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Abstract

A newly green natural polymer bagasse cellulose based flocculant (PBCF) was
synthesized utilizing a grafting copolymerization method for effectively enhancing humic
acid (HA) removal from natural water. This work aims to investigate flocculation
behavior of PBCF in synthetic water containing HA, and the effects of flocculant dose
and initial solution pH on flocculation performance. Results showed that PBCF
functioned well at a flocculant dose of 60 mg/L and pH ranging from 6.0 to 9.0. The
organic removal efficiency in synthetic water in terms of HA (UV2ss) and chemical
oxygen demand (COD wmn) were up to 90.6% and 91.3%, respectively. Furthermore, the
charge neutralization and adsorption bridging played important roles in HA removal.
When applied for lake water, PBCF removed 91.6% turbidity and 50.0% dissolved
organic matter, respectively. In short, PBCF demonstrates great potential in water
treatment in a safe and environmentally friendly or ‘green’ way.

Keywords: Bagasse cellulose; Cationic flocculant; Flocculation behavior; Humic acid
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1. Introduction

The world’s supply of surface water has been severely polluted over many
generations due to industrial development, rapid urbanization, rising levels of
contamination, and abuse of chemical fertilizers and pesticides. Eutrophication of water
bodies has worsened, and the species and quantities of organic matter in water continue
to grow, leading to excessive proliferation of algae. These have ensured that the natural
organic matter (NOM) content in water exceeds government standards/regulations
required for drinking water sources and quality. It is estimated humus accounts for 50%-
90% of natural organic matter (NOM) in water, and humic acid (HA) is an essential
component of humus and dissolved organic matter (DOM) in water (Malczewska et al.,
2022). HA in natural water bodies will increase the chromaticity and smell of water,
and it can even form more toxic complexation with organic matter and heavy metals
(Libecki et al., 2020). Moreover, HA plays a protective role for colloid particles in water
by enhancing their stability, leading to challenges on how to treat water. HA can react
with chlorine during chlorination to produce toxic precursors of disinfection by-
products, for instance trichloromethanes which are carcinogenic and extremely harmful
to human health (Lou et al., 2021).

For this reason, it is of great importance to seek effective methods to remove HA
from water. To date, membrane filtration, adsorption, oxidation, biotechnology,
coagulation/flocculation methods, etc., have been the subject of much attention (Du et
al., 2021; Jang et al., 2021; Ryu et al., 2021; Yang et al., 2021; Zhang et al., 2021). The

process of coagulation/flocculation is widely used owing to its advantages of low cost,
3
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low energy consumption, easy operation, effective solid-liquid separation of colloidal
suspension and high efficiency in removing natural organic matter from water (Wang
etal., 2019).

The coagulants/flocculants for HA removal mainly include inorganic coagulants,
organic polymer flocculants, and natural polymer flocculants. Of these, inorganic
coagulants are widely used because they are inexpensive, yet excessive use of inorganic
coagulants can introduce a lot of metal ions to water and in this way cause secondary
pollution (Vereb et al., 2019). In addition, organic synthetic polymer flocculants can
form stronger and denser flocs at small doses, thus increasing the rate of floc settling
and obtaining better removal efficiency, whereas acrylamide is harmful to the human
body (Li et al., 2017). In contrast, natural polymer flocculants are widely respected due
to their environmental compatibility and renewable properties. Based on different raw
materials, they can be roughly divided into five categories: chitosan flocculants, starch
flocculants, lignin flocculants, plant gum flocculants and cellulose flocculants (Li et al.,
2018; Chen et al., 2020b; Liu et al., 2020; Wang et al., 2021; Wu et al., 2021).

Of these, cellulose flocculants have been widely researched because their raw
materials are abundant in nature. Bagasse, orange peel and pomelo peel are high in
cellulose content. A large amount of bagasse wastes every year is produced by the sugar
industry since sugarcane with a short growing cycle is the main cash crop grown in
south China. However, bagasse is rarely reused as a resource (Ma and Wen, 2020).
Therefore, the extraction of cellulose from bagasse and the utilization of cellulose can

