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AbstractA silica aerogel/MgO composite synthesized from bagasse ash was investigated as a biomass-derived adsorbent for the removalof malachite green from aqueous solutions. The adsorption performance was systematically assessed by examining operationalfactors together with adsorption kinetics, equilibrium isotherms, and thermodynamic behavior. Equilibrium was attained after80 min of contact time. Under the optimum conditions, the composite achieved an adsorption capacity of 123.19 mg/g at 45◦Cwith an initial concentration of 55 mg/L, while the highest removal efficiency (90.93%) was obtained at pH 9. Comparativeexperiments demonstrated the superior adsorption capability of the silica aerogel/MgO composite relative to pristine silica aerogel.Adsorption capacities of 96.93 and 22.12 mg/g, respectively, were recorded under the same experimental conditions, highlightingthe beneficial interaction between porous silica framework and MgO active sites. Analysis of adsorption kinetic revealed that thepseudo-second-order model most accurately represented the experimental data, yielding anR2 value of 0.9923. Equilibrium studiesfurther indicated that the Freundlich isotherm provided the best fit (R2 = 0.9965–0.9973), suggesting adsorption on energeticallyheterogeneous surfaces with the possibility of multilayer uptake. Thermodynamic evaluation confirmed that the adsorption processoccurred spontaneously and was favored at elevated temperatures. This behavior was evidenced by negative Gibbs free energyvalues (ΔG◦ = −4.68 to −6.29 kJ/mol), positive enthalpy changes (ΔH◦ = 12.46–15.29 kJ/mol), and positive entropy values(ΔS◦ = 58.76–67.10 J/mol·K. Overall, the results demonstrate the strong potential of the bagasse ash-derived silica aerogel/MgOcomposite as an efficient and sustainable adsorbent for the removal of cationic dyes from water.
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1. INTRODUCTION

The textile industry is widely known for its intensive water
usage and for generating substantial volumes of wastewater
contaminated with synthetic dyes, largely as a result of dyeing
and finishing processes (Tarekegn et al., 2021) . The synthetic
colorant widely applied in the textile industry is malachite
green, which belongs to the triphenylmethane dye group. This
substance is characterized by pronounced toxicity, potential
carcinogenic effects, limited biodegradability, and a tendency to
accumulate within aquatic biota in its reduced form, leucomala-
chite green (Abu Elella et al., 2021; Umeh et al., 2023; Akram
et al., 2023) . If not properly treated, this effluent can contam-
inate aquatic environments and pose serious risks to aquatic
organisms. Therefore, effective wastewater treatment methods
are required to remove this dye from aquatic environments.

Various methods have been investigated for dye removal,
including membrane filtration, catalytic treatment, coagulation,

photocatalysis, and adsorption (Raval et al., 2016; Pandey et al.,
2020; Agustina et al., 2022) . Among the available techniques,
adsorption is frequently regarded as a highly effective option
because it offers simple operational procedures, adaptable pro-
cessing conditions, and comparatively economical implementa-
tion (Foo and Hameed, 2010) . Silica aerogel-based adsorbents
are particularly interesting because their interconnected porous
framework, extensive specific surface area, and substantial pore
volume, all of which enhance the mass transfer and diffusion of
adsorbate molecules. Silica aerogel derived from bagasse ash
represents an environmentally friendly and value-added alter-
native adsorbent; however, its surface interaction with cationic
dyes remains limited. To enhance adsorption performance,
silica aerogel can be composited with magnesium oxide (MgO),
which possesses basic and polar surface characteristics that en-
able electrostatic interactions with positively charged groups
in cationic dye molecules such as malachite green (Gui et al.,
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2015; Wang et al., 2023) . Mechanistically, MgO contributes
basic active sites that promote electrostatic attraction and sur-
face interaction, while the silica aerogel framework provides
porous channels that support mass transfer and MgO disper-
sion. This combination is expected to improve the accessibility,
distribution, and stability of adsorption sites.

A number of investigations have demonstrated the use of
materials derived from MgO and silica as effective adsorbents
for removing cationic dyes. However, several critical limitations
remain. Studies employing MgO as a single adsorbent often
report strong interactions with cationic dyes but are limited
by relatively low surface area and structural stability, whereas
silica-based adsorbents exhibit high surface area but weaker
interactions with cationic species. Furthermore, most investi-
gations primarily focus on adsorption capacity or the influence
of a single operational parameter, without critically compar-
ing adsorption performance and modeling outcomes (kinetics,
isotherm, and thermodynamics) across different systems. Con-
sequently, systematic studies that comprehensively correlate
operational adsorption parameters with adsorption equilibrium
behavior remain relatively limited (Benjelloun et al., 2021;
Murphy et al., 2023; Shoaib et al., 2023; Liu et al., 2023) . This
limitation reduces the ability to fully interpret adsorption mech-
anisms and hinders the rational design of high-performance
adsorbents.

Moreover, although composite systems have been reported,
studies that explicitly investigate the synergistic interaction
between MgO active sites and the porous structure of silica
aerogel, particularly those derived from biomass waste such as
bagasse ash, are still scarce (Nazriati et al., 2014) . Therefore, a
comprehensive study integrating operational parameters with
adsorption equilibrium modeling for malachite green removal
using bagasse ash-derived silica aerogel/MgO composites has
not been thoroughly reported.

