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ABSTRACT

Magnetic hydroxypropyl chitosan/graphene oxide (MHCGO) composites have been synthe-
sized and employed as adsorbent for removal of lead ions from aqueous solution. X-ray
powder diffraction, Fourier transform infrared spectrum, and scanning electron microscope
showed that the MHCGO composites were fabricated successfully. The effects of adsorbent
dosage, pH, and contact time on the adsorption of lead ions have been discussed, and the
optimal adsorption conditions have been acquired. The results indicated that the adsorption
of lead ions on MHCGO was dependent on pH with the optimum pH nearly 5.5.
The adsorption process was fairly quick and the time to reach adsorption equilibrium is
100 min. The adsorption kinetics could be described by the pseudo-second-order model very
well. Adsorption data fitted well with Freundlich model. The effect of temperature on lead
ions adsorption was studied and was shown to be spontaneous.
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1. Introduction

Lead ions are common toxic non-biodegradable
pollutants, which can accumulate in human skeleton,
brain, kidney and muscles, leading to fatigue, irritabil-
ity, anemia, mental retardation, kidney damage, and
other diseases [1,2]. With the development of chemical
industry more and more wastewater containing lead
ions are discharged and affects the health of creatures
greatly [3,4]. Therefore, a lot of researchers throughout
the world are working at solving this issue [5,6].

*Corresponding author.

Various techniques have been applied to remove
lead ions from wastewater, such as chemical precipi-
tation, membrane processes, ion exchange, floccula-
tion, reverse osmosis, and adsorption [7-11]. Among
them, adsorption has been one of the most com-
monly used techniques because of its simple opera-
tion and wide application scope. However, the
conventional adsorbents have disadvantages such as
low adsorption efficiency, small capacity, and poor
selectivity. Therefore, it is important to develop new
low-cost and efficient adsorbents in order to improve
adsorption [12].
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In recent years, large numbers of adsorbents, such
as zeolites, clays, metal oxides, and activated carbons
were investigated [13-16], among which graphene
oxide (GO) has been a hot spot. Because of its
unique two-dimensional structure and large specific
surface area, it is an ideal material to adsorb metal
ions [17-20]. Chitosan also showed favorable adsorp-
tion properties for the adsorption of metal ions
[21-23]. Recently, the application of chitosan/graph-
ene oxide composites as adsorbents has been proved
to be probable [24]. However, hardly has anyone
used the derivatives of chitosan linked with GO as
adsorbents for the adsorption of metal ions. In terms
of the separation of adsorbent and adsorbate, addi-
tion of magnetic material can achieve rapid separa-
tion of adsorbent from solution. Based on these facts,
we proposed a new kind of adsorbent of magnetic
hydroxypropyl chitosan/graphene oxide (MHCGO)
composites. The adsorbent could be easily synthe-
sized and applied to remove lead ions from aqueous
solution. The separation from water of the magnetic
adsorbent was easily and readily achieved by a mag-
net once the adsorption process completed. The
application of MHCGO composites for removal of
lead ions with the help of external magnetic field is
shown in Scheme 1. And the prepared adsorbent
may provide potential application in solving the
issue of wastewater treatment.
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2. Experimental
2.1. Apparatus and reagents

Hydroxypropyl chitosan was purchased from
Nantong Lushen Bioengineering Co., Ltd. (China). Glu-
taraldehyde was purchased from Tianjin Kemiou
Chemical Reagent Co., Ltd. (China). Magnetic SrFe;,019
was obtained from Nanjing Emperor Nano Material
Co., Ltd. All other chemicals were of analytical reagents
grade and double-distilled water was used in the
preparation of all solutions.

Scanning electron microscope (SEM) images were
obtained using field emission SEM (Hitachi S-4800).
Fourier transform infrared (FTIR) spectra of samples
were recorded with KBr pellet in the range of 4,000—
400 cm™ on Perkin-Elmer 580B spectrophotometer
(Perkin-Elmer Inc., America). Wide angle X-ray
diffraction (WAXRD) patterns were recorded by a D8
ADVANCE X-ray diffraction spectrometer (Bruker,
German) with a Cu Ko target at a scan rate of 0.03° 26
s™! from 5° to 80°".

