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ABSTRACT

The aim of this study was to assess the adsorption of four non-steroidal anti-inflammatory drugs (NSAIDs), namely Paracetamol (PRC), Diclofenac (DIC),
Ibuprofen (IBU), and Ketoprofen (KET), using both batch and continuous experiments with clay. Various analytical techniques, including XRD, FTIR, SEM
coupled to EDX, and Zeta potential, were employed to characterize both raw and calcined clay. XRD and FTIR analyses confirmed the kaolinite nature of the clay.
SEM data revealed a lamellar structure formed in the clay after calcination at 550 °C. Adsorption tests were conducted to determine the optimal adsorption
conditions. Batch kinetics of adsorption demonstrated rapid adsorption of all four NSAIDs, with the highest adsorption occurring at pH 4 (DIC, IBU, and KET) and
pH 6 for PRC, using a concentration of 20 mg L 1 of calcined clay. Additionally, the pseudo-second- order model provided the best fit for all NSAIDs adsorption
processes. Maximum adsorption capacities, as determined by the Langmuir model, were 80 mg g 1 for PRC, 238 mg 1g for DIC, 138 mg g 1 for IBU, and 245
mg g 1 for KET. In fixed bed column studies, three dynamic models (Thomas, Adams-Bohart, and Yoon-Nelson) were utilized to describe the breakthrough
curves, with linear regression used to identify key characteristics for process design. The fixed bed column adsorption study revealed that DIC exhibited the
highest removal efficiency at 98%, while KET, IBU, and PRC were more persistent, with removal efficiencies of 77.1%, 76.7%, and 67.1%, respectively. The
Thomas model was deemed appropriate for describing the breakthrough curve. These findings offer valuable insights into the interactions between clay and
pharmaceuticals with varying physicochemical properties. They also provide information on the adsorption models, saturation, and adsorption capacities of
various pharmaceuticals on natural clays, which can be crucial for further research and environmental reme-diation efforts.

Abbreviations: PRC, Paracetamol; DIC, Diclofenac; IBU, Ibuprofen; KET, Ketoprofen; XRD, X-ray Powder Diffraction; FTIR, Fourier-Transform Infrared Spec-
troscopy; SEM, Scanning Electron Microscope; EDX, Energy-Dispersive X-ray spectroscopy; NSAIDs, Non-Steroidal Anti-Inflammatory Drugs; ZBH, Zeramdine-BNI
Hassan; PPs, Pharmaceuticals Products; pKa, Acid dissociation constants; SB, Sugarcane Bagasse; CC, Corn Cobs; BTC, Breakthrough Curve.
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1. Introduction

Scientific researchers and water treatment operators are currently
grappling with the challenge of devising effective solutions for the
removal of pharmaceuticals from various environmental sources. This is
primarily due to the widespread presence of pharmaceutical residues in
environmental compartments. The urgency in finding suitable removal
methods arises from the potential ecological and health risks associated
with pharmaceuticals, particularly non-steroidal anti-inflammatory
drugs (NSAIDs), which can harm aquatic life and human well-being, as
documented by (Caban and Stepnowski, 2021; Park et al., 2020).
Moreover, the global pharmaceutical industry faced significant impacts
from the COVID-19 pandemic, as highlighted by (Ayati et al., 2020). In
the context of the pandemic, medications such as ibuprofen “IBU”,
ketoprofen “KET” and paracetamol “PRC”, known for their analgesic and
antipyretic properties, became pivotal for alleviating COVID-19 symp-
toms, as emphasized by (Lechien et al., 2020). However, many NSAIDs
are not fully metabolized within the human body, leading to their
presence in wastewater streams as they exit households and enter
sewage treatment facilities. Surprisingly, these pharmaceutical residues
often persist in waterways located miles downstream from sewage
treatment plants, mainly because many treatment facilities do not
routinely eliminate pharmaceutical compounds from the water they
process. Regarding the presence and distribution of pharmaceutical
compounds such as propranolol, diclofenac “DIC”, and amoxicillin, they
have been detected not only in drinking water, as reported by (Thiebault
et al., 2019) but also in surface water at concentrations reaching
approximately 590 and 158-200 ng L™}, as observed by Maia et al.
(2017). These findings have raised concerns regarding the effectiveness
of conventional water treatment methods in completely removing these
substances. As a result, various wastewater treatment technologies are
currently under extensive investigation to prevent the introduction of
pharmaceuticals into aquatic environments. These technologies include
biological processes like activated sludge, as explored by Nguyen et al.
(2021), and membrane bioreactors, as studied by Femina Carolin et al.
(2021). Additionally, separation techniques such as nano-filtration and
reverse osmosis, as discussed by Al-Jlil (2017), and advanced oxidation
processes utilizing ozonation, ultraviolet light, and hydrogen in
UV/H304 processes, as detailed by Baresel et al. (2019), are being
actively explored. It’s worth noting that the wide-ranging chemical di-
versity of pharmaceutical compounds has presented challenges for
wastewater treatment technologies when tested at bench-scale levels, as
noted by Mansouri et al. (2021). These alternatives can overshadow the
use of other treatment process such as calcined clay. Furthermore,
implementing these treatments is time-consuming and costly. To meet
safe pharmaceutical discharge levels, there is a pressing need for in-
centives for green technology adoption. In research, there’s a rising
emphasis on adsorption, especially using soil like clayey/sandy loam to
remove drugs and hormones. Notably, clay, which is abundantly avail-
able in numerous countries, has emerged as a prominent tool for these

