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ration and performance evaluation
of a bifunctional chitosan-modified flocculant†

Xiang Li, *abc Xianming Zhang,*a Shiyu Xie,b Yaling Ge,d Li Feng e and Wei Lib

In view of the diversification of pollutants in current sewage, further improving the application efficiency of

water treatment agents and realizing multi-functionalization are important directions for the research of

water treatment agents. In this paper, on the basis of the natural polymer flocculant chitosan, MAPTAC

and AM were used as modified monomers to improve its solubility and also enhance its flocculation and

bactericidal properties. Furthermore, the preparation conditions of chitosan flocculant poly(CTS-g-AM-

MAPTAC) were optimized by response surface methodology, and its flocculation and sterilization

functions were evaluated in detail. The experimental results showed that the significance order of the

factors in the preparation process was illumination time, mass ratio of total monomer to chitosan, molar

ratio of monomers, and initiator concentration. The optimum conditions for preparing poly(CTS-g-AM-

MAPTAC) were 6 moL L�1 for initiator concentration, 4 for mass ratio of total monomer to chitosan, 25%

for monomer molar ratio, and 60 min for illumination time. The intrinsic viscosity and grafting rate of

poly(CTS-g-AM-MAPTAC) prepared under optimum conditions were 5.4965 dL g�1 and 220.34%. The

obtained poly(CTS-g-AM-MAPTAC) had good solubility, which could fully expose the active sites in

wastewater with different acidity and had good flocculation effect. The performance evaluation results

showed that the flocculant had a good combination of flocculation and sterilization, and had the

advantages of high turbidity removal and sterilization efficiency, good biodegradability and low reagent

consumption.
Introduction

One of the key points of municipal sewage treatment is the
effective removal of pathogenic microorganisms, however the
conventional disinfection treatment methods have the disad-
vantages of single treatment effect, secondary water pollution
and limited application range. For example, some traditional
water treatment processes include both occulation and
disinfection (sterilization). Such a water treatment process has
the disadvantages that some residual organic occulants in the
occulation treatment unit easily react with the oxidizing
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disinfection agent in the subsequent disinfection unit to
produce substances toxic and harmful to human beings,
aquatic animals and plants, and the bacterial sludge produced
by the disinfection unit cannot be removed effectively.1,2 Based
on this, if a occulant with both occulation and disinfection
effect can be developed, that is, the groups with both occula-
tion and bactericidal activity are spliced onto a polymer oc-
culant molecule by special chemical means, it will help to solve
the above shortcomings of traditional water treatment process
to some extent.

Studies have shown that the bactericidal functional group of
some small molecule fungicides is the quaternary ammonium
group,3,4 and the quaternary ammonium group is a functional
group that can enhance the electric neutralization of polymer
occulants.5–8 Thus, quaternary ammonium groups are func-
tional groups with bactericidal and occulation activities.
Theoretically, the amide cationic polyacrylamide (PAMA and
TPAMA) prepared by authors in the early stage of the paper has
the function of occulation and sterilization.9,10 However, the
requirements of environmental protection for water treatment
are becoming more and stricter, and the newly developed oc-
culants should have low or no toxicity. A certain amount of
acrylamide monomer with neurotoxicity will be retained in the
preparation process of acrylamide occulant.11–13 Therefore,
acrylamide should be used less or avoided in the preparation of
RSC Adv., 2022, 12, 20857–20865 | 20857
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View Article Online
organic occulants for water treatment. Natural polymer chi-
tosan (CTS) is recognized as a natural nontoxic polymer
compound with certain occulation and bactericidal effect, but
it has the disadvantages of low water solubility and insufficient
water treatment function.14,15 Therefore, it is necessary to carry
out corresponding chemical modication for its poor water
solubility and low occulation/sterilization function. Studies
have been reported that the water solubility and bactericidal
performance of CTS can be improved by introducing ionic
groups and bactericidal group into molecules chain, respec-
tively.16,17 At present, most of the naturally modied CTS water
treatment agents developed were aimed for enhancing one
aspect of their function. There are still few studies on CTS water
treatment agents with both efficient sterilization and occula-
tion function. In addition, the cationic occulant prepared in
previous study had the disadvantages of either low molecular
weight affecting the bridging effect of occulation process or
low graing rate of quaternary ammonium cation leading to
weak electric neutralization. In order to make the prepared
bifunctional occulant have high viscosity and cationic graing
rate to improve the occulation and bactericidal effect at the
same time, it is necessary to optimize the preparation process.