In this study, bagasse ash-derived silica aerogel modified
with MgO was applied for malachite green adsorption from
aqueous solution. This work aims to address the limitations of
previous studies by integrating operational adsorption param-
eters with equilibrium modeling in a single systematic frame-
work. Specifically, the objectives of this study are to: (1) evalu-
ate the influence of contact time, adsorbent dosage, initial dye
concentration, temperature, and solution pH on adsorption
performance; and (2) comprehensively analyze adsorption be-
havior through kinetic, isotherm, and thermodynamic analyses
to clarify the adsorption behavior.

The main contribution of this work lies in (i) providing
a comprehensive understanding of adsorption mechanisms
through integrated analysis, (ii) demonstrating the synergistic
interaction between MgO active sites and silica aerogel porous
structure, and (iii) introducing a sustainable adsorbent derived
from biomass waste (bagasse ash) with enhanced adsorption
performance.

2. EXPERIMENTAL SECTION

2.1 Materials and Instrumentation
In this work, a silica aerogel/MgO composite derived from
bagasse ash was employed as the adsorbent material. The mate-
rials used in this research included bagasse ash, sodium hydrox-
ide (NaOH, p.a., Merck), magnesium chloride hexahydrate
(MgCl2·6H2O, p.a., Merck), ammonium hydroxide (NH4OH,
25%, Merck), malachite green (p.a., Merck), hydrochloric acid
(HCl, 37%, Merck), and distilled water. The instrumentation
used in this study was XRD (PANalytical X’Pert PRO), Spe-
cific Surface Area and Pore Analysis (Micromeritics Tristar
II Plus 3.04), FTIR (Bruker Alpha instrument), SEM (FEI
Inspect-S50), and UV-Vis (B-ONE UV-1800).

2.2 Methods
2.2.1 Synthesis of Silica Aerogel/MgO Composite
The silica aerogel/MgO composite was prepared using an adapt
ed procedure derived from Azhar et al. Azhar et al. (2025) , with
several modifications introduced to enhance MgO dispersion
and improve the structural robustness of the resulting compos-
ite. Initially, 3 g of MgCl2·6H2O was dissolved in 300 mL of
distilled water contained in a 500 mL beaker. Subsequently,
10 mL of 3 M NH3 solution was introduced into the mixture,
which was then maintained under magnetic stirring at 300
rpm for 30 min to promote complete dissolution and uniform
distribution of the magnesium precursor. Following the prepa-
ration of the precursor solution, 1 g of silica aerogel (procedure
adapted from Nazriati et al. (2014) was gradually incorporated
into the suspension. The mixture was continuously agitated
at room temperature for 24 h to facilitate the diffusion and
incorporation of magnesium species within the porous silica
aerogel structure. To further strengthen the interaction be-
tween the magnesium precursor and the silica framework, the
suspension was subsequently left undisturbed for an additional
24 h. After the aging stage, the solid material was recovered
by filtration and repeatedly rinsed with distilled water until the
filtrate reached neutral pH, thereby eliminating residual ionic
species. The recovered solid was then subjected to drying at
80◦C for 2 h to remove physically retained moisture. Thermal
treatment was carried out in two steps: an initial calcination
at 300◦C for 1 h, followed by second calcination at 525◦C for
2.5 h. These heat-treatment stages enabled the transformation
of the magnesium precursor into MgO while simultaneously
improving the crystallinity, stability, and dispersion of MgO
particles throughout the silica aerogel matrix. The modifica-
tions applied in this synthesis route were intended to maximize
the interaction between MgO and porous silica network and to
achieve a more homogeneous composite structure.

2.2.2 Adsorption Procedure
Batch adsorption experiments were carried out by contacting
a fixed volume (25 mL) of malachite green solution with the
adsorbent in 50 mL Erlenmeyer flask. The mixtures were
maintained under continuous shaking at 150 rpm throughout
the adsorption period. After equilibration, the suspensions
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were centrifuged at 1500 rpm for 15 min, and residual dye
concentration in the liquid phase was determined spectropho-
tometrically using UV-Vis instrument.

The effect of several operating parameters were system-
atically evaluated. Adsorption time varied between 30 and
120 min, whereas adsorbent dosage range from 5 to 50 mg.
To assess the influence of initial dye concentration, malachite
green solutions with concentration 35–55 mg/L were em-
ployed. Temperature studies were performed at 25, 35, and
45◦C, and solution pH was adjusted within the range of 3–9
using 0.05 M NaOH.

2.2.3 Determination of the pHPZC (pH at the Point of Zero
Charge)

The point of zero charge (pHPZC) of the adsorbent was deter-
mined using the pH drift method to establish the pH at which
the surface possesses no net electrical charge. Briefly, 0.025 g
of adsorbent was dispersed in 25 mL of 0.1 M NaCl solution.
The initial pH of the suspensions was adjusted over a range
of 2–12 using either 1 M HCl or 1 M NaOH. The resulting
mixtures maintained under continuous stirring for 24 h to al-
low the system to reach equilibrium. Following equilibration,
the final pH values were measured and compared with their
corresponding initial pH values. The difference between these
values (ΔpH = pH f – pHi ) was calculated and plotted as a func-
tion of the initial pH. The pHPZC was subsequently identified
from the intersection point where the ΔpH value became zero.

