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HIGHLIGHTS GRAPHICAL ABSTRACT

o Alginate/geopolymer hybrid beads were
synthetized using extrusion method.

Injection / solidification

e >80% of 5-FU in a 2.5 mg/L solution ofgeopohmer
was removed with a dosage of 0.02 g \\“
AGHB/10 mL. Py
o The adsorption equilibrium was reached .
very fast (<60 min).
e 5-FU adsorption onto AGHB is well —
described by the Langmuir model and o b O
PSO model. T e
e High potential of AGHB to be used in
environmental contaminated water. | i
ARTICLE INFO ABSTRACT
Handling Editor: Xiangru Zhang Water contaminated by cytostatic drugs has many negative impacts on the ecosystems. In this work, cross-linked
adsorbent beads based on alginate and a geopolymer (prepared from an illito-kaolinitic clay) were developed for
Keywords: a promising decontamination of the 5-fluorouracil (5-FU) cytostatic drug from water samples. The character-
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ization of the prepared geopolymer and its hybrid derivative was performed by scanning electron microscopy, X-
ray diffraction, Fourier transform infrared and termogravimetric analysis.

Batch adsorption experiments indicated that alginate/geopolymer hybrid beads (AGHB) allow an excellent 5-
FU removal efficiency of up to 80% for a dosage adsorbent/water of 0.002 g/mL and a concentration of 5-FU of
2.5 mg/L. The adsorption isotherms data follow well the Langmuir model. The kinetics data favor the pseudo-
second-order model. The maximum adsorption capacity (gmax) Was 6.2 mg/g. The optimal adsorption pH was
4. Besides pore filling sorption process, the carboxyl and hydroxyl groups from alginate immobilized onto the
geopolymer matrix favored the retention of 5-FU ions by hydrogen bonds. Common competitors, such as dis-
solved organic matter, do not significantly affected the adsorption. In addition, this material has not only eco-
friendly and cost-effective advantages but also excellent efficiency when applied to real environmental
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samples such as wastewater and surface water. This fact suggests that it could have a great application in the
purification of contaminated water.

1. Introduction

Cytostatic drugs are compounds extensively used in chemotherapy
for cancer treatment (Heath et al., 2020). Since 1957, 5-Fluorouracil
(5-FU) has been widely prescribed as an antineoplastic agent to treat
many types of cancers such as breast, colon, head, neck e¢ and pancre-
atic endocrine cancers (Kosjek et al., 2013). Human excreta of this drug
after administration contributes to its release into wastewater, and, in
such way, to enter into the environment affecting mainly the aquatic
ecosystems (de Oliveira Klein et al., 2021; Misik et al., 2019; Heath
et al., 2020). Concentration levels of 5-FU up to 122 pg/L, 280 ng/L and
160 ng/L have been reported in hospital effluents, effluent wastewaters
and superficial waters, respectively (Heath et al., 2020; Booker et al.,
2014). Its pharmacological activity, along with its genotoxic, cytotoxic,
mutagenic, and teratogenic properties, potentially makes 5-FU one of
the most dangerous contaminants in the aquatic ecosystems (Orias and
Perrodin, 2014; Heath et al., 2020).

A low elimination rate of 5-FU using traditional physicochemical
(flocculation, filtration, and coagulation) (Wilczewska et al., 2022;
Kulaksiz et al., 2022) and biological (Dinesh and Chakma, 2019; Zhang
et al., 2017) wastewater treatments has been reported in several studies.
The simplicity of adsorption, low start-up costs, environmentally
friendly alternatives and wide availability of adsorbents make this
technique an effective alternative to treat contaminated water (Kulaksiz
et al., 2022; Haciosmanoglu et al., 2022; Orta et al., 2020; Martin et al.,
2019; Luhar and Luhar, 2021; Yahyavi et al., 2020).

Geopolymer technology is receiving increasing interest in the in-
dustrial and household waste field. Geopolymers constitute a versatile
material to be used as adsorbents. They are synthetized by a reaction
between an aluminosilicate (also power plant by-products) and a highly
alkaline solution, at low temperature. The resulted material exhibits a
3D network amorphous or semicrystalline structure with a high physi-
cochemical stability and porous and high specific surface area (Davi-
dovits, 2008). Additionally, to increase its range of applications, the
geopolymer matrix can be tailored with its particular functionality (Ge
et al.,, 2017; Li et al., 2015). In this sense, the combination of the
biodegradability properties of biopolymers, together with the compati-
bility of geopolymers with other materials, is a successful way to develop
selective composites that can be used for environmental remediation.
Biopolymeric resins have an expandable surface and enhanced
compatibility with organic pollutants and higher regeneration capacity.
Polysaccharides, such as chitosan or alginate, are excellent options
owing to their low-cost and non-toxic properties. Different dripping
techniques, such as injection and solidification methods, in polyethylene
glycol, liquid Ny, or ionotropic gelation (alginate in CaCly) have been
proposed to produce hybrid beads of these two different materials (Ge
et al.,, 2017; Medri et al., 2020). Compared to traditional powder
adsorbent, it has been reported that beads can increase the adsorption
capacity, as they present a larger surface area and better mass transfer
and diffusion behavior (Ge et al., 2017; Li et al., 2015).

