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Abstract: Directly synthesising dimethyl ether (DME) from CO, hydrogenation is a promising
technique for efficiently utilising CO, as a feedstock to produce clean fuel. The main challenges in
this process are the low CO, conversion and DME selectivity of the catalyst and its deactivation
over time due to sintering, aggregation, coke formation, and water adsorption. This study aimed
to develop a dual-functional, halloysite nanotube-supported CuZnO-PTA catalyst with a core-shell
structure and investigate the effects of the active site mass ratio CuZnO/PTA on CO, conversion
and DME selectivity. A dual-functional core-shell mesopores halloysite nanotube (HNT) catalyst
was developed, and both active sites were co-hosted on one support. The co-impregnation method
was used to synthesise CuZnO and 12-phosphotungstic acids (PTA) that were then supported by
a mesoporous core-shell (HNT). BET surface area, N, physisorption, FE-SEM, SEM, XRD, H,-TPR,
and NHj3-TPD of the core-shell catalyst characterised physio-chemical properties of the prepared
hybrid catalyst. The experimental results showed that the synthesised CuZn-PTA@HNT core-shell
bifunctional catalyst was promising; the CO; conversion was almost the same for all four catalysts,
with an average of 22.17%, while the DME selectivity reached 68.9%. Furthermore, the effect of both
active sites on the hybrid catalyst was studied, and the metal Cu wt% mass ratio loading was not
significant. In contrast, the PTA acid sites positively affected DME selectivity; they also showed an
excellent tolerance towards the water generated in the methanol dehydration reaction. In addition,
the effect of the temperature and reusability of the CZ-PTA@HNT catalyst has also been investigated,
and the results show that increasing the temperature improves CO, conversion but decreases DME
selectivity. A temperature of less than 305 °C is a good compromise between CO, conversion and
DME selectivity, and the catalyst also showed good stability and continuous activity/stability over
five consecutive cycles. In conclusion, this study presents a novel approach of using a core-shell
halloysite nanotube-supported CuZnO-PTA catalyst to directly synthesise dimethyl ether (DME) from
CO; hydrogenation which exhibits promising results in terms of CO, conversion and DME selectivity.

Keywords: CO, hydrogenation; dimethyl ether; core-shell nanotube; Cu/ZnO; phosphotungistic
acid; halloysite nanotube

1. Introduction

Global warming is one of the most significant environmental phenomena attributed to
human activity-related CO, emissions [1,2]. Unfortunately, burning carbon-based fossil
fuels releases a lot of CO,, which disrupts the earth’s natural carbon cycle and causes global
warming, acidification of the oceans, rising sea levels, and climate change [3]. Therefore,
converting CO, into value-added chemicals such as CO, methanol, dimethyl ether, methane,
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formic acid, urea, and other hydrocarbons is feasible to mitigate CO, emissions [4,5]. In
this study, dimethyl ether was found to be a highly efficient alternative fuel for use in
diesel engines, primarily due to its high oxygen concentration of approximately 35% by
mass, its molecular structure without C-C bonds, low ignition temperature, and its ability
to rapidly vaporize when introduced into the cylinder. This leads to almost smoke-free
combustion [6,7].

Traditionally, the production of dimethyl ether (DME) has been achieved through
a two-step process, starting with the synthesis of methanol (MeOH) from syngas over a
Cu-based Cu/ZnO/Al,O3 (CZA) catalyst and ending with the dehydration of MeOH to
DME on a solid acid catalyst, such as y-alumina [8] or zeolites, particularly ZSM-5 [9].
In addition, to reverse water gas shift reaction as an intermediate [10]. DME has been
synthesised directly from CO, hydrogenation based on the following three sets of reactions:

CO; hydrogenation CO, + 3H; = CH30H + H,O 1
Reverse water gas shift CO, + Hp = CO + H,O 2)
Methanol dehydration 2CH3;0H = CH30CHj3; + H,O 3)

From a catalytic perspective, the literature has paid remarkable attention to develop-
ing suitable hybrid catalysts for directly synthesising DME from CO, hydrogenation [11].
Copper-based catalysts have been one of the nonprecious metals used in CO, hydrogena-
tion, which received the most significant research attention [12]; besides its abundance and
low cost, Cu exhibits high activity and selectivity towards methanol [13]. The most widely
used catalyst system in the synthesis of DME from CO, hydrogenation is a mixture of
methanol synthesis and methanol dehydration catalysts, particularly the CuZnAl catalyst
combined with ZSM-5 or y-Al, O3 [14]. However, the low conversion in CO; hydrogenation
can be attributed to several significant factors, including the thermodynamic inertness of
CO,, the generation of water as a by-product, the formation of coke, sintering, and the
accumulation of Cu particles, which is considered a critical factor in catalyst deactiva-
tion [15]. During the direct synthesis of dimethyl ether (DME) from carbon dioxide (CO,)
hydrogenation, water is produced as an intermediate product through two main reactions:
the reverse water gas shift reaction (RWGS) and methanol dehydration. One significant
challenge in this process is the tendency of HyO molecules from RWGS to strongly adsorb
on copper (Cu) particles, causing aggregation and early deactivation of the catalyst [16]. In
addition, producing water molecules as a by-product during the methanol dehydration
step can also create challenges. The competition between water and synthesised DME for
binding to the active sites of the catalyst acid can also reduce DME selectivity and lead to
the deactivation of the acid sites. These factors can all contribute to the low conversion and
selectivity of the catalyst in synthesising DME from CO, hydrogenation [17].

