe/13X catalyst, the increase in ~ CO conversion at 300°C 
with. time ~s reflected in~the increased productio~ o~ high molecu- 
lar • yei~ht hydrocarbons aE this temperature. Thus, for s3mthes~s 
~as :conversion with the a'cJdic zeolite-supported catalysts (Fe/ 
Z$[~-5 and Fe/Mor~en~te) a loner molecular ~eiEht 4istrlbution of 
hydrocarbons is obtained compared ~ith t,hat for the non-acldic, 

..larger~pore zeol~te-supported catalyst Fe/13X. It is, apparent 
that the pores in the ZSM-5 an~ mor~enite zeolites restrict the 
formation of high mqlecular weight hydrocarbon prdducts:iand/oz 
the presence of Bronsted acid sites i~ these zeolite~ results in 
the cracking of any hlgh molecular weight products ~hich may be 
for~:ed. Hovever~ the 13X zeol~te ~ith larger-sized pores and the 
lack of ~ronsted acid sites, does not have the ability to restrict 
the formation of high molecular ~eight produces and thus a higher 
molecular weight distribution of bydrocarbqns is obtained. 

Fluorescence Indicator Absorption (FIA) chro=mto@raphic 
analysis of the C5+ hydrocarbon fraction ~as c o n d u m t e d  on e~ch 
sample obtaimed; the results are presented in Y~ures 5(a) through 
[c). Comparison of these results for the three ~:a]ysts studied 
sho~s that the use of the Ye/ZSH-5 catalyst results ~n the forma- 
tion of zhehi~hesz percentage of ar0=at~cs for all samples analy- 
zed, for the ~e/Mord mazalyst the hi,hear percentmEe of o3efins is 
obtained and for the Fe/13X catalyst, the hi~hest percentase of 
saturates is obtained in the oil. The relatively high ~iel~ of 
aromatics for the Fe/ZSH-5 catalyst may be related t o  the low pro- 
pene/p~opane (C3"]C3) ratio found bl using this catalyst (see Fig- 
ure ~(C)). This Io~ ratio demonstrates the ability of the Bronsted 
acid sites i~'this catalyst to convert propane to aromatic pro- 
ducts. It has prevlously been demonstrated ~hat propane is readi- 
ly converted i n t o  l~quid hydrocarbons containing a h~h'~ercente~e 
mf aromatics by ~he acidic form of ZSM-5 (15). For ~he Ye/Morde~- 
ire cata]~st, it is concluded that the mcid-sites =hich are pres- 
ent catalyze the oligomerizm~ion of light olefins to heavier 
(liquid) olefins but are not as effective as those in the Fe/ZSM-5 
cazal~st for the production of aromatic hydrocarbons from propane. 
• he absence of Br~nsted acid sites in ~e/13X evidently allo~s the 
pol3~erizatlon of h~drocarbon intermedimtes to occur resultins i~ 
the formation of higher molecular ~eight saturated hydrocarbons. 

The ef/&ct of weight percent iron on the catalytic activity 
~f ~e/ZSM-5'and ~e/13X catalysts vas investigated by comparison of 
xhe catalytzq~ata obtained ~or 7.0Z Fe/ZSM-5 with that for 15.0% 



Fe/ZSM-b and for 7.0% Fe/13X ~ith thst for 15.0% Fe/13Z. These 
data indicate that an increase in:the weight percent iron loading 
results in an increase in the carbon monoxide and hydrogen conver- 
sions and an increase in =he total amount of hydrocarbons in the 
effluent. Bowever, there is mo appreciable difference in the dis- 
trihution of the hydrocarbons that are produced. 

Conclusions 

This stud x yes initiated in an attempt to produce highly- 
dispersed, thermally-stable~ zeolite-suppDrte~ metal cstalysts and 
ro investigate the effect of acidity and pore size of the zeolite 
on the products obtained from synthesis gas eonversEon. As a rz- 
sult of this study, several conclusions can he made. 

First, the use of Ye~(CO)12 and an extraction technique for 
the preparation of zeolite-supported iron cHtalysts results in the 
formation of high~y-dispersed, smmll particle=s~zed T-Ye203 on the 
zeolite surface with a small amount, -1 ~t ~ Fe, present in a non- 
oxide form that interacts strongly %~th, and may be incorporated 
into the pores of, the zeol~te. 

