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Abstract

In this research, discarded butternut peels were converted into hydrochar products through hydrothermal carbonisation (HTC),
with adjustments made to the temperature (ranging from 180 to 260°C) and residence time (spanning 45—180 min). The
findings indicated that both the temperature and time of carbonisation significantly influenced the yield of hydrochar (HC),
as well as its physiochemical and structural properties. Higher temperatures and prolonged residence time led to decreased
yield, elevated fixed carbon content and an increased fuel ratio. Furthermore, raising the process conditions increased
HHYV and reduced the oxygen-containing functional groups. The HC yield dropped from 28.75 to 17.58% with increased
carbonisation temperature and time. The findings of this study also suggest that modified hydrochar is a promising material
for removing heavy metals from wastewater. It is a relatively low-cost and abundant material that can be produced from
various biomass feedstocks, including food waste. In addition, it is a sustainable and environmentally friendly option for
wastewater treatment. Hydrochar-based systems offer several advantages over traditional methods of heavy metal removal,
such as chemical precipitation and ion exchange. The unique physicochemical characteristics of hydrochar, including its
porous structure and oxygen-rich functional groups, offer a high surface area and more binding sites for heavy metal ions.
By changing the physicochemical properties of hydrochar with chemicals like phosphoric acid, it is possible to increase its
adsorption capacity. The Freundlich isotherm was the best fit for the adsorption data for all three metal ions (Pb**, Cu®* and
Cd*"), indicating that the adsorption process is multilayer and heterogeneous.
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1 Introduction

Rapid urbanisation and population growth have caused a
surge in the production of municipal solid waste (MSW)
worldwide, making sustainable development difficult [1].
In South Africa, particularly Johannesburg, MSW gener-
ation is particularly severe due to rapid urbanisation [2].
This escalating crisis has drawn the attention of policymak-
ers and stakeholders at both local and international levels,
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raising concerns about the growing amounts of MSW and
its detrimental impacts on public health and the environment
[2]. Notably, the growing organic portion of MSW, which
includes food and green waste, poses a severe problem due
to inappropriate disposal methods which pollute the environ-
ment, emit foul odours and release greenhouse gases into the
atmosphere [3]. This negatively affects the environment, the
economy and society (food insecurity). The global issue of
food waste (FW) generation necessitates efficient and sus-
tainable waste management practices. Various methods for
food waste reduction and valorisation opportunities have
been explored, including anaerobic digestion, composting,
landfilling and thermal technologies [4]. While anaerobic
digestion effectively generates fuel gas and digestate, its
drawbacks include high financial investments, potential
environmental impact, and operational challenges [5]. Com-
posting, a natural process producing compost, demands a
significant land area and entails costly transportation and
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handling of the moist product. Landfilling, though cost-
effective, presents environmental concerns such as harmful
emissions and leachate. Leveraging the abundant residual
biomass in FW through thermochemical technologies to
produce energy-dense biofuels and carbon-based materials
can aid in establishing a circular economy and curbing waste
while fostering responsible consumption and production [4].

Simultaneously, the escalating concerns over water scar-
city and quality underscore the imperative for sustainable
water treatment technologies. Approximately one-third of all
the drinking water available globally is sourced from rivers
and lakes [6]. Unfortunately, these water sources are also
recipients of industrial and domestic waste, which pollutes
and contaminates them with various toxins. This situation
is especially evident in several African countries, includ-
ing South Africa, where communities often lack access
to clean water and are susceptible to waterborne diseases
[7]. Wastewater contains a wide range of hazardous com-
pounds released into the environment, endangering the
environment and upsetting the natural equilibrium [8]. The
natural breakdown of wastewater contaminated with heavy
metals cannot occur since it would harm human tissue and
organs [9]. Three methods are used to remove heavy metals
from wastewater: adsorption, barrier separation and precipi-
tation [10]. The popular and effective technique for treating
wastewater containing heavy metals is adsorption technol-
ogy [11]. Activated carbon and other biosorbents are often
used adsorbents in the purification of wastewater. Unfor-
tunately, the applicability of these adsorbents is limited by
their high cost and the fact that they cannot be reused. Find-
ing a low-cost, effective adsorbent to remove heavy metals
from wastewater is vital to control environmental concerns
[12]. One type of renewable resource that can be utilised as
a feedstock to create an affordable, sustainable adsorbent is
biomass waste.

Thermochemical conversion involves breaking down
organic materials into solid char, liquid bio-oil and gase-
ous syngas facilitated by incineration, combustion, pyroly-
sis, gasification, torrefaction and hydrothermal carbonisa-
tion [13]. Hydrothermal carbonisation (HTC) has gained
prominence as a thermal conversion method, particularly
for moisture-rich wastes. HTC does not require pre-drying
of feedstock, which can help conserve time and energy.
First experimented in 1913, HTC utilises low tempera-
tures, typically between 180 and 260 °C and autogenous
pressures to convert food waste into energy-rich hydro-
char [14, 15]. HTC mimics the geological processes that
occur over millennia, transforming organic matter into
hydrochar in hours. The resulting hydrochar exhibits a
porous structure, high carbon content and unique surface
chemistry, rendering it a material of immense interest for
various applications. Hydrothermal carbonisation and
pyrolysis are the two most promising processes for making
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adsorbents. HTC is preferred because it is a less expensive
and more environmentally beneficial treatment option than
pyrolysis [16]. Hydrochar, derived from the hydrothermal
carbonisation of food waste, emerges as a promising candi-
date, presenting an opportunity to simultaneously address
two critical issues of food waste management and heavy
metal pollution in water [17]. HTC has been conducted
on food waste containing a mixture of rice, fish, meat,
dog food, eggshells and leftover food waste. These tests
were conducted at operating temperatures ranging from
200 to 350°C for 0.2 to 120 h. The findings show that the
HTC of FW is advantageous, leading to the generation of
hydrochar with high carbon (45-93% of initial carbon)
and energy contents (15-30 kJ/g dry solids) [18]. HTC has
also been tested using a mixture of waste residues (chicken
meat, tomato sauce, spaghetti, noodles, and green vegeta-
bles) and found a rise in megajoules per kilogram from
25.1 to 33.1 compared to incineration [19]. Similar tests
employing rabbit food wastes yielded a higher heating
value of 29.1 MJ/kg with a carbon content of 67.6% [20].

