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Abstract—Hydrogenation of CO2 to CO and hydrocarbons is carried out over a wide range of catalysts. Group
of VIIIB transition metals have proved high conversion and selectively for CO and methane. Meanwhile, low
cost and effective catalysts are preferable in an industrial scale. In this work, the synergistic effect of iron con-
tent on the catalytic performance were investigated in carbon dioxide hydrogenation reaction. Incipient wet-
ness impregnation procedure was used for the preparation of four γ-Al2O3 supported iron-based catalysts.
BET, XRD, H2-TPR and TEM techniques were employed for the catalyst characterization. The evaluation
of catalysts were carried out in a fixed bed reactor at the process conditions of temperature of 300°C, pressure
of 20 atm, H2 to CO2 ratio of 3 and GHSV of 3 NL/(h gCat). It was found that the promoter addition improves
the activity of Fe catalyst for both Fischer-Tropsch synthesis (FTS) and Reverse Water Gas Shift (RWGS)
reactions. The results showed that conversion of CO2 was from 15.6 to 35.6% with major products of meth-
ane, C2 to C4, C5+ and CO. It was also found that impact of K and Ce promoters into iron catalyst showed
the highest conversion and hydrocarbon yield due to the synergistic effect.
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1. INTRODUCTION

The problem of global warming is related to
increasing of CO2 emissions. CO2 is not only one of
the main greenhouse gases that is caused global warm-
ing but it also is an inexpensive, abundant and readily
available chemical [1–4]. Hydrogenation of carbon
dioxide to methanol is a solution to solve two main
problems needed to reduce CO2 emissions and the
reduction in the usage of fossil fuels. As an ideal strat-
egy for the use of CO2, hydrogenation of CO2 and the
production of chemicals and fuels such as methane,
methanol, syngas and dimethyl ether have been
already considered [5–8]. One of the best ways to
reduce environmental degradation and future short-
ages of fossil fuels production of hydrocarbons is
through hydrogenation of CO2 within the modifica-
tion of Fischer-Tropsch Synthesis (FTS), which CO2
is used instead of CO.

The structure of the catalyst for CO2 hydrogenation
is similar to that of FTS. Hydrogenation of CO2 is a

sequential reaction to reduce CO2 to CO and then CO
hydrogenation for producing various hydrocarbons
compounds and oxygenated compounds [9, 10]. The
distribution of the hydrocarbon products due to the
hydrogenation of carbon dioxide is similar to the
hydrogenation of carbon monoxide at the same tem-
perature and pressure conditions [11]. Investigation of
this subject have been done, which can be divided into
two categories: methanol-mediated and non-metha-
nol-mediated reactions [12, 13]. In the methanol
intermediate method, CO2 and H2 react in the pres-
ence of copper-zinc catalysts to produce methanol,
which is subsequently converted to other hydrocar-
bons such as gasoline [14]. In the second one, CO2
hydrogenation occurs through two steps: Reverse
Water Gas Shift (RWGS) reaction and FT synthesis.
Iron oxides are used as catalysts in the FT process,
which is active in both Water Gas Shift (WGS) and
RWGS reactions [15, 16]. Iron catalysts are attractive
for the synthesis of hydrocarbons due to the produc-
tion of olefinic products [17]. One method of convert-
ing CO2 to liquid fuels is to hydrogenate CO2 through
modified Fisher- Tropsch synthesis in the presence of1 The paper is published in the original.
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catalysts. Riedel et al. investigated the catalytic perfor-
mance of Fe and Co catalysts in the mixtures of CO,
CO2 and H2. As CO2 increases and CO in the feed
(syngas) decreases, the composition of the products
obtained from the Co catalysts changes from heavy
hydrocarbons to almost methane, while iron catalysts
result in the same hydrocarbon products as CO2/H2 or
CO/H2 [18]. It has been found that iron catalysts con-
taining various promoters such as potassium, copper
and manganese improved its performance [19]. In this
paper, the hydrogenation of carbon dioxide were
investigated in four iron-based catalysts. Moreover,
the synergistic effects between the promoters were
studied for this reaction. The catalysts were character-
ized using different techniques of BET, XRD, H2-TPR
and TEM.

