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a b s t r a c t

Magnetic nanoparticles modified with cross-linked poly (acrylic acid-co-acrylamide) hydrogel 
(Fe3O4/copolymer) were fabricated by free radical polymerization of monomers in the presence 
of N, N-methylenebisacrylamide as cross-linker and dispersed Fe3O4 nanoparticles as core. The 
Fe3O4/copolymer composite was characterized by Fourier transform infrared spectrum (FT-
IR), scanning electron microscopy (SEM), X-ray diffraction (XRD), thermal gravimetric analy-
sis (TGA), and vibrating sample magnetometer (VSM). The fabricated magnetic nanocomposites 
were further utilized for non-competitive removal of Cd(II) and Zn(II). The adsorbent component, 
adsorbent dosage, concentration of the initial solute, and the pH of the solution were found to 
have significant effects on adsorption efficiency. The adsorption process was found to be well 
described by the pseudo-second-order rate model. Equilibrium studies indicated that the adsorp-
tion data followed the Langmuir model with the maximum adsorption capacity up to 142.8 and 
111.1 mg/g for Cd(II) and Zn(II), respectively. Adsorbed metal ions were efficiently recovered by 
using a dilute HCl aqueous solution. The results of desorption/adsorption cycle revealed that 
the loaded Fe3O4/copolymer nanocomposite with metal ions could be effectively regenerated. 
Adsorption capacities and metal ions recoveries remained almost unchanged upon five reusing 
cycles of the adsorbent.
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1. Introduction

As industrial and ecological waste problems are 
increasing, the removal of heavy metal ions from waste-
water samples has taken much important attention. The 
two important toxic metal ions are cadmium and zinc 
which their presence in wastewaters originates from dif-
ferent industrial activities such as paint production [1], 
battery manufacturing [2], petroleum refining [3] and from 
pesticides [4]. Cadmium has been reported to cause renal 
disturbances, lung insufficiency, bone lesions, cancer and 
hypertension in humans [5]. The concentrations of Cd(II) 

in unpolluted natural waters are usually below 0.001 mg 
L−1 [6]; therefore, it is necessary to remove it from industrial 
effluents. However, World Health Organization (WHO) 
has recommended a value of 0.005 mg L−1 for Cd(II) as 
maximum permissible limit [7]. Concerning zinc, WHO 
recommends that the maximum acceptable concentration 
of zinc in drinking water is 3 mg L−1 [8]. Exposure to Zn(II) 
can lead to stomach cramps, skin irritations, vomiting, 
nausea and anemia [9]. 

Adsorption techniques are among the most effective 
treatment processes for the removal of heavy metal ions from 
aquatic environment. Unlike traditional methods, which 
are relatively expensive and require particular treatments 
especially at low concentration levels of the metal ions [10], 
the adsorption techniques are efficiently and widely chosen 



H. Ershadifar et al. / Desalination and Water Treatment 79 (2017) 251–263252

for water treatment purposes and have many advantages 
such as low cost, availability, and ease of operation. How-
ever, attempts are still required to develop new adsorbents 
because the common adsorbents such as activated carbons, 
zeolites, clays, biomass, and polymeric materials [11] suf-
fer from low adsorption capacities and separation incon-
veniency. A lot of materials such as hydroxyapatite [12], 
biosorbents [13], polymer beads [14], aminopolycarboxylic 
acid functionalized adsorbents [15], β-cyclodextrin/chi-
tosan composites [16], mesoporous carbon [17], magnetic 
graphene oxide nanocomposites [18] and polymeric materi-
als [19] are well-known for efficient removal of heavy metal 
ions from aqueous solutions. 

In recent years, reusable magnetic adsorbents in nano-
meter and micrometer sizes have attracted much attention 
due to fast and efficient removal of heavy metals from 
aqueous samples under an applied magnetic field. How-
ever, it should be pointed out that the pure metal oxides 
nanoparticles are neither selective nor chemically stable, i.e, 
they are not suitable for samples with complicated matri-
ces especially in acidic media [20]. Therefore, a suitable 
coating technique is required to overcome such limitations. 
In this regard, magnetic nanocomposites modified with 
polymers [21–23], surfactants [24], and silica [25,26] have 
been proposed for removal of organic pollutant as well 
as heavy metal ions from aqueous media. Among them, 
polymer-functionalized Fe3O4 nano- and micro-compos-
ites which can be fabricated in different shapes are of great 
importance. A considerable advantage of the polymeric car-
riers is the presence of a variety of functional groups, which 
are able to manipulate the sorbent properties for the desired 
applications.

Hydrogels are water-swollen cross-linked networks of 
hydrophilic polymers. Due to the hydrophilic groups (car-
boxylic and amide) in their backbones, they can absorb a 
large amount of water and consequently are able to remove 
metal ions including the toxic ones from aqueous media 
[27]. So far, various strategies have been proposed for syn-
thesis of magnetic polymer particles. Khan et al. [28] pre-
pared and characterized magnetic nanoparticles embedded 
in microgels. Guo et al. [29] has prepared and characterized 
poly (acrylonitrile-co-acrylic acid) nanofibrous compos-
ites with Fe3O4 magnetic nanoparticles. Mahdavian et al. 
[30] has fabricated modified superparamagnetic magnetite 
nanoparticles by anchoring polyacrylic acid on their sur-
face for efficient separation of heavy metal cations from 
aqueous environments. Although the reported researches 
on the removal of metal ions fulfill some requirements but 
fabrication of sorbents with low cost, high capacity, short 
equilibrium time, facile and environmentally friendly fab-
rication route and applicable in wide pH range is still of 
great demand. 

