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ABSTRACT

A new cationic starch used as a sludge dewatering agent was prepared by grafting copolymer-
ization of degradation starch and dimethyldiallylammonium chloride (DMDAAC) using horseradish
peroxidase/H;0, initiation. Its chemical structure was characterized by FTIR, '"H NMR, '3C NMR, gel
permeation chromatography, graft percent, and graft efficiency. The results indicated that its structure
was built by grafting the DMDAAC oligomer onto the starch backbone as branched chains, with stronger
hydrophobic regions and higher cationic degree. The specific resistance of the filtration and capillary suc-
tion time of the sludge conditioned with the cationic starch decreased distinctly, and the sludge water
content could be reduced to 50.6% from 97.85%. The dewatering mechanism is proposed based on the sur-
face tension, zeta potential, and microstructure of sludge, which involves stronger hydrophobic regions
and cationic groups producing a porous structure within the sludge. The research results may provide
valuable ideas for developing high-performance sludge dewatering agents.

© 2013 Elsevier Ltd. All rights reserved.

1. Introduction

In recent years in China, together with the increasing pace of
urbanization and industrialization, huge amounts of sewage sludge
have been produced in municipal sewage and industrial efflu-
ent treatment. The sewage sludge has a high water content (WC;
95-98%), and has the nature of a hydrogel with greater fluidity,
resulting in it being more difficult to further treat and re-use.
Sludge dehydration should therefore be the first task for sludge
treatment, and the WC of the sludge should be reduced to below
60% so that it can be further processed. Although there are vari-
ous types of sludge dewatering equipment available, dewatering
agents are still indispensable additives in the sludge dewatering
process (Ali, Aeyed, & Seyed, 2013; Pal, Sen, Karmakar, Mal, & Singh,
2008). The most common dewatering agents are anionic poly-
acrylate, nonionic polyacrylamide, and cationic polyacrylamide
(CPAM) (Lin et al., 2012; Noppakundilograt, Nanakorn, Jinsart,
& Kiatkamjornwong, 2010; O’Shea, Qiao, & Franks, 2011). These
dewatering agents have poor dewaterability, and may produce sec-
ondary contamination. In addition, their synthetic raw materials
mainly depend on petroleum resources and inevitably face the
threat of resource exhaustion. Therefore, many researchers have
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recently focused on the use of natural polymers, such as starch
and chitosan, as biodegradable, renewable, and cost-effective
materials for the synthesis of flocculants. The development of
cationic starch, especially suitable for sewage flocculation and
sludge dewatering, has received considerable attention (Krentz
et al, 2006; Ma, Zheng, Tan, Liu, & Chen, 2013; Mishra,
Mukul, Sen, & Jha, 2011; Wang et al.,, 2012). Cationic starch
may be prepared by etherification or graft copolymerization
of starch and cationic monomers (Anthony & Sims, 2013).
The cationic monomers used for etherification are mainly 3-
chloro-2-hydroxypropyltrimethylammonium chloride (CTAC) or
2,3-epoxypropyltrimethylammonium chloride (ETAC) (Zou, Zhao,
Ge, Lei,&Luo, 2012). The etherifying reaction is carried out between
chlorine of CTAC or epoxy groups of ETAC and hydroxyl groups
of starch. The cationic monomers are bonded to the starch skele-
ton to form branched chains. At present, studies have mainly
focused on improving the dewaterability by increasing the degree
of substitution and graft efficiency (Kavaliauskaite, Klimaviciute, &
Zemaitaitis, 2008).

When cationic starch is prepared by grafting copolymerization,
the cationic comonomers are diallyldimethylammonium chloride
(DMDAAC) or 3-(methacryloylamino)propyltrimethylammonium
chloride (Ochoa et al., 2007). DMDAAC alone cannot form a poly-
mer due to its self-inhibition; generally, acrylamide (AM) is used as
a comonomer to form a copolymer with DMDAAC. CPAM is actually
a copolymer of AM and DMDAAC (p(AM-co-DMDAAC)). Therefore,
cationic starch is actually p(AM-co-DMDAAC) grafted on the starch
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skeleton to form starch-g-p(AM-co-DMDAAC). In recent years,
improving the flocculation effect and dewaterability by increasing
grafting percent (GP) and grafting efficiency (GE) using a suitable
initiator has become a hot topic of research. Gamma irradiation and
complex initiation by Ce(SO4),-K5S,0g or CO(NH> ), —(NH4),S,0g
have been investigated and have exhibited a significant effect (Lv
et al, 2013).

The determination of the molecular structure of cationic starch
is another difficult issue in this research field. Although there
are many advanced structural measurement techniques, such as
FTIR, NMR, and MS, its accurate molecular structure is still dif-
ficult to confirm due to the complexity of polymerization and
the difficulty in separation of products. Nowadays, the molecu-
lar structure of cationic starch can usually be characterized by the
FTIR, 'H NMR, and 13C NMR spectra of feature groups and struc-
ture (Randal & Shogren, 2013; Tawaki, Uchida, Maeda, & Ikeda,
2005).

