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Synthesis of chitosan-based flocculant by dielectric
barrier discharge modification and its flocculation
performance in wastewater treatmenty

Haixia Wu, (2* Wang Shen, Quanfa Zhao and Weiwei Zhang

As a typical type of organic flocculant, chitosan is limited by its poor water solubility and narrow pH range
application. Grafting modification can improve chitosan's solubility and availability through linking
macromolecular chains with other types of water-soluble groups or functional side groups. In this study,
dielectric barrier discharge (DBD) was used to active the surface of chitosan, then activated chitosan was
polymerized with acrylamide to synthesize a chitosan-based flocculant, chitosan-acrylamide (CS-AM).
During the synthesis of CS-AM, the optimal conditions were determined as follows: discharge time of
5 min, discharge power of 60 W, total monomer mass concentration of 80 g L™, polymerization time of
3 h, polymerization temperature of 70 °C, and m(CS): m(AM) ratio of 1:3. The structure and
morphological characteristics of CS-AM were investigated and analyzed by Fourier transform infrared
(FTIR) spectroscopy, X-ray photoelectron spectroscopy (XPS), thermogravimetric (TG) analysis, scanning
electron microscopy (SEM), X-ray diffraction (XRD) and N, physical adsorption, respectively. The removal
efficiency of kaolin suspension and CNTs suspension can reach up to 95.9% and 90.2% after flocculation
of CS-AM. Furthermore, the zeta potential of the supernatant from the CS-AM treated kaolin suspension
at different pH values was examined, and the flocculation mechanism of CS-AM was analyzed. This study
provides new ideas for the preparation and development of modified chitosan and broadens its

rsc.li/rsc-advances application in water treatment.

Introduction

The flocculation method, which has the advantages of
simplicity, cost-effectiveness, and high treatment efficiency, is
widely used in sewage treatment processes.”> Commonly used
flocculants include iron salt, aluminum salt, silicate, and other
inorganic flocculants, as well as natural organic polymer floc-
culants, synthetic organic polymer flocculants, and microbial
flocculants. Among these natural organic polymer flocculants,
chitosan (CS) is a typical example. It has good application
prospect in the field of sewage treatment because of its safety,
non-toxicity, biodegradation and environmental friendliness.?
CS consists of randomly distributed beta-(1-4)-linked N-acetyl-p-
glucosamine and p-glucosamine, which are obtained by deace-
tylation of chitin. Chitosan contains many reactive groups, such
as amine and carboxyl groups, in its structure, and amino groups
can generate a positive charge under acidic conditions, making
it highly effective in removing negatively charged particles, heavy
metals, and humic acid from sewage.*” However, the application
of chitosan is greatly limited by its poor water solubility, low
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mechanical strength, and narrow pH range.* Chitosan can be
modified by substitution, oxidation, crosslinking and grafting to
improve its solubility and availability.®

Thermal-induced polymerization, ultraviolet light-induced
polymerization, microwave-induced polymerization, radiation-
induced polymerization, and plasma-induced polymerization
commonly result in the generation of chitosan.” For example,
Chen utilized acrylamide (AM), methacrylate oxyethyl trime-
thylammonium chloride (DMC) as raw materials for polymeri-
zation to synthesize a new CS-modified flocculant, using UV-
H,0, initiation." This flocculant exhibited superior floccula-
tion ability compared to CS. In another study, Yu et al. employed
acrylic acid and CS as raw materials and N,N'-methylene dia-
crylamide as a crosslinker to prepare a CS/polyacrylic acid (CS/
PAA) hydrogel in an aqueous solution." This hydrogel demon-
strated excellent performance in terms of its properties.

Low-temperature plasma technology is a new advanced
oxidation process widely used in environment protection.'*"”
Plasma-initiated graft polymerization allows the introduction of
multifunctional groups onto the surface of substances without
secondary contamination. The energy provided by the plasma
activates polymerizable monomers to produce various active
particles that collide with each other or with monomers and
active particles, causing small molecular chains to form large
molecular chains.”® It offers several advantages over heat

© 2024 The Author(s). Published by the Royal Society of Chemistry
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generation, ultraviolet light initiation, and radiation initiation,
including less chemicals, less pollution, high efficiency, green
and environmental protection,® thereby presenting significant
application potential.