reduce the waste of resources and curb environmental pollution. As well, cellulose has
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the advantages of porous structure and large specific surface area. The surface has a
large number of hydrophilic hydroxyl groups, which can provide more active sites for
modification. The required flocculants can be prepared by modifying cellulose and
introducing functional groups (Li et al., 2018). A new flocculant BPC-g-PAM was
prepared by grafting polyacrylamide (PAM) onto bamboo pulp cellulose (BPC) in
homogeneous aqueous solution (Liu et al., 2014). It can remove as much as 98% of
kaolin with a negative surface charge in water under acidic and neutral conditions, due
to the enhanced charge neutralization and bridging effect in the flocculation process. In
addition to good removal efficiency, it is in fact friendly to the environment. A natural
cellulose dicarboxylic acid flocculant (DCCs) was synthesized from dialdehyde
cellulose via the one-step method. It can improve the removal efficiency of kaolin and
papermaking wastewaters by improving neutralization in the flocculation process (Zhu
et al., 2015). By preparing a flocculant (CMCND) with strong cationic properties and
unique hydrophobic properties, CMCND demonstrated superior efficiency in removing
trace nonylphenol (NP), turbidity and humus from synthetic surface water (Yang et al.,
2016).

As 1s well known, the surface of HA in natural water is negatively charged and can
be removed by electro-neutralization. Therefore, by introducing cationic groups on the
surface of cellulose, the electrostatic repulsion and adsorption ability is enhanced.
Interestingly, inspired by previous research, acryloyloxyethyl trimethyl ammonium
chloride (DAC) is a commonly used graft monomer for quaternary amination of natural

polymer flocculant (Liu et al., 2019; Jiang et al., 2020). DAC can be introduced to the
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bagasse cellulose surface by graft copolymerization to improve the removal of HA.

In this study, a new green flocculant namely PBCF was derived from sugarcane
bagasse with potassium persulfate serving as initiator and DAC as grafting monomer.
The characteristics of PBCF were analyzed, as well as the performance and mechanism
of the flocculant on HA in water. This helps to explain the possibilities for improving

the pretreatment process of micro-polluted water resources.

2. Materials and methods

2.1 Reagents

Bagasse was collected from the farmers’ markets. Humic acid (HA) was provided
by Sigma-Aldrich Corporation. DAC (80% aqueous solution) was purchased from
Shanghai D&B Biological Science and Technology Co., Ltd. Meanwhile, sodium
hydroxide (NaOH, AR) and potassium persulfate (K»2S>0s, AR) were purchased from
Shanghai Macklin Biochemical Co., Ltd.
2.2. Preparation of PBCF
2.2.1 Preparation of alkaline bagasse cellulose

First, the bagasse purchased from the market was cleaned, soaked, and washed to
remove all excess impurities. Next, the bagasse was dried until a constant weight was
achieved in a 55 ‘C oven. Then, the bagasse was pulverized into 40 mesh powder for
use. Following this, bagasse powder weighing 20 g was put it into a beaker, 100 mL
20% NaOH solution was added to it, and then it was soaked at room temperature for 24
h. After that, the sample was filtered and washed with distilled water until it was slightly

alkaline (pH~=8.0), dried to a constant weight, and ground into powder to obtain alkaline
6
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bagasse cellulose (Abc).
2.2.2 Preparation of PBCF

As displayed in Fig. S1, 1 g of (Wo) Abc and a specific amount of distilled water
were added to a four-necked flask equipped with a gas guide and a stirring device,
heated and stirred at 90 °C for one hour to allow sufficient wetting. When the
temperature was reduced to the reaction temperature of 45 C, a certain amount of
potassium persulfate (KPS) initiator was added. After it was fully dissolved, a specific
mass ratio of DAC was added, and nitrogen was passed to ensure the reaction could
proceed under nitrogen protection; the reaction was stopped after 3 h at 45 C. After the
reaction finished, the product was precipitated with anhydrous ethanol, washed with
anhydrous ethanol and distilled water, respectively, and dried in an oven until constant
weight (W2) was achieved. Each sample was prepared three times in duplicate. The
synthesis line of the PBCF 1s shown in Fig. S2.
2.2.3 Determination of grafting percentage of PBCF

The grafting percentage (G) is the percentage of the mass of DAC monomer that
has been grafted onto Abc to the mass of alkaline bagasse cellulose monomer. It
determines the level of reaction according to the effective number of monomers in the
grafting reaction (Chen et al., 2020c). It can be calculated using the following equation:

