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A B S T R A C T

This study investigated the use of hydrochar (HC) derived from durian peels as an adsorbent for removing 
methylene blue (MB) from an aqueous environment. HC was synthesized from durian peels using hydrothermal 
carbonization under varying temperature (160 – 200 ◦C) and time (2 – 6 h) conditions. The optimal condition 
180 ◦C for 2 h (HC-180–2) was identified. HC-180–2 was evaluated in MB adsorption experiments and adsorbent 
characterization. It achieved a maximum MB adsorption capacity (q) of 51.6 mg/g at room temperature, reaching 
equilibrium within 150 min, and the q value increased to 59.2 mg/g at 65 ◦C. The adsorption followed pseudo- 
second-order kinetics (R2 

= 0.996) and Langmuir isothermal behavior (R2 
= 0.996), indicating chemisorption on 

energetically uniform adsorption sites. Thermodynamic analysis yielded Gibbs free energy values ranging from 
-43.0 to -55.3 kJ/mol and an enthalpy change of 48.5 kJ/mol, which further confirmed the spontaneous and 
endothermic nature of the chemisorption process. The surface area of HC-180–2 increased from 3.04 to 6.36 m²/ 
g compared to the biomass, confirming the chemisorption and dependence on chemical functionality rather than 
physical surface area. Structural characterizations revealed enhanced aromatization and functional group for
mation, including sulfone and ester groups. Density functional theory calculations revealed two possible HC-MB 
conformation with adsorption mechanisms involving hydrogen bonding, π-π stacking and π-sulfur interactions. 
The chemisorption nature was also confirmed through Quantum Theory of Atoms in Molecules electron density 
pathway analysis. While the adsorption capacity was moderate compared to chemically modified adsorbents, the 
minimally processed durian peels HC positioned itself as a promising green alternative for MB removal.

1. Introduction

Among many organic dyes, methylene blue (MB) has diverse appli
cations across the pharmaceutical, paper, paint, medical, and food in
dustries [1]. It is particularly prevalent in the textile industry, where it is 
widely recognized as one of the most commonly used colorants for 
fabrics [1]. The textile industry alone contributes over half of the global 
dye effluent, accounting for 55 % of the total [2]. Long-term animal 
studies have indicated that MB is carcinogenic and poses a serious threat 

to human health [3]. Its aromatic ring structure confers high chemical 
stability and poor biodegradability, enabling persistence and wide 
dispersion once released; untreated or insufficiently treated industrial 
and medical effluents are the principal pathways by which MB enters 
aquatic systems [4]. No research has monitored actual MB quantity, but 
a study claimed 10 – 200 mg/L to be the concentration range of MB 
found in the wastewater effluent from various textile processes [5]. 
Another study employed actual dyeing industrial effluent in the 
adsorption study, in which the concentration of MB could reach 1000 

* Corresponding author.
E-mail address: jakkapon.pha@mahidol.ac.th (J. Phanthuwongpakdee). 

Contents lists available at ScienceDirect

Chemical Engineering Journal Advances

journal homepage: www.sciencedirect.com/journal/chemical-engineering-journal-advances

https://doi.org/10.1016/j.ceja.2025.101011

Chemical Engineering Journal Advances 25 (2026) 101011 

Available online 23 December 2025 
2666-8211/© 2025 The Author(s). Published by Elsevier B.V. This is an open access article under the CC BY license ( http://creativecommons.org/licenses/by/4.0/ ). 

https://orcid.org/0000-0003-2160-1019
https://orcid.org/0000-0003-2160-1019
https://orcid.org/0000-0003-4909-1209
https://orcid.org/0000-0003-4909-1209
https://orcid.org/0000-0002-6669-5007
https://orcid.org/0000-0002-6669-5007
https://orcid.org/0000-0001-5571-026X
https://orcid.org/0000-0001-5571-026X
https://orcid.org/0000-0001-9973-9806
https://orcid.org/0000-0001-9973-9806
mailto:jakkapon.pha@mahidol.ac.th
www.sciencedirect.com/science/journal/26668211
https://www.sciencedirect.com/journal/chemical-engineering-journal-advances
https://doi.org/10.1016/j.ceja.2025.101011
https://doi.org/10.1016/j.ceja.2025.101011
http://creativecommons.org/licenses/by/4.0/


mg/L [6]. Untreated or insufficiently treated industrial and medical 
effluents are the primary pathways by which MB enters the aquatic 
systems, with its water solubility and environmental stability enabling it 
to spread widely and persist. Effective natural and engineered remedi
ation processes are essential for mitigating their environmental impact 
[7,8].

Various methods have been developed for dye removal, including 
biological treatment [9,10], membrane separation [11,12], coagulation 
[13,14], photocatalytic processes [15,16], and adsorption techniques 
[17–19]. Conventional wastewater treatment methods often achieve 
only partial removal of MB, with performance sensitive to influent 
concentration and matrix complexity, leaving residual contamination 
risks [20]. Phytoremediation using wetland plants is a promising green 
technology for reducing MB in aquatic environments, especially as a 
tertiary step after primary wastewater treatment [8]. However, phy
toremediation is slow and carries a risk of secondary pollution if not 
properly managed. Its success greatly depends on specific plant types 
and environmental conditions. Photocatalytic degradation is another 
method for MB mineralization, facilitated by the generation of reactive 
species that promote oxidation–reduction activity under light illumi
nation. However, many efficient systems rely on metal-based catalysts 
(e.g. Fe, Ce, Ti), and high catalyst loadings may pose additional envi
ronmental concerns [21–23]. Hence, the adsorption process is favorable 
due to its rapid kinetics, high efficiency, operational simplicity, and 
ability to operate independently of sunlight or biological growth cycles.

