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ABS TRACT

Natural polymer-based flocculants have become a promising option
for wastewater treatment to replace Fe and Al-based coagulants and
synthetic polymer-based flocculants. This research introduces a novel
flocculant, namely Stc-EGDMA-Cts, that can act as a coagulant and
a flocculant. The characteristics of Stc-EGDMA-Cts were obtained,
and its effectiveness in eliminating textile dye from wastewater was
evaluated using the UV-visible spectrophotometer method. The
change of Stc: Cts mass ratio from 0.5 to 8 g g! increased the zeta
potential value and the yield percent of Stc-EGDMA-Cts from 23.1
to 46.4 mV and 15.64 to 59.93%, respectively. Specifically, Stc-
EGDMA-Cts with Stc: Cts mass ratio of 0.5, 1,2, and 4 g g removed
textile dye from wastewater by 91.01, 92.26, 92.84, and 80.85%,
respectively. However, Stc-EDGMA-Cts with a Stc: Cts mass ratio
of 8 g g! could only remove less than 20%. The Stc-EGDMA-Cts
performance in removing dye was also affected by the initial pH
of wastewater, the Stc-EGDMA-Cts dosage, and the sedimentation
time. Characterization and flocculation test results suggest that the
possible mechanisms of flocculation by Stc-EGDMA-Cts are charge
neutralization, adsorption, and inter-polymer linking.

1. Introduction

metals, are crucial for monitoring and assessment.

Water quality is essential for human life, affecting
health and the economy. The contamination of
the water itself is an inevitable consequence of
human civilization. The analytical methods used
to identify and quantify hazardous contaminants
in water, such as organic materials and heavy
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Gas chromatography (GC) is one of the analytical
methods that can be employed to detect organic
pollutants, as evidenced by the use of GC-MS
and GC-FID instruments [1-4]. In parallel with
establishing traditional and advanced analytical
methods to monitor water quality, developing
materials to remove or extract hazardous
chemicals in water to produce a more beneficial
water source is becoming a research concern.
Teimoori et al. studied the removal of benzene,
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ethylbenzene, toluene, and xylene contaminants
from water samples using a carbon nanostructure,
functionalized multi-walled carbon nanotubes,
and modified graphene oxide [3,5,6]. There is a
growing interest in the flocculation technique as
an alternative method for removing contaminants
in water and wastewater [7]. Flocculation is
commonly employed in wastewater treatment to
eliminate heavy metals or dyes due to its convenient
handling, high effectiveness, minimal energy
usage, and low initial expenses [8,9]. Flocculants
are utilized to rapidly divide solids and liquids
by inducing colloidal particles to aggregate in a
process called flocculation [8,10]. Two categories
of flocculants exist: inorganic coagulants like
iron and aluminum salts and organic flocculants
comprising synthetic organic and natural polymer-
based flocculant [11-13]. Unfortunately, secondary
pollution can happen when leftover substances
from aluminum and iron coagulants and synthetic
polymer flocculants such as polyacrylamide are
present in treated water or wastewater [14,15].
Aluminum residue has been linked to Alzheimer’s
disease [16,17], whereas iron residue can lead
to the corrosion of metal equipment, decreasing
its lifespan and increasing the expenses of
wastewater treatment [18]. Polyacrylamide and
other synthetic polymers could potentially be
harmful to the environment because of their toxic
and carcinogenic properties [18]. Furthermore,
natural decomposition is difficult to achieve with
synthetic polymers [19]. Natural polymers show
potential as effective flocculants for treating
wastewater [20]. Cellulose, chitosan, tannin,
and starch are natural polymers with chemical
structures and functional groups that can efficiently
disrupt pollutants [18,21,22].
Cellulose and chitosan have demonstrated high

in wastewater

flocculation efficiency in removing textile dyes
and heavy metals from wastewater because of
their amino and polysaccharide functional groups,
hydrophobicity, polyfunctionality, reactivity,
and complexing properties. At the same time,

