
Journal of Particle Science and Technology 10 (2) (2024) 73-86

H I G H L I G H T S G R A P H I C A L  A B S T R A C T

A R T I C L E  I N F O A B S T R A C T

https://jpst.irost.ir
Iranian Research Organization 
for Science and Technology 

(IROST)
Online ISSN: 2423-4079
Print ISSN: 2423-4087

Enhanced sulfate removal from aqueous solution using ion-exchanged clinoptilolite: A 
study on adsorption efficiency and process optimization

Saeideh Hematian , Kiana Peyvandi

Faculty of Chemical, Gas and Petroleum Engineering, Semnan University, Semnan, Iran

•	Clinoptilolite zeolite was prepared and 
adsorption experiments were carried out 
for sulfate removal from water.

•	An efficient and economical process 
was introduced for ion exchange of 
clinoptilolite with high prospects for 
industrial applications.

•	Response surface methodology (RSM) 
was used to optimize the parameters of 
modification.

•	The modified clinoptilolite has an 
excellent removal effect on sulfate ions.
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Zeolites such as clinoptilolite, a class of microporous crystalline materials, have gained significant 
attention thanks to their exceptional adsorption capabilities. This study explored the modification 
of clinoptilolite through an ion exchange process to boost its sulfate removal efficiency, a 
simple and cost-effective method. To optimize the adsorption process, the study evaluated the 
impact of temperature, time, and solution concentration on sulfate removal performance using 
the Response surface methodology (RSM). The results indicated that the maximum adsorption 
efficiency (81.79 %) was achieved at a temperature of 60 °C, a contact time of 3 h, and a solution 
concentration of 0.6 M. Characterization techniques, including X-ray diffraction (XRD), Fourier-
transform infrared spectroscopy (FT-IR), and energy-dispersive X-ray spectroscopy (EDS) were 
employed to analyze the structural changes and performance of the modified clinoptilolite. 
Overall, this study demonstrates the potential of modified clinoptilolite as an effective and 
sustainable adsorbent for sulfate removal, offering promising prospects for industrial water 
treatment applications.
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1. Introduction 

Water is essential for human survival, supporting needs 
like drinking, hygiene, and household activities. Access to 
clean, affordable water is vital for health, helping to prevent 
dehydration, reduce pollution, and mitigate health risks [1]. 
However, most water sources are saline and unsuitable for 
consumption, and the scarcity of freshwater makes providing 
clean water challenging. Water's solvent properties, due 
to its polarity and ability to form hydrogen bonds, allow it 
to dissolve impurities, linking water quality to landscape 
changes, natural phenomena, and human activities. Water 
pollution occurs when substances or energy forms are 
introduced into a body of water, altering its composition and 
negatively impacting its intended use [2].

The increasing population and industrial activities have 
caused significant water contamination, creating a scarcity 
of clean water. This has led to the need for effective water 
treatment processes, including reusing water and treating 
wastewater, to address water shortages and ensure access to 
safe water [1]. Water treatment involves improving water 
quality and removing pollutants through various operations. 
Numerous methods exist to purify water for drinking or 
industrial reuse, targeting specific contaminants such as 
nitrates, sulfates, organic materials, and heavy metals. 
Sulfates, in particular, are a common water contaminant found 
near oil wells or in areas with sedimentary rocks. Agricultural 
practices using sulfate-containing fertilizers and industrial 
wastewater can also introduce sulfates into water sources [3].

Sulfate (SO4
2-) is a prevalent contaminant in the sewage 

treatment industry and inorganic chemical production. It 
is commonly found as an impurity in salt brine used in the 
chlor-alkali industry [4,5]. Sulfate poses significant risks to 
both the environment and industrial processes. In addition 
to causing flaky layers in water pipes and an unpleasant 
taste, sulfate can lead to diarrhea in humans and animals and 
interfere with clothing washing [3,4]. Furthermore, sulfate 
can accumulate in salt brine circulation systems, elevating 
its concentration in electrolytic cells, reducing electrolytic 
current efficiency, and shortening the lifespan of expensive 
ion-exchange membranes. 

In the mining industry, high sulfate concentrations in 
wastewater can accelerate equipment deterioration. Although 
sulfate is generally non-toxic, unlike heavy metals, it can 
disrupt the natural sulfur cycle when discharged in high 
concentrations. These issues have underscored the importance 
of removing harmful contaminants from water [3,5].

