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a  b  s  t  r  a  c  t

Value-added  products  synthesis  by the  one-step  CO2 hydrogenation  reaction  has  attracted  much  atten-
tion of  researchers.  In this  paper,  three  catalysts:  Cu/V-AlPILC,CuFe/V-AlPILC,  and  CuCo/V-Al  PILC,
prepared  by impregnation  method  on Al-pillared  clay  support  were  studied.  The  effect  of Fe  and  Co
additives  on  the  physicochemical  properties  of  Cu-based  catalysts  was characterized  by  X-ray  pow-
der diffraction  (XRD),  energy  dispersive  X-ray  spectroscopy  (EDS),  scanning  electron  microscope  (SEM),
N2 adsorption/desorption  isotherms,  temperature  programmed  reduction  (TPR),  Transmission  Elec-
tron Microscope  (TEM),  X-ray  photoelectron  spectroscopy  (XPS),  N2O  decomposition,  CO2 and  NH3

temperature-programmed  desorption  (CO2-TPD  and NH3-TPD),  and Fourier  Transform  Infrared  Spec-
troscopy  after  gaseous  pyridine  adsorption  (Py-FTIR)  techniques.  These  catalysts  were  evaluated  for  CO2

hydrogenation  into  value-added  products  at temperatures  ranging  from  250  to 300 ◦C  for  3  h  and  40  bar
pressure.  Stability  test  was performed  at 250 ◦C  for  24  h  and  40  bar pressure.  The catalytic  behavior
revealed  that  a  linear  relationship  does  exist  between  the  CO2 conversion  with  the  metallic  area.  The
DME  and  methanol  synthesis  showed  a correlation  with  the  basic  and  acid  sites.  The  CuFe/V-Al  PILC
catalyst  showed  the  highest  selectivity  for  methanol  and  DME  at 250 ◦C.

©  2017  Published  by  Elsevier  B.V.

1. Introduction

The capture, storage, and utilization of carbon dioxide (CO2) to
produce valuable intermediate chemicals and products has gained
importance due to the need to reduce greenhouse gas emissions
into the atmosphere. A motivating approach that favors carbon
dioxide utilization is CO2 conversion into methanol and dimethyl
ether (DME) [1–14].

The industrial methanol synthesis by catalytic system occurs
over CuZn/Al2O3 catalyst from synthesis gas (CO + H2) with a small
amount (<5%) of CO2 [3,11,15,16].Currently, several studies have
been proposed for methanol synthesis from CO2 hydrogenation for
a number of reasons: thermodynamic reaction is more favorable
at high pressure and low temperature, the use of CO2 waste can
mitigate greenhouse problems due to a high methanol production
demand. In addition, methanol is an important chemical that can be
directly used as fuel or feedstock for several organic materials, such
as formaldehyde, methyl tertiary-butyl ether (MTBE), acetic acid,
methyl methacrylate (MMA), as a solvent, and DME  [1,2,7,17–22].
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Dimethyl ether catalytic synthesis (DME) can occur via two
paths: a. conventional process, by two  separately reactors, with
a catalyst for methanol synthesis from CO or CO2 hydrogenation
and another one with an acid catalyst for methanol dehydration
(for example �-Al2O3 catalyst) or b. by one-step with a bifunc-
tional catalyst with metallic and acid-base sites [8,23]. In this case,
the DME  synthesis is more thermodynamically favorable than the
conventional process [24,25]. Moreover, DME  has demonstrated
great importance from an industrial viewpoint. It can be used as
chemical feedstock and also as an alternative to conventional diesel
[2,25–29].

