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ABSTRACT
Tri-ethylene glycol (TEG) coated Fe3O4 nanoparticles ferrofluid were used for Pb (II) removal from 
simulated wastewater. The samples were synthesized using a modified co-precipitation method. The 
prepared samples were characterized by different techniques including X-ray diffraction, Rietveld method, 
FTIR, FESEM, TEM, VSM, TGA, BET, and atomic adsorption experiments. The crystallinity of nanoparticles 
with a cubic spinel ferrite structure and absence of impurity phases were verified using X-ray diffraction 
and the Rietveld method. The presence of TEG was approved by FTIR and thermogravimetric analysis. The 
VSM results indicated that the bonding between the TEG molecules and ferrite nanoparticles reduces the 
surface spin disorder, influences the morphology and magnetization, and consequently increases the Pb 
(II) removal efficiency to a high value of 97%. The obtained high value of adsorption capacity of q=363.4 
mg.g-1 with R= 91 % and q=129.4 mg.g-1 with R=97 % shows the effective role of TEG coating on Pb (II) 
adsorption. The interesting results of this study imply that the TEG-coated ferrofluid sample is a suitable 
candidate for practical applications.
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INTRODUCTION 
Water is among the most basic and essential life 

enablers, and its scarcity affects food production 
and could put the survival of many life forms 
in jeopardy[1]. Between continuous population 
growth, climate change, industrial development, 
and ecosystem contamination, provisions for clean 
and ample water have become one of the most 
significant challenges of the century. One culprit 
of water contamination is heavy metals whose 
excessive levels could cause various diseases[2]. 
The industrialization of communities and the 
rise in environmental pollution, along with the 
depletion of potable water resources, begs for 
the development of new water and wastewater 

purification techniques. 
Nanotechnology is one of such techniques 

that is currently on the rise and has wide usage in 
the cleaning of natural resources such as surface, 
underground, industrial and potable water basins 
and has far better effectiveness compared with 
existing wastewater and contaminated water 
purifications techniques[3]. Nanomaterials have 
gained the attention of researchers as a low-cost, 
effective technology for water purification[4]. Zero-
capacity ferrite nanoparticles[5], zeolites[6], Nano-
filtration[7], Nano-photo-catalysts[8], magnetic 
nanoparticles[9], and Nano-sensors[10] are among 
the applications in which nanotechnology could 
be used in order to develop water and sewage 
purification and pollutant detection. 

http://creativecommons.org/licenses/by/4.0/.
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Iron ferrite, Fe3O4, nanoparticles could be used 
to process a wide range of environmental pollutants 
such as chlorinated methane, chlorinated benzene, 
organic paint, tri-halo-methane, arsenic, nitrates, 
and heavy metals such as mercury, copper, cadmium, 
lead, etc.[11]. The following characteristics render 
Fe3O4 nanoparticles as suitable additives for water 
applications: effectiveness in the reformation of a 
wide range of environmental pollutants, low cost, 
and non-toxic[12]. Fe3O4 nanoparticles are especially 
interesting due to their low inherent toxicity and 
excellent magnetic properties. Among the more 
interesting features of the magnetic nanoparticles is 
their ability to refine surfaces with various organic 
and nonorganic coatings to alleviate a wide range of 
waterborne heavy metals. Magnetic nanoparticles 
have high flocculation tendencies due to direct 
inter-particle effects such as the van der Waals force 
or magnetic interactions. These effects form micron-
sized or larger aggregates, which reduce the surface/
volume ratio and consequently their reactivity. 
Therefore, the magnetic nanoparticles are usually 
coated with organic compound ions and used to 
remove metallic ions from aqueous solutions [13, 
14]. Previous studies indicate that Tri-ethylene glycol 
(TEG) coating reduces the surface spin disorder in 
ferrite nanoparticles and consequently increases the 
magnetization of nanoparticles[15]. Also, this coating 
reduces the interparticle magnetic dipole-dipole and 
exchange interactions and causes less aggregation of 
nanoparticles[15, 16]. The aggregation is expected to 
be even less common in aqueous solutions of TEG-
coated ferrite nanoparticles. Therefore, the surface to 
volume increases, which is an advantage for heavy 
metal, nitrates, dye, and other pollutions removal 
from wastewater. To the best of our knowledge, 
there is no report in literature about using TEG 
coated nanoparticles in wastewater treatment and 
heavy metal removal. Using TEG coating and the 
formation of the hydroxyl groups at the surface of 
magnetic nanoparticles, the adsorption capacity 
could increase through electrostatic attraction 
between heavy metal cations and surface negatively 
charged groups.

In light of the discussions above, and water-
related issues, bare and TEG coated Fe3O4 
nanoparticles powders and aqueous solution 
(ferrofluid) were synthesized and the morphological 
and magnetic characteristics were analyzed. Finally, 
the effect of TEG coating on the removal of lead 
was investigated. 

EXPERIMENTAL AND DATA TREATMENT
Chemicals 

The raw chemicals compounds with high 
purity for the synthesis include tetra aqua iron 
chloride (II) FeCl2.4H2O, (Carlo Erba), Hexa 
aqua iron chloride (III) FeCl3.6H2O, (Merck), 
Sodium hydroxide, NaOH (Merck), Tri-ethylene 
glycol (TEG) C6H14O4, in liquid form(Merck) and 
Lead(II) nitrate, Pb(NO3)2, (Merck).

