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New Cataiysts for the Indirect Ligﬁgfaction of Coal

Abstract

Series of zeolite-supported iron-containing cata-
lysts with weight percent iron (% Fe) varying from ~1
to ~17% Fe have been prepared from Fe3(C0)33 and the
synthetic zeolites ZSM-5, mordenite and 13X by an ex-
traction technique. The zeolites ZSM-5 and mordenite
were used dn the acid foym, 13X in the sodium fprm.
The catalysts were characterized by a variety of tech-
niques including infrared spectroscopy, X-ray powder
diffractometry, X-ray photoelectron spectroscopy, ion-
scattering spectrometry and Mossbauer spectroscopy.
£11 catalysts contain highly dispersed, small parti-
cle-sized Y-Fey03 with & small amount of the iron
(0.6-1.5% Fe depending on the support) located in the
pores of the support. Evaluation of the catalytic
abiliry of some of these materiale for synthesis gas
conversion was conducted at 280°C and 300°C by using
a fixed-bed continuous flow microreactor. All cata-
lysts evaluated produce significant gquantities of
hydrocarbons. The distribution of hydrocarbons var-
ies, depending upon the support used, for catalysts
with similar weight percent irom. ¥Foxr the liquid
hydrocarbons, Fe/ZS8M-5 produces the highest percen-
tage of aromatics, Fe/mordenite prodnces the highest
percentage of olefins, and Fe/13X produces the high-
est percentage of saturates. The effect of support
acldity and pore structure on hydrocarbon product
distribution is discussed.



Introduction

The use of bifunctional mztal/zeolite catalysts for the con-
wersion of synthesis gas (carbon wonoxide and hydrogen) to gaso-
line range hydrocarbons has recently at;ract“d much attention. For
example, the combination of metal oxides with the medium pore
(~6A) zeolite ZSM-5 and the use of & me el ni*‘rate imprepgnated
Z8M-5 catalyst have been shown to: proauce gasu.!.:tne range hydrocar-
bons contasining &8 high percentage of ‘arcxatiics from synthesis gas
(1-3).

The efficlency and selectivity of & supported metal catalyst
is closely related to the disparsion and particle size of the
wmetal component and to the nature of the intersction between the
metal and the support. For a particular metzsl, catalytic activity
w3y be varied by changing the nmstal dispersion and the support;
thus, the method of synthesis and any pre-treatment of the cata-
lyst ds dimportant in the overall process of catalyst evaluationm,
Supported metal catalysts have traditionally been prepared by im-
pregnarion techrniques that involve treatment of a support with an
aqueous solution of a metal ealt followed by calcination (4). In
the Fe/2SM-5 system, the decomposit:.on of the iron mitrste during’
calcinatien produces G-Fez03 of relatively large crystallite size
(>100 2). This study was initiated in an attempt to produce high-
ly-dispzrsed, thermally stable supported metal catalysts that are
effective for’ synthesis gas conversion. The carbonyl Fe3z{CC)i1,
was used as the source of iron; the supports used were the acidic
zeolites ZSM-5 and mordernite and the non-acidic, larger pore zeo-
iire, 13X.

Experimental

The zeollre supports were calcined in eir prior to use. ZS“-
5 (5i05/A1703 = 30) and mordenite (5i07/Al503 = 11.4) were used in
the acid form (B-2SM-5, H-Mord), and 13X (5i02/A1,03 = 1) used in
the sodium form. Series of zeolite-supported irom catalysts of
weight percent iron (¥ Fe) varying from ~1% to ~17{ Fe were pre-
pared Irom Fe3(CO)jy and the calcined zeolites with cyclohexahe as
solvent by an extraction technique developed in our laboratory
(5). A1l materials were characterized by infrared spectroscopy,
X-~ray powder diffractometry (XRPD), X-ray photoelectron spectro-
scopy (XP5), ion-scattering spectrometry (ISS), and Mossbauer
spectroscopy. The welght percent of iron was determined by atomic
absorption spectroscopy.