Various treatment methods are employed to remove sulfate 
ions (SO4

2-) from water, including membrane separation, 
chemical precipitation, crystallization, ion exchange, 
biological treatment, electro-dialysis, and adsorption [5-7]. 

While each method has its merits and drawbacks, adsorption 
is often preferred due to its simplicity, low cost, and high 
efficiency. 

Adsorption is a process that uses adsorbent materials 
to remove inorganic anions from aqueous solutions, 
particularly for sulfate removal from brine and industrial 
wastewater. Common adsorbents include activated carbon, 
alumina, ion-exchange resins, and metal-based materials, 
with specific ones like limestone, silica gel, and zirconia 
being used for sulfate removal [3,5,8,9]. Recent research 
has focused on creating new adsorbents with customizable 
surface chemistry to improve adsorption capacity and cost-
effectiveness compared to traditional materials like synthetic 
resins. Materials such as metal-organic frameworks (MOFs) 
[10], graphene oxides [11], mesoporous silicas [12], 
biochars [13,14], metal oxides, and zeolites [15,16] have 
demonstrated exceptional capabilities in capturing inorganic 
anions from aqueous solutions.

Zeolites, hydrated aluminosilicates, are found in both natural 
and synthetic forms. Their three-dimensional structures, 
composed of silicon and aluminum atoms bonded by oxygen 
atoms in tetrahedral arrangements, create microporous 
channels and cavities [3]. As aluminosilicate minerals with 
interconnected cavities and a large surface area, zeolites are 
widely used in commercial applications as adsorbents and 
catalysts. Zeolite-based treatment methods are cost-effective, 
environmentally friendly, and highly effective in removing 
inorganic contaminants, including heavy metals, due to their 
exceptional contaminant adsorption capacity. To enhance 
their adsorptive performance and surface strength, chemical 
modifications using materials such as iron and manganese 
have been applied to zeolite surfaces [17,18]. 

Natural zeolites, porous, hydrated aluminosilicate minerals, 
exhibit valuable physicochemical properties, including 
sorption, molecular sieving, cation exchange, and catalysis. 
Their characteristics and widespread availability have made 
them a focal point of environmental research. Clinoptilolite, 
in particular, is the most common natural zeolite and is 
extensively used worldwide [19-22].

Recent research has focused on sulfate uptake using natural 
zeolites [23-30]. Hongqin Ma et al., for example, examined 
spherical amorphous ZrO(OH)2/AlOOH composite adsorbent 
beads for SO4

2- removal from water. They found that the 
maximum adsorption capacity can reach 205 mg.g-1 [5].

In another study, researchers explored the ion exchange 
process between surface hydroxyl groups and sulfate during the 
adsorption-desorption of sulfate using a ZrO(OH)2/Y-zeolite 
adsorbent. Modifying Y-zeolite with zirconium enhanced the 
adsorbent's performance, resulting in high SO4

2- adsorption 
capacity, selectivity, and regeneration efficiency [4]. Norapat 
Pratinthong et al. investigated optimal conditions for sulfate 
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removal from lignite coal mine drainage in Thailand using 
ettringite precipitation. They evaluated various operating 
conditions and achieved sulfate removal rates of 99.6 % and 
99.0 % in both Lamphun and Lampang mine drainage under 
the optimized parameters [31].

Khabazipour et al. assessed the sulfate removal capabilities 
of hierarchical zeolitic imidazole framework 8 (H/ZIF-8) and 
its bimetallic derivatives, H/ZIF-8@La and H/ZIF-8@Cu. 
Kinetic modeling revealed that the removal reaction followed 
a pseudo-second-order mechanism [1].

Congli Qin et al. studied the effects of iron species on 
the simultaneous removal of nitrate and sulfate in artificial 
wetlands with varying COD concentrations [32]. Using 
Constructed wetland (CW) microcosms with low (100 
mg.L-1) and high (300 mg.L-1) COD concentrations, they 
compared the performance of different groups, including 
CW-Con (with quartz sand), CW-ZVI (with quartz sand 
and zero-valent iron), etc. Under low COD conditions, the 
CW-ZVI group demonstrated superior nitrate and sulfate 
removal compared to the CW-Mag group. The CW-ZVI 
group achieved the highest removal rates for both nitrate 
(97.1 %) and sulfate (96.9 %).

