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Abstract

The metal–silica interaction and catalytic behavior of Cu-promoted Fe–Mn–K/SiO2 catalysts were investigated by temperature-program
reduction/desorption (TPR/TPD), differential thermogravimetric analysis, in situ diffuse reflectance infrared Fourier transform analysis, aMöss-
bauer spectroscopy. The Fischer–Tropsch synthesis (FTS) performance of the catalysts with or without copper was studied in a s
continuously stirred tank reactor. The characterization results indicate that several kinds of metal oxide–silica interactions are presentMn–
K/SiO2 catalysts with or without copper, which include iron–silica, copper–silica, and potassium–silica interactions. In addition to the we
effect of Cu promoter on easing the reduction of iron-based FTS catalysts, it is found that Cu promoter can increase the rate of car
but does not vary the extent of carburization during the steady-state FTS reaction. The basicity of the Cu and K co-promoted catalys
enhanced, as demonstrated by CO2-TPD results. In the FTS reaction, Cu improves the rate of catalyst activation and shortens the induction
whereas the addition of Cu has no apparent influence on the steady-state activity of the catalyst. Promotion of Cu strongly affects hy
selectivity. The product distribution shifts to heavy hydrocarbons, and the olefin/paraffin ratio is enhanced on the catalyst due to th
enhancement of surface basicity by the copper promotion effect.
 2005 Elsevier Inc. All rights reserved.
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1. Introduction

Fischer–Tropsch synthesis (FTS) has been recognize
an important technology in the production of liquid fuels a
chemicals from syngas derived from coal, natural gas, and o
carbon-containing materials. Following successfully apply
FTS technologies at large scale by SASOL and Shell, energ
dustries are considering using this technology as an altern
route to compensate the depleting resources of crude oil[1]. In
FTS process technology, a high-performance catalyst play
essential role in industrial applications[1,2]. Among several op
tions, Fe–Mn FTS catalysts have attracted much attention
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to their high olefin selectivity and excellent stability[3–7]. Sim-
ilar to the industrialized Fe–Cu–K catalyst, chemical promo
such as K2O and Cu[5,8–16]were introduced into Fe–Mn cata
lysts to improve the activity and selectivity[17]. For the catalys
used in a slurry phase FTS reactor, structural promoters (s
alumina, or other support materials) are also essential to
prove attrition resistance and stability[18]. However, structura
promoters were found to restrain the reducibility and decre
the activity due to the metal–support interaction[19]. It is well
known that copper can facilitate the reduction at low temp
ature and improve the formation of FTS active phase[11–15].
Cu is thus often used to improve the catalyst performance
offset disadvantages of structure promoters for Fe-based
lysts. Although the function of copper in facilitating cataly
reduction has been widely accepted, its influence on FTS p
uct distribution has not been well addressed. Wachs et al.[16]
and O’Brien et al.[15] observed that copper had no effe
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on product selectivity; this was established by conducting
FTS reaction in both differential fixed-bed and slurry-phase
actors. Bukur et al.[20] reported that incorporating Cu int
iron-based catalysts resulted in an increase in the average
cular weight of hydrocarbon products; however, Li et al.[12]
reported high CH4 selectivity on a Cu-promoted Fe–Zn ca
lyst. Although a large number of studies were carried out on
influence of copper on FTS selectivity, controversy persists
cause these studies were conducted under different cond
or over different catalyst systems. Therefore, further invest
tion is needed to illustrate the intrinsic relationship between
promoter and the FTS selectivity.

A metal oxide–support interaction on supported iron-ba
catalysts has been well discussed in the literature[14,19–22].
Bukur et al.[20] observed that supported Fe–Cu–K–SiO2 cat-
alysts produced less methane and gaseous hydrocarbon
unsupported catalyst. They ascribed this to the possibility o
Fe–SiO2 (metal–support) interaction. However, most of the
studies focused on the interaction between iron and the
port, and little work has been done on the interaction betw
promoters present in relatively low levels and the support.
complex nature of the interaction between metal (Fe, Cu
oxides and the support in the catalyst, especially in multic
ponent catalysts, makes it difficult to gain more insight i
this interaction. Various techniques, including X-ray diffra
tion, X-ray photoelectron spectroscopy, scanning electron
croscopy, and transmission electron microscopy, have faile
characterize the interaction between the low-level promo
and the support. Temperature-programmed reduction (TP
a useful method for studying the nature of the metal–sup
interaction[6,14,23]. However, in previous reports[5,14,23],
little information on the promoter–support interactions was p
vided by TPR.

The present study focuses on the effect of copper
the catalytic performance of a co-precipitated Fe–Mn
alyst (FeMnCuK/SiO2). Because of the complexity of th
metal oxide–support interactions, several techniques, inclu
H2-TPR, H2-differential thermogravimetric analysis (DTG
CO2-temperature-programmed desorption (TPD), and in
diffuse reflectance infrared Fourier transform spectrosc
(DRIFTS), were used together to characterize the interac
between these components in the catalyst and to illus
the function of copper in the catalyst. To characterize
interaction, three model catalysts (Si-free, K-free, and CuK-
catalysts) were also used. In addition, H2-TPD, CO-TPR,
Mössbauer spectroscopy, and slurry-phase FTS reaction
surements were performed to investigate the reduction, ca
ization, and FTS performance of catalysts.