Starch-g-p(AM-co-DMDAAC) has been used in sewage floccula-
tion and exhibited a good flocculation effect and cost effectiveness
(Pal, Sen, Karmakar, Mal, & Singh, 2008). However, using starch-g-
pP(AM-co-DMDAAC) as a sludge dewatering agent can lead to the
sludge forming a sticky gel, meaning that the sludge WC cannot
be reduced to below 60%. Therefore, improving the dewaterabil-
ity of cationic starch has become an urgent and arduous task.
The solution to this problem should be sought from the working
mechanism of flocculation and sludge dewatering. Flocculation is
a process of adsorption and bridging coagulation. The starch-g-
p(AM-co-DMDAAC) with long molecular chains and strong cationic
groups could produce strong adsorption and coagulation, so it has
stronger flocculation effects in sewage treatment. Sludge dewa-
tering is a process of water repelling and drainage, which differs
distinctly from that of sewage flocculation. Formation of hydropho-
bic regions within the sludge and further development into a
porous structure in a mechanical dehydrating process is the main
feature of the mechanism. The hydrophobic regions and porous
structure are the synergetic result of hydrophilic/hydrophobic
regions and cationic groups. Therefore, the ideal sludge dewa-
tering agent has not only hydrophilic groups for solubility and
dispersion, but also stronger hydrophobic groups for forming the
hydrophobic regions for building drainage channels. In starch-g-
p(AM-co-DMDAAC), the hydrophobic groups and cationic groups
are separated by hydrophilic nonionic AM units, so the hydropho-
bic groups cannot connect to form hydrophobic regions. Therefore,
the self-structure of starch-g-p(AM-co-DMDAAC) leads to its poor
dewatering capacity.

Based on the analysis above, a new cationic starch with an
ideal molecular structure for sludge dehydration was designed and
prepared by grafting oligomeric p(DMDAAC) onto the starch skele-
ton using a horseradish peroxidase (HRP) initiation system. The
oligomers are bonded to the starch as branched chains, which
consist of five- or six-membered rings of DMDAAC. The ring-
structure units connected directly may form large hydrophobic
regions and strong cationic regions. This molecular structure is
designed specifically for improving the sludge dewaterability of
the cationic starch. The special structure can only be built by
HRP initiation. HRP is a kind of enzyme-mediated initiator, its
outstanding features being a unique initiation mechanism and
structural controllability, as well as moderate reaction conditions
and high reaction efficiency (Anthony & Sims, 2013; Lv, Gong, &
Ma, 2012). The molecular structure was demonstrated by FTIR,
TH NMR, and 13C NMR spectroscopies. The sludge dewaterability
was investigated using the specific resistance of filtration (SRF),
capillary suction time (CST), and dewatering ratio of sludge. The
working mechanism was probed by investigation of the surface
tension, zeta potential, pore structure, and SEM images of the
sludge.

2. Experimental
2.1. Materials

HRP, with an activity of 2900Umg~! and M, of 3000, and
thermostable a-amylase, with an activity of 10,000Umg~! and
maximum suitable temperature of 94 °C, were bought from Beijing
Biosynthesis Biotechnology Company (Beijing, China). Cornstarch
was supplied by the Xi’an Starch Factory (Xi’an, China). Hydrogen
peroxide (H, 05, 30 wt%), DMDAAC, sodium bicarbonate (NaHCO3),
toluidine blue indicator, potassium polyvinyl sulfate (PVSK), and
methanol were supplied by the Xi'an Chemical Reagent Factory
(Xi’an, China).

The municipal sewage and sludge came from the aerated grit
chambers and secondary settling tanks, respectively, of urban
sewage treatment plants (Xi'an, China). The important parame-
ters of the sewage sludge were as follows: pH 7.53; zeta potential,
—243mV; SRF, 7.53 x 1013 mkg~!; CST, 76.53s; water content,
97.85%; total solids, 2.15%; organic matter, 53.6% dry basis; total
nitrogen content, 2.79% dry basis; and total phosphorus, 2.61% dry
basis.

The control samples were CPAM and starch-g-p(AM-co-
DMDAAC). CPAM was prepared by copolymerization of 20g
of AM and 15g of DMDAAC using (NHs3);S,0g initiation. The
cationic degree (CD) was 41.5%. The My, and M,, were 85,427 and
72,395, respectively. Starch-g-p(AM-co-DMDAAC) was synthesized
by graft copolymerization of 10 g of starch, 10 g of AM, and 19 g of
DMDAAC using Ce(SOg4),-K5S,0g initiation. The CD was 39.4%, and
M, and My were 164,562 and 127,567, respectively.

2.2. Preparation of starch-g-p(DMDAAC)

Amounts of 25 g of starch and 0.01 g of thermostable ac-amylase
were placed into a three-neck round-bottom flask with 75g of
deionized water under stirring. Then, the mixture was heated and
kept at 90°C for 2 h. This was then cooled to 35 °C, with the prod-
uct being degraded starch. Then, 25g of DMDAAC was added to
the degraded starch solution and the pH value adjusted to 7.0 with
NaHCOs, with the temperature being kept at 45 °C. Then, a certain
amount of HRP was added at once, and H,0, was added dropwise
for 1 h. After adding the H,0,, the reaction was continued at 45°C
for 6 h. The final product was starch-g-p(DMDAAC).

