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a b s t r a c t
Flocculation is often an important method for removing colloids from water or wastewater to obtain 
excellent water quality before advanced treatment. Flocculation efficiency largely depends on the 
flocculant used. A modified chitosan flocculant, named CTS-AM-ETA, was successfully prepared 
by modifying chitosan (CTS) with acrylamide (AM) and 2,3-epoxypropyl trimethyl ammonium 
chloride (ETA) for improved removal of lignin and cellulose-generated organic loads from paper-
making wastewater in this study. The flocculation performance of CTS-AM-ETA was compared 
with chitosan and traditional inorganic flocculants. Compared with CTS, the results of Fourier-
transform infrared spectroscopy, X-ray diffraction, scanning electron microscopy and solution 
properties showed that the composition, structure and morphology of CTS-AM-ETA had changed, 
which resulted in the improvements in adsorption, bridging and electrical neutralization of the 
flocculant by increasing the specific surface area, the molecular weight and the cation strength. 
The turbidity and chemical oxygen demand removal indicated that the flocculation performance of 
CTS-AM-ETA was superior to chitosan and the selected inorganic flocculants under optimal dosage 
conditions. The larger particle size of the sludge flocs by CTS-AM-ETA could promote the sweep-
ing and deposition of aggregates. In particular, preliminary results found the sludge flocs could 
adsorb the cationic dye methylene blue.
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1. Introduction

The paper industry is one of the largest industrial pro-
duction sectors. A large amount of wastewater is generated 
in the paper industry. In China, papermaking wastewater 
industry discharges about 2.367 billion tons wastewater 
per year, accounting for 13.0% of the country’s total indus-
trial wastewater discharge, and ranking the first among 41 
industries [1,2]. In addition to the large amount of wastewa-
ter, papermaking wastewater contains a variety of refractory 

organic substances (lignin, cellulose and hemicellulose etc.), 
and the percentage of lignin and cellulose in the influent 
chemical oxygen demand (COD) exceeds 80% [3]. Once 
the pollutants in papermaking wastewater are directly dis-
charged, they will destroy the aquatic community and reduce 
the river’s self-purification ability.

At present, the main methods in industrial treatment 
for papermaking wastewater include biological treatment, 
chemical oxidation, adsorption, membrane separation, floc-
culation, etc. [4–9]. Compared with other treatment methods, 
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flocculation has the advantages of simple method, short time, 
low cost, and high efficiency [10]. In the previous flocculation 
treatment, traditional inorganic flocculants and synthetic 
polymer flocculants have been used as the most conven-
tional flocculant. However, the disadvantages of these floc-
culants have emerged with the continuous in-depth research 
and application. Generally, traditional inorganic flocculants 
can no longer meet people’s water quality needs; while 
synthetic polymer flocculants are expensive and not easily 
degraded. Therefore, more and more attention has been paid 
to the natural polymer flocculants that are not harmful to 
the environment and are biodegradable. Chitosan derived 
from the carapace of aquatic crustaceans, is one of the nat-
ural flocculants. Chitosan is a soluble cationic polymer with 
high charge density and long polymer chains under acidic 
conditions (below pH = 5), which can effectively neutralize 
and bridge the contaminants in the suspended and dissolved 
state [11–14]. In addition, chitosan contains amino, N-acetyl 
and hydroxyl groups, so chitosan can be easily modified 
to meet various applications by introducing different func-
tional groups on the chitosan skeleton [10,15].

Previous studies have shown that chitosan has a signif-
icant flocculation effect as a natural flocculant. Patel and 
Vashi [16] used chitosan as a flocculant for the removal of 
Congo red in textile printing and dyeing wastewater. The 
results showed that the maximum removal percentage 
of Congo red by chitosan was 94.5% under the conditions 
of pH = 4.0, flocculant dosage 25 mg/L, flocculation time 
60 min, and temperature 340 K. Gassara et al. [17] proved 
that both chitin and chitosan had the ability to flocculate 
colloidal particles in beer. Among all the flocculants tested, 
chitosan was found to be the most effective and superior to 
conventional flocculants in beer clarification at both labo-
ratory scale and industrial scale. Ji et al. [18,19] pretreated 
domestic sewage with chitosan and traditional flocculants, 
and combined with membrane bioreactor to explore the 
effects of different flocculants on membrane fouling. The 
results showed that membrane bioreactor pretreated with 
chitosan flocculant guaranteed high effluent water quality 
and had the least degree of membrane fouling. Feng et al. 
[20] studied the flocculation effect of chitosan flocculant on 
quartz wastewater under different pH values. The results 
showed that chitosan had a good removal effect on quartz 
wastewater. Wu et al. [21] used chitosan flocculant to treat 
wastewater rich in manganese ions and suspended solids. 
The results showed that chitosan flocculant had a strong 
removal effect on manganese ions and suspended solids.

