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Abstract

Two new chitosan-grafting copolymers (chitosan-g-PAM-AA and C-chitosan-g-PAM-AA) as sludge conditioners (floccula-
tion and aggregation) have been prepared by employing ceric sulfate as a free radical initiator under nitrogen atmosphere
in aqueous solution. The optimum condition for synthesizing chitosan-grafting copolymer was determined by orthogonal
experiments. The structure, morphology and property of the obtained graft polymers were characterized by FT-IR, XRD,
SEM, TGA and contact angle. Further, the municipal activated sludge dewatering performance of the synthesized copolymers
was evaluated by the filter cake moisture content. Herein, the effects of pH value and dewatering temperatures of activated
sludge, loading dosage or cationic degree of C-chitosan-g-PAM-AA on the filter cake moisture content were investigated.
The synthesized amphoteric flocculant C-chitosan-g-PAM-AA showed a highly effective flocculation capability for activated
sludge compared with chitosan-g-PAM-AA, chitosan, polyacrylamide (PAM). Also, the lowest filter cake moisture content

was up to 61.41%.
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Introduction

As countries urbanization and industrialization speeding up,
the yield of the sludge increases year by year. There con-
tains above 95% water in the sludge. The moisture content
of sludge directly affects the environment due to enriching in
heavy metals and refractory organic compounds [1, 2], and
increases the cost of the sludge disposed. Flocculation is a
method of sludge dewatering or coordinating by agglomer-
ating solid, which materially improved the dewatering rate
of many types of sludge, including those used in mining,
papermaking, wastewater treatment, and oil-field applica-
tions [3-5]. Recently, polymeric flocculants with aggregate
properties (chain length, charge density, branching, etc.)
were increasingly used for the aggregation of sludge due to
their high dewatering efficient.

Chitosan chemically prepared by N-deacetylation of
naturally-occurring chitin is nontoxic, biodegradable and
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biocompatible, which have been widely applied in biomedi-
cine, pharmacology and water treatment [6-9]. Especially,
there are plenty of amino groups (-NH,) and hydroxyl
groups (—OH) in chitosan’s molecular structure [6]. The
active amino groups (-NH,) in chitosan molecule could be
protonated with H* in water [10], which exhibited prominent
static attraction and adsorption. However, natural chitosan
applications were limited because of its poor solubility and
hydrophilicity. So far, many modification methods have been
reported, such as etherification, esterification, advanced oxi-
dation, ultrafiltration/microfiltration, crosslinking and graft
copolymerization with the hydrophilic group on the chitosan
backbone [11, 12]. Among these modification methods, graft
polymerization was a conventional and effective method to
improve chitosan performance [11]. The literatures had
respectively reported on the synthetic graft copolymeric
flocculants of acrylamide (AM) [13-16], acrylic acid (AA)
[17, 18], N,N-di-methyl-N-methacryloxyethyl-N-(3-sulfo-
propyl) ammonium (DMMSA) [19], (2-methacryloyloxye-
thyl) trimethyl ammonium chloride (DMC) [20] or both AM
and N,N-dimethyl diallyl ammonium chloride (DMDAAC)
were grafted onto chitosan [19]. Moreover, it was reported
that polyacrylamide and PAA was water-soluble polymer
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with high flocculating efficiency [21]. Therefore, grafting
PAM and PAA onto chitosan might improve the flocculating
performance and increase the solubility of chitosan. Also,
the effect of polymers on colloidal stability was mainly due
to adsorption, bridging and electrostatic attraction of mac-
romolecules on particle surfaces [22-24].

It is known that sludge colloids in water are usually nega-
tively charged. Cationic copolymers were typically used for
sludge flocculation and dewatering in wastewater treatment
because of their charge neutralization [25, 26]. Therefore,
chitosan was modified by introducing a cationic group to
graft chitosan, which played a significant role in sludge floc-
culation and dewatering. This is because the charge units
or cationic centers in these polymers were concentrated on
several sections along the backbone of the polymer chain
to form charge clusters. According to neutralization and
chain bridging adsorption mechanism of flocculation, such
a copolymer might be an efficient flocculant of sludge dewa-
tering. Wherein, quaternization [18, 27] and addition reac-
tion [19, 28] were the simple and efficient ways to improve
the positive charges of polymers. Consequently, copolym-
erization of AA, AM, cationic monomer DMDAAC and chi-
tosan were suggested to improve the flocculation capacity
and extend the application area of chitosan. Additionally, it
is reported that the amphoteric flocculants had wonderful
dewatering performance for various sludges and resulted in
the low filter cake moisture content (FCMC) [29, 30].

