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Abstract: The aim of this study was to synthesize chemically activated carbons from different
agricultural residues, i.e., pistachio shell (PS), bitter orange peel (OP), and saffron petal (SP), and
subsequently to use them as supports for loading a Ni catalyst. Supercritical water gasification of bio-
oil was applied to investigate the catalytic performance of the resulting catalysts. The physicochemical
properties of the activated carbon (ACs) and the catalysts (Ni/ACs) were characterized with BET,
XRD, XPS, TEM, and TPD. The adsorption results showed that the ACs developed considerable
pore structures, containing both micro- and mesopores, which was validated by the well-distributed
active phases on the supports in the TEM images. Furthermore, it was found that the BET of AC(PS)
was 1410 m2/g, which was higher than that of AC(OP) (1085 m2/g) and AC(SP) (900 m2/g). The
results obtained from XRD mainly indicated the presence of the nickel phosphides phases, which
was confirmed with the XPS and TPD analyses. The catalytic tests showed that by raising the process
temperature, the total amount of gas and hydrogen increased. Furthermore, Ni/AC(PS) showed a
superior catalytic activity. The highest total gas amount (i.e., 7.87 mmol/g bio-oil), together with
37.2 vol.% H2, was achieved using Ni/AC(PS) with a 1:10:100 catalyst:bio-oil weight ratio and a mass
ratio of 1:10 (bio-oil/water) at T = 550 ◦C.

Keywords: activated carbon; agricultural residue; mesoporosity; nickel phosphide; supercritical
water; hydrogen

1. Introduction

The increasing world population not only leads to overconsuming nonrenewable fossil
resources, which increases their cost and generates geopolitical problems, but exploiting
these fossil fuels also emits greenhouse and harmful gases (COx, NOx, SOx). Hence,
implementing new practices as a replacement for fossil fuels and that utilize alternative
renewable energy sources in the near future is urgent. In this line, worldwide industrial
hydrogen demand reached 95 Mts/year in 2021, being satisfied by steam reforming of
natural gas or steam cracking of naphtha, and this is expected to increase to 115 Mts/year
by 2030. Apart from its use as an industrial feedstock, hydrogen is also regarded as a clean
energy carrier (since it only releases H2O during its combustion) that has the potential
to replace traditional fossil fuels in stationery and heavy transportation (mass transport,
aviation, and naval sectors) applications. Governments around the world are implementing
policies and measures for greening hydrogen production [1]. Clean hydrogen can be
generated from fossil fuels with carbon capture, biomass, or water, through thermal,
electrolytic, or photolytic processes [2–4]. Biomass can be used to produce hydrogen
through industrial processes that have already been commercially deployed for fossil
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feedstocks, and can be a complementary and reliable backup source of renewable hydrogen
for the hydrogen produced by electrolysis using solar or wind energies [5].

In comparison with the conventional thermochemical techniques such as pyroly-
sis and steam reforming, supercritical water gasification (SCWG), (Tc = 373.95 ◦C and
Pc = 22.06 MPa) has the potential to yield a higher conversion efficiency and produce
hydrogen-rich gas from biomass with lower energy demands. SCWG can be applied di-
rectly to biomass to produce hydrogen, or through first conducting fast pyrolysis to obtain
bio-oil and then performing SCWG on the respective bio-oil [6,7]. The main advantage
of the second process is that the bio-oil obtained from pyrolysis can be easily stored and
transported to a bio refinery at much lower cost than the biomass, to use for fuel and
chemical production.

Heterogeneous catalysts, due to their high conversion efficiency, have been used in
many chemical processing industries, such as hydrogen production [5]. In this sense,
noble metals, including Pt, Rh, and Ru, have superior activity and stability for obtaining
hydrogen. However, their usage has been limited due to a high cost [5]. Nickel-based
catalysts with distinct features such as a high activity in the decomposition of oxygenated
compounds, low cost, and easy regeneration are the most widespread group VIII metal
used in H2 production [8–10].

Catalytic supports have a key role in providing a structural framework for catalysts,
through stabilizing the active metal species, modulating the activity between the inter-
action of the active phase and the surface of the support, and increasing the mechanical
and chemical resistance of the catalysts. Furthermore, since the main objective of a cata-
lyst is to achieve a good catalytic activity and to reduce the deactivation of the catalyst,
the choice of a support with a highly developed surface area to promote dispersion of
active metal and reduce the coke deposition, or suppress its formation, is considered of
crucial importance [11–13].

