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Abstract How to efficiently utilize most abundant

biomass of cellulose, lignin and their derivatives has

become an emerging challenge as the anticipative oil

depletion. In this paper, the ternary anionic copolymer

of carboxymethyl cellulose-acrylamide-lignosul-

fonate (CAL) was successfully prepared by hydrother-

mal polymerization. Based on the flocculation

characteristics of cationic methylene blue, the optimal

polymerization process was confirmed as the raw

material ratio of 1:1:1, initiator dosage of 0.9 wt %,

the reaction time was 5 h and the reaction temperature

was 55 �C. The results showed that the decolorization
ratio was 87.5% at the CAL dosage of 600 mg/L for

the 500 mg/L methylene blue simulated wastewater.

The CAL achieved fast flocculation kinetics and super

color removal ratios in the wide ranges of environ-

mental pH, temperature and salt concentration. The

flocculation mechanism is single charge neutraliza-

tion. Moreover, the estimated treatment cost of CAL is

68.3% lower than that of commercial anionic PAM.

The prepared anionic CAL flocculant has the charac-

teristics of environmental safety, excellent floccula-

tion performance and cost-effectiveness, which shows

great potential in the field of dye wastewater treat-

ment, and also provides a feasible way for the effective

utilization of biomass resources.

Keywords Lignosulfonate � Carboxymethyl

cellulose � Anionic � Flocculant � Dye removal

Introduction

With the anticipative depletion of petroleum

resources, cellulose, lignin and their derivatives have

attracted great attentions due to their low cost, wide

range of sources and multifunctional properties. They

are considered as potential candidates to replace the

fossil products in many industries (Luo et al. 2021;

Nasrollahzadeh et al. 2021).

Cellulose is most abundant and widely distributed

biomass in nature. The derivative of carboxymethyl

cellulose (CMC) is a water-soluble anionic linear

polysaccharide with rich hydroxyl and carboxyl

groups. It can be used to remove the cationic pollutants

through the flocculation or adsorption processes

(Huang et al. 2019; Jasmani et al. 2016; Kong et al.

2020; Liimatainen et al. 2011). For example, CMC

hydrogel could remove the heavy metal ions from the

tap water (Hameed et al. 2020). In addition, CMC/

acrylamide copolymers with various graft ratios and

molecular weight could gain excellent flocculation

effects on the printing and dyeing wastewaters (Huang

et al. 2019). These previous studies have shown that

CMC is a potential raw material of high performance
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flocculant with the advantages of wide availability and

low price.

Lignin is the second-most abundant terrestrial

biopolymer in the world. It contains about

20 * 30% of the wood dry weight. As the byproduct

of pulp industry, lignin is often used in the fields of oil

exploration, adhesive, bioplastics and bioenergy (Diop

et al. 2017). In recent years, lignin and its derivatives,

such as sodium lignosulfonate (LS) and kraft lignin,

have been chemically modified as effective adsorbent,

flocculant and surfactant due to the anionic property

and multiple functional groups (Alipoormazandarani

et al. 2021; Guo et al. 2018; Kong et al. 2015; Zhao

et al. 2017). As reported by Kong et al., the floccu-

lation ability of the modified kraft lignin was much

higher than that of pure kraft lignin, and the maximum

removal ratio for reactive black 5 and direct yellow 50

can reach up to 95% (Kong et al. 2015). Moreover, a

binary polymer was prepared by copolymerization of

lignosulfonate and [2-(Methacryloyloxy) ethyl]

trimethylammonium chloride solution under short

wave ultraviolet light. The removal ratio of acid black

1 was as high as 99.2% (Wang et al. 2020).

Previous research has shown that the cellulose,

lignin and their derivatives are good candidates to

prepare the effective flocculants. However, most

flocculants prepared have the disadvantages of high

flocculant dose, narrow pH window, complex chem-

ical modification process and additional high cost

from the chemicals used (Aro et al. 2017; Chen et al.

2020; Dutt et al. 2020; Liu et al. 2020; Oveissi et al.

2016; Yang et al. 2017).

