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ABSTRACT

A dual-function chitosan-based flocculant named nano-chitosan-graft-poly(acrylamide and acry-
loyloxyethyltrimethyl ammonium chloride (NCS-g-P(AM-DAC)) with flocculation and sterilization
properties was successfully synthesized by using nano-chitosan (NCS), acrylamide, and acryloy-
loxyethyltrimethyl ammonium chloride (DAC) under ultraviolet irradiation with 2,2’-Azobis(2-
methylpropionamidine) dihydrochloride as the photo-initiator. NCS was obtained via ion
cross-linking between chitosan and sodium tripolyphosphate. The structure and physicochemical
properties of the product were characterized by various methods. The influence of different factors
on the intrinsic viscosity of synthetic copolymer was investigated to optimize the synthetic condi-
tion. The flocculation performance of NCS-g-P(AM-DAC) was evaluated. Results showed that the
superior flocculation efficiency was acquired under pH = 6 and flocculant dosage of 5 mg L™, in
which turbidity removal efficiency was above 85%. Considering that the quaternary ammonium
salt was grafted and the nanoparticle generated, NCS-g-P(AM-DAC) was also applied to floccu-
late Escherichia coli (E. coli) suspension to evaluate the sterilization performance. At suitable dosage
and pH conditions, the flocculant effectively removed turbidity and bacterial cells. 3D fluorescence
spectroscopy analysis of E. coli suspension after the flocculation was conducted to investigate the
sterilization mechanism. The results showed that NCS-g-P(AM-DAC) could destroy cell membranes,

indicating its bactericidal, not simply antibacterial, effect during flocculation.
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1. Introduction

Water pollution has now become a severe environmental
problem worldwide, and as a consequence, water resources
shortage and water contamination have become chief factors
thatrestricteconomical and societal development[1]. Tosolve
this problem, several purification methods have been devel-
oped. Flocculation is one of the most common and important
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conventional water treatment technologies for the purifica-
tion process because of its convenience and cost-saving per-
formance [2]. Aggregation and settlement are the two basic
processes of flocculation, in which the formed flocs can be
separated from the wastewater. The flocculation process is
considered to be one of the most important parts that play
a decisive role in the whole water treatment. Therefore, the
flocculant efficiency greatly affects the water quality, treat-
ment cost, and the subsequent purification [3,4]. Suspended
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colloidal particles in wastewater deteriorate water quality
and provide habitats for microorganisms, resulting in the
breeding of pathogens, such as Escherichia coli (E. coli) that
affects people’s health. The suspended colloidal particles are
always removed by flocculants during flocculation, and the
microorganisms are eradicated by bactericides during steril-
ization. To control the number of microorganisms, the bacte-
ricides are always added to each unit, possibly leading to the
high cost and secondary pollution by bactericide by-prod-
ucts that show potential health risks to the human body [5].
Considering the complexity of wastewater composition and
the shortcomings of traditional water treatment, the synthe-
sis, and employment of highly efficient, economical, multi-
functional flocculants have become a hot topic in this field
[6]. At present, traditional inorganic and synthetic polymers
flocculants are commonly used. However, it was reported
that they may be potentially harmful to health and cause
secondary pollution during the treatment process [7]. It was
also researched that traditional inorganic and synthetic
polymer flocculants showed less activity for disinfection [8].
Thus, novel environmentally friendly materials for floccu-
lation are undoubtedly needed. The society pays increasing
attention to natural polymer flocculants due to their envi-
ronmental friendliness and ample existence in nature.
Chitosan (CS), as the second most abundant natural
organic resource and natural cationic adsorbent [9], can be
widely found in the shells of crustaceans such as shrimp and
crabs and is non-toxic, tasteless, alkali resistant, biocompati-
ble, and biodegradable [10]. Reactive functional groups, such
as amino groups and hydroxyl groups, play important roles
in the molecule chain of CS and determine its remarkable
property [11,12]. CS is positively charged under acidic con-
ditions because of the large positive charge of the protonated
amino group. This condition is favorable for flocculation
because several of the suspension colloidal particles and
microorganisms in wastewater are negatively charged [13].
Nonetheless, CS is usually only dissolved in acidic solu-
tion, indicating that its molecular weight reduces greatly
under acidic conditions. Additionally, the amino groups on
the molecule are not strong enough for the purification of
the wastewater containing complex components. The low
molecular weight, low solubility, and poor mechanical prop-
erties of CS can not meet the standard in some application
fields, thus limiting its application. Chemical modifications
are imperative to overcome these drawbacks. As a linear
polymer and a common basis modification material, poly-
acrylamide (PAM) is widely used as an organic flocculant
because of its long branches and high intrinsic viscosity.
Acryloyloxyethyltrimethyl ammonium chloride (DAC),
which is also employed as a flocculant and bactericide for
water treatment, is a common quaternary ammonium salt. In
previous works [14,15], PAM and cationic quaternary ammo-
nium salt were frequently selected as raw materials to syn-
thesize copolymer flocculants to increase molecular weight
and enhance electropositivity. These synthetic products
exhibit prominent performance in flocculation for negatively
charged suspended colloidal particles, sludge dehydration,
sterilization, and other applications. The methods of modifi-
cation are principally distinguished by the way of generating
free radicals, including thermal initiation [16,17], gamma-ray
initiation[18,19], microwave initiation[20], and ultraviolet

