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Abstract 

Heavy metals such as nickel in aqueous environments pose significant risks to 

both human health and natural ecosystems, owing to their pronounced toxicity, 

environmental persistence, and tendency to bioaccumulate within food chains. In 

this study, a novel magnetic graphene oxide nanocomposite functionalized with 

an allylamine–vinyl imidazole copolymer (Poly-g-MGO) was synthesized and 

utilized as an efficient adsorbent for removing Ni(II) ions from aqueous 

solutions. Optimum adsorption conditions were established through batch 

experiments at pH=7, a contact time of 80 minutes, an adsorbent dosage of 0.25 

g L
−1

, and a temperature of 298 K, with an initial Ni(II) concentration of 20 

mg L
−1

. The removal efficiency of Ni(II) reached 90% under these conditions. 

The adsorption equilibrium data were best described by the Freundlich isotherm 

model, indicating a multilayer adsorption process on a heterogeneous surface. 

The Langmuir model estimated a maximum monolayer adsorption capacity of 

133.366 mg g
−1

. The adsorption capacity diminished as the temperature increased 

from 298 to 328 K, confirming the exothermic nature of the process. Kinetic 

studies revealed that the adsorption followed a pseudo-second-order kinetic 

model, with intra-particle diffusion playing a dominant role in the adsorption 

mechanism. The adsorbent's practical applicability was further evaluated in real 

water samples, including tap water, Zayandeh-rood river water, and spent caustic 

industrial wastewater. The lower removal efficiency in industrial wastewater was 

attributed to the competitive adsorption of coexisting ions. These findings 

demonstrate the high capability of Poly-g-MGO for Ni(II) removal and its 

potential for treating contaminated aqueous samples. 
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1. Introduction 
The examination of past research shows that 

untreated industrial wastewater discharges have 

developed into a major environmental concern, 

which causes widespread water contamination 

across the planet. The most dangerous pollutants 

include heavy metals because these substances 

remain in the environment and build up in living 

organisms while their toxic properties continue to 

exist. The widespread presence of nickel ions as 

industrial wastewater contaminants necessitates 

the development of effective water purification 

methods for their elimination. Various treatment 

methods have been proposed, yet adsorption is 

considered one of the most efficient and practical 

approaches due to its simplicity and high 

performance. The development of magnetic 

graphene oxide composites as nanomaterials has 

recently attracted research interest because these 

materials provide both substantial surface area 

and multiple recycling possibilities. The research 

aims to produce a polymer-functionalized 

magnetic graphene oxide nanocomposite (Poly-g-

MGO), which will function as a Ni(II) ion 

adsorbent from various aqueous solutions. 

 

2. Methodology 
2.1. Synthesis of Poly-g-MGO 

nanoadsorbent 
The first stage of the procedure required the 

production of Fe₃O₄ nanoparticles through a 

controlled co-precipitation technique. The second 

step produced magnetic Fe₃O₄/CuS nanoparticles 

through the combination of nanoparticles with 

CuCl₂·2H₂O, Na₂S, and CTAB. The third step of 

the process used magnetic nanoparticles to create 

graphene oxide
1
 sheets. The final Poly-g-MGO 

nanocomposite was created through the grafting 

of vinyl imidazole and allylamine onto GO sheets 

with AIBN serving as the polymerization 

initiator. Detailed experimental conditions and 

characterization data for this synthetic procedure 

are provided in a recently published article 

(Moradi et al., 2026). 

 

2.2. Adsorption experiment 
Batch adsorption tests were performed by mixing 

a measured amount of adsorbent with 40 mL of 

Ni(II) solution at a set concentration and 

controlled pH. After shaking at 200 rpm for a 

defined time, the adsorbent was magnetically 

separated, and the remaining Ni(II) was analyzed 

using AAS. Removal efficiency (R%) and 

adsorption capacity were then calculated using 

                                                 
1
 Graphene Oxide (GO) 

Equations 1 and 2: 

 

(1)                    ⁄

 

(2)    
         

 

Where,

R (%) is the percentage removal of the metal ion, 

           is the amount of ions adsorbed per 

gram of adsorbent,             and     are the 

initial and equilibrium concentrations of Ni(II) 

solution, m (g) is the mass of adsorbent, and V 

    is the volume of the solution. 

