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ABSTRACT 

The intensification of CO2 valorization has been theoretically studied in the direct 

synthesis of dimethyl ether (DME) carried out in a packed-bed reactor by means of two 

strategies pursuing the attenuation of the thermodynamic limitations of the process. Thus, 

the recycling of the non-converted reactants, and the use of H2O perm-selective 

membranes, with different sweeping strategies has been studied. Special attention has 

been paid on improving the yield of DME and the conversion of CO2, seeking for a good 

balance between both objectives. The study has been conducted using the kinetic model 

previously established for a CuO-ZnO-MnO/SAPO-18 catalyst. Quantifying the 

deactivation kinetics in the kinetic model has allowed us to ascertain that both strategies 

contribute to attenuating deactivation. With a recirculation factor of 0.97, for a CO2/COx 

ratio in the feed of 0.25, at 275 ºC and 30 bar, a CO2 conversion of 70 % and a DME 

yield of 60 % are achieved. Using in the simulation a membrane with a H2O permeability 
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of 1·10-7 mol s-1 m2 Pa-1 and a H2O/H2 selectivity of 4, feasible with H-SOD type zeolite 

membranes, increases CO2 conversion up to 3.5-5 % with regard to that obtained in a 

packed-bed reactor, and outstands the upgrade in DME yield, reaching an improvement 

of 25 % for the hydrogenation of pure CO2, regardless the sweeping strategy used 

(parallel or counter-current mode, or using pure H2 or H2+CO+CO2).  

 

KEYWORDS: CO2, valorization, Dimethyl ether; Recirculation; Membrane; 

Bifunctional catalyst; Syngas 
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1. INTRODUCTION 

The direct synthesis of DME has a great interest in the power to liquid context,1 due to its 

excellent properties2,3, and it is considered to be the cleanest substitute for diesel4-7 and a 

promising raw material for the production of hydrocarbons (replacing methanol)8-10 and 

for the production of H2 (through steam reforming).11,12 The reactions involved in the 

synthesis of DME comprise: 

Methanol synthesis: CO + 2H2 ↔ CH3OH (1) 

 CO2 + 3H2 ↔ CH3OH + H2O (2) 

Methanol dehydration to DME: 2CH3OH ↔ CH3OCH3 + H2O (3) 

Reverse water gas shift (rWGS): CO2 + H2 ↔ CO + H2O (4) 

Paraffins formation as secondary reaction:   

 OnHHCH)1n2(OCn 22n2n2 +++ +↔    (n=1-3) (5) 

Carrying out these reactions in situ in the same reactor over a bifunctional catalyst 

displaces the thermodynamic equilibrium in Eqs. 1 and 2 as a consequence of the 

dehydration of the formed methanol (Eq. 3). Consequently, lower pressure is required 

and it is possible to operate at higher temperature than in the synthesis of methanol, what 

leads to a higher reaction rate.13-15 Due to these advantages, the prize estimated for the 

DME produced from synthesis gas via direct synthesis (syngas to DME or STD process) 

is lower than the diesel price in the current U.S. market.16 

Besides, the incorporation of CO2 as a reactant, co-fed together with syngas, is 

thermodynamically more feasible in the direct synthesis of DME than in the synthesis of 
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methanol.14,17,18 Therefore, this process is considered to be a priority process among the 

routes for carbon capture and utilization (CCU), due to its capability to contribute for 

mitigating climate change.19 Deepening in the environmental interest of the process, it is 

to note that the direct synthesis of DME requires a lower H2/CO ratio than the synthesis 

of methanol, which is interesting for valorizing the syngas produced from biomass.17,20,21 

However, the availability of natural gas has boosted its interest as syngas source.22,23 

The viability of the process is conditioned by the energy and environmental requirements. 