2.3. Structural characterization of starch-g-p(DMDAAC)

2.3.1. FTIR and NMR spectra

FTIR spectra were obtained using an EQUINOX-55 FTIR spec-
trometer (Bruker, Germany). The samples were purified by
precipitation and washing with methanol.

The 'H NMR and '3C NMR spectra were obtained using an
INOVA 400 MHz spectrometer (AVANCE III, Switzerland). The sam-
ples were purified, dried, and then dissolved in deuterated dimethyl
sulfoxide (DMSO).

2.3.2. Gel permeation chromatography

M, My, and polydispersity index (PDI) were measured using a
gel permeation chromatograph (model 2414, Waters, USA). Sodium
azide solution (0.10molL~1) was utilized as the carrying phase
at a flow rate of 1mLmin~! at 40°C. The standard sample was
poly(ethylene glycol). The samples were purified following the
same procedure as before.

2.3.3. Cationic degree

The CD was determined by colloid titration. Cationic starch
(0.02g) was accurately weighed in a 250 mL Erlenmeyer flask
with 100 mL of deionized water. Then, the solution pH value was
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adjusted to 3 with diluted HCl solution (0.1 mol L-1), and 2-3 drops
of toluidine blue (0.1%) were added as an indicator. This was then
titrated with PVSK standard solution (0.025 molL~1), with a pur-
ple color indicating the titration endpoint. This experiment was
repeated three times, and the data averaged. The CD can be calcu-
lated from the following equation:

161.5 x 0.5 x (V — Vo)
1000 m

where V and Vj are the volumes of PVSK standard solution-titrated
samples and blank samples (mL), respectively, m is the mass of the
sample, 161.5 is the molar mass of the cationic monomeric unit,
and 0.5 is the molar concentration of the PVSK standard solution
(molL-1)

CD = x 100% (1)

2.3.4. Graft percent and graft efficiency

A purified sample was ground to a powder (W, ), then extracted
for 12 hin a Soxhlet extractor using a mixture of acetone and glacial
acetic acid (1:1, v/v), and ungrafted p(DMDAAC) and unreacted
monomers were removed. The purified starch-g-p(DMDAAC) was
dried at 100°C to a constant weight (W, ). The masses of starch and
DMDAAC are Wy and Wy, respectively. GP and GE were calculated
using the following equations:

W, i

GP = {72 x 100% 2)
W, — W i

GE o * 100% 3)

2.4. Sewage flocculation effect

The flocculation effect was evaluated by the turbidity removal
ratio (TRR). An amount of 2000g of sewage was placed into a
3000 mL beaker, and then a certain amount of starch-g-p(DMDAAC)
was added and stirred for 1min. Then, it was left to stand for
solid/liquid separation. TRR was calculated using the following
equation:

Io—1I

TRR =
Io

x 100% (4)

where Iy and I; are the absorbance of sewage and filtrate, respec-
tively, which was obtained using a UV-1900 spectrophotometer
(Shanghai, China).

2.5. Sludge dewaterability

The sludge dewaterability was evaluated in terms of SRF, CST,
and WC of the sludge.

2.5.1. SRF and CST of sludge

SRF was determined by the Buchner funnel method (Lu, Lin,
Liao, Huang, & Ting, 2003). CST was measured with a CST instru-
ment (model 319, Triton Electronics Ltd, UK) equipped with an
18 mm diameter funnel and Whatman No. 17 chromatography-
grade paper.

2.5.2. WC of sludge

A certain amount of starch-g-p(DMDAAC) was added to 200 g of
sludge and stirred for 2 min. This was then transferred to a Buchner
funnel and filtered at a vacuum suction of 0.1 MPa for 10 min. The
WC and dewatering ratio (DR) of the sludge were obtained from
the following equations:

wc="T0"" " 100% (5)
mo

mog—m
DR= 20— "1

= x 100% (6)
mo —my

where mgy and m; are the masses of the mud cake before and after
filtering, respectively, and m, is the mass of the mud cake after
drying at 105°C for 2-3 h.

2.6. Investigation of the working mechanism

The dewatering mechanism of starch-g-p(DMDAAC) was
probed by investigation of the surface tension of solution, the zeta
potential of sludge, and the microstructure of the dewatered sludge
in the presence of starch-g-p(DMDAAC).

2.6.1. Surface tension

The surface tension of solutions was tested using a JK99B auto-
matic surface tension apparatus (Shanghai, China) at 25 °C. Sample
solutions with different concentrations were obtained by diluting
a solution of known concentration with distilled water. For each
concentration, the measurement was repeated five times and an
average taken.

