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Abstract
This study reports the analysis of diclofenac removal from aqueous solution using a novel adsorbent
coating. This adsorbent coating was formulated using acrylic polymer emulsion, smectite-based clay
powder and epichlorohydrin-dimethylamine in a layer form via the implementation of a facile synthesis
method. SEM, EDX and FTIR analysis were carried out for the characterization of this novel adsorbent.
The effect of adsorbent composition, diclofenac concentration, temperature and solution pH on the
pharmaceutical removal with adsorbent coating was studied and modeled. Results showed that 303 K
and pH 3 were the best conditions to improve the diclofenac adsorption obtained a adsorption capacity
of 25.59 mg/g. Adsorption isotherms and kinetics were quanti�ed and modeled, and the corresponding
adsorption mechanism was also analyzed. Diclofenac adsorption with this novel material was
exothermic and spontaneous. This alternative adsorbent is promising for diclofenac removal from
industrial wastewater systems. 

1. Introduction
Diclofenac (DCF) is a non-steroidal drug and is classi�ed as a phenylacetic acid with anti-in�ammatory,
analgesic, and antipyretic properties. DCF in delayed and extended-release forms have been developed to
improve its safety pro�le thus providing application convenience for patients with chronic pains (Altman
et al. 2015). The global consumption of DCF in the pharmaceutical industries reaches 940 tons annually
(Zhang et al. 2008). Market revenues are also increasing at a record rate over the world, owing to the
growth of medicine demand. However, this market condition is associated to the generation of direct
pollution problems because the release of pharmaceuticals and their metabolites into the environment,
including water, has also increased due to the improper management, treatment, and disposal of these
compounds. Pollution caused by pharmaceuticals is now recognized worldwide as a relevant
environmental concern that also represents a human health risk. Researchers have looked at the most
successful way(s) for removing pharmaceuticals from wastewater to protect the environment (Gadipelly
et al. 2014; Pal 2017). However, it is convenient to remark that one limitation is that the types of
pharmaceuticals researched in several studies do not re�ect the most often produced and consumed
pharmaceuticals on the market.

Pharmaceutical wastes are generally discharged to the environment through sewage treatment plant and
the improper disposal of expired products, domestic sewage, manufacturing plants waste, hospital waste
and runoffs from agricultures (Praveena et al. 2018). The release of the pharmaceutical wastes impacts
the environment. In terms of water pollution, the pharmaceutical residue can be released in rivers and
groundwater system through surface runoff and leaching. Overall, DCF cannot be removed completely in
traditional wastewater treatment plants due to their limited degradation e�ciency, which causes the
presence of this and other pharmaceuticals in rivers, sediments, sludge and even drinking water sources
(Lonappan et al. 2016). Some studies have indicated that DCF can be detected in the concentration range
of 0.566 - 1.48 µg/L (in�uent) and 0.167 - 7.01 µg/L (e�uent) (Bo et al. 2015). Several countries have
also reported the presence of DCF in the wastewater of different industries like India (312 to 360 ng/L)
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(Balakrishna et al. 2017), Japan (44 ng/L) (Simazaki et al. 2015), Malaysia (32-5049 ng/L) (Al-Qaim et al.
2015), South Korea (203 µg/L) (Vieno and Sillanpää 2014a), Taiwan (152-185 ng/L) (Fang et al. 2012)
and Thailand (367 ng/L) (Tewari et al. 2013). DCF can be also found in sludge, solid waste and soil. For
instance, Ashfaq et al. (2017) investigated the concentrations of DCF in a pharmaceutical industry of
Pakistan. This study reported diclofenac concentrations of 836 µg/L, 4968 g/kg, 6632 g/kg and 257 g/kg
for wastewater, sludge, solid waste and soil samples, respectively (Ashfaq et al. 2017). In Malaysia, the
mean DCF concentrations were 4.84 ng/L, 2.76 ng/L and 4.30 ng/L in Gombak, Lui and Selangor rivers
(Praveena et al. 2018). However, DCF concentrations up to 188 ng/L were quanti�ed in Langat river due
to the discharge from sewage treatment plants in Langat River Basin (Al-Odaini et al. 2013). These
studies highlight the relevance of developing effective removal methods to reduce the DFC environmental
pollution.