2.2.4 Reusability Test
The reusability test was performed to evaluate whether the
adsorbent could be regenerated for repeated use. Malachite
green adsorption was first performed using 0.01 g of silica
aerogel/MgO in 50 mg/L dye solution. After adsorption, the
spent adsorbent was separated and immersed in 0.1 M NaCl
at 45◦C to release the adsorbed dye. The material was then
rinsed with deionized water, dried at 100◦C, and used again in
the next adsorption cycle.

2.2.5 Adsorption Data Analysis
The adsorption performance was quantified by calculating the
uptake capacity and removal efficiency based on concentration
changes before and after treatment. Kinetic modeling was in-
terpreted using pseudo-first-order and pseudo-second-order
equations, while equilibrium behavior was analyzed via the
Langmuir, Freundlich, and Temkin isotherms. Thermody-
namic parameters were derived to determine the feasibility
and energetic characteristics of the adsorption process.

The adsorption capacity at equilibrium (qe) was determined
using Equation (1), whereas the removal efficiency (R, %) of
malachite green was calculated using Equation (2).

qe =
(C0 − Ce)V

m
(1)

R(%) = C0 − Ce
C0

× 100 (2)

In Equations (1) and (2), C0 and Ce (mg/L) denote the
initial and equilibrium concentrations of malachite green, re-
spectively, V (L) represents the solution volume, and m (g)
refers to the mass of adsorbent used in the experiment.

2.2.5.1 Kinetic Models
The pseudo-first-order and pseudo-second-order kinetic

models are expressed in Equations (3) and (4):

a. Pseudo-first-order

ln(qe − qt) = ln qe − k1t (3)

b. Pseudo-second-order
t
qt

=
1

k2q2e
+ t
qe

(4)

k1 (min−1) and k2 (g mg−1 min−1) represent the rate con-
stants of the pseudo-first-order and pseudo-second-order ki-
netic models, respectively.

2.2.5.2 Isotherm Models
The Langmuir, Freundlich, and Temkin models are repre-

sented in Equations (5)–(7):

a. Langmuir

qe =
qmaxKLCe
1 +KLCe

(5)

b. Freundlich

qe = KFC
1/n
e (6)

c. Temkin

qe = BT ln AT + BT lnCe (7)

The physical meanings of the isotherm parameters are sum-
marized in Table 1.

2.2.5.3 Thermodynamic Parameters
The thermodynamic values were calculated using Equations

(8)–(10):

Kc =
qe
Ce

(8)

ΔG◦ = −RT lnKc (9)

lnKc =
ΔS◦

R
− ΔH◦

RT
(10)

Kc is the equilibrium constant. R (8.314 J/mol·K) is the gas
constant, andT (K) is the absolute temperature. The parame-
ters ΔG◦, ΔH◦, and ΔS◦ describe Gibbs free energy (kJ/mol),
enthalpy (kJ/mol), and entropy (J/mol·K), respectively.
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Table 1. Parameters and Physical Meaning of Adsorption Isotherm

Model Parameter Unit Physical Meaning
Langmuir qmax mg g−1 Theoretical maximum adsorption capacity
Langmuir KL L mg−1 Langmuir affinity constant
Freundlich KF (mg g−1) (L mg−1)1/n Indicator of adsorption capacity on heterogeneous surfaces
Freundlich 1/n – Heterogeneous factor

Temkin AT L g−1 Temkin equilibrium binding constant

Temkin BT J mol−1
Constant related the variation of adsorption energy or heat of

adsorption
BT = RT/bT

Temkin bT J mol−1 Temkin adsorption constant used in the calculation of BT

3. RESULTS AND DISCUSSION

3.1 Characterization of Silica Aerogel/MgO Composites
3.1.1 XRD (X-ray Diffraction)

Figure 1. XRD Patterns of Silica Aerogel/MgO Composite,
Silica Aerogel, and MgO

The XRD pattern of the silica aerogel/MgO composite is
shown in Figure 1, while the corresponding characteristic peaks
are listed in Table 2. The diffractogram shows that the compos-
ite contains both amorphous silica aerogel and crystalline MgO
features. The broad diffraction band at around 15–30◦ 2𝜃
confirms the amorphous nature of the silica framework. This
amorphous structure is favorable for adsorption because it can
provide accessible surface sites, pore volume, and pathways for
adsorbate transport. Mahinroosta et al. (2024) also reported
that amorphous silicate-based structures play an important
role in providing adsorption sites for malachite green removal.
In addition, the composite shows sharp diffraction peaks at
2𝜃 values of 42.9◦, 62.3◦, and 78.6◦, indicating the presence
of MgO, which is consistent with the reference data (COD
No. 1011116). The incorporation of MgO into the composite
provides an important contribution by enhancing the surface

basicity and introducing additional active sites, which may fa-
cilitate interactions with malachite green molecules during the
adsorption process. The structural characteristics of the silica
aerogel/MgO composite observed from XRD analysis were
further confirmed by surface morphology analysis using SEM
and surface area and pore size analysis using the BET method.

