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Alkaline‐treated natural zeolite was prepared by sodium hydroxide treatment of natural zeolite and applied in
the adsorption of Pb(II). The response surface methodology (RSM) analysis was conducted under manipulated
variables of initial concentration (X1 = 50–400 mg/L), pH (X2 = 2–10), and adsorbent dosage (X3 = 0.5–5.
0 g/L). The optimal condition was attained at X1 = 240 mg/L, X2 = 6, and X3 = 1.07 g/L, with Pb(II) removal
of 60.75 %. The characterization of alkaline‐treated natural zeolite of fresh and spent confirmed the adsorption
of Pb(II) onto alkaline‐treated natural zeolite. The reusability and regeneration experiments revealed the abil-
ity of the alkaline‐treated natural zeolite in multiple cycles of the adsorption process. This study proved that
alkaline‐treated natural zeolite could be an alternative low‐cost adsorbent for wastewater treatment containing
Pb(II).
Introduction

Heavy metal contamination is a severe issue for developing coun-
tries due to the presence of these elements in water effluents from mul-
tiple industries, including textiles companies, lead‐acid batteries,
papermaking, biomedical, mining, paints, and agriculture (Vardhan
et al., 2019). Lead (Pb(II)) is one of the most toxic elements and has
damaging consequences on human health, even at deficient levels
(Shang et al., 2018). Besides, without realizing it, Pb(II) can be con-
sumed through food and water. Therefore, the Environmental Quality
(Industrial Effluents) Regulations 2009 has documented that the
approved conditions before discharging industrial effluent of Pb(II)
following standard A is 0.10 mg/L, meanwhile, standard B is
0.5 mg/L (Vardhan et al., 2019).

Numerous processes have been explored for removing dissolved Pb
(II), including adsorption (Hasan and Setiabudi, 2019; Hasan et al.,
2019), precipitation (Wu et al., 2021), photocatalytic degradation
(Shang et al., 2018), flocculation & coagulation (Hargreaves et al.,
2018), electrodialysis (Skibsted et al., 2018), and ultrafiltration (Roy
Choudhury et al., 2019). Among them, the removal of Pb(II) using
adsorption was known for its efficiency and economical, which has
been utilized extensively in the purification of wastewater, industrial
discharge, and water supplies (Hasan and Setiabudi, 2019). It was also
a favored approach for water purification since it can be operated in
various conditions, is low cost, require low energy, does not produce
any toxic by‐product, and is flexible (Hasan et al., 2019).

Over the last few years, the utilization of low‐cost alternative mate-
rials as viable absorbents, including aquatic plants (Ohlbaum et al.,
2018), wood materials (Yang et al., 2020), and agricultural by‐
products (Hasan et al., 2019) has attracted much attention for Pb(II)
removal. However, these cost‐effective adsorbents have a drawback
by increasing water’s chemical oxygen demand (COD) during adsorp-
tion (GilPavas et al., 2020). Therefore, it is vital to produce affordable
and widely accessible adsorbents, such as the vast and non‐toxic natu-
ral zeolite (Morante‐Carballo et al., 2021). In addition, zeolites have
been used in the application of molecular sieve, adsorption, and cat-
alytic due to their structural features and desirable characteristic,
including their thermostability, non‐swelling, excellent chemical sta-
bility, reusability, regeneration, and high sorption equilibrium rate
(Inglezakis et al., 2018; Din et al., 2021). However, their small pores
impose diffusion limitations and restrict the access of reactant mole-
cules to the active sites (Wu et al., 2012). Therefore, several treatment
methods have been explored for zeolite modification, including the
desilication method owing to its simplicity and feasibility. Interest-
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Fig. 1. Adsorption performance of natural zeolite without (w/o) and treated
with different NaOH loadings (0.5 – 5.0 g/L) for Pb(II) removal. Constant
conditions: C0 = 50 mg/L, m = 0.5 g/L, pH = 6, t = 120 min, T = 27 ℃.
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ingly, the desilication of zeolite with an alkaline solution is able to
improve the porosity of zeolites through selective extraction of silicon
atoms from the framework without a distinct change in the acidity and
crystallinity (Wu et al., 2012).

