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pared, synthesized, and characterized by photopolymerization technology. They were applied to the flocculation removal of Cr(III), Co(II), and Pb(II). The effect of flocculation con-
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dition on the removal performance of Cr(III), Co(II), and Pb(II) was studied. Characterization

Flocculant

results show that the three magnetic carboxymethyl chitosan-based flocculants have been

Carboxymethyl chitosan

successfully prepared with good magnetic induction properties. Flocculation results show

Magnetic flocculants

that the removal rates of MC, MCM, and MCAA on Cr(III) are 51.79%, 82.33%, and 91.42%, re-

Heavy metal

spectively, under the conditions of 80 mg/L flocculant, pH value of 6, reaction time of 1.5 hr,

Flocculation

G value of 200 s−1 , and precipitation magnetic field strength of 120 mT. The removal rates of
Co(II) by MC, MCM, and MCAA are 54.33%, 84.99%, and 90.49%, respectively. The removal rates
of Pb(II) by MC, MCM, and MCAA are 61.54%, 91.32%, and 95.74%, respectively. MCAA shows
good flocculation performance in composite heavy metal-simulated wastewater. The magnetic carboxymethyl chitosan-based flocculant shows excellent flocculation performance in
removing soluble heavy metals. This research provides guidance and ideas for the development of efficient and low-cost flocculation technology to remove heavy metals in wastewater.
© 2021 The Research Center for Eco-Environmental Sciences, Chinese Academy of
Sciences. Published by Elsevier B.V.

Introduction
Industrialization and urbanization have accelerated, and this
situation has gradually attracted widespread attention. Heavy
metal pollution has become a serious environmental problem in this situation (Dima et al., 2015). Some heavy metals
cause various diseases and disturb the circulation of human
∗

tissues with adverse effects on human health (Anitha et al.,
2015). At the same time, heavy metals enriched in wastewater can affect aquatic organisms through the absorption of
living cells and transfer to animals and plants through food
and drinking water (Guan et al., 2018). Heavy metal ions in industrial wastewater generally exist stably in the form of stable metal ions or in combination with some organic matter;
therefore, they are difficult to remove (Yousef et al., 2020). The
discharge of wastewater from various industries, such as min-
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ing and metallurgy, machinery, chemical industry, electroplating, and coal power, is increasing daily; this situation places
great pressure on the aquatic environment (Srivastava et al.,
2009). Therefore, industrial wastewater containing heavy metals should be treated before being discharged into the environment for ecological safety and human health, and advanced
materials and technologies should be developed to efficiently
treat heavy metal wastewater.
Various treatment technologies, including chemical precipitation, membrane filtration, ion exchange, photocatalysis,
and adsorption, are currently being tested to remove heavy
metal ions. Among them, flocculation is a commonly used
method because of its high efficiency, easy operation, fast
speed, and certain cost effectiveness (Vunain et al., 2016). The
flocculating performance of the flocculant for pollutants depends not only on the molecular weight of the flocculant
but also on the functional groups available to the flocculant, especially some charged ionic groups (Chen et al., 2017).
So far, studies on modifying flocculants with chelating ionic
groups to improve the flocculation ability of flocculants are
few (Zhu et al., 2015). The efficiency of the traditional flocculation separation is relatively low because of its time-consuming
process, the centrifugal filtration step is relatively cumbersome, and magnetite particles are introduced into the synthesis of the flocculant (Oladoja et al., 2014). In the field of
environmental applications, magnetic matrix composite materials are currently achieving extensive attention due to their
easy separation characteristics (Ntuli and Pakade, 2020). However, magnetite particles still have not shown excellent performance due to the lack of functional groups. Meanwhile, some
organic polymers have become the ideal choice for magnetic
composite coatings due to their abundant ionic groups and
variable molecular structure (Li et al., 2002).
The performance of the flocculant directly determines the
flocculation effect. Given the large number of amino and hydroxyl groups on the surface of chitosan molecules, these
groups contain lone pairs of electrons that can chelate with
Cr(III), Co(II), Pb(II), and other heavy metal ions through coordination (Ahamad et al., 2020). They also form a stable chelate,
which can be used as a flocculant to treat heavy metal ions
in wastewater. Meanwhile, the −NH2 group on the surface of
the chitosan molecule is easily protonated by the surrounding environment (Sun et al., 2016). When the chitosan is in an
acid solution, the H+ in the solution interacts with the −NH2
on the surface of the chitosan molecule to form −NH3+ ; accordingly, the removal rate of heavy metals decreases (RuelasLeyva et al., 2017). However, the water solubility of chitosanbased flocculants is low under medium alkaline conditions;
thus, the dissolution time is long and the dosage is large
(Wei et al., 2018). Therefore, chitosan should be modified to
improve its stability and water solubility, enhance its degradation ability in strong acids, and improve its chelating ability and removal rate of heavy metal ions (Liu et al., 2018).
Multifunctional groups can be introduced through the modification reaction. The chemically modified chitosan enhances
the chemical stability of chitosan on the one hand and improves the flocculation performance (Sun et al., 2017a). At the
same time, magnetic media can be introduced to complete
the flocculation. The completed chitosan material is easy to
separate and recycle. The modified base chitosan has non-
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selectiveness and chelating adsorption capability for multiple
heavy metals.
In this study, three new types of bifunctional magnetic
chitosan-based flocculants were synthesized by UV-initiated
copolymerization technology. Scanning electron microscope
(SEM), Fourier transform infrared spectroscopy (FT-IR), X-ray
diffraction (XRD), X-ray photoelectron spectrometer (XPS), and
vibrating sample magnetometer (VSM) were used for the
structure characterization of the three chitosan-based flocculants. The influence of synthesis content, total monomer concentration, photoinitiator concentration, and reaction time
on the preparation of MC, MCM, and MCAA was investigated
through single factor experiments, and the optimal preparation conditions were determined. MC, MCM, and MCAA were
applied to the treatment of simulated heavy metal wastewater (Cr(III), Co(II), and Pb(II)) under different dosages, pH values,
reaction times, mixing intensities, and magnetic field intensities. The flocculation performance of magnetic flocculants on
composite heavy metal wastewater containing Cr(III), Co(II),
and Pb(II) was also studied.

