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Abstract: Core-shell-type catalysts, which are synthesized by encapsulating the Cu-ZnO-Alumina
type methanol synthesis catalyst (CZA) by silicotungstic acid (STA)-incorporated mesoporous alu-
mina, were prepared following a hydrothermal route and tested in DME synthesis from syngas and
CO2. Activity tests, which were performed in the pressure range of 30–50 bar, and the temperature
range of 200–300 ◦C, with different feed compositions (CO2/CO/H2: 50/-/50, 40/10/50, 25/25/50,
10/40/50) showed that the best-operating conditions for the highest DME yield were 275 ◦C and
50 bar. Results proved that the presence of CO2 in the syngas had a positive effect on the DME
yield. The total conversion of CO + CO2 increased with an increase in CO2/CO ratio. An overall
conversion of CO + CO2 and DME selectivity values were obtained as 65.6% and 73.2%, respec-
tively, with a feed composition of H2/CO2/CO = 50/40/10. Synthesis of methanol using the CZA
catalyst from the CO2-containing gas mixtures was also investigated, and the total conversion of
CO + CO2 and methanol selectivity values of 32.0% and 83.6%, respectively, were obtained with the
H2/CO2/CO = 50/40/10 gas mixture. Results proved that the new STA incorporated core-shell-type
bifunctional catalysts were highly promising for the conversion of CO2-containing syngas to DME.

Keywords: dimethyl ether; methanol; carbon dioxide; core-shell catalyst; silicotungstic acid

1. Introduction

Diminishing fossil fuel usage and greenhouse gas emissions depend on the production
of environmentally friendly new energy carriers [1–4]. Dimethyl ether (DME) has gained
significant interest as an alternative fuel. It has a high cetane number of 55–60 compared
with diesel fuel (45–50). Moreover, DME burns with the emission of no particulate matter,
no SOx, and less NOx than conventional diesel fuel. Therefore, DME is considered as an
attractive and promising clean fuel alternative for diesel engines [5–7].

Dimethyl ether can be produced from carbon dioxide-rich syngas. Raw materials of
syngas are natural gas, coal, crude oil, waste materials, and biomass. CO2-rich syngas is
produced as an intermediate for DME production via reforming and gasification reactions.
The syngas, which can be produced by a gasification/reforming reaction, can then be
converted to DME following two synthesis routes. One is the indirect synthesis method,
and the other one is the direct synthesis method. The indirect process is carried out in
two separate reactors, which consist of a methanol synthesis reactor from syngas and the
subsequent methanol dehydration reactor to produce DME. Cu-ZnO-based catalysts are
generally used as methanol synthesis catalysts, and solid acid catalysts are preferred for
the methanol dehydration reaction.

CO + 2H2 
 CH3OH ∆Ho298 = −90.56 kJ/mol (1)

CO2 + 3H2 ↔ CH3OH + H2O ∆Ho298 = −49.43 kJ/mol (2)

2CH3OH 
 CH3OCH3 + H2O ∆Ho298 = −23.56 kJ/mol (3)
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CO + H2O 
 CO2 + H2 ∆Ho298 = −41.12 kJ/mol (4)

In the direct synthesis of DME, reactions (1–4) take place in a single reactor, and DME
is synthesized directly from syngas [8–12]. In this reaction system, Cu-ZnO-based catalysts
and acidic catalysts are used simultaneously. Methanol synthesis reaction (Equation (1)) has
equilibrium limitations. However, the direct synthesis of DME reaction overcomes these lim-
itations and increases CO conversion. Cu-ZnO-based materials also facilitate the water–gas
shift reaction. The overall stoichiometry of direct synthesis of DME (Equations (5) and (6))
includes methanol synthesis (Equations (1) and (2)), methanol dehydration (Equation (3)),
and water–gas shift reactions (WGSR) (Equation (4)) [13–15].

3CO + 3H2 
 CH3OCH3 + CO2 ∆Ho298 = −245.8 kJ/mol (5)

2CO + 4H2 
 CH3OCH3 + H2O ∆Ho298 = −204.68 kJ/mol (6)

Many recent studies investigated the effect of feed composition on DME selectivity.
DME synthesis from CO2-rich syngas allows the utilization of CO2, which is one of the
most abundant greenhouse gases [12–18]. Thus, the use of DME as a diesel fuel alternate
has the potential to help reduce global warming as well as air pollution. The overall
stoichiometry of the direct DME synthesis from CO2 is given in Equation (7). Compared to
the CO hydrogenation for DME production (Equations (5) and (6)), the formation of DME
from the CO2 (Equation (7)) requires an extra amount of hydrogen in the feed stream, and
water is produced as a by-product. Hence, the reverse water–gas shift (RWGS) reaction
becomes significant during the DME production via CO2 hydrogenation reaction. The
thermodynamic analysis results of the CO2 hydrogenation reaction are not as favorable
as that of the CO hydrogenation process [16,17]. Ateka et al. conducted a thermodynamic
analysis of methanol and DME synthesis from a gas mixture of CO2/CO/H2 at different
reaction temperatures (200–400 ◦C) and pressure values (10–100 bar). The results indicated
that the low DME selectivity was related to the low equilibrium constant of the methanol
formation from CO2 + H2 [16]. Moreover, the formation of DME is controlled by the RWGS
reaction. However, the addition of a certain amount of CO2 to the CO + H2 feed stream
considerably increases the DME selectivity. Bayat et al. investigated the direct synthesis of
dimethyl ether over admixed catalysts [14]. The admixed catalyst contains silicotungstic
acid-incorporated mesoporous alumina catalyst (STA@MA) and copper-based methanol
synthesis catalyst (MRC). This study showed that the STA incorporated catalyst indicated
promising dehydration activity for DME production from CO2-containing syngas. The
overall conversion of CO + CO2 and DME selectivity increased with an increase in the
amount of CO2 in the feed stream. In the study by Çelik et al. [15], DME synthesis was
achieved by using physical mixtures of TRC-75 type solid acid catalyst and Cu-Zn-based
materials (MRC). The presence of CO2 in the feed stream increased the DME selectivity.
A comprehensive review of recent advances in the direct synthesis of DME from CO2 is
reported by Mota et al. [18]. As a result of these studies, it can be said that the selection of
the dehydration catalyst and feed conditions are highly effective on DME selectivity and
overall conversion of (CO + CO2).