2.2. Preparation of GO

GO powder was synthesized from graphite by
using a modified Hummer’s method [25,26]. In a typi-
cal method, 0.5 g of graphite was oxidized by 10 mL
of concentrated H,SO, under stirring for 12 h. Then,
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Scheme 1. The application of MHCGO composites for removal of lead ions with the help of external magnetic field.
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3.0 g of KMnO, was added slowly at 0°C. After the
addition of KMnQ,, the solution was stirred at 100°C
for another 12 h to fully oxidize graphite. The GO was
then washed and dried.

2.3. Preparation of MHCGO composites

The preparation procedure of MHCGO composites
was as follows: Firstly, 04g of hydroxypropyl
chitosan was dissolved into the mixture of H,O
(20 mL) and glacial acetic acid (5 mL) in a three-neck
flask, then the mixture was dispersed under ultrasonic
about 2h at room temperature. Secondly, 0.1 g of
magnetic SrFe;,019 was added into the above-mixed
solution and the reaction was operated under mechan-
ical stirring for 1.5 h, then 3 mL of liquid paraffin was
injected slowly under stirring. After 0.5 h of reaction,
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3mL of glutaraldehyde was added. At last, 0.1 g of
GO was added and the mixture was stirred continu-
ously for 90 min at 50°C in oil bath. The pH of the
mixture was controlled between 9.0 and 10.0 by
2.0 mol L"'"NaOH, and the mixture was kept in oil
bath for another 60 min at 80°C. The obtained prod-
ucts were washed by petroleum ether, ethanol, and
distilled water until the pH was about 7.0.

2.4. Batch adsorption experiment

All batch adsorption experiments were operated
on a SHZ-82A water bath oscillator. Twelve milligram
of MHCGO and 25 mL of the solution containing lead
ions were added into 100 mL beaker flask and then
shaken in water bath at room temperature. After a
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Fig. 1. (A) XRD patterns of GO (a) and MHCGO composites (b); (B) FTIR spectrum of GO (a), hydroxypropyl chitosan
(b) and MHCGO composites (c); (C) SEM image of GO; and (D) SEM image of MHCGO composites, the insets are the
presence of external magnetic field (a) and the absence of additional magnetic field (b).
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certain time, the beaker flask was taken out and the
magnet was used for the separation of magnetic
adsorbent from the solution.

The adsorbent dosage was measured ranging from
2 to 20 mg for 25 mL of 40 mgL™" lead ions solution.
The effect of pH on the adsorption process was evalu-
ated in the pH range of 2.0-6.5 for 180 min. The
adsorption kinetics was studied by investigating the
adsorption after different contact time from 3 to
300 min. To obtain the adsorption isotherms, solutions
with different initial concentrations were disposed as
same as the above. The residual lead ions were
measured using a UV-Vis spectrophotometer
(Perkin-Elmer Lambda 35). The adsorption capacity
and the adsorption rate were calculated according to
the equations as follows:
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where Cy and C. are the initial concentration and the
equilibrium concentration of lead ions, respectively
(mg L™Y; Q is the adsorption amount (mg g‘l); X is the
adsorption efficiency; m is the amount of adsorbent
(g); V is the volume of lead ions solution (L).

3. Results and discussion
3.1. Characterizations of MHCGO composites

The X-ray powder diffraction (XRD) patterns of the
as-synthesized MHCGO composites (Fig. 1(A)) were
obtained and analyzed. The peaks at 260=30.33" (110),
32.35° (107), 34.18° (114), 37.12° (203), 40.38" (205), and
63.13° (220) are indicative of magnetic SrFe;;0;9 in
MHCGO composites. It is in good agreement with the
standard profile JCPDS 33-1340. Compared with the
pure GO-diffracted signals, there are no signals of GO
in MHCGO composites at 10°, which may be ascribed
to the following two reasons: (1) the magnetic
SrFe;,0q9 particles reduce the aggregation of GO,
which results in more fewer layered GO and weaker
peaks from carbon; (2) the strong signals of the
magnetic SrFe;;0;9 particles tend to overlap the
carbon peaks.

