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Combined steam and CO, reforming (CSDR) of bio-oil enables the joint valorization of CO, and a biomass
derivative for the sustainable production of syngas. This work studies the influence of calcination temperature
(600, 725, and 850°C) of the Ni(15 wt%)/MgAl,O, catalyst on its properties, catalytic behavior and regenerability
in the CSDR of raw bio-oil. Reaction-regeneration cycles were carried out under the following reaction
conditions: 700°C, atmospheric pressure, CO,/C molar ratio = 0.54, steam to carbon molar ratio (S/C) = 0.38
(corresponding to the water contained in the bio-oil), and weight bases space time t= 0.38 h. Regeneration
consisted of oxidation (with air) followed by reduction (H,(10%)/N,), both stages carried out at 850 °C (for 3
hours). The results show that increasing the calcination temperature decreases metal dispersion and initial
activity, but improves the stability and quality of the synthesis gas (H,/CO molar ratio > 1), with the catalyst
calcined at 725 °C offering the best balance between activity, stability, and syngas quality. Regeneration at
850°C effectively removes coke (during combustion with air) and promotes the redispersion of Ni (in the
subsequent reduction to obtain the active Ni® phase), allowing the initial activity to be recovered. However, there
is a slight increase in deactivation rate, resulting in reproducible behavior after the second reaction cycle for
high calcination temperatures.

1. Introduction

Continued population growth and increased energy consumption are driving up global energy demand, which
remains dominated by fossil fuels accounting for over 66% of global energy consumption (Domalanta et al.,
2023). In order to limit greenhouse gas emissions resulting from the continued use of fossil fuels, initiatives such
as the Paris Agreement and the European 'Target 55' package are being promoted to drive the deep
decarbonization of the energy system (IEA, 2023). Among the alternatives, the hydrogen economy and carbon
capture and utilization technologies stand out for their potential to reduce emissions in intensive sectors
(Mansilha et al., 2026). Combined steam and CO2 reforming (CSDR) of bio-oil allows for the joint valorization of
residual biomass (bio-oil obtained from the rapid pyrolysis of lignocellulosic biomass) and CO: for the production
of synthesis gas, which can then be used for the synthesis of sustainable fuels and chemical products (Xie et
al., 2020). In addition to steam reforming (SR) and dry reforming (DR, with CO) of bio-oil oxygenates, the main
reactions involved in the CSDR of bio-oil include the Water-Gas-Shift (WGS) reaction; the
cracking/decomposition of oxygenates (which produces CH4 and other light carbon compounds and contributes
to coke deposition); steam and dry reforming of CHs; the interconversion of oxygenates; the decomposition of
CHg4, the Boudouard reaction, and coke gasification (Landa et al., 2023). The syngas yield and its quality (H2/CO
ratio) are highly dependent on temperature and feed composition (H20/CO/bio-oil ratio) (Landa et al., 2023).

The most commonly used catalysts in bio-oil reforming are based on Ni on different supports due to their high
capacity to break C—C and C-H bonds, activate water molecules, and their low cost compared to noble metal-
based catalysts. (Zhao et al., 2020; Pafili et al., 2021). The main limitation of Ni catalysts is their tendency to
form deposits of coke, which is the primary cause of deactivation. This issue is particularly relevant in bio-oil
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reforming, given the high propensity of oxygenated compounds (particularly phenolic compounds) to produce
deactivating carbon (Zhao et al., 2020). Therefore, catalyst regeneration is of strategic importance for both
operational and environmental perspectives. Increasing catalyst stability and ensuring activity recovery through
efficient regeneration protocols are fundamental requirements for advancing toward the industrial scaling of bio-
oil CSDR. Among the most efficient formulations are those derived from NiAl,O, spinel, as they allow large
amounts of Ni to be incorporated homogeneously (Landa et al., 2023). Subsequently, Remiro et al. (2025)
verified that the Ni/MgAI, O, catalyst (obtained by impregnating the MgAI,O, support with 15 wt% Ni) improves
the performance of the NiAl,O, catalyst, as it exhibits high activity and allows stable performance to be achieved
in successive reaction-regeneration cycles, with in-situ regeneration at 850 °C. These severe regeneration
conditions prevent the sintering of metal particles, since this leads to the incorporation of Ni into stable spinel
structures and the subsequent redispersion of Ni crystals when they are exsolved from spinel species during
the catalyst reduction stage (Du et al., 2018).