removal processes, as highlighted by Corbin et al. (2021). Consequently,
the utilization of calcined clay as a sorbent has become increasingly
valuable. Further exploration of clay’s suitability for the removal of
trace pharmaceutical residues from aquatic environments holds signif-
icant promise. In this particular investigation, natural clay was procured
from the quarry in the Zeramdine-BNI Hassan (ZBH) region of Tunisia.
This region is characterized by a juxtaposition of clay and sandy clay
patches, as elucidated by Lachaal et al. (2013). Extensive layers of clay
constitute the lithostratigraphic formations within the study area, a fact
documented by Maalla et al. (2021). The Zeramdine locale in Eastern
Tunisia is home to numerous clay quarries, often catering to the needs of
various industrial units such as brickworks and ceramics manufacturers.
Kaolinite clay, chosen for this study, possesses innate adsorption prop-
erties thanks to its layered structure and surface reactivity, rendering it a
highly efficient sorbent for pharmaceutical compounds. Opting for raw
kaolinite clay preserves its natural adsorption capacity, which could be
compromised by chemical alterations. This choice is further justified by
the clay’s abundance and wide accessibility, ensuring its suitability for
diverse water treatment applications. By employing raw kaolinite clay,
we alleviate concerns related to additional processing steps, potential
changes to its adsorption characteristics, and the environmental impact
associated with modifications. After calcination process, Calcined clay
was employed in batch and fixed bed column adsorption experiments
aimed at removing three non-steroidal anti-inflammatory drugs
(NSAIDs): DIC, IBU, KET, as well as the representative PRC.

This research not only introduces innovation by employing locally
sourced or waste-derived supports and materials to create processes
with a minimal environmental footprint but also aims to contribute to
water treatment. Specifically, the study assesses the adsorption effi-
ciency of calcined clay and explores novel adsorbents for four commonly
used pharmaceutical products (PPs). It delves into the impact of oper-
ational parameters on adsorption performance, investigates adsorption
isotherms and kinetics for a comprehensive understanding, and thor-
oughly examines and discusses the primary modes of interaction be-
tween the adsorbent (clay) and the adsorbate (pharmaceuticals). These
materials have proven effective in adsorbing specific molecules and
addressing emerging pollutants, emphasizing their significance in sus-
tainable practices.

2. Materials and methods
2.1. Reagents

IBU (CAS 15307-86-5), PRC (CAS 103-90-2) DIC (CAS 15307-86-5)
and KET (CAS 22071-15-4) were purchased from Sigma Aldrich
(98-99% purity) with pKa values of 4.91; 9.38; 4.15 (Jyoti Sen and
Patel, 2016); and 4.4 (Abou-Taleb et al., 2023), respectively. They were
used to prepare NSAIDs solutions in various concentrations.

Natural clay (size fraction <63 pm) was collected in the Zeramdine-
BNI Hassan (ZBH) area of Monastir governorate, Eastern region of



Tunisia, at longitude and latitude of 35°33'50.69"N and 10°46'54.99E,

respectively (Fig. 1(a)). The Zeramdine sedimentary series is composed
primarily of sand and sandy clay interbedded with clay layers from the
Saouaf (Serravalian Tortonian) and Segui (Mio-Pliocene) formations
(Maalla et al., 2021). Several hundred meters of clays, lignite, sand-
stones, marls, and sandstones alternating packages of Miocene, Pliocene,
and Quaternary make up the lithostratigraphic columns (Maalla et al.,
2021).

Samples were crushed and sieved to obtain particle size less than 63
pm through a stainless-steel sieve (RETSCH AS 200). Then before
adsorption, the clay sample was calcined at a temperature of 550 °C for
2 h, as described by Garca et al. (2017); Mark et al. (2019) as shown in
Fig. 1(b). Therefore, the assessment of the clay’s adsorption efficiency
and the distinction between natural and calcined clay were accom-
plished by employing various analytical techniques, with particular
emphasis on X-ray diffractometry (XRD).

SEM (HITACHI S-3000 N) coupled to energy dispersive X-ray EDX
analysis were used to examine the surface morphology, chemical
composition (Oxygen, silicon, aluminum, magnesium), and structure of
the adsorbent before and after calcination. X-ray diffraction experiments
were carried out using an X-ray diffractometer and XRD-6000, Shi-
madzu, Kyoto (Japan) using wavelength (A) 1.5406 for CuKo radiation
(40 kV and 30 mA), scan range from 10° to 80°, sampling pitch and scan
speed was 0.020 and 2 deg min~ ! respectively. Infrared spectroscopy
using the Fourier transform (FTIR, TENSOR27) was used to record 32
scans with a resolution of 4 cm™~ ! at room temperature using an atten-
uated total reflectance (ATR) accessory in diffuse reflectance mode. For
zeta potential analysis, a magnetic stirring bar was inserted after a 50 mg
sample was put into 50 mL of pure water. Orion electrodes were used to
test the pH of the fluid. After adding the clay sample, the pH of the so-
lution was adjusted by adding 0.1 M HCl and NaOH solutions drop by
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drop (Yukselen and Kaya, 2003). A Zetasizer Nano ZS (Malvern In-
struments, Malvern, England) was used to measure zeta potential for
isoelectric titration via pH titration.

2.2. Batch adsorption

In the batch experiment, 100 mL of DIC, PRC, IBU, and KET aqueous
solutions were prepared by dilution from concentrated stock solutions
(10-80 mg L™ 1) and placed in a glass flask. PRC and DIC absorbencies
were measured using a JENWAY 7315 spectrophotometer at wave-
lengths of 244 and 277 nm, respectively, and concentrations were esti-
mated using calibration curves (Salaa, 2021; Sulaiman and Al-Jabari,
2021), while IBU and KET were prepared in an alkaline solution (pH =
8) to ensure total dissolution. (0.1 M) HCI or (0.1 M) NaOH was used to
adjust the pH of the pharmaceutical solution. The absorbencies of IBU
and KET solutions were measured using the same spectrophotometer at
wavelengths 220 and 260 nm, respectively (Kerkhoff et al., 2021;
Smiljani¢ et al., 2020). All adsorption experiments were conducted at
room temperature (25 + 0.2 °C). A magnetic stirrer was used to stir 20
mg of calcined clay into the flask during 6 h. At time to, the appropriate
amount of PPs solution was introduced into the flask and the mixture
was kept agitated. At seven time intervals, some aliquots of the batch
mixture under agitation were sampled, and centrifuged at 4000 rpm
(MIKRO 200) for 10 min. The residual concentration of PPs remaining
free in solution in each mixture was then determined using the spec-
trophotometer at the appropriate wavelength (Fig. 1(c)). Mass balance
was used to calculate the amount of pharmaceutical adsorbed on the
calcined clay (Q):
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Fig. 1. (a) Localization of clay sample collected from the region of ZBH; (b) Clay adsorbent after calcination at 550 °C; (c) Batch adsorption experiments; (d) Fixed

bed column adsorption experiments.