In this study, a CS-AM flocculant was prepared by polymer-
izing CS with AM. The preparation conditions, such as
discharge time, discharge power, total monomer concentration,
polymerization temperature, polymerization time, and m(CS):
m(AM) mass ratio, were investigated. The CS-AM flocculant was
characterized using Fourier transform infrared spectroscopy
(FTIR), X-ray diffraction (XRD), thermogravimetric (TG) anal-
ysis, X-ray photoelectron spectroscopy (XPS), and scanning
electron microscopy (SEM). Optimized preparation conditions
were employed to synthesize CS-AM, which was then applied in
the flocculation treatment of kaolin suspension and carbon
nanotubes (CNTs) suspension. The flocculation performance of
the CS-AM flocculant under different conditions was examined,
and the zeta potential of the supernatant was explored. This
study not only offers a novel approach for the preparation and
advancement of modified CS but also introduces a new floccu-
lant for wastewater treatment.

Experiment
Material

All chemicals used in this experiment were of analytical purity
and used without any additional purification. CS (80-95%
degree of deacetylation, 50-800 mPa s of viscosity), AM and
ammonium persulfate were sourced from Shanghai Aladdin
Biochemical Technology Co., LTD (Shanghai, China). Ultra-fine
kaolin was obtained from Shanghai Maclin Biochemical Tech-
nology Co., LTD (Shanghai, China), and CNTs were purchased
from Nanjing Sheng jian Quan Glass Instrument Co., LTD The
experimental water was prepared using an ultrapure water
machine (EPED-ER-10 TX, Nanjing Pu Yida Technology Devel-
opment Co., LTD, China).

Preparation of CS-AM

A specific amount of CS was introduced into a dielectric barrier
discharge (DBD) device (S1). The plasma generator's switch
button was turned on, and the discharge power was adjusted
before initiating the timing. Once the reaction was complete,
the plasma generator was turned off. The treated CS was then
transferred into a solution containing a certain concentration of
AM. Subsequently, 20 mg of ammonium persulfate initiator was
quickly added to the mixture, which was stirred in a water bath
at a predetermined temperature for a duration of 1-6 h. The
total mass of the monomers used was 80 g L™ ". Following the
completion of the reaction, the CS-AM polymer gel was cooled
to room temperature and rinsed with absolute ethanol. The
resulting mixture was transferred to a centrifuge tube and
subjected to centrifugation. After centrifugation, the polymer
was dried at 80 °C and sieved through a 200 mesh screen.

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Catkin experiment

To ensure the formation of a uniformly dispersed suspension,
the kaolin and CNTs suspensions were subjected to 10 min of
dispersion using an ultrasonic oscillator operating at 90 W and
20 kHz after preparation. For the flocculation experiment,
100 mL of the kaolin suspension or CNTs suspension was
transferred to a beaker placed on a sixfold coagulation mixer.
Without special instructions, the stirring intensity was set at
300 rad per min for 2 min at a fast speed, followed by 75 rad
per min for 18 min at a slow speed. After stirring, the mixture
was allowed to stand for 30 min, and the supernatant was
collected for water sample analysis. The concentration of the
kaolin suspension was determined using UV spectrophotometry
at 341 nm, whereas the characteristic peak of CNTs at 262 nm
served as the measurement index. Turbidity detection was
performed using a meter (2100Q, HACH, USA). All experiments
were repeated three times.

Methods for the characterization of the CS-AM

The FTIR profiles of CS and CS-AM were determined using
a FTIR spectrometer (Nicolet iS20, Thermo Scientific, USA). The
morphologies of CS, plasma-modified CS, and CS-AM were
examined through imaging using a Czech TESCAN MIRA LMS
scanning electron microscope (SEM). The surface element
composition and functional groups of the samples were
analyzed separately using an XPS (K-Alpha, Thermo Scientific,
USA). Xray diffractometry (Smartlab, Rigaku, Japan) was
employed to investigate the crystal structures of CS and CS-AM.
Thermogravimetric analysis of the samples was conducted
using a synchronous thermal analyzer (STA-8000, PerkinElmer,
USA) with a heating rate of 10 °C min~" from 30 °C to 600 °C.
The particle size distribution and system stability were charac-
terized by analyzing the zeta potential using a zeta potential
analyzer (Nano ZS90, Malvern Zetasizer, UK).
The discharge power P is calculated according to eqn (1) (ref. 3)
(T )
= —J UI(It—It>dz (1)
T ),
where P is the discharge power (W); T is the discharge time (s); I,
is the current (A); I, is the displacement current (A); U; is the
voltage (V).
The grafting efficiency was calculated according to eqn (2)
(ref. 19)

W, — W,

1

Grafting efficiency (%) = x 100% (2)

where W; and W, are the weights of original and grafted
samples (g), respectively.

