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Abstract

The increasing occurrence of pharmaceutical contaminants in aquatic environments has
intensified the demand for sustainable and cost-effective water treatment technologies.
This study investigated the conversion of potato peel waste into carbonaceous adsorbents
through hydrothermal carbonization (HTC) and conventional pyrolysis (PRYR) for the
removal of carbamazepine (CBZ) from synthetic wastewater. Hydrochars and biochars
were synthesized under varying processing conditions and characterized using scanning
electron microscopy (SEM), Fourier-transform infrared spectroscopy (FTIR), elemental anal-
ysis, and Brunauer–Emmett–Teller (BET) surface area analysis. Adsorption experiments
were conducted using a 50 mg/L CBZ solution at pH 6, room temperature, and an ad-
sorbent dosage of 1 g/L. The adsorption performance was evaluated after short contact
times to assess rapid-removal capability. HTC-derived hydrochars exhibited significantly
superior performance compared with pyrolysis-derived biochars, achieving up to 97% CBZ
removal and adsorption capacities approaching 50 mg g−1 within 1 min of contact. In
contrast, pyrolysis-derived biochars achieved removal efficiencies between approximately
7 and 55% under similar conditions. Correlation analysis between adsorption behaviour
and physicochemical properties revealed that adsorption performance was more strongly
influenced by surface chemistry, aromaticity, and mesoporosity than by BET surface area
alone. FTIR analysis suggested that hydrogen bonding, π–π electron donor–acceptor inter-
actions, and pore filling contributed to CBZ adsorption. HTC hydrochars retained abundant
oxygen-containing functional groups that promoted rapid and stable adsorption, whereas
pyrolysis-derived biochars exhibited weaker adsorption interactions despite possessing
higher surface areas. The findings demonstrate that hydrothermal carbonization provides
an effective low-temperature route for valorising potato peel waste into efficient adsorbents
for rapid pharmaceutical removal from water and highlight the critical role of adsorbent
surface chemistry in determining adsorption performance.

Keywords: adsorption; hydrochar; pharmaceutical contaminants; waste valorisation;
wastewater treatment; circular economy

1. Introduction
The global transition toward a circular, resource-efficient, and climate-resilient econ-

omy has intensified interest in the valorization of biomass residues and organic wastes into
energy carriers and value-added materials [1,2]. Contemporary waste management strate-
gies increasingly emphasize the recovery of materials, chemicals, and energy from waste
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streams in alignment with the United Nations Sustainable Development Goals (SDGs),
particularly SDG 6 (Clean Water and Sanitation), SDG 12 (Responsible Consumption and
Production), and SDG 13 (Climate Action) [3,4]. Globally, approximately 1.3 billion tonnes
of food waste are generated annually, representing nearly one-third of all food produced for
human consumption [5]. Agricultural and food-processing residues constitute a substantial
fraction of this waste stream and are increasingly recognized as promising renewable
feedstocks for sustainable material production [6].

Among these residues, potato peel waste is generated in significant quantities from
domestic consumption and agro-industrial processing. The global potato industry pro-
cesses millions of tonnes of potatoes annually, producing peel residues that may account
for approximately 15–40% of the total processed biomass, depending on the processing
method [7,8]. Disposal of these residues presents environmental and logistical challenges
due to their high moisture content, rapid biodegradability, and associated greenhouse gas
emissions during decomposition [1,8]. Nevertheless, potato peel waste contains abundant
lignocellulosic components, starch, proteins, and nitrogen-containing biomolecules, mak-
ing it an attractive precursor for thermochemical conversion into functional carbonaceous
materials [7,9]. Valorization of potato peel waste therefore offers a sustainable route for
transforming low-value residue into environmentally beneficial adsorbent materials.

Thermochemical conversion technologies such as pyrolysis and HTC have been exten-
sively investigated for biomass valorization. Conventional pyrolysis generally operates at
temperatures between 300 and 900 ◦C under inert atmospheric conditions and produces
biochars with enhanced aromaticity, carbon content, and pore development [10–12]. Chem-
ical activation using agents such as KOH is frequently employed to further increase surface
area and adsorption performance [12]. However, pyrolysis often requires energy-intensive
drying of wet feedstocks and may reduce oxygen-containing functional groups that are
beneficial for adsorption applications.

In contrast, hydrothermal carbonization is a low-temperature, water-mediated ther-
mochemical process that commonly operates between 180 and 280 ◦C under autogenous
pressure in sealed reactors [13–15]. HTC is particularly advantageous for wet biomass
residues because it eliminates the need for prior drying while preserving oxygen- and
nitrogen-containing surface functionalities [13,16]. During HTC, hydrolysis, dehydration,
decarboxylation, and polymerization reactions contribute to the formation of hydrochars
with tunable physicochemical properties [14,17]. Compared with pyrolysis, HTC generally
requires lower operating temperatures and may therefore offer lower energy demand and
improved sustainability for food-waste valorization [15,16].

One promising application of biomass-derived carbon materials is the adsorption-
based removal of pharmaceutical contaminants from water systems. Pharmaceuticals are
increasingly recognized as contaminants of emerging concern because of their persistence,
bioaccumulation potential, and ecological impacts [3,18]. Carbamazepine (CBZ), a widely
prescribed anticonvulsant and psychiatric medication, is among the most frequently de-
tected pharmaceuticals in wastewater effluents, surface waters, and even drinking water
supplies due to its resistance to biodegradation and conventional wastewater treatment
processes [18,19]. Studies have reported CBZ concentrations ranging from ng L−1 to µg L−1

levels in aquatic environments worldwide, highlighting the need for efficient removal
technologies [19,20].

Conventional approaches for CBZ removal include activated sludge treatment, mem-
brane filtration, advanced oxidation processes, ozonation, and adsorption using activated
carbon [19–22]. However, biological treatment methods often exhibit limited CBZ degra-
dation efficiency due to the compound’s stable aromatic structure [19]. Membrane and
oxidation technologies can achieve high removal efficiencies but are associated with high
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operational costs, membrane fouling, energy demand, and possible formation of toxic
transformation products [21,22]. Adsorption using carbonaceous materials remains one of
the most promising alternatives because of its simplicity, scalability, and effectiveness for
micropollutant removal [23].

Previous studies have demonstrated successful CBZ adsorption using activated car-
bons, modified biochars, sludge-derived carbons, algae-based materials, and engineered
composites [22–28]. In many cases, high adsorption capacities are associated with extensive
chemical activation, high-temperature treatment, or complex modification strategies that
may compromise economic feasibility and sustainability [27,28]. Pyrolysis-derived biochars
typically exhibit a high surface area and aromaticity, promoting pore-filling and π–π in-
teractions with aromatic pharmaceutical compounds [23,29]. Conversely, HTC-derived
hydrochars generally possess lower surface areas but higher concentrations of oxygenated
and nitrogen-containing functional groups capable of promoting hydrogen bonding, dipole
interactions, and surface complexation [14,15,30].

