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Abstract: This study evaluated non-fibrous Mg-clays as potential adsorbents of emerging contami-
nants (ECs) from water. The materials were characterized, and their textural and structural properties
were related to their ability to remove two model EC molecules: ciprofloxacin (CPX) and lidocaine
(LID). The results showed that Ad-6 and Ad-7 are mixed-layer kerolite/stevensite, while Ad-5 and
Ad-8 are mainly composed of smectite minerals like stevensite and saponite, respectively. Ad-8
exhibited the highest CPX-adsorption capacity (0.91 mmol·g−1 clay), likely due to its saponite content.
Mixed-layer materials also performed well, with Ad-6 and Ad-7 achieving an adsorption capacity of
0.8 and 0.55 mmol·g−1 clay, respectively. Adsorption studies suggested that CPX is adsorbed through
ion exchange in materials with high smectite content (Ad-8 and Ad-5), while interstratified materials
showed enhanced retention due to kerolite presence, which improves their porous structures. Similar
findings were observed for LID, indicating a cationic-exchange mechanism for LID adsorption in all
the materials and suggesting that the molecular size of the EC could regulate the removal capacity
of these materials. This work showed that the studied Mg-clays could be effectively used for the
removal of pharmaceutical pollutants, expanding their commercial possibilities.

Keywords: Mg-clays; emerging contaminants; removal from water; adsorption

1. Introduction

The large production of medicines worldwide (around 4000 types in the order of
200,000 tons per year) is a major cause of the progressive increase in pharmaceutical
contaminants that are released to the environment with undervalued consequences on
ecosystems and water quality [1–6]. The greatest concern of releasing antibiotics to aquatic
environments, either directly or indirectly by surface runoff or soil leaching, is related to
the evolution of antimicrobial resistance genes and antimicrobial-resistant bacteria, which
reduces the therapeutic potential against human and animal pathogens [7–10].

Ciprofloxacin (CPX) and lidocaine (LID) are considered contaminants of emerging concern
due to their presence in wastewater effluents, surface waters, and groundwaters [6,8,11]. CPX
is one of the most widely used antibiotics in human health [12,13]. This compound is highly
soluble in water (about 1.35 mg·mL−1) under different pH conditions and highly stable in
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wastewater and soil [14]. Meanwhile, lidocaine is a topical local anesthetic of the amide
type with immediate onset of action. Both humans and animals metabolize LID to various
metabolites. Its n-octanol/water partition coefficients indicate a tendency to remain in the water
phase instead of accumulating in sewage sludge or in aquatic organisms [1,11,15].

Several methods have been put in place for the sequestration of pharmaceutical pollu-
tants from their aqueous environment. Conventional methods like lime softening, reverse
osmosis, distillation, and sedimentation were determined to be not efficient in removing
antibiotics from wastewater completely [16–18]. Other methods different from conven-
tional procedures, like membrane separation, electrodialysis, ozonation, and advanced
oxidation processes, were also evaluated [19]. However, some of these methods produce
toxic by-products, which are even more harmful than the original contaminants [20]. Com-
pared to other remediation methods, adsorption has several benefits, such as simplicity,
reliability, low energy requirement, and easy recovery of the adsorbent [21]. The two
types of adsorptive processes used for the removal of antibiotics from water or wastewater
are the Batch process and the Continuous process, either of which can be utilized using
different adsorbents like Activated Carbons, Biochars, clay minerals, Carbon Nanotubes,
ion-exchange resins, and Zeolites [20].

Clay minerals occur as large deposits worldwide, which guarantees their continuing
abundance and availability for numerous applications due to their relatively low cost.
These phyllosilicates differ in the arrangement of the tetrahedral and octahedral sheets
and the distribution of surface electric charge. They exhibit special properties such as high
adsorption, ion-exchange capability, or swelling behavior, resulting from their nonpareil
structure, the presence of surface OH groups, and weak electrostatic interactions between
layers and/or sheets and the exchangeable cations [22,23].

Several types of clay minerals, such as montmorillonite [24], halloysite [25], kaolin-
ites [26], sepiolite [27], and palygorskite [28], have been investigated for the removal of
pollutants in aqueous media. Particularly, montmorillonite-rich bentonites have proven to
be effective adsorbents for a variety of drugs, such as antibiotics, anti-inflammatories, and
anesthetics, among others [29–31]. Also, in the search for adsorbent materials that are both
natural and versatile in retaining such molecules or their analytes, alternative clay minerals
have gained attention [27,32–39].

The magnesian clays consist of mostly 2:1 clay minerals that are differentiated as non-
fibrous clay minerals (kerolite, stevensite, and saponite) and fibrous clay minerals (sepiolite
and palygorskite). Saponite and palygorskite contain more aluminum than stevensite, kerolite,
and sepiolite. Kerolite (turbostratic talc for the IMA), Mg-smectite, and sepiolite form a clay
assemblage found in Neogene continental deposits of the Madrid Basin (Spain) that originated
in saline-alkaline lacustrine–palustrine environments [40,41]. Kerolite-Mg-smectite clays from
the Madrid Basin deposits show exceptional suitability as adsorbent material in biotechnology
processes, including as adsorbent for mycotoxins [42,43]. Moreover, pesticide removal from
water has also been observed [44]. Bentonites from the Madrid Basin are characterized by
the fact that they consist of magnesian smectites, mainly saponite. These bentonites have a
large number of applications, which mainly include pet litter, drilling muds, and foundry
sands, but also as oil and grease absorbents, agricultural pesticide carriers, and clarifying and
decolorizing agents [45].

