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Abstract In this current work, a series of cellulose-

based flocculants, carboxymethyl cellulose-graft-

poly[(2-methacryloyloxyethyl) trimethyl ammonium

chloride] (CMC-g-PDMC) with different grafting

ratios were successfully synthesized. CMC-g-PDMC

bears high flocculation performance in removal of an

anionic dye, Acid Green 25 (AG25), at various pH

conditions, which is due to improvement of both

positive charge and molecular weight after modifica-

tion. Moreover, the dye removal efficiency is mostly

improved with the increase of grafting ratio. Among

the four tested salt additives, CMC-g-PDMC exhibits

good salt resistance except for sodium chloride in the

measured salt concentration range. Furthermore, the

image analysis in combination with fractal theory has

been employed to investigate the flocs properties

including floc size and fractal structure for studying

the flocculation mechanism in detail. It is confirmed

that charge neutralization and bridging flocculation

effects both play important roles in removal of AG25

from water.

Keywords Cellulose-based flocculants � Dye

removal � Fractal dimension � Salt resistance �
Flocculation mechanism

Introduction

Dyes are widely used in textile and leather industries.

(Tian et al. 2014; Verma et al. 2012; Zhou et al. 2014)

In addition to increase of the chemical oxygen demand

(COD) of the water body, the dye effluents are highly

visible and interfere with light penetration into water

thereby retard photosynthesis and inhibit the growth of

aquatic organisms seriously. (Khraisheh et al. 2005;

Xiong et al. 2014; Zahrim et al. 2011) Hence, it is of

vital importance to efficiently remove dye pollutants

from wastewater.

Various technologies have been employed for

treatment of the dye-containing wastewater including

flocculation, adsorption, filtration, oxidation, elec-

trolysis, and chemical/photochemical/microbial

degradation (Batmaz et al. 2014; Liang et al. 2014;

Rafatullah et al. 2010; Verma et al. 2012; Wang et al.

2013a; Yang et al. 2013a). Among them, flocculation

is one of the most effective pre-treatment processes in

terms of low-cost, easy-operation and energy-saving

(Aboulhassan et al. 2006; dos Santos et al. 2007;

Riera-Torres et al. 2010; Wang et al. 2009b; Zahrim

et al. 2011). The flocculation performance highly

depends on the choice of flocculants. Up to now,
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inorganic metal-based flocculants and synthetic or-

ganic polymeric ones are two kinds of the most

popular flocculants which are widely applied. How-

ever, both of them bear the risk of secondary pollution

for residual metal ions and noxious monomers of some

synthetic polymeric flocculants (Roussy et al. 2005;

Song et al. 2010; Zhao et al. 2011). Therefore,

development of safer, cheaper and more effective

flocculants is still one of the hottest topics in

flocculation.

Recently, natural polymer-based flocculants have

become attractive because of their nontoxic, widely-

sourced, environment-friendly and cost-effective

aspects (Renault et al. 2009; Shi et al. 2012; Wang

et al. 2009a; Zahrim et al. 2011). Among them,

cellulose, the most abundant natural polymers in the

world, is an excellent candidate (Cai et al. 2013;

Klemm et al. 2005). However, the disadvantages of

cellulose itself always limit its practical applications in

wastewater treatment such as the poor water solubility

and low reactivity. Accordingly, the chemical modifi-

cation has been employed (Liu et al. 2008; Song et al.

2010). Carboxymethylation (Bhandari et al. 2012; Qi

et al. 2009) is a simple and efficient way to overcome

those drawbacks of cellulose. The carboxymethyl

rectified product, carboxymethyl cellulose (CMC),

shows significantly increased water solubility for

destruction of its original ordered structure. Besides,

grafting is also a valid modification approach (Li et al.

2007). The flexible long chain grafted onto the rigid

cellulose backbone can increase the conformational

freedom of the polymeric flocculants in solution,

resulting in improved adsorption and bridging effects

(Yang et al. 2013b). Moreover, as most of the

contaminants in water bodies carry some charges,

the attraction and approachability to these con-

taminants can be greatly enhanced when the floccu-

lants have opposite charges (Cai et al. 2013; Ghimici

et al. 2010). As for dyes, many acidic and reactive ones

with negative charges, containing sulfonic or car-

boxylic groups, are widely applied in the industrial

fields (He 2004; Yagub et al. 2014). However, they are

difficult to be completely removed due to high water

solubility (Zahrim et al. 2011). Therefore, increasing

the positive charge density of flocculants is an

effective way to improve flocculation efficiency for

removal of those anionic dyes from water.