Recent studies increasingly suggest that adsorption of pharmaceutical compounds
may depend more strongly on surface chemistry and functional group distribution than on
surface area alone [27,30]. Nevertheless, systematic comparisons between HTC-derived
hydrochars and pyrolysis-derived biochars produced from the same biomass precursor
under controlled conditions remain limited. In particular, there is insufficient experimental
evidence directly correlating thermochemical conversion pathways, elemental composition,
textural properties, and rapid adsorption performance for CBZ removal.

Therefore, the objective of this study was to valorize potato peel waste into car-
bonaceous adsorbents via hydrothermal carbonization and conventional pyrolysis and
to systematically compare their physicochemical properties and adsorption performance
toward carbamazepine removal from synthetic wastewater. The study further aimed to
investigate the relationships between conversion pathways, surface chemistry, elemental
composition, porosity, and adsorption behaviour. By evaluating whether low-severity
HTC can outperform pyrolysis-derived biochars despite a lower BET surface area, this
work contributes to the growing understanding of structure–property relationships in
waste-derived adsorbents and highlights the potential of hydrothermal carbonization as
a sustainable strategy for food-waste valorization and pharmaceutical remediation.

2. Results and Discussion
2.1. Sample Characterization
2.1.1. BET Analysis

Figure 1a,b show the BET isotherm for the best performing biochars and hydrochars.
The BET isotherms for the other samples are provided in the Supplementary Materials
(Figures S1 and S2). The nitrogen adsorption–desorption isotherm of the potato peel biochar
produced via pyrolysis exhibits the classical features of a Type IV mesoporous isotherm
with an H3-type hysteresis loop, which is characteristic of non-rigid, slit-shaped pores
commonly found in carbonaceous materials derived from lignocellulosic biomass [25].
The gradual increase in adsorbed nitrogen at low relative pressures (P/P0 < 0.1) suggests
limited microporosity, while the more pronounced adsorption at intermediate-to-high
relative pressures reflects extensive mesopore filling by capillary condensation.

The broad H3 hysteresis loop further suggests an abundance of open, plate-like
pores and layered structures, consistent with pore formation through devolatilization
during pyrolysis. Such mesoporous structures, combined with increased surface area, are
commonly observed in biochars produced at elevated temperatures and are known to
enhance intermolecular interactions and sorption accessibility [30].
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Figure 1. BET N2 isotherms of (a) the pyrolysis biochar (PRYR1-1) and (b) hydrochar from hydrother-
mal carbonisation (HTC5-25hr).

In contrast, the potato peel hydrochar generated through HTC displays a Type II
isotherm, which is typical of non-porous or weakly porous carbonaceous solids with
dominant external surface adsorption [31]. The nearly horizontal adsorption plateau across
mid-range relative pressures (P/P0 ≈ 0.1–0.9) suggests an absence of well-developed micro-
or mesopores. The subtle hysteresis that emerges only at very high relative pressures
(P/P0 → 1) corresponds mainly to condensation within macropores or interparticle voids
rather than true internal pore networks. This behaviour aligns with the typically dense,
microsphere-like morphology of hydrochars, which retain fewer structural voids and
exhibit lower specific surface areas than pyrolyzed biochars due to the milder temperatures
and water-mediated reactions involved in HTC.

The observed differences in isotherm behaviour indicate distinct textural characteris-
tics between the pyrolysis-derived and HTC-derived materials. PRYR1-1 exhibited greater
pore development and a higher measured BET surface area than HTC5-25hr, whereas
HTC5-25h exhibited limited nitrogen-accessible porosity. Based on conventional adsorp-
tion expectations, materials with a greater surface area and mesoporosity are often expected
to demonstrate enhanced adsorption performance.

However, the adsorption results obtained in this study did not follow this expected
trend. Despite exhibiting a substantially lower BET surface area, HTC-derived materials
showed higher apparent CBZ removal under the experimental conditions examined. This
observation suggests that BET surface area alone was insufficient to explain adsorption
behaviour in this system.

Because only N2-BET analysis, FTIR, CHNS analysis, and adsorption measurements
were performed, the present data do not permit direct identification of the adsorption
mechanism. The results therefore only indicate that factors other than measured surface
area—including possible differences in surface accessibility, wettability, pore architecture,
or surface chemistry—may contribute to the observed adsorption behaviour. Additional
characterization (e.g., XPS, adsorption isotherms, zeta potential, calorimetry, or molecular
modelling) would be required to establish mechanistic relationships.

Conversely, the hydrochar’s limited porosity and lower internal surface area constrain
its total adsorption capacity, although its surface chemistry—typically richer in oxygen-
containing functional groups—may facilitate specific interactions with certain antibiotic
molecules, such as hydrogen bonding or electrostatic attraction. Such mechanisms have

https://doi.org/10.3390/molecules31132222

https://doi.org/10.3390/molecules31132222


Molecules 2026, 31, 2222 5 of 25

been observed in several hydrochar studies, where adsorption is consistent with surface
functional groups rather than pore filling [32]. Nevertheless, due to structural limitations,
hydrochars generally demonstrate slower diffusion rates and lower equilibrium capacities
compared with corresponding biochars, unless chemically modified or activated. Overall,
the biochar’s mesoporous structure makes it inherently more suited for the adsorption of
bulky, aromatic antibiotics in wastewater, while hydrochar may require further activation
or modification to achieve comparable performance [33–35].

Table 1 compares the BET surface areas and pore diameters of adsorbents produced
from hydrothermal carbonization and pyrolysis of potato peel powders. Adsorbents with
the prefix HTC were prepared via hydrothermal carbonisation, while those with the prefix
PRYR were obtained through pyrolysis. Micropores, mesopores, and macropores are
defined as pores with diameters <2 nm, 2–50 nm, and >50 nm, respectively [26]. Except for
raw potato peel and HTC5-2hr, all adsorbents exhibited mesoporous structures, with pore
diameters ranging from 2.60 nm to 19.77 nm.

Table 1. Comparison between the BET surface areas and pore diameters of the adsorbent produced
from different processes.

Adsorbent BET Surface Area (m2/g) Pore Diameter (nm)

PP-Raw 0.12± 0.01 5.05

HTC1-2h 0.73 ± 0.03 3.65

HTC1-25h 0.95 ± 0.01 2.60

HTC5-2h Inconclusive -

HTC5-25h 1.73 ± 0.04 5.06

PRYR1-1 4.23 ± 0.03 19.77

PRYR1-4 3.77 ± 0.03 14.15

PRYR2-1 0.38 ± 0.01 11.74

PRYR2-4 1.52 ± 0.01 6.25

Activated carbons typically exhibit higher surface areas than hydrochars [36]. This
trend was observed for most samples; however, HTC5-25h (1.73 m2/g) surpassed PRYR2-1
(0.38 m2/g) and PRYR2-4 (1.52 m2/g), likely due to the influence of KOH dosage. Excessive
KOH can damage pore walls through aggressive reactions with carbon, reducing surface
area [31,37]. Consistent with the literature, HTC adsorbents generally had smaller pores
than PRYR adsorbents [16].

