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ABSTRACT

This study synthesized hydrochar adsorbents at varying temperatures 150°C (HC150) and 250°C (HC250), using the hydrothermal
carbonization (HTC) method from Spirogyra sp. (SPG) and characterized them using XRD, FTIR, SEM, and BET analyze. XRD results
confirmed a dominant CaCOs phase (JCPDS 01-086-2334) in all samples, with new peaks and shifts in HC150 and HC250 indicating
structural changes from hydrochar formation. FTIR spectra revealed functional groups such as O-H, C=0, C-O, and C-N-S in SPG, with
notable reductions in O-H and phenolic signals in HC150 and HC250, suggesting chemical transformations. SEM analysis revealed that
SPG exhibits a smooth, sheet-like morphology, while HC150 formed uniform particles and HC250 developed a rough, porous surface,
indicating increased carbonization, surface heterogeneity, and enhanced adsorption potential. BET analysis showed a marked increase in
surface area and a transition from macroporous to mesoporous structures in HC150 and HC250, enhancing their adsorption capabilities.
Adsorbents exhibited selective adsorption toward methylene blue (MB). Surface charge analysis revealed similar pHpzc values slightly
below neutral, promoting favorable electrostatic interactions with cationic MB. Adsorption followed pseudo second order (PSO) kinetics
compared to pseudo first order (PFO), indicating chemisorption, while isotherm modeling highlighted HC250 strong fit to the Freundlich
model. Thermodynamic assessments confirmed HC250 superior performance, exhibiting more negative AG, lower AH, and higher AS
values, signifying spontaneous, energy-efficient, and affinity-driven adsorption. Regeneration tests further underscored HC250 stability,
with removal efficiency maintaining above 50% after four cycles (90.14% to 53.55%). In comparison, HC150 showed good reusabil ity
(80.56% to 51.88%), while SPG declined significantly (56.23% to 50.20%) after two cycles.

HIGHLIGHTS

Hydrochars derived from Spirogyra sp. (SPG) were successfully synthesized via hydrothermal carbonization at 150°C (HC150) and 250°C
(HC250), and characterized using XRD, FTIR, SEM, and BET. All adsorbents exhibited selective methylene blue (MB) adsorption, with
HC250 showing the highest removal efficiency (69.02%) and maximum adsorption capacity (89.29 mg/g). Moreover, HC250 maintained over
50% efficiency after four regeneration cycles, confirming its stability and reusability.
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1. INTRODUCTION

Water is essential for all living things and life
forms; however, its availability is increasingly
threatened by limited supply and ever-growing demand
(Hamad et al., 2024). Industrial effluents containing
synthetic dyes are a considerable environmental
challenge (Singh et al., 2024). Synthetic dyes are widely
used in various industries, such as chemical, textiles,
papermaking, food, printing, plastics, and cosmetics,
replacing natural dyes due to their wide availability
(Laggoun et al., 2025; Mon et al., 2023; Shi et al.,
2022). The waste generated has the potential to pollute
the environment (Cui et al., 2025; Ullah et al., 2022).
Wastes containing toxic dyes can enter the food chain,
increase the risk of health problems in living organisms,
are both toxic and carcinogenic, and can form toxic
compounds that harm aquatic flora and fauna,
negatively impacting human health, such as the risk of
mutagenesis, allergies, and cancer (Doondani et al.,
2024; Ahmad et al., 2025; Sornaly et al., 2024). Its
complex chemical structure makes it highly physically,
chemically, thermally, and optically stable, making it
difficult to degrade by chemicals, microbial enzymes,
oxidizing agents, or heating, causing difficulties in
textile industry wastewater treatment (Kumar et al.,
2021). Coagulation (Ren et al., 2022), filtration
(Norrahma et al., 2023), phytoremediation (\Wibowo et
al., 2023), electrochemical degradation (Ganash et al.,
2024), photodegradation (Kala et al., 2024), and
adsorption (Wang et al., 2024) are some methods for
reducing the pollution caused by the dye. Adsorption is
frequently employed because it is thought to have
benefits such as high effectiveness, ease of use, low
cost, and environmental safety (Lesbani et al., 2024;
Umesh et al., 2024).

Activated carbon was employed as a dye
adsorbent in earlier research. However, because it uses
bases or acids to activate the adsorption active sites,
which may affect the environment, activated carbon
has a less environmentally friendly process (Neme et
al., 2022). Accordingly, recent research has focused
on cost-effective and eco-friendly biomass adsorbent
technologies including hydrothermal carbonization
(HTC) (Badaruddin et al., 2025). One of the best
thermochemical methods for treating biomass with a
high moisture content is hydrothermal carbonization.
In order to transform the biomass into a solid that is
rich in carbon namely hydrochar, the method involves
thermally breaking down natural feedstock biomass in
an aqueous medium at mild conditions to induce
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dehydration and  decarboxylation
(Spagnuolo et al., 2023).

