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Abstract

The discharge of synthetic dyes into aquatic environments poses a significant environmental threat. Waste from the veg-
etable oil industry, such as hemp oil cake, offers a low-cost feedstock for the production of carbonaceous adsorbents for
water purification due to its high carbon content and availability. In this study, hydrochars produced from hemp oil cake
and cheese whey were thermo-chemically modified using natural vinegars and compared with conventional modifiers, then
tested for adsorption of bromocresol green (BCG) and methylene blue (MB) dyes. According to FTIR, BET and SEM-
EDS analyses, modifications with alcoholic and wine vinegar, acetic acid and KOH significantly altered the structural
properties of the hydrochars, increasing the specific surface area from 1.60 to 234.35, 260.73, 71.32 and 582.84 m%g,
respectively. Among the acid-modified hydrochars, the hydrochar modified with alcoholic vinegar was the most effective,
with an adsorption capacity of 15.45 mg/g for BCG and 62.16 mg/g for MB, as determined by Langmuir kinetic model,
while the unmodified hydrochar had lower capacities. In comparison, the highest adsorption capacities for KOH-modified
hydrochar were 640.15 mg/g for MB and 38.17 mg/g for BCG. Adsorption kinetics mostly followed a pseudo-second
order model, indicating a combination of chemical and physical adsorption mechanisms driven byelectrostatic interactions,
hydrogen bonding and n—x interactions. Isothermal kinetic modelling revealed heterogeneous adsorption behaviour, with
the Redlich-Peterson and Freundlich models providing the best fit to the experimental data. The results emphasise the
enhanced effectiveness of thermo-chemically modified hemp oil cake hydrochars for sustainable dye removal and water
purification applications.

Keywords Hydrothermal carbonization - Hydrochar modification - Lignocellulosic biomass - Adsorption - Kinetics -
Dyes

1 Introduction

Water pollution is a serious global environmental prob-
lem that strongly affects ecosystems, human health, and
the economy [1]. The main sources of water pollution
are industrial processes, which release harmful chemicals
such as dyes and heavy metals, and agriculture, which uses
fertilisers, pesticides, and other chemical substances [2].
The increasing discharge of synthetic dyes into aquatic
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environments poses a significant threat as these dyes are
often toxic, carcinogenic, and resistant to biodegradation,
making their removal from wastewater a critical environ-
mental challenge [3]. Methylene blue (MB) and bromocre-
sol green (BCG) are among the most widely used dyes in the
textile and other industries, with MB also used in medicine
[4]. Water contaminated with dyes such as MB and BCG
is a significant environmental problem and poses several
risks, as dyes impair water quality, increase biochemical and
chemical oxygen demand, and hinder photosynthesis [5].
Dyes contain harmful chemicals such as sulphur, naphthol,
and heavy metals that can accumulate in aquatic organisms
and enter the food chain [6], leading to skin irritation and
potentially cancer [7].
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Numerous methods for dye removal have been devel-
oped, including physical (adsorption, coagulation, mem-
brane filtration), chemical (electro-Fenton, photocatalysis,
ozonation), and biological (enzymes, microbes, biosorp-
tion) approaches [8]. Conventional treatment methods such
as membrane filtration are often ineffective in achieving
complete removal of dyes and their toxic properties [6].
Therefore, various advanced methods for dye removal from
wastewater have been explored, including advanced oxida-
tion processes for the degradation of BCG and rhodamine
B [9], chitosan-based hydrogels for adsorption of dyes and
heavy metals [10], photocatalytic degradation of dyes using
nano-sized metal oxides [4] and modified zeolites as cata-
lysts [11]. In addition, adsorption using composites [12],
as well as specific adsorbents such as metal-organic frame-
works (MOFs) [13], and advanced nanomaterials such as
azo-functionalised superparamagnetic iron oxide nanopar-
ticles [14] and chitin nanofibers [15] have been investigated
for the removal of specific dyes. Compared to the above-
mentioned methods, adsorption has proven to be a superior
method for the removal of dyes from wastewater due to its
cost-effectiveness and environmental friendliness [16], with
modified adsorbents being particularly promising because
of their unique properties and high adsorption capacity
[17]. Although adsorption is generally an effective method,
challenges remain in developing novel materials for highly
efficient dye removal in the practical application of adsorp-
tion technology for dye removal [18]. Recent research has
mainly focused on developing novel adsorbents through
functionalisation and modification methods to improve
adsorption capacities [13], optimising the adsorption pro-
cess to enhance the treatment of dye-contaminated waste-
water, and understanding adsorption mechanisms [19].

Various types of adsorbents, including biosorbents and acti-
vated carbons prepared from biomass [20] and agro-industrial
wastes [2], nanomaterials [21], and metal-organic frameworks
[22], have been tested for their ability to remove dyes and
other pollutants from water. The use of ion-exchange resins
and functionalized silica as adsorbents is also known, but is
limited by high production costs, regeneration difficulties, and
environmental concerns related to their disposal [23]. Acti-
vated carbons derived from biochar or hydrochar, by contrast,
have gained attention mainly due to their high adsorption
efficiency, tunable surface properties [24], fast kinetics, low-
cost production, and wide availability [8], and are therefore
among the most commonly used adsorbents for dye removal.
In particular, the hydrothermal valorization of waste biomass
to hydrochar has proven to be a sustainable method for pro-
ducing adsorbents, mainly due to the minimal energy con-
sumption during production (the process takes place at low
temperatures, between 180 and 250 °C) and the promising
adsorption capacity of the resulting adsorbents [25].
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Waste from the vegetable oil industry, such as shells and
husks [26], oilseed cakes [27], and spent bleaching earth
[28], has shown promising potential as natural adsorbents.
These materials are rich in lignocellulosic content and pos-
sess functional groups (e.g., hydroxyl, carboxyl) that facili-
tate dye binding through various adsorption mechanisms
[29]. Furthermore, modifications such as thermal treatment
and acid or base treatment can significantly enhance their
surface area and adsorption performance [30]. However,
only a few studies have focused on the adsorption of dyes
using residues from the vegetable oil industry and their bio-
chars or hydrochars. For example, sunflower oil cake biochar
obtained by pyrolysis [31] was tested alongside HTC-
derived and NaOH-modified olive oil cake hydrochar for
MB adsorption [32], but showed relatively low adsorption
capacities. The composite prepared from kaolinite clay and
moringa seed cake was successful in removing MB and acid
orange-7 dyes from aqueous solutions [27]. Most recently,
nanoparticle composites synthesised from hemp seeds,
which can simultaneously remove chemical pollutants and
inhibit microorganisms, have been used for the adsorption
of lead, ibuprofen, and MB from aqueous solution, show-
ing encouraging results [33]. These studies demonstrate the
promising potential of vegetable oil industry residues and
their derived biochars or composites as efficient, low-cost
adsorbents for removing dyes and other contaminants from
wastewater, while emphasizing the need for further research
to optimize their modification and adsorption performance
for practical large-scale applications.

To enhance the functionality of adsorbents, chemical
modification has become an important topic in recent years.
As the adsorption capacity of biochar is often relatively low,
chemical modification has been introduced to improve its
adsorption properties [17]. Various modification methods,
including chemical and thermal treatments, mineral enrich-
ment, and nanocomposite formation, can enhance the phys-
icochemical properties and adsorption capacity of biochar
[34]. Modified biochars demonstrate improved performance
in pollutant removal and can also be used as soil condition-
ers, adsorbents, electrochemical materials, and catalysts
[17]. Recent research has focused on using agricultural
waste as feedstock for biochar production and exploring
various modification methods, such as doping with Fe and
N species, to increase its efficiency in removing pollutants
from water and soil [35]. The choice of modification method
depends on the target pollutants, environmental conditions,
and remediation objectives. The most commonly used mod-
ifying reagents include strong acids (H,SO,, HCI, etc.) [36]
and bases (NaOH, KOH, etc.) [26], while the use of natural
reagents is rarely reported. In one of the earlier studies, the
surface modification of wood biochar using natural coconut
vinegar and its potential to remove aqueous calcium ions
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in column and batch laboratory tests was investigated [37].
Some organic acids such as citric and acetic acid, have also
been tested as green modifiers for biochar, with citric acid in
particular improving MB adsorption efficiency [38].

In view of the above, the aim of this research was to
produce hydrochar by hydrothermal carbonization and to
improve its chemical properties and adsorption capacity
through thermal and chemical modification using alterna-
tive natural chemical reagents. For the first time, hemp oil
cake was used as a biomass source to produce hydrochar, as
its adsorption capacity had not previously been investigated.
The novelty of this work also lies in the introduction of
alternative natural modifiers, specifically the residues from
vinegar production, i.e. alcoholic vinegar and wine vinegar,
which act as mild acids and influence the chemical proper-
ties of the adsorbents. Conventional modifiers, acetic acid
and KOH, were also tested and compared as references. The
modified hydrochars were chemically characterised, and the
influence of the modification on the adsorption capacity for
the dyes MB and BCG was investigated. To study the kinet-
ics and sorption mechanism of the modified adsorbents, the
data obtained were analysed using various kinetic models,
and the adsorbents were additionally subjected to SEM-
EDS and FTIR analyses.