As discussed previously, various adsorbents have been 
explored for pollutant removal. Adsorption methods offer 
a cost-effective and promising approach for water and 
wastewater treatment. Consequently, significant efforts have 
been invested in developing efficient water treatment solutions.

This study aimed to develop a simple, low-cost, and 
effective method for sulfate removal using natural zeolite. 
The method for removing sulfate from concentrated aqueous 
solutions was designed to be applicable in industry, where 
wastewater typically contains high levels of sulfate ions, a 
topic that has received less attention. Using an inexpensive, 
safe, and readily available NaCl solution, the cation exchange 
process, was employed to modify the zeolite structure 
and enhance its sulfate removal capacity. To optimize the 
process, three parameters (temperature, time, and solution 
concentration) were altered and examined using the Box-
Behnken method. Some studies have been conducted on 
the processing of zeolite so far, but no research has been 
done on achieving optimal operational conditions in the ion 
exchange process, which is a highly important issue. The 
study successfully identified the most effective and cost-
efficient conditions for sulfate uptake.

2. Experimental

2.1. Materials

Clinoptilolite, a zeolite with a high cation exchange 
capacity, was chosen for this study. The distribution of 

cations within a zeolite structure depends on factors such as 
size, charge, and coordination with the framework lattice or 
water molecules [33,34]. 

Clinoptilolite particles with a mesh size of 35 (particle size: 
0.4-0.5 mm) were obtained from Afrazand Co. Ltd, Iran. 
The chemical formula for the clinoptilolite unit cell can be 
represented as (X)6(Al6Si30O72)∙20H2O, where X represents 
exchangeable cations within the framework [33].

Sodium chloride (NaCl ≥ 99.9%), purchased from Merck 
Co. Ltd, Germany, was used as a cation exchange agent in 
solution form. Sodium sulfate (Na2SO4 ≥ 99%) was also 
purchased from Merck Co. Ltd, Germany, and served as the 
stock solution for sulfate introduction in this study.

2.2. Preparation of zeolite adsorbent

Ion exchange is a well-established phenomenon in 
crystalline materials, including minerals. Numerous 
experiments have demonstrated that various microporous 
minerals, across different chemical classes, can exchange 
cations with both diluted and pure salt solutions at ambient 
temperature. The ability of a crystalline material to exchange 
ions with an electrolyte without disrupting its crystal structure 
defines ion exchange. Over 500 minerals exhibit the structural 
characteristics necessary for ion exchange, including tube, 
layer, or framework-based structures with open channels [2]. 
Zeolites, a large group of crystalline materials, are particularly 
effective on ion exchange processes. Their adsorption 
capabilities are significantly enhanced through simple and 
cost-effective ion exchange modifications. This makes zeolites 
valuable for a wide range of applications [35-37]. 

In this study, clinoptilolite (NZ) particles were modified 
using an ion exchange method with NaCl solution. In the 
initial step, the clinoptilolite particles were thoroughly 
washed with distilled water to remove any residual dust. The 
particles were dried in an oven at 110 °C for 3 h in the second 
step.

In the third step, varying amounts of NaCl powder were 
used to prepare solutions with concentrations of 0.2, 0.6, and 
1 M. Double-distilled water was used as the solvent for the 
ion exchange solution. An ultrasonic bath was employed to 
ensure the homogeneity of the solution. Then, a suspension 
containing 10 g of clinoptilolite (NZ) and 50 ml of NaCl 
solution was placed in a flat-bottomed flask and placed on a 
magnetic stirrer.

The experiments were conducted at various temperatures 
(45, 60, and 75 °C), contact times (2, 3, and 4 h), and NaCl 
solution concentrations (0.2, 0.6, and 1 M). The operating 
conditions were systematically varied to evaluate their impact 
on the adsorption process.

In the fourth step, the suspension was washed, filtered using 
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quantify the relationship between the derived response 
surfaces and the controllable input parameters. RSM offers a 
more efficient process optimization approach than traditional 
one-factor-at-a-time methods, especially when dealing with 
experimental data. The Box-Behnken design, a statistical 
experimental technique, was used to identify optimal 
conditions for the desired formulation based on a limited 
number of experimental runs. These designs are not based 
on full or fractional factorial designs. The design points are 
positioned at the middle of the subareas of the dimension k-1. 
In the case of three factors, for instance, the points are located 
in the middle of the edges of the experimental domain. As 
reported in Table 1, the Box-Behnken tests utilized three 
levels: low (−1), central (0), and high (+1) [42].