Hydrochar is an effective and economical
adsorbent for dyes due to its highgly porous structure.
In addition, hydrochar is porous, eco-friendly,
affordable, and rich in functional groups (Gonzélez-
Fernandez et al., 2024; Le et al., 2025; Normah et al.,
2022). Previous studies using rambutan peel (Normah
et al., 2021), longan fruit (Palapa et al., 2023), and
algae (Arora et al., 2024) have identified potential
sources of raw materials that can be be converted into
hydrochar, which is a more valuable product used in
various applications such as dye adsorbent. Algae are
effective adsorbents for dyestuffs because the
hydrochar produced has a high adsorption capacity
without the need for additional activation and its
hydrothermal process synthesis is environmentally
friendly. The nitrogen groups in the hydrochar also
strengthen the bond with the adsorbate, making it an
efficient and sustainable solution for dye wastewater
treatment (Spagnuolo et al., 2023). According to
previous research by (Badaruddin et al., 2025),
hydrochar algae Spirogyra sp. has a greater adsorption
capacity than its raw form which amounts to 34.96
mg/g to 99.01 mg/g when used to adsorbed malachite
green dye. Research by (Wijaya et al., 2025), using
Spirogyra sp. algae which used the anionic dye
remazol red as an adsorbate showed the maximum
capacity of NiCr-LDH composited with Spirogyra sp.
algae increased from 11.976 mg/g to 47.170 mg/g.

Spirogyra sp. is a green algae with high
potential as a cationic dye adsorbent. These algae were
chosen due to their abundant availability, low cost, and
high carbohydrate content as a carbon source. Algae
Spirogyra sp. has been a topic of several studies due
to its variety of applications. Spirogyra sp. cell wall is
composed of several layers that contain various
polysaccharides, including cellulose, pectin, and
algaenan.  Pectin, particularly  low-methylated
homogalacturonan, lends flexibility, whereas cellulose
gives structure. Durability is increased by algaenan, a
heteropolymer that is extremely resistant to acids and
bases. The outer layers also contain xyloglucans and
arabinogalactans. In combination, these elements
support the ductility and resilience of the Spirogyra sp.
cell wall (Permann et al., 2022). Research has
demonstrated that Spirogyra sp. algae may be used as
bioindicators for the presence of heavy metal
contamination (Chand and Vanavana, 2022).
Spirogyra sp. is effective in adsorbing Cu, Cd, and Pb,
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and grows optimally at 20-25°C (Vetrivel et al., 2017).
Spirogyra sp. contains a carbohydrate content of
55.7+2.4% (range 42.8-62.0%), making it an excellent
raw material for hydrochar synthesis (Tipnee et al.,
2015). With this ability, the algae has the potential not
only as a heavy metal biosorbent, but also as a cationic
dye adsorbent in industrial wastewater treatment.

Based on these data, this study used Spirogyra
sp. algae carbonized into hydrochar by hydrothermal
method for selective adsorption of cationic dyes
(rhodamine b, malachite green, methylene blue). It is
expected to increase the adsorption capacity and
structure stability that be used repeatedly and become
an environmentally friendly adsorbent.

2. METHODOLOGY
2.1 Chemical and instrumental

Chemicals with analytical reagent purity levels
were used in this study as solvents, such as distilled
water (H.0), chemicals such as sodium hydroxide
(NaOH, >98%, Merck), and hydrochloric acid (HCI,
37% w/w, Sigma-Aldrich). Analytical grade
rhodamine b (RB, >98%), malachite green (MG,
>98%), and methylene blue (MB, >98%) used in the
cationic dye adsorption selectivity tests were
purchased from Sigma-Aldrich. The area of Lebung
Jangkar Village, Pemulutan Subdistrict, Ogan Ilir
Regency, South Sumatra Province, with geographical
coordinates of -3.113052°N and 104.786218°E, was
the sampling location of algae Spirogyra sp.

Analytical tools and common laboratory
equipment were used in the experiments. A 100 mL
stainless steel hydrothermal autoclave was used for
adsorbents synthesis. The Spirogyra sp. samples
were subjected to a preliminary morphological
investigation under a microscope. XRD (Rigaku
MiniFlex600) was used to study the crystal structure
using Cu-Ko radiation at 20 = 5° - 80°. FTIR
(Shimadzu Prestige-21) was wused to identify
functional groups in the 4,000-400 cm? range. SEM
(Hitachi SU-3500 & JEOL JSM-IT200, No. BMN)
was used to analyze surface morphology and particle
size distribution. Using the N> adsorption-desorption
isotherm at 77 K, BET analysis (Quantachrome
NovaWin) was used to calculate the specific surface
area, pore size, and volume. A UV-Vis
spectrophotometer (EMC-18PC-UV) was used to
measure the adsorption efficiency towards the dyes at
each dye’s distinctive wavelength.