2. Experimental

2.1. Catalyst preparation

Two catalyst samples, Cu-free and Cu-promoted FeM
SiO2 catalysts, were used in this work. The catalysts were
pared using the combination of coprecipitation and spray
ing. A solution containing Fe(NO3)3 (99.9+%; Tianjin Chem-
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ical Co., PR China), Mn(NO3)2 (99.9+%; Tianjin Chemical
Co.), Cu(NO3)2 (99.9+%; Tianjin Chemical Co.), and silica ge
(SiO2, 30.0%; Tianjin Chemical Co.) with an Fe/Mn/Cu/SiO2
weight ratio of 100/12/x/15 (x = 0 or 1) was introduced into
a 20 l precipitation vessel containing deionized water (∼1 l)
at 350± 1 K. A NH4OH solution (Tianjin Chemical Co.) wa
added simultaneously into this precipitation vessel to main
the pH at a constant value of 9.0± 0.1, as measured with a p
meter (PHS-25; Shanghai Leici Co., PR China). After prec
tation, the precipitate was filtered. A K2CO3 (99.9+%, Tianjin
Chemical Co.) solution and deionized water in the amounts
quired to obtain the desired K/Fe weight ratio of 3/100 w
added to the filter cake, and the mixture was then reslur
and spray-dried. The obtained catalyst precursors were
cined at 773 K for 5 h. The final obtained catalysts w
composed of 100 Fe/10 Mn/3 K/12 SiO2 (FeMnK/SiO2) and
100 Fe/10 Mn/3 K/1 Cu/12 SiO2 (FeMnCuK/SiO2) in mass
ratio, respectively. In addition, an unpromoted model cata
with a composition of 100 Fe/10 Mn/12 SiO2 (FeMn/SiO2),
a silica-free model catalyst with a composition of 100 Fe/10
3 K/1 Cu (FeMnCuK), and a potassium-free model cata
with a composition of 100 Fe/10 Mn/1 Cu/12 SiO2 (FeMnCu/
SiO2) were prepared to study the metal–silica interaction or
surface basicity.

2.2. Catalyst characterization

2.2.1. TPR
TPR experiments were performed in an atmospheric qu

tube flow reactor (5 mm i.d.). A flow of 5% H2 in Ar or 5%
CO in He was used as the reduction gas. A part of the effl
stream in H2-TPR was connected to a quadrupole mass s
trometer (OmniStar 200; Balzers, Switzerland) to measure
concentration of H2. The effluent stream in CO-TPR was co
nected to a gas chromatograph using a thermal conductivit
tector (TCD) to monitor the variation of CO concentration.
in-line drierite trap (in the H2-TPR mode) or a liquid-nitroge
trap (in the CO-TPR mode), located between the reactor an
MS/TCD, was used to continuously remove water or CO2 pro-
duced during reduction. Typically, 80 mg of catalyst was loa
into the quartz tube reactor and reduced by raising the tem
ature from 373 to 1273 K.

A second-run H2-DTG was performed using a TGA92 the
mogravimetric system (Setaram, France) with a flow of
H2 in Ar or 5% O2 in Ar as the reduction gas or the oxid
tion gas. A 20-mg catalyst sample was loaded into the the
balance reactor. The second-run H2-DTG was carried out with
following program. First, the catalyst was reduced by rais
the temperature from room temperature to 773 K and holdin
there for 30 min; this was the first run of H2-DTG. In the sec-
ond run of H2-DTG, the reduced catalyst was purged with
cooled to room temperature in Ar, and reoxidized with the sa
temperature program used in the first run. Finally, the re
dized catalyst was reduced identically as in the first run.

The H2- and CO2-TPD experiments were performed in t
same system as used in TPR, with Ar (in H2-TPD) or He (in
CO2-TPD) as the carrier gas. The effluent was measured by
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chromatography using a TCD. A 200-mg catalyst sample
loaded in the reactor. Note that, particularly for the H2-TPD
experiments, the catalyst was first reduced with H2 at 773 K
and 0.1 MPa for 10 h. Then the sample was heated in the
rier gas from 323 to 773 K, held at 773 K until the basel
leveled off (ensuring complete removal of adsorbed specie
the reduced catalyst surface), and finally cooled to 323 K
the TPD tests. In the subsequent steps, H2 or CO2 adsorption
on catalyst was performed at 323 K for 30 min, and then
sample was purged with the carrier gas for 30 min to rem
weakly adsorbed species. After this step, H2- or CO2-TPD was
carried out while the temperature was increased to 773 K2
chemisorption uptakes were determined by integrating the
of H2-TPD curves and comparing them with those of kno
amounts of the gas passed through the TCD.

In the temperature-programmed process, the reducing o
rier gases were introduced into a series of desulfurizing ag
molecular sieves, and silica gel traps to remove impurities.
gas flow was maintained at 50 ml/min, and the temperatur
ramp was set at 10 K/min.

2.2.2. DRIFTS analysis
DRIFTS spectra were collected using an infrared spectr

eter (Equinox55, Bruker, Germany), equipped with KBr opt
and a MCT D316 detector at the liquid nitrogen tempera
(77 K). The infrared cell with ZnSe windows was connec
to a feed system with a set of stainless steel gas lines, a
ing in situ measurements for the adsorption of probe molecu
CO2 and Ar were used as probe molecule and flushing gas
spectively. The spectra were collected before and after CO2 ad-
sorption. In all cases, the gas flow was maintained at 50 ml/min.
All spectra were recorded with a resolution of 4 cm−1 and ac-
cumulation of 64 scans.

