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ABSTRACT 

A kinetic model has been established for the direct synthesis of dimethyl ether (DME) 

from syngas and CO2 feeds. The kinetic parameters have been determined fitting the 

experimental results obtained using a CuO-ZnO-MnO/SAPO-18 (CZMn/S) bifunctional 

catalyst in a fixed-bed isothermal reactor, under a wide range of operating conditions: 

250-350 ºC; 10-40 bar; CO2/CO molar ratio in the feed, between 0 and 1; H2/COX molar

ratio in the feed, 3/1 and 4/1; space time, from 1.25 gcath(molC)-1, up to 20 gcath(molC)-1; 

time on stream, up to 30 h. The model considers the kinetic equations of the individual 

reactions of methanol synthesis from CO and CO2, the dehydration of methanol to 

DME, the water gas shift reaction (WGS) and the formation of paraffins, along with the 

deactivation kinetics. The attenuation of the reaction rates of methanol and paraffins 

synthesis has been considered by the competitive adsorption of CO2 and H2O in the 

metallic sites with respect to the adsorption of CO (more reactive than CO2 in the 

synthesis of methanol). The deactivation by coke has been quantified by a kinetic 

equation dependent on the concentrations of methanol and DME, and the attenuation of 

the deactivation by the competitive adsorption of CO2 and H2O has also been 
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considered in this equation. The kinetic model allows predicting satisfactorily the 

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

medium (methanol, DME, unreacted CO and CO2, and paraffins formed as by-

products). In addition, the model has been used to simulate the reactor, determining the 

effect of the reaction conditions on the conversion of CO2. This conversion, in contrast 

to the yield of DME, increases with increasing CO2 concentration in the reactor feed.  
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1. INTRODUCTION 

Given the forecasts of growth of CO2 emissions, up to a concentration of 570 ppm of 

CO2 by the end of the 21st century, and in order to mitigate the devastating 

consequences of climate change, developed countries have adopted regulations to 

promote the efficient use of energy and the progressive replacement of fossil fuels by 

renewable sources (http://www.epa.gov/climatechange/ghgemissions/gases(co2.html), 

Climate change). In this scenario, the catalytic and electrocatalytic routes that use CO2 

as a raw material receive great attention, and especially the routes for fuel production, 

due to their potential capability for large-scale CO2 valorization, through hydrogenation 

reactions (Fischer-Tropsch synthesis, synthesis of C2+ alcohols and of 

gasoline/isoparaffins among others) [1, 2]. Olah et al. [3] consider that the synthesis of 

dimethyl ether (DME) in a single stage co-feeding CO2 together with syngas is an 

interesting alternative for replacing the industrial process for its production in two 

stages. These authors emphasize the environmental interest of this reaction when the 

syngas is produced from lignocellulosic biomass. 

The main application of DME (CH3-O-CH3) nowadays is as domestic and 

automotive fuel, based on its properties (vapor pressure similar to that of liquefied 

petroleum gases, cetane number between 55-60) [4, 5] and the reduced emissions of 

NOx, SOx and particulate matter in its combustion [6, 7]. Based on a life cycle analysis 

(LCA), Lerner et al. [8] emphasize the interest of methanol and DME as clean transport 

fuels and determine that they can be economically competitive with oil derived fuels, 

due to the availability of natural gas. In addition, the economy of DME is also based on 

its future as intermediate raw material, progressively replacing petroleum derivatives 

and methanol for the production of olefins [9-13] or issoparaffin-rich gasoline [14] and 

as H2 vector [15-20]. 

http://www.epa.gov/climatechange/ghgemissions/gases(co2.html)
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The synthesis of DME involves the following reactions: 

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

 CO2 + 3H2 ↔ CH3OH+ H2O (2) 

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

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

The secondary reaction of paraffins formation (mainly methane) also takes place:   

 OnHHCH)1n2(OCn 22n2n2        (n=1-3) (5) 

The interest of synthesizing DME from syngas (STD process), using bifunctional 

catalysts has grown in the last decade, due to several factors: i) the lower production 

cost of DME and methanol (byproduct) than the synthesis of methanol and the synthesis 

of DME in two stages [21]; ii) the possibility of producing syngas from different raw 

materials, such as coal, natural gas (from growing reserves), biomass and wastes from 

the consumer society (plastics, tires); iii) the promotion of the biomass gasification 

technology [22-24]. The most widely studied catalysts for the direct synthesis of DME 

use CuO-ZnO-Al2O3 (CZA) as metallic function [25], although Al2O3 has been 

completely or partially replaced by other metallic oxides, such as MnO or ZrO2 [26], 

and ZnO (used to stabilize Cu) has been replaced by La2O3 [27] among others. For the 

acid function, catalysts of different porous structure are used (γ-Al2O3, silica-alumina, 

HZSM-5, NaHZSM-5, mordenite, HY, ferrierite, HMCM-22, SAPOs and ZrO2). All 

those acid functions have in common a very low acid strength, a pursued characteristic 

in this process in order to avoid the formation of hydrocarbons [28]. Due to its 

relevance for the viability of the process, considerable attention has also been paid to 

the deactivation of the catalyst, whose main cause is considered to be the partial 

blockage of the metallic sites by coke [29], although coke formation is a consequence of 
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a synergy between the mechanisms in each function of the catalyst [30]. It has also been 

established that the increase in the H2O content in the reaction medium attenuates coke 

deposition, due to the limitation of methoxy ions formation [31]. In addition, the 

catalyst is prone to irreversible deactivation, by Cu sintering above 300 °C [32]. 

Integrating methanol dehydration (Eq. 3) in the same reactor displaces the 

thermodynamic equilibrium of methanol synthesis (Eqs. 1 and 2), and allows to work at 

lower pressure, higher temperature and lower H2/CO ratio in the feed than in the 

synthesis of methanol [33-35]. This latter advantage is important to valorize the syngas 

derived from biomass [3]. Besides, the lower thermodynamic limitation is favorable for 

the incorporation of CO2 in the feed, increasing its conversion respect to that in the 

synthesis of methanol under the same conditions. However, the required conditions of 

pressure and temperature in the direct synthesis of DME are intermediate to the 

optimum conditions for the individual stages, and therefore, the direct synthesis requires 

catalysts and kinetic models suitable for these conditions. In addition, the incorporation 

of CO2 in the feed has a remarkable influence on the composition of the reaction 

medium, as it leads to an increase in the content of H2O in the reaction medium (by 

displacement of the WGS reaction, Eq. 4). 