(UV) initiation[21-23]. By comparison, UV initiation requires
reasonable conditions, such as short polymerization time,
few initiators, and high reaction. Also, the operability and
environmental friendliness of this method make it popular.

Nanoparticle refers to tiny material with a particle size
ranging from 1 to 100 nm and shows surface and interface
effects, small size effects, macroscopic quantum tunneling
effects, and quantum size effects due to the special struc-
ture [24]. Recently, the application of nanomaterials has
been extended to flocculation, sterilization and wastewater
treatments [25-27]. In previous studies, it has been demon-
strated that nano-chitosan (NCS) can be obtained by specific
methods and has already been applied for protein delivery
and metal ion adsorption [28-30]. However, the use of NCS
as a flocculant has been rarely reported because of its low
molecule weight. Fortunately, NCS prepared through PAM
grafting modification can compensate for the low molecu-
lar weight of increase the intrinsic viscosity and extend the
molecular chain, thereby showing potentially good perfor-
mance in flocculation treatment [31]. In addition, NCS is
potentially employed as a nanomaterial bactericide for bio-
logical applications. Limited reports have been found on
grafting PAM and DAC onto NCS and on the synthesis of
CS-based flocculants with a dual function. These processes
are undoubtedly an improvement in the material’s proper-
ties, spreading the area of application and enriching the func-
tions due to its special nanostructure, high molecule weight
and positive charge density [32]. Meanwhile, the quaternary
ammonium salt is widely studied and applied as a bacteri-
cide for water treatment sterilization [33]. The introduction
of quaternary ammonium groups with a strong hydration
capacity and great resistance into CS immensely weakens
its intermolecular hydrogen bonds to increase its water
solubility and improves its molecular weight, positive charge
and its antibacterial properties [34].

With regard to these key points, CS and sodium tripoly-
phosphate (TPP) were used as raw materials to prepare NCS
via ion cross-linking in this study. A novel, environmentally
friendly, efficient dual-function flocculant nano-chitosan-
graft-poly(acrylamide and acryloyloxyethyltrimethyl ammo-
nium chloride (NCS-g-P(AM-DAC)) was synthesized
through UV initiation. Its optimal synthetic preparation con-
ditions were explored. The physicochemical properties of the
obtained product were characterized by Fourier transform
infrared spectroscopy (FT-IR), scanning electron microscopy
(SEM), and thermogravimetric analysis/differential scanning
calorimetry (TG/DSC). The particle size of various obtained
flocculants was analyzed and compared according to particle
size distribution. The as-synthesized material was applied
to flocculate kaolin suspension samples to evaluate floccu-
lation performance. In addition, E. coli removal experiment
was conducted to investigate its sterilization effect. 3D flu-
orescence spectroscopy (3D-EEM) was employed to further
study its antibacterial mechanism during flocculation.