2 Materials and methods
2.1 Preparation and modification of adsorbent

The adsorbent, hydrochar, was produced by hydrothermal
carbonization (HTC) of hemp oil press cake (obtained after
oil extraction from industrial hemp by a local vegetable
oil producer) and cheese whey (which acted as the liquid
reaction medium) at 250 °C and a reaction time of 5 h. The
detailed properties of the feedstocks and the preparation
procedure of feedstocks are described in a previous article
published by the authors [39]. The reaction mixture con-
tained 30 g of oil cake and 180 g of cheese whey (mass
ratio 1:6). The reaction was conducted in a stainless-steel
autoclave reactor, heated in an oven at a heating rate of 4
°C/min. The produced hydrochar was separated from the

process liquid by vacuum filtration, washed three times with
distilled water, and dried at 105 °C to constant weight.

The hydrochar produced using the HTC method (sample
“H”) was chemically modified with four different chemical
reagents (Table 1). Two conventional modifiers, potassium
hydroxide (KOH) and acetic acid, were tested. In addition,
two alternative natural reagents were used as green modi-
fiers: 9% alcoholic vinegar and 6.6% wine vinegar obtained
by natural acidification. Alcoholic vinegar and wine vinegar
were selected for their natural acetic acid content and the
presence of organic esters and phenolic compounds from
fermentation, which can introduce oxygenated functional
groups to the hydrochar surface. Differences in their chemi-
cal composition (in organic acids and other components)
were expected to influence surface oxidation and polar-
ity differently, enabling a comparative evaluation of two
“green” acidic modifiers.

The hydrochar was mixed with the modifier at a ratio of
1:2. The chemical modification was conducted for 16 h. The
mixture was then dried at 105 °C. Subsequently, thermal
modification (pyrolysis) was carried out in a nitrogen atmo-
sphere at 800 °C for 1 h. After thermal treatment, the KOH-
modified hydrochar was washed with 0.1 M HCI, followed
by distilled water, and then dried at 105 °C. For comparison,
one hydrochar sample was only thermally treated at 800 °C
for 1 h in a nitrogen atmosphere, without prior chemical
modification. The activated hydrochars were stored in a des-
iccator until further characterization or adsorption experi-
ments. The samples were labelled as shown in Table 1.

2.2 Physico-chemical characterization of the
adsorbents

The adsorbents underwent elemental and proximate analy-
ses, including determination of moisture, dry matter, ash
content (800 °C, 4 h), and volatile matter content (900 °C,
1 h). The surface charge (zeta potential) of the adsorbents
was analysed in distilled water using the Zetasizer Nano
ZS (Malvern), a system for laser measurement of particle
size and zeta potential. The point of zero charge (pHpy) of
the adsorbents was determined as follows: 20 mg of adsor-
bent was mixed with 0.01 M NaCl solutions of varying pH,

Table 1 Chemical modifiers and

Sample Chemical reagent Time of chemi- Ratio Thermal
modification conditions cal modification hydrochar/reagent modification
(h) (tempera-
ture, time)
H / / / /
H-800 / / / 800°C, 1h
H-AV-800 9% alcoholic vinegar 16 1:2 800°C, 1 h
H-WV-800 6.6% wine vinegar 16 1:2 800°C, 1 h
H-AA-800 18% acetic acid 16 1:2 800°C, 1h
H-KOH-800 60% KOH 16 1:2 800 °C, 1 h
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adjusted with 0.1 M HCI or NaOH. The samples were then
placed on a shaker (150 rpm) for 24 h, after which the final
pH of the solutions was measured. Graphs of /\pH values
were plotted against initial pH values, with the intercept
indicating the isoelectric point. The surface area, pore size,
and pore volume were determined using the Micromerit-
ics Tristar II 3020 Porosimeter (USA) with the Brunauer-
Emmett-Teller (BET) method. The adsorbents were also
examined by high-resolution scanning electron microscopy
(SEM-EDS) using the JSM IT-800SHL microscope and the
AZtec Live AUTO UltimMax 100 EDX spectrophotom-
eter. Fourier transform infrared spectroscopy (FTIR) with
the KBr pellet method was used to characterize the func-
tional groups on the surface of the adsorbents. Measure-
ments were performed with a Shimadzu IRAffinity-1 S
spectrophotometer.

2.3 Batch adsorption experiments

Batch adsorption experiments were conducted with MB
and BCG dyes using unmodified, thermally modified and
thermo-chemically modified hydrochars (see Table 1). For
each experiment, 50 ml of dye solution at a specific con-
centration was added to an Erlenmeyer flask containing
the adsorbent and shaken at 200 rpm at a constant room
temperature (23+1 °C). The pH and contact time were
adjusted separately for each of the experiments. The pH was
adjusted with 1 M HCl or 1 M NaOH solution. The adsorp-
tion experiments were carried out in parallel. Samples for
analysis of MB and BCG concentrations were taken at dif-
ferent time intervals, filtered, and diluted accordingly with
distilled water. The dye concentration in the solution was
determined spectrophotometrically using a Varian Cary 50
UV-VIS spectrophotometer at a wavelength of 665 nm for
MB dye and 424 nm for BCG dye.

2.3.1 Investigation of adsorption kinetics and the effects of
hydrochar modification on adsorption

The kinetics of adsorption and the effect of hydrochar modi-
fication on the adsorption of the selected dyes were inves-
tigated at an initial concentration of 50 mg/L for MB dye
(contact time 168 h, pH 7) and at an initial concentration of
25 mg/L for BCG dye (contact time 96 h, pH 5). A mass of
0.05 g adsorbent was added to 50 ml of dye solution.

2.3.2 Study of the influence of pH on dye adsorption
The effect of pH on adsorption performance was investi-
gated for the modified adsorbents that exhibited the highest

adsorption efficiency in preliminary studies, namely sam-
ples H-AV-800 and H-KOH-800. For comparison, the test
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was also conducted with unmodified hydrochar (sample H)
and pyrolyzed hydrochar (H-800). The adsorption of MB
was examined at an initial dye concentration of 50 mg/L,
using 0.05 g of adsorbent, and at pH values of 4, 6, 8, and
10. This pH range was selected to cover the environmen-
tally relevant values typically found in natural and industrial
wastewater systems, and to ensure the chemical stability of
both dyes and hydrochars without causing chemical degra-
dation of either the adsorbent or the adsorbate.

An exception was the sample H-KOH-800, which had
an initial concentration of 100 mg/L and an adsorbent mass
of 0.01 g. The adsorption of BCG was investigated at pH
values of 4, 5, 6, 7 and 8 with an initial dye concentration
of 25 mg/L and an adsorbent mass of 0.05 g, except for the
sample H-KOH-800, which had a concentration of 50 mg/L
and an adsorbent mass of 0.02 g. The reaction time for MB
adsorption was 168 h, and for BCG, 96 h. Different dye con-
centrations and adsorbent doses were selected to ensure that
the adsorption process reached measurable equilibrium con-
ditions for each sample. Besides, dyes with different chemi-
cal compositions have different adsorption mechanisms.
Preliminary experiments also showed that the adsorbents
have quite different adsorption capacities; therefore, the
experimental conditions were adjusted accordingly. Specifi-
cally, the KOH-modified hydrochar exhibited significantly
higher adsorption capacity and faster adsorption kinetics
compared to the other samples. Consequently, lower adsor-
bent masses and higher initial dye concentrations were used
to prevent complete dye removal within a few minutes and
to maintain sufficient dye concentration for accurate mod-
elling. This adjustment ensured comparable data reliability
and avoided analytical saturation.

2.3.3 Studying the effect of dye concentration on
adsorption performance

Isothermal adsorption experiments were conducted to assess
the adsorption of MB dye within a concentration range of
5-300 mg/L, at pH value 8 and a reaction time of 96 h. The
adsorbent mass was 0.01 g for sample H-KOH-800, 0.05 g
for samples H and H-AV-800, and 0.1 g for sample H-800.
Experiments with BCG were carried out using a concen-
tration range of 5—75 mg/L, at pH value 5 and a reaction
time of 96 h. The sample mass was 0.02 g for H-KOH-800,
0.04 g for H-AV-800, and 0.1 g for samples H and H-800.
The volume of the dye solution was the same as in previous
experiments.

2.3.4 Equations and isotherm kinetic models

The adsorption capacity of modified and unmodified adsor-
bents was calculated using Eq. 1 [40]:
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where ¢, is the adsorption capacity in mg/g of the adsorbent,

co (mg/L) is the initial concentration of the dye, ¢; (mg/L)
is the concentration at time ¢, V(L) is the volume of the dye
solution and m (g) is the amount of adsorbent.

