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carbides to Fe3O4 during FTS reaction process, while potas-
sium significantly improved the FTS and WGS activity and 
inhibited the oxidation of iron carbide. Both of strontium 
and potassium decreased the selectivity of methane while 
facilitated the formation of heavy hydrocarbons and olefin, 
whatever, strontium exhibited a weaker effect compared to 
potassium.
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1 � Introduction

Fischer–Tropsch synthesis (FTS) is a well-established 
industrial route to convert syngas made from coal, natu-
ral gas or biomass into hydrocarbons [1]. Considering the 
limited supply and non-renewable nature of crude oil, FTS 
attracts increasing attention as an alternative way to produce 
petrochemical substitutes and fuels [2]. Iron-based catalysts 
are favorably applied in FTS processes for their low price, 

Abstract  The effect of strontium as a chemical promoter 
on iron-based Fischer–Tropsch synthesis (FTS) catalysts 
was investigated and compared with that of potassium. 
Strontium was chosen for study because of its relationship to 
potassium through the Diagonal relationship in the Periodic 
Table. The catalysts were characterized by N2 physisorp-
tion, X-ray diffraction, laser Raman spectroscopy, Möss-
bauer effect spectroscopy, H2/CO temperature programmed 
reduction and temperature programmed hydrogenation. 
FTS reaction was tested in a fixed-bed reactor. It was found 
that strontium and potassium strengthened Fe-O bonds of 
iron oxides species, which is not favorable for the reduction 
of the catalysts in H2. Both of them enhanced the reduction 
and carbonization of the catalysts in CO and syngas atmo-
sphere, suppressed the hydrogenation of surface carbon 
species, however, strontium is less effective than potassium. 
Besides, strontium improved the dispersion of iron oxide. 
Strontium did not significantly affect the activity of FTS and 
water gas shift (WGS), but facilitated the oxidation of iron 
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little work has been performed to study the influences of 
strontium on iron-based FTS catalysts. No research has been 
carried out to compare the influence of strontium to potassium 
on iron-based catalysts for FTS, to the best of our knowledge.

The objective of the present study is to compare the 
promotion effects of strontium and potassium on precipi-
tated Fe/SiO2 catalysts. A combination of precipitation 
and spray-drying method was employed to prepared the 
catalysts. Several techniques, including N2 physisorp-
tion, Raman spectroscopy (LRS), Mössbauer spectroscopy 
(MES), H2/CO temperature-programmed reduction (TPR), 
X-ray diffraction (XRD), and temperature-programmed 
hydrogenation (TPH), were used to characterize the cata-
lysts. The catalysts were evaluated in a fixed-bed reactor. 
Their FTS performance was correlated with the results of 
characterization.

2 � Experimental

2.1 � Catalyst Preparation

A combination of co-precipitation and spray-dried method was 
employed to prepare the catalysts used in this study. In brief, a 
solution including silica sol and Fe(NO3)3 with an atomic ratio 
of Si/Fe = 5:100 was precipitated at pH = 8.5–9.0 and T = 70 °C 
using NH4OH solution. The obtained precipitate was com-
pletely washed with deionized water, and followed by filter-
ing. After that, the potassium and strontium were introduced 
by wetness impregnation using an aqueous potassium or stron-
tium nitrate to obtain an atomic ratio of A (A: potassium or 
strontium)/Fe = 2/100. The mixture was re-slurried and spray-
dried. The spray-dried powder was calcined at 500 °C for 5 h. 
The samples were designed FeSi, SrFeSi, and KFeSi.

2.2 � Catalyst Characterizations

The concentration of the metal in the catalyst was deter-
mined by an Induced Coupled Plasma-Optical Emission 
Spectrometry (ICP-OES, Thermo Icap 6300, USA).

The morphologies of the catalyst samples and the elemen-
tal concentrations of the catalyst surfaces and elemental dis-
tributions were studied using scanning electron microscopy 
(SEM) and energy dispersive X-ray spectroscopy (EDS). 
SEM and EDS were performed using a scanning electron 
microscope (SEM, FEI Quanta 400 F) and an energy dis-
persive X-ray spectrometer (EDS). Before the EDS test, the 
grinded catalyst was pressed into a tablet.