3. Results and discussion

3.1. Sulfate removal

Sulfate uptake by modified clinoptilolite can be influenced 
by various operating parameters, including solution 
concentration, contact time, and temperature during the 
preparation process. A Box-Behnken experimental design 
was employed to optimize these factors, as outlined in 
Table 2.

Experiments were conducted according to the experimental 
design. As previously mentioned, NaCl-modified clinoptilolite 
was prepared, and its sulfate removal capabilities were 
evaluated. Fig. 2 illustrates the sulfate uptake onto the 
modified Clinoptilolite.

Design-Expert 10 software was used to conduct and analyze 
the experiments. Runs 1, 3, 5, 6, and 14 were repeated five 
times based on the Design of experiments (DOE) principles.

The total ion removal efficiency (adsorption efficiency) 
was calculated using Eq. (1).

RE % = [(C0 – Ct) / C0] / × 100                                                                            (1)

According to Fig. 2, modification of Clinoptilolite by NaCl 
has a significantly positive effect on the sulfate adsorption 
capacity. Runs 1, 3, 4, 6, 7, 8, 9, and 14 of the experiments 
have the highest adsorption efficiency of around 80%. Runs 
1, 3, 5, 6, and 14 are repetitious and are shown by different 

Whatman 42 filter paper, and dried in an oven at 60 °C for 3 h 
(Fig. 1). Lastly, a stock solution was prepared for conducting 
batch adsorption experiments. To prepare a stock solution 
containing sulfate ions, a specific amount of anhydrous 
sodium sulfate was added to a 250 ml volumetric flask, 
followed by the addition of double-distilled water to achieve 
a concentration of 0.1 M. A 250 ml glass beaker was utilized 
to assess the adsorption capacity of modified clinoptilolite 
(MNZ) for SO4

2- from water. The test mixture consisted of 
100 ml of aqueous Na2SO4 solution and approximately 1 g of 
adsorbent (on an absolute dry mass basis). The mixing speed in 
all experiments was maintained at 700-800 rpm. The residual 
sulfate ion concentration in the solution was determined using 
the ASTM D516 method and a spectrophotometer (DR 5000 
Hach, USA). Samples containing sulfate ions were prepared 
according to ASTM D516 and analyzed at a wavelength 
of 420 nm to measure the remaining sulfate content. The 
experiments have been conducted based on the output table 
from the specialized design software. A brief explanation of 
this method is provided in the next section.

2.3. Experimental design

Design Expert 10 software was utilized for data analysis 
and statistical experimental design. The Box-Behnken 
design under Response Surface Methodology (RSM) was 
employed to optimize the three key variables in this study. 
Unlike whole or fractional factorial designs, Box-Behnken 
designs are centered at the center of each k-1 subarea of the 
experimental domain. Each factor is evaluated at three levels 
in these designs. Note that the Box-Behnken design for three 
factors does not meet the iso-variance per rotation criterion 
[38-42]. Design Expert software was utilized to generate 
an expert matrix for screening up to 50 factors. Analysis of 
variance (ANOVA) was employed to evaluate the statistical 
significance of these factors. 

Response surface methodology (RSM) was used to 

Fig. 1. Schematic diagram of the preparation of modified 
clinoptilolite.

 
 

Table 1. Levels of operating parameters.

High (+1)CenterLow (-1)UnitsNameFactor

756045ᶱCTemperatureA

432hTimeB

10.60.2MConcentrationC
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textures. All runs (except for Run 5) had good and uniform 
results. 

In RSM, each independent variable is modeled to capture 
both the main and interaction effects of the factors [1]. RSM 
establishes an empirical relationship between the response 
function and the independent variables. This relationship can 
be approximated using a quadratic polynomial Eq. (2).

Y = b0 + b1 X1 + b2 X2 + b3 X3 + b12 X1 X2 + b13 X1 X3 + b23 X2 X3 +     
b11 X21 + b22 X22 + b33 X23                                                         (2)

The coefficients of the polynomial model are expressed as 
b0 (constant expression) and b1, b2, b3 (linear effects), b11, 
b22, b33 (second order effects), and b12, b13, b23 (interactive 
effects) [43].

