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Abstract

Accompanying
information

In this study, we prepared hydrochar (HCSP) from Spirogyra sp. algae (SP)
as adsorbent to eliminate malachite green (MG) dye and conducted the ad-
sorbent regeneration study. SP and HCSP were characterized using FTIR,
XRD, SEM, and BET. The adsorption performance was evaluated under vari-
ous conditions of pH, contact time, concentration, and temperature. SP and
HCSP were optimum at pH 8 for MG adsorption. The suitable adsorption ki-
netics model was PSO, and the adsorption isotherm model tended to be the
Freundlich model. The maximum adsorption capacity (Qmax) obtained from
Langmuir calculation at 30 °C, SP and HCSP were 34.96 mg/g and
09.01 mg/g, respectively. The thermodynamic parameters indicated endo-
thermic and spontaneous processes, with HCSP exhibiting greater adsorp-
tion capacity and spontaneity than SP. Regeneration studies demonstrated
that HCSP and SP materials could be reused up to the 4™ cycle with the re-
maining efficiency of 69.37% and 49.30%, respectively. Compared to SP,
HCSP has better adsorption capacity.

Key findings
e Hydrothermal carbonization produced porous Spirogyra sp. hydrochar, ideal for
adsorption applications.

e The adsorbent showed excellent regeneration, enabling effective reuse with main-
tained adsorption performance.
e The adsorption involves electrostatic interaction, hydrogen bonding, and nt-7t inter-
actions at the functional groups.
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1. Introduction

Synthetic dyes are often used in various industrial fields,
including the textile industry, paints, and paper mills, but
their effluents pose significant environmental and health
risks [1]. These effluents contain toxic and carcinogenic
contaminants that can be released into waterways in solu-
ble or insoluble forms. When these dyes interact with metal
ions, they produce substances that are highly toxic to
aquatic flora and fauna, leading to various diseases [2, 3].
One of such toxic dyes is malachite green. The complex

structure of malachite green makes it resistant to

decomposition by chemicals, enzymes, oxidizing agents and
heat, leading to ecosystem damage. In wastewater treat-
ment, malachite green is difficult to remove due to its
chemical stability. Human health is also threatened as these
dyes can enter the food chain, causing mutagenesis, allergic
reactions, and carcinogenic effects. Hence, the extensive
use of synthetic dyes in industry has a negative impact on
the environment and human health, necessitating better
waste management practices [4, 5].

Methods for treating dye effluents include physical,
chemical, biological, and hybrid methods. Physical methods
commonly used to remove pollutants are adsorption,
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membrane filtration, coagulation, and ion exchange. Chem-
ical methods commonly used to remove pollutants include
ozonation, Fenton reagent, electro-chemical deconstruc-
tion, and photocatalysis processes. Biological processes use
microorganisms or enzymes. Adsorption is considered the
most superior method due to its productivity in removing
contaminants through surface-based phenomena that at-
tract atoms, molecules, or ions on the surface of solids. Ad-
sorption is used for textile effluent treatment because the
adsorption mechanism can be utilised for the degradation
of dissolved organic impurities, such as dyes and colourants
[6]. Methods for textile dye wastewater purification include
adsorption, biodegradation, and advanced oxidation pro-
cesses [7].

Hydrochar, also known as charcoal synthesized by hy-
drothermal carbonization (HTC), both natural and modi-
fied, is effective in removing colorants through mechanisms
such as precipitation, surface complexation, and electro-
static attraction [8, 9]. Agricultural waste (orange peels,
coconut shells, pine sawdust, as well as sewage sludge) is
one of the many biomass sources from which hydrochar can
be made. Hydrochar derived from agricultural waste such
as persimmon peel [10] and pomegranate peel waste [11]
showed high adsorption capacity for synthetic cationic
dyes. Various other materials that can be used to remove
dye pollutants from wastewater include clays/zeolites and
their composites, biosorbents, chitosan, Spirulina platensis,
and kaolin [12].

Hydrochar is a versatile material offering sustainable
solutions to various environmental challenges. It is pro-
duced from biomass waste, such as cellulosic biopolymer
waste, and exhibits excellent adsorption properties to re-
move dye contaminants from water [13, 14]. Hydrochar has
several advantages compared to char produced by pyroly-
sis. First, the yield of hydrochar from HTC is higher due to
the less complete decomposition of biomass during the pro-
cess. In addition, the hydrochar from the leached biomass
shows higher thermal stability compared to the hydrochar
from the original biomass, which is due to the efficiency of
HTC in dissolving minerals containing calcium and potas-
sium. These minerals usually catalyze the char formation
reaction under pyrolysis conditions, so their absence in the
hydrochar improves the thermal stability of the final prod-
uct. Hydrochar also has a larger surface area after the
leaching process due to lower mineral content, which con-
tributes to the improvement of product quality. Hydrochar
from HTC has advantages in terms of yield, thermal stabil-
ity, and surface area compared to char from pyrolysis [15].

