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A B S T R A C T   

In the direct dimethyl ether (DME) synthesis, the combination of Cu/ZnO/ZrO2 (CZZ) and H-FER-20 (FER) has 
shown high selectivity and productivity for a broad range of CO2/COX ratio. Aiming to understand the behavior 
of the studied catalyst system under distinct operating conditions, we developed a new 9-parameter kinetic 
model. The parameters were estimated based on 815 steady-state experiments carried out at several values of 
pressure (30–54 bar), temperature (190–250 ℃), space-velocity (0.79–4.34 s− 1) and inlet gas composition. This 
broad database was used in the development and validation of a new 9-parameter kinetic model for the direct 
DME synthesis. The model adequately simulates experiments in several process conditions, with 95% of the 
simulated points presenting a deviation lower than 20% with respect to the experimental results for outlet DME 
molar percentage. In addition, it correctly predicts the trends with respect to variations in H2 inlet fraction, 
which is of high relevance for processes using fluctuating renewable power sources for H2 production. In 
comparison to state-of-the-art models with more parameters, the new model is significantly more accurate. It 
benefits from the broad range of validity and elevated number of experimental points, which makes it a reliable 
model that can be applied for process optimization and scale-up.   

1. Introduction 

The production and utilization of green hydrogen, generated from 
electrolysis operated with solar or wind power, is one of the keys for our 
future energy system and for enabling sustainable production processes 
[1]. However, the low volumetric energy content of H2 limits its appli-
cation in the transportation section to large vehicles and makes its 
storage more expensive than other fuels [2]. Besides, for the imple-
mentation of a so-called hydrogen economy, the infrastructure to 
transport and store H2 is yet to be constructed [3]. To overcome these 
difficulties, hydrogen can be chemically stored by conversion with CO 
and CO2 in so-called Power-to-X (PtX) routes. This approach yields 
liquid organic compounds of higher energy density, suitable to be 
transported and stored in the existing infrastructure for carbon- 
containing fossil fuels [4,5]. 

Among PtX products, dimethyl ether (DME) is promising for use in 
the chemical industry and transportation sector [6]. It is a feedstock to 
produce light olefins, oxymethylene ethers and gasoline, among other 

synthetic hydrocarbons. It is also an alternative fuel, due to its high 
cetane number and cleaner combustion product, with low soot emission 
and reduced CO, hydrocarbons and NOx emissions comparing to diesel 
[7,8]. 

Commercially, DME is produced from syngas in two stages, under the 
presence of a functional catalyst in each step. In the first stage, CO and 
CO2 react with hydrogen to form methanol (Reactions (1) and (2)), in 
parallel with the reverse water–gas shift (rWGSR, Reaction (3)) as side 
reaction. In the second stage, methanol undergoes dehydration to form 
DME (Reaction (4)). 

CO+ 2H2⇌CH3OH ΔH0
25◦ C = − 90.4kJ⋅mol− 1 (1)  

CO2 + 3H2⇌CH3OH +H2O ΔH0
25◦ C = − 49.4kJ⋅mol− 1 (2)  

CO2 +H2⇌CO+H2O ΔH0
25◦ C = + 41.0kJ⋅mol− 1 (3)  

2 CH3OH⇌CH3OCH3 +H2O ΔH0
25 ◦ C = − 23.5 kJ⋅mol− 1 (4) 
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The synthesis of DME in one reactor over a dual catalyst system al-
lows to overcome the thermodynamic limitations of methanol synthesis 
(Reactions (1) and (2)), since methanol is consumed in situ via Reaction 
(4), lowering its concentration and driving the reaction towards the 
generation of products. Additionally, the installation of a single reactor 
might lead to lower investment costs [5,9]. Due to these advantages, 
DME direct synthesis is in focus and already being investigated in pilot 
scale [4,6,10]. 

The Cu/ZnO/Al2O3: γ-Al2O3 (CZA/γ-Al2O3) catalyst system has been 
broadly investigated and presents high yield and selectivity for CO-rich 
syngas feed. However, in CO2-rich conditions, water formation is 
enhanced due to higher occurrence of Reaction (2) and, at elevated 
temperature, also of Reaction (3). Since γ-Al2O3 is a hydrophilic mate-
rial, it is subject to competitive adsorption of water in water-rich envi-
ronments, which deactivates the catalyst by blocking the active sites 
[11]. The activity of CZA also suffers a negative effect at higher water 
content, partially because of Al2O3 content in its composition. As syngas 
sources become more diverse, aiming to address environmental moti-
vations, catalysts suitable for CO2-rich syngas feeds play a deciding role. 
In comparison to CZA, Cu/ZnO/ZrO2 (CZZ) presented higher tolerance 
to water, being more suitable to CO2-rich syngas hydrogenation [12]. As 
an alternative to γ-Al2O3 for methanol dehydration, the use of zeolites, 
such as ferrierite (FER), was proposed due to their higher number of acid 
sites and surface area combined with a high selectivity and slow coke 
deposition [13–15]. 

In a previous study [12], we compared CZA and CZZ for direct DME 
synthesis, in combination with FER. The CZZ/FER system yielded higher 
DME selectivity and productivity than CZA/FER for all CO2/COX ratios 
tested. Additionally, we compared the CZZ/FER system to CZZ/γ-Al2O3 
for direct DME synthesis; the former presented a considerable 
improvement in DME selectivity and productivity for higher CO2/COX 
ratios in the inlet gas. Arena et al. [16] tested a self-produced CZZ 
catalyst for an inlet gas composed of CO2, H2 and N2, and an improve-
ment in methanol selectivity was observed in comparison to a com-
mercial CZA catalyst. Catizzone et al. [13] tested FER with distinct Si/Al 
ratios, showing that FER-10 and FER-25 allow higher methanol con-
version for the entire temperature range in comparison to γ-Al2O3. In the 
work from Bonura et al. [17], hybrid systems combining CuZnZr meth-
anol catalyst and two different zeolites – ferrierite (FER) and mordenite 
(MOR) – were studied, and the authors observed a greater DME yield 
using FER. Although these catalytic systems have been studied by 
different groups, the reaction mechanism is still not well understood. 

