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An intrinsic kinetics model was established for CO2 hydrogenation to dimethyl ether (DME) with a Cu–Fe–Zr/HZSM-5
catalyst based on H2/CO2 adsorption, simulation, and calculation of methanol synthesis from CO2 intermediates and
experimental data. H2/CO2-temperature programmed desorption results show a dissociative H2 adsorption on Cu site;
CO2 was linearly adsorbed on Fe3O4 weak base sites of the catalyst; the adsorbing capacity of H2 and CO2 increased
after Zr-doping. Density functional theory analysis of methanol synthesis from CO2 and H2 revealed a formate pathway.
Methanol synthesis was the rate-limiting step (173.72 kJ�mol21 activation energy) of the overall CO2 hydrogenation
reaction, and formation of H2CO is the rate-determining step of methanol synthesis. Relative errors between calculated
and experimental data of partial pressures of all components were less than 10%. Therefore, the kinetics model may be
an accurate descriptor of intrinsic kinetics of CO2 hydrogenation to DME. VC 2015 American Institute of Chemical

Engineers AIChE J, 61: 1613–1627, 2015
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Introduction

With a high cetane number and a host of excellent chemical
properties, dimethyl ether (DME) is not only a widely used
chemical product but is also regarded as a potential clean
energy fuel by virtue of its low NOx content and the absence
of SOx components generated from it.1,2 In recent years, the
hydrogenation of CO2 to form DME has been studied as an
efficient method for converting CO2 into a valuable chemi-
cal.3–5 At present, there are two main processes for synthesiz-
ing DME from CO2 and H2, the first being a two-step process
and the second a one-step process. Specifically, the two-step
process consists of methanol synthesis followed by DME
acquisition by way of methanol dehydration.

Three main reactions, show in Eqs. 1–3, describe the fun-
damental steps involved in these processes.

Methanol synthesis reaction:

CO213H2�CH3OH1H2O ðDH2985249:46 kJ �mol21Þ
(1)

Reverse water-gas shift reaction:

CO21H2�CO1H2O ðDH298541:17 kJ �mol21Þ (2)

Methanol dehydration to DME:

2CH3OH�CH3OCH31H2O ðDH2985223:51 kJ �mol21Þ
(3)

In the one-step process, meanwhile, methanol synthesis
and dehydration are completed in the same step. In this case,
the thermodynamic equilibrium of the methanol synthesis
process is broken,6,7 allowing for a higher conversion rate
per pass;8 additionally, the combination of both steps into
one improves the driving force of the reaction7,9 and from
an economic perspective, lowers the cost of equipment for
large-scale synthesis.10 For all of these reasons, the one-step
process is the primary focus of developmental research into
DME synthesis from CO2.

At present, many studies regarding catalysts for and the
underlying process of one-step synthesis of DME from CO2

hydrogenation have been introduced in the literature and
focus on Cu-based or Cu–ZnO-based catalysts for the hydro-
genation step. Cu–Zn-based,6,11–13 Cu–Mo,14 Cu–Mn,15 and
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CuO–TiO2–ZrO2
16 catalysts all exhibited good activity for

CO2 hydrogenation, with percent conversions of CO2 and
selectivity toward DME formation approximately 15–29 and
40–50%, respectively. However, DME synthesis generates
more water than methanol synthesis alone, and as such, the
activity and stability of catalysts could be adversely affected
by the hydrophilicity of ZnO.17,18 By considering recent
research that used a CuO–ZnO-based catalyst in the catalysis
of the one-step process6,11 as well as reports of Cu–Fe-based
catalysts that have been used to synthesize CO and CH4,19,20

and taking into account the fact that ZrO2 is often used as a
textural promoter,11,21–23 a bifunctional catalyst was devel-
oped using CuO–Fe2O3–ZrO2 as the methanol synthesis
component and HZSM-5 as the methanol dehydration
component.24

Up until this point, studies regarding the kinetic aspects of
DME synthesis have focused on its generation from syngas:
Iliuta et al.25 have elucidated a model for DME synthesis in
a fixed-bed membrane reactor, and Sierra et al.26 investigated
the deactivation kinetics for direct DME synthesis on a
CuO–ZnO–Al2O3/c-Al2O3 catalyst, among other works.
Conversely, there have been very few reports on the kinetics
governing the directed hydrogenation of CO2 to DME.
Through the study of kinetic models, McBride et al.27 found
that a layered catalyst arrangement significantly changes CO
conversion as well as methanol and DME yield compared
with a physical catalyst mixture, while Ere~na et al.6 consid-
ered deactivation of a CuO–ZnO–Al2O3/c-Al2O3 catalyst
during DME synthesis, and Zeng and coworkers28,29 studied
the intrinsic kinetics of DME synthesis directly from CO2

hydrogenation over a Cu–ZnO–SiO2/HZSM-5 and a Cu–
ZnO–Al2O3/HZSM-5 catalyst. However, the reaction mecha-
nism and the intrinsic kinetics model of CO2 catalyzed
hydrogenation to DME over Cu- or Cu–Zn-based catalysts
are still uncertain, and the conversion of CO2 and the selec-
tivity of DME in general are still very low, and need to be
improved. In this work, the adsorption of H2 and CO2 on the
surface of the reported CuO–Fe2O3–ZrO2 catalyst was stud-
ied by H2-TPD, CO2-TPD and was simulated using the
DMol3 module of Materials Studio. The process of catalyzed
hydrogenation of CO2 to synthesis methanol was also simu-
lated and a kinetic model was established incorporating the
elementary reactions above. The Langmuir–Hinshelwood (L-
H) mechanism was used to investigate the pathway and
intermediates of the reaction, and the restrictive effects of
surface adsorption, chemical reaction, and desorption on the
reaction rate. The rate-controlling step of methanol synthesis
in the process of CO2 hydrogenation was mainly discussed,
and an intrinsic kinetics model, which was matched to the
experimental data, was established, thereby yielding a mech-
anism for CO2 hydrogenation to DME over a CuO–Fe2O3–
ZrO2/HZSM catalyst.

Experimental

Catalyst preparation

The CuO–Fe2O3–ZrO2 mixed oxide catalyst was prepared
by a coprecipitation method. Cu(NO3)2�3H2O and
Fe(NO3)3�9H2O were weighed according to the Cu/Fe mole
ratio of 3:2 and dissolved by deionized water followed by
the addition of Zr(NO3)4 solution. The amount of the
Zr(NO3)4 used depended on the desired ZrO2 content of 1.0
wt % in CuO–Fe2O3–ZrO2 (According to the literature,24 the

optimal doping amount of ZrO2 found to be 1.0 wt %.).
Under medium speed stirring, these nitrate solutions and a
1.0 mol�L21 solution of Na2CO3 were added to a beaker
using a parallel flow coprecipitating method while maintain-
ing at pH of 10 and a reaction temperature of 70�C for 2 h.
After being aged for 1 h, the mixture was filtered and dried
at 110�C for 12 h, ground to 20–80 mesh and calcined at
400�C for 4 h, and the CuO–Fe2O3–ZrO2 catalyst was
obtained. HZSM-5 with a silica-alumina ratio of 300:1
(China Shanghai Novel Chemical Technology Co.) was
mechanically mixed with the CuO–Fe2O3–ZrO2 composite
oxides at a 1:1 mass ratio. The preparation detail of Cu–Fe–
Zr/HZSM-5 has been described previously in the literature.24

Catalyst characterization

H2-TPD and CO2-TPD experiments on the catalysts were
performed using a PX200 multifunction catalyst analysis sys-
tem (China Tianjin Golden Eagle Technology). For these
analyses, 100 mg samples were reduced in situ at 300�C in a
mixture of H2 and Ar gases (8% H2) at a flow rate of 30
mL�min21 for 1 h, exposed to He (99.999%) flowing at 30
mL�min21 for 1 h and then pumped to vacuum at 300�C for
1 h to remove any physically adsorbed species from the cata-
lyst. After that, the sample was cooled to 50�C, and H2 or
CO2 were introduced at 30 mL�min21 for 0.5 h for dynamic
absorption measurements of H2 or CO2. Subsequent static
adsorption tests were performed at 0.2 MPa for 1.5 h to
insure saturation adsorption of H2 or CO2. After that, gas
desorption experiments were carried out in 30 mL�min21 He
(99.999%) in a range of 50–800�C with a ramp rate of
10�C�min21. The amount of gas desorbed was monitored by
a thermal conductivity detector (TCD) held at 45�C.