However, there is a lack of study on the influence of the adsorbent’s
treatment and the optimization study of Pb(II) adsorption over
alkaline‐treated natural zeolite adsorbent. Consequently, this study
intended to explore the effect of alkali treatment on the physicochem-
ical properties of natural zeolite at different NaOH loading (0 g/L –

1.0 g/L) and their adsorption performance. Additionally, optimization
analysis of Pb(II) adsorption using alkaline‐treated natural zeolite at
optimum conditions was also examined.

Methodology

Preparation of adsorbent

Natural zeolite originated from Indonesia and consisted of silicon
oxide (SiO2) (59 %), aluminum oxide (Al2O3) (18 %), and a minor
quantity of other oxide elements was used in this study. Alkaline‐
treated natural zeolite was synthesized following the method reported
by Ates (Ates, 2018). First, the 20 g natural zeolite was combined with
250 mL of sodium hydroxide (NaOH, Merck) at 90℃ with a mixing
rate of 500 rpm. After 1 h, the solution was filtered, followed by wash-
ing with distilled water and drying in the oven (120℃, overnight).
Next, the dried modified natural zeolite needs to undergo preliminary
adsorption to determine an ideal alkaline‐treated natural zeolite before
proceeding with batch adsorption. The natural zeolite was treated with
NaOH ranging from 0.5 to 5.0 g/L while maintaining other parameters
to study the effects of NaOH loadings.

Characterization

The functional groups of the alkaline‐treated natural zeolite were
analyzed using Fourier transform infrared (FTIR, Nicolet iS5) using
the Attenuated total reflectance (ATR) approach. The morphology of
the alkaline‐treated natural zeolite was characterized using scanning
electron microscopy (SEM, Hitachi S‐4700). In addition, the elemental
composition of alkaline‐treated natural zeolite before and after adsorp-
tion was assessed using Energy Dispersive X‐ray (EDX). The surface
area and pore volume were measured using a Quantachrome
Autosorb‐1 analyzer.

Batch adsorption and optimization experiment

The adsorption experiments were conducted according to the
method described in the literature (Hasan and Setiabudi, 2019;
Teong et al., 2019) at room temperature (27 ℃). In brief, Pb(II) solu-
tion was prepared by mixing lead nitrate (Pb(NO3)2, 99 %, Sigma
Aldrich) in deionized water. 0.5 g/L of alkaline‐treated natural zeolite
was added to 250 mL of Pb(II) solution under the constant speed of
stirring. The pH of the Pb(II) solution was altered by hydrochloric acid
(HCl, Merck) or NaOH (Merck). The samples were collected at a speci-
fic time interval before being centrifuged at 8000 rpm for 5 min. The
absorbance of Pb(II) solution was assessed using UV–vis spectroscopy
at 520 nm using dithizone (Merck) as a reagent. Equations (1) and (2)
were applied to compute the amount of Pb(II) adsorbed, and the per-
centage of Pb(II) eliminated.

qt ¼
Co � Ct

m

� �
� V ð1Þ

Removal %ð Þ ¼ Co � Ct

Co

� �
� 100 ð2Þ

where qt (mg/g) implies the quantity of Pb(II) adsorbed at a specific
time. Co (mg/L) and Ct (mg/L) indicate the Pb(II) concentration at ini-
2

tial and specific time. V (L) represents the volume of the Pb(II) solution,
and m (g) indicates the dosage of alkaline‐treated natural zeolite.

