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Abstract 26 

A kinetic model for the one-step conversion of ethanol into 1,3-butadiene over a mixed 27 

hemimorphite-HfO2/SiO2 catalyst has been developed, which, as a novelty, accounts for the effect 28 

of water content in ethanol on the performance of one-step catalysts, which is important when 29 

designing industrial processes. The model considers the formation of the main reaction products 30 

(acetaldehyde, water, hydrogen, 1,3-butadiene, ethene, diethyl ether and 1-butanol) as well as 31 

numerous minor products, grouped into three lumps (butenes, heavy compounds (C6+), and 32 

oxygenated compounds). A network of eight reactions is used to describe this complex reaction 33 

system. The rate of each reaction is modelled using a power-law kinetics with a corrective term to 34 

capture the effect of water on certain reactions. Experimental data on the effect of water and 35 

reaction conditions on the performance of the hemimorphite-HfO2/SiO2 catalyst were used for the 36 

regression and validation of the kinetic model. The results show that the model can predict well 37 

the effect of reaction conditions and water content in ethanol on the formation of major and minor 38 

compounds, except for butenes and heavy compounds. The modelling approach to build the kinetic 39 

model is expected to be valid for any other one-step catalyst. 40 
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Nomenclature 46 

  

A rate constant at reference temperature (mol/g h barΣni)  

a model parameter for water corrective term 

Ac acetaldehyde 

BuOH 1-butanol 

C total number of compounds 

D reactor diameter  

DFT density-functional theory 

DRIFT diffuse reflectance infrared Fourier transform spectroscopy 

e residual 

Ea activation energy (kJ/mol) 

EtOH ethanol 

Fk mole flow rate of compound k (mol/h) 

J jacobian matrix of parameters 

L reactor length 

m exponent of the water corrective term 

n reaction order 

N total number of tests 

Ndf number of degrees of freedom 

NR number of reactions in the kinetic model 

p number of parameters 

P total pressure (bar) 

Pk partial pressure of compound k (bar) 

r reaction rate (mol/h g) 

R ideal gas constant (8.314 J/mol K) 

S objective function  

t Student’s t-distribution 

T reaction temperature (°C or K) 

V covariance matrix of model parameters 

W mass of catalyst (g) 

Wc water mass content in ethanol feed (wt %) 

WHSV weight hourly space velocity (h-1) 
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Subscripts/ Superscript 49 

i 

j 

reactions 

experiments 

k compounds 

r parameters 

 50 

Greek letters 51 

  significance level 

  standard deviation 

  model parameters 

  stoichiometric coefficient 

 52 

1. Introduction 53 

1,3-Butadiene is an important feedstock for the manufacture of several chemicals and 54 

materials such as styrene-butadiene rubber, polybutadiene rubber, acrylonitrile butadiene styrene 55 

resins, styrene butadiene latex, adiponitrile and nitrile rubber [1–3]. Presently, 1,3-butadiene is a 56 

by-product of ethene production by steam cracking of naphtha and, therefore, its production is not 57 

sustainable. New environmental policies [4,5] have fostered the search for new routes in order to 58 

replace fossil-oil derived products with bioproducts [6–8]. For the production of 1,3-butadiene, 59 

catalytic conversion of bioethanol into 1,3-butadiene raises as an attractive route since bioethanol 60 

is largely available and it can be cost-efficiently produced from a variety of renewable biomass 61 

and wastes [1,9]. Hence, in the last decade, the research of more selective and stable catalysts 62 

through a better understanding of reaction mechanisms, the required acid/base feature of the 63 

catalyst, the impact of preparation methods and the effect of reaction conditions has significantly 64 

increased [3,10]. Unfortunately, despite the great advance in catalyst development, the literature 65 



on kinetic models of the conversion of ethanol into 1,3-butadiene is scarce [11], and more research 66 

is necessary for efficient design of industrial reactors. 67 

 68 

In the literature, several catalytic pathways have been proposed for the conversion of 69 

ethanol to 1,3-butadiene. Gruver et al. [12], after studying the conversion of ethanol over 70 

aluminated sepiolite, proposed that 1,3-butadiene was generated by the reaction of ethene with 71 

acetaldehyde via a Prins-like mechanism, preceded by the formation of acetaldehyde and ethene 72 

by ethanol dehydrogenation and dehydration, respectively. However, no experimental evidence 73 

supporting this route has been reported to date. Cavani et al. proposed a different reaction pathway 74 

over MgO [13] and MgO-SiO2 [14] catalysts. Based on results from catalytic tests, DFT 75 

calculations and in situ DRIFTS experiments, they proposed that acetaldehyde, formed by 76 

dehydrogenation of ethanol, reacts with a surface carbanion, formed by the deprotonation of β-77 

carbon of ethanol, to directly produce crotyl alcohol that further dehydrates into 1,3-butadiene. 78 

Taifan et al. criticized this reaction pathway since by DFT calculations they found that the surface 79 

carbanion on MgO would preferably form ethene rather than 1,3-butadiene [15]. Furthermore, by 80 

in situ DRIFT experiments and DFT calculations, Taifan et al. proposed that over MgO-SiO2 81 

ethanol was converted into 1,3-butadiene via the Toussaint-Kagan pathway [16], which is 82 

explained below. Qi et al. has recently proposed a reaction pathway over a Zn-Y-DeAlBEA 83 

catalyst, produced by introducing zinc and yttrium into a dealuminated beta zeolite [17], which 84 

has common features with that proposed by Cavani et al. in the sense that 1,3-butadiene is formed 85 

by reaction of coadsorbed ethanol and acetaldehyde to produce crotyl alcohol, which finally 86 

dehydrates into 1,3-butadiene. They proposed a reaction mechanism based on the structure of the 87 

catalyst and kinetic studies and derived an expression for the rate of production of 1,3-butadiene, 88 



but the expression was not tested against experimental rate data. Probably, the most supported 89 

catalytic pathway from ethanol to 1,3-butadiene is the Toussaint-Kagan pathway (or aldol-90 

condensation pathway), which comprises the following consecutive reactions: (i) ethanol 91 

dehydrogenation into acetaldehyde, (ii) self-condensation of acetaldehyde to crotonaldehyde, (iii) 92 

conversion of crotonaldehyde into crotyl alcohol by Meerwein-Ponndorf-Verley-Oppenauer 93 

(MPVO) reduction with ethanol, and, finally, (iv) crotyl alcohol dehydration into 1,3-butadiene 94 

[11,18–24]. This reaction pathway is not free of criticism: some authors have remarked that 95 

important intermediates of this pathway, such as crotonaldehyde and crotyl alcohol, are either not 96 

detected or present in a very small concentration in the reaction products, which points that they 97 

do not play an important role in 1,3-butadiene production. Other authors state that the reason for 98 

this is the fast rate of conversion of these intermediates, which precludes their accumulation [11]. 99 