Developing an active and stable bifunctional hybrid catalyst for a reaction that involves
both hydrogenation and dehydration is challenging due to the difficulties as mentioned
earlier. Various strategies have been proposed and investigated to reduce or eliminate the
catalyst activity and stability drawbacks, including the replacement of the active metals [18],
essential features of promoters [19], interactions between active metals and support [3], parti-
cle size reduction [20], pre-treatment and preparation method changes [21,22], and viability
testing for different combinations of metals and supports [16]. Therefore, developing a
hybrid catalyst with an excellent contact state between the methanol synthesis catalyst and
dehydration catalyst is vital [23]. Using catalyst particles with a core-shell structure is a
promising approach for preserving metallic properties while reducing their sintering, ag-
gregation, and coke formation due to side reactions [24]. In addition, separating individual
reactions into different catalyst particle regions enhances the catalytic particle’s selectivity
in such a series of complex reactions [12].

A significant amount of research has focused on developing core-shell supports for
CuZnO metal nanoparticles using materials such as silica, alumina, zeolites, and Silica-
Alumina-Phosphate (SAPO) mesoporous materials. These core-shell structures can poten-
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tially improve the stability and activity of CuZnO catalysts and prevent the aggregation of
CuZnO nanoparticles [25]. Recently, Karaman et al. demonstrated the effectiveness of a
mesoporous alumina-encapsulated Cu-ZnO-Al (CZA) catalyst with a core-shell structure
synthesized through the hydrothermal method in the conversion of syngas and CO; to
dimethyl ether [26]. The core-shell system has also been found to provide excellent re-
sistance to the sintering of Cu species in the core and to minimize the adverse effects of
interaction between individual functions, which can lead to deactivation [27]. Furthermore,
Yang et al. [28] synthesized a core-shell catalyst with Cu and Cu/ZnO nanoparticles coated
by mesoporous silica shells for CO, hydrogenation to methanol, demonstrating that the
silica shell could effectively immobilize copper species and suppress the sintering of Cu
nanoparticles during the reaction.

On the other hand, the core-shell structure of a catalyst particle is superior to a con-
ventional physical admixture of individual functions in terms of activity and stability
in the indirect synthesis of DME. Sanchez-Contador et al. [29] found that the core-shell
catalyst, CZZr@S-11, prepared under appropriate conditions, demonstrated a better per-
formance in the direct synthesis of DME from the joint hydrogenation of CO and CO,
compared to the bifunctional catalyst (CZZr/S-11), which was created through a physical
mixture of the individual components. The improved performance was attributed to the
advantages of the core-shell structure. Cui, Xiaojing, et al. [30] encapsulated a commercial
Cu/Zn0O/ Al,Oj catalyst onto a mesoporous SiO;-Al,O3 core-shell, prepared through a
hydrothermal method for the one-step synthesis of DME from CO; hydrogenation. The
resulting CZAS@SA core-shell catalyst significantly improved the selectivity of DME and
methanol, from 9.1 to 63.3 mol%.

Halloysite nanotube (HNT) is a natural clay mineral with a hollow nanotubular and
unique scrolled structures consisting of kaolinite with a length of 0.4-1.5 um, an outer diam-
eter of 50-90 nm, and an inner lumen of 10-30 nm [31]. HNTs possess a positively-charged
inner surface, which can interact with negatively-charged or electron-rich molecules. In
contrast, the external surface, being negatively charged, can successfully bind with posi-
tively charged molecules [32]. Practically, (HNTs) possess several advantages, including
high stability, resistance against organic solvents, ease of disposal or reusability, and avail-
ability in tons at low cost [33]. Furthermore, recent studies demonstrate the potential of
halloysite clay nanotubes as catalyst support. Its good dispersibility of functionalized
halloysite makes it an efficient surface-active catalyst. In addition, functionalized halloysite
constitutes valuable support for metal nanoparticles, promoting catalytic applications with
tuneable properties [34]. These characteristics make HNTs excellent vehicles for carrying
numerous active sites when negatively charged molecules are sacked into the tube’s lumen,
and positive ones are adsorbed on the tube’s outer surface [31].

Furthermore, the HNT outer surface charge can be improved by functionalization.
The lumen can be modified or enlarged by selective alumina etching by intercalating its
interlayer spacing [35]. Different molecules have been utilized, including amines [36].
Recently, Mazurova et al. and his team have proposed using HNTs as support for RuCo
catalysts in Fischer-Tropsch synthesis. They found that HNTs loaded with bimetallic RuCo
nanoparticles of 5-6 nm were more selective and active than systems based on synthetic
aluminosilicates, silicates, and y-Al,O3 [37]. Halloysite nanotubes can also be loaded with
negatively-charged active species, which can be protected inside the inner lumen of the
nanotubes. Lisuzzo et.el have successful loading of salicylic acid into the nanotubes was
confirmed by Fourier-transform infrared (FTIR) spectroscopy, which evidenced the presence
of the characteristic signals of the drug in the halloysite nanotubes (HNTs)/Salicylic acid
(SA) hybrids [38]. This distinct feature of the charge state in HNT led us to the potential of
electrostatically loading PTA anionic particles into the HN'I’s positively-charged lumen.
Furthermore, the active metal (Cu) cations may also be deposited on the negatively-charged
surface of the NHT. Therefore, we modified the HNT with DMF to increase the basal spacing
and the lumen size, which may increase the loading of the bi-functional catalyst’s methanol
dehydration site (PTA) and enhance the surface absorption of the active metal (Cu).
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This study aimed to develop a core-shell structure halloysite nanotube-supported
CuZn-PTA@HNT catalyst. This catalyst aims to stabilize the CuZn metal site responsible
for methanol synthesis on the outer negatively charged surface of the halloysite nanotubes
(HNTs) and to load the PTA acid site responsible for methanol dehydration in the positively
charged lumen of the HNTs. We also sought to investigate the effects of the active sites
mass ratio CuZn/PTA on CO; conversion and DME selectivity. In addition, the influence of
acid strength and water tolerance of the catalyst during the methanol dehydration reaction
will be studied to understand how it affects the efficiency and stability of the reaction.
Finally, the effect of temperature variation and stability of the most promising catalyst over
five reaction cycles could be demonstrated, providing essential insights into the long-term
performance of the catalyst.

