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1 Catalytic steam reforming of biomass fast pyrolysis volatiles over Ni-

2 Co bimetallic catalysts
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17 8  Abstract

20 9  The influence of the metal selected as catalytic active phase in the two-step biomass
22 10  pyrolysis-catalytic reforming strategy has been analyzed. The pyrolysis step was carried
o5 11 out in a conical spouted bed reactor at 500 °C, whereas steam reforming was performed

27 12 in a fluidized bed reactor at 600 °C. Ni/Al,O3, Co/Al,O3 and two bimetallic Ni-

gg 13 Co/AlyOz3 catalysts with different metal loadings were synthesized by wet impregnation
31
32 14 method, and fresh and deactivated catalysts were characterized by N2
33

34 15  adsorption/desorption, X-ray Fluorescence (XRF), Temperature Programmed Reduction
37 16  (TPR), X-Ray powder Diffraction (XRD), Temperature Programmed Oxidation (TPO),
39 17 Scanning Electron Microscopy (SEM) and Transmission Electron Microscopy (TEM).
42 18  Although Ni/Al;O3 and both bimetallic catalysts had similar initial activity in terms of
44 19  {oxygenate conversion, (higher than 98%), the poorer metal dispersion observed in both
20 bimetallic catalysts led to a fast decrease in conversion due to the promotion of coke
49 21 formation on large particles. This occurred even though Ni-Co alloy formation has a
o1 22 positive influence by hindering the oxidation of Co° species. The main cause for the
54 23 deactivation of these catalysts is the formation of a coke with amorphous structure. The
56 24  poor initial performance of Co/Al>Os catalyst is related to changes in the Ca® oxidation

59 25  state induced by the presence of steam, which led to a fast deactivation of this catalyst.
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1. Introduction

The growing energy demand and the increasing awareness of the dependence on fossil
fuels are promoting the use of alternative routes for the production of clean energy from
sustainable fuels and raw materials. Currently, almost 80 % of the global primary
energy demand is supplied by crude oil, natural gas and coal [1]. Thus, the development
of technologies for H, production can help to reduce CO; emissions, and therefore

alleviate the problems associated with global warming and climate change.

The renewable nature of the biomass raw material along with its abundance and CO-
neutral contribution are promoting the investigation of this feedstock for the production
of hydrogen or synthesis gas [2-4], automotive fuels [5,6] and fine chemicals [7,8].
Consequently, the development of technological routes for obtaining H2 from biomass

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

Two major routes are worth mentioning for the conversion of biomass into Hz, namely,
thermochemical and biological processes [13]. The technologies for Hz production from
thermochemical processes, such as steam gasification and reforming of the bio-oil
obtained in the flash pyrolysis of biomass, are the most studied in the literature [14-17].
Thus, they are relatively easy to scale up to industrial units for the conversion of
biomass and bio-oil into valuable fuels and chemicals [18], which in turn bear
similarities with the already implemented systems in oil refineries. Furthermore, the in-
line steam reforming of the volatiles from biomass fast pyrolysis has been proven to be
a promising route for Hz production, since it has several advantages, as are: i) operation
under optimum conditions due to the integration of the two reactors in the same unit, ii)

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

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

development of these processes based on the reforming of biomass derived products.
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Over the last decades, the mechanisms and causes of catalyst activity decay have been
extensively analyzed in order to establish the bases for modeling deactivation processes,
improving catalyst design and preventing or slowing the degradation of the catalyst [22-
25]. The causes of catalyst deactivation can be ascribed to three main factors: i)
mechanical, (attrition/entrainment), ii) thermal, (sintering), and iii) chemical,
(poisoning, coking, phase changes) [26]. However, deactivation is not the consequence
of only one of the mentioned mechanisms, but usually their combination is responsible

for the catalyst degradation.

The design of a suitable reforming catalyst is of utmost importance for the performance
in terms of activity, selectivity and stability under reaction conditions [27-29].
Consequently, the selection of suitable catalytic materials is one of the most important
factors for catalyst synthesis. Accordingly, given that the active components are
responsible for the main chemical reaction, the metals selected as active phase should
promote reforming and WGS reactions in order to enhance Hx production in the
reforming step. Ni-based catalysts have been the most widely used in the literature for
CHas and naphtha reforming [30-32], as well as for the reforming of the oxygenated
compounds derived from biomass pyrolysis [33-36] due to their high activity in the
reforming reactions and moderate cost. Besides, other base transition metals, such as Co
or Fe and, especially, noble metals, such as Rh, Pt, Pd, Ir and Ru, have also been studied
in the literature [37-40], and they have even been added as secondary metals to prepare

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

Although great effort has been made in the literature regarding catalyst design for the
reforming of oxygenated compounds derived from biomass pyrolysis, most of these
studies have been conducted using model compounds instead of raw bio-oil or the

whole pyrolysis volatile stream [41-43]. Besides, the selection of cobalt as active phase
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and the influence its incorporation into Ni based catalysts has on the biomass pyrolysis-
reforming strategy has hardly been studied. Thus, Li et al. [44] studied different Co
based catalysts supported on Al203, ZrO2, SiO2, MgO, TiO2 and BaAl12019 (BA) in the
steam reforming of the tar from the pyrolysis of wood biomass. The highest catalytic
activity was obtained when Co/BA was used, which was attributed to the high

dispersion obtained on this strongly basic support.

The addition of various transition metals to form different alloys has been approached
by other authors in order to improve the overall activity of the catalysts. Accordingly,
the performance of Ni-Fe/Al>O3 catalysts in the steam reforming of the tar from the
pyrolysis of cedar wood was analyzed by Wang et al. [45], obtaining higher activity
than those corresponding to monometallic Ni and Fe catalysts. The alloy formed
between Ni and Fe improved the reaction involving the tar and hindered coke formation,
since oxygen atoms are supplied by Fe species. This research group also analyzed the
performance of Fe-Co/Al>Os, reporting a higher activity and stability of this catalyst
compared to Fe/Al,Os3 and Co/Al203 ones [46]. Similarly, these authors evaluated
different Ni—Co/Al>Os catalysts and observed that the performance of bimetallic
catalysts with the optimum composition was much better than monometallic Ni and Co
catalysts in terms of catalytic activity, resistance to coke formation and catalyst life in

the steam reforming of biomass tar [47].

In previous studies conducted by our research group, the influence different support
materials (Al20s, SiO2, MgO, TiO; and ZrOy) [48] and promoters (La203, CeO, and
MgO) [49,50] have on Ni-based catalysts was analyzed in the biomass pyrolysis and in-
line steam reforming. This study deals with the effect the active phase has on the
performance of the catalysts in an original unit made up of a conical spouted bed reactor

for the pyrolysis step and a fluidized bed reactor for the reforming of the volatiles
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formed in the first step. Accordingly, Ni/Al2Os, Co/Al,O3 and two bimetallic Ni-
Co/AlO3 catalysts with different Ni/Co loadings have been studied. The initial activity
of the prepared catalysts at zero time on stream was evaluated. Moreover, the evolution
of their performance throughout reaction time was monitored and a detailed
characterization of all these catalysts was carried out in order to analyze their

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

2. Experimental

2.1. Materials and catalyst synthesis

Pine wood (pinus insignis) is the biomass selected in this study, as it is one of the most
representative forest residues in Europe. In order to guarantee continuous feeding into
the reaction system, the biomass has been crushed and sieved to a particle size ranging

from 1 to 2 mm.

Table 1 summarizes the results obtained in previous studies for the ultimate and
proximate analyses [51,52] determined in a LECO CHNS-932 elemental analyzer and
in a thermogravimetric analyzer (TA Instrument TGA Q5000IR), respectively. The
chemical composition of the ashes has been quantified by X-ray Fluorescence (AXIOS,
PANalytical).The higher heating value (HHV) was measured in a Parr 1356 isoperibolic
bomb calorimeter. As observed in Table 1, the amount of N in the wood sawdust is
almost negligible, and therefore the empirical formula of the biomass is as follows:

CH1.4700.67.
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Table 1. Pine wood sawdust characterization.

