
lable at ScienceDirect

Renewable Energy 169 (2021) 1242e1251
Contents lists avai
Renewable Energy

journal homepage: www.elsevier .com/locate/renene
Macro-kinetic model for CuOeZnOeZrO2@SAPO-11 core-shell catalyst
in the direct synthesis of DME from CO/CO2

Ainara Ateka *, Ander Portillo , Miguel S�anchez-Contador , Javier Bilbao ,
Andres T. Aguayo
Chemical Engineering Department, University of the Basque Country UPV/EHU, Box 644, 48080, Bilbao, Spain
a r t i c l e i n f o

Article history:
Received 28 October 2020
Received in revised form
7 January 2021
Accepted 9 January 2021
Available online 14 January 2021

Keywords:
Kinetic model
DME synthesis
Core-shell catalyst
CO2 conversion
Deactivation
* Corresponding author.
E-mail address: ainara.ateka@ehu.eus (A. Ateka).

https://doi.org/10.1016/j.renene.2021.01.062
0960-1481/© 2021 Elsevier Ltd. All rights reserved.
a b s t r a c t

An original kinetic model has been used to describe the performance of an original CuOeZnO
eZrO2@SAPO-11 bifunctional catalyst on the one-stage synthesis of dimethyl ether (DME) from CO/CO2

hydrogenation. The model considers that certain individual reactions (the synthesis of methanol and the
reverse water gas shift) occur in the metallic function (core) of the catalyst particle, whereas others
(methanol dehydration) take place in the shell (acid function), and that the progress of these reactions is
conditioned by the diffusion of the components. The kinetic parameters of the individual reactions and
the deactivation kinetics have been calculated from experimental data obtained in a wide conditions
range (H2/COx ratio, 2.5e4; CO2/COx ratio, 0e1; 10e50 bar; 250e325 �C; 1.25e20 g h molC�1). The use of
the model for simulating the packed bed reactor has allowed evaluating the influence of the reaction
conditions, as well as assessing the effect of the catalysts particle size. The model predicts DME yields of
64% for syngas (H2þCO) feeds, 38% for CO2/COx ratio of 0.50 and 17% for H2/CO2, respectively, at 70 bar
and 290 �C. The maximum conversion of CO2 predicted by the model for the same space time value and
temperature surpasses 30% for H2þCO2 feedstocks at 70 bar, greater than the experimental value ob-
tained at 50 bar at the same temperature (~25%).

© 2021 Elsevier Ltd. All rights reserved.
Abbreviations.
COx CO þ CO2 mixture
CS Core-shell
DME, HC, MeOH Dimethyl ether, hydrocarbons and methanol,

respectively
Greek symbols.
DHads,i, DHd

ads,i, Term associated to the adsorption heat of i
component at zero TOS and deactivation kinetics,
kJ mol�1

b kinetic constant for paraffins formation, molHC g�1 h�1

r Catalyst particle density, g m�3

qi Term for quantifying the attenuation of the reaction
rates by component i (being i H2O and/or CO2)

qd Term for quantifying the attenuation of the deactivation
rate
1. Introduction

CO2 capture, utilization and storage technologies (CCUS) have to
face the pressing challenge of halting climate change and ocean
acidification [1]. The severity of the problem is evident with the
forecast of fossil fuels use predicted in 2019 by the International
Energy Agency (IEA) [2] and the continuous increase of CO2 con-
centration in the atmosphere (from 409 ppm in 2019 to 450 ppm in
2035) [3]. In this regard, the valorization of CO2 is also an oppor-
tunity to use an abundant carbon source. However, the selection of
the most appropriate valorization strategy is a complex issue, due
to the multitude of alternatives and the economic and environ-
mental constraints for their implementation [4].

