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Abstract 8 

The influence of the metal selected as catalytic active phase in the two-step biomass 9 

pyrolysis-catalytic reforming strategy has been analyzed. The pyrolysis step was carried 10 

out in a conical spouted bed reactor at 500 ºC, whereas steam reforming was performed 11 

in a fluidized bed reactor at 600 ºC. Ni/Al2O3, Co/Al2O3 and two bimetallic Ni-12 

Co/Al2O3 catalysts with different metal loadings were synthesized by wet impregnation 13 

method, and fresh and deactivated catalysts were characterized by N2 14 

adsorption/desorption, X-ray Fluorescence (XRF), Temperature Programmed Reduction 15 

(TPR), X-Ray powder Diffraction (XRD), Temperature Programmed Oxidation (TPO), 16 

Scanning Electron Microscopy (SEM) and Transmission Electron Microscopy (TEM). 17 

Although Ni/Al2O3 and both bimetallic catalysts had similar initial activity in terms of 18 

(oxygenate conversion, (higher than 98%), the poorer metal dispersion observed in both 19 

bimetallic catalysts led to a fast decrease in conversion due to the promotion of coke 20 

formation on large particles. This occurred even though Ni-Co alloy formation has a 21 

positive influence by hindering the oxidation of Co0 species. The main cause for the 22 

deactivation of these catalysts is the formation of a coke with amorphous structure. The 23 

poor initial performance of Co/Al2O3 catalyst is related to changes in the Co0 oxidation 24 

state induced by the presence of steam, which led to a fast deactivation of this catalyst.  25 
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1. Introduction 28 

The growing energy demand and the increasing awareness of the dependence on fossil 29 

fuels are promoting the use of alternative routes for the production of clean energy from 30 

sustainable fuels and raw materials. Currently, almost 80 % of the global primary 31 

energy demand is supplied by crude oil, natural gas and coal [1]. Thus, the development 32 

of technologies for H2 production can help to reduce CO2 emissions, and therefore 33 

alleviate the problems associated with global warming and climate change.  34 

The renewable nature of the biomass raw material along with its abundance and CO2 35 

neutral contribution are promoting the investigation of this feedstock for the production 36 

of hydrogen or synthesis gas [2-4], automotive fuels [5,6] and fine chemicals [7,8]. 37 

Consequently, the development of technological routes for obtaining H2 from biomass 38 

has deserved a remarkable attention in the literature [3,9-12]. 39 

Two major routes are worth mentioning for the conversion of biomass into H2, namely, 40 

thermochemical and biological processes [13]. The technologies for H2 production from 41 

thermochemical processes, such as steam gasification and reforming of the bio-oil 42 

obtained in the flash pyrolysis of biomass, are the most studied in the literature [14-17]. 43 

Thus, they are relatively easy to scale up to industrial units for the conversion of 44 

biomass and bio-oil into valuable fuels and chemicals [18], which in turn bear 45 

similarities with the already implemented systems in oil refineries. Furthermore, the in-46 

line steam reforming of the volatiles from biomass fast pyrolysis has been proven to be 47 

a promising route for H2 production, since it has several advantages, as are: i) operation 48 

under optimum conditions due to the integration of the two reactors in the same unit, ii) 49 

avoidance of tar formation, and iii) higher H2 production [19-21].  50 

However, the catalyst performance and its deactivation plays a key role in the 51 

development of these processes based on the reforming of biomass derived products. 52 
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Over the last decades, the mechanisms and causes of catalyst activity decay have been 53 

extensively analyzed in order to establish the bases for modeling deactivation processes, 54 

improving catalyst design and preventing or slowing the degradation of the catalyst [22-55 

25]. The causes of catalyst deactivation can be ascribed to three main factors: i) 56 

mechanical, (attrition/entrainment), ii) thermal, (sintering), and iii) chemical, 57 

(poisoning, coking, phase changes) [26]. However, deactivation is not the consequence 58 

of only one of the mentioned mechanisms, but usually their combination is responsible 59 

for the catalyst degradation.  60 

The design of a suitable reforming catalyst is of utmost importance for the performance 61 

in terms of activity, selectivity and stability under reaction conditions [27-29]. 62 

Consequently, the selection of suitable catalytic materials is one of the most important 63 

factors for catalyst synthesis. Accordingly, given that the active components are 64 

responsible for the main chemical reaction, the metals selected as active phase should 65 

promote reforming and WGS reactions in order to enhance H2 production in the 66 

reforming step. Ni-based catalysts have been the most widely used in the literature for 67 

CH4 and naphtha reforming [30-32], as well as for the reforming of the oxygenated 68 

compounds derived from biomass pyrolysis [33-36] due to their high activity in the 69 

reforming reactions and moderate cost. Besides, other base transition metals, such as Co 70 

or Fe and, especially, noble metals, such as Rh, Pt, Pd, Ir and Ru, have also been studied 71 

in the literature [37-40], and they have even been added as secondary metals to prepare 72 

bimetallic catalysts, with the aim of improving catalytic activity and coke resistance. 73 

Although great effort has been made in the literature regarding catalyst design for the 74 

reforming of oxygenated compounds derived from biomass pyrolysis, most of these 75 

studies have been conducted using model compounds instead of raw bio-oil or the 76 

whole pyrolysis volatile stream [41-43]. Besides, the selection of cobalt as active phase 77 
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and the influence its incorporation into Ni based catalysts has on the biomass pyrolysis-78 

reforming strategy has hardly been studied. Thus, Li et al. [44] studied different Co 79 

based catalysts supported on Al2O3, ZrO2, SiO2, MgO, TiO2 and BaAl12O19 (BA) in the 80 

steam reforming of the tar from the pyrolysis of wood biomass. The highest catalytic 81 

activity was obtained when Co/BA was used, which was attributed to the high 82 

dispersion obtained on this strongly basic support.  83 

The addition of various transition metals to form different alloys has been approached 84 

by other authors in order to improve the overall activity of the catalysts. Accordingly, 85 

the performance of Ni-Fe/Al2O3 catalysts in the steam reforming of the tar from the 86 

pyrolysis of cedar wood was analyzed by Wang et al. [45], obtaining higher activity 87 

than those corresponding to monometallic Ni and Fe catalysts. The alloy formed 88 

between Ni and Fe improved the reaction involving the tar and hindered coke formation, 89 

since oxygen atoms are supplied by Fe species. This research group also analyzed the 90 

performance of Fe-Co/Al2O3, reporting a higher activity and stability of this catalyst 91 

compared to Fe/Al2O3 and Co/Al2O3 ones [46]. Similarly, these authors evaluated 92 

different Ni–Co/Al2O3 catalysts and observed that the performance of bimetallic 93 

catalysts with the optimum composition was much better than monometallic Ni and Co 94 

catalysts in terms of catalytic activity, resistance to coke formation and catalyst life in 95 

the steam reforming of biomass tar [47].  96 

In previous studies conducted by our research group, the influence different support 97 

materials (Al2O3, SiO2, MgO, TiO2 and ZrO2) [48] and promoters (La2O3, CeO2 and 98 

MgO) [49,50] have on Ni-based catalysts was analyzed in the biomass pyrolysis and in-99 

line steam reforming. This study deals with the effect the active phase has on the 100 

performance of the catalysts in an original unit made up of a conical spouted bed reactor 101 

for the pyrolysis step and a fluidized bed reactor for the reforming of the volatiles 102 
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formed in the first step. Accordingly, Ni/Al2O3, Co/Al2O3 and two bimetallic Ni-103 

Co/Al2O3 catalysts with different Ni/Co loadings have been studied. The initial activity 104 

of the prepared catalysts at zero time on stream was evaluated. Moreover, the evolution 105 

of their performance throughout reaction time was monitored and a detailed 106 

characterization of all these catalysts was carried out in order to analyze their 107 

deactivation based on the properties of the fresh and deactivated catalysts. 108 

2. Experimental 109 

2.1. Materials and catalyst synthesis 110 

Pine wood (pinus insignis) is the biomass selected in this study, as it is one of the most 111 

representative forest residues in Europe. In order to guarantee continuous feeding into 112 

the reaction system, the biomass has been crushed and sieved to a particle size ranging 113 

from 1 to 2 mm.  114 

Table 1 summarizes the results obtained in previous studies for the ultimate and 115 

proximate analyses [51,52] determined in a LECO CHNS-932 elemental analyzer and 116 

in a thermogravimetric analyzer (TA Instrument TGA Q5000IR), respectively. The 117 

chemical composition of the ashes has been quantified by X-ray Fluorescence (AXIOS, 118 

PANalytical).The higher heating value (HHV) was measured in a Parr 1356 isoperibolic 119 

bomb calorimeter. As observed in Table 1, the amount of N in the wood sawdust is 120 

almost negligible, and therefore the empirical formula of the biomass is as follows: 121 

CH1.47O0.67. 122 

123 
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Table 1. Pine wood sawdust characterization. 124 

Ultimate analysis (wt. %)  

Carbon 49.33 

Hydrogen   6.06 

Nitrogen   0.04 

Oxygen 44.57 

Proximate analysis (wt. %)  

Volatile matter 73.4 

Fixed carbon 16.7 

Ash   0.5 

Moisture   9.4 

HHV (MJ kg-1) 19.8 

Chemical analysis of the ash (wt. %)  

SiO2   8.84 

Al2O3   2.38 

Fe2O3t   2.30 

MnO   2.46 

MgO 10.44 

CaO 32.34 

Na2O   1.93 

K2O 11.30 

TiO2   0.11 

P2O5   2.55 

SO3   3.59 

Trace elements (ppm)  

