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A B S T R A C T   

The steam reforming of bio-oil is a promising and economically feasible technology for the sustainable H2 
production, yet with the main challenge of designing highly active and stable catalysts. This work aimed to study 
the deactivation mechanism of a NiAl2O4 spinel derived catalyst, the role of Ni and alumina sites in this 
mechanism and the appropriate reaction conditions to attenuate deactivation. The reaction tests were carried out 
in a fluidized bed reactor with prior separation of the pyrolytic lignin. The fresh or used catalysts were char
acterized using X-ray diffraction, temperature-programmed oxidation, X-ray photoelectron spectroscopy, scan
ning electron microscopy combined with energy dispersive X-ray spectroscopy, and Raman spectroscopy. For 
steam/carbon ratios > 3.0, space time above 0.075 h and temperature between 600− 700 ◦C, high initial 
hydrogen yield is obtained (in the 85–90 % range) with CO yield near 20 %, CH4 yield below 5 % and negligible 
initial yield of hydrocarbons. The catalyst is more stable at 600 ◦C, with coke formation preferentially located on 
Ni sites inside the catalyst particle. Increasing the temperature favors the coke development and consequent 
deposition on the alumina support, leading to a rapid catalyst deactivation because the limited availability of Ni 
and alumina sites. These results contribute to understand the phenomenon of catalyst deactivation in the steam 
reforming of bio-oil and set appropriate reaction conditions to mitigate this problem with a NiAl2O4 spinel 
derived catalyst.   

1. Introduction 

The necessary energy transition towards a sustainable model implies 
the progressive depletion of fossil fuels and their substitution with 
environmentally friendly energy vectors. Among several alternatives, 
hydrogen is a promising energy vector because it is a clean fuel and it has 
the maximum energy capacity [1]. The current industrial routes for the 
hydrogen production include thermochemical processes of fossil re
sources (96 % of the production), and water electrolysis and as a 
byproduct of other processes. The most common thermochemical pro
cess is the endothermic steam reforming (SR) of methane or liquid hy
drocarbons of fossil origin [2,3]. However, the use of these raw materials 
makes the hydrogen production through SR unsustainable, and the 
challenge is to develop processes based on renewable raw materials, 
such as biomass. On this regards, most of the efforts focus on the SR of 
biomass derivatives, particularly that of bio-oil (SRB) [4–6]. Bio-oil is 
the liquid product from the fast pyrolysis of lignocellulosic biomass [7] 

or sewage sludge [8] composed of an oxygenate mixture (carboxylic 
acids, alcohols, aldehydes, ketones, esters, furfurals, phenolic and 
sugar-like compounds). The interest of the SRB for the H2 production is 
motivated by different circumstances [9,10]: (i) the costly dehydration 
process is avoided; (ii) the existence of well-developed technologies of 
fast pyrolysis for bio-oil production from lignocellulosic biomass; (iii) 
the higher volumetric energy density and easier transportation and 
storage of bio-oil compared to biomass, and; (iv) the perspectives of the 
strategy of combining the delocalized pyrolysis of biomass with the 
reforming of bio-oil centralized in a plant with the equipment required 
by the catalytic processes. 

The main reactions in the SRB are the SR of bio-oil oxygenates (Eq. 
(1)) and water gas shift (WGS) (Eq. (2)), and the combination of these 
two reactions corresponds to the stoichiometry of Eq. (3). Nevertheless, 
many other secondary reactions take place simultaneously, that 
contribute to the decrease in the hydrogen yield and the formation of 
carbonaceous deposits (coke) that deactivate the catalyst. These 
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secondary reactions include: the decomposition of oxygenates (Eq. (4)) 
that yields methane, carbon oxides, light hydrocarbons and coke; the SR 
of methane (Eq. (5)) and light hydrocarbons (also formed as byproducts 
of dehydration/cracking reactions of oxygenates) (Eq. (6)); the Bou
douard reaction (Eq. (7)) that yields coke, and; other decomposition 
reactions that lead to the equilibrium formation-gasification of coke 
(Eqs. (8)–(10)). 

Steam reforming of oxygenates:  

CnHmOk + (n – k)H2O → nCO + (n + m/2 – k)H2                               (1) 

Water gas shift (WGS) reaction:  

nCO + nH2O ↔ nCO2 + nH2                                                           (2) 

Global SR of bio-oil (SRB) reaction:  

CnHmOk + (2n – k)H2O → nCO2 + (2n + m/2 – k)H2                          (3) 

Decomposition/dehydration/cracking of oxygenates:  

CnHmOk → CxHyOz + CrHs + CH4 + H2O + CO + CO2 + H2 + C(coke)(4) 

Steam reforming of methane and light hydrocarbons:  

CH4 + H2O ↔ CO + 3H2                                                                (5)  

CrHs + rH2O → rCO + (r + s/2)H2                                                    (6) 

Boudouard reaction:  

2CO ↔ CO2 + C(Coke)                                                                   (7) 

Coke formation/gasification:  

CH4 ↔ 2H2 + C(coke)                                                                     (8)  

CrHs → (s/2)H2 + rC(coke)                                                               (9)  

C(coke) + H2O → CO + H2                                                           (10) 

The challenges are maximizing the hydrogen yield and preventing 
coke formation that leads to catalyst deactivation, which can be 
controlled with an appropriate catalyst design and the optimization of 
the reaction conditions. The catalyst design for the SRB points out to the 
use of natural materials (of low cost because of their availability, such as 
dolomite, olivine, limestone), supported non-noble metals (Ni, Co, Cu, 
Fe) and supported noble metals (Pd, Pt, Ru, Rh) [11]. Those based on Ni 
receive great attention for the SRB [11,12], steam reforming of volatiles 
from biomass fast pyrolysis [13] and tar (byproduct from biomass 
gasification) [14], because of their outstanding relationship between 
costs and performance. In Ni supported catalysts, both Ni and support 
sites have specific functions for steam reforming reactions. The most 
active Ni sites are reduced Ni crystals that are responsible for the 
adsorption and C–C bond scission of oxygenates [12,15]. Likewise, Ni 
sites are able to adsorb and dissociate water that is an elemental step in 
steam reforming reactions [16]. 

The main function of the support is to disperse the Ni sites to provide 
larger specific surface area of the active sites. Additionally, the support 
sites provide synergetic functions according to their nature, being the 
water adsorption and dissociation a common feature for many materials 
[12]. The conventional catalyst support is γ-Al2O3 because of its high 
capacity to disperse Ni crystals [17]. However, the γ-Al2O3 acid sites 
promote the formation of coke precursors giving rise to a high coke 
formation that can be attenuated with the passivation of the acid sites 
using CeO2 or La2O3 [18]. The presence of these promoters improves the 
dispersion and prevent the sintering of Ni sites, and enhance the water 
adsorption and dissociation. Additionally, the CeO2 incorporation as a 
promoter provides oxygen vacancies and increases the activity of coke 
gasification [19]. 

The regeneration capacity is an essential requirement of the Ni cat
alysts to be used in SRB because of the rapid deactivation by coke 

[20–22]. In this regard, some recent advances in catalyst design can be 
highlighted. Kumar and Sinha [23] have developed a 
Ni/γ-Al2O3-La2O3-CeO2 catalyst using metal organic frameworks (MOF) 
that is active for the SR of acetic acid with an remarkable stability. This 
catalyst almost recovers its complete activity upon the coke combustion 
with oxygen at 500 ◦C [24]. The catalyst derived from NiAl2O4 spinel is 
highly active for the SRB, and shows an appropriate regeneration ca
pacity upon the coke combustion, which makes it appropriate for 
reaction-regeneration cycles [9,25–27]. The actual catalyst results from 
the reduction of the NiAl2O4 spinel structure that leads to well-dispersed 
Ni crystals supported on Al2O3 giving rise to a high activity [28]. The 
advantage of preparing Ni supported catalysts from NiAl2O4 spinel rely 
on the incorporation of high Ni loadings with high dispersion in the 
catalyst particle, which is an advantage to reduce coke formation [29]. 