Except for the reaction pathway proposed by Gruver et al., the conversion of ethanol into 1,3-100 

butadiene can be described with two reaction steps: a first step in which ethanol is dehydrogenated 101 

into acetaldehyde and a second step in which the mixture of acetaldehyde and ethanol reacts to 102 

produce 1,3-butadiene. When both steps take place over a single catalyst, we refer to the Lebedev 103 

or one-step process, while if each step takes place independently over different catalysts, we refer 104 

to the Ostromislensky or two-step process. 105 

 106 

 According to the recent review by Pomalaza et al. on reactions and catalysts for the 107 

conversion of ethanol into 1,3-butadiene [11], the reaction pathways proposed in the literature may 108 

co-exist as complementary pathways to 1,3-butadiene or one of them may prevail under specific 109 

reaction conditions. The main point of disagreement between the different reaction pathways is 110 

how the C-C bond the between ethanol and acetaldehyde is formed, which results in the C4-111 



oxygenated precursor of 1,3-butadiene. They state that even for the Toussaint-Kagan pathway, the 112 

most accepted, there are important disagreements and lack of understanding concerning the 113 

molecular-level mechanisms of the reactions, particularly on the C-C coupling step (the aldol-114 

condensation of acetaldehyde). The reasons are that the molecular-level mechanism varies 115 

depending on the type of catalyst and the high instability of the surface intermediates hinders its 116 

determination by observation. This lack of knowledge has precluded the development of 117 

mechanistic kinetic models for the conversion of ethanol into 1,3-butadiene and explains why there 118 

is a scarcity of studies on the kinetics of the one-step conversion of ethanol into 1,3-butadiene. 119 

Next, these studies are briefly commented. Bhattacharyya et al. [18], in 1967, investigated the 120 

reaction mechanism over a ZnO/Al2O3 catalyst by co-feeding ethanol and some intermediates. The 121 

results pointed to an aldol-condensation pathway. They established that the acetaldehyde 122 

condensation to crotonaldehyde was the rate-limiting step and estimated the apparent activation 123 

energy for the overall conversion of ethanol into 1,3-butadiene. Later, in 2014, Tret’yakov et al. 124 

[25,26] proposed the only formal kinetic model of a one-step catalyst (K2O/ZnO/γ-Al2O3) 125 

published so far. The Toussaint-Kagan pathway was modelled as two consecutive reactions: (i) 126 

dehydrogenation of ethanol to acetaldehyde and (ii) reaction of two molecules of acetaldehyde 127 

with hydrogen to produce 1,3-butadiene and water, thus, supposing that hydrogen was the reducing 128 

agent of crotonaldehyde intermediate instead of ethanol. Prins condensation (coupling of ethene 129 

and acetaldehyde to 1,3-butadiene) and dehydrogenation of side-product butene, assumed to be 130 

formed from ethene dimerization, were also considered possible routes for 1,3-butadiene 131 

production. The formation of other side-products was also included in the model: diethyl ether, 132 

from ethanol dehydration, and butanal, from acetaldehyde and ethene. Unfortunately, the rationale 133 

for the proposal of the reaction network was not presented. Every reaction was assumed to occur 134 



in consecutive elementary reactions over the different active sites of the catalyst. The rate-limiting 135 

step for each reaction was supposed to be the one where C-H bonds were broken. The coefficients 136 

of the proposed kinetic equations were estimated by fitting the experimental rates of reaction from 137 

catalytic tests in a tubular reactor. Some unusual results were obtained, such as the apparent zero 138 

reaction order of the 1,3-butadiene formation steps [11]. Besides, neither the goodness of fit was 139 

reported, nor statistical analysis and validation of the model was performed. More recently, 140 

Bharadwaj et al. [27] proposed a multiscale modelling approach to separate transport limitations 141 

from chemical reactions in order to extract intrinsic kinetic parameters in heterogeneous catalytic 142 

systems, enabling the study of the effect of physical properties of the catalyst on its performance. 143 

They applied that approach to the conversion of ethanol to 1,3-butadiene over a 1Ag/4ZrO2/SBA-144 

16 catalyst proposing a simplified two-step reaction scheme where a first reaction accounted for 145 

the overall conversion of ethanol to 1,3-butadiene and the second reaction for the deactivation of 146 

fresh active sites. The rate constants of the first and second reactions were independently 147 

determined by fitting experimental data of steady-state conversion of ethanol in short-duration 148 

catalytic test and deactivation data in long experimental runs, respectively. Due to the simple 149 

reaction scheme, the kinetic model cannot be used to predict the selectivity of the catalyst at 150 

different reaction conditions.    151 

 152 

A kinetic model of the conversion of ethanol into 1,3-butadiene should account for catalyst 153 

deactivation, the effect of reaction conditions (temperature and pressure) and impurities in the 154 

ethanol feed to be used for the design of an industrial process. Regarding the latter, water is the 155 

main impurity in ethanol feedstock (the Lebedev commercial process used crude bioethanol (~15 156 

wt% water) as feedstock [28]) but it is also the main side product in the conversion of ethanol into 157 



1,3-butadiene. The content of water in the reactor inlet stream is a key design variable. On one 158 

hand, a high water content allows using cheaper aqueous ethanol feedstock and reduces the cost 159 

of removing water from unconverted ethanol, but on the other hand, water has an undesirable effect 160 

on the performance of one-step catalysts, reducing ethanol conversion while promoting unwanted 161 

ethanol dehydration to ethene and diethyl ether [14,29–32]. These effects have also been observed 162 

in our previous studies on ethanol conversion into 1,3-butadiene over a hemimorphite-HfO2/SiO2 163 

catalyst, prepared as a physical mixture of the zinc silicate hemimorphite (Zn4Si2O7(OH)2·H2O) 164 

and HfO2/SiO2 [33], whose 1,3-butadiene carbon yield is one of the highest reported (~70%)[11]. 165 

The reduction of ethanol conversion was ascribed to the blocking by water of Zn2+ Lewis acid sites 166 

of the hemimorphite, which are active for ethanol dehydrogenation, while promotion of ethanol 167 

dehydration was attributed to the transformation by water of the Zn2+ sites to Brønsted acid sites. 168 

Our results also revealed that water inhibited the generation of heavy compounds, formed by 169 

successive aldol-condensation reactions of acetaldehyde. These heavy compounds are related to 170 

catalyst deactivation. The inhibition of heavy compounds was ascribed to blocking by water of 171 

Hf4+-related Lewis acid sites, active for aldol condensation reactions, resulting in slower catalyst 172 

deactivation [33]. Although the effect of water content in the ethanol feed on catalyst performance 173 

is important, none of the few kinetic models published so far has considered it.  174 

 175 

In an effort to contribute to the development of a viable industrial process for the one-step 176 

conversion of ethanol into 1,3-butadiene [34], the aim of this paper is to build, for the first time, a 177 

kinetic model of a one-step catalyst that accounts for the effect of water as ethanol impurity on the 178 

catalyst performance. For this purpose, the results of previous studies on the reaction pathway in 179 



the conversion of ethanol over the hemimorphite-HfO2/SiO2 catalyst (in short, HM-HfO2/SiO2) 180 

[35] and the effect of water and reaction conditions on the catalyst performance [33] were used. 181 

