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Recyclable functionalized polyethyleneimine-
coated magnetic nanoparticles for efficient
removal of lead from aqueous solutions
Chimaine F Tsague,a,b Hanna S Abbo,a,c Divine M Yufanyi,d

Agwara M Ondohb and Salam JJ Titinchia*

Abstract

Background: Lead is among the most lethal heavy metals, displaying toxicity towards humans, animals and plants. Removal of
lead ions from wastewater prior to its disposal is very important. Consequently, the development of adsorbents which can
effectively remove Pb(II) from water is a subject of growing research interest.

Results: Polyethyleneimine-coated magnetic nanoparticles functionalized with various compounds, namely salicylaldehyde,
carbon disulfide and o-vanillin, were synthesized and employed in the removal of Pb(II) from aqueous solutions. These com-
pounds act as chelating agents which bind to toxic metal ions to form complex structures which are easily removed from the
solutions. A very effective uptake of Pb(II) (98.1% of 25 mg L−1 Pb(II)) was achieved with an adsorbent dose of 10 mg, a contact
time of 60 min and at a pH of 6.5. Equilibrium data for isothermal, kinetic and thermodynamic studies indicate that the process
of adsorption fitted well with the Langmuir adsorption isotherm model. The kinetics of adsorption proceeded through a
pseudo-second-order rate while the thermodynamic parameters indicated that the process was spontaneous and endothermic.

Conclusion: Functionalization of iron oxide nanoparticles was confirmed by various techniques. Adsorption factors were opti-
mized in order to achieve maximum removal of Pb(II). The modified magnetic materials are highly effective active sorbent
materials. The hydroxyl, thiol and thiocarbamate groups have a synergistic effect on Pb2+ removal through electrostatic inter-
actions and chelation. Adsorption studies demonstrate that a high adsorption capacity (92%) was achieved within 10 min at
25 °C using the adsorbent MNP@PEI-CS2. The nanoadsorbents can be reused without affecting their removal capacity.
© 2023 Society of Chemical Industry (SCI).

Supporting information may be found in the online version of this article.
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INTRODUCTION
A major contributor to the problems of water pollution are efflu-
ents from industrial wastewater discharge. On average, cities in
developing countries generate between 30 and 70 mm3 of waste-
water per person per year.1 The absence of facilities to treat
wastewater has resulted in the emptying of effluents and waste-
water into surface water sources, which also serve as dumping
sites for domestic wastes resulting in further pollution.2 Moreover,
there is an upsurge in the release of poisonous wastes, comprising
toxic chemicals such as heavy metals, due to industrialization.3,4

Various surveys have shown that countries that are affected the
most by pollution due to heavy metals are developing ones. Sev-
eral different regulatory bodies, World Health Organization, Envi-
ronmental Protection Agency and the Food and Agriculture
Organization have established concentration boundaries for
these metal ions in water. Concentrations beyond these bound-
aries are considered to be unsafe for humans and animals.5 Com-
plications to human health such as damage to the immune,
central nervous and reproductive systems are some of the conse-
quences of contact with heavy metal ions.3 A major challenge to

numerous countries in the world is groundwater contamination
by heavy metals.6 The heavy metal pollutants present in effluents
are known to be non-biodegradable and can accumulate in living
organisms through the food chain.7

The toxicity of most of these heavy metals is known. They are
dangerous to tissue and organs and can be carcinogenic at low
concentrations, thus putting human health, animals, plants and
urban ecosystems at risk. Lead (Pb) is among the most lethal
heavy metals, displaying toxicity towards humans (target organs
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being the liver, kidney, central nervous system and the brain), ani-
mals and plants. Lead is lethal to several key body organs such as
the brain, the liver, the kidney and the nervous system.8 The main
sources of lead pollution are anthropogenic which include the
manufacture of batteries, acid metal plating and ceramic and
glass industries. Thus, elimination of lead ions from wastewater
prior to its disposal is very important. Consequently, development
of methods which can effectively remove Pb(II) from water is a
subject of growing research interest. Amongst the numerous
methods reported for the removal of Pb(II) are chemical treat-
ment, reverse osmosis,9 coagulation and flocculation,10 ion
exchange,11 oxidation andmembrane separation,12 chemical pre-
cipitation5 and adsorption.13 Nevertheless, all these methods are
limited by procedures that are time-consuming, requiring expen-
sive equipment and/or the need for continuous chemical refill.
Flexibility of design, ease of operation, easy handling, reuse of

the same adsorbents and in several instances the generation of
high-quality treated effluents render the process of adsorption
more efficient and economical.14 For an adsorbent to be effective
in removing large amounts of contaminant in a short time, it
should have a large surface area, small diffusion, good resistance
and rapidly attain equilibrium during adsorption. In addition, it
should produce the least amount of sludge. It is thus significant
in practical engineering applications to develop adsorbents with
high surface areas and a small diffusion resistance.15 This has
been a subject of intensive research, resulting in several different
materials such as activated carbon, zeolites and biomaterials all of
which have been employed as adsorbents for heavy metal ion
removal from wastewater. Nevertheless, disadvantages such as
low capacity of adsorption, extended time of adsorption, as well
as difficult and expensive processes (filtration, centrifugation) for
adsorbent removal after the adsorption all serve to limit their
large-scale application in water treatment.16,17

Recent developments in nanotechnology have led to nanoscale
materials attracting increasing scientific attention for tackling
environmental problems.3 Though a variety of nanosized adsor-
bents are known, iron oxides (magnetic nanoparticles, MNPs),
for example magnetite (Fe3O4), maghemite (γ-Fe2O3) and hema-
tite (⊍-Fe2O3), have been extensively employed to remove heavy
metals from water and wastewater samples.18,19 Traditional
adsorbents, in comparison to nanosized iron oxides, are cost-
effective, easy to synthesize and environmentally benign, with
large surface areas as well as being highly efficient. Magnetic iron
oxide nanoparticles can also be easily recovered or manipulated
with an external magnetic field.20 However, the decrease in size
of the metal oxide from the micrometer to the nanometer range
alongside an increase in energy at their surfaces unavoidably
leads to a decrease in their stability. Consequently, a tendency
of these nanosized metal oxides is that of agglomeration due to
van derWaals forces or other interactions, resulting in a significant
decrease or loss of the high capacity or selectivity of these oxide
particles. Furthermore, the extreme drops in pressure (or the diffi-
culty in separating from aqueous systems) coupled with poor
mechanical strength have rendered these oxide particles imprac-
ticable in systems with fixed beds or those with flow-through.18