 

2.3. Preparation of real samples 
Four water samples were collected from diverse 

sources: deionized water, tap water from Tehran 

(Iran), Zayandeh-Rood river water from Isfahan 

(Iran), and spent caustic wastewater from the 

industrial olefin unit in Bandar Imam Khomeini, 

Mahshahr, Khuzestan (Iran). Each sample was 

centrifuged to strip out suspended solids. Their 

key physicochemical properties are listed in Table 

1. The samples were then spiked with Ni(II) at 5, 

10 and 20 mg L
−1

, adjusting to optimum pH for 

each. 

 

3. Results and discussion 
3.1. Characterization of Poly-g-MGO 

nanocomposite 
The structural, crystalline, and magnetic 

properties of the Poly-g-MGO nanocomposite 

were investigated using FTIR
2
, XRD

3
, and VSM

4
 

analyses. These characterization techniques 

confirmed the successful synthesis and 

appropriate physicochemical features of the 

adsorbent. Detailed synthesis procedures and 

complete characterization results have been 

reported in a recently published article by the 

authors (Moradi et al., 2026).

3.2. Operational parameters 

3.2.1. Effect of pH 
The influence of pH (3-9) on adsorption 

efficiency was explored to determine the 

optimum condition for Ni(II) uptake. As shown in 

Fig. 1, the highest adsorption capacity of 72 mg 

g
−1 

and about 90% removal occurred at pH=7 

(20 mg L
−1

, 298 K, 80 min). At lower pH values 

(below the pHpzc ≈ 5.6), excess H⁺ ions compete 

                                                 
2
 Fourier Transform Infrared Spectroscopy (FTIR) 

3
 X-Ray Diffraction (XRD) 

4
 Vibrating Sample Magnetometry (VSM)
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with Ni(II) and protonate surface groups on 

Poly-g-MGO, creating positive charges that repel 

metal ions. Once the pH exceeds the pHpzc, 

deprotonation generates negatively charged sites, 

which enhance electrostatic attraction and boost 

adsorption efficiency (Elkhaleefa et al., 2020; 

Ungureanu et al., 2024; Zhang et al., 2020). 

 
Table 1. The parameters of pseudo-first-order, 

pseudo-second-order, and intra-particle diffusion 

kinetic models 

Parameters Kinetics models Values 

Pseudo-first order 

k1 (min−1) 0.313 

qe,cal (mg g−1) 66.214 

R2 0.9947 

RMSE 4.6203 

Pseudo-second order 

k2 (g mg−1 min−1) 0.008 

qe,cal (mg g−1) 70.660 

R2 0.9982 

RMSE 2.701 

Intra-particle diffusion 

ki (mg g−1 min−1/2) 2.578 

C (mg g−1) 49.867 

R2 0.9999 

RMSE 0.3540 

 

Fig. 1. Effect of pH on adsorption capacity and 

Ni(II) removal efficiency

3.2.2. Effect of adsorbent dosage 
Determining the optimal adsorbent dosage is 

crucial for achieving high removal efficiency 

without compromising capacity. As shown in

Fig. 2, increasing the dosage to 0.25 g L
−1

 boosted 

Ni(II) removal to about 90%, after which it 

remained stable. This improvement results from 

more available active sites; however, further 

dosage increases reduce specific capacity due to 

particle aggregation, diminished surface area, and 

incomplete utilization of active sites (Chanda et 

al., 2021; Li et al., 2022).

Fig. 2. Effect of adsorbent dosage on adsorption 

capacity and Ni(II) removal efficiency 

3.2.3. Effect of contact time 
As shown in Fig. 3, Ni(II) removal by 

Poly-g-MGO climbed rapidly-about 60% in the 

first five minutes-and reached nearly 90% after 

80 minutes, where it leveled off, indicating 

equilibrium. The process involves two key stages: 

an initial fast phase driven by plentiful active sites 

and a strong concentration gradient (Tchakounte 

et al., 2024), followed by a slower stage as the 

sites fill up and electrostatic repulsion between 

adsorbed and remaining ions begins to limit 

further uptake (Saod et al., 2025).

