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Abstract 

Simultaneous production of propene and hydrogen from ethanol is the promising way 

of a renewable feedstock conversion into valuable products. Propene is used for the production 

of polypropene plastics, acrylonitrile, propene oxide, and many other manufactures; hydrogen 

is considered the most viable energy carrier for the future. Conventional reaction schemes of 

the direct one-step catalytic conversion of ethanol into propene include the reaction of the 

isopropanol dehydration to propene. However, the dehydration ability of a catalyst inevitably 

gives rise to the ethanol dehydration to ethene that diminishes the propene yield. To avoid 

ethanol dehydration to ethene, the two-step process is composed of the ethanol conversion to 

acetone in the first step and the acetone conversion to propene in the second step. The 

thermodynamic analysis of the known reaction pathways for the ethanol conversion to propene 

shows that a 74.6% yield of propene can be achieved even at a low temperature of 200oC. 

According to the literature data, possible catalysts can be Cu/La2Zr2O7 or Fe3O4 for the first 

step, and the mixed Ag–In/SiO2 and K3PW12O40 catalyst for the second step. We speculate that 

the propene yield may reach 72% using these catalysts in the two-step process.  

Keywords: acetone, catalyst, ethanol, hydrogen, propene. 

 

Introduction 

Propene is a substantial feedstock for the production of polypropene plastics, 

acrylonitrile, propene oxide, and many other valuable products. As a result, the propene market 

demand keeps growing (Hayashi et al. 2014). That forces scientists to search for alternative 

methods to produce propene. The ethanol to propene (ETP) process is one of these methods 

that uses bioethanol as a renewable feedstock. The ETP process is economically favourable and 

environmentally benign (Posada et al. 2013). It is worth noting that hydrogen may be produced 

in ETP as another significant product for modern economics. 

Various oxide solids have been found as the ETP catalysts, particularly, Sc2O3-In2O3, 

Y2O3-CeO2, Y2O3-ZrO2, In2O3-BEA (Hayashi et al. 2013; Iwamoto 2015; Iwamoto et al. 2013; 

Xia et al. 2017; Wang et al. 2018; Pang et al. 2019; Xue et al. 2017; Matheus et al. 2018). The 

reaction pathway for these catalysts consists of dehydrogenation of ethanol to acetaldehyde, 

aldol-condensation of acetaldehyde into acetone, conversion of acetone to isopropanol, and 

dehydration of isopropanol to propene (Iwamoto 2015): 

 C2H5OH ⇄ CH3CHO + H2 (R1) 

 2 CH3CHO + H2O ⇄ CH3COCH3 + CO2 + 2 H2 (R2) 
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 CH3COCH3 + H2 ⇄ iso-C3H7OH (R3) 

 iso- C3H7OH ⇄ C3H6 + H2O (R4) 

According to (R1)-(R4), the ETP stoichiometry is given by the following reaction: 

 2 C2H5OH ⇄ C3H6 + CO2 + 3 H2 (R5) 

According to reaction (R5), hydrogen is produced as a valuable by-product of the 

process. Various reaction schemes of ETP always include isopropanol dehydration (R4) 

(Hayashi et al. 2013; Iwamoto 2015; Iwamoto et al. 2013; Xia et al. 2017; Wang et al. 2018; 

Pang et al. 2019). For this reaction, the dehydration ability of a catalyst must be high enough to 

overcome the thermodynamic limitations of reaction (R3) at elevated temperatures because the 

equilibrium of reaction (R3) is shifted towards acetone and hydrogen at temperatures above 

200oC (Pyatnytsky et al. 2019). However, a high dehydration ability of a catalyst inevitably 

results in the undesirable dehydration of ethanol to ethene. Numerous studies show a significant 

decrease in the propene selectivity as a result of ethanol dehydration (Hayashi et al. 2013; 

Iwamoto 2015; Iwamoto et al. 2013; Xia et al. 2017; Wang et al. 2018; Pang et al. 2019; Xue 

et al. 2017): 

 C2H5OH ⇄ C2H4 + H2O (R6) 

That may result in a higher ethene yield comparing to the yield of propene (Hayashi et 

al. 2013; Iwamoto 2015; Iwamoto et al. 2013). For the ethanol steam reforming over the Y2O3-

CeO2 catalyst (20 atm.% Y), the ethene yield was 36.8%, and the propene yield was just 31.2% 

at a temperature of 430oC (Hayashi et al. 2013). 