Second, the iron oxide readily forms the iron carbide X-Fe5C 2 
after reduction in hyd#ogen and subsequent carbiding in synthesis 
gas. The thermally stable, long-lived catalysts that are obtained 
are active for synthesis ~as conversion. •. % 

Third, the mcddi~y an~ pore structure of the zeolite support 
are important factors tPmt influence the distribution of products 
obtained during s3~thesis gas conversion. The catalysts Fe/ZSM-5 
and ~e/~ordenite contain Bronsted acid sites and med~ux-sized 
pores and result in the conversion of synthesis gas to ~aseous and 
liquid hydrocarbons containimg a high percentage of,~nsaturates. 
Approximately 9DE of the liquid (oil) products obtained by usin~ 
these catalysts are it, ~he gasoline boiling range. The catalyst 
~e/13X, which consists of a non-acidic, larger-sized pore zeolite 
~eads to the conversion of synthesis gas to a higher molecular.' 
veight distribution of largely saturated hydrocarbons. ~or this 
catalyst, approximately 70~ of the liquid (oil) product obtained 
is it, the gasoline boillmg range. 

~ourth, by careful choice of the zeolite support in the 
preparation of a bifu~ctional catalyst for synthesis gas conver- 
sion, the product distribution, particularly for ~ydrocarbons, ~a F 
~e controlled. This conclusion as of importance in the design of 
.catalysts for the production of liquid transportation fuels.from 
synthasls gas. 



L~teraXure Cited 

1. Dv~er, F. G.; Ga~ood:W. Z. U.S. Pat:eat. 1979, 4,172,843; 
Chang, C. D.;  Lang, Y. H. U.S. Paten~. i979, 4,2B0,516. 

2. Chang, C. D.; Lang, W. R.; Silvestri, A. J. J. Cat al. 19791 
56, 268. 

3. Rao, V. U. S.; G0rmley, R. J. Bydrocarbon Proc. 1980, 59 
(11), ~ 9 .  . . . . .  

4. Anderson, J. R.; "Structure of Metallic C~talyst~ "; Appendix 
;II, Academic Press: London, 1975. 

• ; - Y '~" ~.adcam, K. J. 5. Melson, G. A. Crawford, J. E., Crlt~es, 3 .  Z/' 
to be published. : ,: 

6. "Annual Book of ~Jnerlcan Society for Test'%r/~ and Materials 
Methods" Amerlca~ Sociel:y for Testing an6" Materials: Phila- 
delphia, 1977, ASTM ~ D1319-77. /[ ,, ~ I;. . 

7. ~mual Book of American ..ociety for TesI%Ing and Materials 
Methods" American Society [or Testing a1~d ~ateriels: Phila- 
~elphla, 197B, AS:[~ g D2887-73. i{ 

~. Stencel, J. M.; Diehl, 3. R.; Douglas, L!I 3.; Spitler, C. A.; 
Crawford, J. E.; Melson, C.A. Colloids\and Surfaces 1982, 

B3z. 

9. Rhee, K. H.; Rao, ~. ~. 5.; Stencel, J .  M.; Helson, O. A.; 
Cra~fford, J. E. J. Catal. submltEed. 

I0. Monta~o, P. A. private communication. 
II. ~ulay, L. ~. private communicat.~on. 
12. OBerm2er , R. T.; Mulsy, L. N.; Lo, C.~ Oskooie-TaBrlzi, M.; 

s .  !-b.Pa- 
'13. Cood~lu, J. A.; Ir~,dm, K. private communJu'ation. 
• 4. Crawford, J. E.; Malson, ~. A. unpuB!ishid resu3ts. 
15. But~ez. S. A.; KaedinB, ~. ~. U.S. Pata~t.. 1979, 3,972,832. 

F i g u r e  Cagr ions 

1=igure i. ( a ) ,  ~ B 2 c o n v e r s i o n ;  ( h ) ,  Z CO c o n v e r s i o n .  ~ =  

15.0% Te/ZSM-5; O= 16.4% Fe/Morfl; •= 15..0Z Te/13X. 

Figure 2. 

• YiEure 3. 

Ca), Weight ~ Bydroca rbons ;  (b ) ,  we igh t  % Carbon Diox-  " 

i d e ;  ( c ) ,  w..eight Z wa te r  i n  t h e  r e a c t o r  e f f l u e u t .  
. ,  

(a), Weigh~ ~ Cl; (b), weiBht ~ total C2; (c), weight 

total C 3 at~d (d), weight ~ total C~ hydrocarbons of 

.total hydrocarbons  p r o d u c e d .  

6 



Fi~oure. ~... 

Pi&ura 5. 

,-~- ~i&,ht-.~. oii (c5+)~ (b), ~e~&ht ~. "~x of "koran-" ' 

hydrocarbons produced; (c), propane/propzne r a t i o  :fox 

C 3 hydrocarbons. 

(a), Wei&~t 7" aromatic~s; (b), ~eight Z ~lefins; (c),, 
• . ' .;.'-'" :" :"-C: 

~eight Z saturates -in the oil (C~ hydrogarbon) pro- 

d u a t .  

.',t" 
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