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Abstract

In this article, Fe3O4 magnetic particles were prepared via the coprecipitation method,
and composite materials (PMCTS) were prepared via a crosslinking reaction of chitosan,
polyvinyl alcohol and magnetic particles with glutaraldehydel. The composition, structure,
morphology, and magnetic properties of the composite materials were characterized. The
effects of the materials input, initial concentration of Pb(II), adsorption time, and tempera-
ture on the adsorption performance of PMCTS were further investigated, and the recovery
rate of the materials was analyzed. The experiment shows that when the Pb(II) content in
water is 30 mg/L, 0.5 g PMCTS are added to the adsorption system, the reaction time is
70 min at 45 ◦C, and pH = 7, the Pb(II) removal rate can reach 98.9%, and the recovery rate
can reach 91.6%. Therefore, PMCTS are fast and effective in adsorbing Pb(II) in water.

Keywords: chitosan; polyvinyl alcohol; composite materials; adsorption

1. Introduction
Heavy metal pollutants originally existed in the natural environment. However, due

to human activities, the concentration of heavy metals in the environment has greatly
increased, and they have entered the water body through surface runoff, atmospheric
deposition and other diffusion methods [1]. Due to the biomagnification of heavy metals,
they can directly or indirectly affect various organisms. Many heavy metal ions, such as
lead, cadmium, arsenic, manganese and mercury, have toxic and carcinogenic effects. Even
at very low concentrations, they can cause multiple organ damage and even cause neurode-
generative diseases such as Alzheimer’s disease and Parkinson’s disease [2]. Heavy metal
ions can also affect aquatic organisms (phytoplankton, zooplankton and fish) and accu-
mulate in multiple organs, leading to oxidative damage, endocrine disorders and immune
system inhibition, thereby affecting the survival and growth of aquatic organisms [3]. Lead
is one of the most toxic heavy metals, which is extremely harmful to human health even at
low concentrations. When lead accumulates in the human body, it can affect organelles in
cells, such as mitochondria, nuclei, lysosomes and cell membranes, causing serious damage
to nerves and kidneys. In addition, heavy metals interact with DNA and nucleoproteins,
causing DNA damage, leading to cell apoptosis or a class of pollutants [4]. Research on the
treatment methods and technologies for Pb(II)-containing wastewater has attracted great
attention. At present, the chemical precipitation method, membrane separation method
and adsorption method are the main methods of removing Pb(II) from wastewater, which
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each have their own advantages and disadvantages. Among them, the adsorption method
has become the most economical and effective treatment method because of its easy access
to adsorption materials, low cost, strong stability, simple operation and high efficiency.
Finding cheap and efficient adsorption materials is of key concern.