Where Q is the amount of solute retained per mass unit of adsorbent
(mg g~ 1), C, and C, are the initial and equilibrium concentration (mg
L~ 1), M is the amount of sorbent (g), and V is the volume of solution.

The pseudo-first-order kinetics and pseudo-second-order kinetics
were used in this study according to Kamatchi et al. (2022). Isotherms
including Langmuir (Cundari et al., 2018), Freundlich, (Hidayah et al.,
2023) and Temkin models (Sousa et al., 2022) were applied to further
investigate the adsorption phenomenon that controls the adsorption of
selected pharmaceutical on the surface of calcined clay.

2.3. Fixed bed column

2.3.1. Experimental procedure

A borosilicate glass column with an internal diameter of 16 mm and
a total length of 12.5 cm was used for fixed bed experiments. In order
to maintain a sufficient hydraulic conductivity, the column was filled
with a homogeneous mixture of 90 wt% quartzic sand of 0.5-1 mm
grain size and 10 wt% calcined clay. DIC, PRC, KET, and IBU solutions
were pre-pared at 10, 50 and 80 mg L~ ! in mineral water (Aix les
Bains, France). The solutions were pumped up-flow through the
column at a flow rate of 0.75 mL min~ ! during 6 h using a Watson-
Marlow Solutions 120S/DV Peristaltic Pump (Fig. 1(d)). All
experiments were carried out at 25 °C. A fraction collector was used at
the column outlet to recover the perco-lating solution in 15 mL
fractions. The breakthrough curves were ob-tained by analyzing the
effluent fractions with spectrophotometry.

Knowing the cross sectional area A and the flow rate Q, the Darcy
velocity Vp is found from the following relationship (Cerepi et al., 2002;
Quinn, 2014):

0o
vD=>
2.3.2. Experimental design
The effects of starting PPs concentration (10, 50, and 80 mg L Y on
adsorbent weight (2 g) and volumetric flow rate were investigated (0.75
mL minfl). In addition, breakthrough curves (BTCs) were obtained by
plotting Ct/Co as a function of operating time (min) to evaluate phar-
maceutical adsorption onto clay under various operational conditions.
The value of the total adsorbed of PPs in the column, qt (mg), can be
calculated from the area under the breakthrough curve (Eq. (2)) (Han
et al., 2009):

t=total t=total
w0 |
1(mg) =—=— d df = —=— - 9
710m8) =500 / Ca 1000 (Co — Crjar @
1=0 =0

Where C,q is the concentration of PPs removal (mg L. Equilibrium
PPs uptake or maximum capacity of the column, qeyp (mg g, in the
column is calculated as the following:

qt
. 3
Gerp (Mg /)= €)
Where m is the dry weight of the adsorbent in column (g). The total
amount of PPs molecules entering the column (mt) is calculated from the
following equation:

thra[
1000

4

mt=Co

The removal percentage of PPs molecules can be obtained from Eq.
(5)

ar =2 . 100 )
mt

2.3.3. Breakthrough curve modelling

A breakthrough curve mathematical modelling approach has been
used to predict the performance of the fixed bed column. Numerous
analytical equations have been used to describe the S-shaped curve of

breakthrough. Three models have been employed to characterize the
dynamic behavior of the fixed bed column: the Thomas model (Rafati
et al., 2019), the Bohart-Adams model (Lopez-Cervantes et al., 2018),
and the Yoon-Nelson model (Rafati et al., 2019).

3. Results and discussion
3.1. Adsorbent characterization

3.1.1. XRD

Fig. 2(a and b) depicts the adsorbent’s X-ray diffraction pattern. As
shown in Fig. 2(a), the major mineral constituents of raw clay are
kaolinite and quartz. Fig. 2(b) illustrates the XRD pattern of the calcined
clay, characterized by a relative degree of dehydroxylation. After 120
min of thermal treatment at 550 °C, the kaolinite diffraction peaks at
14.2, 24.6, and 50.1°, as well as the less intense peaks at 26.8, 48.0, and
65.1°, disappear, while the quartz peaks (23.01, 50.5, 50.9, and 70.2°)
remain unchanged. Mkaouar et al. (2019) demonstrated that kaolinite
obtained from the same location as Zeramdine (Jemmel quarry) was
converted into metakaolin at temperatures above 450 °C. Metakaolin
has been shown to be effective in adsorbing various pollutants, including
dyes (Lertcumfu et al., 2018) and heavy metals (Kara et al., 2017). After
calcination, the presence of pyrite in the raw clay was transformed to
hematite at 38.7°, as revealed by a less intense peak. Furthermore, Liu
et al. (2022) reported that pyrite (FeSy) in coal gangue is transformed
into hematite (FeyO3) at temperatures above 600 °C. Al-Hakkani et al.
(2022) demonstrate the efficiency of hematite in the removal of Cefix-
ime in pharmaceutical wastewater, with a maximum adsorption ca-
pacity of 147.1 mg g L.

3.1.2. FTIR

The FTIR spectroscopy results of raw clay (Fig. 2(c)) show the
kaolinite characteristic bands. Tironi et al. (2012) discovered that
kaolinite has absorption bands corresponding to the stretching fre-
quencies of OH groups between 3500 and 3750 cm .. They are visible as
the thin bands at 3619 cm ™! and 3695 cm ™! characterizing the raw clay.
In addition, the following absorption bands are identified: AI-OH at 910
em™}, Si-0 at 1003, and Si-O-Al at 777 cm ™! and 795 em™*. Fig. 2(c)
demonstrates that the calcined clay lacks a detectable Al-O-H band at
910 cm ! and the doublets at 3619 and 3695 cm ™, indicating that the
kaolinite was transformed into metakaolinite, as reported by Kassa et al.
(2022), which confirms the XRD results. The band’s absence at 910 cm ™
can be attributed to the OH deformation of inner hydroxyl groups
(Bukalo et al., 2017). The band at 1089 cm™ " is assigned to amorphous
SiO9. The deformation vibrations of ~OH were justified by the reduced
intensity of diffusing bands observed at 1633-1651 cm ™.

