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This study deals with the development of a granulated Fe-pillared clay (Fe-PC) using carboxymethylcellulose
(CMC) as a binder to present it as an innovative adsorbent for the individual and competitive adsorption of
tetracycline (Tc) and tizanidine (Tz) from water. An optimum pH value of 7 was determined for both individual
and multi-component adsorption. The optimal dosage of granulated Fe-PC was determined to be 1.5 g/L for Tz
and 3 g/L for Tc, resulting in constant removal rates of 80 % for Tc and 90 % for Tz. Tizanidine showed a higher
affinity for powdered or granulated Fe-PC compared to tetracycline, due to its smaller molecular size and
increased amine functional groups. Consequently, Tz showed improved kinetic rates (initial pseudo-second order
sorption rates of 170.79 and 25.62 mg/g.h for Tz and Tc, respectively) and equilibrium capacities (maximum
monolayer adsorption capacity of granulated Fe-PC at room temperature over Tc and Tz, 54.89 mg/g and 66.40
mg/g). Granulation affected the kinetic rate for both adsorbates, albeit with a more pronounced effect for Tc. The
adsorption of Tz was less sensitive to temperature changes, indicating a lower enthalpy change of adsorption
(14.24 and 77.91 kJ/mol for Tz and Tc, respectively). HCI for Tc and NacCl for Tz were identified as optimal
desorption eluents, confirming the involvement of cation exchange in Tz adsorption. Surface functional group
analysis confirmed the proposed complexation mechanisms. Tz consistently showed a higher affinity for granular
Fe-PC than Tc, especially at lower adsorbent dosages. This article provides a comprehensive insight into the
characterization of the prepared adsorbents and their cyclic adsorption-desorption performance for Tc and Tz.

1. Introduction concentrations of antibiotics can lead to the development of

antibiotic-resistant bacteria in aquatic ecosystems, which could exac-

The presence of pharmaceutical pollutants as emerging contami-
nants in aquatic systems has raised concerns about their potential haz-
ards to living organisms. These contaminants are non-biodegradable and
require a high concentration of soluble oxygen to decompose. Despite
conventional wastewater treatment methods, they remain in the envi-
ronment [1,2]. In this article, tizanidine and tetracycline are presented
as examples of painkillers and broad-spectrum antibiotics, respectively,
and their removal from the aqueous environment.

Tizanidine is a skeletal muscle relaxant used to relieve muscle ten-
sion and spasms caused by brain and spinal cord injuries [3]. Tetracy-
clines, on the other hand, are widely used antibiotics and serve as a
model substance for many case studies. Prolonged exposure to sublethal
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erbate the problem of antibiotic resistance in humans and animals.
Furthermore, tetracycline can disrupt the balance of microbial com-
munities in the aquatic environment, making it an exemplary pharma-
ceutical pollutant that requires a thorough assessment of its
environmental impact [4,5].

Fig. 1(a) and (b) show the molecular structures of tetracycline and
tizanidine. Tizanidine contains type II and IIl amine groups, which are
crucial for its pharmacological activities and interactions. Tetracycline,
with its complex molecular structure comprising a linear four-ring
structure, has a broad spectrum of activity against various types of
bacteria, making it a widely used antibiotic. Therefore, tetracycline
serves as a valuable model compound for the study of pharmaceutical
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pollutants.

Several methods have been proposed for the removal of pharma-
ceutical contaminants from aqueous systems, including membrane
separation, advanced oxidation processes and adsorption processes [6].
The adsorption process is the preferred removal method when an
easy-to-use, cost-effective and efficient method of removing trace con-
taminants is required. In addition, this method offers great flexibility in
incorporating innovations during the synthesis of adsorbents and their
surface modification, transforming a general-purpose adsorbent into a
highly selective one [7]. However, it can also have disadvantages, such
as the production of contaminated solids. This disadvantage can be
mitigated by the production of recyclable adsorbents that are regener-
able and can be used in cyclic adsorption-desorption processes.

Tetracycline has attracted considerable research attention due to its
potential hazard and the need to study its removal by adsorption.
Numerous reports have investigated various adsorbents and modifica-
tion methods for the removal of tetracycline and compared their
maximum monolayer adsorption capacities (qn). These adsorbents
include magnetic chitosan (qu=211.21 mg/g) [8], mushroom
bran-based biochar (q,,=17 mg/g) [9], polymeric adsorbent based on
rubber waste (qu=76.33 mg/g) [10], N-self-doped hierarchical porous
carbon adsorbent (qu=506.6 mg/g) [11], ZnAl-layered double hy-
droxide biochar composite (q,=41.98 mg/g) [12], alkali-activated
biochar based on walnut shells (qp,=607 mg/g) [13], sulfur-doped
magnetic carbon nanotubes (q,=116.27 mg/g) [14], poly
(dopamine)-modified glass microspheres as a self-floating adsorbent
(@m=333.7 mg/g) [15], vitamin C-modified crayfish shell biochar
(qm=293.36 mg/g) [16], g-C3N4-ZnO-BaTiO3 nanocomposite (qm=
218.59 mg/g) [17] and so on.

Tizanidine, a newer pharmaceutical pollutant, has received less
attention in research. Its smaller molecular size and its structure, which
contains nitrogen, sulfur and chlorine, give it a higher density of func-
tionalities compared to tetracycline. This unique structure makes tiza-
nidine suitable for comparative studies with tetracycline to investigate
different adsorption mechanisms.

Researchers are constantly looking for new adsorbents with high
capacity, fast kinetics, mechanical stability and regenerability to
improve the efficiency of adsorption processes [18-20]. A variety of
adsorbents have been utilized for the adsorption of tetracycline, as
indicated by the existing literature [21]. The study investigates the
effectiveness of porous clay-based adsorbents as a cost-effective
approach. It utilizes the inherent porous nature of natural clays or
synthetic zeolites, which can be further enhanced by swelling. Pillaring
is a modification technique that increases the permanent porosity of
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clay. By using different pillaring agents, clays with different surface
areas, basal spacing, pore sizes, volumes and acid contents can be pro-
duced [22,23].

Iron-pillared clays are a magnetic, cost-effective and environmen-
tally friendly adsorbent with high permanent porosity. They offer the
additional advantage that the saturated sorbent can be easily separated
and collected from the treated solution. Yuan et al. successfully syn-
thesized and characterized dealuminated iron-pillared montmorillonite
with a meso-microporous structure, which exhibited the highest specific
surface area of 215.7 m2/g and the largest porosity of 0.29 cm>/g [24].

In this study, we investigate the use of iron-pillared clays as magnetic
adsorbents, which have the great advantage of allowing a simple
collection process. This separation process can be further improved by
using extruded shaped granular adsorbents [25,26]. Among the various
binders, the use of an environmentally friendly, easily accessible and
cost-effective material is preferred for the production of new and inno-
vative adsorbents.

Various types of binders have been proposed for the granulation of
pillared clays, such as a hydrophilic silicone-acrylic polymer for high
shear wet granulation of inorganic-organic pillared clays [27], gluten as
a viscoelastic inert binder obtained by leaching wheat dough for gran-
ulation of iron pillared montmorillonite [28], and biopolymers
including alginate, chitosan, or a combination of both used to encap-
sulate powdered silica pillared clay [29,30]. It is suggested that the
presence of binders not only determines the shape and size of the par-
ticles but also confers specific functionalities that may increase/decrease
their affinity for certain species. Carboxymethylcellulose (CMC) is a
versatile material that can serve as a dispersing, thickening and gelling
agent (Fig. 1(c)). Several studies have reported the use of CMC as a
binder for the granulation of various adsorbents, such as chitosan [31],
graphene oxide [32], and metal oxides [33]. In others, CMC has been
introduced as an adsorbent [34].

