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 In this research article, the authors utilized a ball mill to grind Clinoptilolite 

zeolite 98% and Ca(OH)₂ nanoparticles, and subsequently characterized the 

resulting adsorbents using SEM, TEM, XRD, and FTIR analyses. To optimize 

the adsorption process, they employed the Box-Behnken Design (BBD) of 

Response Surface Methodology (RSM) to evaluate the impact of various 

parameters, including pH (ranging from 5 to 9), adsorbent amount (ranging 

from 0.5 to 2 g), and temperature (ranging from 25 to 45 °C). The authors 

determined that the optimal temperature for nitrate adsorption was 45°C at a pH 

of 5, using 2g of adsorbent. Applying the pseudo-second-order dynamic model 

for investigation, the optimal retention time was determined to be 15 min. The 

maximum amounts of nitrate removed by Ca(OH)₂ and zeolite were found to 

be 60.34% and 58.04%, respectively, with the absorption equilibrium equation 

fitting well to the Langmuir model. Under optimal conditions, a mixture of 

Ca(OH)₂ and zeolite (at a ratio of 1:3) removed a maximum of 56.70% of 

nitrates. These findings demonstrate the significant potential of natural zeolite 

and Ca(OH)₂ for nitrate adsorption. 
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1. Introduction 

Access to underground water is crucial for human survival in many parts of the world. However, 

the growing global population and rising demand for agricultural and industrial products have 

resulted in increased levels of nitrate compounds - such as nitrogen and ammonia - penetrating 

water sources [1-6]. This trend poses a significant threat to both humans and the environment, 

as excessive nitrate contamination of groundwater can lead to the conversion of nitrate to the 

nitrite form, which increases the risk of cancer and causes the blue baby syndrome in infants 

[2-4, 7-9]. To address this issue, the World Health Organization (WHO) and US Environmental 

Protection Agency (EPA) have established guidelines specifying the maximum acceptable 

levels of nitrate in drinking water as 10 mg/L and 50mg/L, respectively [8, 10-14]. 

Nitrate contamination of water resources has become a major concern in today's world. The 

primary sources of nitrate contamination in groundwater include industrial and agricultural 

wastewater, fertilizers, and septic systems [15]. Researchers have proposed several methods for 

removing or reducing nitrate in water, including the utilization of ion exchange resin, as well 

as both biological and chemical denitrification methods. Electro-dialysis, osmosis reversal, and 

adsorption [10, 11, 13, 15]. Among these methods, the absorption process is currently 

considered the most cost-effective and efficient way to remove harmful pollutants from 

contaminated water [13, 14]. Various samples of adsorbents have been studied, including 

activated carbon [16-18], clay minerals [19, 20], alumina, biomaterials, zeolites [21], and others 

[22]. Despite the high cost of activated carbon, it is still widely used due to its effectiveness in 

removing pollutants [23]. 

Zeolite is a commonly found natural sorbent that is cost-effective and an excellent alternative 

to other expensive adsorbents. The high potential of zeolites for ion absorption, ion exchange, 

and molecular screening can be attributed to their unique properties. Zeolites come in various 

types, with differences in purity, crystal size distribution, and chemical composition [24-29]. 

They are hydrated alumina-silicate minerals with porous and spherical shapes and are 

composed of three-dimensional grids of SiO₄ and AlO₄ tetrahedra, with oxygen atoms being 

common among them. Replacing some of the cations such as Si⁴⁺ and Al³⁺ with Na⁺, K⁺, and 

Ca²⁺ in zeolites can reduce the negative charge in their overall chemical structure [30-36]. 

The properties of zeolites that affect their adsorption capabilities include their chemical and 

structural composition, the Si/Al ratio, the type of cation, and the number and location of 

cavities. 
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 The behavior of zeolites in the adsorption process also depends on the shape, ion size, the 

density of the anionic framework, ionic charge, and the concentration of the solution of the 

external electrolyte. Various parameters, such as pH, contact time, and cationic surfactants, can 

impact the adsorption properties of zeolites [37-40]. 

Clinoptilolite is the most prevalent zeolite in the natural world and exists in vast quantities [36]. 

The structure of zeolites comprises open channels of 8-10 rings [41-43], with other types of 

zeolites including mordenite, phillipsite, chabazite, stilbite, analcime, and laumontite. 

Advanced English: Applications of calcium hydroxide include the protection of cultural 

heritage, medical usages, the steel industry, building materials, and adsorbents for a variety of 

colours. Calcium hydroxide has been used as a useful and cost-effective adsorbent to remove 

indigo carmine dye in wastewater. Calcium hydroxide is environmentally friendly and the risks 

are manageable [44-46]. Calcium hydroxide is a low-cost absorbent and widely found in nature 

[44].  

Previous studies have investigated the removal of nitrate by various micro sized-adsorbents. 

But nano-materials are being studied by researchers in the field of water and wastewater 

treatment due to their high surface area and reactivity [47, 48]. Some researchers have done 

research on nitrate removal using zeolite. Onyango and his coworkers prepared functionalized 

zeolite to remove nitrate from water [49]. They found that with an increase in adsorbent dosage, 

the percentage removal of nitrate was raised. In addition, functionalized zeolite showed efficient 

nitrate adsorption in a wide range of temperature and pH without a significant change in 

performance. Schick et al. used a surfactant to modify zeolite for nitrate removal from aqueous 

solution [37]. They reported the good adsorption of modified zeolite and declared that this 

adsorbent is potentially applicable to separate nitrate contamination in surface or ground waters. 