The reaction conditions (temperature, steam/carbon (S/C) ratio and 
space time) significantly affect the catalyst performance because of their 
impact on the extent of the reactions involved in the SRB (Eqs. (1), (2) 
and (4)–(10)) that are governed by thermodynamic equilibria [11, 
30–36]. The effect of temperature is complex given the endothermic 
nature of the SR reactions (Eqs. (1), (5) and (6)) and the moderate 
exothermic nature of the WGS reaction (Eq. (2)). Thus, the increase in 
the reaction temperature favors the extent of the SR reactions and dis
favors the WGS reaction. Likewise, the increase in the reaction tem
perature favors the undesired decomposition/cracking of oxygenates 
(Eq. (4)) and disfavors the coke formation through the Boudouard re
action (Eq. (7)), whereas the coke gasification reactions (Eq. (10) and 
reverse of Eqs. (7) and (8)) are also favored [20–22,35,37]. 

Another important reaction condition is the steam/carbon (S/C) 
ratio in the feed since an excess of water above the stoichiometric value 
favors the SR (Eqs. (1), (5) and (6)) and WGS (Eq. (2)) reactions and also 
favors the coke gasification reaction (Eq. (10)) at high temperatures [36, 
38]. However, the blockage of the catalytic sites by the water molecules 
may hinder the adsorption of oxygenates causing a decrease in the 
catalytic activity [39]. Furthermore, it is important to consider that the 
use of high values of temperature and S/C ratio in the feed may lead to 
the sintering phenomenon causing irreversible catalyst deactivation 
[40] and increases the energy requirements of the process [36]. Finally, 
the increase in the space time (ratio between the catalyst weight and 
reactant flowrate) increases the availability of catalytic sites and 
consequently favors the extent of the reaction steps with the aim of 
approaching to the thermodynamic equilibrium, boosting the conver
sion of oxygenates and hydrogen yield [33,41,42]. 

As aforementioned, catalyst deactivation by coke deposition is one of 
the most relevant challenges in the SRB and understanding this phe
nomenon is paramount for an appropriate catalyst and process design. 
The catalyst deactivation by coke in the SRB depends on the catalyst 
characteristics, oxygenate composition and reaction conditions (partic
ularly on the reaction temperature), which affect the coke nature and 
location on the catalyst with different impacts on catalyst deactivation 
[20,43]. Some research efforts made to understand this phenomenon 
reflect the particularities of these variables. The coke deposits on a 
Ni/La2O3-αAl2O3 catalyst after the SRB at 550 ◦C have been found to 
have an amorphous and encapsulating nature leading to a rapid catalyst 
deactivation, whereas they have a filamentous nature at 700 ◦C with a 
mildly effect on catalyst deactivation [22,44]. Indeed, the coke deposits 
on a NiCaAl catalyst after the SRB at 800 ◦C are mostly constituted of 
filaments (carbon nanotubes) [45]. The formation of filamentous coke is 
more reliably seen on a Ni/αAl2O3 catalyst after the SR of several bio-oil 
model compounds at 700 ◦C [46]. Other reaction conditions, such as the 
S/C ratio in the feed and space time, would have a less severe effect on 
the nature of coke deposits, with a major impact on their amount and 
formation rate [20]. 

In this work, we have investigated the mechanism of deactivation by 
coke of a NiAl2O4 spinel derived catalyst in the SRB. The selection of this 
catalyst is based on its regeneration capacity that makes it a promising 
alternative for the use at a larger scale in reaction-regeneration cycles. 
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The regeneration based on the coke combustion and calcination at high 
temperature (850 ◦C) re-oxidizes the Ni crystals, and NiO diffuses into 
the Al2O3 lattice to form the NiAl2O4 spinel structure. The prior reduc
tion of the NiAl2O4 structure in the reactor generates Ni crystals that are 
well dispersed on the Al2O3 support. The cycle can be repeated and the 
catalyst recovers the activity for the SRB [26]. Our previous works with 
this NiAl2O4 spinel derived catalyst were carried out under selected 
conditions (700 ◦C and space time near 0.13 (g catalyst) h (g bio-oil)− 1 

[9,26,27]) based on studies of the SRB with other catalysts (a com
mercial Rh/CeO2-ZrO2 [47,48] or supported Ni/La2O3-αAl2O3 [38,44, 
49]). We have further extended our research on deepening the insights 
into the catalyst deactivation by coke at different reaction conditions 
(600− 700 ◦C; space time, up to 0.25 (g catalyst) h (g bio-oil)− 1; and 
steam/carbon molar ratio (S/C), 1.5–6), with the purpose of establishing 
adequate reaction conditions for mitigating this problem affecting the 
process feasibility. For this purpose, we selected low space time values to 
observe relevant deactivation in our experiments. The used catalysts 
(those recovered after each experiment) were analyzed by several 
techniques (X-ray diffraction (XRD), temperature-programmed oxida
tion (TPO), X-ray photoelectron spectroscopy (XPS), scanning electron 
microscopy combined with energy dispersive X-ray spectroscopy 
(SEM-EDX), and Raman spectroscopy), to determine the degree of sin
tering of Ni crystals, and quantity and characteristics of coke deposits. 
Our results point out to the significant effect of temperature on the coke 
nature and location on the NiAl2O4 spinel derived catalyst, and the 
benefit of carrying out the SRB at 600 ◦C. 

2. Experimental 

2.1. Catalyst preparation and characterization 

The NiAl2O4 spinel structure was synthetized using the co- 
precipitation method [27,50]. The synthesis procedure consisted of 
mixing hexa-hydrated nickel nitrate (Ni(NO3)2⋅6H2O, Panreac, 99 %) 
and nona-hydrated alumina nitrate (Al(NO3)3⋅9H2O, Panreac, 98 %) in 
an aqueous solution and adding a 0.6 M solution of ammonium hy
droxide (NH4OH, Fluka, 5 M) as the precipitating agent dropwise until 
reaching a pH of 8. Afterwards, the precipitate was recovered using 
filtration and washed with distilled water to remove the remaining 
ammonium ions. The recovered precipitate was dried for 12 h, calcined 
at 850 ◦C for 4 h with a heating ramp of 10 ◦C min− 1, and crushed and 
sieved to obtain particle sizes in the range of 0.15− 0.25 mm. These 
particles are assumed to have the stoichiometric formula of NiAl2O4, 
corresponding to 33 wt% of Ni. 

The NiAl2O4 spinel structure was characterized using temperature- 
programmed reduction (TPR), XRD and nitrogen physisorption. The 
TPR analysis was carried out in a Micromeritics AutoChem II 2920 
apparatus and the experimental procedure consisted of exposing the 
sample to a flow of hydrogen (10 mol%) in argon and heating from 50 ◦C 
up to 950 ◦C at 5 ◦C min− 1. The TPR profile (Fig. 1a) shows that the H2 
uptake takes place between 400 and 900 ◦C, indicating the progressive 
reduction of Ni species with a maximum at 760 ◦C, which is a typical 
reduction temperature for the Ni species attached to the spinel structure 
[25,51]. 

The XRD analysis of the reduced catalyst was carried out in a Bruker 
D8 Advance diffractometer with a CuKα1 radiation. The device is 
equipped with a Germanium primary monochromator, Bragg-Brentano 
geometry and with a CuKα1 wavelength of 1.5406 Å, corresponding to 
an X-ray tube with Cu anticathode. A Sol-X dispersive energy detector 
was employed, with a window optimized for CuKα1 for limiting the 
fluorescence radiation. Data collection was carried out continuously, 
from 10◦ to 80◦ with step of 0.04◦ in 2θ and measurement time of 103 
min. The XRD patterns (Fig. 1b) confirm that synthetized NiAl2O4 spinel 
has the expected cubic close-packed structure, with intense peaks at 2θ 
= 37.2, 45.2 and 65.7◦ [50,51]. Likewise, upon reduction of the NiAl2O4 
structure, the XRD pattern indicates a complete change in the structure 

resulting in intense peaks at 2θ = 44.6 and 52.0◦ corresponding to 
reduced Ni crystals and at 2θ = 37.5, 46.0 and 67.1◦ corresponding to 
Al2O3 phases [25]. The Ni crystal size was calculated using the Scherrer 
equation and the deconvolution parameters of the peak at 2θ = 52.0◦, 
giving an average value of 13 nm. 

The derived catalyst morphology was studied using transmission 
electron microscopy in a Philips SuperTwin CM200 microscope. The 
TEM image (Fig. S1 in the Supplementary Information) shows that the 
catalyst is composed of Ni crystals with an almost uniform size and 
supported on an Al2O3 phase. The crystal size distribution determined 
using the TEM image gives an average value of 12.5 nm, being similar to 
that determined using the Scherrer equation in agreement with a pre
vious work [26]. 

