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Abstract Fischer–Tropsch synthesis (FTS) with biomass-derived syngas was performed using both iron-based
100Fe/6Cu/4K/25Al catalyst and ruthenium-based 5 %
Ru/SiO2 catalyst. During FTS, different concentrations
of steam were co-fed with the biomass-derived syngas to
promote the water gas shift reaction and increase the H2/
CO ratio. On Fe-based catalysts the increase in steam
concentration led to lower conversion, while deactivation
is not observed on Ru-based catalysts. XRD of the spent
iron-based catalyst showed the oxidation of iron carbides.
Adding steam inhibited surface carbon deposition, as measured by temperature programmed hydrogenation. The iron
carbide phase could be re-carburized by flowing CO. The
addition of steam had different effects on these two catalysts. Fe-based catalyst showed significantly lower methane selectivity and greater C5+ hydrocarbon selectivity,
while on the Ru-based catalyst, adding steam only showed
slightly decreased methane selectivity.
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1 Introduction
The gasification of biomass is a promising technique to
generate different forms of valuable alternative energy,
including direct thermal energy and further conversion of
synthesis gas to clean liquid fuels or chemicals via Fischer–
Tropsch synthesis (FTS) [1–5]. The ideal H2/CO ratio for
FTS is ~2/1 based on the stoichiometry. However, The H2/
CO for the synthesis gas obtained from biomass gasification is considerably lower, typically ~0.7/1. Elder et al.
[6] studied the gasification of biomass using an air-blown
pilot-scale gasification system at various conditions. Based
on a ~17–30 kg h−1 wood chips feedstock, the unit produce 855 dm3 m−3 gas with the composition of 20 % carbon
monoxide, 15.5 % hydrogen, 4 % methane, 10.7 % carbon
dioxide and balance nitrogen [6], which is representative of
syngas produced in these types of biomass gasifiers [7, 8].
This hydrogen-deficient type of syngas requires Fe and Rubased FTS catalyst to promote the water-gas-shift reaction.
During FTS, the steam formed can react with CO to
produce CO2 and hydrogen via the water gas shift reaction
(H2O + CO → H2 + CO2), producing the required hydrogen
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needed for FTS [9]. Depending on the specific gasifier, the
gasification of biomass can produce significant levels of
steam, yet there are relatively few studies on the systematic effect of adding steam to the biomass-derived syngas,
despite the potential positive effect of added steam. Satterfield et al. [10] reported that steam added to dry synthesis
gas increased the water–gas shift rate, as expected. Steam
addition also reduced methane selectivity and increased
oxygenate selectivity. In terms of conversion, the steam
with 27 mol% in the feed decreased the catalyst activity,
while the activity could be recovered once the steam was
removed. However, 42 mol% steam in the feed caused irreversible deactivation. Pendyala et al. [11] studied the effect
of steam on a potassium-promoted precipitated Fe-based
catalyst during FTS at 230 and 270 °C. At lower temperature (230 °C) the addition of steam decreased FTS activity
and oxidized the Fe carbide. However, no signs of oxidization were found when steam was added to the feed at
270 °C.
Ruthenium-based catalysts have also been used to study
the effect of added steam. Claeys et al. [12] investigated
the effect of steam during FTS over a ruthenium supported
on SiO2 catalyst. The addition of water led to lower methane selectivity and enhanced chain growth probability. CO
conversion also increased upon steam addition. They claim
that steam served as a moderator during FTS, minimizing
carbon deposition and supplying a source of hydrogen for
the formation of hydrocarbon monomers.
Although the addition of steam in FTS has been studied on various catalysts using fixed-bed reactors or slurry
stirred reactors [13–16], the synthesis gases used in their
reports usually contain only CO and H2 with the H2/CO
ratio ranging from 1/1 to 2/1. To our knowledge, we are not
aware of systematic reports on the effect of added steam in
FTS using biomass-derived syngas, especially at low H2/
CO ratios and high inert N2 concentration.
In the present study, we report the effect of adding
4–20 mol% steam on the CO conversion and product selectivity of two types of catalysts: (1) A Fe-based catalyst with
potassium and copper as promoters to suppress methane
formation, and aluminum oxide as structural promoters to
prevent catalyst oxidation. (2) An unpromoted Ru/SiO2 as a
comparison based on the effect of added steam in decreasing methane selectivity and increasing chain growth probability over Ru-based catalysts [12].

