
* Corresponding author.

1944-3994/1944-3986 © 2023 Desalination Publications. All rights reserved.

Desalination and Water Treatment 
www.deswater.com

doi: 10.5004/dwt.2023.29207

283 (2023) 62–73
January 

Preparation of an enhanced chitosan modified flocculant with both chelation 
adsorption and flocculation effects for efficient treatment of Pb2+ heavy metal 
wastewater

Lixiu Liu*, Aijiang He
College of New Energy and Battery, Yibin Vocational Technical College, Yibin 644003, China, 
emails: liulixiu2020@163.com (L. Liu), aijianghe@163.com (A. He)

Received 23 August 2022; Accepted 9 December 2022

a b s t r a c t
In this study, chitosan (CS), acrylamide (AM) and itaconic acid (IA) were selected as raw mono-
mers to prepare a novel flocculant CS-g-P(AM-IA) for heavy metals’ removal. CS-g-P(AM-IA) are 
rich with carboxylic acid ionic groups through ultrasonic-free radical initiated polymerization. The 
CS-g-P(AM-IA) has both chelation coordination and flocculation effect, which is used for remov-
ing heavy metal Pb2+ efficiently. The effects of one-factor experimental preparation conditions such 
as initiator concentration, total monomer concentration, total mono-chitosan mass ratio and ultra-
sound time on the intrinsic viscosity of CS-g-P(AM-IA) were investigated. Thus, the optimization 
of ultrasonically initiated CS graft polymerization mechanisms and preparation conditions will be 
further understood and explored. The results of Fourier-transform infrared spectroscopy, thermo-
gravimetry/differential scanning calorimetry (TG/DSC) and scanning electron microscopy (SEM) 
indicated that CS was successfully grafted by AM and IA. In addition, TG/DSC and SEM anal-
yses showed that CS-g-P(AM-IA) had better thermal stability and rougher surface topography, 
respectively. The chelating–flocculation experimental results showed that the removal rate of Pb2+ 
reached 84.5% and 64.3% by CS-g-P(AM-IA) and CS at pH = 5.0, flocculation time of 25 min, floc-
culant dosage of 3.0 mg/L, respectively. The Pb2+ removal effect by CS-g-P(AM-IA) was obviously 
superior than that of CS. The ionic strength and coexisting positive ions have an adverse effect on 
the adsorption performance for the flocculants, and the effect of Ca2+ was obvious. Pb2+ ions were 
mainly immobilized by CS-g-P(AM-IA) through chelation and flocculation by its IA carboxyl 
groups. And then it was generated large and dense heavy metal flocs (d50 = 275.9 μm, Df = 1.91) by 
adsorption bridge, net trapping and sweeping to enhance the separation and removal performance  
of Pb2+ ions.

Keywords: Chitosan; Itaconic acid; Heavy metal wastewater; Flocculant; Graft polymerization

1. Introduction

With the accelerating industrialization and urbaniza-
tion, water pollution has become a serious environmental 
problem, which has attracted global attention. Industrial 
production produces a large amount of heavy metal waste-
water, which is discharged into the water ecosystem and 

poses a great threat to the environment and human life. 
Heavy metal ions are difficult to biodegrade, and can accu-
mulate in living organisms. And then, it accumulates in 
the human body through the food chain, as well as exists 
in certain organs for a long time, causing chronic poison-
ing [1,2]. The electroplating industry, battery manufactur-
ing, the mining industry, the metal refining industry and 
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the forging industry produce a considerable amount of 
high concentrations of lead ions (Pb2+) wastewater in the 
production and application processes, which may cause 
lung disease, kidney disease, hepatitis, encephalopathy 
or central nervous system disorders, etc. [3]. For the sake 
of ecological safety and human health, an advanced water 
treatment technology is urgently needed to efficiently treat 
heavy metal (Pb2+) wastewater.