Samples Synthesis 
The nanoparticle samples were synthesized 

by co-precipitation, from saline solutions of 
FeCl2.4H2O, and FeCl3.6H2O with 1:2 molar ratios 
under atmospheric pressure on a heater and 
stirred using a mechanical stirrer to reach 80 °C. 
Subsequently, NaOH solution was added to the 
reaction mixture solution as the sedimentation 
agent. Black sediments formed as soon as the base 
was added. The stirring then continued for another 
30 minutes. After cooling down, the beaker was 
placed on a magnet to separate the nanoparticles. 
For structural and magnetic characterizations, the 
prepared powders were washed with distilled water 
and dried under an air atmosphere. To synthesize 
the TEG coated sample, a similar method was used 
and in the last step, 100 mg of the prepared Fe3O4 
nanoparticles in an aqueous solution, were added 
to a beaker containing 10 ml of Tri-ethylene glycol 
at 140 °C and stirred for 30 minutes. After that, the 
powders were washed with distilled water several 
times and then dried to obtain a TEG-coated 
nanocomposite. The sample was named TEG-
Fe3O4.

Adsorption experiments
For adsorption experiments, a specific amount 

of ferrofluid of nanoparticles was synthesized using 
the method mentioned above. After washing the 
samples with deionized water, the nanoparticles 
in aqueous form were used for Pb (II) removal 
experiments. Batch adsorption experiments were 
carried out to investigate the effects of contact 
time (0-30 min), solution pH (3-9), and adsorbent 
dose (100-500 mg.L-1) under solution temperature 
of 25 °C and Pb (II) concentration of 50 mg.L-1. 
Moreover, HCl and NaOH were used to adjust the 
pH of the solution.

Equipment 
To study the structural characteristics of 
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nanoparticles, which were prepared in powder 
form, a PW1730 Phillips XRD, with an X-ray 
wavelength of 1.54 Å, was used. The average 
crystallites size, áDñXRD was obtained using the 
Debye-Scherrer formula:

XRD  cos 
KD λ

β θ
=                                             (1)

where the K is Scherrer constant (~ 0.9), l the 
X-ray wavelength of incident X-ray, b the full-width 
at half-maximum (FWHM) of the Bragg peaks, and 
q is Bragg angle.

The FTIR analyses were performed by a 
TENSOR27 Brucker device under ambient 
temperature and in the 400-4000 cm-1 range. 
In order to study and analyze the shape, 
size estimation of the particles, and surface 
morphology, a MIRA3-TESCAN field emission 
scanning electron microscope (FESEM),  and a 
Philips/FEI model CM120 transmission electron 
microscope (TEM) were used. The particles size 
dispersion was fitted by a log-normal function  
f(D)=

5 
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(BET) method through nitrogen adsorption-desorption using a BELSORP-mini II instrument. To 

measure the Pb (II) content in the water, a NovaAA 400 atomic absorption spectrophotometer 
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polymeric coating. Figure 1 displays the XRD for Fe3O4 and TEG-Fe3O4 samples refined by the Full-

Prof software and Rietveld method. Irregular peaks, which represent impurities, are not present 

in the XRD patterns. This result shows the pure spinel structure of the samples. Using the X'pert 

Highscore Plus software, the position of the peaks and their relative intensity match well with the 

diffraction data of iron ferrite (JCPDS card no. 01-088-0866). For example, the main peaks of 

samples have been assigned to Bragg's reflection planes of spinel structure and the data were 

collected in Table 1. 

From Fig. 1, the experimental are well fitted by calculated patterns using the Rietveld refinement 
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[exp(σ2)−1]1/2. A 
thermal analysis device TGA/SDTA 851 Mettler 
Toledo under N2 atmosphere and a constant rate 
of 10 °C per minute was used from 30 to 550 °C. 
For magnetic characterization, a vibrating sample 
magnetometer (Meghnatis Daghigh Kavir) was 
used. The surface area was pore size and was 
determined by Brunauer-Emmett-Teller (BET) 
method through nitrogen adsorption-desorption 
using a BELSORP-mini II instrument. To measure 
the Pb (II) content in the water, a NovaAA 400 
atomic absorption spectrophotometer (Analytik 
Jena) was used. 

RESULTS AND DISCUSSION
Structural Properties

X-ray diffraction (XRD) and FTIR spectroscopy 
of the samples were performed to confirm the 
crystalline structure and the absence of impurities, 
as well as the quality of the Tri-ethylene glycol 
polymeric coating. Fig. 1 displays the XRD for 
Fe3O4 and TEG-Fe3O4 samples refined by the 
Full-Prof software and Rietveld method. Irregular 
peaks, which represent impurities, are not present 
in the XRD patterns. This result shows the pure 
spinel structure of the samples. Using the X’pert 
Highscore Plus software, the position of the peaks 

and their relative intensity match well with the 
diffraction data of iron ferrite (JCPDS card no. 01-
088-0866). For example, the main peaks of samples 
have been assigned to Bragg’s reflection planes 
of spinel structure and the data were collected in 
Table 1.

From Fig. 1, the experimental are well fitted by 
calculated patterns using the Rietveld refinement 
method. Also, the obtained a and Vu.c values using 
the Rietveld refinement method (see Table 1) are 
near to that for bulk Fe3O4 (a=8.384 Å).  Also 
by regarding the calculations error in brackets, 
the estimated crystallite sizes using the Scherrer 
equation are almost identical, about 10 nm for both 
the samples (see Table 2).

Fig. 2a shows the FTIR spectrum of the bare 
Fe3O4 sample. The peaks at 3434, 3739, and 3850 
cm-1 correspond with the bending O-H groups and 
residual water [17]. The twin peaks at 2922 and 2852 
cm-1 correspond to the symmetric and asymmetric 
C-H tensile bonds [18, 19]. Absorptions at 1533 
and 1632 cm-1 correspond with the stretching O-H 
groups[15]. In addition to these bonds, the spinel 
structures are characterized by two significant 
peaks observed below 1000 cm-1. The observed 
peak at 574 cm-1 corresponds to the Fe-O bonds in 
the tetrahedral sites of the spinel structure, and the 
peak close to 445 cm-1 represents Fe-O bonds in the 
octahedral sites [20]. 