In this present work, a series of graft cellulose-

based flocculants with strong positive charges,

carboxymethyl cellulose-graft-poly[(2-methacryloy-

loxyethyl) trimethyl ammonium chloride] (CMC-g-

PDMC) have been designed and synthesized to

flocculate Acid Green 25 (AG25, a typical anionic

dye) from water. The effects of both internal (grafting

ratio) and external factors (pH, flocculant dosage, and

salt additives) on flocculation of AG25 have been

studied systematically. Moreover, the floc properties

(i.e., floc size and compactness) are also crucial during

flocculation process (Fabrizi et al. 2010; Jarvis et al.

2005) since larger and denser flocs are usually

preferred in order to yield lower sludge volume and

reduce the disposal and handling cost. The floc size

and two-dimensional fractal dimension (D2)

(Chakraborti et al. 2000) which describes the com-

pactness of flocs, have been determined by image

analysis (IA) (Yang et al. 2013b) in combination with

fractal theory (Mandelbrot 1983). The flocculation

mechanisms of the cellulose-based flocculants have

been discussed in detail on the basis of the flocculation

performance and floc properties.

Materials and methods

Materials

Cellulose was purchased from Shanghai Jinsui Bio-

Technology Co., Ltd. Monochloroacetic acid (Zibo

Lushuo Economic Trade Co., Ltd.), ammonium per-

sulfate (APS) (Shanghai Lingfeng Chemical Reagent

Co., Ltd.), (2-methacryloyloxyethyl) trimethyl ammo-

nium chloride (DMC) (Shanghai Bangcheng Bilogical

Technol. Co., Ltd.), and AG25 (Shanghai Jingchun

Reagent Co., Ltd.) were used without further purifi-

cation. All other chemicals were purchased from

Nanjing Chemical reagent Co. Ltd. All the reagents

are of analytical grade, and distilled water was used in

all experiments.

Preparation of CMC-g-PDMC

CMC-g-PDMC has been obtained through two steps.

The former step was to prepare CMC by car-

boxymethylation of cellulose to improve the water

solubility, and the latter one was to graft PDMC chains

onto CMC backbone in a homogeneous solution. The

detailed synthesis process is described in Scheme 1.
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Firstly, the desired amount of cellulose was added

into an ethanol/NaOH blending aqueous solution to

swell and alkalize at 80 �C in a water bath for 1 h.

Then monochloroacetic acid was added into the

reaction mixture dropwise and stirred for 1.5 h at

80 �C. The product was filtered and rinsed in 75 %

ethanol and finally dried under vacuum at 60 �C. The

substitution degree of carboxymethyl groups is

17.4 % calculated from the mass fraction of sodium,

which was obtained by atomic absorption spectrum

(AAS).

Then, a CMC aqueous solution with known

concentration was freshly prepared and stirred under

nitrogen for 30 min. After that, a certain amount of

APS as the initiator was added. To suppress the

formation of the PDMC homopolymer, the CMC

solution was kept for 5 min before the DMC monomer

aqueous solution was added (Sonmez et al. 2002). The

reaction was carried out for 3 h under nitrogen and

was then stopped by precipitating the mixture in

acetone. The solid product was filtered and washed

with ethanol for three times, then extracted using

acetone as the solvent in a Soxhlet apparatus for 48 h

to remove impurities (da Silva et al. 2007; Wang et al.

2013b). Finally CMC-g-PDMC was dried under

vacuum at 60 �C. Five different cellulose-based

samples with various mass feed ratios of CMC and

DMC (1:2, 1:3, 1:4, 1:5 and 1:8) were synthesized and

named CMC-g-PDMC12, CMC-g-PDMC13, CMC-g-

PDMC14, CMC-g-PDMC15 and CMC-g-PDMC18,

respectively. The grafting ratio (G) of various CMC-g-

PDMC samples was calculated by weighting method

according to Eq. (1) (Wang et al. 2009a) as shown

below.

G ð%Þ ¼ wg � wo

wo

� 100 % ð1Þ

where wg and w0 are the weight of CMC-g-PDMC and

CMC, respectively.

The calculated grafting ratios of various CMC-g-

PDMC samples including other details are all listed in

Table 1. The grafting ratio increases with increasing

the feed mass of DMC monomers from Table 1.

