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ABSTRACT: A composite, based on poly (acrylic acid-co-styrene) and organomodified
montmorillonite with hexadecyltrimethyl ammonium bromide (27 wt. % in inorganics), designated as:
poly(AA-co-StYHDTMA-MMT was prepared by in situ radical polymerization. The structural and
morphological properties were examined by Fourier transform infrared (FTIR) spectroscopy, X-Ray
Diffraction (XRD), and scanning electron microscopy (SEM). The results show the intercalation of poly
(acrylic acid-co-styrene) in the organomodified montmorillonite layers. The percent of the inorganics
in the composite is 27 % as evaluated by ThermoGravimetric Analysis (TGA). The performance
of the composite to remove phenol molecules from an aqueous solution was investigated by batch adsorption,
under different experimental conditions. The zeta potential of poly(AA-co-St)YHDTMA-MMT composite
was calculated to understand the mechanism of phenol adsorption onto poly(AA-co-St)/HDTMA-MMT.

The pollutant uptake behavior was determined by UV-Vis spectrophotometry. The best results were
obtained for a contact time of 180 minutes, an initial concentration of 30 mg/L, pH 6. The presence of
acrylic acid and styrene can modify the surface characteristics of the composite and affect the adsorption
capacity as confirmed by X-Ray Diffraction (XRD) and Scanning Electron Microscopy (SEM).
Interestingly, the maximum adsorption capacity was found to be 150.7 mg/g. Equilibrium modeling
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of the phenol removal process was carried out using the Langmuir and Freundlich adsorption isotherms.
The equilibrium adsorption data were found to be well-fitted with the Freundlich adsorption isotherm.
The kinetic of adsorption was best described by a pseudo-second-order expression rather than a first-order
model. The interactions between phenol molecules and adsorbent were explained by electrostatic as well as
hydrogen bonding interactions, as confirmed by the pseudo-second-order kinetic model. A model
for the interactions between a composite and phenol molecule was proposed. Interestingly, the desorption
of phenol from the adsorbent using hot water remains stable. The value of the first adsorption/desorption
cycle was about 98.1 % and achieved 92.8 % after five cycles.

KEYWORDS: Poly (acrylic acid-co-styrene); Polymers Composite; Phenol; Adsorption; Characterization;
Hydrogen bonding; Organomodified; Organomodification montmorillonite.

INTRODUCTION

Wastewater containing organic contaminants such as
phenolic compounds implies the presence of serious
problems associated with its discharge to the surrounding
environment, this is primarily owing to their poor
biodegradability, high toxicity, and possible accumulation
in the environment [1]. The rapid increase in organic waste
generated from various industries and other sources in
recent decades has resulted in the widespread distribution of
organic pollutants in the hydrosphere [2]. Phenol is harmful
to organisms even at low concentrations. Therefore, it is
classified as a potentially dangerous pollutant for human
health [3]. Phenolic compounds are generally produced
as side-products resulting from various chemical reactions
in the industry, e.g., the production of dyes, aspirin
synthesis, paper, etc. Phenol is found to be toxic at very
small levels; the molecule is found to produce an unpleasant
smell in water and is capable of reacting with chlorine
and/or NO; in the soil to produce other harmful substances
such as chlorophenol and nitrophenol. Most authorities
impose a value of 1 ppm as the maximum limit of phenol
present in wastewater [4, 5]. Exposure to phenol and its
derivative compounds causes liver and kidney damage,
central nervous system impairment, diarrhea, and dark urine
production in humans and animals [6, 7]. Therefore, it is
necessary to develop methods that allow one to detect,
quantify, and remove phenol from wastewater [8]. Because
phenol is highly stable and water-insoluble, its degradation
is low. Phenol and phenolic compounds have half-lives
ranging from 2 to 72 days [9]. Phenolic compounds have
toxic effects on human and aquatic life. Consequently, their
permitted limits are low (0.5-1.0 mg/L), thus making its removal
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from wastewater using appropriate methods a necessity [10,11].
Numerous researchers have investigated methods to remove
organic pollutants from aqueous phases eg., catalytic
oxidation [12, 13], electrochemical decomposition [14], solvent
extraction [15], ion exchange [16], and adsorption [17-20].
However, adsorption is considered the most effective
and economical method used for removing pollutants. For
this, many adsorbents have been used to remove phenol
from aqueous solutions such as organobentonite [21, 22],
activated carbon [23], heterostructural porous clay [24],
and chitosan [25, 26].