The unique properties of hydrochar make it an attractive
candidate for heavy metal adsorption. Its porous nature
provides an extensive surface area, creating binding sites
for heavy metal ions [21]. Furthermore, the functional
groups on the hydrochar’s surface contribute to the com-
plexation and immobilisation of heavy metals, offering a
promising avenue for efficient water treatment [22]. How-
ever, the hydrochar’s adsorption capability is still limited,
meaning it cannot effectively treat wastewater throughout
the application process. Modifications should be made to
hydrochar to enhance its adsorption capabilities. Hydro-
char modification aims to improve the material’s physico-
chemical characteristics, such as surface functional groups
and porosity, to boost the material’s ability to adsorb
specific contaminants [12]. This study aimed to produce
hydrochar from hydrothermal carbonisation of food waste
for use as an adsorbent to remove Pb>*, Cu®>* and Cd**
from water. The novelty of this work is that butternut peels
were used as a source of biomass feedstock. Butternut
peels were preferred because they are readily available in
large quantities from food processing industries, grocery
stores, or households. Their abundance makes them a con-
venient and accessible feedstock for HTC. The hydrochar
products are produced at differing temperatures and reten-
tion times. This is done to understand the properties of the
solid fuel prepared at different process conditions. In this
study, the physiochemical properties of both the modified
and unmodified hydrochar are investigated and analysed.
The adsorption performance of modified hydrochar in syn-
thetic water is also investigated. The adsorption mecha-
nisms of Pb>", Cu®* and Cd** are also explored using the
Langmuir and Freundlich isotherms.
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2 Materials and methods
2.1 Feedstock

The food waste (FW) used in this project was collected from
Joburg Market City Deep dumpsters, South Africa’s major
centre for marketing fresh produce. The food waste consisted
of butternut peels (BP). The butternut peels were crushed
into smaller homogenous particles in a food blender. The
waste was kept in the fridge at 7°C to preserve moisture
before the HTC experiment.

2.2 Preparation of hydrochar

The hydrothermal carbonisation tests were conducted in
a batch system. Each test was conducted in a benchtop
stainless steel high-pressure reactor with a total capacity
of 1000 ml and a working volume of 800 ml. The reaction
temperature was varied between 180 and 260 °C, as the HTC
process should be kept below the water subcritical range
since ion-product reactions might impair polymer rigidity,
necessitating rigorous control below this temperature [23].
The reaction residence time was varied between 45, 90, 135
and 180 min. Table 1 shows the reaction temperature and
time for each hydrochar product. Forty-eight grams of the
dried blend of food waste was added to the reactor for each
run. De-ionised water was utilised for the HTC reaction. The
water was added in a solid—liquid ratio of 1:15 to facilitate
the hydrolysis of organic materials during the HTC reac-
tions. Pure N, gas was used to purge any oxygen in the reac-
tion vessel before the reaction commenced.

Following each run, the reactor was allowed to cool over-
night. The gases that could not be condensed (CO,, CO, H,O
and CH,) were released in a fume hood. The hydrochar (HC)
and liquid product were filtered using a wet-strengthened
qualitative filter. The gathered hydrochar was left in the open

Table 1 Reaction conditions for

” Time (min)
each experimental run

Temperature ('C)

180 45
90
135
180

220 45
90
135
180

260 45
90
135
180

to air-dry for a day. Subsequently, the dried hydrochar was
collected and placed in sample plastic bags for subsequent
analysis. Equation (1) was then used to compute the hydro-
char mass yield [24].

Mass of hydrochar
Mass of feedstock

% Yield (dry basis) = x 100 €))]

2.3 Hydrochar activation

To enhance the adsorption capacity of hydrochar, phos-
phoric acid (H;PO,) was employed to activate and modify
its properties. The chemical activation process with H;PO,
often results in activated carbons with a well-developed
pore structure and high surface area; hence, it was chosen
over other activation chemicals [25]. Four hydrochar sam-
ples were activated, and these were hydrochar produced
at 220 °C/45 min, 220 °C/135 min, 220 °C/180 min and
260°C/180 min. Eighty-five percent concentrate of phos-
phoric acid was used, and a solution was prepared with a
final volume of 40 ml containing 42.5% H;PO, (17 ml).
This measured quantity was accurately dispensed into four
clean beakers, and distilled water was added and stirred until
reaching a total volume of 40 ml. Four grams of hydrochar
from each experimental run was mixed with the H;PO, solu-
tion. The mixture underwent a 2-h soaking period with con-
tinuous stirring, followed by transfer to the ceramic holders.
Subsequently, the mixture was heated at 500°C for 90 min
for activation inside a furnace. After activation, each mix-
ture was oven-dried overnight at 150°C and ground into fine
particles.

