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Abstract: In this work, Ti-pillared bentonites were evaluated to remove ciprofloxacin (CIP) from
the aqueous solution. Pillared sodium bentonite (BSP) and pillared calcium bentonite (BCP) were
prepared by means of the sol–gel method using titanium tetraisopropoxide with calcination for 3 h at
500 ◦C. They were characterized using the BET method for N2 adsorption, and subjected to X-ray
diffraction and Fourier transform infrared spectroscopy. The results show that the surface area of
the pillared bentonites increased after the process, more than the natural ones. Pillared sodium
bentonite has a more porous structure, larger surface areas, and higher adsorption capacity than
pillared calcium bentonite. The kinetic adsorption of ciprofloxacin (CIP) onto pillared bentonites is
well described by the pseudo second-order kinetic model. The BSP isotherm well fitted the Freundlich
model, while the BCP isotherm fits the BET model better, suggesting multilayer adsorption. DR
model shows mostly physical adsorption for CIP on the two adsorbents. The pH influence study
indicated that CIP is adsorbed at pH between 6 and 8, which facilitates the use of BCP and BSP in
wastewater treatment, whose pH generally oscillates between these ranges.

Keywords: clay; pillared; removal; ciprofloxacin; bentonite

1. Introduction

Ciprofloxacin (CIP) is a broad-spectrum antibacterial agent used in the treatment of a
wide variety of infections, principally those caused by Gram-negative pathogens, such as
tract infections, sexually transmitted diseases, skin and bone infections, gastrointestinal in-
fections, lower respiratory tract infections, febrile neutropenia, intra-abdominal infections,
and malignant external Otitis [1,2]. CIP (C17H18FN3O3) is a new generation of fluorinated
quinolones structurally related to nalidixic acid [3,4]. CIP is available in intravenous and
oral formulations; it has an approximate bioavailability of 70–80% after oral administration
and is concentrated in various body tissues and fluids. CIP is fundamentally excreted un-
metabolized in the urine (40% to 50%) and feces (20% to 35%) in approximately 3 or 5 h [1,3].
Additionally, small amounts of metabolites have been found to be oxo ciprofloxacin, su-
lociprofloxacin, diethylene ciprofloxacin, and formyl ciprofloxacin; these four metabolites
account for 15% of a total oral dose [5].

Due to its many advantages, despite being a medication that requires a prescription,
CIP is one of the most widely used antibiotics worldwide [6]. Oral treatment lasts one to
two weeks and is administered twice daily [3]. It is used in both humans and animals, and
at times CIP is also found in the milk and meat of animals sold for human consumption [7,8].
As mentioned above, much of this compound is excreted in urine and feces, thus ending
up in wastewater [9,10]. Considering that it presents a high solubility of approximately
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30 gL−1 at 20 ◦C [5], facilitating their mobility in the water, it is not surprising that CIP is
part of the so-called emerging contaminants in water. CIP was found in the surface water
of 20 countries worldwide, with an average concentration of 19 µgL−1 [7]. For instance,
CIP was found in 90% of the samples with an average concentration of 93.3 µgL−1 in the
Bosten Lake located in Xinjiang system [11].

This is a matter of grave concern because the occurrence of antibiotics in low concen-
trations in waters is associated with bacterial resistance [12]. For this reason, ciprofloxacin
must be considered in water treatments. However, due to its complex chemical structure,
conventional treatments cannot remove it [13], and its presence in the aquatic environment
could portend serious toxicity for aquatic flora and fauna species [14]. Many technolo-
gies, including microbial degradation and chemical and physical treatment, have been
developed to remove antibiotics from wastewater [4,9,15]. There is a wide variety of expen-
sive technologies, such as reverse osmosis, membrane separation, chemical precipitation,
advanced oxidation, and ion exchange, however, one of the most promising methods is
adsorption, particular due to its low cost [15,16].

