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Abstract: Impregnation of metal catalysts into biomass before thermochemical conversion may
provide benefits of increased selective reactivity to obtain desirable products. In this work, coconut
shells impregnated with increasing loadings of nickel were successfully prepared using a room-
temperature impregnation method using a nickel salt solution at 1 and 2 molar (M) concentrations.
The physicochemical characterization of the 2 M impregnated sample revealed the presence of
5.6 wt% of nickel with a particle size of 13.5 nm. The nickel-impregnated samples’ supercritical
water gasification (SCWG) was conducted with biomass loading ranging from 20 wt% to 30 wt%,
at temperatures between 400 ◦C and 500 ◦C, and residence times from 20 to 60 min. Higher nickel
loading, higher temperatures and longer reaction times promoted the production of H2 and CO2

up to 15 and 79 mol%. Higher nickel loading also led to an increased Hydrogen Gasification
Efficiency value of up to 133%. The analysis of hydrochars suggested that increasing nickel loading
enhanced the reduction in nickel ions to the Ni0 nanoparticles, leading to higher H2. Additionally,
the chemical composition of the liquid product showed the significant ability of nickel to promote
lignin decomposition into phenol, facilitating the phenol hydrogenation reaction and subsequent
gas production.

Keywords: coconut shell; supercritical water gasification; nickel loading

1. Introduction

The literature has widely discussed the impact of burning fossil fuels on climate
change [1]. According to Saleem [2], around 21.3 billion tonnes of carbon dioxide (CO2)
and other gases are produced from fossil energy sources annually. It is possible to eliminate
up to 50% of CO2 emissions to minimise the impacts of global warming and climate
change. Using sustainable solid biomass as a carbon source can contribute significantly
to this effort. Considerable volumes of solid biomass are generated from various urban,
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agricultural and industrial activities worldwide and can be used as feedstock for energy
and chemical production.

Coconut is a perennial crop and according to Brazilian Institute of Geography and
Statistics data [3] in 2021, 1,638,573 million tonnes of coconut fruits were produced in Brazil.
Coconut shells account for 60% of the mass of the coconut fruit, so a substantial amount of
this biomass is generated annually. Therefore, utilising coconut shells as a biomass resource
for energy production is increasingly important for both waste management and producing
renewable fuels. The high availability, affordable cost, minimal ash content, substantial
lignin content and elevated calorific value are highlighted as important properties of
coconut shell biomass [4].

Energy can be produced from coconut shells through thermochemical conversion
methods like pyrolysis [5–7], conventional gasification [8–10], combustion [11,12] and hy-
drothermal (hot-compressed water) processing [13–15]. Among the hydrothermal methods,
supercritical water gasification (SCWG) can convert both liquid and solid carbonaceous
materials into hydrogen fuel gas. The SCWG process is performed at 375 ◦C–700 ◦C and
pressures higher than 22.1 MPa. Above its critical point, water exists as a homogeneous
gas-liquid phase and acts as a non-polar solvent. Consequently, water exhibits complete
miscibility with many organics and gas constituents, establishing a unified reaction envi-
ronment within the reactor [16]. These provide the advantages of fast reaction and mass
transfer rates during organic chemical reactions.

The operational conditions, such as biomass loading, temperature, residence time and
the presence of a catalyst, greatly influence the efficiency of SCWG. These aspects have
been reported in a few studies on the SCWG of coconut shell biomass [15,17,18], where
the authors emphasised the positive impact of using homogeneous catalysts on SCWG
products. However, it has been shown that metal-based heterogeneous catalysts, such as
nickel, are more advantageous due to their high selectivity towards specific gas products
and ease of recyclability and reusability. Furthermore, nickel catalysts can catalyse C–C
bond breaking and promote the water–gas shift reaction, increasing carbon gasification and
hydrogen yield [19].

Some authors have conducted studies demonstrating how the nickel concentration
influences gas production from SCWG of biomass in the presence of different supports
for the nickel catalyst, such as Al2O3 and MgO [20–22]. Gong et al. [20] and Lu et al. [22]
showed that increasing the nickel concentration up to 16 wt% enhanced the gas yield
obtained from the SCWG process. Kang [21] studied the effect of varying nickel loading
on gas characteristics from 2.5 wt% to 20 wt%. The authors concluded that the best results
were achieved at 10 wt% of catalyst concentration. Despite the positive effects, using
nickel-based catalysts presents certain restrictions, some of which are due to the support
materials and others due to the metal catalyst itself. For instance, during SCWG, the catalyst
supports may suffer from hydrothermal instability, phase transformation, and undesirable
metal–support interactions [23,24]. In addition, the metal itself can be affected by activity
loss by poisoning, susceptibility to sintering and carbon deposition [19,25,26].

Recent publications have focused on using the wet impregnation of biomass with
nickel nanocatalysts as an option to reduce the consequences introduced by classic support
catalysts. This method could improve catalytic activity and stability, SCWG efficiency and
the quality of the gas product [13,23,24,27]. The impregnation of nickel catalysts into two
different biomasses (pinewood and wheat straw) for subcritical and supercritical water
gasification was reported ed by Nanda et al. [27]. The generated gases and hydrochars
illustrated that the gasification of biomasses impregnated with nickel resulted in higher total
gas and hydrogen yields, indicating enhanced carbon gasification efficiency compared to
the non-catalytic process. The presence of nickel in the hydrochar spectra, proving catalyst
retention, was also detected. A similar study was conducted by Kumar and Reddy [23],
where sugarcane bagasse and mosambi peels were impregnated with nickel salts. The
samples were gasified at subcritical and supercritical conditions and the gas, liquid and
solid products were analysed. The authors reported improvements in H2 and overall gas
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yields. The hydrochar characterization showed that increasing the temperature transformed
Ni2+ into metallic nickel nanoparticles (Ni0). The active degradation of intermediates to
generate gaseous compounds was also confirmed by the total organic carbon analysis
of liquid products. In other research by Kumar and Reddy [24], the impregnation of
different metals, such as nickel, ruthenium and iron, into banana pseudo-stem biomass was
evaluated. The gas and hydrochar samples were studied and the researchers concluded
that the maximum H2 content and carbon gasification efficiency were achieved for the
nickel-impregnated sample. They also observed the transition from Ni2+ to metallic nickel
nanoparticles (Ni0), through hydrochar analysis.

From the above publications, it is clear that the influence of nickel nanocatalyst
loading for impregnated biomass has not been explored, as all of the studies considered
the impregnation of biomass for only 1 M nickel nitrate hexahydrate [Ni(NO3)2·6H2O]
solution [13,23,24,27]. In this paper, we impregnated coconut shell biomass with 1 M
and 2 M nickel salt solutions to investigate the impacts of increasing nickel loadings on
SCWG efficiencies, as well as on product yields and compositions. A Response Surface
Model approach using a three-level and three-factor Box–Behnken design was employed
to investigate the combined effects of the process variables on the gas yield of the SCWG
of the coconut shells. The results of the detailed characterisation of the solid and liquid
products obtained from SCWG of control and impregnated samples were used to establish
an understanding of the influence of nickel impregnation loading on biomass SCWG.

2. Materials and Methods
2.1. Sample Preparation

The Bahia Orchidarium, Camaçari, Bahia, Brazil, kindly provided brown coconut shell
biomass for this study. The coconut shell samples were crushed and sieved to achieve a
particle size ranging from 45 to 90 µm [13].