3.1.3. SEM- scanning electron microscopy with energy-dispersive X-ray
spectroscopy (SEM-EDX)

Fig. 2(e and f) depicts the textural characteristics of clay samples
obtained through SEM analysis. SEM images show that the samples have
a discontinuous structure and an open texture, with visible and con-
nected voids. Calcined clay has a compacted microstructure with a
porous structure, which can provide a high porosity value and high
adsorption capacity, as shown in Fig. 2(f), which has a higher coarse
fraction than natural clay. The EDX analysis measurements for both raw
and calcined clay are shown in Fig. 2(e and f). Natural clay’s chemical
composition revealed that it contained a high concentration of O, Si*"
and AI3* oxides and exchangeable interlayer cations such as Nat, Mg?*,
Ca?t, K*, and Fe®*. Si, Al and O are kaolin constituents. Similarly, the
major components discovered for calcined clay were O, Al, and Si, with
percentage wt% values of 72.84, 8.33, and 13.70 respectively. EDX
confirms the XRD analysis results for transforming pyrite to hematite
after calcination with the loss of sulfur.
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Fig. 2. Characterization of raw and calcined clay (a: XRD analysis for raw kaolinite; b: XRD analysis calcined clay: c; FTIR; d: Zeta potential; e: SEM-EDX analysis for

raw clay; f: SEM-EDX analysis for calcined clay).

3.1.4. Zeta potential

Measurements of varying pH (Fig. 2(d)) revealed that the raw clay
has a negative charge for natural clay across all pH ranges. The zeta
potential in our study ranged from —20.4 mV to —40.9 mV. According to
Yukselen and Kaya (2003), the zeta potential of kaolinite in water
ranged from —25 mV (pH 3) to —42 mV (pH 11). The negative zeta
potential values of natural kaolinite clay can be supported by the fact
that kaolinite clay particles comprise a permanent negative charge
arising from the isomorphous substitution of structural Si** by AI3*,
whereas the zeta potential variation measured from pH 2 to pH 11 can
be attributed to the additional contribution of the OH groups with a
pH-dependent charge at the edges of the kaolinite clay particles. In
contrast, calcined clay has a weak positive charge of 3.56 mV at pH = 6.
The adsorbent efficacy largely depends on its surface charge, indicating
its surface’s acidic or basic character (Chauhan et al., 2020a; Kumari and
Mohan, 2021). The isoelectric point of the sheet edges of the calcined
clay is probably close to pH = 7. Therefore, at pH < 7, the edge surface
tends to be positively charged, but the structural charge remains un-
changed and the overall clay charge remains negative. The negative
charge is logically more pronounced at pH > 7, as the edge surface tends
to be negatively charged (Sousa et al., 2022). Nevertheless, it is
worthwhile noting that the surface charge amplitude of the clay is
strongly decreased after calcination. This can be associated to the
dihydroxylation reaction observed with XRD and FTIR. IBU, DIC, KET,
and PRC have pKa values of 4.91, 4.51, 4.4, and 9.38, respectively. At
pH < 4, the surface charge of IBU, DIC, and KET is neutral as their
reactive moieties are protonated, and PRC has a neutral charge at pH <
9. Therefore, we expect that for pH < pKa, the maximum amount of PPs

is adsorbed onto the clay through hydrophobic interactions, while at pH
> pKa, electrostatic repulsions might limit the adsorption. Meanwhile,
considering the low surface charge of the calcined clay, electrostatic
interactions might not be the driving parameter and adsorption could
still take place at pH > pKa.

3.2. Batch adsorption

3.2.1. Effect of contact time

Fig. 3(a) presents pharmaceuticals removal at different contact times
examined at clay concentration of 20 mg L~! for DIC, PRC, KET, and
IBU. Pharmaceuticals removal increased rapidly with the increase of
contact time, but after 20-30 min, started constant value denoting the
attainment of equilibrium. Indeed, it can be observed from Fig. 3(a) that
the fast adsorption of pharmaceutical products and maximal retention is
reached after the initial first hour. This is due to the presence of vacant
and abundant active sites on the adsorbent which become used up
saturated with time by attaining equilibrium (Khazri et al., 2017;
Smiljanic et al., 2020; Streit et al., 2021). After 120 min of contact time,
no significant change in the adsorbed drug levels was observed, indi-
cating that the adsorption process had reached an equilibrium state. At
this juncture, it was evident that the available sorption sites on the
calcined clay were effectively saturated, as also noted by Khazri et al.
(2017).

These results support similar behavior on clay as per adsorption of
IBU and PRC, mentioned by Khazri et al. (2017) and Corbin et al. (2021),
respectively. Also, Streit et al. (2021) noted that the adsorption rate of
KET and DIC gradually decreased, and equilibrium was attained at 180
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min. This suggests that a more rapid equilibrium is obtained in this
study. Meanwhile, in spite of this higher adsorption kinetics, different
affinities between the adsorbent and adsorbate apparently take place
depending on the pharmaceutical molecule, as suggested by the Qt
values ranging from 120 mg g~ * for PRC to 238 mg g~ * for KET. In a
comparable experimental setup to our study, Streit et al. (2021) docu-
mented reduced adsorption capacities as follows: 85 mg g~! for IBU, 40
mg g~ for KET, and 50 mg g™! for PRC, all observed at an initial con-
centration of pharmaceutical products of 50 mg L™' In their study,
Nourmoradi et al. (2018) found that optimal adsorption occurred within
120 min for IBU and 150 min for PRC when utilizing activated carbon as
the adsorbent material. The sorption capacities for PRC and IBU were
evaluated to be 36.52 mg g~ ! and 35.49 mg g™, respectively.

