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11 Abstract 

12 This manuscript analyzes the steam reforming of ethanol (SRE) over Ni/La2O3-Al2O3 

13 catalyst in a fluidized bed reactor under a wide range of operating conditions (500-650 ºC, 

14 space time up to 0.35 gcatalysth/gEtOH, and steam/ethanol (S/E) molar ratio in the feed between 3 

15 and 9) in order to select optimum conditions for maximizing H2 production. The significance 

16 the individual reactions in the reaction mechanism have on products distribution and the role 

17 of the catalyst in the extent of these reactions have also been analyzed. Blank runs (without 

18 catalyst) have been performed to test the contribution of thermal routes to this mechanism. 

19 Ethylene and acetaldehyde are intermediate products in the kinetic scheme, whose presence is 

20 only observed when ethanol conversion is not complete. The increase in temperature enhances 

21 the reforming and decomposition of ethanol and acetaldehyde and, when the catalyst is used, 

22 CH4 reforming and reverse WGS reactions are also promoted, so that the yield of H2 and CO 

23 increases, that of CH4 decreases and the one of CO2 remains almost constant with 

24 temperature. The increase in S/E molar ratio increases H2 yield, but attenuates the rate of 

25 some reactions involved in the process. 600 ºC, a space time of 0.35 gcatalysth/gEtOH and S/E =6 

26 are suitable conditions for maximizing ethanol conversion (100%) and H2 yield (82%) with 

27 high catalyst stability.
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30 INTRODUCTION

31 The foreseen 30 % growth in worldwide energy demand for 2040, together with the 
32 increasing social awareness concerning the negative consequences of the use of fossil fuels, 
33 has boosted the development of technologies for maximizing energy production from 
34 renewable sources, so that 37% of power generation will be from renewable resources in 
35 2040, compared to 23% today [1]. Among these, biorefinery technologies aimed at converting 
36 different biomass types into chemicals and fuels have a relevant role [2], and the reforming of 
37 biomass derived oxygenates has gained an important strategic interest because of the 
38 increasing demand of H2 for use as a fuel, and as raw material in petrochemical industry and 
39 agrochemistry [3]. 

40 Among biomass derived oxygenates, bio-ethanol has great interest as raw material for 
41 producing H2 by reforming [4,5], mainly due to the good perspectives for its production from 
42 lignocellulosic biomass, with a forecasted increase from the current 270 L/tonne biomass to 
43 400 L/tonne biomass in 2030, as a result of the advance in the technology of enzymatic 
44 hydrolysis-fermentation [6]. Moreover, the steam reforming (SR) of bio-ethanol (~86 % H2O) 
45 avoids the high cost required for its dehydration (estimated at 50 % the total product cost [7]) 
46 in order to be used as a fuel (dehydrated ethanol).

47 The steam reforming of ethanol (SRE) is an endothermic process that proceeds at relatively 
48 low temperatures (between 300 and 800 ºC), with the following stoichiometry:

49 C2H5OH + 3H2O → 6H2 + 2CO2 173.3 kJ/mol (1) 0
298H

50 The use of steam/ethanol (S/E) molar ratio in the feed above the stoichiometric value (S/E = 
51 3) improves H2 selectivity and attenuates deactivation by coke deposition [8]. Nevertheless, 
52 the reaction mechanism is complex due to secondary reactions that take place in parallel to 
53 steam reforming reaction and generate intermediate products and by-products, thus reducing 
54 H2 yield. Among the secondary reactions, the following are considered [9-11]:
55

Ethanol dehydrogenation: C2H5OH ↔ C2H4O + H2 (2)

Ethanol dehydration: C2H5OH → C2H4 + H2O (3)

Ethanol decomposition: C2H5OH → H2 + CO + CH4 (4)

Acetic acid formation: C2H5OH + H2O → CH3COOH + 2H2 (5)

Acetone formation: 2 C2H5OH → CH3COCH3 + CO + H2 (6)

Acetone steam reforming: CH3COCH3 + 2H2O → 3CO + 5H2 (7)

Acetic acid steam reforming: CH3COOH + 2H2O → 2CO2 + 4H2 (8)



Incomplete ethanol reforming: C2H5OH + H2O → CH4 + 2H2 + CO2 (9)

Acetaldehyde decomposition: C2H4O → CH4 + CO (10)

Acetaldehyde reforming: C2H4O+H2O→2CO+3H2

C2H4O + 3H2O → 2CO2 + 5H2

(11)

(12)
Water Gas Shift reaction: CO + H2O ↔ H2 + CO2 (13)

Methane steam reforming (reverse to 
methanation of CO and CO2):

CH4 + H2O ↔ CO + 3H2 

CH4 + 2H2O ↔ CO2 + 4H2 

(14)

(15)

Ethylene steam reforming: C2H4 + 2H2O → 4H2 + 2CO (16)

56 Other reactions take also place, which are not relevant for products distribution, but they 
57 contribute to catalyst deactivation by formation or elimination (by gasification) of coke (C):
58

Ethylene polymerization: C2H4 → polymers → C (17)

Boudouard reaction: 2CO ↔ C + CO2 (18)

Methane decomposition: CH4 → 2H2 + C (19)

Coke gasification: C + H2O → CO + H2 (20)

59 Due to the complexity of the reaction scheme, the yield and selectivity of H2 is highly affected 
60 by reaction conditions (temperature, S/E molar ratio, space time), as well as by catalyst 
61 composition. Consequently, the industrial viability of SRE process requires the development 
62 of catalysts that are highly active and selective for H2 formation (thus minimizing secondary 
63 reactions), which are stable and hardly affected by coke formation. With this objective, 
64 several reviews have analyzed the use of catalysts with both noble and non-noble metals, 
65 supported on different oxides [9,12-15]. Noble metal catalysts, especially Rh based catalysts, 
66 are highly active and selective for SRE [16,17], but their practical applications are limited by 
67 their high cost. Among the non-noble catalysts, those based on Ni and Co are the most studied 
68 due to their high C-C- bond breakage activity [18-23]. 

