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ARTICLE INFO ABSTRACT

Editor: Zacharias Frontistis In this work, sequential incipient wetness impregnation method was used to synthesize Cu/Al;03, Cu/NayO/

Al;03 and Cu/Ca0/Al,03 catalysts in different compositions for CO conversion to value-added products. Syn-

Keywords: thesized catalysts were characterized using various analytical techniques and their performances for CO, cata-
Catalyst lytic conversion were tested in a high-pressure packed bed reactor under reaction conditions of P = 60 bars, T =
i;’f:r’l‘:;a 300 °C, and Hy/CO5 = 3. The obtained results revealed that the type of adsorbent had a significant impact on CO»
Adsorbent conversion, with CaO-containing catalyst being more efficient for methanol selectivity. Increased Cu content
CO, conversion from 10 wt% to 30 wt% with fixed CaO content of 10 wt% resulted in a small increase in CO, conversion where
Methanol the highest CO5 conversion of 16.44% and the highest methanol selectivity (17.75%) were obtained for catalyst

containing 20 wt% of copper. The best performing catalyst was further promoted using 0.5 wt% Rh promoter
which improved both methanol selectivity and space time yield to 23.2% and 0.08 gyeongeaih }, respectively.
The comparative high performance of the Rh-promoted catalyst was attributed to smaller metal oxide particle
size with uniform dispersion, presence of effective hydrogen spill over, moderate basic sites, surface defects and

presence of induced copper species.

1. Introduction

The surge in energy demand over recent decades, driven by rapid
population growth and economic expansion, has become a prominent
global challenge. This heightened demand, largely met by fossil fuels,
poses significant environmental concerns on a global scale. The pre-
dominant issue stems from the associated emissions of greenhouse gases
(GHGS), contributing to phenomena such as global warming and climate
change. Fossil fuel combustion is a major contributor to GHGs, with
carbon dioxide (CO3) experiencing the most substantial annual increase,
reaching approximately 2.4 ppm/year. This escalating trend paints a
concerning picture of rising CO, concentrations in the Earth’s atmo-
sphere [1] as it is expected that the CO; level will surpass a catastrophic
concentration limit of 570 ppm by the end of 21st century if no proper
CO4 abatement policies are implemented [2]. CO4 emissions are thought
to be the main reason for the associated rising temperature of the earth’s
average surface expected to lay between 1.4 and 5.8 °C in 2100 [3],
accelerating climate change phenomena that causes long-lasting

consequences and ecological imbalance [4,5]. Hence, developing new
technologies to reduce carbon emissions is very crucial towards CO,
mitigation.

Several options have been adopted for CO5 mitigations such as car-
bon capture and storage (CCS) that has been employed to reduce CO,
emissions in the atmosphere by injecting capture CO; into geological
sites or dissolving it in deep oceans; however this option has the risk of
increasing ocean acidifications, and with the rise in CO, concentration,
net CO5 uptake eventually will decrease in oceans [2]. Recently, CO»
conversion has been considered as a possible CO, mitigation route
especially at point sources where CO; emissions with high concentration
can be used as carbon source to produce valuable hydrocarbons via
catalytic conversion processes, such as thermal catalysis [6], electro-
catalysis [1,7] and photocatalysis [8]. Recently, dual-functional mate-
rials (have been investigated for integrated carbon capture and
utilization (ICCU). The dual-functional materials have a bi-functionality,
where adsorbent basic sites directly capture CO,, and a catalytic metallic
component converts it to value-added products such as methane,
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methanol...etc. Targeting CO, hydrogenation to methanol using
renewable hydrogen is a promising environmental-friendly pathway to
reduce CO; emissions. Methanol is one of the top five shipped chemicals
worldwide. Methanol is a primary raw material, and valuable chemical
in industry that can be utilized directly as fuel or indirectly as inter-
mediate in the production of other value-added products including
formaldehyde, acetic acid, and biodiesel [9].

Three processes represent the methanol synthesis by CO» hydroge-
nation. The methanol synthesis as per reactions (1) and (3), are
exothermic, and the RWGS described in reaction (2), is the major
competitive reaction in the process of CO, hydrogenation to methanol
[10]:

CO; + 3H, < CH;OH + HOAHS,, = — 49.5kJ/mol (€]

CO, +H, < CO+H,0AH)y = +41.2kJ /mol (2

The CO formed via RWGS is likely to be hydrogenated to methanol as
per reaction (3) [2].

CO + 2H, © CH;0HAH) = —90.6kJ /mol 3)

Solid adsorbents for CO, capture had a great deal of attention from
researchers owing to their characteristics including their wide range of
operating temperatures (25-700 C), easiness to handle and dispose with
less environmental issues. Different adsorbing materials were developed
for CO4y capture including zeolites [11], metal organic frameworks
(MOFs) [3,12], mesoporous materials and activated carbon [13].
Although they showed high affinity towards CO,, their adsorption ca-
pacity is significantly influenced by the elevated temperature [14].
Several characteristics of the sorbent material are required to achieve
quality CO; adsorption performance such as high adsorption capacity,
higher selectivity towards CO; over the gas stream components (e.g.No,
H,), rapid sorption rate, high mechanical strength, chemical/thermal
stability, and low-cost [15]. Long-term exposure of the adsorbent to the
flue gas at high temperature may affect its stability and performance due
to sintering. To resolve this issue, several workers [16,17] mixed the
adsorbent with a carrier material acting as a support material, which
results in a higher surface area and better adsorbent dispersion with
enhanced stability derived from the highly dispersed adsorbent. Metallic
oxide sorbents for CO, are well-documented in the literature and used
for CO, capture owing to the ease of interaction between their high
surface basic sites and the acidic CO, species. Feng et al. screened a
series of metal-oxide sorbents and reported their CO5 uptake capacity
and the energy required for their regeneration [18]. Among the evalu-
ated sorbents, MgO and CaO exhibited the highest capture capacity.
NaO exhibited relatively good performance with a CO, capacity of
0.709 g CO,/g sorbent even at temperatures above 927 ‘C.

