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ABSTRACT: In the present study, natural and synthetic adsorbents were used to remove nickel ions through the 

adsorption process. First, TiO2 nanoparticles (NPs) were prepared through the sol-gel method. The synthesized 

samples were then characterized using X-ray diffraction spectroscopy (XRD), Fourier transform-infrared (FTIR) 

spectroscopy, scanning electron microscopy (SEM), transmission electron microscopy (TEM), and N2 

adsorption/desorption isotherms (BET). The influences of different operational parameters including adsorbate 

content, pH, adsorbent concentration, contact time, ionic strength, and stirring speed were also explored. According to 

the results, the pseudo-second-order kinetic model showed the best performance in evaluating the experimental data 

when using both adsorbents. The adsorption of nickel cations by the thin film membrane on the surface of TiO2 NPs is 

a rate-determining step of the removal reaction. The removal rate constants of nickel ions from aqueous solutions by 

TiO2 NPs and pomegranate peel were evaluated to be 0.013 and 0.018 g mg-1 min-1, respectively. The thermodynamic 

parameters such as Gibbs free energy, enthalpy, and entropy were also determined. Nickel removal processes in all 

cases were endothermic and spontaneous. The removal mechanism also followed physical adsorption. Equilibrium 

data were fitted with Langmuir, Freundlich, Temkin, and Dubinin–Radushkevich models. The results showed that the 

adsorption of Ni2+ on TiO2 NPs and pomegranate peel followed Freundlich and Temkin isothermal models, 

respectively. Based on the calculated removal percentage, TiO2 is a better adsorbent for removing Ni2+ from the 

aqueous medium as compared to pomegranate peel. 

 

                              INTRODUCTION 

Regarding the increasing release of heavy metals into the 

environment through industrial and natural processes, the 

process of heavy metal removal has become one of the most 

important concerns [1-6]. Accumulation of metallic cations in 

the tissues of living creatures can lead to various physiological 

disorders [7-9]. Nickel is one of the toxic and non-

biodegradable heavy metals which can be found in wastewater 

[10, 11]. Industrial procedures such as mining, galvanization, 

coloring, batteries fabrication, and melting are among the 

major sources of Ni release [12, 13]. Trace levels of nickel are 

necessary for activating some enzymes in the body, but its high 

levels (above the permitted limit) in water resources can lead 

to various diseases such as lung cancer, renal and skin 

inflammation as well as gastric disorders [14-16]. Heavy 

metal-induced damages can be prevented by avoiding their 

release into the environment including the water sources [17-
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19]. Various approaches have been employed for removal and 

separation of the heavy metals from water resources among 

which, chemical and electrochemical decomposition, 

membrane and biologic processes, ionic exchange, and 

physical procedures such as reverse osmotic electrodialysis, 

solvent evaporation and extraction, and surface adsorption can 

be mentioned [20-22]. Some of these methods suffer from 

several drawbacks such as low efficiency, waste generation 

and high costs due to additional environmental problems. 

Among the mentioned methods, surface adsorption has found 

remarkable popularity due to its feasibility and improved cost-

effectiveness [23-25]. 

Regarding the significance of the treatment and recovery of the 

heavy metal-contaminated water resources, huge attempts have 

been devoted to developing efficient and inexpensive 

adsorbents with high surface area, porosity, and surface 

functional groups from the agricultural wastes [26-28]. Metal 

oxide NPs such as ferrite oxide, manganese oxide, aluminum 

oxide, and titanium oxide have been recently applied for heavy 

metal removal from the aqueous media. These metal oxides are 

more cost-effective and biocompatible compared to the other 

conventional adsorbents [29-31]. 

Titanium dioxide (TiO2) has found extensive scientific 

significance, due to its promising characteristics such as non-

toxicity, high-temperature stability, and excellent stability 

under ultraviolet radiation [32-34]. Under UV radiation, TiO2 

can exhibit photocatalytic activities [35, 36]. The behavior of 

TiO2 is highly dependent on its crystallographic structure, 

shape, and particle size [37, 38]. This metal oxide has been 

widely employed in various applications such as pigments, 

coatings, adhesives, papers, paperboards, plastics, rubbers, 

printing inks, textiles, catalysis systems, ceramics, pavements 

and coating materials, cosmetics, pharmaceuticals, water 

purifying agents, edible colors, and automobile industry [39].   