2. Methodology 182 

A simplified reaction scheme comprising eight reactions, eight chemical species and three lumps 183 

was proposed based on the reaction network reported for the HM-HfO2/SiO2 catalyst by Cabello 184 

et al. [35]. A power-law kinetics was assumed for each reaction and corrective terms were 185 

introduced to account for the inhibition or promotion of certain reactions with water. Experimental 186 

data from previous studies on the conversion of ethanol to 1,3-butadiene over the HM-HfO2/SiO2 187 

catalyst [33] were used for the regression and validation of the kinetic model. The kinetic 188 

parameters of the model were estimated by fitting the experimental data based on the maximum 189 

likelihood principle. For this purpose, differential mole balance equations in the tubular reactor for 190 

the chemical species and lumps needed to be solved.  Starting from an initial guess of the kinetic 191 

parameters, an iterative loop was performed where the values of the kinetic parameters were 192 

estimated by an optimizer and then statistically analyzed, the least significant parameter was 193 

removed, and a reduced set of kinetic parameters was returned to the optimizer for further 194 

estimation. This loop was performed until all parameters retained in the model were significant. 195 

Finally, an analysis of residuals and assessment of prediction of the kinetic model on a validation 196 

dataset was performed. Details of the methodology are explained next. 197 

2.1. Catalyst synthesis and catalytic tests 198 

The synthesis of the HM-HfO2/SiO2 catalyst was presented in a previous work [35] and it 199 

is briefly summarized here. First, the HM and HfO2/SiO2 components were separately synthesized 200 

and then physically mixed in the appropriate proportions to achieve the desired nominal metal 201 



composition (3.0 wt% Hf, 9.3 wt% Zn). The resulting fine powder mixture was pelletized, crushed 202 

and sieved. The size fraction between 0.3-0.5 mm was used for the catalytic tests.  203 

 204 

For the  regression and validation of the kinetic model, catalytic data from our previous 205 

studies on the determination of the reaction network in the conversion of ethanol over the HM-206 

HfO2/SiO2 catalyst [35] and the effect of reaction conditions and water content in ethanol on the 207 

catalyst performance [33], were used. For the study on the effect of reaction conditions (weight 208 

hourly space velocity (WSHV), temperature (T)) and water mass content in ethanol (Wc) a design 209 

of experiment was performed where different levels were selected for T (340, 360, 380ºC) WHSV 210 

(1.12, 3.6, 6.1, 8, 9.8 h-1, calculated as mass flow of ethanol feed (water-free) divided by the mass 211 

of catalyst) and Wc (0, 3.75, 7.5 and 15 wt%). In those studies, short-duration catalytic tests were 212 

carried out so that catalyst deactivation was negligible, which was checked by comparing catalyst 213 

performance at the beginning and the end of each test. That way, the proposed kinetics in this 214 

manuscript does not account for catalyst deactivation.   215 

 216 

Information on the catalytic tests regarding reaction conditions and inlet mole flow rates to 217 

the reactor, as well as product outlet mole flow rates, can be found in Tables A.1 and A.2, 218 

respectively. In order to estimate the kinetic parameters, 48 catalytic tests were randomly selected 219 

(estimation data) while the rest of the tests (test number 7, 19, 22, 24, 29, 33, 39, 50, 51 and 56) 220 

were used to validate the model (validation data). The carbon balance error in the catalytic tests 221 

was below 10%, except for the reaction conditions at high T and low WHSV, where the high 222 

formation of heavy compounds raised the error up to 20%.  223 

 224 



2.2 Reaction scheme 225 

A simplified reaction scheme (reactions 1 to 8) was proposed from the detailed reaction 226 

network reported for the HM-HfO2/SiO2 catalyst by Cabello et al. [35], which was elucidated by 227 

analysing kinetic curves and feeding reaction intermediate compounds. The reaction scheme 228 

accounts for the formation of the main (acetaldehyde, 1,3-butadiene, hydrogen and water) as well 229 

as minor (diethyl ether, ethene, 1-butanol, butenes, heavy compounds and other oxygenated 230 

compounds) reaction products observed in the catalytic tests. The proposed reaction scheme does 231 

not represent the molecular mechanism on the catalyst surface, just the overall reactions from 232 

ethanol. With this simple reaction scheme, it is mathematically possible to describe the complex 233 

reaction system, as it will be shown later.  234 

2 5 2 4 2     C H OH C H O H→ +       Reaction 1 235 

2 5 2 4 4 6 2   2  C H OH C H O C H H O+ → +      Reaction 2 236 

( )2 5 2 5 22
2   C H OH C H O H O→ +      Reaction 3 237 

2 5 2 4 2  C H OH C H H O→ +       Reaction 4 238 

2 5 4 9 2  2C H OH C H OH H O→ +      Reaction 5 239 

4 9 4 8 2  C H OH C H H O→ +       Reaction 6 240 

2 4 13 10 2 2     
13 11 5

2 2 2
C H O C H O H O H→ + +     Reaction 7 241 

2 5 4 8 2 2  2C H OH C H O H O H→ + +      Reaction 8 242 



The production of 1,3-butadiene from ethanol over the HM-HfO2/SiO2 catalyst was found 243 

to occur through the Toussaint-Kagan pathway [11], which was modelled as two consecutive 244 

reactions: (i) ethanol dehydrogenation to acetaldehyde (reaction 1) and  (ii) reaction of ethanol and 245 

acetaldehyde to 1,3-butadiene and water (reaction 2). This second reaction is an aggregate of the 246 

last three reactions in the Toussaint-Kagan pathway (self-condensation of acetaldehyde to 247 

crotonaldehyde, reduction of crotonaldehyde to crotyl alcohol with ethanol and crotyl alcohol 248 

dehydration into 1,3-butadiene). The reason of this simplification is that the concentration of 249 

crotonaldehyde and crotyl alcohol was very low in the reaction products, which precluded an 250 

accurate modelling of these intermediate steps. It should be mentioned that reactions 1 and 2 could 251 

also be used to model the production of 1,3-butadiene in the case that it occurred through the 252 

reaction of adsorbed ethanol and acetaldehyde molecules, as proposed by alternative reaction 253 

pathways, since the stoichiometry of the reaction steps is the same [13,14,17]. Regarding diethyl 254 

ether and ethene, it was experimentally found that they were formed by ethanol dehydration [35], 255 

so their formation was modelled with reactions 3 and 4, respectively. The reaction pathway of 1-256 

butanol from ethanol over the HM-HfO2/SiO2 catalyst was not experimentally studied, but the 257 

authors believe that 1-butanol is formed by a Guerbet reaction of ethanol [36], because the catalyst 258 

is active for aldol-condensation. Since the first step in the Guerbet reaction is ethanol 259 

dehydrogenation, already modelled as reaction 1, an additional reaction, the overall formation of 260 

1-butanol from ethanol (reaction 5), was added to the reaction scheme. Between these two 261 

reactions, or any linear combination of them, the kinetics of the Guerbet condensation of ethanol 262 

is simply described, an approach successfully applied by Riittonen et al. [37].  On the other hand, 263 

it was experimentally verified that 1-butanol dehydrated to butenes (1-butene, cis-2-butene, trans-264 

2-butene, and isobutene) over the catalyst. This transformation is modelled with reaction 6, where 265 



butene isomers were lumped to simplify the modelling. Other lumps were also used to group 266 

numerous minor compounds. Thus, compounds with more than six carbons (mostly aromatic) were 267 

lumped as heavy compounds. These are believed to be formed by consecutive acetaldehyde aldol-268 

condensation and further dehydrogenation and cyclization reactions [38]. For the sake of simplicity 269 

their formation from acetaldehyde was modelled with reaction 7. Diphenyl ketone (C13H10O) was 270 

chosen as a representative compound for heavy compounds since it was identified as a reaction 271 

product [35] and its molecular formula is close to that of the aggregate of all the products 272 

considered as heavy compounds. Finally, many minor oxygenated compounds (ethyl acetate, 273 

acetone, butanal, 2-ethyl-butanol, etc.) were formed over the catalyst from numerous side 274 

reactions. Modelling of all these side reactions is impracticable, so these compounds were lumped 275 

as oxygenated compounds, whose average molecular formula is close to that of butanal (C4H8O). 276 

