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Abstract 
A Zeolitic imidazolate framework-8 (ZIF-8) was synthesized by the solvothermal method of zinc 

nitrate  hexahydrate and 2-methylimidazole in DMF to remove Cd(II), Ni(II), and Pb(II) ions from 
aqueous solutions. The synthesized ZIF-8 was distinguished by XRD, FT-IR, BET, SEM, EDX, TEM 
methods. Several significant variables were optimized with response surface methodology (RSM) to 
obtain the highest removal of metal ions. According to the achieved results, the aqueous solution pH 
values of 6.5, 6.5, and 6.0, ZIF-8 dosages of 0.05, 0.06, and 0.05 g⸳L-1, and metal ions initial concentrations 
of 50, 60, and 60 mg⸳L-1 were chosen as the optimum amount of these variables for Cd(II), Ni(II), 
and Pb(II) ions adsorption from solution, respectively. The equilibrium time for metal ions adsorption 
was found at 50 min. Three-dimensional plots demonstrate relationships between the metal ion uptakes 
with the paired factors, which illustrate the behavior of the sorption system in a batch process. Based 
on the experimental results and model parameters, maximum adsorption efficiencies were achieved 
89.76, 72 and 68.43% for Cd(II), Ni(II) and Pb(II), respectively. It can be suggested that the synthetized 
ZIF-8 has excellent potential as an effective adsorbent and used for heavy metal sorption from water 
environment. 

1. Introduction 
 

The environment has been heavily polluted by contaminating 
water resources due to the rapid growth of industry and agriculture. 
The pollution of water resources from the indiscriminate disposal of 
heavy metals has been causing worldwide concern for many decades 
and has garnered increasing attention. Heavy metals are among the 
water pollution sources that are highly toxic to human health [1-3]. 
Therefore, they must be removed from wastewater to protect public 
health. Although many heavy metals are critical to biological systems 
[4], exceeding the provisional maximum tolerable daily intake can 
cause toxicity for ecological, evolutionary, nutritional and environmental 
reasons [5]. Heavy metal ions, such as Cd(II), Ni(II), Pb(II), Cr(VI), 
As (III), Cu(II), Hg(II), etc. are highly water soluble, toxic and have 
the ability to migrate that must be removed from wastewater before 
they are released into the environment [6,7]. Several conventional 
methods have been developed to remove them from wastewater 
as well as in water purification [8]: adsorption, ion-exchange, solvent 
extraction, chemical precipitation, membrane filtration, bio-adsorption, 
electrodialysis, coagulation and flocculation, flotation, and electro-
chemical treatment. Among these methods, adsorption is widely 
applied for its benefits, such as low cost, high efficiency, simple 
design, and selectivity for removing heavy metals at very low 
concentrations. Zeolitic imidazolate frameworks (ZIFs), as a member 
of the crystalline porous frameworks coordinated by Zn2+ and 

2-methylimidazole, are widely used in gas separation, heterogeneous 
catalysis, separation of organic chemicals, and adsorption; it has 
advantages such as being highly porous, having large pore volume 
and high specific surface area, and exceptional chemical and thermal 
stabilities [9]. Therefore, ZIFs can be considered a promising candidate 
for selective adsorption and wastewater treatment. In recent years, 
metal-organic frameworks have been employed extensively as a new 
adsorbent for removing heavy metal from aqueous solutions. The 
adsorption mechanism for metal ions includes ion exchange, 
coordination reaction, and hybrid of them. For metal ions (Mn+) with 
the same atomic number as zinc, Zn2+ in ZIF-8 can be easily replaced 
by Mn+. If the valence electron layer structure of Zn2+ is more stable 
than that of Mn+, the chemical coordination ability of Mn+ is stronger 
than that of Zn2+, and as a result, the coordination reaction will 
occur between Mn2+ and the nitrogen atom on 2-methylimidazole 
[10]. Niknam Shahrak et al. [11] synthesized ZIF-8 by a precipitation 
method and used it to remove chromium (VI) ions from an aqueous 
solution. They stated that the neutral environment (pH=7) was more 
favorable for Cr(VI) removal by ZIF-8 microcrystals. Wang et al. 
[12] synthesized ZIF-8 by a precipitation method used in removing 
copper (II) ions from an aqueous solution. They indicated that ZIF-8 
nanocrystals demonstrated an unexpectedly high adsorption capacity 
of Cu2+ and high removal efficiency for both high and low concentrations 
of Cu2+ from water. Tanihara et al. [13] synthesized monodisperse 
ZIF-8 fine particles by a precipitation method in the presence of 
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a nonionic surfactant and used it to remove Pb2+ and Cu2+ ions. 
According to their results, the Pb2+ and Cu2+ removal occurred through 
the adsorption mechanism and ion-exchange phenomenon, respectively. 
ZIF-8 is one of the most stable structures among MOF materials in 
aqueous solutions, which can be prepared through different synthesis 
routes, such as solvo-hydro thermals [14,15], microwave-assisted 
[16], sonochemical [17], mechanochemical [18], dry-gel [19], and 
microfluidic [20]. Among them, the solvo-hydro thermal methods are 
preferred due to the good yields and purity of the produced ZIFs. 
It was necessary to consider and optimize several variables that 
could affect the adsorption process to obtain the highest adsorption 
efficiency. In most of the previous studies, optimizing effective 
parameters involved repetitive changes of one independent variable 
while maintaining all others at fixed levels, which was time-consuming 
and expensive. This method of optimizing could not determine the 
magnitudes of interactions among the process variables, but this 
study employed Response Surface Methodology (RSM) based on 
central composite design (CCD) technique to optimize the adsorption 
of heavy metal ions from aqueous solution onto ZIF-8. CCD and RSM 
were applied as experimental strategies for modeling and optimizing 
the values of some effective parameters on the removal of heavy metals 
from wastewater. Furthermore, the influence of the interactions between 
the parameters was well identified; the time and the number of tests 
were also optimized using the experimental design.  