Clay is a natural substance consisting primarily of fine
grain rocks, which can be plastic and water content
sufficient to harden when dried and fired. Clays are hydrous
aluminosilicates, which are commonly described as
pyrophyllite-talk, smectite-montmorillonite, mica-illite,
kaolinite, serpentine, vermiculite, and sepiolite minerals in
different categories [27]. Kaolinite has a small net negative
charge, due to the presence of broken edges on the clay
crystals. Although small, this negative charge is responsible
for the surface not being completely inert [28, 29]. The
chemical alteration may increase the adsorption potential
of clay, leading to its widespread use in new technologies.
The effectiveness of clay in adsorption is usually based on
the net negative charge found on clay minerals. The negative
charge contributes to the ability of clay to absorb positively
charged ions. The adsorption properties of clays are derived
from their large pore size and surface area [30]. Generally,
clays have interchangeable ions on their surface, which play
a crucial role in the uptake of chemical pollutants [31].
So, new challenges are being faced in the development
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of adsorbent materials that can cover the expectations
of sustainability and maximum efficiency in the processes
of wastewater treatment [32].

Polymer/clay composites are considered promoter materials
in this field of research [33]. These composites are classified
according to the interaction between the polymer matrix
and the silicate layer filler [33-41]. Significant improvements
in physical properties such as heat resistance [42, 43],
biodegradability [44], air permeability [45], and flammability [46]
were demonstrated. The in situ polymerization method is
the most commonly used method for preparing polymer/clay
composites. The organoclay is combined with the monomer
instead of the polymer, resulting in well-dispersed and
homogeneous composites. The intercalated structure is
formed by the intercalation of the polymer chains between
the clay layers and this results in increasing the value of
the interlayer spacing. In the intercalated structure, the clay
preserves the same order, and crystallinity can be observed [36].
The abundance of clay minerals in the World and its low
cost make it a potential adsorbent for the removal
of many pollutants from wastewater. Clay minerals are not
efficient as an adsorbent for the uptake of hydrophobic
organic pollutants from aqueous solutions. But polymers-
clay which are produced by in situ intercalative polymerization
of polymer chains into clay layers have enhanced sorption
capacities for organic pollutants.

Acrylic acid is an unsaturated carboxylic acid consisting
of a vinyl group linked to the carboxylic acid junction [47].
The interesting solubility profile of this superabsorbent
enables the removal of dyes, and heavy metals under
different solution conditions. Many researchers have documented
the use of poly (acrylic acid)-based composites to remove
organic pollutants [48, 49], safranine T [50], and metal ions
like zinc, nickel, magnesium copper, and lead [51, 52].
Several techniques have been reported to prepare
poly(acrylic acid) [18, 53, 54]. Rahman et al. [47] described
the removal of methylene from wastewater/aqueous
solution using a modified clay-grafted poly(acrylic acid)
polymer. Moon et al. [55] studied the adsorption of phenol,
p-chlorophenol, and p-nitrophenol adsorption on
polystyrene crosslinked divinyl benzene. Hernandez et al. [32]
used alginate beads, with an organo-modified montmorillonite
with hexadecyltrimethylammonium ions for the removal of
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phenol and 4-chlorophenol from aqueous solutions.
Biswas et al. [56] synthesized chitosan-modified clay
biocomposite beads and evaluated their applicability
in removing Pb(1l) and methylene blue dye from a standard
model solution. In addition, as a preliminary study, the efficiency
and performance of these composites in the removal
of Cr(VI), Pb(ll), and methylene blue (MB) from two real
industrial effluents were investigated. Recently, Bhatia et al. [57]
explored the use of poly(acrylic acid)/clay hydrogel
as an adsorbent of lead ions and optimized physicochemical
parameters influencing the adsorption process. In our
previous work, poly(acrylic acid-co-styrene)/clay nanocomposites
were synthesized, and their efficiency as adsorbents of
the methylene blue dye was evaluated [58]. As far as we
know, there are no studies in the literature reporting
the removal of phenol into Poly(acrylic acid-co-
styrene)/Montmorillonite-hexadecyltrimethyl ammonium
bromide (poly(AA-co-St)/HDTMA-MMT) Composite.
This work aims to highlight the efficient potential
adsorption of the poly(acrylic acid-co-styrene)
/Montmorillonite-hexadecyltrimethyl ammonium bromide
composite (27 wt. % in inorganics) for the phenol
wastewater treatment. The poly(AA-co-St)/HDTMA-
MMT composite was characterized by different
techniques, then tested as an adsorbent for the sorption of
phenol from an aqueous solution via a batch adsorption
experiments. The adsorption, kinetics, and isothermal
analyses were examined. The equilibrium adsorption data
were fitted with the Langmuir and Freundlich adsorption
isotherms. To predict the adsorption kinetics, various
kinetics models, namely the pseudo-first and pseudo-
second orders, were applied to explain our findings.