Alginate is a natural polysaccharide comprising abundant hydroxyl
and carboxyl moieties. Adsorbents synthesized from sodium alginate
exhibit large uptake capacities of ions and organic molecules through
electrostatic interactions, hydrogen bonds and chemical bonds (Ucankus
et al., 2018). However, their industrial applications are limited because
of their poor physical strength and thermostability. Thus, the combi-
nation with geopolymers is an interesting alternative to be used in water
purification. To the date, alginate/geopolymer composites have been
developed and proposed for removing heavy metals or methylene blue
as model compounds. Papa et al. (2021) prepared hybrid beads
combining a metakaolin-based geopolymer with alginate and

hydrotalcite powder. Ge et al. (2017) synthetized hybrid beads from
metakaolin geopolymer and sodium alginate. Their results suggested
that this material exhibits a high removal efficiency for copper ions.
However, to our knowledge, the effect of the geopolymer modification
on the adsorption capacity of pharmaceuticals from contaminated water
has been scarcely investigated to the date (Al-husseiny and Ebrahim,
2021; Luhar and Luhar, 2021; Abukhadra et al., 2022).

The present study involved the synthesis and characterization of a
novel adsorbent. The synthesis was carried out using a simple method by
incorporating porous geopolymer (an inorganic illito-kaolinitic clay)
and sodium alginate (organic) and crosslinking alginate and calcium
ions, to combine their special properties. Once synthetized, the appli-
cability of the novel material to the decontamination of 5-FU from water
samples was tested. The adsorption batch studies were carried out at
different concentrations of 5-FU, contact time, and environmental con-
ditions (pH and dissolved organic matter (DOM)). The applicability of
the novel material in the removal of 5-FU was finally tested in real
environmental water samples.

2. Experimental work
2.1. Standards and reagents

Pure 5-FU (>99%), analytical-grade reactive calcium chloride, so-
dium hydroxide, and hydrochloric acid and formic acid were purchased
from Sigma Aldrich. Sodium alginate was obtained from Biochem Che-
mopharma Laboratory Reagent. HPLC-grade water and acetonitrile
were supplied by Romil (Barcelona, Spain).

All solutions were prepared using deionized water.

Aluminosilicate minerals used to prepare the geopolymer were
extracted from an illito-kaolinitic clay from Douriet region in South-East
of Tunisia. They were taken from sedimentary Aptian materials
(chemical composition is detailed in Table S1). The waste glass powder
was obtained by grinding the waste glass and sieving it to a particle size
of 150 mm. The commercial silica fume powder was supplied by Iran
Ferroalloy Industries Company (chemical composition is detailed in
Table S1).

2.2. Methods

2.2.1. Preparation of geopolymer

The precursors used to prepare the geopolymer are described in
Table S2. The procedure is schematized in Fig. S1. First, the Douiret clay
was crushed and ground using a ball mill and then sieved through 150
mm. The material was then calcined at 750 °C for 2 h to obtain, by
dihydroxylation, metekolin (Douiret calcined).

The Douriet calcined clay powders were mixed with NaOH solution
(12 M) for 15 min. Then, the glass waste powders were added to the
mixture until dissolution. The silica fume powders were mixed with
NaOH solution until dissolution. The paste samples were cast in cylin-
drical PVC molds (20 mm of diameter and 40 mm of height) and were
vibrated for 5 min to eliminate trapped air bubbles. The curing stage for
the preparation of geopolymers was carried out in a conventional oven
at 70 °C in an open mold. Fig. S2 shows a picture of the geopolymer
specimen.

2.2.2. Preparation of alginate/geopolymer hybrid bead composite

The AGHB were synthetized applying the extrusion method by
mixing alginate/geopolymer using a syringe in a solution containing a
cross-linking agent. The geopolymer was powdered using a ball mill. An
amount of 2 g of geopolymer was mixed with a sodium alginate solution
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(2.0 wt%) under stirring for 1 h. Then, the mixture was dropped through
a syringe into a calcium chloride solution (4 wt%) to form the hybrid
beads. The beads were dried at 40 °C. The obtained product is shown in
Fig. 1.