Characterization

Fourier transform infrared (FTIR) spectra of various

samples were recorded on a Bruker Model IFS 66/S

FTIR spectrometer. The interval of measured wave

numbers was 600–3800 cm-1.
1H nuclear magnetic resonance (1H NMR) spectra

of different samples were carried out using a Bruker

AVANCE Model DRX-500 spectrometer, operating at

500 MHz with D2O as solvent.

Zeta potential (ZP) of various cellulose sample

solutions was measured using a Malvern Model Nano-

Z Zetasizer.

Hydrodynamic radius (Rh), a parameter commonly

used to characterize the size of the polymer in solution,

was determined by a Brookhaven Model BI200SM

dynamic light scattering apparatus.

Flocculation experiment

Jar tests

The AG25 aqueous solution with a concentration of

100 mg/L was employed as synthetic wastewater. The

pH levels were adjusted by diluted HCl or NaOH

aqueous solutions. Jar tests were conducted using

250 mL jars at room temperature. After adding a

desired amount of flocculants as solid powder into

100 mL AG25 solution, the mixture was fast stirred at

200 rpm for 3 min followed by a slowly stirring at

50 rpm for 10 min, and finally left to settle for 2 h.

The supernatants were collected after reaching floc-

culation equilibrium using a syringe and filtrated

through the membrane with a pore diameter of

S2O8
2-

C CH

O
CH2OCH2COONa

HO

O

CH2CH

C

OCH2CH2N(CH3)3Cl

O
n

O

CH2OCH2COONa

OH

OH

O

CMC CMC-g-PDMC

1

2
3

4

5

6

CH2 CH(CH3)COOCH2CH2N(CH3)3Cl

CH3

OH

O

CH2OH

OH

OH

O

Cellulose

1

2
3

4

5

6

ClCH2COOH

NaOH

12

3

4

5

6

Scheme 1 The synthesis route of CMC-g-PDMC

Cellulose (2015) 22:1439–1449 1441

123



0.45 lm. A UV–visible spectrophotometry (Model

UV-2401, Shimadzu Co.) was used to determine the

concentration of residual dye in water. A calibration

curve of AG25 was prepared in advance. The

absorbance was measured at the wavelength of

642 nm. The colour removal efficiency was calculated

as follows:

Colour removal efficiency ð%Þ ¼ Co � C

Co

� 100 %

ð2Þ

where C0 and C are the dye concentrations in solution

before and after flocculation, respectively (Yang et al.

2011).

The effect of salt additives on the flocculation

performance of CMC-g-PDMC was studied at pH 7.0.

CMC-g-PDMC15 was selected as a representative.

Four different salts, NaCl, NaNO3, Na2CO3 and

Na3PO4, were tested respectively. The flocculant

dosage in each experiment was 90 mg/L, and the

initial dye concentration was 100 mg/L. A similar

analysis method using UV–visible spectrophotometry,

as mentioned above, was employed to detect the final

dye concentration once flocculation equilibrium was

reached.

Floc properties measurement

Floc properties were measured by image analysis (IA).

After sedimentation, the flocs were carefully with-

drawn from the jars and then transferred into a glass

dish with water. A Pentax Model K-m digital camera

with a 200-mm lens was used to take photos. The

characteristic length (l) and the projected area (A)

were derived from the photos using image analysis

software, Imagepro� Plus 6.0. In this work, l was

defined as the largest projection length and used to

evaluate the floc size. The coefficient of two-dimen-

sional fractal dimension (D2) was then obtained from

the slope of the log–log plot of A and l (Chakraborti

et al. 2000; Lin et al. 2008). Larger D2 indicates denser

flocs.

A / lD2 ð3Þ

Result and discussion

Characterization of CMC-g-PDMC

CMC-g-PDMC has been prepared through a two-step

route on the basis of Scheme 1 described in detail in

the experimental part. The FTIR and 1H NMR spectra

of CMC, monomer DMC and various CMC-g-PDMC

samples have been measured and illustrated in Figs. 1

and 2, respectively. The bands of 1025 cm-1 (C–OH)

and 3320 cm-1 (O–H) in Fig. 1a are the characteristic

FTIR peaks of cellulose. The peak at 1595 cm-1 in

CMC is ascribed to carboxymethyl groups. Besides

the aforementioned peaks, peaks around 1716 cm-1

are attributed to carbonyl (C=O) on the PDMC chains

and peaks at 1474 and 944 cm-1 are vibrations of

methyl groups (C–H) on quaternary ammonium salt in

PDMC branches (Wang et al. 2009a) from Fig. 1c–g,

which are well consistent with those of DMC as shown

in Fig. 1b. As the PDMC homopolymer has been

removed during the preparation process after the

products were washed and extracted by acetone in the

Soxhlet apparatus, the detected PDMC chain should

be chemically bonded onto the cellulose backbone.

