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a b s t r a c t
Polyethyleneimine (PEI) functionalized magnetic nanoclusters (MNCs) were fabricated for the removal of 
heavy metal ions and rapid magnetic separation of absorbent from contaminated water. After the MNCs, com-
posed of aggregates of small primary Fe3O4 nanoparticles with a size of 6.2 nm, were synthesized by one-step 
hydrothermal method, they were covalently coated with PEI via a simple silane coupling reaction. The resulting 
PEI-functionalized MNCs (PEI-MNC) had an average diameter of 264.1 nm and showed rapid separation from 
water by an external magnet. The adsorption behavior of PEI-MNC for heavy metal ions fits well with the 
Langmuir isotherm models, and their maximum adsorption capacity was 33.11, 11.05, and 9.80 mg/g for Cu2+, 
Zn2+, and Co2+, respectively. Competitive adsorption among these three metal ions was carried out to investigate 
the adsorption tendency of PEI-MNC between them. Furthermore, the desorption and stability test of Cu2+-
loaded PEI-MNC in 0.1 M HCl were also investigated to evaluate their reusability for practical application.
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1. Introduction

Heavy metals pollution commonly found in wastewa-
ter of many industrial processes has been a serious threat 
to the public health and ecological systems due to their 
properties of nonbiodegradation, potential toxicity, and 
carcinogenesis even at very low concentrations [1]. Among 
the methods for heavy metal pollution remediation, such 
as adsorption, electrochemical precipitation, ion exchange, 
and membrane filtration, adsorption is one of the most 
popular and effective options due to its great flexibility 
in design and operation. Up to now, various adsorbents 
such as natural materials like clay, seaweed, and biomass, 
as well as synthetic materials adsorbents like activated 
carbon, resin, and mesoporous silica have been used to 
remove heavy metals [2,3]. Although these adsorbents can 

be regenerated and/or recovered using the centrifugation 
or filtration method, however, they are difficult to be sepa-
rated from large volumes of solution [4].

In recent decades, magnetic nanoparticles (MNPs), such 
as Fe3O4, have been extensively studied for their utility in envi-
ronmental remediation applications, magnetically guided drug 
delivery, and magnetic resonance imaging, due to their unique 
superparamagnetic and biocompatible properties [5,6]. In par-
ticular, magnetic nanocomposites composed of a MNP-based 
core and a functional shell that can adsorb contaminants such 
as organic pollutants [4] and radioactive nuclides [7–9] were 
intensively studied for the treatment of contaminated water 
because they can be magnetically collected using an external 
magnet. Moreover, a variety of magnetic nanoadsorbents func-
tionalized with various compounds, such as alginate [10], chi-
tosan [11], hexanediamine [12], amino-functionalized polyacrylic 
acid (PAA) [13], and dimercaptosuccinic acid [14], have been 
developed for the removal of heavy metal ions. Among these 
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various coating compounds, polyethyleneimine (PEI), composed 
of a large number of primary and secondary amine groups, is 
well known to have outstanding adsorption ability for heavy 
metals such as Cu ions [8,15]. For instance, Goon et al. and Pang 
et al. recently reported that PEI-coated MNPs have good adsorp-
tion capacity for Cu2+ ions [16] or Cr2+ ions [17]. However, these 
PEI-coated MNPs, prepared through electrostatic conjugation 
between Fe3O4 and PEI, can become unstable at high or low pH, 
and under certain conditions of high salt.

In the present study, MNC, composed of aggregates of 
small primary Fe3O4 nanoparticles, was used as a core materials 
in magnetic adsorbent to provide a much higher saturation 
magnetization than individual Fe3O4 nanoparticles due to 
aggregation effects [18,19]. PEI was then covalently conjugated 
on the surface of MNC using PEI-silane (trimethoxysilylpropyl- 
modified PEI) via simple silane coupling reaction to improve 
the structural stability. The structure, morphology, and mag-
netic properties of the resulting PEI-MNC were characterized 
by X-ray diffraction (XRD), Fourier transform infrared (FTIR), 
Transmission electron microscopy (TEM), and vibrating sample 
magnetometer (VSM). The adsorption capability of PEI-MNC 
in removing heavy metal ions such as Cu2+, Co2+, and Zn2+ from 
water was also investigated by measuring adsorption isotherm 
in batch experiments. Moreover, stability of the PEI-MNC 
during desorption process in 0.1 M HCl was examined