Fig. 2b shows the FTIR spectrum of the TEG-
Fe3O4 sample. Besides the peaks observed in Fig. 
2a, there is a distinct peak centered at 1394 cm-1 

which corresponds to CH2 bonds as a typical signal 
of TEG [15]. Fig. 2c shows the FT-IR spectrum for 
two samples with and without Tri-ethylene glycol 
polymeric coating. It can be seen from the Fe3O4 
spectrum that the Fe-O adsorption bond at 574 cm-1 
accounts for 16% of the total absorption spectra. 
Compared with the 1.5% IR spectrum absorbed 
by the TEG coated sample, it is inferred that the 
coating of Fe3O4 nanoparticles with TEG prevents 
any further absorption in the spectrum due to 
this specific bond. The effect of TEG coating on 
the surface of nanoparticles as well as the amount 
of trapped water in the powders is the possible 
reason for the observed different intensities of 
FTIR peaks of the samples. It seems that the TEG 
coating weakened the vibration of other bonds 
including spinel tetrahedral and octahedral bonds 
through adsorbing the infrared wave’s energy. Also, 
the amount of trapped water in the bare sample 
is probably higher than that of the TEG coated 
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sample which affects the intensity of peaks. And 
the observed peaks in the bare sample show higher 
intensity when compared with the coated sample. 

Fig. 3a shows the recorded TGA result for 
Fe3O4and TEG-Fe3O4nanoparticles under ambient 
temperature to 550 °C in an Ar atmosphere. The 
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Fig. 1. Refinement of the XRD pattern of the Fe3O4 and TEG- Fe3O4 nanoparticles using the Rietveld method. Hollow spheres are ex-
perimental data obtained by the instrument. The solid line shows the calculation result by Fullprof software. The zigzag pattern shows 

the difference between experimental data and calculations. The peak position is shown by vertical line symbols.
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(hkl) 4O3Fe   4O3Fe-TEG  
(220) 30.06 30.14 
(311)  35.41 35.50 
(222) 37.04 37.13 
(400) 40.03 43.14 
(331) 47.11 47.24 
(422) 53.38 53.52 
(511) 56.90 57.06 
(440) 62.48 62.66 
(531) 65.70 65.88 
(620) 70.88 71.08 
(533) 73.92 74.12 
(622) 74.92 75.13 

Table 1. Bragg’s reflection planes between 2θ=20°-80°and corresponding position.
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first weight loss at around 100-200 °C corresponds 
to the evaporation of trapped water molecules from 
the powders. As it can be seen from Fig. 3a, the 
amount of trapped water in the Fe3O4 is higher than 
that of the TEG-Fe3O4 sample which is attributed to 
the difference in synthesis condition of the samples. 
This result is well supported by the FTIR data in 
which the intensity of O-H peaks in the uncoated 
sample is higher than the TEG-coated one. There 
is a second weight loss in the TGA curve of both 
samples. For the Fe3O4 sample, the second loss 
may be the gradual crystallization and reduction 
of oxygen deficiencies on the surface of the Fe3O4 
nanoparticles. On the other hand, the second 
weight loss in the TEG-Fe3O4 sample is attributed 

to the presence of the polyol coating [15]. The 
boiling point of TEG is about 280 °C from which 
it is decomposed and eliminated from the sample. 
Fig. 3b displays the differential thermal analysis 
(DTG) curve, derived from the TGA curve. In Fig. 
3b, the coated sample has a peak around 261°C, 
which confirms the presence of Tri-ethylene glycol 
in the TEG- Fe3O4 sample [15]. 

To study the surface morphology of the 
powders, FE-SEM images were analyzed at 
different magnifications. Figs. 4a-b show the FE-
SEM micrographs in magnification of 100 kx. 
The observed aggregation is due to the surface 
spin canting and magnetic interaction between 
the nanoparticles [16]. As can be seen from Fig. 
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Parameter a (Å)    ) 3(Å u.cV (nm)  XRDD   (nm) D±SEMD 
Fe3O4 8.40   592.7 10.8(1.4)   35.7(5.0) 

TEG‐Fe3O4  8.38   588.5 9.5(0.6)   43.6(5.7) 

Table 2. Lattice constant (a), and the unit cell volume (Vu.c) obtained by Rietveld refinement. Average crystallites size 〈D〉XRD obtained 
by using Eq. 1, and mean aggregates size 〈D〉SEM by FESEM images.
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Fig. 2. FTIR spectra of (a) Fe3O4 (b) TEG-Fe3O4. All the absorption bonds are shown in these Figures. (c) FTIR spectra of both the 
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4b, the TEG coating has significantly changed the 
aggregation, causing separated spherical particles, a 
characteristic that contributes to colloidal stability. 
It is evident from data in Table 2 that the áDñSEM of 

the coated sample is larger than bare Fe3O4, which 
can be a result of polyol molecules bonding at the 
surface of aggregates [15]. 

Figs. 4c-d show FESEM images at the high 
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Fig. 4. FE-SEM image of (a) Fe3O4 and (b) TEG-Fe3O4samples at a magnification of 100 kx.Insets show aggregates size distribution 
fitted by a log-normal function. Image at the higher magnification of 330 kx for (c) Fe3O4 and (d) TEG-Fe3O4 nanoparticles.
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magnification of 330 kx. These images show that 
each aggregate is formed by particles with a size 
of about 10 nm. This value is very close to those 
obtained by the Debye-Scherer formula (Eq. 1), 
which predicts the formation of single-crystallite 
particles in both samples.

The TEM image of the Fe3O4 sample was 
recorded (Fig. 5a) to determine the size of the 
nanoparticles. Using the log-normal function the 
average particle size was obtained at 9.9 nm (Fig 5b), 
which is in good agreement with crystallite size and 
confirms single-crystallite particles. However, there 
are some larger particles in the TEM image, which 
are multi-crystallite particles. The single-crystalline 
nanoparticles can show superparamagnetic 
behavior that is an essential property for efficient 
wastewater treatment. Therefore, the magnetic 

characterization of samples was analyzed in the 
next section.

