
Sustainable synthesis of energy-dense hydrochar from food waste blends 
via hydrothermal carbonisation: Process optimisation and characterisation 
using response surface methodology

Danai Pasipanodya a , Naadhira Seedat b,* , Bilal Patel c , Rishen Roopchund d

a Department of Chemical Engineering, Doornfontein Campus, University of Johannesburg, Johannesburg, 2094, South Africa
b Department of Chemical Engineering, Faculty of Engineering, the Built Environment and Information Technology, University of Pretoria, 0028, South Africa
c Institute for Catalysis and Energy Solutions (ICES), University of South Africa, UNISA Science Campus, Florida, Johannesburg, 1709, South Africa
d Department of Chemical and Materials Engineering, College of Science, Engineering and Technology, University of South Africa, Roodepoort, 1709, South Africa

A R T I C L E  I N F O

Keywords:
Central composite design
Food waste
Hydrochar
Hydrothermal carbonisation
Optimisation
Response surface methodology

A B S T R A C T

Hydrothermal carbonisation (HTC) was used to convert food waste (FW), comprising butternut waste (BW) and 
potato peels (PP), into hydrochar (HC). A central composite design (CCD) with response surface methodology 
(RSM) was used to investigate the effects of HTC temperature (140–300 ◦C), residence time (22–248 min), solid- 
to-liquid (S/L) ratio (1:11–1:15), and BW/PP ratio on HC yield, surface area (SA), and higher heating value 
(HHV). The quadratic model well-described the yield, SA, and HHV responses. The RSM-CCD maximum yield 
(40.22 %), SA (7.86 m2/g), and HHV (29.351 MJ/kg) was achieved at temperature of 204 ◦C, residence time of 
131.39 min, S/L ratio of 1:12.89, and BW/PP ratio (0.5:0.5). The predicted responses were closer to experimental 
runs, proving good model reproducibility. Notably, temperature had the most significant influence on SA and 
HHV, except for yield, which depends greatly on the FW ratio. This is because at higher temperatures, volatiles 
are more effectively driven off, concentrating the carbon-rich components that enhance both SA and HHV. At the 
same time, the yield is more dependent upon the FW ratio due to variations in feedstock composition. Elemental 
analysis showed lower H/C and O/C ratios at elevated temperatures, indicating improved carbonisation typically 
leads to a higher HHV and improved fuel quality. SEM and FTIR confirmed the flask-like structures and func
tional groups, which can play a significant role in the adsorption capabilities of HC for pollutant removal. The 
valorisation of FW into adsorbents and biofuels represents a dual breakthrough, transforming waste management 
practices while simultaneously reducing greenhouse gas emissions.

1. Introduction

Worldwide, the surge in population and rapid industrialisation has 
led to a significant increase in the generation of organic waste, partic
ularly food waste (FW) [1]. According to the Food and Agriculture 
Organisation (FAO), FW contributes to about 1.6 billion tonnes of waste 
generated annually, where about 13 % of food production is lost be
tween harvesting and retail stages and an additional 17 % discarded at 
consumption levels [2]. In the South African context, about 10 million 
tonnes of FW are discarded annually, equivalent to one-third of its total 
food production of 31 million tonnes [2]. Butternut waste (BW) and 
potato peels (PP) constitute a notable share of this FW stream. Never
theless, these BW and PP residues remain largely untreated, overlooking 
the opportunity to convert them into a high-value product. FW 

essentially ends up in landfills and subsequently degrades, releasing 
potent greenhouse gases (GHGs) like methane (CH4), which is 25 times 
more potent than CO2 in terms of climate-forcing potential over a 
100-year time period [3]. In addition, the incineration of FW residuals 
often produces a considerable amount of CO2 emissions, exacerbating 
the existing atmospheric burden of GHGs and contributing further to 
climate change. Efforts to mitigate landfill-derived GHG emissions have 
been further underscored by the pledge of more than 100 nations to 
reduce CH4 emissions by 30 % based on Vision 2030 goals [4].

Despite the challenges posed, the composition of FW makes it a po
tential source of value-added products [5]. The valorisation of FW has 
been investigated through various treatment methods, including 
anaerobic digestion, composting, animal feed, and thermochemical 
processes [6]. These treatment methods have advantages and 
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limitations; nevertheless, research in FW treatment has focused on 
creating methane through anaerobic digestion [6]. Thermochemical 
processes such as pyrolysis and gasification have received less attention 
for treating food waste, possibly due to its high moisture content (>60 
%) [7]. Thermochemical methods require waste to be relatively dry. An 
energy-intensive drying procedure is required to process high moisture 
content (MC) waste such as FW. Consequently, thermochemical recy
cling of FW remains one of the most underexplored approaches in the 
waste-to-energy field [6].

This necessitates the need to explore alternatives, such as hydro
thermal carbonisation (HTC), which offers several advantages over 
other thermochemical conversion processes, including the handling of 
wet biomass, operating at moderate temperatures (<300 ◦C), and 
yielding hydrocarbons with higher energy density [6]. HTC typically 
involves treating wet biomass at moderate temperatures under 
self-generated pressure in an aqueous environment, yielding a 
carbon-dense solid product referred to as hydrochar (HC), with char
acteristics similar to those of lignite coal [8]. HTC involves a series of 
sequential reactions, mainly dehydration, hydrolysis, condensation, and 
decarboxylation [9,10]. The process yields three distinct products: HC, a 
small quantity of gaseous CO2, and a nutrient and sugar-rich aqueous 
phase referred to as process water [11]. The HC product is characterised 
by its porous structure, elevated carbon content, and distinct surface 
functionalities, making it excellent for several industrial applications 
[11].

Recently, HTC has gained enormous attention as a novel approach to 
convert wet biomass into HC with wide potential applications such as 
soil conditioning and carbon sequestration [12], CO2 capture [13], 
adsorption [14], energy storage devices and catalyst support [15]. The 
yield and quantity of HC through HTC are usually influenced by the type 
of feedstocks, time, and temperature, making the process complex, 
costly, and difficult to model and optimise using one-factor-at-a-time 
(OFAT) analysis. Optimising HTC through response surface methodol
ogy (RSM) rather than OFAT is crucial for maximising HC production 
with a higher heating value (HHV) and energy yield, thereby enabling 
scalable process development by analysing multi-parameter effects [16]. 
RSM allows for efficient optimisation by analysing multiple parameters 
and their interactions in fewer experimental runs, thereby identifying 
optimal conditions, making the process more efficient, cost-effective, 
and less time-consuming [17]. In particular, central composite design 
(CCD)-RSM usually provides superior predictive accuracy and interac
tion analysis across the design space compared to Box-Behnken design 
and optimal (custom) designs [18].