Ultimate analysis (wt. %)

Carbon 49.33
Hydrogen 6.06
Nitrogen 0.04
Oxygen 44.57
Proximate analysis (wt. %0)
Volatile matter 73.4
Fixed carbon 16.7
Ash 0.5
Moisture 9.4
HHV (MJ kg?) 19.8
Chemical analysis of the ash (wt. %)
SiO2 8.84
Al,03 2.38
Fe2Ost 2.30
MnO 2.46
MgO 10.44
Cao 32.34
Na2O 1.93
K20 11.30
TiO: 0.11
P20s 2.55
SOs 3.59

Trace elements (ppm)

Ni 4249
Zn 1734
Cu 5146

The catalysts synthesized in this study were Ni/Al.O3, Co/Al>O3 and two bi-metallic Ni-
Co/Al;O3 catalysts with different metal loadings. Prior to catalyst synthesis, the y-Al2O3

support was adequately pre-treated in order to ensure suitable fluidization conditions in
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the reforming step [51]. Accordingly, the support was ground and sieved to a particle
size in the 0.4-0.8 mm range since this size was determined as the most suitable one for

use in fluidized bed reforming reactors [51]. The support was fluidized for several hours
in order to round the particles, thereby improving their mechanical strength and
minimizing possible attrition problems during the reforming step. Afterwards, the vy-
Al>03 support was calcined under air atmosphere at 1000 °C for 5 h to thermally

stabilize the support and improve its mechanical strength.

The monometallic Ni and Co based catalysts supported on Al,Oz were prepared by wet
impregnation using an aqueous solution of Ni(NO3).:6H.O (VWR Chemicals, 99 %)
and Co(NOs3),-6H20 (Panreac AppliChem, 98-102 %), respectively. Subsequently, the
samples were dried overnight at 100 °C followed by calcination at 700 °C for 3 h under
air atmosphere. The synthesis of the bimetallic catalysts was carried out by
impregnation of the aqueous solutions containing both salt precursors, with the amounts
of each one being those required to attain the desired final composition of the catalyst.
Accordingly, the nominal metal content in all the catalysts has been fixed at 10 wt. % of
the Al>Oz support, as this is the optimum value reported in the literature for Ni/Al2O3
catalysts [53]. The loadings of bimetallic catalysts were 7.5% Ni-2.5% Co and 5% Ni-
5% Co, given as wt. % of the Al>Os support. After impregnation, the samples were
dried overnight at 100 °C followed by calcination at 700 °C for 3 h under air

atmosphere.
2.2. Characterization of the fresh and deactivated catalyst

N> adsorption-desorption technique was carried out in a Micromeritics ASAP 2010
apparatus in order to determine the textural properties of the fresh and deactivated
catalysts (surface area, pore volume and average pore diameter). Prior to analysis, the

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

distribution was determined by BJH method.

The total metal loading (wt. %) of each catalyst was measured by means of X-ray
fluorescence (XRF) spectrometry. The chemical analysis was carried out under vacuum
atmosphere using a sequential wavelength dispersion X-ray fluorescence (WDXRF)
spectrometer (Axios 2005, PANalytical) equipped with a Rh tube, and three detectors

(gaseous flow, scintillation and Xe sealing).

The reduction temperature of the different metallic phases in the catalyst was analyzed
by Temperature Programmed Reduction (TPR) in a Micromeritics AutoChem 2920.
Prior to the reduction experiments, the catalysts were thermally treated under He stream
at 200 °C in order to remove water or any impurity. Then, a 10 vol. % of Ha/Ar stream
circulated through the sample, which was heated from room temperature to 900 °C

following a ramp of 5 °C min™.

The analysis of the crystalline structure of the calcined, reduced and deactivated
catalysts has been performed by X-ray powder diffraction (XRD) in a Bruker D8
Advance diffractometer with a CuKal radiation equipped with a Germanium primary
monochromator and Sol-X dispersive energy detector. Data were continuously
registered from 10° to 80° with steps of 0.04° in 26 and measurement times per step
every 12s. The metal crystallite size was calculated by using the Scherrer formula.
Metal dispersion was calculated from metal crystallite size according to the following
equation [54]:

My-g )
Py OM N “dy (nm)

D (%)= 100 1)
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where Mw is the atomic weight of the metal (g mol™), g a factor depending on particle
shape (g = 6 for spherical particles), pm the specific mass of the metal, om the atomic
surface area (0.0677 nm? at? for Ni particles and 0.0685 nm? at™ for Co particles,

[55,56]), Na Avodagro's number and dw the crystallite size calculated by XRD analysis.

Accordingly, the dispersion for monometallic Ni/Al.O3 and Co/Al,O3 catalysts can be
calculated as Am/dm (nm)-100, wherein Ani = 0.971 and Aco= 0.963. In the bimetallic

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

ANi Nl ACO : CO
Ni+Co) MNi+Cl ., @)
dyr(nm)

D (%)=

Furthermore, the amount of coke deposited on the deactivated catalysts was measured
by Temperature Programmed Oxidation (TPO) in a TA Instruments TGA Q5000
thermogravimetric (TG) apparatus, coupled in-line with a Balzers Instruments
Thermostar mass spectrometer (MS). This device allows recording the signals at 14, 18,
28 and 44 atomic numbers, corresponding to N2, H2O, CO and CO., respectively. The
coke content has been determined based on the CO. signal, since the H.O formed
during combustion and that corresponding to the moisture cannot be distinguished and,
furthermore, CO is immediately oxidized to CO: activated by the metallic function of
the catalyst. The procedure entails the stabilization of the signal with a N2 stream (50
mL min) at 100 °C and subsequent oxidation with air (50 mL mint), following a ramp
of 5°C min to 800 °C and keeping this temperature for 30 min to guarantee total coke

combustion.

Moreover, as the duration of the experimental runs was not the same, the average coke
deposition rate per biomass mass unit fed has been defined in order to compare the

amounts of coke deposited on the different catalysts, as follows:
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W catalyst Mbiomass

with Weatalyst and Weoke being the catalyst and coke masses, respectively, Mpiomass the

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

In addition, Scanning Electron Microscopy (SEM) and Transmission Electron
Microscopy (TEM) were carried out in order to determine the nature and location of the
coke deposited on the catalyst. Hence, SEM images were obtained in a JEOL JSM-6400
apparatus, with a W filament, and the nanometer level images of the catalysts were
obtained using a Transmission Electron Microscope (TEM) (Philips CM200) with a
supertwin lens fitted with an EDX microanalysis system (Energy-Dispersive X-ray

spectroscopy).
2.3.  Reaction equipment and experimental conditions

The scheme of the bench scale plant used in the experimental runs is shown in Figure 1.
The reaction system is provided with two reactors in-line: a conical spouted bed reactor
(CSBR) and a fluidized bed reactor (FBR). The biomass pyrolysis was carried out in the
first reactor, namely the CSBR, whose good performance in the pyrolysis of biomass
[58-60], tyres [61,62] and plastics [63,64] was reported in previous studies. The
volatiles leaving the first pyrolysis step (gases and bio-oil oxygenated compounds),
circulated towards the second reactor (FBR) to be catalytically reformed. In order to
avoid the condensation of the volatile stream and the reforming products, both reactors
and its respective radiant ovens are located inside a convection oven kept at 270 °C.
Moreover, the CSBR is provided with a lateral outlet pipe placed above the bed surface
for the removal of char particles from the bed (Figure 1). This two-step configuration
also demonstrated to operate well in previous pyrolysis-reforming studies, wherein a

detailed description of the reactors can be found [48,65,66].
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The reaction equipment is provided with different devices, which allow continuous
feeding of biomass, water and gases (N2, air, Hz). The solid feeding system is made up
of a cylindrical vessel equipped with a vertical shaft connected to a piston placed below
the material bed. As the piston raises, the biomass falls onto the bed in the reactor
through a tube cooled with tap water. The water required in the reforming step was
introduced in the pyrolysis reactor by means of a high precision Gilson 307 pump and,
prior to entering the forced convection oven, the water was vaporized using a heating
cartridge located inside the hot box. Previous studies demonstrated the inert nature of
steam when used as fluidizing agent instead of N2, which allows avoiding the dilution of
the gaseous stream in the reforming reactor and easing the condensation of the volatile
products (non-reacted oxygenates and water) [51]. Moreover, different gases (N2, air
and Hy) can also be fed into the lower part of the pyrolysis reactor. Thus, N> was used
as fluidizing agent during the heating process and H> was employed to reduce the Ni
catalyst prior to the reforming reaction. It is to note that once the reaction temperature
was reached, the fluidizing agent was changed from N> to steam, and biomass was not
fed until an adequate fluidization was attained in both reactors. The bench scale plant
was also provided with a particle separation system made up of a cyclone, a filter and a

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



©CO~NOOOTA~AWNPE

239

240

241

242

243

244

245

246

247

248

249

250

251

252

253

Feeding
system

~ —|
X =
AnARANA GC
Spouted bed

reactor
L

Filter

||| Fluidized

Hot box

— nGC

S VAAAAAAAAANAAAAAAAAAAAAAAAAAAALAANAAAAAAAAAAAA

S

U Coalescence filter

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

pyrolysis-reforming of biomass.

