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Abstract: Cu/ZnO catalysts promoted with Mn, Nb and Zr, in a 1:1:1 ration, and supported on Al,O3
(CZMNZA) and SBA-15 (CZMNZS) were synthesized using an impregnation method. The catalytic
performance of methanol synthesis from CO, hydrogenation was investigated in a fixed-bed reactor
at 250 °C, 22.5 bar, GHSV 10,800 mL/g-h and H, /CO, ratio of 3. The CZMNZA catalyst resulted
in higher CO; conversion and MeOH selectivity of 7.22% and 32.10%, respectively, despite having
a lower BET surface area and pore volume compared to CZMNZS. Methyl formate is the major
product obtained over both types of catalysts. The CZMNZA is a promising catalyst for co-producing
methanol and methyl formate via the CO, hydrogenation reaction.
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1. Introduction

As the world population increases and puts more pressure on limited fossil fuels,
the solution to the imminent energy and environmental dilemmas becomes more crucial
and the exploration of renewable energy receives more attention. The extensive use of
renewable energy sources will eventually lead to a substantial reduction in the emissions of
carbon dioxide, the primary cause of global warming and climate change [1,2]. Converting
CO;, into valuable and usable fuels and chemicals is one of the vital solutions in addressing
and alleviating the major energy and environmental issues. Synthesis of methanol via
catalytic CO, hydrogenation is receiving growing attention these days, not only because
methanol is a key chemical platform, but also because of its use as a potential chemical
storage carrier for excess Hy produced from renewable energies and as a greenhouse gas
recycling solution [3,4].

Methanol synthesis has been carried out industrially on Cu—ZnO/ Al,O3 catalysts at
220-300 °C and 5-10 MPa for several decades, feeding 5-10% CO, into syngas streams [5].
Nevertheless, methanol can be obtained by the hydrogenation of CO, with speeds and
carbon consumption factors equivalent to those of the conventional route [6]. The activation
of CO; only occurs at a temperature higher than 200 °C at a sufficient rate. Under these
conditions, the selectivity and yield of methanol decreases due to the formation of by
products, such as CO, hydrocarbons, and alcohols. Therefore, it is crucial to develop
catalysts with high methanol selectivity [7,8]. A copper catalyst is primarily used for CO,
hydrogenation to methanol due to its excellent hydrogenation efficiency and low cost [9].
Furthermore, the research study shows that copper is the preferred metal and exhibits
relevance for this reaction in the presence of ZnO due to synergic contact between Cu and
ZnO [10]. The basic sites of ZnO in close contact with Cu sites will enhance the adsorption
of CO, and ZnO also increases the Cu dispersion, which improved the catalytic activity.
Apart from the metallic active sites, the support can also play a vital role in modulating and
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enhancing the catalyst’s efficiency. The most common supports used for methanol synthesis
are metal oxides. Their properties greatly influence the performance of the catalyst [11].
In addition, since methanol synthesis on a Cu-based catalyst is a structurally sensitive
reaction, it is beneficial to adjust its efficiency using different promoters that could boost
the catalyst’s performance, selectivity, or stability. Thus, many supports and promoters,
such as CNTs [12], zeolite [13], mesoporous silica [14], Nb [15], Mn [16], Ce [17], Ag [18],
Mg [19] etc., have been explored for methanol catalyst enhancement.

