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Abstract The influence of copper loading on the surface

species and catalytic properties of Fe–Cu–K–La/SiO2 cata-

lyst in the formation of oxygenated by-products during

Fischer–Tropsch synthesis was investigated by temperature-

programmed reduction (TPR), temperature-programmed

desorption of CO and acetaldehyde (CO-, acetaldehyde-

TPD), in situ diffuse reflectance FTIR and chemical trapping.

The results showed that addition of copper improved the

reducibility of catalysts, however, the adsorption features of

catalysts changed significantly. Fe–Cu–K–La–SiO2 with a

composition of 1:0.28:0.05:0.05:0.17 (molar ratio, relative to

iron) had highest selectivity for hydrocarbons and lowest

selectivity for C2
? oxygenates. Results of FTIR and chemical

trapping indicated that extra copper would suppress CO

adsorption as well as oxidation of adsorbed molecules. The

stability of intermediates weakened simultaneously. More-

over, the quantitative estimates of the concentration of the

surface species by acetaldehyde-TPD allowed the illustration

of copper effect on the catalytic properties.
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1 Introduction

The Fischer–Tropsch synthesis (FTS), first developed in

Germany in 1923 [1] and now successfully applied at large

scale by SASOL and Shell [2], is considered to be an

important technology for the synthesis of liquid fuels and

chemicals from syngas. A number of papers have con-

cerned high performance catalysts for FTS including iron

and cobalt [3–6]. In particular, iron-based catalysts have

attracted much attention due to their high olefin selectivity,

excellent stability and low cost [7–9]. A characteristic of

iron-based catalyst is that their behavior strongly depends

on composition, preparation and reaction conditions, which

determine the iron phase composition and surface struc-

tures of the working catalyst [10].

Copper being a common promoter in applications to iron-

based catalysts has been proposed to facilitate reduction of

iron oxides during activation and minimize the sintering

of iron by lowering the reduction temperature [11–13].

Although the role of copper in facilitating reducibility of

catalysts has been widely accepted, a large number of C2
?

oxygenates are formed which have often been considered as

unimportant by-products of the synthesis. Influence of cop-

per concentration on surface species and reactivity in the

formation of oxygenated by-products has not been well

addressed. O’Brien et al. [14] and Wachs et al. [15] pointed

out that copper had no effect on product selectivity. How-

ever, noticeable alcohol selectivity was reported on FeCuKB

catalyst [16] and FeCuMnZrO2 catalyst [17]. Theoretical

predictions supported by experimental results had shown that

the selectivity to C2
? oxygenates was mainly determined by

the extent of CH3 trapped by an acyl [18, 19]. A determi-

nation on the effect of copper concentration is necessary to

define the relationship between surface species and reactivity

in the formation of oxygenated by-products during FTS.
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The purpose of this paper is to study the influence of

copper loading on the surface species and catalytic prop-

erties in the formation of oxygenated by-products during

FTS over Fe-Cu-K-La/SiO2. For this purpose, the charac-

terization of the catalysts was carried out by temperature-

programmed reduction (TPR), temperature-programmed

desorption of CO and acetaldehyde (CO-, acetaldehyde-

TPD), in situ diffuse reflectance FTIR and chemical trap-

ping. The correlation between the surface species and the

activity of these catalysts was also discussed.

2 Experimental

2.1 Catalyst Preparation

Catalysts were prepared by conventional co-precipitation

method. Typically, a mixture of the related metallic nitrates

and SiO2 sol was co-precipitated with a NH4OH solution at

343 ± 1 K and a constant pH of 7.5 ± 0.2. After aging for

12 h, the precipitate was washed thoroughly with deionized

water, dried at 383 K for 24 h and then calcined at 753 K

in air for 5 h. The composition of the catalysts were as

follows: Fe:Cu:K:La:SiO2 = 1:x:0.05:0.05:0.17 (molar

ratio, x = 0.08, 0.18, 0.28, 0.31, 0.48). The compositions

of all samples were determined by ICP-AES emission

spectrometry.