597

2.2 Spirogyra sp. algae pretreatment

After being carefully washed with distilled
water, Spirogyra sp. algae were examined under a
microscope and crushed into small components. The
component were crushed and filtered through a 100
mesh sieve after being dried thoroughly in an oven set
to 105°C. Following that, XRD, FT-IR, SEM and BET
studies were used to analyze the obtained adsorbents
(Wibiyan et al., 2024b).

2.3 Spirogyra sp. algae carbonization through
hydrothermal method

50 mL of distilled water and 2.5 g of Spirogyra
sp. algae were combined and set in a 100 mL stainless
steel hydrothermal autoclave. Following that, the
autoclave was heated for 10 h at different temperatures
150°C and 250°C, in the oven. After the heating
procedure, the equipment was cooled to room
temperature, the adsorbents were washed with
distilled water, and dried in an oven at 100°C for 12 h.
After being crushed with a mortar and filtered through
a 100 mesh sieve, the adsorbents were analyzed with
XRD, FT-IR, SEM and BET (Badaruddin et al., 2025;
Wibiyan et al., 2023).

2.4 Analysis of the pH of the zero charge point
(pHpzc) on the adsorbent

The pHpzc was determined by adding 0.02 g of
each adsorbent with 20 mL of 0.1 M NaCl solution that
was modified at different pH values from 2 to 11, the
pHpzc was determined. A 0.1 M NaOH and HCI
solution was used to alter the pH. The mixture was
stirred for 24 h, then separated. A pH meter was used
to determine the filtrate's final pH, and graphs were
used to examine the correlation between the initial and
final pH values.

2.5 Selectivity of cationic dye

Rhodamine b, malachite green, and methylene
blue cationic dye solutions were made by mixing 10
mL of each dye in a beaker, with concentration values
determined at 15 mg/L. during that, the dye mixture
was mixed with 0.03 g of adsorbent and allowed to stir
for 60 minutes. To measure wavelengths, a UV-visible
spectrophotometer was employed. On the selection of
cationic dyes. An adsorption efficiency (%)
investigation was carried out using Equation 1 to
select the selective cationic dyes.
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Co-Ce

. x 100

Adsorption efficiency (%) = Q)
Where; Co represents the initial and C.
represents the remaining concentrations of the dyes
mixture in the solution after t minutes of adsorption
(mg/L) (Jefri et al., 2025; Wibiyan et al., 2024c).

2.6 Adsorption method

The process of adsorption was carried out by
determining variations in pH from 2 to 11, contact time
from 0 to 300 min, dye concentration from 30, 40, 50,
and 60 mg/L, and temperature from 30, 40, 50, and
60°C was used to optimize the adsorption process.
Using a 20 mL methylene blue solution 30 mg/L in
variations in pH and 50 mg/L in contact time, the initial
concentration was determined using UV-Vis. Before
determining the final concentration, 0.02 g of adsorbent
was added and stirred for 2 h. HCl and NaOH were used
to adjust the pH during the pH variations. Absorbance
was measured for time variation at each interval.
Utilizing 0.02 g of adsorbent and the ideal contact
duration, the effects of temperature and concentration
were assessed in a similar manner. To evaluate the
adsorption capacity, a mass balance equation was used
as shown in Equation 2.

q (mg/g) = (Co- Co)y @)

The dye adsorbed q (mg/g) was calculated from
the difference between the initial concentration Co
(mg/L) and the equilibrium concentration Ce (mg/L),
multiplied by the solution volume V (L), and divided
by the mass of the adsorbent m (g).

The adsorption kinetics were analyzed using
both the pseudo first order and pseudo second order
models. The pseudo first order and pseudo second
order models are, expressed in Equation 3 and 4.

In (qe-qt) = Inq.- kit 3)
t 1t
; B k202 Qe (4)

In this equation, g: (mg/g) is the amount of dye
adsorbed at time t (minutes), ge (mg/g) is the amount
adsorbed at equilibrium, and ki (1/min) is the rate
constant of the first order model and k- (g/mg-min) is
the rate constant of the pseudo second order model.

Thermodynamic parameters were evaluated to
determine the spontaneity and energy changes
involved in the adsorption process. The equilibrium
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constant (KC) was calculated as the ratio of the
concentration of adsorbate on the solid phase (CA) to
that in the liquid phase (CE), as shown in Equation 5.
The Gibbs free energy change AG (kJ/mol) was
calculated using Equation 6, which incorporates the
equilibrium constant (KC), the gas constant R (8.314
Jimol-K), and the temperature T (K). To further
determine the enthalpy AH (kJ/mol) and entropy
changes AS (J/mol-K), the van’t Hoff equation was
applied as shown in Equation 7, where the natural
logarithm of KC is plotted against the reciprocal of
temperature (1/T).

