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catalyst supported on regenerated spent bleaching
earth (RSBE) in a slurry reactor: the effect of the Cu/
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The catalytic conversion of CO, via the Reverse Water Gas Shift (RWGS) reaction for CO production is
a promising environment-friendly approach. The greenhouse gas emissions from burning fossil fuels can
be used to produce valuable fuels or chemicals through CO, hydrogenation. Therefore, this project was
to study the CO, conversion via RWGS over various Cu/ZnO catalysts supported by regenerated spent
bleaching earth (RSBE) prepared by wet impregnation technique with different Cu: Zn ratios (0.5, 1.0, 1.5,
2.0, 3.0). The causes of environmental pollution from the disposal of spent bleaching earth (SBE) from an
edible oil refinery can be eliminated by using it as catalyst support after the regeneration process. The
synthesized catalysts were characterized by thermogravimetric analysis (TGA), X-ray diffraction (XRD),
temperature-programmed reduction of hydrogen (TPR-H,), pyridine-adsorbed Fourier transform infrared
(FTIR-pyridine), temperature programmed desorption of carbon dioxide (TPD-CO,), N, physisorption,
and Fourier transform infrared (FTIR) analysis. The RWGS reaction was carried out in a slurry reactor at
200 °C, with a pressure of 3 MPa, a residence time of 4 h, and catalyst loading of 1.0 g with an H,/CO,
ratio of 3. According to experimental data, the Cu/Zn ratio significantly impacts the catalytic structure
and performance. The catalytic activity increased until the Cu: Zn ratio reached the maximum value of
1.5, while a further increase in Cu/Zn ratio inhibited the catalytic performance. The CZR3 catalyst (Cu/Zn
ratio of 1.5) with a higher catalytic reducibility, high copper dispersion with small crystalline size, lower
total pore volume as well as higher basicity showed superior catalytic performance in terms of CO,

conversion (40.67%) and CO vyield (39.91%). Findings on the effect of reaction conditions revealed that
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Accepted 9th January 2023 higher temperature (>240 °C), higher pressure (>3 MPa), higher reaction time (>4 h) and higher catalyst

loading (>1.25 g) could improve CO, conversion to CO yield. A maximum CO, conversion of 45.8% and
multiple recycling stability of the catalyst were achieved, showing no significant decrease in CO,
conversion.
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warming, and is known to be a significant anthropogenic
source. The main GHG is carbon dioxide (CO,), which has acted

1. Introduction

The accumulation of ambient greenhouse gases (GHG) has
reached an unprecedented level, primarily resulting in global
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as the driving force of global warming and climate change in
recent years. CO, concentrations have been rising since the pre-
industrial era, primarily due to fossil fuels like natural gas,
petroleum and coal that people burn for energy, causing the
depletion of fossil fuels and amplifying the earth's natural
greenhouse effect. Recent evidence by the State of the Climate
in 2020 report from the American Meteorological Society (AMS)
and the National Oceanic and Atmospheric Administration
(NOAA) reports that the global atmospheric concentration of
CO, reached 412.5 ppm in the year 2020, achieving a new high
record." In order to monitor the rise in the average global
temperature by 2-3 °C, the global emission of CO, should be
lowered by 50-80 per cent by 2050.> Rising CO, emission leads
to global warming and climate change, causing a series of
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potential impacts on ecological, physical and health, including
severe weather events such as storms, droughts, floods, heat-
waves, the rise of the sea level, disrupted water systems, and
altered crop growth.?

Due to the irreversible consumption of existing energy
supply and finite, and non-renewable fossil fuels in the world,
the exploitation of alternative energy sources to replace
conventional fossil fuels is vital. As CO, is relatively abundant,
globally distributed, available, and affordable, utilization of CO,
improves the security and stability of the energy system.
Furthermore, the utilization of CO, is considered with a lot of
interest because it can recycle carbon, hence reducing the
emission of CO,. Therefore, it is crucial to develop research on
the utilization and conversion of CO, into valuable products for
managing carbon and sustainable development. Various tech-
nical methods, including catalytic, electrochemical, biological,
photocatalytic, and photosynthetic processes, can turn CO, into
commercial products.*”®

Due to the low rates of photoelectrochemical reduction, it is
currently not practical to convert large amounts of CO, because
it would be extremely challenging to scale up the process to
match CO, production rates.'®'* Similarly, using biomass will
not allow for long-term storage of CO,; instead, it will only allow
for a reduction in atmospheric CO, concentrations if the
biomass is converted to fuels. Furthermore, microalgae would
probably be used in the CO, conversion processes with biomass
that do not compete with food sources and do not require land.
However, the costs associated with developing and maintaining
these systems must be significantly reduced before it is prac-
tical.”** For thermochemical CO, splitting, a metal oxide with
high oxygen mobility has oxygen vacancies that allow the
reduction of CO, to CO. This approach has been used to reduce
a variety of oxides, but they often need to be reduced for several
hours at lower temperatures or at least 1000 °C to generate
oxygen vacancies."**® As a result of the high operating temper-
atures, specialist gear and supplementary machinery, such as
solar concentrators that can produce heat input, are required.

Conversely, reverse water gas shift (RWGS) reaction can be
implemented due to the numerous local benefits associated
with renewable electricity sources, which can help create
a closed carbon loop. Generating hydrogen using electrolysis
has far lower startup costs than employing solar thermal heat-
ing to increase the low-intensity solar flux to practical levels.
Additionally, a very flexible chemical intermediate can be
produced by the RWGS reaction. Instead, photocatalysis's main
hydrocarbon methane product still needs to be processed
before use. The RWGS reaction could be helpful in situations
where H, is readily available, like space exploration, where
electrolysis is predominantly utilized to create synthetic air." Its
use in upcoming CO, conversion techniques seems likely
a result of these factors and the readiness of the rwGS
processes.

Many gas-phase catalytic processes involving solid catalysts
have been explored in this field. For instance, RWGS reaction,
methanol synthesis and methanation have all been the topic of
extensive catalysis studies. However, the RWGS reaction has
been hailed as a practical method for arbitrary control of the
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H, :CO composition ratio in synthesis gas which is in great
demand as a raw material for C1 chemistry.*® Transformation of
CO, to carbon monoxide (CO) and water utilizing hydrogen in
a catalytic reverse water gas shift (RWGS) reaction (eqn (1)) has
been perceived as one of the most promising methods for CO,
usage technologies, which has been the subject of various
investigations.”*

CO, + Hy <> CO + Hy,O AH595x” = +41 kJ mol™! (1)

CO, is generally less reactive due to its chemical stability, so
converting it to more receptive CO requires a lot of energy.*
RWGS reaction is endothermic and prefers higher temperatures
to accomplish satisfactory degrees of activity, following Le
Chatelier's principle. Furthermore, lower pressure input also
supposes a considerable advantage for RWGS reaction.”
Nonetheless, this pressure and temperature are restricted to
guarantee that the conditions used during the experimental
phases are monetarily gainful for commercial applications. The
biggest advantages of the RWGS reaction is the resulting CO can
be further converted to valuable chemicals such as dimethyl
ether, methanol and long-chain hydrocarbons, using well-
developed synthesis gas (CO and H,) transformation innova-
tions like Fischer-Tropsch (FT) synthesis and methanol
synthesis.***3%% These techniques make the RWGS reaction an
appealing platform for using CO, as a C; building block in
chemical construction to produce demanded commodities.