tannin and starch showed good flocculation

ability in removing anionic and cationic dye
dispersions [11,21,23]. Moreover, polymers made
from natural substances are cheaper and more
sustainable but less harmful, able to decompose,
and compatible with living organisms [18,24].
The mechanisms of flocculation by natural
polymers based on flocculants are divided into six
categories: neutralization of particle charge, inter-
polymer bridging, charge patching, net trapping,
sweeping, and adsorption [8,18,21]. Based on
these mechanisms, polymer grafting can improve
the performance of natural polymers as flocculants
[8,25]. The grafting can produce a higher molecular
weight due to the new branch in the primary
molecular chain [26,27]. The grafting can combine
functional groups from different compounds
that have superiority in binding pollutants from
wastewater. The benefits of grafting natural
polymers are synergistically efficient at low doses,
low cost, shear resistant, produces less sludge
after the sedimentation process, biodegradable,
regeneration performance, high molecular weight,
no require additional coagulant, longer molecular
chain, and fast sedimentation [24,28]. The grafting
of starch or chitosan with a monomer or binary
polymer has been widely studied and proven to
improve flocculation performance [15,21,29,30].
However, the grafting of starch-monomer-chitosan
or ternary polymer to produce a flocculant still
needs to be improved. It is thought that grafting
starch-monomer-chitosan produces a flocculant
that brings the advantages of each component;
chitosan is excellent in reducing heavy metals,
and starch is superior in reducing dyes [21,31-
33]. Starch is an abundant material consisting of
a mixture of amylopectin and amylase with many
hydroxyl groups in its molecular chain structure
[34].Chitin deacetylation produces chitosan, a
linear copolymer containing D-glucosamine and
N-acetyl-D-glucosamine, along with hydroxyl
and amino functional groups [27,35,36]. The mass
ratio determines the impact of grafted natural
polymers on inducing flocculation. The ratio of
the crosslinker dose, the crosslinking temperature,
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and the reaction duration [10,37]. Additionally,
You and colleagues [10] found the best conditions
for the effectiveness of the cationic starch/chitosan
crosslinking-copolymer, with key factors being
mass ratios of 4 to 5 g g! for cationic starch to
chitosan, a crosslinker dosage ratio of 0.75 mg g
to cationic starch, a crosslinking temperature of 70
9C, and a reaction time of at least 1.5 hours.

This research studied the synthesis of natural
polymer-based flocculant, the starch-ethylene
glycol dimethacrylate-chitosan or Stc-EGDMA-
Cts, and its performance in removing dyes from
wastewater. Stc-EGDMA-Cts was prepared via
free radical polymerization under hydrothermal
conditions, with varied mass ratios of starch
to chitosan or Stc: Cts mass ratio (g g'). The
Stc-EGDMA-Cts
evaluated using Fourier transform infrared (FTIR)
spectroscopy, X-ray diffraction (XRD), scanning
electron microscopy (SEM), and zeta potential
analyzer. The effectiveness of Stc-EGDMA-Cts in
removing dye was evaluated using the UV-visible
spectrophotometer method. Furthermore, the effect
of the initial pH of textile dye wastewater, the Stc-
EGDMA-Cts dosage, and the sedimentation time
on flocculant performance was investigated.

characteristics  of were

2. Material and Methods

2.1. Materials

Soluble starch (CAS No.: 9005-84-9), EGDMA
(CAS No.: 97-90-5), acetic acid (CAS No.:
64-19-7), sulfuric acid (CAS No.: 7664-93-9),
sodium hydroxide (CAS No.: 1310-73-2), and
azobisisobutyronitrile or AIBN (CAS No.: 78-
67-1), all in analytical grade, were purchased
from Sigma-Aldrich Canada Co. Low molecular
weight chitosan (CAS No.: 9012-76-4) with a
degree of deacetylation of 75%, and a maximum
limit of impurities of 10% was purchased from
Central Drug House (CDH) India. In analytical
grade, Acetonitrile (CAS No. 75-05-8) and ethanol
(CAS No. 64-17-5) were obtained from Merck.
Professional Fabric Dyes Ltd obtained Dypro
multi-purpose dye 19 deep blue or Dypro 19
(product code: 0101603119).