Despite extensive researches regarding CO2 hydrogenation for
value-added products over Cu-based catalysts, a catalyst with a
high selectivity and stability for methanol or DME  has not yet been
achieved. Furthermore, it is well known from the literature that
sintering process and Cu agglomeration of metallic sites can occur
on the catalyst during reaction [17,28,30–33]. However, bimetallic
combinations of Cu with small amounts of Fischer Tropsch cata-
lysts (FT), such as Fe or Co, supported on acid-base solid could
be key to the development of a new bifunctional catalyst (con-
taining both metallic and acid-base sites) for one-step synthesis
reactions[30,34–36].
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Co and Fe are usually the active metals used as catalysts for com-
mercial FT synthesis[19,30,37]. Chen et al. reported the presence of
small iron species particles in copper catalysts effectively prevents
Cu sintering and improves the copper surface area. Moreover, the
presence of Fe inhibited copper surfaces oxidation [30,34]. Cobalt-
based catalyst has also exhibited activity for CO2 hydrogenation
reaction. The difference between Fe and Co catalysts in FT reaction
can be explained by a different inhibition for methane formation
[19,30,38].

On the other hand, the acid sites present in the catalyst bear the
main responsibility for DME  production by methanol dehydration
reaction [17,39–43]. As reported in the literature, modified clays
(montmorillonite) are active for methanol dehydration reaction
into DME  due to the presence of acid sites [24,39].

The purpose of this study is to evaluate the synergistic effect
between Cu-Fe and Cu-Co supported on Al pillaring clay, V-Al PILC,
during the one-step CO2 hydrogenation reaction for value-added
products.

2. Experimental

2.1. Catalyst synthesis

CuFe and CuCo supported on Al-pillared clay (V-Al-PILC)
catalysts were synthesized by simultaneous incipient-wetness
impregnation method. The V-Al-PILC support was  synthesized by
pillaring montmorillonite (V) with keggin ion (Al13), as reported
in more detail by Marcos et al. [44]. A total 10 wt.% Cu loading and
5 wt.% Fe or Co were supported on V-Al-PILC. Cu, Fe, and Co precur-
sors were Cu (NO3)2·3H2O (Alfa Aesar), Fe (NO3)3·9H2O (Vetec), and
Co (NO3)2·6H2O (Synth), respectively. After nitrates impregnation,
the resulting mixture was dried for 24 h at 80 ◦C and calcined in air
at 500 ◦C for 3 h. Additionally, one catalyst containing the only Cu
on V-Al PILC was used as reference, details regarding this synthesis
are described elsewhere [39].The catalysts were named CuFe/V-Al
PILC, CuCo/V-Al PILC, and Cu/V-Al PILC.To get the active form, the
catalysts were reduced under H2 flowing at 30 mL/min−1 for 1 h
and the temperature condition was determined by temperature
programmed reduction (TPR) analysis.

2.2. Catalyst characterization

X-ray powder diffraction (XRD) patterns were recorded on a
Rigaku Multiflex diffractometer using Cu K� (1.5406 Å) radiation
source and 2� range from 10◦ to 80◦ at a 10◦ min−1 rate.

The energy dispersive X-ray spectroscopy (EDS) measurements
were performed using a Link QX 2000 EDS analyzer coupled to an
LEO 440 scanning electron microscope equipped with a tungsten
filament and coupled to an energy dispersive X-ray detector.The
morphology of the fresh and spent catalysts was  analyzed by
scanning electron microscopy (SEM) carried out in an LEO 440
microscope with an Oxford detector.

N2 adsorption/desorption isotherms were performed in a
Quanta Chrome Nova − 1000 model gas adsorption analyzer.
Firstly, the samples were outgassed under vacuum during 4 h
at 250 ◦C. The specific surface area was calculated by the
Brunauer–Emmett–Teller (B.E.T) method. The micropores area and
volume were determined by t-plot analysis and the pore size dis-
tribution was calculated by the Barrett-Joyner-Halenda (B.J.H).

The temperature programmed reduction (TPR) analysis was  per-
formed in a quartz reactor using a Micromeritics Pulse ChemiSorb
2750 equipment.100 mg  of the sample was reduced with a 10%
H2/Ar (v/v) mixture, flowing at 30 mL/min−1 from room temper-
ature to 900 ◦C at a 10 ◦C/min−1 heating rate H2 consumption was
monitored by a TCD detector.