Adsorption studies on stevensite for the removal of different types of contaminants
from water, such as heavy metals, methyl violet, and tetracycline, have been
reported [39,46,47]. Kerolite has been tested for removing pesticides and herbicides from an
aqueous solution [44,48,49]. Saponite has been evaluated in photocatalytic and adsorption
processes for water treatment [38].

Several references can be found on CPX adsorption on natural and modified clays such
as bentonite, kaolinite, or pillared clay [14,29,30,50–52]. However, neither CPX nor LID ad-
sorption on Mg-clays has been documented. Unlike smectite, the surface characteristics of
non-fibrous Mg-clays remain underexplored for its potential application in environmental
remediation. Thus, the aim of this work was to evaluate four non-fibrous Mg-clays as novel
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materials for the removal of ciprofloxacin and lidocaine compounds, which are considered
emerging contaminants. Their adsorptive behavior was explained on the basis of their
composition and textural properties. In this way, promising clay materials are presented
for the removal of pharmaceutical pollutants.

2. Materials and Methods
2.1. Raw Mg-Clays

Four samples of raw Mg-clays (Ad-5, Ad-6, Ad-7, and Ad-8) of industrial interest
were selected from the Esquivias–Batallones quarries located in the Madrid basin Neogene
deposits [53]. Hand specimen observations are described below. Ad-5: compacted clay-
stone, with intraclastic morphologies of different sizes enclosed by cementing clay. It shows
some morphologies with concentric structures and burrower fillings. The large number of
small circular pores (<0.2 mm) is noteworthy. Predominantly greenish in color, although
locally pinkish tones are observed (5GY 6/1). Ad-6: clay-clast intrarenite of moderate
compactness, massive, and with evidence of burrowing activity and small perforations
with fillings. Staining of black Mn-Fe oxides and waxy films on surfaces. Pinkish gray in
color (5YR 8/1). Ad-7: clay-clast intrarenite, consisting of crumbly granular morphologies
with local cementing clayey material and abundant pore roots. Pinkish gray in color (5YR
8/1). Ad-8: compacted and massive claystone, showing slickensides with striations and
staining of black Mn-Fe oxides. It presents a yellowish-green color (5Y 7/2).

Structural and Physicochemical Characterization of Raw Mg-Clays

The four samples were subjected to mineralogical analysis by means of X-ray diffrac-
tion (XRD) in a Bruker D8 with Lynxeye XE-T detector equipment (Bruker, Billerica, MA,
USA) using CuKα radiation (40 kV, 20 mA) and a scanning speed of 1◦ 2θ/min. The
powdered whole-rock samples were used to determine bulk mineralogy. After clay fraction
separation (<2 µm), sample mounts were prepared from suspensions oriented on glass
slides. The identification of clay minerals was carried out on the samples air-dried (AD),
with ethylene glycol solva-tion (EG), and heated at 550 ◦C. The mineral intensity factors
(MIF) method was applied to XRD reflection intensity ratios normalized to 100% with cali-
bration constants for the quantitative estimation of mineral content [54]. In the mixed-layer
samples formed by mixed-layers, X-ray diagrams modeled using the NEWMOD program
were used as a reference [40,41].

The thermal analyses (DSC/DTA/TGA Q600 of TA Instruments) (TA Instruments, Inc.,
New Castle, DE, USA) of the samples were performed using 10 mg of powdered clay sample
in a Pt sample holder at an average heating rate of 10 ◦C/min with an alumina reference. The
infrared spectroscopy (FTIR) (Bruker IFS 66v standard) (Bruker, Billerica, MA, USA) spectra
were recorded with a spectral resolution of 2 cm−1 in transmission mode in the region of
400–4000 cm−1. The samples were examined in KBr pellets (3 mg·300 mg−1 KBr). Samples
were examined under scanning electron microscopy (SEM) using an S-3000N microscope with
an ESED detector (Hitachi, Chiyoda, Japan) attached to an Oxford Instruments EDX analyzer
(Oxford Instruments, Abingdon, UK), model ICAx-sight. The surface of the fractured sample
was coated with a 10 nm gold film.

Chemical analyses were carried out using sample fusion and inductively coupled
plasma atomic emission spectroscopy (ICP-AES) at the ACTLABS laboratory (Canada).
The detection limits for analyses were between 0.01 and 0.001 wt.% for major elements.