Considering that alumina is a weak basic material, introducing Al,O3
as support for alkali-metal oxides like sodium oxide is expected to
display good CO; adsorption capacity even at high temperatures [19].
The CO5 adsorption-desorption over NayO/Al,O3 was investigated by
Keturakis et al. [4,20]. Their study revealed that doping Na;O on Al,O3
decomposed NaO to an ionic form, enabling CO, to be adsorbed on both
Al,Os sites via interaction between CO5 and -OH groups or on NayO sites
where CO, is adsorbed on Na,O sites to form bidentate carbonates.
Doping metal-oxide-based adsorbents including CaO, K30, Nay0, and
MgO into y-Al;03 was investigated by Arellano et al.[21]. The highest
CO4 adsorption was reported for NasO- AloO3 (650 mmol/kg-cat) and
CaO- Al;03 (681.5 mmol COy/kg-cat). However, the use of NayO is
limited by its high regeneration energy. at the opposite of CaO-based
adsorbent that proved to be much more cost effective than the con-
ventional amine scrubbing technologies for COy capture with a costs
around 16-44 $/ton CO, against a cost in the range of 32-80 $/ ton CO,
for amine based scrubbing technology [22]. Even though CaO has
distinctive features that make it one of the most utilized adsorbents, it
has some limitations, such as excessive sintering. To reduce this
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phenomenon, several strategies have been attempted to improve its
stability and reusability including the dispersion of CaO on an inert
carrier (e.g. y-Al;03). Belova et al. proved that dispersing CaO on
v-Al;03 increases the surface area of CaO particles, thus improving the
CaO sorption capabilities and reducing the sintering effect [23].
Furthermore, it was demonstrated that CaO/y-Al;O3 acts as an excellent
reversible adsorbent at temperatures falling in the range of 300-650 C,
which is high enough to perform and proceed with CO- catalytic reac-
tion [24]. Moreover, CaO/y-AlyO3 can be easily synthesized via the
common preparation techniques used in the catalyst industry.

Active metals such as Cu, Pd, Ni, and others, impregnated over
different supports have been investigated for CO2 conversion over the
last decades. Cu-based catalysts represent the majority of employed
catalysts due to their good performances such as high CO;, conversion,
high methanol yield, and high selectivity. Although the active site na-
ture and valence of copper are still debatable, it is well-known that
copper serves as an active catalyst either in its Cu® or Cu™ nature. In CO,
conversion reactions to methanol over a Cu based catalyst, there are two
main reactions that take place over the Cu surface. In the first one,
carbon dioxide is coordinated, chemisorbed, and activated, while the
second one refers to hydrogen homogeneous splitting [25]. Moreover, it
was pointed out that the material activity and CO5 hydrogenation are
directly proportional to the metallic Cu surface area. Generally, there is
an agreement that the core function of copper is to offer an active site,
where H, dissociation takes place [26]. Promoted catalysts for methanol
synthesis still remain in their investigation stage and need in-depth in-
vestigations related to the cost and STY before being applied at indus-
trial level. Different concepts have been put forward to facilitate and
enhance the thermo-catalytic activity of the catalyst, one of which is
introducing a second metal or noble metal into copper. Several re-
searchers have demonstrated that this approach would modify the
electron structure and enhances the activity of methanol synthesis cat-
alysts [27]. Nevertheless, promoting Cu-based catalyst by introducing a
noble metal eventually results in a convenient adjustment in the elec-
tronic property of the catalyst [28]. Several precious metal-based pro-
moters have been reported to increase the production of methanol from
the hydrogenation of carbon dioxide [5-9]. Among them, catalysts
based on rhodium that have received a lot of attention recently because
of their wide range of applications in hydrogenation processes with CO5
as the reactant. The utilization of Rh-based materials for heterogeneous
and homogeneous catalysts in a number of catalytic applications has
been the subject of numerous articles [10-13]. For instance, Rh was
shown to improve hydrogen spillover and dispersion, which in turn led
to an increase in methanol production and selectivity when incorporated
into InyOs-based catalysts [14]. It has been proposed that the incorpo-
ration of Rh in the catalyst composition promotes hydrogen spill over by
facilitating in the dissociative adsorption of hydrogen molecules.
Moreover, employing Rh as a catalyst or promoter accelerates the
adsorption of reaction intermediates during the CO5 hydrogenation step
of the methanol synthesis process, enhancing the yield of methanol [15].

In the present work, we aimed at synthesizing a novel and highly
active Cu-based catalyst for CO, hydrogenation to methanol and other
value-added products. copper was chosen as catalytic active component
that facilitates hydrogen adsorption and spill over, whereas, CaO and
Nay0 were selected as effective adsorbents dispersed over Al,O3 sup-
port. The performances of the novel catalysts were compared to bare Cu/
Al;O3 catalyst to explore the effect of adsorbent addition on the CO;
conversion reaction. The effects of incorporation of Rh in the best per-
forming catalyst as a promoter was further investigated in this work.

2. Experimental
2.1. Chemicals

Chemicals used in this work were alumina (y-Al;03 PURLOX TH100/
150) obtained free of charge from SASOL, USA. Sodium carbonate
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(NayCOs, 99% purity) was purchased from Fluka chemical, Germany.
Aqueous precursor solutions of calcium nitrate tetrahydrate, (Ca
(NO3)2.4 Hy0, 99w%) was purchased form BDH, UK, while copper ni-
trate trihydrate (Cu(NO3)2.3 H20, 99%) was purchased from Research
Lab Fine Chem industries, India. Rhodium (III) nitrate, ((RhNO3)s,
36%), was purchased from Alfa Aesar, USA. All chemicals used in this
study were used as received without further purification. Deionized
water was used throughout the experiments.

2.2. Catalyst synthesis

All catalysts were synthesized via the sequential incipient wetness
impregnation method [29]. Initially, Copper loading of 30 wt% was
impregnated on y-Al;O3 support. Various loading of the adsorbents, i.e,
5 wt%CaO, 10 wt%CaO, and 10 wt%NayO were impregnated on the
carrier y-AlpOs3. For this purpose, required amount of alumna was
degassed overnight in vacuum at 120 C. The required amounts of the
adsorbents (Ca(NO3)».3 Hy0) or (Nay;CO3) were dissolved in deionized
water based on the pore volume of alumina and added dropwise to the
degassed alumina with continuous stirring. The resultant slurry was
dried at 140°C for 12 hours followed by calcination in a muffle furnace
at 500°C for two hours at a heating rate of 5 'C/min. A schematic rep-
resentation of the synthesis procedure is given in Fig. 1. Copper (Cu)
based catalysts with different compositions were synthesized using
copper nitrate hexahydrate (Cu (NO3)2.6 Hy0) as precursor. Aqueous
solution of (Cu(NO3)>6 H20) was added dropwise with constant stirring
on the adsorbent NayO/Al;03 or CaO/Al;O3 powders. The obtained
Cu-based materials were then air-dried at 140°C overnight and further
calcined in air at 500°C for 2 h hrs. The best performing catalyst was
chosen and promoted with 0.5% rhodium using Rhodium(IIl) nitrate,
((RhNO3)3 36%), as precursor. The same synthesis procedure was used
for the promoted catalyst. A summary of synthesized materials is given
in Table 1

2.3. Catalysts characterization

Freshly prepared catalysts were characterized using several bulk and
surface sensitive analytical techniques such as BET surface area by Ny
adsorption-desorption measurements, X-ray diffraction (XRD), high-
resolution electron microscope (HR-TEM), X-ray photoelectron spec-
troscopy (XPS) and hydrogen temperature programmed reduction (Ha-
TPR). BET analysis was used to determine the catalyst pore volume, pore
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Table 1
The abbreviation of the prepared catalysts and their corresponding
compositions.