2. Experimental parts
2.1. Materials

CS (with of deacetylation degree of 95% and viscosity
of 100-200 mPas) was purchased from Shanghai Jingchun
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Biotechnology Co. Ltd., (Shanghai, China). Acrylamide (AM)
(analytical grade), and DAC (industrial grade) were obtained
from Chonggqing Lanjie Tap Water Company (Chongqing,
China). Sodium (TPP, analytical grade) and 2,2’-Azobis
(2-methylpropionamidine) dihydrochloride (V,, analytical
grade) were sourced from Shanghai Aladdin Biochemical
Science Stock Company Ltd., (Shanghai, China). Hydrochloric
acid (HCI), sodium hydroxide (NaOH), sodium chloride
(NaCl), glacial acetic acid (HAc), acetone and ethanol, were
all purchased from Kelong Chemical Reagent Co. Ltd.,
(Chengdu, China). All analytical grade reagents were used
without further purification. Besides, LB broth was obtained
from Qingdao Hopebio-Technology Co. Ltd., (Qingdao,
China). E. coli original strain (CMCC 44102) was provided by
the Institute of Microbiology, Chinese Academy of Sciences.

2.2. Preparation of NCS

The NCS was prepared via an ion cross-linking reaction
in accordance with present work [29,30,35]. CS of 0.4 g was
dissolved in 30 mL of 1% (wt.) acetic acid under magnetic
stirring. TPP solution (5 mg mL™) of 16 mL was slowly and
dropwise added into the CS solution under appropriate
magnetic stirring at room temperature. The suspension was
gelated for 30 min and the solution was then ultrasonically
treated for 2 min to reduce the particle size. Finally, the NCS
solution was obtained for subsequent NCS-g-P(AM-DAC)
copolymerization.

2.3. Preparation of NCS-g-P(AM-DAC)

Solid AM of 3.2 g and DAC of 0.5 g solution (wt.% = 80%)
were added into the NCS solution. After these substances
were completely dissolved, V,; as the initiator of 1% of
monomer mass was added. Nitrogen (99.99% pure) was
then injected into the solution for 15 min to remove the oxy-
gen. Subsequently, the reactor was immediately sealed and
irradiated by UV illumination for 3.5 h at room tempera-
ture. After the reaction, the polymer was precipitated in the
mixed solution of acetone and ethanol at a volume ratio of
2:1. The generated homopolymer during the reaction can
be eliminated after washing twice or three times. Then the
extractives were dried in the oven at 80°C until a constant
weight was obtained. The reaction of NCS-g-P(AM-DAC)
copolymerization is shown in Fig. 1.

2.4. Charaterization

NCS-g-P(AM-DAC) and other samples were charac-
terized via FT-IR (BRUKER Company, Switzerland. At the
wavenumbers of 400—-4,000 cm™), SEM (ZEISS, Germany),
particle size distribution, zeta potential (Malvern, UK), and
TG/DSC (Shimadzu, Japan. From room temperature to 600°C
with a heating rate of 10°C min™ under a nitrogen flow of
20 mL min™).

2.5. Measurement of intrinsic viscosity

The intrinsic viscosity of the copolymer solution was
measured by the one-point method [36] using the Ubbelohde
viscometer at 30°C + 0.5°C after filtering by a sand core

funnel. Fully dried NCS-g-P(AM-DAC) of 0.06 g was ground
into a powder and dissolved in 75 mL of aqueous acetic acid
solution (0.1 mol L) and sodium chloride (0.1 mol L) at
the molar ratio of CH,COOH and NaCl of 1:2. By counting
the efflux time of the solvents, the intrinsic viscosity was
calculated using a reported equation as follows.

=2 (1)
C
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where 1 is the relative viscosity of samples, 1_ is the spe-
cific viscosity, t is the efflux time of NCS—g—IE(AM—DAC)
solution, f; is the efflux time of the mixture of NaCl and
CH,COCH solution, and c is the mass concentration of
NCS-g-P (AM-DAC) solution (g L™).

2.6. Flocculation experiment

The flocculation experiments were conducted in 500 mL
beakers by using a program-controlled jar test apparatus
(ZR4-6, Zhongrun, China). Kaolin suspension with initial tur-
bidity of 200 + 5 NTU was prepared, and the initial pH was
adjusted by 0.1 mol L™ sodium hydroxide and 0.1 mol L
hydrochloric acid. After a certain amount of flocculant was
added, the mixture was stirred at the speed of 200-450 rpm
for 1.5-4 min to mix the flocculants and suspended parti-
cles, then at 30-80 rpm for 8-13 min to grow the flocs, and
finally settled for 30 min. After flocculation, the supernatant
turbidity 1 cm below the water surface was measured by a
turbidity indicator (WGZ-4000B, Xinrui, China). The turbid-
ity removal efficiency was adopted to evaluate the floccula-
tion performance of the flocculants.