Carbonaceous adsorbents are often used for MB adsorption. 
Pyrolysis-derived biochar and activated carbons perform well but 

typically require high temperatures during the production process (400 
– 700 ◦C), which drives energy demand for both heating and biomass 
drying [24,25]. Hydrothermal carbonization (HTC) provides a 
lower-temperature, water-mediated route (about 180 – 250 ◦C) that 
converts wet biomass directly into hydrochar (HC) similar to the 
geological formations of a sealed aqueous system, avoiding the energy 
penalty of prior drying [26]. Previous work has demonstrated MB 
adsorption by HC from various fruit peels, with maximum capacities of 
around 21 mg/g [27]. In contrast, chemically modified HC samples 
often perform substantially better. For example, the activation of sug
arcane bagasse HC with phosphoric acid and NaOH yielded capacities of 
up to 357 mg/g [28], and the addition of poly(vinyl chloride) during the 
HTC of bamboo powder produced HC that adsorbed 259 mg/g MB [28]. 
However, these modification routes introduced additional chemical in
puts during synthesis, which undermine the fundamental criteria of 
sustainability and environmental compatibility required for green 
adsorbents.

Durian (Durio zibethinus), a popular seasonal fruit in tropical coun
tries, is renowned for its distinctive flavor and unique aroma. Thailand is 
the leading producer of durian (production volume of about 1.68 million 
tons as of March 2025), with other countries like Vietnam, Malaysia, 
Indonesia, and the Philippines also contributing [29,30]. Only about 20 
– 30 % of the fruit is edible, while the remaining 70 – 80 %, which 
consists of the durian peels (also known as durian shell), is typically 
discarded as waste [29]. At 2025 production levels, this implies 
approximately 1.34 million tons of peel waste annually in Thailand 
alone. The waste biomass has been widely utilized as fertilizer, animal 

Fig. 1. HC yield and removal efficiency at different hydrothermal treatment conditions: (a) HC yields at 160, 180, and 200 ◦C for 2, 4 and 6 h (Eq. (1)), (b) MB 
removal efficiency with durian peels and HC produced at 160, 180, and 200 ◦C for 2, 4 and 6 h, (c) HC-180–2 of doses 1, 3, 5, and 7 g/L for 30 min. Adsorption 
experiments were performed with an initial MB concentration of 50 mg/L at room temperature.
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Fig. 2. Kinetic experiments and fittings of pseudo-order reaction models: (a) MB removal efficiency by HC-180–2 at different contact times (1 – 1440 min), (b) linear 
pseudo-first-order reaction (Eq. (4)), (c) linear pseudo-second-order reaction (Eq. (5)), (d) non-linear pseudo-first-order reaction (Eq. (6)), (e) non-linear pseudo- 
second-order reaction (Eq. (7)). Kinetic experiments were performed with an HC optimal dose and an initial MB concentration of 50 mg/L at room temperature.

Table 1 
Parameters for linear and non-linear pseudo-order reaction models. Kinetic experiments were conducted at various contact times (1 – 1440 min) with an HC optimal 
dose and an initial MB concentration of 50 mg/L at room temperature.

pseudo-first-order reaction pseudo-second-order reaction

lineara non-linearb linearc non-lineard

k1 (L/min) qe (mg/g) R2 k1 (L/min) qe (mg/g) R2 k2 (L/min) qe (mg/g) R2 k2 (L/min) qe (mg/g) R2

− 0.0113 13.5 0.838 0.560 33.8 0.855 0.0113 30.5 0.996 0.069 34.9 0.913

a. values calculated from Eq. (4).
b. values calculated from Eq. (5).
c. values calculated from Eq. (6).
d. values calculated from Eq. (7).
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Fig. 3. Isothermal fittings and reusability of HC: (a) MB adsorption capacity (q, mg/g) against different MB final concentration (Ce, mg/L) at various temperatures, 
(b) fitting of the Langmuir model (Eq. (8)), (c) fitting of the Freundlich model (Eq. (9)), (d) fitting of the D-R model (Eq. (10)), (e) fitting of the Van ’t Hoff equation 
(Eq. (12)), (f) reusability of HC-180–2 for MB adsorption over 6 consecutive regeneration cycles using 50 mg/L MB solution. Adsorption data at initial MB con
centrations ranging from 0 to 300 mg/L and at room temperature were used to fit isothermal model. Isotherm and thermodynamic experiments were conducted using 
the optimal adsorbent dosage and contact time.

Table 2 
Parameters for Langmuir and Freundlich models. Initial MB concentrations of 0 – 300 mg/L were used at room temperature, optimal adsorbent dosage and contact 
time.

Langmuir isotherm a Freundlich isotherm b D-R isotherm c

qmax (mg/g) KL (L/mg) R2 n KF (mg1–1/nL1/n/g) R2 qmax (mg/g) KD-R (mol2/J2) ED-R (kJ/mol) R2

54.3 0.112 0.996 2.15 6.48 0.916 61.9 1.56 × 108 5.66 0.971

a. values calculated from Eq. (8).
b. values calculated from Eq. (9).
c. values calculated from Eqs. (10) and (11).
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feed, catalysts, and bio-energy production [29,31–33]. However, given 
the large quantities generated, exploring its use as a water pollutant 
adsorbent offers significant potential for broader valorization. This is 
especially true for the adsorption of MB. Prior studies have reported 
effective MB removal using activated carbon derived from durian shells, 
with capacities up to 96.7 mg/g [34–36].

Computational chemistry based on density functional theory (DFT) is 
widely used to investigate the interactions between MB and carbon- 
based adsorbents. For instance, the Becke exchange functional with 
the Lee-Yang-Parr correlation functional (BLYP) with the 6–31++G(d,p) 
basis set was employed to examine the interactions between MB and 
NaOH-activated biochar derived from Aurantii Fructus Immaturus at 800 
◦C [37]. The study indicated that the adsorption process was governed 
by interactions between the -OH, -COOH, and -NH–CO- functional 
groups of the adsorbent and the amino groups of MB [37]. The gener
alized gradient approximation and BLYP were also employed to inves
tigate the interactions between NaOH-activated pyrolyzed biochar and 
MB, revealing that the strongest interaction occurs between the –COOH 
groups of the adsorbent and the R–N(CH3)2 groups of MB. Another study 
employed DFT-D3 with the 6–311+G basis set to inspect MB adsorption 
onto HC activated with potassium citrate and iron citrate, and it 

revealed that the mechanism was driven by π–π interactions, electro
static forces, and hydrogen bonding [38]. Molecular dynamics simula
tion was also used to study the adsorption of MB onto green peel 
material, and it calculated the spontaneous reaction with an adsorption 
energy of − 75.8 kcal/mol [39]. Nevertheless, realistic adsorption sim
ulations should include initial molecular docking to identify energeti
cally favorable binding configurations before conducting geometry 
optimization. Additionally, Quantum Theory of Atoms in Molecules 
(QTAIM) analysis remains essential for quantitatively assessing bond 
critical points and electron density topology, thereby differentiating 
between physisorption and chemisorption mechanisms.