Most previous studies have explored HTC for singular feedstocks as 
precursors for HC, including cornstalk Kang et al. [19], rice husk Zul
kornain et al. [20], and oat husk Murillo et al. [21]. However, research 
on HTC of mixed feedstocks, such as BW and PP, which can potentially 
enhance HC properties through synergistic effects, remains limited. 
Furthermore, the crucial aspect of the trade-off between optimising 
yield, HHV, and surface area (SA) remains under-researched, despite its 
importance for practical applications in energy and adsorption. The 
characteristics of HC materials, such as SA and HHV, are key factors that 
directly govern the pollutant adsorption capacity and energy density, 
respectively. The optimisation of yield and key characteristics (SA and 
HHV) of HC materials are crucial, as they respectively determine the 
economic output and directly govern performance in pollutant adsorp
tion and energy applications. Therefore, the present study aims to 
address these gaps by employing CCD-RSM to evaluate the combined 
effects of temperature, reaction time, solid-to-liquid ratio, and feedstock 
composition on HC yield, HHV, and SA response. By integrating these 
variables, this research presents a multi-response optimisation strategy 
that enhances our understanding of HC properties and offers compre
hensive insights for developing tailored HC with improved functional 
properties for sustainable applications for energy and adsorption 
purposes.

2. Materials and methods

2.1. Materials and sample preparation

The FW utilised in this study comprised BW and PP. The BW was 
obtained from Joburg Market City Deep dumpsters, South Africa’s major 
centre for marketing fresh produce. The PP wastes were collected from 
the Sebhuku fast food restaurant in Doornfontein, Johannesburg. The 
FW was then separately blended into smaller uniform particles (2–4 
mm) to promote homogeneity and better mixing inside the reactor. The 
blended FW was stored in a refrigerator at 4 ◦C at the University of 
Johannesburg, Doornfontein campus, to preserve its moisture and pre
vent degradation before the HTC experiment.

2.2. Chemicals used

De-ionised water supplied by Laboratory Supplies was used as a 
solvent and reaction medium for the HTC process. Nitrogen gas (N2) 
with 99.9 % purity, supplied by Afrox Ltd (SA), was used to purge ox
ygen from inside the reactor, making the environment inert before the 
start of the experiment.

2.3. HTC experimental setup procedure

HTC tests were carried out in a batch system, and each test was 
carried out in a desktop stainless steel high-pressure reactor with a total 
capacity of 1000 mL and a working volume of 800 mL. The reactor was 
equipped with a mechanical stirrer to ensure uniform mixing of the 
feedstock and to promote effective heat transfer during the reaction. 
Before each experimental run, the pressure vessel and the magnetic 
stirrer were thoroughly cleaned with soap and de-ionised to remove 
impurities. The BW and PP were weighed using a scale and added to the 
reactor vessel to start the experiment. For each run, 50g of either BW or 
PP on a dry basis was added to the reactor. The inherent moisture 
content (MC) in the wet feedstock was incorporated into the total liquid 
mass for the reaction. Due to the difference in MC of the PP and the BW, 
the wet basis mass of the two feedstocks differed. To obtain 50g of dry 
basis mass of PP with a MC of 78 %, 227g of moist PP were weighed. 
Similarly, 417g of moist BW with a MC of 88 % was weighed to obtain 
50g on a dry basis. To get 50g dry basis mass for the runs with a 50 % mix 
of the FW samples, 113.5g of PP and 208.5g of BW were weighed. After 
loading the FW into the reactor, de-ionised water was added based on 
the solid-liquid ratio (S/L ratio). Before the experimental run, N2 was 
used to eliminate all the oxygen inside the reactor. To purge the system, 
the gas valves of the reactor were opened, allowing nitrogen from the 
connected cylinder to flow in and out for 3 min. Afterwards, the gas 
valves were closed. The magnetic stirrer was turned on and set to 100 
rpm. The vessel was heated to the desired temperature at a constant 
heating rate of 5 ◦C/min using a heating jacket, and the temperature was 
sustained within ±10 ◦C of the set point throughout the experiment 
duration. Upon completion of each run, the reactor was left to cool 
overnight. Non-condensable gases such as CO2, CO, H2O vapour, and 
CH4 were vented through a fume hood. The HC and liquid products were 
then separated via vacuum filtration. The resulting wet HC was dried in 
a hot air oven at 105 ◦C for 24 h. Once thoroughly dried, the HC was 
collected and stored in sealed plastic sample bags for subsequent anal
ysis. Equation (1) was used to calculate the HC mass yield on a dry basis 
[22]. 

% Yield=
Mass of dry HC

Mass of dry feedstock
× 100% (1) 
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2.4. Characterisation of food waste and hydrochar samples

2.4.1. Crystallographic, functional groups, textural properties, surface 
morphology, and thermogravimetric analysis

X-ray Diffraction (XRD, Siemens D 501 model) with Ni-filtered CuKα 
radiation (α = 1.54056 Å) set at 2Theta (2θ) range (10◦–90◦) was used to 
determine the crystalline and amorphous structure of the FW and HC 
samples. Fourier transform infrared spectroscopy (FTIR, Thermo Sci
entific spectrometer) set at wavenumber the 400 to 4000 cm− 1 spectral 
range was used to identify the functional groups of HC and BW samples. 
Micrometrics TriStar II using Brunauer-Emmett-Teller (BET) method 
was used to determine the SA measured via N2 adsorption after samples 
(BW and HC) degassing at 120 ◦C. The Scanning Electron Microscope 
(SEM, JOEL JSM-7900 F model) operated with an emission current of 
61.6 μA, magnification of ×2000–x10000, and a working distance of 10 
mm was used to examine surface morphology of the samples. A ther
mogravimetric analyser (TGA, HITACHI STA-7200RV model) was used 
evaluate the thermal decomposition of the FW and HC samples at a 
temperature range of 25–1000 ◦C (heating rate of 20 ◦C/min under) 
inert environment with a nitrogen flow rate of 25 mL/min.

2.4.2. Ultimate analysis, proximate analysis and higher heating value
LECO TruSpec analyser following ISO 12902 and ISO 19579-CHNS 

instrumental method was used to determine the ultimate analysis, 
particularly quantifying the elemental composition (carbon (C), 
hydrogen (H), nitrogen (N), oxygen (O), and sulphur (S) content). Ox
ygen content was estimated using Equation (2). 

Oxygen %=100 − (Carbon %+Hydrogen %+Nitrogen %
+ Sulphur %+Ash%

(2) 

Proximate analysis of FW and HC samples were conducted following 
the Automated thermogravimetry (ASTM D5142) standard to determine 
volatile matter (VM), MC, fixed carbon (FC), and ash content using LECO 
TGA 701 instrument. Briefly, MC, VM, and ash content measured via 
thermogravimetric analysis at set temperatures of 107 ◦C in an inert 
atmosphere and isothermally, continue heating the same sample under 
nitrogen to 950 ◦C, and purging oxygen gas at 950 ◦C and hold to 
combust all carbon, respectively. The remaining non-combustible res
idue was recorded as Ash %. FC was computed by subtracting the sum of 
other components (MC, VM, and Ash %) from the total mass. HHV of FW 
and HC samples were measured using Leconfield bomb calorimeter 
calibrated with benzoic acid.