Experimental design and optimization

Response Surface Methodology (RSM) (Statsoft Statistica 8.0) with
a central composite design (CCD) was chosen. The manipulated vari-
ables were the initial concentration, X1 (50 mg/L–400 mg/L), pH, X2

(2–10), and adsorbent dosage, X3 (0.5 g/L–5.0 g/L). These indepen-
dent variables were selected according to the findings obtained from
the one‐factor‐at‐a‐time method (OFAT). A total of 16 different trials
were carried out in triplicate. The outcomes were evaluated using
the coefficient of determination (R2), analysis of variance (ANOVA),
and 3D response surface plots.

Regeneration and reusability

The regeneration and reusability studies were conducted according
to the method described by Teong et al. (Teong et al., 2019). In brief,
the reusability experiments were carried out at optimum RSM condi-
tions with three adsorption cycles. After each cycle, the alkaline‐
treated natural zeolite was regenerated by shaking in phosphoric acid
(0.1 M, Merck) for 1 h, washed with distilled water several times, and
dried in the oven (120℃, overnight).

Results and discussions

Effects of NaOH loadings

Fig. 1 comprises the adsorption performance of six samples of
alkaline‐treated natural zeolite with different NaOH concentrations.
The performance of alkaline‐treated natural zeolite increased with



Fig. 2. Parity plot for the observed and predicted percentage removal of Pb(II)
using alkaline-treated natural zeolite.
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increasing NaOH loadings (from 0 g/L to 1.0 g/L) and decreased at
high loadings (>1.0 g/L). Natural zeolites contain exchangeable alka-
line cations in their structural frameworks and permanent negative
charges on their surfaces (Zhang et al., 2021). By treating the natural
zeolite with NaOH, the silica content was significantly decreased by
desilication, and increased the Na+ content by the formation of
hydroxysodalite (Ates and Akgül, 2016). Thus, it promotes the meso-
pores formation, enhancing the adsorption capacity (Ates, 2018).
The formation of mesopores was confirmed by surface area and pore
volume analysis. The BET surface area and pore volume of natural zeo-
lite are 67 m2/g and 0.18 cm3/g, respectively, while the BET surface
area and pore volume of natural zeolite after 1.0 g/L NaOH treatment
are 26 m2/g and 0.14 cm3/g, respectively. A decrease in surface area
and pore volume after NaOH treatment indicates the formation of
mesopores.

However, if the amounts of NaOH treated exceed the optimum
point for natural zeolite uptake, it can significantly deform the zeolite
structure and reduce the adsorption capacity. Similar findings were
reported by Ates (Ates, 2018) for alkaline modification of natural zeo-
lite. For this study, at 1.0 g/L, treatment with NaOH shows good per-
formance of the highest removal (45 %), proving that it is the optimum
point for natural zeolite uptake of NaOH. Thus, the selected alkaline‐
treated natural zeolite was used for conducting the experimental
design, optimization, reusability, and regeneration studies.

Response surface methodology

Table 1 displays the RSM‐designed experiments list and the
response value (percentage removal) for each sample acquired under
the appropriate experimental conditions. The regression analysis was
carried out, and the regression function for response in terms of coded
components of a statistical model is as follows:

Y ¼ �15:1951þ 0:1640X1 þ 18:4420X2 � 3:1293X3

þ 0:0009X1X2 � 0:0003X1X3 þ 0:016X2X3 � 0:0004X2
1

� 1:5524X2
2 þ 1:3227X2

3 ð3Þ
where Y is the predicted percentage removal of Pb(II), X1 is initial con-
centration, X2 is pH, and X3 is adsorbent dosage.

Fig. 2 illustrates the actual values of percentage removal of Pb(II)
with the predicted values based on Equation (3). The coefficient of
determination (R2) for percentage removal is 0.9913, implying that
99.13 % of the data variability is elucidated by the model. As reported
in the literature, the value should be at least 0.75 or more in order for
the empirical model adequately explain most of the variation in essay
reading (Jankovic et al., 2021).
Table 1
Experimental design and response surface design outcomes.