2. Results and Discussion

HNTs have been proposed as a support for CuZn-PTA catalysts due to their unique
porous structure and ability to host multiple active sites. Typically, HNTs have a hollow
tubular structure consisting of an external surface with a negative charge. Moreover, a
positively charged internal lumen has been confirmed through zeta-potential measure-
ments. [32]. The XRD patterns in (Figure 1a) for both HNT and DMF-HNT showed similar
peaks at 26 210.2, 11.8, 19.8, 24.8, 26.5, 34.8, 35.7, 38.1, 54.5, 62.3, 73.5, 77.13.
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Figure 1. XRD pattern of the (a) HNT, modified-HNT, and (b) reduced CZ-PTA@HNT catalysts.

The peak positions are consistent with metallic Cu, Cuy0O, and ZnO at all potential
peaks, indicating that the catalyst had a polycrystalline structure. Bragg’s reflections for
copper particles can be seen in the XRD pattern at 26 values of 43.2, 47.3, 50.2, 56.5, 73.9,
89.7,95.03, and 31.7, 34.4, 36.2, 67.8, 69.2, 62.8, respectively, representing different angles as
(Figure 1b) illustrates [39,40]. Based on Scherrer’s equation, the active metal Cu average
particle crystallite size was 9.7 nm, while the overall CuZnO crystallite size was 17.5 nm;
these observations also agree with the FESEM results which found an average CuZnO
particle size of 18 nm [41].

It can be seen that the crystallinity of the CuZnO decreases, which may be due to
low metal loading and good dispersion [42]. However, this interface between Cu and
ZnO species is proposed as the active site and shows promising results for the methanol
synthesis step [43].



Catalysts 2023, 13, 408 50f 18

The N2 adsorption-desorption isotherms of the HNT, DMF-HNT, 5CZ-PTA@HNT,
10CZ-PTA@HNT, 15CZ-PTA@HNT, and 20CZ-PTA@HNT support and hybrid catalysts,
respectively, are presented in (Figure 2). The HNTs were modified with dimethyl formamide
(DMF) to improve the dispersion of copper on the surface of the HNTs and prevent the
aggregation of CuZnO particles during calcination and reduction. The BET surface area,
total pore volume, and pore size results are shown in Table 1. All four catalysts exhibited a
typical type IV isotherm with an H, hysteresis loop and sudden drop of desorption branch,
which is associated with mesoporous materials with bottleneck pores. However, upon
closer examination of the findings, there does not seem to be a substantial difference in the
textural properties of all the catalysts, apart from a slight decrease in surface area, pore
volume, and pore size as the loading of active metal increases. This could be attributed
to the blocking of the support’s pores. Usually, with traditional impregnation of a metal
precursor, the extent of pore narrowing, and surface decrease might increase goas with
the bifunctional active sites. However, the PTA acid sites were higher when the metal was
small, but acid sites did not contribute to the pore blockage process. The tubular structure
of the HNTs was maintained after modification with DMF (see Figure 2; this improved
the negatively charged outer surface that allowed for the uniform distribution of CuZnO
metal nanoparticles with diameters ranging from 15.6 to 18.4 nm on the outer surface of
the HNTs. The process of depositing CuZnO on the outer shell and PTA acid clusters
within the lumen of the HNTs after modification with DMF did not significantly affect the
mesoporous structure of the support.
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Figure 2. N, adsorption-desorption isotherms of (a) 5CZ-PTA@HNT, (b) 10CZ-PTA@HNT (c) 10CZ-
PTA@HNTand (d) 20CZ-PTA@HNT.
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Table 1. BET, XRD, TPR, and TPD characterization results.

Catalyst
Name

BET

Surface Area
(m?%/g) ?

Pore H; . s . er s Cu
Volume Sizf?l'];;l) a Consumption Ac1d1(tgml?(13;g)bcutlon Crystallite
(cmd/g) 2 (mmol/g) P

Weak Moderate Strong

Size (nm) 4

HNT
HNT-DMF
20CZ-PTA
15CZ-PTA
10CZ-PTA

5CZ-PTA

65
65.73
21.87

233

30

40

1.26 15 0 0 0 0 58
0.32 27.8 0 0 0 0 69
0.110 16 0.731 0.11 0.13 0.25 14.1
0.11 16.95 0.522 0.17 0.23 0.24 12.3
0.116 17.15 0.472 0.20 0.33 0.39 7.6
0.133 244 0.298 0.21 0.25 0.48 4.8