The textural properties of the fresh catalysts were deter-
mined via N2 physisorption at −196 °C, using a Micromerit-
ics ASAP 2420 instrument. Before to the measurement, the 
catalysts were degassed under vacuum at 90 °C for 1 h and 
350 °C for 8 h.

high FTS and water-gas shift (WGS) activities, and broad 
operation conditions [3]. However, chemical promoters (K, 
Cu, Mn, Zr, Mo, and others) are usually introduced into 
iron-based catalysts to facilitate the reduction or improve 
the catalysts activity and selectivity [4].

Potassium is normally added to iron-based catalysts as 
a chemical promoter [5]. The influence of potassium on 
the performances of iron-based catalyst has been studied 
extensively [5–12]. Potassium is reported to facilitate the 
chain propagation reaction, olefins formation [5, 8], the car-
burization of catalysts [13], but suppress the formation of 
CH4 [12]. The effect of potassium on the catalyst activity is 
dependent on its contents added [12]. The modification of 
potassium also has positive influence on the WGS activity 
[5, 8]. Additionally, numerous studies also have been per-
formed to evaluate the promotional effects of Group I alkali 
metals on FTS performances of iron-based catalysts [14–
16]. Dry et al. [14] found that the surface basicity of alka-
lis promoted catalysts, measured by the adsorption of CO2, 
inclined following the sequence of Ba < Li < Ca < Na < K. 
The higher surface basicity led to lower methane selectivity 
in FTS. However, Ngantsoue-Hoc and Davis [16] observed 
that the relative impact of Group I alkali metals depended 
upon the conversion level, but potassium promoted cata-
lysts had the highest activity at all conversion levels.

The chemical properties of alkaline earth metals are simi-
lar to alkali metals, at the same time, their oxides have some 
properties similar to supporter (such as silica and alumina) 
[17, 18]. Therefore, alkaline earth metals are considered as 
useful additives for iron-based FTS catalysts. Mg or Ca was 
reported to low the methane selectivities, and improve sta-
bility of iron-based FTS catalysts [19–22]. Luo et al. [23] 
investigated the promotion of alkaline earth metals without 
strontium on iron-based FTS catalysts using a continuous 
stirred tank reactor (CSTR). They concluded that the addi-
tion of alkaline earth metals decreased the gas product rate 
but improved the total liquid fraction product rate. Li et al. 
[24] compared the promotional effects of alkaline earth met-
als on iron-based FTS catalysts using a fixed bed reactor. 
They found that alkaline earth metals decreased the selec-
tivities to methane but enhanced the formation of the heavy 
weight hydrocarbons and olefin, moreover, strontium was 
the most effective promoter among alkaline earth metals.

In spite of the recognized importance of the alkali and alka-
line earth metals promoters, studies to compare their relative 
promotional effects are hardly reported. Except for elements 
in a group in the Periodic Table, elements with Diagonal rela-
tionships would also have similar properties, which is use-
ful to exploit promoters of catalysts. With this in mind we 
decided to investigate the promotional effects of strontium 
on iron-based catalysts for FTS and compare to that of potas-
sium, because of their relationship in the Periodic Table to 
each other through the Diagonal relationship. Furthermore, 
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alter the surface area and the average pore diameter of the 
fresh catalyst. In contrast, the modification of strontium 
increases the surface area and decreases the average pore 
diameter of the catalyst by about 20 %. This indicates that 
the addition of strontium improves the dispersion of iron 
oxide.

Catalyst granule morphologies for all the calcined cata-
lysts observed using SEM is displayed in Fig. 1. In general, 
the catalyst granules show spherical structure. No apparent 
difference in granule morphologies among the unprompted 
and promoted catalysts is observed. EDS mapping was used 
to analyze the elemental distribution on the surface of the 
calcined catalyst particles. As seen in Fig. 1, all elements are 
well distributed on the surface of the catalyst particles, with 
no obvious segregation.

The Raman spectra of fresh catalysts are presented in 
Fig.  2. The spectrum of the unprompted catalyst contains 
typical peaks of the Fe–O bond for hematite (α-Fe2O3) 
situated at 217, 283 and 392 cm−1 [26]. For the promoted 
catalysts, two additional peaks are observed at 244 and 
497 cm−1, which is also assigned to the characteristic bands 
of α-Fe2O3. It indicates that α-Fe2O3 is the main species in 
the fresh catalysts. Furthermore, these Fe–O bands shift to 
higher frequency with the introduction of strontium and 
potassium. The happening of blue-shifts implies that Fe–O 
bond is strengthened by the incorporation of strontium and 
potassium.