No Manipulated variable

X1 (mg/L) Level X2 Le

1 50 −1 2 −
2 50 −1 2 −
3 50 −1 10 +
4 50 −1 10 +
5 400 +1 2 −
6 400 +1 2 −
7 400 +1 10 +
8 400 +1 10 +
9 50 −1 6
10 400 +1 6
11 225 0 2 −
12 225 0 10
13 225 0 6
14 225 0 6
15 225 0 6
16 225 0 6

3

The analysis of variance (ANOVA) in Table 2 reveals that the F‐
value of Pb(II) removal is more significant than the calculated F‐
value (F0.05 = 2.74). The high F‐value proposes that the regression
equation can describe a considerable quantity of variation in the
response. In short, the model obtained from Equation (3) gives a good
prediction at a 5 % significant level.

The t‐distribution values and correlated p‐values of the modified
parameter are shown in a Pareto chart (Fig. 3). The validity of each
coefficient was validated by the values of p‐value or t‐value, whereby
the most significant factor can be identified by the smallest p‐values
and the largest magnitude of t‐value. As illustrated in Fig. 3, the most
prominent factor is the quadratic pH (X2

2), indicated by the smallest p‐
value (0.000003) and the largest magnitude of t‐value (‐17.1193) at a
s Response

vel X3(g/L) Level Pb(II) removal (%)

1 0.50 −1 21.13
1 5.00 +1 40.85
1 0.50 −1 22.45
1 5.00 +1 38.54
1 0.50 −1 25.88
1 5.00 +1 40.92
1 0.50 −1 25.58
1 5.00 +1 45.14
0 2.75 0 46.50
0 2.75 0 49.36
1 2.75 0 34.29

1 2.75 0 33.46
0 0.50 −1 55.52
0 5.00 +1 78.79
0 2.75 0 61.95
0 2.75 0 60.37



Table 2
ANOVA for percentage removal of Pb(II) using alkaline-treated natural zeolite.

Sources Sum of squares
(SS)

Degree of freedom
(d.f)

Mean Square
(MS)

F-value F0.05

Regression 3032.05 9 336.90 4.89 >4.10
Residual 413.28 6 68.88

Total 3445.34 15

Fig. 3. Pareto chart and p-values for percentage removal of Pb(II) using
alkaline-treated natural zeolite.
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95 % significant level. On the other hand, linear adsorbent dosage
(X3), quadratic initial concentration (X1

2), and quadratic adsorbent
dosage (X3

2) are also critical owing to the lower p‐value (<0.05).
The remaining factors are considered less critical attributable to the
higher p‐value (>0.05). The most considerable factor attained by X2

2

can be clarified by the importance of pH because the presence of OH
or H+ affects the surface property, surface charge, and actual state
of metal ions (Huang et al., 2020). This is partially attributable to
hydrogen ions’ intense competition with metal ions (Zhang et al.,
2021; Ates and Akgül, 2016).

Response surface plot is a frequent tool for analyzing the correla-
tions between different variables and forecasting the outcome under
certain conditions. Fig. 4 shows three response surface plots as the
results of varying two parameters while the other parameter was main-
tained constant. The response surface plot in Fig. 4(A) illustrates the
Fig. 4. Response surface plot of the combined; (A) pH and adsorbent dosage; (B) I
pH.

4

effects of pH and adsorbent dosage for removing Pb(II). According to
the response surface plot analysis, the adsorbent dosage had a more
significant influence than pH, which was also interpreted by the Pareto
chart (Fig. 3), displaying a larger t‐value of adsorbent dosage
(12.5673) compared to pH (0.2819). As the amount of adsorbent rises,
the Pb(II) removal enhances, passing through a maximum of around
2.75–5 g/L. This behavior may be attributable to an increase in the
surface availability of binding sites with an increase in adsorbent
dosage (Elboughdiri and Arellano‐Garcia, 2020). Moreover, more Pb
(II) molecules can be adsorbed due to the presence of mesopores.
Meanwhile, the percentage of Pb(II) removal increased with an
increase in pH, passing through the maximum pH of 6 and decreasing
at higher pH. This condition is explained in terms of ionic strength
whereby the Pb(II) molecule exists as Pb2+, Pb(OH)+, PbðOHÞ02 and
PbðOHÞ�3 at different pH conditions, thus affecting the adsorption pro-
cess (Huang et al., 2020).

