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ABSTRACT

This research focuses on the effective removal of methylene blue dye using silica gel synthesized from chemical
glass bottle waste as an environmentally friendly and cost-effective adsorbent. The adsorption process was opti-
mized using Box-Behnken Design (BBD) and Response Surface Methodology (RSM) to investigate the influence
of pH (6; 8 and 10), contact time (15; 30 and 45 min), adsorbent mass (30; 50 and 70 mg), and initial concentra-
tion (20; 50 and 80 mg/L) of the adsorbate on the adsorption efficiency. The BBD was conducted using Google
Colaboratory software, which encompassed 27 experiments with randomly assigned combinations. The silica gel
synthesized from chemical glass bottle was characterized by XRD, FTIR, SEM-EDX and TEM. The adsorption
result was measured by spectrophotometer UV-Vis. The optimized conditions resulted in a remarkable methylene
blue removal efficiency of 99.41%. Characterization of the silica gel demonstrated amorphous morphology and
prominent absorption bands characteristic of silica. The Langmuir isotherm model best described the adsorption
behavior, revealing chemisorption with a monolayer coverage of methylene blue on the adsorbent surface, and a
maximum adsorption capacity of 82.02 mg/g. Additionally, the pseudo-second-order kinetics model indicated a
chemisorption mechanism during the adsorption process. The findings highlight the potential of silica gel from
chemical glass bottle waste as a promising adsorbent for wastewater treatment, offering economic and environ-
mental benefits. Further investigations can explore its scalability, regenerability, and reusability for industrial-scale
applications.
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1 Introduction

The volume of liquid waste containing dyes is escalating rapidly due to its widespread use in various
industries [1]. Methylene blue, extensively employed in sectors such as textiles, pharmaceuticals, paper,
plastics, rubber, leather, and cosmetics [2], poses considerable health risks, including central nervous
system disorders, high blood pressure, skin and throat irritation, nausea, vomiting, and headaches [3,4].
Additionally, its presence in aquatic ecosystems is undesirable due to its inhibitory impact on aquatic
flora and fauna activities [5]. The acceptable maximum concentration of methylene blue is 5 mg/kg [3].
Several techniques have been applied to reduce methylene blue concentrations in water, including
electrocoagulation [6], ozonation [7], photodegradation [8], membrane processes [9], and bio-removal
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[10]. Among these, the adsorption technique stands out as the most advantageous due to its simplicity, cost-
effectiveness, regenerability, and minimal chemical residue production [11]. Numerous studies have
explored the adsorption of methylene blue [12–15].

Silica gel is a widely used adsorbent in wastewater treatment, owing to its intriguing properties such as
pore size and large surface area [16]. Traditionally, silica gel is synthesized from commercial alkoxides using
the sol-gel method [17]. While this approach offers advantages like high purity and precise control over
properties through composition adjustments [18,19], the use of commercial alkoxides can be expensive
and potentially hazardous. In this context, inorganic waste, such as glass waste, presents a promising
alternative. Glass bottle waste contains a high amount of silica (60%–80%) [20], making it an attractive
source for synthesizing silica gel at a low cost and with minimal environmental impact. Prior studies have
successfully employed glass bottle waste for synthesizing silica gel using the sol-gel method [21,22],
offering economic and eco-friendly benefits. Additionally, Table 1 showcases various materials employed
for methylene blue adsorption. Table 1 presents a comprehensive overview of several materials employed
for the adsorption of methylene blue, a commonly used dye in various industrial applications. The
adsorption capacity, expressed in milligrams per gram (mg/g), is used as a measure of the efficiency of
each adsorbent in removing methylene blue from aqueous solutions.