Hydrothermal carbonization improved the surface area compared to raw potato peel,
except for HTC5-2hr [10]. Longer residence times enhanced BET surface area, likely due to
intensified hydrolysis and dehydration reactions at elevated temperatures, which release
volatiles and create void spaces [15,30]. This trend was evident across HTC samples,
where surface area increased with time. However, pore size did not consistently follow
the expected increase with temperature and time; only HTC5-25hr exhibited a larger pore
diameter than raw peel. The literature suggests that the liquid-to-solid ratio also influences
surface area, with lower ratios causing incomplete carbonization [9]. HTC1-25hr and HTC5-
25 aligned with this observation. Additionally, higher water ratios can promote macropore
formation (>100 nm), but this was only partially supported by HTC5-25hr [12].

Pyrolysis generally produces activated carbons with high surface areas [7], and all
PRYR samples exceeded raw peel in this regard. Pore diameters also increased post-
pyrolysis, consistent with the literature [38]. Residence time influenced surface area vari-
ably: PRYR1 samples showed a slight decrease from 4.23 m2/g (1 h) to 3.77 m2/g (4 h),
while PRYR2 samples increased from 0.38 m2/g to 1.52 m2/g. This discrepancy may reflect
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differences in pore development and collapse during prolonged activation [39,40]. Increas-
ing the KOH ratio from 1 to 2 significantly reduced surface area across all PRYR samples,
likely due to excessive carbon–KOH reactions damaging pore walls [31,37]. Contrary to
expectations, pore diameters decreased with higher KOH ratios and longer residence times,
suggesting structural collapse under aggressive activation [25,41]. However, all measured
BET values are extremely low (<5 m2/g), far below most activated carbons. Importantly, all
measured BET surface areas remained extremely low (<5 m2 g−1), and therefore, adsorption
performance should not be interpreted as arising from extensive porosity development.

2.1.2. Textural Analysis

The SEM images in Figure 2a–f clearly illustrate the morphological evolution of potato
peel powder as it undergoes pyrolysis and hydrothermal carbonisation. At magnifications
of 500× and 2000×, the raw potato peel powder exhibits a fibrous, compact, and irregular
surface, with limited porosity and visible remnants of collapsed plant cell structures.
This morphology is consistent with previous reports showing that untreated potato peel
retains its dense lignocellulosic matrix, characterized by layered tissues and minimal pore
development [13]. Following pyrolysis, the PRY1-1 biochar displays a markedly different
structure, with fractured surfaces, extensive fissures, and well-developed micropores,
resulting from devolatilization and thermal degradation of organic components. Similar
porous, brittle architectures have been reported for potato-waste-derived biochars, where
volatile release during carbonisation generates interconnected pore networks and increases
surface roughness [5,42]. In contrast, the HTC5-25 hydrochar exhibits a smoother, more
spherical, and agglomerated morphology, with carbon microspheres and shallow surface
pores visible at higher magnification. This morphology aligns with the well-established
behaviour of hydrothermal carbonisation, where dehydration and polymerisation reactions
promote the formation of spherical carbonaceous aggregates rather than the deep pore
structures typical of pyrolysis [13].

Overall, SEM observations indicate clear morphological differences between the mate-
rials generated by pyrolysis and hydrothermal carbonisation. PRYR1-1 exhibited greater
visible surface disruption and pore-like structures, whereas HTC5-25 appeared smoother
and more aggregated.

However, SEM observations alone cannot quantify accessible surface area or establish
adsorption mechanisms. Although morphology may influence adsorption behaviour, the
present images do not explain the superior adsorption observed for HTC materials. The
SEM results are therefore interpreted only as qualitative evidence of structural differences
rather than proof of adsorption pathways. The comparative interpretation of the textural
properties of the three different materials is summarized in Table 2.

Table 2. Comparison of textural properties of the adsorbent based on SEM images.

Material Macro-Scale Features Micro-Scale Features Potential Implications for
Adsorption (Hypothesized)

Raw potato peel powder Fibrous, irregular, dense Limited porosity,
shallow cracks

Low surface area; limited
adsorption sites

PRYR1-1 (pyrolysis) Brittle, fractured, porous Deep micropores,
fissures, high roughness

High surface area; enhanced
adsorption and diffusion

HTC5-25hr (hydrothermal
carbonisation)

Spherical aggregates,
smoother

Carbon microspheres,
shallow pores

Moderate surface area;
good functional groups but
lower porosity than pyrochar
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Figure 2. SEM images of (a,b) potato peel powder at different magnifications of ×500 and ×2000, respectively. (c,d) SEM images of PRYR1-1 adsorbent at
magnifications of 500 and 5000, respectively. (e,f) HTC 5-25 at magnifications of 500 and 5000.

https://doi.org/10.3390/molecules31132222

https://doi.org/10.3390/molecules31132222


Molecules 2026, 31, 2222 8 of 25

2.1.3. Elemental Analysis (CHNS)

CHNS analysis provides the composition of carbon, hydrogen, nitrogen, and sulphur
in an adsorbent. Table 3 below shows the CHNS results for all eight adsorbents and raw
potato peel.

Table 3. Comparison of elemental analysis of the different adsorbent samples.

