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Abstract: In the present work, the individual or synergistic effect of Ni-based catalysts (Ni/CeO2,
Ni/Al2O3) and an eutectic carbonate salt mixture (MS) on the CO2 gasification performance of olive
kernels was investigated. It was found that the Ni/CeO2 catalyst presented a relatively superior
instant gasification reaction rate (Rco) compared to Ni/Al2O3, in line with the significant redox
capability of CeO2. On the other hand, the use of the binary eutectic carbonate salt mixture (MS)
lowered the onset and maximum CO2 gasification temperatures, resulting in a notably higher
carbon conversion efficiency (81%) compared to the individual Ni-based catalysts and non-catalytic
gasification tests (60%). Interestingly, a synergetic catalyst-carbonate salt mixture effect was revealed
in the low and intermediate CO2 gasification temperature regimes, boosting the instant gasification
reaction rate (Rco). In fact, in the temperature range of 300 to 550 ◦C, the maximum Rco value for
both MS-Ni/Al2O3 and MS-Ni/CeO2 systems were four times higher (4 × 10−3 min−1 at 460 ◦C)
compared to the individual counterparts. The present results demonstrated for the first time the
combined effect of two different Ni-based catalysts and an eutectic carbonate salt mixture towards
enhancing the CO production rate during CO2 gasification of olive kernel biomass fuel, especially in
the devolatilization and tar cracking/reforming zones. On the basis of a systematic characterization
study and lab-scale gasification experiments, the beneficial role of catalysts and molten carbonate
salts on the gasification process was revealed, which can be ascribed to the catalytic activity as well
as the improved mass and heat transport properties offered by the molten carbonate salts.

Keywords: olive kernel; CO2 gasification; Ni/CeO2; Ni/Al2O3; molten carbonates salt (MS); instant
gasification rate; carbon conversion

1. Introduction

The increasing demand for more energy worldwide, along with the rising concerns
on climate change, are forcing humanity to speed up defossilization and prioritize the
clean transition of the energy mix [1]. However, the wide deployment of intermittent
renewables, such as solar and wind power, requires the development of energy and cost
efficient large-scale seasonal energy storage technologies to balance electricity grids and
avoid costly curtailments, which has not yet been convincingly achieved nowadays [2]. On
the other hand, if logistics are resolved, the use of bioenergy potential could sufficiently
meet the energy demand and decarbonize our economies. In specific, the thermochemical
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exploitation of biomass (combustion, pyrolysis, gasification, etc.) is expected to notably sup-
press greenhouse gas (GHG) emissions due to the carbon neutral nature of biomass [1,3,4].
According to Di Gulliano et al. [5], biomass-based power plants accompanied by CO2
capture can achieve negative CO2 emissions, leading to an estimated CO2 sequestration
potential of 2.0–12.0 Gt CO2 by 2050.

Agricultural and agro-industrial activities are the main sources of residual biomass
that could be used as renewable feedstock in thermochemical cycles, thus enhancing
local economies and minimizing waste handling problems [6–10]. Greece possesses large
quantities of animal manure and agricultural and agro-industrial residues that are equal to
50 Mt/year [11]. Olive oil industry residues (tree pruning, leaves, pits, kernel and pomace)
represent 20% of the total annual residual biomass in Greece, which is the third largest olive
oil industry worldwide (350 ktons/year) [12,13]. Specifically, olive kernel accounts for 15%
of the total residues resulting as by-products from the olive oil extraction process [14,15].
Among other residues, olive kernel exhibits the lowest moisture content (5–15%), and is
thus considered a saleable fuel without further treatment [14–16]. Assuming an average
lower heating value (LHV) of olive-based biomass residues equal to 16–18 MJ/kg [17–21]
and an electrical efficiency of 25–35% [22–24], the thermochemical exploitation of the total
annual quantity of olive oil-industry residues in Greece (10 Mt) could potentially produce
around 14–15 GWh/year of energy. However, uncertainties associated with the Greek
institutional framework towards biomass-based power plants are slowing down practical
applications at larger scales [25–27].

Converting biomass to heat, electrical power, biofuels, and chemicals via the gasifica-
tion process is of paramount importance in achieving energy independence and increasing
the share of renewables in the energy mix. In principle, gasification process includes two
main consecutive steps: (a) a relatively fast step (t < 60 s @ 300–700 ◦C), involving the ther-
mal decomposition of volatile components to gaseous products, tars (condensable hydrocar-
bon compounds), and a solid char residue, and (b) a slower step (t > 3300 s @ T > 700 ◦C),
including the gasification of the pyrolyzed char (gas-solid reactions) along with other
gas-phase reforming reactions [28]. Suitable gasifying agents (air, steam, CO2, or their
mixture) can benefit the gasification reaction of the remaining char [4,29,30]. Apart from
the gasifying agent, from a process system perspective, the main factors affecting syngas
quality and quantity are the employed operating temperature and pressure, gasifier design
and heating mode, the addition of catalysts, and the feedstock composition [31,32].

