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Abstract.

Hydrogenation of CO, to hydrocarbons over iron nanoparticles supported on oxygen-

functionalized multi-walled carbon nanotubes was studied in a fixed-bed U-tube reactor at 25 bar with a
H;,:CO; ratio of 3. Conversion of CO, was approximately 35% yielding C;—Cs products at 360°C with methane
and CO as major products. The CO, equilibrium conversion for temperatures in the range of 320° to 420°C
was analysed by using CHEMCAD simulation software. Comparison between experimental and simulated
degrees of CO, conversion shows that reverse water gas shift equilibrium had been achieved in the investigated
temperature range and that less than 47% of CO, can be converted to CO at 420°C.
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1. Introduction

It is generally accepted that a high concentration of
CO, has a huge impact on the environment, as the
increase in the global temperature is caused by the
rise in CO, emission.! Additionally, depletion in crude
oil resources and continuous increase of its price have
raised the interest in CO, hydrogenation.”> Numerous
research efforts have been made to convert CO, to valu-
able industrial feedstock rather than treating it as a
waste. Among the CO, utilization methods, catalytic
hydrogenation of CO, to hydrocarbons has gained
much attention,'> which has been known for several
decades.* At present, hydrogenation of CO, can be
viewed as an alternative process to produce high qua-
lity fuels without sulphur and aromatic compounds,
because the product distribution obtained from CO,
hydrogenation using iron-based catalysts is reported to
be similar to Fischer—Tropsch Synthesis (FTS).” FTS
is a well-established industrial process, in which syn-
thetic gas (CO + H,) is converted into mainly linear
hydrocarbons with a broad chain-length distribution.®’
However, FTS releases considerable amounts of CO,
due to the formation of CO, via the water gas shift
reaction.®* Hence, with concerns about global warm-
ing, CO, hydrogenation using H, from sustainable
sources is considered as one of the promising methods
to help reduce CO, emissions by converting CO, into
valuable chemicals.

*For correspondence

CO, hydrogenation; iron-based catalyst; multi-walled carbon nanotubes; equilibrium conversion.

CO, hydrogenation is assumed to occur in two
consecutive steps: the reverse water gas shift reac-
tion (RWGS) and FTS as described in eqs 1 and 2,
respectively. 012

RWGS: CO,+H, =
ArHs7x =

CO + H,0
+38kI/mol. (1)

FTS: nCO 4+ (2n+ 1H, — C,H,,;, +1nH,0
ARH573K = —166 kJ/mOl (2)

CO is produced by RWGS as an intermediate pro-
duct, which is subsequently hydrogenated to hydrocar-
bons by FTS. The main products of FTS are linear
paraffins and «-olefins. Common by-products are oxy-
genates such as alcohols and aldehydes.”"!' In recent
years, several research groups have been working on
CO, hydrogenation to hydrocarbons.?-!*~!¢ These stud-
ies were performed mostly over traditional FTS cata-
lysts such as cobalt- and iron-based catalysts. CO,
hydrogenation over cobalt-based catalysts produces
mainly methane. The low water gas shift (WGS) acti-
vity was claimed to be responsible for the poor selec-
tivity to FT products. Conversely, iron-based catalysts
possess a higher WGS activity and are therefore more
suitable for CO, hydrogenation.>-'>:!7 It is well-known
that magnetite is responsible for the RWGS reaction,
whereas iron carbide is highly catalytically active for
FTS.!""!2 Recently, carbon nanotubes (CNTs) have been

481



482

claimed as a promising support for catalysts used in
FTS,'®-2 because CNTs have a large surface area
and are able to improve the dispersion of catalytically
active nanoparticles.'” Oxygen functionalization of the
exposed graphitic CNT surfaces is required to provide
strong anchoring sites for the deposited nanoparticles.”!
Here, we report CO, hydrogenation to hydrocar-
bons over iron nanoparticles supported on oxygen-
functionalized CNTs (OCNTSs). The iron catalyst was
prepared by the incipient wetness impregnation method
and the catalytic performance of the catalyst was exa-
mined in a fixed-bed U-tube reactor. In addition,
the equilibrium CO, conversion, which was calcu-
lated using CHEMCAD software, was compared to the
experimental CO, conversion to assess thermodynamic
equilibrium limitations in the RWGS reaction.