Based on the characteristics of non-toxic, harmless 
and friendly to the environment, chitosan is usually mod-
ified to further improve its flocculation performance. The 
increase in the molecular weight of chitosan can improve 
the adsorption and bridging effects during the floccula-
tion process. Hermosillo-Ochoa et al. [22] grafted chitosan, 
polyvinyl caprolactam and polyacrylic acid to treat chromi-
um-containing wastewater, and the removal rate of chro-
mium ions could reach 95%. Sun et al. [23] grafted chitosan, 
acrylamide, and ammonium dithiocarbamate by UV initia-
tion, and used the flocculant to treat nickel in power plant 
wastewater. The quality of the effluent was 0.96 mg/L of 
nickel ion concentration, 93 mg/L of COD, and 1.71 NTU of 
turbidity under optimal conditions. Sun et al. [24] grafted 

carboxymethyl chitosan, polyacrylamide, and sodium cox-
anthate by UV-initiated method. The removal rate of Cu, 
Cr, and Ni could reach 85.1%, 76.1% and 75.7% by using the 
flocculant, respectively. Tang et al. [25] prepared a sulfon-
ated chitosan flocculant and used it to treat heavy metals in 
hematite wastewater. The flocculant was grafted with acryl-
amide on the basis of the sulfonation reaction of chitosan, 
so the molecule contained a large number of groups were 
beneficial to the removal of heavy metal ions and improved 
the flocculation performance. Zeng et al. [26] synthesized 
a new type of flocculant from chitosan and dextran by 
microwave thermal initiation, and proved the successful 
grafting through a variety of characterization methods. The 
kaolin suspended particles were treated with the flocculant, 
and the turbidity removal rate was 93.6%.

The increase in the cationic strength of chitosan can also 
improve the flocculation efficiency by increasing the charge 
neutralization. Li et al. [27] prepared an amphoteric floccu-
lant from cationic chitosan and anionic polyglutamic acid, 
and used the flocculant to treat starch wastewater. When 
the dosage was 80 mg/L, the removal rates of COD, ammo-
nia nitrogen, total phosphorus and turbidity were 44.8%, 
53.4%, 28.1% and 98.1%, respectively. Feng et al. [28] grafted 
chitosan, acrylamide, and 3-acrylamidopropyl trimethyl 
ammonium chloride by means of ultrasonic initiation, and 
explored the factors affecting the grafting rate and grafting 
efficiency. The best removal rate could reach 91.9% when 
treating acidic blue aqueous solution with the agent.

In order to improve the removal of organic loads gen-
erated by lignin and cellulose in papermaking wastewater, 
CTS-AM-ETA was prepared by modifying chitosan with 
acrylamide (AM) and 2,3-epoxypropyl trimethyl ammo-
nium chloride (ETA) in this study. The material properties 
and flocculation performance of CTS-AM-ETA were stud-
ied, especially the sludge flocs generated from CTS-AM-ETA 
were preliminarily explored as adsorbents.

2. Materials and methods

The experiment was divided into three stages.
To successfully prepare CTS-AM-ETA, a two-step 

method was used to modify the amino group and molecu-
lar side chain of chitosan by AM and ETA in the first stage. 
Furthermore, the structure, composition, morphology and 
solution properties of CTS-AM-ETA were characterized.

Based on the results of the first stage, jar-test were 
performed in the second stage to investigate the floccula-
tion performance of CTS-AM-ETA. In order to get accu-
rate results, synthetic papermaking wastewater was used 
throughout the experimental stage. The removal rate and 
residual concentration of turbidity and COD were mainly 
detected and compared with the existing traditional inor-
ganic flocculants. Sludge flocs produced by CTS-AM-ETA 
were tested for size distribution to investigate their potential 
settleability and practicality.

In the third stage, static adsorption experiments were 
designed and investigated the effects of sludge floc dosage, 
time and temperature on the adsorption effect of methy-
lene blue, in order to explore the possibility of sludge flocs 
as adsorbents to treat the cationic dye methylene blue in 
printing and dyeing wastewater.
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2.1. Preparation of CTS-AM and CTS-AM-ETA

2.1.1. Preparation of CTS-AM

First of all, 1 g chitosan (CTS) was dissolved in 100 mL 
of 3% glacial acetic acid in a three-necked flask. Cerium 
ammonium nitrate at a concentration of 8 mmol/L was 
added as an initiator to the three-necked flask blown with 
argon to completely remove air. Secondly, 4 g of AM was 
added to the three-necked flask to react with CTS for 3.5 h 

at 35°C, and then the mixture was cooled to room tempera-
ture and adjusted to pH = 7 with 1 mol/L NaOH. At last, 
the mixture was added with 50 mL of acetone and centri-
fuged at 4,500 rpm for 5 min to obtain a solid product. The 
solid product was placed in a Soxhlet extractor containing 
150 mL of acetone and extracted for 48 h to remove unre-
acted reactants. The extract was dried for 12 h at 40°C to 
obtain CTS-AM. The reaction for preparing CTS-AM is 
shown:

 

2.1.2. Preparation of CTS-AM-ETA

1 g of the prepared CTS-AM was dissolved in 100 mL 
of 3% glacial acetic acid solution, which was placed in a 
three-necked flask. Argon as a protective gas was fed into 
the three-necked flask, which was connected to a con-
densing reflux device. 3 g of ETA and 50 mL of isopropa-
nol as etherifying agent were added to the three-necked 
flask and reacted with the prepared CTS-AM for 16 h at 