Fig. 4(B) depicts the effects of adsorbent dosage and initial Pb(II)
concentration on the Pb(II) removal. Significant changes were dis-
played in the response surface plot, whereby the adsorbent dosage sig-
nificantly influenced the adsorption process instead of an initial Pb(II)
concentration, in line with the larger t‐value of adsorbent dosage than
the initial Pb(II) concentration (Fig. 3). An increase in the amount of
adsorbent dosage significantly increases the Pb(II) adsorption owing
to a direct proportion of active sites with adsorbent dosage. Mean-
while, an increase in initial Pb(II) concentrations significantly
increases the Pb(II) removal, passing through the optimum and slightly
decreasing at elevated values. A slight decrease at higher values of ini-
tial Pb(II) concentration due to the limited active site with the super-
fluous Pb(II) ions (Wang et al., 2020).

Fig. 4(C) portrays the impact of initial Pb(II) concentration and pH
on the Pb(II) elimination. As observed, both effects have a high poten-
tial increment in the middle of the range (pH = 6, initial Pb(II)
concentration = 225 mg/L) and give a high value of percentage
removal. A decline in Pb(II) removal at higher pH because the solution
became more basic, and precipitation of Pb(II) ions in the solution
nitial Pb concentration and adsorbent dosage; (C) Initial Pb concentration and



Table 4
Isotherm parameters for Pb(II) adsorption onto alkaline-treated natural zeolite.

Isotherm Parameters Value

Langmuir qm (mg/g)
KL (L/mg)
R2

RL

192.31
0.003
0.919
0.999

Freundlich n
Kf (mg/g)(L/mg)1/n

R2

0.719
0.172
0.999

Temkin B (J/mol)
A (L/g)
R2

117.4
0.032
0.850

Dubinin-Radushkevich qm (mg/g)
Kad (104)
R2

120.12
3

0.720
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(Ates, 2018). Meanwhile, a decline in Pb(II) removal at higher concen-
trations is attributable to the higher competition of Pb(II) ions for the
free accessible binding spaces. The optimum percentage removal of Pb
(II) using alkaline‐treated natural zeolite was predicted at 58.08 %
with the adsorbent dosage of 1.07 g/L, pH of 6, and initial concentra-
tion of 240 mg/L. The results of the response surface analysis were val-
idated by conducting an additional experiment with an experimental
result of 60.75 % and adsorption capacity of 136.26 mg/g. Therefore,
the error gained was 4.60 % and considered acceptable since the error
is within the 5 % significance level.

Table S1 compares the adsorption capacity of adsorbent‐derived
waste materials. As observed, alkaline‐treated natural zeolite has the
highest adsorption capacity than other adsorbents indicating the high
potential of alkaline‐treated natural zeolite for the treatment of
wastewater containing Pb(II).

Adsorption kinetics of Pb(II) removal onto Alkaline-Treated natural zeolite

The kinetic studies were examined by pseudo‐first‐order and
pseudo‐second‐order kinetic models as described in Equation (4) and
Equation (5) (Moussout et al., 2018):

Pseudo‐first‐order:

qt ¼ qeð1� e�k1 tÞ ð4Þ
Pseudo‐second‐order:

qt ¼
k2q2e t

1þ k2qet
ð5Þ

where qe (mg/g) and qt (mg/g) are the quantity of Pb(II) adsorbed at
equilibrium and specific time. k1 (1/min) and k2 (g/mg.min) signify
pseudo‐first‐order and pseudo‐second‐order rate constants.