Adsorbent C % H % N % Sulphur % H/C Ratio

PP-Raw 39.77 6.38 2.09 <0.3 1.93

HTC1-2h 54.23 5.27 2.44 - 1.17

HTC1-25h 62.17 5.74 2.85 - 1.11

HTC5-2h 37.09 6.80 1.25 <0.3 2.20

HTC5-25h 53.28 5.24 2.55 <0.3 1.18

PRYR1-1 16.59 1.10 0.32 1.89 0.80

PRYR1-4 13.95 0.66 0.32 2.55 0.57

PRYR2-1 12.36 1.13 <0.3 <0.3 1.10

PRYR2-4 10.02 1.45 <0.3 <0.3 1.74

The elemental composition of the raw potato peel (PP-Raw) was 39.77% C, 6.38% H,
and 2.09% N, in close agreement with reported values for potato peel wastes (≈41.9% C,
5.6% H, 1.6% N), confirming that the feedstock used here is representative of the liter-
ature baselines [8]. For the HTC hydrochars, carbon increased with residence time in
both water-to-biomass series (HTC1: 54.23→62.17% C; HTC5: 37.09→53.28% C), con-
sistent with the expectation that prolonged HTC promotes dehydration, decarboxyla-
tion, and aromatization, thereby enriching fixed carbon and lowering oxygen [13,14].
Lower water loading (i.e., higher solid-to-liquid ratio; HTC1 vs. HTC5 at the same time)
also yielded higher carbon contents, aligning with reports that increased solids concen-
tration can enhance carbonization, albeit with potential trade-offs in mixing and heat
transfer [2]. Hydrogen typically declines with HTC severity due to dehydration and
cleavage of C–H/O–H bonds [43,44]. This trend held for HTC5 (6.80→5.24% H), but
a slight rise for HTC1 (5.27→5.74% H) suggests subtle structural differences; the observed
intensification of C–H stretching near ~2900 cm−1 for the longer residence sample is
a plausible indicator of residual aliphatic functionality that would elevate measured hy-
drogen. Nitrogen generally increased with residence time in both ratio series (HTC1:
2.44→2.85% N; HTC5: 1.25→2.55% N), in line with prior reports of N enrichment via
condensation/polymerization under HTC conditions [16]. In contrast to studies that show
higher liquid-to-solid ratios elevating N retention in hydrochars, the present data display
the opposite, which can be rationalized by increased dissolution of nitrogenous species
into the aqueous phase at higher water loadings [45,46].

For the pyrolysis (PRYR) chars, the literature commonly reports that increasing resi-
dence time (or severity) raises fixed carbon and reduces hydrogen as volatiles are expelled
and aromaticity grows [47]. Here, however, carbon decreased with time in both series
(PRYR1: 16.59→13.95% C; PRYR2: 12.36→10.02% C). Hydrogen followed the expected
decline only in PRYR1 (1.10→0.66% H) but increased in PRYR2 (1.13→1.45% H).

These deviations from commonly reported pyrolysis trends suggest that the materials
produced under the present conditions behaved differently from typical high-severity
pyrolysis systems reported in the literature.

Several factors—including process severity, ash accumulation, mineral concentration
effects, analytical uncertainty, or incomplete conversion—could potentially contribute to
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these observations. However, because complementary analyses such as ash quantification,
TGA, repeat elemental measurements, or mineral analysis were not performed, these
explanations remain speculative.

Accordingly, CHNS data are interpreted here as descriptive indicators of composi-
tional variation rather than mechanistic evidence linking elemental composition directly to
adsorption performance [2,43–47].

2.1.4. FTIR Analysis

FTIR spectroscopy was employed to identify functional groups present in raw potato
peel and its derived adsorbents prepared via HTC and pyrolysis (PRYR). These functional
groups are critical in understanding adsorption mechanisms, particularly for organic
pollutants such as carbamazepine (CBZ), which is a neutral, hydrophobic pharmaceutical
compound. Figure 3 shows the comparison between the FTIR spectrum of raw potato and
that of HTC samples.

Figure 3. FTIR results of raw potato peel and the HTC adsorbents before adsorption ((a) HTC1-2h,
(b) HTC5-2h, (c) HTC1-25h, (d) HTC5-25h). The dashed blue lined show important functional groups.

The FTIR spectrum of raw potato peel exhibited a broad band between 3000 and
3300 cm−1, attributed to hydrogen-bonded –OH stretching vibrations of hydroxyl groups,
indicating the presence of cellulose and hemicellulose components [48].

A peak at 2938 cm−1 corresponds to aliphatic C–H stretching of methyl and methylene
groups in polysaccharides [49]. The band at 1632 cm−1 is associated with C=O stretching vi-
brations of aldehydes, suggesting lignin-derived aromatic structures [50,51]. Peaks between
1000 and 1350 cm−1 are linked to C–O and C–C stretching in starch molecules [52], while ab-
sorptions at 1600–1400 cm−1 indicate aromatic C=C vibrations [6]. These oxygen-containing
groups may influence hydrophilicity and may provide sites capable of interacting with
aqueous contaminants, although FTIR alone cannot confirm adsorption mechanisms.
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HTC-derived adsorbents displayed characteristic peaks at 3753 cm−1 (–OH stretching),
2920–2850 cm−1 (C–H stretching), and 1693 cm−1 (C=O stretching of aromatic skeleton),
confirming the presence of hydroxyl, carbonyl, and aromatic functionalities [13]. Peaks
around 1570 cm−1 correspond to aromatic C=C vibrations, while bands between 1195 and
594 cm−1 indicate substituted –CH groups in benzene rings. Hydrothermal treatment
appeared to retain oxygen-containing functionalities relative to pyrolysis-derived materials.
These functionalities may contribute to adsorption behaviour; however, no direct evidence
was collected to confirm their specific role in CBZ uptake [53].

In Figure 4, pyrolysis-derived adsorbents exhibited broad O–H stretching bands
(3100–3400 cm−1), aromatic C=C stretching at 1615 cm−1, and C–OH related vibrations at
1050–1150 cm−1 [53,54]. Pyrolysis generally increases aromaticity and surface hydrophobic-
ity, favouring π–π electron donor–acceptor interactions with CBZ’s aromatic rings. How-
ever, the reduction in polar oxygenated groups may limit hydrogen bonding compared to
HTC adsorbents.

Figure 4. FTIR results of raw potato peel and the PRYR adsorbents before adsorption ((a) PRYR1-1,
(b) PRYR1-4, (c) PRYR2-1, (d) PRYR2-4)). The dashed blue lined show important functional groups.

The observed functional groups provide indirect information regarding potential
adsorbent–adsorbate interactions. Based on the literature precedent, hydrogen bonding,
π–π interactions, hydrophobic partitioning, and pore accessibility represent plausible ad-
sorption pathways. However, the present FTIR data do not allow the relative contribution
of these mechanisms to be quantified. HTC adsorbents, rich in oxygenated groups, may
exhibit higher affinity for CBZ through combined hydrogen bonding and hydrophobic inter-
actions. Conversely, PRYR adsorbents, with enhanced aromaticity and porosity, favour π–π
interactions and van der Waals forces, which are crucial for adsorbing neutral hydrophobic
pharmaceuticals [53–55].

The point of zero charge (pHPZC) results in Figure 5 indicate that the KOH-activated
pyrolysis biochar (PRYR1-1) possesses a higher pHPZC (≈9.1–9.3) than the hydrothermal
carbonized material HTC5-25 (≈7.2–7.4). At pH values below the pHPZC, the adsorbent
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surface is positively charged, whereas above the pHPZC, the surface becomes negatively
charged. The higher pHPZC of PRYR1-1 suggests that NaOH activation and pyrolysis
generated a more alkaline surface enriched with basic oxygen-containing groups, mineral
ash, and aromatic carbon domains. In contrast, HTC5-25hr exhibits a moderately neutral
surface chemistry typical of hydrochars produced at lower temperatures, where oxygenated
functionalities such as hydroxyl, carbonyl, and carboxyl groups remain abundant. Similar
trends have been reported for chemically activated biochars, where alkaline activation
increases surface basicity and aromaticity while hydrothermal carbonization preserves
polar functional groups [29].