The high-pressure RWGS reaction has several drawbacks,
including the costlier materials required for the reactor, higher
risk of carbon formation and methane generation. Due to the
endothermic character, CO is produced from CO, at greater
temperatures up to 800 °C. Therefore, adding the hydrogen-rich
feedstock or increasing the reaction temperature is required to
achieve excellent results. The high temperatures could shorten
the life of the catalyst and reactor by encouraging undesirable
occurrences.” Reduced temperature ranges would help to
reduce the process energy and capital costs. Due to the low
equilibrium constant, driving the RWGS to completion at lower
reaction temperatures would be challenging. However,
increasing the H, concentration can move the equilibrium to
the right by forcing CO, consumption.** Fewer endeavors have
been made towards advancing dynamic and stable catalysts for
the RWGS reaction that can operate at low temperatures with
enhanced CO, conversion and CO production. RWGS catalysts
are being investigated to create an industrially viable carbon
recycling route.

Over the past few decades, various catalysts for RWGS have
been studied, explored and published in the literature.*® Several
metal-based catalysts have been employed to generate carbon
monoxide (Pt, Pd, Rh, Ru, Au, Fe, Mo, Cu, Co, Ni). Still, the Cu
catalyst is one of the most investigated systems because of its
relatively low cost, high activity and selectivity.”® Cu can be
operated at a low-temperature range (~165 °C) and produce
near zero methane as a side product, which is regularly
respected to be effective due to its enhanced adsorption of
reaction intermediates at lower temperatures.**** However, the
feasibility of Cu systems is limited by deactivation issues with

© 2023 The Author(s). Published by the Royal Society of Chemistry
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metal sintering caused by the high operating temperatures.
Therefore, the addition of Zn acts as a stabilizer and dispersant.
Still, since the interface interaction is associated with the
copper phase, it has additionally been accounted for as
supplying active centers and causing synergetic impacts.**** For
Cu/ZnO-based catalysts, different Cu: Zn ratios are the primary
determinants in the catalytic activity of CO,/H, reactions. The
conversion of CO, has been closely related to the theoretical
concentration of Cu-ZnO contacts. Though, the active sites
where CO is formed are thought to differ. In addition, support
can also be added to the Cu/ZnO catalyst system to boost its
stability and activity.

Spent bleaching earth (SBE), also known as spent clay, is
a type of solid waste that is produced during the pretreatment of
crude palm oil (CPO) in an edible oil refinery from the process
of treating and removing the dyes and poisons from raw oil.****
SBE is an aluminosilicate mineral that mainly comprises
montmorillonites with a 2:1 unit layer structure.** Montmo-
rillonite is increasingly used as a catalyst or catalyst support in
many organic reactions.* The worldwide SBE waste production
is estimated at 600 000 tonnes.*> Malaysia, the world's second-
largest producer of crude palm oil, produces more than 100
000 tonnes of SBE annually.”” Depending on the bleaching
activity, SBE often carries 20 to 40% residual oil by weight.***¢
However, due to the autocatalytic action of clay minerals and
the correlation of GHG emissions upon the disposal of SBE, the
oxidation of residual oil in the earth to the point of spontaneous
auto-ignition will result in fire and pollution problems.**-***”
Therefore, rather than being disposed of and contributing to
the pollution, this study proposes the regenerated spent
blenching earth (RSBE), which will be used as the supported
catalyst due to the main component of SBE is SiO, (~48%),
followed by Al,O; (~20%), CaO (~12%), MgO (4.7) and SO;
(3.2%)."® The great potential for silica and alumina sources is
high in the surface area making SBE suitable to act as catalyst
support after the regeneration process.

This work evaluates the performance of Cu/ZnO catalysts
supported on high-surface RSBE. To our knowledge, the effects
of varied Cu/Zn ratios supported on RSBE for RWGS catalytic
performance have not been reported. Along these lines,
a detailed analysis was done of how the physicochemical
characteristics of the catalysts affected the RWGS reaction.
Additionally, several characterization approaches were
employed to learn more about the relationship between
chemical properties and catalysis. Besides, there is a scarcity
of information on the RWGS reaction operating in a slurry
reactor at low temperatures and elevated pressure conditions.
Finally, the stability of the most promising catalyst over five
reaction cycles could be demonstrated in the slurry phase
application. The impressive catalytic improvements achieved
by Cu/ZnO catalysts supported on RSBE indicate a significant
advancement in the design of highly active yet reasonably
priced RWGS catalysts. From a technical point of view, keeping
the reaction temperature as low as possible is suggested to
save money and energy.

© 2023 The Author(s). Published by the Royal Society of Chemistry
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2. Experimental methods

2.1. Materials

Spent bleaching earth (SBE) was obtained from a palm oil
refinery (Sime Darby Sdn. Bhd), Pasir Gudang, Johor, Malaysia.
Copper(u) nitrate trihydrate (CuN,03H,0, =99% purity), zinc
nitrate hexahydrate (ZnN,0s6H,0, =99.0% purity) and light
mineral oil were purchased from Sigma-Aldrich, Malaysia. The
nitric acid (HNO;) was purchased from RCI Labscan.

2.2. Regeneration process of SBE

SBE was calcined in the air atmosphere at 500 °C for 3 h, fol-
lowed by mild acid treatment (1 M of nitric acid). The SBE and
nitric acid (w/v) ratio used in the acid treatment procedure was
1:5. Nitric acid and SBE were mixed, and the mixture was
stirred at 80 °C for 2 h using a magnetic stirrer. Then, SBE was
filtered and repeatedly rinsed with distilled water until the pH
level reached 7 to remove the acid. The RSBE was dried for 24 h
at 105 °C before being employed as support in the Cu/ZnO-
based catalyst for the RWGS experiment.

2.3. Catalyst preparation

The chemicals used for catalyst preparation for methanol
synthesis are copper nitrate trihydrate (CuN,03H,0) and zinc
nitrate hexahydrate (ZnN,0Os6H,0). 5 different weight percent-
ages of Cu/Zn composition catalyst supported on RSBE were
synthesized by wet impregnation method. 15 wt% of the active
component was supported on 85 wt% of RSBE. Table 1 shows
the composition of the catalysts studied. From Table 1, Cu
(Wt%) and Zn (wt%) represent the mass fraction of the atoms. At
first, 150 mL of copper nitrate trihydrate and zinc nitrate
hexahydrate solution were impregnated on 8.5 g of RSBE. The
solution was mixed entirely using the magnetic force stirrer
with heat at 80 °C for 4 h. The slurry catalyst was dried for 24 h
at 105 °C in an oven. After the calcination stage of catalysts in
the air atmosphere at 400 °C for 3 h, the catalysts were allowed
to cool down to room temperature in a desiccator to prevent
exposure to moisture.

2.4. Characterization methods

Shimadzu TGA-50 was used to identify optimum calcination
temperature and thermal stability for prior calcined catalysts.
Air was supplied on prior-calcined catalysts to evolved gases.
Approximately 10-12 mg of each catalyst was loaded into an
alumina sample cell of the analyzer. After that, each catalyst was
heated in situ with continuous air flow (20 mL min~") at a rate of

Table 1 Weight percentage of each catalyst's composition

Catalyst symbol  Cu/Zn ratio Cu (Wt%) Zn (wt%) RSBE (wt%)
CZR1 0.5 5 10 85
CZR2 1.0 7.5 7.5 85
CZR3 1.5 9 6 85
CZR4 2.0 10 5 85
CZR5 3.0 11.25 3.75 85
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Fig. 1 Schematic diagram of CO, hydrogenation experimental setup:
heater; (6) temperature and motor controller; (7) GC; (8) reactor.

10 °C min . The catalysts' exothermic weight loss was deter-
mined over a temperature range of 30-800 °C.