The analysis of the product stream is carried out in-line by means of a Varian 3900 GC
for volatile products, and a Varian 4900 microGC for permanent gases. The gas
chromatograph (Varian 3900) is outfitted with a HP-Pona column and a flame
ionization detector (FID), and the sample is taken at the outlet of the FBR, prior to
condensing the products. The gas micro-chromatograph (Varian 4900) is equipped with
four different analytical modules (Molecular sieve 5, Porapack, CPSil and Plot
Alumina) and thermal conductivity detectors (TCD), and the non-condensable sample is
taken downstream the condensation system, which allows determining the concentration

of the products not monitored by GC analysis.

The optimum operating conditions in the biomass pyrolysis-reforming process were
established based on previous experiments performed by the research group [51,67]. As

aforementioned, steam is used as fluidizing agent in both steps, and therefore, in order
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to ensure an adequate fluidization regime, the steam flow rate and the particle sizes of
the inert and the catalyst that make up the beds in the CSBR and FBR were carefully
selected. Accordingly, 30 g of silica sand with a particle size in the 0.3-0.35 mm range
were introduced in the CSBR, whereas 25 g of a mixture of reforming catalyst and sand
(50 wt. %) were place in the FBR bed, which accounts for a space time of 20 gcat min
Ovolatiles +. The particle sizes used are in the 0.4-0.8 mm and 0.3-0.35 mm ranges for the
catalyst and the sand, respectively. Prior to the experimental runs, the catalysts were
subjected to an in situ reduction process at 710 °C for 4 h under H> stream (10 vol. %)

diluted with N2.

The water flow rate used in all the experiments was 3 mL min, which corresponds to a
steam flow of 3.73 NL min™. Biomass was continuously introduced into the pyrolysis-
reforming unit, with a feed rate of 0.75 g min, which corresponds to a steam/biomass
(S/B) ratio of 4, and a steam/carbon (S/C) molar ratio of 7.7 in the reforming step. It is
to note that the amount of carbon contained in the char formed in the pyrolysis step was

not considered in the calculation of this ratio.

Besides, biomass pyrolysis temperature was selected based on the experience of the
research group. Thus, the pyrolysis step was conducted at 500 °C, as this temperature is
the optimum one to maximize bio-oil yield [58]. The products obtained in the biomass
pyrolysis were identified and quantified in previous studies, and the concerning details
can be found elsewhere [51,58]. As aforementioned, the inert nature of steam as
fluidizing agent in the first step was verified operating under mild pyrolysis conditions
[51], and the products obtained in the pyrolysis at 500 °C can be grouped as follows: i)
bio-oil (75.3 wt. %), which is made up of phenols (16.5 wt.%), ketones (6.4 wt.%),
saccharides (4.5 wt.%), furans (3.3 wt.%), acids (2.7 wt.%), alcohols (2.0 wt.%),

aldehydes (1.9 wt.%) and water (25 wt.%) (the reforming agent in the second step); ii)
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gases (7.3 wt. %), made up of mainly CO (3.4 wt.%) and CO- (3.3 wt.%); and, iii) char
(17.3 wt. %), which was continuously removed from the pyrolysis reactor through a
lateral outlet pipe, and therefore the secondary reactions of pyrolysis volatiles on the
char surface were minimized leading to a maximum oxygenate yield and enhancing the
char quality for future applications [68]. Thus, the volatile stream to be reformed in the

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

Similarly, the temperature selected for the reforming step was fixed at 600 °C, since
higher temperatures (700 °C) hardly improve the experimental results [51], but increase
energy requirements and may lead to metal sintering. Thus, the influence of temperature
on metal sintering is correlated with Tamman temperature, which corresponds to 590 °C

(863 K) and 604 °C (877 K) for Ni and Co based catalysts, respectively [24].
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2.4. Reaction indices

The performance of the synthesized catalysts has been evaluated based on the
conversion and individual product yields as the foremost reaction indices. It is to note
that these reaction indices are defined based on the pyrolysis volatiles fed into the
reforming step (gases and bio-oil oxygenated compounds), rather than on the biomass
fed into the pyrolysis step, i.e., the conversion in the reforming step does not consider
the carbon contained in the char produced in the pyrolysis step, since this product was

removed from the process prior to the reforming step.

Consequently, the oxygenate conversion in the reforming reactor is defined as the ratio
between the C moles in the gaseous product (Cgas) stream and the C moles in the
volatile stream at the fluidized bed reactor inlet (Cvolatites):

Cos
X =——"-100 (4)

volatiles

Likewise, the yield of each carbon containing gaseous product is calculated as the ratio
between the molar flow rate of compound i (Fi) and the molar flow rate of the volatile

stream at the fluidized bed reactor inlet (Fvolatiles):

F 100 (5)

volatiles

Y. =

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

F,
Y, =—2100 (6)

0
Ha

where Fr2 is the Hz molar flow rate and F°%, the maximum allowable by the following

stoichiometry:

C,H, 0, +(2n-k)H,0 - nCO, +(2n+m/2-k)H, @)
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The Hz production is defined by mass unit of the biomass in the feed:

Prod. Hy= ——2— 100 (8)

MBismass

where my2 and mP are the mass flow rates of H, produced and biomass fed into the

process, respectively.

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

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

Cgas

" Fyolatiles " AWMe

TOF — Cyolatiles (9)
W-D-Mecontent

where Fuolaiiles is the molar flow rate of the volatile stream (molvolatitles Min™), AWwe is
the atomic weight of the metal (gme molwe), W is the mass of catalyst (gcar), D is the
dispersion calculated from Egs (1) and (2), and Mecontent is the metal content of each

catalyst determined by XRF analysis.

3. Results

3.1.  Effect of the metal active phase on the catalysts properties
3.1.1. Physical properties

The influence the metal active phase has on the catalyst’s features has been analyzed by
means of a detail characterization. Accordingly, the textural properties of the Al2Os
support and the prepared catalysts were determined by N2 adsorption-desorption
technique and are displayed in Table 2. As observed, the support used is a mesoporous
material, with an average pore size of 173 A. Once the active phase (Ni, Co, or a Ni/Co
mixture at different ratios) has been incorporated into the Al,O3 support, a decrease in
BET surface area is observed in all the prepared catalysts as a result of the blockage

caused by metal species deposition on the pores of the support [69,70]. Pore volume
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scarcely increased in the Ni/Al.O3 catalyst compared to the starting support (varied
from 0.38 for the support to 0.39 cm? g for the catalyst), whereas a marked decrease is
observed when Co is used, either in the monometallic or bimetallic catalysts. This fact
is attributed to the formation of CosO4 molecules, detected by XRD analyses (details
will be given below), instead of NiO, which leads to the blockage of the Al,Oz porous
structure. It is to note that a similar pore volume was obtained for the catalysts in which
cobalt was incorporated as active phase (0.33 cm® g1). Papageridis et al. [71] observed a

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

Al>03 support.
Table 2. Physical properties of the support and prepared catalysts.
SBET Vpore dpore

Catalyst

(m*g?) (cm®g™) (A)
Al203 87 0.38 173
Ni/Al,O3 76 0.39 182
7.5Ni-2.5Co/Al>03 79 0.33 164
5Ni-5Co/Al203 78 0.33 170
Co/Al;03 75 0.33 177

The average pore sizes in Ni/Al,Os and Co/Al,O3 catalysts increased from 173 A
(corresponding to the support) to 182 and 177 A, respectively, which suggests that the
metallic phase was mainly deposited on the finest pores. Conversely, the pore size of
the bimetallic catalysts decreased due to the blockage of the biggest pores, presumably
by the interaction between NiO and CosO4 formed during the calcination step in the

catalyst synthesis.