The N2 physisorption was carried out in a Micromeritics ASAP 2010 
apparatus and the experimental procedure consisted of outgassing the 
sample at 150 ◦C and 10− 3 mmHg for 8 h followed by the adsorption and 
desorption of nitrogen at 77 K in order to obtain isotherm data to 
calculate the specific surface area and volume with the BET method. The 
textural properties of synthetized NiAl2O4 spinel and derived catalyst 
are shown in Table 1. The specific surface area for synthetized NiAl2O4 

Fig. 1. Characterization of synthetized NiAl2O4 spinel and derived catalyst: 
TPR profile (a); XRD patterns (b). 

Table 1 
Textural properties of NiAl2O4 spinel and derived catalyst.  

Sample SBET (m2 g− 1) Vpore (cm3 g− 1) Pore size (nm) 

NiAl2O4 spinel 94 0.217 7.94 
Catalyst 68 0.228 12.5 

SBET = specific surface area determined with BET method. Vpore = pore volume. 
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spinel is 94 m2 g− 1, whereas is slightly lower for the derived catalyst (68 
m2 g− 1), which is comparable to that of a Ni/Al2O3 catalyst with a high 
Ni loading [52]. Likewise, the average pore diameter also increases for 
the derived catalyst, being larger than that for conventional Ni/Al2O3 
catalysts or even for Al2O3 phases. 

Thus, the afore mentioned analysis, give evidence that the NiAl2O4 
spinel structure is completely converted into an Al2O3 supported Ni 
catalyst upon reduction at 850 ◦C with an isothermal period of 4 h to 
assure the reduction of all Ni species in NiAl2O4 spinel prior to each 
experiment. Furthermore, the relative high surface area and mean pore 
size of the resulting catalyst would allow the diffusion of reactants 
through the catalyst particle. 

The used catalysts (those used in each reaction test) were analyzed 
using XRD, TPO, XPS, SEM with a secondary electron detector or 
backscatter electron detector (BSD-SEM) alone or combined with 
energy-dispersive X-ray spectroscopy (EDS), and Raman spectroscopy. 
The TPO analyses were carried out in a Thermo Scientific TGA Q5000TA 
IR thermobalance coupled in line with a Thermostar Balzers Instrument 
mass spectrometer for monitoring the CO2 signal (m/z = 44). The TPO 
profile was quantified using the mass spectrometric data of the CO2 
signal because the oxidation of Ni crystals during combustion might 
mask the thermogravimetric signal. The procedure consisted of stabi
lizing the sample at 50 ◦C, followed by heating at 5 ◦C min− 1 up to 800 
◦C under an airflow at 50 cm3 min− 1. The XPS spectra were carried out 
in a SPECS (Berlin, Germany) system equipped with a Phoibos 150 1D- 
DLD analyzer, Al Kα monochromatic radiation (1486.6 eV), an X-ray 
exciting source, and a hemispherical electron analyzer. The binding 
energy of the C 1s carbon was set at 284.6 eV to correct the material 
charging, and the analysis was carried out using an electron take off 
angle of 90◦. The SEM images were obtained in a JEOL JSM-7000F 
microscope with a tungsten filament (resolution 3.5 nm) equipped 
with an Oxford Pentafet EDS analyzer (resolution 133 eV) operating at 
20 kV under vacuum at 9.65 × 10− 5 bar and an intensity of 1.85 × 10− 10 

A. Additionally, high resolution SEM images were obtained in Hitachi S- 
4800 N field emission gun scanning electron microscope (FEG-SEM) 
using an accelerating voltage of 5 kV. The Raman spectra were carried 
out in a Renishaw InVia confocal microscope using an excitation 
wavelength of 514 nm, taking a spectrum in several areas of the sample 
for assuring reproducibility. 

2.2. Bio-oil 

Bio-oil was supplied by BTG Bioliquids BV (The Netherlands) and 
was obtained through flash pyrolysis of pine sawdust in an industrial 
plant with a conical rotary reactor for a capacity of 5 t h− 1. The bio-oil 
density is 1.105 g ml− 1. The water content of bio-oil was determined 
using Karl-Fischer titration (KF-Titrino Plus 870) giving 26 wt%. The 
elemental analysis was determined using a Leco CHN-932 analyzer 
(water-free basis), resulting in an empiric formula of C4.6H6.2O2.4. The 
chemical composition was determined using a Shimadzu QP2010S gas 
chromatography/mass spectrometer (GC/MS) provided with a BPX-5 
column (50 m × 0.22 mm x0.25 μm) and mass selective detector. 
Identification of compounds was accomplished by matching the mass 
spectra with NIST 147 and NIST 27 data libraries. The main compounds 
are listed in Table 2. 

2.3. Reaction tests 

The SRB experiments were carried out in a continuous two-units 
reaction equipment (MicroActivity Reference from PID Eng&Tech) 
shown in Fig. S2 (Supplementary Information). The first unit is a U- 
shaped steel tube (inner diameter = 0.75 in.) for the vaporization of bio- 
oil and the controlled deposition of pyrolytic lignin (PL) formed through 
repolymerization of some oxygenates (mainly phenolic compounds) 
during the vaporization of bio-oil [53]. In this way, the subsequent 
deactivation of the SR catalyst is attenuated, although there is a 

moderate decrease in the flowrate of oxygenates that enters the 
reforming reactor (Unit 2). The temperature in this first unit was 500 ◦C, 
which appropriately balances the amount of oxygenates exiting the unit 
and the stability of the catalyst in the subsequent reforming reactor [40]. 
This second unit is a fluidized-bed reactor for reforming the effluent 
stream of the first unit. The reactor (of stainless steel, with 22 mm of 
internal diameter and total length of 460 mm) is located inside a furnace 
with a steel casing, covered with refractory material and with an elec
trical resistance inside. The reactor-furnace assembly is located in a hot 
box at 300 ◦C, to avoid condensation of the inlet streams to the reactor, 
as well as the outlet stream before being sent for on-line analysis. In 
order to improve the fluidodynamics of catalytic bed, the catalyst 
(NiAl2O4 spinel with a particle size of 0.15− 0.25 mm) is mixed with a 
solid inert material (silicon carbide with a particle size of 0.037 mm), 
with an inert/catalyst mass ratio above 8. 

The feed to the reaction equipment consists of a mixture of (1) raw- 
bio oil pumped at 0.08 mL min− 1 with a Harvard Apparatus 22 injection 
pump, (2) water pumped at the required flowrate according to the 
desired S/C ratio with a 307 Gilson pump, and (3) nitrogen at balanced 
flowrates according to the required amount of water, so that the total 
feed flowrate remains in the 800− 1000 ml min− 1 range (in reforming 
reaction conditions). A small portion of the effluent stream of the second 
unit (fluidized-bed reactor) is diluted in an He stream and sent contin
uously through a thermally insulated line (at 150 ◦C) to a micro gas 
chromatograph (MicroGC 490 Agilent) for the on-line analysis of its 
composition. The MicroGC is provided with four columns: molecular 
sieve MS5 (for hydrogen, oxygen, nitrogen, methane and carbon mon
oxide), Plot Q (for carbon dioxide, water and C2-C4 hydrocarbons), 
CPSIL (for C5-C11 hydrocarbons, not detected in this work), and Sta
bilwax (for oxygenates). 

Prior to each SRB experiment, the catalyst was reduced in situ under 
a hydrogen (10 mol%)-nitrogen flow at 850 ◦C for 4 h. These conditions 
are appropriate for the complete reduction of the Ni species in the 
NiAl2O4 structure leading to obtain well-dispersed Ni crystals on Al2O3. 
The SRB experiments were carried out in individual sets of variable 
reaction temperature (600, 650 and 700 ◦C), variable space time by 
changing the catalyst load and variable steam/carbon (S/C) molar ratio 
in the feed (1.5, 3.0, 4.3 and 6.0) by balancing the water and nitrogen 
flowrates, keeping the rest of the experimental conditions constant in 
each set of experiments. The space time (W/F0) is defined as the ratio 
between the catalyst weight (W) and the flowrate of oxygenates in the 
main feed stream (F0), with values between 0.075 and 0.25 (g catalyst) h 
(g oxygenates)− 1 (hereafter the units for the space time will be 

Table 2 
Semi-quantitative GC–MS composition (% peak area) of raw 
bio-oil.  