Chitosan (CS), as a degradable natural polymer, is widely used in chemical industries,
agriculture, water treatment and metal recovery due to its advantages of non-toxicity
and low cost. Because of the active hydroxyl (-OH) and amino (-NH2) groups on the
chitosan molecule, it can bind to many metal ions and organic compounds, and it can
also be used to prepare composite materials with other materials, for which it is widely
used in water treatment technology research [5–10]. Jin et al. [11] studied the influence
mechanism of solution pH value on the adsorption of Pb(II) in wastewater by cross-linked
chitosan/polyvinyl alcohol (CS/PVA) microspheres through batch adsorption experiments,
Fourier transform infrared spectroscopy and X-ray photoelectron spectroscopy. The ad-
sorption mechanism of Pb(II) in wastewater by cross-linked chitosan/polyvinyl alcohol
microspheres at different pH values provides methodological guidance for the study of
the adsorption of heavy metal ions in wastewater by chitosan/polyvinyl alcohol micro-
spheres. Kumar et al. [12] prepared cross-linked chitosan/polyvinyl alcohol microspheres
with chemical stability in acidic media, which can effectively recover Cd(II) in wastew-
ater, providing a theoretical basis for the application of cross-linked chitosan/polyvinyl
alcohol microspheres to remove heavy metal ions in wastewater. Laus et al. [13] studied
the adsorption capacity of heavy metal ions Cu(II), Pb(II) and Cd(II) in wastewater by
crosslinking chitosan with epichlorohydrin and triphosphate through covalent bonds and
ionic bonds. Liu et al. [14] studied the adsorption process of heavy metal ions Cu(II), Pb(II),
Cd(II), Zn(II) and Ni(II) in wastewater using nanofibrillated chitosan as a chelating agent.
It was found that the adsorption process conformed to the Langmuir isotherm and the
pseudo-second-order kinetic model. Kandile et al. [15] prepared a novel chitosan hydrogel
with 1,3-(dioxoisoindoline-2-amino) as the modified group for the first time and applied
it to adsorb heavy metal ions Co(II), Hg(II), Cu(II), Zn(II) and Pb(II) in wastewater. The
results showed that it only had good adsorption efficiency for Co(II) and Hg(II). Shen
et al. [16] synthesized HTC-chitosan via the hydrothermal carbonization method, and its
adsorption efficiency for Cr(VI) in wastewater exceeded 92%. Khawar et al. [17] studied
the adsorption properties of Pb(II) in wastewater by adsorbents synthesized from chitosan,
diammonium phosphate and ethylenediaminetetraacetic acid. Goudarzi, T. et al. [18]
prepared three kinds of organic–inorganic nanocomposites based on magnetic chitosan
(such as CS-MnFe2O4, CS-MnFe2O4-CoS and CS-MnFe2O4-CoS-MWCNTs) to explore their
ability to adsorb mercury ions from aqueous solutions. Wang, W.R. et al. [19] prepared
two novel, highly selective, acid-resistant and reusable functionalized magnetic chitosan
composites (FOS@C-DTPA and FOS@C-PBTCA). Highly efficient and selective uranium
extraction was achieved by using an anion-assisted synergistic mechanism.

In this paper, chitosan, magnetic Fe3O4 and polyvinyl alcohol were used as raw
materials to prepare PMCTS under the crosslinking effect of glutaraldehyde. The adsorption
performance of composite materials on Pb(II) in wastewater was investigated, and the
main factors of adsorption were analyzed. At the same time, the recovery of PMCTS
was investigated in order to provide a theoretical basis for the treatment of wastewater
containing Pb(II) with chitosan composite materials.

2. Materials and Methods
2.1. Chemicals

Chitosan (CS, degree of deacetylation 90%), polyvinyl alcohol (PVA, 2000), abso-
lute ethanol, FeCl3, FeCl2·6H2O, Span-80, liquid paraffin, acetone, 50% glutaraldehyde,
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glacial acetic acid, sodium hydroxide, etc., are all analytically pure; bivalent lead standard,
1 mg/mL.

All solvents and reagents were purchased from China Tianjin Kermel Chemical
Reagent Co., Ltd. (Tianjin, China).

2.2. Synthesis of CS/PVA Magnetic Composite Materials

Magnetic Fe3O4 nanoparticles were prepared via the co-precipitation method. A
certain amount of FeCl3 and FeCl2•6H2O solution was dissolved in a ratio of 1:1.75 to
obtain a mixed solution. In the N2 atmosphere, the NaOH solution was slowly added
to the mixed system, adjusted to pH = 10, quickly stirred, and crystallized in a constant-
temperature water bath at 60 ◦C for 1 h. The mixed system gradually changed from
orange red to black, and then stirring was continued for 15 min. The obtained product
was centrifuged and precipitated, washed repeatedly with deionized water and anhydrous
ethanol until neutral, and dried at 80 ◦C for 12 h to obtain magnetic Fe3O4 nanoparticles. A
total of 1.5 g chitosan was dissolved in 100 mL 3% acetic acid solution and stirred at 50 ◦C
until dissolved. We took a 50 mL chitosan solution and added 0.1 g Fe3O4 nanoparticles.
The solution underwent ultrasonic dispersion for 30 min, and we obtained a uniform
solution for later use. A total of 1.5 g polyvinyl alcohol was added into 50 mL deionized
water. The solution was first swollen in cold water for 30 min, then slowly heated to 90 ◦C,
and dissolved and dispersed for 1 h under constant-temperature water bath stirring. The
above two solutions were mixed evenly to obtain a mixture.