Depositing a polymer shell on the nanoparticles as well as dispers-
ing the nanoparticles into materials that are probably porous (for
example, diatomite or activated carbon that is in powder form)
are some of the techniques which have been employed to pre-
vent the formation of aggregates.21 In order to circumvent such
limitations, surface modification of iron oxide nanoparticles with
appropriate nitrogen- or sulfur-containing polymeric ligands is

imperative to improve interactions that are soft–soft in nature
between heavy metal ions and active sites as well as to decrease
the interference of hard cations such as alkaline earth metal
ions.22

Cationic polymers, especially polyethyleneimine (PEI), have
been extensively used for the delivery of genes owing to the
charge on their surfaces being highly positive, thus permitting
electrostatic interactions with centers of negative charge.23 PEI,
a polyamine, is a hydrophilic polymer which is soluble in water
and contains many nitrogen atoms in the amino groups on its
molecular chains. Based on the structure, it can be classified as
either linear- or branched-chain PEI. Linear PEI contains secondary
amine groups, while branched PEI contains amino groups that are
primary, secondary and tertiary.24 The assumption that compos-
ites derived from PEI and MNPs demonstrate both the magnetic
properties of MNPs and the very high adsorption capacity of PEI
has resulted in the scientific exploration of MNPs modified by
PEI (MNP@PEI), prepared through diverse synthetic techniques
including electrostatic interaction, self-assembly, dispersion poly-
merization and coprecipitation.25

In this paper, we present a simple hydrolysis route for preparing
a new generation of magnetically separable adsorbents deco-
rated with new functional groups to reach high stability and
adsorption capacity. MNPs were first coated with PEI by covalently
grafting PEI on the surfaces of Fe3O4 followed by functionalization
with organic and inorganic compounds (salicylaldehyde,
o-vanillin and carbon disulfide) having various electron donor
sites, i.e. N and O or S. These adsorbents were employed in
Pb(II) ion removal from aqueous solution and the concentration
of metal ions adsorbed was determined by atomic absorption
spectrometry (AAS). Coating and functionalization of Fe3O4 not
only render the adsorbents hydrophilic leading to a reduction of
adsorption during wastewater treatment but also equally provide
several hydroxyl, thiol and thiocarbamate groups, which may act
in synergy to coordinate or chelate the Pb(II) metal ions. Conse-
quently, this increases their absorption capacity more rapidly
and may easily be removed from the solution.
The proposed mechanism of formation of the materials is pre-

sented and discussed. Furthermore, the effects of different
parameters including the concentration of Pb(II) ions, contact
time, pH and the amount of adsorbent on the capacity of adsorp-
tion of Pb(II) ions by the prepared nanocomposites were explored.
The reusability as well as adsorption mechanism of Pb(II) ions
were also evaluated.

EXPERIMENTAL
Chemicals
Ferrous sulfate heptahydrate (FeSO4·7H2O, 99.5%), potassium
hydroxide (99%), potassium nitrate (99%), sodium hydroxide
(98%), hydrochloric acid (37%), absolute ethanol, PEI (branched,
average molecular weight ∼ 25 000 g mol−1), carbon disulfide
(CS2), salicylaldehyde (SAL), o-vanillin (OV) and lead standard solu-
tion (1000 ppm) were obtained from Sigma-Aldrich and were
used as supplied.

Synthesis of magnetic iron oxide nanoparticles
MNPs were prepared by a hydrolysis method reported by Lin et al.
with slight modifications.26 Fe(II) solution was prepared by dissol-
ving FeSO4·7H2O (5 g, 18 mmol) in 35 mL of deionized water
under a nitrogen atmosphere (solution A). In a separate flask,
KNO3 (0.4053 g, 14.6 mmol) and KOH (2.8075 g, 50 mmol) were
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dissolved in 15 mL of deionized water (solution B). At 90 °C, solu-
tion B was added dropwise (5 min) to solution A under continu-
ous stirring to give a black solution. The solution was
maintained in an oil bath at 90 °C for 1 h to ensure homogeneity.
The MNPs were separated from the reaction mixture using a mag-
net. The Fe3O4 MNPs collected were rinsed a number of times
with deionized water until the pH became neutral and then dried
in an oven.

Preparation of PEI-coated MNPs
The electrostatic adsorption of PEI onto the surfaces of Fe3O4

(MNPs) was achieved through the procedure of Aeineh et al. with
somemodifications.27 In a nitrogen atmosphere, PEI (200 mg) and
Fe3O4 MNPs (100 mg) were dispersed in deionized water (20 mL)
with vigorous stirring, while raising the temperature of the mix-
ture to 90 °C for 3 h. The precipitate formed was magnetically
separated, washed many times with deionized water to eliminate
excess PEI and dried in a vacuum oven.

Functionalization of PEI-coated MNPs with organic
compounds
Salicylaldehyde-functionalized PEI-coated MNPs
MNP@PEI was functionalized with salicylaldehyde according to a
reported procedure.28 Excess salicylaldehyde (1 mL, 9.58 mmol)
was added to a 100 mL suspension of MNP@PEI (2 g) in absolute
ethanol, and the mixture was heated under reflux for 8 h. The
modified nanoparticles obtained were washed thrice with deio-
nized water, then with ethanol, and dried at ambient temperature.

The obtained material was designated as MNP@PEI-SAL. Scheme 1
illustrates the preparation.

Carbon disulfide-functionalized PEI-coated MNPs
The surface of MNP@PEI was modified with carbon disulfide
according to a reported method.26 Into a reaction mixture con-
taining 20 mL of 0.1 mol L−1 NaOH, 4 mL of 2-propanol and
0.3 mL of CS2 was added MNP@PEI (1 g). The reaction mixture
was left stirring for 6 h. The product obtainedwas separated using
an external magnet, washed with 2-propanol and dried at room
temperature. The obtained material was designated as
MNP@PEI-CS2 (Scheme 1).

o-Vanillin-functionalized PEI-coated MNPs
A mixture of 1 g of o-vanillin in absolute ethanol (30 mL) was
added to 0.5 g of MNP@PEI in 20 mL of ethanol, which had previ-
ously been sonicated. The suspension was heated under reflux at
70 °C for 3 h. The product was isolated by magnetic separation,
washed thrice with ethanol and dried at 80 °C in an oven. The
obtained material was designated as MNP@PEI-OV (Scheme 1).