Catalytic hydrogenation of CO2 to DME

DME synthesis from CO2 and H2 was carried out in a
fixed-bed reactor consisting of a stainless steel reaction tube
with a 10 mm inner diameter and a 300 mm tube length. A
total of 1.0 g CuO–Fe2O3–ZrO2/HZSM-5 catalyst was loaded
into the reactor and reduced at 300�C for 4 h in H2

(99.999%) at a flow rate of 30 mL�min21. After the catalyst
was reduced, the inflow of H2 gas was replaced with a mix-
ture of H2 and CO2 gases (5:1 mole ratio, respectively), and
the catalytic hydrogenation of CO2 to DME was performed
within the ranges of 240–280�C and 2.0–4.0 MPa with a
gaseous hourly space velocity within the range of 1,500–
3,000 mL�gcat

21�h21. Under steady-state conditions, the
products of DME synthesis were analyzed using an online
Agilent 4890D gas chromatograph equipped with a TCD.
The degree of CO2 conversion and the selectivity to DME
were calculated using a peak area normalization method.

Molecular simulation method

The adsorption state of CO2 on a Cu(111) plane and the
methanol synthesis process were studied using the DMol3

module of Materials Studio (Accelrys Software), a modeling
program that uses density functional theory (DFT).30,31

The unit cell of Cu is a face-centered cubic (FCC) lattice
with a Fm3m space group. After structural optimization,
obtained Cu lattice parameter (a) was 0.3685 nm, with a rel-
ative error of 1.94% when compared to the experimental val-
ues of 0.3615 nm,32 indicating that the optimization method
was rational. DFT and a generalized gradient slab model
were used to simulate the adsorption configuration of CO2

1614 DOI 10.1002/aic Published on behalf of the AIChE May 2015 Vol. 61, No. 5 AIChE Journal



molecules on the Cu(111) plane. Taking the accuracy and
efficiency of the computation into account, it was established
that the configuration of Cu(111) plane comprised two flat 3
3 3 supercells with an adsorbate coverage of 1/9 of a mono-
layer. The vacuum layer thickness was 1.5 nm, the bottom
of the crystal was fixed, and the surface was relaxed and
optimized. The CO2 molecule was set to be linear, and the
calculated value of the optimized C@O bond length was
0.1174 nm, which was consistent with the experimental
value of 0.1162 nm.33,34

Eight possibilities for the adsorption of CO2 onto the
Cu(111) plane were built into the model as a combination of
four adsorption positions on the Cu surface including atop,
bridging, fcc (face-centered cubic site), and hcp (hexagonal-
close-packed site)35 sites (Figure 1) and either a vertical or
horizontal CO2 adsorption orientation. Optimized CO2 mole-
cules were moved to the top, bridge, fcc, and hcp position of
the Cu(111) plane in one of the two configurations, and the
adsorption configurations were then optimized. Energy, dis-
placement, and force convergence were used as criteria for
the structural optimization, and the threshold of convergence
for each were 1 3 1025 Ha (1 Ha 5 627.51 kcal�mol21),
5 3 1024 nm, and 2 3 1022 Ha�nm21, respectively. The
Monkhorst–Pack network parameter of the Brillouin-zone
was set as 4 3 4 3 1, and the smearing factor found using
the Methfessel–Paxton approximation was 0.005 Ha.

Adsorption energy Eads is the change of the total energy
of each substance before and after adsorption, calculated by
Eq. 4.

Eads5EðCO2=surfaceÞ2EðCO2Þ2EðsurfaceÞ (4)

where, EðCO2=surfaceÞ is the total energy of CO2 adsorption on
Cu(111) plane, EðCO2Þ is the energy of a CO2 molecule, and
EðsurfaceÞ is the energy of Cu(111) plane. Eads can be thought
to express the probability and the strength of adsorption: if
Eads is positive, the process is endothermic, in that the
energy after adsorption is higher than the energy of the sepa-
rate constituents, and the process is hard adsorption.

Conversely, a negative Eads indicates a process is exother-
mic, such that the adsorbate can be absorbed; the more nega-
tive the energy is, the more stable the adsorption system.

Results and Discussion

Temperature programmed desorption of H2 and CO2

from the Cu–Fe–Zr surface

H2-TPD. After in situ reduction at 300�C, the CuO com-
ponent of the Cu–Fe–Zr catalyst was converted to Cu, and
Fe2O3 was converted to Fe3O4.36 Subsequently, H2-TPD was
used to analyze the degree of H2 adsorption on the Cu–Fe–
Zr catalyst, and the results are shown in Figure 2.

Two hydrogen desorption regions are found in Figure 2:
the high-temperature H2 desorption peak (d), which corre-
sponds to hydrogen desorption from Fe adsorption sites, and
the maximun temperature of the peaks were a little rasing
from 334�C to approximately 340�C after ZrO2 doping; and
the lower temperature H2 desorption peaks (a, b, and c),
which correspond to hydrogen desorption from Cu-based
adsorption sites.37,38

To distinguish these kinds of hydrogen desorption in the
H2-TPD profiles of Cu–Fe and Cu–Fe–Zr catalysts, the H2-
TPD curves were fit into four bands with respect to desorp-
tion temperature. At least four stages of hydrogen desorption
were observed, suggesting adsorption on sites with different
degrees of interaction, which reflected in the temperatures
required for desorption. The maximum temperature and peak
area of each fitting peak are presented in Table 1. After dop-
ing with ZrO2, the Zr-doping more than doubled the amount
of hydrogen adsorbed, which suggests that ZrO2 doping can
increase the adsorption amount of H2. The maximum tem-
peratures of the desorption peaks a, b, and d also increased
from 150 to 163�C, 200 to 225�C, and 334 to 340�C, respec-
tively. These results indicate that the adsorption of H2 on the
three types of sites was strengthened. Thus, a favorable envi-
ronment for adsorption of higher concentrations of H2 may
be generated on the catalyst surface,39 which would increase
the reaction rate of CO2 hydrogenation to DME.

As seen in Figure 2 and Table 1, the peak areas of type a
adsorption on Cu (Cu–Fe catalyst at 150�C as well as Cu–
Fe–Zr catalyst at 163�C) were minimal, and the amount of

Figure 1. Schematic diagram of Cu(111) surface
adsorption sites.

[Color figure can be viewed in the online issue, which

is available at wileyonlinelibrary.com.]