Furthermore, the characteristic FTIR peaks of PDMC

Table 1 Flocculation performance and flocs properties of various CMC-g-PDMC flocculants at pH 7.0

Flocculants Mass feed ratio

(CMC:DMC)

Grafting

ratio (%)

Dosageopt

(mg/L)a
Colour removal

efficiency (%)b
D2

b R2 Average

l (lm)b

CMC-g-PDMC12 1:2 44.5 210 81.9 1.82 0.904 176

CMC-g-PDMC13 1:3 55.5 180 90.1 1.83 0.928 184

CMC-g-PDMC14 1:4 151 90 93.2 1.89 0.938 240

CMC-g-PDMC15 1:5 181 90 97.3 1.92 0.920 256

CMC-g-PDMC18 1:8 337 60 92.2 1.91 0.919 248

a Optimal dosage where the maximal color removal efficiency occurs on the basis of Fig. 4
b The corresponding value at the optimal dosage
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in Fig. 1c–g all increase with the increase of grafting

ratio as listed in Table 1.

As for the 1H NMR spectra, the overlapped signals

between 3.10 and 4.30 ppm in Fig. 2a are assigned to

the protons H1–H6 on the glycosidic ring of car-

boxymethyl cellulose. For various CMC-g-PDMC

samples, the new significantly strong signals at around

3.25 ppm in Fig. 2 b–f are the resonances of methyl

protons on the PDMC chains. The FTIR and 1H NMR

spectra both confirm that CMC-g-PDMC has been

successfully synthesized.

Moreover, the zeta potentials of various cellulose-

based sample solutions have been measured before

flocculation measurement, since charge properties of

ionic flocculants would highly affect the flocculation

efficiency (Wang et al. 2009a; Yang et al. 2012). The

ZP-pH curves were demonstrated and shown in Fig. 3.

It is found that CMC shows negative ZP in the

whole measured pH range (from 2.0 to 12.0) due to the

presence of carboxymethyl groups. However, after

PDMC branches were grafted onto CMC backbones,

all the five CMC-g-PDMC samples bear positive

charges and exhibit the characteristics of strong

cationic polyelectrolytes. Furthermore, the ZPs of all

CMC-g-PDMC samples decrease with increasing pH

due to the fact that the concentrations of counterions

increase. In addition, the ZPs of different CMC-g-

PDMC samples increase with increasing grafting ratio

resulting from more cationic quaternary ammonium

groups contained. Since AG25 is a typical anionic dye

and bears negative charge in aqueous solution from

Fig. 3, the strong cationic characteristics of CMC-g-

PDMC samples are expected to wield excellent

flocculation ability in the following jar tests.

Flocculation performance of CMC-g-PDMC

The flocculation performance of different CMC-g-

PDMC samples at various dosages for removal of

AG25 was systematically investigated under acidic

(pH 3.0), neutral (pH 7.0) and alkaline conditions (pH

11.0), respectively, since flocculant dosage and pH are

3500 3000 2500 2000 1500 1000
Wave number (cm-1)

C=O
N(CH3)3

g

a

b

f

e

d

c

Fig. 1 FTIR spectra of various samples: a CMC, b DMC,

c CMC-g-PDMC12, d CMC-g-PDMC13, e CMC-g-PDMC14,

f CMC-g-PDMC15, and g CMC-g-PDMC18

5 4 3 2 1 0

-N(CH3)3

a

b

c

d

e

f

g

chemical shift / ppm

Fig. 2 1H NMR spectra of various samples: a CMC, b DMC,

c CMC-g-PDMC12, d CMC-g-PDMC13, e CMC-g-PDMC14,

f CMC-g-PDMC15, and g CMC-g-PDMC18

2 4 6 8 10 12

-40

-20

0

20

40

60

80

 CMC-g-PDMC18
 CMC-g-PDMC15
 CMC-g-PDMC14
 CMC-g-PDMC13
 CMC-g-PDMC12
 CMC   AG25

pH

ze
ta

 p
ot

en
tia

l (
m

V)