Temperature-programmed reduction of hydrogen (TPR-H,)
analysis was performed to examine the reduction behaviour of
the catalyst on the support. TPR-H, experiments were carried
out in a chemisorption analyzer, Micromeritics Chemisorb 2720
equipped with a thermal conductivity detector (TCD). To ensure
the catalyst's surface is free of moisture and contaminants,
50 mg of the catalyst was heated in a U-shape reactor at 300 °C
for 30 min in a helium stream (purity 99.99%) at 30 mL min .
After the sample was cooled to room temperature, the catalyst
was heated with 10% H,/Ar mixture flowing continuously with
gas volume velocity at 30 mL min~" in the temperature range of
25-800 °C. TPR-H, profile was collected at a linearly pro-
grammed rate of 20 °C min~" under atmospheric pressure. The
H, consumption was monitored by recording the TCD signal in
increasing the sample temperature.

X-ray diffraction (XRD) experiment was carried out on an X-
ray diffractometer (Smart Lab, Rigaku, Japan) with a Cu target
Ko radiation at 40 kV and 30 mA in the scanning range of 20 =
10 to 80° at a scanning speed of 2° per min to determine the
crystallite size of the reduced catalysts.

FTIR measurements were carried out on an Agilent Cary 640
FTIR spectrometer equipped with a high-temperature stainless
steel cell with CaF, windows. All samples had a 1 h pretreatment
at 400 °C. The basic probe molecule pyridine was employed to
assess the catalyst's acidity. The activated catalyst was exposed
to 2 Torr of pyridine at 150 °C for 15 min to assess pyridine
adsorption.

Temperature programmed desorption of carbon dioxide
(TPD-CO,) experimental tests were investigated in the identical
appliances TPR-H, employing at the TCD to evaluate the
basicity property of the catalyst surface. First, 50 mg of the
reduced catalyst was purged in a pure helium (99.99%) stream
at 30 mL min~ " and temperature of 200 °C for 1 h to eliminate
the absorbed humidity, impurities and gases. The catalyst was
exposed to CO, at 50 °C for 1 h at 30 mL min " after cooling to
ambient temperature, and physisorbed molecules were then

3042 | RSC Adv, 2023, 13, 3039-3055

(1) H,/CO, tank; (2) stirrer; (3) pressure gauge; (4) thermocouple; (5)

removed by adsorption in the helium stream for 30 min. The
catalyst was flushed with helium flow at 30 mL min~" to evac-
uate the physical adsorbed CO, from 50 to 900 °C at 20 °C min ™"
of heating rate.

The total surface area and porosity of the prepared catalysts
and support materials were determined using a surface area
and porosity analyzer (Micromeritics TriStar IT) via nitrogen (N,)
adsorption-desorption isotherms at 77 K over a relative pres-
sure (p/p,). Before analysis, the reduced catalysts were degassed
under vacuum for 24 h at 150 °C to eliminate any adsorbed gas
and contaminants that have been adsorbing on the catalyst
surface. The BET surface area (Sggr) was determined using the
BET method within the relative pressure range from 0.05 to 0.30
using 0.162 nm” as the N, molecule cross-sectional area. The
total pore volume (Viora1) was determined using Barrett-Joyner-
Halenda (BJH) method from the desorption isotherm branch of
the N, isotherm at the highest p/p, of 0.99.

Fourier transform infrared (FTIR) spectra were obtained over
400-4000 cm ™' using a SHIMADZU IRPrestige-21 IRAffinity-1
FTIR-8400S to identify the functional groups on the ready
catalyst and RSBE support structure. The difference spectrum
was created by subtracting a KBr backdrop from the sample
scan.

High-resolution transmission electron microscopy (HRTEM)
images were acquired with a JEOL JEM-ARM200F transmission
electron microscope (TEM) operated at 200 kV. The sample was
deposited onto a copper grid coated with a thin holey carbon
film and dried in a vacuum overnight at room temperature.

2.5. Catalytic activity tests

The RWGS experiments were performed in a 100 mL slurry
stirrer reactor, Parr reactor Series 4560. Fig. 1 shows the
experimental setup of the RWGS reaction. Prior to each test, the
calcined catalyst was reduced at 350 °C in H, flow with 20
mL min~" for 3 h. All the experiments were carried out with
25 mL of light mineral oil as a reaction medium. A slurry made
of 1.0 g of the reduced catalyst and light mineral oil was used for

© 2023 The Author(s). Published by the Royal Society of Chemistry
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the catalyst testing. The reactor was purged with reactant gases
(H»/CO,) to remove any air and other gases. After purging, the
H,/CO, was fed into the reactor at a ratio of 3. The reactor was
adjusted to 200 °C and pressurized to 3 MPa. The experiment
was maintained constant for the entire run (4 h). The reactor
was adjusted to 800 rpm for gas entrainment during the reac-
tion. Gas samples were measured using Hewlett Packard 5890
Series II gas chromatography equipped capillary column HP-
Plot Q with a thermal conductivity detector (TCD) and flame
ionization detector (FID). The influence of the Cu/Zn molar
ratio on CO, conversion and CO yield were investigated in fixed
reaction parameters. The study began with the catalyst
screening and was followed by the parametric study of the most
promising catalyst to investigate the effect of operating
parameters on RWGS performance. The effect of temperature
(180-280 °C), pressure (1-5 MPa), reaction time (1-6 h), and
catalyst loading (0.25-1.50 g) on CO, conversion and CO yield
was investigated in the slurry system. Finally, the stability of the
most promising catalyst with optimum operating parameters
could be demonstrated in the slurry phase application over five
reaction cycles.

In this study, the CO, conversion, X¢c,, CO yield, Yoo and
H,O0 yield was calculated based on the internal standardization
method as the following formula:

mol of CO; ippye — mol of CO; gueput

Xeo,(76) = mol of CO3 pout x 100 (2)
inpu
mol of COyutput
Yeo(%) = OO S Pouput
o) = T of COs s 120 )
Yinso(%) mol of H,Ouuiput « 100 )

mol of COx inpuc

3. Results and discussions

3.1. Catalyst characterization

3.1.1. TGA analysis. Thermogravimetric analysis (TGA) was
performed in synthetic air to investigate the optimum calcina-
tion temperature and thermal behaviour of prior-calcined
catalysts ranging from room temperature to 800 °C. The TGA
curves for all the prior-calcined catalysts are shown in Fig. 2. As
observed in Fig. 2, the initial weight loss occurred between
room temperature and 250 °C in both catalysts. This is
explained by the thermal dehydration of water molecules trap-
ped on the material's surface and the decomposition of volatile
contaminants throughout the synthesis process. The decom-
position of copper precursor to copper oxide (CuO) may have
caused the second weight loss over 250 °C and further thermal
decomposition of zinc precursor to zinc oxide (ZnO). During the
catalyst preparation, the deposition of nitrate anions, copper,
and zinc salts occurs, increasing the solid's weight. This weight
loss is assigned to the decomposition of copper hydroxynitrate
(Cu,NO3(OH);) and zinc hydroxynitrate (Zns(NOs),(OH)g - 2H,0)
structure under the thermal effect.*>* Besides, nitrate anions
on the sample were decomposed into nitrogen dioxide (NO,)

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 2 TGA profile of prior-calcined catalysts.

and oxygen. The CuO and ZnO network is formed by the nitrate
decomposition of oxygen atoms from (NO;), of copper and zinc
salts. Fig. 2 shows the zero weight changes noticed above 600 °©
C, providing that the catalyst has finished decomposing.

However, more intensive sintering and recrystallization of
copper, which results in a decrease in dispersion and catalytic
activity, are side effects of high-temperature calcination on Cu/
ZnO/Al,0;, claimed Kowalik & Prochniak (2010).°> They
demonstrated that reduced copper is constant at calcination
temperatures above 380 °C. According to the study by Zhang
et al. (2010), calcination affects the catalyst's CuO structure and
the decomposition of the precursor.® Guo et al. (2011) found
that the catalyst calcined at 400 °C achieved the highest
activity.>® The average CuO crystallite size increases as the
calcination temperature increases, while the dispersion of Cu
species reduces under the same conditions. Typically, calcina-
tion temperatures between 300 and 400 °C are ideal for
producing a good catalyst.*® So, the catalysts were calcined at
the recommended calcination temperature of 400 °C to ensure
the complete copper oxide phase development and stabilize the
catalyst's mechanical characteristics (structure and textual).
Besides, the calcination at 400 °C enabled all the decomposition
of nitrate and copper salts and the dehydration reactions.