2CO2 + 6H2 
 CH3OCH3 + 3H2O ∆Ho298 = −33.6 kJ/mol (7)

In the literature, considerable attention has been paid to the design of the bifunctional
catalysts for DME production. Commonly, Cu/ZnO/Al2O3 and Cu/ZnO/ZrO2 catalysts
are used in the methanol synthesis reaction [18–23]. The active phase in the methanol
synthesis catalysts is metallic copper. Promoters are also used to enhance the activity of Cu-
based catalysts. The promoters of the methanol synthesis catalysts are selected according
to the feed composition and reaction conditions. As methanol production is conducted
with CO2-rich syngas, zirconia promoters indicate promising activity in terms of CO/CO2
conversion and MeOH selectivity [20,23].
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Al2O3 promoters show high catalytic activity in CO hydrogenation reaction for MeOH
synthesis. Our previous study indicated that methanol selectivity and CO conversion
were highly dependent on Cu/ZnO/Al2O3 and Cu/Zn/ZrO2 molar ratio [22]. As far as
methanol selectivity and product distribution were concerned, the best catalytic perfor-
mance was obtained with the CZA:631 catalyst. The addition of ZnO to the methanol
synthesis catalysts promotes the dispersion of Cu. Therefore, a decrease in the amount
of ZnO increased the particle diameter of copper and caused a lower catalytic activity.
Furthermore, Cu/Zn/Al catalysts indicated superior activity compared to Cu/Zn/Zr cata-
lysts in the CO hydrogenation reaction for MeOH synthesis [22]. To increase the catalytic
activity of the CZA catalysts, metal oxides such as TiO2 [24], Ga2O3[25], CeO2 [26], etc.,
have also been incorporated into the catalyst structure. The addition of metal oxides to the
structure enhances the thermal activity of the catalyst and prevents the sintering of copper
at high temperatures.

In the direct synthesis of the DME process, the surface acidity of methanol dehydration
catalysts affects the product distribution highly. The catalysts with a high Bronsted acidity
show high DME selectivity and overall CO + CO2 conversion. However, due to the reaction
mechanism of the direct synthesis process, dehydration catalysts are expected to have the
Lewis acid sites as well as the Bronsted acid sites. In the DME production, the first step of
the methanol production from syngas takes place on the Lewis acid site of the bifunctional
catalysts. Methanol, thus produced, is then converted to the DME on the Bronsted acid
sites [22,27]. For this reason, the improved intensity of Bronsted acid sites enables an
increase in DME selectivity and CO + CO2 conversion. Furthermore, the high Lewis sites
activate the undesired reactions. Reverse dry reforming (Equation (8)) and Boudouard
reaction (Equation (9)) may also take place during DME synthesis from syngas. Reverse
dry reforming reaction is an exothermic reversible reaction. From the thermodynamics
point of view, the reaction temperature and pressure of the DME synthesis process are quite
favorable for the occurrence of reverse dry reforming reaction. In fact, the equilibrium
conversion of CO to CH4 through the reverse dry reforming reaction (Equation (8)) is even
more favorable than the methanol synthesis reaction at temperatures lower than 400 ◦C.
However, mainly Ni and noble metals were reported as active metals used for this reaction.
CZA- type methanol synthesis catalyst is not expected as active as Ni for the reverse dry
reforming reaction. As reported in the literature, the incorporation of noble and non-noble
metals into the support materials may create a synergistic effect, leading to the reverse of
the methane reforming reaction [28]. Hence, the formation of some methane is expected
to form as an undesired side product during the direct synthesis of DME from syngas.
Furthermore, as a result of the occurrence of the Boudouard reaction, coke formation may
occur on the catalyst surface, which causes the catalyst deactivation (Equation (9)).

2CO + 2H2
CH4 + CO2 ∆Ho298 = −247.5 kJ/mol (8)

2CO
CO2 + C ∆Ho298 = −172.8 kJ/mol (9)

Heteropolyacids (HPAs) were used as promoters to enhance the Bronsted acidity of
the catalyst in recent studies. HPAs have very strong Bronsted acidity and a structure with
very high proton mobility. Among the HPAs, silicotungstic acid (STA) has shown higher
activity in dimethyl ether and diethyl ether production compared to tungstophosphoric
acid TPA. Also, STA has shown higher stability at temperatures over 200 ◦C [22,27–29]. For
this reason, STA was selected as the solid acid source used for the dehydration catalyst in
the present study.

The catalysts used for DME production are commonly prepared as a physical mixture
of methanol synthesis and dehydration catalysts. However, admixed catalysts have some
disadvantages. During the preparation step, these catalysts may not be homogeneously
mixed. Thus, some side reactions may occur, and the selectivity of the main product
may decrease. As a result, increased attention has been paid to the development of core-
shell model catalysts in recent years for the direct synthesis of DME. Some studies have
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demonstrated that CuO-ZnO-Al2O3@HZSM-5 [30,31], CuO-ZnO-Al2O3@SiO2-Al2O3 [32],
CuO-ZnO-ZrO2@SAPO-11 [19] and tungstophosphoric acid-incorporated catalysts [33]
showed promising activity for DME production. However, a high amount of coke was
formed with zeolite-based Si-Al content catalysts mainly due to their high Lewis acidity.
Contador et al. investigated the catalytic activity of CuO-ZnO-ZrO2@SAPO-11 core-shell
catalysts on the direct synthesis of dimethyl ether (DME) from CO + CO2 hydrogena-
tion [19]. That study showed that methanol synthesis and water–gas shift reactions occur
in the core section of the catalyst, and DME production is achieved on the shell side. Hence,
the methanol synthesis and DME formation reactions take place at different zones of the
core-shell-type catalyst.

High water concentration may cause hydrothermal degradation of methanol synthesis
catalysts [34]. This is one of the reasons for the deactivation of CZA catalysts during the
synthesis of DME from syngas. As reported in the literature, CZA catalysts may lose a large
percentage of their activity within the first 1000 h of operation [34]. In the case of the core-
shell-type catalysts, the dehydration reaction takes place in the shell section of the catalyst.
Hence, the significance of the interaction of the water produced in the shell section, which
the CZA in the core section of the catalyst will diminish. This will prevent the deactivation
of CZA by hydrothermal degradation. Moreover, core-shell-type catalysts showed good
resistance to the sintering of Cu species at high reaction temperatures. The incorporation of
both functions in the core-shell catalyst enhanced the synergy of the reactions. Methanol
formed in the core section passes to the acidic shell side and then produces DME. Thus, the
selectivity of DME and the overall conversion (CO + CO2) increase [30–32].

