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Abstract

Hydrocarbons and carbon monoxide were produced from carbon dioxide and hydrogen at 4008C over copper-promoted iron

catalysts containing sodium. The major surface phases of the catalysts were FeO and/or FeCO3 although iron carbide is

believed as an active phase of the hydrocarbon synthesis from carbon monoxide. Copper was present as metal on the surface

and the surface density was considerably high even if the content of copper was less than 1 wt%. The surface density of

sodium was not negligible in the catalysts containing sodium less than 0.1 wt% and the sodium ion can affect the surface

basicity of the catalysts. The ole®n content in the products is believed to relate to the surface basicity. # 1998 Elsevier

Science B.V. All rights reserved.
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1. Introduction

The Fischer±Tropsch (F±T) type iron catalyst is

often employed for the hydrocarbon synthesis from

carbon oxides, and many researchers are still engaged

in the development of both the catalyst and the reac-

tion system [1±15]. Alkali metals are effective addi-

tives for iron catalysts to increase selectivity to ole®n

compounds [1±4,16±21]. It is known that the addition

of alkali metals enhances adsorption of carbon oxides

on the reduced iron but adsorption of hydrogen is

rather weakened [22±24]. This may relate to the

increase in the selectivity to ole®ns, and Arakawa

and Bell [22] reported that the hydrogenation of

carbon monoxide over iron catalysts results in forma-

tion of ole®ns in presence of potassium on the surface.

Although it is believed that iron carbide is an active

phase for the F±T synthesis [25±27], formation of the

carbide phase must be prevented in presence of carbon

dioxide in the feedstock because the reaction between

carbon and carbon dioxide to carbon monoxide is

expected to take place. In this report, we have inves-

tigated the reaction with carbon dioxide over copper-

promoted iron (Fe±Cu) catalysts, which is a typical

F±T catalyst, to clarify the surface phase of the

catalyst.

2. Experimental

Fe±Cu catalysts were prepared by coprecipitation

from an aqueous solution containing iron and copper

nitrates (the concentration of the metals was 1 M) and

an aqueous solution of NaOH (1 M). The precipitates

were washed with distilled water, then, dried in air at
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1208C for 6 h. The resulting solids were calcined in air

at 3508C for 3 h, and were ground into powders (100±

400 mesh). The bulk composition of the catalysts was

determined by ICP emission spectrometry (Table 1).

The catalytic hydrogenation of carbon dioxide was

performed with a ®xed-bed ¯ow reactor made of

stainless steel tube with 9.0 mm ID. A catalyst

(1.0 g) was pretreated with diluted hydrogen

(1 vol% H2 in N2) at 2508C under atmospheric pres-

sure for 12 h. After introduction of a reaction gas

mixture (25 vol% CO2 in H2) at 2508C, the pressure

was raised to 5 MPa (total ¯ow rate, 3.0 dm3 hÿ1 in

STP); then, the reaction temperature was gradually

raised to 4008C.

X-ray diffraction (XRD) patterns were recorded

with a Rigaku ROTAFLEX diffractometer (Cu Ka).

Surface analyses by X-ray photoelectron spectroscopy

(XPS) were performed with a Shimadzu ESCA-3200.

The spectra were recorded after Ar ion sputtering for

0.5 min (2 kV, 25 mA). Binding energies were cor-

rected with that of C(1s) (284.6 eV) for carbon con-

taminant, and the peaks were identi®ed by [28].

3. Results

Carbon dioxide was hydrogenated into carbon mon-

oxide and hydrocarbons at 4008C over the Fe±Cu

catalysts (Table 2). Methanol was also produced but

the yield was negligibly small. When pure iron and

copper oxides were used under reaction conditions,

they showed a relatively low activity compared to

those obtained over Fe±Cu catalysts and they gave

only methane as hydrocarbon product. The conver-

sions of carbon dioxide were ca. 40%, regardless

of the catalyst composition and the surface area

Table 1

Chemical composition of Fe±Cu catalysts

Sample Content (wt%) BET surface area (m2 gÿ1)a,b

Fe Cu Na O

FeCu0.99 33.3 37.6 <0.01 29.1 5

FeCu0.26 52.7 15.3 <0.01 32.0 5

FeCu0.11 62.8 8.00 0.08 29.1 10

FeCu0.06 64.8 4.77 0.06 30.4 8

FeCu0.01 69.3 0.49 <0.01 30.2 5

FeCu0.05Na0.07 62.6 3.86 1.75 31.8 5

FeCu0.01Na0.01 68.7 0.74 0.40 30.2 6

a Determined by nitrogen physisorption.
b After reaction.