In this paper, the grafting of AM and AA onto chitosan
(Scheme 1) and grafting of DMDAAC, AM and AA onto
chitosan (Scheme 2) using ceric sulfate as redox initia-
tor in acetic acid solution were explored referring to the
proposed initiating mechanism on chitosan-g-PDMDAAC
[25]. Thus, the obtained copolymers were expected to pos-
sess satisfying sludge conditioning performance. Herein,
their dewatering performances were investigated by

detecting FCMC. Their structure, morphology and ther-
mostability along with hydrophilicity were characterized
by infrared spectroscopy (IR), X-ray powder diffraction
(XRD), scanning electron microscopy (SEM), thermo-
gravimetric analysis (TGA) and contact angle testing.
To the best of our knowledge, the grafting reaction start-
ing from chitosan, AM and AA or chitosan, AM, AA
and DMDAAC, and the obtain copolymer were further
used in the activated sludge conditioning process, which
have not been reported by far. In view of the flocculants
could be tailored to give a desired filtration rate or the
filter cake moisture content (FCMC), flocculation char-
acteristics about AM and AA grafted chitosan polymers
(chitosan-g-PAM-AA, anion copolymer), cationic grafted
chitosan polymers (C-chitosan-g-PAM-AA, amphoteric
copolymer), PAM and chitosan were studied. It suggested
that DMDAAC group on C-chitosan-g-PAM-AA played
an important role in sludge dewatering under the same
conditions.

Materials and Methods
Materials

Biochemical reagent grade chitosan (deacetylation degree
80-95%, viscosity 50-800 mPa s) and PAM (non-ionic,
molecular weight 5—-6 million) were purchased from Sin-
opharm Chemical Reagent Co. Ltd, Shanghai, China. All
other chemicals were of reagent grade and were used with-
out further purification. The activated sludge is from the
Changchun city sewage treatment plant in Jilin province,
China (pH~ 6.5, and solid concentration < 5%).
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Scheme 2 The grafting polymerization fragment of C-chitosan-g-PAM-AA

Synthesis

Synthesis of the Graft Chitosan Polymer
Chitosan-g-PAM-AA

Chitosan-g-PAM-AA was synthesized which is described
in Scheme 1. Referring to the literatures [14, 31], grafting
reactions were carried out in 250 mL three-necked flask by
first dissolving an exact amount of chitosan in 1% acetic acid
solution followed under N, atmosphere. Subsequently, the
mixture was treated with a predetermined amount of ceric
sulfate solution for 20 min to facilitate free radical formation
on chitosan. Finally, the mixed solution of AM and AA was
added and the polymerization proceeded at a certain tem-
perature. After reacting for 3-5 h, the polymerization was
stopped. Slurry was precipitated in absolute ethyl alcohol.
The product was filtered and washed with 3 x 10 mL ethyl
alcohol and 3 x 10 mL distilled water, respectively. The fil-
tered product was dried in vacuum oven at 50 °C for 4 h.
The homopolymer was purified by Soxhlet extraction using
alcohol and ethylene glycol as solvent, and dried at 50 °C
for 12 h. Thus, the desired product chitosan-g-PAM-AA was
synthesized.

Synthesis of the Cationic Graft Chitosan Polymer
C-Chitosan-g-PAM-AA

C-chitosan-g-PAM-AA was synthesized as described in
Scheme 2. On the basic of the optimum reaction condition
for synthesizing chitosan-g-PAM-AA, different amount of

DMDAAC were introduced the above reaction. The grafting
copolymer C-chitosan-g-PAM-AA was also obtained.

The grafting copolymerization parameters, percent graft-
ing (PG) and grafting efficiency (GE) were calculated from
the following Eqs. 1 and 2 according to the reported proce-
dure [13].

W, - W,

0

PG = x 100% €))

Wi
GE = — x 100% )
W,
where W,,, W, and W, are the weight of chitosan, graft copol-
ymer and monomer, respectively.