Fig. 3. Effect of contact time on Ni(II) removal 

efficiency

3.2.4. Effect of temperature 
This study explored how temperature influences 

the removal of Ni(II) ions using the Poly-g-MGO 
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nanoadsorbent. The optimal conditions were 

determined to be pH=7.0, a contact time of 

80 minutes, and an adsorbent dosage of 0.25 

g L
−1

. As the temperature increased from 298 to 

328 K, removal efficiency declined from about 90 

to 75%, confirming the exothermic nature of the 

adsorption process (Charazińska et al., 2022). At 

higher temperatures, greater ion mobility favors 

desorption, weakening the interactions between 

Ni(II) ions and the nanoadsorbent’s functional 

groups, and ultimately lowering the overall 

adsorption capacity (Janani et al., 2024). 

 

3.2.5. Effect of initial concentration 
The initial Ni(II) concentration determines how 

well adsorption works, as shown in Fig. 4. The 

optimized conditions produced a maximum 

removal efficiency of 97% at 10 mg L
−1

, which 

decreased to approximately 30% at 120 mg L
−1

. 

The solution shows a pattern because active sites 

become less accessible when metal ion levels 

reach their highest points, and the solution 

contains fewer metal ions, which leads to easier 

adsorption, but at higher metal ion levels, the 

presence of competing Ni(II) ions restricts 

removal efficiency (Abdić et al., 2018; Mousavi 

et al., 2018). 

Fig. 4. Effect of initial Ni concentration on Ni(II) 

removal efficiency

3.2.6. Adsorption kinetics 
Kinetic analysis was used to explore how Ni(II) 

adsorption occurs and how quickly it reaches 

equilibrium. The data collected at different 

contact times were compared with the pseudo-

first-order, pseudo-second-order, and intraparticle 

diffusion models. As shown in Table 1, the best 

fit-supported by the highest R² and lowest RMSE-

was achieved with the intraparticle diffusion 

model. The pseudo-second-order model also 

matched closely, giving a maximum Ni(II) 

adsorption capacity of 71 mg g
−1

 for 

Poly-g-MGO. 

3.2.7. Adsorption isotherm 
The equilibrium data were fitted with the 

Langmuir (Es-Sahbany et al., 2019), Freundlich 

(Akinyeye et al., 2016), and Dubinin–

Radushkevich (Tekin and Açıkel, 2022) isotherm 

models. The results confirmed the Freundlich 

model as the most suitable, with the highest R² 

and lowest RMSE values. The parameters 

obtained from these models are summarized in 

Table 2. This implies that adsorption occurs on a 

heterogeneous surface in multiple layers. The 

value of n in the Freundlich model was mostly 

within the favourable adsorption range, i.e., the 

surface heterogeneity constant. Conversely, the 

Dubinin–Radushkevich model predicted an 

adsorption energy of 0.198 kJ/mol, suggesting a 

physical adsorption mechanism (Bayça, 2025). 
 

Table 2. The parameters of Langmuir, Freundlich 

and Dubinin-Radushkevich isotherm models 

Parameters 
Isotherm 

models 
Values 

Langmuir 

qm (mg g−1) 133.366 

KL (L mg−1) 0.568 

R2 0.9891 

RMSE 18.4937 

Freundlich 

(mg1–1/n L1/n g–1 )

KF 
55.840 

n 4.604 

R2 0.9992 

RMSE 2.9915 

Dubinin-

Radushkevich 

qD-R (mg g−1) 138.043 

KD–R (mol2 

J−2)×10–5 
1.277 

E (kJ mol−1) 0.198 

R2 0.9227 

RMSE 31.078 

 

3.2.8. The removal percentage of Ni(II) in 

different water samples 
Poly-g-MGO showed remarkable efficiency in 

removing Ni(II) from deionized water, with 98% 

removal at 5 mg L
−1

. Its performance gradually 

declined in more realistic water samples-82% in 

tap water, 66% in river water, and 37% in spent 

caustic wastewater from Bandar Imam 

Khomeini's olefin unit in Mahshahr (Table 3). 