The impregnation process was carried out at a pH of 5.80, ensuring a high dispersion
of nickel cation species within the coconut shell matrix and achieving optimized metal
loading. Impregnated samples were prepared by mixing 50 g of coconut shell biomass with
500 mL of an aqueous solution containing nickel salts. The aqueous solution was designed
using Nickel (II) nitrate hexahydrate [Ni (NO3)2·6H2O, 99.99% of purity] at concentrations
of 1 M and 2 M of nickel. The mixture was stirred using a magnetic stirrer (Scilogex
SCI280, Rock Hill, NC, USA) at 300 rpm for 3 days at room temperature. Afterwards, the
biomass samples were filtered under a vacuum, washed with deionized water and dried.
Control samples were also prepared by mixing 50 g of coconut shell biomass with 500 mL
of deionized water [13].

In order to assess the physicochemical properties of the biomass and predict its
behaviour during thermochemical conversion by the SCWG process, the 2 M impregnated
sample was characterized.

2.2. Biomass Properties

The characteristics of 2 M impregnated samples were determined through ultimate
analysis, TG/DTG (thermogravimetric/derivate thermogravimetry), SEM-EDX (scanning
electron microscopy–energy-dispersive X-ray spectroscopy: JEOL JSM-6060LV, Low Vac-
uum SEM, Welwyn Garden City, Hertfordshire, UK) and X-ray diffraction (XRD: Bruker
AXS GmBH, Karlsruhe, Germany).

The ultimate analysis of the samples was carried out using a Flash 2000 Elemental
Analyzer CHNS analyser (ThermoFisher Scientific, Cambridge, UK). The weight percent of
oxygen was calculated by the difference as

O = 100 − (C + H + N + S + Ni) (1)

TG/DTG analysis of the samples was performed in a thermogravimetric analyser
(Model-EXSTAR 6000, TG/DTA6300, Chiba, Japan). Approximately 10 mg of the sample
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was heated from 50 to 900 ◦C at a heating rate of 10 ◦C/min in a nitrogen (N2) atmosphere
(flow rate of 100 mL/min).

The morphology and composition of the samples were determined by a scanning elec-
tron microscope (JEOL JSM-6060LV, Low Vacuum SEM, Hertfordshire, UK), coupled with
an energy-dispersive X-ray analyser EDX spectroscope (Oxford Instruments, (Abingdon,
UK) INCA X-ACT, Model–51-ADD0058).

X-ray diffraction analysis (XRD) used a Bruker D8 Advance diffractometer, (Bruker
AXS GmBH, Karlsruhe, Germany), using Cu Kα1,2 radiation. The samples were top-
loaded into PMMA specimen holders and the diffractograms were collected in the Bragg–
Brentano geometry with a step scan of 0.02◦ (1 s per step). Peaks on the diffractograms
were determined.

2.3. Supercritical Water Gasification Experiments

The RSM approach using a Box–Behnken design was employed to investigate the
combined effects of various process variables (A—Temperature, B—Residence Time and
C—Biomass Loading) on the gas yield generated by the SCWG of biomass samples under a
pressure range of 23 to 28 MPa. The concentrations of gaseous products were considered as
response variables. Design Expert Software (version 7.0, Stat-Ease Inc., Minneapolis, MN,
USA) was used to design the experimental runs.

According to Equation (2), where k is the number of factors and cp is the number of
central points, 15 experiments (N) were carried out for each sample, and three replicates of
the central point were performed to assess the experimental error [28].

N = 2k(k − 1) + cp (2)

The process variables and the coded and actual values used for designing the experi-
ments are displayed in Table 1.

Table 1. Variables used in Box-Behnken design.

Coded Values A–Temperature (◦C) B–Residence Time (min) C–Biomass Loading (wt%)

−1 400 20 20
0 450 40 25
1 500 60 30

The experiments were performed in a 10 mL stainless-steel (SS 316) tube batch reactor
constructed with Swagelok (Warrington, UK) parts following the assembly procedure
described in our previous study [13].

Initially, the reactor was filled with predefined amounts of water and biomass accord-
ing to steam tables to ensure that, once the reactor attains the desired temperature (from
400 to 500 ◦C), the system can achieve the intended pressure (23–28 MPa). To achieve this
objective, the reacting mixture was considered to have an equivalent density to that of pure
water. Finally, the experimental system was purged with N2 to remove any air. Figure 1a
depicts the diagram of the reactor and heating process [13].

The furnace (Elite Thermal Systems Limited, Market Harborough, UK) was preheated
to the reaction temperature, which was measured by a K-type thermocouple (UK) connected
to the computer (Dell, BR). Once supercritical conditions were achieved, the feed sample
was retained for a predefined residence time to allow the sample to degrade into fuel gases.
After the reaction, the reactor was cooled to an ambient temperature (20 ◦C) by quenching in
water. The pressure was lowered to ambient levels by opening the outlet valve, facilitating
the separation of products in a gas-liquid separator comprising calcium chloride dihydrate
and glass wool. Consequently, moisture in the product gas was captured, and the dry gas
was collected in an inert foil gas sampling bag for gas chromatography analysis [13].
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Figure 1. (a) Illustration of the SCWG process and (b) product collection [13].

Following gas sampling, the reactor was opened to collect the liquid residuals, sub-
sequently transferred to a glass container and weighed. The moisture content in the gas
product was calculated by the difference in weight of the gas–liquid separator, which
was measured before and after each experimental run. This value was integrated into
the quantification of liquid products. The residual solid in the reactor was eliminated by
multiple washes with acetone. Employing a vacuum system, the acetone–solid mixture
was filtered, and the solid content was determined by the difference in weights of filter
papers [13]. The configuration for product collection is presented in Figure 1b.

2.4. Performance and Products Analysis

The molar fractions of each component in the gas product, Gasification Efficiency (GE),
Carbon Gasification Efficiency (CGE) and Hydrogen Gasification Efficiency (HGE), were
obtained using Equations (3)–(6), respectively [29–31]:

Molar fraction Xi(%) =
number of moles of each gas component

the total number of moles of gas produced
× 100 (3)

GE(%) =
mass of gaseous products (g)

mass of biomass (g)
× 100 (4)

CGE(%) =
the total mass of element carbon in the gaseous product (g)

the total mass of element carbon in biomass
× 100 (5)

HGE(%) =
the total mass of hydrogen in the gaseous product (g)

the total mass of element hydrogen in biomass
× 100 (6)

A gas chromatograph system (GC-2014 Shimadzu, Milton Keynes, UK) with a packed
column (ShimCarbon ST, 200 m in length by 0.35 mm in inner diameter) and a detector
based on thermal conductivity (TCD) was used to analyse the composition of the gaseous
product. For each analysis, 1 mL of the gas sample was injected into the GC using a
gas-tight syringe. The column’s injection temperature was 45 ◦C with an equilibration time
of 1.5 min. The total analysis time was 12 min [13].

The liquid products collected after SCWG of control and impregnated biomass samples
were analysed by Gas Chromatography–Mass Spectrometry (GC–MS). The liquid product
from a gasification experiment was extracted using dichloromethane with a volume ratio
of 4:1 from the aqueous phase. Then 0.2 mL was transferred to a 1.5 mL sample vial and
diluted to 1 mL using acetone. The GC-MS analysis was conducted on a ThermoFisher
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ISQ7610 quadrupole mass spectrometer, (Cambridge, UK), coupled with a ThermoFisher
Trace 1600 chromatograph (Cambridge, UK) equipped with an AI1310 autosampler and an
NIST mass spectral database. The RestekTM Rtx 35 ms capillary column (30 m × 0.25 mm
i.d. × 50 µm) was used for the separation of the products, and helium was used as the
carrier gas with a constant column flow rate of 1 mL/min.

The solid products of control and impregnated samples originating from SCWG
were characterized by SEM-EDX, (scanning electron microscopy–energy-dispersive X-ray
spectroscopy: JEOL JSM-6060LV, Low Vacuum SEM, Welwyn Garden City, Hertfordshire,
UK) and XRD (X-ray diffraction: Bruker AXS GmBH, Karlsruhe, Germany) analysis.