69 Furthermore, it is well established that an increase in metal content in Ni based catalysts 
70 improves ethanol conversion, but it does not guarantee a higher H2 selectivity. Thus, Han et 
71 al. [24] determined an optimum content of 15 wt% Ni for a catalyst prepared by sol-gel 
72 technique, which showed a high Ni dispersion and resistance to coke deposition. Gayubo et 
73 al. [25] reported an optimum content of 10 wt% Ni in Ni/SiO2 and Ni/-Al2O3 catalysts 
74 prepared by incipient wetness impregnation, which is due to a higher Ni content leading to a 
75 significant agglomeration of metal crystals. 



76 γ-Al2O3 has been widely used as support because of its high thermal and mechanical stability, 
77 linked to its high specific surface area, which also improves the dispersion of the active phase. 
78 Nevertheless, its acidity promotes ethanol dehydration reaction and, as a result, coke 
79 deposition via ethylene, which causes a rapid deactivation of the catalyst. Consequently, 
80 several methods have been studied for the neutralization of its acidity. The addition of basic 
81 additives, such as CaO, lowers the support acidity and also weakens the interaction between 
82 Ni and Al2O3, which facilitates the reduction of Ni+2 species to Ni0 [26,27]. However, Ca 
83 contents above 5 wt% increase Ni active particle size, which causes a lower H2 yield [27] and 
84 promotes the formation of encapsulating coke responsible for the rapid deactivation of the 
85 catalyst [26]. The addition of MgO to -Al2O3 caused similar results to those obtained by 
86 doping with CaO [28-30]. Nevertheless, the doping of the support ZrO2 with CaO did not 
87 affect Ni reducibility and inhibited coke deposition [31]. Furthermore, the addition of La2O3 
88 provides stability to Ni/Al2O3 catalyst by lowering coke formation rate [32-34]. In a previous 
89 work, a Ni/La2O3-αAl2O3 catalyst used in the SRE reaction achieved an equilibration state 
90 subsequent to a reaction-regeneration cycle (consisting in the steam reforming at 700 ºC 
91 followed by coke combustion with air at 550 ºC), which allowed attaining a reproducible 
92 performance in successive reaction-regeneration cycles [35].

93 In view of this background, this work analyzes the effect operating conditions (temperature, 
94 S/E molar ratio, space time) have on the behavior of an equilibrated Ni/La2O3-αAl2O3 catalyst 
95 in the SRE process, in order to determine the conditions maximizing ethanol conversion and 
96 H2 yield. Moreover, the relevance on products distribution of the individual reactions of the 
97 complex reaction mechanism (Eqs. 1-16), and the role of catalyst in the extent of these 
98 reactions has been also analyzed. With this objective, blank runs (without catalyst) have been 
99 performed to test the contribution of thermal routes to the reaction mechanism. Moreover, 

100 catalyst stability has been approached by means of long duration runs (200 h), as it is an 
101 essential aspect for larger scale applications.

102

103 EXPERIMENTAL SECTION

104 Catalyst preparation

105 The catalyst was prepared by incipient wetness impregnation method, and with a composition 

106 (10 wt% Ni and 9 wt% La2O3) determined in a previous work [36]. It has been proven that 

107 once calcined at 550 ºC for 2 h in air, and subsequent to an equilibration treatment, the 

108 catalyst achieves a reproducible kinetic behavior in reaction-regeneration cycles [35]. Prior to 

109 the kinetic runs the catalyst was reduced in situ at 700 °C for 2 h by using a H2–He flow (10 

110 vol% H2). The properties (Table 1) have been determined as follows: composition, by 



111 inductively coupled plasma and atomic electron spectroscopy (ICP-AES) in a Thermo X7-II 

112 spectrometer; surface area (SBET) and porous structure, by N2 adsorption−desorption in a 

113 Quantacrome Autosorb IQ2 physisorption mode; metal surface area and dispersion, by H2 

114 chemisorption in a Quantacrome Autosorb IQ2. 

115 Temperature programmed reduction (TPR) measurements were conducted on an AutoChem II 

116 2920 Micromeritics. The TPR profile of this catalyst showed three reduction peaks [35]: i) a 

117 peak below 380 ºC, corresponding to the reduction of bulk NiO clusters with low interaction 

118 with the support; ii) a main reduction band, in the 400-700 ºC range (which can be 

119 decomposed into two peaks), usually ascribed in the literature to the reduction of dispersed 

120 NiOx species, which are probably amorphous and interact strongly with the support [37], or to 

121 the reduction of LaNiO3 [38]; iii) a small peak above 700 ºC, corresponding to the NiAl2O4 

122 spinel, which has probably been formed by migration of Ni atoms on Al2O3 [39]. 

