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ABSTRACT

The water solubility and polymerizability of maleoyl chitosan (MCS) was significantly improved by
introducing a maleoyl group into the chitosan chain and MCS is a promising monomer for preparing
chitosan-based flocculants with good water solubility. In this study, MCS was grafted with acrylamide
and diallyldimethylammonium chloride to prepared a cationic chitosan modified flocculant chi-
tosan-graft-poly (acrylamide diallyldimethylammonium chloride) (PMAD) with excellent solubility
by ultraviolet (UV)-induced copolymerization techniques. The effects of monomer concentration,
the percentage of maleated chitosan, photoinitiator concentration and illumination time on the
intrinsic viscosity, grafting efficiency and dissolution time of PMAD were investigated by single
factor experiments. The optimal synthesis conditions were determined with monomer concentration
12.5%, MCS percentage 10%, cationicity 11.25%, photoinitiator concentration 0.3% and illumination
time 120 min, proving that UV initiated method was benefited to improve water solubility of PMAD.
PMAD prepared at the optimized condition has the optimal viscosity of 4,823.2 mg L7, the grafting
efficiency of 70.7% and the dissolution time of 75 min. At the same time, the synthesized products
PMAD were characterized by infrared spectroscopy, scanning electron microscopy, H-nuclear
magnetic resonance, thermogravimetric and X-ray diffraction techniques. The flocculation experi-
ments of PMAD on algae-containing water showed that the flocculation performance of PMAD was
remarkably higher than that of commercially available polyacrylamide and polyaluminum ferric
chloride. The optimal removal rate of Chl a (81.2%), turbidity (94.9%), and algae cell concentration
(99.7%) by PMAD was obtained at dosage of 40 mg L™, pH value 8 and G value 500 s™. The obtained
zeta potential results proved that the main flocculation mechanism of PMAD was the function of
adsorption bridging.

Keywords: Chitosan-based flocculant; Graft copolymerization; Enhanced flocculation; Algae removal;
Photopolymerization

1. Introduction

In recent years, the eutrophication caused by increas-
ing nitrogen and phosphorus nutrients in water bodies
has caused algae in many lakes and reservoirs which can
be resulted to “water blooms”. During the growth process,
algae cells will aggregate to form algae cell clusters and
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the organic matter produced by the metabolism of algae
cells will be released into the water body. In general, stud-
ies showed that algae cells were hydrophilic and negatively
charged organism with low specific gravity and [1] good
solubility, which is responsible for maintaining the quality
of the water [2]. When the blooms broke out, a large num-
ber of algae covered the surface of the water, causing a
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sharp drop in dissolved oxygen content in the water, which
resulted to large number of aquatic organisms dying and
greatly destroying the aquatic ecosystem. At the same time,
algae can produce algae toxins that harm organisms, pos-
ing a great threat to human health. The outbreak of algae
blooms will also affect the water production of water plants.
On the one hand, it is difficult to remove a large number
of algae cells by conventional coagulation process due to
the electrostatic repulsion, surface hydrophilicity and steric
hindrance of algae cells [3]. Meanwhile, on the other hand,
algae cells, due to their small size, penetrate the filter pool
and cause the filter to clog. Based on the adverse effects of
algae blooms on aquatic ecosystems and human health, it is
a hot topic for researcher to develop effective processes for
algae removal and eliminate algae pollution.

Flocculation is a one of the most economical, common
and important methods in water treatment, and is indis-
pensable as one of the important operating units for water
treatment. The flocculation method removes pollutants and
colloidal particles from water with simple treatment process,
low cost, high efficiency, large treatment water volume, and
wide application range. If the algae in the raw water can be
effectively removed by economical and simple flocculation
method without increasing the additional process, the water
treatment enterprise can save a large cost. Simultaneously,
the flocculation method does not destroy the algae cells, there
by reducing the release of algae toxins and decreasing dis-
infection byproducts with higher safety. Conventional inor-
ganic coagulants are often susceptible to coexisting ions and
the algae cell particles are fine with the slow floc formation
speed and small floc particle size during the coagulation
process coagulated by inorganic coagulants. In addition, the
floc density is small with weak strength, leading to poor sed-
imentation performance and low removal efficiency in the
conventional coagulation process. Therefore, how to synthe-
size green and high-efficient flocculant to form compact flocs
which are easy to be settled during flocculation is an urgent
problem to be solved at present, which is of great significance
for solving the problem of algae removal in the water supply.
Due to the high negative charge of algae in the water, con-
ventional dosages of coagulants are difficult to neutralize
electrically to achieve effective coagulation. Therefore, it is
necessary to increase the dosage of the flocculants to achieve
the purpose of charge neutralization. In addition, the removal
efficiency of FeCl, and polymeric iron salts is low at same
dosage compared to organic flocculants, which may cause
changes in the chromaticity of the supernatant with large
sludge production after coagulation, leading to high sludge
subsequent treatment costs [4]. Moreover, the extracellular
substances secreted by the algae cells can undergo an inte-
gration reaction or a complexation reaction with the coagu-
lant cations, thereby hindering the coagulation process of
the algae. Therefore, the research and development of new
flocculants with high efficiency in algae removal and low cost
has become an urgent problem to be solved in current water
treatment and is of great significance for ensuring the safety
of drinking water.

