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ABSTRACT 

A thermodynamic approach of the synthesis processes of methanol and DME from 

H2+CO+CO2 has been conducted, in order to compare the feasibility of incorporating 

CO2 in the feed of both processes. The effects of reaction temperature (200-400 ºC), 

pressure (10-100 bar) and CO2/(CO+CO2) ratio in the feed on the CO2 conversion, yield 

and selectivity of oxygenates (methanol + DME), and heat released in each process 

have been studied. CO2 conversion is strongly dependent on the CO2 content in the feed 

and is higher in the DME synthesis for high CO2 concentration values in the feed 

(CO2/(CO+CO2) > 0.75). The increase of reaction temperature has a favorable effect on 

the oxygenate yield and selectivity, while the increase of reaction pressure and the 

increase of CO2 content in the feed have an unfavorable effect. Comparing both 

processes, higher oxygenate yield and selectivity values are obtained in the synthesis of 

DME, which is more relevant for CO2 rich feeds. Moreover, feeding CO2 lessens the 

exothermic nature of both processes which is a positive effect for protecting the metallic 

function of the catalyst, as the formation of hot spots is avoided. 
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HIGHLIGHTS:  

For CO2/(CO+CO2) ratio above 0.75, the equilibrium conversion of CO2 is higher in the 

DME synthesis than in the methanol synthesis. 

Oxygenate yield (methanol + DME) is higher in the DME synthesis than in the 

methanol synthesis, within 20-40 bar, 250-300 ºC. 

The addition of CO2 lessens the yield of oxygenates, but also global reaction heat. 
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1. INTRODUCTION 

It is well known that CO2 is the most important greenhouse gas, and its accumulation in 

the atmosphere contributes to global warming, which could be a great threat to the 

environment and to the mankind. Consequently, the catalytic routes of CO2 utilization 

as carbon source for the production of fuels like methanol or dimethyl ether (DME) 

have gained significant attention in the recent years [1-4]. 

Methanol is the simplest liquid hydrocarbon that can be regarded as a fuel, a hydrogen 

carrier, or a feedstock for producing other fuels or chemical compounds [5]. Methanol 

production has increased from 32 to 62 million metric tons annually between 2006 and 

2012, and is expected to increase to 94 million metric tons annually in 2016 [6]. 

Besides, DME also has a huge market potential. Traditionally, it has been known as an 

environmentally friendly propellant, green coolant and fuel (for both domestic and 

automotive use) [7, 8]. However, it has other applications as H2 source for fuel cells [9, 

10] and key intermediate for producing high added-value products or raw materials 

[11].  

Methanol and DME are mainly produced from syngas, which can be obtained with a 

low CO2 amount (below 3 %) from natural gas and petroleum derivates [12-14]. 

However, the most interesting innovative studies are focused on the methanol and DME 

synthesis using CO2 rich streams as those derived from coal, biomass and wastes (by 

gasification) [4, 15-17]. 
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The production of methanol and DME have different reaction schemes. Methanol is 

directly formed from the hydrogenation of CO or CO2 (using Cu-ZnO based metallic 

catalysts) [18-21], whereas DME synthesis requires the subsequent dehydration of the 

methanol formed (using acid catalysts) [22]. However, nowadays, the single-step 

process has gained much attraction for the synthesis of DME, using a bifunctional 

catalyst (with a metallic function for methanol synthesis and an acid function for its 

subsequent dehydration to DME) [23-25]. In this process, the synthesis of methanol and 

its subsequent dehydration take place in the same reactor, therefore, a sole reactor is 

required, and apart from the cost savings, the thermodynamic limitations are lower than 

those of the two-step reaction, due to the rapid in situ dehydration of methanol, which 

allows working in the single-step synthesis of DME at higher reaction temperature and 

lower pressure than in the methanol synthesis [26, 27]. Moreover, improvements in the 

synthesis of DME are being studied, using membrane reactors (selective for removing 

H2O from the reaction medium), in order to shift the thermodynamic equilibrium of 

methanol dehydration [28, 29]. 

The studies on the syntheses of methanol and DME have been habitually aimed at 

maximizing the yield of these products. However, the current focus is directed towards 

the conversion of CO2 on a large scale, and consequently a better comprehension of this 

conversion from a thermodynamic and kinetic point of view is needed in order to 

establish appropriate reaction conditions. Chen et al. [30] have compared the 

thermodynamics of DME synthesis in two steps and in a single step (direct synthesis) 

co-feeding CO2 together with syngas. The results confirm that while the co-feeding of 

CO2 decreases DME yield (with both strategies), the direct synthesis of DME has lower 

thermodynamic limitations and enables attaining higher CO2 conversion.  
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There is much literature reporting individually the thermodynamic behavior of methanol 

synthesis [31-33] and the synthesis of DME in a single step [34-36] from syngas. 

However the CO2 conversion capability of each process has been scarcely studied in 

these works. Considering the interest to progress towards a strategy and optimal 

operating conditions for the conversion of CO2, the thermodynamics of the synthesis of 

DME and the synthesis of methanol have been compared in this paper, focusing on the 

capacity of these processes for the valorization of the CO2 co-fed with syngas (Figure 

1). In this study the effects of reaction temperature, pressure and fed CO2/(CO+CO2) 

ratio on the conversion of CO2, yield and selectivity of oxygenates (methanol and 

DME) and heat released in each process (relevant aspect for the design of the reactor) 

have been assessed. 

 

Figure 1.  Graphical presentation of MeOH and DME synthesis processes. 