3. Results and Discussion
3.1. Biomass Properties
3.1.1. Ultimate Analysis

The results of the ultimate analysis of the biomass samples are shown in Table 2. The
results are presented on a dry and ash-free basis wt%.

Table 2. Ultimate * and proximate compositions of the biomass samples.

Parameter Control (wt%) 1 M (wt%) 2 M (wt%)

C 49.0 45.7 37.9
H 6.2 5.5 5.1
N 0.3 0.8 2.6
O 41.6 43.5 45.9
S nd nd nd

Moisture 3.2 - -
Ash 2.9 - -

Volatile Matter 77.5 - -
Fixed Carbon 19.6 - -

References [13] [13] This work
* On dry-ash-free (daf) basis; nd = Non-detected.

According to what is reported in the literature, there was no significant distinction
between the results of the proximate analysis of the control and impregnated samples [23,24].
As shown in Table 2, the unimpregnated control sample presented low ash and moisture
contents of 2.9 and 3.2%, respectively, and high amounts of volatile matter (77.5%) and fixed
carbon (19.6%) [13]. These findings suggest that coconut shell is a viable source of combustible
material for energy generation.

For the ultimate analysis, increased nitrogen and oxygen and decreased hydrogen
compounds with an increased nickel concentration were observed. These results corrob-
orate the effects of the highest nickel content on the increased integration of hydrated or
hydroxylated species of metal salts. However, the most pronounced change occurred in
carbon content, which decreased from 49 wt% to 37.9 wt% due to the high nickel content
that enhanced the dissolution of water-soluble extractives into the metal salt aqueous
solution [13,27].

3.1.2. TGA/DTG/DTA (Thermogravimetric/Derivative/Differential
Thermogravimetric Analysis)

As depicted in Figure 2a, the decomposition of the coconut shell samples can be
divided into three distinct stages: stage (I) (up to 125 ◦C), which corresponds to the
moisture loss and decomposition of some volatile compounds; stage (II) is attributed to the
devolatilization process (between 125 and 366 ◦C), during which maximum weight losses
were observed; and stage (III) (>366 ◦C), in which slow degradation related to the char/tar
formation is observed.



Energies 2024, 17, 872 7 of 26

Energies 2024, 17, x FOR PEER REVIEW 7 of 28 

losses were observed; and stage (III) (>366 °C), in which slow degradation related to the 

char/tar formation is observed. 

Figure 2. TGA (a), DTG (b) and DTA (c) of control [13], 1 M [13] and 2 M impregnated coconut shell 

samples. 

The main differences observed for the TGA curves of the coconut shell samples in 

Figure 2a are presumably due to the reduction in the amount of the lignocellulosic 

compounds in the impregnated samples [13]. The impregnation of the coconut shell with 

nickel at pH (5.8) for 72 h possibly enhanced the decomposition of the biomass structure 

[32]. An intersection between the TGA curves of control and impregnated samples at 

approximately 350 °C is evident. At this temperature, the synthesis of nickel nanoparticles 

occurred, promoting the decomposition of biomass and reducing the production of char 

[24]. The 1 M impregnated coconut shell samples’ degradation resulted in the highest 

weight loss of 84.0% and the lowest char content of 15%, whereas lower weight losses of 

78.6% and 79.4% were observed for control and 2 M impregnated samples, respectively 

[13]. As presented by Nanda et al. [27], this could be a�ributed to the increased catalytic 

activity of nickel in the thermal degradation of 1 M impregnated biomass, accelerating the 

overall reaction rate at higher temperatures and subsequently reducing the quantity of 

char produced. Researchers have also reported that a high nickel concentration does not 

favour metal dispersion [21]. The pyrolytic activity of nickel catalysing the thermal 

degradation of biomass is therefore decreased, influencing decomposition reaction rates 

and the devolatilization process, which contributed to reducing the weight loss and 

increasing the char yield. 

(C)
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shell samples.

The main differences observed for the TGA curves of the coconut shell samples in
Figure 2a are presumably due to the reduction in the amount of the lignocellulosic com-
pounds in the impregnated samples [13]. The impregnation of the coconut shell with nickel
at pH (5.8) for 72 h possibly enhanced the decomposition of the biomass structure [32]. An
intersection between the TGA curves of control and impregnated samples at approximately
350 ◦C is evident. At this temperature, the synthesis of nickel nanoparticles occurred,
promoting the decomposition of biomass and reducing the production of char [24]. The
1 M impregnated coconut shell samples’ degradation resulted in the highest weight loss of
84.0% and the lowest char content of 15%, whereas lower weight losses of 78.6% and 79.4%
were observed for control and 2 M impregnated samples, respectively [13]. As presented by
Nanda et al. [27], this could be attributed to the increased catalytic activity of nickel in the
thermal degradation of 1 M impregnated biomass, accelerating the overall reaction rate at
higher temperatures and subsequently reducing the quantity of char produced. Researchers
have also reported that a high nickel concentration does not favour metal dispersion [21].
The pyrolytic activity of nickel catalysing the thermal degradation of biomass is therefore
decreased, influencing decomposition reaction rates and the devolatilization process, which
contributed to reducing the weight loss and increasing the char yield.

The DTG curve presented in Figure 2b shows the presence of three defined peaks
for all samples. The first peak occurs between 50 and 130 ◦C, representing the weight
loss due to moisture. The peaks between 200 and 318 ◦C and 318 and 380 ◦C indicate
the decomposition of hemicellulose and cellulose, respectively. Lignin was predicted to
degrade above 380 ◦C and exhibit a tendency to continue over a more extensive temperature
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range [13]. The peak height analysis showed that the 2 M impregnated sample displayed
reduced mass loss between 50 and 380 ◦C, attributed to water loss and the decomposition
of Ni(OH)2 to NiO and H2O [33]. Additionally, the improved influence of nickel on char
and tar degradation from 600 ◦C was inferred for the 1 M impregnated sample [13].

The differential thermogram in Figure 2c shows the three main peaks for the samples.
Peaks 1 and 3 at circa 270 and 310 ◦C are exothermic and represent hemicellulose and
lignin decomposition [13]. The endothermic peak at approximately 350 ◦C (peak 2) is
related to cellulose decomposition. Additional peaks at 450 ◦C (peak 4) were observed
for impregnated samples, which can be attributed to the reduction in the Nin+ species to
metallic Ni, commonly taking place between 400 and 500 ◦C [13]. For this reason, authors
have recommended this temperature range for catalytic supercritical water gasification
experiments [26,27,34,35]. Comparing the DTG and DTA curves of the 2 M impregnated
sample with those for the control and 1 M impregnated samples, it was possible to infer
that increasing the catalyst concentration had a positive effect on the pyrolysis of cellulose,
hemicellulose and lignin by reducing the decomposition temperature for each constituent.

3.1.3. SEM-EDX (Scanning Electron Microscopy-Energy Dispersive X-ray Spectroscopy)

The SEM-EDX spectra for the control and impregnated samples are presented in
Figure 3.
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Figure 3. SEM-EDX spectra of (a) control, (b) 1 M [13] and (c) 2 M Ni-impregnated coconut shell samples.

The EDX spectra of the control sample displayed the occurrence of carbon (58.4 wt%),
oxygen (39.7 wt%) and alkali metal aggregates such as Si (0.9 wt%), Ca (0.5 wt%) and
K (0.3 wt%). The EDX spectra of the 1 M impregnated sample gave 58.9 wt% of carbon
and 38.2 wt% of oxygen [13]. Similar to the ultimate results, the EDX spectra for 2 M
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impregnated samples exhibited lower carbon (47.1 wt%) and higher oxygen contents
(45.8 wt%), due to the enhanced catalyst concentration. Nevertheless, it is noticeable that
the carbon content is significantly higher than that determined by the ultimate analysis,
likely attributed to the non-detection of nitrogen, sulphur and hydrogen composition
through EDX analysis.