In recent years, activated carbon (AC) has attracted much more attention for use as
a support for Ni catalysts. Catalysts based in ACs show the advantages of a high surface
area, low cost, high stability in both acidic and basic media, tunable surface chemistry, and
easy recovery of active metals by burning the carbonaceous supports [14–16]. Activated
carbon can be prepared from a large number of materials. The most commonly used raw
materials in commercial practice are peat, lignite, wood, and agricultural by-products.
There are two general activation methods for preparing activated carbon: physical and
chemical activation. In the former, the development of porosity is based on the controlled
gasification of char (i.e., solid obtained during the pyrolysis of biomass and low range
coals), using oxidizing agents such as CO2, H2O, or O2. In chemical activation, a raw
material is impregnated with an activating reagent (e.g., ZnCl2, H3PO4, etc.), and the
impregnated material is heat-treated under an inert atmosphere. The chemical agent is
responsible of the development of porosity. Important advantages of chemical activation
compared to physical activation are lower treatment temperatures, higher preparation
yields, and shorter treatment time. Additionally, activated carbons obtained by chemical
activation with H3PO4 possess a large surface area and well-developed microporous and
mesoporous structures, which can be controlled and maintained within narrow ranges, as
well as highly stable phosphorus groups, which confer an acid character and oxidation
resistance to the resulting ACs [17–19].

Regarding the previous research on the catalytic activities of Ni on ACs during SCWG,
Lee and Ihm studied the supercritical water gasification of glucose using a Ni/AC catalyst
over a temperature range of 575 to 725 ◦C at 28 MPa. It was reported that the Ni/AC
catalyst was relatively stable in supercritical water conditions. The AC showed some
catalytic activity for a methanation reaction at temperatures over 650 ◦C [20].

Lee also investigated the effect of metal addition to a Ni/activated charcoal catalyst
for the gasification of glucose in supercritical water at 650 ◦C and 28 MPa. They reported
that adding small amounts of Y to the Ni/AC catalyst led to an increase in both the extent
of gasification and hydrogen yield, while loading of Fe or Co metal into the Ni/AC catalyst
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did not result in any positive impact on the gasification results [21]. Remón et al. analyzed
sub- and supercritical water gasification for upgrading bio-oil and found that a balance
between the yield and the properties of the upgraded bio-oil was achieved when Ni-Co
supported on a CNF was used as catalyst [22].

Another research work dealing with lignocellulosic bio-oil in supercritical water was
carried out by Penninger and Rep. They analyzed supercritical water reforming of bio-oil for
H2 production [23]. Remón et al. examined the use of water in sub- and supercritical states
for bio-oil valorization with a Ni catalyst supported on alumina, prepared by coprecipitation
(Ni-Co/Al-Mg) [24].

The objective of this work was first to perform a full characterization of the Ni catalysts
supported on the different activated carbons obtained by chemical activation of lignocel-
lulosic waste with H3PO4, and then to investigate these catalysts and their behavior in
the supercritical water gasification of real bio-oil, which was obtained from pistachio shell
through fast pyrolysis. Specifically, we chose pistachio shell, bitter orange peel, and saffron
petal as feedstocks for conducting the process, all of which are highly available, renewable,
and non-expensive precursors that are found as agricultural waste commonly produced in
Iran. The novelty of the article is based on the use of novel carbon catalysts and supports
obtained through chemical activation with H3PO4. To our knowledge, the use of AC ob-
tained via activation with H3PO4 for the preparation of Ni catalysts for the SCWG process
is reported for the first time. The high surface area and the development of mesoporosity
of H3PO4-ACs can improve the performance of the Ni-AC catalysts previously used in this
process. Moreover, this process worked in a closed loop; catalysts were prepared from the
same biomass being used as the feedstock to produce bio-oil for the supercritical water
gasification process.

2. Results and Discussion
2.1. Textural Properties

Figure 1 represents the N2 adsorption–desorption isotherms at −196 ◦C for three
activated carbons (solid lines) and their respective catalysts (dashed lines). As can be
seen, all the activated carbons presented modified type I + type IV isotherms, corre-
sponding to a well-developed microporous structure with a significant contribution from
mesoporosity [25]. The presence of an open knee, which continually increases to higher
relative pressures, was noticeable and is indicative of a wide microporosity and meso-
porosity. An H2-type hysteresis loop (i.e., steeper slope of desorption with respect to the
adsorption isotherms) was observed for the AC(OP) and AC(SP) samples, which revealed
the presence of a broad mesopore size distribution with various shapes. In the case of
AC(PS), H1-type hysteresis with certain contribution of H4 was observed, representative of
narrow mesopores [25–27].
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Figure 1. Nitrogen adsorption–desorption isotherms at −196 ◦C of the activated carbon obtained
from different precursors before (solid lines) and after Ni loading (dashed lines).
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The porosity of the ACs was highly affected by the Ni loading. As is shown in Figure 1,
all the catalysts experienced a decrease at low and medium–high relative pressures. These
observations indicated a reduction in both microporosity and mesoporosity regions. It
is also interesting to note that the shrinkage of the hysteresis loops for Ni/AC (OP) and
Ni/AC (SP) was noticeable, which means that the active phase (Ni) in these samples
preferentially settled in mesopores.