Cation-exchange capacity (CEC) was measured using the copper triethylenetetramine
[Cu(trien)]2+ method [55]. Textural properties were studied by nitrogen adsorption–
desorption isotherms at −196.15 ◦C. These were measured using a Micromeritics ASAP2020
manometer (Micromeritics Instrument., Norcross, GA, USA) on degassed samples at 200 ◦C
for 12 h. The apparent specific surface area was calculated by the Brunauer, Emmet, and
Teller (SBET) method. Micropore volume (Vµp) was calculated by applying the α-plot
method [56]. The total pore volume (VT) was calculated by applying Gurvich’s rule at
a relative pressure of 0.98, and the mesopore volume (Vmp) was calculated by using of
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BJH method [57]. Pore classification used was the one proposed by IUPAC [57], which
states that pores whose size exceeds 50 nm are macropores, pores whose size is between
2 and 50 nm are considered mesopores, and pores whose size is less than 2 nm are called
micropores. The water vapor isotherms were obtained at 20 ◦C using the technique de-
scribed by [30]. Hydrophilicity and water adsorption capacity were estimated from these
isotherms. Natural humidity content (NH) was obtained by calculating the difference
between the initial mass of the natural sample and its mass at 0% relative humidity. The
amount of water adsorbed at relative humidity (RH) values (15%–20%) was also calculated.
This value correlates well with the monolayer coverage on the surface of clay minerals and
allows determining the amount of adsorbed water measured in mmol·g−1 (qads) and the
monolayer surface area (S) in samples at 16.3% RH samples to be determined [58,59].

2.2. Adsorbates

The organic molecules selected as models were an anesthetic (LID) and an antibiotic
(CPX), two pharmaceutical compounds with a high environmental impact. The CPX
is usually used as ciprofloxacin hydrochloride (CPX.HCl), but its molecule exhibits a
nearly planar structure, lacks chiral carbons, and, therefore, does not display optical
isomerism. Nevertheless, the presence of protonable carboxyl, carbonyl, and amino groups
in its structure imparts amphoteric behavior, leading to the formation of different species
depending on the physical state or pH of the solution in which it is present [60]. Physically,
it is a white crystalline solid with a melting point of 75 ◦C, exhibiting high stability under
various pH values and temperature conditions [61]. LID can exist as a lidocaine base,
meaning it is neutral and therefore insoluble in water, or its more soluble form as lidocaine
monohydrate hydrochloride (LID.HCl.H2O) [62]. Chemically, the LID molecule features an
amide group and an amino group; the latter can be protonated–deprotonated, depending
on the pH of the contacting medium, leading to the generation of different species in
solution [63]. The structural and chemical properties of CPX and LID are shown in Table 1.

Table 1. General characteristics of organic molecules studied.

Ciprofloxacin Lidocaine

Structure
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Chemical formula C17H18FN3O3 C14H22N2O

Molecular weight (g.mol−1) 331.45 288.80

Molecular dimensions (nm) 1.30 × 0.30 × 0.70 [60] 1.04 × 0.60 × 0.59 *

pKa pKa1 = 5.90; pKa2 = 8.90 pKa = 7.92
* The dimensions of the molecule were calculated by using Avogadro software (1.1.1 version, 2013).

2.3. Adsorption Experimental Procedure

CPX and LID were employed in their hydrochloride forms as adsorbates. CPX.HCl,
sourced from Magel S.A., and LID.HCl.H2O, obtained from Parafarm (Parapharm Phar-
maceuticals Group, Athens, Greece), were used, both with a purity of 99.9%. Adsorption
studies were conducted under conditions previously reported by the research group for
other materials [30,50,51]. All adsorption tests were carried out using 20 mg of adsorbent in
contact with a drug solution at a ratio of 2.5 g·L−1. These studies were conducted at 20 ◦C,
without initial pH adjustment (pH values of around 5–6), and in all cases, separation was
achieved through centrifugation at 8000 rpm for 20 min using a SOVALL ultracentrifuge
(Thermo Fisher Scientific, Waltham, MA, USA).
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Initial concentrations of 0.3 mM for CPX and 1.69 mM for LID were used for kinetic
studies. Adsorption isotherms were obtained with concentrations ranging from 0.15 to
3 mM for CPX and 0.2 to 5 mM for LID, allowing the system to reach equilibrium over a
24-h contact period, both in accordance with previous works [30,51].

CPX and LID concentrations were quantified using a UV-Vis T60 spectrophotometer
at their respective maximum wavelengths, and the adsorbed quantity was calculated by
Equation (1).

q =
(Ci − Ce) ∗ V

w
(1)

where Ci and Ce are the initial and equilibrium concentrations (mM), V is the solution
volume (L), and w is the mass of adsorbent (g).

The experimental data were fitted to the widely used theoretical models of Langmuir,
Freundlich, and Sips in order to calculate the maximum adsorption capacity of the samples
under the studied conditions.

3. Results and Discussion
3.1. Characterization of Mg-Clays

XRD analyses indicated that samples Ad-6 and Ad-7 showed a high phyllosilicate
content (≥98%) with traces (<5%) of quartz and potassic feldspars (Figure 1A, Table 2).
In the bulk sample, the powder patterns showed a band between 2 and 10◦ 2θ, charac-
teristic of an irregular kerolite/Mg-smectite mixed layer [40,64], which was corroborated
by the existence of reflections typical of this material. In particular, the d060 reflection at
approximately 1.527 Å supports the trioctahedral character of the constituent clay minerals.
The study of the clay fraction with different treatments indicated the presence of both a
swelling and a non-swelling phase in Ad-6, but almost exclusively non-swelling in Ad-7
(Figure 1B). The use of the NEWMOD program to model the interstratification showed in
sample Ad-6 a predominance of Mg-smectite (80%–90%), while in Ad-7, a predominance
of kerolite (80%) was observed. These results were coherent with those reported in other
papers [40,41].