Despite the advantages of biomass exploitation through the gasification process,
there are specific challenges that seriously affect the gasification performance in terms of
the as-produced syngas quantity and quality. Syngas clean-up from impurities such as
tars and water is of high priority towards producing a final product suitable for several
downstream processes, i.e., in high-temperature fuel cells for the co-generation of heat and
power or in catalytic reactors for the production of synthetic fuels and/or chemicals [33–35].
Mechanical separation methods for the removal of particulate matter (wet scrubber, cyclone,
filter, and electrostatic precipitator), along with tar thermal cracking, have been widely
used for syngas clean-up and conditioning [36–38]. However, the relatively high capital
cost and the formation of small, complex tar structures restrict the commercialization
of gasification technology [38]. In this regard, the use of highly active catalysts, in situ
or outside the gasifier, has been proposed to reform tars, generating additional syngas
with negligible impurities. Moreover, the use of catalysts in gasification leads to faster
kinetics at decreased temperatures, further enhancing its efficiency [33,34,39]. Numerous
studies [40–43] highlighted the main criteria for a good catalyst selection, which include
the decrease of energy activation for tar cracking, gas-solid and gas-phase reactions, the
reduced supply of gasifying agents, and the generation of high-value chemicals.

In general, catalysts used in biomass gasification can be divided into three major
categories: (a) natural mineral catalysts (dolomite, olivine, zeolites, alumina), (b) alkali
and alkaline Earth metal catalysts, AAEMs (Li, Na, K, Mg, Ca, and Rb), and (c) transition
metal catalysts [44,45]. Among all of the transition metals (group VIII), Ni-based catalysts
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have been widely reported in the literature [28,44,46–50]. This can be attributed to their
remarkable role on tar removal, steam reforming, and water gas shift (WGS) reactions,
for H2-rich syngas production [44,45]. For instance, Baker et al. [51] and Li et al. [52]
investigated the performance of commercial nickel catalysts in fluidized bed gasifiers in
the temperature range of 700–800 ◦C during sawdust and pine flakes steam gasification.
They both noticed the pronounced role of Ni catalysts during steam gasification in terms
of gaseous product yield and tar elimination. However, in both studies, the catalysts
suffered from rapid deactivation (<5 h) due to carbon deposition on the catalyst surface
and nickel particles sintering. In this regard, numerous studies investigated and proposed
alternative routes to modify Ni based catalysts, including the use of different supporting
materials and/or aliovalent doping (Fe, Co, La Ce, Mg, etc.) [46–50,53–62]. Several types of
supporting materials have been examined in the literature, involving metal oxides, among
others [44,45]. Metal oxides (CeO2, Al2O3, ZrO2), natural minerals (olivine, dolomite), and
zeolites can provide mechanical strength, improved textural properties, and adsorption
ability if they are employed as supports in Ni-based catalysts [63,64].

In addition to the use of catalysts, molten alkali carbonate (MAC) salts have been
extensively studied in biomass gasification for tar elimination and enhanced syngas produc-
tion [65–67]. In general, MAC salts (Li2CO3, Na2CO3, K2CO3, etc.) in eutectic compositions
can be utilized as excellent industrial fluids in a wide range of high temperature operating
technologies (solar power applications, waste oxidation, direct carbon fuel cells, and cat-
alytic biomass gasification) [66]. A well-established application of MAC salts is as heating
carriers, since they exhibit a dual function as solar heat storage and heat transfer media [65].
Unlike the use of solar-heated MACs as an indirect heating medium for pyrolysis and/or
gasification processes, the direct contact of molten salts and biomass particles can lead to
an enhanced gasification rate and syngas production. This enhancement can be attributed
to the facilitation of mass and heat transfer phenomena induced by MACs in conjunction
with their alkali-based catalytic nature [66].

Various studies have been devoted to interpreting the gasification mechanism of solid
fuels in the presence of MAC salts [68–74]. Notably, the majority of works are dealing
with pure carbon and coal/biomass chars. For instance, Mckee and co-investigators [68]
concluded that the catalytic gasification of coal char over K2CO3 involves the following
steps: (a) melting of K2CO3 salt, (b) its precipitation at the char surface area (pores), and (c)
the formation of a thin layer favoring the carbon-catalyst interaction.

Gasifying agents notably affect the overall reaction network and, in turn, the syngas
formation reaction rate. Strong gasifying agents (pure oxygen and steam) can affect the
thermal stability of MAC salts [75], whereas the formation of hydroxide intermediates
(MOH) and salt oxides (M2O2) may lead to fouling and plugging of the reactor and pipeline
system [28,76]. However, CO2 is expected to be a suitable gasifying agent for biomass
gasification in the presence of MAC catalysts since it can maintain MACs’ stability at high
temperatures [28]. Taking into account the efforts towards CO2 mitigation, CO2 biomass
gasification over MAC salts can be a promising route towards producing biofuels and high
value products with negative CO2 emissions [77–80]. In the light of the above aspects, the
majority of the studies regarding biomass gasification over MAC salts are restricted to the
use of CO2 as a gasifying agent [28,81–87].