0.8

2 BET nitrogen adsorption method, b obtained from H,-TPR, ¢ obtained from TPD-NHj3, d gbtained from XRD.

Temperature-programmed desorption of ammonia (NH3-TPD) was used to investigate
the acid properties of a hybrid catalyst containing different amounts of 12-phosphotungstic
acid (PTA). The results, summarized in (Table 1) and shown in (Figure 3b), indicate that
the catalysts exhibited three regions of acid strength based on temperature: weak acid
sites at 100-250 °C, medium acid sites at 250-350 °C, and strong acid sites at 350-500 °C.
These observations are in line with previous studies showing that the acid strength of PTA
increases with increased loading [44]. In general, the acid strength of PTA is expected to
increase with increased loading, as a higher concentration of PTA on the catalyst surface
should result in a more significant number of strong acid sites. Previous studies have
suggested that the strength of the acid sites on the surface of a catalyst can affect the DME
selectivity during the reaction. W. Alharbi found a correlation between the turnover rates
and catalyst acid strengths for heteropoly acid catalysts; this suggests that the strength of the
catalyst acid sites determines the reaction rate [45]. However, it has been reported that weak
and medium-strength acid sites are responsible for DME selectivity. In contrast, strong acid
sites may accelerate the formation of by-products such as olefins and hydrocarbons [46]. It
is important to note that various factors can influence acid site strength, including other
species on the active catalyst surface (e.g., co-adsorbed molecules or contaminants) and
water formation during the dehydration of methanol to DME. In addition, in some cases,
the acid sites may decompose during the reaction, which could affect the catalytic activity
and stability; this may be related to the weak interaction between the support and the
catalyst [47,48].
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Figure 3. H,-TPR profiles of the calcined (a) and NH3-TPD- profile of reduced (b) CZ-PTA@HNT Catalyst.
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The reducibility of calcined hybrid catalysts CZ-PTA was evaluated using the TPR-H,
technique, as shown in (Figure 3a). The results indicate that within the temperature range
of 100-600 °C, only one reduction peak was observed for each catalyst, indicating the
degree of reducibility of the metal-support interaction. Interestingly, zinc oxide was found
to not reduce within this investigated temperature. On the other hand, Copper samples
displayed a broadened peak, while 5CZ and 10CZ showed small shoulder peaks. These
reductions in both small and large copper particles can be attributed to the well-dispersed,
small loading of CZ, which is indicated by the small peak. Pechenkin et al. [49] reported
the same H,-TPR profile for CuO-InyO; catalysts supported on halloysite nanotube. The
reduction profile suggests that hydrogen consumption occurred at a low-temperature range
of 150-350 °C, corresponding to the reduction of copper oxide to metallic copper. The
amounts of hydrogen consumed by each catalyst are listed in (Table 1).

The TPD-CO, techniques were utilized to evaluate the basicity of CZ-PT@HNT re-
duced catalysts, as shown in Figure 4, through CO, desorption profiles. The amount of
CO, desorbed, and the temperature of desorption provide insight into the basic surface
properties of the catalysts. This analysis revealed the presence of two basic sites in all
four of the presented HNT-supported CZ-PTA catalysts. The moderate basic sites were
attributed to metal-oxygen pairs, such as Cu-O and Zn-O, while the strong basic sites
were associated with low-coordination oxygen atoms and O?~ ions present at the edge of
the crystal structure [28,50]. Desorption of CO; at temperatures between 400 and 500 °C
corresponded to moderate basic sites, while desorption above 600 °C indicated strong
basic sites. The desorption temperature of CO; was found to have a strong correlation
with the basicity strength of the CZ-PTA@HNT catalysts. The CO, desorption profiles
were analysed to determine the concentration of basic sites on the catalyst surface by
integrating the area of the peak. The balance of active metal sites and solid acid sites
largely influenced the overall basicity of the CZ-PTA@HNT catalyst. An increase in Cu
metal loading between 5 and 20 wt.% resulted in a rise in the basic site concentration from
0.2681 mmol/g to 0.44029 mmol/g. The literature has reported that the strong basicity of
the basic sites in catalysts, although believed to play a crucial role in activating the C-O
bond in adsorbed CO,, may negatively impact the selectivity of dimethyl ether (DME)
production. ZnO, being a basic oxide, has been found to partially neutralize the acidity
of the catalyst, hindering the transformation of methanol to DME [51]. Mao et al. [52]
examined the direct relationship between the methanol dehydration and the nature of the
acid sites on HZSM-5 modified with basic oxides, specifically MgO, and discovered that
the presence of basic MgO decreased the Bronsted site. The CO, adsorption capacity of the
20CZ-PTA@HNT catalyst was found to be the highest among the prepared catalysts, as
indicated by its largest desorption peak area with a total of 0.44029 mmol/g. This is due to
the presence of 20 wt.% Cu in the catalyst. The basicity of the tested samples was observed
to increase in the sequence of 5CZ-PTA@HNT < 10CZ-PTA@HNT < 15CZ-PTA@HNT <
20CZ-PTA@HNT.

The morphological changes of pure HNTs, modified HNTs (DMF-HNTs), and reduced
catalysts were investigated using field-emission scanning electron microscope (FESEM)
techniques. The study found that most HNT samples retained their tubular geometry;
however, some size variations were observed. The external diameter of the HNTs increased
after modification from 59 nm to 88, as (Figure 5a,b) shows. In this context, the particle
size refers to the physical dimensions of individual particles of the CZ-PTA@HNT catalyst;
typically, we have measured the external diameter in nanometres of the HNTs, modified
HNTs, CuZnO with the spherical shape of the CZ-PTA@HNT samples using the Image
] software.
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Figure 4. CO, temperature-programmed desorption (CO,-TPD) profiles of the reduced CZ-
PTA@HNT catalysts.
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Figure 5. FESEM images of (a) HNT, (b) DMF-HNT, (c¢) CZ-PTA@HNT, and particle size distribution.

These findings are consistent with those reported by Abdullayev, Elshad, et al., who
demonstrated that modification with H,SO, resulted in a 2-3 times enlargement of the lu-
men diameter of the halloysite. Furthermore, the DMF-modified HNT samples appeared to
lose their tubular shape and gradually transform into porous nanorods. These results sug-
gest that modification with both DMF and H,SO; can significantly impact the morphology
of HNT samples [34].
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At the same time, FESEM also revealed that copper (Cu), copper oxide (Cu,0O), and
zinc oxide (ZnO) nanoparticles were uniformly dispersed on the external surface of the
halloysite, with an average diameter size of 16-18 nm see (Figure 5c). These nanoparticles
were electrostatically deposited on the negative surface of the HNTs, as confirmed by X-ray
diffraction (XRD). This combination of Cu(0) or Cu;O and ZnO nanoparticles resulted
from the positive interaction between the HNT outer surface and methanol synthesis active
sites [53].

