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ABSTRACT: Dimethyl ether (DME) has become attractive as a
potential environmentally friendly substitute for diesel and liquefied
petroleum gas (LPG) due to its similar properties to those of LPG,
high cetane number, but less carbon emissions. In this work, we
developed a novel prototype-scale catalytic membrane reactor to
synthesize DME directly from CO2 and renewable H2, which could
address the environmental and fuel security issues in a cost-effective
way. This membrane reactor was equipped with superior
hydrophilic NaA zeolite membranes and bifunctional Cu−ZnO−
ZrO2−Al2O3/HZSM-5 catalysts. The effects of the reaction
temperature and gas hourly space velocity (GHSV) on the DME
synthesis were investigated. Compared with the fixed bed catalytic
reactor, the catalytic membrane reactor with a unique NaA
membrane significantly enhanced the DME yield and CO2 conversion from 8.71 and 21.4 to 22.8 and 33.7%, respectively. The
highest DME production rate of 1.31 kg/day was achieved at 300 °C and a GHSV of 8400 mL/(g·h). This work demonstrates the
feasibility of the catalytic membrane reactor for DME production via CO2 hydrogenation as an approach to market readiness.

1. INTRODUCTION
The rapidly increased CO2 concentration in the atmosphere
due to anthropogenic activities leads to the rising temperature
of the earth and results in awful climate change.1 According to
the measurement in 2020, the atmospheric CO2 level has
exceeded 417 ppm,2 and the average global temperature has
increased by at least 1.1 °C since the Industrial Revolution.3

Although various attempts, such as replacing fossil resources by
renewable energy,4 process intensification,5 or development of
measures to increase energy efficiency,6 have been made to
reduce the greenhouse gas emissions, disruptive changes, such
as carbon capture and utilization, are still required to further
reduce the greenhouse gas emissions to mitigate global
warming.7−9 Among various CO2 utilization approaches,
catalytic hydrogenation of CO2 to valuable chemicals and
fuels, such as dimethyl ether (DME), is considered as one
promising direction.10−12 As a clean prospective “future fuel”,
DME has a high cetane number, similar properties as those of
liquefied petroleum gas (LPG) under ambient conditions, and
generates less emissions, such as no sulfur oxide or soot release
during combustion.13 All of these make DME attractive for
substituting diesel with no changes needed in exiting engines,14

replacing LPG for household using, or working as raw
materials for producing a wide range of chemical building
blocks.15

DME is typically synthesized through two approaches: (1)
in a two-step process, methanol is first produced and then
converted into DME through dehydration; (2) in a one-step
process, DME is synthesized directly from syngas in a single
reactor, where the feed gas can be replaced by a CO2/H2

mixture.14 Compared with the two-step process, the one-step
DME synthesis from CO2 and H2 is more promising due to
direct CO2 utilization. This one-step process combines
methanol production via CO2 hydrogenation, methanol
dehydration, and reverse water gas shift as side reactions

+ +

=H

CO 3H CH OH H O

49.5 kJ/mol
2 2 3 2

(1)

+ =H2CH OH CH OCH H O 23.4 kJ/mol3 3 3 2
(2)
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+ + = +F HCO H CO H O 41.2 kJ/mol2 2 2
(3)

However, the first reaction of methanol synthesis from CO2/
H2 is severely limited by the equilibrium. Combining the two
reactions in one reactor using a bifunctional catalyst can
alleviate this issue because in situ methanol consumption can
shift the equilibrium toward to DME production and lower
operating cost.16 A bifunctional catalyst with metal and acid
functions is needed to conduct methanol synthesis and
methanol dehydration reaction.17−22 In this catalytic system,
water is one of the major byproducts and has an exponential
negative effect on the overall catalytic performance because the
catalyst activity is inhibited as water adsorbed on its surface,
resulting in Cu NPs sintering and, thus, leading to reduced
CO2 conversion and low DME yield.23−25 If the produced
water is removed in situ during the DME synthesis process, the
deactivation of catalyst could be alleviated; meanwhile, the
reaction equilibrium could be pushed toward the product
formation side. This concept has been confirmed by several
simulation studies.26−29 Therefore, developing a novel catalytic
membrane reactor equipped with a water removal membrane
could be an effective way to overcome the catalyst deactivation
and shift the equilibrium toward a higher CO2 conversion into
DME for the one-step DME synthesis process.

