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9  Abstract
10  Deactivation of a bulk catalyst derived from NiAl,O4 spinel during the oxidative steam reforming (OSR)
11  ofraw bio-oil has been studied. The experiments were performed in a continuous system with two units
12 in series: a thermal treatment unit at 500 °C for the controlled deposition of pyrolytic lignin, and a
13 fluidized bed reactor (700 °C; S/C, 6; O/C, 0.34; space time, 0.15 Zeatalysth-Epio-oi '; time on stream, 1, 2,
14 4 and 6 h) for the OSR of the remaining oxygenates. The deactivation affects the reforming of bio-oil
15  oxygenates according to their reactivity (from lower to higher), with the reforming of phenols being
16  rapidly affected. The causes of deactivation are: i) coke deposition on the Ni° sites and on the ALLO;
17 support (6 wt % of each coke type after 6 h on stream), and; ii) sintering of Ni° crystals (with an increase
18  in crystal size from 10.8 to 17.7 nm (measured by TEM)). The catalyst deactivation rate increases with

19  time on stream, with the bio-oil oxygenates being the main coke precursors.
20
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1. Introduction

The large-scale use of H; as a primary energy carrier is a priority to meet the energy demand during the
transition towards the development of innovative and sustainable energy systems based on renewable
sources (solar, wind, hydro, etc.) [1,2]. In this scenario, the sustainable production of H, from
lignocellulosic biomass, which minimizes net CO, emissions, is receiving a great deal of attention [3].
H; can be directly produced either by hydrolysis, gasification and pyrolysis of biomass or by reforming
intermediate products, such as sugars, alcohols, and bio-oil [4]. Steam reforming (SR) of bio-oil (liquid
product of biomass fast pyrolysis) is an attractive alternative for H, production which avoids the costly
elimination of the high water content and enables the joint valorization of the complex mixture of
oxygenated organic compounds contained in bio-oil [5-8]. High yield of bio-oil can be obtained by fast
pyrolysis of biomass using widespread and well-developed technologies with low environmental impact

[9,10].

The industrial implementation of bio-oil SR is curtailed by the high energy requirements due to its
endothermic nature. The co-feeding of O, along with steam in an oxidative steam reforming process
(OSR) would contribute to reduce these energy requirements [11,12]. Moreover, oxidation into CO;
mitigates the production of CO, which is a desired quality for fuel-cell systems. The overall

stoichiometry of bio-oil OSR reaction is given by Eq. (1):

CoHuOx + pOs +(2n-k-2p) H20 — nCO, + (2n+m/2-k-2p) Ha (1)

One of the main challenges for the large-scale implementation of bio-0il OSR is to maintain the catalyst
stability. This can be achieved by using stable and regenerable catalysts, as well as reaction equipment
and operating conditions that minimize deactivation. Accordingly, advances in the SR of bio-oil [13],

as well as in the steam or dry reforming of pure oxygenates and hydrocarbons are especially relevant.

Ni-based catalysts are the most used in the reforming processes due to their low cost and relative high
stability in the presence of steam. These catalysts are mainly deactivated by blockage of the active sites

(Ni° crystals) due to deposition of encapsulating coke [14], and by sintering of these metal sites [15-17].
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The hydrothermal stability of Ni’sites is improved by doping these catalysts with alkaline and rare-earth
metals, which attenuates coke deposition through the enhancement of water adsorption and gasification

reactions [18-21].

Several authors have studied the effect of operating conditions (temperature and steam-to-carbon ratio)
on deactivation of Ni supported catalysts in the steam reforming (SR) of bio-oil. Ochoa et al. [22]
reported that formation of encapsulating coke is highly favored at 550 °C, leading to a fast deactivation.
Conversely, the coke deposited at 700 °C is primarily composed of structured C deposited on the support,
with a notably lower impact on deactivation. Other studies concluded that temperatures in the 650-700
°C range are suitable for minimizing deactivation in the SR of raw bio-oil [23] or its bio-oil aqueous
fraction [24]. The increase in steam-to carbon (S/C) ratio at moderate temperatures has a beneficial
effect on catalyst deactivation, as it attenuates coke deposition due to promotion of coke gasification
reactions [25]. Moreover, the effect of S/C ratio on catalyst deactivation is also associated with the
agglomeration of metal particles when using high reforming temperatures. Thus, Sehested et al. [26,27]
performed experimental analysis and simulations under typical SR conditions and concluded that the
higher H,O/H, ratio at 700 °C, the higher sintering rate. In the same vein, Remiro et al. [24] reported
almost negligible metal agglomeration at 600 °C in the SR of bio-oil, whereas it is more significant at

700 °C with high S/C ratios and substantial at 800 °C even for low S/C.

The afore-mentioned works evidenced the role that deposition of pyrolytic lignin (PL) plays on the
catalyst deactivation. This carbonaceous solid is formed by re-polymerization of phenolic oxygenates
contained in bio-oil. The use of an original reaction system with two units in series, previously proposed
by the authors, was proved to decrease the coke deposition on the catalyst, and therefore the deactivation
rate [28]. This two-unit system consists of a thermal step for the controlled deposition of PL prior to the

catalytic fluidized bed reactor, located in series for reforming the remaining oxygenates.