The economy, energy and exergy efficiency and CO2 emissions depend on the source of 

syngas, CO2 capture and reaction technologies, and especially on the availability of 

cheap renewable energy.1 Kabir et al.24 estimate in 32% the energy efficiency of the 

direct synthesis of DME from syngas generated by coal gasification, considering a CO2 

separation stage from syngas, with a net CO2 emission of 2.91 kg/kg of DME. Nakyai 

and Saebea25 compare the generation of syngas from natural gas, coal and biomass for the 

synthesis of DME in one and two stages, determining that the lower CO2 emission (2-83 

kJ/kg of syngas) corresponds to the steam gasification of biomass, even if the highest 

energy and exergy efficiency correspond to coal gasification. DinAli and Dincer26 

evaluate an overall energy and exergy efficiency of 28.75% and 32.54%, respectively, 

using CO2 as raw material and using solar energy exclusively. These high efficiencies 

reach 50.2% and 45.0%, respectively producing syngas from CO2/H2O by means of 

chemical looping.27 The exergy efficiency of the biomass gasification stage (key for the 

viability of this route) is increased by 15% through CO2 enhanced gasification.28 To meet 

the energy requirements of biomass gasification and DME synthesis Salman et al.29 

propose their integration with the existing combined heat and power plants. 
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Bearing the mentioned advantages and the environmental target of CO2 utilization in 

mind, a great effort has been addressed toward upgrading the performance of the direct 

DME synthesis process. In the literature, many works deal with optimizing the operating 

conditions, and with the design, synthesis and tailoring of the properties of the catalysts 

used in the process.4 The catalysts are composed of a metallic function, active for CO and 

CO2 hydrogenation to methanol (Eqs.1-2), and for the r-WGS reaction (Eq. 4); and of an 

acid function, responsible for methanol dehydration to DME (Eq. 3). This latter function 

of the catalyst (acid function) needs to be of limited acid strength as to avoid the 

formation of hydrocarbons from methanol and DME through the hydrocarbon pool 

mechanism (Eq. 5).30-32 Different zeotypes, such as HZSM-5, FER or MFI zeolites, 

ferrierite or SAPOs (SAPO-18, SAPO-11), of limited acid strength and density of the 

sites, give way to higher selectivity and stability than the γ–Al2O3 conventionally used 

for methanol dehydration to DME, due to their hydrophobic nature, the more suitable 

topology and the feasibility for tailoring the acidity.3,31,33-37 As metallic functions, Cu-

ZnO based catalysts are widely used.38 Cu0 and Cu+ are considered to be the active 

species for methanol formation, while ZnO to be responsible for enhancing the dispersion 

of the active metal. Various promoters have been added to the aforementioned metallic 

function for increasing the stability of the active sites, and for the new scenario in which 

CO2 is co-fed with syngas, the conventionally used Al2O3 promoter (traditionally used in 

the catalysts for methanol synthesis) has been replaced totally o partially by other 

metallic oxides (MnO, ZrO2, Li2O) to increase the selectivity and stability of the Cu-

ZnO.13,15,37,39-44 The configuration of the bifunctional catalyst (pelletizing of the 

individual functions separately or of their mixture and core-shell structure) has also been 
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studied, determining that for enhancing the stability of the metallic and acid functions and 

avoid their irreversible deactivation the direct contact between both functions must be 

limited as to avoid the migration of Cu, Al and Si ions between them.45-48 

The hydrogenation of CO2 and the incorporation of CO2 as a reactant together with 

syngas, gives way to a large concentration of H2O in the reaction medium through the r-

WGS reaction (Eq. 4), hindering the formation of DME, due to the displacement of the 

methanol to DME dehydration reaction (Eq. 3) and the competitive adsorption in the 

active sites reducing the capacity of the metallic sites for methanol formation49 and that 

of the acid sites for its dehydration.50,51 As a consequence, the per pass conversion in the 

STD process is limited, and strategies for process intensification are required. 