Asep Nurohmat Majalis et al 65

2.2. Instruments

The synthesis process of Stc-EGDMA-Cts was
supported with an autoclave (Thermo Fisher
Scientific, USA),
Scientific, USA), and a centrifuge (Eppendorf,
Germany). Characterization of both the raw
material and Stc-EGDMA-Cts was performed by
FTIR spectroscopy (Bruker-Tensor II, USA) for
the study of functional groups, X-ray diffraction
with a Copper (Cu) X-ray source (Malvern
Panalytical AERIS, UK) for the evaluation of
physical properties, SEM (PhenomProX Desktop
Scanning FElectron Microscope, Thermo Fisher
Scientific, USA) for the analysis of surface
morphology. A zeta potential analyzer (Horiba
SZ 100, Japan) was employed to measure the
zeta potential ({) of the dispersed material of
Stc-EGDMA-Cts obtained from synthesis. Jar
test experiments were conducted using the FC6S
Jar Test instrument (VELP Scientifica, Italy). A
digital pH meter (Hanna HI 2002, ITM, Canada)
was used in this study. A single-beam UV-visible

an oven (Thermo Fisher

spectrophotometer (Agilent Cary 60 UV-Vis,
USA) equipped with a 1 cm quartz cuvette was
used for the dye analysis carried out in this work.
A digital microscope VHX-5000 series (Keyence,
Japan) was used to image the settled flocs from
the jar test experiment.

2.3. The synthesis of Stc-EGDMA-Cts
Stc-EGDMA-Cts was
dissolution, mixing, homogenization, and free

synthesized through

radical polymerization under hydrothermal
conditions. A starch solution containing 2% starch
by weight was blended with EGDMA (at a ratio
of 0.7 mLg! of starch) at 850 rpm for 15 minutes
at ambient temperature. A mixture was prepared
with Stc: Cts ratios of 0.5, 1, 2, 4, and 8 g g
by adding 2% (w/v) chitosan solution in acetic
acid 1% and mixing at 850 rpm for 30 minutes
at room temperature. The AIBN initiator was
subsequently added to the mixture (AIBN: starch
mass ratio 0.8% g g'!) and mixed at 850 rpm for 60
minutes at 60 °C. Finally, the mixture was placed

into an autoclave and then polymerized under
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hydrothermal conditions at 90 °C for 5 hours
in the oven. The solid of Stc-EGDMA-Cts was
obtained by settling a polymerized mixture for 48
hours at room temperature after adding ethanol
(ethanol: starch ratio of 2.5 mLg"'), followed
by centrifugation at 6500 rpm for 25 minutes,
filtration, and finally drying at 50 °C for 12 hours.
The yield (%) of Stc-EGDMA-Cts was calculated
by Equation 1:

Yield (%) = 2100

(Eq.1)

where W is the weight of the product (Stc-
EGDMA-Cts) (g), and Wc is the total weight of
starch and chitosan as constituents (g).

2.4. Characterization of Stc-EGDMA-Cts
2.4.1.FTIR Spectroscopy

FTIR spectrophotometer was used to characterize
in Stc-EGDMA-Cts
across different Stc: Cts mass ratios. The results

the functional groups
were evaluated against the functional groups
present in starch, EGDMA, and chitosan. For
FTIR analysis, Stc-EGDMA-Cts powder was
processed with KBr at 25 °C, formed into a
pellet, and examined using FTIR over the range
of 4000 to 500 cm™, with 45 scans per second
and a resolution of 2.0 cm.

2.4.2.X-ray diffraction (XRD) analysis

XRD analysis was performed on starch, chitosan,
and Stc-EGDMA-Cts at various Stc: Cts mass
ratios. The instrument used a scattering angle (20)
from 5 to 859, a scanning speed of 0.2 deg s, and
a step size of 0.02 deg.

2.4.3.The study of the surface morphology

An SEM surface
morphology of starch, chitosan, and Stc-
EGDMA-Cts at various Stc: Cts mass ratios. The
compounds were analyzed by fixing a few drops
of their powder on the iron stub of the SEM coated
with gold.

analysis examined the

2.4.4.Zeta potential ()

The zeta potential ({) of the dispersed material
of Stc-EGDMA-Cts obtained from synthesis was
measured by laser Doppler electrophoresis using
a zeta potential analyzer ranging from -500 to
+500 mV. The data were acquired in triplicate.
Additionally, the zeta potential of wastewater
containing Dypro 19 at pH 5, pH 7, and pH 8 was
measured using the same instrument.