2.6.2. Zeta potential

Original sewage sludge (10g), 50g of deionized water, and
dewatering agent were mixed, and then 3 mL of the mixture was
placed into an electrophoresis pool to measure the zeta potential
using a JS94H microscopic electrophoresis instrument (Shanghai,
China). Each sample was tested five times and the results averaged.

2.6.3. Microstructure of dewatered sludge

The microstructure of the dewatered sludge was characterized
by the pore structure and from SEM images of the dewatered
sludge.

The pore structure was measured using an Autopore® 1V9500
automatic mercury porosimeter (Micromeritics Co. Ltd, USA). The
samples were fragmented to about 10 mm x 10 mm x 5mm and
dried in a vacuum oven at 95°C for 3 h. Then, the samples were
accurately weighed and placed in an expansion joint and sealed.
The measurement was implemented at low pressure (0-30 MPa)
and high pressure (30-400 MPa) in sequence. The samples were
reweighed before high-pressure testing. Each sample was tested
three times and the results averaged.

SEM images of the dewatered sludge were obtained using
a Hitachi S-4800 field emission scanning electron microscope
(FESEM, Hitachi, Japan). The dried sludge cake was adhered on
an aluminum stub and coated with gold by a sputter process for
conductivity.

3. Results and discussion

3.1. Major factors affecting the properties of starch-g-p
(DMDAAC)

The major factors affecting the properties of starch-g-
p(DMDAAC) are the degradation degree of the starch, DMDAAC
content, and HRP content, as discussed below.

3.1.1. Starch degradation degree

Native starch has a high molecular weight (MW) and strong
intramolecular forces, resulting in its insolubility in water. There-
fore, starch should be modified physically or chemically to improve
its solubility and expand its usefulness (Kriz, Dybal, & Kurkova,
2002; Wang & Xie, 2010). The modification methods of the
research involved enzyme degradation and graft copolymerization
to improve the starch solubility and build a special molecular struc-
ture according to sludge dewatering requirements. The reason for



288 S. Lv et al. / Carbohydrate Polymers 103 (2014) 285-293

Table 1
Effects of degradation degree on properties of starch-g-p(DMDAAC).
Time (min) Degradation degree (Da) GP* (%) GE* (%) CD? (%) TRR® (%) WCP (%) SRF” (10* mkg~1) CST" (s)
My My PDI
30 105,688 198,695 1.88 161.6 75.4 23.17 61.4 76.3 7.12 73.37
90 89,341 157,240 1.76 165.4 83.6 32.52 76.1 71.8 4.27 61.25
120 82,441 117,891 143 168.7 86.9 36.46 88.5 65.3 231 45.45
150 64,496 85,136 1.32 177.5 98.4 41.23 95.6 56.6 0.98 283
180 44,483 53,824 1.21 178.6 98.5 41.84 83.8 523 0.75 16.3
210 29,186 35,316 1.21 178.6 98.5 42.27 65.4 50.2 0.62 12.2
240 26,188 31,425 1.20 178.1 98.6 42.63 61.6 51.2 0.61 12.2

a Starch-g-p(DMDAAC) was prepared by graft polymerization of 25 g degraded starch and 25 g DMDAAC using HRP (12 mg)/H,0, (15 mg) initiation at 45 °C for 6 h.

b The dosage was 0.6% by solid contaminant weight.

using enzyme degradation is that it has the advantages of simplic-
ity, good yields, and low costs. The effects of the modification were
evaluated by measuring MW, GP, GE, and CD of the modified starch,
as well as sewage TRR and sludge SRF, CST, and WC.

Effects of starch degradation degree on the MW, GP, and GE of
starch-g-p(DMDAAC) as well as TRR, WC, SRF, and CST are shown
in Table 1. The My, and My of starch decreased rapidly, with an
increase of degradation time from 30 to 150 min, and then the
decrease became moderate. Meanwhile, GP, GE, and CD increased
rapidly prior to 150 min, and then reached a plateau value. The
results indicate that the grafting polymerization is easy to carry
out with a smaller MW. The TRR increased until 150 min and then
decreased. The TRR was used to evaluate flocculation capacity. The
results indicate that the cationic starch has an optimum floccula-
tion effect when My, and M, are 85,136 and 64,496. In contrast, the
WC, SRF, and CST had a decreasing tendency with increasing degra-
dation time, and reached a minimum when M,y and M,, are 35,316
and 29,186. Generally, a lower WC and SRF or shorter CST indi-
cates stronger sludge dewaterability. The results demonstrate that
starch-g-p(DMDAAC) with a larger MW could exhibit good bridging
flocculation capacity, while starch-g-p(DMDAAC) with a slightly
smaller MW has strong sludge dewaterability. The results demon-
strate that the degradation degree played a more important role in
the flocculation effects and dewaterability of starch-g-p(DMDAAC).