In this study, we investigate the potential of carboxymethylcellulose
(CMCQ) as a binder for the granulation and modification of Fe-pillared
clay. We evaluate the adsorption capacity of the granulated product
for two types of pharmaceutical pollutants, tetracycline (Tc) and tiza-
nidine (Tz). This modification makes it possible to increase the particle
size and improve the mechanical stability of the adsorbent. We compare
the performance of powdered and granular Fe-PC in the removal of Tc
and Tz. A comprehensive series of adsorption and desorption experi-
ments in batch mode were performed with the granular sorbent to
investigate the influence of different operating parameters on the
adsorption, desorption and regenerability of the adsorbent. Kinetic,
equilibrium and thermodynamic parameters were estimated by
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Fig. 1. Molecular structures of (a) tetracycline (Tc), (b) tizanidine (Tz) and (c) carboxymethylcellulose (CMC).
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modeling and the mechanisms involved in adsorption were elucidated
by a combination of characterization, adsorption and desorption studies.
The most important innovations of the study are full-batch analysis of
the adsorption behavior of tizanidine as a novel pharmaceutical
pollutant, investigation of binary competitive adsorption of Tz and Tc,
and the use of CMC-granulated Fe-pillared clay as a composite adsorbent
for this application.

2. Experimental
2.1. Adsorbent preparation and granulation

In the current study, laboratory grade montmorillonite (Mt) (Sigma-
Aldrich) was used to produce iron-pillared clay. Several chemicals were
used for the preparation, including ferric nitrate nonahydrate (Fe
(NO3)3-9H20), sodium hydroxide (NaOH), carboxymethylcellulose
(CgH160g), hydrochloric acid, ethanol (Cy;HsOH), sodium chloride
(NaCl) and acetic acid (CHs:COOH) from Merck.

To ensure purity, the first step was to separate impurities such as
minerals and carbonates from the montmorillonite. Mechanical sieving
was carried out using sieve no. 325 and resulted in the separation and
removal of particles larger than 45 pm. The clay was then washed with
distilled water (at a ratio of 10 mL/1 mg Mt). The resulting Mt water was
then separated by vacuum filtration and dried in an oven at 90 °C.

To increase the purity, activity sites, porosity and acidity of the clay,
an acid wash with acetic acid (0.25 M) was carried out at a ratio of 5
em®/1 mg Mt. This treatment facilitated the removal of carbonate im-
purities, resulting in the production of CO,. After a 40-min wash with
distilled water and vacuum filtration, the pretreated clay was dried in an
oven at 90 °C for 12 h.

The pretreated clay was then pulverized and subjected to NaCl
treatment (1 M) for 14 h, which was repeated twice. The clay was then
washed twice with distilled water for 1 h each time. The treated clay was
finally dried in an oven at 90 °C for 12 h.

Na-saturated clay was used for the production of iron-pillared clay.
For this purpose, a pillaring solution was prepared by slowly adding a
NaOH solution (0.2 M) to a Fe(NO3)3 solution (0.2 M) at a ratio of 1:2
with constant stirring on a magnetic stirrer for 1 h. This solution was
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allowed to stand at 35 °C for 24 h, then it was added dropwise to a 1 %
Na-saturated clay suspension and then stirred for another 24 h and
vacuum filtered.

The treated clay was then subjected to several washing steps with
distilled water (at a ratio of 1 g/10 cm® for clay/water) over a period of 1
h, which was repeated four times. The washing process was continued
until the pH of the filtrate reached that of distilled water. The clay was
then dried in an oven at 85 °C and subsequently pulverized. The product
was calcined in the presence of air at 400 °C for a total of 3 h. The result
of this process was iron pillared clay represented by Fe-PC (as shown in
Fig. 2).

Fig. 2 shows a schematic representation of the production of iron-
pillared clay (Fe-PC) in conjunction with the granulation process using
carboxymethylcellulose (CMC).

Carboxymethylcellulose (CMC) was used to granulate Fe-PC in a
simple process. First, a CMC solution with a ratio of 1 to 50 (CMC to
distilled water) was stirred for a period of 2 h at 45 °C. In addition, an Fe-
PC suspension was prepared at a ratio of 1 g to 10 ecm® (clay to distilled
water) for 2 h at room temperature. Both solutions were then combined
and stirred for a further 4 h.

The resulting solution was then slowly added dropwise (with a 60
cm® syringe) to an Fe(NOs)3 (0.05 M) solution. On contact with the
solution, the droplets turned into a granular form and cross-linking
began. The resulting granules were left in the solution for 10 h before
being washed three times with distilled water. Finally, the granulated
hydrogels were dried at a temperature of 65 °C. The resulting hydrogels
and the dried granules are shown in Fig. 2.

2.2. Adsorbents’ characterization

A number of analytical methods were used to characterize the raw
materials and products in this study. The weight percentage of constit-
uents contained in the clays and pillared clays was determined using X-
ray fluorescence (XRF) analysis with a Rikagu spectrometer. The crys-
tallinity and the phases present in the structures of the adsorbents were
determined using an X-ray diffractometer (PHILIPS-PW1730) operated
with an anode source of CuKa radiation (A=1.54056 A) at 40 kV and 30
mA. Fourier transform infrared spectroscopy (FTIR) was performed
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Fig. 2. A schematic representation of the preparation of iron-pillared clay (Fe-PC) (1) coupled with the granulation process using carboxymethyl cellulose (CMC) (2).
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using a Thermo AVATAR 360 and the spectra were measured in the
400-4000 cm™! range. The aim of this analysis was to determine the
functional groups and chemical bonds present in the products and other
materials. The surface morphology of the adsorbents was analyzed using
a TESCAN scanning electron microscope (FE-SEM). The specific surface
area, pore size and micro- and mesopores of the adsorbents were
determined using N» adsorption-desorption tests performed with a
BELSORP mini II at 77 K. Diffuse reflectance spectroscopy (DRS) was
performed in the 250-1100 nm range using an Avants-2048-TEC (DH-S
Avants setup). The pHp,. of the adsorbents was analyzed using a stan-
dard pH drift method. In this method, a 0.1 M NaCl solution was pre-
pared and the pH of the solution was adjusted with 0.1 M NaOH and HCl
in a range of 2-10. Adsorbents weighing 0.03 g were placed in contact
with 30 cm® of the solutions for 20 h, and the pH of the solutions was
determined after this time. The pHy,, refers to the pH value at which the
initial and final pH values are equal.

2.3. Single- and multi-component adsorption experiments

Solutions of tetracycline (Tc) and/or tizanidine (Tz) were prepared
at initial concentrations of 30 mg/L to perform single-component
adsorption experiments. The starting powders for tetracycline and
tizanidine were provided by Tehrandarou Co, a local pharmaceutical
manufacturing facility in Iran.

For the pH optimization experiments, 30 cm® of the Tc and Tz so-
lutions (30 mg/L) were poured into 50 cm® Erlenmeyer flasks and the
initial pH of each solution was adjusted with 0.1 M NaOH and HCl in the
range of 3 to 11. Subsequently, 0.03 g of adsorbent was added to the
solution, which was then shaken at room temperature (30 °C) at a speed
of 250 rpm for 24 h. The effect of adsorbent dosage (from 0.2 to 3 g/L for
tizanidine and from 0.1 to 4 g/L for tetracycline) was studied at an
optimal pH of 7, while the other operating parameters were kept con-
stant according to the pH experiments. Kinetic experiments were per-
formed to determine the effect of contact time on adsorption, with
contact times ranging from 5 min to 24 h for tizanidine and 5 min to 30 h
for tetracycline. The experiments were continued until equilibrium was
reached. Isothermal equilibrium adsorption tests were performed in the
range of 10-300 mg/L for the initial concentration of pharmaceutical
pollutants at three different temperatures (35, 45 and 55 °C).