Figure 5. Point of zero charge results for the two adsorbent samples (a) PRYR1-1 and (b) HTC5-25.
The blue line is line of y = x.

These surface charge characteristics have important implications for carbamazepine
(CBZ) adsorption. CBZ is largely neutral within the environmentally relevant pH range
(pKa ≈ 13.9), meaning electrostatic attraction is not the dominant adsorption mechanism.
Because CBZ remains largely neutral under the tested conditions, electrostatic interactions
are expected to be less dominant than for ionisable contaminants. Nevertheless, the present
experiments do not allow direct determination of which interactions controlled adsorption.
Consequently, both adsorbents are expected to remove CBZ effectively over a broad pH
range despite differences in pHPZC. However, the highly alkaline PRYR1-1 surface may
enhance π–π interactions because pyrolysis and NaOH activation increase graphitic and
aromatic domains, which favour adsorption of aromatic pharmaceuticals such as CBZ.
NaOH activation is also known to generate additional microporosity and oxygen-containing
groups that improve CBZ uptake [29].

The HTC5-25hr hydrochar, despite its lower pHPZC, may still exhibit strong CBZ
adsorption because hydrothermal carbonization retains abundant surface functional groups
capable of hydrogen bonding with the amide group of CBZ. Hydrochars generally contain
fewer well-developed pores than pyrolysis biochars, but their oxygen-rich surfaces can
compensate through specific interactions with pharmaceutical molecules. Recent studies on
biomass-derived hydrochars and activated biochars similarly showed that CBZ adsorption
is strongly influenced by surface chemistry rather than surface charge alone [56].

Compared with the literature values, the observed pHPZC range is consistent with
other activated carbons and biochars used for CBZ removal. KOH-activated pomelo
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peel biochar reported by Chen et al. exhibited strong CBZ adsorption capacities up to
286.5 mg g−1, attributed mainly to π–π interactions and pore structure development. Like-
wise, NaOH-activated algae biochar achieved CBZ capacities above 118 mg g−1, with
hydrogen bonding identified as a major adsorption mechanism [57]. Overall, pHPZC mea-
surements indicate differences in surface characteristics between the two adsorbents but
should not be interpreted as direct evidence of adsorption mechanisms.

2.2. Adsorption Results

The adsorption performance of HTC hydrochars and PRYR biochars for carba-
mazepine (CBZ) removal after 1 min of contact with a 50 mg/L CBZ solution (1 g/L
dosage) reveals notable differences in removal efficiency and uptake. The results are
presented in Figure 6.

Figure 6. (a,b) Adsorption efficiencies for CBZ uptake of (a) hydrothermal carbonisation of hydrochar
and (b) pyrolysis of potato peel biochars. Uptake of CBZ (c) pyrolysis of potato hydrochars and
(d) pyrolysis of potato peel biochars. Conditions: CBZ initial concentration (50 mg/L); adsorbent
dosage (1 g/L); solution pH 6, room temperature (~20 ◦C); static condition (no agitation); contact
time, 1 min. Experiments were performed in duplicates.

HTC-derived hydrochars demonstrate outstanding adsorption efficiency, achieving
approximately 12–100% removal (Figure 7a) and high uptake values between 35 and
50 mg/g (Figure 7c). These capacities are comparable to or exceed those reported for
activated hydrochars in the literature. For instance, [28] prepared a dual-activator mod-
ified hydrochar with a CBZ uptake of ~296 mg/g, attributed to its high specific surface
area and π–π and pore-filling interactions. Although the technique in this study used
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less aggressive activation, the observed uptakes still reflect the benefits of hydrothermal
processing [28] [22].

C
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)

Figure 7. Comparison of the adsorption kinetics of HTC and PRYR samples in the first 5 min of
adsorption. Conditions: CBZ initial concentration (50 ppm); adsorbent dosage (1 g/L); solution
pH 6, room temperature (~20 ◦C); static condition (no agitation). All experiments were performed
in duplicates.

By contrast, PRYR biochars show much lower performance, with removal efficien-
cies of ~10–40% and Qe values between 5 and 20 mg/g (Figure 7b,d). These results
suggest biochars produced via pyrolysis under mild conditions retain fewer oxygenated
surface groups, leading to weaker interactions with CBZ molecules. This aligns with
findings from [19], who reported typical CBZ adsorption capacities on biochars and
activated carbons ranging from 10 to 40 mg/g, depending heavily on precursor and
pyrolysis/activation conditions.

The observed performance difference indicates that adsorption behaviour under the
tested conditions did not scale directly with the BET surface area. Although this obser-
vation is consistent with the literature, suggesting that surface chemistry can influence
pharmaceutical adsorption, the present dataset does not establish causality. Hydrothermal
carbonization preserves and introduces polar oxygen-functional groups and moderate
porosity, which promote CBZ adsorption through hydrogen bonding, π–π interactions,
and pore filling. Similar mechanisms were emphasized by [20] in their study on magnetic
biochar, where pore-filling and π–π interactions drove adsorption.

Under the specific experimental conditions investigated (50 mg/L CBZ, pH 6, 1 g/L
dosage, synthetic water, short contact time), HTC-derived materials exhibited higher ap-
parent removal efficiency and uptake than the corresponding pyrolysis-derived materials.
These results should be interpreted as comparative screening data rather than comprehen-
sive adsorption performance metrics.
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Statistical Analysis

The influence of process parameters on carbamazepine (CBZ) removal was evaluated
using one-way ANOVA for both pyrolysis and hydrothermal carbonisation systems. The
results are summarized in Tables S1 and S2.

The ANOVA results revealed that both the KOH:biomass mass ratio (x1) and pyrolysis
time (x2) exerted statistically significant effects on CBZ removal efficiency (p < 0.05). The
exceptionally high F-values (1466.44 and 350.22, respectively) indicate strong sensitivity of
CBZ adsorption to these parameters. The minimal residual error (Sum Sq = 0.72) confirms
excellent model fit and low experimental variability. These findings suggest that CBZ
removal primarily reflects activation intensity and residence time, which together enhance
surface area, pore accessibility, and aromaticity of the resulting biochar.

In contrast, the water: biomass mass ratio (x1) and reaction time (x2) showed no
statistically significant influence (p > 0.05) on CBZ removal. The relatively high error
term (Sum Sq = 989.1) indicates greater variability and weaker dependence on process
control. This outcome indicates that within the limited experimental space investigated, no
statistically detectable HTC process effect was observed. Broader experimental conditions
may produce different outcomes.

2.2.1. Adsorption Kinetics

The adsorption kinetics shown in Figure 7 reveal a substantial difference between
the HTC hydrochar and pyrolysis-derived biochar. HTC5-25hr achieved approximately
95% CBZ removal within the first 30 s and approached complete removal thereafter. In
contrast, PRYR1-1 achieved a maximum removal of approximately 65% before gradually
declining to around 20% after 300 s.