85°C, and then the mixture was cooled to room tempera-
ture and adjusted to pH = 7 with 1 mol/L NaOH. The mix-
ture was added with 50 mL of acetone and centrifuged at 
4,500 rpm for 5 min to obtain a solid product. The solid 
product was placed in a Soxhlet extractor containing 150 mL 
of acetone and extracted for 24 h to remove unreacted 
reactants. The extract was dried for 12 h at 40°C to obtain 
CTS-AM-ETA. The reaction for preparing CTS-AM-ETA is  
shown:

 



X. Yang et al. / Desalination and Water Treatment 256 (2022) 139–148142

CTS, glacial acetic acid, cerium ammonium nitrate, AM, 
NaOH, acetone, ETA, isopropanol were analytical reagents 
in this work. Argon was high purity.

2.2. Jar-test

A synthetic papermaking wastewater comprising of 
sodium lignosulfonate, cellulose, hemicellulose and sodium 
humate as dominant pollutants was used throughout the 
experimental period. The quality of the synthetic paper-
making wastewater was turbidity of 176 NTU and COD of 
814 mg/L. According to [3,29], the proportion of COD pro-
vided by the main pollutants in synthetic papermaking 
wastewater is listed in Table 1.

In order to compare the flocculation effect of CTS-AM-
ETA with traditional flocculants on papermaking waste-
water, jar-test was performed with rapid mixing at 120 rpm 
(perikinetic phase) for 3 min, slow mixing at 30 rpm (orthoki-
netic phase) for 15 min, and a settling phase for 30 min. 
Aluminum sulfate, polyferric sulfate and polyaluminum 
chloride were purchased in the local market as traditional 
inorganic flocculants. Stock solutions of aluminum sul-
fate, polyferric sulfate and polyaluminum chloride were 
prepared by dissolving the reagents in deionised water at 
a concentration of 10 g/L, respectively. Stock solutions of 
CTS, CTS-AM and CTS-AM-ETA were 1 g/L respectively.

2.3. Static adsorption experiment

The sedimentation process after flocculation can realize 
the separation of effluent and sludge flocs in papermaking 
wastewater. Those sludge flocs containing substances such 
as lignin and cellulose are pollutants with higher mois-
ture content. At present, the treatment method of sludge 
flocs generated from papermaking wastewater is dehydra-
tion and then landfilling in industry, but that undoubtedly 
causes a waste of resources. Therefore, this work tried to use 
the sludge flocs as adsorbents for the treatment of methy-
lene blue which exists in printing and dyeing wastewater 
as a typical cationic dye.

The sludge flocs generated by CTS-AM and CTS-AM-
ETA were filtered and dried to explore the adsorption effect 
on methylene blue. A series of stoppered conical flasks con-
taining sludge flocs (0.2–1 g) and 100 mL of 50 mg/L meth-
ylene blue solution (pH = 6.58) were placed in a water bath 
shaker. The water bath shaker was operated at a certain 
temperature and for a certain period of time. The residual 
concentration of the methylene blue solution was tested 
to calculate the removal efficiency after adsorption.

2.4. Methods of analysis

In order to analyze the changes in the composition, 
structure and morphology, the flocculants were character-
ized by Fourier-transform infrared spectroscopy (FT-IR) 
(Spectrum Two, Perkin Elmer), X-ray diffraction (XRD) spec-
trum analysis (Escalab 250Xi, Thermo Scientific) and scan-
ning electron microscopy (SEM) (S-3400N, FEI). The zeta 
potential of the flocculants with pH value were analyzed 
by Zetasizer (Nano90, British Malvern Company). The vis-
cosity of the flocculants in a 3% glacial acetic acid solution 
was tested by digital viscometer (NDJ-8S, China Shanghai 
Gaozhi Precision Instrument Co., Ltd.). The size distribution 
of sludge flocs generated by the flocculants was character-
ized by Particle Size Analyzer (BT9300S, China Dandong 
Better Instruments Co., Ltd.)

In this work, the treatment performance of the floccu-
lants on the synthetic papermaking wastewater was charac-
terized by turbidity and COD. The values of turbidity and 
COD were obtained by analyzing the supernatant sample 
with a DR890 colorimeter (HACH, America). The removal 
efficiency of the sludge flocs was calculated by Eq. (1):

Q
C C
CR

e�
�� �

�0

0

100%  (1)

where QR (%) was the removal efficiency. C0 and Ce referred 
to the concentration of methylene blue solution (mg/L) at 
the start of the experiment and at equilibrium, respectively.