2.5. Experimental design

The HTC experimental runs were designed and optimised using CCD- 
RSM method using Design Expert 13 software. CCD was used because of it 
can fit full quadratic models, efficiently explore factor interaction and 
evaluate non-linear relationship, robust predictive power, and build on 
factorial designs. Four parameters mainly A-temperature (140–300 ◦C), 
B-residence time (22–248 min), C-S/L ratio (1:11–1:15) including the 
moisture present in feedstock, and D-BW/PP ratio. Note, numerical 
values (0, 0.5, and 1) were used to represent the BW, mixed BW/PP (1:1), 
and PP, respectively, because the CCD framework requires quantitative 
rather than categorical inputs. The parameter value ranges were based on 
related studies [23]; [24]; [25]. To enhance model reliability and pre
dictive accuracy, 30 experimental runs were performed Supplementary 
Information Table S1. The design structure included a mix of factorial, 
axial, and centre points in a ratio of 16:8:6. Additionally, Analysis of 
Variance (ANOVA) was also employed to assess statistical validity. In 
RSM, ANOVA statistical indicators including sequential p-value (<0.05), 
lack of fit p-value (>0.05), coefficient of regression (R2), and coefficient 
of variance (C.V.% ≤ 10) were used to confirm the significance of 
higher-order terms, verify model adequacy, indicate explained variance, 
and check reproducibility of the model, respectively [26].

3. Results and discussion

3.1. HTC modelling and ANOVA analysis

Table S2 depicts the model fit summary based on statistical metrics 
of the three response factors (mass yield, SA, and HHV). The interpre
tation of the statistical metrics is well-explained by Orero et al. [27]. 
Linear models proved to be inadequate to yield (p-value = 0.0007), SA 
(p-value = 0.0359), and HHV (borderline fit p-value = 0.0526) due to 
significant lack of fit. The two-factor interaction (2FI) model showed an 
inconsistent performance based on a marginally significant improve
ment of the lack of fit p-value of 0.0135 and 0.0014 for HHV and yield 
response, respectively, but poorly underperformed for SA response 
(insignificant sequential p-value = 0.8808 and negative predicted R2 =

− 0.0546). Overall, the quadratic model outperformed all the models, 
showing highly significant sequential p-values (<0.05), adequate lack of 
fit (>0.05), and adjusted R2 (0.84–0.96 % generally good), indicating 
higher order models, adequate fit, and good explanatory power, 
respectively [28]. Cubic models proved to be problematic, exhibiting 
aliasing behaviour possibly due to insufficient data and the CCD design 
employed, which does not support third-order estimation. In compari
son, yield response (predicted R2 = 0.8668) is the most accurately 
predicted, followed by SA (predicted R2 = 0.6082) and HHV response 
(predicted R2 = 0.5746) using the quadratic model. This is because yield 
is governed by more direct and consistent mass conservation mecha
nisms during HTC process. Notably, the SA response exhibited the most 
drastic improvement, with quadratic models indicating that its devel
opment is highly non-linear and driven by complex pore formation and 
collapse. HHV response showed the most balanced progression through 
model orders reflecting the multi-faceted nature of energy densification 
during HTC. This phenomenon can be explained by direct linear effects 
(temperature-driven carbonisation), interactive effects of temperature 
and S/L ratio, and curvature effects (optimal FW blending ratios), which 
collectively govern the complex thermochemical transformations, 
dehydration, and carbon-oxygen exchange that determine the final en
ergy content of the HC. The consistent, robust performance of quadratic 
models on the three responses suggests that HTC is a process governed 
by non-linear relationships and interaction effects between process 
variables. The quadratic model was the highest order polynomial 
equation that well described the relationship between the factors and 
three responses coded Equations (4) and (5)-(6). 

Yield (%)= +36.96 − 8.88A − 0.374B + 2.84C − 8.78D − 1.23AB

+ 0.7373AC + 0.8152AD − 4.02BC − 1.82BD − 3.02CD + 0.6305A2

− 2.33B2 − 3.51C2 − 1.67D2

(3) 

Surface area= + 7.68 − 0.9075A + 0.1695B − 0.3296C + 1.77D

+ 0.3647AB + 0.2831AC − 0.1784AD + 0.3551BC − 0.6541BD

− 0.1136CD − 1.61A2 + 0.4767B2 − 0.6097C2 − 0.6712D2 (4) 

HHV= + 30.91 + 3.93A + 0.3046B + 0.6461C − 1.21D + 0.1758AB

+ 2.60AC + 1.65AD − 1.92BC − 1.54BD + 0.3639CD − 0.5191A2

− 1.03B2 − 0.8837C2 − 3.10D2

5) 

From the ANOVA analysis (Tables S3–S5), the quadratic models were 
found to be highly significant (p-value = < 0.0001) with insignificant 
lack of fit on yield (p-value = 0.0559 and C.V.% = 7.88), SA (p-value =
0.5694 and C.V.% = 17.32), and HHV (p-value = 0.5730 and C.V.% =
8.00) responses, indicating it to be the best fit function of the three re
sponses. Furthermore, the predicted vs. actual plot (Table S6a–S8a) 
showed that most data points are aligned along the diagonal line, indi
cating a good model fit, which means the predictions are consistent with 
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the experimental values [29]. A-temperature, C-S/L ratio, D-BW/PP 
ratio, BC-time x S/L ratio, BD-time x BW/PP ratio, CD-S/L ratio-BW/PP 
ratio, B2, and C2 were found to be significant factors. In contrast, B, AB, 
AC, and AD were found to be insignificant factors in the yield response. 
A-temperature (p-value <0.0001 and F-value = 298.11) was the domi
nant factor, indicating a strong influence on the yield response. Addi
tionally, B-time alone was found to be insignificant, but significant when 
interacting with other factors (S/L ratio and BW/PP ratio). The strong 
curvature effects of B2 and C2 indicate non-linear relationships. For the 
SA response, A, D, BD, and A2 were found to be significant, but B, C, AB, 
AC, AD, BC, CD, B2, and C2 were not, for HHV response A, D, AC, AD, BC, 
BD, B2, C2, and D2 were found to be significant, while B, AB, CD, and A2 

insignificant. From the results, A-temperature is most critical for both 
yield and HHV responses, while it affects SA through quadratic re
lationships. The D-BW/PP ratio is most critical for SA (pore develop
ment), significant for yield (mass conservation), and affects HHV 
(energy content). Time was found not to be significant for any response, 
but it showed multiple significant interactions. Depending on the 
desired HC characteristics, optimal processing varies according to the 
specific factors. To maximise yield, temperature and the BW/PP ratio 
are essential; to achieve high SA, the BW/PP ratio and the quadratic 
effect of temperature should be prioritised; and to attain a high HHV, 
temperature, along with its interactions with both the S/L and BW/PP 
ratios, are crucial, verified by perturbation analysis (Table S6b–S8b).