Table 1 demonstrates the proficient capacity of peanut husk to capture and eliminate methylene blue
molecules from solutions. The magnetic graphene-carbon nanotube showcases its efficacy in methylene
blue removal. Utilizing untreated Metroxylon spp. waste as adsorbent shows promise as a potent
contender for effective dye removal. Conversely, hydrothermal carbonization of coffee husk displays a
relatively diminished adsorption capacity, indicative of its moderate efficiency in methylene blue
adsorption. Furthermore, kaolin, a natural clay material, presents the potential to serve as an adsorbent for
methylene blue.

The adsorption process is influenced by various factors, which can be optimized using Box-Behnken
Design (BBD) and analyzed through Response Surface Methodology (RSM). BBD, a nearly rotatable and
non-factorial design [29], requires 3 levels for each factor, represented as −1, 0, and +1. By utilizing
BBD, the interactions between factors can be studied, and the number of experiments can be reduced
[30]. For instance, Çetintaş [3] used BBD with 3 factors to study methylene blue adsorption, achieving a
removal efficiency of 98% and an adsorption capacity of 3.07% (using an adsorbent mass of 0.8 g,
pH 5.2, and initial adsorbate concentration of 50 mg/L).

In this study, we optimized the adsorption of methylene blue using Box-Behnken Design (BBD) with
four factors: pH, contact time, adsorbent mass, and initial concentration of the adsorbate. Silica gel
derived from chemical glass bottle waste served as the adsorbent. To characterize the silica gel, various

Table 1: Several materials used for methylene blue adsorption

No. Adsorbent Result: Adsorption capacity (mg/g) Ref.

1 Peanut husk 72.13 [23]

2 Magnetic graphene-carbon nanotube 65.79 [24]

3 Polydopamine microspheres 88.89 [25]

4 Untreated Metroxylon spp. waste 83.50 [26]

5 Hydrothermal carbonization of coffee husk 35.00 [27]

6 Kaolin 52.76 [28]
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techniques such as X-Ray Diffraction (XRD), Fourier Transform-Infrared Spectroscopy (FTIR), N2-
physisorption (BET), Scanning Electron Microscope-Energy Dispersive X-Ray (SEM-EDX), and
Transmission Electron Microscopy (TEM) were employed. Our research aimed to evaluate the efficacy of
silica gel in adsorbing methylene blue using BBD. Both kinetic and isotherm models were examined to
understand the adsorption behavior of methylene blue on silica gel. Through this study, we strive to
contribute to the advancement of effective and sustainable methods for methylene blue removal from
wastewater.

2 Experimental Section

2.1 Chemical Glass Bottles Preparation
Chemical glass bottle waste was collected from the waste disposal site in the Chemistry Department,

ITS, Surabaya, Indonesia. To prepare the waste for further use, the glass bottles underwent a thorough
cleaning process with water until they were completely free of impurities. Subsequently, the cleaned glass
bottles were dried and then crushed using a jaw crusher. The crushed glass material was further milled for
2 min to achieve a fine powder consistency. To ensure uniformity, the resulting powder was sieved using
200 and 230 mesh screens [22].

2.2 Synthesis of Silica Gel
The synthesis method utilized in this study follows the procedure previously reported by Ni’mah et al.

[22]. Initially, chemical glass bottle waste powder was combined with NaOH in a 1:3 (w/w) ratio, followed
by calcination at 800°C for 4 h. Sodium silicate solutions were obtained by dissolving sodium silicate in
boiling water and then filtering. Subsequently, a 3M HCl solution was added dropwise to the stirred
solutions until a white gel was formed. The resulting white gel was left to age for 18 h, after which it
was filtered and washed with deionized water until a neutral pH was achieved. The obtained silica gel
was then dried in an oven at 80°C for 12 h.

2.3 Preparation of Methylene Blue
Methylene blue, obtained from Merck (C.I. 52015; Molar Mass: 319.86 g/mol, anhydrous), was used in

this study. To create methylene blue solutions with varying concentrations, a stock solution of 500 mg/L was
prepared and then diluted accordingly.