To solve these problems, CMC and LS can be

grafted together by the monomer of acrylamide.

Grafting these two natural derived polymers would

produce high molecular weight flocculant with mul-

tiple functional groups, thus improves the flocculation

performance and broadens the flocculant window

significantly. More importantly, as more contents of

CMC and LS could be incorporated, it will not only

reduce the cost of raw material, and also avoid the

additional cost of the chemicals for the chemical

modification process (Guezennec et al. 2014;

Okaiyeto et al. 2016, Shewa et al. 2020). In general,

the ternary flocculant made from CMC, AM and LS

(CAL) has the advantages of environmental safety,

excellent flocculation performance and cost-

effectiveness.

In this paper, an efficient anionic terpolymer

flocculant was prepared by hydrothermal copolymer-

ization using CMC, AM and LS as raw materials. The

synthesis process was optimized with the flocculation

effect of cationic methylene blue simulated wastew-

ater. The effects of initial dye concentration, solution

pH, flocculation temperature and inorganic salt were

determined. Moreover, the kinetics and flocculation

mechanism were discussed in detail.

Materials and method

Materials

Sodium lignosulfonate was provided from Shanghai

Yika Biotechnology Co., Ltd., carboxymethyl cellu-

lose and methylene blue (C16H18N3ClS) were

obtained from Tianjin Bodi Chemicals. Analytical

grade of acrylamide (C3H5NO), ammonium persulfate

((NH4)2S2O8), sodium bisulfite (NaHSO3) and ethanol

(C2H5OH) were supplied by Sinopharm Chemicals.

Synthesis of CAL

The typical CAL synthesis process of graft copoly-

merization was as follows. Firstly, 1.0 g of CMC, AM

and LS were dissolved in 50 ml distilled water,

respectively. Secondly, the three solutions were mixed

in a 250 ml flask, placed in a water bath. After purged

with pure N2 atmosphere for 10 min, prescribed

amount of polymerization initiators ((NH4)2S2O8 and

NaHSO3) were added to initiate the copolymerization.

The reaction temperature and time were regulated at

55 �C and 5 h, respectively. The CAL copolymer was

precipitated with iced absolute ethanol, and was

filtered and washed three times with absolute ethanol

to remove unreacted substances. Finally, CAL powder

was gained by freeze drying for 48 h. For the process

optimization, the raw material ratio, initiator content,

reaction time and reaction temperature were varied.

All the prepared samples are shown in the Table 1.

Characterization of CAL

The CAL specimen was characterized by scanning

electron microscopy (SEM, model: JSM-6390LV,

JEOL, Japan) at 10 kV voltage. Before the image
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acquisition, the specimen was sputtered with gold at

20 mA for 150 s.

FTIR spectra of carboxymethyl cellulose, acry-

lamide, lignosulfonate and CAL were tested in solid

state using a Fourier transform infrared spectropho-

tometer (model: Nicolet Is50, Thermo Fisher Scien-

tific, USA) between 400 and 4000 cm- 1.

The raw materials and CAL were tested by X-ray

diffraction (model: DX-2700, Haoyuan, China) with

Cu-Ka radiation (k = 0.15418 nm) at 40 kV and

30 mA. The scanning speed was 2�/min, and the

range of 2 h was 5� * 80�.
The sample of CAL1 was dissolved in pure water

with the concentration of 5 mg/L, and the Zeta

potential was determined with a Malvern particle size

tester (model: Zetasizer Nano ZSE, Malvern Instru-

ments Ltd., England).

Flocculation experiment

In the flocculation experiment, the typical cationic dye

of MB was selected as the simulated wastewater. The

toxic MB causes nausea, diarrhea, skin irritation and

cancer, which is harmful to the natural environment

and human health. At room temperature of 25 �C, the
prescribed CAL was mixed with 10 ml of simulated

wastewater with concentration of 500 mg/L. After

mixing the dye solution evenly and standing for 12 h,

the suspended flocs in the dyestuff settled down on the

bottom of vial completely and the flocculation process

reached equilibrium. Then, the supernatant absor-

bance was determined at 664 nm with a UV/VIS

spectrophotometer (Model 721, Shanghai Third Anal-

ysis Instrument). The color removal ratio was calcu-

lated as follows:

Color removal ratio %ð Þ ¼ C0 � Cið Þ= C0 � 100%

ð1Þ

C0 is the initial dye concentration, and Ci is the

concentration of dye after flocculation.