3.2. Interactive effect of factors on the yield response

Fig. 1(a–f) provides an insight into the interactive effects of the pa
rameters on yield during HTC on FW. Fig. 1(a) shows an interactive 
effect of temperature and time on yield at a constant S/L ratio (1:13) and 
BW/PP (0.5). The results indicate a significant reduction in HC yield 
with increasing temperature and time, with the lowest yield (10 %) 
observed at 260 ◦C and 180 min, and the highest yield (58 %) at 140 ◦C 
and 113 min. This negative correlation was also reported by Peri
yavaram et al. [17], who noted significant biomass decomposition into 
volatile compounds due to prolonged reaction times and elevated tem
peratures, facilitating thermal conversion reactions. A study reported by 
Nizamuddin et al. [29] demonstrated that an enhanced carbonisation 
process reduces the retention of solid biomass and consequently lowers 

yield. Fig. 1(b) shows the interactive effects of S/L ratio and temperature 
on HC yield. The results reveal that an increase in the S/L ratio, 
accompanied by a decrease in temperature, enhances HC yield due to 
increased solubilisation. Similar trend was observed by Ref. [30,31]. It 
can be explained that a higher S/L ratio enhances the ability of the liquid 
phase to solubilise biomass-derived compounds for carbon retention, 
thereby improving HC yield. Conversely, lower S/L ratios tend to reduce 
HC formation due to a lower liquid phase capacity for carbon retention 
[32]. Interestingly, a decrease in the BW/PP ratio (0-HC from BW, 1-HC 
from PP, and 0.5-HC as the mix of BW/PP) led to an increase in yield, as 
shown in Fig. 1(c), (e), and 1(f). Since, BW is more fibrous with higher 
lignin-rich as compared to PP, it poses high resistance to hydrolysis 
under high temperatures [33]. This structural characteristic possibly 
reduces the conversion efficiency of BW-rich FW. Hence, optimising the 
BW/PP ratio during the HTC process is essential for improving yield. 
Fig. 1(d) shows the interactive effects of S/L ratio and time on HC yield. 
The results reveal that an increase in the S/L ratio, accompanied by a 
decrease in reaction time, significantly enhances HC yield. This obser
vation is consistent with the results reported by Álvarez-Murillo et al. 
[30], who demonstrated that the equilibrium between reaction time and 
the S/L ratio is a crucial factor for maximising HC production, which 
directly enhances biomass conversion efficiency.

3.3. Interactive effect of factors on the surface area response

As shown in Fig. 3(a)–(c), an increase in temperature up to approx
imately 220 ◦C positively influences the SA of HC. This phenomenon 
may be associated with the development of microporous and meso
porous structures on the carbon matrix resulting from the release of 
volatile compounds. However, the SA decreased due to pore collapse at 
temperatures above 220 ◦C. A similar observation was reported by Saqib 
et al. [34], where the SA of HC synthesised from FW at 200–300 ◦C 
increased and then decreased with increasing operating temperatures. 
Fig. 2(a, d, and e) highlights the effect of process time on SA. An increase 
in process time does not significantly affect the SA. This can be attrib
uted to the fact that most structural changes occur once a specific 
temperature has been reached, hence extending the time has minimal 
additional effects on SA. Fig. 2(b, d, and f) depicts the impact of the S/L 
ratio on SA. Increasing the S/L ratio has a minimal effect on the HC SA. 

Fig. 1. 3D Response surface for yield showing the effects of (a) temperature and time, (b) temperature and S/L ratio, (c) BW/PP ratio and temperature, (d) S/L ratio 
and time, (e) BW/PP ratio and time, and (f) BW/PP ratio and S/L ratio.
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Since HTC is temperature-dominant, high temperatures may result in 
the rapid formation of HC, thereby masking the impact of water content. 
The BW/PP ratio had a significant effect on SA, as evidenced by Fig. 2(c) 
and (e), and 2 (f). The HC synthesised from PP had a significantly higher 
SA compared to the HC synthesised from BW. This can be attributed to 
PP having higher lignin and cellulose content, which facilitates the 
formation of rigid, porous carbon structures. PP is also more fibrous than 
the BW, which helps retain the structure and thus improves the porosity 
of the resultant HC.

3.4. Interactive effect of factors on the HHV response

Fig. 3 illustrates the effect of HTC process variables and their inter
action on the HHV response. As shown in Fig. 3(a–c), an increase in 
reaction temperature led to higher HHV, which contrasts with the 
decreasing trend observed in HC yield. The increase in temperature 
promotes decarboxylation and dehydration reactions, reducing the O/C 
and H/C ratios of HC due to carbon enrichment, thereby increasing the 
HHV [35]. A similar observation was also obtained in a study by Murillo 
et al. [21] on the valorisation of oat husk by HTC. As demonstrated in 
Fig. 3(a, d, and e), the effect of HTC residence time was less significant 
than that of temperature, with the response surface consistently 

Fig. 2. 3D Response surface for SA showing the effects of (a) temperature and time, (b) temperature and S/L ratio, (c) BW/PP ratio and temperature, (d) S/L ratio 
and time, (e) BW/PP ratio and time, (f) BW/PP ratio and S/L ratio.

Fig. 3. 3D Response surface for HHV showing the effects of (a) temperature and time, (b) temperature and S/L ratio, (c) BW/PP ratio and temperature, (d) S/L ratio 
and time, (e) BW/PP ratio and time, (f) BW/PP ratio and S/L ratio.
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increasing with increasing temperature. This indicates that residence 
time contributes only marginally to the increase in HHV compared to the 
more pronounced impact of reaction temperature. This is because the 
effect of reaction time on HTC reactions, such as hydrolysis, lasts within 
a definite time range, and afterwards, no significant change is observed 
in HHV [36]. Fig. 3(b, d, and f) depicts the influence of the S/L ratio on 
the HHV. Increasing the S/L ratio had minimal effect on the HHV, as the 
HHV is an intrinsic property governed by the chemical composition of 
the solid substrate rather than its concentration in the slurry. A similar 
trend on the influence of S/L ratio on HHV was also reported by Murillo 
et al. [21]. The impact of the BW/PP ratio is outlined in Fig. 3(c, e, and 
f). The BW/PP ratio had a minimum effect on the HHV due to the slight 
difference in the raw BW and PP in the HHV.

3.4.1. Comparison of the fuel properties of HC-derived FW with other 
studies

Table 1 presents a comparison of the fuel properties of HC derived 
from FW in this study with those reported for HC produced from various 
feedstocks in the literature. In this study, the HHV (27.98 MJ/kg) of FW- 
derived HC (mixed BW/PP) was obtained at 204 ◦C, which is markedly 
higher compared to other studies. For instance, HC derived from rice 
husk achieved a HHV of 17.60 MJ/kg at 170 ◦C [37], HC derived from 
agri-FW achieved a HHV of 24.50 MJ/kg at 300 ◦C [38], and HC derived 
from FW achieved a HHV of 21.34 MJ/kg at 150 ◦C [17]. However, the 
present study achieved the lowest HC mass yield as compared to the 
literature [39]. The low mass yield may be due to the increased thermal 
degradation that occurs at this optimal temperature and prolonged 
residence time, leading to the conversion of a greater proportion of the 
organic matter into volatile compounds rather than solid carbonaceous 
material. The high HHV indicates that the resulting HC is more 
energy-dense, as it is enriched in carbon content and has a superior 
energy profile, despite the lower yield. This trade-off highlights the 
potential for producing high-quality fuel from FW through precise 
control of HTC parameters, prioritizing energy content over mass yield.

3.5. Optimum conditions for HC preparation

The optimum conditions for HC preparation from FW (BW and PP) 
were determined based on set constraints (Table S10). The maximum 
yield (40.22 %), SA (7.86 m2/g), and HHV (29.351 MJ/kg) were ach
ieved at a temperature of 204 ◦C, residence time of 131.39 min, S/L ratio 
of 1:12.89, and BW/PP ratio of 0.5 (1:1) (Table S10). The experiment 
was conducted under similar optimum conditions to validate the pre
dicted yield, SA, and HHV values, achieving a yield of 36.77 %, SA of 
8.42 m2/g, and HHV of 27.98 MJ/kg. This slight deviation indicates high 
reproducibility of the quadratic model for the three responses. Impor
tantly, optimisation reveals a trade-off in parameters, indicating the 

potential to enhance yield and HC characteristics from FW. This can be 
achieved by precisely controlling HTC conditions to tailor HC charac
teristics for specific application requirements, prioritizing optimised 
functionality for adsorption or energy over maximising mass yield.

