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bstract

The residual sodium means remaining in the catalyst if the catalyst precursor has been insufficiently washed after precipitation of Fe and Cu
rom their nitrate solutions with sodium carbonate. The effect of such residual sodium on the co-precipitated Fe/Cu/K/SiO2 catalyst, has been
nvestigated in connection with the characteristics of textural properties, reduction and carburization behavior. Fischer–Tropsch synthesis (FTS)
as performed in a slurry-phase continuously stirred tank reactor (CSTR). As revealed by N2 physisorption, residual sodium acts as a textural

nhibitor, resulting in bigger iron phase particle size and smaller surface area. H2 or CO temperature-programmed reduction (TPR) indicates that

esidual sodium suppresses reduction of catalysts in H2 environment and carburization in CO environment. The residual sodium also inhibits
he extent of carburization during in situ reduction and poisons the FTS reaction in syngas (H2/CO = 0.67), as demonstrated by the test of X-ray
iffraction (XRD) and Mössbauer spectroscopy (MES). The FTS reaction results indicate that CO conversion decreases markedly and the product
istribution shifts to lighter hydrocarbons slightly with increasing residual sodium content.

2006 Elsevier B.V. All rights reserved.
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. Introduction

The Fischer–Tropsch synthesis (FTS), which converts coal or
atural gas into clean liquid fuels and chemicals, is considered
s an effective solution to the problem of finding suitable substi-
utes for liquid fossil fuels [1]. The use of iron-based catalysts is
ttractive due to their high FTS activity as well as their water–gas
hift (WGS) reactivity, which helps make up the deficit of H2 in
he syngas from modern energy-efficient coal gasifiers [2]. Typ-
cal iron-based catalysts contain varying amounts of structural
dditives, such as silica or alumina, and chemical promoters,
uch as potassium and copper, known to, for example, increase
he overall FTS activity or to facilitate the reduction of iron oxide

o metallic iron during activations [3].

In order to improve the catalytic performance of iron-based
atalyst, many researchers have studied the effects of some metal
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romoters, especially alkali metal. The impact of the Group I
lkali metals upon the activity of iron catalysts has been obtained
t medium pressure synthesis conditions and at the same conver-
ion levels [4]. The results showed that Na and K exhibit much
igher WGS rate than the other alkali promoter catalysts. Dry
nd Oosthuizen [5] found that the basicity increased in the order
f Ba, Li, Ca, Na and K for the reduced catalyst, and the amount
f methane in FTS decreased as the surface basicity increased.
ombination of sodium (Na/Fe = 0.1) with either aluminium

Al/Fe = 0.9) or manganese (Mn/Fe = 0.4) produces stable FTS
atalysts with high selectivity for light olefins and concurrently
uppresses methane selectivity [6]. Diffenbach and Fauth [7]
eported that the Na2CO3-precipitated Fischer–Tropsch cata-
ysts prepared at low pH (3.7 and 4.7) showed high olefin
electivity (C2 –C4 ). Moreover, the activity maintenance of
hese catalysts are superior to that of the catalysts prepared

t higher pH (5.8, 7.6 and 9.8); graphitic carbon deposition
ccurred to a greater degree on Na2CO3-precipitated catalysts
repared at high pH comparative to NH4OH-precipitated cat-
lysts. Xu et al. [8,9] studied composite catalysts containing
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eolites and Na-rich Fe–Cu Fischer–Tropsch catalysts for the
ydrogenation of carbon dioxide. The results suggested that
odium migration from the surface of the F–T catalyst to the
eolite seemed to change the acidity of the zeolite and reduction
egree of the Fe catalyst. Komaya et al. [10] also investigated
he effects of sodium on the structure and Fischer–Tropsch
ynthesis activity of Ru/TiO2. It is demonstrated that Na facil-
tates the decoration and partial encapsulation of Ru by Ti-
ontaining moieties as a consequence of the formation of sodium
itanate.