The NLDFT pore size distribution of the activated carbons (ACs) and catalysts (Ni/ACs)
are plotted in Figure 2a,b. Two common features were found in the PSDs of all the activated
carbons (ACs); namely, 1. a narrow distribution of micropores (20 < Å) with the maximum
at 12.1, 13.1, and 9.2 Å for AC (PS), AC(OP), and AC(SP), respectively; 2. a wide distribution
of mesopores from 20 to 300 Å. The amount and extension of the PSDs in the mesopore
region were different for each AC. Specifically, AC(PS) developed narrow mesopores
(maximum of the distribution at 22 Å), while AC(SP) and AC(OP) showed the presence
of wider mesopores, having a broader mesopore distribution, which were centered at
40 and 66 Å, respectively. The difference between the micropores and mesopores on the
surface of the ACs was related to the structure of the biopolymers; an amorphous structure,
i.e., lignin, mostly leads to micropores, while the presence of cellulose, i.e., a crystalline
structure, produces a mixture of pore sizes [28,29]. Crystalline cellulose shows a much
higher potential for structural expansion, which is attributed to the presence of hydroxyls,
which allow a higher degree of combination with phosphoric acid through condensation
reactions [30]. After the loading of Ni into the AC samples, the density of mesoporosity
declined to a greater extent than the microporosity, which indicates that Ni nanoparticles
were likely loaded in the wider mesoporosity of the ACs.
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The characteristic parameters of the porous structure of the ACs and the catalysts
(Ni/ACs), extracted from the isotherms of N2 and CO2, are summarized in Table 1. The
micropore volume values obtained from N2 were higher than those of the CO2 adsorption
isotherms (VDR

N2 > VDR
CO2), signifying the presence of wide microporosity in the activated

carbon (sizes larger than 0.7 nm) [30]. Regarding the apparent surface area (ABET), the
maximum value (1410 m2/g) was obtained for AC(PS), probably due to the presence
of a higher cellulose content in PS [31]. However, the total pore volume of the AC(OP)
was the highest, equal to 1.20 cm3/g. Additionally, the Vmeso/V0.99 ratios of AC(OP),
AC(SP), and AC(PS) were 0.78, 0.70, and 0.65, indicating that the use of orange peel as
a raw material brought about a wider mean porosity. This concept was proven by the
average pore volume, as estimated by 4·V0.99/ABET, being 5.6 nm for AC(OP) vs. 4.4 and
3.7 nm for AC(SP) and AC(PS), respectively. Table 1 also shows that, after Ni loading,
AC-based catalysts with large surface areas (as high as 985 m2/g) and pore volumes (up to
1.17 cm3/g) were obtained. Nevertheless, all the samples experience a reduction in their
structural parameters when compared to the parent ACs. A sharp decrease in Vmeso for
Ni/AC(OP) and Ni/AC(SP) was noticeable, while the VDR

CO2 of the samples was only
slightly affected, which again confirmed the preferential deposition of Ni on the surface of
the wider micropores.

Table 1. Characteristic parameters of the porous texture for the prepared activated carbons and
the catalysts.

Sample
N2 Isotherm CO2 Isotherm

ABET (m2/g) VDR
N2 (cm3/g) Vmeso (cm3/g) V0.96 (cm3/g) VDR

CO2 (cm3/g)

AC(PS) 1410 0.46 0.87 1.33 0.16
AC(OP) 1085 0.34 1.20 1.54 0.15
AC(SP) 900 0.30 0.71 1.01 0.13

Ni/AC(PS) 985 0.32 0.85 1.17 0.14
Ni/AC(OP) 710 0.25 0.31 0.56 0.14
Ni/AC(SP) 595 0.21 0.20 0.41 0.13

The production of porosity originated from the chemical reactions between H3PO4 and
raw materials. It was reported that phosphoric acid not only can operate as an acid catalyst
to increase bond cleavage reactions and the formation of crosslinks through processes
such as cyclization and condensation, but it can also react with organic species to produce
phosphate and polyphosphate bonds that connect and crosslink biopolymer fragments.
These phosphate groups induce a process of dilation that, after removing the acid, leaves
the matrix in an expanded state with an accessible pore structure [28,32].

2.2. XRD Analysis

The XRD patterns of the three catalysts (Ni/ACs) are shown in Figure 3a–c. Compared
to Ni/AC(OP) and Ni/AC(SP), the XRD profile of the Ni/AC(PS) catalyst contains very
weak peaks. This result highlights the good dispersion of the active phase on the support
Ni/AC(PS), being in agreement with the higher surface area shown by PS. In addition,
nickel phosphides (Ni12P5 and Ni3P) are the main crystalline phases on the OP and SP-
derived catalysts. This finding is probably connected to the formation of stable phosphorus
groups during the activation of these biomass wastes. The Ni12P5 appears at 2θ = 32.85,
38.44, 41.7, and 48.9. The peak at 2θ = 46.9 corresponds to Ni3P, and the peaks at 2θ = 43.2
are related to NiO. The Ni phase appears at 2θ = 44.4. The main peak of Ni12P5 is narrower
in the Ni/AC(SP) catalyst, indicating larger crystalline sizes in this material, likely due to
the lower surface area of the support.
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Figure 3. XRD pattern for the catalysts (a) Ni/AC(PS), (b) Ni/AC(OP), and (c) Ni/AC(SP).

