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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(Il) 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', and a temperature of 298 K, with an initial Ni(Il) concentration of 20
mg L', The removal efficiency of Ni(Il) 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 . 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(I) 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 started to attract 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(Il) ion adsorbent from various
aqueous solutions.

2. Methodology

2.1. Synthesis of
nanoadsorbent

The procedure began with its first stage, which
required the production of FezO, nanoparticles
through a controlled co-precipitation technique.
The second step produced magnetic Fe;0,/CuS
nanoparticles through the combination of
nanoparticles with CuCl:-2H.O, Na,S, and
CTAB. The third step of the process used
magnetic nanoparticles to create graphene oxide'
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 the recently published article
(Moradi et al., 2026).

Poly-g-M GO

2.2. Adsorption experiment

Batch adsorption tests were performed by mixing
a measured amount of adsorbent with 40 mL of
Ni(Il) solution at a set concentration and
controlled pH. After shaking at 200rpm for a
defined time, the adsorbent was magnetically
separated, and the remaining Ni(Il) was analyzed

! Graphene Oxide (GO)
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using AAS. Removal efficiency (R%) and
adsorption capacity were then calculated using
Equations 1 and 2

R(%) = (G, — C.) x 100/C, ()
(C _Ce) \

qp = LoV @)

Where,

R (%) is the percentage removal of the metal ion,
ge(mg g™1) is the amount of ions adsorbed per
gram of adsorbent, Cy (mgL™!) and C, are the
initial and equilibrium concentrations of Ni(Il)
solution, m (g) is the mass of adsorbent, and V
(L) 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. We then spiked them with Ni(Il) at 5, 10 and
20 mg L', 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? XRD?®, and VSM*

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(I) uptake. As shown in
Fig. 1, the highest adsorption capacity of 72 mg
g 'and about 90% removal occurred at pH=7
(20 mg L™, 298 K, 80 min). At lower pH values
(below the pH,,.=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(Il) and protonate surface groups on
Poly-g-MGO, creating positive charges that repel
metal ions. Once the pH exceeds the pH,,
deprotonation generates negatively charged sites,
which enhance electrostatic attraction and boost

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).

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
k; (min") 0.313
Qecal(mgg) 66214
Pseudo-first order
R? 0.9947
RMSE 4.6203
ky(gmg 'min')  0.008
—1
Pseudo-second order ecal(mg g ) 70.660
R? 0.9982
RMSE 2.701
ki(mg g min 3 2,578
C(mgg") 49.867
Intra-particle diffusion )
R 0.9999
RMSE 0.3540
75 A r 100
F93 o
69 A 3\/
=
- 86 g
s
63 A =
=
—t—q (mg/g) r79
—@— Ni(II) removal (%)
57 72

0.2 0:3 0:4 0:5 0:6 017 0:8 0:9
pH
Fig. 1. Effect of pH on adsorption capacity and
Ni(Il) 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' raised
Ni(Il) removal to about 90%, after which it

Water and Wastewater

150 A b —&— q (mg/g) r 100
=& Ni(II) removal (%)
I J - 94
~100 A
- 1 L L
oo
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= - 82
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Adsorbent doasage (mg)

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(I) 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).

100 1

= o
> >
1 1

Ni(IT) removal (%)
b
=

60 T T T T T
0 20 40 60 80 100
t (min)

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

3.2.4. Effect of temperature
This study explored how temperature influences
the removal of Ni(Il) ions using the Poly-g-MGO

Ni(IT) removal (%)
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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', 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 (Charazinska et al., 2022). At
higher temperatures, greater ion mobility favors
desorption, weakening the interactions between
Ni(IT) 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(Il) 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™, which
decreased to approximately 30% at 120 mg L.
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 casier
adsorption, but at higher metal ion levels, the
presence of competing Ni(Il) ions restricts
removal efficiency (Abdi¢ et al., 2018; Mousavi
etal., 2018).

100 A

(=) e
> ==
L

'
==
L

Ni(IT) removal (%)

N
=

0.0 2:5 SI.O 7:5 1(;.0 12I.5
Cy (mgL™)
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(Il)
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 R* and lowest RMSE-
was achieved with the intraparticle diffusion

model. The pseudo-second-order model also
matched closely, giving a maximum Ni(Il)
adsorption capacity of 71 mg g for
Poly-g-MGO.

Water and Wastewater

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 Acikel, 2022) isotherm
models. The results confirmed the Freundlich
model as the most suitable, with the highest R?
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 (Bayca, 2025).

Table 2. The parameters of Langmuir, Freundlich
and Dubinin-Radushkevich isotherm models

Isotherm

Parameters Values
models
Gm (mg g ") 133.366
. K; (Lmg ") 0.568
Langmuir )
R 0.9891
RMSE 18.4937
1-lmy 1m -1
(mg" 178D 55840
F
Freundlich n 4.604
R? 0.9992
RMSE 2.9915
Qor (mgg) 138.043
2
Iﬁ%g‘x(ﬁ‘)‘fsl 1.277
Dubinin- »
Radushkevich E (kJ mol ) 0.198
R’ 0.9227
RMSE 31.078

3.2.8. The removal percentage of Ni(Il) in
different water samples

Poly-g-MGO showed remarkable efficiency in
removing Ni(Il) from deionized water, with 98%
removal at 5 mg L. 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. 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™