In recent years, chitosan has received widespread atten-
tion as a natural organic polymer flocculant which is non-
toxic and harmless and has a wide range of sources [5].
Chitosan is a natural basic aminoglycan substance; its flexible

linear molecular chain structure of chitosan makes it play
a role of “Adsorption Bridge” with many extremely active
and adjacent hydroxyl and amino groups distributed on the
molecule [6]. The amino group in the molecular chain is pro-
tonated in aqueous solution, which is well-adsorbed with
the negatively charged algae cells with good flocculation
performance [7]. However, a large number of studies have
shown that due to the poor solubility of chitosan, it is only
soluble in weak acidic solutions with low molecular weight,
which limits its application as a flocculant [8]. To overcome
these shortcomings, the researchers adopt several modifica-
tion methods to modify chitosan to obtain highly efficient
chitosan-based flocculants [9], such as quaternization [10],
acylation [11], carboxylation [12], etherification [13], graft
modification [14] and other modification methods for intro-
ducing chemically functional groups to improve the phys-
ical and chemical properties of chitosan [15]. In addition,
chitosan molecules with many reactive groups are prone to
graft copolymerization. Graft copolymerization modification
can not only increase the molecular weight of chitosan-based
flocculant, but also increase the adsorption site on the chi-
tosan chain, so it can significantly improve its flocculation
capacity.

The ultraviolet (UV) initiation method is characterized
by easy control, rapid initiation and pollution free, and the
synthesized polymer with high purity, good linearity and
good solubility can be obtained. In order to prepare a mul-
tifunctional green flocculant with high removal efficiency
of algae removal, UV light initiation is employed in this
study. In this research, malely chitosan is prepared based
on our previously reported work, and chitosan-graft-poly
(acrylamide diallyldimethylammonium chloride) (PMAD)
flocculant was prepared by using maleoyl chitosan (MCS),
acrylamide (AM), and diallyldimethylammonium chloride
(DMDAAC) as comonomers through UV-induced grafting
polymerization [16]. The effects of monomer concentration,
monomer ratio, photoinitiator concentration and initiation
time on the intrinsic viscosity, grafting efficiency and disso-
lution time of PMAD were investigated. The microstructure
of PMAD was characterized by scanning electron microscopy
(SEM), Fourier transforms infrared spectroscopy (FTIR) and
infrared spectroscopy (X-ray diffraction (XRD)). PMAD was
used to flocculate the algae-containing water for determining
its flocculation capacity, and flocculation results in compar-
isons with polyacrylamide (PAM) and polyaluminum ferric
chloride (PAFC) were explored. The mechanism of the floc-
culation process for removing algae was also discussed by
zeta potential results.

2. Materials and methods
2.1. Materials

Chitosan (CS), 2,2-azobis (2-methylpropionamidine) dihy-
drochloride (V50) and diallyldimethylammonium chloride
solution (DMDAAC, 60% by weight in water) were purchased
from Shanghai Aladdin Biochemical Technology Co. Ltd.,
China. AM and sodium chloride (NaCl) were obtained from
SinopHarm Chemical Reagent Co. Ltd., China Maleic. anhy-
dride (MAH) was obtained from SinopHarm Chemical
Reagent Co. Ltd., China High-purity nitrogen (N,) was
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purchased from Nanjing Sale Electronic Information Indus-
try Group Co. Ltd., China. In addition, acetone and ethanol
were purchased from Shanghai Zhenqin Chemical Reagent
Co. Ltd., China. PAM and PAFC were sourced from Nanjing
Shengjianquan Glass Instrument Co. Ltd., China. All rea-
gents used in this study were of analytical grade and used
without any further purification.

2.2. Preparation of PMAD

MCS was prepared using a method with MAH and CS,
which has been reported in our previously published works
[16]. 7.640g CS was dissolved in 100 mL of 2% (wt.) acetic
acid and 4.589g MAH was dissolved in 10 ml H,O, they were
mixed together with magnetic stirrer after dissolved. Then,
this mixture was placed in a water bath with 30°C for 7 h to
prepare MCS. A certain amount of MCS was dissolved in
water and then mixed with AM and DMDAAC [17]. There-
after, the mixture was grafted with UV radiation in a 125 mL
quartz vessel after filled with nitrogen for 5 min and added
with a certain amount of 2,2-azobis (2-methylpropionami-
dine) dihydrochloride (V50) used as the photoinitiator. The
sample was matured for 1 h. Finally, the obtained sample
solution was purified by a mixed solution of acetone and
ethanol in a volume ratio of 2:1 and then dried in an oven
at 105°C for 24 h until a constant weight was obtained. The
dried product was ground and sieved through a 100 mesh
sieve to obtain the final product. A schematic diagram of
PMAD synthesis is shown in Fig. 1.