To study the kinetics of MB and BCG adsorption, the
pseudo-second order (Eq. 2) and pseudo-first order (Eq. 4)
kinetic models were applied [41]. The models were verified
for unmodified and modified hydrochars at only one con-
centration to study the influence of thermo-chemical modi-
fication on the adsorption kinetics. The pseudo-second order
model is described by the following equation:

t t 1

w @ g @

where ko represents the pseudo-second order rate constant [g/
(mg-min)] and ¢, the adsorption capacity at equilibrium (mg/g).

The equation for the pseudo-first order model can be
written as:

In(ge — @) = Inge — ky 3)

where k; is the pseudo-first order rate constant (min ).
The removal efficiency, F (%), was calculated as fol-
lows (Eq. 4):

B(%) = =) , 100 @)

Co

The Langmuir, Freundlich [42], Dubinin-Radushkevich
[41], Toth and Redlich-Peterson [43] isotherm models, as
expressed by the equations in Table A.1 of the Supplemen-
tary material, were fitted to the experimental data for MB
and BCG adsorption using Matlab software.

Table 2 Results of the characterization of the adsorbents

3.1 The influence of modification on the properties
of adsorbents

Thermo-chemical modification (treatment temperature, dura-
tion, chemical reagent, its concentration, and duration of treat-
ment) highly affect the structure and adsorption performance
of hydrochar. Higher temperatures promote pore develop-
ment and the volatilization of oxygenated groups [44], while
the type of reagent (acid or base) determines surface func-
tionality, particularly surface area, and also influences pore
size and volume [45]. From this perspective, the physico-
chemical and surface properties of the prepared adsorbents
are discussed in the following sections.

3.1.1 Physico-chemical properties

The physico-chemical properties of the unmodified and
thermo-chemically modified hydrochars are presented in
Table 2. The unmodified hydrochar was rich in volatiles
and contained little ash, whereas the modified samples, due
to chemical and thermal treatment, exhibited the opposite
characteristics. Changes in ash content also affect other
hydrochar properties, such as surface area, pore volume,
and sorption performance [42]. Several differences can be
observed between the samples treated with acidic reagents
(both vinegar and acetic acid) and those treated with the
basic reagent, KOH, in terms of proximate and ultimate
analysis, particularly in nitrogen (N) and oxygen (O) con-
tent, although the carbon (C) content was relatively similar.
The KOH treatment contributes to the release of N from the
hydrochar and the retention of O. Modification significantly
increased the C content, especially in the sample subjected
solely to thermal treatment (sample H-800). The samples
treated with natural vinegars exhibited similar properties.
According to the Van Krevelen diagram, the H/C and O/C
ratios of the hydrochar decreased after thermo-chemical

Sample H H-800 H-AV-800 H-WV-800 H-AA-800 H-KOH-800
Volatile matter (wt%) 67.29 41.09 46.27 46.32 51.87 52.59
Ash content (Wt%) 7.12 19.67 20.76 18.96 20.34 22.07
Ultimate analysis (Wt%) Carbon 62.39 72.35 66.41 69.68 66.25 65.86
Hydrogen 7.02 1.89 4.62 4.17 4.42 431
Nitrogen 6.32 4.28 3.21 3.31 3.14 1.71
Sulphur 2.13 0.08 3.83 3.36 3.62 2.94
Oxygen 15.02 1.73 1.17 0.52 223 3.11
Specific surface area (m?%/g) 1.60 15.57 234.35 260.73 71.32 582.84
Pore size (nm) 8.96 7.43 17.25 3.67 2.54 5.45
Volume of pores (cm/g) 0.0033 0.0086 0.1067 0.1308 0.0273 0.3164
Zeta potential (mV) -27.3 -15.7 —29.8 —24.6 -17.3 -19.3
pHpyc 6.51 7.76 7.34 7.40 6.05 9.58
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modification (Fig. A.la, Supplementary material). Hydro-
char exposed only to pyrolysis at 800 °C showed the lowest
H/C ratio among all samples, due to a significant decrease
in H and an increase in C content. Regarding chemical
treatment, vinegar and acetic acid have a stronger effect on
the O/C ratio than KOH. In contrast, the H/C ratios were
relatively similar for all chemically modified samples, with
only minor differences. However, as natural vinegars were
used as modifiers, the natural variability in their chemical
composition (e.g., batch differences, source) might affect
modification and the chemical and surface properties of the
hydrochar. It should be noted, however, that both vinegars
were obtained from a single local producer and the acetic
acid content is always of the same concentration.

Chemical modification with acids or bases resulted in
various chemical and structural changes in the hydrochars,
including the introduction of new functional groups on the
surface and the removal of impurities such as heavy metals
[46]. During thermal treatment (pyrolysis at 800 °C), stable
volatile components that did not volatilise during the HTC
treatment were released. For example, oxygen-containing
functional groups decompose to CO, or CO [47]. Similar
chemical changes through chemical modification have also
been observed in the modification of char with tartaric acid,
acetic acid, and citric acid [48] or with KOH [49]. The reac-
tion mechanism of chemical modification with KOH and its
effects on adsorption were described in detail by Mamani
et al. [50] and involve the reaction of potassium with the
carbonaceous components, forming a porous structure
due to physical activation at high temperatures. KOH thus
introduces microporosity and OH groups, whereas vinegars
based on acetic acid generate carboxyl and carbonyl func-
tionalities, improving electrostatic and n—m interactions with
dye molecules. The reaction mechanism of acidic activation
with organic acids was briefly explained by Lonappan et al.
[51] and includes the functionalisation of the biochar with
acidic functional groups such as COOH.

3.1.2 Surface properties

Parameters such as specific surface area, volume and pore
size provide crucial information about the performance
of adsorbents in the sorption of various pollutants and are
considered the most important physical properties affect-
ing adsorption capacity [52]. After thermo-chemical mod-
ification of the hydrochar, the specific surface area of the
adsorbents increased. Sample H-KOH-800 had the highest
specific surface area (582.84 m?/g), with values decreasing
in the following order: H-KOH-800 > H-WV-800 > H-AV-
800 > H-AA-800 > H-800 > H. KOH has also proved to be
an effective activator in previous studies, contributing sig-
nificantly to the improvement of the porosity and surface
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area of the biochar [26]. KOH activation induces in-situ
reactions between potassium compounds and carbon at
elevated temperatures (800 °C), producing gaseous species
(K,CO;, CO, CO,) that etch the carbon matrix and create
micropores [50]. In contrast, acid modifiers (vinegars, acetic
acid) mainly cause surface oxidation and partial removal of
minerals but do not significantly expand the pore network
[36]. Therefore, the samples modified with natural vin-
egars exhibited about half the surface area of those samples
modified with KOH, with sample H-WV-800 showing the
best results among all acid modifiers. Interestingly, sample
H-AV-800 exhibited a significantly larger pore size than the
other samples, while the unmodified hydrochar (sample H)
had the lowest pore volume. Knowing the pore size and its
distribution is important because biochar with small pores
cannot adsorb dyes composed of large molecules [53].
Chemical or thermal modification of adsorbents can have
very different effects on their surface properties. Treatment
with acids often leads to a slight reduction in surface area,
while treatment with bases increases the surface area and
introduces oxygen-containing functional groups [46]. Treat-
ment with acids can also result in the loss of micropores,
as micropores collapse with increasing amounts of acid
[48]. This likely occurred during modification with acetic
acid (sample H-AA-800), as 18% acetic acid is a stronger
reagent than vinegar due to its higher acetic acid content.
FTIR analysis of the adsorbents (Fig. A.1b, Supplemen-
tary material) shows that the modified hydrochar contains
distinctly different functional groups on the surface, includ-
ing hydroxyl, carbonyl, carboxylate, and others, confirming
that the modification has significantly altered the chemical
composition of the hydrochar and that the presence of polar
acidic groups enhances ion exchange and adsorption of cat-
ions. The spectrum of the unmodified hydrochar (sample H)
shows significant peaks between 3600-2800 cm™ !, indicat-
ing the presence of O—H, N—H, and C—H bonds, while small
peaks in the 1000-1800 cm™ ! range correspond to C—N,
C = C and C = O bonds. The peaks in the 650-850 cm™ !
range can be attributed to aromatic structures [54]. The HTC
process produces carbon-rich materials, which explains
the presence of these functional groups on the hydrochar
surface. During further thermos-chemical treatment of the
hydrochar, some functional groups were removed and oth-
ers introduced, altering the chemical composition and the
FTIR spectrum. Sample H-800, which underwent only
thermal pyrolysis treatment, is clearly different from the
chemically treated samples as the intensity of its peaks
was much lower, indicating that fewer functional groups
are available for pollutant adsorption. The KOH-treated
sample exhibited a broad peak for OH and C = O groups,
while the samples treated with vinegars showed pronounced
peaks for C—O (1150-1050 cm™ ') bonds and OH groups.
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A peak for C = O bonds was also observed in the chemi-
cally modified samples, whereas the peaks for C—H bonds
disappeared. Sample H-WV-800 showed similar charac-
teristics to samples H-AV-800 and H-AA-800, as all were
treated with acid-based reagents. KOH treatment therefore
intensified the -OH and C = O bands, indicating hydroxyl-
ation and the formation of active sites for electrostatic and
hydrogen-bond interactions with cationic MB. Vinegar and
acetic acid modifications enhanced the C = O and -COOH
bands, increasing polarity and adsorption of MB through
electrostatic attraction and of BCG via hydrogen bonding
and n— interactions. The reduced C-H and aromatic C =
C bands confirm surface oxidation and structural ordering
favourable for dye binding. Similar changes in the surface
chemical properties of adsorbents due to modification have
been reported in other studies, for example after alkali treat-
ment of biochar with KOH [55] or acidic treatment with
nitric, sulphuric or hydrochloric acid [36].