This paper describes a general method to encapsulate 
magnetic nanoparticles homogeneously inside a polymer 
shell. Characterization of the composite has been done 
using a variety of physicochemical techniques. The main 
goal of this research was to evaluate the sorption behavior 
of Cd(II) and Zn(II) onto Fe3O4/polymer and to compare 
the performance of Fe3O4/polymer adsorbents with those 
of other adsorbents. Some factors affecting the adsorption 
of these metal ions, such as pH, initial concentration, con-
tact time and temperature were investigated. The relevant 

removal mechanisms of metal ions onto Fe3O4/polymer 
were well expounded via adsorption kinetics, isotherms 
and thermodynamics. Regeneration and reusability were 
also examined for further application of this new type of 
adsorbent to more complex water environment.

2. Experimental

2.1. Chemicals and reagents

Acrylic acid (AAc, Fluka), acrylamide (AAm, Merk), 
N,N-methylenebisacrylamide (MBA, Merk), potassium 
persulfate (K2S2O8, Merk), and sodium thiosulfate (Na2S2O3, 
Merk), were used as received from the indicated suppliers. 
In the preparation of magnetite nanoparticles, ferrous chlo-
ride hexahydrate (FeCl3·6H2O, Merk), ferric sulphate hepta-
hydrate (FeSO4·7H2O, Merk) and sodium hydroxide (Merk) 
were used. Cadmium nitrate (Cd(NO3)2·4H2O, Merk), zinc 
nitrate hexahydrate (Zn(NO3)2·6H2O, Merk), hydrochloric 
acid (Sigma-Aldrich), and nirtic acid (Merk) were used in 
adsorption experiments. The stock solutions (1000 mg L−1) 
were of Cd(ΙΙ) and Zn(ΙΙ). For treatment experiments, the 
metal ions solutions with concentrations in the range of 
0.1–500 mg L−1 were prepared by successive dilution of the 
corresponding stock solution. The pH adjustment was per-
formed with HNO3 and NaOH solutions (0.01–1.0 mol L−1). 
All aqueous solutions were prepared or diluted using dou-
bly distilled water.

2.2. Synthesis of magnetic nanoparticles 

The magnetic nanoparticles of iron oxide (Fe3O4NP) 
were synthesized by dropwise addition of a mixture of 
ferrous sulfate and ferric chloride (mol ratio of 1:2) solu-
tion into NaOH solution (1.5 mol L–1) with constant stirring 
under argon gas flow [31]. The black precipitate was heated 
at 80°C for 30 min and was sonicated for 20 min afterward. 
Then, it was washed sequentially with distilled water until 
the pH of the suspension was about 8.0. The precipitate was 
separated magnetically and was dried in an oven for fur-
ther analysis.

2.3. Synthesis of magnetic hydrogel 

Synthesis of Fe3O4/polymer has been performed with 
the aid of previously reported methods for cross-linked 
poly (AAc-co-AAm) hydrogel with applying some modi-
fications as discussed below [32]. Briefly, 0.5 g of the mag-
netite nanoparticles was dispersed in 10.0 mL distilled 
water and was sonicated for 30 min. The surface of Fe3O4 
NPs was grafted with acrylic acid by the following proce-
dure. Aliquot of 5.0 mL of 1.0 mol L–1 acrylic acid (75%; 
neutralized to sodium acrylate) was added to the above 
mentioned suspension. The mixture was shaken at a rate of 
450 rpm for 1 h. The acrylic acid monomers were anchored 
at the surface of Fe3O4 by a simple complexation reaction 
with unsaturated iron ions at the nanoparticle surface. 
Then, a predetermined amount of cross-linking agent 
was introduced into a 50.0 mL beaker, followed by add-
ing a predetermined volume of 1.0 M acrylamide solution 
into the beaker. Oxygen was purged out of the solution by 
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bubbling pure argon gas through the solution for 10 min 
at room temperature while the solution was stirred at 450 
rpm. Subsequently, 1.0 mL of the initiator (0.1 M potassium 
persulfate) solution was injected into the beaker. Then, 1.0 
mL of 0.1 M accelerator (sodium thiosulfate) was added 
into the solution, followed by nitrogen gas purging for 5 
min. The beaker was enclosed into a plastic bag filled with 
pure argon gas for blanketing the reaction mixture. After 
polymerization, a dark magnetite-hydrogel composite 
formed. For complete polymerization, the beaker was kept 
in an oven at 45°C for about 1 h. The magnetite-hydrogel 
composite was broken into smaller sizes and immersed in 
deionized water while stirring for 5 h to remove the resid-
ual monomers and linear copolymers. The composite was 
then dried in an oven at 60–80°C and eventually further 
dried under vacuum at 60–80°C until a constant weight of 
the sample was established. 