EXPERIMENTAL SECTION
Materials

The monomers acrylic acid (AA) (Aldrich Chemical,
98%) and styrene (St) (Aldrich Chemical, 98%) were
distilled under reduced pressure prior to use. The free
radical initiator,2, 2’-azobis (isobutyronitrile) (AIBN)
(Aldrich, 98%) was purified by recrystallization in
methanol. Hexadecyltrimethyl ammonium  bromide
(HDTMA-Br) (Aldrich, 99%) was used without further
purification. Toluene and heptane (Aldrich Chemical)
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Fig. 1: Chemical structure of reagents

distilled under reduced pressure prior to use. The free
radical initiator,2, 2’-azobis (isobutyronitrile) (AIBN)
(Aldrich, 98%) was purified by recrystallization in
methanol. Hexadecyltrimethyl ammonium  bromide
(HDTMA-Br) (Aldrich, 99%) was used without further
purification. Toluene and heptane (Aldrich Chemical)
were used after distillation. The Algerian clay (MMT) used
in this study was natural montmorillonite from
Mostaganem (Algeria), kindly supplied by Enterprise
Nationale des Produits Miniers Non-Ferreux et des
Substances Utiles (ENOF), Algeria. MMT chemical
composition (Si4,24)|V(A|1,24 I\/Ig 02 Fe o017 Ti 0,01)\/I Olo
(OH)z, nH,O Na 013,Ca 001, K 01 Was reported by the
supplier. The organic pollutant used in this study is phenol
(Cheminova International S.A). The chemical structure of
all reactants is depicted in Fig. 1.

Montmorillonite organo-modification: HDTMA-MMT

Firstly, the natural clay was dispersed in an aqueous
solution, and the organic impurities were eliminated by
treatment with hydrogen peroxide. Then, montmorillonite
(MMT) was converted into its sodic form by reaction with
NaCl. Finally, the organophilic form of MMT was obtained
by ion-exchange reaction of the Na*cations with HDTMA
as reported elsewhere [58, 59] and freeze-dried for about
12h. The obtained organomodified clay is denoted as
HDTMA-MMT.

Synthesis of adsorbent: poly (acrylic acid-co-styrene)/
HDTMA-MMT: poly(AA-co-StyHDTMA-MMT

The synthesis of composite poly(acrylic acid-co-
styrene)/HDTMA-MMT is similar to the one described
in our earlier work [58], except that the initial inorganic
content in the polymer composite was fixed at 30 wt.%.
Briefly, distilled acrylic acid and styrene monomers,
AIBN (0.1 wt.%) and HDTMA-MMT (30 wt.%) in
toluene were placed in the reactor and stirred at room
temperature under nitrogen flow for a few minutes.
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The copolymerization was carried out for 8 h, at 70 °C.
The polymerization reaction was stopped by a quick
decrease in the reactor temperature. The obtained
composite, abbreviated as poly(AA-co-St)/HDTMA-
MMT, was recovered by precipitation/filtration and drying
under vacuum for 30 h.

Determination of isoelectric point pHpzc

The pHpzc of poly(AA-co-StyHDTMA-MMT  was
determined by a previous method cited in the literature [60].
A solution of KCI (0.001 M) was transferred to a series
of Erlenmeyer flasks which was made up of exactly 25 mL.
The initial pH of each flask was adjusted by adding either
HCI (0.1 M) or NaOH (0.1 M). The composite (25 mg)
was added to each flask. After 48 h of stirring, the suspensions
were filtered and the final pH values of the supernatant
liquid (pHsina) wWere recorded. The pHpzc is the point
where the curves of final pH versus initial pH cross
the axis line of the bisectors.

Batch adsorption experiments

For the batch adsorption study, 40 mg of the
synthesized composite poly (AA-co-St)/HDTMA-MMT
was placed in contact with 10 mL phenol solution at
ambient temperature for 300 min. [47] The concentration
of phenol solution was varied from 30 to 600 mg/L. After
shaking the mixture was allowed to settle and a small
volume of the sample was separated from the top of the
settled solution for determining the concentration of
phenol. The concentration of the adsorbed pollutant
was evaluated by UV-visible at a wavelength A = 270 nm,
according to the Beer-Lambert Equation (1)

A=¢lC ()

Where A is the absorbance, ¢ (L/mol.cm) is the molar
absorption coefficient (¢ = 1 L/mol.cm), C (mol/L) is the
molar concentration and [ is the optical path length (cm).
The amount of fixed pollutant per gram of adsorbent
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Fig. 2: UV-visible spectrum of phenol pollutant
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Fig. 3: FT-IR spectra of the modified clay, synthesized
copolymer, and composite poly (AA-co-St)/HDTMA-MMT

is calculated using the following equation [18]:

(C;-CpV
i )
Where Ci and C; are the initial and equilibrium
concentrations of phenol, respectively. V is the volume (L) of
the phenol solution and m (g) is the weight of the used adsorbent.