The zeta potential of adsorbents, which reflects the elec-
trical potential, i.e. the charge on the surface of a particle
in a colloidal suspension resulting from the ionization of
chemical groups, increased in the following order: H-AV-
800 <H <H-WV-800 < H-KOH-800 < H-AA-800 < H-800.
As the modified adsorbents in this study exhibited a nega-
tive zeta potential, they primarily promoted the adsorption
of the cationic dye. The zeta potential strongly influences
the adsorption process, although the surface charge of the
functional groups on the adsorbent and the degree of ion-
ization of the adsorbate are strongly affected by the pH
of the solution [53]. In addition, other adsorption mecha-
nisms (e.g. ©-n interactions, hydrogen bonding) also influ-
ence the adsorption process and should be considered for
each system. The pH value at which the surface charge is
electrically neutral is referred to as the point of zero charge
(pHpy (). Below this point, the surface of the biochar is posi-
tively charged due to protonation of the surface functional
groups, which promotes the adsorption of anionic dyes and
inhibits the uptake of cationic dyes [56]. The unmodified
hydrochar (H) exhibited an isoelectric point pHp,- of 6.51
(Table 2), indicating a nearly neutral surface. After pyrolysis
at 800 °C, the pHp, increased to 7.76, reflecting the partial
removal of acidic oxygenated groups and the formation of
more basic surface sites. Hydrochars modified with natu-
ral vinegars (H-AV-800 = 7.34, H-WV-800 = 7.40) retained
slightly lower pHp,c values compared to the thermally
treated sample alone, suggesting the presence of carbox-
ylic and carbonyl groups introduced by organic acids and
reflecting a balance between mild oxidation and structural
aromatization. In contrast, acidic modification with acetic
acid (H-AA-800) decreased the pHyzc to 6.05, confirming
enhanced surface acidity, while alkaline activation with
KOH (H-KOH-800) markedly increased it to 9.58, due

to the introduction of oxygenated basic functional groups
(-OH and —O") [27]. These differences in surface charge
behavior explain the adsorption trends observed for the
dyes: cationic MB is preferentially adsorbed at pH > pHp,,
where the adsorbent surface becomes negatively charged
due to deprotonation of surface groups, resulting in elec-
trostatic attraction between the negatively charged surface
and the cationic dyes, generally improving adsorption [57],
whereas anionic BCG adsorption is favored at pH < pHpy,
when the surface is protonated and positively charged [31].

3.2 Theresults of adsorption studies
3.2.1 The influence of modification on adsorption kinetics

Figure 1 presents a comparison of the adsorption capacity
and efficiency of unmodified and modified adsorbents for the
adsorption of MB and BCG. The lowest adsorption capac-
ity for the MB dye (3.25 mg/g) was observed for hydrochar
H-800, subjected only to thermal treatment (Fig. 1a). Its
adsorption capacity was even lower than that of unmodi-
fied hydrochar (17.11 mg/g). Among the vinegar-treated
samples, the one treated with alcoholic vinegar (H-AV-800)
showed the highest adsorption capacity (42.55 mg/g) and
efficiency (81.91%), outperforming the sample treated with
wine vinegar (H-WV-800, 29.42 mg/g). Wine vinegar treat-
ment may have contributed to increased surface polarity or
the introduction of carboxyl groups, which are beneficial for
MB adsorption, although not as effective as alcohol vinegar
modification. The sample treated with pure 18% acetic acid
showed a decrease in adsorption performance compared to
the vinegar-treated and unmodified hydrochar, probably due
to acidification of the adsorbent surface, which could block
active sites or reduce surface area, limiting the interaction
between dye molecules and the adsorbent [36]. To better
evaluate the performance of modified biochar, an additional
experiment was conducted with KOH-modified hydrochar,
as alkali-treated biochar is known for its large surface area
and high adsorption capacity. The H-KOH-800 sample
completely removed the MB dye from the water and had the
highest adsorption capacity (52.15 mg/g) of all the samples
tested.

The adsorption of BCG (Fig. 1b) was less efficient, with
significantly lower adsorption capacities. The capacities
followed the same order as those for the MB dye: sample
H-KOH-800 had the highest capacity (29.31 mg/g), fol-
lowed by samples H-AV-800, H-WW-800, H, H-800, and
sample H-AA-800 with the lowest capacity (4.21 mg/g).
The highest efficiencies were therefore observed for sam-
ples H-KOH-800 (99.27%) and H-AV-800 (48.39%). KOH
activation proved to be the most promising method for
increasing the adsorption capacity of the adsorbent. This is
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Fig. 1 Adsorption capacity and efficiency (a, b), and adsorption kinetics (¢, d) for the adsorption of MB (graphs on the left) and BCG (graphs on
the right) using unmodified and modified hydrochars (initial dye concentration: MB 50 mg/L, BCG 25 mg/L)

due to the increased porosity and the introduction of OH
functional groups, which improve the interaction between
the adsorbent and the adsorbate molecules, i.e. the dye [58].
Modification with alcohol vinegar showed greater potential
than that with wine vinegar, while treatment with acetic acid
appears to impair adsorption performance. Therefore, of the
samples treated with acidic reagents, only sample H-AV-800
was used for further adsorption studies.

Contact time between the adsorbent and the dye solu-
tion (Fig. lc, d) had a major influence on adsorption capac-
ity, although most of the dye was adsorbed in less than 24 h.
Slight differences were observed between the samples, indi-
cating that the optimal contact time depends on the type of
adsorbent and its modification. Adsorption of MB with the
adsorbent H-KOH-800 occurred in less than 10 min, indi-
cating extremely rapid adsorption of this dye. The literature
review shows that contact time is one of the most important
factors affecting adsorption performance, as it also influences
the adsorption of dyes such as acid orange [27], as well as the
adsorption of other pollutants [33]. In real systems, adsorp-
tion performance can also be affected by several other factors,
as water may be contaminated with multiple dyes and other
types of pollutants. For example, in a binary system, MB and
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BCG would likely compete for the same active sites, since
both interact with oxygenated and aromatic functional groups
on the hydrochar surface. Due to its smaller molecular size,
cationic charge, and higher affinity for negatively charged
sites, MB would be preferentially adsorbed, while BCG
uptake would be significantly reduced. Such competitive
effects could limit adsorption capacity under real wastewater
conditions, which must be considered in process design.

MB and BCG adsorption generally followed the pseudo-
second order kinetic model for the majority of adsorbents
tested (Fig. 2), except for few samples. The calculated kinetic
constants for the pseudo-second order and pseudo-first order
kinetic models for each sample are listed in Table 3.

The kinetic constant k, of the pseudo-second order model
was within the same range for most samples, although sam-
ple H-KOH-800 had a slightly higher value for MB adsorp-
tion. The correlation coefficients for the pseudo-second
order model for MB adsorption were above 0.95, except
for sample H-800 (R? = 0.82), while the values for BCG
adsorption ranged from 0.84 to 0.99. The theoretical adsorp-
tion capacities of the second-order model mostly agree with
the experimentally determined values. On the other hand, R?
values for samples H-800 (for MB), H-800 (for BCG) and
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Fig.2 a, b) Pseudo-second order kinetic model fitting and ¢, d) pseudo-first order kinetic model fitting for the adsorption of MB (graphs on the left)
and BCG (graphs on the right) on unmodified and modified hydrochars (initial dye concentration: MB 50 mg/L, BCG 25 mg/L)

H-AA-800 (for BCG) are much higher for the pseudo-first
order model than for the pseudo-second order model, indi-
cating that these samples followed pseudo-first order kinet-
ics rather than pseudo-second order kinetics. According to
Tu et al. [26], the good agreement of experimental data with
the pseudo-second order kinetic model indicates that che-
misorption mechanisms predominate, whereas the pseudo-
first order model is mainly characteristic of physisorption
mechanisms. For methylene blue, adsorption likely involves
electrostatic attraction between negatively charged surface
groups (-COO~, —OH") and cationic MB*, hydrogen bond-
ing between amine groups from MB and carboxyl/hydroxyl
groups from hydrochar, and n—nr interactions between the
aromatic rings of MB and the graphitic domains of hydro-
char. For BCG, electrostatic attraction predominates, espe-
cially at low pH due to protonated adsorbent surfaces.