Adsorption tests
Pb(II) ions were adsorbed onto the as-prepared adsorbents, at
room temperature, using a batch method. In a given process, a
knownmass of the adsorbent (2–15 mg) was added to a test tube
containing 50 mL of aqueous solution at room temperature with
different initial concentrations of Pb(II) ions (25, 50 and 100 ppm),
pH values (2.5–8.5) and for various contact times (10–120 min).

Scheme 1. Synthesis route for the functionalized PEI-coated MNPs, namely MNP@PEI-CS2, MNP@PEI-SAL, MNP@PEI-OV, and the adsorption of Pb(II) ions
by these adsorbents.
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The solution was stirred at 4 rpm and left for a certain contact
time. After a specific interval of time, a 1 mL aliquot was with-
drawn and the adsorbent was separated using a magnet and
diluted to 4 mL with deionized water (Scheme 2). To determine
the adsorption capacities of the synthesized materials, AAS was
used to measure the concentration of Pb(II) ions detected/
available after the adsorption process. The removal efficiency
(RE) and the equilibrium adsorption capacity (qe (mg g−1)) were
evaluated using Eqns (1) and (2):

RE %ð Þ= Co−Ct

Co
×100 ð1Þ

qe=
Co−Ceð Þ×V

W
ð2Þ

where Co and Ct (mg L−1) are the concentrations of Pb(II) solution
at the initial time and at time t (min), respectively, qe represents
the equilibrium adsorption capacity of the adsorbent (mg g−1),
V is the volume of the solution (L) and W is the weight of the
adsorbent used (g).
The kinetics of Pb(II) ion adsorptionwas investigated using the same

procedure as described above. Different contact times (10–120 min)
at the optimum amounts of adsorbent dosage, pH and initial concen-
tration of Pb(II) solution, at room temperature, were employed. With
regards to the kinetics of adsorption, the capacity qt of the adsorbents
to adsorb Pb(II) at time t can be determined from Eqn (3):

qt=
Co−Ctð Þ×V

W
ð3Þ

where qt is the adsorption capacity (mg g−1) at time t and Ct is the
concentration (mg L−1) of the Pb(II) at time t.
Adsorption isotherms at different concentrations of Pb(II) ion

solutions (2, 4, 6, 8, 10, 15 mg L−1) were studied using the same
procedure as above. The solution pH (adjusted using 0.1 mol L−1

NaOH or HCl solution), contact time and adsorbent dosage were
adjusted to their optimum values obtained from the batch

optimization procedure, i.e. pH 6.5, 60 min and 10 mg, at room
temperature.
The effects of changes in temperature on the adsorption were

determined at 295, 308, 318, 328 and 338 K. Thermodynamic
studies were carried out at these same temperatures according
to the optimized conditions, at an adjusted contact time of
90 min.
To ascertain if the data collected were accurate, reliable and

reproducible, mean values have been reported for the batch
experiments which were done in triplicate.

Structural and chemical characterization of nanoparticles
Fourier transform infrared (FTIR) spectra were recordedwith a Per-
kinElmer FTIR spectrophotometer (Spectrum100) using the KBr
pellet technique from 4000 to 400 cm−1. Thermogravimetric anal-
ysis (TGA) was conducted in an atmosphere of nitrogen
(20 mL min−1), between 30 and 700 °C, at a heating rate of 10 °
C min−1, using a PerkinElmer Simultaneous Thermal Analyzer
(STA 6000). Scanning electron microscopy (SEM) images were
obtained with a Zeiss Auriga field emission gun SEM instrument.
High-resolution transmission electron microscopy (TEM) was per-
formed using an FEI Technai G2F20 X-Twin MAT field emission
microscope. Powder X-ray diffraction (XRD) patterns were
recorded using a D8 Advance Bruker AXS X-ray diffractometer
with Bragg–Brentano geometry and a Cu-K⊍ source
(40 kV, 40 mA).

Regeneration and reusability study
To determine the material after the adsorption process, the
amount of heavy metals desorbed from the adsorbents was eval-
uated to assess the capacity of the materials to be regenerated
and reused in an acidic medium. Consecutive sorption and
desorption cycles were studied in triplicate. In 50 mL of
Pb(II) ion solution (25 ppm), 10 mg of MNP@PEI-CS2 was added
and stirred for an hour. After recording the final Pb(II) ion concen-
tration at equilibrium using AAS, the materials were collected,
washed many times with deionized water to ensure the removal

2+ , 3
− , −

Scheme 2. Schematic representation of aqueous solution purification adsorption/regeneration cycle.
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of unbound heavy metal and then treated with 25 mL of
0.1 mol L−1 HCl solution (pH ≈ 1.5). After desorption, the mag-
netic materials were recovered and washed many times with
deionized water until neutral pH (6.5–7) and then dried in
an oven.

RESULTS AND DISCUSSION
Synthesis and structure of MNP@PEI-SAL, MNP@PEI-CS2
and MNP@PEI-OV nanomaterials
The magnetic Fe3O4 core of the adsorbent was obtained through
a hydrolysis method. PEI was coated, by electrostatic absorption,
onto the surfaces of Fe3O4 through conventional sol–gel
methods. These nanomaterials were further functionalized with
organic compounds salicylaldehyde, o-vanillin and carbon disul-
fide, through condensation reactions of the NH2 groups on PEI
with carbonyl and thiol groups of the functionalization materials
(Scheme 1).