Pomegranate is one of the native fruits of Iran. Iran has the first 

rank in pomegranate production (more than one million tons 

per year). Pomegranate peel is one of the main wastes of 

pomegranate processing factories. Its low price and high 

technological and biological value have fueled a huge deal of 

studies. Pomegranate peel can be used as a low-cost, non-toxic, 

natural, reusable, high-capacity, efficient, and eco-friendly 

adsorbent for the removal of toxic pigments and heavy metals 

[40]. 

This research is thus aimed to remove Ni2+ from aqueous 

media using TiO2 and pomegranate peel adsorbents. 

Parameters such as contact time, pH, adsorbent concentration, 

ionic strength, adsorbate content were optimized. Exploring the 

best kinetic models and isotherms is also among the objectives 

of this study.  

MATERIALS AND METHODS 

Materials and equipment   

Nickel (II) nitrate (Ni(NO3)2
.6H2O, Merck, 99%), Titanium 

(IV) chloride (TiCl4, Merck, 99%), ethanol (C2H5OH, Merck, 

99.9%), hydrochloric acid (HCl, Chongqing Dongchuan 

Chemical Company, 36%), sodium hydroxide (NaOH, Tianjin 

Yongda chemical reagent Company, 96%), sodium chloride 

(NaCl, Merck, extra pure), and pomegranate peel powder were 

used in this research. Double-distilled water was also used as 

the solvent. 

This study also involved using pH-meter (781 pH/Ion Meter 

manufactured by Metrohm, Herisau Switzerland), ultrasonic 

bath (Ultrasonic-cleaner XPS 120-3L), shaker (Compact 

Shaker KS 15), laboratory oven (KSL-1700X-G  ( , atomic 

absorption spectroscopy (Pekin Elmer, AANALYST 300), and 

FTIR spectrophotometer (Perkin Elmer Spectrum ASLII PEDS 

1.60). 

Synthesis of TiO2 nanoparticles  

TiO2 NPs were synthesized through a solution-based sol-gel 

method [41, 42]. Typically, 15 mL titanium tetrachloride was 

mixed with 60 mL anhydrous ethanol within a 250-mL flask 

under vigorous stirring. Two drops of concentrated HCl were 

added to the mixture. The solution was sonicated for 75 min at 

25 °C and allowed to rest for one week at ambient temperature 

for complete gelation. The resulting gel was dried in an oven at 

120 °C and then calcined for 6 h at 350 °C. After cooling, the 

black fine powders were collected as titanium dioxide NPs.   

Adsorption experiments 

Various operational variables including contact time, pH, 

adsorbent dose, ionic strength, Ni concentration, and stirring 

rate were optimized to enhance the adsorption efficiency. The 

standard solutions of Ni2+ were prepared with different 

concentrations (10, 20, 30, 40, and 50 mg L-1) whose 

absorbance was measured by an atomic absorption 
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spectrophotometer. Then, the standard curve was constructed 

for determining the residual concentration of nickel ions. 

The effect of ionic strength was investigated. For this purpose, 

1000 mL of Ni2+ solution (100 mg L-1) was provided by 

dissolving Ni(NO3)2.6H2O in distilled water, while the solution 

pH was adjusted at 9. Regarding the cationic nature of Ni2+ 

solution, its adsorption process requires an alkaline medium. 

The solutions with various ionic strengths (0.01, 0.02. 0.03. 

0.04. 0.05. 0.06, and 0.07 mol L-1) were prepared using NaCl 

solution. 0.02 g of adsorbent was then added to each solution 

and stirred up to 140 rpm using a magnetic stirrer. Afterward, 

the solutions were filtered and centrifuged. The residual 

concentrations of the solutions were measured by an atomic 

absorption spectrophotometer. 