In this paper, acrylamide (AM) and methyl acrylamide propyl
trimethyl ammonium chloride (MAPTAC) with positive-charged
quaternary ammonium group were selected as gramonomers.
CTS was graed and modied under UV irradiation. Finally,
a occulant poly(CTS-g-AM-MAPTAC) with high efficiency of
occulation and bactericidal properties was synthesized. The
structure of poly(CTS-g-AM-MAPTAC) was analyzed by infrared
spectroscopy (FTIR), X-ray diffraction (XRD), scanning electron
microscopy (SEM) and differential thermogravimetric analysis
(DSC-TG). The synthesis process was optimized by Box–
Behnken experiment and response surface methodology (RSM).
In addition, the occulation and bactericidal properties of
poly(CTS-g-AM-MAPTAC) were investigated in detail by kaolin
suspension and simulated wastewater containing Escherichia
coli.
Table 1 Experimental factors and levels of response surface design

Factor Code

Level

�1 0 1

Initiator concentration (%) A 5 6 7
m(AM+MAPTAC) : mCTS B 3 4 5
nMAPTAC : n(AM+MAPTAC) C 23 25 27
Illumination time (min) D 45 60 75
Materials and methods
Materials

All the reagents used in the synthesis reaction were of analytical
reagent grade except acrylamide (AM) and methacrylamido
propyl trimethyl ammonium chloride (MAPTAC) (technical
grade). The detail of reagents used in this study are as follows:
AM (Chongqing Lanjie Tap Water Company, Chongqing,
China); MAPTAC (50 wt% in water; Nanjing Jingruijiuan
Biotechnology Co., Ltd Nanjing, China); VA-044 (Ruihong Bio-
logical Technology, Shanghai, China). CTS, acetic acid, absolute
ethyl alcohol and other reagents were all purchased from
Chongqing Chuandong Chemical Industry Co., Ltd Chongqing,
China. E. coli original strain (CMCC 44102) was provided by the
college of bioengineering, Chongqing University. All reagents
were used in the experiment without further purication.
20858 | RSC Adv., 2022, 12, 20857–20865
Preparation of poly(CTS-g-AM-MAPTAC)

CTS was pre-dissolved in 1% acetic acid solution. AM and
MAPTAC with a certain mass ratio were then added to the chi-
tosan acetic acid solution and continuously stirred into
a homogeneous solution. Aer that, a certain quality of the
initiator VA-044 was added aer completely deoxygenated by
bubbling with pure N2 (99.99%). Then, the reaction vessel was
immediately sealed and placed in the UV reactor for a pre-
determined time. The reaction products were aged for 2 hours
and dried in a 50 �C vacuum oven to constant weight. The
characterization methods of poly(CTS-g-AM-MAPTAC) was
described in S1 text,† SEM and zeta potential analysis were
described in S2 and S3 texts,† respectively.

Optimize synthesis conditions by RSM

The synthesis conditions of poly(CTS-g-AM-MAPTAC) were
optimized by Box–Behnken (BBD) experiment and response
surface methodology (RSM). In the experiment, initiator
concentration (%) (A), mass ratio of total monomer to chitosan
(m(AM+MAPTAC) : mCTS) (B), monomer molar ratio (%) (nMAPTAC-
: n(AM+MAPTAC)) (C) and illumination time (min) (D) were
selected as the independent variables of BBD-RSM experiment,
and graing rate was used as the dependent variable. The
detailed design of the BBD-RSM experiment is shown in Table 1.
B29 (3

4) was used to improve the experiment. As given in Table 1
eqn (1) was used to account for the control and prediction of
optimization process.