Similar results in nitrate removal using modified zeolite have been reported in the research of 

Guan et al. [50]. They noted that different zeolite nitrate removal performance can be due to 

amounts of surfactant loadings and the source of zeolite supply. Research on nitrate separation 

by raw or modified zeolite has been discussed in the literature, but nitrate removal by calcium 

hydroxide (Ca(OH)₂) has received less attention. Hernandez et al. used aqueous carbonation of 

calcium hydroxide to remove nitrate [51]. They claimed the nitrate exhibited no 

physicochemical affinity while calcite was forming. Examination of the literature indicates that 

the study on the separation of nitrate by calcium hydroxide can still be investigated. So in this 

work, the nitrate removal using zeolite and Ca(OH)₂ is studied. 

In order to model and design experiments, one useful method is Response Surface Methodology 

(RSM), which is a useful tool for determining the optimal parameters in a process [52, 53]. In 
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this research, in order to maximize nitrate adsorption effectiveness under various operating 

circumstances, the Box-Behnken design was utilized. 

The study used Ca(OH)₂ and Clinoptilolite zeolite nanoparticles as the adsorbent for nitrate 

adsorption. Additionally, kinetic and isotherm models were used to forecast the zeolite and 

Ca(OH)₂ nanoparticles' adsorption capabilities. Furthermore, the effects of different 

experimental conditions, such as the pH and temperature of the adsorbent, were investigated 

using RSM modeling.  

2. Materials and Methods 

2.1. Reagents and Solutions 

In this research, the clinoptilolite used was obtained from the Semnan mine. Nitrate lead salt, 

hydrochloric acid, Ca(OH)₂ (Merck, Germany), and double distilled water were utilized. A 

nylon membrane filter with a diameter of 25 mm and a pore size of 0.2 µm was acquired from 

Vertical, located in Thailand. 

2.2. Preparation of Zeolite and Ca(OH)2 Nano-particles 

The preparation of nano-particles was carried out using sieving and milling methods [54, 55]. 

Analytical T90 sieves were employed to separate particles of zeolite and Ca(OH)₂ that were 

smaller than 0.01 microns. The nano-particles of zeolite and Ca(OH)₂ were then prepared using 

mechanical processes and a Planetary milling machine (with a speed of 300 revolutions per 

minute for 20 hours). Finally, the prepared zeolite and Ca(OH)₂ nanoparticles were stored in 

desiccators to prevent moisture absorption. 

2.3. Nitrate adsorption 

Initially, a solution measuring three liters in volume of nitrate with a concentration of 20 mg/L 

in double-refined water was prepared. The adsorption tests were conducted by mixing 

appropriate volumes of zeolite and Ca(OH)₂ nanoparticles in 50 ml of the nitrate solution. The 

pH was adjusted to the desired levels by adding 0.1 M and 1 M NaOH or 0.1 M and 1 M HCl 

aqueous solutions. For each run, a certain measure of sorbent was mixed with 50 milliliters of 

the nitrate solution and agitated at 250 rpm for a duration of 30 minutes at room temperature. 

In the next step, the solution was separated from the adsorbent using a centrifuge (Napco 

R2028) at 8000 rpm for 20 minutes. The amount of nitrate adsorption was measured using a 

spectrophotometer (DR5000 Hach) with the standard method book. Every measurement was 

repeated three times, and the average of the results was reported. The percent amount of nitrate 

adsorption was calculated using the following mathematical expression: 
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Removal percentage = 100 × (Ci – Ceq) / Ci      (1) 

in which Ci and Ceq are the starting and equilibrium concentrations of nitrate in each solution 

(mg/L), respectively. 

2.4. Analytical Methods 

The purity and mineralogical composition of zeolite and Ca(OH)₂ were determined by a Seifert 

PTS 3003 X-ray diffractometer. A planetary mill was used to prepare Ca(OH)₂ and zeolite nano-

particles. A planetary ball mill (Retsch PM100 model, Germany) was used to prepare Ca(OH)₂ 

and zeolite nano-particles. In order to determine the molecular structure in terms of 

spectroscopy, a Fourier transform-infrared spectrometer (FT-IR) (Nexus 780 model, America) 

was used. Nano-particle size and morphology of nanoparticles were measured by Transmission 

Electron Microscopy (TEM) (Philips EM208). The surface morphology of the nano-particles 

of zeolite and Ca(OH)₂ before and after the adsorption of nitrate was studied by Scanning 

Electron Microscopy (SEM) (Philips 8010).  

The concentration of nitrate solutions was measured by a UV-Vis spectrophotometer (HACH 

DR5000, Germany) based on standard methods provided by HACH. The pH of the liquids was 

measured using a Swiss Metrohm pH meter. 

2.5. Experimental Design  

To investigate the effect of the aforementioned parameters on nitrate adsorption using zeolite 

and Ca(OH)₂ nanoparticles and optimize each factor, experiments were designed using a surface 

response method in a Box-Behnken design with Mini Tab software (Version 17). Three 

independent variables were used, including pH (5, 7, and 9), temperature (25, 35, and 45 °C), 

and the quantity of sorbent (0.5, 1.25, and 2 g), to investigate their impact on the reaction rate. 