The effects of pH (4, 5, 6, 7, 8, 9, 10), initial dye

concentration (200, 300, 400, 500 and 600 mg/L),

flocculation temperature (10, 20, 30, 40 �C) and salt

concentration (0.01 mol/L NaCl, CaCl2 and FeCl3) on

flocculation performance were studied. The pH of MB

solution was regulated with muriatic acid (0.05 mol/

L) or sodium hydroxide (0.05 mol/L) solutions.

Table 1 Synthesis

parameters of CAL
Sample LS:AM:CMC

(g:g:g)

Initiator content

(wt %)

Reaction time (h) Temperature

(�C)

CAL 1 1:1:1 0.9 5 55

CAL 2 1:2:2 0.9 5 55

CAL 3 1:3:3 0.9 5 55

CAL 4 1:3:4 0.9 5 55

CAL 5 1:4:4 0.9 5 55

CAL 6 2:1:1 0.9 5 55

CAL 7 1:1:1 0.8 5 55

CAL 8 1:1:1 1.0 5 55

CAL 9 1:1:1 1.1 5 55

CAL 10 1:1:1 1.2 5 55

CAL 11 1:1:1 0.9 4 55

CAL 12 1:1:1 0.9 4.5 55

CAL 13 1:1:1 0.9 5.5 55

CAL 14 1:1:1 0.9 6 55

CAL 15 1:1:1 0.9 5 60

CAL 16 1:1:1 0.9 5 65

CAL 17 1:1:1 0.9 5 70

CAL 18 1:1:1 0.9 5 75
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Results and discussion

Characterization of CAL

The raw material of CMC displayed the structure of

short fiber with the length in the range of 2 * 5 lm
(Fig. 1a). LS presented the shape of spherical particle

with the diameter around 10 * 50 lm (Fig. 1b).

After the graft reaction, the freeze dried CAL1

copolymer was in state of amorphous fiber. However,

they were much longer than the CMC fibers (Fig. 1c).

CAL had good solubility in water, same as the raw

materials of CMC and LS. The determined solubility

was up to 8.6 g/L.

In the FTIR spectra of CMC, the new peaks

occurred at 3334 cm-1, 1323 cm-1 are attributed to

the tensile and flexural vibrations of -OH, respectively

(Fig. 2). Peaks at 1591 cm-1 and 1043 cm-1 are

characteristic peaks of -COOH and C-O, respectively

(Mishra et al. 2012). The characteristic peaks of AM

are at 3173 cm-1, 1667 cm-1, 1612 cm-1 and

960 cm-1, corresponding to the tensile vibration of

N–H, the bending vibration of C = O, C = C and C-H,

respectively (Chen et al. 2018). Peaks of 1031 cm-1

and 689 cm-1 from LS correspond to the stretching

and bending vibration of—SO3, peaks of 1577 cm-1

and 1423 cm-1 are attributed to the skeleton vibration

of aromatic ring (Guo et al. 2019). CAL copolymer

presented most of the characteristic peaks from CMC

and LS (Fig. 2). In addition, the peak intensity

decreased significantly at 1612 cm-1, indicating that

C = C from AM participated in the copolymerization.

Concurrently, 689 cm-1 (- SO3) from LS and

3334 cm-1 (- OH) from CMC also decreased signif-

icantly, indicating that the grafting reaction might take

place on the - SO3, C = C and - OH functional

groups of LS, AM and CMC, respectively (Zhang et al.

2018).