2.7. Sterilization experiment

LB broth powder of 25 g was dissolved in 1 L of deion-
ized water, and its pH value was adjusted to 7 by adding
0.1 mol L* sodium hydroxide solution. The subsequent
experiments were performed under gnotobasis. The cul-
ture solution and glasswares were autoclaved at 121°C for
30 min. E. coli was inoculated in a 250 mL flask contain-
ing an appropriate amount of LB culture solution for 24 h.
The culture solution was then poured into centrifuge tubes
and centrifuged at a speed of 3,000 rpm for 5 min to sepa-
rate E. coli and the culture medium. After the upper culture
medium was removed, a certain amount of E. coli sediment
was obtained and dispersed in water to obtain a concentra-
tion of approximately 1 x 10” CFU mL™. After the flocculant
was added, the same procedure as the flocculation experi-
ment was performed. The optical density at 600 nm (OD600)
of the supernatant before and after the flocculation was mea-
sured at 600 nm wavelength by a UV spectrophotometer
(UV-4800, UNICO, China), and the sterilization mechanism
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Fig. 1. Possible schematic diagram of graft copolymerization.

of NCS-g-P(AM-DAC) in the reaction was further studied by
3D-EEM (LS-55, PerkinElmer, USA).

3. Results and discussion
3.1. Synthesis conditions optimization

The intrinsic viscosity influences flocculants efficiency
[37]. To obtain the flocculants with high intrinsic viscos-
ity, the effects of monomer mass ratio (CS:TPF, AM:CS,
DAC:CS), stirring time, ultrasonic time, initiator dosage, and
UV illumination time on the intrinsic viscosity was studied.
From the experiment data in Fig. 2, the optimum values of

monomer mass ratio (CS:TPP, AM:CS, DAC:CS) was 5:1, 9:1,
3:1, whereas stirring time, ultrasonic time, initiator dosage,
and UV illumination time were 25 min, 6 min, 0.8% by mass
of the monomer, and 2 h, respectively.

3.2. Charaterization of flocculants

The FT-IR spectra of CS, NCS, chitosan-graft-poly(acryl-
amide and acryloyloxyethyltrimethyl ammonium chloride
(CS-g-P(AM-DAC)), and NCS-g-P(AM-DAC) are shown
in Fig. 3. The bands at 3,344; 1,620; and 1,083 cm™ were
attributed to the stretching vibration of O-H, N-H, and
C-O-C groups of CS respectively [31,38]. In Fig. 3b a new
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absorption peak appeared at approximately 1,270 cm™ and
corresponded to P=O stretching vibration, thus confirming
the successful preparation of NCS through the ionic gelation
and the electronic interaction between ammonium ions and
phosphoric groups [39]. As illustrated in Figs. 3c and 3d, the

c=0
1

4000 3500 3000 2500 2000 1500 1000
Wavenumbers(cm")

Fig. 3. FT-IR of (a) CS, (b) NCS, (c) CS-g-P(AM-DAC), and
(d) NCS-g-P(AM-DAC).
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peaks at 3,190; 1,666; and 1,606 cm™ were attributed to the
N-H, C=0, and C=C stretching on PAM, respectively [17].
The peaks at 1,419 and 904 cm™ were attributed to the -CH -
in -CH,-N"* group and -N*-(CH,), to the stretching on the
DAC [40,41]. Besides, the peaks of the characteristic func-
tional groups mentioned above appeared on the spectra of
NCS-g-P(AM-DAC) in Fig. 3d. The results of FT-IR spectral
analysis confirmed that PAM and DAC have been success-
fully grafted on NCS.

