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Abstract

Surprisingly, although the impacts of promoters such as K and Cu on the activity of Fe catalysts have been studied extensively, the effects of
many other potential promoters for Fe catalysts similar to the commercial Ruhrchemie catalyst have not been significantly investigated or compared
directly in a comprehensive study reported in the literature. In this study, the impact of adding various different transition metals (Cr, Mn, Mo, Ta,
V, W, and Zr) on the catalytic properties of precipitated bulk Fe-based catalysts was investigated using the same preparation method and reaction
conditions. All of the Fe catalysts prepared in this study exhibited high BET surface areas with excellent metal distributions. The addition of the
third metal in addition of Fe and Cu (all except W) increased the activity of the Fe catalyst for CO hydrogenation and for the water—gas shift (WGS)
reaction, with Cr-, Mn- and Zr-promoted Fe-based catalysts exhibiting the highest catalytic activities. However, hydrocarbon selectivity was not
affected by the presence or type of added third metal. The enhanced activity of the Fe catalyst by third metal promotion (with the exception of Mn
and Zr) appears to have been primarily due to a higher degree of Fe dispersion on the surface of catalyst whereas the higher activities observed

for Mn- and Zr-promoted Fe catalysts were especially due to higher TOF per, values based on CO chemisorption.

© 2008 Published by Elsevier Inc.
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1. Introduction

Gasification followed by Fischer-Tropsch synthesis (FTS)
is an established technological route for upgrading natural gas,
coal, and biomass to liquid fuels and other chemical products.
Fe and Co catalysts are currently used in industrial practice.
Although Fe catalysts are not as active as Co-based catalysts,
they show high water—gas shift (WGS) activity, which makes
Fe catalysts more suitable for the conversion of low H,/CO
ratio syngas derived from coal or biomass [1-3]. Commercial-
grade Fe catalysts for FTS typically consist initially of bulk Fe
oxide promoted with Cu (a reduction promoter), K (a chemi-
cal promoter), and SiO; (a structural promoter). Adding Cu to
Fe catalysts facilitates reduction of Fe,O3 to Fe304 or metal-
lic Fe [1,2,4-6]. The addition of SiO; is used to increase the
surface area of the catalyst and to improve its attrition resis-
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tance, which is needed for FTS in a slurry phase reactor [5,7].
Longer-chain hydrocarbon products and better olefin selectivi-
ties are promoted by the addition of K [2,3].

Numerous studies have shown that the addition of transition
metals can result in an enhancement of the activity of Fe-based
FTS catalysts. For instance, Mn-promoted Fe catalysts (FeMn
where Mn <15%) demonstrated higher light olefin (C,—Cy)
formation compared to unpromoted Fe catalysts [8—11]. Mo-
promoted Fe supported on activated carbon also showed sig-
nificant catalytic stability [12]. Increased catalytic activity has
been observed for FeOOH supported on ZrO; [13]. Adding Cr
enhanced the selectivity of precipitated Fe catalysts for longer-
chain hydrocarbon products [14].

Several research groups have suggested, based on evidence,
that Fe carbides, not metallic Fe, play a critical role in the ac-
tivity of Fe-based catalysts for FTS [15-19]. If this is so, then
the active sites of Fe-based FTS catalysts likely should exist in
a carburized state on the surface. Therefore, it seems that the
ability of the Fe catalyst to maintain a carburized surface may
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be the key to increasing and maintaining its long-term activ-
ity. The addition of another transition metal to bulk Fe catalysts
could result in improved catalyst activity if it helped maintain
or gave rise to the formation of more active carbide species.

Surprisingly, to date there appears to have been little or no
study of the impact of a wide variety of different transition met-
als, such as Cr, Mn, Mo, Ta, V, W, and Zr, on the catalytic
properties of bulk Fe-based catalysts having similar prepara-
tion methods and reaction conditions. Although the impact of
added Mo [12] or Mn [8,10,11,20,21] on the activity of Fe cat-
alysts has been studied, to the best of our knowledge, no study
has been done on an Fe-based catalyst containing Cu and SiO»
similar to a commercial Ruhrchemie catalyst, a standard in the
FTS area. The study of the effect of added Zr on Fe FTS cat-
alysts also has been studied only modestly [22]. Most of these
studies focused on catalyst systems in which Zr was used as a
support (ZrO3) [23,24]. In addition, fundamental studies of the
impact of the addition of Cr, Ta, V, or W on the activity of Fe-
based FTS catalysts have not been reported to date, although
some patents have claimed the use of Cr and V as promoters
for Fischer—Tropsch synthesis catalysts [14,25].