3. Results and discussion

3.1. Characterization of the flocculants

3.1.1. FT-IR spectra

Fig. 1 shows the FT-IR spectra of CTS before and after 
modification. Compared with CTS in Fig. 1a, the N–H 
bending vibration peak of primary amine disappeared at 
1,597 cm–1 in CTS-AM. The stretching vibration peaks of C=O 

Table 1
COD percentage of the main pollutants in synthetic papermak-
ing wastewater

Composition COD

Sodium lignosulfonate 27.02%
Cellulose 50.49%
Hemicellulose 14.3%
Other 8.19%

4000 3500 3000 2500 2000 1500 1000 500

(c)

(b)

Wavenumbers (cm-1)

(a)

1597

1663
3373

1428
1377 1155

Fig. 1. FT-IR spectra of (a) CTS, (b) CTS-AM and 
(c) CTS-AM-ETA.
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and N–H in amide group appeared at 1,663 and 3,373 cm–1 
in Fig. 1b, respectively. The results indicated that AM 
had been successfully grafted onto the amino group of CTS.

Compared with CTS-AM in Fig. 1b, the C–H bending 
vibration peaks of methyl and methylene appeared at 1,428 
and 1,377 cm–1 in CTS-AM-ETA of Fig. 1c, respectively. The 
results could be attributed to the vibration coupling effect 
that caused the umbrella bending vibration of the methyl 
group in the quaternary ammonium group to split [30]. 
The C–O–C asymmetric stretching vibration peak of the 
ether group appeared at 1,155 cm–1 in Fig. 1c, which indi-
cated that the CTS in CTS-AM had an epoxy ring-opening 
reaction under the action of the etherifying agent, and the 
quaternary ammonium group was successfully introduced 
into the CTS molecule side chain in CTS-AM. Based on the 
above results, CTS-AM-ETA was successfully prepared.

3.1.2. X-ray diffraction

Fig. 2 shows the XRD analysis of CTS and its derivatives. 
In Fig. 2a, the strong diffraction peak at 20.3° indicated the 
crystal structure of CTS due to its strong hydrogen bonding.

When AM was grafted to the amino position of CTS, the 
intramolecular and intermolecular hydrogen bonds were 
destroyed and the diffraction peak was shifted. That is, the 
diffraction peaks of CTS-AM at 20.3° was greatly reduced in 
Fig. 2b, while weaker diffraction peaks appeared at 23.68°, 
47.24°, and 55.92°. The results meant that the crystallinity 
of CTS-AM was reduced, which was beneficial to improve 
its solubility in water or organic solvents [31,32].

In Fig. 2c, the position of the diffraction peak in CTS-
AM-ETA was consistent with that in CTS-AM, but the 
intensity of the diffraction peak was slightly enhanced. This 
could be attributed to the fact that the introduction of ETA 
increased the number of quaternary ammonium groups, 
and the effect of ions changed the short-range arrangement 
of CTS, resulting in better crystal characteristics of CTS-
AM-ETA [33].

3.1.3. SEM image

The smooth, less porous, and dense surface in Fig. 3a, 
indicated that CTS had a compact crystal structure due to 
the existence of intramolecular and intermolecular hydro-
gen bonds.

When the amino position of CTS was grafted by AM, the 
intramolecular and intermolecular hydrogen bonds were 
destroyed and the crystal structure collapsed, showing 
the loose, porous and rough surface of CTS-AM in Fig. 3b. 
This change in the surface morphology was conducive to 
increasing the specific surface area and the adsorption role 
of the flocculant, and improving the flocculation perfor-
mance [31].

The introduction of ETA further destroyed the hydro-
gen bond of CTS, thus the surface of CTS-AM-ETA was 
more loose, porous and rough than that of CTS-AM in 
Fig. 3c. The results indicated that the specific surface area 
and the adsorption role of the flocculant would be further 
enhanced.

3.1.4. Solubility

The changes in crystal properties and the introduction 
of quaternary ammonium groups may affect the solubil-
ity of the flocculant, so the water solubility of flocculants at 
different pH values was qualitatively tested in this work.

   
Fig. 3. SEM images of (a) CTS, (b) CTS-AM and (c) CTS-AM-ETA.
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Fig. 2. XRD analysis of of (a) CTS, (b) CTS-AM and 
(c) CTS-AM-ETA.
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Table 2 represents that the pH value affected the water 
solubility of the flocculant. Acidic conditions were condu-
cive to the dissolution of the flocculants, and the increase 
in pH reduced the solubility of the flocculants. The disso-
lution pH range of the flocculant was CTS, CTS-AM and 
CTS-AM-ETA from narrow to wide. The results illustrated 
that the grafted AM destroyed the crystal structure of 
CTS and increased the solubility of CTS-AM. Moreover, 
the introduction of ETA not only destroyed the crystal 
structure of CTS, but also increased the hydrophilicity 
due to the quaternary ammonium groups group [34]. 
Therefore, the modified CTS expanded the application 
range of pH value and improved the practicality of the 
flocculant in actual wastewater.

3.1.5. Zeta potential

The improvement of solubility may affect the cation 
strength and electric neutralization of the flocculants, so 

the zeta potential of the flocculants in deionized water was 
tested.

Fig. 4 shows that the order of zeta potential from strong 
to weak was CTS-AM-ETA, CTS-AM and CTS in the pH 
range of 1–12. The results revealed that the modification 
of CTS increased the zeta potential. Since the sodium lig-
nosulfonate in papermaking wastewater is negatively 
charged [32], the increase in zeta potential could improve the 
electric neutralization of the flocculants.