Ke= Ce ®)
AG = —RTInK¢ (6)
InK, = —22428 @

To understand the adsorption equilibrium, both
the Langmuir and Freundlich isotherm models were
applied. The Langmuir and Freundlich models are
described in Equation 8 and 9.

Ce 1

—_1 G
de KLdm

qdm

®)

Inge = InKg +§ln Ce 9)

In this model, C. is the equilibrium
concentration, ¢e is the amount adsorbed at
equilibrium, KL (L/mg) is the Langmuir constant, gm
(mg/g) is the maximum adsorption capacity, KF
((mg/g)(L/mg)®M) is the Freundlich constant, and n is
the adsorption intensity factor.

2.7 Adsorbent due to regeneration cycles

A beaker was filled with a 20 mL solution of
methylene blue dye at a concentration of 50 mg/L, and
the pH was adjusted to optimal levels. Subsequently,
0.02 g of adsorbent was added. A magnetic stirrer was
used to stir the mixture for 120 min. After that, the
adsorbent was separated from the adsorbate. The
filtrate, which included the adsorbate, was analyzed
for absorbance with a UV-Vis spectrophotometer. The
adsorbent was subsequently washed with distilled
water and desorbed the assistance of an ultrasonic
device. After drying, the adsorbent was prepared and
disposed for reuse in the continuing adsorption cycle,
using the same method as during the initial adsorption.
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3. RESULTS AND DISCUSSION
3.1 Adsorbents characterizat

3.1.1 X-ray diffraction (XRD) characterization
analysis

Based on XRD analysis in Figure 1(a), the
diffraction patterns of sharp peaks were found and
identified in the diffraction patterns of SPG, HC150,
and HC250, confirming a good crystalline structure.
All of the peaks correspond to JCPDS card 01-086-
2334, indicating that calcium carbonate (CaCOs3) is
the primary phase in all adsorbents. While adsorbents
HC150 and HC250 show slight peak shift from 22.99°
to 23.28° and the appearance of a new peak at 25.46°,
adsorbent SPG shows the main characteristic peaks at
20 angles of 22.99°, 26.13°, 28.86°, 36.23°, 42.74°,
47.33°,56.19°, 60.92°, and 65.42. This shows that the
hydrochar  synthesis procedure generated an
insignificant shift in peak site, indicating structural
modification or the formation of secondary
components, but did not affect the primary crystal
structure (Djezzar et al., 2024).

@)
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3.1.2 Fourier Transform Infrared (FTIR)
spectroscopy characterization analysis

Spirogyra sp. contains polysaccharides such as
cellulose, alginic acid, and sulfate, which have ion
exchange capabilities and can interact with cationic dye
ions through certain functional groups. According to
Figure 1(b), Spirogyra sp. algae have C-O and C-N-S
groups, hydroxyl (O-H), carboxyl (C-H), amine (N-H),
and carbonyl (C=0). About 3,400 cm? (O-H), 2,932
cm? (C-H), 1,640 cm™ (C=0 and COOH), 1,535 cm*
(C-H), 1,020 cm* (C-0), and 528 cm™ (C-N-S) were
identified as the positions of absorption bands (Susanti
et al., 2023). Peaks 3,400 cm?, 2,932 cm, 1,640 cm™,
1,020 cm?, and 528 c¢cm? reduced in HC150 and
HC250, indicating a decrease in hydroxyl functional
groups originating from water content or phenolic N-H
groups. This suggests that the process of hydrochar
synthesis was successful (Tsarpali et al., 2022).
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Figure 1. The characterization result of XRD (a), FTIR (b), and BET (c) of SPG, HC150 and HC250
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3.1.3 Brunauer-Emmett-Teller (BET) surface
area and porosity characterization analysis

The shrinking pore size signifies internal
restructuring towards a more stable mesoporous
configuration suitable for small molecule diffusion. In
the context of cationic dye adsorption, this change is
particularly beneficial as the larger surface area
provides more active sites, while the meso pore size
allows diffusion and sorption of methylene blue dye
molecules. In addition, adsorbents usually contain
surface oxygen groups (such as carboxyl or hydroxyl)
that are able to electrostatically interact with cations
(Luo et al., 2023).