In sample Ad-5, phyllosilicates are the main constituents (99%), with minor amounts
of quartz and potassic feldspar (<5%). In the bulk sample, two reflections at 15 Å and at
around 10 Å can be observed. Also, the d060 value indicated the presence of trioctahedral
clay minerals. Oriented samples showed the presence of a swelling phase (87%) and illite
(13%) (Figure 1B).

Sample Ad-8 was also predominantly composed of phyllosilicates at 14–15 Å (96%),
with traces (<5%) of quartz and feldspars (both potassic and plagioclase). The d060 spacing
was predominantly trioctahedral (1.533 Å), although a minor reflection at 1.502 Å was also
identified, indicating the presence of dioctahedral phases (Figure 1A). In the clay fraction,
predominantly smectite (97%) and a low content of illite (3%) were identified. This material
can be considered as a bentonite.

Table 3 shows the chemical composition of the raw Mg-clays. The results were con-
sistent with the mineralogy of the samples. Thus, the kerolite/Mg-smectite mixed layer
samples exhibit the highest percentages of MgO and the lowest percentages of Al2O3. The
SiO2/MgO molar ratio is the lowest, between 1.25 and 1.46. MgO content in Ad-5 is also
significant, although this clay has a higher Al2O3 content than the kerolite/Mg-smectite
mixed layer samples. Bentonite has the highest Al2O3 content but the lowest MgO content,
resulting in a SiO2/MgO molar ratio of 2.25. The levels of aluminum and titanium in Ad-5
and Ad-8 correspond to the illite phase, which is absent in the other samples.
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Figure 1. Powder X-ray patterns of the Mg-clays: (A) X-ray patterns of <2 µm grain size fractions,
oriented ethylene glycol solvated samples (B) Phy: phyllosilicates; Sme: smectite; Qz: quartz; Kf:
potassium feldspar; Pl: plagioclase; K/St: kerolite–stevensite mixed layer. St: stevensite; Ill: illite.

Table 2. Bulk (% w/w) and clay mineralogy (% w/w) of the Mg-clays determined by XRD. Phy:
phyllosilicates, Qz; quartz; Kf: potassium feldspar; Pl: plagioclase; Sme: smectite; K/St kerolite–
stevensite mixed layer; Ill: illite. Tr: trace.

Samples
Bulk Mineralogy Clay Fraction

Phy Qz Kf Pl Sme Ill K/St

Ad-5 99 <1 <1 - 87 13 -
Ad-6 99 1 Tr - - - K20St80
Ad-7 98 2 - - - - K80St20
Ad-8 96 2 1 1 97 3 -

Table 3. Major element chemistry of studied non-fibrous Mg-clays.

Chemical Analysis (%) Ad-5 Ad-6 Ad-7 Ad-8

SiO2 50.15 51.43 53.17 48.23
Al2O3 4.96 2.54 1.27 9.37
Fe2O3 1.92 0.63 0.46 3.03
MnO 0.025 0.013 0.006 0.045
MgO 23.09 24.79 27.09 14.37
CaO 0.54 0.96 0.38 0.87

Na2O 0.09 0.08 0.06 0.22
K2O 0.91 0.6 0.34 1.11
TiO2 0.233 0.115 0.058 0.363
P2O5 0.08 0.03 <0.01 0.07
LOI 18.15 17.34 16.09 20.57

These results, together with the test conducted [65] to differentiate between the differ-
ent magnesian smectites, allowed us to identify a predominance of stevensite in sample
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Ad-5 and in the kerolite/Mg-smectite mixed layer, while the composition of the Mg-smectite
present in the bentonite is a saponite.

The infrared spectra of the samples formed by stevensite and kerolite/stevensite
mixed layer encompassed a broad band in the range of 3000–3400 cm−1 with maximum
absorption at 3451 cm−1, presenting a small shoulder at a somewhat higher frequency
corresponding to the OH-stretching bands of adsorbed and interlaminar water, respectively
(Figure 2). The presence of an absorption band at 3677 cm−1 is characteristic of trioctahedral
minerals and corresponds to the OH-Mg-Mg stretching band [66]. At lower frequencies, an
intense absorption band at 1019 cm−1 is typical of silicates (Si-O stretching band), while the
band at 667 cm−1 confirms the presence of trioctahedral minerals, as it corresponds to the
Si-O-Mg deformation band (Figure 2). The presence of quartz was observed in all samples
(around 784 cm−1), which is in line with the XRD results.
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The infrared spectrum of the bentonite sample was very similar to that of the stevensite
and kerolite/stevensite mixed-layer samples. Between 2000 and 4000 cm−1, the large
absorption band at 3428 cm−1 in Ad-8 coincides with that present between 3431 and
3434 cm−1 in the other samples (Figure 2) [66]. The presence of the effect at 3617 cm−1 was
indicative of the presence of Al in the octahedral layer. Between 2000 and 450 cm−1, the
absorption bands around 1636 cm−1 and the intense one at 1017 cm−1 coincide, as well
as those at 667 cm−1 and 469–470 cm−1. A small absorption peak at 590 cm−1 and the
existence of a small band at 658 cm−1 with a shoulder at 687 cm−1 stood out in Ad-8, which
contrasts with a better-defined peak at 667 cm−1 in the other samples (Figure 2).