2. Materials and methods

2.1. Synthesis of citric acid-coated magnetic nanocluster

Citric acid (CA) coated MNCs (CA-MNCs) were syn-
thesized using a reported procedure [20]. Briefly, 2.7 g of 
FeCl3·6H2O, 0.8 g of sodium citric acid, and 7.708 g of ammo-
nium acetate were dissolved in 140 mL of ethylene glycol under 
magnetic stirring. Then, the mixture solution was transferred 
into a Teflon-lined stainless-steel autoclave. The autoclave was 
sealed and heated to 200°C for 6 h. After being cooled to room 
temperature, the produced were obtained with the help of 
magnet, washed with excess ethanol and deionized water for 
several times, and dried in vacuum at 60°C for overnight.

2.2. Synthesis of polyethyleneimine (PEI) functionalized magnetic 
nanoclusters

PEI-MNC was fabricated according to the previously 
reported literature with modification [21]. Briefly, 100 mg of 
CA-MNC were dispersed in 50 mL of ethanol-water mixture 
solution (the volume ratio of ethanol and water is 4 to 1). 
Then 1 mL of PEI-silane (trimethoxysilylpropyl-modified 
PEI [TMS-PEI]; Molecular weight (MW) = 1,500–1,800, Gelest, 
Inc., Morrisville, PA) and 1.5 mL of ammonium hydroxide 
solution (28.0%–30.0% NH3 basis) were added to upper 
solution. The suspension was stirred violently at 80°C for 24 
h. After being cooled to room temperature, the PEI-MNC was 
separated from solution by a permanent magnet and washed 
with excess ethanol and water several times. Finally, the 
product was dried in vacuum at 60°C for overnight.

2.3. Characterization of CA-MNC and PEI-MNC

TEM) was obtained using a Philips CM-200 instrument 
operating at 200 kV. Nanoparticle sizes were measured by 

dynamic light scattering (DLS) instrument (ELS-Z2, particle 
size analyzer and zeta potential, Otsuka Electronics Co. Ltd., 
Japan). FTIR spectra were recorded using a Spectrum GX 
and Auto Image instrument (PerkinElmer, Shelton, CT, USA) 
at room temperature. Spectra were recorded in the range of 
4,000–550 cm–1. The thermal gravimetric analysis (TGA) was 
carried out on a SETSYS 16/18 (Setaram, France). The satu-
ration of magnetization was evaluated using a VSM (model 
955287(A),Lakeshore, Westerville, OH, USA).

2.4. Adsorption and desorption studies

The adsorption of various transition metals such as Cu2+, 
Co2+, and Zn2+ by PEI-MNC was performed at 25°C. 5 mg of 
PEI-MNC were mixed with 50 mL of aqueous solution con-
taining various concentration of Cu2+, Co2+, or Zn2+ at pH 7. 
The initial concentration of them was varied from 0.1 to 50 
ppm. After shaking the mixture solution for 24 h to reach 
adsorption equilibrium, the PEI-MNC was separated with 
the help of a magnet. The initial and residual concentration 
of various transition metal ions in water before and after 
treatment with PEI-MNCs were measured by inductively 
coupled plasma atomic emission spectrometer (ICP-AES; 
model: OPTMA 7300DV, PerkinElmer, Shelton, CT, USA). 
The amount of heavy metal ions adsorbed at equilibrium (qe) 
was given according to the formula:

qe = (c0 − ce) × V/m (1)

where c0 and ce (mg/L) are the initial and equilibrium 
concentration of metal ions in solution; V is the volume of the 
solution; and m (g) is the mass of PEI-MNC. To survey the 
competitive adsorption among Cu2+, Zn2+, and Co2+, 5 mg of 
PEI-MNC were added into 50 mL multi-metal solution with 
the initial pH 6. For tri-metal solution, the concentration was 
5 ppm for each metal.