3.2.2 The influence of pH value on adsorption performance
The pH of the solution significantly affects the adsorption

of dye molecules, the zeta potential, and the surface charge
properties of the adsorbent. It also influences the solubility

of the adsorbates, as their molecular or ionic forms change
in the solution [56]. The results of experiments investigat-
ing the effect of solution pH on the adsorption of MB and
BCG, conducted with samples H, H-800, H-AV-800, and
H-KOH-800, are presented in Fig. 3. The samples exhibited
markedly different behaviour depending on the type of dye
used. The equilibrium adsorption capacity (g,) of unmodi-
fied hydrochar increased with rising pH when exposed to
MB dye, whereas for BCG, the values initially increased
and then fluctuated. For BCG dye, a general decrease in
adsorption capacity with increasing pH was observed for
the modified samples, with the most pronounced decrease
at the highest pH values, particularly for sample H-KOH-
800. On the other hand, a slight increase in adsorption
capacity between pH 7 and 8 for H-800 may be attributed
to secondary electrostatic and hydrogen bonding interac-
tions that become more favorable in near-neutral to mildly
alkaline environments. At alkaline pH, partial deprotonation
of hydroxyl and carboxyl groups on the hydrochar surface
occurs, but the overall surface charge remains only mod-
erately negative, which still allows partial interaction with
the negatively charged BCG molecules through hydrogen
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Table 3 The kinetic constants of the pseudo-second and pseudo-first order kinetic models calculated for the adsorption of MB and BCG by the

tested adsorbents (modified and unmodified hydrochars)

Dye Parameter Sample
H H-800 H-AV-800 H-WV-800 H-AA-800 H-KOH-800
Pseudo-second order kinetic model
MB adsorption 9e, exp. (ME/Q) 17.11 3.25 42.55 29.42 8.63 52.15
Slope 0.06 0.29 0.02 0.03 0.12 0.02
Intercept 61.82 617.18 14.66 27.87 88.57 0.01
R? 0.95 0.82 0.97 0.98 0.97 1.00
k, [¢/(mg-min)] 55x107% 1.5x107% 3.8x107% 42x107% 1.5x107% 7.4x107%
de. theor, (ML) 17.76 3.42 42.19 30.58 8.64 52.08
BCG adsorption 9e, exp. (ME/R) 8.74 5.51 14.23 9.89 4.21 29.31
Slope 0.11 0.16 0.07 0.10 0.25 0.03
Intercept 42.18 194.91 19.16 26.84 240.91 12.52
R? 0.99 0.89 0.99 0.99 0.84 0.99
k, [g/(mg-min)] 3.1x107% 1.7x107% 2.6%x107% 3.8x107% 2.4%107% 9.3x107%
de. theor. (MZ/L) 9.19 6.21 14.49 10.25 4.03 30.49
Pseudo-first order kinetic model
MB adsorption Slope —0.0003 —0.0002 —0.0002 —0.00009 —0.0002 —0.0015
Intercept 2.7189 1.1001 3.3603 3.4193 1.8740 0.4809
R? 0.9871 0.9846 0.8482 0.7392 0.8299 0.7447
k; (min™1) 3.0x107% 2.0x107% 2.0x107% 9.0x107% 2.0x107% 1.5x107%
Ge. theor. (MZ/L) 15.16 3.00 28.79 30.54 6.51 1.62
BCG adsorption Slope —0.0008 —0.0005 —0.0006 —0.0009 —0.0009 —0.0007
Intercept 2.1621 1.717 2.3064 2.109 1.3124 3.2313
R? 0.9678 0.9933 0.8983 0.9737 0.9347 0.9818
k; (min™ 1) 8.0x10°% 5.0x107% 6.0x107% 9.0x107% 9.0x107% 7.0x107%
e theor, (ME/E) 8.69 5.57 10.04 8.24 3.71 25.30
30 50
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Fig. 3 Adsorption capacity of selected unmodified and modified hydrochars as a function of pH for the adsorption of: (a) MB and (b) BCG dye

bonding and m—7 interactions. Moreover, changes in the
ionization state of the BCG dye near its pKa result in a mix-
ture of molecular species with different affinities, which can
impact adsorption at higher pH values.

The optimum pH for BCG adsorption by modified hydro-
chars was around 4, and for unmodified hydrochar between
5 and 7. The KOH-modified sample showed the largest
decrease in adsorption capacity among all samples.

Regarding the adsorption of MB, the changes in adsorp-
tion capacity due to pH variations were smaller than those
observed for the adsorption of BCG. Samples H, H-AV-800,
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and H-KOH-800 showed a slight increase in adsorption
capacity as the pH increased from 4 to 6, whereas sam-
ple H-800 showed a decrease. The adsorption of MB on
unmodified hydrochar was most sensitive to pH changes,
with the optimum pH for MB adsorption by this sample
being between 8 and 10. Modified samples exhibited their
best performance in the pH range of 6—8. According to the
literature [59], MB is maximally adsorbed at pH > 7, while
BCG is maximally adsorbed at pH < 3. At lower pH, strong
acidic conditions may cause partial dissolution or hydroly-
sis of functional groups on the hydrochar surface and can
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lead to deformation of the adsorbent, while at higher pH,
strong alkalinity can cause dye degradation.

The poor adsorption of MB at low pH indicates that -
interactions play only a minor role in its adsorption. The
adsorption of MB, a cationic dye, occurs via electrostatic
and hydrogen-bond interactions [57], as the zeta potential
decreases with increasing pH and the functional groups on
the surface of the adsorbent become negatively charged due
to deprotonation. This leads to improved electrostatic inter-
actions and enhanced diffusion into the pores. The nitrogen
of the MB dye and the OH groups of the adsorbent connect
via hydrogen bonds [60]. When the adsorbent and adsor-
bate have opposite charges, electrostatic attraction occurs,
which enhances dye adsorption. However, when they have
the same charge (positive or negative), electrostatic repul-
sion occurs, reducing adsorption efficiency [61]. Other stud-
ies have also shown that increasing the pH promotes MB
adsorption. For example, an alkaline pH was effective for
MB adsorption by KOH-activated hydrochar from sewage
sludge and coconut shells [26], as well as for MB adsorption
by biochar composites from food waste digestate [62].

The pH of the solution also affects the ionization state of
the MB or BCG molecules depending on their pKa value
[61]. This influences the behaviour of the molecules, includ-
ing their solubility and interaction with other substances,
and explains the changes in removal efficiency mentioned
above. The pKa value of MB, which is considered a cat-
ionic dye, is around 3.8 [60], so MB is in the protonated
(charged) form at pH below 3.8, while it is in the deproton-
ated (neutral) form above this value. In contrast, BCG is an
anionic dye with a pKa value of around 4.8 [9]; therefore,
its adsorption is higher at lower pH, where protonation of
surface functional groups creates positively charged sites
that favour anion binding. An increase in pH results in a
negatively charged adsorbent, which reduces adsorption
efficiency due to electrostatic repulsion [19]. In addition to
electrostatic effects, solubility, and n—x interactions between
the dye’s aromatic rings and the hydrochar matrix also con-
tribute to the observed pH-dependent behaviour.

3.2.3 Parameters of the adsorption isotherms

The experimental isotherm data (equilibrium adsorption
capacity versus equilibrium concentration) obtained during
the adsorption of MB and BCG by unmodified and modified
hydrochars are shown in Fig. 4. The adsorption isotherms
for the Freundlich, Langmuir, Dubinin-Radushkevich, Toth,
and Redlich-Peterson model equations are presented sepa-
rately in the Supplementary material in Figures A.2 and A.3.
The values of the calculated isotherm parameters and the
corresponding R? values are summarised in Table 4.

Regarding the relevance of the kinetic models, the highest
correlations for MB adsorption were observed for the Toth
and Redlich-Peterson models, while for BCG adsorption
the Redlich-Peterson and Freundlich models provided the
best fit. The Redlich-Peterson, Freundlich, and Toth models
reflect heterogeneous adsorption [43], involving multiple
types of active sites with different affinities for dye mole-
cules. This suggests that both physisorption and chemisorp-
tion processes contribute to overall uptake; therefore, dye
adsorption occurs through multilayer and mixed-mechanism
binding rather than uniform monolayer coverage. For all
models, the correlation for BCG dye was higher than that for
MB, indicating better predictability for this dye. The theo-
retical maximum adsorption capacities (g,,,) calculated using
the Langmuir, Toth, and Dubinin-Radushkevich models
for specific samples were comparable to those determined
experimentally for both MB and BCG adsorption. The cor-
relation coefficients of the adsorption isotherms were highly
dependent on the type of adsorbent. Apart from hydrochar
H-AV-800, the correlation coefficients for all other adsor-
bents in the case of MB adsorption were above 0.9, indicat-
ing a high degree of agreement between the kinetic models
and the experimental data. For BCG adsorption, KOH-modi-
fied hydrochar (sample H-KOH-800) and unmodified hydro-
char H showed the highest correlation values.