Y ¼ b0 þ
Xk

i¼1

biXi þ
Xk

i¼1

biiXi
2 þ

Xk�1

i¼1

Xk

j¼iþ1

bijXiXj (1)

Performance evaluation experiment

100 mL of simulated wastewater was taken in 200 mL beaker,
and the pH was adjusted with 0.1 MHCl or NaOH solution, then
quantitative occulant mother solution (1.0 g L�1) was added
and occulation experiments were performed with a TA6
program-controlled coagulation experiment blender (200 rpm
for 3 min, 40 rpm for 10 min, standing for 30 min). Aer oc-
culation, the supernatant was extracted by syringe at 1 cm below
the liquid level for subsequent turbidity, zeta potential and
OD600 determination. (All experiments were carried out three
parallel samples, and the average value was taken as the nal
result.) The details of occulants used in this part, preparation
method of simulated wastewater and determination method of
© 2022 The Author(s). Published by the Royal Society of Chemistry
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water quality indexes were described in S4–S6 texts,†
respectively.
Results and discussion
Structural characterization

FTIR spectra. In this paper, the synthesized products pol-
y(CTS-g-AM-MAPTAC), PAMA (poly(AM-MAPTAC)) and CTS were
scanned by infrared spectroscopy. The results are shown in
Fig. 1(a)–(c).

As can be seen from Fig. 1(b), the peak at 2882 cm�1 corre-
sponds to the asymmetric stretching vibration peaks of –CH3

and –CH2 in PAMA.9 The peak at 1660 cm�1 represents –C]O
stretching vibration peak; the peaks at 1495 and 1455 cm�1

represent the deformation vibration of quaternary ammonium
methyl and methylene, respectively; the characteristic peak at
972 cm�1 represents the stretching vibration of N+–(CH3)3.18,19

The characteristic absorption peaks of CTS in Fig. 1(c) are O–H
stretching at 3450 cm�1, N–H deformation at 1640 and
1600 cm�1, C–O–C stretching at 1160 cm�1, and C–OH
stretching at 1085 cm�1.19–21 Comparing the infrared spectra of
poly(CTS-g-AM-MAPTAC) in Fig. 1(a) and CTS in Fig. 1(c), the
absorption spectra of poly(CTS-g-AM-MAPTAC) and CTS are
basically similar, indicating the basic skeleton of CTS was not
affected in the process of gra copolymerization. At the same
time, the stretching vibration peaks of –C]O, N+–(CH3)3, –CH3,
–CH2 and the deformation vibration peaks of quaternary
ammonium methyl and methylene are also visible in the
infrared spectra of poly(CTS-g-AM-MAPTAC), indicating that
PAMA was successfully graed into the CTS skeleton. It is
conrmed that poly(CTS-g-AM-MAPTAC) was successfully
prepared.

X-ray diffraction. The typical crystal structure characteristic
absorption peaks of chitosan was observed at 2q ¼ 14.0� and 2q
¼ 20.8�.22,23 Aer graing, the crystal structure changed to some
extent, and the original characteristic absorption peakmoved to
about 2q ¼ 24.0�, and the intensity of the absorption peak was
Fig. 1 The FT-IR spectra of (a) poly(CTS-g-AM-MAPTAC), (b) PAMA
and (c) CTS.

© 2022 The Author(s). Published by the Royal Society of Chemistry
also relatively reduced. It is indicated that the introduction of
AM and MAPTAC reduced the crystallinity of chitosan, which is
mainly due to the introduction of side chains to increase the
steric hindrance of CTS, thus weakening the hydrogen bond on
the main chain of CTS, thereby damaging its crystal structure
and making it amorphous. The XRD spectra also proved that
AM and MAPTAC were successfully graed onto the main chain
of CTS (Fig. 2).