2.5. Flocculation experiments
2.5.1.Jar test

Jar test experiments were conducted to
determine the effect of initial pH and Stc-
EGDMA-Cts dosage in different mass ratios
(Stc: Cts 0.5, 1, 2, 4, and 8 g g!) on the dye
reduction from wastewater. The experiments
were carried out on artificial wastewater
by dissolving 0.25 g of Dypro 19 powder
in water and then diluting it until 8 litres. A
500 ml dye solution was poured into a beaker
glass and placed at the jar test instrument for
flocculation experiments. The best initial pH
level was determined by testing the textile dye
wastewater at initial pH levels of 5, 6, 7, §,
and 9. In contrast, the amount of wastewater,
Stc-EGDMA-Cts dosage, rapid mixing,
gentle mixing, settling time, and temperature
remained fixed at 500 mL, 2 mL L-!, 200 rpm
for 4 minutes, 30 rpm for 15 minutes, 60
minutes, and room temperature, respectively.
The dosage optimization of Stc-EGDMA-Cts
was conducted by varying dosages from 1.4
to 3.0 mL L-'. On the other hand, the quantity
of wastewater, initial pH, rapid mixing, gentle
mixing, settling time, and temperature were
maintained at 500 mL, the best initial pH, 200
rpm for 4 minutes, 30 rpm for 15 minutes, 60
minutes, and ambient temperature, respectively.
Following establishing an optimum condition
from the jar test, the sedimentation experiment
was carried out with different settling times
ranging from 0 to 1440 minutes. Ultimately,
the settled flocs were examined using a digital

microscope at 50 and 100 times magnification.
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2.5.2.Dye analysis using UV-visible
spectrophotometer and calculation of dye
removal

Dye analysis was performed using a single-
beam UV-visible spectrophotometer with a 1
cm quartz cuvette. The baseline and zeroing
were corrected using demineralized water. The
maximum absorbance of Dypro 19 was measured
by scanning it in 400-800 nm wavelength ranges.
The wavelength that resulted in maximum
absorbance was used to measure the absorbance
of the sample. The calibration curve for Dypro 19
was constructed using concentrations of 5, 10, 20,
30, 40, and 50 ppm. The limit of detection (LOD)
and quantification (LOQ) were calculated using the
linear regression of the calibration curve following
Equations 2 and 3.

LoD =73 (Eq.2)

LoQ = % %10 (Eq.3)

where ¢ and s are the intercept standard deviation
and the slope of the calibration curve, respectively.
Furthermore, the percentage of dye removal can be
calculated using Equation 4.

Dye removal (%) = % x* 100
0

(Eq.4)

where 4, is the dye absorption before treatment
with Stc-EGDMA-Cts, and 4, is the absorption of
dye after treatment with Stc-EGDMA-Cts.

3. Results and Discussion

3.1. Synthesis and characterization of Stc-
EGDMA-Cts

Stc-EGDMA-Cts was synthesized through a free
radical polymerization process under hydrothermal
conditions. Thesynthesisprocessinvolvesdissolving
starch, chitosan, and AIBN initiator, followed by
mixing, homogenization, and polymerization under
hydrothermal conditions. The desired product
was produced even though nitrogen purging
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was not carried out during the polymerization
process. This synthesis method offers a simple
and environmentally friendly approach. Although
the AIBN initiator is classified as harmful, it is
less toxic than the cerium ammonium nitrate used
in a previous study [15]. The characteristics of
Stc-EGDMA-Cts were determined using FTIR,
XRD, SEM, and zeta potential. FTIR was used to
determine the functional groups of Stc-EGDMA-
Cts at various Stc: Cts mass ratios and compare
them with the functional groups of the constituents
(starch, chitosan, and EGDMA). Characterization
using XRD was carried out to demonstrate the
crystallinity of Stc-EGDMA-Cts at various Stc: Cts
mass ratios, starch, and chitosan. SEM was used
to evaluate the morphology of Stc-EGDMA-Cts at
various Stc: Cts mass ratios and compare it with
starch and chitosan as constituents. Zeta potential
measurements were performed to determine the
particle charge of Stc-EGDMA-Cts at various Stc:
Cts mass ratios. Based on FTIR spectra in Fig la,
the evidence found is: First, the functional groups
of starch identified are OH, CH, CH,, CH,, and
CO. A broad peak at 3284 cm-1 denotes the O-H
stretching. The C-H stretching peaks at 2926 cm'
(C-H) and 1337 ecm™ (C-H, and C-H,). The 1148,
1077, and 995 cm-1 peaks suggested the C-O
stretching. The FTIR also identified intramolecular
H-bonding with carboxyl groups in the starch.
The peak reveals it at 1641 cm™'. The starch FTIR
spectrum in Fig. la is similar to the FTIR spectra
described by previous researchers [10,38,39].
Second, chitosan functional groups are identified as
NH, OH, CH, and CO. The vibration mode at 3365,
3279, 2873, 1645, and 1023 cm' is N-H, O-H,
C-H, C=0, and C-O stretching, respectively. The
vibration mode at 1569 cm™ and 1373 cm™ is NH,
and CH, bending. The intramolecular H-bonding
with carboxyl groups and CH, deformation are
indicated at 1645 cm™ and 1373 c¢cm™. The FTIR
spectrum of chitosan in Figure la is identical to
those observed in previous research [30,40-42].
Third, identified EDGMA functional groups are
CH, C=0, C=C, and C-O. The vibration modes at
2959, 1716, and 1635 cm™, 1293 cm’!, and 1143
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cm?! are C-H, C=0, C=C, and C-O stretching,
respectively, while at 1450 cm™ are CH, bending
and CH, deformation. Finally, Stc-EGDMA-Cts
shows peaks corresponding to its constituents’
functional groups (starch, chitosan, and EGDMA),
including OH, NH, CH, C=0, C=C, NH,, CH,,
CH,, and C-O. The vibration mode at 3304, 2930,
1724, 1637, and 1148 cm™, 1078 cm™ and 1018
cm? is O-H and N-H, C-H, C=0, C=C, and C-O
stretching, respectively, while the vibration mode