Kinetic modeling plays a deciding role for scale-up and process 
optimization of direct DME synthesis at a commercial level. A chal-
lenging aspect is the complexity of reaction mechanisms, due to 
morphological changes in the catalyst surface under varying reaction 
conditions and multiple reaction pathways, as well as a not completely 
understood influence of water. For this reason, several models are pro-
posed in literature. Nevertheless, most of them were validated only for 
the CZA/γ-Al2O3 system – an overview is given in Section 2. Addition-
ally, a characteristic of many studies is a limited range for CO2/COX 
ratios [18]. In our previous work [14], we developed a kinetic model for 
the CZZ/FER system by combining the methanol synthesis model pro-
posed in [19], originally validated for CZA catalyst, with a rate equation 
for methanol dehydration based on the mechanism proposed by 
Arvidsson et al. [20]. The parameters were estimated according to 240 
experimental points, varying the CO2/COX inlet ratio, temperature, inlet 
gas flow and the mass of CZZ and FER in the catalyst bed. 

The present work addresses two objectives: firstly modeling the 
direct DME synthesis for a distinct catalytic system – which, to the best 
of our knowledge, was studied for such process uniquely by our group – 
and secondly using experimental data for a broad range of operating 
conditions. In this contribution, we expanded significantly the valida-
tion range of the model proposed in [14]. As the experiments from our 
previous work were carried out at 30 bar, in the present study the 
pressure was varied between 30 and 54 bar. Moreover, H2 inlet was 

varied between 35 and 65% (v/v), which is of interest when fluctuating 
hydrogen sources are considered as feed component. Also, the CO2/COX 
ratio was broadened to values as low as 0.12, increasing the robustness 
of the model. Here, methanol synthesis experiments were additionally 
performed and included in order to better assess the kinetic regime of 
the first stage of direct DME synthesis. The resulting new database is 
combined with the experiments from [14], and the kinetic parameters 
are estimated for the proposed model. 

2. Overview of available models for direct synthesis of DME 

Models for direct DME synthesis published in literature are either a 
combination from methanol synthesis and methanol dehydration rate 
equations or are directly developed for such process. For methanol 
synthesis, models differ with respect to the considered adsorption sites, 
intermediate paths and rate-determining steps, as well as to the choice of 
global reactions. In the models from Graaf et al. [21], Seidel et al. [22] 
and the 1-parameter and 9-parameter models from Campos et al. [19], 
methanol is assumed to be formed both by CO and CO2 hydrogenation, 
and (reverse) water–gas shift takes place in parallel. On the other hand, 
direct CO hydrogenation is neglected in the models developed by Van-
den Bussche and Froment [23], Slotboom et al. [24], Nestler et al. [25] 
and in the 6-parameter model from Campos et al. [19]. As pointed in 
[24], only two kinetic rate equations are strictly necessary, because the 
third one is the linear combination of the other two. All aforementioned 
models were developed for the Cu/ZnO/Al2O3 (CZA) catalyst, used 
industrially for methanol synthesis [26]. 

Regarding methanol dehydration to DME, Bercic and Levec [27] 
proposed a model in which a Langmuir–Hinshelwood mechanism with 
dissociative adsorption of methanol on the catalyst surface is assumed. 
The formulation includes a denominator where inhibition due to 
methanol and water adsorption is considered, nevertheless DME 
adsorption is neglected, as in similar models [14,28,29]. Mollavali et al. 
[28] developed a model based on the mechanism proposed in [29], and, 
according to their experiments, the rate-determining step is the reaction 
of a methoxy group with an adsorbed molecule of methanol. These two 
models were developed for dehydration on γ-Al2O3. 

In Tables 1 and 2, a summary of kinetic models for direct DME 
synthesis is displayed. Ng et al. [30] and Hadipour and Sohrabi [31] 

Table 1 
Overview of studies dedicated to kinetic studies of direct DME synthesis.  

Work* Methanol 
catalyst 

DME 
catalyst 

Methanol 
model 

DME model 

Ng 1999 [30] CZA γ-Al2O3 Bussche 1996  
[18] 

Bercic 1992  
[20] 

Lu 2004 [29] CZA HZSM-5 Self- 
developed 

Self- 
developed 

Aguayo 2007  
[32] 

CZA γ-Al2O3 Self- 
developed 

Self- 
developed 

Hadipour 
2008 [31] 

CZA γ-Al2O3 Graaf 1988  
[16] 

Bercic 1992 

Sierra 2010  
[33] 

CZA γ-Al2O3 Aguayo 2007  
[25] 

Aguayo 2007 

Ereña 2011  
[34] 

CZA γ-Al2O3 Aguayo 2007 Aguayo 2007 

Peláez 2017  
[35] 

CZA γ-Al2O3 Self- 
developeda 

Self- 
developedb 

Delgado 2020  
[36] 

CZA γ-Al2O3 Lu 2004 Lu 2004 

Wild 2022  
[14] 

CZZ FER Campos 2021  
[15] 

Self- 
developedc 

This work CZZ FER Campos 2021  
[15] 

Wild 2022  
[14] 

*Works and models named by first author and year of publication. 
a Based on the mechanism published by Vanden Bussche and Froment [23]. 
b Based on the mechanism published by Bercic and Levec [27]. 
c Based on the mechanism published by Arvidsson et al. [20]. 
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combined existing models for methanol synthesis and methanol dehy-
dration rate equations – respectively Vanden Bussche and Froment [23] 
and Bercic and Levec [27]; and Graaf et al. [21] and Bercic and Levec 
[27] – and re-estimated the parameters for the respective databases. 

Lu et al. [29] proposed a kinetic model, assuming one active site for 
methanol synthesis and that DME is formed by the reaction between a 
methoxy cation with an adsorbed methanol molecule. Aguayo et al. [32] 
proposed three kinetic models of increasing complexity. In the first 
model, the authors considered CO hydrogenation and water–gas shift 
reaction (WGSR). In the second one, an inhibition term due to adsorp-
tion of water in the catalyst was included. The third model adds CO2 
hydrogenation rate equation. According to their data basis, inhibition by 
water has a relevant effect in the kinetics, and CO2 hydrogenation has a 
low influence in the model. Nevertheless, their experiments were per-
formed with either pure CO or pure CO2 as carbon source, not taking 
into account the diversity in mechanisms for distinct mixtures of CO and 
CO2. Sierra et al. [33] performed experiments with CO and H2 as feed 
gases and included a term for deactivation over time in the second model 
from [32], a phenomenon owed to coke formation. As an improvement 
to Sierra’s model, Ereña et al. [34], based on experiments with H2 + CO 
or H2 + CO2, maintained the deactivation term introduced in [33] and 
adapted the attenuation term for feeds containing CO2. Peláez et al. [35] 
developed their own kinetic expressions based on the mechanistic model 
presented in [23] and on an elementary equation proposed in [27]. The 
authors aimed to optimize the composition of the catalytic bed, i.e., 
determine the ideal proportion between the methanol and DME cata-
lysts. In our group, Delgado et al. [36] used the model from Lu et al. [29], 
refitted with own experimental data, to optimize COx conversion in DME 
synthesis by varying operating conditions and composition of the cata-
lytic bed, and experimentally validated the simulated results. Also in a 
work from our group, Wild et al. [14] combined the 6-parameter model 
for methanol synthesis from Campos et al. [19] with an additional re-
action rate equation for methanol dehydration, derived from density 
functional theory (DFT) calculations described in [20]. The resulting 8- 
parameter model was fitted with experimental measurements performed 
using Cu/ZnO/ZrO2 (CZZ) catalyst for methanol synthesis and H-FER 20 
for methanol dehydration, and the result was used to optimize the 
composition of the catalytic bed for an inlet CO2/COx ratio of 0.9. 