Components Composition (%) 

ACIDS 10.0 
Acetic acid 8.0 

KETONES 20.4 
Linear 15.0 
Acetone 5.6 
Acetol 5.6 
Cyclic 5.4 

ESTERS 3.7 
FURANONES 6.9 
ALCOHOLS 4.1 
ALDEHYDES 5.0 
ETHERS 1.9 
SACCHARIDES 21.4 

Levoglucosan 14.4 
PHENOLS 26.7 

Alkyl-phenols 2.8 
Guaiacols 12.4 
Catechols 6.4 
Syringols 0.1 
Other 4.8  
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simplified to h). These reaction conditions were selected based on our 
previous experience in the SRB with other catalysts [38,44,48,49]. After 
each experiment, the used catalyst was recovered and kept for analyses 
as described in the Section 2.1. 

The main detected products in the effluent stream of the second unit 
were hydrogen (H2), carbon monoxide (CO), carbon dioxide (CO2), 
methane (CH4) and C2-C4 hydrocarbons (HC). By using the experimental 
data, the conversion of oxygenates in bio-oil (X) was calculated as: 

X =
Foxygenates,in − Foxygenates,out

Foxygenates,in
(11)  

Where Foxygenates is the carbon-based molar flowrate of oxygenates in the 
bio-oil in the feed (in) or in the effluent (out) streams of the second unit. 
The Foxygenates,in was calculated by subtracting the amount of deposited 
LP in the first unit from the oxygenates flowrate of the main feed stream 
(F0). The Foxygenates,in – Foxygenates,out was calculated from the sum of 
carbon-based molar flowrates of gaseous carbon products (CO, CO2, CH4 
and HCs) in the effluent stream. The H2 yield (YH2) was calculated as: 

YH2 =
FH2,out

FH2,stoichiometry
(12)  

Where FH2,out is the hydrogen flowrate in the effluent (out) stream of the 
second unit and FH2,stoichiometry is the stoichiometric hydrogen flowrate 
that would be formed according to the overall SR reaction of oxygenates 
(Eq. (3)). The yield of the carbon products (Yi, where i = CO, CO2, CH4 
and HC) was calculated as: 

Yi =
Fi,out

Foxygenates,in
(13)  

Where Fi,out is the carbon-based molar flowrate of the i product in the 
effluent (out) stream of the second unit. 

Fig. 2. Effect of reaction temperature on the evolution with time on stream of the conversion of oxygenates (a) and yield of H2 (b), CO (c), CO2 (d), CH4 (e) and 
hydrocarbons (HC) (f). Reaction conditions: space time, 0.15 h; S/C ratio, 3.0. 
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3. Results 

3.1. Effect of reaction conditions 

This section presents the results for the effect of reaction conditions 
on the performance of the NiAl2O4 spinel derived catalyst in the SR of 
bio-oil (SRB). Specifically, the effect of temperature, space time and 
steam/carbon (S/C) molar ratio in the feed on the evolution with time 
on stream of the conversion and yield of products is individually 
analyzed in the following subsections. 

3.1.1. Temperature 
Fig. 2 shows the effect of reaction temperature on the evolution with 

time on stream of the conversion (Fig. 2a) and yield of products 
(Figs. 2b–f) for a space time of 0.15 h and S/C ratio of 3. This low space 
time value enables to obtain experimental data under a kinetic regime to 
clearly analyze the effect on the catalyst deactivation. As seen in Fig. 2, 
the conversion at zero time on stream increases with increasing tem
perature values, reaching complete conversion at 650 ◦C and 700 ◦C. 
This high conversion at zero time on stream evidences a high activity of 
the fresh catalyst, which is consistent with the availability of Ni sites and 
the structural properties, thus allowing the diffusion of reactants 
through the catalytic sites (properties described in Section 2.1). Addi
tionally, Figs. S3 and S4 in the Supplementary Information show the 
effect of reaction temperature for a space time of 0.075 h and S/C = 1.5 
and 0.15 h and S/C = 1.5, respectively. At these conditions (lower space 
time and/or S/C ratio values than those of Fig. 2), the deactivation is 
severer. 

The initial H2 and CO2 yield (Figs. 2b and d, respectively) reaches a 
maximum at 650 ◦C, whereas the values are slightly higher at 700 ◦C 
than at 600 ◦C. The maxima in the H2 and CO2 yield as a function of the 
reaction temperature is an expected result for the SRB [11], and it occurs 
by the thermodynamically favored reverse WGS reaction (inverse of Eq. 
(2)) at high temperature values [54] (in this case above 650 ◦C), which 
reduces the H2 and CO2 formation. The maxima in the H2 and CO2 yield 
is also observed at other reaction conditions (Fig. S4). On the other 
hand, the initial CH4 yield (Fig. 2e) decreases with increasing temper
ature values, confirming that the SR of methane is favored (Eq. (5)) [55]. 
The initial yield of HC is insignificant at almost all reaction conditions 
(Figs. 2f, S3f and S4f) except for the lower temperature and space time 
values), which evidences the high capacity of the NiAl2O4 spinel derived 
catalyst for reforming these byproducts (Eq. (6)) formed from the 
cracking/dehydration/decomposition of oxygenates (Eq. (4)). 

The decrease in the conversion with increasing time on stream at all 
the temperature values (Fig. 2a) evidences that the catalyst undergoes 
deactivation, with the order in the deactivation rate being 650 ◦C >>

700 ◦C > 600 ◦C. This order is also observed at other reaction conditions 
(Figs. S3 and S4). At all the temperatures, the catalyst deactivation 
causes a decrease in the H2 and CO2 yield (Figs. 2b and d, respectively) 
and an increase in the HC yield (Fig. 2f), which is more rapid at 650 ◦C 
according to the more rapid decrease in the conversion. This indicates 
that the catalyst is deactivated to so extent for the SR reactions (of both 
oxygenates and hydrocarbons) and WGS reaction. This deactivation is 
practically complete at 650 ◦C and 700 ◦C after 4 and 4.5 h on stream, 
respectively, whereas at 600 ◦C the catalyst remains partially active 
after 4.5 h on stream (indicated by the relative high H2 and CO2 yield). 
Although the main objective is the production of H2, it can be observed 
that with the catalyst deactivated after 4.5 h on stream a higher yield of 
useful syngas (H2 and CO) is obtained at 700 ◦C than at 600 ◦C. This 
result is explained because the extent of the reverse WGS reaction 
(reverse of Eq. (2)) and thermal decomposition of oxygenates (Eq. (4)) 
are favored at high temperature, contributing to the formation of H2, CO 
and CH4. The evolution with time on stream of the CO and CH4 yield 
significantly varies depending on the reaction temperature. The CO 
yield (Fig. 2c) remains almost constant at 600 and 650 ◦C, and slightly 
increase at 700 ◦C, whereas the CH4 yield (Fig. 2e) decreases at 600 ◦C, 

and increases at 650 and 700 ◦C. This is an expected result for inter
mediate products in the overall reaction scheme, and it is a consequence 
of the different impact of the reaction conditions on the reaction steps 
and on the formation and disappearance of coke, and consequently on 
the catalyst deactivation [42]. 

Thus, at high temperature values (when the methane SR reaction 
(Eq. (5)) is highly promoted over methanation reaction (reverse of Eq. 
(5)), CH4 is mainly a primary product in the reaction scheme, and 
consequently, its yield increases with increasing time on stream when 
the catalyst is deactivated for the methane SR reaction. Nevertheless, at 
600 ◦C (when the methanation reaction is favored over the methane 
reforming reaction), CH4 is mainly a final product in the overall reaction 
scheme, and consequently, its yield decreases continuously with time on 
stream as the catalyst undergoes deactivation for the methanation re
action. The constant values of the CO yield with time on stream evidence 
its role as an intermediate product in the reaction scheme, and a similar 
impact of catalyst deactivation on its formation reactions (by cracking/ 
decomposition and reforming of oxygenates, Eqs. (4) and (1), respec
tively) and on the disappearance reaction by the WGS and methanation 
reactions (Eq. (2) and reverse of Eq. (5), respectively). Nevertheless, for 
low S/C ratio values (Figs. S3 and S4), when the SR or WGS reactions are 
disfavored, the decrease in the CO yield with time on stream could be 
explained by the deactivation of the catalyzed decomposition/cracking 
reactions of oxygenates, being more rapid at higher temperature values. 
It should be noted that as the deactivation of the catalyzed reactions 
progresses, the yields of products tend to those obtained by thermal 
routes of decomposition/cracking of oxygenates (Eq. (4)),(values in 
Table S1, in Supplementary Information). These thermal routes are 
favored at increasing temperature values. Consequently, for highly 
deactivated catalysts, the CO, CH4 and HC yield increases with 
increasing reaction temperature values [47]. 