For the catalytic activity evaluation, selected materials
were pressed into 1/B imch dismeter pellets, reduced under H; at
300 psig (20.7 bar) and 450°C for 24 hours, and then treated with

synthesis gas (B3/CO = 1/1) at 100 psig (6.9 bar) and 250°C for 24
hours. Catalytic data were obtained by using a fixed-bed continu-
ous flow microreactor. Conditions employed were 300 peig (20.7
bar) pressure of 1/1 synthesis gas, GHSV ~1000 b~ and reactor
tempe .atures of 28B0°C and 3N0°C. The products obtained over a 4B
to 72 aour period from the wicroreasctor were anzlyzed in two frac-
tions. The gaseous effiuweut, including C3;-C; hydrocarbons, was
enalyzed by use of & gas chromatograph that is an intepral part of
rhe microreactor. The liquid product was collected dn rn ice-
cooled trap located sfter a heated (175°C) trap to collect high
molecular weight {wax} products. The liquid product was separated
into .0il &nd agueous fractions; analysis of the oil fraction was



accomplished by FIA chromatos craphy on silice gel (6) and t. einu-
lzted distillation (7)

Results and Discussion

-

Cheracterization. Infrzred spectra of the prepared materizls
do not show the presence of VW(CO) bands; thus, it is concluded
that decomposition of Fe3(C0O)yo accompanies adsorption onid the
Bupports during the preparative procedure. For catzlysts with lou
(<10%Z) iron loading, only the support is detected by XRPD supgest-
ing that the pzrticle size 'of the iron-containing species is <504.
However, zbove ~10% Fe loading a diffraction pattern associated
with y-Fey03 and/or Fe30; is observed in addition to that for the
support, The XPS datz confirm the presence of iron oxide im all
the prepared catalysts; £ detziled study of the XPS data for a
series of Fe/ZSM-5 catzlysts has recently been described (8). Ion
scattering spectrometry, with 4Het eputtering, has been employed
to studr the surface of the iron/zeolite catalysts. For 211 sam-
ples studied, large Fe/Si intensity ratios are obtzined in com-
perison with those ratios from iron/zeolite catalysts prepared by
wver~impregnetion technigues using an sgqueour solution of iron ni-
trate. It is concluded that the iron oxide psrticles in the cestz-
ivste prepareé {row Fe3(C0)1p zre considerzbly smaller then those
obizined by using iron nitraie. Depth profiling studies (XPS and
ISS) hzve dewonstrzted that some iron (~1%) is incerporeted into,
end is strongly interscting vith, the zeclite support; date for
the Fe/ZSM-5 catalvstg hzve Leen reported (8). Recent stucies (2)
of the infrared spectrz of chemisorbed pyridine on Fe/2S¥-5 cata-
lysts prepared by the extrazction technique frox Fe3(CO0),, has sug-
gested that, in the prepared form, the iron is not interzcting
with the support at tbe Bronsteé scid sites vhereas for ison ni-
trate impregnzstec Fe/ZSM-5 cztalyste some ion exchange does take
place. Mossbauer spectroscopy has identified the surface iron-
corteining species gc small particle-sized Y-¥eo,03 inp a2 superpara-~
wagnetic form (10, 11). For Fe/Z8M-5 catalysts, (15% to 1€Z Fe)
msgoetic and Mossbauver studier’ (12) hzave concluded that the car-
bonyl-impregnateé samples contain Y~FepO3 particles of diameter
60-66 £ vhereas the nitrate-impregnated samples contain o-Fej03
of ~100 & diameter.

Characterization of the used catalyste (~15% Fe) has shown
the presence of X-Fes5Cy (Hagg carbide) and Fe30y for &ll materials
investigated., For an Fe/ZSM~5 catalyst, it is estimated that ~BO%
of the iron is in the metallic form after the reduction step (12).
Foliowinp the carbiding step, )- and c-carbides are detected din
addition to Fez0,.

It is concluded from the characterization studies; that the
extraction technique whichk we have employved for the preparation of
zeolite-supported iron catslyets results in the formation of high-
1y dispersed, small particle-sized Y-Fep03 on the support surface
and, in sddition, 2 small amount (~1%Z) of iron present as a spe-
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cies, possibly in = non—oxide form, that interacts s:rongly with

the zeollte support. It i suggested that the strorgly interact-

ing iron mey be incorporated into the pores of the z=zolite;, The

iron component in the prepdred catalysts is readily rteduced to the

metallic form vhich in turn forms iron carbides which are active

for hydrocarbor synthesis., _ i
! - . R

Catalytic Evzlustion.; In order to investipate support ef-
fects in these iron/zeolite catalysts prepared from Fe3(CO)31p by
the extraction technique, three catalysts of simila: weight per-
cent iron load.np wvere evcluated Tor their ability 10 catdlyze .
synthesis gas :onversion; these catalysts were 15.0. Pe/ZSM~5 '
16.4% Fe/Morde.ite andl5.0% Fe/13X. All catalysts vere evzluzted -
under similar conditions &5 described in the experirentzl section. -,
Cztalytic Gatz ig presented in the zccompanying figures; in each:
figure the first three points for each catalyst are datz- obtalned
gt 280°C, the second three points =re data at. 300°C. :