1.

Materials and methods

1.1.

Materials

Carboxymethyl chitosan (CMCS), acrylamide (AM), 2acrylamide-2-methylpropanesulfonic acid (AMPS), and
azobisisobutamidine phosphate are all analytically pure and
were purchased from Shanghai Aladdin Biochemical Technology Co., Ltd. Ferrous sulfate, ferric chloride, absolute ethanol
(C2 H5 OH), and concentrated sulfuric acid (H2 SO4 ) are all analytically pure and were purchased from Sinopharm Chemical
Reagent Co., Ltd. Sodium hydroxide (NaOH) is analytically
pure and was purchased from Nanjing Chemical Reagent
Co., Ltd. Chromium chloride (CrCl3 ), cobalt chloride (CoCl2 ),
lead chloride (PbCl2 ), and kaolin are all analytically pure
and were purchased from Nanjing Shengjian Quanhua Glass
Instrument Co., Ltd. High-purity nitrogen (N2 ) was purchased
from Nanjing Sanle Electronic Information Industry Group
Co., Ltd. All these chemical reagents used in the experiment
are analytically pure and can be used without purification. All
solutions were prepared with deionized water.

1.2.
Preparation of magnetic carboxymethyl
chitosan-based flocculants
FeSO4 and Fe2 (SO4 )3 were added in a wide-mouthed quartz
bottle at a molar ratio of 1:2, and a predetermined volume of
distilled water was added under constant stirring. Then, the
wide-mouthed quartz bottle was placed in a constant temperature water bath heating pot at 80 °C. After stirring to complete dissolution, a 1.0 mol/L NaOH solution was slowly added
dropwise to maintain the pH value at approximately 10. After
about 10 min, carboxymethyl chitosan was added and stirred
well until it was completely dissolved. Nitrogen gas was blown
into the quartz bottle for 30 min to remove oxygen. Thereafter, the photoinitiator V-50 was added, followed by nitrogen
gas flow for 5 min and then sealed. The quartz bottle was irradiated with UV light, and the product was collected after
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2 hr of polymerization and cured for 1.0–1.5 hr. The colorless translucent gel obtained was MC. Finally, it was purified
with ethanol, dried in an oven at 60 °C for 4 hr, and ground
through a 50-mesh sieve to obtain MC powder samples. According to the mass ratio determined by the experimental design, MC and AM were placed into a wide-mouthed quartz
bottle, and the other synthesis steps for preparing MCM remained unchanged. In the same way, MC, AM, and AMPS were
placed into a wide-mouth quartz bottle according to a certain
monomer mass ratio, and MCAA could be prepared according
to the abovementioned steps.