Ni 4249 

Zn 1734 

Cu 5146 

The catalysts synthesized in this study were Ni/Al2O3, Co/Al2O3 and two bi-metallic Ni-125 

Co/Al2O3 catalysts with different metal loadings. Prior to catalyst synthesis, the γ-Al2O3 126 

support was adequately pre-treated in order to ensure suitable fluidization conditions in 127 
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the reforming step [51]. Accordingly, the support was ground and sieved to a particle 128 

size in the 0.4–0.8 mm range since this size was determined as the most suitable one for 129 

use in fluidized bed reforming reactors [51]. The support was fluidized for several hours 130 

in order to round the particles, thereby improving their mechanical strength and 131 

minimizing possible attrition problems during the reforming step. Afterwards, the γ-132 

Al2O3 support was calcined under air atmosphere at 1000 ºC for 5 h to thermally 133 

stabilize the support and improve its mechanical strength. 134 

The monometallic Ni and Co based catalysts supported on Al2O3 were prepared by wet 135 

impregnation using an aqueous solution of Ni(NO3)2·6H2O (VWR Chemicals, 99 %) 136 

and Co(NO3)2·6H2O (Panreac AppliChem, 98-102 %), respectively. Subsequently, the 137 

samples were dried overnight at 100 ºC followed by calcination at 700 ºC for 3 h under 138 

air atmosphere. The synthesis of the bimetallic catalysts was carried out by 139 

impregnation of the aqueous solutions containing both salt precursors, with the amounts 140 

of each one being those required to attain the desired final composition of the catalyst. 141 

Accordingly, the nominal metal content in all the catalysts has been fixed at 10 wt. % of 142 

the Al2O3 support, as this is the optimum value reported in the literature for Ni/Al2O3 143 

catalysts [53]. The loadings of bimetallic catalysts were 7.5% Ni-2.5% Co and 5% Ni-144 

5% Co, given as wt. % of the Al2O3 support. After impregnation, the samples were 145 

dried overnight at 100 ºC followed by calcination at 700 ºC for 3 h under air 146 

atmosphere. 147 

2.2. Characterization of the fresh and deactivated catalyst 148 

N2 adsorption-desorption technique was carried out in a Micromeritics ASAP 2010 149 

apparatus in order to determine the textural properties of the fresh and deactivated 150 

catalysts (surface area, pore volume and average pore diameter). Prior to analysis, the 151 

samples were degassed under vacuum at 150 °C for 8 h to remove any impurity in the 152 
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sample. Surface area was calculated based on the BET equation, whereas the pore size 153 

distribution was determined by BJH method. 154 

The total metal loading (wt. %) of each catalyst was measured by means of X-ray 155 

fluorescence (XRF) spectrometry. The chemical analysis was carried out under vacuum 156 

atmosphere using a sequential wavelength dispersion X-ray fluorescence (WDXRF) 157 

spectrometer (Axios 2005, PANalytical) equipped with a Rh tube, and three detectors 158 

(gaseous flow, scintillation and Xe sealing).  159 

The reduction temperature of the different metallic phases in the catalyst was analyzed 160 

by Temperature Programmed Reduction (TPR) in a Micromeritics AutoChem 2920. 161 

Prior to the reduction experiments, the catalysts were thermally treated under He stream 162 

at 200 °C in order to remove water or any impurity. Then, a 10 vol. % of H2/Ar stream 163 

circulated through the sample, which was heated from room temperature to 900 ºC 164 

following a ramp of 5 ºC min-1. 165 

The analysis of the crystalline structure of the calcined, reduced and deactivated 166 

catalysts has been performed by X-ray powder diffraction (XRD) in a Bruker D8 167 

Advance diffractometer with a CuKα1 radiation equipped with a Germanium primary 168 

monochromator and Sol-X dispersive energy detector. Data were continuously 169 

registered from 10° to 80° with steps of 0.04° in 2θ and measurement times per step 170 

every 12s. The metal crystallite size was calculated by using the Scherrer formula. 171 

Metal dispersion was calculated from metal crystallite size according to the following 172 

equation [54]: 173 

D (%)=
MM·g

ρ
M

·σM·NA·dM (nm)
·100 (1) 

  174 
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where MM is the atomic weight of the metal (g mol-1), g a factor depending on particle 175 

shape (g = 6 for spherical particles), ρM the specific mass of the metal, σM the atomic 176 

surface area (0.0677 nm2 at-1 for Ni particles and 0.0685 nm2 at-1 for Co particles, 177 

[55,56]), NA Avodagro's number and dM the crystallite size calculated by XRD analysis.  178 

Accordingly, the dispersion for monometallic Ni/Al2O3 and Co/Al2O3 catalysts can be 179 

calculated as AM/dM (nm)·100, wherein ANi = 0.971 and ACo= 0.963. In the bimetallic 180 

catalysts, Ni and Co contents (wt. %) are taken into account as follows [57]: 181 

D (%)= 

[
ANi·Ni

(Ni + Co)
+ 

ACo·Co
(Ni + Co)

]

dM(nm)
·100 

(2) 

Furthermore, the amount of coke deposited on the deactivated catalysts was measured 182 

by Temperature Programmed Oxidation (TPO) in a TA Instruments TGA Q5000 183 

thermogravimetric (TG) apparatus, coupled in-line with a Balzers Instruments 184 

Thermostar mass spectrometer (MS). This device allows recording the signals at 14, 18, 185 

28 and 44 atomic numbers, corresponding to N2, H2O, CO and CO2, respectively. The 186 

coke content has been determined based on the CO2 signal, since the H2O formed 187 

during combustion and that corresponding to the moisture cannot be distinguished and, 188 

furthermore, CO is immediately oxidized to CO2 activated by the metallic function of 189 

the catalyst. The procedure entails the stabilization of the signal with a N2 stream (50 190 

mL min-1) at 100 ºC and subsequent oxidation with air (50 mL min-1), following a ramp 191 

of 5 ºC min-1 to 800 ºC and keeping this temperature for 30 min to guarantee total coke 192 

combustion. 193 

Moreover, as the duration of the experimental runs was not the same, the average coke 194 

deposition rate per biomass mass unit fed has been defined in order to compare the 195 

amounts of coke deposited on the different catalysts, as follows: 196 
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𝑟̅𝑐𝑜𝑘𝑒 =
𝑊𝑐𝑜𝑘𝑒/𝑡

𝑊𝑐𝑎𝑡𝑎𝑙𝑦𝑠𝑡 𝑚𝑏𝑖𝑜𝑚𝑎𝑠𝑠
 (3) 197 

with Wcatalyst and Wcoke being the catalyst and coke masses, respectively, mbiomass the 198 

biomass mass flow rate in the feed and t the reaction time in each run. 199 

In addition, Scanning Electron Microscopy (SEM) and Transmission Electron 200 

Microscopy (TEM) were carried out in order to determine the nature and location of the 201 

coke deposited on the catalyst. Hence, SEM images were obtained in a JEOL JSM-6400 202 

apparatus, with a W filament, and the nanometer level images of the catalysts were 203 

obtained using a Transmission Electron Microscope (TEM) (Philips CM200) with a 204 

supertwin lens fitted with an EDX microanalysis system (Energy-Dispersive X-ray 205 

spectroscopy). 206 

2.3. Reaction equipment and experimental conditions  207 

The scheme of the bench scale plant used in the experimental runs is shown in Figure 1. 208 

The reaction system is provided with two reactors in-line: a conical spouted bed reactor 209 

(CSBR) and a fluidized bed reactor (FBR). The biomass pyrolysis was carried out in the 210 

first reactor, namely the CSBR, whose good performance in the pyrolysis of biomass 211 

[58-60], tyres [61,62] and plastics [63,64] was reported in previous studies. The 212 

volatiles leaving the first pyrolysis step (gases and bio-oil oxygenated compounds), 213 

circulated towards the second reactor (FBR) to be catalytically reformed. In order to 214 

avoid the condensation of the volatile stream and the reforming products, both reactors 215 

and its respective radiant ovens are located inside a convection oven kept at 270 °C. 216 

Moreover, the CSBR is provided with a lateral outlet pipe placed above the bed surface 217 

for the removal of char particles from the bed (Figure 1). This two-step configuration 218 

also demonstrated to operate well in previous pyrolysis-reforming studies, wherein a 219 

detailed description of the reactors can be found [48,65,66].  220 
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The reaction equipment is provided with different devices, which allow continuous 221 

feeding of biomass, water and gases (N2, air, H2). The solid feeding system is made up 222 

of a cylindrical vessel equipped with a vertical shaft connected to a piston placed below 223 

the material bed. As the piston raises, the biomass falls onto the bed in the reactor 224 

through a tube cooled with tap water. The water required in the reforming step was 225 

introduced in the pyrolysis reactor by means of a high precision Gilson 307 pump and, 226 

prior to entering the forced convection oven, the water was vaporized using a heating 227 

cartridge located inside the hot box. Previous studies demonstrated the inert nature of 228 

steam when used as fluidizing agent instead of N2, which allows avoiding the dilution of 229 

the gaseous stream in the reforming reactor and easing the condensation of the volatile 230 

products (non-reacted oxygenates and water) [51]. Moreover, different gases (N2, air 231 

and H2) can also be fed into the lower part of the pyrolysis reactor. Thus, N2 was used 232 

as fluidizing agent during the heating process and H2 was employed to reduce the Ni 233 

catalyst prior to the reforming reaction. It is to note that once the reaction temperature 234 

was reached, the fluidizing agent was changed from N2 to steam, and biomass was not 235 

fed until an adequate fluidization was attained in both reactors. The bench scale plant 236 

was also provided with a particle separation system made up of a cyclone, a filter and a 237 

liquid-gas separation system provided with a condenser and a coalescence filter. 238 
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 239 