2.4 Adsorption Studies (Box-Behnken Design)
In this study, a 50 mL methylene blue solution was combined with the adsorbent at room temperature

and stirred at 450 rpm. The adsorption process was investigated using Box-Behnken Design (BBD) to
analyze the impact of various factors, including pH, contact time (t), adsorbent mass (m), and initial
concentration of the adsorbate (Co). The BBD was conducted using Google Colaboratory software,
which encompassed 27 experiments with randomly assigned combinations, as outlined in Table 2.

Table 2: Box-Behnken design for methylene blue adsorption on silica gel

Variables Levels

−1 0 +1

pH (X0) 6 8 10

Contact time (mins, X1) 15 30 45

Adsorbent mass (mg, X2) 30 50 70

MB initial concentration (mg/L, X3) 20 50 80
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Following the adsorption process, the mixture was subjected to centrifugation at 3500 rpm for 10 min.
The concentration of methylene blue was then measured using a UV-Vis spectrophotometer at a wavelength
of 665 nm. The regression equation for methylene blue (R2 = 0.9964) is shown in Eq. (2.1).

y ¼ 0:2146xþ 0:0011 (2.1)

The removal of methylene blue using silica gel synthesized from chemical glass bottles was determined
using Eq. (2.2).

Removalð%Þ ¼ Co � Ce

Co
� 100 (2.2)

where Co (mg/L) and Ce (mg/L) represent the initial and equilibrium concentrations of the methylene blue
solution, respectively.

The correlation between independent and dependent variables is represented by the second-order
polynomial equation, given as Eq. (2.3).

Y ¼ b0 þ
X

bixi þ
X

biix
2
i þ

XX
bijxixj þ e (2.3)

In this equation, Y denotes the dependent variable (response), β0 stands for the constant coefficient,
while βi, βii, and βij represent the linear, quadratic, and interaction coefficients, respectively. Xi and Xj are
the independent variables, and ε represents the experimental error.

To explore the adsorption mechanism, this study employed the Langmuir, Freundlich, Temkin, and
Dubinin-Radushkevich isotherm models. The concentration of the methylene blue solution varied within
the range of 20 to 80 mg/L. Furthermore, the adsorption kinetics model was examined using the pseudo-
first-order and pseudo-second-order models. The contact time was varied at 15, 20, 25, 30, 35, 40, and
45 min.

3 Results and Discussion

3.1 Characterization

3.1.1 XRD
Fig. 1 displays the XRD diffractogram of the silica gel. A broad peak appears at 2θ = 22.8°, suggesting

that the silica gel phase is amorphous. This observation aligns closely with previous research, where silica gel
commonly exhibits broad peaks within the range of 2θ = 20°–30° [12,22].

Figure 1: X-ray diffractogram of silica gel
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3.1.2 FTIR
Fig. 2 presents the FTIR spectra of the chemical glass bottle powder and silica gel. In both materials,

specific absorption bands are observed: at 400–450, 700–780, and 1000–1050 cm−1, which correspond to
the O-Si-O bending vibration, Si-O-Si symmetric stretching vibration, and Si-O-Si asymmetric stretching
vibration, respectively. These absorption bands are characteristic of silica and are commonly observed
[31]. Additionally, both spectra display absorption bands at 1600–1700 cm−1, indicating the presence of
H-O-H bending vibration and suggesting the existence of H2O molecules in both materials. The broad
absorption band observed at 3400–3600 cm−1 corresponds to the stretching vibrations of O-H, signifying
a substantial number of hydroxyl groups on the pore surfaces of both materials.

The chemical glass bottle powder exhibits a distinct absorption band at 1400–1500 cm−1, which
indicates the presence of B-O stretching vibrations in the boron oxide structure. This observation is
consistent with the fact that chemical glass bottles belong to the category of borosilicate glass, which
contains boron oxide. However, the B-O absorption band is not present in the FTIR spectra of silica gel
due to the sodium silicate filtration process. The FTIR spectra in this research show similarities with
previous studies conducted by Ni’mah et al. [22].