From the point of view of thermal behavior (Figure 3), the samples formed by the
stevensite and kerolite/stevensite mixed layer behaved similarly. The first endothermic
peak was observed at low temperatures (66–74 ◦C), which is attributed to the loss of
zeolitic water: water adsorbed on the surface and hydration of the exchange cations [67].
The second endothermic peak at high temperatures (803–810 ◦C) can be attributed to
dehydroxylation followed by an exothermic peak (828–830 ◦C) due to the formation of a
high-temperature phase. The total weight loss of the samples had a variation between 15
and 20%, with the sample with the highest loss featuring a mineralogy with a predominance
of stevensite (Ad-5).
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Figure 3. DTA (dotted lines) and TG (full lines) curves of the bentonite (Ad 8) and one representative
kerolite/stevensite mixed layer (Ad 6).

The bentonite sample showed three endothermic peaks. One was at a low temper-
ature (<90 ◦C), which is attributed to dehydration, loss of adsorbed water on external
surfaces, and hydration of the exchange cations [67]. Another was at medium temperature
(477 ◦C), assigned to dehydroxylation of the remaining coordination water and hydroxyls
or structural water [68]. Finally, at high temperatures (813 ◦C), a third possibly corresponds
to the residual dehydroxylation of the silanol groups [69]. The exothermic peak (828 ◦C)
represents the destruction of the structure and formation of a high-temperature phase [69].
The total weight loss value of the sample is 20%.

The microfabric characteristics of the four Mg-clays studied are described below. The
terminology for the microfabric type is that proposed by [70].

Ad-5. Matrix-skeletal microfabric with complex distribution of constituents and
different types of porosity. Some morphologies with coatings and scattered mineral grains
(Figure 4a). In wrinkled morphologies, there are abundant pores with diameters generally
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less than 10 µm. The particle size is small (<0.5 µm), and morphological features are
characteristic of smectites.
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Figure 4. (a) Ad-5. Matrix-skeletal microfabric showing the presence of granules embedded in a
clayey mass (matrix) with small pore sizes (up to 80 µm) related to bioturbation. (BSE); (b) Ad-6.
Porous coatings on the clayey mass and granules showing a honeycomb microfabric, with some
mica grains included. (BSE); (c) Ad-7. Spongy aggregates have been observed coating porosities
or enveloping morphologies (granules and intraclasts) with wrinkled shapes on the surface. (BSE);
(d) Ad-8. The clay has a turbulent laminar micro-fabric, where the micro-laminae are less than 5 µm
thick and may envelop detrital grains. (BSE).

Ad-6. Matrix-skeletal-type microfabric, where granular morphologies of variable size
and porous coatings on surfaces can be recognized. Different textural types are identified in
the clayey material: one is massive with a clastic appearance, another has a large wrinkled
appearance, and a third has smaller wrinkles made up of a very porous microfabric with
face-edge and edge-edge (honeycomb) arrangements (Figure 4b). This sample presents
laminar morphologies characteristic of smectite with sizes smaller than 2 µm that may be
accompanied by sepiolite fibers.

Ad-7. Matrix-skeletal to sponge-like microfacies in areas where dense morphologies,
detrital grains, and spongy clay films are recognized. The spongy aggregates show a high
porosity of small size. Locally, there are thin clayey films formed by fibrous aggregates
coating dense morphologies and spongy aggregates (Figure 4c). The sample presents
very small morphologies (<0.5 µm) together with other more wrinkled morphologies of
larger size.

Ad-8. A matrix-type microfabric, although locally, it may show a turbulent laminar
microfabric formed by dense aggregates of lamellar particles that may show incipient
fiber growth (Figure 4d). There are laminar morphologies of small size (0.5 µm) forming
aggregates, characteristic of smectite. Locally incipient sepiolite fibers are observed.

CEC values were related to the expansible clay mineral content of the analyzed
samples. The highest value was found in the bentonite sample (saponite, Ad-8), followed
by the sample with a predominance of stevensite (Ad-5) (Table 4). In these two smectitic
samples, CEC behavior was in agreement with saponite’s higher layer charge with regard to



Minerals 2024, 14, 966 10 of 18

stevensite. The kerolite/stevensite mixed layer showed values of 38.4 cmol(+)·Kg−1 (Ad-7),
48.6 cmol(+)·Kg−1 (Ad-6), evidencing a proportional relationship between the stevensite
content and the increment in cation-exchange capacity.

Table 4. Physicochemical and textural properties of Mg-clay.