In order to determine the most suitable conditions for preparing the Ni/MgAI204 catalyst, this study analyzed the
effect of calcination temperature (600, 725, and 850 °C) on its physicochemical properties and its behavior in
the CSDR, analyzing the conversion of oxygenates and COz2, product yield, stability, and regeneration capacity.

2. Experimental
2.1 Bio-oil

Bio-oil (obtained by pyrolysis of pine sawdust in a conical rotary reactor) was supplied by BTG Bioliquids BV
(The Netherlands) and its main composition (dry basis) consists of acids (19.5%), ketones (21.4%), phenols
(18.4%), saccharides (13.7%), and esters (11.3%). Its physical-chemical properties are: water content,
determined by Karl-Fischer titration (KF-Titrino Plus 870), 24 wt%; density, 1.201 g/ml; viscosity at 40 °C, 250
cP (Brookfield DV2T Ametek); pH, 2.5-3.5 and empirical formula C4.6Hs.2024 (water-free basis), obtained by
elemental analysis (Leco CHN-932 analyzer) (Landa et al., 2023).

2.2 Catalyst synthesis and characterization

The catalyst was prepared in two steps: 1) coprecipitation of stoichiometric amounts of Al(NO;);-9H,0 and
Mg(NO3),-6H,0 to obtain the MgAlI,O, spinel support; and 2) wet impregnation of the support with a solution of
Ni(NO3),-6H,0 (in an amount sufficient to introduce 15 wt% Ni) in a rotary evaporator at 70 °C. After drying at
120 °C for 24 hours, it was calcined at different temperatures (600 °C, 725 °C and 850 °C). Finally, the catalyst
was sieved to a particle size between 150 and 250 uym to avoid internal diffusion limitations, while keeping proper
fluidization properties. Before each reaction, the catalyst was reduced in situ at 850 °C with a mixture of H,
(10%)/N,, for three hours.

The physicochemical properties and morphology of fresh (calcined and reduced) and deactivated catalysts after
reaction stages (with intermediate regeneration after the 15t and 2" reactions) have been analyzed using the
following techniques: X-ray diffraction (XRD), Hz temperature-programmed reduction (H2-TPR, heating ramp of
5 °C/min), temperature-programmed oxidation (TPO, heating ramp of 5 °C/min), and N, adsorption-desorption.

2.3 Reaction equipment and operating conditions

The reaction-regeneration cycles were carried out in automated equipment (MicroActivity Reference from PID
Eng&Tech, Madrid, Spain) with two units in series (thermal unit and catalytic unit). The thermal treatment is
carried out in a U-shaped reactor at 500 °C, where the bio-oil is volatilized and pyrolytic lignin (a residual solid
obtained by the repolymerization of some oxygenates contained in the bio-oil) is deposited in a controlled
manner. The catalytic reaction occurs in a fluidized bed reactor where the volatiles obtained after the thermal
stage are reformed. The operating conditions used in the CSDR reactions were: 700 °C, atmospheric pressure,
S/C = 0.38 (corresponding to the water contained in the bio-oil), CO,/C molar ratio = 0.54, and a weight based
space time t = 0.38 h. Regeneration consisted of coke removal by oxidation (with air) and subsequent reduction
(with diluted H, (H2(10%)/N;), both carried out at 850 °C (maintained for 3 h) (Remiro et al., 2025).

2.4 Reaction indices

The conversion of oxygenates in bio-oil (Xbio-oil) has been quantified as the carbon contained in bio-oil
oxygenates that is converted to carbonaceous gases, Eq (1), and CO:2 conversion is defined by Eq (2). The
yields of H2 and CO and H2/CO molar ratio in the syngas were calculated with Egs (3)-(5), respectively.
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where Fc,out is the carbon-based molar flow rate of the carbonous products (CO2, CO, CH4 and HCs) at the
reactor outlet; FC,in is the C molar flow rate of oxygenates at the reactor inlet; F¢o, in and Fco, ou are the molar
flow rate of CO2 at the reactor inlet and in the effluent stream, respectively; FCO and FH2 are the CO and H2
molar flow rates in the product stream and F°Hz is the H2 stoichiometric molar flow rate for the SR of bio-oil
(oxygenates), which is calculated as (2n+m/2-k) according to the stoichiometry of the steam reforming reaction

shown in Eq,(6) (Landa et al., 2023).

m
CoHm O + (n — K)H,0 > n CO + (n+7—k) H,

3. Results

(6)

Figure 1 shows the evolution over time of the reaction indices for the fresh catalysts (upper graphs) and during
the third reaction stage (lower graphs), with intermediate regeneration between reaction stages, for catalysts

calcined at different temperatures.
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Figure 1: Evolution over time of oxygenated compounds and CO:2 conversion (a,d), CO and Hz yield (b,e), and
H2/CO ratio (c,f) in the first (a-c) and third (d-f) reactions for different calcination temperatures.