Figure 2. H2-TPD profiles for Cu–Fe and Cu–Fe–Zr
(ZrO2 1.0 wt %).
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hydrogen desorption represented by the peak areas were only
2.2 and 4.1% of the total hydrogen desorption, respectively.
The amount of hydrogen desorption of type c adsorption on
Cu was only 3.7% of the total hydrogen desorption.
Therefore, a new type of adsorption site (c) was found after
ZrO2 doping. However, the amounts of desorbed hydrogen
on type a and type c adsorption sites were very minimal and
thus have a limited influence on the catalytic hydrogenation
activity. In type b and type d sites, the adsorption amounts
of H2 remarkably increased after ZrO2 doping, particularly
in the type b site, which was 3.6 times on the peak area of
the Cu–Fe sample. ZrO2 doping had a significant effect on
the H2 adsorption amount at sites b and d. These results
indicate that H2 adsorption on the Cu surface is dissociative
when CO2 hydrogenation to DME occurs between 240 and
280�C.16 H2 is especially adsorbed on the type b site.
Evidently, the temperature of hydrogen desorption from the
Cu–Fe–Zr catalyst was higher than that from the correspond-
ing Cu–Fe sample, which indicates a higher ability of the
Cu–Fe–Zr catalyst to activate H2. As a result, stronger
metal–hydrogen bonds are formed.40 Cu and Fe components
were better dispersed in the Cu–Fe–Zr sample than in the
Cu–Fe sample, which was attributed to the presence of
ZrO2.41 Thus, more unsaturated coordination metal centers
were present, which formed strong bonds with H2.38,40,42

Furthermore, the degree of H2 adsorption corresponded to
catalytically useful adsorption strength. Adding 1.0 wt %
ZrO2 to the catalyst improves the bimetallic interaction of
Cu and Fe, thereby enhancing the catalytic performance in
the hydrogenation reaction. For the Cu–Fe–Zr catalysts, the
adsorption of H2 on ZrO2 cannot be detected. Nonetheless,
the strength of H2 adsorption to Cu and Fe surface moieties
can be adjusted by Zr-doping.

CO2-TPD. After in situ reduction at 300�C, CO2-TPD on
CuO, Fe2O3, Cu–Fe, and Cu–Fe–Zr (containing 1.0 wt %
ZrO2) catalysts were carried out to investigate the nature of
CO2 adsorption onto their surfaces. The results are shown in
Figure 3.

In Figure 3, there are two obvious CO2 desorption peaks
from the CuO sample, and three coincident CO2 desorption
peaks on the Fe2O3, Cu–Fe, and Cu–Fe–Zr catalysts. In this
case, a higher temperature CO2 desorption peak indicates a
higher basicity of the adsorption center. As such, the three
CO2 desorption peaks correspond successively to weakly
basic sites (98–300�C), medium-strength basic sites (400–
500�C), and strongly basic sites (600�C), respectively.
Again, the low content of ZrO2 present in the Cu–Fe–Zr cat-
alysts effectively rendered the adsorption of CO2 to this
component unobservable. To weakly basic sites, CO2

adsorbed in a linear fashion (O@C@O—M), whereas on the
medium strength and strongly basic sites, CO2 adsorbed in a

bridge type configuration .43 This bridging configu-

ration was formed by the adsorption of each oxygen in CO2

to the metal catalyst surface, which makes the stripping of
the adsorbed CO2 more difficult and raises the desorption
temperature to 400–500�C in the case of moderately basic
adsorption sites and to 600�C for removal from strongly
basic sites.

In this study, the catalytic hydrogenation of CO2 to DME
was carried out between 240 and 280�C, and for this reason,
most of the CO2 was linearly adsorbed onto weakly basic
sites. The CO2 desorption peak of the CuO sample is not
obvious, indicating that CO2 adsorbs very weakly to the
weakly basic sites on the Cu surface. Obvious CO2 desorp-
tion peaks were found on the Fe3O4, Cu–Fe, and Cu–Fe–Zr
samples between 50 and 280�C, which suggests that CO2

adsorbs primarily to the Fe3O4 species in the Cu–Fe-based
catalysts.16,36 Desorption of CO2 from the weak base sites
on the Cu–Fe and Cu–Fe–Zr samples were located at 103
and 98�C, respectively. Thus, Zr-doping can be used to mod-
ulate the temperature at which CO2 adsorbs to the weakly
basic sites on Cu–Fe catalysts, and may facilitate desorption
of CO2, from the catalyst surface. Additionally, the area of
CO2 desorption peak increased on Zr-doping, which indi-
cated that ZrO2 doping increases the CO2 adsorption
capacity of the doped catalysts compared to a Cu–Fe cata-
lyst. The Cu–Fe–Zr catalyst catalytically activates more CO2

than the undoped catalyst, favoring an improvement in its
ability to catalyze the hydrogenation of CO2 to DME.24

Adsorption state of CO2 molecules on Cu(111) plane

In this study, Cu-metal oxide was used as the catalyst for
the methanol synthesis reaction. Due to the complexity of
the active sites and reaction intermediates, there are

Table 1. Maximum Temperatures and Area Distributions of the Four Gaussian Fitting Peaks (a, b, c, and d) of the H2-TPD

Profiles for Cu–Fe and Cu–Fe–Zr Catalysts

Catalysts

a b c d

Total
Area (unit)T (�C)

Area
(unit) T (�C)

Area
(unit) T (�C)

Area
(unit) T (�C)

Area
(unit)

Cu–Fe 150 8.8 200 126.4 – – 334 263.1 398.3
Cu–Fe–Zr (1.0 wt %) 163 41.1 225 455.6 267 34.5 340 473.5 1004.7

Figure 3. CO2-TPD profiles for (a) CuO, (b) Fe2O3, (c)
Cu–Fe, (d) Cu–Fe–Zr (ZrO2 5 1.0 wt %) after
hydrogenation.
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controversies regarding the identity of the adsorption site and
the adsorbed state of CO2 on the Cu surface during the pro-
cess of methanol synthesis.44,45 Therefore, studying the reac-
tion mechanism of methanol synthesis on Cu-based catalysts
at the atomic level, establishing the geometric configurations
of the Cu-containing active sites and of the reaction inter-
mediates, simulating, and calculating the elementary steps
comprising the reaction mechanism, and elucidating the reac-
tion kinetics and thermodynamics of the reaction process are
important objectives to address to design an effective catalyst
for the overall synthesis of DME from CO2.

CO2-TPD analysis revealed that CO2 adsorbed onto the
weak base centers of Cu surfaces with an atop configuration
and in the linear O@C@O form, resulting in desorption
peaks in the range of 240–280�C for the Cu–Fe–Zr catalyst.
By considering the four types of adsorption sites on a
Cu(111) plane and the two possible molecular orientations
for CO2 adsorption, eight models describing the adsorption
of linear CO2 onto a Cu(111) plane were constructed to the-
oretically determine the most energetically stable structure.
To minimize the energy of each model, all eight models of
adsorption were geometrically optimized by a DMol3 module
calculated with full electronic. The adsorption energies of
the eight structural models for CO2 adsorbed on a Cu(111)
plane are shown in Table 2.