3.1.2. Reducibility of metallic species
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The temperature programmed reduction (TPR) profiles of the prepared catalysts are
shown in Figure 2. It is well established that catalyst reducibility is strongly dependent

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

The reduction profile of Ni/Al>Oz catalyst shows two main peaks located at 620 °C and
780 °C, with the former corresponding to the reduction of highly dispersed and strongly
interacting NiO, and the latter to Ni integrated in the NiAl.O4 spinel phase [72,73].
Moreover, a small peak at lower temperature (430 °C) is also evident, which is

associated with the reduction of NiO with weak interaction with the Al.O3 support [74].

Concerning the Co/Al;O3 catalyst, two main peaks can be distinguished in the TPR
profiles, which are located at around 450 and 700 °C, and are ascribed to the reduction
of different cobalt species. According to the literature, the reduction of cobalt based
catalysts follows a two-step process, as is: Co304 — CoO — Co° [75,76]. Thus, several
authors grouped the different reducible species observed in the TPR analysis according
to their reduction temperature as follows: i) 250-350 °C: reduction of Co304 to CoO, ii)
375-600 °C: reduction of CoO to Co°% and iii) > 700 °C: reduction of CoAl,O4
crystallites, which is due to the strong interaction between CosO4 and the support, and
occurs by the introduction of Co (Il) in the tetrahedral vacancies of the defect spinel
structure of alumina [71,77]. However, the location of the reduction peaks, and
therefore the metal-support interaction greatly depends on the calcination temperature
during the synthesis step. Thus, higher calcination temperatures hinder the reducibility
of the metallic species by shifting reduction peaks to higher temperatures in the TPR

analysis [78,79].

Furthermore, other authors compared the reduction peaks of Co/Al.Oz catalyst with
those of reference materials, and they concluded that the first peak located at low

temperature (sharp peak) is related to the fast reduction of Co304 to CoO, whereas the
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broad second peak, which may range up to 730 °C, should be ascribed to the slow

reduction of CoO to Co° [75,80-82].

Given the uncertainty in the identification of the reducible species in the literature, these
TPR profiles have been complemented with the information from the XRD technique
(Figure 3), which allows classifying the reduction peaks following the first reduction
mechanism explained above. Thus, it can be observed that the main peak obtained at
450 °C is provided with a shoulder at around 510 °C, which corresponds to the reduction
of cobalt oxides to metallic Co° according to the two-reduction step, with both steps
taking place almost simultaneously (Co30s — CoO — Co°) [83]. The second peak also
contains a shoulder at high temperature (at around 800 °C), which is ascribed to the
transformation of residual cobalt oxides and CoAl>O4 species with different degrees of

interaction with supported alumina species [84].

10 Ni/Al,05 -

620 °C
430 °C

7.5Ni-2.5Co/Al,05

E 860 °C
=
B | 5Ni-5C0/Al,04
9]
8 0o 450°C 760 °C
S e
450 °C
10 CO/A1203 510 °C
716 °C800 °C

0 200 400 600 800 1000
Temperature (°C)

Figure 2. TPR profiles of the prepared catalysts.
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The reduction profiles of the bimetallic catalysts are significantly different from each
other, revealing the influence the Ni/Co loading ratio has on the reducibility of the
catalyst. In the case of 5Ni-5Co/Al>Os3 catalyst, four different peaks are observed, which
are located at 370 °C, 450 °C, 760 °C and 860 °C, with the first two ones being attributed
to the reduction of NiO and Co0s30s species, respectively, and those at higher
temperatures corresponding to the reduction of spinel phases (NiAl>Os and CoAl204)

[70].

Moreover, the comparison between the TPR profiles of the monometallic Ni/Al>O3 and
Co/AlOs catalysts and the bimetallic 5Ni-5Co/Al>O3 catalyst reveals that the reduction
peaks of the latter shift to lower temperatures, which is evidence of the capability of
bimetallic catalysts to promote the reducibility of the metal oxides by modifying the
interaction between the active phase and the support [70]. This trend was also observed
by Chen et al. [85], who reported an improvement in Co reducibility when Ni was

added to the catalyst.

Similarly, the 7.5Ni-2.5Co/Al>O3 catalyst showed three main peaks at 460, 580 and 860
°C, which are ascribed to the reduction of NiO, Co304 and Ni and/or Co species, which

are strongly interacting with the support forming spinel phases (NiAl2O4 and CoAl204).

3.1.3. Chemical composition and metallic properties

The chemical composition (Ni and Co content) and the metallic properties (metal
crystallite size and dispersion) of all synthesized catalysts are shown in Table 3. The
chemical composition was determined by XRF spectrometry, and the results reveal that
the metal content in all the catalysts was close to the nominal loading, with the total
amount of active phase being 10 wt. %, which is evidence that the wet impregnation

method is suitable for catalysts synthesis.
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The metal dispersion of each catalyst prepared was estimated based on the metal
crystallite size obtained by XRD analysis (by applying Debye-Scherrer equation) and

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

It is to note that although all the catalysts had similar BET surface area, i.e., between 75
and 79 m? g (Table 2), they had significant differences in metal dispersion. This fact
reveals that not only the surface area of the support, but also the features of the metal

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

Thus, monometallic Ni/Al203 and Co/Al>O3 catalysts had the highest metal dispersion,
(9.7 and 7.4 %, respectively), whereas the incorporation of both Ni and Co active
phases led to a significant decrease in metal dispersion in both bimetallic catalysts.
These lower dispersion values obtained in the bimetallic catalysts may be ascribed to
the synthesis method. Thus, Zhao and Lu [70] reported that the preparation method of
bimetallic Ni-Co based catalysts greatly influences the surface dispersion of the metallic
species over the support, and consequently, the catalytic performance in the steam

reforming reaction.

Table 3 Metallic properties and chemical composition of the fresh catalysts.
Ni content Co content dm® Metal Dispersion®
Catalyst

(wt. %) (wt. %) (nm) (%0)
10Ni/Al203 9.79 - 10 9.7
7.5Ni-2.5Co/Al>03 7.05 2.90 24 4.0
5Ni-5Co/Al203 4.83 5.31 24 4.0
10Co/Al03 - 11.20 13 7.4

@ Calculated from the full width at half height of the diffraction peak of Ni° (2 0 0) and
Co° (2 0 0) at 20 = 52° in the XRD, using the Scherrer equation.

b Dispersion calculated by XRD, based on the metal crystallite size, following Egs. (1)
and (2) [44,57].
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Figure 3 shows the XRD patterns of the calcined fresh catalysts. As observed, the
reflection peaks characteristic of the AlOs support are evident in all the catalysts
prepared. In these profiles, the Ni/Al.O3 catalyst shows characteristic diffraction peaks
of NiO at 20 = 37°, 43° and 63°, corresponding to (1 1 1), (2 0 0) and (2 2 0) facets,
respectively [86-88], whereas no reflections ascribed to NiAl2O4 are observed at 26 =
19°, 45° and 60°, since these diffraction lines may overlap those of Al.Oz phase

[79,89,90].

Regarding bimetallic catalysts, the calcined samples show diffraction lines related to
Co0304 phase at 20 = 19°, 31°, 37°, 45° 55° 59° and 65° which are attributed to the
planes (111),(220),(311),(400),(422),(511)and (44 0), respectively [86].
Moreover, main reflections ascribed to NiO phase are also evident at 20 = 43° and 63°.
It is to note that NiC0204 and Co304 have similar patterns and their differentiation is
difficult, and this species (NiC0204) may therefore has been formed during the synthesis

step instead of separate CosO4 and NiO species.
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Figure 3. XRD patterns of the calcined catalysts. Crystalline phases: (¢) Al.Os,

(®) NiO, and (%) Co30s.

In the case of Co/Al>O3z calcined catalyst, characteristic diffraction lines attributed to the
Co0304 phase are observed. The XRD patterns do not reveal diffraction peaks ascribed to
CoAl>04 spinel phase. Nevertheless, based on the TPR profiles, these diffraction lines
and those of Co304 phase may overlap [91]. Besides, no diffraction peaks related to

CoO are observed in the profiles of the calcined catalysts.