The methods to remove the heavy metal wastewa-
ter containing Pb2+ mainly include chemical precipitation, 
membrane filtration, ion-exchange, adsorption, etc. [4–7]. 
Among them, flocculation is a commonly used method that 
has received a lot of attention because of its facile opera-
tion and application, high efficiency, low costs and energy 
requirements [8,9]. The ability of coagulant or flocculant 
to remove pollutants depends on its molecular weight, the 
type and number of functional groups and also the number 
of charges that it presents [10]. Chitosan (CS) is the only 
amino weak base polysaccharide in nature, and its molecu-
lar chain contains a large number of amino groups (–NH2) 
and hydroxyl groups (–OH), allowing it to chelate well with 
heavy metals [11]. Furthermore, these active sites of amino 
(–NH2) and hydroxyl (–OH) groups can facilitate the graft-
ing of different functional groups by means of hydrogen or 
ionic bonds. Thus, it provides an important way to prepare 
functionally enhanced polymer modified chitosan-based 
heavy metal flocculants [12]. Therefore, CS is widely used 
in various water treatment fields. In addition, carboxylate 
anionic groups have strong affinity and coordination to 
heavy metal ions. Additional, itaconic acid (IA) is a dicar-
boxylic acid vinyl organic monomer that can be obtained 
from algal fermentation and is widely used in the modifi-
cation of natural products such as starch, alginate, cellu-
lose, and CS [13]. IA contains ethylene bonds that facilitate 
initiation of polymerization, and it is easy to copolymerize 
with other monomers and form polymers rich in carboxyl 
groups, and the prepared polymer has strong chelating and 
adsorption ability [14,15]. IA can be grafted onto the side 
chain of CS by polymerization and modification to prepare 
a heavy metal flocculant with both chelating and floccu-
lation effect, which can be used for efficient treatment of 
Pb2+ heavy metal wastewater. Ultrasound vibrating at fre-
quencies between 20 KHz and 10 MHz can produce cav-
itation when it penetrates the medium [16,17]. Ultrasonic 
chemical reaction is a technique that uses the ultrasonic cav-
itation effect to accelerate and control chemical reactions, 
thereby moderating the reaction conditions and shortening 
the reaction time [18]. In addition, ultrasonic has mechani-
cal effects such as oscillation, emulsification, diffusion, etc. 
It can play a role in accelerating the heat and mass trans-
fer process of the reaction system as well as promoting 
chemical reactions [19,20]. Therefore, the application of 
ultrasonic-initiated polymerization technology is a better 
choice to be applied in the grafting and polymerization of 
CS based polymers and flocculants.

Therefore, in this study, a new heavy metal floccu-
lant CS-g-P(AM-IA) is to prepared by ultrasonic-initiated 
copolymerization of IA, acrylamide (AM) and CS. CS-g-
P(AM-IA) was used to treat Pb2+ heavy metal wastewater 
efficiently. The effect of single-factor preparation conditions 
on CS-g-P(AM-IA) synthesis was investigated. The effect of 

IA carboxyl groups on the adsorption flocculation process 
was also examined by comparing the removal effects of var-
ious flocculants. The effects of flocculant dosage, pH, floc-
culation time, ionic strength and coexisting cations on the 
removal of Pb2+ were investigated to evaluate their chelating 
flocculation performance. Furthermore, the floc structure 
(particle size and fractal dimension) characteristics of the 
generated heavy metal chelated flocs was studied to further 
discuss the related chelating flocculation mechanism.

2. Experiment

2.1. Experimental materials and instruments

AM, CS and IA were all purchased from Sinopharm 
Chemical Reagent Co., Ltd., (Shanghai, China). Anhydrous 
ethanol and acetone were provided by Chongqing Chuan-
dong Chemical Industry Co., Ltd., (Chognqing, China). 
The initiator V50 was purchased from Shanghai Ruilong 
Biochemical Co., Ltd., (Shanghai, China). The anhydrous 
ethanol and acetone were gifts from Sichuan Yuansongda 
Chemical Co., Ltd., (Zigong, China). The pH of the reaction 
solution was adjusted using HCl solution and NaOH solu-
tion at a concentration of 0.1 mol/L, and measured with a pH 
meter (S40, Mettler-Toledo, Switzerland). The ubbelohde vis-
cometer is purchased from Shanghai Jinghong Experimental 
Equipment Co., Ltd., (Shanghai, China). The N2 (purity 
≥99.999%) used for the experiments was provided by Sichuan 
Runtai Special Gas Supply Company (Chengdu, China).

2.2. Polymer preparation

The flocculant CS-g-P(AM-IA) was synthesized by graft-
ing copolymerization in an ultrasonic initiator using CS, IA 
and AM as raw materials and V50 as an initiator. The reac-
tion path is shown in Fig. 1. First, a certain amount of CS 
was weighed and dissolved in a dilute acetic acid solution 
(mass fraction: 1.0 wt.%) to prepare an aqueous CS solution 
(mass fraction: 3.0–7.0 wt.%). Then a certain mass of AM and 
IA (mAM:mIA = 4:1) and a predetermined volume of aqueous 
CS solution were added to the 200 mL reaction flask accord-
ing to the composition ratio requirement, and shaken well 
to a homogeneous solution. The pH of the reaction solu-
tion was adjusted to 5.0, and the reaction flask was charged 
with N2 for 20 min, and then a set amount of initiator V50 
aqueous solution was added. The reaction flask was then 
quickly sealed and placed in an ultrasonic device (power: 
500 W, frequency: 40 KHz, adjustable range: 40%~100%) 
for reaction. In this study, the ultrasonic power was 300 W. 
After a period of ultrasonic radiation (9 min), the reactor 
was closed and the reaction flask was removed and aged 
for 2 h. The product was then purified with anhydrous 
ethanol and acetone. The purified product was then dried 
in a constant temperature oven set at 90°C until the mass 
no longer changed and ground for usage.