The SEM images shown in Figure 3 show the presence of aggregates of nickel par-
ticles deposited on the biomass surface of both impregnated samples. The rugged and
heterogeneous appearance of the impregnated samples suggests the incorporation of NiO
nanoparticles within the biomass, affirming the amorphous character of the samples [13,23].

A distinctive nickel peak was identified at 0.88 keV in both impregnated samples,
aligning with findings from prior studies on nickel biomass impregnation [13,23,27]. The
concentration of nickel of 5.6 wt% was obtained by impregnating the coconut shell sample
with a 2 M nickel solution. Richardson et al. [26] and Marcelino et al. [13] reported 2.0 wt%
and 1.6 wt% of nickel in 1 M impregnated woody and coconut shell biomass, respectively.
Although the nickel concentration in the impregnation solution is almost three times as
high, the nickel content in the biomass is influenced by its characteristics. The fibrous
composition of coconut shells leads to a lower metal loading, potentially impacting the
catalytic performance during thermochemical conversion [13].

3.1.4. XRD (X-ray Diffraction)

The XRD pattern of control and impregnated samples is exhibited in Figure 4.
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From the XRD analysis of the control coconut shell sample, peaks at 16.3◦, 26.3◦

and 34.5◦ were observed corresponding to amorphous cellulose and 21.8◦ for crystalline
cellulose [13]. For the 1 M impregnated coconut shell sample, peaks at 15.6◦, 26.3◦ and
34.4◦, were observed corresponding to amorphous cellulose, and 21.9◦ for crystalline
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cellulose [13]. These results demonstrate the high incorporation of nickel by the reduction
and shift events in the amorphous and crystalline regions, respectively [23,26].

The presence of nickel nanoparticles in the 2 M impregnated sample is related to the
peaks identified at 12.2◦, 39.2◦, 49.9◦ and 59.6◦, which represent the Ni+2/+3 state. The
first peak is associated with the hydrated form and the three peaks indicate the oxide
form [23,26]. For the 1 M impregnated sample, peaks at 10.9◦ corresponding to Ni(OH)2
and 39.2◦ and 49.8◦ for NiO nanoparticles are detected [13,23,26]. By comparing 1 M and
2 M diffraction patterns, it can be observed that the rise in nickel concentration led to a
reduction in peak intensity, which means that the detection of nickel became lower [21]. An
additional peak at 59.6◦ for the 2 M nickel-impregnated sample was found for NiO [23,26].

Using the XRD data, the diameter of the nickel nanoparticles’ crystallite size (L) was
calculated using Scherrer’s equation. The presence of dispersed nickel particles at the
nanoscale (<100 nm) is indicated by the calculated average crystallite size of the metal
nanoparticles (7.2 nm) in the 1 M and (13.5 nm) 2 M impregnated samples [13,36]. Previous
studies have documented the formation of nickel nanoparticles distributed within biomass
matrices, ranging from 7 to 80 nm [13,23,24,26]. The authors reported an increase in crystal
size with an increment in nickel concentration, as well as a higher crystallite size with a
lower dispersion and metallic surface area, which can influence the catalytic activity in the
SCWG process [21].

3.2. The Influence of Process Variables on the SCWG Products and Performance

The influence of variables on product yields and their characteristics and process
efficiencies were investigated and presented below.

3.2.1. Product Yields

The product yields from the SCWG of the fresh and impregnated coconut shells are
presented in Table 3.

Table 3. Product yields obtained from SCWG of 2 M impregnated coconut shell samples.

Variables 2 M Impregnated Sample

Run A—Temperature
(◦C)

B—Residence
Time (min)

C—Biomass
Loading (% wt) Solid (wt%) Liquid (wt%) Gas (wt%)

1 400 60 25 8.0 50.8 41.2
2 500 40 30 12.7 42.3 45.0
3 500 60 25 8.9 44.8 46.3
4 500 40 20 9.1 44.8 46.1
5 450 40 25 11.5 56.5 32.0
6 450 20 30 12.2 54.0 33.8
7 450 60 20 8.5 45.3 46.2
8 400 40 30 12.8 48.9 38.3
9 450 20 20 8.8 55.2 35.9
10 450 60 30 11.7 43.3 45.0
11 500 20 25 12.9 42.3 44.7
12 400 20 25 12.2 57.1 30.6
13 400 40 20 11.5 44.2 44.3
14 450 40 25 10.9 47.7 41.4
15 450 40 25 9.1 42.9 48.0

The findings in Table 3 demonstrate that, under identical biomass loading and resi-
dence times, elevating the temperature from 400 to 500 ◦C resulted in increased gas yields
and reductions in solid and liquid content for both the control and impregnated sam-
ples. The same trend was observed when the residence time values increased from 20 to
60 min. For the feed concentration, it was noticed that an increase from 20 to 30 wt% led to
reductions in liquid and gas yields, while solid production was favoured.
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The results of this work are consistent with the findings from the literature [13,29,37,38].
The authors have explained that higher temperatures and residence times promote hydrother-
mal reactions associated with gas production, including secondary reactions that break down
high molecular weight species into gases [27]. Researchers also described that higher feed
concentrations make the interaction of biomass and supercritical water difficult, leading to
the formation of complex components that are not easily gasified. Such conditions inhibit
important reactions such as solvolysis and hydrolysis, reducing liquid yield and increasing
solid content [39,40].

In comparison with the results reported by Marcelino et al. [13], for control and
1 M impregnated coconut shell samples, it was noticed that increasing the nickel catalyst
concentration (2 M impregnated sample) led to decreases in liquid and solid yields and
increases in gas content for all the experimental runs. The lowest solid and liquid yields,
of 9 and 43 wt%, respectively, and the highest gas content (48 wt%) were obtained for
SCWG of 2 M impregnated sample at 450 ◦C, for 40 min and with 25 wt% of biomass
loading. Considering the same experimental conditions, high solid and liquid contents
were obtained, of 12.5 and 66.1 wt%, respectively, and a low gas yield of 21.2 wt%, for
SCWG of the control sample [13]. These results confirm the positive influence of increased
nickel loading on the SCWG process.

The ability of the nickel catalyst to degrade complex intermediates such as tar com-
ponents into gas has been reported in the literature by Kumar and Reddy [23] and Borges
et al. [29]. Other studies have also investigated the effect of nickel metal loading on the
SCWG of biomass in the presence of different supports [20–22]. Gong et al. [20] and Lu
et al. [22] demonstrated that increasing the nickel metal loading to the maximum of 16 wt%
enhanced the gas yields obtained from the SCWG of sewage sludge and wheat stalk, re-
spectively. According to the authors, this enhancement was due to high metal activity
sites, which accelerated the gasification rate, resulting in more gaseous products. Similarly,
Kang [21] conducted experiments by varying nickel loading from 2.5 wt% to 20 wt%,
concluding that the best results were achieved at 10 wt% of catalyst concentration. The
authors observed that 2.5 wt% nickel loading did not positively influence gas yield because
of the absence of active sites. On the other hand, when a higher nickel loading (20 wt%)
was employed, a poor nickel dispersion was noticed, which reduced the catalytic activity.
It can be inferred that the increase in the unsupported dispersed nickel loading performed
in this study, from 1.6 wt% to 5.6 wt%, produced favourable effects on the SCWG process,
enhancing gas yield by up to 48 wt%.

Three replications of the central point, represented by 25 wt% biomass loading, 450 ◦C
and 40 min, were conducted to evaluate the experimental error. The results showed that the
solid, liquid and gas yields were 10.5 ± 1.25 (wt%), 48.5 ± 7.09 (wt%) and 40.5 ± 8.03 (wt%),
respectively. The largest error of 8.03 wt% is considered acceptable, as experimental errors
are inevitable and challenging to control, leading to some losses in mass balance.