In order to perform binary adsorption experiments, the adsorption of
tetracycline and tizanidine was studied simultaneously at their indi-
vidual initial concentrations of 30 mg/L. The influence of adsorbent
dosage was studied in the range of 0.2-3 g/L, while the optimal pH for
multicomponent adsorption was 7. The experiments were conducted
under constant conditions, including a temperature of 30 °C, a shaking
time of 24 h and a stirring speed of 250 rpm.

A UV-Vis spectrometer (Rayleigh UV-2601) was used to measure the
concentrations of tizanidine and tetracycline. The maximum absorption
wavelength for tizanidine and tetracycline was found to be 228 and 355
nm, respectively. Calibration of the device was performed over the
concentration range of 10-30 mg/L for both Tz and Tc.

The agreement between the experimental data and the models was
assessed using various statistical parameters. In addition to the R2
(correlation coefficient), several other statistical parameters were used
to assess the agreement between the kinetic and isotherm models
(described in Sections 3.2.4 and 3.2.5) and the experimental data. The
following equations are used to calculate SSE (Sum of Squared Errors)
and RMSE (Root Mean Square Error):

SSE =" (e — qeat), ¢))
n 2
RMSE = Zi (qm;v q(m)[ (2)

Where qca) represents the calculated adsorption capacity, Qexp the
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corresponding experimental value and N stands for the total number of
data points. A value closer to 0 for these two parameters means that the
model is better suited for predictive purposes.

2.4. Desorption experiments

The desorption experiments were carried out with sorbents that were
completely saturated with either Tc or Tz. These experiments were
performed following single-component equilibrium adsorption experi-
ments that took place under optimal operating conditions, including a
temperature of 30 °C, an initial concentration of 30 mg/L, a contact time
of 24 h, a pH of 7, a shaking rate of 250 rpm, and an optimal adsorbent
dosage of 3 g/L for Tc and 1.5 g/L for Tz. After primary adsorption, the
saturated sorbents were separated from the treated solutions via filter
paper. The solid samples were then dried for 4 h at a temperature of 70
°C and the filtrate was analyzed by UV-Vis spectroscopy.

Three different eluents, namely 0.1 M NaCl, 0.1 M HCI and ethanol,
were used in the desorption experiments on the saturated sorbents. For
the desorption process, an adsorbent dosage twice as high as the optimal
adsorption dosage (6 g/L for Tc and 3 g/L for Tz) was used. From an
economic and technical point of view, it is more favorable to desorb the
adsorbed species in a smaller volume of the desorption solution and to
obtain a more concentrated solution with a smaller volume. Therefore,
we propose to halve the volume of the eluent instead of desorbing the
species in a volume equal to that of the feed solution. This means that the
solid dosage in the desorption process is twice as high as in the
adsorption process.

The desorption experiments were carried out for 6 h at 30 °C with a
shaking rate of 250 rpm. After the desorption experiments, the sorbents
were separated from the eluents by filtration, rinsed, dried and then used
for the next adsorption experiments. The adsorption-desorption and
recovery experiments were performed cyclically with five consecutive
cycles.

Each adsorption and desorption experiment was repeated twice, and
the resulting error percentage was less than 5 %.

3. Results and discussion
3.1. Characterization studies

One of the most important results of the characterization confirming
the incorporation of Fe and the replacement of other metals by Fe in the
pillared and granular pillared clays, is shown in Table 1, which shows
the XRF results. From the data, the Fe content in the raw montmoril-
lonite before any treatment was about 6.5 wt%, which increased
significantly to about 22 wt% after iron pillaring. The granulation pro-
cess, which was carried out in an Fe(NOs3)3 solution, further increased
the Fe content to 26 wt%.

In addition, Table 1 shows the LOI% as an estimation of the presence
of volatiles, including water, carbon dioxide and organic matter in the
clay material. During the pillarization process, various purification and
treatment steps were carried out, resulting in a decrease in LOI from
about 13 % to about 10 %. However, after granulation with CMC and
due to the addition of organic molecules from the binder, this parameter
increased to over 26 %.

Fig. 3 shows the XRD patterns of three clay samples, which allow a
comparison of their crystallinity and the identification of the phases
within their structure. The raw clay pattern shows the characteristic
peaks of montmorillonite (JCPDS Card No. 13-0135). The peak at
20=5.49°, which represents the basal spacing (d001) of montmoril-
lonite, was not significantly altered by Fe-pillarization or granulation.
Typically, the basal spacing of the clay (both raw and modified) was
estimated to be about 16 A, suggesting that the Fe(NOs)s-mediated
pillarization process did not alter the interlayer spacing of the mont-
morillonite clay. Nevertheless, it played a role in the development and
maintenance of constant porosity.
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Table 1
Weight percentages of oxides and Loss on Ignition (LOI) in the structure of raw clay (montmorillonite), Fe-pillared clay, and granular Fe-pillared clay.
Sample Weight percentage (% wt.) (excluding LOI) LOI%
Si0, ALO; Fe,03 Ca0 MgO K,0 Na,O TiO, SO P,Os MnO
Mt (Clay) 63.97 20.72 6.49 213 2.01 1.68 1.37 0.77 0.53 0.23 0.10 12.99
Fe-PC 55.99 17.29 22.38 0.28 1.07 1.37 0.69 0.68 0.08 0.17 < 9.92
Granular Fe-PC 53.76 15.56 25.95 0.23 1.78 1.19 0.58 0.63 0.17 0.13 < 26.27

% Montmorilonite; W Quartz; @ Albite; ¢ Calcite

X
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0 5 10 15 20 25

30 35 40 45
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Fig. 3. XRD patterns of montmorillonite clay, iron pillared clay in the powdered and granular forms.

In addition, the raw clay contained quartz as an impurity, which had
a highly crystalline structure and significantly affected the XRD pattern
(JCPDS Card No. 46-0145). During the pre-treatment phases for pil-
laring and granulation, the presence of impurities such as quartz was
reduced and/or masked by organic binders. Therefore, the intensity of
the quartz peak was lower in the XRD patterns of Fe-PC and granulated
Fe-PC.

Pillarization of raw clays is primarily aimed at increasing their
porosity by introducing inner columns into the structure of the resulting
pillared clays. In the present study, an attempt was made to investigate
the effects of pillarization on the samples by performing N adsorption-
desorption experiments at 77 K. The resulting isotherms were classified
according to the IUPAC classification scheme and are shown in Fig. 4(a)
for further analysis.

All clay samples exhibited a type II adsorption isotherm, indicating a
low proportion of micropores (due to the low amount of adsorbed N at
low partial pressures) and a higher proportion of mesopores due to the
presence of a relatively large hysteresis loop at relatively high partial
pressures. The hysteresis loops all belong to the Hy classification, which
is characterized by a slit-shaped pore morphology [35]. These results
may provide insights into the potential applications of pillared clays,
especially for mesoporous materials.