Figure 4 shows the XRD profiles of the catalysts reduced at 710 °C for 4 h. Two
different profiles of Co/Al>O3 catalysts are shown in this Figure, with the second one
corresponding to a reduced catalyst that has been subsequently subjected to a steam
flow (details will be provided below). Thus, the characteristic diffraction peaks of Ni°,

Co? and Ni°%Ca® phases are observed in Ni/Al,O3, Co/Al;03 and Ni-Co/Al.O; catalysts,
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respectively, at 20 = 44°, 52° and 76°, which are ascribed to the planes (1 1 1), (2 0 0)
and (2 2 0) [86,88]. Overlapping of the diffraction peaks for Co® and Ni° phases hinders

their separate identification in the bimetallic catalysts.

10Ni/ Al,O,

7.5Ni-2.5C0o/ Al,O, .

5Ni-5Co/ Al,O,

Intensity (a.u.)

10Co/ Al,O,

10Co/ALO; 2) &

0 10 20 30 40 50 60 70 80 90
26 (°)
Figure 4. XRD patterns of the reduced catalysts. Crystalline phases: () Al2Os, (®)

Ni°, (®) Co® and (®) CoO.

It is to note that no diffraction peaks corresponding to the oxidized species, such as
NiO, Co304 and CoO, are observed in the XRD patterns, which means catalysts are

fully reduced to the metallic species Ni® and Co°.
3.2.  Catalysts performance

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

performance and stability of the different prepared catalysts, the evolution of oxygenate



©CO~NOOOTA~AWNPE

473

474

475

476

477

478

479

480

481

482

483

484

485

conversion (Figure 5) and product yields (Figure 6) with time on stream was studied.

Accordingly, the following reactions have been considered:

Oxygenate steam reforming:
CaHmOx + (N -k)H,0 —nCO + (n+m/2 - k)H,
Water Gas Shift (WGS):
CO + Hzo <> C02 + H2

Oxygenate cracking (secondary reaction):

C,H,, O — oxygenates + hydrocarbons + CH,+ CO + CO, + C

Methane (and hydrocarbons) steam reforming:

CH4 + Hzo ~— CO + 3H2

100
80t
S 60}
=
=]
Iz
> 40
= 40}
o
o -v- 10Ni/Al1,O3
20! -m- 7.5Ni-2.5C0/A1203
-e- 5Ni-5Co/Al,O3
10C0/A1203
0

0 20 40 60 80 100 120

Time on stream (min)

(10)
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Figure 5. Effect of the active phase used for preparing Al2Os-supported catalysts

on the evolution of oxygenate conversion with time on stream.
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As observed in Figure 5, similar oxygenate conversion values were obtained at zero
time on stream for Ni/Al.Oz catalysts (98.4 %) and both bimetallic Ni-Co/Al>O3
catalysts with different loading ratios (99.0 and 98.7 % for 7.5Ni-2.5Co/Al>O3 and 5Ni-
5Co/Al;0Os3, respectively), which is evidence of the efficiency of these catalysts to
reform the volatiles from the biomass pyrolysis. Nevertheless, a significant lower
conversion was attained at the beginning of the experimental run when the Co/Al.O3
catalyst was tested (64.1 %), which is presumably a consequence of the oxidation state
of the metallic phase, since the oxidizing nature of steam favours the conversion of Co®
to cobalt oxide. As aforementioned, prior to feeding the biomass, the fluidizing agent
was changed from N to steam, which was maintained the time required to ensure
adequate fluidization regime. Thus, changes in the oxidation state of the active catalytic
phase may have been induced by the presence of steam. This hypothesis was also
supported by Bayram et al. [92], who analyzed the state of cobalt species during the
steam reforming of ethanol on a Co/CeO- catalyst, wherein they observed that metallic
Co was partially oxidized to CoO during the steam reforming of ethanol on the
reduction-pretreated catalyst. Similarly, Giehr et al. [93] carried out a thermodynamic
study of the oxidation state of the active metals in Co/y-Al>O3 and Ni/y-Al.O3z catalysts
under dry and steam reforming conditions, and they concluded that Ni oxidation by
water under reforming conditions cannot occur spontaneously, but cobalt is more easily
oxidized. With the aim of corroborating the oxidizing nature of steam and its effect on
cobalt catalyst oxidation state, a steam flow was passed through the catalyst bed under
reaction conditions, i.e., 600 °C for 5 min, which was approximately the time required
to attain a stable fluidization regime in both reactors prior to feeding the biomass. This
sample was also analyzed by XRD technique, and the results are presented in Figure 4,

in which the catalyst has been named as 10Co/Al203 (2). In this profile, new diffraction
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lines came out at 20 = 379, 42°, 61°, 74° and 77°, corresponding to the planes of (1 1 1),
(200),(220),(311)and (2 2 2) of the fcc crystal structure of CoO [94]. Besides, the
reflection peaks associated with Ca® (which were observed in the sample reduced at 710
°C) do not appear in this pattern, which is evidence of the oxidizing effect of steam on
the Co/Al,O3 catalyst. Moreover, the absence of oxidized species (CoO and/or C0304)
in the reduced sample shown in Figure 4 revealed the unfeasibility that this catalyst was

oxidized by air before conducting the XRD analysis.

Moreover, significant differences are observed in the evolution of conversion with time
on stream in the prepared catalysts. The Ni/Al>Os catalyst had a better performance than
both bimetallic Ni-Co based catalysts, with a stable activity for the first 30 min on
stream and conversion decreasing to 73.9% subsequent to 103 min on stream. Similarly,
7.5Ni-2.5Co/Al>;03 and 5Ni-5Co/Al203 catalysts also revealed this stable activity period
on the first 30 minutes (due to the high space time used in the runs), with a faster
deactivation rate as the Ni/Co loading ratio was decreased (conversion values decreased
from 99.0 to 66.2% after 102 min on stream and from 98.7 to 65.9 % after 87 min on
stream for 7.5Ni-2.5Co/Al>0s and 5Ni-5Co/Al,Oz catalysts, respectively). This fast
decrease in oxygenate conversion is presumably a consequence of the significantly
lower metal dispersion of both bimetallic catalysts compared to the monometallic
catalysts (see Table 3). Thus, it is well established that large metal particles, i.e.,
catalysts with low metal dispersion, are known to promote coke formation, leading to
the deactivation of the catalyst. In these runs, full conversion was observed for the first
30 min because there was catalyst excess. Besides, operation by continuously feeding
the biomass needed certain time to attain steady state conditions (which is of the same
order as catalyst deactivation), thereby requiring slightly higher space times to obtain

reproducible results and analyze catalysts’ activity. Thus, loss of activity was observed
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after several minutes on stream. Besides, in order to analyze catalyst activity, the
turnover frequency (TOF) has been determined for Ni/AlOs and both bimetallic
catalysts according to Eq. (9). This reaction index has been calculated at 45 min on
stream, as conversion values are below 100% at this time and coke deposition is
expected to have little influence on the catalyst deactivation. The TOF corresponding to
Co/Al,03 catalysts was not determined because there were no Co® active sites during the
reforming reaction. Thus, the TOF values decreased according to the following order:
7.5Ni2.5Co/Al,03 (24.6 min't) > 5Ni5Co/Al,03 (24.4 min™t) > 10Ni/Al>Os (10.4 min™).
According to these results, bimetallic catalysts have higher activity than the Ni/Al,O3

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

In the case of Co/Al>O3 catalyst, oxygenate conversion peaks at 21 min on stream (79.8
%), which is a consequence of the reducing atmosphere in the reforming step leading to
a reduction of cobalt species that were partially oxidized prior to feeding the biomass.
Thus, this reduction provided the catalyst with more metallic active sites, which
enhanced the capability for reforming the bio-oil oxygenate compounds derived from
biomass pyrolysis. Subsequently, conversion sharply decreased to 45.8 % after 37 min
on stream due to the strong reaction conditions, i.e., the Co/Al>Oz catalyst was exposed

to high partial pressures of non-converted oxygenate compounds.