In this work, transition metals such as Cr, Mn, Mo, Ta, V,
W and Zr, which are all known to form metal carbides [2],
were added to a series of Fe-based catalysts with the gen-
eral formulations of 100Fe/5Cu/17Si and 95Fe/5Me/5Cu/17Si,
where Me was the third metal present in addition of Fe and Cu
(i.e., Cr, Mo, Mn, Ta, V, W or Zr). Metals able to form car-
bides were hypothesized to have the potential for interesting
interactions with Fe since Fe carbide formation occurs during
FTS. The formation of mixed metal carbides could even be
possible. To distinguish more clearly the effects of Me, K pro-
motion was not used for any of the catalysts here. The cata-
lysts were investigated using CO hydrogenation and various
characterization techniques. Catalytic activities and selectivi-
ties for hydrocarbon products were compared to those for the
benchmark catalyst, 100Fe/5Cu/17Si, without third metal pro-
motion.

2. Experimental
2.1. Catalyst preparation

Catalysts for FTS were prepared according to the gen-
eral formulations of 100Fe/5Cu/17Si (benchmark catalyst) and
95Fe/5Me/5Cu/178Si (third metal-promoted Fe catalysts) where
Me indicates the third transition metal (Cr, Mn, Mo, Ta, V, W
or Zr). Compositions are all given on a relative atom basis.

The catalysts (100Fe/5Cu/17Si and 95Fe/SMe/5Cu/17Si)
were prepared using a pH precipitation technique [26]. For
the 100Fe/5Cu/17Si catalyst, Fe(NO3)3-9H,0 (~0.6 M) and
CuN>0Og-3H,0 were first dissolved together in 60 ml of H,O,
whereas tetraethylorthosilicate (Si(OC;Hs), TEOS) was dis-
solved in 40 ml of propanol. The solutions were mixed together
and 100 ml of final solution was obtained. The final solution
was then heated to 83 £ 3 °C. Subsequently, aqueous NH4OH
(~2.7 M) preheated to 83 & 3 °C was continuously added into
the solution containing Fe, Cu, and Si precursors under vigor-

ous stirring until precipitation. The resulting pH after formation
of a precipitate was 8-9. The precipitate was aged in a vessel
at room temperature for 17 h and then thoroughly washed with
1.3-1.5 1 of deionized water to remove excess NHz until the
pH of the washed H>O was 7-8. The washed precipitate was
dried in an oven for 18-24 h at 110 °C to remove excess wa-
ter. After drying, the catalyst precursor was calcined in static
air at 300 °C for 5 h, then cooled to room temperature over a
2-h period in a muffle furnace. The fresh calcined catalyst was
sieved <90 um before reaction testing and other characteriza-
tions.

Similarly, 95Fe/5Me/5Cu/17Si catalysts were prepared us-
ing the same procedure as the 100Fe/5Cu/17Si catalyst except
that Cr(NO3)3, Mn(NO3),, MoO3, Ta(OC,Hs)s, V(CsH70,)3,
WClg, or ZrO(NO3); (as the precursor for Cr, Mn, Mo, Ta, V,
W, or Zr, respectively) was dissolved in either the solution of
Fe and Cu (in 60 ml of H>O) or the solution of Si(OC,Hs)4
(in 40 ml of propanol), depending on its solubility properties.
Then the two solutions were mixed to obtain the final solu-
tion of 100 ml which was then heated to 83 £ 3 °C. The fol-
lowing steps were then the same as those for the preparation
of the 100Fe/5Cu/17Si catalyst. For the W-promoted Fe cata-
lyst, the catalyst was washed 4 times with hot deionized water
(90°C) after calcination to remove any remaining CI~ impu-
rity from the precursor [27]. Catalyst nomenclatures used are
100Fe, FeCr, FeMn, FeMo, FeTa, FeV, FeW, and FeZr for the
benchmark and Cr-, Mn-, Mo-, Ta-, V-, W- and Zr-promoted Fe
catalysts, respectively.