Li et al. [20] combined the high BET surface area and thermal stability of Al,O3; with
the basicity of CeO, using a Cu/AlCeO catalyst to make a series of very efficient catalysts.
The catalytic performances of Cu/Al,O3, Cu/CeQO,, and Cu/AlCeO were compared to
assess the performance of the Cu/AlCeO catalyst at a pressure of 30 bar, temperature
200-280 °C and a GHSV of 14,400 mL/g.h. The CO; conversion rates for Cu/Al,Os3,
Cu/AlCeO, and Cu/CeO, were 1.5, 2.9, and 1.2% at 200 °C, and 19.9, 23.7, and 13.9%
at 280 °C, respectively. Both CO, conversion and methanol selectivity were shown to be
sensitive to reaction temperature. When using a Cu/AlCeO catalyst, selectivity was at
its maximum (85%) at 200 °C and at its lowest (22%) at 280 °C. The results demonstrated
the Cu/AlCeO catalyst exhibits a synergistic effect between Al,O3 and CeO,, which was
used as a support for the Cu-based catalyst. Huang et al. [21] developed a Cu/ZnO plate
catalyst, utilizing a ZnO plate and tested its performance during CO, hydrogenation using
different reducing gases (5 vol% CO-Ar, 2.5 vol% H; /2.5 vol% CO-Ar, and 5 vol% Hj-Ar)
at 300 °C for 6 h. The main objective of this research was to evaluate the synergistic effect
between migrating Zn and Cu nanoparticles on the activity of methanol production. The
reaction was carried out at 220-300 °C and 30 bar, and the catalytic performance was
measured by the conversion and selectivity under circumstances with various reducing
gas concentrations. At the same temperature, 5 vol% H; demonstrated the maximum
performance, while 5 vol% CO showed the lowest performance. Likewise, with the same
conversion, 5 vol% Hj had the highest methanol selectivity, while 5 vol% CO had the lowest.
Comparing 5 vol% Hj to 5 vol% CO revealed a two-fold increase in CO, conversion and
methanol yield. The smallest particle sizes were found in the catalyst with 5 vol% H,.
Nonetheless, CO, hydrogenation is not solely influenced by particle size. The shape of
particles is also crucial. While poor performance catalysts have irregular shapes, high
performance catalysts are spherical in shape.

The effect of ZnO and other metal oxide supports on the activity of methanol synthesis
has been investigated by Fujitani [22]. Their investigations revealed that ZnO/SiO; has a
synergistic effect with Cu/SiO; in the production of methanol. Without ZnO in the catalyst,
the activity of the reaction did not vary as the reduction temperature increased, but the
catalyst with ZnO exhibited a substantial increase. Increasing the amount of ZnO resulted
in a larger synergistic effect in the reduction temperature range of 300 to 450 °C. However,
the turnover frequency (TOF) for methanol synthesis reached its highest point at 0.19 of
Zn and then began to decline above 0.20. There was no methanol synthesis activity found
above 0.5. The synthesis of methanol required an activation energy of 83.7 k] /mol when the
zinc was at 0.19. On the other hand, it did not show any signs of a promoting effect for the
RWGS reaction. The TOF for CO began to decline, particularly between 0.15 and 0.2 Zn, and
reached zero at 0.5 Zn. Other metal oxides that display synergistic effects with the Cu-ZnO
catalyst include Al,O3, GayO,, ZrO,, and CryOs. Din et al. [23] investigated the effect of the
ZrO, promoter employed in the Cu catalyst on the activity and physiochemical properties
of carbon nanofibers (CNFs) in the synthesis of methanol. Five catalysts with varying
concentrations of ZrO, (5, 10, 15, 20, and 25 wt.%) were synthesized. The performance of
the catalyst was examined at 180 °C and 3 MPa with a H,:CO, = 3:1. The degree of CuO
crystallization was unaffected by the amount of ZrO,; however, the amorphous form of Cu
was affected. Maximum dispersion and lowest crystallization were observed when 15 wt.%
ZrO, was added to the CuO catalyst. The 15 wt.% of ZrO, is optimal for the Cu/ZrO,
catalyst because it has the highest surface area and the smallest particle size. In addition, the
catalyst had the highest levels of methanol activity (25 g/kgcat-h) and methanol selectivity
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of 67%. Using 20 wt.% ZrO, resulted in slightly better CO, conversion, but the difference
was less than 1%. In comparison to the previously reported Ag- and Pd-based catalysts,
the current catalyst shows improved performance and reaction conditions.

Theoretically, the methanol synthesis reaction will produce an equal mole of methanol
and water. Nevertheless, practically in most catalytic hydrogenation reactions, the forma-
tion of by-products cannot be avoided. The common by-products from methanol synthesis
from CO; are, and not limited to, carbon monoxide, methyl formate, ethanol, and traces of
methane. According to the findings of Chen et al. [24], the formation of CO is a significant
by-product, and in the majority of instances, it is the only by-product that results from the
parallel formate dissociation mechanism. Despite this, CO can be recycled back to the feed
inlet. In addition, the formation of methyl formate (MF) can be considered a value-added
by-product to the techno-economics of the process. MF is essential for defossilizing indus-
tries and transportation. This C1 building block permits the production of a vast array of
daughter products, in addition to its use as a fuel or fuel additive. Using methanol as a fuel
in internal combustion engines, for instance, necessitates the addition of methyl formate to
ensure year-round use, even at low temperatures [25]. Hence, designing a catalyst for a
specific targeted product (methanol), but at the same time producing a by-product (MF)
that can add value to the economics of the process, is the purpose of this paper.

