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 Heavy metals are among the most hazardous pollutants released into the 

environment through industrial activities. In recent years, adsorption 

has been recognized as an effective method for the removal of metal ions 

from wastewater. Ultrasonic irradiation is a promising technique for 

intensifying mass transfer during adsorption. In this study, the effect of 

high-frequency ultrasonic waves on the enhancement of the removal of 

nickel (II) ion from aqueous solutions using Fe₃O₄ nanoparticles was 

investigated. The influence of the dosage of adsorbenst, contact time, 

and pH on the removal efficiency was examined to optimize the removal 

efficiency using the response surface methodology (RSM). The maximum 

removal efficiency, achieved with the ultrasound-assisted process, was 

84.3% at the contact time of 60 minutes, 8 g of Fe₃O₄, and pH = 5, while 

the conventional stirring (shaker) method resulted in a maximum 

efficiency of 79.54% at 100 minutes, 10 g of adsorbent, and pH = 9. The 

use of ultrasound significantly accelerated the adsorption rate at the 

initial stages by generating cavitation and microstreaming, which 

increased the availability of active surface sites on the nanoparticles. 

These findings demonstrate that the combination of Fe₃O₄ nanoparticles 

and ultrasonic irradiation offers a rapid, efficient, and environmentally 

friendly approach for the removal of nickel (II) ions from industrial 

wastewater.  
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1. Introduction 

Heavy metal pollution has become one of the 

most serious environmental concerns due to 

rapid industrialization and urban development. 

Metals such as nickel (Ni), cadmium (Cd), lead 

(Pb), and chromium (Cr) are toxic even at low 

concentrations and tend to bioaccumulate 

through the food chain, posing severe risks to 

mailto:Faezehmohammadi@iau.ac.ir
http://www.ijche.com/
https://orcid.org/0000-0002-9156-8747


Mohammadi  / Iranian Journal of Chemical Engineering, Vol. 23, No. 1, 3-15, (2026) 

 

4  

 

ecosystems and human health [1–4]. Their 

persistence and non-biodegradability make 

their removal from industrial effluents 

particularly challenging. Many conventional 

remediation techniques, such as chemical 

precipitation, ion-exchange systems, 

membrane-based separations, and various 

electrochemical approaches, suffer from 

drawbacks including substantial operating 

expenses, incomplete contaminant 

elimination, and the formation of additional 

secondary wastes [5,6]. Therefore, adsorption 

has emerged as one of the most effective, 

economical, and environmentally friendly 

techniques for removing heavy metal from 

aqueous systems [7,8]. 

Nanotechnology has recently opened up new 

opportunities to improve the efficiency of 

adsorption-based wastewater treatment. 

Among various nanomaterials, magnetic iron 

oxide nanoparticles (Fe₃O₄) have attracted 

remarkable attention owing to their large 

specific surface area, magnetic separability, 

biocompatibility, and ability to be reused 

without significant loss of performance [9,10]. 

These nanoparticles provide numerous active 

adsorption sites and can be easily recovered by 

applying an external magnetic field, which 

enhances both process efficiency and 

sustainability. Moreover, the surface 

modification of Fe₃O₄ nanoparticles with 

organic or inorganic ligands further increases 

their affinity toward metal ions, leading to 

improved the adsorption performance [11-13]. 

At the same time, ultrasonic irradiation has 

been recognized as an effective intensification 

technique in water and wastewater treatment. 

Ultrasound generates cavitation, 

microstreaming, and localized turbulence that 

enhance mass transfer and accelerate surface 

reactions [14,15]. The collapse of cavitation 

bubbles produces transient high temperatures 

and pressures, which help disperse 

nanoparticles, prevent their agglomeration, 

and expose more active sites for adsorption 

[16-18]. It has been reported in several studies 

that the combination of ultrasound and 

nanomaterials improves adsorption kinetics 

and increases the efficiency of heavy metal 

removal compared to conventional stirring 

methods [19-23]. 