Various types of biomass and polymeric adsorbents have been tried which have shown
good results [17–23]. Among these, clays have shown promising results in the adsorption
of antibiotics, mainly CIP; composites of clays and clay minerals have gained considerable
attention in recent years due to their increased adsorption capacity, ease of recovery from
aqueous solutions, and improved physicochemical properties [22]. Bentonites stand out
for their high adsorption capacity, easy availability, and low-cost [16]. It is a widely
distributed clay material resulting from the devitrification and chemical alteration of
glassy volcanic ash or tuff. Bentonite is composed predominantly of smectite minerals,
principally montmorillonite. Its characteristic minerals are crystalline with a micaceous
habit, high birefringence, and facile cleavage. It has high adsorptive powers; this property
is more dependent on its physical form, i.e., the micaceous structure and easy cleavage
which gives excellent surface area and texture and enables permeability, than its chemical
composition. Analyses of the clay minerals from bentonite indicate that montmorillonite
is the most widespread with the formula (Mg, Ca)O Al2O3 5SiO2, nH2O [24]. Research
has verified their ability to absorb antibiotics, such as CIP. For instance, some researchers
used a natural bentonite to adsorb CIP successfully where the pseudo second-order kinetic
model fitted adsorption kinetics for adsorbents. In this study, the thermodynamic of
CIP adsorption shows that adsorption is endothermic adsorption and ∆G◦ for bentonite
indicates the spontaneous nature of the adsorption [25]. Another research with bentonite
to absorb CIP in batch experiments in different conditions found that the optimum contact
time, pH, agitation speed, and adsorbent dosage were 30 min, 4.5 pH, 150 rpm, and
2.5 gL−1, respectively. The isotherm adsorption data fitted well with the Langmuir model,
and the data fitted well with the pseudo second-order kinetics [25]. However, its high
affinity for water and relatively low specific surface area limits its use and subsequent
separation from aqueous media. Several studies have shown that clay modifications, such
as columnar formation, modify porosity by increasing clays’ specific surface area and
adsorption capacity.

Pillaring is a chemical process used to improve the adsorption capacity of clays, in-
cluding bentonites. The objective of piling is to increase the interlaminar space between
the clay layers, making a greater surface area available for the adsorption of molecules.
Pillaring transforms a layered crystalline inorganic compound into a material with mi-
croporosity and mesoporosity [26]. To carry out the pillaring of bentonites, a pillaring
agent is used, which is typically an inorganic compound that is inserted between the layers
of clay. The pillaring agent replaces the cations in the bentonite structure, allowing a
greater expansion of the clay layers, and therefore a greater adsorption capacity. Pillared
InterLayered Clays (PILCs) are obtained from smectite clay minerals typically following
this three-step synthesis procedure: (a) polymerization of a multivalent cation (Mg2+, Al3+,
Cr3+, and Fe3+, among others), leading to polyhydroxocations; (b) intercalation of these
polycations into the interlayer space of the clays, involving the substitution of natural
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exchangeable charge-compensating cations; and (c) calcination at moderate temperatures
which transforms the polycations into stable oxi-hydroxide phases named pillars. These
pillars provide a more stable and resistant structure that increases the specific surface area
and bentonite’s porosity, improving its absorption capacity.

The adsorption capabilities of these materials make them an ideal alternative for
treating water polluted with recalcitrant compounds, such as antibiotics [27]. For instance,
low-cost and eco-friendly pillared clays with Al, Fe, Si, and Zr were tested under basic
pH conditions to remove CIP in its anionic form (CIP-). The Si and Fe pillared clays
achieved the highest adsorption capacities. The suggested adsorption mechanism involves
forming inner-sphere complexes and van der Waals interactions between CIP- and the
available adsorption sites on the surfaces of the pillared clay [28]. Another work used Fe
and SiFe-pillared clays obtained from a mineral industry waste to successfully adsorb CIP
in basic media [29]. Yet another study tested three silica pillared clays for CIP adsorption
with a different pH, demonstrating that pH changes influence adsorption since the CIP
changes its ionic form and gains or loses solubility [30]. However, most of the studies
primarily used pillared clays as catalysts, but there are only a few studies focusing on
their adsorbent capacities. A work with Ti- pillared clays increased the specific surface of
clays, providing good results in the adsorption of several drugs [31]. Furthermore, Hamza
et al. demonstrated that pillaring with Ti increased the specific surface area by a higher
percentage than pillaring with Fe [32]. The pillars so formed are rigid and impart clay with
enhanced and permanent porosity enabling it to serve as an effective adsorbent [33].

Taking the aforementioned observations into account, this present work aimed to
pillarize two benthic clays, one sodium and the other calcium, using titanium oxide to
improve their adsorption capacity in removing ciprofloxacin. The best conditions of pH,
time, and dose were determined to obtain the maximum adsorption capacity of the CIP. In
addition, the adsorption kinetics and the equilibrium of the process were determined.

2. Materials and Methods
2.1. Adsorbate

Ciprofloxacin (CAS: 85721-33-1), ≥98% HPLC grade, analytical grade supplied by Sigma
Aldrich (Burlington, MA, USA), was used. Table 1 shows the ciprofloxacin properties.