The explanation for the maximum deactivation rate at an interme
diate reaction temperature (650 ◦C) lies in the opposite effect of tem
perature in the coke formation and gasification reactions. The increase 
in the reaction temperature favors coke formation through the decom
position/dehydration/cracking of oxygenates (Eq. (4)) and decomposi
tion of methane (Eq. (8)) and hydrocarbons (Eq. (9)), although it 
disfavors the coke formation through the Boudouard reaction (Eq. (7)), 
and it also favors the coke gasification (Eq. (10)). Based on our results, 
we infer that the coke formation reactions prevail at 650 ◦C. 

3.1.2. Space time 
The effect of space time on the SRB was assessed by varying the 

catalyst weight in each experiment while keeping constant the bio-oil 
flowrate and the rest of operating conditions (temperature and S/C 
ratio). Fig. 3 shows the effect of space time (0.075, 0.15 or 0.25 h) at 700 
◦C and S/C ratio in the feed of 3. Additionally, Figs. S5 and S6 show the 
effect of space time at 600 ◦C and S/C = 6, and at 650 ◦C and S/C = 1.5, 
respectively. 

As seen in Fig. 3a, the conversion is complete (around 1) at zero time 
on stream and the corresponding yield of products (Figs. 3b–f) is similar 
for the different space time values because of the use of a high reaction 
temperature value (700 ◦C). Nevertheless, at low reaction temperature 
values (600 ◦C in Fig. S5 or 650 ◦C in Fig. S6), the initial conversion and 
product yield are lower and noticeably increase with increasing space 
time values because of the favored extent of the reactions, particularly 
that of the SR and WGS reactions [47]. It should be noted that the initial 
CH4 yield increases with increasing space time (Fig. 3e). This result 
evidences the significant contribution to the overall reaction scheme of 
the catalytic reactions of decomposition/cracking of oxygenates (Eq. 
(4)) at high temperature, which are slow reactions their rate are accel
erated using a higher amount of catalyst. A general conclusion from 
these results is that the use of this NiAl2O4 spinel derived catalyst ac
celerates the SR and WGS reactions favoring the H2 formation in com
parison to the thermal reactions (without using a catalyst) (Table S1), 
with a good approaching to the thermodynamic equilibrium at high 
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space time values [36]. 
The performance of the NiAl2O4 spinel derived catalyst is compara

ble with other catalysts at similar conditions (high space time 
approaching the equilibrium, 700 ◦C and S/C ratio of around 3). On a 
Ni/La2O3-Al2O3 catalyst, Valle et al. [49] obtained complete conversion 
and a H2 yield around 90 %. On a Rh/CeO2-ZrO2 catalyst, with a higher 
S/C ratio (6), Remiro et al. [48] obtained complete conversion and a H2 
yield of 95 %. Bali et al. [56] observed different performance for a Ni 
spinel catalyst without prior reduction, using different bio-oil feeds at 
lower S/C ratio values and higher temperature values. 

On the other hand, Fig. 3 (corresponding to 700 ◦C and S/C = 3) 
shows that the deactivation rate (inferred from the decrease in the 
conversion with increasing time on stream in Fig. 3a) decreases 
noticeably with increasing space time values. The H2 and CO2 yield 
decreases with time on stream (Figs. 3b and d, respectively) and the HC 
yield (Fig. 3f) increases, due to the catalyst deactivation for the SR and 
WGS reactions. These variations in products yields are slower for higher 
values of space time, in line with the attenuation in the deactivation rate 

at high space time values observed in Fig. 3a. These trends are similar at 
600 ◦C and S/C = 6 (Fig. S5), and at 650 ◦C and S/C = 1.5 (Fig. S6). 
Comparing the results in Figs. 3, S5 and S6, it is observed that the CO and 
CH4 yield show different trends with time on stream depending on the 
reaction temperature and S/C ratio in the feed. Thus, a high enough S/C 
ratio (Figs. 3 and S5) promotes the WGS reaction, and at these condi
tions the CO yield remains almost constant with time on stream, due to 
the similar impact of deactivation on the reactions forming CO 
(reforming (Eqs. (1), (5) and (6)) and catalytic decomposition/cracking 
(Eq. (4)) reactions) and on the reaction accounting for its disappearance 
(WGS reaction (Eq. (2)). Nevertheless, for a low S/C ratio (Fig. S5), the 
WGS reaction is not promoted, and at these conditions, CO is mainly a 
final product, whose yield decreases with time on stream when the 
catalyst is deactiavted for its forming reactions. At 700 ◦C, the CH4 yield 
overall increases with time on stream (Fig. 3e), evidencing that it is 
mainly a primary product in the reaction, whose yield increases when 
the catalyst is deactivated for the methane reforming reaction (Eq. (5)) 
and this increase is slower for high space time values in agreement with 

Fig. 3. Effect of space time (W/F0) on the evolution with time on stream of the conversion of oxygenates (a) and yield of H2 (b), CO (c), CO2 (d), CH4 (e), and 
hydrocarbons (HC) (f). Reaction conditions: 700 ◦C; S/C ratio, 3.0. 
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the attenuation of catalyst deactivation. Nevertheless, at the highest 
space time value the CH4 yield decreases at the beginning of the run, 
passes through a minimum and subsequently increases continuously. 
This peculiar behavior can be explained because the catalytic decom
position/cracking reactions (whose extent is relevant at high space time) 
are slow reactions that are more rapidly affected by the deactivation of 
the catalyst than the methane reforming reaction. At 600 ◦C (Fig. S5), 
the catalyst remains partially active even for a low space time of 0.15 h. 
At 700 ◦C (Fig. 3), the catalyst remains active at the highest space time 
value (0.25 h), and at 650 ◦C (Fig. S6), the catalyst undergoes severe 
deactivation at all the space time values. 

3.1.3. Steam/carbon ratio 
The effect of steam/carbon (S/C) molar ratio in the feed was assessed 

by varying the water and nitrogen flowrates while keeping constant the 
bio-oil flowrate. Fig. 4 shows the evolution with time on stream of the 
conversion and yield of products at 700 ◦C and space time of 0.25 h and 
different S/C ratio values in the feed (1.5, 3.0 and 4.3). As seen, the 

conversion and the H2 and CO2 yield at zero time on stream increase 
whereas the CO and CH4 yield decreases with the increase in the S/C 
ratio in the feed. These trends in the conversion and yield of products 
with increasing values of the S/C ratio in the feed are more clearly 
observable under other conditions of low temperature and space time 
values (Figs. S7 and S8). These results confirm that the excess of water in 
the feed (above the S/C ratio stoichiometric value of around 1.5) favors 
the SR and WGS reactions [30]. Nevertheless, it should be noted that too 
high S/C ratio in the feed (above the value of 6 used in this work) could 
involve counterproductive effects because (i) the competitive adsorption 
between water and oxygenates could decrease the catalytic activity to 
convert oxygenates [39,57], and (ii) the high energy consumption to 
generate steam decreases the process energy efficiency [36]. Moreover, 
Gao et al. [58] emphasize that an excess of steam could cool the active 
sites affecting the endothermic reactions. 