3.2.2. Adsorption kinetics modelling

The kinetic parameters of pharmaceuticals adsorption onto clay at
various contact times were investigated. Table 1(a)displays all of the
kinetic parameters for the adsorption of the four pharmaceuticals. The
results showed that the pseudo-first-order equation poorly fits all of the
pharmaceuticals experimental data. This is indicated by their low linear
regression R? values, which are not close to 1. Moreover, the calcu-
lated adsorption capacities Qcal values were far lower than the experi-
mental values. The pseudo-second-order kinetic model provided the best
fit, with R? values of 0.9997, 0.9999, 0.9997, and 0.9995 for PRC, DIC,
IBU, and KET, respectively.

Furthermore, the Qcal values calculated using the pseudo-second-
order model are very close to the experimentally determined values
(Fig. 4(b)). This model assumes that chemisorption is the primary pro-
cess of pharmaceutical adsorption onto calcined clay. Similarly,

Table 1a
Kinetic parameters and isotherms for the four pharmaceuticals products onto
clay adsorption.

PRC DIC IBU KET

First-pseudo order

Qexp (mg g™ H) 13 87.20 63 121

Qcal (mg g7 0.847 3.990 1.457 9.204

K; (min~1) 0.002 0.0035 0.0017 0.0043

R? 0.7063 0.7987 0.1489 0.7798
Second-pseudo order

Qexp (mg g™ H) 13 87.20 63 121

Qeal (mg g7) 11.123 86.956 63.291 120.481

Ks (g7 mg™! min~1) —0.0059 0.0028 —~0.0072 0.0014

R? 0.9997 0.9999 0.9997 0.9995
Langmuir

Qm (mgg™) 434.782 370.37 250 243.902

K, (Lmg™h) 0.0016 0.002 0.003 0.004

R? 0.9516 0.9993 0.9994 0.9995
Freundlich

ng 1.155 1.875 1.429 2.493

Kp 4.004 24.143 9.325 47.153

R? 0.9999 0.9759 0.9411 0.9833
Temkin

br 41.162 30.370 32.963 46.865

Kr 0.136 0.348 0.1411 1.046

R? 0.9444 0.9961 0.964 0.9549

Chauhan et al. (2020b) showed that the adsorption of amoxicillin, PRC,
imipramine (IMP), and DIC using Ti-pillared montmorillonite clay also
follows closely the pseudo-second-order kinetic mode, and Streit et al.
(2021) came to the same observation by using activated carbon for the



Table 1b

Fixed bed column performance parameters and Thomas, Yoon-Nelson and Adams-Bohart models for PPs adsorption onto calcined clay.

Parameters PRC DIC IBU KET
Qe exp” (Mg g™ 5.243 5.434 5.186 5.354
Q. (mg) 2.621 2.717 2.593 2.677
Wiota* (mg) 6.832 5.452 6.719 7.976
%Removal* 67.12 98 76.74 77.18
Co (mg L’l) 10 50 80 10 50 80 10 50 80 10 50 80
Thomas
Qo cal (Mg g h 1.186 5.637 8.154 1.1595 5.34 8.090 1.863 5.315 8.166 1.182 5.385 8.217
Ky (L min~? mg’l) 0.54 0.052 1.38 0.63 0.068 0.030 0.17 0.142 0.019 0.86 0.1 1.351
R? 0.953 0.942 0.923 0.961 0.904 0.911 0.971 0.964 0.912 0.985 0.975 0.932
Yoon-Nelson
7 (min) 121.187 42.238 58.249 134.772 75.65 30.125 239.589 32.601 61.920 179.7 97.344 66.048
Kyn (L mg’1 min~1) 0.008 0.0105 0.0253 0.008 0.016 0.002 0.008 0.013 0.034 0.008 0.012 0.023
R? 0.964 0.941 0.911 0.962 0.855 0.884 0.964 0.959 0.839 0.977 0.959 0.814
Adams-Bohart
No (mg L’l) 0.590 2.681 3.836 0.586 15.75 41.889 4.056 15.246 23.069 3.865 16.610 23.590
Kag (L mg’1 min~1) 0.3 0.038 0.0213 0.33 0.048 0.02 0.46 0.038 0.016 0.38 0.06 0.021
R? 0.946 0.956 0.906 0.971 0.952 0.884 0.931 0.866 0.9 0.959 0.963 0.915
" Fixed bed column performance in PPs removal at initial concentration of 50 mg L™
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Fig. 4. (a) Pseudo- First-Order models; (b) Pseudo-Second order models of adsorption PPs; (c) Equilibrium isotherms of DIC, IBU, and KET (pH = 4) and PRC (pH =
6) on clay (T = 25 °C; t = 120 min; Cy = 0-80 mg L~%; Concentration of adsorbent = 20 mg L Y and adsorption isotherms (d; Langmuir, e; Freundlich, f; Temkin for

adsorption time = 120 min).
removal of PRC, IBU, and KET.

3.2.3. Adsorbent dose

Equilibrium studies were performed to analyze the performance of
the adsorbent. The data were generated by varying the adsorbent dose
(10-200 mg L’l) at room temperature.

Fig. 3(b) depicts a bird’s-eye view of how higher clay concentration
generally tends to reduce the amount of pharmaceutical adsorbed per
mass of clay. Li et al. (2013); Padmavathy et al. (2016) reported similar
findings. The observed pattern can be elucidated by the escalated
adsorbent dosage, which leads to a higher abundance of active adsorp-
tion sites available for pharmaceutical molecules. This phenomenon
highlights the direct relationship between the amount of adsorbent used
and the increased capacity to adsorb pharmaceutical compounds.
Romdhani et al. (2023). Across all concentrations of DIC, PRC, KET, and
IBU, the adsorption process reaches equilibrium within 120 min, with
the most pronounced adsorption capacity observed at a dosage of 20 mg
L7! of calcined clay. This phenomenon can be attributed to the

substantial presence of readily available, unoccupied adsorbent sites,
which expedite adsorption from the very onset of the process. This
highlights the efficiency of the adsorbent and its capacity to swiftly
interact with the targeted pharmaceutical compounds (Azari et al.,
2022). However, along with adsorption going on, the remaining sites
become fewer and less accessible due to repulsive forces between the
pharmaceutical molecules on the surface and the un-adsorbed phar-
maceutical molecules, as well as the adsorbent’s structure (Tatarchuk
et al., 2023). The maximum adsorption observed at a dosage of 20 mg
per L of calcined clay indicates an optimal equilibrium between various
factors. In this context, a harmonious balance exists between the
quantity of available adsorption sites and the effectiveness of diffusion
mechanisms. This equilibrium implies that the calcination process
inherently boosts the clay’s hydrophobicity (Chandrasekhar and Ram-
aswamy, 2002; Wahyuni et al., 2023), resulting in a significantly
enhanced sorption capacity for these four products. Hydrophobicity is
created during calcination and the surface chemistry becomes more
compatible with organic compounds (Sousa et al., 2022). Furthermore,