Among the initiatives on tailoring the catalysts used in the synthesis of DME to the 

conditions required when co-feeding CO2 with syngas, the increase in the activity and 

stability of the CuO-ZnO sites of the CZA metallic function have been studied with 

different strategies. In this regard, the CO2 hydrogenation rate has been improved 

substituting ZnO by Fe2O3 and using CeO2 as promoter [36, 37]. The activity for the 

reverse WGS reaction (to potentiate the greater activity of CO than of CO2) has been 

upgraded by substituting Al2O3 by MnO [38, 39], and ZrO2 has been incorporated to 

increase the stability of the Cu+ sites [40-45]. The improvements in the acid function 
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have been addressed by reducing the hydrophilicity with respect to the conventionally 

used γ-Al2O3, which has been replaced by the HZSM-5 zeolite (modified for the 

passivation of its strong acid sites, responsible for the formation of hydrocarbons) [30, 

46, 47], and silicoaluminophosphates (SAPO-18, SAPO-11) [26, 35, 48-51], among 

others (as WOx/ZrO2) [52]. 

In a previous work [26] the good performance of the CuO-ZnO-MnO (CZMn) 

metallic function and of the SAPO-18 (S) acid function in the valorization of CO2 (co-

fed together with syngas) has been verified, determining as optimal the mass ratio 

(metallic function)/(acid function) of 2/1 and emphasizing the lower cost of the 

CZMn/S catalyst and its regenerability [49]. In addition, relevant effects derived from 

the presence of CO2 in the feed have been determined, which are essentially attributed 

to: i) the increase in the H2O concentration, and ii) the relevance of the reverse WGS 

reaction (Eq. 4). Besides, it is important to point out that the adequate reaction 

conditions for the valorization of CO2 correspond to those of lower production of DME, 

therefore, for the economic viability of the process a commitment between both 

objectives must be achieved [53]. The activity for the reverse WGS reaction (Eq. 4) is a 

key feature of the metallic function of the catalyst to achieve high CO2 conversion 

values, since its conversion into CO is necessary (more active in the synthesis of 

methanol) to enhance DME yield [49, 54]. 

These features of the direct synthesis of DME must be taken into account in the 

design of suitable reactors. Among the reactors studied by means of simulation, 

multitubular fixed-bed reactors (used in the synthesis of methanol) [55] and fixed-bed 

reactors with hydrophilic membranes (to remove the formed H2O and displace the 

limiting thermodynamic equilibrium of methanol synthesis and rWGS reactions) stand 

out [56, 57]. The design requires suitable kinetic models for CO2 containing feeds and 
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reaction conditions. However, most studies regarding the kinetic modeling of the direct 

synthesis of DME [58, 59] have not been determined from experimental results of the 

direct synthesis of DME, but have been developed combining kinetic models previously 

established in the literature for the individual reactions of methanol synthesis [60, 61], 

methanol dehydration to DME [62, 63] and WGS reaction [64-74]. These kinetic 

models provide remarkable information on the mechanisms of the reactions considered 

and have allowed the design of industrial reactors for each of the mentioned reactions. 

Nevertheless, they are based on experimental results corresponding to the suitable 

conditions for each of these individual reactions, whereas the reaction conditions in the 

direct synthesis of DME and in particular when co-feeding CO2 with syngas, are 

different. Thus, in the direct synthesis of DME, it is convenient to prepare the catalysts 

with an excess of acid function, in order to facilitate the progress of methanol 

dehydration, so that the overall reaction is conditioned by the progress of the methanol 

synthesis stage and by the WGS reaction. This characteristic of the catalyst prevents the 

advance of the overall reaction from being limited by the adsorption of H2O on the acid 

function. It should also be noted that catalyst deactivation has not been considered in the 

kinetic modeling studies available in the literature. 

In the present paper, a kinetic model has been established for the synthesis of DME 

over a CZMn/S catalyst (specifically suitable for the conversion of CO2) [49] and this 

model has been used for the simulation of the reactor (isothermal fixed-bed), focusing 

on the valorization of the CO2 co-fed together with syngas. This objective is 

complementary to the usual goal in the studies on the direct synthesis of DME, which 

are mainly addressed in the literature towards the maximization of the yield and 

selectivity of this product. Some fundamental aspects of the kinetic model (such as 

considering CO2 co-feeding together with syngas, the effect of the high H2O 
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concentration and the features of deactivation kinetics) have been established 

progressively in partial kinetic studies with different catalysts, of lower activity for the 

conversion of CO2 and lower stability [34, 54, 75]. 

 

2. EXPERIMENTAL 

2.1.Catalyst 

The CuO-ZnO-MnO (CZMn) metallic function (for the synthesis of methanol) has 

been prepared by precipitation at pH= 7.0 and 70 ºC. The methodology is similar to that 

developed in previous works for the correct precipitation of the nitrates [76] starting 

from an aqueous solution of the corresponding nitrates (Cu, Zn, Mn) (1 M), with the 

desired 2:1:1.5 ratio of Cu:Zn:Mn and an aqueous solution of Na2CO3 (1 M). The 

following stages consist of aging the precipitate at 70 °C for 1 h, filtering and washing 

the precipitate to remove the remaining Na+ ions, drying and calcination (300 °C, 10 h). 

The SAPO-18 (S) acid function, has been prepared following the next steps: (i) 

precipitation of the precursor for the formation of the gel, by adding Al(OH)3•H2O on 

an aqueous solution of H3PO4, and subsequently adding C8H19N and SiO2 to the 

mixture, under stirring for 1.5 h; (ii) crystallization of the mixture in a synthesis reactor 

(Highpreactor, Inycom) at 170 ° C and 200 bar for 6 days; and an additional day at 

room temperature for the aging of the suspension; (iii) filtering and washing of the 

suspension; (iv) drying and calcination at 550 °C for 5 h. 