Figure 6 shows the evolution of the individual product yields with time on stream in the
reforming step for all the catalysts prepared, i.e., H> yield calculated based on the
maximum allowable by stoichiometry, Eq. (6), and the gaseous compound yields, Eq.
(5). For a better visualization of the results, each one of these graphs has been divided
into two parts, with the yields of hydrocarbons and methane being displayed in the

lower part of each pair due to their low yield.
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As observed, similar trends are observed for Ni/Al>Os (Figure 6a) and Ni-Co/Al>O3
catalysts (Figures 6b and 6¢c for 7.5Ni-2.5Co/Al>03 and 5Ni-5Co/Al;O3 catalysts,
respectively) with a decrease in H, and CO: yields as time on stream was increased,
which is evidence of the lower extension of reforming and water-gas shift reactions
when the catalyst was deactivated. The H> yield on the Ni/Al,O3 catalyst showed an
initial stable period for the first 40 min on stream (93.8 %), and then decreased to 62.6%
after 103 min on stream. In the case of bimetallic catalysts, a decrease in H yield is
observed from the beginning of the reaction, from 92.3 to 50.9 % for 102 min on stream
and from 91.0 to 49.3 % for 87 min on stream for 7.5Ni-2.5Co/Al,O3 and 5Ni-
5Co/Al;O3 catalysts, respectively. Thus, the poor metal dispersion attained in both
bimetallic catalysts led to a faster decrease in H> yield as reaction proceeded.
Conversely, the Co/Al>Os catalyst showed a low H> yield at zero time on stream (20.7
%), it then increased to 55 % at 21 min on stream, and finally dropped sharply to 18.0 %
after 37 min on stream. The rise in Hz yield with time on stream revealed the promotion
of water gas shift and reforming reactions, which is due, as explained before, to the
reduction of partially oxidized cobalt species in the catalyst leading to a higher amount

of metal active sites available for these reactions.

It should be noted that these H. yields at zero time on stream for the different catalysts
correspond to Hz productions ranging from 9.8 to 10.2 wt. % by mass unit of biomass
fed into the pyrolysis step (Eg. (8)). Accordingly, H> production on these catalysts
decreases as follows: Ni/Al,O3 (10.17 wt. %) > 7.5Ni-2.5C0/Al>O3 (9.94 wt. %) > 5Ni-
5Co/Al;03 (9.82 wt. %) >> Co/Al203 (2.3 wt. %). These results (with the exception of
the one for Co/Al>Oz catalyst) are of the same order as those obtained in previous
studies under similar reaction conditions, wherein a commercial catalyst (G90LDP) [95]

and several Ni based catalysts prepared using different supports [48], promoters [49,50]
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and calcination temperatures [79] were evaluated. Therefore, these results are evidence
of the overall efficiency of the two-step pyrolysis reforming process. Other authors
reported similar H> productions for cobalt active phase when they used it in
monometallic and bimetallic catalysts. Thus, Li et al. [44] studied different Co based
catalysts supported on Al>O3, ZrO, SiO2, MgO, TiO2 and BaAl12O19 (BA) in the steam
reforming of the tar from the pyrolysis of wood biomass. The highest catalytic activity
was obtained when Co/BA was used, which they attributed to the high dispersion
attained on this strongly basic support. Moreover, the highest H> production was
obtained on Co/BA catalyst (8.5 wt. %), followed by Co/Al>O3 catalyst (8.0 wt. %).
Similarly, Zhang et al. [96] investigated the catalytic reforming of the volatile stream
from biomass pyrolysis on Ni-Co/y-Al203, Ni/y-Al203, and Coly-Al2O3 catalysts,
obtaining the highest H> production on the Ni-Co/y-Al.O3 catalyst (12.1 wt. %) at a
reforming temperature of 825 °C. Regarding Ni supported on Al.O3 support, several
authors have reported H. productions within the mentioned range of values when they
carried out biomass pyrolysis and in-line steam reforming. Thus, Xiao et al. [97] carried
out a parametric study in a two-stage fluidized bed/fixed bed, and they obtained the
highest H> production (7.2 wt. % on a dry and ash free basis) when they used wood
chips as biomass raw material and Ni/Al,O3 as reforming catalyst. Similarly, Cao et al.
[98] analyzed the pyrolysis of sewage sludge and in-line steam reforming, wherein they

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

The results displayed in Figure 6 for all the catalysts tested are evidence of the increase
in catalyst deactivation rate with time on stream, which involves an autocatalytic effect
indicating that the main coke precursors are the non-converted oxygenates, since their
concentration in the reaction medium was high, and therefore led to fast catalyst

deactivation.
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Concerning CO vyield, it remained almost constant for all the catalysts tested (slightly
higher in the case of Ni/AlOz and both Ni-Co bimetallic catalysts), as it is a
consequence of a balance between the attenuation of reforming (Egs. (10) and (13)) and
WGS reactions (Eg.(11)), and its formation by cracking reactions (Eqg. (12)).
Furthermore, when a higher amount of Co was loaded in the synthesis, CO yield
increased, even at zero time on stream, whereas H> and CO: yields decreased, which
reveals the lower performance of cobalt as metal active site in the WGS reaction
compared to nickel. Furthermore, the addition of Co to Ni/Al,Os catalyst contributes to

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

reforming step. a) 10Ni/Al,O3, b) 7.5Ni-2.5C0/Al203, ¢) 5Ni-5Co/AlO3, and d)

10Co/Al,03 catalysts.

Furthermore, CH4 and light hydrocarbon yields increased with time on stream when
Ni/Al203 and the two Ni-Co/Al>O3 catalysts were used, with this increase being more
pronounced in the case of the bimetallic catalysts. This is explained by cracking
reactions occurring in the process, although to a low extent, since their yields were
lower than 2 % even when the catalysts were deactivated and reforming reactions were
attenuated. Nevertheless, CH4 and light hydrocarbon yields for Co/Al.O3 catalyst were
significantly higher at zero time on stream (6.9 % and 4.6 %, respectively) due to the
reduction of metal active sites by the oxidation of cobalt species with steam prior to the
reforming reaction, which hindered reforming and WGS reactions at the expense of
promoting cracking ones. As reforming proceeded, reduction of cobalt sites took place
and a decrease in CH4 and HCs vyields was observed. However, the concentration of
non-converted oxygenated compounds in the reaction medium was noticeable, and
therefore fast catalyst deactivation rate was observed after 40 min on stream, which is

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

The viability of a large-scale catalytic process depends on the design of suitable
catalysts, with the greatest challenge being the prevention and attenuation of catalyst
degradation. Accordingly, the understanding of the different mechanisms of catalyst
activity decay is essential in order to achieve this target. Thus, catalyst deactivation can
be a consequence of mechanical, chemical and/or thermal degradation [99]. A detailed
characterization of the deactivated catalysts was carried out in order to both ascertain
the origin of the deactivation and delve into the understanding of the relationship
between the catalysts features and their performance. Thus, the deterioration of catalysts
properties is approached in this section. It should be pointed out that a detailed analysis
aimed at ascertaining whether sulfur poisoning is a possible cause of catalyst
deactivation has not been conducted, and therefore catalyst deactivation by sulfur
compounds cannot be discarded. As observed in Table 1, several impurities and organic
sulphur compounds may be in the feed, particularly in the biomass ashes. These
compounds remained in the char produced in the first pyrolysis step, which was
continuously removed. Thus, this two-step reactor configuration has the advantage of
avoiding the direct contact of the reforming catalyst with the biomass and its impurities,
since they were retained in the pyrolysis reactor. However, a very low concentration of
sulfur compounds in the gaseous stream (5-25 ppm) could affect the catalyst
performance during steam reforming reaction [100], and therefore a more detailed
analysis of the spent catalyst should be carried out in order to exclude sulfur poisoning

as a deactivation mechanism.

3.3.1. Mechanical properties
In order to evaluate the possible catalyst attrition during the process, the deactivated

samples were sieved in the range of the fresh catalyst particle size. The results obtained
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revealed that all deactivated catalysts remained in the range of 0.4-0.8 mm, which
evidenced that no particle attrition ocurred during the experimental runs. The results
obtained by catalysts sieving confirmed a negligible amount of fines in the filter.
Besides, the absence of particle attrition was verified based on the TPO analyses as
follows: i) sieving of burnt catalyst particles revealed that particle size did not change
(0.4-0.8 mm), and, ii) the difference in the bed mass before and after the pyrolysis-
reforming tests corresponds to the amount of coke determined by TPO analyses.

As aforementioned, prior to the catalyst synthesis, the Al.O3 support was calcined at
1000 °C and subsequently fluidized for several hours in order to round the particles,
thereby improving their mechanical strength and minimizing possible attrition problems
during the reforming step. Besides, the short duration of the experimental runs hindered
the possibility of large particle attrition.