Both ethanol and acetaldehyde are involved in the formation of the oxygenated compounds. By 277 

adding the overall formation reaction of butanal from ethanol (reaction 8) to the reaction scheme, 278 

and together with reaction 1, the formation of oxygenated compounds from ethanol and 279 

acetaldehyde was indirectly described. 280 

2.3. Kinetic model equations 281 

Due to the present lack of knowledge of molecular-level mechanism of this type of catalysts, as 282 

well as the large number of unknown side reactions and intermediates, no attempt was made to 283 

model the mechanism of the proposed reactions. Thus, a more practical approach was followed, 284 

and a power-law kinetics was assumed for each reaction. As commented in the introduction, water 285 

inhibits ethanol dehydrogenation (reaction 1) and aldol-condensation reactions (reactions 2, 5 and 286 

7) but promotes ethanol dehydration (reactions 3 and 4). Thus, a corrective term ( )+
2

1
im

i H O
a P  was 287 



introduced in the power-law kinetics, according to Equation 1, to correct the effect of water on the 288 

rate of those reactions: 289 
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 292 

where for each reaction i, ri is the reaction rate in mol/(gּ h), Ai is the rate constant at the reference 293 

temperature (Tref=360 ºC) in mol/(g h barΣnki), Eai the activation energy in kJ/mol, nki the reaction 294 

order of reactant k in reaction i, T the temperature in Kelvin, Pk the partial pressure of reactant k 295 

and PH2O is the water partial pressure along the reactor. The corrective term ( )+
2

1
im

i H O
a P  includes 296 

ai (bar-1) and mi as fitting parameters, being mi ≥ 0 for reactions 1,2,5,7 and 8, mi ≤ 0  for reactions 297 

3 and 4, mi = 0 for reaction 6. The corrective term (1+aPH2O)m in the case of reactions 1,2,5,7 and 298 

8 resembles the adsorption term of a Langmuir-Hinshelwood kinetics. This is on purpose since, 299 

from our previous work [33], it is known that the active sites of the catalyst for those reactions are 300 

blocked by water adsorption. In this regard, other authors have successfully modelled the kinetic 301 

inhibitory effect of water for other reactions and catalytic systems with that type of corrective term 302 

[39].  It should be noted that the choice of such corrective term it is also mathematically justified 303 

because the inhibitory effect of water cannot be simply modelled in a power-law fashion with a 304 

negative reaction order, since it would lead to infinite rates of reaction at the inlet of the reactor 305 

for an anhydrous ethanol feed.  306 

 307 

The kinetic equations for reactions 1 to 8 are shown in equations 2 to 9. 308 
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 In the kinetic model, the independent variables are temperature and partial pressures while 318 

Ai, Eai, njk, ai, mi are the parameters to be estimated (39 parameters). 319 

2.4. Estimation of the kinetic parameters 320 

The parameters of the kinetic model were estimated fitting experimental data of the catalyst 321 

performance (section 2.1) by applying the principle of maximum likelihood, which under the 322 

following assumptions, is equivalent to minimizing an objective function [40,41]. Thus, assuming 323 

that errors in the observations are independent, normally distributed, with constant variance for 324 

each dependent variable, and that the covariance between dependent variables is negligible, the 325 

resulting objective function is the sum of the squared of residuals (e) divided by the variance of 326 

the experimental error. In the objective function (equation 10), the residuals were calculated as the 327 

difference between the experimental (
kjF ) and estimated (

kjF̂ ) mole flow rate at the reactor outlet 328 

for each compound k along all experiments j; σkj is the standard deviation of the experimental error 329 

of the mole flow rate of the compound k in experiment j, calculated from, at least, three 330 

measurements; N is the number of experiments, and C the number of compounds. Since C=11 and 331 

the estimation dataset comprises N=48 catalytic tests, the total number of experimental data points 332 

used in the fitting were 528, resulting in a ratio of 13.5 experimental data points per parameter to 333 

be estimated. 334 
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 337 



The mole flow rate of each compound at the reactor outlet was calculated by integrating a 338 

set of mole balance differential equations in the reactor (Equation 11), where W is the mass of 339 

catalyst, Fk the mole flow rate of compound (or lump) k, υki is the stoichiometric coefficient of 340 

each compound k in the chemical reaction i and ri the rate of reaction i.  341 
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= =                                                                              Equation 11 342 

In equation 11, two simplifications were imposed: i) ideal plug flow for the experimental 343 

laboratory scale reactor since both the ratio between the length (L) and the diameter (D) of the 344 

catalyst bed and the axial Peclet number are much greater than 1 [42]; ii) internal and external 345 

mass transfer limitations are absent and the controlling step is the chemical reaction. The latter 346 

was confirmed for every catalytic test by studying the Mears criterion and the Weisz-Prater 347 

criterion for external and internal mass transfer limitation, respectively, as explained by M.A. 348 

Portillo et al. [43] and briefly summarized in the Supporting Information (SI). Thus, the use of a 349 

pseudo-homogeneous reactor model is justified. 350 

Starting from an initial guess of the kinetic parameters, an iterative loop was performed to 351 

estimate the kinetic parameters. First, an optimization was performed where the kinetic parameters 352 

were searched in order to minimize the objective function (equation 10). This optimization was 353 

carried out in two steps. In the first step, a Nelder-Mead direct-search algorithm was used to find 354 

a point close to a minimum, while in a second step an interior-point algorithm continued the search 355 

from that point to the minimum. The parameters estimated by optimization were then statistically 356 

analyzed and the least significant parameter for a given confidence level was removed. The 357 

optimization was again performed for further estimation, but with a reduced set of kinetic 358 



parameters. This loop was performed until all parameters retained in the model were statistically 359 

significant, and there was no need to remove any of them. With this strategy, the use of an 360 

excessive number of parameters, and therefore, overfitting, was prevented, improving the 361 

generalization capability of the model. In the optimization, the reaction orders were bounded 362 

between 0 and 3 since higher reaction orders are unusual. 363 

 364 

 To establish whether the calculated parameters were statistically significant (different from 365 

zero), after each optimization a hypothesis test was conducted for every kinetic parameter (θr) (Ho: 366 

θr=0 versus Ha: θr≠0), where a parameter is significant if the following condition (equation 12) is 367 

met:   368 
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 370 

being ˆ
r the estimation of the kinetic parameter under consideration, SEr  the standard error of the 371 

estimated parameter, p the number of model parameters, tNdf  the t-student distribution with Ndf 372 

degrees of freedom (Ndf=C·N-p), pval the p-value and (1-α) the significance level (set to 95% or 373 