Industrially, this situation is overcome in the synthesis of methanol by recycling the CO, 

CO2 and H2 stream. On the other hand, the background on hydrophilic membrane 

reactors for the synthesis of DME in the literature consists mainly of simulation 

studies.52-54 Diban et al.53,55 emphasize the interest of developing zeolite membranes 

capable for working under the operating conditions required in this process, that is, 

temperature above 250 ºC and high H2O content in the medium. The use of membranes 

for removing H2O from the medium has also been studied in other processes, such as 

Fischer-Tropsch synthesis56,57, and is more viable than other strategies58 to be installed in 

large-scale fixed-bed reactors. Bearing in mind the relevance of temperature for the 

permeation of H2O, by means of permeation tests, Gorbe et al. propose zeolite A 

membrane as a feasible option for methanol synthesis.59 The synergy of the reaction and 

the separation in the same unit, its simplicity and the possibility of automation and 

control, are attractive to improve the performance of the catalytic processes.60 
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In this work the following two strategies have been studied: i) recycling of the non-

converted reactants; and ii) removing H2O from the reaction medium as it is formed, 

using a H2O permeable membrane. The influence of both strategies on the production of 

DME and on the conversion of CO2 has been assessed. Usually the attention in the 

literature focuses on the selective production of DME, whereas this work focuses 

primarily on the conversion of CO2 and on the effect of the reaction conditions on this 

conversion (in particular that of the CO2/COx ratio in the feed). In this regard, it is to note 

that CO2 is a byproduct in the DME synthesis process, and therefore, not only achieving 

its net conversion, but also limiting its generation is of great relevance for the 

sustainability of the process. Besides, it should be noted that the pursued scopes of 

maximizing DME production and CO2 valorization correspond to opposite operating 

conditions,51,61,62 and so, the relationship between these two targets is essential to 

combine both objectives. It is also interesting to assess the interest of the studied 

strategies considering catalyst deactivation.  

2. METHODOLOGY 

2.1. Catalyst and membrane 

A bifunctional catalyst (CZMn/S) prepared by physical mixture of a CuO-ZnO-MnO 

metallic function and SAPO-18 as acid function has been used. The selection is based on 

its suitable catalytic activity for the conversion of CO2, DME selectivity and 

regenerability.37,61,63 The preparation conditions, composition, and its properties have 

been previously reported in these papers. 
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For studying the use of membranes for H2O removal, the selectivity and permeability 

values have been selected according to the literature, focusing on the values considered to 

be adequate for temperatures above 200ºC and high pressure.53,57 

Hence, 1.5 has been established as minimum value for H2O/H2 selectivity, and a 

permeability of 1·10-7 mol s-1Pa-1m-2 as optimal. According to the analysis carried out by 

Diban et al. these properties can be achieved with a H-SOD type zeolite53, in which the 

permeation of oxygenated compounds (methanol and DME) is remarkably limited, which 

is a key feature for the selection of the membrane.53,56,57,64-67 

2.2. Kinetic model 

The kinetic model was previously established by our group for the CZMn/S bifunctional 

catalyst62 (See Supporting Information). The model comprises the kinetic equations (Eqs. 

S1-S5) of the individual reactions involved in the reaction scheme (Eqs. 1-5) along with 

the deactivation kinetics (Eq. S9). This allows predicting the yielding products and the 

evolution with time on stream of the concentration of the components of the reaction 

medium in a wide range of operating conditions (250-350 ºC; 10 to 40 bar; space time 

between 1.25 and 20 gcath(molC)-1; H2/COx ratios in the feed, 3-4; and CO2/COx ratios in 

the feed from 0 to 1. 

2.3. Simulation of the Reactors 

Using the kinetics previously reported for the simulation of the packed-bed reactor (PBR) 

with recirculation, a simulation program has been developed for assessing the influence 

of the operating conditions on the studied indices. The program developed in MATLAB 
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requires the following starting data: temperature, pressure, CO2/COx and H2/COx ratios 

in the feed, and time on stream and space time vectors. Subsequently, it integrates the 

differential equation system to calculate the product stream composition and the activity 

of the catalyst in the studied conditions. 