3.3.2. Textural properties

The physical properties of the deactivated catalysts are set out in Table 4. In addition, in
order to ease the comparison between the fresh and deactivated catalysts, the textural
properties of the fresh ones are also displayed in Table 4. As observed, the BET surface
area remained almost constant in all deactivated catalysts, which suggests that although
catalysts pores may be partially blocked by coke deposition, they were all accessible,

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

Moreover, pore volume and pore diameter decreased in all the deactivated catalysts,
revealing blockage or partial obstruction of biggest pores by the coke deposited on their
walls. This reduction in pore volume and pore diameter was more pronounced in the
case of Ni/AlOs catalyst, i.e., from 0.39 to 0.29 cm® g* and from 182 to 153 A,

respectively. However, similar results were obtained for all the catalysts, revealing that



©CO~NOOOTA~AWNPE

687

688

689

690

691
692

693

694

695

696

697

698

699

700

701

702

703

704

705

the content of the metal active phase has no significant influence on the mentioned

properties.
Table 4. Textural properties and metal crystallite sizes of the fresh and deactivated
catalysts.
a b
Catalysts SBET Vpore dpore dM dM
(m>g™) (cm®g?) (A) (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/Al;,03 79/79 0.33/0.29 164/150 24124 23
5Ni-5Co/Al>03 78/76 0.33/0.28 170/148 24124 24
10Co/Al03 75/75 0.33/0.29 177/149 13/n.d. 21

@ Calculated from the full width at half height of the diffraction peak of Ni° (2 0 0) and
Co® (2 0 0) at 20 = 52° in the XRD, using the Scherrer equation.

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

3.3.3. Metallic properties

The changes in the metallic structure after the pyrolysis-reforming reaction may be
assessed by comparing the X-ray diffraction (XRD) patterns of the deactivated catalysts
shown in Figure 7 with those corresponding to the fresh and reduced catalysts shown

above in Figures 3 and 4, respectively.

In the case of Ni/AlOz catalyst, the diffraction lines at 20 = 44°, 52° and 76° are
attributed to crystalline phases of Ni° corresponding to planes (1 1 1), (2 0 0) and (2 2
0), respectively [86]. Regarding bimetallic Ni-Co/Al20s catalysts, these diffraction lines
are indistinctly ascribed to Ni® and Co®, since, as mentioned before, both species have
similar diffraction angles, and so their separate identification is not possible. It is to note
that no significant differences are observed when the reduced and deactivated XRD

profiles of Ni/Al2Os and Ni-Co/Al>O3 catalysts are compared. Besides, no reflections
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ascribed to NiO, Co304 or CoO are observed, which reveals that their deactivation is not

related to the active phase oxidation.

10Ni/AL O,

7.5Ni-2.5Co/Al,O5

5Ni-5Co/Al,0,

/®

Intensity (a.u.)

/e
° )

0 10 20 30 40 50 60 70 80 90
20 (°)
Figure 7. XRD patterns of the deactivated catalysts. Crystalline phases: () Al2.Os,

(®) Ni°, (®) Co° (®) Co304, and (®) CoO.

However, a comparison of the reduced and deactivated XRD patterns for Co/Al,O3
catalyst reveals significant changes in their crystalline structure. As observed, a new
diffraction line corresponding to CoO (1 1 1) phase at 26 = 42° is observed [91],
indicating the oxidation of Co® active phase under reaction conditions. Moreover,
reflections ascribed to CosO4 phases appear at 20 = 19°, 31°, 37°, 45°, 55°, 59°, and 65°,
whereas no diffraction peaks attributed to metallic Co® phase are observed. The
coincidence of Co304 and CoAl,O4 reflection peaks hinders their separate identification.

Moreover, the re-oxidation of cobalt metal crystallites on Co/Al>O3 catalyst, which is
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evident in the XRD spectrum, explains the fast decrease in oxygenate conversion
(Figure 5). Besides, as shown before in Figure 4, the steam required in the reforming
step caused the oxidation of metallic Ca° sites, leading to their decrease, and therefore
causing the deactivation of this catalyst. Moreover, several authors have analyzed the
chemical state of cobalt in Co-based catalysts during the steam reforming reactions by
means of several in-situ and operando techniques. Thus, although the oxidation state of
Co depends on several factors, such as catalyst structure, particle size, support material
and composition of the gas phase in the reaction environment [101], conversion of
metallic Co® to CoO under steam reforming conditions has been reported. Thus, this
occurs by oxidation of Co® with the oxygen derived from the dissociative adsorption of

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

Moreover, oxidation of Ca® crystallites had not occurred in bimetallic catalysts, which
reveals the positive influence of Ni° to hinder the transition of Cao° to inactive cobalt

oxide phases through the formation of Ni-Co alloy.

In order to determine the irreversible deactivation by metal sintering, the crystallite size
of the deactivated catalysts was determined by the Scherrer equation applied to the
diffraction peak at 20 = 52°. Thus, a comparison of the results obtained for the fresh and
deactivated catalysts shows that the Ni crystallite size for Ni/Al>Osz increased from 10 to
13 nm, and therefore metal sintering may influence the catalyst performance during the
reaction. In the case of both bimetallic catalysts, although Ni® and Ca® crystallite sizes
cannot be distinguished in the XRD profiles due to the coincidence of their diffraction
peaks, the results reveal that no metal sintering had occurred in these catalysts because
similar crystallite sizes were obtained (see Table 4). Besides, based on the XRD results,
the determination of the crystallite size in Co/Al>O3 catalysts was not possible due to

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

oxidation.

3.4.  Coke deposition

Once particle failure, sintering and oxidation of the active phase had been analyzed as
possible causes of catalyst activity decay, the coke deposited on the deactivated
catalysts was characterized by means of different analytical techniques to determine its

content, nature and location.

3.4.1. Temperature programmed oxidation (TPO)

The amount of coke deposited on each deactivated catalyst was analyzed by temperature
programmed oxidation (TPO), Table 5, and the profiles are displayed in Figure 8. The
extent of coke deposition was expressed as wt. % and, given the differences in the
stability of the catalysts, the average coke deposition rate per biomass mass unit fed was
assessed by considering the different times on stream of the catalysts (see Figures 5 and
6) based on Eq. (3). As observed in Table 5, the active phase selected significantly
influenced the total amount of coke deposited during pyrolysis-reforming reactions.
Thus, the Ni/Al>Oz catalyst had the lowest coke content (2.84 wt. %) and this catalyst is
the one in which the average coke deposition rate was lowest (0.37 MQcoke Geat -
Obiomass +). This is consistent with the lower deactivation rate observed in Figures 5 and 6
when the evolution of conversion and product yields with time on stream was
monitored. In the case of bimetallic Ni-Co based catalysts, the amount of coke
deposited on these catalysts was considerable higher (9.41 and 9.24 wt. % for 7.5 Ni-
2.5Co/Al,03 and 5 Ni-5Co/Al,Os, respectively), which suggests that Co° active phase is
more prone to coke deposition than Ni°. It should be noted that, as Ni/Co ratio was

reduced in the bimetallic catalysts, the average coke deposition rate increased
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considerably, which evidences the correlation between the amount of Co loaded and the
coke deposited on these catalysts. The higher particle size observed in the bimetallic
catalysts compared to Ni/Al.O3 catalyst also influences the higher coke formation rate

on Ni-Co/Al;O3 catalysts.

Besides, Co/Al,O3 catalysts had a high amount of coke deposited, with their average
coke deposition rates being the highest (8.85 wt. % and 3.18 MQcoke Jcat - Jbiomass
respectively). This is explained by the loss of Ca® active sites by oxidation during the
reforming reaction, which leads to a lower capability for converting oxygenate
compounds derived from biomass pyrolysis, and therefore to more severe coke

formation.

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

coke deposition rate per biomass mass unit fed (rc).