2.3. Surface Chemistry
2.3.1. XPS Analysis

X-ray photoelectron spectroscopy (XPS) was applied to study the surface chemistry
of the ACs and Ni/ACs through the determination of their elemental composition and
oxidation state. Table 2 shows a summary of the mass concentrations of the surface elements,
obtained through peak quantitative analysis. The main elements existing on the surface of
the activated carbon samples (ACs) and the catalysts (Ni/ACs) were carbon and oxygen,
due to carbonaceous supports, with lower amounts of phosphorus and nickel. The presence
of phosphorus on the surface of activated carbon has been attributed to the activation
step [33]. As previously mentioned, phosphate and polyphosphate bridges connecting
and crosslinking biopolymer fragments are generated during chemical activation with
phosphoric acid [34]. As a result, part of these phosphorus complexes remains chemically
stable and bonded to the carbon surface, even after the washing step.
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Table 2. Weight surface concentration (w/w %) and Ni/P ratio determined by XPS for ACs
and catalysts.

Sample
Surface Concentración (w/w%), XPS

C1s O1s P2p Ni2p Niat/Pat

AC(PS) 90.9 7.7 1.4 0.0 0.00
AC(OP) 87.6 10.2 2.2 0.0 0.00
AC(SP) 81.1 15.6 3.2 0.0 0.00
Ni/AC(PS) 93.1 4.4 0.6 1.9 1.56
Ni/AC(OP) 86.9 8.5 2.1 2.5 0.65
Ni/AC(SP) 83.0 12.4 2.2 2.5 0.59

After nickel loading, a decrease in the oxygen content, as a result of the Ni incorpora-
tion and surface gasification during the thermal stabilization process (heat treatment), was
observed for the three catalysts (Ni/ACs). The Ni surface concentration measured with
XPS (that of the external surface) was quite low for the catalysts, suggesting that Ni was
very well dispersed over the entire particle surface (internal and external).

XPS spectra were analyzed, in order to evaluate the chemical environment of the
elements present on the samples surface. Figure 4a–c shows normalized high-resolution
XPS spectra for phosphorus. The P2p spectrum of the chemically activated carbon supports
shows a main band at binding energies between 132.9 and 133.5 eV. The peaks around
these bonding energies are characteristic of C–P bonding, as in the C–PO3 and C2PO2
groups [28,35]. After Ni loading, the P2p spectrum for the AC catalysts shifted to higher
binding energies with lower intensities, indicating oxidation of the surface phosphorus
groups (CO)3PO, C-O-PO [28,34–36]. The presence of oxygen in the nickel salt used as
precursor, which could potentially be transferred to phosphorus groups during the heat
treatment, likely explains this phenomenon. There was an additional peak at 129.9 eV in
the Ni/AC(PS), which corresponds to the presence of nickel phosphides [37].
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The Ni2p spectra for the catalysts are shown in Figure 5. As can be seen for all
samples, there are two clear peaks in the Ni 2p3/2 spectrum. The peaks between 852.9 and
853.1 eV are higher than the binding energies of Ni metal (852.5–852.9 eV) and lower than
those of Ni in NiO (853.5–854.1 eV). This indicates that the Ni in the samples contained
a partial positive charge (Niδ+), which can be related to Ni12P5 [38]. The peaks between
856.6 and 857.6 eV were related to the oxidized Ni species (Ni2+) for each catalyst. According
to previous research, possible reasons including a strong metal–support interaction and
small amounts of NiO can explain the presence of the Ni+2 species in the samples [37–41].
Furthermore, for the Ni/AC(PS), the Ni 2p3/2 binding energies characteristic of the main
peak shifted to lower energies (856.6 eV), suggesting the formation of a low valence
of Ni [41].
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2.3.2. TPD Analysis

The TPD technique also analyzes the surface chemistry of samples, which was used
to characterize the different types of oxygenated groups on the surface of the carbon. In
TPDs, acidic oxygenated groups (carboxyl) and lactone are desorbed as CO2 during heat
treatment, while non-acid groups (carbonyls, ethers, quinone) and phenols are desorbed as
CO. The anhydride-type groups desorb as CO and CO2 at the same time [42].

