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Abstract
Flocculant played an important role in water treatment and sludge dewatering. It is imperative to design and synthesize an 
eco-friendly and biodegradable flocculant based on natural polymer. In the present work, a new amphoteric CMC-based 
flocculant, CMC-g-PDMC was synthesized via grafting DMC onto hydroxyl of CMC initiated by potassium persulfate under 
traditional heating condition. The optimal graft copolymerization condition was optimized by orthogonal experiment. The 
structure, morphology and thermostability of the obtained graft copolymer were characterized by measuring FT-IR, XRD, 
SEM and TGA analyzer, respectively. Moreover, comparing with the commercial flocculant PAM, PAC and CPAM, the 
dewatering capacity of municipal sludge was evaluated using CMC-g-PDMC by FCMC, SRF, SVI and light transmittance. 
It suggested that the flocculation to municipal sludge was related to the ion properties of the flocculant.
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Introduction

With the acceleration of industrialization and urbanization, 
activated sludge produced from industrial and domestic 
wastewater treatments are giving rise to increasingly serious 
environmental problems [1, 2]. Because the sludge enriched 
in insoluble or refractory organic species and heavy met-
als, it is universally considered to pose serious risks to the 
ecosystem and human health [3, 4]. Worse still, the moisture 
content of the sludge is normally higher than 95%. 95% [5, 
6], the discharge of sludge containing large volumes of water 
will take a large number of storage area and waste resources 
except for increasing the cost for transportation. Besides, 
sludge is a negatively charged colloid mixture where sludge 
small particles steadily scattered in water are extremely dif-
ficult to be separated from the water phase. Therefore, the 
sludge dewatering is one of the most challenging subjects in 
the field of wastewater treatment.

It is known that solid/liquid separation is a central tech-
nology in environmental engineering and water treatment. 
The extensive use of flocculation and settling performance 
was due to its cost-efficient solid/liquid separation perfor-
mance [7–9]. It is particularly helpful for separating sludge 
based on different particle weights [10–15]. What’s more, 
it is of great significance to reduce the volume of sludge for 
disposal and sludge transport costs.

At present, synthetic flocculants, for example, polyacryla-
mide and polyacrylic acid, have broadly applied to treatment 
of industrial wastewater owing to their vast source of raw 
materials and good flocculation effect [16, 17]. However, 
these synthesized flocculants are hard to be biodegraded. 
Also, the harmful monomers produced by their decom-
position can even cause potential health hazards [18–22]. 
Therefore, it is very necessary that the natural biopolymers 
were synthesized or modified to be eco-friendly flocculants. 
Cellulose, the most abundant natural organic resource on the 
earth, has been extensively used as a flocculant for waste-
water treatment and sludge dewatering, as it is nontoxic, 
biodegradable and environmentally friendly [23–26]. Graft 
copolymerization has been proved to be an effective and 
convenience modification method for cellulose. Cellulose 
might react with compounds containing vinyl monomers 
under mild conditions. This is because there are plenty of 
hydroxyl groups on cellulose backbone [10, 17, 23–27]. It 
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is known that sludge colloids are negatively charged. Cati-
onic flocculants can neutralize the negative charge of the 
sludge colloid well and obtain satisfactory flocculation effect 
[28, 29]. However, nature polymer-based amphoteric floc-
culant was rarely applied in sludge dewatering except for 
chitosan grafting PAA and DMDAAC amphoteric flocculant 
[30]. This prompted us to explore the synthesis of cellulose 
based amphoteric flocculants and their applications in sludge 
dewatering.

In our present work, graft copolymerization between 
sodium carboxymethyl cellulose (CMC) and methacryloy-
loxyethyl trimethyl ammonium chloride (DMC) was studied 
using conventional and convenient free radical polymeri-
zation method. The grafted product (CMC-g-PDMC) was 
expected to possess both cationic and anionic properties, 
high molecular weight and good solubility, so as to enhance 
its flocculation. Moreover, the structure, morphology and 
thermostability of CMC-g-PDMC were characterized by 
Fourier-transform infrared spectroscopy (FT-IR), X-ray 
powder diffraction (XRD), scanning electron microscopy 
(SEM) and thermogravimetric analysis (TGA).