2 Experimental
The iron-based catalyst was synthesized by coprecipitation. Iron(III) nitrate [Fe(NO3)3·9H2O, Sigma-Aldrich],
copper(II) nitrate [Cu(NO3)3·2.5H2O, Sigma-Aldrich] and
aluminum nitrite [Al(NO3)3·9H2O, Alfa Aesar] were first
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mixed and dissolved in deionized water. Then the aqueous solution was titrated into a continuous-stirred beaker
with 100 ml water at 80 °C, while 1 M (NH4)2CO3 solution was added dropwise to maintain the pH at 7.00 ± 0.2.
The brown-colored precipitate solution was aged for 4 h,
afterwards the precipitate was collected by filtration and
the solid was washed with ethanol. The precipitate was
kept in the oven at 120 °C for 24 h. A desired amount of
KHCO3 solution was impregnated into the catalyst precursor using the incipient wetness impregnation method.
After the impregnation, the catalyst was calcined at
360 °C for 6 h under 50 ml/min nitrogen flow. Based on
the ICP-OES analysis, the catalyst has the atomic ratio of
100Fe/6Cu/4K/25Al. The catalyst is labeled as Fe/Cu/K/
Al.
The ruthenium supported on SiO2 catalyst was prepared
by impregnating ruthenium nitrosylnitrate (Alfa Aesar)
solution onto SiO2 (PQ Corporation). The impregnated precursor was dried at 110 °C for 24 h, followed by the calcination at 300 °C for 4 h under nitrogen flow. The final catalyst has 5 wt% of Ru. This catalyst is denoted as Ru/SiO2.
Scanning electron microscopy (SEM) and energy-dispersive X-ray spectroscopy (EDX) were carried out on a
Quanta 3D DualBeam FEG FIB-SEM to study the morphology and surface element composition changes of the
used Fe/Cu/K/Al catalyst after FTS with steam addition.
The accelerating voltage is set at 20 kV, and the energydispersive spectra (EDS) of the samples are generated from
the SEM images at ×1000 magnification.
An Empyrean X-ray diffractometer with Cu Kα radiation (λ = 0.15406 nm) was used for XRD analysis on fresh
and used Fe/Cu/K/Al catalyst. The XRD patterns were collected from 15° to 90° for Fe-based catalyst. The patterns
were analyzed using the X’pert HighScore Plus software
with the Search & Match feature.
Fischer–Tropsch synthesis was performed on a PID
EFFI microactivity reactor. The biomass-derived syngas
used in the reaction has the composition of 20 % carbon
monoxide, 15.5 % hydrogen, 4 % methane, 10.7 % carbon dioxide and balance nitrogen. The iron-based catalyst
requires a carburization step prior to the reaction. During
each run, 1 g of catalyst was mixed with 5 g of sand, and
loaded into a 1 inch stainless steel reactor. The reactor was
first heated to 280 °C under helium flow, then 30 sccm of
carbon monoxide flowed through the reactor for 24 h to
reduce and carburize the catalyst at 280 °C and 1 bar. Ru/
SiO2 was reduced in H2/He prior to the reaction. 2.5 g
of catalyst was loaded into the reactor. 5 sccm of H2 and
25 sccm of He flowed through the reactor, and the temperature is ramped to 300 °C. The catalyst is reduced at this
temperature in hydrogen for 4 h.
The reaction was carried out at 270 °C on both the
carburized Fe-based catalyst and the reduced Ru-based
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catalyst. After the pretreatment step, the temperature is
lowered to 270 °C, and 40 sccm of biomass-derived syngas and 7 sccm helium was mixed and flowed through the
reactor. The reactor pressure is set at 20 bar. The reaction
was kept at this condition for 120 h, and the liquid products (hydrocarbons and alcohols) were collected in the liquid traps. Then different amounts of steam were injected
into the feed. A certain amount of water was pumped by
a Gilson 307 pump into the vaporizer, which was kept at
180 °C to vaporize the steam. Steam is subsequently mixed
with the syngas-helium flow and injected into the reactor.
Helium inert flow was adjusted when steam was injected
to keep the space velocity constant. The composition of
steam was 4.1, 10.2 % and 20.5 mol% of the total flow. Liquid products were collected at the end of each run. Liquid
hydrocarbon and oxygenate analysis were conducted by
GC-FID from Emerging Fuel Technology (EFT) in Broken
Arrow, OK.
Temperature programmed hydrogenation (TPH) is tested
on Fe/Cu/K/Al to examine the carbonaceous species on the
surface and in the bulk of the catalysts. In each test, 100 mg
catalyst was initially pretreated with 50 sccm of 5 % CO/
He at 280 °C for 16 h, followed by the CO hydrogenation
reaction at different conditions, including: (1) 10 h reaction
at 270 °C and 1 atm with simulated biomass-derived syngas
(20 % CO, 15.5 % H2, 4 % CO2 and balance He); (2) 10 h
reaction at 270 °C and 1 atm with the simulated biomassderived syngas, but flowed through a saturator filled with
water prior to the reactor; (3) the same reaction conditions
as (2), followed by a regeneration step with 5 % CO/He at
280 °C for 16 h. After the treatments, TPH pattern was collected by flowing 15 sccm H2 through the reactor, and the
temperature was ramped to 950 °C at 5 °C/min.