The catzlysts evzluated zre active for synthesis gas conver-
sion; the percent conversion of Hy and CO is shown for each cata-
vat in ure 1 zs = function of time under eveluation conditions
ture. At 2ZB0°C ihe percent conversion of synthesis gas
ith time for vhe acidic zeolite-supported ca tzlysts, :
& Fe/l¥ iordenite, but decreases for the larger pore, non-~
ite
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=Lpporteu c:tclvst Fe/13¥.. The percent ceopversion
T =11 catelysts at 300°C; for Fe/28M-5 &nd Fe/lordenite
ns re==zin constant et thls texnperzsture for severzl
cavs, &l . for re/l:j’).‘the conversion increases with time. The
trends in - s;-thesis gas conversion, perticularly % CO, ere re-
filected in the weight % hyérocarbons, carbon dioxide and water ob-
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igine In the reesctor €ffluent over the period of evazjustion, see
Tigure Z. It dis apparant tust the csrelysts zre effective for the
production of nyérocarbons froc synthesis gas, but zlso cstalyze

the vater gas shift reaction; the 2 hvdroc:rbmns and 7. CO0> obtzined

are grezter &t the higher temperature {300°C) wvhereas the % Bp0 is
less at this tewperature than at 280°C. <

The cistribution of the hvérocarbons is presented in Figures
3(a) through (d) znd Figures 4{z) and (b) as & weipht percent of
the total hyérocarbon product. Figure 4(a) represents Csy hydro-
carbons obtzined from the jce-cooled trap and Fipure 4(b) the high
molecular weight waxy products obtaineé from the heated trap. All
cztzlysts produce & vide range of hydrocarbon products; the Fe/
Z8M~5 catelyst produces the higheet yield of methane and the low-
est yield of oil of the three catalysts investigated., XHigh meth-
ane and low oil yields may be related to the small p="'ticle size
of the iron-contszining species in this catslyst., Cal\on monoxide
cherisorption datz on Fe/Mordenite catalvsts have indicated the
presence of larger particle sizes for the iron-contazining species
in these catzlysts compared with those in the Fe/ZSM-5 catalysts
(13). 1t has also been observed (14) that for the Fe/ZSM-5 cata-
lyst, celecinstiod in air (300°C and 500°C) leads to an increase in
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particle size oi the iron oxidé which Tesults in ca2crézsed methane
"and ircreased oil production for these catalysts compared with the
as-prepared, uncalcined, catalyst. Simulated distillation data
for the o0il px oduct:(C5+ hydrocarbons) obtained by using Fe/ZSM-
and Fe/Mordenite catalysts suggest that ~90% of the product boils
in the gasoline range (<2N4°C) compared with ~70% for the oil ob-
tained by vesing Fe/13X. The Fe/ZSM-5 and Fe/Mordenite catalysts
produce only small amounts of vax whereas Fe/l13X produces signifi-
cant quantities, partnculaxly a2t 300°C. It should be noted that
for the Fe/l3X catalyst, the increase in ¥ CO conversiom at 300°C
with, time is reflected in/the increased productior oi high.molecu-
lar weight hydrocarbons at this temperature. Thus, for synthesis
gas conversion with the acidic. zeplite—supportad catalysts (Fef
28¥-5 and Fe/Mordenite) a lowver molecular weight édistribution of
hverocarbons is obtained compared with that for the non-acidic,
.flarger-pore zeolite-supported catalyst Fef/l3X. It ic apparent
that the pores in the 25M-5 and mordenite zeolites restrict the
formztion of high mwolecular weight bydrocarbon prcducts: and/ox
the presence of Bronsted acid sites in these zeslites results in
the cracking of amy high molecular weight products which may be
formed. HKHowvever, the 13X zeolite with larger-sized pores and the
lack of Fronsted ac1d sites, does nmot have the &ability to restrict
the formztion of high molecular weight products and thus z higher
molecular weight distribution of bhydrccarbons is cbtained.
Filuorescence Indicator Abserption (FIA) chrozztographic
anelysis of the Cgy hydrocarbon fraction was conducted on ezch
sample obtained; the results are presented im Figpures 5(a) through
(c). Comparison of these results for the three cezelysts studied
shows that the vse of the Fe/Z8M-5 catalyst results in the formz-
tion of the highest percentage of zromztics for all samples analy-
zed, for the Fe/Mord catslyst the highest parcentzze of olefins is
obtained and {or the Fe/13X cetalyst, the highest percentage ol
saturates is obtzined in the oil. The reletively high yield of
zromatics {or the Fe/ZSM-5 catalyst may be related to the low pro-
pene/gropane (C3~ /C3) ratio found by uring this catalyst (see Fig-
ure 4(c)). This low ratio demonstrates the ability of the Bronsted
acid sites in this cat alyst to convert propene to aromatic pro-
ducts. It has previ ously been demenstrated that propene is readi-
1y converted into liquid hydrocarbons contalnlng high percentage
of aromstics by the acidic form of ZSM-5 (15). TFor the Fe/Morden-
ite catalyst, it is concluded that the scid sites which are pres~
ent catalyze the oligomerizetjon of light olefins to heavier
(liquid) olefins but are pot as effective as those in the Fe/ZSM-5
catalyst for the prodvection of zromatic byvdrocerbons from propene.
The absence of Bronsted acid sites in Fe/13X evidently allows the
polymerization of hydrocarbon intermediztes to occur resulting in
the formatiocn of higher molecular weight s=sturzted hydrocarbons.
The efféct of weight percent iron on the catalytlc activity
of Fe/zs¥-5 and Fe/l3X catalysts was investigated by comparlson of
the catalytie ~F+B obtained for 7.0% Fe/ZSM-5 with that for 15.