The reduction became even more noticeable at 

higher metal concentrations, dropping to 29% in 

wastewater at 20 mg L
-1

. These results highlight 

that while Poly-g-MGO performs exceptionally 

well in clean systems, the presence of competing
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Table 3. Ni(II) removal efficiency in different water samples* 

Water samples 

Found Ni(II) 
ions in the 

sample  
 (mg L

−1
) 

Found 
Ni(II) ions 

(before 
adsorption)  

 (mg L
−1

) 

Average of 
remaining 

Ni(II) ions in 
solution  
 (mg L

−1
) 

Removal 
efficiency 

(%)
a
 

Relative 
standard 
deviation 

(%)
a
 

Deionized water 

<0.001 5 0.082 98.4 1.9 

<0.001 10 0.37 96.3 1.5 

<0.001 20 2.103 89.5 0.7 

Tap water (Tehran, 
Iran) 

<0.001 5 0.92 81.5 1.7 

<0.001 10 2.44 75.6 1.03 

<0.001 20 8.0 60.1 0.3 

River water 
(Zayanderud, Isfahan, 

Iran) 

0.51 5 1.71 65.8 0.6 

0.51 10 3.7 63.4 0.5 

0.51 20 9.0 55.2 0.2 

Industrial wastewater 
(Bandar-e Mahshahr, 

Khuzestan, Iran) 

0.302 5 3.12 37.6 0.6 

0.302 10 6.5 34.7 0.2 

0.302 20 14.2 29.1 0.2 

*Experiment conditions: pH = 7, adsorbent dosage = 0.25 g L−1, contact time = 80 min, and temperature = 298 K.
a For three determinations. 
 

ions and organic matter in natural and industrial 

waters significantly reduces its adsorption ability. 

4. Conclusions 
This study focused on the synthesis and 

application of the magnetic-polymer-graphene 

nanocomposite Poly-g-MGO for the removal of 

Ni(II) ions from aqueous solutions. Optimal 

adsorption was achieved at pH=7.0, 298 K, a 

contact time of 80 min, and an adsorbent dosage 

of 0.25 g L⁻¹, yielding a maximum adsorption 

capacity of 70.66 mg g
-1

. Kinetic studies indicated 

pseudo-second-order and intra-particle diffusion 

mechanisms, while the Freundlich isotherm best 

described the adsorption, reflecting heterogeneity 

and multilayer adsorption. 

Removal efficiencies varied with water type 

and concentration: at 5 mg L
−1

, 98% for 

deionized water and 37% for industrial effluents; 

at 10 mg L
−1

, 75%, 63%, and 34% for deionized, 

tap, and river water, respectively; and at 20 mg 

L
−1

, 90%, 60%, 55%, and 29%, respectively. 

Lower efficiency in industrial wastewater was 

attributed to competitive ions reducing active 

binding sites. Overall, Poly-g-MGO, composed of 

Fe₃O₄, CuS, and GO functionalized with vinyl 

imidazole and allylamine, is a high-capacity, 

environmentally friendly, and recyclable 

adsorbent suitable for nanoadsorbent-based water 

treatment, with performance dependent on the 

physicochemical properties of the water.
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هحيطدي ٍ ااتليدت    ّاي آتي، اسجولِ ًيکل، تِ دليل سويّت تالا، پايدااري سيتدت   فلشات سٌگيي هَجَد در هحلَل

رٍ،  اسايدي ّا ّتدتٌا    ّاي تْاياکٌٌاُ سلاهت اًتاى ٍ اکَسيتتن تزيي آلايٌاُ تجوع در سًجيزُ غذايي، اس هْن

ّاي آتدي اّويتدي ٍيددُ دارد  در     ّاي فلشي اس هحيط صزفِ تزاي حذف يَى تِ ّاي کارآها ٍ هقزٍى تَسعِ جاذب

ايويدااسٍل   ٍيٌيدل   -آهديي  شاُ تدا کدَپليوز آليدل     ايي پدٍّش، ًاًَ کاهپَسيت گزافي اکتيا هغٌاطيتي اصلاح 

(Poly-g-MGOِسٌتش ٍ ت ) عٌَاى جاذتي هؤثز تزاي حذف يَى Ni(II)     ارسياتي شا  شدزايط تْيٌدِ جدذب در

 565ليتدز، دهداي    درگزم  52/8دايقِ، هقاار جاذب  58، سهاى تواس 4تزاتز  pHّاي ًاپيَستِ شاهل  آسهايش

درصدا   68تدِ   Ni(II)گزم در ليتز تعييي شا  در شزايط تْيٌِ، درصا حذف يَى  هيلي 58کلَيي ٍ غلظت اٍليِ 