2. Experimental
2.1 Catalyst preparation

Multi-walled CNTs with inner diameters of 20-50 nm
and outer diameters of 70-200 nm were obtained from
Applied Sciences Inc. (Ohio). As-received CNTs were
subjected to nitric acid vapour originating from boil-
ing concentrated nitric acid (65%) at 200°C for 24 h
to create oxygen-containing functional groups.?! The
obtained OCNT samples were loaded with iron by
incipient wetness impregnation using ammonium ferric
citrate (Fluka, 14.5-16% Fe basis) as iron precursor.??
Briefly, OCNTs were added to the aqueous solution of
ammonium ferric citrate. A theoretical Fe loading of
40 wt% was applied. After stirring for approximately
1 h, the mixture was dried at 50°C overnight. Subse-
quently, the solid product was collected and calcined
at 300°C in synthetic air (20.5% N, in O,) with a flow
rate of 100 sccm for 90 min.

2.2 Characterization

Powder X-ray diffraction (XRD) patterns were recorded
with a Panalytical MPD diffractometer using Cu K,
radiation in the 2® range of 10-70°. Atomic absorption
spectroscopy (AAS) was used to determine the actual
loading of iron on the catalyst.

2.3 Continuous hydrogenation set-up

A schematic diagram of the experimental set-up is
shown in figure 1. CO, hydrogenation experiments
were conducted in a fixed-bed U-tube reactor with an
inner diameter of 8 mm. Ar (99.999%), H, (99.999%),
CO (99.997%) and CO; (99.5%) were connected to the
set-up. The additional line, which is indicated as mix,
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was used for calibration or additional tests. Five mass
flow controllers (Brooks® Model 5850TR) were uti-
lized to adjust the required flow rates of the inlet gases.
The reactor unit was placed in a hot box. To prevent
condensation of products, the hot box and addition-
ally the transfer line of product stream to the gas chro-
matograph were thermostated at 180°C. The pressure
of the reaction was controlled by a TESCOM™ back-
pressure regulator, which allows a pressure variation
between atmospheric pressure and 35 bar. Furthermore,
the temperature of the reactor was measured by a ther-
mocouple, which was located between the outer wall of
the reactor and the oven, and the temperature was con-
trolled by a Eurotherm temperature controller. For the
catalytic test, the catalyst was diluted with silicon car-
bide in a weight ratio of 1:4 in order to obtain isother-
mal conditions. The catalyst was positioned between
two plugs of quartz wool in the reactor.

Online gas analysis was performed with a Shimadzu
gas chromatograph (GC) equipped with a thermal
conductivity detector (TCD) and two flame ionization
detectors (FID) using argon as internal standard. A
schematic configuration of the GC application is shown
in figure 2. The GC was equipped with four capillary
columns (CP-PoraPLOT Q, CP-Molsieve 5A and CP-
AL, O5/KCI). CP-PoraPLOT Q (labelled as Poraplot 1
and Poraplot 2) is able to separate components such as
alcohols, hydrocarbons and halogenated compounds.
CP-Molsieve 5A (labelled as Molsieve) is designed for
the separation of permanent gases including H,, CO,
0,, N,, CH, and Ar. Furthermore, separation of light
hydrocarbons can be attained by using CP-Al,O5/KCl
(labelled as Alox). Additionally, the GC was installed
with three heated Valco® sampling valves (labelled
as Valco 1, Valco 2 and Valco 3). He was used as
carrier gas, which carriers the gas samples taken by
Valco 1 to the Alox column and simultaneously to the
Poraplot column via Valco 2. Gas samples separated
on the Alox column were analysed by the FID. On the
other hand, samples taken by Valco 2 were analysed
for permanent gases, alcohols as well as hydrocarbons
by the TCD and FID in series. The Valco valves were
controlled independently at pre-programmed times in
order to separate permanent gases (in this case, CO,
Ar, H, and CH,) and the rest of the products (e.g.,
CO,, C,, hydrocarbons and alcohols), in which the
former entered the Molsieve column, whereas the latter
bypassed the Molsieve column.

Initially, the samples entered the Poraplot column
and subsequently into the Molsieve column. After the
permanent gases entered, the Molsieve column was
switched offline, before CO, eluted from the Poraplot
column. The components including H,, Ar, CO and
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CH, were then retained on the Molsieve column.
Instantly, CO,, alcohols and hydrocarbons eluted from
the Poraplot column bypassed the Molsieve column
and reached the TCD and FID. Finally, the Molsieve
column was switched online again and consequently
the retained gases were eluted from the column and
analysed by the detectors. A TCD was used to analyse
permanent gases, whereas hydrocarbons and alcohols
were analysed by the FID.

reactor unit

GC-TCD-FID

reactor

Schematic diagram of the set-up for CO, hydrogenation.