2.3. Polymer characterization methods

For Fourier-transform infrared spectroscopy (FT-IR) 
analysis, the experiments were performed by KBr press 
method, and the infrared absorption spectra of the samples 
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at 400~4,000 cm–1 were recorded by Series II 550 of Mettler-
Toledo Instruments Ltd. in Switzerland. After samples 
were gold sprayed with an Emitech sputtering ion coater, 
their surface morphologies were observed with a scan-
ning electron microscope of the MIRA 3 LMU type from 
TESCAN, Czech Republic. For thermogravimetry/differen-
tial scanning calorimetry (TG/DSC) analysis, the samples 
were analyzed for weight loss in a temperature range of 
30°C–600°C on a DTG-60H thermal analyzer from Shimadzu 
Instruments, Japan, under the operating conditions of nitro-
gen atmosphere and a temperature rise rate of 10°C/min. 
The polymer intrinsic viscosity ([η]) is commonly measured 
using the capillary viscometer method [21,22].

2.4. Flocculation experiment

The concentration of Pb2+ in the Pb2+ heavy metal waste-
water was 50.6 mg/L, COD was 32.9 mg/L, and turbidity was 
11.3 NTU. The flocculants were configured into a solution 
with a concentration of 0.2 g/L and diluted according to the 
experimental requirements. And then, it was used for sub-
sequent batch experiments to investigate the adsorption 
and coagulation effects on the Pb2+ heavy metal wastewater. 
The pH of the system was adjusted with aqueous solutions 
of hydrochloric acid and sodium hydroxide at a concentra-
tion of 0.1 mol/L. The effect of pH on the Pb2+ ions removal 
was investigated in the range of 2.0~10.0, respectively. The 
concentration of Na+ ions was set from 0 to 100 mmol/L, and 
the concentrations of coexisting cations K+, Ca2+ and Mg2+ 

were all 50 mol/L. The effects of ionic strength and coexist-
ing cations on the adsorption and flocculation effect were 
examined. TS6-1 program-controlled experimental stirrer 
was used to stir 1 L of Pb2+ wastewater at 300 rpm for 2 min, 
followed by slow stirring at 60 rpm for 5–30 min. Then, a cer-
tain amount of water sample was extracted with a 0.22 μm 
syringe filter to examine the Pb2+ concentration. The con-
centration of Pb2+ in the solution was determined by dithi-
zone photometric method. The removal efficiency of Pb2+ by 
flocculants was expressed as E(%) and calculated as follows.

E
C C
C

e% %� � � �
�0

0

100  (1)

where E(%) is adsorption removal efficiency, and C0 is 
the initial concentration of Pb2+, Ce is the concentration of 
Pb2+ after flocculation.

3. Results and discussion

3.1. Polymerization

3.1.1. Influence of V50 concentration

The initiator V50 used in the experiment is a water-sol-
uble azo initiator, which has the advantages of stable initi-
ation property and good water solubility. At the same time, 
the V50 decomposition follows a first-order reaction and 
the free radicals from V50 have high initiation efficiency 

Fig. 1. Synthesis route of CS-g-P(AM-IA).
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[23]. The V50 molecular structure possesses N–N double 
bond, and it is relatively weak and easy to break and form 
free radicals during the reaction process to initiate polym-
erization. Therefore, the V50 concentration will affect the 
graft copolymerization. When the polymerization condi-
tion remains at total monomer concentration of 30 wt.%, 
the m(AM+IA)/mCS of 4, and the ultrasound time of 9 min, the 
V50 concentration influence on the product intrinsic vis-
cosity was investigated. In Fig. 2a, it can be found that the 
intrinsic viscosity showed an increasing trend with the 
gradual increase of V50 concentration. At V50 concentra-
tion of 6 mol/L, the intrinsic viscosity for CS-g-P(AM-IA) 
reached the maximum value of [η] = 5.54 dL/g. When it 
exceeds 6 mol/L, the intrinsic viscosity of CS-g-P(AM-IA) 
slowed a down trend until 9 mol/L. Appropriate high ini-
tiator concentration is beneficial to the smooth progress of 
polymerization and grafting reaction. The role of V50 in 
the polymerization reaction is to decompose and form free 
radicals, so that CS can generate active sites, and then AM 

and IA can be grafted with these active groups [24,25]. In 
the initial polymerization stage, the number of free radicals 
generated by V50 are relatively lack, and which is not con-
ductive to attack CS and produce sufficient active sites for 
graft polymerization. The less active sites on CS molecular 
chain make AM and IA unable to polymerize with CS effi-
ciently. As a result, the polymerization rate is low, and the 
CS-g-P(AM-IA) intrinsic viscosity is relatively low. When 
the V50 concentration increased further, the free radical 
production increased as well, which is favorable for the 
chain growth process. The CS-g-P(AM-IA) intrinsic viscos-
ity is also increased, and its long-chain polymer formed. 
When the V50 concentration is too high, the initiator breaks 
down rapidly to form a large number of free radicals in 
a short period of time. On the one hand, a large number 
of free radicals will cause a fierce copolymerization and 
crosslinking reactions between the monomers. It quickly 
causes the termination of chain growth and grafting, and 
also reduce the intrinsic viscosity of the product. On the 

