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Abstract Biomass gasification and subsequent conver-
sion of this syngas to liquid hydrocarbons using Fischer—
Tropsch (F-T) synthesis is a promising source of hydro-
carbon fuels. However, biomass-derived syngas is different
from syngas obtained from other sources such as steam
reforming of methane. Specifically the H,/CO ratio is less
than 1/1 and the CO, concentrations are somewhat higher.
Here, we report the use of Fe-based F-T catalysts for the
conversion of syngas produced by the air-blown, atmo-
spheric pressure gasification of southern pine wood chips.
The syngas from the gasification step is compressed and
cleaned in a series of sorbents to produce the following
feed to the F-T step: 2.78 % CHy, 11 % CO,, 15.4 % H,,
21.3 % CO, and balance N,. The relatively high level of
CO, suggests the need to use catalysts that are active for
CO, hydrogenation as well is resistant to oxidation in
presence of high levels of CO,. The work reported here
focuses on the effect of these different structural promoters
on iron-based F-T catalysts with the general formu-
las 100Fe/5Cu/4K/15Si, 100Fe/5Cu/4K/15A1 and 100Fe/
5Cu/4K/15Zn. Although the effect of Si, Al or Zn on iron-
based F-T catalysts has been examined previously for
CO+CO, hydrogenation, we have found no direct com-
parison of these three structural promoters, nor any studies
of these promoters for a syngas produced from biomass.
Results show that catalysts promoted with Zn and Al have
a higher extent of reduction and carburization in CO and
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higher amount of carbides and CO adsorption as compared
to Fe/Cu/K/Si. This resulted in higher activity and selec-
tivity to Cs+ hydrocarbons than the catalyst promoted with
silica.

Keywords Biomass syngas - Fischer—Tropsch
synthesis - Fe based catalysts - Structural promoters

1 Introduction

Due to increasing oil prices, depletion of fossil fuel
reserves and increased environmental concerns, biomass
has received attention as a source of clean energy [1]. Fuels
derived from biomass have very low sulphur content,
generally excellent fuel properties [2, 3] with low lifecycle
CO, emissions [4]. One process for converting biomass to
clean fuels is through gasification and subsequent Fischer—
Tropsch Synthesis (FTS).

The Fischer—Tropsch reaction is usually studied using a
synthetic mixture of CO and H, [5, 6], with far fewer
studies using CO, and hydrogen [7, 8]. Even fewer studies
have examined FTS using a mixture of CO, H,, and the
high levels of CO, present in biomass-derived syngas [9,
10]. The high concentrations of CO, in biomass-derived
syngas have two important effects. First, CO, can affect the
hydrogenation reactions in FTS since the reverse water gas
shift competes with CO hydrogenation [11]. Second, the
iron-based catalysts used in FT'S may be subject to deac-
tivation by oxidation of the active iron carbide phase in the
presence of high concentrations of CO, [8, 9].

Biomass-derived syngas also typically contains lower
concentrations of hydrogen than needed to produce hydro-
carbon fuels, e.g. H,/CO ratio is less than 1/1 [12, 13]. Of
the studies on CO + CO, hydrogenation with iron-based
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catalysts [8, 9, 11, 14], there are very few studies in which
the H,/CO ratio is less than 1/1. Yates and Satterfield [15]
studied CO+CO, hydrogenation of a hydrogen deficient
syngas (H,/CO ~0.67-0.71) on fused magnetite catalysts.
They reported that CO, was relatively inert at fixed partial
pressures of CO+H,. Chun et al. [16] studied the hydro-
genation of CO,-rich syngas with a H,/CO ratio of ~1 on
Fe/Cu/K/Si catalyst and found that CO, in the feed stream
lowered both the rate of hydrocarbon formation as well CO,
formation from WGS. These differing conclusions are
generally believed to be due to different reaction conditions
and catalysts formulations [16].

In the present study, we carry out FTS of a syngas which
has high levels of CO, and is obtained by the air-blown,
atmospheric pressure gasification of wood chips. The
composition of this syngas after dehydration and contam-
inant removal at the gasifer site is 2.78 % methane, 11 %
CO,, 154 % H,, 21.3 % CO and balance N,. The high
concentration of N, lowers the partial pressures of the
reactants, greatly decreasing the overall rate, and may
affect the selectivity as well.

There are very few studies that have examined the effect
of structural promoters on hydrogenation of CO,, and even
fewer on the hydrogenation of CO+4CO, mixtures. Jun
et al. [9] compared co-precipitated Fe/Cu/K/Al and Fe/Cu/
K/Si using a synthetic syngas containing 11 % CO, 32 %
CO,, 5 % Ar and 52 % H,. They found that stability of the
iron carbide phases in Fe/Cu/K/Al was higher than that of
Fe/Cu/K/Si, resulting in the higher activity of the catalyst
in the presence of high levels of CO,.