As shown in Table 2, the adsorption energies of CO2 onto
the Cu(111) plane for all configurations are negative, indicat-
ing that the total energy of the system decreased on CO2

adsorption to the surface, and furthermore that CO2 can be
readily adsorbed onto Cu(111). CO2 horizontally adsorbed to
a bridging Cu(111) site yields the lowest adsorption energy
of all configurations (28.70 kJ�mol21), and therefore, reveals
this to be the optimal adsorption configuration. However,
when CO2 is horizontally adsorbed on the bridging site, the
bond angle is 179.75�, and the length of C@O bond is
0.1172 nm, both of which are nearly equivalent to their val-
ues before adsorption (180� and 0.1174 nm, respectively),
which further indicates that CO2 spontaneously adsorbs on
Cu(111) plane in this fashion but also that the adsorption
interaction is weak. According to generally accepted inter-
pretations of adsorption energy, adsorption energies with a
magnitude of approximately 8–20 kJ�mol21 constitute a
physical adsorption event.46 According to the CO2-TPD
results, Fe3O4 shows higher adsorption capacity than Cu at
240–280�C, as well as stronger adsorption of CO2 to its sur-
face.46–48 Additionally, H2-TPD results showed that between
240 and 280�C, dissociative adsorption of H2 primarily
occurred on Cu. In many DFT calculations,47–49 it has been
found that Cu-based catalyst that have been doped with tran-
sition metal oxide additives adsorb H2 by dissociative
adsorption onto Cu, while the transition metal oxides adsorb

and activate CO2. Subsequent CO2 desorb from the metal
oxide surface and adsorb to metallic Cu to allow the
adsorbed species to react with dissociated H at the Cu site;
this causes the deformation activation of O@C@O linear
configurations.

Process of methanol synthesis from CO2 on Cu(111)
plane

Utilizing Cu-based catalysts, methanol may be synthesized
from CO2 and H2 by two pathways, one being the formic
acid pathway. In this way, CO2 reacts with dissociatively
adsorbed H on the Cu surface to form a bidentate HCOO
intermediate, and the HCOO is hydrogenated a second time
to generate various intermediates of formic acid (HCOOH);
these HCOOH intermediates are subsequently hydrogenated
to generate CH2O, CH3O, and CH3OH. As the name sug-
gests, adsorbed isomers of formic acid are the main inter-
mediates in this pathway. The other mechanistic pathway is
the CO pathway: due to the occurrence of the reverse water–
gas shift reaction and methanol synthesis in parallel, CO
intermediates generated by the former can be hydrogenated
to produce methanol. CO is the main intermediate in this
pathway. Furthermore, based on this pathway, one may infer
that CO is the main by-product of methanol synthesis.
Methanol, then, may be synthesized from CO2 over Cu(111)
by two types of pathways, through both a formate intermedi-
ate and through reverse water–gas shift-mediated CO hydro-
genation. The details of these pathways are shown in Eqs. 5
and 6, in which * denotes an adsorption site and TS signifies
the transition state.

CO216H� !HCOO��15H� !TS1!HCOOH��14H� !TS2

! H2CO��12H�1H2O! TS7! H3CO�1H�1H2O

! TS8! CH3OH�1H2O! CH3OH1H2O

(5)

CO216H� ! TS3! HOCO��15H� ! TS4! CO�

14H�1H2O! TS5! HCO�13H�1H2O! TS6

! H2CO��12H�1H2O! TS7! H3CO�1H�

1H2O! TS8! CH3OH�1H2O! CH3OH1H2O

(6)

Deferring to these two pathways, DFT was used to simu-
late the process of methanol synthesis from CO2 and H2 on
Cu(111). The resultant optimized molecular structures of
reactant, transition state, and product are shown in Figures
4–6.

As shown in Figure 4, in the catalytic reaction system,
molecular H2 is first catalytically activated by dissociation
into two H atoms on the Cu(111) plane, which separately

Table 2. Optimized Energetic Results for the System of CO2 Adsorbed on Cu(111)

Absorption Site
on Cu(111) Plane

Molecular
Orientation of CO2 EðCO2Þ (kJ�mol21) EðsurfaceÞ (kJ�mol21) EðCO2=surfaceÞ (kJ�mol21) Eads (kJ�mol21)

Top Horizontal 2495,221.59 29,335,978.94 29,831,208.22 27.69
Vertical 29,831,205.34 24.81

Bridge Horizontal 29,831,209.23 28.70
Vertical 29,831,205.26 24.73

fcc Horizontal 29,831,205.23 24.69
Vertical 29,831,208.84 28.31

hcp Horizontal 29,831,205.24 24.70
Vertical 29,831,208.75 28.21
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occupy one adsorption site in what is denoted the TS0 transi-
tion state. The dissociative adsorption energy of H2 was
obtained by Eq. 7

Eads5EðH2=surfaceÞ2EðH2Þ2EðsurfaceÞ (7)

Here, EðH2=surfaceÞ denotes the total dissociation energy of
H2 on the Cu(111) plane, EðH2Þ denotes the energy of the H2

molecule, and E(Surface) is the energy of the Cu(111) plane.
The DMol3 calculation results indicate that the first step in

methanol synthesis involves the dissociative adsorption of molec-
ular H2 on the Cu(111) plane, which is an exothermic process
having an adsorption energy (Eads) of 294.51 kJ�mol21. Because
this energy is higher than 8–20 kJ�mol21, it is an indication that
H2 can be stably chemisorbed onto Cu(111), which is in agree-
ment with the H2-TPD results presented in the third section.

The CO2 adsorbed to the surface, which desorbed from
Fe3O4, directly reacted with the chemisorbed atomic H in a
horizontally bound linear configuration. The mechanism for
methanol synthesis via the formic acid pathway is shown in
Figure 5. HCOO is directly generated from CO2 and H with-
out a transition state, the geometry of the CO2 being dis-
torted to generate HCOO in this way. HCOO occupies two

adsorption sites in a bridging interaction with the Cu(111)
plane and is from this point hydrogenated to form methanol.

Methanol synthesis by way of CO formation as catalyzed
by Cu(111) is outlined in Figure 6. HOCO is generated from
CO2 and H through the TS3 transition state, and as the
hydroxyl-containing HOCO intermediate is a constitutional
isomer of HCOO, the linear type CO2 is essentially activated
to HCOO and is then hydrogenated to methanol.

The elementary reaction processes, reaction energy bar-
riers for the reaction processes, and the potential energies
corresponding to Figures 4–6 are shown in Table 3. A dia-
gram of the potential energy surface of the reaction process
is shown in Figure 7 as well as the energies derived from
analysis that correspond to methanol formation through
HCOO and HOCO intermediates.

Because the elementary reactions comprising the two
methanol synthesis pathways are different, the energy
changes of the two processes are also very different. The dis-
sociative adsorption of H2 on the Cu(111) plane is spontane-
ous and exothermic, and as such exists presents a TS0
transition state during the conversion process that in turn
forms a reaction energy barrier of 91.96 kJ�mol21. A surface
chemical reaction takes place directly between dissociated H
and CO2 species, and both a formate isomer (HCOO: both O
bound to Cu, occupying two Cu surface sites) and a carboxyl
isomer (HOCO: one O and C to the Cu surface, occupying
two active sites). The formic acid pathway itself includes no
transition state, and the HCOO formed as a result of it is the
stable intermediate species. The energy barrier of HCOO is
Ea 5 107.86 kJ�mol21, and so the change in energy by its
formation is DE 5 224.94 kJ�mol21, making it an exother-
mic transformation. The HCOO is then hydrogenated to the
formate species, which is an endothermic process, where Ea

5 166.31 kJ�mol21 and DE 5 72.22 kJ�mol21. The surface-
adsorbed formic acid is then hydrogenated to methanol.

