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C. Benouis?, M.1. Ferrahi?, R. Meghabar?, B. Bouras®, M. el Amine Zennaki®* and H. Zerrigui®

2Polymer Chemistry Laboratory, Oran 1 Ahmed Ben Bella University, Oran, Algeria
bLaboratory of Organic Electrolytes and Polyelectrolytes Application (LAEPO).
Department of Chemistry, Faculty of Science, Tlemcen University, Algeria
(Received 30 August 2023, Accepted 17 October 2023)

In this work, N-vinyl imidazole (NVI) and glycidyl methacrylate (GMA) were combined to create poly(NVI-GMA). The synthesis of
this novel cationic copolymer was initiated using high-temperature, ultraviolet (UV) radiation, and microwave radiation. The cationic level
of poly(NVI-GMA) was optimized during the copolymerization process. The ideal synthesis conditions included a 2% initiator concentration,
equal proportions of NVI and GMA (50% (v/v) each), a polymerization duration of 4 min, and an acidic pH reaction media. UV-visible,
FTIR, and '"H NMR techniques were employed to examine the structure of the copolymer. To investigate the flocculation performance of the
highly cationic poly(NVI-GMA) in purifying water with high turbidity and to study and summarize the flocculation mechanism, several
analyses including Fourier transform infrared (FTIR), X-ray diffraction (XRD), and thermogravimetric (TGA) analyses were conducted.

Experimental simulations utilizing maghnite as a coagulant yielded a transmittance of 96.9% in the supernatant with a concentration of

6 mg 1!, a brief stirring duration of 20 min, an acidic pH, and a stirring speed of 200 rpm.
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INTRODUCTION

Global industrial development has experienced recent
growth, resulting in a significant increase in water usage.
Consequently, a considerable amount of wastewater is
generated and discharged into the environment without
proper treatment [1]. Industrial effluents exhibit varying
concentrations of heavy metals, dyes, suspended particles,
turbidity, salts, and sludge volume [2].

This wastewater contains colloids, which are finely
dispersed solid particles with negative electric charges on
their surfaces. These particles repel each other, thus
remaining in suspension [3]. Due to their challenging
removal through conventional physical techniques such as
filtration or settling [2], the addition of chemicals to
neutralize the charges on colloidal particles becomes
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necessary [4].

The discharge of highly turbid wastewater into the
environment poses risks to aquatic life, obstructs light
penetration, and degrades the quality of receiving water
bodies [5,6]. Colloidal components in wastewater contribute
to its turbidity, which can act as adsorption sites for
hazardous compounds or result in unpleasant taste and odor
[5]. Turbidity, a measure of water's cloudiness and haziness
caused by suspended and colloidal particles (including
organic, inorganic, and biological pollutants), is a significant
concern in water treatment [7,8].

Various methods such as chemical precipitation [9],
biological treatment [10], membrane filtration [11,12],
[13], ion
coagulation/flocculation [15,16] are employed to remove

photocatalysis exchange resin [14], and
turbidity, suspended solids, dissolved solids, and color
from water and wastewater. Among these methods,

coagulation/flocculation is a well-established technique in
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industrial wastewater pretreatment, as it effectively removes
suspended particles [17].

The coagulation-flocculation process, widely used for
industrial-scale wastewater treatment, becomes possible by
adding coagulants. Coagulants act as agents that destabilize
colloidal particles and delicate solid suspensions, allowing
them to agglomerate under favorable conditions [18].
Inorganic coagulants (salts) and synthetic and natural organic
added to
wastewater to destabilize colloidal particles [19]. Natural

polymers are commonly used coagulants
coagulants are bio-extracts obtained from plants, seeds,
marine crustacean and shellfish biomasses, and microbial
safe, environmentally

organisms. They are generally

friendly, biodegradable, non-toxic, non-corrosive, and
generate minimal sludge.

The coagulant used in this article is Maghnite. It is a
bentonite from the Maghnia Tlemcen region. It is generally
in the form of a mineral powder consisting essentially of
montmorillonite clay (smectite family) [15]. Maghnite is
used in many industrial fields, including pharmaceuticals,
cosmetics, civil engineering, food processing, industrial
waste, domestic waste, radioactive waste treatment, and the
treatment of water contaminated with heavy metals [18].