Fig. 1(B) shows the FTIR spectra of GO (a),
hydroxypropyl chitosan (b), and MHCGO composites
(c). In the spectrum of GO, the peaks at 3,430, 1,746,
1,621, 1,400, 1,228, and 1,114 cm™" are attributed to the
O-H, C=0 in -COOH, aromatic C=C, carboxyl C-O,
epoxy C-O, and alkoxyl C-O stretches, respectively

Y. Wang et al. | Desalination and Water Treatment 57 (2016) 3975-3984

[27-29]. As shown in Fig. 1(B), (b), the absorption peak
at around 3,427 cm™! indicates the stretching vibration
of N-H group bonded with O-H group in hydroxy-
propyl chitosan, and at 1,633 cm™ demonstrates N-H
bending vibration. Compared to GO and hydroxypro-
pyl chitosan, the FTIR spectrum of MHCGO compos-
ites not only contains the aforementioned absorption
peaks, but also shows new absorption peaks at 451
and 606 cm™, which are the characteristic peaks of
SrFe,019, and the results indicate that the magnetic
SrFe;,049 particles were connected with GO and
hydroxypropyl chitosan successfully.

Fig. 1(C) and (D) display the SEM images of GO
and MHCGO composites, respectively. In Fig. 1(C), it
is clear that the paper-like GO are thin layered, which
is beneficial for the loading of magnetic SrFe;,019 par-
ticles. The image of MHCGO composites (shown in
Fig. 1(D)) indicates that GO are tightly bound onto the
SrFe ;019 particles. The observed rough surface of
SrFe ;09 particles and the pores among the particles
may improve the adsorption of the MHCGO compos-
ites. Furthermore, the insets in Fig. 1(D) are of the
sample, in the presence (a) and in the absence (b) of
external magnetic field, demonstrating the magnetic
separation effect of MHCGO composites, as the result
of the existence of SrFe;,0,9 particles.

3.2. Effect of adsorbent dosage on the adsorption of lead ions

The effect of the adsorbent mass on lead ions
adsorption was studied in order to choose the optimal
adsorbent dosage. The experiment was carried out in
25 mL of lead ions solution at 25°C with the dosage of
adsorbent ranging from 2 to 20 mg. As can be seen in
Fig. 2(A), with the increase in adsorbent dosage, the
adsorption efficiency increases rapidly. Then, the
adsorption efficiency increases slowly when the adsor-
bent dosage reaches 12 mg. Finally, the change of
adsorption efficiency is not obvious. Considering
the removal efficiency and practicality, 12 mg of the
adsorbent was selected as the optimal dosage for the
succeeding studies.

3.3. Effect of pH on the adsorption of lead ions

The pH of the solution has been regarded as an
important factor on the adsorption of metal ions [30].
Therefore, the effect of pH ranging from 2.0 to 6.5 on
the adsorption was investigated, and the results are
shown in Fig. 2(B). When the solution was at low pH,
the adsorption efficiency was low and increased
slowly. As the pH increased, the adsorption efficiency
increased rapidly, and the maximum adsorption
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Fig. 2. Effects of adsorbent dosage (A), pH (B), and contact time (C) on the adsorption of lead ions.

efficiency was arrived at a pH of nearly 5.5. The poor
adsorption efficiency at low pH can be interpreted as,
hydrogen ions and lead ions being competitively
adsorbed on the surface sites at low pH [31]. The
amino groups on the surface of MHCGO composites
can be easily protonated to be -NHJ leading to only a
small amount of -NH, combining with Pb**. In
addition, the electrostatic repulsion between -NHj
and Pb** further reduces the adsorption of lead ions
onto the composites. With the increase in pH, the
protonated -NH; decreases. More -NH, recover and
the adsorption amount of Pb** increase. Then, at
higher pH, OH can be adsorbed onto the surface
of -NH, competing with Pb**, leading to a reduction
in the amount of adsorbed Pb**. The adsorption is
obviously a chemisorption process and can be
expressed by following reactions:

-NH, + H" = -NHJ,-NH, + Pb*" = -NH,Pb*"

~NH, + OH™ = -NH,OH,-NH,OH "~ + Pb*"
=-NH,OH" --.Pb*"

Therefore, pH of 55 was chosen as the optimal
pH for Pb** solution in the succeeding adsorption
experiment.