Using design expert regression software, the coefficients of 
the response functions for various dependent variables were 
determined by correlating the experimental data with the 
response functions [44]. The following quadratic equation 
was used to model the interactive relationship between 
removal efficiency (RE, %) and the operating parameters in 
this study.

Table 2. The experimental design by Box-Behnken.

Result
efficiency 

(%)

Factor 3:
Solution con.

 (M)

Factor 2:
time
(h)

Factor 1:
Temperature 

(ᶱC)

Run

81.795740.63601

47.354130.64452

80.890460.63603

81.5899913754

72.981650.63605

80.750560.63606

81.252570.64757

81.738130.62458

79.4996313459

74.948560.237510

73.664720.627511

75.4012126012

58.94165146013

81.72990.636014

72.981650.226015

47.354130.246016

73.664720.234517

Efficiency (%) = 152.91161 - 3.24311×(Temp) + 13.12975× 
(time) + 24.83228 × (Concentration) + 0.69953 × (Temp)× 
(time) + 0.033605 ×(Temp) × (Concentration) + 5.72998× 
(time) × (Concentration) + 0.011397 × (Temp)2 - 11.19167 × 
(time)2 - 29.80204 × (Concentration)2                                                                                                  (3)

Analysis of variance (ANOVA) tests the hypothesis that 
the means of different groups are equal. It partitions the 
total variance observed in the data into variance due to the 
treatment (independent variable) and variance due to error 
(random variation). ANOVA calculates an F-statistic, which 
is the ratio of variance between groups to variance within 
groups. A high F-value indicates that the group means 
are not all equal, suggesting that at least one group differs 
significantly from the others. The p-value is derived from the 
F-statistic calculated in ANOVA. A high F-statistic typically 
results in a low p-value, indicating significant differences 
among group means. The p-value plays a crucial role in 
interpreting the results of ANOVA by helping researchers 
determine the statistical significance of their findings. Hence, 
ANOVA was employed to assess the interactions between 
operating parameters and evaluate the overall suitability of 
the model. All parameters, including adjusted R2 (Adj-R2), 
lack of fit, coefficient of determination R-squared (R2), 
probability (p-value), and Fisher variation ratio (F-value), 
were considered [44].

The F-value of the model was 9.99, with a corresponding 
p-value of less than 0.05 (0.0031), indicating the statistical 
significance of the model's impact on the response [43]. 
Based on the F-values, the operating parameters had the 
following influential order: time (27.93) > temperature (5.02) 
> concentration (4.13).

In this case, B, AB, and B2 are significant model terms. 
Furthermore, there was no statistically significant interaction 
among some operating parameters such as (Temp)× 
(Concentration), (time)×(Concentration), and (Temp)2, since 
their p values were all larger than 0.05.

Fig. 2. Results of adsorption experiments based on the Box-Behnken 
design.
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The lack-of-fit F value was found to be 2.2, indicating 
that the lack of fit was not significantly relative to the pure 
error. The lack-of-fit results showed that the regression was 
reasonable (non-significant lack of fit is good). It was evident 
from these results that the model equations represented the 
dependence of responses on the independent variables.

 More importantly, the square R (R2) equal to 0.9278 
and adjusted R2 equal to 0.8349, which are high and not 
significantly different, indicate a high reliability of the chosen 
model. "Adeq Precision" measures the signal-to-noise ratio. 
A ratio greater than 4 is desirable. In this study, a ratio of 
10.809 indicates an adequate signal. This model can be used 
to navigate the design space. The meaning of coefficient of 
variation (C.V.) %  ≤ 10 % is that the model is significant, 
completely. In this analysis, C.V. is equal to 6.29 %, meaning 
the results are acceptable (Tables 3 and 4).

Clinoptilolite can be effectively reused after adsorption 
processes through various regeneration techniques. Research 
indicates that clinoptilolite can recover a significant portion of 
its adsorption capacity, making it a viable option for repeated 
use in applications such as gas capture and wastewater 
treatment. Furthermore, zeolite wastes derived from other 
processes can serve as a filler in cement industry or valuable 
additive in asphalt technology, particularly for warm mix 
applications, providing benefits related to workability, 
temperature management, moisture control, and overall 
performance enhancement [45-47].