The low DCF biodegradability often result in a low removal rate during biological waste treatment and
only a minor portion of this pharmaceutical can be adsorbed into sludge. In fact, different researchers
have highlighted an average reducing rate of 3 to 6% for DCF depending on the wastewater treatment
process (Vieno and Sillanpää, 2014b). Some improvements in wastewater treatment plants have been
tried to increase the removal e�ciency of this compound but drawbacks in process operation still prevail.
For example, the removal of DCF using oxidation processes such as ozonation creates unwanted and
toxic by-products, which affects to reach the �nal puri�cation target (Lonappan et al. 2016). Enzymes
could be also used for the complete degradation of DCF from water without the risk of by- product
formation. However, it increases the process complexity (Dhiman et al. 2022). Adsorption is an effective
and low-cost process for the wastewater treatment and it can outperform other traditional technologies
used in the removal of pharmaceutical compounds (Aissaoui et al. 2017; Radjenovic and Petrovic 2017;
Ahmadzadeh and Dolatabadi 2018; Hamon et al. 2018; Kurniawan et al. 2018). This technology can
produce high-quality water (i.e., with low concentration of pollutants) and its cost-effective tradeoff is
better than those reported for other removal methods. Different adsorbents can be applied in the removal
of DCF and other pharmaceuticals where activated carbons are the �rst option due to their wide
commercial availability. However, the operational costs involved in the removal treatment system is a
current limitation for wastewater puri�cation in several countries and, consequently, it is necessary to
develop novel and low-cost adsorbents with improved adsorption properties for pharmaceuticals.

Clay is an excellent choice for the adsorption of water pollutants. They offer several advantages over
other low-cost adsorbents. For instance, they are accessible and affordable materials that show an ion
exchange capability, chemical stability and large surface area with a variety of structural and surface
characteristics (Erdem et al. 2010; Auta and Hameed 2013). Bentonite is a natural inorganic adsorbent
with a high montmorillonite concentration that is mainly composed of the clay mineral smectite. In the
marine environments, the majority of bentonite is generated through the modi�cation of volcanic ash.
This clay is a 2:1 dioctahedral smectite with a sandwiched layer structure consisting of an octahedral
alumina layer sandwiched between two tetrahedral silica sheets. Because of the isomorphous
substitution of Si4+ in tetrahedral layers by Al3+ and Al3+ in octahedral layers by Mg2+, it has a permanent
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negative charge (Resende et al. 2021). A hydroxyl-aluminosilicate structure underpins the chemical
makeup of bentonite (Guo et al. 2019). Bentonite has high surface area and cation exchange capacity
besides its ability to the interlamellar expanding (Uddin 2016). The use of bentonite for the removal of
cationic compounds is limited due to the presence of a net negative charge surface lattice. Due to the
repulsive effect by electrostatic interactions generated by the negative charge on the bentonite surface, it
only can adsorb pollutant molecules charged positively (Youssef et al. 2013). Zeta potential of natural
bentonite generates its negative charge (Resende et al. 2021). The natural tendency on bentonite is that
the zeta potential increases as pH decreases and this occurs due to the protonation of the hydroxyl
groups on the edges of bentonite sheets. However, even the protonation of hydroxyl groups of bentonites
is not enough to neutralize all its negative charge. This means that the charge of this clay can remain
negative even at acidic pH conditions.

In this research paper, the authors report the preparation of an adsorbent coating via a simple synthesis
procedure and its application in the adsorption of DCF from aqueous solution. This adsorbent coating
(ASEC) was obtained from acrylic polymer (APE) as binder, bentonite as additive and epichlorohydrin-
dimethylamine (EPIDMA) as modi�er/surfactant. Results showed that the �exible physical characteristics
of ASEC provide operational advantages as it is foldable and can be rolled since it has the form of a �at
sheet that can be slotted or layered in available limited space in a treatment plant at any condition. ASEC
performance for the DCF removal was analyzed at different operating conditions to optimize its
application where the impact of EPIDMA dosage, initial concentration, temperature and solution pH was
discussed. Equilibrium and kinetic studies of DCF adsorption were also carried out to calculate relevant
parameters of this adsorption system.