The crosslinking between Ca?* and alginate became much stronger
at high amounts of sodium alginate. However, an excess of sodium
alginate results in an excessive solidification what can block the inner
pores of geopolymer matrix. Because of that, sodium alginate solution
concentration was set at 2% wt% according to experiments from Ge et al.
(2017) and Aichour and Zaghouane-Boudiaf (2020).

2.3. Characterization analysis

The microstructural features of the geopolymer and its derivative
AGHB were studied by a scanning electron microscope (FEI-TENEO).
Previously, samples were made conductive by applying a thin gold layer
using a turbo-pumped sputter coater. The specific area and porosity of
the samples were measured by the Brunauer-Emmett-Teller (BET)
technique. Adsorption/desorption isotherms were obtained using an
accelerated surface area and a porosimetry system (ASAP 2420). The
Barret-Joyner-Halenda (BJH) method was used for the quantification of
the pore volume. The diameter size distribution in the range of
0.020-2000 pm was analyzed by a Mastersizer 2000 equipment (Mal-
vern instruments). The XRD pattern of the geopolymer and its derivative
AGHB was examined using a Bruker D8 Advance A25 diffractometer
(Bruker, Germany). Functional groups were observed by Fourier trans-
form infrared spectrometry (FTIR) using a Cary 630 FTIR (Agilent, USA)
with diamond attenuated total reflection. The charge of the material was
measured using a Zetasizer Nanosystem system (Malvern Instruments,
Southborough, MA). The pH of the zero-point charge (pHzpc) was
determined by the pH drift method using a BASIC 20 pH-meter (Crison
Instruments, Barcelona, Spain).

2.4. Batch adsorption assays

Batch adsorption assays of 5-FU onto AGHB were carried out by
mixing 20 mg of AGHB with 10 mL aqueous solutions at different con-
centrations of 5-FU, contact time, and environmental conditions (pH and
DOM). At the end of each experiment, the solutions were filtrated
through 0.22 pm filters. All experiments were carried out in triplicate.
The procedural blanks, without AGHB, were simultaneously processed.

The residual 5-FU concentrations were quantified using liquid
chromatography coupled with tandem mass spectrometry (Agilent,
Santa Clara, CA, USA). 5-FU was isolated using a HALO C-18 Rapid
Resolution column (50 x 4.6 mm id, 2.7 pm) and a mobile phase
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composed of ammonium acetate (10 mM) (solvent A) and methanol
(solvent B). The mass spectrometer was operated in negative electro-
spray ionization mode. [M — H]~ was used as precursor ion (m/z 129).
The analyses were performed in multiple reaction monitoring mode
using the transition m/z 129 => 42.1 for quantification purposes.

The adsorption amount (q.) (mg/g) and removal efficiency (%)were
calculated as follows:

qe = V- (Co—Ce)/m
R=(Cp—C,)/Cy-100

where Cy and C, (mmg/L) are the initial and equilibrium concentrations of
5-FU in the water solution, respectively; V is the volume of the water
solution (0.01 L in all cases); and m is the AGHB dosage (0.02 g in all
cases). Kinetic and isotherm models applied to the obtained data are
described in the supplementary material.

3. Results and discussion
3.1. Characterization

3.1.1. Characterization of raw materials based geopolymers

Table S1 shows chemical analysis applied to the raw materials used
to prepare the geopolymer. The composition of the original illito-
kaolinitic Douriet clay is represented by the main oxides including
SiOg, Alp03, Fe203, K20, MgO and Nay0, whereas CaO, SOz and TiO4 are
present at trace amounts. The sample contains a relatively high quantity
of potassium (average: 4.41%) and alkalis (KO + NayO) (average:
5.34%). The material presents three main fractions: (1) clay fraction
(<2 pm), which represents approximately 10%; (2) silt fraction, known
for its particle size ranging between 2 and 20 pm (55% of the Douiret
clay); (3) and the remaining coarse fraction with a particle size higher
than 20 pm (35%).

The glass waste contains large amounts of silica with 71.44% by
mass.

The mineralogical changes during the firing process were analyzed
by XRD. The X-ray diffractograms of the raw clays after heating at
750 °C for 2 h are given in Fig. S3. Kaolinite, present in Douiret clay
disappears completely in the calcined material at 750 °C. Illite, on the
other hand, gradually decreased at a temperature of 750 °C. Dolomite
minerals underwent the same process as illite. Quartz was the only
mineral that resisted.