Figure 1. Diagrammatic representation of the bench scale plant for continuous 240 

pyrolysis-reforming of biomass. 241 

The analysis of the product stream is carried out in-line by means of a Varian 3900 GC 242 

for volatile products, and a Varian 4900 microGC for permanent gases. The gas 243 

chromatograph (Varian 3900) is outfitted with a HP-Pona column and a flame 244 

ionization detector (FID), and the sample is taken at the outlet of the FBR, prior to 245 

condensing the products. The gas micro-chromatograph (Varian 4900) is equipped with 246 

four different analytical modules (Molecular sieve 5, Porapack, CPSil and Plot 247 

Alumina) and thermal conductivity detectors (TCD), and the non-condensable sample is 248 

taken downstream the condensation system, which allows determining the concentration 249 

of the products not monitored by GC analysis. 250 

The optimum operating conditions in the biomass pyrolysis-reforming process were 251 

established based on previous experiments performed by the research group [51,67]. As 252 

aforementioned, steam is used as fluidizing agent in both steps, and therefore, in order 253 
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to ensure an adequate fluidization regime, the steam flow rate and the particle sizes of 254 

the inert and the catalyst that make up the beds in the CSBR and FBR were carefully 255 

selected. Accordingly, 30 g of silica sand with a particle size in the 0.3-0.35 mm range 256 

were introduced in the CSBR, whereas 25 g of a mixture of reforming catalyst and sand 257 

(50 wt. %) were place in the FBR bed, which accounts for a space time of 20 gcat min 258 

gvolatiles
−1. The particle sizes used are in the 0.4-0.8 mm and 0.3-0.35 mm ranges for the 259 

catalyst and the sand, respectively. Prior to the experimental runs, the catalysts were 260 

subjected to an in situ reduction process at 710 ºC for 4 h under H2 stream (10 vol. %) 261 

diluted with N2.  262 

The water flow rate used in all the experiments was 3 mL min-1, which corresponds to a 263 

steam flow of 3.73 NL min-1. Biomass was continuously introduced into the pyrolysis-264 

reforming unit, with a feed rate of 0.75 g min-1, which corresponds to a steam/biomass 265 

(S/B) ratio of 4, and a steam/carbon (S/C) molar ratio of 7.7 in the reforming step. It is 266 

to note that the amount of carbon contained in the char formed in the pyrolysis step was 267 

not considered in the calculation of this ratio. 268 

Besides, biomass pyrolysis temperature was selected based on the experience of the 269 

research group. Thus, the pyrolysis step was conducted at 500 ºC, as this temperature is 270 

the optimum one to maximize bio-oil yield [58]. The products obtained in the biomass 271 

pyrolysis were identified and quantified in previous studies, and the concerning details 272 

can be found elsewhere [51,58]. As aforementioned, the inert nature of steam as 273 

fluidizing agent in the first step was verified operating under mild pyrolysis conditions 274 

[51], and the products obtained in the pyrolysis at 500 ºC can be grouped as follows: i) 275 

bio-oil (75.3 wt. %), which is made up of phenols (16.5 wt.%), ketones (6.4 wt.%), 276 

saccharides (4.5 wt.%), furans (3.3 wt.%), acids (2.7 wt.%), alcohols (2.0 wt.%), 277 

aldehydes (1.9 wt.%) and water (25 wt.%) (the reforming agent in the second step); ii) 278 
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gases (7.3 wt. %), made up of mainly CO (3.4 wt.%) and CO2 (3.3 wt.%); and, iii) char 279 

(17.3 wt. %), which was continuously removed from the pyrolysis reactor through a 280 

lateral outlet pipe, and therefore the secondary reactions of pyrolysis volatiles on the 281 

char surface were minimized leading to a maximum oxygenate yield and enhancing the 282 

char quality for future applications [68]. Thus, the volatile stream to be reformed in the 283 

second step was made up of bio-oil oxygenated compounds and gaseous products. 284 

Similarly, the temperature selected for the reforming step was fixed at 600 ºC, since 285 

higher temperatures (700 ºC) hardly improve the experimental results [51], but increase 286 

energy requirements and may lead to metal sintering. Thus, the influence of temperature 287 

on metal sintering is correlated with Tamman temperature, which corresponds to 590 ºC 288 

(863 K) and 604 ºC (877 K) for Ni and Co based catalysts, respectively [24].  289 

  290 

 1 
 2 
 3 
 4 
 5 
 6 
 7 
 8 
 9 
10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 
25 
26 
27 
28 
29 
30 
31 
32 
33 
34 
35 
36 
37 
38 
39 
40 
41 
42 
43 
44 
45 
46 
47 
48 
49 
50 
51 
52 
53 
54 
55 
56 
57 
58 
59 
60 
61 
62 
63 
64 
65 



2.4. Reaction indices  291 

The performance of the synthesized catalysts has been evaluated based on the 292 

conversion and individual product yields as the foremost reaction indices. It is to note 293 

that these reaction indices are defined based on the pyrolysis volatiles fed into the 294 

reforming step (gases and bio-oil oxygenated compounds), rather than on the biomass 295 

fed into the pyrolysis step, i.e., the conversion in the reforming step does not consider 296 

the carbon contained in the char produced in the pyrolysis step, since this product was 297 

removed from the process prior to the reforming step. 298 

Consequently, the oxygenate conversion in the reforming reactor is defined as the ratio 299 

between the C moles in the gaseous product (Cgas) stream and the C moles in the 300 

volatile stream at the fluidized bed reactor inlet (Cvolatiles): 301 

100
C

C
X

volatiles

gas
  (4) 302 

Likewise, the yield of each carbon containing gaseous product is calculated as the ratio 303 

between the molar flow rate of compound i (Fi) and the molar flow rate of the volatile 304 

stream at the fluidized bed reactor inlet (Fvolatiles): 305 

100
F

F
Y

volatiles

i

i   (5) 306 

The hydrogen yield was defined based on the maximum allowable by stoichiometry: 307 

100
F

F
Y

0

H

H

H

2

2

2
  (6) 308 

where FH2 is the H2 molar flow rate and F0
H2 the maximum allowable by the following 309 

stoichiometry: 310 

    222kmn Hk2mn2nCOOHkn2OHC   (7) 311 
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The H2 production is defined by mass unit of the biomass in the feed: 312 

Prod. H2= 
mH2

mBiomass
0  100 (8) 313 

where mH2 and m0 are the mass flow rates of H2 produced and biomass fed into the 314 

process, respectively. 315 

Finally, the turnover frequency (TOF) expressed in moles in the gaseous product (Cgas) 316 

stream per mole of surface metal active site and min is determined as follows:  317 

TOF = 

Cgas

Cvolatiles
· Fvolatiles·AWMe

W·D·Mecontent
 (9) 318 

where Fvolatiles is the molar flow rate of the volatile stream (molvolatiles min-1), AWMe is 319 

the atomic weight of the metal (gMe molMe
-1), W is the mass of catalyst (gcat), D is the 320 

dispersion calculated from Eqs (1) and (2), and Mecontent is the metal content of each 321 

catalyst determined by XRF analysis. 322 

3. Results 323 

3.1. Effect of the metal active phase on the catalysts properties 324 

3.1.1. Physical properties 325 

The influence the metal active phase has on the catalyst’s features has been analyzed by 326 

means of a detail characterization. Accordingly, the textural properties of the Al2O3 327 

support and the prepared catalysts were determined by N2 adsorption-desorption 328 

technique and are displayed in Table 2. As observed, the support used is a mesoporous 329 

material, with an average pore size of 173 Å. Once the active phase (Ni, Co, or a Ni/Co 330 

mixture at different ratios) has been incorporated into the Al2O3 support, a decrease in 331 

BET surface area is observed in all the prepared catalysts as a result of the blockage 332 

caused by metal species deposition on the pores of the support [69,70]. Pore volume 333 
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scarcely increased in the Ni/Al2O3 catalyst compared to the starting support (varied 334 

from 0.38 for the support to 0.39 cm3 g-1 for the catalyst), whereas a marked decrease is 335 

observed when Co is used, either in the monometallic or bimetallic catalysts. This fact 336 

is attributed to the formation of Co3O4 molecules, detected by XRD analyses (details 337 

will be given below), instead of NiO, which leads to the blockage of the Al2O3 porous 338 

structure. It is to note that a similar pore volume was obtained for the catalysts in which 339 

cobalt was incorporated as active phase (0.33 cm3 g-1). Papageridis et al. [71] observed a 340 

decrease in both surface area and pore volume when cobalt was impregnated on the 341 

Al2O3 support.  342 

Table 2. Physical properties of the support and prepared catalysts. 343 

Catalyst 
SBET Vpore dpore 

(m2 g-1) (cm3 g-1) (Å) 

Al2O3 87  0.38 173 

Ni/Al2O3 76 0.39 182 

7.5Ni-2.5Co/Al2O3 79 0.33 164 

5Ni-5Co/Al2O3 78 0.33 170 

Co/Al2O3 75 0.33 177 

The average pore sizes in Ni/Al2O3 and Co/Al2O3 catalysts increased from 173 Å 344 