α=0.05). Thus, a parameter ˆ
r is statistically different from zero if pval< α. From the parameters 374 

which were found to be non-significant after each optimization, the one with the largest p-value 375 

was removed from the model.  When all parameters were found significant, the estimation loop 376 

finished, and confidence intervals (CI) for the remaining model parameters were calculated 377 

according to equation 13:  378 

 379 
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 381 

where tNdf, 1- α/2 is the t-student variable defined for Ndf degrees of freedom and a confidence 382 

interval (1-α/2). The standard error of each parameter (SEr) was calculated from the diagonal 383 

elements (vrr) of the covariance matrix of the model parameters, Vθ (equation 14). This covariance 384 

matrix was calculated from the Hessian matrix Hθ [44] using the Gauss-Newton approximation of 385 

the Hessian, according to equation 15: 386 
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   390 

All calculations were carried out using Matlab® software. The integration of the 391 

differential equations along the reactor was accomplished with the ode45 routine. For the 392 

minimization of the objective function, the fminsearch function, which implements the Nelder-393 

Mead direct-search algorithm, and the fmincon function, which make use of an interior-point 394 

algorithm and allows setting bounds for the parameters, were used. The lsqnonlin function was 395 

used to obtain the Jacobian matrix (J) at the minimum by the finite difference method.  396 

 397 

It should be noted that, to facilitate the estimation of the kinetic parameters, it is of 398 

paramount importance to start the optimization algorithm from a good initial guess of the kinetic 399 

parameters. To get a good initial guess of the kinetic parameters, a simplified method was carried 400 



out that assumes constant molar flow along the reactor so that the system of differential equations 401 

(equation 11) can be transformed into an algebraic system, and the kinetic parameters to be 402 

estimated by non-linear regression. Details of this simplified method are explained in a previous 403 

work by M.A. Portillo et al. [43]. 404 

3. Results and discussion 405 

3.1. Prediction capability of the kinetic model  406 

The estimated kinetic parameters are shown in Table 1, while the comparison for each 407 

compound between the experimental mole flow rates and those predicted by the model is shown 408 

in Figure 1. The fitting is good, not only for the most abundant compounds at the reactor outlet 409 

(ethanol, acetaldehyde, water, hydrogen, and 1,3-butadiene), but also for most of the minor ones 410 

(ethene, diethyl ether, 1-butanol, and oxygenated compound lump). Approximately 90% of the 411 

points lie within the ±20% error bands. This result indicates that the chosen reaction scheme 412 

includes the most important reactions occurring over the catalyst. Only the fitting of the lumps 413 

butenes and heavy compounds is not so good. An obvious reason is that it is difficult to predict an 414 

aggregation of multiple compounds that are formed through different reactions by using only one 415 

reaction, particularly in the case of heavy compounds. This problem is magnified when trying to 416 

model the effect of water on their formation: the kinetic model slightly overestimates the formation 417 

of heavy compounds for an aqueous ethanol feed while underestimates it for an anhydrous ethanol 418 

feed. An additional difficulty is that there is a relatively large error in the quantification of the 419 

heavy compounds in the catalytic tests, which distorts the material balance and therefore, the 420 

fitting. 421 

 422 



Table 1. Estimated values of the kinetic parameters. Note: N.s=found non-statistically significant. 423 

 
A (mol/g h barΣni) Ea (kJ/mol) 

Reaction 

order     

EtOH 

Reaction 

order       

Ac 

Reaction 

order 

BuOH 

a (bar-1) m 

r1 24.68±0.37 151.95±0.34 2.49±0.08 - - 999.97±53.56 0.33±0.01 

r2 3.46±0.21 181.67±0.84 1.55±0.01 0.54±0.01 - 22.59±2.99 0.59±0.03 

r3 (9.64±0.42)·10-2 118.59±8.96 2.49±0.21 - - N.s N.s 

r4 0.24±0.01 190.31±0.73 2.09±0.02 - - N.s N.s 

r5 (7.64±0.18)·10-3 199.73±1.02 0.32±0.01 - - 68.81±2.98 0.94±0.02 

r6 0.55±0.06 233.17±1.31 - - 0.96±0.02 - - 

r7 4.37±0.46 50.00±6.45 - 2.49±0.11 - N.s. N.s 

r8 0.26±0.03 210.53±1.15 0.83±0.02 - - 908.82±196.89 0.73±0.02 

 424 

In order to validate the assumptions of the regression model (that the errors follow a normal 425 

distribution and have a constant variance [45]), the residuals were analyzed. The standardized 426 

residuals are normally distributed (Figure B.1) as they fairly follow the normal-distribution line, 427 

so it can be considered that the normality hypothesis is also fulfilled. The homoscedasticity 428 

hypothesis (constant variance) was validated by plotting for each compound the standardized 429 

residuals against predicted values (Figure B.2). The standardized residuals of the main compounds 430 

(ethanol, acetaldehyde, hydrogen, 1,3-butadiene, water, diethyl ether, and ethene) do not follow 431 

any trend and also no change is observed in their spread around the zero line as one moves from 432 

left to right along the plots. Therefore, the homoscedasticity hypothesis is fulfilled for those 433 

compounds. On the other hand, the spread of the residuals of the lumps butenes and heavy 434 

compounds follow a downward linear trend. Although for these minor compounds the 435 

homoscedasticity hypothesis is violated, it is fulfilled for the major compounds and therefore the 436 

model is accepted.  437 



 438 

Figure 1. Parity plots of the experimental and predicted mole flow rates for each compound/lump. (● 439 

340°C, ▲360°C and ■ 380°C, symbol color: white  0%w/w water in ethanol feed, green 3.75 wt%, 440 

magenta 7.5 wt%, and black 15 wt%); Error bands: 10% (dash-dotted line), 20% (dotted line). For 441 

each chemical species, the average uncertainty of the experimental mole flow rates is shown in the 442 

upper-left side of the plot. 443 



The validation of the kinetic model was performed by testing it against the experimental 444 

data that was not used for the fitting (validation data). Figure 2 compares the predictions of the 445 

model against the validation data. The distribution of the points in the parity plots of Figure 2 for 446 

each compound is like that in Figure 1, consequently the kinetic model has not been overfitted. 447 

Again, most of the points lie within the ±20% error bands, except for butenes and heavy 448 

compounds, thus the generalization capability of the model is acceptable. 449 

From the above assessment, it can be concluded that, overall, a good prediction capability 450 

of the kinetic model is expected except for some lumps (butenes and heavy compounds). However, 451 

these lumps usually comprise less than 10% of the product stream on a mole basis, so only a small 452 

error is expected when estimating the overall performance of the catalyst with the help of the 453 

kinetic model. Therefore, the kinetic model can be a useful tool in the design of an industrial 454 

process for the one-step conversion of ethanol to 1,3-butadiene since it will allow to analyse the 455 

impact on process performance of reaction conditions, the use of aqueous ethanol as feedstock as 456 

well as the degree of water removal from unconverted ethanol. 457 

 458 

 459 

 460 

 461 

 462 

 463 



 464 

Figure 2. Parity plots of experimental and predicted mole flow rates for the validation data. (● 340°C, 465 

▲ 360°C and ■ 380°C, empty symbols 0 wt% water, cyan 3.75 wt% water, magenta 7.5 wt% water 466 

and black 15 wt% water). 10% error band (dash-dot line), 20% error band (dotted line). 467 