3 Results and Discussion
FTS over the Fe/Cu/K/Al catalyst and Ru/SiO2 catalyst
were carried out with different concentrations of added
steam in the syngas. Table 1 shows the CO and CO2 conversions and the hydrocarbon distribution of Fe/Cu/K/Al.
[No significant activity was observed for the run with 20 %
steam, thus, the conversion and production distribution for
Fe/Cu/K/Al at 20 % steam addition level is not presented in
Table 1.]
FTS on Fe/Cu/K/Al with 0 % steam addition has a total
conversion (CO + CO2) of 31.6 %, which is similar to the
conversion reported in previous studies of using biomassderived syngas for FTS [17–19]. The addition of steam in
the feed caused decreased CO conversion, and the reaction
is completely quenched with 20 % steam co-feeding. The
rate equations for the iron-based FTS catalyst in a fixed bed
reactor can be expressed as [20, 21]
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Table 1  CO + CO2 Conversion, hydrocarbon distribution and olefin/paraffin ratio of Fe/Cu/K/Al at 270 °C, 20 bar, GHSV = 2820 scc
gcat−1 h−1
Steam in feed (mol%)

0

4.1

10.2

CO + CO2 conversion (%)
CO conversion (%)
CO2 conversion (%)
HC selectivity (C%)
CH4
C2–C4
C5–C11
C12–C18
C19+
Olefins/n-Paraffins
C5=–C11=/n–C5–C11
C12=–C18=/n–C12–C18

31.6
26.6
40.1

23.3
23.3
23.2

11.1
21.6
−6.9

15.5
30.0
28.2
10.4
1.8

8.1
29.7
30.7
13.3
1.4

7.4
19.2
34.5
18.6
1.4

1.6
0.7

1.8
0.8

2.2
0.9

The compositions are calculated based on a 24 h accumulative run at
the steady state

rFT = A

PH2 PCO
PCO + kH2 O PH2 O

(1)

Therefore, steam co-feeding would expect to inhibit
the rate for FTS. Table 1 shows that the presence of steam
inhibits CO + CO2 conversion, which is consistent with the
rate expression (Eq. 1), This is caused by (1) the decrease
of CO partial pressure due to higher WGS rate [22], and (2)
the oxidation of the catalyst, as detected by XRD, SEM and
TPH. The analysis of catalyst oxidation will be discussed
later in this section.
The addition of steam increased the selectivity to higher
hydrocarbons, especially for C5+ hydrocarbons on the Fe/
Cu/K/Al catalyst. The selectivity to C5–C11 increased from
28.2 to 34.5 % at 10.2 % steam in the feed, and the C12–C18
selectivity increased from 10.4 to 18.6 %. The effect of
added steam agrees with the results obtained on cobaltbased FTS catalysts [23–27]. The increased composition of
H2 facilitates the hydrogenation of dissociated or undissociated CO, which is a rate limiting step in the conversion of
CO to hydrocarbons [21, 28, 29]. Therefore, the increase
of H2/CO ratio leads to higher hydrocarbon selectivity. In
addition, Schultz et al. [27] state that adding steam inhibits the desorption of monomers and short-chain products,
thus, the chain growth rate increases to favor the formation
of higher hydrocarbons. Olefins to n-paraffins ratio also
increases due to the added steam. For C5–C11 hydrocarbons
the ratio of olefins/paraffins increased from 1.59 to 2.24 at
10.2 % steam addition. Satterfield et al. [10] reported considerably decrease in methane selectivity with steam addition during FTS reactions at 250 °C, consistent with the
results here (Table 1). As mentioned above, the desorption
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Fig. 1  CO2 fraction in the product gas and FTS CO + CO2 total conversion with steam in the feed. Red line production CO2 fraction, %.
Blue line CO + CO2 total conversion, %
Table 2  CO + CO2 conversion, hydrocarbon distribution and olefin/
paraffin ratio of Ru/SiO2 at 270 °C, 20 bar, GHSV = 2820 scc gcat−1h−1
Steam in feed (mol%)