Grafted celluloses were widely applied in wastewa-
ter treatment [4, 8], adsorbent of heavy metal ions [31], 
aggregation of fine kaolin particles [32], etc. However, to 
the best of our knowledge, no study has been reported that 
amphoteric CMC-g-PDMC was applied in flocculation and 
dewatering of the municipal sludge until now. The floccula-
tion and dewatering abilities of CMC-g-PDMC were evalu-
ated by the filter cake moisture content (FCMC), the spe-
cific resistance in filtration (SRF), the sludge volume index 
(SVI) and light transmittance compared with commercially 
available PAM, cationic polyacrylamide (CPAM), CMC and 
polyaluminium chloride (PAC). The aim of this work was to 
prepare a CMC-based flocculant with better flocculation and 
sludge dewatering capability, inexpensive, biodegradable, 
and eco-friendly performance.

Material and Methods

Materials

Sodium carboxymethyl  cel lulose (CMC) with 
800‒1000 mPa‧S viscosity, Methacryloyloxyethyl trimethyl 
ammonium chloride (DMC) were purchased from Sinop-
harm Chemical Reagent Co., China. CPAM (cationic degree 
was 40%), PAM, PAC, acetone and methanol were analytical 
grade and all purchased from Beijing Chemical Regent Co., 
China. The above reagents were used directly without fur-
ther purification. The municipal sludge was obtained from 
Changchun Nanguan Wastewater Treatment Plant, Jilin, 
China. The physical properties of the sludge are pH 6.9, the 
water content 97.2% and SRF 1.83 × 1013 m/kg.

Graft Copolymerization of DMC Onto Cellulose

1 g CMC and the required amount of water were added a 
four-necked flask to obtain 1.0% concentration aqueous 
solutions in nitrogen atmosphere. Enough amount of initia-
tor potassium persulfate (KPS) was dropwise added to the 
above solution. After the solution was heated to the speci-
fied temperature, keep stirring for some time. Furthermore, 
DMC solution was added into the reaction solution. The 
mixture was continuously stirred at certain temperatures for 
a while. When the reaction is over, the grafted product was 
precipitated by adding excess of acetone, and was further 
filtered. Sequentially, it was respectively wished with etha-
nol (10 mL × 3) and water (10 mL × 3). The homopolymer 
produced during the reaction was removed by methanol in 
Soxhlet apparatus. The extractives were dried in a vacuum 
oven at 60 °C until the weight was constant. The grafting 
percentage (G) and grafting efficiency (E) of the synthesized 
CMC-g-PDMC was calculated using the following equation 
[33]:

where W0 and W2 are the weight of CMC and CMC-g-
PDMC, respectively; W1 is the weight of the crude grafted 
product (it is not purified by Soxhlet extractor.).

Characterization of CMC‑g‑PDMC

The grafting polymerization conditions of CMC-g-PDMC 
were optimized by orthogonal experiment, and the factors 
and levels are described in Table 1. FT-IR spectra were 
recorded on a Japan Shimadzu IRAffinity–1 instrument 
using KBr pellets as a reference in the range between 500 
and 4000 cm−1. XRD pattern was measured with a Japan 
Shimadzu XRD-6100 X-ray diffractometer with graphite 
monochromatized Cu Ka radiation (λ = 1.54056 Å). The 
morphology was collected in a Japan HITACHI SU8020 
SEM instrument in powdered form. The TGA curve was 
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Table 1   Factors and levels of orthogonal experiment

Initiator concentra-
tion/ × 10–3 mol/L (A)

Reaction 
time/h (B)

Reaction 
temperature/°C 
(C)

CMC/DMC 
mass ratio 
(D)

2.21 4 65 1:1
3.23 5 70 1:1.5
4.43 6 75 1:2
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detected with a USA SDT-Q600 synchronous thermal ana-
lyzer under nitrogen atmosphere with a 10 °C/min heating 
rate from room temperature to 800 °C.