Although catalyst deactivation can be attenuated by using improved catalysts and suitable reaction
conditions, it is an unavoidable effect. This fact involves that industrial implementation of raw bio-oil

reforming would require suitable operating strategies, such as successive reaction-regeneration cycles
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[17,29-31]. Consequently, establishing the reversible causes of deactivation is key to develop a suitable
regeneration treatment, so that the catalyst would recover the activity of the fresh one. The bulk catalyst
derived from NiAl,Os spinel was proved to have a remarkable activity and selectivity for H, production
in the OSR of bio-oil. In addition, it is fully regenerated by combustion of the coke in furnace at 850
°C, since the NiAl,O4 spinel structure of the fresh catalyst is completely recovered [32]. It should be
pointed out that Ni supported catalysts undergo significant sintering of Ni® particles, which causes
irreversible deactivation because the metallic dispersion is not recovered after coke combustion. This

fact has been proven in the SR [33] and OSR of bio-oil [34].

The main objective of this paper is to gain knowledge on the deactivation mechanism of Ni spinel
derived catalyst during the OSR of bio-oil, carried out at suitable reaction conditions (700 °C, S/C =6
and O/C = 0.34). For this purpose, the evolution with time on stream (TOS) of bio-o0il conversion and
product yields have been related to the deterioration of catalyst features, which have been thoroughly
characterized by using several techniques. The porous structure has been determined by N, adsorption-
desorption. The surface morphology and sintering of Ni°® metal species have been studied by X-ray
diffraction (XRD) and Transmission Electron Microscopy (TEM). The amount and characteristics of
the coke have been analyzed by Temperature Programmed Oxidation (TPO). The relationship between
the evolution of kinetic results and the catalyst features enables to determine the significance and
evolution of deactivation causes (coke deposition and sintering) with time on stream for this regenerable

catalyst.
2. Material and methods

2.1. Catalyst and characterization techniques

The bulk NiAl,O4 spinel was synthesized by the co-precipitation method [35,36] using aqueous
solutions of hexahydrated nickel nitrate (Ni (NOs)2:6H20, Panreac, 99 %) and nona-hydrated alumina
nitrate (Al(NO3)3-9H,O, Panreac, 98 %), and ammonium hydroxide as the precipitating agent (NHsOH

0.6 M, Fluka, 5 M). After filtration, the precipitate was washed with distilled water to remove the
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ammonium ions, then dried for 12 h, and calcined at 850 °C for 4 h. The amount of Ni and Al nitrate

salt precursors were those corresponding to 33 wt % of Ni (stoichiometric value for the NiAl,O4 spinel).

The physicochemical properties of fresh, reduced, and deactivated catalyst samples were characterized
by several techniques. The specific surface area, average pore diameter and pore volume were
determined by N» adsorption-desorption (Autosorb iQ2 equipment from Quantachrome). The X-ray
diffraction (XRD) analyses were performed on a Bruker D8 Advance diffractometer with a CuKal
radiation for studying the crystalline structure and determining the Ni average crystallite size by means
of the Scherrer equation. The device is equipped with a Germanium primary monochromator, Bragg-
Brentano geometry and with a CuKal wavelength of 1.5406 A, corresponding to an X-ray tube with Cu
anticathode. A Sol-X dispersive energy detector was employed, with a window optimized for CuKal
for limiting the fluorescence radiation. Data collection was carried continuously, from 10° to 80° with

step of 0.04° in 20 and measurement time of 103 min.

The content, nature and location of the coke deposited on deactivated catalyst samples was analyzed by
Temperature Programmed Oxidation (TPO) in a Thermo Scientific TGA Q5000TA IR thermobalance
coupled in line with a mass spectrometer Thermostar Balzers Instrument for monitoring CO, signal.
The TPO profile was quantified from the CO; signal, because oxidation of Ni during combustion might
mask the thermogravimetric signal [32]. The procedure consisted on stabilization of the sample at 50
°C, followed by heating at 5 °C min™' up to 800 °C under a stream of 50 cm® min' N, /O, (25 vol % of

0,).

The morphology of the coke was analyzed by transmission electronic microscopy (TEM) in a Philips
SuperTwin CM200 equipment. Likewise, the Ni particle size distribution (PSD) was determined by

counting up to 300 individual metal particles in several TEM images for each catalyst sample.

2.2. Bio-oil composition

The raw bio-oil was supplied by BTG Bioliquids BV (Hengelo, The Netherlands). It was produced by
flash pyrolysis of pine sawdust in a 5 ton-per-hour capacity plant provided with a conical rotary reactor.
The density of raw bio-oil is 1.105 g ml™! and its water content is 26 wt % (determined by Karl-Fischer

5
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titration). Composition of oxygenates in the raw bio-oil and in the stream that enters the OSR reactor
was analyzed by GC/MS (Shimadzu QP2010S device, provided with a BPX-5 column of 50 m length,
0.22 mm diameter and 0.25 pm thick). The main compounds are acids, ketones, phenols, levoglucosan,
esters, aldehydes, alcohols, and ethers (Table 1). Composition of the liquid produced at different TOS
values was also analyzed with the aim of assessing whether the catalyst deactivation selectively affects

the reforming of some oxygenated families in bio-oil.