3.2 � Crystallite Structure of Catalysts

Figure 3a displays the XRD patterns for the fresh catalysts. 
The only visible phase identified in XRD patterns of the 
fresh catalysts is α-Fe2O3, which contains typical bands at 
2θ values of 24.2°, 33.1°, 35.6°, 40.8°, 49.5°, 54.0°, 57.6°, 
62.5° and 64.0°. The Mössbauer spectra of the fresh cata-
lysts are presented in Fig. 3b, and the spectra parameters are 
tabulated in Table 2. The Mössbauer spectra of the FeSi and 
KFeSi catalysts include only a sextet, which corresponds 
to the magnetic α-Fe2O3 with large srystallites [12]. For 
the SrFeSi catalyst, in addition to a sextet, a doublet is also 

Laser Raman spectroscopy was measured on LabRAM 
HR800 (HORIBA JOBINYVON) equipping an air cooled 
frequency doubled Nd: Yag laser (λ = 532  nm) as the ray 
source and CCD as the detector.

Powder X-ray diffraction patterns were measured on a 
Bruker D8 Advance X-ray diffractometer with Cu Kα radia-
tion (γ = 1.5406 Å). A step scan mode was used with a scan 
rate of 0.02° (2θ) per second from 20° to 80°.

The Mössbauer spectra of samples were acquired on 
MR-351 constant-acceleration Mössbauer spectrometer 
(FAST, Germany) at room temperature. The radioactive source 
was 25-mCi57Co in a Pd matrix. The spectrometer was oper-
ated in a symmetric constant acceleration mode. The spectra 
were collected over 512 channels in the mirror image format.

H2/CO-TPR were carried out using a dynamic analyzer 
(Micromeritics, Model 2920). About 40 mg of sample was 
loaded in a U-type quartz tube reactor. The reactor was 
heated from room temperature to 900 °C at a heating rate of 
10 °C/min. The samples were treated with 50 ml/min reduc-
ing gas composed of 10 % H2/90 % Ar (H2-TPR) or in 5 % 
CO 95 % He (CO-TPR).

Temperature-programmed hydrogenation (TPH) was 
carried out in the same instrument as TPR. About 100 mg of 
catalyst was loaded into the quartz tube reactor. The catalyst 
was firstly pretreated with 5 % CO/95 % He at 300 °C for 
10  h, and then cooled to 50 °C. Following, the pretreated 
catalyst was swept by pure H2 until the signal leveled off. 
After that, the reactor was heated from room temperature 
to 800 °C at a heating rate of 10 °C/min. The CH4 (TPH, 
m/z = 15) signals were detected with on-line quadruple 
mass spectrometer.

2.3 � FTS Performance

The FTS experiments were carried out in a 12 mm i.d. stain-
less steel tubular reactor. For all the experiments, 3 g cata-
lyst was filled into the isothermal region of reactor, and the 
residual volume of the reactor was filled with quartz gran-
ules with diameter of 40–60 mesh. All the tested samples 
were reduced in situ with a stream of syngas (H2/CO = 2.0) 
under 280 °C, 1 atm, and 1000 h−1 for 20 h. The FTS reaction 
was carried out in a flow of syngs at 260 °C, 1.5 MPa, and 
2000 h−1. The product analysis system has been detailedly 
described elsewhere [25].

3 � Results and Discussion

3.1 � BET, SEM-EDS and Raman Characterizations  
of the Fresh Catalysts

Table 1 lists the results of N2 physisorption for the fresh 
catalysts. The addition of potassium does not remarkably 

Table 1  The composition and BET results of the fresh catalysts

Catalysts Catalyst composi-
tion (atomic ratio)a

Surface 
areab 
(m2/g)

Pore 
volume 
(cm3/g)

Average 
pore 
size 
(nm)

FeSi 100Fe4.6Si 50 0.20 12.6
SrFeSi 1.9Sr100Fe4.5Si 62 0.19 10.0
KFeSi 2.1K100Fe4.6Si 53 0.19 11.8
aICP-OES results. Max error = ±5 %
bMax error = ±5 %
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is found in the SrFeSi catalyst. These results further confirm 
that the addition of potassium has no apparent influences on 
the dispersion of iron oxide species, whereas the dispersion 
of iron oxide is improved with the promotion of strontium. 
The results of MES consist with those of BET and XRD 
characterizations.