The stable colloidal state of maghnite is due to the
negative charge on the surface of the particles, which creates
repulsive forces between the clay particles and eliminates the
tendency of the particles to fuse and agglomerate. The
negative charge is formed by a clay core surrounded by
strongly bound O, and OH ions, around which a cloud of
positive ions is formed by gravity, ensuring neutralization of
the system (H+ and exchangeable cations). Negatively-
charged particles repel each other and are deagglomerated to
form a stable suspension. Otherwise, particles will aggregate
and agglomerate to form an unstable suspension. Colloidal
properties are very important for clay cleaning processes.

Poly N-vinyl imidazole is a readily available polycationic
polymer with untapped potential. These materials offer
several advantages, including easy availability, affordability,
high biocompatibility, and chemical modifiability, allowing
for copolymerization with other polymers. In this case,
glycidyl methacrylate (GMA) was chosen as a monomer
to obtain functionalized copolymers with diverse
physicochemical properties, ranging from hydrophilic to
hydrophobic solubilities. This characteristic provides a novel
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approach to quickly obtain amphiphilic block copolymers
capable of self-organization into micelles [20], exhibiting
[21], the
morphological characteristics of GMA. In recent years, this

excellent biocompatibility without altering
amino polymer has garnered significant interest in water
treatment processes for the removal of dissolved and
particulate impurities. Its coagulating and flocculating
capabilities enable the removal of particles, inorganic and
organic suspensions, and dissolved organic compounds.

In this

employed to synthesize poly(NVI-GMA). Characterization

study, photochemical polymerization was
of the copolymer was carried out using UV-Visible
spectroscopy, '"H NMR, XRD, and FTIR techniques. The
elimination analysis of Maghnite suspension turbidity was
conducted to investigate the influence of various variables on
the process, such as initial turbidity, pH of the aqueous
medium, and flocculant concentration.

EXPERIMENTAL

Materials

The materials used in this work are N-Vinylimidazole
(NVI) (CsHsN2, 99%, Alfa Aesar), Glycidyl methacrylate
(GMA) (C7H00O3, biochem), Ammonium persulfate
(APS)((NH4)2S,03 biochem), chloridryic acid (HCl 37%
biochem), and Maghnite (Clay material in its raw form from
Maghnia Algeria [22])

Method of Copolymerization

The polymerization reaction involved using 50% (v/v) of
each monomer and took place over a duration of 4 min.
Ammonium persulfate (APS) was used as a 2% initiator, and
0.1 M hydrochloric acid (0.5 ml) was added to the quaternize
NVI during synthesis. The polymerization process was
conducted wusing a microwave reactor. Microwave
polymerization was a chemical reaction induced by heat,
ultraviolet (UV) radiation, or electron beam radiation. In this
case, the thermal process was employed, utilizing metal
molds and being well-suited for mass production. The
reaction was carried out without the use of solvents since the
two monomers were miscible with each other, and APS
dissolved in the medium (see Fig. 1).

The resulting copolymer was washed with diethyl

ether to remove any excess monomers. The medium was
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Fig. 1. The copolymerization method.
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Fig. 2. Shows the Coagulation-flocculation process.

neutralized using ethanol, and the copolymer was then dried
for 24 h at a temperature of 60 °C.

Characterization

Infrared spectra were recorded using an Agilent
Technologies Cary 600 Series FTIR spectrometer. The
copolymer sample was analyzed in powder form to
qualitatively characterize the newly obtained functional
groups.

X-ray diffraction measurements were performed using a
Rikagu ultima IV (BD64000266-01) The
samples were scanned over a 2° interval ranging from 5 to
60 degrees to obtain the poly(NVI-GMA) diffraction pattern.
Thermogravimetric analysis (TGA) was conducted using a
high-resolution TGA instrument (TA Instruments SDT
Q600). The copolymers were thermally assessed from 50 to
650 °C at a heating rate of 10 °C min™".

The effective weight ratio of each modified monomer in

instrument.

the resulting copolymer was calculated using UV-visible
spectrophotometry (Optizen 2120).