The SEM analysis of CS, NCS, CS-g-P(AM-DAC), and
NCS-g-P(AM-DAC) in Fig. 4 revealed that NCS-g-P(AM-
DAC) presented a profound morphological change. Fig. 4b
shows that compared with CS in Fig. 4a, the surface of NCS
changed greatly after grafting and the surface was relatively
rough with a few tiny holes. As shown in Fig. 4d, after AM
and DAC were grafted onto the NCS, its morphology was
quite different from that of other flocculants due to the floc-
culant surface activation and the generation of free radicals,
which destroyed the primitive ordered crystal structure
of NCS and increased the surface roughness. The surface
of NCS had changed from being merely rough to having
course and irregular porous and the pore size had notably
improved. This change positively contributed to the floccu-
lation because profuse holes were favorable for the improv-
ing of flocculation and water solubility [31,34,42].

The details of weight loss and corresponding tem-
perature were all listed in Table 1. According to the TG
curves of CS and NCS in Figs. 5a and b, three stages of

Signal A= SE1
Mag= 10.00 KX

EHT = 10.00 kV'
WD = 85mm

Date :26 Nov 2018
Time :11:21:31

Signal A = SE1

Date :26 Nov 2018 ]
Mag= 10.00 KX Time 114654

Fig. 4. SEM of (a) CS, (b) NCS, (c) CS-g-P(AM-DAC), and (d) NCS-g-P(AM-DAC).
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Fig. 5. TG/DSC of (a) CS, (b) NCS, (c) PAM, (d) NCS-g-PAM, (e) CS-g-P(AM-DAC), and (f) NCS-g-P(AM-DAC).

weight loss were observed. For CS, the weight loss of the
first stage occurred at 13.03°C-121.06°C, whereas it was
26.97°C-137.87°C for NCS. In this range, the weight loss was
12.87% and 12.33%, respectively. The first weight loss was
due to the sample moisture adsorption, which was removed
under heat and dry conditions [5,33]. The weight loss tem-
perature range of the second stage was 121.06°C-334.06°C
for CS and 137.87°C-385.41°C for NCS, in which the weight
loss of the two reached 42.26% and 40.84%, respectively.
The main reason was that the functional groups, such
as —“OH, on the CS backbone were decomposed [43]. The
decomposition of the third stage occurred after 334.06°C

and 385.41°C respectively. For CS and NCS, the weight loss
was 23.33% and 8.99%, respectively, mainly attributed to
the decomposition of the CS backbone [5,34,38]. In com-
parison, NCS was more thermal stable than CS. From
Fig. 5c PAM exhibits three stages of weight loss. The first
stage occurred at 29.92°C-222.84°C, wherein the weight
loss was 9.22% due to the removal of moisture adsorption.
The second stage occurred at 222.84°C-345.36°C, wherein
the PAM weight loss was 22.5%. In this stage, the weight loss
was mainly attributed to the decomposition of the amide
groups [5,34]. The third stage occurred after 345.36°C,
which was the decomposition of the PAM molecular chain.
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Table 1

TGA details
Sample Stage one WL Stage two WL Stage WL Stage WL

°C) (%) °C) (%) three (°C) (%) four (°C) (%)

Cs 13.03 12.87 121.06 42.26 334.06 23.33 - -
NCS 26.97 12.33 137.87 40.84 385.41 8.99 - -
PAM 29.92 9.22 222.84 22.5 345.36 52.27 - -
NCS-g-PAM 20.87 11.26 226.07 22.01 341.14 26.93 460.68 6.07
CS-g-P(AM-DAC) 24.32 9.7 219.89 21.81 333.84 41.6 482.71 3.13
NCS-g-P(AM-DAC) 23.18 9.16 164.11 25.88 337.49 29.76 476.3 3.27

WL: weight loss.