3.1.2 SEM (Scanning Electron Microscopy) and EDX (En-
ergy -Dispersive X-ray) Mapping

The SEM images presented in Figure 2a-b show that pris-
tine silica aerogel exhibits a porous and aggregated network
structure, whereas the silica aerogel/MgO composite displays
a rougher surface with visible particle agglomeration, indicat-
ing the deposition of MgO onto the silica matrix. Although
agglomeration occurred, the porous structure was still main-
tained, allowing adsorbate diffusion toward the active sites. The
elemental mapping results Figure 2c reveal that Si, O, and Mg
were uniformly distributed and relatively homogeneously dis-
persed throughout the composite. The homogeneous distribu-
tion of Mg confirms that MgO was successfully integrated into
the silica aerogel network, which may increase the number of
surface active sites and enhance electrostatic interactions with
malachite green molecules, as also reported by Ghoniem et al.
(2022) and Hamad (2023) . Furthermore, the EDX spectrum
in Figure 2d further supports this result by showing dominant
Si and O signals together with the presence of Mg. These
morphological changes were further evaluated through BET
analysis.

3.1.3 BET (Brunauer–Emmett–Teller) and BJH (Barrett–
Joyner–Halenda)

The BET-BJH analysis showed that the silica aerogel/MgO
composite had lower values than pristine silica aerogel, as
shown in Table 3. This decrease indicates that MgO parti-
cles partially filled or blocked some pores, limiting nitrogen
access during measurement. However, the average pore diam-
eter increased, which may be attributed to pore restructuring
after the modification process. The enlarged pores can support
malachite green diffusion into the adsorbent interior, while
MgO provides additional active sites for adsorption.

Figure 3 shows that both pristine silica aerogel and the
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Table 2. XRD Peak of Silica Aerogel/MgO Composite

Sample Main Features Structure
Silica Aerogel Broad peak (22◦) Amorphous
MgO Sharp peak (36–75◦) Crystalline
Silica Aerogel/MgO Combination of broad + sharp peaks Amorphous-crystalline

Source: Azhar et al. (2025)

Table 3. Physical Properties of Silica Aerogel and Silica Aerogel/MgO

Parameter Silica Aerogel Silica Aerogel/MgO
BET Surface Area (m2/g) 635.61 121.99
Pore Volume (cm3/g) 0.97 0.50
BJH Desorption Average Pore Radius (nm) 2.799 6.517

Source: Azhar et al. (2025)

silica aerogel/MgO composite exhibited Type IV nitrogen
adsorption-desorption isotherms with H3 hysteresis loops, con-
firming mesoporous characteristics and the presence of slit-like
or interparticle pores Thommes et al. (2015) . Pristine silica
aerogel showed higher nitrogen uptake across the P/P0 range,
reflecting its larger surface area and pore volume. By contrast,
the composite showed lower nitrogen adsorption capacity, most
likely due to partial pore occupation by MgO. Nevertheless, the
hysteresis loop remained visible, indicating that mesoporosity
was retained after MgO incorporation. Since surface functional
groups also affect adsorbent-adsorbate interactions, FTIR anal-
ysis was further conducted.

3.1.4 FTIR (Fourier Transform Infrared Spectroscopy)
Figure 4 illustrates the FTIR spectra of silica aerogel/ MgO
composite before and after adsorption of malachite green, while
the corresponding absorption bands are listed in Table 4. Prior
to adsorption, several characteristic functional groups associ-
ated with potential adsorption sites were identified on compos-
ite surface. A broad absorption feature centered at 3435 cm−1

was assigned to the stretching vibration of hydroxyl groups
originating from silanol functionalities and physically adsorbed
water molecules. These surface hydroxyl groups are impor-
tant because they can interact with malachite green through
hydrogen bonding and may also contribute to the formation
of negatively charged adsorption sites under appropriate pH
conditions, thereby facilitating the uptake of the cationic dye.
A weak signal observed at 2961 cm−1 was attributed to C–H
stretching vibrations, which may be associated with residual
species from surface modification process. The band located at
1635 cm−1 corresponded to the bending vibration of adsorbed
water (H–O–H). In addition, the absorption bands at 1065 and
785 cm−1 were characteristic of Si–O–Si vibrations, confirm-
ing the silica aerogel framework. The presence of MgO within
the composite was evidenced by the absorption band at 499
cm−1, indicating successful incorporation and dispersion of
MgO throughout the silica matrix.

Noticeable spectral change occurred after exposure to mala-

chite green, suggesting the participation of surface functional
groups in the adsorption process. The hydroxyl absorption
band shifted from 3435 to 3345 cm−1 and exhibited increased
broadening, implying that surface –OH groups were directly
involved in interactions with dye molecules. Such changes are
consistent with hydrogen-bond formation between hydroxyl
groups on the adsorbent surface and nitrogen-containing func-
tionalities present in malachite green, as well as possible in-
teractions with the aromatic structure of the dye. Additional
absorption bands emerged at 1533 and 1377 cm−1 following
adsorption. These bands are associated with aromatic C=C and
C–N vibrations characteristic of malachite green (You et al.,
2022) , providing direct evidence that dye molecules were suc-
cessfully retained on the composite surface. Furthermore, the
Mg–O vibration shifted from 499 to 492 cm−1 after adsorp-
tion, indicating the involvement of MgO-related active sites
in the adsorption mechanism. This shift suggests that electro-
static interactions occurred between negatively charged oxygen-
containing surface sites and positively charged malachite green
molecules, thereby contributing to the overall adsorption pro-
cess.