Characterization

FT-IR spectra were determined as KBr pellets using a
Shimazdu IRAffinity-1 instrument (Japan) in the range
of 4000-500 cm™!. SEM of chitosan and graft copolymer
was collected with a SEM SU8000-Series from HITACHI
(Japan), at 1.5 kV. The crystal phase of chitosan and graft
copolymers were characterized by XRD (XRD-6100, Shi-
madzu, Japan) equipped with graphite monochromatized Cu
Ka radiation (A= 1.54056 A), employing a scanning rate of
6°/min, in the 260 range from 10° to 60°. The TGA curve
was obtained with a synchronous thermal analyzer (SDT-
Q600, TGA, USA) under nitrogen atmosphere with a 10 °C/
min heating rate from room temperature to 800 °C. The
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hydrophilicity was characterized by testing the contact angle
between water and the corresponding surface of chitosan
or chitosan grafted compound with a contact angle testing
apparatus (DSA 25, KRUSS GmBH, Germany). The cati-
onic degree (CD) of C-chitosan-g-PAM-AA was determined
by bottom titration referring to the reported literature [32].

Flocculation Studies

The dewaterability of grafted polymer to the activated sludge
was determined by investigating FCMC [1, 33]. Sludge
(50.0 g) was added to a 100 mL glass reactor equipped with
a temperature controller and a mechanical stirrer, and pH of
sludge was adjusted by adding HCI (1.0 mol L™") or NaOH
(1.0 mol L™"). Then, the dewaterability of flocculant was
respectively evaluated at a constant speed of 100 rpm for
30 s, followed by a slow stirring at 40 rpm for 5 min and the
obtained slurry precipitated for 20 min then was filtered by
vacuum. Sequentially, the cake was removed and dried in an
oven at 105 °C until a stable weight was obtained. FCMC
was calculated according with Eq. 3 [33].

W, —W
%FCMC = % x 100

1

3

where W is the weight of wet filter cake after filtration and
W, is the weight of filter cake after drying to constant weight
at 105 °C for 4 h.

Results and Discussion
Orthogonal Experiment

The flocculants played an important role in sludge condi-
tioning process. The natural polymer chitosan is closely
concerned due to its good bactericidal and relative floccula-
tion. To explore the application in sludge conditioning pro-
cess, the polymerization of chitosan grafting AA, AM and
DMDAAC was studied. Herein, initiator concentration, AA/
AM molar ratio, reaction temperature and reaction time were
important factors influencing PG and GE. The orthogonal
experiment was a good method for finding optimal reac-
tion condition as well as saving time and reducing resource
[15, 17]. In the present work, orthogonal experiments were
carried out at three levels for each factor. The experimental
results and analytical data for experimental results are listed
in Table 1. The values of }/3 represent average value of PG
or GE for three different experiments at each level of a fac-
tor, respectively. A high value of }/3 indicates that PG or
GE is high at a level of a factor. A Represents the difference
between the maximum value and minimum value at PG or
GE of a factor. A higher value of A indicates that the effect
of the factor on PG or GE is higher.

It is seen from Table 1 that the effect order of factors
on PG and GE were identical and as follows: initiator con-
centration > reaction temperature > reaction time > AA/AM
molar ratio. Therefore, initiator concentration had the great-
est influence and AA/AM ratio had the smallest influence.

Table 1 The grafting degree

. . Levels of each  Initiator con-  AA/AM ratio Reaction tem- Time (h) PG (%) GE (%)
anfi grafting efficiency of the variables centration (molar ratio) perature (°C)
chitosan analyzed results %1073
(mg L™

1 0.25 2:1 40 3 82.60 36.52
2 0.25 1:1 50 4 82.61 36.53
3 0.25 1:2 60 5 241.10 68.22
4 0.37 2:1 50 5 102.74 40.55
5 0.37 1:1 60 3 310.60 82.12
6 0.37 1:2 40 4 72.60 34.52
7 0.50 2:1 60 4 210.07 62.01
8 0.50 1:1 40 5 293.40 78.68
9 0.50 1:2 50 3 313.60 82.72
>pc 1373 135.44 131.80 149.50 235.60