2. Materials And Methods

2.1 Chemicals
DCF (CAS: 15307-79-6) was supplied by Nano Lite Quest Sdn. Bhd. EPIDMA and APE were purchased
from NHA Scienti�c Resource, Cyberjaya, Malaysia. Smectite-based clay was obtained from Modern Lab
Sdn. Bhd. Malaysia. The white cotton cloth was purchased from Kedai Kain 1 Malaysia, Parit Buntar,
Malaysia. The pH of all the solutions was adjusted by sodium hydroxide (NaOH) and hydrochloric acid
(HCl) (0.1 M) purchased from Merck, Malaysia. All reagents were used analytical grade and deionized
waster was used to prepare the sample coating and DCF solutions.

2.2 Preparation of ASEC
The preparation method of ASEC was based on the study by (Azha et al. 2018a). In particular, the clay
underwent swelling for 5 h in deionized water under constant stirring. The bulk clay was then mixed with
APE and stirred for 3 h to form a homogeneous slurry solution. ASEC was formulated using a facile in
situ intercalative method with an APE/bulk clay/EPIDMA mass ratio of 1:2:4. Therefore, 2 wt.% of
EPIDMA was then dropped into the APE/clay slurry solution. This slurry was mixed and stirred for 5 h at
room temperature. A strip of 5 x 20 cm of cotton cloth was cut and coated with 2 g of APE/smectite
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clay/EPIDMA using a paint brush on both sides of the strip. This adsorbent was dried at 353 K in an oven
by clipping one end of the strip to the oven rack until its weight reached a constant value. Excess coating
in the strip was removed by gently washing with deionized water. The coated strip was �nally dried at 353
K for 2 h. These steps were repeated using 4, 6, 8, 10 and 20 wt.% of EPIDMA dosage to evaluate the
impact of ASEC formulation on its physicochemical and adsorption properties. The adsorbent obtained
with the best dosage was submitted to characterization and performance evaluation in batch adsorption
experiments.

2.3 Adsorbent characterization
Morphology of ASEC samples before and after adsorption were analyzed using scanning electron
microscope (SEM) with magni�cations at 100×, 2000× and 5000×. The elemental composition analysis
of ASEC after adsorption was conducted using Energy Dispersive X-ray spectrometry (EDX). Extreme High
Resolution Field Emission Scanning Electron Microscope (XHR-FESEM, Model FEI Verios 460L) was also
employed to characterize ASEC samples. FTIR spectra were recorded and interpreted to characterize the
surface chemistry of ASCE. The pH of point of zero charge (PZC) of ASEC was determined following the
procedure reported by (Zulki�i et al. 2019). In particular, 0.1 M sodium chloride solution was prepared and
distributed into 7 conical �asks (100 mL each one) where their pHs were adjusted to different values
using HCl and NaOH. ASEC (dimension 110 mm X 50 mm) was immersed into the solution of each
conical �ask. After that, the change in solution pH after 48 h was recorded to determine PZC via the
plotting of �nal pH versus initial pH.

2.5 Batch adsorption experiments
A stock solution of DCF was prepared with 0.1 g of adsorbate dissolved in 1 L of distilled water. This
stock solution was diluted to obtain different DCF concentrations for the adsorption studies. ASEC strip
was introduced inside 250 mL glass beaker and was clipped on the interior wall to prevent the strip from
shifting/moving. Adsorption experiments were performed with 200 mL of DCF solution that were added
into the ASEC strip beaker and stirred at 300 rpm where the solution temperature was regulated and
controlled. Preliminary experiments showed that 5 h were required to get the maximum adsorption
capacity of ASEC strip. Batch adsorption studies were performed at different DCF concentration (10 to 50
mg/L), temperature (303, 318, 333 and 348 K) and pH (3, 5, 7, 9 and 11) where these conditions were
selected based in results of other studies (Bhadra et al. 2017; Salaa et al. 2020; Gómez-Avilés et al. 2021;
Sharafee Shamsudin et al. 2021). DCF concentration in the aqueous solutions was analysed using UV-vis
spectrometer (model Shimadzu UV-1800) with a calibration curve (from 1 to 50 mg/L) where the
absorbance of samples was measured at wavelength of 276 nm.