Among the CO2 valorization routes, thermal catalytic conversion
(hydrogenation) into fuels and chemicals is the most attractive for
producing methanol, methane, dimethyl ether (DME), olefins, ar-
omatics or gasoline [5]. It is overall considered that the use of
renewable energies is required for the viability of the proposed
processes, in particular for the generation of the H2 required [6,7].
Some of the catalytic processes for valorizing CO2, such as the
synthesis of methanol and hydrocarbons (Fischer-Tropsch (FT)
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Nomenclature

D Reactor diameter, m
d Deactivation order
De,i Coefficient for the effective diffusion, m2 h�1

dp Catalyst particle size diameter, m
F0CO2

;FCO2
CO2 molar flow rate at the reactor inlet and outlet,
respectively, molC h�1

F0COx
;FCOx

CO þ CO2 molar flow rate at the reactor inlet and
outlet, respectively, molC h�1

Fi Carbon molar flow rate of component i at the reactor
outlet, molC h�1

fi Fugacity of component i, bar
Kads; CO2

;Kads;H2O Adsorption equilibrium constant related to
reaction rate attenuation by CO2 or H2O,
respectively, bar�1

Kd
ads;CO2

;Kd
ads;H2O Adsorption equilibrium constant related to

deactivation rate limitation by CO2 or H2O,
respectively, bar�1

kd Kinetic constant for deactivation, bar�1 h�1

Kj Equilibrium constant of j reaction step

kj Kinetic constant of j reaction step
L Reactor length, m
ni Carbon atoms in compound i
P Total pressure, bar
R Radius of the particle, m
r Radial position in the particle
rd Deactivation rate, h�1

ri Component i formation rate, molC g�1 h�1

rj Reaction rate of j reaction step
T, T* Temperature and reference temperature,

respectively, K
t Time, h
TOS Time on stream, h
Vm VTotal Micropore and total pore volume, respectively,

cm3g-1

XCO2
Conversion of CO2, %

Yi Yield for component i, %
yi Molar fraction of component i, in C units
yi, ext Molar fraction of component i in the gas surrounding

the particle, in C units
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synthesis) are based on well-developed technologies using syngas
as feedstock. The studies on CO2 valorization (directly or when co-
fed together with syngas) in these processes have focused on
tailoring and modifying the catalysts and the reaction conditions
[8].

The high energy requirements and CO2 emissions of the current
routes for olefins production (steam or catalytic cracking of oil
derivates) justifies the interest of replacing these routes by others,
with CO2 as raw material [9,10]. In this regard, modifying the FT
catalyst (generally Fe supported) by incorporating an acid function
(HZSM-5 zeolite or SAPO-34) facilitates light olefins selectivity,
through the cracking of higher hydrocarbons formed as in-
termediates [11]. Another attractive route for production of light
olefins from CO2, consists of incorporation of an acid function
(SAPO-34 is the most studied) to methanol synthesis metallic cat-
alysts (based on CuOeZnO). In this case, the production of light
olefins takes place through the dual cycle mechanism [12], with
methanol as an intermediate (OX-ZEO concept) [13e16]. The OX-
ZEO concept also allows for producing aromatics selectively from
CO2 using ZnOeZrO2 and HZSM-5 catalysts [17].

The aforementioned CO2 valorization processes have thermo-
dynamic limitations (methanol synthesis), lack of selectivity (con-
ventional FT) or lack of technological maturity for their industrial
application (modified FT or OX-ZEO synthesis). Given these limi-
tations, the one-stage DME synthesis offers thermodynamic and
economic advantages over methanol synthesis for CO2 valorization
[18,19]. Besides, catalysts preparation and reactor design have
achieved a significant technological development for this process
[20e24].

The reactions involved are as follows:

CO þ 2H2 4 CH3OH (1)

CO2 þ 3H2 4 CH3OH þ H2O (2)

CO2 þ H2 4 CO þ H2O (3)

2CH3OH 4 CH3OCH3 þ H2O (4)

CO þ3H2 4 CH4 þ H2O (5)
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Accomplishing the dehydration of methanol in the same reactor
(Eq. (4), catalyzed by the acid function) displaces methanol syn-
thesis reactions equilibrium (Eq. (1) and (2), catalyzed together
with the rWGS (Eq. (3)) by the metallic function) and favors the
conversion of CO2 [25,26]. This reaction of methanol conversion to
DME occurs following a mechanism with methoxy ions as in-
termediates. The mechanism can be dissociative [27] or associative
[28], and its progress is conditioned by the acidity of the catalyst
and to a greater extent by its porous structure [29].

Furthermore, DME has various commercial applications, as
aerosol, coolant, household and automotive fuel [30] and as H2
source [31]. Besides, DME is an attractive alternative for replacing
methanol as rawmaterial for producing olefins or aromatics, due to
its greater reactivity [32e34]. For the DTO process (DME to olefins),
a reactor-regenerator system has been proposed, similar to that
used industrially in the MTO process [35].