3.1.3 TEM
The TEM analysis results presented in Figs. 3a and 3b indicate that the silica gel particles exhibit a

spherical shape with an average size below 50 nm, and they tend to agglomerate, forming clusters of
particles. These observations align with previous studies conducted by Hoang et al. [32], who also
reported similar characteristics of silica gel particles with a spherical shape and agglomeration tendency.
Moreover, the TEM analysis revealed no significant difference between the morphology of silica gel
before and after the adsorption process. This suggests that the adsorption of methylene blue did not cause
substantial changes in the overall structure and shape of the silica gel particles.

Figure 2: FTIR spectra of bottle glass and silica gel
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3.1.4 SEM-EDX
The SEM-EDX analysis, as shown in Figs. 4a and 4b, demonstrated slight differences in the morphology

of the silica gel before and after MB adsorption. The EDX results revealed that the major elements in the
material before adsorption were Si and O. However, after adsorption, the intensity of the carbon element
surpassed that of Si and O. These findings strongly suggested that MB was successfully adsorbed and
occupied the surface of the silica gel. This observation aligns with the previous study conducted by
Ni’mah et al. [22].

Figure 3: TEM of silica gel (a) before adsorption and (b) after adsorption

Figure 4: SEM-EDX of silica gel (a) before adsorption and (b) after adsorption
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3.2 Optimization of Methylene Blue Adsorption
In this study, the optimal conditions for methylene blue adsorption were determined by investigating

multiple independent factors, namely pH, contact time, adsorbent mass, and initial adsorbate
concentration, using the Box-Behnken Design (BBD) and analyzed through Response Surface
Methodology (RSM). The experimental and predicted values of methylene blue removal are presented in
Table 3. The highest observed methylene blue removal in the experiments reached 99.06%, while the
maximum predicted removal from the BBD model was 100.71%.

Table 3: BBD and experimental results of the adsorption of methylene blue

Run pH t (min) m (mg) Co (mg/L) Removal (%)

Exp. Pred.

1 6 15 50 50 98.53 96.44

2 10 15 50 50 97.84 99.05

3 6 45 50 50 98.62 97.39

4 10 45 50 50 98.41 100.49

5 6 30 30 50 84.88 87.20

6 10 30 30 50 94.94 95.39

7 6 30 70 50 98.98 99.30

8 10 30 70 50 98.38 96.82

9 6 30 50 20 97.97 98.18

10 10 30 50 20 97.88 96.66

11 6 30 50 80 88.41 88.87

12 10 30 50 80 97.07 96.10

13 8 15 30 50 93.85 92.09

14 8 45 30 50 97.69 95.14

15 8 15 70 50 98.93 100.71

16 8 45 70 50 99.06 100.06

17 8 15 50 20 97.74 99.74

18 8 45 50 20 97.84 99.76

19 8 15 50 80 94.79 93.63

20 8 45 50 80 97.23 95.99

21 8 30 30 20 98.03 97.33

22 8 30 70 20 97.08 94.84

23 8 30 30 80 80.91 83.13

24 8 30 70 80 98.48 99.16

25 8 30 50 50 98.77 98.75

26 8 30 50 50 98.74 98.75

27 8 30 50 50 98.76 98.75
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The regression equation for methylene blue removal in this research was expressed in Eq. (3.1).

R ¼ 51:276þ X0 � 7:574þ X1 � ð�0:158Þ þ X2 � 1:086þ X3 � ð�0:529Þ þ X 2
0 � ð�0:341Þ

þ X0 � X1 � 0:004þ X0 � X2 � ð�0:066Þ þ X0 � X3 � ð�0:036Þ þ X 2
1 � 0:004þ X1 � X2

� ð�0:003Þ þ X1 � X3 � 0:001þ X 2
2 � ð�0:006Þ þ X2 � X3 � 0:007þ X 2

3 � ð�0:002Þ
(3.1)

where R is the removal of methylene blue (%), X0 is pH, X1 is contact time, X2 is adsorbent mass, and X3 is
the initial concentration of adsorbate.