2.3. Reaction equipment and operating conditions

The OSR experiments have been carried out in a continuous two-unit reaction equipment (MicroActivity
Reference from PID Eng&Tech, described in detail elsewhere [28]) by feeding raw bio-oil. The first
unit (thermal step) is a U-shaped steel tube (0.75 inch of ID), which is used for controlled vaporization
of bio-oil and re-polymerization of oxygenates (mainly phenolic compounds derived from the pyrolysis
of the biomass lignin). The temperature used in the thermal unit (500 °C) was proven to be suitable for
attaining a significant attenuation of catalyst deactivation, with a moderate decrease in the flow-rate of
oxygenates that enters the catalytic reactor [37]. Thus, 16.5 wt % of the raw bio-oil oxygenates (on a
water-free basis) are retained as pyrolytic lignin (PL). The second unit located in-line is the fluidized
bed reforming reactor, where the catalyst is mixed with inert solid (SiC) (inert/catalyst mass ratio > 8/1)
in order to ensure a suitable fluidization. Different particle size was used for the catalyst (between 150-
250 um) and the inert solid (< 40 um) in order to facilitate their separation for the subsequent

characterization of deactivated catalyst after each reaction.

An injection pump (Harvard Apparatus 22) was used for feeding the bio-oil (0.08 ml/min) and the
additional water required to set the steam-to carbon (S/C) molar ratio was co-fed using a 307 Gilson
pump. Composition of the products stream was analyzed in-line using a MicroGC 490 Agilent, provided
with 4 analytic channels: molecular sieve MS5 (for Hz, N2, O2, CH4 and CO), Plot Q (for CO,, H>O and
C»-C4 hydrocarbons), CPSIL (for Cs-Ci; hydrocarbons, which were not detected in this work), and

Stabilwax (for oxygenated compounds).
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Prior to each OSR reaction, the catalyst was reduced in-situ under a H»-N, stream (10 vol.% H) at 850
°C for 4 h. These conditions assured complete reduction of NiAl,O4 spinel so that Ni® particles were
well-dispersed on the Al,O; support. The OSR reforming conditions were: atmospheric pressure; 700
°C; space-time, 0.15 geatatysth/Zpio-oit; S/C ratio, 6; oxygen-to-carbon (O/C) molar ratio, 0.34. These values
of temperature and S/C are suitable for maximizing the H» yield and catalyst stability. In previous works
[22-25] it was stablished that sintering of Ni° crystals is noticeable above 700 °C under OSR conditions.
Moreover, a higher S/C ratio slightly improves H» yield but involves a significant increase in energy
requirements for water vaporization. The increase in O/C ratio above 0.34 contributes to attenuate coke
deposition, but reduces H» yield to unacceptable levels. It should be noted that a low space-time value
was selected in order to have high catalyst deactivation conditions, so that meaningful results are rapidly

obtained, which facilitates the comprehension of the deactivation mechanism in 6 h runs.

The OSR reactions have varying duration in order to analyze the evolution with TOS of products
distribution and catalyst properties. After each experiment, the deactivated catalyst sample was
characterized as described in Section 2.1. The liquid product collected at the end of each reaction (after
draining the Peltier condenser) was analyzed by CG/MS. Thus, the composition of non-reacted

oxygenates would provide information on their selective deactivation.

2.4. Reaction indices

The kinetic behavior of the catalyst was quantified by the following equations:

The conversion of bio-oil oxygenates (denoted as bio-oil conversion):

Kool = . E o (2)
where Fi, is the C molar flow-rate in bio-oil oxygenates at the reactor inlet (after subtracting the C
retained with the pyrolytic lignin deposited in the thermal unit), Foy is the C molar flow-rate of bio-oil
oxygenates at the reactor outlet (calculated from the molar fraction of oxygenates quantified by GC, and

the total mole number quantified by C mass balance in the reforming reactor).
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The yield of H is referred to the stoichiometric maximum:

Y, = 3)

where Fup is the H, molar flow-rate in the product stream and F], is the stoichiometric flow-rate, which

is 2.18 Fin. This value was calculated according to Eq. (1) and considering the average molecular formula
of the bio-oil entering the reforming reactor (Cs1He90O27, on a water-free basis). This formula was
estimated by considering the elemental composition of the raw bio-o0il (C4.6Hs20..4) and the amount and

elemental composition of the pyrolytic lignin (C7.1H230116) retained in the thermal step.