G = [(W2-Wo)/ Wo] x 100%

Where Wy denotes the initial weight of Abc, and W> stands for the weight of PBCF

after the reaction.
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2.3 Raw water and coagulation experiment

200 mg HA and 0.4 g sodium hydroxide were dissolved in deionized water and
then stirred. After the HA was dissolved, the solution was transferred to a 1.0 L
volumetric flask with a constant volume. The reserve solution was stored in a brown
reagent bottle, while the HA solution was diluted to 5 mg/L, 10 mg/L and 15 mg/L with
deionized water when used, and the pH of the solution was adjusted near to neutral. The
lake water sample was taken from the central lake at Tianjin Chengjian University
(Xiqing District, Tianjin). The pH, turbidity, DOM (UV2s4), and COD of the lake water
are 8.0-9.0,31.2-33.4 NTU, 6.6 - 6.9 mg/L, and 12.1 - 12.8 mg/L, respectively.

The flocculation process of PBCF was as follows: adding flocculant, stirring at a
speed of 200 r/min for 1 min, stirring at a speed of 100 r/min for 10 min, stirring at a
speed of 30 r/min for 20 min, left to precipitate for 40 min, taking supernatant and
finally, UV2s4 (DOM concentration) and COD mn were measured. Three parallel
samples were set up for each set of experiments.

2.4 Characterization of PBCF

The functional groups and surface composition of PBCF were characterized by
Fourier transform infrared (FT-IR) (Nicolet iS10, Thermo Fisher Technology Co., Ltd.)
and X-ray photoelectron spectroscopy (XPS) ((K-alpha, Thermo Scientific). The
surface morphology of PBCF was analyzed using a scanning electron microscope
(SEM) (JSM-7800F, Japan Electronics Co., Ltd.). The crystal structure of PBCF was
investigated by X-ray diffractometer (XRD) (D8 ADVANCE, Bruker, Germany). The

zeta potential of PBCF at different pH values was measured using a zeta potential
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analyzer (Nano-ZS, Malvern Company, UK).
2.5 Flocculation performance analysis

Organic concentration of water samples before and after coagulation was
measured in terms of UV2s4 and COD using UV-visible spectrophotometer (UV-2600,
Shimadzu, Japan) and COD wmn analyzer (Q-CODwmn, Qing Shi Jie, Shanghai),
respectively. This served to determine the flocculant efficiency in removing HA.
Furthermore, Zeta potential analyzer (Nano-ZS, Malvern Company, UK) measured the
change in the zeta potential of water bodies before and after flocculation, while Optical
flocculation tester (IPDA-100, ECONOVEL, South Korea) estimated the change in
extent of flocculation during the flocculation process. On the basis of these analyses,

the flocculating mechanism of the PBCF in the flocculation process was explored.

3. Results and discussion

3.1 Optimization of the flocculant preparation process

The PBCEF cationic cellulose-based grafting flocculant was optimized by changing
the KPS dosage and mass ratio of Abc to DAC, with the removal effect of 5 mg/L HA
solution and the grafting rate of flocculant as evaluation indices.
3.1.1 Effect of KPS dosage

As shown in Fig. S3a, when the KPS dosage increased the removal efficiencies of
HA by PBCF also increased firstly but then diminished. When the dosage of KPS was
1.8 g, the removal efficiency of HA reached a maximum of 90.5+0.41%. As the KPS
dosage rose further, the removal efficiency of HA gradually declined. This was because

KPS can stimulate hydroxyl groups on basic cellulose and enable them to provide more
9
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active sites for graft copolymerization. However, when the dosage of KPS was too high
and exceeded 1.8 g, the reaction rate occurred too rapidly, resulting in the implosion
reaction between Abc and DAC (Chen et al., 2021). That caused an increase in the
monomer mass and graft rate after the reaction; nevertheless, it was not conducive to
the growth of the chain and generation of graft polymer (Chen et al., 2020c).
Subsequently, this led to waning HA removal efficiency.

Meanwhile, the DAC copolymer adhered to the Abc surface and covered the pores
and tentacle-like structures on Abc. It reduced the bridging adsorption of PBCF in the
flocculation process. This was the main reason why the grafting rate of PBCF increased
while the UV2s4 removal rate fell when the amount of KPS was more than 1.8 g.