2.2.3. Mössbauer spectroscopy
The Mössbauer spectra of catalysts were recorded at 4

using a CANBERRA Series 40 MCA constant-accelerat
Mössbauer spectrometer and a 25-mCi57Co in Pd matrix. The
spectrometer was operated in the symmetric constant acc
ation mode. The spectra were collected over 512 channe
mirror-image format. Data analysis was performed using a n
linear least squares fitting routine that models the spectr
a combination of singlets, quadruple doublets, and magn
sextets based on a Lorentzian line shape profile. The spe
components were identified based on their isomer shift(δ),
quadruple splitting(∆), and magnetic hyperfine field (Hhf
All isomer shift values were reported with respect to meta
iron (α-Fe) at the measurement temperature. Magnetic hy
fine fields were calibrated with the 330-kOe field ofα-Fe at
ambient temperature.

2.2.4. Surface area measurements
BET surface area measurements were carried out be

and after reduction. N2 physisorption measurements were p
formed at its normal boiling point (77 K) using a Micromeriti
ASAP 2500, and surface areas were calculated using the
method.
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2.3. FTS

The FTS performance of the catalysts was tested in a 1-3

continuously slurry stirred tank reactor loaded with 20.0 g
catalyst sample and 380 g of liquid paraffin.

The H2 and CO were passed separately through a se
of purification traps to remove trace amounts of iron c
bonyls, water, and other impurities. The flow rates of H2 and
CO were controlled by two mass flow controllers (Broo
model 5850E). The exit stream passed through a hot
(393 K), a back-pressure regulator, and a cold trap (273 K
collect liquid products. A wet gas flow meter was used to m
itor the flow rate of tail gas.

The catalyst was reduced in situ in syngas (H2/CO = 0.67)
at 553 K, 0.50 MPa, and 1000 h−1 for 80 h. After reduction,
steady-state reaction conditions were set as 523 K, 1.5 M
H2/CO= 0.67, and 2000 h−1.

The tail gas was analyzed online by gas chromatogra
(GC) (models 6890N and 4890D; Agilent) equipped with
16-port sampling valve and two sampling loops. In one s
pling loop, the hydrocarbons were analyzed with an Al2O3
capillary column (HP-PLOT, 30 m× 0.53 mm) and a flame
ionization detector (FID). In the other loop, H2, N2, CO,
CO2, and CH4 were analyzed with a Porapak Q stainless s
packed column (2 m× 3 mm), a PLOT Q packed colum
(HP-PLOT, 25 m×0.53 mm), a molecular sieve 5A packed co
umn (HP-PLOT, 30 m× 0.53 mm), and a TCD. The produc
in oil phase were analyzed off-line by GC (model 6890N, A
ilent) with a quartz capillary column (DB-1, 60 m× 0.25 mm)
and an FID. The products in wax were analyzed offline
ing a gas chromatograph (6890N, Agilent, USA) with a sta
less steel capillary column [UA+-(HT), 30 m× 0.53 mm]
and an FID. Oxygenates in water were analyzed off-line
ing GC (model 6890N; Agilent) with a quartz capillary colum
(J&W DB-WAX, 30 m× 0.32 mm) and an FID.

3. Results and discussion

3.1. H2-TPR and H2-DTG

H2-TPR was used to investigate the effect of Cu on the
duction behavior of the Fe–Mn catalysts.Fig. 1shows H2-TPR
profiles of three catalysts (FeMnK/SiO2, FeMnCuK/SiO2, and
FeMnCuK). The unsupported catalyst (FeMnCuK) dem
strates several peaks in the H2-TPR profile. The H2-TPR profile
of the FeMnCuK/SiO2 catalyst is generally similar to that of th
FeMnCuK catalyst; however, the overall TPR profile of form
is obviously narrowed, due to the existence of the silica supp
Therefore, reduction for the FeMnCuK/SiO2 catalyst starts a
higher temperature and finishes at lower temperature comp
with that for the FeMnCuK catalyst. For the catalyst witho
Cu promoter, FeMnK/SiO2, the low-temperature TPR profil
shows a broad peak, and the whole reduction process en
the same temperature as for the FeMnCuK catalyst.

The amount of H2 consumed during different reductio
stages, obtained from integrating the area of the correspon
reduction peak, is summarized inTable 1. For the FeMnCuK
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Fig. 1. H2-TPR profiles for FeMnK/SiO2, FeMnCuK/SiO2, and FeMnCuK catalysts. (—) Experimental curves; (· · ·) Lorentzian multi-peak fitting curves.
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Table 1
Quantitative results of H2 consumption for FeMnK/SiO2, FeMnCuK/SiO2, and
FeMnCuK catalysts in H2-TPRa

Catalysts Peak
(K)

H2 consumption

mol H2/mol Mb mol H2/mol Fe

FeMnK/SiO2 745 0.54
925 0.07
990 0.89

FeMnCuK/SiO2 655 0.26
703 0.20
824 0.67
910 0.38

FeMnCuK 502 0.001
538 0.02
576 0.12
851 0.76
963 0.60

a The H2 consumption was measured from the area under the correspo
peak.

b M = Fe+ Mn + Cu.