The hydrochar preparation process generally involves
hydrothermal carbonization (HTC), where biomass is
heated in water at high temperature and high pressure, pro-
ducing carbonaceous material. This process does not re-
quire additional activation to produce the base hydrochar,
which already has better stability and characteristics com-
pared to the initial feedstock [16]. Spirogyra sp. algae are
used to make hydrochar because these two algae contain
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high carbon sources so they have the potential to be made
into hydrochar and used as adsorbents.

Spirogyra sp. is a type of algae that has been studied ex-
tensively for its diverse capabilities. Studies have shown
that Spirogyra sp. algae can serve as bioindicators for heavy
metal pollution in aquatic environments, accumulating
metals such as manganese, copper, chromium, lead, and
zinc [17]. The content of Spirogyra sp. is total protein
16.7+1.5% (range 12.0-24.4%), total carbohydrate
55.7+2.4% (range 42.8-62.0%), and total lipid 18.1+0.7%
(range 14.8-21.0%) [18, 19]. The cell wall of Spirogyra sp.
consists of several constituent compounds. Spirogyra sp.
contains cellulose in its cell wall. The cell wall of Spirogyra
zygospores has a helicoidal pattern of multilayered cellu-
lose, algaenan, pectin, and other polysaccharides. Algaenan
is a component resistant to acids and bases, often found in
tri-laminar cell wall structures in freshwater microalgae.
Pectin, particularly homogalacturonan with a low degree of
methyl esterification, was also found in Spirogyra sp. sam-
ples. In addition, protein arabinogalactans and xyloglucans
are also part of the outer cell wall of Spirogyra sp. The cell
wall characteristics of Spirogyra sp. can be considered re-
silient for several reasons supported by its various constit-
uent components. The Spirogyra sp. cell wall consists of
several layers containing various polysaccharides including
cellulose and pectin, which give the cell wall structure
strength and flexibility. In addition, the presence of algae-
nan, which is a heteropolymer polyester that is highly re-
sistant to acids and bases, also contributes to the resilience
and ductility of the cell wall [20, 21].

We conducted research on Spirogyra sp. as a basic ma-
terial for making hydrochar as a dye adsorbent because this
algae is rich in compounds that have the potential to sup-
port the adsorption process. Spirogyra sp. contains high
levels of polysaccharides, proteins, lipids, and cellulose fi-
bres, which serve as active groups in the binding of pollu-
tant molecules. The content and characteristics of Spiro-
gyra sp. algae is the reason for researchers to make it into
hydrochar with the assumption that it can produce hydro-
char which has good adsorption and regeneration capacity.

2. Experimental Section

2.1. Chemicals and Instrumentation

The chemicals used in this study include sodium hydroxide
(NaOH), hydrochloric acid (HCl), distilled water (H,0) and
cationic dye malachite green. The sample of Spirogyra sp.
algae obtained from Lebung Jangkar Village, Pemulutan
District, Ogan Ilir Regency, South Sumatra Province
(-3.113052°, 104.786218°).

The tools used in this research are standard laboratory
glassware and instrumentation equipment consisting of
Hydrothermal Stainless-steel Autoclave, microscope,
Rigaku MiniFlex600 X-ray Diffraction (XRD), Shimadzu
Prestige-21 Fourier Transform Infra-Red Spectroscopy
(FTIR), Hitachi SU-3500 and Jeol JSM-IT200 No BMN
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Scanning Electron Microscopy (SEM), Quantachrome type
NovaWin Brunauer-Emmett-Teller (BET) Surface Area An-
alyzer, and EMC-18PC-UV Ultraviolet (UV)-Visible Spectro-
photometer.

2.2. Algae Spirogyra sp. preparation

Spirogyra sp. algae sample were washed thoroughly using
distilled water and identified using a microscope, then cut
into small pieces and dried in an oven at 100 °C until dry,
after which they were crushed and sieved using a 100 mesh
sieve. The prepared materials were characterized using
XRD, FT-IR, SEM and BET analysis.