3.1.2 Effect of m (Abc): m (DAC)

The influence of the mass ratio of Abc on DAC regarding HA removal and graft
rate 1s depicted in Fig. S3b. It can be seen that as the ratio of m (Abc) to m (DAC)
increased gradually, the rate of removing 5 mg/L HA by PBCF flocculant increased first
but then decreased. When m (Abc): m (DAC) was 1:3, the maximum HA removal rate
can reach up to 90.5+0.41%. With the increase in the DAC ratio, the positive charge on
the polymer chain rose and thus the electric neutralization effect of flocculant was
enhanced, which helped flocculation sedimentation. However, when the proportion of
DAC in the reaction system was too large, it caused too much of a positive charge on
the polymer chain. As a result, the remaining positive charge reversed the properties of
the particle surface charge and augmented the repulsive force between the particles.
This led to the repulsive force between the flocculant and the colloidal particles and

10
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reduction of the flocculation effect. Moreover, excessive DAC gave rise to self-
polymerization, and increased the grafting of PBCF first and then decreased slowly.
3.2 Characterization of PBCF
3.2.1 Scanning electron microscope

The SEM images of Abc, PBCF showed obvious structural changes (Fig 1). After
soaking in NaOH solution, the surface of alkaline bagasse cellulose was noticeably
etched (Fig. 1a). According to the yellow area shown in Fig. 1b, the surface of Abc is
coarse with a large number of wrinkles and pores. This unique structure provided
suitable conditions for the graft copolymerization reaction (Fig. 1a and b). However,
the product surface (PBCF) looked smoother, and many protrusions on the surface of
PBCEF can be observed (Fig. 1c¢ and d). Observations suggested that this surface showed
abundant lamellar and fiber-like structures, which could undoubtedly increase the
surface area of the product. In this way, it would be more conducive to boosting the
adsorption and bridging effect and enhancing removal of colloidal particles in the

flocculation (Fig. 1e and f).

11
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Fig. 1. SEM micrographs of Abc (a, b) and PBCF (c, d, e, f)
3.2.2 Fourier transform infrared
Fig. 2a indicated that the absorptive peaks of Abc at 3442 cm™!, 2915 cm™!, 1391
cm™ and 1049 cm™! could be assignable to O-H stretching vibration, C-H symmetric
stretching vibration, C-H bending vibration, and -CH stretching vibration on cellulose
skeleton, respectively (Jiang et al., 2020; Tang et al., 2020). The band at 1644 cm™! was
attributed to OH bending vibration in absorbed water. Apart from the original
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characteristic peaks of Abc, some new absorption peaks at 1282 cm™ and 1736 cm’
emerged in PBCF, which belonged to the stretching vibration of C-N, and COOR,
respectively (Wang et al., 2019). The absorption peaks at 1049 cm™ were significantly
enhanced. This is caused by the reaction of DAC with the -OH on the cellulose skeleton,
resulting in a stretching vibration of -CH (Liu et al., 2019; Tang et al., 2021). Generally,
structural changes confirmed that the DAC monomer was successfully grafted onto the

Abc molecular chain.
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Fig. 2. (a) FTIR of Abc and PBCF; (b), XRD of Bc, Abc, and PBCF

3.2.3 X-ray diffraction

The crystal structures of bagasse cellulose, alkaline bagasse cellulose, and PBCF
were characterized by XRD. The XRD spectra of Bc, Abc, and PBCF are shown in Fig.
2b. A wide peak appeared at 20 = 22°, which belonged to the crystallization peak of
natural cellulose I (Badawy et al., 2021). The XRD spectrum of Abc showed that the
characteristic peak of Bc shifted to 21° from 22° and a small diffraction peak appeared
at 20 = 34.7°, which matched well with the crystal structure of cellulose I B (Tewatia

et al., 2021). The diffraction peak intensity of Abc at 20 = 21.5° increased, and the
13
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crystallinity reduced from 86.89% to 65.74%, meaning that the glycosidic bonds and
molecular chains of network structure in Bc after NaOH treatment gradually broke up
(Rizwan et al., 2021). Due to the hydrolysis of the amorphous regions of cellulose, the
hydrogen bonds among molecular chains of cellulose were severely broken.
Amorphous regions and disordered crystals were further destroyed, whereas the regular
crystals did not change, thus crystallinity of Abc decreased. Based on this, PBCF
exhibited a small diffraction peak at 15° and the crystallinity was 75.1%. This suggested
that DAC was successfully grafted onto Abc, which greatly reduced the hydrogen
bonding of cellulose and changed the original structure.
3.2.4 X-ray photoelectron spectroscopy

