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A B S T R A C T

This research investigates the applicability of metakaolin-based geopolymers in the removal of organic con-
taminants of emerging concern from polluted water by adsorption. Ofloxacin and cortisone were chosen as model
molecules, because of their different chemical properties. For each contaminant, adsorption was first tested on
powdered materials with different mesoporosity. The removal of the two drugs was eventually evaluated on
macroporous geopolymer monoliths, obtained using commercial olive oil and H2O2 solution as pore-forming
agents to enhance permeability to liquids and thus favor the absorption process. Finally, a novel ceramic com-
posite diaphragm was prepared and tested. Adsorption experiments demonstrated the larger affinity of all
substrates for ofloxacin than for cortisone. Different adsorption mechanisms were observed, monolayer for the
antibiotic and cooperative for the steroid, with different adsorption capacities, 29(2) mg g− 1 and 0.47(2) mg g− 1,
respectively. The removal efficiencies of the two drugs by the monoliths and by the ceramic composite dia-
phragm were evaluated and compared. Satisfactory drug recoveries (>99%) were also obtained under realistic
conditions, i.e., freshwater, micrograms per liter drug concentration.

1. Introduction

Anthropogenic pressures have significantly changed water avail-
ability, quality, and sources (Castiglioni et al., 2020). Due to their high
toxicity and severe impact on the safety of human health and aquatic
ecosystems, many refractory organic pollutants, including biologically
and pharmaceutically active compounds, are causing considerable
concern (Castiglioni et al., 2018; Riva et al., 2019). A growing number of
Contaminants of Emerging Concern (CECs) are detected in wastewater
treatment plant effluents (WWTPs) using analytical screening methods
(Gago-Ferrero et al., 2020). Despite the low concentration level, they
may cause chronic toxicity to aquatic organisms and accumulation in the
ecosystems; moreover, risks to human health cannot be excluded (Riva
et al., 2019). Among CECs, antibiotics and endocrine-disrupting sub-
stances pose a particular threat, the former stimulating bacterial resis-
tance, and the latter interfering with endocrine functions (Adeel et al.,
2017; Kümmerer, 2004).

With increasing amounts of these chemicals being released into our

waterways, it is crucial to take action to address this issue, as strongly
suggested by the European Union Strategic Approach to Pharmaceuti-
cals in the Environment (European Commission, Directorate-General for
Environment, 2019). According to the revised Surface Water Watch List
(Gomez Cortes et al., 2022), this approach promotes new strategies for
monitoring pharmaceuticals regularly and designing new technologies
to reduce their widespread diffusion.

Currently, conventional municipal wastewater treatment plants
(WWTPs) are ineffective in eliminating such emerging, highly persistent
contaminants, which represent the primary source of drug contamina-
tion. To improve WWTP efficiency, several processes have been pro-
posed, conventional (e.g., activated carbon), advanced (e.g., advanced
oxidation methods), or combined treatments (Shahid et al., 2021).
Removal of pollutants via adsorption is a promising and advantageous
option due to its low cost and ease of integration into conventional
WWTPs. In addition, no toxic byproducts are generated during treat-
ment, and new generation adsorbent phases make it a more sustainable
process. Recently, clay minerals and other materials, such as biochars,

* Corresponding author.
E-mail address: michela.sturini@unipv.it (M. Sturini).

1 Present address: Department of Biological, Geological and Environmental Sciences, University of Catania, Corso Italia 57, 95129 Catania, Italy

Contents lists available at ScienceDirect

Applied Clay Science

journal homepage: www.elsevier.com/locate/clay

https://doi.org/10.1016/j.clay.2024.107502
Received 14 January 2024; Received in revised form 8 July 2024; Accepted 20 July 2024

mailto:michela.sturini@unipv.it
www.sciencedirect.com/science/journal/01691317
https://www.elsevier.com/locate/clay
https://doi.org/10.1016/j.clay.2024.107502
https://doi.org/10.1016/j.clay.2024.107502
https://doi.org/10.1016/j.clay.2024.107502
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://creativecommons.org/licenses/by-nc-nd/4.0/


Applied Clay Science 259 (2024) 107502

2

biopolymers, metal-organic frameworks, and waste sorbents, have been
tested for CEC adsorption (Hossain et al., 2020; Iravani et al., 2022;
Mangla et al., 2022; Sophia and Lima, 2018).

Alkali Activated Materials (AAMs) and geopolymers have been
intensively studied in the last decades as low-carbon binder alternatives
to Portland-based cements (Pacheco-Torgal et al., 2014; Provis and
Palomo, 2015; Shi et al., 2019). Moreover, AAMs have many potential
applications in the treatment of water and wastewater as adsorbents/ion
exchangers, membranes, and filter media (Tan et al., 2020; Papa et al.,
2023; Nurlina et al., 2024). Due to mechanical and chemical stability,
low cost, and low energy production, AAMs and geopolymers seem
advantageous over benchmark standard activated carbon adsorbents,
characterized by high energy consumption in manufacturing processes
and difficult recovery processes (Liao et al., 2020). Their synthesis al-
lows a variety of different industrial waste to be used as precursors,
keeping them in the materials cycle for longer, in line with the circular
economy model (Carvalheiras et al., 2023). Another key advantage over
the benchmark adsorbent activated carbon is that AAMs can be reused in
other applications (e.g., as filler or aggregate in the production of new
building materials) after exhaustion due to the strong binding of the
pollutants to the geopolymer matrix.