Inorganic membranes, especially hydrophilic zeolite mem-
branes have been widely employed in removing water from
other molecules owing to their high thermal stability and water
permeability,30−32 and some studies have demonstrated that
employing the water removal zeolite membrane could benefit
the dehydration of methanol to form DME.33−35 However, as
for the one-step DME synthesis process, there are few
experimental works. Most of them are simulation studies and
conducted to investigate the potential of the water removal
membrane for the enhancement of DME yield.32,34,36,37 For
example, by using a small catalyst bed with an inner diameter
of 9.5 mm and a length of 70 mm, Rodriguez-Vega et al.
demonstrated the benefit of using a membrane reactor
equipped with a LTA zeolite membrane to boost the DME
yield from 2.8 to 6.57% and CO2 conversion from ∼22.5 to
35% under 325 °C with good catalyst stability.38 However, the
major obstacle for applying the water removal membrane in
large-scale DME synthesis is the low water selectivity because
structural defects are almost inevitable from the zeolite
membrane synthesis,39,40 which leads to the loss of reactants
or products, such as CO2, H2, MeOH, CO, and DME, by
permeating through the membranes with water. In general, the
experimental research on direct converting CO2 and H2 into
DME by using a membrane reactor is still in its infancy. Most
of the investigations have been conducted in the laboratory
scale. It still is a big challenge to advance the maturity level for
this technology.

In our previous work, a superior water-selective NaA zeolite
membrane was developed, which showed H2O/CO2, H2O/H2,
H2O/CO, and H2O/MeOH selectivity as high as 551, 190,
170, and 80, respectively, under 21 bar at 250 °C.41

Conventional Cu/Zn/Al (CZA) was widely used for CO2
hydrogenation because of the high activity; however, its
stability is not sufficient. Therefore, the CuO/ZnO/ZrO2/
Al2O3 (CZZA) catalyst was developed which has Zr as a
structure promoter to improve the catalyst stability.18 The
bifunctional CZZA/HZMS-5 catalyst was synthesized and
tested in a fixed bed reactor,20 which showed CO2 conversion

as high as 26.2% and DME yield of 18.3% under 28 bar at 240
°C. By combining the superior water-selective NaA zeolite
membrane and the bifunctional CZZA/HZSM-5 catalyst, a
lab-scale catalytic membrane reactor showed a significantly
improved performance with CO2 conversion increased up to
73.4% and DME yield increased to 54.5%.42 Herein, a highly
efficient prototype-scale membrane reactor was designed and
tested under different operating conditions for DME direct
synthesis from CO2 hydrogenation to push the technology
readiness level for the DME synthesis membrane reactor to a
higher level.

2. EXPERIMENTAL METHODS
2.1. Catalyst Preparation. In the CuO/ZnO/ZrO2/Al2O3

(CZZA) catalyst preparation process, zinc nitrate [Zn(NO3)2·
6H2O, 98%], copper nitrate [Cu(NO3)2·3H2O, 99%],
zirconium dinitrate oxide hydrate [ZrO(NO3)2·xH2O, 99%],
and aluminum nitrate [Al(NO3)3·9H2O, 98%] were used as
metal precursors. Sodium carbonate (Na2CO3, 99%) was used
as the precipitant. Commercial ammonia-ZSM-5 catalyst
(SiO2/Al2O3 = 23:1 molar ratio, surface area of 425 m2/g)
was used for the preparation of HZSM-5 catalyst. All chemicals
were obtained from Alfa Aesar (USA).