Magnetic Properties 
To compare the magnetic properties of uncoated 
and coated samples, and study the effect of TEG 
coating, the M-H curves were recorded at 300 K 
(Figs.6a-b). The near-zero coercive field, Hc (see 
Table 3)suggests superparamagnetic behavior 
of both the samples, at 300 K.For an ensemble 
of superparamagnetic nanoparticles, a modified 
Langevin function is applied to estimate the 
particles core saturation magnetization, Ms, the 
moment (super spin) value mp of particles and 
surface susceptibility,c which shows the surface 
spins contribution to the total magnetization of 
nanoparticles  [21, 22]:
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Fig. 5. (a) TEM image of Fe3O4 nanoparticles. (b) Particles size distribution.
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Fig. 6. Magnetic hysteresis loops of (a) Fe3O4 and (b) TEG-Fe3O4 samples. Hollow symbols show experimental data, and solid lines are 
the fit result with the modified Langevin function. The inset shows linear fit results of high fields’ magnetization.
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where, kB the Boltzmann constant, and L(x) 
implies the Langevin function [21-23]. The solid 
lines in Fig. 6a-b display the fit results of data using 
the modified Langevin function(Eq.2). The inset 
in Fig. 6a-b shows the high field linear behavior of 
M-H curves. The obtained fit parameters, Ms, mp, 
and c are presented in Table 3.

We found that the TEG coated sample has 
higher mp and Ms when compared with the 
uncoated Fe3O4 sample. However, the c of the 
coated sample has a smaller value compared with 
the Fe3O4 sample. This result shows a reduction in 
nanoparticles’ surface spin canting and magnetic 
disorder by TEG coating. The bonding between 
TEG and atoms at the surface of nanoparticles 
reduced the broken metal-oxygen bonds and 
surface deficiencies and consequently results in 
lower surface magnetic disorder. Due to broken 
bonds and lattice deficiency at the surface of Fe3O4 
nanoparticles, there are plenty of metal ions (Fe2+ 
and Fe3+) that are ready to interact with oxygen 
atoms of the TEG molecule to reduce the surface 
energy and reach a stabilized surface as reported in 
refs[24, 25].

In summary of the magnetometry results, we 
can conclude that the TEG coating increases the 
saturation magnetization by reducing the surface 
spin canting, and this can influence the application 
of samples in different areas such as heavy metal 
removal efficiency from wastewater. In the next 
section, we studied the effect of TEG coating on 
Pb(II) removal.

Adsorption Results 
One of the numerous applications of magnetic 

nanoparticles is the use of these materials in heavy 
metals removal from wastewater. In previous 
sections, we have shown that TEG coating affects 
the structural and magnetic properties of samples. 
Here, we reported an experimental study on Pb 
(II) removal from a laboratory-prepared solution. 
To calculate the Pb (II) elimination ratio and the 

adsorption capacity of the samples, the following 
equations are used [26]: 

0

0

1 00  C CR
C
−

=     
  (3) 

0C Cq V
m
−

=                                                                  (4) 

where R is adsorption efficiency, C0 and C is 
the initial and final Pb (II) concentration (mg.L-

1), q is adsorption capacity (mg.g-1), m is mass of 
adsorbent (g), and V is the volume of solution (L). 
Different contact times between the nanoparticles 
and metal ions were investigated from 0 to 30 
min (Fig. 7). It is evident from Fig. 7 that most of 
the metals adsorbed within 15 min contact time. 
Therefore, this period was considered for further 
calculations and kinetics.

For further analysis, kinetic models were 
investigated to describe the adsorption kinetics. 
The rate of reaction and reaction pathways are 
described by adsorption kinetics which depends 
upon the physical and chemical characteristics of 
the adsorbent. In order to understand the kinetics 
of the adsorption of Pb (II) ions and analyze the 
adsorption process, pseudo-first-order (Eq. 5) and 
pseudo-second-order (Eq. 6) kinetic models were 
applied [27]:

ln(qe-qt)=lnqe-(K1/2.303)t                        (5)

 t/qt=1/K2.qe
2+t/qe                                    (6)

Here, K1 is the rate constant of the first-order 
kinetic model, K2 is the rate constant of the second-
order kinetic model, and qt and qe represent 
the removal capacity at time t and equilibrium, 
respectively. The fitting results are shown in Fig. 
8 and 9, while the related parameters are listed 
in Table 4. Based on the correlation coefficients 
of these fits (R2), the experimental data were 
better fitted to the pseudo-second-order kinetic 
model. This indicates that the rate-limiting step 
in the adsorption is the chemisorption, revealing 
that the adsorption process is based on chemical 
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Parameter Ms (emu.g-1) 
P
(104

B
)  (emu.g-1Oe-1) HC(Oe) 

Fe3O4 63(0.5) 1.72(0.02) 7.7(0.2) 8.4(0.9) 
TEG‐Fe3O4  66(0.5) 1.89(0.01) 5.9(0.1) 7.1(0.4) 

Table 3. The saturation magnetization (Ms), average core superspin (µp), surface susceptibility (χ), and coercivity (HC) of the nanopar-
ticles.
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interactions rather than physical forces.
The pH of the aqueous solution is an important 

parameter in the adsorption process and affects the 
interaction between the adsorbent and adsorbate. 
The effect of the initial solution pH on the Pb 
(II) adsorption was studied at 25 °C; 10 mg of 
nanoparticles was contacted to the 20 ml of Pb (II) 
solution with the initial concentration of 50 mg.L-

1 with different pH in the range 3–9. It was found 
that the maximum adsorption onto nanoparticles 
occurs at the pH range of 5–7 (Fig. 10). The results 

revealed that maximum adsorption occurs at 
pH=7, at which the R=92.55 % obtained. Using 
this result, in the next experiments, the pH of the 
solution was adjusted at 7.