The first objective of this study was to develop a novel core-shell-type catalyst for the
direct synthesis of DME. In this core-shell-type catalyst, the CZA catalyst was encapsulated
by STA incorporated mesoporous alumina. The effect of STA incorporation on the perfor-
mance of the catalyst was investigated by synthesizing catalysts having different amounts
of silicotungstic acid. The second objective was to examine the effects of feed composition,
reaction temperature, and pressure on the performance of this novel core-shell-type catalyst.
The third objective was to be able to use CO2 as a carbon source in the synthesis of DME
using this novel catalyst. Hence, in the present study, core-shell-type catalysts, which are
synthesized by encapsulating the Cu-ZnO-Alumina type methanol synthesis catalyst by
mesoporous alumina (MA), were prepared following a hydrothermal route. The catalytic
performance of STA incorporated (CZA-MA) core-shell catalysts was then investigated in
the direct synthesis of DME from syngas and CO2. STA@CZA-MA catalysts are novel in
terms of both the synthesis method and their use in the direct synthesis of DME. Initial
experiments were performed to investigate the performance of these STA incorporated core-
shell-type catalysts in the hydrogenation of CO. Then, activity test studies were performed
in the pressure range of 30–50 bar and the temperature range of 200–300 ◦C, with different
feed compositions (CO2/CO/H2: 50/-/50, 40/10/50, 25/25/50, 10/40/50). One goal of
this study was to determine the optimum reaction conditions for obtaining high DME
selectivity. Another goal was to convert the most significant greenhouse gas, which is CO2,
to fuel alternates. Furthermore, in the studies examining the effect of feed composition on
product distribution, methanol synthesis studies with a CZA catalyst were also conducted
using CO2 as the carbon source. In this regard, detailed information on the characterization
results of the catalysts and thermodynamic analysis of DME production were also obtained.

2. Results and Discussion
2.1. Textural and Structural Properties of Core-Shell Model STA- Incorporated CZA-MA Catalysts

Core-shell-type catalysts, which were synthesized in this work, were calcined at 750 ◦C
to obtain the γ-alumina form of the shell section, which is the most acidic phase of the
alumina. However, it has been stated in the literature that CuO structures may sinter
above 300 ◦C [15,33]. To check the effect of calcination temperature on the structure of
the core section of the bi-functional catalyst, namely the methanol synthesis catalyst, it
was calcined at both 350 ◦C and 750 ◦C (CZA-350 and CZA-750), and the change in its
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physical properties was examined. The XRD patterns of CZA-350 and CZA-750 are given
in Figure 1a. The XRD patterns of the core-shell-type CZA-MA catalyst are also given in
the same figure. In the XRD analysis of the CZA catalyst (CZA-350) calcined at 350 ◦C,
characteristic peaks of CuO and ZnO were observed. The main peaks of CuO (JCPDS File
No: 05-0661) were determined at 2θ values of 35.2, 38.5, 48 and 62.5, and the main peak of
ZnO (JCPDS File No: 36-1451) was observed at 2θ: 31.7 [22]. The peaks of Al2O3 (JCPDS
File No.: 29-0063) could not be observed in the structure of this CZA catalyst [35–37]. This
result was explained by the homogeneous distribution of Al2O3 in the catalyst structure.
However, the diffraction peaks of CuO and ZnO became more intense with the increment
of the calcination temperature. This result could be explained by the sintering of metals
at the high calcination temperature. Also, unlike the CZA-350 catalyst, Cu and Zn metals
interacted with alumina in the CZA-750 catalyst to form CuAl2O4 and ZnAl2O4 alloys [38].
The crystal size of the CuO particles was calculated using the main characteristic peak of
the CuO at 2θ: 35.6◦. Using Scherrer’s equation, the CuO crystal sizes in the structures of
the CZA-350 and CZA-750 catalysts were found as 5.89 nm and 21.89 nm, respectively.

Figure 1. (a) XRD patterns of methanol synthesis catalysts and core-shell model catalyst, (b) XRD
patterns of STA incorporated core-shell model catalysts.
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The XRD result of the core-shell-type CZA-MA catalyst is quite similar to the CZA-750
catalyst, but the intensity of the peaks of CuO and ZnO are lower. The CuO crystal size in
the structure of the calcined core-shell-type CZA-MA catalyst was found as 11.4 nm, which
was about half of the CuO crystal size of the CZA-750 catalyst. This result indicated that
the alumina layer that coated the methanol synthesis catalyst prevented the sintering of the
CuO and ZnO at high temperatures.

The XRD analysis results of the STA incorporated CZA-MA catalyst are given in
Figure 1b. Our previous study had shown that the Kegging structure of STA somewhat
deteriorated after the impregnation step, while some WOx structures were formed [22].
The absence of the peak at a 2θ value of 26◦ indicated that there was no STA structure
present in the core-shell-type catalyst [27,28]. However, the small diffraction peaks at 18◦,
23.2◦, and 26.7◦ were referred to WO3 clusters. In addition, the characteristic peaks of
CZA-MA catalysts were also appearing. This result showed that the main structures of
CZA-MA catalysts were preserved after the impregnation step of silicotungstic acid.

The reduction properties of the CZA-350 and core-shell-type CZA-MA catalysts were
investigated by the H2-TPR analysis technique. As seen in Figure 2, TPR profiles of calcined
CZA and CZA -MA catalysts have two reduction peaks, corresponding to CuO and ZnO,
respectively. In the case of the CZA-350 catalyst, the maximum of the CuO reduction
peak appeared at 300 ◦C, while the maximum of the broad reduction peak of the ZnO was
observed at about 600 ◦C. In the case of the core-shell-type CZA-MA catalyst, the reduction
temperature of CuO increased, and the maximum of that peak shifted to 350 ◦C. This result
showed that the core-shell structure protected the CuO in the core against sintering, thus
increasing its thermal stability.

Figure 2. TPR analysis results of CZA:350 and CZA-MA.

The physical properties of STA incorporated core-shell-type catalysts are listed in
Table 1. The surface area of the CZA-MA catalyst was around 163 m2/g with a mean pore
diameter of 7.4 nm. For STA incorporated, some decrease in surface area was observed with
an increase in the amount of STA. The surface area of 25STA@CZA-MA was determined
as 130 m2/g. The mean pore diameter of CZA-MA was also decreased from 7.4 nm to
6.2 nm as a result of STA impregnation (25%). These results showed that most of the STA
were penetrated into the pores and deposited on the surfaces of the CZA-MA catalysts.
The N2 physisorption (Figure 3) of the STA@CZA-MA catalysts are similar to a Type-IV
isotherm, indicating the presence of mesoporous structures with ordered pores. After the
incorporation of STA, hysteresis loops were obtained with lower intensity, indicating some
disturbance of the pores. Moreover, the hysteresis loops shifted to lower partial pressures
because of the decrease in the pore diameters of the catalysts.
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Table 1. Some physical properties of STA incorporated core-shell model catalysts.