Yoe 13 47.09 46.36 4991 67.12

> G 2i/3 161.98 228.87 166.30 121.76

YoE 2i/3 52.40 65.78 53.27 44.35

e 333 272.36 209.10 253.92 212.41

>oE 3i3 74.47 61.82 70.78 62.48

Apg 136.92 97.07 104.42 113.84

Agg 27.38 19.42 20.87 22.77
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The optimized reaction condition was as follows: initiator
concentration 0.50x 1073 mg L~!, AA/AM molar ratio 1:1,
reaction temperature 60 °C and reaction time 3 h. The opti-
mum reaction condition of the experiment was repeated
thrice. The average PG and GE of chitosan-g-PAM-AA
obtained were 358.30% and 91.66%, respectively.

In the experiment, it is found that a high concentration of
initiator might initiate a larger number grafting sites which
resulted in higher grafting degree. Simultaneously, PG and
GE increased with reaction temperature increased. Because
the increase of reaction temperature resulted in grafting sites
generating at greater rate as well as accelerating the diffu-
sion and mobility of the monomers from the aqueous phase
to the backbone [34].

In addition, C-chitosan-g-PAM-AA was synthesized by
adding different amount of DMDAAC to the above reaction
mixture under the optimum reaction condition for synthesiz-
ing chitosan-g-PAM-AA. The obtained experiment results
are summarized in Table 2. The average PG, GE and cati-
onic degree (CD) of C-chitosan-g-PAM-AA obtained were
336.67%, 87.33% and CD 13.47% (added 20% total mono-
mer), 291.67%, 78.33% and CD 19.83% (added 30% total
monomer), 280.00%, 76.00% and CD 27.48% (added 40%
total monomer), respectively. The reason of the decrease
PG and GE was reduce the collision probability among the
monomers molecules with increasing monomer loading.

Characterization
Infrared Spectroscopy Analysis

FT-IR of chitosan and graft copolymers is showed in Fig. 1.
In FT-IR spectra of chitosan, the bands of 2914 cm™' and

Table 2 The obtained experiment results

DMDAAC loading PG/% GE/% CD/%
20%
1 300.00 80.00 13.97
2 330.00 86.00 13.76
3 320.00 84.00 13.65
/3 316.67 83.33 13.79
30%
1 290.00 78.00 19.93
2 295.00 79.00 19.82
3 290.00 78.00 19.74
/3 291.67 78.33 19.83
40%
1 280.00 76.00 27.46
2 275.00 75.00 27.32
3 285.00 77.00 27.51
Y73 280.00 76.00 27.43

Transmittance (%)

1

L | L L 1 : 1 s 1 s 1 s
4000 3500 3000 2500 2000 1500 1000 500

Wavenumbers (cm’™)

Fig. 1 IR of chitosan (a), chitosan-g-PAM-AA (b) and C-chitosan-
g-PAM-AA (¢)

2866 cm™', 1080 cm™! were attributed to the C—H stretch-
ing vibration and C-O stretching vibration of the primary
alcohol, respectively. Absorption band at 1166 cm™" was
ascribed to anti-symmetric stretching of C—O-C bridge,
1072 cm™! and 1026 cm™" were ascribed to skeletal vibra-
tion involving C-O stretching, which were characteristics of
its saccharide structure (Fig. 1a) [35, 36]. The strong peaks
around 3415 cm™! was attributed to the stretching vibra-
tion of O-H, the extension vibration of N-H, and intermo-
lecular hydrogen bonds of the chitosan. Band at 1654 cm™!
was attributed to residual acyl group. However, band at
1589 cm™! was attributed to bending vibration peak of pri-
mary amine N-H in chitosan, which was disappeared in
the grafting copolymer chitosan-g-PAM-AA (Fig. 1b) and
C-chitosan-g-PAM-AA (Fig. 1c). The additional peak about
1671 cm™! (Fig. 1b) or 1669 cm™' (Fig. 1b) and 1535 cm™"
were attributed to C=0 stretching vibration, and C-N
stretching vibration along with N-H bending vibration of
PAM. Bands around 1610 cm™' and 1556 cm™! (Fig. 1b),
1537 cm™! (Fig. 1c) and 1407 cm™! (Fig. 1b), 1424 cm™!
(Fig. Ic) were ascribed to asymmetrical COO ~ stretching
and symmetrical COO ~ stretching vibration. The peaks
at around 896 and 615 cm™! were also characteristic of
PAA [17, 18]. It suggested that PAA have formed corre-
sponding salts in (Fig. 1b, ¢) [37, 38]. Besides, the band
over 1700 cm™! respectively presented in Fig. 1b, ¢, which
were attributed to C=0 on alkyl ketone, carboxylic acid.
In Fig. 1c, band around 1645 cm™! and 3037 cm™' might
be respectively ascribed to stretching vibration absorption
peak of C=C and =C-H on DMDAAC. The peak (around
3564 cm™!) widen, which was ascribed to free hydroxyl of
chitosan, free amino group of chitosan and PAM have red-
shifted. The new peaks (2948 cm™' and 2881 cm™!) were
due to the introduction of CH; in DMDAAC. A new peak
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2081 (Fig. 1b) and 2090 cm™~! (Fig. 1c) was ascribed to the
formation of C=NH™ groups [39]. In conclusion, the graft-
ing reaction was inferred from the reported reaction mecha-
nism [40, 41]. It indicated that the graft copolymer copoly-
mer C-chitosan-g-PAM-AA have been synthesized, but its
structure was different with chitosan-g-PAM-AA.