2.4. Batch experiments

Metal ion-removal ability of the synthesized Fe3O4/
polymer was performed by using batch technique for 
individual metal ion based on a procedure described as 
follows. Known masses (2.0–40.0 mg) of the adsorbent 
were weighed and individually introduced into a series of 
20-mL beakers containing 10 mL of the metal solution at 
specific concentration (0.1–300 mg L–1). The initial pH of 
the solutions was adjusted at 6.0 using HNO3 or NaOH. 
The solutions were stirred for 5 min at 450 rpm to attain 
the equilibrium condition. After adsorption time elapsed, 
the adsorbent was magnetically separated and the super-
natant was collected for metal ions measurement. The 
residual concentration of each metal ion in the solution 
was determined by ICP-OES. The amounts of the adsorbed 
metal ions at equilibrium and at the time t were obtained 
by using Eqs. (1) and (2), respectively.
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where qe (in mg g−1) is the adsorption capacity (mg metal ion 
adsorbed per gram Fe3O4/polymer), V (in Liter) is the vol-
ume of metal ion solution, C0 and Ce are the initial and equi-
librium metal ion concentrations (in mg L−1), respectively; 
Ct and qt referred to metal ion concentration and adsorption 
capacity at adsorption time t, in order; and W is the mass (in 
g) of the dried Fe3O4 /polymer.

For real sample analysis, tap water was collected from 
our laboratory (Date: 2014/07/05, Department of Chemis-
try, Shiraz University, Fars, Iran). Mineral waters (Vivante, 
Nousha Zagros Manufacturing Co., Shiraz, Iran) were sup-
plied from a local supermarket and were used without any 
pretreatment except adjusting the pH at 6.0 using HNO3 or 
NaOH.

2.5. Apparatus

The concentrations of Zn(II) and Cd(II) were deter-
mined by a Vista-PRO ICP-OES (Varian). The surface group 

of the composite was recorded on a Shimadzu FTIR 8000 
spectrometer; small amounts of the solid nanoparticles 
were mixed with KBr and pressed into pellets. The FTIR 
spectra were recorded from 400 to 4000 cm−1 in the trans-
mittance mode. The XRD patterns of the prepared samples 
were acquired with a Bruker D8 instrument. Advance X-ray 
diffractometer using CuKα radiation (40 kV, 300 mA) of 
wavelength 0.154 nm was used and data were interpreted 
by using an X’Pert High Score software to confirm the struc-
ture of the materials. Thermogravimetric analysis (TGA) 
was carried out using a home-made TG analyzer, with a 
heating rate of 10°C min−1 from room temperature to 800°C. 
The surface morphological characterization of the compos-
ites was studied with a KYKY-EM3200 SEM, operating at 
25.0 kV. The magnetic properties of the nanoparticles were 
measured on a BHV-55 vibrating sample magnetometer 
(VSM). The pH measurements were made with a Metrohm 
780 pH meter using a combined glass electrode.

2.6. pH drift tests 

The pH drift tests for modified and unmodified mag-
netite nanoparticles were carried out at 298 K as follows: 
50.0 mL of 0.1 M NaCl solution was placed in a beaker. 
Argon was bubbled through the solution to stabilize the pH 
by preventing the dissolution of CO2. The pH was adjusted 
to a value between 2.0 and 12.0 by addition of HCl or 
NaOH. The adsorbent (0.1 g) was added to the solution and 
its final pH was measured after 48 h which was then plotted 
against the initial pH. The pH at which the curve crossed 
the line (in pHinitial vs. pHfinal diagram) was taken as the point 
of zero charge, pHPZC.

2.7. Desorption studies

The adsorption-desorption tests were conducted in 
batch adsorption-equilibrium experiments to evaluate the 
regeneration behavior of Fe3O4/polymer nanocomposite. A 
mass of 10.0 mg adsorbent was introduced into a beaker 
containing 10.0 mL of 40.0 mg L–1 metal ion. The solution 
was stirred for 5 min to attain the equilibrium condition. 
The supernatant was separated for determination of the 
residual concentration of the metal ion and the collected 
magnetic nanocomposites were used for desorbing the 
metal ions. To do the later, the metal ion-loaded magnetic 
nanocomposites were mixed with 0.01 M HCl and the mix-
ture was stirred at 450 rpm for 10 min at room tempera-
ture and eventually the desorbed metal ion concentration 
in the aqueous phase was determined. The amount of the 
desorbed metal ion divided by the amount of the adsorbed 
metal ions give the recovered fraction of the metal ion.

3. Results and discussion

3.1. Protocol for synthesis of Fe3O4/polymer nanocomposite

The procedure for synthesize of Fe3O4/polymer nano-
composite is illustrated schematically in Fig.1. This ensures 
the homogenous copolymerization process for formation 
of the cross-linked hydrogel shell around nanoparticles to 
improve stability and adsorption performance of the adsor-
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bent. Liu et al. [23] used this strategy to fabricate highly-con-
trollable molecularly imprinting at super paramagnetic iron 
oxide nanoparticles. At the first step, grafting the acrylic acid 
via simple coordination reaction to magnetite nanoparticles 
surface results in formation of monolayer molecules with 
polymerizable vinyl end groups directed outward which 
helps polymerization to occur efficiently on the surface 
of nanoparticles. Subsequently, by addition of functional 
monomer (acrylamide) and cross-linking agent in the pres-
ence of initiator and accelerator, the cross-linked copolymer 
surrounded magnetic nanoparticles is synthesized. To com-
plete polymerization, the beaker was kept in an oven at 45°C 
for about 1 h. The composition of monomer and cross-linker 
can influence the physicochemical properties of synthesized 
composite such as swelling and metal ion adsorption capac-
ity. This will be discussed in detail in the following sections.