The crystal structures of lignosulfonate, car-

boxymethyl cellulose and CAL were characterized

by XRD (Fig. 3) to show the construction of the final

Fig. 1 SEM micrograph of CMC (a), LS (b) and CAL1 (c) Fig. 2 FTIR of LS, AM, CMC and CAL
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product further. A major crystalline peak

(2h = 20.06�) appeared in the pattern of CMC, which

is the characteristic of II crystal structure (Dharani

et al. 2016). Moreover, the three peaks from LS

(28.52�, 34.78� and 42.52�) did not occur, and the

diffraction peak at 20.06� from CMCwas significantly

reduced in the XRD pattern of CAL, indicating that the

original construction of CMC and LS were wrecked

after AM was incorporated into the ternary polymer,

and a new disordered polymer was successfully

synthesized by graft copolymerization (He et al.

2015).

Determination of the optimal synthesis process

The optimal synthesis process was determined by

changing the raw material ratio, initiator content,

reaction time and reaction temperature. The ratio of

monomers leads to the difference of flocculation

performance through introduction of various func-

tional groups and charge properties. The initiator

content affects the free radical quantity and the

molecular weight of the final copolymer. Normally,

the excessive free radicals generated by overdosed

initiator lead to high rate of termination reaction,

resulting in lower molecular weight products and

weakened flocculation performance (Li et al. 2010;

Polunin et al. 2021). Previous studies have shown that

the increases of reaction time and temperature pro-

mote the copolymerization process. However, the

copolymer would undergo thermal or chemical

decomposition in case of prolonged reaction time

and higher temperature, which decreases the copoly-

merization rate and leads to lower reaction yield and

flocculation performance (Lou et al. 2017; Wang et al.

2016). In our study, the synthesis conditions were

optimized by comparing the flocculant performance

towardsMB simulated wastewater (500 mg/L). As the

results of Fig. 4a, b, c, d, it can be determined that the

optimal synthesis conditions of CAL are material ratio

of 1:1:1, initiator content of 0.9%, reaction time of 5 h

and reaction temperature of 55 �C.

Effect of initial dye concentration on flocculation

performance

The optimal removal ratio increased from 60.9 to

91.3% with the initial MB concentration in the range

of 200 * 600 mg/L. The typical decolorization curve

is obviously divided into two stages (Fig. 5a). The first

stage is the rising stage, with the increase of flocculant

concentration, the decolorization ratio reaches the

optimal removal ratio. During this process, the anionic

flocculant (the determined Zeta potential is

-69.9 mV) completely neutralizes the opposite

charge of MB dye to form an insoluble complex.

Furthermore, after correlating the best dosage and the

initial dye concentration, a good linear relation was

found between them, indicating that flocculation is

mainly controlled by charge neutralization (Fig. 5b).

In the second stage, as the flocculant concentration

continues to increase, the decolorization ratios

decrease gradually. This is due to the charge reversal

phenomenon of excessive flocculants, which leads to

the enhancement of electrostatic repulsion between

flocs and the reduction of flocculation ability (Cai et al.

2015).

Effect of pH on flocculation performance

In the realistic application of flocculant, the environ-

ment pH has an important influence on the flocculation

efficiency. As indicated in Fig. 6, the optimal removal

efficiencies of MB in the test pH range of 4 * 10 are

higher than 70%, suggesting that CAL can be used in a

wide pHwindow. This phenomenon is attributed to the

multi-functional groups in the terpolymer, such as

carboxyl, sulfonic and hydroxyl groups (Yang et al.

2014; Zahrim et al. 2010). The optimal flocculation pH

Fig. 3 XRD patterns of LS, CMC and CAL
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was 8 with the decolorization ratio of 87.5%. This may

be explicated as: MB is a cationic dye and has

excellent affinity with anionic substances, the decol-

orization ratio of MB declines with the rise of acidity.

Moreover, the level of dye ionization also has great

effect on the flocculation performance. In alkaline

environment, CAL with negative charge is closely

combined with the cationic functional group of MB

molecule by charge neutralization, which affects the

ionization of the dye and leads to a decrease in

decolorization ratio (Guibal et al. 2006; Zhao et al.

2021). In summary, CAL can deal with complex water

environment with excellent removal effect in the

practical application.