The preparation of catalysts for this reaction has received
particular attention [22,36], being the enhancement of their
selectivity and stability priority objectives. The sintering of the Cu0

sites may be attenuated by using promoters (ZnO, Al2O3, CeO2,
MgO, ZrO2, MnO) [37e43]. The formation of coke in the acid
function (being g-Al2O3 and HZSM-5 the most used ones) is
attenuated by passivating the strong acid sites [44] and decreasing
zeolites crystal size [45]. It should be noted that the formation of
coke is mitigated when CO2 is co-fed with. This result is associated
to the high H2O concentration in the medium (generated mainly by
the rWGS reaction (Eq. (3)) [46e48].

An initiative to increase DME production is the preparation of a
bifunctional CuOeZnOeZrO2@SAPO-11 catalyst with a core-shell
configuration. In previous works [49,50] the high stability, activity
and selectivity of this catalyst were ascertained. Previously, the
preparation conditions and the adequate ZrO2 content in the
metallic functionwere established [51]. Besides, the good behavior of
SAPO-11 was also studied as to minimize side reactions of coke
formation [52]. The higher DME yield obtained using the core-shell
catalyst with respect to the hybrid catalyst with the same compo-
sition is explained by the detachment of the individual reactions
(Eqs. (1)e(5)) in two regions of the particle. Thus, methanol syn-
thesis and rWGS reactions (Eq. (1), (2) and (3), respectively) take
place in the metallic function (core), whereas methanol dehydration
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(Eq. (4)) occurs in the acid function (shell), and the undesired for-
mation of CH4 (Eq. (5)) takes place in both functions. The greater
reactivity of CO over CO2 is well established in bothmethanol and FT
synthesis [53] and the fast separation of H2O from the metallic
function (CuOeZnOeZrO2) facilitates the formation of CO (Eq. (3)).
Furthermore, the location of the reactions facilitates a homogeneous
circulation of the reaction components in each catalyst particle,
avoiding the distribution of contact timewith the active sites of each
function, which lead to undesirable reactions. The influence of the
preparation on the properties of each function must also be
considered. Thus, the preparation of the core-shell particles avoids
partially blocking the SAPO-11 pores by the CuOeZnOeZrO2 parti-
cles as it occurs when preparing a hybrid catalyst by pelletization of
the functions [49]. This difference in the porous structure will
facilitate the progress of the methanol dehydration mechanism,
since it is conditioned by the porous structure [29].

The bifunctional core-shell catalysts has previously been stud-
ied for the syngas to DME process (STD), with Cr2O3eZnO@SAPO-
46 [54], CuOeZnOeAl2O3@SiO2eAl2O3 [55], or CuOeZnO-
eAl2O3@SAPO-11 [56] catalyst. Das et al. [57] made a review on the
performance of core-shell catalysts in alternative processes (elec-
trocatalytic, thermocatalytic and others) for CO2 conversion into
syngas and valuable hydrocarbons.

Here, a macrokinetic model has been developed for DME syn-
thesis over a CuOeZnOeZrO2@SAPO-11 catalyst. The model con-
siders that the individual reactions (Eqs. (1)e(5)) occur in two
separate regions of the catalyst particle and also that their reaction
rates are conditioned by the internal diffusion of the reactants. The
macrokinetic model has been used for simulating the reactor for a
parametric study of the hydrogenation of CO and CO2 mixtures, and
for simulating the performance of the catalyst prepared with
different diffusion restrictions, such as those inherent to a bigger
particle size, as required for its use at larger reaction scale. In this
comparison, DME yield and the conversion of CO2 have been
studied, as two complementary targets due to their economic and
environmental interest, respectively. The proposed model is a
useful tool for simulating the process in reactors using this catalyst.
Indeed, it is based on general criteria, applicable to describe the
behavior of other bifunctional core-shell catalysts in this and other
catalytic processes.