The porous properties of the clay samples were compared in Table 2
to show that pillarization increases the specific surface area of the clay
sample by a factor of three. However, granulation of the Fe-PC with CMC
slightly reduced this specific surface area from 114 m?/g to less than 100
m?/g. The total pore volume and mesopore volume of the samples fol-
lowed a similar trend. The BJH mesopore width of the samples was
calculated from the desorption data and ranged between 38.6 to 28.9 A.
The percentage of mesopore volume relative to the total pore volume of
the samples was also calculated. The raw clay had a percentage of
approximately 100 %, while the treated clays had a percentage of
approximately 88-89 %. These results indicate that the process of

pillarization created and enlarged some micropores in the structure of
the pillared clays.

The FESEM images in Fig. 4(b) clearly show the differences in the
porous properties of the clay samples. As a non-porous material, the raw
clay exhibited relatively low porosity, as can be seen in Fig. 4 (b-1).
However, after pillarization, the clay samples showed discernible pores
and an increase in porosity, especially in the mesoporous region, along
with slit-shaped pores, as shown in Fig. 4 (b-1). It was observed that the
addition of a CMC binder to the granulated sample covered the surface
slits, resulting in a reduction in specific surface area, as shown in Fig. 4
(b-3).

The surface functionalities of the adsorbents were investigated and
compared using FTIR analysis. The corresponding spectra are shown in
Fig. 5. It is evident that the spectra of all three clay samples, including
the raw montmorillonite, the Fe-PC and the granular pillared clay, have
a similar shape. Table 3 gives an overview of the main peaks detected in
the samples. The aim of the analysis was to identify any differences
between the samples and to find evidence for the addition of new groups
during the treatments. The OH stretching bonds associated with the
hydroxyl elongation of the octahedral layer of the clay [36,37] were
prominent in all three samples. However, at about 2920 cm ™! and 1700
cm ! the granular Fe-PC shows small peaks that cannot be detected in
the raw clay and Fe-PC. These small peaks can be attributed to the C—H
stretching vibrations [38] and the aliphatic C = O and ~COOH stretching
vibrations [39], respectively, as indicated in Table 3. This suggests the
possible introduction of CMC as an organic binder in the clay structure.

On the other hand, the analysis of the FTIR spectra does not indicate
the inclusion of Fe in the Fe-PC structure compared to montmorillonite
clay. In fact, the presence of Fe-O stretching vibrations and Fe-O-Fe
bridging vibrations on the Fe-PC surface cannot be conclusively
demonstrated due to overlap with other dominant groups [40]. A
literature search shows that the peaks associated with Fe-O bonds
typically fall in the range of 450 to 700 cm ™! [41-44]. For example,
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Fig. 4. (a) Nitrogen adsorption-desorption isotherms of the clay samples at 77 K and (b) FESEM micrographs showing (b-1) The raw clay (montmorillonite), (b-2) Fe-

pillared clay, and (b-3) granular Fe-pillared clay.

Table 2
Porous properties of clay samples showing N5 adsorption-desorption isotherm at
77 K.

Sample Specific Total BJH BJH Mesoporous
surface pore mesopore mesopore percentage
area volume volume width (A) (%)

(m*/g) (cm®/g)  (cm®/g)

Clay (Mt) 38.1 0.083 0.082 38.6 929

Fe-PC 114.5 0.136 0.121 38.9 89

Granular 96.3 0.119 0.105 36.6 88

Fe-PC

Zviagina et al. assigned the band at about 680-685 cm™! to the

out-of-plane Fe-O vibration [45]. It can be seen that all types of clays
(Fe-treated and untreated) have the same shape in our case, indicating
that Fe-O cannot be detected by FTIR. However, a comparison of the
FTIR spectra of the three sorbents shows no significant deviation in this
area. Furthermore, the possibility of Fe-OH stretching vibrations cannot
be accurately confirmed, as there are no significant differences in the
intensity of the alcoholic bond peaks between pillared and raw clay.
To compare the acidity of the adsorbents, the pHp, (point of zero
charge) of both Fe-PC and granulated Fe-PC samples was determined
using the pH drift method and yielded values of 5.9 and 3.8, respec-
tively. It is noteworthy that the addition of CMC during the granulation
process introduced carboxyl groups (-COOH) into the structure of the
pillared clays. Although CMC is a relatively neutral compound, the
addition of acidic groups resulted in a decrease in pHp, for the granu-
lated Fe-PC samples, ultimately leading to a decrease in this value
compared to Fe-PC. These observations highlight the effect of CMC on
the pHy,. of the clay samples and illustrate the potential influence of

acidic groups on the adsorption behavior of these materials.

In contrast to FTIR, diffuse reflectance spectroscopy (DRS) analysis is
effective in confirming the incorporation of Fe groups (iron), typically
with an oxidation state of +3, into the clay structure by pillarization.
The absorption spectra of both the raw clay and the Fe-pillared clay (Fe-
PC) were measured in the wavelength range of 200-800 nm, as shown in
Fig. 6. The DRS spectra of the two clays showed significant differences.
In particular, the Fe(III) species in the Fe-PC structure exhibited a strong
absorption band in the visible region of 300-500 nm, indicating the
presence of Fe ions. These observations provide empirical evidence for
the successful incorporation of Fe groups into the clay structure by
pillarization.

3.2. Adsorption-desorption studies

3.2.1. Effect of adsorbent dosage

The aim of the first series of experiments was to compare the per-
formance of powdered Fe-PC and granulated Fe-PC in the adsorption of
Tc and Tz over a period of 0 to about 30 h. Fig. 7(a) and (b) show the
kinetic behavior of the two forms of Fe-PC in the adsorption of Tc and Tz,
respectively. It is clear that granulation has a significant effect on Tc
adsorption kinetics, while the effect on Tz adsorption kinetics is rela-
tively small. The slower kinetics observed for granulated PC can be
attributed to the larger particle size, thicker boundary layer and higher
mass transfer resistance compared to powdered Fe-PC. The equilibrium
time for Tc adsorption is about 6 h for the powdered form, but increases
to 30 h for the granulated form. However, once equilibrium is reached,
there is no significant difference between the two forms of Fe-PC in
terms of final removal percentage. In contrast, the kinetics for Tz is faster
for powdered Fe-PC; the equilibrium time for both forms of Fe-PC is
about 6 h. This discrepancy in kinetics can be attributed to the larger
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Fig. 5. FTIR spectra of montmorillonite clay, iron pillared clay in the powdered and granular forms.

Table 3
Identification of major bond peaks in FTIR spectra of clay samples.
Wavenumber (cm ™) Bonds Samples
Peak intensit
(Peak intensity) Clay  Fe- Granular
PC Fe-PC
3623-3698 (medium, O-H stretching, Alcohol v Vv \/
sharp),
3429-3448 (strong,
broad)

530-535 (medium) Si-O stretching & Si-O-Si
symmetric stretching

Si-O-Si out of plane

2840-3000 (medium) ~ C—H stretching x x Y/
1700 (weak) C = O stretching X X \/
1634-1637 (medium) ~ O-H bending v v v
912-934 (weak) Al—OH bending v Vv v
1034-1040 (strong); $i-0-Si, symmetric YV v v/
798-799 (medium) stretching

695-696 (weak) Al-O bending v Vv v

VooV

VoV

469-470 (medium)

molecular size and bulkier structure of Tc compared to Tz, which makes
the adsorption of Tc at the active sites of granulated PC more difficult
due to the higher mass transfer resistance.

The adsorption capacity of Fe-PC is primarily due to its porous
texture and its inherent surface species and functional groups. The
addition of CMC to granulated Fe-PC decreases its specific surface area
and porosity, but adds some functionalities to the granulated Fe-PC
surface. Therefore, the final removal percentages of both forms of Fe-
PC were comparable, suggesting that CMC provides additional func-
tionalities that compensate for the limitations of the porous properties
by binding or reducing the accessibility of the active sites after
granulation.