The adsorption of heavy metals and dyes is the result of the porous
structure of AAMs and the presence of negative charges on aluminum
tetrahedra, as well as of their mechanical stability. Many studies have
been carried out on the adsorption of metal ions, including Pb2+ (Novais
et al., 2016), Cs+ (Petlitckaia et al., 2020), Ni2+, Cd2+, Hg2+ (Maleki
et al., 2019), Cu2+ (Duan et al., 2016), and of ammonium (Bai et al.,
2017; Sanguanpak et al., 2021). The few studies dealing with organic
molecules have mostly focused on the removal of cationic dyes such as
methylene blue (En-naji et al., 2023; Novais et al., 2019 and references
therein), Crystal Violet (Li et al., 2020) and Basic Yellow 2 (Acisli et al.,
2020), as well as anionic Acid Blue 185 (Acisli et al., 2022). Recently,
attention has shifted to adsorption of more complex molecules and
emerging contaminants, including antibiotics (Sanguanpak et al., 2022),
on alkali activated materials. The possibility of using bulk geopolymer-
based adsorbents (including porous monoliths, granules, and spheres)
rather than powders has gained the interest of the scientific community
(see Novais et al., 2020 for a review). In fact, monoliths could be used
directly in packed beds, which are safer and easier than nano- or micro-
sized powders.

In the present work, the adsorption efficiencies for CECs of
metakaolin-based geopolymers were studied on both powdered and
centimetre-sized samples under realistic conditions, i.e., micrograms per
liter drug concentration and freshwater. Ofloxacin (OFL) and cortisone
(CORT) were selected as model molecules for several reasons: (i) their
widespread use in humans; (ii) their presence in the aquatic compart-
ment; (iii) their largely different physicochemical properties; and (iv)
our previous studies on other aluminosilicate sorbents (Belviso et al.,
2021; Capsoni et al., 2022; Maraschi et al., 2014; Rivagli et al., 2014;
Sturini et al., 2016). Porous geopolymer monoliths were obtained using
two different methods, i.e., by chemical foaming technique using
hydrogen peroxide, and by emulsion templating method with olive oil.
Finally, to design ceramic adsorbents in bulk form that are easy to
handle, a composite non-woven fabric ceramic diaphragm was prepared
and tested. The drug removal efficiency of the monoliths and the dia-
phragm were measured and compared with those of the corresponding
powders and with powders of geopolymers with the same chemical
composition and different porosity.

2. Materials and methods

2.1. Sl-K kaolin clay

The porous geopolymer samples were prepared using Sl-K, an in-
dustrial kaolin sourced from the Seilitz kaolin deposits in Germany and
provided by Sibelco Italia S.p.a. The chemical composition of Sl-K, as

determined by X-ray fluorescence (XRF), is as follows: SiO2 67.0%,
Al2O3 31.5%, Fe2O3 0.32%, TiO2 0.24%, CaO 0.12%, MgO 0.23%, K2O
0.35%. The measured ignition loss of Sl-K is 10.02%, which is lower than
the theoretical value for pure kaolinite (13.96%).

Fig. 1a and b show the XRD pattern and FT-IR spectrum of Sl-K,
respectively. The XRD pattern in Fig. 1a indicates that the only crys-
talline phases present are kaolinite and quartz. The FT-IR spectrum
(Fig. 1b) is dominated by the bands centered at 1000 cm− 1 related to T-O
stretching in kaolinite and quartz. Furthermore, in the range of 3600 to
3700 cm− 1, the spectrum exhibits four intense and well-resolved ab-
sorption bands, which correspond to the stretching of groups in kaolinite
(Farmer, 1998; Balan et al., 2001).

The relative amount of the two crystalline phases is 73 wt% kaolinite
and 27 wt% quartz, as determined by Gasparini et al. (2013), who
studied the dehydroxylation kinetics of the sample. Further information
on this kaolin clay is reported in other studies (Gasparini et al., 2015;
Clausi et al., 2016) where it is used to produce geopolymers. The kaolin
powder was heat-treated at 800 ◦C for 2 h to transform kaolinite into the
reactive metakaolinite, hereafter labelled as Sl-MK. The XRD pattern of
the heat-treated clay Sl-MK only shows the quartz peaks. The spectrum
shows the absence of all stretching bands and those at 910 and 935 cm− 1

related to Al-O-H. The Si–O peaks have merged into a single broad band
centred at 1050 cm− 1.

2.2. Other materials

Sodium silicate solution (modulus SiO2/Na2O = 2.06 and H2O =

56.09 wt%) was provided by Ingessil s.r.l. Sodium hydroxide (reagent
grade ≥ 98%) was purchased by Sigma Aldrich.