CZZA catalyst was synthesized by the co-precipitation
method and its atomic ratio was optimized as Cu/Zn/Zr/Al =
4:2:1:0.5, followed by a procedure that we developed
previously.18,20 Typically, 0.4 M aqueous solutions of different
metal nitrates including Cu(NO3)2, Zn(NO3)2, Al(NO3)3, and
ZrO(NO3)2 were mixed together and this solution was added
dropwise to the preheated deionized (DI) water (400 mL, 65−
70 °C) in a beaker. Meanwhile, an aqueous solution of
Na2CO3 with the same precursor concentration was added
simultaneously to the same beaker under vigorously stirring.
The precipitation of all metal precursors into the form of
hydrocarbonate took around one and a half hour. An sodium
carbonate solution was used to adjust the pH of mixed solution
to 7.0 in the end of co-precipitation, and then, an aging process
was initiated under a constant temperature of 70 °C for 30
min. Lastly, DI water was used to rinse the precipitates several
times in a funnel, and the precipitates were filtered and
followed by overnight at 110 °C in an oven, and subsequently
calcined at 400 °C for 5 h to be transformed into metal oxides.
The commercial ammonia-ZSM-5 was calcined in a muffle
furnace at 500 °C in air for 5 h to obtain the HZSM-5 catalyst.
2.2. DME Synthesis in Fixed Bed Reactor. A high-

pressure fixed-bed stainless steel reactor was used for
evaluating the catalytic performance of the CZZA/HZSM-5
bifunctional catalyst for CO2 hydrogenation to DME. The I.D.
and O.D. of this reactor are 9.5 and 12.7 mm, respectively.
According to our previous study,18 the mass ratio of CZZA and
HZSM-5 was 0.5 g:0.5 g. Prior to the tests, the bifunctional
catalysts were first reduced at 250 °C for 3 h under a hydrogen
environment at atmospheric pressure. Subsequently, the
catalytic measurements were carried out under 240 °C and
2.8 MPa through feeding the reactant gases H2/CO2 with a
molar ratio of 3:1 at a flow rate of 24 mL/min [gas hourly
space velocity (GHSV) = 1440 mL/(g·h)]. A thermocouple
was inserted inside the reactor tube to measure the
temperature, and the reaction pressure was controlled by a
back-pressure regulator. GC (gas chromatography, SRI
8610C) equipped with a two-column separation system (a 6-
foot HAYESEP-D column and a 6-foot molecular sieve 13X
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column connected to a flame ionization detector and thermal
conductivity detector) was used for analyzing the product.
2.3. Membrane Preparation. Na+-gated nanochannel

membrane preparation followed the procedure that was
reported in our previous work.41 Basically, ceramic hollow
fibers were dip-coated in a NaA seed solution (1 wt %, seed
size of 50−250 nm) and subsequently transferred to an oven
for drying at 200 °C overnight. A gel solution with a molar
composition of Al2O3/5SiO2/50Na2O/1000H2O was prepared
by mixing sodium aluminate (NaAlO2, Al2O3: 50−56 wt %,
Na2O: 37−45 wt %, Sigma-Aldrich), Ludox colloidal (40 wt %
in water, Sigma-Aldrich), and sodium hydroxide (NaOH, 98
wt %, Sigma-Aldrich) in DI water. The seeded hollow fibers
were soaked in the gel solution at 80 °C for 5 h. After the
hydrothermal synthesis, the membrane was washed thoroughly
and dried for use in the membrane reactor.
2.4. DME Synthesis in Membrane Reactor. Seven

hollow fiber membranes with a length of 15 cm were installed
into the reactor. These membranes with such a membrane area
are sufficient for removing the produced water during the
reaction. The bifunctional catalyst (150 g) was prepared by
mixing CZZA and HZSM-5 with a mass ratio of 5:1. The
catalyst was first reduced with a H2/N2 mixture flow (H2/N2
volumetric flow rate ratio 1:2) for 12 h at 220 °C. Before the
DME synthesis reaction, N2 was applied to purge the whole
system until the target operation temperature was reached.
Then, the feed CO2/H2 mixture (CO2/H2 volumetric flow rate
ratio 1:3) was introduced into the reactor for DME synthesis.
The pressure of the membrane reactor was maintained at 550
psig during the test. The membrane reactor performance was
reflected by parameters which could be calculated by following
equations