As illustrated in Fig. S1, the Pb(II) adsorption onto alkaline‐treated
natural zeolite well fitted the pseudo‐second‐order model. The kinetic
parameter of the pseudo‐second‐order model shown in Table 3 con-
firmed this finding, owing to the higher R2 values (>0.99) and the
insignificant difference between the acquired theoretical values (qe,cal)
and the experimental values (qe,exp). Therefore, it is most likely that
the chemisorption process impacted the adsorption of Pb(II) onto
alkaline‐treated natural zeolite, which was directly related to the reac-
tion rate (Moussout et al., 2018). A similar observation was also
reported for the Pb(II) removal onto composite zeolite imidazolate
framework@agarose (ZIF‐8@AG) (Fu et al., 2022) and potassium ore
leaching residue (Xing et al., 2018), in which the experimental adsorp-
tion data well fitted with a pseudo‐second‐order kinetic model.

Adsorption isotherm of Pb(II) removal onto alkaline-treated natural zeolite

The adsorption isotherm studies were evaluated by Langmuir, Fre-
undlich, Temkin, and Dubinin‐Radushkevich as described in the fol-
lowing linearized forms (Edathil et al., 2018):

Langmuir:

Ce

qe
¼ 1

qmKL
þ Ce

qm
ð6Þ

Freundlich:
Table 3
Kinetic parameters for Pb(II) adsorption onto alkaline-treated natural zeolite.

Models Parameters 50 mg/L

Experimental qe,exp (mg/g) 19.94
Pseudo-first order qe (mg/g) 14.63

k1 (min−1) 0.058
R2 0.977

Pseudo-second order qe (mg/g) 21.14
k2 (min−1) 0.009
R2 0.990

5

log qe ¼ logKf þ 1
n
logCe ð7Þ

Temkin:

qe ¼ B lnAþ B lnCe ð8Þ
Dubinin‐Radushkevich:

ln qe ¼ ln qm � KDRɛ2 ð9Þ
where Ce (mg/L) represents the equilibrium Pb(II) concentration, while
qe (mg/g) and qm (mg/g) are the adsorption capacity at equilibrium and
maximum. KL (L/mg) signifies the Langmuir constant, Kf ((mg/g)(L/
mg)1/n)) signifies the Freundlich equilibrium constant, meanwhile n
represents an empirical constant. For the Langmuir model, the isotherm
shape can be predicted using the dimensionless constant separation fac-
tor, RL, which can be calculated using RL = 1/(1 + KLCo). For the Tem-
kin isotherm model, B represents the constant, and A (L/g) signifies the
equilibrium binding constant. For the Dubinin‐Radushkevich isotherm
model, KDR (mol2/kJ2) represents the constant, and ε (J/mol) symbol-
izes the Polanyi potential, which can be calculated using ε = RT ln
(1 + 1/Ce), where R (J/mol·K) is gas constant, and T (K) is the absolute
temperature.

Table 4 shows the computed variables of the studied isotherm mod-
els and their linear regression coefficient, R2. The most outstanding R2

value attained by the Langmuir isotherm model (0.999) indicates that
Pb(II) adsorption onto alkaline‐treated natural zeolite is monolayer
adsorption that happens on the homogeneous adsorbent’s surface.
The Langmuir isotherm was also reported as the excellent isotherm
model for Pb(II) removal using a variety of low‐cost adsorbents,
including FAU‐type zeolites derived from coal fly ash (Joseph et al.,
2020). The system’s RL value was 0.919, indicating that Pb(II) adsorp-
tion onto alkaline‐treated natural zeolite is a desirable system with
maximum adsorption of 192.31 mg/g.

Regeneration and reusability studies

Fig. 5 illustrates the reusability of alkaline‐treated natural zeolite in
the adsorption of Pb(II). The reusability analysis was conducted at
100 mg/L 200 mg/L 400 mg/L

42.42 117.11 221.96
13.88 67.34 101.77
0.067 0.062 0.065
0.936 0.895 0.850
44.05 120.48 227.27
0.007 0.003 0.002
0.996 0.996 0.998



Fig. 5. The regeneration and reusability experiment of Pb(II) removal using
alkaline-treated natural zeolite. Conditions: m= 1.07 g/L, pH = 6, Co = 240-
mg/L, T = 27 ℃.