(corresponding to the support) to 182 and 177 Å, respectively, which suggests that the 345 

metallic phase was mainly deposited on the finest pores. Conversely, the pore size of 346 

the bimetallic catalysts decreased due to the blockage of the biggest pores, presumably 347 

by the interaction between NiO and Co3O4 formed during the calcination step in the 348 

catalyst synthesis.  349 

3.1.2. Reducibility of metallic species 350 

 1 
 2 
 3 
 4 
 5 
 6 
 7 
 8 
 9 
10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 
25 
26 
27 
28 
29 
30 
31 
32 
33 
34 
35 
36 
37 
38 
39 
40 
41 
42 
43 
44 
45 
46 
47 
48 
49 
50 
51 
52 
53 
54 
55 
56 
57 
58 
59 
60 
61 
62 
63 
64 
65 



The temperature programmed reduction (TPR) profiles of the prepared catalysts are 351 

shown in Figure 2. It is well established that catalyst reducibility is strongly dependent 352 

on the nature of the metal function, which is also evident in these profiles.  353 

The reduction profile of Ni/Al2O3 catalyst shows two main peaks located at 620 ºC and 354 

780 ºC, with the former corresponding to the reduction of highly dispersed and strongly 355 

interacting NiO, and the latter to Ni integrated in the NiAl2O4 spinel phase [72,73]. 356 

Moreover, a small peak at lower temperature (430 ºC) is also evident, which is 357 

associated with the reduction of NiO with weak interaction with the Al2O3 support [74]. 358 

Concerning the Co/Al2O3 catalyst, two main peaks can be distinguished in the TPR 359 

profiles, which are located at around 450 and 700 ºC, and are ascribed to the reduction 360 

of different cobalt species. According to the literature, the reduction of cobalt based 361 

catalysts follows a two-step process, as is: Co3O4 → CoO → Co0 [75,76]. Thus, several 362 

authors grouped the different reducible species observed in the TPR analysis according 363 

to their reduction temperature as follows: i) 250–350 ºC: reduction of Co3O4 to CoO, ii) 364 

375–600 ºC: reduction of CoO to Co0; and iii) > 700 ºC: reduction of CoAl2O4 365 

crystallites, which is due to the strong interaction between Co3O4 and the support, and 366 

occurs by the introduction of Co (II) in the tetrahedral vacancies of the defect spinel 367 

structure of alumina [71,77]. However, the location of the reduction peaks, and 368 

therefore the metal-support interaction greatly depends on the calcination temperature 369 

during the synthesis step. Thus, higher calcination temperatures hinder the reducibility 370 

of the metallic species by shifting reduction peaks to higher temperatures in the TPR 371 

analysis [78,79].  372 

Furthermore, other authors compared the reduction peaks of Co/Al2O3 catalyst with 373 

those of reference materials, and they concluded that the first peak located at low 374 

temperature (sharp peak) is related to the fast reduction of Co3O4 to CoO, whereas the 375 
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broad second peak, which may range up to 730 ºC, should be ascribed to the slow 376 

reduction of CoO to Co0 [75,80-82]. 377 

Given the uncertainty in the identification of the reducible species in the literature, these 378 

TPR profiles have been complemented with the information from the XRD technique 379 

(Figure 3), which allows classifying the reduction peaks following the first reduction 380 

mechanism explained above. Thus, it can be observed that the main peak obtained at 381 

450 ºC is provided with a shoulder at around 510 ºC, which corresponds to the reduction 382 

of cobalt oxides to metallic Co0 according to the two-reduction step, with both steps 383 

taking place almost simultaneously (Co3O4 → CoO → Co0) [83]. The second peak also 384 

contains a shoulder at high temperature (at around 800 ºC), which is ascribed to the 385 

transformation of residual cobalt oxides and CoAl2O4 species with different degrees of 386 

interaction with supported alumina species [84].  387 
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Figure 2. TPR profiles of the prepared catalysts. 389 
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The reduction profiles of the bimetallic catalysts are significantly different from each 390 

other, revealing the influence the Ni/Co loading ratio has on the reducibility of the 391 

catalyst. In the case of 5Ni-5Co/Al2O3 catalyst, four different peaks are observed, which 392 

are located at 370 ºC, 450 ºC, 760 ºC and 860 ºC, with the first two ones being attributed 393 

to the reduction of NiO and Co3O4 species, respectively, and those at higher 394 

temperatures corresponding to the reduction of spinel phases (NiAl2O4 and CoAl2O4) 395 

[70].  396 

Moreover, the comparison between the TPR profiles of the monometallic Ni/Al2O3 and 397 

Co/Al2O3 catalysts and the bimetallic 5Ni-5Co/Al2O3 catalyst reveals that the reduction 398 

peaks of the latter shift to lower temperatures, which is evidence of the capability of 399 

bimetallic catalysts to promote the reducibility of the metal oxides by modifying the 400 

interaction between the active phase and the support [70]. This trend was also observed 401 

by Chen et al. [85], who reported an improvement in Co reducibility when Ni was 402 

added to the catalyst.  403 

Similarly, the 7.5Ni-2.5Co/Al2O3 catalyst showed three main peaks at 460, 580 and 860 404 

ºC, which are ascribed to the reduction of NiO, Co3O4 and Ni and/or Co species, which 405 

are strongly interacting with the support forming spinel phases (NiAl2O4 and CoAl2O4). 406 

3.1.3. Chemical composition and metallic properties 407 

The chemical composition (Ni and Co content) and the metallic properties (metal 408 

crystallite size and dispersion) of all synthesized catalysts are shown in Table 3. The 409 

chemical composition was determined by XRF spectrometry, and the results reveal that 410 

the metal content in all the catalysts was close to the nominal loading, with the total 411 

amount of active phase being 10 wt. %, which is evidence that the wet impregnation 412 

method is suitable for catalysts synthesis. 413 
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The metal dispersion of each catalyst prepared was estimated based on the metal 414 

crystallite size obtained by XRD analysis (by applying Debye-Scherrer equation) and 415 

the previously described methodology (Section 2.2) following Eqs. (1) and (2).  416 

It is to note that although all the catalysts had similar BET surface area, i.e., between 75 417 

and 79 m2 g-1 (Table 2), they had significant differences in metal dispersion. This fact 418 

reveals that not only the surface area of the support, but also the features of the metal 419 

oxide selected as active phase influence the final metal dispersion on the catalyst.  420 

Thus, monometallic Ni/Al2O3 and Co/Al2O3 catalysts had the highest metal dispersion, 421 

(9.7 and 7.4 %, respectively), whereas the incorporation of both Ni and Co active 422 

phases led to a significant decrease in metal dispersion in both bimetallic catalysts. 423 

These lower dispersion values obtained in the bimetallic catalysts may be ascribed to 424 

the synthesis method. Thus, Zhao and Lu [70] reported that the preparation method of 425 

bimetallic Ni-Co based catalysts greatly influences the surface dispersion of the metallic 426 

species over the support, and consequently, the catalytic performance in the steam 427 

reforming reaction. 428 

Table 3  Metallic properties and chemical composition of the fresh catalysts.  429 

Catalyst 
Ni content Co content dM

a Metal Dispersionb 

(wt. %) (wt. %) (nm) (%) 

10Ni/Al2O3 9.79 - 10 9.7 

7.5Ni-2.5Co/Al2O3 7.05 2.90 24 4.0 

5Ni-5Co/Al2O3 4.83 5.31 24 4.0 

10Co/Al2O3 - 11.20 13 7.4 

a Calculated from the full width at half height of the diffraction peak of Ni0 (2 0 0) and 430 

Co0 (2 0 0) at 2θ = 52° in the XRD, using the Scherrer equation. 431 

b Dispersion calculated by XRD, based on the metal crystallite size, following Eqs. (1) 432 

and (2) [44,57]. 433 
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Figure 3 shows the XRD patterns of the calcined fresh catalysts. As observed, the 434 

reflection peaks characteristic of the Al2O3 support are evident in all the catalysts 435 

prepared. In these profiles, the Ni/Al2O3 catalyst shows characteristic diffraction peaks 436 

of NiO at 2θ = 37°, 43° and 63°, corresponding to (1 1 1), (2 0 0) and (2 2 0) facets, 437 

respectively [86-88], whereas no reflections ascribed to NiAl2O4 are observed at 2θ = 438 

19°, 45° and 60°, since these diffraction lines may overlap those of Al2O3 phase 439 

[79,89,90].  440 

Regarding bimetallic catalysts, the calcined samples show diffraction lines related to 441 

Co3O4 phase at 2θ = 19º, 31º, 37º, 45º, 55º, 59º, and 65º, which are attributed to the 442 

planes (1 1 1), (2 2 0), (3 1 1), (4 0 0), (4 2 2), (5 1 1) and (4 4 0), respectively [86]. 443 

Moreover, main reflections ascribed to NiO phase are also evident at 2θ = 43° and 63º. 444 

It is to note that NiCo2O4 and Co3O4 have similar patterns and their differentiation is 445 

difficult, and this species (NiCo2O4) may therefore has been formed during the synthesis 446 

step instead of separate Co3O4 and NiO species.  447 
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Figure 3. XRD patterns of the calcined catalysts. Crystalline phases: () Al2O3, 449 

() NiO, and () Co3O4. 450 

In the case of Co/Al2O3 calcined catalyst, characteristic diffraction lines attributed to the 451 