2.4 Surface morphology and characterisation
of the feedstock, hydrochar and activated
hydrochar samples

Scanning electron microscopy Scanning electron micros-
copy (SEM) analysis was used to investigate the hydrochar
product’s surface morphology. The hydrochar was coated
with carbon for better adhesion and conductivity. SEM anal-
ysis was also conducted on the AHC sample. A Thermo
Scientific Phenom Desktop SEM machine was utilised.

Proximate and ultimate analysis Proximate analysis, in line
with ASTM D-5142 standard method, measured the mois-
ture, ash, volatile matter (VM) and fixed carbon (FC) con-
tent in the hydrochar and feedstock. These analyses were
performed using the LECO TGA 701 instrument. Also, the
ultimate analysis was done using the CHNSO elemental ana-
lyser to obtain the percentage of carbon, hydrogen, nitrogen,
oxygen and sulphur in the samples.
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Higher heating value Higher heating value (HHV) is a
measure of the total heat energy released when a fuel is com-
pletely burned in oxygen, and it considers the heat produced
by condensing the water vapour formed during combustion.
HHYV was conducted on the feedstock and the hydrochar
product using a Leconfield bomb calorimeter. The bomb was
filled with oxygen, and the sample was ignited inside the
bomb. The sample burned, releasing energy that raised the
temperature of the surrounding water. The resulting tem-
perature change in the water was measured as the heat from
the combustion process was transferred to the calorimeter.

Fourier-transform infrared spectroscopy The Fourier-trans-
form infrared spectroscopy (FTIR) was done to identify and
analyse the chemical composition of the feedstock, hydro-
char and the AHC. This was done using the FTIR spectrom-
eter supplied by Thermo Scientific. The FTIR spectrum was
determined over a range of 500 to 4000 cm™".

X-Ray diffraction X-Ray diffraction (XRD) was used to
determine the molecular structure of the hydrochar products.
Information about the arrangement of atoms or molecules
within the hydrochar samples was deduced by analysing the
angles and intensities of the diffracted X-rays.

2.5 Synthetic water preparation

Standard solutions of lead nitrate (Pb(NOs),), cadmium
chloride (CdCl,) and copper sulphate (CuSO,) were pre-
pared by accurately weighing 1 g of each metal salts using
analytical balances and dissolving them in 1 1 of distilled
water, separately. The pH of each metal solution was meas-
ured using a pH meter to ensure that each solution was at the
optimal range for metal adsorption. The 0.1 M hydrochloric
acid and 0.1 M sodium hydroxide were used to lower and
raise the pH of copper sulphate and cadmium chloride solu-
tions, respectively.

2.6 Batch adsorption test

One gram of each modified hydrochar sample was added
to each metal solution in separate Erlenmeyer flasks. The
flasks were placed in a thermometric shaker and agitated
at 150 rpm for 4 h to enable adsorption. Each sample was
then filtered to separate the solid particles of the modified
hydrochar from the solution, using 45-um vacuum filters.
The metal concentrations in the filtered samples were ana-
lysed using ICP-OES supplied by Thermo Fisher Scientific.
To create calibration curves for the analysis, stock solutions
of lead, copper and cadmium were prepared by dissolving in
distilled water and then diluted to appropriate concentrations
in 50-ml capped tubes. This technique was used to detect
and quantify the concentrations of the metals adsorbed,
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providing accurate data on the extent of metal adsorption
by the modified hydrochar.

2.7 Adsorption capacity

The metal adsorption capacity was calculated using the fol-
lowing equations [26]:

R= c @

gu(mgg) = 0" 3)
m

where C, is the initial metal concentration (mg 171), C, is

the metal concentration at equilibrium (mg 17!), V is the

volume of the solution (ml), R is the adsorption efficiency,

q. is the equilibrium adsorption capacity (mg g~') and m is

the amount of adsorbent used (g).

2.7.1 Isotherm models

The Langmuir and Freundlich isotherm models were used
to study the equilibrium adsorption of heavy metals. The
Langmuir isotherm model is given as [26]

4o = QmaxbLCe (4)
1+b.C,

Equilibrium parameter R; calculated as:

1

€

R = —°%
L7 1+, ®)

where Q.. (mg g7') is the maximum adsorption capac-
ity and by is the Langmuir adsorption constant related to
adsorption heat.

The Freundlich equation is given as:

q. = K;C,'" (6)

where K, (1 mg™') is the Freundlich adsorption constant and
n is the heterogeneity factor.

3 Results and discussion
3.1 Proximate and ultimate analysis

The findings presented in Table 2 show the proximate
analysis data on the raw butternut waste and the resultant
hydrochars, indicating the physical composition of both the
feedstock and the hydrochar (HC) products derived from the
hydrothermal carbonisation process of the butternut waste.
The moisture content in the hydrochar products exhibited a
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Table 2 Proximate analysis of
raw butternut waste feedstock