0

4.1

10.2

20.5

CO + CO2 conversion
CO conversion
CO2 conversion
HC selectivity (C%)
CH4
C2–C4
C5–C11
C12–C18
C19+
Olefins/n-Paraffins
C5=–C11=/n–C5–C11
C12=–C18=/n–C12–C18

11.8
10.0
14.9

11.1
11.7
13.9

11.3
11.3
13.4

9.8
9.0
10.6

14.5
17.5
32.0
17.2
1.6

14.9
18.0
34.4
17.5
1.8

13.1
15.8
33.7
17.5
1.9

12.7
14.2
34.6
17.3
1.8

2.1
0.3

2.1
0.4

1.9
0.3

2.2
0.4

The compositions are calculated based on a 24 h accumulative run at
the steady state

of monomers and short-chain hydrocarbons on the surface
could be inhibited with the presence of steam. Therefore,
the product distribution shifts to favor long-chain hydrocarbons when steam was added to the feed, while the selectivity to short-chain products such as methane and C2–C4
hydrocarbons is reduced. The olefin/paraffin ratio for C2–
C5 also increases when the steam fraction was increased
from 0 to 30 mol%.
Figure 1 shows the outlet CO2 composition as a function
of the added steam. For FTS with high CO2 concentrations,
CO2 can be consumed by the reverse water–gas shift reaction to form CO and H2O, or directly converted to hydrocarbons or oxygenates [30–32]. A considerable amount
of CO2 is hydrogenated into hydrocarbons with 0 % steam
addition, in which case as the outlet CO2 fraction decreased
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from 10.7 to 6.2 %. The addition of steam in the feed
increased CO2 concentration in the product gas (12.8 %),
which is higher than the CO2 fraction in the feed. This suggests that water–gas shift activity is enhanced when steam
was added. The enhanced WGS rate lead to higher H2/CO
ratio, which increases the selectivity to higher hydrocarbons in the reaction.
The conversion and hydrocarbon distribution for the Ru/
SiO2 catalyst is less influenced by the presence of steam
(Table 2). The CO + CO2 conversion slightly decreases
as steam mol% increased, but the catalyst is still active
at 20 mol% steam addition, unlike the Fe-based catalyst.
Methane selectivity also decreased slightly at higher steam
addition levels, consistent with the results of Cleays et al.
[12]. The increasing steam concentration has little influence to the hydrocarbon selectivity and olefins/paraffins
ratio.
XRD on the fresh and used Fe/Cu/K/Al catalysts were
carried out to study the cause of deactivation at higher
steam addition level. The XRD patterns for the fresh-calcined catalyst and the carburized catalyst in Fig. 2 show
that the coprecipitated Fe/Cu/K/Al catalyst is XRD amorphous, even after the calcination and carburization process. The spectra for the sample after FTS with no steam
co-feeding is denoted as “Dry FTS” in Fig. 2. The diffraction peaks with high intensities correspond to SiO2 (JCPDS
01-078-1252), due to the inert silica used to dilute the catalyst. However, the sample shows no significant crystalline
peaks for iron phases. The amorphous iron phase in the
catalyst is maintained after FTS for 120 h.
XRD patterns of the samples after FTS with different
level of steam addition are designated as “X% steam” in
Fig. 2, where X% stands for the mol% of the added steam.
Fe3O4 phase (JCPDS card 01-075-1609) is detected for the
spent steam co-feeding samples, indicating the oxidation of
the catalyst after FTS with steam addition. A comparison of
the XRD patterns with 2θ = 34° to 38° on the used catalysts
is presented in Fig. 3. The peak at 35.537° corresponds to
Fe3O4 (103). The crystallite size calculation based on Sherrer equation follows a sequence of 20 % steam >10 % steam
>4 % steam > Dry FTS. Therefore, the catalyst was oxidized after FTS with steam addition, and the Fe3O4 crystallites are larger at higher steam co-feeding conditions.
The SEM images of the Fe/Cu/K/Al catalyst under different steam co-feeding concentrations are shown in Fig. 4.
The freshly calcined catalyst is composed of irregular,
assorted particles with the average size varying from 10 to
25 µm, as seen in Fig. 2a. Fischer–Tropsch reaction with
10 % steam co-feeding has minor changes on the catalyst
morphology. However, when 20 % of steam was added in
the feed, the catalyst agglomerated as the average diameter of the catalyst particle increased to ~40 µm. EDS
analysis was performed to determine the change of surface