ِ  رسيا  دادُ اي  ّاي تعادلي تيشتزيي اًطثاق را تا هال فزًٍاليچ ًشاى دادًا کِ تياًگز هاّيت ًاّوگي ٍ چٌالايد

گزم تز گزم هحاسدثِ   هيلي 633/366لايِ تز اساس هال لاًگويز  فزايٌا جذب است  حااکثز ظزفيت جذب تک

دٌّاُ هاّيت گزهادُ فزايٌدا تدَد  ًتداي      َيي ًشاىکل 655تا  565شا  کاّش ظزفيت جذب تا افشايش دها اس 

ُ   اي در هکاًيتن کٌتزل ذرُ سيٌتيکي ًيش تياًگز ًقش هؤثز ًفَذ درٍى تدزايي، عولکدزد     کٌٌاُ جذب تَدًدا  عدلاٍ

کاستيک تزرسدي    رٍد ٍ پتاب صٌعتي اسپٌت کشي، آب رٍدخاًِ سايٌاُ ّاي ٍااعي شاهل آب لَلِ جاذب در ًوًَِ

ّا ًشاى  ّاي هشاحن تَد  يافتِ تَجِ درصا حذف در ًوًَِ پتاب صٌعتي ًاشي اس رااتت يَى تلشا کِ کاّش اا

اثدَل   داراي ظزفيت جذب تالا، رفتار سيٌتيکي هٌاسة ٍ عولکزد ااتدل  Poly-g-MGOکِ ًاًَ کاهپَسيت  دادًا

ّاي صدٌعتي   ِ آب ٍ پتاباي تزاي کارتزد در تصفي ّاي آتي است ٍ ااتليت تالقَُ اس ًوًَِ Ni(II)در حذف يَى 
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Table 1. Characteristics of different water samples before spiking Ni(II)

Characteristics of 

water 

samples 

Deionized 

water

Tap water 

(Tehran, 

Iran)

River water 

(Zayanderud, 

Isfahan, Iran)

Wastewater Spent Caustic Bandar-e 

Emam Khomeyni, Mahshahr, 

Khuzestan, Iran 

Longitude
o
 – – 51.367 – 

Latitude
o
 – – 32.377 – 

pH 7.12 7.39 7.82 13.2 

Conductivity 
(µs cm

-1
) 

0.6 414 508 373000 

NTU (Turb) –  0.27 254 

BOD5 (mg L
−1

) <1 <1 3.6 550 

COD (mg L
−1

) <1 <1 8.72 30000 

TDS (mg L
−1

) 0 275 325 182000 

TSS (mg L
−1

) 0 – 0 461 

Na
+
(mg L

−1
) <0.001 <0.001 20.4 94.24 

K
+
 (mg L

−1
) <0.001 <0.001 <0.001 0.14 

Ca
2+

 (mg L
−1

) <0.001 <0.001 66.71 0 

Mg
2+

 (mg L
−1

) <0.001 <0.001 12.69 0 

Mn
2+

 (mg L
−1

) <0.001 <0.001 0.058 0.2 

Fe
2+

 (mg L
−1

) <0.001 <0.001 <0.001 5.6 

F
−
 (mg L

−1
) <0.001 <0.001 0.21 trace 

Cl
−
 (mg L

−1
) <0.001 <0.001 29.36 270 

   
-
 (mg L

−1
) <0.001 <0.001 17.55 trace 

   
-  

(mg L
−1

) <0.001 <0.001 <0.001 trace 

   
 -

 (mg L
−1

) <0.001 <0.001 <0.001 108750 

HC  
-
 (mg L

−1
) <0.001 <0.001 178.12 0 

S  
 -
 (mg L

−1
) <0.001 <0.001 64.76 108750 

P  
 -
 (mg L

−1
) <0.001 <0.001 0.01 trace 

As
5+

 (mg L
−1

) <0.001 <0.001 < 0.00063 0.708 

Pb
2+

 (mg L
−1

) <0.001 <0.001 < 0.00068 3.89 

Cd
2+

 (mg L
−1

) <0.001 <0.001 < 0.00007 0.048 

Zn
2+

 (mg L
−1

) <0.001 <0.001 0.0376 1.518 

Cu
2+

 (mg L
−1

) <0.001 <0.001 <0.06 0.958 

Sb
+
 (mg L

−1
) <0.001 <0.001 <0.001 0.484 

Ag
+
 (mg L

−1
) <0.001 <0.001 <0.001 0.342 

Ni
2+

 (mg L
−1

) <0.001 <0.001 0.51 0.302 
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Fig. 3. VSM curve for Poly-g-MGO
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Fig. 4. Effect of (a) pH and (b) adsorbent dosage on the 
adsorption capacity and Ni(II) removal efficiency
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Table 2. The parameters of pseudo-first-order, pseudo-second-order, and intra-particle diffusion kinetic models

