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Abstract 
The nanoparticles were synthesized through the chemical co-precipitation method. Zeta potential analysis and scanning 
electron microscopy (SEM) were utilized to characterize the surface properties, stability, and morphology of the Zinc 
oxide nanoparticles (ZnO NPs) and iron-doped zinc oxide nanoparticles (Fe–ZnO NPs). ZnO NPs and Fe–ZnO NPs 
were investigated for the adsorption of Cd(II) ions under different operating conditions, including pH, adsorbent 
dosage, contact time, initial metal ion concentration, and temperature. Adsorption efficiency increased with increasing 
pH and reached optimum values at pH 6 for Fe–ZnO NPs and pH 7 for ZnO NPs, whereas further increase in pH 
reduced adsorption due to the precipitation of Cd(OH)₂. Compared with ZnO NPs, Fe–ZnO NPs exhibited enhanced 
adsorption performance, which can be attributed to their improved surface properties and higher affinity toward Cd(II) 
ions. Adsorption efficiency increased with increasing adsorbent dosage and contact time until equilibrium was attained. 
Although higher initial Cd(II) concentrations enhanced the adsorption capacity, the percentage removal decreased due 
to saturation of the available active sites. Temperature studies revealed that adsorption performance improved up to 35–
40 °C, after which a decline was observed at elevated temperatures. Overall, Fe–ZnO NPs exhibited superior Cd(II) 
removal efficiency compared to ZnO NPs, highlighting their potential as effective nanoadsorbents for wastewater 
remediation applications. 
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INTRODUCTION 
Owing to their high solubility and non-biodegradable 
nature, toxic metals are difficult to remove using 
conventional treatment methods and often cause 
secondary pollution, rendering treated water unsuitable 
for human and animal use. As a result, the generation 
of metal-laden wastewater contributes to water 
scarcity, increased treatment costs, and limited access 
to clean water in affected communities. Persistent, 
toxic, and non-biodegradable heavy metals in water 
pose serious risks to humans and the environment. 
Even at low concentration, metals like Cr, Pb, Cd, Ni, 
Hg, and Co can cause severe health issues, including 
organ damage, neurological disorders, and even death. 
1 
Nano-based adsorbents, particularly those derived from 
low-cost materials, have gained significant attention 
for the removal of heavy metals from water. Their high 
surface area and abundant functional groups provide 
numerous active sites for enhancing adsorption 
efficiency. As a result, nanoparticles exhibit superior 
metal removal performance through various 
physicochemical interactions. Heavy metal ions such 
as Cd²⁺, Pb²⁺, Cr²⁺, and Hg²⁺ ions interact with 
nanoparticle surfaces through mechanisms like 
electrostatic attraction, surface complexation, ion 
exchange, chelation, and redox reactions. The 
efficiency of these interaction depends on the 

nanoparticles’ functional groups, surface charge, and 
the solution pH. In metal oxide nanoparticles (e.g., 
ZnO, Fe₃O₄, TiO₂), surface hydroxyl (–OH) groups 
play a crucial role by forming inner-sphere or outer-
sphere complexes with metal ions, leading to strong 
and often irreversible adsorption.2 
In doped or composite nanoparticles, lattice defects 
and heterogeneous surfaces increase the number of 
active binding sites, enhancing metal adsorption. 
Carbon-based and functionalized nanomaterials further 
interact with heavy metals via π–electron interactions 
and coordination with oxygen-, nitrogen-, or sulfur-
containing groups. Overall, their strong affinity, fast 
kinetics, and tunable surface properties make 
nanoparticles highly effective for water and wastewater 
treatment. 3ZnONPs  with their high surface area and 
abundant surface hydroxyl groups, enable strong 
electrostatic interactions and surface complexation 
with Cd(II) ions. 
The introduction of iron into the lattice of ZnO NPs 
boosts adsorption performance by enhancing surface 
heterogeneity, generating additional active sites, and 
increasing structural defects, all of which contribute to 
stronger metal–adsorbent interactions. This is due to 
the synergistic effects between ZnO NPs and iron 
species, as well as improved charge transfer and 
enhanced surface reactivity .4 
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In this study, zinc oxide and iron-doped zinc oxide 
nanoparticles were synthesized and applied for the 
removal of Cd(II) ions from aqueous solution. The 
adsorption behavior was systematically evaluated using 
isotherm, kinetic and  thermodynamic analysis.  
 