FTIR characterization
To identify the functional groups at the surfaces of the pristine
and the functionalized MNPs as well as to check their chemical
compositions, FTIR spectra of the samples were obtained from
4000 to 400 cm−1, as shown in Fig. 1. The characteristic peaks
for pure Fe3O4 MNPs appeared at 3406 and 580 cm−1. The strong
and sharp peak at 580 cm−1 is attributed to Fe O stretching
vibration of the MNPs. The broad absorption band centered at
3406 cm−1 was assigned to the stretching vibration of O H
bonds of hydroxyl groups.29,30 After coating with PEI, the new
strong peaks that appeared at 2882–2949 cm−1 and the peak at
1082 cm−1 were attributed to aliphatic C H vibrations and C N
stretching vibrations, respectively. This indicates the presence of
PEI on the surface of Fe3O4 MNPs.27 After reaction with the func-
tionalization materials, the new absorption band that appeared

at 1622 cm−1 in the spectrum of MNP@PEI-SAL was attributed
to C N stretching vibration. Weak bands at 1400–1500 cm−1

were attributed to C C stretching vibrations of the aromatic
ring.28 The band at 1141 cm−1 can be attributed to the phenolic
C O bending vibration and the weak-intensity bands at 2883
and 2985 cm−1 to CH stretching vibrations.30 In the FTIR spec-
trum of MNP@PEI-OV (Fig. 1(D)), the characteristic band at
1630 cm−1 is an indication of C N stretching mode and that at
3432 cm−1 was assigned to the O H stretching vibration.31 The
spectrum of MNP@PEI-CS2 (Fig. 1(E)) contains bands assigned to
the thiouride moiety at 1450–1550 cm−1.32 Frequencies between
those of C N (1250–1350 cm−1) and C N (1632 cm−1) bonds
indicate that a partial double-bond character exists and the con-
sequent delocalization of π-electron density on the dithiocarba-
mate group.33 The band at 2380 cm−1 was assigned to S H
stretching vibrations.34 Characteristic bands for dithiocarbamate
(νC S) vibrations at 950–1050 cm−1 indicate a unidentate or
bidentate coordination mode of the dithiocarabamate ligand.35

In this work, the presence of only one band (νC S) observed
around 1005 cm−1 suggests that the dithiocarbamate ligand
coordinates in a bidentate manner.36

SEM–energy dispersive X-ray spectroscopy (EDS)
The morphologies of the naked MNPs and the coated materials
MNP@PEI and MNP@PEI-CS2 were investigated by SEM and
selected area electron diffraction (SAED). SEM images (Fig. 2) indi-
cate that the spinel-shape morphology of the nanomaterials does
not change upon coating and functionalization. The composition
of the as-prepared nanoparticles was confirmed by EDS (Fig. 2).
The results indicate that the synthesized materials were mainly
composed of Fe, C and O, except for MNP@PEI-CS2 where the
presence of S (0.17%) was also indicated. This confirms the suc-
cessful functionalization of magnetite nanoparticles.

4000 3500 3000 2500 2000 1500 1000 500

Wavenumbers (cm-1)

MNP(A)

MNP- PEI (B)

MNP@PEI-SAL(C)

MNP@PEI-OV(D)

Fe-OC-SC-NNH2 CH2 C=NO-H

MNP@PEI-CS2(E)

S-H

Figure 1. FTIR spectra of (A) MNPs, (B) MNP@PEI, (C) MNP@PEI-SAL, (D) MNP@PEI-CS2 and (E) MNP@PEI-OV.
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TEM/SAED
On the other hand, the TEM images (Fig. 3) show the morphology
and structure of the Fe3O4 MNPs before and after coating with PEI
and functionalizing by CS2, as an example. The TEM images show

that the naked and functionalized MNPs show smooth surfaces
with good crystallinity. The crystallite size ranges from 20 to
40 nm, with an average crystallite size of most of the particles
being ca 30 nm in diameter.

Figure 2. SEM images and EDS spectra of (A) MNPs, (B) MNP@PEI, (C) MNP@PEI-CS2 and (D) MNP@PEI-SAL.

Figure 3. TEM images (top) and SAED patterns (bottom) of (A) MNPs, (B) MNP@PEI, (C) MNP@PEI-CS2 and (D) MNP@PEI-SAL.
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The SAED results (Fig. 3) further confirm that the phases of the
MNPs were crystalline. The electron diffraction patterns of the
coated and the functionalized materials were clear and well
defined indicating that the MNPs were highly polycrystalline in
nature.37,38 These patterns could be indexed to the spinel form
of Fe3O4. The diffraction rings found in the SAED pattern of the
MNPs (Fig. 3) of the Fe3O4 phase can be indexed to the (311),
(220), (400), (422), (511), (440) and (533) reflections from the crys-
tal planes. These results match the XRD results (discussed below).

Powder XRD patterns
The powder XRD patterns of the prepared nanomaterial (Fig. 4)
show well-defined peaks at 30°, 35°, 43°, 53°, 57°, 62° and 89°
which can be indexed to the 220, 311, 400, 422, 511, 440 and
731 reflections of Fe3O4, respectively. These peaks match those
of a spinel-type structure for Fe3O4 MNPs (JCPDS card
no. 00-019-0629). The lattice constant a = 8.396 Å for these sam-
ples compares favorably with that of magnetite (8.39 Å). The
strongest reflection peak is the (311) plane which is characteristic
of a spinel structure.39 Furthermore, there are no shifts in peaks
observed in the powder PXRD patterns upon coating and functio-
nalization, indicating that there was no change in the crystallinity
and the stability of the core Fe3O4 MNPs due to surface modifica-
tion.40,41 While the well-developed peaks at some angles with
sharp peak intensities indicate the crystallinity of the samples.
Broad peaks, on the other hand, indicate that the particles are fine.
The crystallite size of the naked magnetite nanoparticles and

the functionalized materials can be calculated using the Scherrer
equation:

D=
K⊗

⊎cos⊔
ð4Þ

where ⊗ is the wavelength, ⊎ is the peak width at half maximum
and ⊔ denotes the Bragg diffraction angle. The Scherrer constant
K= 0.89 nmwas used to obtain the crystallite size for all the mate-
rials. The average crystallite sizes of MNP, MNP@PEI, MNP@PEI-
CS2, MNP@PEI-SAL and MNP@PEI-OV were calculated according
to the equation and found to be ca 24 nm.