Chem. J. 7 (4) (2024) 63-77

at 1558 and 1449 cm™ is NH, bending and CH, and
CH, deformation.

The FTIR spectra of Stc-EGDMA-Cts at various
Stc: Cts mass ratios are presented in Figure 1b. The
spectral pattern shows a similar trend, indicating
that the functional groups of Stc-EGDMA-Cts at
various Stc: Cts mass ratios from 0.5 to 8 g g'!
are identical. A slight difference in intensity was
observed in the characteristic absorption at 1558
cm-1, which showed the N-H group originating
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Fig. 1. (a) FTIR spectra of starch (Stc), chitosan (Cts), ethylene glycol dimethacrylate
(EGDMA), Stc-EGDMA-Cts, and (b) Stc-EGDMA-Cts at various Stc:Cts mass ratios



Removing textile dyes by natural polymer-based flocculant

from chitosan. The absorption band decreases as
the Stc: Cts mass ratio increases. Starch’s presence
becomes more dominant than chitosan as the Stc:
Cts mass ratios increase.

The XRD patterns in Figure 2a show a noticeable
disparity in peak intensities among the component
substances (starch, chitosan) and Stc-EGDMA-Cts
at a Stc:Cts mass ratio of 0.5. Starch shows peaks
at 14.5°, 16.9°, and 21.9°. Chitosan shows peaks at
20.2° 31.6° and 45.3°. Stc-EGDMA-Cts shows a
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peak at 16.7°. In terms of quality, starch has higher
crystallinity compared to chitosan. The Origine
Lab program processed data with smoothing and
baseline correction to determine the crystallinity.
The crystallinity of starch and chitosan is 97.25
and 73.68%, respectively. The XRD spectra of Stc-
EGDMA-Cts in Figure 2b demonstrate that changing
Stc:Cts mass ratio from 0.5 to 8 g g does not cause
a noticeable change in the peak spectra pattern.
Nevertheless, there was a minor variation in the

Stc-EGDMA-Cts

Intensity (a.u)
% >

Chitosan
7o

Starch

T T T T T T T

40 50 60 70 80

2 theta
b
Stc:Cts 8
E) /\ Stc:Cts 4
&
=
2 Stc:Cts 2
9
£
Stc:Cts 1
’_/\ Stc:Cts 0.5
T T T T T T T T T T T T
10 20 30 40 50 60 70 80
2 theta

Fig. 2. (a) XRD spectra of starch (Stc), chitosan (Cts), Stc-EGDMA-Cts and
(b) Stc-EGDMA-Cts at various Stc:Cts mass ratios



70 Anal. Methods Environ. Chem. J. 7 (4) (2024) 63-77

crystallinity of Stc-EGDMA-Cts at varying Stc:Cts
mass ratios. Stc-EGDMA-Cts crystallinity was 95.68,
95.73, 99.99, 96.55, and 95.61% at Stc:Cts mass
ratios of 0.5, 1.0, 2.0, 4.0, and 8.0 g g, respectively.