In the next step, the effect of nanoparticle dose 
on Pb (II) adsorption capacity was studied. For this 
purpose, various amounts of the nanocomposite 
were contacted with 20 ml of Pb(II) solution 
with an initial concentration of 50 mg.L-1 and 
after 15 min adsorption Capacity was calculated. 
From Fig. 11, it can be seen that the adsorption 
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Fig. 7. Effect of contact time on Pb(II) adsorption.
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Fig. 8. Adsorption kinetics; pseudo-first-order model.
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Fig. 9. Adsorption kinetics; pseudo-second-order model.
Fig. 10. Effect of pH on the removal efficiency of Pb(II) by 

nanoparticles.
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Pseudo-first-order                             Pseudo-second-order 
K1 (min-1) R2 K2 (g/mg.min) R2 

1.666 0.958 0.079 0.999 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Table 4. Kinetic adsorption parameters.
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capacity decreased with increasing the number 
of nanoparticles. The primary reason is that 
adsorption sites remain unsaturated during the 
adsorption process, whereas the number of sites 
available for adsorption increases by increasing 
the adsorbent amount. According to Fig. 12, it can 
be seen that the removal efficiency increased with 
increasing the number of nanoparticles. Maximum 
value of q=363.4 mg.g-1 with R=90.8% was obtained 
for m=100 mg.L-1, between adsorbent dose range of 

100-500 mg.L-1. 
The N2 adsorption-desorption isotherms (Fig. 

13) were employed to investigate the specific surface 
area and pore structure of the magnetic ferrite. The 
BET surface area, pore-volume, and mean pore size 
was calculated to be 117.51 m2.g-1, 0.3614 cm3.g-1, 
and 12.3 nm, respectively, suggesting that the pore 
type was mainly inter-particles space.

Fig. 14 shows the schematic mechanism 
of Pb (II) adsorption by TEG-coated Fe3O4 
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Fig. 11. Effect of adsorbent dose on the adsorption capacity of 
Pb (II) by nanoparticles.

Fig. 12. Effect of adsorbent dose on the removal efficiency of 
Pb(II) by nanoparticles.
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nanoparticles. The presence of –OH groups at the 
surface of nanoparticles increases electrostatic 
interaction between TEG molecules and Pb (II) 
and consequently the adsorption capacity and 
efficiency increase when compared with bare Fe3O4 
sample. Table 5 compares the Pb (II) adsorption 
results of the present study with some similar 
adsorbents reported in the literature. As can be 
seen from this table, the obtained results of this 
study predict the potential application of the 
prepared nanocomposite for heavy metals removal 
from wastewater.

CONCLUSION
In this work, bare and TEG-coated Fe3O4 

nanoparticles were prepared using a modified 
co-precipitation route. The TEG coating reduces 
the spin canting at the surface of nanoparticles. 
The adsorption results showed the efficiency of 
TEG coating on Pb (II) removal from wastewater. 
By TEG coating, the efficiency reached a high 
value of 97 %, and almost all the heavy metal ions 
were eliminated. Based on the obtained results, 
we concluded Tri-ethylene glycol to be a suitable 

coating for adsorption capacity and elimination 
ratio improvement purposes.

CONFLICTS OF INTEREST
The authors declare that there are no conflicts 

of interest.

REFERENCES
1.  Dinar A, Tieu A, Huynh H. Water scarcity impacts on 

global food production. Global Food Security. 2019;23:212-
26.

2.  Karri V, Ramos D, Martinez JB, Odena A, Oliveira E, Coort 
SL, et al. Differential protein expression of hippocampal 
cells associated with heavy metals (Pb, As, and MeHg) 
neurotoxicity: Deepening into the molecular mechanism 
of neurodegenerative diseases. Journal of Proteomics. 
2018;187:106-25.

3.  Bhateria R, Singh R. A review on nanotechnological 
application of magnetic iron oxides for heavy metal removal. 
Journal of Water Process Engineering. 2019;31:100845.

4. Wadhawan S, Jain A, Nayyar J, Mehta SK. Role of 
nanomaterials as adsorbents in heavy metal ion removal 
from waste water: A review. Journal of Water Process 
Engineering. 2020;33:101038.

5.  Li S, Wang W, Liang F, Zhang W-x. Heavy metal removal using 
nanoscale zero-valent iron (nZVI): Theory and application. 
Journal of Hazardous Materials. 2017;322:163-71.

14 
 

 

 

 

   

 

5 
 

Adsorbent Adsorption capacity (mg.g-1) Ref. 
Fe3O4/Rphiafarinifera 63.79 [1] 
Fe3O4/rice straw 19.45 [2] 
Fe3O4/chitosan 63.33 [3] 
MnFe2O4 69 [4] 
Fe3O4 92.4 [5] 
Fe3O4/chitosan 79.6 [6] 
Fe3O4-nSiO2 76.7 [7] 
TEG-Fe3O4 129.37 This work 

 

 

Fig. 14. Schematic adsorption mechanism of Pb (II) ions by TEG-Fe3O4 nanoparticles.