MATERIALS AND METHODS 
Reagents and Equipment 
All reagents used were of analytical grade. A 1000 
mg/L Cd(II) stock solution was prepared and diluted 
with deionized water to obtain working solutions. The 
pH was adjusted using 1 N H₂SO₄ or 1 N NaOH and 
measured with a digital pH meter. Residual Cd(II) 
concentration was determined using an Atomic 
Absorption Spectrophotometer (AAS). 
 
Preparation of  adsorbents 
A 1 M NaOH solution was prepared using distilled 
water and heated to 50–90 °C with continuous stirring. 
A 0.5 M ZnCl₂ solution was then added dropwise, 
resulting in the immediate formation of a white ZnO 
precipitates. The mixture was stirred for 2 hours, after 
which the precipitate was separated and thoroughly 
washed with distilled water to remove residual NaCl. 
The product was further processed by centrifugation, 
ultrasonication, and dispersion in 2-propanol, followed 
by drying in a vacuum oven at temperatures below 70 
°C.5 
The precipitation method offers a simple and cost-
effective route for nanoparticle synthesis. Zinc acetate 
dihydrate and FeCl₃ were dissolved in deionized water 
and ethanol to form solution A, while solution B (1 M 
NaOH) was added gradually to induce precipitation. 
The precipitate was aged for two days, then filtered, 
dried at 70 °C, and finally calcined at 300 °C for 30 
hours. 6 
 
Characterization of Adsorbents 
The particle size distribution of the synthesized 
nanoparticles weredetermined using a zeta sizer (Zets 
Sizer, Malvern nano zs). Scanning electron microscopy 
(SEM) was used for surface morphology of the ZnO 
NPs and Fe–ZnO NPs (Zeiss Gemini 560, IIT, 
Roorkee). 
 
Batch Experiments 
All experiments were conducted in batch mode to 
evaluate the effects of pH, adsorbent dosage, contact 
time, initial concentration, and temperature on 
adsorption performance of nanoparticles. The 
experiments were carried out using 100 mL of Cd(II)  
solutions with varying initial concentrations (10-100 
mg L⁻¹), indicating efficient Cd(II) uptake by 

nanoparticles at higher concentrations. Adsorbent 
doses ranging from 20 mg – 160 mg were studied at a 
constant agitation speed of 200 rpm over a pH range of 
1-10. Experiments for optimizing contact time were 
conducted for durations of 20 -180 min, while 
temperature effects were examined between 10 and 55 
°C. The solution pH was adjusted using 0.1 M HCl and 
0.1 M NaOH. All experiments were performed in 
triplicate, and average values were used for analysis. 
The equilibrium Cd(II) concentration was first 
determined using an atomic absorption 
spectrophotometer (AAS). Based on this, the 
equilibrium adsorption capacity (qₑ, mg g⁻¹) was 
calculated from the amount of metal adsorbed per unit 
mass of adsorbent. 
 

                Uptake capacity (qe)=     
஼௜ି஼  

௠
× 𝑉   (1) 

 

               Removal efficiency (%) =  
஼௜ି஼௘ 

௠
× 100   (2) 

The equilibrium adsorption capacity (qₑ, mg g⁻¹) was 
calculated using Eq. (1) as the amount of Cd(II) 
adsorbed per unit mass of adsorbent, where V is the 
solution volume (L), x is the adsorbent mass (g), and Cᵢ 
and Cₑ are the initial and equilibrium Cd(II) 
concentrations (mg/L), respectively. The percentage 
removal of Cd(II) by ZnO NPs and Fe–ZnO NPs was 
determined using Eq. (2), based on the values of Cᵢ and 
Cₑ. 
 