Three iron-based catalysts are reported here: 100Fe/5Cu/
4 K/15x where x is Si, Al or Zn which are added as struc-
tural promoters. These promoters have been previously
studied individually for CO, hydrogenation as well as
hydrogenation of CO+CO, mixtures [9, 11], but have not
been directly compared. The objective of studying these
specific catalysts is to directly compare the extent of car-
burization and resistance to oxidation in presence of CO,
while actively hydrogenating CO and CO, to hydrocarbons.

2 Experimental
2.1 Catalyst Preparation

The catalysts were prepared by the technique of co-precipita-
tion [17]. Base catalyst of 100Fe/5Cu/15x was prepared by co-
precipitating the aqueous solutions of the salts at constant pH,
where x is Si, Al or Zn. In the process, 1.4 M solution of Fe
(NO3)3-9H,O (Aldrich 99.99 %), and 3 M solution of
Cu(NO3),-3H,0 (Aldrich 99.99 %) were first mixed together
in deionized water. In a separate beaker Al(NOs);-9H,O
(Aldrich 99.9 %), Zn(NO3),-6H,O (Aldrich 99.99 %) or

tetraethylorthosilicate (Si(OC,Hs),, Aldrich 99 %) were dis-
solved in 40 ml of ethanol and stirred continuously. The solu-
tions were then mixed together to a volume of 100 ml and
heated to a temperature of 80 + 3 °C. Alongside, 1 M solution
of ammonium carbonate (NH4),CO3, Aldrich 99.999 %) was
also heated to a temperature of 80 &= 3 °C and the solutions
were co-precipitated under vigorous mixing at a constant pH of
7-1.5. After co-precipitation, the solution was allowed to age
for 18 h and the precipitate was filtered and washed to remove
all soluble ions. After washing and filtering, the precipitate was
dried in an oven at 120 °C for 24 h. The dried precipitate was
crushed and sieved through 120 mesh and catalyst powder of
particle size less than 125 microns was obtained.

The catalysts were further impregnated with potassium
bicarbonate (KHCO3) using incipient wetness impregna-
tion method to obtain the final composition of 100Fe/5Cu/
4 K/15x.

The impregnated catalysts were calcined in a muffle furnace
with a ramp at a rate of 5°/min to the calcination temperature of
350 °C, which was held for 5 h in flowing air at a flow rate of
100 ml/min. The furnace was cooled to room temperature at a
rate of 5 °C/min [18]. The catalysts were finally designated as
Fe/Cu/K/Si, Fe/Cu/K/Al and Fe/Cu/K/Zn.

3 Catalyst Characterization
3.1 X-Ray Diffraction

For studying the crystalline nature of the freshly calcined
catalysts using X-Ray diffraction, experiments were done on a
Bruker/Siemens D5000 X-ray diffraction set up. The instru-
mentation consisted of a ceramic X-ray tube with Cu Ko
radiation of 1.54184 A. The voltage for the X-Ray tube was
40 kV and the current was 30 mA. The setting of the anti-
scatter slit was adjusted at 0.5°, while the angle of divergence
slit for incident X-Ray beam was set at 1°. For analysis, the
scan was done from 20 ° to 90 ° with a step size of 0.05°/min.

3.2 BET Surface Area Measurement

Brunauer—-Emmett-Teller (BET) surface area of the freshly
calcined catalysts was determined using N, physisorption
at 77 K in AMI 200HP (Altamira instruments). Before
physisorption, 0.05 g of the sample was first heated in
Helium (He) to a temperature of 150 °C, to remove any
moisture if present.

3.3 Inductively Coupled Plasma—Optical Emission
Spectroscopy (ICP-OES)

The bulk elemental composition of the fresh catalysts was
determined using the technique of ICP-OES on a Perkin
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Elmer 2000 DV instrument. The samples were first
weighed to nearest 0.00001 g in a Teflon bottle, and 5 mL
of aqua regia was added to each sample. The sample was
allowed to sit overnight. 5 ml of HF was added to each
sample and the samples were heated to ~95 °C until they
completely dissolved in HF. The volume was brought to
100 ml by adding deionized water. A blank analysis was
also performed in the similar manner.

3.4 Scanning Electron Microscopy (SEM) and Energy
Dispersive X-ray (EDX) Analysis

Scanning electron microscopy (SEM) and Energy disper-
sive X-Ray (EDX) was done on freshly calcined catalysts
to study the morphology and the elemental distribution of
the external catalyst surface. The instrumentation for SEM
and EDX was a JEOL JSM-5910-LV SEM with an EDAX
UTW-Phoenix detector using Genesis software. The cata-
lyst was uncoated and set up to run the elements selected
for each group using the EDS spectrums for each material.