In this paper, Cu/ZnO catalysts supported on Al,O3; and SBA-15, with the addition of
tri-promoters (Mn/Nb/Zr), were synthesized and characterized. The catalytic performance
was evaluated for the hydrogenation of CO, to methanol.

2. Results and Discussion

Table 1 illustrates the textural properties of Al;O3 and SBA-15 bare supports and
their respective promoted Cu/ZnO catalysts supported on Al,O3 (CZMNZA) and SBA-15
(CZMNZS). Surface areas (Sgpr) and pore volumes (Vp) of Al,O3 and SBA-15 bare supports
are reduced after metal oxide loading, indicating that the active phase was dispersed onto
the support and filled the pores [26]. In contrast, the pore diameter increased after the
metal oxide loading. It is possible that the particles closed the smaller pores preferentially
during loading. In this manner, the average pore diameter increased while the pore volume
decreased, because the only pore remaining for physisorption was the larger one.

Table 1. Textural properties of Al,O3 and SBA-15 bare supports and their impregnated catalysts.

Sample SpeT (M?/g) Vp (cm3/g) Dgjg (nm)

Al,O3 134.51 0.26 5.29
CZMNZA 99.95 0.20 5.70

SBA-15 695.48 1.01 5.71
CZMNZS 319.79 0.73 7.86

Figures 1 and 2 show the nitrogen adsorption-desorption isotherms and pore size
distributions for AlO3 and SBA-15, respectively. The Al,O3 support and its impregnated
sample exhibited type V isotherms with type H4 hysteresis loop isotherms. The type V
isotherm is associated with mesoporous adsorbents, while the type H4 hysteresis is associ-
ated with slit-shaped pores [27]. The isotherms for the SBA-15 support and impregnated
sample showed a classic type IV with an H2 type hysteresis loop. The sample has a slope
adsorption branch and a steep desorption branch at high relative pressure (P/Po > 0.6).
This is due to cavitation-induced evaporation or pore obstruction or percolation within
a limited range of pore necks. The pore size distributions for all samples reveal that
the diameter of all catalyst pores lies between 3 and 12 nm, indicating the existence of
mesoporous structures.
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Figure 1. Nitrogen adsorption—desorption isotherms of the supports and catalysts.
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Figure 2. Pore size distributions of the supports and catalysts.

The morphologies of the Al,O3 and SBA-15 supports and their promoted Cu/ZnO
catalysts were analyzed by FESEM, and the images are shown in Figure 3. The commercial
Al,O3 support and its promoted Cu/ZnO catalyst exhibited irregular morphologies. The
synthesized SBA-15 support showed a tubular shape. Adjusting the synthesis parameters
of SBA-15, which include pH, synthesis duration, aging time, and washing solvent, enables
the formation of the compound with a wide variety of geometries and morphologies.
These include spherical and tubular forms, among others [28]. Both impregnated catalysts
were unevenly dispersed onto the supports. Due to low levels of promoters used in the
formulation, some promoters were not detectable in the samples, as revealed by the EDX
mapping in Figure 4.
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Figure 4. EDX mapping of (a) CZMNZA (b) CZMNZS.

TEM analysis was also performed for both loaded Cu/ZnO catalysts and the images
are depicted in Figure 5, while the average particle size is shown in Table 2. The metal
oxide nanoparticles appear to have irregular spherical and hexagonal shapes. The average
metal particle size of CZMNZA is larger, 16.00 nm than that of CZMNZS, and was 6.09 nm.
The size distribution curve (Figure 6) of the CZMNZA particles shift to the right, which
corresponds to the direction of larger catalyst size, and becomes wider, while CZMNZS
shows an opposite trend. Despite having the smallest particle size, the nanoparticles of
CZMNZS were discovered to be deposited on the outer surface of SBA-15 rather than the
inner channel of SBA-15 and some are severely agglomerated. The atomic composition of
both catalysts is depicted in Table 3. The Cu/Zn ratio for both CZMNZA and CZMNZS
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differ from the theoretical value (2.3), which suggest the inhomogeneity of the Cu and Zn
species on the top surface of the catalysts.