Almost all reports show that sodium plays a positive role as
n alkali promoter for Fischer–Tropsch synthesis [4–10]. Fur-
hermore, most of the investigated catalysts were prepared by
he conventional precipitation with sodium carbonate [1–10].
t was difficult to remove the sodium completely from cata-
yst during the course of washing of the precipitates, and the
esidual sodium in catalyst may influence its catalytic activity
nd selectivity greatly. Unfortunately, few studies have been
eported on the effect of alkali-metal impurities (e.g. resid-
al sodium in the catalyst) for FTS. It was briefly reported
hat the Na remaining in the Cu/ZnO-based multicomponent
atalyst greatly decreased the activity for the CO2 hydrogena-
ion to methanol [11]. Jun et al. [12] also studied the effect
f residual sodium on the catalytic activity of Cu/ZnO/Al2O3
n methanol synthesized from CO2 hydrogenation. The results
how that NaNO3 present in calcined catalysts inhibits the
nteraction of CuO phase with ZnO matrix, thus decreases
u-dispersion.

Considering residual sodium in the catalyst may be greatly
ifferent from promoter sodium, it may affluence the structure,
eduction/carburization behavior and FTS performance of the
atalysts. In this paper, we report our results obtained from a
horough investigation on the effect of residual sodium on the
atalytic behaviors of precipitated Fe/Cu/K/SiO2 catalysts for
ischer–Tropsch synthesis.

. Experimental

.1. Catalyst preparation

Catalyst precursors used in this study were prepared by
combination of co-precipitated and spray-dried method. In

rief, a solution containing both Fe(NO3)3 and Cu(NO3)2 in the
esired ratio was added to a continuously stirred tanker together
ith a sodium carbonate solution. The precipitation temperature

nd pH were maintained at 80 ± 1 ◦C and 8 ± 0.1, respectively.
he precipitate was washed with deionized water different times,
ubsequently filtered. A serial of catalysts with different resid-
al sodium content were obtained by controlling washing times.
he final cakes were re-slurried in deionized water. Required
mounts of potassium carbonate aqueous solution and silica sol
olution were subsequently added in to the precipitate and the
ixture was re-slurried and spray-dried at 250 ◦C. The spray-
ried catalyst precursors were calcined at 400 ◦C for 8 h in a
uffle furnace. The weight compositions of the four catalysts are

00Fe/5.8Cu/5K/25SiO2 with different residual sodium, which
ere labeled as Na-1, Na-2, Na-3 and Na-4 with the increasing

t
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o
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esidual sodium. The detailed preparation method can be found
lsewhere [13].

.2. Catalyst characterization

BET surface area, pore volume and the pore size distribu-
ion of the catalysts were measured by N2 physisorption at

196 ◦C using a Micromeritics ASAP 2500 instruments. The
amples were degassed under vacuum at 120 ◦C for 6 h prior to
easurement.
Temperature-programmed reduction (TPR) studies were per-

ormed using a mixture gas of 5% H2/Ar (H2-TPR) or 5% CO/He
CO-TPR). In H2-TPR experiment, about 30 mg of catalyst was
acked in an atmospheric quartz tube flow reactor (5 mm i.d.).
hen the catalyst sample was heated in a flow of 5% H2/Ar from

oom temperature to 800 ◦C at a heating rate of 6 ◦C/min, and
he flow rate of the reduction gas was 40 ml/min in the standard
tate. Hydrogen consumption was monitored by the change of
hermal conductivity of the effluent gas stream. The conditions
f CO-TPR experiment are similar to those for H2-TPR, and
he only difference is that a liquefied nitrogen bath was used to
emove CO2 formed during the carbon monoxide reduction.

Powder X-ray diffraction (XRD) patterns of the catalyst sam-
les were carried out on a D/max-RA X-ray diffractometer
Rigaku, Japan) with Cu K� radiation (λ = 0.154 nm), operated
t 40 kV and 100 mA.

The Mössbauer spectra of catalysts were recorded at room
emperature by using a CANBERRA Series 40 MCA constant-
cceleration Mössbauer spectrometer (CANBERRA, USA), and
25 mCi 57Co in Pd matrix.

.3. Fischer–Tropsch synthesis (FTS) reaction procedures

FTS performances of the catalysts were tested in a 1 dm3

STR. For each test, about 20 g fresh catalyst and 320 g liq-
id wax were loaded in the reactor. After reduction, the reactor
ystem was adjusted to the required reaction conditions. The
etailed description of the reactor and product analysis systems
as been given elsewhere [14].

