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Abstract. Application of Fischer-Tropsch synthesis (FTS) in the utilization of low H2 /CO ratio (0.5–1.5) gas
obtained from coal and biomass gasiﬁcation can be done by selecting a catalyst system active for both FTS and
WGS reaction. The enhancement of H2 content depends on the extent of water gas shift (WGS) reaction and
can be quantiﬁed by measuring usage ratio deﬁne as a mole of H2 to CO converted. With an attempt to utilize
low H2 /CO ratio syngas bimetallic (Fe/Co/SiO2 ) were prepared and compared with monometallic (Fe/SiO2
and Co/SiO2 ) catalysts. The catalysts were tested in ﬁxed bed reactor at industrial relevant FTS conditions
(T: 220−260 ◦ C, P: 2.0 MPa, GHSV-1.2 SL/gcat-h, H2 /CO: 1–1.5). The incorporation of Fe-Co bimetallic
catalyst facilitates both FT and WGS reaction because of the presence of iron and cobalt phases. Compared to
monometallic catalyst there is a signiﬁcant increase in CO conversion over the bimetallic catalyst. Also, the
yield of C5+ was signiﬁcantly higher over bimetallic catalyst compared to iron catalyst, where oleﬁn was the
major product. Selected catalyst (Fe/Co/SiO2 ) was tested for their activity toward WGS reaction. Effects of
temperature, pressure, and feed composition on WGS reaction over bimetallic catalyst were studied. Lower
value usage ratio (1.62 and 1.58) reveals the occurrence WGS reaction Fe-Co bimetallic catalyst at 240 ◦ C and
260 ◦ C. At 240 ◦ C, 72% CO conversion, and 60% C5+ selectivity show that the catalyst efﬁciently utilizes the
increased H2 /CO ratio in the production of liquid hydrocarbon.
Keywords. H2 /CO usage ratio; bimetallic catalyst; Fischer-Tropsch synthesis; WGS reaction.

1. Introduction
In the search of cleaner fuel production via economic
resources which may able to uphold the environmental
norms, the research is diverted towards Fisher Tropsch
synthesis route. Conversion of biomass and coal-derived
syngas into liquid fuel via Fischer-Tropsch route is
gaining interest in the recent years as the derived fuel
(gasoline and diesel) are clean and environment-friendly
which can satisfy strict environmental norms. 1 Syngas produced from coal and biomass have different
H2 /CO ratio based on gasiﬁcation process and feedstock. 2 The stoichiometric demand of H2 /CO ratio in
Fischer-Tropsch synthesis reaction can be fulﬁlled using
the water-gas shift reaction. This might result in a loss
of carbon in the form of CO2 which affects the yield of
liquid fuel. Henceforth, catalysts which are active in the
syngas conversion reaction, as well as the syngas ratio
adjustment for maximizing fuel range products need to
be developed.
* For correspondence