The extremely rapid uptake observed for HTC5-25hr suggests the presence of readily
accessible adsorption sites and favourable adsorbate–surface interactions. Such behaviour
is characteristic of systems in which external surface adsorption and adsorption onto
easily accessible mesoporous structures dominate the initial uptake stage. Similar rapid
adsorption phenomena have been reported for hydrochars and activated carbons used for
pharmaceutical removal, where oxygen-containing functional groups contribute signifi-
cantly to adsorption affinity [22,28].

The decline in removal observed for PRYR1-1 may indicate weaker adsorption in-
teractions and partial desorption of previously adsorbed CBZ molecules. The FTIR and
elemental analysis results suggest that the pyrolysis-derived materials possessed fewer
oxygen-containing functional groups capable of forming strong hydrogen-bonding interac-
tions with CBZ. Consequently, adsorption was likely dominated by weaker hydrophobic
and π–π interactions. Similar behaviour has been reported for CBZ adsorption on biochars,
where adsorption strength was strongly influenced by carbon structure and mineral
composition [58].

Comparison with the literature indicates that the rapid adsorption achieved by HTC5-
25hr is highly competitive. While many activated carbons and engineered biochars require
contact times ranging from tens of minutes to several hours to achieve equilibrium, the
present HTC hydrochar attained near-equilibrium adsorption within seconds. This rapid
adsorption behaviour is advantageous for practical water treatment applications because it
reduces reactor volume requirements and improves process efficiency.

The results collectively indicate that adsorption kinetics are governed not only by the
pore structure but also by the availability of functional groups capable of forming strong
interactions with CBZ molecules. The HTC route therefore appears particularly promising
for developing fast-acting adsorbents for pharmaceutical remediation.
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2.2.2. Proposed Interpretation of Adsorption Behaviour
Effect of Physicochemical Properties

Based on the provided data presented in Table 4, the correlation between CBZ removal
efficiency and the physicochemical properties of HTC hydrochars and PRYR biochars
reveals a complex interplay of factors, rather than a dependency on any single parameter.

Table 4. Elemental analysis results and BET surface area and pore diameter effects on CBZ adsorption.

Adsorbent H/C Atomic Ratio N/C
Atomic Ratio

BET Surface Area
(m2/g)

Pore Diameter
(nm)

CBZ % Removal
at 1 min

PP-Raw 1.93 0.045 0.12 ± 0.01 5.05 n.d

HTC1-2h 1.17 0.039 0.73 ± 0.03 3.65 74.2

HTC1-25h 1.11 0.039 0.95 ± 0.01 2.60 94.4

HTC5-2h 2.20 0.029 Inconclusive - 11.9

HTC5-25h 1.18 0.041 1.73 ± 0.04 5.06 97.0

PRYR1-1 0.80 0.017 4.23 ± 0.03 19.77 54.7

PRYR1-4 0.57 0.020 3.77 ± 0.03 14.15 40.7

PRYR2-1 1.10 Nd 0.38 ± 0.01 11.74 23.0

PRYR2-4 1.74 Nd 1.52 ± 0.01 6.25 7.3

Firstly, examining the elemental composition and atomic ratios suggests that the de-
gree of carbonization and surface chemistry may contribute to adsorption behaviour. For
the HTC series, the highest CBZ removals (94.4% for HTC1-25hr and 97.0% for HTC5-25hr)
correspond to higher carbon content (C%) and lower H/C atomic ratios (1.11 and 1.18, re-
spectively). A lower H/C ratio typically suggests higher aromaticity and carbonization [59],
which can enhance π-π electron donor–acceptor (EDA) interactions with the aromatic rings
of CBZ [58]. Conversely, the PRYR biochars, despite sometimes having higher sulphur
content (e.g., PRYR1-1, PRYR1-4), show markedly lower CBZ removal (23.0% to 54.7%).
Their lower carbon content and varying H/C ratios suggest a less graphitized, potentially
more oxidized structure, which may be less favourable for π-π interactions with CBZ.

Regarding physical properties, the BET surface area shows a notable but non-linear
relationship with adsorption. The HTC samples with the highest removal (HTC5-25hr,
97.0%) possess a moderate BET area (1.733 m2/g), which is substantially lower than that
of PRYR1-1 (4.226 m2/g), yet the latter achieves only 54.7% removal. This suggests that
while the surface area provides potential adsorption sites, it is not the sole determinant
of efficiency for CBZ. More critically, the pore diameter appears to play a significant
role in accessibility. The HTC samples with high removal have pore diameters between
2.60 and 5.06 nm (mesoporous range), which may be optimal for accommodating the CBZ
molecule (kinetic diameter ~0.7 nm) and facilitating diffusion [60]. In contrast, PRYR
samples with very large pore diameters (e.g., 19.77 nm for PRYR1-1) may represent more
macroporous structures with fewer adsorption sites per volume, potentially explaining
their lower performance despite higher surface area. Notably, the raw material (PP-Raw)
with minimal surface area and inconclusive data for some HTC samples underscores that
the development of a porous structure via hydrothermal carbonization is crucial for creating
effective adsorbents.
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FTIR Observations Before and After Adsorption

The FTIR spectra (Figures 8 and 9) provide insight into the adsorption mechanisms.
For HTC adsorbents (Figure 8), the attenuation or shift in bands in regions associated
with O-H stretching (~3400 cm−1) and C=O/C-O groups (~1700–1000 cm−1) after adsorp-
tion suggests the involvement of these functional groups in CBZ uptake, likely through
hydrogen bonding or dipole–dipole interactions [61].

Figure 8. Comparison of the FTIR spectra of the HTC hydrochars before and after adsorption. The
dashed blue lined show important functional groups.

For PRYR biochars (Figure 9), changes in similar spectral regions are also observable.
The presence of sulphur-containing groups in some PRYR samples (indicated by elemental
analysis) could also participate in specific interactions, though their overall lower per-
formance suggests that these are less effective for CBZ than the combined π-π and polar
interactions facilitated by the HTC chars. The consistent pattern across both figure sets
suggests that CBZ adsorption involves surface functional groups, complementing the likely
dominant mechanism of π-π conjugation between the adsorbent’s aromatic backbone and
the CBZ molecule [58,62].

The observed spectral changes are consistent with possible involvement of surface
functional groups during adsorption. However, FTIR alone cannot establish mechanisms
or quantify contributions from individual interactions.
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Figure 9. Comparison of the FTIR spectra of the PRYR biochars before and after adsorption. The
dashed blue lined show important functional groups.