Flocculation Experiments

The dewatering capacity of the municipal sludge was 
described by calculating FCMC [34], SRF [35], SVI [36] 
and measuring the light transmittance of filtrate [37]. Dewa-
tering capacity experiment of the sludge was carried out at 
room temperature, and each experiment was repeated thrice. 
According to the literature [5], in each test, the pH value of 
100 mL sludge was adjusted by droping 1.0 mol/L HCl or 
NaOH. Further, the dosage of flocculant was optimized in 
term of the followed operating conditions: firstly, a rapid 
stirring of 200 rpm for 30 s, then a slow stirring at 50 rpm 
for 5 min. After standing 20 min, the conditioned sludge was 
filtered under a vacuum pressure of 0.05 MPa for 10 min. 
The dewatering performance and filterability of the sludge 
was respectively charactered by FCMC, SRF, SVI and light 
transmittance. The calculated equation of FCMC is as fol-
lows [34]:

where M1 and M2 are respectively the weight of wet filter 
cake after filtration and the weight of dry filter cake (the 
wet filter cake was dried to the constant weight at 105 °C.).

SRF was measured by the following equation [35]:

where P represents the pressure of filtration (N/m2); A rep-
resents the corresponding filtration area (m2); μ represents 
the viscosity of the filtrate (N‧s/m2); ω is the weight of solids 
per unit volume of filtrate (kg/m3); b is the rate of equation 
in t/V = bV + a, t represents the filtration time (s), and V 
represents the filtrate volume (m3).

SVI was used to determine the settled sludge volume of a 
municipal sludge by flocculation after 30 min of the settle-
ment process. It was calculated using the followed equation 
[36].

where V represents the settled sludge volume (mL); m0 is the 
weight of a dry culture dish (g); m2 is the total weight of a 
dry culture dish and dry filter cake (g). Both the culture dish 
before the experiment and the wet filter cake were dried to 
the constant weight at 105 °C.

The filtrated light transmittance was measured using a 
723PC UV-spectrophotometer at λ = 650 nm [37].
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Results and Discussion

Graft Copolymerization

It is reported that cellulose-g-PDMC was synthe-
sized using potassium persulfate as an initiator and 
γ-methacryloxypropyl trimethoxy silane (KH-570) as 
a coupling agent through a situ grafting copolymeriza-
tion [32]. In this work, the situ graft copolymerization 
of CMC and DMC was explored using potassium per-
sulfate as an initiator under conventional heating by the 
orthogonal experimental method. Because the orthogonal 
experiment is an efficient approach for rapidly optimizing 
reaction condition [38, 39]. Normally, in order to obtain 
the optimal reaction conditions, the experiment of four 
factors and three levels in each factor will be carried out 34 
(81) different experiments. Whereas, only 9 experiments 
were carried out if the orthogonal experiment strategy was 
adopted. Herein, four investigated factors are initiator con-
centration, reaction time, reaction temperature, and CMC/
DMC mass ratio, and marked as A, B, C and D, respec-
tively. The factors and levels of orthogonal experiment are 
shown in Table 1. The results of orthogonal experiment 
and results analysis are summarized in Table 2.

As shown in Table 2, the values of ∑G ij/3 and ∑E 
ij/3 represent average value of G and E for three differ-
ent experiments at each level of a factor, respectively. A 
high value of ∑/3 represents that G or E is high at the 
level of a factor. Δ represents the difference between the 
maximum value and minimum value at G or E of a factor. 
A higher value of ΔG or ΔE illustrates that the effect of 
the factor on G or E is larger. As shown in Table 2, initia-
tor concentration, reaction time, reaction temperature, and 
CMC/DMC mass ratio all have a certain effect on the graft 
copolymerization of CMC and DMC. Also, the influence 
rule on G and E was consistent. It can be seen from the 
result analysis (Table 2) that the effect of A on G and E 
was maximum (ΔG = 34.03%, ΔE = 7.50%), was the most 
primary influencing factor, followed by D (ΔG = 10.78%, 
ΔE = 5.83%) and B (ΔG = 9.77%, ΔE = 3.49%), and C 
(ΔG = 5.74%, ΔE = 1.53%) had the weakest influence. 
The reason was that the active free radicals of monomer 
were increased with the increase of the concentration of 
the initiator. As a consequence, the CMC-g-PDMC chain 
growth rate was accelerated. The molecular weight was 
increased. However, excessive initiator easily resulted in 
the implosion both CMC and DMC, the homopolymeri-
zation of monomer and chain termination rate was accel-
erated. It is not helpful to the growth of the chain and 
the generation of high molecular weight grafted polymer 
[29]. Consequently, the optimal initiator concentration 
was 3.23 × 10−3 mol/L. Besides, with the increase of DMC 
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dosage, G and E of graft copolymerization firstly was 
gradually increased, followed slowly decreased. The pos-
sible reason was that excessive DMC caused self-polymer-
ization. Both the graft copolymerization temperature and 
time were conditioned each other, which was related to the 
half-life of the initiator. In conclusion, according to the 
analysis of the experimental results, the optimal synthesis 
conditions were as follows: The initiator concentration was 
3.23 × 10−3 mol/L, the reaction time was 5 h, the reaction 
temperature was 65‒75 °C, CMC/DMC mass ratio was 
1:1.5.