observed in the Mössbauer spectra, which is attributed to 
the superparamagnetic Fe3+ (spm Fe3+) ions on the non-
cubic sites with crystallite size smaller than 13.5 nm [27]. 
According to the spectral area (Table  2), the unprompted 
and potassium promoted catalysts are composed of 100 % 
ferromagnetic α-Fe2O3. However, about 25.6 % of spm Fe3+ 

Fig. 1  SEM micrographs and EDS mapping of fresh catalysts: a FeSi; b SrFeSi; and c KFeSi
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The activated catalysts were characterized with XRD 
and MES. The XRD patterns and Mössbauer spectra are 
displayed in Fig. 4a, b, respectively. The MES parameters 
are summarized in Table 3. In the XRD patterns, only the 
typical peaks of the magnetite located at 30.1°, 35.5°, 37.1°, 
43.1°, 57.0°, and 62.6° can be observed, whereas the peak 
intensities decrease in order of FeSi, SrFeSi and KFeSi. 
There is no iron carbides can be observed, which is ascribed 
to the poor crystal shape of iron carbides or the amount of 
iron carbides in the activated catalysts beyond the XRD 
detectability. As shown in Fig. 4b, the MES spectra of the 
FeSi and KFeSi catalysts include several sets of sextets, 
whereas a doublet beside sextets is detected in the spectra 
of the strontium promoted catalyst. The sextets with Hhf 
of 485 ± 1 and 455 ± 2 kOe are ascribed to the tetrahedral 
and octahedral sites of Fe3O4 [28]. Other sextets with Hhf 
of 213–228, 175–183 and 110 kOe belong to the three dif-
ferent sites of stoichiometric χ-Fe5C2 [12]. The doublet is 
responded to superparamagnetic Fe2+ with size smaller than 
13.5 nm [21]. After reduction, Fe3O4 is the main phase for 
all catalysts, which is consistent with XRD results. The con-
tent of iron carbide increases slightly for the SrFeSi catalyst, 
while is largely improved for the KFeSi catalyst compared 
to that for the FeSi catalyst. These results imply that the 
addition of strontium and potassium facilitates the carburi-
zation of catalysts, while the incorporation of strontium is 
less promotional than the addition of potassium.

The XRD patterns of catalysts after reaction are shown 
in Fig.  5a. Only the characteristic peaks of the magnetite 
can be observed in the XRD patterns of FeSi and SrFeSi 
catalysts. However, for the KFeSi catalyst, in addition to 
the characteristic peaks of the magnetite phase, the typical 
peaks of iron carbide (39.3°, 43.5°, 44.1° and 45.0°) are also 
observed. MES was employed to further measure the com-
position of the used catalysts. The Mössbauer spectra are 
displayed in Fig. 5b and the phase compositions are listed 
in Table 4. Compared with the activated samples, it can be 
found that the content of iron carbide decreases sharply 
while the amount of magnetite increases for the FeSi and 
SrFeSi catalysts. The spm Fe2+ also apparently decreases 
for SrFeSi catalyst. This is probably due to the re-oxidiza-
tion of χ-Fe5C2 and spm Fe2+ to magnetite or spm Fe3+ dur-
ing FTS reaction [29]. For KFeSi catalyst, the content of 
iron carbide increases remarkably after FTS reaction, which 
is ascribed to the further reduction and carburization during 
the FTS reaction [12].

3.3 � Reduction and Carburization Behaviors

Figure 6a shows the H2-TPR profiles of the catalysts. In the 
profiles of all catalysts, two well-separated H2 consumption 
peaks can be detected, which is the features of the two-step 
reduction of iron-based catalysts from α-Fe2O3 to Fe3O4 and 

20 30 40 50 60 70 80

KFeSi

SrFeSi

 In
te

ns
ity

 (a
.u

.)

2θ,degree

FeSi

Fe2O3JCPDS-720469

a

0.80

0.85

0.90

0.95

1.00

1.05

0.80

0.85

0.90

0.95

1.00

-10 -5 0 5 10
0.80

0.85

0.90

0.95

1.00

KFeSi

SrFeSi

Tr
an

sm
m

is
io

n

Velocity (mm/s,relative to α-Fe)

FeSi

b

Fig. 3  XRD patterns (a) and Mössbauer spectra (b) of the fresh 
catalysts

 

100 200 300 400 500 600 700

KFeSi

SrFeSi

In
te

ns
ity

 (a
.u

.)

Raman shift (cm-1)

FeSi

Fig. 2  Raman spectra of the fresh catalysts

 

J. Li et al.2578

123



and iron oxide, which in turn enhances Fe–O bonds in iron 
oxides. The strengthened Fe–O bonds are difficult to cleave, 
leading to higher temperature in the H2-TPR process.