In the packed-bed membrane reactor (PBMR) resolution program, additionally to the 

starting values defined previously (thus, operating conditions and kinetic parameters), 

data regarding the H2O permeability of the membrane, permeance selectivity between 

H2O and other components in the reaction medium, catalyst dilution and information on 

the configuration of the permeate section are also required. This program solves the mass 

conservation equations (global and individual for each component) for a differential 

volume of the reactor (considering plug-flow) in both the reaction and the permeate 

sections (Figure 1). Thus: 

• In the reaction section: 

 
dz

)X(d
F

dz
)F(d

XPdPmrd)4(
dz

)XF(d i
r

r
iimii

2
r

ir +=−= ∆ππρ  (6) 

where, dm and dr are the diameters of the membrane and the catalytic reactor, 

respectively; Fr is the molar flowrate in equivalent carbon units, molC s-1, moli Pa-1 s-1 m-

2; ri the formation rate of component i, moli (gcat)-1 s-1; Xi the molar fraction of each 

component i; z the longitudinal position, m; iP∆  the partial pressure difference of each 

component i between the reaction and the permeate sections. 

The permeability of component i through the membrane is: 
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being SH2O/i the permeation selectivity of H2O over component i; and )PP(P Pirii −=∆  (8) 

where Pri, is the partial pressure of each component i in the reaction section and; PPi, that 

in the permeate section. These terms are related to the total pressure as follows: 

 
∑

=
ii

ii
ri nX

nXPP  (9) 

 PiPi PyP =  (10) 

where, ni is the number of C atoms in component i. 

• In the permeate section: 

 P Pi P Pi
i m i Pi Pπ Δ

d(F y ) d(F ) d(y )=Pm d P =y +F
dz dz dz

 (11) 

where, FP is he molar flowrate in the permeate section, in mol s-1; and yPi the molar 

fraction of each component i in the same section. 

In the abovementioned mass balances, the evolution of the flowrates with the longitudinal 

position in the reactor is determined as follows: 

 ∑ ∆π=−
compoundsorganicºN

imi
r PdPm

dz
dF

 (12) 

 ∑ ∆π=
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imi
P PdPm

dz
dF

 (13) 
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In order to solve the mass balances for each component i (Eqs. 6 and 11), they have been 

referred to the space time (τ=W/F0). As the resulting equations must be solved together 

with the mass balance in each of the sections (reaction and permeate), the equations to be 

solved are: 

• In the reaction section: 

Global balance:  ∑ ∆λ
τ

=
compoundsorganicºN

1
iii

0r PPmn
d

)FF(d
 (14) 

Individual balance:  






 −−= ∆λ
ττ

ii
0r

iir0
i PPm

d
)FF(d

Xr)FF(
d

dX
 (15) 

In these equations, term λ  quantifies the area of membrane per solid mass unit (catalyst + 

inert) in the catalytic bed as defined in Eq. 16: 

 
ρπ

π
λ = 2

r

m

d)4(
d

 (16) 

• In the permeate section: 

Global balance:  ∑ ∆λ
τ

= ii
0P PPm

d
)FF(d

 (17) 

Individual balance: 
τ

∆λ

τ
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d
)FF(d

y
F

PPmF
d

dy 0P
Pi

P

i0Pi  (18) 
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3. RESULTS AND DISCUSSION 

3.1. Recirculation 

With this strategy, a fraction of the gases in the product stream (H2, CO, CO2 and 

hydrocarbons) is recycled, which has previously been separated from the oxygenated 

products (H2O, DME and MeOH) by condensation (Figure 2). The fraction of recycled 

gas has been quantified as: 

 
NR

R

G
G

=ϕ  (19) 

where GR and GNR are the flowrates of the recycled gas and that exiting the system, 

respectively. 

 

Figure 1. Diagram of the gas stream recirculation. 



13 
 

As for assessing the results, CO2 conversion (
2COX ) has been defined as the converted 

fraction of CO2 (Eq. 20), and DME yield ( DMEY , Eq. 21) as the ratio between the molar 

flowrate of the produced DME (in carbon units) and the molar flowrate of COx in the 

feed.  

 100
F

FF
X 0

CO

CO
0
CO

CO
2

22

2

−
=  (20) 

 100
F

FnY 0
COx

DMEDME
DME

⋅
=  (21) 

where, 0
CO2

F and 0
COxF  are the molar flow rates of CO2 and COx in the feed stream, 

respectively; while 
2COF and DMEF  are the molar flow rates of CO2 and DME in the 

product stream, respectively; being nDME the number of C atoms in DME. 