In the present study, ZIF-8 was synthesized with solvothermal 
method using zinc nitrate as the metal source and 2-methylimidazole 
as the organic ligand in the presence of the dimethylformamide  
(DMF) as solvent and used for the adsorption of Cd(II), Ni(II), and 
Pb(II) ions from aqueous solution under batch conditions. As a result, 
synthesized ZIF-8 demonstrate the highest removal efficiency of Cd2+ 
over other heavy metal ions.  
 
2.  Experimental 
 
2.1  Materials and Measurements 
 

All chemicals and reagents with analytical grade obtained from 
the Sigma-Aldrich and Merck  companies and were used as received 
without any further purification. Many tests were applied to characterize 
the synthesized ZIF-8 comprehensively. The functional groups of 
the synthesized materials were investigated using an FT-IR spectrometer 
(AVATAR, Thermo Nicolet Co., USA). FE-SEM analyze was used 
to observe the morphological structure of the prepared ZIF-8. EDX 
elemental analysis was carried out with a TESCAN VEGA3 microscope 
at an accelerating voltage of 30 kV. The composition or amount of 
nanoparticles near and at the surface was estimated using EDX. 
The XRD measurement was done using a Philips PW1730 X-ray 
diffractometer (Cu Kα, 40 kV, 30 Ma, λ= 1.54056 Ǻ) to recognize 
the crystal structure of the synthesized ZIF-8. BET analysis (Belsorp 
mini II, Microtrac Bel Corp Company, Japan) was used to determine 
the specific surface area and pore size distribution measurement 
through N2 adsorption/desorption at 77 K. The TEM images were 
obtained using a Philips CM-10 TEM microscope (100 kV) to 
determine the particle size, shape, and distribution.  This analysis was 
performed under argon atmosphere with a heating rate of 10°C min-1. 
An atomic absorption spectrometer (AAS, VARIAN AA240, USA) 

was applied to determine the concentration of heavy metal ions after 
adsorption on synthesized ZIF-8. 

 
2.2  Statistical software 
 

Essential Regression and Experimental Design for chemists and 
Engineers (EREGRESS), MS Excel Add-in software, was used to 
design the experiments and model and analyze the results.  

 
2.3  Synthesis of ZIF-8 
 

The ZIF-8 was synthesized following a solvothermal method in 
the literature procedure [21]. Briefly, 1.88 g zinc nitrate hexahydrate 
was dissolved in 15 mL of N,N-dimethylformamide  (DMF) as solvent. 
In the following, this solution was added into a Teflon-lined autoclave 
containing 2-methylimidazole solution (0.43 g 2-methylimidazole 
in 15 ml DMF). Afterwards, the autoclave heated at 140 ºC for 24 h 
to produce the white crystals of ZIF-8 and then  cooled at a rate of 
0.4℃ min-1 to room temperature. The crystals were collected by 
filtration, washed with chloroform, and dried in the air. Before adsorption 
process, the residual solvents  were dried under vacuum at 200℃ for 
at least 6 h, yielding 0.20 g of crystals. 

 
2.4  Batch adsorption experiments 
 

The adsorption of lead, cadmium, and nickel on ZIF-8 was studied 
using the batch process. For each experimental run, a 100 mL aqueous 
solution of the known concentration of Pb(II), Cd(II), and Ni(II) 
was poured into a conical flask containing a certain  amount of 
adsorbent. These flasks were agitated with a temperature-controlled 
shaker at a constant rate of 300 rpm.  

The effect of the initial concentration of heavy metal ions, pH 
of solution, adsorbent dosage, and contact time on the adsorption 
performance of ZIF-8 was investigated. Pb(NO3)2·4H2O, Cd(NO3)2·4H2O, 
and Ni(NO3)2·4H2O were used as the sources of Pb(II), Cd(II), and 
Ni(II), respectively. In this process, the initial metal ion concentration 
varied over a range of 10 mg⸳L-1 to 100 mg⸳L-1. The effect of pH on the 
adsorption was investigated in a pH range of 3.0 to 9.0 and the effect 
of adsorbent dosage was studied by varying the dosage from 0.01 g⸳L-1 
to 0.05 g⸳L-1. The samples were taken at 5-120 min to determine optimal 
contact time. Then, the supernatants were centrifuged at 300 rpm for 
10 min, and the filtrate was analyzed for Pb(II), Cd(II), and Ni(II) 
concentration by AAS. The removal efficiency (% adsorption) was 
calculated using the following relation (Equation. 1).  

 
    𝑅𝑅emoval efficiencey (%)= C0-Ce

C0
 ×100    (1) 

 
Where C0 and Ce represent the initial and equilibrium metal ions 
concentrations (mg/L) in the solution, respectively. 
 