3.2. Characterization of Fe3O4 and Fe3O4/polymer

The morphology and size of Fe3O4/polymer nanopar-
ticles in comparison with bare Fe3O4 were studied by SEM 
(Fig. 2). It seems that the synthesized MNPs have rather 
high surface area, and the substructures nearly are of 
spherical shaped nanocrystallites with dimensions less 
than 50 nm. The cross-linked copolymer homogenously 
covered the nanaparticles surface as evidenced by chang-
ing dendritic surface nanostrucures to more smoothed 
surface. The photograph of the Fe3O4/polymer nanocom-
posite hydrogel and cross-linked copolymer hydrogel are 
also provided in Fig. 2.

The crystallinity of both Fe3O4/polymer and pure mag-
netite nanoparticles was investigated by XRD. The results 
shown in Fig. 3A indicate that the iron oxide nanoparticles, 
which were prepared in the absence of copolymer, had six 
characteristic diffraction peaks at 2θ of 30.1, 35.4, 42.9, 52.7, 

57.5 and 62.7, representing corresponding indices of (220), 
(311), (400), (422), (511) and (440), respectively, of iron oxide 
[33]. All peak positions were basically consistent with the 
standard data of the Fe3O4 structure (JCPDS 85-1436) and 
no other unexpected peaks were present. The hydrogel 
coated magnetic nanoparticles exhibited the same peaks 
as iron oxide nanoparticles with no observable shifts. This 
indicated that the Fe3O4/polymer composite particles have 
a highly crystalline cubic spinal structure confirming that 
crystalline structures of the magnetic nanoparticle did not 
change as they were surrounded by hydrogel shell.

Fig. 1. Schematic representation for preparation of polymer-coat-
ed magnetite nanoparticle.

Fig. 2. SEM micrograph of pure (A), and polymer-coated (B), magnetite nanoparticles. (C) The digital camera photograph of polymer 
and polymer-coated magnetic nanoparticles as indicated.

Fig. 3. (A) The X-ray diffraction results of the (a) magnetic 
nanoparticles, and (b) polymer-coated magnetic particles. (B) 
FTIR spectra of (a) magnetic nanoparticles, (b) polymer-coated 
magnetic nanoparticles and (c) dried polymer.



H. Ershadifar et al. / Desalination and Water Treatment 79 (2017) 251–263 255

A reliable method for following the variations in the 
functional groups is the FTIR technique. The FTIR spec-
tra of Fe3O4, Fe3O4/polymer nanoparticles and the dried 
polymer are shown in Fig. 3B. The broad absorption band 
at 3440 cm−1 indicates the O–H stretching of residual water 
and surface hydroxyl groups [34]. In the spectra of both 
polymer and Fe3O4/polymer, a peak corresponds to (N–H) 
stretching of amide groups of hydrogel polymer is observ-
able at 3210 cm−1. The bands at low wavenumbers (594 
cm−1), for three samples, are related to vibration of the Fe–O 
bonds [31]. The peak observed around 2920 cm−1 in the 
spectra of both Fe3O4/polymer nanoparticles and the dried 
polymer is due to C−H stretching of polymer backbone. The 
−CH2 groups on the chain show an absorption peak at 1442 
cm−1. The absorbance at 1675 cm−1 can be attributed to the 
C=O group of the acrylamide unit and the absorbance at 
1550 cm−1 is assigned to the –COONa group. The charac-
teristic peaks at 1300–1400 cm−1 are due to the presence of 
a C−N vibration, and the peak at 1000–1260 cm−1 is due to 
C−O. The above results revealed that the hydrogel coated 
the iron oxide nanoparticles successfully.

The TGA curves for the polymer-coated iron oxide 
nanoparticles, naked iron nanoparticles and copolymer are 
shown in Fig. 4A in order to determine the content of organic 

functional groups of each sample. The weight loss of pure 
Fe3O4 nanoparticles is around 10% at 600°C and is attributed 
to dehydration of the hydroxyl groups on the nanoparticles 
surface [33]. For copolymer and polymer-coated iron oxide 
nanoparticles, loss of residual water occurred in temperature 
range of 25–250°C. Decomposition of copolymer started at 
about 280°C and completed at 500°C. According to the TGA 
curves, the polymer content of Fe3O4/polymer nanoparticles 
was evaluated to be 39% by weight.

The magnetic properties of the Fe3O4/polymer parti-
cles were also investigated on a vibrating sample magne-
tometer (VSM) system at room temperature (Fig. 4B). They 
showed super paramagnetic behavior at room temperature 
as indicated by the absence of remainance and coercivity 
upon removing an applied external magnetic field [34]. The 
saturation magnetizations (Ms) were obtained as 60.9 and 
43.9 emu/g for naked Fe3O4 and Fe3O4/polymer nano-
composite, respectively. A 27.0% decrease in Ms as a conse-
quence of modification with polymer can be explained by 
considering diamagnetic contribution of the thick polymer 
shell surrounding the magnetic cores [35]. The electron 
exchange between the ligand and the surface atoms could 
also quench the magnetic moment [36].