Despite the lower adsorption kinetics of granulated pillared clay, its
superior mechanical strength, stability and ease of separation make it an
attractive choice for many industrial applications. In addition, the
ability to use the adsorbent in low pressure drop column systems high-
lights the practical advantages of granulated pillared clay. Considering

its industrial feasibility and reliable adsorption capacity, granular pil-
lared clay was therefore selected for further experiments.

Fig. 8(a) and (b) show the influence of adsorbent dosage on the
percentage of Tc and Tz removal and the respective adsorption capac-
ities. The investigated dosage range for Tc and Tz was between 0.5-4 g/L
and 0.5-3 g/L, respectively. It can be seen from the graph that the
percentage removal, indicated by the blue bars, has an increasing trend
for both contaminants as the dosage increases. At a certain point,
however, the rate of increase decreases and the curves reach a plateau.
Although it can be concluded that the values 3.5 and 2 are the lowest
dosage values at which the percentage removal has reached a constant
percentage, the values 3 and 1.5 were chosen as the optimal values in
this study. The reason for this is that, in addition to the percentage of
removal, economic aspects are also taken into account and the differ-
ence between the percentage of removal at these two dosage values is
negligible. Choosing a lower dosage therefore helps to make the process
more economically efficient.

The results show that an increase in the adsorbent dosage is
accompanied by an increase in the removal percentage but a decrease in
the adsorption capacity. The optimum adsorbent dosage for Tc and Tz
was found to be 3 and 1.5 g/L, respectively. These results confirm the
higher affinity of granulated Fe-PC to Tz compared to Tc under identical
operating conditions.

3.2.2. Effect of pH

Fig. 9 illustrates the influence of pH on the percentage removal of Tc
and Tz. The observed curve can be compared with the species distri-
bution of Tc and Tz determined using the Henderson-Hasselbalch
equation based on the pK, values of Tz (7.5) and Tc (9.4, 7.3 and 3.3).
This comparison allows the identification of the underlying mechanisms
involved in the adsorption of each component [46], which is more
explained in Section 3.2.5.

According to the results of the pHp,. experiment, the granular
adsorbent had a pHp, of 3.8, indicating that the surface of the adsorbent
is negatively charged during the majority of the pH range (> 3.8), while
at lower pH values the surface functional groups are protonated and
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Fig. 6. Diffuse-reflectance UV-Vis spectra of the raw and Fe pillared clays.
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Fig. 8. Effect of granulated Fe-PC dosage on the adsorption of (a) tetracycline and (b) tizanidine (Initial concentration: 30 mg/L, pH: 7, contact time: 24 h, and T:

30 °QO).

acquire a positive charge. The observed poor performance of the
adsorbent in adsorbing Tc and Tz at very acidic pH values is attributed to
the strong repulsion between the positively charged species of Tc and Tz
and the positively charged surface of the adsorbent. Similarly, at very
high pH values, the negatively charged surface of the adsorbent and the
Tc species lead to weak adsorption due to the repulsive forces. However,
the neutral form of Tz leads to weaker repulsion at high pH values

because it is predominantly present in a neutral molecular form. In
addition, the negatively charged surface of the Tc species in a broader
pH range leads to a less favorable adsorption affinity compared to the Tz
species. This clear pH dependence confirms the crucial role of electro-
static adsorption, where both attractive and repulsive forces play a role
in the adsorption mechanism of Tc and Tz compounds.
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3.2.3. Adsorption kinetics

In this study, the kinetics of Tc and Tz adsorption by Fe-PC in powder
and granular form were investigated using common chemical reaction-
based kinetic models (pseudo-first order (PFO) [47] and
pseudo-second order (PSO) [48]) and diffusion-based models (Weber &
Morison model [49] and film diffusion model [50]). Part of the experi-
mental data that was far from equilibrium was used for kinetic modeling
to avoid the inclusion of the equilibrium data (Fig. 10). In both the PFO
and PSO models, adsorption is treated as a chemical reaction without
considering the diffusion of contaminants. The statistical parameters,
including SSE (sum of squares error), R? (coefficient of determination)
and RMSE (root mean square error), were calculated and presented in
Table 4 to evaluate the fit of these models to the experimental data.

Our results showed that the PSO model with relatively higher R?

values and lower RMSE and SSE values could better predict the
adsorption of the two sorbates by the sorbents than the PFO model. In
addition, qe,exp Was found to be in better agreement with the qemodel
predicted by the PSO model, emphasizing its superiority over the PFO
model.

Additionally, the kinetic constants of the PSO model, namely the
initial sorption rate (h) and the rate constant (ky), were compared to
quantify the difference between the adsorption rates of powdered and
granular Fe-PC. The results showed that the sorption rate of powdered
Fe-PC was about 87 times faster for Tc and 7 times faster for Tz
compared to the granular sample.

In addition, the sorption rates of Tz and Tc by each type of sorbent
were compared. The results showed that Tz was adsorbed faster than Tc
with each type of sorbent. In particular, the sorption rate of Tz with
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Table 4
Comparison of kinetic and statistical parameters for Tc and Tz adsorption on the powdered and granular Fe-PC surfaces.
Tz/Granular Fe-PC Tz/ Fe-PC Tc/Granular Fe-PC Tc/ Fe-PC Equation Kinetic model
18.2 18.0 >10 10.8 Experimental equilibrium capacity (qe,exp) 18.2
Pseudo-first order qr = qe(1 — exp(— kqt)) k1=5.73 1/h; k1= 0.081 1/h; k1=6.544 1/h; k1=1.175 1/h;
2.=9.508 mg/g; .=10.3 mg/g; q.=16.47 mg/g; q.=15.77 mg/g;
SSE= 3.082; SSE= 2.367; SSE= 4.881; SSE= 4.569;
R?=0.9689; R?=0.9846; R?=0.983; R?=0.9854;
RMSE=0.6207 RMSE=0.4112 RMSE=0.7811 RMSE=0.7557
Pseudo-second order kag?t ko= 0.7896 g/mg.h; ko= 0.0046 g/mg.h;  kp= 0.5564 g/mg.h; ko= 0.0742 g/mg.h;
9 = 1+ kaget q.=10.214 mg/g; q.=14.3 mg/g; q.=17.52 mg/g; q.=18.59 mg/g;
h = 82.37 mg/g.h; h =0.94 mg/g.h; h =170.79 mg/g.h; h = 25.62 mg/g.h;
SSE= 1.431; SSE= 1.862; SSE: 3.149; SSE= 0.7415;
R?=0.9855; R?=0.9879; R?=0.989; R?=0.9973;
RMSE=0.423 RMSE=0.3647 RMSE=0.6274 RMSE=0.3044
Weber & Morris Model g, = Kt°5 + C K,=3.524 mg/g.h®%  K,=1.85 mg/g.h"5; K,=5.735 mg/g.h%>; K,=7.251 mg/g.h"%;

Pseudo-first order

g = qe(1 — exp(— (kt + A)))

C =3.704 mg/g;
SSE=30.35;
R?=0.6934;
RMSE=1.948
q.=9.512 mg/g;
k;=5.649 1/h;

A = 0.009606;
SSE= 3.074;
R?=0.969;
RMSE=0.6626

C=-0.3947 mg/g;

C = 6.997 mg/g;

C =1.691 mg/g;

SSE=1.2; SSE=104.8; SSE=22.15;
R?=0.9922; R?=0.6343; R?=0.9292;
RMSE=0.2928 RMSE=3.62 RMSE=1.664
q.=11.2 mg/g; q.=16.47 mg/g; q.=16 mg/g;
k=0.0632 1/h; k;=6.502 1/h; k=1.043 1/h;
A = 0.04836; A =0.004761; A = 0.0548;
SSE= 0.9155; SSE= 4.874; SSE= 3.241;
R?=0.9941; R?=0.983; R?=0.9867;
RMSE=0.2654 RMSE=0.8345 RMSE=0.6804

powdered Fe-PC was about two times higher than that of Tc, while the
sorption rate of Tz with granulated Fe-PC was 27 times higher than that
of Tc.