3.2.2. Gas Composition and Process Efficiency

The influence of nickel impregnation on the SCWG process was evaluated by conduct-
ing detailed analyses of gas products from a select number of experiments, and the results
obtained for the response variables are shown in Table 4.

Table 4. Gas composition from SCWG of control and impregnated coconut shell samples.

Response Variables (mol%)

Control [13] 1 M [13] 2 M

Run A—Temperature
(◦C)

B—Residence
Time (min)

C—Biomass
Loading (%wt) H2 CO CO2 CH4 H2 CO CO2 CH4 H2 CO CO2 CH4

2 500 40 30 5.8 0.3 38.5 55.5 5.8 8.7 48.6 36.9 7.7 2.3 54.5 35.5
3 500 60 25 7.3 0.9 48.7 43.2 8.0 1.0 48.4 42.6 9.2 2.4 49.5 38.9
4 500 40 20 8.3 0.5 48.3 43.0 8.6 3.0 43.7 44.8 9.1 2.0 50.3 38.6
11 500 20 25 9.5 3.2 40.7 46.8 13.0 7.7 42.8 36.7 15.2 4.5 44.1 36.2
13 400 40 30 5.5 5.5 74.1 14.9 4.5 7.1 71.8 16.5 6.0 5.6 79.5 8.9
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The data presented in Table 4 show that during SCWG of 2 M coconut shell samples,
CO2 was the main gas component reaching 79.5 mol% at 400 ◦C, 40 min and 30 wt% of
biomass loading. The comparison of CO2 yields in the same SCWG conditions for control
and 1 M impregnated samples revealed that CO2 yields increased with the higher nickel
concentration. A similar trend was observed for H2 production. For example, at 500 ◦C,
20 min and 25 wt% biomass loading, a maximum H2 content of 15.2 mol% was achieved,
whereas for the control and 1 M impregnated samples, 9.5 and 13 mol% were obtained [13].
Kang [21] reported increases in CO2 yields with enhanced nickel loading supported on
Al2O3, from 5 wt% to 20 wt%. Likewise, Lu et al. [22] observed increments in CO2 and
H2 concentrations when nickel loading supported on MgO was increased from 4 wt% to
16 wt%. The increase in gas yields with increasing Ni loading corresponded to lower char
and liquid yields. These findings suggested that the high nickel content contributed to the
enhancement of the water gas reaction rate, thereby enhancing CO2 and H2 production. It
was likely that Ni redox catalysis was responsible for the reaction of supercritical water
with carbon (from char and tar compounds) as represented by Equation (7).

NiO + C + H2O → Ni + CO2 + H2 (7)

The presence of Ni could be responsible for methane reforming (Equations (8) and (9))
to produce more hydrogen and CO/CO2 as observed in the gas products for increased
NiO loading.

CH4 + H2O → CO2 + 4H2 (8)

CH4 + H2O → CO + 3H2 (9)

Characterisation of the char products showed the presence of Ni0 as the main Ni
species after the reaction, indicating that the initial redox Ni2+↔Ni0 catalysis occurred.
This makes methane reforming plausible, and metallic Ni has been reported to catalyse this
reaction [24,29].

The results obtained for CH4 and CO content in most of the runs for the 2 M impreg-
nated sample demonstrated that 5.6 wt% nickel content gave low constituent yields. The
maximum CH4 content (38.9 mol%) was achieved under the conditions shown in run 3
(500 ◦C, 60 min and 25 wt% biomass loading). However, during SCWG of the control
and 1 M impregnated samples under the same conditions, 43.2 and 42.6 mol% of CH4
were produced [13]. Similarly, the maximum content of CO decreased from 8.7 mol%
(obtained from SCWG of the 1 M impregnated sample) to 2.3 mol% in run 2 due to the
increase in nickel loading. However, comparing the results with those obtained for SCWG
of the control samples, enhancements in CO production were observed. Nickel acts an
an important hydrogenation catalyst, which contributes to the primary decomposition
of CO and H2 [27]. On the other hand, Borges et al. [29] reported that the reduction in
CO yield with increased nickel loading could be attributed to the competition for CO for
methanation and hydrogen production through the water–gas shift reaction.

Azadi et al. [41] and Kang [21] reported a decrease in CH4 formation with an increase
in nickel loading supported by Al2O3 from 5 wt% to 20 wt%. According to the authors, this
results from the high sensitivity of the methanation reaction to the high nickel loading and
crystalline size. The decreased nickel dispersion affects the interaction with the support
and the catalyst’s activity in methanation reactions.

Influence of Temperature

Temperature is recognized as the most crucial variable in determining gas composition
and SCWG efficiency [13]. For a fixed residence time of 40 min and 20% biomass loading,
the impact of temperature on the gasification process of control, 1 M and 2 M impregnated
samples is presented in Figure 5a–c.
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The increase in process temperature led to higher yields of H2 and CH4 in SCWG of
the control and 1 M impregnated coconut shell samples, as depicted in Figure 5a,b [13].
The same was observed in Figure 5c, which represents the SCWG of the 2 M impregnated
sample. Adversely, the production of CO and CO2 decreased with the temperature increase
for all samples.

The methanation of CO2 and CO and water–gas shift reactions are enhanced with
temperature contributing to the rise in H2 and CH4 yields in the product gas [42]. Steam-
reforming endothermic reactions associated with H2 production are favoured by higher
reaction temperatures [43]. Despite methanation being an exothermic process, the tempera-
ture range employed in this study did not significantly affect this reaction [13].

The gasification reaction rates with increased nickel loading are less dependent on
the process temperature. Consequently, reduced increments in H2 and CH4 yields were
detected. For example, for the 2 M impregnated sample at 40 min and 20% biomass loading,
an increase of 150 and 21% in CH4 and H2 yields was observed with the temperature
elevation from 400 to 500 ◦C. Under the same conditions, higher percentages of CH4 and
H2 contents were observed for the control and 1 M impregnated samples [13].

The impact of temperature on GE, CGE and HGE values obtained from SCWG of
control, 1 M and 2 M impregnated samples was also analysed. The results obtained from
the SCWG of samples at 20 wt% biomass loading and 40 min residence time are exhibited
in Table 5.

The GE, CGE and HGE values increased with the temperature for all samples due to
an increased reaction rate [44]. The results are in agreement with those described in the
literature [45,46], where the increase in the HGE value with the increase in temperature is
due to the high hydrogen and methane yields in the gas at 500 ◦C. The highest GE, CGE
and HGE values of 46, 53 and 83% were detected for the 2 M impregnated sample at 500 ◦C.
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Table 5. Impact of temperature on GE, CGE and HGE values.

Control 1 M 2 M

T (◦C) CGE (%) HGE (%) GE (%) CGE (%) HGE (%) GE (%) CGE (%) HGE (%) GE (%)

400 18 24 26 31 42 41 39 65 44
500 39 56 42 45 69 44 53 83 46

The most significant increases in GE, CGE and HGE values were found for the SCWG
control sample, suggesting a higher sensitivity of the SCWG reactions to temperature in
the absence of a catalyst.

Influence of Biomass Loading

Figure 6a–c present the effect of biomass loading on the gas composition.
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According to Figure 6, the production of CO2 increased with the feed concentration
for control and impregnated samples. However, the molar concentrations of the other
gases (H2, CO and CH4) were reduced under the same conditions. For instance, for the 2 M
impregnated sample, an increase from 50.3 to 65.4 mol% in the CO2 yield was observed. In
contrast, the H2, CH4 and CO yields declined from 10.8 to 6.3 mol%, 33.5 to 24.8 mol% and
5.3 to 3.5 mol%, respectively (Figure 6c).