Fig. 5a presents the correlation between the predicted and experimental values of methylene blue
removal. The residuals in Fig. 5b appear as random errors, indicating a good fit between the predicted
and observed data. The density plot in Fig. 5c shows a bell-shaped curve with the peak centered around
0, suggesting that the residuals follow a normal distribution. These findings collectively indicate the
suitability of the regression model for optimizing methylene blue adsorption.

The statistical validation of methylene blue adsorption optimization was performed using Ordinary
Least Square (OLS) regression analysis, and the results are presented in Table 4. The obtained p-value for
the model was 0.000933, indicating that the input variables significantly influenced the output variable
for methylene blue adsorption (p-value < 0.05). Furthermore, the coefficient of determination (R2)
between the model and experimental data was 0.889, demonstrating a strong correlation between the
experimental results and the predictions of the model.

Figure 5: (a) The regression curve of predicted and experiment removal of methylene blue, (b) residuals
values, and (c) density plot
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The RSM plots (Figs. 6a–6f) revealed pH as a significant factor influencing the surface charge
distribution of the adsorbent [33]. The optimal pH for methylene blue removal using silica gel from
chemical glass bottle waste was found to be 8. Silica gel possesses a pH value of 2.8–3, and at pH values
above 3, the silica surface becomes negatively charged, favoring the attraction of cationic species like
methylene blue [34]. In alkaline conditions, Si-O- becomes the dominant functional group on the
adsorbent surface, resulting from the deprotonation of Si-OH, leading to enhanced electrostatic interaction
between methylene blue (a cationic dye) and the adsorbent (anionic charged surface) [3].

Table 4: OLS regression analysis

Dep. Variable : Removal R-squared : 0.889

Model : OLS Adj. R-squared : 0.760

Method : Least Squares F-statistic : 6.894

No. Observations : 27 Prob (F-statistic) : 0.000933

Df Residuals : 12 Log-Likelihood : -48.580

Df Model : 14 AIC : 127.2

Covariance Type : nonrobust BIC : 146.6

coef std err t p > |t| [0.025 0.975]

const 51.276 26.968 1.901 0.082 −7.481 110.034

X1 7.575 4.297 1.763 0.103 −1.787 16.937

X2 −0.158 0.447 −0.355 0.729 −1.133 0.816

X3 1.086 0.355 3.061 0.010 0.313 1.860

X4 −0.529 0.216 −2.449 0.031 −1.000 −0.058

X5 −0.341 0.238 −1.439 0.176 −0.859 0.176

X6 0.004 0.037 0.110 0.914 −0.076 0.084

X7 −0.066 0.027 −2.431 0.032 −0.126 −0.007

X8 0.036 0.018 1.994 0.069 −0.003 0.076

X9 0.004 0.004 1.008 0.333 −0.005 0.013

X10 −0.003 0.004 −0.845 0.415 −0.011 0.005

X11 0.001 0.002 0.535 0.603 −0.004 0.007

X12 −0.006 0.002 −2.850 0.015 −0.012 −0.002

X13 0.007 0.002 4.220 0.001 0.004 0.012

X14 −0.002 0.001 −2.556 0.025 −0.005 −0.000

Omnibus : 3.909 Durbin-Watson : 1.760

Prob (Omnibus) : 0.142 Jarque-Bera (JB) : 1.514

Skew : −0.029 Prob (JB) : 0.469

Kurtosis : 1.841 Cond. No. : 3.67e+05
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Figure 6: The RSM plots of methylene blue adsorption as a function of (a) MB initial concentration vs. pH,
(b) adsorbent mass vs. pH, (c) contact time vs. pH, (d) MB initial concentration vs. contact time, (e) adsorbent
mass vs. contact time, and (f) MB initial concentration vs. adsorbent mass
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The contact time during the adsorption process significantly influences the removal efficiency, as longer
contact times lead to increased adsorption of the adsorbate. The RSM plot considering the interaction
between contact time and adsorbent mass revealed two optimal regions. However, taking into account the
interaction between contact time, pH, and the initial concentration of the adsorbate, the optimal contact
time was determined to be 45 min. The mass of the adsorbent used in the adsorption process affects the
availability of active surface sites for adsorbate molecules. The optimization results for adsorbent mass
and initial concentration of the adsorbate in this research were 60 mg and 40 mg/L, respectively.