Ad-5 Ad-6 Ad-7 Ad-8

CEC (cmol(+).Kg−1)
SBET (m2.g−1)

53
240

48.6
244

38.4
280

90.86
203

Sext (m2.g−1) 195 201 245 116
VT (cm3.g−1) 0.24 0.31 0.35 0.17

Vµp (cm3.g−1) 0.02 0.02 0.01 0.03
Vmp (cm3.g−1) 0.18 0.24 0.31 0.10

Figure 5 shows the N2 adsorption–desorption isotherms at −196.15 ◦C. The isotherms
were classified as type II according to the IUPAC classification, although the hysteresis
cycles exhibit different classifications. Mg-clays Ad-5 and Ad-8 exhibit a type H4 cycle,
which is associated with the presence of lamellar particle aggregates, common in smectite
clays, whereas Ad-6 and Ad-7 display type II b cycles, characteristic of structures with
interconnected pores, some of which are blocked during desorption [57]. This difference
can be related to the presence of kerolite, given that its content in the mixed layer structure
increased from 20% to 80%. The desorption behavior in samples with kerolite suggests
greater pore interconnection. This observation is in agreement with the textural properties
shown in Table 4, where these samples are predominantly mesoporous.
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Figure 5. N2 adsorption–desorption isotherms at −196.15 ◦C of Mg-clays.

The presence of kerolite appeared to enhance the specific surface area (SBET) and
mesoporosity, the latter closely related to the total pore volume. Moreover, the increasing
amount of kerolite correlated well with changes in hysteresis loop patterns, suggesting that
kerolite promotes interconnectivity within the mesoporous structure of the Mg-clays. The
bentonite Ad-8, predominantly made up of trioctahedral smectite of saponite composition,
exhibited textural properties typical of such minerals, with hysteresis cycles indicating
mesopores accounting for 80% of the total pore volume.
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When comparing these results across the four Mg-clays, the specific surface area (SBET)
values are notably higher for the kerolite/stevensite mixed layer compared to bentonite.
Stevensite sample Ad-5 had an SBET value higher than the saponite but lower than the
kerolite/stevensite mixed-layer samples. This difference underscores how the presence
of kerolite enhances porosity. The results obtained for SBET values are in line with those
previously reported for similar samples [46,71,72].

The water vapor adsorption isotherms are shown in Figure 6, with corresponding
parameters detailed in Table 5. All Mg-clays display a water vapor adsorption behavior
similar to that observed in swelling clay minerals. At low relative humidity (RH), Ad-7,
which contains the highest proportion of kerolite, exhibited the lowest water adsorption.
This can be attributed to the limited capacity of kerolite to retain water within its structure,
unlike conventional clay minerals.
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Table 5. Parameters calculated from water adsorption isotherms for the four samples.

Ad-5 Ad-6 Ad-7 Ad-8

NH (%) 5.10 3.56 3.05 3.58
qads (mmol.g−1) 1.41 1.47 1.17 1.72

S (m2.g−1) 90.2 93.6 74.8 109.5

However, the bentonite Ad-8 displayed the highest water adsorption across the en-
tire range studied, owing to its elevated smectite content of saponite composition [59].
An analysis of the parameters derived from the water adsorption isotherms revealed a
direct relationship between the natural humidity content (NH) of kerolite/stevensite clays
and the proportion of stevensite present. NH values had a high correlation with SBET,
suggesting that water vapor adsorbs not only to the interlayer space but also to the meso-
porous structure. The amount of water adsorption and the surface area calculated at 16.3%
RH demonstrated that Mg-clays containing equivalent amounts of magnesian smectite
(stevensite) exhibit similar characteristics.

Bentonite Ad-8 showed the highest total water adsorption, although its HN value
was not the highest due to its swelling nature, which causes a significant portion of the
total water to be interlayered (absorbed). Additionally, the monolayer surface areas of
all materials correlated with the amount of smectite present: Ad-8 exhibited the highest
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surface area, followed by Ad-5 and Ad-6 (both containing similar amounts of stevensite),
with Ad-7 displaying the lowest.

This reverse order observed in the nitrogen adsorption–desorption isotherms indicates
that while the presence of kerolite impacts the porous structure of the Mg-clays, it decreases
their affinity for polar molecules such as water.

3.2. Adsorption Studies

The kinetic studies for both CPX and LID on Mg-clays are shown in Figure 7. The ad-
sorption processes quickly achieved equilibrium removal at 120 min in all analyzed systems.
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The results showed that for CPX, the adsorbed amounts were similar in the four
Mg-clays. Conversely, the amount of LID adsorption varied among the analyzed Mg-clays,
the bentonite being the sample with the lowest values. This could suggest an influence of
porous structure on LID molecule adsorption. This information indicated that all adsorption
data obtained in this study can be considered obtained under equilibrium conditions.

In order to explain the adsorption results, it is important to consider that both CPX
and LID are molecules with protonable groups and are pH-dependent in a solution [60,63].
In the studied conditions, the solutions were maintained at pH values close to 5, causing
the predominant species of CPX to be the cationic form (CPX+), with a minor fraction
existing as the zwitterion (CPX±), whereas for LID, the predominant species was its cationic
form (LID+).