Fischer-Tropsch synthesis is the catalytic conversion
of syngas into feasible gaseous, liquid hydrocarbons and
wax. 3 These can further be transformed into hydrocarbons of lower molecular mass at elevated temperature
and pressures in the presence of a catalyst. Several catalysts have been analyzed to produce fruitful results
and among them, cobalt (Co) and iron (Fe) based
catalyst exhibit good activity and are used industrially. 4–7 It has been observed that cobalt catalysts exhibit
high selectivity and activity towards long-chain parafﬁn
and reluctance to WGS reaction, whereas, Fe catalysts
promote WGS reaction. 8 Supported bimetallic Fe/Co
catalyst is considered to be a feasible option for conversion of low H2 /CO syngas ratio. 9 WGS reaction is
an important reaction for the efﬁcient utilization of coal
and biomass-derived syngas. The measure of WGS reaction over the catalyst is the measure of formed CO2 . The
usage ratio, which is a ratio of moles of H2 converted per
mole of CO converted is also important when the catalyst is active for both FTS and WGS. The usage ratio
is approximately 2 in absence of WGS reaction. And
the value decreases to 0.5 when all the water from FTS
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reaction consumed in WGS reaction. So, the two
extreme value of usage ratio (2 and 0.5) suggest the minimum and maximum extent of WGS reaction over the
catalyst. Some previous literature showed the utilization
of iron-based catalyst in the low H2 /CO environment. 10–15 Bukur et al., 15 employed commercial precipitated iron catalyst to utilize coal-based syngas with feed
ratio 0.67 (H2 /CO) at pressure 1.5 MPa and temperature
220−260 ◦ C. At 260 ◦ C, the observed usage ratio was
0.62 at % CO conversion of 87% However, the carbon
loss in term of CO2 product was 45%. While investigating the activity of iron–manganese based catalyst in a
varied range of inlet H2 /CO ratio, Ding and coworker 12
observed that at lower range of H2 /CO ratio (0.25–
1), hydrogen becomes limiting reactant Although, the
selectivity to long chained hydrocarbon was high due to
decreased chain termination probability with low surface concentration of hydrogen, yet the low per pass
CO conversion decreased the catalyst performance. At
260 ◦ C, 1.50 MPa and H2 /CO = 1, the observed CO
conversion was 42% with 50% C5+ selectivity. The value
of usage ratio 1.03 reveals the occurrence of WGS reaction and maximum possible carbon loss in the form of
the CO2 formation. While investigating the effect of
alkali promotion over Fe/AC catalyst in low H2 /CO
(0.9) environment Ma et al., 16 observed that, in the
temperature range of 260−280 ◦ C, % CO conversion
increases from 50% to 85.7% with almost constant CO2
selectivity 47%. This is due to the increased WGS activity with alkali promotion. Todic et al., reported that at
with an inlet H2 /CO ratio of 0.67, 84% CO conversion
can be achieved with 50% C5+ selectivity. The observed
usage ratio was 0.64 with % CO2 selectivity of 30%.
In all the above case, due to their high WGS activity
carbon loss was high which affect the yield of desired
liquid product. Hence a catalyst system with optimum
WGS activity with good FTS activity is desired to maximize the liquid yield in a low H2 /CO environment
with minimum carbon loss. Here, it is hypothesized
that the Fe-Co bimetallic catalyst can work synergistically to achieve high activity towards FTS as well as
WGS reaction. Some earlier work 9,17,18 have reported
the use of bimetallic in FTS reaction, however, the WGS
activity of the catalysts have not been taken into the consideration. Tavasoli et al., 17 reported an increase CO
conversion up to an addition of 0.5 wt % of Fe into
Co-Fe supported on carbon nanotubes. Further increase
in Fe loadings decreased the activity. Selectivity did
not change at the lower end of iron addition whereas
the higher amounts of Fe shift the selectivity to low
chained hydrocarbon. Logdberg et al., 9 reported that at
a low H2 /CO ratio (∼ 1), iron cobalt bimetallic catalyst
with small amounts of iron improved the FTS activ-

ity of monometallic catalyst Co/Al2 O3 . They did not
observe any synergistic effect bimetallic catalysts with
respect to hydrocarbon selectivities. The active phases
that form during the pre-treatment/reduction stages in
the catalyst is an issue as the product distribution is
highly dependent on that. Depending on the calcination
and reduction condition, the two metals may remain in
separate phases or form alloy on the support, or react
separately with the support to form mixed oxides. Some
authors have reported that at sufﬁciently high loading
FeCo alloy formation takes place on TiO2 and SiO2 . 9,19
While investigating the CO adsorption theoretically on
Fe-Co bimetallic surface, Rochana et al., 20 used density functional theory to prove that the presence of iron
around the cobalt facilitates the CO adsorption on cobalt
surface. CO adsorption energy also increases in case of
bimetallic Fe-Co phase in comparison to only iron or
cobalt phases due to which probability of formation
of long-chain hydrocarbon increases and the amount
of methane decreases. In a study on silica-supported
bimetallic catalyst it was shown that calcined samples
consist of separate Co3 O4 and Fe2 O3 phases, however,
after hydrogen reduction at 500 ◦ C, Fe-Co bimetallic phases was observed with a major portion of Co◦
phase of reduced cobalt which increases FTS activity of
catalyst. 21
In the present study, the bimetallic catalyst was compared with the monometallic catalyst. The extent of
WGS reaction can be calculated using usage ratio and
CO2 selectivity. Effect of reaction conditions on the
activity of WGS reaction was also investigated to select
an optimum condition.