Nitrate adsorption was treated as the response, or outcome variable. The layout of experiments 

and the outcomes from every 15 trials, consisting of three central points, for zeolite and 

Ca(OH)₂ nanoparticles are shown in Tables 1 and 2, respectively. Each experiment was 

conducted three times to ensure consistency. The collected findings were used to compute the 

equation's ten coefficients, which show how the independent variables—the adsorption, 

temperature, and pH—and response functions relate to one another. Typically, in the surface 

response method, a second-order polynomial equation is applied and expressed as follows: 

Y=b0+ b1x1+ b2x2+ b3x3+b12x1x2+b13x1x3+b23x2x3+ b11x12+ b22x22+ b33x32   (2) 
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In the proposed model, Y represents the response variable, specifically the percentage of nitrate 

adsorbed. The independent variables are denoted as follows: x₁ corresponds to pH, x₂ represents 

thermal degree, and x₃ stands for the quantity of absorbent. The squared variables are denoted 

as x₁₂, x₂₂, and x₃₂, while the interaction elements are represented by x₁x₂, x₁x₃, and x₂x₃. 

The linear coefficients are designated as b1, b2, and b3, while the quadratic coefficients are 

denoted as b11, b22, and b33. The interaction coefficients between independent variables are 

represented by b12, b13, and b23. Additionally, b0 represents the model constant. 

To assess the interaction between the variables and the responses, On the basis of the suggested 

model, an Analysis of Variance (ANOVA) was carried out. 

 

Table 1. Tabular Data: Zeolite Box-Behnken Design Matrix for Three Parameters; Three Levels Combined With 

Detected And Projected Values 

Exp.Run X1 X2 X3 reduction% expected 

1 7 45 0.5 29.33 31.61 

2 7 35 1.25 31.28 32.48 

3 7 25 2 41.90 39.63 

4 5 25 1.25 42.71 44.67 

5 7 25 0.5 37.65 34.86 

6 9 25 1.25 31.89 35.01 

7 5 35 2 58.04 58.96 

8 5 35 0.5 35.48 36.32 

9 9 45 1.25 41.12 39.17 

10 9 35 0.5 35.92 35.61 

11 7 45 2 49.91 52.71 

12 7 35 1.25 33.98 32.47 

13 7 35 1.25 32.17 32.46 

14 5 45 1.25 53.46 50.35 

15 9 35 2 39.66 38.82 
aThe independent variables ax1 (pH), x2 (temperature), and x3 (amount of adsorbent) are all related. 
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Table 2. Box-Behnken Design Matrix of Ca(OH)2  for Three Variables; Three Levels Together With Observed 

And Predicted Values 

Exp.Run X1 X2 X3 Removal,% Predicted 

1 7 35 1.25 48.01 49.17 

2 5 35 2 60.34 61.42 

3 9 25 1.25 40.63 41.52 

4 9 35 2 40.20 45.91 

5 7 45 0.5 43.77 44.37 

6 5 35 0.5 48.52 48.82 

7 7 25 0.5 39.65 39.84 

8 7 35 1.25 49.37 49.17 

9 7 45 2 54.01 53.83 

10 5 25 1.25 56.12 55.64 

11 7 35 1.25 50.11 49.17 

12 5 45 1.25 59.30 58.41 

13 9 35 0.5 41.53 40.45 

14 7 25 2 49.02 48.43 

15 9 45 1.25 48.17 48.65 
aThe independent variables ax1 (pH), x2 (temperature), and x3 (amount of adsorbent) are all related. 

 

3. Results and discussion 

3.1. Characterization of Zeolite and Ca(OH)2 Nano-particles 

Fig. 1 depicts SEM images of micro-particles of zeolite (Fig. 1 (a)) and Ca(OH)₂ (Fig. 1 (c)) 

before modification, as well as images of nano-particles of zeolite (Fig. 1 (b)) and Ca(OH)₂ 

(Fig. 1 (d)) after modification. These images show that most of the nanoparticles have a size 

smaller than 100 nm. The SEM images of zeolite and Ca(OH)₂ in Fig. 1 reveal several changes 

in the surface morphology of the samples after modification.  

The high shear force applied by the planetary mill resulted in smaller particle sizes. 

Additionally, the shape of the particles changed from irregular to spherical [56, 57]. 

The TEM images (Fig. 2) show that the shapes of zeolite and Ca(OH)₂ nanoparticles are 

spherical, and the diameter of nano-particles is about 1 to 100 nm. Since the nanoparticles are 

crystalline, they are symmetrical circles in shape [55]. 



Ghodrati et al. / Progress in Engineering Thermodynamics and Kinetics Journal, 1 (2025) 119- 151 

126 

Based on Fig. 3 (a), the results of X-ray analysis for zeolite nano-particles show that the largest 

component of the zeolite is clinoptilolite. Calcite and quartz are other sample ingredients, and 

they match clinoptilolite-Ca (Ca₃.₁₆Si₃₆O₇₂(H₂O)₂₁.₈₀) based on the X-ray curve formula in 

X’pert Highscore software [22]. 

Fig. 3 (b) shows the X-ray analysis results of Ca(OH)₂ nano-particles done by X’pert Highscore 

software and indicates the high purity of Ca(OH)₂ (about 90%). Moreover, the peaks observed 

at 18.0, 28.3, 30.0, and 54.2 indicate the presence of lime, and peaks of 47.0 and 54.7 show the 

presence of quartz in the solid [46]. 