The CO-TPR profiles of the catalysts are shown in 
Fig. 6b. A tiny peak ahead 280 °C exists on all the profiles 
of the catalysts. This perhaps result from somewhat easily 
reduced species. For FeSi catalyst, three apparent reduction/
carburization peaks can be observed. The first peak located 
at 290–320 °C can be attributed to the reduction of Fe2O3 
to Fe3O4. Apparently, the temperature of this reduction 
peak slightly increases with the addition of potassium and 
strontium. This step is a process for removal of lattice oxy-
gen from the bulk iron oxide by the reaction with CO [25, 
31]. As mention in the forgoing sections, the modification 
of potassium and strontium would strengthen Fe–O bonds 
in α-Fe2O3. The strengthened Fe–O bonds are difficult to 
cleave, which in turn is not favorable for the reduction of 
Fe2O3 to Fe3O4 and leads to an increase of the reduction 
temperature. The second peak at 400–650 °C is attributed to 
the carburization of catalyst, while the peak above 650 °C 
is ascribed to the carburization of the iron oxide species 
difficultly reduced. The promotion of strontium presents 
apparently influence on the carburization peaks. It enlarges 
the first carburization peak and weakens the peak behind 
650 °C. The incorporation of potassium is more effective on 
the carburization peaks. That is, the first carburization peak 
is further enlarged and shifts to low temperature, even the 
peak behind 650 °C almost disappears. These results sug-
gest that the addition of potassium and strontium facilitates 
the carburization of catalysts, whereas the addition of stron-
tium shows a relative weak effect. This is ascribed to the 
different promotion of potassium and strontium on the CO 
dissociation adsorption of catalysts. Potassium significantly 
facilitates the CO dissociation adsorption of catalysts due to 
its strong basicity, which in turn improves the carburization 
of catalysts [32]. Strontium has weaker basicity than potas-
sium. Hence, strontium would be less effective on enhanc-
ing the adsorption of CO, as a result, strontium shows a 
relative weak influence on the carburization of catalysts 
than potassium.

The reduction of the catalysts in syngas is presented in 
Fig. 7. The concentration of CO2 in the tail gas during in situ 
pretreatment could qualitatively reflect the reduction degree 
of the catalysts [25]. As displayed in Fig. 7, when the pre-
treated temperature increases to 280 °C and remains constant, 
the CO2 concentration of FeSi catalyst grows slowly from 
a low to a high level and declines slightly with the increase 
of time on stream. A similar variation tendency with slight 
higher CO2 concentration is observed over SrFeSi catalyst. 
However, that of KFeSi catalyst increases quickly to a much 
higher level (ca. 10.1 %) and also decreases slightly there-
after with increasing reduction time. It is evident that the 
addition of potassium and strontium facilitates the reduction 

Fe3O4 to α-Fe [30]. It is clear that the addition of potas-
sium shifts the position of reduction peaks to higher tem-
peratures. A similar but weaker effect is observed with the 
modification of strontium. These results clearly indicate that 
the addition of potassium and strontium severely inhibits 
the reduction of catalysts, while the incorporation of stron-
tium shows a relative weak effect. This perhaps result from 
the interaction between promoters (potassium or strontium) 

Table 2  Mössbauer spectra parameters of the fresh catalysts

Catalysts IS (mm/s) QS (mm/s) Hhf (kOe) Areaa (%) Assignment

FeSi 0.41 −0.18 504 100.0 α-Fe2O3

SrFeSi 0.40 −0.17 504 74.4 α-Fe2O3

0.37 0.81 25.6 Fe3+

KFeSi 0.40 −0.17 505 100.0 α-Fe2O3

aMax error = ±1 %
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species. However, it should be noted that strontium also 
exhibits a weaker effect compared to potassium.