13

66

Z. Wang et al.

Fig. 2  X-ray diffraction spectra
for the Fe/Cu/K/Al catalyst after
(1) calcination, (2) carburization under CO, (3) FTS with no
steam addition, (4) FTS with
4 % steam, (5) FTS with 10 %
steam and (6) FTS with 20 %
steam addition

Fig. 3  X-ray diffraction
spectra from 2θ = 34° to 38°
for the Fe/Cu/K/Al catalyst
after FTS under different levels
of steam addition. The peak
at 2θ = 35.537° corresponds
to Fe3O4 (103) (JCPDS card
01-075-1609). The crystallite
size is calculated by Scherrer
equation

Fig. 4  SEM image at ×1000 of a calcined Fe/Cu/K/Al catalyst, b used Fe/Cu/K/Al catalyst after FTS with 10 % steam co-feeding in syngas, c
used Fe/Cu/K/Al catalyst after FTS with 20 % steam co-feeding in syngas
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composition after steam co-feeding. The atomic ratios of
the major elements detected in the EDS are summarized in
Table 3. The catalyst surface is dominated by carbon after
carburization and dry FTS reaction. However, the surface
Table 3  Surface atomic composition of Fe/Cu/K/Al after calcination
and FTS with steam co-feeding
Elementa

C
O
Al
Fe

Atomic %
Calcined

10 % steam

20 % steam

–
56.5
6.6
34.3

82.7
11.19
0.9
4.9

76.6
16.2
1.1
6.1

a

Cu and K has 1 atomic % on calcined Fe/Cu/K/Al, trace amount in
10 and 20 % steam sample

Fig. 5  TPH patterns of Fe/Cu/K/Al after pretreatment in 5 % CO/
He at 280 °C for 16 h, followed by a treatment at 270 °C with simulated syngas (20 % CO/15 % H2/5 % CH4/He) for 16 h. b Treatment
at 270 °C with simulated syngas flowed through the steam saturator
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carbon composition declined significantly when steam fraction increased from 10 to 20 %, and the atomic % of surface
oxygen changed from 11 to 16 %. The results from XRD
and SEM show that Fe/Cu/K/Al deactivates during steam
co-feeding, which is due to the oxidation of Fe in the presence of H2O and CO2.
TPH experiments were performed to characterize the
carbonaceous species in the catalysts after different treatments. Figure 5a shows the TPH profile of Fe/Cu/K/Al
after 16 h of CO reduction at 280 °C followed by 10 h of
reaction at 270 °C under dry syngas flow. The profile is
deconvoluted into six peaks that are assigned as (1) atomic
carbon (α), (2) amorphous or polymeric carbon (β), (3)
bulk iron carbides ε′-Fe2.2C (γ1) and χ-Fe2.5C (γ2), and (4)
graphitic carbon (δ1 + δ2) [33]. The peak temperature and
carbon content are shown in Table 4.

for 16 h. c Treatment at 270 °C with simulated syngas flowed through
the steam saturator for 16 h, and recarburization with 5 % CO/He at
280 °C for 16 h
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Table 4  Results of TPH on Fe/Cu/K/Al after different treatments
Designation