No. Prepared Abbreviation Composition, weight %
catalysts
Ca0 Na,O Cu Rh
1 30%Cu/Al,03 30Cu 0 0 30
0
2 10%Cul0%Naz0/ 10CulONazO0 0 10 10
Al,O; 0
3 10%Cul0%CaO/ 10Cu10Ca0O 10 0 10
Al,03 0
4 20%Cul0%Ca0O/ 20Cul10Ca0O 10 0 20
Al,03 0
5  30%Cul0%CaO/ 30Cul0CaO 10 0 30
AlLO; 0
6  20%Cu5%CaO/ 20Cu5Ca0 5 0 20
Al,03 0
7 0.5%Rh20%Cu5% 0.5Rh20Cu5Ca0 5 0 20
Ca0/Al;04 0.5

size, and the total surface area. The analysis was carried out in a
Micromeritics Tristar II series apparatus. In this experiment, the sample
was degassed at 90°C for 1 hour, then the temperature was raised to
350°C for 4 hours under flowing high purity nitrogen. Brunauer-
Emmett-Teller model was used to measure specific surface area (mz/g)
of the materials whereas pore volume, pore diameter and pore size
distribution were measured using Barrett-Joyner-Halenda model. The
structure of the bulk crystalline phase of the catalysts was evaluated by
analyzing XRD patterns obtained using a desktop X-ray diffractometer
(Rigaku MiniFlex-600°) instrument. The apparatus was equipped with
Cu Ka radiation source at 30 kV and 15 mA. Data were collected at a
scanning angle (20) from ~5° to 80° with a scanning speed of 4/min.
HR-TEM (TECNAI G2 TEM, TF20) was utilized to corroborate the
morphology and particle size of the samples. Samples were prepared by
sonicating few mg of the catalyst powder in n-propane and transferring a
drop onto a 200-mesh copper grid. The surface chemical compositions of
the catalysts were determined by XPS analysis using AXIS Ultra DLD,
Kratos spectrophotometer. Prior to the analysis, the samples surfaces
were cleaned using Ar ion gun under an applied voltage of 4 kV. The H»-
TPR technique using Chemi-Sorb2750 (Micromeritics) was employed to
investigate the reduction behaviour of dispersed supported metal oxides
samples. 100 mg of the catalyst sample was placed between two layers
of quartz wool in a U-shape quartz tube and degassed at 200 °C for

1 3

DW Solution A

Wet Sample

a9

Ca(NO;,),.3H,0 Al 0,

A A

Solution C \

Calcined
CaO/Al,0O,

Cu(NO,),.3H,0

Wet Sample

'g/l
| D | — —— ;]—q_;_.i\_. L

L. Calcined
Dry Calcination EOINLG
(140°C, 12 hrs  (500°C, 2 hrs)  C2O/ALOs

Dry Calcination Calcined
(140°C, 12 hrs) (500 °C, 2 hrs) Cu/CaO/Al, 0Oy

Fig. 1. Synthesis procedure of the catalysts.
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1 hour under argon flow of 20 ml/min. The temperature was raised to
200 °C at a heating rate of 10 °C/min. The apparatus was then cooled
down to 40 °C and the flowing gas switched to a mixture of 5%H,/Ar at
a flow rate of 25 cm®/min. The temperature was then ramped from 40 °C
to 800 °C at a heating rate of 10 °C/min. A TCD connected to the tail gas
was utilized to determine the amount of consumed hydrogen in the
passing gas mixture. The Ho-TPD technique was employed to investigate
the reduction behavior of the samples using ChemiSorb2750 (Micro-
meritics). In this procedure around 100 mg of the sample was loaded
into the U-shaped quartz tube by sandwiching it between two layers of
quartz wool. Temperature was then ramp from room temperature to
350 °C at a ramp rate of 2 °C/min in the presence of 30 SCCM of 5%Hz/
Ar then it was kept for one hour. This was followed by cooling down to
room temperature and removal of access hydrogen by flushing it with
pure Ar for twenty minutes. The Hy-TPD was then recorded by ramping
the temperature to 600 °C at a ramp rate of 2 °C/min in the presence of
30SCCM of pure argon. For the CO5-TPD characterization test, around
0.2 g catalyst placed into U shape quartz tube and heated up to 300°C in
30 SCCM of 5%H;/Ar with a dwell time of one hour. The system was
cooled down to 50 °C followed by exposure to COs stream 30 ml min~!
for 1 h, later the system was purged for 30 min with Ar to flush the
excess CO». The desorption of chemisorbed CO, was achieved by heating
up to 800°C at 10°C min~* under flow of 30 ml min " of Ar.

2.4. Reactor performance tests

Performance evaluation of CO, catalytic hydrogenation was per-
formed in a high-pressure lab-scale test unit (PID, Micrometrics) fitted
with a hastelloy fixed bed having an internal diameter of 9.3 mm. The
reactor tube was placed and heated externally with a three-zone electric
furnace, a thermocouple was installed inside the reactor to monitor and
control the temperature. High-accuracy mass flow controllers were used
to control the gas flow rates. A schematic diagram of the experimental
setup is illustrated in Fig. 2. For each test, typically, 500 mg of powdered
catalyst was loaded in the middle of the reactor tube sandwiched be-
tween two layers of quartz wool. The catalyst pre-reduction was done
under pure H, flowing at a rate of 20 ml.min ' and a temperature of 450
'C with a heating rate of 5 C min~" for two hours. The activated sample
was then purged with a flow of 20 ml. min~! pure N, for five minutes. To
start the CO, conversion reaction, the reactor temperature was brought
down to 300 'C and the feed gas consisting of a mixture of CO and Hy
with ratio of 3:1 flowing at a rate of 60 ml min~! was first introduced,
followed by increasing the total reactor pressure to 60 bars. Analysis of
gaseous products was performed online with a gas chromatograph
equipped with a thermal conductivity detector (GC-TCD), whereas the

[Hokmonitor ]
@ele
AAANAAAANNA
ww g'e

S GC-TCD
liquid
tap
O3
= (550)

GC-FID

Fig. 2. Schematic diagram of the experimental set-up.
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liquid products collected in a trap (5 'C) were analyzed offline by gas
chromatography (GC Agilent 7890) equipped with a flame ionization
detector (GC-FID).