100 nm

—

Figure 5. TEM images of (a) CZMNZA (b) CZMNZS.

Table 2. Average particle size of catalysts.

Sample Average Particle Size (nm)
CZMNZA 16.00 £+ 8.00
CZMNZS 6.09 £2.37
Particle Size Distribution
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Figure 6. Particle size distribution of CZMNZA and CZMNZS.

Table 3. Atomic compositions of catalysts.

Atomic Composition (%) Ratio
Catalyst
Cu Zn Mn Nb Zr Cu/Zn
CZMNZA 524 7.36 0.42 0.06 0.16 0.71
CZMNZS 8.07 5.95 1.93 0.09 0.17 1.36

XRD analysis was used to determine the phase composition and crystallographic
structure of the catalyst. The XRD patterns of the Al,O3 bare support and CZMNZA are
shown in Figure 7. Two major peaks can be observed at 20 of 45.90° and 67.18°, which
suggests the presence of gamma alumina (y-Al,O3) [29], and the peaks are present in the
diffraction peaks of the CZMNZA, which indicates the existence of alumina as a catalyst
support. The CZMNZA sample had tenorite CuO peaks at 32.5°, 35.5°, 38.8°, 48.8°, 58.3°,
61.5°,72.5°, and 75.2° [29]. Zincite, ZnO diffraction peaks, on the other hand, were found
at 32.5° and 48.8° [29], albeit the peak may overlap with the CuO peaks [30,31].
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Figure 7. XRD patterns of Al;O3 and CZMNZA.

Figure 8 shows the low-angle XRD pattern of the SBA-15 bare support and CZMNZS.
There are three well-resolved diffraction peaks associated with highly ordered meso-
porous silica SBA-15, with two-dimensional hexagonal symmetry at 26 = 0.89°, 1.6°, and
1.83° [32,33], which can be indexed as the (100), (110) and (200) diffractions, respectively,
associated with highly ordered mesoporous silica SBA-15 with two-dimensional hexagonal
symmetry (space group p6mm) [34]. The CZMNZS still displayed three indexed peaks,
showing that adding metal precursors to SBA-15 did not cause the mesoscopic order of
the two-dimensional hexagonal structure to collapse [35]. Despite this, due to the presence
of metal precursor species in the SBA-15 channels, the intensity of the (100) diffraction
peak was reduced. Figure 9 shows the XRD patterns of CZMNZA and CZMNZS. The
wide-angle measurement of CZMNZS shows that the Cu-species were broadly distributed
on the support. This finding was consistent with those of a prior work on CuO/SBA-15 [36].
Meanwhile, ZnO does not show a diffraction peak, most likely because it is amorphous or
widely distributed in the sample [37].
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Figure 8. Low-angle XRD patterns of SBA-15 and CZMNZS.
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Figure 9. XRD patterns of CZMNZA and CZMNZS.

The ability of a catalyst to absorb hydrogen linearly with temperature will indicate its
reducibility. The H,-TPR profiles of CZMNZA and CZMNZS are depicted in Figure 10. The
TPR profile of the CZMNZA catalyst exhibits only a single peak, indicating the presence of
highly dispersed Cu species on the Al,O3 support, while the CZMNZS catalyst exhibits two
peaks (cx and {3), which suggest that the catalysts contain both highly dispersed Cu species
(o) and bulk-like Cu species (f3) [38,39]. From the TPR profile, it can also be deduced that
CZMNZA shifts to the left, exhibiting a lower reduction temperature, and indicating the
higher reducibility of the catalyst active metals due to fewer metal oxides bound to the
support. This is in accordance with the intrinsic reducibility theory that was mentioned by
Jones et al. [40]. On the other hand, CZMNZS exhibits lower reducibility, which is shown by
a higher reduction temperature, due to the formation of copper silicate from the amorphous
Cu-containing particles, which can be observed in XRD [41]. Nevertheless, the reduction
temperatures for both CZMNZA and CZMNZS stayed within the range of 200—400 °C.
Table 4 shows the reduction temperature and total H, consumption for the CZMNZA
and CZMNZS samples. Higher Hy consumption for the CZMNZS, compared with that of
CZMNZA, might be due to the enhanced H spillover effect of the SBA-15 support.
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Figure 10. H,-TPR profiles of CZMNZA and CZMNZS.
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Table 4. H,-TPR data of CZMNZA and CZMNZS.