The point of zero charge (pHpzc) was determined using
the batch equilibrium method [23]. In this method, 30 ml of
0.01 M NaCl solutions were adjusted to a pH range of 2-12
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using 0.1 M HCI or NaOH solutions. Each solution was then
treated with 0.1 g of adsorbent. The suspensions were stirred
at room temperature for 24 h, and the final pH of the solutions
(pHy) was determined to plot (pHs-pH;) against pH (pH;) and
determine the initial point of zero charge (pHpzc).

The copolymer structure of poly(NVI-GMA) was
evaluated using 'H NMR analysis with the Bruker AV III

spectrometer in CDCls as the solvent.

Coagulation-flocculation Study

We prepared synthetic wastewater by mixing maghnite
with distilled water. The flocculation studies were carried out
using a jar-test apparatus, as depicted in Fig. 2. The initial
turbidity (To) of the suspension was measured, and
subsequently, the turbidity after adding different quantities of
the flocculant (Tf) was determined using a turbidimeter (HI
93703). This measurement allowed us to evaluate the
effectiveness of the flocculant. The percentage of turbidity

removal was calculated using the following formula [15]:

e ()

Turbidity removal % = .
0
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RESULTANTS AND DISCUSSIONS

UV-Visible Characterization

Aqueous solutions of copolymers and both monomers, all
having the same concentration of 3 x 10 g ml"!, were used
to obtain the UV-Visible spectra shown in Fig. 3. The
copolymer and NVI exhibited a distinct transition with a
maximum wavelength around 290 nm, which can be
attributed to the n-n* and o-n* transitions of the C=N bond
[24]. On the other hand, GMA displayed an absorption peak
at approximately 300 nm, corresponding to the transition of
the dioxide ring. The absorption peaks observed in the
poly(PVI-GMA) copolymer, characterized by a broad band,
represent a characteristic combination of NVI and GMA.

'"H NMR Characterization

The precursor of the synthesized poly(NVI-GMA)
copolymer was characterized using 'H NMR spectroscopy.
In the "H NMR spectrum (Fig. 4), the methyl groups of GMA
are observed as peaks at 1.2 ppm. The carbon skeletons of the
copolymer are represented by peaks at 2.0 ppm, 2.6 ppm, and
3.7 ppm. Peaks at 3 and 4.2 ppm correspond to the protons of
the ring dioxide [25]. The peaks at 6.7-7 ppm indicate
the presence of imidazole ring protons. The quaternization
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proton of the ring NVI is represented by the final peak at
6.75 ppm.

The appearance of three groups of methine signals can be
attributed to the presence of different tactility effects. The
interpretation of peaks beyond isotactic and syndiotactic
sequences is uncertain, although the central methine peak
likely arises from protons at the heterotactic triads. The
relative ratios of the three resonances indicate that this is
primarily an atactic and alternative copolymer.

Determination of the pHpzc of the Materials Used

The pHpzc (point of zero charge) represents the pH value
at which the surface of a substance carries no net charge.
To determine the pHpzc, the curve of f(pH;) and the axis
pHepH; = 0 were plotted, and the point where they intersect
the x-axis indicated its value. As shown in Fig. 5, poly(NVI-
GMA) had a pHpzc of 7.11, while Maghnite had a pHpzc of
5.94.

When the pH of the solution was at pHpzc values, the
surfaces of these materials became positively charged,
leading to anionic attraction. On the other hand, if the pH of
the solution exceeds the pHpzc, the surfaces become
negatively charged and act as cation attractors.

During the optimization of coagulant and flocculant
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Fig. 3. UV-Visible spectrum.
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Fig. 4. The proposed copolymer structure and the "H NMR spectrum.

2 % Poly(NVI-GMA) weights, a pH of 6 was set, while other parameters were
9 Haomnte optimized within the pH range of 6 to 7 (neutral pH). By
' maintaining the pH of the solution within the range of 5.5-
0 . 7.5, several advantages were achieved for both the
1 environment and the economy. It eliminates the need for
I, hazardous chemicals to adjust the pH to acidic or basic levels.
I
e COAGULATION-FLOCCULATION
PROCESS
34
Study of Maghnite Suspensions
7 To evaluate the removal of turbidity from maghnite

suspensions through the coagulation-flocculation process, we

Fig. 5. Determination of pHpzc of maghnite and poly(NVI- initially examined the natural settling of maghnite at different
GMA). starting concentrations and pH levels. Suspensions with
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concentrations of 100, 200, 300, and 400 mg 1! were
carefully prepared in 1 1 beakers by dispersing the appropriate
amount of maghnite in distilled water. The residual turbidity
was measured over a one-week settling period, and the
percentage elimination of turbidity was calculated. The
results are presented in Fig. 6.