Figure 6 shows the evolution of CO from the TPD analysis of the ACs (solid lines)
and Ni/ACs (dashed lines) samples. It can be observed that most of the CO desorbed
at remarkably high temperatures (between 800 and 873 ◦C), which has been previously
assigned to the decomposition of stable phosphorus complexes such as the C-O-P type
bonds of C-O-PO3 and C-PO3 surface groups [34]. There were some differences among
the ACs; for example, the CO desorption from AC(OP) and AC(SP) occurred at a lower
temperature, while in the case of AC(PS), it happened at a higher temperature, with a lower
intensity. Furthermore, in terms of CO desorption, the AC(SP) showed a higher intensity.
These behaviors could be related to the presence of different amounts of phosphorus groups.
Indeed, PS contains a lower P content than OP and SP. Furthermore, SP is the richest in
phosphorus among the three biomasses, along with other inorganic elements, which, if not
totally washed during the preparation of the AC, can cause CO evolution during TPD [43].
After Ni loading on the ACs, the CO profiles shifted to lower temperatures (between 680
and 715 ◦C). This new feature found on the Ni-loaded ACs was undoubtedly related to
the carbothermal reduction of nickel oxides to produce metallic nickel. In addition, the
decrease in the CO evolution peak at higher temperatures, which is related to the presence
of phosphorus groups, confirmed that nickel phosphides were formed during the thermal
treatment of the catalysts, at the cost of losing phosphate groups. In fact, the Ni/AC(SP)
catalyst, which showed the highest amount of nickel phosphides according to the XPS and
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XRD results, had the lowest CO-evolution peak, related to the reduction of nickel oxides,
proving that most nickel is in the form of nickel phosphides in this catalyst.
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Figure 6. CO evolution with temperature during the TPD conducted on activated carbon supports
(solid lines) and catalysts (dashed lines).

Table 3 summarizes the amounts of CO and CO2 desorbed during the TPD. Higher
levels of CO evolution after Ni loading can be seen in Table 3. Regarding the effect
of biomass, compared to PS, the OP and SP have larger quantities of desorbed CO. As
previously pointed out, this may be related to the higher amounts of P in the structure of
OP and SP, which help in releasing greater quantities of gas.

Table 3. Amount of CO and CO2 evolved in the TPD analysis.

Sample CO (mmol/g) CO2 (mmol/g)

AC (OP) 2.14 0.033
Ni/AC(OP) 2.38 0.009
AC(PS) 1.54 0.002
Ni/AC(PS) 1.74 0.010
AC(SP) 1.93 0.030
Ni/AC(SP) 2.01 0.000

The amount of CO2 evolved from the ACs and Ni/ACs was considerably lower
than that from CO evolution, signifying a lower concentration of carboxyl, lactonic, and
anhydride surface groups.

2.4. TEM Images

TEM images for the three catalyst are shown in Figure 7a–f. It can be clearly seen that
the fine particles were quite well dispersed on the Ni/AC(PS) catalyst (Figure 7a,b), with
particle sizes ranging between 30 and 120 nm, being centered around 50 nm (Figure 7b).
This observation could be attributed to the developed pore structure of the AC(PS) sam-
ple, which was confirmed by the very low crystalline intensity peaks in the XRD results.
The same observation was seen for Ni/AC(OP) (Figure 7c,d), whose active phases were
distributed homogeneously but, to some extent, the nanoparticles showed larger sizes
(Figure 7c). This could be related to the lower surface features of Ni/AC(OP) compared to
Ni/AC(PS). In this sample, the particle size was in the range 20–140 nm. Finally, a good
dispersion on the support was observed for the metal particles of the Ni/AC(SP) catalyst
(Figure 7e,f); they showed cubic crystalline shapes, and the particle sizes in these samples
shifted to larger sizes, in some cases reaching values as high as 130 nm (Figure 7f).
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2.5. Catalytic Test

From a thermodynamic point of view, supercritical water gasification of bio-oil is
a complex process, where many reactions occur simultaneously. The overall chemical
conversion can be expressed by the following main reactions, which account for the bio-
feedstock decomposition into H2, CO, CO2, and CH4.

Steam reforming:

Cx HyOz + (2x− z)H2O→ xCO2 +
(y

2
+ 2x− z

)
H2 (1)
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Water gas shift reaction:

CO + H2O↔ CO2 + H2 (2)

Methanation reaction:
CO + 3H2 ↔ CH4 + H2O (3)

In this study, the weight percentages of C, H, and O elements present in the bio-oil
were 33.1%, 6.6%, and 58.7%, respectively. Based on these values and considering the
stoichiometry of Equation (1), the steam reforming reaction can be written by Equation (4).

CH2.4O1.3 + 0.7H2O→ CO2 + 1.9H2 (4)

The reforming reaction of bio-oil (Equation (4)) is highly endothermic, and the water
gas shift reaction (Equation (2)) is moderately exothermic, giving an endothermic process
overall. Therefore, based on Le Chatelier’s principle, high temperatures shift the equi-
librium of the endothermic reaction in a forward direction (Equation (4)), while lower
reaction temperatures favor methane production (Equation (3)). Hence, at high reaction
temperatures, hydrogen formation should predominate over methane formation [44]. The
thermodynamic equilibrium composition for the gas phase was calculated at working
operation conditions using a Gibbs reactor in AspenOne ® 12.1, finding an estimated com-
position of 3.0%, 0.4%, 34.4%, and 62.2% for H2, CO, CO2, and CH4, respectively, at 500 ◦C,
which shifted towards a higher H2 and CO production at 550 ◦C (composition of H2, CO,
CO2, and CH4 of 4.6%, 0.8%, 34.0%, and 60.7%, respectively).