As a lower-energy alternative, HC from HTC from wet biomass under 
moderate conditions, without prior drying, offers a promising pathway. 
To date, MB adsorption using minimally modified HC from durian peels 
has not been systematically evaluated, and no computational studies 
using docking and QTAIM have yet elucidated the associated adsorption 
mechanisms. It is hypothesized that minimally processed HC from 
durian peels can effectively remove MB through mechanisms involving 
functional group interactions.

This study aims to synthesize HC from durian peels via low- 
temperature HTC and comprehensively evaluate its MB adsorption 
performance in water. Durian peels HC was successfully produced via 
HTC at temperatures below 200 ◦C under inert conditions. Adsorption 
kinetics, isotherms, and thermodynamics were analyzed to understand 
the adsorption behavior and capacity, while computational chemistry 
methods provided molecular-level insights into the interactions between 
HC-MB. Collectively, the results offer a comprehensive evaluation of 
minimally processed durian peels HC as an effective and eco-friendly 
adsorbent for removing MB.

2. Methodology

2.1. Hydrochar preparation

Durian (Durio zibethinus Murray) peels were obtained from a local 
market. The biomass was thoroughly washed with tap water to remove 
excess dirt, then rewashed with DI water. The clean biomass was oven- 
dried at 70 ◦C for 24 h or until its weight remained constant. Then, it was 
ground using a grinder before being sieved with standard aluminium 
sieves to obtain the sample with sizes smaller than 125 µm.

The prepared durian peels (3 g) were mixed with 30 mL of deionized 
water (biomass-to-water ratio of 1:10 w/v) and placed in a 100 mL 
hydrothermal reactor with a Teflon chamber, followed by heating in a 
hot-air oven at 160, 180, and 200 ◦C for residence times of 120, 240, and 
360 min. The reactor was sealed and allowed to reach the target tem
perature naturally within the oven, with no external pressure control 
(autogenous pressure). After the residence time, the reactor was 
immediately placed in cool water to stop further reaction. The resulting 
products were then filtered through Whatman™ No. 4 filter paper, and 
the recovered HC was subsequently dried at 70 ◦C for 24 h or until a 
constant weight was achieved. The yield of HC was calculated using Eq. 
(1), based on the mass of HC produced (g) and the mass of its precursor, 
dry durian peels (g). 

HCyield(%) = (massofHC /massofdrydurianpeels) × 100 (1) 

2.2. Adsorption experiments

MB (QReC™, New Zealand) was used as obtained. The adsorption 
efficiency of MB by HC was evaluated by first preparing a calibration. 
Standard MB solutions with concentrations of 20, 40, 60, 80, 100, and 
300 mg/L were measured at 667 nm using a UV–Visible spectropho
tometer. The resulting calibration plot is presented in the supplementary 
material (Fig. S1). At the end of every adsorption experiment, the 
mixture of HC and solute was gently shaken and left to stand at room 
temperature for 120 min. Afterwards, it was centrifuged at 4400 rpm for 

Table 3 
Parameters for thermodynamic calculations. Initial MB concentrations of 0 – 300 
mg/L were used at room temperature, optimal adsorbent dosage and contact 
time.

Thermodynamic parameters

T ( ◦C) KL (L/mg) a ΔH (kJ/mol) b ΔS (kJ/K/mol) b ΔG (kJ/mol) c

25 0.112 48.5 0.307 − 43.0
35 0.148 ​ ​ − 46.1
45 0.441 ​ ​ − 49.1
65 0.988 ​ ​ − 55.3

a. values calculated from Eq. (8) (linear fit of Langmuir isotherm model of all 
temperature conditions can be found in Fig. S2).
b. values calculated from Eq. (12).
c. values calculated from Eq. (13).

Table 4 
Surface properties of durian peels and HC-180–2 determined from nitrogen 
adsorption-desorption isotherms.

sample BET a BJH (adsorption branch) b

surface 
area (m2/ 
g)

total pore 
volume 
(cm3/g)

Cc average pore 
diameter (nm)

total pore 
volume 
(cm3/g)

durian 
peels

3.04 0.698 6.98 16.0 0.0347

HC- 
180–2

6.36 1.46 24.2 29.9 0.0430

a. Brunauer–Emmett–Teller method.
b. Barrett–Joyner–Halenda method.
c. BET C constant, indicating the strength of adsorption.

Table 5 
Elemental composition (wt. %) of durian peels and HC-180–2 before and after 
MB adsorption, determined by EDX.

sample elemental composition (wt. %)

carbon 
(C)

oxygen 
(O)

sulfur 
(S)

magnesium 
(Mg)

potassium 
(K)

durian peels 52.5 45.8 0.100 0.330 1.30
HC-180–2 58.3 41.6 0.100 - -
HC-180–2 (after 

MB 
adsorption)

57.6 42.2 0.220 - -
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30 min. The supernatant was analyzed by UV–Visible spectrophotom
etry (V-750, Jasco, Japan) at 667 nm, and the absorbance values were 
compared with the calibration curve to determine the final MB con
centration. All adsorption experiments were carried out in triplicate. 
The MB removal efficiency ( %) was then calculated according to Eq. (2). 
The adsorption capacity (q, mg/g), referring to the amount of MB 
adsorbed per unit mass of the HC, was calculated using Eq. (3). 

MB removal efficiency(%) = (C0 − Ce)/C0 × 100 (2) 

q = (C0 − Ce)/m × V (3) 

C0 (mg/L) and Ce (mg/L) refer to initial and remaining MB concen
trations, respectively. The mass of HC used in the adsorption experi
ments is represented by m (g), while V (L) is the volume of solute. All 
experiments were performed in triplicate, and a fourth trial was per
formed if significant variation was observed between the initial results.