Table 2

Hydrogenation of carbon dioxide over Fe±Cu catalysts

Catalyst CO2 conversion (%) Yield (C-mol%)

CO C1 C2 C3 C4 C5 C6 C7 C8

CuO 13 10.4 2.6 0 0 0 0 0 0 0

FeCu0.99 39 11.6 10.0 4.6 5.2 3.4 2.2 1.5 0.7 0.3

FeCu0.26 40 12.4 12.2 4.7 4.5 2.7 1.6 1.2 0.3 0.1

FeCu0.11 40 8.3 7.7 3.9 5.6 5.0 3.9 3.3 1.9 0.8

FeCu0.06 40 8.1 7.2 3.9 5.6 4.9 3.9 3.4 2.0 1.4

FeCu0.01 39 12.1 13.7 4.4 4.0 2.1 1.5 0.7 0.3 0.1

FeCu0.05Na0.07 41 7.4 7.8 3.7 5.7 5.6 4.2 3.7 2.0 0.5

FeCu0.01Na0.01 40 6.8 7.1 3.9 6.1 6.0 4.3 3.7 2.3 0.4

Fe2O3 8a 6.3 1.0 0 0 0 0 0 0 0

Conditions: temperature, 4008C; pressure, 5 MPa; space velocity, 3000 ml g catÿ1 hÿ1; time-on-stream, 2 h
a MeOH was observed with 0.7% yield.
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(5±10 m2 gÿ1 after reaction). The yields of methane

and carbon monoxide related roughly and were essen-

tially high in the products. When the molar ratio of Cu/

Fe in the catalyst was 0.11 or less, ole®ns were formed

in the reaction (Table 3). The ole®n selectivity was

always high in C4 products and decreased with

decrease in the carbon number. At the initial stage

of the reaction over FeCu0.01±0.11 the selectivities to

ole®ns were small, but they increased with increasing

in time-on-stream. The selectivities were signi®cantly

high with FeCu0.05Na0.07 and FeCu0.01Na0.01 and they

also increased with increasing in time-on-stream.

XRD patterns were recorded with the catalysts

taken out from the reactor after the reaction. There

were peaks attributed to Fe3O4 (18.3, 30.1, 35.4, 37.1,

43.1, 53.4, and 56.98 in 2�) in the patterns but no peaks

attributed to metallic iron were observed [29]. The

crystalline size of Fe3O4 was determined as ca. 40 nm

for all samples from the width of the peak at 35.4

degree using the equation of Scherrer [30]. Slight

peaks for iron carbide were present in the pattern

for FeCu0.01Na0.01. The peaks attributed to metallic

copper (43.3 and 50.48) were also found in the patterns

but the intensities were weak for the samples whose

Cu/Fe molar ratios are 0.01±0.06 [29]. A discernible

peak was recorded at 368 attributed to Cu2O only with

FeCu0.99 [29]. It is noteworthy that there were peaks at

24.6 and 31.98 attributed to FeCO3 in the pattern for

FeCu0.05Na0.07 [29].

XPS analyses were performed with the Fe±Cu

catalysts after the reaction. Although the XRD ana-

lysis shows the presence of Fe3O4, the binding energy

of Fe(2p3/2) for the catalysts taken out after the reac-

tion was 710.3±709.9 eV which is signi®cantly smal-

ler than that for Fe3O4 at 711 eV [28,31,32]. The

binding energy is rather close to that for FeO

[28,31,32], appearing that the surface of the Fe±Cu

catalysts is reduced to FeO [28,31]. No peak or

shoulder attributed to iron carbide or metallic iron

was recorded in the spectra (Fig. 1(a)) while the

binding energy of Fe(2p3/2) reported is ca. 707 eV

[20]. The binding energy of Cu(2p3/2) for the catalysts

after reaction was 932.5±932.6 eV almost identical

with that for metallic copper (932.7 eV) and far from

that for CuFe2O4 (933.8 eV) [32].