According to the calculated isotherm parameters (Table 4),
the Freundlich isotherm sorption coefficient (K;) increases
significantly from the unmodified to the modified hydro-
chars, with the highest value found for sample H-KOH-800,
followed by sample H-AV-800. This indicates, that these two
samples have a much higher affinity for MB adsorption than
the other samples. A similar trend was observed for BCG.
The Langmuir equilibrium adsorption constant (K;) was
highest for sample H-KOH-800, reflecting its strong bind-
ing affinity compared to the other adsorbents. The K; values
vary less for BCG than for MB adsorption. The Freundlich
nonlinearity factor of heterogeneity (n) generally increases
for modified samples, reflecting a diverse range of adsorp-
tion sites, while the Toth model parameter (#) remains rela-
tively similar and much lower. The Redlich-Peterson model
exponent n suggests near-Freundlich-like behaviour for cer-
tain adsorbents (e.g. H-800 and H-AV-800) and Langmuir-
like behaviour for others (e.g. H-KOH-800).

The Dubinin-Radushkevich adsorption energy constant
(Kp) varied considerably between samples, with no specific
trend observed. The limited performance of the Dubinin-
Radushkevich model is due to its primary restriction to
describing adsorption in microporous materials, without
accounting for surface heterogeneity or multi-layer adsorp-
tion. Additionally, it assumes a uniform Gaussian energy
distribution of adsorption sites and disregards the complex
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{ Fig. 4 Experimental isotherm data (equilibrium adsorption capacity
vs. equilibrium concentration) for unmodified (sample H) and modi-
fied hydrochars (samples H-800, H-AV-800 and H-KOH-800) exposed
to adsorption of MB (a-d) and BCG (e-h)

energetics of real adsorption surfaces. For this reason, it per-
forms poorly for adsorbents with different pore structures
and considerable chemical interactions between adsorbate
and adsorbent and is more suitable for physical adsorption
than for chemisorption. The Redlich-Peterson, Toth, and
Langmuir models are more flexible and can cover a wider
range of adsorption systems, resulting in better correla-
tions with experimental data. The Langmuir model assumes
simple monolayer adsorption on a homogeneous surface
with identical adsorption sites [63], whereas the Toth model
describes non-ideal adsorption and is suitable for heteroge-
neous adsorption [43], as it includes a surface heterogeneity
parameter that allows isotherms deviating from ideal behav-
iour to be described and is therefore effective for both low
and high concentration ranges.

The Redlich-Peterson model, by contrast, combines fea-
tures of the Langmuir and Freundlich models [64], with an
empirical exponent that compensates for deviations from
ideal conditions and fits exceptionally well, consistently
yielding high R? values, as it can describe both monolayer
and heterogeneous adsorption. However, H-KOH-800 is
the most effective adsorbent overall, particularly for MB
adsorption, due to its enhanced surface properties and the
availability of functional groups, as it consistently exhibits
the highest adsorption capacities and equilibrium constants.
The maximum adsorption capacity of H-KOH-800 hydro-
char determined using the Langmuir kinetic model, was
640.15 mg/g for MB adsorption and 38.17 mg/g for BCG
adsorption. The markedly higher adsorption of MB com-
pared to BCG is mainly due to differences in the molecular
charge, size, and structure of the dyes. MB is smaller and
cationic, allowing strong electrostatic attraction and m—m
interactions with the negatively charged, aromatic surface
of the modified hydrochars. In contrast, BCG is a larger,
anionic molecule, which undergoes electrostatic repulsion
and experiences steric hindrance within the pore network,
resulting in a much lower adsorption capacity.

H-AV-800 hydrochar was the second most effective
overall and the most effective among the acid-based modi-
fied hydrochars. Although it does not achieve the same
adsorption efficiency as the KOH-modified hydrochar, its
maximum adsorption capacities were still encouraging:
15.45 mg/g for BCG and 62.16 mg/g for MB adsorption. In
comparison, the maximum adsorption capacity of unmodi-
fied hydrochar H was 12.61 mg/g for BCG and 44.30 mg/g
for MB dye.

3.2.4 Comparison of adsorption capacities with recent
studies

Comparison with the literature (Table 5) showed that the
adsorption capacities achieved in this study are compa-
rable to those reported in previous studies. Coconut husk
and sewage sludge hydrochar activated with KOH and
pyrolyzed achieved a maximum adsorption capacity for
MB of 623 mg/g and for Congo red dye of 230 mg/g [26].
In contrast, pine wood sawdust biomass pre-treated with
acids and subjected to a similar modification process (initial
HTC treatment, followed by KOH activation and pyroly-
sis) showed half as high (303 mg/g) [65]. The adsorption of
BCG was also less efficient than that of MB in other studies.
Reported maximum adsorption capacities for BCG range
from 33 mg/g for corncob biochar [19] or rice straw and
husks-derived biochars [59], up to 99 mg/g for biochar from
cucumber straw [61]. None of the studies on BCG adsorp-
tion used hydrochar or modified hydrochar as the adsorbent.
Among natural modifiers, only one study on activation with
coconut vinegar was found, but this related to the adsorp-
tion of Ca®" ions rather than dyes. Modification with other
organic acids, referred to as ‘natural organic acids’, has also
been shown to be effective; for example, modification of
biochar with citric acid resulted in a maximum adsorption
capacity for MB dye of 395 mg/g [66]. There is also a study
on the application of sunflower oil cake pre-treated with
H,SO, and pyrolyzed at 600 °C for MB adsorption, with
a maximum adsorption capacity of 16.4 mg/g [31], but no
study on the use of hemp cake hydrochar for this purpose.

3.2.5 Adsorption mechanism and surface properties of
adsorbents

The predominant adsorption mechanism for a specific pol-
lutant depends on the properties of the adsorbent, with the
main factors being surface area, porosity, and the functional
groups present on the adsorbent surface, as well as the proper-
ties and functional groups of the adsorbate (i.e. the dye), and
the adsorption conditions (pH, temperature, etc.) [60]. Dye
adsorption most commonly occurs via mechanisms such as
hydrogen bonding, n— interaction [71], electrostatic attrac-
tion, and pore filling [27]. The FTIR spectra (Fig. 5) recorded
before and after adsorption of MB and BCG confirmed the
successful adsorption of dyes on the tested adsorbents.

The FTIR profiles of the modified adsorbents exhibited
changes similar to those of the unmodified adsorbent after
dye adsorption. These changes include peak shifts, varia-
tions in intensity, and even the disappearance of peaks, indi-
cating various chemical changes on the adsorbents due to
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Table 4 The isotherm parameters of the Langmuir, Freundlich, Dubinin-Radushkevich, Toth, and Redlich-Peterson model equations for the

adsorption of MB and BCG on modified hydrochars

Model Parameter Methylene blue (MB) Bromocresol green (BCG)
H H-800 H-AV-800 H-KOH-800 H H-800 H-AV-800 H-KOH-800
Freundlich Kp [(mg/g)(mg/L)"]  0.7431 1.0811 27.6562 394.0607 1.4116  1.5982  5.4859 17.0101
n 03922 2.8249 6.1575 9.2908 2.0896 4.5098 3.5786 5.1861
R? 0.9241 0.9620 0.7636 0.9290 0.9891 0.9672 0.9875 0.9819
Langmuir K; (L/mg) 0.2642 0.1075 0.1616 3.7507 0.0531 0.4671 0.3003 0.2703
q,, (mg/g) 44.30 5.16 62.16 640.15 12.61 3.52 15.45 38.17
R? 0.9566 0.9419 0.7465 0.9684 0.9733  0.9355 0.9516 0.9818
Dubinin-Radushkevich K}y (mol?/kJ?) 0.0951 0.1504 0.1664 0.018 0.2694  0.0579  0.0790 0.1003
q, (mg/g) 42.72 4.51 60.91 647.91 10.34 3.42 14.68 37.20
R? 0.9482 0.8981 0.7422 0.9733 0.9543  0.9292  0.9403 0.9773
Toth K; (L/mg) 0.2314 0.1864 0.3439 8.698 0.0620 1.8545 0.2919 0.8141
q, (mg/g) 42.61 8.56 64.66 666.59 18.60 4.42 20.62 44.46
n 1.1934  0.4591  0.6955 0.6082 0.5846 0.478 0.6393 0.5034
R? 0.9568 0.9602 0.7522 0.9752 0.9826  0.9564 0.9604 0.9493
Redlich-Peterson Kgp (L/g) 13.44 2.60 74.93 993.45 16.69 3.08 24.19 18.99
a (L/mg) 0.3706 1.8423  2.5001 1.5304 11.239  1.3958 3.8276 0.7579
n 0.9467 0.7057 0.8531 0.9981 0.5315 0.8599  0.7563 0.8978
R? 0.9549  0.9638 0.7629 0.9419 0.9891 0.9575 0.9876 0.9862