The integration of ultrasonic irradiation with 

magnetic nanoparticle-based adsorption thus 

represents a promising hybrid approach for 

sustainable wastewater purification. However, 

despite numerous studies conducted on 

nanoparticle synthesis and ultrasonic 

chemistry, few investigations have 

systematically evaluated the combined effect 

of ultrasound and Fe₃O₄ nanoparticles for 

heavy metal removal. In particular, there is still 

limited understanding of the interplay of pH, 

contact time, and adsorbent dosage under 

ultrasonic conditions. Therefore, it is aimed in 

the present study to investigate the effect of 

high-frequency ultrasonic waves on the 

adsorption of nickel (II) ions from aqueous 

solutions using Fe₃O₄ nanoparticles. The 

Response Surface Methodology (RSM) was 

employed to optimize the operating parameters 

and analyze their interactions. The findings 

provide insight into the potential of the 

ultrasound-assisted adsorption as a rapid, 

efficient, and environmentally sustainable 

process for industrial wastewater treatment. 

 

2. Materials and methods 

2.1. Materials 

All chemicals used in this study were of 

analytical grade. Nickel nitrate hexahydrate 

(Ni(NO₃)₂·6H₂O, ≥99% purity) was obtained 

from Merck (Germany) and used as the source 

of Ni(II) ions. Iron oxide (Fe₃O₄) 

nanoparticles were supplied by Asia Research 

Company (Iran) with an average particle size 

of 20–30 nm and a specific surface area of 

approximately 75 m²/g. Sodium hydroxide 

(NaOH, 0.1 M) and hydrochloric acid (HCl, 
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0.1 M) were used to adjust the pH. All aqueous 

solutions were prepared with double-distilled 

water (Lab Tech GS-1330, Korea).  

The initial nickel stock solution (100 mg/L) 

was prepared by dissolving 0.100 g of 

Ni(NO₃)₂·6H₂O in 1 L of distilled water. Test 

solutions with different concentrations were 

obtained by appropriate dilution. The pH of the 

solutions was measured using a digital pH 

meter (Eutech pH 700, Singapore). 

 

2.2. Experimental setup 

A custom-designed glass reactor was 

constructed to evaluate the effect of ultrasonic 

irradiation. The reactor, with internal 

dimensions of 30 cm × 15 cm × 12 cm and 

equipped with five piezoelectric transducers 

(frequency 1.7 MHz, diameter 2.5 cm), was 

fixed to the bottom surface through watertight 

rubber gaskets. The arrangement ensured 

uniform sound propagation throughout the 

liquid volume. Each transducer could be 

individually activated through an external 

control unit. 

To prevent vibration leakage and ensure 

consistent energy transmission, each 

transducer was mounted using plastic glands 

and rubber washers. The overall setup was 

designed to allow direct contact between the 

ultrasonic source and the fluid, resulting in 

effective energy transfer and enhanced 

cavitation generation. A schematic diagram of 

the ultrasonic reactor and transducer 

arrangement is illustrated in Figure 1. 

For comparison, a mechanical shaker (IKA KS 

130 basic, Germany) operating at 150 rpm was 

used under identical conditions without 

ultrasonic assistance. 

 

 
Figure 1. Schematic diagram of the ultrasonic reactor used for Ni(II) removal experiments. 

 

 

2.3. Experimental procedure 

In each experiment, a known mass of Fe₃O₄ 

nanoparticles (2–10 g) was added to 500 mL of 

Ni(II) solution with the initial concentration of 

100 mg/L. The effects of three independent 

parameters—the pH (1–9), contact time (20–

100 min), and adsorbent dosage (2–10 g)—on 

the removal efficiency were studied according 

to a Central Composite Design (CCD) under 

the Response Surface Methodology (RSM) 

framework. All experiments were performed 

at room temperature (25 ± 2 °C). After the 

adsorption process, samples were separated 

from the suspension using an external magnet. 

The concentration of the residual Ni(II) was 

determined spectrophotometrically using a 
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UV–Vis spectrophotometer (Shimadzu UV-

1800, Japan) at 232 nm. The efficiency of 

Ni(II) removal was calculated using the 

following equation: 
 

𝑅(%) =
𝐶0 − 𝐶𝑒
𝐶0

× 100 
(1) 

 

where C₀ and Cₑ (mg/L) are the initial and 

equilibrium concentrations of Ni(II) ions 

respectively. All measurements were 

performed in triplicate, and the average values 

were reported along with corresponding 

standard deviations. 