Compared with the results obtained for the control (Figure 6a) and 1 M impreg-
nated samples (Figure 6b), a comparable tendency was noticed for the CO2, H2 and CO
yields [13]. Generally, water–gas shift and steam reforming reactions are less favourable
at high biomass concentrations, leading to the decreased formation of H2 and CO2 [37].
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In the steam-reforming reaction, a significant amount of water is preferable to react with
hydrocarbons and produce H2 and CO as end products [47,48]. However, these reactions
can be accelerated in the presence of nickel nanocatalysts, leading to higher CO2 produc-
tion [13]. It can be assumed that higher nickel loading produces a greater increase in CO2
yield. Compared to the 1 M impregnated sample results, the enhancement in H2 yield
with increased nickel loading was insufficient to promote H2 production at the higher feed
concentration. The decrease in CO yield resulted from the combined effect of high biomass
loading and nickel content.

When analysing the results obtained for CH4 content from the 1 M impregnated
sample (Figure 6b), a different profile was noticed [13]. At 450 ◦C and 60 min, a modest
increase in CH4 content (from 38.4 to 40.9 mol%) was detected with the increment in
biomass concentration. However, in identical temperature conditions and when decreasing
the residence time to 20 min, CH4 increased from 21.9 to 25.8 mol% for the 2 M impregnated
sample. This study demonstrated that increasing nickel loading leads to a decline in CH4
formation, as shown in Figure 6c, as a result of the increased sensitivity of the methanation
reaction to both high nickel loading and nickel crystalline size.

Increasing biomass loading from 20 to 30 wt% for the control and impregnated samples
at 450 ◦C and 60 min decreased GE, CGE and HGE values (Table 6). It has been reported that
increasing biomass loading reduces heat and mass transfer between char and water, so the
steam-reforming and gas shift reactions are restricted, reducing gasification efficiencies [30,40,49].
However, the most significant reduction was noticed for the HGE value. This may be due to the
decrease in H2 and CH4 content with the increased biomass loading. The most considerable
reduction of 56% was found for the HGE value obtained for the 2 M impregnated sample. It is
possible to assume that the higher influence of the nickel concentration and biomass loading on
the HGE value is due to the considerable reduction in H2 and CH4 production.

Table 6. Impact of biomass loading on GE, CGE and HGE values.

Control 1 M 2 M

Biomass
Loading (wt%) CGE (%) HGE (%) GE (%) CGE (%) HGE (%) GE (%) CGE (%) HGE (%) GE (%)

20 32 42 40 44 61 45 36 98 46
30 30 23 38 43 30 43 45 55 45

Influence of Residence Time

The impact of residence time on the response variables is seen in Figure 7a–c for 20 to
60 min residence times for a fixed biomass loading of 25 wt% at 500 ◦C.

As shown in Figure 7b,c, the production of CO2 and CH4 was favoured with the
enhancement in residence time from 20 to 60 min for the 1 M and 2 M impregnated
samples. At 25 wt% biomass loading, the CO2 and CH4 yields increased slightly from 44.1
to 49.5 mol% and 36.2 to 38.9 mol%, respectively, for longer residence times (Figure 7c).
Conversely, the H2 and CO yields were reduced from 15.2 to 9.2 mol% and 4.5 to 2.5 mol%,
respectively, with an increase in residence time.

A similar trend was observed for the 1 M impregnated sample (Figure 7b). In these
conditions, the H2 and CO yields reduced from 13 to 8 mol% and 7.7 to 1.02 mol% when
the reaction time increased from 20 to 60 min, respectively. Meanwhile, the production of
CO2 and CH4 increased from 42.8 to 48.4 mol% and 36.7 to 42.6 mol%, respectively [13]. A
similar result was observed for the SCWG of the control sample in similar experimental
conditions (Figure 7a). However, a reduction in CH4 content from 46.8 to 43.2 mol%, was
observed [13]. It can be concluded that the methanation reaction rate related to the CO
consumption and CH4 formation is more favoured in the presence of the catalyst at low
loading and high residence time.
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The literature reports similar results [13,50]. Water–gas shift and methanation reactions
are favoured at longer residence times, leading to the improved formation of CO2 and
CH4, respectively. Studies also show that relatively low temperatures (<500 ◦C) and long
residence times do not favour H2 production. Under longer reaction times, hydrogenation
and methanation reactions involving CO and H2 consumption are favoured, resulting in
reduced H2 and CO yields [29,51].

The impact of changing the residence time from 20 to 60 min during the SCWG of the
control, 1 M and 2 M impregnated samples at 500 ◦C and 25 wt% on GE, CGE and HGE
values is presented in Table 7.

Table 7. Effect of residence time on GE, CGE and HGE values.

Control 1 M 2 M

Time (min) CGE (%) HGE (%) GE (%) CGE (%) HGE (%) GE (%) CGE (%) HGE (%) GE (%)

20 33 51 34 40 102 43 48 133 44
60 37 47 40 43 63 43 53 84 46

The higher reaction time (60 min) gives higher GE and CGE values for all samples. This
observation agrees with Samiee-Zafarghand et al. [48], who indicated that an enhanced CGE
value with increasing residence time indicates increased gas production in supercritical
water conditions. Moreover, greater reaction times are essential for cracking reactions
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that generate gases [51]. Nevertheless, it can be seen that the HGE values declined with
an increase in time to 60 min due to the promotion of hydrogenation and methanation
reactions resulting in a decrease in the yields of H2 and CO and the HGE value [38]. The
highest HGE value of 133% can be related to the high production of H2 at lower residence
times (20 min). Moreover, hydrogen from water is used during the reactions, leading to
HGE values larger than 100%.

Considering the impact of the nickel loading and residence time on gasification efficiencies,
the highest percentage of change was found for the HGE value (reduced to 38.2%) obtained for
the 2 M impregnated sample at 60 min residence time. Increasing nickel loading and residence
time promotes hydrogenation and methanation reactions, leading to a significant reduction.

3.2.3. Solid Characterization

The solid content obtained from SCWG of the impregnated biomass samples at 400 and
500 ◦C with 20 and 60 min residence times for 25 wt% biomass loading was characterised
using SEM-EDX and XRD analysis to assess the impact of nickel concentration and process
parameters on the catalyst retention and hydrochar morphology.

The hydrochars (Figure 8a–h) showed more porous and fragmented surfaces than
those observed for the biomass-impregnated samples before SCWG (Figure 8i,j). Fur-
thermore, the hydrochar produced from the SCWG of the 2 M impregnated samples
(Figure 8a–d) showed a greater appearance of pore structure and fractures.

The hydrochars produced from SCWG at 500 ◦C for 1 M (Figure 8g,h) and 2 M
(Figure 8c,d) impregnated samples demonstrated a more fissured structure. The same
morphological structure profile appeared with an increment in residence time. These
results indicate both conditions promote efficient biomass conversion, compromising the
structural conformation to the hydrochar [40,47]. Previous studies have also reported
the enlargement of pore structure under these experimental conditions, leading to an
improvement in the degree of gasification and further gasification reactions, such as free
radical reactions. These reactions promote the gradual loss of the oxygenated groups in the
hydrochar, causing the disintegration of its surface, as observed in the results obtained from
EDX analysis of hydrochars shown in Table 8 [15,40]. The oxygen content in hydrochars
decreases with higher temperatures and longer residence times. Conversely, an elevated
nickel loading increases the oxygen concentration due to the higher presence of oxygen in
2 M-impregnated biomass.

Table 8. EDX analysis of hydrochar obtained after SCWG.