On the other hand, the imperative need to reduce the net CO2 emissions has motivated 

recent studies of strategy simulations combining CCU (ie carbon capture and 

utilization) strategies with CCS (i.e., carbon capture and sequestration) [37]. CCUs 

combined strategies (ie carbon capture utilization and sequestration) may be viable if 

CO2 utilization benefits compensate carbon capture and sequestration costs. These 

studies take natural gas and CO2 captured in power plants as complementary carbon 

sources, and CO2 is used in two routes: i) for the intensification of natural gas 

extraction; and ii) co-fed with the syngas derived from the reforming of natural gas in 

CO2 + CO + H2

MeOH

DME
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the synthesis of MeOH [38] or in the synthesis of DME [39,40]. These studies consider, 

by means of simulation, all the stages involved in the CCU strategy (generation, 

purification and capture of CO2, extraction of natural gas, reforming through different 

alternative routes, synthesis of MeOH or DME, purification of currents, etc.). The 

consideration of criteria that quantify the production of oxygenates, the efficiency of the 

valorization of CO2 and CH4, and the energy efficiency, has given rise in these works to 

encouraging results for the progress towards the industrial implementation of these 

CCU strategies, in order to progressively replace CH4 by CO2 in the synthesis of 

methanol or DME. The environmental interest increases when the application of solar 

energy is considered to supply the required energy for the reforming of natural gas [40]. 

The present paper aims to be useful to focus attention on the possibilities of DME 

synthesis, which is a key step in the CCU strategy and whose complexity requires a 

detailed thermodynamic study. 

 

2. METHODOLOGY 

2.1. Simulation program 

The study on the thermodynamic equilibrium of the set of reactions potentially involved 

in the synthesis of methanol and in the synthesis of DME has been conducted using a 

calculation program developed in MATLAB®, whose organization chart is described in 

Figure 2. The following steps have been explained in the supporting information: i) 

calculation of the composition in the thermodynamic equilibrium; ii) calculation of the 

fugacity coefficients; iii) calculation of the equilibrium constants; and iv) calculation of 

the heat generated in thermodynamic equilibrium conditions. 
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The main program, “prin_equilibrium”, requires starting values of the temperature and 

pressure vectors, the reactions involved in the process and the composition in the feed, 

which are supplied by the “start_values” subroutine from a data file. 

The calculation program considers the possibility of the existence of reactions that are 

linear combination of other reactions defined by the user. In this case, the linear 

combinations are removed, in order to perform the subsequent calculations with the 

minimum number of independent chemical reactions. Accordingly, the stoichiometric 

coefficients are redefined as a function of the selected reactions. 

The Newton-Raphson method is used for the calculation of the composition of each 

species in the equilibrium. This method calculates the composition values that minimize 

(make equal to zero) the objective function defined in Eq. (2), using “fun_NR” 

subroutine. 

This open method of finding zeros needs an adequate starting value to avoid divergence; 

hence, it is necessary to make a preliminary estimation of the initial searching value. 

Therefore, solving the differential equation set of the reaction extension as a function of 

space time is required, Eq. (1). The integration of the kinetic equations is performed 

using the proper function of MATLAB®, "ode23s" which solves ordinary differential 

equations by the Runge-Kutta method. The differential equations set is defined by the 

"der_equilibrium" calculation subroutine. Moreover, this subroutine also calculates the 

equilibrium constants as a function of temperature, Eq. (3). Since the fugacity values of 

the compounds are required for this calculation, the “fugacity” subroutine is called at 

the same time. 

Once the composition values in the thermodynamic equilibrium are obtained, the extent 

of each reaction and the global heat generated in the process are calculated as a function 
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of the reaction temperature and composition in the feed. Finally, the main program 

returns the values of the equilibrium constants of each reaction together with the value 

of the global heat generated, and product yield and selectivity. 

 

Figure 2.  Procedure diagram of the calculation program. 
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2.2. Reaction indices 

The CO2 conversion has been defined as follows:  

 100
F

FF
X

0
CO

CO
0
CO

CO

2

22

2



  (4) 

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

stream, respectively, expressed in carbon units. 

The yield of each product has been determined as: 
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F
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Y
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x




  (5) 

where ni is the number of carbon atoms of each i product, Fi is the molar flow rate of the 

i product in the outlet stream, and F0
COx is the molar flow rate of COx (CO+CO2) in the 

feed. 

Product selectivity (by mass unit of carbon) has been calculated as the ratio between the 

molar flow rate of the i compound and the sum of the molar flow rates of the organic 

compounds (DME, MeOH and C1-C3) in the outlet stream: 
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3. RESULTS AND DISCUSSION 

3.1. Equilibrium constant 

In the synthesis of methanol, the following reaction scheme has been considered: 

CO hydrogenation: OHCHH2OC 32   (7) 

CO2 hydrogenation: OHOHCHH3OC 2322    (8) 

Reverse Water Gas Shift reaction (r-WGS): OHCOHOC 222    (9) 

Paraffin formation reaction: OnHHCH)1n2(OCn 22n2n2      (n=1-3)  (10) 

 

In the synthesis of DME, along with the reactions described in Eqs. (7)-(10), which take 

place over the metallic function, the reaction of methanol dehydration to DME over the 

acid function does also take place: 

 OHOCHCHOHH2C 2333   (11) 