2. Experimental

2.1. Catalyst

The catalyst, denoted as CZZr@S-11 hereafter, was prepared by
coating the CuOeZnOeZrO2 function cores with the SAPO-11 in a 1/
2 mass ratio. Ludox TMA-34 silica solution was used as adhesive.
For this, first, the metallic cores (90e120 mm) were prepared by Cu,
Zn and Zr nitrates (1 M) co-precipitation with Na2CO3 and ther-
mally treated at 300 �C (10 h). The SAPO-11 was synthesized in a
laboratory scale Teflon coated autoclave at 195 �C (24 h), from a
H3PO4, Disperal and Ludox AS-40, using di-propylamine as tem-
plate and was thermally treated at 575 �C. Once the individual
functions were obtained, the metallic cores were moisturized with
the adhesive and the acid function was added to form the shell of
the particle. The resulting particles were dried and thermally
treated at 400 �C (2 h), and sieved to 125e800 mm particles. The
preparation methodology and the selection of the individual
functions conforming the catalyst (attending to their good catalytic
performance) have been detailed in previous works [49,51,52].

The catalysts were characterized using various techniques
described in detail elsewhere [49,51,52] and summarized in S1
section of the Supporting Information. Table 1 gathers the most
relevant results derived from these analyses.
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Besides, the physical properties, thus, density and porosity, may
have a relevant influence on the kinetic behavior of the catalyst. In
this regard, the porosity is required to quantify the effective diffu-
sion coefficient in the particle. This parameter was determined by
Hg intrusion porosimetry in an Autopore 9220 equipment (Micro-
meritics). To avoid the reaction of Hgwith the Cu in the catalyst, the
study was carried out using a catalyst prepared without Cu, that is,
with ZnOeZrO2 as metallic function encapsulated in SAPO-11 (for
the core-shell configuration) following the usual procedure previ-
ously described. According to the results in Fig. 1, the existence of
macropores with a diameter in the 0.1e0.4 mm range is predomi-
nant, which is attributable to the metallic phase. As a result, the
average macropore diameter and the porosity are significant
(0.20 mm and 0.76, respectively). The density of the catalyst parti-
cles is 0.615 g ml�1.

2.2. Reaction equipment, conditions and indices

The activity tests were conducted in a reaction equipment
previously described elsewhere [49,50]. To assure isothermal con-
ditions, the catalyst was diluted in SiC (inert solid). The catalyst was
subjected to a H2 flowrate (at 250 �C) prior to each run for reducing
the CuO species resulting from calcination to the active Cu0 species.

The reaction condition ranges used for the study were: H2/COx
molar ratio between 2.50 and 4.0; CO2/COx molar ratio between
0 and 1; 250e325 �C; 10e50 bar; space time, below 20 gcat h molC�1;
time on stream (TOS) up to 48 h.

The studied reaction indices are as follows:

Yields of DME and methanol (as byproduct): Yi ¼ niFi
F0
COx

100 (6)

Conversion of CO2:XCO2
¼ F0CO2

� FCO2

F0CO2

100 (7)

where F0COx and F0CO2
represent the molar flow rates of COx

(CO þ CO2) and CO2 in the reactor inlet and Fi is the molar flowrate
of i component at the outlet stream. ni refers to the carbon atoms
contained in each molecule.

Positive value of XCO2 means that a net valorization of the CO2
(fed and formed by the WGS reaction (Eq. (3)) has been accom-
plished, that is, avoiding a net formation of CO2 in the process,
which correspond to negative values of XCO2

.

3. Macrokinetic model description

The kinetic model considers that the reactions of methanol
synthesis and rWGS occur in the core region of the particle cata-
lyzed by the CuO-ZnO-ZrO2 function (Fig. 2); while methanol
dehydration to DME occurs in the shell region, catalyzed by the
SAPO-11. The side reaction of paraffins formation (being CH4 the
main product, with very low yield) takes place in both regions, that
is, in the core through Fischer-Tropsch and methanation reactions,
and in the shell following the dual cycle mechanism [12], initially
forming light olefins, which are later hydrogenated to paraffins.

The rates of each reaction are described by the following kinetic
equations (previously used to establish an apparent kinetic model
[53]):

Methanol synthesis from CO and CO2:

rMeOH ¼
"
k1

�
f 2H2

fCO� fCH3OH

K1

�
þ k4

 
f 3H2

fCO2
� fCH3OHfH2O

K4

!#
qH2O a

(8)

where:



Table 1
Properties of the catalyst.