Desorption of Cu2+ was performed by mixing the Cu2+-
loaded PEI-MNC (10 mg) into 100 mL of HCl solution (0.1 
mol/L), and sonicating for various time (from 2 min to 1 h). 
Then, the PEI-MNC was separated from the solution with the 
help of a magnet. The amount of Cu in the Cu2+-loaded PEI-
MNC before desorption test and the released concentration 
of Cu2+ from the Cu2+-loaded PEI-MNC in water during 
desorption test were measured using an ICP-AES (model: 
OPTMA 7300DV, PerkinElmer, Shelton, CT, USA).

3. Results and discussion

The procedure used to synthesize the PEI-MNC for 
removal of heavy metal ions is illustrated in Fig. 1. First, 
the MNC was synthesized via a hydrothermal reaction of 
FeCl3·6H2O with ammonium acetate and sodium citrate 
acid (CA) in ethylene glycol [20]. The morphology of 
CA-MNCs is shown in the TEM image. As shown in Fig. 2, 
the obtained CA-MNC had a spherical shape with a mean 
diameter of about 200 nm. A TEM image further reveals that 
the microspheres are composed of nanocrystals with a size 
of about 5–8 nm. The crystalline structure of CA-MNC was 
determined by the XRD as shown in Fig. 3. XRD analysis 
showed that six characteristic peaks at about 2θ = 30.2°, 
36.6°, 43.1°, 53.4°, 57.1° and 62.7°, corresponded to the (2 2 
0), (3 1 1), (4 0 0), (4 2 2), (5 1 1) and (4 4 0) phase of Fe3O4, 
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respectively, indicating that CA-MNC consisted of a Fe3O4 
phase [9]. The average crystallite size in these microspheres 
can be further calculated by the strongest peak at 30.2° in 
the XRD spectrum (Fig. 3) using Scherrer’s formula; the data 
were around 6.2 nm, consistent with the TEM result.

The FTIR spectra of CA-MNC were examined to verify the 
capping ligand on the surface of nanoparticles (Fig. 4). In the 
spectrum of CA-MNC, the strong band observed at around 
598 cm–1 can be ascribed to the Fe–O stretching vibrational 
mode of Fe3O4 [9], while the presence of peaks at 1,602 cm–1 
for carboxylate symmetric stretching and 1,382 cm–1 for 
carboxylate antisymmetric stretching are associated with 
sodium citrate. This result indicated that sodium citrate was 
bonded on the surface of MNC covalently through the inter-
action between the caroboxylate group of citrate and the Fe 
atom [20,22]. The hydrodynamic diameter of the CA-MNC 
in water determined by DLS was 218.6 ± 70.99 nm, consistent 
with the TEM result. The zeta potential value of the MNC 
in water was (–) 28.6 ± 0.89 mV. This value was attributed 
to the unbound carboxylate groups in CA on the surface of 
CA-MNC.

PEI-silane was used to modify the surface of CA-MNC 
through covalent attachment of the functional alkoxysilanes, 
thereby simultaneously conjugation of PEI on the surface of 
CA-MNC for the adsorption of heavy metal in water because 
it is well known that PEI have outstanding adsorption ability 
for heavy metal [2,15]. During the reaction between the 
iron atom on the CA-MNC surface and the PEI-silanes, the 
methoxy groups of the PEI-silane easily hydrolyzed to from 
an Fe–O–Si bond with the Fe atoms on the surface of MNC 
[7,21,23]

The surface modification of the CA-MNC with PEI-silane, 
termed PEI-MNC, was confirmed by the FTIR spectrum of 

Fig. 1. The synthetic procedure of PEI-MNC for the removal of heavy metal ions.