Ewis et al. (2022) demonstrated a notable improvement in the
diffusion rate of molecules within the calcined clay matrix. This
harmonious balance between increased hydrophobicity, enhanced
sorption capacity, and efficient diffusion mechanisms highlights the
favorable impact of the calcination process on clay’s adsorption and
transport properties.

3.2.4. Effect of pH

Fig. 3(c) depicts the effect of pH on pharmaceutical removal by the
calcined clay. When the pHwas changed from 4 to 8, theremoval of IBU,
DIC, and KET decreased progressively. IBU, DIC, and KET adsorption
capacities decreased from 138 to 46 mg g~ !, 238 to 10 mg g~ !, and 245
to 117 mg g~ !, respectively. Furthermore, the most significant adsorp-
tion occurred at pH = 4. Similar results for IBU adsorption by natural
clay at pH = 3 have been reported (Khazri et al., 2017). However, at pH

= 6, the adsorption rate for PRC increased, with an adsorption capacity
ranging from 120 to 38 mg g~!. The effect of pH can be explained by the
different interactions between drugs and clay in terms of surface charge
and degree of interaction (Sousa et al., 2022). When the charges of the
adsorbate molecules and the adsorbent surface are opposite, attractive
electrostatic forces tend to exist, which can aid in the adsorption process.
Electrostatic attraction forces can explain these findings. IBU, DIC, and
KET have pKa values of 4.91, 4.15, and 4.4, respectively. That means
that the three pharmaceuticals have a nearly neutral charge at pH 4. The
surface of calcined clay is weakly positively charged because the pHp, is
less than 7. The high adsorption capacity at pH < pKa is probably due to
some hydrophobic attractions between pharmaceutical products and the
calcined clay. As a result, in the pH range of 4-8, the removal efficacy of
the three tested compounds decreased. However, different sensibilities
are observed among the three molecules. The lowest pH sensitivity is
obtained with KET, which is still removed at 117 mg g~ ! at pH = 8,
giving a removal twice as low as at pH = 4. To the opposite, the sharpest
pH effect is obtained with IBU, as the removal drops from 138 down to
<50 mg g~ ! as soon as the pH reaches the pKa value. Finally, DIC
removal by the clay displays a stronger but more progressive pH effect,
decreasing from 240 to 10 mg g~ . It is a polar molecule that has two
bulky chlorine atoms. For adsorption, the volume of the molecule must
also be considered, as well as whether it can fit into the cavities of the
adsorbent. Because of pKa = 4.15, at pH = 7-8, deprotonation of the
—COOH group to -COO™ occurs, making the molecule negatively charged
and tending to reject the adsorbent’s surface charge. At pH 4, the
sorption efficiency on calcined clay was quite high, when deprotonation
did not occur, same results have been shown by Szabova et al. (2022).
The adsorption rate of PRC was shown to be lower at pH > 6. That may
be attributed to the repulsion between the negative surface charges of
clay and the PRC molecules progressively deprotonating when pH gets
closer to the pKa (9.38) (Ferreira et al., 2015). However, in basic solu-
tions, PRC molecules have a significantly larger charge density that is
repelled by the negatively charged sample. In this instance, phys-
isorption may be more important. The removal percentage of DIC with
almost 98% is higher than KET (34%) > IBU (32%) at pH = 4> PRC
(16%; pH = 6).

3.2.5. Adsorption isotherms

Data from adsorption isotherms starting at various initial concen-
trations of DIC, IBU, PRC, and KET were investigated. These results were
obtained by measuring drug concentrations after pharmaceutical/clay
contact times equal to the equilibrium times. As a result, all drugs’
adsorption isotherms are plotted in Fig. 4(c). According to the data, the
adsorption capacities of DIC (Qe = 228 mg g !) and KET (Qe = 217 mg
g~ 1) were greater than that of IBU (Qe = 163 mg g~!) and PRC (Qe =
150 mg g’l).

Additionally, it appears that the DIC, KET, and IBU adsorption ki-
netic curves on calcined clay are all characterized by a similar adsorp-
tion dynamic (Fig. 4(c)). The curve shapes for these three
pharmaceuticals are type L2, indicating that the active sites of adsorp-
tion have been saturated and exhausted (Streit et al., 2021). Even at low

initial concentrations, the calcined clay has a high affinity for these three
drugs. In contrast, the PRC curve did not have a plateau (Streit et al.,
2021), which could indicate that the active sites of the clay adsorbent
were not fully occupied. According to the isotherm classification pro-
posed by Giles et al. (1960), this type of curve is generally related to type
L1.

The linearized form was used to determine the Langmuir, Freund-
lich, and Temkin isotherm parameters, and their values, along with the
respective correlation coefficients, are listed in Table 1(a). The Lang-
muir isotherm fits the equilibrium data with the highest accuracy among
the linear models under our experimental conditions. However, the
difference was minor when compared to the Freundlich model. As a
result, it is unclear whether adsorption occurred on a homogeneous or
heterogeneous surface. Furthermore, the Langmuir model assumes
monolayer adsorption. In contrast, the Temkin isotherm model (Fig. 4
(f)) assumes that the adsorption heat of all molecules decreases linearly
with the increase in coverage of the adsorbent surface. That adsorption
is characterized by a uniform distribution of binding energies up to a
maximum binding energy.