The natural settling of maghnite was observed to be a
gradual process, as depicted in Fig. 6. Based on the provided
data, a maximum percentage elimination of 41% was
achieved after two days of settling for a concentration of
100 mg I'. However, with the same maghnite suspension
concentration (100 mg I'") and settling time (days), a
maximum percentage elimination of 92% was obtained. This
significant increase can be attributed to the presence of
numerous suspended particles. The coagulation-flocculation
process facilitates the rapid settling and accumulation of
these particles. These findings indicate that highly turbid
water settles naturally at a faster rate.

Removal of Turbidity by Flocculants Based on
Synthesized Copolymers

pH effect. Figure 7 illustrates the relationship between
turbidity removal and pH. The results indicate that
the copolymers exhibit optimal performance in an acidic

environment within the pH range of 2-3. Turbidity removal
was less pronounced between pH 4 and pH 8, while the
efficiency of the flocculant increased in the alkaline
environment. These findings emphasize the significance of
pH in the turbidity removal process and confirm that an acidic
pH provides the best conditions for optimal performance.
The preference for an acidic environment can be
attributed to the absence of positively charged sites, which
are crucial for the charge neutralization technique employed
to remove negatively charged Maghnite particles. The
poly(NVI-GMA)
flocculation properties in acidic media. At a pH of 2.36 and

copolymer  demonstrates  effective
a copolymer concentration of 20 mg 1!, the turbidity removal
efficiency reached 43.2%. This outcome is attributed to the
adsorption of negatively charged Maghnite particles onto the
positively charged nitrogen sites generated by the addition of
HCl acid on the surface of the copolymer.

Figure 8 presents the destabilization mechanism of the
coagulant, which can explain the combination of an acidic pH
and a high percentage reduction in turbidity. When the
copolymer was added to the Maghnite suspension, the
negatively charged particles interacted with the positive
charges present in the poly(NVI-GMA) structure, resulting
in the creation of electrostatic (neutralized and negative)
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Fig. 6. The natural settling of maghnite.
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Fig. 8. proposed flocculation mechanism.

patches on the Maghnite particles. As a result, the numerous
sites on the particles interacted with each other, forming
that typical This
electrostatic coagulation (ESP) process, facilitated by the

microflocs resemble composites.
addition of a low molecular weight destabilizing chemical,
effectively removed turbidity from the solution by partially
the of the

Consequently, the treatment of the Maghnite suspension with

neutralizing negative charge particles.

poly(NVI-GMA) led to an unstable system with minimal
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formation of
electrostatic
forces

conventional
composite
flocs

residual turbidity and loose flocs, which is supported by XRD
analysis.

Concentration effect of copolymers on turbidity
removal. Figure 9 presents the efficiency of Maghnite
turbidity removal as a function of flocculant concentration at
different settling times. It was observed that an optimal
turbidity elimination of 94.69% was achieved with a
concentration of 6 ppm of the poly(NVI-GMA) flocculant.
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Fig. 9. Turbidity removal from Maghnite suspension (Cwmaghnite =

flocculant concentration with different settling time.

The initial concentration of maghnite affected the optimal
dosage of the copolymer, as shown in the graph.

To ensure optimal electrostatic contact between the
ammonium groups of the NVI units and the negatively
charged particles of Maghnite, a specific number of polymer
chains was required. This explains the dependency on the
Above the
concentration, the charged sites on the polymer chain became

initial maghnite concentration. optimal
inaccessible to the Maghnite particles due to the high amount
of polymer and significant intra-chain hydrogen interactions.
As a result, the absorption of polymer particles by the
Maghnite particles decreased.