Results and analysis
Synthetic optimization of the CS-AM

Effects of discharge on the synthesis. The control conditions
for the experiment were set as m(CS):m(AM) = 1:2, with
a polymerization temperature of 70 °C and a polymerization
time of 3 h. The impact of plasma discharge time on the

RSC Adv, 2024, 14, 2410-2421 | 241


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d3ra06265a

Open Access Article. Published on 12 January 2024. Downloaded on 12/1/2025 6:29:13 PM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

RSC Advances

100

—m— Removal efficiency
—o— Turbidity removal efficiency

95 |
90 __—

85

80F w

Removal efficiency (%)

\:\\\\
\:

65 1 1 1 1 1
Imin 3min Smin 8min 10min

70 |

Discharge time (min)

Fig. 1

View Article Online

Paper

100

—#— Removal efficiency
—— Turbidity removal efficiency

/'/
;ﬁ//

30W

90 o
-

80 |

70

Removal efficiency (%)

60

L L
60W 70W

L 1
40W S50W

Discharge power (w)

Influence of (a) discharge time (discharge power of 60 W) and (b) discharge power (discharge time of 5 min) on the synthesized CS-AM for

kaolin suspensions treatment (polymerization temperature of 70 °C, polymerization time of 3 h, CS to AM mass ratio of 1: 2).

removal of kaolin suspension and turbidity by the synthesized
CS-AM polymerization product is depicted in Fig. 1a. Notably,
CS-AM synthesized with a discharge time of 5 min demon-
strated the most effective flocculation of the kaolin suspension.
Following plasma discharge treatment, the active free radicals
on the surface of CS increased along with the formation of
functional groups on the surface of CS-AM due to polymeriza-
tion, thereby enhancing its flocculation properties. However,
prolonged discharge time could potentially lead to structural
damage and the disappearance of certain functional groups,****
thereby resulting in a decline in the removal of the kaolin
suspension by CS-AM.

Fig. 1b shows that the synthesized CS-AM exhibited the most
effective flocculation of the kaolin suspension at a discharge
power of 60 W. The lower the discharge power, the less free
radical production, leading to a weaker subsequent polymeri-
zation grafting effect.> Conversely, as the discharge power
increased, the electric field within the discharge region inten-
sified, thereby facilitating the ionization of the gas and gener-
ating a higher quantity of active particles.* This phenomenon
significantly promoted the grafting copolymerization reaction.>*
However, when the discharge power exceeded 60 W, the excess
free radicals induced the homopolymerization of AM and CS.**
In addition, the material experienced intensified etching,
causing partial hole collapse, which was unfavorable for the
subsequent grafting copolymerization reaction.

Effects of the CS to AM mass ratio on the synthesis. The
impact of different CS to AM mass ratios (m(CS) : m(AM) =2: 3,
1:2,2:5,1:3,1:4) on the synthesized polymer products and
their turbidity is presented in Fig. 2. At m(CS): m(AM) = 1:3,
the CS-AM exhibited a 91.1% removal efficiency of the kaolin
suspension and a 92.0% reduction in turbidity. The CS to AM
mass ratio plays a role in the diffusion rate of CS monomers
into AM and their dispersion within AM. When the m(CS):
m(AM) is high, the active sites on CS may not be efficiently
utilized. As the mass proportion of AM increases, the concen-
tration in the reaction system rises, leading to an increased
collision between AM and CS molecules and subsequently
enhancing the grafting efficiency. Nevertheless, if the

2412 | RSC Adv, 2024, 14, 2410-2421

concentration of AM is too high, the homopolymerization
reaction will occur and the flocculation performance will be
reduced.”® Thus, a suitable CS to AM mass ratio for synthe-
sizing CS-AM is determined to be 1: 3.