Comparison with the Literature and Proposed Interpretation

Table 5 compares the CBZ adsorption performance of HTC5-25hr and PRYR1-1 with
several adsorbents reported in the literature. Among the materials studied, HTC5-25hr ex-
hibited a notably high adsorption capacity of 47.5 mg/g despite having a very low surface
area of only 1.73 m2/g. When normalized to surface area, HTC5-25hr achieved the highest
adsorption efficiency (28.03 mg/m2), indicating that its adsorption performance is not pri-
marily a reflection of surface area, but rather by the presence of effective surface functional
groups and favourable surface chemistry generated during hydrothermal carbonisation of
potato peel. In addition, HTC5-25hr reached adsorption equilibrium within only 1 min,
demonstrating extremely rapid adsorption kinetics compared to most literature-reported
adsorbents, which generally require several hours.

Table 5. Comparison of CBZ removal capacities of HTC5-25hr and PRYR1-1 with other similar
materials from the literature.

Material Surface Area(m2/g) Qmax (mg/g) Normalized Capacity (mg/m2) Contact Time Ref.

MTPEE 3.58 0.457 0.13 2.75 h [63]

HTC5-25h 1.73 47.5 28.03 * 1 min Current work

PRYR1-1 4.23 27.4 6.32 * 1 min Current work

MH-HTC-800-1:1 906 190 0.21 ND [56]

BL700 25.17 0.32 0.0132 168 h [64]

RH-AC 1408 263 0.187 24 h [65]

ZCA-CSC 1729 384 0.220 24 h [65]

BAHC 1265 376 0.297 24 h [28]

* Uptake based on removal experiments at 50 mg/L and dosage of 1 g/L—not Langmuir capacity.
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PRYR1-1 also showed strong performance, with an adsorption capacity of 27.4 mg/g
and a normalized capacity of 6.32 mg/m2, again achieved within 1 min. Although its overall
adsorption capacity was lower than HTC5-25hr, it still outperformed several conventional
carbonaceous adsorbents in terms of adsorption efficiency relative to surface area and
contact time. The rapid adsorption observed for both potato peel-derived materials suggests
that accessible active sites and surface interactions may play a more important role than
extensive porosity alone.

In comparison, adsorbents such as RH-AC, ZCA-CSC, BAHC, and MH-HTC-800-1:1
exhibited much larger surface areas (906–1729 m2/g) and higher absolute adsorption capac-
ities (190–384 mg/g). However, their normalized adsorption capacities were substantially
lower (0.187–0.297 mg/m2), and adsorption required much longer contact times, typi-
cally 24 h or more. Similarly, BL700 and MTPEE showed comparatively poor adsorption
capacities and efficiencies despite moderate surface areas. Overall, the results demon-
strate that HTC5-25hr and PRYR1-1 are highly efficient low-surface-area adsorbents for
CBZ removal, with exceptional adsorption rates and superior surface-area-normalized
performance compared to many previously reported materials.

In contrast, PYR biochar exhibits a more carbonized, aromatic, and hydrophobic
surface due to high-temperature treatment, leading to different dominant adsorption
mechanisms. π–π interactions between the aromatic rings of CBZ and the graphitic domains
of the biochar are a key pathway for removal (Figure 10). Hydrophobic interactions further
enhance adsorption, as CBZ preferentially partitions from the aqueous phase onto the
nonpolar biochar surface. The well-developed microporosity and higher surface area of
PYR biochar also promote pore filling, increasing adsorption capacity through physical
entrapment. Additionally, residual mineral components in the biochar, such as metal cations
(e.g., Na+, Fe2+, Zn2+), can contribute to adsorption via cation bridging or coordination
with CBZ functional groups [66–69].

Figure 10. Proposed CBZ removal mechanism by HTC and PRYR adsorbents.

Overall, the schematic emphasizes that HTC hydrochar relies more on hydrogen
bonding and polar interactions, whereas PYR biochar removal is dominated by π–π inter-
actions, hydrophobic effects, and enhanced pore filling, reflecting the differences in surface
chemistry and structure resulting from their respective production processes [33,68].
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The results suggest that CBZ adsorption may reflect a combination of hydrogen
bonding, π–π electron donor–acceptor interactions, hydrophobic interactions, and pore-
filling mechanisms. Although PRYR1-1 possessed a larger BET surface area (4.23 m2 g−1)
than HTC5-25hr (1.73 m2 g−1), the HTC material achieved almost twice the CBZ removal
efficiency. This suggests that surface chemistry and pore accessibility were more impor-
tant than total surface area alone. Similar observations have been reported by [58], who
demonstrated that CBZ adsorption is strongly influenced by carbon structure and sur-
face functional groups rather than solely by surface area. Likewise, Ref. [19] concluded
that oxygen-containing functionalities and aromatic domains play critical roles in CBZ
adsorption on biochars and activated carbons.

The FTIR results support this interpretation, as HTC materials retained abundant
hydroxyl and carbonyl functionalities capable of forming hydrogen bonds with the amide
group of CBZ. Combined with mesoporous structures that facilitate rapid diffusion, these
functionalities likely contributed to the exceptionally rapid adsorption observed for HTC5-
25hr. Similar mechanisms have been reported for hydrochars and activated carbons pre-
pared from biomass feedstocks [28,56].

Overall, the present results suggest that adsorption behaviour under the investigated
conditions may depend on multiple interacting factors rather than a single measurable
property. Although HTC materials demonstrated higher apparent CBZ removal than PRYR
materials, the current dataset is insufficient to establish definitive adsorption mechanisms.

Future studies employing equilibrium isotherms, independent analytical confirmation,
spectroscopic analysis, and broader operating conditions are required before mechanistic
conclusions can be drawn.

3. Materials and Methods
3.1. Preparation of the Adsorbents

The production scheme of the adsorbents is presented in Figure 11. Samples were
produced from dried potato peel powder using potassium hydroxide, KOH (purchase
from Merck, Billingham UK) as an activation agent, under different conditions of reaction
times and KOH ratios, whilst keeping the reaction temperature at 400 ◦C. The pyrolysis
reaction time was either 1 or 4 h, whilst the KOH/biomass ratio was either 1:1 or 2:1. In
total, 10 g of potato peel was used in this case, and the mass of KOH used was 10 g for the
ratio 1:1 or 20 g for the ratio 2:1. The samples produced by pyrolysis are named using the
convention PRYRX-Y, where X represents the parts of KOH by mass and Y represents the
pyrolysis reaction time. For instance, a sample produced with a KOH: biomass ratio of 2:1
and a reaction time of 1 h would be named PRYR2-1.

Hydrochar was produced in an autoclave reactor vessel from dried potato peel
powder with distilled water. During the hydrothermal carbonisation, the reaction
temperature was kept constant at 200 ◦C while varying the reaction time (2 or 25 h)
and weight/volume ratios of the biomass to distilled water (1:1 or 1:5). For the ratio
of 1:1, 4 g of potato peel and 4 mL of distilled water were used. In total, 10 g of potato
peel and 50 mL of distilled water were used for the ratio of 1:5. The samples produced
by hydrothermal carbonisation are named using the convention HTCX-Yhr, where X
represents the parts of distilled water by mass/volume and Y represents residence
time. For instance, a sample produced with a biomass: distilled water ratio of 1:1 and
a residence time of 2 h would be named HTC1-2h.
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Figure 11. Production scheme for HTC and PRYR adsorbents.