Variation

Proximate analysis (wt.%)

and the hydrochars Moisture Ash content Volatile matter Fixed carbon
content

Butternut peels 7.70 9.37 71.11 11.82
Hydrochar product

HC-1 180 °C/45 min 4.79 5.62 65.05 24.54
HC-2 180 °C/90 min 4.47 6.94 69.11 19.48
HC-3 180 °C/135 min 3.35 3.66 67.94 25.05
HC-4 180 °C/180 min 3.21 2.74 68.85 15.20
HC-5 220 °C/45 min 3.09 3.62 65.85 27.44
HC-6 220 °C/90 min 2.75 3.50 64.83 28.92
HC-7 220 °C/135 min 2.67 242 69.86 25.05
HC-8 220 °C/180 min 2.66 2.83 55.78 39.33
HC-9 260 °C/45 min 2.03 5.73 55.92 36.32
HC-10 260 °C/90 min 2.00 4.92 55.56 37.52
HC-11 260 °C/135 min 1.98 4.01 55.03 38.98
HC-12 260 °C/180 min 2.01 3.58 54.69 39.72

notable reduction compared to that in the raw feedstock. This
was a positive result since moisture reduces the energy value
of the fuels, such as the hydrochar produced [27]. The raw
butternut waste had a moisture content value of 7.70%. After
the HTC, the moisture content of HC products decreases,
ranging from 1.98 to 4.79%. Hydrochar products prepared
at 260 °C experienced the most significant decrease in mois-
ture content, with a mean moisture content of 2.01%. This
was due to the high temperature of 260 °C at which these
experiments were conducted. Hydrochar produced at 180
°C experienced the least decrease in moisture content with
an average of 3.96%.

This decrease in moisture content can be attributed to
evaporation and dewatering during the HTC experiment
[28]. The FW feedstock is subjected to elevated temperatures
and pressures in an aqueous environment. These conditions
cause water to evaporate from the biomass. The moisture
present in the biomass is effectively driven off, turning it
into steam [19]. Thus, the moisture content decreases in all
hydrochar products, although the hydrochar products pre-
pared at 260 °C experienced the most significant decrease.
However, it is worthy of note that the overall results indicate
only a negligible difference in moisture content at high tem-
peratures with time variations, as all the results are in the
same environment of 2%, which was also observed with the
other proximate parameters. The ash content represents the
inorganic residue present in the feedstock. This ash content
is undesirable since the combustion of materials with high
ash content can lead to increased emissions of particulate
matter and pollutants [3]. The butternut waste feedstock had
an ash content of 9.37%. The ash content in the hydrochar
products varies, ranging from 2.42 to 6.94%. HC prepared
at conditions of 180 °C/180 min, 220 °C/135 min, 220 °C

/180 min and 260 °C/180 min have relatively lower ash con-
tent, suggesting effective removal of mineral matter which
ended up in the liquid phase. Conversely, HC samples pre-
pared at 180 °C/90 min and 260 °C/45 min have higher ash
content. The ash content of hydrochar tends to decrease with
increasing HTC temperature up to a certain point (220 °C
/180 min), beyond which further increases in temperature
result in increased ash content. This may indicate incomplete
removal of minerals or the influence of the hydrothermal
carbonisation conditions. The decrease in ash content can be
attributed to the leaching of insoluble inorganic compounds,
such as salts and minerals, in the biomass feedstock [29].
The feedstock is subjected to high-temperature water under
pressure, which facilitates the leaching and dissolution of
the soluble inorganic compounds. These soluble compounds
are often water soluble and are released into the liquid phase
during the HTC process [30]. As a result, they are separated
from the solid hydrochar product, leading to a reduction in
ash content in the hydrochar [30]. This finding contradicts
what was reported by Gao et al. [31], who investigated the
HTC of eucalyptus bark, resulting in the ash content increas-
ing with an increase in residence time.

Volatile matter (VM) represents the combustible and gas-
eous components that can be released when the material
is heated. Most biomass feedstocks have a high VM con-
tent, which is unsuitable for direct combustion due to low
combustion efficiency and emission issues [32]. This inves-
tigation demonstrates that when the HTC temperature and
duration increase, the VM content decreases, and the fixed
carbon (FC) content increases. Fixed carbon is the carbo-
naceous material that remains after removing the volatile
matter. The feedstock had a VM and FC content of 71.1 and
11.82%, respectively. As the HTC conditions of temperature
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and time increase, the VM decreases, with HC prepared at
260 °C/90 min having the least VM at 55.56%. As the VM
decreases, the FC increases, indicating an inversely pro-
portional relationship between the two variables. The FC
increases as the temperature and residence time increases.
HC prepared at 260 °C/180 min had the highest FC at
39.72%, corresponding to the lowest VM. The fuel ratio
(FC/VM) also increased due to the increase in tempera-
ture and reaction time. This is a good indication of whether
the hydrochars obtained are intended for use as fuel. The
decrease in volatile matter and increase in fixed carbon con-
tent during hydrothermal carbonisation are primarily due
to the thermal decomposition of organic components, the
release of volatile gases and compounds and the conver-
sion of these volatiles into solid carbon-rich material. This
transformation is desirable for producing a more stable and
energy-dense carbonaceous product, which can be used
for applications such as renewable energy generation, soil
amendment or as a precursor for activated carbon produc-
tion [23, 33].