In the preparation process, we theoretically employed Equation (4) to determine the
number of active sites loaded on the HNT support. The initial loading varied between 5 and
20 (wt.%) in Cu and PTA. To validate this ratio, we performed EDX analysis with mapping
on the calcined CZ-PTA@HNT. The bulk element compositions (Figure 6), displaying the
distribution of elemental dots in the CZ-PTA@HNT catalyst. The results indicate a uniform
anchoring of Cu, Zn, W, and O on the active sites and detection of Al, Si, and O from the
HNT, suggesting even dispersion of CuZnO over the HNT surface. However, the EDX
analysis failed to detect phosphorus (P), a PTA solid acid compound component. This may
be due to the decomposition of the P during either the calcination or reducing steps.
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Figure 6. FESEM and EDX elemental mapping images for CZ-PTA@HNT catalyst.

Additionally, this absence may also cause the limitation of the EDX technique. The
inaccuracy of the elemental composition may result in the EDX, a surface-sensitive tech-
nique that only analyses the top few nanometres of the sample surface. In order to detect
elements throughout the entire sample volume, the ICP-MS analysis technique is a better,
more sensitive, and more accurate method for elemental analysis than EDX [54].

In conclusion, FESEM and SEM revealed that modification of HNTs with DMF can
significantly impact the morphology of the core-shell HNT by altering the lumen diameter,
which favors selective loading PTA inside the lumen. Additionally, it has been shown
that uniform dispersion of Cu, Cu;0, and ZnO nanoparticles on the external surface of
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halloysite nanotubes can be achieved through a homogeneous nanoparticle distribution.
Finally, FESEM and SME also provided valuable insight into the morphological changes of
HNTs upon the modification and the unique properties of CuZnO-PTA core-shell nanotube
catalyst, which can be utilized to improve the efficient direct synthesis of DME from CO,
catalytic performance.

The direct synthesis of DME was carried out in a fixed-bed reactor. The reaction
conditions were as follows: P = 30 bar, T = 260 °C, H,/CO, = 3:1, Gas Hourly Space
Velocity (GHSV) = 12,00 h~!. The products were determined after the reaction reached a
steady-state condition, and catalyst performance was evaluated regarding CO, conversion
and selectivity to products. Furthermore, the amount of H,O produced in reverse water
gas shift reaction RWGSR and methanol dehydration was paid much attention.

The study results displayed in (Table 2) show that the CO; conversion slightly in-
creased from 21.47 to 22.36 with the active metal loading, although the difference was
relatively small among the four samples tested. This suggests other factors, including
catalyst properties, such as the crystallinity, reducibility, dispersion of the CuZnO of the
catalyst, and its corporation to the core-shell structure. For the effective direct synthesis of
DME from CO; hydrogenation, the catalyst support must possess specific crucial attributes,
including a large surface area to support the effective dispersion and reducibility of the
active phase. Secondly, the support must be morphologically stable, and thirdly, it should
exhibit high mechanical strength. A single core-shell structure can incorporate various
active catalytic sites for different reactions. By customizing the core and shell materials
to be compatible with sequential reactions, complementary reactions can be conducted in
tandem to achieve the desired product conversion [55]. For example, the indirect conver-
sion of CO, to DME through the transformation of CO, + Hj into CH3OCHj3 is a two-step
process. The first step involves the conversion of CO; and H, into MeOH + H;O as an
intermediate via methanol synthesis on the CuZnO active sites of the catalyst, followed by
methanol dehydration into DME on the acidic sites of the catalyst PTA. In conventional
bifunctional catalysts, typically prepared by physically mixing the active sites, this results
in a randomly distributed active site, leading to independent and randomly occurring
reactions [56]. However, the non-uniform distribution of active metal sites and acidic sites
in conventionally made catalysts can result in intermediates existing for different periods of
transport between functions and leading to potential opportunities for undesired reactions,
such as CO + Hj. By contrast, core-shell catalysts can potentially mitigate these selectiv-
ity limitations by improving the distribution of distances between the separate catalytic
sites [25]. Singh, Rajan, and colleagues explored the benefits of using a core-shell config-
uration for the bifunctional Cu-ZnO-ZrO, /hierarchical ZSM5 catalyst in hydrogenating
CO; to methanol and DME. The results showed that the core-shell design allowed for the
physical separation of the environments of the methanol synthesis and its conversion into
DME reactions, enhancing their synergetic interaction [57]. The effectiveness of a catalyst in
direct CO, hydrogenation to DME depends heavily on its characteristics. A promoter such
as ZnO, which has redox properties, can improve the catalyst’s performance by facilitating
the dispersion and reducing properties of the Cu active site [58]. Although Cu can work
alone as a catalyst for making methanol, its activity is usually boosted by interacting with
Zn0O, which has almost no catalytic activity on its own [59]. The interaction between Cu and
ZnO can influence the metal site’s reactivity and redox properties. When oxygen vacancies
are present, the surface becomes electron-rich, enhancing its electron-donating ability and
making it more active in adsorbing hydrogen [60]. The ZnO surface was significant as it
had a high concentration of dispersed Cu atoms and a strong interaction between Cu and
the surface. This created active sites for the hydrogenation of CO,. On the other hand,
when Hj adsorbed on the oxygen vacancy on the Cu-ZnO surface, it would release a proton
to a nearby oxygen atom, forming two hydroxyl groups for each vacancy. Meanwhile, CO,
acts as a Lewis acid and the zinc vacancies on the surface serve as active Lewis basic sites
for Lewis acid-base interactions [61,62].
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Table 2. CZ-PTA@HNT catalyst performance in direct synthesis of DME from CO, hydrogenation.

Catalyst CO; DME MeOH Cco H,O
Conversion, % Selectivity, % Selectivity, % Selectivity, % Selectivity, %
20CZ-PTA 22.36 52 18 22.7 2.6
15CZ-PTA 21.4 56.6 16.7 20.5 43
10CZ-PTA 23.45 62.3 15 17.5 6.8
5CZ-PTA 21.47 68.9 7 15.3 8.2

Reaction conditions: P = 30 bar, T = 260 °C, H, /CO, = 3:1, Gas Hourly Space Velocity (GHSV) = 12,00 h~1; time
on = 300 min.