3. Experimental study 

3.1. Catalyst preparation 

The catalyst chosen for the methanol synthesis was a self-produced 
Cu/ZnO/ZrO2 (CZZ), with a precursor solution of Cu/Zn/Zr: 57/29/ 
14% m/m. The preparation followed a continuous co-precipitation 
method in a micro jet mixer, where metal nitrate and sodium bicar-
bonate solutions are mixed at pH 7. The resulting suspension was aged at 

40 ◦C for 2 h. Then, the solids were filtered, dried at 110 ◦C for 16 h, and 
calcined at 350 ◦C for 4 h with a heating ramp of 3 ◦C⋅min− 1. Further 
details about the synthesis can be found in [26], and characterization 
results are presented in [14]. 

The catalyst chosen for methanol dehydration was the commercial 
zeolite H-FER-20 (FER), which has a SiO2/Al2O3 ratio of 20. Charac-
terization results for this material can be found in [37]. A calcination 
with air at 550 ◦C for 4 h was performed. 

Both catalysts were powdered, pressed and sieved into fractions 
between 250 and 500 μm. The corresponding bulk densities of CZZ and 
FER were 882.5 and 415.0 kg⋅m− 3, respectively [14]. 

In order to activate the catalysts, a 300 mLN⋅min− 1 flow containing 
5% (v/v) hydrogen in nitrogen was applied, with a temperature increase 
from 100 to 200 ◦C at 20 ◦C⋅h− 1. The temperature of 200 ◦C was held for 
one hour and afterwards increased to 240 ◦C at 12 ◦C⋅h− 1. Finally, 
maintaining the temperature at 240 ◦C, the hydrogen concentration was 
increased to 50% (v/v), and the flow was held for one hour. 

3.2. Experimental setup 

Steady-state experiments at various conditions were conducted in a 
fixed-bed tube reactor made of stainless steel (length: 460 mm, inner 
diameter: 12 mm) with an inner concentric tube (2 mm) to measure the 
temperature along the reactor length. Hydrogen (99.999% v/v), carbon 
monoxide (99.97% v/v), nitrogen (99.9999% v/v), and a mixture of 
carbon dioxide and nitrogen (50:50 ± 1.0% v/v) (Air Liquide Germany 
GmbH) were supplied as inlet feed via mass flow controllers (MFCs, 
Bronkhorst High Tech), regulated using proportional-integral-derivative 
(PID) control. A flow diagram of the setup is available in our previous 
publication [38]. The MFCs were calibrated using a flowmeter (De-
fender 530+, Mesalabs, standard error: 1.0% v/v). The concentration of 
the reactants (via bypass) and the products were measured via a Fourier 
transform infrared spectrometer (FTIR, Gasmet CX4000) coupled with a 
hydrogen analyzer (H2–/TCD, LFE Conthos 3). 

Two experimental series were performed: the first one (Set #1, 
methanol synthesis) with only CZZ catalyst (3.39 g), and the second one 
(Set #2, direct DME synthesis) with a mixture containing CZZ (3.39 g) 
and FER (0.15 g). The latter series corresponds to a CZZ/FER volume 
composition of 91.5/8.5% v/v, an optimized value determined in our 
previous work for a CO2/COX ratio of 0.9 [14]. 

In order to avoid formation of hot spots in the catalytic bed, the 
catalysts were diluted with 34.9 g of silicon carbide (SiC, Hausen Min-
eraliengroßhandel GmbH). The catalyst bed was filled as five-fold stacks, 
to improve the distribution of the components along the reactor, total-
izing 200 mm length. The top and the bottom of the reactor were 
completed with pure SiC. Axial temperature variations in the reactor 
were lower than 2 ◦C, therefore isothermal operation was assumed. 

The range of operating conditions from our experiments are 

Table 2 
Validation ranges of kinetic models for direct DME synthesis.  

Work* Pressure (bar) Temperature (◦C) Methanol catalyst mass fraction (%)** CO2/COX H2/COX 

Ng 1999 [30] 50 250 33–67 0–1 1–4 
Lu 2004 [29] 20–40 250–270 80–86 0b 0.8–2.1b 

Aguayo 2007 [32] 10–40 225–325 67 0 or 1 4 
Hadipour 2008 [31] 9 230–300 44–58a 0.11 1.78 
Sierra 2010 [33] 10–40 225–350 67 0 2–4 
Ereña 2011 [34] 20–40 225–325 67 0 or 1 2–4 
Peláez 2017 [35] 30 250–270 70–92 0–0.29 0.53–1.5 
Delgado 2020 [36] 50 220–260 50 0.06–0.43 2.36–2.72 
Wild 2022 [14] 30 210–240 50–99 0.4–0.9 1.92–2.12 
This work 30–54 200–250 50–99 0.12–0.92 1.44–3.07 

*Works and models named by first author and year of publication. 
**Mass of methanol catalyst/Total mass of catalyst. 

a From Delgado et al. [18]. 
b CO2 is reported as reactant in the setup, however, in the experimental results, only CO is mentioned. 
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summarized in Tables 3 and 4. Previous experiments reported in [14] 
(here named Set #3) were also included in the experimental database of 
this work, as CZZ and FER catalysts from the same synthesis batches 
were used. The experiments performed in this work significantly 
enlarged the covered operating conditions from our previous work [14] 
in terms of pressure, temperature, gas hourly space velocity (GHSV), and 
feed composition. Full experimental data is provided in the Supple-
mentary Information (SI, Section S9). 

Our experiments are designed and performed with the aim of 
capturing mostly the kinetic regime of the reactions, in order to better 
estimate the parameters related to kinetic rate constants and adsorption 
of certain compounds. For this reason, our experiments are mostly car-
ried out at high GHSV. We also performed experiments at lower GHSV 
and lower dilution in N2, in order to obtain high conversions, providing 
the kinetic model with information about the behavior of the system 
under such conditions. 