Recovery experiment

The adsorbent, poly (AA-co-St)HDTMA-MMT
composite, at the concentration of 4 gL* was saturated
with 30 mg/L phenol solution for 12 hours. On drying, the
adsorbent was subjected to hot water treatment for a period
of 24 hours. The amount of phenol sequestered in water
accounted for the percent desorption and was calculated
using the formula:

Desorption (%)= [:d—zs] %100 (3)

\Y%
Qges :Cdes o (4)

Where Qqes IS the content of desorbed phenol (mg/g),
Cuaes (Mg/L) is the concentration of phenol in the solution
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with volume V (L) and m is poly (AA-co-St)/HDTMA-
MMT weight (g). [23]

Instrumentation

Fourier Transform Infrared spectra with Attenuated
Total Reflectance (FTIR-ATR) of the modified clay and the
synthesized composite were conducted in absorption mode
using a spectrophotometer ALPHA-BRUKER, at a
resolution of 4 cm, with 32 scans, in the range of 4000
400 cm™. The X-Ray powder Diffraction (XRD) analyses
of all materials were performed using a BRUKER D8
ADVANCE diffractometer with CuKo radiation (A =
0.15406 nm) from 1.65° to 30° by step of 0.04° and a
scanning rate of 10°/min. The clay content in the
synthesized composite was evaluated by thermogravimetric
analysis (TGA) using a thermal analysis calorimeter
(SDT Q600, TA instrument), in an aluminum cell under
nitrogen flow at a rate of 20 K.min, from room temperature
t0 800°C. The surface morphology of the composite was examined
using Quanta 250 Scanning Electron Microscopy (SEM),
equipped with a field emission filament with an acceleration
voltage of 5 kV and a working distance of 10 mm. The point
of zero charges of poly(AA-co-St)yHDTMA-MMT
composite was determined using a potentiometer COMBO
by HANNA. The phenol retention content was evaluated
according to a UV-visible spectrophotometer SPECORD
200 Analytica Jena. The calibration plot was defined
according to the change in absorbance values of the phenol
solution of a known concentration at Amax = 270 nm

(Fig. 2).

RESULTS AND DISCUSSION
Characterization of adsorbent polymer composite
Fourier transform infrared spectroscopy analysis
a) Fourier transform infrared spectroscopy analysis of
poly (AA-co-St)/HDTMA-MMT

FTIR spectra of organo-modified clay, the synthesized
copolymer, as well as the corresponding composite, are
depicted in Fig. 3. The FT-IR spectrum of the modified
clay demonstrates the presence of principal bands of the nano-
filler. The bands centered around 3621 cm™ and 3416 cm*are
assigned to the stretching vibrations of hydroxyl groups
existing in the modified clay. The peak at 1040 cm?!
defines the stretching vibrations of Si-O, Si-O-Si, and
Al-O bonds [59]. The peaks recorded at 522 cm™ and 464 cm*
are the result of deformation vibrations of Al-O and Mg-O
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Table 1: IR spectra of poly (AA-co-St)/HDTMA-MMT before
(A) and after (B) phenol adsorption
p2

Poly (Acrylic Acid-Co-Styrene)/ HDTMA-MMT ...

-OH Si-0, Si-0-Si | Al-O Mg-O )

(cm™) (cm™) (cm™) (cm™)

A 3621 1040 522 464
\_ B 3613 1006 513 457 )

I WAy
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Fig. 4: FTIR spectra of composite poly (AA-co-St)/HDTMA-
MMT before and after phenol adsorption
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Fig.5: The comparison of the change in intensity of C=0
stretching mode of PAA in (a) poly (AA-co-St)/HDTMA-MMT
and (b) poly (AA-co-St)/HDTMA-MMT-phenol

groups, respectively. The peaks at 2917 cm™ and 2847 cm?
are assigned to the stretching vibrations of the alkyl groups
and confirm the success of the clay organo-modification
reaction. For the synthesized copolymer, the principal
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bands of functional groups are detected. Especially,
the band at 1700 cm- which is assigned to the carboxylic
group of the acrylic acid [40]. The bands showing
stretching vibrations of the styrene phenyl group were
recorded at 1456 cm, 755 cm™, and 701 cm? [20].
Interestingly, the principal bands of poly (AA-co-St),
as well as those of HDTMA-MMT, were detected in the
poly (AA-co-St))HDTMA-MMT  FT-IR  spectrum,
implying the formation of the polymer composite.
b) Fourier transform infrared spectroscopy analysis of
poly (AA-co-St)/HDTMA-MMT-phenol

The FTIR spectra of poly (AA-co-St)/HDTMA-MMT
before and after phenol adsorption were used to determine
the vibrational frequency changes in the functional groups
in the adsorbent (Table 1). As shown in Fig.4, the adsorption
peak around 3613 cm™ indicates the existence of free
hydroxyl groups. The shifting of the peaks (from 3621 cm™,
1037 cm?, 522 cm?, and 464 cm) was noticed after
phenol adsorption, as illustrated in Fig.4 and Table 1.
According to these findings, the functional groups (-OH, -CO,
-Si-0 and O-Si-0, Al-O and Mg-O) at these wave numbers
have contributed to the phenol adsorption [61]. The
intensity of C=0 stretching at 1700 cm™ decreased from
24% to 11% as demonstrated in Fig.5. This might be
explained by the hydrogen bond formed by the interaction
of the hydroxyl group in phenol with the hybrid polymer
matrix at the oxygen atom of the carboxylic group (C=0),
which has two lone pairs of electrons [62].