2.2 Catalyst Characterization

TPR was conducted to study the reducibility of catalysts.

They were performed with Autochem II 2920 model

multifunctional adsorption instrument (Micromeritics

Company, USA). Typically, the samples (0.1 g) were flu-

shed at 773 K in a helium flow of 50 ml min-1 for 30 min,

and then cooled to 323 K. After stabilization, the temper-

ature was raised with a slope of 10 K min-1 up to 1173 K

under a 30 ml min-1 10 % H2 in Ar mixture. The hydro-

gen consumption was calculated by comparison of the area

of their TPR profiles and the profile of the standard sample

of CuO.

Temperature-programmed desorption of CO or acetal-

dehyde was performed in the same equipment as used

in the TPR tests. The catalysts were reduced in situ at

493 K during 6 h under a 1 l h-1 gcat
-1 hydrogen flow.

1.01 %CH3CHO/He or CO was adsorbed at 308 and 393 K

respectively. The catalytic surface was then flushed by a

He flow for 2 h. Each experiment was performed in a He

flow (2 l h-1 gcat
-1) with an on-line GC–MS (model 7890A-

5975C; Agilent) as a detector to monitor the desorbed

species. CO, CO2, CH4 were analyzed with a HP-PLOT-Q

column (30 m 9 0.32 mm 9 20 lm) and a thermal con-

ductivity detector (TCD). CH3CHO, CH3OH, CH3COCH3

were measured with a HP-INNOWax column (30 m 9

0.32 mm 9 25 lm) and an FID. The temperature

increasing rate was 3 K min-1.

DRIFT analysis was carried out with a spectrometer

(Nicolet 6700, Thermo, USA), fitted with an in situ cell

which was connected to a feed system with a set of

stainless steel gas lines, allowing in situ measurements.

The infrared cell was equipped with temperature controlled

parts and ZnSe window. The catalyst was reduced in situ

for 6 h under atmospheric pressure by a stream of hydrogen

at 493 K (30 ml min-1, 1 K min-1). Then the reactor was

flushed by pure nitrogen. CO was introduced at room

temperature under a pressure of 104 Pa. Acetaldehyde and

methanol were also introduced at room temperature on

reduced samples. The in situ reaction studies were per-

formed under a hydrogen and carbon monoxide gas flow

with a 2/3 molar ratio. After activation, the CO ? H2 gases

were introduced and the spectra were recorded with the

increasing temperature and pressure. After the system

reached the steady state of 553 K and 3.5 MPa, it was

flushed by N2. Then the gas flow was switched to pure H2.

The device used for chemical trapping experiments was

the same to that used in DRIFT analysis. The species were

trapped at 553 K by an excess of CH3I.

All spectra were recorded with a resolution of 4 cm-1

and accumulation of 64 scans. Those reported in the figures

were subtracted from the reference one.

2.3 Reactivity Measurements

The catalytic performance tests were conducted in a fixed-

bed, stainless flow micro-reactor (6 mm I.D.) with a cata-

lyst weight of 0.5 g. For all experiments, the samples were

reduced in a hydrogen flow (1 l h-1 gcat
-1) at 493 K at

ambient pressure for 6 h before syngas exposure. Then the

temperature was decreased to 473 K and the pressure was

gradually increased to 4.0 MPa in H2 atmosphere. The

steady-state reaction conditions were set as 543 K,

4.0 MPa, H2/CO = 2/3 and 4 l h-1 gcat
-1. The carbon bal-

ance was 100 ± 5 %.

3 Results and Discussion

3.1 Temperature Programmed Reduction

of H2 (H2-TPR)

The TPR profiles of Fe–Cu–K–La/SiO2 catalysts with dif-

ferent copper loadings were shown in Fig. 1. The reduction

peak maximums for the systems were situated at 473 K.

High-temperature TPR profile showed a broad peak.

The amount of H2 consumed during different reduc-

tion stages, obtained from integrating the area of the

Influence of Copper Loading on the Surface Species 1099

123



corresponding reduction peak, was summarized in Table 1.

