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14 Abstract

15 Sustainable hydrogen production can be achieved efficiently by steam reforming of bio-ethanol. The 

16 use of low-cost and abundant minerals as catalyst supports can further improve the sustainability of 

17 the process. In this work, a kinetic study of ethanol steam reforming is presented using a Ni catalyst 

18 supported on natural sepiolite. Focus is placed on probing the effect of the support on the reaction 

19 mechanism, which is found to depend on the catalyst calcination temperature and degree of hydration 

20 of the sepiolite. Results suggest the presence of more than one adsorption sites where both 

21 oxygenates and water can competitively adsorb, when the catalyst has not been exposed to 

22 temperatures higher than 500oC. This bifunctional mechanism is further found to be affected by the 

23 feed Steam/Carbon ratio. Thermally pre-treating the catalyst at 550oC leads to an irreversible removal 

24 of support silanol groups that hinders the adsorption of reactants on sepiolite. Hydrating the non-

25 thermally treated catalyst prior to experiments through steam exposure enhances the density of 

26 support adsorption sites leading to kinetic performances in line with those over inert supports such as 

27 SiO2. Steam reforming of acetaldehyde, a major product of ethanol steam reforming, is also carried 

28 out leading to similar observations, building a consistent kinetic picture of the reaction over 

29 Ni/Sepiolite.

30  

31 Keywords: Ethanol steam reforming; Hydrogen production; Nickel, Sepiolite support, Reaction 

32 pathway
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33 1. Introduction

34 The basis of energy production systems of the world is fossil fuels, resulting in well recognised negative 

35 environmental impact. A promising alternative to fossil fuels is hydrogen, which is a clean energy 

36 carrier and can be derived sustainably from biomass.1 The primary source of hydrogen production is 

37 natural gas or coal, leading to high CO2 emissions. Recent studies have shown that biomass derived 

38 oxygenated compounds are economically attractive and environmentally friendly energy sources.2 

39 Bio-ethanol is an ideal candidate to produce H2 through catalytic reforming (Ethanol Steam Reforming 

40 – ESR), as it can be formed from renewable feedstocks (energy crops, forestry or agro-industry waste) 

41 via fermentation and hydrolysis procedures.3 Further advantages of bio-ethanol relate to its low 

42 toxicity and safe handling (storage and transportation). Ethanol can further be regarded as a model 

43 compound of alcohols in the aqueous fraction of bio-oil, the liquid product of biomass pyrolysis.4

44 The main products of ESR are H2 and CO2 according to the overall reaction (1) seen in Table 1, with 

45 hydrogen production further influenced by the water gas shift (WGS) reaction (2). By-products can 

46 also be formed, such as methane, carbon monoxide, ethylene, acetaldehyde, acetic acid, and acetone, 

47 according to reactions (3) to (10).5 The reaction pathways of ESR presented in the literature show 

48 significant differences, depending on catalyst5 and operating conditions,6 further affecting hydrogen 

49 production and product selectivities. Several research groups presented kinetic studies of ESR,7,8 

50 suggesting, initially, dehydrogenation (3) and dehydration reactions (8) to occur, favoured by the basic 

51 and acidic features of the catalyst, respectively, and the overall balance and strength of such sites.9 

52 Acetaldehyde can form methane through decarbonylation (5), which can further undergo steam 

53 reforming (6)-(7). Some catalysts reported in the literature can also promote the reaction of 

54 acetaldehyde with water to produce acetic acid (9),10,11 which can decompose to methane and carbon 

55 dioxide (10). Transition metals also tend to form encapsulating coke through the polymerization of 

56 ethylene (13), which blocks the active sites, and filamentous coke via the Boudouard reaction (11), 

57 which does not block active sites but can lead to metal segregation from the support.12 
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58 Many studies have suggested Ni as a suitable metal for ethanol steam reforming due to its high 

59 activity, and low cost in comparison to noble metals.13 Carbon deposition remains a major challenge 

60 for Ni, although the nature of the support and operating conditions can prove critical in overcoming 

61 this limitation. Thus, basic supports, high operating temperature and high steam to carbon ratio are 

62 preferred as these can reduce coking without negatively impacting activity. 

63 Currently, the interest in catalysts supported on minerals such as olivine, dolomite, attapulgite and 

64 sepiolite has increased due to their abundance, low cost, and high surface area. Sepiolite, a 

65 phyllosilicate mineral, is an interesting catalyst support characterised by its porous inner structure and 

66 fibrous morphology. Sepiolite has been widely studied as a catalyst support for a variety of 

67 hydrotreating reactions,14–17 where doping with potassium or lanthanum,18 incorporating metal 

68 oxides19 and preparing the catalyst via precipitation20,21 have further been employed to enhance its 

69 performance. Sepiolite has also been proven recently to be a favorable support for steam reforming 

70 reactions with its structural features contributing to high adsorption capacity with high stability.22,23 

71 The steam reforming of bio-oil and its model compounds has specifically been reported on 

72 Ni/Sepiolite, however the focus of these works was on performance analysis and not on the 

73 elucidation of the kinetics of the reaction 24,25. Ni supported on natural sepiolite was further shown to 

74 exhibit better activity during furfural steam reforming when compared to traditional supports (SiO2, 

75 MgO and Al2O3).26

76 The present study reports on an extensive kinetic analysis of ESR over Ni/Sepiolite under a wide range 

77 of experimental conditions in a fixed bed reactor. Particular focus is placed on probing the effect of 

78 the support on the reaction mechanism, which is found to depend on the catalyst calcination 

79 temperature and degree of hydration of the sepiolite. Acetaldehyde kinetic experiments are also 

80 carried out to corroborate the findings of the work, building a consistent kinetic picture of the ESR 

81 reaction over Ni/Sepiolite.
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82 2. Experimental

83 2.1. Sample preparation

84 The Ni/Sepiolite catalyst with nominal 10 wt.% Ni to the final weight of the solid was prepared by a 

85 precipitation method using Ni(NO3)2.6H2O (Merck, reagent grade) as precursor and untreated/fresh 

86 sepiolite (Tolsa S.A., surface area 135 m2 g-1) as support. Chemical analysis of the material indicated a 

87 composition of SiO2 (66.19 %), H2O (15.95 %), MgO (13.16 %), Na2O (1.71 %), Al2O3 (1.66 %), CaO (0.56 

88 %), K2O (0.41 %) and Fe2O3 (0.36 %). The solution of nickel nitrate was firstly added to a suspension of 

89 the support material, adjusting the pH to 3.5 by the addition of nitric acid. This solution was heated to 

90 90oC for 30 min before addition of an urea solution, which resulted in the controlled precipitation of 

91 nickel hydroxide over the support. The suspension was filtered after 48 h and washed repeatedly with 

92 distilled water. The sample was dried at 110oC in air for 16 h, heat treated in a N2 flow (100 cm3 min-1) 

93 at 300oC for 3 h and then reduced in a 3.5% H2 in Ar flow (100 cm3 min-1) at 500oC for 5.5 h,27 before 

94 cooling to ambient temperature in a flow of N2 and storing. Further details are provided in previous 

95 studies.28,29

96 2.2. Reactor setup 

97 The kinetic experiments were carried out in a fully automated reaction system by PID Eng & Tech 

98 (Micro Activity-effy unit). The reactants (a water/ethanol or water/acetaldehyde mixture) were fed by 

99 an HPLC pump (Gilson 307). This feed was channelled through an evaporator, operating at 150oC, and 

100 further mixed with N2 before entering the reactor. An internally passivated stainless steel (SS316) fixed 

101 bed reactor (9.1 mm i.d., total length 304.8 mm) was used, heated by a single-zone furnace providing 

102 an isothermal region of 5 cm. The catalyst bed was diluted with J6�
2O3 granules (1.5 mm average size) 

103 at 1/9 catalyst/alumina weight ratio and placed within two layers of quartz wool on top of a fitted 

104 porous plate. The J6�
2O3 diluent was independently verified to be inert at the test conditions. A 

105 Liquid/Gas separator was used to collect the liquid reactions products, while gas products were 

106 analysed on-line in a HP5890 GC, equipped with a TCD detector and MS-5A and HS-T columns. Liquids 
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107 were analysed offline in a Thermo Scientific TRACE 1300 GC with an FID detector and a WAXMS A 

108 column. 