The total amount of gas, gas composition as volume percentage, and mmol/g bio-oil,
along with the LHV values obtained with different experimental conditions, are summa-
rized in Table 4. As can be seen, the total gas yield ranged from 0.33 to 7.87 mmol/gr
bio-oil. The lowest amount was achieved for the blank test, performed at 500 ◦C under
similar operational conditions. This shows that the catalyst improved the gasification
of the feedstock and even resulted in higher total gas yield at a lower temperature of
400 ◦C. Furthermore, the total gas yield was found to be highly affected by the temperature
in the catalytic tests. Temperature plays a key role in gas production, because most of the
reactions involved in SCWG, such as hydrolysis, decomposition, and steam reforming, are
endothermic; thus, increasing the temperature enhances the gasification [45].

Table 4. Total yield, gas composition, and LHV values obtained at different temperatures for the
three catalysts.

Catalyst Temp (◦C)
Total Gas
(mmol/gr
Bio-Oil)

Volume Fraction (%) LHV
(MJ/m3,

STP)

Gas Component (mmol/gr
BIO-Oil)

H2 CO CH4 CO2 H2 CO CH4 CO2

no catalyst 500 0.41 8.6 22.3 41.0 28.1 10.4 0.0 0.1 0.2 0.1
Ni/AC(PS) 400 1.08 15.9 25.4 54.7 4.0 17.7 0.1 0.2 0.5 0.0
Ni/AC(PS) 500 6.11 29.0 27.9 38.6 3.8 18.0 1.5 1.4 2.0 0.2
Ni/AC(PS) 550 7.87 37.2 33.4 30.0 2.5 19.7 2.4 2.2 2.0 0.2
Ni/AC(OP) 400 0.57 12.7 12.2 48.0 27.1 11.8 0.0 0.0 0.2 0.1
Ni/AC(OP) 500 4.65 32.2 30.3 24.1 13.3 17.4 0.9 0.9 0.7 0.4
Ni/AC(OP) 550 5.85 41.7 33.4 14.3 18.7 18.2 1.5 1.2 0.5 0.7
Ni/AC(SP) 400 0.33 11.5 11.5 49.4 28.0 11.6 0.0 0.0 0.1 0.1
Ni/AC(SP) 500 2.74 27.0 24.8 32.7 16.2 15.9 0.5 0.5 0.6 0.3
Ni/AC(SP) 550 4.89 33.3 30.2 22.5 10.0 17.2 1.0 0.9 0.7 0.3

As to the catalytic effect, the Ni/AC(PS) led to a higher total amount of gas compared
to the Ni/AC(OP) and Ni/AC(SP) samples. Furthermore, the Ni/AC(OP) catalyst showed
a better performance for gas production at 400 and 500 ◦C than the Ni/AC(SP) catalyst.
The reason for this behavior could be traced back to the surface features of the samples. As
was previously discussed, among the three catalysts, Ni/AC(PS) developed the highest
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apparent surface area and the highest mesoporosity, while AC(SP) gave rise to the lowest
porosity development. The presence of a broader porosity was expected to minimize the
impact of the diffusional constraints for the Ni/AC(PS) and Ni/AC(OP) samples. Similarly,
Ni/AC(PS) showed the smallest average nanoparticle size, see Figure 7, which improved
the activity of the active phase. Nevertheless, these varying catalytic activities may largely
stem from the existence of distinct active phases. Nickel phosphides, which are found in
Ni/AC(OP) and Ni/AC(SP) according to XPS and XRD measurements, are known to be
active for hydrogenation reactions [46], and can shift the gas product distribution once
hydrogen is formed; however, they are not expected to contribute toward catalyzing the
steam gasification of bio-oil. In fact, the presence of a larger amount of active metallic
nickel in Ni/AC(PS) was confirmed by the higher CO-evolution that was related to the
carbothermal reduction in nickel during TPD, Figure 6. Therefore, the total gas production
can be directly related to the greater porosity development and the larger amount of active
metallic nickel with enhanced distribution shown by Ni/AC(PS).

The total gas production obtained with this catalyst was among the highest re-
ported for similar conditions, only being surpassed by the that obtained in the work
of Nanada et al. [47], who investigated the subcritical and supercritical water gasification
of lignocellulosic biomass impregnated with nickel nanocatalysts for hydrogen produc-
tion. The total gas produced under similar operating conditions at 500 ◦C was reported to
be 7.1 mmol/g.