2.5  Central composite design (CCD) 

 
Central composite design (CCD) was employed to investigate and 

optimize the experimental variables in the adsorption of Cd(II), 
Ni(II), and Pb(II). Four independent factors, including the initial 
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concentration of metal ion (F1), pH (F2), adsorbent dosage (F3), and 
contact time (F4), were studied at five levels with four repetitions 
at the central point using a circumscribed CCD. High (coded value: 
+1.607) and low (coded value: -1.607) set points were selected for 
each of the four studied factors, as shown in Tables 1(a-c) for Cd(II), 
Ni(II), and Pb(II), respectively. Also, Tables 2(a-c) show the coded and 
real values of the designed experiments based on CCD methodology 
achieved using EREGRESS software for Cd(II), Ni(II), and Pb(II), 
respectively. 

Polynomial equations and response surfaces for a particular response 
were created using EREGRESS. For an experimental design with 
four factors, the linear, quadratic, and cross-terms models can be 
expressed as Equation 2: 

 
Response  =  b0 + (b1 × F1) + (b2 × F2) + (b3 × F3) + (b4 × F4) +        (2) 
(b5 × F1 × F1) + (b6 × F2 × F2) + (b7 × F3 × F3) + (b8 × F4 × F4) +  
(b9 × F1 × F2) + (b10 × F1 × F3) + (b11 × F1 × F4) + (b12 × F2 × F3) +  
(b13 × F2 × F4) + (b14 × F3 × F4)  

 
Where F1-F4 are the variable parameters and b0-b14 are the 

coefficient values obtained through multiple linear regression (MLR) 
using EREGRESS. The response surface plots were achieved through 
a statistical process that described the design and the modeled CCD 
data. The response surface methodologies graphically demonstrated 
the relationships between the parameters and responses, providing 
a way to obtain an optimum [22-25]. The statistical significance of the 
predicted models was appraised by the analysis of variance (ANOVA) 
and least-squares techniques. ANOVA determines which factors 
significantly affect the studied response variables using Fisher’s 

statistical test (F-test). The significance and the magnitude of the 
estimated coefficients of each variable and all their possible interactions 
on the response variables were determined. Such coefficients for each 
variable represented the improvement in the response; the variable 
setting was expected to change from low to high. Effects with less than 
95% of significance (with a p-value higher than 0.05) were discarded 
and pooled into the error term. A new analysis of variance was performed 
for the reduced model [22]. Note that the p-value represented a 
decreasing index of the reliability of a result. Replicates (n=4) of the 
central points were performed to estimate the experimental error. 

 
3.  Results and discussion 
 
3.1  Characterization of ZIF-8 
 
3.1.1  Field emission Scanning electron microscopy (FE-SEM) 
 

FE-SEM is a powerful instrument for investigating the size of 
the materials and revealing important information on surface 
morphology. As seen in Figure 1, the octahedral crystals of the 
synthesized ZIF-8 were visible and had some cavities in their structure 
capable of uptaking metal ions [26,27]. Since the synthesized ZIF-8 
has the highest efficiency in adsorbing Cd(II), only the FE-SEM 
images of the ZIF-8 after Cd(II) adsorption in optimal conditions 
are presented in Figure 2. After adsorption, the octahedral crystal 
structure of the ZIF-8 is conserved. Although the amount of cavities 
in the structure that have the ability to uptaking the metal ions has 
decreased significantly. 

 
Table 1(a). The variables and values used for a central composite design for Cd(II). 
 
Coded factor levels 
Variable name -1.607(low) - 0.8           0          +0.8        +1.607(high) 
F1 initial concentration (mg⸳L-1)           10                       22.5          35          47.5              60 
F2 pH   3                  4.75          6.5          8.24              10 
F3 adsorbent dosage (g⸳L-1)                   0.01 0.023 0.035 0.047 0.06 
F4 contact time (min)       5 33.87 62.5 91.125 120 
 
Table 1(b). The variables and values used for a central composite design for Ni(II). 
 
Coded factor levels 
Variable name -1.607(low) - 0.8           0          +0.8        +1.607(high) 
F1 initial concentration (mg⸳L-1)           5 20 35 50 65 
F2 pH   4 5 6 7 8 
F3 adsorbent dosage (g⸳L-1)                   0.01 0.025 0.04 0.055 0.07 
F4 contact time (min)       5 18.75 32.5 46.25 60 
 
Table 1(c). The variables and values used for a central composite design for Pb(II). 
 
Coded factor levels 
Variable name -1.607(low) - 0.8           0          +0.8        +1.607(high) 
F1 initial concentration (mg⸳L-1)           10 22.5 35 47.5 60 
F2 pH   4 5 6 7 8 
F3 adsorbent dosage (g⸳L-1)                   0.01 0.023 0.035 0.047 0.06 
F4 contact time (min)       5 26.25 47.5 68.75 90 
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Table 2(a). List of CCD experiments for model optimization (coded values) in the adsorption of Cd(II). 
 