The FTIR spectrum of the raw material (Fig. S4) shows the presence
of AI-OH as stretching bands at 3612-3683 cm ™! and as bending bands
at 920 cm™!. Moreover, a bending band at 690 cm ™! characterizes the

Fig. 1. Schematic diagram of the production process of AGHB by extrusion method.
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kaolinite mineral (Caillere et al., 1982). It is quite difficult to identify
illite especially by infrared techniques. The main mineral impurity was
quartz. It was detected at 795 em ! (Farmer, 1974). The bending band is
appears at 540 cm™! for Si-O-Al (Van Der Marel and Beutelspacher,
1976). Considering the IR analysis for illite given by Van Der Marel and
Beutelspacher (1976) and Farmer (1974), it can be concluded that the
studied clays are well crystallized illites.

3.1.2. Characterization of geopolymer and geopolymer/alginate adsorbents

The morphology and surface of the geopolymer and AGHB are shown
in Fig. 2. Adsorbents present & different appearance. As expected, the
AGHB showed sphericity (Fig. 2C), the beads can be seen as Ca-alginate
network on the external surface layer. In the high magnification SEM
image, AGHB appears to be highly porous (Fig. 2D). The beads under-
went a significant reduction after consolidation at 40 °C, explained by
the removal of the residual water. The AGHB particles sizes follow a
modal distribution with the mean size centered at 87.596 pm regarding
the 9.066 pm of the starting geopolymer.

The results of Ny adsorption/desorption revealed that the BET sur-
face area of AGHB was 9.53 m?/g which was lower than the original
geopolymer surface (13.35 m?/g). This fact can be explained by the
entry of alginate between the particles of the material. AGHB contained
a large number of mesopores with an average pore size of 8.5 nm and an
average pore volume of 0.020 cm®/g, what can provide sufficient area
for pollutant adsorption.

Zeta potential analysis was conducted at different pH conditions. The
results (Fig. S5) reveal that zeta potential is negative for all pH values
tested, what demonstrates that the surface of AGHB is negatively
charged. The pHpyc was practically equal to 8.4 (Fig. S6).

The XRD patterns of the foamed geopolymer and its hybrid deriva-
tive are shown in Fig. S7. The geopolymer was polymerized with the
formation of semicrystalline and amorphous phases, most of the peaks

» T 3! HFW I
B 200y ETD St 113 mm 400x S18um 0.10nA

e HY o WI mag® HAW T
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have low intensities. The observed peak at 20 around 27° is due to the
semi-crystalline phase of sodium aluminum and silicate hydrate. Very
low-intensity peaks of unreacted reagents can also be observed in the
patterns. The XRD pattern of AGHB presents mainly amorphous struc-
ture, although still contained the peak centered at 27° as the main
feature of the geopolymer.

The FTIR spectra of geopolymer and AGHB are presented in Fig. S8.
Results also confirmed that AGHB was a hybrid of the geopolymer and
alginate. The characteristic peaks of geopolymer could be clearly found
in AGHB such as the asymmetric stretching band at 980 cm ™ for N-A-S-
H gels (Duan et al., 2016), which overlapped the C-O-C stretching peak
of alginate (Al Bakri Abdullah et al.,). The band at 876 em™! fits with the
Si-O-Si asymmetric stretching mode (Shiu et al., 2014). Bands at 3360
and 1620 cm ™! fit with O-H stretching. The peak at 1420 cm™! can be
associated to a combination of the C-OH deformation vibration and
carboxylate symmetric stretch vibration.

FTIR and XRD analyses were also applied after adsorption experi-
ments with 5-FU. These results are described in mechanism study
section.

3.2. Adsorption studies

3.2.1. Kinetic studies

To determine the kinetic properties, the adsorption equilibrium ca-
pacity of AGHB by 5-FU was examined at contact times from 10 min to
24 h maintaining fixed the following parameters: 2.5 mg/L for 5-FU
concentration; pH of water: 7.8; 0.02 g/L for AGHB/water dosage.
Fig. SO shows the kinetic data obtained. In the first 10 min, ~50% of 5-
FU was removed from the water phase. The removal continuously
increased to 70% in 60 min. It can also be observed that between 1 h and
24 h no significant difference was observed (p = 0.05), which indicates a
rapid kinetic behavior. AGHB required shorter equilibrium times than

B 200k 1 AvB 113 mm 800x 259um 010mA

OF Hi det WL 2g% HFW "
B 200kv ETD SE_ 9.7 mm 200x 1.04 mm 0.40 nA

Fig. 2. SEM image of the synthetic geopolymer (A), high magnification SEM image of the synthetic geopolymer (B), SEM image of the geopolymer/alginate hybrid
beads (C), and high magnification SEM image for the porous structure of the geopolymer/alginate hybrid beads (D).
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other adsorbents. For example, 6 h was needed to reach a removal ef-
ficiency of 63% of 5-FU using a Zeolite HY-60 (Datt et al., 2013) whereas
26 h were required when using a thiol functionalized material (Murugan
et al., 2013).