4. Kinetic model development 

4.1. Description of the developed model 

It is known that the zinc coverage of Cu/Zn-based catalysts varies 
depending on the operating conditions, i.e., temperature and gas 
composition [39–41]. Ovesen et al. [42] proposed a methodology to 
estimate the zinc coverage using the Wulf construction, involving the 
estimation of one parameter. Kuld et al. [41] performed DFT calculations 
and proposed a methodology for the zinc coverage estimation without 
any extra parameter estimation, which should be valid if the WGSR is 
close to equilibrium. We tested the approach of Ovesen et al. [42] in the 
model, including an additional parameter. However, this parameter was 
not statistically significant, and led in our case to a Zn coverage close to 
unity and almost independent of the gas phase composition. Therefore, 
it was chosen to neglect the zinc coverage variation in this kinetic model. 

Activity decay was observed in the experimental study by measuring 
reference points. Details about the measurement of such points and the 
obtained experimental values are given in SI (Section S3). Since the 
deactivation profile is significantly similar for both methanol and direct 
DME synthesis experiments, it is probable that only CZZ is losing ac-
tivity, and FER deactivation is negligible in this period (<600 h). 
Therefore, a second-order decay model was proposed for CZZ, which is 
the most commonly used decay rate when sintering is the main deacti-
vation cause [43]. 

By including a deactivation function, we intend at this moment to 
describe the system more accurately, consequently increasing the 
quality of the estimated kinetic parameters. Creation of kinetic models 
was also tested without the deactivation function, and, although the 
models are comparable in performance with the ones which include 
deactivation, we observed that the error had distinct behaviors with 
variation in time on stream. A more complete analysis and the results for 
parameter estimation are given in SI (Section S4). In future works we 
plan to study in more details the deactivation of the catalyst, providing 
relevant information also for industrial systems. For now, this function 
should not be extrapolated to an industrial catalyst lifetime, which is 
typically higher than 20,000 h. First, because it was not validated for 
such long operating times. Second, industrial processes take place under 
stable conditions of feed, temperature and pressure, in contrast to lab-
oratorial experiments, where catalyst deactivation is faster due to 

variable operating conditions. 
The activity of CZZ catalyst with respect to time on stream (ToS[h] ) is 

given by Equation (5): 

aCZZ =
1

1 + kd⋅(ToS − t0)
(5)  

Here, t0 is the reference time on stream (when aCZZ = 1), which was 
defined at t0 = 80 h. In the first hours of catalyst operation, deactivation 
is accelerated due to the rearrangement of the ZnO moieties, influencing 
the stability of the Cu/ZnO interface [44]. After this period, deactivation 
becomes moderate, and the behavior of the curve changes. In our case, 
we observe that the deactivation curve is stable after approximately 80 
h, therefore we chose this number as a reference for the deactivation 
function. 

The kinetic approach used in this work is an adapted version of the 
model described in [14]. The six-parameter model for methanol syn-
thesis proposed in [19] is combined with an additional reaction for 
methanol dehydration to DME, considering the associative reaction as 
the rate-determining step [20]. Detailed derivation of the equations can 
be found in these two articles [14,19], and the elementary steps 
considered in each are available in SI (Section S7). The reaction rates 
(

rj

[
mol⋅kgcat

− 1⋅s− 1
] )

for the three reactions considered are given as 

follows: 

rCO2hyd = aCZZ ⋅kCO2hyd⋅θa⋅θb⋅fH2
1.5⋅fCO2

⋅

(

1 −
fCH3OH ⋅fH2O

fH2
3⋅fCO2 ⋅KP,CO2hyd

0

)
(6)  

rrWGS = aCZZ ⋅krWGS⋅θa⋅θb⋅fCO2 ⋅fH2O

⋅

(

1 −
fCO⋅fH2O

fH2 ⋅fCO2 ⋅KP,rWGS
0

)
(7)  

rdehyd = kdehyd⋅θc⋅fCH3OH
2

⋅

(

1 −
fDME⋅fH2O

fCH3OH
2⋅KP,dehyd

0

)
(8) 

The formation of hydrocarbons, especially methane, could occur in 
this process. However, the amount of methane detected was either zero 
or close to zero for all measured conditions. Therefore, methane and 
other hydrocarbons production were neglected in our kinetic model. 
From our experience with the CZZ/FER system, hydrocarbon production 
in methanol and direct DME syntheses is more pronounced (although 
still low) when working without CO2 in the feed. 

In the Equations (6)–(8), kj correspond to the kinetic constant for 
each reaction j. Fugacities are given in bar and were calculated using 
Peng-Robinson cubic equations of state. KP,CO2hyd

0[bar− 2], KP,rWGS
0[ − ]

Table 3 
Operating conditions of the experiments.  

Set N◦ of points Pressure (bar) Temperature (℃) GHSV (s¡1) Mass CZZ (g) Mass FER (g) 

#1 194 31–61 190–250 2.17–4.34 3.39 – 
#2 381 30–54 200–250 0.79–2.78 3.39 0.15 
#3a 240 31 210–240 2.78–3.57 1.19–3.59 0.05–1.19  

a Experiments from the work of Wild et al.[14]. 

Table 4 
Ranges for feed gas composition (% v/v).  

Set H2 CO CO2 N2 

#1 36.8–60.8 4.6–19.5 2.2–14.9 19.4–44.1 
#2 35.2–65.1 3.7–19.1 2.2–16.6 10.0–40.7 
#3a 41.9–43.4 1.8–12.0 8.6–20.0 35.8–36.9  

a Experiments from the work of Wild et al.[14]. 
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and KP,dehyd
0[ − ] correspond to the equilibrium constants for each 

reversible reaction. They were calculated from Gibbs free energy 
assuming constant heat capacity in the considered temperature range, 
yielding to three parameters instead of seven. The calculation procedure 
is described in [38]. 