For the five catalysts, the amounts of H2 consumption for

reduction peaks at lower temperature range (below 800 K)

were close to the theoretical value for the combined

reduction of CuO to Cu, La2O3 to LaO and Fe2O3 to Fe3O4

(0.24, 0.31, 0.35, 0.37, 0.44 mol H2/mol M with the

increased loadings of copper). The wide and asymmetric

peaks at higher temperature (above 800 K) corresponded to

the reduction of Fe3O4 to FeO and then to metallic iron

[20], and the H2 consumptions were consistent with theo-

retical values (1.33 mol H2/mol Fe). FeO (Wüstite) was a

metastable phase of iron oxides below 843 K [21] and had

been reported on various supported catalysts [22, 23].

Munteanu et al. [24] calculated kinetic parameters of

reduction process of Fe2O3 and found that the activation

energy and rate constants for Fe3O4 ? FeO and

FeO ? Fe were similar, which indicated that Fe3O4

reduced to Fe directly. Thus the TPR profile showed a wide

peak for the reduction of Fe3O4.

The reduction temperature of CuO was between 423 and

473 K, much lower than that of Fe2O3 (about 573 K). CuO

reduced to metallic state first and formed sites of nucleation

which in turn led to reactive hydrogen species capable of

reducing iron oxides at relatively low temperatures. Such a

reduction process of iron oxide was well known as a

nucleation model [25, 26]. Wachs et al. [27] had studied

the effects of copper on the hydrogen reduction of a-Fe2O3

and found that copper was well dispersed on the catalyst

surface and was concluded to provide more sites of

nucleation for reduction to occur. It could be seen from

Fig. 1 that increase of copper loading made the onset of the

reaction sequences shifted from 490 to 461 K, indicating

an easier reduction process for Fe2O3. Further, the H2

consumption of Fe2O3 increased with the increased copper

loading which confirmed the view that the reduction of the

catalyst was strongly enhanced by copper.

3.2 Reaction Performance

Results of FTS over Fe–Cu–K–La/SiO2 catalysts with

different loadings of copper were shown in Fig. 2. The

selectivity towards hydrocarbons first increased with the

copper loading, then reached a maximum at copper amount

of 0.28 (molar ratio, relative to iron, the same hereinafter),

then decreased rapidly. Moreover, the higher alcohols (C2
?

OH) and hydrocarbons (C2
? HC) yields decreased with the

amount of copper. Such a simultaneous change had also

been reported on cobalt-based catalysts by Takeuchi et al.

[28], and on copper-based catalysts by Chu et al. [29]. A

common intermediate for these two species was proposed

[30]. Thus it was reasonable to conclude that copper on the

surface can influence the chain growth both to hydrocar-

bons and alcohols.

3.3 CO Adsorption and Desorption

3.3.1 Infrared Spectra of CO Adsorption

The FTIR spectra obtained after CO adsorption on iron-

based catalysts were shown in Fig. 3. The gas phase

spectrum had been subtracted. One sharp band at

2,094 cm-1 was observed, corresponding to CO linearly

adsorbed on surface [31]. The band showed a red shift with

the rise of copper loading. This suggested that a kind of

homogeneous site formed on the surface due to the addition

of copper [32]. Band at 2,013 cm-1 could be assigned to

Fig. 1 Temperature-programmed reduction (H2-TPR) spectra of

Fe–Cu–K–La/SiO2 catalyst with different copper loadings: (a) 0.08;

(b) 0.18; (c) 0.28; (d) 0.31; (e) 0.48

Table 1 Quantitative results of H2 consumption for catalysts in

H2-TPR

Catalysts Peak (K) H2 consumption

mol H2/mol Ma mol H2/mol Fe

FeKLa–0.08Cu/SiO2 490 0.22

950 1.03

FeKLa–0.18Cu/SiO2 480 0.30

931 1.17

FeKLa–0.28Cu/SiO2 470 0.32

888 1.25

FeKLa–0.31Cu/SiO2 469 0.35

870 1.25

FeKLa–0.48Cu/SiO2 461 0.38

914 1.31

The H2 consumption was measured from the area under the corre-

sponding peak
a M = Fe ? Cu ? La
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the symmetric stretching mode of gem-dicarbonyl species.