Tor
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Fe/Z8¥-5 and for 7.0% FTe/l1l3X with that for 15.07 Fe/l3X. These
data indicate that an increasé in the weight percent iron loading
results in an increase in the carbon monoxide and hydrogen conver-
sions and an increase in tbe total zmount of hydrocarbons in the
effluent. However, there ils no appreciable difference in the dis-
tribution of the hydrocarbons that are produced.

Conclusions

This study was initisted in an attempt to produce highly-
dispersed, thermally-stzble, zeolite-supported metal cztalysts znd
to investigate the effect of acidity 2nd pore size of the zeolite
on the products obtsined from esynthesis gas conversion. A4s a re-
sult of this study, several conclusions can be made,

First, the use of Fe2(CO0)j33 and an extraction technique for
the preparation of zeolite-supported iron catclvsts results in the
formation of highly-dispersed, smzll particle-sized y-Fes03 on the
zeolite surface with & small amount, ~1 Wt % Fe, present in & non-
oxide Jorm that interacts strongly uuth and mzy be 1ncorporatec
into the pores of, the zeolite.

Second, the irom oxide readily forms the diron carbide )-FegCy
after reduction in bydrogen and subsequent carbiding in synthesis
gas. The thermelly stable, long-~lived.catalysts thzt are DbtchEd
. gre active for synthesis gas conversion.

i Third, the acidity znd pore structure of the zeclite support
are inmpertant factors that imfluvence the distribution eof products
obtained during synthesis pas conversion. The catslysts Fe/ZSM-5
and Fe/Mordenite contain Bronsted acid sites and weciuz-sized
pores and result in the conversion of synthesis gas to geseous and
liguid hydrocarbons containing = high percentage of.unszturates.
Approximately Y0Z of the liquid (oil) products obtzined by using
these catezlysts are in the gasoline boiling range. The catalyst
Fe/13X, which consists of 2 non-acidic, largér-sized pore zeolite
.leads to the conversion of synthesis gas to a higher molecular’
veight distribution of largely saturated hydrocarbons. TFor this
catalyst, zpproxicately 70%Z of the liquid (oil) product obtzined
is in the gasoline boiling range.

'~ Fourth, by careful choice of the zeolite support in the
preparation of a bifunctional catalyst for synthesis gas conver-
sion, the product distribution, particularly for hyvdrocarbons, may
be controlled. This conclusion is of importance in the design of
catalysts for the production of liquid transportation fuels .from
synthesis gas.
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Figure Captions

Figure 1. (a), % Hp conversion; (b), Z CO conversion. W=

15.0% Fe/Z5M-5; @ = 16.4% Fe/Mord; A= 15.0% Fe/13X.

Figure 2. (a), Weight % Bydrecarboms; (b), weight % Car'boﬁ Diox-

ide; (), qe:igﬁt % water in the reactor efflvent.

- Figure 3. (a), Weight % -Cl; (b), weight Z total Cy; {c), weight

% total Cs ax:ua i(d), weight % total C; hydrocarbons of

-total hydrocarbons produced.
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