The results show that the effect of granulation on the adsorption rate
of Tz was relatively small compared to Tc. This may be attributed to the
bulkier molecular structure of Tc, which makes it more difficult to
diffuse and adsorb into the pores of the granulated adsorbent. The lower
adsorption rate for Tc can therefore be attributed to the hindered
diffusion due to its molecular size and shape.

To gain further insight, a study of diffusion-based kinetic models was
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conducted to determine the predominant diffusion mechanisms
involved in the adsorption process. The Weber & Morris intraparticle
model was analyzed and found to provide an acceptable fit only for the
adsorption of Tc and Tz on the granular Fe-PC. The adequacy of this
model in capturing intraparticle diffusion as a mechanism contributing
to adsorption was demonstrated, although it should be noted that the
non-zero intercept of this model indicates that intraparticle diffusion is
not the only mechanism involved in the adsorption process [49]. For the
powdered sorbent, due to the extremely fine particle sizes of Fe-PC and
the accessibility of the active sites, the intraparticle mass transfer
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resistance was found to be negligible. As a result, this model did not fit
this particular scenario well.

The application of the film diffusion model showed good agreement
for all adsorption systems and resulted in a higher film diffusion mass
transfer coefficient for the powdered sample compared to the granular
sorbent. These findings underscore the complex diffusion mechanisms at
play during the adsorption process. For granular Fe-PC, intraparticle
diffusion should be emphasized, while both granular and powder sor-
bent samples exhibit significant film diffusion. In particular, film diffu-
sion is much faster in powdered Fe-PC than in its granular form.

3.2.4. Equilibrium and thermodynamic studies

The equilibrium adsorption experiments were carried out at different
initial concentrations and three different temperatures (308 K, 318 K
and 328 K). The experimental isotherm data obtained were fitted to two
adsorption models: the Langmuir and Freundlich models, as shown in
Fig. 11. Table 5 lists the isotherm parameters together with statistical
indicators that quantify the agreement between the models and the
experimental data. These models are widely used in different adsorption
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systems and provide valuable quantitative insights for the comparison of
different systems.

The Langmuir model, for example, is known for its key assumptions,
including monolayer adsorption and homogeneous surface sites that are
energetically equivalent and function independently. The maximum
monolayer adsorption capacity (qn) is a fundamental property of the
Langmuir isotherm that provides an estimation of the accessible surface
area for sorbates. In contrast, the Freundlich isotherm assumes that the
surface sites on the adsorbent are heterogeneous, implying different
energies for adsorption.

In the present study, the Langmuir isotherm outperformed the
Freundlich model in the adsorption of Tc on granular Fe-PC, indicating a
relatively homogeneous adsorption surface. For the adsorption of Tz on
granular Fe-PC, the Freundlich model performed better than the Lang-
muir model, especially at high equilibrium concentrations where the
predictions of the Langmuir model were remarkably weak in terms of
adsorption capacities. When comparing the statistical parameters, it
becomes clear that the Freundlich model has higher R? values and a
lower SSE and RMSE in the case of Tz adsorption, and vice versa about
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Fig. 11. Equilibrium isotherm data for tetracycline (Tc) and tizanidine (Tz) adsorption onto granular Fe-PC at three different temperatures (308 K, 318 K, and 328 K)

fitted using two isotherm models (Langmuir, and Freundlich).
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Table 5
The isotherm models parameters fitted to the equilibrium adsorption data at different temperatures.
Isotherm model Equation Temperature 308 K 318K 328 K
Adsorbent
Langmuir _ miKiCe Tc/Granular Fe-PC Gm1 = 54.89 mg/g; Qm, = 137.62 mg/g; qm,. = 169.38 mg/g;
¢ T 1+K.C. K;=0.0173 L/mg; K;=0.0189 L/mg; K;=0.0206 L/mg;

SSE=134.6; SSE=421.6; SSE=250;
R%=0.934; R?=0.9374; R?=0.9716;
RMSE=4.385 RMSE=8.383 RMSE=6.454

Freundlich e = KeC" Ky=2.845 (mg/g)/(L/mg)"/™; Kp= 5.105 (mg/g)/(L/mg)"/™; K= 6.167 (mg/g)/(L/mg)™;
n = 1.882; n = 1.558; n = 1.493;
SSE=140; SSE= 763.9; SSE= 258;
R?=0.9314; R%= 0.8866; R?=0.9707;
RMSE=4.772 RMSE= 11.28 RMSE= 6.557

Langmuir @ = qm1K1.C, Tz/Granular Fe-PC qm,, = 66.40 mg/g; Gm,1 = 69.71 mg/g; Qm1 = 79.67 mg/g;

¢ T 1+KC. K;=0.1604 L/mg; K;=0.1908 L/mg; K;=0.2337 L/mg;

SSE=175.3; SSE=376.8; SSE=310.9;
R?=0.9699; R?=0.938; R?=0.961;
RMSE=5.004 RMSE=7.925 RMSE=7.198

Freundlich g = KeClm Kp=15.43 (mg/g)/(L/mg)™; Kp=17.49 (mg/g)/(L/mg) /™, Kp=22.01 (mg/g)/(L/mg)/™,
n = 3.34; n = 3.443; n=3.614;
SSE=192.2; SSE=117.6; SSE=141.2;
R?=0.967; R?=0.9806; R?=0.9793;
RMSE=5.241 RMSE=4.428 RMSE=4.852

Tc adsorption. This means that Tc adsorption occurs mainly in the form
of a monolayer driven by chemical interactions between the adsorbate
and the surface of the adsorbent. In contrast, when Tz is adsorbed, this
molecule can be adsorbed in multiple layers, and the interaction be-
tween the adsorbate molecules plays an important role in the adsorption
of Tz.

Accordingly, the results obtained from the Langmuir model may not
accurately reflect the actual behavior of the adsorbent in the case of Tz
adsorption. For instance, it can be observed that the maximum mono-
layer adsorption capacity at three different temperatures (308 K, 318 K,
and 328 K) was approximately 55, 138, and 169 mg/g for Tc and 66, 70,
and 80 mg/g for Tz. These results especially at higher temperatures are
in contrast to the expected results considering the higher affinity of Tz
for adsorption.

It can be observed that the maximum monolayer adsorption capacity
(qm) of granulated Fe-PC at low temperatures is greater for Tz than for
Tc. At higher temperatures, however, Tc is adsorbed with a higher ca-
pacity than Tz. This behavior can also be observed by a qualitative
comparison of the isotherm curves. The higher maximum adsorption
capacity of the granular sorbent for Tz compared to Tc, similar to the
higher kinetic rate of adsorption at lower temperatures, can be attrib-
uted to the smaller size of the Tz molecule and the presence of more
active functionalities, resulting in a higher affinity of this component for
adsorption.