3.5 H, Temperature Programmed Reduction (H, TPR)

Temperature programmed reduction of catalysts in H, was
done on Altamira (AMI 200 HP) instrument. 0.03 g of a
sample was placed in a quartz cell (6.5 inch (length) by
6 mm (outer diameter) by 4 mm (inner diameter)) and
packed with quartz wool. The bed temperature was mea-
sured continuously by a thermocouple which ran axially
through the tube touching the quartz wool. The catalyst was
first oxidized completely by treating it with 10 % O,/He
flowing at 50 ml/min with temperature ramp from room
temperature to 400 °C at 5 °C/min and held for 30 min.
The gas flow was switched to He and the catalyst was
cooled to room temperature. 10 % H,/Ar was then allowed
to flow at a rate of 30 ml/min, and the temperature was
ramped at 5 °C/min to 950 °C. The signal was measured in
a thermal conductivity detector (TCD). For calculating the
amount of H, consumed, silver oxide (Ag,0O), amounts
0.1 g and 0.15 g were also reduced in H, similarly, and
area calibration was done to calculate amount of H, con-
sumed by the iron catalysts.

3.6 CO Temperature Programmed Reduction
(CO TPR)

CO TPR was done to study the reduction and carburization
of the catalysts in CO. 0.03 g of the catalyst sample was
placed in the quartz tube of the AMI 200 HP. For this, the
catalyst sample was completely oxidized under 10 % O,/He
at 400 °C and then cooled to ambient temperature in
flowing He. After oxidation, the gas was switched to 5 %
CO/He at a flow of 50 ml/min and the temperature was
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increased to 950 °C at a ramping rate of 5 °C/min. The gas
leaving the reactor was connected to a quadrupole AME-
TEC Mass Spectrometer (MS) instrument, and the signal
for CO and CO, was measured.

3.7 Temperature Programmed Hydrogenation (TPH)

100 mg of the catalyst was purged with helium to a tem-
perature of 150 °C and then subsequently cooled to ambient
temperature. The catalyst was pretreated in 5 % CO/He
flowing at 50 ml/min, by increasing the temperature from
ambient to 280 °C at 5 °C/min, after which the temperature
was held constant at 280 °C, for 24 h. After pretreatment, the
catalyst was cooled to 35 °C in flowing He. Subsequently the
gas was switched to 50 ml/min of 10 % Hy/Ar and the
temperature was increased to 950 °C at a ramping rate of
5 °C/min. CH, signal was monitored in the Mass spectrom-
eter (mass 15 was monitored instead of 16) to analyze the
evolution of different carbon forms with temperature.

3.8 CO Temperature Programmed Desorption
(CO TPD)

For CO TPD, 100 mg of the sample was loaded in the quartz
tube and the catalyst sample was treated with flowing He
with the temperature increased to 150 °C, and held for
30 min to ensure moisture removal. The sample was cooled
to ambient temperature. The gas flow was then switched to
5 % CO/He, at a flow rate of 30 cc/min and the temperature
was raised to 280 °C at 5 °C/min. The catalyst was held at
this temperature for 6 h. After reduction and carburization,
the gas flow was changed to He at 280 °C and allowed to
flow over the catalyst bed for 30 min, to ensure complete
removal of any adsorbed species from the catalyst surface.
The temperature was then reduced to 35 °C in flowing He.

5 % CO/He at a flow rate of 50 ml/min was allowed to
flow over the catalyst for 30 min at 35 °C. Helium was
then passed over the catalyst until the CO baseline leveled
off. TPD was done by flowing He at 30 ml/min over the
catalyst, and the temperature was raised to 950 °C at a rate
of 5 °C/min. The gas from the reactor was connected to the
quadrupole Mass Spectrometer through a capillary tube
and the signal for CO and CO, was measured.

3.9 Catalytic Performance Test

Catalytic activity was evaluated with a PID MA10000
Microactivity Reactor. The system has the capability to
condense and store higher hydrocarbons and aqueous
products as liquids in separate traps while the unconverted
syngas along with lighter hydrocarbons (C¢ and less), and
CO, exits the reactor at atmospheric pressure to be ana-
lyzed in a gas chromatograph.
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The biomass derived syngas under study was obtained
using the gasification process explained elsewhere [19].
The biomass derived syngas with a composition of 2.78 %
CHy, 11 % CO,, 15.4 % H,, 21.3 % CO, and balance N,
was passed through a series of adsorbents and filters to
remove impurities such as NH3, HCI, H,S, moisture etc. to
less than 10 ppm prior to FTS.

Catalyst Pretreatment: 1 gm catalyst was diluted with
five parts sand to avoid temperature gradients in the cata-
lyst bed due to the exothermicity of the reaction. The
temperature was increased to 280 °C in flowing helium.
After reaching 280 °C, the gas flow was changed to 50 %
CO/50 % He at a total flow rate of 60 ml/min. The catalyst
was reduced and carburized in 50 % CO for 24 h at a
pressure of 1 bar.

Reaction: After activation, the reactor was flushed with
helium at 50 ml/min for 1 h. The gasflow was then swit-
ched to flow the syngas at a total GHSV of 1,800 scc
h™'gcat™!, temperature of 300 °C, and the pressure of
2.8 MPa [20].