TG/DSC analysis. As shown in Fig. 3, CTS and poly(CTS-g-AM-
MAPTAC) appeared two and three weight loss processes,
respectively. In the rst stage, the weight loss of the two was
between 50 �C and 250 �C. The TG curves of CTS and poly(CTS-g-
AM-MAPTAC) showed an obvious endothermic peak at 78.4 �C
and 81.0 �C, respectively. This part of weight loss was mainly
due to the decomposition of oligomeric chitosan and water
evaporation.24,25 But the small difference between the two was
due to: (1) the introduction of quaternary ammonium groups in
MAPTAC weaken the partial hydrogen bond and destroyed the
complete crystal structure of chitosan. Therefore, –OH on CTS
molecules was easy to contact with external water for hydration,
increasing water evaporation of poly(CTS-g-AM-MAPTAC) at this
temperature range. (2) The quaternary ammonium group is
a hydrophilic group, which would increase the interaction force
with water molecules, so higher temperature was needed to get
rid of the water. The second stage of CTS weight loss was
between 250 �C and 515 �C, and then the weight decreased
gently. This part of the weight loss was mainly due to the
degradation of the molecular main chain. However, the second
weight loss temperature range of poly(CTS-g-AM-MAPTAC) was
250–360 �C, the weight loss rate was 26.1%, and the endo-
thermic peak appeared at 300.2 �C. The weightlessness of this
stage stemmed from the thermal decomposition and elimina-
tion reaction of the amide (–CONH–) in AM molecules, and the
thermal separation of quaternary ammonium methyl and
hydrogen chloride in the MAPTAC molecular chain.24 The third
weight loss was due to a broken C–C bond in the molecular
backbone, resulting in a large decrease in the molecular weight.

In summary, the thermal stability of poly(CTS-g-AM-
MAPTAC) was better than that of CTS. At the same time, the
Fig. 2 X-ray diffraction diagrams of poly(CTS-g-AM-MAPTAC), PAMA
and CTS.

RSC Adv., 2022, 12, 20857–20865 | 20859
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Fig. 3 TG/DSC graphs of (a) CTS and (b) poly(CTS-g-AM-MAPTAC).
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inconsistency of DSC/TG curves indicated that there was
a certain difference in structure between the two samples,
which also proved that AM and MAPTACA were successfully
graed onto CTS.
BBD-RSM optimized synthesis
conditions
Model establishment and variance analysis

Based on the optimization conditions determined by single
factor, the response surface experiment scheme was designed
using Box–Behnken model. Since the inuence of product
graing rate on occulation and sterilization performance was
mainly considered in the subsequent application process, the
graing rate was selected as the response value in response
surface design, and the interaction between initiator concen-
tration (A), mass ratio of total monomer to chitosan (B),
monomer molar ratio (C) and illumination time (D) was inves-
tigated. The combination of experimental conditions and the
graing rate of synthetic products under various conditions are
shown in S7 text.†

The experimental results were analyzed by Design-Expert 8.0,
and the linear regression equation between graing rate and
four factors was obtained as follows:
20860 | RSC Adv., 2022, 12, 20857–20865
Grafting ratio ¼ 222.52 � 1.50A + 1.90B + 1.63C + 4.01D �
0.80AB � 1.45AC � 2.30AD + 1.23BC � 2.33BD � 1.20CD �
12.24A2 � 35.89B2 � 17.07C2 � 16.40D2 (2)

Further analysis of variance was performed to test the
accuracy of the regression model. The results are shown in
Table 2.

Generally, a larger F value or a smaller P value indicates that
the corresponding factors have a good signicance.26,27 Table 2
shows the F ¼ 70.69, p < 0.0001 of the regression model, indi-
cating that the relationship obtained by this regression model
between the graing rate and the 4 factors was relatively accu-
rate. The gra ratio predicted by eqn (2) was also close to the
actual value. In addition, the missing items of the model were
not obvious, indicating that some selected feature points could
t the whole situation well. Through the p value of the four
factors, it can be judged that the signicant order affecting the
graing rate of the product were D > B > C > A. Furthermore, the
interactions between D and B, D and A, C and A were relatively
obvious. Furthermore, the statistical analysis of the model
errors are shown in S8 text.†
Response surface analysis

In order to study the inuence of the interaction between
different inuencing factors on the graing rate, the design
expert soware was used to make the three-dimensional
response surface and contour map of the interaction of
various factors according to the model. The results are shown in
Fig. 4.