As mentioned above, the char-CO2 gasification reaction requires more energy com-
pared to other gasifying agents (air, oxygen, and steam) and can be considered the rate-
determining step of the overall reaction network [88]. Interestingly, catalyst addition to
MACs could synergistically lead to enhanced tar-free syngas production, sufficiently sim-
plify gas clean-up steps, and render the whole process less complex and economically
feasible for large-scale applications [28]. As extensively mentioned above, commercial
nickel and modified Ni-based catalysts can facilitate biomass gasification, tar cracking, and
reforming reactions. In fact, Ni-based catalysts are both selective for hydrogen produc-
tion and highly efficient towards carbon conversion. Very few works have reported on
the combination of Ni-based catalysts and molten alkali carbonate salts during biomass
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gasification [28,76]. Specifically, Sakhon Ratchahat and co-workers [28,76] investigated
the catalytic effect of a combined Ni/Al2O3 and ternary carbonate salt (Li2-K2-Na2-CO3)
catalytic system on the pyrolysis and CO2 gasification of different biomass wastes.

In this context, the present work aims for the first time to systematically explore the
combined impact of different Ni-based catalysts (Ni/CeO2 and Ni/Al2O3) and an eutectic
binary carbonate salt mixture (Li2CO3-K2CO3 molten salt, MS) on the CO2 gasification
performance of olive kernels under non-isothermal operating conditions in a lab-scale
fixed-bed reactor. Various characterization techniques (H2-TPR, SEM, HR/SEM_EDS,
TEM, HR/TEM, and XRD) were applied to investigate the morphological and structural
properties of these catalysts. It was disclosed that the type of commercial metal oxide
used as support (Al2O3 or CeO2) does not significantly affect the activity of Ni catalysts
towards CO2 gasification. However, the addition of the binary eutectic carbonate mixture
(MS) resulted in a notably favorable performance during olive kernel-CO2 gasification
tests, leading to a high CO yield and carbon conversion efficiency. More interestingly,
a synergistic MS-Ni medium effect in the low-temperature CO2 gasification zone was
revealed, boosting carbon monoxide production yields and carbon conversion efficiency.

2. Results and Discussion
2.1. Structural Characterization (XRD Analysis)

Figure 1 shows the XRD patterns of Ni/CeO2, Ni/Al2O3 and their blends with the
binary carbonate salt mixture. All catalysts exhibited the characteristic peaks of cubic NiO
at 2θ angles of ca. 37, 43, 63, 76, and 79.5◦ (PDF #73-1519). No characteristic peaks of
precursor Ni(NO3)3 or of other nitrates were detected, indicating that nickel nitrate was
totally utilized and decomposed during the catalysts’ preparation procedure. Furthermore,
the d-spacing (d) values of as-prepared catalysts, calculated by Bragg’s law, along with the
corresponding lattice parameters (α), are summarized in Table 1. In addition, by applying
the Scherrer equation [89], the primary crystallite sizes (DXRD) of ceria and alumina were
found to be 54.92 and 73.22 nm, respectively (Table 1). Moreover, the crystallite size
(DXRD) of the NiO particles on both the alumina and ceria supports was calculated at ca.
40 nm (37.22 and 42.83, respectively, in Table 1), in accordance with HR-SEM observations
(Section 2.2). Both MS-Ni catalysts exhibited characteristic peaks at 2θ angles of 28–35, 40,
and 47◦, which are attributed to Li2CO3-K2CO3 carbonates (Figure 1).

Notably, the characteristic peaks attributed to NiO and carbonates phases present
lower intensities in the case of CeO2-containing samples, ascribed to the higher crystallinity
of ceria compared to that of alumina. However, in the case of Ni/Al and MS-Ni/Al
catalysts, the high-intensity characteristic peaks at 2θ = 37 and 43◦ can be ascribed to the
co-existence of NiO, Al2O3, NiAl2O4 and carbonates phases. Interestingly, it should be
noticed that small shoulder peaks standing for NiAl2O4 spinel oxide (#77-1877) can be
found at 2θ = 37, 45, and 65◦, indicating its formation, which has also been confirmed
by H2-TPR (see in Section 2.3). In particular, under high calcination temperatures (above
700 ◦C), nickel ions are migrating into the alumina lattice, forming the spinel structure
(NiAl2O4), through the solid-solid interaction of NiO with Al2O3.

2.2. Morphological Characterization (SEM, HR-SEM, EDS Mapping, and TEM)

Figure 2 illustrates the SEM images of the fresh samples prior to gasification ex-
periments. It can be observed from Figure 2a,b that both Ni/Al2O3 and Ni/CeO2 cata-
lysts display an irregular morphology consisting of nano-sized particles. Additionally,
micro-scaled agglomerates are present on both catalysts, attributed to the high calcination
temperature, which presumably leads to the sintering of NiO particles and/or support-
ing materials [44,45].
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Figure 1. XRD patterns of Ni-based and MS-Ni-based catalysts.

Table 1. XRD and TEM results for the as-prepared Ni/CeO2 and Ni/Al2O3 catalysts.

Sample XRD TEM

Ni/CeO2

CeO2 (111) NiO (200) NiO mean
particle size

DXRD (nm) 1 d (nm) 2 a (nm) DXRD (nm) 1 d (nm) 2 a (nm)
38.1 ± 8.5

54.92 0.31 0.54 42.83 0.21 0.42

Ni/Al2O3

Al2O3 (113) NiO (200) NiO mean
particle size

DXRD (nm) 1 d (nm) 2 a (nm) DXRD (nm) 1 d (nm) 2 a (nm)
37.7 ± 9.0

73.22 0.21 n/a * 37.22 0.21 0.42

* Aluminum forms a rhombohedral crystal lattice, not a cubic lattice such as CeO2 and NiO. 1 Calculated applying
Scherrer’s equation. 2 Calculated by Bragg′s law.