In addition, the presence of water formed by RWGSR may significantly impact the
conversion rate. However, RWGSR Equation (2) is considered the most challenging aspect
in directly converting CO, to DME because it causes severe deactivation of the Cu metal
active site [46]. To efficiently convert CO, into DME over a CuZnO-PTA catalyst, it is
important to understand the two main pathways, RWGS (via HOCO intermediate) and
the formate (via HCOO intermediate) pathways [63]. Understanding these mechanisms
can optimize the catalyst’s performance and prevent early deactivation. Yixiong Yang et al.
investigated methanol synthesis via CO, hydrogenation over various Cu nanoparticles
(NPs), focusing on determining the reaction pathways involved. Through a combination of
experimental techniques and density functional theory (DFT) calculations, they concluded
that reaction (2) undergoes a formate intermediate [64]. In this study, we observed RWGSR
selectivity decreases with an increase in Cu metal loading from 5 to 20 wt%, and the
H,-TPR data confirmed that Cu reduction strength increased with Cu loading; this may
contribute to the suppression of the RWGSR reaction by changing the reaction pathway
from decomposition cleavage of CO, to CO* + O* via the direct C-O bond cleavage pathway
to the more reactive carboxyl (COOH¥) or formate (HCOO¥*) intermediates [65].

The effect of PTA wt% loaded inside the HNT lumen on the catalytic activity, and
product selectivity was evaluated in the range of 5 wt% to 20 wt% as (Figure 7a) shows.
The selectivity to DME of all catalysts significantly increased with increasing the PTA load-
ing, which can be explained by the fact that DME'’s selectivity depends on the methanol
dehydration reaction (3) driven by acid strength. Similarly, previous studies have reported
the relationship between Bronsted acid clusters of heteropoly acid catalysts and DME selec-
tivity. Rawan Al-Faze and his co-workers have investigated the effect of silica-supported
heteropoly acids loading and acid strength on methanol dehydration and DME selectiv-
ity; they have reported similar observations in their experiments [66]. As we know, the
methanol dehydration step in Equation (3) prefers low and moderate acid strength to
achieve high selectivity of DME compared to stronger acid sites. Ladera, Rosa Maria, et al.
studied methanol dehydration to DME over silica HSiW and tungstic HPW heteropoly
acid supported on TiO;. They concluded that DME selectivity strongly depends on HPA
loading on TiO,, and it has been found that the optimum acid site loading was 2.3 Keggin
units per nm? after it was well dispersed on the TiO; [49]. In summary, acid site strength
optimization is important in the methanol dehydration to DME reaction because it can help
to achieve high selectivity and high conversion, improve the long-term performance and
stability of the catalyst, and reduce the formation of by-products.

Moreover, methanol selectivity decreased with PTA loading while water selectivity
increased (Figure 7a). As we know, the DME synthesis from CO, hydrogenation contains
two water-generating reactions, methanol dehydration and reverse water gas shift reaction;
the water formed may cause severe deactivation to both active sites of the hybrid catalyst.
In this regard, despite the increased selectivity towards the water with increased loading
of PTA, the catalyst exhibited outstanding activity and resilience towards water produced
during the methanol dehydration step. This can be attributed to the unique properties of
the Bronsted acid sites present in PTA, as opposed to other solid acid catalysts with Lewis
acid sites, such as y-Al,O3, which tend to adsorb water, leading to a substantial decrease in
the number of acid sites and, ultimately, catalyst deactivation [67,68].
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Figure 7. Effect of PTA loading (wt.%) on product selectivity of DME, MeOH, CO, and H,O (a), and
(b) stability test by recycling the 5CZ-PTA@HNT catalyst on CO, conversion and DME selectivity.

In the direct conversion of CO; into DME, the reaction temperature has crucial influ-
ences on the catalytic performance of the CZ-PTA@HNT catalyst. The temperature varied
from 180 °C to 320 °C at a constant pressure of 30 bar, GHSV of 12,000 h~! and a catalyst
weight of 0.3 g. The results showed that CO; conversion increased with temperature from
12.36% to 26.92%, and DME selectivity increased from 2.4% until maximum DME selectiv-
ity of 68.9% was achieved at 260 °C (Table 3). The decrease in DME selectivity at higher
temperatures was predictable from a thermodynamic perspective. The DME synthesis
reaction is reversible and exothermic. Its equilibrium conversion decreases significantly at
higher temperatures, leading to a decrease in DME selectivity, highlighting the importance
of controlling the temperature in this reaction [69]. Operating at less than 305 °C provides
a good compromise between CO, conversion and DME selectivity, as higher reaction tem-
peratures have an unfavorable effect on oxygenate yield and selectivity, such as MeOH and
DME, according to reported findings by Ateka, Ainara, et al. [11].

Table 3. Effect of reaction temperature on CO, conversion and product selectivity over 5CZ-
PTA@HNT.

Temperature (°C) CO; DME Sel}/:zifi)‘lriity co Selle—lczti?/ity
Conversion, % Selectivity, % % ! Selectivity, % o !
180 12.36 2.4 36.54 48.7 4.6
220 18.27 32.6 16.7 27.6 9.3
260 21.47 68.9 7 15.3 8.2
300 26.18 64.7 12 18.3 12.6
320 26.92 48.11 18.15 39.43 15.52

Reaction conditions: P = 30 bar, H, /CO, = 3:1, GHSV = 12,00 h~!; time = 300 min, (0.3 g catalyst).