KP,CO2hyd
0 = T − 4.587⋅exp

(
4698.84

T
+ 9.144

)

(9)  

KP,rWGS
0 = T − 1.097⋅exp

(

−
5331.56

T
+ 12.496

)

(10)  

KP,dehyd
0 = T1.193⋅exp

(
3154.77

T
− 10.848

)

(11)  

Further on, θa is the coverage of free Cu/Zn sites for carbon-containing 
species, θb is the coverage of free Cu and Cu/Zn sites for H2 and H2O 
adsorption, and θc is the coverage of free zeolite sites, respectively. They 
are calculated as follows: 

θa =
(
1 + K1⋅fCO2 ⋅fH2

0.5)− 1 (12)  

θb =
(
1 + K2⋅fH2O⋅fH2

− 0.5)− 1 (13)  

θc =
(
1 + K3⋅fCH3OH

)− 1 (14)  

Here, K1
[
bar− 1.5], K2

[
bar− 0.5] and K3

[
bar− 1] are adsorption constants 

and need to be estimated. It is important to highlight that methanol 
dehydration over FER might be limited by mass transfer, due to the 
intrinsic porosity of the material. Nevertheless, since our experiments 
were carried out with particles of sizes between 250 and 500 μm, we 
assumed no mass transfer limitation. 

The kinetic constants (kj) and the adsorption constants (Kj) are 
usually given as Arrhenius and Van’t Hoff equations, respectively [24], 
i.e.: 

kj = Aj⋅exp
(

Bj

T

)

= Aj⋅exp
(

−
EA,j

RT

)

(15)  

Kj = Aj⋅exp
(

Bj

T

)

= exp
(

ΔSO
ads,j

R

)

⋅exp
(

−
ΔHO

ads,j

RT

)

(16) 

The model, as described, contains 13 parameters: two for each ki-
netic constant kj, two for each adsorption constant Kj, and the deacti-
vation constant kd. We tested the model with 13 parameters and found 
that the activation energy for methanol dehydration 

(
EA,dehyd

)
is not 

statistically significant at the 95% confidence interval. Therefore, we 
decided to remove this parameter, similarly to other published models 
[14,35]. Additionally, all B terms for the adsorption constants, i.e., 
ΔH0

ads, are statistically equal to 0. This conclusion is consistent with 
recent publications for methanol synthesis [19,22,24], and, for meth-
anol dehydration, the same approach was followed in [14]. The results 
for this test are available in SI (Section S5). Therefore, the adsorption 
term is given here as follows: 

Kj = exp
(

ΔSO
ads,j

R

)

(17)  

in which j corresponds to each active site taken into account. As a 
consequence, the total number of parameters decreased to 9. 

4.2. Bussche–Bercic model description 

In order to compare the present model to state-of-the-art models 
published in the literature, we combined the model for methanol syn-
thesis proposed by Vanden Bussche and Froment [23] with the model for 
methanol dehydration to DME from Bercic and Levec [27]. For a fair 

comparison, the parameters were refitted utilizing our experimental 
database. From here on, this model combination will be called Bus-
sche–Bercic. Such combination of models was also employed by Ng et al. 
[30], for example. 

The kinetic rate equations from Vanden Bussche and Froment [23] 
model are: 

rCO2hyd = kCO2hyd⋅θBF
3⋅fH2 ⋅fCO2

⋅

(

1 −
fCH3OH ⋅fH2O

fH2
3⋅fCO2 ⋅KP,CO2hyd

0

)
(18)  

rrWGS = krWGS⋅θBF ⋅fCO2 ⋅

(

1 −
fCO⋅fH2O

fH2 ⋅fCO2 ⋅KP,rWGS
0

)

(19)  

θBF =

(

1 + K1⋅
fH2O

fH2

+ K2⋅fH2
0.5 + K3⋅fH2O

)− 1

(20) 

The kinetic rate equation from Bercic and Levec [27] model is: 

rdehyd = kdehyd⋅K4
2⋅θBL

4⋅fCH3OH
2

⋅

(

1 −
fDME⋅fH2O

fCH3OH
2⋅KP,dehyd

0

)
(21)  

θBL =
(

1 + 2
̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
K4⋅fCH3OH

√
+ K5⋅fH2O

)− 1
(22)  

where θBF is the coverage of free sites on the methanol catalyst, and θBL is 
the coverage of free sites on the zeolite catalyst. 

The form of the equations was adjusted to make them coherent one 
to the other and comparable to the model we proposed. For both models, 
reaction rates are given in [mol⋅kgcat

− 1⋅s− 1]. It is important to highlight 
that, in Bercic and Levec’s model [27], the quantity of gas species is 
given as mole concentration instead of fugacity or partial pressure. 
However, for isothermal reactors without pressure loss, as considered in 
this work, these units are equivalent. 

Similarly to our model, kinetic rate constants kj and adsorption 
constants Kj are lumped parameters from Arrhenius and Van’t Hoff 
equations, respectively. Therefore, the Bussche–Bercic combination 
contains 16 parameters. If the deactivation constant kd is included, 17 
parameters are involved. 

4.3. Reactor equations 

In the reactor model, flow was considered one-dimensional and 
assumed as ideal plug flow (PFR). For each component, the differential 
equation for material balance with respect to the reactor length is given 
by: 

dyi

dz
=

1
LṄ
[
mCZZ ⋅

(
νi,CO2hyd⋅rCO2hyd +νi,rWGS⋅rrWGS

)
+mFER⋅νi,dehyd⋅rdehyd

]
−

yi

Ṅ
⋅
dṄ
dz
(23)  

Here, yi is the molar fraction of component i, z refers to the axial di-
rection, mCZZ and mFER correspond respectively to the total mass of Cu/ 
ZnO/ZrO2 and H-FER 20 [kg], νij is the stoichiometric coefficient of 
component i in reaction j, and L is the reactor length [m]. Ṅ is the overall 
molar flow 

[
mol⋅s− 1], which changes along the reactor length due to the 

reduction in the number of moles through CO2 hydrogenation. The 
differential equation for the molar flow is: 

dṄ
dz

= −
2⋅mCZZ ⋅rCO2hyd

L
(24)  

4.4. Parameter estimation 

The 815 experimental points were randomly divided into 5 groups of 
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163 points each, in order to perform a 5-fold cross-validation [45]. The 
objective of this procedure is the assessment of the model capacity to 
predict outside its training set, the so-called test error. Points with only 
CZZ catalyst were equally divided into the groups. In this method, each 
group of points is removed at a time, and the model is trained for the 
remaining points. The removed group is used for validation. For each set 
of training points, the objective function was the minimization of χ2, 
which stands for the normalized squared prediction errors of carbon- 
containing compounds, i.e., CO, CO2, CH3OH and DME, as given in 
Equation (25). For the experiments performed without dehydration 
catalyst, the term for DME relative error was not considered. 