109 2.3. Experimental conditions and parameters

110 Ahead of the experiments, the catalyst was treated in situ under a flow of N2 at 500oC for 1h, and then 

111 reduced at 500oC using a 5 % H2 in N2 flow of 100 cm3 min-1 for 1h. Reaction temperature was varied 

112 from 300 to 600oC with a Steam/Carbon (S/C) ratio equal to 3 molH2O/molC (Section 3.2) at total 

113 pressure of 1.7 bar and partial pressures of ethanol and water of 0.15 and 0.90 bar, respectively, 

114 balanced by N2. All pressure values reported herein refer to absolute pressure, with total values 

115 measured upstream of the catalyst bed. Volumetric flowrates were all measured at normal conditions. 

116 The space time effect was examined by varying the feed flow from 97 to 330 cm3 min-1, with a S/C 

117 ratio of 3, over a fixed catalyst mass (W/Ft0,Eth/Acet from 58 to 349 gcat s gEth/Acet
-1) at 400oC and steady 

118 pressure of 1.8 bar and partial pressures of ethanol and water of 0.21 and 1.29 bar, respectively, 

119 balanced by N2 (Section 3.3). The partial pressure of water was varied from 0.26 to 1.56 bar at a total 

120 pressure of 1.9 bar and partial pressure of ethanol of 0.13 bar at 400oC (Section 3.4.1). 

121 Correspondingly, the partial pressure of ethanol was varied from 0.06 to 0.37 bar at a total pressure 

122 of 1.9 bar and partial pressure of water of 0.74 bar at 400oC (Section 3.4.2). Additional partial pressure 

123 variation experiments were carried out at the same temperature to investigate the effect of catalyst 

124 thermal pre-treatment carrying out the latter at 550oC instead of 500oC (see Section 3.4.3 for details), 

125 and degree of hydration of the support subjecting the catalyst to a flow of steam prior testing (see 

126 Section 3.4.4 for details). The behaviour of acetaldehyde versus ethanol as a reactant was also 

127 investigated, given the recognised role of the former as an important intermediate in ESR. A mass of 

128 80 mg Ni/Sepiolite catalyst (sieved to a 300-500 Mm fraction) was used in all experiments, resulting in 

129 a catalyst bed of apparent packing density of 0.4 g/cm3.

130 Standard criteria by Mears30 and Weisz-Prater31 were applied to ensure measurements were 

131 conducted under explicit kinetic control. Atomic C, H and O mass balance closure in all tests was in the 
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132 order of 100 ± 5 %. The results presented in the following sections are expressed in terms of the 

133 following parameters, and are further compared with thermodynamic equilibrium, calculated via 

134 Gibb’s free energy minimisation within the Aspen Plus software using the Peng-Robinson equation of 

135 state.

136 Conversion (%):  ������	
� =
�
������	
��  ���������	
�

�
������	
�
× 100

137 Carbon Selectivity of compound  with  carbon atoms (%):� �  �	(�) =
���������

�
������	
��  ���������	
� 
× 100

138 Hydrogen yield (%): ��2
=

�����2

��
������	
�
× 100

139 with  being the number of hydrogen moles produced by the oxygenate’s stoichiometric steam �

140 reforming, equal to 6 and 5 for ethanol and acetaldehyde, respectively. Turnover Frequency (TOF) was 

141 defined as the moles of ethanol or acetaldehyde converted per mole of Ni active sites per second and 

142 was calculated according to the below equation:

143 � �(!�1) =
������	
� " #
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�����	
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144 where  is the inlet molar flow of ethanol or acetaldehyde (mol sP�),  the catalyst weight, #
������	
� $	%�

145  the nominal weight composition of nickel (10%),  the metal dispersion of nickel calculated via H2 $#
 &

146 TPD measurements (see below), and  the atomic weight of nickel.�'#


147 2.4. Characterisation of fresh catalyst samples

148 TPD and TPR experiments have been conducted to characterize the metal surface of the catalyst and 

149 investigate the optimal reduction conditions, respectively. A TPDRO 1100 instrument was used with a 

150 TCD detector, with a trap bed placed before the detector to remove the moisture. Prior each 

151 experiment, samples were fully oxidised under a flow of 5% O2 in He with a heating rate of 10 oC/min 

152 up to 600oC. For the H2-TPD analysis the samples were re-reduced in situ by a flow of H2 at 500oC for 
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153 1 h, then the system was purged with He for 20 min at 30oC. The chemisorption step took place under 

154 a flow of 10% H2/Ar for 1 h at 100oC, before measuring the desorbed H2 while heating until 600oC with 

155 a 10oC min-1 rate. Quantified H2 desorbed was used to obtain the active metal dispersion  defined as &

156 the ratio of the number of exposed Ni surface atoms to the total number of Ni atoms present in the 

157 sample. For the TPR the samples were firstly dried at 200°C for 30 min under N2 flow, then the system 

158 was cooled down and the temperature was increased again until 800°C with a 10oC min-1 temperature 

159 ramp, using a 5% H2/N2 flow. For Thermogravimetric Analysis (TGA) experiments, a small amount of 

160 the sample (10 to 15 mg) was placed in an Al-based sample cup of a TG 209 F3 Tarsus apparatus 

161 (NETZSGH, Germany) and heated up to 033SR� at a rate of �3SR�@�
� under a flow of air :!3S��3/min). 

162 XRD patterns were obtained at room temperature on a Panalytical powder diffractometer to identify 

163 crystalline phases apparent. The diffraction patterns were recorded over an angular range of 

164 10oT�UT23o with a step-size of 0.013o. A BET surface area analyser Micromeritics Tristar 3000 was used 

165 to determine the total surface area of solid samples by using N2 as adsorbate at liquid nitrogen 

166 temperature. Prior all characterisation analyses, fresh reduced samples were thermally treated under 

167 a flow of N2 at 500oC (or 550oC) to simulate the procedures followed during catalytic testing.

168 3. Results and Discussion

169 3.1. Characterization of Ni/Sepiolite catalyst and sepiolite

170 3.1.1.Hydrogen temperature programmed reduction (H2-TPR)

171 The reduction behavior of Ni/Sepiolite catalysts thermally treated at 500oC and 550oC under N2 was 

172 studied by TPR (Figure 1). The catalyst treated at 500oC presents 3 peaks at 430oC, 620oC and 750oC, 

173 which reflect the interaction of nickel with different components of the support. Specifically, the peak 

174 at 430oC corresponds to the reduction of NiO interacting with silica,26,32,33  the peak at 620oC is 

175 associated with the reduction of NiO-MgO on the surface and the peak at 750oC relates to the 

176 reduction of NiO-MgO in the bulk.34,35 Regarding the Ni/Sepiolite catalyst treated at higher 

177 temperature (550oC), a minor impact on the reduction temperatures is observed with similar peaks 
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178 appearing at 450oC, 630oC and 740oC. Based on the obtained TPR results and considering that before 

179 experimental testing the catalyst was reduced at 500oC, the degree of Ni reduction was estimated to 

180 be 49% and 51% for the sample thermally treated at 500oC and 550oC, respectively. These values differ 

181 slightly to that obtained in prior work via isothermal reduction at 400oC (58%),29 however, given the 

182 consistent pre-treatment of the catalyst throughout experimental testing in the present work, it is 

183 important that all measurements were carried out at identical initial conditions and, hence, degree of 

184 reduction. Pre-reduction was carried out at these conditions to avoid collapse of the sepiolite 

185 structure at higher temperatures, as discussed in following sections. Higher reduction temperature of 

186 600oC has been tested previously, leading to a higher degree of reduction (95%),29 however, at 

187 concurrent significant structural modifications.

188 3.1.2.Hydrogen temperature programmed desorption (H2-TPD)

189 The H2-TPD profiles of Ni/Sepiolite catalysts treated at 500oC and 550oC under N2 are shown in Figure 

190 2. Both samples presented three peaks at 85oC, 430oC and 540oC, with the low-temperature peak 

191 corresponding to physical adsorption of hydrogen, and the high-temperature peaks originating from 

192 chemisorbed hydrogen. Section S1.1 in the Electronic Supplementary Information (ESI) presents the 

193 detailed quantification of the TPD data. The Ni dispersion of the catalyst subjected to 500oC was 

194 calculated to be 9.3%, while an increase in thermal pre-treatment temperature to 550oC led to a slight 

195 decrease of the dispersion (7.4%) suggesting limited sintering of the metal particles. Considering that 

196 the reduction of the catalyst prior the desorption step was carried out at 500oC (same as that applied 

197 prior experimental testing), the amount of H2 desorbed refers to the number of Ni sites exposed during 

198 the actual experiments.