2.2. Catalyst characterization

2.2.1. Physical adsorption

BET surface areas, pore volumes and average pore diam-
eters were determined by N> physisorption at 77 K using a
Micromeritics ASAP 2020 automated system. A 0.3 g cata-
lyst sample was degassed at 100°C for 1 h and then heated
at 10 °C/min to 300 °C and held for 2 h before analysis.

2.2.2. Catalyst composition

Elemental analysis was performed to determine the elemen-
tal composition of the fresh calcined catalysts and the carbon
content of the catalysts after reaction using inductively cou-
pled plasma optical emission spectrometry (ICP-OES) and the
combustion method, respectively. These analyses were done by
Galbraith Laboratories Inc. (Knoxville, TN). Elemental compo-
sitions of the prepared Fe catalysts as determined by ICP-OES
were found to be the expected values within an error of +10%.

2.2.3. X-ray diffraction (XRD)

The XRD spectra of the catalysts were collected using
a Scintag 2000 X-ray diffractometer with monochromatized
CuK, radiation (40 kV, 40 mA) and a Ge detector with a step
scan mode at a scan rate of 0.005° (260) per second from 10°—
90°.
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2.2.4. Scanning electron microscopy (SEM) and energy
dispersive X-ray spectroscopy (EDX)

The morphologies of the catalyst samples and the elemen-
tal concentrations of the catalyst surfaces, as well as elemental
distributions, were studied using SEM and EDX, respectively.
SEM and EDX were performed using a Hitachi FESEM-S4800
under the scanning electron (SE) mode. The accelerating volt-
age was 20 kV with a working distance of 14 mm.

2.2.5. Passivation

Characterization of the catalysts after reaction required
proper passivation before exposure to air. This procedure was
necessary to prevent rapid oxidation of the catalyst upon ex-
posure to O in the air when being removed from the reactor.
Passivation was done by introducing a flow of 40 cc/min of
2% O in He to the catalyst at 35 °C. During passivation, the
temperature of the catalyst samples generally increased about
5-7°C then decreased back to the original temperature. When
properly performed, passivation leads to only a few nm of an
oxide layer on the surface of the catalyst particles [28].

2.2.6. Temperature-programmed reduction (TPR)

Temperature programmed reduction (TPR) was performed
using an Altamira AMI-1 system to determine reducibility of
the calcined Fe catalysts. The catalysts (0.1 g) were reduced in
a flow of 5% Hj/Ar (30 cc/min) with a ramp rate of 2 °C/min
to 800 °C. % Fe reducibility also was determined for the reduc-
tion procedure used before reaction by ramping the temperature
to 280 °C at 2 °C/min and then holding for 12 h before increas-
ing the temperature to 800 °C. A thermal conductivity detector
(TCD) was used to measure H, consumption. The detector out-
put was calibrated based upon 100% reducibility of Ag,O pow-
der, and a H>O trap was used to remove H>O produced during
the reduction.

2.2.7. CO chemisorption

CO chemisorption was performed using a Micromeritics
ASAP 2010 automated system. Before CO chemisorption, 0.1 g
of fresh calcined catalyst was evacuated to 107% mm Hg at
100 °C for 30 min; then, it was reduced under flowing H at
280 °C for 12 h (2 °C/min). The catalyst was evacuated again at
280 °C for 60 min to desorb any Hj. The chemisorption analy-
sis was carried out at 35 °C. An average CO:Fe, stoichiometry
of 1:2 was assumed [29].

2.3. Reaction kinetic measurements

Fischer—Tropsch reaction was carried out in a quartz mi-
croreactor (i.d. = 8 mm) with a maximum conversion be-
low 10% to minimize temperature and concentration gradients.
A catalyst (0.1 g) was pretreated (reduced) in situ at 280 °C un-
der 30 cc/min of H, (National Specialty Gases, Zero Grade) for
12 h (the temperature was ramped at 2 °C/min). After pretreat-
ment, the catalyst was flushed with 30 cc/min of He (National
Specialty Gases, UHP) for 15 min before reaction. The reaction
was carried out at 280 °C and a constant pressure of 1.8 atm.
The total flow rate of the reaction mixture was kept constant

at 60 cc/min (STP) which consisted of 5 cc/min of 95% CO
+ 5% Ar (National Specialty Gases) and 10 cc/min of Hj in
a balance of He to produce a H,:CO ratio of 2:1. The reac-
tion line and sampling valves were maintained at 230 °C with
heating tape to avoid condensation of higher hydrocarbon prod-
ucts. The effluent samples were analyzed using a Varian 3700
GC equipped with an AT-Q 30 m x 0.53 mm Heliflex capillary
column with a flame ionization detector (FID) for hydrocarbon
detection and with a Carbosphere 80/100 6’ x 1/8” x 0.085”
SS packed column with a thermal conductivity detector (TCD)
for CO and CO; detection.