= ×X
n n

n
100%co

CO in CO out

CO in
2

2 2

2 (4)

= × ×Y
n

n
2

100%DME
DME

CO in2 (5)

= ×Y
n

n
100%CO

CO

CO in2 (6)

= ×Y
n
n

100%MeOH
MeOH

CO in2 (7)

where XCOd2
is CO2 conversion and YDME, YCO, and YMeOH are

the yields of DME, CO, and MeOH, respectively. nCOd2
, nDME,

nCO, and nMeOH are the moles of CO2, DME, CO, and MeOH,

respectively. Meanwhile, nCOd2
was further specifically divided

into nCOd2in and nCOd2out, representing the CO2 feed in and out
from the system.
2.5. Characterization. X-ray diffraction (XRD) patterns

were obtained from a Philips X’Pert PRP PW3050 X-ray
diffractometer instrument equipped with a Cu Kα radiation
and a graphite generator. The scanning range is 5−90° and the
scanning rate is 0.5°/min. Transmission electron microscopy
(TEM) images were acquired using a 300 kV FEI Tecnai F30
TEM instrument. The surface and cross-sectional scanning
electron microscopy (SEM) images were collected by a Carl
Zeiss AURIGA CrossBeam instrument.

3. RESULTS AND DISCUSSION
3.1. DME Membrane Reactor and Testing System.

The schematic diagram of the catalytic membrane reactor for
one-step DME synthesis is shown in Figure 1. The CO2/H2
mixture was introduced into the catalytic membrane reactor as
feed stock for one-step direct DME production. The
bifunctional CZZA/HZSM-5 catalyst is filled in the outside
void between hollow fibers. Two major reactions, including
methanol production and DME synthesis, occurred simulta-
neously in the membrane reactor. To improve CO2 conversion
and catalyst performance, byproduct water was removed in situ
through NaA zeolite membranes that grew on the external
surface of the hollow fibers. The hydrophilic nature of the NaA
results in strong adsorption of water into the pores of the
membrane, and the water condensed in pores transports
through the membrane by capillary action forces, enabling the
removal of water while blocking the transportation of other
small molecule gases through membrane pores. This is
expected to increase the reaction kinetics by reducing the
catalyst deactivation caused by water absorption and pushing
the reaction equilibrium toward higher product formation.

3.1.1. Prototype-Scale Catalytic Membrane Reactor. To
advance the technology maturity level for the one-step DME
synthesis process, a prototype catalytic membrane reactor was
designed based on the previous lab-scale membrane reactor. As
shown in Figure 2A, the membrane stub was fabricated on a
blind flange, and seven channels with a diameter of 5.8 mm
were drilled out for the installation of hollow fiber membranes
with a diameter of 5.7 mm. The hollow fiber membranes were
sealed in the membrane stub channels by using house-made
hollow nuts and O-ring (Figure 2B). The membrane housing
was constructed by welding one 1.5 in. pipe in length of 12 in.
together with two raised surface flanges, and a 0.325 in. hole
was drilled out on the housing, on which a 3/8 in. tubing

Figure 1. Schematic diagram of the catalytic membrane reactor with bifunctional catalyst showing one-step DME synthesis from CO2 and H2.
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adaptor was welded as the outlet for products (retentate); two
blind flanges were used for reactor sealing, one 0.325 in. hole
was drilled out on each flange, and 3/8 in. adaptors were
welded as gas inlet for feed side and outlet for permeate,
respectively. As shown in Figure 2C, the membrane reactor
was composed by four parts, feed, reactor housing, permeate,
and membrane stub which was sandwiched between the
membrane housing and permeate. After assembling all four
parts with bolts and sealed with graphite gaskets, the
membrane reactor was installed into the furnace for testing.
During the test, generated water was removed from the reactor
by permeating through the membrane and the hollow nuts to
the permeate side.
3.1.2. Prototype Scale DME Synthesis System. The

prototype testing system was home-designed and built, and
the process flow diagram and picture of the prototype-scale