3.6. Characterisation of food waste and hydrochar samples

3.6.1. Elemental composition
Table 2 presents the ultimate analysis of raw FW and the HC samples 

at varying operating conditions. Ultimate (elemental) analysis is crucial 
for evaluating the elemental composition of a material, which plays a 
vital role in determining the oxygen demand required for efficient bio
fuel combustion [37]. The results reveal significant trends influenced by 
HTC process conditions and the composition of the feedstock. The 
higher nitrogen content in the FW compared to the HC samples can be 
attributed to the significant amounts of protein-rich materials and other 
organic matter. In comparison to the raw FW, the HC samples produced 
at higher reaction severities exhibited significant variations in the 
CHONS composition, which also aligns with previous research ([23]; . 
The carbon content in HC samples ranged from 47.38 wt% to 73.07 wt 
%, with higher values typically obtained at elevated temperatures and 
longer residence times, indicating enhanced dehydration and decar
boxylation, which further contributed to the increased HHV of the HC 
[40]. The HC hydrogen content varied between 5.27 wt% and 9.53 wt%, 
generally decreasing with higher operating conditions as volatiles are 
driven off. The nitrogen content observed in HC samples synthesised for 
shorter reaction times was higher compared to those synthesised at 
longer times due to the degradation of fewer proteins. The oxygen 
content ranges from 5.82 wt% to 41.66 wt% and consistently decreases 
with increasing temperature and time, thereby improving the energy 
density of the solid HC [41]. The sulphur content remained low across 
all the samples (<0.1 wt%), with few exceptions, which is favourable for 
minimising environmental pollution during utilisation. Overall, higher 
carbon and lower oxygen contents in samples produced under 
high-severity conditions suggest suitability for use as solid fuels or 
carbon-rich materials [40]. The HTC process also led to a reduction in 
nitrogen and sulphur content, which is advantageous as it lowers the 
potential emissions of NOx and SOx during the combustion of HC as a 
solid fuel [21].

To further understand the chemical evolution of the FW samples 
during the HTC process at varying operating conditions, the Van Kre
velen diagram was utilised, as seen in Fig. 4. The atomic H/C against O/ 
C provides an insight into the degree of carbonisation and the evolving 
chemical structure of the material. The H/C and O/C ratios decreased 
with increasing reaction temperature and time, with the HC product 
synthesised at 260 ◦C and 180 min, closer to the sub-bituminous region. 
This can be attributed to the removal of oxygen from the raw FW 

Table 1 
Comparison of properties from different optimised HTC processes.

Feedstock Parameters Ranges Optimal Conditions Response Optimal Values Ref

FW Temperature (◦C) 
Time (min) 
S/L (g/g)

160–260 
40–360 
0.067–0.2

198.5 
150 
0.2

MY
a

HHV
62.05 
21.34

[17]

Spent coffee grounds Temperature (◦C) 
Time (min) 
S/L (g/g)

180–220 
60–300 
0.1

216.4 
60 
–

MY
a

HHV
63.93 
–

[39]

Agri-FW Temperature (◦C) 
Time (mins) 
S/L (g/g)

190–230 
60–300 
5–20

211.5 
300 
7.8

MY
a

HHV
– 

24.50
[38]

Rice husk Temperature (◦C) 
Time (min) 
S/L (g/g)

150–200 
10–30 
0.125–0.25

170 
22 
0.222

MY
a

HHV
71.80 
17.60

[37]

FW (BW/PP) Temperature (◦C) 
Time (min) 
S/L (g/g)

140–300 
22–248 
11–15

204 
131 
13

MY
a

HHV
36.77 
27.98

Current study

a MY – Mass yield (wt.%).
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samples during dehydration and decarboxylation reactions, which en
hances the carbonisation degree of the HC product [25]. Thus, 
contributing to the higher HHV of the HC produced.

3.6.2. Proximate analysis
Table 3 summarises the proximate analysis results of the raw FW and 

HC samples synthesised at varying operating conditions. Proximate 

Table 2 
Elemental composition of raw FW and HC samples under varied conditions.

Sample Temp (◦C) Time (min) S/L ratio BW/PP ratio Ultimate analysis (wt.%)

C H N O S

BW ​ ​ ​ ​ 50.24 7.06 5.73 29.47 0.28
PP ​ ​ ​ ​ 44.56 6.08 5.39 41.66 0.80
1 260 45 12 1 67.66 5.96 4.22 15.07 0.00
2 180 180 12 0 52.80 5.27 3.28 35.59 0.00
3 220 22 13 0.5 60.33 6.53 3.57 15.82 0.67
4 220 113 13 0.5 64.76 6.37 3.71 21.87 0.00
5 220 113 13 0.5 64.49 6.55 3.91 21.47 0.11
6 300 113 13 0.5 72.54 6.86 4.38 12.09 0.12
7 220 248 13 0.5 63.14 5.79 4.31 22.17 0.04
8 180 45 12 1 50.59 5.79 3.34 35.18 0.03
9 180 180 14 0 56.57 5.67 4.45 29.10 0.08
10 260 45 14 0 71.52 7.44 4.20 14.34 0.07
11 260 180 12 0 72.24 6.21 4.18 13.96 0.06
12 140 113 13 0.5 45.60 6.09 2.84 40.31 0.00
13 220 113 11 0.5 63.47 6.09 3.70 22.69 0.08
14 180 45 12 0 52.84 5.64 3.46 34.22 0.03
15 260 45 14 1 68.64 6.37 4.26 17.12 0.06
16 220 113 15 0.5 63.93 6.42 3.47 22.54 0.06
17 180 45 14 1 54.82 6.19 3.62 30.42 0.08
18 220 113 13 0.5 64.98 6.26 3.75 21.60 0.06
19 260 180 12 1 72.10 6.29 4.18 13.20 0.05
20 220 113 13 1 64.73 5.90 3.51 22.59 0.07
21 260 45 12 0 69.69 7.31 4.10 14.74 0.06
22 260 180 14 1 73.07 6.68 4.11 13.11 0.10
23 220 113 13 0.5 63.08 6.39 4.15 22.42 0.08
24 220 113 13 0.5 62.08 6.11 3.60 24.79 0.09
25 260 180 14 0 70.99 6.84 4.70 13.81 0.00
26 180 180 12 1 54.39 5.76 3.77 31.00 0.06
27 220 113 13 0.5 59.17 5.88 3.77 26.47 0.06
28 180 45 14 0 47.38 5.80 4.12 39.53 0.00
29 180 180 14 1 55.34 5.81 3.59 30.79 0.04
30 220 113 13 0 65.54 6.68 3.84 20.00 0.05

Fig. 4. Van Krevelen diagram of raw FW (BW and PP) and HC samples at varying operating conditions [Numerical sample labels: W-X-Y-Z referred to temperatures- 
residence time-S/L ratio-BW/PP ratio].
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analysis assesses the energy content by analysing the combustible 
components (VM and FC) and the non-combustible components (MC and 
ash) of HC as a solid feed [41]. The proximate analysis of the BW and PP 
shows key differences that influence the properties of the resulting HC. 
BW exhibited a higher MC of 88.00 wt% compared to PP at 78.00 wt%, 
while both feedstocks showed relatively similar content of VM (75.82 wt 
% for BW and 76.89 wt% for PP) and low FC content (13.86 wt% and 
15.00 wt%, respectively). The MC is primarily due to the cell vacuoles 
and interstitial spaces, which are common in fresh produce. High VM is 
also indicative of the relatively low lignin content typical of vegetative 
waste compared to woody biomass. Additionally, low FC is due to a 
greater proportion of cellulose and hemicellulose in BW and PP, which, 
upon thermal processing, yield more volatiles and fewer stable char 
residues, thus contributing to low FC. These findings indicate that both 
feedstocks in their raw state are not ideal fuels due to excessive moisture 
and low carbon stability. Varying process parameters significantly 
affected the proximate composition of the HC product. Temperature had 
the most significant influence.