The simulation of the thermodynamic equilibrium when considering the reactions of 

paraffin formation (Eq. (10)), predicts high paraffin yield values (of almost 100 % 

regardless the composition of the H2+CO+CO2 ternary mixture in the feed). This 

undesirable reaction has not been considered in this study and can be avoided by 

selecting suitable operating conditions. For this purpose it is convenient to limit reaction 

temperature and in particular to attenuate the acidity of the catalyst, in order to 

minimize the activity towards hydrocarbon formation by the hydrocarbon pool 

mechanism [41]. Consequently, the formation of coke by degradation of the 

hydrocarbons in the reaction medium has not been considered either. This formation is 

also attenuated by the co-feeding of CO2 due to the higher concentration of water in the 

reaction medium as explained by Sierra et al. [42]. 
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On the other hand, since the Eq. (8), is a linear combination of Eqs. (7) and (9), the 

equilibrium constant of the hydrogenation of CO2 is calculated by means of combining 

the equilibrium constants of the CO hydrogenation to methanol and the reverse WGS 

reaction [32, 34, 43]. Table 1 sets out the coefficients reported in the literature [26] for 

the equilibrium constants of reactions (7), (9) and (11). 

 

Table 1. Coefficients of the equilibrium constants of reactions Eqs. (7), (9) and (11). 

Reaction a b·10-3 c d·104 e·108 f·10-3 

7 21.84 9.04 -7.66 54.07 -57.50 -6.75 

9 18.01 -5.87 -1.86 2.70 0 58.20 

11 -9.76 3.20 1.07 -6.57 4.90 6.05 

 

 

3.2. CO2 conversion  

Figure 3 shows the effect of reaction temperature over the CO2 conversion in the 

synthesis of methanol (MS) and in the synthesis of DME (DS), for different CO2/COX 

molar ratios in the feed. The results correspond to a total operating pressure of 30 bar 

and feeds of H2+CO+CO2 ternary mixtures with H2/COX ratio equal to 3. The results 

reveal that CO2 valorization is feasible in both processes within the whole temperature 

range studied, for high CO2 concentration feeds (CO2/COX > 0.50). CO2 conversion 

goes through a minimum between 250-300 ºC (higher temperature when increasing CO2 

concentration), which is sharper in the synthesis of DME. 
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Comparing the results obtained for both methanol and DME synthesis processes, it is 

observed that the differences are strongly dependent on the concentration of CO2 in the 

feed. On this regard, for pure CO2 feeds (CO2/COX= 1), the conversion of CO2 is higher 

in the synthesis of DME below 300 °C. Furthermore, by decreasing the concentration of 

CO2 in the feed the advantage of the DME synthesis process is achieved at 

progressively lower temperature (that is, at 275 ºC for CO2/COX= 0.75 and at 225 °C for 

CO2/COX= 0.50). However, below CO2/COX= 0.50 the conversion of CO2 is higher in 

the synthesis of methanol in the whole temperature range. 

In order to assess the relevance of these results, it should be taken into account that, on 

the one hand, 300 ºC is considered to be the limiting temperature to avoid the sintering 

of Cu catalysts [44]; and on the other hand, the low reaction rate achieved below 250 ºC 

[45]. On this regard, the 250-300 ºC temperature range results interesting to attain 

remarkable values of conversion and reaction rate and CO2 conversion is favored 

(higher in the synthesis of DME) when feeding high CO2 concentration feeds under 

these conditions. On the other hand, the study has been extended to a wider range of 

operating conditions, since many efforts are focused nowadays on the continuous 

improvement of the activity and stability of these catalysts. Therefore, studying the 

thermodynamics of the process in the 200 - 400 ºC range is interesting. 
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Figure 3. Comparison of the effect of temperature on the CO2 conversion in the 

methanol synthesis (MS) and DME synthesis reactions (DS), for different 

CO2/COX ratios in the feed. 30 bar, H2/COX = 3. 

Figure 4 compares the evolution of CO2 conversion for both processes in a temperature 

vs fed CO2 concentration (CO2/COX) diagram. Figure 4a corresponds to methanol 

synthesis and Figure 4b to DME synthesis. These results allow evaluating in detail the 

suitable operating condition ranges for the valorization of CO2 in each process. 

Furthermore, it should be noted that the conversion of CO2 is remarkably higher in the 

synthesis of DME when the concentration of CO2 in the feed is above CO2/COX= 0.75.  
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Figure 4. Maps of CO2 conversion (in %) in a temperature vs fed CO2 concentration 

(CO2/COX ratio) diagram. (a) Methanol synthesis reaction; (b) DME 

synthesis reaction. 30 bar, H2/COX= 3. 
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3.3. Yield of oxygenates 

The effect of the operating conditions on the yield of oxygenates in each process has 

been studied in this section. In the MS process emphasis has been placed on the 

production of methanol, and in the DS process the formation of the two oxygenates has 

been studied, that is MeOH + DME, which are in equilibrium. 

Figure 5 shows the effect of temperature on the yield of the corresponding oxygenates at 

different pressures, for the synthesis of methanol (dotted lines) and that of DME 

(continuous lines). Each graph corresponds to a different CO2 concentration in the feed, 

maintaining the H2/COX ratio equal to 3. 

In light of the results obtained for the synthesis of methanol, reaction pressure has a 

favorable effect on the yield of methanol, whereas temperature is unfavorable, due to 

the exothermic nature of the reaction. Moreover, it can be observed that the increase of 

CO2 concentration in the feed leads to an increase of the thermodynamic limitations of 

the reaction. The equilibrium constant of the methanol formation reaction is low for 

H2+CO2 feeds, and its formation is controlled by the reverse WGS reaction. 