The CZMn/S bifunctional catalyst has been prepared by physical mixture of the 

metallic and acid functions. Bearing in mind that bifunctional catalysts for the STD 

process should be prepared in excess of acid function., a 2/1 mass ratio between the 

metallic and acid functions has been used [26]. The mixture has been finely powdered, 
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pelletized, crushed and sieved to select the desired particle size (125-500 μm). Prior to 

the reaction, the catalyst is subjected to a pre-treatment in situ in the reactor, consisting 

of a reduction in H2 atmosphere, in two consecutive stages: 14 h at 200 ºC with a flow 

rate of 5 cm3
H2 min-1, and 1.5 h at 300 ºC with a flow rate of 10 cm3

H2 min-1. The H2 is 

diluted in N2, so that the total flow is 50 cm3
H2+N2 min-1. 

The Cu:Zn:Mn ratio of the metallic function (2: 0.75: 1.5) has been determined by X-

ray fluorescence (Philips Minipal PW4025) and ICP-MS (Inductive Coupling Plasma-

Mass Spectrometry). The most significant properties of the catalyst have been 

summarized in Table 1. The properties of the structure of micro and mesopores (BET 

surface area, micropore volume and pore volume) have been determined by N2 

adsorption-desorption (Micromeritics, ASAP 2010 system), and the metallic properties 

by selective chemisorption of N2O (Autochem II 2920 coupled to a Pfeiffer-Vacuum 

OmniStar mass spectrometer). The acid properties (total acidity and average acid 

strength), combining thermogravimetry and calorimetry techniques to monitor the 

adsorption (at 150 ºC) -desorption of NH3 (Setaram TG-DSC 111 with a Balzers 

Thermostar mass spectrometer on line), while the nature of the acid sites (Brönsted and 

Lewis) has been determined by FTIR spectrophotometry (Nicolet 6700, with a Specac 

catalytic chamber) in the 1400-1700 cm-1 region of pyridine adsorbed at 150 °C. The 

structural and morphological properties have been determined by X-ray diffraction 

(Bruker D8 Advance), and by SEM and EDX (JEOL/JSM-7000f with a W filament and 

equipped with an Oxford Pentafet analyzer). The experimental techniques and the 

results of these analyzes have been described in detail in a previous work [26]. 
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Table 1. Properties of the bifunctional CZMn/S catalyst. 

Physical properties 

SBET (m
2g-1) Vm (cm3g-1) Vp (cm3g-1) 

213 0.060 0.278 

Metallic properties 

SCu (m
2gCu

-1) SCu (m
2gCat

-1) Disp. (%) 

112.0 22.0 17.3 

Acid properties 

Acid strength (kJ/molNH3) Total acidity (mmolNH3/g) 

99 0.12 

 

2.2. Reaction and analysis equipment and reaction conditions 

The experiments have been carried out in an automated reaction equipment (PID 

Eng. & Tech. Microactivity Reference), described in detail in previous works [26, 50]. 

The equipment is provided with a fixed-bed reactor to operate at high pressure 

conditions and uses a specific software (Process@) to control the reaction conditions). 

The reactor is made of stainless steel 316, has an internal diameter of 9 mm and an 

effective length of 10 cm. It is located inside a ceramic chamber, heated by an electrical 

resistance and can operate up to 700 °C and 100 atm, with a limit catalyst mass around 

5 g. The catalytic bed consists of a mixture of catalyst and an inert solid (SiC, 

carborundum of average particle size of 0.035 mm). The purpose of the dilution of the 

bed is: i) ensuring the isothermicity (avoiding hot spots), and; ii) reaching a suitable bed 

height to ensure an ideal flow in low space time conditions. The bed temperature is 

controlled by a TOHO TT-005 Series controller, and measured by two type K 

thermocouples, located in two longitudinal positions of the catalytic bed. 

The on-line analysis of the samples has been conducted by diluting the product 

stream in a He (25 cm3 min-1) stream. The equipment used is a Varian-CP4900 micro-
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chromatograph with three analytical modules, with the following columns: (i) Porapak 

Q (PPQ) (10 m), which separates CO2, methane, ethane, propane, methanol, DME, 

water and butanes); (ii) molecular sieve (MS-5) (10 m) to separate H2, CO, O2 and N2; 

and (iii) 5CB (CPSiL) (8 m), to identify the possible presence of C5-C10 fraction. The 

identification and quantification of the compounds has been carried out based on 

calibration standards of known concentration. 

In order to obtain experimental results for the kinetic modeling, the experiments 

have been carried out under the following reaction conditions: feed, H2+CO+CO2; 250-

350 ºC; 10-40 bar; space time, 1.25-20 gcat h molC
-1; time on stream, up to 30 h; 

CO2/CO molar ratio, 0-1 (where 0 corresponds to the syngas feed); H2/COx molar ratio, 

3-4. It has been verified that under the experimental conditions used, the established 

theoretical criteria to avoid reactants and products (internal and external) diffusion 

restrictions in the catalyst particle is fulfilled [77]. Besides, these results have also been 

confirmed by means of experiments carried out with different particle sizes and feed 

flow rates, in which the results are reproduced. 
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3. RESULTS 

The calculation stages of the kinetic model, in which the deactivation of the catalyst 

is considered, are described below. Subsequently, the model is used for the simulation 

of the reactor to determine the suitable conditions for the objectives of maximizing the 

yield of DME or the valorization of CO2. 

3.1. Methodology for data analysis 

3.1.1. Kinetic parameters calculation 

The methodology used for the analysis of the kinetic data is similar to that described 

in previous works regarding other catalytic processes with complex reaction schemes 

[78-80]. Toch et al. [81] have described the main stages for the kinetic modeling of 

those processes, without considering deactivation. Recently, Cordero-Lanzac et al. [82] 

have explained how to include the deactivation kinetics in the kinetic model. In the 

calculation, ideal flow, without radial gradients of concentration, and isothermal regime 

have been assumed, because the temperature differences between different radial and 

longitudinal positions are lower than 1 ºC. Consequently, the mass conservation 

equation of component i, at zero reaction time on stream (fresh catalyst) is: 

 
 0

i
i,0

W/Fd

dy
r   (6) 

where the concentration of each component i, yi, is the molar fraction (in C units for the 

carbon containing compounds); W is the mass of catalyst; and F0, the molar flow rate of 

C fed as CO and CO2, in content C units. 