X-ray diffraction characterization

The formation of the composite was also confirmed
by XRD analysis. Therefore, the structural characterization
of the clay before and after organo-modification was illustrated
in the XRD patterns of MMT and HDTMA-MMT (Fig. 6.).
Based on Bragg’s equation, the 001 plan peak of MMT,
initially centered at 26 = 6.65°, was found to shift towards
lower 20 values after the organo-modification reaction
(26 =3.95°), implying an increase in the interlayer spacing
from 13.24 A to 23.67A [59]. According to Ltifi et al. [63],
the theoretical length of the HDTMA cation is 25.3 A,
the height of the alkyl chain is 4.1 A, and the head
of the nail is 5.1 A; The HDTMA cation is flat between
layers of montmorillonite. The difference between the values
of the basal space d001, as observed by an increase
in interlayer space from13.24 A to 23.67A, is due to
the organization of the alkylammonium ions (HDTMA)
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Fig. 6: XRD patterns for MMT (a), HDTMA-MMT (b) and poly
(AA-co-St)HDTMA-MMT (c)
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Fig. 8: SEM images of synthesized poly (AA-co-St)/HDTMA-
MMT (A) at x24 000, (B) at x6000 magnification
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in the interfolliairy space. In our case, the alkyl chains
adopt an inclined paraffin-type monolayer structure.
Therefore, the type of arrangement depends on the length
of the alkyl chain and the basal space d001 value.
The composite prepared by in-situ radical polymerization
was also characterized and the diffraction peaks
were recorded at approximately 26 = 5.15° indicating
some collapse of the nanoclay platelets, possibly due to
the alkyl group HDTMA-Br left the montmorillonite
interlayers during the in situ radical polymerization.

Thermogravimetric analysis

The TGA and DTG curves of poly(AA-co-
St/ HDTMA-MMT, conducted under airflow, are shown
in Fig. 7(a) and Fig. 7(b) respectively. A loss of adsorbed
water was observed between 35°C and 154°C. The
surfactant thermodegradation was achieved at around
257°C, followed by the copolymer degradation in the
range [276°C - 455°C]. The dehydroxylation of clay
started at 529°C. Indeed, the percentage of inorganics
in the synthesized poly(AA-co-St)HDTMA-MMT
was evaluated at about 27 wt.%, in accordance with
the experimental conditions.

Scanning electron microscopy

The morphology of the synthesized composite
was examined according to SEM images (Fig. 8A) at x24
000, and at x6000 magnifications. (Fig. 8B). The images
revealed that the surface of the composite was irregular.
The color of the composite was black. At x24 000, and
at x6000 magnifications, SEM micrographs of the adsorbent
revealed rough surface morphology, indicating heterogeneity
and therefore offering better adsorption sites. The SEM study
of the composite sample at higher magnification showed that
there were bright globular particles, and the surface of
the composite displayed some brilliant closings which
can be evaluated as poly(AA-co-St/HDTMA-MMT. Fig. 8.
indicates that the montmorillonite particles were dispersed
throughout the copolymer matrix.

Determination of isoelectric point pHpzc

The pH at which the charge of the adsorbent surface is
zero is referred to as the point of zero charges (pHpzc). The
pHpzc is one of the important parameters for the
discussion of the pH effect. When solution pH values
are lower than pHpzc, the active sites of the adsorbent
are protonated and have a positive charge. However, when
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Fig. 9: Point of zero charge of poly (AA-co-St)/HDTMA-
MMT composite
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Fig. 10: Kinetics of phenol uptake on poly (AA-co-St)HDTMA-
MMT: pH = 6, initial phenol concentration 30 mg.I", T =293 K
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Fig. 11: Isotherm of phenol adsorption on poly (AA-co-St)
/HDTMA-MMT (pH = 6, t=180 min, T = 293 K)

pH values are higher than pHzpc, the surface charge of
the adsorbent is negative. In all our adsorption experiments
we opted to work at a pH higher than 5.12 (pH = 6) so that
the surface was negatively charged and we would have more
interactions between the adsorbent and phenol (Fig. 9).