 

FTIR testing is a useful method for obtaining sufficient information about the structure and 

determining the type of functional group and the bonds in its molecules [35]. The FTIR 

spectrum for zeolite is shown in Fig. 4 (a). The nano-particles have peaks at wavelengths 

between 450 cm⁻¹ and 3950 cm⁻¹. A band at 3627 cm⁻¹ represents the O-H stretch band [6]. A 

band at 1641 cm⁻¹ shows the bending tensile band of water. The bands at 466 cm⁻¹ and 796 

cm⁻¹ represent Si-O and Al-O, or the Si-O-Si stretching structure, depending on the degree of 

crystalline phase observed in the material [6, 33]. In addition, a strong vibrational peak at 1048 

cm⁻¹ represents the Si-O-Al tensile strain, and the position of this bond depends on Al/Si. The 

FTIR sample corresponds to the samples taken from the articles [58]. The FTIR spectrum of 

Ca(OH)₂ is shown in Fig. 4 (b). The narrow absorption band at 3644 cm⁻¹ is due to the stretching 

mode of O-H present in the sample. The absorption bands at 1463 cm⁻¹, 1004 cm⁻¹, and 877 

cm⁻¹ are assigned to different vibration modes of C-O in carbonate groups.  
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Fig. 1. SEM images (a) micro particles of zeolite (b) nano-particle of zeolite (c) micro particles of Ca(OH)2 and 

(d) nano- particles of Ca(OH)2. 

Statistical analysis of data and the statistical significance of independent variables were 

investigated using ANOVA, and Minitab 17 was used to calculate the statistical factors and 

variables of second-order polynomials. In addition, the quadratic model is a favorable one for 

predicting the adsorption efficiency of nitrate, and the importance of each coefficient was 

determined by the values of T and P, as presented in Tables 1 and 2. Multiple regression analysis 

of experimental data with a confidence level of 95% for zeolite and Ca(OH)₂ was carried out 

[59, 60]. 

 

(a) (b) 

(c) (d) 
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Fig. 2. TEM images nano-particles (a) zeolite (b) Ca(OH)2 

 

Fig. 3. The XRD pattern of  Zeolite and Ca(OH)2 nanoparticles 

For zeolite nanoparticle in BBD: 

Y= 32.48 – 5.21X1 + 2.46 X2 + 6.47 X3 + 6.27 X1×X1 + 3.55 X2×X2 + 3.68 X3×X3 – 0.38 X1×X2 – 4.86 X1×X3 

+4.08 X2×X3                                                                                                                               (3) 

where Y is the removal percentage of nitrate by zeolite nanoparticles. In addition, as already 

stated, x₁, x₂, and x₃ correspond to pH, temperature, and quantity of adsorbent, respectively. In 

relation to the significance levels (P-values) presented in the chart, the variables with the 

greatest impact on nitrate adsorption by zeolite nanoparticles were pH (P=0.008) and quantity 

(b) (a) 
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of sorbent (P=0.003), whereas thermal condition (P=0.098) had the least significant impact on 

nitrate adsorption effectiveness by zeolite nanoparticles. 

Table 3. Analysis of Variance for the Response Surface Reduced Quadratic Model for zeolite nano-particles 

Term Coefficient SE Coefficient T-Value P-Value 

Constant 32.48 1.97 16.45 0.000 

X1 -5.21 1.21 -4.31 0.008 

X2 2.46 1.21 2.03 0.098 

X3 2.47 1.21 5.35 0.003 

X1X1 6.27 1.78 3.53 0.017 

X2X2 3.55 1.78 1.99 0.103 

X3X3 3.68 1.78 2.07 0.094 

X1X2 -0.38 1.71 -0.22 0.833 

X1X3 -4.86 1.71 -2.84 0.036 

X2X3 4.08 1.71 2.39 0.063 

The variables aX1, X2, and X3 represent the temperature, pH, and adsorbent quantity. 

 

 

Fig. 4. The Fourier transform infrared spectra of zeolite and Ca(OH)2 nanoparticles. 

Based on the ANOVA results, the interaction of the parameters was found significant when P 

< 0.05 except for the thermal condition (P=0.098); the synergistic thermal degree and pH effects 

were observed when P=0.833; the combined temperature's impact and quantity of sorbent were 

also noteworthy when P=0.063. The ultimate predicted mathematical model in terms of the 

importance of the actual variables for nitrate adsorption (Y) by the zeolite nanoparticles is 

outlined below:  
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Y=32.48 – 5.21 X1+ 6.47 X3 + 6.27 X1×X1– 4.86 X1×X3                                                                                    (4) 

The regression coefficient associated with this model (R=0.934) shows that only 5.7% of the 

changes are not foreseeable according to the model. The highest level of adsorption rate of 

nitrate was 58.04%. 

Table 4 shows the analysis of variance of zeolite nanoparticles. The results show that the P-

value = 0.095 and it is greater than 0.05, indicating a suitable model and fit. In addition, we do 

not have enough evidence to express the existence of a lack of fit. 

 

Table 4. Analysis of variance of Zeolite nano particles 

Source DF Adj SS Adj MS F-Value P-Value 

Model 9 952.01 105.779 8.98 0.013 

Linear 3 586.30 195.433 16.58 0.005 

pH 1 211.15 211.151 17.92 0.008 

T 1 48.36 48.364 4.10 0.099 

Gr 1 326.78 326.785 27.73 0.003 

Square 3 209.92 69.974 5.94 0.042 

pH*pH 1 141.84 141.837 12.04 0.018 

T*T 1 48.40 48.397 4.11 0.099 

Gr*Gr 1 47.86 47.863 4.06 0.100 

2-Way Interaction 3 155.79 51.931 4.41 0.072 

pH*T 1 0.58 0.578 0.05 0.834 

pH*Gr 1 88.55 88.548 7.51 0.041 

T*Gr 1 66.67 66.667 5.66 0.063 

Error 5 58.92 11.785   

Lack-of-Fit 3 55.14 18.379 9.71 0.095 

Pure Error 2 3.79 1.893   

Total 14 1010.94    

 