Parameters KineticModels Values 

Pseudo-first order

k1 (min
−1

) 0.313 

qe,cal (mg g
−1

) 66.214

R
2

0.9947 

RMSE 4.6203 

Pseudo- second order

k2 (g mg
−1

 min
−1

) 0.008

qe,cal (mg g
−1

) 70.660 

R
2

0.9982 

RMSE 2.701 

Intra-particle diffusion 

ki (mg g
−1

 min
−1/2

) 2.578 

C (mg g
−1

) 49.867 

R
2

0.9999 

RMSE 0.3540 

Fig. 6. Nonlinear plots of pseudo-first-order (dashed 
line), pseudo-second-order (solid line), and intra-particle 

diffusion (dotted line) kinetics models 

Ni(II)

Ni(II)Poly-g-MGO

.

)Sahbany et al., 2019-Es(

al., 2016) Akinyeye et(Tekin and (

2)Açıkel, 202

Bai et .(

)Ghaffari et al., 2017,2020 al.,

 R² RMSE

.

n

 .

Ni(II)

)Farouq and Yousef, 2015(

(D-R)



Ni(II                                      dx.doi.org/10.22093/wwj.2025.555973.3526 

         
                                   Water and Wastewater 

                                      Vol. 36, No. 3, 2025 

Fig. 7. Nonlinear plots of Langmuir (dashed line), 

Freundlich (solid line), and Dubinin-Radushkevich 

(dotted line) isothermal models

 

 

)Bayça, 2025(.

 

Poly-g-MGO

HNO3 

Ni(II)

 .

Table 3. The parameters of Langmuir, Freundlich, and Dubinin-Radushkevich isotherm models

Parameters Isotherm models Values 

Langmuir

qm (mg g
−1

) 133.366

KL (L mg
−1

) 0.568

R
2

0.9891 

RMSE 18.4937 

Freundlich

mg
1–1/n 

L
1/n 

g
–1

KF 55.840 

n 4.604 

R
2

0.9992 

RMSE 2.9915 

Dubinin-Radushkevich 

qD-R (mg g
−1

) 138.043 

KD–R (mol
2
 J

−2
)×10

–5
1.277 

E (kJ mol
−1

) 0.198 

R
2

0.9227 

RMSE 31.078 
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Fig. 8 .The reusability of the adsorbent for Ni(II) ion removal
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Ni(II)

Table 4. Ni(II) removal efficiency in different water samples*

Water samples 

Found Ni(II) 
ions in the 

sample  
 (mg L

−1
) 

Found Ni(II) 
ions (before 
adsorption)  

 (mg L
−1

) 

Average of 

remaining 

Ni(II) ions in 

solution  

 (mg L
−1

) 

Removal 
efficiency 

(%)
a
 

Relative 
standard 
deviation 

(%)
a
 

Deionized water 

<0.001 5 0.082 98.4 1.9 

<0.001 10 0.37 96.3 1.5 

<0.001 20 2.103 89.5 0.7 

Tap water (Tehran, Iran) 

<0.001 5 0.92 81.5 1.7 

<0.001 10 2.44 75.6 1.03 

<0.001 20 8.0 60.1 0.3 

River water (Zayanderud, 

Isfahan, Iran) 

0.51 5 1.71 65.8 0.6 

0.51 10 3.7 63.4 0.5 

0.51 20 9.0 55.2 0.2 

Industrial wastewater 

(Bandar-e Mahshahr, 

Khuzestan, Iran) 

0.302 5 3.12 37.6 0.6 

0.302 10 6.5 34.7 0.2 

0.302 20 14.2 29.1 0.2 

*Experiment conditions: pH = 7, adsorbent dosage = 0.25 g L−1, contact time = 80 min, and temperature = 298 K.
a For three determinations.
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