In the synthesis of DME (continuous lines in Figure 5), the favorable effect of pressure 

is also evident and a remarkable decay in the yield of oxygenates (DME and methanol) 

is observed when increasing reaction temperature. For CO2 free feeds (Figure 5a), 

oxygenate yield decreases from around 80 to 60 %, when increasing temperature from 

200 ºC to 300 ºC at 30 bar; and for feeds with a CO2/COX ratio of 0.40 (Figure 5c), an 

increase of 25 ºC in the reaction temperature (from 250 to 275 ºC), leads to a decay of 

almost 10 % in the oxygenate yield, at 40 bar.  
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On the other hand, the co-feeding of CO2 together with the syngas in the feed, decreases 

the yield of oxygenates, due to the thermodynamic restrictions of methanol synthesis 

described previously. Nevertheless, this decay is significantly less pronounced than in 

the methanol synthesis. It should be noted that the incorporation of a small amount of 

CO2 in the feed (CO2/COX = 0.25, Figure 5b), leads to a decrease in the oxygenate yield 

of above 20 % comparing to that obtained without CO2 in the feed (Figure 5b). For 

feeds with a CO2/COX ratio= 0.50 (Figure 5d) and therefore, doubling the CO2 amount 

of that in Figure 5b, the oxygenate yield is 30 % lower than that obtained with syngas at 

275 ºC and 20 bar. 

Figure 6 illustrates the results of DME selectivity corresponding to the same conditions 

as in Figure 5. It is observed that the effect of pressure and temperature over the 

selectivity of DME is similar to the aforementioned effect on the yield of oxygenates. 

Besides, for obtaining the maximum values of oxygenate yield and DME selectivity, 

low temperature and high reaction pressure are required, and both indices decrease 

when increasing CO2 concentration in the feed. 

In light of the results in Figures 5 and 6, it is concluded that the synthesis of DME is 

thermodynamically more favored than the synthesis of methanol. The oxygenate yield 

obtained in the DME synthesis process is significantly higher (Figure 5). Moreover, 

DME selectivity is noticeable (Figure 6), above 90 % in all cases for CO2 free feeds 

(Figure 5a) and also for H2+CO+CO2 ternary mixture feeds (Figures 6b to 6d) below 

300 ºC, regardless the reaction pressure. Furthermore, more suitable oxygenate yields 

are obtained at higher temperature (faster reaction) and lower pressure, hence, reducing 

operating cost. 
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In order to assess the aforementioned results in further detail, the study has been 

completed with the results of the effect of reaction pressure and temperature on the yield 

of DME (Figure 7).  
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Figure 5. Effect of temperature and pressure on the yield of oxygenates (in %) in the 

thermodynamic equilibrium of the synthesis of methanol (MS, dotted lines) 

and for the synthesis of DME (DS, continuous lines). Each graph 

corresponds to a different CO2 concentration in the feed; (a) CO2/COX= 0; 

(b) CO2/COx= 0.25; (c) CO2/COx= 0.40; (d) CO2/COX= 0.50; (e) CO2/COX= 

1. H2/COx= 3. 
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Figure 6. Effect of temperature and pressure on the selectivity of DME in the 

thermodynamic equilibrium of the synthesis of DME. Each graph 

corresponds to a different CO2 concentration in the feed; (a) CO2/COX= 0; 

(b) CO2/COx= 0.25; (c) CO2/COx= 0.40; (d) CO2/COX= 0.50; (e) CO2/COX= 

1. H2/COx= 3. 
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Figure 7. Maps of DME yield in a temperature vs pressure diagram in the DME 

synthesis reaction. Each graph corresponds to a different CO2 concentration in the feed; 

(a) CO2/COX= 0; (b) CO2/COx= 0.50; (c) CO2/COx= 1. H2/COx= 3. 
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3.4. Reaction heat 

Bearing in mind the exothermic nature of the CO and CO2 hydrogenation reactions and 

the DME dehydration reaction, together with the endothermic nature of the r-WGS 

reaction, the feasibility of reaching a thermo neutral regime when co-feeding CO2 with 

the syngas in the feed has been analyzed. These conditions are a key point for the design 

of the reactor. 

Figure 8a illustrates the heat generated in the methanol synthesis reaction, for various 

CO2/COx ratios in the feed and different reaction temperatures, and Figure 8b the heat 

released in the synthesis of DME in the same operating condition ranges. It is observed 

that for both processes, both reaction temperature and CO2 concentration in the feed 

have a remarkable effect on the reaction heat. Therefore, for a fixed reaction 

temperature, increasing CO2/COX ratio in the feed leads to a remarkable decrease on the 

generated heat. In the case of methanol synthesis, the heat generated in the overall 

reaction decays from around 80 to 45 kJ/molC when comparing CO2 free feeds with 

feeds composed of a CO2/COX ratio= 0.50 (Figure 8a), and from near 90 to 60 kJ/molC 

in the case of the synthesis of DME (Figure 8b). This fact is a key point for the 

methanol synthesis and for the synthesis of DME from the experimental point of view, 

since it helps to avoid the formation of hot spots in the reactor and the active sites of the 

catalyst, responsible for the Cu sintering. 