For Ca(OH)2 nano-particles, Table 5 shows the following equation: 

Y= 49.163 – 5.969 X1 + 2.479 X2 + 4.512 X3+ 2.213 X1×X1 – 0.322 X2×X2 – 2.229 X3×X3 + 1.090 X1×X2 – 

1.787 X1×X3 + 0.217 X2×X3                                                                                                                             (5) 
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The variables with the highest effect on nitrate adsorption by Ca(OH)₂ nano-particles include 

the final anticipated mathematical model for nitrate adsorption (Y) by Ca(OH)₂ nanomaterials, 

as provided below, taking into account the importance of real variables:  

Temperature (P=0.002), pH (P=0.000), and adsorbent quantity (P=0.000) were the variables 

with the highest effect. It was determined that the impact of the interaction between pH and 

adsorbent quantity (P=0.034) was appropriate. 

Y=49.163 – 5.969 X1 + 2.479 X2+ 4.512 X3 + 2.213 X1×X1 – 2.229 X3×X3 – 1.787 

X1×X3                                                                                                                                                                     (6)   

The regression coefficient for this model (R=0.986) shows that only 1.4% of the changes are 

not predictable by the model. The maximum adsorption rate of nitrate by Ca(OH)₂ nanoparticles 

was determined as 60.34%. 

Table 5. Analysis of Variance for the Response Surface Reduced Quadratic Model for Ca(OH)2 nanoparticles 

Term Coefficient SE Coefficient T-Value P-Value 

Constant 49.17 0.71 69.17 0.000 

X1 -5.97 0.44 -13.71 0.000 

X2 2.48 0.44 5.70 0.002 

X3 4.51 0.44 10.37 0.000 

X1X1 2.21 0.64 3.45 0.018 

X2X2 -0.32 0.64 -0.50 0.637 

X3X3 -2.23 0.64 -3.45 0.018 

X1X2 1.09 0.62 1.77 0.137 

X1X3 -1.79 0.62 2.90 0.034 

X2X3 0.22 0.62 0.35 0.738 

aX1, X2, and X3 represent the temperature, adsorbent quantity, and pH. 

 

Analysis of variance of Ca(OH)₂ nanoparticles is shown in Table 6. The results show that P-

value = 0.150 and it is greater than 0.05, which implies that in this case a suitable model and fit 

were selected and there is not enough evidence to express the existence of a lack of fit. 
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Table 6. Analysis of variance of Ca(oH)2 nano particles 

Source DF Adj SS Adj MS F-Value P-Value 

Model 9 615.483 68.387 28.53 0.001 

Linear 3 523.538 174.513 72.80 0.000 

pH 1 361.133 361.133 150.64 0.000 

T 1 49.154 49.154 20.50 0.006 

Gr 1 113.251 113.251 47.24 0.001 

Square 3 43.773 14.591 6.09 0.040 

pH*pH 1 9.295 9.295 3.88 0.106 

T*T 1 1.124 1.124 0.47 0.524 

Gr*Gr 1 30.114 30.114 12.56 0.016 

2-Way Interaction 3 48.172 16.057 6.70 0.033 

pH*T 1 4.752 4.752 1.98 0.218 

pH*Gr 1 43.231 43.231 18.03 0.008 

T*Gr 1 0.189 0.189 0.08 0.790 

Error 5 11.986 2.397   

Lack-of-Fit 3 10.753 3.584 5.81 0.150 

Pure Error 2 1.233 0.617   

Total 14 627.470    

 

3.3. Effect of Parameters on Nitrate adsorption 

The contour charts represent independent parameters with identical answer values, Y. The 

contour plots for every parameter and factor show the relationship between the first and third 

parameters while keeping a constant parameter. In all experiments conducted in this study, two 

parameters were variable while one parameter was kept constant. The most effective parameters 

in the adsorption of nitrate by zeolite and Ca(OH)₂ nanoparticles were found to be pH, 

temperature, and the quantity of adsorbent. According to the Box-Behnken Design (BBD), the 

optimal settings of independent variables for zeolite and Ca(OH)₂ nanoparticles were 5 for pH, 

45°C for temperature, and 2 g for the amount of adsorbent. 
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3.3.1. The Impact of pH 

The pH is an important parameter that affects the absorption process [14]. To investigate the 

effect of pH on the absorption capacity of zeolite and Ca(OH)₂ nanoparticles for nitrate 

adsorption, experiments were conducted with variable pH values ranging from 5 to 9.  

The optimal pH value obtained based on the response of the Box-Behnken Design was found 

to be 5. The effect of pH on temperature and the amount of adsorbent for zeolite nanoparticles 

is shown in Figs. 5 (A) and (B), while similar curves for Ca(OH)₂ nanoparticles are shown in 

Figs. 6 (A) and (B). 

As illustrated, the percentage of nitrate adsorption decreased as the pH increased from 5 to 9, 

with the same adsorbent concentration and temperatures. The peak percentage of nitrate 

adsorption occurred in an acidic environment due to the adsorption of nitrate by zeolite and 

Ca(OH)₂ nanoparticles. According to studies conducted in an acidic pH environment, the 

concentration of H⁺ ions is high in the solution. Additionally, this action generates a positive 

charge on the surface of the adsorbents, which enhances adsorbent surface absorption of nitrate, 

which has a negative charge, in the acidic pH environment. At higher pH levels in an alkaline 

environment, the concentration of OH⁻ ions is high, creating a negative charge on the surface 

of the adsorbents. The presence of zeolite nanoparticles contributes to this effect, as the 

interaction between the hydroxyl group and silicon (Si-OH) in the minerals decreases the active 

sites of adsorption at a mineral level. As a result, the mineral absorption capacity is reduced, 

resulting in the elimination of nitrate pollutant adsorption from the adsorbent surface [4, 61]. 