The yield of carbon-containing products (CO,, CO, CHs4 and hydrocarbons) was quantified as:

Y = 4

where the term F; refers to the C molar flow-rate of each C-containing product, i.e., CO,, CO, CH4 and
light hydrocarbons (mainly ethene and propene) (HCs). These latter result from the

cracking/decomposition reactions of bio-oil.
3. Results

The cause-effect relationship of catalyst deactivation has been studied in order to gain knowledge on
the deactivation mechanism of the bulk Ni spinel catalyst. The effect that deactivation has on bio-oil
conversion and product yields, as well as on the reforming of each bio-oil oxygenated family is studied
in Section 3.1 and 3.2, respectively. These results are explained by the evolution of the catalyst

properties (as a result of the coke deposition and Ni sintering) in Section 3.3.

3.1. Evolution with TOS of conversion and product yields
Fig. 1 shows the evolution with TOS of bio-oil conversion and product yields until a high catalyst
deactivation is attained. At zero TOS, bio-oil is fully converted obtaining high yields of H; (0.79) and

CO, (0.9), along with low yield of CO (= 0.1) and negligible CH4 and HCs amounts.
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Figure 1. Evolution with TOS of bio-o0il oxygenates conversion and products yields. Reaction

conditions: 700 °C; S/C, 6; O/C, 0.34; space time, 0.15 Zeatalysth*Zvio-oir™".

The yields of H, and CO, decrease with TOS, whereas CO yield increases up to 4.5 h TOS, which
evidences that WGS reaction (through which CO is converted into CO» + H,) is rapidly affected by
deactivation, and to a greater extent than the reforming reaction of bio-oil oxygenates to form CO.
Nevertheless, as catalyst deactivation progresses the reaction rates of the reforming of bio-oil
oxygenates decrease and, consequently, the CO yield also decreases to the value corresponding to its
formation by thermal decomposition of the oxygenates. Meanwhile, bio-oil conversion and byproduct
yields (CH4 and HCs) remain steady throughout 1 h, which suggests that reforming of oxygenates, CHa4
and hydrocarbons (formed by cracking) are less affected by deactivation. After 1h on stream, the latter

reaction indices evolve with TOS, following an almost linear trend after 2h on stream.

Based on these results, the duration of the different OSR reactions that were carried out to analyze the
coke deposition and characteristics of the deactivated catalyst were: 1 h, 2 h and 4 h (corresponding to
progressive deactivation states), and 6 h (deactivated catalyst, so that the reaction indices are similar to

those obtained in the reforming of bio-oil by thermal routes [38]).

3.2. Evolution with TOS of liquid product composition
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The catalyst deactivation selectively affects the reforming reactions of oxygenated compound families,
according to their different reactivity and the catalyst capability for reforming them. As a result,
composition of the liquid products (non-reacted oxygenates and water) varies with TOS. The
composition of the liquid collected in this work at different TOS values (quantified by GC/MS as

described in Section 2.2) is shown in Table 1.

Table 1. Yield and composition of oxygenates (on a water-free basis) in the raw bio-oil, in the stream
that enters the OSR reactor, and in the liquid produced at different TOS values. Reaction
conditions: 700 °C; S/C, 6; O/C, 0.34; space time, 0.15 Zeatalysth*Zvio-oir™".

Compounds rawbio-oil R | jp  2h  4h  6h
inlet
Yield of oxygenates - - 0.1 5 11 26
Ketones 15.55 37.32 35.63 15.14 1732 12.58
acetone 1.8 10.05 35.63 9.97 10.93 6.12
1-hydroxy-2-propanone 7.44 20.38 - 4.77 5.86 5.26
Acids 35.32 45.96 20.27 45.89 43.69 49.44
acetic acid 17.07 35.53 20.27  45.89 43.69 47.49
Esters 9.41 2.13 - 1.52 1.52 2.15
Aldehydes 6.24 3.08 - 0.46 0.51 1.52
Phenols 15.36 6.51 44.1 334 3271 29.86
phenol 0.31 1.77 23.59 18.16 18.56 13.59
2-methylphenol 0.73 1.86 15.51 10.75 9.84 9.35
Ethers 0.48 0.72 - 0.91 1.38 0.91
Alcohols 2.55 - - - - -
Levoglucosan 10.9 2.82 - - - -
Others 4.19 1.46 - - - -
Not identified - - - 2.69 2.87 3.54

After 1 h TOS the liquid is composed of acetone, acetic acid, and alkyl-phenols, with the concentration
of the most reactive oxygenated compounds being negligible (Table 1). The presence of non-converted
oxygenates in the product stream at 1 h TOS is consistent with the results of Fig. 1, which shows that
the catalyst is slowly deactivated in this period. The great amount of acetone (highly reactive for
reforming reactions) can be explained by ketonization of acetic acid (majority compound in the bio-oil)
and to a lesser extent, of aldehydes, alcohols and esters [39]. The high concentration of alkyl-phenols
(phenol and 2-methylphenol) can be attributed to cracking/decomposition reactions of guaiacols and

catechols. These demethoxylation (DMO) and demethylation (DME/dehydration) reactions have been

10
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explained in detail by Valle et al. [40]. Thermal reaction pathways (which do not require any catalyst to
evolve) are expected to contribute to the products distribution at 700 °C. This contribution is expected
to be greater as the catalyst deactivates for reforming reactions, since the concentration of oxygenates

in the reaction medium is higher.