Treatment

Peak
temperature °C

Carbon content
mmol/gcat

Percentage %

Type of carbon
species

Dry syngas

16 h CO + 10 h syngas

Wet syngas

16 h CO + 10 h syngas w/saturator

Re-carburized

16 h CO + 10 h syngas w/saturator + 16 h CO

388
458
503
537
590
638
376
460
516
558
610
666
413
468
536
578
640
679

0.23
0.43
0.70
0.71
0.17
0.18
0.20
0.26
0.45
0.42
0.19
0.21
0.22
0.23
0.69
0.65
0.21
0.18

9.6
17.7
28.8
29.3
6.9
7.6
11.3
15.3
26.0
24.1
11.0
12.3
10.0
10.6
31.7
29.9
9.5
8.3

α
β
γ1
γ2
δ1
δ2
α
β
γ1
γ2
δ1
δ2
α
β
γ1
γ2
δ1
δ2

In another test, the syngas flowed through a water saturator, carrying the moisture to simulate the reaction with
steam co-feeding. As a result of steam addition, the total
carbon content (1.73 mmol/gcat) on the catalyst after wet
syngas treatment is lower comparing with that on the
dry syngas treated catalyst (2.42 mmol/gcat). The samples with wet syngas treatment contains less iron carbides
(γ1 + γ2) in both amount and percentage (Table 4). Iron
carbides, especially Hägg carbides (χ-Fe2.5C) are known
to be the active phases for FTS [34–36]. Treatment with
wet syngas reduced the carburization extent, which is in
agreement with the loss of activity during FTS test with
steam addition.
In a separate test, 5 % CO/He gas flowed through the
reactor to re-carburize the catalyst after wet syngas treatment. This test is labelled as “re-carburization” and the
TPH profile is shown in Fig. 5c. The total carbon content
of the re-carburized catalyst is 2.18 mmol/gcat, indicating that the catalyst is only partially re-carburized after
the 16 h CO treatment. The re-carburized sample contained similar amounts of α, β and δ carbon compared
to the sample after wet syngas treatment in Fig. 5b, but
much more carbidic carbon species (γ1 + γ2). The re-carburized sample has identical carbidic carbon content as
the sample after dry syngas treatment, thus the iron carbide is recovered after the regeneration step using 5 %
CO/He. The TPH results of both the wet syngas treated
and the re-carburized sample show less polymeric carbon
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(Cβ), which indicates that steam addition can remove the
surface carbon [12].
The concentration of active phases for FTS (ε′-Fe2.2C
and χ-Fe2.5C) is lower on wet syngas treated samples.
Based on the results from XRD and SEM, iron carbide was
oxidized to Fe3O4 when steam was added in the feed, causing the catalyst deactivation during FTS. Previous studies
reported that the loss of activity could be recovered once
steam addition is stopped [10, 11]. For instance, Satterfield
et al. [10] claim that the synthesis rate could be recovered
after the removal of as much as 27 mol% steam addition.
However, pure dry synthesis gas was used in their study,
with H2 and CO only. In this study, the simulated syngas
contains 50 % He as inert and ~3 % of steam after passing through the saturator, yet the iron carbide is recovered
after a regeneration step with 5 % CO/He. Therefore, even
though the activity of Fe/Cu/K/Al catalyst was deactivated
by oxidation after steam co-feeding, the iron carbide could
be regenerated by flowing pure reducing gases such as CO
or H2/CO mixture.

4 Conclusion
Up to 20 % steam addition during the FTS using biomassderived syngas has little effect on the unprompted ruthenium-based Ru/SiO2 catalyst, except a slight decrease of
conversion and methane selectivity. On the iron-based
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Fe/Cu/K/Al catalyst, however, steam addition increased
the WGS rate, which led to less methane selectivity and
increased C5+ selectivity. Steam inhibited the formation
of surface polymeric and carbidic carbon during the reaction. However, steam co-feeding led to the oxidation of iron
carbides species especially at higher steam concentrations,
thus the catalyst activity decreases drastically when steam
was added to the feed. Although the iron-based catalyst
could not be regenerated by the biomass-derived syngas,
TPH experiments showed that the iron oxides could be
partially re-carburized in more reductive carbon monoxide
gas.
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