The internal structure character of the flocculant also has an
effect on the flocculation performance.” When the mass ratio of
CS to AM is 1: 3, the grafting efficiency is 75.6%. It is necessary
for CS-AM to have a proper chitosan grafting efficiency. Enough
CS and AM content in CS-AM can greatly enhance its charge
neutralization ability, and completely neutralize more nega-
tively charged Kaolin particles. However, excessive CS in CS-AM
will have a negative effect. This is mainly because the active
reaction energy of AM and CS monomers is higher than CS, and
the steric hindrance is relatively small. It leads to a decrease in
the molecular weight of the synthesized CS-AM, which is not
conducive to the occurrence of adsorption bridging.?®

Effects of the polymerization time and temperature on the
synthesis. The impact of polymerization temperature on the
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Fig.2 Influence of m(CS) : m(AM) on the synthesized CS-AM for kaolin

suspension treatment (discharge time of 5 min, discharge power of
60 W, polymerization temperature of 70 °C, polymerization time of 3
h).
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removal of kaolin suspension by CS-AM is illustrated in Fig. 3a.
The polymerization temperature exerts a substantial influence
on the removal of the kaolin suspension and its turbidity by CS-
AM. As the polymerization temperature increases, the removal
of the kaolin suspension and turbidity shows a significant
improvement. However, beyond a polymerization temperature
of 70 °C, the removal begins to decline. Thus, the optimal
polymerization temperature for achieving the highest removal
efficiency is determined to be 70 °C.

When the polymerization temperature is low, the transfer
and diffusion rate of active free radicals is correspondingly low.
AM molecule cannot combine well with the active site on CS,
which will lead to low graft copolymerization efficiency and
poor graft effect.” Increasing temperature enhances the possi-
bility of collision between active radicals and monomers,
thereby accelerating the chain growth reaction and facilitating
graft copolymerization.®® However, excessively high tempera-
tures are detrimental to the graft copolymerization reaction
primarily due to the increased viscosity of the reaction system,
which hinders the spread of monomers to the active grafting
sites. The polymerization ability of the amino and hydroxyl
groups on the chitosan chain decreases when the temperature
is too high.** It can negatively affect homopolymerization, chain
conversion and chain termination rates. High temperature will
also cause crosslinking reaction, which will ultimately affect the
effect of CS-AM in removing kaolin suspension and its turbidity.

The effects of polymerization time on the removal of kaolin
suspension by CS-AM is depicted in Fig. 3b. As the polymeri-
zation time increases, the removal of kaolin suspension and
turbidity initially increases and then decreases. The optimal
removal rates of 88.1% and 90.9% were achieved for kaolin
suspension and turbidity at a polymerization time of 3 h,
respectively.

A shorter reaction time results in insufficient interaction
between the active groups and monomers, leading to incom-
plete polymerization. After a certain time, the polymerization
reaction between monomers is completed, and the influence on
the grafting efficiency is small.>* An excessively long reaction

© 2024 The Author(s). Published by the Royal Society of Chemistry

time depletes the available reactive groups, increases the
viscosity of the reaction system, and may induce side reactions
and chain transfer.*® As a consequence, the grafting efficiency
may no longer increase or even slightly decrease.

Characterization of the CS-AM

FT-IR analysis. The FTIR spectra of CS, plasma-modified CS,
CS-AM, and AM were analyzed to determine the structure of
plasma-modified CS and CS-based flocculant. Fig. 4 presents the
results, revealing multiple characteristic absorption peaks at
different wavelengths for each substance. For CS and plasma-
modified CS, the characteristic absorption peak near 1081 cm ™
corresponds to the stretching vibration of the primary alcohol (C-
OH) group. The peak near 1389 cm ' indicates the stretching
vibration of the amide (CN) group, while the peak near 1648 cm ™"
corresponds to the stretching vibration of the primary amine (N-
H) group. The peak near 2882 cm ' represents the expansion
vibration of the carbon and hydrogen bond (C-H), and the peak

Transmittance(%o)

1 1 1 1 1 1 1 1

4000 3600 3200 2800 2400 2000 1600 1200 800 400

Wavenumbers(cm™)

Fig. 4 FTIR spectra: (a) CS; (b) plasma modified CS (60 W, 5 min); (c)
AM; (d) CS-AM (60 W, 5 min, m(CS): m(AM) =1:2, 3 h, 70 °C).
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near 3440 cm™ ' corresponds to the expansion vibration of the
amino (-NH,) or hydroxyl (-OH) group.****** Compared with
untreated CS, the characteristic peaks of CS after air plasma
treatment are more pronounced, with stronger stretching vibra-
tions of the groups. This observation can be attributed to the
introduction of a significant number of oxygen-containing func-
tional groups and active groups on the CS surface during the
plasma treatment.***” In the infrared spectrum of AM, the
absorption peaks at 3443, 1648, 1446, and 1132 cm™* represent
the mid-NH,, C=0, C-N, and C-O groups, respectively. The
proximity of the absorption peaks near 3443, 1648, 1446, and
1120 cm ! may indicate the overlap of characteristic absorption

View Article Online
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peaks resulting from the introduction of AM.**** Based on the
comparative analysis of polymer spectra, the successful synthesis
of CS-AM is demonstrated.