123 The X-ray diffraction (XRD) pattern measured on a Bruker D8 Advance diffractrometer with 

124 a CuKα1 radiation showed diffraction lines corresponding to the reflection of Al2O3 phase 

125 and Ni0 phase (at 2θ angle of 44.5º, 51.9º and 76.4º). LaAlO3 phase (La2O3 combined with α-

126 Al2O3) is also detected [40].

127 Table 1

128 Reaction equipment and experimental conditions

129 The runs were carried out in automated reaction equipment (Microactivity reference-PID Eng 

130 & Tech) provided with an isothermal fluidized bed reactor (22 mm internal diameter and total 

131 length of 460 mm), connected on-line to a gas chromatograph (Agilent 3000) provided with 

132 four modules for the analysis of products: 1) permanent gases (O2, N2, H2, CO, and CH4) with 

133 5A molecular sieve capillary column; 2) light oxygenates (C2−), CO2 and water, with Plot Q 

134 capillary column; 3) C2-C4 hydrocarbons, with alumina capillary column; 4) oxygenated 

135 compounds (C2+) with Stabilwax type column. The use of a fluidized bed is interesting in 

136 order to guarantee the isothermicity of the bed and also attenuate deactivation by coke 

137 deposition [33,41].

138 In order to ensure a correct fluidization of the bed and avoid internal and external diffusional 

139 restrictions in the catalyst particles, the following conditions have been established [41]: a bed 

140 made up of catalyst (particle diameter between 0.15 and 0.25 mm) and inert solid (CSi, 37µm) 



141 in a mass ratio inert:catalyst > 8:1; bed height/bed diameter of 2; gas flow rate at the reactor 

142 inlet ~ 7.6 cm3 s-1, corresponding to a gas linear velocity of 2.4 cm s-1, which accounts for 6 

143 times the minimum fluidization velocity. 

144 The conditions of the catalytic runs are as follows: temperature between 500 and 650 °C; 

145 steam/ethanol molar ratio (S/E) between 3 and 9; space time between 0.02 and 0.35 

146 gcatalysth/gEtOH (with a catalyst mass between 0.03 to 0.525 g); total pressure, 1.4 bar; partial 

147 pressure of ethanol, 0.08 bar. 

148 Blank runs (without catalyst) have been performed in order to delimit the temperature from 

149 which there is a noticeable contribution of thermal routes to the reaction mechanism. These 

150 runs have been carried out with inert solid (CSi) in the fluidized bed, in the 500-700 ºC range, 

151 with an S/E molar ratio between 3 and 9, and maintaining the same hydrodynamic conditions 

152 than in the runs with catalyst. 

153 Reaction indices

154 The kinetic behaviour has been quantified by considering the following reaction indices: 

155 Conversion of ethanol (X), which is calculated from its molar flow rate (F) at the inlet and 

156 outlet (unreacted ethanol) of the catalytic reactor:

157 (21)
inletF

outletFinletF
X




158 The yield of each product (Yi) is calculated as the ratio between the molar flow rate of 

159 product i (Fi) and the maximum molar flow rate that may be obtained according to 

160 stoichiometry when ethanol is fed into the reactor:

161 (22)
inletFiυ
iF

iY




162 where i = 6 for H2, i = 2 for CO2, CO and CH4, and i= 1 for acetaldehyde and ethylene. 

163 The selectivity of each gaseous product (Si) is calculated as the ratio between the molar flow 
164 rate of product i (Fi) and the molar flow rate of all the reaction products (ethanol and water 
165 excluded):



166  (23)
 



i
WEi FFF

iF
iS

167 RESULTS AND DISCUSSION

168 Contribution of thermal routes to SRE mechanism

169 Figures 1 and 2 show the composition (molar fraction on a water free basis) of the products 
170 stream at the reactor outlet obtained in the runs without catalyst at different temperatures and 
171 S/E molar ratios. Figure 1 corresponds to ethanol (Figure 1a) and H2 (Figure 1b), whereas 
172 each graph in Figure 2 corresponds to a carbon product (acetaldehyde, ethylene, CO and 
173 CH4). The composition of CO2 (below 2 % under all the studied conditions) is not shown. 
174 Moreover, neither acetone nor acetic acid has been observed in the products stream in the 
175 temperature range studied. 

176 It is observed that at 500 ºC ethanol conversion is low and the product stream is mainly 
177 composed of ethanol (~95 %), with low concentrations of H2 (~2.5 %), acetaldehyde (~2.5 
178 %), and ethylene (~0.1 %). Moreover, at this temperature, the results are not affected by S/E 
179 molar ratio. 

180 The increase in temperature up to 600 ºC involves a slight increase in ethanol conversion. 
181 However, above this temperature ethanol conversion rapidly increases, so that its molar 
182 fraction decreases noticeably (Figure 1a) and H2 molar fraction increases almost linearly, 
183 achieving a value of 0.36 at 700 ºC and for S/E =9 (Figure 1b). The molar fractions of carbon 
184 products have different trends with temperature (Figure 2). Acetaldehyde is the major product 
185 in the 600-650 ºC range (Figure 2a), whereas the formation of CO and CH4 increases 
186 exponentially with temperature above 650 ºC (Figures 2c, 2d), and the formation of CO2 (not 
187 shown) is almost insignificant. These results give evidence that an increase in temperature 
188 promotes firstly ethanol dehydrogenation to form acetaldehyde (Eq. 2) (whose presence is 
189 significant at 500 ºC), and subsequently ethanol dehydration to form ethylene (Eq. 3) (whose 
190 formation is noticeable above 550 ºC), whereas the decomposition of ethanol (Eq. 4) or 
191 acetaldehyde (Eq. 10) to produce CO and CH4 are only significant above 650 ºC, and they are 
192 enhanced exponentially with temperature. The similar concentration of CO and CH4 obtained 
193 at high temperature, as well as the almost insignificant formation of CO2 gives evidence that, 
194 in the absence of catalyst, WGS reaction (Eq. 13), methane steam reforming (Eqs. 14 and 15) 
195 and direct steam reforming of ethanol (Eq. 1) do not have a significant contribution to the 
196 reaction mechanism in the 500-700 ºC temperature range.