2.3. Characterization

In order to explore the structure of PMAD, several sam-
ples were characterized, including: CS, P(AM-DMDAAC),
PMAD whose monomer ratio is mMCS:mAM:mDMDAAC =
1:5:4 (hereinafter referred to as PMAD1), PMAD whose
monomer ratio is mMCS:mAM:mDMDAAC = 1:6:3 (here-
inafter referred to as PMAD2). The electron microscopy
powder and the purified products were adhered to the con-
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analyzed by an X-ray diffractometer (ARL X'TRA, Thermo
Electron Corporation, USA) to obtain the diffraction patterns.
The products were placed in a FTIR spectrometer (Nexus
670, Electron Corporation, USA) to perform an analysis to
obtain an infrared spectrum. The products were analyzed by
anuclear magnetic resonance (NMR) spectrometer (BRUKER
Company, Switzerland) to obtain a NMR spectrum. The puri-
fied and dried product was placed in a differential thermal
analyzer (SHIMADZU, Japan) to obtain a thermogravimetric
analysis chart. The intrinsic viscosity, graft efficiency and dis-
solve time of PMAD were measured according to technical
specification and test method of water treatment chemical
cationic PAMs (GB/T 31246-2014).

2.4. Flocculation tests for algae removal

The algae-containing wastewater was placed in a 500 ml
beaker and subjected to a flocculation test using a coagula-
tion mixer. The initial pH of the wastewater was adjusted by
0.1 mol L dilute hydrochloric acid (HCI) or sodium hydrox-
ide (NaOH) aqueous solution. After a certain amount
of flocculant was added to the water sample, the mixture
was vigorously stirred at a certain speed gradient (G™)
350 r min™ of for 3 min, then stirred at 70 rpm for 15 min,
and finally allowed to stand for 15 min. After flocculation,
the supernatant was separated to determine residual tur-
bidity, chlorophyll a (Chl-a), algae cell density removal
rate and zeta potential. Among them, the content of Chl-a
is determined by referring to “Determination of chlorophyll
(spectrophotometric method)” (SL 88-2012 [18]). Algae cell
concentration was determined according to the “Chemicals-
Alga growth inhibition test” (GB/T 21805-2008 [19]). The
Zeta potential was measured by a zeta potential analyzer
(Malvern Zetasizer Nano Z5S90, Malvern Instruments Ltd.,
England) with reference to “Colloidal System-Methods for
Zeta Potential Determination” (GB/T 32671.1-2016 [20]).

Pehi-a (before) ~Puia (after)

ductive adhesive and were placed in a SEM (JSM-5900, JEOL, ~ Chl-a removal efficiency (%) = o x100%
Japan) after being sprayed with gold to observe changes Pen. (before)
in surface morphology; The obtained final products were (1)
CH,OH CH,OH
0 H, 0
- HC.  C——C==CH,
0 +x Hy,C=C—C—NH, +y N — 0
i S e o N e—C=CH, OH
n Hy n
T‘IJH HN—C==0
C—C=C—COOH
8 H H H H H ’ Hy g g H
T
. X n y
(f. NH, COOH H,C.  CH,
0 +/
N Cl
/\
HyC  CH;
MCS AM DMDAAC PMAD

Fig. 1. Schematic diagram of PMAD synthesis.
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where p_ (before) is the concentration of Chl-a before
flocculation in pg L; and p,,, (after) is the concentration
of Chl-a after flocculation in ug L™.

Turbidity removal efficiency(%)
turbidity (before) — turbidity (after)

x100% @
turbidity (before)

where turbidity (before) is the turbidity value before floccu-
lation in NTU and turbidity (after) is the turbidity value after
flocculation in NTU.

Algal cell removal efficiency(%)
_ Algal cell (before) — Algal Cell(after)

x100% ®)
Algal cell (before)

where algal cell (before) is the algal cell number value before
flocculation and algal cell (after) is the algal cell number
value after flocculation.

3. Results and discussion
3.1. Optimization of synthetic condition
3.1.1. Effect of monomer concentration

As shown in Fig. 2, the intrinsic viscosity of PMAD
tended to increased and then decreased as the monomer
concentration increased. The intrinsic viscosity reached a
maximum value of 4,823.2 mL g with a monomer concen-
tration of 12.5%. The graft efficiency decreased and then
increased with monomer content, and its value was basically
stable at 91.5% when the monomer concentration was over
22.5%. The dissolution time increased with monomer con-
centration. Especially, as the concentration increased from
20% to 22.5%, the PMAD dissolution increased sharply from
71 to 120 min.

5500

-

o

S

[ |
~
a
=]

5000 |-
1

©
=1

! __}/viz‘%
o | 7}7 2

3500 -

1
®
(=3

-
o
1

@

o

Graft efﬁcienlcy (%)
>
o

1
<]
=]

1
o
o

1
S
(=}

3000

1

N

o
Dissolve time (min)

2500 |-

Intrinsic viscosity (ml-g")

—8—Qraft efficiency

2000 | Dissolve tim Z
1500 |-

1
o
(=]

0
S

—a-2ntrinsic vnsco}% 149

D
t=}

= 0 1.
T

7.5 10.0 12.5 15.0 17.5 20.0 22.5 25.0 27.5

Monomer concentration (%)

Fig. 2. Effects of monomer concentration on intrinsic viscosity,
graft efficiency and dissolve time.