3.1.2. DMDAAC content

The degradation starch with an M, of 35,316 was selected to
form a graft copolymer with different amounts of DMDAAC. Other
process conditions were kept the same as in Section 3.1.1. Effects of
DMDAAC content on MW, GP, GE, TRR, WC, SRF, and CST are shown
in Table 2. The results indicate that the TRR increased with increas-
ing DMDAAC content, while WC, SRF, and CST showed minimum
values at a DMDAAC content of 25 g. The reason is that floccula-
tion mainly relies on adsorption and bridging for the formation of
large and heavy flocs, and more DMDAAC content produces strong
cationic groups, which is beneficial for adsorption and bridging
flocs. In contrast, the sludge dewaterability mainly relies on strong
hydrophobic regions and cationic charge, so the cationic starch
should have both stronger hydrophobic groups and cationic groups

based on meeting solubility requirements. The results indicate that
a suitable DMDAAC content is the key to form strong hydrophobic
regions and cationic groups for building a porous structure inside
the sludge to be dewatered.

3.1.3. HRP content

Except for HRP content increasing from 2mg to 4, 6, 8, 10,
12, 14, 16, 18, and 20 mg, respectively, other conditions remained
unchanged. The effects of HRP content on GP, GE, TRR, DR, SRF, and
CST are shown in Fig. 1. The results indicate that the maximum of
GP, GE, and DR appeared at HRP content of 12 mg, and the related
WC also reached a minimum value (Fig. 1a). Meanwhile, SRF and
CST decreased distinctly with increasing HRP content up to 12 mg.
These results indicated that the suitable HRP content is 12 mg for
synthesis of the sludge dewatering agent.

In summary, starch-g-p(DMDAAC) suitable for sludge dewater-
ing was prepared by graft copolymerization of 25g of degraded
starch and 25g of DMDAAC using 12 mg of HRP and 15 g of H,0,
(30%) at 45°C for 6 h.

3.2. Molecular structure of starch-g-p(DMDAAC)

The FTIR spectra of starch and starch-g-p(DMDAAC) are shown
in Fig. 2a. The FTIR spectrum of starch is analyzed as follows:
3440cm~! (—OH), 2935, 1640 cm™! (stretching vibration absorp-
tion C—H of —CH, OH and —CHOH), 1460, 1420, 1373 cm~! (bending
vibration absorption C—H of —CH,OH and —CHOH), 1160, 1080,
1020, 928, 862 cm~! (six-membered ring of starch and C—0—C).
The characteristic absorption peaks of starch-g-p(DMDAAC) are
analyzed as follows: 3400cm~! (OH), 2930, 2852, 1640cm™!
(stretching vibration absorption C—H of —CH,OH and —CHOH),
2090cm~! (characteristic absorption peak of quaternary ammo-
nium salt), 1370, 1224, 1110cm~! (C—N, C—0—C). The difference
between the FTIR spectra of starch and starch-g-p(DMDAAC) is
obvious. In the FTIR spectrum of starch, there are strong broad
absorption peaks at about 3400, 2935, 1640, and 1020 cm~!, which
are attributed to—OH, CH,—,—CH—, and C—0—C. By comparison, the
characteristic absorption peaks of —CH3 (2930, 2852, 1640cm™1)
and C—N (2090, 1224cm™') appear in the FTIR spectrum of

Table 2

Effect of DMDAAC content on properties of starch-g-p(DMDAAC).
DMDAAC (g) Molecular weight (Da) GP (%) GE (%) CD (%) TRR? (%) WC? (%) SRF? (10> mkg1) CST? (s)

My My, PDI
0 29,186 35,316 1.21 - - - 453 96.3 7.18 72.26

15 29,222 35,358 1.21 1774 91.25 35.85 73.5 76.4 4.02 51.23
20 29,235 35,374 1.21 177.3 91.13 42.50 95.5 63.3 1.21 28.6
25 29,505 35,406 1.20 178.9 94.63 48.11 95.4 50.1 0.63 11.35
30 29,774 35,431 1.19 178.5 96.13 55.12 95.6 50.5 0.68 11.82
35 29,543 35,452 1.20 177.2 92.57 46.36 95.8 52.7 0.72 12.64

2 The dosage was 0.6% by solid contaminant weight.
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Fig. 1. Effects of HRP content on (a) GP, GE, TRR, DR, and WC and on (b) SRF and CST
(the dosage of starch-g-p(DMDAAC) was 0.6% by solid sludge weight).

starch-g-p(DMDAAC). Thus, comparison of the FTIR spectra proves
that DMDAAC has been grafted onto the starch skeleton.

Analyses of the TH NMR and 3C NMR spectra of starch-g-
p(DMDAAC) are required to determine its chemical structure. The
spectra are shown in Fig. 2b and c. The spectra are analyzed as fol-
lows. "THNMR (400 MHz, DMSO; §, ppm): 6.74, 6.40, 6.23, 5.59, 5.49,
5.35, 5.01, 4.94, 4.67, 4.55, 4.41, 4.28, 3.63, 3.47, 3.40, 3.30, 3.21,
3.05, 2.95, 2.74, 1.86, 1.23. 13C NMR (400 MHz, DMSO; 8, ppm):
133.76, 125.87, 101.36, 97.42, 92.83, 80.36, 77.17, 76.84, 75.46,
73.64, 73.11, 70.65, 70.23, 69.27, 67.57, 66.55, 64.37, 63.37, 61.40,
57.13, 56.38, 50.52, 46.04, 40.48, 37.73, 20.36, 22.06, 19.07, 16.84.
The chemical structure of starch-g-p(DMDAAC) may be determined
by comparing the experimental data with the calculated data of the
possible chemical structures.