Fig. 3 Zeta—pH profiles of AG25 (filled right tilted triangle),

CMC (filled square), CMC-g-PDMC12 (filled circle), CMC-g-

PDMC13 (filled triangle), CMC-g-PDMC14 (filled diamond),

CMC-g-PDMC15 (filled star), and CMC-g-PDMC18 (filled

inverted triangle)

Cellulose (2015) 22:1439–1449 1443

123



two very important factors that affect the flocculation

efficiency of flocculants, especially for ionic ones

(Oladoja and Aliu 2009; Shi et al. 2012). The results

are all depicted in Fig. 4.

Effect of dosage

To start with, the optimal dosages of the cellulose-

based flocculants at various pH conditions have been

observed from Fig. 4 which are corresponding to the

maximal dye removal efficiencies. It is found that the

maximal dye removal efficiencies of all CMC-g-

PDMC samples are quite high in each measured pH

level. This improvement can be mainly ascribed to the

strong cationic characteristics of the flocculants in the

whole tested pH range for the grafted PDMC chains

with high positive charge density. The strong electro-

static attractions between the flocculants and the

anionic AG25 are beneficial for dye removal.

Moreover, all the colour removal efficiency–dosage

profiles in Fig. 4 give demonstrations of up-climax-

down trend, suggesting that charge neutralization

effect (Pal et al. 2011) plays an important role in the

flocculation process. In order to investigate the

flocculation mechanism further, the ZPs of the final

supernatants after reaching flocculation equilibrium as

a function of dosage at various pH levels have been

measured, as showed in Fig. 5 along with the colour

removal efficiencies.

CMC-g-PDMC13 and CMC-g-PDMC15 were se-

lected as representatives with relatively low and high

grafting ratio respectively. Under each condition, ZPs

always display an upward trend with increasing the

dosage of flocculants. Moreover, most of the ZPs of

the supernatants are very close to zero at their

corresponding optimal dosages from Fig. 5,

suggesting that simple charge neutralization is the

dominant flocculation mechanism in these cases. At

the optimal points, the cationic flocculants fully

neutralize the opposite charges of dyes and then

insoluble complexes are formed which further aggre-

gate together to be larger flocs and settle down.

However, insufficient flocculants are not enough for

complete neutralization whereas excessive ones lead

to restabilization effect due to the electrostatic repul-

sion among the dye flocs bounded with oppositely

charged flocculants.

As for CMC-g-PDMC13 under alkaline condition

in Fig. 5c, the ZP is slightly negative at optimal

dosage, which indicates that patch mechanism may

also have some contributions to dye removal besides

simple charge neutralization. It can be mainly ascribed

to more collapsed conformation and lower ZP of

CMC-g-PDMC13 at higher pH condition. In conse-

quence, its velocity of migration to and adsorption on

dye turns slower in this situation and there is enough

time for collision among some of the primary dye flocs

which are not completely neutralized yet.

In addition to charge neutralization effect, the

polymeric flocculants with highly charged branches

would present an extended macromolecular confor-

mation in aqueous solutions due to intra-chain elec-

trostatic repulsion (Flory 1953), which also engenders

improved approachability of the flocculants to those

dye molecules. Therefore, both charge neutralization

and bridging effects result in high dye removal

efficiency of CMC-g-PDMC.

Effect of pH

From Fig. 4, it is roughly found that there are quite

different pH influences on the flocculation performance
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among those various graft cellulose-based flocculants.

The dye removal efficiency of CMC-g-PDMC with

relatively low grafting ratio (CMC-g-PDMC12, CMC-

g-PDMC13 and CMC-g-PDMC14) shows pH depen-

dent, but that of CMC-g-PDMC with high grafting ratio

(CMC-g-PDMC15 and CMC-g-PDMC18) is pH inde-

pendent. In order to give a clearer comparison and

discussion, CMC-g-PDMC13 and CMC-g-PDMC15

were selected as representatives to test their flocculation

performance at five different pH levels, which is shown

in Fig. 6.