199 3.1.3.Thermal gravimetric analysis (TGA)

200 The thermal stability of sepiolite and Ni/Sepiolite, both thermally treated at 500oC, was investigated 

201 by thermogravimetric analysis (TGA). Section S1.2 in the ESI presents the detailed analysis of the 

202 thermograms of the samples, while this section summarizes the main findings. For both samples, five 
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203 stepwise weight losses were identified assigned: i. to the loss of adsorbed and some zeolitic water up 

204 to approximately 150oC, ii. to the removal of the rest of the zeolitic water up to 300oC, iii. to the 

205 removal of bound water up to 530oC (causing a partial, reversible, folding in the structure of sepiolite), 

206 iv. to the dehydroxylation of sepiolite up to 670-690oC (causing the collapse of its structure), v. to the 

207 removal of the remaining hydroxyl groups up to 800oC. Ni/Sepiolite presented more loosely adsorbed 

208 water and zeolitic water, a difference attributed to the acid media used during catalyst preparation 

209 that could produce more silanol groups that could act as water adsorption sites.29

210 3.1.4.Brunauer-Emmett-Teller (BET) surface area analysis

211 Detailed BET surface area results for the Ni/Sepiolite catalyst and sepiolite are discussed in Section 

212 S1.3 in the ESI. Increasing the thermal treatment temperature of sepiolite and the Ni/Sepiolite catalyst 

213 from 300oC up to 550oC, led to a decrease of the respective BET surface and micropore areas, in line 

214 with the removal of bound water molecules demonstrated by TGA results in this temperature range. 

215 The gradual loss of coordinated water can even lead to a structural folding of the internal channels of 

216 the sepiolite, with the procedure shown to be reversible28,29,36 or irreversible37,38 depending on the 

217 temperature that sepiolite has been heated at (Figure S2 in the ESI).27Type IV adsorption-desorption 

218 isotherms of N2 (Figure S3 in ESI) for Ni/Sepiolite and sepiolite are obtained for all samples and the 

219 temperature they were treated at, indicating the presence of some meso-porosity. Isotherms for all 

220 the samples show a Type H1 hysteresis loop corresponding to a porous structure material consisting 

221 of well-defined pore channels.39 

222 3.1.5.X-Ray Diffraction 

223 The crystalline phases in the sepiolite were determined by X-Ray Diffraction (XRD) after its pre-

224 treatment at 300oC, 500oC and 550oC with Section S1.3 in the ESI presenting detailed results. 

225 Diffractograms of Ni/Sepiolite samples did not show XRD patterns for Ni, consistent with previous 

226 reports attributing this to the formation of lamellar structures during the precipitation on the Ni 

227 precursor.27,29 The XRD analysis of sepiolite indicated its structural change with increasing 
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228 temperature, specifically the higher degree of irreversible folding of the sepiolite crystal, in agreement 

229 with BET results.

230 3.2. Effect of temperature 

231 The effect of temperature for ESR over Ni/Sepiolite is presented in Figure 3. For all results presented 

232 in this and following sections, unless otherwise stated, the catalyst sample used has been reduced and 

233 heat treated at 500oC. Ethanol conversion increases from 13 to 58 % as temperature rises, with the 

234 hydrogen yield following closely the trend, reaching a maximum value of 46 % at the highest 

235 temperature (600 °C) studied (Figure 3a). Thermodynamics predict conversion to be 100 % at these 

236 temperatures and much higher hydrogen yield values than those experimentally observed, indicative 

237 that the results were not limited by equilibrium. Based on the high selectivities of CH3CHO, CH4 and 

238 CO (Figure 3c and e), it is evident that ethanol dehydrogenation and decomposition reactions 

239 dominate below 400oC. The low H2 yield and CO2 selectivity further indicate that ethanol reforming 

240 and water gas shift reactions do not participate significantly at these low temperatures. The increasing 

241 CH4 selectivity up to 400oC, combined with the concurrent decreasing CO selectivity and overall low 

242 H2 yield, indicate the presence of the methanation reaction in line with prior studies on ethanol steam 

243 reforming over Ni catalysts.13 The increase in CO2 selectivity and hydrogen yield, while CH4, CO and 

244 CH3CHO selectivities decrease as the temperature rises from 400 to 600oC, suggest the progressive 

245 promotion of WGS and reforming reactions. Trends are similar to those presented in our previous 

246 work on ESR over Ni/SiO2,40 indicative of the overall dominant role of the Ni metal in the reaction 

247 mechanism. To further examine this fact, the temperature effect on the steam reforming of ethanol 

248 over pure sepiolite was studied (Figure S6 in ESI). Very low conversions, below 8% were observed with 

249 selectivity to C2H4 being above 90% across the temperature range. Clearly, sepiolite alone cannot 

250 activate the cleavage of the C-C bond in ethanol, suggesting that operation at 450oC or higher at the 

251 presence of Ni is needed to ensure the efficient activation of reactants.
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252 Considering that acetaldehyde is an important intermediate in the reaction pathway of ESR, 

253 acetaldehyde steam reforming (reaction (14) in Table 1) was also studied under equivalent conditions, 

254 ensuring partial pressures were the same as with the ethanol runs. As with ethanol, conversion and 

255 H2 yield are observed to increase with temperature but are again far from thermodynamic equilibrium 

256 (Figure 3b). At temperatures higher than 450oC, acetaldehyde conversion appears to follow a different 

257 trend to that observed at lower temperatures. This could indicate that thermal decomposition of 

258 acetaldehyde is taking place, possibly upstream of the catalyst bed, resulting in the direct production 

259 of CH4 and CO2 in the gas phase. The changing trend in the selectivities of these two compounds at 

260 this temperature range further support this (see below.) It is worthy to note, though, the lower 

261 conversion of acetaldehyde compared to ethanol at temperature below 450oC, which indicates that 

262 the latter’s conversion does not necessarily proceed via acetaldehyde, particularly considering that it 

263 is the initial C-H bond scissions towards ethoxy and acetaldehyde that are typically considered as rate-

264 limiting.8 Indeed, in our previous work over Ni/SiO2
40 it was demonstrated that at temperatures over 

265 450oC the dominant conversion pathway of ethanol most likely involves a different surface reaction 

266 intermediate, which, in an independent microkinetic modelling study from our group, was suggested 

267 to be 1-hydroxyethyl.41 The H2 yield achieved is approximately equal to the case of ethanol, however, 

268 given the metric’s definition in acetaldehyde steam reforming reaction, this actually indicates a lower 

269 hydrogen production, as ethanol has a higher hydrogen content of 3 moles of H2 per carbon atom 

270 compared to 2.5 for acetaldehyde. 

271 The products of acetaldehyde steam reforming are CO, CO2, CH4, CH3COCH3 and H2 (Figure 3d and f). 

272 The carbon selectivities of CO, CO2 and CH4 indicate that the reaction network shares similarities to 

273 that of ESR. Decomposition and methanation reactions are clearly favoured at the lower temperatures 

274 with WGS having low activity, as indicated by the high and opposing trends of CH4 and CO selectivities 

275 as the temperature rises to 450oC. Reforming reactions towards hydrogen production dominate above 

276 that point, further enhanced by the WGS, clearly evident by the rising CO2 selectivity and increasing 

277 H2 yield. As commented above, under these conditions, where the S/C ratio is kept constant, results 
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278 suggest a prominent role of the active metal in the reaction mechanism, with Ni being a well-known 

279 methanation and steam reforming catalyst. 

280 An important difference between ASR and ESR is the detection of acetone at measurable quantities in 

281 the liquid products of ASR. Acetone may be a product of aldol condensation of acetaldehyde to 3-

282 hydroxybutanal (reaction (15) in Table 1),42–44 the latter undergoing further dehydrogenation and 

283 decarboxylation to CH3COCH3, CO2 and H2 (reaction (16) in Table 1). The aldol condensation of 

284 acetaldehyde over MgO has been particularly well-examined,45,46 while the use of sepiolite as a 

285 catalyst for condensation reactions due to its structure, consisting of octahedral sheets mainly of MgO, 

286 has also been a matter of investigation.47 In the current work, larger amounts of acetone were 

287 observed at lower temperatures, potentially explaining also the relatively higher CO2 selectivity in this 

288 temperature range in comparison to ESR. Nonetheless, this enhanced CO2 productivity at low 

289 temperatures, where WGS has been demonstrated to be low in activity, could also originate from the 

290 presence of surface acetate species generated from adsorbed acetaldehyde.48

291 3.3. Effect of space time

292 The effect of contact time on the catalytic performance of ethanol and acetaldehyde steam reforming 

293 over Ni/Sepiolite at 400oC and S/C=3 is presented in Figure 4. Conversion and H2 yield, plotted as a 

294 function of W/F (gcat s gEth
-1 and gcat s gAcet

-1) in panel a, are seen in both cases to rise with contact time. 