Adsorption study

Effect of contact time on phenol adsorption
Fig. 10 shows the variation of adsorbed phenol (mg/g)
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as a function of time (min). Generally, the pollutant transfer
from the liquid phase to the solid phase governs the
adsorption, which is dependent on the contact time between
the two phases. In our case, the phenol removal was firstly
conducted as a rapid adsorption step which is achieved after
180 min of contact, followed by a saturation phase (Fig. 10).
As reported in the literature by Banat et al. [64],
the equilibrium time required for the adsorption of phenol
on bentonite was about 6 h. In other works, published
by Lin et al. [64], the equilibrium time was achieved after
34 h of contact when poly (methylmethacrylate)/organo-
montmorillonite composite was used. Also, a maximum
phenol removal capacity of 0.377 mgg ™ was recorded using
alginate-organo-modified clay, with an equilibrium time
of 9 h as described by Hernandez-Hernandez et al. [32].
This significant finding emphasizes the importance
of the selected copolymer as the organic phase and clay
as the inorganic phase on the synthesized composite
for improving phenol pollutant adsorption.

Effect of phenol initial concentration

Fig. 11. highlights the evolution of phenol adsorption
(mg/g) as a function of solution initial concentration (mg/L)
with a contact time of 180 min. The adsorbed phenol
molecules on poly(AA-co-St)yHDTMA-MMT increased
with increasing the concentration of pollutants in the
solution. This may be attributed to the increase of mass
transfer driving force and therefore the transport rate of
phenol molecules from the solution to the adsorbent
composite. As shown in Fig. 11, the isotherm plot is
illustrated as a regular and concave profile that is classified
as L-type according to Giles’ classification [66, 67]. The
phenol pollutant showed a high affinity toward the
composite adsorbent.  Interestingly, the maximum
adsorption capacity of phenol on the studied composite was
150.7 mg/g, with a phenol removal efficiency of 96.6 %,
which is superior to the reported results [32, 65, 68].
Hernandez et al. [32] investigated the removal of phenol and
4-chlorophenol  on  alginate/organo-modified  clays
nanocomposite and reported maximum removal capacities
values of 0.334 mg/g and 0.118 mg/g for phenol and 4-
chlorophenol, respectively. Yagmur et al. [68] studied the
adsorption of 4-nitrophenol on polypyrrole/bentonite
nanocomposite. The maximum adsorption capacity was
defined as 96.15 mg/g at 298 K. In addition, for the p-
nitrophenol pollutant, a maximum adsorbed amount of
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Table 2: Adsorption performance of various adsorbents regarding phenol pollutant

4 Adsorbents Pollutants Adsorption capacity (mg/g) Ref. )
Lignite Phenol 10 [10]
CTAB-MMT phenol 9.1 [11]
Organo-bentonite phenol 81.36 [22]
Na-bentonite Phenol 21.96 [24]
Ca-bentonite/chitosane phenol 12.49 [26]
Alginate/ OMMT Phenol 0.33 [32]
Bentonite Phenol 1.71 [64]
PMM/OMMT p-nitrophenol 3.8 [65]
PP/OMMT 4-nitrophenol, 96.15 [68]
\_ poly(AA-co-St)/HDTMA-MMT phenol 150.7 This WOI’k)

ol H\OO

—_—Hy,
o H /,////,/
1,

Fig. 12: Proposed interactions of phenol pollutant with poly
(AA-co-St)/HDTMA-MMT adsorbent

3.8 mg/g was obtained after 34 h, using porous poly (methyl
methacrylate)/organo-montmorillonite composite membranes,
as reported by Lin et al. [65]. In our case, the synthesized
composite showed higher adsorption capacity toward
phenol as compared to those reported in the literature
[10, 11, 22, 24, 26, 32, 64, 65, 68]. This is probably
associated with the diversity of interactions, which can be
developed between the pollutant and the adsorbent matrix.
As shown in Fig. 12., two types of interactions can be considered:
electrostatic and H-bonding interactions. The electrostatic
attraction was found to result from the negatively charged
surface of the modified clay caused by the pH of the
solution (pH= 6) and the electronic doublet of oxygen of
the hydroxyl function of the pollutant molecule. It is
important to note that the important content of inorganics
in the adsorbent composite (27 wt.%) increases the number
of sites involved in these electrostatic interactions. On the
other hand, hydrogen bondings were formed between the
hydroxyl groups of the phenol molecules and the
carboxylic functional group of acrylic acid co-monomer,
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leading to an improvement in phenol uptake. Table 2
presents a summary of the adsorption capacity of some
adsorbents. The poly (AA-co-St)/HDTMA-MMT offered
the best performance for phenol removal.

Adsorption isotherms modeling

Equilibrium studies provide information on the
adsorption capacity of the adsorbent; therefore, they are
necessary to complete the understanding of the adsorbent.
An adsorption isotherm is characterized by some constant
values, which express the surface properties and the affinity
of the adsorbent and can be used to compare the adsorptive
capacities of the adsorbent for different pollutants. Several
mathematical models can be used to describe the
experimental data of adsorption isotherms. The Langmuir
and Freundlich models are used to fit the adsorption isotherms
and to evaluate the isotherm parameters [1].