3.2 Effect of Adsorption Parameter Variations of Silica Aero-
gel/MgO on Malachite Green

Controlled adsorption data show a significant improvement
after composite formation, where silica aerogel achieved only
22.1175 mg/g (19.66%), while the silica aerogel/MgO compos-
ite reached 96.9310 mg/g (86.1609%) under identical condi-
tions. This marked enhancement highlights the role of MgO in
strengthening adsorption interactions, supporting the existence
of a synergistic effect between the porous silica structure and
MgO active sites.

Based on this superior performance, further adsorption
studies were focused on the silica aerogel/MgO composite
to evaluate its behavior under various operational conditions.
Adsorption capacity and removal percentage were used as the
main indicators to evaluate the influence of these variables on
adsorption behavior. The results are presented in Figures 5–7.
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Figure 2. SEM of Silica Aerogel (a); SEM of Silica Aerogel/MgO Composite (b); and EDX Mapping for O, Mg, and Si (c). EDX
Analysis for Point on the Surface of Silica Aerogel/MgO Composite (d)

3.2.1 Influence of Contact Time
Figure 5a–b shows how contact time affected adsorption capac-
ity and removal efficiency. During the early stage, adsorption
increased rapidly because many active sites were still available

on the surface and inside the pores of the adsorbent. The
high surface area and accessible porous structure supported
the movement of dye molecules toward these sites. A clear in-
crease in adsorption performance was observed from 30 to 80
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Figure 3. Adsorption-Desorption Curves of Silica Aerogel (a) and Silica Aerogel/MgO Composite (b)

Table 4. FTIR Absorption Bands of Silica Aerogel/MgO Composite

Wave Number (cm−1)
Functional Group

Silica
Aerogel

Silica Aero-
gel/MgO

Silica Aerogel/MgO After
Adsorption

3437 3435 3345 O–H stretching (Si–OH, H2O adsorbed)
2960 2960 2961 C–H (CH3) stretching
1635 1635 1632 H–O–H bending (H2O adsorbed)

– – 1533
Aromatic C=C vibration and possible C–N

vibration from malachite green
1439 1439 1377 C–H (CH3) bending
1068 1065 1076 Si–O–Si asymmetric stretching
802 785 802 Si–C bending

– 499 492 Mg–O stretching

min. After this period, the adsorption rate decreased because
the active sites became progressively occupied and repulsive
interactions among adsorbed dye molecules increased. This
behavior is typical for cationic dye adsorption, where the rate
gradually declines as available sites become saturated (Obula-
puram et al., 2021; Chouchane et al., 2023) . After equilibrium
was reached, the adsorption capacity and removal efficiency
did not increase substantially. The equilibrium time was 80
min, with an adsorption capacity of 96.93 mg/g and a removal
efficiency of 86.16%.

3.2.2 Influence of Adsorbent Dosage
The influence of adsorbent dosage was evaluated using 5–50
mg of silica aerogel/MgO composite. As shown in Figure 5c–d,
the adsorption capacity increased from 75.02 mg/g at 5 mg
to the maximum value of 96.90 mg/g at 10 mg, in contrast,
the removal efficiency increased sharply at 10 mg and then
remained relatively stable at higher adsorbent dosages. This
enhancement occurred because increasing the adsorbent dose
provided more surface area and active sites for dye binding.
The porous morphology observed by SEM and the active func-
tional groups identified by FTIR supported the interaction of

malachite green with the adsorbent surface. However, when the
dosage was increased beyond 10 mg, the adsorption capacity
per unit mass decreased. This decline may be attributed to the
distribution of a fixed amount of dye over a larger adsorbent
mass, leaving many sites unused. Excess adsorbent may also
promote particle clustering or overlapping of active sites, reduc-
ing the effective contact area and limiting mass transfer. Similar
dosage-dependent behavior has been reported in previous dye
adsorption studies (Mashkoor et al., 2018; Sen, 2023) .

3.2.3 Influence of Initial Concentration
The effect of initial malachite green concentration was studied
at 35–55 mg/L. Figure 6a shows that the adsorption capacity
increased from 76.36 to 116.71 mg/g as the initial dye con-
centration increased. In contrast, Figure 6b indicates that the
removal efficiency decreased from 87.27% to 84.88%. The
higher adsorption capacity at greater dye concentration can be
explained by the stronger concentration difference between the
solution and adsorbent surface, which promotes mass trans-
fer. At low dye concentration, the number of active sites was
sufficient relative to the number of dye molecules, resulting in
higher removal efficiency. At higher concentrations, however,
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Figure 4. FTIR Spectra of Silica Aerogel, Silica Aerogel/Mgo,
and Silica Aerogel/MgO After Adsorption

more active sites became occupied, and some dye molecules
remained unadsorbed, causing a decrease in removal efficiency.
This pattern agrees with general adsorption behavior, in which
higher initial concentration increases uptake capacity but de-
creases removal percentage due to the limited number of avail-
able active sites (Sen, 2023; Li et al., 2022) .

3.2.4 Influence of Temperature
The influence of temperature was examined at 25–45◦C using
malachite green concentrations of 35–55 mg/L. As presented
in Figure 6c–d, adsorption capacity and removal efficiency
increased with temperature under all tested conditions. This
result indicates that the adsorption of malachite green was more
favorable at higher temperature and followed an endothermic
tendency. Higher temperature can increase the kinetic en-
ergy of malachite green molecules, accelerate their movement
toward the adsorbent surface, and increase the frequency of
collision with active sites. These conditions may enhance dye
diffusion into the adsorbent pores and promote interactions
with surface groups such as Si–OH and MgO-related sites. The
observed behavior supports the endothermic nature of mala-
chite green adsorption onto the silica aerogel/MgO composite
(Budnyak et al., 2020; Hamad, 2023) .