The mixture was added drop by drop to a three-neck flask containing 80 mL of liquid
paraffin and 5 mL of Span-80 with a disposable syringe, and quickly stirred for 1 h at room
temperature. We added 10% glutaraldehyde, 8 mL. The mixture was heated to 40 ◦C in a
rapid stirring reaction for 1 h. A total of 1.0 M NaOH solution was added to maintain the
pH value of the system at 9–10. After the water bath temperature was increased to 70 ◦C,
the stirring reaction was continued for 2 h. The obtained product was fully washed with
petroleum ether, acetone and deionized water. PMCTS were obtained by drying at 50 ◦C,
grinding, and passing through an 80 mesh sieve, as shown in Figure 1.

Figure 1. Preparation flow chart of PMCTS.

2.3. Characterization of PMCTS

The PMCTS were qualitatively analyzed by infrared spectroscopy (FTIR-8300, SHI-
MATZU, Kyoto, Japan) in the wavelength range of 400–4000 cm−1. The morphology and
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particle size distribution of PMCTS were analyzed by an X-ray diffractometer (XRD, Smart-
Lab, Rigaku, Tokyo, Japan) and scanning electron microscope (SEM, JSM-7610FPlus, JEOL,
Tokyo, Japan). The magnetic properties of the materials were characterized by a vibrating
sample magnetometer (VSM, Lake Shore-7404, Westerville, OH, USA).

2.4. Absorption Experiment

A certain amount of Pb(II) standard solution was placed in a 50 mL stoppered colori-
metric tube, and deionized water was added to the scale line. A certain amount of PMCTS
was added and reacted in a 150 r/min constant-temperature shaker. After the reaction, the
concentration of Pb(II) in the solution was determined by an ultraviolet spectrophotometer
(UV, 754N, YOKE, Shanghai, China).

(1) The standard solution containing Pb(II) was prepared, and the color reagent was
added. The absorbance was measured at 540 nm, and the standard curve was drawn.

(2) According to the single factor variable method, the effects of the dosage of PMCTS,
the initial concentration of Pb(II), the temperature of the water bath, the adsorption reaction
time, and the pH on the adsorption effect of Pb(II) were investigated.

2.5. Analysis of Recovery Rate of PMCTS

Using the magnetic characteristics of the composite materials, the recovery experiment
of the adsorbent materials was carried out with a magnet. First, 1 g of PMCTS was put
into simulated wastewater containing Pb(II). After 70 min of reaction adsorption, magnetic
adsorption was carried out to remove the liquid and recover the adsorbent. The adsorbent
was dried at 75 ◦C for 1 h, and the recovery rate was calculated by weighing.

2.6. Adsorption Mechanism
2.6.1. Adsorption Kinetics

The adsorption kinetics of Pb(II) on PMCTS was further studied. The pseudo-first-
order kinetic model and the pseudo-second-order kinetic model were used to fit the kinetic
experimental data. We took 100 mL of Pb(II) solution (50 mg/L, pH = 7), added 50 mg
PMCTS, and shook it at 45 ◦C. The adsorption time was 5, 10, 20, 30, 40, 50, 60, 70, and
80 respectively, and the absorbance of the supernatant was measured. The adsorption
amounts at different times were calculated, and the ln(Qe − Qt) versus t and t/Qt versus t
were plotted, respectively. The fitting parameters of the adsorption kinetic equation were
obtained via the linear fitting curve of the pseudo-first-order kinetic equation and the
pseudo-second-order kinetic equation. The rate-controlling step in the adsorption process
was judged by the degree of fitting. The pseudo-first-order kinetic equation can be seen in
Formula (1), and the pseudo-second-order kinetic equation can be seen in Formula (2).

ln(Qe − Qt) = ln Qe − K1t (1)

t
Qt

=
1

K2Q2
e
+

t
Qe

(2)

Qe is the amount of Pb(II) adsorbed by the adsorbent at equilibrium, (mg/g); Qt is the
amount of residual Pb(II) in the solution at time t, (mg/g); K1 is the equilibrium constant
of the first-order adsorption rate; and K2 is the equilibrium constant of the second-order
adsorption rate.

2.6.2. Adsorption Isotherm

We took 100 mL Pb(II) solution (pH = 7) with concentrations of 25, 40, 60, 80, 100, 120
and 150 mg/L, added 50 mg PMCTS, and shook it in a constant-temperature shaker at
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45 ◦C for 80 min. The absorbance of the supernatant was measured, and the adsorption
amount was calculated.