The removal e�ciency (%) and adsorption capacity (q, mg/g) were calculated using:

Removalefficiency(%) =
Co − Cf

Cf
× 100

1
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q =
CO − Cf V

W

2

W = MassASEC − Massaveragedriedcottoncloth

3
where Co and Cf are the initial and �nal concentrations (mg/L) of DCF in the adsorption experiment, V is
volume of DCF solution (L) and W is the ASEC mass (g) used in the removal studies.

3. Results And Discussion

3.1 Synthesis and characterization of ASEC
The removal e�ciency and adsorption capacity of ASEC obtained with different ratios of
APE/clay/EPIDMA are shown in Fig. 1. Overall, the DCF removal e�ciency of this adsorbent improved
when the amount of EPIDMA utilized in the adsorbent preparation also increased. At 2 wt.% of EPIDMA
dosage, ASEC was able to achieve a removal e�ciency of 42.84% and its performance increased up to
70.66% (26.5 mg/g) at 8 wt.% of EPIDMA dosage. However, the removal e�ciency decreased up to
65.88% when a EPIDMA dosage higher than 8 wt.% was used to obtain ASEC. Note that a white
precipitate was formed in the solution with an EPIDMA dosage of 20 wt.%. This precipitate was attributed
to the breakdown of the ASEC on the cotton strip. In the adsorbent coating, APE showed negative ion
properties and was used as a binder for the positively charged bentonite/EPIDMA (Azha et al. 2018c).
This breakdown phenomenon was likely due to the negatively charged APE could not bind to the excess
positively charged bentonite/EPIDMA in the coating. Therefore, 6 wt.% EPIDMA dosage was chosen as
the best value to prepare ASEC for the removal of DCF from the aqueous solution. It is convenient to
indicate that this low dosage of EPIDMA for the synthesis procedure contributed to reduce the cost of
adsorbent coating production.

SEM images obtained for the analysis of surface morphology of ASEC strip are displayed in Fig. 2. These
SEM images were recorded at low (100×), medium (2000x) and high (5000×) magni�cations using ASEC
samples before and after DCF adsorption. Fig. 2a showed that the weaved hierarchical and linking
structure of a spiral cellulose �ber from cotton cloth still can be observed in ASEC even after coating. At
5000× magni�cation, it was observed that the coating showed a uniform inhomogeneous structure
layering and strongly attached to the adsorbent coating on the cotton cloth. The high magni�cation SEM
image also indicated that the solid particles were distributed on the surface of ASEC strip where it was
present in the form of thin layer around the cotton cloth since the weaving structure of the cotton cloth
was still visible. SEM images after the DCF adsorption are shown in Fig. 2d - 2f and they demonstrated
that the ASEC surface almost maintained its appearance with no noticeable signi�cant changes due to
the pharmaceutical loading.

( )
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Results of elemental composition using Energy Dispersive X-ray spectroscopy (EDX) analysis of ASEC
strip samples before and after DCF adsorption are summarized in Table 1. The elemental composition
analysis indicated the presence of Aluminum (Al), Calcium (Ca), Silica (Si) and Titanium (Ti) in ASEC.
These elements were associated to the presence of APE and clay composition of this adsorbent coating
where similar results were reported in a previous research of Azha et al. (2018a). The smectite clay was
mainly composed of the montmorillonite mineral with other few chemicals like SiO2, MgO, CaO, Al2O3,
MgO, K2O, and Na2O. Notably, the carbon content increased up to 3 times after DCF adsorption. Moreover,
the content of sodium (0.04%) was also evidence to support the adsorption of DCF molecules
(C14H10Cl2NNaO2) on ASEC surface.