1.3.
Characterization of magnetic carboxymethyl
chitosan-based flocculants
Fourier transform infrared spectrometer (IR spectrometer, IFS
66/S, Bruker, Switzerland) obtained the infrared spectra of
magnetic carboxymethyl chitosan-based flocculant through
potassium bromide particles. The apparent morphology of the
magnetic carboxymethyl chitosan-based flocculant was observed with a SEM (TM3000, HITACHI, Japan). The XRD pattern of the magnetic carboxymethyl chitosan-based flocculant
was obtained by X-ray diffractometer (X’Pert Powder, Malvern
Panalytical, UK). The X-ray photoelectron spectroscopy of
the magnetic carboxymethyl chitosan-based flocculant was
obtained with XPS (Amicus, Shimadzu, Japan). A vibrating
sample magnetometer (Model 7404, LakeShore Corporation,
USA) obtained the magnetic properties of the magnetic carboxymethyl chitosan-based flocculant.

1.4.

Flocculation tests

A six-link coagulation test mixer was used to conduct flocculation experiments on the developed magnetic carboxymethyl
chitosan-based flocculant at room temperature. In this experiment, 100 mg/L Cr(III), Co(II), and Pb(II) solutions were prepared with chromium chloride, cobalt chloride, and lead chloride, and the pH value was adjusted with 0.1 mol/L NaOH and
H2 SO4 solutions. During the experiment, the standard solution was diluted with distilled water to obtain a composite
heavy metal-simulated wastewater containing Cr(III), Co(II),
and Pb(II) with a corresponding concentration of 25 mg/L.
Kaolin was used as a turbidity agent in the experiment to adjust the turbidity of heavy metal simulated wastewater. Before the start of coagulation, powder-like flocculant was added
and the time when the coagulation started was counted. After the coagulation was completed, 400 mL of the turbid liquid was placed in a beaker under a magnetic field for precipitation for 15 min. Then, the supernatant was absorbed at
2 cm of the upper liquid level for determination of the concentration of heavy metal ions. The magnetic field strength
was measured by a Gauss meter, and the strength of the magnetic field was controlled by adjusting the distance between
the magnet block and the beaker. The determination of heavy
metal ion concentration was based on “GB/T 9723-2007 Chemical Reagent Flame Atomic Absorption Spectrometry General
Principles.” The turbidity was measured by a portable turbidity meter (turbidimeter, 2100Q, Hach, USA).

2.

Results and discussion

2.1.
Characterization of magnetic carboxymethyl
chitosan-based flocculants
2.1.1.

Morphology structure

As shown in Appendix A Fig. S1a, the surface morphology of
MC presents a relatively smooth surface delamination, and
the surface has a convex structure without obvious holes. Appendix A Fig. S1b shows that the surface roughness after MC
grafting of monomer AM increases with the destruction of the
layered structure, and a relatively small hole structure is observed. As shown in Appendix A Fig. S1c, the MCAA is disorganized in appearance and has a striped structure with some
hole-like and elliptical raised structures. Comparing MC and
MCM shows that the surface of the latter presents an obvious layered pore structure. The reason is that the specific surface area of magnetic carboxymethyl chitosan increases after graft polymerization, and this condition makes the surface
rougher and produces a large number of pores (Lu et al., 2017).
After MC grafting of AM and AMPS, the surface chelating active sites increase, which improves the flocculation of heavy
metals (Chen et al., 2018). In addition, the carboxymethyl chitosan is modified to make its surface appear porous.

2.1.2.