The reaction carried out in this study was free from heat or
mass transfer limitations. No internal or external mass transfer
limitations were detected when particle size of the Fe cata-
lyst (38—140 um) and total flow rate (60—100 cc/min) were
varied, respectively. The apparent activation energies (E,) of
the reaction for Fe catalysts were determined by plotting re-
action rate vs 1/T (not shown). All E, values were found to
be 93-108 kJ/mol over a temperature range of 260-300 °C,
similar to what has been reported in the literature [21,30,31].
All experimental rate measurements were reproducible within
a maximum error of +5%.

3. Results and discussion
3.1. Catalyst characterization

3.1.1. BET measurements

The BET surface areas, pore volumes and pore sizes of the
catalysts as prepared are shown in Table 1. Me-promoted Fe cat-
alysts showed lower average pore sizes but slightly higher BET
surface areas than those of the benchmark catalyst (100Fe),
with the exception of W which exhibited the lowest surface
area.

3.1.2. XRD

There were no discernible diffraction peaks for any oxide
phases of Fe, Cu or Me for the fresh calcined catalysts (not
shown). This indicates that all catalysts were XRD amorphous
having average oxide crystallite sizes <4—5 nm based on the
wavelength of CuK,, radiation. In this sense, precipitated SiO»
must have been well dispersed throughout the catalysts causing

Table 1

BET surface area, pore volume and pore size of the Fe-based catalysts

Catalyst? BET S.Ab Pore volume® Average
(m?/g) (em3/g) pore® size (A)

100Fe 329 0.34 42

FeCr 351 0.29 33

FeMn 354 0.33 38

FeMo 342 0.27 32

FeTa 341 0.29 34

FeV 338 0.26 30

FeW 295 0.25 34

FeZr 350 0.29 33

4 All catalysts also contain 5Cu and 17Si.
b Max error = +5%.
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the average crystallite sizes of even the major component Fe
oxides to be very small.

3.1.3. SEM and EDX

Catalyst granule morphologies for the 100Fe catalyst ob-
served using SEM are shown in Fig. 1. In general, catalyst
granules were faceted and irregular shaped with some uneven
surfaces. No difference in granule morphologies among the
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Fig. 1. SEM micrograph of the 100Fe catalyst.
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catalysts with different metals was observed (not shown). Al-
though SEM revealed that the diameters of the catalyst granules
were in the range of 10-60 um (Fig. 1), all Fe catalysts were
XRD amorphous. This suggests that catalyst granules as ob-
served by SEM must have composed of thousands of very small
Fe oxide crystallites bound together. It has been suggested that
the presence of SiO; increases the surface area of precipitated
Fe catalysts by preventing the sintering of Fe; O3 crystallites [3]
and acting as the binding agent [7]. Therefore, very high BET
surface areas of catalysts were obtained.

EDX mapping was used to analyze the elemental distribution
on the surface of the freshly calcined catalyst particles. As seen
in Figs. 2a and 2b for the benchmark 100Fe and FeMn catalysts,
respectively, all particles of the catalysts contained primarily ca.
60% Fe (bulk Fe catalysts). All elements also were well distrib-
uted on the surface of the catalyst particles, with no obvious
segregation. This also was observed for the other Me-promoted
Fe catalysts (not shown).

3.1.4. Temperature-programmed reduction (TPR)

A comparison of TPR results for all Fe catalysts and a pure
Fe,O3 powder (reference) is shown in Fig. 3. It is reasonable
to assume that only the Fe,O3 phase was primarily present af-
ter calcination based on the similar TPR profiles for all the Fe
catalysts prepared in this study. Previous work in our lab has
shown that only Fe,O3 is able to be detected after calcination
of a similar catalyst system [32]. Comparing the TPR profiles

Fe Kat

Cu Kai

Fig. 2. SEM micrograph and EDX mapping of fresh calcined (a) 100Fe and (b) FeMn granules.
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Fig. 2. (continued)

of the calcined Fe-based catalysts and the pure Fe,O3 powder
clearly shows that the presence of Cu (in all catalysts) facili-
tated the reducibility of the Fe, as is well known [1,2,5]. Fig. 3
reveals that all the catalysts showed 2 distinct peaks at temper-
atures of approx. 215 and 600 °C. It has been suggested that the
reduction of Fe;O3 occurs via 2 main steps: Fe,O3z — Fe30q4
— Fe. These 2 elementary reactions have been assigned to the
first and second peaks in the TPR profiles, respectively [33-35].