To verify the optimal conditions of the graft copolymeri-
zation, three parallel experiments were performed (Table 3). 
The average G and E of three experiments were respectively 
91.62% and 97.33%. It suggested that the graft copolymeri-
zation between CMC and DMC could be done efficiently 
under the optimal reaction conditions.

Characterization of CMC‑g‑PDMC

FT‑IR Analysis

FT-IR spectra of CMC (Fig.  1a) and CMC-g-PDMC 
(Fig. 1b) are shown in Fig. 1. As can be seen from Fig. 1, 

both CMC and CMC-g-PDMC have adsorption band around 
3440 cm−1, which was attributed to stretching vibration 
of O–H. This absorption band was broadened in CMC-g-
PMDC, which mainly because of the graft copolymerization 
destroyed part of the hydroxyl in CMC [10, 40]. In FT-IR 
spectra of CMC (Fig. 1a), the band around 2906 cm−1 was 
attributed to the C–H stretching from the –CH2 group. The 
adsorption band at 1607 cm−1 was attributed to the antisym-
metrical stretching vibration of carboxylate COO− [41]. The 
characteristic absorption of β-(1,4) glycoside bond of cel-
lulose can be observed around 1039 cm−1. In FT-IR spec-
tra of CMC-g-PDMC (Fig. 1b), the new adsorption peak 
appeared at 3016 cm−1 and 2932 cm−1 were the antisym-
metrical stretching vibration of –CH3 and –CH2 group on 
quaternary ammonium nitrogen, respectively. The new 
adsorption peak appeared at 1730 cm−1 and 1265 cm−1 were 
ascribed to the stretching vibration of C=O on ester group 
and C–C(=O)–O of DMC, respectively. The new peak pre-
sented at 1481 cm−1 was attributed to the bending vibration 
peaks of –CH2–N+(CH3)3 group of DMC [5, 42]. The new 
peak at 954 cm−1 was the characteristic absorption peak of 
quaternary ammonium nitrogen [43]. Besides, the adsorp-
tion peak at 1607 cm−1 of carboxylate COO− (Fig. 1a) was 
blue-shifted to 1604 cm−1 (Fig. 1b). It can be confirmed 
from Fig. 1 analysis that DMC had been grafted onto the 
backbone of the cellulose.

XRD Analysis

XRD pattern of CMC-g-PDMC shows distinct crystalline 
peaks compared with that of CMC (Fig. 2). The pattern of 
CMC displayed two peaks around 2θ = 20° and 2θ = 37°, 

Table 2   The results of 
orthogonal experiment and 
results analysis

Entry A/mol/L B/h C/oC D G/% E/%

1 2.21 × 10–3 4 65 1:1 43.75 83.33
2 2.21 × 10–3 5 70 1:1.5 56.25 90.00
3 2.21 × 10–3 6 75 1:2 45.00 87.80
4 3.23 × 10–3 4 70 1:2 79.58 95.25
5 3.23 × 10–3 5 75 1:1 81.25 90.00
6 3.23 × 10–3 6 65 1:1.5 86.25 89.53
7 4.43 × 10–3 4 75 1:1.5 80.00 86.15
8 4.43 × 10–3 5 65 1:2 88.23 86.96
9 4.43 × 10–3 6 70 1:1 65.16 79.17
∑G 1j/3 48.33 67.78 72.74 63.39
∑E 1j/3 87.04 88.24 86.61 84.17
∑G 2j/3 82.36 75.24 67.00 74.17
∑E 2j/3 91.59 88.99 88.14 88.56
∑G 3j/3 77.80 65.47 68.75 70.94
∑E 3j/3 84.09 85.50 87.98 90.00
ΔG 34.03 9.77 5.74 10.78
ΔE 7.50 3.49 1.53 5.83