Effect of temperature on flocculation efficiency

When the flocculation temperature increased from 20

to 40 �C, the optimal removal ratio increased from

78.6 to 92.5% (Fig. 7). This might be due that the

collision probability is enhanced and the electrostatic

interactions between the copolymer and dye are

accelerated, resulting in the improvement of floccula-

tion performance. Previous studies also reported that

the flocculation process was endothermic and the

increase of temperature was conducive to flocculation

(Chen et al. 2007; Ma et al. 2019). Hence, the region

and season have significant influence on the floccula-

tion performance, and the superior flocculation effect

can be achieved near the equator or in summer.

Fig. 4 The effects of material ratio (a), initiator content (b), reaction time (c) and reaction temperature (d) on the CAL flocculation

efficiency
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Effect of inorganic salts

The existence of inorganic salt affects the electrostatic

effect and reduces the flocculation performance by

shielding the charge of flocculant (Cai et al. 2015). The

effects of three common salts (NaCl, CaCl2 and FeCl3,

0.01 mol/L) on the performance of CAL flocculation

were researched. The results indicated that the pres-

ence of NaCl and CaCl2 decreased the flocculation

performance slightly compared with the unsalted

samples. However, the presence of FeCl3 decreased

the removal ratio from 83.9 to 20.9% (Fig. 8). This can

be attributed to two facts. One is that with the increase

of ionic strength, the positive charge of CAL is

Fig. 5 Effect of initial dye concentration on the flocculation

performance of MB

Fig. 6 Effect of environmental pH on the flocculation

efficiency of MB

Fig. 7 Effect of temperature on the flocculation efficiency of

MB

Fig. 8 Effect of salts on decolorization efficiency of MB
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partially shielded and the effect of trivalent metal ion

is the strongest, which weakens the electrostatic

interaction between the flocculant and the dye (Jiang

et al. 2011). Another reason is that the Fe3? cations

compete with the positive charged MB to bind the

active sites from CAL.

Dynamics of flocculation process

Figure 9 shows that the flocculation process is divided

into two stages. In the first stage of the rising trend, the

decolorization ratio reaches 60% in about 4.8 min,

where the flocculation process is mainly controlled by

charge neutralization. In the second stage, with the

raise of the amount of flocculant, the removal ratio

increases slowly until it reaches equilibrium. This is

because the concentration of dye decreases quickly

and the charge neutralization slows down. As the

discussion of the initial dye concentration effect, only

the flocculation mechanism of charge neutralization

was presented in the test ranges of dye concentration

and flocculant dose. The excellent flocculation kinet-

ics might relate with the pure charge neutralization

effect, since the bridge and sweep effects normally

need long time to accomplish the flocculation process

(Yang et al. 2016). As reported by the previous studies,

the removal ratio of the flocculant synthesized by the

copolymerization of AM and methyl acrylloxyethyl

trimethylammonium chloride was 60% after 10 min

(Ma et al. 2017). The graft copolymer with acrylamide

and magnetic cellulose needed 30 min to achieve the

removal ratio of 66.4% (Mohamed Noor et al. 2020).

Compared with other flocculants, CAL has the

advantages of fast treatment speed and excellent

flocculation effect. The fast kinetics makes the floc-

culation process effectively and saves the time cost.

Comparison of flocculation performance

Figure 10 shows the flocculation effect of CAL and

commercial anionic PAM on MB solution. Commer-

cial anionic PAM (molecular weight: 15 million) is a

kind of water-soluble polymer with high molecular

weight and good solubility. It is mainly used for

flocculation and sedimentation of various cationic

industrial wastewaters (Mohamed Noor, Ngadi et al.

2020). Due to the electrostatic and hydrogen bonding

interaction between PAM and suspended particles, the

dye particles combine with PAM to settle down and

accomplish the flocculation process (Bao et al. 2011;

Zheng et al. 2020). As shown in Fig. 10, the decol-

orization ratios of MB reach to 57% and 81.5% with

PAM and CAL dosage of 600 mg/L, the flocculation

performance of PAM is 30.1% lower than that of CAL.

The results shows the CAL is more potential to be

widely used in practical production than the commer-

cial anionic PAM.