3.1.2. Temperature programme reduction of hydrogen
(TPR-H,) analysis. The reduction behaviour of the calcined
catalysts and catalytic support, RSBE was determined using
TPR-H, measurements. The results are presented in Fig. 2. In
the temperature range of 100-800 °C, two reduction peaks for
the catalysts were identified based on the degrees of reducibility
of the metal-support interaction. It is noteworthy to observe
that there is a reduction of metal oxide in catalyst support,
RSBE.

Based on the reduction profile, the H, consumption at a low
temperature ranging from 250 to 500 °C shows two classes of
adsorption peaks, which correspond to the reduction of copper
oxide to metallic copper (CuO + H, — Cu + H,0) and the
reduction of the metal oxide in RSBE support. There is only one
peak for the reduction process of Cu species, showing that the
precursor contained only one kind of CuO. In the reduction

RSC Adv, 2023, 13, 3039-3055 | 3043
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Fig. 3 H»>-TPR profiles of the calcined catalysts.

process, the CuO is directly reduced to copper, as demonstrated
by the symmetry of the reduction peak. These findings suggest
that all Cu species can be reduced to Cu’ (Cu** — Cu°) to
produce a direct contact Cu-ZnO interface on RSBE support.
Tasfy et al. (2017) reported on the impact of the Cu: ZnO ratio
on SBA-15 in CO, hydrogenation and suggested that for low Cu
content, just one reduction peak was identified, representing
highly dispersed CuO.”® Most of the CuO was reduced to
metallic copper during hydrogen treatment, as seen by the
diffraction peaks in the XRD patterns of reduced catalysts.

Interestingly, one peak appeared following the reduction of
Cu species at a temperature from 420 to 450 °C. It is related to
the reduction of transition metal oxides in the RSBE, as seen by
the TPR profile of RSBE. Due to Cu insertions in the contacts
between the support RSBE and active metal CuO, the second
peak in both five catalysts could be less significant as compared
to the reduction behaviour of RSBE alone. According to Thys-
sen, Maia, & Assaf (2015), copper has the property of lowering
the reduction temperature of another metal due to the syner-
gistic interaction between the metal oxide phases.”” As a result,
the decrease in the H, consumption of the RSBE in the catalysts
can be explained (Fig. 3, 591 °C to 420-450 °C).”®

The reduction peak gradually shifted to a higher temperature
as the Cu/Zn ratio was increased from 0.5 to 3. According to the
findings of Millar et al (1998), this situation implies that
a higher concentration of larger-sized copper oxide particles
was created. The height and width of the peak increased with
the increase of the Cu/Zn ratio for the catalyst, as seen in Fig. 3.
This is in line with the findings of Ezeh et al., who found that
when ZnO content increased, the amount of easily reducible
well-dispersed CuO increased as well.”® Gesmanee et al
concluded that the increase of Zn metal amount in the system
causes the reduction peak of Cu®" to decrease.®®

The altering of the catalyst system composition has only
a little impact on the shape of the TPR profile. At lower
temperatures, incomplete reduction of CuO to metallic Cu
occurs, but metallic Cu agglomeration causes the catalyst to
deactivate at higher temperatures. As a result, determining the
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best and most appropriate reduction temperature is critical.
The optimal reduction temperature for each catalyst changes
depending on the interaction of the catalysts' compositions. In
terms of the reduction temperature, many researchers feel that
the lower the reduction temperature, the smaller the CuO
particles should be.**-** The contribution of the first peak to the
TPR pattern increased in the order: of CZR1 < CZR2 < CZR3 <
CZR4 < CZR5. As a result, the reduction temperature of 350 °C
was selected for both catalysts in this study.

The reducibility of CuO species increases in the following
order: CZR1 < CZR2 < CZR3 < CZR4 < CZR5, which suggests that
the interaction between CuO and ZnO on RSBE catalyst support
in the CZR5 catalyst was more substantial than others. Fig. 2
indicates that the reduced peak temperature of the RSBE-
supported catalysts shifts to a higher temperature, indicating
a stronger metal-support interaction exists in the RSBE-
supported catalysts. Therefore, the stronger interaction
between CuO-ZnO and support reduced the risk of metal from
agglomeration and sintering during the RWGS process.

3.1.3. XRD analysis. The crystallographic nature of the
catalysts after reduction was characterized by XRD in the wide-
angle region of 10° < 26 < 80°, as illustrated in Fig. 4. All the
catalysts showed low-intensity peaks attributable to CuO at 26 of
39.4°, whereas extremely intense diffraction peaks related to
metallic Cu at 26 of 43.3°, 50.1° and 74.0°. It is attributed to the
metallic Cu phase detected in all the reduced catalysts. It shows
that every catalyst is activated by converting CuO to metallic Cu
during the reduction process, regarded as the primary active
phase in the RWGS reaction. On the other hand, the small
amount of CuO diffraction peaks demonstrated that all CuO
species are almost completely reduced throughout the reduc-
tion process. The low-intensity diffraction peak associated with
ZnO is detected at 26 = 36.5° in all the catalysts, demonstrating
the direct contact Cu-ZnO interface on RSBE support produced
after the reduction in H,.”® The diffraction peaks of Cu notice-
ably get stronger and sharper as the Cu/Zn ratio increases. In
addition, the diffraction peaks of SiO, are detected at 26 values
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Fig. 4 XRD diffraction patterns of reduced catalysts. Crystalline pha-
ses: Cu (#); CuO (e); ZnO (*); SiO, (¥); ALOz (@ ).
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Table 2 Metallic and textural properties of reduced catalysts
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Cu crystallite Cu dispersion

BET surface Total pore volume Average pore

Catalyst size (nm) (%) area (m> g™ ") (em® g™ size (nm)
CZR1 26.71 3.78 59.56 0.2161 13.07
CZR2 26.79 3.77 68.73 0.2266 12.29
CZR3 27.10 3.73 66.76 0.2262 12.71
CZR4 28.20 3.58 70.08 0.2297 12.36
CZR5 30.44 3.32 99.49 0.2437 10.06
RSBE — — 196.20 0.2968 9.13

of 20.8°, 40.2° and 59.9°,** whereas Al,O; is detected at 68.2°.
The highest diffraction peaks observed in Fig. 4 at the 26 value
of 27.4° are attributed to the presence of quartz. Quartz is
a crystalline mineral composed of SiO,. The FTIR spectra
corroborate the quartz present in the RSBE support. SiO, and
Al,O; are attributed to the main component, aluminosilicate of
the bleaching earth, which contains in the RSBE support. The
XRD spectra confirm that the phase distribution of RSBE
remained after the regeneration process of SBE.

Cu dispersion and crystalline size are important factors in
optimizing the interaction between Cu-ZnO and RSBE.* Cu has
a crystal size band at 43.3°, as seen in Fig. 4, which is indexed as
(111) plane of face-centred-cubic Cu metal, signifying the
maximum dispersion of the Cu domains. Table 2 shows the
crystal size of Cu particles and Cu dispersion, as calculated
using the Scherrer equation, increases from 26.71 nm for CZR1
to 30.44 nm for CZR5 and decreases from 3.78% for CZR1 to
3.32% for CZR5, respectively (see Table 2). The presence of Zn
promotes the dispersion of Cu species, which enhances the
dissociation of the hydrogen molecules in the copper phase.>*%
Ren et al. observed a similar trend and found that increased
precursor concentration decreases Cu dispersion.®

The spectrum signal of the CZR1 catalyst was the least
intense and had the largest full width at half maximum among
other catalysts, implying that the CZR1 catalyst had the smallest
Cu crystallite size (26.71 nm) and highest metal dispersion
(3.78%). The presence of tiny Cu particles improved the exposed
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Fig. 5 FTIR adsorbed pyridine of reduced catalysts.
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surface area of the catalyst's active sites, resulting in the
improvement of the catalytic activity.