Catalyst Surface Area (m2/g) Pore Diameter, nm Pore Volume, cm3/g SEM-EDS ICP-MS

CZA-MA 163 7.4 0.60 — —
5STA@CZA-MA 155 6.8 0.55 3.5 4.1

25STA@CZA-MA 130 6.2 0.43 22 21.4

Figure 3. N2 physisorption of STA incorporated core-shell model catalysts.

SEM images of CZA-MA catalysts are given in Figure 4. From the SEM images of the
catalysts, it could be seen that the surface morphologies of the catalysts did not significantly
change as a result of STA impregnation. The distribution of the silicotungstic acid on
the CZA-MA catalysts was observed from the BSD-SEM images (backscattered scanning
electron images). As known from the literature, the active metal with a large atomic
mass appears brighter in BSD photographs. Lee et. al., investigated lithium dispersion
on the LLZTO electrolyte with BSD-SEM images. The study revealed that the brighter
and darker areas correspond to high atomic number elements (e.g., Zr and La) and low
atomic number elements (e.g., Li), respectively [39]. Moreover, the distribution of STA
on the catalyst surface was also investigated in our previous studies using the BSD-SEM
images [22,28]. Tungsten in the STA has the highest atomic mass, so it could be easily
observed as brighter spots in Figure 4c,e. These images indicated that STA was uniformly
dispersed into the catalyst.

Chemical analysis of the catalysts was conducted by the Energy-Dispersive X-ray
spectroscopy (EDS) and Inductively Coupled Plasma Mass Spectrometer (ICP-MS) analysis
techniques. The EDS and ICP-MS (Table 1) analysis results indicated that the amount of
heteropoly acid on the catalyst surface was close to the values in the synthesis solution (5
and 25% by mass). These results showed that the heteropoly acid was successfully loaded
into the catalyst structure.

Diffuse reflectance FTIR analyses of pyridine-adsorbed catalysts (Figure 5) were per-
formed to determine the type of surface acidity. DME selectivity and overall conversion are
expected to increase with an increase in the Bronsted acidity of the catalyst. However, the
presence of Lewis acid sites led to coke formation and facilitated the side reactions. The
characteristic peaks of Lewis acid sites are at wavelengths 1445–1450 and 1600–1630 cm−1,
and the peaks at wavelengths of 1540 and 1640 cm−1 are assigned to Bronsted acid sites.
The peak at the 1490 cm−1 wavelength belongs to both Lewis and Bronsted acid sites [28].
As reported in our previous studies, mesoporous alumina catalyst has the Lewis acid sites
at 1445 and 1590 cm−1 [5]. Similar to the mesoporous alumina catalyst, the CZA-MA
catalyst also has Lewis acid sites, and there is no band corresponding to the Bronsted
acid sites. However, the Bronsted acid sites were observed with the addition of STA into
the CZA-MA. The intensity of the peaks at 1640 cm−1 increased with the increase in the
amount of STA. Moreover, 25STA@CZA-MA catalyst showed higher Bronsted acidity than
5STA@CZA-MA catalyst.
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Figure 4. SEM images of (a) CZA-MA, (b) 5STA@CZA-MA, and (d) 25STA@CZA-MA. BSD-SEM
images of (c) 5STA@CZA-MA ve, and (e) 25STA@CZA-MA.

High-resolution TEM images for the core-shell-type CZA-MA catalyst are displayed in
Figure 6. As can be observed in these figures, the core-shell structure was established. The
methanol synthesis catalyst of CZA cores was entirely encapsulated by the mesoporous
alumina shells.
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Figure 5. DRIFT spectra of the STA incorporated core-shell catalysts.

Figure 6. HR-TEM images of the CZA-MA catalyst.

2.2. Direct Synthesis of DME from Syngas in the Absence of CO2

As known from the literature, the feed molar ratio of the syngas is an important factor
for DME selectivity [40]. According to the stoichiometry of the overall DME synthesis
reaction (Equation (5)), the CO/H2 ratio should be 1/1 in the feed stream. Hence, this ratio
was selected in our study in the investigation of DME synthesis from CO + H2 mixtures. In
the literature, Erena et al. investigated the effect of the H2/CO molar ratio of the feed stream
using different values of this ratio as 1/1, 2/1, 4/1, 6/1, and 8/1. In that study, reaction
temperature and pressure were adjusted as 275 ◦C and 40 bar, respectively. The results
showed that the increase in H2/CO molar ratio had a positive effect on DME selectivity and
CO conversion. For the H2/CO = 2/1 ratio, the maximum CO selectivity was obtained [40].

The activity of STA incorporated CZA-MA catalysts was tested in the direct syn-
thesis of DME reaction. Fractional conversion of CO and the selectivities of the prod-
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ucts (DME, methanol, carbon dioxide) were evaluated from the experimental data using
Equations (10)–(13). Note that in the experiments performed with a feed stream containing
only CO and H2 as the reacting species, CO2 is a product. However, in the case of using a
feed stream containing both CO and CO2, carbon dioxide may also be the source of carbon
to produce methanol and DME.

CO conversion =
FCOin − FCOout

FCOin

(10)

DME selectivity =
2 x FDME

FCOin − FCOout

(11)

Methanol selectivity =
FMeOH

FCOin − FCOout

(12)

Carbon dioxide selectivity =
FCO2

FCOin − FCOout

(13)

Activity test results obtained with a feed stream composition of CO/H2 = 1/1 (no
CO2 in the feed stream) using the STA incorporated core-shell catalysts are given in Table 2.
CO conversion of CZA-MA catalyst was obtained as 22%. Direct synthesis of the DME
reaction eliminated the thermodynamic limitation of the methanol synthesis reaction,
which resulted in an increase in CO conversion. For the CZA catalyst, the average CO
conversion was approximately 5% [22]. When the CZA catalyst was encapsulated with
mesoporous alumina, the average CO conversion value increased by approximately 4 times
to 22%. Moreover, as for the STA incorporated catalysts, CO conversion increased up to
49%. CO conversion values obtained with CZA, CZA-MA, the STA-impregnated core-
shell-type catalysts and the equilibrium conversion values are presented in Figure 7a.
Equilibrium calculations were performed using an algorithm that was based on minimizing
the Gibbs free energy. Due to the synergistic effect of the methanol dehydration reaction,
the conversion values of CO in the DME synthesis reaction are much higher than the
equilibrium conversion of the methanol synthesis reaction (Figure 7a). Also, both of the
STA incorporated catalysts showed stable catalytic performance within a reaction period
of 200 min (Figure 7b). In order to check the catalyst stability in longer reaction periods,
time-on stream tests extending to longer reaction times may be performed.

Table 2. Activity Test Results of the STA incorporated core-shell catalysts (T = 275 ◦C; P = 50 bar;
CO/H2:1/1 as feed stream) (Duration of reaction period: 200 min).