197 Furthermore, an increase in S/E molar ratio has lower effect than temperature on these results. 
198 In general, all the thermal routes are promoted by increasing S/E molar ratio from 3 to 6, 
199 although a further increase in this variable has no significant effect. 

200 Figure 1

201 Figure 2

202 There are scarce papers in the literature reporting results without catalyst in order to analyze 
203 the thermal routes for ethanol conversion under steam reforming conditions. The 
204 aforementioned results are consistent with those by Fatsikostas and Verykios [42] obtained by 
205 experimentation at temperature programmed under conditions of SRE reaction (S/E=3 in the 
206 500-800 ºC range). These authors concluded that ethanol conversion is activated from 600 ºC 
207 on, and is significant above 700 ºC. At low temperature, ethanol dehydrogenation was the 
208 prevailing reaction, whereas at high temperature dehydration and cracking/dissociation were 
209 the main reactions. Melchor-Hernández et al. also obtained a significant ethanol conversion 
210 above 600 ºC for S/E=3 [43]. Barattini et al. [44] operated in a fixed bed reactor with quartz 
211 as inert solid with S/E=3 and found that ethanol conversion was significant above 430 ºC, and 
212 complete at 790 ºC. At low temperature (400 ºC), the main products were ethylene and acetic 
213 acid, whereas at higher temperature (730 ºC) small amounts of CO, CH4 and H2 were obtained 
214 and ethylene selectivity remained stable in the studied temperature range, and acetaldehyde 
215 was not detected, differently to the results in this paper and to those by Fatsikostas and 
216 Verykios [42]. 

217 Based on these results, and although the higher reaction rate of the catalyzed steps will 
218 minimize the contribution of the thermal routes, the 500-650 ºC range has been selected in 
219 order to analyze the effect of operating variables on catalyst performance (next section). This 
220 range is wide enough, and minimizes the contribution of thermal routes, so that conclusions 
221 concerning activity, selectivity and stability of the catalyst itself can be inferred.  
222

223 Effect of operating conditions for 10Ni/La2O3-αAl2O3 catalyst

224 This section analyzes the effect operating conditions (temperature, space time and S/E molar 

225 ratio) have on the reaction indices at zero time on stream, which have been obtained by 

226 extrapolating the results obtained in runs of 20 h duration to zero time.

227 Effect of Temperature

228 The effect temperature has on the reaction indices is shown in Figures 3 and 4, in which the 

229 values are shown for ethanol conversion and H2 yield (Figure 3), and carbon products yields 



230 (Figure 4). The results correspond to S/E molar ratio of 3 (which is the stoichiometric ratio for 

231 SRE reaction) and for two values of space time, low (0.04 gcatalysth/gEtOH) and high (0.35 

232 gcatalysth/gEtOH), with the aim of establishing the effect of temperature under conditions far 

233 from equilibrium (kinetic regime) and close to equilibrium (thermodynamic regime), 

234 respectively. It should be pointed out, that neither acetone nor acetic acid is present in the 

235 products stream in the experimental conditions studied. The explanation may lie in the fact 

236 that the reactions corresponding to their formation/disappearing (Eqs. 5-8) are very rapid or 

237 do not occur. In fact, taking into account that these products are not observed in the blank runs 

238 either, it can be concluded that the reactions do not occur. 

239 Under kinetic regime (space time of 0.04 gcatalysth/gEtOH, continuous lines), high ethanol 

240 conversion (0.6) is obtained at 500 ºC, which progressively increases with temperature and 

241 almost full conversion is achieved at 650 ºC (Figure 3). For a high space time (0.35 

242 gcatalysth/gEtOH, dashed lines) ethanol conversion is full for the whole temperature range 

243 studied. This effect of temperature is consistent with that observed in the literature for 

244 different catalysts and reaction conditions [43,45-49]. Thus, according to Fasikostas et al. 

245 [45], who used 30%Ni/La2O3/Al2O3 catalyst, S/E=3 and a space time of 0.29 gcatalysth/gEtOH, 

246 conversion increases from 0.2 at 600 ºC to 0.92 at 800 ºC, and is full at 850 ºC. Melchor-

247 Hernández et al. [43] used 10%Ni/8%La2O3-γAl2O catalyst prepared by sol-gel method, S/E= 

248 3 and space time ~0.07 gcatalysth/gEtOH and obtained high ethanol conversion from low 

249 temperature (0.88 at 450 ºC and 0.94 at 500 ºC) and total conversion at 600 ºC, although their 

250 H2 yield was rather low (0.04 at 400 ºC and 0.50 at 600 ºC). They also proved that this yield 

251 was slightly higher for a higher La2O3 content in the support. The increase in ethanol 

252 conversion with temperature is more pronounced for Llera et al. [46] (from 0.10 to 0.55 in the 

253 600-650 ºC temperature range) when they used Ni/Al2O3/LDH catalyst, S/E=5.5 and a low 

254 space time, whereas Patel et al. [47] obtained 0.95 conversion at 600 ºC and full at 700 ºC 

255 with Ni/Ce2O3/Zr2O3 catalyst [47], for a high space time and S/E=9. In the steam reforming of 

256 bioethanol (14 wt % ethanol) on 10%Ni/6%La2O3-Al2O3 catalyst, total ethanol conversion 

257 was achieved at 350 ºC, which can be partially attributed to the high S/E ratio (~15) [49].  