Another reaction of the isopropanol formation has been revealed over the Y2O3-CeO2 

catalyst (Xia et al. 2017). It was found that not hydrogen but ethanol reduces acetone according 

to the Meerwein–Ponndorf–Verley (MPV) reaction: 

 CH3COCH3 + C2H5OH ⇄ CH3CHO + iso-C3H7OH (R7) 

Earlier, we introduced the two-step ETP process where the ethanol conversion to 

acetone is the first step and the acetone conversion to propene is the second step (Pyatnytsky et 

al 2019). The basic idea of the two-step process is to avoid undesirable dehydration of ethanol 

to ethene. In the present study, we perform a thermodynamic analysis of various reaction 

pathways determining the most favourable reaction conditions that result in a high yield of 

propene and hydrogen. Moreover, based on the favourable reaction routes and the data 
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presented in the literature we analyze possible catalysts and the process parameters devoting 

much attention to the practical features. 

 

Thermodynamics  

Equilibrium constants, Kp, of separate reactions of the ETP process as a function of 

temperature (T, K) were evaluated according to the following equation: 

 𝑙𝑛𝐾𝑝 = 𝐴𝑇−1 + 𝐵 𝑙𝑛𝑇 + 𝐶𝑇 + 𝐷𝑇2 + 𝐸 (1) 

Numerical values of coefficients A, B, C, D, and E (Appendix, Table 1) for separate 

ETP reactions, were determined from the thermodynamic parameters (Stull et al. 1969) for 

temperatures of 500, 700, and 900 K. Composition of the equilibrium reaction mixtures for 

given conditions was obtained by means of the procedure described in detail in the textbook 

[13] (Pyatnytsky and Strizhak 2018). 

Reactions (R1) and (R2) present the first step of the overall ETP process. Figure 1 shows 

the temperature dependencies of the equilibrium concentrations of the reaction components for 

the ethanol conversion to acetone according to the reactions (R1) and (R2). The ratio of the 

initial concentration of ethanol, mEt, to the initial concentration of water, mH2O, is taken 

corresponding to the stoichiometry of the chemical equation for the first step: 

 2 C2H5OH + H2O ⇄ CH3COCH3 + CO2 + 4 H2 (R8) 

The equilibrium concentration of acetaldehyde is negligible at any temperature that 

follows from the data presented in Fig.1. At temperatures above 200oC, the equilibrium 

concentrations of other species correspond to the following composition: macetone = mCO2 = 1/6, 

mH2 = 2/3. These values were used for the thermodynamic calculation of the second step 

presented by the reactions (R3) and (R4). 

 

Fig. 1 Temperature dependencies of the equilibrium concentrations of the reaction 

components for the ethanol conversion to acetone according to the reactions (R1) and (R2); 

mEt = 2/3, mH2O = 1/3, 101.3 kPa. 
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Let us consider the reaction pathways of ethanol conversion to acetone in more detail. 

Reaction pathway 1 

 C2H5OH ⇄ CH3CHO + H2 (R1) 

 2 CH3CHO + H2O ⇄ CH3COCH3 + CO2 + 2 H2 (R2) 

Elliott and Pennella (1989) proposed the following mechanism for the acetaldehyde 

conversion to acetone with aldol type adsorbed species: 

2 CH3CHO + O(s) → CH3CH(OH)CH2-COO(a) + H(a) 

CH3CH(OH)CH2COO(a) + H(a) → CH3COCH3 + CO2 + H2 

H2O → O(s) + H2 

The summation of these reactions gives the gas phase reaction (R2). Figure 1 presents 

the results of thermodynamic analysis according to reaction pathway 1 that shows the 

monotonic increase in the concentration of hydrogen and acetone with increasing temperature. 

Reaction pathway 1a 

 C2H5OH ⇄ CH3CHO + H2 (R1) 

 CH3CHO + H2O ⇄ CH3COOH + H2 (R9) 

 2 CH3COOH ⇄ CH3COCH3 + CO2 + H2O (R10) 

This reaction pathway describing the acetaldehyde ketonization has been proposed by 

Iwamoto (2015) for the Sc2O3-In2O3 catalyst and Bussi et al. (1998) for the Cu/La2Zr2O7 

catalyst. 