3.4. Effect of contact time on the adsorption of lead ions
and adsorption kinetics

The effect of contact time for the MHCGO compos-
ites on the adsorption of lead ions is shown in
Fig. 2(C). The adsorbent displayed excellent adsorp-
tion capacity in the first 60 min. And the adsorption
equilibrium time was about 100 min. After 120 min,
the adsorption capacity had no obvious change. There-
fore, the optimal contact time for the adsorption of
lead ions is considered to be 120 min.
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Fig. 3. Pseudo-first-order kinetic model (A) and pseudo-second-order kinetic model (B) for adsorption of lead ions.

The adsorption kinetics for the adsorption of lead
ions was studied. And, the obtained adsorption data
for lead ions were analyzed according to kinetic
models expressed as follows:

Pseudo-first-order kinetic model [32]:

In(ge — q¢) = Inge — kyt 3)

Pseudo-second-order kinetic model [33]:

t 1 t
P + Py 4)
where g, (mgg™) is the amount of solute adsorbed at
equilibrium, g, (mgg™) is the amount of solute
adsorbed at time t, k; (min™?) is the pseudo-first-order
rate constant, and k;, (g rng’1 min™) is the rate constant
for the pseudo-second-order equation.

Fig. 3 displays the fitting results of pseudo-first-
order kinetic model and pseudo-second-order kinetic
model. Observed from the two figures, it is clear that
the adsorption data fit the pseudo-second-order
kinetic model very well. The linear correlation coeffi-
cient of the pseudo-second-order kinetic model (R*=
0.9999) is higher than that of the pseudo-first-order
kinetic model (R*=0.6165). The results indicate that
the adsorption may be controlled by the rate process.
And the calculated adsorption capacity (79.43 mgg ™)
fits well with the experimental data (79.30 mgg™).

3.5. Adsorption isotherms

Four isotherm models have been applied to study
the adsorption behavior between the solution and the

adsorbent, namely, Langmuir, Henry, Temkin, and
Freundlich [34,35]. The equations are expressed as
follows:

Langmuir:
bgmCe . 1 1 1
e = , the 1 f D —= —

=110 c. e linear form 7o " aubC. + o )

Henry: g, = ke, (6)

Temkin: g, = Eln Ce + Eln At @)
br by

Freundlich: g, = Kpc;/ ", the linear form: Ing,
=InKp —0—%lnce ®

The adsorption isotherms fitted by four models are
shown in Fig. 4. The parameters calculated from the
four models are listed in Table 1. As can be seen in
Table 1, the adsorption process can be best described
by Freundlich model (R*=0.9694). The Freundlich iso-
therm model shows that the ratio of solute adsorbed
on solid surface to the solute concentration is a func-
tion of the solution concentration. This model allows
for several kinds of sorption sites on the solid and
represents properly the sorption data at low concen-
trations and intermediate concentrations on heteroge-
neous surfaces [36,37]. The large value of K;
demonstrates that the adsorbent has a large adsorp-
tion capacity toward metal ions. And the value of n
represents that the adsorption process takes place on
the heterogeneous surfaces.
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Fig. 4. Langmuir (A), Henry (B), Temkin (C), and Freundlich (D) isotherm for lead ions adsorption.

Table 1

The parameters for Langmuir, Henry, Temkin, and Fre-

undlich isotherms

Models Parameters

Langmuir Jm (Mg gfl) 66.27
b (Lmg) 6.954
R? 0.9201

Henry Ky 0.7092
R? 0.5642

Temkin br 37.86
Ar 1.174
R? 0.9322

Freundlich K 56.56
N 17.95
R? 0.9694

3.6. Adsorption thermodynamic

The effect of temperature of lead ions adsorption
was studied at the temperatures of 308, 318, and
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Fig. 5. Adsorption thermodynamic of lead ions adsorption
onto MHCGO composites.