Found Average of

F.o un(! Ntil(lH) Ni(II) ions remaining Removal ltlelz(lltivg
Water samples 10;1;1111n le € (before Ni(Il) ions in efficiency (slez;lila;:)‘n
(m E‘l) adsorption) solution (%)* (%)*
g mgL™"  (mgL™) ’
<0.001 5 0.082 98.4 1.9
Deionized water <0.001 10 0.37 96.3 1.5
<0.001 20 2.103 89.5 0.7
<0.001 5 0.92 81.5 1.7
e Wa{f;f)T e <0.001 10 2.44 75.6 1.03
<0.001 20 8.0 60.1 0.3
0.51 5 1.71 65.8 0.6
River water
(Zayanderud, Isfahan, 0.51 10 3.7 63.4 0.5
Iran)
0.51 20 9.0 55.2 0.2
0.302 5 3.12 37.6 0.6
Industrial wastewater
(Bandar-e Mahshahr, 0.302 10 6.5 34.7 0.2
Khuzestan, Iran)
0.302 20 14.2 29.1 0.2

*Experiment conditions: pH = 7, adsorbent dosage = 0.25 g L ", contact time = 80 min, and temperature = 298 K.

? 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(Il) 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', yielding a maximum adsorption
capacity of 70.66 mg g'. Kinetic studies indicated
pseudo-second-order and intra-particle diffusion
mechanisms, while the Freundlich isotherm best
described the adsorption, reflecting heterogeneity
and multilayer adsorption.

Water and Wastewater

Removal efficiencies varied with water type
and concentration: at 5 mg L', 98% for
deionized water and 37% for industrial effluents;
at 10 mg L', 75%, 63%, and 34% for deionized,
tap, and river water, respectively; and at 20 mg
L™, 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
Fe30,4, 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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il oolisul b T (sladiges 3INI(IL) Bix

Ni(ID) o3t 025330 31 oy o il slosisad sba S5 =) sz
Table 1. Characteristics of different water samples before spiking Ni(Il)

Characteristics of Deionized Tap water River water Wastewater Spent C.austic Bandar-e
water water (Tehran, (Zayanderud, Emam Khomeyni, Mahshahr,

samples Iran) Isfahan, Iran) Khuzestan, Iran

Longitude® - - 51.367 -
Latitude® — — 32.377 -

pH 7.12 7.39 7.82 13.2
Conductiyity 0.6 414 508 373000

(us cm™)

NTU (Turb) - 0.27 254
BOD;s (mg L") <1 <1 3.6 550
COD (mgL™) <1 <1 8.72 30000
TDS (mg L) 0 275 325 182000

TSS (mg L") 0 - 0 461

Na'(mg L™") <0.001 <0.001 20.4 94.24

K" (mgL™) <0.001 <0.001 <0.001 0.14
Ca* (mgL™) <0.001 <0.001 66.71 0
Mg (mg L™ <0.001 <0.001 12.69 0
Mn*" (mg L™ <0.001 <0.001 0.058 0.2

Fe*' (mg L) <0.001 <0.001 <0.001 5.6
F (mgL™) <0.001 <0.001 0.21 trace
Cl” (mgL™) <0.001 <0.001 29.36 270

NO, (mg LY <0.001 <0.001 17.55 trace

NO, (mg L) <0.001 <0.001 <0.001 trace

€O (mgL™") <0.001 <0.001 <0.001 108750

HCO, (mg L™ <0.001 <0.001 178.12 0

S0Z (mg L") <0.001 <0.001 64.76 108750

Poi' (mg L") <0.001 <0.001 0.01 trace

As (mgL™) <0.001 <0.001 <0.00063 0.708

Pb*" (mg L) <0.001 <0.001 <0.00068 3.89

Cd* (mgL™) <0.001 <0.001 <0.00007 0.048

Zn* (mg L") <0.001 <0.001 0.0376 1.518

Cu*" (mgL™) <0.001 <0.001 <0.06 0.958

Sb" (mg L™ <0.001 <0.001 <0.001 0.484
Ag" (mgL™) <0.001 <0.001 <0.001 0.342
Ni*" (mgL™) <0.001 <0.001 0.51 0.302
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Table 3. The parameters of Langmuir, Freundlich, and Dubinin-Radushkevich isotherm models

Parameters Isotherm models Values
Qm (mg g ) 133.366
. K. (Lmg") 0.568
Langmuir )
R 0.9891
RMSE 18.4937
Ky (mg' "L g") 55.840
Freundlich n 4.604
R? 0.9992
RMSE 2.9915
qor (Mg g ") 138.043
Kp g (mol* J)x107° 1.277
Dubinin-Radushkevich E (kJ morl) 0.198
R? 0.9227
RMSE 31.078
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Table 4. Ni(II) removal efficiency in different water samples™

Average of

Found Ni(Il) Found Ni(IT) o Relative
Water samples ions in the ions (before Nll‘((a;nl)a:(l:llllslgm ggzg;zl standard
P sampl(i adsorpti(}n) solution (%) y deviation
2 = e
(mg L) (mg L") g L) (%)
<0.001 5 0.082 98.4 1.9
Deionized water <0.001 10 0.37 96.3 1.5
<0.001 20 2.103 89.5 0.7
<0.001 5 0.92 81.5 1.7
Tap water (Tehran, Iran) <0.001 10 2.44 75.6 1.03
<0.001 20 8.0 60.1 0.3
0.51 5 1.71 65.8 0.6
River water (Zayanderud,
Isfahan, fran) 0.51 10 3.7 63.4 0.5
0.51 20 9.0 55.2 0.2
0.302 5 3.12 37.6 0.6
Industrial wastewater
(Bandar-e Mahshahr, 0.302 10 6.5 34.7 0.2
Khuzestan, Iran)
0.302 20 14.2 29.1 0.2
*Experiment conditions: pH = 7, adsorbent dosage =0.25 g L ", contact time = 80 min, and temperature = 293 K.
* For three determinations.
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