Characterization analysis

As shown in Fig. 1a, the absorption peak at 577 cm−1 is the
Fe–O vibration absorption peak, and the absorption peak at
1051 cm−1 is the NO stretching vibration peak and the symmetric stretching vibration peak of the sulfonic acid group
(−SO3 H). The absorption peak at 1160 cm−1 is the asymmetric
stretching vibration peak of the sulfonic acid group (−SO3 H).
MC, MCM, and MCAA all have absorption peaks at 1051 cm−1 ,
which indicates that Fe3 O4 and carboxymethyl chitosan form
a good and firm N–O coordination bond (Feng et al., 2019).
Comparing MCAA and MCM shows that a new characteristic peak appears at 1160 cm−1 , which represents the sulfonic
acid group (−SO3 H) symmetrical and asymmetrical stretching vibration peaks (Feng et al., 2019). Therefore, AMPS is successfully grafted. As shown in Fig. 1b, the diffraction peaks
of MCM at 2θ angles of 18°, 37°, 71°, and 75° disappear, and
new and wider diffraction peaks appear at 2θ angles of 21°
(Sun et al., 2019). As a result, the hydrogen bonding force of the
molecule is increased, the order of the crystal morphology is
destroyed, and the diffraction peak is weakened or even disappeared (Chen et al., 2019a). MCAA has a steady and broad
diffraction peak at 21° 2θ angle, and the peak intensity is obviously weakened. The reason is that the hydrogen bond between chitosan is destroyed after the graft polymerization of
AM and AMPS, and this condition results in the reduction in
the hydrogen bond force of −OH and −NH2 in the chitosan
molecule. As shown in Fig. 1c, the characteristic peak of S
2p is at a binding energy of approximately 168 eV, and the
characteristic peak of Fe 2p is at a binding energy of nearly
710 eV. Comparing the XPS spectra of MC, MCM, and MCAA
shows that the characteristic peak intensity of N 1 s gradually increases, which indicates the successful grafting of organic monomer AM and AMPS (Sun et al., 2019c). An obvious characteristic peak of S 2p appears on the MCAA curve,
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but no such peak is observed on the MC and MCM curves.
This result is due to the grafting of sulfonic acid groups on
MCAA, which also indicates that AMPS has been successfully
grafted on MC. As shown in Fig. 1d, the saturation magnetization values of the three organic flocculants of MC, MCM,
and MCAA increase with the increase in the magnetic field.
The final saturation magnetization (Ms) values are 0.21, 0.09,
and 0.05 emu/g. Magnetic carboxymethyl chitosan is grafted
with organic monomers AM and AMPS to reduce the Fe3 O4
content per unit mass. The non-magnetic organic matter is
wrapped on the surface of the magnetic particles, which also
affects the orientation of the magnetic field on the particles
(Sun et al., 2019c). This condition has certain magnetic properties for Fe3 O4 . The weakening effect of which leads to the
decrease in saturation magnetization (Ms). At the same time,
VSM curve of magnetic flocculants shows that the prepared
magnetic flocculants all exhibit superparamagnetism.

Fig. 1 – Characterization analysis of magnetic flocculants:
(a) FT-IR spectrum, (b) X-ray diffraction, (c) XPS spectrum,
and (d) VSM curve.

2.2.

Flocculation of single heavy metal by MCAA

2.2.1.

Effect of dosage on flocculation efficiency

The order of the flocculation performance of Cr(III) is shown
in Fig. 2. The removal rates of Cr(III) by MCAA, MCM, and MC
at 80 mg/L are 77.49%, 66.96%, and 44.16%, respectively. The
removal rate of Co(II) first increases significantly with the increase in the dosage and then tends to be flat when the dosage
reaches 80 mg/L. At this time, the removal rates of Co(II) by
MCAA, MCM, and MC are 82.68%, 75.59%, and 51.48%, respectively. The removal rates of Pb(II) by MCAA, MCM, and MC are
81.25%, 74.55%, and 48.49%, respectively.
The three magnetic flocculants MC, MCM, and MCAA have
abundant functional groups with excellent chelating ability.
The chelating ability to Cr(III), Co(II), and Pb(II) is easily affected by the number of functional groups and flocculation.
The influence of the electrical properties of the body surface
was investigated. When the dosage is at a low value and slowly
increases, the number of −COOH, −NH2 , and −SO3 functional
groups in the flocculant increases . As a result, the flocculation effect increases significantly. However, the concentration
of the flocculant in the solution increases as the dosage of flocculant continues to increase. Thus, the flocculant can be fully
combined with metal ions or colloids. The generated chelated
flocs also increase, which accelerates the settlement of the
flocs and strengthens the network. The removal rate increases
due to the capture and roll sweep function. When the dosage
of flocculant is increased to 80 mg/L, the excessive flocculant
will break the charge balance of the electric double layer of the
flocs. This condition will cause the flocs to destabilize, which
will reduce the flocculation effect. However, the adsorption effect is enhanced to a certain extent due to the increase in the
dosage of the magnetic flocculant, and the netting and rolling
sweeping effects are at a relatively strong level . Therefore, the
removal rate shows a stable trend. In summary, the optimum
dosage of the three flocculants to remove Cr(III), Co(II), and
Pb(II) is 80–100 mg/L.

2.2.2.

Effect of pH on flocculation efficiency

As shown in Fig. 3, the removal rate of increases first and then
stabilizes with the increase in pH. The corresponding removal
rates of Cr(III) by MCAA, MCM, and MC at pH 6 are 87.39%,
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Fig. 2 – Effect of dosage on removing (a) Cr(III), (b) Co(II), and
(c) Pb(II).