2.4 Catalytic tests

Typically, 240 mg of catalyst with 960 mg of silicon
carbide were used in each CO, hydrogenation experi-
ment. Prior to the catalytic tests, the catalyst was first
reduced in pure H, at 380°C (2 K/min) and 25 bar for
5 h. Subsequently, the reactor was cooled to the reac-
tion temperature of 360°C in flowing Ar. Afterwards,
the hydrogenation reaction was performed at 360°C and
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Figure 2. Schematic illustration of the online gas analysis performed by gas chromatography.



484

25 bar using a mixture of 22.5% CO,, 67.5% H, and
10% Ar at a total flow rate of 8.333 L g=' h™'. The
reaction was carried out for 50 h.

Additionally, a temperature variation experiment was
conducted with the same pretreatment procedure. The
reaction was first performed at 320°C, and subsequently
the reaction temperature was set to 340°, 360°, 380°,
400° and 420°C. The reaction was held for approxi-
mately 24 h at each temperature in order to obtain
steady-state conditions.

2.5 Simulation

Simulation was performed using the CHEMCAD soft-
ware by Chemstations Inc.?® Equilibrium conversion of
CO, was determined by minimizing Gibbs free energy

***** Fe,0O3 (Haematite)
— Feg0,4 (Magnetite)

40 50 60 70
(a) 2 Theta ( )

—— Fe30,4 (Magnetite)
-+ FegC, (Hagg carbide)

30 40 50 60 70
(b) 2 Theta (o)

Figure 3. XRD patterns of (a) Fe/OCNT catalyst before
reaction and (b) after reaction.
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Figure 4. COjconversion as a function of time on stream.
Reaction conditions: 360°C, 25 bar, H,/CO, = 3, total flow
of 8.333L g 'h~!.

according to the given reactant composition and ope-
rating conditions. Furthermore, influence of the subse-
quent CO hydrogenation reaction on the preliminary
RWGS equilibrium was considered to verify the experi-
mental results. Simulation was performed to calculate
equilibrium conversion of CO, at various temperatures
in the range of 320° to 420°C.

3. Results and discussion
3.1 Characterization of the catalyst

Iron nanoparticles dispersed on the obtained OCNTSs
were synthesized by incipient wetness impregnation
method using ammonium ferric citrate as precursor. The
actual iron loading of the catalyst is determined by AAS
to be 24.85 wt%. The XRD patterns of the Fe/OCNT
catalyst before and after reaction are displayed in
figure 3. The iron phases present in the catalyst before
reaction were found to be haematite (Fe,O;) and mag-
netite (Fe;0,). In contrast, Higg carbide (FesC,) and
magnetite were observed in the catalyst after 50 h time
on stream. It is well-known that magnetite is respon-
sible for the RWGS reaction, whereas iron carbide is
highly catalytically active for FTS.!!:12

3.2 Catalytic tests

Catalytic activity of the Fe/OCNT catalyst was stud-
ied during CO, hydrogenation into short hydrocarbons.
The degree of CO, conversion as a function of time on
stream is shown in figure 4. The test was conducted in
the continuous mode for 50 h at 360°C with a H,:CO,
ratio of 3 and at 25 bar with a total volumetric flow
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Product selectivity, olefin selectivity in the C,—Cs range and CO; conversion over the Fe/OCNT catalyst. Reaction

conditions: 360°C, 25 bar, H,/CO, = 3, total flow of 8.333 L g~'h~!.

Product selectivity (%)

Hydrocarbon
Catalyst CO Cy C, Cs Cy Cs
Fe/OCNT 263  38.1 179 112 32 19

rate of 8.333 L g~'h~'. It can be seen from figure 4
that CO, conversion decreased initially and then slowly
stabilized at about 35%.