328 K. The changes of Gibbs free energies (AG),
enthalpy (AH), and entropy (AS) can be calculated by
the following equations:
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Table 2
Thermodynamic parameters of lead ions adsorption at dif-
ferent temperatures

Y. Wang et al. | Desalination and Water Treatment 57 (2016) 3975-3984

Table 3
Comparison of adsorption capacities of various adsorbents
for lead ions.

TK  AG &mol™) AH & mol™") AS(Jmol'K™")  Adsorbents Gm (mgg™) Ref.
308 -1.280 54.21 180.3 MHCGO composites 79.30 This paper

318 —-3.185 Chitosan/magnetite 63.33 [39]

328 —4.881 Chitosan/cellulose 26.31 [40]

Chitosan/sand 12.32 [41]

Mesoporous silica SBA-15 42.55 [42]

Bentonite 19.19 [43]

Waste mud 244 [44]

100 4 Montmorillonite 31.05 [45]

Natural zeolite 20.70 [46]

Fly ash 40.00 [47]

Palygorskite 20.72 [48]

Removal efficiency/%

Fig. 6. The effect of coexisting ions in lead ions solution (1.
None; 2. K*; 3. Ca®*; 4. Na*; 5. Mg2+; 6. K"+ Ca® +Na* +
Mg2+)~

AG = —RT InKy4 9
AS AH

where R is the universal gas constant (8.314 ] mol™* K™),
T is the absolute temperature (in Kelvin), and K4 is the
thermodynamic equilibrium constant. The results are
shown in Fig. 5 and the thermodynamic parameters are
listed in Table 2.

The positive value of AH indicates that the sorp-
tion of lead ions is an endothermic process, which is
in accord with the principles of chemical adsorption.
The values of AG become more negative from —1.280
to —4.881 kf mol™' with increase in temperature from
308 to 328 K, indicating more efficient adsorption on
the solid surface, which may be due to the fact that
lead ions are readily desolvated and hence, their sorp-
tion becomes more favorable. The positive value of
the entropy changes (AS) indicates that the adsorption
process was spontaneous [38].

3.7. Competing ions interference experiment

Both natural water and industrial wastewater con-
tain different kinds of ions like K*, Ca%*, Na*, and
Mg?". In the adsorption process, the existence of these
metal ions may affect the removal efficiency of lead
ions. Therefore, the interference of these four metal
ions for lead ions adsorption was also investigated.
Solutions containing K, Ca%*, Na*, and Mg2+ were
prepared by adding potassium nitrate, calcium nitrate,
sodium nitrate, and magnesium nitrate into lead ions
solution, respectively. The results are displayed in
Fig. 6. And the relative standard deviation is 1.989%
which demonstrates that the coexisting K*, Ca?*, Na*,
and Mg”> have no distinct effect for lead ions
adsorption.

3.8. Performance evaluations

A comparison of the maximum adsorption capaci-
ties (gn) of MHCGO composites with the literature
reports for lead ions adsorption is listed in Table 3. It
can be seen that the maximum adsorption capacity of
MHCGO composites is higher than that of other mate-
rials’, which might be ascribed to the complexation
capacity of MHCGO. It is obvious that some multiple
magnetic composites perform better than single-
component materials. Further researches associated
with magnetic adsorbent are likely to carry out in the
future to obtain better performance of adsorption.

4. Conclusions

In summary, the MHCGO composites were fabri-
cated and applied to high efficient adsorption for lead
ions in aqueous solution. The experimental results
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showed that the adsorption process was strongly
dependent on pH and the composites had a high
adsorption capacity (79.30 mgg™'). The adsorption
data fitted Freundlich model better than Langmuir,
Henry, and Temkin models. The adsorption kinetics of
lead ions on MHCGO composites could be well
described by pseudo-second-order model. The adsorp-
tion thermodynamic results indicated that the adsorp-
tion process was spontaneous. Therefore, the
combination of the magnetic substances with the supe-
rior adsorption properties of GO and hydroxypropyl
chitosan could make a powerful separation material to
deal with the removal of metal ions in natural
environment.
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