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Abstract: The removal of the As(V) and Iprodione fungicide onto EGS@APTES-GT, ob-
tained by amino-modified expanded glass spheres (EGS) modified with goethite, was
studied in this work. Material characterization was performed using SEM/EDS, XRD,
and FTIR techniques. The adsorption capacities of 51.01 and 94.28 mg g−1, for As(V) and
Iprodione removal at 25 ◦C, respectively, were achieved. A kinetic study indicated lower
intraparticle diffusional transport resistance. Physisorption is the dominant mechanism for
Iprodione removal, while surface complexation is for As(V). The disposal of effluent water
after five adsorption–desorption cycles was attained through Iprodione photocatalytic
degradation and arsenate precipitation. Exhausted EGS@APTES-GT, processed by goethite
acidic dissolution and grinding, was used as a reinforcing filler in composites production
based on commercial unsaturated polyester resin (UPe). An improvement in the mechan-
ical properties was observed, with a gradual increase in the tensile strength, reaching a
maximum of 25.9% for UPe with 10 wt.% of ground exhausted adsorbent compared to pure
UPe. The overarching concept is defined by the aspiration to develop technologies that
address all output flows of advanced processes. Thus, the combination of wastewater treat-
ment technologies and the production of potentially marketable composites successfully
achieved both a low environmental impact and the implementation of a circular economy.

Keywords: goethite; expanded glass spheres; desorbed pollutants disposal; photocatalysis;
stabilization

1. Introduction
The global glass output has reached 140 million tons per year in recent years [1,2].

Furthermore, figures reveal that major global economies, such as the United States and China,
produce tens of millions of tons of waste glass annually [2], resulting in an increase in landfill
usage and a serious threat to human health and the environment. Comparing various solid
waste kinds, such as glass, wood, and plastic, reveals that glass is not biodegradable over an
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extended period of time due to its chemical stability, making recycling extremely important.
Only 21% of glass produced globally was recycled due to the complexity and potential
high costs of the glass recycling process [2]. The production of infrastructure materials as a
partial substitute for cement, sand, and/or coarse aggregates is gaining popularity globally
as an alternate method of using waste glass and lowering recycling costs [3]. Since recycling
glass waste guarantees the availability of inexpensive raw materials in large quantities, it is
intriguing to consider the potential for further modification and environmental protection,
as demonstrated by the instance of recycled glass material in the form of expanded glass
spheres (EGS).

Rapid industrialization, which includes the rising agricultural output and waste
discharges, has resulted in increased air, water, and soil pollution, endangering human
health as well as the health of all living things [4–6]. To preserve ecosystems, it is crucial to
remove pesticides and heavy metals from drinking water [7,8]. Given their poisonous and
carcinogenic properties, the majority of heavy metals can damage mental and neurological
functioning and create serious chronic health issues at low concentrations [7,9,10]. Due to
their relative chemical stability [11], pesticides may enter living bodies and bioaccumulate
there when used inappropriately for pest prevention, mitigation, and destruction. They
may also be harmful due to the possibility of high pollutant loads in shallow water with
a low dilution capacity [12] or contamination from rainfall, farm-land infiltration, and
paddy field drainage. Due to their relative chemical stability, pesticides may enter living
bodies and bioaccumulate there when used inappropriately for pest prevention, mitigation,
and destruction. They may also be harmful due to the possibility of high pollutant loads
in shallow water with a low dilution capacity or contamination from rainfall, farmland
infiltration, and paddy field drainage.

Arsenic is commonly found in water due to a variety of natural and man-made activi-
ties, including mining, mineral dissolution, pesticides used in agriculture, and others [13].
Prolonged exposure to drinking and irrigation water contaminated with arsenic can cause
major health concerns, including skin and lung cancer, angioedema, and cardiovascular
disease [14]. As a result, groundwater contamination by arsenic has garnered international
attention. Arsenite (As(III)) as well as arsenate (As(V)) are the two primary forms of arsenic
that are present in natural water. However, compared to arsenite, arsenate is simpler to
remove from water. The World Health Organization (WHO) and the Environmental Protec-
tion Agency (EPA) have established a maximum permissible level of arsenic in drinking
water of roughly 10 µg/L [15]. Adsorption is one of the simplest, most economical and
effective ways to remove arsenic from water, which is why many natural or composite
adsorbents have been created in recent years [16].