Cc  Timeonstream Biomass feed rc
Catalyst .
(wt. %) (min) (9) (MQcoke Geat™* Pbiomass™)
10 Ni/Al2O3 2.84 103.0 77.0 0.37
7.5 Ni-2.5Co/Al,03 9.41 101.9 76.4 1.23
5 Ni-5Co/Al;03 9.24 87.4 65.5 1.41
10 Co/Al203 8.85 37.2 27.9 3.18

Nevertheless, other authors have reported a positive influence of adding cobalt to nickel
catalysts by reducing coke formation during reforming reactions [41]. Thus, Wang et al.
[47] evaluated different Ni—-Co/Al>Os catalysts and observed that the performance of
bimetallic catalysts with the optimum composition was much better than the
corresponding monometallic Ni and Co catalysts in terms of catalytic activity,

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

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

of the combustion peaks in these profiles, several authors have classified the coke
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deposited according to two main features: nature and location. Accordingly, depending
on the combustion temperature, three main regions can be distinguished [22,103,104]: i)
low temperatures corresponding to amorphous coke (hydrogenated composition) or that
deposited on metal particles), ii) moderate temperatures corresponding to a more
oxygenated coke or that deposited on the metal-promoter and/or metal-support
interface, and iii) high temperatures corresponding to a more accessible coke within the

catalyst porous structure or that deposited on the support.

10Ni/Al,O5
480°C g °C
7.5Ni-2.5Co/Al,O5
— 470 °C
;: 600 °C
s
=]
2P :
N 5Ni-5Co/AlhO3 ;500
O
E 600 °C
10C0/A1203 1430°C
0 200 400 600 800

Temperature (°C)

Figure 8. TPO profiles of the deactivated catalysts.

As observed in Figure 8, two main peaks are distinguished in the Ni/Al>O3z profile, with
the first combustion peak appearing at 480 °C, ascribed to amorphous coke, and the
second one at 600 °C, related to a more structured coke. In the case of Ni-Co/Al>O3

catalysts, both peaks are observed, with the one located at lower temperature being
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more pronounced, which is evidence that the incorporation of Co active phase hindered
the evolution of the coke towards a more condensed material. Moreover, as the amount
of Co was increased in the catalysts, a slight reduction was observed in the first peak

corresponding to the low combustion temperature.

In the case of Co/Al>O3 catalyst, one main peak located at low temperature was
observed (430 °C), which is ascribed to amorphous coke. This coke fraction covered the
remaining metal particles, which had not been oxidized by the steam in the reaction
medium, hindering the access of reactants to the active sites, and is therefore the main
responsible for catalyst deactivation [49]. Accordingly, the deactivation of the Co/Al203
catalyst is not a consequence of a single mechanism, but the combination of multiple
factors (metal oxidation and coke deposition), which led to catalyst degradation. Thus,
both metal oxidation and coke deposition have a synergistic effect on the catalyst

deactivation.

3.4.2. Scanning electron microscopy (SEM)

Figure 9 shows the SEM images of all the deactivated catalysts. These images did not
reveal any specific morphology of the coke formed, with no filamentous carbon being
observed in any of the deactivated samples. Thus, although the coke evolved to more
condensed structures, it was mainly amorphous, as previously discussed in the TPO

profiles.

Moreover, the coke deposited on Ni/Al.Oz (Figure 9a) was non-uniformly distributed
(zones of preferable deposition), whereas a more homogeneous coke was deposited on
the surface of both bimetallic Ni-Co catalysts (Figures 9b and 9c corresponding to
7.5Ni-2.5Co/Al203 and 5Ni-5Co/Al203, respectively), with a thin layer covering the

catalyst surface. It is to note that Ni® and Co° species (white spots) cannot be
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distinguished from each other due to their similar atomic number, and they appeared in
these images slightly faded because of the thin layer of the coke deposited on the
catalysts. However, the presence of metallic active sites is clearly evident in the images

corresponding to Ni/Al203 and bimetallic catalysts.

Nevertheless, a lower amount of Co? particles is observed on Co/Al,O; catalyst (Figure
9d), whereas cobalt oxide phases are evident (dark spots). Besides, a higher amount of

amorphous coke covering cobalt particles is observed.

Other literature results deal with the formation of filamentous coke in reforming
reactions, especially in the reforming of bio-oil model compounds, such as ethanol
[105] and glycerol [71] and, especially, in the reforming of hydrocarbons [65,106].
However, previous studies of biomass pyrolysis and in-line reforming confirm the lack
of this filamentous coke in the mentioned process [95], which is presumably related to
the high steam/oxygenate ratio used. Besides, Nabgan et al. [107] evaluated the
performance of Ni/La>Os, Ni—Co/La;0s3, and Co/La>03 catalysts in the steam reforming
of acetic acid, and they observed by SEM images that the coke on the deactivated
catalysts does not have any specific morphology, although their images suggested that

the carbon formed was partially crystalline, with small crystallite sizes.
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Figure 9. SEM images of deactivated catalysts: a) 10Ni/Al2Os b) 7.5Ni-

2.5C0/Al203, ¢) 5Ni-5Co/Al203,and d) 10Co/Al>O3 catalysts.

3.4.3. Transmission electron microscopy (TEM)

Figure 10 shows the TEM (transmission electron microscopy) images of all deactivated
catalysts. The dark areas correspond to Ni and/or Co particles, whereas the elongated
grey shapes are related to the Al.O3z support. Besides, the coke deposited on all the
catalysts (blurred spots) has no structured morphology, i.e., filamentous coke was not

observed, corroborating the amorphous nature previously shown by SEM images.
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Figure 10. TEM images of deactivated catalysts: a) 10Ni/Al>Os b) 7.5Ni-

2.5C0/Al20s3, ¢) 5Ni-5Co/Al203,and d) 10Co/Al>O3 catalysts.

Regarding Ni/Al203 (Figure 10a) and Ni-Co/Al2Os catalysts (Figures 10b-c), metal

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

In the case of Co/Al,Os catalyst (Figure 10d), the following features are worth
mentioning: i) lower amount of metal active phase (dark spots) compared to Ni/Al2O3
and bimetallic catalysts, ii) bigger particles (slightly darker grey areas), which
presumably corresponded to cobalt oxides (CoO and/or Co304) detected also by XRD

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

analysis (Table 5 and Figure 8).

4. Conclusions

The strategy of biomass pyrolysis and in-line steam reforming in a two-step reactor
configuration (CSBR-FBR) performs well for Hx production. In fact, H> productions
above 10 wt.% are obtained. Moreover, the metal selected as active phase greatly

conditions the activity and stability during the process.

The Ni/Al>O3 catalyst is the one of best performance, with oxygenate conversion being
73.9 % and H; yield 62.6% after 103 min on stream. However, the interaction of Ni
with Co forming a Ni-Co alloy plays a key role in the performance of bimetallic
catalysts, since the oxidation of Cao° crystallites is avoided, and therefore the formation

of inactive cobalt oxide phases does not occur.

The stability of the bimetallic Ni-Co/Al2O3 catalysts is lower as Ni/Co loading is
decreased, which is evidence of a better performance of Ni° active phase for promoting
WGS and reforming reactions. Thus, the lower oxygenate conversion observed on these
bimetallic catalysts for the first 50 minutes on stream is related to the poor metal
dispersion obtained when Ni and Co are simultaneously used as active phases. Although
the bimetallic catalysts have higher TOF than Ni/Al>O3 catalysts at 45 min on stream,
the large crystallite sizes obtained when Ni and Co are simultaneously used as active
phases, and therefore the poor metal dispersion of these bimetallic catalysts, promoted

higher coke deposition.

Hence, the fast deactivation observed in these catalysts is due to coke deposition, with
the non-converted oxygenate compounds being the main coke precursors, but no metal

sintering phenomenon is observed. Thus, the average coke deposition rate per biomass
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mass unit fed considerably increases when Cao° is incorporated into the Ni/Al.O3
catalyst, revealing a correlation between the amounts of Co loaded on the catalyst and

the coke formation rate.

The poor performance of Co/Al2O3 catalyst at zero time on stream is attributed to the
oxidizing nature of steam, which favors the conversion of Co® into inactive CoO phase.
As reaction proceeds, oxygenate conversion increases due to the reducing atmosphere in
the reforming reactor, but this catalyst is severely deactivated once 37 min operation has
elapsed. The main cause of Co/Al,Oz catalyst deactivation is the loss of active phase by
oxidation of Co® with steam, which leads to the highest average coke deposition rate per

biomass mass unit fed (3.18 Mgcoke Yeat * Ybiomass 1)

The coke deposited in all deactivated catalysts has an amorphous nature, with no
filaments formed in any of the deactivated samples. The TPO profiles reveal that,
although the presence of Co®in Ni-Co/Al,Os catalysts attenuates the evolution of coke
to more graphitic structures, higher average coke deposition rates are attained, which

leads to faster catalyst deactivation.
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