2. EXPERIMENTAL

2.1. Catalyst Preparation

The Fe catalysts were synthesized via wet impreg-
nation method. In this procedure, an aqueous solution
of Fe(NO3)3·9H2O (Aldrich, 99.99%),
Cu(NO3)2·4H2O (Alfa Aesar, ≥98%) and
Zn(NO3)2·4H2O (98.5%), KNO3 (Aldrich, 99.0%) or
Ce(NO3)3·4H2O (Aldrich, ≥99.99%) or both of K/Ce
salts [20] was prepared. γ-Al2O3 support (Condea Vista
Catalox B γ-alumina) is used as a powder form. Typi-
cally, 7 g of γ-Al2O3 support was impregnated with
16 mL of the solution. The impregnated sample was
dried at 120°C for 24 h in an electric oven, then
samples were calcinated in a furnace at 400°C for
3 h. The catalyst compositions were designated in
terms of the weight ratios as 15Fe/γ-Al2O3;
15Fe/3Cu/10Zn/2K/γ-Al2O3; 15Fe/3Cu/10Zn/2Ce/
γ-Al2O3, and 15Fe/3Cu/10Zn/1K/1Ce/ γ-Al2O3. All
catalysts were pressed into pellets, crushed, and sieved
to obtain particle sizes in the range of 20–30 mesh.

2.2. Catalyst Characterization

BET Surface area, pore volume and mean pore size
of the catalysts were determined in a Micromeritics Tri
star 3020 automated system. An XRD spectrum of
fresh catalysts were conducted with a Philips PW1840
X-ray diffractometer with monochromatized CuKα
radiation to determine the catalysts phases. Tempera-
ture—Programmed Reduction (TPR) profile of the
calcined catalysts were recorded using a Micromeritics
TPD-TPR 2900 system. The TPR of 50 mg of each
sample was performed in 5% H2–95% Ar gas mixture.
The catalysts were heated from 50 to 900°C at
10°C/min. Average particle size of the calcined cata-
lysts were investigated by LEO 912AB Transmission
Electron Microscopy (TEM).
2.3. Catalytic Activity Test
As shown in Fig. 1, the catalytic reaction was con-

ducted in a fixed-bed stainless steel reactor. Electronic
mass f low and pressure controllers are used to control
the f low rate of feed and the pressure of reactor. The
required amount of catalyst (2 g) was conducted into a
stainless steel reactor with inner diameter of 0.95 cm
and length of 70 cm. The length of catalyst bed in every
loading is about 9 cm [21, 22]. The catalyst was
reduced by a 20% H2–80% N2 flow gas at 400°C for 2 h.
After the activation process, CO2 hydrogenation was
carried out under the operational conditions of pres-
sure of 20 atm, temperature of 300°C, H2/CO2 ratio of 3,
GHSV of 3 NL/(h gCat). The products were analyzed
online by a gas chromatography (GC) of Agilent
7890A [19, 20]. Using GC analysis, CO2 conversion
and product selectivity were calculated and the follow-
ing equations were used (Eqs. (1)–(5)):

(1)

(2)

(3)

(4)

(5)

3. RESULTS AND DISCUSSION
3.1. Catalyst Characterization Results

Surface area, pore volume and mean pore size of
the prepared catalysts were measured using a BET
instrument. An appropriate amount of catalyst (0.3 g)
was taken into the sample tube and slowly heated to
300°C for 2 h. The sample was then transferred to the
adsorption unit, and the N2 adsorption/desorption
was measured. The results obtained from BET for pre-
pared catalysts are illustrated in Table 1. According to
the BET results:

By adding Fe, Cu, Zn, K and Ce to the support, the
BET surface area and pore volume were decreased.
Furthermore, it might promote the aggregation of the
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Fig. 1. The schematic diagram of fixed-bed reactor system: (1) valve; (2) carbonyl trap; (3) mass f low controller; (4) static mixer;
(5) pressure gauge; (6) fixed-bed reactor; (7) catalyst; (8) quartz; (9) hot trap; (10) cold trap; (11) back pressure regulator; (12) wet
gas f low meter; (13) vent; (14) gas chromatography; (15) by-pass line.
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catalyst crystallites and block up the pores. Figure 2
shows the XRD patterns for the three catalysts and
γ-Al2O3 support. The patterns of the catalysts show the
peaks at 2θ = 37.6°, 39.5°, 45.8°, and 66.8° attributed
to the primary support of γ-Al2O3 support. For the
three calcined iron catalysts, in addition to the peaks
attributed to the γ-Al2O3 support, the peaks of hema-
tite, Fe2O3 at 24.1°, 33.3°, 35.7°, 41°, 49.5°, 54.2°,
62.3°, and 64.2° can be intuited. In the XRD pattern
associated with the magnetite phase, exist two addi-
tional peaks located at 24° and 26.10°. On the other
hand, the formation of FeAl2O4 spinel cannot be dis-
carded. The diffraction peaks corresponding to the
CATALYSIS IN INDUSTRY  Vol. 13  No. 4  2021

Table 1. Surface area, pore volume and mean pore diameter 

* F = 15Fe.
** FCZ = 15Fe/3Cu/10Zn.

Catalysts BET, m2/g

γ-Al2O3 Support 209.52
F*/γ-Al2O3 168.52
FCZ**/2K/ γ-Al2O3 123.71
FCZ/2Ce/γ-Al2O3 129.54
FCZ/1K/1Ce/ γ-Al2O3 134.63
second metal oxide phases were not observed in the
calcined catalysts [23].