XPS analysis further confirmed that the DAC monomer was successfully grafted
to the alkaline bagasse cellulose monomer. The XPS full scan spectra of Abc and PBCF
are shown in Fig. 3. The PBCF contained C, O, N, and S, while Abc contained only C
and O and less N. The peak of PBCF at 402.5 eV is the characteristic peak of Nls
quaternary ammonium salt derived from DAC (Liu et al., 2017). The main elements C
Is and O 1s of Abc and PBCF were analyzed. Through the spectra of C 1s and O 1s, it
emerged that C-O, C-OH and C-H were transformed into O-C=0 and C-N through a
graft copolymerization reaction, resulting in more O-C=0 and C-N. It strongly proved

the occurrence of graft copolymerization (Liu et al., 2019).
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Fig. 3. XPS of Abc (a, ¢, e) and PBCF (a, b, d, f)

3.2.5 Zeta potential

The zeta potentials of BPCF at different pH values are exhibited in Fig. S4. As
shown in Fig. S4, the PBCF exhibited a positive charge at pH ranging from 3 to 10. In
addition, the zeta potential of PBCF presented a decrease trend, which was resulted

from the restricted ionization of the quaternary amine group on the PBCF molecular
15



286

287

288

289

290

201

292

293

294

295

296

297

298

299

300

301

302

303

304

305

306

307

chain under alkaline conditions (Kuncoro et al., 2018a; Kuncoro et al., 2018b). This
allowed the PBCF to provide good removal of HA in a wide pH range.

3.3 Flocculation of synthetic water

3.3.1 Effect of flocculant dose

The flocculant dose plays a decisive role in water treatment, and the optimized
dose can ensure the rational utility of resources. In this study, flocculation performance
was investigated in the simulated synthetic water with pH of 7 at 25 ‘C. As displayed
in Fig. 4a, removal rates of organic matter based UV2s54 and COD wmn rapidly increased
and then decreased. When the dose of PBCF was up to 60.0 mg/L, removal rates of
UV2s4 and COD mn reached the maxima of 90.57+£0.41% and 91.33+1.15%, respectively.
However, when the PBCF dose continued increasing, the removal rate abated gradually.
This phenomenon can be attributed to the adsorption charge neutralization in the
flocculation process (Ma et al., 2021).

Changes in the zeta potential and Flocculation Index (FI) values in the flocculation
process are depicted in Fig. 4b and c. The flocculation appearance time ¢; gradually
decreased when the PBCF dose increased (Fig. 4c). When the dose of PBCF was 80
mg/L, #1 was minimal at 720 s. However, due to the overdosing of flocculant, repulsion
between flocs occurred, causing the flocs decomposed quickly. In addition, the value
of FI would gradually increase when the flocs were aggregated, and therefore the higher
value of FI caused the larger floc particle size. The floc particle size reached its
maximum value at the PBCF dosage of 60 mg/L. ¢>and the corresponding time required
were smallest at the flocculant dose of 50 mg/L. This proved that the coagulation rate

16
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was at its largest when the flocculant dose was 50 mg/L. When the flocculant dose was
greater than 60 mg/L, the zeta potential gradually tended to stabilize.

It proved that when the dose of PBCF was less than 50 mg/L, electrical
neutralization tended to dominate the flocculation process. At this time, the floc size
was small and the removal effect was poor. When the flocculant dose increased
continuously, the adsorption bridging capacity was gradually enhanced and took the
leading role. When the dose of PBCF was beyond 70 mg/L, the flocculant proved to be
excessive, leading to a repulsive interaction among the flocculant molecules. Thus, the
adsorption bridging interaction gradually weakened, gradually shrinking the floc size
and the removal performance as well. It can be seen that the adsorption bridging effect
of PBCF played a dominant role in removals of UV2s4 and COD wmn. The size of the
formed floc was largest when PBCF dose was 60 mg/L, under which the as-prepared

PBCF exhibited the best HA removal performance.
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Fig. 4. Effects of dose on removal efficiencies (a) of UV2s4, COD mn, zeta potential