Fig. 2. Effects of V50 concentration (a), total monomer concentration (b), m(AM+IA)/mCS (c) and ultrasonic time (d) on the intrinsic 
viscosity of CS-g-P(AM-IA).
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other hand, the coupling reaction will occur between the 
excess free radicals. It results in the chain termination 
rate being far greater than the chain growth rate, thus 
terminating the polymerization reaction. At the same 
time, a large number of free radicals make the number of 
active sites generated by the activation of CS far exceed 
the number of AM and IA monomers. CS itself will also 
undergo self-polymerization, reducing the intrinsic vis-
cosity of the final product [26,27]. Therefore, 6 mol/L of 
V50 is more suitable for CS-g-P(AM-IA) preparation.

3.1.2. Influence of total monomer concentration

The total monomer concentration determines the num-
ber of grafted and polymerized monomers. Therefore, the 
effect of the total monomer concentration on the CS-g-
P(AM-IA) intrinsic viscosity was investigated. The other 
conditions of the polymerization reaction were main-
tained as the V50 concentration of 6 mol/L, m(AM+IA)/mCS 
of 4 and the ultrasonic time of 9 min. It can be seen from 
Fig. 2b that during the increase of total monomer concen-
tration, the CS-g-P(AM-IA) intrinsic viscosity increases 
first and then reduces. When the total monomer concen-
tration is 30 wt.%, the removal rate reaches the maximum 
value ([η] = 5.54 dL/g). The total monomer concentration 
will directly affect the number of free AM and IA radicals 
generated at the beginning of the reaction. When the total 
monomer concentration is low, the amounts of free AM and 
IA radicals generated is relatively not rich [28]. In addition, 
the collision probability between monomers and free V50 
radicals is relatively low. Consequently, the grafting and 
the chain growth process doesn’t proceed well to obtain 
the high intrinsic viscosity of the synthesized product. As 
the total monomer concentration increased, the number 
of free AM and IA radicals and the collision probability 
of monomers grew. On this condition, the chain growth 
process and the reaction rate of graft polymerization are 
accelerated, which was conducive to increasing the intrin-
sic viscosity and graft rate of the product [29]. However, 
when the total monomer concentration increases to a cer-
tain value (30 wt.%), the explosion reaction will happen 
among monomers or between monomers and V50 free 
radicals. This will cause the temperature of the reaction 
system to rise sharply, resulting in chain transfer or chain 
termination. At the same time, the crosslinking between 
monomers further reduces the polymer water solubility, 
which is not conducive to the polymerization reaction 
[30]. So, the intrinsic viscosity may be reduced to different 
degrees by high total monomer concentration. The pre-
ferred total monomer concentration is select as 30 wt.%  
in this study.

3.1.3. Influence of m(AM+IA)/mCS

As the main grafted matrix, CS has an important impact 
on the graft rate and the number of monomers that can 
be loaded, and finally affects the intrinsic viscosity of the 
product. When the polymerization reaction conditions at 
initiator concentration of 6 mol/L, the total monomer con-
centration of 30 wt.%, and the ultrasonic time of 9 min, 
the influence of m(AM+IA)/mCS on the intrinsic viscosity of 

the product was investigated. In Fig. 2c, with the decrease 
of the m(AM+IA)/mCS ratio, that is, the increase of the CS con-
tent, the intrinsic viscosity increases of CS-g-P(AM-IA) first 
and then decreases. When m(AM+IA)/mCS is of 4, the grafted 
polymer intrinsic viscosity reaches its maximum value 
([η] = 5.54 dL/g). The results showed that the relative high 
amount of CS was beneficial to increase the intrinsic viscos-
ity of the grafted product. The CS graft copolymerization 
with AM and IA occurs at their contact interface. When CS 
content is relatively low, the effective active sites that can 
be copolymerized are limited, and the number of mono-
mers that can be grafted is limited. With the increase of CS 
content, the number of active sites in the system increases, 
which can fully contact and collide with monomers to pro-
ceed polymerization reaction [31]. It is conducive to chain 
growth, and thus improving the intrinsic viscosity of the 
product. In addition, monomers AM and IA contain rich 
olefin double bonds and are easy to polymerize. It is nec-
essary to appropriately increase the total monomer ratio of 
AM and IA to facilitate the chain growth reaction and the 
graft polymerization. However, when m(AM+IA)/mCS exceeds 
a certain range, the number of grafted CS decreases cor-
respondingly, a large number of ineffective active sites 
appear on AM and IA, and the grafting rate decreases 
significantly. At the same time, due to CS poor solubil-
ity, too much CS will reduce the solubility of the product, 
thus reducing the effectiveness of graft copolymerization. 
In addition, the increase of AM and IA evidently hinders 
the effective contact between the monomers and the active 
site in CS, resulting in the decrease of the intrinsic viscos-
ity of the product as well as its yield [32–34]. In conclusion,  
it is appropriate to select m(AM+IA)/mCS as 4.