The peak for O(1s) can be divided into two peaks at

529.5±530.2 eV and 531.0±532.3 eV; the former can

be attributed to iron oxide and the latter carbonate

species (see Fig. 1(b)) [28]. The peak at 287.6±

288.9 eV attributed to carbonate species can be also

separated from that for carbon contaminant [28]. The

surface composition was calculated from the XPS

peak areas using atomic sensitivity factors, 3.00 for

Fe(2p3/2), 0.66 for O(1s), 6.30 for Cu(2p3/2), 0.25 for

C(1s), and 2.30 for Na(1s) (Table 4). The surface

compositions of Cu in FeCu0.01 and FeCu0.01Na0.01

were 10 and 7 mol%, respectively, signi®cantly larger

than the chemical contents. A single peak of Na(1s)

was recorded and the binding energy was 1071.5±

1072.1 eV. The surface concentrations of sodium

were 3±5 mol% for FeCu0.01±0.99 and 13 mol% for

FeCu0.05Na0.07 and FeCu0.01Na0.01, showing that

Table 3

Olefin content in the hydrocarbon products

Catalyst Time-on-stream (h) Olefin content (%)

C2 C3 C4

FeCu0.99 2 0 0 0

24 0 0 0

FeCu0.26 2 0 0 0

27 0 0 0

FeCu0.11 2 0.3 0.8 1.3

24 2.6 24.1 32.4

FeCu0.06 2 0 0.5 0.6

25 1.8 11.3 20.8

FeCu0.01 2 0 2.6 9.7

24 1.6 27.9 37.9

FeCu0.05Na0.07 2 1.2 22.0 29.7

23 34.2 71.7 74.0

47 51.1 77.0 78.6

FeCu0.01Na0.01 2 21.8 62.0 63.7

27 57.8 72.4 83.2

Fig. 1. X-ray photoelectron spectra for FeCu0.01Na0.01 after 27 h

reaction: (a) Fe(2p1/2) and Fe(2p3/2) and (b) O(1s).
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sodium is dominantly present on the surface. How-

ever, the values for FeCu0.01±0.99 were considerably

smaller than the concentration of carbonate species,

the carbonate species are rather FeCO3 than Na2CO3.

4. Discussion

When carbon dioxide is used as a carbon source in

the hydrocarbon synthesis, it is known that carbon

monoxide is formed in the reverse water gas shift

reaction and further hydrogenated to hydrocarbons

[33]. Hence the reaction mechanism with carbon

dioxide should be similar to that of the Fischer±

Tropsch reaction, however, the distribution of pro-

duced hydrocarbons over the Fe±Cu catalyst whose

Cu/Fe molar ratio is less than 0.11 (FeCu<0.11) did not

follow the Schulz±Flory distribution function. As

described above the ole®n content in the product

was high over FeCu<0.11, and this might lead to the

deviation from the Schulz±Flory equation. The detail

reaction mechanism is under investigation.

Since the equilibrium conversion of carbon dioxide

to carbon monoxide under the reaction conditions

(4008C, 5 MPa) is 46%, the equilibrium could govern

the total conversion because the conversions of carbon

dioxide in Table 2 are close to the equilibrium value

regardless of the catalysts. Despite the similar con-

version, the total yields of hydrocarbons do not always

the same. The catalytic activity does not depend on the

content or surface concentration of copper in

FeCu0.01±0.99 but does on the concentration of sodium,

that is, FeCu0.05Na0.07 and FeCu0.01Na0.01 produced

32±34% of total hydrocarbons. KoÈlbel et al. [19]