3.5 � FTS Performance

FTS performance of the catalysts was evaluated under 
reaction conditions of 260 °C, 1.5  MPa, 2000  h−1, and 
H2/CO = 2:1. The influence of strontium and potassium pro-
moters on the FTS activity is presented in Fig. 9. The activ-
ity of SrFeSi and FeSi catalysts is nearly identical. Their 
activity increases slightly and then levels off. The KFeSi 
catalyst with the highest initial activity increases rapidly to a 
maximum and then approaches steady state. It is evident that 
the addition of potassium largely improve the catalyst activ-
ity, however, strontium shows no apparent impact on the 
catalyst activity. The iron carbides are general considered as 
the main active phases for the FTS reaction [35–38]. Hence, 
the amount of iron carbides detected with MES could be 
used to determine the content of FTS active sites to a certain 
degree. The MES results of reduction catalysts shows that 
the strontium promoted catalyst has slightly higher content 
of iron carbides, while the potassium promoted catalyst con-
tains much more content of iron carbides than the FeSi cata-
lyst. In fact, the carburization extent of strontium promoted 
and unprompted catalysts can be considered at the same 
level, since only one point five percent of iron carbides is 
increased by the promotion of strontium. Therefore, the car-
burization degree of activated catalysts correlates well with 
the initial activity for the catalysts investigated in present 
study; the higher carburization extent of the activation cata-
lyst, the higher initial activity. The MES results of used cata-
lysts suggest that after FTS reaction for 145 h, the content 
of iron carbides for strontium promoted and unprompted 
catalysts decreases obviously, whereas the level of Fe3O4 
increases compared to the reduced catalysts, respectively. 
The oxidation of FeCx to Fe3O4 usually leads to a deacti-
vation of iron-based catalysts [39]. However, the deactiva-
tion behavior isn’t observed over strontium promoted and 
unprompted catalysts. Li et al. [35] found that the FTS 
activity is only affected by the amount of the active sites 
over the surface of the activated catalysts and unrelated with 
the carburization degree of catalyst bulk. Niemantsverdriet 
et al. [40] believed that the carburization of the catalyst bulk 
does not affect the FTS activity. Therefore, it may be that 
the oxidation of bulk FeCx to Fe3O4 have no apparent effects 
on the content of active sites on the strontium promoted and 
unprompted catalyst surface, leading to an unchanged activ-
ity of catalysts during FTS reaction. For the potassium pro-
moted catalyst, the content of iron carbides after reaction 
for 145 h does not decrease, and increase largely as com-
pared with the reduced catalysts. The increase of iron car-
bides after reaction would result in improving the amount 

of catalysts in syngas, while the promotion of strontium is 
less effective than that of potassium.

3.4 � TPH

The curves of CH4 evolution during TPH process are 
depicted in Fig.  8. It can be seen that the curves for FeSi 
and SrFeSi catalysts are composed of two peaks lied at 200–
500 °C, whereas three intense peaks located at 200–800 °C 
are observed over KFeSi catalyst. It is evident that the CH4 
formation over KFeSi and SrFeSi catalysts shifts to higher 
temperature compared to that on the FeSi catalyst. To quan-
titatively analyze the TPH results, the TPH profiles were fit-
ted with Gaussian fitting and the fitte results are tabulated in 
Table 5. The peaks at 200–450 °C correspond to the atomic 
(Cα) and polymeric (Cβ) carbonaceous species [33]. The 
peaks located at 500–600 °C are attributed to iron carbides 
(Cγ), and peaks lied at above 600 °C are assigned to the gra-
phitic species (Cδ) [34]. As listed in Table 5, it is clearly that 
only Cα and Cβ form on the FeSi catalyst surface. Promotion 
with strontium leads to the formation of iron carbides species 
over the catalyst surface. As potassium is introduced into the 
catalyst, the Cβ, Cγ and Cδ species are predominantly gener-
ated on the catalyst surface, whereas the Cα almost disappear. 
These results further confirm that the promotion of potassium 
and strontium enhances the carburization of catalysts. Fur-
thermore, the shift of CH4 formation peak to higher tempera-
tures implies that the promotion of potassium and strontium 
strengthens the surface Fe–C interaction on pre-carburized 
catalysts and suppresses the hydrogenation of surface carbon 

Table 3  Mössbauer spectra parameters of the reduced catalysts

Catalysts IS (mm/s) QS 
(mm/s)

Hhf 
(kOe)

Areaa 
(%)

Assign-
ment

FeSi 0.35 0.04 484 31.0 Fe3O4 (A)
0.71 0.02 454 56.0 Fe3O4 (B)
0.16 −0.09 228 1.7 Fe5C2 (I)
0.17 0.03 183 11.2 Fe5C2 (II)

SrFeSi 0.30 0.02 485 24.3 Fe3O4 (A)
0.68 0.01 457 44.0 Fe3O4 (B)
0.20 0.01 213 7.5 Fe5C2 (I)
0.20 0.01 175 4.5 Fe5C2 (II)
0.30 0.02 110 2.4 Fe5C2 (III)
0.70 0.85 17.3 Fe2+

KFeSi 0.33 0.05 486 24.5 Fe3O4 (A)
0.70 0.02 456 44.8 Fe3O4 (B)
0.32 0.01 221 6.7 Fe5C2 (I)
0.19 0.12 182 16.7 Fe5C2 (II)
0.35 0.00 110 7.3 Fe5C2 (III)

aMax error = ±1 %

J. Li et al.2580

123



of active sites over potassium promoted catalyst surface, 
which is responsible for the highest activity observed over 
potassium promoted catalyst.