Langmuir isotherm

The Langmuir isotherm  considers  several
assumptions: the adsorption is localized, all the active
sites on the surface have similar energies, there are
no interactions between adsorbed molecules, and the
limiting reaction step is the surface reaction [1]. The
Langmuir equation was derived for the sorption of gases
on the solid surface. Nevertheless, it has been extended
to include the sorption of solute at a solid-liquid
interface. The Langmuir isotherm is valid for monolayer
adsorption onto the surface containing a finite number of
identical sites [68]. The linearize of the Langmuir model
is defined as follows:

@) @) ®
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Table 3: Langmuir and Freundlich coefficients for adsorption of
phenol on poly (AA-co-St)/HDTMA-MMT (m= 40 mg, V=10 mL, pH=

6, t=180 min)
4 Model Parameters value )
Qm (mg/g) 200
Langmuir b (L/gh 0.01
R? 0.982
n 1.012
Freundlich tn 0.9%
K (mg¥®m | Vng1) 1.47
R? 0.999
\_ Qmaxexr (Mg/0) - 1507 )
0,08
@) .| ()
0,06 ]
-t g
3 S
0,02
3
100
050 o T3 85 8 7 =
Ce(mgl) Ln(Cs)

Fig. 13: Adsorption isotherm of phenol using Langmuir (a) and
Freundlich (b) equations obtained for poly (AA-co-St)/HDTMA-
MMT. (m=40 mg, V=10 mL, pH= 6, t=180 min)

Where; Q.: the adsorption capacity of the adsorbate per
unit weight of adsorbent (mg/g), Qm: the maximum
adsorption capacity (mg/g), b: the constant related to the
free energy of adsorption (L/mg), and Ce is the equilibrium
concentration of the adsorbate (mg/L) [69].

A graphic plot of Ce/qe versus Ce indicates a straight
line of slope 1/Qm and intercept of 1/Qmb [70]. The fitting
of the Langmuir model to the experimental phenol removal
data is illustrated in Fig. 13(a). The parameters for linear
Langmuir isotherms are summarized in Table 3. The
Langmuir model results are not in accordance with the
experimental one.

Freundlich isotherm

The Freundlich model is an empirical equation that
describes the equilibrium of sorption on heterogeneous
surfaces through a multilayer adsorption mechanism [71, 72].
It is calculated according to Equation (6).
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Q. =Ky C." (6)

Where; Qe: Equilibrium amount of the adsorbate per
unit mass of adsorbent (mg.g?l), Ce.. Equilibrium
concentration of the adsorbate (mg.L™), Ky is a constant
that indicates the adsorption capacity of the adsorbent
at the unit concentration (mg/g) (L/mg)Y" while 1/n
indicates the intensity of the adsorption.

The values of k and n can be obtained from the
intercept and slope, respectively, of the linear plot of
experimental data of Ln Qe versus Ln Ce,

The linearized form of the Freundlich model is:

LnQ,=Lnk+nLn C, @)

Where k and n are model constants showing
the relationship between adsorption capacity and
adsorption intensity, respectively. If the Freundlich
constant n lies between 1 and 10, it indicates a favorable
adsorption process and a larger value of n implies
the effective interaction between the adsorbent and
adsorbate [73,74]. The Langmuir and Freundlich
adsorption parameters are determined by plotting the
experimental data based on Equations 5 and 7,
respectively (Fig.s 13a,13b). The determined parameters
and their corresponding correlation coefficients (R?) are
listed in Table 3. As seen in Fig. 13(b) and Table 3, the
Freundlich equation confirmed our adsorption model by
the presence of a correlation coefficient value (R? =
0.999). Furthermore, the slope of 1/n ranging between 0
and 1 is a measure of the adsorption intensity or surface
heterogeneity, this value becoming more heterogeneous
as it approaches zero. A value for 1/n below one indicates
a normal Freundlich isotherm while a 1/n value above
one is indicative of cooperative adsorption. In this study
1/n value of 0.988 confirms the Freundlich isotherm [72]
and surface heterogeneity shown by the characterization.
Moreover, the results in Fig. 14 indicate that the
Freundlich isotherm best fits the experimental data for
phenol adsorption on poly (AA-co-St)/HDTMA-MMT.
In this Fig., the theoretical plots for all isotherms have
been compared with the experimental data.

Kinetics modeling

In order to examine the kinetic of solid-liquid
interactions in our system, two Kinetic models based on
adsorption capacity were proposed: the pseudo-first-order
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Table 4: Parameters values of pseudo-first-order and second-order models
for adsorption of phenol on poly (AA-co-St)/HDTMA-MMT (Initial phenol
concentration 30 mg.I*, m= 40 mg, V=10 mL, pH= 6, T= 293 K)

Djamaa Z. et al.