Co3O4 phase are observed. The XRD patterns do not reveal diffraction peaks ascribed to 452 

CoAl2O4 spinel phase. Nevertheless, based on the TPR profiles, these diffraction lines 453 

and those of Co3O4 phase may overlap [91]. Besides, no diffraction peaks related to 454 

CoO are observed in the profiles of the calcined catalysts. 455 

Figure 4 shows the XRD profiles of the catalysts reduced at 710 °C for 4 h. Two 456 

different profiles of Co/Al2O3 catalysts are shown in this Figure, with the second one 457 

corresponding to a reduced catalyst that has been subsequently subjected to a steam 458 

flow (details will be provided below). Thus, the characteristic diffraction peaks of Ni0, 459 

Co0 and Ni0/Co0 phases are observed in Ni/Al2O3, Co/Al2O3 and Ni-Co/Al2O3 catalysts, 460 
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respectively, at 2θ = 44°, 52° and 76°, which are ascribed to the planes (1 1 1), (2 0 0) 461 

and (2 2 0) [86,88]. Overlapping of the diffraction peaks for Co0 and Ni0 phases hinders 462 

their separate identification in the bimetallic catalysts.  463 
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Figure 4. XRD patterns of the reduced catalysts. Crystalline phases: () Al2O3, () 465 

Ni0, () Co0, and () CoO. 466 

It is to note that no diffraction peaks corresponding to the oxidized species, such as 467 

NiO, Co3O4 and CoO, are observed in the XRD patterns, which means catalysts are 468 

fully reduced to the metallic species Ni0 and Co0.  469 

3.2. Catalysts performance 470 

With the aim of evaluating the influence the active phase has on the catalytic 471 

performance and stability of the different prepared catalysts, the evolution of oxygenate 472 
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conversion (Figure 5) and product yields (Figure 6) with time on stream was studied. 473 

Accordingly, the following reactions have been considered: 474 

Oxygenate steam reforming:  475 

CnHmOk  + (n – k)H2O → nCO + (n + m/2 - k)H
2
  (10) 476 

Water Gas Shift (WGS): 477 

CO + H2O ↔ CO2 + H2   (11) 478 

Oxygenate cracking (secondary reaction): 479 

CnHmOk → oxygenates + hydrocarbons + CH4+ CO + CO2 + C  (12) 480 

Methane (and hydrocarbons) steam reforming: 481 

CH4 + H2O ↔ CO + 3H2  (13) 482 
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Figure 5. Effect of the active phase used for preparing Al2O3-supported catalysts 484 

on the evolution of oxygenate conversion with time on stream.  485 
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As observed in Figure 5, similar oxygenate conversion values were obtained at zero 486 

time on stream for Ni/Al2O3 catalysts (98.4 %) and both bimetallic Ni-Co/Al2O3 487 

catalysts with different loading ratios (99.0 and 98.7 % for 7.5Ni-2.5Co/Al2O3 and 5Ni-488 

5Co/Al2O3, respectively), which is evidence of the efficiency of these catalysts to 489 

reform the volatiles from the biomass pyrolysis. Nevertheless, a significant lower 490 

conversion was attained at the beginning of the experimental run when the Co/Al2O3 491 

catalyst was tested (64.1 %), which is presumably a consequence of the oxidation state 492 

of the metallic phase, since the oxidizing nature of steam favours the conversion of Co0 493 

to cobalt oxide. As aforementioned, prior to feeding the biomass, the fluidizing agent 494 

was changed from N2 to steam, which was maintained the time required to ensure 495 

adequate fluidization regime. Thus, changes in the oxidation state of the active catalytic 496 

phase may have been induced by the presence of steam. This hypothesis was also 497 

supported by Bayram et al. [92], who analyzed the state of cobalt species during the 498 

steam reforming of ethanol on a Co/CeO2 catalyst, wherein they observed that metallic 499 

Co was partially oxidized to CoO during the steam reforming of ethanol on the 500 

reduction-pretreated catalyst. Similarly, Giehr et al. [93] carried out a thermodynamic 501 

study of the oxidation state of the active metals in Co/γ‐Al2O3 and Ni/γ‐Al2O3 catalysts 502 

under dry and steam reforming conditions, and they concluded that Ni oxidation by 503 

water under reforming conditions cannot occur spontaneously, but cobalt is more easily 504 

oxidized. With the aim of corroborating the oxidizing nature of steam and its effect on 505 

cobalt catalyst oxidation state, a steam flow was passed through the catalyst bed under 506 

reaction conditions, i.e., 600 ºC for 5 min, which was approximately the time required 507 

to attain a stable fluidization regime in both reactors prior to feeding the biomass. This 508 

sample was also analyzed by XRD technique, and the results are presented in Figure 4, 509 

in which the catalyst has been named as 10Co/Al2O3 (2). In this profile, new diffraction 510 
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lines came out at 2θ = 37º, 42º, 61º, 74º and 77º, corresponding to the planes of (1 1 1), 511 

(2 0 0), (2 2 0), (3 1 1) and (2 2 2) of the fcc crystal structure of CoO [94]. Besides, the 512 

reflection peaks associated with Co0 (which were observed in the sample reduced at 710 513 

ºC) do not appear in this pattern, which is evidence of the oxidizing effect of steam on 514 

the Co/Al2O3 catalyst. Moreover, the absence of oxidized species (CoO and/or Co3O4) 515 

in the reduced sample shown in Figure 4 revealed the unfeasibility that this catalyst was 516 

oxidized by air before conducting the XRD analysis.  517 

Moreover, significant differences are observed in the evolution of conversion with time 518 

on stream in the prepared catalysts. The Ni/Al2O3 catalyst had a better performance than 519 

both bimetallic Ni-Co based catalysts, with a stable activity for the first 30 min on 520 

stream and conversion decreasing to 73.9% subsequent to 103 min on stream. Similarly, 521 

7.5Ni-2.5Co/Al2O3 and 5Ni-5Co/Al2O3 catalysts also revealed this stable activity period 522 

on the first 30 minutes (due to the high space time used in the runs), with a faster 523 

deactivation rate as the Ni/Co loading ratio was decreased (conversion values decreased 524 

from 99.0 to 66.2% after 102 min on stream and from 98.7 to 65.9 % after 87 min on 525 

stream for 7.5Ni-2.5Co/Al2O3 and 5Ni-5Co/Al2O3 catalysts, respectively). This fast 526 

decrease in oxygenate conversion is presumably a consequence of the significantly 527 

lower metal dispersion of both bimetallic catalysts compared to the monometallic 528 

catalysts (see Table 3). Thus, it is well established that large metal particles, i.e., 529 

catalysts with low metal dispersion, are known to promote coke formation, leading to 530 

the deactivation of the catalyst. In these runs, full conversion was observed for the first 531 

30 min because there was catalyst excess. Besides, operation by continuously feeding 532 

the biomass needed certain time to attain steady state conditions (which is of the same 533 

order as catalyst deactivation), thereby requiring slightly higher space times to obtain 534 

reproducible results and analyze catalysts’ activity. Thus, loss of activity was observed 535 
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after several minutes on stream. Besides, in order to analyze catalyst activity, the 536 

turnover frequency (TOF) has been determined for Ni/Al2O3 and both bimetallic 537 

catalysts according to Eq. (9). This reaction index has been calculated at 45 min on 538 

stream, as conversion values are below 100% at this time and coke deposition is 539 

expected to have little influence on the catalyst deactivation. The TOF corresponding to 540 

Co/Al2O3 catalysts was not determined because there were no Co0 active sites during the 541 

reforming reaction. Thus, the TOF values decreased according to the following order: 542 

7.5Ni2.5Co/Al2O3 (24.6 min-1) > 5Ni5Co/Al2O3 (24.4 min-1) > 10Ni/Al2O3 (10.4 min-1). 543 

According to these results, bimetallic catalysts have higher activity than the Ni/Al2O3 544 

catalyst, and their faster deactivation will therefore be analysed in Sections 3.3 and 3.4.  545 

In the case of Co/Al2O3 catalyst, oxygenate conversion peaks at 21 min on stream (79.8 546 

%), which is a consequence of the reducing atmosphere in the reforming step leading to 547 

a reduction of cobalt species that were partially oxidized prior to feeding the biomass. 548 

Thus, this reduction provided the catalyst with more metallic active sites, which 549 

enhanced the capability for reforming the bio-oil oxygenate compounds derived from 550 

biomass pyrolysis. Subsequently, conversion sharply decreased to 45.8 % after 37 min 551 

on stream due to the strong reaction conditions, i.e., the Co/Al2O3 catalyst was exposed 552 

to high partial pressures of non-converted oxygenate compounds.  553 

Figure 6 shows the evolution of the individual product yields with time on stream in the 554 

reforming step for all the catalysts prepared, i.e., H2 yield calculated based on the 555 

maximum allowable by stoichiometry, Eq. (6), and the gaseous compound yields, Eq. 556 