OFL, CORT and acetic acid (AA) were purchased from Merck, high-
performance liquid chromatography (HPLC) gradient-grade acetoni-
trile (ACN) and methanol (MeOH) were by VWR International, H3PO4
(85% w/w) and water for liquid chromatography (HPLC) by Carlo Erba
Reagents.

Working OFL and CORT solutions were prepared daily in tap water
collected from the water network of Pavia (pH 7.7, conductivity 278 μS
cm− 1, see Table S1 in Supplementary Materials).

2.3. Geopolymer synthesis

Sodium silicate solution was modified by adding distilled water and
dissolving solid sodium hydroxide to have Na2O/H2O= 14 (molar ratio)
and left to rest one night. Sl-MK was allowed to react with sodium sili-
cate solution to give a final composition characterized by the following
molar ratios: SiO2/Al2O3 = 3.7, Al2O3/Na2O = 1.04 and H2O/solid =

0.33, 0.46 and 0.66 (wt% ratio). Sample labels GpB_33, GpB_46 and
GpB_66 reflect water/solid ratios used for the synthesis and are the same
used by Clausi et al. (2016). The value of the SiO2/Al2O3 ratio was
chosen as it provides the MK-based geopolymers with the highest
strength and without formation of crystalline zeolite-type phases, as
reported in the literature (Duxson et al., 2005; Fletcher et al., 2005). The
different water content of the synthesis produces differences in porosity
and median pore radius (in the ranges 20–30% and 4–8 nm, respec-
tively) in the resulting geopolymers (Clausi et al., 2016).

Geopolymer binder samples were prepared by adding Sl-MK powder
to the alkaline solutions and mixing for 10 min to form homogenous
slurries. Samples were poured into cylindrical PTFE molds and com-
pacted by mechanical vibration for 60 s.

Macroporous monoliths were prepared by using the geopolymer
binder slurry GpB_46. The slurry was first mixed with a mechanical
mixer for 10 min, then left to rest for 30 min and finally divided into five
parts. One part was kept as it is (labelled GpB_46). Another part was used
for preparation of the diaphragm composite by coating one side of a non-
woven fabric base material evenly with the fresh paste, and then
pressing another non-woven fabric sheet on the coated layer and rolling
to form the composite diaphragm. Pores forming agents were added to
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the remaining three parts as described below:

1. 25 wt% olive oil. NaOH was also added by considering a saponifi-
cation coefficient of 0.134. The resulting sample is labelled
GpB_46_O;

2. 1 wt% hydrogen peroxide solution (30% Sigma Aldrich), as
described by Ducman and Korat (2016). The resulting sample is
labelled GpB_46_HP1;

3. 6 wt% hydrogen peroxide solution. The resulting sample is labelled
GpB_46_HP3.

The resulting slurries were mixed again for 10 min, poured into cy-
lindrical molds, and cured at 52 ◦C for 19 h in sealed vessels to ensure
100% Relative Humidity before being demolded.

Such curing conditions were chosen as they can produce metakaolin-
based geopolymers with high strength and low shrinkage (Gasparini
et al., 2015).

2.4. Geopolymer characterization

X-ray powder diffraction (XRPD) analyses were carried out on all
samples by using a Malvern Panalytical X'Pert3 X-ray diffractometer,
equipped with a Cu anticathode operating at 40 kV and 40 mA, in the
range 2◦-65◦ 2θ. XRPD patterns of all samples are similar showing a
broad hump between 20◦ and 35◦ 2θ, typical of the amorphous phase of
geopolymers and the presence of quartz, derived from the metakaolin.
The XRPD pattern of sample GpB_46 is shown in Fig. 1a as a represen-
tative for all samples, and compared with the pattern of Sl-MK. No peaks
resulting from the presence of new crystalline phases, such as zeolite
phases, were detected in any of the patterns apart from GpB_46_HP3,
which show peaks due to trona, Na3(CO3)(HCO3)⋅2(H2O). The forma-
tion of sodium carbonate formation may be due to an excess of Na cat-
ions that are mobile within the pore network. As water evaporates, they
are brought to the surface where they can react with atmospheric CO2.
Diffraction patterns of all geopolymer samples are available in Fig. S1 in
Supplementary Materials.

Apparent densities of monoliths were measured by a ULTRAPYC
1200e gas ultrapycnometer 244 (Quantachrome Instruments, USA).

Measurements were carried out in a sample chamber of 48.1 cm3 and by
using nitrogen as pycnometric gas. Three different roughly cubic spec-
imens (1.4 × 1.4 × 1.4 cm3), dried at 80 ◦C for 24 h, were measured for
each sample composition. For each specimen, density was obtained by
averaging six measurements. Data accuracy is < ±0.02% and repro-
ducibility is < ±0.01%. Stainless-steel spheres were used for instrument
calibration.