2. Experimental
2.1 Catalyst preparation
Silica supported iron, cobalt, and bimetallic catalysts were
prepared using co-precipitation method. Cobalt nitrate and
ferric nitrate were taken as the precursor for cobalt and iron
respectively. Tetra ethyl orthosilicate (TEOS) was taken as
a precursor for silica. The nitrates were precipitated using
liquid NH3 . The catalyst was characterized using techniques
such as BET surface area analyzer, XRD, TPR, HR-TEM, etc.
The detailed description of the catalyst preparation method
and characterization is mentioned elsewhere. 22 Based on previous research 22 it was observed that 10Fe/20Co/SiO2 is
an appropriate catalyst for further studies. Therefore, in the
present studies, the activity of bimetallic (10Fe/20Co/SiO2 )
and monometallic catalyst (30Co/SiO2 and 30Fe/SiO2 ) for
FTS and WGS reaction were tested at different reaction condition.
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2.2 Catalyst performance evaluation

in WGS then the overall reaction can be written as

All the catalysts were tested in a continuous ﬁxed bed reactor. The tubular reactor of ID 12.5 mm and length 30 cm
was loaded with 3 g of calcined catalyst. The catalyst was
mixed with silicon carbide in order to maintain uniform heat
distribution. Quartz wool was used to ﬁx the catalyst bed in
the center of the tubular reactor. Separate gas cylinders for
the gasses hydrogen, carbon monoxide, and nitrogen with
99.99% purity were attached with separate mass ﬂow controller for the controlled ﬂow. At the exit of the reactor, a
hot trap at 100 ± 2 ◦ C and a cold trap at 0 ± 1 ◦ C were
placed to collect the wax and the condensed liquid content of
the product. A detailed description of reactor set up is mentioned elsewhere. 22,23 Analysis of exit gas was done in a gas
chromatograph equipped with TCD and FID detectors. In the
GC-TCD, Carbosieve column was used to analyze H2 , CO,
CO2 , and CH4 gasses. Porapak-Q column was used in GCFID for the analysis of uncondensed gaseous hydrocarbon in
exit gas. Qualitative analysis of collected liquid hydrocarbon
was done in GCMS and quantitative analysis was done using
simulative distillation taking ASTM D2887 method.
Initially, the catalyst was reduced in-situ in the ﬂow of pure
hydrogen (60 mL/min) at 400 ◦ C and 0.1 MPa. After that, the
temperature and pressure condition was brought to the reaction conditions. At each reaction condition, initial 12 h was
taken to reach steady state conditions and the data was collected for next 60 h of the experimental run. The average of
the value of 60 h run was reported in every reaction condition, wherein, 100 ± 5% carbon balance was achieved. The
percentage CO conversion and hydrocarbon selectivity were
using following equations.

2C O +

CO conversion(%)
(moles of CO)in − (moles of CO)out
× 100
=
(moles of CO)in
Selectivity of product Ci (%)
(moles of carbon in product Ci)
× 100
=
(moles of carbon in CO reacted)

2n

H2 →

1
Cn Hm + C O2
n

(3)

The usage ratio for the reaction will be m/4n. the value of
m/n in the typical product of FTS varied between 2.12–2.2
therefore if an average value of m/n is taken i.e., 2.15, the
two extreme value of usage ratio will be 2.07 (at no WGS
reaction) and 0.53.
WGS reaction is reversible and therefore the comparison
between usage ratio at equilibrium conversion and at experimentally achieved conversion is desired. The usage ratio at
equilibrium is calculated as explained in the literature. 14,24,25
Equation 4, 5 and 6 were derived using a stoichiometric relation in equation 1, 2 and 3. Here a and b in the equation 4, 5
and 6 are moles of H2 O and moles of CO2 respectively. For a
given value of syngas conversion, H/C ratio of the liquid i.e.
γ and inlet molar feed ratio F, the value of a can be calculated
from equation 5. The value of b can be calculated from equation 6 where the value of equilibrium constant KWGS for a
given temperature can be calculated from equation 7. Hence
the value of usage ratio at equilibrium can be calculated using
equation 4 and value of a and b.