295 For ethanol, the conversion follows a linear trend spanning from 16 to 67% across the W/F range 

296 studied. Acetaldehyde conversion spans from 18 to 55% across the same range, however appears to 

297 follow different slopes depending on W/F value. Considering the selectivity trends discussed below, 

298 namely the very high acetone production, the varying conversion trend of acetaldehyde can be 

299 attributed to a pronounced presence of condensation reactions at the higher W/F values.

300 Figure 4b shows the evolution of product selectivities with varying ethanol conversion. The selectivity 

301 of CH3CHO is seen to increase as conversion (and W/F) decreases and would clearly reach a finite value 

302 if conversion approached zero, evidence that acetaldehyde is a primary product of ESR. Opposite 
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303 trends are observed for CO, CO2 and CH4, which decrease with conversion’s decrease, suggesting these 

304 are secondary products. The dehydrogenation of ethanol to acetaldehyde is responsible for its primary 

305 formation, while decomposition of the later or ethanol itself to CO and CH4 and their subsequent 

306 reforming and shift reactions to COx give rise to their secondary production. The effect of space time 

307 over Ni/Sepiolite is analogous to that observed over Ni/SiO2
40 indicative of the active metal driving the 

308 overall reaction pathways under these conditions. 

309 To examine the impact of the support, similar W/F variation experiments at 400oC were carried out 

310 over natural sepiolite under steam reforming (Figure S7 in ESI) and decomposition (Figure S8 in ESI) 

311 conditions. During decomposition, very low conversions were observed (0.5-4% depending on W/F 

312 tested), well below those achieved over Ni/Sepiolite, and indicative of limited support activity in 

313 activating ethanol. The only product identified was C2H4 suggesting that sepiolite enables the 

314 dehydration of ethanol. When steam reforming was tested over natural sepiolite slightly higher 

315 conversions were observed (1-6% for same W/F range), but still much lower than with Ni/Sepiolite. 

316 Selectivity to C2H4 again was very high, above 90% across all W/F values tested. Nonetheless, traces 

317 of CO2 were also detected in the gas products, most likely originating from the gasification of carbon 

318 deposits by steam, as C2H4 is a well-known coke precursor. In all cases, the very high selectivity to 

319 ethylene is indicative of sepiolite not being able to activate the cleavage of the C-C bond in ethanol. 

320 In the following sections these findings and the role of the sepiolite support in explaining observed 

321 catalytic trends will be further elaborated.

322 Finally, Figure 4c presents the effect of space time on product selectivities for ASR, where significant 

323 differences can be observed in relation to ESR. At lower conversion (and W/F) the selectivities of CO 

324 and CH4 are high and approximately equal at 40%. The CO/CH4 ratio in the product stream remains 

325 almost one for all space times tested, indicative of the dominant role of the acetaldehyde 

326 decomposition reaction (reaction (5) in Table 1). As contact time and conversion decrease, the 

327 selectivities of CO and CH4 increase tending to non-zero values, linked to their primary formation from 
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328 acetaldehyde decomposition. In contrast, CH3COCH3 is clearly a secondary reaction product of ASR as 

329 its selectivity is reduced with a decrease in conversion, reaching an almost zero value at the lowest 

330 conversion studied. As discussed, its formation most likely originates from an acetaldehyde aldol 

331 condensation reaction network proceeding in parallel to ASR. Finally, the selectivity of CO2 is 

332 influenced by the multiple pathways that involve the species, with its creation affected by acetate 

333 decomposition, acetone formation, WGS reaction and methane steam reforming reactions. 

334 Nonetheless, the decreasing trend of its selectivity as conversion decreases and the nature of the 

335 above reactions suggests CO2 to be a secondary reaction product of ASR.

336 3.4. Effect of partial pressure of reactants 

337 3.4.1.Variation of water partial pressure at 400oC 

338 The effect of the partial pressure of water on ESR and ASR is shown in Figure 5. For these experiments, 

339 total pressure was kept constant at 1.9 bar, while the partial pressure of ethanol or acetaldehyde and 

340 total inlet flow were maintained at 0.13 bar and 213 cm3 min-1, respectively. Water partial pressure 

341 was varied between 0.26 and 1.56 bar, using N2 as balance, resulting in a S/C variation from 1 to 6 

342 molH2O/molC. The conversion of both ethanol and acetaldehyde are positively affected by increasing 

343 water partial pressure, with H2 yield following the conversion trend. Overall, similar conversion and 

344 H2 yield are achieved for both reactants, although at the higher S/C ratios studied conversion of 

345 ethanol reaches greater values than the acetaldehyde. Interestingly, plotting the turnover frequency 

346 (Figure 5b) versus water partial pressure shows that both ESR and ASR exhibit positive, and 

347 approximately first order kinetics with respect to water. These findings are in contrast to the 

348 commonly reported steam-independent kinetic behaviour of ESR over Ni49 and other metals.50 Also in 

349 our previous work on ESR over Ni/SiO2,40 and Ni or Rh supported on mixed oxides of CeO2-ZrO2-La2O3
51 

350 a slightly negative order with respect to water was observed in agreement with steam-derived 

351 intermediates not participating in the kinetically determining step. However, current results on the 
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352 Ni/Sepiolite catalyst suggest a critical role of the support in the kinetic mechanism, which appears to 

353 be consistent for both ethanol and acetaldehyde reactions. 

354 Further evidence of support participation in the kinetic mechanism is provided by the carbon 

355 selectivities of ESR plotted against S/C variation in Figure 5c. Apart from S/C=1, where the supply of 

356 water is sub-stoichiometric for ESR, increasing the partial pressure of water and the equivalent S/C 

357 ratio is seen to lead to a decrease in the selectivity of CO2 and conversely a rise in those of CO and CH4. 

358 The much lower selectivity towards acetaldehyde in Figure 5c in comparison to that in Figures 3e or 

359 4b can be attributed to the comparatively much lower partial pressure of ethanol used in these 

360 experiments. In all cases, the observed selectivity profiles contrast with the conventionally expected 

361 behaviour from an increase in the S/C ratio and the associated promotion of reforming and WGS 

362 reaction pathways.40 The carbon selectivities observed during ASR, presented in Figure 5d, display 

363 milder trends, although still in line with the findings on ESR, with CH4 and CO selectivities showing a 

364 slight increase at the higher S/C ratios. A complex interplay between the metal and the support is 

365 evident, where the availability of water appears to have a rate controlling influence on ethanol or 

366 acetaldehyde conversion but at the same time does not lead to a promotion of secondary reaction 

367 pathways.

368 These findings are tentatively attributed to the structure of sepiolite (Figure 6), consisting of six SiO4 

369 tetrahedra linked together to form a polymeric silica layer.52 Between the silica layers there are MgO6 

370 octahedra arranged to give threefold strips leaving channels parallel to the fibre axis containing water 

371 molecules. The external surface contains OH groups originating from the exposed sides of the 

372 tetrahedral and the octahedral sheets, in the form of Si-OH and Mg-OH. Additionally, Si-OH groups are 

373 produced when the Si–O–Si bridges linking the silicate layers are broken, leaving terminal OH groups. 

374 It is known that acid media, which was used for the catalyst preparation, may attack the sepiolite 

375 structure, and is expected to increase the number of Si-OH groups.29 These OH groups are crucial as 

376 precipitation–deposition of the nickel precursor appears to consume such hydroxyls. This preferential 
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377 reaction indicates that most, if not all, of the precursor nucleation occurs at these locations and, 

378 hence, that Ni is placed on the top part of the tetrahedral sheets and inside the open channels.28 

379 Indeed, the nature of the exposed metal faces was determined by infrared (IR) CO adsorption in 

380 previous work revealing the formation of layered Ni silicate precursors following precipitation and 

381 indicating the production of mostly 2D Ni (100) crystal planes on the catalyst upon reduction.29

382 Furthermore, sepiolite’s hydrophilic surface is recognized as responsible for increased adsorbent 

383 behavior towards polar molecules such as water, ethanol and acetaldehyde.53 The hydrophilicity of 

384 sepiolite depends on the high density of the silanol groups (Si-OH) that can form hydrogen bonds with 

385 the hydroxyl groups of ethanol and water.54,55 It has indeed been suggested during phenol steam 

386 reforming on a Ni catalyst supported over mixed Ti and Zn oxides of perovskite structure that the high 

387 concentration of surface OH of the support was accountable for dual site adsorption.56 Phenol’s 

388 functional group (OH) was found to interact not only with the metal active sites but also with the 

389 surface hydroxyl groups leading to the adsorption of phenol on the support. Additionally, 

390 experimental studies on ethanol57 and acetic acid58 reforming on Ni/Biochar indicated that O-

391 containing functional groups of the support could affect the catalytic performance. The ethanol 

392 decomposition and steam reforming experiments over natural sepiolite discussed in the previous 

393 section and in Figures S6 to S8 in the ESI further demonstrate the adsorption and even dehydration of 

394 ethanol on the support.