Fig. 2. TEM images of CA-MNC.
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Fig. 3. X-ray diffraction patterns of CA-MNC using a Rigaku 
D/max-RB apparatus and a Cu Kα source (λ = 0.154 nm).
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PEI-MNC. In Fig. 4, the PEI-MNC also has the characteristic 
peak of Fe3O4 at 598 cm–1 corresponding to the Fe–O stretch-
ing vibration. Besides, the PEI-MNC has a the character-
istic peaks of PEI-silane at 1,046 cm–1 corresponding to the 
stretching vibrations of the Si–O–Si bond, at 1,570 cm–1 for 
N–H bending of PEI, at 1,445 cm–1 for C–H bending of PEI, 
and at 1,241 cm–1 for C–N stretching of PEI. This result indi-
cates that the PEI-silane was successfully conjugated onto the 
surface of MCN [24,17].

The fabricated PEI-MNC was found to be stable in aque-
ous solutions without any agglomeration phenomenon. The 
hydrodynamic diameter of the PEI-MNC in water, deter-
mined by DLS was 264.1 ± 84.45 nm (Fig. 5). From the above 
result, the increased mean diameter of PEI-MNC compared 
with that of CA-MNC demonstrated the presence of PEI on 
the surface of CA-MNC. The zeta potential value in water 
was reversibly changed from (–) 28.6 ± 0.89 mV for CA-MNC 
to (+) 37.0 ± 0.61 mV for PEI-MNC. This is attributed to the 
presence of the amine groups of PEI on the surface of PEI-
MNC, similar to the other reported formulation [8].

The amounts of Fe3O4 in CA-MNC and PEI-MNC, and 
the amount of PEI in PEI-MNC were measured using a TGA. 
After the organic components in CA-MNC and PEI-MNC 
had completely decomposed upon heating to 800°C, the 
residual substance was mainly Fe3O4. Fig. 6 shows that the 
weight percentage of the Fe3O4 in CA-MNC and PEI-MNC 
were 83.69% and 69.86%, respectively.

The magnetic properties of CA-MNC and PEI-MNC were 
examined using a VSM. The plots of magnetization vs. mag-
netic field at room temperature for CA-MNC and PEI-MNC 
are illustrated in Fig. 7. Both samples showed superpara-
magnetic behaviors and the saturation magnetizations (Ms 
value) of the CA-MNC and PEI-MNC were 57.94 and 48.71 
emu g–1, respectively. Although the Ms value of PEI-MNC 
is lower than that of CA-MNC due to the presence of PEI 
which do not have any magnetic property, the normalized Ms 
value (69.73 emu g–1) for the PEI-MNC from TGA results was 
almost equal to the value of the original value for the Fe3O4 
(69.23 emu g–1) obtained from the CA-MNC, indicating that 
the grafting of PEI on the surface of MNC did not change the 
magnetic property of the magnetite. The magnetic separation 
ability of PEI-MNC by an external magnet is demonstrated 
in Fig. 8. After placing the external magnet on one side of the 
bottle, the PEI-MNC has been collected to the side close to 
magnet. This vivid phenomenon clearly confirmed that the 
PEI-MNC could be easily separated from water by an exter-
nal magnet.

It is well known that adsorption mechanism of heavy 
metal ions (Mn+) on the surface of amino-functionalized 
nanoparticles is the formation of complexes (NH2Mn+) 
of metal ions with the amino groups at solid at the solid– 
solution interface of amino-functionalized nanoparticles 
[12,14]. However, the formation of complexes (NH2Mn+) is 
significantly influenced by the pH value because the proton-
ation of amine groups (NH3+) at lower pH causes the loss of 
NH2 binding sites on the surface of PEI-MNC for metal ions 
adsorption [14]. Moreover, the NH3+ formed on the surface of 
PEI-MNC at lower pH hinders the metal ions from contact-
ing the PEI-MNC surface by the strong electrostatic repulsion 
force. Fig. 9 shows pH dependent zeta-potential value of 
PEI-MNC at room temperature. Although the pH of zero 

point charge (pHpzc) of PEI-MNC was found to be around 
8.95, the positive surface charge of PEI-MNC decreased as 
the solution pH increased. From the electrostatic interaction 
point of view, the adsorption of metal ions can be increased 
as the solution pH increased by weak electrostatic repulsion 
force. Taking into further consideration, the occurrence of 
metal hydroxide precipitation under high pH solution [25], 
pH at 7 was selected for effective adsorption of heavy metals 
such as Co2+, Zn2+, and Cu2+ in this work.