. Results and discussion

.1. Textural properties of the catalysts

The BET surface areas and pore volumes of the calcinated
atalysts with various residual sodium contents are shown in
able 1. It can be clearly seen that the BET surface area and
ore volume of catalysts decrease with the increase of the resid-
al sodium content, and the change in average pore diameter
s against this trend. The decrease in BET surface area against
odium content is greater with high sodium content. As an exam-
le, Na-4 catalyst shows much lower BET surface area than those
f the others. It is probable that residual sodium acts as a tex-

ural inhibitor, which leads to an increase in particle sizes. The
RD result in this paper shows the same property. Similar results
ver Cu/ZnO/Al2O3 catalysts have also been reported by other
esearchers [11,12].
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Table 1
Textural properties of catalysts with various residual Na contents

Catalysts Na/Fe (wt/wt) BET surface area (m2/g) Average pore diameter (nm) Pore volume (cm3/g)

Na-1 0.05/100 174 6.65 0.29
N
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a-2 0.85/100 167
a-3 2.98/100 135
a-4 9.94/100 37

.2. Temperature-programmed reduction

The effect of the residual sodium on the reduction and car-
urization behavior of the catalysts was investigated by H2-TPR
nd CO-TPR, respectively. Fig. 1 shows the H2-TPR profiles of
he catalysts with the different residual sodium content. As most
f the iron-based catalysts, the reduction process in H2 occurs
n two distinct stages in the temperature range of 250–800 ◦C.
he first stage includes two small peaks corresponding to the

ransformations of the solid solution CuO → Cu and part of
-Fe2O3 → Fe3O4. As most literature reported, CuO promoter

acilitates the reduction of �-Fe2O3 when the two phases are
ell mixed, resulting in the reduction of �-Fe2O3 appears at
uch lower temperature [15,16]. The second stage represents

he transformation of Fe3O4 → �-Fe [15–17].
The H2-TPR profile clearly shows that the first stage reduc-

ion peak of catalysts shifts to higher temperature with the
ncreasing of the residual sodium content. That is, the resid-
al sodium in the catalysts inhibits the reduction of �-Fe2O3 in
2-TPR, resulting in an increase in the reduction temperature.
ombined with textural property, it may be reasoned that crys-

allite size affects the reduction behavior. The highest residual
odium-containing sample (Na-4) leads to the poorest disper-
ion of iron phase crystallite, resulting in smallest surface area,
iggest crystallite particles, further highest reduction tempera-
ure of the first stage in H2-TPR. This result was similar to the

ong’s result [18].

Moreover, the former two reduction peaks of Na-1, Na-2
nd Na-3 are almost overlapped, while Na-4 has two segre-

Fig. 1. H2-TPR profiles of the catalysts.

3

a

6.01 0.25
6.62 0.22

14.48 0.13

ated small peaks before 400 ◦C, from which we can deduce
hat residual sodium suppresses the interaction between cop-
er and iron, resulting in some difficulty in the reduction of
small fraction of �-Fe2O3 because of the inefficient contact
ith the CuO promoter. The presence of residual sodium does
ot strongly influence the second step reduction corresponding
o Fe3O4 → �-Fe, probably because thermodynamics and the
ucleation of a new crystal structure, and not H2 dissociation
teps, control the reduction rates at these higher temperature
19].

Fig. 2 shows the CO-TPR profiles of the catalysts with the dif-
erent residual sodium content. There are three peaks in CO-TPR
rofile for all the catalysts. The first small peak occurring before
00 ◦C is ascribed to the reduction of �-Fe2O3 → Fe3O4 [17,20],
nd the latter two peaks corresponding to the concurrent reduc-
ion and carburization of Fe3O4 accompanying the Boudouard
eaction (2CO → C + CO2) [16] are overlap to some extent.