3.2. Non-significant kinetic parameters 468 

In the estimation of the kinetics parameters, corrective terms of reactions 3 and 4 (ethanol 469 

dehydration to diethyl ether and ethene, respectively), and reaction 8 (formation of heavy 470 

compounds from acetaldehyde) were removed from the model as they were found not significant 471 

in the statistical analysis. Regarding reactions 3 and 4, their corrective terms were expected to 472 

account for the increase in the formation of ethene and diethyl ether when using an aqueous ethanol 473 

feed, whose underlying cause was the transformation of Lewis acid sites into Brønsted acid sites 474 

by water. The removal of these terms makes us believe that the role of Brønsted acid sites is minor 475 

in that matter and that the larger generation of ethene and diethyl ether achieved with aqueous 476 

ethanol can be explained by the inhibition of ethanol dehydrogenation (reaction 1), which results 477 

in more ethanol available to be converted into ethene and diethyl ether. The inhibition of ethanol 478 

dehydrogenation by water can also be the reason why the corrective term of the reaction 8 is 479 

unnecessary, because the resulting lower availability of acetaldehyde reduces the formation of 480 

heavy compounds.  481 

3.3. Comparison with other works in the literature 482 

There is only one kinetic model for a one-step catalyst available in the literature which was 483 

developed by Tret’yakov et al. [25,26] for a K2O/ZnO/γ-Al2O3 catalyst. There are important 484 

differences between that model and the one reported in the present work in terms of the proposed 485 

reaction network and kinetic equations. Regarding the reaction network, Tret’yakov et al. did not 486 

perform, to the best of our knowledge, a study of kinetic curves or of any other nature to elucidate 487 

it, so it is unknown the rationale behind it. One of the main differences in the reaction network 488 

when compared to our work is that they considered Prins condensation and dehydrogenation of 489 



butenes as routes for 1,3-butadiene, in addition to the Toussaint-Kagan pathway. This is debatable 490 

since dehydrogenation of butenes is thermodynamically unfavored [3] while Prins condensation is 491 

thermodynamically less favorable than the Toussaint-Kagan pathway [36]. The importance of 492 

these two routes relative to the Toussaint-Kagan pathway in describing the production of 1,3-493 

butadiene over their catalyst is unknown, since their relative contributions were not reported once 494 

the kinetic model was regressed. On the other hand, in the present work, the production of 1,3-495 

butadiene was well modelled only with the Toussaint-Kagan pathway, which was demonstrated to 496 

occur over the catalyst [35]. In both works, the Toussaint-Kagan pathway is modelled as two 497 

consecutive reactions: (i) ethanol dehydrogenation to acetaldehyde and (ii) conversion of two 498 

molecules of acetaldehyde to butadiene and water in the presence of a reducing agent (ethanol in 499 

the present work and hydrogen in that by Tret’yakov et al.). Regarding the latter, while there is a 500 

consensus on the role of ethanol as reducing agent, it is currently under debate whether hydrogen 501 

gas can also act as reducing agent. ZnO can perform the heterolytic dissociation of hydrogen, so it 502 

could explain why Tret’yakov et al. considered hydrogen as reducing agent but not why they 503 

excluded ethanol as such [11]. 504 

Regarding the kinetic equations, Tret’yakov et al. [25] distinguished three distinctive active 505 

sites of the catalyst where the reactions take place. For each reaction, they derived a kinetic 506 

equation by assuming a mechanism and a rate-limiting step. An unusual feature of the kinetic 507 

model by Tret’yakov et al. is that the reaction order of the butadiene formation steps is zero. Also, 508 

the model cannot account for the severe effect of water on the performance of one-step catalysts 509 

[14,28,30–33] since water adsorption was not modelled in the kinetic equations. On the other hand, 510 

in the present work, a straightforward approach was followed by making use of a power-law 511 

kinetics due to the present lack of knowledge of the molecular-level mechanism for one-step 512 



catalysts [11]. As explained before, the kinetic model successfully accounts for the effect of water 513 

in the reactions by introducing a corrective term in the kinetic equations, and, unlike the model by 514 

Treat’yakov et al., the rate of 1,3-butadiene production was found to increase with acetaldehyde 515 

and ethanol partial pressures. 516 

Finally, the validity and accuracy of the model by Treat’yakov et al. cannot be compared 517 

with that presented in this work, since they did not report any statistical analysis. More kinetic 518 

studies of one-step catalysts are necessary in the literature, particularly using an aqueous ethanol 519 

feed, due to the lack of research in this subject. 520 

4. Conclusions 521 

A kinetic model for the conversion of ethanol to 1,3-butadiene over a hemimorphite-522 

HfO2/SiO2 catalyst has been developed, comprising eight reactions, eight chemical species and 523 

three lumps in order to account for the formation of the main and minor reaction products formed 524 

over one-step catalysts. The novelty of the kinetic model is the consideration of the effect of water 525 

content in ethanol on catalyst performance, which is a cornerstone feature if the kinetic model is 526 

intended to be used for designing industrial processes using aqueous ethanol as feedstock. The 527 

former is achieved by introducing a corrective term in the power-law kinetics of each reaction 528 

whose rate is affected by water. Experimental data on the effect of water and reaction conditions 529 

on the performance of the hemimorphite-HfO2/SiO2 catalyst were used for the regression and 530 

validation of the kinetic model. By using statistical analysis, only significant parameters were 531 

retained in the model. The results show that the model can predict well the effect of reaction 532 

conditions and water content in ethanol on the formation of major and most minor compounds, 533 

except butenes and heavy compounds. Thus, the use of lumps simplifies the modelling, but limits 534 



the accuracy of the model. The modelling approach to build the kinetic model is expected to be 535 

valid for any other one-step catalyst. Such kinetic model will help to design more efficient 536 

processes for production of 1,3-butadiene from bioethanol as it is able to analyze the impact on 537 

process performance of reaction conditions, the use of aqueous ethanol as feedstock as well as the 538 

degree of water removal from unconverted ethanol. 539 

Further work is necessary to improve the model to account for the decay in catalyst activity 540 

by coke deposition. In addition, a more accurate modelling of the formation rate of heavy 541 

compounds and butenes could be achieved at the cost of a much more complex reaction scheme.  542 
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Appendix A. Operation conditions and results of the catalytic test used for estimation and 706 

validation of the kinetic model 707 

 708 
Table A.1. Operating condition and inlet flow rates. Total pressure is 1 bar. WHSV is defined as mass flow rate of 709 
ethanol feed (water-free) divided by catalyst load 710 

Test 
Catalyst load 

(g) 

WHSV  

(h-1) 
T (ºC) 

Mole flow (mol/h) 