395 Considering the above and combined TOF and selectivity trends observed in the present work, a 

396 bifunctional mechanism is proposed that is summarized below, over two types of sites; the sepiolite 

397 surface sites (silanol groups), designated with S, and the Ni metal sites, designated with *. In the 

398 simplified network below most reactions should be considered multi-step pathways.

399 1. CH3CH2OH/CH3CHO +-.CH3CH2+)/-/CH3()+/-

400 2. H2O + -.H2+/-

401 3. CH3CH2+)/-+ 2 0 .CH3()+/-+ H2 +2 0

402 4. CH3CH2+)/-+ w 0 .CH4 +CO + H2 +w 0 +�
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403 5. CH3()+/-+ x 0 .CH4 +CO + x 0 +�

404 6. CH3CH2+)/-+ H2+/-+ y 0 .�(++ 4H2 +y 0 +��

405 7. CH3()+/-+ H2+/-+ z 0 .�(++ 2H2 +z 0 +��

406 8. CO 0+ H2+/-+0 .CO2 + H2 +2 0 +�

407 Ethanol/acetaldehyde and water can both adsorb and activate or dissociate onto the sepiolite surface 

408 to generate C2 and steam intermediates, respectively (steps 1 to 2). As seen in Figures S6 to S8 in the 

409 ESI, sepiolite alone is not able to activate the C-C bond. The C2 and steam derivatives need to then 

410 migrate along the support surface to reach the metal, where a range of reactions can occur. Ethanol 

411 can further dehydrogenate to acetaldehyde with participation of metal sites (3) C-C cleavage can 

412 further occur either with ethanol and acetaldehyde dissociating to CH4 and CO (4 and 5, respectively), 

413 or via steam reforming (6 and 7, respectively). Finally, CO from the metal sites can further react to CO2 

414 via the water gas shift reaction with participation from water from the support (8). Given the growth 

415 of Ni in 2D planes, it is specifically suggested that C-C cleavage and secondary reactions take place 

416 primarily at the metal-support interface, where sites of lower coordination would primarily exist. This 

417 surface diffusion of C2 derivatives is likely driven by local concentration gradients at the periphery of 

418 the metal particles, given that C2 consumption occurs primarily there. The proposed mechanism aligns 

419 with that for oxidative steam reforming of ethanol on Ir/CeO2, where, similarly, surface migration of 

420 C2 derivatives along the ceria support towards dissociation at the metal-support and interface was 

421 revealed as rate-controlling.59 Main difference to that work is that the adsorption of 

422 ethanol/acetaldehyde and water over sepiolite is regulated by its degree of hydration and the 

423 abundance of silanol surface groups.

424 As the partial pressure of water increases, more water adsorbs on sepiolite’s adsorption sites, 

425 eventually activating and forming steam intermediates (such as OH). The addition of water could also 

426 hydrate sepiolite’s surface possibly forming new silanol groups, through the conversion of siloxane 

427 groups (Si-O-Si).60 Therefore, this could enhance the surface diffusion of ethanol/acetaldehyde 

428 towards the metal-support interface, indicating that the migration process of the oxygenates proceeds 

429 by binding to neighbouring silanols. As a result, a higher coverage of the oxygenates occurs on the 
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430 metal-support interface, leading to higher conversion but lacking the secondary reactions like the 

431 WGS. This competitive process on the support and the interface could be responsible for the 

432 enhancement of the TOF with increasing partial pressure of water. In the case of acetaldehyde, the 

433 parallel aldol condensation pathway leading to the independent formation of CO2 potentially further 

434 affects the observed trends. 

435 3.4.2.Variation of ethanol/acetaldehyde partial pressure at 400oC 

436 Figure 7a presents the effect of ethanol and acetaldehyde partial pressure on their respective 

437 conversion and H2 yield. These experiments were conducted while keeping constant the total pressure 

438 at 1.9 bar, partial pressure of water at 0.74 bar and total inlet flow at 160 cm3 min-1, varying ethanol 

439 or acetaldehyde from 0.06 bar (S/C = 6 molH2O/molC) to 0.37 (S/C = 1 molH2O/molC) bar, using N2 as 

440 balance. Given this experimental protocol, it is noted that the below experiments were carried out at 

441 varying W/FEth/Acet with focus placed on manipulating partial pressures in a methodological manner. A 

442 decrease in the partial pressure of ethanol or acetaldehyde (or a respective S/C increase) was achieved 

443 by reducing the oxygenate flow, justifying the increasing trend of conversion and H2 yield with S/C. In 

444 our previous work,40,51 following the exact same experimental protocol and using a range of metals 

445 (Ni and Rh) and supports (SiO2, ZrO2-La2O3 and CeO2-ZrO2-La2O3), we consistently measured a positive 

446 reaction order with ethanol partial pressure. In line with several literature studies,49,61 this trend was 

447 linked with the participation of an ethanol derived surface intermediate in the rate determining step. 

448 A similar behaviour would be expected from acetaldehyde, considering that most oxygenates, e.g., 

449 ethylene glycol,62 and hydrocarbons, e.g., methane,63 have been found to show similar kinetic trends 

450 during steam reforming, with acetaldehyde specifically being a major intermediate in ESR. 

451 Nonetheless, the TOF achieved (Figure 7b), shows a slightly negative order for both ethanol and 

452 acetaldehyde.

453 The observed trend is consistent with the observations made in the previous section, further 

454 supporting the presence of a bifunctional mechanism. In these experiments the partial pressure of 
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455 water was kept constant, but the increasing partial pressure of each oxygenate could promote water’s 

456 substitution by the ethanol/acetaldehyde on sepiolite’s surface (through hydrogen bonds formed 

457 between the oxygenates and the silanol groups). At high oxygenate to water ratio, a low surface 

458 diffusion rate of the oxygenates towards the metal-support interface would be observed, due to the 

459 discontinuous support active sites (silanols). Subsequently, a decreased coverage of the oxygenates 

460 on the metal-support interface would be expected, explaining the drop in the TOF. The latter can 

461 possibly also be further negatively affected by the rising availability of water to adsorb on and saturate 

462 the metal active surface, as shown previously.40 However, as the oxygenate to water ratio decreases, 

463 more silanol groups are expected eventually leading to an increased coverage of the metal-support 

464 interface by ethanol or acetaldehyde.

465 Figure 7c presents the carbon selectivities of ESR in terms of S/C ratio for these experiments. Similar 

466 behaviour, as that discussed in Section 3.4.1, is observed, with the selectivity to CO2 decreasing and 

467 the selectivities of CH4 and CO increasing with higher S/C. Along the lines of the previous discussion, 

468 the rise of the oxygenate to water ratio leads to a lower ethanol/acetaldehyde concentration, 

469 accompanied also with a high water concentration, at the metal-support interface explaining the 

470 attained selectivities. In these experiments, even the sub-stoichiometric S/C=1 point follows the 

471 discussed trend, which can possibly be related to the much higher partial pressure of water compared 

472 to the previous experiments (0.74 bar versus 0.26 bar). For ASR carbon selectivities (Figure 7d), the 

473 trends with S/C are less significant, possibly due to lower adsorption of acetaldehyde on the silanol 

474 groups. However, they can still be considered to be in line with the discussed support effects, as the 

475 carbonyl-containing group of acetaldehyde could also interact with the silanol groups.64 Specifically, 

476 the proposed higher active metal coverage with water as the partial pressure of the oxygenates 

477 increases agrees with the rising selectivity to acetone and decreasing selectivity to CO, both linked 

478 with the rise in water-derived surface intermediates. 
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479 3.4.3.Influence of catalyst thermal pre-treatment

480 The temperature is recognised as having a key effect on the dehydration of sepiolite as already 

481 discussed on the TG analysis presented on Section 3.1.3. Heating the catalysts at a temperature range 

482 between 530oC and 570oC is claimed to cause the irreversible/permanent removal of the surface 

483 silanol groups.65 DRIFT spectra of dried unreduced sepiolite and Ni/Sepiolite collected at 100oC 

484 intervals up to 500oC have demonstrated the progressive removal of free and adjacent hydroxyls on 

485 silicon atoms.28,29 The highest temperature that the catalyst is routinely exposed to during the previous 

486 runs is the reduction temperature and thermal treatment with N2 both taking place at 500oC. In order 

487 to investigate the effect of the support on the reaction mechanism the catalyst sample was subjected 

488 to an in situ thermal treatment with N2 at a temperature of 550oC for one hour instead of 500oC, 

489 effectively eliminating the surface silanol groups of the support. Following reduction at 500oC, partial 

490 pressure variation kinetic measurements at 400oC identical to Sections 3.4.1 and 3.4.2 were carried 

491 out. The impact of this thermal treatment on active nickel surface was quantified via TPD (Section 

492 3.1.2) showing a small decrease in Ni dispersion from 9.3 to 7.4 %. The latter was considered when 

493 determining TOF values presented in the following. 