Factor levels      
Design points F1 F2 F3 F4 Response (%) 
1 -0.8 0.8 -0.8 0.8 63.91 
2 0.8 0.8 -0.8 0.8 76.00 
3 -0.8 0.8 -0.8 -0.8 55.00 
4 0.8 -0.8 -0.8 0.8 71.40 
5 -0.8 -0.8 0.8 -0.8 63.50 
6 -0.8 0.8 0.8 0.8 76.23 
7(cp) 0.0 0.0 0.0 0.0 83.12 
8 -0.8 -0.8 -0.8 0.8 58.98 
9 0.0 1.607 0.0 0.0 73.00 
10 0.0 0.0 0.0 -1.607 59.34 
11 0.0 0.0 0.0 1.607 86.00 
12(cp) 0.0 0.0 0.0 0.0 82.00 
13 0.8 0.8 -0.8 -0.8 71.34 
14(cp) 0.0 0.0 0.0 0.0 82.00 
15(cp) 0.0 0.0 0.0 0.0 82.50 
16 -0.8 -0.8 0.8 0.8 75.23 
17 0.8 0.8 0.8 -0.8 81.65 
18 0.8 -0.8 0.8 0.8 82.00 
19 0.0 0.0 -1.607 0.0 55.43 
20 0.8 0.8 0.8 0.8 89.76 
21 -1.607 0.0 0.0 0.0 58.54 
22 -0.8 0.8 0.8 -0.8 70.65 
23 0.0 -1.607 0.0 0.0 54.65 
24 1.607 0.0 0.0 0.0 86.30 
25 0.0 0.0 1.607 0.0 87.00 
26 -0.8 -0.8 -0.8 -0.8 47.80 
27 0.8 -0.8 -0.8 -0.8 58.00 
28 0.8 -0.8 0.8 -0.8 72.40 
 (cp) indicates four repetitions of center points 
 
Table 2(b). List of CCD experiments for model optimization (coded values) in the adsorption of Ni(II). 
 
Factor levels      
Design points F1 F2 F3 F4 Response (%) 
1 0.0 0.0 -1.607 0.0 34.45 
2 0.8 0.8 0.8 -0.8 56.52 
3 0.8 0.8 0.8 0.8 72.32 
4 0.8 0.8 -0.8 0.8 58.02 
5 0.0 1.607 0.0 0.0 38.23 
6 -0.8 -0.8 -0.8 0.8 40.04 
7 0.8 -0.8 -0.8 -0.8 42.26 
8 0.0 0.0 0.0 1.607 56.23 
9(cp) 0.0 0.0 0.0 0.0 52.45 
10 -1.607 0.0 0.0 0.0 42.65 
11 -0.8 0.8 0.8 0.8 58.34 
 12(cp) 0.0 0.0 0.0 0.0 52.65 
13 -0.8 0.8 -0.8 -0.8 35.21 
14 0.0 -1.607 0.0 0.0 35.23 
15 -0.8 -0.8 -0.8 -0.8 30.14 
16 -0.8 -0.8 0.8 0.8 53.07 
17 0.8 -0.8 -0.8 0.8 55.74 
18 0.8 0.8 -0.8 -0.8 49.43 
19 -0.8 -0.8 0.8 -0.8 54.84 
20 1.607 0.0 0.0 0.0 72.00 
21(cp) 0.0 0.0 0.0 0.0 52.46 
22(cp) 0.0 0.0 0.0 0.0 52.37 
23 -0.8 0.8 0.8 -0.8 47.34 
24 0.8 0.8 0.8 -0.8 62.54 
25 0.8 -0.8 0.8 0.8 62.28 
26 0.0 0.0 1.607 0.0 58.34 
27 0.0 0.0 0.0 -1.607 37.24 
28 -0.8 0.8 -0.8 0.8 45.24 
 (cp) indicates four repetitions of center points 
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Table 2(c). List of CCD experiments for model optimization (coded values) in the adsorption of Pb(II). 
 
Factor levels      
Design points F1 F2 F3 F4 Response (%) 
1 0.8 0.8 -0.8 0.8 55.34 
2 0.8 -0.8 0.8 0.8 64.34 
3 0.8 -0.8 0.8 -0.8 52.45 
4 0.8 0.8 0.8 -0.8 56.45 
5(cp) 0.0 0.0 0.0 0.0 59.33 
6 0.8 0.8 -0.8 -0.8 45.61 
7 -0.8 0.8 -0.8 0.8 48.16 
8 0.0 1.607 0.0 0.0 49.43 
9 -0.8 0.8 0.8 0.8 59.45 
10 -0.8 0.8 0.8 -0.8 46.53 
11 0.0 -1.607 0.0 0.0 35.37 
12 0.0 0.0 1.607 0.0 68.43 
13 0.8 0.8 0.8 0.8 66.89 
14(cp) 0.0 0.0 0.0 0.0 60.20 
15 0.8 -0.8 -0.8 0.8 49.21 
16 0.0 0.0 0.0 1.607 65.47 
17 -1.607 0.0 0.0 0.0 42.36 
18 0.0 0.0 -1.607 0.0 38.68 
19(cp) 0.0 0.0 0.0 0.0 59.21 
20(cp) 0.0 0.0 0.0 0.0 57.21 
21 0.0 0.0 0.0 -1.607 38.00 
22 1.607 0.0 0.0 0.0 64.43 
23 -0.8 -0.8 0.8 -0.8 42.78 
24 -0.8 -0.8 -0.8 0.8 47.45 
25 -0.8 -0.8 -0.8 -0.8 39.13 
26 -0.8 -0.8 0.8 0.8 54.37 
27 0.8 -0.8 -0.8 -0.8 44.31 
28 -0.8 0.8 -0.8 -0.8 39.43 
 (cp) indicates four repetitions of center points 

 

 

Figure 1. FE-SEM images of synthesized ZIF-8 at different magnification scale. 
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Figure 2. FE-SEM images of synthesized ZIF-8 after adsorption of Cd(II) at different magnification scale. 
 