catalyst, the overall H2 consumption [0.141 mol H2/mol M
(Fe+ Mn + Cu)] of reduction peaks at 502, 538, and 576
is < 0.15 mol H2/mol M. These peaks can be assigned to
reduction of CuO,α-Mn2O3, andα-Fe2O3 to Cu, MnO, and
Fe3O4, respectively. The peaks at 851 K (0.76 mol H2/mol Fe)
and 963 K (0.60 mol H2/mol Fe) correspond to the reductio
of Fe3O4 to Fe. For two silica-supported catalysts, the amou
of H2 consumption for reduction peaks at lower tempera
range (600–800 K) (0.54 mol H2/mol M for FeMnK/SiO2 and
0.46 mol H2/mol M for FeMnCuK/SiO2) are close to the theo
retical value for the reduction of metal oxides to Cu, MnO, a
FeO (0.56 mol H2/mol M). The peaks at higher temperatu
(above 800 K) correspond to the reduction of FeO to Fe,
the H2 consumptions are consistent with theoretical values.
g

s

d

It is clearly shown that the iron oxides in all of the ca
lysts can be completely reduced toα-Fe in TPR process fo
temperatures up to 1000 K. In addition, there are some o
ous differences in the TPR profiles of these catalysts. First
phase transformations of the unsupported catalyst during
process are CuO→ Cu, Mn2O3 → MnO, and Fe2O3 → Fe3O4

→ α-Fe, whereas those of supported catalysts (FeMnK/S2

and FeMnCuK/SiO2) are CuO→ Cu, Mn2O3 → MnO, and
Fe2O3 → FeO → α-Fe, in which the reduction ofα-Fe2O3

occurs via wüstite (FeO) as an intermediate phase rather
Fe3O4 [6]. Wüstite is a metastable phase of iron oxides be
843 K [24]. Many studies[25–27] have reported that FeO
observed on the supported catalysts. It can be reasoned
FeO is stabilized by the support[6,25–27]. Second, there ar
three well-defined reduction peaks at low temperatures in
TPR profile of the FeMnCuK catalyst corresponding to the
duction of CuO, Mn2O3, and Fe2O3. But these reduction peak
overlap into a broad peak on FeMnK/SiO2 and FeMnCuK/SiO2
catalysts, and the required temperatures are also apparen
creased, suggesting that the addition of silica suppresse
reduction of metal oxides. Third, the peak at high tempera
in the TPR of the FeMnCuK/SiO2 catalyst is narrower tha
that of the FeMnCuK catalyst, suggesting that the iron ox
on Si-supported and Cu-promoted catalyst is more easily
duced toα-Fe at high temperatures than that on unsuppo
catalyst. A possible reason for this phenomenon is that
iron oxide is highly dispersed on the silica support, preve
ing the aggregation of crystallites and favoring the reduc
of the iron oxide at high temperature. Finally, the tempera
needed for reduction is lower for the FeMnCuK/SiO2 catalyst
than for the FeMnK/SiO2 catalyst, indicating that Cu improve
the reducibility of metal oxides. This may result from the hi
probability of H2 dissociation of copper[28] and the interac
tion between copper and iron. Hence an interaction betw
metal oxides and the silica support can be envisioned in w
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Fig. 2. Second-run H2-DTG profiles for FeMnK/SiO2 and FeMnCuK/SiO2 catalysts. (—) The first run of H2-DTG, and (·-·-·-) the second run of H2-DTG after
completion of the first run and catalyst reoxidation at 773 K for 30 min.
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the interaction suppresses the reduction of metal oxides a
temperature. On the other hand, the dispersion effect of
silica support prevents the aggregation of iron crystallites,
proving the reduction of iron oxide. Although the interacti
between copper and silica suppresses the reduction of Cu
some extent, the high probability of H2 dissociation of Cu can
still facilitate the reduction of Fe2O3.

The H2-TPR results provide evidence for the interact
between copper and silica to some extent. A second
H2-DTG further confirms this kind of interaction. The secon
run H2-DTG profiles for the FeMnK/SiO2 and FeMnCuK/SiO2
catalysts, shown inFig. 2, reveal that the reduction of met
oxides occurs in the temperature range of 550–773 K. The
duction peak of FeMnCuK/SiO2 in the first run is sharper tha
that of FeMnK/SiO2, indicating that copper improves the redu
tion rate. For the FeMnK/SiO2 catalyst, the onset of reductio
and the temperature at which the reduction rate is at a m
mum are delayed in the second run compared with the first
possibly due to the aggregation of metal oxides in the first
and also to a reoxidation process. For the FeMnCuK/SiO2 cat-
alyst, in the second run the onset of reduction is slower,
the peak is earlier, than in the first run. In addition, ther
weak peak occurs at high temperature that may represen
further reduction of iron oxides (FeOx to α-Fe). The delayed
peak onset indicates that particles of metal oxide aggregat
ter the first run and reoxidation, whereas the advanced
maximum and the minor peak at high temperature indic
that the reduction of the FeMnCuK/SiO2 catalyst become
easier after the first run and reoxidation. Clearly, Cu prom
tion not only improves the reduction of metal oxides in
first run, but also further decreases the temperature req
for reduction in the second run. This indicates that the ef
tive Cu content in FeMnCuK/SiO2 increases after the first ru
w
e
-

to

n
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i-
n,
n

t

he
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and reoxidation. The only source of the increased effective
of Cu is the copper–silica interaction. We suggest that c
per in the precipitated FeMnCuK/SiO2 catalyst interacts partl
with metal (Fe and Mn) oxides and partly with silica. The fo
mer can improve the reduction of metal oxides, but the la
cannot. In the second run of the H2-DTG, the latter part seg
regates from the silica during reduction in the first run. T
released Cu reinteracts with metal (Fe and Mn) oxides and
ther improves the reduction of metal oxides in the second
Therefore, the second-run H2-DTG provides evidence for th
existence of copper–silica interaction in the FeMnCuK/S2
catalyst.