3.2.5 Influence of pH
Figure 7a shows that the pHPZC of the adsorbent was 9, sug-
gesting that the surface tends to be positively charged below
pH 9 and negatively charged above pH 9. Although the pHPZC
occurred at pH 9, Figure 7b shows that adsorption capacity
increased as the pH increased from acidic to near-alkaline con-
ditions. In addition, Figure 7c shows that removal efficiency
also improved with increasing pH, supporting stronger interac-
tion between cationic malachite green molecules and progres-

sively deprotonated active sites on the adsorbent surface. These
trends indicate that adsorption was controlled not only by elec-
trostatic attraction but also by the availability of active sites and
the reduced competition of H+ ions. Under acidic conditions,
abundant H+ ions can protonate surface hydroxyl groups such
as Si–OH and Mg–OH, resulting in a more positively charged
surface and weaker interaction with cationic malachite green.
H+ ions may also compete with dye molecules for the same
adsorption sites. As pH increases, H+ concentration decreases,
lowering this competition. At the same time, surface hydroxyl
groups may gradually undergo partial deprotonation to form
negatively charged oxygen-containing sites, which can enhance
electrostatic attraction toward malachite green. Therefore, al-
though the pHPZC was located at pH 9, surface deprotonation
may occur gradually before the overall surface charge becomes
negative. This explanation is supported by the FTIR spectra
after adsorption, which showed shifts in the –OH and MgO-
related bands, confirming the participation of surface hydroxyl
groups and MgO active sites. Therefore, the higher adsorption
capacity at elevated pH is associated with lower H+ competition,
greater contribution of negatively charged surface sites, and
stronger interaction between malachite green and the active
groups on the adsorbent surface (Raval et al., 2017) .

3.2.6 Reusability of Silica Aerogel/MgO Composite
The reusability test shown in Figure 7d demonstrated that
the silica aerogel/MgO adsorbent was able to maintain its ad-
sorption performance after three cycles. In the first cycle, the
removal efficiency was the highest because all active surface
sites were still in optimal condition, and the active pores of the
adsorbent were still open and accessible for interaction with the
adsorbate. After regeneration and reuse in the second and third
cycles, the removal efficiency decreased slightly. However, the
decrease was relatively small, showing that the composite had
acceptable stability and reusability.

Based on Figure 7d, the removal efficiency in the third cycle
was slightly higher than that in the second cycle. This may occur
because the regeneration process could remove residual dye
molecules that previously covered some pores, allowing better
access of the adsorbate to the active sites in the following cycle.
However, since the difference was relatively small, this increase
may still be within the range of experimental deviation and does
not indicate a significant change. Overall, the reusability results
show that the adsorbent has good stability and potential for
repeated use without a sharp decrease in efficiency. The ability
of an adsorbent to be regenerated and reused is an important
factor in determining its sustainability for wastewater treatment
applications.

3.3 Adsorption Equilibrium Parameters of Silica Aerogel/
MgO toward Malachite Green

Adsorption equilibrium behavior was analyzed through kinetic
modeling, equilibrium isotherms, and thermodynamic eval-
uation. Figure 8 presents the linearized plots of each model,
which were used to determine the kinetic constants, isotherm

© 2026 The Authors. Page 1248 of 1256



Nazriati et. al Science and Technology Indonesia, 11 (2026) 1241-1256

Figure 5. Effect of Contact Time on Adsorption Capacity (a); Effect of Contact Time on Removal Efficiency (b); Effect of
Adsorbent Dosage on Adsorption Capacity (c); and Effect of Adsorbent Dosage on Removal Efficiency (d)

parameters, and thermodynamic energy values.

3.3.1 Adsorption Kinetics
The adsorption kinetic of malachite green onto the silica aero-
gel/MgO composite were evaluated using the pseudo-first-
order and pseudo-second-order kinetic models. The corre-
sponding fitting plots are presented in Figure 5a–b, while the
kinetic parameters obtained from the models are summarized
in Table 5. In adsorption systems, contact time plays a crucial
role because it governs the duration available for adsorbate
molecules to diffuse toward and interact with the active sites of
the adsorbent. As illustrated in Figure 5a, dye adsorption ca-
pacity increased progressively with increasing contact time and
reached equilibrium after approximately 80 min. The rapid
uptake observed during the initial stage can be attributed to
the abundance of unoccupied adsorption sites. As adsorption
proceeded, the number of available sites gradually decreased,
resulting in a slower adsorption rate until equilibrium was es-
tablished.