 

Figure 3. FTIR spectra of ZIF-8 (a) before adsorption (b) after adsorption 
of Cd(II) (c) after adsorption of pb(II) (d) ZIF-8 after adsorption of Ni(II), 
and (e) 2-methyleimidazole. 

3.1.2  Fourier transform infrared spectroscopy (FT-IR) 
 
The FTIR spectra of ZIF-8 before and after adsorbing ion metals 

are shown in Figure 3(a-d); the FT-IR spectrum for the synthesized 
ZIF-8 is demonstrated in the wavenumber range of 500 cm-1 to 

4000 cm-1. As seen in Figure 3(a), the bands at 3130 cm-1 and 2920 cm-1 

were due to the stretching vibrations of C-H bonds in the aromatic ring 
in the imidazole and aliphatic chain in 2-methylimidazole, respectively. 
The band at 1600 cm-1 was attributed to the stretching mode of C=N 
bonding. The bands at 600 cm-1 to 1500 cm-1 were related to the stretching 
and bending modes of the imidazole ring. Finally, the adsorption peak 
at 422 cm-1 showed the Zn-N bond stretching when the zinc atoms 
in ZIF-8 connected to the nitrogen atoms of the 2-methylimidazole 
linker during ZIF-8 synthesis. The presence of an imidazole group and 
Zn-N interaction was confirmed by the Fourier-transform infrared 
spectra of ZIF-8, which confirmed that the synthesis of ZIF-8 crystals 
was in good agreement with the reported ones [28,29]. The FTIR 
spectra of ZIF-8 before and after ion metals adsorbing were different. 
As shown in Figures 3(b-d), after the interaction between the ion metal 
and adsorbent, two new peaks were observed at 500 cm-1 and 1380 cm-1, 
which demonstrated that M (M=Cd(II), Ni(II) and Pb(II)) were 
coordinated with the nitrogen atom on 2-methylimidazole. Meanwhile, 
the peaks in the range of 2800 cm-1 to 3200 cm-1 were weakened. 
Regarding the preservation of the ZIF-8 framework, it could be said 
that adsorption was the main process involved in these three metal ions 
removal. In addition to adsorption, ion exchange also occurred for 
Ni(II), and the appearance of a wide peak in the region of 3300 cm-1 to 

3700 cm-1 attributable to zinc oxide confirmed this. The amount of 
ion exchange for the Cd(II) and Pb(II) ions occurred with less intensity 
than Ni(II). 

https://www.sciencedirect.com/topics/earth-and-planetary-sciences/imidazole
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3.1.3  X-ray diffraction XRD  
 
The XRD pattern of the crystalline structure of the synthesized 

ZIF-8 is presented in Figure 4. The stronger peaks at 2θ = 7.4, 10.6, 13.1, 
15.1, 16.6, and 18.2 correspond to planes 110, 200, 211, 220, 310, 
and 222, respectively, indicating high crystallinity of the prepared 
ZIF-8 [30, 31].  
 
3.1.4  Brunauer-Emmet-Teller (BET)  

 
Figure 5 and Table 3, present the N2 adsorption/desorption isotherms 

and pore characteristics of the synthesized ZIF-8. A Type I isotherm 
indicated the microporosity nature of the synthesized ZIF-8. At low 
values of P/P0, the adsorption rate of N2 gas on the surface of the 
synthesized ZIF-8 was very high and gradually decreased due to the 
filling of the pores. Very small steps at higher pressure with a hysteresis 
loop were representative of the existence of large mesopores between 
the adjacent ZIF-8 crystalline particles. The measured BET and 
Langmuir surface areas of the synthesized ZIF-8 were 703.4 m2⸳g-1 
and 827.3 4 m2⸳g-1, respectively, with a mean pore diameter of 1.2 nm 
and total pore volume of 0.34 cm3⸳g-1, which were in good agreement 
with another reported isotherm [32,33]. 

 
3.1.5  Energy Dispersive Spectroscopy EDS 

 
The EDS analysis of the synthesized ZIF-8 is shown in Figure 6.  

As can be seen, C, N, and Zn elements were present in ZIF-8. Also, 
the elemental mapping analysis confirmed the EDXS data and 
homogeneous dispersion of C, N, and Zn elements near and at the 
surface of the adsorbent. The N atoms found in the structure of the 
synthesized ZIF-8 came from the 2-methylimidazole ligand [34-36]. 
The EDS analysis of the ZIF-8 after Cd(II) adsorption also shows 

the uniform distribution of C, N, and Zn elements and confirms the 
adsorption of cadmium (Figure 7). 

 

 

Figure 4. XRD pattern of the synthesized ZIF-8. 
 

 

Figure 5. Nitrogen adsorption/desorption isotherm of synthesized ZIF-8..

  

 

Figure 6. Energy dispersive spectra and elemental mapping of C, Zn, and N for ZIF-8. 
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Figure 7. Energy dispersive spectra and elemental mapping of C, Zn, N, and Cd for ZIF-8 after adsorption of Cd(II). 
  

Table 3. The results obtained by BET analysis of ZIF-8. 
 