To be able to determine the amount of Fe reduced before
reaction, the most important reducibility number, TPR was car-
ried out using a similar reduction procedure as used before

reaction (i.e., pretreatment in a flow of Hj at 280 °C for 12 h).
After ramping the temperature 2 °C/min to 280 °C, the tem-
perature was held at 280 °C for 12 h before being ramped up
to 800 °C. Fig. 4 clearly shows that holding 100Fe at 280 °C
for 12 h did not increase the reducibility of Fe. Therefore, only
the first reduction peak during TPR accounts for the reduction
of Fe under the standard reduction procedure used. % Fe re-
ducibility in Table 2, therefore, was calculated only from the
first TPR peaks shown in Fig. 3 and represents the degree of re-
ducibility of the catalysts before chemisorption or reaction. In
this complicated catalyst system containing multiple metals, the
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Table 2
Results from TPR of and CO-chemisorption on the Fe-based catalysts studied
Catalyst? H,-TPR CO-chemisorption
Peak tempt:ratureb Fe reducibility® Total CO chemisorbedd Fe dispersion®
O (%) (umol/g) (%)
100Fe 215 35 120 2.6
FeCr 207 39 232 5.3
FeMn 241 33 155 3.5
FeMo 228 36 148 3.6
FeTa 215 35 139 34
FeV 249 36 157 3.8
FeW 222 32 107 2.6
FeZr 215 37 169 39

All catalysts also contain 5Cu and 17Si.
Max error = £2%.

a
b
¢ % Fe reduced during standard reduction (280 °C for 12 h). Max error = £5%.
d
€

Determined by extrapolating the total chemisorption isotherm to zero pressure. Max error £3%.
Based on total CO chemisorbed, % dispersion = 2 x total CO chemisorbed/total number of Fe atoms.

280°C 605°C

Few

\ FeV
—/[L/X FeTa
‘ FeMo

FeMn

FeCr

100Fe

Relative Hp consumption (a.u.)

100Fe hold at 280°C

M pure Fe,0,

T T T T T

0 150 300 450 600 750

Temperature (°C)

Fig. 3. TPR profiles of the fresh calcined Fe-based catalysts.

calculation of % reducibility of Fe was based on an assumption
of only the reduction of Fe,O3 — Fe since it is likely that some
Fe, O3 could be reduced to FezO4 and then Fe rapidly for small
Fe crystallites with the presence of Cu. This is not absolutely
correct and should only be considered as an approximation.

% Fe reducibility shown in Table 2 reveals that the promo-
tion of Fe catalyst with a third metal did not increase the re-
ducibility of Fe, resulting in relatively the same Fe reducibility
of about 32-39%. However, adding a third metal had an impact
on the reduction peak temperatures which varied depending
upon the added third metal. The reduction peak temperature of
FeCr was shifted to a lower temperature at about 207 °C but
those for FeMn and FeV were delayed to 241 and 249 °C, re-
spectively. It has been suggested by Lee et al. [36] that MnO

can stabilize Fe?t, thus delaying the reduction of Fe3* to Fe’
to a higher temperature. The higher reduction temperature ob-
served for FeV could have been due to an incorporation of V
into the Fe oxide structure as has been suggested by Junior et
al. [37]. In contrast, the addition of Mo did not show any im-
pact on the reducibility of Fe, resulting in relatively the same
value as the benchmark 100Fe catalyst. Although the study of
Ma et al. [12] has shown that Fe supported on activated carbon
catalyst was less reduced when Mo was added, this divergence
in results may have been due to difference in catalyst composi-
tions or preparation methods.