The CO; hydrogenation conversion over the synthesized catalysts
was calculated using Eq. 4:

fco2 (11’1) — fco2 (Ollt)

CO,conversion(%) = { oo, (in) } x 100 4)
co,

Where f is the flow rate of gas. The selectivity of the products (methanol,
CO, and CH4) were calculated using Eqs. 5-7, respectively:

nCH;OH
CH3 OHseleclivily(%) = {Wproduct

} x 100 )

nCO
COgelectivity (%) = |—7—— 100 6
ey (%) {nTotal product} . ©)

nCH,
CH4se]ectivity(%) = { -

—— | x 100 7
nTotal product} X )

Where n is the number of moles of the component. The methanol and CO
yield in gp gzt h™! were calculated using Eqs. 8 and 9, respectively:

¢CH;0OH
HyOHyjg = |—— o
CH3OHyiea {wt of catalyst(g) x h ®)
gCO
Oy = |—— 52 9
vield {wt of catalyst(g) x h} ©)

3. Results and discussion
3.1. Material characterization

3.1.1. Catalysts morphology

The morphology and structure of synthesized catalysts were
analyzed using HR-TEM as shown in Fig. 3. TEM images were analyzed
using ImageJ software to estimate the metal oxide particle size distri-
bution and the average particle size. Fig. 3 shows representative HRTEM
images, whereas Figure S1 in the supplementary data shows additional
TEM images with particle size distribution histograms. The BET
isotherm for nitrogen adsorption-desorption obtained with the synthe-
sized materials are presented in Figure S2. Fig. 3(a) and (b) display the
results of 10CulONa0 and 10Cul0CaO catalysts that contain 10 wt%
copper each, and 10 wt% of NayO or CaO adsorbent supported on
alumina respectively. Both samples exhibit spherical shaped particles
but with different distributions and particle sizes. The particle size of the
10CulONayO was relatively higher with an average particle size of
9.35 nm whereas the 10Cul0CaO particle size was smaller with an
average size of 8.1 nm. A Summary of obtained results is given in
Table 2.

The effect of increased copper oxide loading on the catalyst’s
morphology was investigated using materials containing 10 wt% CaO
and varying metal percentages as shown in Figs. (3b), (3c) and (3d).
TEM images of the three different samples showed porous spherical
shapes for the three catalysts with a slight increase in the metal oxide
particle sizes from 8 nm to 9.23 nm with increased CuO loading from
10 wt% to 20 wt% respectively. However, with further increase in
copper oxide loading to 30 wt% in 30Cul0CaO catalyst, a slight
decrease in the average particle size to 8.35 nm was observed. It is worth
noticing that for the catalyst with increased copper oxide loading Cu
metal loading catalyst, a few big particles with a size of 23.5 nm were
observed. These particles are most likely the result of nanoparticles
agglomeration. At the opposite of other samples, 20Cu5CaO catalyst
containing 20 wt% copper oxide (Fig. 3e) clearly shows that the
adsorbent is more observable in the sample containing a larger pro-
portion of CaO (Fig. 1c). The TEM image of the 20Cu5CaO exhibited
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Fig. 3. TEM images of (a) 10CulONa,O, (b)10Cul0CaO, (c) 20Cul0Ca0, (d) 30Cul0CaO, (e) 20Cu5Ca0 and (f) 0.5Rh20Cu5CaO.

Table 2
Physical properties of the catalysts and base materials along with their assigned
terminology.

No. Samples Sger (m2/g) Vpore (cm®/g) d¢, TEM, (nm)

1 v-Al;03 150 0.60

2 5Ca0/y-Al;03 155 0.70

3 10Ca0/y-Al;03 142 0.60

4 30Cu 101 0.60 -

5 10CulONa0O 9.3
6 10Cul0CaO 126 0.80 8.1
7 20Cul0Ca0O 108 0.70 9.2
8 30Cul0Ca0O 90 0.60 8.3
9 20Cu5Ca0 107 0.71 7.3
10 0.5Rh20Cu5Ca0 107 0.71 7.3

metal oxide particles with a smaller average size of about 7.35 nm.
Fig. 3f, shows the corresponding metal oxide particle size distribution of
Rh-promoted catalyst. The sample exhibited randomly distributed
spherical particles with an average size of 7.3 nm. The 20Cu5CaO
catalyst was stable after incorporating Rh, as shown by the small dif-
ference in average metal oxide particle size before and after promotion
(Table 2).

3.1.2. Textural properties of the catalysts

XRD technique was employed to investigate the textural character-
istics of the synthesized materials in terms of crystallinity and the ex-
istence of different phases. XRD patterns in Fig. 4 shows that alumina
(pattern a) had distinct peaks at 2-theta values of 37.5°, 45.7°, and 66.7°
with d-spacings of 0.239°, 0.197°, and 0.140°, respectively [30]. Addi-
tionally, several small y-Al,O3 diffraction peaks can be observed at
31.7°,39.2, and 60.6  attributed to the (220), (222), and (511) reflec-
tion of y-AlyOs, respectively [31]. The phase crystallinity and the
structural analysis of Cu-containing catalysts represented in Fig. 4
(patterns b-h) exhibited additional peaks corresponding to CuO at 26 of
32.2°, 35.2°, 38.8°, 48.7°, 53.9°, 58.7°, 61.7°, 66.2, 72.4°, and 75°

which were in line with the results reported by Suresh et al. [32]. The
highest crystallinity of CuO was recorded for 30Cu and 30Cul0CaO
catalysts with no remarkable difference in peak intensity of CuO peaks
since both materials have similar Cu content. 20Cul0CaO has a
comparatively higher intensity peak with respect to samples containing
10% Cu impregnated on Al,Os3. the diffractograms revealed that CuO
intensity decreased sharply for the samples with the lowest copper
loading shown in Fig. 4, (pattern c, d) regardless of the used adsorbent.
This can be attributed to the interaction between the metal and the
adsorbent in the material surface. The XRD pattern obtained for fresh
Rh-promoted catalyst shown in Fig. 4 (pattern h) did not reveal the
presence of Rh or Rh oxides, suggesting that the content of Rh species is
below the detection limits of XRD apparatus. In all cases, incorporation
of the adsorbing material in the catalyst composition did not reveal
additional crystalline peaks indicating the presence of highly dispersed
Na0 and CaO. These findings are in line with other research that have
been published [33,34].