The screening test was conducted with a 1 g/L HC dosage at a C0 of 
50 mg/L, maintained at room temperature for 30 min. Then the HC with 
the best HTC condition was selected for the remainder of the adsorption 
experiment. For dosage selection, HC at 1, 3, 5, and 7 g/L were used to 
adsorb 50 mg/L MB at room temperature for 30 min.

To determine the optimal time, adsorption experiments were con
ducted with contact times ranging from 0 to 1440 min. The optimal HC 
dosage was used with an initial MB concentration of 50 mg/L at room 
temperature. The contact time data were fitted to a linear pseudo-first- 
order reaction (Eq. (4)) and a pseudo-second-order reaction (Eq. (5)). 
For comparison, the data were also modeled using non-linear reaction 
equations. The non-linear forms of the pseudo-first-order and pseudo- 
second-order models are given by Eqs. (6) and (7), respectively. 

log(qe − qt) = logqe − (k1/2.303)t (4) 

t
/
qt = 1

/
k2qe

2 + t
/
qe (5) 

qt = qe(1 − exp( − k1t)) (6) 

qt = k2qe
2t
/
1 + k2qet (7) 

qt (mg/g) represents q at a given time (t), and qe (mg/g) denotes q at 
equilibrium. k1 and k2 represent the pseudo-first (L/min) and second- 
order reaction rate constants (g/mg/min), respectively.

Adsorption experiments with varying initial MB concentrations (0 – 
300 mg/L) were conducted under the previously established optimal 
adsorption time and adsorbent dosage. To gather data for thermody
namic analysis, experiments were performed at four different tempera
tures (25, 35, 45, and 65 ◦C) for each initial concentration. The 
equilibrium data were evaluated using the linearized forms of the 
Langmuir (Eq. (8)) and the Freundlich (Eq. (9)). The Dubinin- 
Radushkevich (D-R) isotherm model (Eqs. (10) and (11)) was also 
employed, following the modified form developed explicitly for liquid- 
solid adsorption systems as reported in previous literature [40]. Ther
modynamic parameters were calculated from the linear plots obtained 
using Eq. (12) and the values derived from Eq. (13). 

1/q = 1/qmax + 1/KLCeqmax (8) 

logq = 1/n(logCe) + logKF (9) 

lnq = lnqmax − KD− R(RT(Cs/Ce)) (10) 

Fig. 4. Chemical functional groups and proposed structures of HC: (a) FTIR absorbance spectrum of durian peels and HC-180–2, before and after MB adsorption, (b) 
Raman shifts of HC-180–2, adopted from a previous study [62], (c) proposed HC structure derived from FTIR spectrum and Raman shifts.
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ED− R = 1/√(2K) (11) 

ln(ρKL) = − ΔH/RT + ΔS/R (12) 

ΔG = ΔH − ΔTS (13) 

qₘₐₓ (mg/g) represents the maximum adsorption capacity, indi
cating the total number of available surface sites on the adsorbent. In the 
Langmuir isotherm model (Eq. (8)), KL (L/g) denotes the Langmuir 
constant. For the Freundlich model (Eq. (9)), KF (mg1–1/nL1/n/g) is the 
Freundlich constant, and n is the heterogeneity factor, which relates to 
adsorption intensity and the free energy of adsorption. KD-R (mol2/J2) is 
associated with the D-R isotherm as the free energy of adsorption per 
mole of MB, and Cs is the concentration of MB at the saturation point 
(Eq. (10)). It is used to determine D-R isotherm free energy of the solid- 
liquid interface (ED-R, kJ/mol), following Eq. (11). Thermodynamic 
analyses (Eqs. (12) and (13)) were performed using the absolute tem
perature (T, K) and the universal gas constant (R = 8.314 J/mol/K). ΔH 
(kJ/mol) is the enthalpy change of adsorption, and ΔS (J/K/mol) is the 
entropy change, which reflects the degree of randomness at the solid- 
solution interface during adsorption. The Gibbs free energy change 
(ΔG, kJ/mol) was determined to evaluate spontaneity. KL, derived from 
the Langmuir model, was applied as the distribution coefficient. The 
Van’t Hoff equation (Eq. (12)) was modified to include the water density 
(ρ, 1000 g/L) to achieve a dimensionless form [41].

The reusability of HC-180–2 was evaluated over 6 consecutive 
adsorption-regeneration cycles. For each cycle, the optimal adsorbent 
dosage was used to adsorb MB from a 50 mg/L solution for the equi
librium contact time at room temperature. After each adsorption cycle, 
the spent HC was separated by filtration and soaked in DI water for 2 h to 
facilitate desorption of adsorbed MB. The regenerated HC was then dried 
at 70 ◦C until it reached a constant weight and subsequently reused in 

the next adsorption cycle under identical conditions.

2.3. Hydrochar characterization

The HC sample with optimal MB adsorption was used for the char
acterization. The porous properties of the HC and durian peels were 
compared and evaluated to identify changes in surface area and porosity 
caused by HTC. The nitrogen adsorption-desorption measurement was 
conducted at –195.8 ◦C (Belsorp MiniX, MicrotracBE Corp., Japan). 
Brunauer–Emmett–Teller (BET) theory was employed to calculate the 
specific surface area, and the Barrett, Joyner, and Halenda (BJH) 
method was used to analyze the pore size distribution. The nitrogen 
adsorption data at a relative pressure of 0.99 were utilized to determine 
the total pore volume (Vtotal).

Scanning electron microscopy (SEM, JSM-IT500LA, Japan) was 
employed to visualize the surface morphology of the durian peels, the 
derived HC, and the HC after MB adsorption. Additionally, energy- 
dispersive X-ray spectroscopy (EDX) was employed to analyze the sur
face elemental composition of these three samples, providing comple
mentary information on the adsorption process.

Fourier-transform infrared spectroscopy (FTIR, Thermo Fisher Sci
entific, iS50, USA) was carried out on the durian peels, the derived HC, 
and the HC after MB adsorption to identify and compare the functional 
groups present. This analysis was used to elucidate the changes in sur
face chemistry that occur during hydrothermal carbonization and sub
sequent dye adsorption.

Raman spectroscopy was performed using an atomic force 
microscope-Raman (OmegaScope, Horiba Scientific, Japan) on the HC 
to characterize its carbon structure further and provide additional 
insight into the degree of graphitization and structural disorder. It can 
also be used to assess some important functional groups.