The formation reaction rate of each component i at zero time on stream has been 

established considering the n reaction steps in which it is involved: 
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 0,j

n

jii,0 r)(r    (7) 

where (i)j is the stoichiometric coefficient of each i component in the j step of the 

kinetic scheme, and rj is the rate of the j reaction step. 

In first place, elementary reaction steps have been considered in Eq. 7. However, when 

the fitting resulted unsatisfactory, integer exponents have been tested for the 

concentration terms. In the reaction steps in which deactivation is considered, the 

reaction rate at time t has been defined as: 

 a 0,jj rr  (8) 

The use of Eq. 8 requires a deactivation kinetic equation, which relates the activity with 

time, temperature and composition of the reaction medium. For this purpose, the 

following general expression has been defined: 

 d
i a)p(T,

dt

da
ψ  (9) 

where Ψ (T,pi) is a function dependant on temperature and concentration of the 

components in the reaction medium precursors or inhibitors of coke. 

The kinetic parameters of best fit for the model have been determined by 

multivariable non-linear regression, minimizing an error objective function defined as 

the weighted sum of residual squares between the experimental and calculated 

concentration values: 

  
 


c ecn

1i

n

1k

2
ki,

*

ki,

n

1i

iii )yy(OF wφw  (10) 
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where, wi is the weight factor for each component i of the kinetic scheme; i is the total 

sum of squares for each component, including the repetitions in the same experimental 

condition; 
*

ki,y  is the average value of the composition of each component for the k 

experimental condition; yi,k is the corresponding value calculated by integrating the 

mass balance for component i in Eq. 6; nc is the number of components in the kinetic 

scheme; and ne is the total number of experimental conditions. 

The parameters to be optimized are the kinetic constants of each j reaction, related 

to the temperature by the Arrhenius equation. To reduce the correlation existing 

between the preexponential factor and the activation energy, this equation has been 

reparameterized [83-86], expressing the kinetic constants as a function of its 

corresponding kj
* at a reference temperature, T*: 

 

















*

j*
jj

T

1

T

1

R

E
expkk  (11) 

When the kinetic equation includes parameters quantified in the equilibrium 

(thermodynamic equilibrium or adsorption of products and/or reactants), those are also 

reparameterized according to:  

 

















548

1

T

1

R

H
expKK i*

ii

Δ
 (12) 

Likewise, the constants of the deactivation equation have also been reparameterized. 

Therefore, according to this reparameterization, the kinetic parameters to be optimized 

are the kinetic constants and the equilibrium constants at reference temperature (275 ºC) 

and the corresponding activation energies, Ej, or reaction heats, Hi. In addition, the 
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weight factor of each component has been calculated as the inverse of the average 

concentration in the studied condition range: 

 




en

ki,

e
i

y

n
w  (13) 

where ne is the number of experiments. 

For determining the kinetic parameters of the model best fitting the experimental 

results, in Eq. 10, the expected values of the concentrations of each component, yi,k, is 

calculated by integrating the mass balance for each i component in Eq. 6. For the 

integration of the kinetic equations and the multivariable non-linear regression a 

calculation program has been developed in MATLAB, where the main program gets the 

experimental data of the components in the kinetic scheme and assigns initial values to 

the parameters to be estimated and subsequently uses the multivariable non-linear 

regression routine. The usual procedure for determining the parameters of best fit 

consisted of a first approach to the optimum by means of the genetic algorithm 

subroutine [87]; followed by a second approach to the optimum with the subroutine 

fminsearch (provided by MATLAB); and finally using the aju_mul subroutine 

developed by the user (based on the Levenberg-Marquardt method) for calculating the 

confidence intervals of the parameters to be optimized. These subroutines, use the 

integration subroutine for the calculation of the compositions and activity (equal to one 

when calculating the parameters of the kinetic equations at zero time on stream) in the 

different experimental conditions and for each point of the mesh. 

3.1.2. Significance and validity of the model 

In order to verify the significance of the kinetic model, a variance analysis has been 

carried out, considering two properties of the overall sum of residual squares: the lack 
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of fit of the model and the dispersion of the experimental data. The ideal fit is reached 

when the lack of fit of the model is similar to the experimental error. Therefore, the 

relationship of the variances of the lack of fit, sa
2, and of the experimental error, se

2, are 

compared. This relationship follows a Fisher distribution, with the corresponding νa and 

νe degrees of freedom. 

 α12
e

2
a F

s

s
F  (νa,νe) (14) 

Fulfilling Eq. 14 implies that the variance of the lack of fit is similar to the variance 

of the experimental error and therefore, the model represents satisfactorily the 

experimental data and does not require further improvement. The critical value of the 

Fisher function, F1-α(νa,νe), has been determined for an established confidence 

percentage, 100 (1-α), for α = 0.05, with the tables of Fishers distribution function, 

whereas the variances sa
2 and se

2 are calculated from the values of the sum of squares of 

the errors and the degrees of freedom. se
2 has been calculated by fitting the results 

obtained in repeated runs for three components (DME, methanol and paraffins). 