In addition to improving CO, conversion, the increase in temperature also led to higher
H,0O and CO selectivity due to the thermodynamic advantage of the reverse water-gas shift
reaction at higher temperatures [70]. This highlights the complexity of the reaction system
and the interplay between different reactions, making it crucial to consider thermodynamics
and kinetics to optimize the process. In conclusion, the study highlights the crucial role of
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temperature in the direct conversion of CO, into DME. In order to understand and provide
valuable insights into this reaction, the thermodynamic and kinetic aspects of the reaction
system should be investigated in the future.

The reusability of the 5CZ-PTA@HNT catalyst was evaluated through consecutive
continuous mode in a fixed bed reactor at optimized temperature (260 °C), pressure (30 bar),
GHSV (12,00 h 1), and catalyst weight (0.3 g). The first reaction was labeled as (Run 1) and
was carried out using a fresh catalyst, as shown in (Figure 7b). The catalyst was kept
in the reactor and reused for subsequent experiments (Recycle 1 to Recycle 4) under the
same reaction conditions; each run was studied for 3 h. The results showed good stability
throughout the recycling process, with CO, conversion and DME selectivity remaining
steady at around 21.47% and 68.9%, respectively, for five consecutive cycles. No significant
decrease in CO, conversion and DME selectivity was observed during the 15 h total
reaction duration, demonstrating that this enhanced catalyst can continuously operate with
good activity and stability. The reusability study also showed that CO, conversion and
DME selectivity remained unchanged. The catalyst can be easily recovered and reused
without significantly reduced catalytic performance. Hence, the CZ-PTA@HNT catalyst is
considered a promising candidate for industrial application.

3. Materials and Methods
3.1. Catalyst Preparation

Halloysite nano clay (AlSipO5(0OH)4-2H,0), Tungstophosphoric — acid
(H3[P(W3010)4]-xH0O), copper nitrate trihydrate (Cu(NO3),-3H,0), and zinc nitrate tetrahy-
drate (Zn(NOs),-4H,0) were used in this study as the precursors for the catalyst prepa-
ration. These materials and Dimethylformamide (HCON(CHj3),) were purchased from
Sigma-Aldrich. To synthesize the CuZnO/PTA@HNT core-shell bi-functional catalyst with
different mass ratios of Cu/PTA, the halloysite nanotube (HNT) was first modified by
intercalating it with Dimethylformamide (DMF) to increase the HNT’s surface charges,
interlayer spacing, and inner lumen size. This was achieved by: (a) drying 20 g of HNT
overnight at 110 °C; (b) adding 10 g of the dried HNT to 100 mL of DMF while stirring
continuously at 60 °C; and (c) rinsing the HNT-DMF several times with a solution con-
taining distilled water and 30% ethanol before drying it for 48 h in an air oven at 80 °C.
Then, the co-impregnation incipient wetness method was used to prepare the bifunctional
catalyst. Methanol synthesis (CuZnO) and methanol dehydration (PTA) dual-sites were
co-impregnated onto the support (HNT) to synthesize the CuZn-PTA@HNT core-shell
nanotube bi-functional catalyst. Specifically, the precursors of active metal Cu, promoter
ZnO, and solid acid PTA were dissolved in deionized water (DW) and added drop by drop
to the appropriate amount of HNT suspended in a beaker with DW. The amount of active
metal used as weight (%) was calculated using Equation (4). The slurry was then stirred for
24 h at 65 °C, and the obtained solid was dried overnight before being calcined in a dry air
oven at 350 °C for four hours.

1mol Cu y 1mol Cu x 241.60 g
63546 g = 1mol Cu(NO;3),-3H,0

Cu(NO3),-3H,0 required (g) = Amount of Cu required (g) x 4)

3.2. Catalyst Characterisation

A Shimadzu XRD 600 X-ray diffractometer (XRD) with Cu target K radiation at 30 kV
and 30 mA examined the reduced catalysts’ crystalline structure, phase, and textural
features. Diffractograms were generated at a scanning speed of 1 degree per minute using
a scanning angle (2theta) of 5 to 100 degrees. First, the reduced catalyst was pressed flat in
a plastic sample holder before being scanned with an X-ray machine for defects. Next, an
X-ray line broadening at the metallic Cu’s most intense peak was used to determine the
crystalline size of the metal.

Next, reduced catalyst morphology and elementary surface composition were charac-
terised using Hitachi’s cold field emission technology with double condenser optics and
superb resolution with complete control of the probe current from 1 pA to more than 5 nA
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elemental analysis EDX-ray spectroscopy (Oxford Xmax 50 mm). In addition, a voltage
accelerator with a scanning power of 2.0 kV and a secondary electron detector with a range
of magnifications (5K x, 20K x, 30Kx, 50K x, 60K x, 80K x) were utilised to enhance the
image resolution.

The textural properties, including surface area and porosity of the catalyst, were
measured using the multiple-point surface area analyser TriStar II 3020 Version 3.02. Finally,
0.2 g of the reduced catalyst was degassed for 2 h at 200 °C in an H, environment to
eliminate all gases and moisture adsorbed from the atmosphere. The N2 physisorption
was carried out at a temperature of liquid N2 (77.350 K) over a relative pressure (p/po)
and an equilibration interval of 10 s. The surface area, pore volume, and pore size were
determined using different techniques, including single point, BET, Langmuir, t-Plot, and
BJH Adsorption, with the cumulative surface area pore between 1.7 nm and 300 nm
in diameter.

The chemisorption of the reduced catalyst was studied via Micromeritics Chemisorb
2720 chemisorption. First, the total acidity and basicity were measured by temperature-
programmed desorption of ammonia and CO, (NH3, CO,-TPD). Next, 20 mg of the catalyst
was treated with pure He flows of 20 mL/min at 150 °C for 45 min to remove moisture
and other impurities. Next, the sample was cooled down to room temperature, and then a
base probe (5% NHj3 in Hy) was saturated for 30 min before purging the sample H; gas at
100 °C to remove physisorbed NH3 or CO;. Finally, the desorption process was started by
ramping the temperature at a 10 °C/min rate until it reached 900 °C.