(1 + γ /2)a − b
U=
(a + b)
(2 + γ /2)a
X C O+H2 =
(1 + F)

(4)
(5)


PC O2 PH2
=
PC O PH2 O eq


b F + b − (1 + γ /2)a
=
(a − b)(1 − a − b)


KWGS


K W G S = 0.0132 exp

2.3 Measurement of WGS activity

4578
T

(6)



(7)

3. Results and Discussion

WGS activity of the catalyst can be measured by calculating
usage ratio. Usage ratio (U) is deﬁned as the mole of H2 converted per mole of CO conversion. 9,24 The calculation of the
U is important when both FT and WGS reactions are occurring simultaneously over catalyst surface. FT and WGS can
be written as a parallel reaction (equation 1 and equation 2).

1
m
H2 → Cn Hm + H2 O
CO + 1 +
2n
n
C O + H2 O → C O2 + H2

m
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(1)
(2)

Where m and n are the average number of carbon and hydrogen per molecule of hydrocarbon. If there is no WGS reaction
the usage ratio will be 1+m/2n. However, if we take extreme
case wherein, all the water produced from FTS is consumed

The activity of bimetallic catalyst (10Fe/20Co/SiO2 )
was compared with the monometallic catalysts (30Fe/
SiO2 and 30Co/SiO2 ) at similar reaction conditions.
Catalysts were tested at T: 240−260 ◦ C, P-2.0 MPa,
H2 /CO: 1.48 and space velocity 1200 mL/gcat-h. In our
previous work it was observed that, at 220 ◦ C, the activity of Fe-Co bimetallic catalyst towards WGS reaction
was low with H2 /CO usage ratio of 2.06. At 280 ◦ C,
WGS activity was high with the usage ratio of 1.55,
however, the loss of carbon in form of CO2 was high. 22
Henceforth, the temperatures 240 ◦ C and 260 ◦ C were
taken for the further investigation of the performance of
mono and bimetallic catalysts.
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3.1 Catalyst activity test
Figure 1 and 2 show the product distribution and %
CO conversion over all the three catalysts at temperature 240 ◦ C and 260 ◦ C. The results reveal that the %
CO conversion was higher in the case of the bimetallic catalyst at both the temperatures. At 240 ◦ C, % CO
conversion was 52, 55 and 72 for the catalysts Fe/SiO2 ,
Co/SiO2 and Fe/Co/SiO2 respectively. The selectivity
to the C5+ was highest 70% over the monometallic
cobalt catalyst. However, the catalyst also Cobalt catalyst showed highest C5+ selectivity with maximum
(20%) wax formation. Selectivity to C5+ over iron and
Fe-Co bimetallic catalyst was 47% and 60% respectively. However, the desired product range i.e., C5 −C20
was maximum (50%) in the case of the bimetallic catalyst. This can be attributed to the formation of some
bimetallic phases which also facilitates CO adsorption and hydrogenation. Product distributions in the
gaseous phase show selectivities of parafﬁn and oleﬁn
in the range of C2 −C4 . The oleﬁn+parafﬁn selectivity
in C2 −C4 were 14.7%, 22% and 12.5% over the catalysts Fe/SiO2 , Co/SiO2 and Fe/Co/SiO2 respectively.
Oleﬁn to parafﬁn ratio is an important parameter for
the identiﬁcation of hydrogenation tendency of lower
hydrocarbon. Oleﬁn to parafﬁn ratio was maximum
(1.84) over Fe/SiO2 catalyst and was observed to be 1.27
over the bimetallic catalyst. The formation of methane
is a loss of carbon, so it is an undesired product of
FTS reaction. Highest methane selectivity (18%) was
observed over the monometallic iron catalyst whereas it
was lower (8.5%) over Fe-Co bimetallic catalyst. Over
cobalt catalyst Co/SiO2 , methane selectivity was 14%.
The WGS activity can be examined by calculating CO2
selectivity and the usage ratio U. At 240 ◦ C, the selectivity to CO2 was very low (2.5%) over Co/SiO2 catalyst
due to its low WGS reaction activity and also the usage
ratio was 2.19. On the other hand, Fe/SiO2 catalyst
showed high activity to the WGS reaction with the usage
ratio of 1.64. The usage ratio over Fe-Co bimetallic catalyst was 1.61. Also, the selectivity to the CO2 over
the catalysts Fe/SiO2 and Fe-Co/SiO2 were 15% and
20% respectively. Henceforth, the carbon loss in the
form of CO2 was high in case of the bimetallic catalyst.
At 260 ◦ C, the WGS shift activity increases as the rate
of WGS reaction increases with the temperature. The
H2 /CO usage ratio decreased from 1.64 to 1.5 and selectivity to CO2 increased from 15% to 18% over Fe/SiO2
catalyst as temperature increases from 240 to 260 ◦ C.
Similarly, the H2 /CO usage ratio decreased from 1.61
to 1.57 and selectivity to CO2 increased from 20% to
22% over Fe/Co/SiO2 catalyst as temperature increases.
CO conversion was observed to be 57% and 75% with %