Overall, the results predict that methanol synthesis process is slightly less exothermic 

than the DME synthesis process. Thermo neutral conditions, where energy formation or 

consumption is zero, is obtained over 330 ºC for methanol synthesis process and over 

360 ºC for the DME synthesis process. In light of these results, regardless the 

temperature in the former is lower than in the latter, working at thermo neutral 



23 

 

conditions does not seem to be possible with the Cu catalysts commonly used 

nowadays, which would suffer severe Cu sintering at these temperatures. From the point 

of view of catalyst stability, the addition of CO2 together with the syngas in the feed, 

helps lessening the heat released in the process (both in the methanol and DME 

syntheses), and therefore this co-feeding helps protecting and preserving the catalyst. 
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Figure 8. Map of heat generated (kJ/mol) in a temperature vs CO2/COX ratio in the feed 

diagram. (a) Methanol synthesis reaction; (b) DME synthesis reaction. 30 bar, 

H2/COx= 3. 

  

a)

b)
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4. CONCLUSIONS 

The thermodynamic capacity for the valorization of CO2 is higher in the synthesis of 

DME than in the methanol synthesis when CO2 concentration in the feed is higher than 

that corresponding to a CO2/(CO+CO2) ratio= 0.75, and this trend reverses for lower 

CO2 concentrations in the feed. Under these conditions of high CO2 concentration in the 

feed, the conversion of CO2 in both processes goes through a minimum at 250-300 ºC, 

which is more pronounced in the synthesis of DME, and takes place at slightly higher 

temperature when increasing reaction pressure. 

Moreover, the yield of oxygenates (methanol and DME) is greater in the synthesis of 

DME than the yield of methanol in the synthesis of the latter. The yield of the 

corresponding oxygenates decreases in both processes with increasing CO2 

concentration in the feed, which is an opposite effect to that aforementioned regarding 

CO2 conversion. 

Co-feeding CO2 has a favorable effect on the reaction heat, both in the methanol and in 

the DME synthesis processes, since a higher content of CO2 in the feed favors the r-

WGS reaction, and consequently, diminishes the exothermic nature of the overall 

process, which is important for an appropriate control of the temperature inside the 

reactor, avoiding the formation of hot spots (> 300 ºC) responsible for Cu sintering in 

the metallic function of the catalysts used in these processes. 
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NOMENCLATURE 

a, b, c, d, e, f Equilibrium constant coefficients. 

COX CO+CO2. 

DME Dimethyl ether. 

0
iF , iF  Molar flow rate of compound i in the feed and reactor outlet, 

respectively, molC h-1 and mol h-1. 

fr, fp, fi Fugacity of reactants, products and compound i, respectively, atm. 

Kj Equilibrium constant, barΔn. 

kj Kinetic constant of reaction j. 

MeOH Methanol. 

ni Mol number of i component. 

P Pressure, bar. 

Q Heat generated in the reaction, kJ (molC)-1. 

Yi, Si Yield and selectivity of the lump i, (moli mol0
-1)C. 

T Temperature, ºC. 

XCO2 CO2 conversion, %. 

y Mol fraction. 

Greek symbols 

 Extention of the reaction, mol. 

 Space time, gcat·h (molC)-1. 
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i,j Stoichiometric coefficient of compound i in the reaction j. 

ACKNOWLEDGMENTS 

This work has been carried out with the financial support of the Ministry of Economy 

and Competitiveness of the Spanish Government (CTQ2010-19188 and CTQ2013-

46173-R), the FEDER funds, the Basque Government (Projects GIC/24-IT-220-07 and 

IT748-13), and the University of the Basque Country (UFI 11/39). Ainara Ateka is 

grateful for the Ph.D. grant from the Department of Education, University and Research 

of the Basque Government (BFI09.69).  



28 

 

REFERENCES (ABREVIAR REVISTAS) 

[1] Centi G, Perathoner S. Opportunities and prospects in the chemical recycling of 

carbon dioxide to fuels. Catal Today 2009; 148: 191-205. 

[2] Khozema  AA, Ahmad AZ, Abdul MR. Recent development in catalytic 

technologies for methanol synthesis from renewable sources: A critical review. 

Renew Sustainable Energy Rev 2015; 44: 508-518. 

[3] Frusteri F, Bonura G, Cannilla C, Drago Ferrante G, Aloise A, Catizzone E, 

Migliori M, Giordano G. Stepwise tuning of metal-oxide and acid sites of 

CuZnZr-MFI hybrid catalysts for the direct DME synthesis by CO2 

hydrogenation. Appl Catal B: Environ 2015; 176-177: 522-531. 

[4] Olah GA, Goeppert A, Prakash GKS. Chemical recycling of carbon dioxide to 

methanol and dimethyl ether: From greenhouse gas to renewable, environmentally 

carbon neutral fuels and synthetic hydrocarbons. J Org Chem 2009; 74: 487-498. 

[5] Tian P, Wei Y, Ye M, Liu Z. Methanol to olefins (MTO): From fundamentals to 

commercialization. ACS Catal 2015; 5: 1922-1938. 

[6] Milani D, Khalilpour R, Zahedi G, Abbas A. A model-based analysis of CO2 

utilization in methanol synthesis plant. J CO2 Utilization 2015; 10: 12-22. 

[7] Semelsberger TA, Borup RL, Greene HL. Dimethyl ether (DME) as an alternative 

fuel. J Power Sources 2006; 156: 497-511. 

[8] Park S, Kim H, Choi B. Effective parameters for DME steam reforming catalysts 

for the formation of H2 and CO. J Ind Eng Chem 2010; 16: 734-740. 

[9] Ereña J, Vicente J, Aguayo AT, Olazar M, Bilbao J, Gayubo AG. Kinetic 

behaviour of catalysts with different CuO-ZnO-Al2O3 metallic function 

compositions in DME steam reforming in a fluidized bed. Appl Catal B: Environ 

2013; 142-143: 315-322. 