2.4. Experimental design and statistical 

analysis 

The optimization of process variables and 

analysis of the interaction were carried out 

using the Design Expert software (version 

11.1, Stat-Ease Inc., USA). A three-factor, 

five-level Central Composite Design (CCD) 

was employed, considering the pH (A), contact 

time (B), and adsorbent dosage (C) as 

independent variables. The selection of these 

three variables and their respective ranges was 

guided by the preliminary investigations 

summarized in Table 1. 

 

                   Table 1.  

                  Coded and reviewed levels of experimental variables. 

Name Units Low High -alpha +alpha 

pH - 1 9 3 7 

Contact time min 20 100 40 80 

Adsorbent mass g 2 10 4 8 

 

The performance and adequacy of the model 

were assessed using analysis of variance 

(ANOVA), along with the coefficient of 

determination (R²) and adjusted R². Statistical 

significance was evaluated at the 0.05 

significance level (p < 0.05). 

 

3.Ressults and discussion  

3.1. Adequacy of the model 

The adequacy of the proposed quadratic model 

was assessed through the analysis of variance 

(ANOVA) to determine the statistical 

significance of each term and the overall 

fitness of the model. The results of the 

experimental design matrix and corresponding 

responses for both systems (ultrasonic and 

shaker) are summarized in Table 2, while the 

ANOVA results are presented in Tables 3. 

As shown in Table 3, for the ultrasound-

assisted removal of Ni(II), the model exhibited 

a very high F-value of 116.61 and a very low 

p-value (< 0.0001), confirming the strong 

significance of the regression model. 

Similarly, for the shaker system, the obtained 

F-value (123.46) and p-value (< 0.0001) 

indicate excellent statistical reliability. These 

results demonstrate that the selected quadratic 

models are highly significant and capable of 

predicting the experimental data with great 

accuracy. 
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Table 2.  

Experimental ranges of the independent parameters applied to CCD design. 

Factors Responses 

Run A:pH B:Contact 

time 

C:Adsorbent 

mass 

Removal efficiency-US 

(Y1) 

Removal efficiency-SH (Y2) 

 
- min g (%) (%) 

1 5 60 4 76.67 70.23 

2 9 100 10 62.5 79.54 

3 1 20 2 37.4 34.23 

4 7 60 6 82.8 78.12 

5 5 60 6 80.12 74.35 

6 9 20 2 45.8 42.98 

7 1 100 10 52.9 71.26 

8 5 80 6 72.2 78.34 

9 9 100 2 53.23 74.04 

10 5 40 6 72.49 60.22 

11 5 60 6 82.91 73.03 

12 3 60 6 75.17 69.45 

13 5 60 6 80.34 73.38 

14 1 100 2 41.18 65.59 

15 5 60 8 84.3 75.45 

16 9 20 10 48.34 43.88 

17 1 20 10 43.24 40.45 

 

Table 3.  

ANOVA test for the response functions for the efficiencies of nickel removal with ultrasound. 

Source Sum of Squares df Mean Square F-value p-value 
 

Model 4520.89 9 502.32 116.61 < 0.0001 significant 

A-pH 178.62 1 178.62 41.46 0.0004 
 

B-Contact time 143.17 1 143.17 33.24 0.0007 
 

C-Adsorbent mass 129.56 1 129.56 30.07 0.0009 
 

AB 8.30 1 8.30 1.93 0.0476 
 

AC 4.13 1 4.13 0.9594 0.3600 
 

BC 19.88 1 19.88 4.61 0.0498 
 

A² 2.87 1 2.87 0.6658 0.4414 
 

B² 173.26 1 173.26 40.22 0.0004 
 

C² 0.8052 1 0.8052 0.1869 0.6785 
 

Residual 30.15 7 4.31 
   

Lack of Fit 25.34 5 5.07 2.11 0.3525 not significant 

Pure Error 4.81 2 2.41 
   

Cor Total 4551.05 16 
    

R²: 0. 0.9934; adjusted R²: 0.9849 

 

Among the studied parameters, the pH, 

contact time, and adsorbent mass were 

identified as the most influential factors (p < 

0.05). The contact time showed the highest 

contribution to the model for the shaker 

system, while under ultrasonic conditions 

both the pH and contact time significantly 

affected the removal efficiency.  