Catalyst Reduction Temperature (°C) Total H, Consumption (umol/g)
CZMNZA 213 717
x P
CZMNZS 355 743 2329

Surface acidity has a significant impact on catalytic behavior and performance. NH3-
TPD analysis was used to determine the types of acid sites and surface acidity for the
catalysts on different types of supports. NH3-TPD profiles of the synthesized catalysts are
shown in Figure 11. Typically, the desorption temperature of NH3 can be used to classify
the strength of solid acid sites within the TPD profiles as weak (120-300 °C), moderate
(300-500 °C) and strong (>500 °C) [42]. Both catalysts display two temperatures of NHs
desorption zones (350-450 °C) and (>500 °C), which represent moderate and strong acidic
sites, respectively. The type of catalyst support influences the amount and the type of
the acid sites. The CZMNZA shows higher amount of weak to moderate acidic sites than
that of CZMNZS. Nevertheless, the CZMNZS exhibited a higher number of acidic sites, as
compared to the CZMNZA sample.

——CZMNZA
CZMNZS
z
Z
)
= b
0 100 200 300 400 500 600 700 800 900

Temperature (°C)
Figure 11. NH3-TPD profiles of CZMNZA and CZMNZS.

The density and strength of the catalyst basic sites were measured using a CO,-TPD
technique. CO; gas was used in the experiment, which has sufficient acidity to probe all
the basic sites in the samples. Figure 12 shows the CO,-TPD profiles of CZMNZA and
CZMNLZS. The strength of basic sites is classified as weak basic sites, a (<200 °C), medium
basic sites (200-550 °C), and strong basic sites (>500 °C) [43,44]. Given that the temperature
of the reaction is maintained at less than 400 °C, it is anticipated that the basic sites will be
associated with the active sites for the CO, hydrogenation reaction. The low temperature
desorption peaks (<200 °C) are associated to the CO, species that have been absorbed
onto the surface by weakly held hydroxyl groups and/or metal-oxygen pairs, such as
Al-O, Zn-O, Mn-O, Nb-O and Zr-O [45]. Meanwhile, the high temperature desorption
peak (>500 °C) is due to the coordinatively unsaturated O?~ ions that form because of the
partial breakage of the metal-oxygen pair [45,46]. The CZMNZA catalyst showed all three
desorption peaks, while the CZMNZS catalyst exhibited a single desorption peak with
moderate basicity. The stronger basic sites for the CZMNZA catalyst at the temperature
>500 °C may be attributable to its larger net electronic charge, which led to a lower degree
of oxygen atom coordination [47]. Meanwhile, the low-temperature desorption peak at
134 °C was ascribed to the interaction of CO, with weak basic sites, which correspond to
the OH™ groups on the catalyst surface [48].
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The catalytic performance of Cu/ZnO supported on Al,O3 and SBA-15, loaded with
tri-promoters (Mn/Nb/Zr) at an equal ratio, was evaluated at H,:CO, = 3:1, 250 °C,
22.5 bar and GHSV 10,800 mL/g-h. The carbon-containing compounds obtained under
these reaction conditions were methanol, methane, methyl formate and ethanol. The
CZMNZA catalyst resulted in a higher CO, conversion from the hydrogenation reaction
at 2.61% as compared to CZMNZS at 0.48%, as shown in Figure 13. For MeOH selectivity
(Figure 14), CZMNZA also resulted in a higher value of 16.09%, compared to only 3.16%
from that of the CZMNZS catalyst. Looking at the catalytic activity and selectivity over
both catalysts, although the SBA-15-supported catalyst had higher BET surface area and
pore volume compared to the Al,Os-supported catalyst, there is no direct relation between
those properties and catalytic performance. This could be due to the active metals adhering
to the outer surface of the SBA-15, rather than the inside of the mesoporous channels.
Even though SBA-15 has a larger surface area than Al,Os, a significant loss of active sites
may result in a drop in catalyst performance. Furthermore, with the damage of the pore
system as a result of excessive silicate formation, particularly zinc silicate, and despite the
small particle size and high Cu/Zn ratio compared to CZMNZA, CZMNZS possessed
inaccessible Cu surface areas, which resulted in poor methanol synthesis activity [49].
Despite having a lower BET surface area and pore volume, Cu/ZnO supported on Al,O3
exhibits higher CO, conversion and MeOH selectivity compared to those of Cu/ZnO
supported on SBA-15. Cu and ZnO agglomerates on the Al,O3 surface exposed more
active sites to interact with the feed gases CO, and Hj, leading to increased methanol
production [50]. In addition to that, the CZMNZA contains very strong basic sites, resulting
in enhanced CO, conversion and methanol selectivity, since an increase in basicity has
been shown to favor the synthesis of methanol [45,51]. The outstanding catalytic activity of
CZMNZA, as compared to CZMNZS, can also be related to the reducibility of the catalyst.
Prior to the experiment, the catalyst needs to be reduced to minimize surface active site
aggregation. The CZMNZA demonstrated a lower reduction temperature than CZMNZS,
thus is advantageous for enhancing copper dispersion and activity in methanol synthesis,
as reported by Fujita et al. [52].