Thermogravimetric analysis
The TGA profiles of the adsorbents MNP, MNP@PEI, MNP@PEI-
SAL, MNP@PEI-CS2 and MNP@PEI-OV along with the weight per-
centage loss are presented in the supporting information
(Fig. S1). The naked Fe3O4 nanoparticles show a loss in weight of
only ca 3% at temperatures below 150 °C which is assigned to
the loss of physically adsorbed water molecules. The thermal
decomposition of all the functionalized MNP adsorbents occurs
in two steps in a wide temperature range (40–600 °C).42 The
weight loss in the first step (2–4%) starts shortly after increasing
the temperature and continues until 150 °C. This is due to the
presence of adsorbed water molecules though all adsorbents
were dried at 150 °C for several hours.
MNP@PEI exhibited a weight loss of ca 1.5% between 150 and

400 °C which corresponds to the decomposition of PEI and
leveled off after 400 °C indicating that the coated PEI polymeric
layer had completely decomposed.43 The percentage PEI loading
was found to be 0.9%.
On the other hand, the functionalized nanoparticles, MNP@PEI-

CS2, MNP@PEI-SAL MNP@PEI-OV, showed a second decomposi-
tion step between 150 and 600 °C with weight losses of 0.9%,
3.9% and 6.3%, respectively. This step consists of overlapping
steps and is due to the loss of PEI layers and the ligand moieties.
The observed weight gain in the TGA of MNPs from 350 to 600 °C

could be attributed to a series of processes including the rapid oxi-
dation of nanoscale Fe3O4 to γ-Fe2O3, the conversion of γ-Fe2O3 to
⊍-Fe2O3 and the oxidation of preoxidized Fe3O4.

44

Study of adsorption process
Effects of pH
Amongst the critical parameters in the process of adsorption, which
has an effect on the charge on the surfaces of the adsorbingmaterial,
is the pH of the solution.45 Variations in the solution pH can have
important consequences on the ability of the adsorbent to adsorb.
Consequently, we investigated how changes in pH affect adsorption
properties within the pH range 2.5–8.5, while keeping the concentra-
tion of adsorbate fixed (25 ppm), the weight of adsorbent at 10 mg
and the contact time at 60 min. As the pH was increased from 2.5 to
8.5, it was observed that the efficiency of removal was also
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Figure 4. XRD patterns of MNPs, MNP@PEI, MNP@PEI-SAL, MNP@PEI-CS2 and MNP@PEI-OV.
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augmented as shown in Fig. 5(A). The efficiency of removal was
found to be 5% at low pH values probably because hydrogen ion
concentration was high in the solution which makes the adsorption
sites positively charged, exerting a repelling effect on the
Pb(II) cations and the adsorption process would thus be hindered.46

At higher pH values, Pb(II) ions are converted to Pb(OH)2, thus sup-
pressing the adsorption of Pb ions and consequently there is a
reduction of the removal efficiency.47 The results indicated that the
highest efficiency of Pb(II) ion removal was achieved at pH 6.5. Con-
sequently, pH 6.5 was selected as the optimum pH of the medium.

Effect of adsorbent dosage
Four adsorbent amounts, 2, 5, 10 and 15 mg, were selected keep-
ing all the other parameters constant: 25 ppm, pH 6.5 and contact
time of 60 min. The selected adsorbent (MNP@PEI-CS2) was
added to 50 mL of a solution of Pb(II) ions while stirring. Increas-
ing the amount of adsorbent from 2 to 15 mg led to a correspond-
ing increase in the uptake of Pb(II), i.e. an increase of removal
efficiency as shown in Fig. 5(B). The removal efficiency decreased
slightly on using more than 10 mg of the adsorbent.44,48 At a
higher adsorbent amount (>10 mg), interactions between the
binding sites of the adsorbent result in aggregation which could
decrease the surface area. This phenomenon could explain the
decrease in removal efficiency. Thus, the amount of adsorbent
used subsequently in the analysis of Pb(II) ion removal was 10 mg.
Although at a higher adsorbent dosage there is a higher surface

area, a higher number of active functional groups as well as active
adsorption sites available,43,47 interactions between the binding
sites of the adsorbent resulting in aggregation and decrease in
the available binding sites, at a higher adsorbent amount
(>10 mg), could explain the decrease in removal efficiency.

Adsorption kinetics study
Effect of time of contact
Variation in the amount of Pb(II) ions removed with time using the
as-prepared adsorbents is depicted in Fig. 6. It is shown that the
efficiency of removal and adsorption capacity of Pb(II) ions
increased as the contact time increased. This could be explained
by the availability of several active binding sites on the adsorbing
material coupled with the decrease in Pb(II) ion-occupied active
sites as the time for adsorption increases. Themaximumefficiency
of removal of Pb(II) was 93.7% for MNPs, 94.4% for MNP@PEI,
95.1% for MNP@PEI-SAL, 98.1% for MNP@PEI-CS2 and 94.35% for

MNP@PEI-OV, after 60 min. As time progressed the surface cover-
age of the adsorbent was high, and no further adsorption took
place after 60 min, and thus this time period was subsequently
used in the study of the isotherms.
The results demonstrated that MNP@PEI-CS2 exhibited an excel-

lent adsorption performance for Pb(II) compared to the other
functionalized materials. Pb(II) is considered an intermediate ion
based on the HSAB (hard–soft acid base) theory.49 This can be elu-
cidated to lead to a higher affinity towards sulfur, namely thiol
functional group, than oxygen- and nitrogen-containing groups.
This is due to thiol which is an electron-rich functional group
and can form a chemical bond with Pb(II) ions due to the high
affinity of Pb(II) for sulfur-based sorbents.50

Adsorption kinetic models
Isothermal adsorption equilibrium study
The process of adsorption is a dynamic equilibrium, and the rate
of adsorption is a function of the physicochemical properties of
the adsorbing material, the characteristics and concentration of
the Pb(II) ions as well as the capacity of this metal ion to combine
with the adsorbing material.18 The proposed and accepted mech-
anism for removal of heavy metal ions from solutions using func-
tionalized surface sorbents is adsorption. This mechanism is
based on the chemical binding between O-, N- and S-containing
groups and the heavy metal ion. The adsorption kinetics iso-
therms provide valuable insights into the reaction pathways and
the mechanism of the adsorption process.51 In the adsorption
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Figure 5. Effect of pH (A) and adsorbent dosage (B) on Pb(II) removal efficiency using MNP@PEI-CS2.

Figure 6. Removal efficiency of Pb(II) with time using various adsorbents.
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mechanism a covalent and/or coordination bond is formed
between the donor atoms of the functional groupwithmetal ions.
This behavior is further verified in the desorption process.
To investigate the rate and mechanism of adsorption of

Pb(II) ions onto the MNPs, several kinetic models were per-
formed/tested. Different kinetic equations (namely first order, sec-
ond order, pseudo-first order, pseudo-second order and
intraparticle diffusion) were tested to determine which model fits
better with the experimentally obtained kinetics data and to
determine the adsorption mechanism.