Figure 5. The process simulation of the methanol synthesis reaction from CO2 hydrogenation on Cu(111) via the
formate pathway(brown, Cu; gray, C; red, O; white, H).

[Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]

Figure 4. The process simulation of the dissociative
adsorption of H2 on Cu(111) (brown, Cu;
gray, C; red, O; white, H).

[Color figure can be viewed in the online issue, which is

available at wileyonlinelibrary.com.]
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For the CO pathway, the imaginary frequency of CO2

hydrogenation to form HOCO is 21503.13 cm21, indicating
the existence of a transition state in this conversion step. The
adsorption energy of HOCO is Ea 5 161.67 kJ�mol21 and DE
5 28.41 kJ�mol21. Once formed, HOCO is hydrogenated and
the carboxyl breaks to form OH* and CO*. There is a second
transition state formed as the hydrogenated HOCO breaks to
form CO. This is an overall exothermic reaction step, with Ea

5 50.46 kJ�mol21 and DE 5 21.59 kJ�mol21, and from this
point the resultant CO is hydrogenated to methanol.

Comparing the formic acid pathway and CO pathway, the
energy barrier to CO generation is lower than that for formic
acid production (50.46 kJ�mol21 < 166.31 kJ�mol21).
Furthermore, the generation of CO is an exothermic process,
whereas process of formic acid generation is an endothermic

one, underlining that CO is easier to produce than formic
acid. The produced CO will be successively hydrogenated to
HCO, H2CO, and H3CO to finally obtain methanol.

The molecular simulations of the forward and reverse
reactions of CO hydrogenation to HCO are compared in
Figure 8, and the changes of potential energy that occur in
the process are shown in Figure 9.

In the forward reaction (Figure 8), the imaginary fre-
quency of HCO production by CO hydrogenation is
2970.79 cm21, revealing the existence of a transition state.
The reaction energy barrier formed is Ea 5 106.32 kJ�mol21

and DE 5 58.70 kJ�mol21, and so it is an endothermic pro-
cess. In the reverse reaction, however, there is no transition
state formed as HCO decomposes into CO and H, and the
reaction energy barrier is Ea 5 13.43 kJ�mol21, which is

Figure 6. The process simulation of the methanol synthesis reaction from CO2 hydrogenation on Cu(111) via the
CO hydrogenation pathway (brown, Cu; gray, C; red, O; white, H).

[Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]
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approximately eight times smaller than that of the forward
process, rendering it exothermic (DE 5 258.70 kJ�mol21).
Overall, the formation of CO by CO2 hydrogenated is more
easily accomplished than formate generation. However, HCO
cannot exist in the reaction system steadily, as the HCO gen-
erated by CO hydrogenation is prone to decomposition back
into CO, causing the accumulation of CO in the system, and
inhibiting the conversion of CO into methanol. Therefore, it
is reasonable to infer that CO2 hydrogenation to methanol
occurs primarily through the formic acid pathway.

A sequential list of the intermediates formed in the com-
plete hydrogenation of CO2 by the formate pathway includes
HCOO, HCOOH, H2CO, CH3O, and CH3OH with energy
barriers (Ea) of 107.86, 166.31, 177.99, 48.45, and 96.57
kJ�mol21, respectively. The DE on formation of these inter-
mediates are 24.94, 17.26, 237.36, 297.19, and 223.35
kJ�mol21, respectively. The energy barrier resulting from the
hydrogenation of HCOOH to form H2CO is the largest, and
it is an exothermic reaction, indicating that this elementary
reaction, shown in Eq. 8, is the rate-limiting step.

HCOOH��1H ��H2CO��1OH� (8)

Reverse water–gas shift reactions can result in both
HOCO and CO formation from CO2. The reaction energy

barriers to the formation of these intermediates are 161.67
and 50.46 kJ�mol21, respectively, and from this one may
conclude that CO2 hydrogenation to form HOCO is the rate-
limiting step in the conversion of CO2 by the reverse water–
gas shift reaction on Cu(111), as elucidated in Eq. 9

H�1CO2�HOCO�� (9)

Study of intrinsic kinetics

Exclude the Internal and External Diffusion. The Cu–
Fe–Zr/HZSM-5 catalyst was used in the catalytic hydrogena-
tion of CO2 to DME, and the effects of the mass of catalyst
used (1.0 and 2.0 g) and the residence time on catalytic per-
formance were investigated. The results are shown in Figure
10. When the residence time is less than 1.0 3 1023 h21,
namely, the space velocity is more than 1500 mL�g21

cat �h
21,

the CO2 conversion curves when 1.0 g and 2.0 g catalyst are
loaded, tested at several residence times, all overlap, which
indicated that CO2 conversion is not be affected by the gas
mass flow rate. Therefore, when the space velocity is more
than 1500 mL�gcat

21�h21, the influence of mass-transfer
resistance of external diffusion to the reaction can be
ignored.

Once external diffusion was excluded as a relevant factor,
the influence of Cu–Fe–Zr/HZSM-5 particle size on CO2

conversion was investigated, and the result is shown in
Figure 11. When the average catalyst particle size is 0.15–
0.42 mm (or 20–100 mesh), the average CO2 conversion rate
is 28%, which shows that in this size range CO2 conversion
is not affected by the catalyst particle size, and thus, mass-
transfer resistance of the internal diffusion can be ignored.
Therefore, in the catalytic reaction system, when the space
velocity is more than 1500 mL�gcat

21�h21 and the particle
size is less than 20 mesh, the reaction of CO2 hydrogenated
to DME is not affected by mass-transfer resistance to inter-
nal or external diffusion, and instead is controlled by intrin-
sic kinetic processes.

Suggested Mechanism of CO2 Hydrogenation to
DME. In the catalytic CO2 hydrogenation to DME, a Cu–
Fe–Zr/HZSM-5 dual-function catalyst was used for CO2

hydrogenation, with the target products being DME and
methanol; the expected by-products are CO and CH4. Due to
the reaction energy barrier of CH4 formation being less than
those of DME and methanol formation, as well as that of the

Figure 7. Potential energy diagrams for the methanol synthesis reaction via the formate(A) and CO(B) hydrogena-
tion pathways.

Table 3. The Elementary Steps of the Methanol Synthesis

Reaction

Elementary Steps
Ea

(kJ�mol21)
DE

(kJ�mol21)
Frequency

(cm21)

H2 1 2* � 2H* 91.96 219.92 2775.53
H* 1 CO2 � HCOO** 107.86 224.94 –
HCOO** 1 H* �

HCOOH** 1 *
166.31 72.22 2934.54

HCOOH** 1 H* �
H2CO** 1 OH*

177.99 237.36 260.38

H* 1 CO2 � HOCO** 161.67 28.41 21503.13
HOCO** � CO* 1 OH* 50.46 21.59 2248.51
CO* � CO 1 * 86.61 86.61 –
CO* 1 H* � HCO* 1 * 106.32 58.70 2970.79
HCO* 1 * � CO* 1 H* 13.43 258.70 –
HCO* 1 H* � H2CO** 72.59 219.96 2918.80
H2CO** 1 H* � H3CO* 1 2* 48.45 297.19 220.67
H3CO* 1 H* � CH3OH* 1 * 96.57 223.35 2987.09
CH3OH* � CH3OH 1 * 29.00 29.00 –
H* 1 OH* � H2O* 1 * 127.57 25.98 21008.53
H2O* � H2O 16.36 16.36 –
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reverse water–gas reaction,6 and considering that the
observed CH4 yield is less than 1%, CH4 synthesis is consid-
ered to be balanced with the reaction of CO2 hydrogenation
to DME.