Figure 2c illustrates a uniform surface for the binary molten salt carbonate mixture
(MS) with particle sizes less than 10 µm, confirming that the preparation protocol resulted
in a relatively homogeneous blend. In the case of MS/catalyst mixtures (Figure 2d,e),
the catalytic particles retained their irregular shape together with the presence of certain
agglomerates due to the calcination pretreatment. At the same time, EDS analysis (not
shown for the shake of brevity) demonstrates that Ni loading is practically equal to the
nominal one (ca. 15 wt.%) in the case of Ni/CeO2, whereas a slightly lower value was
revealed for Ni/Al2O3 (13 wt.%).
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Figure 2. SEM images of the as-prepared samples: (a) Ni/CeO2; (b) Ni/Al2O3; (c) MS (d) MS-
Ni/CeO2; and (e) MS-Ni/Al2O3.

TEM analysis was applied to gain further insight into the morphological features of the
samples (Figure 3). The bare support materials are presented in Figure 3a,b, while Ni/CeO2
and Ni/Al2O3 are shown in Figure 3c,d. In the case of both Ni/CeO2 and Ni/Al2O3, the
mean particle size of NiO was ca. 40 nm, verifying the XRD findings, as shown in Table 1.
It is worth noting that the wet-impregnation method and calcination at 850 ◦C resulted
in similar NiO particle sizes. Given the inherent difficulties in distinguishing between
commercial CeO2 and NiO particles, the lattice fringes of NiO and CeO2 were identified,
which are reflective of the crystallinity of the samples. In particular, for the Ni/CeO2
sample, the distinction was established by the calculation of the d-spacing values in an
indicative HR-TEM image (Figure 3e). The lattice spacing for the phases of NiO and CeO2
were 0.2 and 0.3 nm, respectively, which confirms the presence of NiO particles by exposing
(200) planes that are in contact with CeO2 (111), further confirming the results from XRD.
In addition, it can be clearly seen that NiO cluster particles are semi-submerged upon the
CeO2 support and are characterized by a quasi-spherical shape.

2.3. Redox Behavior (H2-TPR Analysis)

The reduction profiles (H2-TPR) of Ni/CeO2 and Ni/Al2O3 samples are compared
in Figure 4. Four major H2 consumption peaks were observed for both Ni-based catalysts.
Notably, for Ni/CeO2, the onset reduction temperature is around 180 ◦C, whereas for
Ni/Al2O3, this temperature is significantly higher (ca. 235 ◦C), implying the beneficial
effect of ceria in the low-temperature reducibility [58,90–92]. Specifically, a low-temperature
peak at 295 ◦C (peak α) and a prominent medium-temperature peak at 376 ◦C (peak β) can
be distinguished in the low-temperature region (below 500 ◦C) for the Ni/CeO2 catalyst.
These peaks can be associated with the reduction of NiO species strongly interacting
with the CeO2 support [46,50,91,93–96]. Notably, a shoulder at 242 ◦C can be in addition
observed, which can be ascribed to the reduction of the loosely bound NiO species and/or
to surface-absorbed O2−/O− species (oxygen vacancies associated with the formation of
the Ni-O-Ce structure) [97,98]. The peak at 502 ◦C (peak γ) corresponds to the reduction of
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bulk NiO species. Lastly, the low intensity reduction peak above 750 ◦C (peak δ) can be
attributed to the reduction of the CeO2 bulk [46,50,91,93]. For the Ni/Al2O3 catalyst, one
smaller and two major reduction peaks were observed at 310, 436, and 507 ◦C, respectively.
The first peak (peak α) is assigned to the reduction of the loosely bound NiO species,
whereas the two peaks at 436 and 507 ◦C (peaks β, γ) are attributed to the NiO species
interacting with the Al2O3 support [91–93]. Finally, the last reduction feature (peak δ) at
the high temperature zone (above 900 ◦C) corresponds to the reduction of NiAl2O4 spinel
phases, suggesting a strong interaction between NiO and Al2O3 species, in good agreement
with the XRD findings and relevant literature studies [50,91,93,97,98].
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Quantitative analysis of the H2-TPR profiles was also carried out by calculating the
H2 uptake (mmol H2/g) of each peak (Table 2). As expected, regarding the reducibility of
the samples in the low-temperature region (T < 500 ◦C), the calculated H2 consumption
values were almost identical for both Ni/CeO2 and Ni/Al2O3 catalysts (2.5 mmol/gcat).
However, H2 is consumed at relatively lower temperatures in the case of the Ni/CeO2
catalyst, indicative of the superior reducibility of ceria-based oxides, facilitated by metal-
support interactions [46,90,97,99]. Moreover, the total hydrogen consumption in the case of
Ni/Al2O3 catalyst (2.65 mmol H2/gcat), which almost coincides with the theoretical amount
of H2 required for the complete reduction of NiO to metallic Nio (~2.5 mmol H2/gcat), im-
plies a complete reduction of NiO species. On the other hand, in the case of the Ni/CeO2
catalyst, the relatively higher H2 consumption (compared to the theoretical one) can be
presumably attributed to the reduction of surface oxygen species of CeO2, which is facili-
tated by nickel-ceria interactions. To summarize, the results show that both Ni catalysts
present a redox ability at the lower (250–400 ◦C) and intermediate (400–600 ◦C) temperature
regimes. This can be an indication that more labile oxygen species could be involved in the
primary and secondary tar cracking and/or reforming reactions, effectively reducing the
tar content in the as-produced syngas [100]. Moreover, the peak observed at 800 ◦C and
attributed to the reduction of bulk CeO2 species may lead to additional syngas production
by the oxidation of the remaining char and/or formatted carbon on the catalyst’s surface
(carbon deposition) [99].