The pHpzc, i.e. the pH at which the net surface charge is 
zero, was determined by combined influence of all functional 
groups on the surface of polymer-coated magnetic nanopar-
ticles. At pH < pHpzc, the surface has a net positive charge; 
while at pH > pHpzc, the surface has a net negative charge 
[37]. The pHpzc values of Fe3O4 and Fe3O4/polymer were 
determined as 6.3 and 6.5, respectively. The data revealed 
that both adsorbents were positively charged at pHs lower 
than 6.5. Furthermore, Fe3O4/polymer shows buffering 
behavior in wider pH range compared with the unmodified 
Fe3O4 which is a consequence of functional groups of poly-
mer shell and would be helpful in practical applications.

3.3. Metal ion uptake

A great deal of work has been done for investigating the 
interaction between metal ions and acrylic acid, poly(acrylic 
acid), poly(AAc-co-AAm) hydrogel as well as poly(acrylic 
acid) which modify solid supports such as magnetite 
nanoparticles [32,38,39]. The polymeric acid (which is a poly-
electrolyte) can dissociate to H+ and carboxyl anion, −COO−, 
in an aqueous solution. When metal ions are added into 
polymeric acid solution, they can associate via electrostatic 
forces. The pH of the solution, the extent of carboxyl func-
tional groups and the ratio of the residual functional groups 
to metal ions concentration can influence the metal ions 
adsorption mechanism and adsorption capacity. The efficien-
cies of the prepared Fe3O4 and Fe3O4/polymer as adsorbents 
for removal of Cd(II) and Zn(II) from aqueous solutions 
were investigated under different experimental conditions in 
order to find the optimum parameters. The effect of hydrogel 
composition, solution pH, contact time, metal ions concen-
trations and ionic strength will be discussed as below.

3.3.1. Effect of polymer composition

The effects of the content of the acrylic acid in the copo-
lymer, and the content of the cross-linking agent on the 
adsorption performance were evaluated. As depicted in 

Fig. 4. (A) Thermogravimetric analysis of (a) Magnetic 
nanoparticles, (b) polymer-coated magnetic nanoparticles and 
(c) dried polymer. (B) Magnetization curve of (a) magnetic 
nanoparticles, (b) polymer-coated magnetic nanoparticles at 
room temperature. 
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Fig. 5A, Zn(II) removal efficiency sharply improved with 
increasing AAc monomer and reaches its maximum value 
when homopolymer of AAc was used. Since PAA is a polye-
lectrolyte and the affinity of carboxylic acid group for heavy 
metal ions is stronger than that of amide group, its metal 
removal capacity is considerably higher than that of copo-
lymer containing AAm. The other reason may be sterical 
hindrance which prevents the interaction of the metal ion 
with the carboxylate functional groups in the copolymer. 
The Cd(II) adsorption efficiency although increases with 
increasing AAc percentage but the process is less sensitive 
when compared with Zn(II) adsorption which is in consis-
tent with what was observed previously by other research-
ers [32]. Furthermore, the presence of less than 20% AAm 
ensures the maximum adsorption.

The effect of cross-linking agent on metal ion adsorption 
efficiency of the synthesized Fe3O4/polymer was examined 
by changing the cross-linking agent in the range of 0.3 to 
5% (Fig. 5B). By increasing the percentage of cross-linking 
agent, the metal ion removal efficiency rapidly rises to its 
maximum value and then sharply decreases. An increase in 
the degree of cross-linking shortens the length of chain seg-
ments of copolymer network and increases the cross-link-
ing density. Low content of MBA can ensure the formation 

of pores in copolymer to more efficient uptake of metal ion 
and water. But highly cross-linked copolymer has smaller 
pores, and shows lower flexibility which makes difficulties 
in the metal ion diffusion and interaction. 

3.3.2. Effect of pH

At different pH values, the protonation-deprotonation 
behaviors of acidic and basic groups would be influenced. 
The pH of solution can also affect adsorption because it 
determines the metal ion speciation in solution. The exper-
imental results for the effects of pH on the non-competitive 
adsorption of metal ions are shown in Fig. 6A. The adsorp-
tion increased significantly with increasing pH (within pH 
2.0–5.0). At low pH values, there is competition between 
metal ion and proton to interact with the carboxylate ion of 
the polymer [40].

By increasing pH to 8.0, the adsorption reaches its max-
imum value and then decreases slowly. As pointed out pre-
viously, pH has critical effect on the concentrations of metal 
ions, the charge of the metal species present in the solution 
and consequently on their affinity for being adsorbed. For 

Fig. 5. (A) Uptake of metal ions on polymer- coated magnetic 
nanoparticles with different content of acrylic acid. (B) Uptake 
of metal ions on polymer-coated magnetic nanoparticles with 
different content of cross-linking agent. 

Fig. 6. (A) Effect of initial pH solution on uptake of metal 
ions from aqueous solutions using polymer-coated magnetic 
nanoparticles; parameters: initial metal concentration of 20 mg 
L−1; pH 6.0; adsorbent mass of 10 mg; contact time of 5 min; tem-
perature at 25°C. (B) Influence of electrolyte on the uptake of 
metal ions on polymer- coated magnetic nanoparticles. Adsorp-
tion conditions are the same as (A).
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instance, at pH ≤ 8.0, M(II) is mainly found as M2+ and from 
this value to higher pH, M(II) presents as chemical forms of 
M(OH)2, M(OH)+, M(OH)3

− and M(OH)4
2− [41]. At higher pH 

values, the small decrease in the uptake capacity was likely 
due to the formation of soluble hydroxylated complexes of 
the metal ions as well as metal hydroxide precipitate and 
their lower affinity toward the active adsorption sites. The 
pH of 6.0 was selected as the optimum value for further 
investigation. This value was not only near the initial pH of 
the adsorbent but also ensured the highest adsorption effi-
ciency through ruling out the competition effect of H+ with 
metal ion. Moreover, the M2+ ion would be the predominant 
species in this condition.