interactions between the adsorbent and the adsorbate. Sig-
nificant changes were observed, particularly for OH, NH,
and CH groups, C = O groups, and groups representing aro-
matic rings. The peaks at about 3400 cm™ ! and 1600 cm™ !,
which indicate hydrogen-bonding interactions between —
OH and —C = O groups in the COOH of the hydrochar and
the dye, shifted. More precisely, hydrogen bonding occurs
between the nitrogen originating from the dye and the oxy-
gen from the carboxyl (~OH) or carbonyl (—-C = O) groups
of the adsorbent, and between the nitrogen and the hydrogen
from the carboxyl (-OH) or amine (-NH,) group [33]. In
the case of MB adsorption, particularly in samples H-KOH-
800 and H-AV-800, a new peak appears at around 1500
ecm ! or its intensity increases, indicating the presence of
C =C and C = N bonds, so-called n—m interactions between
the aromatic ring (-C = C-) of the hydrochar, acting as
n-electron donor, and the aromatic groups of the dye, act-
ing as m-electron acceptors [59]. The n—n interactions are
strongly influenced by the polarity and aromaticity of the
adsorbents, which are directly related to the O/C and H/C
ratios. In addition to H-bonding and n—r interactions, elec-
trostatic interactions also occur. The electrostatic attraction
between the negatively charged surface (O~ of carbonyl, car-
boxyl or amine groups) of the adsorbent and the positively
charged cations in the MB dye (N in the dye) may be one
of the driving forces in adsorption [60], as the electrostatic
attraction between the hydrochar surface and the MB dye
molecules increases with increasing pH, resulting in higher
adsorption efficiency. For the BCG dye, which is an anionic
dye, the opposite effect occurs, as electrostatic interactions
are promoted under acidic conditions in the solution [61].

@ Springer

The adsorption of BCG on samples H-AV-800 and H-KOH-
800 is indicated by the shift of the peak at approximately
1600 cm™ ! (C = O group) to lower wavenumbers, and the
peak also becomes broader. In contrast, very little change is
observed in the FTIR spectra of sample H-800, indicating
poor adsorption performance. For the hydrochars modified
with KOH and alcoholic vinegar, the mechanism of pore
filling, which is controlled by the pore volume, could also
play an important role in the removal of dyes from water
solutions, as these two adsorbents have the highest pore vol-
ume and quite large pores according to BET (see Table 2)
and SEM-EDS analysis (Fig. 6).

The SEM images of the unmodified hydrochar H and the
modified hydrochars H-AV-800 and H-KOH-800 showed sev-
eral differences in the morphology and structure of the materi-
als resulting from the modification. Sample H-KOH-800 had
the most porous structure of all samples, with clearly recogni-
sable pores ranging from 30 to 1160 nm, while sample H-AV-
800 was more compact and had pores ranging from 200 to
900 nm, with various particles observed on the surface of the
material. On the other hand, unmodified hydrochar consisted
of the smallest particles, with the white areas most likely rep-
resenting fat residues in the sample. This indicates that KOH
activation produces a highly porous, open structure, while
vinegar treatment results in moderate porosity with smoother
surfaces. These morphological differences correspond to the
adsorption capacities: H-KOH-800 > H-AV-800 > H-WV-800
>H > H-800 > H-AA-800. The improved pore structure facili-
tates enhanced diffusion and surface interactions. Otherwise,
the morphological properties of the tested hydrochars were
consistent with those of modified pyrochars and hydrochars
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Table 5 Comparison of the adsorption capacities of adsorbents derived from hemp oil cake in this study with the adsorption capacities for MB,
BCG, and other pollutants in studies on the adsorption and modification of adsorbents

Type of Method of production of Method/type of chemical Amount of Adsorbate and Refer-
biomass adsorbent modification of biochar adsorbent and  adsorption capacity ence
contact time
Hemp oil cake HTC (250 °C, 5 h) Activation by: 0.01-0.1 g/50  MB: This
a) alcoholic vinegar (16 h),  mL of dye 44.30 mg/g (unmodified study
b) 60% KOH (16 h). solution hydrochar),
After activation, the samples (96 h) 62.16 mg/g (vinegar-modified),
were exposed to pyrolysis at 640.15 mg/g (KOH-modified)
800 °C (1 h). BCG:
12.61 mg/g (unmodified
hydrochar),
15.45 mg/g (vinegar-modified),
38.17 mg/g (KOH-modified)
Eucalyptus First, the biomass was pre-treated / 0.1 g/200 mL MB [48]
saw dust with a specific acid (citric, 2h) 178.57 mg/g (citric acid-modified),
tartaric, or acetic) at the chosen 99.01 mg/g (tartaric acid-
impregnation ratios. The material modified), 29.94 mg/g (acetic
was then dried at 50 °C for 24 acid-modified)
h and subsequently exposed to
low-temperature modification at
120 °C for 90 min.
Lingocellu- Pyrolysis (500 °C, 2 h) K,CO; (2 g/g) or KOH 1g/L(5h) MB [50]
losic biomass (80%) (312-1000 mg/g)
(remains of
olives after
pruning, cof-
fee husks)
Coconut husk, HTC (140-240 °C, 1-7 h) KOH activation (1-4 mol/L), 0.6 g/L(12h)  MB (623 mg/g), [26]
sewage sludge followed by pyrolysis (900 Congo red (230 mg/g)
°C, 70 min)
Pine wood Pre-treatment of biomass with KOH activation (6 g/40 0.02 g/20 mL MB [65]
sawdust acids (citric, tartaric, formic acid, mL H,O, 6 h), followed by (6 h) (303 mg/g)
H;PO,, all at 10%), followed by  pyrolysis at 1000 °C (2 h)
HTC treatment (210 °C, 24 h)
Sunflower oil ~ Pre-treatment with H,SO,, fol-  / 0.02 g/10 mL MB [31]
cake lowed by pyrolysis 600 °C (1 h) (24 h) (16.4 mg/g)
Water Pyrolysis (300 °C, 2 h) Modification with 0.6 M 50 mg/50 mL MB [66]
hyacinth citric acid (2 h), followed by (24 h) (395 mg/g)
drying at 120 °C
Food waste Pyrolysis (500-1000 °C, 3 h) / 0.2 g/50 mL MB [62]
digestate (49 h) (up to 1123.5 mg/g)
Hemp seed A one-pot synthesis method / 20mg/50 mL  MB [33]
nanoparticle ~ was used to prepare compos- (5-1440 min) (up to 68.95 mg/g)
composites ites composed of hemp seed
and either Mn(NO;),-4H,0 or
Cu(NO;),-5H,0. The mixture
was heated at 45 °C for 2 h, fol-
lowed by a 12-hour reaction and
drying (24 h)
Fruit peels HTC method (200 °C, 10 h) / 10 mg/50 mL MB [63]
(30 min) (up to 21 mg/g)
Rice straw, Pyrolysis (300-700 °C, 2 h) Modification with 0.1 M 0.01-0.05 g/10  BCG and MB (32,81 — 67,69 [59]
rice husk HCI (1 h), washing and dry- mL (12 h) mg/g)
ing at 80 °C overnight
Corn cob Corn cob was pre-treated with / 0.1-2 g/200 mL BCG [19]
45% H;PO, at an acid/biomass (10-60 min) (34.41-41.94 mg/g)
ratio of 4:1 at 120 °C for 24 h.
The sample was then pyrolyzed
at 700 °C for 5 h.
Cucumber Pyrolysis (600 °C, 2 h) / 0.02-0.1 g/50  BCG [61]
Straw mL (60 min) (99.18 mg/g)

@ Springer
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Table 5 (continued)

Type of Method of production of Method/type of chemical Amount of Adsorbate and Refer-
biomass adsorbent modification of biochar adsorbent and  adsorption capacity ence
contact time

Corn straw, a) Pyrolysis (350500 °C, 2 h) / 0.3 g/50 mL Atrazine [67]
corn cobs b) HTC (200 °C, 5 h) (50-200 h) (3.2 mg/g), Cd**

¢) HTC (200 °C, 5 h), followed (15.6 mg/g), Cr(VI)

by pyrolysis (350500 °C, 2 h) (4.2 mg/g)
Wood (hick-  HTC (200 °C, 6 h) a) KOH activation (50% 10 mg Acetone, [68]
ory), peanut KOH, ratio biochar/KOH (1h) Cyclohexane (51-160 mg/g)
husks 1:1), heating (85 °C, 2 h),

drying (100 °C, 24 h), then
pyrolysis (600 °C, 1 h),

b) Activation with H;PO,
(85%) according to the same
procedure as KOH activation

Sewage Pyrolysis, 800 °C (2 h) Activation with citric acid 0.4 g/L Tetracycline (58.25 mg/g) [38]

sludge (0.3 M, 2 h), then evapora- (24 h)

digestate tion (50 °C, 4 h) and drying
(100 °C, 4 h)