Table 3   The results of three 
parallel experiments

Entry G/% E/%

1 91.41 96.59
2 92.78 98.43
3 90.67 96.97
∑ /3 91.62 97.33



569Journal of Polymers and the Environment (2021) 29:565–575	

1 3

which was according to the CMC characteristic X-ray dif-
fraction pattern reported by the literature [44]. However, 
in XRD profiles of CMC-g-PDMC, the peak at 2θ = 20° 
decreased sharply, and the peak at 2θ = 37° disappeared. 

The decrease in crystallinity of CMC-g-PDMC suggested 
that the hydrogen bond interactions CMC possessed were 
weakened. This resulted from –OH on CMC had carried out 
the graft copolymerization with DMC [28].

According to the analysis results of IR spectrum and 
XRD pattern of CMC-g-PDMC, the possible graft copo-
lymerization mechanism of CMC and DMC is concluded 
in Scheme 1. The reaction process was consistent with the 
view which the sulfate radicals can react with hydroxyl 
group of the compounds [45, 46]. Herein, the dissociated 
S2O8

2‒ from potassium persulfate in water was dissolves into 
sulfate radicals SO4

⋅– by heating. Further, sulfate radicals 
captured hydrogen from hydroxyl group on CMC and gen-
erate CMC macro radicals. The obtained macromolecular 
radicals rapidly reacted with DMC monomer and initiated 
graft copolymerization.

SEM Analysis

As shown in Fig. 3, SEM micrographs of CMC (Fig. 3a–c) 
and CMC-g-PDMC (Fig. 3d–f) displayed significant mor-
phological change. After DMC was grafted onto CMC, the 

Fig. 1   FT-IR spectra of CMC (a) and CMC-g-PDMC (b)

Fig. 2   XRD of CMC (a) and the CMC-g-PDMC (b)

Scheme 1   The possible graft copolymerized mechanism of CMC and DMC
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morphology has changed from smooth round bar surface 
(CMC) to an irregular block lamellar structure (CMC-g-
PDMC) with many honeycomb or scaly, which improved 
specific surface area of CMC. The high specific surface area 
might enhance the adsorption ability and bridging effect of 
the flocculant because it might increase the contact prob-
ability between the synthesized CMC-g-PDMC (flocculant) 
and sludge [47, 48].

Thermogravimetric Analysis

Figure 4 shows the thermal behavior differences between 
CMC and CMC-g-PDMC. CMC displayed two weight 
losses (Fig. 4a). The first weight loss was between 50 and 
170 °C, which might be due to the loss of surface absorbed 
and bound water. The second stage of weight loss occurred 
at 260–310 °C, which was possibly ascribed to the ther-
mal decomposition of CMC backbone. Also, the thermal 
decomposition temperature of CMC was 262 °C. Compared 
with CMC, TGA curve of CMC-g-PDMC (Fig. 4b) showed 
three stages of weight losses. The weight loss at 50–170 °C 
was more than that of CMC. This was because the weight 

losses also related with the adsorbed quaternary ammonium 
salt DMC decomposition except for relating with the loss of 
surface absorbed and bound water. Besides, the other two 
stages of weight loss were respectively at 210–300 °C and 

Fig. 3   SEM of CMC (a, b, c) 
and the CMC-g-PDMC (d, e, f)

Fig. 4   TGA of CMC (a) and CMC-g-PDMC (b)
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300–420 °C. The weight loss at 210–300 °C also was due to 
the thermal decomposition of CMC backbone. The weight 
losses at 300–420 °C might be assigned to the formation of 
Na2CO3 [49] and the corresponding loss of ammonia and 
water by imidization and dehydration [50]. The thermal 
decomposition temperature of CMC-g-PDMC was 221 °C. 
It indicated that DMC had been grafted onto CMC, and the 
thermal stability of CMC-g-PDMC was just below that of 
CMC.