Following a similar variance analysis, the fitting improvement obtained with other 

models of different complexity (simpler models with less kinetic parameters, and more 

complex models, thus, involving more kinetic parameters) has been assessed in 

preliminary studies. This methodology, allows comparing different models by pairs, and 

determining whether the fitting improvement achieved with the most complex model 

over that obtained with the simplest model is significant. That is, for two models (a, b), 

with (νa,νb) degrees of freedom, respectively, being sa
2 > sb

2 with SSEa > SSEb sum of 

square errors, the improvement obtained with model b (complex) over that obtained 

with model a (simple) is significant if Eq. 15 is fulfilled: 
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 

 
  bbaα1

bba

bba
b-a ,F

SSESSESSE
F 




   (15) 

3.2. Kinetic model 

3.2.1. Kinetic equations of the reaction steps  

The following kinetic equations have been proposed for the individual reactions of 

the reaction scheme: 

Methanol synthesis by CO and CO2 hydrogenation (Eqs. 1 and 2, respectively): 

 θ
K

p
ppkr

1

OHCH

CO
2
H1MeOH

3

2 







  (16) 

 θ
K

pp
ppkr'

'
1

OHOHCH

CO
3
H

'
1MeOH

23

22 







  (17) 

Methanol dehydration to DME (Eq. 3): 

  
K

pp
pkr

2

OHOCHCH2
OHCH2DME

233

3 







  (18) 

WGS reaction (CO2 formation) (Eq. 4): 

 









3

HCO

OHCO3CO
K

pp
ppkr 22

22
 (19) 

Hydrocarbons formation (C1-C4 paraffins) (Eq. 5):  

 θ
K

pp
ppkr

4

OHCH

CO
3
H4HC

24

2 







  (20) 

It should be noted that Eqs. 16 - 20 have been established by considering elementary 

reactions and the stoichiometry of hydrocarbon formation (Eq. 20 ) corresponds to the 

formation of CH4 (main hydrocarbon). In addition, based on a preliminary study on the 
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relevance of the individual reactions, it has been found that the contribution of CO2 to 

the synthesis of methanol (Eq. 17) is below 1 % of the contribution of CO, under the 

most favorable conditions. Consequently, in order to simplify the kinetic model, the 

direct synthesis of methanol from CO2 has not been taken into account. This result is 

relevant, because it indicates that the conversion of CO2 into methanol under the 

conditions of direct synthesis of DME, takes place by its transformation into CO, 

through the reverse WGS reaction (Eq. 4). Ateka et al. [88] have emphasized the 

relevance of the activity of the metallic function of the catalyst for the reverse WGS 

reaction on the valorization of CO2. On the other hand, a factor (θ) has been included in 

the methanol and hydrocarbons formation kinetic equations (Eqs. 16, 17 and 20). This 

term, Eq. 21, quantifies the attenuation of the reaction rates of the steps activated by the 

metallic function, as a consequence of the competition for the adsorption of H2O and 

CO2 with CO in the metallic sites. In this regard, it has been determined in a preliminary 

study for model discrimination, that considering this term in the WGS reaction does not 

lead to any significant improvement in the fitting. Predictably, the reaction rate of 

methanol dehydration could also be attenuated by the adsorption of H2O in the acid sites 

of SAPO-18, but this will have no effect on the results, because the catalyst has been 

prepared with excess of acid function, so that the limiting step in the synthesis of DME 

is the synthesis of methanol. Ereña et al. [54] considered the adsorption of H2O in the 

kinetics of methanol synthesis and in this work, in which CO2 is co-fed with syngas, it 

has been demonstrated that the fitting of the results to the kinetic model also requires 

the consideration of the adsorption of CO2 in the metallic sites. 

 

2222 COCOOHOH pKpK1

1
θ


  (21) 
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Using the methodology described in Section 3.1.2., it has been verified that fitting the 

experimental results requires considering both terms of H2O and CO2 concentration in 

the denominator of Eq. 21. 

3.2.2. Deactivation kinetic equation 

The deactivation of the catalyst affects the synthesis of methanol (since the acid 

function is in excess) and is mainly due to the deposition of coke on the metallic sites 

[88]. In a previous study conducted using a CuO-ZnO-Al2O3/γ-Al2O3 catalyst [29] this 

coke deposition has been related to the condensation to polyaromatics of the 

hydrocarbons formed from methoxy ions, which are intermediates in the dehydration of 

methanol, but also in the secondary reactions of hydrocarbon formation. Thus, upon 

increasing the CO2 content in the reaction medium H2O concentration increases (the 

reverse WGS is favored, Eq. 4), which attenuates the rate of methoxy ion formation and 

justifies the decrease in the formation of coke [31]. Besides, a synergistic effect of the 

metallic and acid sites of the catalyst to favor the mechanisms of coke formation has 

been established [30]. Considering deactivation, and bearing in mind that the 

contribution of CO2 hydrogenation to methanol has been determined to be negligible 

over that of CO, the rate of methanol synthesis is quantified as: 

 a θ
K

p
ppkr

1

OHCH

CO
2
H1MeOH

3

2 







  (22) 

The deactivation kinetic equation (Eq. 23) has been established considering both the 

aforementioned role of the concentration of oxygenates (methanol and DME) in the 

formation of methoxy ions (precursors of coke) and the attenuating role of H2O and 

CO2 in the formation mechanisms of these ions. 

 d

COdCOOHdOH

DMEMeOHd a
p)(Kp)(K1

)p(pk

dt

da

2222



  (23) 
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Again, using the methodology explained in Section 3.1.2, it has been verified that the 

fitting to the experimental results, considering catalyst deactivation, is not significantly 

improved considering the effect of H2O and CO2 concentrations with more complex 

expressions. 

3.2.3. Kinetic parameters 

Table 2 gathers the values of the calculated kinetic parameters of best fit and the 

statistical parameters (objective function, Eq. 10 and residual variance). Table 3 

summarizes the parameters for the significance test of the model (sum of squares of the 

errors, number of degrees of freedom, variance of the experimental error and the 

variance of the lack of fit of the kinetic model, along with the ratio of variances and the 

critical value of Fisher's function). The results show that the model satisfies the required 

significance test, since the error related to the lack of fit is comparable to the 

experimental error. 