494 Figure 8a presents the ethanol conversion and the H2 yield achieved by varying the ethanol and water 

495 partial pressure plotted versus the S/C ratio. Decreasing the partial pressure of ethanol (increasing 

496 S/C), the ethanol conversion and H2 yield are seen to increase steadily, whereas increasing the partial 

497 pressure of water (and S/C) resulted in a mild decrease of conversion with H2 yield still displaying a 

498 slight rise. The results are very much in line with those using Ni/SiO2,40 which, given the inert support 

499 used, can be considered characteristic of metal-dominated pathways. Ethanol conversion in 

500 experiments where partial pressures were varied is overall lower than that achieved with the 

501 untreated catalyst (Figure 7a), however this can be justified by the reduced dispersion of the thermally 

502 pre-treated catalyst. The conversion achieved during experiments where the water partial pressure 

503 was varied is actually higher than that with the untreated catalyst (Figure 5a), despite the reduced 

504 active metal area, and is largely constant, evidencing the kinetic independence of the reaction to 
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505 steam and its intermediates40 once support effects have been eliminated. This is further demonstrated 

506 by the TOF values achieved for these runs, (Figure 8b), where a positive reaction order for ethanol and 

507 a mildly negative order for water are seen, evidence of ethanol dissociation/dehydrogenation being 

508 rate limiting and catalyst surface saturation by water having a negative effect on the rate. 

509 The TOF values obtained for all partial pressure variation experiments are further compared between 

510 each other and against those over Ni/SiO2 (taken from Zhurka et al.40) in Table 2 and in graphical form 

511 in Figure S9 in the ESI. As has been shown, the thermal treatment above 540oC results in the 

512 destruction of the structure of sepiolite and the irreversible removal of surface silanol groups,65 which 

513 should lead to reduced adsorption of reactants on sepiolite. Given the 2D growth of Ni during 

514 precipitation for the untreated catalyst, the thermal pretreatment possibly also revealed more sites 

515 of lower coordination, restructuring Ni towards 3D particles. It is important to note that the TOF 

516 obtained in these experiments, where water partial pressure was varied, is always higher than that 

517 with the untreated catalyst and only at the highest S/C is the untreated catalyst able to achieve TOF 

518 values close to those of the thermally treated sample. This is strong evidence that Ni is indeed 

519 primarily deposited on the external surface of the sepiolite, in line with the discussion in Section 3.4.1 

520 and the observations of Anderson et al.27 Hence, even though the thermally treated catalyst has less 

521 Ni sites due to the sintering of the metal (based on the slightly decreased Ni dispersion value), these 

522 sites are potentially of higher activity. The very similar trends and values achieved for the thermally 

523 treated catalyst in comparison to Ni/SiO2 further support this claim.65 Other studies where sepiolite 

524 was used as catalyst support,22,26 have involved much higher calcination temperatures :W 600oC) 

525 resulting in permanent removal of surface OH. 

526 The carbon selectivities obtained in these experiments are finally presented in Figure 8c and d, 

527 respectively. In both cases, CO2 selectivity increased with S/C ratio while the selectivities of CH4, CO 

528 and CH3CHO all decreased, in very good agreement with previous works all evidencing that an excess 

529 of water favours the secondary reactions. Results are indicative of the water gas shift reaction and the 
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530 oxidation of CHx surface species being accelerated by the abundance of steam derived intermediates, 

531 namely O and OH surface species.

532 3.4.4.Influence of catalyst degree of hydration 

533 To further probe the interaction of the sepiolite support with ethanol and water under reactive 

534 conditions, a hydration pre-treatment was applied, and its impact was investigated via partial pressure 

535 variation experiments. The untreated catalyst, as used in Sections 3.4.1 and 3.4.2, following its 

536 reduction at 500oC, and prior experiments at 400oC, was exposed to a flow of 0.2 ml/min water and 

537 50 cm3/min N2 at 400oC for 1 h. At reaction conditions this feed amounted to a mixture of 83% 

538 concentration of steam in N2. Between testing each experimental condition, the catalyst was exposed 

539 again to a similar flow of steam, with all other aspects of the experiments carried out in an identical 

540 way. The conversion and H2 yield for these experiments are shown in Figure 9a, where the higher 

541 values obtained by varying the ethanol partial pressure in comparison to the case of the thermally 

542 treated catalyst (Section 3.4.3) are clear. 

543 More importantly, a positive order for ethanol is again obtained (Figure 9b) in contrast to the results 

544 over the untreated catalyst sample (Section 3.4.2), further supporting the proposal that in the 

545 experiments over the untreated catalyst the decreased silanol group concentration on sepiolite’s 

546 surface is determining the performance. The pre-treatment procedure led to a high degree of 

547 hydration of sepiolite’s surface, increasing the concentration of silanol groups, enhancing surface 

548 diffusion of the oxygenates towards the metal-support interface, where C-C bond scission and 

549 reforming reactions occur. For the case of the water partial pressure variation experiments, a positive 

550 order is still obtained over the hydrated catalyst (Figure 9b), but with a much milder slope in 

551 comparison to the untreated catalyst. Potentially, the hydration process led to increased adsorption 

552 and activation of steam, or the high partial pressure of ethanol used in these runs was still able to 

553 displace a small fraction of the water. Nonetheless, as also seen in Table 2 the TOF values obtained 
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554 are in the range of the thermally treated catalyst and even closer to those over Ni/SiO2, hence again 

555 strongly indicate that ethanol activation is proceeding largely unhindered.

556 Selectivities obtained further support these observations, (Figure 9c and d), since in both experiments 

557 where partial pressure is varied CO2 selectivity is found to increase, whereas CH4 and CO selectivities 

558 are seen to decrease, again in agreement with a mechanism where secondary reactions are promoted 

559 by steam derived intermediates. It can be concluded that the hydration procedure resulted in the 

560 enhancement of the surface diffusion of the oxygenates onto sepiolite’s surface towards the metal-

561 support interface, at the same time preventing catalyst particle sintering, achieving as such optimal 

562 catalytic performance both in terms of selectivity and TOF. 

563 4. Conclusions 

564 Kinetic measurements of the ethanol and acetaldehyde steam reforming reactions over a Ni/Sepiolite 

565 catalyst were carried out at a wide variety of operating conditions. Results obtained over catalyst 

566 samples supported on natural sepiolite and exposed to temperatures up to 500oC suggested a critical 

567 role of the support. A positive reaction order for water and a negative reaction order for both ethanol 

568 and acetaldehyde were obtained, in contrast to conventional observations on other hydrocarbons and 

569 oxygenates reforming. A bifunctional mechanism was proposed with both steam and oxygenates 

570 being able to adsorb on the support, namely on sepiolite silanol groups. The abundance of the latter 

571 was further suggested to influence surface diffusion of the oxygenates towards the active metal. 