Apparent density (Dapp) is defined as the ratio of sample weight to its
apparent volume Vav, which excludes open pores, but includes closed
pores, as measured by the pycnometer. Nominal density (Dnom) is
instead based on the geometrical volume Vgeo, i.e., that calculated from
the measured sample linear dimensions. Sample effective porosity φ was
evaluated by (1 – Dapp/Dnom) × 100. Dapp, Dnom and porosity of geo-
polymer monoliths are reported in Table 1.

The measured density values of geopolymers of this work are around
2 g/cm3, in agreement with data previously reported in the literature for
geopolymers of similar Si/Al ratio (Duxson et al., 2005; Rovnanik,
2010). The density of GpB_46_O is slightly lower, probably because not
all the pores are interconnected, and the lower weight of the isolated
voids within the matrix reduces the mass/volume ratio.

Samples were analyzed by using optical and electron scanning mi-
croscopes. Pictures of massive samples and optical microscope images
are reported in Fig. S2. Microtextural investigations were performed
using a stereomicroscope Olympus SZ61. A Field Emission Scanning
Electron Microscope TESCAN Mira 3 XMU-series. Analyses of the
morphological features were performed on fracture surfaces of the
specimens, obtained by placing thin splinters of material directly on the
stab. Samples were covered by 5 nm carbon coating before being

Fig. 1. Characterization of Sl-K kaolin (red), Sl-MK metakaolin (blue) obtained at 800 ◦C, and geopolymer binder GpB_46 (green). Sample names are reported in the
figures. (a) XRD patterns. Main peaks are labelled: Kaol = Kaolinite; Qtz = Quartz; (b) FT-IR spectra. (For interpretation of the references to colour in this figure
legend, the reader is referred to the web version of this article.)

Table 1
Density and effective porosity of porous alkali activated monoliths. Errors re-
ported in table are twice the standard deviations of the six measurements carried
out on each sample.

Sample name Dnom (g/cm3) Dapp (g/cm3) Porosity φ (%)

GpB_46_O 0.9(1) 1.8(1) 50
GpB_46_HP1 1.3(1) 2.2(1) 41
GpB_46_HP3 0.5(1) 2.3(1) 78
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investigated to prevent charge built-up on the electrically insulating
sample surface. Images were collected using secondary electrons (SE).

2.5. Adsorption experiments

2.5.1. Drug adsorption tests
50 mg of each material was suspended in tap water samples (10 mL)

containing OFL and CORT, each separately. Two different concentra-
tions were investigated, i.e., 10 mg L− 1, 50 μg L− 1. A small amount of
diluted acidic and alkaline solutions (HCl ≈ 1 M and NaOH ≈1 M) was
added to adjust the pH. The suspensions were gently shaken on a rocker
overnight at room temperature. They were centrifuged, and the super-
natants were withdrawn, filtered, and analyzed by UV–Vis and HPLC
systems to determine the residual drug concentrations in the solution.

The drug removal efficiency (R %) was calculated from Eq. 1:

R% =
(C0 − Ce)

C0
x 100 (1)

where C0 is the initial drug concentration, Ce is the concentration after
stirring overnight.

2.5.2. Isotherm study
A batch equilibration method was used to describe the adsorption

isotherms of the two drugs on powders of geopolymer samples to eval-
uate the maximum drug uptake and the relation between the amount of
adsorbed drug (qe) and its concentration in the solution (Ce) at equi-
librium (Foo and Hameed, 2010). 50 mg of each material were weighed
into flasks and mixed with 10 mL of tap water samples containing
increasing amounts of each drug, depending on their water solubility.
The flasks were gently shaken on a rocker for 24 h at room temperature
(20 ± 1 ◦C) to ensure equilibration. The suspensions were filtered
through a 0.22 μm nylon membrane filter and analyzed by UV-mini and
HPLC-UV to determine OFL and CORT concentration at equilibrium
(Ce).

The amount of drug adsorbed (qe) was calculated from Eq. 2:

qe =
(C0 − Ce) × V

M
(2)

where C0 is the initial drug concentration, Ce the concentration in so-
lution at equilibrium, V the volume of the solution (L) andM the amount
of the sorbent (g).

All experiments were performed in duplicate with good reproduc-
ibility (RSD ≤10%).

The isotherm parameters were determined by OriginPro, Version
2019b (OriginLab Corporation, Northampton, MA, USA).

2.6. Analytical measurements

UV–Vis and HPLC systems with different sensitivity and analysis
modes were used according to the type of analyte and its concentration,
as previously reported (Capsoni et al., 2022).

OFL at mg L− 1 was quantified by a UV–Vis spectrophotometer
(UVmini-1240, Shimadzu Corporation) (λ = 287 nm, calibration range
1–10 mg L− 1, R2 > 0.9988, quantification limit 0.8 mg L− 1). OFL at μg
L− 1 was determined by an HPLC system consisting of a pump Series 200
(Perkin Elmer, Milano, Italy) equipped with a vacuum degasser and a
programmable fluorescence detector (FD) setting the fluorescence
excitation/emission wavelengths at 280 and 450 nm (50 μL injection
sample volume, Ascentis RPAmide column 250 × 4.6 mm, 5 μm coupled
with a similar guard-column, mobile phase 25 mM H3PO4–ACN 85:15,
flow rate of 1 mL min− 1; calibration range 1 and 20 μg L− 1, R2> 0.9988,
quantification limit was 0.9 μg L− 1).