Table 2. Redox properties of the Ni/CeO2 and Ni/Al2O3 samples.

Total H2
Uptake

(mmol H2/g)
α β γ δ

Ni/CeO2 2.85 0.69 (295 ◦C) 1.10 (376 ◦C) 0.70 (502 ◦C) 0.35 (802 ◦C)
Ni/Al2O3 2.65 0.04 (310 ◦C) 1.33 (436 ◦C) 1.21 (507 ◦C) 0.06 (916 ◦C)

2.4. Catalyst-Aided CO2 Gasification Experiments under Batch Mode of Operation

Figures 5 and 6 depict the instant CO production rate, RCO (min−1), and carbon to CO
conversion efficiency, Xco, as a function of temperature during the batch non-isothermal
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CO2 catalytic gasification tests over the different catalytic systems examined (Ni/CeO2,
Ni/Al2O3, MS, and MS-Ni systems). For comparison purposes, the catalyst-free gasification
experiments are also included. The CO2 gasification process includes two consecutive steps
(Table 3): the volatile decomposition and tar cracking/reforming reactions (R1-R6,) in the
temperature range of 300–600 ◦C (step 1), and the reaction of the remaining char with CO2
(R9) along with other solid and/or gas-phase reactions (R7, R8), denoted as step 2 [36].
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In this regard, Xco (Equation (1) in Section 3.4) involves a first term standing for
the CO production during the tar cracking and devolatilization stage and a second term
corresponding to the CO formation associated with the Boudouard reaction (R9) during
the gasification stage [81,101]. In all cases, carbon monoxide was the principal product of
gasification, appearing at different temperature regimes depending on the presence and the
of catalyst. CO production, which is favored with temperature due to the endothermic reac-
tion R9 [77], reaches its maximum and then gradually decreases until fuel depletion. During
the olive kernel non-catalytic CO2 gasification, a maximum RCO value (8.5 × 10−3 min−1)
was observed at a temperature of 785 ◦C. Both Ni/CeO2 and Ni/Al2O3 catalysts did not
reveal any significant effect on the CO production rate. However, a slight reduction in the
onset and peak gasification temperature was noticed in the case of the Ni/CeO2 catalyst.
Indeed, the maximum Rco value for Ni/CeO2 sample (ca. 7 × 10−3 min−1) was attained
at 750 ◦C, which is 35 ◦C lower compared to the non-catalytic gasification. On the other
hand, Ni/Al2O3 exhibited a maximum Rco value equal to 6 × 10−3 min−1 at 780 ◦C, a
slightly lower temperature compared to the un-catalyzed reaction (795 ◦C). The lower Rco
values obtained during the Ni-based catalytic CO2 gasification reaction as compared to
the non-catalytic process (8.5 × 10−3 min−1) can possibly be attributed to the faster fuel
depletion in conjunction with the favorable conditions for the endothermic Boudouard
reaction (R9), since the gasification process takes place at lower temperatures. However, in
the temperature regime of 600–750 ◦C, the Rco values for the Ni-based catalysts were higher
compared to those obtained during the uncatalyzed gasification reaction. Apart from the
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CO generated via the endothermic R9 reaction, Sakhon Ratchahat and co-investigators [28]
proposed a different pathway for CO production. In brief, solid carbon atoms react with
the adsorbed oxygen on a support surface, resulting from the CO2 dissociation on Ni active
sites, leading to additional CO production (carbon cleavage reaction on Ni active sites).
Notably, for the Ni/Al2O3 catalytic gasification, at temperatures above 650–700 ◦C, the
Rco values present a pronounced descending trend compared to the Ni/CeO2 catalyst.
This can presumably be attributed to two different phenomena that take place during the
high temperature char-gasification stage: (a) the inhibiting role of NiAl2O4 spinel species
observed in XRD and H2-TPR tests on catalytic gasification performance [102–104], and (b)
the coke/carbon formation through the thermal and catalytic decomposition of carbona-
ceous intermediates and/or undesired gas phase side reactions. Indeed, since NiAl2O4
cannot be easily reduced to Ni0, its formation probably lowers the amount of active Ni sites,
thus leading to a reduced catalytic activity [102]. On the other hand, a superior gasification
rate is observed for Ni/CeO2 sample up to 800 ◦C, which can be related to the high cat-
alytic activity of Ni/CeO2 catalyst and its tolerance toward carbon formation. CeO2-based
catalysts present a significant redox ability by releasing and up-taking oxygen through
the reversible reaction, CeO2 ↔ CeO2−x + Ox, where Ox stands for the lattice oxygen at
CeO2 [33,34]. This lattice oxygen possibly enhances the catalytic gasification performance
via two different pathways. The first one is by the reaction of CO with CeO2 lattice oxygen,
resulting in CO2 formation (CO + Ox → CO2 + Ox−1). The second one is related to the
oxidation of the remaining solid char/carbon which could be facilitated by CeO2. Indeed,
as a supplier of lattice oxygen, CeO2 may oxidize solid carbon (C(s) + Ox → CO + Ox−1)
towards additional CO formation. These induced effects are in line with the enhanced
Ni/CeO2 reducibility results (Figure 4, Table 2); the peak observed at 800 ◦C and attributed
to the reduction of bulk CeO2 species confirms the presence of lattice oxygen at such high
temperatures, which can further oxidize the remaining carbon species [99].
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Table 3. The main reaction network during biomass CO2 gasification.