Ethanol Nitrogen Water 

1 1.0 1.12 360 0.0243 0.0911 - 

2 1.0 1.87 360 0.0407 0.1527 - 
3 1.0 3.73 360 0.0811 0.3027 - 

4 1.0 1.87 360 0.0407 0.1527 - 

5 1.0 1.12 360 0.0243 0.0911 - 
6 1.0 1.87 360 0.0407 0.1527 - 

7 0.5 5.60 360 0.0609 0.2277 - 

8 0.5 11.20 360 0.1217 0.4554 - 
9 0.5 5.60 360 0.0609 0.2277 - 

10 0.5 11.20 360 0.1217 0.4554 - 

11 0.5 5.60 360 0.0609 0.2277 - 
12 0.5 3.73 360 0.0405 0.1527 - 

13 0.5 7.00 360 0.0761 0.2839 - 

14 0.1 11.20 360 0.0243 0.0911 - 
15 0.1 30.00 360 0.0652 0.2438 - 

16 0.1 50.00 360 0.1087 0.4071 - 

17 2.0 1.12 360 0.0487 0.1821 - 
18 2.0 1.12 360 0.0487 0.1821 - 

19 0.5 9.80 340 0.1065 0.3964 - 

20 0.5 6.10 340 0.0663 0.2464 - 
21 0.5 3.20 340 0.0348 0.1286 - 

22 0.5 1.12 340 0.0122 0.0455 - 

23 0.5 9.80 360 0.1065 0.3964 - 
24 0.5 6.10 360 0.0663 0.2464 - 

25 0.5 3.20 360 0.0348 0.1286 - 

26 0.5 1.12 360 0.0122 0.0455 - 
27 0.5 9.80 380 0.1065 0.3964 - 

28 0.5 6.10 380 0.0663 0.2464 - 

29 0.5 3.20 380 0.0348 0.1286 - 

30 0.5 1.12 380 0.0122 0.0455 - 

31 1.0 8.00 340 0.0870 0.3054 0.0183 

32 1.0 6.10 340 0.0663 0.2330 0.0139 
33 1.0 3.20 340 0.0348 0.1232 0.0072 

34 1.0 1.12 340 0.0122 0.0429 0.0028 

35 1.0 8.00 340 0.0870 0.2866 0.0394 
36 1.0 6.10 340 0.0663 0.2196 0.0300 

37 0.5 3.20 340 0.0348 0.1152 0.0156 

38 0.5 1.12 340 0.0122 0.0402 0.0056 
39 0.5 8.00 360 0.0870 0.3080 0.0020 

40 0.5 6.10 360 0.0663 0.2357 0.0016 

41 0.5 3.20 360 0.0348 0.1232 0.0008 
42 0.5 1.12 360 0.0122 0.0429 0.0003 

43 0.5 8.00 360 0.0870 0.3054 0.0183 
44 0.1 6.10 360 0.0663 0.2330 0.0139 

45 0.1 3.20 360 0.0348 0.1232 0.0072 

46 0.1 1.12 360 0.0122 0.0429 0.0028 
47 2.0 8.00 360 0.0870 0.2866 0.0394 

48 2.0 6.10 360 0.0663 0.2196 0.0300 

49 0.5 3.20 360 0.0348 0.1152 0.0156 
50 0.5 1.12 360 0.0122 0.0402 0.0056 

51 0.5 8.00 380 0.0870 0.3054 0.0183 

52 0.5 6.10 380 0.0663 0.2330 0.0139 
53 0.5 3.20 380 0.0348 0.1232 0.0072 

54 0.5 1.12 380 0.0122 0.0429 0.0028 

55 0.5 8.00 380 0.0870 0.2866 0.0394 
56 0.5 6.10 380 0.0663 0.2196 0.0300 

57 0.5 3.20 380 0.0348 0.1152 0.0156 

58 0.5 1.12 380 0.0122 0.0402 0.0056 

 711 
 712 



Table A.2. Mole flow rates at the reactor outlet. BD=1,3-butadiene, Ac=acetaldehyde, C4=butenes, BuOH=1-713 
butanol, Et=ethene, C6+=heavy compounds, DEE=diethyl ether, Oc=oxygenated compounds, EtOH=ethanol. 714 

Test 
Mole flow (mol/h) 

BD Ac C4 BuOH Et C6+ DEE Oc EtOH H2O H2 

1 0.0045 0.0016 0.0005 0.0000 0.0009 0.0007 0.0001 0.0019 0.0032 0.0168 0.0143 

2 0.0067 0.0046 0.0006 0.0001 0.0012 0.0008 0.0002 0.0023 0.0099 0.0228 0.0206 
3 0.0114 0.0130 0.0009 0.0004 0.0017 0.0010 0.0004 0.0035 0.0265 0.0362 0.0370 

4 0.0074 0.0051 0.0007 0.0001 0.0012 0.0009 0.0002 0.0023 0.0073 0.0248 0.0226 

5 0.0046 0.0014 0.0004 0.0001 0.0009 0.0008 0.0001 0.0018 0.0031 0.0171 0.0148 
6 0.0061 0.0038 0.0005 0.0001 0.0009 0.0010 0.0002 0.0028 0.0102 0.0226 0.0215 

7 0.0064 0.0109 0.0004 0.0003 0.0009 0.0005 0.0002 0.0030 0.0250 0.0209 0.0249 

8 0.0086 0.0265 0.0006 0.0006 0.0014 0.0006 0.0003 0.0040 0.0614 0.0283 0.0449 
9 0.0077 0.0109 0.0006 0.0004 0.0010 0.0006 0.0002 0.0031 0.0214 0.0243 0.0268 

10 0.0089 0.0262 0.0007 0.0007 0.0014 0.0007 0.0003 0.0038 0.0609 0.0291 0.0449 

11 0.0068 0.0114 0.0005 0.0004 0.0010 0.0005 0.0002 0.0029 0.0240 0.0216 0.0254 
12 0.0045 0.0066 0.0003 0.0002 0.0006 0.0005 0.0001 0.0022 0.0152 0.0156 0.0179 

13 0.0064 0.0148 0.0005 0.0005 0.0009 0.0009 0.0002 0.0029 0.0334 0.0234 0.0322 

14 0.0014 0.0044 0.0001 0.0001 0.0002 0.0002 0.0000 0.0008 0.0137 0.0052 0.0082 
15 0.0018 0.0110 0.0003 0.0002 0.0006 0.0002 0.0001 0.0013 0.0453 0.0072 0.0156 

16 0.0011 0.0181 0.0003 0.0002 0.0005 0.0001 0.0001 0.0011 0.0841 0.0051 0.0212 

17 0.0090 0.0033 0.0008 0.0001 0.0017 0.0014 0.0003 0.0033 0.0076 0.0327 0.0280 
18 0.0085 0.0033 0.0007 0.0001 0.0014 0.0015 0.0003 0.0029 0.0095 0.0312 0.0279 

19 0.0057 0.0153 0.0004 0.0004 0.0012 0.0002 0.0003 0.0017 0.0715 0.0171 0.0248 

20 0.0052 0.0100 0.0004 0.0003 0.0009 0.0002 0.0002 0.0016 0.0387 0.0152 0.0183 
21 0.0041 0.0043 0.0003 0.0002 0.0007 0.0002 0.0002 0.0014 0.0164 0.0123 0.0114 

22 0.0017 0.0009 0.0002 0.0000 0.0004 0.0002 0.0001 0.0010 0.0037 0.0063 0.0052 

23 0.0107 0.0185 0.0008 0.0005 0.0019 0.0004 0.0003 0.0035 0.0518 0.0315 0.0364 
24 0.0085 0.0112 0.0007 0.0003 0.0015 0.0003 0.0002 0.0028 0.0263 0.0251 0.0256 