2.3. Algae Spirogyra sp. hydrothermal carbonization

A total of 2.5 g of Spyrogyra sp. algae preparation was
added to 50 mL of distilled water, then put into a 100 mL
Hydrothermal Stainless-steel Autoclave. The autoclave was
put into the oven at 250 °C and then in the oven for 12 h,
then cooled at room temperature and washed with distilled
water, after which it was dried in the oven at 105 °C for 24
h. The hydrochar material obtained was pulverized using a
mortar and sieved using a 100 mesh sieve, then character-
ized by XRD, FT-IR, SEM and BET.

2.4. Algae Spirogyra sp. hydrothermal carbonization

Determination of pHpzc was carried out by adding 0.02 g
of each adsorbent into 20 mL of NaCl solution with a con-
centration of 0.1 M which has been adjusted to pH with var-
iations of pH 2, 3, 4, 5, 6, 7, 8, 9, 10, and 11. The NacCl solu-
tion was pH-adjusted by adding NaOH and HCI solutions
with a concentration of 0.1 M. The mixture was stirred for
24 h, then filtered and the filtrate was measured for final
pH using a pH meter, and then a plot was made of the rela-
tionship between the initial pH and final pH.

2.5. Adsorption Procedure

The adsorption procedure was carried out with parameters
such as pH of adsorps, time, and the effect of concentration
and temperature to determine the best adsorption condi-
tions of malachite green dye. The pH variation was carried
out to determine the optimum adsorption in an acidic pH to
alkaline pH environment from pH 2 to pH 11 using NaOH
and HCI. The pH variation procedure uses 20 mL of mala-
chite green dye with a concentration of 50 mg/L. The initial
absorbance was measured using a UV-Vis spectrophotome-
ter. Next, 0.02 g of adsorbent was added and stirred for 2
h, and the final absorbance was measured again. The time
variation procedure to see the optimum time conditions for
adsorption of malachite green dye with adsorption was car-
ried out from 5 to 210 min where each time the absorbance
was measured. The effect of concentration was analyzed by
adding 0.02 g of adsorbent to 20 mL of malachite green dye
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solution with concentrations of 20, 50, 100, and 200 mg/L
and also varying the temperature at 30 °C, 40 °C, 50 °C,
and 60 °C. The solution was stirred for the optimum time,
then separated and measured the final absorbance.

2.6. Reuse of regeneration adsorbent

25 ml of malachite green dye with a concentration of
100 mg/L was put into a beaker, and the pH of the solution
was adjusted to the optimal pH. Then 0.025 g adsorbent
was added. The mixture was stirred with a magnetic stirrer
during the optimal adsorption time. Then the separation
process between adsorbent and adsorbate was carried out.
The filtrate in the form of adsorbate was measured for ab-
sorbance with a UV-Vis spectrophotometer. The adsorbent
obtained was then washed with distilled water and de-
sorbed with the ultrasonic device. After drying, the result-
ing adsorbent was ready to be reused.

3. Result and Discussion

3.1. Characterization

3.1.1. Fourier transform infrared spectrophotometer

FTIR analysis of SP and HCSP materials can be seen in
Figure 1 (a). The peak at 3412 cm™ is identified as O-H
stretching and N-H groups which can be found in the
materials. The materials have carboxyl and phenolic groups
identified at the peak wave number of 2933 cm™. The
identification of C=0 and O-H groups in the carboxyl and
phenolic component is seen at 1645 cm™ and 1531 cm™. The
N-H group was identified as the peak at 1375 cm™. The C-
OH band vibration was identified at 1027 cm™. The C-N-S
shear in the material was identified at 528 cm™ derived
from the polypeptide structure [22]. Some peaks in the
HCSP material decreased which can be seen in Figure 1 (a).
Examples of peaks that decreased are seen at 3412 cm™,
2933cm™, 1645 cm™, 1027 cm™* and 528 cm™ indicating the
reduction of hydroxyl functional groups derived from water
content or N-H phenolic groups, so it is assumed that
hydrochar was successfully synthesized [23].