29 

 

[10] Vicente J, Gayubo AG, Ereña J, Aguayo AT, Olazar M, Bilbao J. Improving the 

DME steam reforming catalyst by alkaline treatment of the HZSM-5 zeolite. Appl 

Catal B: Environ 2013; 130-131: 73-83. 

[11] Pérez-Uriarte P, Ateka A, Gamero M, Aguayo AT, Bilbao J. Effect of the 

Operating Conditions in the Transformation of DME to olefins over a HZSM-5 

Zeolite Catalyst. Ind Eng Chem Res 2016; 55: 6569-6578. 

[12] Azizi Z, Rezaeimanesh M, Tohidian T, Rahimpour MR. Dimethyl ether: A review 

of technologies and production challenges. Chem Eng Proc 2014; 82: 150-172. 

[13] Sun J, Yang G, Yoneyama Y, Tsubaki N. Catalysis chemistry of dimethyl ether 

synthesis. ACS Catal 2014; 4: 3346-3356. 

[14] Takeishi K. Dimethyl ether and catalyst development for production from syngas. 

Biofuels 2010; 1: 217-226. 

[15] Bae JW, Potdar HS, Kang SH, Jun KW. Coproduction of methanol and dimethyl 

ether from biomass-derived syngas on a Cu-ZnO-Al2O3/ -Al2O3 hybrid catalyst. 

Energy Fuel 2008; 22: 223-230. 

[16] Bhattacharya S, Kabir KB, Hein K. Dimethyl ether synthesis from Victorian 

brown coal through gasification - Current status, and research and development 

needs. Progr Energy Combust Sci 2013; 39: 577-605. 

[17] De Falco M, Capocelli M, Centi G. Dimethyl ether production from CO2 rich 

feedstocks in a one-step process: Thermodynamic evaluation and reactor 

simulation. Chem Eng J 2016; 294: 400-409. 

[18] Melián-Cabrera I, López Granados M, Fierro JLG. Pd-modified Cu-Zn catalysts 

for methanol synthesis from CO2/H2 mixtures: Catalytic structures and 

performance. J Catal 2002; 210: 285-294. 



30 

 

[19] Meshkini F, Taghizadeh M, Bahmani M. Investigating the effect of metal oxide 

additives on the properties of Cu/ZnO/Al2O3 catalysts in methanol synthesis from 

syngas using factorial experimental design. Fuel 2010; 89: 170-175. 

[20] Witoon T, Chalorngtham J, Dumrongbunditkul P, Chareonpanich M, Limtrakul J. 

CO2 hydrogenation to methanol over Cu/ZrO2 catalysts: Effects of zirconia 

phases. Chem Eng J 2016; 293: 327-336. 

[21] Witoon T, Kachaban N, Donphai W, Kidkhunthod P, Faungnawakij K, 

Chareonpanich M, Limtrakul J. Tuning of catalytic CO2 hydrogenation by 

changing composition of CuO-ZnO-ZrO2 catalysts. Energy Conv Manag 2016; 

118: 21-31. 

[22] Vanoye L, Favre-Réguillon A, Munno P, Rodríguez JF, Dupuy S, Pallier S, 

Pitault I, De Bellefon C. Methanol dehydration over commercially available 

zeolites: Effect of hydrophobicity. Catal Today 2013; 215: 239-242. 

[23] Ereña J, Garoña R, Arandes JM, Aguayo AT, Bilbao J. Effect of operating 

conditions on the synthesis of dimethyl ether over a CuO-ZnO-Al2O3/NaHZSM-5 

bifunctional catalyst. Catal Today 2005; 107-108: 467-473. 

[24] García-Trenco A, Martínez A. Direct synthesis of DME from syngas on hybrid 

CuZnAl/ZSM-5 catalysts: New insights into the role of zeolite acidity. Appl Catal 

A: Gen 2012; 411-412: 170-179. 

[25] Ateka A, Sierra I, Ereña J, Bilbao J, Aguayo AT. Performance of CuO-ZnO-ZrO2 

and CuO-ZnO-MnO as metallic functions and SAPO-18 as acid function of the 

catalyst for the synthesis of DME co-feeding CO2. Fuel Process Technol 2016; 

152: 34-45. 



31 

 

[26] Aguayo AT, Ereña J, Mier D, Arandes JM, Olazar M, Bilbao J. Kinetic modeling 

of dimethyl ether synthesis in a single step on a CuO-ZnO-Al2O3/-Al2O3 catalyst. 

Ind Eng Chem Res 2007; 46: 5522-5530. 

[27] Sosna MK, Sokolinskii YA, Shovkoplyas NY, Korolev EV. Application of the 

thermodynamic method to developing the process of producing methanol and 

dimethyl ether from synthesis gas. Theor Found Chem Eng 2007; 41: 809-815. 

[28] Diban N, Urtiaga AM, Ortiz I, Ereña J, Bilbao J, Aguayo AT. Influence of the 

membrane properties on the catalytic production of dimethyl ether with in situ 

water removal for the successful capture of CO2. Chem Eng J 2013; 234: 140-148. 

[29] Diban N, Urtiaga AM, Ortiz I, Ereña J, Bilbao J, Aguayo AT. Improved 

performance of a PBM reactor for simultaneous CO2 capture and DME synthesis. 

Ind Eng Chem Res 2014; 53: 19479-19487. 