Table 4  Mössbauer spectra parameters of catalysts after reaction

Catalysts IS (mm/s) QS (mm/s) Hhf (kOe) Areaa (%) Assignment

FeSi 0.35 0.06 485 33.4 Fe3O4 (A)
0.71 0.02 454 61.6 Fe3O4 (B)
0.21 0.12 184 5.0 Fe5C2 (II)

SrFeSi 0.30 0.03 487 29.7 Fe3O4 (A)
0.67 0.00 458 66.3 Fe3O4 (B)
0.25 0.94 1.0 Fe3+

0.69 1.16 3.0 Fe2+

KFeSi 0.37 0.06 480 6.9 Fe3O4 (A)
0.65 0.00 455 3.8 Fe3O4 (B)
0.29 0.08 220 32.8 Fe5C2 (I)
0.23 0.05 189 22.4 Fe5C2 (II)
0.21 0.06 106 21.0 Fe5C2 (III)
0.23 0.05 175 13.2 Fe2.2 C

aMax error = ±1
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Fig. 5  XRD patterns (a) and Mössbauer spectra (b) of catalysts after 
FTS reaction
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of water on the iron-based catalysts for FTS in slurry reac-
tor would facilitate the oxidation of iron carbides to Fe3O4 
and result in a decrease of iron carbides and metallic iron. 
Thus, the WGS reaction remarkably affects on the iron 
phase composition during FTS reaction. The content of 
iron carbides increases with increasing the WGS activity 
due to the low pressure of water vapor in the reactor during 
FTS reaction. Therefore, the high stability of iron carbides 
in the KFeSi catalyst during FTS reaction could be ascribed 
to the high WGS activity. In contrast, the low WGS activity 
of SrFeSi and FeSi catalysts leads to the poor stability of 
iron carbides.

The methane and heavy hydrocarbons (C5
+) selectivi-

ties of catalysts are presented in Fig.  11. Detailed hydro-
carbon distributions at TOS of 72 and 144 h are given in 
Table 6. Ihe selectivity of methane decline, while the heavy 

A reversible WGS reaction accompanies the FTS reac-
tion over iron catalyst. Because iron catalyst is active for 
WGS reaction, which can consume excessive CO and pro-
duce hydrogen during FTS, iron catalyst can be directly 
used to convert syngas with a low H2/CO ratio, as that pro-
duced by coal gasification. The QWGS value and CO2 selec-
tivity are normally used to monitor the activity of WGS. 
As shown in Fig. 10, the promotion of potassium results in 
the highest QWGS value and CO2 selectivity on the catalyst, 
whereas strontium is less promotional on the WGS activ-
ity. WGS reaction could consume a part of water generated 
during FTS reaction, leading to the low pressure of water 
vapor in the reactor. Meanwhile, water generated during 
FTS reaction is reported to be the origin of the oxidation of 
iron carbides. Satterfield et al. [39] found that the addition 
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300 °C for 10 h
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Table 5  The amounts of carbon species for the carburized catalysts 
in TPH

Catalysts Carbon species

Atomic and polymeric (Cα 
and Cβ) 

Bulk 
carbides 
(Cγ)

Graphitic 
(Cδ) 

FeSi
Peak (°C) 219 260 314 341
Area (e−7) 9.7 105.4 61.8 27.7

SrFeSi
Peak (°C) 309 383 564
Area (e−7) 226.6 121.8 7.13

KFeSi
Peak (°C) 308 379 505 565 665 816
Area (e−7) 118.1 308.3 94.7 9.4 185.7 33.4