3.3.2. The Effect of Temperature 

The effect of temperature on nitrate absorption by zeolite and Ca(OH)₂ nanoparticles was 

investigated in the temperature range of 25 to 45 °C. Figs. 5 (C) and (B) for zeolite nanoparticles 

and Figs. 6 (C) and (B) for Ca(OH)₂ nanoparticles demonstrate the combined influence of 

temperature, pH, and amount of sorbent. Based on the outcome, the adsorption percentage 

increases as temperature increases, and the energy of ion molecular movement increases in the 

solution, which, in turn, increases the probability of contact with the active sites of the 

surface.                 
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3.3.3. The effect of adsorbents dosage 

Another important parameter in the adsorption process is the amount of adsorbent used in the 

process [61-63]. The findings show that when the quantity of sorbent increases from 0.5 to 2 

grams with a constant pH and thermal degree, as shown in Figs. 5 (B) and (C) for zeolite 

nanoparticles and in Figs. 6 (B) and (C) for Ca(OH)₂ nanoparticles, the amount of nitrate 

adsorption increases, too. The analysis of the surface of the Box-Behnken design showed that 

the optimal quantity of sorbent for nitrate adsorption was 2 grams.  

The adsorption rates may increase by increasing the quantity of sorbent ranging from 0.5 grams 

to 2 grams, thus leading to an increase in the number of adsorption sites, adsorbent, and 

adsorption material groups, and absorption capacity. Therefore, access to active sites is more 

convenient at absorbent levels [62, 64, 65]. 

 

Fig. 5. Zeolite nanoparticle's three-dimensional response surface plot for zeolite nanoparticles: a) mixed impact 

of x1 and x2, b) combined effect of x1 and x3, and c) combined effect of x2 and x3. 
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Fig. 6: Ca(OH)2 nanoparticle's three-dimensional response surface plot For Ca(OH)2 nanoparticle, the combined 

effects of x1 and x2, x1 and x3, and x2 and x3 are shown in a) the combined effect and b) the combined effect.   

3.4. Comparing the results of adsorption for nitrate removal using natural Ca(OH)2 and 

zeolite 

3.4.1 Adsorbent usage 

Natural Ca(OH)₂ and zeolite typically require lower dosages compared to other adsorbents such 

as ion exchange resins or activated charcoal to remove nitrates. 

The usage of natural Ca(OH)₂ and zeolite may result in cost savings due to their lower dosage 

requirements. 

 

3.4.1 Removal Performance 

Zeolite generally exhibits higher nitrate removal efficiency compared to activated carbon, ion 

exchange resins, or other adsorbents due to its specific structure and surface properties. 

Natural Ca(OH)₂ also shows good nitrate removal performance but may be less effective than 

zeolite in some cases. 
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3.4.2 pH 

The pH of the solution can significantly impact the adsorption capacity of different adsorbents. 

For example, ion exchange resins may have specific pH requirements for optimal performance. 

Natural Ca(OH)₂ and zeolite are generally effective over a wide range of pH values, making 

them versatile options for nitrate removal. 

 

3.4.3 Temperature 

Temperature can influence the kinetics and equilibrium of adsorption processes. Some 

adsorbents may exhibit better performance at higher temperatures. 

Natural Ca(OH)₂ and zeolite are known to be effective at a wide range of temperatures, making 

them suitable for various applications. 

 

3.4.4 Time Duration 

The contact time required for effective nitrate removal can vary depending on the adsorbent 

used. Some adsorbents may require longer contact times to achieve desired removal 

efficiencies. 

Natural Ca(OH)₂ and zeolite typically exhibit relatively fast adsorption kinetics, allowing for 

efficient nitrate removal within a reasonable time duration. 

 

In conclusion, natural Ca(OH)₂ and zeolite offer advantages in terms of adsorbent usage, 

removal performance, pH tolerance, temperature sensitivity, and time duration compared to 

other available adsorbents used in the past for nitrate removal. Their versatility, cost-

effectiveness, and efficiency make them attractive options for various water treatment 

applications. 

 

3.5. Kinetic Studies 

Adsorption kinetics show changes in adsorbent concentrations with time variations that are 

defined as absorption rates [41, 66]. Kinetic parameters play a crucial part in predicting the 

amount of absorption and providing important information for modelling it. In this study, the 

absorption kinetic data were obtained from pseudo-first-order and pseudo-second-order 

models, and these kinetic models are widely used [67-69].  
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The effect of contact time on the adsorption of zeolite and Ca(OH)₂ nanoparticles (at a pH level 

of 5, a temperature of 45 degrees Celsius, and an amount of adsorbent of 2 grams) was 

investigated. The pseudo-first-order and pseudo-second-order kinetic models and their 

parameters are shown in Table 7 [70]: 

Table 7. The pseudo-first-order and pseudo-second-order kinetic models and their parameters 

Kinetic model Equation Parameters 

pseudo-first-order 
1qt=k1(qet)+ 1qe 

qe: the adsorption capacity in equilibrium (mg), 

qt: the amount of nitrate adsorbed by nanoparticles in equilibrium 

(mg),  

k1: the constant pseudo-first-order rate of adsorption (1/min). 

pseudo-second-

order 

tqt=1qet+[ 1K2 

qe2] 

K2: the pseudo-second-order rate constant parameter of 

adsorption (g/mg/min). 