According to the initiation mechanism of HRP/H,0, (Lv et al.,
2012; McLean, Agarwal, Atack, & Richardson, 2011) and DMDAAC
properties, the synthesis mechanism and the possible structures
are presented in Fig. 3. DMDAAC can only form oligomers of five-
or six-membered rings (m < 10) due to the autoinhibition. The graft
polymerization mainly consists of initiation (Fig. 3a), radical trans-
fer, and radical coupling of starch and oligomer (Fig. 3b). The
numbering method of H and C is shown in Fig. 3c. The chemical
shifts of all H and C can be calculated from

Sn =0.23+Z&- (7)
where &y is the shield constant of H; and
Sc = —2.5+ZAn (8)

a

Starch

Starch-g-p(DMDAAC)

N
T T T T T T T T T T T T T T 1
4000 3500 3000 2500 2000 1500 1000 500
Wavenumber(cm'1)
b
2 8
2
S S S

0 (ppm)
c 133 o
[ 5]
] 2
.Hw“; ..wal " 1 " l" n l' L 1 " 1 " 1 i ]
160 140 120 100 80 60 40 20 0

0 (ppm)

Fig. 2. FTIR spectra of starch and starch-g-p(DMDAAC) (a), 'H NMR spectrum (b),
and 3C NMR spectrum (c) of starch-g-p(DMDAAC).

where §¢ is the shield constant of C, —2.5 is the chemical shift of
methane carbon, A is the additional displacement parameter, and
n is the number of C atoms with the same additional displacement
parameter.

The chemical shifts of H and C of the possible structures of
starch-g-p(DMDAAC) (labeled ‘a’ to ‘f’ in Fig. 3b) are listed as fol-
lows:
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Fig. 3. Synthesis mechanism and the possible structures of starch-g-p(DMDAAC).

a: "THNMR (8, ppm): 6.71 (H1), 6.46 (H2),4.71 (H3), 4.59 (H4), 3.63
(H6), 3.59 (H5, H9), 3.50 (H14), 3.23 (H10), 2.96 (H7), 2.73 (H11),
2.56 (H8), 2.30 (H13), 1.80 (H15), 1.23 (H12).

13C NMR (8, ppm): 133.12 (C1), 87.63 (C2), 73.26 (C3), 84.11 (C5),
83.22 (C4), 76.46 (C7), 67.25 (C6), 52.07 (C11), 50.13 (C12), 37.43
(C9), 35.23 (C10), 32.42 (C8), 28.53 (C13).

b: "HNMR (8, ppm): 7.71 (H3), 6.71 (H1), 6.46 (H2), 4.59 (H4, H5),
3.63 (H6), 3.50 (H14), 3.29 (H9), 3.21 (H12), 2.96 (H7), 2.56 (HS),
2.30 (H13), 2.23 (H10), 1.80 (H15).1.73 (H11).

13C NMR (8, ppm): 133.12 (C1), 87.63 (C2), 84.11 (C5), 83.22 (C4),
73.26 (C3), 71.46 (C7), 67.25 (C6), 49.51 (C11), 47.72 (C12), 47.45
(C8), 45.16 (C9), 28.53 (C13), 27.23 (C10).
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c: 'THNMR (8, ppm): 6.71 (H1), 6.20 (H2), 5.59 (H3), 5.03 (H4), 3.59
(H5), 3.50 (H14), 3.29 (H6), 3.26 (H9,H10), 2.96 (H7), 2.56 (HS),
2.73 (H11),2.30 (H13), 1.80 (H15), 1.23 (H12).

13C NMR (8, ppm): 130.83 (C1), 88.04 (C3), 89.92 (C5), 83.06 (C4),
76.43 (C7), 74.92 (C2), 55.81 (C6), 52.07 (C11), 50.12 (C12), 37.43
(C9), 35.25 (C10), 32.43 (C8), 28.53 (C13).

d: "H NMR (§, ppm): 6.53 (H1), 6.20 (H2), 5.34 (H3), 3.59 (H4,
H5), 3.50 (H14), 3.39 (H9), 3.29 (H6), 2.6 (H7, H8), 2.73 (H10), 2.30
(H13), 1.80 (H15), 1.73 (H11), 1.23 (H12).

13C NMR (8, ppm): 130.83 (C1), 88.04 (C3), 83.06 (C4), 82.92 (C5),
55.81 (C6), 74.92 (C2), 71.75 (C7), 49.52 (C11), 47.46 (C8), 47.71
(C12), 45.13 (C9), 28.53 (C13), 27.25 (C10).

e: THNMR (8, ppm): 5.41 (H1), 4.52 (H9), 4.29 (H3), 3.83 (H4, H5),
3.76 (H2), 3.50 (H14), 3.33 (H6), 2.56 (H7,H8), 2.30 (H13), 1.80
(H15), 1.73 (H11), 1.23 (H10, H12).