3.2. CO2 adsorption on catalysts

The CO2-TPD curves of FeMnK/SiO2, FeMnCuK/SiO2,
FeMnCu/SiO2, and FeMn/SiO2 catalysts are shown inFig. 3.
The CO2 uptakes can be used as indicators of the inten
and strength of surface basic sites on catalysts. As show
Fig. 3, there are several peaks in the TPD profiles. A small p
(peak 1) at about 373 K and a long tail (peak 4) at temp
ture above 620 K are present in all of the profiles. The sm
peak at low temperature corresponds to the desorption of2
weakly adsorbed in bulk phase. The tail above 620 K is pr
ably from the slow decomposition of a small amount of me
carbonates formed during CO2 adsorption or catalyst prepar
tion. Two intense and broad peaks in the temperature rang
400–650 K are present in the TPD profiles of FeMnK/SiO2 and
FeMnCuK/SiO2 catalysts, corresponding to the desorption
CO2 that interacts moderately with the surface basic sites.
detailed analysis, the profiles of FeMnCu/SiO2 and FeMn/SiO2
catalysts resemble each other, and no apparent peak ap
in the temperature range of 400–650 K. The strong des
tion peaks 2 and 3 appear in the profiles of FeMnK/SiO2 and
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Fig. 3. CO2-TPD profiles of FeMnK/SiO2, FeMnCuK/SiO2, FeMnCu/SiO2,
and FeMn/SiO2 catalysts.

FeMnCuK/SiO2 catalysts, indicating that potassium plays
critical role in improving the surface basicity. Because pea
and 3 are present only for the potassium-promoted catal
the basic sites in these catalysts can be attributed mainly t
potassium species on catalyst surfaces, implying that the b
ity is mainly from K-basic sites. These K-basic sites with diff
ent CO2 desorption temperatures represent different chem
states of potassium on the catalyst surfaces. Dry et al.[29] re-
ported that alkali silicates are less basic and alkali oxides
more basic. Therefore, these different chemical states of p
sium may result from the interactions of potassium and s
(with TPD peak 2) and potassium and oxygen (peak 3). C
pared with the FeMnK/SiO2 catalyst, for the FeMnCuK/SiO2
catalyst, peak 2 becomes weaker and shifts to higher
perature and peak 3 becomes stronger and shifts to l
temperature. In addition, the total area of the TPD profile
FeMnCuK/SiO2 is 1.5 times larger than that of FeMnK/SiO2.
These results indicate that Cu counteracts the strength o
types of K-basic sites and increases the amounts of the tota
sic sites.

The effect of copper on surface basicity can be furt
proved by DRIFTS analysis. Infrared spectra of CO2 adsorp-
tion on catalysts are presented inFig. 4. On FeMnK/SiO2,
FeMnCuK/SiO2, FeMnCu/SiO2, and FeMn/SiO2 catalysts,
several bands at 2348, 1580, 1450, 1355, and 1257 cm−1 appear
after CO2 adsorption. These bands can be assigned to the
bonates formed on surface basic sites[30–36]. Comparing the
spectra of the four samples, the intensity of carbonate band
FeMn/SiO2 and FeMnCu/SiO2 catalysts is very weak, wherea
the bands at 2348 and 1580 cm−1 are enhanced to some e
tent on the FeMnK/SiO2 catalyst with promotion of potassium
For the FeMnCuK/SiO2 catalyst, all of the bands of carbonat
are apparently enhanced with the promotion of copper
moter. These results indicate that the Cu and K co-prom
catalyst (FeMnCuK/SiO2) has more surface basic sites th
the unpromoted and separately Cu- or K-promoted cata
(FeMn/SiO2, FeMnCu/SiO2, and FeMnK/SiO2).
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Fig. 4. IR spectra recorded from CO2 adsorption at 473 K on FeMnK/SiO2,
FeMnCuK/SiO2, FeMnCu/SiO2, and FeMn/SiO2 catalysts in situ calcined a
773 K. Each spectrum is reported as the difference between the spectra
and after CO2 admission.

The analysis of CO2-TPD and DRIFTS results reveals th
several kinds of basic sites are present on the unprom
FeMn/SiO2 catalyst, although the amount of basic sites is l
Promotion of potassium can apparently improve the surface
sicity of catalysts (FeMnK/SiO2 and FeMnCuK/SiO2). With
only Cu present as a promoter (FeMnCu/SiO2), the surface ba
sicity is similar to that of unpromoted catalyst (FeMn/SiO2),
whereas a synergistic effect is observed on Cu and K
promoted catalyst (FeMnCuK/SiO2), which has a moderat
strength of basicity and more basic sites than K-promoted
alyst (FeMnK/SiO2). A possible reason for the synergistic e
fect is that, although potassium is the main source of sur
basic sites, the interaction between potassium and silica
presses the intrinsic basicity of potassium on the FeMnK/S2
catalyst, decreasing the amount of effective potassium[8].
With the addition of copper into the catalyst, the copper–si
interaction weakens the potassium–SiO2 interaction, leading
to the increase of the amount of effective potassium on
catalyst surface. Thus, the surface basicity is indirectly
proved by Cu promotion on the Cu and K co-promoted cata
(FeMnCuK/SiO2).