One common fungicide used in agricultural production is Iprodione. Fungal infections
like Sclerotinia, Botrytis, Rhizoctonia, and Alternaria are well controlled by this dicarbox-
imide contact fungicide, which has both curative and protective qualities. Iprodione has
been found in surface and groundwater in recent investigations, mostly as a result of runoff
from treated fields and leaching into groundwater sources. Iprodione is a steroidogenesis
inhibitor that can have both immediate and long-term negative health effects, such as
atrophy and hypertrophy. It has also been shown to be moderately hazardous to small
animals, toxic to aquatic life, and possibly carcinogenic to humans [17].

A number of treatment technologies, such as flocculation, coagulation, oxidation
processes, ultrafiltration, reverse osmosis, biological treatment, sedimentation, membrane
processes, adsorption, and other combined techniques, have been developed to remove
pollutants from wastewater and water [18,19]. The methods by which various adsorbents
remove pesticides from waterways and the trends in pesticide concentrations in waterways
worldwide are currently poorly understood [20].
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There will always be a need for new adsorbents for wastewater treatment in addition
to the many conventional ones that have been used historically in water treatment [21],
such as commercial activated carbon, zeolite, clay minerals, and resins. This is because
the removal capabilities of hundreds of different adsorbents, natural materials, carbon
adsorbents, silica-based adsorbents, and aerogels have been studied [5].

Unmodified glass particles have polar functional hydroxyl groups Si–OH or charged
Si–O– or Si–OH2+ groups in aqueous medium and this behavior is dependent on the pH
value. The organo-silanes are substances commonly used for the modification of glass
or silica surfaces, providing them with various properties [22–24]. Alkoxysilanes, like (3-
aminopropyl) triethoxysilane (APTES), are of the most frequently used organo-silane agents
for the preparation of amino-terminated films. Additionally, amine groups are available for
further functionalization [25]. Organic functional groups including thiol, amino, carboxylic,
and sulfur groups commonly possess stronger complexation or a chelating ability toward
heavy metal ions and some organic species, and have been used to functionalize the
inorganic adsorbents to improve their adsorption performance [7]. The ion exchange, π–π
interaction, hydrogen bonding, and/or electrostatic attraction are the contributions to the
fast and high-capacity removal.

Although activated carbons derived from carbonaceous precursors have found exten-
sive usage as adsorbents, their usefulness may be limited by their high regeneration costs
when using fossil fuels as a starting material [26]. While a lot of research has been carried
out on alternative low-cost and environmentally friendly adsorbents (such as agricultural
wastes, naturally occurring materials, and by-products like sludge, red mud, fly ash, etc.),
relatively little research has been carried out on inorganic waste, like glass, for water treat-
ment applications [27]. Nano-sized adsorbents cannot be used in fixed-bed columns due
to their tiny particle size; instead, they must be granular in form or supported on porous
materials of a comparatively greater size [28]. In light of this, researchers have looked
into granular and supporting adsorbent materials, with some of them showing promising
results [29,30]. The creation of hybrid materials has become a feasible alter-native for
preserving the advantageous qualities of ferric hydroxide materials.

One of the major issues in the adsorption process for pollutant removal from wastewa-
ter is the recovery and long-term management of spent adsorbents. The emphasis should
be on how spent adsorbents can be recovered, regenerated, and reused or disposed of
responsibly. Environmental impacts due to dangerous spent adsorbents could be mitigated
through the creative path of using these waste products by repurposing in a stabilized
hybrid material form [31]. There are various methods for recovering and regenerating spent
adsorbents, including filtering, thermal desorption and breakdown, chemical desorption,
and adsorbent regeneration utilizing microbes. Adsorbent regeneration for reuse also
includes soil supplements, usage as a condenser, and catalyst/catalyst support, as well as
safe disposal options such as incineration and landfill. The sustainable management of
used adsorbents, including the processes involved in adsorbent recovery and regenera-
tion for reuse, is investigated in light of resource recovery and the circular economy [32].
Rial et al. spent adsorbents based on polysaccharides with iron oxides that adsorbed
organic pollutants and metal ions from wastewater used as additives in ceramics or cement
production [33].