Reaction pathway 1b 

 C2H5OH ⇄ CH3CHO + H2 (R1) 

 2 CH3CHO ⇄ СН3СООСН2СН3 (R11) 

 СН3СООСН2СН3 + H2O ⇄ CH3COOH + C2H5OH (R12) 

 СН3СООСН2СН3 ⇄ CH3COOH + C2H4 (R13) 

 2 CH3COOH ⇄ CH3COCH3 + CO2 + H2O (R10) 

This reaction pathway describes the acetaldehyde conversion to ethyl acetate according 

to the Tishchenko reaction followed by the ethyl acetate decomposition to form acetic acid and 

ethane. Reaction pathway 1b has been proposed for the Y2O3-CeO2 catalyst (Iwamoto 2015). 

Reaction pathway 1c 
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 C2H5OH ⇄ CH3CHO + H2 (R1) 

 2 CH3CHO + H2O ⇄ CH3COCH3 + CO2 + 2 H2 (R2) 

 C2H5OH ⇄ C2H4 + H2O (R6) 

According to this reaction pathway, acetone is formed by reactions (R1) and (R2) 

producing CO2 as a by-product. The reaction pathway contains ethanol dehydration to ethene. 

Fig. 2 gives the equilibrium yield of acetone and ethene for different reaction pathways where 

Y1, Y1a, Y1b, and Y1c denote the acetone yield for reaction pathways 1, 1a, 1b, and 1c, 

respectively, and Y1b(C2H4) and Y1c(C2H4) denote the ethene yield for reaction pathways 1b 

and 1c, respectively. 

 

 

Fig. 2 Temperature dependencies of the equilibrium yields of acetone and ethene for different 

reaction pathways; mEt = 2/3, mH2O = 1/3, 101.3 kPa. 

The acetone yield for reaction pathways 1 and 1a is practically the same. A difference 

does not exceed 0.3%. Equality in the acetone yield for these two pathways is associated with 

small equilibrium concentrations of acetaldehyde and acetic acid. 

Values of the yields for reaction pathways 1b and 1c at a temperature above 100oC are 

practically identic as follows from the data presented in Figure 2. Similar to reaction pathways 

1 and 1a, it is associated with small amounts of intermediate substances, e.g., acetaldehyde, 

acetic acid, and ethyl acetate. 

Noteworthy, the addition of reaction (R6), which describes the ethanol dehydration to 

ethane, to reaction pathway 1b does not change the results of thermodynamics calculations 

because the reaction (R6) is not linearly independent but a linear combination of reactions (R12) 

and (R13). Therefore, for both reaction pathways 1b and 1c, the same reaction describes the 

thermodynamic equilibrium. It is the main reason that equilibrium concentrations of species are 

almost the same for reaction pathways 1b and 1c. 
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Let us introduce the detailed reaction pathway for the second step. 

Reaction pathway 2 

The reaction pathway 2 of acetone conversion to propene is describes by the following 

reactions: 

 CH3COCH3 + H2 ⇄ iso-C3H7OH (R3) 

 iso- C3H7OH ⇄ C3H6 + H2O (R4) 

 2 iso- C3H7OH ⇄ (C3H7)2O + H2O (R14) 

where (C3H7)2O is diisopropyl ether (DIPE). 

According to Larmier et al. (2015) formation of DIPE is accompanied by iso- C3H7OH 

dehydration (R4) over Al2O3. 

Fig. 3 presents the temperature dependencies of the equilibrium concentrations of 

reaction components for the acetone conversion to propene according to reaction pathway 2. At 

temperatures above 200oC, the equilibrium concentrations of the reaction component are the 

following: 16.56% propene, 50.11% hydrogen, 16.56% H2O, 16.67% CO2. 

 

Fig. 3 Temperature dependencies of the equilibrium concentrations of species for the acetone 

conversion to propene according to the reaction path 2; macetone = mCO2 = 1/6, mH2 = 2/3, 101.3 

kPa. 