The pseudo-first-order (PFO), pseudo-second-order (PSO), and other
kinetic models were applied to evaluate their goodness of fit to the
experimental data. The values of the kinetic parameters, the fit corre-
lation coefficients and the experimental error obtained from each model
are presented in Table S3. The data obtained fit the PSO model better
than the other models (R? > 0.999) (Fig. 3). The adsorptive removal of
pollutants by geopolymers usually follows a PSO kinetic model, though
pseudo-first order model has also been reported in the case of 5-FU using
NiO/geopolymer (Abukhadra et al., 2022). The intraparticle diffusion
model, displayed in Fig. S10, revealed two main stages in the adsorption
process, a first and rapid adsorption step attributed to the diffusion of
5-FU to the exterior surface and a second and slow step ascribed to
intraparticle diffusion into the pores of the adsorbent.

3.2.2. Isotherm studies

The analysis of the isotherm data by fitting them to different
isotherm models such as Langmuir, Freundlich and Dubinin-
Radushkevich is an important step to find the suitable model that can
be used for design purposes. All the model constants and other param-
eters evaluated from the slopes and intercepts of the respective model
equations are summarized in the supplementary material (Kheirandish
et al., 2017; Pourebrahim et al., 2017; Hosseinpour et al., 2018; Jam-
shidi et al., 2015). In this work, isotherm models have been investigated
in the concentration range of 5-FU from 0.1 to 20 mg/L. The values of
the rest of variables were fixed as follows: contact time:180 min; water
pH: 7.8; and AGHB/water dosage: 0.02 g/L. The adjustment parameters
obtained from each model are shown in Table S4 and plotted in Fig. 3.
The results showed that at the initial concentration of 5-FU (0.1 mg/L)
there were enough adsorption sites on the adsorbent. That initial con-
centration was set at higher values than that reported in environmental
waters. The increase of 5-FU concentration resulted in a lower adsorp-
tion effect due to a higher occupation of adsorption sites.

Kinetic models
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Based on fixing findings, 5-FU molecules are adsorbed onto the
surface of AGHB according to the Langmuir model (R? 0.993), involving
a homogeneous distribution of active sites onto AGHB surface, since the
Langmuir equation assumes that the surface is homogenous. A
maximum monolayer capacity (qmax) of 6.28 mg/g was obtained.

The effect of temperature on the removal efficiency was also inves-
tigated using adsorption tests at different temperatures (10, 25 and
40 °C). The feasibility of the adsorption process was evaluated by
thermodynamic parameters including free energy change (AG®),
enthalpy (AH®), and entropy (AS°). AG® was calculated as:

AG® = —RTInKy 6h)

where R is the gas constant (8.314 J/mol-K); T is the adsorption tem-
perature (K); and Ky is the equilibrium constant (L/kg). The Kq value was
calculated as qe/Ce where qe and C, are the equilibrium concentrations
of 5-FU on AGHB (mg/kg) and in the water solution (mg/L),
respectively.

The enthalpy change (AH°) and entropy (AS°) of adsorption were
estimated from the following equation:

AG® = AH°-T AS° 2)

The AH° and AS° were obtained from the slope and intercept of the
plot of In Ky versus 1/T, respectively. The calculated thermodynamic
parameters are given in Table S5. The results show that AG® is negative
for the three temperatures evaluated, suggesting that adsorption is
spontaneous. The adsorption was more favourable at lower tempera-
tures. The amount of 5-FU adsorbed by unit weight of adsorbent de-
creases when temperature increases. Nevertheless, variations of the
adsorption free energy with temperature were always small. The posi-
tive AH° value corresponds to endothermic processes, however, its
magnitude is not high (9.0 kJ/mol). Since chemisorption occurs when
the adsorption enthalpy change is higher than 200 kJ/mol (Kohli and
Mittal, 2012), the process in this study can be classified as physical
adsorption. The negative AS value indicates that adsorption is associated
with a decrease in randomness attributed to the decrease in the freedom
degree of 5-FU molecules.