The main goals of the presented work relate to three complementary parts: (i) The
synthesis of a new hybrid material using commercial recycled expanded glass spheres
(EGS) modified with 3-aminopropyl-triethoxysilane (APTES), applied to introduce amino
functionalities as an affinitive group for cation binding in the first step. The controlled
deposition of iron oxyhydroxide in the goethite form (GT), in the second step, provided
the EGS@APTES-GT adsorbent used for arsenate and Iprodione fungicide removal. The
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detail characterization of the EGS@APTES-GT adsorbent and its adsorption performance
testing in both the batch and dynamic mode was performed. (ii) The extension of adsorbent
usability was achieved through five adsorption–desorption cycles. As(V) in effluent water
was stabilized to obtain non-leaching precipitate, while Iprodione was subjected to photo-
catalytic decomposition to provide treated water with a Chemical Oxygen Demand (COD)
lower than the one prescribed by the national regulation. (iii) The depleted adsorbent
was transformed into value-added products by acidic washing and grinding into filler,
used as reinforcement in unsaturated polyester resin (UPe). The obtained composites can
be used for a variety of purposes, such as building, ceramics, or as filler in resin-based
composites [33]. The overall idea relates to the development of the closed loop of environ-
mentally friendly technologies from adsorbent production to end-of-life material recycling
into added-value composites.

2. Materials and Methods
2.1. Materials

Data on chemicals and raw materials used for adsorbent preparation are given in
Supplementary Material S2.1 (SM S2.1).

2.2. Hybrid Adsorbent Synthesis

Synthesis of hybrid material was performed in relation to procedure described in
recent literature [34,35], with some modifications. Procedure for purification and surface
activation of raw material, EGS, is described in SM S2.2.

2.3. Modification of EGS with APTES and Goethite

The modification steps were performed by treatment of etched glass spheres surface
with amino-silane coupling agent (APTES) followed by iron oxyhydroxide (GT) precip-
itation (Figure 1). The freshly cleaned EGS material (10 g) was submerged in non-polar
solvent, xylene, with simultaneous introduction of N2 for 30 min. After that, APTES (10%
w/w in xylene) was added drop-wise for 120 min. Reaction was carried out for 20 h at
25 ◦C in N2 atmosphere, followed by dropping of 5 mL of 96% ethanol ten times in the
course of last period of the modification procedure. Centrifugation and thorough rinsing
with ethanol several times and then water was applied. The obtained material, denoted as
EGS@APTES, was stored wet prior to impregnation with goethite (35 wt.% water content).

Final steps of hybrid adsorbent preparation was EGS@APTES modification via GT pre-
cipitation analogously to the procedure described elsewhere [36,37]. It involved three iden-
tical steps in order to distribute oxide as evenly as possible through porous EGS@APTES
material without pores clogging. The first step of GT precipitation was carried out by
following procedure: EGS@APTES material (50 g) was submerged in xylene. The reaction
was conducted continuously with simultaneous introduction of up-flow N2 stream to
obtain a fine distribution of the iron solution over the spheres inner, i.e., interior porous
structure, and outer surface for 30 min in suspension by drop-wise addition of 20 mL
FeSO4·7H2O saturated solution (2.0 mol L−1) for 30 min and simultaneous bubbling of
N2. The oxidation was performed by changing the nitrogen with air introduction and
neutralizing reaction by addition of 10 mL NaHCO3 saturated solution (2.6 mol L−1) for
30 min, which caused the precipitation of the oxide in goethite form. The reaction was
conducted for 48 h under air flow until the green–blue color of the material changed to
ocher shade. The synthesized material was rinsed three times with water and stored wet.
The procedure for the precipitation of GT was repeated in an analogous manner (the second
and the third step) to obtain ~19 wt.% of GT in relation to the EGS@APTES carrier. The
final material, denoted as EGS@APTES-GT, was used wet (42 wt.% water content). On
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the Figure 1 shows (step 3) differences of GT content in EGS@APTES-GT after the first,
second, and third precipitation procedure step, where color changes from light brown to
brown–red.
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Figure 1. Schematic presentation of EGS@APTES-GT preparation.

2.4. Characterization of Hybrid Adsorbent

Characterization methods are described in detail in SM S2.4.

2.5. Batch Adsorption and Kinetics Studies

Details on adsorption experiments and analytical measurements used for determina-
tion of pollutants concentration before and after the adsorption process, adsorption models
used for calculation of adsorption capacity, and kinetic and thermodynamic parameters are
given in SM S2.5.

2.6. Fixed-Bed Column Breakthrough Studies

Description of column study under different operating conditions [38] were performed
by using simplified multi-parameter fitting of the column adsorption data, i.e., Yoon–
Nelson [39], Bohart–Adams [40], and Thomas [41] models, all described in SM S2.6.