Figure 8 presents the experimental results and fitted isotherms for CPX and LID
adsorbed on the Mg-clays. It was observed that CPX adsorption isotherms were L-type
(Langmuir) for Ad-5 and H-type (high-affinity) for the other materials [73]. The L-type
classification for Ad-5 suggests that the predominant species of CPX present in solution
were adsorbed onto surface sites until saturation. On the other hand, H-type isotherms
indicate that the predominant CPX species in solution exhibits a strong affinity toward the
surface, evidenced by a much higher slope at initial concentrations. Both L- and H-type
isotherms are associated with the adsorption of ionic solutes on materials and suggest that
there is no significant competition among CPX species and the solvent for the available
sites on the surface.

The Langmuir, Freundlich, and Sips isotherms were used to model the experimental
data (Table 6). The Freundlich model correlated better with the experimental data of Ad-5
and Ad-7 samples, while the Sips model was the best fit for the experimental data of
Ad-6 and Ad-8 samples. In any case, these models suggested that adsorption occurred in
heterogeneous systems.
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Table 6. Langmuir, Freundlich, and Sips parameters for CPX and LID adsorption on Mg-clays.

Ad-5 Ad-6 Ad-7 Ad-8
CPX LID CPX LID CPX LID CPX LID

Langmuir
qm (mmol g−1) 0.52 0.41 0.56 0.48 0.65 0.37 0.76 0.45
k (L mmol−1) 13.5 16.4 47.9 8.22 11.9 19.3 75.4 3.00

R2 0.79 0.87 0.80 0.87 0.83 0.86 0.92 0.99

Freundlich
kf (L g−1) 0.45 0.38 0.53 0.41 0.55 0.33 0.74 0.35

n 6.34 6.92 6.18 5.93 6.11 7.63 6.01 2.34
R2 0.99 0.89 0.92 0.90 0.99 0.88 0.92 0.95

Sips

qm (mmol g−1) 1.81 0.41 0.80 0.48 1.26 0.57 0.91 0.51
b (L mmol−1)1/n 0.01 16.4 10.2 8.22 0.34 3.96 32.1 2.57

n 4.39 1.00 3.01 1.00 4.07 3.40 1.95 1.09
R2 0.96 0.99 0.96 0.99 0.98 0.84 0.99 0.98

The Ad-8 bentonite exhibited the highest CPX-adsorption capacity, at 0.911 mmol·g−1,
equivalent to its CEC value (0.909 mmol·g−1). In coherence with this, it also exhibited
the highest smectite content of saponite composition, which may have favored CPX+

adsorption mainly through cationic exchange, which is the main adsorption mechanism
reported for other smectite clay minerals [74].

For the kerolite/stevensite mixed layer, CPX adsorption was higher for Ad-6 than
Ad-7, exhibiting adsorbed amounts exceeding their CEC values (Table 6). This would
evidence that kerolite content favored CPX removal from the solution, which could be
explained by two interrelated effects. As previously observed, kerolite/stevensite clays
developed mesoporosity in their structure, potentially increasing the availability of surface
sites such as broken edge sites for adsorbing the zwitterionic species of CPX in solution.
The CPX± species presented a protonated amino group in its structure, while the carboxyl
group was deprotonated, resulting in a neutral total charge that decreased its adsorption
on the negative structure. The presence of the deprotonated carboxylate group could
favor CPX interaction with the broken edge groups on the surface to form inner-sphere
complexes, increasing the total amount adsorbed for these Mg-clays [39,52]. This was also
observed by other authors in similar systems using pillared clays as adsorbents, which are
characterized by a micro-mesoporous structure that favors CPX adsorption [30,50,51]. This
suggests that in these non-swelling clay minerals, CPX could be adsorbed both as cation
species on the negative charged surface and in zwitterion form on reactive sites located
on the broken edge of the 2:1 structure. However, more specific determinations, such as
the effect of pH and ionic strength on adsorption, are needed to elucidate the adsorption
mechanisms of these clays.
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Stevensite sample Ad-5 presented the lowest adsorption capacity. This could be
explained by a much lower CEC than the bentonite Ad-8 and the absence of a kerolite
phase that could have enhanced the adsorption, as explained above.

Adsorption isotherms for LID adsorption on Mg-clays were L-type (Langmuir) in
Ad-5, Ad-6, and Ad-8 samples, while in the Ad-7 sample, these were H-type according to
the classification proposed by Giles et al. [73]. Again, this would be evidence that ionic
species adsorption, in this case, LID+, occurred without competing with water for the solid
surface sites.

The adsorption parameters of Freundlich, Langmuir, and Sips models are presented in
Table 6. The quadratic correlation values indicated in the good adjustment of samples Ad-5
and Ad-8 point to the Langmuir model and, in the case of Ad-6 and Ad-7, to the Freundlich
model. These results suggest that in the Mg-clays with a higher smectite content, LID+

adsorption took place in reactive sites of the same nature, while in the clays with kerolite
content, adsorption occurred on reactive sites of a different nature.