13C NMR (8, ppm): 123.75 (C1), 87.16 (C4), 78.93 (C5), 76.93 (C2),
76.45 (C7), 75.81 (C6), 74.42 (C3), 52.08 (C11), 50.13 (C12), 35.26
(C10), 37.43 (C9), 32.42 (C8), 28.53 (C13).

f: TH NMR (8, ppm): 5.41 (H1), 3.83 (H4, H5), 3.76 (H2,H3), 3.50
(H14), 3.33 (H6), 2.56 (H7, H8), 2.30 (H13), 1.80 (H15), 1.73 (H10,
H11), 1.23 (H12).

13C NMR (8, ppm): 123.75 (C1), 87.16 (C4), 78.93 (C5), 76.93 (C2),
75.81 (C6), 74.42 (C3), 71.43 (C7), 48.97 (C11), 47.78 (C12), 47.46
(C8), 45.13 (C9), 28.53 (C13), 27.23 (C10).

Then, the chemical structure of starch-g-p(DMDAAC) may be
obtained by comparing the experimental data and the calculated
data of all H and C chemical shifts. The chemical shifts of H7, H8,
H9, and H10, as well as C7, C8, C9, C10, C11, and C12, proved the
presence of the five- and six-membered rings of DMDAAC units.
Meanwhile, the shift parameters of H2, H3, and H6, as well as C2, C3,
and C6, indicated that the starch-g-p(DMDAAC) at least contained
the structural units of a, b, ¢, d, e, and f. The C1 shift parameters of
e and f are more than those of the other structures, indicating that
e and f are the main products due to steric hindrance.

3.3. Dewatering mechanism of starch-g-p(DMDAAC)

The dewatering mechanism is proposed from analysis of the
results of surface tension, zeta potential of sludge, and the
microstructure of the dewatered sludge.

3.3.1. Analysis of surface tension of solution

The surface tension of starch-g-p(DMDAAC) solution of vari-
ous concentrations is shown in Fig. 4a. The results indicate that
starch-g-p(DMDAAC) has stronger surface activity than starch-g-
pP(AM-co-DMDAAC) and p(AM-co-DMDAAC). Its critical micellar
concentration is 1.68 x 1074 molL~! and the minimum surface
tension is 42.6 mNm~!. Generally, the surface tension depends
on molecular structure, especially hydrophilic and hydrophobic
groups. The results suggest that there are balanced hydrophobic
groups and hydrophilic groups in starch-g-p(DMDAAC), where the
hydrophobic groups are the alkane structure of DMDAAC and the
hydrophobic alkane groups can form larger hydrophobic regions.
For poly(AM-co-DMDAAC) and starch-g-p(AM-co-DMDAAC), the
hydrophobic alkane groups are separated by hydrophilic AM units,
resulting in poor hydrophobicity. The result implies that the syn-
thetic molecular structure conforms with the designed molecular
structure.

3.3.2. Analysis of zeta potential of sludge

The zeta potentials of sludge conditioned with the different
cationic dewatering agents are shown in Fig. 4b. The results indi-
cate that the addition of cationic dewatering agent can change
the negative zeta potential of sludge particles to a positive value.
The addition of starch-g-p(DMDAAC) into sludge can cause the
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Fig. 4. Surface tension of solution (a) and zeta potential of sludge (b) with starch-
g-p(DMDAAC).

sludge particles to have a greater positive zeta potential than when
pP(AM-co-DMDAAC) and starch-g-p(AM-co-DMDAAC) are added.
The maximum zeta potential appeared at 0.4% dosage, and the
dosage of the maximum zeta potential was exactly consistent with
that of the optimum sludge dewatering ratio.

The reason may be that the sludge particles with higher zeta
potential can produce strong repulsion to avoid the formation
of gelatinous sludge that makes dewatering very difficult. The
results suggest that the sludge dewatering mechanism is differ-
ent from that of sewage flocculation. Flocculation mainly depends
on adsorption and bridging effects to form large and heavy flocs, so
sludge with neutral zeta potential as a result of addition of cationic
flocculants is beneficial for forming heavy flocs for solid/liquid sep-
aration. Sludge dewaterability mainly relies on the formation of
hydrophobic sludge particles and porous structure through the
addition of a suitable dewatering agent. The starch-g-p(DMDAAC)
has strong hydrophobic groups and cationic groups, which can
help in the formation of hydrophobic regions and porous structure
within sewage sludge, leading to easy dewatering.

3.3.3. Analysis of microstructure of dewatered sludge

The effect of starch-g-p(DMDAAC) on the microstructure of the
dewatered sludge can be assessed by analysis of pore structure and
SEM images.