The ionic strength (I) can be determined by the following 

equation [43]: 

   
 

 
∑    

                                     (1) 

in which Ci shows the ion concentration [44], while Zi is the 

ionic charge of the electrolyte [44, 45]. The following equation 

can be used to assess the removal percentage of nickel ions 

[45]: 

 ( )  ((     )   ⁄ )                (2) 

where qe and qt are expressed as: 

   
(     )  

 
                                      (3) 

    
(     )  

 
                                      (4) 

in which, Ce (mg L-1) shows the equilibrium concentration of 

the adsorbate. C0 and Ct (mg L-1) are the initial and moment 

concentration of the adsorbate in the liquid phase, respectively. 

qe and qt (mg g-1) represent the adsorbate content in the 

equilibrium and an arbitrary time of t, respectively. V(L) 

represents the solution volume, while the adsorbent amount is 

shown by W (g). 

Adsorption kinetics 

5 mL of Ni2+ solution (100 mg L-1, and pH=9) was provided. 

Then, 0.02 g of each adsorbent was added into the flask 

followed by stirring at 200 rpm for 1-90 min. After specific 

intervals, the solution was filtered and centrifuged. The final 

residual concentrations of each solution were measured using 

an atomic absorption spectrophotometer.  

Effects of temperature 

To explore the effects of temperature, 0.02 g of each adsorbent 

was added to 25 mL of Ni2+ solution (100 mg L-1, pH=9) 

followed by stirring at 200 rpm at various temperatures of 25, 

35, 45, and 55 ˚C. The solutions were then filtered and 

centrifuged and their final residual concentrations were 

measured by an atomic absorption spectrophotometer. 

Isotherm experiments 

25 mL of Ni2+ solution was prepared at different 

concentrations of 25, 50, 75, 100, 125, and 150 mg L-1 and pH 

of 9. To determine the thermodynamic parameters, an 

optimized amount (0.02 g) of adsorbent was added to the 

solutions which were stirred at 200 rpm at 25, 35, 45, and 

55˚C. Afterward, the solutions were filtered and centrifuged to 

measure the residual concentration of the samples using an 

atomic absorption spectrophotometer. 

RESULTS AND DISCUSSION 

Characterization of adsorbents 

The XRD pattern of TiO2 NPs is depicted in Figure 1. The 

peaks at 2Ɵ = 25.41˚, 37.97˚, 48.11˚, 54.01˚, 55.18˚, 62.85˚, 

70.47˚, and 75.41˚ correspond to (101), (004), (200), (105), 

(211), (204), (220), and (215) planes, respectively, indicating 

the formation of TiO2 NPs whit a tetragonal crystalline 

structure (JCPDS No.21-1272) [46]. 

The Scherrer equation can be expressed by: 

(5)                           (   ) (      )⁄ 

where D shows the mean crystalline size, K denotes a 

dimensionless shape factor ( 0.9); λ represents the X-ray 

wavelength (0.15406 nm); β is the full width at half maximum 

intensity (FWHM), and θ stands for the Bragg angle [47]. The 

mean size of TiO2 NPs was approximately 12.08 nm. 
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Figure 1. XRD pattern of TiO2 nanoparticles synthesized by sol-gel method 

 
The functional groups of the samples can be determined by 

FTIR spectroscopy. According to Figure 2a, the peaks at 3200-

3500 cm-1 indicate the stretching vibrations of O-H bonds in 

ethanol. The peaks appearing at 400-500 cm-1 could be 

ascribed to the stretching vibrations of Ti-O [48]. FTIR spectra 

of the pomegranate peel can be found in Figure 2b where the 

peaks at 1000-1500 cm-1 show the presence of lignin. The 

broad band at 1500-2000 cm-1 indicates the existence of 

carboxyl groups and proteins, whereas those appearing in the 

range of 2000-2500 cm-1 can be attributed to the ester 

compounds. The C═C stretching band of the alkyne group was 

detected at 2854-2924 cm-1. The broad peaks at 3000-3500  

cm-1 also correspond to polysaccharides and water [39]. 