3.1.4. Influence of ultrasonic time

The initiation method is ultrasonic initiation, so the ultra-
sonic time also has an evident impact on the product prepa-
ration. The other conditions of the polymerization reaction 
were controlled at V50 concentration of 6 mol/L, the total 
monomer concentration of 30 wt.%, and m(AM+IA)/mCS of 4. 
The effect of ultrasonic time on the intrinsic viscosity of the 
graft polymerization product was analyzed. It can be seen 
from Fig. 2d that when the ultrasonic time is changed from 
3 min to 9 min, the polymer intrinsic viscosity shows an 
obvious increasing trend, and it reaches the maximum value 
of 5.54 dL/g. Subsequently, the intrinsic viscosity reduced 
when the ultrasonic time was extended 9 min. At the ini-
tial stage of ultrasound, a large number of free radicals are 
generated by ultrasonic cleavage V50, which promotes the 
collision of free radicals with AM, IA and CS [35]. Thus, it 
leads to grafting and polymerization. The number of gen-
erated free radicals increased gradually, the polymeriza-
tion continued, and the product viscosity increased accord-
ingly. But with the extension of ultrasonic time from 9 min 
to 15 min, the amount of V50 used to produce initial free 
radicals are consumed quickly, the amount of subsequently 
formed free IA and AM radicals decreased, and the reaction 
rate slowed down. In addition, when the ultrasonic time is 
too long, the ultrasonic generates a large amount of heat 
is not easy to emit, prone to the phenomenon of burst and 
implosion [35–37]. This will also affect the stable and orderly 
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progress of the polymerization reaction, hinder the chain 
growth, and make the chain termination happen earlier. 
Therefore, the optima ultrasound time is chosen as 9 min.

3.2. Polymer characterization

3.2.1. FT-IR analysis

The FT-IR spectra of the flocculants CS-g-P(AM-IA) and 
CS were displayed in Fig. 3. The strong absorption peaks 
in CS located at 1,665; 1,155 and 1,081 cm–1 corresponded 
to the –N–H, glycosidic bond (C–O–C) and primary alco-
hol (C–OH) bending vibrations, respectively [38]. And these 
characteristic absorption peaks of CS were also found in 
CS-g-P(AM-IA). In the FT-IR spectra of CS-g-P(AM-IA), 
the broad absorption peak at 3,443 cm–1 corresponds to the 
O–H stretching vibration peak, and the strong absorption 
peak appearing at 2,938 cm–1 corresponds to the asym-
metric stretching vibration of methyl-CH2 in mono-sub-
stituted amides [39]. The characteristic absorption peaks 

at 1,575 and 1,391 cm–1 are assigned to the C=O stretching 
vibration of IA carboxyl group and the C–N stretching 
vibration of AM amide group, respectively [40,41]. From 
the above analysis results, it is clear that the FT-IR spectra 
of the chitosan graft-modified polymer CS-g-P(AM-IA) 
show the characteristic absorption peaks of CS, IA and 
AM, thus indicating that the polymer CS-g-P(AM-IA) 
is successfully polymerized from AM, CS and IA.

3.2.2. TG/DSC analysis

Fig. 4 displays the thermal gravimetric curves of (a) CS 
and (b) CS-g-P(AM-IA). As shown in Fig. 4, it can be seen 
that two stages of weight loss occurred for CS, while three 
stages of weight loss occurred for CS-g-P(AM-IA). The end 
point temperature of the first weight loss stage for CS was 
85.6°C and the weight loss was 2.8%, while CS-g-P(AM-IA) 
had an endpoint temperature of 73.4°C for the first stage 
of weight loss and a weight loss rate of 9.4%. The analysis 
suggests that the first stage of weight loss is caused by the 
evaporation of water adsorbed by the hydrophilic groups 
of the polymer [42]. In the second weight loss phase, CS-g-
P(AM-IA) showed three significant heat absorption peaks 
at temperatures 219.3°C, 276.9°C and 323.8°C, which trig-
gered a weight loss rate of up to 20.3%. However, CS only 
showed a large heat absorption peak at 279.3°C, which 
caused an evident weight loss of 54.7%. The analysis sug-
gests that the weight loss in the second-stage may be due 
to part of the CS molecular backbone decomposition, the 
amide group imidation reaction, and the pyrolysis thermal 
decomposition of IA carboxyl group [43]. In addition, the 
starting temperature of the third weight loss of the poly-
mer CS-g-P(AM-IA) is at 321.5°C, with a weight loss of 
37.6%, and its corresponding heat absorption peak occurs 
at 436.7°C. This part is mainly caused by the decomposi-
tion of the C–C bonds of the CS, PAM and IA polymeriza-
tion molecule backbone in the product [44]. In summary, 
CS-g-P(AM-IA) presents different thermal properties 
from CS due to the addition of groups such as AM amide 
group and IA carboxyl group, which corresponds to its 
molecular structure and chemical properties. In addition, Fig. 3. FT-IR spectrum of the flocculants.