Isotherm models

6 (©)
5 Langmuir
R?=0.9931

Celq (g/L)
w

0 . . . . . s
0 5 10 15 20 25 30
Ce (mg/L)
. (D)
Freundlich
2 2 =
R?=0.9685 .
*
21
0
-1
-2 -1 0 1 2 3 4
In Ce

Fig. 3. Fitting with the pseudo-first-order (A), pseudo-second-order (B); and Langmuir (C), Freundlich (D) models for the adsorption of 5-FU by AGHB.
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3.2.3. Influence of pH and dissolved organic matter content

The effect of pH on the adsorption of 5-FU onto AGHB was evaluated
in the range from 2 to 14. The values of the other parameters were fixed
at: contact time: 180 min; 5-FU concentration: 2.5 mg/L; AGHB/water
dosage: 0.02 g/L. The pH was adjusted with NaOH (0.1 M) or HCI (0.1
M) solutions. The results showed that at pH 4 the adsorption percentage
of 5-FU by AGHB was enhanced (Fig. 4A). This fact can be explained
because 5-FU is a secondary amine with pKa = 8. A study on the pKa
values indicated that neutral form dominates below pH 8 and the N1
deprotonated form dominates above pH 8. Thus, the species present in
solution at pHs >8 are mainly negative charged (Wielinska et al., 2019).
This phenomenon disfavors the adsorption process on negatively
charged carboxyl groups immobilized onto the polymeric matrix from
alginate by electrostatic repulsions. Adsorption of 5-FU promotes a
variation in the surface charge from a negative value of —6.76 mV
(before adsorption) to a more negative value of —9.79 mV after the
adsorption assay. Furthermore, the PZC that corresponds to the surface
neutrality for AGHB materials was determined at pHpyzc practically
equal to 8.4, indicating the saturation of the AGHB surface with negative
charges above this pH value. At pH = 2, the adsorption percentage
decreased to <40%, what could be explained by some modification or
destruction of the material structure.

The presence of DOM, commonly found in environmental samples,
can represent a competition for adsorbent binding sites conditioning the
adsorption process. In this work, humic acid was used in the range from
0 to 25 mg/L to represent natural DOM. It is an ordinary class of natural
organic matter, with oxygen functional groups, that usually exists with a
negative surface charge (Chen et al., 2018). As can be seen in Fig. 4B, the
presence of DOM does not cause a significant competition on the sorp-
tion, which is favourable for applying the material in environmental
waters.
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Fig. 4. Effect of pH (A) and DOM (humic acid, mg/L) (B) on the adsorption (%)
of 5-FU by AGHB.
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3.3. Mechanism study

According to preliminary tests, the adsorption of 5-FU was low for
the geopolymer and only the modified geopolymer with sodium alginate
(AGHB) adsorbed 5-FU, what is related to morphological and textural
properties of the material. Different surface characteristics can be
observed for AGHB before and after adsorption of 5-FU. After adsorp-
tion, the material surface become less porous (0.002 cmg/g) and the BET
surface area was reduced from 9.53 m?/g to 1.09 m?/g. Moreover, the
average pore size of AGHB was reduced from its initial value of 9.57 mm
to 6.53 nm after adsorption. These changes suggest that 5-FU was suc-
cessfully loaded on AGHB surface.

The XRD patterns of AGHB after adsorption of 5-FU are described in
Fig. S7. The adsorption does not affect the structure of the materials but
changes the functional groups on the surface affecting the surface
charges. Besides the characteristic peak of the geopolymer, a new peak
at 29.4° can be observed what indicates the presence of 5-FU (Ge et al.,
2019). In the IR spectrum it can be observed that, after adsorption, the
small peaks of AGHB between 500 and 1500 cm ™! disappear, and the
peak at 3200 cm™! becomes wider and less intense, which can be
explained by the dissolution of silicon-aluminum compounds used in the
synthesis of the geopolymer (Liu et al., 2016). In addition, the height of
the absorption peak of AGHB at 980 cm ™! increases, while the absorp-
tion peak at 1620 cm ! shifts to a lower transmission direction after the
adsorption of 5-FU. This fact could be explained because the functional
groups of Si-O-Al can undergo coordination reactions with ions,
resulting in changes in the surface charge (Kara et al., 2017).

The mechanism of pharmaceuticals adsorption by geopolymers and
clay-based materials depends on the structure of the compound and the
clay mineral used or surface modifications applied on the adsorbent
material. Several non-covalent interactions such as hydrogen bonding,
ionic, electrostatic and n—interactions have been observed and assumed
to play an important role in the adsorption mechanism (Haciosmanoglu
et al., 2022; Tong et al., 2019).