From Fig. 6a, CMC-g-PDMC13 exhibits higher

dye removal efficiency with lower optimal dosage at

acidic conditions, but more dosage is required at high

pHs. It is due to the fact that the positive charge of

CMC-g-PDMC would be reduced with increasing pH

from Fig. 3 as the flocculants chains are surrounded

with a growing number of OH- counterions which

would compress the electrical double layer of floccu-

lants much more. Accordingly, on the one hand, the

charge neutralization effects would be reduced obvi-

ously. On the other hand, the conformation of the

polymeric flocculants in water would be collapsed for

reduction of the net charge on the macromolecular

chain (Flory 1953; Jiang et al. 2011) resulting in the

bridging flocculation effects weakened. Therefore, the

flocculation performance of CMC-g-PDMC13 de-

creases with the increase of pH.

It is notable that both the optimal dosage and colour

removal efficiency of CMC-g-PDMC15 with relative-

ly high grafting ratio have almost no change at various

pH levels on the basis of Fig. 6b. Although the

positive charge of CMC-g-PDMC15 also decreases

with increasing pH, its ZP at pH 11.0 is still close to

that of CMC-g-PDMC13 at pH 4.0 according to

Fig. 3. Hence, the positive charge density of CMC-g-

PDMC15 is still high enough to keep high flocculation

performance at alkaline conditions. Moreover, CMC-

g-PDMC with higher grafting ratio also has higher

molecular weight resulting in enhanced bridging

effect. Therefore, the flocculation performance of

CMC-g-PDMC15 shows pH independent and always

remains at a high level.

Effect of grafting ratio (G)

Besides the influence of external factors such as

dosage and pH as mentioned above, the grafting ratio,

an important structural parameter, also plays a key role

in the flocculation properties of graft flocculants. In

fact, structural factor is the final determining one for

the materials’ performance.
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Fig. 5 Colour removal efficiency (filled square) and Zeta

potential (filled circle) of the supernatant after reaching

flocculation equilibrium as a function of dosage by CMC-g-

PDMC13 (a–c) and CMC-g-PDMC15 (d–f) at various pHs: 3.0

(a, d), 7.0 (b, e), and 11.0 (c, f)
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On the basis of Fig. 4, the optimal dosage of the

cellulose-based flocculants would decrease from

CMC-g-PDMC12 to CMC-g-PDMC18 with increas-

ing grafting ratio at each pH level but the correspond-

ing maximal colour removal efficiency roughly

increases. Meanwhile, the slopes of colour removal

efficiency–dosage curves at the beginning turn much

larger and sharper for CMC-g-PDMC with higher

grafting ratio. All of the aforementioned results

indicate that CMC-g-PDMC with higher grafting ratio

has more PDMC branch chains and higher positive

charge density resulting in higher flocculation effi-

ciency and much more sensitive to dosage. Therefore,

the colour removal efficiency increases more quickly

at the beginning and the restabilization effect is also

more serious at overdose conditions for CMC-g-

PDMC with higher grafting ratio on the basis of Fig. 4.

Moreover, the flocculation performance of various

flocculants at pH 7.0 is selected as the representative,

and the detailed optimal dosages as well as their

corresponding colour removal efficiencies based on

Fig. 4 are all listed in Table 1 for better comparison.

Besides, the flocs properties including floc size and D2,

measured through IA under each optimal condition,

are also illuminated in Table 1. In addition to better

colour removal efficiency and lower dosage require-

ment, the larger values of average l and D2 reveal that

larger flocs with denser structure are generated by the

cellulose-based flocculants with higher grafting ratio.

The comb-like copolymer with higher amount of

PDMC branch chains would enhance the ap-

proachability to dye molecules, and larger flocs could

connect with other primary flocs and seize residual dye

molecules together through improved bridging (Yang

et al. 2010) and sweep (Canizares et al. 2006) effects,

respectively. Meanwhile, larger D2 indicates the more

compact structure of flocs, which is close to 2.0, the

largest value in theory. It can be ascribed to the

stronger charge attraction between cationic flocculants

and anionic dye molecules.

However, it doesn’t mean unrestrained PDMC

amount to the flocculants’ performance. As listed in

Table 1, although CMC-g-PDMC18 with the highest

grafting ratio in this work bears the smallest optimal

dosage among the five cellulose-based flocculants, it is

unfavorable for the highest colour removal efficiency

and best flocs properties. It may be due to the fact that

the graft copolymer is facile to chemical crosslink with

excessive monomers hurting its application perfor-

mance (Ceresa 1973). Accordingly, the grafting ratio

of flocculant should be controlled in a suitable range

(around 180 % in this current work) to ensure better

cost performance for not only lower optimal dosage

and higher dye removal efficiency but also larger and

denser flocs.