Figure 1. % CO conversion and product distribution at
T-240 ◦ C, H2 /CO-1.48,P-2.0MPa,SV-1200 mL/g-h.

Figure 2. % CO conversion and product distribution at
260 ◦ C T-260 ◦ C, H2 /CO-1.48,P-2.0MPa,SV-1200 mL/g-h.

C5 −C20 selectivities of 28% and 40% over Fe/SiO2 and
Fe-Co/SiO2 catalysts. Above discussion reveals that the
bimetallic Fe-Co/SiO2 catalyst is an appropriate catalyst for maximum liquid yield with optimum WGS
activity. Although, the carbon loss in the form of CO2
was 4 % higher than the monometallic catalyst, yet the
loss can be compensated by lower methane formation
with a comparison of the same catalyst. Henceforth, the
catalyst was selected for further investigations.
In the next section, the WGS shift activity was tested
at varying reaction conditions over Fe-Co/SiO2 catalyst.
The value of usage ratio was calculated to examine the
extent of WGS reaction various conditions.
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Figure 3. Effect of syngas conversion level and feed
H2 /CO ratios on usage ratios over 10Fe/20Co/SiO2 catalyst.

Figure 4. Comparison of experimental data with equilibrium predicted data for usage ratios at different syngas
conversion level.

3.2 Effect of composition on WGS activity
Figure 3 shows the effect of feed composition on the
water gas shift reaction over Fe-Co bimetallic catalyst.
The variation of usage ratio with syngas XH2+CO conversion at different initial feed gas composition was shown.
Also, Figure 4 shows the comparison of usage ratio predicted from equilibrium calculation. The continuous line
in Figure 4 shows the value of usage ratio at various
syngas conversion when the WGS reaction was at its
equilibrium at the particular temperature. The values
were calculated using equation 4 to 7 as described in
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section 3. The equilibrium constant of WGS reaction
changes from 51.9 to 142.3 as temperature decreases
from 280 to 220 ◦ C. Also, the value of γ merely changes
as temperature changes from 280 to 220 ◦ C. Henceforth,
the equilibrium calculation was done at 260 ◦ C wherein
the value of the equilibrium constant for WGS reaction
was 70.9. The experimental data shown in Figure 3 and
4 were taken from our previous work 22,26 in a range
of experimental condition (T-220−260 ◦ C, P-2.0 MPa,
SV-1200–6600 mL/g-h). Results reveal that the at lower
syngas conversion (up to 45%) the usage ratio is independent of feed ratio. However, on further increase in
conversion, usage ratio increases rapidly. However, the
experimental trends suggest that the usage ratio is significantly different from equilibrium predicted value at low
conversion. At low conversion, the partial pressure of
water remains so the rate of WGS reaction remains low
and a higher value of usage value (∼ 2) was observed.
The decrease in usage ratio is attributed to the increasing rate of WGS reaction. The trend shown in Figure 4
is consistent with trend suggested by Bukur et al., 27 and
Satterﬁeld et al. 25 In the present experimental data over
a bimetallic catalyst, usage ratio decreases from 2 to
1.53 as syngas conversion reaches up to 78%. In the case
of precipitated iron catalyst (100Fe/5Cu/4.2K/25SiO2 ,
wt %) with an initial feed ratio of 0.67, Bukur et al., 15
observed a decrease in usage ratio from 1.33 to 0.6 which
almost equal to the equilibrium value. With initial feed
ratio of 2.0, they reported the same trend of usage ratio
which increased after reaching the equilibrium value, at
55% conversion. This is because at higher conversion
WGS reaction approaches towards equilibrium 8 . The
conversion at which this transition takes place depends
on reaction condition and initial feed ratio. With initial feed ratio of 0.65 to 0.67 and temperature of 250 to
265 ◦ C, Zimmerman et al., 28 observed the same trend of
decreasing usage ratio over the 100Fe/0.3Cu/0.2K catalyst. The experimental value of usage ratio reaches the
equilibrium value at 60% conversion. In Figure 4 the
experimental data suggest that the value of usage ratio
will reach the equilibrium value at about 90% conversion of syngas with feed ratio 1.5. The decreasing trend
of usage ratio was similar at both feed ratios (1 and 1.5)
whereas the extent of WGS reaction was high at low
in let feed ratio i.e., 1. In the case of feed ratio of 1
the data predict that the value of usage ratio will meet
the equilibrium at much higher conversion level. However, at this feed ratio, it is difﬁcult to achieve higher
per pass conversion as the hydrogen becomes limiting
reagent. Hence, at the lower range of feed ratio (1–1.5),
WGS reaction remains far from equilibrium over Fe-Co
bimetallic catalyst. This is because only a part of the
bimetallic catalyst is active for WGS reaction whereas
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Figure 5. Effect of temperature on usage ratio over
Fe-Co/SiO2 catalyst at H2 /CO -1.5, P-2.0 MPa.