Hydrochar
Sample

Temperature
(◦C) Time (min) Ni (wt%) O (wt%)

1 M
400

20 2.9 15.77
60 3.1 12.98

500
20 5.8 13.8
60 6.1 10.5

2 M
400

20 7.9 19
60 7.6 16.3

500
20 5.2 12
60 22.6 7.1

Ni was found in all hydrochar samples indicating that Ni was retained from the
original precursors [27]. The greatest nickel loading (22.6 wt%) was identified for the
hydrochar formed from the SCWG of the 2 M impregnated sample at 500 ◦C and 60 min.
Increased gasification of the solid feedstock would reduce the amount of char product and
lead to the enrichment of Ni in the solid residues [23]. The authors investigated the effect
of pyrolysis temperature (from 300 ◦C to 700 ◦C) and biomass nickel loading (from 0.1 to
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1.0 M) on the nickel concentration in hydrochars with the highest level of nickel (9.9 wt%)
found in hydrochars produced from 1.0 M impregnated wood at 700 ◦C.
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Figure 8. SEM images (magnification from 200 to 600 µm): Hydrochars produced after SCWG process
of 2 M impregnated sample at 400 ◦C for 20 min (a) and 60 min (b) and 500 ◦C for 20 min (c) and
60 min (d); Hydrochars produced after SCWG process of 1 M impregnated sample at 400 ◦C for
20 min (e) and 60 min (f) and 500 ◦C for 20 min (g) and 60 min (h); 1 M impregnated sample prior to
SCWG (i); 2 M impregnated sample prior to SCWG (j).

XRD analysis of the hydrochar samples obtained from SCWG of 1 and 2 M impreg-
nated samples at 400 and 500 ◦C was also conducted, and the patterns are shown in
Figures 9 and 10, respectively.

In the XRD pattern shown in Figure 9a, three peaks are highlighted, which relate to
some cellulose residue (15.3◦, 26.2◦ and 30.0◦) in both samples after SCWG [47]. In the 1 M
impregnated sample, peaks were detected at 59.7◦and 67.5◦, indicating the occurrence of
nickel nanoparticles in oxide form (NiO) and one peak at 44◦, characterizing the presence
of nickel nanoparticles in the Ni0 form. In the 2 M impregnated samples, three additional
peaks were found at 49.7◦ (NiO), 51.5◦ and 76◦ (Ni0). From these results, it can be inferred
that the transition of nickel from Nin+ to Ni0 and from Ni(OH)2 to NiO was intensified
with increased nickel loading at the process conditions. Kumar and Reddy [24] described
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that hydroxides of nickel are initially dehydrated to NiO, which then interacts with char or
the produced gases and is reduced to nanoactive forms (Ni0).
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Figure 9. XRD patterns of hydrochars generated at 400 ◦C and (a) 20 min and (b) 60 min.
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Figure 10. XRD patterns of hydrochars produced at 500 ◦C for (a) 20 min and (b) 60 min.

For the 400 ◦C and 60 min (Figure 9b) conditions, the absence of peaks at 15.3◦ and
30◦ is attributed to the loss of cellulose, and 67.5◦ to the presence of NiO for the 1 M and
2 M samples. Additional peaks at 49.8◦ (NiO), 51.5◦ and 76◦ (Ni0) in the XRD pattern were
produced for the 1 M impregnated sample. It is possible to assume that increasing the
residence time causes the degradation of cellulose and a further reduction from the NiO
phase to the pure Ni0 form [23].

Many peaks can be seen for the XRD pattern presented in Figure 10a for hydrochars
produced at 500 ◦C and 20 min, especially for the 2 M impregnated biomass sample. The
additional peaks include the presence of nanoparticles for NiO (36.8◦, 43◦ and 62.5◦) and
Ni0 (74.8◦).
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In comparison to the results for the 1 M impregnated sample in Figure 9a, the absence
of peaks associated with cellulose (15.3◦, 30.0◦) and the presence of peaks for NiO (59.7◦and
67.5◦) was evident; however, additional peaks were seen at 51.5◦ and 76◦, indicating the
presence of Ni0. For the 2 M impregnated sample, additional peaks at 36.8◦, 43◦and 62.5◦

associated with NiO forms can be seen.
As shown in Figure 10b, the XRD pattern for both hydrochar samples at 500 ◦C and

60 min presented a similar profile to those for 20 min. Peaks at 20.5◦ and 26.3◦ were
attributed to residual cellulose, while peaks at 36.8◦, 43◦ and 62.5◦ were due to the presence
of NiO and peaks at 44.2◦, 51.6◦, 75◦ and 76◦ characterized the Ni0 form. When compared
to the XRD patterns in Figure 9b for hydrochar formed at 400 ◦C and 60 min, further peaks
at 36.8, 43◦ and 62.5◦ were observed, indicating the presence of NiO, and a peak at 75◦

for Ni0.
These findings confirm that the higher the temperature, the higher the reduction from

NiO to Ni0 forms. It can also be inferred that increasing nickel loading enhanced the
transition of nickel stages. It has been reported that the conversion of nickel forms to Ni0

nanocrystallites is desirable in the SCWG process since it is a catalytic active phase for in
situ H2 production, promoting the additional degradation of biomass, leading to the high
tar and char conversion into gas [23,26].

3.2.4. Liquid Analysis

The water-insoluble phase of the liquid effluent produced from SCWG of control and
impregnated samples (1 M and 2 M) at 25 wt% feed loading, 400 and 500 ◦C and 20 and 60 min
residence times was collected and analysed to determine the main components using GC-MS
analysis. The results are presented in Tables 9–11. The percentages associated with each
constituent were determined by dividing its specific chromatographic peak area by the total
peak area of all identified components [52]. The compounds were identified using computer
matching and an NIST (National Institute of Standards and Technology) spectral library.

Table 9. Chemical composition of organic liquid product obtained from SCWG of control coconut
shell sample.

Sample Temperature
(◦C)

Residence
Time (min)

Retention Time
(min) Compound Formula Peak Area (%)

Control

400

20

9.37 2-pentanone, 3-methylene C6H10O 46.6
14.66 Phenol C6H6O 3.1
17.41 Phenol, 2-methoxy C7H8O2 37.4

23 2.4-dimethoxyphenol C8H10O3 12.8

60
15.2 2.4-dimethylfuran C6H8O 23.9

16.34 Phenol, 2-methyl C7H8O 35.5
16.84 Phenol, 3-methyl C7H8O 40.6

500

20
14.64 Phenol C6H6O 62.5
16.32 Phenol, 2-methyl C7H8O 17.3
21.51 Benzofuran, 2,3,dihydro-2-methyl C9H10O 20.2

60
14.57 Phenol C6H6O 60.5
16.28 Phenol, 2-methyl C7H8O 17.4
16.76 Phenol, 3-methyl C7H8O 22.0

Onwudili and Williams [53] categorized oil components into aliphatic, alkylbenzenes,
phenols and polycyclic aromatic hydrocarbons (PAHs). According to the results presented,
the primary products identified in the liquid output from the SCWG of the samples can be
classified into ketones, phenol, alcohols, organic acids, furans, aldehydes, aromatics and
other compounds (a relative area of <1% of the total integrated area [38]).

As shown in Table 9, phenolic compounds were largely seen at high temperatures
and residence times. According to the literature, the dealkylation and hydrolysis of lignin
molecules promote the cleavage of C–C bonds, facilitating the production of phenol and its
derivatives in the hydrothermal process. Additionally, the existence of inorganic species in
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the biomass, such as alkali and alkaline earth elements, enhances the formation of phenolic
compounds to a greater extent [54].

Table 10. Chemical composition of organic liquid product obtained from SCWG of 1 M nickel-
impregnated coconut shell sample.