 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2. FTIR spectra of (a) TiO2 NPs synthesized by sol-gel method, and (b) pomegranate peel 

 
Figure 3a  depicts the hollow structure of synthesized NPs with 

an average nanoparticle size of 22.32 nm, confirming the 

successful synthesis of nanoparticles. Also, TEM results 

(Figure 3b) show the formation of the small spherical 

nanoparticles. 
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Figure 3. a) SEM and b) TEM images of TiO2 NPs synthesized by sol-gel method 
 

BET results of titanium dioxide nanoparticles showed that the 

specific surface area, pore volume, and pore size were 50.12 

m2 g-1, 0.1746 cm3 g-1, and 1.22 nm, respectively. 

Operational parameters 

The initial concentration of Ni2+ ions, pH of solutions, and 

stirring rate were the three main operational parameters that 

were explored in this study. The optimal nickel ion removal 

from aqueous media involved the initial concentration of 100 

mg L-1, solution pH of 9, and stirring rate of 200 rpm. In the 

case of TiO2 NPs, 0.02 g of adsorbent was employed for the 

contact time of 5 min. For pomegranate peel, the adsorbent 

dose and contact time were determined at 0.02 g, and 7 min, 

respectively. 

Figure 4 shows the residual concentration of Ni2+ ions versus 

ionic strength. As can be seen, the residual concentration 

increased by incrementing the ionic strength of both 

adsorbents; reflecting the high Ni2+ adsorption ability of both 

adsorbents at lower ionic strengths. The optimal ionic strength 

was near zero. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4. The effect of ionic strength on the Ni
2+

 adsorption by TiO2 NPs and pomegranate peel 

 

Kinetic and mechanism investigations 

According to the pseudo-first-order kinetic model, diffusion 

occurs inside a layer depending on the solid capacity. Under 

such conditions, the temporal variations of the adsorption are 

directly related to the abundance of unoccupied active sites on 

the adsorbent. For the pseudo-second-order model, however, 

the chemisorption is in decelerating stage and controls the 

adsorption processes. This model relies on the solid phase 

adsorption in which the occupation rate of the adsorption sites 

is directly correlated with the square of the number of 

unoccupied sites [49, 50]. The general forms of the first- and 

second-order kinetic models can be expressed by: 
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in which qe and qt (mg g-1) show the amounts of adsorbate at 

equilibrium and the arbitrary time of t, respectively. k1 (min-1) 

and k2 (g mg-1 min-1) also respectively indicate the first- and 

second-order equilibrium kinetic constants. The correlation 

coefficient parameter can be determined after plotting the 

related diagrams for each model. 

Table 1 presents the pseudo-first-order and pseudo-second-

order kinetic models. Accordingly, the pseudo-second-order 

kinetic model offered a better correlation coefficient, 

indicating its ability to describe the kinetics of Ni2+ adsorption 

by both adsorbents. For comparison, the data reported by 

Xiaotao Zhang et al. for the removal of Ni (II) ions on the 

lignocellulose/montmorillonite (LNC/MMT) nanocomposite 

are also presented in Table 1 [51]. Comparison of qe results 

showed that both adsorbents used in this study are suitable for 

the removal of Ni (II) ions. 

Figure 5 shows the Ni2+ removal percentage for pomegranate 

peel and TiO2 NPs. As can be seen, TiO2 NPs exhibited a 

higher removal percentage compared to pomegranate peel.  

 

Table 1. The kinetic parameters from the pseudo-first-order and pseudo-second-order kinetic models for Ni
2+

 adsorption on TiO2 nanoparticles and pomegranate 

peel. 