Table 3 shows the elemental analysis of the feedstock
hydrochar samples prepared at varying temperatures and
times. Carbonisation of biomass involves condensation,
decarboxylation and dehydration reactions that affect the
oxygen, hydrogen and carbon content of the feedstock. The
results highlight decreased oxygen percent at high temper-
atures and prolonged residence time. As temperature and
time increase, the oxygen content decreases from 46.64%
in the raw butternut peels to 13.81% in HC-12. This can
be attributed to enhanced dehydration and decarboxylation,
which leads to a drop in oxygen content. Simultaneously, an
increase in carbon percent is observed with increasing tem-
perature and time. HC-1 (180°C/45 min) has the least carbon
percent at 51.29%, with HC-12 (260°C/180 min) having the

Table 3 Elemental analysis of BP and HC on a dry basis

Variation Ultimate analysis (wt.%)
C H (0] N

Butternut peels 4347 6.69 46.64 32
HC-1 180°C/45 min 5129 583 40.09 2.79
HC-2 180°C/90 min 5236 5.15 39.15 334
HC-3 180°C/135min  58.03 5.05 3406 2.86
HC-4 180°C/180 min  59.34  5.02 33.15 249
HC-5 220°C/45 min 62.85 5.13 2895 3.07
HC-6 220°C/90 min 6431 457 28.66 246
HC-7 220°C/135min 6636 450 26.10  3.04
HC-8 220°C/180 min  65.62 4.41 2721 276
HC-9 260°C/45 min 73775 459 187 2.96
HC-10 260°C/90 min 7443 439 18.17 3.01
HC-11 260°C/135min 7737 4.08 1542 3.13
HC-12 260°C/180 min  78.73  4.01 13.81 345
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highest carbon percent at 78.73%. This finding was higher
compared to the highest fixed carbon obtained by Liu et al.
[28] and Saqib et al. [34] for the HTC of forest waste. The
increase in carbon percent can be attributed to polymeri-
sation and condensation secondary reactions, which occur
more readily at severe reaction conditions, leading to the
formation of complex carbon-rich polymers. The hydrogen
percentage also decreases with increasing reaction condi-
tions, mainly due to the increased dehydration reactions at
severe reaction conditions.

3.2 High heating value

Figure 1 shows the trend in the HHV of the hydrochar prod-
ucts as the temperature and residence time of the experi-
ment increase. Initially, the feedstock had an HHV value of
19.2 MJ/kg. This value increased when the feedstock under-
went the HTC process at 180, 220 and 260 °C. The runs
conducted at 180 °C had an average HHV of 21.975 MJ/
kg. The other runs conducted at 220 and 260 °C had a mean
HHYV of 28.2 and 32.325 MJ/kg, respectively. The finding
agrees with the study conducted by Gao et al. [31], where
the HHV of the eucalyptus bark increased with an increase
in temperature. This can be attributed to the removal of vola-
tile components and oxygen at higher temperatures. Higher
temperatures promote the release of volatile components,
such as water vapour, carbon dioxide and small organic
molecules, from the hydrochar. This process is known as
devolatilisation. As these volatile components are removed,
the carbon content in the hydrochar becomes more concen-
trated, leading to an increase in HHV [35]. Hydrothermal
carbonisation becomes more efficient at converting organic
matter into hydrochar at higher temperatures. This process
involves breaking complex organic molecules, such as cel-
lulose, hemicellulose and lignin, into simpler carbonaceous
compounds [36]. This results in a higher carbon content in
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Fig. 1 Calorific values of the hydrochar products
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the hydrochar, contributing to an increased HHV. At 180
°C operating temperature and 45 min of residence time,
the HHV was 20.3 MJ/kg from 19.2 MJ/kg of the unpro-
cessed feedstock. As the residence time was increased from
45 min to 90, 135 and 180 min at the same temperature of
180 °C, the HHV increased to 20.8, 24.0 and 22.8 MJ/kg,
respectively. A similar trend was observed for the other two
temperature conditions at 220 and 260 °C. At 220 °C, the
HHYV increased from 27.1 MJ/kg at 45 min to 29.1 MJ/kg at
180 min. At 260 °C, the HHV increased from 30.1 MJ/kg at
45 min to 33.5 MJ/kg at 180 min.

This was expected per a study conducted by Oktaviananda
et al. [29] on the effect of residence time on the product
characteristics of HTC treatment of biomass, as increased
residence time leads to enhanced dehydration and deoxida-
tion. Dehydration removes water from the organic feedstock,
reducing its moisture content and increasing the proportion
of carbon in the hydrochar. Deoxygenation reactions remove
oxygen-containing functional groups such as carboxyl and
hydroxyl. This leads to a decreased oxygen-to-carbon ratio
(O/C) and a higher HHV.

3.3 Yield

Figure 2 depicts the hydrochar yield percent at different
experimental conditions. As the temperature increases from
180 to 220 °C and then to 260 °C, there is a general trend
of decreasing yield. This indicates that higher tempera-
tures lead to lower hydrochar yields. At 180 °C, the yield
decreases from 28.75% at 45 min to 20.83% at 180 min.
Similarly, at 220 °C, the yield decreases from 24.67% at
45 min to 19.25% at 180 min. At 260 °C, the yield decreases
from 21.92% at 45 min to 17.58% at 180 min. The time
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30 4 135 minutes
e 180 minutes
25 ]
o\° —E i
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% 20 - T
- —F %
> =
— .
©
< 15 4
o
[
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>
T 104
5 -
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180°C 220°C

Temperature (°C)

260°C

Fig.2 Hydrochar yields at different temperatures and residence times

effect is observed at each temperature level: 180, 220 and
260 °C.