Table 5. Comparison of the removal capacity by magnetic nano-adsorbents for Pb(II).

http://dx.doi.org/10.1016/j.gfs.2019.07.007
http://dx.doi.org/10.1016/j.gfs.2019.07.007
http://dx.doi.org/10.1016/j.gfs.2019.07.007
http://dx.doi.org/10.1016/j.jprot.2018.06.020
http://dx.doi.org/10.1016/j.jprot.2018.06.020
http://dx.doi.org/10.1016/j.jprot.2018.06.020
http://dx.doi.org/10.1016/j.jprot.2018.06.020
http://dx.doi.org/10.1016/j.jprot.2018.06.020
http://dx.doi.org/10.1016/j.jprot.2018.06.020
http://dx.doi.org/10.1016/j.jwpe.2019.100845
http://dx.doi.org/10.1016/j.jwpe.2019.100845
http://dx.doi.org/10.1016/j.jwpe.2019.100845
http://dx.doi.org/10.1016/j.jwpe.2019.101038
http://dx.doi.org/10.1016/j.jwpe.2019.101038
http://dx.doi.org/10.1016/j.jwpe.2019.101038
http://dx.doi.org/10.1016/j.jwpe.2019.101038
http://dx.doi.org/10.1016/j.jhazmat.2016.01.032
http://dx.doi.org/10.1016/j.jhazmat.2016.01.032
http://dx.doi.org/10.1016/j.jhazmat.2016.01.032


120

S. Lotfi et al. / Efficient Pb(II) removal from wastewater by TEG coated Fe3O4 ferrofluid

J. Water Environ. Nanotechnol., 6(2): 109-120 Spring 2021

6. Kobayashi Y, Ogata F, Nakamura T, Kawasaki N. Synthesis 
of novel zeolites produced from fly ash by hydrothermal 
treatment in alkaline solution and its evaluation as 
an adsorbent for heavy metal removal. Journal of 
Environmental Chemical Engineering. 2020;8(2):103687.

7. Efome JE, Rana D, Matsuura T, Lan CQ. Effects of operating 
parameters and coexisting ions on the efficiency of 
heavy metal ions removal by nano-fibrous metal-organic 
framework membrane filtration process. Science of The 
Total Environment. 2019;674:355-62.

8. Mirbagheri NS, Sabbaghi S. A Ti-doped γ-Fe2O3/SDS 
nano-photocatalyst as an efficient adsorbent for removal 
of methylene blue from aqueous solutions. Journal of 
Environmental Management. 2018;213:56-65.

9. Jin S, Park BC, Ham WS, Pan L, Kim YK. Effect of the magnetic 
core size of amino-functionalized Fe 3 O 4 -mesoporous 
SiO 2 core-shell nanoparticles on the removal of heavy 
metal ions. Colloids and Surfaces A: Physicochemical and 
Engineering Aspects. 2017;531:133-40.

10. Yang CH, Ding YL, Qian J. Design of magnetic-fluorescent 
based nanosensor for highly sensitive determination and 
removal of HG2+. Ceramics International. 2018;44(8):9746-
52.

11. Chen D, Awut T, Liu B, Ma Y, Wang T, Nurulla I. 
Functionalized magnetic Fe3O4 nanoparticles for removal 
of heavy metal ions from aqueous solutions. e-Polymers. 
2016;16(4):313-22.

12. Mazrouaa AM, Mohamed MG, Fekry M. Physical and 
magnetic properties of iron oxide nanoparticles with a 
different molar ratio of ferrous and ferric. Egyptian Journal 
of Petroleum. 2019;28(2):165-71.

13. Zare EN, Motahari A, Sillanpää M. Nanoadsorbents based 
on conducting polymer nanocomposites with main focus 
on polyaniline and its derivatives for removal of heavy 
metal ions/dyes: A review. Environmental Research. 
2018;162:173-95.

14. Abdullah NH, Shameli K, Abdullah EC, Abdullah LC. 
Solid matrices for fabrication of magnetic iron oxide 
nanocomposites: Synthesis, properties, and application for 
the adsorption of heavy metal ions and dyes. Composites 
Part B: Engineering. 2019;162:538-68.

15. Aslibeiki B, Kameli P, Ehsani MH, Salamati H, Muscas G, 
Agostinelli E, et al. Solvothermal synthesis of MnFe2O4 
nanoparticles: The role of polymer coating on morphology 
and magnetic properties. Journal of Magnetism and 
Magnetic Materials. 2016;399:236-44.

16. Aslibeiki B, Kameli P, Salamati H. The effect of dipole-
dipole interactions on coercivity, anisotropy constant, and 
blocking temperature of MnFe2O4 nanoparticles. Journal 
of Applied Physics. 2016;119(6):063901.

17. Modaresi N, Afzalzadeh R, Aslibeiki B, Kameli P. 
Competition between the impact of cation distribution and 
crystallite size on properties of MnxFe3−xO4 nanoparticles 
synthesized at room temperature. Ceramics International. 
2017;43(17):15381-91.

18. van der Weerd J, van Loon A, Boon JJ. FTIR Studies of 
the Effects of Pigments on the Aging of Oil. Studies in 
Conservation. 2005;50(1):3-22.

19. Sonibare OO, Haeger T, Foley SF. Structural characterization 
of Nigerian coals by X-ray diffraction, Raman and FTIR 
spectroscopy. Energy. 2010;35(12):5347-53.

20. Jalili H, Aslibeiki B, Ghotbi Varzaneh A, Chernenko VA. The 
effect of magneto-crystalline anisotropy on the properties 
of hard and soft magnetic ferrite nanoparticles. Beilstein 
Journal of Nanotechnology. 2019;10:1348-59.

21. Millan A, Urtizberea A, Silva NJO, Palacio F, Amaral VS, 
Snoeck E, et al. Surface effects in maghemite nanoparticles. 
Journal of Magnetism and Magnetic Materials. 
2007;312(1):L5-L9.

22. Dutta P, Manivannan A, Seehra MS, Shah N, Huffman 
GP. Magnetic properties of nearly defect-free maghemite 
nanocrystals. Physical Review B. 2004;70(17).

23. Aslibeiki B, Kameli P. Magnetic properties of MnFe 2 O 
4 nano-aggregates dispersed in paraffin wax. Journal of 
Magnetism and Magnetic Materials. 2015;385:308-12.

24. Günay M, Erdemi H, Baykal A, Sözeri H, Toprak MS. 
Triethylene glycol stabilized MnFe2O4 nanoparticle: 
Synthesis, magnetic and electrical characterization. 
Materials Research Bulletin. 2013;48(3):1057-64.