TEM image revealed the morphology of the cata-
lyst. TEM images of Fe–Zn–Cu (K–Ce)/γ-Al2O3
catalysts are presented in Fig. 3. Irregular shapes and
agglomerated particles with the size of 20–80 nm are
shown for the catalysts. The elements of Fe–Zn–Cu
with combination of Ce and K are well dispersed over
the surface of γ-Al2O3. Catalyst morphology was rough
as all the particles were aggregated and agglomerated
over the surface of the support [24, 25].

H2-TPR determines the reduction behavior of the
catalysts. The first peak is the transformations of CuO
to Cu
of the catalysts

Pore volume, cm3/g Average pore diameter, nm

0.69 12.73
0.44 11.21
0.30 9.65
0.37 10.25
0.38 10.78
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Fig. 2. X-ray diffraction patterns of the catalysts.
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(1) .
The second peak is the transformation of Fe2O3 to

Fe3O4, and the third peak represents the transforma-
tion of Fe3O4 to Fe [20, 23]

(2) Fe2O3  Fe3O4,
(3) Fe3O4  Fe.

Hydrogen consumption occurs mainly at 160–
420°C due to the simultaneous reduction of CuO to
Cu and Fe2O3 to Fe3O4. The reduction of iron catalysts
by hydrogen is known to be a two or three-staged pro-
cess [26–29]. In this process, Fe2O3 is first reduced at
397°C to Fe3O4, which is reduced to metallic iron at
690°C [28]. In all catalysts, iron oxides were reduced
to Fe3O4 and they are probably converted partly to
oxygen-deficient Fe3O4 species during the TPR to
400°C. H2-TPR profile of the catalysts are shown in
Fig. 4.

According to Fig. 4, the un-promoted iron catalyst
(F) exhibited two peaks attributed to the reduction by
H2 at around 340 and 620°C, which corresponds to the
two-step reduction of hematite (reactions (2) and (3))
[30–32]. Each catalysts of FCZ2K, FCZ2Ce and
FCZ1K1Ce exhibited three peaks attributed to the
reduction at around (220, 330 and 630°C), (230, 340

CuO Cu→

→
→

and 590°C) and (210, 315, 530°C), respectively, which
correspond to the three-step reduction (reactions of 1,
2 and 3). The reduction of Fe species can be promoted
by the addition of Cu species, leading to a shift of a
peak attributed to the reduction of Fe2O3 to Fe3O4 to a
lower temperature in H2-TPR profiles [30, 31],
whereas K and Ce species suppresses the reduction of
Fe species due to the interaction between K species
and the metal species [33]. However, the second and
third peaks of all the promoted iron-based catalysts
was shifted to higher temperatures in comparison with
that of the FCZ1K1Ce catalyst. Iglesia and coworkers
exhibited the initial removal of only a very small
amount of lattice oxygen from Fe2O3 which facilitated
the formation of the active sites during the FTS reac-
tion [34].

3.2. CO2 Hydrogenation Over Iron Supported
γ-Al2O3 Catalysts

CO2 hydrogenation is performed in two steps with
the CO intermediate being formed by the reverse
water–gas shift (RWGS) reaction [26]:

CO + H2ORWGS: CO2 + H2

−(CH2)− + COFT: CO + 2H2
CATALYSIS IN INDUSTRY  Vol. 13  No. 4  2021
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Fig. 3. TEM images of the catalysts. (a)FCZ/2K/γ-Al2O3 (b) FCZ/2Ce/ γ-Al2O3 (C) FCZ/1K/1Ce/ γ-Al2O3.
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CO2 conversion and product selectivity were calcu-
lated using the data collected at 32 h time on stream.
Products selectivity of the catalysts are indicated in
Table 2. It shows that promoters affect on the selectiv-
ity of light hydrocarbons (methane and C2–C4), and

heavy hydrocarbons ( ). Based on the above discus-
sion, the catalytic performances of CO2 hydrogenation
over different catalysts are compared and listed in
Table 2.

The product distribution ( ) that is represented
by carbon number and Productivity (gHydrocarbon/(h gCat))
are shown in Fig. 5. Hydrocarbon chain is formed by
step-wise insertion or addition of C1 with constant
growth probability (α), the chain length distribution
can be modelled by Anderson–Schulz–Flory (ASF)
distribution assuming a constant value for α:

(6)

here Wn is the mass fraction of the species with carbon
number n and α is chain growth probability. By plot-
ting of log (Wn/n) versus n, α can be obtained from the

5C+

5C+

log / log const.nW n n= α +
CATALYSIS IN INDUSTRY  Vol. 13  No. 4  2021
slope [43]. The calculated α of four types of catalysts
including F/γ-Al2O3; FCZ/2K/γ-Al2O3; FCZ/2Ce/ γ-
Al2O3, and FCZ/1K/1Ce/γ-Al2O3 are 0.58; 0.72; 0.64;
0.68, respectively.