572 Results over catalyst samples subjected to thermal, or hydration pre-treatment processes 

573 corroborated this conclusion. In both cases, a positive reaction order for the oxygenate and an almost 

574 zero reaction order for water were obtained in line with metal dominated pathways over inert 

575 supports. Thermal pre-treatment at 550oC or above leads to the removal of surface silanol groups, 

576 preventing the adsorption of the reactants on the support. Through the full hydration of sepiolite 

577 before each experiment the increase of surface silanol groups was suggested to enhance the surface 

578 diffusion of the oxygenates towards the metal-support interface. TOF values obtained with pre-
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579 treated catalyst samples are higher than the untreated cases and similar to those obtained with inert 

580 SiO2 supported Ni, further concluding that the majority of Ni is deposited on the external surface of 

581 sepiolite and not in its channels. Finally, ethanol and acetaldehyde were found to follow similar 

582 reforming pathways, consisting of primary decomposition or dehydrogenation followed by secondary 

583 water gas shift and reforming, with a parallel aldol condensation pathway for acetaldehyde leading 

584 further to acetone formation.
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762 Figure 1. H2-TPR measurements of Ni/Sepiolite thermally treated at 500oC and 550oC.
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765 Figure 2. H2-TPD profiles of Ni/Sepiolite catalyst thermally treated at 500oC and 550oC. 
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771 Figure 3. Temperature effect on (top) conversion and H2 yield for ESR (a) and ASR (b), (middle) carbon 

772 selectivities of CO2, CO for ESR (c) and ASR (d), and (bottom) carbon selectivities of CH4 and CH3CHO 

773 for ESR (e) and CH4 and CH3COCH3 for ASR (f) compared with the equilibrium (W/FEth/Acet = 91.8 gcat s 

774 gEth/Acet
-1, P = 1.7 bar, S/C = 3) (lines connecting experimental points are visual aids). 
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778 Figure 4. W/Ft0 effect on ethanol and acetaldehyde conversion and H2 yield at 400oC (a) and carbon 
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780 conversion. (P = 1.8 bar, S/C = 3) (lines are visual aids).
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785 Figure 5. Partial pressure effect of water on (top) ethanol and acetaldehyde conversion and H2 yield 

786 (a) and logarithm of reaction rate of ESR and ASR with respect to logarithm of water partial pressure 

787 (b), and (bottom) carbon selectivities of ESR products (c) and ASR products (d) at 400oC (P = 1.9 bar, 

788 Vtot = 213 cm3 min-1).  For panels (a), (c) and (d) the partial pressure effect is presented as a S/C 

789 variation with numbers on plots annotating the equivalent partial pressures of water in bar (panels a, 

790 c, and d: lines are visual aids). 
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797 Figure 7. Partial pressure effect of ethanol and acetaldehyde on (top) the respective conversion and 

798 H2 yield (a) and logarithm of reaction rate of ESR and ASR with respect to logarithm of ethanol and 

799 acetaldehyde partial pressure (b), and (bottom) carbon selectivities of ESR products (c) and ASR 

800 products (d) at 400oC (P = 1.9 bar, Vtot = 160 cm3 min-1).  For panels (a), (c) and (d) the partial pressure 

801 effect is presented as a S/C variation with numbers on plots annotating the equivalent partial 

802 pressures of ethanol or acetaldehyde in bar (panels a, c, and d: lines are visual aids).
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806 Figure 8. Partial pressure effect (top) of ethanol and water on the respective conversion and H2 yield 

807 (a) and logarithm of reaction rate of ESR with respect to logarithm of water and ethanol partial 

808 pressure (b), and (bottom) partial pressure effect of ethanol (c) and water (d) on carbon selectivities 

809 of ESR products at 400oC, on thermally pre-treated Ni/Sepiolite catalyst at 550oC (P = 1.9 bar, 

810 Vtot
Ethanol = 160 cm3 min-1, Vtot

Water = 213 cm3 min-1). For panels (a), (c) and (d) the partial pressure effect 

811 is presented as a S/C variation with numbers on plots annotating the equivalent partial pressures of 

812 ethanol or water in bar (panels a, c, and d: lines are visual aids).
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816 Figure 9. Partial pressure effect (top) of ethanol and water on the respective conversion and H2 yield 

817 (a) and logarithm of reaction rate of ESR with respect to logarithm of water and ethanol partial 

818 pressure (b), and (bottom) partial pressure effect of ethanol (c) and water (d) on carbon selectivities 

819 of ESR products at 400oC, on Ni/Sepiolite hydrated in situ at 400oC (P = 1.9 bar, Vtot
Ethanol = 160 cm3 

820 min-1, Vtot
Water = 213 cm3 min-1). For panels (a), (c) and (d) the partial pressure effect is presented as a 

821 S/C variation with numbers on plots annotating the equivalent partial pressures of ethanol or water 

822 in bar (panels a, c, and d: lines are visual aids).
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824 Table 1. Ethanol and acetaldehyde steam reforming main reactions

(1) CH3CH2OH + 3H2O 6 6H2 + 2CO2 (2) CO + H2O 6 CO2 + H2 

(3) CH3CH2OH 6 CH3CHO + H2 (4) CH3CH2OH 6 CH4 + CO + H2 

(5) CH3CHO 6 CH4 + CO (6) CH4 + H2O 6 CO + 3H2 

(7) CH4 + 2H2O 6 CO2 + 4H2 (8) CH3CH2OH 6 C2H4 + H2O 

(9) CH3CHO + H2O 6 CH3COOH + H2 (10) CH3COOH 6 CH4 + CO2 

(11) 2CO 6 CO2 + C (12) CH4 e C + 2H2 

(13) C2H4  Coke
789:;<=>?@A>8B (14) CH3CHO + 3H2O 6 5H2 + 2CO2

(15) 2CH3CHO  CH3CH(OH)CH2CHO. (16) CH3CH(OH)CH2CHO + H2O  CH3COCH3 + CO2 + 2H2 .

825
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826

827 Table 2. TOF values obtained during ethanol and water partial pressure variation experiments using the base case Ni/Sepiolite catalyst sample treated at 

828 500oC, the thermally pre-treated sample at 550oC, and the hydrated sample at 400oC. TOF values over Ni/SiO2 from Zhurka et al.40 are provided for comparison. 

829 PAdB variation experiments carried out at constant PEth of 0.13 bar, while PEth variation experiments carried out at constant PAdB of 0.74 bar.

PAdB S/C Base 

case

Treated 

at 550oC

Hydrated 

at 400oC

 
@)
Bd40 PEth S/C Base 

case

Treated 

at 550oC

Hydrated 

at 400oC

 
@)
Bd40 

(bar) (molEth s-1 molNi
-1) (bar) (molEth s-1 molNi

-1)

0.26 1 0.056 0.314 0.263 0.321 0.06 6 0.188 0.113 0.176 0.172

0.52 2 0.087 0.306 0.285 0.297 0.07 5 0.170 0.118 0.177 0.172

0.78 3 0.127 0.303 0.295 0.280 0.09 4 0.167 0.119 0.180 0.191

1.04 4 0.185 0.299 0.331 0.271 0.12 3 0.148 0.118 0.198 0.221

1.30 5 0.288 0.289 0.338 0.264 0.18 2 0.134 0.139 0.229 0.256

1.56 6 0.386 0.284 0.337 0.255 0.37 1 0.123 0.211 0.258 0.357

830

831
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S1. Additional characterization results 

S1.1. Hydrogen temperature programmed desorption (H2-TPD) 

Table S1 presents the detailed data from the H2 TPD measurements used for the calculation of 

dispersion of the Ni/Sepiolite catalyst samples thermally pre-treated at 500oC and 550oC. For the 

determination of exposed surface Ni sites, the dissociative adsorption of H2 is assumed, 

according to the reaction: 𝐻2 + 2𝑀𝑠 ⇄ 2𝑀𝑠 − 𝐻 , resulting in a stoichiometry factor 𝑛 = 2. 

 

Table S1. Detailed H2 TPD data used for the calculation of dispersion of the Ni/Sepiolite catalyst samples 
thermally pre-treated at different temperatures. 

  

Pre-treatment 

temperature (oC) 

H2 adsorbed 

(mol) 

Surface Ni sites 

(mol) 

wcat 

(mg) 

Total Ni sites 

(mol) 

Dispersion 

(%) 

500 1.191×10-5 2.382×10-5 150 2.556×10-4 9.32 

550 9.443×10-6 1.889×10-5 150 2.556×10-4 7.39 

 

S1.2. Thermal gravimetric analysis (TGA) 

The thermal stability of sepiolite and Ni/Sepiolite, both thermally treated at 500oC, was 

investigated by thermogravimetric analysis (TGA), with Figure S1 presenting the thermograms of 

the samples.  