e can see that the required temperature of �-Fe2O3 → Fe3O4
ncreases with the increase of the residual sodium content. This
esult is similar to that in H2-TPR, indicating that residual
odium also suppresses the first stage reduction of �-Fe2O3 in
O. It can be seen that the second peak shifts to higher tempera-

ure and the areas under the latter two peaks change smaller with
he increasing residual sodium, which indicate residual sodium
isfavors carburization of catalyst.
.3. X-ray diffraction study

Fig. 3 is the XRD patterns of the catalysts after calcinations
t 400 ◦C. The major detectable iron phase of the catalysts is

Fig. 2. CO-TPR profiles of the catalysts.
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Fig. 3. XRD patterns of the catalysts after calcinations (400 ◦C).

ematite (�-Fe2O3), which has characteristic peaks at 2θ values
f 24.2◦, 33.1◦, 35.6◦, 40.8◦, 49.52◦, 54.0◦, 57.6◦, 62.5◦ and
4.0◦ according to the data reported in the JCPDS. With the
ncrease of the residual sodium content, the characteristic peaks
f �-Fe2O3 become obviously strong. This result implies that
esidual sodium in the precipitated Fe/Cu/K/SiO2 promotes the
ggregation of �-Fe2O3 crystallite, which is consistent with the
bserved decrease of the BET surface area.

The XRD patterns of the catalysts with different levels of
esidual sodium after pretreatment with syngas (H2/CO = 0.67)
t 275 ◦C, 0.4 MPa and 1000 h−1 for 14 h are presented in Fig. 4.
he patterns of the catalysts sample after pretreatment have the
ain peaks of iron carbides or the overlapped peaks of Fe3O4

nd iron carbides (FeCx) [21,22], except for Na-4, which has

imultaneously the characteristic peaks of unreduced �-Fe2O3.
a-4 sample is reduced more difficultly than others. The XRD
atterns also indicate that the peak intensity of FeCx clearly
ecreases with the increasing of residual sodium content, which

Fig. 4. XRD patterns of the catalysts after reduction.

3

i
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Fig. 5. XRD patterns of the catalysts after reaction.

emonstrates that residual sodium restrains the reduction and
arburization of the Fe/Cu/K/SiO2 catalysts. This is consistent
ith the results of H2-TPR and CO-TPR mentioned above.
The XRD patterns of the samples from catalysts after FTS

eaction with syngas (H2/CO = 0.67) at 250 ◦C, 1.5 MPa and
000 h−1 for 500 h are presented in Fig. 5, which display some-
hat similar variation trend to those after pretreatment. The
atterns of all catalysts samples after reaction show the main
eaks of iron carbides or the overlapped peaks of Fe3O4 and
ron carbides. And the peak intensity of FeCx decreases with
he increasing of residual sodium content. The XRD pattern of
he catalyst sample Na-4 after 500 h reaction shows clearly the
haracteristic peaks of Fe3O4 as well as that of FeCx.

.4. Mössbauer spectroscopy study

Mössbauer spectroscopy was used to give the content of the
ron-phase composition quantitatively [23]. Figs. 6 and 7 are

he Mössbauer spectra for the catalysts after pretreatment and
fter 500 h of FTS reactions, respectively. Tables 2 and 3 list the
ron-phase composition by fitting the Mössbauer spectra.

Fig. 6. Mössbauer spectra of the catalysts after reduction for 14 h.
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Fig. 7. Mössbauer spectra of the catalysts after reaction for 500 h.

Table 2
Mössbauer parameters of the catalysts after reduction

Catalysts Phases MES parameters

IS (mm/s) QS (mm/s) Hhf (kOe) Area (%)

Na-1 FeCx 0.24 0.07 169 66.7
Fe3+(spm) 0.37 0.93 33.3

Na-2 FeCx 0.27 0.09 171 45.1
Fe3+(spm) 0.41 0.94 47.0
Fe2+(spm) 0.80 1.59 7.9

Na-3 FeCx 0.26 0.09 172 35.1
Fe3+(spm) 0.37 0.89 64.9

Na-4 Fe2O3 0.45 −0.35 477 15.6
FeCx 0.23 0.05 170 25.5
Fe3+(spm) 0.39 0.84 55.1
Fe2+(spm) 0.66 2.25 3.8

Reduction conditions: H2/CO = 0.67, 275 ◦C, 0.4 MPa and 1000 h−1 for 14 h.