BET analysis showed at Table 1 and Figure 1(c)
that the surface characteristics and pore structure of
Spirogyra sp. algae underwent significant changes

after undergoing the HTC process at HC150 and
HC250. Adsorbent SPG has a very low surface area of
0.2 m#/g, with a very large average pore size of 87.635
nm and a high pore volume of 2.697 cm?/g, indicating
a large porous structure that is inefficient for small
molecule sorption. After HTC treatment, the surface
area increased sharply to 5.4 m#/g in HC150 and 5.5
m2/g in HC250, with the pore size narrowing to the
mesoporous range of about 4.4-4.8 nm and the pore
volume decreasing drastically to 0.014-0.015 cm3/g
(Gibson et al., 2019; Li et al., 2024). This increase in
surface area resulted from the partial decomposition of
biomass and removal of volatile compounds during
the HTC process, which opened up the pore structure
and formed a more active amorphous carbon surface
(Yihunu et al., 2019).

Table 1. Surface area (BET), pore size, and average pore volume of SPG, HC150, and HC250

Adsorbents Surface area BET (m?/g) Pore size average (nm) Pore volume average (cm®/g)
SPG 0.2 87.635 2.697
HC150 5.4 4.883 0.014
HC250 55 4.438 0.015
3.1.4 Scanning Electron Microscopy (SEM)  standard deviation, reflecting a stable and

characterization analysis

The surface morphology characterization of
SPG, HC150, and HC250 is shown in Figure 2. SEM
reveals that SPG has a smooth, sheet-like structure.
This relatively flat surface reflects the natural
condition of the biomass before being converted into
hydrochar. The absence of large pores or structural
irregularities indicates that the surface area of SPG is
still limited (Siri-anusornsak et al., 2024). After heat
treatment, the morphology of HC150 begins to show
significant changes with the formation of relatively
uniform, separated particles, indicating the initial
decomposition process and the formation of a carbon
structure. At higher temperatures, the morphology of
HC250 changes drastically into a very rough and
irregular surface, with numerous cavities and porous
structures spread across the surface. This reflects a
higher degree of carbonization and adsorbent
decomposition, resulting in increased surface porosity
and heterogeneity (Badaruddin et al., 2025).

The particle size distribution analysis of HC150
and HC250 from SEM images, as shown in Figures
2(d) and 2(e), reveals significant differences. HC150
particles exhibit a more uniform distribution with an
average size of approximately 4.54 pm and a low
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homogeneous structure. In contrast, although HC250
has an average particle size of 4.13 pm, the particle
sizes vary more widely, ranging from 0.669 pm to
14.366 pm, with a higher standard deviation and a
median lower than the average, indicating particle
fragmentation and agglomeration. HC250 has a
broader particle size distribution, suggesting the
possible formation of more complex porous structures
and a larger surface area. The fragmentation and
agglomeration  processes occurring at higher
temperatures are believed to generate more active sites
and pores that contribute to the enhanced adsorption
capacity. Meanwhile, HC150, with its more uniform
size distribution, indicates a more stable structure but
with a relatively lower active surface area compared to
HC250. Thus, the increase in heating temperature has
a positive effect on the adsorption capability of HC250
by promoting the formation of a more reactive and
porous morphology (Li et al., 2023).

3.2 Selective adsorption study of cationic dyes using
synthesized adsorbents

Adsorbents SPG, HC150 and HC250 were
tested on the selectivity of cationic dyes referring to
the ability of the adsorbent to selectively separate
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certain dyes from the mixture (Wibiyan et al., 2024a).
The cationic dyes mixture in Figure 3 has overlapping
wavelengths, which requires spectral deconvolution to
figure out the UV-Vis absorption bands. The
maximum A detection accuracy is increased, and
overlapping components are successfully identified by
using Gaussian fitting (Tones et al., 2020).
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33PM  20.00kV  50.8pm 2500 x nm  10.0590 mm
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Based on the deconvolution curve in Figure 3
and the adsorption efficiency data at Table 2, it can be
concluded that all adsorbents used including SPG,
HC150, and HC250, have a selective tendency
towards MB compared to other cationic dyes. This is
indicated by the highest adsorption efficiency of MB
adsorption by all adsorbents 39.13% for SPG, 69.29%
for HC150, and reached 78.53% for HC250.
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Figure 2. SEM images of SPG (a), HC150 (b), and HC250 (c), with particle distribution graphs of HC150 (d) and HC250 (e)
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Figure 3. Combined spectra of cationic dye before and after adsorption (a); deconvolution curve of the initial spectrum before adsorption
(b); after adsorption by Spirogyra sp. (SPG) (c); after adsorption by HC150 (d); and after adsorption by HC250 (e)

Table 2. The adsorption efficiency of cationic dyes Selectivity by SPG, HC150 and HC250

Dyes Adsorption efficiency (%)

SPG HC150 HC250
RB 16.35+1.03 64.17+1.18 42.81+1.03
MG 22.40£1.16 57.92+1.16 67.21+0.77
MB 39.13+1.15 69.29+0.77 78.53+£0.38
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This trend indicates that the structure and
chemical properties of MB, such as molecular size,
charge, and affinity to active groups on the adsorbent
surface, are more compatible with all adsorbents. MB
has a planar structure with amine and aromatic groups
that allow for stronger n-rt interactions and electrostatic
bonds with the adsorbent surface, especially if the
surface has negatively charged groups or pores of
suitable size. In addition, HTC modification of HC150
and HC250 seems to improve the physicochemical
properties of the adsorbents, such as surface area and
pore regularity, which ultimately contributes to the
improved selectivity towards MB (Khan et al., 2022;
Wu et al., 2024).