3.1.6. Viscosity and molecular weight

Fig. 5 shows the viscosity of the flocculants in 3% gla-
cial acetic acid solution. It can be seen that the viscosity of 
CTS, CTS-AM and CTS-AM-ETA gradually increased. As 
a measure of molecular weight, the higher the viscosity 
value, the higher the molecular weight [35,36]. The results 
implied that the molecular weight of modified CTS gradu-
ally increased, which was conducive to the bridging effect of 
the flocculant [37]. Therefore, the flocculation performance 
was studied in Section 3.2.

3.2. Flocculation performance of the flocculants

3.2.1. Turbidity and COD removal

Figs. 6 and 7 show the turbidity and COD removal of 
synthetic papermaking wastewater treated by CTS before 
and after modification compared to traditional inorganic 
flocculants. Among the selected inorganic flocculants, poly-
aluminum chloride had the best treatment performance. 
When the dosage of polyaluminum chloride was 120 mg/L, 
the turbidity removal rate was 91% and the residual turbidity 
was 18 NTU, and the COD removal rate was 77.9% and the 
residual COD was 180 mg/L.

As modified CTS, the turbidity removal performance 
and the COD removal performance of CTS-AM and CTS-
AM-ETA were higher than that of CTS in the treatment of 
synthetic papermaking wastewater. The turbidity removal 
rates of CTS-AM and CTS-AM-ETA were 8.3% and 8.8% 
higher than the CTS value of 90%, and their COD removal 
rates were 2.2% and 9.2% higher than the CTS value of 
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Fig. 4. Zeta potential of the flocculants with pH change.

Table 2
Solubility of the flocculants at different pH values

Flocculants
pH

CTS CTS-ETA CTS-ETA-AM

1 F F F
2 S S F
3 S S S
4 I S S
5 I S S
6 I S S
7 I I S
8 I I S
9 I I I
10 I I I
11 I I I
12 I I I

Note: F—Fully soluble, S—Slightly soluble, I—Insoluble
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Fig. 5. Viscosity of the flocculants.



145X. Yang et al. / Desalination and Water Treatment 256 (2022) 139–148

70.4%, under the optimal dosage conditions. The results 
were mainly attributable to the increase in specific surface 
area, molecular weight and cationic strength of the modified 
CTS, which improved the adsorption, bridging and electric 
neutralization effect of the flocculants.

The flocculation performance of CTS-AM-ETA was bet-
ter than that of polyaluminum chloride, and the optimal 
dosage of CTS-AM-ETA was less than that of polyalumi-
num chloride. The smaller dosage was convenient for the 
transportation and storage of the flocculant in the waste-
water treatment plant. When the CTS-AM-ETA dosage 
was 10 mg/L, the turbidity removal rate was 98.8% and the 
residual turbidity was 2 NTU, and the COD removal rate 
was 79.6% and the residual COD was 166 mg/L. The resid-
ual COD did not meet the limit of 150 mg/L for existing 
enterprises in the Discharge Standard of Water Pollutant 
for Pulp and Paper Industry (No. GB3544-2008 in China). 
Nevertheless, CTS-AM-ETA as a pretreatment could 
effectively reduce the organic load of the influent in the 
subsequent advanced treatment process.

3.2.2. Floc size distribution

Fig. 8 shows the particle size distribution of sludge 
flocs produced by CTS, CTS-AM and CTS-AM-ETA treat-
ing papermaking wastewater, respectively. The diff lines 
in the particle size distribution map refer to the percentage 
content of the particle size, and the cumu lines refer to the 
cumulant of the percentage content of all particles before a 
certain particle size. The median diameter D50 refers to the 
sludge particle size corresponding to the cumu line when 
the cumulative particle size content is 50%.

The average particle size of the sludge flocs produced by 
CTS-AM and CTS-AM-ETA were 44.31 and 49.09 μm, which 
were higher than the CTS value of 37.26 μm. Moreover, the 
D50 of the sludge flocs produced by CTS-AM and CTS-
AM-ETA were 34.89 and 36.05 μm, which were also higher 
than the CTS value of 27.55 μm. Larger sludge flocs were 
beneficial to improve the sweeping effect, and shorten the 
settling time in the flocculation process [32]. Therefore, 
the modified CTS was effective and practical for the 
treatment of actual wastewater.
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3.2.3. Adsorption possibility of the sludge flocs 
on methylene blue

The dosage of the adsorbent is one of the important fac-
tors affecting the performance in the adsorption process. 
Fig. 9a represented that the removal efficiency of meth-
ylene blue increased with the increase of the sludge floc 
dosage until it reached the highest value. When the dosage 
of sludge floc was less than 6 g/L, the insufficient dosage 
of adsorbent resulted in undesirable treated water quality. 
When the sludge floc dosage was higher than 6 g/L, the 
methylene blue removal efficiency increases slowly, and 
the excessive dosage would lead to higher operating costs 
and sludge treatment costs. The optimum dosage, which 
simultaneously ensured the efficiency and the economy of 
adsorption, was 6 g/L in this work.