The mechanism and nature of adsorption of 5-FU onto AGHB mate-
rial is complex. Fig. 5 shows the proposed adsorption mechanism. 5-FU
drug is a weak acid with a pKa value of 7.93 (amine). 5-FU does not exist
in the protonated and double-deprotonated forms in the pH range of
0-14. The neutral form dominates below pH 8 and the N1 deprotonated
form dominates above pH 8 (Wielinska et al., 2019). Therefore, at pH
values higher than 7.93, it releases protons of amino groups being
transformed to its anionic form. The highest adsorption on AGHB, up to
80%, occurred at pH 4.0 at which 5-FU is in its neutral form. Conse-
quently, it can be deduced that 5-FU adsorption does not take place
through electrostatic interactions. On the other hand, besides pore
filling, the hydroxyl and carboxyl groups from alginate immobilized into
the polymeric matrix provides sites for strong dipole interactions be-
tween hydrogen-acceptor atoms such as N, O, or F present in 5-FU
molecules. Further, a n-t interaction can be created between the aro-
matic structure of the 5-FU bonds and hydroxyl groups of alginate or the
Si-O-Si bonds in the structure of the porous geopolymer. Similarly,
Abukhadra et al. (2022) explained the 5-FU adsorption mechanism
NiO/geopolymer nanocomposite by physical mechanisms including the
hydrogen bonding, van der Waals forces, and dipole bonding forces. In
another attempt, Datt et al. (2013) suggested that zeolite HY-5 has the
capacity to interact with the 5-FU species both by hydrogen bonding as
well as coordination complexation.

The IR spectrum after adsorption indicated that the observed
changes were not intense. This fact could be probably due to the weak
interactions in the adsorption mechanism and because the adsorption
mechanism involved physical interactions in the surface adsorption
rather than chemical bondings. This behavior is desirable for reusability
of the adsorbent.
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Fig. 5. Possible mechanism for 5-FU ions adsorption on AGHB composite.

3.4. Desorption and reuse

Reusability of an adsorbent is important to be assessed for its long-
term applicability. For this purpose, four adsorption-desorption cycles
were applied for AGHB and the changes in the amounts of 5-FU adsorbed
per unit weight of the adsorbent were calculated. Results reveals that the
reuse potential of AGHB is very high, i.e., the percent adsorption ca-
pacities retained after four reuse cycles were 89.9, 93.5, 75.5, 24.1% for
5-FU. This fact can be also explained by the weak surface adsorption.
The reusability of the material is compromised after the fourth reuse
cycle. This decrease is often observed in similar materials. For example,
Maged et al. (2020) reported that the adsorption efficacy of tetracycline
on activated bentonite clay was reduced to 30% after five cycles. Other
authors have studied reusability in materials for which the decrease in
adsorption efficacy is observed already in the third cycle. For example,
Chauhan et al. (2020) concluded that their clay intercalated with Zr
pillars could only be reused three times for the adsorption of drugs and
personal care products, as in the third cycle the adsorption efficiency
was considerably reduced. Therefore, the possibility of carrying out
three absorption cycles is a reasonable compromise between the reus-
ability of the material and the efficiency of the absorption.

Very small adsorbent particles can float on wastewater making them
difficult to recycle. In addition, the pressure generated in the wastewater
treatment column is much higher than when bigger adsorbent particles
are used. Millimetric particles are simple to post-process and the pres-
sure passed through the column is much smaller, and hence, are regar-
ded as one of the most widespread adsorbents employed in the column
for dynamic removal of pollutants (Luhar and Luhar, 2021).

3.5. Adsorption in environmental real matrices

Finally, to achieve greater environmental realism, the adsorption test
were repeated using fortified (2.5 mg/L of 5-FU) influent and effluent
wastewater and surface water. Contact time was fixed at 180 min and
AGHB/water dosage at 0.02 g/L. Surface water was collected from the

Guadalquivir River (Seville, Spain). Influent and effluent wastewater
were sampled from a wastewater treatment plant located in Seville
(Spain). Before the experiments, the samples were filtered through a 1.2
pm glass-microfiber membrane filter. The quantification was carried out
in each case using matrix-matched calibration curves to avoid matrix
effect. The adsorption capacity in environmental water matrices was
approximately 80% which is an extremely high value considering the
complexity of the matrix (Fig. S11). The adsorption capacities of 5-FU
for water remediation using geopolymer or other biopolymer-based
materials are limited, as can be seen in Table 1. Materials involving
clays (Golubeva et al., 2020), zeolites (Gomar and Yeganegi, 2017;
Spanakis et al., 2014; Datt et al., 2013), modified carbon nanotubes
(Yahyavi et al., 2020), carbon nitride (Zaboli et al., 2020) and meso-
porous silica (Benova et al., 2020; Azali et al., 2019) have also been
studied for drug delivery but not for water remediation. Nevertheless, in
spite of the useful properties of the above-mentioned materials, their
cost is still a limitation for their wide application in water purification
treatments where the use of adsorbents based on natural precursors is
recommended. A direct comparison of AGHB with other adsorbents is
quite complicated due to the different experimental conditions used.
Nevertheless, the adsorption efficiency achieved by the synthetized
AGHD on the removal of 5-FU is among the highest results (>80%).
Recently, Abukhadra et al. (2022) developed an effective NiO/geopol-
ymer for the removal of 5-FU, although it was not tested with real
samples. It is difficult to make a direct comparison with other adsorbents
since the concentration range tested in most of the studies were much
higher (usually about 1000 mg/L, reaching values up to 12,000 mg/L
(Datt et al. (2013)) than in our study (0.1-40 mg/L). This fact can be
explained because those works were focused on other applications such
as drug release. In this study lower concentrations tested were in
concordance to the levels reported for this contaminant in environ-
mental samples (Lin and Lin, 2014). Abukhadra et al. (2022) applied
lower 5-FU concentrations (50-350 mg/L) than other authors in a
decontamination study. Nevertheless, such concentrations were still
higher than those employed in this study.
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Table 1
Comparison between the adsorption capacity of AGHB and other assessed materials in literature.
Adsorbent Adsorption efficacy Concentration range tested Qmax (mg/ Application Reference
(%) (mg/L) g)