Table 1
EDX results for the elemental composition of adsorbent

coating strip before and after DCF adsorption.
Element Weight %

Before adsorption After adsorption

Carbon, C 17.99 44.55

Oxygen, O 26.51 45.40

Aluminum, Al 3.03 2.11

Silica, Si 7.02 3.14

Chloride, Cl 1.21 0.13

Calcium, Ca 3.32 2.52

Titanium, Ti 2.77 2.11

Sodium, Na 0.00 0.04

FTIR spectra of the prepared pristine bentonite, APE, EPIDMA and ASEC samples before and DCF
adsorption are presented in Fig. 3. The broad absorption bands between 3050 and 3550 cm-1, which were
present in all samples, were attributable to adsorbed water (H-O-H stretching) (Qian et al. 2007; Kang et al.
2009). The absorption bands of all the samples in the range between 1670 cm-1 to 1760 cm-1 can be
attributed to acrylate carbonyl group (Nosrati et al. 2015). Note that APE also contained acrylic and
methacrylic additives, which were the prevailing contents of the adsorbent coating sample. The strong
and sharp absorption band identi�ed at 1035 cm-1 was due to the Si-O stretching vibration (Selim et al.
2019). The intercalation of EPIDMA polymer within the bentonite interlayer, especially between the silica
layers, was also corroborated by the vibration band at 1420 cm-1 (Kang et al. 2009; Qian et al. 2010).
Furthermore, the absorption bands of stretching of SiO, AlO and MgO were identi�ed at 1030, 860 and
800 cm-1, respectively. The chemical composition of APE and the silicate structure of bentonite generated
these bands (Qian et al. 2010). C=C vibrations in aromatic rings were associated to the absorption band
between 1500 and 1600 cm-1, as well as the band between 1450 and 1500 cm-1. In the samples analyzed
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after the pharmaceutical adsorption, this band was also linked to the existence of DCF molecules on
ASEC surface.

3.2 Impact of operating conditions on the performance of
ASEC for DCF adsorption
The effect of DCF concentration on the removal performance of ASEC was studied at 10 to 50 mg/L
where the other operating parameters were �xed at constant values (i.e., 6 wt.% of EPIDMA dosage for the
adsorbent coating, pH 3, 303 K and 6 h of contact time). Results of these studies are reported in Fig. 4. It
was observed that the adsorption capacity increased from 4.74 to 22.4 mg/g as the DCF concentration
increased from 10 to 50 mg/L. These experimental results showed that the adsorption rate was linearly
proportional to DCF concentration. At the initial stage, the adsorption rate was rapid due to the availability
of a large number of vacant functional groups on ASEC surface (Dutta et al. 2015; Shamsudin et al.
(2021). Note that the adsorbate concentration in the aqueous solution was directly related to the driving
force at the solid-liquid interface and its increment enhanced the mass transfer rate thus improving the
corresponding adsorption capacities (Hameed et al. 2008; Ngakou et al. 2019). The increments of DCF
concentration generated gradually the adsorbent saturation caused by a reduction in the number of
available active sites for DCF adsorption.

Four different solution temperature (i.e., 303, 318, 333 and 348 K) were selected to study the effect of
temperature on DCF adsorption with ASEC. These tests were done using DCF initial concentrations from
10 to 50 mg/L and results are reported in Fig. 5. In the adsorption process, the solution temperature plays
an important role to determine the adsorbent performance as well as allows to con�rm the
thermodynamic nature of the separation. Fig. 5 showed that the DCF adsorption capacities decreased
from 24.1 to 4.9 mg/g when the solution temperature changed from 303 to 348 K. It was concluded that
this adsorption process was exothermic where the DCF removal was more favorable at low temperature.
This phenomenon happened due to the high temperature affected the physical bonding between the
adsorbate molecules and active sites of ASEC surface, thus leading to the reduction of adsorption
capacity. The desorption rate of adsorbate molecules from ASEC surface increased with solution
temperature thus resulting in a low removal e�ciency. This phenomenon occurred due to the weakening
of the interaction between adsorbate molecules and ASEC functional groups (Dutta et al. 2015).
Therefore, 303 K was the best temperature to favor the removal of DCF with ASEC.