Interestingly, the concentration of acetic acid increases notably between 1 and 2 h TOS (Table 1),
whereas that of ketones and phenols decrease. The result is explained by the decrease in the reforming
rate of acetic acid as a consequence of catalyst deactivation. The decrease in the reaction rate of acetic
acid ketonization will also contribute to this result. Consequently, the concentration of ketones decreases
between 1 and 2 h TOS, and that of acetic increases. This trend is attenuated between 2 and 6 h TOS,
with the liquid fraction being mainly composed by acetic acid and phenols, because the effect of

deactivation attenuates progressively.

3.3. Characterization of deactivated catalyst samples

3.3.1. Coke deposition

The TPO results of the coke deposited on the catalyst deactivated during reactions of different TOS are
shown in Fig. 2a. Two different combustion domains are discerned in the TPO profiles, corresponding
to a coke burning at low temperature (below 500 °C, denoted Coke I), and to a coke burning at high
temperature (above 500 °C, denoted Coke II). Based on the literature that tackles the analysis of the coke
deposited on supported metal catalysts by TPO [22,41-43], the Coke I is associated to a coke fraction
deposited on the metal sites, which activate its combustion. The contribution of this type of coke to
deactivation of the catalyst is well-known in the steam reforming of bio-oil, in which a small amount of
coke encapsulates the metal sites, thus hindering the adsorption of reactants [22,41]. The Coke II is
associated to a coke deposited on the support (in this case, the Al,O; formed after reduction of the bulk
spinel NiAl,Os). Combustion of this coke fraction is not catalyzed by metal sites. The temperature
corresponding to the maximum of these peaks in the TPO profiles is also dependent on the degree of
condensation (C/H ratio) and pore blockage, which are factors that hinder the combustion of the coke

and increase the required temperature [22,44].

11
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Figure 2. TPO profiles (a), total coke content and cokes I-II fractions (b) for the catalyst used at

different TOS. Reaction conditions: 700 °C; S/C, 6; O/C, 0.34; space time, 0.15 gcatatysth-gbio-
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Interestingly, two different combustion peaks are discerned within Coke I in the TPO results
corresponding to the catalyst deactivated above 2 h TOS (Fig. 2a). These have been denoted as Coke Ia
and Coke Ib, according to their combustion temperature. This result can be explained by the particular
morphology of the bulk catalyst derived from Ni spinel. After the spinel reduction, the Ni° particles are
uniformly distributed over the catalyst particle (both inside the porous structure and in the surface).
Conversely, the synthesis methods of supported Ni catalysts usually originate Ni° particles preferably

located on the catalyst surface [32].
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While there is no precedent in literature on different coke fractions in Ni spinel catalysts used in
oxygenates reforming, it can presumably be considered that the coke deposited on the Ni sites located
outside the catalyst particles (Coke Ia) can be discerned from the coke deposited on the Ni sites inside
the particle (coke Ib), whose combustion kinetics would be limited by diffusion within the porous
structure. The presence of two different combustion peaks within the combustion domain at low
temperature (corresponding to encapsulating coke) has been also observed in the steam reforming of
bio-oil over supported Ni catalysts [22,28,42,44,45]. According to Ochoa et al. [42], the presence of two
combustion peaks in the Ni/La;O3-aAl,O3 catalysts is also explained by the different location and nature
of the two coke fractions deposited on the Ni° crystals. Thus, the peak at lower combustion temperature
(in the 340-370 °C range, depending on the reaction conditions) corresponds to a surface layer of
encapsulating coke with less condensed carbonaceous structure, higher oxygen content and lower
activation energy. The peak burning at higher temperature (in the 400-430 °C range) corresponds to

inner layers of encapsulating coke, whose combustion needs higher temperature and activation energy.

The three combustion peaks increase as the coke deposition evolves (Fig. 2a). For the sake of clarity,
the evolution with TOS of total coke content and the relative content of Coke I and Coke II are shown
in Fig. 2b. Although the Coke II is predominant for short reaction times, deposition of coke on the Ni
sites (Coke I) becomes increasingly important as the TOS increases, so that the content of both coke
fractions is the same at the end of reaction. Besides, a slight increase in combustion temperatures is also
observed in Fig. 2a as the TOS is raised, suggesting a higher condensation degree of carbon structures
[42]. This increase is less noticeable for Coke II (which shifts from 605 °C to 630 °C), is more significant
for Coke Ib (between 400 °C and 450 °C) and is remarkable for Coke Ia (which shifts from 260 °C at 2
h TOS to 360 °C at 6 h). This result reveals that Coke Ia fraction (deposited on the Ni® crystals) gains a
higher degree of condensation with TOS. Consequently, the peaks corresponding to Coke Ia and Coke

Ib tend to meet at a single peak for high values of TOS and coke content.