The adsorption time affects the wastewater treatment 
capacity of the wastewater treatment plant. Fig. 9b shows 
the evolution of methylene blue removal efficiency over 
time, when the sludge floc dosage was 6 g/L. The results 
display that the removal efficiency of methylene blue by 

sludge flocs could reach more than 90% when the adsorp-
tion time was 2 h. After that, the removal efficiency increased 
with time, but the effect tended to be flat after the time was 
greater than 6 h. Therefore, the optimum adsorption time 
in this work was 6 h.

Fig. 9c shows the decrease of the removal efficiency 
with the increase of temperature, when the sludge floc dos-
age was 6 g/L and the adsorption time was 6 h. The results 
demonstrated that the adsorption was an exothermic pro-
cess [38]. Increasing temperature reduced the adsorption 
forces between the sludge flocs and the methylene blue, 
resulting in the decrease in the removal efficiency [38,39]. 
The value of removal efficiency remained above 97% 
within the temperature range investigated. Therefore, the 
optimum temperature should be 20°C in order to save 
energy in the process.

According to Fig. 9, the removal efficiency of methy-
lene blue reached 99.2%, when the conditions are sludge 
floc dosage of 6 g/L, adsorption time of 6 h, and adsorption 
temperature of 20°C. Although the adsorption performance 
of sludge flocs on methylene blue was excellent, further 
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research needs to be explored to investigate the effect of 
dye type and its concentration on adsorption performance 
because methylene blue only represented one of the cat-
ionic dyes.

4. Conclusions

In this work, FT-IR revealed that CTS-AM-ETA was 
successfully prepared by grafting AM and ETA onto the 
amino groups and side chains of CTS. XRD proved that the 
crystal properties of CTS were destroyed in the modifica-
tion process, and scanning electron microscopy exhibited 
that CTS-AM-ETA had a loose, porous and rough surface. 
The results indicated that CTS-AM-ETA had better adsorp-
tion performance than CTS. The water solubility and zeta 
potential of CTS-AM-ETA were increased compared to the 
CTS, which was beneficial to broaden the effective range 
of pH and strengthen the electric neutralization during 
the flocculation process. The larger molecular weight of 
CTS-AM-ETA helped to improve the bridging effect of the 

flocculant. The turbidity and COD removal rate of CTS-
AM-ETA had been significantly improved compared to 
CTS. The optimal dosage of CTS-AM-ETA was less than 
polyaluminum chloride, but the flocculation performance 
of CTS-AM-ETA was better than that of polyaluminum 
chloride. The sludge flocs produced by CTS-AM-ETA had 
larger particle size, which facilitated the sweeping and net-
ting effects and shorten the settling time of the flocculation 
process. The removal efficiency of methylene blue reached 
99.2%, when the conditions are sludge floc dosage of 6 g/L, 
adsorption time of 6 h, and adsorption temperature of 20°C.

References
[1] K.V. Rajeshwari, M. Balakrishnan, A. Kansal, K. Lata, 

V.V.N. Kishore, State-of-the-art of anaerobic digestion 
technology for industrial wastewater treatment, Renewable 
Sustainable Energy Rev., 4 (2000) 135–156.

[2] H. Liu, Y. Zhang, H. Zhang, Prediction of effluent quality in 
papermaking wastewater treatment processes using dynamic 
kernel-based extreme learning machine, Process Biochem., 
97 (2020) 72–79.

2 4 6 8 10

80

84

88

92

96

100

Q
R
 (

%
)

Dosage (g/L)

CTS-AM

CTS-AM-ETA

(a)

2 4 6 8 10
90

92

94

96

98

100

Q
R
 (

%
)

Time (h)

CTS-AM

CTS-AM-ETA

(b)

20 30 40 50 60
90

92

94

96

98

100

Q
R
 (

%
)

Temperature (� )

CTS-AM

CTS-AM-ETA

(c)

Fig. 9. Effect of (a) dosage of the sludge flocs, (b) adsorption time and (c) temperature on the adsorption performance of 
methylene blue.



X. Yang et al. / Desalination and Water Treatment 256 (2022) 139–148148

[3] X. Huang, Study on Transition of Organic Pollutants in Paper 
Effluent and its Effects on Environment, China Pulp and Paper 
Research Institute, Beijing, 2016.

[4] J. Zhao, J. Cao, Y. Zhao, T. Zhang, D. Zheng, C. Li, Catalytic 
ozonation treatment of papermaking wastewater by Ag-doped 
NiFe2O4: performance and mechanism, J. Environ. Sci., 97 (2020) 
75–84.

[5] Z. Feng, H. Chen, H. Li, R. Yuan, F. Wang, Z. Chen, B. Zhou, 
Preparation, characterization, and application of magnetic 
activated carbon for treatment of biologically treated 
papermaking wastewater, Sci. Total Environ., 713 (2020) 136423, 
doi: 10.1016/j.scitotenv.2019.136423.

[6] L. Xing, M. Kong, X. Xie, J. Sun, D. Wei, A. Li, Feasibility 
and safety of papermaking wastewater in using as ecological 
water supplement after advanced treatment by fluidized-bed 
Fenton coupled with large-scale constructed wetland, Sci. Total 
Environ., 699 (2020) 134369, doi: 10.1016/j.scitotenv.2019.134369.