The XRD analysis results were confirmed by SEM
investigation. Figure 3 presents SEM photos of
starch, chitosan, and Stc-EGDMA-Cts at various
Stc:Cts mass ratios. The SEM photos show that the
surface of Stc-EGDMA-Cts at Stc:Cts mass ratios
0f 0.5, 1,2, and 4 g g is rougher than Stc:Cts mass
ratio of 8 g g!. Stc-EGDMA-Cts has a rougher and
larger surface than starch and chitosan, facilitating
a better adsorption process. Stc:Cts mass ratio
influences the percent yield and the zeta potential
value of Stc-EGDMA-Cts. Table 1 shows that as the

Stc:Cts mass ratio increases from 0.5 to 8 g g!, the
percent yield rises from 15.64 to 59.93%, and the
zeta potential increases from 21.3 to 46.4 mV. These
results indicate that increasing the Stc:Cts mass
ratios from 0.5 to 8 g g! produces Stc-EGDMA-Cts
with longer and larger molecular structures. A long
molecular structure with a high molecular charge
promotes its function as a suitable flocculant. The
molecule allows the bridging mechanism between
particles to produce large flocs, facilitating the
sedimentation process of the flocs. However, if
the molecule is too long and large, it can reduce
flocculation activity because of insolubility. This
study demonstrated poor flocculant activity by Stc-
EGDMA-Cts at a Stc:Cts mass ratio of 8 g g!.

T AL T T
L T T

] . e A

v ek A
i i 3 < WS

Y i AT &1

Fig. 3. SEM photos at 3,500 times magnification of starch (a), chitosan (b),
and Stc-EGDMA-Cts at Stc:Cts mass ratio of 0.5 (c), 1 (d), 2 (e), 4 (f), and 8 (g)
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Table 1. The percent grafting and the zeta potential of Stc-EGDMA-Cts
at various Stc:Cts mass ratios

Ste:Cts mass ratio (g g") Grafting (%) Zeta potential (mV)
0.5 15.64 £13.21 23.1+0.0
1.0 3473 £21.99 30.2+0.0
2.0 49.71 £21.74 40.1+0.1
4.0 54.19+12.14 42.3+0.0
8.0 59.93 £12.41 46.4+0.2

3.2. The performance of Stc-EGDMA-Cts in
removing dye from wastewater

Stc-EGDMA-Cts performance in removing Dypro
19 from wastewater is evaluated using a UV-visible
spectrophotometer. The absorbance of Dypro 19
standard solution and the standards calibration curve
are presented in Figure 4. The maximum absorbance
of Dypro 19 was measured at 588 nm (Fig. 4a). LOD
and LOQ were determined from linear regression of

standard calibration curve Y=0.0114*X + 0.00472,
with the intercept standard deviation (o) of 0.00425
(Fig. 4b). The LOD and LOQ values were found to
be 1.12 and 3.73 mg L' (ppm), respectively. The
highest and the lowest absorbance values observed
in the flocculation performance test were 0.3435 and
0.019, respectively, corresponding to concentration
values 029.72 and 1.25 mg L' (ppm). Consequently,
the measured concentrations remain above the LOD.