Combining the first and the second steps, thermodynamics gives the 74.6% for the 

carbon-based yield of propene at temperatures above 200oC. This yield is very close to the 

stoichiometric yield of 75%. Therefore, the practically stoichiometric yield of propene may be 

achieved by the proposed two-step ETP process that consists of the reactions (R1) and (R2) as 

the first step, and reactions (R3) and (R4) as the second step. 

Defining two steps for the ETP by the reactions (R1)-(R4) or other reaction schemes 

considered above allows us to make an appropriate choice of a catalyst based on the numerous 

data presented in the literature for each step. 
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Catalysts for the first step  

A variety of solids has been found to catalyze the ethanol conversion to acetone (the 

first step). Murthy et al. (1988) studied Fe2O3–ZnO, Fe2O3–CaO, and Fe2O3–MnO catalysts. 

The Fe2O3–ZnO catalyst has shown higher stability as well as high activity and selectivity. 

Nakajima et al. (1994, 1989, 1987) obtained the carbon-based yield of acetone close to the 

stoichiometric value over Fe2O3-ZnO and ZnO–CaO. According to Nishiguchi et al. (2005), 

acetone was the main product for the steam reforming of ethanol over Cu/CeO2 at 380oC, and 

ethene was formed in relatively small amounts. Recently, we found that Fe3O4 with the spinel 

structure gives the carbon-based selectivity on acetone of 71.3% at 400oC (Dolgykh et al. 

2018a, 2018b). 

Bussi et al. (1998) have shown that the Cu/La2Zr2O7 catalyst gives 72% for the carbon-

based selectivity on acetone for 100% of the ethanol conversion at 400oC. The catalyst shows 

a very small selectivity on ethene. 

It is worth noting that the high conversion of ethanol of the order of 100% for the first 

step minimizes the undesirable reactions of ethanol dehydration (R6) and MPV reaction (R7) 

over catalysts for the second step. 

 

Catalysts for the second step  

The second step requires using a catalyst that can accelerate the acetone hydrogenation 

to isopropanol and the isopropanol dehydration to propene. The hydrogenating catalyst or its 

component may contain copper or silver. Both these metals are known as efficient catalysts for 

the mild hydrogenation of carbonyl compounds, e.g., hydrogenation of acetone to isopropanol 

(Yurieva 1999; Cunningham et al. 1986a, 1986b). For example, the acetone conversion 

achieves 35% over partially reduced copper chromite CuCr2O4 at a low temperature of 75oC 

(Yurieva 1999). 

The best catalyst for the second step seems to be the mixed catalyst that consists of 5% 

Ag–0.5% In/SiO2 (hydrogenation component) and K3PW12O40 (dehydrogenation component) 

(Ohkubo et al. 2013). After 100 h, the acetone conversion was 99.9%, and selectivity for 

propene was 98.2% (selectivity of by-products were as follows: 0.5% propane, 1.2 % propene 

dimer, 0.1% other). 

A choice of a catalyst for the second step has a limitation associated with the 

thermodynamic restriction for the reaction (R3). Fig. 4 demonstrates the temperature 

dependence of equilibrium conversion of acetone according to the following reaction pathway: 
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Reaction pathway 2a 

 CH3COCH3 + H2 ⇄ iso-C3H7OH (R3) 

 2 iso- C3H7OH ⇄ (C3H7)2O + H2O (R14) 

 

Fig. 4 Temperature dependence of equilibrium conversion of acetone for reaction pathway 2a 

at the following inflow concentrations: macetone = mCO2 = 1/6, mH2 = 2/3, total pressure = 101.3 

kPa. 

Figure 4 shows that the equilibrium conversion of acetone decreases gradually down to 

a negligible value at about 350oC. Therefore, a sufficiently high yield of propene is possible 

only at temperatures below 100oC if a catalyst of hydrogenation reaction (R3) and a catalyst of 

dehydration reaction (R4) is arranged in a reactor consequently. To realize the overall process 

at high temperatures, it is necessary to use the mixed or bifunctional catalyst which can 

efficiently accelerate both reactions, acetone hydrogenation to isopropanol and isopropanol 

dehydration to propene. Various oxide catalysts containing surface acid centers are acceptable 

for alcohol dehydration, e.g., Al2O3, an efficient catalyst for the isopropanol dehydration to 

propene (Larmier et al. 2015). 