The pore structure of sludge conditioned with the different
dewatering agents is shown in Table 3. The results indicate that
the dewatered sludge treated with the starch-g-p(DMDAAC) has
a greater total intrusion volume of mercury and a greater total
pore area, as well as a smaller and more uniform pore diameter
than that treated with the control samples. The results suggest
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Fig. 5. (a) SEM image of original sludge. SEM images of dewatered sludge conditioned with (b) 0.6% CPAM, (c) 0.6% starch-g-p(AM-co-DMDAAC), and (d) 0.6% starch-g-
p(DMDAAC). Schematic diagrams of (e) sludge dewatering mechanism and (f) hydrophobic regions of starch-g-p(DMDAAC).

that starch-g-p(DMDAAC) has a stronger coagulation and water-
repellent capacity within the sludge. Therefore, the more porous
structure formed inside the sludge results in a strong dehydration
effect, which should be attributed to the special structure of the
starch-g-p(DMDAAC).

SEM images of the dewatered sludge are shown in Fig. 5. The
SEM images indicate that the original sludge has a compact struc-
ture (Fig. 5a). The sludge treated with CPAM exhibits a slightly
looser structure with small pores (Fig. 5b). By contrast, starch-g-
p(AM-co-DMDAAC) can produce large pores and gaps inside the
sludge (Fig. 5¢). More particularly, starch-g-p(DMDAAC) can form a
three-dimensional network porous structure (Fig. 5d). The results
indicate that the dewatering mechanism of starch-g-p(DMDAAC)
is clearly distinguished from that of the control samples, with the
predominant feature being the formation of a porous structure,
which is closely related to the special structure of starch-g-
p(DMDAAC) with strong hydrophobic regions and strong cationic
groups.

From the discussion above, a possible sludge dewatering mech-
anism for the starch-g-p(DMDAAC) can be proposed, as shown in
Fig. 5e. The mechanism may be considered to consist of adsorp-
tion, coagulation, and dehydration processes, with the formation
of a porous structure that is beneficial to the dewatering process.
The dewatering mechanism is exactly opposite to the flocculation
mechanism, which mainly depends on hydrophobic groups and

Table 3
The pore structure of the dewatered sludge.
Starch-g- CPAM Starch-g-
p(DMDAAC) p(AM-co-
DMDAAC)
Dosage (%) 0.6 0.6 0.6
Total intrusion volume (mLg~') 0.135 0.069 0.108
Total pore area (m2g~1) 25.16 12.60 17.05
Median pore diameter (volume) (nm) 25.3 26.1 31.2
Median pore diameter (area) (nm) 19.6 12.6 232
Average diameter (4V/A) (nm) 25.8 31.9 26.5
Bulk density at 3.86kPa (gmL™") 1.85 2.00 1.85
Apparent density (gmL~") 1.83 2.12 1.98
Porosity (%) 42.74 1384  21.80

regions, as well as stronger cationic groups. The intramolecular
cationic and hydrophobic groups of starch-g-p(DMDAAC) may
weaken the interaction of both intramolecular and intermolecular
chains, resulting in low viscosity and high surface activity, as well
as better permeation and dispersion in sludge (Anthony & Sims,
2013; Zhang et al., 2007). Then, starch-g-p(DMDAAC) will produce
strong coagulation or flocculation in sewage sludge as aresult of the
strong cationic charge. Meanwhile, many cationic branched chains
wrap around the long starch backbone and form a cationic charge
shield, weakening the hydrogel-forming capacity. The hydropho-
bic groups may be connected to form intramolecular hydrophobic
regions (Fig. 5f), which is beneficial for the formation of a hydropho-
bic pore structure. The starch-g-p(DMMDAC) suitable for sludge
dewatering has a smaller molecular weight (shorter polymer chain
length) compared with the same structural flocculant. The forma-
tion of the porous structure with interpenetration inside the sludge
is a synergistic effect of hydrophobic and hydrophilic regions, as
well as cationic groups in starch-g-p(DMDAAC), which is beneficial
to sludge dehydration.

4. Conclusions

Starch-g-p(DMDAAC) was synthesized by graft copolymeriza-
tion of 25 g of degradation starch and 25 g of DMDAAC using HRP
(12 mg)/H;0, (15 mL) initiation at 45 °C for 6 h. The results of FTIR,
TH NMR, and 13C NMR indicated that the molecules of the starch-
g-p(DMDAAC) were built by grafting shorter branched chains of
oligomeric DMDAAC, with this oligomer consisting of a five- and
six-membered ring-like structural unit. The special feature of the
chemical structure is that there are stronger hydrophobic regions
and cationic degree in the starch-g-p(DMDAAC) molecules, which
is beneficial for improving sludge dewaterability, with the CST and
the SRF reduced markedly compared with the original sludge. The
excellent dewatering effect was attributed to the special molec-
ular structure. The dewatering mechanism is proposed based on
results of the surface activity and the zeta potential of starch-g-
p(DMDAAC), as well as on the analysis of pore structure and SEM
images of the dewatered sludge. The molecular design and syn-
thesis method involved in the study reported in this paper are
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of significance for the development of high-performance sludge
dewatering agents from starch, a natural resource.
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