In Fig. 4(1)–(6), the interaction effects of AB, AC, AD, BC, BD
and CD on graing ratio are corresponding in turn. The greater
the slope of the curve in the contour, the more obvious the
inuence of this factor. Also the deeper the color, the more
signicant the factor.28–30 In Fig. 4(1), the three-dimensional
response surface plots showed that with the increase of initi-
ator concentration and the mass ratio of total monomer to
chitosan, the graing rate increased rst and then decreased.
The contour map showed that the optimum range of initiator
concentration was 5.5–6.4 mol L�1, and the mass ratio of total
monomer to chitosan was 3.8–4.3. At the same time, the inter-
action of initiator concentration and mass ratio of total mono-
mer to chitosan was not very obvious, and the effect of the latter
on the graing rate was more obvious. The remaining Fig. 4(2)–
(6) were analyzed using the same analysis method. Through the
overall comparative analysis, it can be seen that the combina-
tion of factors with obvious interaction were the mass ratio of
total monomer to chitosan and illumination time, initiator
concentration and illumination time. This result is consistent
with Table 2 above.
Model verication

Based on the three-dimensional response surface diagram and
contour map analysis, the predicted graing rate of 222.89%
would be achieved when the initiator concentration, the mass
ratio of total monomer to chitosan, the monomer molar ratio
and the illumination time were 5.92 mol L�1, 4.02, 25.10% and
© 2022 The Author(s). Published by the Royal Society of Chemistry
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Table 2 ANOVA results of regression model

Source Sum of squares df Mean square F value P value prob > F Signicant

Model 9915.16 14 708.23 70.69 <0.0001 Signicant
A 27.00 1 27.00 2.69 0.1229
B 43.32 1 43.32 4.32 0.0564
C 31.69 1 31.69 3.16 0.0971
D 192.80 1 192.80 19.24 0.0006
AB 2.56 1 2.56 0.26 0.6211
AC 21.16 1 8.41 0.84 0.3751
AD 8.41 1 21.16 2.11 0.1682
BC 6.00 1 6.00 0.60 0.4518
BD 21.62 1 21.62 2.16 0.1639
CD 5.76 1 5.76 0.57 0.4609
A2 971.00 1 971.00 96.91 < 0.0001
B2 8352.86 1 8352.86 833.67 < 0.0001
C2 1890.62 1 1890.62 188.69 < 0.0001
D2 1744.07 1 1744.07 174.07 < 0.0001
Residual 140.27 14 10.02
Lack of t 108.28 10 10.83 1.35 0.4133 Insignicant
Pure error 31.99 4 8.00
Cor total 10 055.43 28
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View Article Online
61.85 min, respectively. Three additional independent experi-
ments were carried out under the optimum condition. The
average graing rate was 220.34%, and the relative error with
the predicted value of the model was 1.14%. It can be seen that
the predicted value calculated by the regression equation was
close to the actual value. The model could well reect the
inuence of the synthesis conditions on the graing rate of
poly(CTS-g-AM-MAPTAC), and provided a strong basis for the
preparation of products with better graing rate.
Fig. 4 Interaction of various factors on grafting ratio of poly(CTS-g-AM
chitosan; (2) initiator concentration plus molar ratio of monomer; (3) initia
chitosan plusmolar ratio of monomer; (5) mass ratio of monomer to chito
time.

© 2022 The Author(s). Published by the Royal Society of Chemistry
Performance evaluation

Turbidity removal of kaolin suspension. Because kaolin is
a negatively charged double electric layer aluminum silicate, its
zeta potential is negative throughout the entire pH range
(Fig. S3-2†).31–33 Theoretically, cationic occulant is more suit-
able for turbidity removal of kaolin suspension.34,35 In this
section, the effect of occulant dosage, wastewater pH and
graing rate of poly(CTS-g-AM-MAPTAC) on the occulation
effect were investigated and the occulation application
-MAPTAC). (1) Initiator concentration plus mass ratio of monomer to
tor concentration plus illumination time; (4) mass ratio of monomer to
san plus illumination time; (6) molar ratio of monomer plus illumination

RSC Adv., 2022, 12, 20857–20865 | 20861

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d2ra01727j


RSC Advances Paper

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 2

1 
Ju

ly
 2

02
2.

 D
ow

nl
oa

de
d 

on
 3

/5
/2

02
6 

5:
34

:2
8 

PM
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n-
N

on
C

om
m

er
ci

al
 3

.0
 U

np
or

te
d 

L
ic

en
ce

.
View Article Online
conditions were optimized through a series of occulation
experiments. The results are shown in Fig. 5.