Catalyst CO
Conversion,%

CH4
Selectivity, %

CO2
Selectivity, %

MeOH
Selectivity, %

DME
Selectivity, %

CZA-MA 22 0.2 30.3 17.0 52.5
5STA@CZA-MA 29 0.5 36.0 12.0 51.5

25STA@CZA-MA 49 0.4 31.8 8.0 59.8

As presented in Table 2, the highest DME selectivity was achieved with the 25STA@CZA-
MA catalyst, as%59.8. The corresponding methanol selectivity was only 8%, indicating that
most of the methanol produced in the core section was dehydrated, yielding DME. The
decrease in methanol selectivity and the increase in DME selectivity by the addition of STA
to the catalyst structure was due to the increase in the Bronsted acidity with the addition of
STA. Enhancement of CO conversion and DME selectivity could be explained by the surface
acidity of the catalyst. From the DRIFTS analysis results of the catalysts, the highest Bronsted
acidity was observed in the 25STA@CZA-MA catalyst. Based on the reaction stoichiometry
(Equation (5)), the maximum possible DME and CO2 selectivity values are about 66% and
33%, respectively. DME and the CO2 selectivity values obtained with the 25STA@CZA-MA
catalyst were 59.8% and 31.8%, respectively. These values were somewhat less than the values
that would be predicted from the stoichiometry of the overall reaction (Equation (5)). This was
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due to the presence of some methanol and a small amount of methane in the product stream.
Methane production occurred due to the reverse dry reforming reaction. As the amount of
STA in the structure of the core-shell-type catalyst was increased, a significant reduction was
observed in the methanol mole fraction in the product stream (Figure 8). The incore-shell-type
STA content from 5% to 25% also caused a significant increase in the fractional conversion of
CO and hence DME yield.

Figure 7. (a) Comparison of activity test results with equilibrium conversion values predicted from
thermodynamic analysis, (b) CO conversion values with the STA incorporated core-shell catalysts
(feed stream = CO/H2:1/1; P = 50 bar) (T = 275 ◦C; P = 50 bar; CO/H2:1/1 as feed stream; space-time
of 0.72 s.gcat/mL).
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Figure 8. CO conversion and Product distribution of STA incorporated core-shell catalysts (T = 275 ◦C;
P = 50 bar; CO/H2:1/1 as feed stream; space-time of 0.72 s.gcat/mL).

Activity test results obtained in the present study with the STA impregnated core-shell-
type catalysts were compared with the results reported in our earlier study, which was
performed with a physically mixed methanol synthesis and STA-impregnated mesoporous
alumina catalyst combination at 275 ◦C and 50 bar [14] (Table 3). Data from our previous
studies were given in the Table 3. The same amount of STA was impregnated into meso-
porous alumina in that work. Results showed the superiority of the core-shell-type catalytic
material over the physically mixed catalyst combination for the fractional conversion of
CO and the DME yield.

Table 3. The comparison of Activity Test Results of the STA incorporated bifunctional catalysts
(T= 275 ◦C; P = 50 bar; CO/H2:1/1 as feed stream).

Catalyst CO
Conversion, %

MeOH
Selectivity, %

DME
Selectivity, %

DME
Yield, %

25STA@CZA-MA 49 8 59.8 29.3
STA@MA + MSC [14] 42 20 62 26.0

25STA@CZA [22] 28 8.7 59.1 16.5

Comparison of the results obtained in this work with the STA-impregnated core-
shell-type catalytic material with the results reported in another earlier publication of our
group with an STA incorporated CZA catalyst [22], also proved the superiority of the
core-shell-type catalytic material (Table 3) in direct synthesis of DME. Results obtained here
proved that STA was uniformly dispersed in the shell section of the core-shell-structured
material and converted the formed methanol in the core section of the catalyst to DME
more effectively.

2.3. Effects of Reaction Temperature and Pressure on Product Distribution

Direct synthesis of DME from syngas is a highly exothermic reaction (Equation (5)).
Hence, equilibrium considerations favor lower temperatures. The best temperature range
for the methanol synthesis reaction from syngas was reported as being in the range of
250–300 ◦C. Also, the stoichiometry of the DME synthesis reaction favors high pressures to
achieve high conversions of CO. To determine the best reaction temperature and pressure for
DME synthesis with the core-shell-type 25STA@CZA-MA catalyst, a set of experiments was
performed in the temperature and pressure ranges of 200–300 ◦C and 30–50 bar, respectively.
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As seen from the thermodynamic analysis results (Figure 7a), the conversion of CO
decreases with an increase in temperature. However, in the catalytic activity test studies,
CO conversion increased with an increase in temperature (Figure 9). This was simply due
to the increase in the forward reaction rate with temperature. According to Arrhenius Law,
the reaction rate increases as a function of temperature, resulting in significantly improved
conversion. Figure 9 shows that with increasing temperature, both CO conversion and
DME selectivity increased, while the carbon dioxide selectivity decreased from 40% to 32%.
This was due to the exothermic nature of the water–gas shift reaction and the increase in
the rate of the reverse of this reaction with an increase in temperature. The major products
of the direct DME synthesis reaction (Equation (5)) are DME and CO2. According to the
stoichiometry of this overall reaction, one would expect similar trends for the temperature
dependences of DME and CO2 selectivities. However, the increase in temperature led
to an increase in the rate of RWGS reaction, in which CO2 is a reactant [41,42]. More-
over, temperatures higher than 300 ◦C are not suitable for DME production due to the
thermodynamic limitations and stability of the bifunctional-catalyst. After 275 ◦C, CO
conversion was leveled, mainly due to the catalyst deactivation caused by copper sintering
at high temperatures [14].

Figure 9. Effect of reaction temperature on CO conversion and product distribution (T = 200–300 ◦C;
P = 50 bar; CO/H2:1/1 as feed stream).

The effect of reaction pressure on CO conversion and product selectivity was also
examined. As seen in Figure 10, the increase in pressure promoted CO conversion and
DME selectivity. The CO conversion value was 12% at 30 bar. An increase in pressure
to 50 bar improved the conversion to 49%. Considering the stoichiometry of the overall
reaction (Equation (5)), the conversion of CO was expected to increase with an increase in
the reaction pressure [43]. Hence, operating at high pressure is favored for the synthesis
of DME from syngas. However, very high reaction pressure may have operational risks.
Therefore, the reaction pressure was selected as 50 bar in the experiments performed for dry
reforming of methane. Results obtained in this work with the 25STA@CZA-MA catalyst
gave the highest DME selectivity and CO conversion values as 59.8% and 49%, respectively,
at 50 bar and 275 ◦C.
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Figure 10. Effect of reaction pressure on product distribution (T = 275 ◦C; P = 30–50 bar; CO/H2:1/1
as feed stream).