The Ny-adsorption-desorption technique was utilized to estimate
surface areas, pores volumes and pores diameters of the synthesized
catalysts. All catalysts had type IVa Ny physisorption isotherms, indi-
cating mesoporous structure of the materials with pore diameters
greater than 4 nm. As summarized in Table 2, the addition of 5 wt% CaO
to bare Aly,O3 increased the Spgr surface area, indicating excellent
dispersion of CaO adsorbent. However, the addition of 10 wt%CaO led
to a decrease in alumina SBET from 150 m?/g to 142 m?/g, most likely
as a result of alumina pores blocking. The Sggr of the 10Cul0CaO,
20Cu10Ca0 and 30Cul0CaO catalysts were 126 m%/g, 108 m?/g and
90 m?/g, respectively. As expected, catalysts with the lower content of
copper had higher surface area and pore volume compared to those with
higher copper content, which indicated that they are likely to have
better catalytic performances. The pore volumes of the catalyst were
lower than those of the substrate materials could be attributed to the
deposition of copper metal onto the surface of the materials rather than
in its pores, maintaining more vacancies for CO, adsorption.
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3.1.3. X-ray photoelectron spectroscopic (XPS) of catalysts

The surface composition of copper species laying on the surface of
the catalyst was investigated by XPS and the results are summarized in
Table 3. Species analyses shown in Fig. 5 reveal that all synthesized
catalysts displayed three Cu2ps/, contributions, with their associated
satellites visible in the range of 940.7-945.8 eV with the exception of
20Cu5Ca0 and 0.5Rh20Cu5CaO catalysts which showed only two
Cu2ps,/, peaks. The split of the main photopeak into three contributions
suggests the presence of three different Cu species, i.e., copper metal,
copper oxides, and highly ionized and/or induced Cu species. Further-
more, shakeup satellite peaks were located at distances varying from
8 eV to 9.2 eV. According to Batista et al. only Cu?" species show a
shakeup satellite peak located about 10 eV higher than the Cu2ps,,
transition [35,36]; this characteristic peak is used to differentiate be-
tween Cu?" and reduced copper. The observed peaks at higher binding
energies could be attributed to the CuO moiety, while the lower binding
energy peak could be assigned to the presence of Cu' ™ which is close to
the one reported earlier for pure Cu0 (932.8 eV). Fig. 5a represents the
XPS spectra of catalysts containing different adsorbent types, namely,
10CulONagO and 10CulOCaO. For both catalysts, the first Cu2ps 2
peaks correspond to Cu*? ions in CuO and observed at 933.5 eV and

Table 3
Location of the satellite, Cu2ps,2, Cu2p; 2.

No. Catalyst Binding energy, eV Satellite, eV

Cu2ps/>
icu iiCu iiiCu

1 10CulONaO 933.7 935.9 938.03 943.3

2 10Cu10Ca0O 933.5 937.7 941.16 945.8

3 20Cul10CaO 933.9 936.9 939.5 944.02

4 30Cul0Ca0O 932.1 933.9 936.1 941.4

5 20Cu5Ca0 932.1 934.7 - 940.7

6 0.5Rh20Cu5Ca0 932.4 934.8 - 941.1

Where; 'Cu = corresponds to metallic zerovalent copper, iCu = corresponds to
copper oxide, "'Cu = highly ionized and/or induced copper species.

933.7 eV. The second and third peaks appearing at Cu2p3,» and Cu2p; /2
were shifted to higher values of binding energy, indicating a stronger
metal support interaction on the Al,O3 support [37]. Fig. 5b shows the
effects of copper loading on the surface chemical composition of the
catalysts. For catalysts containing 10 wt% and 20 wt% Cu, the Cu2p3/»
composed of three combinations peaks falling in the region 933.5 eV
and 933.9 eV. Their corresponding satellites are observed between
944.02 eV and 945.8 eV, which confirms the presence of CuO and phase
out the presence of CuzO. However, a shift on Cu2ps,» and Cu2p; 2
binding energy towards lower values was observed for the catalyst
containing 30 wt%Cu, associated with lower satellite peaks, suggesting
a lower metal-support interaction. Fig. 5c shows the effects of adsorbent
loading on the chemical structure of the catalysts. There are two peaks in
the core level region for 5% CaO, whereas with increase in the adsorbent
loading to 10% CaO, one additional peak at higher binding energy was
observed. The additional peaks of highly induced CuO species falling at
binding energies of 939.5 eV and 958.1 eV, were assigned to the Cu2ps,»
and Cu2p; /5 signals, respectively. Fig. 5d depicts the core level photo-
electron peaks of Cu2p for Rh-promoted and un-promoted 20Cu5CaO.
As presented, the Cu2ps3/» and Cu2p;,, signals are composed of two
combination peaks with no significant difference in the binding energy
values. However, with Rh promotion the peak intensity appearing at
935 eV increases thus indicating an increase in induced and/or strongly
associated Cu®* species.

3.1.4. Reducibility of the catalysts

The reducibility test of the catalysts was investigated using Hy-TPR
technique. Obtained thermograms are presented in Fig. 6. All catalysts
containing CaO exhibited a narrow, nearly symmetrical reduction peak
in the temperature range between 230°C and 259°C at the opposite of
NayO-containing catalyst, which peak was observed at a temperature of
364°C The monometallic 30Cu/Al;03 showed a sharp main peak can-
tered at 236 °C attributed to the reduction of CuO to Cu. The
10Cul0CaO, 20Cul0Ca0, and 30Cul0CaO catalysts reduction peaks
situated at 245°C, 249°C, and 259°C, respectively. clearly show a rise in
reduction temperature as copper content increases in the catalyst
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composition. This, indicates that catalysts with low copper content had a
good copper species dispersion at the opposite of catalysts with higher
coper content, which tend to agglomerate into larger particles as the
copper level increases, making the catalysts reduction more challenging
and requiring higher reduction temperature. The porosity of synthesized
catalysts may also be related to the rise of reduction temperature with
increasing Cu content as porous materials require higher temperatures
to be reduced [38]. The reduction of CuO is thought to occur in two
steps, Cu™? gets reduced to Cu™? first, which is subsequently reduced to
zerovalent Cu’° according to t Eq. (10):

CuO — Cuy0 - Cu (10)

Previous research indicates that well-dispersed copper oxide species
are reduced before bulk CuO species. Zhao et al. reported that the
reduction peak for bulk CuO is located at about 380°C [39], thus, the
reduction peaks shown in Fig. 6 can be assigned to the reduction of CuO
to Cup0 species. All samples displayed almost similar reduction pattern,
the only difference was the presence of shoulder peak displayed for
20Cu5Ca0 (profile f). This peak situated at 520 "C was assigned to the
reduction of Cuy0 and well-dispersed CuO to Cu® [40] and to the strong
interaction of Cu and defective sites of AI*3[41]. Comparing profile (d)
to profile (f) of the two catalysts that contain similar copper content of
20% with different adsorbent loading of 10% and 5% CaO, respectively.
It was observed that the catalyst with lower CaO content (5% CaO) had
lower temperature reduction peak, which indicates that the interface of
Cu/5%Ca0 has higher hydrogen spillover capacity compared to that for
the catalyst with 10%CaO.

The reducibility of bimetallic copper catalysts can be improved by
the addition of noble metals. Chang et al. compared the reducibility of
Cu0/Zn0/Al,03 before and after the addition of noble metals (Pd, Pt,
Ru and Rh) and recorded a shift in the reduction peak to a lower tem-
perature range in TPR profiles [42]. The obtained profile (g) from this
work, shows the effect of addition of Rh noble metal on supported
monometallic copper catalyst. The addition of Rh to 20Cu5CaO resulted
in a shift of the reduction peaks observed in profile (e) ascribed to the

reduction of copper oxides species towards lower temperatures of 230 C
and 336 'C, respectively. This result implies that promoting
copper-based catalysts by noble metals facilitates the reduction of
20Cu/5Ca0 catalyst. This result can be explained by the fact that the
adsorbed Hj can be easily dissociative to atomic hydrogen on the noble
metals and then spilled over to the adjacent copper oxide species. These
results are in good agreement with the findings of Mierczynski et al. [43]
who investigated the effect of noble metals on the reducibility of
copper-based catalysts and reported that promoting the catalysts with
Rh enhances the reduction of Cu (II) oxide to Cu (I) and Cu (I) oxide to
metallic Cu species.