Fig. 3 – Effect of pH value on the removal of (a) Cr(III), (b)
Co(II), and (c) Pb(II).

73.41%, and 46.78%, respectively. With the increase in pH, the
removal rates of Co(II) by MCAA and MCM also tend to stabilize after a certain increase, while the removal rate of Co(II) by
MC increases with pH. The optimal pH of MCAA and MCM is 7,
and the corresponding removal rates are 89.53% and 77.23%.
The optimal removal rates by MCAA>MCM>MC at pH 7 are
91.34%, 82.53%, and 71.53%, respectively.
When the pH value is low, the carboxyl group (−COOH) on
the flocculant molecule is more likely to bind hydrogen ions,
and the amino group (−NH2 ) is more prone to protonation.
As a result, the adsorption and chelation performance of the
flocculant for metal ions is decreased. At the same time, the
concentration of H+ in the solution is relatively high, which

competes with Cr(III), Co(II), and Pb(II) for active sites. In addition, −NH2 in the flocculant is protonated to generate −NH3 + ,
which reduces the collision probability of flocs after chelating
Cr(III), Co(II), and Pb(II) and cannot form larger floc particles to
facilitate sedimentation (Sun et al., 2019d). As the pH value increases, the metal ions in the solution gradually form hydroxide colloids and precipitates. The higher pH solution also allows the chelating group of the flocculant to maintain its original form and can give full play to its chelating effect. A chelate
with metal ions or colloids is formed, and −COO− and −SO3−
can fully exert the electric neutralization (Sun et al., 2021). At
this time, the flocs are large and dense, the net catching and
rolling sweeping effects are strong, and the metal hydroxide
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and 46.72%. The order of the removal rate of each flocculant
is MCAA>MCM>MC, and the corresponding removal rates are
91.67%, 85.92%, and 61.81%.
As shown in Appendix A Fig. S2, the concentration of positively charged hydrogen ions is higher at pH 4, and the zeta
potential is greater than zero. The zeta potential is less than 0
at pH 8 due to the large amount of hydroxide ions in the water. It shows that the main flocculation mechanism under alkaline conditions is adsorption bridging (Hou et al., 2019). The
main flocculation mechanism under acidic conditions is adsorption electric neutralization (Du et al., 2018). A large number of active center points are observed on the surface of the
three magnetic flocculants. During the flocculation process,
the active center points chelate heavy metal ions to form flocs.
The action range of the chelating center is roughly equivalent
to the molecular size. Each chelating center can adsorb one
molecule. The chelating center on the surface of the flocculant
is fully occupied. When it reaches saturation, the floc chelating center no longer adsorbs new metal ion. Heavy metal ions
are removed by forming coordination bonds with the chelating groups on the molecular chain of the flocculant to form
a precipitate (You et al., 2019). This reaction will be sufficient
as the reaction time increases, and the removal rate will also
increase (Sun et al., 2018). However, as time continues to increase, metal ions also occupy the binding site. At the same
time, some of the linear molecular chains of the flocculant are
spontaneously crimped and wrapped, which also consumes a
certain binding site (Wu et al., 2016). The coordination center
of the chelating group reaches saturation. As a result, the removal rate also tends to be stable, and even excessive agitation
will damage the formed floc structure and cause adverse effects. In summary, the best reaction time for removing Cr(III),
Co(II), and Pb(II) is 1.5 hr.

2.2.4.

Fig. 4 – Effect of reaction time on the removal of (a) Cr(III), (b)
Co(II), and (c) Pb(II).

caused by the increase in pH positively affects the removal
rate (You et al., 2019). In summary, the optimal pH value for
removing Cr(III), Co(II), and Pb(II) should be 6.0–7.0.

2.2.3.