The zero-time conversion of oxygenates and CO:2 for fresh catalysts (Figure 1a) decreases slightly as the
calcination temperature increases, with this trend remaining unchanged in successive reaction cycles (Figure
1d). Catalyst deactivation, which is evidenced by the decline in the conversion of oxygenates and CO2 and in
the product yields, is slightly attenuated at higher calcination temperatures. As the calcination temperature
decreases, the initial CO yield increases, but the H: yield remains virtually unchanged (Figure 1b), suggesting
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that low-temperature calcination favors dry reforming reactions of CH4 and reverse WGS in the catalyst.
Consequently, syngas yield increases as the calcination temperature decreases (with values of 79.3%—65.2%—
60.1% for calcination temperatures of 650-725-850 °C, respectively), but the quality of the syngas, evaluated
by the H,/CO molar ratio (Figure 1c), shows an opposite trend, i.e., it increases slightly as the calcination
temperature increases.

Consequently, the calcination above 725 °C produces a syngas with higher interest for chemical synthesis
(Lampropoulos et al., 2021). The H2/CO ratio in fresh catalysts (Figure 1c) increases slightly with reaction time,
due to the faster decrease in CO yield than in Hz yield as reaction time increases, suggesting selective
deactivation of the reverse WGS reaction with respect to reforming reactions (with steam or COy).

The regeneration protocol enabled full recovery of the initial catalytic activity at zero time on stream, as observed
when comparing the values of reaction indices at zero time in the 3™ reaction (Figures 1d-f) with those of the 1st
reaction (Figures 1a-c).

Nevertheless, a slightly faster deactivation rate was observed in subsequent reaction stages, which is more
noticeable for the catalysts calcined at the highest and lowest temperatures, whereas that calcined at the
intermediate temperature (725 °C) achieved a more stable behavior in the subsequent reaction steps.
Interestingly, the catalyst exhibited quite a reproducible behavior after the second reaction cycle.

Fresh (calcined and reduced) and used catalysts after the third reaction were characterized. The X-ray
diffractograms of the calcined catalysts (Figure 2a) show peaks corresponding to a face-centered cubic (fcc)
structure associated with spinel-type structures (26 = 19.6°, 31.6°, 36.9°, 56.1°, 59.6°, 65.7°, 75.3°, and 78.3°),
together with peaks corresponding to NiO (26 = 37.2°, 43.3°, and 62.9°).

The latter are less intense as the calcination temperature increases, while those corresponding to spinel-type
structures increase, which shows a greater incorporation of Ni into spinel-type structures as the calcination
temperature increases. This result is corroborated by the H2-TPR profile of the fresh catalysts shown in Figure
3a. Thus, the major species for the catalyst calcined at 600 °C are free NiO (reduction peak with a maximum
around 400 °C) or in strong interaction with the support (reduction between 500-700 °C).

However, for the catalysts calcined at 725 and 850 °C, the reduction peak above 750 °C is predominant,
associated with the reduction of Ni species incorporated into a spinel-like structure, either mixed (Mg1-xAl,O,)
or complete (NiAl,O,). As the calcination temperature increases, the position of the reduction peaks shifts
toward higher reduction temperatures, which indicates more difficulty for Ni reduction. The increase in
calcination temperature has little effect on the specific surface area (Sger) of the calcined catalyst (Table 1).
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Figure 2: XRD diffractograms of the catalysts calcined at 600, 725 and 850 °C (a), after reduction at 850 °C for
3 hours (b), and after the third reaction (c).

In the reduced catalysts (Figure 2b), the NiO diffraction peaks disappear and new peaks associated with Ni°
appear (26 = 44.6°, 51.8°, and 76.4°), whose intensity increases significantly with calcination temperature. This
evidences the formation of larger crystals, as shown in Table 1, which gathers the average crystal size calculated
using the Scherrer equation with angle 26 = 51.8 °. As observed, the increase in calcination temperature leads
to a notable increase in the Ni crystal size of the fresh catalyst and, presumably, a decrease in metal dispersion.
The absence of diffraction peaks corresponding to NiO in the catalysts used after three reaction cycles (Figure
2c) allows us to rule out Ni oxidation as the cause of deactivation.