The amounts of carbon species were measured from the area under 
the corresponding peak
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Fig. 11  CH4 and C5
+ selectivities of the catalysts
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basicity or electron donation ability. Potassium is reported 
to decrease the surface work function of iron and facilitate 
the dissociation of CO [42–44]. This is due to the quite low 
ionization potential (4.39  eV) of potassium, which make 
it easily give out outer shell electron to iron surface [45]. 
The ionization potential (5.69 eV) of strontium is also lower 
than that of iron (7.87 eV). Therefore, strontium could also 
give the outer-shell electrons to iron species in catalysts, 
leading to an electron rich state of iron species. The elec-
tron enrichment of iron species would inhibit H2 adsorp-
tion but enhance the dissociative adsorption of CO, which 
results in a decreased of H/C ratio on the catalyst surfaces. 
The decreased surface H/C ratio facilitates the formation of 
long chain hydrocarbons. However, the ionization poten-
tial of strontium is higher than that of potassium, hence, 
strontium has weaker influences on suppressing H2 adsorp-
tion and facilitating CO dissociative adsorption. Therefore, 
strontium is less effective on tuning the product distribution 
than potassium.

hydrocarbons (C5
+) and olefins selectivities increase in turn 

of FeSi, SrFeSi and KFeSi catalysts. It is obvious that both 
strontium and potassium improve the formation of long-
chain hydrocarbons and olefins, however, strontium is less 
effective. Surface H/C ratio plays an important role in deter-
mining the product distribution of iron-based FTS catalysts 
[5, 12, 32]. Low surface H/C ratio would enhance the chain 
propagation reaction and cause an increase in long-chain 
hydrocarbons selectivity [41]. The addition of strontium and 
potassium would suppress the H2 adsorption but facilitates 
the adsorption of CO, leading to a low surface H/C ratio and 
weak ability of hydrogenation. In the forgoing sections, the 
TPH results also demonstrated the fact that the promotion of 
potassium and strontium strengthens the surface Fe–C inter-
action and suppresses the hydrogenation of surface carbon 
species. As a result, high selectivities of heavy weight prod-
ucts and olefin are obtained for strontium and potassium 
promoted catalysts. The influence of strontium and potas-
sium on the surface H/C ratio is perhaps result from their 
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Fig. 10  The variation of a 
QWGS and b CO2 selectivity 
with time on stream

 

Catalysts FeSi SrFeSi KFeSi

TOS (h) 72 144 72 144 72 145
CO conversion (%) 21.01 21.30 20.38 20.84 42.90 42.52
H2/CO exit ratio 2.12 2.13 1.89 1.90 2.82 2.76
CO2 selectivity (mol%) 3.48 3.80 8.20 8.46 31.56 28.50

Kp P P P PCO H CO H O2 2 2
= / / 0.11 0.11 0.25 0.24 3.60 2.90

HC selectivity (wt%)
CH4 17.39 18.06 11.98 13.29 5.01 3.78
C2–C4 33.97 36.26 20.15 21.72 16.25 15.12
C5

+ 48.64 45.68 67.87 64.99 78.74 81.10
C=

2–4/Co2–4 0.44 0.44 0.57 0.55 0.74 0.75
C=

5–11/Co5–11 0.39 0.38 0.42 0.43 0.58 0.64

Reaction conditions: 260 °C, 1.5 MPa, H2/CO = 2.0, GHSV = 2000 h−1 and of TOS ca. 145 h
HC hydrocarbon

Table 6  Activities and hydro-
carbon selectivities of catalysts
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4 � Conclusion

The ability of strontium as a chemical promoter in the iron-
based FTS catalyst was studied. Its promotional effects were 
compared with those of potassium. It was found that stron-
tium showed similar promotional effects to those of potas-
sium as analysed from the Raman, XRD, MES, H2/CO-TPR 
and TPH results. Strontium and potassium strengthened 
Fe–O bonds of iron oxide species, resulting in inhibitting 
the removal of oxygen from iron oxide. Both of them facili-
tated the reduction and carbonization of catalysts in CO 
and syngas atmosphere, suppressed the hydrogenation of 
surface carbon species, however, strontium is less effective 
than potassium. Besides, strontium improved the dispersion 
of iron oxide. In the FTS reaction, strontium had no signifi-
cantly influence on the FTS and WGS activity, facilitated 
the oxidation of iron carbides to Fe3O4, while potassium sig-
nificantly improved the FTS and WGS activity and inhibited 
the oxidation of iron carbide. Both of strontium and potas-
sium were effective promoters to decrease the selectivities 
to methane but enhance the formation of olefin and long-
chain products, anyway, strontium exhibited a weaker effect 
compared to potassium.
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