It should be noted that with the definition of CO2 conversion in Eq. 20, the positive value 

corresponds to its effective valorization into oxygenates (methanol and DME) or CO, 

while negative values indicate that there is CO2 formation in the process, due to the 

importance of the WGS reaction (reverse of Eq. 4). 

Figure 2 shows the curves of similar CO2 conversion (graph a) and similar DME yield 

(graph b), for different values of space time and recirculation factor. These results 

provided as an example correspond to the following reaction conditions: 275 ºC, 30 bar, 

CO2/COx = 0.25, H2/COx = 3, 5 h time on stream. 
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CO2 conversion (Figure 2a) increases with diminishing space time, and, to a major 

extent, when the recirculation of the non-converted reactants increases. For φ values 

above 0.8 the effect of space time is barely relevant, and CO2 conversion surpasses the 

70 %. Similarly, as to the DME yield concerns, the favorable effect of recirculation is 

greater than that of increasing space time (Figure 2b). Thus, DME yield exceeds 30 % for 

φ values above 0.8 with space time values over 5 gcath(molC)-1. For higher φ values DME 

yield improves regardless of space time. 

Comparing the values obtained with those obtained without recirculation, that is, the 

values corresponding to φ= 0 in the figure, it is noteworthy that the recirculation of the 

non-converted reactants contributes favorably to improving both CO2 conversion and 

DME yield. For the conditions plotted in Figure 2 (CO2/COx= 0.25), and a recirculation 

factor of φ= 0.85, not only the process stops producing CO2 (for 5 gcath(molC)-1 XCO2= -

10% without recirculation), but its conversion exceeds a positive value of 10 %, 

achieving therefore its net valorization. As to DME regards, with this same recirculation 

factor the obtained yield value more than triples that obtained without recirculation, 

boosting from 10 % to 35 %. 

As a consequence of catalyst deactivation, these values vary with time on stream. 

However, the recirculation of a fraction of the non-converted reactants mitigates the 

effect of the deactivation on the conversion of CO2 (Figure 3) since the composition in 

the medium is modified. In this manner, for φ values over 0.8, CO2 conversion is almost 

constant with time on stream (Figure 3a), whereas DME yield decays, even if it is less 

significant for high recirculation values (Figure 3b). 
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Figure 2. Contour maps of CO2 conversion (a) and DME yield (b) for different values of 

space time and recirculation factor. Reaction conditions: 275 ºC; 30 bar; time 

on stream, 5 h; H2+CO+CO2 feed, CO2/COx, 0.25; H2/COx, 3. 

The results depicted in Figure 4 correspond to a CO2/COx ratio of 0.50 in the feed, and 

compared to those corresponding to CO2/COx = 0.25 (Figure 3), show that increasing the 

CO2/COx ratio in the feed increases the CO2 valorization capacity and decreases the 
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yield of DME, in agreement with that reported by other authors.15,68 This difference is 

attenuated by increasing the recirculation factor and for a value around 0.97, a CO2 

conversion value of 70 % and a DME yield of 60 % are obtained, regardless of the 

CO2/COx ratio. 

Attending to the data in Figure 4, it is concluded that the intensification of the process 

(improvement of the studied indices) is greater the greater the concentration of CO2 in 

the feed. Nevertheless, it is to note that the increase in DME yield is very significant, at 

any recirculation rate, regardless of the fed CO2/COx ratio. As an example, even if DME 

yield at 10 h of time on stream is a 50 % higher when feeding CO2/COx= 0.25 (Figure 3) 

than feeding CO2/COx= 0.50 (Figure 4), at high recirculation factor values the difference 

is mitigated, reaching values of 40 % and 35 %, respectively for φ = 0.9. 