In order to further study the mechanism of Pb(II) adsorption by modified materials,
the Langmuir equation and Freundlich equation were used to linearly fit the obtained
experimental data, as shown in Equations (3) and (4). The Langmuir and Freundlich
adsorption isotherms and fitting parameters of the adsorbent at 45 ◦C were obtained by
plotting ce/Qe to ce and lnQe to lnce, respectively.

Ce

Qe
=

1
Q

Ce +
1

Qb
(3)

ln Qe = ln KF + bF ln Ce (4)

Q is the maximum monolayer adsorption capacity of the adsorbent, mg/g; b is the
adsorption equilibrium constant; Qe is the adsorption capacity at equilibrium, mg/g; ce is the
concentration of Pb(II) solution, mg/g; KF is Freundlich constant, which is related to the ad-
sorption capacity; and bF is a heterogeneous factor, which is related to the adsorption strength.

3. Results and Discussion
3.1. FTIR Characterization

Figure 2 presents the infrared spectrum of chitosan, polyvinyl alcohol and PMCTS.
The broad peak in the wavelength range of 3600 cm−1–3200 cm−1 belongs to the basic
characteristic band of chitosan. PMCTS had obvious absorption peaks at 2918 cm−1

and 1658 cm−1, which were the stretching vibration absorption peaks of C-N and C-H,
respectively, indicating that glutaraldehyde reacted with chitosan. The broad peak at
1068 cm−1 is the absorption peak of C-O-C, indicating that chitosan reacts with polyvinyl
alcohol to produce a large number of ether bonds.

Figure 2. FTIR of chitosan, PVA and PMCTS.
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3.2. XRD Measurements

It can be observed from Figure 3 that when θ is 20◦, both substances have an obvious
diffraction peak, which is the diffraction peak caused by the regular arrangement and
crystallization of the molecular chain of chitosan [20]. The characteristic absorption peak of
chitosan at 2θ = 20 ◦ is due to the formation of strong intermolecular hydrogen bonds and
intramolecular hydrogen bonds between -OH and -NH2 in chitosan molecules such that
chitosan has good solubility. The diffraction peaks of PMCTS became sharp, which may
be due to the crosslinking process affecting the degree of freedom of chitosan segments,
resulting in a decrease in the regularity of the segments, in turn resulting in a decrease
in its crystallinity [21]. The reason for the formation of the characteristic absorption
peak of PMCTS at 2θ of 42◦ is that the reaction between the glutaraldehyde and -NH2

of chitosan leads to the destruction of strong hydrogen bonds in the molecular chain of
chitosan or between the molecular chains of chitosan. When chitosan is added to the
solution, due to the amino protonation of the -NH2 contained in it, chitosan becomes
a charged polyelectric substance. In addition, the intramolecular and intermolecular
hydrogen bonds of chitosan are vulnerable to damage, so chitosan is soluble in acid [22].
The intramolecular hydrogen bonding between the amino group of modified chitosan and
the hydroxyl group of polyvinyl alcohol weakens the crystallization degree of PMCTS,
indicating the amorphous properties of PMCTS. When 2θ is 30.7◦, 35.7◦, 43.2◦, 53.1◦ and
62.9◦, these are the (220), (331), (400), (422) and (511) crystal planes of magnetic Fe3O4,
respectively. It was proven that Fe3O4 particles were successfully compounded with
chitosan and PVA.
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Figure 3. XRD spectrum of chitosan and PMCTS.

3.3. SEM Characterization

Figure 4 presents the microscopic surface morphology of chitosan (Figure 4(1)) and
PMCTS (Figure 4(2)). From the spectrum, it can be seen that the surface of chitosan is a
layered structure, with no pores and uneven dispersion; the PMCTS are relatively regular
in shape and have a pore structure on the surface. This is due to the crosslinking effect of
glutaraldehyde and the addition of Span-80, which causes the surfaces of the materials to
increase the contact area and adsorption sites, thereby improving the adsorption capacity
of the composite materials.
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Figure 4. (1) SEM images of chitosan. (2) SEM images of PMCTS.