3.1.4. Pyridine-adsorbed Fourier transform infrared (FTIR-
pyridine) analysis. FTIR-pyridine analyses were performed to
assess the acidity of the reduced catalysts. Fig. 5 shows the IR
spectra of the pyridine adsorbed on the reduced catalysts at
150 °C. In general, the amount of pyridine adsorbed empha-
sizes the acidic surface character of the catalysts. It was
observed that pyridine adsorbed on Lewis acid sites for both
catalysts at 1448 cm ', while no peak emerged around wave-
length 1540 ecm ', which was attributed to pyridinium ions
adsorbed on Brensted acid sites. Because of the above state-
ment, all the catalysts revealed strong interaction of pyridine
with acidic sites at 150 °C, significantly exhibiting strong Lewis
acid sites. A high intensity suggests that the catalyst has a lot of
acid sites.

The band at 1448 cm ™" was slightly increased with the Cu:
Zn ratio from 0.5 to 1.0. Adding the Cu/Zn ratio from 1.0 to 1.5
has caused a slight decrease in the acidic site, exhibiting
a relatively stronger basicity of CZR3. The stronger band are
observed on CZR4 and CZR5, which indicate that a larger
amount of pyridine adsorbed on the catalysts. At the same time,
their concentration is increased obviously, presenting the
higher Cu/Zn ratio may be able to modify the acidic sites on the
catalyst surface. The lowest concentration of the acidic site is
shown on CZR3 (Cu/Zn ratio of 1.5).

The number of catalyst's acid increased in the following
order: CZR3 < CZR1 < CZR2 < CZR4 < CZR5. It is noticeable that
CZR3 had less accessible sites for pyridine adsorption
compared to the other catalysts. This result demonstrated that
fewer pyridine adsorption sites led to increased CO, adsorption
on CZR3. However, the larger pyridine adsorption sites shown
at CZR4 and CZR5 would prevent CO, from adsorbing or acti-
vating. These results were highly customized based on the
basicity findings from the TPD-CO, analysis. These adjustments
benefited the adsorption/activation of acidic gas CO, and
further RWGS reaction to CO. Consequently, the Brgnsted and
Lewis acid sites on the surface of catalysts have been effectively
determined using FTIR spectroscopy using the pyridine as
a basic probe.

3.1.5. Temperature programme desorption of carbon
dioxide (TPD-CO,) analysis. TPD-CO, measurements were used
to evaluate the basicity of the reduced catalysts. Fig. 6 displays
CO, desorption profiles produced by the reduced catalysts
during the TPD-CO, to determine the CO, adsorption
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Fig. 6 TPD-CO, analysis of reduced catalysts.

capabilities. Generally, the number of CO, species desorbed
and the desorption temperature highlight the catalysts' surface-
basic nature. There are three different types of basic sites for the
RSBE-supported Cu/ZnO catalysts prepared in this work. In this
way, CO, desorption below 300 °C, between 300 and 600 °C, and
over 600 °C have each been linked to weak, moderate, and
strong basic sites, respectively. Weak, moderate and strong
basic sites correspond to surface hydroxyl (OH ™), metal-oxygen
pair, and low coordination surface O*~, respectively.®” The
catalytic performance of the related catalyst can be impacted by
the adsorption ability of the catalysts for reactant CO, mole-
cules. The adsorption is too weak or strong, which is not
conducive to CO, activation or suppression in the chemical
reaction.®® For CO, reduction reactions, the amount of
moderate surface basic sites with better capacities for adsorbing
and activating highly-stable CO, molecules will determine CO,
conversion. Additionally, moderate basic sites should allow the
breakdown of intermediate species into the reaction products,
enhancing RWGS reaction rates and reducing the carbonaceous
species that block the active sites.*

The desorption profiles displayed by the reduced catalysts
during the TPD-CO, studies suggested certain differences in the
catalyst's basic properties. As seen in Fig. 6, a variation of the
Cu/Zn ratio impacts the surface basicity of the catalysts. The
intensity of the moderate basic site increased with the addition
of the Cu/Zn ratio from 0.5 to 1.5, indicating that the increase in
the Cu/Zn ratio can improve the adsorption performance of CO,
molecules. In contrast, a further increase in Cu/Zn ratio showed
an appreciable decrease in the intensity of moderate basic sites,
which can weaken the adsorption or activation of CO,. Wen
et al. (2020) reported that adding Cu can prompt CO, adsorp-
tion and activation.”® The increasing desorption amounts of
CO, from moderate basic sites may be attributed to the elec-
tronic promotion effects of Cu dopant, more defect sites on the
Cu-ZnO interface, providing additional active sites to adsorb
CO,.

Based on the finding, we may conclude that different Cu/Zn
ratios create different basic sites. The beneficial effect of
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increasing the Cu/Zn ratio to 1.5 could be attributed to the
increase of the concentration of the surface's basic sites of
moderate strength, which are believed to be responsible for
catalyzing the C-O bond activation of adsorbed CO, species. It
can be observed that the CZR3 catalyst exhibited the largest CO,
desorption peak area among all the prepared catalysts, indi-
cating its highest CO, adsorption capacity. The basicity of the
tested samples increases as CZR5 < CZR4 < CZR1 < CZR2 <
CZR3. TPD-CO, characterizations indicate that the catalyst's
moderate Cu/Zn ratio in catalyst could modulate the acidity of
the catalyst's surface, promoting RWGS reaction to CO.

3.1.6. Nitrogen physisorption isotherm analysis. N, phys-
isorption isotherms were used to examine the textural proper-
ties of the reduced catalysts and RSBE support. As observed in
Table 2, the BET surface area and total pore volume of the RSBE
support is higher than both catalysts and possess a smaller pore
size of 9.13 nm compared to the catalyst, indicating a meso-
porous material. After copper and zinc impregnation on RSBE,
the BET surface areas and total pore volume of all the catalysts
decreased, whereas pore sizes increased. It indicates that Cu
particles gathered around the pore mouths and partially clog-
ged the supports' pores, and this should have resulted in a lower
surface area and pore volume of the catalysts. Besides, the
increases in pore size following the metal impregnation could
be attributed to the incorporation of metal into the RSBE
network, which causes the pore walls to contract and the pore
diameter to expand.*

The BET surface area of the reduced catalysts increased in
CZR1 < CZR3 < CZR2 < CZR4 < CZR5. The analysis of the BET
surface area in the present study differs from the research of
Alvarez Galvan et al., who discovered that an increase in the Cu/
Zn ratio causes a decrease in surface area due to the crystal
grain development or particle aggregation.** However, Halim
et al. found that increasing Cu loading of Cu/SiO, causes an
initial increase in catalyst surface area, which might be
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Fig. 7 N, adsorption—desorption isotherms of reduced catalysts and
RSBE.
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Fig. 9 FTIR spectra of catalysts and RSBE support.

attributed to the phenomena of metal-assisted chemical
etching, while the latter decrement in surface area is caused by
the particle agglomeration.® Similar behaviour was observed by
Zhang et al., who found that the BET surface area increased with
increasing copper loading.”” As mentioned by Lopez et al,
copper loading over the appropriate level does not boost cata-
lytic activity.”