χ2 =
∑NP

i=1

(
yi

CO,out − ŷi
CO,out

)2

yi
CO,out

2 +

(
yi

CO2 ,out − ŷi
CO2 ,out

)2

yi
CO2 ,out

2

+

(
yi

CH3OH,out − ŷi
CH3OH,out

)2

yi
CH3OH,out

2 +
∑N

*
P

i=1

(
yi

DME,out − ŷi
DME,out

)2

yi
DME,out

2

(25) 

NP corresponds to the total number of points in the training sets, and 
N*

P refers to the points for the CZZ:FER system. yi
j,out is the experimental 

output molar fraction of gas j in experiment i, and ŷi
j,out is the simulated 

output molar fraction of gas j in experiment i. 
The described model has 9 parameters, namely: kCO2hyd (A and B), 

krWGS (A and B), kdehyd (A), K1, K2, K3 and kd. To improve numerical 
sensitivity due to parameters with distinct greatness orders, in this work 
the three A terms in the kinetic constants were estimated in the loga-
rithmic form, i.e., a = lnA∴A = exp(a). 

The cross validation, i.e., k-fold CV is calculated as given below [45]: 

CV(k) =
1
k

∑k

i=1
χ2

i (26)  

In this study, k = 5, since a 5-fold cross-validation was performed. 
The confidence interval (CI) for each parameter was calculated based 

on the standard deviation of the estimations for the five groups, 
assuming Student’s t-distribution with four degrees of freedom. 

CI(1 − α) =
s⋅tα/2,k− 1

√k
(27)  

Here, α is the significance level, chosen to be 0.05 in this study, s is the 
sample’s standard deviation, k is the sample size, and tα/2,k− 1 is the 
Student’s two-tailed t-distribution value for a significance level of α and 
k − 1 degrees of freedom. 

The normalized mean squared error and the mean relative error for a 
component j were calculated according to the following formulae: 

MSEnormj =
1

NP

∑NP

i=1

(
yi

j,out − ŷi
j,out

)2

yi
j,out

2 (28)  

MREj =
1

NP

∑NP

i=1

⃒
⃒
⃒yi

j,out − ŷi
j,out

⃒
⃒
⃒

yi
j,out

(29) 

All calculations were performed in Matlab R2021b. Molar fractions 
and molar flow – Equations (23) and (24) – were integrated using the 
ode45 function, with absolute and relative tolerances set to 10− 8. 
Minimization of χ2 was performed using the built-in fminsearch function. 
Tolerance of X was set to 10− 4, and the function tolerance was set to 
10− 6. Due to the denominators in Equations (6)–(8), (12)–(14) and (18)– 
(22), initial molar fractions for all components were set as at least 1⋅10− 7 

(0.1 ppm), to avoid numerical indetermination in the reactor inlet. 
Different initial guesses were tested, in order to find multiple local 
minima and to choose the lowest objective function among them. 

5. Results 

5.1. Parameter estimation 

The kinetic model was successfully developed. The estimated pa-
rameters and the 95% confidence interval for the training set with the 
lowest overall χ2 value are given in Table 5. The χ2 for the chosen 
training set is equal to 25.107, and the CV(5) for this model is equal to 
25.123, substantially lower than χ2 = 41.099 and CV(5) = 41.137, ob-
tained with the Bussche–Bercic model. Results for all sets from both 
models are available in SI (Section S1). For both models, the lowest χ2 is 
close to their respective CV(5), indicating the ability of the models to 
predict results outside the training set. The 95% confidence intervals 
(CI) shown in the table for all parameters confirm their statistical 
relevance. 

The normalized mean squared error and the mean relative error for 
the carbon-containing compounds, i.e., CO, CO2, methanol and DME, 
are given in Table 6. The models are overall comparable in performance 
with respect to CO and CO2. For methanol synthesis (Set #1), Bus-
sche–Bercic slightly outperforms the present model for CO and CO2, and 
our model is slightly better for methanol. For direct DME synthesis (Sets 
#2 and #3), the present model outperforms Bussche–Bercic for all 
substances but CO2. Furthermore, the mean relative error for the DME 
prediction in our model is below 10%, which is a good indicator of its 
quality. 

Parity plots for the carbon-containing compounds are presented in 
Fig. 1, with the points being distinguished according to the experimental 
sets presented in Tables 3 and 4. Simulations for CO (Fig. 1a) and CO2 
(Fig. 1b) are in good agreement with the experiments, with 99% of the 
CO points and all of CO2 points within the 20% range. 

Within the CZZ/FER system (Sets #2 and #3 combined), 554 of the 
621 methanol points (89%) are within the 20% lines, and deviations are 
well-distributed. For the CZZ system (Set #1), 145 of the 194 methanol 
points (75%) are inside the 20% lines (Fig. 1c). A slight underestimation 
trend is observed for higher methanol concentration in the CZZ exper-
iments. While this phenomenon probably occurs because most methanol 
points used for the parameter estimation are concentrated at low values 
(<0.75% v/v), it is not an issue here, since the focus of this model is to 
simulate the direct DME synthesis, in which methanol concentration is 
always low. 

Regarding DME (Fig. 1d), 588 of the 621 data points are within the 
20% range, which corresponds to 95% of the points. As can be seen in 
the figure, the present model is particularly good in predicting high DME 
yields (>3% volume fraction), showing the reliability of the model also 
for high yield conditions. Another aspect of our work is the expansion of 
the validation range for DME output. While Set #3 covers DME yields up 
to 1.07% v/v, in Set #2 a volume fraction of nearly 6% v/v is reached 
(corresponding to a COX conversion of 51%). Nevertheless, the new 
model comprises most points of Set #3 in the 20% range – only five out 
of 240 points are underestimated. Using the refitted Bussche–Bercic 
model, only 79% of the points for DME yield are located within the 20% 
limit. Parity plots for this combination are available in the SI (Section 
S2). 

5.2. Comparison between experiments and simulations 

A meaningful kinetic model needs to exhibit appropriate sensitive-
ness to the input variables, which in this case are: temperature, pressure, 
inlet composition and space velocity. Such characteristic is more effi-
ciently achieved the wider the training range is. The new experiments 
for direct DME synthesis (Set #2) permit, for example, a more precise 
evaluation of the effect of inlet gas composition and overall pressure. In 
Set #2, the pressure range was expanded up to 54 bar, and the hydrogen 
concentration was varied between 35 and 65% (v/v). Such variations 
are important in order to simulate experiments using syngas from 
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Table 5 
Estimated parameters within the chosen training set.  