Textural properties Metallic properties Acidic properties

SBET (m2 g�1) Vm (cm3 g�1) Vtotal (cm3 g�1) SCu (m2gCu�1) S’Cu (m2gcatalyst�1 ) Disp. (%) Total acidity (mmolNH3g�1) Av. Acid strength (kJ molNH3�1 )

123 0.031 0.300 33.3 3.9 5.1 0.186 85

Fig. 1. Hg porosimetry for catalyst.
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qH2O ¼ 1
1þ fH2OKads;H2O

(9)

Methanol dehydration: rDME ¼ k2

�
f 2CH3OH � fCH3OCH3

fH2O

K2

�
a

(10)

WGS reaction: rWGS ¼ k3

�
fH2OfCO � fCO2

fH2

K3

�
qCO2

a (11)

where:

qCO2
¼ 1

1þ fCO2
Kads;CO2

(12)

Paraffins formation: rHC ¼ b (13)

The deactivation of the catalyst is quantified in Eqs. (8), (10) and
(11) with the activity, a, defined as:

a ¼ ri
ðriÞ0

(14)

where ri and ðriÞ0 are the formation rates or methanol, DME or CO2

at t and at zero TOS, respectively.
The deactivation kinetic equation is:
Fig. 2. Reactions considered in each region of the
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�da
dt

¼ kdðfMeOH þ fDMEÞqd ad (15)

where : qd ¼ 1

1þ fH2OK
d
ads;H2O þ fCO2

Kd
ads;CO2

(16)

It should be noted that the reaction rate in the synthesis of
methanol (Eq. (8)) is considered to be conditioned by the
competitive adsorption of H2O, and the rate of the WGS reaction
(Eq. (11)) is considered to be conditioned by the adsorption of CO2.
On the other hand, the rate of paraffins formation is quantified by a
constant (Eq. (13)), b, and catalyst deactivation kinetics (Eq. (16)) is
considered to be attenuated by the adsorption of both H2O and CO2.

The macrokinetic model considers the diffusional limitation of
the reactants in each region of the catalyst particle. The concen-
tration (molar fraction, yi) profile of each component i is deter-
mined by the expression of the mass balance (considering spherical
geometry) [58e61]:

De;i

 
d2yi
dr2

þ 2
r
dyi
dr

!
¼ rir (17)

where Dei is its effective diffusion coefficient, r the radial coordi-
nate, and r its density.

Considering the core-shell structure (Fig. 2), the model estab-
lishes for the core (metallic function) Eq. (17) for the reactions of
methanol synthesis, rWGS and paraffins formation with the kinetic
equations described in Eqs. (8), (11) and (13), along with the
deactivation equation in Eq. (15). To consider methanol diffusion
through the metallic function, the reaction term has not been
considered in equation Eq. (17). The boundary conditions of these
equations in the core region are the following:

for r ¼ 0
dyi
dr

¼ 0 (18)

for r ¼ rc De;i
dyi
dr�

¼ De;i
dyi
drþ

(19)

The mass conservation equations in the shell region of the
particle (acid function) are established using Eq. (17) with the ki-
netic equation for methanol dehydration (described in Eq. (10)) and
paraffins formation (with the kinetic equation described in Eq.
catalyst particle in the macrokinetic model.



Table 2
Effective diffusion coefficients of the components
through the catalyst particles.

De,i (m2 h�1)

H2 2.6347 10�1

CO 7.0393 10�2

CO2 5.6345 10�2

H2O 8.8321 10�2

Methanol 5.4825 10�2

DME 6.5304 10�2

CH4 9.2795 10�2
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(13)). In this region CO and CO2 diffusions are considered in Eq. (17)
without reaction of these components.

The boundary conditions in the shell region are therefore: Eq.
(19) for r ¼ rc, and:

for r ¼ R

yi;R ¼ yi;ext (20)

where yi,ext refers to the component i in the surrounding gas.
The calculation of the effective diffusion (De,i) of each compo-

nent i through the catalyst is explained in Section S2 of the
Supporting Information, along with the properties of the catalyst in
the calculation.