3.3.3. Effect of solution ionic strength

It was found that the binding capacities decreased with 
increasing the NaCl concentration from 0.001 to 0.1 mol/L. 
Fig. 6B shows the amount of metal ion adsorbed as affected 
by different concentrations of the background electrolyte. 
The slower decrease in Cd(II) adsorption, compared with 
Zn(II), confirmed that the binding was more electrostatic 
in nature for the later. These results indicated that ionic 
strength might influenced the adsorption capacity of the 
adsorbent. This could be attributed in part to the compe-
tition between M2+ and Na+ ions for the surface sites as the 
ionic strength increased. The binding capacities, even at 
these high ionic strengths, were sufficient for the composite 
to bind Zn(II) and Cd(II) from natural waters.

3.3.4. Effect of nanoparticle dosage

The effect of adsorbent dosage on non-competitive 
removal of each metal ion was investigated by dispersing 
different amounts of adsorbent (2.0–25.0 mg) in separate 
beakers containing fixed amount of metal ions (20.0 mg L–1) 
for a 5 min contact time. It was observed that with the 
increase in adsorbent dose from 2.0 to 10.0, the adsorbed 

amount of metal ions increased from 4.9 and 4.8 mg/g to 
19.7 and 17.6 mg/g for Cd(II) and Zn(II), respectively, (Fig. 
7A). This can be explained by considering the fact that at a 
higher adsorbent dosage, extra adsorption sites are avail-
able for metal ion binding. Further increase in the adsor-
bent dosage resulted in more efficient removal of Zn(II), but 
did not significantly affect the removal efficiency of Cd(II). 
Hence, the optimum dosage of Fe3O4/polymer powder, for 
non-competitive removing of both metal ions from their 
individual solutions, was found to be 10 mg.

3.3.5. Effect of contact time

Time course of the metal ions adsorption by Fe3O4/
polymer composite was investigated from 1 up to 30 min 
to determine the time at which equilibrium adsorption took 
place. It is shown in Fig. 7B that the adsorption equilibrium 
was achieved to a level of about 83% within 3 min for both 
metal ions. The absorption increased up to 5 min and then 
leveled off. Therefore, an adsorption time of 5 min was 
selected throughout the experiments. The high surface area 
of Fe3O4/polymer, homogeneous distribution of the nano-
sorbents throughout the sample and absence of internal dif-
fusion resistance could be the possible reasons for achieving 
such a fast extraction process.

3.3.6. Effect of metal ion concentration

Another important variable that can affect the adsorp-
tion process and is crucial in practical application of adsor-
bent is the metal ion concentration. This will determine the 
concentration range of the metal ion at which its quanti-
tative removal can be performed with high efficiency. To 
illustrate this, different initial concentrations (in the range 
of 1–300 mg/L) of Cd(II) and Zn(II) were adsorbed by 
Fe3O4/polymer under the previously determined optimum 
experimental conditions. Fig. 8A demonstrates adsorp-
tion efficiency vs. initial molar concentrations of the metal 

Fig. 7. (A) Effect of initial dosage of polymer-coated magnetic nanoparticles on uptake of metal ions. Experimental conditions: pH 
6.0, initial metal concentration of 20 mg L−1; contact time of 5 min; temperature at 25°C. (B) Effect of stirring time on uptake of metal 
ions. Experimental conditions: adsorbent mass of 10 mg, pH 6.0, initial metal concentration of 20 mg L−1; temperature at 25°C.
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ions in a non-competitive way. It seems that Fe3O4/poly-
mer nanoparticles have greater efficiency for removal (in 
gram) of both Cd(II) than Zn(II) but it reveals that the Zn(II) 
removal capacity ( in mole) is higher than Cd(II).

3.3.7. Effect of sample volume

The efficiency of Fe3O4/polymer for uptaking the metal 
ions from different sample volumes was tested by adsorp-
tion of a fixed amount of individual metal ions in sample 
volumes from 5.0 to 200.0 mL under optimized conditions. 
As shown in Fig. 8B, the adsorption efficiency shows a maxi-
mum at 25 mL for both metal ions. At 200 mL, the adsorption 
decreases to 50% of the corresponding values at 25 mL. The 
decrease can be simply explained by considering the fact 
that in higher volumes the probability of contact between 
adsorbate and adsorbent is lowered. The small decrease in 
adsorption capacity at low volumes could be due to insuf-
ficient dispersion of sorbent which causes high hydrogen 
binding between functional groups or induced aggregation 
in the presence of metal ion. This reduced the surface sites of 
adsorbent to bind with metal ions in solution.