3.3. Reduction and carburization behaviors

As mentioned in H2-TPR, copper can facilitate the redu
tion of metal oxides in H2. Table 2 shows the BET sur
face area and H2 chemisorption uptakes on FeMnK/SiO2 and
FeMnCuK/SiO2 catalysts after reduction with 5% H2 in Ar
at 773 K for 10 h. BET surface areas are nearly identical
FeMnK/SiO2 and FeMnCuK/SiO2 catalysts before reduction
indicating that the presence of a small amount of Cu does
affect the textural structure of catalyst precursors. After2
reduction, the BET surface area of FeMnCuK/SiO2 is slightly
higher than that of FeMnK/SiO2. The H2 uptake is also highe
on FeMnCuK/SiO2 than on FeMnK/SiO2, indicating that the
presence of copper improves the reduction rate of the cat
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Table 2
H2 uptakes on reduced FeMnK/SiO2 and FeMnCuK/SiO2 catalysts

Catalysts FeMnK/SiO2 FeMnCuK/SiO2

Surface Before reduction 197.42 201.25
area (m2/g) After reductiona 98.38 107.92

H2 uptakeb

(×10−2 mmol H2/mmol Fe)
5.00 8.95

a The BET surface area was measured after exposure to 5% H2 in Ar at 773 K
for 10 h (0.2 g sample, gas flow rate= 50 ml/min).

b The H2 uptake on catalysts was determined by integrating the area u
the H2-TPD curves.

and restricts the aggregation of Fe crystallites, resulting gre
surface area, smaller crystal particles, and a larger numb
H2 adsorptive sites after the reduction in H2.

Fig. 5. CO-TPR profiles of FeMnK/SiO2 and FeMnCuK/SiO2 catalysts.
r

er
of

Fig. 5 shows the CO-TPR profiles of the FeMnK/SiO2 and
FeMnCuK/SiO2 catalysts. Under CO atmosphere, the cata
is reduced and carburized via two steps, hematite (Fe2O3) to
magnetite (Fe3O4) and magnetite to iron carbides[37–40]. The
promotion of Cu slightly decreases the reduction tempera
of Fe2O3 to Fe3O4 and apparently increases the removal rat
oxygen; however, the carburization peaks of the two catal
appear to be identical, indicating that Cu does not appare
affect the extent of carburization.

Fig. 6 shows the isothermal reduction behavior of FeMn
SiO2 and FeMnCuK/SiO2 catalysts in syngas. The CO2 con-
centration in the tail gas was used to monitor the reduc
behavior. Note, however, that the reduction process using
gas for iron FTS catalysts is inevitably accompanied by the
reaction (typically methanation and the water–gas shift (W
reaction), even in very early stages of the reduction at nor
pressure and the elevated temperature used as reduction
tions. In this case, CO2 levels in tail gas qualitatively reflect th
extent of iron reduction, and thus directly reflect the reduc
of the catalyst.

As shown inFig. 6, when the temperature was increas
to 553 K and kept constant, the CO2 concentration for the
FeMnK/SiO2 catalyst increased slowly from a low to a hig
level and then remained stable with increasing time on stre
However, that of the FeMnCuK/SiO2 catalyst increased quickl
to the maximum and declined slightly thereafter with incre
ing reduction time. The CO2 concentration of FeMnCuK/SiO2
is higher than that of FeMnK/SiO2, indicating that the pres
ence of Cu apparently enhances the reduction of cataly
syngas.

Fig. 7 shows the Mössbauer spectra of FeMnK/SiO2 and
FeMnCuK/SiO2 catalysts at different states in the FTS reacti
Table 3lists the iron-phase composition of FeMnK/SiO2 and
FeMnCuK/SiO2 catalysts, as determined by fitting the Mös
bauer spectra. Although the FTS reaction does not occur in
3 K,
Fig. 6. In situ reduction behaviors of (2) FeMnK/SiO2 and (1) FeMnCuK/SiO2 catalysts in syngas; (—) reduction temperature; reduction conditions: 55
0.5 MPa, 1000 h−1, and H2/CO= 0.67.
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eaction
Fig. 7. Mössbauer spectra of FeMnK/SiO2 and FeMnCuK/SiO2 catalysts at different states: (a) as prepared, (b) after reduction, (c) reaction for 250 h, (d) r
for 500 h.
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Table 3
Iron phase composition of FeMnK/SiO2 and FeMnCuK/SiO2 catalysts in re-
duction or FTS reactionsa

Catalysts FeMnK/SiO2 FeMnCuK/SiO2

Phase Area (%) Phase Area (%

As-
prepared

Fe2O3 68 Fe2O3 64.9
Fe2O3 32 Fe2O3 35.1

After
reduction

Fe3O4 (A) 34.7 Fe3O4 (A) 35.5
Fe3O4 (B) 58.6 Fe3O4 (B) 48.5
FeCx 6.7 FeCx 16.0

Reaction
for 250 h

Fe3O4 (A) 29.1 Fe3O4 (A) 20.4
Fe3O4 (B) 52.2 Fe3O4 (B) 55.2
FeCx 18.7 FeCx 24.3

Reaction
for 500 h

Fe3O4 (A) 21.8 Fe3O4 (A) 15.7
Fe3O4 (B) 44.9 Fe3O4 (B) 51.1
FeCx 33.3 FeCx 33.3

a The iron phase composition were determined using Mössbauer
troscopy at liquid Helium temperature (4.4 K) with aγ -ray-transparent Be
windows.