(5). For a better visualization of the results, each one of these graphs has been divided 557 

into two parts, with the yields of hydrocarbons and methane being displayed in the 558 

lower part of each pair due to their low yield. 559 
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As observed, similar trends are observed for Ni/Al2O3 (Figure 6a) and Ni-Co/Al2O3 560 

catalysts (Figures 6b and 6c for 7.5Ni-2.5Co/Al2O3 and 5Ni-5Co/Al2O3 catalysts, 561 

respectively) with a decrease in H2 and CO2 yields as time on stream was increased, 562 

which is evidence of the lower extension of reforming and water-gas shift reactions 563 

when the catalyst was deactivated. The H2 yield on the Ni/Al2O3 catalyst showed an 564 

initial stable period for the first 40 min on stream (93.8 %), and then decreased to 62.6% 565 

after 103 min on stream. In the case of bimetallic catalysts, a decrease in H2 yield is 566 

observed from the beginning of the reaction, from 92.3 to 50.9 % for 102 min on stream 567 

and from 91.0 to 49.3 % for 87 min on stream for 7.5Ni-2.5Co/Al2O3 and 5Ni-568 

5Co/Al2O3 catalysts, respectively. Thus, the poor metal dispersion attained in both 569 

bimetallic catalysts led to a faster decrease in H2 yield as reaction proceeded. 570 

Conversely, the Co/Al2O3 catalyst showed a low H2 yield at zero time on stream (20.7 571 

%), it then increased to 55 % at 21 min on stream, and finally dropped sharply to 18.0 % 572 

after 37 min on stream. The rise in H2 yield with time on stream revealed the promotion 573 

of water gas shift and reforming reactions, which is due, as explained before, to the 574 

reduction of partially oxidized cobalt species in the catalyst leading to a higher amount 575 

of metal active sites available for these reactions. 576 

It should be noted that these H2 yields at zero time on stream for the different catalysts 577 

correspond to H2 productions ranging from 9.8 to 10.2 wt. % by mass unit of biomass 578 

fed into the pyrolysis step (Eq. (8)). Accordingly, H2 production on these catalysts 579 

decreases as follows: Ni/Al2O3 (10.17 wt. %) > 7.5Ni-2.5Co/Al2O3 (9.94 wt. %) > 5Ni-580 

5Co/Al2O3 (9.82 wt. %) >> Co/Al2O3 (2.3 wt. %). These results (with the exception of 581 

the one for Co/Al2O3 catalyst) are of the same order as those obtained in previous 582 

studies under similar reaction conditions, wherein a commercial catalyst (G90LDP) [95] 583 

and several Ni based catalysts prepared using different supports [48], promoters [49,50] 584 
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and calcination temperatures [79] were evaluated. Therefore, these results are evidence 585 

of the overall efficiency of the two-step pyrolysis reforming process. Other authors 586 

reported similar H2 productions for cobalt active phase when they used it in 587 

monometallic and bimetallic catalysts. Thus, Li et al. [44] studied different Co based 588 

catalysts supported on Al2O3, ZrO2, SiO2, MgO, TiO2 and BaAl12O19 (BA) in the steam 589 

reforming of the tar from the pyrolysis of wood biomass. The highest catalytic activity 590 

was obtained when Co/BA was used, which they attributed to the high dispersion 591 

attained on this strongly basic support. Moreover, the highest H2 production was 592 

obtained on Co/BA catalyst (8.5 wt. %), followed by Co/Al2O3 catalyst (8.0 wt. %). 593 

Similarly, Zhang et al. [96] investigated the catalytic reforming of the volatile stream 594 

from biomass pyrolysis on Ni-Co/γ-Al2O3, Ni/γ-Al2O3, and Co/γ-Al2O3 catalysts, 595 

obtaining the highest H2 production on the Ni-Co/γ-Al2O3 catalyst (12.1 wt. %) at a 596 

reforming temperature of 825 ºC. Regarding Ni supported on Al2O3 support, several 597 

authors have reported H2 productions within the mentioned range of values when they 598 

carried out biomass pyrolysis and in-line steam reforming. Thus, Xiao et al. [97] carried 599 

out a parametric study in a two-stage fluidized bed/fixed bed, and they obtained the 600 

highest H2 production (7.2 wt. % on a dry and ash free basis) when they used wood 601 

chips as biomass raw material and Ni/Al2O3 as reforming catalyst. Similarly, Cao et al. 602 

[98] analyzed the pyrolysis of sewage sludge and in-line steam reforming, wherein they 603 

obtained a maximum H2 production of 11.6 wt. % (on an ash free basis). 604 

The results displayed in Figure 6 for all the catalysts tested are evidence of the increase 605 

in catalyst deactivation rate with time on stream, which involves an autocatalytic effect 606 

indicating that the main coke precursors are the non-converted oxygenates, since their 607 

concentration in the reaction medium was high, and therefore led to fast catalyst 608 

deactivation.  609 
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Concerning CO yield, it remained almost constant for all the catalysts tested (slightly 610 

higher in the case of Ni/Al2O3 and both Ni-Co bimetallic catalysts), as it is a 611 

consequence of a balance between the attenuation of reforming (Eqs. (10) and (13)) and 612 

WGS reactions (Eq.(11)), and its formation by cracking reactions (Eq. (12)). 613 

Furthermore, when a higher amount of Co was loaded in the synthesis, CO yield 614 

increased, even at zero time on stream, whereas H2 and CO2 yields decreased, which 615 

reveals the lower performance of cobalt as metal active site in the WGS reaction 616 

compared to nickel. Furthermore, the addition of Co to Ni/Al2O3 catalyst contributes to 617 

this decrease due to the lower active phase dispersion (Table 3).  618 
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Figure 6. Evolution of the individual product yields with time on stream in the 621 

reforming step. a) 10Ni/Al2O3, b) 7.5Ni-2.5Co/Al2O3, c) 5Ni-5Co/Al2O3, and d) 622 

10Co/Al2O3 catalysts. 623 

Furthermore, CH4 and light hydrocarbon yields increased with time on stream when 624 

Ni/Al2O3 and the two Ni-Co/Al2O3 catalysts were used, with this increase being more 625 

pronounced in the case of the bimetallic catalysts. This is explained by cracking 626 

reactions occurring in the process, although to a low extent, since their yields were 627 

lower than 2 % even when the catalysts were deactivated and reforming reactions were 628 

attenuated. Nevertheless, CH4 and light hydrocarbon yields for Co/Al2O3 catalyst were 629 

significantly higher at zero time on stream (6.9 % and 4.6 %, respectively) due to the 630 

reduction of metal active sites by the oxidation of cobalt species with steam prior to the 631 

reforming reaction, which hindered reforming and WGS reactions at the expense of 632 

promoting cracking ones. As reforming proceeded, reduction of cobalt sites took place 633 

and a decrease in CH4 and HCs yields was observed. However, the concentration of 634 

non-converted oxygenated compounds in the reaction medium was noticeable, and 635 

therefore fast catalyst deactivation rate was observed after 40 min on stream, which is 636 

evidence of the role played by these oxygenated compounds as main coke precursors.  637 
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3.3. Deterioration of catalysts properties 638 

The viability of a large-scale catalytic process depends on the design of suitable 639 

catalysts, with the greatest challenge being the prevention and attenuation of catalyst 640 

degradation. Accordingly, the understanding of the different mechanisms of catalyst 641 

activity decay is essential in order to achieve this target. Thus, catalyst deactivation can 642 

be a consequence of mechanical, chemical and/or thermal degradation [99]. A detailed 643 

characterization of the deactivated catalysts was carried out in order to both ascertain 644 

the origin of the deactivation and delve into the understanding of the relationship 645 

between the catalysts features and their performance. Thus, the deterioration of catalysts 646 

properties is approached in this section. It should be pointed out that a detailed analysis 647 

aimed at ascertaining whether sulfur poisoning is a possible cause of catalyst 648 

deactivation has not been conducted, and therefore catalyst deactivation by sulfur 649 

compounds cannot be discarded. As observed in Table 1, several impurities and organic 650 

sulphur compounds may be in the feed, particularly in the biomass ashes. These 651 

compounds remained in the char produced in the first pyrolysis step, which was 652 

continuously removed. Thus, this two-step reactor configuration has the advantage of 653 

avoiding the direct contact of the reforming catalyst with the biomass and its impurities, 654 

since they were retained in the pyrolysis reactor. However, a very low concentration of 655 

sulfur compounds in the gaseous stream (5-25 ppm) could affect the catalyst 656 

performance during steam reforming reaction [100], and therefore a more detailed 657 

analysis of the spent catalyst should be carried out in order to exclude sulfur poisoning 658 

as a deactivation mechanism. 659 

3.3.1. Mechanical properties 660 

In order to evaluate the possible catalyst attrition during the process, the deactivated 661 

samples were sieved in the range of the fresh catalyst particle size. The results obtained 662 
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revealed that all deactivated catalysts remained in the range of 0.4-0.8 mm, which 663 

evidenced that no particle attrition ocurred during the experimental runs. The results 664 

obtained by catalysts sieving confirmed a negligible amount of fines in the filter. 665 

Besides, the absence of particle attrition was verified based on the TPO analyses as 666 

follows: i) sieving of burnt catalyst particles revealed that particle size did not change 667 

(0.4-0.8 mm), and, ii) the difference in the bed mass before and after the pyrolysis-668 

reforming tests corresponds to the amount of coke determined by TPO analyses. 669 

As aforementioned, prior to the catalyst synthesis, the Al2O3 support was calcined at 670 

1000 ºC and subsequently fluidized for several hours in order to round the particles, 671 

thereby improving their mechanical strength and minimizing possible attrition problems 672 

during the reforming step. Besides, the short duration of the experimental runs hindered 673 

the possibility of large particle attrition. 674 

3.3.2. Textural properties 675 

The physical properties of the deactivated catalysts are set out in Table 4. In addition, in 676 

order to ease the comparison between the fresh and deactivated catalysts, the textural 677 

properties of the fresh ones are also displayed in Table 4. As observed, the BET surface 678 

area remained almost constant in all deactivated catalysts, which suggests that although 679 

catalysts pores may be partially blocked by coke deposition, they were all accessible, 680 

i.e., this partial blockage did not lead to a complete clogging of the catalyst pores. 681 

Moreover, pore volume and pore diameter decreased in all the deactivated catalysts, 682 

revealing blockage or partial obstruction of biggest pores by the coke deposited on their 683 

walls. This reduction in pore volume and pore diameter was more pronounced in the 684 

case of Ni/Al2O3 catalyst, i.e., from 0.39 to 0.29 cm3 g-1 and from 182 to 153 Å, 685 

respectively. However, similar results were obtained for all the catalysts, revealing that 686 
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the content of the metal active phase has no significant influence on the mentioned 687 

properties. 688 

Table 4. Textural properties and metal crystallite sizes of the fresh and deactivated 689 

catalysts. 690 

Catalysts 
SBET Vpore dpore dM

a dM
b 

(m2 g-1) (cm3 g-1) (Å) (nm) (nm) 

 
fresh/deact. fresh/deact. fresh/deact. fresh/deact. deact. 