These results may be attributed to the following reasons:
at low monomer concentration, the primary radical was
hard to be collided with the monomer and resulting in a
low reactivity [17]. So, it was difficult to form the macromo-
lecular graft copolymer, leading to low intrinsic viscosity.
As the monomer concentration increased, the primary radical
reacts with the monomer to form a large amount of active
monomer, promoting the reaction speed of the chain prop-
agation. Hence, a long-chain structure of the polymer was
formed with the increasing the intrinsic viscosity. With the
continues increment of monomer concentration, the col-
lision between the primary radical and the monomer was
saturated, so the macromolecular chain will not continue to
grow [21]. Moreover, since the monomer concentration was
saturated, the active free radicals easily interact with each
other, leading to the inactivation of them [22]. This may also
cause a chain transfer reaction, resulted to the transfer of
chain radicals to the monomer, and thus the intrinsic vis-
cosity decreased. As the monomer concentration increased,
the probability of collision between free radicals increased,
increasing graft efficiency. When the monomer concentra-
tion was not saturated, the chain propagation was promoted
with the monomer concentration. At the same time, the chain
structure produced by the grafting reaction is long with a
high molecular weight [23], and the dissolution time also
increased. However, when the monomer concentration was
saturated, the crosslinking reaction occurs between some
monomer molecules, resulting in poor solubility and increas-
ing dissolution time.

3.1.2. Effect of DMDAAC proportion

The further study was conducted with MCS content of
10% and 20% in consideration of the PMAD dissolution time.
As shown in Fig. 3, the intrinsic viscosity of PMAD increased
first then decreased while graft efficiency and dissolution
time decreased continuously with the increase of DMDAAC
content. The intrinsic viscosity and graft efficiency of PMAD
with 20% MCS content was higher than that with 10% MCS
content, but the dissolution time of PMAD with 10% MCS
content is higher than that with 20% MCS content. When
the content of DMDAAC was 10%, the graft efficiency is
the highest. When the content of DMDAAC reached 40%,
the intrinsic viscosity of PMAD reached the maximum of
6420.3 mg L with 40% DMDAAC and 10% MCS content,
and the dissolution time was basically stable.

This is because the relative content of AM monomer
decreasing with the content of DMDAAC, resulting in a
decrease of probability in AM grafting onto the MCS chain
[24]. So the active sites on the MCS chain cannot be effec-
tively utilized and the graft efficiency decreased continu-
ously. When the content of DMDAAC increased from 10% to
40%, the content of DMDAAC monomer and AM monomer
was getting closer. When the DMDAAC content reaches 40%,
the probability of grafting AM and DMDAAC onto the MCS
chain was equivalent. At this time, the PMAD structure was
relatively complete, so the intrinsic viscosity was large [22].
The dissolution time of PMAD with 20% MCS content was
significantly greater than that with 10% MCS content. The
intrinsic viscosity and graft efficiency of PMAD with MCS
content of 10% were significantly greater than that of 20%.
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Fig. 3. Effects of proportion of DMDAAC with (a) 10% MCS and (b) 20% MCS on intrinsic viscosity, graft efficiency and dissolve time.

It was due to the content of MCS was more than 10%, exces-
sive MCS reduces the content of AM and DMDAAC. Hence,
AM and DMDAAC free radicals were less in the mixture
and slow down the chain reaction rate [25]. The probability
of diffusion grafting onto the MCS chain was also relatively
low. Therefore, the intrinsic viscosity and graft efficiency of
PMAD were lower.

3.1.3. Effect of photoinitiator concentration

As shown Fig. 4, when the photoinitiator content increa-
sed from 0.1% to 0.6%, the intrinsic viscosity and graft effi-
ciency rose sharply, decreased slowly. When the amount
of the photoinitiator was 0.3%, the intrinsic viscosity and
the graft efficiency reached a maximum value, at which
the intrinsic viscosity was 4,823.2 mg L™ and the graft effi-
ciency was 70.7%. As the photoinitiator content increased,
the dissolution time increased continuously. When the pho-
toinitiator content was 0.6%, the dissolution time reached a
maximum value of 85 min.

This is because that, very few primary free radicals are
existent to react with the monomers at low initiator content.
At the same time, the primary radicals decomposed by initi-
ator molecules were always surrounded by a high viscosity
polymer solution. The solution contains a large amount of
solvent molecules. Part of the free radicals cannot be con-
tacted with monomer molecules, so the initiation efficiency
and the chain reaction rate were lower, resulting in a “cage
effect” and leading to a low value of intrinsic viscosity,
graft efficiency and dissolution time. The heat generated by
the decomposition of the initiator molecules and the chain
reaction rate increased with the initiator content. And the
free radicals continuously react to form a macromolecular
structure, resulted in the increase of the intrinsic viscosity,
graft efficiency and dissolution time. When the content of
the initiator was too large, the excess initiator makes the heat
of the solvent increase rapidly for a short time [26], lead-
ing to a great increase in the chance of cross-linking and
implosion and the decrease of the intrinsic viscosity and
graft efficiency. Therefore, in the present study, the synthe-
sis condition was optimized with the photoinitiator content
of 0.3%.
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Fig. 4. Effects of photo-initiator dosage on intrinsic viscosity,
graft efficiency and dissolve time (monomer concentration: 12.5%,
mMSC:mAM:mDMDAAC = 1:5:4, radiation time: 2 h.).