XRD Patterns Analysis

X-ray diffraction spectra of chitosan, chitosan-g-PAM-AA
and C-chitosan-g-PAM-AA are showed in Fig. 2. The XRD
pattern of chitosan (Fig. 2a) showed two major peaks at
20=12° and 20=20°, respectively, which declared chitosan
was highly crystalline material. The reflection at 20=12°
was put down to hydrated crystals of low crystallinity and
corresponded to form I, while reflection at 26 =20° was
identified as representative of the equivalent of form II [42,
43]. The XRD spectra of chitosan-g-PAM-AA (Fig. 2b)
showed evident crystalline peaks compared with that of
chitosan. Chitosan-g-PAM-AA showed the peak at 20=12°
and a single broad absorption at 20° decreased drastically.
It suggested that chitosan-g-PAM-AA samples became
almost amorphous and hydrogen bonding ability of chitosan
reduced after grafting of monomers onto chitosan backbone
[13]. This would efficiently break the regularity of chitosan
chains, which resulted in formation of amorphous copolymer
[44]. The XRD spectra of grafted chitosan (Fig. 2c) showed
peak at 20=12° disappeared while broad absorption at
20° ascribing to the crystallinity of chitosan sequentially
decreased and many crystalline areas between 20 =25-35°.
This was due to monomer DMDAAC, AM and AA grafting
onto chitosan backbone, while no such peaks were visible in
XRD of chitosan itself [45]. Thus, Fig. 2b, c indicated that
monomer had grafted onto chitosan.

1200 + a
1000 —
800 —
600 —

400

200

Diffraction Intensity

10 20 30 40 50 60
2 Theta (deg)

Fig.2 XRD patterns of chitosan (a), chitosan-g-PAM-AA (b) and
C-chitosan-g-PAM-AA (c)
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SEM Patterns Analysis

It is evident from the SEM micrographs of chitosan, chi-
tosan-g-PAM-AA and C-chitosan-g- PAM-AA morpho-
logical changes (Fig. 3). Figure 3a, b are SEM images of
chitosan which were flaky. Figure 3c, d are SEM images of
chitosan-g-PAM-AA, wherein distinct morphological differ-
ences were discernible in their surface topography. They pre-
sented the clustered regular structure. Herein innumerable
thin column-like structure deposited over the visible surface.
It might be because AA grafted onto chitosan formed salt
with —-NH, protonized on chitosan chain or sodium ion in the
reaction system to make it thin column-like structure, How-
ever, it was irregular deposited, which resulted in the cor-
responding XRD pattern of chitosan-g-PAM-AA decreasing.
C-chitosan-g-PAM-AA (Fig. 3e, f) showed the appearance
of clustered irregular beads [45, 46]. It was concluded that
DMDAAC, AM and AA had grafted onto chitosan by com-
paring Fig. 3e, f with Fig. 3c, d, these conclusions were
consonant with that of the corresponding XRD pattern.
C-chitosan-g-PAM-AA (Fig. 3e, f) showed the appearance of
clustered irregular beads [45, 47], which made C-chitosan-
g-PAM-AA possess a larger specific surface area. It was
helpful to advance sludge dewatering.