Table 3. ANOVA regression model for sulfate removal by modified clinoptilolite.

Remarkp-valueF-valueMean squareDegree of freedomSum of squareSource

Significant0.00319.99212.1691909.43Model

0.06015.02106.571106.57A- Temp

0.001127.93593.111593.11B- Time

0.08174.1387.67187.67C- Concentration

0.002620.74440.411440.41AB

0.93277.657E-0030.1610.16AC

0.35300.9921.01121.01BC

0.29111.3027.69127.69A2

0.001624.83527.381527.38B2

0.07144.5195.73195.73C2

21.247148.67Residual

Not significant0.23092.2030.84392.52Lack of fit

14.04456.15Pure Error

162058.10Cor Total

Table 4. Analysis of variance (ANOVA) for the quadratic model.

C.V. %Adeq
precision

Adj
R-Squared

R-SquaredModel

6.2910.8090.83490.9278Quadratic

3.2. Influence of variables interaction on response (Adsorption 
efficiency)

Three-dimensional (3D) surface response plots were used 
to visualize the effects of factor interactions on the response 
within specific ranges.

Fig. 3 illustrates the influence of temperature and contact 
time on sulfate removal efficiency. The response surface 
confirmed the significant impact of time on removal 
efficiency. Efficiency initially increased but then declined as 
contact time decreased from 4 to 2 h. The oscillatory trend 
in the diagram may be attributed to the analysis in Table 3, 
which indicated that time had a more pronounced effect than 
concentration and temperature.

Fig. 4 displays the impact of concentration and temperature 
on sulfate removal percentage. The effect of temperature 
became less significant as concentration changed, resulting 
in slower changes in efficiency. Fig. 5 depicts the influence 
of concentration and time on the adsorptive removal of 
sulfate by modified clinoptilolite in an aqueous solution. The 
concentration range was varied from 0.2 to 1 M to assess its 
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impact on sulfate uptake. As demonstrated in Fig. 5, sulfate 
uptake onto the prepared clinoptilolite samples initially 
increased with elevation of NaCl solution concentration but 
then decreased. The changes were gradual, and the effect 
became more pronounced over time.

3.3. Adsorption capacity

Adsorption capacity refers to the maximum amount of a 
substance (adsorbate) that can adhere to the surface of an 
adsorbent material, typically measured in units such as mg 
of adsorbate per gram of adsorbent (mg.g-1). This property 
is crucial in various applications, including water treatment, 
gas purification, and catalysis, where materials are used to 
remove pollutants or enhance reactions. The adsorption 

Fig. 3. Three-dimensional response surface plot for the effect of 
time and temperature during the modification process on the sulfate 
removal.

Fig. 5. Three-dimensional response surface plot for the effect 
of time and concentration during the modification process on the 
sulfate removal.

Fig. 4. Three-dimensional response surface plot for the effect of 
concentration and temperature during the modification process on 
the sulfate removal.
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capacity is often determined through experimental methods 
that involve measuring the concentration of the adsorbate in 
solution before and after contact with the adsorbent [48,49]. 
The difference in concentration, along with the volume of 
solution and mass of the adsorbent, allows for calculating the 
capacity using formulas like Eq. (4).

 
		                                                                         (4)

where Qe is the adsorption capacity (mg.g-1 or another 
appropriate unit), C0  is the initial concentration of the adsorbate 
in solution (mg.L-1), Ce is equilibrium concentration of the 
adsorbate in solution (mg.L-1), V is volume of the solution 
(L), and m is the mass of the adsorbent (g) [50]. In this study, 
under the best adsorption conditions, the adsorption capacity 
is approximately 175 mg.g-1.

There are several effective adsorbents for the removal of 
sulfate ions from aqueous solutions, each demonstrating 
varying degrees of efficiency and applicability. Adsorbents 
for sulfate decontamination can be classified into two types: 
natural and synthetic. Natural sulfate adsorbents include 
bioadsorbents and earth compound adsorbents [49,51]. 
According to the paper topic, the efficiency of some earth-
compound adsorbents is compared in Table 5.