3.1.4. Effect of photochemical reaction time

As shown in Fig. 5, the dissolution time, graft efficiency
and intrinsic viscosity increased first then slowly decreased
with the increasing of dissolution time. The intrinsic viscos-
ity, dissolution time and graft efficiency reached to a maxi-
mum of 4,823.2 mg L™, 70 min, 70.7% at radiation time 2 h,
respectively. When the dissolution time was short, very little
energy can be generated by the UV light irradiation. So the
initiator was difficult to be decomposed into free radicals.
Therefore, the probability of free radicals colliding with
each other is small and the chain reaction rate is slow. The
intrinsic viscosity, graft efficiency and dissolution time were
all low at this time. As the illumination time increased, the
energy generated by UV light irradiation became larger.
The photoinitiator fully reacted to decompose and form a
large amount of primary radicals. It promotes chain prop-
agation and forms macromolecular chains rapidly. So graft
efficiency, intrinsic viscosity and dissolution time became
larger. When the illumination time was too large, the pho-
toinitiator had been completely decomposed into primary
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radicals. The amount of primary radicals has reached a
supersaturation state, colliding with the previously formed
macromolecular chains, destroying the structure of some
molecular chains, and increasing the possibility of chain
transfer and chain termination reaction.

3.2. Morphological and structural characterization of PMAD
3.2.1. XRD spectrum results

XRD of CS, P(AM-DMDAAC) and PMAD was carried
out to investigate the structural change of the polymer PMAD
during graft polymerization. As shown in Fig. 6, CS exhibits a
narrow and steep diffraction peak at 20 = 20°, it corresponds to
the crystal structure in CS. when 20 is 22°, P(AM-DMDAAC)
has a broad and gentle diffraction peak at 20 = 22°. PMAD
showed a broad and gentle diffraction peak at 20 = 22°. The
diffraction values of P(AM-DMDAAC) and PMAD at the
diffraction peak 20 = 22° are lower than that of CS.

There are hydroxyl groups and amino groups distrib-
uting on the CS molecular chain, which formed intramolecu-
lar and intermolecular hydrogen bonds. Furthermore, due
to the existence of hydrogen bonds and the regularity of
molecules, CS tends to form tiny crystal structures locally.
With the introduction of AM and DMDAAC, the hydro-
gen bond of the CS molecule will be broken. So the order
of the formed crystal structure was destroyed, and the
overall structural order of the polymer PMAD is greatly
reduced. The peak value of PMAD is smaller than that of
P(AM-DMDAAC), which indicates that the structural order
of PMAD is destroyed more completely than that of P(AM-
DMDAAC), indicating that the solubility of PMAD was
better than that of P(AM-DMDAAC). The research also
illustrates indirectly the success of photoinitiated graft
polymerization of AM, DMC, and MCS simultaneously.

3.2.2. SEM analysis

In ordered to observe the surface morphology of the
copolymer, CS, P(AM-DMDAAC) and PMAD were magnified
1,000%, 3,000x and 5,000x respectively. The crystal structure

1200

—CS
——PMAD
——— P(AM-DMDAAC)

1000

Intensity (a.u.)

20 (degree)

Fig. 6. XRD spectrum of CS, P(AM-DMDAAC), PMAD.

was observed and analyzed. As shown in Fig. 7a, the surface
of the CS is flat and smooth. And the surface has no obvious
holes, which was in the form of a sheet. As shown in Fig. 7b,
the surface of P(AM-DMDAAC) was smooth and has a few
holes, it is in the form of a block. As shown in Fig. 7c, the
surface of the PMAD became rough. Meanwhile, the layered
structure was destroyed. There is a pore-like structure whose
pores are tiny. The bulk and layered structures are destroyed
because of the grafting of AM and DMDAAC. This irregu-
lar pore structure increased the specific surface area of the
copolymer [27].

3.2.3. FTIR spectra

As shown in the infrared spectrum of PMAD (Fig. 8),
the stretching stress peaks at 3,419 and 3,177 cm™ were caused
by the hydroxyl group (-OH) and amino-group (-NH,) in
the MCS unit and the -NH, group in the AM unit [28]. The
absorption peak at 2,936 cm™ was attributed to the stretching
vibrations of carbon-hydrogen bond (C-H), it was caused
by methylene (-CH,-) and methyl group (-CH3) in the
DMDAAC unit and the hydroxymethyl group (-CH,OH) in
the CS unit. The absorption peak at 1,652 cm™ was attributed
to the carbonyl (C=O) stretching vibration peak and was
caused by the amide group (<CONH,) of the MCS unit and
the AM unit [29]. The absorption peak at 1,309 and 1,405 cm™
resulted from the carbon-nitrogen (C-N) bond, it was caused
by the -NHCOCHCHCOOH in the MCS unite and -CONH
in the AM unite [30].