Based on the obtained adsorption optimization results, the methylene blue removal reached 99.41%.
This removal efficiency surpassed that reported by Çatlıoğlu et al. [35], where they achieved 91.89%
methylene blue removal using banana peel as the adsorbent. Moreover, the methylene blue removal in
this research exceeded the findings of Çetintaş [3], who employed leaching residues as the adsorbent.

3.3 Adsorption Isotherm
The adsorption isotherm models are valuable tools for elucidating the adsorption mechanism, assessing

the maximum adsorption capacity, and understanding the characteristics of the adsorbent [36]. In this study,
four adsorption isotherm models, namely Langmuir, Freundlich, Temkin, and Dubinin-Radushkevich, were
employed to investigate the adsorption mechanism of methylene blue. The Langmuir isotherm equation is
represented by Eq. (3.2).

Ce

qe
¼ 1

KL � qm
þ Ce

qm
(3.2)

where qe is the amount of the methylene blue adsorbed at equilibrium (mg/g), qm is the maximum adsorption
capacity (mg/g), and KL is the Langmuir constant (L/mg).

The Freundlich isotherm equation is expressed as Eq. (3.3).

Inqe ¼ InKF þ 1

n
InCe (3.3)

where KF is Freundlich’s constant (L/mg) and 1/n is a parameter showing the surface heterogeneity.

The Temkin isotherm equation is expressed as Eq. (3.4).

qe ¼ RT

b
InKT þ RT

b
InCe (3.4)

where R is the gas constant (J/molK), T is the temperature (K), b is the adsorption heat constant (J/mol), and
KT is the Temkin constant (L/mg).

The Dubinin-Radushkevich isotherm equation is expressed as Eqs. (3.5) and (3.6).

Inqe ¼ Inqm � KDRe2 (3.5)

e ¼ RTIn 1þ 1

Ce

� �
(3.6)

where ε is the adsorption potential based on Polanyi theory (kJ/mol) and KDR is the Dubinin-Radushkevich
constant (mol2kJ−1).

The parameters obtained from fitting the adsorption isotherms (Figs. 7a–7d) are presented in Table 5.
The results indicate that the R2 value for the Langmuir isotherm model (0.98) was higher compared to
the Freundlich (0.63), Temkin (0.79), and Dubinin-Radushkevich (0.52) models. Therefore, the
adsorption data in this study followed the Langmuir isotherm model. The Langmuir isotherm model
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suggests that the adsorption mechanism involves chemisorption or chemical interactions between the
adsorbent and the adsorbate during the adsorption process, and it also indicates that adsorption occurs in
a monolayer [37]. The maximum adsorption capacity of silica from chemical glass bottle waste, based on
the Langmuir isotherm model, was determined to be 82.02 mg/g.

Figure 7: (a) Langmuir, (b) Freundlich, (c) Temkin, and (d) Dubinin-Radushkevich

Table 5: Adsorption isotherm of methylene blue adsorption

Adsorption isotherm Parameter Value

Langmuir

qm (mg/g) 82.02

KL (L/mg) 2.76

R2 0.98

Freundlich

n 3.46

KF (L/mg) 53.29

R2 0.63

Temkin

B 13.73

KT (L/mg) 64.77

R2 0.79

Dubinin-Radushkevich

E (kJ/mol) 4.09

KDR (mol2/kJ2) 2.98 × 10−8

R2 0.52
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3.4 Adsorption Kinetics
Adsorption kinetics is a crucial factor in understanding the rate and mechanism of adsorption, directly

impacting the efficiency and application of an adsorbent [38]. In this study, the adsorption kinetics were
investigated using the pseudo-first-order and pseudo-second-order models. The pseudo-first-order
equation is represented by Eq. (3.7).