(b), and Flocculation Index (c) (h and t> represent the final size of flocs and the time

when the floc size reaches the maximum value, respectively)

3.3.2 Effects of pH

The effect of synthetic water pH at 4.0 — 10.0 was examined at a dose of 60.0 mg/L

of PBCEF, as shown in Fig. 5. As can be seen from Fig. 5a, the removal efficiencies of

UV2s4 and COD mn were improved as pH increased from 4.0 to 7.0. The best UV2s4 and
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COD wn removals reached the maximum value of 90.57+0.41% and 91.33+1.15%,
respectively, at pH of 7.0. When the pH level was more than 7.0, the removal rate
decreased slightly with an increase in the pH. This was mainly due to the protonation
and deprotonation of HA at different pH (Liu et al., 2020). At a low pH, it was difficult
for protons to depart from HA, which made HA more stable in water. Moreover, the
surface of PBCF was positively charged. Since the electrical neutralization effect
weakened during the flocculation process, it was hard to remove HA under acidic
conditions. In addition to HA protonation, functional groups belonging to the
carboxylic or phenolic acids of the HA group would be more likely to deprotonate at
higher pH, which resulted in more charges on the HA surface. This could be explained
by the fact of poor removal efficiency of PBCF for UV2s4 and COD my in the acid range.

Fig. 5b shows the changes occurring in zeta potential before and after flocculation.
Due to the protonation of HA and the interaction of PBCF, the colloidal particles in
water experienced a charge reversal behavior. The colloidal suspension appeared to be
stable when the pH changed from 4.0 to 6.0. When pH was about 8.0, the zeta potential
of the supernatant after flocculation was close to 0 mV, and the removal efficiency
diminished when the pH increased. It is evidence that charge neutralization and
adsorption bridging both existed in the flocculation. With the increase of pH, more
negative charges of HA would be electrically neutralized with PBCF, and the degree of
deprotonation of HA would be reinforced. Furthermore, the number of flocculants used

for adsorption bridge would be reduced.
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The small flocs generated by adsorption charge neutralization cannot form large
flocs by effective collision. This also led to the poor removal of dissolved organic matter.
Fine flocs cannot easily settle but they can be filtered through a filter membrane which

is 0.45 pm in size.
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Fig. 5. Effects of pH on (a) removal efficiencies of UV2s4, COD wmn (b) zeta potential
of water before and after flocculation.

3.3.3 Effects of initial HA concentrations

As shown in Fig. S5a and b, when the HA concentration was 10 mg/L, the
maximum removal rates of UV2s54 and COD mn were 94.03+£0.65% and 88.00+1.41%,
respectively, at the dose of PBCF of 80 mg/L. With the increase of PBCF dose, the
removal rate gradually improved. When the HA concentration was 15 mg/L, the UV2s4
removal rate reached the highest (94.11+0.40%) at the dose of PBCF of 80 mg/L. When
the dosage was more than 80 mg/L, the UV2s4 removal rate gradually stabilized to more
than 92.52%. At the PBCF dose of 70 mg/L, the maximum removal rate of COD wmn
amounted to 90.67+£0.47%. With the gradual increase of the PBCF dose, the removal
rate fell slightly.
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Combined with the changes in zeta potential of the PBCF before and after
flocculation (Fig. S5b), it can be seen that as the zeta potential of the supernatant
gradually approached the isoelectric point, the efficiency of the flocculant in removing
HA gradually increased, presenting a positive correlation trend. A slight decrease was
observed when the zeta potential became positive.

When the HA solution was 10 mg/L, and the dose of flocculant was 80 mg/L, the
adsorption bridging ability of the flocculant was not fully utilized. Therefore, with the
increase in the flocculant mass, the simulated water exhibited strong positive electricity.
The flocculant repelled and this in turn reduced the removal efficiency. However, when
the concentration of HA increased to 15 mg/L, the adsorption bridging capacity was
fully utilized, and the simulated water presented weak positive electricity. Consequently,
the removal efficiency tended to be stable.