Table 1. Ciprofloxacin structure and properties.

Molecular Structure †
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Table 1. Ciprofloxacin structure and properties. 

Molecular Structure † 

 

CAS 85721-33-1 

Molecular weight 331.46 gmolିଵ 

Solubility in water * 30,000 mgLିଵat 20 °C 

Acidic pKa * 6.16 

Basic pKa * 8.62 

CAS 85721-33-1

Molecular weight 331.46 gmol−1

Solubility in water * 30,000 mgL−1 at 20 ◦C

Acidic pKa * 6.16

Basic pKa * 8.62

log Kow * 0.28
Note: † ChemDraw 18; * PUBCHEM.

2.2. Adsorbents

The sodium and calcium clay were obtained from the ECUAMINERAL Company
(Cuenca, Ecuador). The cation exchange capacity of clays is 202.55 meq 100 g−1 and
70.71 meq 100 g−1, respectively.
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Clays Pillarization

To perform the pillaring, Sigma Aldrich Ti[OCH(CH3)2]4 titanium tetraisopropoxide
and Sigma Aldrich Cl4Ti titanium chloride were used. The pillaring agent was prepared
using the sol–gel method, which was based on the dropwise addition of the reagents
titanium tetraisopropoxide or titanium chloride in a 1 M HCl aqueous solution under
continuous stirring for 3 h at 50 ◦C until obtaining a clean (clear) solution. The HCl/Ti
molar ratio = 4 and the amount of titanium was 10 mmol per gram of montmorillonite.
The titanium hydrate sol obtained is added dropwise to a suspension of montmorillonite
in water (1% by weight) followed by stirring for 17 h and then proceeded to a sequence
of washing with distilled water, centrifugation, and drying at 40 ◦C for 72 h. Finally, the
modified clay was calcined at 500 ◦C for 3 h.

2.3. Adsorbents Characterization

The BET method determined the clay’s surface area in a Micromeritics Autochem 2920
(Laboratorio de Investigación, Facultad de Ingeniería Química, Universidad Central del
Ecuador). Before and after the adsorption process, the superficial chemical groups were
analyzed using a PerkinElmer-Spectrum Two FTIR spectrometer with an ATR accessory.

The pH points of zero charges (pHpzc) values of pillared adsorbents were determined
using an equilibrium method in a batch system [17,23].

The determination of the components with defined crystallization present in the
samples was carried out using a D2 PHASER Diffractometer, with the help of Difrac plus
software for measurement, and EVA and TOPAS 4.2 for the identification and quantification
of the crystalline phases present in each of the samples.

2.4. CPX Adsorption Investigations

Investigation of CIP adsorption on pillared bentonites was performed in a MaxQ4000
shaker at 20 ◦C. Initially, a stock solution of 20 mgL−1 CIP was prepared, from which 50 mL
were taken and the tests were carried out, adding different weights of pillared sodium
bentonite (BSP) and pillared calcium bentonite (BCP).

The pH effect was studied from 2 to 10 with an initial CIP solution concentration of
20 mgL−1. The pH was adjusted with 0.1 N HCl and 0.1 N NaOH. The CIP adsorption
kinetic was studied with the optimal dosage of each adsorbent varying the times between
5 and 90 min, and the concentration of CIP was 20 mgL−1, and pH 6.5. Adsorption
equilibrium data were collected in the concentration range of 5–60 mgL−1. The solutions
were filtered using Millipore 0.45 µm. All experiments were carried out in triplicate, and
the average values were taken.

2.5. Removal Capacity

The initial and final CIP concentrations were determined using an ultraviolet-visible
light spectrophotometer (UV-Vis), Thermo Scientific Genesys TM 10S (Waltham, MA, USA),
by measuring at a maximum absorbance of 273 nm.

The amount of CIP adsorbed (qe), and the following equations calculated the percent
removal (%R) on pillared clays [34].

qe=
(Co − Ce)

m
V (1)

%R =
(Co − Ce)

Co
100 (2)

where, Co and Ce are the concentration of SMX in the initial solution and the aqueous phase
after adsorption (mgL−1), respectively; V is the volume of the solution (L); and m is the
mass of the adsorbent (g).



Water 2023, 15, 2056 5 of 13

The linear forms of pseudo first-order and pseudo second-order models were used to
fit the kinetic data, while the linear forms of the Langmuir, Freundlich, BET, and Dubinin–
Radushkevich equations modeled the adsorption isotherms, see Table 2.