These results highlight the great applicability of the recirculation strategy, and the 

convenience of recirculating the largest fraction of non-converted reactants possible. This 

is a simple strategy to implement that gives rise to very promising results from the CO2 

valorization perspective. 
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Figure 3. Contour maps of CO2 conversion (a) and DME yield (b) for different values of 

time on stream and recirculation factor. Reaction conditions: 275 ºC; 30 bar; 

space time, 5 gcath(molC)-1; H2+CO+CO2 feed, CO2/COx, 0.25; H2/COx, 3. 
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Figure 4. Contour maps of CO2 conversion (a) and DME yield (b) for different values of 

time on stream and recirculation factor. Reaction conditions: 275 ºC; 30 bar; 

space time, 5 gcath(molC)-1; H2+CO+CO2 feed, CO2/COx, 0.5; H2/COx, 3. 
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3.2. Packed-Bed Membrane Reactor 

In this section the feasibility of implementing a membrane into the conventionally used 

packed-bed reactors has been studied. This configuration, described in Figure 5, pursues 

separating part of the H2O generated in the reaction section by its permeation through the 

membrane and its subsequent sweeping in the permeate section. The driving force is 

given by the difference in molar fraction between the reaction and permeate sections. 

Thus, the maximum ∆P between the reactor outlet and the permeate outlet streams has 

been settled below 10 cm H2O column, which is lower than the 1 % of the total pressure 

used in the process. The effect of certain properties of the membrane (water permeability, 

permeation selectivity between H2O and other components, catalyst dilution level and the 

sweeping mode) on the reaction indices has been studied. As sweeping strategies 

different options have been evaluated, thus, flowing mode in co- or counter-current; and 

the use of H2 or H2+CO+CO2 mixtures as sweeping agents. Additionally, the results 

derived from the simulations have been compared with those experimentally obtained in 

a packed-bed reactor. 

Using the simulation program described in Section 2.3, the effect of the two most 

relevant properties of the membrane (H2O permeability and permeation selectivity of 

H2O over H2) on the conversion of the fed CO2 and on the production of DME have been 

assessed, considering H2O the only permeating compound. These properties condition 

the ratio between the flowrates of permeate H2O/generated H2O. For our goal, a 

moderate H2O permeance is enough, while the relevance of the H2O/H2 permeance 

selectivity is to be highlighted (Figure S1). Coinciding with Diban et al.53 a H2O 
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permeation of 1·10-7 mol s-1Pa-1m-2 has been established as most suitable, as the 

permeated H2O/generated H2O ratio goes through a maximum in this value. Likewise, 

1.5 has been established as the minimum H2O to H2 selectivity. 

 

Reaction
section

Permeate
section

Feed into the
catalytic reactor:

H2+CO+CO2

Reaction products:

DME, MeOH, H2O, HC, 
H2+CO+CO2

Permeate outlet:

Sweeping gas + H2O

Permeate inlet:

Sweeping gas

H2O

H2O

H2O

H2O

H2O

H2O

Membrane

 

Figure 5. Diagram of the packed-bed membrane reactor. 

 

Figure 6 displays for different values of H2O/H2 selectivity vs H2O permeability the 

maps of CO2 conversion (graph a) and DME yield (graph b) values obtained using H2 as 

sweeping gas in the permeate section (in the same flow rate as the total flowrate fed into 

the reaction section, that is 60 cm3 min-1 and in the same direction, co-current mode) to 

sweep the permeating H2O for the following reaction conditions: 275 ºC, 30 bar, 

10.18 gcath (molC)-1, H2+CO+CO2 feed with CO2/COx ratio of 1 and H2/COx ratio of 3. 
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These conditions correspond to high CO2 conversion values, favored by the use of a 

membrane. 

As depicted in Figure 6a, it can be observed that for a low value of H2O permeability 

(below 1·10-7 mol s-1 m-2 Pa-1) the conversion of CO2 is not dependent on the H2O/H2 

selectivity, and increases upon increasing H2O permeability, while it is hampered by 

increasing H2O/H2 selectivity, even if this effect is progressively lower. On the other 

hand, increasing H2O permeability enhances DME yield, whereas it is almost 

independent of H2O/H2 selectivity under the conditions studied. 