BET surface area  
(m2⸳g-1) 

Langmuir surface area  
(m2⸳g-1) 

Mean pore diameter  
(nm) 

Total pore volume  
(cm3⸳g-1) 

703.41 827.38 1.2513 0.3428 
 
3.1.6  Transmission electron microscopy TEM 

 
In order to provide an image of the bulk synthesized ZIF-8 and 

also show its 3-dimensional shape, the structure of the synthesized 
ZIF-8 was characterized by TEM [37,38]. The images are presented 
in Figure 8, showing particles with nano size and sharp hexagonal 
faces. The particles were 12 nm to 30 nm in diameter, which agreed 
with the FE-SEM observation (Figure 1). 
 
3.2  Experimental design     

 
The adsorption of the samples was collected as a response to 

optimize four independent factors, namely the initial concentration 
of the metal ion (F1), pH (F2), adsorbent dosage (F3), and contact time 
(F4). Tables 1-2, show the levels of coded and real experimental variables 
that were tested. In addition, Table 2 presents the corresponding response 
of each run. The goals of the CCD strategy included the following: 
(i) study the effect of pH, initial concentration of metal ions, adsorbent 
dosage, and contact time on the adsorption of Cd(II), Ni(II), and Pb(II); 
(ii) identify the variables that had a higher impact on the adsorption 
procedure; (iii) give insight into the robustness of the technique 
close to the optimum conditions; and (iv) show the interactions between 
the variables [39,40]. A full quadratic model, including all terms of 
Equation (2), was used to find the critical factors and build a model 
to optimize the method. To achieve a simple and yet realistic model, 
the insignificant terms (p > 0.05) were eliminated from the model 
through the ‘backward elimination’ process. Using all 15 terms of 
Equation 2, the constructed model showed a relatively good fit. A 

regression coefficient (R2) for calibration close to one was obtained for 
this model. Some of these 15 regression variables were insignificant or 
of low significance and were eliminated from the model. In statistical 
modeling, R2 always decreases when a regression variable is eliminated 
from a regression model, and the adjusted R-squared (R2adj) is usually 
selected by considering  the number of regression variables. Also, 
the predicted R-squared (R2pred), which shows the model’s predictive 
power, is chosen for the same reason. This parameter is approximated 
using the predicted residual error sum of squares (PRESS) calculated 
from the residuals that is based on a regression model with one data 
point eliminated. So, the three coefficients of R2, R2adj, and R2pred 
together provide a quick impression of the overall fit of the model 
and the predictive power based on the one data point eliminated. In 
an appropriate model, these parameters should not be too different 
from each other. However, every data point is likely influential for 
the small data sets. A high value for R2pred cannot be expected in these 
cases. By eliminating the insignificant parameters from Equation 2, 
the final amount of R2 decreased to 0.983, 0.959, and 0.939 for Cd(II), 
Ni(II), and Pb(II), respectively. But R2adj: R2pred increased to nearly 
0.973:0.935, 0.945:0.862, and 0.914:0.791 for Cd(II), Ni(II), and 
Pb(II), respectively. The obtained reduced models using the significant 
linear, quadratic, and interaction parameters are shown in Tables 4-6 
for Cd(II), Ni(II), and Pb(II), respectively. It should be mentioned that 
the regression equations were achieved using the uncoded values of 
the parameters. There were no significant differences between the R2 
values, which revealed that the experimental data exhibited a good 
fit with the third-order polynomial equations. 

 



KHOSRAVI, A., et al. 

J. Met. Mater. Miner. 33(2). 2023    

96 

3.3  Response surface and selection of optimum conditions 
 
In order to obtain insight into the effect of each variable, three-

dimensional (3D) plots for the predicted responses were prepared 
based on the model function to analyze the change of the response 
surface. Figure 9-11, show some of the response surface plots that 
revealed the relationship between two variables and the adsorption 
of the samples, while two other variables were kept at medium levels. 
As shown in the figures, there was a non-linear relation between the 
response and variables F1–F4 because the surface plots of the response 

were curves. Several linear, squared, and statistically significant 
interaction parameters are shown in Table 4-6; the selection of 
optimum conditions for the method was possible using the response 
surface plots. The plots showed the interaction between the mentioned 
factors when the remaining factors were fixed at a central point. The 
results showed a pronounced adsorption dependency on all of the 
investigated experimental factors, the initial concentration of metal 
ion (F1), pH (F2), adsorbent dosage (F3), and contact time (F4), 
which significantly affected the adsorption modeling by both linear 
and quadratic variables. 

Table 4. Some characteristics of the constructed models to obtain an optimized system for adsorption of Cd(II) on ZIF-8. 
 
Regression equation  Coefficients  values  P values 
  b0 -99.82  5.7007E-08 
Adsorption = b0 + b1*Conc + b2*pH + b3*Dosage + b4*Time +  b1 1.366  1.9453E-05 
b5*Conc*Conc + b6*Conc*pH + b7*pH*pH + b8*pH*Time +  b2 22.18  2.9725E-09 
b9*Dosage*Dosage + b10*Time*Time  b3 1858.2  1.1902E-08 
   b4 0.712  3.5545E-07 
   b5 -0.01642  6.6247E-06 
|R|                                           0.992  b6 0.04191  0.07931 
R2                                           0.983  b7 -1.539  1.3790E-09 
R2adj                                      0.973  b8 -0.02317  0.02970 
R2pred                                    0.935  b9 -18348.7  1.6311E-06 
No. points                                    28  b10 -0.00303  8.9460E-06 
 
Table 5. Some characteristics of the constructed models to obtain optimized system for an adsorption of Ni(II). 
 