We also compared the flocculants based on lignin

and carboxymethyl cellulose for the past few years

(Table 2). Most of flocculants are binary system and

are prepared with the chemical modification. In this

study, ternary CAL synthesized from inexpensive

natural polymers of CMC and LS exhibits the virtues

Fig. 9 Dynamics of CAL flocculation

Fig. 10 The comparison between the flocculation effect of

PAM and CAL
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of low cost and eco-friendliness. Moreover, the CAL

flocculant shows fast flocculant kinetics and excellent

flocculation performance in broad ranges of environ-

mental pH, temperature and salt concentration. The

prospect of CAL in practical dye wastewater treatment

is viable due to its ecological friendliness, cost-

effective performance and high flocculation

performance.

Cost effectiveness evaluation

In terms of cost, the price of CMC, AM and LS gained

from wholesale suppliers in China is 1.2, 1.4 and 0.4

USD/kg respectively. The cost of raw materials is 1.77

USD/kg based on the mass ratio of 1:1:1(CMC: AM:

LS), the yield of 80%, and additional manufacturing

cost (42% of the raw material cost) (Alsbaiee et al.

2015). The treatment costs of CAL and PAM (molec-

ular weight: 15 million, 2.8 USD/kg) are 0.533

USD/ton and 1.68 USD/ton, respectively (dye

wastewater: 100 mg/L, removal ratio of 50%). It can

be seen that the cost of CAL is 68.3% lower than that

of PAM in treating the same wastewater. It is

reasonable to expect that CAL is economically

competitive with PAM in the practical application.

Conclusions

In this study, the anionic copolymer of carboxymethyl

cellulose, acrylamide and lignosulfonate was prepared

by hydrothermal polymerization method. The optimal

synthesis conditions were determined by the floccu-

lation properties towards MB. The results showed that

the decolorization ratio towards 500 mg/L cationic

MB wastewater could reached 87.5% at the flocculant

dosage of 600 mg/L. The flocculant has fast floccu-

lation kinetics and good flocculation effect in broad

ranges of environmental pH, salt concentration and

temperature. The flocculation mechanism is single

charge neutralization. Moreover, cost evaluation

shows the treatment cost of CAL is 68.3% lower than

that of commercial anionic PAM. The anionic floccu-

lant CAL has the advantages of easily available

materials, cost effectiveness and excellent flocculation

performance. It has a bright future in the field of dye

wastewater treatment.
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Table 2 Comparison of related flocculants

Product Reaction conditions Flocculation effect Advantages and disadvantages Literature

CAML Microwave-assisted free radical

copolymerization, initiator:

K2S2O8 ? Na2S2O3, irradiation time:

18 min

Color removal ratio is

97.1% for acid black-

172

Broad flocculation window and

effective pH range; poor effect on

high concentration dye wastewater

Cui et al.

(2017)

LAD Microwave-assisted graft

polymerization, initiator:

(NH4)2S2O8 ? NaHSO3, reaction

time:16 min

Color removal ratio is

99.8% for acid black-

172

High removal efficiency, high

flocculant dosage

Zhang

et al.

(2019)

CMC-g-

PAM

Hydrothermal polymerization, initiator:

K2S2O8 ? NaHSO3, temperature:

60 �C, time: 2.5 h

Removal ratio of

printing and dyeing

wastewater is over

99%

Excellent flocculation effect, pH has

great influence on the performance

Feng

et al.

(2020)

CMC-g-

PAA

Microwave irradiation, 800 W,

irradiation time: 1 * 7 min

River water NTU down

from 48 to 20

Simple synthesis process, narrow

flocculation window

Mishra

et al.

(2012)

CMC-g-

PDMC

Graft copolymer, initiator: APS, reaction

time: 3 h

Removal rate of dye

wastewater can reach

more than 90%

High removal rate, complex synthesis

process

Cai et al.

(2015)

*CAML chitosan-acrylamide-lignin, LAD lignosulfonate-acrylamide-dimethyldiallylammonium chloride, PAA polyacrylic acid,

PDMC poly[(2-methacryloyloxyethyl) trimethyl ammonium chloride, APS ammonium persulfate
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