Reaction No

Tar thermal cracking Tar (CmHn)→ Smaller Tar (CqHq) + H2(g) R1
Tar dry reforming Tar (CmHn) + mCO2(g) → 2mCO2(g) + (n/2)H2(g) R2
Tar dry reforming Tar (CmHn) + (m + n/2)CO2(g) → (2m + n/2)CO(g) + (n/2)H2(g) R3
Tar steam cracking Tar (CmHn) + mH2O(g) →mCO(g) + (m + n/2)H2(g) R4
Tar steam cracking Tar (CmHn) + 2mH2O(g) →mCO2(g) + (2m + n/2)H2(g) R5
Tar partial oxidation Tar (CmHn) + (n/2)O2(g) →mCO(g) + (n/2)H2(g) R6
Carbon-steam reforming C(s) + H2O(g) ↔ CO(g) + H2(g) R7
Water gas shift CO(g) + H2O(g) ↔ CO2(g) + H2(g) R8
Boudouard reaction C(s) + CO2(g) ↔ 2CO(g) R9

In the case of the molten carbonate salt mixture (MS), the instant gasification rate ap-
proached its maximum value (8.3× 10−3 min−1) at ca. 55 ◦C lower compared to non-catalytic
CO2 gasification experiments. Moreover, the Rco values obtained during MS-assisted gasifica-
tion were significantly higher, compared to non-catalytic and Ni-assisted catalytic gasification,
in the temperature range of 600–800 ◦C. This remarkable result is in agreement with rele-
vant studies on the MS-assisted CO2 gasification of various biomass fuels [28,71,81,86,105].
Obviously, MS favors CO production at lower gasification temperatures due to its ability to
improve mass and heat transfer phenomena in conjunction with the catalytic role of contained
alkali metals in the three-cyclic-step Boudouard reaction (Table 4) [65–67].

Table 4. Mechanism of the alkali carbonate-assisted carbon CO2 gasification.

Reaction No

M2CO3 + 2C→ 2M * +3CO R11
2M * + CO2 →M2O + CO R12
M2O + CO2 →M2CO3 R13
C(s) + CO2(g) → 2CO(g) R14

* M stands for the alkali metal.

Notably, the CO production rate maxima for the combined MS-Ni/X (X: CeO2, Al2O3)
medium was shifted to 15, 40, and 70 ◦C lower compared to MS and Ni catalysts and
non-catalytic gasification tests, respectively. Most importantly, the mixed MS-Ni/CeO2 and
MS-Ni/Al2O3 composites revealed an excellent synergy regarding their beneficial role in
the devolatilization and tar cracking/reforming zones. Indeed, in the temperature range
of 300 to 550 ◦C, the maximum Rco value for both MS-Ni systems was four times higher
(4 × 10−3 min−1, 460 ◦C) compared to their counterparts. This can be attributed to the
combined catalytic effect of both Ni catalysts and MS on tar/volatiles’ thermal and/or
dry cracking/reforming reactions, as well as on the oxidation of the dissociated carbon on
nickel active sites [44,45]. Interestingly, the additional CO formation at this temperature
regime coincides with the melting point of the MS (Li2CO3-K2CO3) which is ca. 490 ◦C [65].
As the salt mixture melts, it forms a thin layer that favors the carbon-MS contact [68,70].
This in turn facilitates the tar oxidation reaction (R6) at the carbon-catalyst interface through
the labile oxygen species in the low temperature region (see H2-TPR analysis above).

To further shed light on the CO2 gasification performance, the carbon to CO conver-
sion efficiency, Xco (Figure 6), was calculated via Equation 1. Notably, there are three
distinct temperature regimes. At temperatures up to 600 ◦C, where tar and volatiles’ crack-
ing/reforming reactions prevail, the combined MS-Ni systems lead to a carbon to CO
conversion of ca. 0.3, in complete contrast to the bare constituents (Ni catalysts or MS),
which are almost inactive. This further verifies the synergy between the Ni-based catalysts
and MS towards tar and volatile dry cracking/reforming reactions. At the temperature
range between 600 and 800 ◦C, the CO production is mainly ascribed to the endother-
mic Boudouard reaction (R9). In this temperature regime, the Xco values for the MS-Ni
systems are higher compared to their individual counterparts, highlighting the syner-
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getic combination of the MS-induced mass/heat transfer phenomena and catalytic activity
towards the Boudouard reaction (R9), along with the Ni ability to favor the C-C bond
cleavage reaction into an additional CO formation. At 800 ◦C, the XCO follows the order:
MS-Ni/Ce ≈MS-Ni/Al (0.75) > MS (0.68) > Ni/Ce (0.51) > Ni/Al ≈ no catalyst (ca. 0.45).
At temperatures higher than 800 ◦C, the carbon to CO conversion for the combined MS-
Ni samples reached a plateau (Xco = 0.78) due to fuel depletion above this temperature.
The Xco for the MS-assisted gasification tests reached the highest value (0.81 at 950 ◦C),
highlighting the pronounced effect of MS at higher temperatures.