Sludge Dewatering Performance

Effect of the Dosage on the Sludge Dewatering Efficiency

Figure 5 shows the effect of flocculant CMC, CMC-g-
PDMC, PAM and CPAM dosage on FCMC. FCMC may 
directly reflect the degree of difficulty for sludge dewatering. 
Four flocculants all exhibited the different trend. Adding 
the flocculant PAM and CMC-g-PDMC, FCMC initially 
decreased rapidly, decreased slowly, then, increased slowly. 
Correspondingly, adding the flocculant CMC and CPAM, 
FCMC decreased rapidly, then increased slowly, which 
is because the flocculation mainly derived from bridging 
adsorption at the added lower dosage. Furthermore, achiev-
ing the best flocculation effect need to add the different dos-
age flocculants that CMC was 15 mg/L (FCMC 76.46%), 
CMC-g-PDMC was 25 mg/L (FCMC 72.01%), PAM was 
30 mg/L (FCMC 76.06%) and CPAM was 20 mg/L (FCMC 
70.08%). Therefore, the dewatering efficiency of CPAM was 
the best, followed by CMC-g-PDMC and then CMC and 
PAM. This might be because CPAM with cation and CMC-
g-PDMC with both cation and an irregular block lamellar 
structure were helpful to improve the bridging adsorption 
and charge-neutralizing ability to promote sludge dewatering 

[51]. However, the flocculation was decreased when excess 
CPAM and CMC-g-PDMC were used in sludge dewater-
ing. This resulted from extra positive charge on CPAM or 
extra positive charge along with negative charge on CMC-g-
PDMC regenerating the repulsion forces to result in sludge 
unstability. But, CMC and PAM showed the bad effects of 
sludge dewatering, because they have not cations that can 
neutralize the negative charge of sludge colloids. However, 
the dewatering efficiency of CMC was superior to PAM 
because of plenty of hydroxyl group on the backbone of 
CMC might adsorb negative charge.

Effect of pH on Dewatering Performance

It is reported that acid and alkali had a great influence on 
sludge dewatering of the flocculant [52]. The effect of pH 
on FCMC by adding CMC and CMC-g-PDMC are shown in 
Fig. 6. Where the flocculation of CMC and CMC-g-PDMC 
presented similar change profiles, and their sludge dewater-
ing effects were gradually decreased in turn adding CMC-
g-PDMC and CMC at the same pH. It mainly was ascribed 
to cationic charge neutralization. Their FCMC decreased 
slowly when pH adjusted from 2.0 to 4.0 and respectively 
obtained minimum 71.29% (CMC-g-PDMC) and 75.00% 
(CMC) at pH 4, then FCMC increased slowly, followed by 
being increased rapidly when pH increased from 4.0 to 8.0 
and from 8.0 to 10.0. When pH was at 4.0–7.0, the FCMC 
was 71.00–74.00% after the sludge was dewatered through 
the flocculation of CMC-g-PDMC. It indicated that CMC-
g-PDMC had good flocculation and dewatering performance 
at 3.0–7.0. At pH < 3, excessive hydrogen ions repulsed the 
positive charges of amphoteric polymer CMC-g-PDMC, 
which led to the negatively charged sludge colloids being 
difficult to settle. However, in the presence of alkali, the 

Fig. 5   Effect of CMC, CMC-g-PDMC, CPAM and PAM dosages on 
FCMC with pH at 6.9

Fig. 6   Effect of pH on FCMC for CMC and CMC-g-PDMC at dosage 
of 25 mg/L
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positive charges of DMC grafted onto CMC chains took 
preference to neutralized with hydroxyl ion, which decreased 
the charge neutralization ability to negative charge on a col-
loidal particle of sludge. Especially, At pH > 8, the sludge 
dewatering became more difficult, and FCMC rapidly 
increased to close to FCMC for the municipal sludge dewa-
tered in the absence of the flocculant, which lied in the fact 
that re-dispersion resulted from charge reversion except 
for the competition of charge neutralization and bridging 
adsorption [53, 54].