Product selectivities, olefin selectivity and degrees of
CO, conversion are summarized in table 1. About 35%
of CO, were converted into C;—Cs products, mostly
CO and methane, with selectivities around 26% and
38%, respectively. Olefin selectivity was only approxi-
mately 14% for the hydrocarbons range of C,—Cs. This
observation is in good agreement with studies reporting
that using iron-based catalyst without promoters such
as potassium and manganese resulted in high methane
selectivity and low olefin to paraffin ratios.’:!3-17.24.25
Moreover, alkali promoters have the ability to increase
the chain growth probability, thus favouring forma-
tion of long-chain hydrocarbons. It has been claimed
that potassium enhances dissociative adsorption of CO
and CO, and lowers H, adsorption ability.?®-?” It is
known that oxygenates are common by-products in
FTS. Indeed, small amounts of ethanol and 2-propanol
were observed in the hydrogenation reaction (table 1).
It was reported that alkali promoters are able to improve
selectivity of oxygenates and the degree of alkalization
has an influence on selectivity to oxygenates.'' Hence,

80F T T T=--o___ _
70 ® experimental
- RWGS equilibrium
= = FT equilibrium *
< 60 —Rwas equilibrium with respect to the
T experimentally observed FT activity
8 50
X
40
30 +
1 1 1 1 1 1
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T(°C)

Figure 5. CO; equilibrium conversion and experimental
CO; conversion as a function of temperature with 240 mg of
Fe/OCNT catalyst at 25 bar and H,:CO, = 3, total flow of
8.333 L g~'h~!, * C, and C3 hydrocarbons were considered
as possible products in the simulation.

CO;, conversion (%)

Alcohol
G G Cy——Cs5_/Cy_—Cs_
0.3 0.3 0.14 35.2

the catalyst will be optimized in this way to obtain high
olefin selectivity and low methane formation.

3.3  Simulation

Equilibrium conversion of CO, at various temperatures
was calculated using CHEMCAD software. Experi-
mental and simulated degrees of CO, conversion are
shown in figure 5. Simulation results indicate that
RWGS equilibrium had been achieved in the experi-
mental temperature range. Hence, CO, hydrogenation
reaction is limited by RWGS (eq. 1) equilibrium under
the applied conditions. Consequently, CO, conversion
increases with increasing temperature as RWGS is a
reversible endothermic reaction.

It can be seen that CO, equilibrium conversion
(figure 5, solid line) with respect to the experimen-
tally observed FT activity is higher than equilibrium
conversion of the RGWS reaction (dotted line). There-
fore, subsequent FT reaction plays an important role in
the reaction network of CO, hydrogenation. Additional
simulations including C, and C; hydrocarbons as possi-
ble products show the possibility of obtaining CO, con-
versions up to 80% (figure 5, dashed line): CO, — CO
— C,+ C;. Results indicate that FTS (eq. 2) in CO,
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Figure 6. Simulated RWGS equilibrium as a function of
the hydrocarbon yield at 360°C, 25 bar, H,:CO, = 3, total
flow of 8.333 L g~'h~!.
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hydrogenation is a slow reaction compared with RWGS
due to the low CO partial pressure.

Figure 6 demonstrates that CO, conversion with
respect to RWGS equilibrium strongly increases with
increasing hydrocarbon formation. This increase can
be explained by a change in the partial pressure of the
compounds involved in the RWGS reaction due to con-
sumption of CO and H, and formation of H,O in the
FTS. Consequently, the position of RWGS equilibrium
will change depending on FT activity. High degrees
of CO, conversion can be achieved, when the catalyst
is highly active in the subsequent FT reaction and for-
mation of hydrocarbons reaches the equilibrium value
as well. Hence, experimental conditions and catalyst
will be optimized in order to achieve high yields of FT
products in CO, hydrogenation.

4. Conclusions

Iron nanoparticles supported on OCNTSs were prepared
by incipient wetness impregnation method and used
as catalyst in high temperature CO, hydrogenation.
The experimental set-up was successfully used to per-
form the hydrogenation reaction. In addition, online
GC analytics performed effectively in separating and
analysing the products allowing us to close the carbon
balance. Dominant iron phases on the catalyst under
the operating conditions of CO, hydrogenation reaction
were found to be Hégg carbide and magnetite by XRD
measurements. Kinetic results demonstrate that CO,
hydrogenation to short chain hydrocarbons is feasible
using iron-based catalysts in spite of high methane
formation and low olefin selectivity. Equilibrium con-
version of CO, was calculated by using CHEMCAD
software. Presence of equilibrium limitations for CO,
conversion is verified by the simulation results indicat-
ing that RWGS equilibrium had been achieved in the
temperature range of 320° to 420°C.
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