Under the same conditions, the flocculant's effectiveness in removing large
concentrations of HA was not significantly reduced. This is mainly due to a dominant
role of PBCF in adsorption bridging throughout the HA removal process. With the
increase of HA concentration, the collision probability of flocculant and HA in solution
was greatly strengthened. The number of colloidal particles produced after flocculation
rose. In the flocculation stage the colloid particles constantly collided, which elevated
the volume of flocs. With the rising number of alum blooms, the settling speed became

faster and the removal efficiency improved.
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3.4 Flocculation of lake water
3.4.1 Dose optimization

Taking turbidity, UV2s4, and COD wmn removal rates as indices, the influence of
PBCF dosage on coagulation performance in natural lake water was investigated. The
flocculant dosage of 60 mg/L achieved the best removal efficiency for turbidity with
residual turbidity of only 2.79+0.03 NTU and a removal rate of 91.61+0.09%. When
the dose of PBCF was 40 mg/L, the efficiencies in removing UV2s4 and COD wmy reached
the maximum of 48.08+0.34% and 51.27+0.71%, respectively. However, both amounts
were smaller than the best removal efficiency in synthetic water (Fig. 6a and b).

This phenomenon indicated that the turbidity removal efficiency by PBCF is better
than that of UV2s4 and COD mn. This is mainly because insoluble colloidal particles in
water were more easily removed by coagulation compared with DOM. Additionally, it
was gradually enhanced with the increase of flocculant dose but nevertheless, the
repulsive force appeared when too much flocculant was added to the water sample. This
led to the gradual decline in UV2s4 and COD mn removal. No other pollutants were
added to the synthetic water, allowing the flocculant to target HA for removal so better
removal efficiencies of UV2s4 and COD mn were obtained. It is important to note that
the insoluble colloidal particles in water would combine with these particles formed by
flocculation, triggering an in increase in colloidal particles weight and more conducive
conditions for the removal of the remaining turbidity in water.

PBCF can effectively remove turbidity, UV2s4 and COD mn from lake water.
Sugarcane bagasse is cheap and readily available compared to other biomass, which
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considers a renewable resource while the PBCF preparation process does not cause
secondary pollution to the environment. Moreover, the sludge floc formed by
flocculation is small in size, which facilitates its application in practical

engineering(Chen et al., 2020a).

Lf
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Fig. 6. Effects of dose of (a) PBCF on removal efficiencies of UV2s4, COD wn,
and residual turbidity (b) zeta potential.
3.4.2 Three-dimensional fluorescence analysis.

Fluorescence spectrophotometer (LS55, USA PE) was implemented to conduct
three-dimensional fluorescence analysis on water samples before and after treatment.
The PBCF’s effectiveness was further explored for treating DOM in lake water. The
EEM spectra were divided into five regions, which represented separately the different
compositions of organic compounds in water before and after coagulation (Chen et al.,
2003). In general, regions I and II represent aromatic proteins; region III stands for
fulvic acids; and regions IV and V are related to soluble microbial by-products and HA,
respectively.

Fig. 7 showed that after coagulation, the concentration of organic compounds in
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the supernatant of zones III, IV, and V decreased significantly, and the concentrations
of organic compounds in zones I and II fell slightly. This outcome indicated that PBCF
was very efficient in removing xanthogenic acid and HA organic compounds, whereas
it exhibited poor removal efficiency of aromatic protein organic compounds. The main
reason for this situation is the high molecular weight of fulvic acid and HA etc. (regions
I, IV and V), which readily charge neutralization and bridging with PBCF.
Nevertheless, the aromatic proteins (regions I and II) are stable due to the presence of
their own benzene ring structure. Therefore, they are not easily removed (Loganathan

et al., 2020; Tian et al., 2020).
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Fig. 7. (a) EEM of lake water before and (b) after treatment by PBCF

4. Conclusions

A newly green flocculant (PBCF) was derived from natural polymer bagasse
cellulose. PBCF exhibited excellent performance in removing HA from water. It was
found that adsorption bridging and electric neutralization played a key role in removing
HA. Remarkably, PBCF can effectively reduce DOM and turbidity in natural lake water
via adsorption bridging interaction. Overall, this will offer a substitute flocculant for

water pretreatment and new insights into the flocculating process.
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Highlights

A cationic flocculant (PBCF) was prepared for using agricultural waste as a resource.
PBCF was effective in removing HA at different concentrations.

PBCEF is highly efficient for UV2s4, COD mn and turbidity in lake water.

Dose-pH graphs and correlation analyses confirmed flocculation during HA removal.

Electrical neutralization and adsorption bridging dominated HA removal.
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