Effect of reaction time on flocculation efficiency

Fig. 4 shows that, with the increase in the reaction time, the
Cr(III) removal rate tends to be stable. The order of the treatment efficiency of each flocculant at reaction time 1.5 h is
MCAA>MCM>MC. The removal rates of Cr(III) by the three
flocculants are 89.72%, 76.39%, and 47.49%, respectively. With
the increase in the reaction time, the removal rate of Co(II)
by each flocculant also increases first and then becomes stable. The order of removal rate should be MCAA>MCM>MC,
and the corresponding Co(II) removal rates are 88.24%, 82.73%,

Effect of g value on flocculation efficiency

Fig. 5 shows that, with the increase in G value, the removal
rate of Cr(III) increases continuously. At 200 s−1 , the removal
rate gradually decreases after reaching the maximum removal
rate. At the same time, the order of removal rate of the three
flocculants is MCAA>MCM>MC. At this time, the removal
rates of Cr(III) by MCAA, MCM, and MC are 93.17%, 79.54%,
and 48.16%, respectively. The removal rates of Pb(II) by MCAA,
MCM, and MC are 93.58%, 88.53%, and 63.42%, respectively. The
corresponding removal rates of Co(II) by MCAA, MCM, and MC
under G value of 200 s−1 are 92.37%, 86.59%, and 48.53%, respectively.
When the G value is at a low level, the co-directional flocculation effect is weak, and the collision probability between
colloidal particles is small. Therefore, the active center on the
molecular chain of the flocculant and the heavy metal ion are
combined at a low rate, and the coordination rate between colloids is low (Sun et al., 2017b). Thus, flocs are difficult to form
under a certain time, which results in a lower removal rate.
The increase in the G value makes the flocs rearrange and
form a tighter structure, which is conducive to the improvement in the removal rate (Zheng et al., 2013). However, when
the G value is increased to a certain level, the hydraulic shear
caused by the excessively high stirring rate will increase the
probability of the formed flocs. The large flocs are destroyed
and broken, which results in the reduction in net catching and
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Fig. 5 – Effect of G value on the removal of (a) Cr(III), (b)
Co(II), and (c) Pb(II).

sweeping effect (Li et al., 2018). Thus, the removal rate is reduced. In summary, the best G value for removing Cr(III), Co(II),
and Pb(II) is 200 s−1 .

2.2.5.

Effect of turbidity on flocculation efficiency

Fig. 6 shows that, as the turbidity increases, the Cr(III) and turbidity removal rates increase continuously. The optimal removal rates of Cr(III) by MCAA, MCM, and MC at the turbidity of 15 NTU are 96.38% 87.16%, and 53.12%, respectively, and
the turbidity removal rates are 85.26%, 86.49%, and 73.68%. As
the turbidity increases, the Pb(II) and turbidity removal rates
first increase and then decrease. The optimal removal rates
of Co(II) by MCAA, MCM, and MC at the turbidity of 15 NTU
are 94.72%, 90.43%, and 53.66%, respectively, and the turbid-

Fig. 6 – Effect of turbidity on the removal of (a) Cr(III), (b)
Co(II), and (c) Pb(II).

ity removal rates are 89.63%, 90.15%, and 72.59%. As the turbidity increases, the Pb(II) and turbidity removal rates first increase and then decrease. The optimal removal rates of Pb(II)
by MCAA, MCM, and MC at the turbidity of 15 NTU are 95.76%,
91.32%, 69.34%, respectively, and the turbidity removal rates
are 86.75%, 87.54%, and 70.47%. As the turbidity increases, the
Pb(II) and turbidity removal rates first increase and then decrease. Fig. 6 shows that the removal rate of turbidity by MCM
is slightly better than that of MCAA.
Turbidity is generally present in the actual flocculation reaction system, and the equivalent turbidity can promote the
adsorption and bridging of the organic long chain of the flocculant. As a result, the existence of appropriate turbidity can
promote the formation of large-volume flocs to a certain extent, and this condition can improve the effect of removal rate
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(Huang et al., 2018). At the same time, the negative charge of
kaolin and copper ions may produce a certain electric neutralization effect, which is beneficial to the improvement in the
removal rate. However, when the turbidity in the reaction system is too high, the flocs formed by the flocculant during the
coagulation process are broken due to the collision of kaolin
(Zheng et al., 2014). The electronegativity of the kaolin also
competes with the flocculant, which reduces the flocculant
and the copper ion colloid.