RESULTS AND DISCUSSION  
Zeta size distribution  
The observed particle size below 100 nm confirms the 
nanoscale nature of the synthesized material, which is 
favorable for enhanced adsorption efficiency. 
Nanoparticles in the 1–100 nm range exhibit unique 
physicochemical properties and improved interaction 
with contaminants. 7The particle size distribution 
profile is  shown in Fig. 1.  which provide insight into 
the hydrodynamic size and dispersion behavior of ZnO 
NPs and Fe-ZnO NPs in suspension. In Figure 1 (a), 
the ZnO NPs exhibit a relatively sharp and narrow 
peak centered at a higher particle size range, indicating 
the presence of larger hydrodynamic diameters. These 
results suggested that ZnO NPs tend to aggregate in 
aqueous media, likely due to their high surface energy 
and strong interparticle interactions whereas Fe–ZnO 
NPs shown in Fig. 1. (b) displayed a shift toward 
smaller particle sizes with a narrower and more 
uniform distribution. This indicates that iron doping 
enhances dispersion and reduces aggregation.  
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Figure 1: Zeta size distribution (a) ZnO NPs, (b) Fe-ZnO NPs 

 
SEM Analysis  
FESEM (Fig.2) illustrated  the surface morphology of the synthesized nanoparticles. Figure. 2. (a) corresponding to 
ZnO NPs revealed irregular, flake- and plate-like structures that are densely packed with pronounced agglomeration. 
The particles appeared fused into larger clusters, resulting in a broad and non-uniform size distribution. Such 
agglomeration is typically associated with the high surface energy and strong interparticle forces of ZnO NPs, which 
reduced the effective surface area and limited the accessibility of active adsorption sites.8Consequently,  ZnO NPs 
exhibited comparatively lower adsorption performance due to the reduced number of available sites for interaction with 
metal ions. In contrast, Fig. 2. (b) of Fe-ZnO NPs showed a significant modification in morphology as a result of iron 
doping. Compared to  ZnO NPs the particles seemed smaller, more evenly distributed, and less clustered. The surface 
exhibits a structure that is relatively porous and loosely packed, increasing the exposure of active sites.  

 
Figure 2: Surface Morphology of (a) ZnO NPs and (b) Fe-ZnO NPs 

 
Effect of various parameters 
The adsorption performance of Cd(II) ions using ZnO 
NPs and Fe-ZnO NPs was systematically evaluated 
under different experimental conditions to investigate 
their removal efficiency and adsorption behavior. 
Important operational parameters, including pH, 
adsorbent dosage, contact time, initial metal ion 
concentration, and temperature, were optimized to 
determine the most favorable conditions for effective 
Cd(II) adsorption (Figure 3).  
 
Effect  of pH 
Solution pH,is  a key controlling parameter in 
adsorption processes that significantly influenced the 
removal of Cd(II). Adsorption efficiency increased 
from pH 2 to 4, remained nearly constant up to pH 5, 
and rose again, reaching a maximum around pH 6 for 
Fe-ZnO NPs and pH 7 for ZnO NPs. At low pH, 
adsorption was limited due to competition from H⁺ 

ions and electrostatic repulsion. With increasing pH, 
adsorption improved owing to favorable electrostatic 
interactions, but declined beyond the optimum range 
due to metal hydroxide formation. Fe–ZnO NPs 
exhibited superior performance, indicating enhanced 
surface properties and adsorption affinity due to iron 
doping. At pH values above 7, Cd(II) removal 
decreased primarily due to the formation of Cd(OH)₂ 
precipitates, which reduced the availability of free Cd 
(II)  ions for adsorption. 9Although anionic cadmium 
complexes may form, their contribution is minimal due 
to weaker interactions with the adsorbent.10Thus, the 
decline in adsorption at higher pH is mainly governed 
by changes in metal speciation and precipitation rather 
than electrostatic effects. 
 