Compared with the C-H stretching vibration peak of CS
at 2,894cm™, the C-H stretching vibration peak of PMAD
appears blue shift; this is because the substituent replaces
the hydrogen on the CS molecular chain in the polymer-
ization reaction. carbonyl group (C=0O) stretching vibration
peak appeared on the infrared spectrum of PMAD but C=C
vibration peak did not appear. This indicates that C=C in
the MCS and DMDAAC molecules was opened, and an
addition reaction occurs, indicated that AM and DMDAAC
monomers were successfully grafted to the chitosan chain.
The characteristic absorption peaks of P(AM-DMDAAC)

2
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500

and CS were shown in the infrared spectrum of PMAD, and
some characteristic absorption peaks and vibration absorp-
tion peaks were blue-shifted, indicating that MCS, AM,
and DMDAAC were successfully graft copolymerized.

3.2.4. Thermogravimetry-differential thermal analysis
(TG-DTC) characterization

The results in Fig. 9 show that the pyrolysis process
of CS includes three stages in the range of 20°C-800°C.
The weight loss temperature ranged of the first stage is
20°C-200°C. The weight loss rate of CS was 5.67%, and
the maximum weight loss temperature was 62.13°C in this
range. It is caused by the loss of the adsorbed water and the
bound water in the sample [31]. The weight loss tempera-
ture range of the second stage was 200°C-800°C. The weight
loss rate of CS was 55.76%, and the maximum weight loss
temperature was 295.18°C. The reason for weight loss may
be that the polymerization degree of CS is affected by high
temperature, which leads to the decomposition of CS. In the
final stage, the decomposition temperature was about 800°C,
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after which the thermogravimetric curve tends to be stable
without weight loss. The final residual amount was about
37.46%. As shown in Fig. 9b, P(AM-DMDAAC) has three
stages of weight loss in the range of 20°C-800°C. The weight
loss temperature range of the first stage was 20°C-200°C.
The weight loss rate of the sample was 9.88%, and the maxi-
mum weight loss temperature was 77.28°C in this range. This
is caused by the dehydration of the sample. The weight loss
temperature ranged of the second stage was 200°C-300°C.
The weight loss rate of the sample was 19.70%, and the max-
imum weight loss temperature was 288.55°C in this range.
The reason might be that the -CONH, of the AM unit was
thermally decomposed [32]. The weight loss temperature
ranged of the third stage was 300°C-600°C. The weight loss
rate of the sample was 42.33%, and the maximum weight
loss temperature was 393.82°C in this range. After 600°C, the
thermogravimetric curve tended to be stable without weight
loss, and the final residual weight is 24.33%. It can be seen
from Fig. 9c that PMAD has four stages of weight loss in
the range of 20°C-80°C. The weight loss temperature ranged of
the first stage was 20°C-180°C, the weight loss rate of the
sample was 9.49%, and the maximum weight loss tempera-
ture was 59.06°C in this range. The weight loss at this stage
is due to the removal of adsorbed water and crystal water.
In the second stage, the weight loss range was 180°C-320°C,

the weight loss of the sample was 15.37%, and the maximum
weight loss temperature was 295.92°C. The weight loss may
be caused by thermal decomposition of the amide group;
the weight loss range of the third stage is 320°C-480°C.
In this range, the sample weight loss was 39.77%, the maxi-
mum weight loss temperature was 539.42°C, the weight loss
may be caused by the five-membered ring introduced by the
DMDAAC unit [33]; the fourth stage weight loss range was
480°C-630°C, the sample weight loss in this range 10.14%,
the maximum weight loss temperature was 709.42°C, the
final decomposition temperature is about 630°C and the final
residual weight was 23.13%.

The thermal decomposition temperature of CS, P(AM-
DMDAAC) and PMAD were 295.18°C, 393.82°C and 709.42°C,
respectively. The thermal decomposition temperature of
PMAD was significantly larger than that of CS and P(AM-
DMDAAC), demonstrating that the thermal stability of PMAD
is remarkably improved after grafting.

3.2.5. 'TH-NMR Analysis

As shown in Fig. 10a, the resonance peaks of PMAD at
6.15 and 5.86 ppm were attributed to the amino hydro proton
peak of -CONH, in the AM unit [34]; the resonance peak at
4.02 ppm corresponds to the methylene group of -CH,Cl in
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the AM unit and the proton peak of -OH hydrogen on the
ring of the MCS unit. The resonance peak at 3.76 ppm was
caused by the methylene hydrogen (-CH,-) of -CH,OH on
the MCS unit ring. The absorption peak at 3.33 ppm was
assigned to the protons for -N(CH,) in DMDAAC unit. And
the resonance peak at 3.13 ppm was caused by the methy-
lene hydrogen (-CH,-) of -CH,OH on the MCS unit ring.
[35]. The resonance peak at 2.45 and 2.31 ppm corresponds
to the proton peak of the -COCH- in the AM group [36].
The characteristic peaks at 1.88, 1.76 and 1.29 ppm corre-
spond to the -CH-, which is caused by the amide group after
opening double bond in the MCS unit, the -CH,~-CH-CONH,
in the AM unit and the five-membered ring in the DMDAAC
unit, respectively [37].

Comparing Figs. 10a and b, it can be found that the
characteristic peaks of PMAD include all the characteristic
peaks in MCS unit, AM unit and the DMDAAC unit, indi-
cating that the MCS, AM and DMDAAC monomers have
successfully polymerized.