2.7. Desorption, Regeneration, Exhausted Adsorbent and Pollutants Stabilization, and
Degradation Studies
2.7.1. Desorption and Regeneration Studies

For desorption efficiency of EGS@APTES-GT, effluent water disposal and exhausted
adsorbent treatment were examined. Considering that adsorbent performance can be
reduced during the usage, a proper selection of desorption agent and overall adsorption–
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desorption process parameters is of great importance. Since the prepared hybrid adsorbent
is based on non-biodegradable recycled glass, from an economic and ecological point of
view it is very important to determine its regeneration ability. Optimization of desorption
procedure for arsenate and Iprodione was performed with respect to pH, concentration,
and type of used regenerating agents according to the procedures as described in a previous
study [42,43] (SM S2.7).

2.7.2. Inorganic Pollutants’ Stabilization Studies

In line with broadly accepted idea about necessity of exhausted adsorbent disposal [27],
the developed methodology for exhausted material processing is presented in SM2.7.2.

2.7.3. Photocatalytic Degradation of Fungicides

An alternative technique for water purification is photocatalytic Iprodione degradation
using ZnO semiconductor photocatalysts [44,45], which is presented in SM S2.7.3. The
efficiency of photocatalytic process was monitored using UV–Vis and HPLC methods.

2.7.4. Stabilization of Exhausted EGS@APTES-GT Hybrid Adsorbent in UPe
Resin Composites

Safe disposal of pollutant-rich adsorbents is an issue of threatening concern in the
era of sustainable development. So, after pollutant desorption, the possibility of further
treatment and final disposal of the exhausted EGS@APTES-GT adsorbent, named exEGS,
was performed in this study. exEGS was obtained by acid washing, drying, and finally,
grinding of purified material to obtain fraction <20 µm. Composite materials were obtained
by homogenization of 2.5, 5.0, 7.5, and 10 wt.% exEGS in commercial unsaturated polyester
resin DION FR 7721-00 (UPe) (SM S2.7.4). Prepared materials were cured using methyl
ethyl ketone peroxide (MEKP) as an initiator and cobalt octoate (Co-oct) as an accelerator.
Obtained composites were used for determination of structural, mechanical, and dynamical–
mechanical properties, as fully described in SM S2.7.4.

2.7.5. Toxicity Characteristic Leaching Procedure (TCLP)

The TCLP test was applied in relation to the stabilized forms of exEGS@APTES-GT in
UPe-based composites in relation to the USEPA Method 1311 [46] (SM S2.7.5).

3. Results and Discussion
3.1. Characterization of the EGS@APTES-GT Hybrid Adsorbent
3.1.1. Particle Porosity, Amino-Group Content, and pHPZC

The particle porosities of EGS, EGS@APTES, and EGS@APTES-GT were found to
be 0.82, 0.79, and 0.74 cm3 g−1, respectively. Also, the high amino-group content of the
synthesized EGS@APTES material, 1.7 mmol g−1, provides an affinitive EGS surface for
GT precipitation. A high particle porosity has a beneficial influence on the modification
process and fast intra-particular mass transport. This consequently allows shorter mass
transfer zones and empty-bed contact times (EBCT), which are advantageous for designing
small point-of-use or point-of-entry systems capable of operating at high hydraulic load-
ing rates [47]. The drift test used for the point-of-zero charge (pHpzc) determination for
EGS@APTES-GT, obtained by the cross-section of the pHinitial/pHfinal (pHi/pHf) relation
and diagonal, indicates a charge equivalence of 8.04 (Figure S2).

3.1.2. Morphological Characterization

Scanning electron micrographs for EGS@APTES-GT in Figure 2a–c show the irregular
spherical morphology of the EGS@APTES-GT adsorbent with a diameter up to 2 mm and a
highly porous surface and interior structure. The EGS@APTES-GT particles exhibit different
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morphologies ranging from spherical to a slightly irregular spherical shape. Figure 2c
indicates that the surface contains connected open pores that make the material suitable for
effective diffusional mass transport. The surface of the material consists of a mesoporous
and microporous structure. It can be seen that goethite particles are homogeneously
distributed, often clustered or aggregated on the external and internal porous surface
(Figure 2c,e,f). It is visible that the formation of oxides in the pores, without material
clogging or a diameter reduction, maintain material porosity with no interference to the
diffusional processes, which are a good condition for pollutant adsorption onto the outer
and interior surface.
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The elemental content and its distribution on the adsorbent surface, the distribution
through the inner structure of the porous material, were investigated by the EDS. Figure 3
(outer sphere surface) and Figure 4 (cross-section of the inner sphere surface) show a porous
surface with an appropriate quantity of deposited iron.
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The mapping results from Figure 4a,b indicate that iron is dispersed along the cross-
sectional area and it is obvious that the GT deposit entered in the pores and formed a lower
quantity of GT in the region of the sphere’s center. The iron concentration continually
decreases from the external surface to the center of the spherical particle. The mapping
results showed the presence of the GT deposit with a large number of active sites for As(V)
and fungicides adsorption.