The evolution with time on stream of the conversion (Fig. 4a) evi
dences that the increase in the S/C ratio in the feed attenuates the 
deactivation rate. Likewise, the decrease in the H2 and CO2 yield 

Fig. 4. Effect of steam/carbon (S/C) molar ratio in the feed on the evolution with time on stream of the conversion of oxygenates (a) and yield of H2 (b), CO (c), CO2 
(d), CH4 (e) and hydrocarbons (HC) (f). Reaction conditions: 700 ◦C; space time, 0.25 h. 
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(Figs. 4b and d, respectively) is attenuated and the increase in the HC 
yield (Fig. 4e) is slower, in line with the catalyst deactivation attenua
tion for the SR and WGS reactions. This behavior is also observed at 
other reaction conditions in Figs. S7 and S8. The explanation for these 
results lies in the well-established attenuation of the coke deposition by 
increasing the water concentration in the reaction medium [11]. The 
variable evolution with time on stream of the CO and CH4 yield for 
different values of the S/C ratio in the feed in Figs. 4, S7 and S8 is a 
consequence of the different extent of the formation and disappearance 
reactions of these intermediate compounds, as previously commented 
for the effect of temperature and space time. Thus, the yield of CO de
creases with time on stream when it is mainly a final product in the 
reaction scheme (S/C ratio = 1.5, when the WGS reaction is not pro
moted), it remains constant when it behaves as an intermediate product 
(S/C ratio = 3) and slightly increases when it behaves as a primary 
product in the reaction scheme (S/C ratio = 6, when the WGS reaction is 
highly promoted). In the conditions of Fig. 4, corresponding to a high 
space time value, the CH4 yield passes through a minimum with time on 
stream, as previously explained, which is reached at higher values of 
time on stream for a high S/C ratio, due to the attenuation of the 
deactivation caused by the excess of water. 

3.2. Characterization of used catalysts and coke deposits 

The results in the previous section showed that the severity in the 
deactivation of the NiAl2O4 spinel derived catalyst depends on the re
action conditions. In this section, we explored the plausible causes of 
deactivation (sintering of Ni crystals and the deposition of coke on the 
catalyst surface) by characterizing the used catalysts with different 
techniques (XRD, TPO, XPS, EDS, SEM and Raman spectroscopy). The 
used catalysts in the experiments with variable temperature (Fig. 2) are 
denoted as SRB-600, SRB-650 and SRB-700; with variable space time 
(Fig. 3) as SRB-0.075, SRB-0.15 and SRB-0.25, and; with variable S/C 
ratio in the feed (Fig. 4) as SRB-1.5, SRB-3.0 and SRB-4.3. 

3.2.1. Structural analysis of used catalysts 
The structural properties of the used catalysts were determined using 

XRD analysis with the purpose of assessing the degree of sintering of Ni 
crystals and the crystalline state of coke deposits. Fig. 5 shows the XRD 
patterns of the fresh (reduced) and used catalysts at variable reaction 
temperature (Fig. 5a), variable space time (Fig. 5b) and variable S/C 
ratio in the feed (Fig. 5c). The used catalysts show diffraction peaks 
similar to those of the fresh (reduced) catalyst, indicating the presence of 
phases of Al2O3 (2θ = 37.6, 45.8 and 67.0◦) and Ni crystals (2θ = 44.7 
and 52.0◦). The average size of Ni crystals of the fresh (reduced) and 
used catalysts (Table 3) was calculated from the diffraction peak at 2θ =
52.0◦ by using the Scherrer equation [26]. The estimated value is 13.0 
nm for the fresh (reduced) catalyst and slightly increases for the used 
catalysts in the range of 13.0–17.9 nm. These slight changes in the 
average size of Ni crystals show no evidence of a noticeable sintering 
phenomenon of Ni crystals, and therefore we rule out this as the cause 
responsible for catalyst deactivation at the reaction conditions used in 
this work. 

The XRD patterns of the used catalysts also provide information on 
the coke deposits. The used catalyst of the experiment carried out at 700 
◦C (SRB-700 in Fig. 5a) shows a diffraction peak at 2θ = 26.3− 26.6º that 
corresponds to crystalline carbon structures [22], whereas this peak 
does not appear for the experiments carried out at 600 and 650 ◦C. This 
peak is rather broad and with low intensity indicating the poor crys
tallinity of such structures and therefore the major amorphous nature of 
coke. Nevertheless, the increase in the space time at 700 ◦C (Fig. 5b) 
increases the intensity of this diffraction peak, which suggests the 
presence of more crystalline carbon structures. On the other hand, 
increasing the S/C ratio in the feed at 700 ◦C (Fig. 5c) does not affect the 
intensity of this diffraction peak. 

Consequently, these results evidence that the coke crystallinity is 

affected by reaction conditions, whereas the sintering of Ni crystals is 
not significant within the studied range of reaction conditions. 

3.2.2. Coke combustion 
The combustion characteristics and quantification of coke deposits 

on the catalyst surface were determined using TPO analysis. Fig. 6 shows 
the TPO profiles of the coke deposits on the used catalysts at variable 
reaction temperature (Fig. 6a), space time (Fig. 6b) and S/C ratio in the 
feed (Fig. 6c). Additionally, Figs. S9–S11 show the TPO profiles of coke 

Fig. 5. XRD patterns of the used catalysts at different values of reaction tem
perature (a), space time (b) and steam/carbon (S/C) ratio in the feed (c). Used 
catalyst obtained at the conditions indicated in Figs. 2–4, respectively. 
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formed in the experiments described in Figs. S3–S8. The TPO profiles 
show two ranges of coke combustion temperature, corresponding to two 
coke fractions: one range below 500 ◦C (combustion of coke I) and 
another above 500 ◦C (coke II). 

As seen in Fig. 6a coke formed at 600 ◦C is predominantly coke I, 
with little presence of coke II. In contrast, coke on the catalysts used at 
650 and 700 ◦C is mostly coke II. Likewise, coke on the catalysts used at 
700 ◦C at different space time values (Fig. 6b) and S/C ratio values in the 
feed (Fig. 6c) is predominantly coke II. The results presented in 
Figs. S9–S11 for other reaction conditions confirm that the reaction 
temperature is the variable that determines the formation of coke I or 
coke II. The former type is preferentially formed in all the experiments 
with a reaction temperature of 600 ◦C, whereas the latter type is pre
dominantly present in all the experiments with a reaction temperature 
equal or above 650 ◦C. 

Table 3 summarizes the results of coke content on the used catalysts 
and the average deposition rate determined from the TPO profiles 
(Fig. 6). The average deposition rate was calculated as the ratio between 
the coke content and the half lifetime (determined from the experi
mental data of conversion). The analysis of the effect of temperature 
reveals that the minimum coke content (93.0 mg g− 1) is reached at 650 
◦C, but with a maximum deposition rate (1.25 mg g− 1 min− 1), which is 
coherent with the faster deactivation at this intermediate reaction 
temperature (Fig. 2). Furthermore, the coke content slightly increases 
with increasing space time values, whereas the average coke deposition 
rate noticeable decreases. Likewise, the increase in the S/C ratio in the 
feed increases the coke content, but it decreases the average coke 
deposition because a high S/C ratio favors the coke gasification (Eq. 
(10)) and SR reactions (Eqs. (1),(5) and (6)). The results for the average 
deposition rate of coke are coherent with the effect of reaction condi
tions on the deactivation rate observed in Figs. 2–4: high values at 650 
◦C and with decreasing values of the space time and S/C ratio in the feed. 
Nevertheless, the values of coke content do not explain the deactivation 
rate due to the different duration of the reactions (higher duration when 
the deactivation is slower). 

The presence of two coke fractions in the TPO profiles is commonly 
found in the used catalysts of the SR of oxygenates. There are two hy
potheses to explain this phenomenon. One holds that coke I is deposited 
on or nearby the metal surface (even encapsulating the metal sites) and 
its combustion is catalyzed by metal sites, resulting in lower combustion 
temperature values, whereas coke II is presumably associated with de
posits on the support, whose combustion is not catalyzed [20,21,27,44]. 
Another hypothesis holds that the presence of two different combustion 
temperature values may be attributable to the different coke natures 
based on the formation of amorphous carbon (burning at low temper
ature) and carbon filaments or graphitic structures (burning at high 
temperature) [59,60]. 

These results reveal that the reaction temperature is the most rele
vant variable affecting the coke nature or location on the catalyst sur
face, and consequently the catalyst deactivation. Therefore, we further 
analyze the used catalyst samples corresponding to different reaction 
temperature values using other analysis techniques (XPS, SEM or SEM- 
EDS, and Raman spectroscopy) with the purpose of elucidating the 
coke type nature and location. 

3.2.3. Surface composition 
The atomic composition of the surface species present on the fresh 

catalyst and used catalysts at different reaction temperature values 
(corresponding to the experiments described in Fig. 2) was determined 
using XPS. Table 4 summarizes the atomic composition determined 
using XPS in a 1 × 3 mm area and at a thin superficial layer of 

Table 3 
Average size of Ni crystals, content (CC) and average deposition rate (rC) of coke 
for the experiments corresponding to Figs. 2–4.  