Then, the temperature-programmed desorption profile was obtained to calculate the
catalyst’s surface acid and base strength as also total acidity and basicity. Then, using the
same chemisorption analyser (Micromeritics Chemisorb 2720) with a thermal conductivity
detector (TCD), we were able to estimate the optimum reduction temperature and the
reducibility of the active metal (Cu). In addition, to ensure that the catalyst surface was free
of moisture and impurities before the reduction process, the catalyst sample was degassed
at 200 °C for 30 min in pure helium (He) at a flow rate of 20 mL/min. Finally, a temperature
ramping rate of 20 °C/min under atmospheric pressure was used to heat the catalyst in
a U-shaped reactor to obtain the H,-TPR profile. As a result, reduced gas (Hj) is purged
through the catalyst at a flow rate of 20 mL/min for the duration of the reduction process.

3.3. Catalyst Performance in CO, Hydrogenation to DME

The catalytic activity of the prepared CZ-PTA core-shell nanotube was performed in
differential a fixed bed stainless steel tubular reactor of 150 mm length x 1/4 inch inner
diameter; the catalyst bed was placed in the bottom of the tube with a diameter of 1/8 inch.
Lindberg/Blue M™ Mini-Mite™ Tube Furnaces were used to heat the reactor, and for
temperature monitoring, a K-type thermocouple was installed above the catalyst bed. In
addition, 0.3 g of the catalyst sample was placed on stainless steel mesh located in the
heated zone of the reactor. Before the experiment, the catalyst was reduced with a pure
H, flow of 20 mL/min at 400 °C for 3 h. Subsequently, the reactor was set to the desired
reaction temperature. Then, CO, hydrogenation reaction was carried out at 260 °C, 30 bar,
GHSV of 12,000 h~! and CO,/Hj 1:3 ratio. Finally, the composition products were analysed
using Agilent J&W HP-PLOT Q capillary column installed in gas chromatography (Agilent
6890N) for oxygenates such as MeOH, CH30CH3, and SRI Model 8610C GC equipped with
60/80 Carboxen-1000 packing column to separate permanent gases (CO,, CO, Hy, CHy)
and hydrocarbon; both GC used TCD thermal conductivity detector (TCD). The GC was
programmed at 40 °C for 4 min, then increased to 180 °C at 20 °C/min and held for 5 min.
The carrier gas flow rate (He) was 40 mL/min. For each run, the sample was collected every
25 min; five samples were collected for every catalyst performance test, and the average
data was reported. The CO; conversion (XCOy,), product selectivity (DME, CO, Methanol,
and H,O), and product analysis were calculated based on Equations (5)-(9).
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where F (mol/min) represents the molar flow rate of the reactants and products in the reaction.

4. Conclusions

This study aimed to develop a dual-functional, halloysite nanotube-supported CuZnO-
PTA catalyst with a core-shell structure and investigate the effects of the active site mass
ratio CuZnO/PTA on CO, conversion and DME selectivity. CuZnO-PTA hybrid core-shell
nanotube catalysts with a different ratio of Cu/PT were prepared by impregnation and sup-
ported on modified aluminosilicate HNTs. The catalytic activity of the CuZnO-PTA@HNT
was studied in CO, hydrogenation to DME. Based on data from physicochemical methods,
such as XRD, SBET, FESEM, TPD-NH3, and H>-TPR, we can surmise that these catalysts
have two types of active sites—Cu particles, which are responsible for methanol formation,
and acid sites of PTA, which are responsible for methanol dehydration to DME. The in-
fluence of the Cu/PTA mass ratio was studied. The CO, was almost the same for all four
catalysts, which provided 23% CO, conversion with a DME selectivity of 68%.

Furthermore, it was shown that DME selectivity depends on the acidity of the catalyst,
and the catalyst poses high resistance toward the water formed. In addition, this study
highlights the crucial role of temperature in the direct conversion of CO; into DME. The
results show that increasing the temperature improves CO, conversion but decreases
DME selectivity. A temperature of less than 305 °C is a good compromise between CO,
conversion and DME selectivity. The study also emphasizes the importance of considering
thermodynamics and kinetics to optimize the process. The reusability of the CZ-PTA@HNT
catalyst was evaluated and showed good stability and continuous activity/stability over
five consecutive cycles. The catalyst is considered a promising candidate for industrial
application due to its high performance and easy recovery and reuse.

This study has demonstrated the effectiveness of using mesoporous HNTs as support
for CuZnO metal nanoparticles in directly synthesising DME from CO, hydrogenation.
The use of HNTs as a support not only improved the stability and activity of the CuZnO
catalysts but also prevented the aggregation of CuZnO nanoparticles, which is a common
issue in this reaction. This was achieved through the modification of HNTs with DMF,
which increased the dispersion of copper on the outer surface of the HNTs and resulted
in a uniform distribution of CuZnO nanoparticles. The resulting CZ-PTA /HNT catalysts
showed high conversion and selectivity towards DME, with the 20CZ-PTA /HNT catalyst
achieving the highest DME selectivity of 63.3 mol%. One potential area for future research
could be exploring these modified HNTs as support for other types of catalysts, such
as those used in CO; methanation to fuels and chemicals. Finally, the study found that
temperature plays a critical role in converting CO, into DME. Optimal results were obtained
at less than 305 °C, balancing CO, conversion and DME selectivity. The 5CZ-PTA@HNT
catalyst showed good stability and reusability with consistent results over five cycles.

One limitation of this research is that it focused solely on using DFM as a modifying
agent for the HNTs. It would be beneficial to explore the use of other modifying agents to
see if similar or improved results can be achieved. Additionally, the study is based on a
limited number of runs (five consecutive cycles), so it would be interesting to investigate
the long-term stability and durability of these modified HNTs under reaction conditions, as
this is an essential factor in their potential practical application.
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