As for the product distribution, according to results depicted in the Table 4, the gas
in the blank test was mainly composed of CO2, along with small amounts of CO, CH4,
and H2. This clearly indicates that the application of a catalyst for hydrogen generation is
critical. Regarding Ni/ACs, both Ni/AC(PS) and Ni/AC(OP) showed a better catalytic
performance in H2 gas production. As expected, the gas compositions in terms of CH4 and
CO2 were far from those predicted by the methanation and water gas shift equilibriums.
Hydrogen production increased with temperature to a larger extent for the PS-derived
catalyst. The increase in hydrogen at higher temperatures was related to the improvement
of the radical reactions, which were enhanced at high temperatures [48]. CH4 was the
primary product formed at 400 ◦C, being formed as a result of the decomposition of
oxygenates, but its concentration diminished as the gasification temperature increased [48].
Nevertheless, the methane production was enhanced by Ni/AC(PS) with temperature.
Metallic nickel is known to catalyze methanation with mild steam reforming conditions,
and temperatures higher than 600 ◦C are needed to suppress CH4 formation, via steam
reforming of the freshly produced methane [49]. The observed temperature-dependent
generation of CO aligns with theoretical predictions, based on the prevalence of the reverse
water gas shift reaction at elevated temperatures. Note that the temperature had little
effect for the Ni/AC(PS) and Ni/AC(SP) samples on the yield of CO2. Similar trends in
the CO2 yield were observed by Duan et al. during the SCWG of microalgae with Ru and
Rh/AC [50]. However, the greater CO2/CO ratio shown by Ni/AC(OP) could be indicative
of a larger contribution of WGS for this catalyst.

There are few examples in the literature to directly compare with the effectiveness
of the catalysts in this work [24,51]. Remon et al. [24] investigated sub- and supercritical
water gasification of bio-oil obtained from the fast pyrolysis of pinewood using a Ni-
Co/Al-Mg catalyst under the operational conditions of temperature (310–450 ◦C), pressure
(20–26 MPa), catalyst/bio-oil mass ratio (0–0.25 g catalyst/g bio-oil), and reaction time
(0–60 min). They reported that under supercritical conditions at a temperature of 339 ◦C,
pressure of 20 MPa, and catalyst/biooil ratio 0.2 g/g for 60 min, the highest amount of
H2 production from bio-oil was 30 vol.%. In another study, Osada et al. [51] studied the
supercritical water gasification of sugarcane bagasse over Ru/AC and Ru/TiO2. They
reported that under gasification conditions of 0.1 g of bagasse, 0.3 g of catalyst, a reaction
temperature of 400 ◦C, and reaction time of 15 min, the volume fractions of H2 were 9.1 and
14.4 vol.%, respectively. In this work, the volume fractions of H2 at the same temperature
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were 15.9, 12.7, and 11.5 vol.%, which highlights the outstanding performance of the
Ni/ACs catalysts obtained from H3PO4-activated carbons.

Regarding the LHV value, this parameter increased with the process temperature (see
Table 4), which was related to the higher contribution of CO and H2 to the gas product
distribution. Moreover, compared to Ni/AC(OP) and Ni/AC(SP), Ni/AC(PS) delivered an
enhanced LHV value.

3. Materials and Methods
3.1. Materials

The biomass materials used in this research were pistachio shell (PS), bitter orange
peel (OP), and saffron petal (SP), with particle sizes between 300 and 500 µm. It is noted
that three biomass samples were employed to prepare the activated carbon as support,
and one of the biomass samples (i.e., pistachio shell) was also used as a raw material for
producing the bio-oil, which was then utilized as feedstock to produce hydrogen-rich gas
via a supercritical water gasification process.

The bio-oil was obtained via fast pyrolysis at 500 ◦C in a drop-down fixed-bed
reactor. Information on this process and bio-oil characterization were reported in our
previous work [52].

3.2. Catalyst Preparation

The precursors were initially impregnated with phosphoric acid (H3PO4, 85%, w/w)
at a mass ratio of 3:1 (H3PO4/biomass); the optimum ratio according to the research by
Rosas et al. [28]. The mixture was then dried at 60 ◦C for 12 h, and then activated in a
tubular furnace, under nitrogen flow (150 cm3/min, purity of 99.999%, Linde, Málaga,
Spain) at 500 ◦C for 2 h, using a heating rate of 10 ◦C/min. The activated carbon samples
were washed with distilled water at 60 ◦C, until a constant pH in the residual water was
reached. The resulting chemically activated carbon samples were denoted AC(PS), AC(OP),
and AC(SP). After drying, the chemically activated carbons (ACs) were impregnated with
Ni (NO3)2.6H2O using the incipient wetness method. The samples were loaded with
10% Ni, which has been proven to be the optimum amount of deposited nickel for steam
reforming and SCWG processes [6]. The impregnated samples were then dried for 12 h at
120 ◦C, and then heat treated at 700 ◦C for 2 h under N2 atmosphere. The final products as
catalysts were named Ni/AC(PS), Ni/AC(OP), and Ni/AC(SP). Table 5 shows the amounts
of ash and the final mass yields based on the mass of dried of raw materials for the activated
carbons and the catalysts. The higher amounts of ash in the catalysts compared to the
supports were due to the presence of nickel, which remained as nickel oxide when the
catalysts were submitted to the ash determination analyses.