Table 3
Mössbauer parameters of the catalysts after reaction

Catalysts Phases MES parameters

IS (mm/s) QS (mm/s) Hhf (kOe) Area (%)

Na-1 FeCx 0.25 0.08 168 67.0
Fe3+(spm) 0.37 1.00 33.0

Na-2 FeCx 0.32 0.05 214 11.1
0.27 0.05 169 46.7

Fe3+(spm) 0.37 0.85 39.6
Fe2+(spm) 0.71 1.88 2.6

Na-3 FeCx 0.30 −0.01 217 9.8
0.26 0.03 168 28.0

Fe3+(spm) 0.35 0.86 43.1
Fe2+(spm) 0.72 1.40 19.0

Na-4 Fe3O4 (A) 0.26 0.06 459 3.9
Fe3O4 (B) 0.58 −0.19 419 34.9
FeCx 0.35 −0.30 228 10.1

0.24 0.11 167 28.1
Fe3+(spm) 0.39 0.86 20.7
Fe2+(spm) 0.77 3.15 2.3

Reaction conditions: H2/CO = 0.67, 250 ◦C, 1.5 MPa and 2000 h−1.
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From Tables 2 and 3, it can be seen that the detected
ron phases in catalysts after pretreatment and after FTS reac-
ion include �-Fe2O3, Fe3O4, FeCx, Fe3+(spm) and Fe2+(spm).
uper paramagnetic (spm) refers to iron phases located in small
articles with diameter less than 13.5 nm [24], which can-
ot be well identified at room temperature. The percentage of
eCx phase in catalysts after reaction as well as after reduction
ecrease following the order of Na-1, Na-2, Na-3 and Na-4. The
esults are consistent with what were found in the XRD experi-
ents, indicating that residual sodium inhibits the carburization

f the catalysts to some extent. This phenomenon may also be
n connection with the textual properties of catalysts with the
esidual sodium. The bigger crystallites size may disfavor the
arburization of the catalysts, e.g. Na-4.

The results obtained from BET and TPR demonstrate the
esidual sodium on the catalysts leads to bigger crystallite of
ron phase, restrains the reduction and carburization of cata-
ysts in pure H2 and/or CO environment. XRD and MES results
how that the catalyst with different residual sodium levels
fter pretreatment and reaction in sygas (H2/CO = 0.67) can pro-
ide different amounts of FeCx and Fe3O4. Combined all these
haracterization, we expected that they may exhibit different
erformance in FTS. This speculation is verified by the reaction
esults in the proceeding sections.

.5. FTS performance

Typical data of FTS activity, CO2 selectivity and hydrocar-
on distribution of the catalysts are summarized in Table 4. FTS
erformance of the Fe/Cu/K/SiO2 catalysts with different resid-
al sodium content was measured under conditions of 250 ◦C,
.5 MPa, 2000 h−1 and H2/CO = 0.67. At this fixed set of pro-
ess conditions, CO conversion of the four catalysts is in the
ange of around 20–51% and monotonously increases with the
ecreasing residual sodium. Moreover, the hydrocarbon yield
lso shows similar variation trend. Therefore, it seems that cata-
yst FTS activity increases with the decreasing residual sodium.

It has been demonstrated that the catalyst activity during
TS is correlated with the formation of active phases. These
ctive phases were formed both in activation process and in FTS
eaction. Some researches proposed that the formation of iron
arbides were co-related with catalyst activity [25–29]. Iron car-
ides have been supposed to be the most likely active phases or
an have active sites on their surfaces for FTS reactions in recent
tudy [30–33]. Thus the content of FeCx can be used to monitor
he formation of FTS active sites to some extent. Previous XRD
nd MES studies display that Na-1 has the highest amount of
ron carbide both after pretreatment and after FTS reaction. The
mounts of iron carbides decrease with the increase of residual
odium. In present experiment, there is a correlation between the
arburization extent and the catalytic activity. The higher resid-
al sodium content in the catalyst leads to poorer iron-phase
rystallites, resulting in more difficult to reduction and carbur-

zation of the catalysts, and subsequently lowers FTS activity.