The comparison of results in Fig. 1 and Table 1 with those reported in Fig. 2 allows establishing a
relationship between the evolution of compounds in the reaction medium and the formation of each type

of coke, and thereby identifying their possible precursors. Thus, the prevailing coke fraction at 1 h TOS

13
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is Coke II, whose formation can be attributed to the degradation of bio-oil oxygenates adsorbed on the
Al>,O3 support towards more condensed carbonaceous structures, while the Coke I would be formed
from the oxygenates adsorbed on the Ni° crystals. The increasing deposition of Coke I (deposited on the
Ni sites) above 2h TOS (Fig. 2) may be related to the remarkable increase of non-converted oxygenates
in the reaction medium (the oxygenates conversion decreases from 96 % at 2 h to 70 % at 6 h TOS).
This coke encapsulates the Ni sites and contributes to the complete deactivation of the catalyst for the
reforming reactions after 6 h TOS. Similarly, the increasing amount of non-converted oxygenates in the

reaction medium contributes to the progressive increase in Coke II (on the Al,O; support) with TOS.

Furthermore, decomposition reactions of CH4 and HCs could also contribute to coke formation above 2
h TOS, since their presence in the reaction medium begins to be appreciable. These compounds have
been reported as precursors of a filamentous coke in the literature concerning the reforming of methane,
pure oxygenates, and hydrocarbons. This type of coke is deposited on supported Ni catalysts preferably
at temperatures between 500-650 °C [46-51]. Nevertheless, the formation of filamentous coke on the Ni
spinel catalyst is not favored under the conditions used in this work for the OSR of bio-oil, at high
temperature (700 °C). Thus, no carbon filament is identified in the TEM images of the catalyst
deactivated after different reaction times (Fig. 3), neither in the most deactivated catalyst (Fig. 3j) for
which the coke seems to be completely amorphous. Consequently, there is no evidence of the
mechanism of filamentous coke formation from these compounds in the SR of bio-oil at 700 °C over
the Ni spinel derived catalyst. Moreover, despite the increasing concentration of CO above 2 h TOS, the
Boudouard reaction is not expected to contribute to coke deposition under the conditions of this work

(700 °C) due to its exothermic nature [46].
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321

322 Figure3. TEM images of fresh-reduced and samples of catalyst used at different TOS. Reaction

323 conditions: 700 °C; S/C, 6; O/C, 0.34; space time, 0.15 Zeatatysth* Zvio-oir™'.

324 3.3.2. Evolution of physical and metallic properties of the catalyst

325  The BET surface area, pore volume and average pore diameter corresponding to the fresh-reduced
326  catalyst and the catalyst samples with different deactivation degree are shown in Table 2. Both the BET

327  surface area and the pore volume decrease with TOS, thus revealing partial blockage of the Al,O;
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mesoporous structure due to the deposition of a low-porous coke [52,53]. The slight increase in the

average pore size as the coke deposition evolves suggests a certain preference for deposition on smaller

mesopores. The deterioration of the physical properties in Table 2 is consistent with the evolution of

coke deposition and its effect on catalyst deactivation (Fig. 1).

Table 2. Physical properties of fresh-reduced and samples of catalyst used at different TOS. Reaction

conditions: 700 °C; S/C, 6; O/C, 0.34; space time, 0.15 Zeatalysth* Epio-oit -

TOS, h SeeT, M€ Viore, cm3g!  dpore, Nm
(Fresh-reduced) 80.2 0.316 14.3
1 70.9 0.293 15.1
2 69.4 0.275 16.5
4 67.6 0.256 16.8
6 59.6 0.252 16.9

The results of Ni° particle size distribution (PSD) calculated from the TEM images (Fig. 3) are shown

in Fig. 4. These results reveal small, well-defined and homogeneously dispersed Ni particles on the

fresh-reduced catalyst, whereas the Ni particles are bigger and more heterogeneously distributed as the

TOS is increased. Accordingly, the Ni particle size after 6 h TOS is in the 10-30 nm range, and particles

above 30 nm are not detected. It should be also noted that agglomeration of particles occurs

predominantly at the beginning of reaction, with an increase in the average particle size from 10.8 nm

to 14.5 nm after 1 h TOS. Then, the sintering rate is lower and the PSD tends towards steady values.

35
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Figure 4. Particle size distribution (PSD) of Ni° crystals and average particle size obtained from TEM
images of fresh-reduced and samples of catalyst used at different TOS Reaction conditions:

700 °C; S/C, 6; O/C, 0.34; space time, 0.15 Zeatatysth*bio-oil -

Table 3 shows the evolution with TOS of the average Ni’ particle size, determined by means of Debye-
Scherrer equation at 20 = 51.8 ° from the corresponding X-ray diffractograms (not shown). It should be
pointed out that NiO phase was not detected in XRD diffractograms, which evidences two facts: 1)
despite the oxidizing effect of O,, there is a highly reductive atmosphere in the reaction medium (with
high concentration of Ha, especially at the beginning of reaction) that maintains the Ni metal in its active
reduced state; ii) the encapsulating coke capability of preserving the Ni’ state when the catalyst is
exposed to the atmosphere (i.e., when removed from the reactor to carry out the XRD analysis) [54].
The results shown in Table 3 are consistent with those in Fig. 3 and Fig. 4. According to the values in
Table 3, the Ni average particle size in the catalyst deactivated after 6 h TOS is about 37 % greater than
in the fresh-reduced sample (from 11.7 nm up to 16 nm). Based on the size distribution determined from
TEM results (Fig. 4), which is a more accurate measurement of the average particle size, the Ni° particle

size in the catalyst at 6 h TOS is about 63 % greater (from 10.8 to 17.7 nm).