Apart from methanol, it can be observed from Figure 14 that the reaction favors the
formation of methyl formate over both the supported catalysts. The following reaction
could lead to the formation of methyl formate:

2CH30H — C,H40, + 2H, (1)



Catalysts 2022, 12,1018

11 of 17

261

c

£ 2

&

p -

()

>

<

s

S

ol

8 0.48
0 -—

CZMNZA CZMNZS

Figure 13. CO, conversion over Al,O3 and SBA-15-supported catalysts at reduction temperature 250 °C.

100 93.52
e
. 80 77.94
b=
N
k5
3 60
[,
9p)
w40
=
-
B
S 20 16.09
Ry =z
. e 3.16 154
0 ___E —
CZMNZA CZMNZS

B MeOH CH4 = MF mEtOH
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According to a previous work [52], the endothermic dehydrogenation of methanol to
methyl formate occurs during methanol synthesis. It has also been reported that, depending
on the composition of the catalyst, formates are converted to methoxy species at a different
temperature and the latter is eventually hydrogenated into methanol. As the samples
are heated, formic acid adsorption provides the hydrogen consumed for hydrogenation.
Therefore, there is insufficient hydrogen for all formates to be converted into methoxy
species. Since both formate and methoxy species were present at the same time on the
surface of the catalyst, the mixed product methyl formate is obtained [53]. In addition
to the dehydrogenation of methanol, other methods for MF formation include the base-
or acid-catalyzed esterification of formic acid and methanol, as well as the reaction of
methanol and carbon monoxide [54,55]. This statement supported the observed trend in
which higher selectivity towards methyl formate was obtained compared to methanol over
the CZMNZS and CZMNZA catalysts, which contained both acidic and basic sites, as
shown by the NH3-TPD and CO,-TPD profiles. The CZMNZS catalyst also had a higher
amount of acid sites compared to the CZMNZA catalyst, which led to higher selectivity
towards methyl formate.

Figure 15 shows the time on stream (TOS) plot for CO, conversion, while Figure 16a,b
show the time on stream plot (TOS) for product selectivity (MeOH and MF) to illustrate the
pattern for CO; conversion as well as MeOH and MF formation during the 5 h reaction. It
was noticed that CO, conversion for CZMNZA was high at the beginning of the reaction;
however, after 50 min, it significantly dropped until the reaction was complete. For
CZMNZS, the CO, conversion was stable throughout the 5 h reaction. A similar trend was
observed for MeOH and MF formation for the CZMNZS. Nevertheless, CZMNZA shows
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a different trend, where at the beginning of the reaction, the formation of MeOH and MF
was almost similar, but after 50 min, the MeOH formation started to drop drastically, while
MF formation slowly increased and stabilized over the 5 h of reaction duration.
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Figure 15. TOS of CO; conversion at reduction temperature 250 °C.

CZMNZA CZMNZS

150 150
. o McOH e MeOH
Q) Me! -
S _ = MI
) ME I
=100 2 100
S =
&8 2
5 3=
3 " 3
S 50 . s 50
3 Ce, 2
g e )
[-» ®e &

$00eoe0 eeeo -
0 0 2 9 0 0 o o o o o
0 100 200 300 0 100 200 300

Iime on Stream (mins) Time on Stream (mins)
(a) (b)

Figure 16. TOS of methanol and methyl formate selectivity for (a) CZMNZA (b) CZMNZS at
reduction temperature 250 °C.