Figure 6 shows that the solution pH displayed an important effect on the DCF adsorption properties of
ASEC. Note that the pH can alter the surface charge of this adsorbent and the dissociation of its surface
functional groups besides it also impacts the ionization degree and solubility of adsorbate molecules.
DCF adsorption capacities of ASEC decreased from 25.59 to 12.40 mg/g in the pH range of 3 to 11. The
e�ciency removal also decreased from 77.05 to 38.53% due to the pH increment. These results indicated
that pH 3 was the best value for DCF adsorption thus obtaining 77.05% removal and an adsorption
capacity of 25.59 mg/g for a 50 mg/L initial concentration. Note that DCF has pKa = 4.0 and this
adsorbate is present mainly in its neutral form at pH 3 < pKa where its solubility in water also decreases.
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DCF molecule contains two aromatic rings and this adsorbate shows a negative surface charge due to
the ionization process at pH < pKa (Dutta et al. 2015), thus explaining the reduction of DCF adsorption
capacities at alkaline conditions that favored the presence of repulsive electrostatic forces with the ASEC
surface (De Oliveira et al. 2017). PZC of ASEC was 7.54 and, consequently, ASEC was positively charged
at solution pH < PZC (Çalişkan and Göktürk 2010). At acidic solutions, the presence of electrostatic
interactions and van der Waals forces were expected to be responsible for the adsorption of DCF
molecules on ASEC surface (Ayawei et al. 2017).

Langmuir and Freundlich isotherm models were chosen to �t the experimental equilibrium data and
results are reported in Table 2. Overall, the Freundlich model was the best to �t the experimental DCF
adsorption data thus obtaining the highest R2 (0.89 - 0.99) and lowest ARE values (0.20 to 2.52).
Therefore, this adsorption process occurred in the heterogeneous surface of ASEC and was not limited by
one-layer formation. The calculated values of parameter n were between 0 and 1 thus indicating that DCF
adsorption on ASEC was favorable (Maia et al. 2019).

Table 2
Results of isotherm modeling for the DCF adsorption on

ASEC.
Parameter Temperature (K)

303 318 333 348

Langmuir isotherm

qmax (mg/g) 4253.3 8455.5 12477 3774.6

KL (L/mg) 0.0003 0.00007 0.0001 0.00003

R2 0.9082 0.9470 0.8641 0.7964

ARE 1.0404 0.9624 2.9714 5.5637

Freundlich isotherm

1/n 1.4620 1.2986 1.4628 1.5136

n 0.6839 0.7701 0.6836 0.6607

KF (L/mg)1/n 0.3865 0.2324 0.0728 0.0195

R2 0.9875 0.9926 0.9693 0.8912

ARE 0.3991 0.1955 0.9319 2.5242

The analysis of adsorption kinetics contributes with the calculation of parameters required for the full-
scale design of an adsorption system. Experimental data of DCF adsorption on ASEC were analyzed with
the pseudo-�rst and pseudo-second order models. Table 3 reports the results of kinetic modeling. The
calculated equilibrium adsorption capacities, ARE and R2 of the pseudo-second order model were better



Page 10/22

than those values obtained with the pseudo-�rst order equation. It could be expected that the DCF
adsorption rate on ASEC was controlled by chemisorption mechanism where hydrogen bonding and
electrostatic forces played a relevant role (Ferreira et al. 2015)

Table 3
Results of kinetic modeling of the DCF adsorption on ASEC at 303 K and pH 3.

Co
(mg/L)

qe, exp
(mg/g)

Pseudo-�rst order Pseudo-second order

R2 k1
(1/h)

qe,cal
(mg/g)

ARE R2 k2
(g/mg⋅h)

qe,cal
(mg/g)

ARE

10 4.737 0.937 1.374 4.739 0.834 0.992 0.663 4.498 0.245

20 9.597 0.994 2.282 9.595 0.221 0.991 0.674 9.356 0.261

30 12.93 0.986 2.547 12.85 0.314 0.997 0.556 12.93 0.134

40 18.97 0.945 1.950 18.60 0.695 0.992 0.245 18.33 0.238

50 22.40 0.930 2.209 22.13 0.755 0.982 0.233 21.71 0.370

Thermodynamic parameters of the adsorption of DCF molecules on ASEC were calculated using the van’t
Hoff approach, see Table 4. Adsorption enthalpy (ΔH ) was -58.66 kJ/mol thus con�rming the
exothermic removal of this pharmaceutical. Note that this enthalpy value indicated the presence of both
physical and chemical interactions during DCF adsorption (Dutta et al. 2015). The calculated positive
value of adsorption entropy (ΔS  = 0.09 kJ/mol⋅K) suggested some structural changes or readjustments
in the adsorbate-adsorbent complex, while the negative values of ΔG  con�rmed that this adsorption
process was thermodynamically spontaneous.