Effect of adsorbent dose  
Cd(II) adsorption increased with adsorbent dose due to 
the availability of more active sites, reaching an 
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optimum at 60 mg for Fe–ZnO NPs and 100 mg for 
ZnO NPs. Beyond this, only marginal or reduced 
efficiency was observed due to nanoparticle 
aggregation and overlap of active sites, which lowerd 
the effective surface area.11Fe–ZnO NPs exhibited 
superior performance, achieving higher Cd(II) removal 
at lower dosages compared to ZnO NPs. Increasing 
adsorbent doseenhanced removal efficiency due to 
more available active sites,  however, beyond the 
optimum level, adsorption capacity decreased due to 
particle aggregation and overlap of adsorption sites.12, 

13 

 
Effect of Contact time  
Cd(II) removal increased rapidly at initial contact due 
to abundant active sites, then slowed and reached 
equilibrium as sites became saturated and intraparticle 
diffusion resistance increased. 14 ZnO NPs attained 
maximum adsorption at 60 min, followed by a slight 
decline, indicating possible desorption. In contrast, Fe–
ZnO NPs showed a gradual increase, reaching stable 
equilibrium around 100 min with better overall 
performance. The enhanced adsorption of Fe-ZnO NPs 
is attributed to improved surface properties and 
stronger adsorbent–adsorbate interactions due to iron 
doping. Cd(II) removal increased rapidly initially due 
to abundant active sites, then becomes diffusion-
controlled and reached equilibrium with minimal 
further change.  
 
Effect of initial metal ion concentration 

Adsorption performance is strongly affected by the 
initial Cd(II) concentration. The adsorption capacity 
(qₑ) increased with concentration due to a higher mass 
transfer driving force, while percentage removal 
decreases at higher concentration because of site 
saturation. 15 Fe–ZnO NPs exhibited superior 
adsorption compared to ZnO NPs. At higher Cd(II) 
concentrations, adsorption reached a plateau or slightly 
declines due to saturation of active sites. While 
adsorption capacity (qₑ) increases with concentration 
because of a greater mass transfer driving force, 
percentage removal decreases due to site saturation and 
increased ion competition.16 

 
Effect of Temperature  
The increase in adsorption capacity with temperature 
indicated an endothermic process, likely due to 
enhanced Cd(II) mobility and greater availability of 
active sites. Adsorption efficiency for both ZnO NPs 
and Fe–ZnO NPs improved up to 35–40 °C, reflecting 
better diffusion and site activation, but declined at 
higher temperatures due to weakened interactions and 
increased desorption. Fe–ZnO NPs showed superior 
thermal stability and adsorption performance, 
highlighting the beneficial effect of iron doping.  
Temperature played a crucial role in Cd(II) adsorption 
using nanoparticles. The decrease in adsorption 
capacity with increasing temperature indicated an 
exothermic process, as high temperature weakens the 
adsorbent–adsorbate interaction.17However, elevated 
temperatures can enhance adsorption kinetics by 
improving diffusion and mass transfer.  

 

 
Figure 3:Influence of  (a) pH, (b) adsorbent dose, (c) contact time , (d) initial Cd (II) conc. , (e) temperature on Cd(II) 

adsorption using ZnO NPs and Fe-ZnO NPs 
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CONCLUSION 
The study demonstrated that both ZnO NPs and Fe-
ZnO NPs were effective in removing Cd(II) ions from 
aqueous solutions, with Fe–ZnO NPs exhibiting 
comparatively higher adsorption efficiency. The 
adsorption process was strongly influenced by factors 
such as pH, adsorbent dosage, contact time, initial 
Cd(II) concentration, and temperature. Maximum 
adsorption was achieved under near-neutral pH 
conditions, moderate adsorbent dosage, and sufficient 
equilibrium time. Iron incorporation significantly 
enhanced the surface characteristics, stability, and 
adsorption affinity of ZnO nanoparticles, resulting in 
improved Cd(II) removal even at lower dosages. These 
findings indicate that Fe-ZnO NPs are promising and 
sustainable adsorbents for efficient cadmium 
remediation from wastewater systems. 
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