Generally, the yield tends to decrease as the hydrother-
mal carbonisation time increases. For example, at 180 °C,
the yield decreases from 28.75% at 45 min to 20.83% at
180 min. This suggests that the longer the butternut waste
is subjected to hydrothermal carbonisation, the lower the
hydrochar yield. The yield trend for hydrochar forma-
tion from butternut waste during hydrothermal carboni-
sation shows that temperature and duration substantially
impact yield. The drop in yield as temperature rises can be
ascribed to a shift in reaction pathways. At higher tempera-
tures, the reaction kinetics favour the formation of gases
such as carbon dioxide and methane over solid hydrochar
formation [37]. As a result, the overall yield of hydrochar
is reduced. Prolonged contact with high heat and pressures
can cause organic materials in butternut waste to degrade.
More organic material may be converted into soluble chemi-
cals or gases as the reaction duration increases, resulting
in a decreased yield of solid hydrochar [38]. The rate of
hydrothermal carbonisation reactions can vary with tem-
perature and time. Higher temperatures may accelerate the
initial reactions, leading to faster feedstock decomposition.
As the reactions progress, the yield may decrease due to the
formation of volatile compounds [37]. A study conducted
by Oktaviananda et al. [29] on the effects of temperature on
hydrochar yield reported similar findings of a decrease in
HC yield as the operating temperature and time increased.

3.4 Fourier-transform infrared spectroscopy
analysis

3.4.1 FTIR analysis of hydrochar

Fourier-transform infrared spectroscopy (FTIR) analysis was
performed to gain a deeper insight into the functional groups
in the unprocessed butternut waste and its hydrochars. Fig-
ure 3 displays the spectrum of the unprocessed feedstock and
the respective hydrochars produced under varying tempera-
tures and exposure durations. The main characteristic peaks
of the feedstock and the hydrochar samples can be observed
at around 3400, 2910, 1600, 1419, 1104 and 700 cm™'. The
peak at 3400 cm™! is assigned to the O—H group vibrations
[39]. The peak at 2910 can be assigned to the presence of the
aliphatic C—H group. Peaks are also observed at 1600 cm™"
and can be attributed to C =0 stretching vibrations [19].
The peak at 1419 cm™! can be assigned to the C=C groups
of the aromatic compound. The hydroxyl group originating
from compound alcohol can be evidenced by the C—O group
at the wavelength 1104 cm™!. More distinctive peaks can be
observed at the wave number 700 cm™!. These are attributed
to the presence of the aromatic C—H group.
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Fig.3 FTIR spectrum of (a) hydrochar product at 180 °C, (b) hydrochar product at 220 °C, (c) hydrochar product at 260 °C in comparison with

raw feed

The disappearance of the peak at 1104 cm™" attributed to
C-O0 can also be observed in all three FTIR spectrums for all
the hydrochar products. This results from the formation of
aromatic structures during the HTC process [39]. Aromatic
compounds contain fewer oxygen atoms bonded to carbon
compared to the oxygen-containing functional groups in bio-
mass. Therefore, as biomass transforms into hydrochar and
forms these aromatic structures, the intensity of C—O bond
signals in the FTIR spectrum decreases.

3.4.2 FTIR analysis of activated hydrochar

In the presence of phosphoric acid, a strong and broad sig-
nal associated with the stretching vibration of the hydroxyl
groups at approximately 3450 cm™1 in all four samples was
observed, as shown in Fig. 4. This indicated the presence
of hydrogen-bonded hydroxyl groups from carboxyl, which
appeared when the O—H groups originally in hemicellulose,
cellulose, and lignin were not completely degraded during
the HTC process. Bands representing the stretched vibration
of C=0 in carboxyl groups at about 2400 cm™! were also
present, conforming to the abundance of oxygen functional
groups such as hydroxyl and carboxyl groups. Asymmetric
and symmetric aliphatic C—H’s peaks increased from 640 to
1050 cm™!. The bands at 2400 cm™! represented the C=0
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bonds in the carboxyl and aldehyde groups. The stretching
vibration peaks of C=C and C-O from the aromatic rings
were at 1640 and 1390 cm™!, respectively. According to a
study by Ahmad et al. [40], the adsorption capacity of hydro-
char for lead ions increased significantly with the increasing
content of oxygen-containing functional groups. The authors
attributed this enhancement to the strong electrostatic inter-
actions between the positively charged lead ions and the neg-
atively charged oxygen functional groups on the hydrochar
surface [41]. Another study by Han et al. [42] investigated
the adsorption of cadmium ions onto hydrochar prepared
from sugarcane bagasse. They found that the adsorption
capacity correlated highly with carboxyl and hydroxyl
groups on the hydrochar surface. The authors proposed that
these functional groups formed strong complexes with cad-
mium ions through electrostatic interactions and hydrogen
bonding. Aromatic carbon structures C=C and C-O on the
hydrochar surface also contribute to its adsorption capacity.
Aromatic rings can provide n—x interactions with certain
pollutants, leading to enhanced adsorption.

3.5 X-Ray diffraction analysis

The graphical representation of the results obtained from
X-ray diffraction analysis of the hydrochar products at
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Fig.4 FTIR spectra of (a) modified hydrochar product at 260°C and 135/45 min, (b) modified hydrochar product at 260°C and 180/90 min

different temperatures and retention times is shown in Fig. 5.
The diffractogram of the hydrochar samples exhibits char-
acteristic peaks at around 20 =16, 22 and 35°. These peaks
are considered to represent cellulose [28].