First- and second-order models
Equations (5) and (6) represent rate equations for first and second
order:

lnCt= lnCo−K1t ð5Þ
1
Ct

=K2t+
1
Co

ð6Þ

where K1 and K2 are the first-order and the second-order adsorp-
tion rate constants (min−1). Figure 7 shows a plot of lnCt versus t,
while Fig. 8 shows a plot of 1/Ct versus t.

Pseudo-first-order and pseudo-second-order models
The kinetics of adsorption can also be described using a pseudo-
first-order or pseudo-second-order equation. While the model
based on pseudo-first-order kinetics assumes binding to be a
result of adsorption, that based on pseudo-second-order kinetics
regards it as a consequence of chemical adsorption.18 Equa-
tions (7) and (8) represent the linear relations of the pseudo-
first-order and pseudo-second-order rate equations:

ln qe−qtð Þ= lnqe−K1t ð7Þ
t
qt

=
1

K2q2e
+

1
qe

t ð8Þ

where qt represents the concentration ofmetal ions at time t (min)
and qe (mg g−1) the concentration at equilibrium adsorbed by the
adsorbing material. K1 (min−1) represents the pseudo-first-order
rate constant, while K2 (min−1) represents the pseudo-second-
order rate constant. supporting information, Fig. S2, shows a plot

of ln(qe − qt) versus twhile, supporting information, Fig. S3, shows
a plot of t/qt versus t.

Intraparticle diffusion model or Weber–Morris kinetic model
To better understand the mechanism of diffusion of the process
of adsorption, the intraparticle diffusion model was investi-
gated.18 The intraparticle diffusion model is expressed by Eqn (9):

qt=K it
1=2 +C ð9Þ

where Ki (mg g−1 min−1/2) represents the rate constant of the
intraparticle diffusion and C, the intercept, relates to the boundary
layer thickness.52 If C is equal to zero, intraparticle diffusion will be
the only controlling step. By contrast, values of C ≠ 0 suggest
that the adsorption process is partly complex and involves more
than one resistance to diffusion.53 In the intraparticle diffusion
model, the diffusion of pores is supposed to be through sorption
at the surfaces because the adsorbent is porous in nature.54 The
linear plot of qt versus t

1/2 provided the descriptors for this model
(supporting information, Fig. S4).
Table 1 presents the kinetic parameters and correlation coeffi-

cients. The model based on pseudo-second-order kinetics was
thought appropriate in describing the adsorption of the metal
ions given the higher correlation coefficients, which suggests that
the process of adsorption is controlled by chemisorption rather
than mass transport. The experimental value of qe agrees very
closely with the theoretical value predicted using a model based
on pseudo-second-order kinetics. Results from several studies of
the adsorption of Pb(II) on MNPs have demonstrated that the
model based on pseudo-second-order kinetics fits best with the
data obtained experimentally.18,52

Adsorption isotherm study
Effect of initial concentration of Pb(II) ions. The rate of adsorption
depends on the initial concentration of the adsorbate
(2–15 ppm), weight of adsorbent (10 mg), pH (6.5) and contact
time (60 min). Thus, an important factor that controls effective
adsorption is the concentration of the adsorbate. The adsorption
of Pb(II) ions onto the adsorbent in relation to the initial concen-
tration of Pb(II) ions is presented in Fig. 9(A). We observed that
the removal efficiency of Pb(II) decreased as the Pb(II) concentra-
tion increased from 2 to 15 mg L−1. The fast and high adsorption,
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MNP@PEI : y = -0.0078x - 0.2358
R² = 0.6798

MNP@PEI-SAL: y = -0.0088x - 0.2864
R² = 0.6844

MNP@PEI-OV: y = -0.0105x - 0.0024
R² = 0.8339

MNP@PEI-CS2: y = -0,0114x - 1,086
R² = 0,5312

-3

-2.5

-2

-1.5

-1

-0.5

0

0.5

0 20 40 60 80 100 120 140

ln
 C

t

Time (min)

MNP MNP@PEI MNP@PEI-SAL MNP@PEI-OV MNP@PEI-CS2

Figure 7. Model based on first-order kinetics for Pb(II) ion removal by MNPs, MNP@PEI, MNP@PEI-CS2, MNP@PEI-SAL and MNP@PEI-OV.
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when the initial concentration is low, may be a consequence of
the presence of several free sites on the surface of the adsorbing
material which promoted interaction with the free Pb(II). Increas-
ing the initial concentration of Pb(II) in the solution resulted in a
reduction in the active sites on the surface of MNP@PEI-CS2 and
thus a decrease in adsorption.55

Adsorption isotherm models
To design the adsorption system and establish the relationship
between the adsorbate and the adsorbent, the adsorption iso-
therm was investigated while temperature was kept constant.
Adsorption isotherms permit the prediction of the capacity of
adsorption of the adsorbent and to better explain the

MNP : y = 0.0082x + 1.5371
R² = 0.7363

MNP@PEI: y = 0.0142x + 1.2564
R² = 0.7387

MNP@PEI-SAL: y = 0.0181x + 1.2985
R² = 0.722

MNP@PEI-OV : y = 0.019x + 0.8791
R² = 0.878

MNP@PEI-CS2 : y = 0.0532x + 3.2806
R² = 0.6194
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Figure 8. Model based on second-order kinetics for Pb(II) ion removal by MNPs, MNP@PEI, MNP@PEI-CS2, MNP@PEI-SAL and MNP@PEI-OV.

Table 1. Kinetic parameters and correlation coefficients

Adsorbent MNP MNP@PEI MNP@PEI-SAL MNP@PEI-OV MNP@PEI-CS2

qexp (mg g−1) 129.333 130.272 131.362 130.934 135.557
First-order model K1 0.44 × 10−2 0.78 × 10−2 0.88 × 10−2 1.05 × 10−2 1.14 × 10−2

R2 0.6994 0.6798 0.6844 0.8339 0.5312
Second-order model K2 0.82 × 10−2 1.42 × 10−2 1.81 × 10−2 1.90 × 10−2 5.32 × 10−2