As the temperature increased, moisture and VM content generally 
decreased, while FC increased. HC produced at 300 ◦C had a very low 
MC (0.82 wt%) and VM (60.22 wt%), while the FC content increased 
(34.83 wt%). In contrast, HC produced at 140 ◦C resulted in HC with 
high VM (78.78 wt%) and low FC (14.10 wt%), indicating the signifi
cance of higher temperatures for effective carbonisation. Reaction time 
also had an influence, particularly at elevated process temperatures. 
Longer residence times resulted in further decomposition of VM and 
enhanced the FC content. Increasing the time from 45 min to 180 min at 
260 ◦C resulted in a decrease in VM from 55.06 wt% to 52.79 wt% and 
an increase in FC from 36.46 wt% to 42.13 wt%. This trend can be 
attributed to enhanced coalification, decarboxylation, and dehydration 
reactions occurring at high temperatures and reaction times [42]. 
Although the impact of time was less pronounced than temperature, it 
became more significant at higher HTC temperatures. The S/L ratio 

influenced the thermal environment and mass transfer during HTC. 
Lower S/L ratios improved dispersion and hydrolysis, resulting in 
slightly higher FC content [43]. Increasing the S/L ratio from 1:11 to 
1:15 at similar operating conditions slightly decreased FC content from 
31.15 wt% to 30.65 wt%. The feedstock composition also significantly 
affected the HC proximate characteristics. The HC sample produced 
from equal amounts of BW and PP exhibited a high FC content compared 
to those made from homogeneous feedstocks. This indicated that 
blending feedstocks influenced hydrochar properties. The results sug
gest that elevated temperatures and longer residence times favour FC 
enrichment in HC, while feedstock composition and S/L ratio moder
ately influence these proximate characteristics. Most of the samples 
showed reduced ash content compared to the raw BW (7.50 wt%) and 
raw PP (5.31 wt%), indicating partial removal of inorganics during HTC. 
Despite being produced under identical HTC conditions, HCs from 
different feedstocks exhibited different ash content. This could be 
ascribed to the differences in mineral composition and ash-forming 
tendencies between BW and PP. Blended feedstocks typically showed 
ash contents between 3.27 and 4.95 wt%, suggesting a moderate and 
consistent ash retention behaviour due to the balancing effect between 
the two biomass types. HC samples processed at longer times and lower 
S/L ratios generally exhibited lower ash content, likely due to enhanced 
leaching of soluble minerals. Overall, the results affirm that elevated 
temperatures and extended residence times enhance FC enrichment in 
HC, directly correlating with the HHV of the produced HC. These results 
align with previous studies for the HTC of cellulose [44], olive mill 
wastes [32], and lignocellulosic biomass [45].

3.6.3. Surface morphology analysis
Fig. 5 presents the SEM morphology of raw FW and HC samples 

prepared under varying conditions at a magnification of ×2000, linking 
their characterisation to adsorption properties and HHV applications. In 
Fig. 5(a–b), the morphology of the raw FW samples depicts spherical 

Table 3 
Proximate analysis of raw FW and HC samples at varying process conditions.

Sample Temp (◦C) Time (mins) S/L ratio BW/PP ratio Proximate analysis (wt.%)

MC VM Ash FC

BW ​ ​ ​ ​ 88.00 75.82 7.50 13.86
PP ​ ​ ​ ​ 78.00 76.89 5.31 15.00
1 260 45 12 1 1.38 55.06 7.09 36.46
2 180 180 12 0 3.09 63.35 3.06 30.51
3 220 22 13 0.5 1.99 71.33 4.75 21.93
4 220 113 13 0.5 2.15 62.85 3.29 31.70
5 220 113 13 0.5 1.61 67.72 3.58 27.10
6 300 113 13 0.5 0.82 60.22 4.13 34.83
7 220 248 13 0.5 2.36 61.04 4.59 32.01
8 180 45 12 1 3.23 72.12 5.10 19.55
9 180 180 14 0 2.35 67.75 4.21 25.69
10 260 45 14 0 0.71 66.52 2.50 30.26
11 260 180 12 0 1.67 52.79 3.41 42.13
12 140 113 13 0.5 1.96 78.78 5.16 14.10
13 220 113 11 0.5 1.78 63.02 4.05 31.15
14 180 45 12 0 2.20 72.20 3.84 21.76
15 260 45 14 1 1.12 57.56 3.61 37.71
16 220 113 15 0.5 1.74 63.96 3.64 30.65
17 180 45 14 1 3.07 70.33 4.95 21.65
18 220 113 13 0.5 1.62 62.19 3.41 32.78
19 260 180 12 1 1.53 52.45 4.23 41.80
20 220 113 13 1 1.82 58.14 3.27 36.77
21 260 45 12 0 0.84 65.14 4.16 29.86
22 260 180 14 1 0.83 57.19 3.03 38.95
23 220 113 13 0.5 1.55 69.13 3.96 25.36
24 220 113 13 0.5 1.59 65.05 3.42 29.95
25 260 180 14 0 0.94 60.37 3.66 35.02
26 180 180 12 1 4.83 66.31 5.08 23.77
27 220 113 13 0.5 1.90 60.44 4.71 32.95
28 180 45 14 0 1.94 73.82 3.17 21.07
29 180 180 14 1 3.38 62.20 4.47 29.95
30 220 113 13 0 2.09 72.68 3.94 21.29
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deposits on the biomass surface and minimal pore development. These 
characteristics can be attributed to the natural biominerals (phytoliths) 
or structured bump features present in untreated biomass [46]. Similar 
silica-structured bumps in biomass were also reported by Alhinai et al. 
[47] during the production of biochar from rice husk. These structured 
features indicate their potential for pollutant uptake and porous 
carbon-based biofuel. Fig. 5(c–e) shows the morphology of HC samples 
at temperatures of 140 ◦C, 220 ◦C, and 300 ◦C, respectively. A wrinkled 
surface morphology is observed at low temperatures, indicating thermal 
shrinkage and dehydration. However, at high temperatures, the biomass 
structure is severely degraded due to intense HTC reactions [48]. The 
intense HTC can enhance the energy density by modifying the structural 
properties that impact adsorption capabilities. Fig. 5(f–h) displays the 
HC micrography at times of 22 min, 113 min, and 248 min, respectively. 
Microspheres emerge at the lowest residence time, with higher frag
mentation observed at increased reaction durations. The emerging mi
crospheres can be attributed to incomplete degradation, as the reaction 
is intense and short-lived (intermediate stage of HTC) [49]. The 
observed fragmentation is due to the breakdown of lignin, hemicellu
lose, and cellulose, leading to structural collapse [50]. By enhancing SA 
for adsorption and increasing fixed carbon for HHV, this fragmentation 
directly tailors HHV for dual application in pollutant removal and en
ergy recovery. As highlighted in Fig. 5(i–k), increasing the S/L ratio led 
to a highly dilute environment, promoting the formation of thin carbon 
films and smoother carbon microspheres due to enhanced solubilisation 
and recondensation dynamics [51]. These structural changes contribute 
to the large SA and carbon densification, which can positively affect the 
adsorptive properties of HC and improve fuel ratios, respectively. In 