3.3 Adsorption study on pH parameters

The pH of the adsorbents point zero charge is
indicated by the pHpzc. The pHpzc values of
adsorbents SPG, HC150, and HC250, as shown in
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Figure 4(a), are 6.60, 6.36, and 6.47, respectively.
These values are below the optimum pH value at 7, as
shown in Figure 4(b), which explains the way the
negatively charged hydroxyl functional groups on the
adsorbents surface interact with the MB positive sites.
This electrostatic attraction facilitates the adsorption
of MB molecules onto the adsorbents surface.
Additionally, the relatively close pHpzc values
suggest similar surface charge characteristics among
the samples, indicating that surface modification only
slightly alters their overall charge behavior under
near-neutral pH conditions (Wierzbicka et al., 2022).

3.4 Adsorption study on kinetics parameters
Based on the Figure 5 and Table 3, analysis of
MB adsorption kinetics with an optimum time of 120
minutes shows that the PSO model fits better than the
PFO model for adsorbents SPG, HC150, and HC250.
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Figure 4. The pHpzc of adsorbents (a), and adsorption variations with pH (b) of SPG, HC150, and HC250
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This is indicated by the very high coefficient of
determination (R?) values in model (>0.993),
compared to the lower PFO between 0.851-0.937. In
addition, the Qecac of the PSO model is closer to the
Qeexp Value, such as in adsorbents SPG, HC150 and
HC250 with Qeex, 28.87, 38.72 and 43.51 mg/g and
Qecac 29.59, 43.48, and 46.73 mg/g, respectively.

These results indicate that the adsorption mechanism
of MB follows PSO kinetic model, which involves a
chemisorption process (Palapa et al., 2025). The
increase in adsorption capacity on HC150 and HC250
also suggests that thermal treatment improved the
adsorbent performance (Krishna Murthy et al., 2020;
Luetal., 2021).

Table 3. The kinetic parameters of the PFO and PSO models of SPG, HC150, and HC250

Adsorbent Qe exp PFO

PSO

(mg/g) Qe calc (mg/g) kz (min?) R?

Qecalc (mg/g) ka2 (g/mg)/min R?

SPG 28.87 22.24 0.03 0.937 29.59 0.005 0.999
HC150 38.72 30.13 0.02 0.851 43.48 0.001 0.993
HC250 4351 37.18 0.02 0.937 46.73 0.001 0.993

3.5 Adsorption study on isotherm and
thermodynamics parameters

Adsorption isotherms are essential for
explaining adsorbent-adsorbate interactions and
designing industrial processes, as they reflect
adsorbent performance at equilibrium (Eltaweil et al.,
2020). They depend on the adsorbent, adsorbate, and
solution properties such as temperature, pH, and ionic
strength (Mohadi et al., 2023a; Mohadi et al., 2023b;
Priatnaetal., 2023). According to the Langmuir model
Qemax Values that shown at Table 4, HC250 had the
highest adsorption capacity when compared to HC150
and SPG. At 60°C, the HC250 Qemax decreased to
89.29 mg/g from 125 mg/g at 30°C. At 50°C, HC150
Qemax reached a maximum of 94.34 mg/g, at higher
temperatures, it slightly declined. With a capacity of

62.89 mg/g at 30°C and 53.76 mg/g at 60°C,
Adsorbent SPG had the lowest capacity. As the
temperature increased, the overall decrease in Q€max
suggests an exothermic adsorption process (Al-Ghouti
and Da’ana, 2020; Ayawei et al., 2017). The R? values
were higher for the Freundlich isotherm model,
indicating a better fit than Langmuir for all adsorbents.
All n values of the Freundlich model were above 1,
suggesting that the adsorption was favorable and
physical in nature. A higher adsorption capacity on
heterogeneous surfaces was shown by increased kF
values with temperature. A stronger affinity of the
adsorbate for the adsorbent surface is indicated by the
increasing trend of the kL parameter of the Langmuir
model with temperature, particularly in adsorbents
SPG and HC250.