For CORT measurements at mg L− 1, an HPLC-UV Shimadzu (Shi-
madzu Corporation, Milano, Italy) system, consisting of a LC-20 AT
solvent delivery module equipped with a DGU-20 A3 degasser and

interfaced with a SPD-20A UV detector, was used (λmax 238 nm, injec-
tion sample volume 20 μL, 250 × 4.6 mm, 5 μm GraceSmart RP18 col-
umn coupled with a similar guard-column, isocratic elution H2O–ACN
70:30, flow rate was 1.0 mL min− 1; calibration range 1–10 mg L− 1, R2 >
0.9996, quantification limit was 0.3 mg L− 1) (Pretali et al., 2021).

An Agilent (Cernusco sul Naviglio, Italy) HPLC 1260 Infinity appa-
ratus coupled with an Agilent 6460C ESI-MS/MS spectrometer was used
for CORT analyses at μg L− 1 (injection sample volume 5 μL, Agilent 120
EC-C18 Poroshell column 50 × 3 mm, 2.7 μm with a similar guard-
column; mobile phases ultrapure H2O 0.1% v/v acetic acid (A) –
MeOH 0.1% v/v acetic acid (B), linear gradient from 40% to 84% B in
12 min, followed by 8 min column re-equilibration, 0.6 mL min− 1 flow
rate, column temperature 50 ± 1 ◦C).

The MS/MS system consisted of a triple quadrupole with electro-
spray ionization (ESI) source operating in negative mode (precursor ion
[M + AcO] − adduct). The source parameters were: drying gas tem-
perature 300 ◦C (N2); drying gas flow 5 L min− 1 (N2); nebulizer 45 psi;
sheath gas temperature 250 ◦C; sheath gas flow 11 L min− 1; capillary
voltage 3500 V (positive mode) and 3000 V (negative mode); nozzle
voltage 500 V positive, 0 V negative; electron multiplier voltage (EMV)
0 V for both polarities; cell accelerator voltage (CAV) 1 V. The multiple
reaction monitoring (MRM) conditions for the target analyte are re-
ported in (Pretali et al., 2021). The instrumental quantification limit was
0.6 μg L− 1. MassHunter software from Agilent was used for data
processing.

3. Results and discussion

In the present work, the potential use of geopolymers as novel sor-
bents for the removal of OFL and CORT from wastewater was evaluated.
Affinities of these materials towards the selected model drugs were
tested on both powders and bulk specimens. Adsorption efficiencies
were evaluated also under relevant realistic conditions (freshwater; μg
L− 1 drugs).

3.1. Microstructural features of geopolymers

Differences in the morphology of the geopolymer samples are here-
after analyzed based on high-resolution SEM images at different mag-
nifications. At low magnifications (Fig. 2, left panel), matrix
homogeneity and the presence of porosity are taken into account, and in
particular, the abundance, shape, dimension, and arrangement of the
pores were evaluated.

Analyses at higher magnifications (10kx, Fig. 2, right panel) allow to
evaluate fine details of the aluminous gel and its degree of development.
Moreover, they clearly display the differences in the microstructural
features and texture of the samples and hence allow to evaluate the ef-
fect of the foaming agents on the geopolymer binding matrix.

At 150x, GpB_46 shows a homogeneous and dense texture, spherical
voids of 50–70 μm in size are evident, probably due to air bubbles
trapped in the gel during the synthesis. They contribute to the total
porosity but are not connected but isolated one from the other.

The matrix of the GpB_46 sample, observed at 10kx magnification
(Fig. 2b), appears to be characterized by a high homogeneity with a
fairly rough surface, given by the precipitated gel particles that are
linked to each other in an ordered arrangement forming a binding tissue
that appears continuous even at large magnifications.

New crystalline phases are not present, but relicts of metakaolinite,
recognizable by the typical lamellar structures, can be seen. However,
they are completely incorporated in the matrix.

The GpB_46_O sample has a high porosity, as can be seen from
Fig. 2c. The pore size is fairly heterogeneous, ranging from 150 μm to 10
μm. The photo allows observing that there is a certain degree of effective
porosity, as the largest pores show interconnection. At higher magnifi-
cation (Fig. 2d), the GpB_46_O sample matrix is very compact. The
particles are all organized to form parallel structures, as is evident from
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Fig. 2. FESEM micrographs of geopolymer samples at different magnifications. Each row refers to one sample. a), b): GpB_46; c), d): GpB_46_O; e), f): GpB_46_HP1;
g), h): GpB_46_HP3. Scale bar, magnification (MAG), acceleration voltage (HV) and working distance (WD) are shown in each image.

S.C. Tarantino et al.
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the detail in the upper left, and no porosity is evident at that scale.
Moreover, relicts of metakaolinite, incorporated into the matrix, can be
seen.