2.4. Dimethyl Ether and Methanol Synthesis from Syngas in the Presence of CO2
2.4.1. Methanol from CO2

In our previous study, the methanol synthesis catalyst CZA was shown to give highly
stable activity in the methanol synthesis reaction, with a feed stream containing a molar
feed ratio of CO/H2 as 1/1 [13]. The conversion of CO was determined as about 5% at
275 ◦C and 50 bar pressure in that work.

In the case of experiments performed with CO2-containing gas mixtures, carbon
dioxide also acts as a reactant, contributing to the formation of methanol. Hence, the
conversion and the selectivity definitions given by Equations (14)–(19) should be used to
determine the total conversion of CO2 + CO and the product selectivities based on the total
conversion of CO + CO2. Moreover, DME yield was calculated via Equation (20).

XCO =
FCOin − FCOout

FCOin

(14)

XCO2 =
FCO2 in − FCO2 out

FCO2 in
(15)

XCO+CO2 =

(
FCO + FCO2

)
in −

(
FCO + FCO2

)
out(

FCO + FCO2

)
in

(16)

SDME =
2(FDME)(

FCO + FCO2

)
in −

(
FCO + FCO2

)
out

(17)

SMeOH =
FMeOH(

FCO + FCO2

)
in −

(
FCO + FCO2

)
out

(18)

SCH4
=

FCH4(
FCO + FCO2

)
in −

(
FCO + FCO2

)
out

(19)

YDME = XCO + CO2 × SDME (20)

Two sets of experiments were performed with the CO2-containing gas mixtures having
different CO/CO2/H2 molar ratios, being 40/10/50, 25/25/50, 10/40/50, and with a gas
mixture containing only CO2 and hydrogen (CO/CO2/H2 = -/50/50). The first set of
experiments was performed using the copper–zinc–alumina-based methanol synthesis
catalyst (CZA), which was synthesized in the present study. In this set of experiments, the
overall conversion of CO + CO2 to methanol and product selectivities were analyzed. In
the second set of experiments, the core-shell-type bifunctional 25STA@CZA-MA catalyst
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was used. The overall conversion of CO + CO2, as well as the product selectivities (DME,
methanol, methane, etc.) were determined.

The activity test results obtained in the methanol synthesis reaction using the CZA
catalyst are given in Table 4. CO conversion was only about 5% in the absence of CO2
in the feed stream. The addition of CO2 to the feed stream showed a positive effect on
the total conversion of CO + CO2. The total conversion of CO + CO2 was increased from
11.2% to 32% as a result of the increase in the CO2/CO ratio from 10/40 to 40/10. The
formation of some methane was also observed in these experiments, together with the main
product, methanol. Methane selectivity increased with an increase in the CO2/CO ratio in
the feed stream. The formation of methane was ascribed mainly to the occurrence of the
methanation reaction (Equation (21)). Some contributions of reverse dry reforming reaction
were also expected (Equation (8)).

CO2 +4H2 
 CH4 + 2H2O ∆Ho298 = −165 kJ/mol (21)

Table 4. Conversion values and product distribution of CZA catalysts for methanol synthesis at
different feed compositions (T = 275 ◦C; P = 50 bar; space-time of 0.72 s.gcat/mL).

CO/CO2/H2
Molar Ratio

Total Conversion, %
(CO + CO2), %

MeOH
Selectivity, %

CH4
Selectivity, %

40/10/50 11.2 97.7 2.3
25/25/50 21 85.3 14.7
10/40/50 32 83.6 16.4

Depending upon the composition of the feed stream, the water–gas shift reaction
(WGSR) or reverse water–gas shift reaction (RWGSR) is expected to contribute to the
product distribution. In the case of high values of CO2/CO ratio, some carbon dioxide is
expected to be converted to carbon monoxide by the RWGS reaction.

In the experiment performed with a feed stream containing only CO2 as the carbon
source (CO/CO2/H2 = -/50/50), the fractional conversion of carbon dioxide and the
methanol selectivity values were found as 14.8% and 65.0%, respectively (Table 5). This
conversion value was higher than the conversion obtained with a feed stream containing no
CO2 (CO/CO2/H2 = 50/-/50). The formation of CO and methane was observed together
with the methanol synthesis reaction from CO2. The CO and CH4 selectivities were 24.7%
and 10.3%, respectively, in this system. The formation of these side products was ascribed
to the occurrence of reverse water–gas shift reaction and methanation reaction, respectively.
These results supported the conclusion reported in the literature that methanol formation
was mainly controlled by CO2 hydrogenation [44].

Table 5. Experimental results obtained with the CZA catalyst with feed stream composition of
CO/CO2/H2 = -/50/50 (T = 275 ◦C; P = 50 bar; space-time of 0.72 s.gcat/mL).

Catalyst % CO2
Conversion, %

CH4
Selectivity, %

CO
Selectivity, %

MeOH
Selectivity, %

CZA 14.8 10.3 24.7 65.0

2.4.2. DME from CO2

Experiments for the direct synthesis of DME from syngas were performed with the
core-shell-type bifunctional 25STA@CZA-MA catalyst at 275 ◦C and 50 bar, with different
CO/CO2/H2 molar ratios in the feed stream. The experiments that were performed in
the absence of CO2 (with a feed stream composition of CO/CO2/H2 = 50/-/50) gave CO
conversion and DME selectivity values of 49% and 59.8%, respectively (Table 2). Some of
the CO was converted to CO2 in those tests, giving a CO2 selectivity (based on converted
CO) of 31.8%. In the case of feed streams containing both CO and CO2, carbon dioxide may
also act as a reactant for the production of DME and methanol. Hence, instead of individual
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conversions of CO and CO2, the total conversion of CO + CO2 is defined and evaluated.
Selectivities of the products were also defined with respect to the total converted amount
of CO + CO2 (Equations (14)–(19)).