R2 0.7363 0.7387 0.7220 0.878 0.6194
Pseudo-first-order model K1 11.76 × 10−2 8.76 × 10−2 9.94 × 10−2 9.76 × 10−2 9.13 × 10−2

qe 64.097 42.674 75.596 153.361 25.868
R2 0.9025 0.9405 0.9068 0.8436 0.9133

Pseudo-second-order model K2 1.08 × 10−2 0.57 × 10−2 0.51 × 10−2 0.35 × 10−2 1.04 × 10−2

qe 129.870 131.579 133.333 133.333 136.986
R2 1.0000 0.9999 0.9997 0.9997 0.9999

Intraparticle diffusion model Ki 0.7473 1.4690 1.4206 1.9615 0.9719
C 122.40 116.85 118.13 112.14 126.95
R2 0.7993 0.7636 0.7694 0.8825 0.6161
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Figure 9. Removal efficiency of Pb2+ against (A) initial Pb2+ concentration and (B) temperature using MNP@PEI-CS2.
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interaction between the adsorbent and heavy metal ions.56 In
this study, the Langmuir (Eqn (10)), Freundlich (Eqn (11)), Tem-
kin (Eqn (12)) and Dubinin–Radushkevich (D-R) (Eqn (13)) iso-
therms were chosen to describe the equilibrium between the
amounts of Pb(II) adsorbed on MNP@PEI-CS2 (qe) and
Pb(II) concentration in the solution (Ce):

Ce

qe
=

1
qmaxKL

+
1

qmax
Ce ð10Þ

lnqe= lnKF +
1
n
lnCe ð11Þ

qe=BT lnKT +BT lnCe whereBT=
RT
bT

ð12Þ

lnqe= lnqs−KD−Rε
2 ð13Þ

where Ce (mg L−1), qe (mg L−1) and qmax (mg g−1) represent the
concentration of Pb(II) at equilibrium, the quantity of
Pb(II) adsorbed at equilibrium and the maximum capacity of
uptake of the adsorbing material, respectively. KL (L mg−1) is a
Langmuir constant that relates to the energy adsorbed; while
the Freundlich constants n and KF are related to the intensity of
sorption and the capacity of sorption, respectively. KT (L g

−1), bT
and BT are the Temkin isotherm equilibrium binding constant,
Temkin isotherm constant and a constant related to the heat of
sorption (J mol−1), respectively.18,57 KD-R (mol2 kJ−2) is the D-R
constant and ε (Jmol−1) shows the Polanyi potential,58 qs repre-
sents the theoretical isotherm saturation capacity (mgg−1),59

R represents the gas constant (8.314 Jmol−1 K−1) and T is the tem-
perature at 298 K. Equation (14) permits the calculation of the
mean free energy (E, kJmol−1):

E=
1
ffiffiffiffiffi

2⊎
p with ⊎=KD−R ð14Þ

The E value may determine the nature of the adsorption: for
instance, E in the range 8–16 kJ mol−1 means that the adsorption
process is chemical in nature, while it is controlled by a physical
process if E is below 8 kJ mol−1. The isotherms or plots for the
removal of Pb(II) by MNP@PEI-CS2 under optimum conditions
are shown in Fig. 10. The calculated E value (3.535 kJ mol−1), in
the range 8–16 kJmol−1, obtained from the D-R model fitting
parameters, indicates that the process of adsorption was physi-
cal.60 Table 2 lists the isotherm constants and correlation coeffi-
cients. The Langmuir model fits better the experimental data, in
comparison to the Temkin and Freundlich isotherm models,
because of the higher correlation coefficients, suggesting a
monolayer adsorption. This indicates that the surfaces are homo-
geneous and all adsorption sites are equivalent.14,61 In order to
evaluate how suitable the adsorbent is towards the adsorbate
investigated, a separation factor constant (RL) (Eqn (15)) was
applied. The constant RL (which is dimensionless) enables us to
infer if the process of adsorption is favorable or not.

RL=
1

1+KLCo
ð15Þ

where KL (L mg−1) represents the Langmuir constant.
Thus, the magnitude of RL indicates if the adsorption process is

feasible18 and also qualifies the isotherm type as either irrevers-
ible (RL = 0), favorable (0 < RL < 1), linear (RL = 1) or unfavorable
(RL > 1).62 The values of RL presented in Table 2 indicate that
Pb(II) adsorption by MNP@PEI-CS2 is favorable.

Adsorption thermodynamics study
The spontaneity of the adsorption process using MNP@PEI-CS2
adsorbent was described by thermodynamic parameters with a
temperature variation from 295 to 338 K. Variation in the removal
percentage of Pb(II) with temperature is shown in Fig. 9(B).
Adsorption of Pb(II) ions on the magnetite adsorbent was found
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Figure 10. Isotherms of Pb(II) adsorption on MNP@PEI-CS2: (A) Langmuir isotherm, (B) Freundlich isotherm, (C) Temkin isotherm and (D) D-R isotherm.
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to increase with increasing adsorption temperature since they
gained energy in the system and their mobility increased. This
indicated that the process of adsorption was endothermic, and
could also possibly be a chemical adsorption process.63 The
parameters ΔH°, ΔS° and ΔG° relating to the thermodynamics
of the adsorption on MNP@PEI-CS2 could be obtained from the
process that depends on temperature. The values of ΔH° and
ΔS° were calculated by applying Eqns (16)–(18)52:

ΔG°=ΔH°−TΔS° ð16Þ

lnKd=
ΔS°
R

−
ΔH°
RT

ð17Þ

Kd=
Co−Ce

Ce
:
V
m

ð18Þ

where Kd is the distribution coefficient at equilibrium, Co (mg L−1)
the concentration at the origin, Ce (mg L−1) the concentration at
equilibrium, V the volume (mL), m the amount (g) of adsorbent,
R the ideal gas constant (8.314 J mol−1 K−1), T the temperature (K),
ΔH° the enthalpy of adsorption, ΔG° the free energy change and
ΔS° the entropy change. The calculated and estimated thermody-
namic parameters are presented in Table 3. The higher the value
of Kd, themore the sorbent material tends to be effective at seques-
tering the target species. Under experimental conditions, Kd is a
directmeasure of the affinity of a sorbent for the species beingmea-
sured (and this may impact the value).64 The distribution coefficient
(Kd) values increased with an increase in temperature suggesting
that the process of adsorption was endothermic in nature. The ΔG
° values decreased with temperature rise. An indication of how fea-
sible is the adsorption of metal ions on the adsorbent, as well as the
spontaneity and thermodynamical favorability of the sorption pro-
cess are given by the negative values of ΔG°.65

While positive ΔH° values indicate an endothermic adsorption
process, positive ΔS° values show that the ‘degree of freedom’ of
the Pb(II) ions in themedium increases, suggesting that the concen-
tration of the sorbate increases in the solid–liquid interface.
The adsorption of Pb(II) ions, as shown by the thermodynamic

parameters, was found to be a non-spontaneous process at low
temperatures, and spontaneous at high temperatures.