258 Figure 3

259 Figure 4



260 Concerning the H2 yield obtained in this work (empty symbols in Figure 3), it increases with 

261 temperature (from 0.19 at 500 ºC to 0.33 at 650 ºC) under kinetic regime conditions (low 

262 space time), although to a lesser extent than ethanol conversion, especially above 600 ºC. 

263 Under conditions with full ethanol conversion (high space time), H2 yield increases with 

264 temperature in the 500-650 ºC range (from 0.40 to 0.73), but in a less pronounced way above 

265 600 ºC. It should be mentioned that these results correspond to S/E=3, and that a higher H2 

266 yield (0.88) was obtained for a higher S/E ratio (S/E=9) at 600 ºC.

267 This evolution of H2 yield, which is different to the evolution of ethanol conversion, is 

268 explained by the different effect of temperature on the reactions of the overall mechanism 

269 (Eqs. 1-16), which also involves a noticeable change in the yields of carbon products with 

270 temperature, as shown in Figure 4. Under kinetic regime conditions (low space time, 0.04 

271 gcatalysth/gEtOH) (Figure 4a), the order of the yields at 500 ºC is: acetaldehyde (0.24) > CO2 

272 (0.08) > CO (0.06) > CH4 (0.05) > C2H4 (0.01). It should emphasized that under these 

273 conditions, H2/CO2 molar ratio (6.91) is noticeably higher than the stoichiometric value (3) 

274 corresponding to ethanol reforming reaction (Eq. 1). These results give evidence that at 500 

275 ºC the fastest reaction in the kinetic scheme is the dehydrogenation to acetaldehyde (Eq. 2), 

276 which is noticeably faster than ethanol reforming (Eq. 1). However, the latter is faster than the 

277 decomposition reactions (of both ethanol and acetaldehyde, Eqs. 4 and 10), and the WGS (Eq. 

278 13), methane reforming (Eqs. 14-15) and dehydration to ethylene (Eq. 3) are apparently slow 

279 reactions, specially the last one. When temperature increases above 600 ºC, acetaldehyde 

280 yield decreases noticeably, (slightly lower than 0.1 at 650 ºC), whereas the yield of the 

281 remaining carbon products increases, especially that of ethylene, with the lower increase 

282 corresponding to methane. Consequently, H2/CO2 molar ratio decreases asymptotically with 

283 temperature (to 5.3 at 650 ºC). These results give evidence that an increase in temperature 

284 promotes mainly ethanol dehydration (Eq. 3), as well as ethanol and acetaldehyde 

285 decomposition (Eqs. 4 and 10) and the reforming of acetaldehyde (Eqs. 11 and 12) and CH4 

286 (Eqs. 14-15).   

287 For a high space time value (0.35 gcatalysth/gEtOH, Figure 4b), that is, under conditions with 

288 total ethanol conversion and close to the thermodynamic equilibrium, there is almost total 

289 absence of ethylene in the whole temperature range studied, and acetaldehyde formation is not 

290 observed above 550 ºC. This result is consistent with the role of both compounds as 

291 intermediate products in the reaction scheme, and therefore their transformation reactions 

292 (reforming of ethylene and decomposition/reforming of acetaldehyde) are complete under the 



293 studied conditions. Furthermore, methane yield decreases almost linearly with temperature 

294 (from 0.45 at 500 ºC to 0.13 at 650 ºC) and a significant increase in CO yield takes place at 

295 the same time (similarly to that obtained for H2 yield under these conditions, Figure 3), which 

296 evidences an important contribution of methane steam reforming reaction (Eq. 14) to the 

297 global reaction mechanism at high temperatures (because this reaction is highly endothermic), 

298 with a noticeably increase in H2 yield. The CO2 yield is high and almost constant (~0.46) in 

299 the 500-600 ºC range, and decreases slightly above 600 ºC due to the shift in the 

300 thermodynamic equilibrium of the exothermic WGS reaction (enhancing the reverse WGS 

301 reaction). The fact that CO2 yield remains almost constant in the 500-600 ºC range, even 

302 though there is an increase in the reaction rate of steam reforming of oxygenates and 

303 hydrocarbons, should be attributed to CO2 consumption in both the methanation reaction 

304 (reverse Eq. 15) and the subsequent CH4 reforming, as well as in the dry reforming of 

305 oxygenates and hydrocarbons, as pointed out by Fatsikostas et al. [45]. 

306 As previously mentioned, the properties of the support have an important role in products 

307 distribution. Thus, Melchor-Hernández et al. (2013) obtained a maximum ethylene yield of 

308 ~0.35 in the 500-550 ºC range, with a subsequent decrease to ~ 0.20 at 600 ºC, with the yield 

309 being lower for a higher La content in the support [43]. This high ethylene yield was a 

310 consequence of the slightly acidic support ( -Al2O3), which is highly active for ethanol 𝛾

311 dehydration reaction. On the contrary, with a Ni/SiO2 catalyst and under similar conditions to 

312 those used in this work, Vicente et al. [10] reported total absence of ethylene in the product 

313 stream due to the non-acidic SiO2 support, which minimizes ethylene dehydration reaction. 

314 Moreover, with this support without activity for ethanol dehydration, the competence of 

315 catalytic reactions with thermal reactions avoided the formation of ethylene even at high 

316 temperatures. 