3.1.5. CO chemisorption

Table 2 also shows total amounts of CO chemisorbed and
% Fe dispersion. The amount of chemisorbed CO and % dis-
persion of 100Fe were 120 umol/g and 2.6%, respectively. For
all third metal-promoted Fe catalysts (except W), these values
were in the range of 139-234 pmol/g and 3.4-5.4%, respec-
tively, which were significantly higher than those of 100Fe.
FeCr exhibited by far the highest amount of chemisorbed CO
and, consequently, the highest % Fe dispersion (i.e., twice that
of 100Fe). It is unlikely that this could be significantly affected
by chemisorption of CO on Cr since only 19 umol/g of CO
was estimated to chemisorb on Cr [i.e., by extrapolating the to-
tal amount of CO chemisorbed on 100Ct/5Cu/17Si with no Fe
present and reduced at 280 °C for 12 h to that for a compo-
sition of 5Cr (not shown)]. Thus, it would appear that adding
a third metal promoted the dispersion of Fe. The only excep-
tion was the catalyst containing W where the dispersion of Fe
was not improved, showing relatively the same amount of CO
chemisorption as the benchmark 100Fe catalyst.

3.2. Catalyst activities

Activities of the prepared Fe-based catalysts for FTS were
determined at 280 °C and a H,/CO ratio of 2:1 and are shown in
Figs. 5 and 6 for CO hydrogenation and the WGS reaction, re-
spectively. The catalysts were reduced in H, before the reaction
as Hp-pretreated Fe catalysts have been shown to give the high-
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Reduction step prior to reaction
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Fig. 4. The TPR profile of 100Fe with a 12 h hold at 280 °C.

est CO conversion rate [32]. Due to detectability limitations,
we were unable to follow hydrocarbon products larger than Cg
since the operational reaction conversion was maintained below
10%.

Interestingly, induction periods were observed for both re-
actions (CO hydrogenation and WGS reaction) catalyzed by
the Fe catalysts. During this period, the activity of catalysts
increased to a maximum before declining due to deactivation
to a pseudo-steady-state level. Fig. 5 shows that the lengths of
the induction periods for CO hydrogenation on all Fe catalysts
were identical (ca. 15 min) but varied from 15-30 min for the
WGS reaction (Fig. 6). This divergence between induction pe-
riods for the two reactions also supports the postulation that
different sites are actually involved in their respective catalysis.
Van der Laan and Beenackers [38] proposed that Fe carbides
are the active phase for hydrocarbon formation whereas Fe3O4
is involved in WGS reaction.

It has been suggested that an increase in the activity of a
precipitated bulk Fe FTS catalyst during the induction period
is due to an increase in the conversion of «-Fe to Fe car-
bides [18]. From this standpoint, the addition of a third transi-
tion metal may have assisted the carburization rate of Fe leading
to a higher hydrocarbon formation rate and o during the early
stages of reaction. The existence of the reaction induction pe-
riod for a similar 100Fe/5Cu/4.2K/11SiO; catalyst pretreated
under Hj has also been reported by Sudsakorn et al. [32]. Their
results, based on steady state isotopic transient kinetic analysis
(SSITKA), showed that an increase in the number of active sur-
face intermediates caused the existence of the induction period.

The addition of the third transition metal to the Fe-based cat-
alyst improved FTS catalyst activities for both CO hydrogena-
tion (Fig. 5) and WGS reaction (Fig. 6) in different degrees,
depending on the third metal added. Overall, the catalyst activ-
ities were in the order FeMn > FeZr > FeCr > FeV > FeTa
> FeMo > 100Fe > FeW. Activity improvement was not ob-
served for the addition of W. This was not due to C1™ poisoning
(from the precursor used, WClg), because a FeW catalyst pre-
pared using a non-Cl-containing precursor, (NH4), WO4, gave
similar activity results (not shown). Therefore, the low activ-
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Fig. 5. Formation rates of hydrocarbons (C;—Cg) at 280 °C with the addition of
various transition metals.
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Fig. 6. Formation rates of CO5 at 280 °C with the addition of various transition
metals.

ity of the FeW catalyst was likely a combination of its lower
surface area and lower Fe dispersion.