Fig. 5(l–n), the morphology of HC from the PP, BW, and the heteroge
neous mix can be seen. The HC from homogenous feedstocks depicted a 
more uniform surface texture due to homogenous compositions. PP HC 
exhibited a dense, spherical, and clumpy surface due to its high starch 
content. In contrast, the BW HC showed numerous carbon microspheres 
mainly due to the high fibre content in the feedstocks’ cellulose and 
hemicellulose [52]. The heterogeneous HC sample exhibited flask-like 
structures due to dehydration and aromatisation (Fiori et al., 2014), 
which is important for the adsorption of pollutants, as their unique ge
ometry offers high capacity and strong retention.

3.6.4. Surface functional groups
FTIR analysis was utilised to examine the changes in surface func

tional groups of the raw FW samples (rBW and rPP) and the corre
sponding HC products (HCBW-PPx-y) obtained at different operating 
conditions, and the FTIR spectra are shown in Fig. 6. The peak at 3400 
cm− 1 is assigned to the -OH vibrational group, which can be attributed 
to the hydroxyl group of water in the feedstock sample [19]. The peak at 
2800 cm− 1 is from the C-H group, which shows the presence of aliphatic 
substances [53]. The wavelength range of 1800 to 700 cm− 1 corre
sponds to the characteristic resonance region of oxygen-containing 
functional groups, primarily including aromatic ring (C=C), carbonyl 
(C=O), ether linkages (C–O), and the bending vibrations of methyl 
groups [54].

In Fig. 6(a), the spectra of the raw FW and the HC showed some 
similarity in shape. Still, the vibrational peaks of the HC prepared at 
varying temperatures were significantly different. Interestingly, in 
contrast to previous studies, which reported a progressive decline in the 

Fig. 5. SEM images comparing raw FW biomass (a–b) to hydrochar produced under different conditions: temperature (c–e), time (f–h), S/L ratio (i–k), and mixed 
BW/PP (l–n). [Numerical sample labels W-X-Y-Z referred to temperatures-residence time-S/L ratio-BW/PP ratio].
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-OH stretching vibration with increasing HTC temperature due to 
dehydration and the loss of hydroxyl-containing functional groups [25], 
the present study observed a notable persistence and slight increase of 
the O-H peak at higher temperatures (220–300 ◦C). This unusual result 
may be attributed to the formation of new phenolic -OH groups from 
lignin-like condensation products, or to surface-bound water 
re-adsorbed due to the increased porosity of HC. This trend deviates 
from the expected outcome and suggests that secondary reactions during 
HTC might reintroduce or stabilise hydroxyl functionalities under 
certain conditions. The intensity of the C-H peak significantly increased 
with the increase in HTC temperature, which can be attributed to the 
repolymerisation of HC into waxier, aliphatic structures. Such findings 
suggest that secondary reactions during HTC may help retain or stabilise 
hydroxyl functionalities under specific conditions, thereby enhancing 
the HC adsorption capacity for pollutants.

In Fig. 6(b), increasing the HTC residence time enhanced carbon
isation of the FW samples. This can be evidenced by the reduction of O-H 
and C-O peaks and the intensification of the C=C band. An increased 
degree of carbonisation can significantly enhance the carbon densifi
cation. These changes suggest progressive dehydration, decarboxyl
ation, and aromatic condensation, consistent with enhanced HC stability 
and lower polarity at extended reaction times [40]. Increasing the 
solid-to-water ratio, as shown in Fig. 6(c), resulted in HC with higher 
oxygenated functional groups, as indicated by the intensified -OH and 
C=O peaks in the FTIR spectra. This trend suggests milder reaction 
severity and less extensive aromatisation, likely due to the dilution of 
reactive intermediates. These findings align with previous studies, 
which report that high water ratios enhance the preservation of polar 
surface functionalities, thereby improving the adsorptive properties of 
the HC [55]. In Fig. 6(d), the observed decrease in the O-H, C=O, C-H, 
and C-O peaks in the FTIR spectra of HC from the mixed butternut and 
potato peels feedstock suggests enhanced thermal degradation and 
transformation of organic functional groups. The blending may have 
intensified dehydration, decarboxylation, and depolymerisation re
actions, resulting in fewer surface hydroxyl, carbonyl, aliphatic, and 
ether groups [10]. These alterations underline the complex interplay 

between FW composition and functional group preservation, key factors 
influencing the adsorption capabilities of HC for pollutant removal.

3.6.5. X-ray diffraction analysis
The XRD patterns of raw FW samples and the corresponding HC 

products (HCBW-PPx-y) obtained at different conditions are illustrated in 
Fig. 7. The raw BW and PP samples show well-defined peaks at 2θ of 160 

(001) and 220 (002), and this may be ascribed to the lateral arrangement 
of microcrystals and the linear configuration of polymer chains. [56]. 
While the HC peak patterns were similar to those of the raw FW samples 
in Fig. 7(a), variations were evident because of the interplay between 
lignin and hemicellulose. An increase in HTC process temperature 
significantly decreased the cellulose peaks, while the lignin peaks 
became more pronounced. This shift indicated cellulose decomposition 
into amorphous carbon [57]. Fig. 7(b) shows similar trends with 
increasing HTC reaction time from 22 to 248 min. Broad peaks at 2θ of 
230 (15-350) and 430 (40-450), corresponding to (002) and (101) planes 
respectively, are observed. The (002) and (101) diffraction planes 
correspond to amorphous and graphitic carbon with low degrees of 
graphitisation. Fig. 7(c) depicts the impact of the biomass-to-water ratio 
(BWR) on the resultant HC product. The sharp cellulose peaks diminish 
as water content increases, suggesting enhanced carbonisation and 
condensation of lignin and solubilised components [58]. Homogeneous 
(rBW and rPP) and heterogeneous (mixture) HC samples are illustrated 
in Fig. 7(d). The homogenous BW HC pattern shows a sharp peak at 
around 220 compared to PP, suggesting a more complete breakdown of 
the crystalline region in the PP HC. The heterogeneous HC sample shows 
a broader hump, indicating synergistic HTC reactions.