From Figs. 5d—f, NCS-graft-polyacrylamide (NCS-g-PAM),
CS-g-P(AM-DAC), and NCS-g-P(AM-DAC) all showed sim-
ilar thermal decomposition trends and thermal decomposi-
tion characteristics as CS and PAM. For NCS-g-P(AM-DAC),
the first stage weight loss was 9.16%, and the second stage
weight loss was 25.88%. In addition to the decomposition
of CS and PAM functional groups, NCS-g-P(AM-DAC) also
included methylation on the quaternary ammonium salt
[5,33]. So NCS-g-P(AM-DAC) lost more weight than NCS-
g-PAM in this stage. The third stage was the decomposition
of the molecule chain of the polymer, wherein the weight
loss was 29.76%. Then the TG curve tended to be gentle,
and the final residual weight was approximately 31.77%. In
addition, the endothermic peaks and the exothermic peaks
in the DSC curve of PAM, NCS-g-PAM, and CS-g-P(AM-
DAC) could be also discovered in the NCS-g-P(AM-DAC).
Moreover, all the nano-modified flocculants exhibited much
better stability and higher residual weight than others, con-
firming the existence of nanoparticles [44]. TGA result con-
firmed that the grafting of PAM and DAC was successful
from the other angle, and the NCS-g-P(AM-DAC) synthe-
sized by UV-initiation graft copolymerization was stable at
room temperature and did not decompose.

As shown in Figs. 6a and 6b, the size distribution of
chitosan-graft-polyacrylamide (CS-g-PAM) was within the
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Fig. 6. Particle size distribution of (a) CS-g-PAM, (b) CS-g-P
(AM-DAC), and (c) NCS-g-P(AM-DAC).

range of 4.19-15.69 nm, whereas that of CS-g-P(AM-DAC)
was in the range of 11.67-21.04 nm. After the ion cross-
linking, the particle size was slightly enlarged. Fig. 6¢c shows
that the size distribution of NCS-g-P(AM-DAC) with an aver-
age diameter of 43.82-122.42 nm in narrow size distribution
(Polymer dispersity index = 0.650). In general, NCS was easy
to aggregate because of Van der Waals forces. However,
according to the DLVO theory, this effect can be reduced by
electrostatic repulsion. Thus, the electrostatic repulsion was
enhanced due to grafting of DAC and the aggregation possi-
bility was reduced [45]. In addition, the narrow size proved
its stability as presented in the curve. As reported, the parti-
cle size of NCS mainly depended on the ratio and concentra-
tion of CS and TPP. Therefore, the ratio and concentration of
CS and TPP used in this study were suitable [46].

3.3. Flocculation performance

The flocculation performance of CS-g-PAM, CS-g-P(AM-
DAC), and NCS-g-P(AM-DAC) under different dosages and
pH conditions was investigated. Initial pH = 7.0 + 0.1 was
kept constant in the dosage experiment. From Fig. 7 the
removal efficiency of all flocculants increased with the dos-
age increased and the highest turbidity removal efficiency

90
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~
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Removal efficiency(%)
8 &
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Fig. 7. Effect of dosage on turbidity removal efficiency of
CS-g-PAM, CS-g-P(AM-DAC), and NCS-g-P(AM-DAC).
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of CS-g-PAM, CS-g-P(AM-DAC) and NCS-g-P(AM-DAC)
reached 57.6% at the dosage of 5 mg L7, 71.1% at the dosage
of 6 mg L7, 85.5% at the dosage of 6 mg L™, respectively.
This result indicated that a positive charge on the surface
of the flocculant was insufficient to neutralize the negative
charge on the surface of the kaolin at the beginning. With the
dosage increasing continuously, the electrical neutralization
played a major role. But when the dosage exceeded a certain
value, the turbidity removal efficiency gradually decreased.
The floc particles were off-stabilized and resuspended in
the supernatant because the flocculation system under-
went charge reversal [34]. With the introduction of DAC,
the removal efficiency of CS-g-P(AM-DAC) was improved
greatly compared that of CS-g-PAM due to the enhancement
of the positive charge. In addition, when the CS in the copo-
lymer was replaced by NCS, the turbidity removal efficiency
could be improved by 20% to 25%. This result indicated that
the flocculation performance of NCS-g-P(AM-DAC) was
enhanced due to the morphology change and the positive
charge long-chain [31]. In summary, NCS-g-P(AM-DAC)
showed better flocculation performance than the other two
flocculants.