It has also been observed that an increase in temperature increases
the adsorption capacity for both Tz and Tc. This indicates that adsorp-
tion is based on an endothermic mechanism. However, the positive ef-
fect of temperature on the adsorption capacity of Tc is significantly
greater than that of Tz, which means that the adsorption of Tz is less
sensitive to temperature. Consequently, the adsorption capacity for Tc at
sufficiently high temperatures is much higher than that for Tz under the
same operating conditions. This indicates that the adsorption of Tc be-
comes more competitive and superior to that of Tz when the tempera-
ture is significantly increased. In addition, increasing the temperature
resulted in a relatively higher K;, value, with higher Kj, values indicating
stronger adsorption, while lower values indicate weaker adsorption.

The thermodynamic parameters for the adsorption processes,
including the changes in Gibbs free energy (4G, kJ/mol), the changes in
enthalpy during adsorption (4H, kJ/mol), and the changes in entropy
(4S, kJ/mol-K), were determined using the following equation:

AG = AH — TAS = —RTInK 3

In our analysis, the standard equilibrium constant calculated from
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the experimental equilibrium constant is used as K.

0 0
K:K,,x%:g—ix% (€))

Kgq has the unit of L/kg, and according to the IUPAC regulations, C® is
chosen as 1 mol/L and when the adsorbate is not a gas, the value of 1
mol/kg is suggested for ¢° [51]. Table 6 contains all the thermodynamic
parameters for both adsorption systems.

Table 6 shows that the adsorption process of both species on granular
Fe-PC exhibits a negative change in Gibbs free energy, indicating its
spontaneity. The magnitudes of AG for both adsorption systems are
similar. The observed endothermic properties, as previously noted in our
isotherm curves, indicate that an external heat input is necessary to
improve the efficiency of the adsorption process, with better perfor-
mance at higher temperatures. The lower AH values for the Tz adsorp-
tion system confirm its lower sensitivity to temperature changes.

In addition, a positive entropy change was observed in both
adsorption systems, indicating an increase in randomness at the solid-
solution interface during the adsorption process. This phenomenon
can be attributed to structural changes in the adsorbed species and could
also be related to the translational entropy of the desorbed molecules
[52].

3.2.5. Adsorption mechanism

To further investigate the adsorption mechanisms of tetracycline,
FTIR analysis of granular Fe-PC before and after tetracycline adsorption
was performed and these spectra were compared with pure tetracycline
(Fig. 12(a)). The spectra of granular Fe-PC before and after tetracycline
adsorption showed no additional peaks, but an increase in peak intensity
was observed after adsorption. A notable difference between granular
Fe-PC before and after tetracycline adsorption was the increase in bond
intensity in the range of 3450-3700 cm™!, which could be due to the
detection of more -OH stretching bonds added by the tetracycline
structure [53]. In addition, we found an increase in the intensity of small
absorption peaks at around 2870 and 2930 cm ! in Fe-PC saturated with

Table 6
The thermodynamic parameters of Tc and Tz adsorption onto granular Fe-Pc.

Adsorbate/ AH (kJ/ AS AG (kJ/mol)
Adsorbent mol) (kJ/mol.

K) 308 K 318K 328 K
Tc/Granular Fe-PC 77.91 0.2997 —-14.40 -17.40 -20.40
Tz/Granular Fe-PC 14.24 0.0951 -15.06 -16.01 -16.96
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Fig. 12. FTIR spectra of (a) pure Tc adsorbate, granular Fe-PC, and Tc-saturated adsorbent, and (b) pure Tz adsorbate, granular Fe-PC, and Tz-saturated adsorbent.
The two-line circle highlights the functional groups entirely involved in adsorption, while the one-line circle denotes those partially engaged in adsorption.

tetracycline, which are attributed to C—H stretching [54]. These ob-
servations indicate that the surface of the granular Fe-PC is coated with
the free CHj groups of the adsorbed tetracycline. Although the presence
of the amino group (-NHy) of tetracycline typically leads to a peak in the
tetracycline spectra in the range of 3200-3500 cm ™" [55], this peak was
not present in the case of the saturated adsorbent, suggesting that all the
NH;, groups of tetracycline were involved in its adsorption. This wave-
number range is related to the vibrational bands of the N—H bond and
the -NH; group, as observed by Trivedi et al. [53] for tetracycline and
chloramphenicol and by Guo et al. [56] for NHy_MIL-88. In addition,
the peak of the carbonyl group (C = O) appeared in the spectrum of
tetracycline at 1650-1750 cm! [53], and a slight increase in peak in-
tensity was observed in the spectra of saturated Fe-PC in this region,
indicating that only part of the carbonyl, carboxyl, and hydroxyl groups
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were involved in the adsorption and reaction processes.

There are two different amino groups in the molecular structure of
tizanidine, including -NH; with a characteristic peak in the range of
3200-3500 cm?, corresponding to N—H stretching, and a secondary
amine group (N—CHj3) with a characteristic peak around 2800-3000
em™}, corresponding to C—H stretching in CHs groups. These functional
groups contribute significantly to the spectral peaks observed in tiza-
nidine. The partial involvement of amino groups in the adsorption of Tz
could explain the slight shift of the granulated Fe-PC peaks located in the
high wavenumber region (~ 3452 cm™!) as well as the slight increase in
the intensity of the peak at 2918 ecm™!. The presence of C = C bonds in
the tizanidine molecule also leads to a relatively robust peak in the
spectrum in the 1600-1650 cm ! region, and the adsorption of Tz on the
surface of granulated Fe-PC leads to an increase in the intensity of the
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peak at 1651 cm™}, which specifically corresponds to the free C = C
bonds in the heterocyclic rings of the molecule. In addition, subtle dif-
ferences are observed in the spectra of the granulated fresh sorbent
compared to the Tz-sorbed sorbent in the 1200-1300 cm™! range,
possibly due to the presence of C—N bonds. From the FTIR analysis, it
can be concluded that the amino groups are the primary functional
groups involved in the adsorption of tizanidine on the surface of the
sorbent. Alternatively, the presence of the C—Cl bond in the structure of
Tz leads to intense peaks at 660 cm ™! that are not seen in the spectra of
granular Fe-PC. The absence of this peak in the case of the saturated
adsorbent indicates that the bond is fully involved in the adsorption
process, suggesting an interaction between the substrate and the
adsorbate.

3.2.6. Desorption studies and cyclic performance

Another approach to elucidate the underlying mechanisms is to
study the desorption of adsorbed species. Desorption was thoroughly
investigated by evaluating the cyclic performance of the adsorbent
through five consecutive adsorption-desorption experiments (Fig. 13).
In the first adsorption step, the granular Fe-PC showed the ability to
adsorb Tc and Tz to the extent of 75 % and 93 %, respectively. HCI (0.1
M), NaCl (0.1 M) and ethanol solutions were used as eluents.

The effectiveness of acidic and alkaline solutions in desorbing species
from the surface of the adsorbent is usually based on the influence of pH
on adsorption, especially for metal cations [57]. Since metal cations tend
to precipitate at higher pH values, acidic eluents are more commonly
used than alkaline ones. However, our study considers the effects of both
types of pH modifiers. Ethanol has been used as a successful eluent for
the desorption of organics such as Remazol Red [58] and methyl orange
[59] from chitosan-treated cotton composites, and at the same time
serves both as a desorbing agent and as a regenerator for the adsorbent.

The eluents showed different behavior with respect to the desorption
of Tc and Tz, which had a significant impact on the adsorption capacity
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of the recovered sorbent. An HCI solution (0.1 M) proved to be the most
effective eluent for cyclic Tc adsorption. It not only facilitated desorp-
tion, but also increased the adsorption percentage of the regenerated
adsorbent. Under the acidic conditions provided by this desorbing agent,
competition occurred between H' and the positively charged species of
Tz and Tc, which promoted the desorption of these compounds. How-
ever, in the adsorption of Tz, HCl treatment was not an effective re-
covery agent, suggesting that different mechanisms underlie the
adsorption of Tc and Tz. Tc is favored by the presence of acidic func-
tional groups, whereas the adsorption of Tz relies more on N-function-
alities, which are not affected by HCl treatment.