3.1.2. X-Ray diffraction

The main peaks describing SP and HCSP materials can be
seen in Figure 1(b) are 20 around 23.28°, 26.64°, 29.45°,
36.17°, 43.81, 47.98° 57.83° 61.75° and 65.66°. These
peaks match the JCPDS data (01-086-2334) which shows
that the material is confirmed to have a phase similar to
calcium carbonate or CaCOs; [24]. In the HCSP material,
there is a slight shift in the 20 value and a new peak 20
around 16.94° is assumed to be the increased ratio and
formation of a more regular carbon structure, indicating
the successful manufacture of hydrochar.
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Figure 1 The FTIR spectra (a), XRD pattern (b), BET N, adsorption-desorption (c) of SP and HCSP. SEM image of SP (d), HCSP (e) and

EDS atomic fractions for SP and HCSP (f).

3.1.3. Scanning electron microscopy

Figure 1(d) shows the SEM image of SP. It is clearly seen at
1000x magnification that SP has a morphology in the form
of filamentous fibers that are spiral-shaped from the
chloroplast arrangement of Spirogyra sp [25]. After SP is
made into hydrochar, namely HCSP in Figure 1(e), the
surface morphology changes to the shape of granules
forming porous matrials which is characteristic of the
hydrochar material [26, 27]. Figure 1(f) shows the atomic
percentage of SP and HCSP materials. HCSP material has
increased percentage of C to 55.9% as compared with 47%
in the SP material. In addition, N disappeared in HCSP
material, and there is Ca content in SP and HCSP material.
This data supports the results of the previous FTIR and XRD
analysis that the HCSP material has experienced water
reduction and was converted into carbon material with the
CaCOs; phase with a more regular arrangement and a larger
ratio. Si and Al contained in the materials were identified
as coming from sedimentation in the Spirogyra sp. algae
growing environment.

3.1.4. BET surface area analysis

The hysteresis curves of SP and HCSP materials show type
IV(a) isotherm curves. The hysteresis curves of SP and
HCSP materials can be seen in Figure 1(c). The materials
that have type IV (a) isotherm curves have pore sizes of 2
nm < d < 50 nm in the mesoporous range, which affects the
way gas is adsorbed and desorbed by the material [28, 29].
Table 1 explains that HCSP has increased its surface area to
5.50 m?/g from the initial SP material surface area of

0.20 m?/g. This increase in surface area shows that

adsorption can also be more effective.

3.2. pHpzc materials and effect of pH on adsorp-
tion

pHpzc (zero point charge) which can be seen in Figure 2(a)
is the characteristic of the material at a certain pH when
the material is uncharged, for example, an adsorbent that
has a characteristic charge on its surface. pHpzc in adsorp-
tion is related to the adsorbate used. In the material below
the optimum pH of adsorption the surface is positively
charged; if the material is above the optimum pH of adsorp-
tion, the surface is negatively charged [30]. SP and HCSP
materials have pHpzc at pH 6.65 and 6.72, while the opti-
mum adsorption conditions for malachite green for SP and
HCSP materials which can be seen in Figure 2(b) are above
pHpzc with an optimum pH of 8, with adsorbed concentra-
tions of 42.83 mg/g and 46.18 mg/g, indicating that SP and
HCSP materials have a negative charge on their surface.

3.3. Effect of contact time on adsorption

The optimal time conditions (adsorption and kinetic
parameters PFO and PSO) of SP and HCSP can be seen in
Figure 2(c).

Table 1 Surface area BET, pore size and pore volume of SP and
HCSP.

Average pore

. SBET Average pore size
Material (m*/g) (nm) volume
(cm?/g)
SP 0.20 87.63 2.69
HCSP 5.50 4.43 0.01
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Figure 2 The pH point zero charge (PZC) (a), effect of pH adsorption (b), effect of time adsorption and kinetic parameter (c) and regen-

eration cycles (d) of SP and HCSP.

Table 2 The kinetic parameters PFO and PSO models of SP and HCSP.

Pseudo first order

Pseudo second order

Adsorbent Qe exp (Mg/g)

Qe carc (Mg/8) k; (min™) R? Qe cac (Mg/g) k, (g/mg)/min R?
SP 84.50 94.17 0.140 0.988 86.20 0.005 0.999
HCSP 96.44 84.99 0.383 0.987 97.09 0.035 1.000

HCSP material at the 5™ minute successfully adsorbed
malachite green dye of 86.70 mg/L, indicating that
adsorption occurred quickly. At the 55" min the amount ad-
sorbed reached 96.44 mg/L. SP material showed an
optimum time of 55 min with adsorption of 84.50 mg/L.
HCSP material has greater adsorption than SP, indicating
hydrochar successfully increased the adsorption capability.