The addition of Cr, Mn and Zr enhanced the catalyst activi-
ties for CO hydrogenation and the WGS reaction the most. At
maximum catalyst activity, the formation rates of total hydro-
carbons and CO, were about 2-3 times higher than those of
the benchmark catalyst (100Fe). The activity of FeMn for CO
hydrogenation was very stable and remained higher than that
of FeCr and FeZr. It has been suggested that adding Mn to
Fe-based catalysts increases the carburization of Fe [11] and
the stabilization of the surface active carbonaceous species [21]
which could have partly been a cause of the high activity and
stability observed for Mn-promoted Fe catalysts. In addition,
the addition of Cr and Zr appear to promote the WGS activ-
ity of Fe catalyst the most (Fig. 6). Fe,O3/Cr, O3 catalysts have
been well known to carry out WGS reaction [39] while the abil-
ity of ZrO; to decompose H,O into active H and O species that
could translate into a slightly greater surface concentration of
H on this catalyst might in part explain the enhancement in the
WGS activity of FeZr observed [13].
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Table 3
Activities and selectivities for the Fe-based catalysts.

Catalyst® Maximum rate? SS rateb© Maximum % hydrocarbon selectivity at SSP-¢-¢:f % olefin at SS
(umol of carbon/g/s) (umol of carbon/g/s) TOFhem? (Co—Cyq)Pe
CO, Total HC CO, Total HC 71 x 102 C C, G Cy Cs—Cg

100Fe 0.50 0.78 0.13 0.43 0.55 27 29 23 16 5 74

FeCr 1.14 1.59 0.25 0.52 0.59 29 26 25 13 7 75

FeMn 0.99 1.58 0.24 0.72 0.83 29 26 22 18 6 82

FeMo 0.64 0.88 0.19 0.39 0.51 28 27 25 14 6 72

FeTa 0.61 0.95 0.12 0.38 0.56 28 27 25 14 6 74

FeV 0.76 1.09 0.21 0.47 0.59 29 27 25 13 6 72

FeW 0.25 0.53 0.11 0.33 0.37 29 28 26 13 4 68

FeZr 1.27 1.77 0.24 0.61 0.90 28 26 23 21 2 81

All catalysts also contain 5Cu and 17Si.
Max error = £5%.

Calculated from TOF per, = reaction rate (at the maximum activity)/amount CO chemisorbed. Max error = £10%.

a
b
¢ At 300 min TOS.
d
€

Based on atomic carbon.

f Any oxygenate compounds produced during reaction in this study were below the detectability limit of the FID detector used.

A summary of reaction rates, TOF.pemS, %hydrocarbon
selectivities, and % C,—C4 olefin selectivities for the Me-
promoted and the benchmark Fe catalysts are reported in Ta-
ble 3. The activities of the catalysts at their maxima were
used to calculate TOF pems. Although the results from CO
chemisorption in Table 2 showed that % Fe dispersion of FeMn
and FeZr was significantly lower than that of FeCr, the activities
of these 2 catalysts were indistinguishable from those of FeCr
(Figs. 5 and 6). The results in Table 3 suggest that the higher
activities observed for the FeMn and FeZr catalysts were pos-
sibly due to higher TOF pem values (0.008-0.009 s_l). On the
contrary, based on the CO chemisorption and TOF results (Ta-
bles 2 and 3), the greater overall activity observed for FeCr,
FeMo, FeTa, and FeV may have been due simply to the pres-
ence of a greater number of Fe sites.

Table 3 also reveals that the %selectivity for hydrocarbons
was not greatly affected by the presence of the third metal,
showing relatively the same values as those of 100Fe. % Selec-
tivity for CHy, C3 (propylene and propane) and C4 (n-butane,
butene, and isobutane) hydrocarbons remained unchanged with
TOS, while % C>—C4 olefins (ethylene, propylene and butene)
increased with TOS for all catalysts (not shown). The changes
in % selectivity of low-molecular-weight hydrocarbons, C»
(ethane), C5 (ethylene), C3 (propane) and C5 (propylene),
with TOS for the benchmark 100Fe, FeCr, FeMn, and FeZr
are shown in Fig. 7. % Selectivity for propylene gradually in-
creased, but the selectivity for ethylene increased even more
significantly. On the other hand, ethane and propane selectiv-
ities slightly decreased with TOS. The increase in propylene
selectivity was balanced by the decrease in propane selectiv-
ity, thus giving rise to a constant selectivity for C3 (propylene
and propane) hydrocarbons. This trend was observed for all
catalysts studied here; (the results for only the 3 most active
catalysts and the benchmark 100Fe catalyst are shown in Fig. 7
to make the figure easier to read).