[7] H. Wang, Q. Gong, H. Huang, T. Gao, Z. Yuan, G. Zhou, 
P-n heterostructured TiO2/NiO double-shelled hollow spheres 
for the photocatalytic degradation of papermaking wastewater, 
Mater. Res. Bull., 107 (2018) 397–406.

[8] Y. Wang, K. Chen, L. Mo, J. Li, J. Xu, Optimization of coagulation–
flocculation process for papermaking-reconstituted tobacco 
slice wastewater treatment using response surface methodology, 
J. Ind. Eng. Chem., 20 (2014) 391–396.

[9] C. Shao, G. Zhou, Z. Li, Y. Wu, D. Xu, B. Sun, Fabrication of 
large-diameter tube-like mesoporous TiO2 via homogeneous 
precipitation and photocatalytic decomposition of paperma-
king wastewater, Chem. Eng. J., 230 (2013) 227–235.

[10] Y. Sun, C. Zhu, W. Sun, Y. Xu, X. Xiao, H. Zheng, H. Wu, C. Liu, 
Plasma-initiated polymerization of chitosan-based CS-g-P(AM-
DMDAAC) flocculant for the enhanced flocculation of low-
algal-turbidity water, Carbohydr. Polym., 164 (2017) 222–232.

[11] F. Renault, B. Sancey, P.M. Badot, G. Crini, Chitosan for 
coagulation/flocculation processes – An eco-friendly approach, 
Eur. Polym. J., 45 (2009) 1337–1348.

[12] J.-Q. Jiang, The role of coagulation in water treatment, Curr. 
Opin. Chem. Eng., 8 (2015) 36–44.

[13] C.S. Lee, J. Robinson, M.F. Chong, A review on application of 
flocculants in wastewater treatment, Process Saf. Environ. Prot., 
92 (2014) 489–508.

[14] E. Guibal, M. Van Vooren, B.A. Dempsey, J. Roussy, A review of 
the use of chitosan for the removal of particulate and dissolved 
contaminants, Sep. Sci. Technol., 41 (2006) 2487–2514.

[15] L. Feng, J. Liu, C. Xu, W. Lu, D. Li, C. Zhao, B. Liu, X. Li, S. Khan, 
H. Zheng, Y. Sun, Better understanding the polymerization 
kinetics of ultrasonic-template method and new insight 
on sludge floc characteristics research, Sci. Total Environ., 
689 (2019) 546–556.

[16] H. Patel, R.T. Vashi, Removal of Congo red dye from its aqueous 
solution using natural coagulants, J. Saudi Chem. Soc., 16 (2012) 
131–136.

[17] F. Gassara, C. Antzak, C.M. Ajila, S.J. Sarma, S.K. Brar, M. Verma, 
Chitin and chitosan as natural flocculants for beer clarification, 
J. Food Eng., 166 (2015) 80–85.

[18] J. Ji, J. Qiu, N. Wai, F.-S. Wong, Y. Li, Influence of organic 
and inorganic flocculants on physical–chemical properties 
of biomass and membrane-fouling rate, Water Res., 44 (2010) 
1627–1635.

[19] J. Ji, J. Qiu, F.-s. Wong, Y. Li, Enhancement of filterability 
in MBR achieved by improvement of supernatant and floc 
characteristics via filter aids addition, Water Res., 42 (2008) 
3611–3622.

[20] B. Feng, J. Peng, X. Zhu, W. Huang, The settling behavior of 
quartz using chitosan as flocculant, J. Mater. Res. Technol., 
6 (2017) 71–76.

[21] Z.-B. Wu, W.-M. Ni, B.-H. Guan, Application of chitosan as 
flocculant for coprecipitation of Mn(II) and suspended solids 
from dual-alkali FGD regenerating process, J. Hazard. Mater., 
152 (2008) 757–764.

[22] E. Hermosillo-Ochoa, L.A. Picos-Corrales, A. Licea-Claverie, 
Eco-friendly flocculants from chitosan grafted with PNVCL 

and PAAc: hybrid materials with enhanced removal properties 
for water remediation, Sep. Purif. Technol., 258 (2021) 118052, 
doi: 10.1016/j.seppur.2020.118052.

[23] Y. Sun, S. Zhou, W. Sun, S. Zhu, H. Zheng, Flocculation 
activity and evaluation of chitosan-based flocculant CMCTS-
g-P(AM-CA) for heavy metal removal, Sep. Purif. Technol., 
241 (2020) 116737, doi: 10.1016/j.seppur.2020.116737.

[24] Y. Sun, A. Chen, S.-Y. Pan, W. Sun, C. Zhu, K.J. Shah, 
H. Zheng, Novel chitosan-based flocculants for chromium 
and nickle removal in wastewater via integrated chelation 
and flocculation, J. Environ. Manage., 248 (2019) 109241, 
doi: 10.1016/j.jenvman.2019.07.012.

[25] X. Tang, T. Huang, S. Zhang, W. Wang, H. Zheng, The role 
of sulfonated chitosan-based flocculant in the treatment of 
hematite wastewater containing heavy metals, Colloids Surf., 
A, 585 (2020) 124070, doi: 10.1016/j.colsurfa.2019.124070.