2.2.6.
ciency

Effect of magnetic field intensity on flocculation effi-

Fig. 7 shows that, with the increase in the magnetic field, the
removal rate of Cr(III) also increases first and then stabilizes
after 120 mT. The increase in Cr(III) removal rate is not obvious with the increase in the magnetic field strength. At this
time, the removal rates of Cr(III) by MCAA, MCM, and MC are
91.42%, 82.33%, and 51.79%, respectively. The removal rates of
Co(II) by MCAA, MCM, and MC are 90.49%, 84.99%, and 54.33%,
respectively. The removal rates of Pb(II) by MCAA, MCM, and
MC are 95.74%, 91.32%, and 61.54%, respectively.
Each flocculant contains different proportions of Fe3 O4
magnetic particles. Thus, applying a magnetic field to them
during the precipitation process will help the flocs settle.
When the magnetic field strength gradually increases, the
flocs with magnetic particles are subjected to the combined
action of magnetic field force and gravity to overcome the
buoyancy and sink (Sun et al., 2014). Therefore, the removal
rate increases with the increase in the magnetic field strength
under a certain settling time. However, when the magnetic
field strength exceeds a certain value, the excessively high
magnetic field force may separate some magnetic particles
from the flocs (Chen et al., 2019b). This condition hinders the
flocs to settle completely within a fixed time and float in the
solution, which results in the reduction in the removal rate of
metal ions (Ma et al., 2018). Based on comprehensive considerations, the optimal magnetic field strength during precipitation should be 120 mT.

2.3.

Flocculation of composite heavy metal by MCAA

2.3.1.

Flocculation behavior at different pH values

The removal rate of heavy metals by MC, MCM, and MCAA
at pH 4 is shown in Appendix A Figs. S3a–c. Under the condition of pH 4, the removal rates of Cr(III), Co(II), and Pb(II)
ions caused by precipitation are 2.73%, 3.29%, and 6.34%, respectively. The total removal rates of Cr(III), Co(II), and Pb(II)
by MCAA at pH 4 are 17.43%, 24.52%, and 51.27%, respectively.
In the case of low pH, MCAA can provide the most chelating
sites, and the overall removal rate of MCAA for four metal ions
is better than that of MCM and MC. The removal rate of heavy
metals (Cr(III), Co(II), and Pb(II)) by MC, MCM, and MCAA at pH 6
is shown in Appendix A Figs. S3d–f. Under the condition of pH
6, the removal rates of Cr(III), Co(II), and Pb(II) ions due to precipitation are 7.74%, 33.67%, and 37.42%, respectively. The total
removal effects of MCAA on Cr(III), Co(II), and Pb(II) at pH 6 are
32.93%, 63.28%, and 87.64%, respectively. When the pH value
is 6, some metal hydroxide colloidal particles begin to form.
At this time, the adsorption and bridging effect are strengthened, and the polymer long chain on the magnetic flocculant

Fig. 7 – Effect of magnetic field intensity on the removal of
(a) Cr(III), (b) Co(II), and (c) Pb(II).

is combined with the metal hydroxide colloidal particles. The
heavy metal ions that form hydroxides are bound by chelation. As shown in Appendix A Figs. S3g–i, the removal rates of
Cr(III), Co(II), and Pb(II) due to precipitation under pH 8 conditions are 43.76%, 62.24%, and 72.53%, respectively. The total
removal effects of MCAA on Cr(III), Co(II), and Pb(II) at pH 8 are
61.69%, 94.53%, and 95.72%, respectively.
In the case of low pH, since there are less colloidal particles
produced by metal hydroxides, the removal of heavy metals by
magnetic flocculants is mainly based on adsorption and neutralization. While the chelating groups of MCAA are carboxyl,
amino, and sulfonic acid groups, which can provide chelat-
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ing sites for chelation and capture of heavy metals. Therefore, the overall removal rate of heavy metal ions by MCAA
is better than that of MCM and MC. Some metal hydroxide
colloidal particles begin to form at pH6, the adsorption and
bridging function is enhanced, and the polymer long chains
on the magnetic flocculants are combined with the metal hydroxide colloidal particles. At the same time, under the action
of adsorption electric neutralization, the heavy metal ions of
the hydroxide are bound by chelation. Simultaneously, the removal rate of various heavy metal ions of MCAA is better than
that of MC and MCM, which is the manifestation of the advantages of having a sulfonic acid chelating group. In the case of
pH 8, metal oxide precipitation has formed more. At this time,
adsorption bridging and electric neutralization play the main
role of flocculation (Tang et al., 2019). However, the chelating
group of the flocculant and the heavy metal chelate at the
same time, which increases the removal rate of heavy metals. MC and MCAA have certain preferential selectivity to Pb(II)
when treating composite heavy metal wastewater (Ma et al.,
2020).