Thermogravimetric Analysis

The wt% variation of chitosan, chitosan-g-PAM-AA and
C-chitosan-g-PAM-AA with heating temperature is shown
in Fig. 4. Obviously, chitosan had higher thermal stability
than chitosan-g-PAM-AA and C-chitosan-g-PAM-AA. As
was obtained in previous investigations [48, 49], the weight
losses at 50—170 °C was attributed to the process in PAA
forming anhydride with the evolution of water or related
to the elimination of water adsorbed and bound to the salt
in chitosan-g-PAM-AA. However, in the TGA curve of
C-chitosan-g-PAM-AA, the weight loss was lower than that
of chitosan-g-PAM-AA, which was ascribed to quaternary
ammonium salt DMDAAC decomposition. The weight
losses at 200-500 °C was assigned not only to the forma-
tion of Na,COj; [48, 49] (PAA) but also to the corresponding
loss of ammonia and water by imidization and dehydration
[50] (PAM) but also to main chain (chitosan, PAM, PAA and
DMDAAC) degradation. Above 500 °C the mass loss was
almost negligible.

Hydrophilicity Analysis

Contact angle is a most important parameter to evaluate
the material surface hydrophilicity (wetting property)
[51]. The material hydrophilicity directly influences
on its solubility in water. Herein, the determinand was
pressed into slice under 30 MPa pressure, and the water
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SUS000 1:5kV 8.

Fig. 3 SEM images of chitosan (a, b), chitosan-g-PAM-AA (¢, d) and C-chitosan-g-PAM-AA (e, f)

wetting property to slice was tested (Fig. 5). The results
are summered in Table 3. As was shown Table 3, contact
angle of Chitosan (83.0°), chitosan-PAM-AA (75.9°) and
C-chitosan-PAM-AA (68.3°) was gradually decreased as
PAM, PAA and PAM, PAA, DMDAAC grafted to chi-
tosan, which indicated their hydrophilicity was as follow-
ing: C-chitosan-PAM-AA > chitosan-PAM-AA > chitosan.
It suggested that the water solubility of C-chitosan-PAM-
AA was maybe the strongest, chitosan was the poorest.
Also, in the experiment, it is found that C-chitosan-PAM-
AA and chitosan-PAM-AA were easily dispersed in the

water, while chitosan was difficultly to be dispersed and
floated on the surface of the water.
Flocculation Experiment

Effect of the Dosage on the Sludge Dewatering
Efficiency

The effects of flocculants dosage on the flocculating
properties of chitosan, PAM, chitosan-g-PAM-AA and

@ Springer



282 Journal of Polymers and the Environment (2019) 27:275-285
Table 3 Contact angle of the different sludge conditioner
1004 -
hitosan Entry Sample Contact angle (°)
chitosan-g-PAM-AA . ]
80 - C-chitosan-g-PAM-AA Left Right Mean
= 1 Chitosan 83.4 82.6 83.0
f:; 60 - 2 Chitosan-PAM-AA 76.6 75.1 75.9
9 3 C-chitosan-PAM-AA 68.2 68.4 68.3
=
40 \
86
204 84 ] c
v T ¥ T v T v T v T v T v 82 —_
0 100 200 300 400 500 600 700 80
Temperature (°C) o] d
S 78
. , . . Qo 76 .
Fig.4 TGA of chitosan, chitosan-g-PAM-AA and C-chitosan- P ]
g-PAM-AA O 744 g
724
. . . . 70 ] //////
C-chitosan-g-PAM-AA were investigated (Fig. 6). As 68 -
shown in Fig. 6, chitosan, chitosan-g-PAM-AA and C-chi- ]
tosan-g-PAM-AA all initially decreased slowly, decreased 66 . . : . ' . , . '
rapidly, increased slightly, and then increased more rap- 30 35 40 45 50