Fig. 7. FTIR spectra before and after adsorption of alkaline-treated natural
zeolite.
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Co = 240 mg/L, pH = 6, m = 1.07 g/L, and T = 27 ℃ for 120 min
each cycle. The regeneration process was performed after each cycle
using phosphoric acid. As illustrated, the alkaline‐treated natural zeo-
lite can be utilized for up to 3 cycles with a minor reduction in adsorp-
tion performance (17.6 %), indicating the good potential of alkaline‐
treated natural zeolite in multiple adsorption cycles.
Fig. 6. SEM images of alkaline-treated natural zeolite under magni

6

Characterization

The SEM images of alkaline‐treated natural zeolite before and after
Pb(II) adsorption are depicted in Fig. 6. The SEM alkaline‐treated nat-
ural zeolite before adsorption (Fig. 6(A)) showed a rough and porosity
texture, indicating its suitability for adsorption. After Pb(II) adsorption
experiment, the pores of alkaline‐treated natural zeolite were occupied
fication of 2500 � (A) before adsorption; (B) after adsorption.
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and attached with tiny white particles (Fig. 6(B)). The tiny white par-
ticles implied the adsorption of Pb(II) onto the alkaline‐treated natural
zeolite. From the EDX analysis (inset of Fig. 6(B)), it was clearly
showed the elemental composition of Pb(II) has the highest weight
percentage, followed by O, C, Si, and Al. Thus, demonstrating success-
ful adsorption of Pb(II) on the surface of alkaline‐treated natural zeo-
lite. The spent adsorbent’s surface structure is also reported in the
literature (Wang and Zhang, 2021).

The existence of Pb(II) on the surface of spent alkaline‐treated nat-
ural zeolite was further confirmed by the FTIR analysis revealed in
Fig. 7. Before adsorption, the FTIR spectra of alkaline‐treated natural
zeolite showed four prominent peaks at 3745 cm−1, 1680 cm−1,
995 cm−1, and 540 cm−1, assigned to the terminal silanol (Si‐OH)
groups, deformation vibration of hydroxyl (–OH) groups, stretching
of asymmetric T‐O bonds (T = Si or Al), and vibration of T‐O‐T,
respectively (Lim et al., 2021). After adsorption, these peaks remain
appeared with the presence of a new peak observed at 2919 cm−1.
The peak at 2919 cm−1 may be attributed to the existence of Pb(II)
on the surface of alkaline‐treated natural zeolite after the adsorption
process.

Conclusions

The adsorption study by alkaline‐treated natural zeolite revealed
that the optimal NaOH loading is 1 g/L, presented by the highest Pb
(II) removal. This finding is due to an improvement in the mesoporos-
ity of the natural zeolite, which enhances its adsorption capacity. The
optimum alkaline‐treated natural zeolite was successfully prepared,
characterized, and applied in Pb(II) removal by RSM. The optimization
by RSM discovered that the optimum condition was attained at an
adsorbent mass of 1.07 g/L, pH of 6, 240 mg/L of initial concentration
of Pb(II) with a percentage removal of 60.75 %, and adsorption capac-
ity of 136.26 mg/g. In addition, this study also successfully developed
the mathematical model of Pb(II) removal with a good prediction at a
5 % significant level. The regeneration and reusability experiment
showed that the alkaline‐treated natural zeolite could be utilized for
up to 3 cycles with minor performance removal. Therefore, this study
proved the positive role of alkali treatment in improving adsorbent’s
properties and activity. Additionally, this study evidenced the great
potential of copious natural earth resources as a source of alternative
low‐cost adsorbents for the treatment of wastewater.
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