The catalysts were also tested for their catalytic activity at the same reaction conditions
as those mentioned but at a reduction temperature of 400 °C based on the TPR analysis
of CZMNZS. The catalytic performance of CZMNZA and CZMNZS in terms of CO,
conversion and products selectivity is shown in Table 5, while Figures 17 and 18 show the
time on stream (TOS) plots for CO, conversion and product selectivity (MeOH and MF),
respectively. The CZMNZA still shows the higher CO, conversion and MeOH selectivity
of 7.22% and 32.10%, respectively. Among the products formed, MF resulted in the highest
selectivity, regardless of the reduction temperature used; however, it decreased in value.
The TOS for CO, conversion and product selectivity (MeOH and MF) of CZMNZA and
CZMNLZS at a higher reduction temperature (400 °C) shows the same trend as that of the
lower reduction temperature (250 °C). The higher reduction temperature increased the CO,
conversion for both catalysts and increased the MeOH selectivity of CZMNZA; however, it
decreased the MeOH selectivity of CZMNZS.

Table 5. Catalytic activity of CZMNZA and CZMNZS at reduction temperature 400 °C.

Product Selectivity * (%)
Catalyst CO; Conversion * (%)

MeOH CHy MF EtOH
CZMNZA 722 32.10 - 64.57 1.99
CZMNZS 4.39 2.60 - 91.65 5.74

* Reaction conditions: 250 °C, 22.5 bar, H,:CO, = 3:1, GHSV 10,800 mL/g-h.
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Figure 18. TOS of methanol and methyl formate selectivity for (a) CZMNZA (b) CZMNZS at reduction
temperature 400 °C.

3. Materials and Methods
3.1. Catalyst Preparation
3.1.1. Preparation of Catalyst Supports (Al;O3 and SBA-15)

Al,O3, which was commercially purchased from Merck, was treated under argon flow
at 400 °C for 5 h to remove moisture and impurities.

The SBA-15 was synthesized using the nonionic triblock copolymer surfactant tem-
plate. Then, 5 g of pluronic 123 (P123) (5800 g/mol) triblock copolymer was dissolved in
37.5 mL deionized water and placed in a 500 mL polypropylene (PP) bottle. A large stir
bar was added to afford adequate stirring. The PP bottle was placed in a regulated oil bath
at 40 °C on a hot plate stirrer. Next, 150 mL of 2M HCI solution was added to the P123
solution and stirred for 3 h at 40 °C and 10 g tetraethyl orthosilicate (TEOS, 208.33 g/mol)
was added dropwise into the stirred P123 solution and the reaction proceeded for 24 h at
40 °C. Then, the bottle containing the mixture was placed in an oven at 95 °C for 48 h. Next,
the precipitate was placed in the Buchner funnel and washed with 1125 mL deionized
water, followed by 110 mL of ethanol. The precipitate was dried overnight in an oven at
90 °C, ground to fine powder and calcined at 600 °C for 6 h [28].

3.1.2. Preparation of Cu/ZnO-Based Catalyst with the Addition of Promoters

Cu/ZnO (70:30) with a fixed metal loading of 15 wt.% and promoters (Mn/Nb/Zr)
with ratio of 1:1:1 and total loading of 0.09 wt.% was synthesized using the wetness
impregnation method. The amounts of each precursor and promoter added were calculated
based on the amount of total catalyst mass prepared.

Firstly, a specified amount of copper (II) nitrate trihydrate (Cu(INO3);-3H,0), zinc ni-
trate hexahydrate (Zn(NOj3),-6H,0), manganese (II) nitrate tetrahydrate (Mn(NOs3),-4H,0),
ammonium niobate (V) oxalate hydrate (C4HsNNbOgy-xH,0) and zirconium (IV) oxynitrate
hydrate (ZrO(NOj3),-H,0) were dissolved in a desired amount of deionized water to form
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0.5 M aqueous precursor solution. The solution was stirred for 1 h to ensure homogeneity.
Then, the prepared aqueous precursor solution was added dropwise into a beaker con-
taining the supports (Al,O3 and SBA-15). The pH of the solution was kept at 7 by adding
10% ammonia solution or 10% nitric acid solution. After 24 h of stirring, the solution was
filtered and washed with deionized water. The produced paste was dried for 12 h at 120 °C
and calcined for 4 h at 350 °C.