CO2 hydrogenation over iron catalysts is occurred
through a consecutive mechanism in which CO2 is
first converted to CO by the RWGS reaction, and then
CO is hydrogenated to produce hydrocarbons. There-
fore, the mechanism of hydrocarbon chain growth
from carbon dioxide is similar to that of CO hydroge-
nation (FT process). K has been extensively studied as
a promoter of iron-based FT catalysts. It has been
shown that it favors CO and CO2 adsorption and
increases the production of hydrocarbons. The CO2
conversion of catalysts at identical operating condi-
tions was recorded for about 48 h. In Fig. 6, the CO2
conversion of the catalysts decreases with time on
stream. Promoters increase intrinsic activity of surface
sites by lowering the activation energy or entropy for a
chemical reaction [10].

For Ce-promoted Fe catalyst, the CO2 conversion
is reduced in different time. Moreover, addition of the
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Fig. 4. H2-TPR profile of the catalysts.
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Fig. 5.  product distribution and productivity of the catalysts. O = Olefin; P= Paraffin; Productivity = g Hydrocarbon × 100/(h gCat).
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Table 2. The activity and selectivity of the literature overview catalysts and present work

 = CO2 Conversion (%); SCO = CO selectivity; S = selectivity; amL/(min gCat);  
bnot given; cCO2 : H2 : N2 = 3 : 1 : 1; dFe;  ethis work.

Catalysts H2/CO2 T, °C P, atm  GHSVa  SCO SC1 SC2 –C4 SC5+ Ref.

Fe/Al2O3 3 300 10.1 31.6 22.8 N.G.b 43.2 48.08 8.8 [35]

Fe 3 300 10 22 16.6 43 43.4 51.9 4.6 [36]
Fe–Cu 3 300 10 22 10.9 59.8 55.3 42.1 2.6 [36]
Fe–Cu–K 3 300 10 22 21.8 35.7 20.7 55.5 23.8 [36, 37]
Fe–Cu/K-Al2O3 3c 340 20 75 36 10.2 17.8 50.1 2.7 [38]

Fe2O3 3 300 25 9.3 30.8 15.7 30.1 38.4 15.8 [39]

10Fe–2.4K 3 300 25 9.3 37.8 6.0 8.3 27.8 56 [39]
Fe 3 300 11 60 19.9 23 27 29 21 [40]
Fe–Cu–K 3 300 11 60 19.9 51 12 21 16 [40]
Fe–K/Al2O3 3 300 25 33.3 36.6 9.6 12.4 34.3 43.7 [41]

Fe–K/HPCMS-1 3 400 30 60 33.4 38.9 13.5 29.5 18.1 [42]

Fd 3 300 20 50 15.6 10.9 44.1 21.6 23.3 T.W.e

FCZ/2K 3 300 20 50 27.7 8.7 32.4 15 .3 43.6 T.W.
FCZ/2Ce 3 300 20 50 30.2 7.3 35.6 18.5 38.6 T.W.
Fcz/1K/1Ce 3 300 20 50 35.6 6.8 31.2 16.4 45.6 T.W.

2COX

2COX
K2O has more destructive effect on CO2 conversion. It
illustrates the catalyst FeCuZn-1Ce-1K/γ-Al2O3 with
highest selectivity and almost relatively high CO2 con-
version possesses highest productivity.

4. CONCLUSIONS

In this paper, iron promoted catalysts were synthe-
sized using incipient wet impregnation method. The
calcined catalysts were characterized using XRD,
BET, H2-TPR and TEM techniques. The catalysts
conducted in a fixed-bed reactor. The activity of the
catalysts were evaluated in CO2 hydrogenation at pres-
sure, temperature, H2/CO2 ratio and GHSV of 20 atm,
CATALYSIS IN INDUSTRY  Vol. 13  No. 4  2021

Fig. 6. CO2 conversion trend as a function of time on
stream for the catalysts.
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300°C, 3,3 NL/(h gCat) respectively. The catalysts were
active in CO2 hydrogenation reaction with conversions
of approximately 15.6–35.6%. The RWGS reaction
can be effectively catalyzed by iron-based catalysts.
The addition of promoters such as K and Ce remark-
ably enhanced the CO2 conversion. The promotional
effect is ascribed to the strong interaction between Fe
and K/Ce, altering the electronic density of iron and
thus facilitating CO2 activation on the catalytic sur-
face. As compared with individual promoter of K or
Ce, double promoters of K and Ce significantly
improved CO2 conversion and improved hydrocarbon
yield, which are due to the synergistic effect of the pro-
moters.
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