 

The values of qe and qt are obtained through the following equations: 

qt=C0 - Ce× VW                                                                                                                            (7) 

Where C₀ and Ce represent the initial and final concentrations of nitrate in a solution, 

respectively. V(L) denotes the volume of the solution, while m(g) indicates the quantity of 

adsorbent mass utilized. 

The comparison between adsorption kinetic models shows that the pseudo-second-order kinetic 

model is highly compatible with experimental data for both nano-particles. The pseudo-second-

order kinetic plot is obtained as t/qt versus t in an integrated straight line. Rzeolite = 0.9910 (Fig. 

7) and RCa(OH)₂ = 0.9984 (Fig. 8).  

Based on the results obtained, the amount of nitrate removed by Ca(OH)₂ and zeolite nano-

particles in the first 15 minutes was 51.62% and 48.46%, respectively. The two-step process of 

nitrate adsorption is fast and proceeds at a faster rate because, at the beginning of the reaction, 

the number of occupational groups and adsorption sites is higher at the level of adsorption. 

Gradually, these places were occupied and reduced in number; however, over time, significant 

changes that took 90 minutes to appear in the percentage adsorption by both nano-particles were 

not observed [67, 69, 71].  
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Fig. 7. Pseudo-second order kinetic plot for the adsorption of nitrate Zeolite nano-particles amount of adsorbent 

= 2 g; temperature= 45°C and pH =5 

 

 

Fig. 8. Pseudo-second order kinetic plot for the adsorption of nitrate Ca(OH)2 nano-particles amount of 

adsorbent = 2 g; temperature= 45°C and pH =5 

 

3.6. Adsorption Isotherms 

The correlation between nitrate content and the amount of nitrate adsorbed by Ca(OH)₂ and 

zeolite nanoparticles with Langmuir and Freundlich models was investigated. In the Langmuir 

isotherm, all adsorption sites are found on the adsorbing surface, and each adsorption region 

can absorb only one species on its surface [70, 72-75]. The Langmuir and Freundlich isotherm 

equations are presented in Table 8. 
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Table 8. The Langmuir and Freundlich models and their parameters 

Isotherm 

model 
Equation Parameters 

Langmuir ceqe=1KLqmax+ 

ceqmax 

The equilibrium capacity of nitrate on the adsorbents at equilibrium time is 

expressed as qe (mg/g).  

Ce (mg/L) is the nitrate equilibrium concentration; qmax (mg/g) is the 

adsorbents' maximum capacity.  

 

The Langmuir constant is KL (L/mg)., which is defined as the energy of 

absorption correlation. 

Freundlich 
Log qe=Log KF + 1nLog 

Ce 

KF (mg/g): the Freundlich constant 

1/n: the intensity factor of surface absorption, which varies between 0 and 

1. 

 

The constant and meaningless variable in isotherm, which represents the isotherm type, is 

defined as RL, as shown in the following formula: 

RL= 11+ KLCe                                                                                                                               (8) 

Where KL and the equilibrium concentration (Ce) share a similar concept with the Langmuir 

equation. In addition, the values indicate that if the value of RL ranges between 0 and 1, desired 

absorption is observed; if that of RL is greater than 1, undesirable absorption is anticipated. If 

RL is equal to 1, linear absorption is expected; if RL is equal to zero, irreversible absorption is 

anticipated [76, 77]. Fig. 9 shows the Langmuir isotherm model for zeolite nanoparticles, and 

Fig. 10 represents the Langmuir model for Ca(OH)₂. In the Freundlich isotherm, absorption 

occurs on a heterogeneous surface [75]. 

To investigate the nitrate uptake capacity of Ca(OH)₂ and zeolite nanoparticles, the 

concentration of nitrate at 25, 50, 100, and 150 mg/L was studied under equilibrium conditions. 

The Freundlich and Langmuir isotherms' correlation coefficients were determined at a pH of 5, 

with an adsorbent amount of 2 g, a temperature of 45°C, and a duration of 45 minutes. For 

Ca(OH)₂ and zeolite nanoparticles, the coefficients were 0.9695 & 0.8343 and 0.9938 & 0.9993, 

respectively. As indicated, the Langmuir isotherm describes nitrate adsorption better for both 

nanoparticles, as explained earlier. The value of RL for Ca(OH)₂ and zeolite nanoparticles was 

measured as 0.714 and 0.769, respectively, representing excellent absorption for both Ca(OH)₂ 

and zeolite nanoparticles. A previous study concerning the adsorption of nitrate by 

Chitosan/Zeolite Y/Nano ZrO₂ nanocomposite and polyacrylonitrile–alumina nanoparticles 

showed that the adsorption of nitrate followed the Langmuir model [48]. 
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3.6.1 The adsorption isotherms in the dynamic model 

In the context of adsorption isotherms in the dynamic mode, it is important to understand that 

adsorption isotherms describe the relationship between the amount of adsorbate (substance 

being adsorbed) on the surface of an adsorbent material at equilibrium and the concentration of 

the adsorbate in the bulk phase. In dynamic mode, the adsorbate is continuously flowing over 

the adsorbent material, allowing for a dynamic equilibrium to be established between the 

adsorbate in the bulk phase and the adsorbate on the surface of the adsorbent. 