The run was allowed to continue for 144 h. The instru-
ment has a peltier cell, which condenses the gases leaving
the reactor. The peltier cell separating the liquid phase from
the gases was maintained at temperature of 5 °C. The liquids
were collected in a trap, while the uncondensed gases at
atmospheric pressure were collected and analyzed in a
Shimadzu GC-2014 gas chromatograph. The GC system
consists of a FID (Flame ionization detector) used for ana-
lyzing hydrocarbons after being separated in a Restek Rt-Q-
BOND column (23 m x 0.53 mm x 20 um). The wax trap
was maintained at a temperature of 145 °C for collection of
wax produced during the reaction.

The aqueous phase is analyzed in a Hewlett—Packard
5790Agilent gas chromatograph (GC) with a Porapak Q
packed column using a thermal conductivity detector. The
oil phase is analyzed using a 6890A GC with a DB-5
capillary column and a flame ionization detector (FID).
The wax phase is analyzed using 6890 Agilent GC FID
with a high temperature DB-1 capillary column.

4 Results and Discussion
4.1 Catalyst Characterization
4.1.1 X-Ray Diffraction

The XRD spectra for the three freshly calcined catalysts
samples shown in Fig. 1 shows that all catalysts are XRD
amorphous [21], with any crystallite size being smaller
than 4-5 nm based on the wavelength of the Cu Ka radi-
ation [18]. This shows that the catalyst preparation method
produced small, dispersed forms of iron.
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Fig. 1 X-Ray diffraction spectra for the freshly calcined catalyst
samples

Table 1 BET surface area of the three catalysts

Catalyst BET surface area (m?/g)
Fe/Cu/K/Si 428
Fe/Cu/K/Al 360
Fe/Cu/K/Zn 276

Similarly, the XRD spectra of the passivated post run
catalysts (not shown) showed no peaks, suggesting that the
catalysts are XRD amorphous after reaction as well.

4.2 BET Surface Area

Table 1 shows that the BET surface area of the three cat-
alysts after calcination are slightly higher than normal are
obtained for all three catalysts, but are similar to those
prepared by Lohitharn et al. [21]. using the same prepa-
ration method. The catalyst containing Si has the highest
surface area (428 m?/g), which is in agreement with pre-
vious studies showing Si containing iron catalysts to have
higher surface areas than iron catalysts with Al [22, 23].
The high BET surface area also suggests the presence of
smaller crystallites, in agreement with the XRD results in
Fig. 1.

4.3 Bulk Composition Analysis using ICP-OES

Table 2 shows that the bulk compositions of the catalysts
as determined by ICP-OES correspond to the target com-
positions of the atomic ratio of Fe/Me where Me is the
promoter.

4.4 SEM and EDX
SEM results in Fig. 2 show that the catalyst particle size
vary from 10 to 125 p. The catalyst particles are irregularly

shaped for all catalysts, and different structural promoters
did not change the catalyst morphology [21], which show
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Table 2 Bulk composition analysis of the catalysts using ICP-OES

Sample name Fe Cu K Si Al Zn
wt% wt% wt% wt% wt% wt%

Fe/Cu/K/Si 54.7 2.93 1.56 4.24 - -

Fe/Cu/K/Al 55.6 2.99 1.51 - 4.26 -

Fe/Cu/K/Zn 58.6 3.14 1.60 - - 9.99*

Max error: +5 %

# This wt% Zn corresponds to comparable atom % for Si and Al

uneven and faceted surfaces [18]. Since the catalysts are
XRD amorphous, the SEM figures suggest that the catalyst
particles must be composed of many small iron oxide
crystallites bound together but prevented from sintering
together due to the presence of the structural promoters
[18, 21]. It has been reported that Si prevents sintering of
the catalyst [24], and acts as a binding agent [25], resulting
in higher surface areas than catalysts prepared from pre-
cipitation of Fe without any Si [26]. The SEM and BET
surface area for the Fe/Cu/K/Al and Fe/Cu/K/Zn suggest
that Al and Zn, like Si, act as binding agents for the catalyst
particles, preventing the catalysts from sintering.

EDX profiles of the three catalysts shown in Fig. 3 are
point averaged and show that the all metals are present on
the surface of the catalysts. The Fe/Me atomic ratios on the
surface of the catalysts (Me = Si, Al or Zn) are similar for
the three catalysts: Fe/Si ~7.7, Fe/Al ~7.8 and Fe/Zn
~7.42, which are within the experimental error. These
ratios are slightly higher than in the bulk. EDX maps (not
shown) showed that all elements are evenly distributed for
all the catalysts. Although Si, Zn and Al are present in
higher concentrations, they do not interfere with the dis-
tribution of the other metals [18].

4.5 Temperature Programmed Reduction (TPR)

H, TPR of the three catalysts is shown in Fig. 4. For the
reduction of pure Fe,O3, two main peaks are observed at
330 and 530 °C. The first peak corresponds to the reduction
of Fe,0; to Fe;04, while the second peak is assigned to the
reduction of Fe;O,4 to Fe [27]. The two step reduction of
Fe,0O5 to Fe is as follows [27, 28].