317 Effect of space time 

318 Figure 5 shows the effect of space time on ethanol conversion and H2 yield for different 

319 temperatures, and Figure 6 the effect of space time on the carbon products yields for two 

320 temperatures (500 ºC (Figure 6a) and 650 ºC (Figure 6b), which are the limits of the studied 

321 range). These results correspond to an S/E molar ratio of 3, and similar trends have been 

322 observed for the ratios of 6 and 9.



323 Ethanol conversion increases in a pronounced way with space time (Figure 5), although more 

324 moderately at high temperatures due to the significant contribution of thermal routes to the 

325 reaction mechanism. For all the studied temperatures, H2 yield (empty symbols in Figure 5) 

326 increases in a pronounced way with space time in the 0.02-0.09 gcatalysth/gEtOH range. A 

327 maximum is achieved for 0.09 gcatalysth/gEtOH, when ethanol conversion is complete, and below 

328 550 ºC H2 yield decreases with an increase in space time due to the relevance of methanation 

329 reactions at these temperatures (reverse Eqs. 14-15), and tends towards the thermodynamic 

330 equilibrium values [11]. Consequently, the yield of CH4 increases (Figure 6a), although less 

331 noticeably as temperature is increased.  

332 Figure 5

333 Figure 6

334 Two zones are also identified in the evolution with space time of carbon products yields 

335 (Figure 6), similarly to those observed in Figure 5 for ethanol conversion and H2 yield, 

336 although the range in which the effect of space is noticeable depends on temperature: i) at 500 

337 ºC (Figure 6a) there is a noticeable effect of space time on the yields of all carbon products in 

338 the 0.02-0.18 gcatalysth/gEtOH range; ii) at 650 ºC (Figure 6b) a significant variation in the 

339 products yields takes place below 0.09 gcatalyst/hgEtOH (that is, before achieving total ethanol 

340 conversion). For both temperatures, acetaldehyde and ethylene are the main products at low 

341 space time values, specially the former, which confirms that ethanol dehydrogenation and 

342 dehydration reactions, especially the former, are the fastest reactions in the kinetic scheme, 

343 which is more noticeable at high temperature for the dehydration reaction. Moreover, CO and 

344 CO2 yields at both temperatures increase sharply for low space time values, and subsequently 

345 CO2 yield continues increasing asymptotically towards the thermodynamic equilibrium value 

346 [11], whereas CO yield, which peaks at 0.09 gcatalysth/gEtOH, decreases slowly towards the 

347 corresponding thermodynamic equilibrium value [11]. A 500 ºC, the increase in CH4 yield is 

348 almost parallel to that of CO2, and progressively attenuates with the increase in space time 

349 (Figure 6a). Furthermore, CH4 formation is faster at 650 ºC (Figure 6b), thus achieving a 

350 significant value at a low space time value, which confirms the importance of thermal routes 

351 in ethanol and acetaldehyde decomposition reactions (Eqs. 4 and 10, respectively) at this 

352 temperature. 



353 Similar trends in the effect of space time in ethanol conversion and products yield have been 

354 observed in literature for other Ni based catalysts, although the range of space time depends 

355 on catalyst composition and on the remaining reaction conditions. Thus, Llera et al. ([46], 

356 obtained a conversion of 0.50 for 0.035 gcatalysth/gEtOH, and total conversion for 0.14 

357 gcatalysth/gEtOH, at 650 ºC and S/E=5.5, on a Ni/Al2O3/LDH catalyst. According to these 

358 authors, H2 yield increased with space time to 0.80 for 0.14 gcatalysth/gEtOH, and decreased 

359 slightly for higher space time. With a skeletal (non-supported) Ni-based catalyst Zhang et al. 

360 [48] obtained total ethanol conversion for a space time above 0.15 gcatalysth/gEtOH, whereas H2 

361 yield remained almost constant (0.60) in the 0.07-0.35 gcatalysth/gEtOH range, at 450 ºC with 

362 S/E=8. An increase in ethanol conversion with space time was also observed for Patel et al. 

363 [47]. on a Ni/Ce2O3/Zr2O3 catalyst, with values of up to 0.95 for 0.60 gcatalysth/gEtOH, at 650 ºC 

364 and with S/E=4. According to these authors, H2 yield varied in the 0.70-0.80 range, which is 

365 slightly higher than that shown in Figure 5, probably due to the higher S/E ratio used. For a 

366 commercial 15%Ni/Al2O3 in the 200-600 ºC range and for S/E=10, two zones were also 

367 identified by Wu et al. [50] , below and above a certain value of space time (corresponding to 

368 a contact time of 1 s). Thus, with an increase in space time, the increase in CO2 yield is less 

369 pronounced in the second zone (> 1 s). Furthermore, CO yield peaks for a space time at 600 

370 ºC, whereas CH4 yield (higher at low temperature) increased with space time in the first zone 

371 (< 1 s), and acetaldehyde yield decreased continuously with space time, especially at 600 ºC.

372 Effect of steam/ethanol molar ratio 

373 The effect of this variable has been more scarcely studied in literature than that of 

374 temperature. Most of the research has been carried out with S/E molar ratio=3, which 

375 corresponds to the stoichiometric value [11-13,51]. The results with S/E values above 6 

376 correspond to studies on bio-ethanol steam reforming, whose characteristic ethanol content is 

377 around 14 wt %, and therefore S/E ratio is of around 15 [52].