Table 2. Models to fit the kinetic data and the linear forms.

Pseudo first order ln(qe − qt) = lnqe − k1t [35]

Pseudo second order t
qt

= 1
k2q2

e
+ t

qe
[36]

Langmuir Ce
qe

= Ce
qm

+ 1
kLqm

[37]

Freundlich logqe = logkF − 1
n logCe [37]

Brunauer–Emmett–Teller Ce
qe(Cs−Ce)

= 1
qsCBET

+ (CBET−1)Ce
qsCBETCs

[38]

Dubinin–Radushkevich isotherm lnqe = lnqs − kadeE2 [39]

Where, Ce is the concentration of CIP (mgL−1); qe is the equilibrum adsorption capac-
ity and qt the capacity adsorption at any time (mgg−1); qm is the maximum adsorption
capacity (mgg−1); kL is the Langmuir (Lmg−1); kF is the Freundlich constant, (mgL−1)(
mgg−1)− 1

n ; n refers to the adsorption intensity (dimensionless); qS is the theoretical sat-
uration capacity (mgg−1); CBET is the BET adsorption isotherm (Lmg−1); CS is adsorbate
monolayer saturation concentration (mgL−1); kad is a constant related to the mean free
energy of adsorption (mg2J−2); and E is the polyani potential (Jmol−1).

3. Result and Discussion
3.1. Characterization of Polarized Bentonites

The N2 adsorption isotherms can be observed in Figure 1. The shape of the isotherms
corresponds to type IV or a combination of type I and type II, which means that multilayer
adsorption occurred on micro-mesoporous materials with an ordered chemical structure.
The hysteresis of both materials is of the H4 type typical of mesoporous materials. The
higher amount of N2 absorbed in BSP evidences a more porous structure in the BSP, which
suggests that the pillaring process is better in BSP.
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Figure 1. N2 Adsorption–desorption isotherms of BSP and BCP.

The textural analysis of the pillared bentonites shows an increase in the surface areas
with respect to natural bentonites. The surface area of natural calcium bentonite increased



Water 2023, 15, 2056 6 of 13

from 42 m2g−1 to 63 m2g−1, while sodium bentonite increased from 28 m2g−1 to 162 m2g−1

(Table 3). This increase in area is attributed to the increase in pores, as reported by Roca [30],
who showed a greater surface area in columnar clays, which ultimately led to better
adsorption, and the increase in surface area led to an increase in micropore volume. This
may be due to the physicochemical transformations during the intercalation and calcination
steps that are carried out to obtain BCP and BSP.

Table 3. Physical properties of pillared bentonites.

Clay SBET(
m2g−1) Pore Volume(

cm3g−1) Pore Size
(nm)

Porosity(
gcm−3)

BCP 63 0.08 3.5 2.2

BSP 162 0.21 3.0 2.2

The zero charge point pH values (pHpzc) for BCP and BSP were equal to 4.2 and 4.1,
respectively. This indicates that after the pillaring process, the clays are slightly more acidic
than the natural ones whose pHpzc has values of 7.80 and 9.85 for BCP and BSP, respectively,
indicating that the integration of Ti increases the acidity of the clay.

Figure 2 shows the X-ray diffraction profile for BSP and BCP. The XRD pattern of BCP
and BSP show a significant decrease in the degree of crystallinity after pillar formation,
especially in BSP, which is due to the introduction of amorphous TiO2 into the structure.
The presence of well-defined peaks at positions 20◦, 23◦ 27◦ and 50◦ in 2θ of the BCP
spectrum shows a more crystalline structure than BSP. The amount of SiO2 as quartz and
elite is higher in BCP than in BSP [30,40]. These results explain the lower specific surface
that BCP presents, as observed in Table 3.
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The results of the FTIR spectrum before and after adsorption are shown in Figure 3.
FTIR provides information about functional groups present on the surface adsorbent. The
BSP and BCP spectra show the Al-OH-Al bending bands at 918 cm−1 and the strongest
band of Si stretch vibration is at –O–Si at 1029 cm−1 [28,41]. The out-of-plane vibrations
of Al–O, and Si–O are shown at 650 cm−1, while wavelengths between 500 and 800 can
be attributed to the presence of quartz [41]. The distribution of the OH group between
Fe and Al is observed between 700 and 900 cm−1. After adsorption, new peaks appear,
one in the 1350 cm−1 region that may correspond to the union of the CIP N-H group with
the adsorbent and another in the 1620 cm−1 band that is attributed to the CIP carboxyl
group [42,43].
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3.2. Adsorption Studies
3.2.1. Effect of Bentonites Dosage