3.4. Adsorption kinetics, isotherms and thermodynamics

3.4.1. Adsorption kinetic modeling

Application of the adsorption techniques to larger scale 
processes requires explanation of the kinetic parameters 
and adsorption characteristics of the adsorbent materi-
als [42]. In order to investigate the mechanism of adsorp-
tion, particularly the potential rate-determining step, the 

time course data were fitted to linearized forms of pseu-
do-first-order and pseudo-second-order models [43,44]. 
Suitability of both models was evaluated by comparing 
correlation coefficients (R2). The kinetic parameters calcu-
lated using linear regression analysis along with correlation 
coefficients are illustrated in Table 1. For both metal ions, 
the second-order model has correlation coefficients more 
closer to 1 and the qe values obtained from the plots (qe,theory) 
are almost similar to the experimental values (qe,exp). Gener-
ally, the mechanism of adsorption into hydrogels depends 
on the macromolecular relaxation of the tree-dimensional 
polymer network [45]. However, it has been frequently 
reported that the adsorption kinetics of metal ions onto 
polymer-coated nanoparticles were matched with pseu-
do-first-order and pseudo-second-order models [46,47]. 
This could be attributed to the small size of particles, thin 
polymer coting layer, lower crosslinking degree and low 
rigidity of polymer backbone. The results showed better 
fitness of the experimental data to pseudo-second-order 
kinetic model suggesting that chemisorption may be the 
rate-limiting step that controls the adsorption process and 
that mass transfer in solution and inner particle diffusion 
are not involved [48].

3.4.2. Adsorption isotherm modeling

The details of metal ion adsorption process by Fe3O4/
polymer can be clarified by evaluation of adsorption iso-
therms. This can be obtained by fitting the experimental 
data to the linear forms of the two most common adsorp-
tion models, known as Freundlich and Langmuir adsorp-
tion isotherm models [49]. The plots are shown in Fig. 9 

Fig. 8 (A) Effect of initial metal ion concentration on the uptake of metal ions. Experimental conditions: adsorbent mass of 10 mg, pH 
6.0; contact time of 5 min; temperature at 25°C. (B) Effect of sample volume on adsorption of metal ions.

Table 1 
Calculated kinetic parameters for pseudo first-order, and second-order kinetic models, for Cd(II) and Zn(II) adsorption using 
Fe3O4/polymer as the adsorbent

Metal ion Pseudo first-order model Pseudo second-order model

qe,exp (mg g−1) k1 (min–1) qe,cal (mg g–1) R2 qe,exp (mg g–1) k2 (min–1) qe,cal (mg g–1) R2

Zn(II) 18.6 0.396 12.58 0.956 18.6 0.033 19.3 0.993

Cd(II) 19.4 0.347 10.7 0.842 19.4 0.058 19.9 0.992
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and the corresponding calculated parameters along with 
correlation coefficients are summarized in Table 2. Con-
sidering correlation coefficient as criteria for comparison, 

the Langmuir model could better explain the adsorption 
results of both metal ions. This indicates to the adsorbed 
monolayer coverage of metal ions on the adsorbent sur-
face; as Langmuir model says, all adsorption sites are equal 
with uniform adsorption energies without any interac-
tion between the adsorbed species. It could be reasonable, 
because metal ions bind to carboxylate functional groups 
and has no tendency to bind with additional metal ions. 
The RL values obtained as 2.4 × 10–4 and 2.8 × 10–4 for Cd(II) 
and Zn(II), respectively, confirm the suitability of the adsor-
bent for metal ion removal. Maximum adsorption capac-
ity (qmax) obtained as 142.8 and 111.1 mg/g for Cd(II) and 
Zn(II), respectively, are higher than most other previously 
reports on metal ion removal on nanoadsorbents as will be 
discussed in the following sections.

3.4.3. Thermodynamics of adsorption

Thermodynamic parameters, including Gibbs free 
energy change (∆G), enthalpy change (∆H) and entropy 
change (∆S) are defined to evaluate whether the adsorption 
process takes place spontaneously. The calculated parame-
ters are summarized in Table 3. The negative values of free 
energy change indicate the spontaneous nature of sorp-
tion and confirms affinity of sorbents for the metal ions. 
On the other hand, the positive value of ∆H suggests an 
endothermic nature of the adsorption process. The positive 
values of ∆S are the consequence of metal ion desolvation 
during the adsorption process. The higher values of |T∆S| 
relative to |∆H| indicates that the adsorption process is 
entropically driven.

3.5. Desorption and reusability studies

Regeneration is a very important factor which deter-
mine the suitability of adsorbents for practical applications 
such as water purification and industrial wastewater treat-
ments, because it can significantly affects the cost and time 
of pollutant removal [50]. Due to reversible adsorption pro-
cess, the regeneration of the adsorbent is possible. There-
fore, to investigate the reusability of the magnetic Fe3O4/
polymer composite, cyclic adsorption/desorption study 
was carried out for the metal ions. As mentioned in the pre-
vious sections, adsorption efficiency significantly reduced 
as ionic strength increased and pH decreased. This obser-
vation provided the clue to select 0.01 M HCl as the eluent 
for desorption of metal ions. It was notable that desorption 
equilibrium was achieved within 10 min which is consider-
ably lower than that of most similar researches (Section 3.8). 
This could be due to the absence of internal diffusion resis-
tance [43]. The recovered hydrogel was reused five times 
with less than 5% reduction recovery percentages (Fig. 10). 

Fig. 9. (A) Equilibrium isotherms plots; (B) Langmuir adsorp-
tion isotherm, and (C) Freundlich adsorption isotherm.

Table 2 
Isotherm constants and regression data of various adsorption isotherms for adsorption of Cd(II) and Zn(II) on Fe3O4/polymer.