Table 5. Yield and ash quantity of the ACs and catalysts.

Sample AC(PS) AC(OP) AC(SP) Ni/AC(PS) Ni/AC(OP) Ni/AC(SP)

Total yield (%) 39 34 41 32.2 24.8 33.8
Ash (wt. %) 3.7 9.1 13.4 22.6 18.2 18.3

3.3. Characterization of the Catalysts

The porous structure of the activated carbons (ACs) and catalysts (Ni/ACs) was
studied through N2 adsorption–desorption at −196 ◦C and CO2 adsorption at 0 ◦C in an
ASAP 2020 instrument (ASAP 2020, Micromeritics Instruments Corp., Norcross, GA, USA).
Samples had been previously outgassed at least for 8 h at 150 ◦C. From the N2 isotherm,
the apparent surface area (ABET) was obtained using the Brunauer–Emmett–Teller (BET)
equation, the micropore volume (Vt) and external surface area (At) were computed using
the t-plot method, and the mesopore volume (Vmes) was obtained as the difference between
the adsorbed volume of N2 at a relative pressure of 0.96 and the micropore volume (Vt).
From the CO2 isotherm, the narrow micropore volume (VDR) was calculated by applying
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the Dubinin−Radushkevich equation. Pore size distributions were obtained from N2
isotherm data using the two-dimensional non-local density functional theory (2D-NLDFT)
heterogeneous adsorption models for carbon slit-shaped pores. The surface chemistry of
the ACs and Ni/ACs was investigated using X-ray photoelectron spectroscopy (XPS) and
temperature-programmed desorption (TPD).

XPS analyses were performed in a spectrophotometer 5700C (VersaProbe II ESCA 5701,
Physical Electronics, Chanhassen, MN, USA) with Mg Kα radiation (1253.6 eV). The C1s
peak was fixed at 284.5 eV and used as a reference to position the rest of the peaks. TPD
experiments were analyzed in a quartz tubular reactor mounted in an electrical furnace. In
each run, 100 mg of the sample was heated from room temperature to 950 ◦C at a heating
rate of 10 ◦C /min under a nitrogen flow (150 cm3 STP/min). The CO and CO2 desorption
rates were recorded with a nondispersive infrared (NDIR) gas analyzer (ULTRAMAT 22,
Siemens AG, Munich, Germany).

The active phase dispersion on the AC supports was studied through transmission
electron microscopy (TEM) in a FEI Talos F200X microscope at an accelerating voltage of
200 kV and in a high angle annular dark field (HAADF). The X-ray diffraction patterns
(XRD) of the Ni/ACs were gathered over 2θ = 5–90◦ region on an EMPYREAN PANalytical
diffractometer using CuKα monochromatic radiation (operation value 45 kV and 40 mA),
and using a PIXcel detector and Soller slits (incident and diffracted beam) of 0.04 rad.

3.4. SCWG Experiments

The SCWG experiments were performed in a batch micro-reactor made of Hastelloy al-
loy with a 5.8 cm3 volume. All experiments were conducted at a temperature of 400–550 ◦C,
a reaction time of 30 min, and with 10 wt.% catalyst and a constant ratio of bio-oil/water of
1:10, to keep the pressure at a constant of 25 MPa. In a typical run, the reactor was loaded
with a specific amount of feedstock and tightly sealed, then the reactor was vacuumed
using a syringe. Subsequently, the sealed reactor was placed in a horizontal furnace and
the run was performed for 30 min at each temperature. At the end of the reaction, the
reactor was cooled to room temperature (~25 ◦C) using a water bath. Following this, the
final pressure of the reactor was measured using a low-pressure gauge after opening the
valve, to calculate the total gas produced. The composition of the produced gasses was
measured and analyzed using a gas chromatograph (GC-TCD).

4. Conclusions

The development of low-cost and highly efficient catalysts is promising for biomass-
derived hydrogen production technology. In this study, different chemically activated
carbons were prepared using pistachio shell, bitter orange peel, and saffron petal as pre-
cursors, and subsequently used as a support for loading 10% nickel as an active phase.
The resulting products were tested in the supercritical water gasification of bio-oil. The
results of adsorption showed that all the ACs developed a significant amount of porosity,
and the BET surface areas of the ACs were considerably higher. The presence of nickel
phosphide phases on the ACs was confirmed using XRD, XPS, and TPD analyses. The
results of the catalytic tests indicated that by increasing the temperature, the total amount
of gas and hydrogen was enhanced. The catalyst of Ni supported on AC(PS) showed higher
Ni dispersions and was found to have a superior catalytic performance.
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