The maximum adsorption capacity (qm) for LID+ on the analyzed clays, and therefore
their removal efficiency, followed the order Ad-8 > Ad-6 > Ad-5 > Ad-7. Except for the
bentonite Ad-8, the adsorbed amounts qm obtained were equivalent to their CEC, suggesting
that cation exchange is the main adsorption mechanism. In the case of the bentonite Ad-8
(97% saponite), the qm value was lower than its CEC, suggesting that the LID molecule
could occupy more than one available site in the saponite interlayer space, thus decreasing
the number of sites. However, additional studies of Ad-8-LID adsorption complexes are
needed in order to corroborate this.

All the samples showed a higher affinity and adsorption capacity for CPX than for
LID in the studied conditions. This can be explained by considering the morphology and
the size of the analyzed molecules as well as the Mg-clays properties. In the first place,
CPX is a flat-shaped molecule with a lower thickness than LID. In addition, the positive
charge of the CPX is located in its amine group situated at one end of the molecule, which
would facilitate the interaction with the solids’ surface. Meanwhile, in the LID molecule,
voluminous carbon chains surround the protonated group, hindering interaction with the
solid surface. Additionally, at the analyzed pH, the zwitterionic form of CPX is also present
and therefore can be adsorbed on different surface reactive sites.

Taking all of this into account, bentonite Ad-8 exhibited the highest adsorption capacity
for both CPX and LID under the studied conditions, which may be attributed to its higher
smectite content of saponite composition and CEC value. This suggests that the primary
mechanism of CPX and LID adsorption on the studied Mg-clays was cation exchange. This
adsorption is likely facilitated by electrostatic forces between the positively charged CPX
and LID molecules and the negative charge of the smectite component in the clays (saponite
and stevensite).

However, in the case of CPX adsorption, the kerolite/stevensite mixed layer (Ad
6 and Ad-7) showed qm values higher than their CEC values. In this case, the results
suggested that CPX± present could be adsorbed through another type of interaction, such
as inner-sphere complexes or hydrogen bonds involving its deprotonated carboxyl group
and -Si-OH or -Mg-OH groups exposed in broken edge sites. Such sites are associated with
the porosity generated by the presence of kerolite in those samples, thereby increasing their
adsorption capacity relative to their CEC values.

Finally, for a comparative performance assessment of the studied materials for CPX
adsorption from aqueous media, the reported adsorption capacities for other natural clays
are summarized and presented in Table 7. According to other authors, kaolinite clays
feature the lowest adsorption capacities, followed by montmorillonite clay minerals (Na
and Ca type). The studied Mg-clays in samples Ad-5 and Ad-7 presented values similar to
montmorillonite types, but the values obtained in samples Ad-6 and Ad-8 surpassed them.
This suggests that the composition of the mixed layer K20/St80 of Ad-6 adsorbed as much
as a bentonite clay (Ad-8) with high purity (97% saponite).
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Table 7. Adsorbed reports for CPX on natural clays.

Adsorbent qm CPX (pH)
(mmol.g−1)

Adsorbent dosage
(g.L−1) Reference

kaolinite 0.02 (5–6) 0.2 [75]
Na-Bentonite from Turkey 0.44 (4.5) 2.5 [76]

Na-Montmorillonite from Argentine 0.42 (6) 2.5 [60]
Ca-bentonite 0.49 (6.5) 0.2 [12]

Clay 4 (Na-montmorillonite type) 0.58 (6–7.6)
1.0 [77]Clay 2 (Kaolin type) 0.09 (6–7.6)

Ad-5 0.44

2.5 This work
Ad-6 0.80
Ad-7 0.55
Ad-8 0.91

The LID adsorption capacities were not included because no values have been previ-
ously reported for this molecule.

4. Conclusions

In this study, four Mg-clays were evaluated as potential adsorbents for the removal
of two pharmaceutical pollutants: CPX and LID. Mineralogical analysis revealed that two
of the clays are composed of a kerolite/stevensite mixed layer, the third is predominantly
stevensite, and the fourth is classified as a bentonite with 97% saponite as its primary
mineral component. Physicochemical characterization showed a strong correlation be-
tween the percentage of swelling clay minerals and the cation-exchange capacity (CEC)
values. Textural properties indicated a significant influence of kerolite content, with a close
relationship observed between the amount of kerolite and the percentage of mesoporosity.

Batch adsorption tests demonstrated that all materials are suitable for CPX and LID
removal from water under the studied conditions. The results showed that for smectitic
samples (saponite and stevensite), CPX adsorption primarily occurs through ionic exchange.
Conversely, for samples containing kerolite, porosity plays a critical role by providing
additional reactive sites within the porous structure and at the broken edges of clay particles.
LID adsorption also appears to occur via ionic exchange, but due to the molecular shape of
LID, this EC is more effectively accommodated in samples containing kerolite due to its
higher pore volume.

This study not only underscores the potential of non-fibrous Mg-clays as adsorbents
for emerging contaminants but also establishes a link between their composition, textu-
ral properties, and contaminant retention capacity. This understanding is essential for
optimizing their application in various industrial contexts.
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