idly. In lower dosages situations, it is difficult to execute
electrical neutralization because of insufficient charge,
leading to weak bridge-aggregation. When the dosage was
40 mg L™!, FCMC after sludge dewatering reached the low-
est 72.58% (chitosan), 68.71% (chitosan-g-PAM-AA) and
66.43% (C-chitosan-g-PAM-AA), respectively. Also, the
dewatering efficiency of C-chitosan-g-PAM-AA was best
followed by chitosan-g-PAM-AA and then chitosan. This
possible reason was that: (1) C-chitosan-g-PAM-AA bear-
ing cation along with a clustered irregular beads structure
of chitosan-g-PDMDAAC were useful in improving the
charge-neutralizing and bridging adsorption ability to sludge
dewatering [1, 52, 53]; (2) the flexible polyacrylamide chain
grafted onto the inflexible chitosan backbone sequentially
increased chitosan flexibility, which was contribute to bind-
ing intensity between flocculants and colloids [13]. There-
fore, re-dispersion rooting in the competition of bridging and

Fig.5 The contact angle testing

Dosage (mg/L)

Fig.6 The effect of dosage of C-chitosan-g-PAM-AA (a) chitosan-
g-PAM-AA (b), chitosan (c) and PAM (d)

charge neutralization could be avoided to some extent [54].
Nonetheless, superfluous dosages resulted in the floccula-
tion efficiency decreasing. This maybe is because the repul-
sion force of residual positive charge led to sludge system
instability after neutralizing the negative charge of sludge
colloids. As a consequence, FCMC increased. But, PAM
showed decreased slowly, then, leveled off. When the dos-
age of PAM was 40 mg L™!, FCMC after sludge dewatering
reached the lowest 77.06%, because PAM did not possess
charge-neutralizing ability to the negative charge of sludge
colloids. The dewatering performance of chitosan and chi-
tosan-g-PAM-AA were superior to PAM because of amino
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group on chitosan and chitosan-g-PAM-AA might adsorb
negative charge.

Effect of pH Value and on the Sludge Dewatering
Efficiency

It is reported that acid or alkali might lead to the sur-
face properties of the sludge flocculation changed [53,
55]. However, the effects of the activated sludge pH value
on the flocculating performance of chitosan and PAM
have been reported in our previous work [53]. Figure 7
shows the effects of the activated sludge pH value on
the flocculating performance of C-chitosan-g-PAM-AA
and chitosan-g-PAM-AA. Herein, they display similar
profiles, and their sludge conditioning performance was
gradually increased in turn chitosan-g-PAM-AA (Fig. 7b)
and C-chitosan-g-PAM-AA (Fig. 7a). It mainly depended
upon cationic charge neutralization. Their FCMC ini-
tially slightly decreased, slowly decreased when the
pH changed from 2.0 to 4.0, then 6.0 and respectively
reached minimum 69.97% (chitosan-g-PAM-AA), 67.34%
(C-chitosan-g-PAM-AA) at pH 6.0, then FCMC rapidly
increased when pH increased from 6.0 to 10.0. In short,
C-chitosan-g-PAM-AA exhibited better sludge flocculat-
ing dewatering properties than that of chitosan-g-PAM-
AA under weak acid condition. The main reason is that:
(1) excessive hydrogen ions repulsed the positive charges
of the polymer, which made the electrostatic attraction
between the positively charged C-chitosan-g-PAM-AA and
the negatively charged colloids in the sludge be weakened
(pH 2-5); (2) the effect of charge neutralization between
C-chitosan-g-PAM-AA flocculant and sludge with nega-
tive surface charges led to sludge aggregation and settle-
ment (pH 5-7) [22]. However, Under alkali conditions,
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Fig.7 The pH effect of C-chitosan-g-PAM-AA (a), chitosan-g-PAM-
AA (b) at dosage of 40 mg L™!

the positive charges of DMDAAC grafted onto chitosan
chains took preference to neutralize with hydroxyl ion
along with the ionized carboxyl group [13, 28], which
weakened their charge neutralization abilities for nega-
tive colloid particles. Especially, when pH exceeded 9,
the sludge dewatering became more difficult, and FCMC
rapidly increased. Besides, the flocculation of chitosan-
g-PAM-AA was lower than that of C-chitosan-g-PAM-AA,
which attributed to the fact that re-dispersion resulted from
charge reversion in addition to the competition of bridging
and charge neutralization [56, 57].