Pseudo-first-order kinetic model Pseudo-second-order kinetic model 

Samples k1(min
-1

)
 

qe (mg g
-1

) R
2 

k2 (g mg
-1

min
-1

)
 

qe (mg g
-1

)
 

R
2
 

Pomegranate peel 9×10
-5

 2.71 0.2701 0.018 107.52 0.9993 

TiO2 0.0002 2.71 0.8485 0.013 108.69 0.9960 

LNC/MMT  0.0256 41.79 0.7254 0.004 87.72 0.9980 [51] 

 

 

 

 
 

 

 

 

 

 

 

 

 

 

 

Figure 5. Ni
2+

 removal percentage versus time for the TiO2 NPs and pomegranate peel 

 
According to by Pung et al. [52], nanoparticles eliminate heavy 

metal ions through two types of mechanisms: (i) physical 

adsorption, and (ii) reduction/oxidation by photo-generated 

electron-hole pairs. Based on the results of this study, the 

removal mechanism of nickel ions by TiO2 NPs is based on 

physical adsorption. As measured by the zeta potential 

analyzer, TiO2 NPs are positively charged (56.0 mV) as shown 

in Figure 6. Following the addition of NaOH, the TiO2 NPs got 

negative surface charges mainly contributed by the OH− 

groups. These OH− groups then served as active adsorption 

sites for the elimination of Ni2+ metal ions into the solution. 

Cationic nickel in the aqueous solution tended to react with 

hydroxide groups to form a thin film on the surface of TiO2 

nanoparticles [52]. So, the adsorption of nickel cations by the 

thin film membrane created on the surface of TiO2 NPs is a 

rate-determining step of the removal reaction. 
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Figure 6. Surface charge of TiO2 nanoparticles measured by zeta potential. 
 

Thermodynamic studies 

Thermodynamic studies can be used to theoretically predict the 

modality of chemical reaction under specific conditions. 

Thermodynamic indices including Gibbs free energy, enthalpy, 

and entropy were calculated by the following equations [53]: 

    
  

  
                                            (8) 

                                        (9) 

     (
   

 
)  (

   

  
)                        (10) 

In the above equations, Kc shows the adsorption equilibrium 

constant; while Cs and Ce (mg dm-3) denotes the equilibrium 

adsorbate content on the adsorbent surface and in the solution 

phase, respectively. T (K) indicates the solution temperature, 

and R (J mol-1 K-1) represents the universal gas constant. The 

calculated thermodynamic parameters are sumerized in Table 

2. 

Table 2. Thermodynamic parameters of Ni
2+

 adsorption onto the surface of TiO2 NPs and pomegranate peel 

Samples 

T Ce Cs Kc                

(K) (mg dm
-3

) (mg dm
-3

)  (kJ mole
-1

) (kJ mole K
-1

) (kJ mole
-1

) 

Pomegranate peel 

298.15 8.90 91.09 10.23 -5.76 0.23 64.83 

308.15 4.60 95.39 20.69 -7.76   

318.15 3.10 96.89 31.15 -9.09   

328.15 0.76 99.23 129.35 -13.26   

TiO2 

298.15 9.98 90.01 9.01 -5.45 0.34 98.26 

308.15 3.91 96.08 24.52 -8.19   

318.15 1.64 98.35 59.83 -10.82   

328.15 0.26 99.73 383.21 -16.22   

Based on Table 2, the Ni2+ adsorption onto the surface of TiO2 

NPs and pomegranate peel is an endothermic and spontaneous 

process. 

Isotherms of adsorption 

In this study, four main isotherm models were considered. The 

Langmuir model involves adsorption at some homogenous 

sites inside the adsorbent. In the Freundlich isotherm, 

heterogeneous surfaces with non-uniform adsorption heat 

distributions are responsible for the adsorption. Based on the 

Temkin model, the adsorption heat of all molecules is linearly 

declined in the layer due to the adsorbent-adsorbate 

interactions. The Radushkevich model states that the adsorbent 

surface is not homogenous and the adsorption potential of the 

adsorbent surface is not uniform. The linear forms of these 

equations can be expressed as [54]: 



E. Rezaei-Aghdam et al / Journal of Chemical Health Risks 13(2) (2023) 379-390 

386 
 

  

  
  (

 

    
)  

  

  
                                            (11) 

            (
 

 
)                                  (12) 

                                                   (13) 
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in which, qe is the equilibrium amount of adsorbate, Ce shows 

the equilibrium concentration of the solution, KL denotes the 

equilibrium constant, and Qm shows the maximum adsorption 

capacity. Kf is the adsorption capacity per concentration unit, 

and 1/n represents the isotherm type. AT is Temkin constant, 

and BT is related to the heat of adsorption. ε represents the plan 

potential and KD indicates the Dubinin- Radushkevich 

isotherm constant. 