Figure 2 illustrates the correlation between 

the predicted and experimental responses for 

both the ultrasonic and shaker systems. The 

nearly linear distribution of the data points 

indicates an excellent agreement between the 

model predictions and the actual 
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experimental results. Moreover, the residual 

plots display a random dispersion of points 

around the zero line, confirming the 

homoscedasticity and normal distribution of 

the residuals, thereby validating the 

fundamental assumptions of the developed 

model. 

 

  
A)  

 
 

B)  

Figure 2. Statistical charts, the normal plot of residuals and the predicted vs. the actual for the (A): 

ultrasonic system (B): shaker. 

 

Overall, the ANOVA results and diagnostic 

plots strongly support the adequacy of the 

developed RSM models for describing and 

predicting the efficiency of Ni(II) removal 

under both ultrasonic and shaker conditions. 

3.2. Effect of factors on the efficiency of 

ni(ii) removal  

3.2.1. Effect of pH 

Figure 3 shows that the efficiency of Ni(II) 

removal increases by rising the pH value for 
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both ultrasonic and shaker systems, reaching 

a maximum under near-neutral to slightly 

alkaline conditions (pH ≈ 6–9). At low pH 

values, the protonation of surface hydroxyl 

groups makes the Fe₃O₄ adsorbent 

positively charged, causing electrostatic 

repulsion with Ni²⁺ ions and reducing 

adsorption. As the pH value increases, 

deprotonation produces negatively charged 

sites that facilitate metal ion binding.  

 

 

 

 

A) B) 

Figure 3. Effect of the pH on the efficiency of Ni(II)  removal, (A): ultrasonic system (B): shaker. 

 

At the pH values of above 8, a slight decline 

in the removal efficiency may occur due to 

the formation of Ni(OH)₂ precipitates. These 

results agree with previous reports on Fe₃O₄-

based nanomaterials, confirming that pH 

plays a key role in adsorption behavior and 

that ultrasonic irradiation significantly 

enhances performance [7,11,19,20,24]. 

 

3.2.2. Effect of the contact time 

Figure 4 demonstrates that the efficiency of 

Ni(II) removal increases with the contact 

time for both ultrasonic and shaker systems, 

confirming that adsorption is time-

dependent. The initial stage (0–30 min) 

exhibited rapid uptake due to the large 

number of the available active sites on Fe₃O₄ 

nanoparticles and an intense driving force for 

mass transfer. As adsorption sites became 

saturated, the rate gradually declined and 

reached equilibrium. Under ultrasonic 

irradiation, equilibrium was achieved within 

about 60 min with the maximum removal 

efficiency of 84.3 %, while the shaker system 

required 80–100 min to reach a comparable 

value (≈79.5 %). The faster kinetics in the 

ultrasonic system are attributed to acoustic 

cavitation, which enhances micro-mixing, 

disrupts boundary layers, and accelerates ion 

diffusion between phases. 
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A) B) 

Figure 4. Effect of the contact time on the efficiency of Ni(II)  removal, (A): ultrasonic system (B): 

shaker.  

 

In contrast, in the shaker system, the process 

is governed primarily by the external film 

diffusion and intraparticle diffusion, both of 

which are relatively slower mechanisms. 

Consequently, while longer contact times 

improve adsorption in the shaker setup, the 

absence of ultrasound-induced turbulence 

results in a slower approach to equilibrium 

and slightly lower overall efficiency. The 

similar kinetic intensification effects of 

ultrasound have been reported for metal ion 

adsorption in previous studies, where 

ultrasonic energy enhanced diffusion rates 

and reduced equilibrium times [24,25,26]. 

These findings support the conclusion that 

ultrasound-assisted systems offer superior 

performance in terms of both the adsorption 

rate and overall efficiency compared with 

conventional agitation methods. 

 

3.2.3. Effect of the dose of adsorbent  
The effect of the dose of adsorbent on the 

efficiency of Ni(II) ions removal is 

demonstrated for both ultrasonic and shaker 

systems at the constant contact time of 60 

min and pH value of 5, as shown in Figure 5. 

In both systems, the efficiency increased 

sharply as the adsorbent mass rose from 2 g 

to 8 g due to the greater availability of active 

sites. Beyond 8–10 g, the improvement 

leveled off, likely because of particle 

aggregation and site overlap that reduced the 

effective surface area. 