Effect of Temperature on Dewatering Performance

Figure 7 shows the effect of the temperature on sludge 
dewatering (pH 6.9) of CMC and CMC-g-PDMC. The 
FCMC using CMC and CMC-g-PDMC as flocculants both 
decreased gradually in terms of temperature increase, and 
CMC-g-PDMC displayed superior sludge dewatering per-
formance over CMC. The main reason might lie in the fact 
that the high temperature can accelerate not only the move-
ment and aggregation of sludge colloid particles but also 
the dissolution and movement of CMC and CMC-g-PDMC 
to enhanced bridging adsorption. Therefore, it is helpful to 
sludge dewatering by the temperature enhanced.

Effect of Different Grafting Percentage CMC‑g‑PDMC 
on Dewatering Performance

Figure 8 shows the effect of different grafting percentage 
CMC-g-PDMC on FCMC. FCMC decreased linearly, fol-
lowed by rapidly increased, and then increased slowly with 
grafting percentage increase at 25 mg/L dosage, pH at 6.9, 
temperature at 25 °C, grafting percentage in 43.75–88.23%. 

It is seen from Fig. 8 that the flocculation performance of 
CMC-g-PDMC was the best (FCMC: 72.45%) when the 
grafting percentage was around 80%. Under the relatively 
low grafting percentage conditions (43.75–80.00%), the 
decrease of FCMC mainly derived from the ability of charge 
neutralization and bridging of CMC-g-PDMC. However, 
when the grafting percentage exceeded to 80%, the FCMC 
was gradually increased, which resulted from part of positive 
charge unable to do neutralization very well owning to the 
steric and electrostatic repulsion. As a result, it might lead 
to uneven distribution of charge on the sludge colloid and 
instability, further influenced the effect of sludge dewatering.

Comparison of the Dewaterability of the Municipal 
Sludge by SRF

To investigate the flocculation and dewatering capacity of 
the municipal sludge by adding the different flocculants 
PAM, CPAM, and CMC-g-PDMC, the effects of the dosage 
of the flocculant on SRF were measured under pH at 6.9 and 
room temperature conditions (Fig. 9). It can be seen from 
Fig. 9 that SRF of the sludge using PAM as a flocculant was 
the highest among PAM, CPAM, and CMC-g-PDMC, fol-
lowed by the amphoteric flocculant CMC-g-PDMC, the low-
est SRF which was due to the introduction of the cation floc-
culant CPAM. This was because PAM, CMC-g-PDMC and 
CPAM respectively had no ions, both cations and anions, 
cations, respectively. Therefore, their charge neutralization 
ability was CPAM > CMC-g-PDMC > PAM. Also, it can be 
seen from the flocs obtained after flocculation by the above 
three flocculants, the flocs are large and dense by CPAM, fol-
lowed by CMC-g-PDMC, finely dispersed by PAM, respec-
tively. That is to say, charge neutralization could reduce the 
thickness of the hydrated shell of the particles surface and 

Fig. 7   Effect of temperature on FCMC for CMC and CMC-g-PDMC 
with dosage at 25 mg/L

Fig. 8   Effect of different grafting percentage CMC-g-PDMC on 
FCMC
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improve the flow of free water due to decreasing the surface 
tension of water and compressing the thickness of the elec-
tric double layer [29]. In consequence, the lowest SRF was 
respectively 2.83 × 1012 m/kg and 3.01 × 1012 m/kg (CPAM, 
20 mg/L and 25 mg/L), 3.25 × 1012 m/kg (CMC-g-PDMC, 
25 mg/L) and 4.86 × 1012 m/kg (PAM, 30 mg/L). The sludge 
after flocculation by the above flocculants was easily dewa-
tered sludge according to the reported literature [55] (it 
had been reported in the literature [55] that the sludge with 
SRF > 1.00 × 1013 m/kg and SRF < 4.00 × 1012 m/kg was 
respectively attributed to difficult or easy dewatered sludge.). 
In addition, SRF of the sludge using polyaluminium chlo-
ride (PAC) as a flocculant with the dosage change was also 
investigated. The lowest SRF was 4.57 × 1012 m/kg when the 
added PAC dosage was 2.0 g/L (because the added PAC dos-
age was too high to present in Fig. 9.). It indicated that the 
sludge dewatering performance of PAC was comparatively 
low. Besides, SRF of the sludge after flocculation by three 
flocculants all initially decreased rapidly, leveled off, then, 
increased slowly with the dosage increase. These change 
laws is consistent with that of Fig. 5.