Data in Table 1(a) shows that the best correlation coefficients were,
in decreasing order, Langmuir > Temkin > Freundlich models. The
highest value of R for calcined clay was fitted to the Langmuir model
(Fig. 4(d)). Fig. 4(d) shows the fit of experimental data with the line-
arized form of the Langmuir isotherm model. The isotherm parameters
calculated of PPs in this study agreed with the data reported by Ayawei
et al. (2017); Khazri et al. (2017) and Wang and Guo (2020). This
finding may explain the monolayer coverage on the outer surface, which
is characterized by uniform functional site occupation by DIC, IBU, and
KET, and assumes an entire site interaction between the three NSAIDs
and calcined clay. But the adsorption capacity at the plateau for IBU is
lower than for DIC and KET. This may suggest that some sites used for
DIC and KET are not enough energetic for IBU adsorption, which is not
compatible with Langmuir model. A second hypothesis is that IBU
having a slightly smaller molecular weight than DIC or KET, even if the
same number of molecule is absorbed for the three candidates, in term of
mass this results in a lower amount adsorbed for the smaller molecule.
However, if the energy of interaction was the same for the three mole-
cules, the isotherm slope would be similar. This makes us think that the
first hypothesis is more likely.

Furthermore, as shown in Fig. 4(e) the Freundlich model best fits
PRC adsorption. The calculated coefficient was less fitting to the
experimental data, excluding the possibility of non-uniform adsorption
of PRC onto a heterogeneous surface, which is consistent with the data
reported by Elamin et al. (2021) and Kryuchkova et al. (2021).

3.3. Fixed bed column adsorption

3.3.1. Breakthrough analysis

The breakthrough curve measured with the fixed bed column system
are presented in Fig. 5. The effect of initial PPs concentration was
studied here using the same clay as for batch adsorption. According to
flow rate value, the superficial velocity in Darcy equation is equal to
1.041 m s L Lee et al. (2023) demonstrated that for the removal of
Methylene Blue in a sand-illite mixture, there is no effect of Darcy’s
velocity values on the breakthrough behavior. Results from Fig. 5 and
Table 1(b) show that the fraction of PPs retained by the clay decreases as
the initial inlet concentration increases. Fig. 5 demonstrates that when
the PPs concentration increased from 10 to 80 mg L™, the aqueous
solution reached the breakthrough point faster. The aqueous solution
reached the breakthrough point of DIC, PRC, KET, and IBU 70 min, 180
min, 120 min, and 140 min earlier at 80 mg L~!, when compared to 50.
This might be because a larger PPs influent concentration increased the
driving force for mass transfer across the liquid film and accelerated the
adsorption rate, resulting in earlier exhaustion of the fixed-bed column
(Yanyan et al., 2018). Breakthrough curves were dispersed throughout
the elution time at lower inlet concentrations (10 mg L), as seen by
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Fig. 5. Breakthrough curves of PPs fixed-bed column adsorption onto calcined clay as function of: Q = 0.75 mL min~%; Z = 12.5 cm.

Lopez-Cervantes et al. (2018). When the BTC reaches 1, this means that
the sorbent does not retain anymore the NSAIDs. This is clearly seen as a
progressive trend here for the four NSAIDs molecules, with a more rapid
breakthrough when the inlet solution is more concentrated in PPs, i.e.
the sorbent saturation takes place more rapidly. This can be explained by
the fact that a low influent concentration causes a slow transport of the
PPs to the surface of the calcined clay adsorbent. The removal per-
centage of DIC with almost 98% is higher than KET (77%) > IBU (76%)
> PRC (67%).

It is proposed that the absorption of PPs from the liquid phase to the
solid surface occurs via mass transfer as adsorption of PPs at adsorbent
interior sites and intraparticle diffusion of PPs or its species within
adsorbent pores.

3.3.2. Mathematical modelling

3.3.2.1. Thomas model. Based on the Thomas model, the Thomas ki-
netic coefficient (Kgy) and the maximum solid phase concentration Qo
(mg g’l) were calculated, and results are grouped in Table 1(b). The R?
of the plots ranges from 0.913 to 0.942, 0.904 to 0.921, 0.891 to 0.971,
and 0.915 to 0.932 for PRC, DIC, IBU, and KET, respectively, suggesting
that the Thomas model adequately fits all PPs concentrations. Table 1(b)
shows that the calcined clay’s adsorption capacity (Qo) increased with
increasing the PPs concentration in the inlet solution, while the value of
Kth decreased. The experimental qo,exp and calculated qo,cal (Table 1(b))
values did not differ significantly, showing that the simulated experi-
mental data fit the Thomas model well.

3.3.2.2. Adams-Bohart model. The Bohart-Adams model is frequently
used to describe the initial behavior of the breakthrough curve. Kap
kinetic constant values were higher for lower Co (10 mg L’l), while the
adsorption capacity Ny was lower (Table 1(b)). This characteristic is
related to the kinetics of adsorption. The drop in Kup found at high Co
(80 mg L 1) values implies that the overall system kinetics is regulated
by external mass transfer in the early stages of fixed bed column

adsorption (de Franco et al., 2018). The correlation coefficient R? of
initial concentration 10 mg L1 of all PPs ranges from 0.931 to 0.971.

3.3.2.3. Yoon-Nelson model. The Yoon-Nelson model is suitable for
single-component systems. The parameters of this model are listed in
Table 1(b). All PPs had the longest 50% breakthrough time at 10 mg L™!:
239.5, 134.7, 121.1, and 179.7 min for IBU, DIC, PRC, and KET,
respectively. Yoon-Nelson rate constant Kyy increases with the
increasing of initial PPs concentration. The saturation of the fixed bed
column occurred earlier when its initial concentration was higher.
Correlation coefficients related to experimental and predictable data
using the Yoon-Nelson model in all phases ranged from 0.814 to 0.977.