The characteristic band of asymmetric stretching mode of

gem-dicarbonyl was situated at around 2,100 cm-1. Its

broadness was partly overlapped with that due to CO lin-

early adsorbed species. The bands corresponding to CO

bridge-bonded species on iron sites were situated at the

region of 1,900–1,975 cm-1 [33]. The band of bridge

bonded species was apparently observed on Fe–Cu–K–La–

SiO2 with a composition of 1:0.28:0.05:0.05:0.17. This

indicated that the surface adsorption sites of iron were

enhanced. Further, it was generally considered that CO

bridge bonded species were easily dissociated to oxygen

and carbon. They were more active than the linear ones

and favored to chain growth [34, 35]. Therefore, the

high reactivity of Fe–K–La–0.28Cu/SiO2 seemed to be

associated with the enhancement of adsorption sites and

formation of bridged-form CO. This result was in agree-

ment with that of reactivity measurements.

The IR bands between 1,000 and 1,700 cm-1 had been

assigned to carbonaceous species on surface which then

underwent hydrogenation to produce bidentate carbonate

(b-CO3
2-) or bicarbonate (b-HOCOOs

-) or formate species

(b-HCOOs
-), then methoxy species (CH3Os) [36, 37]. For

CO adsorption on Fe-Cu-K-La/SiO2 catalysts with low

copper loading (0.08, 0.18 and 0.28), features attributed to

b-HOCOOs
- (1,594 and 1,345 cm-1) and b-HCOOs

- (1,478

and 1,393 cm-1) were found. No characteristic bands were

observed at higher copper loading (0.31, 0.48). Based on

the results above, CO adsorption properties of the catalyst

were influenced consumingly by addition of copper.

3.3.2 Temperature-Programmed Desorption of CO

TPD profiles of CO on Fe–Cu–K–La/SiO2 with different

copper loadings were shown in Fig. 4. Two peaks appeared

at 418 and 575 K. Xu et al. [32] also observed two peaks

during CO-TPD, which was consistent with those observed

in this test, except that the shape of the profiles and the

location of the peaks were not entirely identical. This

seemed to be related to the different composition of the

catalysts and TPD conditions. The two peaks shifted to

higher temperature and the area of CO-TPD at higher

temperature increased when the addition of copper

increased within the range of 0.08–0.31. However, when

the amount of copper exceeded 0.48, the CO desorption

quantity would decrease. These implied that addition of

Fig. 2 Yield (A) and selectivity (B) of Fe–Cu–K–La/SiO2 catalyst

with different copper loadings: (a) 0.08; (b) 0.18; (c) 0.28; (d) 0.31;

(e) 0.48. Reaction conditions: H2/CO = 2/3, 4 l h-1 gcat
-1, P =

4.0 MPa, T = 543 K

Fig. 3 FTIR spectra of CO adsorption at 298 K on Fe–Cu–K–La/

SiO2 catalyst with different copper loadings: (a) 0.08; (b) 0.18;

(c) 0.28; (d) 0.31; (e) 0.48

Influence of Copper Loading on the Surface Species 1101
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0.08–0.31 copper to Fe–K–La/SiO2 resulted in increase of

the quantity of strongly adsorbed CO species, while extra

copper would suppress CO adsorption on the iron surface.

This was the reason that catalyst with high copper loading

had low reactivity for CO hydrogenation.

For all the five catalysts, CO2 was released in a large

amount throughout the whole process and the profile

appeared several desorption peaks. Desorption spectra of

methane over Fe–Cu–K–La/SiO2 with different copper

loadings during TPD were shown in Fig. 5. A simultaneous

desorption of methane occurred at around 673 K and the

rate of methane formation dropped off sharply after max-

imum which may due to the depletion of adsorbed CO from

the surface [38]. It was obvious that the formation of

methane was caused by hydrogenation of the strongly

adsorbed CO on surface. As shown in Fig. 5, the quantity

of desorbed methane formed at higher temperature during

TPD increased when the copper loading increased from

0.08 to 0.31. However, introduction of 0.48 copper to Fe–

K–La/SiO2 made the quantity decreased.