Hydrochar samples obtained from lower temperatures
of 180 and 220 °C clearly show the three peaks at 20 =16,
22 and 35°, indicating that the cellulose crystal structure
has been preserved. With increasing temperature and time,
the crystal structure gradually disappears. At 260 °C and
90 min, the curve is almost flat with no peaks. This is
because high temperatures and extended reaction times
can lead to increased carbonisation of the biomass and
the volatilisation of volatile organic compounds. This can
result in the formation of more amorphous carbon struc-
tures and a reduction in the crystallinity of the hydrochar.
This phenomenon can also be seen on the two curves of

hydrochar samples prepared at 260 °C with residence
times of 135 and 180 min. As the temperature increases
from 180 to 220 °C, only one peak at 20 =22° can now be
observed. This suggests that the crystalline structure of
the cellulose is slowly being converted to an amorphous
structure with increasing temperature. The crystallin-
ity of the hydrochar samples decreased with increasing
temperature. This indicated a breakdown in the hemicel-
lulose structure’s crystalline region [43]. The maximum
intensity of the peaks decreased slightly with increases
in residence time compared to the changes noticed with
temperature increase. The XRD patterns changed slightly
with an increase in residence time due to the structural
changes of the hydrochar [44]. However, the changes due
to the difference in residence time were less than changes
resulting from temperature difference. It can, therefore, be

Fig.5 XRD patterns of hydro-
char at different temperatures _
and retention times
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L L 1 L
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concluded that temperature changes had a more significant
impact on altering the hydrochar structure than residence
time.

3.6 Scanning electron microscopy analysis
3.6.1 SEM analysis of the hydrochar sample

Figure 6 shows the SEM images of the butternut peels and
the hydrochar product at different reaction conditions. The
SEM images at 500 X magnification indicate that the struc-
ture of the samples changes as the pretreatment temperature
and time increase. Because of their intact state, the butter-
nut peel samples initially possess a distinct structure with
undeveloped pores (Fig. 6a). Nevertheless, the cellulosic
constituent of the butternut waste samples pretreated at
180°C had considerably disintegrated [45], resulting in the
development of defined pores as seen in Fig. 6b—e, although
it was not entirely transformed. This suggests that thermal
decomposition may commence even at temperatures below
200°C. As a result of the breakdown of the constituent mate-
rials during hydrothermal treatment, the smooth surfaces of
raw butternut peels became rough [46]. As the temperature
was increased to 220 °C, the hemicellulose structure was
decomposed, creating well-developed pores. Thus, there was
an increase in the microsphere structures observed at the sur-
face of the hydrochar, which is consistent with the reported

Undeveloped
Developed ————

Developed
Pores

work of Wu et al. [47]. Also, the particle size became
smaller with an increase in experiment duration from 45 to
180 min for runs conducted at 220 °C since the contact time
also increased, as depicted by Fig. 6f-i.

Figure 6j—m reveals that the HTC at 260 °C surface had a
more obvious microsphere structure, unlike the less-defined
structure in the feedstock. The formation of multiple well-
developed pores is owing to the fact that samples processed
via HTC at 260 °C achieved more deterioration, with big
polysaccharide molecules breaking down into disaccharides
and monosaccharides before being atomised into walls of
carbonaceous particles [48]. The findings suggested that as
the temperature and residence time increased, the initial but-
ternut-cellulated structure gradually decomposed, transform-
ing into smaller carbon spherical particles resulting from the
decomposition of the cellulosic components during HTC
[28]. It is also evident that an increase in process conditions
led to the development of a more extensive network of pores
within the carbonaceous material. It would be advantageous
if hydrochar products were used to adsorb pollutants from
wastewater [46].

3.6.2 SEM analysis of the activated hydrochar samples
Figure 7 depicts the SEM images at 1000 X of the modified

hydrochar samples after activation with phosphoric acid.
The images highlight distinct differences in the surface
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Fig.6 SEM image of (a) raw butternut peels, (b) HC at
180°C/45 min, (¢) HC at 180°C/90 min, (d) HC at 180°C/135 min,
(e) HC at 180°C/180 min, (f) HC at 220°C/45 min, (g) HC at
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Fig.7 SEM images of modified
hydrochar (a) 260 °C/45 min,
(b) 260 °C/90 min, (c) 260 °C
/135 min, (d) 260°C/180 min P

T8

(c)

morphology of the samples due to the chemical and ther-
mal modification. The activated hydrochar samples exhib-
ited well-defined regular rigid wall structures, and texturally
diverse surfaces and pores were also distributed across the
surfaces of all samples. The hydrochar samples produced
at 260 °C/45 min in Fig. 7a, 260 °C/90 min in Fig. 7b and
260 °C/135 min in Fig. 7c shared similar morphological
characteristics with hydrochar produced at 260°C/180 min
in Fig. 7d but with fewer pores and more consistent surfaces
in the later. The reduction in pores could be attributed to the
collapse of wall structure from long residence high thermal
treatment conditions [49]. Hence, the profile of the hydro-
char sample produced at 260 °C/135 min stood out because
of its pronounced rough surface and the highest number
of pores observed. According to Zhang et al. [50], higher
surface area and the presence of pores, cracks and chan-
nels can significantly enhance the adsorption capacity of
hydrochar. Ahmad et al. also found that the surface area and
pore volume of hydrochar derived from rice husk increased
with increasing phosphoric acid activation. It is also known
that phosphoric acid has an etching effect, which removes
impurities and creates new pores in the hydrochar [40]. The
presence of channels on the hydrochar surface is particularly
beneficial for adsorption, as it allows for the diffusion of pol-
lutants into the pores of the hydrochar, increasing the contact
area between the pollutant and the adsorbent. Cracks on the
hydrochar surface can also enhance adsorption by provid-
ing additional binding sites and increasing the surface area.
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3.7 Adsorption capacity and equilibrium
investigation

Adsorption is a process in which the adsorbent and adsorb-
ate molecules interact with each other and the solvent [33].
The adsorbent—adsorbate interaction is the most crucial of
the five process types that might happen during adsorption
since the operation depends on it being maximised [33].
The Langmuir and Freundlich isotherm models can be used
to ascertain the equilibrium characteristics of heavy metal
adsorption on the adsorbent surface. The graph of 1/g,
versus 1/C, in Fig. 8 was utilised to derive the Langmuir
isotherm model. The heterogeneous or multilayer nature of
the surface adsorption was ascertained using the Freundlich
isotherm.