3.3. Flocculation performance
3.3.1. Effect of dosage on flocculation effect

As shown in Fig. 11, the removal rate of turbidity incre-
ased with the dosage and then decreased slowly. When the
dosage of PMAD and PAM reached 6 mg L and PAFC
reached 40 mg L, the turbidity removal efficiency was opti-
mal. At this condition, the removal rate of turbidity by PMAD,
PAM and PAFC are 75.7%, 70.2% and 71.5%, respectively.

The removal rate of Chl-a increased with dosage but this
value decreased with the dosage continue to increased.
When the dosage of PMAD and PAM reaches 6 mg L™ and
PAFC reaches 40 mg L7, the Chl-a removal efficiency was
optimal. At this time, the removal rate of Chl-a by PMAD,
PAM, and PAFC were 70.1%, 61.3% and 65.9%, respectively.
At this time, the removal rates of algae cells by PMAD, PAM,
PAFC were 76.9 %, 66.7 % and 60%, respectively.

With the increase of dosage, the removal rate of turbidity,
Chl-a, and algae cells increased first and then decreased.
The flocculant is neutralized with the different negatively
charged particles in the water after it is added to the water
to form macromolecular particles, which is favorable for
sedimentation. When the flocculant dosage was insufficient,
the positive charges of the flocculant are unable to neutral-
ize all the colloidal particles [38]. So the turbidity removal
rate was low. As the dosage increased, more charges are
neutralized which was beneficial for increasing the removal
rate. However, when the dosage is too much, the colloi-
dal particles are encapsulated by the flocculant molecules.
The negatively charged colloidal particles surface was trans-
ferred to a positive charge and reaching the supercharge
state. Electrostatic repulsion was re-formed between parti-
cles, making the colloidal system stable again [39]. On the
other hand, excessive flocculant also forms a certain extent
of turbidity. When the dosage content was the same, the
flocculation performance of PMAD is significantly better
than that of PAM and PAFC. This was due to functional
groups such as active amino groups and hydroxyl groups
on the molecular chain of the flocculant [40]. What's more,
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the mutual repulsive action of the positive charge in the
flocculant allows the main chain to extend to the maximum
extent [41]. As shown in Fig. 12, this enhances the adsorp-
tion bridging ability and adsorbs different small molecular
particles to form larger particles, promoting its destabiliza-
tion and aggregation [42].

As shown in Fig. 11, when the dosage of PMAD and PAM
reached to 10 mg L and the PAFC reaches to 30 mg L7,
the zeta potential of the water sample was nearly 0 where
optimal flocculation performance obtained simultaneously,
indicating that the main flocculation mechanism was charge
neutralization. When the dosage of PMAD and PAM was
less than 10 mg L7, the zeta potential was close to zero
and no more increase with the dosage. When the dosage of
PAFC was less than 30 mg L, the zeta potential was close to
zero value continuously with the increase of dosage. After
reaching 30 mg L™, the potential tends to be stable. It can be
clearly seen from Fig. 11 that when PMAD and PAM with
same dosages are added, the zeta potential of the sample
water added with PMAD is significantly closer to the value

PMAD Algae

Flocs

Fig. 12. Schematic diagram of bridging adsorption for algae
removal.

of 0 than the potential of the sample water added with PAM
[43]. This also showed that the self-made PMAD has bet-
ter electrical neutralization capacity than the commercially
available PAM flocculant. By investigating the effect of dos-
age on the removal rate of the turbidity, Chl-a and algae
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cells, the optimal dosage of PMAD is 6 mg L. After careful
calculation, the cost of PMAD in the current laboratory con-
ditions is 10-20 RMB Kg, while the commercially available
PAM is 15-40 RMB Kg™. The cost price of our prepared cat-
ionic organic flocculant PMAD is significantly lower than
that of commercially available PAM. The price of PAFC is
1-3 RMB Kg7, but the dosage of PMAD is only one-tenth
of the dosage of PAFC. Compared with the cost of treating
unit volume of water, PMAD still has lower cost than that
of PAFC.

3.3.2. Effect of pH on flocculation effect

The optimal dosage mentioned in 3.2.1 was used to exp-
lore the flocculation performance under different conditions.
As shown in Fig. 13, the removal rate of turbidity reaches
maxima with a pH of 8. At this pH, the removal rate of tur-
bidity by PMAD, PAM, and PAFC were 87.5%, 75.7% and
71.5%, respectively. The removal rate of turbidity increases
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with pH and decreased slowly after reaching the maximum
value. The removal rate of Chl-a increased with the increas-
ing of pH and decreasing slowly after reaching the maximum
value. The removal rate of Chl-a by PMAD, PAM, PFAC at
pH 8 was 70.1%, 61.3% and 65.9%, respectively. When the pH
was 6, the removal rate of algae cells using PMAD reached
77.8%. When the pH was within 6 to 10, the removal rate of
algae cell concentration is constant, indicating that the self-
made PMAD has a wide pH range. When the pH was 8§,
PAFC and PAM have the optimal removal efficiency on algae
cell concentration. At this time, the removal rate of algae cell
concentration by PAM is 66.77%, and the removal rate of
algae cell concentration by PAFC was 60%. The removal rate
of algae cell concentration increases with increasing pH and
decreases slowly after reaching the maximum value. When
the pH was equal, the flocculation performance of PMAD is
significantly better than that of PAM and PAFC. While the
effect of pH on PMAD is relatively small, indicating that
PMAD can be applied to a wide range of pH. As shown in
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Fig. 13d, the surface of the particles in the aqueous solution
is positively charged when the pH was 2. Its zeta potential
decreases with pH content.