25 0.0058 0.0057 0.0005 0.0001 0.0011 0.0002 0.0002 0.0017 0.0101 0.0168 0.0151 

26 0.0024 0.0010 0.0003 0.0000 0.0006 0.0002 0.0001 0.0010 0.0016 0.0083 0.0064 
27 0.0152 0.0201 0.0013 0.0004 0.0032 0.0006 0.0004 0.0046 0.0355 0.0450 0.0455 

28 0.0107 0.0126 0.0010 0.0002 0.0022 0.0006 0.0002 0.0041 0.0150 0.0336 0.0330 

29 0.0054 0.0048 0.0005 0.0001 0.0011 0.0011 0.0001 0.0032 0.0035 0.0221 0.0229 
30 0.0015 0.0011 0.0002 0.0000 0.0004 0.0006 0.0000 0.0013 0.0006 0.0086 0.0094 

31 0.0026 0.0136 0.0002 0.0001 0.0011 0.0001 0.0003 0.0004 0.0649 0.0260 0.0170 

32 0.0030 0.0123 0.0002 0.0001 0.0012 0.0001 0.0003 0.0005 0.0442 0.0227 0.0164 
33 0.0031 0.0064 0.0002 0.0001 0.0010 0.0001 0.0002 0.0004 0.0189 0.0159 0.0105 

34 0.0018 0.0014 0.0002 0.0000 0.0007 0.0000 0.0001 0.0003 0.0049 0.0081 0.0039 

35 0.0021 0.0139 0.0001 0.0001 0.0013 0.0000 0.0003 0.0003 0.0656 0.0461 0.0167 
36 0.0022 0.0121 0.0001 0.0001 0.0012 0.0000 0.0003 0.0003 0.0469 0.0366 0.0148 

37 0.0021 0.0058 0.0001 0.0001 0.0009 0.0000 0.0002 0.0002 0.0226 0.0215 0.0083 

38 0.0016 0.0016 0.0001 0.0000 0.0007 0.0000 0.0001 0.0002 0.0055 0.0102 0.0036 
39 0.0070 0.0169 0.0004 0.0002 0.0021 0.0001 0.0004 0.0012 0.0486 0.0214 0.0261 

40 0.0063 0.0128 0.0004 0.0002 0.0019 0.0001 0.0003 0.0011 0.0342 0.0191 0.0212 

41 0.0056 0.0059 0.0005 0.0001 0.0018 0.0001 0.0003 0.0013 0.0109 0.0170 0.0137 
42 0.0025 0.0015 0.0003 0.0000 0.0009 0.0001 0.0001 0.0007 0.0022 0.0079 0.0052 

43 0.0067 0.0171 0.0004 0.0002 0.0020 0.0001 0.0004 0.0014 0.0489 0.0372 0.0263 

44 0.0058 0.0140 0.0004 0.0002 0.0018 0.0001 0.0003 0.0012 0.0341 0.0303 0.0218 
45 0.0045 0.0067 0.0004 0.0001 0.0014 0.0001 0.0002 0.0009 0.0139 0.0200 0.0128 

46 0.0023 0.0016 0.0003 0.0000 0.0009 0.0001 0.0001 0.0006 0.0027 0.0099 0.0050 
47 0.0054 0.0200 0.0003 0.0002 0.0024 0.0001 0.0005 0.0009 0.0493 0.0554 0.0273 

48 0.0048 0.0151 0.0003 0.0002 0.0021 0.0001 0.0004 0.0008 0.0359 0.0439 0.0212 

49 0.0042 0.0074 0.0003 0.0001 0.0017 0.0001 0.0003 0.0007 0.0141 0.0277 0.0128 
50 0.0023 0.0018 0.0002 0.0000 0.0011 0.0000 0.0001 0.0006 0.0025 0.0127 0.0050 

51 0.0116 0.0207 0.0008 0.0003 0.0035 0.0002 0.0005 0.0025 0.0304 0.0508 0.0365 

52 0.0102 0.0164 0.0008 0.0002 0.0031 0.0002 0.0004 0.0022 0.0183 0.0425 0.0303 

53 0.0068 0.0078 0.0006 0.0001 0.0022 0.0001 0.0002 0.0017 0.0052 0.0269 0.0174 

54 0.0029 0.0014 0.0003 0.0000 0.0010 0.0002 0.0001 0.0009 0.0004 0.0121 0.0065 

55 0.0111 0.0218 0.0007 0.0003 0.0039 0.0002 0.0005 0.0021 0.0307 0.0709 0.0369 
56 0.0091 0.0173 0.0006 0.0002 0.0032 0.0002 0.0004 0.0017 0.0205 0.0560 0.0297 

57 0.0067 0.0080 0.0006 0.0001 0.0025 0.0001 0.0002 0.0015 0.0054 0.0351 0.0172 

58 0.0028 0.0018 0.0003 0.0000 0.0012 0.0001 0.0001 0.0009 0.0002 0.0146 0.0066 
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Appendix B. Residual analysis and model validation 718 

719 
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Figure B.1. Normal distribution of standardized residuals for the estimation data 722 
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728 

Figure B.2. Standardized residuals versus predicted values for estimation data. Temperature of 729 

experiments 340°C (circle), 360°C (triangle) and 380°C (square). Water content in ethanol feed: blank:  730 

0 wt%, cyan: 3.75 wt%, magenta: 7.5 wt%, black: 15 wt%). 731 
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Appendix C. Estimation of the internal and external mass transfer limitation in the catalytic 743 

tests 744 

An evaluation of the possible external and internal diffusion limitation was assessed to 745 

check out that the chemical reaction was the rate-controlling step for each reaction. For every 746 

catalytic test, Mears criterion was applied to all reactions to evaluate the influence of external mass 747 

transfer effects. This criterion states that external mass transport limitations can be neglected in 748 

case the Mears number (CMears) is under 0.15 [1]. CMears number is defined in Equation C1, where 749 

-robs is the observed reaction rate (kmol/kg·s), ρc is the density of catalyst (kg/m3), dp is the diameter 750 

of the pellets (5·10-4 m), nk is the reaction order of reactant k, kc is the mass transfer coefficient 751 

(m/s), and Ck the concentration of the reactant k in the bulk gas phase (kmol/m3).  752 

2

obs c p k

Mears

c k

r d n
C

k C

−   
=

 
                                                                             Equation C1 753 

To determine whether internal diffusion is limiting the reaction, the Weisz-Prater criterion 754 

was employed [2]. The Weisz-Prater number (CWP) relates the observed reaction rate with the 755 

diffusion rate, so if CWP is lower than 0.15 there are no diffusion limitations and, consequently, no 756 

concentration gradient exists within the catalytic pellets. CWP number is defined in Equation C2, 757 

where De is the effective diffusion coefficient in the pores of the catalyst (m2/s), and CkS is the 758 

concentration of the reactant k on the catalyst surface (kmol/m3).  759 

2
( 2)obs c p

WP

e kS

r d
C

D C

−  
=


                                                                            Equation C2 760 

Both the CMears and CWP were evaluated at the reactor outlet for each catalytic test. The 761 

obtained CMears values were around 2·10−3, which is far below 0.15 and confirms that, for all the 762 

catalytic tests, no concentration gradient exists between the bulk gas and the external surface of 763 

the catalyst particle (external diffusion negligible). Also, the calculated CWP values were around 764 

1·10−5, which is much lower than 0.15, confirming that internal diffusion was negligible too. 765 
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