 

  
A) B) 

Figure 5. Effect of the dose of adsorbent on the efficiency of Ni(II)  removal, (A): ultrasonic system 

(B): shaker. 
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The ultrasonic system achieved higher 

performance (84.3 %) than the shaker (79.5 %) 

at 10 g and 60 min, owing to acoustic 

cavitation and microstreaming, which 

enhanced the dispersion of nanoparticle and 

accelerated mass transfer. In contrast, 

adsorption in the shaker system was limited by 

slower molecular diffusion. Similar results 

have been reported for the ultrasound-assisted 

adsorption of heavy metals, where ultrasound 

energy and increased surface area led to higher 

efficiencies and shorter equilibrium times 

[19,20,24,25,26]. These findings confirm that 

the dose of 8–10 g of the adsorbent offers an 

optimal balance between surface availability 

and particle dispersion. 

 

3.2.4. Binary interaction 

Three-dimensional response surface plots 

(Figure 6) were developed to illustrate the 

combined effects of pH, contact time, and 

adsorbent dosage on Ni(II) removal efficiency. 

The curved surfaces illustrate strong 

interactions among variables in both systems. 

In the ultrasonic setup, the efficiency increased 

by rising the pH and contact time up to an 

optimum region before leveling off. 

 

 

Ultrasonic 

 

 

Shaker 

 
A)  

  
 B)  
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C)  

 

Figure 6. Influence of the binary interaction of parameters on the efficiency of Ni(II) removal through 3D 

response surface, the (A) pH and contact time, (B) dose of adsorbent and pH, (C) dose of adsorbent and 

contact time. 

 

3.3. Optimization  

The adsorption process parameters were 

optimized using Response Surface 

Methodology (RSM) with a Central 

Composite Design (CCD). The aim was to 

determine the optimal combination of the pH, 

contact time, and adsorbent mass that 

maximizes the efficiency of Ni(II) removal 

under both ultrasonic and shaker conditions. 

The statistical optimization results revealed 

that the desirability function reached a value of 

1.000, indicating that the developed models 

accurately predicted the maximum efficiency 

of Ni(II) removal. The optimal conditions were 

found at the pH = 8.1, contact time = 66 min, 

and dose of adsorbent = 8.6 g, resulting in a 

predicted removal efficiency of 84.8 % for the 

ultrasonic system and 80.0 % for the shaker 

system. These findings confirm that the 

ultrasound-assisted process provides higher 

efficiency under milder conditions and in 

shorter contact times. The improvement in the 

adsorption performance under ultrasonic 

conditions can be attributed to the enhanced 

mass transfer and boundary-layer disruption, 

which reduce film resistance and promote the 

faster diffusion of metal ions toward the active 

surface sites. The strong agreement between 

the predicted and experimental results 

validates the reliability of the RSM models and 

the adequacy of the optimization approach. 

4. Conclusions  

This study investigated the effect of the high-

frequency ultrasonic irradiation on the 

adsorption of nickel (II) ions from aqueous 

solutions using Fe₃O₄ nanoparticles. The main 

findings can be summarized as follows: 

1. Ultrasonic irradiation significantly 

enhanced the adsorption performance, 

achieving a maximum removal efficiency of 

84.3% within 60 minutes at the pH = 5 and an 

adsorbent dosage of 8 g, compared to 79.54% 

obtained under the conventional stirring at 100 

minutes and the pH = 9. 

2. The pH and contact time were identified as 

the most influential factors affecting Ni(II) 

removal, as confirmed by the response surface 

methodology (RSM) and ANOVA analysis. 

3. The application of ultrasound accelerated 

the adsorption process by generating cavitation 

and microstreaming, which improved mass 

transfer and prevented the agglomeration of 

nanoparticles. 

4. The optimal operational conditions 

predicted by the RSM model (the pH = 8.1, 
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contact time = 66 min, and dose of adsorbent = 

8.6 g) yielded a predicted efficiency of 84.8%, 

which was in close agreement with the 

experimental results. 

Overall, the integration of ultrasonic 

irradiation with magnetic Fe₃O₄ nanoparticles 

presents a rapid, efficient, and eco-friendly 

method for removing heavy metal ions from 

wastewater. This hybrid technique can be 

extended to the treatment of other toxic metal 

pollutants, offering a sustainable alternative 

for the industrial effluent management. 
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