Sample Temperature
(◦C)

Residence
Time (min)

Retention Time
(min) Compound Formula Peak Area (%)

1 M

400
20

11.65 3-aminoisoxazole C3H4N2O 3.0
12.65 Heptanoic acid.6-oxo- C7H12O3 4.4
13.08 Furfural C5H4O2 3.9
16.07 Phenol C6H6O 79.8
16.73 N-(2-furymethyl) methanesulfonamide C11H13NO4S 2.7
18.06 2-cyclopenten-1-one, 2,3-dimethyl C7H10O 6.2

60
4.44 Acetic acid C2H4O2 64.4
16.08 Phenol C6H6O 35.6

500
20

13.07 Furfural C5H4O2 5.9
16.04 Phenol C6H6O 94.1

60
13.07 Furfural C5H4O2 68.9
16.04 Phenol C6H6O 31.1

Table 11. Chemical composition of the organic liquid product obtained from SCWG of 2 M nickel-
impregnated coconut shell sample.

Sample Temperature
(◦C)

Residence
Time (min)

Retention Time
(min) Compound Formula Peak Area (%)

2 M

400

20

13.07 Furfural C5H4O2 5.7
14.88 2-cyclopenten-1-one, 2-methyl C6H8O 2.2
16.04 Phenol C6H6O 89.9
16.90 Cyclohexanol, 2,3-dimethyl C8H16O 2.1

60

16.02 Phenol C6H6O 66.9
17.78 Phenol,2-methyl- C7H8O 15.5
18.25 p-cresol C7H8O 13.9
18.93 Phenol,2-methoxy C7H8O2 2.1

20.533 Phenol,3,5-dimethyl-methylcarbamate C10H13NO2 1.4

500

20

4.83 2-butanone C4H8O 5.2
7.34 2-pentanone C5H10O 1.1
7.96 2-propanone, 1-hydroxy-acetoin C3H6O2 1.5
8.96 acetoin C4H8O2 1.5
13.07 furfural C5H4O2 1.0
16.04 Phenol C6H6O 83
19.78 Phenol,2,4-dimethyl C8H10O 5.2
20.55 Phenol,2,4-dimethyl C8H10O 1.5

60

13.05 Furfural C5H4O2 5.3
16.03 Phenol C6H6O 72.5
17.64 Benzyl alcohol C7H8O 11.3
17.79 Phenol, 2-methyl C7H8O 10.7

The presence of furan derivative compounds (benzofuran 2.3-dihydro-2-methyl) at
500 ◦C is likely a consequence of the degradation of C–C bonds in the cellulose and
hemicellulose molecules [54]. It can also be seen that the total content of ketones decreased
as the temperature and residence time increased. Yu et al. [55] reported a similar result and
found that the decomposition of ketones in the liquid into gas contributes to increased CGE.

The presence of the nickel catalyst significantly altered the chemical composition of the
liquid products. In comparison to the liquid composition presented in Table 9, the absence
of furan derivative compounds (benzofuran,2,3,dihydro-2-methyl) is evident in Table 10,
which is likely due to their conversion to compounds with lower molecular weight, such
as 2-cyclopenten-1-one, 2.3-dimethyl in the presence of a nickel catalyst. Borges et al. [29]
observed a similar finding.

It was also observed that N-heterocyclic compounds, specifically 3-aminoisoxazole
and N-(2-furymethyl)methanesulfonamide, were present in a small amount (<3.0%) in
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the liquid product from the SCWG of 1 M impregnated sample at 400 ◦C. However, with
increasing temperature, the formation of these compounds was not observed. According
to Babaei et al. [54], a decrease in N-heterocyclic compound formation in the presence of
a nickel catalyst is expected. The active catalyst induces the interaction of radicals with
each other, formatting gaseous products and subsequently inhibiting the generation of
N compounds.

Analysing the composition of the liquid product obtained from the SCWG of the
2 M impregnated sample (Table 11) shows the presence of 2-cyclopenten-1-one,2-methyl.
According to Yu et al. [55], the presence of this compound can be derived from the partial
hydrogenation of phenol. Zhang et al. [56] also explained that the hydrogenation of phenol
is a crucial step in the SCWG pathways as it results in saturated compounds that can be
more readily decomposed into gaseous compounds.

Similar to Zhang et al. [56], cyclohexanol,2,3-dimethyl, which is produced as a hydro-
genated intermediate product from the catalytic SCWG of phenol, was also identified. The
absence of these compounds at 500 ◦C indicates that catalyst action promoted their conversion.

Furfural, a principal product of carbohydrate decomposition, was found in the liquid
product from the catalytic SCWG (Tables 10 and 11). However, its content decreased signifi-
cantly with the increase in nickel loading. Increased nickel loading favoured the conversion
of carbohydrates through reactions like decarboxylation, hydroxylation, tautomerism and
cyclization [57]. Moreover, the liquid produced by the 2 M impregnated sample at 500 ◦C
and 60 min exhibited a discrete spectrum of substances, indicating that the majority of
previously formed components were converted into gases due to the effective action of the
nickel catalyst under these conditions.

4. Conclusions

Nickel was successfully impregnated into coconut shell with a loading of 5.6 wt%. The
average crystal size of metal nanoparticles of 13.5 nm was calculated for a 2 M impregnated sample.

Generally, increasing nickel loading positively affects SCWG efficiencies and gas
production. Decreases in liquid and solid yields occurred with the increment in nickel.
Simultaneously, gas production was enhanced, affirming the nickel catalyst’s capability to
break down complex intermediates into gaseous compounds. The higher nickel content
also contributed to the promotion of the water–gas shift reaction, enhancing CO2 and H2
production. However, the formation of CO and CH4 compounds was not favoured due
to the competition of CO for methanation and hydrogen production, as well as the high
sensitivity of the methanation reaction to the higher nickel loading and nickel crystallite
size. The highest CGE (56%) and HGE (133%) values were obtained for SCWG of the 2 M
impregnated sample at 500 ◦C, 60 min and 25 wt% biomass loading and at 500 ◦C, 20 min
and 25 wt% of biomass loading, respectively.

The effect of increasing nickel content on the solid and liquid product characteristics
was also investigated. Nickel peaks were found in all hydrochar samples produced by
the SCWG of impregnated samples, indicating the retention of the metal. The highest
nickel loading (22.6 wt%) was detected in the hydrochar formed from the SCWG of 2 M
impregnated sample at 500 ◦C and 60 min. The increase in nickel loading enhanced the
transition of nickel phases to the Ni0 nanoparticles, contributing to H2 production and
higher tar and char conversion into gas. The ability of the nickel catalysts to decompose
lignin led to an increase in phenol and phenol-containing compounds in the liquid product
analysis. High gas yield with increased nickel loading was also observed due to the
ability of nickel to promote phenol hydrogenation reactions. Furthermore, a discrete
spectrum of substances was produced at high nickel loading, temperature and residence
time, confirming the action of the nickel catalyst in degrading the organic compounds.

These results will advance the knowledge and applicability of supercritical water
gasification as a suitable biomass conversion method. Product yields and compositions are
essential to further develop the understanding of this thermochemical conversion route by
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exploring the effects of other metallic nanoparticulate catalysts, different biomass sources
and process conditions on SCWG efficiency.
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Nomenclature

Acronyms
M Molar Concentration
SCWG Supercritical Water Gasification
CGE Carbon Gasification Efficiency
HGE Hydrogen Gasification Efficiency
GE Gasification Efficiency
PAH Polycyclic Aromatic Hydrocarbons
TG Thermogravimetric
DTG Derivate Thermogravimetry
DTA Differential Thermogravimetric Analysis
SEM-EDX Scanning Electron Microscopy–Energy Dispersive X-ray Spectroscopy
XRD X-ray Diffraction
TCD Thermal Conductivity
GC Gas Chromatograph
GC-MS Gas Chromatography-Mass Spectrometry
NIST National Institute of Standards and Technology
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