Table 3. Evolution with TOS of the average Ni particle size, estimated by XRD diffractograms in the
diffraction angle 51.8 ° (plane 2 0 0). Reaction conditions: 700 °C; S/C, 6; O/C, 0.34; space

time, 0.15 gcatalysth'gbi0-0i1_1~

dNi’, nm
TOS, h 51.8°, pla’ne (200)
(Fresh-reduced) 11.7
1 13.8
2 14.5
4 15.1
6 16.0

The Ni sintering observed in the afore mentioned results can be attributed to the high reaction

temperature (700 °C) and the high water content in the reaction medium. Thus, Ni atoms show signs of
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mobility above 590 °C (Ni Tamman temperature, half of the melting point temperature), which leads to
agglomeration of metal particles [7]. In addition, the high content of steam in the reaction medium

promotes the evolution of sintering mechanisms of metal and support [27,55].

4. Discussion

Characterization by TPO, XRD and TEM of the catalyst deactivated for different values of TOS
evidences changes in the physicochemical and morphological properties during the OSR reaction of bio-
oil. These changes are a consequence of the evolution of both causes of deactivation, i.e., coke
deposition and Ni sintering, schematically outlined in Fig. 5. Each deactivation cause evolves at a
different rate and has a different impact on the catalyst deactivation. Thus, coke is deposited both on the
Ni’ crystals located in the surface of the Al,Os support (formed after reduction of the Ni-Al spinel
catalyst) (Coke Ia) and on those located inside the Al,O; (Coke Ib), encapsulating the Ni sites and
leading to catalyst deactivation. Likewise, coke is also deposited on the Al,Os support (Coke II) leading
to a partial pore blockage, which also contributes to the catalyst deactivation because it hinders the

access of the reactants to the Ni° sites located inside the porous structure of the AL Os support.

The initial coke deposition, which occurs preferably far from the Ni sites (Coke II), can be attributed to
the presence of bio-oil oxygenates in the reaction medium. However, as the concentration of these
oxygenates increases in the reaction medium, there is a faster coke formation on the Ni° sites (Coke la
and Coke Ib), with the consequent increase in the deactivation rate. The relationship between the
oxygenates concentration and the formation of both types of Coke I is difficult to explain because the
increasing concentration of each type of oxygenate throughout reaction depends on its reactivity and

also on secondary reactions (thermal and dehydroxygenation).

Furthermore, although coke formation by decomposition of CH4 and HCs could be considered when the
concentration these compounds is significant (due to the catalyst deactivation for their reforming
reactions), this is not likely to occur since these reactions are not favored under the conditions used in

this work. In addition, the formation of the characteristic carbon filaments is not observed. Anyway,
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coke formation through these reactions would not have an important relevance since it would occur

when the catalyst is highly deactivated.
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Figure 5. Deactivation scheme of catalyst based on Ni morphological changes and coke evolution

with TOS. Reaction conditions: 700 °C; S/C, 6; O/C, 0.34; space time, 0.15 geatalysth-Ebio-oil -

Similarly, the increase in Ni° particle size evidences a significant sintering. It is a well-known fact that
the activity of Ni based catalysts in the reforming reactions is strongly dependent on the metal dispersion
and size of the crystals [56]. Besides, there is a synergy between mechanisms of Ni sintering and coke
formation, as this latter is accelerated by increasing the crystal size [57,58]. It should be noted that the
sintering degree observed in this work for the catalyst derived from bulk NiALLO4 spinel (with Ni’ size
increasing from 10.8 nm to 17.7 nm in 6 h on stream) is similar to that previously reported by Remiro
et al. [33] in the OSR of bio-oil with supported Ni/La,Os-a.Al,O;5 catalyst (calcined at 550 °C). The Ni°
size in this supported catalyst increased from 7.0 nm to 12.6 nm in 4 h on stream for the same
temperature used in this work (700 °C). Although for both catalysts the degree of Ni sintering is similar,
the contribution of this sintering to catalyst deactivation is different. For the supported Ni/La;O3-atAl>O;3
catalyst, there is insignificant coke deposition under conditions of high O/C ratio (0.67), with the Ni
sintering being the main deactivation cause. Moreover, this deactivation is irreversible, because the
catalyst does not recover the Ni dispersion after combustion of the coke, and therefore it does not recover

the initial activity [34]. Conversely, the results of this work reveal that although Ni sintering contributes
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to the deactivation of the bulk catalyst derived from NiAlO. spinel, coke deposition is the main
deactivation cause. In spite of the rapid deactivation, this is a more interesting catalyst for use in the
large-scale bio-oil OSR with strategies involving catalyst regeneration, because its deactivation is
reversible as has been previously reported [32]. This catalyst can be completely regenerated by coke
combustion with air at 850 °C, since this high temperature enables a full recovery of the initial NiAl,O4
spinel structure. The subsequent reduction of the recovered spinel leads to highly dispersed and
homogeneously distributed Ni° particles in the bulk catalyst, so that it recovers the activity

corresponding to the fresh catalyst [32].