3Fe, O3 + H, — 2Fe;04 + H,O (1)

F€304 + 4H2 — 3Fe + 4H20 (2)

Cu promotes the reduction of Fe,O3 to Fe;0,4 at lower
temperatures than reduction of bulk Fe,O5; without any Cu
[29, 30]. Cu crystallites nucleate during reduction and
dissociatively adsorb H,, which reduces Fe,O; at lower
temperatures than catalysts without Cu [31, 32]. The TPR
results clearly show that pure Fe,O; reduces to Fe;O, at
330 °C, while in the presence of Cu; the catalysts reduce at
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Fig. 2 SEM images of the catalysts samples- (a) Fe/Cu/K/Si, (b) Fe/
Cu/K/Al (c) Fe/Cu/K/Zn

a much lower temperature in the range of 205-244 °C,
consistent with well documented results on similar cata-
lysts [24, 29].

For the Fe/Cu/K/Si, the first reduction peak at ~244 °C
is higher than that for Fe/Cu/K/Al (~220 °C) and Fe/Cu/
K/Zn (~205 °C). This may be attributed to closer inter-
action of Cu with Fe,Os in case of Fe/Cu/K/Al and Fe/Cu/
K/Zn catalysts. Previous studies have suggested that
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Fig. 3 EDX profiles of the 20.7 (a)
catalysts samples- (a) Fe/Cu/K/
Si, (b) Fe/Cu/K/Al, (¢) Fe/Cu/ o
K/Zn
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Fig. 4 Temperature Programmed reduction of the catalysts in 10 %
Ho/Ar

incorporation of SiO, and Al,O5 retards the reduction of
iron oxide due to strong metal-support interactions [28]
which could be responsible for the slightly higher reduction
temperature of Fe,O3 to Fe;0, in case of Fe/Cu/K/Al and
Fe/Cu/K/Si.

On Fe/Cu/K/Zn, the second reduction step, i.e. Fe304 to
Fe® (Eq. (2)), takes place at a slightly lower temperature than
for Fe/Cu/K/Si. This could be either due to closer interaction
with Cu or less intimate interaction of Fe with Zn as
structural promoter. For Fe/Cu/K/Al, the second reduction
peak is quite broad and is at a temperature comparable to
that for Fe/Cu/K/Si. The reduction of Fe in presence of Al at
this slightly higher temperature may be attributed to a strong
interaction of Fe and Al,O5 [33], shifting the reduction of
Fe;0, to Fe to higher temperatures.

4.6 CO Temperature Programmed Reduction

CO TPR results are shown in Fig. 5. During CO temper-
ature reduction, the oxygen removal from the lattice is
followed by bulk carbide formation [34]. This occurs in
two steps both of which produce CO, [35]:

3F6203 + CO — 2F€304+ C02 (3)

Fe,O + 2CO — Fe,C + 2CO, 4)
In Eq. (4), oxygen removal and carbide formation occur
in the same step [36].
Also, during reduction CO, could be formed by the
Bouduard reaction:

2C0 — C + CO, (5)

The CO TPR of all three catalysts shows three peaks.
Fe,O3 is reduced to Fe;O,4 in the temperature range of
150-250 °C. From 260 to 405 °C, Fe;0, is reduced and
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Fig. 5 CO, formation rate during CO Temperature Programmed
Reduction of the catalysts in 5 % CO/He

carburized to iron carbides (x-carbides) [34]. Above
405 °C, transformation of the various iron carbides to
stable carbide phases like cementite (Fe;C) takes place
[32]. Also above 405 °C, CO, formation also occurs via the
Bouduard reaction [34], causing amorphous carbon to form
on the catalyst.

For Fe/Cu/K/Zn the first peak for the reduction of Fe,03
to Fe;0, is at 185 °C, while this first peak shifts to higher
temperature with Al (~205 °C) and Si (~220 °C) pro-
motion. Also, the concurrent reduction and carburization of
Fe;04 for Fe/Cu/K/Zn takes place at a slightly lower
temperature than Fe/Cu/K/Al or Fe/Cu/K/Si. This second
peak temperature is 310 °C for Zn promoted catalyst while
the peak shifts to ~330 °C for both Si and Al promoted
catalysts. The TPR peak area is highest for Fe/Cu/K/Zn,
indicating that more CO is consumed during this reduction
and carburization than for Fe/Cu/K/Al and even less for Fe/
Cu/K/Si. This suggests that the catalyst promoted with Si is
the least carburized. The third peak, corresponding to both
the inter-transition of iron carbides to more thermally sta-
ble iron carbides, and to CO, formation due to the Bou-
duard reaction, is also minimum in case of Si, at least as
judged by CO TPR.

Table 3 shows the total amount of CO, evolved during
the CO reduction of the catalysts, as well as CO, evolved
during different reduction stages. This suggests that
reduction in CO increases in the order of Fe/Cu/K/
Zn > Fe/Cu/K/Al > Fe/Cu/K/Si.