378 Figure 7 shows the evolution with S/E molar ratio (in the 3-9 range) of ethanol conversion 

379 and H2 yield at 600 ºC for a space time of 0.18 gcatalysth/gEtOH. For this high value of space 

380 time ethanol conversion is complete for all the S/E molar ratios studied, but a significant 

381 effect of this variable on H2 yield is observed, as predicted by thermodynamics [11]. Thus, H2 

382 yield increases almost linearly by increasing S/E molar ratio, because the excess of water 

383 favours the reactions producing H2, such as ethanol and methane reforming, and WGS 

384 reaction. This effect explains the evolution of products selectivity with S/E molar ratio shown 



385 in Figure 8, corresponding to the same temperature and space time as Figure 7. As S/E ratio is 

386 increased there is an almost linear increase in the selectivities of H2 and CO2, although the 

387 latter to a lesser extent, whereas the selectivity of CO and CH4 progressively decrease, as a 

388 consequence of the increase in the rates of WGS and CH4 reforming reactions. 

389 Figure 7

390 Figure 8

391 Similar trends in carbon products selectivity by changing S/E ratio have been also observed 

392 by Carrera-Cerritos et al. [18] and Li et al. [53]. According to Li et al. [53]., an increase in 

393 CO2 yield of the same order as the decrease in CH4 yield is explained because the WGS 

394 reaction is enhanced at the same extent as the CO methanation reaction is hindered.

395 The selectivies of acetaldehyde and ethylene have not been plotted in Figure 8 because their 

396 presence has not been detected for this high value of space time. Under conditions they appear 

397 in the reaction medium (space time below 0.09 gcatalysth/gEtOH), their selectivity decrease with 

398 an increase in the S/E molar ratio.

399 In order to complement the previous results, corresponding to total ethanol conversion, the 

400 effect of S/E molar ratio on ethanol conversion and H2 yield has been studied with runs at low 

401 values of space time (0.04 gcatalysth/gEtOH). As observed in Figure 9, ethanol conversion in the 

402 500 -550 ºC range (kinetic regime) is lower as the S/E molar ratio is increased. This result 

403 gives evidence that excess of water with respect to the stoichiometric value attenuates the 

404 global reaction mechanism for ethanol steam reforming (Eqs. 1-16) due to the lower rate of 

405 some of the reactions in the kinetic scheme, such as ethanol dehydrogenation and dehydration, 

406 and ethanol and acetaldehyde decomposition. This attenuation should be taken into account in 

407 future studies for the development of a kinetic model for this process. In the 500-550 ºC 

408 temperature range, H2 yield is slightly affected by an increase in the S/E molar ratio because 

409 the drop in ethanol conversion is balanced by the increase in H2 selectivity. A similar effect of 

410 S/E ratio was observed by Carrera-Cerritos et al. [18] on a 10Ni/La2O3-Al2O3 catalyst used in 

411 a fixed-bed reactor, at 600 ºC and a space time of 0.10 gcatalysth/gEtOH. These authors obtained 

412 complete conversion with S/E=3, whereas for S/E=6 the conversion decreased to 0.89, and H2 

413 yield did not increase with S/E ratio.



414 Nevertheless, Figure 9 shows that H2 yield noticeably increases when S/E ratio is increased in 

415 the 550-650 ºC range because an increase in S/E molar ratio under these conditions (of high 

416 conversion) hardly attenuates ethanol conversion.

417 Figure 9

418 Taking into account the above mentioned results concerning the effect of operating conditions 

419 on products distribution obtained on a Ni/La2O3-Al2O3 catalyst, and their explanation based 

420 on the relevance of the possible steps in the reaction mechanism (Eqs. 1-16), the kinetic 

421 scheme plotted in Figure 10 has been established. This scheme only considers the reactions 

422 that affect products distribution in the range of reaction conditions studied, and is useful for 

423 quantifying this distribution by means of a kinetic model. In this scheme, continuous arrows 

424 denote irreversible reactions, whereas dashed arrows denote reversible reactions. Blue arrows 

425 indicate the reactions that are favored by an increase in S/E molar ratio (enhancing H2 

426 production), whereas black arrows denote reactions attenuated by increasing S/E molar ratio 

427 (decreasing ethanol conversion). 

428 Figure 10

429 Catalyst stability

430 In order to test the stability of the catalyst, long duration runs (200 h time on stream) were 

431 performed under conditions suitable for maximizing H2 yield, which in view of the results in 

432 previous sections are: 600-650 ºC; space time, 0.35 gcatalysth/gEtOH, and; S/E molar ratio, 6. A 

433 higher S/E ratio was not considered because only a slight increase in H2 yield would be 

434 achieved at the expense of a higher cost for steam generation and product separation (product 

435 molar fractions decrease due to dilution).

436 The evolutions of ethanol conversion and products yield under these conditions are plotted in 

437 Figures 11a (600 ºC) and 11b (650 ºC). As observed, intermediate products in the reaction 

438 scheme of the process (acetaldehyde and ethylene) are not formed, and the catalyst is highly 

439 stable. Thus, ethanol conversion is almost complete (> 0.97) after 200 h time on stream, and 

440 there is also a very small variation in products yields. The yield of the carbon products is 

441 different at both temperatures due to the opposite effect of temperature on the equilibrium of 

442 WGS and methane steam reforming reactions, as previously commented. Thus, the 

443 equilibrium of WGS reaction shifts to the left as temperature increases, thus increasing CO 



444 yield and decreasing CO2 yield, whereas methane steam reforming equilibrium is favored, 

445 thus decreasing CH4 yield. As a consequence of the opposite effect of temperature on the 

446 previously mentioned reactions, the H2 yield remains almost the same at both temperatures. 