Clay Montmorillonite-Magnetite 7.43 250-4000 59.44 Loading Ciftci et al. (2020)
Montmorillonite-Magnetite-  6.05 48.38
N2
Modified montmorillonite 44% after 30 min - - Encapsulation Garea et al., 2015

Modified carbon Molecular imprinted - 1.6 x1077-22x 1077 0.65 Artificial Mathew and Abraham

nanotubes MWCNT receptors (2014)

Silica Mesoporous silica 95.27% after 24 h 20-100 Loading Azali et al. (2019)
nanoparticles
Mesoporous silica SBA-15 100-6500 92.63 Loading Benova et al. (2020)
Mesoporous silica 55.3
SBA-15_N-ANI
Magadiite 39.3% after 6 h 1000 98.18 Drug carrier Ge et al. (2019)
Magadiite-CTAB 52.2% after 6 h 130.59
Magadiite-CTAB-CS 64.9% after 6 h 162.29
MCM-41 86% after 12 h 1000 Encapsulation Murugan et al. (2013)
Thiol-functionalized 99% after 12 h
MCM-41

Zeolite Zeolite HY-5 1.2 x 10* 110 Loading Datt et al. (2013)
Zeolite HY-30 105
Zeolite HY-60 90
Zeolite BEA 6.02% after 24 h 2.66 x 10° 24.08 Encapsulation Spanakis et al. (2014)
Zeolite NaX-FAU 16.18% after 24 h 64.72
Zeolite ZIFs 650-680 Drug carrier Gomar and Yeganegi,

2017

Geopolymers NiO/Geopolymer 99%, 300 min 50-350 329.7 Decontamination Abukhadra et al. (2022)

AGHB >80% after 3h 0.1-40 Decontamination This work

3. Conclusion

This study shows the potential of a new and low-cost adsorbent
synthetized through extrusion method based on alginate and a geo-
polymer (prepared from an illito-kaolinitic clay) for the decontamina-
tion of 5-FU from water resources. In addition to be a low-cost and eco-
friendly material, the use of this sorbent presents other advantages such
as AGHB exhibited a rapid and excellent adsorption capacity for 5-FU,
explained by its porous structure and the cooperative effect of sodium
alginate through hydrogen bonds. The adsorption of 5-FU occurred ac-
cording to PSO kinetic and Langmuir isotherm as classic models. The
percentage of adsorption was significantly affected by the pH values,
decreasing when the negative ionic fraction of 5-FU increased and at pH
> pHpzc.

The main advantages of the prepared AGHB and the present study
can be summarized as follows:

- A new formulation focused on the preparation of cross-linked

adsorbent beads of alginate/geopolymer has been carried out.

The geopolymer synthesized in this work has a distinct formulation,

since materials created by combining illito-kaolinitic clay, silica

fume and sodium hydroxide have not been previously reported in the

literature.

The use of waste glass by-product from other industries.

- AGHB is a low-cost and eco-friendly material, that exhibited a rapid

and excellent adsorption capacity for 5-FU.

Using millimetric particle material makes the beads easy to handle

and resistant to the recovery, separation, and filtration operations of

aqueous systems.

- The high adsorption capacity of AGHB for 5-FU in wastewater and
superficial water samples supports its applicability for the purifica-
tion of contaminated water.

Nevertheless, there are also limitations:

Laboratory experiments using packed column mode tests need to be
conducted to evaluate the continuous removal behavior of 5-FU by
AGHB and to predict the breakthrough performance.

- The millimetric particles are simple to post-process. However, the
pressure passed through the column is much smaller, and hence, it
may diminish the adsorption competence.

- The evaluation of the interaction with multicomponent in column
and batch processes and application to a broad range of analytes are
required.

- The performance of porous geopolymers still needs to be improved at
large-scale fabrication level and with a study of estimated costs.
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