The values of the kinetic parameters listed in Table 2 reveal that the kinetic constant 

of methanol dehydration (at reference temperature), k2
*, is remarkably higher than that 

of methanol synthesis, k1
* (7.38  mol gcat

-1h-1bar-2 over 1.40·10-5 mol gcat
-1h-1bar-3), 

which is the slowest step. Moreover, the high value of the kinetic constant k3* 

evidences the relevance of the WGS reaction in this process, while the kinetic constant 

of paraffin formation, k4
*, is even lower than k1* for methanol synthesis from CO, but 

its value is important due to its presumable relationship with the formation of coke. In 

addition, the activation energy of methanol synthesis from CO, E1, is four times higher 

than that of methanol dehydration to DME (E2), which is in accordance with the 

relevant effect of the temperature in the results of CO conversion and consequently of 

CO2 conversion. Moreover, the activation energy, E4, of the hydrocarbon formation 

reaction is remarkably higher than that of methanol synthesis. On the other hand, at low 
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temperature, the role of the competitive adsorption of CO2 on the attenuation of the 

methanol synthesis and WGS reactions is more important than that of H2O adsorption 

(higher equilibrium constant at reference temperature), but this relative importance 

reverses when increasing temperature. It is also noteworthy, the low value of the 

activation energy of the deactivation, Ed; and the greater attenuation of the deactivation 

by the H2O in the reaction medium than by the CO2 ((KH2O)d
* >(KCO2)d

*). It should be 

noted that even if the value of the activation energy of the WGS reaction is within the 

values reported in the literature [64-74], the activation energies of the different reaction 

stages are lower than those obtained in the literature for the individual reactions of 

methanol synthesis [60, 61] and methanol dehydration to DME [62, 63, 89, 90]. This 

difference relies on the degree of empiricism of the kinetic expressions established (Eqs. 

16-23), in order to consider the different reactions involved, deactivation and the 

complex role of H2O in the reaction medium, which gives way to apparent values of the 

activation energies. However, those values are within the ranges reported in the 

literature for kinetic models established for the direct DME synthesis process, over 

different catalysts; as Moradi et al. establishing 115 and 81 kJ mol-1 for methanol 

synthesis and dehydration, respectively, over CZA/HZSM-5 bifunctional catalysts [59], 

or 66 and 69 kJ mol-1 reported by Hadipour and Sohrabi [91] for CZA/γ-Al2O3 catalyst 

from syngas feeds, or 90 and 231 kJ mol-1 by Ereña et al. [54] over similar catalysts 

using H2+CO2 feeds.  
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Table 2.  Kinetic parameters and statistical parameters of the experimental results. 

Kinetic parameter  

k1
* molMeOH gcat

-1 h-1 bar-3 1.40 (±0.21)10-5 

k2
* molDME gcat

-1 h-1 bar-2 7.38 (±0.65) 

k3
* mol gcat

-1 h-1 46.5 (±0.22) 

k4
* molHC gcat

-1 h-1 bar-4 1.90 (±0.30)10-9 

E1 kJ mol-1 72.3 (±2.35) 

E2 kJ mol-1 17.2 (±0.35) 

E3 kJ mol-1 91.0 (±0.35) 

E4 kJ mol-1 219.4 (±5.0) 

KH2O
* bar-1 2.08 (±0.27)10-3 

KCO2
* bar-1 6.01 (±0.56)10-2 

ΔHH2O kJ mol-1 231.9 (±4.4) 

ΔHCO2 kJ mol-1 71.9 (±2.3) 

kd
* h-1 bar-1 1.43 (±0.22) 10-3 

Ed kJ mol-1 20.6 (±0.90) 

(KH2O)d
* bar-1 2.62 (±0.25)10-3 

(KCO2)d
* bar-1 3.20 (±0.30)10-4 

(ΔHH2O)d kJ mol-1 50.6 (±1.5) 

(ΔHCO2)d kJ mol-1 62.7 (±1.3) 

d  0.31 (±0.05) 

OF  7.46 10-1 

Residual variance 4.58 
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Table 3. Parameters for the variance analysis of the kinetic model. 

 Experimental. (e) Model (a) 

  18 18 

s2 1.63·10-3 3.11·10-3 

sa
2/se

2 1.85 

F1-νa,νe) 1.95 

Significance test Valid 

 

3.4. Fitting of the kinetic model to the experimental results  

3.4.1. Product concentration at zero time on stream 

The quality of the kinetic model to determine the effect of the reaction conditions on 

products distribution at zero time on stream is ascertained in Figs. 1-3, in which the 

experimental results (points) of the evolution of the concentration (mole fraction) of 

each component of the reaction medium with space time and the values calculated with 

the model (lines) are compared. The results (taken as an example) correspond to 

different CO2/CO molar ratios in the feed (0, 1/3 and 2/3), and to different particular 

conditions. 
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Fig. 1. Comparison of the evolution with space time of the experimental values of 

product concentration at zero time on stream (points) and those calculated 

using the kinetic model (lines), at 275 ºC (a) and 300 ºC (b). Reaction 

conditions: 30 bar; feed, CO+H2; H2/COx, 3. 
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Fig. 2. Comparison of the evolution with space time of the experimental values of 

product concentration at zero time on stream (points) and those calculated 

using the kinetic model (lines), at 250 ºC (a) and 300 ºC (b). Reaction 

conditions: 30 bar; feed, CO+H2+CO2; CO2/CO=1/3; H2/COx, 3. 
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Fig. 3. Comparison of the evolution with space time of the experimental values of 

product concentration at zero time on stream (points) and those calculated 

using the kinetic model (lines), for CO2/CO= 1/3 (a) and CO2/CO= 2/3 (b). 

Reaction conditions: 275 ºC; 30 bar; feed, CO+H2+CO2; H2/COx, 3. 
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3.4.2. Evolution of product concentration and yield with time on stream 

As depicted in Fig. 4 as an example, where the values of products concentrations 

obtained with the kinetic model (lines) taking into account the deactivation kinetics are 

compared with the experimental values (points), it has been proven that the model fits 

satisfactorily its evolution with time on stream. The study has been extended and Figs. 

S1-S4 in the Supplementary Information show more comparisons between the 

calculated and experimental values, at 5 h time on stream. 

Product yield has been determined as: 

 100
F

Fn
Y

0
CO

ii
i

x


  (23) 

where ni is the number of C atoms in a molecule of component i; Fi the molar flowrate 

of component i at the reactor outlet stream; and F0
COx is the molar flowrate of COx 

(CO+CO2) in the feed. 
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Fig. 4. Comparison of the evolution with time on stream of the experimental values 

of product concentration (points) and those calculated using the kinetic 

model (lines), for CO2/CO = 1/3 (a) and CO2/CO = 2/3 (b). Reaction 

conditions: 275 ºC, 30 bar; 10.18 gcath(molC)-1; H2/COx, 3. 