T, ºC aNi crystal size, nm bCC, mg g− 1 crC, mg g− 1 min− 1 

Fresh catalyst 13.0 - - 
SRB-600 13.0 141 0.987 
SRB-650 13.0 93.0 1.25 
SRB-700 16.2 143 0.807 
SRB-0.075 13.5 112 3.17 
SRB-0.15 16.2 143 0.807 
SRB-0.25 15.9 160 0.510 
SRB-1.5 16.1 138 0.877 
SRB-3.0 15.9 160 0.510 
SRB-4.3 17.9 175 0.541  

a Calculated from the diffraction peak at 2θ = 52.0◦ using the Scherrer 
equation. 

b Calculated from TPO profiles (area under the curve). 
c Calculated as the ratio between the coke content and the half lifetime 

(determined from the experimental data of conversion). 

Fig. 6. TPO profiles of the used catalysts at different values of reaction tem
perature (a), space time (b) and steam/carbon ratio in the feed c). Used catalyst 
obtained at the conditions indicated in Figs. 2–4, respectively. 
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approximately 1− 2 nm of each used catalyst sample. The results indicate 
the presence of O, Al and Ni atoms on the surface of the fresh catalyst, 
with 5.20 % (13.4 wt%) of Ni atoms on the particle surface, and 
considering that the stoichiometric content of Ni is 33 wt%, we infer that 
Ni is predominantly located at a higher concentration inside the parti
cles (undetectable by XPS). 

The atomic composition of the surface of the used catalysts evidences 
the severity of coke deposition, leading to the total coverage of the 
catalyst particle surface with coke at 650 and 700 ◦C, as no Al or Ni are 
detected. Likewise, this analysis evidences that the support surface of 
the catalyst used at 600 ◦C is less covered with coke than at high tem
perature values, which may be related to the preferential location of 
coke inside the particle where there is a higher Ni concentration. O 
atoms are also present on the surface of the used catalysts, which are 
attached to C or Al atoms. At 650 and 700 ◦C, O atoms are combined 
only with C atoms since there is no evidence of Al on the surface of these 
samples, whereas the O atoms are combined with both C and Al atoms 
on the surface of the catalyst used at 600 ◦C. The oxygenated nature of 

coke indicates that coke is probably formed through the decomposition 
of oxygenates (Eq. (4)). 

The carbon spectra of the surface of the used catalysts (Fig. S12) 
provide information on the carbon species according to how a C atom 
interacts with surrounding atoms. Each spectrum was corrected by the 
Shirley baseline method and deconvoluted into five main peaks 
(excluding the contribution of SiC seen at 282.8 eV). The results of these 
deconvolutions are shown in Table 4. The peaks are commonly assigned 
to [22,61–65]: C attached to another C or a H atom (C–C or CH–) at 
284.6 eV; C atom attached to a C atom that is attached to an O atom 
(C–COR) at 285.5 eV; C atom attached to an O atom (C––O, CO–X) at 
286.6 eV; C atom attached to two O atoms (O––CO–) at 288.6 eV; and 
satellite of the π-π interactions at 291.0 eV. Another plausible inter
pretation for these spectra is based on the presence of different carbon 
hybridizations (sp2 and sp3) [63,64]: the C atoms attached to H or C 
atoms with sp2 or sp3 hybridization have binding energies of 284.6 or 
285.5 eV, respectively, whereas those attached to O atoms with sp3 or 
sp2 hybridization have binding energies of 286.6 or 288.6 eV, respec
tively. As seen in Table 4, the results do not show a clear trend of the 
different sp2/sp3 hybridized or oxygenated carbon species with the re
action temperature, instead they are similar. On the other hand, we can 
roughly estimate a relative portion of aromatic carbon based on the 
satellite peak of π-π interactions, indicating that the aromatic species 
(aromaticity of coke deposits) increase with increasing reaction tem
perature values. 

3.2.4. Coke location 
The XPS results gave clues on the possible preferential coke location 

and we further evaluated this using BSD-SEM and combined SEM-EDS 
analyses for the experiments described in Fig. 2. Fig. 7 shows the BSD- 
SEM images of the fresh and used catalysts at different reaction tem
perature values. These images provide information on the elements 

Table 4 
Atomic composition (in %) determined using XPS analysis of fresh (reduced) and 
catalysts used at different reaction temperature, and results of carbon spectra.  

Components Fresh SRB-600 SRB-650 SRB-700 

Carbon – 94.2 98.3 98.6 
Oxygen 60.0 3.90 1.70 1.40 
Aluminum 34.8 1.90 N.D. N.D. 
Nickel 5.20 N.D. N.D. N.D. 
Deconvolution of carbon spectrum: 
sp2: C–C, C–H  61.70 65.29 62.47 
sp3: C–C, C–H  11.93 11.69 12.77 
C–O  8.07 8.28 8.93 
O–C––O  6.35 6.18 6.74 
π-π satellite  6.13 6.88 7.70  

Fig. 7. BSD-SEM images of the fresh catalyst (a) and used catalysts at 600 ◦C (b), 650 ◦C (c) and 700 ◦C (d). Used catalyst obtained at the conditions indicated 
in Fig. 2. 
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present on the particle surface based on the fact that the brightness 
depends on the atomic number of the elements when using a BSD [20]. 
Thus, the image brightness increases when the abundance of heavy el
ements (Ni or Al accounting for the catalyst phases) increases and de
creases when the abundant of light elements (C accounting for coke 
deposits) increases. 

The particles of the fresh catalyst (Fig. 7a) show the brightest color 
indicating the absolute presence of Al and Ni on the external surface. On 
the other hand, the particles of the catalyst used at 600 ◦C (Fig. 7b) are 
grey-colored with two different tones, making evident the presence of 
two different particles. On the other hand, the particles of the catalysts 
used at 650 (Fig. 7c) and 700 ◦C (Fig. 7d) show the darkest color with a 

high uniformity, indicating the predominant presence of C on the 
external surface. The non-uniformity of the particles of the catalyst used 
at 600 ◦C indicates the different extent of coke deposition on the external 
surface of the catalyst particles. Thus, the brightest particles would have 
less coke deposits on the external surface of the catalyst particles. These 
observations make evident that coke is preferentially deposited on the 
internal surface of the catalyst particle at 600 ◦C where most of Ni 
crystals are located, whereas coke is deposited on the external surface of 
the catalyst at 650 and 700 ◦C. 

The analysis of coke location was complemented using SEM-EDS. 
Fig. 8 shows the SEM images for the used catalysts and the corre
sponding maps of elements measured with EDS. Fig. S13 shows a similar 

Fig. 8. SEM images and maps of elements detected by EDS of the used catalysts at 600 ◦C (a), 650 ◦C (b) and 700 ◦C (c). Used catalyst obtained at the conditions 
indicated in Fig. 2. 
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analysis for the fresh catalyst. The C map reveals an extremely high coke 
content on the surface of the catalysts used at 650 and 700 ◦C, blocking 
the surface of Ni crystals and Al2O3. Nevertheless, the Al and Ni maps of 
the catalyst used at 600 ◦C evidence that part of the surfaces of Al2O3 
and Ni sites, respectively, are free of coke. Additionally, when 
comparing the Ni and C maps of the catalyst used at 600 ◦C, it is evident 
that the zones with the highest abundance of coke correspond to zones 
with lower abundance of Ni crystals, presumably indicating that coke is 
deposited on Ni sites and this hinders the detection of Ni. The low 
abundance of Ni on the surface of the catalysts used at 650 and 700 ◦C 
(in agreement with XPS results in Table 2) should be attributed to high 
abundance of coke on the surface of these used catalysts, that hinders the 
detection of Ni. Besides, the majority of the Ni crystals would be pre
sumably located inside the catalyst particle, according to the XPS 
analysis results. 