 

One commonly used model to describe adsorption in dynamic mode is the Langmuir model, 

which assumes a monolayer adsorption process with a finite number of identical sites on the 

adsorbent surface. The Langmuir equation can be expressed as: 

 

    q/C = qmax KL/1 + KLC                                                                                                                             (9) 

 

where: 

q is the amount of adsorbate adsorbed per unit mass of adsorbent at equilibrium, 

C is the concentration of the adsorbate in the bulk phase, 

qmax is the maximum adsorption capacity of the adsorbent, 

KL is the Langmuir constant related to the affinity of the adsorbate-adsorbent interaction. 

 

Desorption efficiency refers to the ability of an adsorbent material to release or desorb the 

previously adsorbed molecules under certain conditions. The desorption efficiency can be 

influenced by factors such as temperature, pressure, and the nature of the adsorbate-adsorbent 

interaction. 

 

For example, at a specific temperature, one can study the desorption efficiency of an adsorbent 

by measuring the amount of adsorbate desorbed from the adsorbent material under controlled 

conditions. This can be expressed as a percentage of the initial amount of adsorbate adsorbed. 

The desorption efficiency can be calculated using the formula: 

Desorption Efficiency (%) = Amount of Adsorbate Desorbed/Initial Amount of Adsorbate 

Adsorbed× 100% 
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By studying desorption efficiency at different temperatures, one can gain insights into the 

desorption behavior of the adsorbent material and optimize conditions for efficient desorption 

processes in dynamic adsorption systems. 

 

3.7. Investigation of the mixture of Ca(OH)2 and zeolite nanoparticles in nitrate 

adsorption 

Here, the optimal values of temperature, adsorption, and contact time parameters for lime and 

zeolite minerals were considered the same. To test the application of a mixture of two 

adsorbents, three experiments were carried out with different ratios of nanoparticles. The 

conditions for each experiment and the values obtained for elimination are given in Table 9. 

 

Table 9.  Nitrate adsorption experiments with Ca(OH)2 and zeolite mixtures 

No pH Temperature (°C) Amount of adsorbent Removal% 

1 5 45 
100% 

zeolite 
53.46% 

2 5 45 
100% 

Ca(OH)2 
59.36% 

3 5 45 75% Zeolite+ 25% Ca(OH)2 48.98% 

4 5 45 
50% Zeolite + 

50% Ca(OH)2 
40.81% 

5 5 45 25% Zeolite + 75% Ca(OH)2 52.13% 

 

The mixture of these nanoparticles together reduced the adsorption, while the amount of 

Ca(OH)₂ and its reaction with the higher zeolite content was observed to be significant. These 

nanoparticles exerted a negative effect on each other.  
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Fig. 9. Langmuir isotherm model for nitrate adsorption by nano-particles of Zeolite, volume of adsorbent = 2 g; 

temperature= 45°C and pH =5 

 

 

Fig.10. Langmuir isotherm model for nitrate adsorption by nano-particles of Ca(OH)2adsorbent weight = 2 g; pH 

= 5, temperature = 45°C 

3.7.1. Analyzing  adsorbents  of  Ca(OH)₂ and zeolite  

When comparing Natural Ca(OH)₂ and zeolite as adsorbents for nitrate removal, several aspects 

need to be considered: 

 

3.7.2. Cost 

Natural Ca(OH)₂ is relatively inexpensive compared to zeolite, which is a more specialized and 

costly adsorbent. 
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3.7.3. Performance 

Zeolite has a higher adsorption capacity for nitrate compared to Natural Ca(OH)₂ due to its 

specific structure and surface properties. 

Natural Ca(OH)2 may require more frequent regeneration or replacement due to its lower 

adsorption capacity. 

 3.7.4. Environmental impact 

Both Natural Ca(OH)₂ and zeolite are considered environmentally friendly adsorbents as they 

are natural materials. 

However, the disposal of spent Natural Ca(OH)2 may lead to an increase in calcium ion 

concentration in water, which could potentially cause hardness issues. 

 

3.7.5. Regeneration 

Zeolite can readily be regenerated via washing with an appropriate solution, while Natural 

Ca(OH)₂ may require more complex regeneration processes. 

In conclusion, zeolite is a more effective adsorbent for nitrate removal compared to Natural 

Ca(OH)₂ in terms of performance and regeneration. However, Natural Ca(OH)₂ may be a more 

cost-effective option for applications where high nitrate removal efficiency is not critical. The 

potential increase in calcium ion concentration in water due to the dissolution of Ca(OH)₂ 

should be carefully considered and managed to prevent any adverse effects on water quality. 

4. Conclusion 

In this study, Ca(OH)₂ and zeolite nanoparticles were studied as low-cost adsorbents for nitrate 

adsorption in synthetic aqueous solutions. The Box-Behnken test design was used to optimize 

the parameters and the amount of nitrate removed by Ca(OH)₂ and zeolite nanoparticles. 

Optimum conditions for the maximum adsorption rate of nitrate by both nanoparticles were 

characterized as pH 5, a temperature of 45 °C, and the use of a total of 2 grams of adsorbent 

material. Kinetic studies revealed that the adsorption of nitrate by nanoparticles followed the 

pseudo-second-order model. Moreover, Langmuir isotherms fit well with the adsorption 

isotherm data. Natural Ca(OH)₂ and zeolite, characterized by cost-effectiveness and widespread 

abundance, have the capacity to be used as adsorbents for nitrate adsorption. 
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