Fig. 5. Optimized structures and HC-MB interactions: (a) optimized MB structure, (b) optimized HC structure, (c) HC-MB conformation with the lowest binding 
energy (conformation 1), (d) HC-MB conformation with the lowest binding energy (conformation 2).
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2.4. Computational studies

The results obtained from FTIR and Raman spectroscopy were used 
to deduce the HC structure. HC and MB structures were pre-optimized by 
employing the Becke 1988 and Perdew 1986 (BP86) density functional 
in combination with the def2-SV(P) basis set. The Resolution of Identity 
(RI) approximation with NormalSCF convergence criterion was applied 
to accelerate the computation. Then, the pre-optimized HC structure 
was further optimized using the semi-empirical GFN2-xTB method, as 
implemented in the xTB engine. Solvent effects were modeled with the 
ALPB(Water) implicit solvation approach. The calculation was executed 
in a %DOCKER environment with the pre-optimized MB structure as a 
guest molecule. A more computationally expensive method, utilizing the 
Becke, 3-parameter, Lee–Yang–Parr (B3LYP) hybrid functional with the 
def2-TZVP basis set and a TightSCF convergence criterion, was 
employed to calculate the single-point energy for the final HC-MB 
structure. The computational analysis was conducted using ORCA 6 
with the SHARK integral generation and digestion engine [42,43]. 
QTAIM analysis was performed with Multiwfn 3.8 [44]. All molecular 
visualizations will be generated using Chemcraft 1.8 and Discovery 
Studio 2025 [45,46].

3. Results and discussion

3.1. Adsorption of methylene blue by hydrochar

Durian peel-derived HC samples were successfully produced under 
varying hydrothermal conditions. Fig. 1a presents the HC yields ob
tained from durian peel biomass under various hydrothermal carbon
ization conditions. The nomenclature used (e.g., 160–2, 180–4, 200–6) 
denoted the reaction temperature ( ◦C) and residence time (h), 

respectively. The results demonstrated that HC yield was inversely 
correlated with both temperature and residence time. The increase in 
carbonization temperature from 160 ◦C to 200 ◦C progressively reduced 
the HC yield. At a constant residence time of 2 h, the yield decreased 
from approximately 63.6 % (HC160–2) to 53.6 % (HC200–2). Similarly, 
increasing the residence time at a constant temperature consistently 
reduced the yield. For instance, at 180 ◦C, the yield decreased from 59.8 
% (HC180–2) to 53.2 % (HC180–4) and further to 47.4 % (HC180–6). 
The highest HC yield of approximately 63.6 % was obtained under the 
mildest conditions (HC160–2). This trend could be attributed to the 
gradual breakdown of lignocellulosic components into water-soluble 
and gaseous compounds under more severe hydrothermal conditions, 
resulting from hydrolysis, dehydration, decarboxylation, and con
denzation reactions [47].

Fig. 1b shows the MB removal efficiency achieved by different HC 
samples. Among all tested conditions, HC prepared at 180 ◦C for 2 h 
(HC-180–2) exhibited the superior adsorption performance for MB 
removal. The sample removed up to 63.7 % of 50 mg/L MB within 30 
min, yielding the maximum q at 31.9 mg/g. The observed temperature- 
dependent performance may have been attributed to the balance be
tween surface and functional group development. At lower temperatures 
or shorter residence times, the development of surface functional groups 
and specific surface area necessary for effective MB adsorption was 
insufficient. The hydrolysis reaction is partial, and the biomass main
tains more of its original structure with fewer pores [48]. Conversely, 
higher hydrothermal temperatures or extended residence times could 
lead to the degradation of functional groups that contribute to dye 
adsorption. Elevated temperatures contributed to the loss of hydroxyl 
and carboxyl groups, which may play crucial roles in MB adsorption 
mechanisms [48]. Based on these results, HC-180–2 was selected as the 
optimal sample for subsequent adsorption experiments and character
ization analyses.

The influence of HC dosage on MB removal was investigated, and the 
results are illustrated in Fig. 1b Increasing HC doses increased overall 
MB removal, with q reaching its maximum at 1 g/L. This observation 
indicated that although higher dosages provided more available binding 
sites, optimal utilization occurred at a moderate dosage. Consequently, 1 
g/L was established as the optimal HC dose for all subsequent 
experiments.

The results of kinetic experiments are shown in Fig. 2. HC-180–2 
demonstrated an initial MB removal efficiency of 42.4 % within the first 
minute of contact (Fig. 2a). The adsorbent reached maximum adsorption 
performance at 150 min, achieving 79.3 % MB removal efficiency with a 
corresponding q value of 39.6 mg/g (Fig. 2a). Beyond this contact time, 
no significant improvement in removal efficiency was observed, indi
cating the establishment of adsorption equilibrium.

To clarify the underlying adsorption mechanism, both linearized and 
non-linearized kinetic models were applied to the experimental data 
(Figs. 2b and 2d). The essential values derived from the kinetic models 
are presented in Table 1. The pseudo-second-order kinetic models pro
vided superior correlation with the experimental results. The model 
assumes that the rate-limiting step depends on the changes in concen
tration of both adsorbate (MB) and adsorbent (HC), and that the 
adsorption involves chemical interactions [49]. The results suggest that 
chemisorption processes, rather than physisorption, predominantly 
govern the adsorption of MB onto HC-180–2. The pseudo-second-order 
models predicted the qe values to be 30.5 (linearized) and 34.9 mg/g 
(non-linearized), which were lower than the experimental q (39.6 
mg/g).