10Ni/Al2O3 76/75 0.39/0.29 182/153 10/13 13 

7.5Ni-2.5Co/Al2O3 79/79 0.33/0.29 164/150 24/24 23 

5Ni-5Co/Al2O3 78/76 0.33/0.28 170/148 24/24 24 

10Co/Al2O3 75/75 0.33/0.29 177/149 13/n.d. 21 

a Calculated from the full width at half height of the diffraction peak of Ni0 (2 0 0) and 691 

Co0 (2 0 0) at 2θ = 52° in the XRD, using the Scherrer equation. 692 

b Metal crystallite size (dM, nm) determined from TEM images.  693 

3.3.3. Metallic properties  694 

The changes in the metallic structure after the pyrolysis-reforming reaction may be 695 

assessed by comparing the X-ray diffraction (XRD) patterns of the deactivated catalysts 696 

shown in Figure 7 with those corresponding to the fresh and reduced catalysts shown 697 

above in Figures 3 and 4, respectively.  698 

In the case of Ni/Al2O3 catalyst, the diffraction lines at 2θ = 44º, 52º and 76º are 699 

attributed to crystalline phases of Ni0 corresponding to planes (1 1 1), (2 0 0) and (2 2 700 

0), respectively [86]. Regarding bimetallic Ni-Co/Al2O3 catalysts, these diffraction lines 701 

are indistinctly ascribed to Ni0 and Co0, since, as mentioned before, both species have 702 

similar diffraction angles, and so their separate identification is not possible. It is to note 703 

that no significant differences are observed when the reduced and deactivated XRD 704 

profiles of Ni/Al2O3 and Ni-Co/Al2O3 catalysts are compared. Besides, no reflections 705 
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ascribed to NiO, Co3O4 or CoO are observed, which reveals that their deactivation is not 706 

related to the active phase oxidation. 707 
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Figure 7. XRD patterns of the deactivated catalysts. Crystalline phases: () Al2O3, 709 

() Ni0, () Co0 () Co3O4, and () CoO.  710 

However, a comparison of the reduced and deactivated XRD patterns for Co/Al2O3 711 

catalyst reveals significant changes in their crystalline structure. As observed, a new 712 

diffraction line corresponding to CoO (1 1 1) phase at 2θ = 42° is observed [91], 713 

indicating the oxidation of Co0 active phase under reaction conditions. Moreover, 714 

reflections ascribed to Co3O4 phases appear at 2θ = 19º, 31º, 37º, 45º, 55º, 59º, and 65º, 715 

whereas no diffraction peaks attributed to metallic Co0 phase are observed. The 716 

coincidence of Co3O4 and CoAl2O4 reflection peaks hinders their separate identification. 717 

Moreover, the re-oxidation of cobalt metal crystallites on Co/Al2O3 catalyst, which is 718 
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evident in the XRD spectrum, explains the fast decrease in oxygenate conversion 719 

(Figure 5). Besides, as shown before in Figure 4, the steam required in the reforming 720 

step caused the oxidation of metallic Co0 sites, leading to their decrease, and therefore 721 

causing the deactivation of this catalyst. Moreover, several authors have analyzed the 722 

chemical state of cobalt in Co-based catalysts during the steam reforming reactions by 723 

means of several in-situ and operando techniques. Thus, although the oxidation state of 724 

Co depends on several factors, such as catalyst structure, particle size, support material 725 

and composition of the gas phase in the reaction environment [101], conversion of 726 

metallic Co0 to CoO under steam reforming conditions has been reported. Thus, this 727 

occurs by oxidation of Co0 with the oxygen derived from the dissociative adsorption of 728 

the water in the reaction mixture [92,102].  729 

Moreover, oxidation of Co0 crystallites had not occurred in bimetallic catalysts, which 730 

reveals the positive influence of Ni0 to hinder the transition of Co0 to inactive cobalt 731 

oxide phases through the formation of Ni-Co alloy. 732 

In order to determine the irreversible deactivation by metal sintering, the crystallite size 733 

of the deactivated catalysts was determined by the Scherrer equation applied to the 734 

diffraction peak at 2θ = 52°. Thus, a comparison of the results obtained for the fresh and 735 

deactivated catalysts shows that the Ni crystallite size for Ni/Al2O3 increased from 10 to 736 

13 nm, and therefore metal sintering may influence the catalyst performance during the 737 

reaction. In the case of both bimetallic catalysts, although Ni0 and Co0 crystallite sizes 738 

cannot be distinguished in the XRD profiles due to the coincidence of their diffraction 739 

peaks, the results reveal that no metal sintering had occurred in these catalysts because 740 

similar crystallite sizes were obtained (see Table 4). Besides, based on the XRD results, 741 

the determination of the crystallite size in Co/Al2O3 catalysts was not possible due to 742 

the absence of metallic Co0, which reveals that this catalyst had not undergone 743 
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deactivation by metal sintering, but only by the loss of catalytic active phase by 744 

oxidation. 745 

3.4. Coke deposition 746 

Once particle failure, sintering and oxidation of the active phase had been analyzed as 747 

possible causes of catalyst activity decay, the coke deposited on the deactivated 748 

catalysts was characterized by means of different analytical techniques to determine its 749 

content, nature and location. 750 

3.4.1. Temperature programmed oxidation (TPO) 751 

The amount of coke deposited on each deactivated catalyst was analyzed by temperature 752 

programmed oxidation (TPO), Table 5, and the profiles are displayed in Figure 8. The 753 

extent of coke deposition was expressed as wt. % and, given the differences in the 754 

stability of the catalysts, the average coke deposition rate per biomass mass unit fed was 755 

assessed by considering the different times on stream of the catalysts (see Figures 5 and 756 

6) based on Eq. (3). As observed in Table 5, the active phase selected significantly 757 

influenced the total amount of coke deposited during pyrolysis-reforming reactions. 758 

Thus, the Ni/Al2O3 catalyst had the lowest coke content (2.84 wt. %) and this catalyst is 759 

the one in which the average coke deposition rate was lowest (0.37 mgcoke gcat
−1 760 

gbiomass
−1). This is consistent with the lower deactivation rate observed in Figures 5 and 6 761 

when the evolution of conversion and product yields with time on stream was 762 

monitored. In the case of bimetallic Ni-Co based catalysts, the amount of coke 763 

deposited on these catalysts was considerable higher (9.41 and 9.24 wt. % for 7.5 Ni-764 

2.5Co/Al2O3 and 5 Ni-5Co/Al2O3, respectively), which suggests that Co0 active phase is 765 

more prone to coke deposition than Ni0. It should be noted that, as Ni/Co ratio was 766 

reduced in the bimetallic catalysts, the average coke deposition rate increased 767 
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considerably, which evidences the correlation between the amount of Co loaded and the 768 

coke deposited on these catalysts. The higher particle size observed in the bimetallic 769 

catalysts compared to Ni/Al2O3 catalyst also influences the higher coke formation rate 770 

on Ni-Co/Al2O3 catalysts. 771 

Besides, Co/Al2O3 catalysts had a high amount of coke deposited, with their average 772 

coke deposition rates being the highest (8.85 wt. % and 3.18 mgcoke gcat
−1 gbiomass

−1, 773 

respectively). This is explained by the loss of Co0 active sites by oxidation during the 774 

reforming reaction, which leads to a lower capability for converting oxygenate 775 

compounds derived from biomass pyrolysis, and therefore to more severe coke 776 

formation. 777 

Table 5. Values of coke content on the deactivated catalysts (CC) and of average 778 

coke deposition rate per biomass mass unit fed (rC). 779 

Catalyst 
Cc Time on stream Biomass feed rc 

(wt. %) (min) (g) (mgcoke gcat
-1 gbiomass

-1)  

10 Ni/Al2O3 2.84 103.0 77.0 0.37 

7.5 Ni-2.5Co/Al2O3 9.41 101.9 76.4 1.23 

5 Ni-5Co/Al2O3 9.24 87.4 65.5 1.41 

10 Co/Al2O3 8.85 37.2 27.9 3.18 

Nevertheless, other authors have reported a positive influence of adding cobalt to nickel 780 

catalysts by reducing coke formation during reforming reactions [41]. Thus, Wang et al. 781 

[47] evaluated different Ni–Co/Al2O3 catalysts and observed that the performance of 782 

bimetallic catalysts with the optimum composition was much better than the 783 

corresponding monometallic Ni and Co catalysts in terms of catalytic activity, 784 

resistance to coke formation and catalyst life in the steam reforming of biomass tar.  785 

Figure 8 shows the TPO profiles of the deactivated catalysts. Based on the temperatures 786 

of the combustion peaks in these profiles, several authors have classified the coke 787 
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deposited according to two main features: nature and location. Accordingly, depending 788 

on the combustion temperature, three main regions can be distinguished [22,103,104]: i) 789 

low temperatures corresponding to amorphous coke (hydrogenated composition) or that 790 

deposited on metal particles), ii) moderate temperatures corresponding to a more 791 

oxygenated coke or that deposited on the metal-promoter and/or metal-support 792 

interface, and iii) high temperatures corresponding to a more accessible coke within the 793 

catalyst porous structure or that deposited on the support.  794 

0 200 400 600 800

 

  

10Ni/Al2O3

7.5Ni-2.5Co/Al2O3

5Ni-5Co/Al2O3

10Co/Al2O3

480 ºC 600 ºC

 

D
T

G
 S

ig
n

a
l 

(a
.u

.)