The adsorption capacities of the PEI-MNC to heavy 
metal ions at pH 7 were examined by measuring adsorption 
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isotherm in batch experiments. However, equilibrium time 
should be firstly measured for the adsorption isotherm study 
because the adsorption isotherms is the plot between the 
equilibrium concentration of adsorbate in the solution (ce) 
and the equilibrium amount of adsorbate adsorbed onto 
the sorbent (qe) at various initial concentration of adsorbate. 
Fig. 10 shows the sorption ratio of Cu2+ onto the PEI-MNC as 
a function of contact time. Initial concentration of Cu2+ was 10 
ppm with the PEI-MNC loading of 5 mg/25 mL. The Cu2+ was 
adsorbed rapidly, and the equilibrium was established after 6 
h of contact time. From the result, the subsequent adsorption 

isotherm was measured at 24 h of contact time for all exper-
iment using Co2+, Zn2+, and Cu2+ ensuring that sorption equi-
librium between sorbate and sorbent has been reached.

Fig. 11 shows a plot of the equilibrium amounts of Cu2+, 
Co2+, or Zn2+ adsorbed onto the PEI-MNC prepared with 
different initial concentrations vs. the concentration of Cu2+, 
Co2+, or Zn2+ after equilibrium, while maintaining the PEI-
MNC:liquid ratio at 0.1 g/L. In general, the experimental iso-
therm data were usually analyzed by Langmuir isotherms. 
Langmuir isotherm expressions are given by the following 
equations:

1/qe =1/qmax + 1/(qmax b ce) (2)

where qe and qmax are the equilibrium adsorption capacity 
and the maximum adsorption capacity, respectively. Here, b 
is the Langmuir constant related to the energy of adsorption. 
The values of qmax and b can be calculated from the intercept 
and slope, respectively, of the linear plot of 1/qe vs. 1/ce. It is 
very clear from the R2 value in Table 1 that the all adsorption 
process of Cu2+, Co2+, and Zn2+ fit well to the Langmuir iso-
therm models. The excellent fit to the Langmuir isotherm 
curve suggested monolayer adsorption of heavy metals onto 
the PEI-MNC. From the slope and the intercept of the Lang-
muir plot, the values of qmax for Cu2+, Co2+, and Zn2+ were 
33.11, 9.80, and 11.05 mg/g, respectively. It was found that at 
pH 6, the qmax value for the three metal ions was Cu2+ > Zn2+ ≈ 
Co2+, implying the stronger affinity of the adsorbent for Cu2+ 
than Zn2+ and Co2+. Contrary to other reports, the PEI-MNC 
has higher qmax value for Cu2+ than those of amino-function-
alized PAA-bound MNPs (12.43 mg/g) [13], chitosan-bound 
Fe3O4 MNPs (21.5 mg/g) [11], and amino-functionalized mag-
netic nanosorbent (25.77 mg/g) [12]. This is attributed to the 
higher content of amine group on the PEI-MNC than those 
of others (amino-functionalized PAA [13], chitosan [11], and 
hexanediamine [12]). Although qmax value for Cu2+ is lower 
than that of PEI-coated MNPs (160 mg/g) due to the lower 
surface area of PEI-MNC (about 200 nm in diameter) than 
that of single PEI-coated MNPs (50 nm in diameter) [16], the 
PEI-MNC covalently conjugated with PEI has better colloidal 
stability than PEI-coated MNPs fabricated by electrostatic 
conjugation between negatively charged Fe3O4 and PEI.