Changes in the chain growth probability (o) with TOS of
various Fe FTS catalysts are plotted in Fig. 8. The chain growth
probability was initially higher with third metal promotion (ex-

30

% Selectivity
o

TOS (min)

Fig. 7. The % selectivities for C2=, Co, C3: and C3 at 280 °C for the FeCer,
FeMn, and FeZr catalysts.

cept for W) compared to the benchmark catalyst (100Fe). How-
ever, after 5 h TOS, all catalysts exhibited similar values of «
equivalent to that initially observed for 100Fe which was about
0.35. An accurate measure of the chain growth probability of
FeW could not be obtained due to its low activity; thus, Fig. 8
does not include the o values for FeW. It has been shown that
a decrease in the number of potential Fe sites is the cause of
catalyst deactivation as determined by SSITKA (steady state
isotopic transient kinetic analysis) [32]. As the catalyst deacti-
vated, there were less sites available for ethylene to readsorb on
and participate in chain growth [40,41]. Thus, the increase in
the formation of ethylene could have resulted as a consequence
of the decrease in « at long TOS.

The amount of carbon deposition on the surface of the
benchmark catalyst (100Fe) as a function of TOS was deter-
mined and is shown in Fig. 9. During the first 2 h of reaction,
significant amounts of carbon loss from the product stream
were determined by mass balance analysis. The amount of car-
bon consumed (CO conversion) was found to be greater than
that of the total carbon in the gaseous products detected (CO»
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Fig. 8. Calculated chain growth probabilities («) with TOS for the various
Fe-based catalysts.
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Fig. 9. A comparison of CO consumption, total carbon production, and the
catalyst carbon content with TOS for the 100Fe catalyst.

and hydrocarbon products), as shown in Fig. 9. This also was
observed for the other Me-promoted Fe catalysts (not shown).
Therefore, by determining the area between the carbon con-
sumption (CO) and total carbon production (CO, + total hy-
drocarbons) curves in Fig. 9, the amount of carbon deposited on
100Fe was obtained and plotted as a function of TOS (Fig. 9).
These values are essentially identical with those obtained us-
ing carbon elemental analysis. Thus, it can be concluded that
the loss in carbon from the product stream was due to the ir-
reversible deposition of carbon on the surface of the catalyst,
some of which must have been involved in the formation of Fe
carbides, as suggested to be active reaction phases for FTS [15,
16,18].

Significant amounts of deposited carbon on the catalyst sur-
face were also observed using EDX. This surface carbon con-
centration was found to be 2 times greater than the bulk carbon
concentration obtained from elemental analysis and curve inte-
gration (Fig. 9). The carbon determined by EDX can be con-
sidered as carbon on or within a few nm of the surface. Carbon
deposition determined by elemental analysis and curve integra-

tion of reaction data represents carbon deposition for the whole
catalyst (bulk concentrations). EDX results clearly show that
large amounts of carbon remained on the catalyst surface after
the first hour of reaction and were significantly higher than that
in the bulk. Based on the results shown in Fig. 9, carburization
of metallic Fe takes place most probably during the first 1-2 h
of reaction, as also reported by Niemantsverdriet et al. [18].

4. Conclusions

The addition of a third transition metal (Cr, Mo, Mn, Ta, V
or Zr) to FeCu-based FTS catalysts increased the catalyst ac-
tivity for both CO hydrogenation and WGS activity in varying
degrees. The addition of W, however, led to lower activity. The
dispersion of Fe was enhanced by the addition of all metals
studied with the exception of W. Cr, Mn and Zr appear to be the
best able to enhance the activity of Fe-based catalysts. WGS ac-
tivities of these 3 catalysts (FeCr, FeMn, and FeZr) were shown
to be superior; therefore, they should be able to catalyze FTS
under lower H>/CO ratio syngas derived from biomass or coal.

The high activity observed for the Fe-based catalyst with
Cr, Mo, Ta, and V addition was likely due to better Fe disper-
sions. The high catalytic activities for Mn- and Zr-promoted
Fe catalysts, on the other hand, may have been due more to
higher intrinsic site activities, as estimated by TOF.em, based
on CO chemisorption. The selectivities for hydrocarbons and
the chain growth probability («) were not significantly affected,
especially at pseudo-steady state, by the addition of any third
transition metal.
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