Figure 6. Effect of temperature on usage ratio over
Fe-Co/SiO2 catalyst at H2 /CO -1, P-2.0 MPa.

the precipitated catalysts are equally active for FT as
well as WGS reaction.
3.3 Effect of temperature on WGS activity
Figures 5 and 6 show the effect of temperature on water
gas shift activity. The experimental data compare the
results over Fe-Co/SiO2 catalyst at a feed ratio of 1
and 1.5. At temperatures 220, 240 and 260 ◦ C usage
ratio decreases with increasing % syngas conversion.
Also, usage ratio decreases with increasing temperature at constant conversion. The change in usage ratio

Figure 7. Effect of pressure on the usage ratio over
Fe-Co/SiO2 catalyst at H2 /CO -1.5, T = 260 ◦ C.

was more pronounced at 240 ◦ C at which the usage
ratio decreases from 1.91 to 1.63. At low temperature
(220 ◦ C), the change in usage ratio is not signiﬁcant.
This is due to the low rate of WGS reaction at this temperature. Bukur et al., 8 observed the same trend over
the precipitated iron catalyst. However, at higher syngas conversion (< 45%) they observed that the effect
of temperature was not signiﬁcant. They suggested that
at higher conversion WGS reaction reaches an equilibrium which in turn minimizes the effect of temperature.
In the present study as discussed in the earlier section,
the WGS reaction is far from equilibrium, so the effect of
temperature is evident at all conversion levels. Further,
at low syngas conversion, catalyst showed low WGS
activity at all the tree temperatures wherein the value of
usage ratio was almost ∼ 2. As discussed earlier, this
is the kinetic effect of WGS reaction. At the feed ratio
of 1, the trend is almost same except at higher syngas
conversion. At 240 ◦ C, the change in H2 /CO usage ratio
with conversion was more pronounced at higher conversion (< 60%). However, due to less number of the data
point, it is not evident at 260 ◦ C. Therefore, the optimum
range of conversion for optimum WGS activity is 70 to
80% for both the initial feed ratio.
3.4 Effect of pressure on WGS activity
Effect of varying pressure (1.5 to 2.5 MPa) on WGS
activity of the catalyst was investigated at different
inlet feed ratio 1 and 1.5 (Figure 7 and 8). Usage
ratio decreases with increasing syngas conversion at
each pressure. At a particular conversion, usage ratio
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Further, WGS activity over 10Fe/20Co/SiO2 was calculated through usage ratio which was observed to be 1.61
at 240 ◦ C with initial feed ratio 1.5. On comparing the
results with equilibrium values of WGS reaction it was
observed that the over bimetallic catalyst WGS reaction
is far from equilibrium. Effect of temperature pressure
and feed composition on WGS activity was investigated.
Results reveal that Usage ratio depends on syngas conversion. Usage ratio decreases with syngas conversion
at constant temperature and pressure. Also, the value of
usage ratio decreases with increasing temperature and
decreasing pressure at constant syngas conversion.
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