Fig. 7 and 8 show the N, adsorption-desorption isotherms
and pore size distribution of reduced catalysts and RSBE.
According to IUPAC, the isotherms for all the catalysts and RSBE
support are categorized as type IV isotherms with a type H3
hysteresis loop, suggesting the presence of a mesoporous
structure. The interparticle textural porosity is related to the
capillary condensation seen at relatively high of the p/p, in the
mesoporous structure of catalysts.**® Variations in the relative
pressure at which capillary condensation occurs indirectly
relate to different particle sizes.”” Concerning the RSBE support
for which condensations were observed around 0.3 relative
pressures, the higher relative pressures displayed by catalysts

© 2023 The Author(s). Published by the Royal Society of Chemistry
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(p/po > 0.45) suggest that Cu and Zn addition resulted in slightly
smaller particle sizes. Almost similar condensation values were
observed for all the catalysts. The BJH pore size distribution
plots in Fig. 8 show that every sample are mesoporous materials
(2-50 nm). It may be concluded from these findings that mes-
oporous structures can be effectively produced on all the cata-
lysts. As a consequence, the Cu/Zn ratio had a substantial
impact on the surface area of the produced catalysts, implying
that the Cu-containing phase is mostly dispersed on the
composite's surface.

3.1.7. FTIR analysis. The functional groups of the catalysts
and the RSBE support are investigated using FTIR spectroscopy.
The FTIR spectra of the catalysts and RSBE support within
region 400-4000 cm ™" are displayed in Fig. 9. The spectra at
1049, 1056, 1057, 1064 and —1080 cm ™' are attributed to the
silicate matrix's presence (Si-O-Si stretching vibrations). The
presence of silica/quartz impurities (Si-O vibrations) is shown
by the spectra at 795 cm ™', while the spectra at 470, 471, and
478 cm™' are attributed to the Si-O-Al vibrations.**”*7”* The
similar spectra of RSBE and catalyst exhibited suggest that the
copper and zinc loading had no impact on the bleaching earth
montmorillonite structure. This XRD analysis backed up this
conclusion. The presence of interlayer water inside the catalysts
is further confirmed by the adsorption band of the O-H
stretching at bending vibrations of 1628 and 1635 cm™'. In
addition, the O-H vibration is also responsible for the broad
adsorption peak at 3449, 3450, 3456 and 3464 cm ' in the
interlayer. The strength of the O-H group adsorption band
diminishes after doping Cu and ZnO with RSBE, indicating that
the O-H group adsorption band has decreased.”” Cu and ZnO
are substituted into the catalytic support, RSBE, according to
the FTIR spectrum of catalysts. A similar trend was presented by
Mestari et al., who found that the doping of Cu in the interlayer
space of clay can be observed at the peaks attached to the water
molecule.”

3.1.8. TEM analysis. The morphological properties of the
CZR3 catalyst are shown in Fig. 10 after the investigation of
TEM. Copper particles were detected as dark black, while zinc
oxide was classified as light grey. A partial cross-link structure
and a nanometer size of 27.8 nm for the CZR3 catalyst particles
are revealed in the TEM image. The average particle sizes
identified using TEM microscopy imply that the Cu crystal was
nearly identical to that found using XRD. As a result, both
techniques produced a very excellent agreement for the CZR3
catalyst. From Fig. 10(a), the TEM image and energy dispersive
X-ray (EDX) element mapping of the CZR3 catalyst indicates
that Cu and Zn particles are highly dispersed in different loca-
tions on the RSBE support. For high catalytic performance, they
are advantageous features. However, the EDX detected the
presence of oxides of silicon (Si), aluminium (Al), magnesium
(Mg), iron (Fe), potassium (K), calcium (Ca) and titanium (Ti) in
decreasing order of magnitude. These metal oxides are the
composition of the RSBE. The Cu: Zn ratio was 3:2 based on
the local elemental composition determined by TEM-EDX at
several locations.
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Fig. 10 TEM-EDX elemental mapping and HRTEM images for CZR3 catalyst: (a) TEM image and EDX mapping of CZR3 catalyst, and (b) HRTEM

image of CZR3 catalyst.

3.2. Catalytic behaviour (catalyst screening)

The catalytic performance for the RWGS reaction of five
different Cu/ZnO/RSBE catalyst types (CZR1, CZR2, CZR3, CZR4,
and CZR5) produced from precursors with various Cu/Zn ratios
(0.5, 1.0, 1.5, 2.0, 3.0) were assessed in a slurry reactor under the
similar condition to identify the most promising catalyst. The
catalytic activity was performed at 200 °C, 3 MPa, catalyst
loading of 1.0 g, and an H,/CO, ratio of 3. After 4 h of residence
time, the experimental results were obtained. Fig. 10 reflects the
experimental results of various catalysts for RWGS reaction in
terms of CO, conversion, CO yield, and H,O yield. According to
Fig. 10, the catalytic performance for converting CO, to CO is
ranked in the order of CZR3 > CZR4 > CZR5 > CZR2 > CZR1. The

3048 | RSC Adv, 2023, 13, 3039-3055

catalyst with a Cu/Zn ratio of 1.5 had a promotional effect on the
catalyst's performance, which increased CO, conversion while
maintaining a high CO yield. However, a minor amount of H,O
was produced, while no CH, was detected. Due to the active Cu
sites, CO and H,0 are produced. CO, oxidizes Cu’ to be C* and
CO, while H, reduces Cu" to Cu® and produces H,0.”®

The results shown in Fig. 10 displayed that increasing the
Cu/Zn ratio from 0.5 to 1.5 improved CO, conversion and CO
yield up to 40.67 and 39.91%. Adding metallic Cu to the cata-
lysts speeds up the reaction by increasing the number of active
sites at the Cu/ZnO/RSBE catalytic interface, which has been
hypothesized as the reaction's active species. As the Cu/Zn ratio
increased over 1.5, the catalytic activity declined, decreasing

© 2023 The Author(s). Published by the Royal Society of Chemistry
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CO,, conversion and CO yield to 33.24 and 28.21%. It might
cause by the formation of larger Cu crystallites and less
dispersed particles of the catalysts. Moreover, Zn presented in
the catalyst is thought to influence CO, conversion and CO
yield. The ideal Cu/ZnO interface on the RSBE catalyst support
for CO, activation appears to be provided by an “activated ZnO”
with an optimum Cu/Zn ratio.> The elemental ratios of Cu/Zn
are correlated with the appearance of activation energy and
activity trends.

In stark contrast, compared to other catalysts, CZR1 and
CZR2 had poorer CO, conversion. As a result, CZR1 and CZR2
reduce the CO yield more than the other three catalysts. Inter-
estingly, CZR1 and CZR2 performed less well than other cata-
lysts, despite producing smaller copper crystallites and highly
dispersed particles. The discrepancy shows that copper crys-
tallite size and particle dispersion in the catalyst are not the only
factors affecting the performance of Cu/ZnO/RSBE catalysts.
Furthermore, CZR1 and CZR2 presented the weakest interac-
tions between CuO and ZnO in catalysts shown by TPR-H,
analysis. It has been postulated that the stronger metal support
interactions in the catalyst could create unique electronic
features at the interface to facilitate the CO2 transformation in
RWGS reaction to produce CO and thereby benefit the reac-
tion.** Additionally, a catalyst with a higher surface area
increases the likelihood of collision between the reactants in
contact with the surface of the catalyst, which enhances the
RWGS reaction. However, CZR4 and CZR5 catalysts with higher
surface areas and stronger metal support interactions do not
perform as the most promising catalysts in CO, conversion and
COyield because they have larger Cu crystalline sizes and lower
dispersion. Besides, the more significant pyridine adsorption
sites shown at CZR4 and CZR5 would inhibit the CO, from
being adsorbed or activated.