Regeneration and reusability study
The main objectives for the regeneration of adsorbents are: (i) to
reinstate the capacity for adsorption of adsorbents that have been
exhausted and (ii) to extract valuable metals that are found in the
adsorbed phase.66

To evaluate the efficiency of the adsorbent, regeneration was
conducted and the adsorbent (MNP@PEI-CS2) was reused for
three cycles. The regeneration study reveals that Pb(II) could
totally be desorbed by 0.5 mol L−1 HCl. The Pb(II) removal effi-
ciency was 94.1%, 91.2% and 90.1% for the first, second and third
cycles (adsorption–desorption), respectively (Fig. 11), indicating
the stability of the adsorbent in the process of desorption and
good reusability. The decrease in the removal efficiency after
regeneration in subsequent cycles may be due to the fact that
the adsorbate could not be completely recovered from the adsor-
bent during the desorption process. Thus, these results suggest
that the non-thermal desorption method was quite effective to
retain the adsorbents and be reused for several cycles for the
removal of Pb2+.
The adsorbent structure was preserved after regeneration and

was confirmed from FTIR spectra of the adsorbent before and
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after adsorption, and after desorption (supporting information,
Fig. S5). The FTIR spectrum of MNP@PEI-CS2 before adsorption
shows a peak around 1632 cm−1 related to the C N stretching
vibration which shifted to a lower frequency after adsorption at
around 1413 cm−1. This indicates that Pb(II) was adsorbed on
the MNP@PEI-CS2. After the regeneration (after desorption), the
peak (C N) reappeared at ca 1632 cm−1 but with a decreased
intensity. Similarly, the peak at around 3400 cm−1 due to NH2 dis-
appears after adsorption and reappears with lower intensity after
desorption, indicating these groups were also involved in the
adsorption process. Thus, the FTIR spectra of the adsorbent after

regeneration support the finding that it is able to be regenerated
and reused several times without significant loss.

Comparative study
The Pb(II) removal efficiency of CS2-functionalized MNP@PEI in this
presentworkwas comparedwith that of other adsorbents in the lit-
erature as presented in Table 4. As can be seen, the removal effi-
ciency of MNP@PEI-CS2 is comparable to that of similar materials.
In addition, this efficiency is achieved in a shorter time, indicating
that our modified method is effective and practicable.

CONCLUSION
The present study has demonstrated that MNP@PEI decorated
with a range of functional groups, namely salicylaldehyde,
o-vanillin and CS2, can be used as promising adsorbent materials
for complexing and removing Pb(II) ions from aqueous solutions.
Functionalization provides specific functional groups at the
MNP@PEI surfaces for further bonding of different molecules to
surfaces containing oxygen, nitrogen and sulfur functional groups
on these surfaces to act as available adsorption sites. Therefore,
functionalized MNPs have a high degree of interaction and ability
to remove specific contaminants in contaminated water. The
presence of a coating polymer (PEI) on the surface of the as-
synthesized MNPs was demonstrated from FTIR spectra which
equally identified the functional groups responsible for metal
ion removal from aqueous solutions. Morphological observations
through SEM and TEM showed nanoparticles of smooth surfaces
with sizes ranging from 20 to 40 nm and with the average size
of most of the particles being 30 nm in diameter. Batch

Table 4. Comparison table of adsorption capacities for Pb(II) of various magnetic adsorbents

Adsorbent Adsorption capacity (mg g−1) Pb2+ (%RE) Pb conc. (mg L−1) pH Time (min) Ref.

3-Mercaptopropanic acid@PMNP 68.41 98 200 6.5 60 67
Ultrafine mesoporous Fe3O4 nanoparticles 85 96–97 10 5.5 20–30 68
Fe3O4@silica–xanthan gum 21.32 >99 28 6.0 60 69
Iron oxide nanoparticles 36.0 98 162 5.5 120 70
Fe3O4@SiO2@
2-Chloropyridine 61 94 10 5 20 71
3-Chloropyridazine 72 96
2-Chloropyrazine 65 94
4-Chloropyrimidine 65 93

Fe3O4@Silica-MnO2 33.6 94 24 4 30 72
MNP-polyethyleneimine 143 >99 100 6 60 73
Carboxyl-MNP 74.63 >99 10 5 30 74
MNP@PEI-CS2 39.52 92 25 6.5 10 This work

Table 3. Thermodynamics of Pb ion removal from aqueous solution by MNP@PEI-CS2

Metal T (K)

MNP@PEI-CS2

Kd ΔG° (kJ mol−1) ΔH° (kJ mol−1) ΔS° (J mol−1)

Pb(II) 295 340.89 −14.302 22.6265 125.5331
308 542.15 −16.121
318 749.26 −17.500
328 837.24 −18.353
338 1149.28 −19.802
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adsorption experiments disclosed a relatively high removal effi-
ciency for Pb(II), which may be due to the coordination properties
of PEI and the electrostatic interaction between Pb(II) and oxygen,
nitrogen and sulfur functional groups on its surface. The
MNP@PEI-CS2 adsorbent demonstrates the highest adsorption
capacity achieved within 50 min at 25 °C, which is most probably
due to the strong affinity of Pb(II) ions for sulfur atoms. Factors
that influence the batch adsorption process include the time of
contact, temperature, dosage, solution pH and initial metal ion
concentration. Experimental investigations optimized the condi-
tions for the maximum removal of 25 mg L−1 Pb(II) ions to be
10 mg, 60 min contact time and a pH of 6.5.
The adsorption kinetics fit well the model based on pseudo-sec-

ond-order kinetics and the Langmuir isotherm. The thermody-
namic study indicated that the process of adsorption was
endothermic and spontaneous and increasing the temperature
promoted adsorption. Based on this study, the adsorbents could
be satisfactorily used in practical applications for heavy metal
ion removal from an aqueous environment due to the high capac-
ity of adsorption coupled with the ease and rapidity of separation,
avoiding the issues with centrifugation and filtration. The present
work also shows that these adsorbents can be reused as highly
efficient adsorbents for Pb(II) removal from aqueous solution.
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