SEM analysis. Fig. 5 illustrates the surface morphology of CS
before and after plasma treatment, as well as the surface
morphology of synthetic CS-AM. Without plasma treatment, the
CS surface appears smooth. However, after discharge plasma
treatment, the CS surface exhibits uniform concave points and
an “orange peel” texture, indicating some degree of etching on
the CS surface. AM has a network structure. The synthesized CS-
AM shows a significant change in surface morphology, with
increased surface roughness and irregularity. Many large

Fig. 5 SEM of (a) CS; (b) plasma modified CS (60 W, 5 min); (c) CS-AM (60 W, 5 min, m(CS): m(AM) = 1:2, 3 h, 70 °C); (d) AM ((al,bl,c1,d1) x

10.0kx, (a@2,b2,c2,d2) x 5.0kx, (a3,b3,c3,d3) x 2.0kx).

2414 | RSC Adv, 2024, 14, 2410-2421
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porous and raised structures are present, providing a larger
surface area. This feature facilitates the polymer's contact with
the water environment, making it easier to interact with and
capture colloidal particles.*®*** As a result, the flocculation
performance of CS-AM is greatly enhanced.

XPS analysis. The XPS full spectrum analysis (Fig. 6 and S27)
reveals the characteristic peaks for O 1s, C 1s, and N 1s in all
four species at 284.6, 399.8, and 532.2 eV, respectively, indi-
cating that the main elements present are C, N, and O.** The C
1s peak corresponds to C in C, plasma-modified CS, CS-AM, and
AM, while the N 1s peak corresponds to N in CS, plasma-
modified CS, and CS-AM. This instance indicates that the
element and functional group content of the materials undergo
changes after plasma treatment. Table 1 shows that the
proportion of N and O elements increases in modified CS, while
the proportion of grafted polymer CS-AM increases, resulting in
a C/O ratio of 2.5%. Table S27 reveals changes in the content of
C=0/0-C-0O and amide groups after CS modification. Addi-
tionally, the content of C-C/C-H and NH, undergoes changes
after grafting between CS and AM.

TG-DSC analysis. The TG-DSC is shown in Fig. 7. There are
only two weight loss stages in the process of CS thermal
decomposition: the first stage is 29.22-106.23 °C, and the
weight loss rate is 7.7%; the second stage is 85.67-600 °C, and
the weight loss rate is 54.87%. In addition, at 69.39 °C, the CS

Ols
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Fig. 6 XPS survey scans: (a) CS; (b) plasma modified CS (60 W, 5 min);
(c) AM; (d) CS-AM (60 W, 5 min, m(CS): m(AM) =1:2, 3 h, 70 °C).

Table 1 Relative content of the elements C, N and O for the four
substances

The proportion of Element than

elements (%) (%)
Sample N C O C/O C/N
CS 6.49 64.68 28.83 2.24 9.97
Plasma modified CS 6.92 61.22 31.86 1.92 8.85
CS-AM 11.85 62.99 25.16 2.50 5.32
AM 8.88 73.86 17.26 4.28 8.32

© 2024 The Author(s). Published by the Royal Society of Chemistry
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appeared an exothermic peak, and this part of the weight loss is
mainly caused by the decomposition of chitosan in the oligoser
state and water evaporation.*” At 293.05 °C, an exothermic peak
appeared, due to the CS crystal type transition during heat
treatment.*® There are two stages of weight loss in plasma
modified CS: the first stage is 29.22-101.77 °C, and the loss rate
is 4.18%; the second stage is 101.77-600 °C, and the loss rate is
58.18%. In addition, plasma modified CS showed exothermic
peaks at 66.13 °C and 289.37 °C. The thermal weight-difference
heat curves of CS and plasma modified CS are basically similar,
but slightly different, indicating that the thermal stability of CS
does not change much before and after modification, while the
hydrophilic group introduced on the surface of the CS after
plasma modification adsorbed more water, resulting in
different water evaporation of weight loss.