showed that copper is an important promoter for iron

catalysts but the content is not affect to the activity,

and Wachs et al. [20] also reported that the product

distribution do not change when copper is incorpo-

rated into an iron catalyst. These are consistent with

our results. It is known that signi®cant promotional

effect appears with simultaneous presence of copper

and alkali metal in the hydrogenation of carbon mon-

oxide over iron catalysts [33], and it is consistent with

our results. In general, presence of alkali metals on

iron catalysts results in formation of ole®n compounds

in the Fischer±Tropsch synthesis and it is pointed out

Table 4

Surface composition (mol%) of the Fe±Cu catalysts determined by

XPS

Catalyst Na Cu Fe O C

Oxide Carbonate Carbonate

FeCu0.99 3 31 11 18 28 9

FeCu0.26 2 30 17 24 21 6

FeCu0.11 3 20 17 16 35 9

FeCu0.06 5 4 25 25 31 10

FeCu0.01 3 10 28 20 31 8

FeCu0.05Na0.07 13 13 14 13 34 13

FeCu0.01Na0.01 13 7 17 14 36 13

Fig. 2. Relationship between the binding energy of O(1s) for carbonate species and olefin content.
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that basic sites on the catalysts play an important role

for production of ole®ns [34]. Actually, the formation

of carbonate species found in the XPS analyses of the

used catalysts suggests the presence of basic sites on

the surface. The strength of the basicity can relate to

the binding energy of O(1s) for the carbonate species

because the electron density of oxygen is expected to

be high on basic sites. Fig. 2 shows the relation

between the ole®n contents in the C2±C4 products

and the binding energy of O(1s) for carbonate species,

and the ole®n contents at the end of the reaction

evidently increase with a decrease in the binding

energy, that is, an increase in basicity.

Since the binding energy of O(1s) for the carbonate

is low in the catalysts with high surface concentration

of sodium (FeCu0.05Na0.07 and FeCu0.01Na0.01),

sodium ions on the catalysts are the source of the

basicity. The binding energies of Fe(2p3/2) for these

catalysts were low, showing interaction between iron

and sodium ions. However, FeCu0.99 and FeCu0.26

whose surface concentrations of sodium are not neg-

ligible did not produce ole®n compounds. Although

the binding energies of Fe(2p3/2) evidence that FeO is

the dominant species on these catalysts, the atomic

ratios of O(oxide)/Fe are signi®cantly larger than one

while the ratios for other catalysts producing ole®ns

are close to one (see Table 4). This suggests that the

dominant surface phases of FeO in these two catalysts

are different from the others. Sodium ions are con-

sidered to coordinate to iron via oxygen atoms, hence,

high density of oxygen may increase the coordination

number of sodium and decrease basicity. Formation of

FeCO3 is evidenced from the XRD pattern of

FeCu0.01Na0.01 taken out after the reaction of 47 h.

The absence of the peak attributed to FeCO3 in other

patterns for the catalysts endured for 27 h or less

suggests gradual reduction of Fe3O4 on the surface

to FeO or FeCO3. Hence, it may be supposed that the

gradual phase transfer results in increase in the ole®n

selectivity with time-on-stream. The surface densities

of copper for FeCu0.99 and FeCu0.26 are high and it

could be possible that hydrogenation activity of cop-

per suppresses ole®n formation. Formation of ole®n

has been proposed to be caused by stronger adsorption

of carbon monoxide on basic sites where carbon

monoxide is not perfectly reduced to alkanes [35].

However, in the hydrogenation of carbon dioxide the

ratio of H2/CO is very high, and this implies the

presence of different mechanisms such as stabilization

of ole®nic species on basic sites, while further inves-

tigation is necessary to clarify it.

5. Conclusion

The catalytic hydrogenation of carbon dioxide over

Fe±Cu catalysts was carried out. In conclusion it was

found that the surface density of sodium was not

negligible in the catalysts containing sodium less than

0.1 wt% and that the major surface phases of the

catalysts were FeO and/or FeCO3 after reaction.

The clear relationship was revealed between the sur-

face basicity of the catalyst and the ole®n content in

the product.
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