Only the curves obtained from the assessment of Freundlich 

and Temkin models are represented in Figure. 7. Table 3 lists 

the isothermal parameters for Ni2+ adsorption onto the surface 

of TiO2 NPs and pomegranate peel. As can be seen, Ni2+ 

adsorption onto the surface of TiO2 NPs followed the 

Freundlich isotherm; while Temkin isotherm managed to 

properly describe the adsorption process of Ni2+ onto the 

pomegranate peel. For comparison purposes, the data reported 

by Rajvinder Kaur et al. are also reported in Table 3. They 

used agricultural residues as an adsorbent to remove Ni(II) ions 

[55]. Due to the high qm values, it can be concluded that the 

adsorbents used in this work are suitable to remove Ni(II) ions.

Figure 7. Isotherms of Ni
2+ 

adsorption onto the surface of TiO2 NPs and pomegranate peel a) Freundlich and b) Temkin isotherms 

Table 3. Isothermal parameters for Ni
2+

 adsorption onto the surface of TiO2 NPs and pomegranate peel 

Samples 

Langmuir Isotherm Freundlich Isotherm 

Qm (mg g
-1

) KL(L mg
-1

) R
2
 1/n n KF R

2
 

Pomegranate peel 188.67 0.16 0. 9710 0.49 2.03 34.37 0.9591 

TiO2 454.54 0.03 0.8556 0.81 1.23 18.18 0.9974 

Agricultural residues 15.60 0.06 0.9800 0.46 2.14 0.66 0.9100 [55] 

Samples 

Temkin Isotherm Dobinin-Radoskovich Isotherm 

AT (L mg
-1

) BT R
2
 qm KD (mol

2
 kJ

2 -1
) R

2
 

Pomegranate peel 0.97 49.53 0.9893 108.44 3×10
-7

 0.7341 

TiO2 1.01×10
13

 0.0148 0.9256 123.92 1×10
-6

 0.8363 

Agricultural residues 0.52 686.86 0.9600 14.20 1.8×10
-3

 0.9800 [55] 
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CONCLUSIONS 

In this research, the removal of Ni2+ from aqueous solutions 

was investigated using TiO2 nanoparticles and pomegranate 

peel. Initially, the selected adsorbents were prepared through 

the sol-gel method. Then synthesized materials were 

successfully characterized using XRD, SEM, TEM, BET, and 

FTIR techniques. Moreover, the effects of some operational 

variables such as pH, adsorbent dosage, initial concentration, 

stirring rate, and temperature were assessed. The best results 

can be achieved for nickel content of 100 mg L-1, pH of 9, and 

stirring rate of 200 rpm. In the case of TiO2 NPs, the adsorbent 

dose of 0.02 g at a contact time of 5 min and near-zero ionic 

strength led to the best outcomes; while for pomegranate peel, 

the optimal adsorption efficiency was achieved when 0.02 g 

pomegranate peel was used for 7 min at an ionic strength of 

zero. Various kinetic models were analyzed under optimal 

conditions. The pseudo-second-order kinetic model exhibited 

the best performance in describing Ni2+ adsorption by both 

adsorbents. The removal mechanism was physisorption. In 

terms of removal percentage, TiO2 NPs outperformed 

pomegranate peel. Thermodynamic studies also revealed that 

Ni2+ adsorption onto the surface of TiO2 NPs and pomegranate 

peel is endothermic and spontaneous. According to the 

correlation coefficients (R2), the Temkin model was best 

isothermal model in describing Ni2+ adsorption on 

pomegranate peel; while the Freundlich model properly 

described the adsorption process by TiO2 NPs. 
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