Fig. 5(1) shows the effect of pH on occulation. The dosage
of occulants in the experiment were applied with the respec-
tive optimal dose under different pH conditions (S9 text†). As
pH increased, the percent residual turbidity of the supernatants
aer occulation all showed a “down-up” process. However, it
can also be seen from the gure that the residual turbidity
percentage of the supernatant varies little aer poly(CTS-g-AM-
MAPTAC) occulation under different pH conditions, indi-
cating that pH has less effect on this process. This phenomena
can be explained by the change of zeta potential with pH.
Therefore, pH ¼ 4 was selected for all the subsequent
experiments.

Fig. 5(2) shows the effect of poly(CTS-g-AM-MAPTAC) with
different graing rate on the effect of occulation. With the
increase of dosage, the percent residual turbidity of the super-
natant aer occulation by poly(CTS-g-AM-MAPTAC) with
different graing rates all showed a “down-up” process.
Furthermore, the three experiments all showed good turbidity
removal effect at very low dose. In particular, the dosage of 3#
occulant was minimal and at that dosage the percentage
residual percent turbidity of supernatant aer occulation was
only 0.96%. As was previously mentioned, poly(CTS-g-AM-
MAPTAC) has strong electrical neutralization under acidic
conditions (pH ¼ 4), and thus the 3# product with higher
graing rate exhibited more positive MAPTAC molecules and
better treatment effect at lower dosage. However, aer the
dosage of occulation exceeded 1.0 mg L�1, the occulation
effect was signicantly worse, that was, the phenomenon of “re-
stability” when the occulant dosage was excessive, and this
deterioration phenomenon cannot be ignored. Therefore, in
Fig. 5 Effect of experimental conditions on flocculation: (1) pH; (2) graf

20862 | RSC Adv., 2022, 12, 20857–20865
order to ensure a good occulation effect and to avoid the
occurrence of the glue particle “re-stability”, the graing rate of
the occulant should be controlled within the appropriate
range. Compared with 3 #, the optimal dosage of 2 # product
was not very different, and its “re-stability” phenomenon was
not very obvious, so the better graing product was determined
to be 2 # product.

Fig. 5(3)a–d correspond to the occulation process of PAMA,
PAM, PAC and poly(CTS-g-AM-MAPTAC) on kaolin suspension.
It can be seen that under the action of four occulants, with the
increase of dosage, the residual turbidity percentage of the
supernatant also showed “down-up” process, and the corre-
sponding zeta potential showed a gradual upward trend. The
occulation effect of poly(CTS-g-AM-MAPTAC) was signicantly
better than the other three occulants. When the dosage of
poly(CTS-g-AM-MAPTAC) was 0.4 mg L�1, the residual turbidity
of the supernatant was only 1.04%, which indicating a good
application prospect. The excellent occulation effect of pol-
y(CTS-g-AM-MAPTAC) was mainly attributed to the synergistic
reaction between the strong electrostatic attraction of the
quaternary ammonium group and the strong bridging ability of
long molecular chains to the colloidal particles. In addition, the
large specic surface area and the loose porous fold structure of
poly(CTS-g-AM-MAPTAC) also enhanced its ability to catch and
sweep the occulates in the late occulation period, making the
generated occulation settle down quickly and improve the
occulation efficiency.36–38

Flocculation and sterilization of E. coli suspension. As with
the kaolin occulation removal experiment, this section also
examined the effect of occulant dosage, pH and graing rate of
poly(CTS-g-AM-MAPTAC) on the removal of E. coli in waste-
water. The dosage of occulants in the experiment were applied
ting rate; (3) locculant dosage.

© 2022 The Author(s). Published by the Royal Society of Chemistry
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with the respective optimal dose under different pH conditions
(S10 text†). The experimental results are shown in Fig. 6.