A comparison of the kinetic models indicates that the pseudo-
second-order equation provided a more satisfactory description

of the experimental data than the pseudo-first-order model.
As shown in Figure 8b and Table 5, the pseudo-second-order
model yielded a higher coefficient of determination (R2 =

0.9923), and the calculated equilibrium adsorption capacity
(qe) was in closer agreement with the experimentally measured
value. In contrast, the pseudo-first-order model exhibited a
considerably lower fitting quality, with an R2 value of 0.8643.
The superior performance of the pseudo-second-order model
suggests that the adsorption process was influenced not only
by transport of dye molecules from solution to the adsorbent
surface but also by interactions occurring at active adsorption
sites. Similar kinetic behavior has been reported for adsorption
of dye molecules on metal oxide-containing adsorbents, where
surface interactions significantly contribute to the overall ad-
sorption mechanism (Hubbe et al., 2019) . The kinetic findings
are also consistent with FTIR results discussed previously. The
observed shifts in the –OH and Mg–O vibration bands after ad-
sorption indicate the participation of surface hydroxyl groups
and MgO-related sites in the adsorption process. These active
sites likely facilitate the retention of malachite green molecules
through surface interactions, contributing to the excellent fit of
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Figure 6. Effect of Initial Concentration on Adsorption Capacity (a); Effect of Initial Concentration on Removal Efficiency (b);
Effect of Temperature on Adsorption Capacity (c); And Effect of Temperature on Removal Efficiency (d)

Table 5. Kinetic Parameters for Malachite Green Adsorption onto Silica Aerogel/MgO

Kinetic Parameter Pseudo-First-Order Pseudo-Second-Order
R2 0.8643 0.9923
Rate constant 0.0672 (min−1) 0.0003 (g mg−1 min−1)
qe calculated 277.1838 mg/g 132.1874 mg/g
qe experimental 96.9310 mg/g 96.9310 mg/g

the pseudo-second-order model. Once equilibrium had been
reached, the adsorption behavior was further evaluated using
equilibrium isotherm models to investigate the distribution of
malachite green molecules on the composite surface and to
gain deeper insight into the adsorption mechanism.

3.3.2 Adsorption Isotherms
The equilibrium data were fitted using the Langmuir, Fre-
undlich, and Temkin isotherm models to describe malachite
green adsorption onto the silica aerogel/MgO composite. Ac-
cording to Figure 8c–e and Table 6, the Freundlich model
showed the best agreement with the experimental data at all

temperatures, with R2 values of 0.9965–0.9973. These values
were higher than those obtained from the Langmuir model,
0.9456–0.9841, and the Temkin model, 0.9888–0.9935. The
Freundlich n values of 0.6824–0.7930 indicate that adsorption
occurred on a heterogeneous surface and may involve multi-
layer coverage. The relatively good Temkin fit suggests that
adsorbent–adsorbate interaction also contributed to dye uptake.
Overall, the adsorption of malachite green onto the compos-
ite was not dominated by homogeneous monolayer coverage,
but rather by heterogeneous surface interactions involving dis-
tributed active sites. This result agrees with previous studies
on porous metal oxide-based composite adsorbents (Hamad,
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Figure 7. Determination of pHpzc(a); Effect of pH on Adsorption Capacity (b); Effect of pH on Removal Efficiency (c); and Effect
of Reusability of the Silica Aerogel/MgO Composite (d)

Table 6. Isotherm Parameters for Malachite Green Adsorption onto Silica Aerogel/MgO

Temperature
Langmuir Isotherm Freundlich Isotherm Temkin Isotherm

QL KL R2 KF n R2 bT R2

(mg/g) (L/mg) (L/mg) (J/mol)
25 ◦C 302.1148 0.0750 0.9841 27.4759 0.6824 0.9973 38.24 0.9935
35 ◦C 396.8254 0.0588 0.9540 26.8114 0.7525 0.9966 35.27 0.9888
45 ◦C 485.4369 0.0596 0.9456 31.0692 0.7930 0.9965 33.51 0.9917

Table 7. Thermodynamic Parameters for Malachite Green Adsorption onto Silica Aerogel/MgO

C0 (mg/L) y = ax + b R2 ΔG◦ (kJ/mol) ΔH◦ (kJ/mol) ΔS◦ (J/mol·K)
25 ◦C 35 ◦C 45 ◦C

35 7.0681–1498.5x 0.9430 -5.1069 -5.5258 -6.2897 12.4585 58.7642
40 7.2706–1578.9x 0.9473 -4.9412 -5.3750 -6.1577 13.1270 60.4478
45 7.2482–1578.5x 0.9253 -4.8998 -5.2970 -6.1141 13.1236 60.2615
50 8.0707–1839.0x 0.9726 -4.7513 -5.2809 -6.0996 15.2894 67.0998
55 7.7913–1764.5x 0.9680 -4.6802 -5.1809 -5.9822 14.6700 64.7769
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Figure 8. Linearized Plots of Pseudo-First-Order Kinetics (a), Pseudo-Second-Order Kinetics (b), Langmuir Isotherm (c),
Freundlich Isotherm (d), Temkin Isotherm (e), and Van’t Hoff Equation (f)

2023) . Thermodynamic analysis was then carried out to evalu-
ate the energetic behavior and spontaneity of adsorption.