Therefore, a realization of the proposed two-step ETP process may be performed using 

catalysts reported in the literature. A catalyst for the first step may be chosen between 

Cu/La2Zr2O7 and Fe3O4. Both catalysts give the acetone carbon-based yield above 70% for 

100% of ethanol conversion at 400oC. A catalyst for the second step may be the mixture of 5% 

Ag–0.5% In/SiO2 and K3PW12O40. As a result, combining catalysts for the first and second step 

together allows one to reach the propene yield above 70%. Practical implementation of the 

proposed strategy can be performed by placing two appropriate catalysts into the same reactor 

as different layers or placing each catalyst separately in consequent reactors. A two-reactor set-

up seems to be preferable because it allows exploring a different temperature for each reactor. 
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Conclusions 

Analysis of the literature reveals that one of the essential shortcomings of ETP concerns 

a high selectivity on ethene that diminishes the yield of propene and hydrogen as another 

valuable product. Here we performed the thermodynamic analysis of various ETP pathways 

suggested in the literature. We show that the recently suggested two-step process (Pyatnytsky 

et al. 2019) has advantages compared to the one-step process allowing to eliminate the ethene 

formation. The two-step process is composed of the ethanol conversion to acetone in the first 

step and the acetone conversion to propene in the second step. Based on the analysis of various 

catalysts reported in the literature for each step, we suggest that the Cu/La2Zr2O7 or Fe3O4 

catalysts seem to be good candidates for the first step, and the mixed Ag–In/SiO2 and 

K3PW12O40 catalyst is a good one for the second step. A combination of these catalysts gives 

the propene yield of 72% that close to the thermodynamic yield of 74.6%. It illustrates the 

industrial attractiveness of the proposed two-step EPT process. 
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Appendix 

Table 1. Numerical values of coefficients A, B, C, D, and E in Equation (1) 

Reaction A B C D E 

R1 -8836.5 11.8912 -9.4631 10-03 1.3063 10-06 -37.4022 

R2 5654.3 4.8383 -2.3375 10-03 2.0338 10-07 -24.8010 

R3 6183.4 -2.3383 2.4079 10-03 -3.7951 10-07 0.2324 

R4 -5868.0 2.0915 -3.3842 10-03 5.7661 10-07 5.5744 

R5 -8836.5 11.8912 -9.4631 10-03 1.3063 10-06 -37.4022 

R6 -4765.6 3.3294 -3.8496 10-03 6.1854 10-07 -5.0456 

R7 -1219.7 1.3115 -6.6677 10-04 7.3386 10-08 -8.9716 

https://orcid.org/0000-0003-0280-8719
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R8 -9152.0 12.1381 -8.4868 10-03 1.1092 10-06 -43.2090 

R9 3484.7 0.4123 1.7688 10-03 -4.8016 10-07 -8.5562 

R10 -1315.1 4.0138 -5.8751 10-03 1.1637 10-06 -7.6886 

R11 13129.2 -1.4071 3.7993 10-03 -8.7015 10-07 -12.5518 

R12 -2241.3 -1.8305 1.0442 10-03 -6.2903 10-08 13.1996 

R13 -7006.9 1.4990 -2.8055 10-03 5.5564 10-07 8.1540 

R14 1960.8 1.2832 -1.8997 10-03 3.7742 10-07 -12.1012 
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Figures

Figure 1

Temperature dependencies of the equilibrium concentrations of the reaction components for the ethanol
conversion to acetone according to the reactions (R1) and (R2); mEt = 2/3, mH2O = 1/3, 101.3 kPa.

Figure 2

Temperature dependencies of the equilibrium yields of acetone and ethene for different reaction
pathways; mEt = 2/3, mH2O = 1/3, 101.3 kPa.

Figure 3



Temperature dependencies of the equilibrium concentrations of species for the acetone conversion to
propene according to the reaction path 2; macetone = mCO2 = 1/6, mH2 = 2/3, 101.3 kPa.

Figure 4

Temperature dependence of equilibrium conversion of acetone for reaction pathway 2a at the following
in�ow concentrations: macetone = mCO2 = 1/6, mH2 = 2/3, total pressure = 101.3 kPa.