3.4. Magnetic Determination

Figure 5 is presents the hysteresis loop of Fe3O4 nanoparticles and PMCTS. It can be
clearly be seen that PMCTS and Fe3O4 nanoparticles also have superparamagnetism, and
their saturation magnetization value is 59.50 emu/g. Moreover, under the action of the
magnetic field, the composite materials can be separated from the liquid in a short time,
which is helpful for its separation and regeneration.
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Figure 5. Magnetization curve and analysis of magnetic properties in water of PMCTS.

3.5. Analysis of Adsorption Properties of PMCTS

The single factor variable method was used to analyze the influencing factors in the
adsorption process. The effects of the composite material dosage, the initial concentration
of Pb(II), the adsorption time, the adsorption temperature, and the pH on the removal rate
of Pb(II) were plotted, as shown in Figure 6(1)–(5).
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Figure 6. (1) Adsorption effciency curves of PMCTS for Pb(II) in solution under different dosage
of PMCTS composite material conditions. (2) Adsorption effciency curves of PMCTS for Pb(II)
in solution under different initial concentration of Pb(II) in solution conditions. (3) Adsorption
effciency curves of PMCTS for Pb(II) in solution under different time conditions. (4) Adsorption
effciency curves of PMCTS for Pb(II) in solution under different adsorption temperature conditions.
(5) Adsorption effciency curves of PMCTS for Pb(II) in solution under different pH conditions.
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3.5.1. Effect of PMCTS Dosage on Adsorption Effect

Figure 6(1) shows the change curve of the adsorption effect with an increase in PMCTS
dosage. It can be seen that with the increase in PMCTS, the removal rate of Pb(II) is
significantly increased. This is because with the increase in PMCTS in the system, the active
sites that can adsorb Pb(II) increase significantly, so the adsorption capacity is enhanced,
and the removal rate is obviously increasing. When the dosage is 0.5 g, the maximum value
is reached, and the adsorption system reaches equilibrium.

3.5.2. Effect of Initial Concentration on the Adsorption of PMCTS

The curve of Figure 6(2) shows the change in Pb(II) removal rate with an increase in
Pb(II) initial concentration. According to the observation curve, the removal rate of Pb(II)
first increased and then decreased rapidly with the increase in the initial concentration of
Pb(II). This is because when the amount of PMCTS in the system is constant, the number of
active sites in the solution is basically constant. When the initial concentration is lower than
30 mg/L, there is a greater chance of contact between the active site and Pb(II); hence, there
is a greater the removal rate. However, when the initial concentration exceeds 30 mg/L,
the removal rate basically does not change. This is because the concentration of Pb(II) in
the system is too high, exceeding the adsorption capacity of the material and resulting in a
decrease in the removal rate.

3.5.3. Effect of Adsorption Time on Adsorption Effect

It can be seen from Figure 6(3) that PMCTS have an extremely fast adsorption capacity
for Pb(II). Before 70 min, the removal rate increased rapidly with the increase in time,
reaching 88.3% within 30 min. However, after the removal rate reached 98.9% at 70 min,
the removal slowly decreased. This may be due to the fact that adsorption–desorption is a
dynamic equilibrium process, and some Pb(II) will be re-released after reaching equilibrium.

3.5.4. Effect of Adsorption Temperature on Adsorption Effect

It can be seen from Figure 6(4) that temperature has a significant effect on the ad-
sorption effect of PMCTS. In the range of 10–45 ◦C, with the increase in temperature, the
contact between Pb(II) and the adsorption sites increased due to the accelerated molecular
movement in the system, and the removal rate increased significantly. When the tempera-
ture increased to 55 ◦C, the removal rate of Pb(II) by PMCTS did not change significantly,
indicating that PMCTS were a relatively stable adsorption material.