DME synthesis system are shown in Figure 3. The flow rates of
the feed gases, CO2 and H2, were regulated by mass flow
controllers. The feed gas mixture was heated through the top
preheat furnace and then introduced into a membrane reactor
for DME production. The membrane reactor was sat in the
bottom reactor furnace, and the temperature of the furnace was
set to the desired catalytic reaction temperature. The pressure
of the membrane reactor was controlled by a back-pressure
regulator connected to the retentate side, and a vacuum pump
was connected to permeate side to provide the driving force for
the water removal through the membrane. Pressure trans-
ducers were used to monitor the pressure of feed, retentate,
and permeate side. Besides, to prevent any water condensation
in the pipelines, both retentate and permeate lines were heat
traced with a setting temperature of 180 °C. Methanol, mostly
in retentate line, and water, mostly in permeate line, produced
in the DME synthesis process were condensed and collected
separately in a chiller. The testing system was program
controlled by a LabVIEW software (National Instruments).
The gas compositions for retentate and permeate were
analyzed by a micro-GC (Varian Inc. CP-4900). GC
calibration was conducted periodically to enable accurate
reading.
3.2. Catalyst Characterization and Catalytic Perform-

ance. The morphological properties of the reduced CZZA
catalyst were characterized by TEM. As shown in Figure 4A,
nanoparticles (less than 100 nm) are evenly distributed
without obvious agglomeration. As shown in Figure 4B, for
the CZZA/HZSM-5 catalyst, the CuO characteristic diffrac-
tion peaks appeared at 2θ = 35.5 and 38.7° correspond to the
(002) and (111) crystal planes of tenorite, and the diffraction
peaks at 2θ = 31.8 and 56.6° correspond to the (100) and
(002) planes of ZnO, respectively. The ZrO2 and Al2O3
diffraction peaks were not observed because of their
amorphous state or low weight percentage in the catalyst.
Three diffraction peaks at 23.0, 23.8, and 24.2°, respectively,
correspond to the (501), (151), and (303) crystal faces of the
HZSM-5 catalyst.

Figure 2. Design of the prototype-scale bifunctional catalytic
membrane reactor: (A) picture of the membrane stub in which
seven hollow fiber membranes can be installed; (B) 3D cross-sectional
view of the membrane reactor with O-ring sealing; and (C) picture of
the prototype-scale membrane reactor.

Figure 3. (A) Process flow diagram and (B) picture of the prototype-scale DME synthesis system.
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The experimental results of large-scale (i.e., 100 g per batch)
and small-scale (i.e., 15 g per batch) batch of CZZA catalysts
mixed with HZSM-5 for CO2 DME synthesis directly from
CO2 hydrogenation under the operating conditions [240 °C,
2.8 MPa, GHSV = 1440 mL/(g·h)] are summarized in Figure
4C,D. We found that the catalytic performance of these two
different batch sizes of CZZA catalysts were very close to each
other, demonstrating that our prepared CZZA catalyst can be
synthesized through mass production while maintaining good
catalytic activity.
3.3. Membrane Morphology and Structure. The Na+-

gated nanochannel membranes were synthesized on ceramic
hollow fiber substrates (I.D. of 3.5 mm, O.D. of 5.7 mm, length
of 250 mm) by following the procedures described in
previously report.41 The surface morphology of the as-
prepared membrane was characterized by SEM, as shown in
Figure 5A; continuous and dense membrane layers were grown
on the outer surface of ceramic follow fibers. Figure 5B shows
the cross-sectional view of the hollow fiber, indicating that the
average membrane thickness was around 2−4 μm. The
structure of the as-prepared membrane was characterized by
XRD and compared with the standard diffraction pattern of

NaA, as shown in Figure 6 (red pattern), only NaA and
alumina characteristic peaks were detected, indicating that no
impurity in the membrane layer and pure NaA membrane layer
were obtained.