From Fig. 8 NCS-g-P(AM-DAC) exhibits higher and
more stable removal efficiency than CS-g-P(AM-DAC) at
kaolin suspensions under various pH levels. The turbid-
ity removal rate of NCS-g-P(AM-DAC) first increased and
reached 89.2% at pH = 6, whereas the removal efficiency of
CS-g-PAM and CS-g-P(AM-DAC) all increased at the begin-
ning. In addition, optimum efficiency was 55.6% at pH =7
and 66.4% at pH = 5, respectively. All flocculants also exhib-
ited the same trend that the turbidity removal efficiency
increased first and then decreased with the increase of pH.
Besides, the efficiency was relatively high under acidic and
neutral conditions but deteriorated under alkaline condi-
tions. This phenomenon occurred because, under acidic or
neutral conditions, the flocculant was abundant in positive
charge and thus exhibited an excellent ability of charge
neutralization, which was favorable to charge for the neg-
atively charged kaolin suspension particles. In addition,
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Fig. 8. Effect of pH on the turbidity removal efficiency of
CS-g-PAM, CS-g-P(AM-DAC), and NCS-g-P(AM-DAC) (dosage:
5mg-L™M).

the electrostatic repulsion action enhanced greatly because
of the grafting of PAM and DAC onto the skeleton of NCS.
As a result, the molecular chain of flocculants tended to
be stretched, which was favorable for the bridging action.
Meanwhile, the effects mentioned above were reversed
under alkaline conditions. The acidic condition was appro-
priate for NCS-g-P(AM-DAC) flocculation. Compared
with that of NCS-g-P(AM-DAC), the flocculation effect of
CS-g-PAM and CS-g-P(AM-DAC) under acidic conditions
was significantly weaker and deteriorated, because CS was
easily dissolved and hydrolyzed under acidic conditions,
thus causing the flocculants to degrade.

Given that the charge properties of flocculants greatly
influenced the flocculation effect and flocculation per-
formance, the zeta potential values of the flocculant, the
kaolin suspension, and E. coli suspension were measured.
Their pH dependence is shown in Fig. 9. The zeta poten-
tial for NCS-g-P(AM-DAC) decreased with an increase in
pH. A positive charge was seen at pH < 8.1, whereas the
zeta potential became negative at pH > 8.1. Besides, kaolin
suspension showed a negative charge within the pH range,
whereas E. coli suspension contained a negative sur-
face charge when pH > 3.2. NCS-g-P(AM-DAC) revealed
an opposite electrical property with the tested synthetic
effluents merely in the pH range of 3.2 to 8.1, in which
NCS-g-P(AM-DAC) prominently exhibited a charge neu-
tralization effect [19,47].

3.4. Sterilization performance

In this section, the OD600 removal experiment was
employed to investigate the sterilization performance of floc-
culants because the OD600 value had a linear relationship
with the number of bacteria. pH = 6 of the E. coli suspension
was kept unchanged for sterilization experiments. The effect
of different dosages of PAM, CS-g-PAM, CS-g-P(AM-DAC),
and NCS-g-P(AM-DAC) on the OD600 removal efficiency
was investigated. The results are shown in Fig. 10. Except
for PAM and CS-g-PAM, the other two flocculants contain-
ing quaternary ammonium salts showed removal effects of
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Fig. 9. Zeta potential vs. pH profiles of NCS-g-P(AM-DAC),
kaolin suspension, and Escherchia coli suspension.
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E. coli. They reached the highest efficiencies of 2.18%, 7.10%,
73.53%, and 92.96%, respectively. The comparison between
PAM and CS-g-PAM revealed that the sterilization property
of flocculant was enhanced slightly due to the amino groups
on the CS skeleton. With the introduction of DAC, the
removal rate of CS-g-P(AM-DAC) was enhanced obviously,
confirming the improvement of sterilization property was
mainly assigned to the quaternary ammonium[5]. Besides,
the removal efficiency of OD600 by NCS-g-P(AM-DAC) was

100
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Fig. 10. Effect of dosage of CS-g-PAM, CS-g-P(AM-DAC),
and NCS-g-P(AM-DAC) on the flocculation of Escherichia coli
suspension.
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prominentand the corresponding optimum dosage was lower
compared with CS-g-P(AM-DAC). It can be speculated that
the molecular chains could be stretched by charge repulsion
and stretched molecular chain. The nanoparticles of the spe-
cial structure on the molecular chain could extensively and
effectively capture bacteria. Therefore, NCS-g-P(AM-DAC)
could flocculate simultaneously with the adsorption neutral-
ization and bridging. From the results of flocculation exper-
iments and sterilization tests, NCS-g-P(AM-DAC) exhibited
excellent effects during flocculation and sterilization.