Palm kernel ~ First HTC treatment (200 °C, / 1.5 g/100 mL Diclofenac (13.16 mg/g) [69]

husks 4 h), followed by activation by (1.5h)

pyrolysis (400 °C, 4 h)

Wood biomass Pyrolysis (300 °C, 2 h) Activation with coconut 0.1 g/20 mL Ca* [37]

vinegar (biochar/vinegar 1:2 (1 h) (9.9 mg/g)

v/v, soaking for 24 h, then

drying at 120 °C (5 h), rins-

ing with distilled water and

drying at 80 °C (12 h)
Acidic vin- Pyrolysis (700 °C, 2 h) Modification with ZnCl, 20 mg/10 mL Cr (VD [70]
egar residue (24 h) (236.8 mg/g)

Fig.5 FTIR spectra, recorded
before and after adsorption of
MB and BCG, for hydrochars:
(a) H, (b) H-800, (¢) H-AV-800,
and (d) H-KOH-800
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obtained from materials such as corn straw or corn cobs [67].  surface of the adsorbents, which may also participate in the

The results of the SEM-EDS analysis, summarised in Table  adsorption of MB and BCG. According to the EDS analysis,
6, show that, in addition to the basic elements identified by  the samples contained a high proportion of carbon (sample
elemental analysis, various other elements are present on the =~ H-KOH-800: 69-80 wt%, sample H-AV-800: 74-86 wt%,

@ Springer
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Fig.6 SEM images and SEM-EDS
spectra of unmodified hydrochar H a)
(a), and thermo-chemically modi- Sa mp|e H
fied hydrochars H-AV-800 (b) and
H-KOH-800 (¢)

b)
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Element

C (Wt%)

83.63
Spectrum 2 83.26

Spectrum

Table 6 Results of the SEM-EDS analysis of samples H, H-AV-800 and H-KOH-800

Sample

@ Springer

N (Wt%) O (Wt%) Na(wt%) Mg (wt%) Al (wt%) Si(wt%) P(wt%) S(wt%) K (wt%) Ca(wt%) Fe (wt%) Cl(wt%) Total (wt%)

100

0.85
0.74

0.99
0.67
0.55

0.31
0.15
0.21
0.31
0.25
0.26
0.14
0.16

0.77
0.95
0.56

0.38
0.20
0.09

0.08

0.27
0.37
0.17

0.35

10.81
/

1.57
3.06
7.51
7.56
3.75
5.68

Spectrum 1

100

10.60
12.17

100

0.12
/

Spectrum 3 78.63

100

11.42
5.96
8.77

Spectrum 4 80.70

100

0.43
1.49
0.48
0.31

1.42
1.55
1.11
1.07
8.15
9.43
6.14

0.80
1.29
1.10
0.80
0.58
0.28
0.64
1.65
0.45
0.55

1.01
1.17
1.22
0.83
0.82
0.29
0.92
2.02
1.10
1.27

0.10
0.20
0.13

86.28

Spectrum 2 79.59

Spectrum 1

H-AV-800

100

100

0.27

10.98
9.21

10.88
7.80
0.90
0.67
0.58
/

/
/

Spectrum 3 73.68

100

0.15
/

Spectrum 4 79.67

H-KOH-800 Spectrum 1

100

1.81

221

1.46
0.34
2.10
5.87
1.43
1.7

11.27
6.64

75.00

100

Spectrum 2 80.13

100

1.34
2.11
4.68
2.38

0.12
0.24
0.06
0.08

/
/
/
/

14.38
10.15

Spectrum 3 73.78

100

0.96
/

10.21

/

Spectrum 4 66.79

100

10.88
8.21

0.08
0.07

12.23
14.52

Spectrum 5 69.10

100

Spectrum 6 71.23

and sample H: 79-84 wt%), as well as oxygen and nitrogen,
consistent with the elemental analysis. Elements such as P, S,
Si, Na, Mg, Al, Ca, and Fe were present in trace amounts and
not in all samples. Al was observed in samples H and H-KOH-
800, while Fe was detected only in sample H-AV-800. As
expected, the H-KOH-800 sample contained a much higher K
content, and Cl was also detected in this sample, as the hydro-
char was washed with dilute HCI after KOH modification.
The results of the FTIR, SEM-EDS, and BET measurements,
as well as the kinetic parameters obtained from the kinetic
analysis, indicate that different adsorption mechanisms acting
synergistically are involved in the adsorption of MB and BCG
dye. Similar findings have been reported in previous studies
on the adsorption of dyes, including cationic dyes such as MB
and anionic dyes such as acid orange [27].

3.2.6 Challenges in dye adsorption, regeneration of
adsorbents and environmental acceptability

The challenges in adsorption-based wastewater treatment
and scaling up dye removal using modified biochars in real
systems encompass multiple interlinked issues [72]. These
include improving the effectiveness, capacity, and selectiv-
ity of adsorbents; potential leaching and toxicity of resid-
ual modifiers (e.g. KOH, organic acids) into treated water;
sustainability limitations; loss of performance or structural
degradation during repeated regeneration cycles; compe-
tition from natural organic matter and competing ions in
complex wastewater matrices; mass transfer limitations and
hydrodynamic constraints; variability in biomass feedstocks
and chemical modifiers affecting reproducibility in the pro-
duction of biomass-derived adsorbents; and the trade-off
between regeneration efficacy and secondary waste gen-
eration. Addressing these challenges requires rigorous
post-treatment washing validation and ecotoxicity assays,
pilot-scale column studies with breakthrough modelling,
and techno-economic and life cycle assessments (LCA) to
ensure sustainable scalability. An in-depth review of the
most recent literature and findings on LCA and techno-eco-
nomic evaluation of the use of modified hydrochar for pol-
lution remediation, including dyes and heavy metals, was
conducted by Saba et al. [73]. According to their findings,
techno-economic analyses of the production of modified
adsorbents from valorized wastes demonstrate techno-eco-
nomic benefits and can be recognised as sustainable appli-
cations compared to other commercial adsorbents.
Regarding the toxicity of modified hydrochars, neither
the natural modifiers (such as vinegar) nor their potential
degradation products are considered toxic at the residual
concentrations expected in the adsorbents, particularly after
high-temperature modification. Furthermore, no heavy met-
als or other harmful elements were detected in the adsorbent
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modified with vinegar, according to SEM-EDS analysis.
Therefore, when using natural modifiers, no significant
leaching or toxicity is expected, and the materials can be
regarded as environmentally safe for water treatment appli-
cations. This conclusion aligns with recent findings for
similarly prepared green-modified hydrochars [51]. In con-
trast, the KOH-modified adsorbent contained a considerable
amount of potassium and chlorides, but no toxic heavy met-
als. However, leaching in the case of the KOH modifier can
be prevented by additional washing of the adsorbent with
dilute acid and distilled water.

According to previous studies, the regeneration of such
adsorbents is possible using various methods, including con-
ventional desorption techniques such as chemical desorp-
tion with acids, bases, alcohols, and other reagents, as well
as thermal desorption [74]. Recently, various novel methods
have been tested, including microwave, ultrasonic, super-
critical water or carbon dioxide regeneration, and electro-
chemical regeneration [75]. These methods can efficiently
recover the adsorbents, although their adsorption perfor-
mance usually decreases after several regeneration cycles.
Although regeneration was not included in this study, it
should be investigated in the future before the potential use
of modified adsorbents.

4 Conclusions

In this study, the efficiency of unmodified and thermo-chem-
ically modified hydrochars from hemp oil cake and whey in
adsorbing MB and BCG dyes was investigated. Chemical
and surface analyses revealed several changes in the chemi-
cal and surface properties of the hydrochars resulting from
thermo-chemical modification. Modification with natural vin-
egars was more effective than modification with acetic acid,
but less effective than modification with KOH in improving
surface area and porosity. However, it introduced additional
acidic functional groups on the surface of the hydrochars,
which contributed to enhanced adsorption through improved
interactions between the adsorbent and dyes. Among the
acid-treated samples, hydrochar modified with alcoholic
vinegar exhibited the highest adsorption efficiency and the
greatest capacity for MB and BCG dyes. Conventional alkali
(KOH)-treated hydrochar showed the highest adsorption
capacity among all samples, due to a significant increase in
surface area and porosity. Adsorption efficiency was strongly
influenced by pH, with MB adsorption promoted under alka-
line conditions and BCG adsorption under acidic conditions.
The isotherm kinetic models indicated heterogeneous adsorp-
tion, with the Redlich-Peterson and Freundlich models being
the most suitable. The main adsorption mechanisms included
electrostatic interactions, hydrogen bonding, n—m interactions

and pore filling. The results highlight the potential of thermo-
chemically modified hydrochars from hemp oil cake as sus-
tainable adsorbents for dye removal from aqueous solutions
and show that natural modifiers can improve the adsorption
performance of hydrochars, although they are less efficient
than conventional modifiers.
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