bulk phase of carbides, the carbides can have FTS-active
on their surfaces. Thus, it is proposed that iron carbides
main active phases for FTS reactions[41–45], and their con-
tent can be used to monitor the formation of FTS active s
to some extent. As shown inFig. 7 and Table 3, the content
of iron carbides after reduction is almost threefold highe
the FeMnCuK/SiO2 catalyst than in the FeMnK/SiO2 catalyst,
paralleling the difference in CO2 concentration during in situ
syngas reduction between two catalysts. The content of
carbides in the FeMnCuK/SiO2 catalyst during the FTS reac
tion (250 h) is also higher than that of the FeMnK/SiO2 catalyst;
however, the extent of carburization for the two catalysts a
500 h steady-state run is nearly identical. These results ind
that Cu promotion leads to higher rate of carburization but
no apparent influence on the final extent of carburization.
c-

es
e

s

n

r
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It was previously reported that the reduction of iron-ba
FTS catalyst can be enhanced by introducing copper as a
moter [11–15,19], and our experimental results confirm th
The reduction process of iron-based catalysts generally
cludes the removal of oxygen atoms from the metal oxide
carburization of the reduced (often partially reduced) surfac
CO is present in the reduction agent)[37–40,46]. This “reduc-
tion” stage is impossible to clearly distinguish from the wh
reduction and FTS reaction procedure. Very often, the FTS
action (methanation) and the WGS reaction start once the
alysts are partially reduced. However, in terms of copper’s
in this initial stage of reduction (accompanying the FTS re
tion), oxygen removal in the initial stage (reduction) is grea
promoted by introducing copper (Figs. 1 and 5), because cop
per oxide can be easily reduced to a metal state by reduc
at low temperatures[14], and the metallic copper plays an e
sential role in helping the removal of oxygen atom from ot
oxide phases[46]. As for a mechanistic understanding, we in
that on the one hand, metallic copper facilitates the activatio
the H2 present in reducing agents, but on the other hand, m
lic copper atoms, which are highly dispersed in the iron ph
may weaken vicinal Fe–O bonds. This latter mechanism
explain the copper promotion to the CO reduction cases.
mechanism provides insight into enhancement of the carbu
tion rate of FTS catalysts by copper promoter, as indicate
Table 3, confirming that the major role of copper is to facilita
the reduction of metal oxides.

3.4. FTS performance

FTS performance of the FeMnK/SiO2 and FeMnCuK/SiO2
catalysts was measured under conditions of 543 K, 1.5 M
2000 h−1, and H2/CO= 0.67. The activities and stabilities we
first tested over a 500-h steady-state run, and then the sele
ties were studied under various conversions.
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;
Fig. 8. Activity and stability of FeMnK/SiO2 and FeMnCuK/SiO2 catalysts; (2) CO conversion, (Q) syngas conversion, (") H2 conversion, (a) methane selectivity
reaction conditions: 543 K, 1.5 MPa, 2000 h−1, and H2/CO = 0.67.
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3.4.1. Activity and stability
Fig. 8 shows the conversions and stabilities for the F

reaction (at pressurized conditions) of two catalysts du
steady-state runs. The conversion of the FeMnK/SiO2 cata-
lyst increases slowly with time, whereas the conversion of
FeMnCuK/SiO2 catalyst rapidly reaches a maximum and th
levels off. Before approaching steady state, the activity of
FeMnK/SiO2 catalyst shows a long (400 h) induction perio
but that of the FeMnCuK/SiO2 catalyst does not. After reachin
steady-state activity, both catalysts show no difference in c
version. Clearly, copper decreases the time required to ac
steady-state activity but does not affect the final FTS ac
ity.

As indicated by the H2-TPR and CO-TPR findings and th
reduction behavior, Cu can improve the reduction and incre
the removal of oxygen in iron oxides under H2 or CO. When ex-
posed to syngas, copper oxide is first reduced by H2 and CO to
its metal state[14]. These metallic copper atoms, which are w
dispersed in iron oxide phases, act as H2 dissociation sites to
provide activated H species or weaken the vicinal Fe–O bo
Then the oxygen atoms in the Fe2O3 phase near the meta
lic Cu can be easily removed. Because the rates of redu
and carburization of an iron-based catalyst are typically c
trolled by the rate of oxygen removal[47], it is reasonable fo
the easier reduction and carburization of the FeMnCuK/S2.
The higher rate of reduction and carburization shortens the
for iron-phase transformation from Fe2O3 to Fe3O4 and FeCx .
This latter phase can provide a large number of FTS active
on the crystallite surface. Thus, the induction period require
achieve steady-state activity is greatly shortened.

3.4.2. Selectivity
Both the catalyst and the reaction conditions influence F

selectivity. Of all of the contributing factors, H2/CO ratio has
the strongest influence[48]. To correctly reflect the effec
e
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-
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-
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s.

n
-

e
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of the copper promoter on FTS selectivity, reaction exp
ments (after a 500-h run) were carefully conducted to
tain the results at identical H2/CO and other conditions fo
the FeMnK/SiO2 and FeMnCuK/SiO2 catalysts (Table 4). As
shown in Table 4, the selectivities to gaseous and light h
drocarbons (methane, C2–C4, and C5–C11) are suppressed
whereas those to heavy hydrocarbons (C12+ and especially
C19+) are enhanced with the addition of Cu into the ca
lyst (FeMnCuK/SiO2). The C=

2 –C=
4 /Co

2–Co
4 as a function of

CO conversion and the olefin/paraffin as a function of c
bon number are shown inFigs. 9 and 10, respectively. Both
figures show that the ratio of olefin to paraffin is higher
the FeMnCuK/SiO2 catalyst than on the FeMnK/SiO2 catalyst.
Fig. 9 also shows the variation of H2/CO in tail gas as a func
tion of CO conversion. The ratio of H2 to CO is approximately
identical on two catalysts, removing any influence of H2/CO
on selectivity. All of these results imply that the hydrogenat
reaction is restrained and the chain propagation reaction i
hanced on the FeMnCuK/SiO2 catalyst.