The thermal decomposition of AM is divided into three main
stages: the first stage, in the range of 30-167.3 °C, the weight loss
rate is 2.14%, this stage is due to the heat loss caused by the water
absorbed on the AM surface; In the second stage, the heat loss in
the range of 167.3-600 °C and the thermal decomposition of the
amide group of AM reaches 57.74%.*** The comparison of the
CS difference heat-thermal weight curve with the CS-AM differ-
ence heat-thermal weight curve can be found to be both similar
and different. The difference is that the CS-AM thermal weight
loss is divided into three stages (first stage: 28.82-128.31 °C,
weight loss rate 10.77%; second stage: 128.31-347.99 °C, weight
loss rate 25.28%; third stage: higher than 347.79-600 °C, weight
loss rate 31.16%). At the temperature of 383.33 °C, there is an
exothermic peak in the differential heat curve of CS-AM, which is
due to the destruction of the original CS molecular structure after
the introduction of AM monomer into the CS molecular chain,
and the decomposition of the AM amide group and the thermal
decomposition of the CS skeleton during the heat treatment. It
can be inferred that CS-AM has good thermal stability and hardly
decomposes by heating during routine use and storage.*®

XRD analysis. The XRD mapping results of the four species
are presented in Fig. 8. A prominent diffraction peak at 20 =
20.3 °C, which is a typical type II crystallinity, confirms the
regular crystal structure of CS.*” However, in the grafted
copolymer CS-AM, the diffraction peak shows a weaker intensity
compared with CS. Additionally, the peak exhibits broadening
and a significant rightward shift, indicating a change in the
crystal structure.*® This change in the XRD diffraction pattern
primarily occurs due to the introduction of AM molecules,
which weaken the intermolecular hydrogen bonding in the CS
structure. Consequently, the degree of crystallinity decreases,
thereby affecting the order of the CS molecular chain and dis-
rupting the original crystalline structure.** In conclusion, the
XRD spectral results indicate that AM has been successfully
grafted onto CS.

N, physical adsorption. The structural characteristics of CS-
AM was analyzed by using nitrogen adsorption, desorption, and
pore size analysis. As shown in Table S3,f the BET specific
surface area of CS-AM is 0.6142 m* g~ " and the average pore size
is 24.40 nm. The average pore size of raw CS is 58.3 nm, of the
modified chitosan-pandan is 35.3 nm,* and of the chitosan
graft poly developed by Jin et al. is 76.9-115.4 nm.** From this, it

RSC Adv, 2024, 14, 2410-2421 | 2415
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can be seen that the average pore size of chitosan-based floc-
culants is in the nanometer level. As shown in Fig. S3,7 the CS-
AM samples before and after adsorption exhibit a V-type
adsorption desorption isotherm, indicating that mesopores
dominate in the composite sphere (pore size between 2-50 nm).

Flocculation properties of CS-AM

Flocculation and removal effect of kaolin suspension. Fig. 9a
illustrates the removal of kaolin suspension by CS-AM, CS, AM,
and PAM at a dosage of 3 mg L™, with the order of effective-
ness as follows: CS-AM > PAM > CS > AM. The polymerization
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product CS-AM exhibits the highest flocculation effect. The
comparison of CS-AM with other flocculants is shown in Table
S4.7 The impact of CS-AM flocculant dosage on the removal is
presented in Fig. 9b, where the optimal removal is achieved at
a dosage of 5 mg L™ ". As the dosage increases, the flocculant's
electric neutralization and adsorption bridging effects are
strengthened, resulting in improved flocculation performance
and higher removal rates of kaolin suspension and turbidity.**
However, excessive addition of the flocculant leads to its
adsorption on the surface of kaolin particles. This phenom-
enon causes repulsion between the positive charge of the
flocculant and the polymer surface, resulting in
stabilization and a decrease in turbidity removal to a certain
extent.”