The experiments results showed that the flocculation
works better at weak acid and weak alkaline conditions.
When the pH is equal, the flocculation performance of
PMAD on algae-containing wastewater is significantly bet-
ter than that of PAM and PAFC. This is because of the con-
centration of H" and OH- in the solution changes with pH,
which affects the changeability of the colloidal particles.
Thus it affects the electrical neutralization between the floc-
culants and the particles. The zeta potential is greater than
0 under acidic conditions. And the positive charges on the
molecular chain repel each other, which is not conducive to
the continuous increase of flocs. PMAD undergoes a certain
degree of degradation under acidic conditions due to the
hydrolysis of chitosan, which further leads to a poor floccu-
lation effect under acidic conditions. The colloidal particles
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in the solution are negatively charged with OH~. Under the
work of electrical neutralization, the colloidal particles are
adsorbed by the positively charged flocculant. So the repul-
sive force between the colloidal particles is weakened [44].
And the flocculation of the bridging bridge is more likely
to occur. The colloidal particles aggregate into a mass to
form flocs, which eventually precipitate. When the pH is
too high, the hydrogen ions generated by the hydrolysis of
the flocculant are neutralized by the OH". So the flocculation
performance is not exerted, resulting in deterioration of the
flocculation effect.

3.3.3. Effects of G™ on flocculation efficiency

As shown in Fig. 14, the removal rate of turbidity incre-
ased as G value increased and decreased after reaching the
maximum value. The removal rate of turbidity by PMAD,
PAM and PAFC at G value 500 s™ was 94.9%, 91.9% and 80.9%,
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respectively. The removal rate of algae cell concentration
increases with G value, and decrease after reaching the max-
imum value. When the removal effect of algae cell concentra-
tion is optimum. At this time, the removal rate of algae cell
concentration by PMAD, PAM, and PAFC at G value 300 s
was 99.7%, 98.9% and 99.6%, respectively. The removal rate of
Chl-a increases with the increase of G value decreases slowly
after reaching the maximum value. When G is 500 s7, the
removal rate of Chl-a by PMAD and PAFC were 81.2% and
75%, respectively. When G is 400 s, the removal efficiency
of Chl-a by PAM was 69.2%. In addition, the flocculation
effect of PMAD is slightly better than that of PAFC, which is
obviously better than that of PAM at the same G value.

These results may cause by the following reasons. The
first is that the colloid in the sample water cannot fully con-
tact with the flocculant with low stirring speed. This leads to
the situation that the flocculant is not easy to form. Besides,
the pressure in the fluid is small, so the structure of the air-
bag cannot be damaged easily [45]. Furthermore, the struc-
ture of the airbag adjusted to re-suspend the algae after the
algae settle. So the flocculation performance is weakened.
As the stirring speed increases, the flocculant collides with
the colloidal substance. The long-chain structure of the floc-
culant exerts the adsorption bridge effect so that the tiny
particles in the water aggregate into large flocs and then
settle. When the stirring speed is too fast, the rapid rotation
of the stirring paddle will cause the flocs generated during
flocculation to be broken, which affects the sedimentation
of the flocs. And the adsorption bridging during the floc-
culation process produces a larger floc with a large specific
surface area [46]. And some flocs are easily resuspended,
resulting in a relatively low removal rate of turbidity, Chl-a
and algae cell concentration.

4. Conclusion

In this study, a high-molecular flocculant PMAD was
synthesized by using the UVS-initiated method with MCS,
AM, and DMDAAC as monomers. The optimal synthesis
conditions were explored. The contents of the experiment
included monomer concentration, MCS concentration, mon-
omer ratio, Initiation time, photoinitiator concentration.
The experimental results showed that the optimal synthesis
condition were that: the monomer concentration 12.5%, the
percentage of maleated chitosan 10%, mMSC:mAM:mDM-
DAAC = 1:5:4, the photoinitiator concentration 0.3%, and
the illumination time 120 min. Percentage yield of the final
product PMAD is 90%-95%. SEM characterization indicated
that PMAD has a porous, layered structure. The algae-
containing wastewater was treated with the polymer synthe-
sized under these conditions, and the optimal flocculation
conditions were investigated. The removal rates of turbidity,
Chl-a and COD were measured under different dosages,
G values and pH conditions. The experimental results showed
that When the PMAD dosage was 6 mg L™, the pH was 8,
and the G value was 400, the coagulation effect is the best.
At this time, the removal rate of turbidity, OD 680, Chl-a by
PAMD at dosage 6 mg L7, pH 8, and G value 400 s was
94.9%, 99.7% and 81.2%, respectively. Through the study
of zeta potential, it was found that the flocculation mech-
anism of PMAD was mainly the function of the adsorption

bridge and charge neutralization. The synthetic flocculant
has better flocculation capacity on algae-containing waste-
water than the commercially available flocculant and has
good prospects for removal of algae-containing wastewater.
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