470 ºC

600 ºC

450 ºC

600 ºC

  

430 ºC

  

Temperature (°C)

 795 

Figure 8. TPO profiles of the deactivated catalysts. 796 

As observed in Figure 8, two main peaks are distinguished in the Ni/Al2O3 profile, with 797 

the first combustion peak appearing at 480 °C, ascribed to amorphous coke, and the 798 

second one at 600 °C, related to a more structured coke. In the case of Ni-Co/Al2O3 799 

catalysts, both peaks are observed, with the one located at lower temperature being 800 
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more pronounced, which is evidence that the incorporation of Co active phase hindered 801 

the evolution of the coke towards a more condensed material. Moreover, as the amount 802 

of Co was increased in the catalysts, a slight reduction was observed in the first peak 803 

corresponding to the low combustion temperature.  804 

In the case of Co/Al2O3 catalyst, one main peak located at low temperature was 805 

observed (430 ºC), which is ascribed to amorphous coke. This coke fraction covered the 806 

remaining metal particles, which had not been oxidized by the steam in the reaction 807 

medium, hindering the access of reactants to the active sites, and is therefore the main 808 

responsible for catalyst deactivation [49]. Accordingly, the deactivation of the Co/Al2O3 809 

catalyst is not a consequence of a single mechanism, but the combination of multiple 810 

factors (metal oxidation and coke deposition), which led to catalyst degradation. Thus, 811 

both metal oxidation and coke deposition have a synergistic effect on the catalyst 812 

deactivation. 813 

3.4.2. Scanning electron microscopy (SEM) 814 

Figure 9 shows the SEM images of all the deactivated catalysts. These images did not 815 

reveal any specific morphology of the coke formed, with no filamentous carbon being 816 

observed in any of the deactivated samples. Thus, although the coke evolved to more 817 

condensed structures, it was mainly amorphous, as previously discussed in the TPO 818 

profiles.  819 

Moreover, the coke deposited on Ni/Al2O3 (Figure 9a) was non-uniformly distributed 820 

(zones of preferable deposition), whereas a more homogeneous coke was deposited on 821 

the surface of both bimetallic Ni-Co catalysts (Figures 9b and 9c corresponding to 822 

7.5Ni-2.5Co/Al2O3 and 5Ni-5Co/Al2O3, respectively), with a thin layer covering the 823 

catalyst surface. It is to note that Ni0 and Co0 species (white spots) cannot be 824 
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distinguished from each other due to their similar atomic number, and they appeared in 825 

these images slightly faded because of the thin layer of the coke deposited on the 826 

catalysts. However, the presence of metallic active sites is clearly evident in the images 827 

corresponding to Ni/Al2O3 and bimetallic catalysts.  828 

Nevertheless, a lower amount of Co0 particles is observed on Co/Al2O3 catalyst (Figure 829 

9d), whereas cobalt oxide phases are evident (dark spots). Besides, a higher amount of 830 

amorphous coke covering cobalt particles is observed.  831 

Other literature results deal with the formation of filamentous coke in reforming 832 

reactions, especially in the reforming of bio-oil model compounds, such as ethanol 833 

[105] and glycerol [71] and, especially, in the reforming of hydrocarbons [65,106]. 834 

However, previous studies of biomass pyrolysis and in-line reforming confirm the lack 835 

of this filamentous coke in the mentioned process [95], which is presumably related to 836 

the high steam/oxygenate ratio used. Besides, Nabgan et al. [107] evaluated the 837 

performance of Ni/La2O3, Ni–Co/La2O3, and Co/La2O3 catalysts in the steam reforming 838 

of acetic acid, and they observed by SEM images that the coke on the deactivated 839 

catalysts does not have any specific morphology, although their images suggested that 840 

the carbon formed was partially crystalline, with small crystallite sizes. 841 
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 842 

Figure 9. SEM images of deactivated catalysts: a) 10Ni/Al2O3, b) 7.5Ni-843 

2.5Co/Al2O3, c) 5Ni-5Co/Al2O3, and d) 10Co/Al2O3 catalysts.  844 

3.4.3. Transmission electron microscopy (TEM) 845 

Figure 10 shows the TEM (transmission electron microscopy) images of all deactivated 846 

catalysts. The dark areas correspond to Ni and/or Co particles, whereas the elongated 847 

grey shapes are related to the Al2O3 support. Besides, the coke deposited on all the 848 

catalysts (blurred spots) has no structured morphology, i.e., filamentous coke was not 849 

observed, corroborating the amorphous nature previously shown by SEM images. 850 
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 851 

Figure 10. TEM images of deactivated catalysts: a) 10Ni/Al2O3, b) 7.5Ni-852 

2.5Co/Al2O3, c) 5Ni-5Co/Al2O3, and d) 10Co/Al2O3 catalysts.  853 

Regarding Ni/Al2O3 (Figure 10a) and Ni-Co/Al2O3 catalysts (Figures 10b-c), metal 854 

particle sizes are in close agreement with those determined by XRD technique.  855 

In the case of Co/Al2O3 catalyst (Figure 10d), the following features are worth 856 

mentioning: i) lower amount of metal active phase (dark spots) compared to Ni/Al2O3 857 

and bimetallic catalysts, ii) bigger particles (slightly darker grey areas), which 858 

presumably corresponded to cobalt oxides (CoO and/or Co3O4) detected also by XRD 859 

(Figure 7), and iii) a high amount of amorphous coke covering both the catalyst surface 860 
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and metal particles, which is consistent with the previous results obtained by TPO 861 

analysis (Table 5 and Figure 8). 862 

4. Conclusions 863 

The strategy of biomass pyrolysis and in-line steam reforming in a two-step reactor 864 

configuration (CSBR-FBR) performs well for H2 production. In fact, H2 productions 865 

above 10 wt.% are obtained. Moreover, the metal selected as active phase greatly 866 

conditions the activity and stability during the process.  867 

The Ni/Al2O3 catalyst is the one of best performance, with oxygenate conversion being 868 

73.9 % and H2 yield 62.6% after 103 min on stream. However, the interaction of Ni 869 

with Co forming a Ni-Co alloy plays a key role in the performance of bimetallic 870 

catalysts, since the oxidation of Co0 crystallites is avoided, and therefore the formation 871 

of inactive cobalt oxide phases does not occur. 872 

The stability of the bimetallic Ni-Co/Al2O3 catalysts is lower as Ni/Co loading is 873 

decreased, which is evidence of a better performance of Ni0 active phase for promoting 874 

WGS and reforming reactions. Thus, the lower oxygenate conversion observed on these 875 

bimetallic catalysts for the first 50 minutes on stream is related to the poor metal 876 

dispersion obtained when Ni and Co are simultaneously used as active phases. Although 877 

the bimetallic catalysts have higher TOF than Ni/Al2O3 catalysts at 45 min on stream, 878 

the large crystallite sizes obtained when Ni and Co are simultaneously used as active 879 

phases, and therefore the poor metal dispersion of these bimetallic catalysts, promoted 880 

higher coke deposition. 881 

Hence, the fast deactivation observed in these catalysts is due to coke deposition, with 882 

the non-converted oxygenate compounds being the main coke precursors, but no metal 883 

sintering phenomenon is observed. Thus, the average coke deposition rate per biomass 884 
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mass unit fed considerably increases when Co0 is incorporated into the Ni/Al2O3 885 

catalyst, revealing a correlation between the amounts of Co loaded on the catalyst and 886 

the coke formation rate. 887 

The poor performance of Co/Al2O3 catalyst at zero time on stream is attributed to the 888 

oxidizing nature of steam, which favors the conversion of Co0 into inactive CoO phase. 889 

As reaction proceeds, oxygenate conversion increases due to the reducing atmosphere in 890 

the reforming reactor, but this catalyst is severely deactivated once 37 min operation has 891 

elapsed. The main cause of Co/Al2O3 catalyst deactivation is the loss of active phase by 892 

oxidation of Co0 with steam, which leads to the highest average coke deposition rate per 893 

biomass mass unit fed (3.18 mgcoke gcat
−1 gbiomass

−1). 894 

The coke deposited in all deactivated catalysts has an amorphous nature, with no 895 

filaments formed in any of the deactivated samples. The TPO profiles reveal that, 896 

although the presence of Co0 in Ni-Co/Al2O3 catalysts attenuates the evolution of coke 897 

to more graphitic structures, higher average coke deposition rates are attained, which 898 

leads to faster catalyst deactivation. 899 
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