Fig. 4. TG/DSC analysis of CS (a) and CS-g-P(AM-IA) (b).
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the onset of thermal decomposition of the polymer is 
near to 219.3°C, so it can be inferred that CS-g-P(AM-IA) 
has good thermal stability and hardly decomposes 
during regular use as well as storage and transport [45].

3.2.3. Scanning electron microscopy analysis

The scanning electron microscopy (SEM) and fractal 
dimensional analysis results of the graft copolymers CS-g-
P(AM-IA) and CS are illustrated in Fig. 5. From the results 
in this figure, it is clear to see that the surface morphology 
of these two polymers shows an evident difference. The CS 
surface morphology has fewer bumps but it is relatively 
smooth. Meanwhile, there are also no holes were found at 
its surface. However, the surface of CS-g-P(AM-IA) after 
graft copolymerization is rough and has more folds, grooves 
and holes. It is because the fact that the introduced AM and 
IA monomers collapse the original ordered structure of CS 
crystals and form folds with varying levels of surface. Thus, 
it increases the polymer specific surface area and makes its 
surface rough and uneven. Obviously, it means that CS-g-
P(AM-IA) has irregular and distinctly folded and raised 
surface and will possesses a larger specific surface area. 
The above-results agree with the direct observation of SEM 
images. It has been shown that the morphological changes 
of CS derivatives after grafting are to some extent related 
to the improvement of their solubility, flocculation and 
adsorption properties [46,47].

3.3. Chelating and flocculation performances

3.3.1. Effect of dosage

The effect of CS and CS-g-P(AM-IA) dosage on the floc-
culation and removal performance of Pb2+ was investigated 
at a stirring time of 25 min and pH of 5.0. The results are 
shown in Fig. 6. With the rising of flocculant dosage, the 

Fig. 5. Morphology analysis of CS (a) and (b) CS-g-P(AM-IA).

Fig. 6. Effect of flocculant dosage on the Pb2+ removal.
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removal rate of Pb2+ increased rapidly at first and then 
gradually became smooth. The desirable removal perfor-
mance (E = 64.3% and 84.5%) were obtained when both CS 
and CS-g-P(AM-IA) were dosed at 3.0 mg/L. A less dosage 
resulted in insufficient active sites for Pb2+ chelation and 
flocculation. However, excessively higher dosage resulted 
in a stronger entanglement of flocculants with each other, 
which is not conducive to the extension of molecular chains. 
Last but not least, the generated small flocs of heavy met-
als were wrapped with an excessive amount of flocculant 
on their surface, which exposed fewer active sites and were 
not conducive to improve the adsorption and bridging 
effect [48]. Both flocculants have effects on the Pb2+ removal, 
while CS-g-P(AM-IA) is significantly more effective than 
CS. Base on the above analytical results, the optimum 
flocculant dosage was selected as 3.0 mg/L.

3.3.2. Effect of pH

The stirring time and flocculant dosage was set at 
3.0 mg/L and 25 min, respectively. The effect of pH on the 
removal of Pb2+ was investigated and the results are dis-
played in Fig. 7. The removal efficiency of CS-g-P(AM-IA) 
for Pb2+ exceeded over 75.0% over the pH range of 4.0–8.0, 
and the relative best removal rate was obtained at pH = 5.0 
(E = 84.5%). The optimum pH range for CS was 4.0–7.0 
and the relative best Pb2+ removal rate was also obtained 
at pH = 5.0 (E = 64.3%). Under the same pH conditions, the 
adsorption capacity of CS-g-P(AM-IA) was significantly 
better than that of CS, which indicated that the carboxyl 
groups in IA played a key role for the adsorption of Pb2+. 
The carboxyl groups not only provide abundant points for 
Pb2+ anchoring and cations, but also promote electrostatic 
interactions and ion-exchange effects with the divalent cat-
ion Pb2+ by its own strong negative charge. The flocculation 
capacity of both CS-g-P(AM-IA) and CS exhibited a high 
pH dependence, and the Pb2+ adsorption and removal per-
formance was not satisfactory under strong acid conditions. 
On the one side, under acidic condition, the zeta potential 
of the flocculant is positive to cause a stronger mutual 
repulsion with Pb2+ ions, which is not conducive to the 

electrostatic attraction effect. Meanwhile, H+ occupied most 
of the active adsorption sites on the flocculant molecular 
chain. There are also a certain electrical repulsion between 
H+ and Pb2+, which means that less Pb2+ ions are adsorbed 
onto the flocculants [49]. In addition, during the floccula-
tion process, the Pb2+ removal efficiency decreases under 
alkaline conditions. Pb2+ forms soluble hydroxyl complexes 
to consume a large number of active sites, resulting in a 
decrease in the removal of Pb2+ ions [50]. However, under 
strong alkaline condition, the solubility of CS will become 
deteriorative, as well as the chemical stability of CS-g-
P(AM-IA), which reduced flocculation ligand adsorption 
and chelate ability. Therefore, the optimum pH value for 
chelate and flocculation experiments is 5.0.