The Freundlich model was chosen as the preferred model
for describing the adsorption behaviour in this study. This
decision was based on comparing the Freundlich and Lang-
muir models’ coefficient of determination (R?) values, as
depicted in the plots in Fig. 8. The R* values for the Freun-
dlich model were notably higher than the Langmuir model
for all three heavy metal ions (Pb**, Cu®* and Cd*"). Specifi-
cally, the Freundlich model obtained R? values of 0.9949,
0.9996 and 0.8155 for Pb>*, Cu®>* and Cd**, respectively.
In contrast, the Langmuir model yielded R* values of
0.9845 for Pb**, 0.9985 for Cu®* and 0.616 for Cd**. Also,
as shown in Table 4, the maximum adsorption capacity of
each heavy metal was 332.27, 348 and 126.57 mg g! for
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Table 4 Isotherm parameters of Pb, Cu and Cd adsorption with acti-
vated hydrochar from butternut peels

Model Parameters Heavy metal adsorbed
Pb Cu Cd
Langmuir Q. (mgg™ 33227  348.00 126.57
K, (Img™) 2.4480  1.4537 0.4650
R? 0.9845  0.9985 0.6160
Freundlich Kg(mgg™h)(Img™) 386.60 24094 117.59
R? 0.9949  0.9996 0.8155

lead, copper and cadmium, respectively. Compared with
the study reported by Mohammed et al. [51] using nano-
adsorbents, the adsorption capacity for copper and cadmium
was 158 and 102.2 mg g~!, respectively. This indicated a
better adsorption capacity in this study; however, for lead,
the adsorption capacity was 564 mg g~!, which was higher
than the result obtained. The higher R? values for the Fre-
undlich model suggest that it provides a better fit to the
experimental data for Pb**, Cu>" and Cd** compared to the
Langmuir model in this particular study. This contrasts the
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Langmuir model best fit reported for the absorption of Pb**
and Cu®" when rice straw was carbonised hydrothermally
with and without FeCl; (1.2%) [16]. The Freundlich model
is commonly used to describe adsorption on heterogeneous
surfaces or systems involving multiple layers. The choice
of the Freundlich model may imply that a heterogeneous or
multilayer adsorption process more appropriately character-
ises the adsorption of Pb**, Cu** and Cd**.

4 Conclusions

This study explores butternut waste as the HTC feedstock
to investigate the efficient thermochemical conversion pro-
cess of FW into hydrochar. The experiments were conducted
at temperatures of 180, 220 and 260 °C, and the residence
time was also varied between 45, 90, 135 and 180 min to
investigate the effect of changing reaction conditions on the
hydrochar products. The increase in the process conditions
resulted in increased fixed carbon with 78.73% as the high-
est obtained at 260°C/180 min while moisture content, ash
content and volatile matter were reduced. The hydrochar
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yield ranged from 28.57% at 180°C/45 min to 17.58% at
260°C/180 min. The highest total heat energy of 32.33 MJ/
kg was obtained with the HHV analysis of hydrochar pro-
duced at 260°C/180 min, establishing suitability as a solid
fuel. From the FTIR analysis, using phosphoric acid for
chemical modification enhanced the oxygen-containing
functional groups, increasing hydrochar's adsorptive quali-
ties. The XRD and SEM analysis revealed that temperature
and residence time significantly impacted hydrochar by
increasing their micropores and regular structures. How-
ever, at 260°C/180 min, reduced numbers of pores were
observed in the microstructure, as shown by the morphol-
ogy. Heavy metal pollution of water is a major environmen-
tal concern. Hydrochar is an effective adsorbent for heavy
metal removal from wastewater. However, the adsorption
capacity of unmodified hydrochar is limited. Consequently,
this study used phosphoric acid to modify hydrochar from
food waste to enhance its adsorption capacity for heavy
metals (Pb>*, Cu®* and Cd*"). The adsorption capacity of
the modified hydrochar for Pb**, Cu?* and Cd** ions were
332.27,348.0 and 126.57 mg g~ !, respectively, establishing
good adsorption applicability of the produced hydrochar.
Two adsorption isotherms, the Langmuir and Freundlich
isotherms, were used to evaluate the adsorption capacity
of the modified hydrochar. The Freundlich model obtained
R? values of 0.9949, 0.9996 and 0.8155 for Pb**, Cu** and
Cd**, respectively, while the Langmuir model yielded R?
values of 0.9845 for Pb**, 0.9985 for Cu** and 0.616 for
Cd**. The higher R? values for the Freundlich model showed
that it provides a better fit to the experimental data compared
to the Langmuir model, suggesting that the adsorption was
heterogeneous and multilayer in this particular study. Thus,
further investigation into the influence of adsorption parame-
ters and established process optimisation would facilitate the
consumption of HC produced from waste butternut, follow-
ing its good performance in the adsorption of heavy metals.
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