RT% aer occulation with PAM or fungicide 1277 was
greatly affected by pH, while, the treatment effect of PAMA and
poly(CTS-g-AM-MAPTAC) was relatively stable, and poly(CTS-g-
AM-MAPTAC) showed the best turbidity removal effect (Fig. 6-
1a). As can be seen from the change of OD600 with pH in Fig. 6-
1b, 1277 as a quaternary ammonium cationic active fungicide
showed excellent bactericidal effect under acidic conditions,
but rebounded as pH increased to alkaline. The bactericidal
effect of small molecule microbicide 1277 was mainly the
selective adsorption of bacteria by quaternary ammonium
group, resulting in the bacterial surface was covered with high
concentration of ions, and thus inhibiting or killing the
bacteria.39,40 It can be seen that poly(CTS-g-AM-MAPTAC)
showed good bactericidal effect in the whole pH range, and
was not affected by pH. In acidic conditions, quaternary
ammonium groups in the graed MAPTAC molecular chain
played a bactericidal effect, this was similar to that of 1277.
While in neutral/alkaline conditions, poly(CTS-g-AM-MAPTAC)
as a polymer material formed a molecular lm on the surface
of bacteria, which hindered the material energy exchange inside
Fig. 6 Effect of experimental conditions on flocculation: (1) pH; (2) floc

© 2022 The Author(s). Published by the Royal Society of Chemistry
and outside the cells and affected the normal metabolism of
bacteria to play a role in inhibiting bacteria.

As shown in Fig. 6-2a, with the increase of the dosage, the
RT% of the supernatant aer the four occulants treatment
showed a downward trend, and the downward trend of pol-
y(CTS-g-AM-MAPTAC) was particularly obvious. Subsequently,
except for the occulation “restabilization” phenomenon in the
PAM experimental group, all the others slowly reached
a stationary period, indicating other effects may be present in
the occulation mechanism of poly(CTS-g-AM-MAPTAC) on E.
coli besides electroneutralization and adsorption bridging.
When the dosage was less than 5 mg L�1, the OD600 of 1277 and
poly(CTS-g-AM-MAPTAC) supernatants showed a rapid decline
stage, indicating that they all showed excellent bactericidal
performance at low dosage. Although the dosage of 1277 was
lower and the sterilization effect was more obvious, the oc-
culation effect was not ideal. However, poly(CTS-g-AM-MAPTAC)
showed excellent treatment effect in occulation and steriliza-
tion, comparatively.

According to Fig. S3-2,† the isoelectric points of E. coli
suspension and poly(CTS-g-AM-MAPTAC) appeared at pH ¼ 2.9
and pH ¼ 8.2, respectively. The zeta potential of poly(CTS-g-AM-
culant dosage; (3) grafting degree.

RSC Adv., 2022, 12, 20857–20865 | 20863
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MAPTAC) was signicantly higher than that of E. coli suspen-
sion. Therefore, it can be speculated that the electrical
neutralization of poly(CTS-g-AM-MAPTAC) played an important
role in the occulation process. Therefore, 3# products with the
highest graing rate should theoretically have the best treat-
ment effect, and this was also conrmed by the verication in
Fig. 6-3. However, there are still some other pollutants (organic
substances, colloidal particles, etc.) in the actual water body,
which would still appear excessive “re-stability” similar to
kaolin in the process of occulation. Therefore, in order to
avoid the deterioration of occulation effect, 2# product with
medium graing rate was determined as the appropriate oc-
culant for E. coli suspension occulation process.
Conclusion

In this paper, cationic monomers and polyacrylamide were
graed to the molecular chains of chitosan by UV light-induced
polymerization. The cationic modication and the introduction
of long-chain PAM molecules improved the dissolution prop-
erties of chitosan, but also the occulation and bactericidal
properties. In addition, the synthetic modied products had
excellent acid and base resistance. All the instrumental char-
acterization results conrmed the successful synthesis of pol-
y(CTS-g-AM-MAPTAC). In order to promote the graing rate of
poly(CTS-g-AM-MAPTAC), Box–Behnken experiment design and
respond surface method were employed to optimum the
synthesis conditions. The optimum synthesis conditions were 6
moL L�1 for initiator concentration, 4 for mass ratio of total
monomer to chitosan, 25% for monomer molar ratio, and
60 min for illumination time. The intrinsic viscosity and gra-
ing rate of poly(CTS-g-AM-MAPTAC) prepared under the
optimum condition were 5.4965 dL g�1 and 220.34%. Results of
occulation tests showed that the poly(CTS-g-AM-MAPTAC) 2#
(202% of graing rate, 5.12 of intrinsic viscosity) exhibited
excellent occulation and bactericidal performance.
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