Effect of Temperature on Dewatering Performance

It is known that the temperature of raw sludge was impor-
tant to flocculating effects on actual sludge dewater-
ing. Figure 8 exhibits FCMC at natural pH in dosage of
40 mg L~! of flocculants at various temperatures (ranging
from 0 to 35 °C). It was clear that FCMC decreased as
temperature of raw sludge increased under same loading of
different flocculants after the activated sludge was dewa-
tered. FCMC was lowest at 35 °C (C-chitosan-g-PAM-
AA: 61.41%). This might be because a higher tempera-
ture resulted in the increase of sludge colloids movements
and collision to generate easily larger particles. Also, the
increase of temperature was beneficial to bridging floc-
culation effects. Both of them resulted in the decrease of
FCMC [15]. FCMC was lower when C-chitosan-g-PAM-
AA was added into activated sludge compared to that of
chitosan and chitosan-g-PAM-AA under the identical
temperature. The result mainly resulted from the charge
neutralization of C-chitosan-g-PAM-AA.
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Fig. 8 Flocculation performance of chitosan (a), chitosan-g-PAM-AA
(b) and C-chitosan-g-PAM-AA (c) at 0 °C, 10 °C, 20 °C, 30 °C and
35°C
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Effect of CD and PG of Polymer Flocculants
on Dewatering Performance

Furthermore, the effects of CD of polymer flocculants on
sludge dewatering were researched under the same con-
ditions. FCMC decreased with the increase of CD from
72.17% (CD 13.76%; PG 330%) to 66.43% (CD 19.82%;
PG 295%), then slightly decreased 65.61% (CD 27.51%; PG
285). It might be due to cooperative effects of bridging floc-
culating and charge neutralization mechanisms of polymer
flocculants. On the one hand, based on bridging flocculating
mechanism, higher PG was beneficial to increase molecular
weight of flocculants, and improve its actual flocculating
capacity. On the other hand, the cationic groups of NH;* on
chitosan backbone would be efficiently shielded by longer
and more PAM and PAA branch chains. According to the
viewpoint of the charge neutralization mechanism, floccu-
lating performances would become bad. With PG increased
further, CD decreased, effects of charge neutralization
might be predominant, as a result the flocculating properties
decreased at last [16, 58]. In terms of the charge neutraliza-
tion flocculation mechanism, at a proper CD% of flocculants,
the negative charge on sludge colloid surface could be effi-
ciently neutralized and aggregated into sediments. However,
if CD of flocculants was too high, the literature indicated
that not all cationic sites of C-chitosan-g-PAM-AA were
accessible for interactions due to steric hindrances [58] and
the excessive cation would enwrap and re-stabilize suspen-
sion partially in water, which made the final flocculating
effects decrease.

Conclusions

Chitosan-grafting copolymer chitosan-g-PAM-AA was suc-
cessfully synthesized. The optimized grafting conditions of
synthesized chitosan-g-PAM-AA were obtained as follows:
initiator concentration 0.50 x 1073 mg L', AA/JAM molar
ratio 1:1, reaction temperature 60 °C and reaction time 3 h.
Furthermore, DMDAAC was introduced into the above
optimum reaction process, and successfully synthesized
C-chitosan-g-PAM-AA with different CD in better PG and
GE. Finally, the activated sludge treatment of the grafting
copolymers chitosan-g-PAM-AA and C-chitosan-g-PAM-
AA were investigated comparing with PAM and chitosan.
FCMC was found to be appropriate parameters for assess-
ing sludge dewaterability. Results indicated that the sludge
dewaterability appropriate loading dosage, pH value, tem-
perature was respectively 37.5-45.0 mg L™}, 4.5-7.0, and
15-35 °C. CD of C-chitosan-g-PAM-AA was important
factor for the flocculating effects. Besides, the grafting of
AM and AA onto chitosan backbone improved correspond-
ing solubility and structure of chitosan, thus made it more

@ Springer

convenient and effective to be used in activated sludge
dewatering. Meanwhile, the grafting of cationic monomer
(DMDAAC) onto chitosan backbone enhanced the cationic
properties of copolymer, further improved its flocculating
ability. The benefit of adding C-chitosan-g-PAM-AA was
demonstrated by improving both sludge filterability and
cake properties with FCMC significantly reduced. Moreo-
ver, the modification of natural polymers is ongoing in our
laboratory.
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