25. Topkaya R, Baykal A, Demir A. Yafet–Kittel-type magnetic 
order in Zn-substituted cobalt ferrite nanoparticles with 
uniaxial anisotropy. Journal of Nanoparticle Research. 
2012;15(1).

26. Morillo Martín D, Faccini M, García MA, Amantia D. Highly 
efficient removal of heavy metal ions from polluted water 
using ion-selective polyacrylonitrile nanofibers. Journal of 
Environmental Chemical Engineering. 2018;6(1):236-45.

27. Cao Z-f, Wen X, Wang J, Yang F, Zhong H, Wang S, et al. 
In situ nano-Fe3O4/triisopropanolamine functionalized 
graphene oxide composites to enhance Pb2+ ions removal. 
Colloids and Surfaces A: Physicochemical and Engineering 
Aspects. 2019;561:209-17.

28. Overah LC, Iwegbue CM, Babalola JO, Martincigh BS. 
Fabrication and characterisation of a Fe3O4/Raphia 
farinifera nanocomposite for application in heavy metal 
adsorption. Environmental Technology & Innovation. 
2019;13:11-29.

29. Khandanlou R, Ahmad MB, Fard Masoumi HR, Shameli 
K, Basri M, Kalantari K. Rapid Adsorption of Copper(II) 
and Lead(II) by Rice Straw/Fe3O4 Nanocomposite: 
Optimization, Equilibrium Isotherms, and Adsorption 
Kinetics Study. PLOS ONE. 2015;10(3):e0120264.

30. Tran HV, Tran LD, Nguyen TN. Preparation of chitosan/
magnetite composite beads and their application for 
removal of Pb(II) and Ni(II) from aqueous solution. 
Materials Science and Engineering: C. 2010;30(2):304-10.

31. Ren Y, Li N, Feng J, Luan T, Wen Q, Li Z, et al. Adsorption 
of Pb(II) and Cu(II) from aqueous solution on magnetic 
porous ferrospinel MnFe2O4. Journal of Colloid and 
Interface Science. 2012;367(1):415-21.

32. Liu J-f, Zhao Z-s, Jiang G-b. Coating Fe3O4 Magnetic 
Nanoparticles with Humic Acid for High Efficient Removal 
of Heavy Metals in Water. Environmental Science & 
Technology. 2008;42(18):6949-54.

33. Zhu Y, Hu J, Wang J. Competitive adsorption of Pb(II), Cu(II) 
and Zn(II) onto xanthate-modified magnetic chitosan. 
Journal of Hazardous Materials. 2012;221-222:155-61.

34. Wang J, Zheng S, Shao Y, Liu J, Xu Z, Zhu D. Amino-
functionalized Fe3O4@SiO2 core–shell magnetic 
nanomaterial as a novel adsorbent for aqueous heavy 
metals removal. Journal of Colloid and Interface Science. 
2010;349(1):293-9.