Cu/ZnO/Mn/Nb/Zr/Al,O3 and Cu/ZnO/Mn/Nb/Zr/SBA-15 catalyst samples
were denoted as CZMNZA and CZMNZS, respectively.

3.2. Catalyst Characterization

The morphologies of the samples were examined using the Hitachi SU8020 field
emission scanning electron microscope (FESEM). Textural analysis was carried out on a
Micromeritics ASAP 2020 analyzer by determining the nitrogen adsorption/ desorption
isotherms at —196 °C. The samples were degassed at 350 °C (heating rate 10 °C/min)
prior to analysis. The adsorption data were used to calculate the Brunauer-Emmett-Teller
(BET) specific surface area and pore volume. The Barrett-Joyner-Halenda (BJH) model
was used to calculate the mean pore diameter of the isotherm desorption branch [24]. The
catalyst component and phase study were determined using X-ray diffraction (XRD) from
Shimadzu XRD-7000. The XRD measurements were performed at room temperature and
ranged from 10° to 80° Bragg angle for the alumina samples, 0.5° to 10° for the SBA-15
bare support, and 0.5° to 80° for the impregnated SBA-15 sample. The reducibility of metal
oxides was conducted using a Thermo Finnigan TPD/R/O 110 CE instrument, equipped
with a thermal conductivity detector (TCD). Then, 40 mg of catalyst was pre-treated with
N3 at 250 °C for 1 h to eliminate moisture and impurities. The analysis continued with 5%
H,/Ar (20 mL/min) gas flow to 950 °C, with a 10 °C/min ramping rate and holding for an
hour. The TCD determined the amount of hydrogen consumed in the tail gas stream. The
TPR peaks show the reducible catalyst species. To study the basic property of the catalyst,
CO,-TPD analysis was carried out using the same instrument as the TPR studies. The
calcined catalyst was first treated for 50 min at 250 °C with He flow. The CO; sorption
process was then started up again by letting CO, flow at 10 mL/min for 30 min at 75 °C.
CO, was removed from the sorbent bed by passing He gas through it at a rate of 20 mL/min,
while gradually raising the temperature from 40 °C to 950 °C at a rate of 10 °C/min. During
the ramping sequence, the temperature was kept at °C for 20 min. The acidity of the
catalyst was determined using TPD-NHj3. The catalyst was preheated at 250 °C for 20 min
under He flow. The temperature was then reduced to 170 °C, and the flow was changed
from He to NHj; for 30 min. Then, the flow was changed back to He for 20 min. After the
NHj; dosage was completed, the temperature was subsequently ramped up to 950 °C under
He flow at 10 °C/min.

3.3. Catalyst Performance Evaluation

The catalytic activity evaluation was carried out in a tubular, stainless steel fixed-bed
reactor (Effi Microactivity reactor, PID Eng & Tech, Norcross, GA, USA). Prior to the reaction,
0.2 g of calcined catalyst was activated in Hy flow of 20 mL/min at 250 °C and 400 °C. The
reaction was then carried out at 22.5 bar, 250 °C, and CO,:H, (1:3), with a total flow rate
of 36 mL/min for 5 h. The reactor effluents were analyzed using a gas chromatograph,
equipped with a TCD detector for H, and CO; analysis and an FID detector for alcohols
and other hydrocarbons. CO, conversion and methanol selectivity were calculated using
Equations (2) and (3), respectively.

Moles of CO5 i, — Moles of COy gut

CO, Conversion (%) = Moles of CO, x 100 ()
m

Moles of MeOH produced

MeOH Selectivity (%) = Total moles of products

x 100 )
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4. Conclusions

A Tri-promoted Cu/ZnO catalyst, supported on Al,O3 and SBA-15, favored the
formation of methyl formate from the CO, hydrogenation reaction conducted at 22.5 bar,
250 °C, and CO,:Hj (1:3). The selectivity of methyl formate was 93.52% and 77.94%,
respectively, over the Cu/ZnO/SBA-15 and Cu/ZnO/Al,O3 catalysts when the catalysts
were reduced at 250 °C. However, the selectivity of methyl formate decreased to 64.47%
(CZMNZA) and 91.65% (CZMNZS) with 400 °C reduction temperature. The catalytic
activity and methanol selectivity were approximately higher by a factor of five and twelve,
respectively, on the Al,O3z-supported catalyst compared to the values obtained using the
SBA-15-supported catalyst.
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