3.4 Methanol and Acetaldehyde Adsorption

FTIR spectra of adsorbed methanol on Fe–Cu–K–La/SiO2

catalyst with different copper loadings were shown in

Fig. 6. Bands appeared at 3006, 2948, 2843 and

1454 cm-1. They could be attributed to methoxy species

(maCH3 3,006 and 2,948 cm-1, msCH3 2,943 cm-1, dCH3

1,454 cm-1) compared with the results on the literature

[39–41]. The features at 1601, 1321 and 762 cm-1 could

be ascribed to maO–C–O, msO–C–O and dO–C–O vibration

of formates respectively [42, 43]. The maximum amounts

of formates were observed on Fe–K–La–0.28Cu/SiO2 cat-

alyst. However, the formation of formates would be sup-

pressed when the amount of copper exceeded 0.48. It was

known that formates were formed by oxidation of methoxy

species. Such a result clearly indicated that extra copper

would suppress the reactivity of oxidizing on adsorbed

molecules. Further, features at 2,981 and 1,400 cm-1

decreased with the increased addition of copper. These

bands were in good agreement with bands observed by

Zamboni et al. [44]. These authors assigned these fre-

quencies to linear or cyclic polymeric compounds. This

indicated that the stability of such an intermediate weak-

ened which may due to some extra copper covered the

Fig. 4 TPD spectra after CO adsorption on Fe–Cu–K–La/SiO2

catalyst with different copper loadings: (a) 0.08; (b) 0.18; (c) 0.28;

(d) 0.31; (e) 0.48

Fig. 5 Desorption spectra of CH4 on Fe–Cu–K–La/SiO2 catalyst with

different copper loadings during TPD: (a) 0.08; (b) 0.31; (c) 0.48

Fig. 6 FTIR spectra of CH3OH adsorption on Fe–Cu–K–La/SiO2

catalyst with different copper loadings: (a) 0.08; (b) 0.31; (c) 0.48
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surface of iron particles. On the contrary, band at

1,766 cm-1 and a shoulder at 1,744 cm-1 increased pro-

nouncedly with the addition of copper. These two bands

could be attributed to a C and O coordinated carbon

monoxide. Bands at 2948 (maCH3), 2870 (Fermi resonance

2dCH3 and msCH3), 2821 (msCH3) and 1061 cm-1 (mC–O)

were probably that of a bidentate methoxy species on

surface [45].

Acetaldehyde was adsorbed on copper promoted Fe–K–

La/SiO2 catalyst at room temperature (Fig. 7). The

adsorption gave rise to bands at 2979, 1455, 1159, 1123 (as

a shoulder) and 948 cm-1. These bands corresponded well

to those observed during adsorption of formaldehyde on

Ru(001) by Anton et al. [46] and had been attributed to an

adsorbed CH3CHO in g2(C,O)CH3CHO configuration

(maCH3 2979 cm-1, dCH3 1455 cm-1, xCH3 1123 cm-1,

mC–O 948 cm-1). Bands due to physically and chemically

adsorbed acetaldehyde were also observed and were situ-

ated at 1,729 and 1,584 cm-1 respectively. Their intensity

developed simultaneously when the amount of copper

increased from 0.08 to 0.28 and decreased dramatically

when the copper loading reached 0.48. Similar trends could

be found in the formation of formates (msO–C–O 1376,

1337 cm-1, dO–C–O 733 cm-1) [42, 43]. Such a result

corresponded well to those observed in the methanol

adsorption. This confirmed the inference that extra copper

would suppress oxidizing of adsorbed molecules. When the

copper loading exceeded 0.31, a new band appeared at

1,105 cm-1. This band together with the characteristic

bands at 2932, 2821 and 1412 cm-1 could be assigned

to bidentate methoxy species (maCH3 2932 cm-1, msCH3

2821 cm-1, dCH3 1412 cm-1, mC–O 1105 cm-1).