The analysis of Pseudo First Order (PFO) and Pseudo
Second Order (PSO) adsorption kinetics models can be seen
in Table 2. SP and HCSP materials tend to be more suitable
for the PSO kinetics model as seen from the R? value closer
to 1. The experimental adsorption capacity
(Qe exp) in the PFO model shows SP and HCSP materials of
84.50 mg/g and 96.44 mg/g, not much different from the
calculated adsorption capacity (Qe caic) of PFO of 94.17 mg/g
and 84.99 mg/g. In the PSO model, SP and HCSP materials
have Qe caic of 86.20 mg/g and 97.09 mg/g.
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3.4. Impact of concentration and temperature on
adsorption

The model and graphic of isotherm Langmuir and
Freundlich of the materials SP and HCSP can be seen in
Figure 3 and Table 3. SP material showed R? values in
Langmuir and Freundlich isotherm models that did not
differ much in value. HCSP material R> value shows the
adsorption isotherm model tends to the Freundlich model.
This shows that adsorption that occurs on HCSP material
tends to be multilayer. The maximum adsorption capacity
of the Langmuir isotherm model at 30 °C of SP and HCSP
materials of 34.96 mg/g and 99.01 mg/g proves that the
manufacture of hydrochar is successfully carried out and
increases the adsorption ability towards the malachite
green dye.

DOI: 10.15826/chimtech.2025.12.1.13


https://doi.org/10.15826/chimtech.2025.12.1.13

Chimica Techno Acta 2025, vol. 12(1), No. 12113

ARTICLE

2.5
(a) SP Langmuir (b) SP Freundlich
0.4
Q o @R
204 " ]
0.3 P
o) [0}
g le] Qo
© o
@] ke)
0.2
1.5 4
0.1+
1.0 T T T T T
4 0.6 0.8 1.0 12 1.4
o log Ce :
(C) HCSP Langmuir (d) HCSP Freundlich
0.15 4
2 30°C 9
@ 40°C 2.0 4 P
@ 50°C Y
Q o [0
60 °C
< 0101 Cg) ®
] "] o
1.5
0.05 - 29
T T ! § T 10 T T T T
2 4 6 8 10 12 0.2 04 0.6 0.8 1.0 1.2
Ce log Ce
Figure 3 The graphic of model isotherm Langmuir of SP (a) and HCSP (c), and isotherm Freundlich of SP (b) and HCSP (d).
Table 3 The adsorption isotherm Langmuir and Freundlich parameter of SP and HCSP.
Langmuir Freundlich
Adsorbent T (°C)
Qmax kL R? n kF R?
30 34.96 0.051 0.913 0.420 5.158 0.944
sp 40 55.25 0.044 0.844 0.527 1.525 0.927
50 37.74 0.051 0.915 0.443 3.725 0.933
60 25.57 0.075 0.977 0.443 3.725 0.948
30 99.01 0.063 0.794 0.610 3.645 0.980
o .56 0.092 0.71 0.456 1.651 0.
HCSP 4 55.5 9 714 45 5 979
50 50.50 0.093 0.529 0.426 1.230 0.889
60 50.00 0.091 0.530 0.424 1.130 0.892

Adsorption thermodynamic data of SP and HCSP
adsorbents at the initial concentration of 200 mg/L gave the
evidence that both adsorption processes are endothermic
because of the positive enthalpy (AH) values of
9.070 kJ/mol SP and 2.612 kJ/mol HCSP,
respectively; hence, adsorption on both materials needs
energy absorption from surroundings, and the greater the
temperature, the greater is the tendency for adsorption on
it. The positive entropy AS values represent increasing
disorder at the adsorbent-adsorbate interface of
0.049 kJ/mol-K for SP and 0.033 kJ/mol-K for HCSP and can
thus be interpreted as the disorder created in water

for for
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molecules released from the adsorbent surface during the
binding of the adsorbate. Also, all negative values obtained
for AG at different temperatures for the two adsorbents
suggest that adsorption spontaneous. At every temperature
considered in this study, HCSP showed more negative AG
values than SP, indicating thereby that adsorption on HCSP
is more favorable compared to SP. However, the lower
values of AH for HCSP suggest that the interactions on its
surface may may result in weaker physical bonds in
comparison with SP, albeit with a higher affinity of HCSP
towards the adsorbate.
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Table 4 The adsorption thermodynamic parameters of SP and HCSP.
A AG (kJ/mol)
Adsorbent Concentration (mg/L) AH (kJ/mol) AS (kJ/mol)
30 °C 40 °C 50 °C 60 °C
SP 200 9.070 0.049 -5.79 -6.28 -6.77 -7.26
HCSP 200 2.612 0.033 -7.38 -7.71 -8.04 -8.37