To deepen in the study of the influence of using a membrane for producing DME and 

valorizing CO2 in the STD process, the improvement obtained over working with 

conventional packed-bed reactors has been assessed, and different sweeping strategies 

have been tested. For this purpose, H2O permeability has been settled in 1·10-7 mol s-1 m-

2 Pa-1 and the H2O to H2 permeance selectivity in 4. These values have been selected as 

they are theoretically within the possibilities of the membranes already used in the 

literature, among which, as previously stated, H-SOD (hydroxyl sodalite) provides H2O 

permeance and H2O/H2 permeance selectivity values over those required in the present 

process, with limited permeance of other oxygenated compounds, as methanol and DME 

in this case.55,57,64-66 

In Figure 7 it has been depicted the upgrade of CO2 conversion (graph a) and DME yield 

(graph b) achievable using a membrane with the abovementioned properties, over the 

values of these two indices obtained experimentally in a conventional packed-bed reactor 

for different CO2/COx ratios in the feed61, using H2 as sweeping agent as in Figure 6. 
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Figure 6. Contour maps of CO2 conversion (a) and DME yield (b) for different values 

of the membrane properties, H2O/H2 selectivity and H2O permeability. 

Reaction conditions: 275 ºC, 30 bar; 10.18 gcath(molC)-1; H2+CO+CO2; 

CO2/COx= 1; H2/COx, 3. Permeate section: sweeping with H2 in co-current 

mode. 
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Figure 7. Effect of CO2/COx ratio in the feed on the upgrade of CO2 conversion (a) 

and DME yield (b) using a PBMR for different values of space time. Reaction 

conditions: 275 ºC, 30 bar; H2+CO+CO2 feed; H2/COx, 3. Permeate section: 

sweeping with H2 in co-current mode. 
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It can be observed that the upgrade in CO2 conversion vaguely diminishes with 

increasing CO2/COx ratio (Figure 7a). However, using the membrane CO2 conversion 

increases in all cases a 3.5-4 % over the value obtained in a packed-bed reactor, and this 

advantage is slightly more relevant upon increasing space time. 

The effect on DME yield is more relevant (Figure 7b). The gain of DME production 

when using a PBMR increases steeply upon increasing CO2/COx ratio in the feed 

reaching a difference of a 25 % for pure H2+CO2 feeds, that is, for CO2/COx= 1. As in 

the case of CO2 conversion, the effect is more favorable the higher the space time, even if 

it is not very relevant. 

Figure 8 comprises the effect of using a flowrate with the same composition as that fed to 

the reaction section (H2+CO+CO2) as sweeping gas instead of H2. The curves plotted in 

this figure show narrow difference of the strategy of sweeping in co-current mode over 

the counter-current mode, trend also observed when using H2 as sweeping agent. 

The results in Figures 7 and 8 show non-relevant differences between the H2 and 

H2+CO+CO2 sweeping agents in co-current mode. 
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Figure 8. Comparison between the effect on CO2 conversion (a) and DME yield 

upgrade (b) obtained with the strategies of sweeping in co-current and 

counter-current mode in a PBMR. Reaction conditions: 275 ºC, 30 bar; 20 

gcath (molC)-1; H2+CO+CO2; H2/COx, 3. Permeate section: sweeping with 

H2+CO+CO2; H2/COx, 3 in the same composition as that fed to the reactor. 
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According to the results, overall, little differences have been observed between the 

sweeping strategies. However, the improvement obtained using a PBMR is relevant in all 

cases, not only for boosting DME production, but for not penalizing CO2 conversion, and 

even for enhancing its conversion. This encourages the perspective of continuing with the 

research of membrane reactors, both by simulation and experimentally, in parallel with 

the development of materials with properties that improve the benefits considered in the 

previous simulations, along with other intensification strategies, as for example 

temperature gradients in the permeation section for improving separation, as proposed by 

Gorbe et al.59 attending to the favorable results obtained in permeation tests (without 

catalytic reaction). 