To further explore the synergetic role between NiO and CeO2 in combination with
molten carbonate salt (MS) in the low/intermediate tar cracking/reforming temperature
regime, the effect of MS-NiO and MS-CeO2 systems on the CO2 gasification reaction rate
and carbon to CO conversion was examined (Figure 7). It is evident that the presence
of all the catalyst’s components is necessary to achieve high gasification performance at
temperatures below 700 ◦C. This coincides with the well-established hydrocarbon (tar)
dissociation and dehydrogenation on Ni active sites, the enhanced CeO2 redox properties
in the low/intermediate temperature regime, and the key role of MS on the decomposition
of volatiles during steam and/or dry reforming reactions [44,45].
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3. Materials and Methods
3.1. Fuel Feedstock

Olive kernel (OK) from Cretan olive tree cultures was selected as raw fuel. OK was
initially crushed to a particle size between 1–3 mm using a jaw crusher. Then, part of this
fraction was milled to 100–200 µm using an agate mortar (Retsch RM200) producing a large
amount (ca. 70 wt.%) of fines (<100 µm). The elemental and proximate analysis of olive
kernel fuel has been presented in our previous work [31], following a typical pattern for
lignocellulosic residual biomass with negligible nitrogen, sulfur, and chlorine contents.
Moreover, the proximate analysis revealed the high volatile matter content (75.8 wt.%) and
low ash concentration (2.9 wt.%) of olive kernel biomass.

3.2. Catalyst Preparation

Ni-based catalysts were prepared using the wet impregnation method. Commer-
cial aluminum oxide (α-Al2O3, ~100 mesh, 99.9% purity, Aldrich) and cerium oxide
(CeO2, 99.9% purity) were used as catalyst supports. In brief, Ni/Al2O3 and Ni/CeO2
catalysts were prepared by the aqueous impregnation of nickel nitrate precursor salt
(Ni(NO3)2·6H2O) in commercial α-Al2O3 and CeO2 by vigorously agitating at ca. 80 ◦C
for about 3 h until a green slurry was obtained. The slurry was dried at 90 ◦C for 12 h and
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then calcined in an air flow at 850 ◦C for 4 h. The nominal loading of Ni over Al2O3 and
CeO2 was set at 15 wt.% based on relevant literature studies and reviews [33,39]. For sake
of brevity, the Ni-based catalysts will be noted as Ni/Ce and Ni/Al, with the procedure
followed to synthesize the former sample being illustrated in Figure 8.
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The molten salts used for preparing the eutectic carbonates mixture were Li2CO3 and
K2CO3 (Sigma Aldrich, Munich, Germany) with a molar ratio of 62/38 mol.%, respectively.
The salts were firstly rolled and milled at ca. 200 rpm for approximately 12 h. The melting
point of the binary carbonates eutectic mixture (MS) is approximately 498 ◦C, thus it could
be utilized as a mass and heat transfer medium for the gasification of solid fuels [65]. Then
the Li2-K2/CO3 mixture (MS) was placed on a hot plate at 60 ◦C so as to evaporate the
liquid carrier (ethanol) used during the roll milling process [65]. Finally, the molten salts
were cooled to room temperature, crushed, and finely ground in an agate mortar.

The combined Ni/MxOy (M: Al, Ce) and MS blends were prepared by homogeneously
mixing the individual counterparts in an agate mortar.

3.3. Experimental Apparatus for the Olive Kernel Catalytic Gasification Studies

Figure 9 schematically illustrates the experimental setup for the olive kernel catalytic
gasification tests, which were performed under a batch mode of operation. The experimen-
tal apparatus and conditions are described in detail in our previous work [31]. In brief, a
mixture of fuel feedstock (0.1 g) and MS or MS-Ni catalyst was loaded into an Inox, U-tube,
fixed bed reactor. The employed catalyst-to-biomass weight ratio was fixed at 0.5:1 for the
MS-OK experiments, 2.5:1 for the Ni-aided gasification tests, and 0.5:2:1 for the ternary
MS-Ni catalyst/OK mixtures. The mass ratio of the employed catalysts to OK was fixed at
2.5, while the MS to OK weight ratio was set at 0.5. The feedstock mixtures were prepared
by physically mixing the olive kernel with the examined catalyst composites in an agate
mortar. The flowrate of 20 vol.% CO2/He, used as gasifying agent mixture, was set at
30 cm3/min. After passing through a cooling trap (ice bath) to collect tars, the gaseous
products were driven to a gas chromatograph (Shimadzu GC-14B) to monitor the effluent’s
gas composition in the temperature range of 300–950 ◦C, by increasing the temperature at a
constant rate of 2 ◦C/min. In order to obtain reliable and accurate results, all gasification
tests were repeated at least twice.
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Here, it should be noted that non-isothermal gasification studies provide a more
reliable overview on the gasification performance in the whole operational range since the
gasification temperature often varies along the gasifier in real applications. Moreover, lower
heating rates result in more accurate studies since higher ones may lead to the formation of
larger temperature gradients within the sample, leading to higher temperature differences
inside the fuel bed [106].