Effect of coagulation speed and time on turbidity
removal. The turbidity removal efficiency of a 100 mg 1!
Maghnite suspension was evaluated as a function of
coagulation stirring speed, using the previously determined
optimum concentration and pH. Figure 10 illustrates the
results. It can be observed that the removal efficiency was
improved as the stirring speed increased, reaching a
maximum removal rate of 94.69% at a stirring speed of

200 rpm. However, beyond this value, the turbidity removal
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100 mg I'', Tup = 27NTU, pH = 2.5) as function of

began to decrease. Hence, 200 rpm was identified as the ideal
stirring speed for coagulation tests.

Figure 11 illustrates the relationship between turbidity
removal and coagulation stirring time. Based on our
observations, the highest removal value, reaching 97.05%,
was achieved with 2 min of agitation. However, a good level
of removal was also observed after 6 min of agitation
followed by 40 min of standing. On the other hand, a decrease
in turbidity removal was observed at 1 min and 4 min of
stirring. Therefore, the optimal coagulation stirring time was
determined to be 2 min.

Effect of flocculation speed and time on turbidity
removal. Once the optimal flocculant concentration was
determined, flocculation tests were conducted by keeping the
dose constant while varying the stirring speed of the mixture
for two minutes. The results are presented in Fig. 12a. Using
the established optimal flocculant concentration, the removal
of turbidity from the 100 mg I'' maghnite suspension was
evaluated as a function of stirring speed. The findings in
Fig. 12a indicate that the removal efficiency remained stable
up to an agitation speed of 30 rpm, after which it started to
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decrease with the flocculant. The ideal stirring speed for
flocculation testing was determined to be 20 rpm.

Furthermore, flocculation tests were carried out to
determine the optimal stirring duration by adjusting the
stirring time while maintaining the optimal flocculant
concentration and setting the stirring speed at 20 rpm
(Fig. 12b). The results of the various experiments are
displayed in Fig. 12b. The effectiveness of turbidity removal
was calculated as a function of the optimal flocculant
concentration, stirring time at 20 rpm, and both factors
combined. The findings demonstrate that flocculation
efficiency increased for up to 8 min of flocculant agitation.
However, the tested flocculant showed a decline in efficiency
after 8 min.

The turbidity elimination of poly(NVI-GMA) was
therefore as high as that of other materials in functional
studies, according to our work and the comparison with other
works (Table 1). However, this study focuses not only on the
percentage of turbidity elimination, but also on the reduction
of other parameters such as time and speed.

FTIR CHARACTERIZATION

The FTIR spectrum of poly(NVI-GMA) (Fig. 13)
exhibited seven prominent peaks at specific wavenumbers.
These peaks and their corresponding functional groups are as
follows:

Table 1.
Flocculants Coagulant mass  Coagulation speed  Coagulation time  Flocculation speed ~ Flocculation time Removal
(mg 1) (rpm) (min) (rpm) (min) (%)

Poly(NVI-GMA) 100 200 2 20 8 97.05
AD37-PPD [15] 100 120 2 50 10 95.67
AM-VP-0.5% [3] 100 100 0.5 50 4 89.3
Yeast cell wall [1] 300 100 1 50 15 97
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Fig. 13. FTIR spectrum of copolymer and maghnite and the flocs obtained.
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Peaks at 3326 cm™ and 2934 cm’': These peaks are attributed
to absorbed water and C-H ring stretching, respectively.
Peak at 1226 cm!: This peak indicates C-N ring stretching.
Peak at 750 cm™': This peak represents C-N ring stretching
and chain bending [26], which are characteristic of NVI as
the monomer.

Peak at 661 cm™': This peak indicates Copolymer ring
twisting, further confirming the presence of NVI in the
copolymer.

In addition to the N'VI-specific peaks, there are characteristic
peaks associated with GMA and the copolymerization
process:

Peak at 1724 cm™': This peak corresponds to C=O stretching
vibration, indicating the presence of carbonyl groups in the
copolymer.

Peaks at 1160 cm™ and 1388 cm™': This peak represents C-O-
C stretching, and -CH3 respectively, which indicates the
presence of ether linkages in the copolymer.

Peak at 905 cm!: This peak is assigned to the epoxy ring,
suggesting the incorporation of epoxy groups in the
copolymer [27]. The peak at 2956 cm™' represents the C-H
bond.