3.2.5. Coke morphology 
Fig. 9 shows the SEM images of the fresh catalyst and catalysts used 

at different reaction temperature values corresponding to the experi
ments described in Fig. 2. Upon analyzing various particles in each 
catalyst sample, we observed a high degree of uniformity of the surface 
morphology for the fresh catalyst (Fig. 9a) and catalysts used at 650 ◦C 
(Fig. 9d) and 700 ◦C (Fig. 9f). On the other hand, two different surface 
morphologies can be distinguished for the particles of the catalyst used 
at 600 ◦C (Figs. 9b and 9c), which is related to the two different particles 
observed using BSD-SEM. The typical particles of the fresh catalyst 
(Fig. 9a) show a uniform granular-like texture, corresponding to that of 
porous alumina phases [66]. The particles of the used catalysts show 
coke deposits in the form of carbon filaments on the external surface, 
with different characteristics according to the reaction temperature. 

The filamentous nature of coke has been observed in the SRB on 
other Ni catalysts [22,45] and it is also usually observed in the SR of 
oxygenates on Ni catalysts [46,67]. However, the carbon filaments 

Fig. 9. SEM images of the fresh catalyst (a) and used catalysts at 600 ◦C (b, c), 650 ◦C (d) and 700 ◦C (e). Used catalyst obtained at the conditions indicated in Fig. 2.  
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observed in this work are different from the typical carbon filaments 
observed on other catalysts in terms of being smaller with different 
lengths and thicknesses. The filaments formed at 600 ◦C have different 
characteristics, being thinner and looser in the brightest particles, and 
thicker and more abundant in the darkest particles. The brightest par
ticles also show a low abundance of carbon filaments as evidenced in 
Fig. S14 at a lower zoom, in which the catalyst surface can be seen in the 
SEM image with an incipient formation of filaments. Besides, some fil
aments look compacted in the darkest particles, indicating the deposi
tion of another carbon phase in between them. At 650 ◦C, the size of 
filaments is heterogeneous, some of them being notoriously larger than 
the ones observed on the other samples. At 700 ◦C, the filaments tend to 
be more ordered (compacted) with more uniform diameters, which in
dicates the deposition of other carbon phase in between the filaments. 
This second carbon phase may correspond to pyrolytic carbon with a 
graphite-like structure [20], which explains the slight crystallinity 
observed in the XRD patterns for the catalysts used at 700 ◦C. In contrast, 
the carbon phase deposited in between filaments at 600 ◦C is amorphous 
because the XRD patterns show no crystallinity and the TPO profiles give 
a low combustion temperature. 

Comparing these results with those of deactivation (Fig. 2), the 
slower deactivation observed at 600 ◦C can be related to the lower 
abundance and diameter of the carbon filaments in some particles, 
evidencing an incipient formation of carbon filaments. In order to prove 
this relation, we carried out an additional experiment at 600 ◦C and at 
conditions similar to those used in the experiments described in Fig. 2 
until observing complete catalyst deactivation after 13 h on stream. 
Afterwards, the corresponding used catalyst was analyzed using SEM 
analysis. The image (Fig. 10) shows that the abundance and diameter of 
the carbon filaments are higher than those at 4.5 h on stream (Fig. 7b), 
with a major presence of amorphous carbon deposited in between the 
filaments. Interestingly, the used catalyst at 600 ◦C after 13 h on stream 
(complete deactivation) only shows the presence of coke I (Fig. S15), 
confirming the deposition of amorphous carbon in between the 
filaments. 

These results evidence that the increase in the temperature (between 
600 and 650 ◦C) favors the growth of carbon filaments on the Ni sites. 
The increase in the carbon filament size at 650 ◦C may detach Ni crystals 
from the support according to the tip-growth mechanism [46], causing 
an encapsulation of the Ni crystals (inside the carbon filament) and the 
direct deposition of these carbon filaments on the support surface 
blocking the access to the support sites. However, increasing the tem
perature up to 700 ◦C slightly prevents the growth of carbon filaments, 
possibly by favoring coke gasification reactions (as Eq. (10)), but pro
motes the formation and deposition of a graphitic-like carbon phase 
apparently on the support surface that causes deactivation. 

3.2.6. Coke structure 
Fig. 11 shows the Raman spectra of the catalysts used at different 

reaction temperature values corresponding to the experiments described 
in Fig. 2. All the spectra show similar features: two first-order resonance 
bands with maxima at ~1337− 1344 cm− 1 (sp2 hybridized carbons in 
aromatic rings named D band) and ~1597 cm− 1 (sp2 hybridized carbons 
in aromatic rings and olefins named G band) and second-order bands 
with modulated bumps in the 2250− 3250 cm− 1 region (Fig. S16) [68]. 
The D and G bands and the modulated-bumped bands at 2250− 3250 
cm− 1 are characteristic of several carbon structures, and based on our 
previous analysis of coke deposits (XRD and SEM analyses), these Raman 
features may correspond to those of carbon filaments with a high degree 
of amorphousness provided by the atypical lengths in comparison to 
those of typical carbon nanotubes. 

To better evaluate the Raman parameters, we deconvoluted each 
spectrum in four Lorentzian bands with positions at 1180 cm− 1 (possible 
assigned to sp3 hybridized carbons), 1337− 1344 cm− 1 (D band), 1490 
cm− 1 (assigned to phases of amorphous carbon) and 1597 cm− 1 (G 
band) [69]. The deconvolution results listed in Table 5 show that the 
position of the D band and the relative intensity of the D and G bands 
(ID/IG) increase with increasing reaction temperature values. Likewise, 
the full width at haft maximum (FWHM) of the D band is smaller for the 
used catalyst at 700 ◦C than for the used catalysts at 650 or 600 ◦C, 
whereas there is not a clear trend for the FWHM of the G band. 

The interpretation of the Raman spectra is not straightforward 
neither absolute, since our results indicate the presence of carbon fila
ments with a high degree of amorphousness. Thus, an appropriate 
approach is to consider the interpretation for amorphous carbons pro
posed by Ferrari and Robertson [68], in which the increase in the ID/IG 
ratio indicates an increase in the size of ordered domains (graphitiza
tion). The deconvolution parameters obtained in this work indicate that 
the coke deposits would have a major degree of order or graphitization 
at 700 and 650 ◦C than at 600 ◦C, which is well correlated with the 
combustion temperature ranges observed in the TPO profiles. These 
results also correlate well with our XRD and SEM analyses, making 
evident that the increase in carbon filament size at 650 ◦C and the 
deposition of pyrolytic carbon in between carbon filaments (with a 
crystalline phase) at 700 ◦C increase the graphitization degree of coke. 

4. Conclusions 

The results confirm the high activity and H2 selectivity of the 
NiAl2O4 spinel derived catalyst for the SR of bio-oil at moderate tem
perature (600− 700 ◦C), reaching a hydrogen yield of 90 % with a low 
value of space time. The sintering of Ni crystals is negligible at these 
reaction conditions, and the catalyst undergoes deactivation by coke 
deposition. The increase in the space time (0.038− 0.25 h) and steam/ 

Fig. 10. SEM image of the used catalyst at 600 ◦C after 13 h on stream. Used 
catalyst obtained at the conditions similar to those indicated in Fig. 2. 

Fig. 11. Raman spectra of the used catalysts at 600 ◦C, 650 ◦C and 700 ◦C. Used 
catalyst obtained at the conditions indicated in Fig. 2. 
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carbon molar ratio in the feed (1.5–6) contributes to attenuate the coke 
deposition, whose nature and location mainly depends on the reaction 
temperature. 

Coke is composed of short and heterogeneous filaments and the 
structure depends on the reaction temperature. The filaments formed at 
600 ◦C are thinner and loose, preferentially located on the Ni sites inside 
the catalyst particle, whereas those formed at 650 or 700 ◦C are larger 
and more developed/structured causing their deposition over the cata
lyst support. Furthermore, the deposition of amorphous and pyrolytic 
carbon phases in between the filaments observed at 600 and 700 ◦C, 
respectively, also contributes to catalyst deactivation. 

The selection of the reaction temperature in the 600− 700 ◦C range 
greatly affects the catalyst stability with a complex effect. Thus, the 
increase in the temperature favors the coke formation and gasification, 
promoting the formation of a more structured coke that tends to be 
deposited on the catalyst support and it is more difficult to gasify 
(particularly at 650 ◦C). Consequently, the reaction should be carried 
out at 600 ◦C to provide a more efficient availability of catalytic sites (Ni 
and alumina sites) for the reactants. 

These results are of interest to progress in the preparation of active, 
stable and regenerable catalysts, based on NiAl2O4 spinel, for their use 
on a larger scale at 600 ◦C in the reforming of raw bio-oil. 
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