3.2. Characterization of the Samples

The functional groups of the adsorbents PPPYR and PPHTC (both before and after
adsorption) were identified using Fourier-transform infrared (FTIR) spectroscopy within
the range of 4000–400 cm−1 [24]. CHNS analysis was also conducted in a Perkin Elmer
CHNS analyzer PE2400CHNS (Perkin Elmer, Springfield, USA) using a procedure previ-
ously described [70]. The surface area and porosity information of each adsorbent (before
adsorption) were evaluated using Brunauer–Emmett–Teller (BET) analysis at 77 K using
a Micromeritics Tristar 3020 instrument (Malvern Panalytical, Worcestershire, UK) with N2

gas flow [24]. For scanning electron microscopy (SEM) analysis, the samples were coated
with gold for electron reflection prior to analysis using a JOEL JSM-6400 microscope and
JSM-7900F (Joel Ltd., Tokyo, Japan) using an acceleration voltage of 20 keV [71].

The point of zero charge of the HTC5-25hr and PRYR1-1 sample was determined using
the method previously described in [72]. Briefly, a series of solutions was prepared with
50 mg of adsorbent in 50 mL of deionized water with pH in the range 2 to 11. The pH values
were adjusted using 0.1 M solutions of HCl and NaOH. The samples were then agitated
at 100 rpm for 24 h at room temperature. The final pH values were then measured and
plotted against the initial pH values. The pH of the point of zero charge was determined as
the point of intersection of the final pH curve line with the line y = x.

3.3. Adsorption Study

A 50 ppm aqueous solution of CBZ was produced from a 100 ppm stock solution by
dilution, and the pH was adjusted to 6 using HCl and NaOH. In total, 10 mL of the CBZ
solution was transferred into 4–20 mL glass vials, followed by the addition of 10 mg of each
of the adsorbents. At the expiry of the required set contact time, the concentration of the
CBZ solutions was measured using a UV-VIS spectrophotometer at a wavelength of 285 nm.
The measured absorbance from UV-VIS spectrophotometry was used in conjunction with
calibration data to determine the concentration of CBZ in solution samples. The calibration
data is provided in Supplementary Materials Figure S3.
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The removal of efficiency of the adsorbent was determined from the following equation:

PR = 100
(

Co − Ce

Co

)
% (1)

In the equation, Co and Ce are the initial and final concentrations of the CBZ before
and after adsorption.

The CBZ uptake by the adsorbent, qe (mg/g), was determined from

qe = V
(

Co − Ce

m

)
(2)

where V is the volume of the CBZ solution, m is the mass of the adsorbent used in the test,
and Co and Ce are as defined previously.

3.4. Statistical Analysis

To investigate the influence of process variables such as solids loading (water: biomass
mass ratio), reaction time on the CBZ removal performance of the HTC adsorbent, a 2-level
factorial design, and corresponding ANOVA analysis were conducted using a custom-
written MATLAB script (Version 2024a). For the PRYR adsorbent, the process variables
were KOH: biomass ratio and pyrolysis time.

4. Conclusions
This study compared hydrothermal carbonization (HTC) and pyrolysis for the pro-

duction of potato-peel-derived adsorbents for carbamazepine (CBZ) removal from water.
Among the materials investigated, HTC5-25hr exhibited the highest performance, achiev-
ing approximately 97% CBZ removal and rapid adsorption within the first few minutes
of contact.

The superior performance of the HTC-derived adsorbents may be attributed primarily
to their surface chemistry, including oxygen-containing functional groups and favourable
pore structures that promoted hydrogen bonding, π–π interactions, hydrophobic interac-
tions, and pore filling. Statistical analysis showed that pyrolysis conditions significantly
influenced adsorption performance, whereas the hydrothermal carbonization variables
investigated did not produce statistically significant differences within the experimental
range studied.

Although HTC5-25hr demonstrated the highest CBZ removal efficiency, its production
required a relatively long processing time. Therefore, the selection of an optimal adsorbent
should consider not only adsorption performance but also energy requirements and overall
process sustainability. Future studies should evaluate these factors through detailed techno-
economic and life-cycle assessments.

Overall, the results demonstrate the potential of potato-peel-derived hydrochars as
effective adsorbents for pharmaceutical removal and highlight the importance of surface
chemistry in governing adsorption performance.

Recommendations for Future Work

Future studies should investigate the influence of hydrothermal carbonization temper-
ature, residence time, and water-to-biomass ratio over a broader operating range to further
optimize hydrochar properties and adsorption performance. Emphasis should be placed
on evaluating adsorbent regeneration, reusability, and long-term stability to determine the
practical feasibility of large-scale implementation.

A major priority for future work should be the development of comprehensive ad-
sorption isotherm models. Equilibrium studies conducted over a wide concentration
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range would enable the application of Langmuir, Freundlich, Sips, Temkin, and Dubinin–
Radushkevich isotherms to better understand adsorption capacity, surface heterogeneity,
and adsorption energetics. Such modelling would provide important mechanistic insight
and allow direct comparison with other adsorbents reported in the literature.

Similarly, detailed adsorption kinetic modelling should be undertaken to quantify the
rate-controlling mechanisms governing CBZ uptake. Application of pseudo-first-order,
pseudo-second-order, Elovich, intraparticle diffusion, and Boyd models would help dis-
tinguish between external mass transfer, pore diffusion, and surface reaction processes.
Given the exceptionally rapid uptake observed for HTC5-25hr, kinetic modelling is partic-
ularly important for identifying the mechanisms responsible for the near-instantaneous
adsorption behaviour.

Future investigations should also include thermodynamic analyses to determine the
spontaneity, enthalpy, and entropy changes associated with adsorption, thereby providing
a deeper understanding of adsorbate–adsorbent interactions. Testing in real wastewater
matrices containing dissolved organic matter, competing ions, and multiple pharmaceutical
contaminants is also required to assess performance under realistic operating conditions.

Finally, continuous-flow column studies, process-scale modelling, life-cycle assess-
ment, and techno-economic analysis should be performed to evaluate the scalability and
commercial potential of potato-peel-derived hydrochars for sustainable pharmaceutical
removal from water.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/molecules31132222/s1, Figure S1: BET isotherms for the PRYR
samples; Figure S2: BET Isotherms for HTC samples.; Figure S3: Calibration Curve for the deter-
mination of CBZ using UV spectrophotometry. UV absorbance all measured at wavelength of nm;
Table S1: ANOVA analysis table for the dependence of CBZ removal on the pyrolysis process con-
ditions.; Table S2: ANOVA analysis table for the dependence of CBZ removal on the hydrothermal
carbonisation process conditions.
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