  

0

5

10

15

20

25

30

35

0

20

40

60

80

100

0 300 600 900 1200 1500 1800

Yi(%)

Time on stream  (min)

Yi(%)a)yi (%) yi (%)

0

5

10

15

20

25

30

35

0

20

40

60

80

100

0 300 600 900 1200 1500 1800

Yi(%)

Time on stream  (min)

Yi(%)b)Exp. Cal.
CO
CO2

MeOH
DME
Paraffins

yi (%) yi (%)



 29 

3.5. Simulation of the reactor and CO2 valorization 

The results of the previous section have shown that the kinetic model is suitable for 

determining products distribution and their evolution with time on stream in a wide 

range of operating conditions. Consequently, the kinetic model has been used to 

simulate the isothermal fixed-bed reactor, with the aim of exploring the capability of the 

direct DME synthesis process to valorize CO2. This objective differs from the usual one 

in the literature, as most of the studies are focused on maximizing the yield of DME. 

However, the perspective of valorizing CO2 requires analyzing the capacity of the 

reaction for this purpose. In addition, it must be taken into account that CO2 is a by-

product of the WGS reaction (Eq. 4) in the synthesis of DME, so that minimizing its 

emission also has a high environmental interest. On the other hand, it must be taken into 

account that the economic viability of the process requires operating under conditions in 

which a compromise is reached between the yield of DME and the net conversion of 

CO2. Therefore, to deepen in the knowledge of the capability of the direct synthesis of 

DME for these two targets, operating maps (with temperature and space time as 

coordinates) that allow identifying the most suitable operating conditions have been 

determined. The simulation of the isothermal fixed-bed reactor has been carried out 

using a calculation program written in MATLAB, which has been explained 

schematically in the Supplementary Information (Figs. S5 and S6). The main program 

gets the starting data; i) temperature, pressure, CO2/CO and H2/COx ratios; ii) the values 

of the kinetic parameters (Table 2), and; iii) the time on stream and space time vectors 

in the interval to be studied. Next, a subroutine integrates the differential equations 

system defined in secondary subroutines, to calculate the composition of the reactor 

outlet stream and the activity of the catalyst under the different conditions. As a result, 
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the program allows determining the evolution of products yield and CO2 conversion 

with space time and with time on stream. CO2 conversion has been defined as: 

 100
F

FF
X

0
CO

CO
0
CO

CO

2

22

2


  (24) 

where F0
CO2 and FCO2 are the molar flow rates of CO2 in the feed and in the product 

stream. 

Figs. 5-7 show the simulation results. Each figure corresponds to a CO2/CO ratio 

(1/3, 1 and 5, respectively). Graphs a) show the evolution of CO2 conversion with space 

time and time on stream, for fixed values of the other reaction conditions (275 ºC, 30 

bar, H2/COx= 3). In graphs b) operation maps are shown, where the values of space time 

and time on stream are related to reach a certain value of CO2 conversion. In Fig. 5b, 

corresponding to a CO2/CO ratio of 1/3, the CO2 conversion is negative for space time 

values above 2 gcath (molC)-1, which indicates that under these conditions CO2 is formed 

in the reaction (resulting from the WGS reaction, Eq. 4). Below this value of space time 

CO2 conversion is positive, as in all the conditions of Figs. 6b and 7b. Thus, the results 

highlight that the CO2/CO ratio in the feed conditions the required reaction conditions to 

enhance CO2 conversion. Indeed, it is observed that by increasing the CO2/CO ratio in 

the feed, the space time interval in which the CO2 conversion is maximum is wider. For 

low CO2/CO ratio in the feed (for the lowest value in the range studied, CO2/CO = 1/3) 

(Fig. 5), the maximum CO2 conversion (around 3 %) is obtained with small time space 

value, around 1 gcath (molC)-1. Increasing the space time above this value hinders the 

conversion of CO2, since its formation increases with increasing space time. 

For the ratio CO2/CO = 1 (Fig. 6), the maximum CO2 conversion is of 7 % and is 

obtained in a space time interval within 1 and 2 gcath (molC)-1. By increasing the 
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CO2/CO ratio to 5 (Fig. 7), a greater CO2 conversion is obtained (reaching a 15 % at 

these conditions) in the 4 - 10 gcath (molC)-1 range. 

 

 

Fig. 5. Evolution of CO2 conversion with space time and time on stream (a) and 

curves of equal conversion conditions (b), for CO2/CO = 1/3. Reaction 

conditions: 275 ºC, 30 bar; 10.18 gcath(molC)-1; H2/COx, 3. 
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Fig. 6. Evolution of CO2 conversion with space time and time on stream (a) and 

curves of equal conversion conditions (b), for CO2/CO = 1. Reaction 

conditions: 275 ºC, 30 bar; 10.18 gcath(molC)-1; H2/COx, 3. 
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Fig. 7. Evolution of CO2 conversion with space time and time on stream (a) and 

curves of equal conversion conditions (b), for CO2/CO = 5. Reaction 

conditions: 275 ºC, 30 bar; 10.18 gcath(molC)-1; H2/COx, 3. 
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On the other hand, it is observed in Fig. 7b (for CO2/CO = 5) that for a high 

CO2/CO ratio, deactivation is attenuated and CO2 conversion is almost constant with 

time on stream. Nevertheless, for CO2/CO = 1/3 (Fig. 5b) and 1 (Fig. 6b) and for high 

values of space time, the conversion of CO2 increases with time on stream, as a 

consequence of the deactivation of the catalyst under these conditions. 