The GpB_46_HP1 sample has a uniform pore shape and size, ranging
from 50 to 100 μm (Fig. 2e). In this case, the pores appear uniformly
distributed but not in connection with each other, if we exclude the
microfractures due to the preparation operations. In the 10kx magnifi-
cation image (Fig. 2f), the matrix is coarser than that of GpB_46_O,
slightly loose, and shows some fine porosity in some areas (top left and
bottom right), the particles tend to be more compact and create parallel
layers.

In sample GpB_46_HP3, the higher amount of hydrogen peroxide
resulted in pores of 1 to 2 mm (Fig. 2g), still well distributed in the
material. This behavior is due to the pore coalescence, which clearly
leads to an increase in pores size. To highlight the pore diameter of this
sample, a lower magnification was required (50x, compared to 150x
used for GpB_46_O and GpB_46_HP1 and 500x for GpB_46). In Fig. 2h the
coarse grain of the matrix and an incipient crystallization process can be
observed. The degree of anisotropy is high, and the matrix has a rela-
tively loose structure.

3.2. Drugs adsorption on powdered geopolymer

3.2.1. Preparatory adsorption tests
Preparatory experiments were carried out to evaluate the feasibility

of the sorption process of the drugs at two different drug concentrations
(10 mg L− 1, 50 μg L− 1) under environmental conditions. For this pur-
pose, tap water was chosen as the solvent because its composition is
constant over time and very similar to freshwater (see Table S1). In this
way, the adsorption properties of metakaolin-based geopolymers were
tested in the presence of the matrix macro-constituents (see Table S1),
which are also the predominant species in most freshwater systems
(Syeed et al., 2023), and can affect the drug uptake (Rivagli et al., 2014;
Chang et al., 2022). Likewise, we investigated a pH range, from 4.0 to
9.0, that includes the pH values found in many natural water bodies,
falling between pH 6.5 and 8.0.

The adsorbent amount was chosen based on our previous experi-
mental evidence on clay minerals, such as kaolinite, montmorillonite
(Rivagli et al., 2014), and sepiolite (Sturini et al., 2016) used for FQs
adsorption. The high adsorption capacities of such materials, ranging
from 9 to over 200 mg g− 1, and the recent literature regarding con-
taminants adsorption on geopolymers (Salimkhani et al., 2021)
prompted us to use small amounts of metakaolin-based geopolymers,
also avoiding an excess of waste. Finally, we considered stirring each

suspension overnight for operative reasons despite the fast equilibration
time attained for kaolinite in our previous study (Rivagli et al., 2014).

Fig. 3a shows the OFL removal efficiency profiles of GpB_33, GpB_46,
and GpB_66 powders as a function of pH. The adsorption efficiency in-
creases significantly with the decrease in pH,from 20 to 30% at pH > 8
to 80–90% below pH 6.5, independently of the different water/solid
ratios used to prepare the samples and, in turn, independently of dif-
ferences in their porosity.

Quite similarly, the pulverized geopolymers GpB_46_O, GpB_46_HP1,
and GpB_46_HP3, guarantee an OFL removal ≥90% below pH 6.5.
However, it can be seen from Fig. 3b that at pH values above 6.5, the
OFL adsorption decreases dramatically for GpB_46_HP3 and more
gradually for GpB_46_O.

Differently, CORT removal is around 16–19% and it does not change
in the pH range from 4.0 to 9.0 for all the investigated materials
(Fig. 4a). Adsorption of CORT by the samples obtained with the use of
pore-forming agents is not significantly different and varies between 7
and 14% (Fig. 4b).

Such different trends may be related to the different chemical
properties of the selected molecules and, consequently, to the different
adsorption interactions between the drug and the surface of the geo-
polymer samples.

The experimentally determined pHpzc value, around 8, for GpB_46
(Fig. S3 in Supplementary Material) implies that its surface is positively
charged below pH 8, almost uncharged around pH 8, and negatively
charged in alkaline solution. According to the dissociation constants
pKa1 (5.98) and pKa2 (8.00) of the antibiotic (Babić et al., 2007; Van
Doorslaer et al., 2014), the relevant OFL species at environmental con-
ditions are the positively charged (OFL+) and the zwitterionic (OFL ±)
species. Thus, as previously reported (Rivagli et al., 2014), we may as-
sume that cation exchange between the exchangeable cations of the
geopolymer - particularly the excess of sodium cations incorporated
during the synthesis and mobile within the pore network- and the pro-
tonated amine group of the piperazine moiety of the antibiotic is the
predominant adsorption mechanism at pH solution below pKa1. For pH
solution between pKa1 and pKa2, the removal efficiency of the geo-
polymer gradually decreases, suggesting that the positively charged
amine group of the antibiotic may still contribute to the adsorption, even
though the antibiotic is in the zwitterionic form. However, we do not
exclude the presence of hydrogen bonding interactions between the
ionized carboxylic group and the positively charged surface of the
geopolymer. At pH solution >8, OFL and the GpB_46 surface gradually
become negatively charged, and electrostatic repulsions occur between
the negatively charged carboxylic group in the quinolone moiety (OFL− )