[30] Chen W-H, Hsu C-L, Wang X-D. Thermodynamic approach and comparison of 

two-step and single step DME (dimethyl ether) syntheses with carbon dioxide 

utilization. Energy 2016; 109: 326-340. 

[31] Chang T, Rousseau RW, Kilpatrick PK. Methanol synthesis reactions: 

calculations of equilibrium conversions using equations of state. Ind Eng Chem 

Proc Des Dev 1986; 25: 477-481. 

[32] Van Bennekom JG, Winkelman JGM, Venderbosch RH, Nieland SDGB, Heeres 

HJ. Modeling and experimental studies on phase and chemical equilibria in high-

pressure methanol synthesis. Ind Eng Chem Res 2012; 51: 12233-12243. 

[33] Iyer SS, Renganathan T, Pushpavanam S, Vasudeva Kumar M, Kaisare N. 

Generalized thermodynamic analysis of methanol synthesis: Effect of feed 

composition. J CO2 Utilization 2015; 10: 95-104. 



32 

 

[34] Jia G, Tan Y, Han Y. A comparative study on the thermodynamics of dimethyl 

ether synthesis from CO hydrogenation and CO2 hydrogenation. Ind Eng Chem 

Res 2006; 45: 1152-1159. 

[35] Moradi GR, Ahmadpour J, Yaripour F, Wang J. Equilibrium calculations for 

direct synthesis of dimethyl ether from syngas. Can J Chem Eng 2011; 89: 108-

115. 

[36] Chen HJ, Fan CW, Yu CS. Analysis, synthesis, and design of a one-step dimethyl 

ether production via a thermodynamic approach. Appl Energy 2013; 101: 449-

456. 

[37] Luu MT, Milani D, Abbas A. Analysis of CO2 utilization for methanol synthesis 

integrated with enhanced gas recovery. J. Clean. Prod. 2016; 112: 3540-3554.  

[38] Luu MT, Milani D, Bahadori A, Abbas A. A comparative study of CO2 utilization 

in methanol synthesis with various syngas production technologies. J. CO2 Util. 

2015; 12: 62-76.  

[39] Luu MT, Milani D, Wake M, Abbas A. Analysis of di-methyl ether production 

routes: Process performance evaluations at various syngas compositions. Chem. 

Eng Sci. 2016; 140: 143-155.  

[40] Luu MT, Milani D, Sharma M, Zeaiter J, Abbas A. Model-based analysis of CO2 

revalorization for di-methyl ether synthesis driven by solar catalytic reforming. 

Appl. Energy 2016; 177: 863-878.  

[41] Stiefel M, Ahmad R, Arnold U, Döring M. Direct synthesis of dimethyl ether 

from carbon-monoxide-rich synthesis gas: Influence of dehydration catalysts and 

operating conditions. Fuel Process. Technol. 2011; 92: 1466-1474.  

[42] Sierra I, Ereña J, Aguayo AT, Arandes JM, Olazar M, Bilbao J. Co-feeding water 

to attenuate deactivation of the catalyst metallic function (CuO-ZnO-Al2O3) by 



33 

 

coke in the direct synthesis of dimethyl ether. Appl. Catal. B: Environmental 

2010; 94: 108-116. 

[43] Ng KL, Chadwick D, Toseland BA. Kinetics and modelling of dimethyl ether 

synthesis from synthesis gas. Chem Eng Sci 1999; 54: 3587-3592. 

[44] Sierra I, Ereña J, Aguayo AT, Arandes JM, Bilbao J. Regeneration of CuO-ZnO-

Al2O3/-Al2O3 catalyst in the direct synthesis of dimethyl ether. Appl Catal B: 

Environ 2010; 94: 108-116. 

[45] Ereña J, Sierra I, Aguayo AT, Ateka A, Olazar M, Bilbao J. Kinetic modelling of 

dimethyl ether synthesis from (H2+CO2) by considering catalyst deactivation. 

Chem Eng J 2011; 174: 660-667. 

 



1 

 

Supplementary information 

A comparative thermodynamic study on the CO2 conversion in 

the syntheses of methanol and of DME 

Ainara Ateka*, Paula Pérez-Uriarte, Mónica Gamero, Javier Ereña, Andrés T. 

Aguayo, Javier Bilbao 

Department of Chemical Engineering, University of the Basque Country UPV/EHU, 

P.O. Box 644, 48080 Bilbao, Spain 

*Corresponding author. Tel.: +34 94 6015361; fax: +34 94 6013500. E-mail address: 

ainara.ateka@ehu.eus (A. Ateka) 

 

  



2 

 

1. THEORETHICAL ANALYSIS 

A calculation program written in MATLAB® has been developed to systematically 

determine the parameters of thermodynamic equilibrium based on the steps described 

below. 

1.1. Calculation of the composition in the thermodynamic equilibrium 

For a chemical reaction in gas state of type: 

 SυRυBυAυ srba   (S.1) 

the mole variation of the species is directly dependent on its stoichiometric 

coefficients, i. Therefore, the extent of the reaction, , is defined as: 
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In order to obtain the composition of each species at the equilibrium, the reaction rate 

of i species in the j reaction is defined as follows: 
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where r refers to the reactants and p to the products of the reaction; fr and fp are the 

fugacity values of the reactant and products respectively; k j is the kinetic constant of 

the reaction j;  is the space time; and Kj is the equilibrium constant of the reaction j. 