447 Figure 11

448 CONCLUSIONS

449 The effect operating conditions have on products distribution in the SRE over Ni/La2O3-

450 Al2O3 catalysts is complex, as it is a consequence of numerous parallel reactions that are 

451 activated by the catalyst, and also due to the contribution of thermal (non catalytic) routes. In 

452 the catalytic reforming, these thermal routes have a significant contribution to the extent of 

453 some reactions, and therefore to products distribution, i.e., below 600 ºC by means of ethanol 

454 dehydrogenation and dehydration and above 600 ºC by ethanol and acetaldehyde 

455 decomposition. Furthermore, the WGS reaction, methane steam reforming or direct ethanol 

456 steam reforming reactions are not significant in the absence of catalyst, even at high 

457 temperature (as revealed by the almost null formation of CO2 under these conditions).

458 Temperature notably affects the kinetic behavior of Ni/La2O3-Al2O3 catalyst, so that both 

459 ethanol conversion and H2 yield increase considerably with temperature. Acetaldehyde 

460 dehydrogenation is the fastest reaction of the kinetic scheme at 500 ºC, and WGS reaction, 

461 methane steam reforming and ethanol dehydration are slow reactions, especially the latter. In 

462 addition, ethanol dehydration, as well as ethanol and acetaldehyde decomposition reactions, 

463 are noticeably enhanced by increasing temperature. The enhancement of methane steam 

464 reforming with temperature involves a significant increase in H2 yield, although this increase 

465 is attenuated above 650 ºC because the equilibrium of WGS reaction shifts towards the left at 

466 high temperature. 

467 Ethanol conversion and the yields of H2, CO, CO2 and CH4 increase in a very pronounced 
468 way by increasing space time to 0.09 gcatalysth/gEtOH, whereas those of ethylene and 
469 acetaldehyde decrease, because they are primary products in the reaction scheme, i.e., they are 
470 formed by the fast reactions of ethanol dehydration and dehydrogenation, respectively. Above 
471 0.09 gcatalysth/gEtOH, ethanol conversion is almost complete and products yields do not vary 
472 significantly, especially above 600 ºC, as they approach the values corresponding to the 
473 thermodynamic equilibrium. The effect of space time is less noticeable at high temperature 
474 (650 ºC) due to the significant contribution of thermal routes to the reaction mechanism. 



475 Steam/ethanol (S/E) molar ratio has an important role on conversion and products selectivity. 
476 An increase in S/E ratio above the stoichiometric value (3) enhances H2 selectivity due to the 
477 promotion of ethanol and methane steam reforming and WGS reaction, whereas the 
478 selectivity to by-products (CO, CH4, ethylene and acetaldehyde) decreases. Nevertheless, 
479 under conditions far from thermodynamic equilibrium (low values of space-time and 
480 temperature) ethanol conversion decreases by increasing the S/E ratio above the 
481 stoichiometric value due to the attenuation in the rate of some reactions in the kinetic scheme.

482 In order to maximize H2 yield, while minimizing by-products formation, the following 

483 operating conditions are recommended: 600 ºC, space time above 0.35 gcatalysth/gEtOH and S/E 

484 molar ratio = 6. Under these conditions, a H2 yield of 82% is achieved, which remains 

485 constant along 200 h time on stream. 

486 Based on the results, a kinetic scheme has been proposed, which includes the relevant 

487 reactions accounting for the products distribution obtained. The reactions of 

488 formation/disappearance of acetone or acetic acid are not included in this scheme due to the 

489 total absence of these compounds in the products stream in the range of operating conditions 

490 studied. 
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650 Table 1. Physical and chemical properties of Ni/La2O3–αAl2O3 catalyst.

Technique Property Results
N2 Physisorption SBET (m2/g) 35

Ni (%) 8.8
ICP

La (%) 6.8

Metal Dispersion (%) 4.7
H2 Chemisorption

Metal active Surface (m2/g) 3.1

XRD Crystal size (Å), 2θ =52º 106
651

652



653 FIGURE CAPTIONS

654 Figure 1. Molar fractions (dry basis) of ethanol (a) and H2 (b) obtained in runs without 
655 catalyst at different temperatures and S/E molar ratios. 

656 Figure 2. Molar fractions (dry basis) of acetaldehyde (a), ethylene (b), CO (c) and CH4 (d) 
657 obtained in runs without catalyst at different temperatures and S/E molar ratios. 

658 Figure 3. Effect of temperature on ethanol conversion and H2 yield in the SRE process over 
659 Ni/La2O3–αAl2O3 catalyst for two values of space time. S/E molar ratio =3.-

660 Figure 4. Effect of temperature on carbon products yields in the SRE process over 
661 Ni/La2O3–αAl2O3 catalyst with a space time of 0.04 gcatalysth/gEtOH (a) and 0.35 
662 gcatalysth/gEtOH (b). S/E molar ratio =3.

663 Figure 5. Effect of space time on ethanol conversion and H2 yield in the SRE process over 
664 Ni/La2O3–αAl2O3 catalyst at different temperatures. S/E molar ratio =3.

665 Figure 6. Effect of space time on carbon products yield in the SRE process over Ni/La2O3–
666 αAl2O3 catalyst at 500 ºC (a) and 650 (b) ºC. S/E molar ratio =3.

667 Figure 7. Effect of S/E molar ratio on ethanol conversion and H2 yield in the SRE process 
668 over Ni/La2O3–αAl2O3 at 600 ºC and space time of 0.18 gcatalysth/gEtOH.-

669 Figure 8. Effect of S/E molar ratio on carbon products selectivity in the SRE process over 
670 Ni/La2O3–αAl2O3 at 600 ºC and space time of 0.18 gcatalysth/gEtOH.-
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