It should be noted that coke deposition results reported in this work correspond to reactions performed
with low value of space-time, since it was intended to promote coke formation in order to study the
rapid deactivation (within few hours of TOS). These results highlight the relevance of the concentration
of oxygenates in bio-oil on coke deposition rate. Based on this mechanism, conditions of full bio-oil
conversion (e.g., high space-time of catalyst) are advisable to avoid the presence of significant amount
of oxygenates (coke precursors) in the reaction medium. Thus, the catalyst deactivation is attenuated,

which is necessary for the operation to a higher scale.
5. Conclusions

Deactivation of a bulk catalyst derived from NiAl,Os spinel during the oxidative steam reforming (OSR)
of bio-oil at 700 °C differs from that reported for supported Ni catalysts. The Ni spinel catalyst is mainly
deactivated by coke deposition on the Ni° particles which progressively blocks these active sites. This
coke is composed of two fractions; one that is deposited on the Ni° sites located in the surface of the
AlLOs support (formed from NiALOs spinel reduction), and other deposited on the Ni® sites located
inside the porous structure of Al,Os. The deposition of other type of coke on the Al,Os support that
causes partial blockage of the porous structure, also contribute to the catalyst deactivation. The catalyst
is completely deactivated with a content of 6 wt% of each type of coke (deposited in 6 h on stream under
the studied conditions). The relationship between the evolution of compounds concentration in the
reaction medium with the evolution of each coke fraction reveals that the bio-oil oxygenates are the

coke precursors. Moreover, the evolution of non-reformed oxygenates with time on stream shows that
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the catalyst deactivation selectively affects the reforming of bio-oil oxygenates according to their
reactivity. Consequently, the reforming of phenolic compounds, acetic acid and acetone is rapidly
affected by deactivation. The sintering of Ni” sites also contributes to the deactivation, with an increase

in Ni’ crystal size from 10.8 to 17.7 nm (measured by TEM).

Based on these results, although the accelerated deactivation conditions used in this work have been
adequate to facilitate understanding of the deactivation mechanism, on an industrial scale conditions of
full bio-oil conversion (with high space-time) are advisable to avoid the presence of significant amount
of oxygenates in the reaction medium. Therefore, the catalyst deactivation is attenuated and its useful

lifespan before replacement and subsequent regeneration is prolonged.
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Figure Captions

Figure 1.

Figure 2.

Figure 3.

Figure 4.

Figure 5.

Tables

Table 1.

Table 2.

Table 3.

Evolution with TOS of bio-oil oxygenates conversion and products yields. Reaction

conditions: 700 °C; S/C, 6; O/C, 0.34; space time, 0.15 Zeatalysth*Zvio-oir™"-

TPO profiles (a), total coke content and cokes I-II fractions (b) for the catalyst used at

different TOS. Reaction conditions: 700 °C; S/C, 6; O/C, 0.34; space time, 0.15 gcatatysth- bio-

-1
oil -

TEM images of fresh-reduced and samples of catalyst used at different TOS. Reaction

conditions: 700 °C; S/C, 6; O/C, 0.34; space time, 0.15 Zeatalysth* Zoio-oir -

Particle size distribution (PSD) of Ni® crystals and average particle size obtained from TEM
images of fresh-reduced and samples of catalyst used at different TOS Reaction conditions:

700 °C; S/C, 6; O/C, 0.34; space time, 0.15 Zeatatysth*Ebio-oil -

Deactivation scheme of catalyst based on Ni morphological changes and coke evolution

with TOS. Reaction conditions: 700 °C; S/C, 6; O/C, 0.34; space time, 0.15 Zeaalysth* pio-oit -

Yield and composition of oxygenates (on a water-free basis) in the raw bio-oil, in the stream
that enters the OSR reactor, and in the liquid produced at different TOS values. Reaction

conditions: 700 °C; S/C, 6; O/C, 0.34; space time, 0.15 Zeatalysth*Zvio-oir™"-

Physical properties of fresh-reduced and samples of catalyst used at different TOS. Reaction

conditions: 700 °C; S/C, 6; O/C, 0.34; space time, 0.15 Zeatalysth* Epio-oit -

Evolution with TOS of the average Ni particle size, estimated by XRD diffractograms in the
diffraction angle 51.8 ° (plane 2 0 0). Reaction conditions: 700 °C; S/C, 6; O/C, 0.34; space

time, 0.15 gcatalysth'gbio—oilhl-
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