Effect of salt additives

It is well known that the real water is normally very

complicated where many solutes coexist such as

inorganic salts. The effects of four common salt

additives (NaCl, NaNO3, Na2CO3 and Na3PO4) on the

flocculation performance of CMC-g-PDMC for dye

removal were studied also. CMC-g-PDMC15 was

selected as the representative. Figure 7 shows the

concentration effects of various salts on the colour
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Fig. 6 Effects of dosage on flocculation of AG25 solutions

(initial dye concentration is 100 mg/L) using a CMC-g-

PDMC13 and b CMC-g-PDMC15 at various pH conditions
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removal efficiency of CMC-g-PDMC15. It is found

that the dye removal efficiencies all decrease with

increasing salt concentration. It may be ascribed to

two facts. One is that the positive charges of the

flocculants have been partially screened with the

increase of the ionic strength, thus the electrostatic

interactions between flocculants and dyes are weak-

ened. The other is that the inorganic anions might

compete with and replace AG25 on the activated

flocculation sites of flocculants. However, except

NaCl, the extent of decrease in colour removal

efficiency is quite slight in the presence of the other

three salts. CMC-g-PDMC15 still shows good salt

resistance in the measured salt concentration range,

and the dye removal efficiency still remains around

90 % at the maximal tested salt concentration ap-

proximately 0.2 mol/L.

Additionally, the flocs properties (including floc

size and D2) and hydrodynamic radius (Rh) of the

flocculants in the presence of each salt with concen-

tration of 0.1 mol/L are all listed in Table 2. The

molar concentration of inorganic anions is kept

constant, since CMC-g-PDMC flocculants bear the

characteristics of cationic polyelectrolytes. It is found

that the final floc size and D2 both decrease as well as

the colour removal efficiency in the presence of each

salt. On the basis of the shrunk hydrodynamic size, the

polymeric flocculants have more curled morphology,

(Flory 1953; Jiang et al. 2011) and the bridging

flocculation effect has been also reduced besides

charge interactions. Interestingly, the degrees of

decrease in floc size, D2 and Rh, by NaCl are the most

remarkable which are full consistent with the results of

salt concentration effects as shown in Fig. 7. The

stronger reduction effect of NaCl additive may result

from certain efficient interactions between quaternary

ammonium groups of flocculants and chloride ions for

smaller hydrated ion radius of Cl-.

Conclusion

The tailored graft cellulose-based flocculants, CMC-

g-PDMC, were successfully prepared which can

efficiently flocculate an anionic dye, AG25, from

aqueous solutions at different pH levels. It is due to the

enhanced charge neutralization and bridging effects

for improvement of both positive charge and mole-

cular weight of the polymeric flocculants after PDMC

branches grafted. Furthermore, the grafting ratio plays

an important role in both flocculation performance and

flocs properties. With increasing grafting ratio, the

colour removal efficiency as well as floc size and

compactness (D2) mostly increases but the required

dosage decreases. The flocculation performance of the

cellulose-based flocculants with various grafting ratio

shows quite different pH dependent. The dye removal

efficiency of CMC-g-PDMC with high grafting ratio is

pH independent for stronger positive charge and

higher molecular weight, while that of CMC-g-PDMC

with relatively low grafting ratio would be reduced in

alkaline conditions. The cellulose-based flocculants

bear good salt resistance except for NaCl. It may be

ascribed to certain more efficient attraction between

flocculants and chloride ions.
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Fig. 7 Effects of various salts on the colour removal efficiency

of CMC-g-PDMC15 (dosage of flocculant is 90 mg/L) for

flocculation of AG25 (initial dye concentration is 100 mg/L) at

pH 7.0

Table 2 Effect of salts on flocculation performance and flocs

properties of CMC-g-PDMC15

Salts Colour removal

efficiency (%)

D2 R2 Average

l (lm)

Rh

(nm)

None 97.3 1.92 0.920 256 430.5

NaCl 66.1 1.78 0.932 178 154.1

NaNO3 90.1 1.88 0.928 197 208.5

Na2CO3 89.4 1.87 0.958 198 195.7

Na3PO4 88.6 1.87 0.873 201 222.8

At pH 7.0, the dosage of flocculant in each experiment is

90 mg/L, and the concentration of each salt is kept 0.1 mol/L
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