Fig. 9c depicts the impact of solution pH on the removal of
kaolin suspension and turbidity. The pH value of the reaction
system plays a vital role in wastewater flocculation. Optimal
water treatment efficacy is achieved under acidic and neutral
conditions, while alkaline environments result in a rapid
decline in the removal of kaolin suspension and turbidity,
which decreases with increasing pH value. The highest removal
is observed at pH 7, reaching 96.9% and 95.8%. CS-AM contains
amino groups, which are more easily protonated under acidic or
neutral conditions. This finding enhances the flocculant's
charge neutralization capacity, enabling effective charge
neutralization of negatively charged kaolin particles. Addition-
ally, in acidic or neutral conditions, the presence of hydrogen

re-
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ions from the acid solution and groups on the flocculant facilitating collision with kaolin particles and enhancing floc-
promote uniform diffusion of the CS-AM molecular chain in culant adsorption and bridging.***> As the pH increases, the
water. This exposes the active sites of the molecular chain, ionization of amino groups in CS decreases, resulting in
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a weakened ability to form NH,". This diminishes the charge
neutralization between CS and suspended particles, leading to
a reduced flocculation effect.>®

Fig. 9d illustrates the impact of stirring strength on the
removal of kaolin suspension and turbidity. The figure reveals
that, compared with flocculant dosage and solution pH, stirring
strength has a relatively minor influence on the removal rate.
However, overall, the removal decreases with increasing stirring
strength, with optimal flocculation observed at a stirring
strength of 250 rad per min. Mixing alters the hydrodynamic
conditions within the solution, affecting the interaction
between the flocculant and suspended particles. When the
solution is stirred, the flow velocity in the fluid increases,
leading to more frequent and intense collisions between the
flocculant and suspended particles. This phenomenon
promotes the binding of flocculants and particles, resulting in
the formation of larger particle clusters and facilitating floccu-
lation. However, excessively high agitation strength can have
a counterproductive effect. Excessive agitation has the potential
to disrupt the particle clusters, weakening or even nullifying the
flocculant's effectiveness. Consequently, the stirring strength
should be adjusted according to the specific circumstances to
achieve the optimal flocculation effect.

Fig. 9e shows the influence of flocculation time on removal
efficiency and turbidity of kaolin suspension. Too short floc-
culation time is not conducive to the growth and aggregation of
tiny flocs after the mixed reaction of CS-AM and pollutants, so
the removal efficiency of kaolin is low. To a certain extent, the
extension of flocculation time is conducive to the collision and
aggregation of microfloc and the growth of large floc particles,
so as to improve the treatment effect. However, when the floc-
culation time is too long, not only can not improve the removal
effect, but also may cause the floc particles to break due to the
interaction between the floc, which makes the treatment effect
worse. Therefore, the best flocculation time is 30 minutes.

In actual water treatment, the initial turbidity of wastewater
is variable, which evidently influences the flocculation perfor-
mance. As presented in Fig. 9f, the removal efficiency increased
with increasing initial kaolin concentration and turbidity. In
the range of 50-100 mg L™, the removal efficiency was relatively
low, <80%. This is because the mean distance between particles
was large, and the collision efficiency was not high enough.
When the initial kaolin concentration and turbidity are high,
the collision frequency and collision efficiency between parti-
cles increased, which could lead to a further increase in removal
efficiency.”” Even in the high turbidity kaolin suspension of
2000 mg L', the removal efficiency of CS-AM can still reach
96.7%, indicating that CS-AM has excellent flocculation
performance for kaolin.

CNTs suspension and the actual waste water flocculation
and removal effect. The impact of the addition amount of CS-
AM flocculant on the removal of CNTs and turbidity is depic-
ted in Fig. 10a, and the optimal removal is achieved at 8§ mg L™ ".
Fig. 10b demonstrates the effect of solution pH on the removal
of CNTs and turbidity, with higher removal rates observed in
acidic solution environments, this is because at lower pH
values, the H' ions in solution and negatively charged CNTSs
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particles have partial electrical neutralization, and electrostatic
attraction to make the flocculant and CNTs collision aggrega-
tion, which can greatly enhance the flocculation effect. In
contrast, neutral and alkaline solution environments exhibit
poorer removal effects for CNTs and turbidity, this is because
with the increase of -OH number in the solution, the charge
neutralization on the flocculant molecules weakens, and it can
only rely on web coil sweep and adsorption bridge to trap CNTs
particles, which leads to the reduction of flocculation perfor-
mance. Moreover, as the pH increases, the number of negative
charge on the surface of CNTs increased, and the repulsion
between particles also increased, which inhibited the floccula-
tion of CNTs. This suggests that the removal efficiency of CS-AM
for CNTs and turbidity is more sensitive to changes in pH.
Fig. 10c illustrates the effect of stirring strength on the removal
of CNTs and turbidity. Stirring strength has minimal influence
on the removal overall, with a trend of initially increasing and
then decreasing as the stirring strength continues to rise. The
optimal flocculation effect is achieved at a stirring strength of
250 rad per min. Fig. 10d shows the effect of flocculation time
on the removal and turbidity of CNTs suspension. It can be seen
that within thirty minutes, the removal rates of kaolin suspen-
sion and turbidity rapidly increase with time. But after 30
minutes, there is almost no change, so the optimal flocculation
time is selected as 30 minutes.