Table 4
Thermodynamic

parameters for the DCF
adsorption on ASEC.

T (K) ΔG° (kJ/mol)

303 -87.15

313 -88.56

323 -89.97

333 -91.38

3.4 Mechanism of DCF adsorption on ASEC
The mechanism of adsorption of DCF molecules on the ASEC surface involved a variety of interactions
like hydrogen bonding, electrostatic attraction, π-π stacking interaction, hydrophobic reaction, chemical
surface complexation and van der Waals forces (Yu et al. 2017; Li et al. 2018). Note that APE derived
from methacrylic ester, acrylic and their derivatives can be considered as a promising material to prepare
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adsorbent coatings for water treatment because it has excellent mechanical properties and a net negative
surface charge. The anionic property of APE is attributed by the inclusion of Al2O3, SiO2, TiO2, and CaO as
major constituents. Therefore, APE contributed to the adsorption properties of cationic particles and also
acted as a binder to be coated onto the substrate. The intercalation of EPIDMA molecules with the clay
increased the hydrophobic property, which resulted in the development of a positively charged surface of
ASEC. For illustration, Fig. 7 describes the adsorption mechanism of DCF molecules on ASEC at pH <
pKa. At this operating condition, the hydrogen bonding could be a relevant force involved in the
adsorption of DCF on ASEC surface. In particular, this hydrogen bonding was generated by the
electronegative species in DCF (e.g., O and N) and the hydroxyl group of ASEC. On the other hand, the
attachment of EPIDMA to aluminosilicate of bentonite produced a positive charge on ASEC surface
where PZC > pH. Electrostatic forces could be relevant for the removal of anionic charged pollutants and
hydrocarbons from wastewater due to their a�nity to the positively charged ASEC surface. Similar
studies conducted by (Liang et al. 2019; Tam et al. 2020) also concluded the relevance of hydrogen
bonding on the DCF adsorption at pH < pKa. As stated by (Tam et al. 2020), the DCF removal decreased
at pH > 6.5 due to the electrostatic repulsive interaction between the deprotonated carboxylic acid group
of this pharmaceutical and the negatively charged adsorbent surface.

Conclusions
A novel APE/smectite clay/EPIDMA coating was prepared via a simple preparation method and used to
remove diclofenac from aqueous solution. The surface morphology of this adsorbent demonstrated the
condition of coating onto the surface of the cotton cloth. The removal e�ciency of this pharmaceutical
with this adsorbent depended on the EPIDMA dosage, DCF concentration, temperature and solution pH. It
was found that 6 wt.% of EPIDMA dosage was the best composition to improve the adsorption properties
of this adsorbent and to reduce its cost of production. The best operating conditions for diclofenac
removal was 303 K and pH 3 to obtain an adsorption capacity of 25.59 mg/g. Diclofenac adsorption with
this novel material was exothermic and caused by both physical and chemical forces where hydrogen
bonding and electrostatic interactions played a relevant role in the removal mechanism. In summary, this
novel material is promising and has a wide range of possible applications in the water treatment of
industrial sector.
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Figure 1

DCF removal e�ciency and adsorption capacities of ASEC obtained with different EPIDMA dosages.

Figure 2
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SEM images of ASEC (a, b, c) before and (d, e, f) after DCF adsorption.

Figure 3

FTIR spectra of a) smectite clay, b) APE, c) EPIDMA, d) raw ASEC and e) ASEC loaded with DCF.
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Figure 4

Kinetics of the DCF adsorption on ASEC at pH 3, 303 K and 300 rpm.
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Figure 5

Isotherms of the DCF adsorption on ASEC at different temperatures, pH 3 and 300 rpm.
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Figure 6

DCF removal e�ciency and adsorption capacities of ASEC at different pH, 303 K and 300 rpm.
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Figure 7

Interactions involved in the mechanism of adsorption of DCF on ASEC.
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