2.3.2. Selectivity of MCAA for removal of complex heavy
metal ions
As shown in Fig. 8, the maximum contribution rate of MC to
Pb(II) removal under pH 4 is 18.3%. The maximum removal
rate of Pb(II) under pH 6 is 14.95%, followed by Cr(III), which
is 14.1%. At pH 8, the highest contribution to Co(II) removal
is 7.54%. The maximum contribution rate of MCM to Pb(II) removal at pH 4 is 19.91%. The maximum contribution rate to
Pb(II) removal rate at pH 6 is 22.23%. The contribution rate
to Cr(III) removal is still the highest at pH 8, and it is 17.85%.
MCAA contributes 44.93% to Pb(II) under pH 4, 50.22% to Pb(II)
under pH 6, and 32.29% to Co(II) under pH 8. The adsorption capacity of chitosan-based hydrogel composite was observed to be 80.43% for Cr(VI) and 82.47% for Cu(II) ions, respectively (Pavithra et al., 2021). The synthesized nitrilotriacetic acid β-cyclodextrin-chitosan revealed efficient absorptivity toward Hg(II) with maximum adsorption capacities at
178.3 mg/g (Usman et al., 2021). However, the flocculants prepared in this study can simultaneously have high-efficiency
flocculation and chelation capture performance for a variety
of mixed heavy metals. Compared with commercially available flocculants and heavy metal chelating agents, the price
of our prepared MCM and MCAA series chitosan-based magnetic composite flocculants is about 50% of the commercially
available products.
The total contribution rate of the three flocculants to heavy
metal ions is the highest when the pH is 6, and this result is
due to the strong adsorption electric neutralization and adsorption bridging effects at this stage (Yang et al., 2020). The
chelation and adsorption of each heavy metal ion will show
a certain competitive selectivity due to the different structures of the adsorption and chelation sites of the flocculant
(Zheng et al., 2019). The corresponding removal priority can
be obtained by the contribution rate of the magnetic flocculant to the removal of each heavy metal ion. In the process of
pH change from 4 to 8, the heavy metal ion with the highest
MC removal contribution rate changes from Pb(II) to Co(II), and
the heavy metal ion with the highest MCAA removal contribution rate changes from Pb(II) to Co(II). This result is due to that

Fig. 8 – Selectivity of three flocculants for removal of
complex heavy metal ions at (a) pH 4, (b) pH 6, and (c) pH 8.

the four types of heavy metal ions generate hydroxides at different rates during the process of pH increase, which leads to
enhanced adsorption and bridging (Oyegbile et al., 2016). This
condition ultimately results in different contribution rates of
the magnetic flocculant to various heavy metal ions at various
pH values. At the same time, when the removal rate of a heavy
metal ion reaches the highest level, the contribution rate of
the flocculant to other heavy metal ions will also increase due
to the vacancy of the chelating site (Lopez-Maldonado et al.,
2014).
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3.

Conclusions

In this study, three environmentally friendly magnetic
chitosan-based flocculants MC, MCM, and MCAA containing
multiple functional groups (hydroxyl, carboxyl, and amino)
were prepared by UV-initiated graft copolymerization with
carboxymethyl chitosan as raw material. MC, MCM, and MCAA
show good flocculation performance in the treatment of heavy
metal wastewater due to their excellent magnetic properties and a complete and solid core–shell structure. Scanning electron micrographs show that, after grafting of organic monomers, MCM and MCAA show a large number of
disordered pore structures, which significantly improve the
water solubility. Infrared spectroscopy and X-ray photoelectron spectroscopy show that new characteristic peaks appear
in the copolymer. This phenomenon confirms the successful
introduction of new elements and groups. According to the
changes in the intensity and position of the diffraction peaks
in the X-ray diffraction pattern, the ordered structure of chitosan is destroyed after graft polymerization and a certain
amorphous structure is formed. The vibrating sample magnetometer shows that the three organic flocculants are all superparamagnetic. The prepared magnetic flocculant was applied
to the flocculation removal of chromium, cobalt, and lead. Under the optimal flocculation conditions, the removal rates of
Cr(III) by MC, MCM, and MCAA are 51.79%, 82.33%, and 91.42%,
respectively. The removal rates of Co(II) are 54.33%, 84.99%,
and 90.49%. The removal rates of Pb(II) are 61.54%, 91.32%,
and 95.74%. When MC, MCM, and MCAA are used in the treatment of composite heavy metal-simulated wastewater (Cr(III),
Co(II), and Pb(II)), MCAA shows the best flocculation performance. The flocculant is easy to recover, fast in separation,
high in processing efficiency, and low in separation cost. This
high-efficiency and energy-saving multifunctional flocculant
is expected to become an ideal choice for purifying industrial
wastewater.
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