In qe � qtð Þ ¼ In qeð Þ � k1t (3.7)

where qe is the amount of the methylene blue adsorbed at equilibrium (mg/g), qt is the amount of methylene
blue adsorbed at t time (mg/g), k1 is the pseudo-first-order rate constant (minute−1), and t is time (minutes).

The pseudo-second-order equation is expressed as Eq. (3.8).

t

qt
¼ 1

k2qe2
þ t

qe
(3.8)

where k2 is the pseudo-second-order rate constant (minute−1).

The parameters obtained from fitting the adsorption kinetics data (Figs. 8a and 8b) are summarized in
Table 6. The results reveal that the pseudo-second-order kinetics model exhibits a higher R2 value (0.99)
compared to the pseudo-first-order kinetics (0.04). This finding leads to the conclusion that the adsorption
of methylene blue using silica gel from chemical glass bottle waste follows the pseudo-second-order
kinetics. The pseudo-second-order kinetics model indicates that the adsorption process involves
chemisorption [37].

Figure 8: (a) Pseudo-first-order and (b) Pseudo-second-order

Table 6: Adsorption kinetics of methylene blue adsorption

Adsorption kinetics Parameter Value

Pseudo-first-order

qe (mg/g) 0.51

k1 0.006

R2 0.04

Pseudo-second-order

qe (mg/g) 39.94

k2 0.08

R2 0.99
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3.5 Adsorption Mechanism
The uptake of methylene blue (MB) involves adsorption mechanisms that apply to both non-porous and

porous solids. One hypothesis suggests that the adsorption of MB molecules might take place in a solitary
phase, marked by the rapid attainment of equilibrium on the adsorbent’s surface, as shown in Fig. 9.
Moreover, a more gradual phase could involve the infiltration of MB into pores and its interaction with
binding sites characterized by higher energy levels [39].

4 Conclusion

In conclusion, this research demonstrated the successful application of silica gel synthesized from
chemical glass bottle waste as an effective adsorbent for the removal of methylene blue dye. The
adsorption process was optimized using the Box-Behnken Design (BBD) and Response Surface
Methodology (RSM) to determine the key factors influencing the adsorption efficiency. The optimized
conditions for methylene blue adsorption were found to be at pH 8, with a contact time of 45 min, an
adsorbent mass of 60 mg, and an initial concentration of adsorbate at 40 mg/L, resulting in a remarkable
removal efficiency of 99.41%.

Characterization of the synthesized silica gel revealed amorphous morphology with prominent
absorption bands characteristic of silica. The Langmuir isotherm model was found to best describe the
adsorption behavior, indicating a chemisorption process and a monolayer coverage of methylene blue on
the adsorbent surface. The maximum adsorption capacity obtained from the Langmuir isotherm model
was determined to be 82.02 mg/g, further confirming the high adsorption potential of the silica gel. The
kinetics study showed that the adsorption of methylene blue followed the pseudo-second-order kinetics
model, suggesting a chemisorption mechanism during the adsorption process.

Overall, the utilization of silica gel derived from chemical glass bottle waste as an adsorbent offers
economic and environmental advantages. The results of this study contribute valuable insights into the
potential application of silica gel as an efficient and sustainable adsorbent for the removal of methylene
blue dye from wastewater. Future studies can further explore the scalability of this adsorbent on a larger
industrial scale and investigate its performance under diverse wastewater conditions. Additionally,
exploring its renewability and reusability for multiple adsorption cycles can provide essential information
for practical applications in wastewater treatment.

Figure 9: Adsorption mechanisms for methylene blue uptake in non-porous and porous solids [39]
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