Absence of peak at 1637 cm’!: This absence indicates the
successful copolymerization of GMA with NVI, as the peak
at 1637 cm! represents the C=C stretching vibration in GMA.
The FTIR spectrum also revealed information about the
maghnite and floc used in the coagulation process:

Peaks at 783 cm™! and 1120 cm': These peaks are assigned
to Si-O and Si-O-Si vibrations, respectively, indicating the
presence of silicon-oxygen bonds in maghnite.

The absence of new peaks in the floc spectrum suggests that
no chemical reaction occurred during the coagulation
process, indicating that no new functional groups were
formed.

Furthermore, the absorption peaks at 3412 cm™' and
1724 cm™ in the floc spectrum are attributed to C-H
stretching vibration and C=0 stretching in the amide groups,
respectively. However, these two peaks were the only ones
present in the floc spectrum, likely due to the copolymer
dosage being lower than the maghnite particle content in

water.
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THERMOGRAVIMETRIC
CHARACTERIZATION

The thermal stability of the samples, including flocs,
Poly(NVI-GMA),
thermogravimetric analysis (TGA). The results are shown in
Fig. 14.

and Maghnite, was analyzed using
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Fig. 14. a) Thermogravimetric curves and b) DTG curves for
different materials.
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From Fig. 14a, it was observed that the thermal stability
of flocs increased with the nitrogen group concentration. The
onset of weight loss occurred at around 370 °C. On the other
hand, poly(NVI-GMA) exhibited a weight loss process
starting at approximately 217 °C.

Figure 14b illustrates the degradation process for
poly(NVI-GMA) and Maghnite. Poly(NVI-GMA) showed a
broad peak, indicating a one-step degradation process. The
degradation temperature for NVI and GMA was similar,
occurring at around 343 °C. Maghnite, on the other hand,
exhibited a two-step degradation process. The degradation
temperature for Maghnite was predominantly observed in the
range of 628 °C. The first weight loss, occurring at around
390 °C, corresponded to the degradation of the flocs. The
second weight loss, between 600 and 630 °C, could be
attributed to the degradation of Maghnite.

It is worth noting that the decrease in weight observed
between 50 and 150 °C was likely due to the degradation of
solvents used during the analysis.

These findings provide insights into the thermal stability
of the samples and their respective degradation processes at
elevated temperatures.

DRX CHARACTERIZATION

The X-ray diffractograms presented in Fig. 15 show the
patterns for the copolymer, maghnite, and the composite
material in the 2°-80° range. The copolymer exhibited an
amorphous morphology, as indicated by the absence of
distinct peaks in its XRD pattern [28].

The XRD pattern of the original maghnite showed a peak
at 7.11°, representing its characteristic structure. However, in
the composite material, this peak shifted towards 5.3°. This
shift indicates a significant opening of the maghnite lamellae,
which corresponds to an increase in interlayer spacing from
13.8 Ato 1535 A.

Based on these observations, it is postulated that
the intercalated comonomers exert pressure on the
montmorillonite gallery structure of maghnite, leading to the
disintegration of the structure. This disintegration results in
the formation of a typical composite material during the
polymerization process.

The XRD results, along with the findings from FTIR
spectroscopy, support the development of a well-defined
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structure for the conventional composite material.

CONCLUSION

The microwave radical copolymerization process was
utilized to synthesize copolymers with equal amounts of NVI
and GMA monomers, resulting in high macromolecular
weight copolymers. Various characterization techniques,
including UV-Visible spectroscopy, FTIR spectroscopy, X-
ray diffraction (XRD), 'H NMR
thermogravimetric analysis (ATG) were employed to

spectroscopy, and

investigate the copolymer's structure, adsorption properties,
and thermal stability. The viscosity measurement was used to
determine the weight of the macromolecules.

The primary focus of the study was to explore the
potential application of the synthesized copolymers in
wastewater treatment by investigating their flocculation
behavior using maghnite as a coagulant. Comparative
analysis revealed that poly(NVI-GMA) exhibited superior
flocculation performance compared to other flocculants. The
flocculation efficiency was recorded to be greater than 96%
when optimal copolymer concentrations were employed for
turbidity removal.

Several parameters were identified as influential factors
affecting flocculation efficiency. These include the method
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used for flocculation, the pH of the flocculant solution,

stirring speed, and the duration of the flocculation step. These

parameters were carefully considered and optimized to

achieve the highest flocculation efficiency.
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