4.7 Temperature Programmed Hydrogenation (TPH)

The iron catalysts change during pretreatment and during
the reaction [37], including phase transformations during
activation, with Fe,O3 converted to Fe;O,, which is then
transformed to iron carbides [38-40]. It is generally
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Table 3 CO, evolved during CO Temperature Programmed Reduction of the catalysts

Catalyst CO, evolved during Fe,O3 CO, evolved during Fe;04 CO, evolved due Bouduard Total amount of CO,
name reduction to Fe;04 (mmol/gcat) reduction to Fe,C (mmol/gcat) reaction (mmol/gcat) evolved (mmol/gcat)
Fe/Cu/K/Si 0.0012 0.0037 0.0011 0.006

Fe/Cu/K/Al 0.00155 0.0065 0.00495 0.013

Fe/Cu/K/Zn 0.00168 0.0072 0.00562 0.0145

believed that these carbides are the active phase for iron
catalysts [41, 42]. The carbide phases consist of carbon
atoms in octahedral interstices (e-Fe,C, é-Fe, ,C and Fe,C),
and carbides with carbon atoms in trigonal prismatic
interstices (y-Fe, 5 C and 6-Fe;C) [43] [37]. Bartholomew
et al. used TPH of carbided catalysts to study the different
metal carbides and carbon species formed during pre-
treatment or during FTS reaction for both supported and
unsupported catalysts [44]. A series of TPH experiments
were carried out on each of the catalysts of interest here
(Fig. 6).

Figure 6 shows the Gaussian deconvolution of the
overlapping TPH peaks to identify the various forms of
carbon according to the assignments in Table 4 [40, 44].
Specifically, the peaks have been designated as o (adsor-
bed, atomic carbon, surface carbide), B (polymeric, amor-
phous aggregates), y; (iron carbide: &-Fe, ,C), v, (iron
carbide-y-Fe,.sC), &; (semi ordered sheets) and &, (mod-
erately ordered sheets) based on the peak temperatures
from previous literature [40, 44, 45]. The thermal stability
of the carbide is in the order £ < y < 0 (8 is the graphitic
carbon not observed during pretreatment), corresponding to
the order of the strength of the Fe—C bond [37].

Figure 6 shows that the peak temperatures for the more
intense peaks are higher for Fe/Cu/K/Al and Fe/Cu/K/Zn
catalysts (500-700 °C) as compared to Fe/Cu/K/Si. It is
evident from the carbon content that carburization increa-
ses in the order of Fe/Cu/K/Zn > Fe/Cu/K/Al > Fe/Cu/K/
Si. Based on the area under the curves and temperature
assignment of the peaks, we find that o-carbon (the most
reactive carbon form; C,) increased in the order of Fe/Cu/
K/Zn > Fe/Cu/K/Al > Fe/Cu/K/Si. Higher content of C,
can result in increased initial higher activity of the catalyst
[44]. C, can also condense to the Cs form of carbon during
pretreatment or a reaction run where Cg form is graphitic
carbon films having very low reactivity [44]. During pre-
treatment or reaction, some part of the atomic surface
carbon is converted to a polymeric form of amorphous,
condensed B carbon (Cg) of moderate reactivity [44]. The
amount of Cg carbon increases in the order Fe/Cu/K/
Al > Fe/Cu/K/Zn > Fe/Cu/K/Si. The total amount of car-
bides (y; + 7v») is highest for Fe/Cu/K/Zn and is lowest for
Fe/Cu/K/Si. For Fe/Cu/K/Zn catalyst, the increase in the
amount of vy, carbides is significant, suggesting that the

catalyst has higher amount of more thermally stable car-
bides. The total amount of carbides (y; + y,) obtained
from TPH increases in the same order as the increased
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Fig. 6 TPH curves of the catalysts after activation in 5 % CO/He
(a) Fe/Cu/K/Si, (b) Fe/Cu/K/Al (c¢) Fe/Cu/K/Zn
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Table 4 Temperature programmed hydrogenation results after pre-
treatment of catalysts in 5 % CO/He

Table 5 Amount of CO desorbed from catalyst surfaces during CO
Temperature Programmed Desorption

Catalyst  Type of Peak Carbon Percentage
name carbon temperature  content (pgm/ (%)
species” (°C) gmcat)
Fe/Cu/ o 385 2.9 11.8
K/Si g 429 1.3 5.1
Y1 508 19.6 79.5
Y2 608 0.9 3.6
Fe/Cu/ o 374 4.4 8.7
K/AL g 420 11.8 23.2
Y1 547 29.9 59.0
Y2 633 4.6 9.1
Fe/Cu/ o 387 72 13.6
K/Zn g 498 8.1 15.3
Y1 591 18.0 34.0
Y2 629 19.7 37.1
4 See Ref. [44]

7 630 °C

85 °C
Fe/Cu/K/Zn

CO evolution
(mmol/gcat/min)

410 °C Fe/Cu/K/Al

555 °C

Fe/Cu/K/Si

200 300 400 500 600 700 800 900
Temperature (°C)

Fig. 7 Temperature programmed desorption of CO from the carbided
catalysts

reduction and carburization of the catalysts in CO, spe-
cifically Fe/Cu/K/Zn > Fe/Cu/K/Al > Fe/Cu/K/Si [37].
The content of the more thermally stable carbides also
increases in the same order.