3.5. Regeneration cycles

The regeneration adsorption data shows that the HCSP
material adsorbs a higher percentage of malachite green
dye than the SP material. Both HCSP and SP materials can
be reused up to the 4™ cycle, with adsorption percentages
of 69.37% and 49.30%, respectively. In the first cycle,
HCSP achieves a higher adsorption percentage (91.69%)
compared to SP (80.14%). In the 5% cycle, the adsorption
decline for HCSP (46.48%) is less than for SP (27.88%).
This data suggests that that the hydrochar HCSP material
has better adsorption and regeneration capabilities,
indicating its successful synthesis.

3.6. Study after adsorption of materials

Figure 4 shows the FTIR spectra before and after adsorption
for SP (a) and HCSP (b). After adsorption of malachite
green, the peaks in the FTIR spectrum decreased in
intensity and shifted slightly. This indicates an interaction
between the functional groups of SP and HCSP with the dye
molecule. A decrease in peak intensity suggests that
functional groups such as O-H, N-H, C=0, and C-OH in
algae are involved in bond formation or interaction, so that
their free vibrations are reduced. A peak shift indicates a
change in the chemical environment around the group,
which can be caused by modifications in electron
distribution due to the formation of new bonds. Based on
the chemical structure of malachite green, the possible
bonds formed include hydrogen bonds between O-H or N-
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H groups in SP and HCSP materials with amino or nitrogen
groups
between negatively charged groups in SP and HCSP with

in malachite green, electrostatic interaction
positively charged groups in malachite green, and m-m
interactions between the aromatic structure of malachite
green with phenolic groups in SP and HCSP [31, 32]. This
decrease in peak intensity and shift indicates successful
adsorption, where functional groups on the surface of SP
and HCSP materials actively interact with malachite green,
making SP and HCSP materials effective adsorbents for
malachite green dye. Figure 5 shows possible adsorption
mechanisms that occur in SP and HCSP materials with
malachite green dyes.

4. Limitation

This study shows that the regeneration of hydrochar from
Spirogyra sp. still has limitations, especially in maintaining
adsorption capacity after several cycles of use. This
decrease indicates the need for further analysis of the
adsorbent life cycle to identify the optimal point of
regeneration before the adsorbent loses its efficiency
significantly. In addition, investigation into alternative
materials or material blends could be a potential solution
to improve the durability of the hydrocar structure during
the regeneration process. With this approach, not only can
the adsorption capacity be maintained, but also the useful
life of the adsorbent can be extended, thus improving its
efficiency and sustainability.

(b) «
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Figure 4 The FTIR spectra before and after adsorption of SP (a) and HCSP (b).
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Figure 5 Possible adsorption mechanisms that occur in SP and HCSP materials with malachite green dyes.

5. Conclusions

Hydrochar from Spirogyra sp. algae (HCSP) prepared
through hydrothermal carbonization demonstrated better
adsorption and regeneration abilities compared to pure
Spirogyra sp. algae (SP). FTIR analysis confirmed the
successful preparation of HCSP, with the removal of water
and phenolic groups. XRD analysis indicated that HCSP has
a phase similar to CaCO; and highlighted an increase in
carbon ratio with a more structured arrangement,
supported by SEM data showing a regular morphology of
HCSP in the form of porous granules. EDS data supported
the previous findings, showing an increase in the
percentage of C atoms in HCSP. The suitable adsorption
kinetics model was PSO, and the adsorption isotherm model
tended to follow the Freundlich model. The maximum
adsorption capacity (Qmax) obtained from the Langmuir
calculation at 30 °C for SP and HCSP was 34.96 mg/g and
99.01 mg/g, respectively. Thermodynamic parameters
indicated endothermic and spontaneous processes, with
HCSP exhibiting greater adsorption capacity and
spontaneity than SP. The materials after adsorption of
malachite green dye show the hydrogen bond interactions,
nt-1t bonds and electrostatic interactions seen in the results
of FTIR analysis, which indicates that SP and HCSP
materials are suitable for adsorbing malachite green dye.
Regeneration studies on HCSP and SP materials showed
they could be reused up to the 4™ cycle with remaining ef-
ficiency of 69.37% and 49.30%, respectively. The better re-
usability and improved adsorption capacity of HCSP over SP
demonstrate the success of this study.
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