Sulfate removal from aqueous solutions on adsorbents 
involves four main processes: electrostatic attraction, ion 
exchange, physical adsorption, and hydrogen bonding 
and complexation. The effectiveness of these mechanisms 
depends on the type of adsorbent, solution conditions, and 
the presence of functional groups on the adsorbent. These 
processes can be enhanced by functional groups. During 
electrostatic attraction process, due to sulfate ions (SO4

2-) are 

𝑄𝑄� �
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negatively charged, so they are attracted to positively charged 
sites on the adsorbent's surface. This attraction is particularly 
strong if the adsorbent material has functional groups or ions 
that create a positive surface charge, facilitating the binding of 
sulfate ions. Zeolites and other modified adsorbents with metal 
ions often enhance this charge-based attraction [49,51,52].

 
3.4. X-Ray diffraction (XRD) pattern analysis

In this study, the crystallinity of Clinoptilolite (NZ) and 
Modified Clinoptilolite (MNZ) adsorbents was estimated 
using an XRD diffractometer (D8-ADVANCE Bruker, 40 
kV, 20 mA, Cu Ka radiation). The average crystallite sizes 
of the components were estimated by first computing the full 
width at half-maximum height (FWHM) of the main peaks 
on the XRD patterns and then using the Debye–Scherrer 
formula (Eq. (5)).

D (hkl) = k λ/ β cos (θ)                                                                        (5)                        

where D is average crystallite size (often in nanometers), k is 
shape factor (depends on the crystallite shape), λ is wavelength 
of the X-rays used (in nanometers), β is full width at half 
maximum (FWHM) of the diffraction peak (in radians), and 
θ is Bragg angle (in radians). The results illustrated that the 
crystallite sizes of natural zeolite varied between 14.8 and 
34.6 nm.

The XRD patterns of clinoptilolite (NZ) and modified 
clinoptilolite (MNZ) are shown in Figs. 6(A) and (B), 
respectively. The diffraction peaks observed in the figure are 
in good agreement with the clinoptilolite structure (JCPDS: 
39-1383). The figure's sharp and strong diffraction peaks 
indicate that the product is well crystallized.

The clinoptilolite in this study showed characteristic peaks 
at 2θ = 9.931°, 11.25°, 12.17369°, 20.963°, 22.51°, 25.137°, 
27.795°, and 29.95°.

In the XRD spectra of modified clinoptilolite, the diffraction 
lines are well resolved and it can be observed that the position 
of the diffraction lines remains constant, revealing that the 
crystallinity of the original phase was well maintained. Peaks 
at around 2θ = 28.4°, 32.5°, 46°, 52° in XRD patterns of 
modified clinoptilolite are related to extra NaCl.

From Fig. 6, it can be seen that the XRD patterns of 
clinoptilolite used in this work are standard forms of natural 
zeolite and almost the same as those of modified clinoptilolite, 
meaning that no crystal form transformation occurred, and 
the clinoptilolite framework structure was not destructed 
after clinoptilolite had been modified.

3.5. Energy-dispersive X-ray spectroscopy (EDS) analysis

Figs. 7 and 8 show the EDS analysis of the natural 
clinoptilolite (NZ) and modified clinoptilolite (MNZ) to 
investigate the composition of the element’s determination, 
and their weight percentage are shown in Tables 6 and 7. 

As is evident in Fig. 7, there are various elements such as 
O, Na, Mg, Al, Si, K, Ca, and Fe in the clinoptilolite (NZ) 
and modified clinoptilolite (MNZ) samples with weight 
percentages of 58.15, 0.7, 0.15, 1.79, 8.23, 0.87, 29.81, and 
0.32  %, respectively, for NZ and 58.16, 2.88, 0.2, 6.3, 29.08, 
2.8, 0.33 and 0.27 %, respectively, for MNZ. According to 
the EDS spectra, adding NaCl to (NZ) increased the weight 
percentage of the Na element from 0.7 to 2.88 %.

3.6. BET Analysis

As shown in Fig. 9, the nitrogen adsorption–desorption 
isotherms of clinoptilolite show a type IV isotherm with a 

Fig. 6. XRD patterns of clinoptilolite and modified clinoptilolite.

Table 5. The summary of sulfate adsorption onto earth-compound 
adsorbents [51].