3.5 Chemical Trapping

It is known that an acyl intermediate has often been pro-

posed to be the key to the C2-oxygenates formation [47–

50] and can be trapped by CH3I [51]. Thus we conducted

chemical trapping studies: CH3I ? H2 ? CO (Fig. 8).

Upon addition of syngas on Fe–Cu–K–La/SiO2, the

characteristic bands of adsorbed CO were observed at 2178

(gas-phase), 2114 (linear), 1918 and 1884 cm-1 (bridged).

Addition of CH3I resulted in peaks reduction at 2900, 2874,

1678, 1418 and 1104 cm-1 which corresponded to an

acetyl [52] (mCH3, mC=O, dsCH3, daC–C). Such a result

indicated chemical trapping reactions (surface trapping of

an acetyl species by a surface CH3 entity) on the surface.

This had been confirmed by the fact that mC=O vibration of

an acetone which located at 1,615 cm-1 developed

simultaneously, in agreement with the following scheme:

R1

Features corresponding to an acetate species were also

observed (maCH3: 3014 and 2983 cm-1, msCH3:

2937 cm-1, maO–C–O: 1518 cm-1, msO-C–O: 1450 cm-1,

dCH3: 1338 cm-1, qCH3: 1058 cm-1, daO–C–O:

942 cm-1). We could find similar trends for acetate for-

mation with that in methanol and acetaldehyde adsorption

on Fe–Cu–K–La/SiO2 catalyst with different copper

Fig. 7 FTIR spectra of acetaldehyde adsorption on Fe–Cu–K–La/

SiO2 catalyst with different copper loadings: (a) 0.08; (b) 0.18;

(c) 0.28; (d) 0.31; (e) 0.48

Fig. 8 FTIR spectra of CH3I ? CO ? H2 adsorbed on Fe–Cu–K–

La/SiO2 catalyst with different copper loadings: (a) 0.08; (b) 0.18;

(c) 0.28; (d) 0.31; (e) 0.48: 553 K, t = 72 s
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loadings. Further, the characteristic band for acetone

showed a simultaneous development when addition of

copper increased in range of 0.08–0.31. However, when

copper was much more, its intensity would decrease.

Kiennemann et al. [18] had been proposed that surface

CH3 trapped by an acyl caused the low-temperature ace-

tone (below 573 K) formation in acetaldehyde-TPD and

the amount of such an acetone correlated with the forma-

tion of acetyl. To elucidate the role of those acetone,

temperature-programmed desorption of acetaldehyde was

conducted. The TPD spectra after chemisorption of acet-

aldehyde on FeKLa–0.48Cu/SiO2 were shown in Fig. 9.

TCD signals represented the cumulative signals of carbon

monoxide, carbon dioxide, methane, water et al. analyzed

with a built-in thermal conductivity detector. Such TPD

data were corresponded well to results given by the authors

who illustrated that three areas of desorption products

could be observed including acetaldehyde and/or ethanol

(353–393 K), acetone (about 473 K) and CO2, CO, meth-

ane, acetone (573–673 K) [26]. It could be observed that

on the copper modified iron catalysts, the ratio of the low-

temperature acetone peak area to the total desorption peaks

area had some relationships with the higher alcohols ori-

entation and Table 2 gave the comparison between the two.

However, the previous relationship established between the

quantity of acetone and copper loading in the chemical

trapping experiment was not found. This could be

explained from the fact that chemical trapping taken at

553 K made some of the acetate desorbed and acetone

observed in the FTIR consisted of two parts, one being

formed by surface trapping of an acetyl, the other being

formed from acetate decomposition. This result together

with the reactivity measurements indicated that copper

loading had a more complicated effect on the reactivity of

the catalysts. On basis of acetaldehyde-TPD one could note

that when the addition of copper was in range of 0.08–0.28,

the selectivity and yield for C2
?OH decreased simulta-

neously. This may due to the decreased quantity of low-

temperature acetone. However, a slight increase in the

selectivity and a continuous drop in the yield for C2
?OH

were observed when much more copper was added. This

indicated that extra copper would suppress the activity of

the catalysts more fiercely in spite of the slightly enhanced

low-temperature acetone formation.