In addition, the flocculation effects of CS-AM on three
different types of actual wastewater were also investigated
(Fig. S47). A certain mass of concentration of kaolin was added
into construction site wastewater, pharmaceutical wastewater,
and domestic wastewater for flocculation treatment. It can be
seen that CS-AM also had good effects on suspended solids
removal from the actual wastewater. The higher the dosage of
flocculant added during the treatment process, the higher the
removal of pollutants. The COD removal efficiency in pharma-
ceutical wastewater was lower than in construction site waste-
water and domestic wastewater. In practical applications,
further research is needed on the optimal process parameters.

Zeta potential. Most of the water pollutants have a certain
surface electrical property, and the positive and negative elec-
trical properties have a great influence on the flocculation
process. The charge property of the flocculant has an important
influence on the flocculation effect and mechanism.”® Studies
show that the change of zeta potential means the flocculation
dominated by general charge neutralization or adsorption
bridging.*

Fig. 11 illustrates the change in zeta potential of the super-
natant in the aqueous solution after the CS-AM reaction with
kaolin and CNTs suspensions at different pH levels. The pH
value of the aqueous solution significantly affects the zeta
potential value after flocculation. In the case of the kaolin
suspension, the zeta potential decreases as the pH increases. It
exhibits positive values under neutral and acidic conditions and
negative values under alkaline conditions. Similarly, for the
CNTs nanoparticle suspension, the zeta potential of the super-
natant decreases with increasing pH. It shows positive values
under acidic conditions and negative values under neutral and
alkaline conditions. These results align with the observed

© 2024 The Author(s). Published by the Royal Society of Chemistry
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pattern of zeta potential change in the solution after CS treat-
ment with negatively charged pollutants in water, as reported by
Zhang et al.,** under different pH conditions.

The above results suggest that CS-AM exhibits superior floc-
culation performance for kaolin suspension in acidic and neutral
solution environments. FTIR characterization analysis indicates

© 2024 The Author(s). Published by the Royal Society of Chemistry

that amine groups and primary amine groups in CS-AM carry
positive charges. Under acidic conditions, the flocculant exhibits
a high positive charge density, leading to preferential charge
neutralization with negatively charged kaolin particles.*
However, even with an increase in pH, the zeta potential value of
the kaolin suspension decreases, while the removal remains
high. This result suggests that charge neutralization is not the
sole mechanism responsible for kaolin particle removal. SEM
analysis of CS-AM reveals its large specific surface area and
porous structure, suggesting the involvement of adsorption
bridging mechanisms in the flocculation process.® Furthermore,
the grafting of AM increases the molecular weight of the floccu-
lant, and studies indicate that high molecular weight flocculants
exhibit more pronounced bridging effects. Therefore, the
adsorption bridging effect of CS-AM during flocculation is also
significant under different pH conditions.®**

Conclusion

In this study, a chitosan-based flocculant, CS-AM, was prepared
and synthesized by DBD plasma initiation synthesis. The best
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conditions for the synthesis of CA-PAC were discharge time of
5 min, discharge power of 60 W, monomer mass concentration
of 80 g L', polymerization time of 3 h, polymerization
temperature of 70 °C and m(CS) : m(AM) ratio of 1: 3. The FTIR
showed that CS-AM was prepared successfully. XRD showed
that the crystal structure changed after AM grafted to CS, indi-
cating that CS-AM was successfully prepared. The SEM showed
that the surface morphology of CS-AM changed obviously,
which was helpful to improve the flocculation performance. TG-
DSC analysis revealed that CS-AM had good thermal stability.
CS-AM showed remarkable flocculation effect on kaolin and
carbon nanotube suspensions. Under acidic conditions, the
removal of kaolin and carbon nanotube suspension by CS-AM
mainly depended on charge neutralization. It has certain
biodegradability and environmental friendliness, and has
a good application prospect. DBD plasma provides a new
method for the preparation and development of modified chi-
tosan and broadens the application range of chitosan. However,
how to improve the discharge reactor, make the discharge
uniform, improve the energy efficiency and increase the yield of
flocculant is an important direction of future research.
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