3.6.6. Thermal decomposition behaviour and thermal characteristics
The weight loss (TG) and the rate of weight loss (DTG) of raw FW 

samples (rBW and rPP) and their HC products (HCBW-PPx-y) synthesised 
at varying conditions are presented in Figs. 8 and 9, respectively. In 
Fig. 8(a–d), a small weight loss peak is observed from 50 to 150 ◦C, 
which can be attributed to moisture loss [59]. This peak is more 
prominent in raw FW samples due to high water content. The HC 

Fig. 6. Fourier transform infrared spectra of raw butternut waste (rBW), raw potato peels (rPP) and synthesised HC (HCBW-PPx-y) at varying (a) Temperature, (b) 
Time (c) S/L ratio (d) Feedstock ratio.
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samples show less weight loss due to prior drying during HTC. Within 
the temperature range 200–350 ◦C, a second weight loss peak can be 
observed. This peak can be attributed to VM released from the samples. 
The VM consists mainly of devolatilisation products of hemicellulose 
and cellulose [60]. Between 375 and 900 ◦C, a third weight loss peak is 

observed, indicating the decomposition of the organic fraction in the 
respective samples [61]. This peak is relatively slow and minor due to 
the decomposition of the inorganic content of biomass, like ash, which is 
more stable. At high temperatures, the remaining devolatilisation and 
char decomposition occur. From Fig. 8(a), the TGA of HC produced at 

Fig. 7. X-Ray diffraction patterns of raw butternut waste (rBW), raw potato peels (rPP) and synthesised HC (HCBW-PPx-y) at varying (a) Temperature (b) Time (c) S/L 
ratio (d) Feedstock ratio.

Fig. 8. TGA curves of raw butternut waste (rBW), raw potato peels (rPP) and synthesised HC (HCBW-PPx-y) at varying (a) Temperature (b) Time (c) S/L ratio (d) 
Feedstock ratio.
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high HTC temperatures reveals increased thermal stability. Raw biomass 
exhibits significant mass loss at low temperatures due to its high mois
ture content and thermally unstable components, such as cellulose and 
hemicellulose, resulting in a sharp degradation peak between 200 and 
350 ◦C and a low residual mass. In contrast, HC samples show pro
gressively reduced MC and lower volatile decomposition as HTC tem
perature increases. The weight loss peaks in HC samples become less 
intense at higher temperatures, indicating improved thermal stability 
[25]. The HC samples produced at higher temperatures leave more re
sidual mass (FC and ash), indicating greater carbonisation. Increasing 
the HTC residence time significantly influences the thermal behaviour of 
the HC samples. As residence time extends from 22 to 248 min, there is 
greater carbonisation, resulting in increased carbon content, lower O/C 
and H/C ratios, and a decline in VM. This results in improved thermal 
stability, as evidenced by Fig. 8(b), where the prominent weight loss 
peak becomes less pronounced and shifts to higher temperatures, and 
the residual mass increases in HC synthesised at 248 min [7]. Varying 
the solid-to-water ratio during HTC significantly influences the proper
ties of the resulting HC as shown in Fig. 8(c). The HC produced at a 
higher water ratio (1:15) exhibits lower carbon content and thermal 
stability due to dilution of intermediates and slower secondary poly
merisation reactions. In contrast, lower water ratios (1:11) promote 
more extensive polymerisation and condensation reactions, resulting in 
HC with greater FC content and higher thermal stability as seen in TGA 
[62]. Fig. 8(d) shows the effect of varying feedstock ratios. The HC 
sample, which contained a mixture of PP and BW, resulted in a more 
stable weight loss profile and increased residual mass compared to the 
homogeneous samples. This can be attributed to more favourable 
polymerisation of intermediate compounds during HTC [10].

As depicted in Fig. 9, the DTG curves of the raw FW and the HC 
samples exhibited three distinct peaks. These peaks were located be
tween 75 and 150 ◦C, 225–375 ◦C, and 750–900 ◦C, respectively. The 
weight loss peak below 150 ◦C was assigned to the loss of moisture. The 
second peak was attributed to oxidation and removal of VMs, leading to 

char formation, while the third peak was related to char combustion 
[63]. In the case of raw FW, two peaks (75–150 ◦C and 225–375 ◦C) were 
identified during the combustion process. The DTG curves of the HC 
samples were seen to separate into two combustion stages (two different 
peaks) after the moisture removal. The temperature ranges of these two 
peaks of HC gradually moved towards higher temperature regions. As 
HTC temperature and time increased, the peak between 750 and 900 ◦C 
became more pronounced Figure (a–b). This increase in the third peak 
may be due to an increase in carbon content [64]. From Fig. 9(c), the HC 
sample prepared at a S/L ratio of 1:15 had a higher DTG mass loss at 
lower temperatures, indicating less condensed carbon structure in the 
solid residue [7]. In Fig. 9(d), the HC sample prepared from BW had a 
greater mass loss at low temperatures compared to that synthesised from 
PP and the mix, due to more VM in the BW feedstock.

4. Conclusion

This study successfully investigated the production of HC derived 
from FW, specifically BW and PP, under varied HTC conditions (tem
perature, residence time, S/L ratio, and BW/PP ratio). RSM-CCD opti
mised and established the significance of critical HTC factors on multi- 
response, mainly HC yield and its physicochemical properties (HHV 
and SA). The optimum conditions to achieve maximum yield (40.22 %), 
SA (7.86 m2/g), and HHV (29.351 MJ/kg) were found to be at a tem
perature of 204 ◦C, residence time of 131.39 min, S/L ratio of 1:12.89, 
and BW/PP ratio of 0.5 (1:1). From the results, temperature had the 
most significant effect on yield HC characteristics. Specifically, the 
highest HC yield (58.38 %) was achieved at 140 ◦C, followed by a drastic 
drop to 20.70 % at 300 ◦C, mainly due to increased organic matter 
decomposition. Conversely, HHV reached 34.21 MJ/kg at 300 ◦C, 
signifying an enhancement in energy density correlated with increased 
dehydration and decarboxylation. Additionally, the SA of HC peaked 
220 ◦C (9.76 m2/g) but decreased to 0.43 m2/g at 300 ◦C signifying pore 
collapse and tar condensation. Further analysis demonstrated that 

Fig. 9. DTG curves of raw butternut waste (rBW), raw potato peels (rPP), and synthesised HC (HCBW-PPx-y) at varying (a) Temperature (b) Time (c) S/L ratio (d) 
Feedstock ratio.
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increasing the S/L ratio from 1:11 to 1:15 improved yield (from 19.98 % 
to 26.00 %) and HHV (from 26.22 to 27.57 MJ/kg), although it had a 
minor negative impact on SA. The blending of feedstocks also proved 
beneficial, with a 1:1 BW/PP mixture producing the highest HHV and 
SA, suggesting that synergistic interactions enhance HC properties. 
Proximate and elemental analyses confirmed that elevated temperatures 
and longer reaction times resulted in improved carbonisation, as re
flected in reduced volatile matter and increased fixed carbon content. 
Characterisation methods, including FTIR, SEM, XRD, and TGA/DTG, 
confirmed that optimal HTC conditions improve HC quality by 
increasing aromaticity, porosity, and thermal stability. In conclusion, 
this study offers valuable insights into optimising the production of 
hydrogen from food waste, highlighting its potential for sustainable 
applications in renewable energy, adsorption, and carbon sequestration. 
Through effective and sustainable valorisation, this study offers a 
paradigm shift in FW management and the advancement of circular 
economy practices.
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