Table 4. The Freundlich and Langmuir adsorption isotherms of SPG, HC150, and HC250

Adsorbent T (°C) Langmuir Freundlich
Qemax kL R? n kF R?
SPG 30 62.89 0.037 0.896 1.687 4.528 0.951
40 60.98 0.044 0.933 1772 5.212 0.967
50 56.50 0.057 0.902 1.960 6.464 0.931
60 53.76 0.077 0.891 2.251 8.478 0.925
HC150 30 7752 0.138 0.922 1.949 13.72 0.944
40 89.29 0.119 0.973 1.747 13.08 0.984
50 94.34 0.111 0.957 1.684 12.78 0.984
60 85.47 0.134 0.838 1.788 13.75 0.925
HC250 30 125 0.107 0.898 1.493 14.65 0.989
40 119 0.119 0.840 1.538 15.39 0.975
50 92.59 0.190 0.837 1.785 18.03 0.945
60 89.29 0.206 0.807 1.820 18.43 0.923
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Table 5 shows the adsorption thermodynamic
parameter of SPG, HC150, and HC250. Among the
three, HC250 demonstrated  thermodynamic
superiority in the adsorption process. The most
negative AG values across the entire temperature
range (30-60°C) indicated that the adsorption on
HC250 was the most spontaneous, reflecting the
strongest adsorbate-adsorbent affinity among the
samples. Although the AH value of HC250 (3.11
kJ/mol) is lower than HC150 (6.40 kJ/mol) and SPG
(7.47 kJ/mol), this indicates that HC250 requires less

energy from the environment for adsorption to take
place, making it more energy efficient. In addition, the
higher AS value of HC250 than SPG indicates that
adsorption still causes increased disorder at the solid-
liquid interface, which favors an effective adsorption
mechanism. In summary, the combination of
spontaneity (most negative AG), energy efficiency
(lowest AH), and increased interfacial disorder
(higher AS) establishes HC250 as the most
thermodynamically advantageous adsorbent in this
system (Krishna Murthy et al., 2020).

Table 5. Adsorption thermodynamic parameter of SPG, HC150 and HC250

Adsorbent Concentration AH AS AG (kJ/mol)

(mg/L) (kJ/mol) (kJ/mol) 30°C 40°C 50°C 60°C
SPG 60 7.47 0.026 -0.277 -0.532 -0.788 -1.044
HC150 60 6.40 0.033 -3.629 -3.960 -4.291 -4.622
HC250 60 3.11 0.027 -5.183 -5.456 -5.730 -6.004

3.6 Regeneration cycles study

The regeneration data shown in Figure 6 indicate
that adsorbents SPG, HC150, and HC250 experienced
a decrease in adsorption efficiency as the cycles of use
increased. In the first cycle, the adsorption efficiency of
each adsorbent was 56.23% for SPG, 80.56% for
HC150, and 90.14% for HC250. Adsorbent SPG was
only able to maintain an efficiency above 50% until the
second cycle (50.20%), while HC150 and HC250
showed better performance, with efficiencies above
50% until the fourth cycle, which were 51.88%

100

(HC150) and 53.55% (HC250), respectively. This
indicates that HC150 and HC250 have higher
regeneration stability than SPG. HC250 consistently
showed the highest adsorption efficiency in each cycle,
indicating that the synthesis of hydrochar with HTC of
a certain temperature variations has different
characteristics in the adsorbent and more effective in
maintaining adsorption capacity after multiple reuses.
The main advantage of HC150 and HC250 over SPG
lies in their ability to effectively maintain high
adsorption efficiency over more reuse cycles.
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Figure 6. Regeneration cycles of SPG, HC150 and HC250
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3.7 Adsorption mechanism study

The comparison of the FTIR spectra before and
after MB adsorption of SPG, HC150 and HC250
shown in Figure 7, reveals significant changes in the
surface functional groups of SPG, as well as HC150
and HC250, indicating the active involvement of these
groups in the adsorption process. The observed
decrease in intensity around 3,412 cm™ across all
materials suggests the participation of hydroxyl and

@)

amine groups through hydrogen bonding or
electrostatic interactions with the positively charged
MB molecules. Furthermore, shifts and intensity
changes at 1,645 and 1,531 cm?, corresponding to
carbonyl and phenolic groups, particularly in SPG and
HC150, further support the occurrence of specific
interactions between polar functional groups of the
adsorbents and MB.
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Figure 7. Comparative FTIR spectra of SPG (a), HC150 (b), and HC250 (c) before and after MB adsorption