Fig. 3. OFL removal efficiency of: (a) GpB_33 (◊), GpB_46 (○) and GpB_66 (□); (b) GpB_46_O (×), GpB_46_HP1 (△), and GpB_46_HP3 (*) (Experimental conditions:
50 mg powder, 10 mg L− 1 OFL, 10 mL tap water).
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and the negatively charged surface of the geopolymer. FTIR-ATR spec-
trum of GpB_46 enriched with OFL may support these assumptions
(Fig. S4) (Sahoo et al., 2011). On the contrary, CORT is a hydrophobic
and non-polar molecule; its behavior agrees with literature data on the
adsorption of hydrophobic compounds by modified clays (Barreca et al.,
2014) through non-polar and van der Waals interactions.

Finally, GpB_46 powder was tested to remove OFL and CORT, each
separately, from tap water spiked at concentration of μg per liter (50 μg
L− 1). After stirring overnight at room temperature, the GpB_46 powder
was separated, and the residual amounts of OFL and CORT in the solu-
tions were determined by HPLC-FD and HPLC-MS/MS, respectively.
Quantitative adsorption (residual amount in solution < instrumental
detection limits) of both drugs was observed, suggesting the potential
use of the geopolymer for environmental applications.

3.2.2. Adsorption isotherms
Based on the results shown in Fig. 2a and b, and Fig. 3a and b, the

determinations of the adsorption isotherms, aimed at highlighting the
maximum drug uptake and the type of adsorption at equilibrium, were
carried out on powders of GpB_46 at pH around 6.

Fig. 5a and b show the experimental adsorption profiles of OFL and
CORT.

The twomost commonly usedmodels, i.e., Freundlich and Langmuir,
and the sigmoidal model, were used to fit the experimental data. The
Freundlich model describes the non-ideal sorption on the heterogeneous

surface and is expressed by the following equation:

qe = KFC1/n
e (3)

where KF is the empirical constant indicative of sorption capacity, and n
is the empirical parameter representing the heterogeneity of site
energies.

The Langmuir model assumes that the sorption process occurs in a
monolayer that covers the surface of the material:

qe =
qmKLCe

1+ KLCe
(4)

where KL is the Langmuir constant and qm the maximum uptake.
The sigmoidal model describes cooperative adsorption and is

expressed by the equation:

qe =
qm

1+ e− A(Ce − F) (5)

where qm max is the maximum amount of molecules adsorbed, A is a
coefficient indicating the efficiency of the adsorption mechanism, and F
represents the inflection point.

As shown in Fig. 5a and b, OFL and CORT show very different be-
haviors. The Langmuir model provides the best fit for OFL data, while
the sigmoidal model better describes the CORT profile. The correlation
coefficients are 0.9916 and 0.9892, respectively, as reported in Table 2.

Fig. 4. CORT removal efficiency of: (a) GpB_33 (◊), GpB_46 (○), and GpB_66 (□), and (b) GpB_46_O (×), GpB_46_HP1 (△), and GpB_46_HP3 (*) (Experimental
conditions: 50 mg powder, 10 mg L− 1 CORT, 10 mL tap water).

Fig. 5. Isotherm profiles of (a) OFL and (b) CORT on powders of GpB_46.
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These results confirm a different drug adsorption mechanism: mono-
layer adsorption occurs on the geopolymer until OFL occupies all active
sites, whereas CORT uptake is low at low CORT concentration and in-
creases as the drug concentration increases. Previous studies have
already demonstrated both adsorption mechanisms of OFL and other
organic molecules on different aluminosilicates, natural, modified, and
prepared from waste (Barreca et al., 2014; Belviso et al., 2021; Capsoni
et al., 2022; Maraschi et al., 2014; Rivagli et al., 2014; Sturini et al.,
2016). According to the models used, the calculated maximum adsorp-
tion capacities of pulverized GpB_46 are 29(2) mg g− 1 for OFL and 0.47
(2) mg g− 1 for CORT, which is in agreement with the experimental
values. (See Table 2)

3.3. Drugs adsorption on porous monoliths and on a composite ceramic
diaphragm

Based on promising results obtained under relevant realistic condi-
tions, exploratory experiments were carried out with GpB_46_HP1,
GpB_46_HP3, and GpB_46_O in their monolithic form. Each monolith
was placed in 100 mL of tap water samples spiked with 10 mg L− 1 OFL
and CORT, each separately, under stirring. After 24 h of contact, the
residual amount of OFL and CORT in the solution was determined by
UV–Vis spectrophotometer and HPLC-UV, respectively.