 

Figure S1. Thermogravimetric profiles of sepiolite and Ni/Sepiolite thermally treated at 500oC. 
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Both samples undergo stepwise weight loss with increasing temperature. Regarding sepiolite, 

observations are in agreement with results presented in various studies.1–4 The first weight loss 

of 0.7% up to 100oC is assigned to the loss of all types of water - adsorbed (W) and some zeolitic 

(ZW1) water. The second endothermic mass loss of 0.7% up to 300oC is due to the removal of the 

rest of the zeolitic water (ZW2). It should be noted that there is no clear distinction between the 

dehydration temperatures of the interparticle water and the zeolitic water. The third 

endothermic mass loss of 0.6%, between 300oC and 530oC, relates to the removal of bound water 

(BW). The loss of bound water up to 530oC could cause a partial (reversible) folding in the 

structure of sepiolite. The fourth endothermic mass loss of 0.8% between 530oC and 670oC 

originates from the dehydroxylation (SW1) of sepiolite causing the collapse of its structure. The 

last mass loss of 1.4% up to 800oC is attributed to the removal of remaining hydroxyl groups 

(structural water, SW2). Regarding Ni/Sepiolite, as with sepiolite, five stepwise weight losses are 

identified with main differences observed on the associated temperatures. Specifically, the first 

weight loss of 1.9% concludes at 180oC, the second mass loss of 0.8% proceeds up to 300oC, the 

third weight loss of 0.3% occurs up to 530oC, the fourth mass loss of 0.4% completes at 690oC, 

while up to 800oC a further mass loss of 1% is noted. Comparing the TGA profiles of sepiolite and 

Ni/Sepiolite, it is observed that the latter presents more loosely adsorbed water and zeolitic 

water and less bounded and structural water. This difference could be attributed to the 

modification of sepiolite’s structure during the catalyst preparation, where the acid media could 

alter sepiolite’s surface producing more silanol groups which could act as water adsorption sites.5 

S1.3. Brunauer-Emmett-Teller (BET) surface area analysis 

The BET surface areas of Ni/Sepiolite catalyst and sepiolite are presented in Table S2. Values for 

500oC and 550oC were obtained following procedures described in Section 2.4 of the main 

manuscript. Values at 300oC refer to the catalyst sample heat treated in a N2 flow at 300oC but 

prior it being subjected to any higher temperature, namely reduction at 500oC and any 

subsequent thermal treatments (see Section 2.1 of the main manuscript). The data for 300oC are 

included for comparison and were obtained from prior works of the authors.5,6  

Table S2. BET and micropore area of sepiolite and Ni/Sepiolite treated at 300oC (from Anderson et al.5,6), 
500oC and 550oC. 

Samples 
BET area (m2 g-1) Micropore area (m2 g-1)  

300oC 500oC 550oC 300oC 500oC 550oC 

Sepiolite 121 108 104 17 2 0.6 
Ni/Sepiolite 157 143 133 50 42 39 
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The BET surface area of sepiolite thermally treated at 300oC was found to be 121 m2 g-1, with the 

micropore area found equal to 17 m2 g-1. Upon increasing the thermal treatment temperature 

up to 550oC, the BET surface area decreased to 104 m2 g-1, and the micropore area to 0.6 m2 g-1. 

These values are in general agreement with those reported in literature for the BET surface of 

sepiolite ranging between 80-350 m2 g-1.7,8 As demonstrated by the TGA profiles, upon heating, 

sepiolite can be dehydrated, with low temperatures (below 250oC) being adequate for the 

removal of zeolitic water, while higher temperatures (up to about 550oC) being required for the 

removal of bound water molecules. The gradual loss of coordinated water can even lead to a 

structural folding of the internal channels of the sepiolite, with the procedure shown to be 

reversible5,6,9 or irreversible10,11 depending on the temperature that sepiolite has been heated at 

(Figure S2).  

 

 

Figure S2. Schematic representation of hydrated (a), dehydrated (b) and folded (c) sepiolite structure. 

 

Similarly, higher BET surface and micropore areas are observed for Ni/Sepiolite catalyst treated 

at 300oC (157 and 50 m2 g-1) in comparison to Ni/Sepiolite treated at 550oC (133 and 39 m2 g-1). 

Interestingly, the BET and micropore areas of Ni/Sepiolite were higher than sepiolite possibly due 

to the incorporation of the active phase. Similar observations were made over Ni/Clay catalysts, 

suggesting the increase of BET area being the result of the metal deposition via the precipitation 

method and associated textural changes.12 Type IV adsorption-desorption isotherms of N2 (Figure 

S3) for Ni/Sepiolite and sepiolite are obtained for all samples and the temperature they were 

treated at, indicating the presence of some meso-porosity. Ni/Sepiolite treated at 300oC presents 

the largest meso-porosity of all samples, as evidenced by the wider hysteresis loop. Isotherms 

for all the samples show a Type H1 hysteresis loop corresponding to a porous structure material 

consisting of well-defined pore channels.13  

T < 530-570oC T > 570oC

(a) (b) (c)
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Figure S3. Adsorption-desorption isotherms of N2 of sepiolite treated at 300oC (a) and 500oC (b) and 
Ni/Sepiolite treated at 300oC (c) and 500oC (d). 

 

Pore size distribtion data presented in Figure S4 corroborate the above observations. Even 

though the number of data points are not enough to accurately characterize the distribution of 

mesopores, sepiolite samples treated at different temperatures overall show similarities 

between each other in terms of mesoporosity (Figure S4a), while the same holds for Ni/Sepiolite 

samples treated at different temperatures (Figure S4b). As such, the small differences observed 

between the two types of samples can be mainly attributed to the incorporation of the metal 

and the associated precipitation procedure applied as discussed above. 

  

Figure S4. Pore size distribution data of sepiolite (a) and Ni/Sepiolite (b) treated at different 
temperatures.  
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S1.4. X-Ray Diffraction  

The crystalline phases in the sepiolite were determined by X-Ray Diffraction (XRD) after its pre-

treatment at 300oC, 500oC and 550oC, with results shown in Figure S5. Diffractograms of 

Ni/Sepiolite samples did not show XRD patterns for Ni, consistent with previous reports 

attributing this behaviour to the formation of lamellar structures during the precipitation on the 

Ni precursor.5,12 The XRD analysis of sepiolite revealed that increasing the temperature from 

300oC to 550o  resulted in sepiolite’s structural change. Specifically, the elimination of the peak 

at 7.35o (1.202 nm) for the sample treated at 550oC reveals the higher degree of the irreversible 

folding of the sepiolite crystal, in agreement with BET results.1 Additionally, the slight increase in 

the peak at 8.9o, with a simultaneous reduction of the d-spacing from 1.030 to 1.024 nm, 

indicated the formation of sepiolite anhydrite.14 The structural folding is further supported by 

the reduced peaks at 23.5o and 20.8o, with the respective d-spacing decreasing from 0.378 to 

0.376 nm and from 0.441 to 0.439 nm, and the elimination of peaks from 40o to 90o.1 For the pre-

treated sample at 300oC the peak at 31.1o is attributed to dolomite impurities. For samples 

treated at higher temperatures this peak disappears either due to dolomite’s decomposition14 or 

the formation of calcite from dolomite’s calcination as indicated by the appearance of a new peak 

at 28.1o.11  

 

Figure S5. X-ray diffraction patterns of sepiolite samples treated at 300oC, 500oC and 550oC. (S: sepiolite, 
C: calcite and D: dolomite) 
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S2. Additional results figures 

 

 

Figure S6. Temperature effect on ethanol conversion (a) and carbon selectivities of CO2 and C2H4 (b) 
over natural sepiolite. (W/FEth = 91.8 gsep s gEth

 -1, P = 1.7 bar, S/C = 3). 
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Figure S7. W/Ft0 effect on ethanol conversion at 400oC (a) and carbon selectivities of CO2 and C2H4 
versus ethanol conversion (b) over natural sepiolite. (P = 1.8 bar, S/C = 3). 
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Figure S8. W/Ft0 effect on ethanol conversion at 400oC (a) and carbon selectivities of C2H4 versus ethanol 
conversion (b) over natural sepiolite. (P = 1.8 bar, S/C = 0).  
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Figure S9. TOF values obtained during ethanol (a) and water (b) partial pressure variation experiments 
using the base case Ni/Sepiolite catalyst sample treated at 500oC, the thermally pre-treated sample at 
550oC, and the hydrated sample at 400oC. TOF values over Ni/SiO2 from Zhurka et al.15 are provided for 
comparison. PH₂O variation experiments carried out at constant PEth of 0.13 bar, while PEth variation 
experiments carried out at constant PH₂O of 0.74 bar. 
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Bifunctional mechanism proposed for the steam reforming of ethanol over Ni supported on 

natural sepiolite. The availability of silanols determines the activation of reactants on sepiolite’s 

surface and their migration to the metal-support interface.
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