4. Model and kinetic parameters

A programhas been developed usingMatlab software to solve the
macrokineticmodel (Fig. S3).Theprogramcollects the followingdata:
i) values of the operating variables (feedstock composition, pressure,
temperature, space time, and TOS); ii) experimental results of com-
ponentsmolar fractionat the reactor outlet for themultiple operating
conditions tested; iii) diffusion coefficient of each component
through the catalyst. Next, the differential equations of the compo-
nents formation kinetics are integrated together with the mass con-
servationequationswith an integration subroutinedeveloped for this
specific purpose. This subroutine uses the ODE15S function ofMatlab
for integrating the differential equations along the catalyst particle
(radial profile). Additionally, the subroutine also solves the mass
conservation equations in the longitudinal profile of the reactor.
Dispersive gas flow has been considered in the equivalent set of 16
CSTR in series. These number of equivalent stages (16) has been
determined from the L/D (reactor length to diameter) and L/dp
(reactor length to catalyst particle diameter) ratios according to the
criteria established by Fogler [62]. In each of the equivalent CSTR the
evolution with TOS of the composition for all the components has
been calculated in n sections of the catalyst particle and in the gas
surrounding it. In thisway the programcalculates the radial profile of
each components concentration in the catalyst particle and the lon-
gitudinal profile along the fixed-bed reactor, together with catalyst
activity and components concentrations. The methodology for
analyzing the kinetic data and optimizing the fitting of the calculated
concentration results to the experimental values has been detailed in
a previouswork on the calculation of an apparent kineticmodel [53].

The equilibrium constants of the reaction steps (Kj) has been
calculated as a function of temperature [26,63]. The kinetic con-
stants and adsorption equilibrium constants have been reparame-
terized according to the relationship with temperature described in
Eqs. (21) and (22), respectively.

kj ¼ k*j exp
�
� Ej

R

�
1
T
� 1
T*

��
(21)

Kads;i ¼K*
ads;i exp

�
DHads;i

R

�
1
T
� 1
T*

��
(22)

The values of the effective diffusion coefficients of the compo-
nents through the core-shell particles have been gathered in
Table 2. The calculation of these parameters has been described in
the Supporting Information section. A block diagram summarizing
the resolution of the macrokinetic model is depicted in Fig. S6.

Table 3 lists the kinetic parameters (at the reference tempera-
ture of 275 �C) calculated for the reactions comprised in the kinetic
scheme (Eqs. (1)e(5)).

As an illustration of quality of the results obtained with the
model for different space time values are plotted in Fig. 3, and those
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for diverse CO2/COx contents in the feed in Fig. 4. Graphs (a) and (b)
correspond to DME and methanol yields, respectively, and graphs
(c) to CO2 conversion. The good prediction of the experimental
results (symbols) obtained with the model (lines) is to be high-
lighted. In all operating conditions, a slight deactivation is observed
in the first 10 h on stream and stabilizes after that period, main-
taining almost constant DME and methanol yield and CO2 conver-
sion values.

The high DME yield (over 10% for 5 g h molC�1 and syngas feed
(Fig. 4a)) and CO2 conversion values (25% for H2þCO2 feeds, Fig. 4c)
attained with this catalyst are attributed to the aforementioned
effects of separating the individual reactions in the two regions
(core and shell). Likewise, it is to be highlighted the stability for
high CO2 concentration feeds, and therefore at high H2O concen-
tration in the reaction medium. This feature of the catalyst allows
for performing the reaction at 325 �C (Figs. S4 and S5) since the
negative synergies derived from the contact between both func-
tions are diminished. Thus, as determined in the literature for
hybrid catalysts, the migration of Al3þ species of the acid function
favor the sintering of Cu0 crystals. The presence of H2O also favors
this feature [64e66]. As observed in Fig. 4 the higher CO2 content in
the feedstock enhances catalyst stability, resulting from the less-
ening of coke deposition due to the high concentration of H2O [50].
The operating conditions that favor the yield of DME (Figs. 3a and
4a) are unfavorable for CO2 conversion (Figs. 3c and 4c). Likewise,
under the operating conditions where deactivation is relevant (that
is, for low CO2 contents in the feed), DME yield decays TOS, and
conversely, CO2 conversion increases. The effect of variables on
these results is studied in more detail in section 5.
5. Use of the model for simulation