The adsorption performance of HC-180–2 was evaluated under 
varying initial MB concentrations and temperature conditions, and the 
results are shown in Fig. 3a. The temperature-dependent behavior 
indicated that higher temperatures enhanced the MB uptake by HC- 
180–2. The maximum q at 25 ◦C was 51.6 mg/g, when a 300 mg/L initial 
MB concentration was used. The value increased to 59.2 mg/g at 65 ◦C. 
The positive temperature effect supported the chemisorption 

Table 6 
Bond types and functional groups involved in the interactions of HC and MB in 
conformation 1 and 2.

conformation bond type functional groups involved in the 
interaction

bond 
length 
(Å)

HC MB

1 (Fig. 5c) conventional 
hydrogen

carboxylic acid 
(H-donor)

Amine (H- 
acceptor)

1.81

​ carbon- 
hydrogen bond

Sulfone (H- 
acceptor)

Methyl (H- 
donor)

2.64

​ π-π stacked benzene 
derivative (π 
orbitals)

benzene 
derivative (π 
orbitals)

4.11

​ ​ benzene 
derivative (π 
orbitals)

benzene 
derivative (π 
orbitals)

3.69

​ ​ benzene 
derivative (π 
orbitals)

benzene 
derivative (π 
orbitals)

3.37

​ π-sulfur stacked Sulfone 
(sulfur)

benzene 
derivative (π 
orbitals)

5.81

2 (Fig. 5d) conventional 
hydrogen

carboxylic acid 
(H-donor)

Amine (H- 
acceptor)

1.74

​ carbon- 
hydrogen bond

Sulfone (H- 
acceptor)

Methyl (H- 
donor)

2.46

​ π-π stacked benzene 
derivative (π 
orbitals)

benzene 
derivative (π 
orbitals)

4.63

​ ​ benzene 
derivative (π 
orbitals)

benzene 
derivative (π 
orbitals)

5.13

​ π-sulfur stacked Sulfone 
(sulfur)

benzene 
derivative (π 
orbitals)

4.42

​ ​ benzene 
derivative (π 
orbitals)

Thioether 
(sulfur)

4.58
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mechanism previously identified through kinetic studies, as chemical 
adsorption processes typically require thermal energy to overcome the 
energy barriers associated with bond formation between the adsorbate 
and the adsorbent. This is fundamentally different from physisorption 
processes, where increased temperature typically reduces adsorption 
efficiency due to enhanced molecular kinetic energy that weakens the 
physical interactions [50].

Adsorption isotherms were constructed using data obtained at room 
temperature, which were subsequently fitted to both the Langmuir 
(Fig. 3b) and the Freundlich isotherm models (Fig. 3c). The derived 
fitting parameters for both isotherm models are presented in Table 2. 
The Langmuir isotherm model exhibited superior correlation with 
experimental data for MB adsorption onto HC-180–2 relative to the 
Freundlich model. The qmax value predicted by the Langmuir isotherm 
was 54.3 mg/g, slightly higher than the experimental q (51.6 mg/g). The 
applicability of the Langmuir isotherm indicated that the adsorption 
process occurred on energetically uniform sites with equal binding en
ergies, while lateral interactions between adsorbed MB were regarded as 
negligible [51]. The model additionally assumed monolayer coverage, 
where each adsorption site bound a single MB [51].

The D-R model fitting (Fig. 3d) yielded a qmax of 61.9 mg/g with a 
high correlation coefficient (R² = 0.971). The value was in agreement 
with those of experimental data (51.6 mg/g) and the Langmuir- 
predicted value (54.3 mg/g). ED-R was calculated to be 5.66 kJ/mol, 
which falls below the threshold of 8 kJ/mol often associated with 
physical adsorption. However, it is important to note that the ED-R had 
limitations when applied to solid-water interface systems and cannot be 
reliably used to distinguish between physisorption and chemisorption in 
aqueous solutions [52]. Therefore, the determination of the adsorption 
mechanism should be based primarily on thermodynamic parameters.

The thermodynamic parameters are listed in Table 3. The fittings of 
the Langmuir isotherm model for all temperature conditions are 

presented in the supplementary material (Fig. S2). The ΔH value was 
48.5 kJ/mol for the adsorption of MB by HC-180–2, indicating an 
endothermic enthalpy. Adsorption at the solid-liquid interface repre
sents a competitive process involving the desorption of pre-existing 
water molecules from active sites and the simultaneous adsorption of 
solute species [53]. The endothermic nature usually occurs when 
adsorbate molecules must displace multiple water molecules during 
adsorption [53]. The positive ΔS value of 0.307 indicated an increase in 
randomness at the HC-MB interface. The combination of a positive ΔH 
and ΔS yielded negative ΔG values across all temperatures, indicating 
spontaneous adsorption. Typically, physisorption processes are charac
terized by ΔG values ranging from − 20 to 0 kJ/mol, whereas chemi
sorption involves significantly more negative values between − 80 and 
− 400 kJ/mol [54]. This means the ΔG values in this study, ranging from 
− 43.0 to − 55.3 kJ/mol, suggested an intermediate adsorption mecha
nism. However, given that the kinetic data fit best with the 
pseudo-second-order model, the adsorption process was predominantly 
chemisorption.

The reusability of HC-180–2 was evaluated over 6 adsorption- 
regeneration cycles, as shown in Fig. 3f. The removal efficiency pro
gressively declined with each regeneration cycle. After the first regen
eration cycle, the efficiency decreased to approximately 57.7 %. The 
decline continued through subsequent cycles, with the removal effi
ciency dropping to approximately 3.06 % for cycle 6.

3.2. Hydrochar characterization

The surface and porous properties of durian peels and HC-180–2 are 
shown in Table 4. The BET surface area of the HC-180–2 increased from 
3.04 m²/g to 6.36 m²/g, representing a twofold enhancement compared 
to the raw biomass. This modest surface area transformation contrasts 
with previous studies on activated carbon, which have reported surface 

Fig. 6. Quantum theory of atoms in molecules (QTAIM) analysis with nuclear critical point (3,− 3), bond critical point (3,− 1), ring critical point (3,+1), cage critical 
point (3,+3), and bond paths: (a) HC-MB conformation 1, (b) HC-MB conformation 2.
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areas of 34.4 m²/g [55] and 661.3 m²/g [56]. The BJH average pore 
diameter also expanded from 16 nm in the biomass to 29.9 nm in 
HC-180–2. This structural modification was reminiscent of a previous 
study, which demonstrated that mesoporous structures with pore di
ameters around 3.03 nm can effectively capture methylene blue mole
cules (1.43 nm in size) [55]. These minute increases in HC surface area 
and pore volume further support the chemisorption mechanism of the 

adsorption system. Carbon-based adsorbents employing physisorption 
for MB adsorption can achieve BET surface areas up to 2000 m2/g [57]. 
However, the pore structure and surface chemistry are more critical than 
absolute surface area for dye adsorption [56]. Chemisorption primarily 
depends on surface chemical functionality rather than a high surface 
area, as moderate BET surface areas are sufficient when the surface 
chemistry enables the formation of strong chemical bonds [58].