3.3.3. Effect of flocculation time

The effect of flocculation time on the adsorption and 
removal of Pb2+ ions was investigated at a pH of 5.0 and a 
flocculant dosage of 3.0 mg/L, and the results were shown 
in Fig. 8. The removal efficiency of Pb2+ by CS-g-P(AM-IA) 
was so rapid (E = 72.6%) after 15 min, whereas that of CS 
is very low (E = 35.5%). Then, the Pb2+ removal rate contin-
ued to increase and reached a maximum value at 25 min, 
with an optimum removal rate of 84.5% and 64.3% by 
CS-g-P(AM-IA) and CS, respectively. The initial Pb2+ rapid 
adsorption and removal is mainly due to the strong inter-
actions between the target contaminant and the amino, 
hydroxyl and carboxyl reactive ionic groups. It makes Pb2+ 
ions to be rapidly captured, adsorbed and immobilised onto 
CS-g-P(AM-IA) [51]. Compared with CS, the Pb2+ adsorp-
tion and removal efficiency is more favorable, which can be 
attributed to the fact that the oxygen-containing functional 
groups in the polycarboxylic acid provide more surface 
ligand adsorption sites and stronger electrostatic attrac-
tion for the attachment and complexation of Pb2+ ions, as 
well as induce stronger initial adsorption and chelation. 
Meanwhile, CS-g-P(AM-IA) has longer molecular chains 
that freely extend in the aqueous phase, and these longer 
molecular chains provide enough active sites for adsorbing 

Fig. 7. Effect of pH on the Pb2+ removal. Fig. 8. Effect of flocculation time on the Pb2+ removal.
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a large amount of Pb2+. Meanwhile, these molecular chains 
and other molecular chains with adsorbing Pb2+ overlap 
each other to form a network structure, which increases the 
contact opportunities with Pb2+ and improves the efficiency 
of Pb2+ adsorption and flocculation [9]. This rapid adsorp-
tion and flocculation efficiency of CS-g-P(AM-IA) indicates 
its good potential for application in emergency water pol-
lution decontamination treatment. Therefore, 25 min is 
chosen as the optimum flocculation time for adsorption, 
chelation and flocculation of Pb2+.

3.3.4. Influence of ionic strength and coexisting cation

In order to evaluate the interaction between Pb2+ and 
flocculant, the adsorption and flocculation effect of floccu-
lant on Pb2+ ion under different ionic strength and different 
cation coexisting environment was investigated. The con-
centrations of 20, 40, 60, 80 and 100 mmol/L Na+ ions were 
used respectively to simulate the different ionic strengths 
of the practical water samples. 50 mmol/L of Na+, K+, Ca2+ 
and Mg2+ were used to simulate the coexisting cations of the 
natural water body. As shown in Fig. 9, the removal rate of 
Pb2+ by flocculants declined with the increase of Na+ ion con-
centration. That is to say, with the increase of ion strength, 
the adsorption and coagulation capacity of the flocculant 
decreases. It is mainly due to the adhesion, adsorption and 
chelation of Pb2+ ions by flocculants s, and the existence of 
ion-exchanges and electrostatic interactions in floccula-
tion [52]. It is worth noting that there are also ionic active 
groups on CS, whose adsorption and coagulation efficiency 
for Pb2+ are also affected by ionic strength. In addition, dif-
ferent coexisting cations have different degrees of influence 
on the flocculation and adsorption of Pb2+, and the order of 
influence is followed by Ca2+ > Mg2+ > K+ > Na+. It is obvious 
that divalent cations have stronger affinity for ionic active 
groups in flocculants than monovalent cations, and can form 
stable complexes with –COO– and –NH2. Consequently, 
it competes with the Pb2+ for the active groups on the floc-
culants and caused a reduction in Pb2+ chelation and  
adsorption [53].

3.3.5. Heavy metal flocs size and fractal dimension

When the flocculant dosage is low, the flocculant molec-
ular chains do not completely contact with heavy metal 
colloids or suspended particles. With the increase of floccu-
lant dosage, the chelating flocculation of heavy metal ions 
was enhanced, which accelerated the chelates capture and 
enhanced the flocculation performance, as well as improved 
the removal efficiency of Pb2+. After the addition of exces-
sive flocculant, Pb2+ colloidal and particles formed by che-
lating– flocculation will have excessive negative charges on 
their surface, which will lead to the enhancement of electro-
static repulsion among particles or between particles and 
flocculant. It reduces the probability of particle collision, 
and results in the decrease of flocculation efficiency. As can 
be found from Fig. 10a and b, under the optimal dosage 
(3.0 mg/L), the particle size and fractal dimension of the Pb2+ 
flocs by CS-g-P(AM-IA) are the largest. The Pb2+ flocs size 
(d50) is 275.9 μm, and its Df reaches 1.91. The reason is that 
CS-g-P(AM-IA) contains active –NH2, hydroxyl and carboxyl 
groups with strong adsorption. When the active adsorption 
groups of CS-g-P(AM-IA) contacts with Pb2+, coordination 
and chelation will rapidly occur, and Pb2+ ions are fixed on 
the CS-g-P(AM-IA) molecular chains. Subsequently, with 
more and more heavy metal ions captured by adsorption 
and chelation, CS-g-P(AM-IA) molecular chain aggre-
gates and clusters together to result in efficient flocculation 
[54,55]. Finally, large and dense heavy metal flocs forms, 
and then precipitates and separates rapidly. CS-g-P(AM-IA) 
has high efficiency in removing Pb2+ ions, and shows a 
huge market application prospect.