3.1.5. H,-TPD and CO»-TPD analysis of the catalysts

The nature of the active sites on the surface of different catalysts was
investigated using the analytical methods of Ho-TPD and CO,-TPD, and
the findings are displayed in Fig. 7. As can be seen in Fig. 7a(i), the 30-
Cu-Al;O3 catalyst displayed two hydrogen desorption peaks. First
desorption peak in the temperature range of 50°C to 140°C attributed to
the desorption of chemisorbed hydrogen from uniformly distributed and
smaller copper species. The second broader peak covers a temperature
range from 140°C to approximately 380°C, which might be associated
with either stronger adsorbed hydrogen or hydrogen desorption from
the bulk copper. It is noteworthy to point out that for the promoted
Rh20Cu5CaO catalyst presented in Fig. 7a(iv), two distinct changes
were observed compared to the 30Cu-AlyOs catalyst, firstly three
hydrogen desorption peaks with maxima at temperature of 50 °C,
110 °C, and 220 °C were recorded. Secondly, a shift in the desorption
temperature to lower degrees was noticed for the Rh-promoted catalyst
proposing improved hydrogen desorption. In contrast, for the
10CulONay0 and 20Cu5CaO catalysts presented in Fig. 7a(ii) and 7a(iii)
respectively, a high temperature desorption peak was also observed in
the temperature range of 500°C to 600°C attributed to the desorption of
strongly chemisorbed hydrogen atoms. Findings from the H,-TPD results
were in good agreement with the Ho-TPR analysis. As will be explained
later, adding Rh to the catalysts improves their reducibility and
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dispersion, and as a result, their catalytic performance by CO,-TPD
technique is an essential tool for identifying the surface basic sites for
CO4 adsorption. CO,-TPD analysis was also performed for various cat-
alysts and desorption thermograms are displayed in Fig. 7b. The
desorption peaks can be categorized in three groups: weak basic sites,
which occur below 200 °C, moderate basic sites, which occur between
300 °C and 600 °C, and strong basic sites, which occur at desorption
temperatures higher than 600 °C. All catalysts exhibited weak to mod-
erate basic sites, with the exception of the 10Cul0NayO catalyst. There
was an apparent rise in the desorption temperature for the 10Cul0Na;O
catalyst towards higher degrees, but no notable desorption peaks were
observed in the low temperature range. In comparison to the unpro-
moted 20Cu5CaO catalyst, the addition of the Rh-promoter resulted in
only a slight modification in the desorption peaks to lower degrees.
Weak and moderate basic sites appear to be beneficial to the methanol
selectivity during the COy hydrogenation process. The 10CulONazO
catalyst showed the lowest methanol selectivity, which may have been
caused by the absence of weak basic and moderate basic sites, as will be
covered in more detail in a later section. comparatively higher.

3.2. Reactor performance tests

3.2.1. Effects of adsorbent type

The activity of the catalyst as well as the reaction mechanism are
significantly influenced by the support and its interaction with the active
metal. Particularly for CO, hydrogenation on Cu-based catalyst, the
methanol formation sensitively depends on the nature of the support
material and the presence of the additives [44]. In this study, the

influence of the 10 wt%Na,O and 10 wt%CaO as adsorbent on the
performance of the catalysts was investigated under T= 300 °C, P= 60
bars, and GSHV of 5000 h™'. Fig. 8 shows the catalytic activity of
10Cul0Nax0 and 10Cul0CaO catalysts. As shown in Fig. 8a, although
no considerable difference in the percentage of CO5 converted, notice-
able differences in methanol selectivity and methanol yield were
observed for the two catalysts. The obtained results showed that
CaO-containing catalyst (10Cul0CaO) had higher selectivity towards
methanol (15%) than NapO-containing catalyst (10CulONaz0), which
showed a negligible selectivity towards methanol (<1%) against a
selectivity that almost reached 99% towards CO and produced around
0.427 gcoh_l gc_alt. The relatively lower yields of methanol over the
10CulONayO catalyst can be explained by the absence of effective
hydrogen spill over to the active sites. As was shown by the Hy-TPD tests
results, the 10Cul0NayO catalyst did not reveal the presence of weak
and moderate hydrogen desorption peaks and the presence of strongly
chemisorbed hydrogen presumably prevented hydrogen spill over to to
the active sites of CO2 adsorption. These results were consistent with
previously published reports [44]. These findings suggested that, in
particular under these reaction conditions, Na,O adsorbent is not suit-
able for methanol synthesis from CO; conversion.

3.2.2. Effects of adsorbent loading

An investigation on the effect of adsorbent (CaO) loading on the
catalyst performance was performed in two different sets of experi-
ments. In the first set, two different catalysts having the same coper
loading of 20w% but different CaOCao loading of 10w% and 5w%
denoted as 20Cul0CaO and 20Cu5CaO respectively and the results are
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presented in Fig. 9(a). In the second set, Fig. 9(b), two catalysts having
the same Cu loading of 30w%, one of them does not contain any
adsorbent, while the second one contains 10w% of CaO. Both sets of
experiments were tested under the same operating conditions described
earlier. As shown in Fig. 8(a), the CO5 conversion rose from 15.4% to
18% when the of the adsorbent decreased from 10 wt% to 5 wt% in the
first set of experiment, while in the second set (Fig. 9b), the same phe-
nomenon was observed where CO5 conversion decreased from 20.96%
to 16.44% with CaO loading increased from Ow% to 30w.%. Therefore,
it appears that increased CaO loading had a negative impact of CO5
conversion. In fact, CO, adsorption and its subsequent conversion to
methanol can be explained by the fact that both copper active sites and
adsorbent contribute to the overall performance of the catalysts. COx is

easily absorbed by CaO compared to copper, while hydrogen is thought
to be chemisorbed and spilled over by the copper active sites. Hence,
taking the case of 20Cul0CaO against 20Cu5CaO catalyst, it is reason-
able to assume that the 20Cul0CaO catalyst has relatively reduced
conversion is due to the stronger interaction between CO and the
adsorbent, which prevents CO; from being available for the reaction.
Additionally, as was revealed by the CO5-TPD and H,-TPD analysis re-
sults, the increased presence of excess adsorbent at high CaO loading
resulted in an increase in strong basic sites and strongly chemisorbed
hydrogen and presumably made making CO5 desorption and hydrogen
spill over onto metallic sites more challenging.