Ref.qmax (mg.g-1)Adsorbent

[53]15.36Andisols
Soil

[54]0.0246Lateritic soils of west Bengal

[55]0.86
Raw well-ordered Maria III

kaolinite (M)Clay             
[55]1.74Raw Dunino halloysite (H)

[56]4.8Natural hematite
Minerals

[57]6.5Barium-modified zeolite

This paper175Modified natural zeolite
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Fig. 8. EDS spectrum of modified clinoptilolite (MNZ).
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a hysteresis loop according to the classification of the 
International Union of Pure and Applied Chemistry (IUPAC). 
The nitrogen adsorption–desorption isotherms had a larger 
hysteresis loop at higher relative pressure (P/P0), suggesting 
the presence of plentiful mesopores in zeolite [51]. BET 
analysis demonstrated that the specific surface areas of 
clinoptilolite, modified clinoptilolite and clinoptilolite after 
adsorption are 16.56, 19.675, 15.021 m2.g-1, respectively. 
Furthermore, the total pore volume of clinoptilolite, modified 
clinoptilolite and clinoptilolite after adsorption are 0.1162, 
0.1496, 0.09146 cm3.g-1, respectively. The results show that 
the particles are well modified and participate well in the 
adsorption process.

3.7. Fourier-transform infrared spectroscopy analysis

The FT-IR analysis results for functional group 
determination of modified clinoptilolite in the 400–4000 
cm-1 range are shown in Fig. 10. The results show that the 

spectrum of 3620.14 cm-1 is related to the bridging O  ̶  H 
groups in ≡ Al–OH–Si ≡ and are attributed to the location of 
hydrogen atoms on different oxygen atoms in the framework. 
The 2979.82  cm-1 is related to the Si  ̶  OH, the 2513.07 cm-1 
is related to the Si  ̶  N  ̶  H stretching vibrations, the 1797.53 
cm-1 is related to the H  ̶  O  ̶ H group, the 1182.28 cm-1 is 
related to the Al  ̶  O, the 875.62 cm-1 is related to the Si (Al)  
̶  O, the 798.47 is related to the stretching vibration of Si  ̶  O, 
Al  ̶  O  in Si  ̶  O  ̶  Si and Al  ̶  O  ̶  Al, 711.68 cm-1 is related 
to the  O  ̶  Si  ̶  O, the 611.39 cm-1 is related to the tetrahedral 
double ring oscillations or the vibration of Si – O – M (M = 
Na, K and Ca), and the 472.53 cm-1 is related to the bending 
of the bonds inside TO4 and symmetric stretching of the 
free tetrahedral group TO4 (T = Fe, Ti,…), respectively 
[49,58-61].

Table 6. Weight and atomic percentage of elements of natural 
clinoptilolite (NZ).

A (%)Wt (%)Element

75.7058.15O

0.630.70Na

0.130.15Mg

1.381.79Al

6.108.23Si

0.460.87K

15.4929.81Ca

0.120.32Fe

100.00100.00

Table 7. Weight and atomic percentage of elements of modified 
clinoptilolite (MNZ).

A (%)Wt (%)Element

70.9858.16O

2.442.88Na

0.160.20Mg

4.566.30Al

20.2129.08Si

1.402.80K

0.160.33Ca

0.090.27Fe

100.00100.00
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Fig. 7. EDS spectrum of clinoptilolite (NZ).
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Fig. 9. BET adsorption of natural clinoptilolite, modified cinoptilolite 
and after adsorption.

Fig. 10. FT-IR spectrum of modified clinoptilolite (MNZ).
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4. Conclusion

This study investigated the adsorption of sulfate ions 
from aqueous solutions onto modified clinoptilolite. The 
adsorbent was prepared using a simple, cost-effective method 
involving NaCl solution and cation exchange. Parameters 
such as solution concentration, temperature, and contact time 
were assessed to evaluate the factors influencing adsorbent 
modification for sulfate removal. Design-Expert software 
and the Box-Behnken design were employed to identify 
significant parameters for preparing modified clinoptilolite.

The prepared samples were used for sulfate removal, where 
adsorption efficiency was evaluated using a batch technique. 
ANOVA analysis was conducted to elucidate the interaction 
effects of operating parameters. The results revealed that the 
highest sulfate ion removal efficiency (81.79 %) occurred 
at a concentration of 0.6 M, a contact time of 3 h, and a 
temperature of 60 °C. In general, modified clinoptilolite 
exhibited high sulfate uptake efficiency. Furthermore, FT-IR, 
XRD, and EDS analyses were used to characterize the surface 
properties of the modified clinoptilolite adsorbent.
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