3.3.6. Mechanisms of heavy metal chelation and flocculation

As seen in Fig. 11, the Pb2+ removal firstly depends on the 
chelating groups (mainly carboxylic acids) in CS-g-P(AM-IA) 
by various effects such as coordination complexation, elec-
trostatic attraction and chelation [56]. Under those effects, 
Pb2+ is efficiently immobilized and precipitated, result-
ing in the original tiny heavy metal chelated floc particles. 

Fig. 9. Effect of ionic strength (a) and cationic type (b) on the Pb2+ removal.
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The generated tiny heavy metal flocs then aggregated and 
agglomerated under the adsorption bridge of the CS-g-
P(AM-IA) polymer chain, then rapid flocculation occurred. 
The long molecular chain of CS-g-P(AM-IA) is adsorbed and 
wounded on the surface of the generated heavy metal flocs, 
and the flocculant rings and tails suspends and extends 
in the solution. Due to strong agitation and mixing in the 
flocculation process, the suspended rings and tails collided 
and adhered to other heavy metal particle surfaces through 
adsorption bridging, net catching and sweeping effects. 
These flocs are entangled and aggregated into large and 
dense particles, strengthening the separation and removal  
efficiency of Pb2+.

4. Conclusion

In this study, AM, IA and CS were employed as mono-
mers to prepare a new chitosan grafted polymer, namely, 
CS-g-P(AM-IA). CS-g-P(AM-IA) is used as a novel floc-
culant for heavy metal removing. The influence of single 
factor on the intrinsic viscosity of the grafted polymer was 
investigated. The effect of single factor conditions on the 
Pb2+ removal efficiency is also studied and the related Pb2+ 

removal performance is evaluated. Besides, the heavy metal 
flocs particle size and fractal dimension is discussed to fur-
ther understand the chelation and flocculation mechanism. 
The main conclusions of this study are as follows.

• The intrinsic viscosity of CS-g-P(AM-IA) reached the 
maximum value (η = 5.54 dL/g) at the optimal react con-
ditions (V50 concentration = 6 mol/L, the total mono-
mer concentration = 30 wt.%, m(AM+IA)/mCS = 4, and the 
ultrasonic time = 9 min).

• The results of FT-IR and TG/DSC showed that AM and 
IA were grafted on CS successfully. CS-g-P(AM-IA) has 
three stages of weight loss, and its molecular structure 
thermal decomposition is at 191.6°C, which has good 
thermal stability and is convenient for storage and 
application at room temperature.

• SEM results indicated that CS-g-P(AM-IA) has a larger 
Df (1.329) than that of CS (1.264). CS-g-P(AM-IA) has a 
rough, irregular surface morphology and a large spe-
cific surface area, which is beneficial to the improvement 
of its solubility and adsorption properties.

• Flocculant dosage, pH and flocculation time all affect 
the removal performance of Pb2+. At pH of 5.0, dosage 

Fig. 10. Floc size d50 (a) and fractal dimension Df (b).

Fig. 11. Mechanism of heavy metal chelation and flocculation.
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of 3.0 mg/L and stirring time of 25 min, the adsorp-
tion and flocculation effect of CS (E = 64.3%) and CS-g-
P(AM-IA) (E = 84.5%) reached the optimal value. Both 
strong acid and strong alkalinity conditions are not con-
ducive to the Pb2+ removal.

• The Pb2+ removal efficiency reduced with the increase 
of Na+ ion concentration, and there were ion-exchange 
and electrostatic interactions in the coordination adsorp-
tion and chelation flocculation of Pb2+ ions. The coex-
isting cations showed adverse effects on the removal of 
Pb2+, which was in the order of Ca2+ > Mg2+ > K+ > Na+.

• The introduction of IA and AM greatly enhanced CS-g-
PAAI coordination adsorption and flocculation ability. 
CS-g-PAAI has strong coordination, adsorption, che-
lating and flocculation ability for Pb2+. The generated 
large and compact heavy metal flocs with d50 of 275.9 μm 
and Df of 1.91 by CS-g-PAAI greatly facilitated the 
efficient separation and removal of Pb2+.
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