To investigate the intrinsic kinetics of Cu–Fe–Zr/HZSM-5
catalyzed CO2 hydrogenation to DME, three reactions should
be considered: methanol synthesis, methanol dehydration to
DME, and the reverse water–gas shift reaction, which are
shown in Eqs. 1–3.

The methanol synthesis and reverse water–gas reactions
were carried out over the Cu–Fe–Zr catalyst, and methanol
dehydration to DME occurred on the HZSM-5 component of
the catalyst.

Methanol synthesis and methanol dehydration are consecu-
tive, exothermic reactions, signifying that methanol is an
important reaction intermediate in the synthesis of DME
from CO2. Furthermore, methanol synthesis and the reverse
water–gas shift reaction are mutually parallel reactions, and
so the CO formed by the latter process affects the former.
The active sites and the rate-limiting step of the methanol
synthesis reaction are still controversial. Numerous stud-
ies6,25–29 show that Cu is the main active site in methanol
synthesis over Cu-based catalysts and that when doped by
other metal oxides, the dispersion, stability, and electronic
properties of copper active sites can be altered, improving
the activity of Cu and leading to improved catalytic perform-
ance of the copper-based catalyst. According to the results
of H2-TPD and CO2-TPD presented earlier, H2 adsorbs eas-
ily to Cu whereas CO2 adsorption onto Cu is weak at 240–
280�C and is primarily achieved by adsorption to Fe and
subsequent desorbed and moved to Cu. In methanol synthe-
sis, the small amount of doped ZrO2 (1.0 wt %) serves to

strengthen the adsorption interactions of the Cu–Fe catalyst
and to increase the number of active sites on the catalyst sur-
face. It is supposed that adsorbed CO2 molecules directly
react with the H that was previously adsorbed on the Cu sur-
face. In this way, CO2 is hydrogenated to form formic acid
(HCOO), which is then hydrogenated to form a series of
intermediates species in sequence, including H2COO, CH2O,
and CH3O, respectively, the last of which is finally con-
verted to methanol. The generation of the intermediate spe-
cies is considered to be rate-limiting step.

In synthesizing DME by way of methanol dehydration, the
adsorbed methanol obtains a proton (H) adsorbed at the acid
sites of HZSM-5. Following a unimolecular nucleophilic
substitution reaction scheme,50 the methanol molecule disso-
ciates into a positive carbon ion and water, and a neighbor-
ing, undissociated methanol combines with the carbon cation
as a nucleophile, forming DME. The suggested reaction
mechanisms of CO2 hydrogenation to DME are shown in
Eqs. 10–26, where * indicates single atomic adsorption, **
represents diatomic adsorption, and HX signifies HZSM-5.

The CO2 hydrogenation and reverse water–gas reactions
are shown in Eqs. 10–21

H212��2H� (10)

CO21H�1 �
�HOCO�� (11)

HOCO���CO�1OH� (12)

CO��CO1� (13)

CO21H�1��HCOO�� (14)

HCOO��1H��HCOOH��1� (15)

Figure 8. The elementary step of CO* 1 H* � HCO* 1 * (brown, Cu; gray, C; red, O; white, H).

[Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]

Figure 9. The potential energy diagram of the elemen-
tary step of CO* 1 H* � HCO* 1 *.

Figure 10. The changes of CO2 conversion with the
residence time.
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HCOOH��1H ��H2CO��1OH� (16)

H2CO��1H��H3CO�12� (17)

H3CO�1H��CH3OH�1� (18)

CH3OH��CH3OH1� (19)

H�1OH��H2O�1� (20)

H�1OH��H2O�1� (21)

The reactions of methanol dehydration to DME are shown
in Eqs. 22–26.

CH3OH1HX�HX CH3OH (22)

(23)

(24)

HXCH3—O—CH3�CH3OCH31HX (25)

H11X2
�HX (26)

To the reaction mechanism for CO2 hydrogenation to
methanol, Zhao et al.51 suggested that direct formate hydro-
genation does not lead to methanol due to the high hydro-
genation barriers of HCOO and H2COO; and Behrens
et al.52 suggested the hydrogenation of CO2 proceeded via
formation of HCOO, HCOOH, and H2COOH, and methanol
formation via the methoxy (CH3O) intermediate. And in the
suggested mechanism in this study, the hydrogenation of
CO2 proceeded via formation of HOCO, HCOO, HCOOH,
and methanol formation via CH3O, which is similar to the
suggestion from Behrens and can be used in the following
study.

Derivation of the Intrinsic Kinetics Model. The catalytic
hydrogenation of CO2 to DME over Cu–Fe–Zr/HZSM-5 was
carried out in a differential fixed-bed reactor, which can be
regarded as a plug flow system, and a gas–solid catalyzed
reaction system. According to the dynamic Langmuir–
Hinshelwood chemisorption model,53,54 we assume that:

1. When the Cu–Fe–Zr/HZSM-5 was used as a catalyst,
Cu species acted as the active site for the water–gas reaction
and methanol synthesis;

2. HZSM-5 is the active site for methanol dehydration;
3. Chemical adsorption, surface reaction, and desorption

are occurred exclusively on these two active sites;
4. The concentrations of the gaseous and liquid forms of

each component present in the reaction system reach equilib-
rium, and the gases behave as ideal gases;

5. The rate-limiting step of the reverse water–gas reaction
is Eq. 11, and controlling the rate of methanol synthesis is
Eq. 16, and the rate-limiting step of methanol dehydration is
Eq. 23, and in each case, the nonrate-controlling steps reach
equilibrium.

According to these assumptions, four intrinsic kinetic
models of CO2 hydrogenation to DME were established, and
kinetic equations for these are shown in Table 4.

The Estimation of Intrinsic Kinetic Parameters and Model
Discrimination. According to atomic matrix method, the
number of the independent reactions involved in CO2 con-
version to DME was three, which indicates in turn that three
key chemical components exist in the reaction. We assumed
CO2, CO, and DME to be the three components, and chemi-
cal reaction rate equations were established as shown in Eqs.
27–30.

Figure 11. The changes of CO2 conversion with the
catalyst particle sizes.