3.3.3 Adsorption Thermodynamics
Thermodynamic parameters, including ΔG◦, ΔH◦, and ΔS◦,
were calculated using the Van’t Hoff equation at 25–45◦C to
evaluate the feasibility and energetic characteristics of mala-

chite green adsorption onto the silica aerogel/MgO composite
(Table 7). The Van’t Hoff plot in Figure 8f and the data in Ta-
ble 7 show that the process was spontaneous, endothermic, and
accompanied by increased disorder at the solid–liquid interface.
The negative ΔG◦ values of −4.68 to −6.29 kJ/mol confirm
that adsorption was thermodynamically favorable at all tem-
peratures. The positive ΔH◦ values of 12.46–15.29 kJ/mol
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Figure 9. Proposed Adsorption Mechanism of Malachite Green Onto the Silica Aerogel/MgO Composite

Table 8. Comparative Adsorption Performance of the Present Silica Aerogel/MgO Composite and Previously Reported Open-
Access Adsorbents for Malachite Green Removal

Adsorbent Adsorption
Capacity

Best Kinetic
Model

Best
Isotherm
Model

Representative Oper-
ating Conditions

Source

Bagasse ash-derived sil-
ica aerogel/MgO com-
posite (this work)

96.93
mg/g

Pseudo-
second-
order

Freundlich 80 min; 45 mg/L; 10
mg adsorbent; 25–45
◦C; pH 3–9

Present
work

Co3O4/MgO/Mg3B2O6
nanocomposite
(CBM600)

492.61
mg/g

Pseudo-
second-
order

Langmuir 70 min; 50–300
mg/L; 50 mg adsor-
bent; 25 ◦C; pH 10

Al-Wasidi
et al. (2024)

Activated carbon from
Catha edulis stem

5.62 mg/g Pseudo-
second-
order

Freundlich 60 min; 10 mg/L;
500 mg adsorbent;
room temperature;
pH 10

Abate et al.
(2020)

Ni/Al layered double
hydroxide-graphene
oxide composite

111.11
mg/g

Pseudo-
second-
order

Langmuir 20 mg adsorbent; op-
timum pH 4; temper-
ature and concentra-
tion varied

Amri et al.
(2023)

TiO2/f-MWCNT
nanocomposite

38.61
mg/g

Pseudo-
second-
order

Langmuir-
2

10 min; 5 mg adsor-
bent; 20 ◦C; pH 8

Jomardani
et al. (2026)

indicate an endothermic process, meaning that higher tem-
perature promoted dye interaction with the adsorbent surface.
This result is consistent with the higher adsorption capacity
observed at elevated temperature. The positive ΔS◦ values

of 58.76–67.10 J/mol·K indicate increased randomness dur-
ing adsorption. Based on the relatively low ΔG◦ magnitude,
below 20 kJ/mol, together with positive ΔH◦ and ΔS◦, the
process is likely dominated by physisorption, while electro-
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static interactions also contribute between cationic malachite
green and negatively charged/basic MgO sites in the composite
(Chakraborty et al., 2021; Gaur et al., 2024) .

To further position the performance of the present silica
aerogel/MgO composite within the existing literature, Table 8
compares the present material with several previously reported
open-access adsorbents for malachite green removal. This
comparison highlights the relative adsorption performance,
modeling behavior, and operating conditions of the present
material.

3.3.4 Adsorption Mechanism
The combined characterization and adsorption results pro-
vide a basis for understanding the adsorption mechanism of
malachite green onto the silica aerogel/MgO composite. The
amorphous structure and porous network of the silica aero-
gel/MgO composite, as confirmed by XRD, SEM, and BET
analyses, provide sufficient contact area and diffusion pathways
for malachite green molecules. FTIR analysis identified hy-
droxyl groups and MgO-related active sites, which served as
important interaction centers during adsorption. The pH and
pHPZC results further indicated that electrostatic attraction be-
tween the negatively charged adsorbent surface and cationic
malachite green was the main driving interaction. The pseudo-
second-order kinetic fit, together with the thermodynamic re-
sults, suggests that adsorption involved physical adsorption
accompanied by stronger surface interactions, especially elec-
trostatic attraction. Therefore, the adsorption performance of
the silica aerogel/MgO composite can be attributed to the com-
bined effects of its textural properties and surface chemistry.
Figure 9 illustrates the proposed mechanism, including elec-
trostatic attraction, hydrogen bonding, and possible secondary
interactions between malachite green molecules and the active
sites of the composite.

4. CONCLUSION

A biomassa-derived silica aerogel/MgO composite was success-
fully developed and demonstrated effective performance for
the removal malachite green from aqueous solution. The com-
bined characterization results revealed that the incorporation
of MgO into the porous silica aerogel framework generated a
mesoporous adsorbent containing abundant hydroxyl groups
and accessible active sites. The integration of structural, surface,
and adsorption analyses indicates that enhanced adsorption
performance originated from the synergistic contribution of
the silica aerogel network and dispersed MgO particles. The
adsorption behavior was strongly influenced by solution pH,
contact time, adsorbent dosage, initial dye concentration, and
temperature. The increase in adsorption capacity under al-
kaline conditions, together with FTIR band shifts observed
after adsorption, suggests that surface hydroxyl groups and
MgO-related sites played important roles in dye binding. The
kinetic, equilibrium, and thermodynamic result consistently in-
dicate that adsorption occurred on energetically heterogeneous
surfaces through multiple interaction pathways, including elec-

trostatic attraction, hydrogen bonding, and pore-assisted diffu-
sion. Under the optimum operating conditions, the composite
achieved an adsorption capacity of 123.19 mg/g and a removal
efficiency of 90.93%, substantially outperforming pristine silica
aerogel. These results highlight the beneficial role of MgO
incorporation in improving the adsorption capability of the
silica aerogel matrix. Overall, the findings demonstrate that
bagasse can be converted into a value-added adsorbent with
promising potential for wastewater treatment applications. The
combinations of a renewable silica source and MgO active sites
provided an environmentally friendly strategy for developing
efficient adsorbents for cationic dye removal.
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