http://dx.doi.org/10.1016/j.jece.2020.103687
http://dx.doi.org/10.1016/j.jece.2020.103687
http://dx.doi.org/10.1016/j.jece.2020.103687
http://dx.doi.org/10.1016/j.jece.2020.103687
http://dx.doi.org/10.1016/j.jece.2020.103687
http://dx.doi.org/10.1016/j.scitotenv.2019.04.187
http://dx.doi.org/10.1016/j.scitotenv.2019.04.187
http://dx.doi.org/10.1016/j.scitotenv.2019.04.187
http://dx.doi.org/10.1016/j.scitotenv.2019.04.187
http://dx.doi.org/10.1016/j.scitotenv.2019.04.187
http://dx.doi.org/10.1016/j.jenvman.2018.02.035
http://dx.doi.org/10.1016/j.jenvman.2018.02.035
http://dx.doi.org/10.1016/j.jenvman.2018.02.035
http://dx.doi.org/10.1016/j.jenvman.2018.02.035
http://dx.doi.org/10.1016/j.colsurfa.2017.07.086
http://dx.doi.org/10.1016/j.colsurfa.2017.07.086
http://dx.doi.org/10.1016/j.colsurfa.2017.07.086
http://dx.doi.org/10.1016/j.colsurfa.2017.07.086
http://dx.doi.org/10.1016/j.colsurfa.2017.07.086
http://dx.doi.org/10.1016/j.ceramint.2018.02.209
http://dx.doi.org/10.1016/j.ceramint.2018.02.209
http://dx.doi.org/10.1016/j.ceramint.2018.02.209
http://dx.doi.org/10.1016/j.ceramint.2018.02.209
http://dx.doi.org/10.1515/epoly-2016-0043
http://dx.doi.org/10.1515/epoly-2016-0043
http://dx.doi.org/10.1515/epoly-2016-0043
http://dx.doi.org/10.1515/epoly-2016-0043
http://dx.doi.org/10.1016/j.ejpe.2019.02.002
http://dx.doi.org/10.1016/j.ejpe.2019.02.002
http://dx.doi.org/10.1016/j.ejpe.2019.02.002
http://dx.doi.org/10.1016/j.ejpe.2019.02.002
http://dx.doi.org/10.1016/j.envres.2017.12.025
http://dx.doi.org/10.1016/j.envres.2017.12.025
http://dx.doi.org/10.1016/j.envres.2017.12.025
http://dx.doi.org/10.1016/j.envres.2017.12.025
http://dx.doi.org/10.1016/j.envres.2017.12.025
http://dx.doi.org/10.1016/j.compositesb.2018.12.075
http://dx.doi.org/10.1016/j.compositesb.2018.12.075
http://dx.doi.org/10.1016/j.compositesb.2018.12.075
http://dx.doi.org/10.1016/j.compositesb.2018.12.075
http://dx.doi.org/10.1016/j.compositesb.2018.12.075
http://dx.doi.org/10.1016/j.jmmm.2015.09.081
http://dx.doi.org/10.1016/j.jmmm.2015.09.081
http://dx.doi.org/10.1016/j.jmmm.2015.09.081
http://dx.doi.org/10.1016/j.jmmm.2015.09.081
http://dx.doi.org/10.1016/j.jmmm.2015.09.081
http://dx.doi.org/10.1063/1.4941388
http://dx.doi.org/10.1063/1.4941388
http://dx.doi.org/10.1063/1.4941388
http://dx.doi.org/10.1063/1.4941388
http://dx.doi.org/10.1016/j.ceramint.2017.08.079
http://dx.doi.org/10.1016/j.ceramint.2017.08.079
http://dx.doi.org/10.1016/j.ceramint.2017.08.079
http://dx.doi.org/10.1016/j.ceramint.2017.08.079
http://dx.doi.org/10.1016/j.ceramint.2017.08.079
http://dx.doi.org/10.1179/sic.2005.50.1.3
http://dx.doi.org/10.1179/sic.2005.50.1.3
http://dx.doi.org/10.1179/sic.2005.50.1.3
http://dx.doi.org/10.1016/j.energy.2010.07.025
http://dx.doi.org/10.1016/j.energy.2010.07.025
http://dx.doi.org/10.1016/j.energy.2010.07.025
http://dx.doi.org/10.3762/bjnano.10.133
http://dx.doi.org/10.3762/bjnano.10.133
http://dx.doi.org/10.3762/bjnano.10.133
http://dx.doi.org/10.3762/bjnano.10.133
http://dx.doi.org/10.1016/j.jmmm.2006.09.011
http://dx.doi.org/10.1016/j.jmmm.2006.09.011
http://dx.doi.org/10.1016/j.jmmm.2006.09.011
http://dx.doi.org/10.1016/j.jmmm.2006.09.011
http://dx.doi.org/10.1103/physrevb.70.174428
http://dx.doi.org/10.1103/physrevb.70.174428
http://dx.doi.org/10.1103/physrevb.70.174428
http://dx.doi.org/10.1016/j.jmmm.2015.03.023
http://dx.doi.org/10.1016/j.jmmm.2015.03.023
http://dx.doi.org/10.1016/j.jmmm.2015.03.023
http://dx.doi.org/10.1016/j.materresbull.2012.11.097
http://dx.doi.org/10.1016/j.materresbull.2012.11.097
http://dx.doi.org/10.1016/j.materresbull.2012.11.097
http://dx.doi.org/10.1016/j.materresbull.2012.11.097
http://dx.doi.org/10.1007/s11051-012-1359-6
http://dx.doi.org/10.1007/s11051-012-1359-6
http://dx.doi.org/10.1007/s11051-012-1359-6
http://dx.doi.org/10.1007/s11051-012-1359-6
http://dx.doi.org/10.1016/j.jece.2017.11.073
http://dx.doi.org/10.1016/j.jece.2017.11.073
http://dx.doi.org/10.1016/j.jece.2017.11.073
http://dx.doi.org/10.1016/j.jece.2017.11.073
http://dx.doi.org/10.1016/j.colsurfa.2018.10.084
http://dx.doi.org/10.1016/j.colsurfa.2018.10.084
http://dx.doi.org/10.1016/j.colsurfa.2018.10.084
http://dx.doi.org/10.1016/j.colsurfa.2018.10.084
http://dx.doi.org/10.1016/j.colsurfa.2018.10.084
http://dx.doi.org/10.1016/j.eti.2018.09.007
http://dx.doi.org/10.1016/j.eti.2018.09.007
http://dx.doi.org/10.1016/j.eti.2018.09.007
http://dx.doi.org/10.1016/j.eti.2018.09.007
http://dx.doi.org/10.1016/j.eti.2018.09.007
http://dx.doi.org/10.1371/journal.pone.0120264
http://dx.doi.org/10.1371/journal.pone.0120264
http://dx.doi.org/10.1371/journal.pone.0120264
http://dx.doi.org/10.1371/journal.pone.0120264
http://dx.doi.org/10.1371/journal.pone.0120264
http://dx.doi.org/10.1016/j.msec.2009.11.008
http://dx.doi.org/10.1016/j.msec.2009.11.008
http://dx.doi.org/10.1016/j.msec.2009.11.008
http://dx.doi.org/10.1016/j.msec.2009.11.008
http://dx.doi.org/10.1016/j.jcis.2011.10.022
http://dx.doi.org/10.1016/j.jcis.2011.10.022
http://dx.doi.org/10.1016/j.jcis.2011.10.022
http://dx.doi.org/10.1016/j.jcis.2011.10.022
http://dx.doi.org/10.1021/es800924c
http://dx.doi.org/10.1021/es800924c
http://dx.doi.org/10.1021/es800924c
http://dx.doi.org/10.1021/es800924c
http://dx.doi.org/10.1016/j.jhazmat.2012.04.026
http://dx.doi.org/10.1016/j.jhazmat.2012.04.026
http://dx.doi.org/10.1016/j.jhazmat.2012.04.026
http://dx.doi.org/10.1016/j.jcis.2010.05.010
http://dx.doi.org/10.1016/j.jcis.2010.05.010
http://dx.doi.org/10.1016/j.jcis.2010.05.010
http://dx.doi.org/10.1016/j.jcis.2010.05.010
http://dx.doi.org/10.1016/j.jcis.2010.05.010

	Efficient Pb(II) removal from wastewater by TEG coated Fe3O4 ferrofluid 
	ABSTRACT
	Keywords
	How to cite this article 
	INTRODUCTION
	EXPERIMENTAL AND DATA TREATMENT 
	Chemicals
	Samples Synthesis  
	Adsorption experiments 
	Equipment

	RESULTS AND DISCUSSION 
	Structural Properties 
	Magnetic Properties 
	Adsorption Results  

	CONCLUSION
	CONFLICTS OF INTEREST 
	REFERENCES