The effect of adsorbent loading on both methanol and CO selectivity
was also assessed. From Fig. 8a, we observe that methanol selectivity
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increased from 15.49% to 17.75% for CaO loading increasing from 5 wt
% to 10 wt% while the opposite trend was obtained for CO selectivity
which decreased from 84.47% to 82.17% for the same CaO loadings.
These trends were further confirmed in Fig. 9b for catalysts containing
30% copper where methanol selectivity increased from 9.62% to
13.43% for CaO loading increasing from 0 wt% to 30 wt% against a
decrease in CO selectivity from 90% to 82% for the same adsorbent
loadings. Methanol and CO space time yields (STY) were also assessed as
function of the adsorbent loading. As shown in Fig. 9(a), a small
decrease in the STY of methanol was observed for the catalyst containing
5 wt% adsorbent loading against that containing 10 wt% adsorbent as it
decreases from 0.084 gMeOH/g.cat.h with 20Cu10CaO catalyst to 0.075
gMeOH/g.cat.h in the case 20Cu5CaO. The same trend was observed in
Fig. 8(b) for 30Cu and 30Cul0CaO catalyst where methanol selectivity
increased from 0.053 gMeOH/g.cat.h to 0.057 gMeOH/g.cat.h. As for
the yield (STY) for CO, the opposite behavior was observed for both sets
of catalysts, where the CO yield decreases with increased CaO loading
(Fig. 9, (a, b)).

3.2.3. Effects of Cu loading

Copper content is one of the most important elements influencing the
activity of Cu-based catalysts in conventional methanol synthesis pro-
cess. The amount of copper is closely related to the dispersion of metallic
Cu, which serves as a primary active site for methanol synthesis. The
referenced literature states that Cu-Al,O3 catalysts have been employed
to produce methanol from CO; in the temperature range of 282-487 °C
and pressure range of 117-410 atm. At 285°C and 410 atm, catalysts
with a Cu concentration of 8-25% were the most active ones [45]. Kim
et al. [46] investigated the effect of varying Cu content from 30 wt% to
70 wt%, and reported that catalyst with 50 wt% Cu exhibited the
highest activity for methanol synthesis. In our work, four different cat-
alysts with Cu compositions of 0 wt%, 10 wt%, 20 wt%, and 30 wt%
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impregnated on a similar base material of 10% CaO/y-AloO3 were syn-
thesised and tested for methanol synthesis under reaction conditions of
T =300 'C, P = 60 bars, GHSV = 5000 h™! and COx:H, ratio of 3:1. The
catalysts’ performances evaluated in terms of CO, conversion, methanol
selectivity and yield, and carbon monoxide selectivity and yield are
presented in Fig. 10.

The effect of Cu content on the catalytic performance of developed
catalysts was investigated using three different catalysts with variable
Cu content of 10 wt%, 20 wt% and 30 wt% (Fig. 10). Obtained results
showed a small increase in converted CO; ranging from 15.08% to
16.44% for catalysts containing 10 wt% and 30 wt% of Cu respectively,
while 20 wt% catalyst had a CO, conversion of 15.44%.

The effect of Cu content on CO5 conversion is related to Cu surface
area, its dispersion, as well as the confined crystallization of copper
nanoparticles. The increased CO, conversion with increased Cu content
in the catalysts can be ascribed to increased fraction of CuO on the metal
support as revealed by XRD analysis, providing more Cu surface area.
The CO; conversion might also be attributed to the catalyst support
(10Ca0/Al,03) and its interface effect with Cu metal. It is well known
that the base material is a dominant factor that directly influences the
reaction activity, which is basically achieved by forming a metal-support
interface or active metal-support interaction [47] as the support mate-
rial (10Ca0/Al;03) immobilized Cu particles, which accordingly, en-
hances the active site dispersion and maintained high thermal stability.
Furthermore, the strong metal-support interaction causes high synergy
which, results in higher reactivity of the elementary surface reaction,
especially when the support adsorb then transfers the reactants to the
active sites without being involved in the reaction [48]. Moreover,
higher Cu loading affects the amount of CO, adsorbed, suggesting that
the formed CuO has basic sites to adsorb CO». In other words, increasing
Cu concentration possibly increased the presence of the interfaces be-
tween Cu and adsorbent dispersed around Al,Os support. A similar
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different catalysts.

phenomenon was observed by Din et al. [49], who investigated the ac-
tivity of Cu/Zr/CNF catalyst containing 15 wt% Cu at 3 MPa and ob-
tained a COy conversion of11%. Witoon et al. [50] investigated COy
hydrogenation to methanol over Cu/ZO,, containing 10 wt% Cu syn-
thesized by the same preparation method as in this work at reaction
conditions of T=220-300 ‘C and P= 30 bars and obtained a CO, con-
version in the range of 3-13%.

Methanol selectivity and methanol space time yield (STY) as a
function of Cu loading are presented in Fig. 10. Under identical reaction
conditions, it was found that methanol selectivity increased with
increased Cu loading form 10 wt% to 20 wt% then decreased with the
catalyst of 30 wt% Cu loading in. A similar trend was observed for
methanol STY (gcuson h’lg{alt). Catalyst impregnated with 20 wt% Cu
had the highest methanol selectivity (17.75%) and STY
(0.084 gMSOH,cat’l.h’l), while catalyst containing a Cu loading of 30 wt
% had the lowest methanol selectivity and STY of 13.4% and
0.057 gumeon cat™! h™!, respectively. The catalyst with 10 wt% copper
had methanol selectivity of 14.47% and STY of 0.067 gneon cat/'h7L
The material activity and methanol selectivity are affected by the copper
amount that is correlated to the metal oxide particle size. The catalyst
with lower copper loading of 10 wt% had the smallest metal oxide
nanoparticles on the surface (8.1 nm) as reported by TEM analysis.
Hence, it facilitates the reverse water-gas shift reaction, limiting the
formation of methanol and reducing its selectivity. the decrease in
methanol selectivity and STY with Cu loading of 30 wt% might be
attributed to the resulting copper sintering at the catalyst’s surface and
agglomeration and accumulation of copper particles which are in
agreement with the findings reported by Karelovic et al. [51]. Moreover,
the enhanced methanol selectivity with the catalyst containing 20 wt%
Cu might also be attributed to the suppressing of reverse water gas shift
reaction, which decreases the CO selectivity and increases methanol
synthesis. The TEM results showed that the catalysts containing 10 wt%
Cu and 30 wt% Cu have close sizes of metal oxide particles, which ex-
plains the close results in terms of methanol selectivity and yield. This
finding was confirmed by Liu et al. who reported a superior reactivity
and maximum methanol selectivity with Cu-containing particles of sizes
varying between 8 and10 nm [44]. The methanol synthesis performance
using catalysts containing varied Cu loadings can be explained in terms
of the nature of Cu species given by XPS analysis. Increasing the metallic
loading to 20 wt% in 20Cul0CaO enhanced the production of CH3OH
and the selectivity towards it. In this sample, even though the surface
area was reduced to 107.29 m?/g but this reduction was compensated
by the dominant presence of Cu™! in higher amount compared to other
samples.