Furthermore, the lower intensity of the metallic Ni diffraction peaks in the used catalysts compared to the fresh
catalysts (Figure 2b) shows that Ni redispersion occurs when subjected to intermediate regeneration (oxidation-
reduction) treatments. Consequently, the Ni crystal size values for the used catalysts decrease (Table 1), with
this decrease being more evident at higher calcination temperatures.
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Figure 3. H2-TPR profile of fresh catalysts (a) and catalysts regenerated after the third reaction (b), and TPO
profile of the catalysts used after the third reaction stage (c).

Table 1: BET specific surface area and average Ni crystal size for catalysts calcined at different temperatures,
after reduction and after use in the third reaction stage.

Catalyst Tc (°C) SeeT (M?/g) Ni size (nm)
Calcined 600 68.5 -
725 63.4 -
850 63.9 -
Reduced 600 494 8.50
725 46.5 14.0
850 47.2 20.8
Used (3™ reaction) 600 6.90 9.80
725 15.8 8.30
850 27.0 12.7

The TPO profile of the used catalysts (Figure 3c) shows a major combustion peak, with a maximum at around
600°C. This peak is attributed to structured coke, and is less pronounced for the catalyst that was calcined at
750°C. The minor peak, which burns below 500 °C, corresponds to amorphous or encapsulating coke, which is
usually the main cause of deactivation (Garcia-Gémez et al., 2021; Remiro et al., 2025). This result is consistent
with the XRD diffractogram of the used catalysts (Figure 2c), which shows a diffraction peak at 26 = 26°
attributable to crystalline carbon, evidencing the presence of structured coke, whose intensity seems to be
directly related to the amount of coke determined by the peak areas from the TPO profiles following this order:
850 > 600 > 725 °C. The low intensity of the diffraction peak at 26°, together with the notable decrease in the
BET specific surface area of the used catalysts (Table 1), suggests that the structured coke deposited on the
catalysts may not be primarily filamentous in nature. In opposition to our results, the formation of filamentous
coke adds porosity to the deactivated catalyst and leads to an increase in specific surface area of the used
catalyst (Remiro et al., 2025) and consequently, it does not contribute significantly to catalyst deactivation.
Therefore, we may hypothesize that the coke deposited is mostly pyrolytic in nature (apparent formation of
carbon filaments agglomerated with mass of pyrolytic carbon covering the catalyst surface), which is formed at
high reforming temperatures and leads to a severe catalyst deactivation (Garcia-Gomez et al., 2021). The lower
amount of this pyrolytic coke observed for the catalyst calcined at 725 °C in Figure 3c is coherent with its lower
deactivation rate observed in the 3™ reaction stage (Figure 1).

The TPR profiles of the regenerated catalysts after the third reaction stage (Figure 3b) show no significant
differences for the different calcination temperatures. They all have a major reduction peak with maximum at a
similar temperature (820 °C), indicating that Ni is mainly incorporated into spinel-like species. This result
suggests that the regeneration treatment (oxidation followed by reduction at 850 °C for 3 hours) apparently
homogenizes the catalysts' structure, based on the properties measured in this work, regardless of their initial
calcination temperature. This justifies the similar TPO profiles of the catalysts used after the 3™ reaction step
(Figure 3c). Nevertheless, this initial calcination temperature indeed determines the overall catalyst behavior.

4. Conclusions

Calcination temperature affects both the properties of the fresh catalyst and its kinetic behavior. Lower
calcination temperatures promoted higher Ni dispersion and enhanced initial catalytic activity,whereas higher
calcination temperatures improved catalytic stability and produced syngas of superior quality (H,/CO >1).
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Calcination at 725 °C achieved the best compromise between activity, estability and syngas quality.
Regeneration by air combustion at 850 °C effectively removed deposited coke and promoted partial
incorporation of Ni into the spinel lattice. During successive reaction—regeneration cycles, Ni oxidation during
coke combustion followed by reduction (both at 850 °C) resulted in metal redispersion and enabled full recovery
of the initial catalytic activity, although with slightly faster deactivation rates in subsequent reaction stages. The
catalyst calcined at 725 °C exhibited a more estable behavior, which was reproducible after the second reaction
cycle.

Nomenclature

Fco,,in— inlet CO2 molar flow rate, mol/min Xbio-oii— bio-0il conversion, -
Fco,,0ut —0Utlet CO2 molar flow rate, mol/min X¢o,— CO2 Conversion, -
Fc,out— products C-base molar flow rate, mol/min Yco — CO yield, -

Fin — C molar flow rate at the reactor inlet, mol/min Yy, — H2 yield, -

T¢ — calcination temperature, °C T - weight based space time, h
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