It also supports the existence of other characteristics that
might influence the activity of the catalysts. In this regard, it is
possible to note that the basicity of the catalysts also impacted
their ability to perform. The RWGS reaction depends heavily on
the surface basic sites. The higher basicity of the catalyst has
been hypothesized to be advantageous for the adsorption or
activation of the acidic gas CO,, and further hydrogenation to
CO. TPD-CO, analysis reveals that CZR3 exhibited the highest
basicity among all the catalysts. Despite having a smaller
surface area (66.76 m* g~ '), the CZR3 catalyst demonstrated the
largest amount of CO, conversion, and CO yield among the
catalysts studied. In addition, the XRD analysis shows that the
CZR3 catalyst exhibited a small copper crystallite size (27.10
nm) and high metal dispersion (3.73%). It is high because the
small Cu particles enhance catalytic performance by increasing
the exposed surface area of the catalyst's active sites.

The joint presence of these properties may have caused the
activity enhancement for the CZR3 catalyst. The inference is
reasonable to explain CZR1 catalyst performed the least well of
any of the catalysts, given that it had a limited surface area
(59.56 m*> ¢ ') and weak interactions between metal oxide and
support. Although the CZR5 catalyst had the strongest metal
oxide support interaction, its activity may have been hindered
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by the large copper crystallite size in the catalyst (30.44 nm),
which caused it to perform only moderately in the process.

A moderate Cu/Zn ratio of 1.5 in Cu/ZnO/RSBE catalyst can
improve the ability of the catalyst surface to bind H, molecular
and dissociated H species, resulting in enhanced CO produc-
tion from the RWGS reaction. It is demonstrated that the
physicochemical characteristics of catalysts were proven to
impact the RWGS reaction. In contrast, selecting a catalyst's
appropriate Cu/Zn ratio was more important. Recent investi-
gations suggested that the surface basicity of the catalyst is
crucial for catalytic selectivity.*****”® Due to the intense
competition with CO, methanation, which uses significantly
more hydrogen and limits syngas generation, the product yield
is vital to regulate this reaction and enhance conversion. In this
regard, all the catalysts maintain only CO produce at 200 °C
with no methane form.

The CO, conversion improves with increasing temperature,
as anticipated by thermodynamic equilibrium and previously
documented. However, this study proves that Cu/ZnO-based
catalyst supported on RSBE can be worked at low tempera-
tures with no methane and methanol form as the by-product.
The products were CO and H,O, with no methane detected in
the study of Jurkovi¢ et al. (2017), as expected for Cu-based
catalysts.®® In addition, the high surface area of RSBE was
proved to act as promising support in the Cu/ZnO-based catalyst
system with higher content of SiO,, which is supported by the
XRD analysis.

3.3. Optimizing process parameters to improve CO,
conversion in the slurry concept

The CZR3 catalyst, which demonstrated the highest CO,
conversion and CO production, was chosen for further investi-
gation to determine the relationship between the different
operating parameters on the catalytic performance of the RWGS
reaction. The following experiment aimed to enhance further
CO, conversion in the slurry reaction system, which uses light
mineral oil as the carrier liquid. The effect of the reaction
temperature (180-280 °C), pressure (1-5 MPa), reaction time (1-
6 h), and catalyst weight (0.25-1.5 g) with an H,: CO, molar
ratio of 3 was explicitly investigated for the RWGS reaction. It
can be seen that the products are mainly CO followed by
a minor amount of by-product, H,O. If the water is removed
from the end products, the CO, would have been completely
reduced to CO, indicating that Cu/ZnO/RSBE catalyst is
a promising RWGS catalyst under the present study.

3.3.1. Effect of temperature on improving CO, conversion.
The reaction temperature significantly influences the CO,
conversion to CO due to the complexity of the reaction scheme.
Fig. 11 illustrates the effect of the reaction temperature (T =
180-280 °C) on the catalytic performance of the CZR3 catalyst at
pressure = 3 MPa, reaction time = 4 h, and catalyst weight =
1.0 g.

The positive influence of increasing temperature on CO,
conversion can be seen in Fig. 11. CZR3 catalyst demonstrated
lower CO, conversion of 35.73% with a lower CO yield of 33.49%
at a low temperature of 180 °C. At 280 °C, the CO, conversion
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and CO yield reached 48.12% and 47.41%, respectively. It is
clear that when the reaction temperature (180-280 °C)
increased, CO, conversion and CO yield also increased. The
findings concluded that the CO, conversion of the RWGS
reaction increases with increasing temperature, which is
consistent with earlier research.>®?7*%%%% Given that RWGS is an
endothermic process, it makes sense that CO, conversion
increases both kinetically and thermodynamically with rising
temperatures, as seen in Fig. 11. Higher reaction temperatures
are anticipated to boost CO, conversion to CO because the
kinetic energy of the reactants will be adequate to accelerate the
rate of mass transfer and overcome the diffusion resistance
among the reactant gases (CO, and H,), oil and catalyst. The
H,O yield decreased as the reaction temperature increased,
which can be explained by the endothermic RWGS reaction. By
increasing the reaction temperature, the thermodynamic equi-
librium of the RWGS reaction is shifted to the CO product,
which is higher than the by-product, H,O, resulting in a high
COyyield in the product stream.

The CO, conversion to CO significantly increases from 35.73
to 48.12% with the increase in temperatures. However, the most
significant improvements are at lower temperatures, between
180 and 240 °C. A relatively slight increase was observed in the
CO, conversion and CO yield when the reaction temperature
increased from 240 to 280 °C. This can be concluded that the
oxygen vacancy structure of the catalyst was going to destroy,
and the catalyst was gradually decomposing when the reaction
temperature exceeded the catalyst's decomposition temperature
regarding the catalytic mechanism.** According to the research
of Wei et al., the number of oxygen vacancies and the rate of CO,
dissociation is the key factors limiting the catalytic activity.?" As
a result, at relatively low temperatures, RWGS processes are
more suited for regulating oxygen vacancies. Thus, the findings
suggest that the reaction temperature of 240 °C is the most
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Fig. 12 Effect of reaction temperature on CO, conversion, CO yield
and H,O yield over CZR3 catalyst.

suitable for RWGS reaction using RSBE impregnated with Cu/
ZnO catalyst.

3.3.2. Effect of pressure for improving CO, conversion. The
effect of reaction pressure on the catalytic behaviour of the
CZR3 catalyst was studied. Fig. 12 display variation of CO,
conversion, CO yield and H,O yield with reaction pressure
ranging from 1-5 MPa, respectively, in the catalytic perfor-
mance of the CZR3 catalyst at temperature = 240 °C, reaction
time = 4 h, and catalyst weight = 1.0 g.

CO, conversion and CO yield increase with increasing reac-
tion pressure, as shown in Fig. 12. The increased CO, conver-
sion with pressure, which seems to disagree with the chemical
equilibrium theory (pressure does not affect CO, conversion),
can be interpreted by the following aspect. It is well known that
gas absorption into the solvent is, within a specific range,
proportional to the partial pressure of the gas. The concentra-
tion in the solvent increased as the gas pressure increased. So,
the CO, conversion naturally increases when the reactant
concentration also increases. Furthermore, certain catalysts
have more challenging sites than others, such as those with
small pores.*® Thus, higher pressure would facilitate the pene-
tration of the gas-phase molecules to these sites.