Results reported in Table 6 show that the highest DME selectivity (88.7%) was ob-
tained with a feed stream composition of CO/CO2/H2 = 40/10/50. The total conversion
of CO + CO2 and the DME yield values were 35.4% and 31.4%, respectively, for this feed
stream composition. The increase in the CO2/CO ratio of the feed stream caused some
decrease in DME selectivity (Table 6). However, the total conversion of CO + CO2 and DME
yield increased with an increase in this ratio. The highest total conversion of CO + CO2 and
the DME yield values were obtained as 65.6% and 48%, respectively. Methane selectivity
was close to zero in the case of CO hydrogenation reaction. However, higher methane selec-
tivity values were observed with the addition of CO2 into the feed stream. Apparently, CO2
methanation reaction and the reverse dry reforming reaction of methane gain importance
with an increase in the CO2/CO ratio in the feed stream. These results are also illustrated
in Figure 11. As shown in this figure, the maximum DME selectivity was obtained with
the feed stream composition of CO/CO2/H2: 40/10/50. As the CO2 content increased,
DME selectivity decreased due to the synergic effect of DME reactions. As a result of the
increase in CO2/CO ratio in the feed stream, the reverse WGSR gains importance, and
water formation takes place through this reaction. The increase in water concentration near
the dehydration zone of the catalyst has a negative effect on the methanol dehydration
reaction. Hence, some decrease in DME selectivity was observed. Moreover, a high water
concentration causes hydrothermal degradation of methanol synthesis catalysts. For this
reason, the deactivation of CZA catalysts could be determined during the activity test stud-
ies. As known from the literature survey, a high percentage of catalyst activity is lost in the
first 1000 h of operation [34]. However, in this study, the core-shell model catalysts showed
stable activity for 200 min. Moreover, the presence of the methanol synthesis catalyst in the
core makes the copper more resistant to water. On the other hand, a significant increase was
observed in the total conversion of CO + CO2, as well as DME yield (which was evaluated
by multiplying total conversion of CO + CO2 with DME selectivity) with an increase in the
CO2/CO ratio.

Table 6. Conversion and product distribution of 25STA@CZA-MA catalysts for DME synthesis at
different feed compositions (T = 275 ◦C; P = 50 bar; space-time of 0.72 s.gcat/mL).

CO/CO2/H2
Molar Ratio

DME
Selectivity,%

CH4
Selectivity,%

MeOH
Selectivity,%

Total Conversion,%
(CO + CO2)

DME Yield,
%

40/10/50 88.7 2.5 8.8 35.4 31.4
25/25/50 79.6 6.4 14.0 48.0 38.2
10/40/50 73.2 10.8 16.0 65.6 48.0

As reported in the literature, different methanol synthesis and methanol dehydra-
tion catalysts were used for DME production from syngas. Also, physical mixtures of
the methanol synthesis and the dehydration catalysts were used in many of the studies.
HZSM-5 is one of the most preferred catalysts for methanol dehydration. It has high surface
acidity and contains both strong Lewis and Bronsted acid sites. In the study of Ren, a
physical mixture of zirconia-incorporated methanol synthesis catalyst (CZZA) and HZSM-5
catalyst was used for the CO2 hydrogenation reaction [45]. The feed stream contained
25% CO2 and 75% H2 in that work. Quite high CO2 conversion values, decreasing from
25% to 21%, were reported in a 100-h test. The corresponding DME selectivity values were
in the range of 70–55%, at 240 ◦C and 28 bar [45]. In our study, the highest DME selectivity
(88.7%) was obtained with a feed stream composition of CO/CO2/H2 = 40/10/50 using the
new STA incorporated core-shell-type catalytic material. The total conversion of CO + CO2
was 35.4%, for this feed stream composition.
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Figure 11. Total conversion, DME/MeOH selectivity, and DME yield of 25STA@CZA-MA catalysts
at different feed composition (T = 275 ◦C; P = 50 bar; space-time of 0.72 s.gcat/mL).

Results reported in the study of Guo [46] with bifunctional CZA-HZSM-5 catalyst
pairs (physical mixture, tablet, and coated) also indicated quite stable activity in 100-h
tests at 250 ◦C and 30 bar, with a feed composition of CO/CO2/H2/N2:36/18/36/10. CO
conversion, CO2 conversion, and DME selectivity values were reported as 54.5%, −39.0%,
and 65.3%, respectively, with the coated catalyst.

Our experimental results were also compared with the studies conducted by Bayat et al.,
in which a physical mixture of commercial methanol synthesis catalyst and STA-loaded
mesoporous alumina was used in DME production [14]. The DME selectivity (90%) and
overall conversion of CO + CO2 values, which were reported in that work with a feed
stream composition of CO/CO2/H2: 40/10/50, were quite close to the values obtained in
the present study. In another study, physical mixtures of commercial methanol synthesis
catalyst with the STA incorporated silica-based TRC-75(L) dehydration catalyst were used
in the direct synthesis of DME. Results reported at 275 ◦C and 50 bar with a feed composi-
tion of CO/CO2/H2: 40/10/50 gave a DME selectivity value of 70% and a CO conversion
of about 20% [15]. These values were much less than the corresponding values obtained
with the core-shell-type catalyst synthesized in the present study.

3. Materials and Methods
3.1. Catalyst Preparation

In this study, core-shell-type catalysts were developed for the direct synthesis of
dimethyl ether from syngas and CO2. While the core part of the synthesized catalyst is
the methanol synthesis catalyst, the shell part consists of silicotungstic acid-incorporated
mesoporous alumina, which is used for methanol dehydration. Mesoporous alumina is
a suitable dehydration catalyst for DME synthesis reaction, as alumina possesses higher
surface area, thermal stability, surface acidity, and uniform pore diameter distribution.

Core-shell-type catalysts were synthesized by a hydrothermal method. However,
before the preparation of core-shell catalysts, the synthesis of a Cu/ZnO/Al2O3 (CZA)
catalyst was performed. The CZA catalyst was prepared by a co-precipitation method.
The molar ratio of the copper/zinc/alumina in the CZA catalyst was arranged as 6/3/1.
Sodium carbonate was used as a co-precipitate agent. After the precipitation, the materials
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were washed, dried, and calcined. The calcination process was performed under dry air
at 350 ◦C for 6 h, at a heating rate of 1 K/min. Detailed information about the synthesis
route and activity test results of the CZA catalysts in methanol synthesis were given in our
previous study [22].

The hydrothermal method, which was used in the synthesis of the shell section of
the core-shell-type catalyst, is similar to the method proposed by Ibrahim et al. [5]. All
the chemicals were bought from Merck Millipore, Darmstadt, Germany. In this procedure,
the alumina source (aluminum isopropoxide (C9H21AlO3, Merck, 98%)) was dissolved in
ethanol. Then, nitric acid (HNO3, Merck, 65%) was added to this solution to adjust the
acidity. The resulting solution was stirred at room temperature for 6 h. In a separate vessel,
Pluronic P123 (EO20PO70EO20, Sigma-Aldrich) was dissolved in ethanol. Subsequently, this
solution was added to the alumina solution and mixed at room temperature for 1 h to obtain
a homogenous solution. The calcined CZA catalyst was then put into this homogenous
solution. The weight ratio of the mesoporous alumina and CZA (CZA/MA) was adjusted
as 1/1. The heterogeneous mixture was continuously stirred for 18 h. Then, it was placed
in an oven at 60 ◦C for 2 days. The solid product was then calcined under dry air at 750 ◦C
for 6 h. The catalyst that was synthesized using this method was named CZA-MA.