However, as mentioned previously, the co-feeding of CO2 together with syngas has 

an unfavorable effect of decreasing the yield of DME, which must be taken into 

account. The aforementioned results have highlighted these opposite trends of CO2 

conversion and DME yield, to the point that the deactivation of the catalyst for DME 

synthesis favors the conversion of CO2. Hence, for further studying these trends, the 

results of CO2 conversion obtained for different values of the CO2/CO ratio and space 

time have been plotted together with the yield of DME (Fig. 8). It is observed that the 

increase of the CO2/CO ratio in the feed favors the conversion of CO2 for a certain value 

of space time, but decreases the production of DME. On the other hand, for a given 

CO2/CO ratio (lower than CO2/CO = 5), increasing the conversion of CO2 requires 

working at low space time values, resulting in a decrease in the yield of DME. For 

CO2/CO values above 5, this trend is reversed and the increase in space time not only 

enhances CO2 conversion but also slightly favors the yield of DME, which is interesting 

for the viability of the process focusing on the objective of maximizing CO2 conversion 

as a priority. It should be noted that these simulation results, using the kinetic model, 

are consistent with the trends established by the thermodynamic analysis of the CO2 

hydrogenation to methanol and DME, which predict that the direct DME synthesis has 

lower thermodynamic limitations than methanol synthesis, and that higher CO2 

conversion is obtained upon increasing the content of CO2 in the feed, at suitable 

operating conditions (below 300 ºC) [35,92]. Besides, the results also evidence the 
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relevance of having an accurate kinetic model to establish the suitable conditions for a 

good compromise between CO2 conversion and DME yield. 

 

Fig. 8. Relationship between CO2 conversion and DME yield at zero time on 

stream, for different values of the CO2/CO ratio in the feed and space time. 

Reaction conditions: 275 ºC, 30 bar; 5 h time on stream; H2/COx, 3. 
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CONCLUSIONS 

It has been proven that the proposed kinetic model is useful to quantify products 

distribution (methanol, DME, CO, CO2, and hydrocarbons) and its evolution with time 

on stream in the direct synthesis of DME from mixtures of CO2 and syngas. The model 

predicts the results for a wide range of conditions (250-350 ºC; 10-40 bar; space time, 

up to 20 gcath (molC)-1; CO2/CO molar ratio, up to 1; and, H2/COx molar ratio up to 4). 

Furthermore, under these conditions the catalyst has high activity, selectivity to DME 

and stability. 

The values of the kinetic parameters of the model show that the synthesis of 

methanol is the controlling step, and that the dehydration of methanol is remarkably 

faster (being k2* five orders of magnitude higher than k1*). On the other hand, the 

activation energies of methanol synthesis and hydrocarbons formation are way larger 

than that of methanol dehydration reaction. Among the characteristics of the model, the 

need to consider the competitive adsorption of CO2 and H2O in the metallic sites, 

attenuating the rate of methanol synthesis and that of hydrocarbons formation must be 

underlined. The relative importance of the adsorption of the two components depends 

on the temperature, being greater that of CO2 at low temperature, but making 

remarkable the relevance of the adsorption of H2O upon increasing reaction 

temperature. 

The deactivation kinetic model is in agreement with the hypothesis that the 

formation of coke on the metallic sites takes place with oxygenates (methanol and 

DME) as precursors of coke, with methoxy species (given their reactivity to form 

hydrocarbons) as active intermediates. Likewise, the model considers an attenuating 

effect of the deactivation by the H2O and CO2 in the reaction medium, the former being 

more important due to the control of the concentration of methoxy species. 
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The results give value to the thermodynamic forecasts of the capability of the direct 

synthesis of DME for the valorization of CO2, whose conversion is strongly dependent 

on the CO2/CO ratio, increasing as this ratio increases. Thus, for a CO2/CO ratio of 1, 

the maximum conversion of CO2 is 3 %, and 15 % for a CO2/CO = 5. Under these 

conditions of high CO2 content in the feed, it is noteworthy that increasing space time 

enhances both the CO2 conversion and DME yield. However, for maximum CO2 

conversion conditions DME yield is low, which will require settling a balance between 

both objectives for the viability of the process. 
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NOMENCLATURE 

a activity. 

COx CO+CO2. 

DME, MeOH dimethyl ether and methanol, respectively. 

d deactivation order. 

Ej  activation energy of reaction j in the reaction scheme, kJ mol-1. 

0
iF , iF  molar flow rate of compound i in the reactor inlet and outlet streams, 

respectively, in content C units. 

Hi, (Hi)d term related to the adsorption heat of component i in the kinetics at zero 

time on stream and in the deactivation kinetics, respectively, kJ mol-1. 

Ki, Ki
*  term related to the adsorption equilibrium constant of component i (H2O 

or CO2) and its value at reference temperature, bar-1. 

(Ki)d, (Ki)d
* term related to the adsorption equilibrium constant of component i (H2O 

or CO2) in the deactivation kinetics and its value at reference 

temperature, bar-1. 

K1, K1´, K2, K3, K4  equilibrium constants of the reactions of methanol synthesis from 

CO, from CO2, methanol dehydration, WGS reaction and 

hydrocarbons synthesis, respectively. 

Kj equilibrium constant for step j of the reaction scheme. 

kj, kj
* kinetic constant for j reaction step and its value at reference temperature, 

respectively. 
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kd, kd
* deactivation kinetic constant and its value at reference temperature, bar-1 

min-1. 

n, nc, ne number of reactions in the reaction scheme, of components and of 

experimental runs in the kinetic study, respectively. 

ni number of carbon atoms in each i component. 

OF objective function. 

P pressure, bar. 

pi partial pressure of component i, bar. 

ri, ri,0  formation rate of component i at t and zero time on stream, respectively. 

rj, rj,0 rate of reaction j in the reaction scheme at t and zero time on stream, 

respectively. 

sa
2, se

2  variance of the lack of fit and experimental error, respectively. 

SSE sum of square errors of each model. 

T, T* temperature and reference temperature, respectively, K. 

W catalyst mass, g. 

wi  weight factor for each i component inthe reaction scheme. 

XCO2 CO2 conversion, %. 

Yi yield of component i, %. 

yi molar fraction of component i. 

*

ki,y , yi,k average value of the molar fraction of each i component in the k 

experimental condition, and the value calculated by integraton the mass 

balance, respectivamente. 
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Greek symbols 

i  sum of square residuals for each i component. 

 term that quantifies the attenuation of the reaction rate by H2O and CO2 

adsorption. 

νa, νe  degrees of freedom. 

i,j stoichiometric coefficient of component i in reaction j. 
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