Regression equation  Coefficients  values  P values 
  b0 -130.41  2.13402E-06 
Adsorption = b0 + b1*pH + b2*Dosage + b3*Time +   b1 42.93  8.91296E-07 
b4*Conc*Conc + b5*pH*pH + b6*Dosage*Dosage +   b2 749.07  0.000628 
b7*Time*Time  b3 0.666  0.00139 
   b4 0.00670  1.5817E-11 
   b5 -3.391  1.81637E-06 
|R|                                           0.979  b6 -4332.6  0.07066 
R2                                           0.959  b7 -0.00471  0.09671 
R2 adjusted                                0.945      
R2 for prediction                                                   0.862      
No. points                                    28      
 
Table 6. Some characteristics of the constructed models to obtain an optimized system for adsorption of Pb(II). 
 
Regression equation  Coefficients  values  P values 
  b0 -169.40  1.64492E-06 
Adsorption = b0 + b1*Conc + b2*pH + b3*Dosage +   b1 0.929  0.00258 
b4*Time + b5*Conc*Conc + b6*pH*pH +  b2 50.98  7.89988E-07 
b7*Dosage*Dosage + b8*Time*Time  b3 1020.2  0.00119 
   b4 0.627  9.1972E-05 
   b5 -0.00844  0.03723 
|R|                                           0.969  b6 -4.068  1.38054E-06 
R2                                           0.939  b7 -8188.0  0.04270 
R2 adjusted                                0.914  b8 -0.00384  0.00832 
R2 for prediction                                                   0.791      
No. points                                    28      

 
Table 7. Range of optimum conditions obtained by response surface modeling for metal ions removal and their corresponding selected values. 
 
Metal ion Condition Concentration  

(mg⸳L-1) 
pH Dosage of ZIF-8 (g⸳L-1) Contact time 

(min) 
Cd(II) Optimum values                45-55 6.1-6.8 0.045-0.055 55-60 
 Selected values 50 6.5 0.05 50 
Ni(II) Optimum values                  60-65 6-6.5 0.06-0.07 45-60 
 Selected values 60 6.5 0.06 50 
Pb(II) Optimum values                  50-60 5.8-6.2 0.04-0.06 50-90 
 Selected values 60 6 0.05 50 
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3.3.1  Effect of pH 
 
The pH of solution is one of the most important factors in the 

adsorption of metal ions. The effect of pH on the adsorption of Cd(II), 
N(II) and Pb(II) onto synthesized ZIF-8 was investigated at the pH 
range of 3 to 9 (Figure 9-11). In these figures, the adsorption efficiency 
dramatically increased by increasing the pH; it reached a maximum 
at pH 6 to 6.5 and then decreased. Based on the results, ion adsorption 
increased at pH 2 to 6 due to an increase in the positive charge density 
on the surface sites; thus, electrostatic repulsion occurred between 
the ions and the edge group with a positive charge on the surface. 
Also, with the increase of a pH higher than 5.5, the competing effect 

of H+ ions decreased, and the positively charged metal ions connected 
to the free binding sites. Hence, the metal ion uptake increased on the 
surface of the adsorbent with the increase in pH [41,42]. At pH values 
higher than 7, metal precipitation occurred, and the adsorbent capacity 
decreased with the accumulation of metal ions [43,44]. Based on 
the results and shown in Table 7, the range of pH from 6.1 to 6.8, 
6 to 6.5, and 5.8 to 6.2 were selected as the optimum pH values for 
further studies of Cd(II), Ni(II), and Pb(II) metal ion removal by 
synthesized ZIF-8, respectively. According to these results, the pH 
values of 6.5, 6.5, and 6.0 were chosen as the optimum amount of 
solution pH for Cd(II), Ni(II), and Pb(II) metal ion adsorption from 
solution, respectively.

 

Figure 9. Response surface of full quadratic model between removal and variables to obtain an optimized system for adsorption of Cd(II) on synthesized 
ZIF-8; initial concentration of metal ion (F1), pH (F2), adsorbent dosage (F3) and contact time (F4).
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3.3.2  Effect of adsorbent dosage 
 

The adsorbent dosage is the key factor affecting the heavy metal 
ion adsorption efficiency. Hence, the adsorbent dosage in the range 
of 0.01 g⸳L-1  to 0.07 g⸳L-1 was investigated. The adsorption process 
and the adsorbent properties, such as surface area, cavities shape, and 
porosity, had a punctual effect on the adsorption efficiency. As shown in 
Figures 9-11, increasing the adsorbent dosage led to a higher adsorption 
efficiency of the heavy metal ions. When the adsorbent dosage reached 
more than 0.05 g⸳L-1, the adsorption did not significantly increase 
by ZIF-8 increment. This can be due to the agglomeration of the 
particles which leading to a decrease in the total surface area of the 
adsorbent [45,46]. According to the results, 0.05, 0.06, and 0.05 g⸳L-1 

of synthesized ZIF-8 were chosen as the optimum amount of adsorbent 
for Cd(II), Ni(II), and Pb(II) metal ion adsorption from solution, 
respectively. 