EDX analysis results are tabulated in Table 5. The analysis shows that 
durian peels contain magnesium (Mg, 0.33 %) and potassium (K, 1.3 %). 
These minerals are naturally found in the biomass [59]. Following hy
drothermal treatment, Mg and K were removed while carbon (C), oxy
gen (O), and sulfur (S) were retained. An ultimate analysis from previous 
research revealed that durian peels can contain up to 0.1 wt % amino 
acids [60]. Specifically, cysteine and methionine might be present as 
they are key sulfur-containing protein components found in durian and 
its peels [61]. The increase in sulfur after adsorption was due to the 
uptake of MB.

The SEM images, available in the supplementary material (Fig. S3), 
revealed few visible changes in the surface topology of the samples. The 
durian peels (Fig. S3a) exhibit a fibrous, layered structure with irregular 
surfaces characteristic of lignocellulosic biomass. HC-180–2 (Fig. S3b) 
morphology shows that the fibrous structure is largely preserved. This 
minimal morphological alteration suggests that the HTC conditions 
employed (180 ◦C, 2 h) are relatively mild and do not cause extensive 
physical alteration of the biomass matrix. After MB adsorption 
(Fig. S4c), the HC-180–2 surface morphology remains similar to that 
before adsorption.

FTIR analysis in Fig. 4a reveals significant structural transformations 
after the HTC of durian peels. The raw biomass displayed characteristic 
peaks at 3300 cm⁻¹ (OH stretching) and 1740 cm⁻¹ (C = O aldehyde), 
with the latter disappearing after HC formation. Hydrothermal treat
ment enhanced several functional groups, including OH stretching 
(3300 cm⁻¹), aliphatic C–H stretching (2920 cm⁻¹), and C–H bending 
vibrations (1370 cm⁻¹). New peaks emerged in the HC sample, indicating 
increased aromatization with C = C stretching around 1600–1650 cm⁻¹ 
and strong aromatic C–C stretching at 1510 cm⁻¹. The formation of 
sulfone groups was evidenced by S = O stretching at 1160 cm⁻¹, while 
ester functionalities appeared at 1165 cm⁻¹ (C–O stretching). The 
prominent anhydride peak at 1025 cm⁻¹ (CO–O-CO stretching) and 
alkene bending at 900 cm⁻¹ further confirmed structural modifications 
during carbonization. Following MB adsorption, additional peaks at 
1600 cm⁻¹ (CH––N) and 881 cm⁻¹ (C–H bending) confirmed dye uptake, 
while the shift in aromatic C–C peaks suggested possible interactions 
between the HC and MB. The Raman shifts in Fig. 4b corroborate the 
FTIR functional group analysis. The G-band (1580 – 1600 cm⁻¹) corre
sponds to ordered graphitic carbon with in-plane sp² vibrations, while 

Fig. 7. Molecular orbital, highest occupied molecular orbital (HOMO) and 
lowest unoccupied molecular orbital (LUMO): (a) MB-HC conformation 1, (b) 
MB-HC conformation 2.

Table 7 
Comparison of MB adsorption capacity and operating conditions for HC derived from various biomass feedstocks under different hydrothermal treatment and 
modification conditions (HC in all studies were made under autogenous pressure).

biomass hydrothermal treatment adsorption of MB Ref.

condition modification maximum q (mg/ 
g)

equilibrium time 
(min)

C0 (mg/ 
L)

adsorption temperature ( 
◦C)

durian peels 200 ◦C, 4 h no modification 51.6 150 300 room temperature this 
study

bamboo with 
PVC

230 ◦C, 24 h NaOH 259 360 400 25.0 [28]

cotton straw 200 ◦C, 12 h, iron citrate, pyrolysis at 800 ◦C 660 200 n/a n/a [38]
corncobs 180 ◦C, 6 h KOH and pyrolysis at 800 ◦C 490 300 500 30.0 [63]
wheat straw 220 ◦C, 12 h KOH 24.5 120 40.0 25.0 [64]
grape pomace 220 ◦C, 1 h magnesium, NaOH and pyrolysis at 

300 ◦C
290 500 600 25.0 [65]

sunflower stalks 220 ◦C, 2 h no modification 24.1 240 50.0 room temperature [66]

n/a – not available.
q – adsorption capacity.
C0 – initial MB concentration.

P. Peerakiatkhajohn et al.                                                                                                                                                                                                                     Chemical Engineering Journal Advances 25 (2026) 101011 

10 



the D-band (1300 – 1360 cm⁻¹) signifies structural disorder and defects 
through out-of-plane vibrations in fused aromatic rings and amorphous 
carbon regions. Based on the FTIR and Raman spectral data, a proposed 
HC structure is constructed and illustrated in Fig. 4c.

3.3. Computational study and mechanism of methylene blue adsorption

The optimized structures of MB and HC are shown in Figs. 5a and 5b, 
respectively. The DFT calculation yielded two optimized HC-MB con
formations, which are displayed in Figs. 5c and 5d The molecular in
teractions between HC and MB are tabulated in Table 6, which details all 
bond types and their distances between the functional groups involved 
in the two conformations. Conformation 1 (E = − 149.95 Eh) was the 
more thermodynamically favourable arrangement, featuring a typical 
hydrogen bond between the carboxylic acid (H-donor) of HC and the 
amine (H-acceptor) of MB at 1.81 Å. The carbon-hydrogen bond 
involving the sulfone group (H-acceptor) of HC and the methyl group 
(H-donor) of MB had a distance of 2.64 Å. This conformation also 
exhibited π-π stacking interactions between benzene derivatives at three 
distances (4.11, 3.69, and 3.37 Å), indicating multiple aromatic in
teractions, along with a π-sulfur stacked interaction at 5.81 Å between 
the sulfone group of HC and the aromatic system of MB. Conversely, 
conformation 2 (E = − 149.89 Eh), while slightly less stable, showed a 
stronger hydrogen bond at 1.74 Å and a more compact carbon-hydrogen 
interaction at 2.46 Å. However, it exhibited weaker π-π stacking at 
longer distances (4.63 and 5.13 Å). The conformation also featured π- 
sulfur interactions involving both the sulfone (4.42 Å) and the thioether 
groups (4.58 Å). The energy difference of 0.06 Eh between the confor
mations suggests that both binding modes are energetically feasible, 
involving hydrogen bonding, aromatic stacking, and sulfur-mediated 
interactions.