It should be mentioned that the results reported in this work do not permit to distinguish 

clearly the contribution to the results of the two effects obtained when using a membrane, 

thus: i) removing H2O from the reaction medium; ii) the modification of the longitudinal 

distribution of the reactants and in particular of H2. These features will require further 

simulation studies considering different properties of the membrane. 
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4.CONCLUSIONS 

The recirculation of the non-converted reactants present in the product stream resulted to 

be an effective strategy to combine the two pursued targets (high DME production and 

high CO2 conversion). Besides, this strategy also helps to reduce catalyst deactivation. 

Thus, for a recirculation factor above 0.8, DME yield is independent of the space time 

used and the achieved CO2 conversion remains almost constant with time on stream. 

Thus, with a CO2/COx ratio of 0.25 in the feed and a high recirculation factor, of 0.97, at 

275 ºC and 30 bar, using 5 gcath (molC)-1, a CO2 conversion of 70 % and a DME yield of 

60 % is achieved. 

Likewise, the implementation of a membrane into the conventional packed-bed reactor 

also gives way to promising results. However, the difficulty of obtaining suitable 

membranes capable for operating at the reaction conditions required in the STD process 

without suffering deterioration of its properties is still under study. Using in the 

simulations a membrane with a H2O permeability of 1·10-7 mol s-1 m2 Pa-1 and a H2O/H2 

selectivity of 4, values feasibly achievable according to the literature, the improvements 

obtained in the results are noteworthy. The use of a membrane with these properties (as 

the H-SOD zeolite) enhances the conversion of CO2, improving between a 3.5 and a 5% 

over a PBR, almost independently of the CO2/COx ratio fed into the reactor, and its effect 

is favored by the increase of space time. The favorable effect on the production of DME 

is significantly more noticeable, and the upgrade over the conventional packed-bed 

reactor increases exponentially upon increasing the CO2/COx ratio (in the reactor feed), 

reaching an upgrade of a 25 % for pure CO2 hydrogenation. To deepen in the study of the 

packed-bed membrane reactor different permeate sweeping strategies have been studied, 
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concluding that the sweeping mode, that is co-current (parallel to the flow through the 

reactor) and counter-current mode, or using H2 or H2+CO+CO2 as sweeping agent does 

not give way to relevant differences. 

 

SUPPORTING INFORMATION 

Reaction scheme and kinetic parameters for the kinetic modeling of the direct DME 

synthesis using a CuO-ZnO-MnO/SAPO-18 bifunctional catalyst. Influence of membrane 

properties on the Permeate H2O flowrate / generated H2O flowrate. 

This information is available free of charge via the internet at http://pubs.acs.org/ 
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NOMENCLATURE 

iP∆  Partial pressure difference of each component i between the reaction and 

the permeate sections, Pa. 

φ Fraction of recycled gas, recirculation factor. 

λ Area of membrane per solid mass unit. 

ρ Density of the catalyst in the catalytic bed, g·cm-3. 

τ Space time, gcat h (molC)-1. 

COx CO + CO2 mixture. 

dm, dr diameters of the membrane and the catalytic reactor, respectively, mm. 

F0 Molar flowrate in the feed, mol·h-1. 

Fi Molar flowrate of component i in the product stream, in equivalent C 

units, molC·h-1. 

FCOx
0, FCO2

0 Molar flowrate of CO+CO2 mixture, or of CO2, respectively, in the reactor 

feed stream, in equivalent C units, molC·h-1. 

Fr Molar flowrate in the reaction section, mol·h-1. 

Fp Molar flowrate in the permeate section, mol·h-1. 

GR Flowrate of recycled gas, mol·h-1. 

GNR Flowrate of not-recycled gas, thus, exiting the system, mol·h-1. 
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ni Number of carbon atoms in component i. 

Pmi Permeability of component i through the membrane, moli Pa-1 s-1 m-2. 

Pri, Ppi Partial pressure of component i in the reaction and permeate sections, 

respectively, Pa. 

ri Formation rate of component i, moli (gcat·h)-1. 

SH2O/i Permeance selectivity between H2O and component i. 

W Catalyst mass, g. 

2COX  CO2 conversion, %. 

Xi Molar fraction of each component i. 

YDME DME yield, %. 

yi Molar fraction of component i. 

z longitudinal position, m. 
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