In order to increase the surface acidity of the core-shell-type catalysts, silicotungstic
acid (STA) (H4(Si(W3O10)4).xH2O, Merck) was impregnated into the catalyst structure at
5% and 25% by mass. In this impregnation process, the CZA-MA catalyst was stirred
in deionized water at room temperature. The desired amount of silicotungstic acid was
dissolved in deionized water in a separate vessel. Then, the clear acid solution was added
dropwise to the CZA-MA catalyst and stirred at 40 ◦C until all the water was vaporized.
The solid sample was calcined using the same procedure as used with CZA-MA. As known
from the literature, metallic copper (Cuo) is the active site in the CZA catalyst for methanol
synthesis [22]. For this reason, before the activity test studies, STA incorporated CZA-MA
catalysts were reduced at 300 ◦C under hydrogen flow.

3.2. Catalyst Characterization

STA incorporated CZA-MA catalysts were characterized by X-ray diffraction, N2
physisorption, Scanning Electron Microscopy with Energy Dispersive X-ray Spectroscopy
(SEM-EDS), Inductively Coupled Plasma Mass Spectrometry (ICP-MS), pyridine- adsorbed
diffuse reflectance FTIR spectroscopy (DRIFTS), Temperature Programmed Reduction
(TPR), and HR-TEM techniques.

The surface area, pore diameter, and pore volume of the core-shell catalysts were deter-
mined by N2 physisorption techniques using a Quanta Chrome Autosorb-1C sorptometer
(Quantachrome Instruments, Boynton Beach, FL, USA). Before the analysis, synthesized
catalysts were degassed at 120 ◦C for 6 h. XRD patterns of STA incorporated catalysts were
performed using a Rigaku D/MAX 2200 device with a Cu-Kα (λ = 0.15406 nm) source
(Rigaku Corporation, Akishima-shi, Japan). The crystalline nature of the synthesized mate-
rials was analyzed in 2θ values ranging between 10◦ and 90◦ and with a speed of 2◦/min.
Scanning electron microscopy (SEM) analysis was performed with a Quanta 400F Field
Emission SEM device to determine the surface morphologies (Quantachrome Instruments,
Boynton Beach, FL, USA). SEM/EDX and ICP-MS analyses were carried out to determine
active metal compositions. ICP-MS analyses were performed with the Perkin Elmer SCIEX
ELAN DRC II instrument (Perkin-Elmer SCIEX, Concord, ON, Canada). Diffuse reflectance
FT-IR spectra of the pyridine-adsorbed samples (DRIFTS) were recorded with a JASCO
FT-IR/4700 spectrometer (JASCO, Deutschland) to determine the Lewis and Bronsted
acid sides of the catalysts. The core-shell structures of the synthesized materials were
determined by high-resolution transmission electron microscopy (HRTEM). TPR analysis
was recorded using the ChemBET 3000 TPR/TPD instrument (Quantachrome Instruments,
Boynton Beach, FL, USA) to determine the reduction temperature of active metals.
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3.3. Direct Synthesis of Dimethyl Ether

The direct synthesis reaction of dimethyl ether was performed in a fixed-bed tubular
reactor in the pressure and temperature ranges of 30–50 bar and 200–300 ◦C, respectively.
Before the dimethyl ether synthesis reaction, the catalyst particles were reduced under H2
flow. The reduced catalyst was in powder form, and the sizes of the core-shell-type particles
were in the range of 7–10 µm. The mass of the catalyst placed into the stainless-steel reactor
was 0.6 g. All streams on the reactor system were heated to 200 ◦C to avoid condensation
of the products. The effect of feed stream composition on the product distribution and the
total conversion of (CO + CO2) were investigated. For this reason, DME synthesis was
achieved with different CO/CO2 molar ratios, as 50%CO-50%H2, 10%CO2-40%CO-50%H2;
25%CO2-25%CO-50%H2, 40%CO2-10%CO-50%H2, and 50%CO2-50%H2. However, in the
feed stream, the total flow rate (60 mL/min) and hydrogen flow rate values were kept
constant. The total analysis time was 200 min.

The composition of the reactor effluent stream was determined using an Agilent
6890 N gas chromatograph, which was connected online to the reactor. This chromatograph
was equipped with a TC detector and a Carbosphere column. The temperature program
of the chromatographic oven was adjusted to a 5 min hold at 38 ◦C to detect CO, CO2,
and CH4. After that hold period, the temperature was raised to 120 ◦C with a 3 K/min
temperature ramp and remained at that temperature for 5 min. The total run time was
approximately 37.3 min.

Before the reaction tests, calibration factors of the peaks corresponding to different
species in a chromatogram were determined. During the activity test studies, the total
molar flow rate of the outlet stream was evaluated from the total volumetric flow rate,
which was measured at the exit of the gas chromatograph, in each run. The molar flow rates
of CO and the carbon-containing species (CO2, CH4, MeOH, DME) were then determined
using the calibration factors of the species. Also, a carbon balance was made around the
reactor. Based on these data, conversion and selectivity values were calculated.

4. Conclusions

Results proved that STA incorporated core-shell-type bifunctional catalysts showed
excellent performance in the conversion of syngas and CO2 to dimethyl ether. Activity
test results revealed that the addition of STA on core-shell catalysts highly enhanced
the catalytic activity in terms of CO and CO2 conversions. DME production by in situ
dehydration of the synthesized methanol in the shell section of the core-shell-type catalyst
facilitated the direct synthesis of DME from syngas. Results proved that the addition of
CO2 into the syngas had a positive effect on methanol and DME selectivity values. In the
absence of CO2, the highest CO conversion and DME selectivity values were obtained as
49% and 59.8%, respectively, at 275 ◦C and 50 bar with the core-shell-type 25STA@CZA-MA
catalyst. However, the total conversion of CO + CO2 and DME selectivity based on total
conversion was 65% and 73.2%, respectively, over the same catalyst, with a feed stream
composition of CO/CO2/H2 = 10/40/50. The highest methanol selectivity, which was
observed with the Cu-ZnO-Al type CZA catalyst (core section of the bifunctional catalyst),
and the highest DME selectivity with the core-shell-type 25STA@CZA-MA catalyst were
97.7% and 88.7%, respectively. HR-TEM analysis results indicated that the core-shell
structure of the mesoporous alumina-encapsulated Cu-ZnO-Al (CZA) catalyst (CZA-MA)
was successfully synthesized by the hydrothermal method. Results proved that the new
STA incorporated core-shell-type bifunctional catalysts were highly promising for the
conversion of CO2-containing syngas to an alternative clean energy carrier, namely DME.
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