3.5.5. Effect of Initial pH Value on the Adsorption Performance of PMCTS

The initial pH value of the solution in the adsorption test is one of the important
factors affecting the surface charge of the adsorbent, the activity of the functional group of
the adsorbent, and the degree of ionization of the metal ions. The adsorption of heavy metal
ions by PMCTS is mainly based on chemical complexation, mainly through the chelation of
the molecular chain neutral group -NH2 with Pb(II). Because the N atom has a lone pair
of electrons, it can enter the empty orbit of Pb(II) to form a coordination bond and bind
to it. The adsorption efficiency curve of PMCTS to Pb(II) in solution under different pH
conditions is shown in Figure 6(5). Under the condition of pH = 7, the adsorption rate of
PMCTS to Pb(II) in solution reaches its peak. Under the alkaline condition of pH < 7, the
adsorption rate of CS/PVA materials to Pb(II) in solution decreased with the increase in
pH value, which was due to the presence of OH− ions in the solution, which easily react
with Pb(II) in the solution to produce precipitation.
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3.5.6. Recovery of PMCTS

The adsorption experiment was carried out according to the initial concentration of
Pb(II) 50 mg/L. The temperature of the water bath was 45 ◦C, the pH was 7, and the
adsorption time was 70 min. After magnetic separation, 0.916 g of composite materials was
recovered, so the recovery rate was 91.6%. The experimental results show that the PMCTS
have good magnetic response performance, simple separation and recovery operation, and
a high recovery rate.

3.6. Adsorption Mechanisms

In this paper, the fitting of the adsorption kinetic equation is obtained according to
the pseudo-first-order kinetic equation and the pseudo-second-order kinetic equation. The
fitting line is shown in Figure 7, and the model parameters are shown in Table 1. By
comparing the fitting results, it is found that the R2 of the pseudo-second-order adsorption
kinetic equation is significantly larger than that of the pseudo-first-order adsorption kinetic
equation, and the theoretical adsorption capacity is closer to the experimental adsorption
capacity. Therefore, the pseudo-second-order kinetic model is more suitable for explaining
the adsorption process of Pb(II) by PMCTS.
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Figure 7. (1) Fitting lines of the pseudo-first-order kinetic equation of PMCTS for adsorption of Pb(II)
in solution. (2) Fitting lines of the pseudo-second-order kinetic equation of PMCTS for adsorption of
Pb(II) in solution.

Table 1. Pseudo-first-order kinetic equation and the pseudo-second-order kinetic equation correlation
coefficients (R2) for adsorption of Pb(II) in solution.

Pseudo-First-Order Kinetic Equation Pseudo-Second-Order Kinetic Equation

K1 (min−1) Qe (mg/g) R2 K2 ((mg/g)/min−1) Qe (mg/g) R2

0.0712 116.23 0.989 4.357 × 10−4 112.36 0.9964

It can be seen from Figure 8 and Table 2 that the R2 of the Langmuir adsorption
isotherm is significantly greater than the R2 of the Freundlich adsorption isotherm. There-
fore, the adsorption process of Pb(II) by PMCTS material is more suitable for the Lang-
muir isotherm adsorption model. The adsorption process is closer to the monolayer
adsorption theory.
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Figure 8. (1) Fitting curves of Langmuir adsorption isotherm of PMCTS for adsorption of Pb(II) in
solution. (2) Fitting curves of Freundlich adsorption isotherm of PMCTS for adsorption of Pb(II)
in solution.

Table 2. Isothermal adsorption model parameters of PMCTS for Pb(II) in solution.

Langmuir Adsorption Isotherm Freundlich Adsorption Isotherm

b (L/mg) Q (mg/g) R2 KF bF R2

0.04589 131.58 0.9945 24.85 3.367 0.8108

4. Conclusions
PMCTS were successfully prepared by inverse suspension polymerization using CS,

PVA and Fe3O4 as the main raw materials. The chemical groups, morphological structure
and magnetic properties of the composite materials were characterized. The materials
were used for the adsorption of Pb(II) in water. The following conclusions were drawn:
(1) PVA, Fe3O4 and CS were successfully copolymerized by glutaraldehyde to obtain
PMCTS. PMCTS are spherical particles with a microporous structure and relatively uniform
dispersion on the surface. The specific surface area is large, which is beneficial to increase
the adsorption site of Pb(II). (2) PMCTS were used to adsorb and remove Pb(II) in water,
showing a good adsorption effect. When the initial concentration of Pb(II) was 30 mg/L, the
dosage of PMCTS was 0.5 g, the adsorption time was 70 min, pH = 7, and the temperature
of the water bath was 45 ◦C, the maximum removal rate could reach 98.9%. (3) The recovery
rate of PMCTS can exceed 91%, which proves that it has a good magnetic separation effect
and a high recovery rate.
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