3.6 In Situ Reaction

The spectra obtained in the stationary conditions were

presented in Fig. 10A. The characteristic bands of adsorbed

CO and methoxy species were observed at 2127,

2012 cm-1 and 2931, 2866, 2827, 1031 cm-1 respectively.

According to the results given in the previous chemical

trapping experiments, bands at 3013, 2965, and 1465 cm-1

could be assigned to acetate species (maCH3, msCH3, msO–

C–O). By replacing CO ? H2 mixture with pure H2

(1 atm) at 553 K, the band at 1,678–1,656 cm-1, which

partially overlapped with that due to bridge-bonded carbon

monoxide, rapidly decreased. This band could be assigned

to mC=O of the acetyl species formed in CO ? H2 reaction.

Comparing the figures in Fig. 10A, B, one noted a sensitive

decrease of the band at 2,931 cm-1 when the copper

loading was in the region of 0.08–0.28. This result together

with the disappearance of bands at 3,013 and 2,965 cm-1

indicated the acetate hydrogenation. Specially, when the

addition of copper was 0.08, almost all the bands in the

region of 3,000–2,800 cm-1 disappeared. However, extra

copper caused no apparent changes toward hydrogen. This

might point to an unfavorable mobility of products formed

on the catalytic surface and could be associated with the

reduced reactivity of Fe–Cu–K–La/SiO2 catalyst with high

copper loadings.
Fig. 9 TPD spectra after chemisorption of acetaldehyde on FeKLa–

0.48Cu/SiO2

Table 2 TPD after acetaldehyde adsorption: the higher alcohols

orientation

Catalysts (CH3)2COa/total

desorption peaks

C2
?OH

Selectivity (%)

FeKLa–0.08Cu/SiO2 10.80 8.78

FeKLa–0.18Cu/SiO2 8.56 7.53

FeKLa–0.28Cu/SiO2 7.14 6.49

FeKLa–0.31Cu/SiO2 8.88 7.91

FeKLa–0.48Cu/SiO2 7.85 7.08

a Desorbed between 373 and 473 K
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4 Conclusion

The effect of copper concentration on the surface species

and catalytic properties of Fe–Cu–K–La/SiO2 catalyst in

the formation of oxygenated by-products during FTS was

investigated by TPR, temperature-programmed desorption

of CO and acetaldehyde (CO-, acetaldehyde-TPD), in situ

diffuse reflectance FTIR and chemical trapping. It was

found that adsorption features of catalysts changed sig-

nificantly with the addition of copper. On the one hand, the

presence of copper strongly enhanced the reduction of the

catalysts which may resulted from the high probability of

H2 dissociation of copper and the interaction between iron

and copper. However, CO adsorption on Fe–Cu–K–La/

SiO2 with extra copper loading was suppressed. CO bridge

bonded species which were considered to be more active

were visible only on Fe–Cu–K–La–SiO2 with a composi-

tion of 1:0.28:0.05:0.05:0.17. On the other hand, detection

of methanol and acetaldehyde adsorption in FTIR allowed

us to imagine that the stability of oxygenated intermediates

weakened and the reactivity of oxidizing of adsorbed

molecules were suppressed when too much copper was

added. Further, results of chemical trapping experiments as

well as acetaldehyde-TPD were in good agreement with a

scheme of surface trapping of an acetyl species by a sur-

face CH3 entity. These observed results together with the

in situ reaction tests confirmed the inference that copper

addition in an appropriate amount would increase the

selectivity for hydrocarbons and decrease the selectivity

for C2
?OH. However, when much more copper was added,

the activity of the catalysts would be suppressed fiercely.

Thus, copper loading influenced the process of FTS. This

effect would be reflected by the surface species forma-

tion and oxygenated by-products formation during the

synthesis.
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