From thermodynamics, high pressure benefits methane and
alcohol production from CO, hydrogenation. According to the
RWGS study by Liu et al. (2017) as well as Li et al. (2013) over
CuZnGaMO (M = Al, Zr) and Cu-Zn/K catalysts, product selec-
tivity was strongly influenced by reaction pressure. The meth-
anol yield and minor amount of CH, were observed in the high-
pressure condition, which is in agreement with the methana-
tion and methanol synthesis favour at higher reaction pressures
due to the decrease in the number of gas moles.**** However, no
methane and alcohol are produced from the RWGS reaction in
the present study. It can be seen that both CO, conversion and
CO yield increased as the reaction pressure increased. Gener-
ally, the maximum CO, conversion of 46.78% was observed at
a pressure of 5 MPa, but the most significant improvements are
seen up to 3 MPa. The CO, conversion did not significantly

© 2023 The Author(s). Published by the Royal Society of Chemistry
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increase as the pressure was increased from 3 to 5 MPa. This
might be attributed to the fact that the catalyst's surface is
covered to a different extent at higher pressure conditions. This
may eventually mean that variables such as the mean free path
of surface diffusion may start to affect the reaction’s kinetics.*
Additionally, the pressure should have little to no impact on the
reaction rate until a surface is virtually completely covered by
the species.**®* From 3 MPa, the CZR3 catalyst demonstrates
only <1% of performance in terms of CO, conversion and CO
yield. As a result, the RWGS reaction using RSBE impregnated
with Cu/ZnO catalyst was restricted to a maximum reaction
pressure of 3 MPa.

3.3.3. Effect of reaction time for improving CO, conver-
sion. Fig. 13 describes the effect of reaction time on CO,
conversion, CO yield, and H,O yield. The experiment was con-
ducted by varying the residence time from 1 to 6 h at T'= 240 °C,
P = 3 MPa and catalyst loading = 1.0 g.

The results showed that when reaction time increased from 1
to 5 h, the CO, conversion and CO yield also increased. As
aresult, it can be seen that at a lower reaction time of 1 and 2 h,
the CZR3 catalyst showed lower CO, conversion of 10.82 and
11.98% with lower CO yield of 10.51 and 11.61%. Subsequently,
the CO, conversion and CO yield were 35.26% and 34.40% at
a residence time of 3 h, and from 4 h to 5 h, the CO, conversion
and CO yield increased slightly from 43.78 and 42.84% to 47.62
and 46.67%. Further increases in reaction time did not signif-
icantly increase CO, conversion and CO yield. The difficulty in
mixing and dispersing the reactant onto the catalyst surface
causes the RWGS reaction to occur slowly in the initial stages
since the catalyst is immersed in the light mineral oil, forming
a slurry phase reaction. At a reaction time of 5 h, the CO,
conversion and CO yield reached a maximum value of 47.62%
and 46.67%. Therefore, the reactant can cross the energy barrier
in 5 h to convert the CO, to CO. As expected, when it is noticed
an increase in the reaction time occurs, the CO, conversion
immediately tends to increase as well, which is demonstrated in
Fig. 13.
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Fig. 13 Effect of reaction pressure on CO, conversion, CO yield and
H,0 yield over CZR3 catalyst.
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3.3.4. Effect of catalyst loading for improving CO, conver-
sion. Catalyst loading is essential in RWGS reaction to obtain
optimum catalytic performance regarding CO, conversion and
CO yield. In this study, the catalytic activities of the CZR3
catalyst were investigated with catalyst loading varying from
0.25to 1.5 g at T = 240 °C, P = 3 MPa, and reaction time =5 h,
and the results were presented in Fig. 14.

According to Fig. 14, increasing the catalyst loading from
0.25 to 1.25 g caused the CO, conversion and CO yield to
increase from 15.92 and 15.64% to 48.76 and 45.14%, respec-
tively. Increasing the amount of catalyst, the sufficient number
of active sites present for the RWGS reaction in the slurry system
causes the CO, conversion and COyield to increase. The catalyst
loading from 1.25 g to 1.5 g deteriorated CO, conversion and CO
yield with decreases from 48.76 to 47.56% and 45.14 to 43.80%.
An excessive amount of catalytic sites is expected to increase the
reaction mixture's viscosity and cause poor diffusion of the
reaction mixture, which decreases CO, conversion and COyield.
Hence, the rate becomes insensitive to further increases in
catalyst loading. Additionally, higher catalyst loading may result
in CO, absorption on the unused catalyst's surface, lowering
CO, conversion and CO production. Even though by exceeding
1.0 g of catalyst loading, the CZR3 catalyst demonstrates almost
the same CO, conversion and CO yield performance. Based on
this result, the catalyst loading was limited to 1.0 g and was
selected as the optimum catalyst loading for the RWGS reaction
using RSBE impregnated with Cu/ZnO catalyst.

3.4. Recycling studies

CZR3 catalyst and the light mineral oil were recycled in five
consecutive batch mode reactions at optimized temperature,
pressure, reaction time and catalyst weight (240 °C, 3 MPa, 5 h
and 1.25 g) to test the stability of the slurry CO generation
system. The achieved CO, conversion, and CO yield for five
consecutive runs are displayed in Fig. 15 to enable a techno-
logical evaluation of the slurry concept. The catalyst showed
good stability throughout the process without significant CO,
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Fig. 16 Catalyst stability test by recycling catalyst in batch mode
experiments. CZR3 catalyst and light mineral oil were used five times
under similar reaction conditions: temperature = 240 °C; pressure =
3 MPa; residence time = 5 h; catalyst weight = 1.25 g; H,/CO, = 3.

conversion and CO yield loss. After 25 hours on stream, the
result displayed in Fig. 15 demonstrates that CO, conversion
and CO yield hold steady at around 47.32% and 46.64% for five
successive cycles. Therefore, no significant decrease in CO,
conversion and CO yield after recycling was observed. The
outcome shows that this enhanced catalyst can continuously
operate while providing a good activity/stability compromise. In
terms of this aspect, the CZR3 catalyst may be one promising
candidate for industrial application. Hence, reaction perfor-
mance was unaffected in recycling tests with a 25 h total reac-
tion duration (Fig. 16).

4. Conclusions

This research produced a series of highly active Cu/ZnO-based
catalysts supported on the RSBE (CZR1, CZR2, CZR3, CZR4,
and CZR5) for the RWGS reaction. All of the samples are active,
with a strong preference for CO. Among the catalysts in the
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present study, the CZR3 catalyst with a Cu/Zn ratio of 1.5 was
the most promising catalyst. At operating conditions of 200 °C,
3 MPa, catalyst loading of 1.0 g, and reaction time of 4 h, CZR3
presented a maximum CO yield of 39.91%. The CO, conversion
and CO selectivity attained by CZR3 were 40.67% and 98.13%,
respectively. The outstanding performance of CZR3 is strongly
correlated with the coexistence of high surface basicity, which
makes it simpler to adsorb/activate the acidic gas CO,, resulting
in higher CO, conversion and CO production.

On the other hand, the conversion of CO, strongly depends
on the reaction temperature, pressure, reaction time, and
catalyst loading. The RWGS reaction carried out at 240 °C,
3 MPa, 5 h with 1.25 g catalyst loading over CZR3 catalyst
enhances the catalytic performance by achieving 48.76% CO,
conversion and approaches 45.14% CO yield. Also, it has been
demonstrated that the CZR3 catalyst can be recycled success-
fully for five consecutive runs without a discernible drop in CO,
conversion and CO yields. Indeed, the Cu/ZnO catalyst sup-
ported on RSBE is a selective catalyst for RWGS reaction and
facilitates CO, adsorption on the catalyst surface at lower
temperatures with less demand of conversion unit, which
suppresses the generation of the low value-added side-product
such as methane. In conclusion, the studies that have been
presented show promise for the RWGS reaction in slurry reac-
tors using Cu/ZnO/RSBE catalysts. Overall, the significant CO,
conversion for CO production achieved with the innovative Cu/
ZnO/RSBE catalysts points to the effective design of our engi-
neered catalytic materials and suggests that it is suitable for
practical applications in gas-phase chemical CO, recycling.
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