3.4. Prototype Scale DME Synthesis Testing. Figure 7
shows the results of DME, CO, MeOH yield, and CO2
conversion of the traditional fixed bed reactor and the
prototype-scale membrane reactor under different operating
temperatures at a GHSV of 1400 mL/(g·h). In the fixed bed
reactor, the DME yield was 3.39% at 240 °C, and as the
operating temperature increased to 300 °C, the DME yield
increased to 7.91% with CO2 conversion increased from 13.5
to 23.2%. However, the MeOH yield decreased from 5.07 to
3.69%, indicating that 68% of MeOH generated was converted
into DME. Then, the DME synthesis testing was conducted in
the prototype-scale membrane reactor under the same
conditions. As shown in Figure 7 (hollow column), DME

Figure 4. (A) TEM image of the CZZA catalyst; (B) XRD pattern of CZZA/HZSM-5 bifunctional catalysts; (C) CO2 conversion; and (D) DME
yield of small-scale and large-scale one-step DME synthesis over CZZA/HZSM-5 bifunctional catalysts.

Figure 5. (A) Surface and (B) cross-sectional SEM images of the NaA
membrane.

Figure 6. XRD patterns of NaA membrane before and after catalytic
reaction.
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yield increased from 8.71 to 22.8% when the operating
temperature increased from 240 to 300 °C, while the CO2
conversion increased from 21.4 to 33.7%, indicating that the
conversion of MeOH (85 vs 68%) was increased significantly.
Comparing with the fixed bed reactor, the CO2 conversion
increased by ∼45%, and the DME yield was around 2.9 times
higher while employing the membrane reactor for DME
synthesis, demonstrating the significant advantages of in situ
water removal by membranes.

The influence of reaction conditions on the performance of
the prototype membrane reactor for DME synthesis via CO2
hydrogenation was investigated by carrying out the testing at
different GHSVs [1400, 4200, and 8400 mL/(g·h)] and
temperatures (240, 270, and 300 °C). The CO2 conversion
and DME yield increased with temperature under the same
GHSV is shown in Table 1, which means that elevated
temperature favored DME production. With GHSVs increased
from 1400 to 4200 mL/(g·h) and further increased to 8400
mL/(g·h), the CO2 conversion and DME yield were gradually
decreased. This may result from the less resident time of feed
gas in the catalyst bed.

Figure 8 show the DME production rate as a function of
GHSV at different temperatures. The DME production rate

increased with the increase of GHSVs at all the investigated
temperatures. For example, the DME production rate
increased from 0.34 to 0.84 and 1.31 kg/day when the
GHSV increased from 1400 to 4200 and 8400 mL/(g·h) at the
reaction temperate of 300 °C. Comparing with data in
literature, this was the first time that DME was produced in
scale of kilogram per day from one-step synthesis in a
prototype membrane reactor.

4. CONCLUSIONS
In this work, a prototype-scale catalytic membrane reactor was
first designed and constructed to investigate the DME
production directly from CO2 hydrogenation. A bifunctional
CZZA/HZSM-5 bifunctional catalyst was employed for DME
synthesis, and the water produced from the reaction was in situ
removed by a highly efficient water selective NaA zeolite
membrane. The DME yield and CO2 conversion were
increased from 8.71 and 21.4 to 22.8 and 33.7%, respectively.
In the membrane reactor, the overall reaction performance was
significantly improved, compared to the reaction with same
operating conditions conducted in a conventional fixed bed
reactor. Besides, DME production rate as high as 1.31 kg/day
was achieved at 300 °C and 8400 mL/(g·h). Importantly, this
approach of using a membrane reactor could also benefit the
production of many other renewable chemicals and fuels.
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