The amount of adsorbent to be used for the adsorption of a certain adsorbate is usually
different for each material and depends on its physical and chemical characteristics. As
observed in Table 3, there is a significant difference in the value of the surface area of BSP and
BCP. BSP has a larger specific surface. A larger amount of adsorbent increases the number
of active sites available for adsorption, so CIP removal percentages are high. However, a
high amount of adsorbent decreases the adsorption capacity, because above a certain dose
of adsorbent, a number of active sites remain unsaturated, and the percentage of removal
does not increase. Therefore, the optimal amount of adsorbent must be found with which the
highest percentage of removal is achieved without excessive adsorbent consumption.

Figure 4 shows the effect of the dose of each pillared bentonite on CIP adsorption. The
optimal dose for both bentonites is 0.2 gL−1, via which a removal of 62.7% (69 mgg−1) is
achieved with BCP and a removal of 70.5% (73.5 mgg−1) is achieved with BSP. This dose is
lower than that used (2.5 gL−1) with other Al and Zr pillared clays [29,30,40,41].

The influence of the pH of the solution on the adsorption of CIP has been demonstrated
in several studies [43,44]. They show that CIP is better adsorbed at pH between 6 and 8,
a range in which the drug is dissociated, presenting both positive and negative charges.
Figure 5 shows the influence of pH on CIP adsorption on pillared bentonites. It can be
observed that the two bentonites present the same behavior with the variation of the pH,
and it can be seen that the high amount of CIP adsorbed was obtained at a nearby pH of
6. At pH 6, pillared bentonites have a negative charge, while CIP has both positive and
negative charges, aiding electrostatic attraction and increasing adsorption. At pH lower
than pKa of 6.16 and values greater than pKa of 8.62, electrostatic repulsions between
adsorbent and adsorbate hinder adsorption. The greater solubility of CIP at acidic pH also
influences the decrease in adsorption at low pH. The higher adsorption at pH between 6
and 8 suggests that the adsorption is mainly due to the porosity of the material and the
interactions with the active sites by Van der Walls forces due to electrostatic interactions.
In the pH range of 6.0–8.7, the carboxylic group is deprotonated and negatively charged,
while the amino group is protonated and positively charged. At a lower pH than 6 and
a higher pH than 8, electrostatic repulsions decrease adsorption [45]. These results are
helpful for removing CIP from wastewater, which generally has a pH between 6 and 8.
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3.2.2. Adsorption Kinetic

The kinetic studies for the two adsorbents were carried out at an initial concentration
of 20 mgL−1 of CIP at pH 6.5. The adsorption increases considerably during the first
15 min; the time to reach equilibrium was 45 min for BCP and 60 min for BSP, the same was
reported in other works [42,46]. These results showed rapid adsorption compared to other
materials used in CIP removal [43]. The experimental data showed a better fit to the pseudo
second-order model, which implies that the adsorption rate of BSP and BCP were mainly
affected by the availability of active adsorption sites at the beginning of the process [47],
similar to other works pertaining to CIP adsorption on various materials [42,44,46,48]. The
data of the fits and the parameters of the pseudo first-order and pseudo second-order
models are shown in Table 4 and Figure 6. The k2 values for BCP are slightly higher than
BSP, which can be associated with the shorter time required for BCP to reach equilibrium.



Water 2023, 15, 2056 9 of 13

Table 4. Parameters of the pseudo first-order and pseudo second-order models of BSP and BCP.

Model Parameters BCP BSP

Pseudo first-order
qe (mgg−1) 63.4 71.5
k1 (min−1) 0.046 0.054
R2 0.92 0.92

Pseudo second-order
qe (mgg−1) 64.5 72.4
k2 (gmg−1min−1) 0.007 0.006
R2 0.99 0.99
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Figure 6. Comparison of experimental data with the pseudo first-order and pseudo second-order
models of BSP and BCP.

Figure 7 shows the adsorption isotherms of CIP on BCP and BSP. The BSP adsorption
isotherm in the study range can be classified as type L group 2c according to the Giles
classification. This type of isotherm shows an adsorption on microporous materials. The
initial slope shows how easy it is for solutes to find active sites; as concentration increases,
the slope decreases because it is more difficult to find active sites as equilibrium is reached.
The isotherm that presents the adsorption of CIP on BCP is of type L subgroup 3, which
is associated with meso-microporous solids and a possible multilayer adsorption, with
an inflection point that shows the completion of the monolayer [49]. These results are
explained by the difference in the values of the greater specific surface for BSP. BSP behaves
like a microporous solid, while BCP has the characteristics of a mesoporous solid.