The WGS activity in the present study is represented by Kp =
CO2 PH2/PCOPH2O. The extent of WGS reaction decreases with

he increase of the residual sodium content. From Table 4,
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Table 4
FTS performances of the catalysts with different residual sodium

Catalyst

Na-1 Na-2 Na-3 Na-4

Time on stream (h) 343 506 319 507 297 511 319 503
CO conversion (x/%) 51.95 51.61 48.45 43.53 42.28 38.10 28.86 17.48
H2 conversion (x/%) 47.68 48.07 44.40 39.81 44.39 42.97 26.51 17.10

WGS reaction
n(H2)/n(CO) in tail gas 0.73 0.72 0.73 0.72 0.65 0.62 0.69 0.67
n(H2)/n(CO) usage 0.62 0.63 0.62 0.61 0.70 0.76 0.62 0.66
Extent of WGS (PH2 PCO2 /PCOPH2O) 4.42 4.35 4.27 4.67 2.44 1.69 2.89 1.95
CO2 selectivity (x/%, C basis) 44.78 44.35 43.31 43.88 44.41 42.90 40.32 38.45

HC distribution (wt/%)
C1 5.04 4.91 4.45 4.62 6.60 6.78 5.14 4.46
C2 –C4 13.50 13.03 15.23 15.29 16.29 17.39 18.77 16.50
C2–C4 17.31 16.73 18.80 18.97 21.57 22.80 22.68 20.19
C5 –C11 16.64 16.56 21.71 19.81 23.21 21.82 24.98 25.69
C5–C11 21.89 21.82 28.98 26.03 31.90 29.32 32.10 33.13
C12

+ 55.76 56.54 47.77 50.38 39.93 41.10 40.08 42.22

Olefin selectivity
C2 /C2

◦ 3.63 3.87 3.21 3.23 1.98 2.01 1.31 1.43
C3 /C3

◦ 5.16 5.06 5.35 5.13 4.95 5.14 5.69 5.27
C7 /C7

◦ 4.38 4.38 3.88 3.77 3.86 4.47 4.07 5.29

T 0.1
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otal HC (g/g-cat h) 0.19 0.20

eaction conditions: H2/CO = 0.67, 250 ◦C, 1.5 MPa and 2000 h−1.

ydrocarbon distribution of the catalysts can be seen obviously
esides WGS and FTS activity. The CH4 selectivity of the four
atalysts is in the range of 3.66–6.78% and there is no clear
orrelation between the CH4 selectivity and the residual sodium
ontent, while C2–C4 and C5–C11 selectivity increase and C12

+

electivity decrease slightly with the increase of the residual
odium. The mole ratio of C2 /C2

◦ presents decreasing trends
ith the increasing residual sodium, and the ratio of C3 /C3

◦
nd C7 /C7

◦ changes slightly. That is, residual sodium disfa-
ors hydrocarbon production of high molecular weight with
12

+ product and olefin selectivity. Those factors responsible
or the hydrocarbon production of the residual sodium catalysts
or FTS remain unidentified. The studies of Wilfried et al. [4]
ave shown the opposite result over iron catalysts. This discrep-
ncy may be caused by the different sodium addition method in
he catalyst. Altogether, relative low content of residual sodium
n the catalysts affects the performance slightly, while high con-
ent affluences textural properties, reduction and carburization
f the catalysts heavily.

. Conclusion

The residual sodium has significant influences on physico-
hemical properties of the iron-based catalyst, such as textural
roperties, reduction and carburization behavior, as well as the
atalytic activity and selectivity during FTS performance. The
esidual sodium leads to an increase in particle sizes, thus acts as

textural inhibitor. The residual sodium restrains the reduction

nd carburization of catalysts in pure H2 and/or CO environment.
he residual sodium also inhibits the extent of caburization dur-

ng in situ reduction and FTS reaction in syngas (H2/CO = 0.67).

[

[

8 0.16 0.16 0.15 0.10 0.08

oreover, there is a clear correlation between the carburiza-
ion extent and the catalytic activity. CO conversion decreases
arkedly and the product distribution shifts to lighter hydrocar-

ons slightly with increasing residual sodium content.
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