The metallic surface area of copper (SCu) was performed in a
quartz reactor using an analytical multipurpose system by an N2O
decomposition method, similar to the one described by Marcos
et al. [39]. Firstly, 100 mg  of sample was  reduced in a H2/Ar (1.96%
v/v) mixture, flowing at 30 mL/min−1 at 300 ◦C for 1 h. After that,
the sample was  cooled down to 60 ◦C and a N2O/He (10% v/v) gas
mixture was carried out at a 30 mL/min−1 flow rate for 30 min.
Physically adsorbed N2O was removed by N2 purging flowing at
30 mL/min−1 for 1 h and then, the sample was cooled down to 25 ◦C
under N2 flow and a new reduction cycle was  then performed to
reduce the Cu2O surface to CuO.

The TEM images were performed using a FEI Tecnai G2 F20
instrument at 200 kV high resolution. The samples were dispersed
in isopropyl alcohol and deposited on Ni grids.

X-ray photoelectron spectroscopy data were collected using a
Scienta Omicron ESCA+ spectrometer equipped with an EA 125
hemispherical analyzer. The spectra were taken using monochro-
matic Al K� (1486.6 eV) radiation with an energy steps of 0.03 eV
for the high-resolution spectra. For the data analysis, the bind-
ing energy was  corrected by adjusting the C 1 s peak position
to 284.5 eV for each sample surface. The Casa XPS software with
a 70:30 Gaussian Lorentzian product function and Shirley back-
ground subtraction were used for peak deconvolution.

CO2 temperature programmed desorption (CO2-TPD) analysis
was carried out using the same device for TPR measure-
ments.100 mg  of sample was reduced in situ with a H2/Ar (10%v/v)
mixture, flowing at 25 mL/min−1 from room temperature to 300 ◦C
for 1 h at a 10 ◦C/min−1 heating rate. Afterwards, the temperature
was cooled down to 50 ◦C for CO2 adsorption under Ar flowing at
25 mL/min−1. Physically adsorbed CO2 was removed by Ar purging
for 1 h in the same flow and then cooled down to 25 ◦C. Then, the
CO2-TPD experiment was performed under Ar flow (20 mL/min−1)
up to 900 ◦C.

NH3 temperature programmed desorption (NH3-TPD) analysis
was similar to the experiments above. The experiment was  car-
ried out on an AutoChem II 2920 Micromerictics chemisorption
analyzer. Firstly, the sample was  pretreated at 500 ◦C in a He atmo-
sphere flowing at 50 mL/min−1 for 30 min, cooled down to 25 ◦C
and in situ reductions under a H2/He (10% v/v) mixture, flowing at
30 mL/min−1 for 1 h at 300 ◦C. After that, the sample was  cooled
down to 120 ◦C under He flowing at 30 mL/min−1 and then, the
NH3 adsorption was initiated with a NH3/He (15% v/v) mixture at
20 kPa for 30 min  and subsequently cooled down to 50 ◦C under He
flow. Physically adsorbed NH3 was removed by He purging flow-
ing at 30 mL/min−1for 1 h. Afterward, the NH3-TPD experiment was
performed under He flow (30 mL/min−1) up to 900 ◦C.

Fourier Transform Infrared Spectroscopy after gaseous pyridine
adsorption (Py-FTIR) analysis was  recorded on a Prestigi-21 spec-
trophotometer. Firstly, 50 mg  of sample was pretreated under N2
flowing at 100 mL/min−1 for 1 h in a tubular furnace at 300 ◦C. After
that, the sample was  cooled down to 150 ◦C under the same gas
and then, the gaseous pyridine (Py) was adsorbed on the sample
for 4 h. Physically adsorbed Py was  removed by N2 purging flowing
at 100 mL/min−1 for 1 h. The sample spectrum was  recorded within
the 1800–1400 cm−1 range and transmittance mode.

2.3. Reaction setup

CO2 hydrogenation reactions were evaluated in a high-pressure
reactor (Parr instruments) at 40 bar pressure. For reaction stud-
ies, 200 mg  of catalyst diluted with the same amount of inert SiC
(Alfa Aesar) were reduced with H2 (30 mL/min−1) for 1 h at 300 ◦C.
After reduction, the experiments were performed at temperatures
ranging from 250 to 300 ◦C and with a H2: CO2 = 3:1 (molar ratio)
mixture. All catalysts were evaluated for both temperatures. The
flow rate of reagents was  individually controlled by an electronic
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