The QTAIM analysis in Fig. 6 also provides evidence for the chemi
sorption of MB on HC by revealing the formation of chemical bonds. The 
presence of the bond critical points (3,− 1) demonstrated covalent bond 
formation, while the bond paths trace the electron-density pathways 
connecting the interacting atoms between MB and HC in both confor
mations. The nuclear critical points (3,− 3), ring critical points (3,+1), 
and cage critical points (3,+3) mapped the topological electron density, 
confirming that the interaction went beyond physisorption to involve 
chemical bonding with shared electron density between the MB and 
functional groups of HC. Separate critical points (3,− 1)

Based on the molecular orbital analysis shown in Fig. 7, the chemi
sorption of MB onto HC involves significant electronic interactions be
tween the two systems. In conformation 1 (Fig. 7a), the HOMO-LUMO 
gap is 3.13 eV (HOMO at − 4.55 eV, LUMO at − 1.42 eV), while in 
conformation 2 (Fig. 7b), the gap is smaller at 2.50 eV (HOMO at − 4.72 
eV, LUMO at − 2.22 eV). The orbital isosurface visualizations reveal 
substantial orbital overlap between the MB dye molecule and the bio
char surface, with both positive (pink) and negative (green) isosurfaces 
indicating strong electronic coupling. The presence of heteroatoms (ni
trogen, oxygen, and sulfur) in both the HC and MB structures facilitates 
charge-transfer interactions, as evidenced by the delocalized electron 
density extending across the interface. The smaller HOMO-LUMO gap in 
conformation 2 suggests stronger electronic interactions and a higher 
binding affinity. The smaller HOMO-LUMO gap in conformation 2, 
combined with its higher total energy (Eh = − 149.89 Eh compared to 
− 149.95 Eh for conformation 1), suggests that while conformation 1 is 
thermodynamically more stable, conformation 2 exhibits enhanced 
electronic reactivity due to its reduced energy barrier for electron 
transitions. This orbital analysis confirms that the HC-MB interaction 
involves significant electronic coupling and charge redistribution rather 
than simple physical adsorption. A previous study also demonstrated 
chemisorptive interactions between nanocages and cisplatin in the 
aqueous phase, with energy gaps ranging from 0.885 to 3.15 eV [67]. 
Similarly, a DFT study of chemical adsorption for different gas molecules 
(CO, N2, NO, etc.) on graphene nanoflakes yielded energy gaps ranging 

from 1.81 to 4.13 eV [68].

3.4. Comparison to other studies on methylene blue adsorption on 
hydrochar

The HTC of durian peels in this study yielded HC with a moderate MB 
adsorption capacity (51.6 mg/g) when compared to HC samples from 
previous studies tabulated in Table 7. This adsorption capacity was 
achieved within a reasonable equilibrium time of 150 min at room 
temperature without any chemical modification. While this adsorption 
capacity was lower compared to chemically modified HC such as NaOH- 
treated bamboo with PVC (259 mg/g), iron citrate and pyrolysis-treated 
cotton straw (660 mg/g), and KOH-treated corncobs (490 mg/g), the 
unmodified durian peels HC demonstrated several advantages including 
environmental sustainability due to the absence of harsh chemical 
treatments, ambient temperature operation eliminating additional en
ergy requirements, and a relatively fast equilibrium time compared to 
bamboo (360 min) and cotton straw (200 min). The adsorption perfor
mance was comparable to that of unmodified sunflower stalks (24.1 mg/ 
g). The operational simplicity and environmental compatibility of 
durian peels HC positioned it as a promising eco-friendly adsorbent for 
MB removal applications, where moderate adsorption capacity with 
sustainable processing conditions was preferred over maximum 
adsorption performance requiring intensive chemical modifications.

4. Conclusions

Durian peels-derived HC produced through HTC at 180 ◦C for 2 h 
demonstrated effective MB removal capabilities. It yielded a q value of 
51.6 mg/g at room temperature, with an equilibrium time of 150 min. 
The q value increased to 59.2 mg/g when the adsorption condition was 
elevated to 65 ◦C. The research revealed that MB adsorption onto durian 
peel HC followed a chemisorption mechanism, as confirmed by both 
linear and non-linear pseudo-second-order kinetics and thermodynamic 
studies. The BET surface area of HC-180–2 increased minimally after 
hydrothermal treatment, supporting a chemisorption mechanism that 
depends on surface chemical functionality rather than high surface area. 
EDX analysis revealed that the hydrothermal treatment removed min
erals while retaining C, O, and S, the last of which originated from amino 
acids naturally present in the durian peels. FTIR and Raman analyses 
confirmed structural transformations, including enhanced aromatiza
tion, formation of sulfone and ester groups, while post-adsorption FTIR 
spectra verified MB uptake by the HC. Computational chemistry analysis 
using DFT identified hydrogen bonding between the carboxylic acid 
groups of HC and the amine groups of MB, complemented by π-π 
stacking and π-sulfur interactions. The HOMO-LUMO gaps of 2.5 and 
3.13 eV for the two most stable HC-MB conformations further validated 
the chemisorption nature. The QTAIM analysis confirmed the formation 
of chemical bonds through electron-density pathways. The adsorption 
capacity was deemed moderate compared with that of chemically 
modified adsorbents. Future research directions should focus on opti
mizing hydrothermal conditions to enhance surface area and functional 
group development and performing comprehensive life cycle assess
ments to quantify the environmental benefits compared to conventional 
treatment methods. All in all, the minimally modified durian peels HC 
offers a significant advantage in terms of sustainability, energy effi
ciency, and processing simplicity as an MB removal agent.
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