Parameter Value ± 95% CI  Unit 

kCO2hyd lnA 15.34 ± 0.21 
kCO2hyd = 4.573⋅106⋅exp

(
−

98350
RT

)
mol⋅s− 1⋅kgcat

− 1⋅bar− 2.5 

B ( − 11.829 ± 0.082)⋅103 

krWGS lnA 39.26 ± 0.65 
krWGS = 1.121⋅1017⋅exp

(
−

177000
RT

)
mol⋅s− 1⋅kgcat

− 1⋅bar− 2 

B ( − 21.29 ± 0.33)⋅103 

kdehyd lnA 3.72 ± 0.15 kdehyd = 41.1 mol⋅s− 1⋅kgcat
− 1⋅bar− 2 

K1 A 0.449 ± 0.035 K1 = 0.449 bar− 1.5 

K2 A 46.2 ± 2.3 K2 = 46.2 bar− 0.5 

K3 A 116 ± 17 K3 = 116 bar− 1 

kd  (9.70 ± 0.36)⋅10− 4 kd = 9.70⋅10− 4 h− 1 

*R in J.mol− 1.K− 1. 

Table 6 
Statistical indicators of the models’ performance.   

Present model Bussche–Bercic 
All points CZZ 

(Set #1) 
CZZ þ FER 

(Sets #2, #3) 
All points CZZ 

(Set #1) 
CZZ þ FER 

(Sets #2, #3) 

χ2 25.11 5.482 19.63 41.10 5.099 36.00 
MSEnorm⋅103 CO 2.191 0.871 2.604 3.990 0.598 5.050 

CO2 1.727 2.811 1.389 1.092 0.975 1.129 
CH3OH 17.72 24.57 15.57 21.31 24.71 20.25 
DME 12.04 – 12.04 31.54 – 31.54 

MRE⋅102 CO 2.950 2.292 3.155 3.158 1.821 3.576 
CO2 3.163 4.161 2.851 2.309 2.408 2.278 
CH3OH 10.55 12.44 9.956 11.82 12.64 11.56 
DME 8.888 – 8.888 13.36 – 13.36  

Fig. 1. Parity plots of (a) CO, (b) CO2, (c) methanol and (d) DME outlet concentration (% v/v). Set #1: methanol synthesis experiments; Set #2: direct DME synthesis 
experiments from this work; Set #3: direct DME synthesis experiments from Wild et al. [14]. 
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multiple sources, which do not necessarily contain the stoichiometric 
quantity of H2 and COX. 

In Fig. 2, experimental and simulated data for distinct pressures and 
temperatures are shown. As the experiments were performed at different 
times on stream, a single ToS value was employed to build the simula-
tion curves, namely the average time for the experiments with both CZZ 
and FER catalysts (Sets #2 and #3): 216.5 h. This value corresponds to 
an activity coefficient of 0.8830 in this model and 0.8516 in the Bus-
sche–Bercic model. 

From the simulations, it can be observed that both models are in 
good agreement with the experimental data and follow the expected 
trend, namely an increase in DME output for higher pressures. Fig. 2a 
and 2b distinguish themselves with respect to CO2/COX ratio and space 
velocity; nevertheless, the performance is similar in both of them, which 
highlights the flexibility of the model. 

Equilibrium lines are shown in the plots as dashed-dotted lines. 
When the reactor simulation curves were far from the equilibrium lines – 
as in Fig. 2 –, the latter were not shown in the graph, but were made 
available in the SI (Section S6). This was done to improve clarity of the 
plots. 

In Fig. 3a, experimental and simulated values for DME output con-
centration are shown as a function of temperature, pressure and GHSV. 
Both models accurately describe the overall behavior of the points. For 
temperatures above 250 ℃, the slope decreases for all values of pres-
sure, as the system approaches thermodynamic equilibrium – shown by 
the dashed-dotted lines. The decrease in slope occurs for temperature 

values above the experimental range, highlighting the potential of the 
model for extrapolation, since thermodynamic consistency is ensured by 
the equations. For inlet gas with less H2 and more inert (Fig. 3b), the 
present model accurately predicts the experiments, with a slight over-
estimation. Since conversion is expressively lower than equilibrium, no 
decay in slope can be observed at the considered temperature range. For 
Bussche–Bercic, the tendency is well captured; however, overestimation 
is quite significant, which is discussed in more details in Fig. 5 for varied 
H2 contents. 

In Fig. 4, the sensitivity of the models with respect to CO2/COX ratio 
is displayed. The present model exhibits an outstanding agreement with 
the experimental points for CO2-rich inlet feeds, while Bussche–Bercic 
tends to underestimate the results for DME outlet concentration in such 
conditions. The simulated curves are closer to equilibrium as the CO2/ 
COX inlet ratio increases. From a quantitative perspective, the approach 
to equilibrium, η, was estimated according to Equation (30) [46]: 

ηj =

∏
productsfi

νi

∏
reactantsfi

νi
⋅

1
KP,j

0 (30)  

For a temperature of 250 ◦C and a pressure of 30 bar – the condition with 
higher proximity to equilibrium in Fig. 4 –, we have performed calcu-
lations of η for the three reactions. The results are available in SI (Section 
S8). A wide range of η is observed for the three reactions, demonstrating 
the robustness of the model for different conversion levels, including 
close to equilibrium. 

In Fig. 5, experimental and simulated values for DME output 

Fig. 2. Comparison between experimental and predicted DME output values for the following conditions: mCZZ = 3.392 g, mFER = 0.148 g, (a) H2/CO/CO2/N2 (feed) 
= 0.4513/0.0769/0.1210/0.3508, GHSV = 1.984 s− 1; (b) H2/CO/CO2/N2 (feed) = 0.4528/0.1157/0.0795/0.3520, GHSV = 1.190 s− 1. Solid lines refer to the 
present model, and dotted lines, to Bussche–Bercic. 

Fig. 3. Comparison between experimental and predicted DME output values for the following conditions: mCZZ = 3.392 g, mFER = 0.148 g, (a) H2/CO/CO2/N2 (feed) 
= 0.4552/0.1682/0.0225/0.3541, GHSV = 0.794 s− 1, (b) H2/CO/CO2/N2 (feed) = 0.3531/0.1427/0.1007/0.4035, p = 42 bar. Solid lines refer to the present model; 
dotted lines, to Bussche–Bercic, and dashed-dotted lines, to the equilibrium. 
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concentration are shown as functions of H2 inlet concentration. For both 
GHSV values (Fig. 5a and 5b), the model introduced in this work is able 
to capture the behavior of experimental data, namely a steep increase in 
DME yield for higher H2 inlet concentrations. On the other hand, the 
Bussche–Bercic model is less sensitive to such parameter, as can be 
observed in the behavior of the curves, almost linear with respect to 
hydrogen inlet molar fraction. Comparing the two reaction rate equa-
tions for CO2 hydrogenation (Eqs. (6) and (18)), one can observe the 
difference in the exponents of fH2 : 1.5 for the present model and 1 for 
Bussche–Bercic, showing that the apparent order of H2 in the present 

model helps to simulate more adequately the experimental system. The 
equation is based on theoretical studies in which formic acid hydroge-
nation is considered as the rate-determining step of methanol synthesis 
[38]. In other recent models, the exponent of fH2 is also greater than 1: in 
[22], the exponent is 2, and in the 6-parameter model from [24] the 
exponent is 1.5, as in this work. 