Table 4. Intrinsic Kinetics Models of Different Rate Determining Steps (RDS)

Reaction Model RDS Model Equationa

Reverse water-gas shift reaction (11)
rA5

kApCO2
p0:5

H2
½12ðKA=KPAÞðpCOpH2O=pCO2

pH2
Þ�

ð11KCOpCO1KH2OpH2OÞ2
Hydrogenation of CO2 Model 1 (14)

rB5
kBpCOpH2O½12ðKB=KPBÞðpCH3OH=pCOp2

H2
Þ�

ð11KCOpCO1KH2OpH2OÞ3
Model 2 (15)

rB5
kBpCOpH2O½12ðKB=KPBÞðpCH3OH=pCOp1:5

H2
Þ�

ð11KCOpCO1KH2OpH2OÞ3
Model 3 (16)

rB5
kBpCO½12ðKB=KPBÞðpCH3OH=pCOp0:5

H2
Þ�

ð11KCOpCO1KH2OpH2OÞ3
Model 4 (17)

rB5
kBpCOp2:5

H2
½12ðKB=KPBÞðpCH3OH=pCOp2:5

H2
Þ�

ð11KCOpCO1KH2OpH2OÞ3
Methanol dehydration to DME (23)

rC5
kC½p2

CH3OH=pH2O2ðK3=KPCÞpDME�
ð11KCH3OHpCH3OH1K

0
H2OpH2OÞ2

aThe subscript of A, B, C represent for reverse water-gas shift reaction, hydrogenation of CO2 reaction, and methanol dehydration to DME reaction,
respectively.
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rCO2
52

d½ðyCO2;in2yCO2;outÞP=RT�
dðWcat=/VÞ

(27)

rCO5
dðyCO;outP=RTÞ

dðWcat=/VÞ
(28)

rDME5
dðyDME;outP=RTÞ

dðWcat=/VÞ
(29)

yi5pi=P (30)

The relationships between the reaction rate equations and
kinetic equations were established based on the mass balance
as shown in Eqs. 31–33.

rCO2
52rA2rB (31)

rCO5rA (32)

rDME52rC (33)

The nonlinear least-square optimization method was used to
estimate the intrinsic kinetic parameters and discriminate the
models, using the square residual of the experimental values
and the calculated values of partial pressure for each component
as the optimized objective function; this is shown in Eq. 34.

U5
Xn

i51

½ðpCO2;exp2pCO2;calÞ21ðpCO;exp2pCO;calÞ2

1ðpDME;exp2pDME;calÞ2� (34)

Fourth- and fifth-order Runge–Kutta algorithms were used to
obtain the optimal solution to ordinary differential Eqs. 27–
29. The optimization algorithm was established using Matlab
programming (MathWorks, R2010b version), and Levenberg–
Marquart damped least-squares optimization55 was carried
out by lsqnonlin subroutines. Ode45 subroutines were used to
solve the system of ordinary differential equations. And sub-
stituting in the experimental data, several iterations were car-
ried out to obtain the minimum of the target function value,
that is, the estimated parameter value of the intrinsic kinetics

and the residual sum of squares within the 95% confidence
interval were obtained. Because the preexponential factor,
activation energy, adsorption equilibrium constant, and
adsorption heat are only a function of temperature, there are
strong correlations between the preexponential factor and the
activation energy, and between the adsorption equilibrium
constant and the adsorption heat. When the equilibrium con-
stants ki or Ki corresponding to each reaction temperature
were substituted for, the Arrhenius equation and the Van’t
Hoff equations transformed into Eqs. 35 and 36, respectively.

kiðTÞ5ki;0exp 2
Ei

RT

� �
! kiðTÞ5ki;0exp 2

Ei

R

1

T
2

1

T0

� �� �
(35)

kiðTÞ5ki;0exp 2
DHi

RT

� �
! kiðTÞ5ki;0exp 2

DHi

R

1

T
2

1

T0

� �� �
(36)

The experimental intrinsic kinetic data for catalytic CO2

hydrogenation to DME are shown in Table 5.
The optimized model parameters of the intrinsic kinetics

are shown in Table 6.
Based on the residual sum of squares U, decisive indicator

q2, and the F-test value, the calculation formulas are shown
in Eqs. 34, 37, and 38, and the optimal intrinsic kinetic
model was screened.

Decisive index: q2512
XM

i51

ðyi;exp2yi;calÞ2
,XM

i51

y2
i;exp (37)

F-value: F5

XM

i51
y2

i;exp2
XM

j51
ðyi;exp2yi;calÞ2

h i
=MpXM

i51
ðyi;exp2yi;calÞ2=ðM2MpÞ

(38)

where, yj,exp and yj,cal are the experimental values and calcu-
lated model values of CO yield and DME yield, respectively;

Table 5. Intrinsic Kinetic Data of the Catalytic Hydrogenation of CO2 to DME

T (�C) P(MPa) Wcat=/V (1023gcat.�h�m23) pCO2
(MPa) pCO (MPa) pDME (MPa) pCH3OH (MPa) pH2O (MPa) pH2

(MPa)

240 3.0 2.0 0.4346 0.0042 0.0298 0.0197 0.1285 2.3832
240 3.0 2.4 0.4336 0.0046 0.0312 0.0180 0.1307 2.3819
240 3.0 3.0 0.4321 0.0053 0.0329 0.0161 0.1336 2.3800
240 3.0 4.0 0.4297 0.0067 0.0352 0.0138 0.1380 2.3766
250 3.0 2.0 0.4321 0.0107 0.0189 0.0482 0.1222 2.3679
250 3.0 2.4 0.4290 0.0103 0.0273 0.0373 0.1323 2.3637
250 3.0 3.0 0.4253 0.0107 0.0349 0.0286 0.1424 2.3580
250 3.0 4.0 0.4199 0.0127 0.0425 0.0219 0.1548 2.3481
260 3.0 2.0 0.4262 0.0099 0.0358 0.0244 0.1416 2.3622
260 3.0 2.4 0.4217 0.0119 0.0406 0.0225 0.1510 2.3523
260 3.0 3.0 0.4163 0.0145 0.0459 0.0212 0.1621 2.3400
260 3.0 4.0 0.4074 0.0196 0.0526 0.0222 0.1787 2.3196
270 3.0 2.0 0.4423 0.0045 0.0107 0.0421 0.1057 2.3948
270 3.0 2.4 0.4353 0.0049 0.0265 0.0228 0.1259 2.3846
270 3.0 3.0 0.4264 0.0089 0.0362 0.0174 0.1444 2.3667
270 3.0 4.0 0.4082 0.0185 0.0506 0.0230 0.1799 2.3198
280 3.0 2.0 0.4499 0.0041 0.0023 0.0364 0.0854 2.4218
280 3.0 2.4 0.4424 0.0087 0.0226 0.0191 0.1060 2.4013
280 3.0 3.0 0.4249 0.0153 0.0329 0.0195 0.1394 2.3678
280 3.0 4.0 0.3975 0.0216 0.0454 0.0283 0.1944 2.3129
260 2.0 4.0 0.2728 0.0131 0.0321 0.0109 0.1157 1.5553
260 2.5 4.0 0.3337 0.0204 0.0453 0.0184 0.1588 1.9234
260 3.0 4.0 0.4084 0.0189 0.0520 0.0218 0.1768 2.3221
260 3.5 4.0 0.4973 0.0100 0.0445 0.0156 0.1688 2.7638
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Mp is the number of variables; and M is the experiment
time.

Comparing the four intrinsic kinetics models, the residual
sum of squares of model 3 is 1.00 3 1023, and the decisive
index is the largest (0.9998 > 0.99), indicating that the total
deviation of regression value of model 3 is the smallest, and
the calculated value of the model was much better matched
to the experimental data than the other models. Therefore,
model 3 was selected as the optimal intrinsic kinetics model
for Cu–Fe–Zr/HZSM-5 catalyzed hydrogenation of CO2 to
DME. In model 3, the activation energies of the reverse
water–gas shift reaction, methanol synthesis, and methanol
dehydration to DME were found to be 109.16, 173.72, and
89.91 kJ�mol21, respectively. This suggests that synthesis of
methanol is the bottleneck in the production of DME from
CO2. The rate-limiting steps of the reverse water–gas shift,
methanol synthesis, and methanol dehydration reactions are
given in Eqs. 11, 16, and 23.