Figure 7 shows the fit to the Langmuir, Freundlich, and BET models. In the case of BSP
adsorption, the Freundlich model fits better experimental data, indicating a heterogeneous
surface and possible multilayer adsorption. The fit of this model has been reported by
other researchers in the adsorption of CIP on various adsorbents [45,47]. The value for both
adsorbents is greater than 1, which means favorable adsorption, although this model did
not fit well the BCP adsorption. The Langmuir model suggests an adsorption capacity of
196.1 mgg−1 for BSP; this result is higher than that reported in the CIP adsorption on other
Fe and Si pillared clays that reach a capacity of 98.2 and 74.5 mgg−1, respectively [48].
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Figure 7. The adsorption isotherms of CIP on BCP and BSP, and equilibrium adsorption data of CIP
and their fit to the three models: Langmuir, Freundlich and BET.

The R2 values obtained in the linearization of the models shown in Table 5 suggest
that the BET model better fits the BCP adsorption isotherm, which suggests that multilayer
adsorption improves with increasing CIP solution concentration. BET model assumes that
once a molecule is adsorbed, it acts as a new adsorber site. This result was also observed in
the adsorption of CIP on organic residues that are macro and mesoporous materials [42].

Table 5. Parameters of the models Langmuir, Freundlich, and BET.

Model Parameters BCP BSP

Langmuir
qm (mgg−1) 106.4 196.1
kL (Lmg−1) 0.189 0.084
R2 0.91 0.97

Freundlich
kF (mgg−1) 27.7 18.7
N (gmg−1min−1) 2.77 1.55
R2 0.96 0.98

BET

CS (mgL−1) 58.1 49.5
CBET (Lmg−1) 100.2 18.6
qs (mgg−1) 50.1 78.2
R2 0.99 0.93
qd (mgg−1) 106.5 230.1
kad (mol2kJ−2) 0.0064 0.013
E (kJmol−1) 8.3 6.17
R2 0.95 0.97

The adjustment to the Dubinin–Raduskevich (D–R) model can determine if physical or
chemical adsorption occurs as a function of the value of the mean adsorption energy (E). The
model indicates that the adsorption is fixed if E < 8 kJmol−1, ionic exchange values are between
8 and 16 kJmol−1 and chemical adsorption have values greater than 16 kJmol−1 [46,49]. The
values of E for the adsorption of CIP on BSP is less than 8 kJmol−1, indicating a physical
adsorption that can be given by the physical forces of Van del Waals that occur due to the
aromatic rings and the hydrogen bonds formed by the F and the NH groups of the CIP
with the functional groups of the adsorbent. The E value for adsorption on BCP is close to
8 kJmol−1, which implies that ion exchange is not the main adsorption process.
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The adsorption capacity of CIP followed the order BSP > BCP. This result could be
explained by the higher specific surface of BSP. CIP is a sparingly soluble solid, therefore
it adsorbs better on hydrophobic adsorbates. On the other hand, pillaring prevents the
swelling of clays by increasing their hydrophobicity [45,50,51], so the hydrophobicity of
pillared bentonites improves CIP adsorption. The fluoride molecule contained in the CIP
acts as an acceptor of the electrons present in the pillared clays. The pillaring with Ti
improves the acidic properties due to the electro-positivity of Ti. π–π interactions and Van
der Waals forces are also responsible for CIP adsorption.

4. Conclusions

Pillarization improves the absorption of bentonites by increasing the surface area
available for the adsorption of molecules and by increasing the stability of the clay structure.
The pillaring of natural clays with titanium tetraisopropoxide improved the adsorption
characteristic; the results show that the surface areas had a significant increase, especially in
sodium bentonite. The kinetic studies demonstrated that adsorption reached equilibrium
at 60 min, showing fast adsorption compared to other adsorbents used to remove CIP. The
best fit to the adsorption kinetics was obtained with a pseudo second-order model. The
adsorption isotherms show that the pillared bentonites have a high adsorption capacity
of CIP. The isotherms are type L, which indicates a high affinity of mesoporous and
microporous materials with the adsorbate (CIP). The maximum adsorption capacity is
196.1 mg/g reached when using BSP. This study favors the projection of the use of local
clays as adsorbents for drugs in contaminated water.
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