These results, shown in Table 3, confirm the greater affinity of the
geopolymer, both in powdered and porous monolith form, for the
zwitterionic specie. Comparison between GpB_46_HP3 and GpB_46_HP1
shows that GpB_46_HP3 OFL removal capacity is twice that of
GpB_46_HP1, consistent with the effective porosity of the two samples.
As reported in Table 1, the effective porosity of GpB_46_HP3 is twice as
large as that of GpB_46_HP1. Although GpB_46_O and GpB_46_HP1
showed similar porosity values, GpB_46_O achieved a quantitative OFL
adsorption (> 95%) compared to GpB_46_HP1. This may be due to the
different morphology. GpB_46_O is characterized by the presence of
many fine and widespread pores. Instead, the pores in GpB_46_HP1 are
larger and isolated resulting in a not too different total effective porosity
but a smaller surface area. Concerning CORT, the adsorption is relatively
poor and not significantly different for all the geopolymer samples
considered, but still sufficient considering the environmental drug
concentrations.

Finally, a ceramic composite diaphragm was tested in tap water (50
mL) enriched with 5 g L− 1 OFL, the drug for which these geopolymers
have shown a higher affinity. After 24 h of contact, a quantitative
removal of OFL (> 99%) was observed.

3.4. Comparison with other kaolinite-based materials for FQs adsorption

The transformation of kaolinite into metakaolinite-based geo-
polymer significantly improves its adsorption capacity, and conse-
quently its removal efficiency, especially towards OFL, as shown in
Table 4.

The comparison among the pulverized kaolinite-based materials
shows that the adsorption of ofloxacin on unmodified kaolinite ranges
from 3.2 mg g− 1 (Ma and Erping Bi, 2023) to 9 mg g− 1 (Rivagli et al.,
2014). Humic acid-kaolinite systems (Ma et al., 2023; Li et al., 2019)
give comparable OFL adsorption capacities under similar experimental
conditions. Only the novel composite material K-TAFe, synthesized by
adding organic additives and iron cations, improves the OFL uptake
significantly up to 137 mg g− 1 (Chang et al., 2022). On the contrary,
ionic liquids suppressed levofloxacin (LEV) uptake to 5 mg g− 1 (Chen
et al., 2023). Our work indicates that OFL adsorption on geopolymer
powder is as high as 32 mg g− 1 under relevant environmental condi-
tions, encouraging its use for environmental applications. Moreover, it is
competitive in FQs removal compared to a metakaolin/sludge-based
geopolymer, ineffective alone, and quite efficient with incorporated
hydroxyapatite and in the presence of copper cations for ciprofloxacin
(CIP) adsorption (26 mg g− 1) (Arokiasamy et al., 2024).

4. Conclusions

In this paper, the adsorption properties of metakaolin-based geo-
polymers in the form of powders, porous monoliths, and a composite
ceramic diaphragm for the removal from water of two CEC, namely, a
fluoroquinolone antibiotic, ofloxacin (OFL), and a steroid hormone,
cortisone (CORT) were investigated. The experimental results showed
that geopolymers as such and in their foamed form have a greater af-
finity for OFL than CORT, especially below pH 6.5. The adsorption
mechanism is quite different; monolayer adsorption occurs for OFL,
whereas a cooperative adsorption is observed for CORT. Despite the
significantly different adsorption capacities, under representative real-
istic conditions (freshwater and μg L− 1 drugs) geopolymer powders
gained quantitative adsorption of such persistent contaminants. Tests on
porous monoliths and on a composite ceramic diaphragm were satis-
factory for the removal of ofloxacin antibiotic, under the same experi-
mental conditions.
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Table 2
Isotherm parameters obtained by fitting the experimental data of OFL and
CORT.

OFL CORT

Langmuir

KL (L mg− 1) 0.006 ± 0.001 –
qmax (mg g− 1) 29 ± 2 –
Reduced Chi-SQR 0.3604 –
Adj. R-Square 0.9916

Sigmoidal

A – 1.2 ± 2
F – 4.4 ± 0.2
qmax (mg g− 1) – 0.47 ± 0.02
Reduced Chi-SQR – 0.00044
Adj. R-Square – 0.9892

Table 3
OFL and CORT adsorption on porous monoliths GpB_46_O, GpB_46_HP1 and
GpB_46_HP3.

Solution pH OFL ads (%) CORT ads (%)

GpB_46_O 6.0–6.4 95 8
GpB_46_HP1 6.0–6.4 43 12
GpB_46_HP3 6.0–6.4 86 14

Table 4
Adsorption capacity of various kaolinite-based materials. Other relevant
experimental parameters were included for comparison.

FQ Sorbent Adsorption
capacity (mg

g− 1)

Matrix pH Reference

CIP
GMK25S1-
2Hap, 150

mg
26 distilled

water
5–7 Arokiasamy

et al., 2024

OFL HA-K, 100
mg

5–7 0.01 M
NaCl

5, 7, 9 Ma and Erping
Bi, 2023

LEV IL-K, 15 mg 5 0.01 M
NaCl

5, 7, 9 Chen et al.,
2023

OFL
K-TAFe, 10

mg 146
distilled
water 6

Chang et al.,
2022

OFL
DHA-K, 100

mg
0.5–6

NaCl
0.01 M

4.5,7,9.5 Li et al., 2019

OFL K, 50 mg 9 tap water 2, 7.5 Rivagli et al.,
2014

OFL GpB_46, 50
mg

32 tap water 6 This work
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