The rate-limiting steps of methanol synthesis and the
reverse water–gas reaction as confirmed by molecular
simulation-based calculations were in agreement with the
results of the intrinsic kinetics experiment. Therefore, the
assumptions made in the elucidation of the intrinsic kinetics
are supported. The reaction activation energies of methanol

synthesis and the reverse water–gas reaction extracted from
the molecular simulation are 177.99 and 161.67 kJ�mol21,
and the values calculated from the intrinsic kinetic model
are only slightly different, at 173.72 and 109.16 kJ�mol21.
The reason for this is that the methanol synthesis and reverse
water–gas reactions are not independent of one another in
this particular catalytic reaction system.

Validation of the Intrinsic Kinetics Model. The F-test
was used to validate intrinsic kinetics model 3, for which
10F0.05(Mp, M2Mp) 5 2.74, and which yielded F 5 1762.83
> 10F0.05, indicating that the experimental results predicted
by model 3 were more reasonable at a 5 0.05. The experi-
mental values of the partial pressures of CO2, CO, and DME
were plotted against the values calculated by model 3, and
the residual analysis of the experimental and calculated val-
ues is shown in Figure 12. In the analysis diagram, the
points are evenly distributed on both sides of the diagonal,
which support the reliability of model 3. The experimental
data of CO2 conversion at different reaction temperatures
and space velocities was plotted against the results calculated
from model 3 and is shown in Figure 13. The experimental
data branched away from and rejoined the fitting curve, and
the relative errors between the calculated and experimental
data of the partial pressures of all components were less than

Table 6. Intrinsic Kinetic Parameters of the Catalytic Hydrogenation of CO2 to DME

Kinetic Constant Model 1 Model 2 Model 3 Model 4

kA;0
a (mol�h21�MPa21.5�g21) 9.12 6.65 6.58 6.65

kB;0 4.31 3 103

(mol�h21�MPa22�g21)
5.94 3 102

(mol�h-1�MPa22�g21)
2.83 3 103

(mol�h21�MPa21�g21)
69.21

(mol�h21�MPa23.5�g21)
kC;0 (mol�h21�MPa21�g21) 1.69 3 103 1.05 3 103 1.53 3 103 1.05 3 103

EA (kJ�mol21) 119.33 108.66 109.16 105.65
EB (kJ�mol21) 124.10 149.41 173.72 224.35
EC (kJ�mol21) 90.21 85.86 89.91 109.08
KCO;0

b (MPa21) 1.16 3 104 3.46 3 1029 1.16 3 104 9.68 3 1028

KH2O;0 (MPa21) 3.02 3 1025 3.96 3 1028 3.00 3 1025 1.11 3 1026

K
0

H2O;0
(MPa21) 3.24 3 102 4.44 3 10211 3.25 3 102 4.44 3 10211

KCH3OH (MPa-1) 5.62 3 102 4.44 3 10211 5.50 3 102 4.44 3 10211

2DHCO (kJ�mol21) 83.55 62.17 66.19 162.84
2DHH2O (kJ�mol21) 23.30 136.77 25.82 12.18
2DH

0

H2O
(kJ�mol21) 56.78 33.64 44.52 46.02

2DHCH3OH (kJ�mol21) 101.59 5.98 54.43 40.84
U 1.35 3 1023 3.34 3 1023 1.00 3 1023 2.54 3 1023

q2 0.9997 0.9992 0.9998 0.9994
F-Statistic 1749.70 527.79 1762.83 693.67

a,bThe subscript 0 indicates the value at 260�C.

Figure 12. Fitting between the experimental values of the gas partial pressures of CO2(A), CO(B), DME(C) and the
values calculated with kinetic model 3.
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10%, such that the kinetics model may be considered an
accurate descriptor of the intrinsic kinetics of CO2 hydrogen-
ation to DME.

Conclusions

The adsorption state of CO2 on a Cu(111) plane and the
methanol synthesis reaction were studied using DFT, and the
intrinsic kinetics of DME synthesis from CO2 was investi-
gated, resulting in the establishment of an intrinsic kinetic
model. The main conclusions of this work are the following:

1. The adsorption state of CO2 on Cu(111) plane was
studied by subjecting eight adsorption configurations of
CO2 on a Cu(111) plane to DFT analysis, and the optimal
adsorption configuration was found to be that of linear
CO2 adsorbed in a bridging conformation with its axis of
symmetry parallel to the Cu(111) plane. The adsorption
energy of CO2 in this case was 28.70 kJ�mol21, and sig-
nified CO2 is physisorbed rather than chemisorbed to the
active site. H2 was dissociatively adsorbed onto Cu(111)
plane through a stable chemisorption interaction, exhibiting
a dissociative adsorption energy of 294.50 kJ�mol21.
Fe3O4 was regarded as a catalytic promoter, and CO2

adsorbed to Cu from Fe3O4. Additionally, the activation of
linear-type CO2 occurred directly by the reaction of an
adsorbed CO2 molecule and dissociatively adsorbed H on
the Cu surface.

2. Molecular simulation was used to study the two possi-
ble pathways of methanol synthesis from CO2 and H2. The
simulation result indicated that methanol synthesis from CO2

proceeded via the formate pathway, and CO also accumu-
lated in the process. The rate-determining steps of the
reverse water–gas shift reaction and the methanol synthesis
reaction occurred when catalyzed by Cu(111) plane were
Eqs. 9 and 8, respectively. The reaction energy barriers of
the above two reactions were 161.67 and 177.99 kJ�mol21,
respectively.

3. The intrinsic kinetics of the mechanism for DME syn-
thesis from CO2 was investigated and the intrinsic kinetic
model was established, which was based on the reverse
water–gas shift reaction, the methanol synthesis reaction,

and the dehydration of methanol to DME. The activation
energy of the methanol synthesis reaction was the largest of
the three at 173.72 kJ�mol21, and so it was concluded that
methanol synthesis was the apparent rate-limiting step in the
catalyzed transformation of CO2 to DME. The rate-
determining elementary step of the above three basic reac-
tions was in Eq. 16. And the relative errors between the cal-
culated and experimental data of the partial pressures of all
components were less than 10%, the kinetics model may be
considered an accurate descriptor of the intrinsic kinetics of
CO2 hydrogenation to DME.
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Notation

Xi = conversion, mol%
Si = selectivity, mol%
Yi = yield, mol%
yi = mole fraction of component i, mol%
P = total pressure, MPa
pi = partial pressure of component i, MPa

Wcat = weight of the catalyst, g
r = reaction rate, mol�h21�g21

k = reaction rate constant
K = adsorption constant, MPa21

Ea = activation energy, kJ�mol21

E = potential energy, kJ�mol21

DE = energy change, kJ�mol21

DH = adsorption enthalpy increment, kJ�mol21

T = temperature, K
DGh = standard Gibbs free energy, kJ�mol21

R = gas constant, J�mol21�K21

/V = volumetric flow rate, mol�h21

V = volumetric flow rate, mL�min21

U = residual square sum
q2 = determinant index
F = F-test value
a = confidence

Subscripts

i = the ith component
0 = the value at 260�C

out = flow out
cal = calculation value

exp = experimental value
RWGS = reverse water–gas shift reaction

M = methanol synthesis
DME = methanol dehydration to DME

cat = catalyst
V = gas

Superscripts

h = standard condition
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