Ethanol, on the other hand, was successful in desorbing Tc, but only
retained the adsorption capacity of granulated Fe-PC in subsequent
adsorption cycles. Conversely, NaCl was not promising in terms of
adsorbent regeneration and Tc desorption. However, it proved to be the
most effective agent for the regeneration of the granular adsorbent after
Tz adsorption. The effectiveness of NaCl as a desorbing agent for the
cationic Tz suggests that cation exchange is indeed one of the most
important mechanisms in the adsorption of this species [30].

Based on the experiments and characterizations performed, we can
draw conclusions regarding the primary mechanisms controlling the
adsorption of Tc and Tz on granular Fe-PC. Electrostatic interactions
play a crucial role in the adsorption of both Tc and Tz, as shown by the
pH-dependent experiments and the repulsion of positively charged
species from the adsorbent surface under strongly acidic conditions. In
the case of Tz, the involvement of cation exchange as a concurrent
mechanism is evident. This is supported by the remarkable performance
of NaCl as a desorbing agent for Tz. This dual action, involving elec-
trostatic interactions and cation exchange, highlights the complexity of
the adsorption process for Tz.

Complexation is another important mechanism that plays a role in
the adsorption of Tc and Tz. This is evidenced by the interaction of the
NH; group of Tc and the amine and chloride groups of Tz with the
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Fig. 13. The cyclic performance of granular Fe-PC in successive adsorption-desorption cycles by various eluting agents, (a) for Tc and (b) for Tz.
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adsorbent by complexation, which is confirmed by FTIR studies. In the
case of Tc, the oxygen-containing functional groups, such as carbonyl,
carboxyl and hydroxyl groups, also play a partial role in the adsorption
process. This is confirmed by cyclic adsorption-desorption experiments,
where HCI proved to be the most effective eluent for the desorption of Tc
and the regeneration of granular Fe-PC for subsequent Tc adsorption.
Various complexation mechanisms may be involved, including r-n in-
teractions between n-electron acceptors and donors, n-n interactions
between electron pairs and electron-deficient aromatic rings of the
adsorbate, and hydrogen bonding between the protons of electronega-
tive atoms and the lone pair electrons of other electronegative atoms.

3.2.7. Multicomponent adsorption

Finally, competitive adsorption experiments were performed to
evaluate the relative adsorption capacities of Tz and Tc in a binary
aqueous system under realistic conditions. The adsorption results of Tz
and Tc in single and binary systems were compared in Table 7, which
includes two additional parameters for quantitative analysis. These pa-
rameters were the loss of adsorption in the binary system compared to
the individual system and the superiority of the adsorption capacity of
Tz over that of Tc. These were calculated using Eqs. (5) and (6):

Loss of adsorption in binary system = 100 x <quur\_q\mg[e> (5)
qxingle
Lo . qr; — qrc
Superiority of Tz to Tc adsorption = 100 X (—) 6)
qre

The results showed that the adsorption capacity of granular Fe-PC
decreased for both adsorbates in the binary system compared to the
corresponding values in the single-component system. The loss of
adsorption for Tz ranged from 0.7 % to 15 %, while for Tc it ranged from
5 % to 32 %. However, increasing the dosage of adsorbent in the solution
reduced the loss of adsorption. At the highest dosage of 3 g/L, similar
adsorption capacities were observed for Tc in both single and binary
systems. This indicates that the limited availability of adsorption sites
resulted in greater competition between Tc and Tz at lower dosages of
adsorbents.

The superiority of adsorption of Tz over Tc by granular Fe-PC was
also investigated. The results showed that this superiority increased in
the competing system under all conditions. However, increasing the
adsorbent dosage led to a decrease in this superiority. Since sufficient
adsorption sites are available, all adsorbates can be adsorbed regardless
of their affinity. In summary, the performance of the granular Fe-PC
adsorbent is maintained even under competitive conditions.

4. Conclusions
In the search for novel, cost-effective and practical adsorbents for the
removal of pharmaceutical pollutants (tetracycline (Tc) and tizanidine

(Tz)) from aqueous solutions, a type of Fe-pillared clay was introduced.
The use of carboxymethylcellulose (CMC) as a binder for the granulation

Table 7
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of powdered Fe-pillared montmorillonite was studied. Analytical tech-
niques, including XRF and DRS, confirmed the successful incorporation
of Fe into the montmorillonite structure. FTIR and LOI tests confirmed
the addition of CMC into the granular Fe-pillared clay. An increase was
observed in porosity during pillaring (Sggr increased threefold), which
was partially masked by CMC granulation. The equilibrium time for Tc
adsorption increased as a result of granulation, while the kinetics of Tz
were less affected. Importantly, the final percentage of removal showed
no significant difference. Langmuir isotherm model was more suitable
for Tc adsorption on granular Fe-pillared clay, while the Freundlich
model was more suitable for Tz adsorption. Moreover, the pseudo-
second order model could predict the adsorption kinetics better than
the pseudo-first order model. Tz exhibited faster adsorption kinetics
than Tc, primarily due to the bulkier molecular structure of Tc. In
addition to film diffusion, intraparticle diffusion played an important
role in adsorption by the granular adsorbent, whereas only film diffusion
appeared to be involved for the powdered form. Investigation of pH
effects revealed that electrostatic interactions played a central role in the
adsorption of Tc and Tz. Complexation was also observed, with NH,
groups and part of the oxygen-containing groups in Tc and amino groups
in Tz being involved in the adsorption process. Effective desorbing
agents were identified, with HCI proving effective for cyclic Tc desorp-
tion and NaCl for Tz desorption, indicating the importance of cation
exchange in the adsorption of Tz. The adsorption processes were spon-
taneous and endothermic, with positive AS indicate increased random-
ness at the solid-solution interface. Finally, our study of competitive
adsorption showed that Tz has a higher adsorption capacity compared to
Tc in both single and binary systems. The dosage of adsorbent played an
important role in the competition between Tz and Tc, with higher dos-
ages leading to a decrease in the superiority of Tz over Tc and vice versa.
This study provides valuable insights into the complex adsorption
behavior of Tc and Tz on modified clay-based adsorbents, which has not
been investigated before.
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Comparison of the adsorption capacities of granular Fe-PC towards Tc and Tz in single- and competitive adsorption systems (Initial concentration: 30 mg/L (in single-
component system) and 30 g/L (for each species in the binary system), pH=7, contact time= 24 h and temperature=25 °C).

Dosage qr (mg/g) in qre (mg/g) in Superiority of Tz to Tc adsorption ~ Loss of Tz adsorption in Loss of Tc adsorption in

(g/L) in binary system binary system
single-component binary single-component binary single-component binary
system system system system system system

0.2 75.07 63.78 38.15 31.56 96.78 102.09 —15.04 -17.27

0.5 43.35 41.73 22.82 15.77 89.97 164.55 -3.74 —30.87

1 25.79 25.12 17.82 12.04 44.70 108.62 —-2.59 —32.43

1.5 18.01 17.81 10.115 8.59 78.05 107.46 —-1.10 —15.12

2 13.93 13.71 8.732 8.29 59.56 65.30 -1.63 —5.05

3 9.34 9.268 7.61 7.70 22.74 20.29 —0.78 1.24
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