The composition of each species in the equilibrium has been calculated considering 

the reaction rate in the equilibrium is zero: 
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In order to simplify the calculations required for the resolution, Eq. (S.4) is linearized: 
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Eq. (S.5) can be reordered, leading to the objective function to be minimized: 
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1.2. Calculation of the fugacity coefficients 

Since the DME synthesis reaction takes place at high pressure conditions, the non 

ideal behavior of the compounds in the reaction medium must be considered. 

Therefore, the thermodynamic equilibrium expressions and the reaction equations to 

be set in the subsequently, must consider the fugacity values of each compound 

instead of partial pressure values. 

The fugacity of a compound (fi) in a mixture, is a function of the fugacity coefficient 

(i) and the partial pressure (pi), as well as a result of the mol fraction and the total 

pressure of the system (P), where yi is the molar fraction and ni is the mole number: 

 P
n

n
ΦPyΦpΦf i

iiiiii   (S.7) 

The fugacity coefficient of each species has been determined by the Soave-Redlich-

Kwong method [S1]: 
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The compressibility factor Z is given by the expression: 

 0BA)ZBBA(ZZ 223   (S.9) 

Where the parameters A´, B´, Ai and Bi for a multi-compound system are calculated 

as: 
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For a system with C compounds in the equilibrium, the values of the coefficients a´ 

and b´ are determined using original mixing rules with interaction coefficients: 
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where yi and yi´ are the mol fractions of the i and i´ compound pair. Coefficients a i (or 

ai´) and bi are a function of the critical temperature and pressure (Tc, Pc) and the 

acentric factor ():  
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being Tr the reduced temperature, related to the critical temperature: 
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1.3. Calculation of the equilibrium constant 

The equilibrium constant of a chemical reaction is calculated from the variation of the 

standard Gibbs free energy (Gº) by means of the following expression [S1]: 

 









RT
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expK

o

 (S.20) 

where Gº is a function of the standard enthalpy (Hº) and entropy (Sº), given by: 

 ºSTºHºG   (S.21) 

Hº and Sº values are calculated on the basis of a thermodynamic state at T0 

temperature as follows: 
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therefore, 
o

0G , 
o

0S  and 
o

0H  are the standard free Gibbs energy, entropy and 

enthalpy variations at the T0 reference temperature. Combining Eqs. (S.21)-(S.24), the 

following expression is obtained: 
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being: 
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where i is the stoichiometric coefficient, positive for products, negative for reactants 

and equal zero for the inert compounds. 
o

fiG , 
o

fiH  and 
o

fiCp  are, the free Gibbs 

formation energy, the formation enthalpy and the heat capacity of the i compound at a 

constant pressure in its standard state and T0 reference temperature, respectively. The 

heat capacity is a function of temperature, given by: 
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where A, B, C and D are the parameters of the heat capacity equation. It should be 

noted that depending on the compound, the values of C or D might be zero.  

Integrating Eqs. (S.26)-(S.29) in Eq. (S.25), it can be concluded that K equilibrium 

constant is a function of temperature as expressed in Eq. (S.30), where a, b, c, d, e and 

f are the coefficients of the equilibrium constant in each reaction involved in the 

process: 
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1.4. Calculation of the heat generated in thermodynamic equilibrium 

conditions 

For a given chemical reaction, the standard reaction properties, such as G0 and H0, 

vary with temperature as follows: 
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The variation of the standard free energy, G0, can be expressed as a function of the 

equilibrium constant as: 

 RTlnKΔGº   (S.32) 

consequently, 
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The derivate is conducted analytically from the relationship between the equilibrium 

constant and the temperature, Eq. (S.30).  

The heat generated in a j reaction, is calculated from the standard reaction enthalpy, 

given by Eq. (S.33), considering the extent of the reaction, j. In a chemical process 

where several reactions take place simultaneously, the total generated heat will be the 

sum of that corresponding to each reaction j, given by the following expression: 

  HQ
j

o

ij   (S.34) 

The extent to which a j reaction has taken place, as defined in Eq. (S.35), determines 

the mol number of each i compound present in the reaction j at a certain moment, as 

expressed in Eq. (S.35): 

 jiioi nn   (S.35) 

when various reactions occur simultaneously, the mole number of the i species is 

determined as follows: 

  
j

jj,iioi nn  (S.36) 

Once the mole number of each i compound in the equilibrium for a each j reaction has 

been determined, the extent of each reaction j is calculated with Eq. (S.36), and the 

global heat generated or released is calculated by Eq. (S.34) from the corresponding 

values of j and generated heat.  
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NOMENCLATURE 

A, B, C, D, E, F Constants in Eq.S.29. 

Pc Critical pressure, bar. 

pi Partial pressure of lump or compound i, bar. 

R Universal gas constant, kJ (mol K)-1. 

T0 Reference temperature, K. 

Tc Critical temperature, K. 

yi, yi’ Mol fraction of i and i’. 

Z Compressibility factor. 

Greek symbols 

ΔCºp Variation of the heat capacity of the reaction at constant pressure in 

standard state and reference temperature, J (K mol)-1. 

ΔGº, ΔGº0 Variation of the free Gibbs standard energy and its value at reference 

temperature, respectively, J mol-1. 

ΔGºfi, ΔHºfi Free Gibbs energy and formation enthalpy at constant pressure of the 

compound i in its standard state at reference temperature, J mol-1. 

ΔHº, ΔHº0 Variation of the standard reaction enthalpy, and its value at reference 

temperature, respectively, J mol-1. 

ΔSº, ΔSº0 Variation of the standard entropy and its value at reference 

temperature, respectively, J (K mol)-1. 

i Fugacity coefficient of compound i. 
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 Acentric factor. 
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