Metal ion Langmuir Freundlich

qmax (mg g–1) kL (L g–1) R2 RL 1/n kF (L g–1) R2

Zn(II) 111.1 13.88 0.999 2.4 × 10–4 1.65 0.30 0.943

Cd(II) 142.8 11.85 0.997 2.8 × 10–4 1.46 0.032 0.857
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The possibility of reusing the reactive polymer for several 
times makes it economically suitable for application pur-
poses. Furthermore, good recoveries even after five cycles 
are promising to be useful in preconcentration and recy-
cling purposes.

3.6. Competitive adsorption 

Effect of other heavy metal ions on adsorption of Cd(II) 
and Zn(II) was investigated by acquiring removal efficiency 
for metal ions, individually or in binary mixtures containing 
equal quantities (20 mg/L) of metal ions. It was observed that 

the order of removal efficiencies in mmol/g for metal ions 
was Cu(II) > Zn(II) > Cd(II) > Pb(II) > Hg(II), implying the 
stronger affinity of the adsorbent for metal ions in the men-
tioned order. The observation could be explained by hard-
soft interaction when the hard carboxylate group of polymer 
interacts better with harder metal ions. For binary mixtures, 
the removal efficiency for Cd(II) and Zn(II) decreased sig-
nificantly in the presence of Cu(II), while Hg(II) had the least 
effect on the removal efficiencies of Cd(II) and Zn(II).

3.7. Application

The performance of the Fe3O4/polymer as metal ions 
adsorbent was evaluated by spiking Zn(II) or Cd(II), in 
freshly collected tap water and mineral water samples. The 
results in Table 4 indicate that ionic strength causes less 
adsorption efficiency; the removal efficiency was much 
better in mineral samples compared to tap water samples. 
These results imply the good performance of the adsorbent 
for removing these metal ions from real water samples.

3.8.  Comparison of Zn(II) and Cd(II) removal with different 
magnetic nanoadsorbents reported in literature

Important parameters such as maximum adsorption 
capacity, adsorption time, and desorption time were com-
pared to other magnetic nanoadsorbents and the results are 
summarized in Table 5. The adsorption capacities of Fe3O4/
polymer toward both metal ions were higher than that 
of most adsorbents [50–52,55,57,60–64]. One of the most 
important parameters in designing and commercialization 
of adsorbents for removal of pollutants from waste waters 
is adsorption/desorption time which is quite shorter for 
the produced adsorbent compared with other previously 
reported ones [51–59,61–64].

Fig. 10. Metal ion recoveries calculated for five consecutive ad-
sorption-desorption cycles. Initial metal concentration of 40 mg 
L−1; adsorbent mass of 10 mg; adsorption time of 5 min; desorp-
tion time 10 min; temperature at 25°C.

Table 4
The adsorbent performance for removal of spiked metal ions from Tap water* and mineral water** samples.

Water sample Added (mg L−1)  Removal (mg L−1)

Cd(II) Zn (II) Cd(II) Zn (II)

Mineral water 20.0 20.0 18.7 (± 0.8)*** 17.8 (± 0.8)

40.0 40.0 37.2 (± 1.3) 35.1 (± 1.2)

Tap water 20.0 20.0 17.6 (± 0.6) 15.9 (± 0.7)

40.0 40.0 36.1 (± 1.1) 32.7 (± 1.2)
*The parameters of tap water determined by the reference lab: EC = 975, TDS = 643, Total Hardness = 450, pH = 7.2, Cl− = 2.5, Ca2+ = 5.0, Mg2+ 

= 4.0, Na+ = 0.84.
**The parameters of mineral water labeled by the company: EC = 294, TDS =185, Total Hardness =132, pH = 7.5, Cl− = 3.7, Ca2+ = 48, Mg2+ = 
8, Na+ = 2.
***The values in parentheses show SD for three replicate analyses.

Table 3 
Thermodynamic parameters of adsorption of Zn(II), Cd(II) on Fe3O4/polymer

Metal ion ∆S (J mol−1 K−1) ∆H (kJ mol−1) ∆G (kJ mol−1)

293 303 313 323

Cd(II) 30.578 3.846 −5.111 −5.416 −5.722 −6.028

Zn(II) 34.261 5.643 −4.394 −4.737 −5.079 −5.422
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4. Conclusions

In the present study, copolymerization of acrylic acid 
and acrylamide was done in the presence of Fe3O4 nanopar-
ticles for fabrication of superparamagnetic Fe3O4/polymer 
nanocomposites, which showed great promise in removal 
of Zn (II) and Cd(II) from aqueous media. The prepared 
magnetic nanoparticles can be well dispersed in the aque-
ous solutions. It was found that the adsorption equilib-
rium was achieved in 5 min and the adsorption efficiency 
depended on pH and reached to its maximum in the pH 
range of 5.0–8.0. Pseudo-second-order kinetic model was 
properly fitted to the experimental data. The Langmuir 
model was successfully used to determine adsorption iso-
therms confirming a monolayer adsorption with maximum 
adsorption capacities of 142.8 and 111.1 mg/g for Cd(II) and 
Zn(II), respectively. Thermodynamic studies demonstrated 
that the Gibbs free energy was negative and the adsorption 
process was spontaneous. Adsorbed metal ions can be eas-
ily recovered and adsorbent can be regenerated and reused 
at least for five times without any significant (less than 5%) 
losing in its adsorption capacity. 
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