The competitive adsorption among the studied metal ions 
was next investigated. Fig. 12 shows the adsorption results of 
PEI-MNC for the tri-metal solution with equal initial concen-
tration (5 ppm) of Cu2+, Zn2+, and Co2+. Compared with the 
adsorption result for each metal ion solution (Fig. 10), the qe 
value for Co2+ was decreased from 6.27 to 0.2 mg/g, and the qe 
value for Zn2+ also decreased from 9.2 to 0.4 mg/g. However, 
the qe value for Cu2+ was almost maintained even in the 
presence of same concentrations of Co2+ and Zn2+ (15.4 mg/g 
for Cu2+ solution and 15.0 mg/g for tri-metal solution). This 
result indicated that the PEI-MNC has a strong adsorption 
property for Cu2+ compared with Zn2+ and Co2+. Although it 
was reported that the different adsorption behaviors between 
them might be relevant to the nature of metal ionic and 
the interaction between adsorbent and adsorbate [26], the 
detailed experiments need to be further investigated.

For the promising practical application, the regeneration 
and reusability of the PEI-MNC is very important features. 
According to formation of complexes (NH2Mn+) of metal ions 
with the free amine groups on the PEI-MNC, the protonation 

Fig. 8. A well-mixed PEI-MNC solution in the absence of an 
external magnet (left), and the separated solution after placing 
a magnet adjacent to the original well-mixed PEI-MNC solution 
(right).
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of amine groups (NH3+) at lower pH can induce the desorption 
of Cu2+ from Cu2+-loaded PEI-MNC [12,14]. Although the 
lower pH is better condition to protonate the amine groups, 0.1 
M HCl concentration was preferred to avoid the dissolution 
of Fe3O4 in the PEI-MNC. Table 2 and Fig. 13 show leaching 
amount of Fe and Cu ions, and desorption ratio of adsorbed 
Cu2+ (after first adsorption–desorption cycle) in 0.1 M HCl 
solution at different sonication time intervals and indicated 
that Cu2+ ions could be desorbed completely by only 5 min 
sonication in the presence of 0.1 M HCl. The concentration 
of free iron ions leaching from PEI-MNC in the acid solution 

during all desorption test is in the range of 0.39–0.55 ppm, 
which is almost 0.39%–0.55% of adsorbent (0.1 mg/mL). 
It suggests that the adsorbent is stable in the desorption 
process. Furthermore, the desorption and stability test of PEI-
MNC in 0.1 M HCl suggest the excellent reusability of PEI-
MNC. Therefore, it is believed that the PEI-MNC should be 
sufficiently suitable for practical applications.

4. Conclusion

In this study, we fabricated a PEI-MNC through the covalent 
attachment of the PEI-silane on the MNC surface for the removal 
of heavy metal ions in water and rapid magnetic separation of the 
adsorbent. The PEI-MNC showed rapid magnetic separation of the 
adsorbent from the water. The adsorption of Cu2+, Co2+, and Zn2+ was 
fit well to Langmuir isotherm model, and the PEI-MNC presented 
a preferential binding capacity of Cu2+ > Zn2+ ≈ Co2+. It has been 
also observed that PEI-MNC has strong affinity for Cu2+ even in the 
presence of same concentrations of Co2+ and Zn2+. Furthermore, the 
PEI-MNC displayed excellent reusability by effective desorption of 
Cu2+ from Cu2+-loaded PEI-MNC in 0.1 M HCl solution. Therefore, 
it could be concluded that the PEI-MNC demonstrated good poten-
tial for the treatment of contaminated water with heavy metal ions.
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Table 1
Parameters of the adsorption isotherms fitted by Langmuir models

b qmax (mg/g) R2

Co2+ 0.2396 9.80 0.9949
Zn2+ 0.0032 11.05 0.9848
Cu2+ 0.1295 33.11 0.9940

Table 2
Leaching of Fe and Cu ions after re-suspending the Cu2+-loaded 
PEI-MNC in 0.1 M HCl solution at different sonication time

Time (min) Fe (ppm) Cu (ppm)

2 0.51 9.01
5 0.39 10.09

10 0.43 9.52
60 0.55 10.33
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Fig. 11. The experimental isotherm data and Langmuir sorption isotherm plot for the sorption of (a) cobalt, (b) zinc, and (c) copper 
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