Comparison of the Settling Performance 
of the Municipal Sludge by SVI and the light 
transmittance

It was reported that SVI value was influenced by osmotic 
pressure, hydration force and flocculation effect [36, 
56]. SVI is an indicator of sludge settling performance. 
The smaller SVI was, the better the sludge settling per-
formance was. Figure 10 shows the effect of flocculant 
CMC-g-PDMC, PAM and CPAM dosage on SVI. It is 
seen from Fig. 10 that the flocculant CPAM and CMC-
g-PDMC presented good flocculation comparing with 

PAM. Also, SVI of three simples shows the same change 
trend with the dosage increase, The lowest SVI value was 
respectively 80.07 mL/g (25 mg/L, PAM), 75.38 mL/g 
(25 mg/L, CMC-g-PDMC) and 70.00 mL/g (20 mg/L, 
CPAM (25 mg/L, 72.50 mL/g). This is because the charge 
neutralization of the cations with the negative charge on 
the sludge colloid resulted in the gap region between two 
particle surfaces to be reduced, further caused the osmotic 
pressure and hydration force to be decreased, consequently 
decreased the range of repulsive force and considerably, 
aggregated the sludge flocs and released their bonding 
water molecules. SVI by CMC-g-PDMC floccluation was 
lower than that of CPAM, which was attributed to the 
DMC and COO– on CMC-g-PDMC chain acted together 
on the sludge colloid. SVI by PAM flocculation was high 
due to no cations on PAM chain.

Besides, the fitrate transmittance of the sludge was also 
used to evaluate the flocculation effect. The light transmit-
tance was high indicated the sludge particle well accumu-
lated. The effects of flocculant CMC-g-PDMC, PAM and 
CPAM dosage on the light transmittance are presented in 
Fig. 11. At the optimal dosage of the flocculant, their high-
est light transmittance was respectively 91.67% (CMC-g-
PDMC), 90.20% (PAM) and 92.60% (CPAM). In addi-
tion, the fitrate transmittance of the sludge by the dosage 
of PAC flocculation was also measured, its highest light 
transmittance was 90% (2 g/L). Compared to the fitrate 
transmittance of the untreated sludge (80%), the fitrate 
transmittance of the sludge was obviously improved. To 
sum up, the sludge dewatering effect by the cationic floc-
culant CPAM was the best one, followed by amphoteric 
flocculant CMC-g-PDMC, then non-ionic flocculant PAM 
and inorganic flocculant PAC.

Fig. 9   Effect of CMC-g-PDMC, CPAM and PAM dosages on SRF Fig. 10   Effect of CMC-g-PDMC, CPAM and PAM dosages on SVI
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Conclusions

A convenient and cost-efficient method for synthesizing 
CMC-g-PDMC flocculant starting from CMC and DMC 
was developed. A new eco-friendly and biodegradable 
flocculant was prepared. The optimal graft copolymeriza-
tion condition was determined by orthogonal experiment. 
The reaction mechanism was deduced. It proved that DMC 
had been grafted onto CMC by analysing its IR spectra, 
XRD and SEM pattern, and the thermal behavior. Further, 
the sludge dewaterability was studied comparing with the 
flocculation of CMC, PAM, CPAM and PAC by FCMC, 
SRF, SVI and the filtrate transmittance. The experimental 
results indicated that the optimal flocculation conditions 
using CMC-g-PDMC to flocculate the municipal sludge 
were the dosage of 25 mg/L, pH at 3–7, the higher tem-
perature was helpful to flocculation, and the grafting per-
centage was around 80%. FCMC, SRF, SVI and the filtrate 
transmittance by CMC-g-PDMC flocculation were respec-
tively 72.01%, 3.25 × 1012 m/kg, 75.38 mL/g and 91.67%. 
The sludge dewatering capacity was also demonstrated to 
be better than that of PAC, PAM, CMC, lower than that of 
CPAM. The above results revealed that CMC-g-PDMC as 
a nontoxic, environmentally friendly and biodegradable 
flocculant possess the potential applications in the sludge 
dewatering and wastewater treatment. Moreover, the syn-
thesis of other nature graft copolymer and the application 
in sludge dewatering are in process in our laboratory.
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