4.8 CO Temperature Programmed Desorption

CO TPD is used to analyze the effect of Si, Al and Zn
promotion on CO adsorption behavior of the catalysts. CO
TPD curves are presented in Fig. 7. For Fe/Cu/K/Si, the
desorption temperatures are in the temperature range
300-600 °C, with peaks at 410 and 555 °C, while for the
Fe/Cu/K/Al the desorption occurs from a broad peak in the
temperature range of 350-700 °C with a peak temperature

@ Springer

Amount of CO
desorbed (pumol/gcat)

Catalyst name

Fe/Cu/K/Si 235
Fe/Cuw/K/Al 349
Fe/Cu/K/Zn 529

of 510 °C. For the Fe/Cu/K/Zn catalyst, desorption tem-
perature are in the range of 350-750 °C with two different
peaks at 455 and 630 °C and a small shoulder at 685 °C.

Desorption temperatures are lowest for Fe/Cu/K/Si
with peaks at 410 and 555 °C. For Fe/Cu/K/Al catalyst,
desorption peak shifts to a higher temperature and the
desorption spectra shows a multipeak overlapped curve
with a peak temperature at 510 °C. Studies on the
desorption of CO from clean Fe (100) surfaces [46—49]
suggest that CO desorbs from a Fe (100) surface to pro-
duce four CO TPD peaks, three of which are attributed to
desorption of molecular CO at temperature of —23, 67,
and 157 °C, while the fourth peak at ~527 °C is ascribed
to desorption of CO adsorbed dissociatively and recom-
bined to desorb at this temperature [50]. The desorption
temperatures of CO in this study from carburized surfaces
on all three catalysts studied here are higher than those of
molecular CO on Fe (100) surface and closer to the
desorption temperature of dissociative CO ~ 527 °C [50,
51] in case of Fe/Cu/K/Al. Also based on previous stud-
ies, the required desorption temperature of CO from
FesC, surfaces is about 500 °C [50, 52].The higher
desorption temperature of 630 °C and small shoulder at
685 °C for Fe/Cu/K/Zn catalyst could result from the
strongly bound CO on iron carbide surfaces [50]. From
the area under the curves in Table 5 the amount of CO
adsorbed is highest on Fe/Cu/K/Zn and least for Fe/Cu/K/
Si. CO TPD results, along with TPH and CO-TPR results,
show that the higher the extent of reduction and carburi-
zation, the higher the amount of CO adsorbed as measured
CO TPD.

4.9 Fischer—Tropsch Synthesis

The effect of Si, Al and Zn promotion on Fe/Cu/K based
catalysts for total carbon conversion (CO 4 CO,) as a
function of reaction time is shown in Fig. 8. For calculating
conversion, the possibility of products being formed from
both CO and CO, must be considered. CH, present in the
reactant gas mixture is assumed to be inert. CO, can either
undergo reverse water gas shift to CO and subsequently
undergo FTS, or directly hydrogenate to hydrocarbons or
react with H, to form methanol [14, 53, 54]. Therefore
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Fig. 8 Carbon conversion on 100.00
Fe/Cu/K/Si, Fe/Cu/K/Al, Fe/Cu/ —
K/Zn catalysts with time on ’
stream (GHSV = 1,800 scc = 80.00 -
geat™' h™', P = 2.8 MPa, = <0.00
T = 300 °C) s
Z 60.00 -
4
Z 50.00 -
S
< 40.00 |
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S 30.00 3 M
=
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overall carbon conversion for the three catalysts is calcu-
lated using the equation:

Carbon conversion
_ moles(CO + CO,);,—moles(CO + CO,)
B moles (CO + COy),,

Figure 8 shows that the carbon conversion is highest for
Fe/Cu/K/Zn, while it is lowest for Fe/Cu/K/Si. Based on
TPH of the carbided catalysts, iron carbide formation fol-
lows the sequence Fe/Cu/K/Zn > Fe/Cu/K/Al > Fe/Cu/K/
Si. Figure 8 shows that activity of the catalysts, as mea-
sured by CO + CO, conversion, corresponds directly with
the amount of carbides (Table 4). This clear correlation
between the extent of carburization and catalytic activity is
consistent with previous studies [20, 34, 51, 55].

Table 6 shows that methane selectivity decreases in the
order  Fe/Cu/K/Zn < Fe/Cu/K/Al < Fe/Cu/K/Si.  The
selectivity results in Table 6 also show that selectivity
towards higher hydrocarbons (C;9+) is highest for Fe/Cu/
K/Zn while selectivity towards methane and C,—C, is
suppressed. For Fe/Cu/K/Si selectivity towards methane
and C,—C, is high, while selectivity towards heavier
hydrocarbons is suppressed. Literature shows that
enhanced CO adsorption leads to higher surface coverage
of carbon species thus facilitating chain growth and
enhanced selectivity to heavier hydrocarbons [56]. Based
on CO TPD results, we know that CO adsorption increases
in the order Fe/Cu/K/Zn > Fe/Cu/K/Al > Fe/Cu/K/Si. The
extent of CO adsorption could explain the high selectivity
of Fe/Cu/K/Zn and Fe/Cu/K/Al towards higher hydrocar-
bons and the low selectivity of Fe/Cu/K/Si to Cs+
hydrocarbons. Also, the olefin/paraffin ratio is greater with
the promotion by Al and Zn, suggesting slightly less
hydrogenation activity on these two catalysts. Table 6 also
shows that the ASF growth probability o increases in the
order Zn > Al > Si. Collectively these results indicate that
chain propagation and selectivity to heavier hydrocarbons

out

Time (hr)