The macrokinetic model has been used for the design of the
reactor, and in this case, as it quantifies the diffusion limitations,
also allows predicting the behavior of the catalyst with different
particle sizes.
5.1. Influence of the conditions

Fig. 5 shows the influence of pressure and temperature on DME
and methanol yields and on CO2 conversion for different CO2/COx
ratios in the feedstock. Although methanol is a by-product, its yield
is studied for its interest as a commodity and as a raw material for
selectively producing DME by dehydration. DME yield (Fig. 5a) in-
creases with augmenting pressure, although this effect is attenu-
ated above 50 bar. Reaction temperature also boosts DME yield up
to temperatures around 300 �C, where at a maximum is observed.
As to the CO2/COx ratio regards, this variable is of remarkable in-
fluence and CO2 rich feedstocks decrease significantly DME yield. In
Fig. 5a a maximum value of DME yield of 64% has been achieved at
70 bar and 290 �C for syngas feeds, whereas this yield lessens to
38% under the same conditionswhen feeding H2þCO2þCO in a CO2/



Table 3
Kinetic parameters of the reactions considered in the macrokinetic model.

Parameter Value Units

k1* 1.71 10�5 molMethanol g�1 h�1 bar�3

k2* 3.08 101 molDME g�1 h�1 bar�2

k3* 4.46 101 mol g�1 h�1 bar�2

k4* 9.23 10�7 molMethanol g�1 h�1 bar�4

b 1.30 10�3 molHC g�1 h�1

E1 3.84 100 kJ mol�1

E2 2.31 102

E3 9.25 101

E4 8.82 101

K*
ads;H2O

2.14 100 bar�1

K*
ads;H2O

1.15 10�1

DHads,H2O 8.25 10�2 kJ mol�1

DHads,CO2 1.61 10�1

kd* 7.50 101 h�1 bar�1

Ed 1.39 102 kJ mol�1

d 9.38 100

K*
ads;H2O

1.35 10�2 bar�1

K*
ads;H2O

1.26 10�2

DHd
ads,H2O 1.02 100 kJ mol�1

DHd
ads,CO2 9.70 10�1
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COx ¼ 0.50 ratio, and to 17% when feeding H2þCO2 (CO2/COx ¼ 1).
Methanol yield follows the same trends as DME with increasing

reaction pressure and temperature (Fig. 5b). Its yield reaches a
maximum value at 70 bar and 300 �C. The influence of the content
of CO2 in the feedstock on its conversion (Fig. 5c) is opposite and
less significant than that aforementioned for DME yield. In this
Fig. 3. Experimental results (symbols) of DME yield (a), methanol yield (b) and CO2

conversion (c) and results obtained using the model (lines) for diverse space time
values. Operating conditions: a) H2/COx ratio, 3; CO2/COX, 0.5; 300 �C; 30 bar.

Fig. 4. Experimental results (symbols) of DME yield (a), methanol yield (b) and CO2

conversion (c) and results obtained using the model (lines) for various CO2/COX ratios.
Operating conditions: a) H2/COx ratio, 3; 5 g h molC�1; 300 �C; 30 bar.

1247
case, increasing CO2 concentration favors its conversion, which
reaches a maximum of 32% for H2þCO2 feedstocks at 70 bar and
300 �C. By reducing the CO2 content in the feed, its conversion
decreases markedly, which is even negative in some operating
conditions for feeds with the same CO and CO2 content (that is, for
CO2/COx ¼ 0.50).

The effect of the feedstock composition on DME and methanol
yields is shown in Fig. 6a for certain reaction conditions (30 bar,
300 �C, 5 g h molC�1) selected as an example. As observed, the
aforementioned effect on hampering DME yield upon increasing
the CO2content of the feedstock is remarkable. The gain in the H2/
COx ratio in the feedstock upturns DME yield, albeit the effect is less
relevant than that resulting from diminishing CO2/COx ratio, and
the improvement is insignificant for values above 3.

As previously mentioned, the studied reaction has two poten-
tially interesting objectives: i) the production of DME, due to its
commercial interest; and ii) the conversion of CO2, due to its
environmental interest. Fig. 6b highlights the opposed effect of the
feedstock composition on these two objectives. Thus, by increasing
the content of CO2 in the feedstock, the yield of DME decreases, but
the gain in CO2 conversion is more relevant. The increase of the H2/
COx ratio favors DME production and also CO2 conversion in a
greater extent.