It is well known that increasing the surface basicity in a F
catalyst can improve CO dissociative adsorption, suppres2
adsorption, facilitate chain growth reaction, and enhance
lectivity to heavy hydrocarbons[8,10]. The results obtained i
this study show that the Cu promoter obviously enhances
selectivity to heavier products. Recalling the results of C2
adsorption in the previous section, the FTS selectivity res
reconfirm that basic sites existing on the catalyst surfac
FeMnCuK/SiO2 are responsible for the suppression of meth
and other light-hydrocarbon products and the enhanceme
the heavy products. Meanwhile, higher olefin selectivity is
served on the FeMnCuK/SiO2 catalyst. The basic sites on th
FeMnCuK/SiO2 catalyst provide conditions for facilitating C
dissociation, leading to a relatively high coverage of car
species on the surface, whereas insufficient hydrogen is pr
for a high paraffin production and/or chain termination ra
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Table 4
Hydrocarbon selectivity of FeMnK/SiO2 and FeMnCuK/SiO2 catalystsa

Catalysts FeMnK/SiO2 FeMnCuK/SiO2

H2/CO exit ratio 0.75 0.77 0.80 0.82 0.74 0.78 0.79 0.93
H2/CO utilized ratio 0.60 0.60 0.60 0.61 0.62 0.61 0.61 0.58
CO conversion (%) 59.0 64.9 69.8 74.6 62.1 65.9 68.00 76.2
H2 conversion (%) 53.6 58.9 63.6 68.6 57.7 59.9 61.9 66.6
H2 + CO conversion (%) 56.8 62.5 67.3 72.2 60.4 63.5 65.5 72.3

Hydrocarbon selectivity (wt%)
CH4 10.8 11.0 11.0 11.2 8.2 9.0 8.4 9.1
C2–C4 28.7 28.6 28.6 29.3 23.7 25.4 23.5 24.9
C=

2 –C=
4 18.0 17.4 16.7 16.4 15.5 16.5 15.1 15.1

C5–C11 40.0 43.9 44.6 46.5 41.8 36.8 37.4 39.7
C=

5 –C=
11 25.6 28.7 28.9 29.7 27.5 24.5 24.5 24.7

C12–C18 12.9 9.9 9.5 7.4 15.1 15.3 14.8 12.1
C19+ 3.2 1.6 1.7 1.0 9.0 11.5 13.8 12.3

a Reaction conditions: 543 K, 1.5 MPa, H2/CO= 0.67, GHSV= 2000–4000 h−1 and reaction period= 500–800 h.
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Fig. 9. C=
2 –C=

4 /Co
2–Co

4 and H2/CO ratios in tail-gas on FeMnK/SiO2 and
FeMnCuK/SiO2 catalysts; reaction conditions: 543 K, 1.5 MPa, feed
H2/CO= 0.67, GHSV= 1500–4000 h−1 and reaction period= 500–800 h.

It should not be forgotten that the Cu promoter might enha
the hydrogen activation on the surface, as is supported b
H2-TPR/TPD studies given inFig. 1 andTable 2. But for FTS
reactions, the enhancement of hydrogen activation by the
promoter may not make up for the hydrogen consumption
the increased amount of carbon species due to the basic
induced by the Cu promoter.

4. Conclusion

In this study, combined methods (TPR with DTG, TP
and DRIFTS) were applied to characterize the metal oxi
support interaction on precipitated FeMnK/SiO2 catalysts with
and without copper promoter. Evidence for several kinds o
teractions between metal elements and support, including i
silica, copper–silica, and potassium–silica interactions,
found. In addition, a synergistic effect was observed on
Cu and K co-promoted catalyst (FeMnCuK/SiO2), which has
e
e

u
y
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–
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Fig. 10. Olefin/paraffin ratios as function of carbon number on2)
FeMnK/SiO2 and (Q) FeMnCuK/SiO2 catalysts (543 K, 1.5 MPa, H2/CO =
0.67, and CO conversion of 75%).

more surface basic sites than either of the separately Cu
K-promoted catalysts (FeMnK/SiO2 and FeMnCu/SiO2).

The effect of Cu on reduction is to lower the reduction te
perature and increase the reduction rate by the easy form
of metallic copper, acting as H2 dissociation sites or weaken
ing the vicinal Fe–O bonds, facilitating the removal of oxyg
from the iron phase. The copper promoter also accelerate
carburization or the activation of catalyst in the CO or syn
atmosphere through copper’s promotion of the reduction of
oxides, whereas it does not affect the final extent of carbu
tion.

In the FTS, Cu increases the initial conversions and sh
ens the induction period for reaching steady-state activity,
has no obvious effect on the steady-state conversions. D
its higher surface basicity than the Cu-unpromoted cata
(FeMnK/SiO2), the FeMnCuK/SiO2 catalyst has lower selectiv
ity to methane and light hydrocarbons and enhanced selec
to heavy hydrocarbons and olefins.
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