Table 6 Carbon Conversion, product selectivity and olefin/paraffin

ratio of catalysts, Reaction condition: 300 °C, 2.8 MPa,
GHSV = 1,800 scc gcat™' h™'

Fe/Cu/K/Si  Fe/Cu/K/Al  Fe/Cu/K/Zn
CO + CO, Conversion (%) 12.98 25.19 33.69
HC distribution (C %)*
CH, 19.5 10.2 8.5
Cr—Cy 323 28.0 26.3
Cs—Cy 15.5 204 18.5
C,—Cyg 4.4 11.7 13.9
Ciot+ 1.51 1.84 4.56
Oxygenates 2.0 1.03 0.84
Olefins/n-Paraffins
C5-C11/n-Cs—Cy; 1.76 1.92 2.18
C,—Cis/n-C—Cig 0.79 0.84 0.96
ASF (a)° 0.75 0.82 0.87

These compositions are based on a cumulative sample taken after 144 h
on-stream

Reaction condition: 300 °C, 2.8 MPa, GHSV = 1,800 scc gcat 'h™!

Analysis carried out by U.Kentucky Center for Applied Energy
Research

* Hydrocarbon selectivity is CO, independent

° Calculated using C;—C,5 products

is increased with Al and Zn promotion in comparison to
promotion of Fe/Cu/K with Si.

Co-precipitated Fe/Cu/K/Si catalysts have been often
employed for commercial FTS. However for CO; rich feed,
previous studies have suggested [8, 23, 57], that a catalyst
resistant to oxidation in CO, rich environment is required.,
The characterization results in the work reported here show
that Si suppresses reduction in CO, limits carbide forma-
tion, and suppresses CO adsorption. These results are
consistent with low activity of the catalyst along with high
selectivity to methane and low selectivity to heavier
hydrocarbons. Promotion with Zn and Al, however,
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enhance reduction in CO, carbide formation and CO
adsorption as compared to Fe/Cu/K/Si, resulting in high
activity and selectivity to heavier hydrocarbons for the Zn
or Al promoted Fe/Cu/K catalysts.

According to literature, the correlation between activity
for a CO; rich syngas on structural promoters is dependent
on the different interaction between Fe and a structural
promoter [23]. Yan et al. [57] in a study on CO, hydro-
genation reported that silica addition to Fe/Cu/K reduces
the Fe and K dispersion on Si, while Al promotion
enhances carburization. Jun et al. [23] also compared Si
and Al structural promoters on iron based catalysts for
CO+CO, hydrogenation and found that alumina as a
structural promoter gave higher hydrocarbon activity than
silica and had higher selectivity towards higher hydrocar-
bons. Jun et al. also suggested that Al,O; catalyst is more
easily carburized than Si catalyst, thus making the catalyst
more resistant to oxidation in CO, rich environment. These
results are consistent with our study. Based on the results in
this study, it can be concluded that Fe/Cu/K/Zn is also
carburized to a greater extent making it resistant to oxi-
dation in the presence of CO, in the feed gas leading to
high activity and selectivity to higher hydrocarbons.

5 Conclusions

Promotion of Fe/Cu/K catalyst with Si, Al or Zn greatly
affects the textural properties of the catalyst, reduction of
the catalyst in H, and CO, CO adsorption, and carburiza-
tion behavior as well the activity and selectivity in FTS.
The co-precipitation method used to prepare the catalysts
resulted in XRD amorphous material. The catalyst pro-
moted with Si has the highest BET surface area while
incorporation of Al and Zn reduces the surface area.
Reduction in CO is increased for Fe/Cu/K/Zn and Fe/Cu/K/
Al as compared to Fe/Cu/K/Si. The high extent of reduc-
tion and carburization in CO for Fe/Cu/K/Zn catalyst could
possibly be the reason for high catalytic activity of the
catalyst in presence of CO, rich feed. Fe/Cu/K/Zn also
shows the lowest methane selectivity and greatest selec-
tivity to higher hydrocarbons, which appears to be due to
high surface coverage of carbon species as measured by
CO TPD. Fe/Cu/K/Si catalyst however had low extent of
carburization and less CO adsorption resulting in reduced
catalytic activity, high selectivity to methane and low
selectivity to heavier hydrocarbons. These results suggest
that FTS of biomass derived syngas rich in CO, requires a
catalyst which is carburized to a higher extent, leading to
higher resistance to oxidation in CO, rich environment.
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