(" Kinetics models Parameters value h
Qe (mg/g) 8.4
Pseudo-first-order Ky (min't) 0.01
R? 0.842
Qe (mg/g) 7.1
Pseudo-second-order ks (@ mg™min?) 0.113
R? 0.999
N Qe,exp (mg/g) - 150.7 )

140 @ Experimental data
- == Langmuir
Freundlich

120

(mg.g™)

0o l(I)O 2(‘)0 3(‘)0 4(!)0 560 6(5)0
C.(mg.L™)

Fig. 14: Comparison of the adsorption equilibrium isotherms

of phenol onto poly (AA-co-St)/HDTMA-MMT with the

experimental points

2,02 T T T T 45

@ Pseudo-first-order + 40

2.004| @ Pseudo-second-order

35

r 30
1,98
r 25

Ln(Q)
Q

1,96 F20=
L1s
1,94 - l 10

1,92

t(min)
Fig. 15: Pseudo-first-order and Pseudo-second-order adsorption
kinetics of phenol adsorption on poly (AA-co-St)/HDTMA-MMT
(m=40 mg, V=10 mL, pH=6, T=293 K)

and the pseudo-second-order models (Fig. 15). In the case
of the first model, diffusion and mass transfer of the
adsorbate to the adsorption site govern the overall process.
For the pseudo-second-order kinetic model, chemisorption
is the rate-limiting step [47]. The linearized-integral form
of the most popular pseudo-first-order model (Eq. (10)) [75]
by Lagergren is the integrated form (Egs (8) and (9)) of the
pseudo-second-order model [76] of the following
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equations:

2—ki(q,-q) ®
q=9q, (1-¢*1) )
ln(qe— qt) =Inq_-k;t (10)

Where k; is the pseudo-first-order rate constant of
the adsorption process (mint). The values of g, and k;
are calculated by the non-linearized form Equation (8), and
the value of R? is carried out by the linearized form Eg. (10).
The equation parameters of the two kinetic models
are summarized in Table 4. From the table, it can be seen
that the experimental data fit well with the pseudo-second-
order model with an R? value higher than that of the
pseudo-first-order model; the adsorption of phenol on our
composite followed the pseudo-second-order model,
which demonstrated that the adsorption should be
a physisorption process [77,78]. Based on the above
experimental observations with the kinetic and equilibrium
isotherm parameters, the chemical interactions with
phenol are primarily responsible for the adsorption
behavior based on the analysis of the pseudo-second-order
model. These results confirm the suggested interactions
governing the phenol uptake in presence of poly(AA-co-
St HDTMA-MMT composite (Fig. 12).

Recovery of phenol

To test the adsorbent's reusability, hot water was used
to rinse the poly (AA-co-St)/HDTMA-MMT-phenol.
Fig. 16 shows that the maximum adsorbed amount of
the phenol decreased from 150.7 mg/g to 140 mg/g after
the 5¢ use. The desorption of phenol from the adsorbent
using hot water was about 98.1 % in the first adsomption/desorption
cycle and decreased significantly to 92.8 % after five cycles.

The composite's ability to absorb the phenol in water
decreased by 5.2 %. The results demonstrate that in this
study adsorbent might be reused at least five times.

CONCLUSIONS

In this study, the adsorption kinetic of phenol onto
poly(AA-co-St)HDTMA-MMT composite was
investigated and the following conclusions can be
obtained: The adsorption of the phenol increased with the
initial concentration. The isotherm is of L-type.
Adsorption equilibrium was achieved within 180 min.
SEM micrographs of the adsorbent indicate that the
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Fig. 16: Desorption cycles (initial concentration: 100 mg/L)

surface is heterogeneous and therefore offers better
adsorption sites. The intercalation of poly(acrylic acid-co-
styrene) into the interlayer space of montmorillonite is
confirmed by XRD. Freundlich isotherm has a better
fitting model than Langmuir as the former has a higher
regression coefficient; thus indicating the heterogeneity of
the composite’s surface. The latter may also depend
strongly on the chemical structure of phenol. The maximum
amount of adsorption of phenol was determined using
the Langmuir model; the latter model was found to be
inadequate with the obtained experimental results with
values reaching 150.7 mg/g. The adsorption data were
modeled using the pseudo-first-order and pseudo-second-
order kinetic equations. It was shown that adsorption
kinetics can be well described by the pseudo-second-order
equation. The observed adsorption phenomenon appears to
be responsible for the hydrogen bonding, electrostatic
interaction, and the hydrophobic interaction between
phenol and the composite. All of these findings suggest
that  poly(AA-co-St)/HDTMA-MMT  composite s
an efficient adsorbent for phenol uptake in wastewater.
The proprieties adsorptive of clay was improved by
intercalation of poly(acrylic acid-co-styrene). Overall, the
synthesized poly(AA-co-St)/HDTMA-MMT could be a
promising adsorbent for the removal of phenol from
polluted water.
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acrylic acid AA
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poly (acrylic acid-co-styrene) poly(AA-co-St)
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hexadecyltrimethyl ammonium

bromide

polymethyl Methacrylate PMMA
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Fourier transform infrared FTIR
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X-ray diffraction XRD
scanning electron microscopy SEM
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