Selectivity and STY of CO were relatively high and followed exactly
opposite trends to that of methanol. The CO selectivity and STY attained
their lowest values of 82.17% and 0.0391 (gco.h’l.g{alt) for 20Cu10CaO
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catalyst followed by 84.98% and 0.380 (gco.h’l.ggalt) obtained with
10CulOCaO catalyst. and while a selectivity of 86.31% and a STY of
0.365 (gco.h’l.g{alt) was obtained for 30Cul0CaO catalyst.,
respectively.

3.2.4. Promoter effect on the catalyst performance

The effect of incorporating a catalytic promoter on the catalytic
performance of the synthesized catalysts was assessed by selecting the
best performing catalyst and adding a noble metal. Since 20Cul0CaO
catalyst displayed the highest overall performance, 0.5 w.t% of
Rhodium was added to further increase the material’s activity and in-
crease its selectivity towards methanol. Fig. 11 demonstrates that while
CO3, conversion dropped from 17.96% to 13.78 with the incorporation of
Rh into 20Cul0CaO catalyst, MeOH selectivity drastically rose to
around 23.2% with the promoter from 15.49% initially obtained
without promoter while the STY increased from 0.075 t0 0.081 (gcuson
h™lget). The opposite trend was obtained for CO formation where it
selectivity decreased from 84.47% to 76.76% and STY from 0.413
without promoter to 0.305 (gco.h’l.gc’alt) with promoter. The obtained
results were similar to the results patterns reported in the open literature
[52] which suggested that Rh-supported material provides sufficient
reactions sites owing to the enhanced exposure of reactants to the
catalyst particles and the associated magnificent surface properties.

3.2.5. Postulated mechanism of COz hydrogenation to methanol

There remains a debate over the mechanism that drives the CO,
hydrogenation to methanol in the presence of heterogeneous catalysts,
which is influenced by a wide range of factors. Nonetheless, as Fig. 12
illustrates, the scientific community has largely proposed and accepted
two molecular pathways: the direct methanol synthesis route and the
indirect methanol synthesis route. The formate pathway, often referred
to as the direct route, is characterized by the accumulation of formate
(-HCOO*) intermediates, which are subsequently hydrogenated to pro-
duce methanol. On the contrary, according to the indirect route also
known as the reverse water gas shift reaction (RWGS) route, the -CO*
radicals are produced at first step which are hydrogenated to methanol
[17-21]. The later pathway is also more conducive to the production of
byproducts like methane and CO. As demonstrated in Fig. 12, a dual-site
catalyst is necessary for CO, hydrogenation reaction. The chemisorption
and dissociation of hydrogen require metallic active sites (Cu in the
reported work), whereas CO5 must be chemisorbed on the second active
site (Na0 and CaO in this reported work). An effective hydrogen spill
over mechanism will result in the production of more -HCOO* radicals,
and subsequent hydrogenation will increase the yield of methanol. This
makes hydrogen spill over from the copper surface to active sites where
CO4 is chemisorbed a limiting step after chemisorption of the reactive
species. On the contrary, additional -CO* radicals will be produced if
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Fig. 11. Effect of promoting (a) CO, conversion (%), CH3OH selectivity (%) and CO selectivity, (b) CH3;OH yield (gCH;OH h-l.g.;alt) and CO yield (gCO.h’l.ggalt).
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Fig. 12. Illustration of the dual-site reaction pathway of CO, hydrogenation reaction in presence of heterogeneous catalyst. Note: In illustration presented above,

Metal = Cu, MO= Na,O/CaO.

there is either no spillover or inadequate hydrogen spillover, which will
make the catalyst selective for CO or CH, instead of CH3OH. The TPR,
CO,-TPD and Hy-TPD analysis results support the hypothesis that the
catalyst containing NayO and having a composition of 10CulONaO
follows the RWGS pathway since there is no effective hydrogen spill
over. Contrary to this, due to its efficient hydrogen spill over, the
20Cu5Ca0 catalyst efficiently follows the formate route. It is therefore
reasonable to conclude that incorporating Rh to the CaO-containing
samples enhanced hydrogen spillover and increased methanol produc-
tion further.

4. Conclusions

The objective of this study was to assess the viability of adding some
adsorbents into catalysts support for CO, conversion methanol and other
useful products. For this purpose, a series of novel Cu-based catalysts
with NazO and CaO adsorbents supported on alumina were synthesized
characterized and evaluated in CO» hydrogenation reaction. The syn-
thesized catalysts were thoroughly characterized by various analytical
techniques and tested for their catalytic activity in a high-pressure
packed bed reactor. The freshly prepared catalysts were initially
screened under fixed conditions of T=300C, P=60 bars, and
GHSV=5000 h™!. The screening tests showed that the nature of the
adsorbent significantly affects the performance of the catalysts.
Although the CO5 conversion of the 10Cul0NayO catalyst was greater
than that of 10Cul0CaOcatalyst, the NayO-containing catalyst negli-
gible selectivity to methanol. This is probably because NayO has a sig-
nificant hydrogen adsorption capacity, which limits hydrogen spillover
the active site. Hence, NapyO-contining catalysts have been discarded
from further investigation and only CaO-containing catalysts have been
further investigated. Three different catalysts with fixed CaO content of

12

10 wt% and variable Cu content of 10 wt%, 20 wt% and 30 wt%
resulted in a small increase in COy conversion varying between a min-
imum of 15.08% and a maximum of 16.44% obtained with 20Cul10CaO
associated with the highest methanol selectivity (17.75%) and STY
(0.084 gyeop.cat t.h™1), while catalyst containing a Cu loading of 30 wt
% had the lowest methanol selectivity and STY of 13.4% and
0.057 gmeon cat™! h’l, respectively.

Reducing CaO content to 5 wt% boosted the CO, conversion to
17.96%; however, the sample had higher selectivity towards CO rather
than methanol compared to the catalysts containing 10%CaO. However,
complete removal of CaO from copper-based catalyst (30Cu) further
increased the CO; conversion to 20.96% from 16.44 but decreased the
methanol selectivity from 13.43% to 9.62%. The best performing cata-
lyst in term of COy conversion (20Cu5Ca0) was further promoted with
0.5% Rh, which resulted in improved CH30H selectivity and yield of
23.2% and 0.08 gMengEalth’l, respectively. The comparatively higher
performance of the Rh-promoted catalyst was attributed to the existence
of highly dispersed, small copper oxide nanoparticles that are strongly
interacting with the supports as well as the presence of induced phases.
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