Additionally, changes in the spectral region
between 1,000-500 cm™?, especially involving C-O, C-
N, and C-N-S vibrations, indicate possible direct
interactions between MB functional groups and the
adsorbent surface. Notably, HC250 exhibited fewer
spectral changes compared to SPG and HC150,
suggesting that its adsorption mechanism is more
dominated by =m-m stacking interactions between
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aromatic domains of the hydrochar and the aromatic
rings of MB. Overall, the adsorption of MB onto these
materials involves a combination of electrostatic
interactions, hydrogen bonding, and n-n stacking, with
the degree of carbonization influencing the dominant
adsorption mechanism. The possible adsorption
mechanism is illustrated in Figure 8.
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Possible Adsorption Mechanism
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Figure 8. lllustration of the possible adsorption mechanism of MB onto SPG, HC150, and HC250 via electrostatic interaction, hydrogen

bonding, and n-7 stacking

3.8 Comparison of adsorption capacity of various
biomass-based adsorbents for MB adsorption
Table 6 presents a comparison of the adsorption
capacities of various biomass-derived adsorbents for
MB, synthesized using either pyrolysis or hydrothermal
methods. In general, adsorbents produced via the
hydrothermal method exhibit higher adsorption
capacities compared to those obtained through
pyrolysis. For example, biochar derived from Melia
azedarach fruit and Chenopodium formosanum,
prepared via pyrolysis, showed adsorption capacities of
25.77 mg/g and 41.16 mg/g, respectively (Karadeniz
and Guizel, 2023; Morgan et al., 2025). In contrast, corn
straw biochar demonstrated a relatively low capacity of

6.25 mg/g (Zhao et al., 2023). On the other hand,
hydrochars synthesized from sunflower stalks and
Shorea spp. through hydrothermal carbonization
achieved higher capacities, reaching 49.37 mg/g and
37.80 mg/g, respectively (Elhassan et al., 2025; Saini et
al., 2025). In this study, the hydrochars HC150 and
HC250 exhibited even greater adsorption capacities of
85.47 mg/g and 89.29 mg/g, respectively. These results
highlight the positive effect of elevated hydrothermal
temperatures on the development of surface properties
favorable for adsorption. Thus, HC150 and HC250
demonstrate superior performance as adsorbents for
MB removal and outperform several other bio-based
adsorbents reported in the literature.

Table 6. Comparison of adsorption capacities of various biomass-based adsorbents for MB adsorption

Adsorbents Methods Adsorption capacity (mg/g) References

Biochar from Melia azedarach fruit Pyrolysis 25.77 Karadeniz and Guzel (2023)
Biochar from Chenopodium formosanum Pyrolisis 41.161 Morgan et al. (2025)
Biochar from corn straw Pyrolisis 6.25 Zhao et al. (2023)
Hydrochar from sunflower stalks (biomass) Hydrothermal 49.37 Saini et al. (2025)
Hydrochar from Shorea spp. Hydrothermal 37.80 Elhassan et al. (2025)
HC150 Hydrothermal 85.47 This study

HC250 Hydrothermal 89.29 This study
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4. CONCLUSION

The successful synthesis of adsorbents SPG,
HC150, and HC250 is confirmed through XRD, FTIR,
SEM, and BET analyze. XRD analysis confirmed the
presence of a dominant CaCOs crystalline phase
(JCPDS 01-086-2334) in all adsorbents, with new
peaks and slight shifts in HC150 and HC250
indicating structural changes due to hydrochar
synthesis. FTIR spectra showed the presence of O-H,
C=0, C-0, and C-N-S groups in SPG, with reduced
O-H and phenolic peaks in HC150 and HC250,
confirming chemical changes.

SEM analysis confirmed that increasing the
carbonization temperature significantly alters the
surface morphology and particle distribution of the
adsorbents. The raw sample SPG exhibited a smooth,
sheet-like surface, while HC150 showed the formation
of uniform particles. In contrast, HC250 developed a
rough, porous, and heterogeneous structure with
broader particle size distribution, indicating advanced
carbonization and enhanced potential for adsorption
applications.

BET analysis revealed a significant increase in
surface area and a shift from macroporous to
mesoporous structure in HC150 and HC250,
improving their adsorption potential. Adsorbents
showed selective adsorption toward MB, with HC250
having the highest removal 69.02%. The study
demonstrates that adsorbents possess similar surface
charge characteristics, with pHpzc values slightly
below neutral, facilitating electrostatic attraction with
cationic MB.

Adsorption kinetics follow the PSO model,
indicating a chemisorption mechanism with high
reliability. Among the adsorbents, HC250 exhibits the
best performance, showing the highest adsorption
capacity and strong alignment with the Freundlich
isotherm model. Thermodynamic evaluations further
highlight HC250 superior spontaneity, energy
efficiency, and adsorbate affinity, as evidenced by its
more negative AG, lower AH, and higher AS values.

Regeneration tests show that HC250 maintains
the highest adsorption efficiency across cycles,
starting at 90.14% and remaining above 50% through
the fourth cycle (53.55%). HC150 also performs well,
from 80.56% to 51.88%, while SPG drops from
56.23% to 50.20% by the second cycle. These results
confirm that HC250 has the best regeneration stability
and reusability among the tested adsorbents.
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