3.4. Gasification Performance Indicators

In the case of the non-isothermal catalytic CO2-gasification experiments, since CO
was practically the main product during gasification, the catalysts’ activity was evaluated
through the calculation of two performance parameters: XCO expressing the carbon to CO
conversion; and RCO (min−1) standing for the instant CO production rate, as described in
our previous work [107]:

XCO =
∑

tstep 1
t=0 yCO,t×12

m×wc
+

∑
tf
tstep 1

yCO,t×12

2×m×wc
(1)

RCO =
dXCO

dt
(2)

where yCO,t corresponds to the cumulative CO production moles in time t, m is the initial
mass of fuel sample (gr), and wc is the elemental carbon content of the olive kernel biomass
fuel. It should be noted that the first term in Equation (1) stands for the CO production
during the devolatilization stage, whereas the second term corresponds to the CO formation
associated with the Boudouard reaction (C + CO2 → 2 CO) during the gasification stage.
The same expression has also been employed in relevant studies in the literature to estimate
the CO2 gasification conversion of various coal fuels [81,101].

3.5. Physicochemical Characterizations

X-ray diffraction patterns of powdered samples were obtained by a Bruker AXS
D8 Advance copper anode diffractometer (CuKα radiation) equipped with a nickel foil
monochromator, operating at 40 kV and 40 mA over the 2θ collection range of 10–80◦ at a
scan rate of 0.05◦s−1.

The d-spacing was calculated by applying the Bragg’s law:

2d sinθB = n λ (3)
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where λ is the X-ray wavelength, d is the spacing of the diffraction planes, and θB is
the angle between the incident rays and the diffracting planes, otherwise known as the
Bragg angle. For CeO2 and NiO, which are both crystallized in cubic form (a = b = c,
α = β = γ = 90◦), the lattice parameters can be calculated by the following equation:

1/d2 = (h2 + k2 + l2)/a2 (4)

The morphological analysis of the samples was performed by scanning electron
microscopy (SEM, JEOL JSM-6390LV, JEOL Ltd., Akishima, Tokyo, Japan) operating at
20 keV. Elemental analysis/mapping and morphological observation were obtained by
high-resolution scanning electron microscopy (HR-SEM) using a JS-IT700HR (JEOL, Tokyo,
Japan) instrument at 20 kV. Transmission electron microscopy (TEM) was performed using
a JEM-2100 instrument (JEOL, Tokyo, Japan) equipped with a LaB6 filament, working at
200 kV. Specimens for TEM were prepared by the deposition of dispersed powder samples
after ultrasonication.

The reducibility of the Ni/Ce and Ni/Al catalysts was examined by temperature-
programmed reduction with H2 (TPR-H2). In a typical experiment, 0.1 g of the catalyst
sample was loaded in a fixed-bed quartz reactor and pretreated at 500 ◦C for one hour
under helium flow (50 mL/min). The catalyst was then cooled down to 35–40 ◦C, and
TPR-H2 analysis was carried out from 40 to 920 ◦C at a heating rate of 10 ◦C/min in a
5 v/v% H2/He flow (50 mL/min). The composition of the exit gas was monitored online
with a quadrupole mass analyzer (Omnistar, Balzer). The m/z fragments registered were as
follows: H2 = 2, H2O = 18, and He = 4. The quantitative analysis of the consumed/desorbed
H2 was based on m/z = 2.

4. Conclusions

The main objective of this work was to explore the impact of catalyst addition
(Ni/CeO2, Ni/Al2O3) and/or carbonates (eutectic binary mixture of carbonate salts, MS) on
the CO2 gasification of olive kernel biomass fuel. It was found that Ni/CeO2 and Ni/Al2O3
catalysts demonstrated a beneficial role on CO2 gasification performance by slightly reduc-
ing the onset and peak CO2 gasification temperatures. Interestingly, the Ni/CeO2 catalyst
presented an enhanced instant gasification reaction rate for temperatures up to 800 ◦C, in
line with the significant redox capability of CeO2. In the presence of MS, the instant gasifi-
cation rate approached its maximum value (8.3 × 10−3 min−1) at ca. 55 ◦C lower compared
to the non-catalytic gasification tests. The pronounced effect of MS at higher temperatures
was also reflected in the high carbon to CO conversion value (Xco = 0.81 at 950 ◦C). More
importantly, the combined use of MS with Ni catalysts notably enhances the CO2 gasifica-
tion performance, specifically on the devolatilization and tar cracking/reforming zones.
Indeed, in the temperature range of 300 to 550 ◦C, the maximum Rco and Xco values for
both MS-Ni systems were notably higher (4 × 10−3 min−1 and 0.25 at 460 ◦C) compared to
the insignificant corresponding performance (Rco < 0.5 × 10−3 min−1) obtained by the in-
dividual catalyst counterparts. Collectively, the synergistic combination of molten salt and
nickel-based catalysts can provide an innovative approach to enhance biomass CO2 gasi-
fication and, in parallel, improve syngas quality for downstream processes, substantially
reducing syngas cleaning requirements and system costs.
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