3.4. Comparison batch and fixed bed column adsorption through isotherm
parameters

Tables 1(a) and 1(b) show isotherm parameters, and values for batch
(Langmuir, Freundlich, and Temkin) and fixed bed column (Thomas,
Adams-Bohart, and Yoon-Nelson) experiments. Table 1(a) shows that
higher correlation coefficients (RZ), closer to one, as represented by the
Langmuir model, indicate that is the most applicable. In the batch
isotherm, values of Langmuir affinity constant (KL) less than 1 indicate a
strong interaction between adsorbate and adsorbent, and Freundlich
sorption intensity (n) is greater than 1, confirming the represented
favorable adsorption conditions. Tables 1(a) and 1(b) compare the
maximum adsorption capacity-related to the Langmuir and Thomas
isotherms for NSAIDs removal onto calcined clay in batch and fixed bed
column studies. PRC was shown to be better adsorbed in batch experi-
ment (434.7 mg g~ 1), whereas in fixed bed column study only 5.6 mg
g~ ! was achieved.

4. Comparison with other studies

The removal capacity of calcined clay exhibits a remarkable
improvement at a dosage of 20 mg L', Equilibrium in adsorption was



Table 2

Comparative analysis of calcined clay adsorbent performance against prior research.

PPs Adsorbent pH T°C Qmax (mg g 1) Literature
Batch adsorption
IBU Na-clay 6 25 (+0.2 °C) 36.0 Khazri et al. (2017)
Calcined clay 4 138 This study
DIC Montmorillonite 7 2.53 Chauhan et al. (2020b)
Clay-pillared with titanium oxide 7 23.05
Natural Bentonite 5.4 62.5 Mabrouki and Akretche (2016)
Na-Bentonite 5.4 40.0
Iron-pillared Bentonite 5.4 100
Calcined clay 4 238 This study
PRC Montmorillonite 7 3.99 Chauhan et al. (2020b)
Calcined clay 6 120 This study
Adsorption in a fixed bed column
PRC Sugarcane Bagasse (SB) 6 25 (+£0.2°C) 0.32 Juela (2020)
Corn cab (CC) 0.47
Calcined clay 7 5.63 This study
IBU Nano-clay-composite based on cloisite 15A 7-8 5.60 Rafati et al. (2019)
Calcined clay 7 5.31 This study

achieved within 120 min for all the pharmaceutical products examined
in this study.

As indicated in Table 2, Khazri et al. (2017) employed a dosage of 1
kg of Na-clay per liter, comprising a blend of smectite-kaolinite clay
sourced from Jbel Sejnane in northeastern Tunisia, for the adsorption of
IBU. They reached equilibrium after 240 min, achieving a maximum
adsorption capacity of 36 mg g~'. In contrast, our study achieved a
significantly higher maximum adsorption capacity of 138 mg g~ ! using
calcined clay at a dosage of only 20 mg L. This highlights the efficient
utilization of calcined clay, resulting in an enhanced adsorption capacity
even at lower adsorbent dosages and shorter contact times.

In the study conducted by Mabrouki and Akretche (2016), batch
adsorption was utilized to eliminate DIC using bentonite clay sourced
from Algeria. The results showed a maximum adsorption capacity of
62.5 mg g_1 at a pH of 5.4, as displayed in Table 2. In contrast, our
calcined clay demonstrated a notably superior adsorption capacity,
exceeding 230 mg g~ ! at pH 4.

Chauhan et al. (2020b) explored the removal of PRC by employing
unaltered montmorillonite clay sourced from India, resulting in a rela-
tively modest adsorption capacity of 3.99 mg g~! within a 60 min
contact time. In contrast, in our study, calcined clay exhibited a mark-
edly higher adsorption capacity of 120 mg g 1.

In the context of removing PRC by fixed-bed column, Juela (2020)
conducted experiments with two distinct adsorbents, sugarcane bagasse
(SB) and corn cobs (CC), as detailed in Table 2. These investigations
yielded significantly low adsorption capacities of 0.32 mg g~ for SB and
0.47 mg g~ ! for CC. However, when employing the calcined clay under
study for fixed bed column adsorption, a substantial enhancement in
adsorption capacity was observed, reaching 5 mg g~" for the efficient
removal of PRC.

Furthermore, Rafati et al. (2019) utilized a Nano-clay composite that
included cloisite 15A for the removal of IBU. Their study yielded results
nearly identical to ours, demonstrating an adsorption capacity
exceeding 5 mg g~ L.

5. Conclusion

Clay adsorbent from the geographical location ZBH quarry was used.
The presence of kaolinite as the dominant mineral phase in the clay
sample, along with alumino-silicate and quartz, was revealed by
mineralogical analysis. Batch experiments and fixed bed column
adsorption were carried out to investigate the removal of DIC, PRC, KET,
and IBU using this calcined clay. Several sorption factors, such as
adsorbent dosage, contact time, pH effect, and initial PPs concentration,
were investigated to improve the reaction conditions for the adsorption
process. The batch adsorption study revealed that the process followed
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the Langmuir isothermal model for DIC, IBU, and KET and the Freund-
lich model for PRC. For DIC, IBU, KET, and PRC, the maximum
adsorption capacities of the formed monolayers were found to be 238,
138, 245, and 80 mg g, respectively. On the other hand, the kinetic
studies confirmed that the adsorption path fit the pseudo-second-order
kinetic model. A fixed bed column adsorption study was carried out to
investigate the removal efficiency of calcined clay under continuous
flow-through and at various PPs concentrations. The Thomas model
appeared to be suitable for describing the breakthrough curves. Calcined
clay is thought to be the most effective adsorbent using fixed-bed
adsorption removal material with a percentage of removal for DIC
(98%), KET (77%), IBU (76%), and PRC (67%). This study highlights the
potential of calcined clay as a cost-effective, efficient, and eco-friendly
adsorbent for treating wastewater contaminated with pharmaceutical
residues. By combining clay with sand in specific ratios and subjecting it
to solar radiation, the adsorbed molecules undergo degradation via solar
photocatalysis. However, it’s crucial to emphasize that while this
concept shows promise, its practicality and effectiveness require vali-
dation through rigorous scientific research and pilot-scale testing.
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