3.5. Sterilization mechanism

The sterilization mechanism of NCS-g-P(AM-DAC)
in the flocculation was further analyzed with the aid of
3D-EEM. Given that the aromatic compound has a conju-
gated unsaturated system, it can fluoresce under UV light
irradiation. Therefore, whether the aromatic protein in
E. coli was released via the fluorescence signal of the local
region of the aromatic protein and the signal intensity in the
fluorescence spectrum must be determined [48]. The pH = 6
of E. coli suspension was maintained, and the supernatant of
untreated E. coli suspension, treated by the various dosages
of the NCS-g-P(AM-DAC) were subjected to 3D-EEM

3D-EEM revealed that a fluorescent signal of aromatic
protein appeared at the region I of the spectrum (emis-
sion wavelength: 250-280 nm, excitation wavelength: 280-
370 nm). From Fig. 11b the fluorescent signal was weak at
a low dosage. This value was almost unchanged similar to
that of the untreated sample in Fig. 11a. The signal in this
part may be due to a small amount of protein derived from
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300 350
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Fig. 11. 3D-EEM spectra of supernatants of Escherichia coli suspension treated by different dosage of NCS-g-P(AM-DAC). (a) 0 mg-L7,

(b) 2 mg-L7, (c) 5mg-L™, and (d) 10 mg-L™.
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Fig. 12. Schematic diagram of sterilization mechanism.

the metabolism of E. coli cells during the treatment. With
the increase in dosage, the fluorescence signal was contin-
uously enhanced in Figs. 11c-d. This result indicated that a
large amount of aromatic protein appeared in the solution.
It was speculated that several cell membranes of E. coli were
severely impaired and damaged, and a large amount of
aromatic protein was released and leaked [49]. The results
showed that NCS-g-P(AM-DAC) could destroy the cellu-
lar structure and at this time NCS-g-P(AM-DAC) played a
bactericidal role.

In summary, the sterilization mechanism was pictured
and shown in Fig. 12. The NCS-g-P(AM-DAC) with strong
electrostatic adsorption could be adsorbed on the negatively
charged cell cytoderm at the beginning [50], and then the
E. coli cells in the solution destabilized when the repulsion
decreased. This condition was favorable for the aggrega-
tion and formation of large bacterial flocs under charge
neutralization and bridging. After an excess amount of
NCS-g-P(AM-DAC) was added, the quaternary ammonium
groups and some amino groups on the molecular chain were
adsorbed on the surface of E. coli due to electrostatic attrac-
tion and hydrogen bonding. Thus, the ion concentration on
the surface of the cell membrane suddenly increased, result-
ing in the unbalance of the osmotic pressure on both sides of
the cell membrane [34,51]. The unbalance rendered the cell
membrane to lose its permeability, leading to cell destabili-
zation and causing the death and rupture of cells. In addi-
tion, nanoparticles could relatively easily pass through the
cell membrane, enter into the bacteria and combine with
the proteins in the cell-matrix. The normal metabolism of
bacteria was then hindered, leading to bacteria death [52].

4. Conclusions

In this study, a novel flocculant with sterilization and floc-
culation functions was synthesized by grafting AM and DAC

* NCS
passing through

Bridging

Breaking cells

onto NCS through UV-initiation. The material was success-
fully fabricated and confirmed by characterization analytical
results. The optimum synthesis conditions for the intrinsic
viscosity of NCS-g-P(AM-DAC) were optimized. The floc-
culation experiment results proved that NCS-g-P(AM-DAC)
exhibited excellent and stable flocculation performance under
different pH levels because of the nanoparticle’s grafted long-
chain and high positive charge. On the basis of the steriliza-
tion experiments, its sterilization performance was strength-
ened due to the grafting of quaternary ammonium salts. In
addition, 3D-EEM confirmed that NCS-g-P(AM-DAC) was
not just antibacterial, but in fact bactericidal. During the
water treatment process, the simultaneous flocculation and
sterilization in the flocculation process can reduce the amount
of the bactericide that is added in the subsequent process to
avoid the risk of secondary contamination by the generated
disinfection by-products. This finding is important for the
actual water treatment project and can enrich the technology
and promote the development of the flocculation.
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