0,6
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w10 ppm
0,5 1 =20 ppm
=30 ppm
e 40 pPM
i =50 ppm
o 0,4
(8]
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20,3
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Ke]
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Fig. 4. UV spectra of standards solution (a), standards curve (b)
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The performance of Stc-EGDMA-Cts at a certain
Stc:Cts mass ratio (g g') in removing Dypro 19
depends on the initial pH. Figure 5a shows that the best
Stc-EGDMA-Cts performance is at an initial pH of 9,
8, 7, and 5 with Stc: Cts mass ratios of 0.5, 1, 2, and 4
g g, respectively. The highest percentage of Dypro 19
removal achieved under these circumstances was 86.82,
76.47, 80.11, and 76.80%, respectively. At a Stc:Cts
mass ratio of 8 g g, Stc-EGDMA-Cts performance
was poor, as it only reduced the Dypro 19 by less than
20%. According to the data presented in Figure Sa, it
is possible that the best performance of Stc-EGDMA-
Cts at a Stc:Cts mass ratio of 8 g g! is at a pH below
5. The optimum performance of Stc-EGDMA-Cts at
various Stc:Cts mass ratios, which is highly dependent
on an initial pH as described, is supported by the fact
that the higher the value of the mass ratio of Stc:Cts, the
more positive the zeta potential value of Stc-EDGMA-
Cts. Conversely, the zeta potential value becomes more
negative as the pH value of wastewater containing
Dypro 19 decreases. Therefore, Stc-EGDMA-Cts at
a larger mass ratio will achieve optimal flocculation
performance at a low wastewater pH and vice versa.
The dose is one of the critical factors in the coagulation-
flocculation process, in addition to pH and mixing. The
effect of the Stc-EGDMA-Cts dosage on removing
Dypro 19 was investigated at various Stc:Cts mass
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ratios (0.5, 1, 2, and 4 g g'') under an optimum initial
pH condition, as illustrated in Figure 5b. The optimum
dosage was obtained at the highest percent dye removal.
The optimum dosage for Stc:Cts mass ratios of 0.5, 1, 2,
and4 gg'lis 2.0, 1.6,2.4, and 2.0 mL L', respectively,
resulting in the percent dye removal of 91.01, 92.26,
92.84, and 80.85%, respectively. Figure Sc shows that
the floc deposition time of the destabilized Dypro 19
was rapid enough. Deposition times of 15, 30, and 60
minutes resulted in dye removal of 91.06, 93.56, and
96.60%, respectively. From 60 to 1440 minutes, the
dye removal rate remained relatively constant. This
condition indicates that the generated flocs from the
destabilization process of Dypro 19 from wastewater
by Stc-EGDMA-Cts are relatively dense, heavy, and
large, making them easy to settle quickly. Based on
the graph in Figure 5a and Figure 5b, the optimum
initial pH and the optimum dosage range obtained by
Stc-EGDMA-Cts at mass ratio Stc:Cts 0.5, 1, 2, and
4 g g is relatively narrow. Those suggest that the
flocculation mechanism is the neutralization of particle
charge. Below an optimum initial pH and dosage value,
particle charge neutralization has yet to occur, resulting
in stable dye particles. Above an optimum initial pH
and an optimum dosage value, excess dosage and OH
may cause a reversal of the day particle charge, leading
to their stability.
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Fig. 5. The performance of Stc-EGDMA-Cts in removing Dypro
19 at various pH (a), at various doses (b), and settling time of
destabilized Dypro 19 by STc-EGDMA-Cts (c¢)

The zeta potential value indicates the particle charge.
Figure 6 illustrates the zeta potential value of Stc-
EGDMA-Cts at Stc:Cts mass ratios of 1,2,and 4 g g, as
well as the Dypro 19 wastewater pH. The zeta potential
values indicate that particle charge neutralization
is one of the mechanisms of Dypro 19 particle
destabilization by Stc-EGDMA-Cts. In addition to

adsorption and charge neutralization, the flocculation
mechanism by Stc-EGDMA-Cts involves polymer
bridging. The flocs image in Figure 7 shows floc sizes
larger than 100 pm, indicating that polymer bridging
has occurred between destabilized dye particles. This
bridging causes the flocs to agglomerate, making
them settle quickly.
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Fig. 6. Zeta potential values of Stc-EGDMA-Cts and the Dypro 19 wastewater before flocculation
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Fig. 7. The flocs image of Dypro 19 destabilized by Stc-EGDMA-Cts flocculant

4. Conclusion

Stc-EGDMA-Cts, a
flocculant, has been successfully synthesized
simply and environmentally friendly through
free radical polymerization under hydrothermal
conditions without purging nitrogen gas. The mass
ratio of Stc:Cts (g g') influences the characteristics
of the synthesized Stc-EGDMA-Cts and its
performance in removing dye from wastewater. The
mass ratio of Stc:Cts from 0.5 to 8 g g! increased
the percent yield and the zeta potential value of the
Stc-EGDMA-Cts. The Stc-EGDMA-Cts at mass
ratios of 0.5 to 8.0 g g' have similar functional
groups, high crystallinity, and qualitatively rougher
and larger surface area than starch and chitosan.
The performance of Stc-EGDMA-Cts at various
Stc:Cts mass ratios in removing dyes above 80%
evaluated by a UV-visible spectrophotometer
method was determined by a specific pH, a
specific flocculant dosage, a floc size, and settles
quickly. Based on the results of characterization
and flocculation performance tests, Stc-EGDMA-

natural  polymer-based

Cts was found to employ charge neutralization,
adsorption, and polymer bridging as mechanisms
for dye flocculation.
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