In conclusion, the reason why our model outperforms Bussche–Ber-
cic could be attributed to the following factors: (i) the model proposed 
by Vanden Bussche and Froment [23] for methanol synthesis assumes a 
single site for CO2 and H2 adsorption. This assumption is altered even in 

Fig. 4. Comparison between experimental and predicted DME output values for the following conditions: mCZZ = 3.392 g, mFER = 0.148 g, GHSV = 0.794 s− 1, (a,b) 
H2/COX/N2 (feed) = 0.4521/0.1963/0.3516, p = 30 bar; (c,d) H2/COX/N2 (feed) = 0.4529/0.1948/0.3523, p = 54 bar. Solid lines refer to the present model; dotted 
lines, to Bussche–Bercic, and dashed-dotted lines, to the equilibrium. 

Fig. 5. Comparison between experimental and predicted DME output values for the following conditions: CO/CO2/N2 (feed) = 0.1452/0.1029/balance, mCZZ =

3.392 g, mFER = 0.148 g, p = 42 bar, (a) GHSV = 0.794 s− 1, (b) GHSV = 1.984 s− 1. Solid lines refer to the present model; dotted lines, to Bussche–Bercic, and dashed- 
dotted lines, to the equilibrium. 
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recent models based on their work, such as Slotboom et al. [24], which 
considers three active sites; (ii) the model of Vanden Bussche and Fro-
ment [23] considers hydrogen to have an apparent order of 1, while our 
model considers it 1.5, the latter being in much better agreement with 
the experiments (see Fig. 5); (iii) with respect to the model for methanol 
dehydration proposed by Bercic and Levec [27], the authors assume a 
dissociative adsorption of methanol, and, in the present contribution, 
the associative mechanism is assumed to be dominant. As discussed in 
[20], the associative mechanism prevails for reaction temperatures 
below 300 ◦C carried out with zeolites, consistent with the validation 
range of our model. 

5.3. Industrial conditions 

Using our model, we performed simulations under conditions closer 
to industrial operation, namely pressure equal to 60 bar and inlet gas 
without N2 dilution, with a composition of 70% H2, 12% CO and 18% 
CO2. The results for DME outlet concentration as a function of the 
normalized reactor length are shown in Fig. 6. For a GHSV equal to 0.05 
s− 1 (Fig. 6a), it can be seen that, at 240 ◦C, the equilibrium conversion is 
already approached at about 40% of the reactor length. Fig. 6a also 
shows that experiments carried out at 220 ◦C or 230 ◦C would result in 
similar outlet DME concentration, since the reaction slows down earlier 
at 230 ◦C. These analyses highlight the relevance of kinetic models 
under industrial conditions, as they can be used, for example, to calcu-
late the required catalyst mass to reach thermodynamic equilibrium, 
thus optimizing the use of resources. In Fig. 6b, simulations have been 
carried out for a GHSV equal to 0.1 s− 1. As expected, the kinetic regime 
takes place in a longer length than in the other simulation; however, it is 
already possible to see the influence of the thermodynamic limitation at 
higher temperatures. 

Kinetic models are fundamental for reactor design and techno- 
economic analysis. For example, Campos et al. [47], in our group, 
used the 6p model for methanol synthesis [19] to propose a plant with 
intermediate condensation steps and compared it with the usual one- 
step process. The authors concluded that the implementation of re-
actors in series leads to higher CO2 conversion and lower net production 
costs. Semmel et al. [48] used a kinetic model for liquid phase DME 
synthesis to perform a techno-economic analysis of different approaches 
to this process. Kinetic models are also useful at the laboratory scale to 
predict experimental results based on desired inlet conditions and 
available resources, thus aiding in experimental design. 

As mentioned in the Section 3, our experiments were performed 
under conditions that allow a better estimation of the kinetic parame-
ters, reducing effects such as hot spots and mass transfer limitation. In 
large scale reactors, these effects have to be taken into account by 
coupling the kinetic rate equations with a heat transfer model and a gas 

diffusion model within the catalyst pellets. Another aspect to consider is 
catalyst deactivation. In our model, we have included a deactivation 
function compatible with sintering; however, enhanced deactivation 
due to prolonged exposure to high water content may occur for CO2-rich 
feeds [49,50] and requires further investigation. 

6. Conclusions 

A kinetic model for direct DME synthesis on the CZZ/FER catalyst 
system was successfully developed and validated for relevant industrial 
conditions of temperature and pressure. The experiments comprise a 
broad range of CO2/COX ratio and H2 inlet fraction, addressing the 
current necessity of sustainable methanol production, especially with 
respect to hydrogen produced via electrolysis supplied by solar or wind 
power. A published database was combined with new experiments for 
methanol and for direct DME synthesis, resulting in 815 steady-state 
points, which is, to the best of our knowledge, the broadest one pub-
lished in open literature for this catalytic system. As a contribution to 
other scientists in this field, this work provides a timely overview of the 
models available for the direct DME synthesis and an extensive database 
used in the model validation, which is available in the supplementary 
information. 

The present model adequately simulates the direct DME synthesis at 
both low- and high-conversion regions, and presents proper sensitive-
ness to variations in pressure, temperature, inlet H2 concentration and 
CO2/COX inlet ratio. For comparison, we refitted a combination of two 
state-of-the-art models for methanol synthesis and methanol dehydra-
tion to DME with our experimental data. Our new model has 5 signifi-
cant parameters less than the one derived from open literature and 
outperforms the latter, especially for variations in H2 inlet molar 
fraction. 

Such a widely validated kinetic model is suitable to be used for scale- 
up, techno-economic analyses and optimization of reactor design, 
allowing for an industrial application of direct DME synthesis with 
multiple conditions. A second-order deactivation function for the CZZ 
catalyst was also included in the model. However, extrapolations to 
industrial process conditions, especially related to the loss of catalyst 
activity at higher times on stream due to prolonged exposure to water, 
require additional validation. Such topic is the subject of current in-
vestigations in our group. 
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