[26] T. Zeng, X.-q. Hu, H. Wu, J.-w. Yang, H.-b. Zhang, Microwave 
assisted synthesis and characterization of a novel bio-based 
flocculant from dextran and chitosan, Int. J. Biol. Macromol., 
131 (2019) 760–768.

[27] M. Li, X. Zhu, H. Yang, X. Xie, Y. Zhu, G. Xu, X. Hu, Z. Jin, 
Y. Hu, Z. Hai, A. Li, Treatment of potato starch wastewater 
by dual natural flocculants of chitosan and poly-glutamic 
acid, J. Cleaner Prod., 264 (2020) 121641, doi: 10.1016/j.jclepro. 
2020.121641.

[28] L. Feng, X. Li, W. Lu, Z. Liu, C. Xu, Y. Chen, H. Zheng, 
Preparation of a graft modified flocculant based on chitosan 
by ultrasonic initiation and its synergistic effect with kaolin for 
the improvement of Acid blue 83 (AB 83) removal, Int. J. Biol. 
Macromol., 150 (2020) 617–630.

[29] R. Toczyłowska-Mamińska, Limits and perspectives of pulp and 
paper industry wastewater treatment – a review, Renewable 
Sustainable Energy Rev., 78 (2017) 764–772.

[30] K. Li, S. Bian, W. Zhen, H. Li, L. Zhao, Performance, 
crystallization and rheological behavior of poly(lactic acid)/
N-(2-hydroxyl) propyl-3-trimethyl ammonium chitosan 
chloride intercalated vermiculite grafted poly(acrylamide) 
nanocomposites, React. Funct. Polym., 158 (2021) 104791, 
doi: 10.1016/j.reactfunctpolym.2020.104791.

[31] S. Fang, G. Wang, R. Xing, X. Chen, S. Liu, Y. Qin, K. Li, X. Wang, 
R. Li, P. Li, Synthesis of superabsorbent polymers based on 
chitosan derivative graft acrylic acid-co-acrylamide and its 
property testing, Int. J. Biol. Macromol., 132 (2019) 575–584.

[32] Y. Sun, Y. Yu, X. Zheng, A. Chen, H. Zheng, Magnetic 
flocculation of Cu(II) wastewater by chitosan-based magnetic 
composite flocculants with recyclable properties, Carbohydr. 
Polym., 261 (2021) 117891, doi: 10.1016/j.carbpol.2021.117891.

[33] C. Asma, E. Meriem, B. Mahmoud, B. Djaafer, Physicochemical 
characterization of gelation-CMC composite edibles films from 
polyion-complex hydrogels, J. Chilean Chem. Soc., 59 (2014) 
2279–2283.

[34] Y. Lou, D. Schapman, D. Mercier, S. Alexandre, F. Burel, 
P. Thebault, N. Kébir, Self-disinfecting PDMS surfaces 
with high quaternary ammonium functionality by direct 
surface photoinitiated polymerization of vinylbenzyl 
dimethylbutylammonium chloride, Eur. Polym. J., 152 (2021) 
110473, doi: 10.1016/j.eurpolymj.2021.110473.

[35] H. Toğrul, N. Arslan, Flow properties of sugar beet pulp 
cellulose and intrinsic viscosity–molecular weight relationship, 
Carbohydr. Polym., 54 (2003) 63–71.

[36] C. Rattanakawin, R. Hogg, Viscosity behavior of polymeric 
flocculant solutions, Miner. Eng., 20 (2007) 1033–1038.

[37] Z. Yin, R. Chu, L. Zhu, S. Li, F. Mo, D. Hu, C. Liu, Application 
of chitosan-based flocculants to harvest microalgal biomass for 
biofuel production: a review, Renewable Sustainable Energy 
Rev., 145 (2021) 111159, doi: 10.1016/j.rser.2021.111159.

[38] M.T. Yagub, T.K. Sen, S. Afroze, H.M. Ang, Dye and its removal 
from aqueous solution by adsorption: a review, Adv. Colloid 
Interface Sci., 209 (2014) 172–184.

[39] M.A.M. Salleh, D.K. Mahmoud, W.A.W.A. Karim, A. Idris, 
Cationic and anionic dye adsorption by agricultural solid 
wastes: a comprehensive review, Desalination, 280 (2011) 1–13.


	_Hlk71395864
	_Hlk72242793
	_Hlk93481414
	_Hlk68187374
	_Hlk93481852
	_Hlk68186879
	_Hlk66783693
	_Hlk71535536
	_Hlk71535583
	_Hlk72137151
	_Hlk70586429
	_Hlk71120415
	_Hlk71120561
	_Hlk71120812
	_Hlk47272701
	_Hlk71121191
	_Hlk71535802
	_Hlk71121333
	_Hlk71121341
	_Hlk71121492
	_Hlk71121516
	_Hlk66632601
	_Hlk66630826
	_Hlk71121751
	_Hlk71121764
	_Hlk71121805
	_Hlk71121875
	_Hlk69827937
	_Hlk71103668