 

3.3.3  Effect of contact time 
 
The role of contact time as an effective parameter on the adsorbed 

amount of Cd(II), Ni(II), and Pb(II) ions by the synthesized ZIF-8 
in the range of 5 min to 120 min at room temperature was studied. 
The results are shown in Figure 9-11. It can be seen that the adsorption 
yield of heavy metal ions increased rapidly with the contact time 
because the vacant adsorption sites were abundant [47-49]. Based 
on the results, the contact times from 55 to 60, 45 to 60, and 50 to 90 
were selected as the optimum contact time values for further experimental 
studies of Cd(II), Ni(II), and Pb(II) metal ion removal by synthesized 
ZIF-8, respectively. As can be expected, after a while, the lack of an 
active site led to a decreased adsorption rate, and finally, equilibrium 
was attained. Hence, the equilibrium time for metal ion adsorption 
was found to be 50 min, for all studied metal ions. After this time, 
no significant change in adsorption efficiency in the solution was 
observed. 

    

  
Figure 10. Response surface of full quadratic model between removal and variables in order to obtain optimized system for adsorption of Ni(II) on 
synthesized ZIF-8; initial concentration of metal ion (F1), pH (F2), adsorbent dosage (F3) and contact time (F4). 
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Figure 11. Response surface of full quadratic model between removal and variables in order to obtain optimized system for adsorption of Pb(II) on 
synthesized ZIF-8; initial concentration of metal ion (F1), pH (F2), adsorbent dosage (F3) and contact time (F4). 
 
3.3.4  Effect of Initial concentration 
 

Initial concentration is another notable factor in the adsorption 
process. In this study, the effect of the initial concentration of Cd(II), 
Ni(II), and Pb(II) metal ion (10 mg⸳L-1 to 60 mg⸳L-1) adsorption by 
the synthesized ZIF-8 was studied for 2 h at ambient temperature. 
As shown in Figures 9-11, the adsorption increased by increasing 
the metal ion concentration due to the increase in the driving force 
resulting from the increase of the pressure gradient concentration. 
Accordingly, at lower concentrations, the number of metal ions available 
in the solution was lower than the available sites on the adsorbent. 
Finally, adsorption was close to the saturation limit due to the finite 
active binding sites [50,51]. According to these results, the range of initial 
concentration from 45 mg⸳L-1 to 55, 60 mg⸳L-1 to 65, and 50 mg⸳L-1 to 
60 mg⸳L-1was selected as the optimum initial concentration values 
for further experimental studies of Cd(II), Ni(II) and Pb(II) metal 
ion removal by synthesized ZIF-8, respectively. 
 
 

4.  Conclusion 
 

In this study, the adsorbent ZIF-8 synthesized by the solvothermal 
method was utilized for the removal of Cd(II), Ni(II), and Pb(II) 
ions from aqueous solutions. The best conditions for removing these 
metal ions were determined with RSM based on CCD, including the 
initial concentration of the metal ions, pH, adsorbent dosage, and 
contact time. For these cases, the R2adj was well within acceptable 
limits. There were no significant differences between the R2 values, 
revealing that the experimental data exhibited a good fit with the 
third-order polynomial equations. The response surface plots showed 
the interaction between the mentioned factors when the remaining 
factors were fixed at a central point. The results showed a pronounced 
dependency of adsorption on all the investigated experimental 
variables. According to the achieved results, the aqueous solution 
pH values of 6.5, 6.5, and 6.0, adsorbent dosages of 0.05, 0.06, and 
0.05 g⸳L-1 to, and metal ions initial concentrations of 50, 60, and  
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60 mg⸳L-1 were chosen as the optimum values of these variables for 
Cd(II), Ni(II) and Pb(II) metal ion adsorption from solution, respectively. 
After 50 min, 80% of the metal ions were adsorbed from the solution, 
and hence, the equilibrium time for metal ion adsorption was 50 min. 
The characterization results of the synthesized ZIF-8 adsorbent 
using XRD, FT-IR, BET, FE-SEM/EDX, and TEM methods were 
as follows. The stronger XRD peaks at 2θ = 7.4, 10.6, 13.1, 15.1, 
16.6, and 18.2 correspond to planes (110), (200), (211), (220), (310), 
and (222), respectively, indicating a high crystallinity of the prepared 
ZIF-8. The FTIR spectra of ZIF-8 after ion metal adsorbing differed 
from those of the pristine ZIF-8. As a result, adsorption was the main 
process involved in the removal of all three metal ions by the ZIF-8 
nanocrystals. The Type I BET isotherm indicated the microporosity 
nature of the synthesized ZIF-8 with a surface area of 703.4 m2⸳g-1 

to, pore diameter of 1.2 nm, and total pore volume of 0.34 cm3⸳g-1. 
The octahedral crystals of the synthesized ZIF-8 were visible from 
the FE-SEM analysis and had some cavities in their structure capable 
of uptaking metal ions. The elemental mapping analysis confirmed 
the EDS data and homogeneous dispersion of C, N, and Zn elements 
near and at the surface of the adsorbent. The analysis of the bulk 
synthesized ZIF-8 and its 3-dimensional shape displayed particles 
with nano size and sharp hexagonal faces. Based on the results, it 
can be suggested that the zeolite imidazolate framework (ZIF-8) has 
excellent potential as an effective adsorbent and used for heavy 
metal sorption from water environment 
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