Further information on the joint effect of the studied variables
on DME and methanol yields and on CO2 conversion for different
CO2 contents in the feed can be found in contour maps gathered in
Figs. S7, S8 and S9 in the Supporting Information section.



Fig. 5. Influence of temperature and pressure on DME (a) and methanol (b) yields, and
on the conversion of CO2 (c). Operating conditions: H2/COx ratio, 3; 5 g h molC�1; TOS,
1 h.

Fig. 6. Influence of the feedstock composition on DME and MeOH yields (a), and on the
conversion of CO2 (b). Operating conditions: 5 g h molC�1; 300 �C; 30 bar; TOS, 1 h.
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5.2. Influence of the catalyst particle size

The catalytic processes carried out at large scale (that is, at re-
actors of larger diameter) require using catalysts with larger par-
ticle size than that used here. However, particle size will affect the
diffusion of the components through the catalyst according to Eq.
(17). This effect has been quantified and Fig. 7 shows the incidence
of particle size on the reaction indices, for certain conditions. Ac-
cording to these results, a moderate increase in particle diameter,
up to 2 mm (4 times the size used experimentally) has small inci-
dence on the reaction indices. Thus, DME yield decreases barely a
1% and CO2 conversion increases by a similar magnitude.

These results are explained by the easy circulation of the com-
ponents through the porous structure of the core-shell catalyst. The
preparation in separate regions preserves the porous structure of
each of the metallic and acid functions. This situation is different in
conventional catalysts, as in this case the particles are prepared by
pelletizing both functions, which reduces their porosity and as a
consequence, reduces the diffusivity of the reaction medium.

It can be stated that the simulation model can be a useful tool to
facilitate the preparation of core-shell catalysts. These catalysts are



Fig. 7. Influence of catalyst particle size on DME and methanol yields and on CO2

conversion. Operating conditions: H2/COx ratio, 3; CO2/COx ratio, 0.50; 5 g h molC�1;
300 �C; 30 bar; TOS, 1 h.

A. Ateka, A. Portillo, M. S�anchez-Contador et al. Renewable Energy 169 (2021) 1242e1251
a particular case of structured catalysts, whose advantages in cat-
alytic processes are well established [67] are well established. As to
the core-shell catalyst studied in this manuscript regards, it is
remarkable: i) the ability to valorize CO2 achieving higher DME
yields; ii) the greater selectivity (since hydrocarbon formation side
reactions are minimized) and; iii) the higher reaction temperature
applicable thanwith conventional catalysts, giving way to a greater
production of DME. These advantages are key features for the
economy of the process and also to reduce its energy requirements,
conditioned by the need for separating DME and recycling the
reactant gases [68].
6. Conclusions

The macrokinetic model proposed to describe the reaction of
DME synthesis over a CuOeZnOeZrO2@SAPO-11 core-shell cata-
lysts considers that the involved reactions occur in the different
regions of the particle and quantifies the limitations of the indi-
vidual reaction kinetics by diffusion constraints. The model fits
accurately the experimental results obtained up to 50 bar and
predicts a maximum DME yield of 64% (and 6% for byproduct
methanol) at 70 bar (>45% at 50 bar) and 290 �C for syngas feeds,
whereas this yield lessens to 38% under the same conditions when
feeding H2þCO/CO2 in a CO2/COx ¼ 0.50 ratio, and to 17% when
feeding H2þCO2 (CO2/COx ¼ 1). Higher CO2 concentration favors its
conversion, which reaches a maximum of 32% for H2þCO2 feed-
stocks at 70 bar and 300 �C, and surpasses 25% at 50 bar at that
temperature.

In addition, this model allows for quantifying the influence of
particle size on the reaction indices. The model predicts that
increasing catalyst particle size up to 4 mm (interesting for its use
in fixed bed reactors on a larger scale) has little impact on DME
yield and CO2 conversion.

Due to the characteristics of core-shell structured catalysts, the
proposed kinetic model is interesting to progress in the control of
the complex reaction system involved (including deactivation) and
in the optimization of the properties of core-shell catalysts for this
reaction. Furthermore, the basis of the model can be applied in
other processes using core-shell catalysts.
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