The EDS results, shown in Figures S3–S5 in SM S3.1.2, indicate that EGS@APTES-GT
contains mainly Si, O, and Fe with a trace amount of Na, Ca, Mg, Mn, K, and Al since the
EGS material was obtained in the recycling process.

3.1.3. Structural Characterization (FTIR and XRD Analysis)

The FTIR spectrum of the pure expanded glass spheres (EGS), amino-functionalized
expanded glass spheres (EGS@APTES) and one with precipitated goethite (EGS@APTES-
GT), before and after arsenate and Iprodione adsorption, are presented in Figure 5a.
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The FTIR spectra of EGS (Figure 5a) show the characteristic vibration of the Si–O–Si
and Si–O bands around 940 cm–1 and 775 bands, respectively [42,43]. The new broad
peak at 3200 cm–1 in the spectrum of EGS modified with APTES and goethite presents
the stretching vibrations of the N–H and O–H groups, respectively [45]. In addition, the
new bands observed at 2925–2852/1481–1346 and 1564/692 cm–1 were assigned to the
C–H stretching/bending vibrations of the methyl and methylene groups and the N–H
bending/deformations of amino groups in EGS@APTES, respectively. The intensity of these
peaks decreases with the concomitant appearance of a new peak at 1630 cm–1, assigned to
the bending vibration of the O–H groups in Fe–OH in EGS@APTES-GT.

The increased intensity of the band at 775 cm–1 in EGS@APTES-GT/As(V) (Figure 5a)
is due to arsenate oxyanion complexation with OH groups at the adsorbent surface by
forming an As–O–Fe bond [44]. Further, differences in the peak intensity, peak shifting,
and appearance of the peak in the 1420–1355 cm−1 region indicate different arsenate
bonding interactions with surface functionalities. In the FTIR spectrum of EGS@APTES-
GT/Iprodione, the appearance of new peaks confirms Iprodione effective removal. The
bands in the 1776–1574 cm–1 region is attributed to different carbonyl groups’ (Figure 5a)
stretching vibrations from the adsorbed Iprodione structure. The symmetric stretching
vibrations of the C=C group in the aromatic ring skeleton appear at 1536 cm–1, while one
located at 1438 cm−1 was attributed to the pseudo-symmetric N–C=O stretching in the
imidazolodine-2,4-dione moiety. The deformation vibrations of the isopropyl group are
observed at 1363 cm–1 [36]. Due to the complexity of the Iprodione structure, the presence
of 3,5-dichlorophenyl, 2,4-dioxoimidazolidine, carboxamide, and isopropyl functionalities
(Figure S1) contributes to the attainment of a different interaction with EGS@APTES-GT sur-
face functionalities. The presence of the dipolar/polarizable structure of 3,5-dichlorophenyl
and 2,4-dioxoimidazolidine, proton-accepting sites in 2,4-dioxoimidazolidine and carbox-
amide moieties, and proton-donating sites in amide groups and non-polar isopropyl groups
contributes to wealth adsorbate/adsorbent interfacial interactions. It is assumed that the
electrostatic attraction of the negatively charged species and the positive adsorbent surface
plays a dominant role in the adsorption process [48].

A diffractogram of the prepared hybrid adsorbent is presented in Figure 5b. The
analysis results of EGS@APTES-GT confirm the presence of goethite and the α-FeOOH
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phase with peaks at the diffraction angles of 21.1◦, 26.3◦, 33.2◦, 45◦, 53.1◦, and 59◦ as the
most apparent, in accordance with JCPDS PDF No. 01-081-0463 [49]. EGS are mainly based
on silica crystalline phases, such as quartz.

3.2. Batch Adsorption Performance of EGS@APTES-GT
3.2.1. Influence of Solution pH on Adsorbent Efficiency

The most influential factors on the adsorption performance are pH-dependent ionic
speciation and adsorbent surface ionization. The results of pHPZC determination for
EGS@APTES-GT (8.04) suggest that the effective removal of oxyanions could be achieved
at pH < pHPZC. Otherwise, the hydrogen bonding/donating capability of Iprodione is not
significant and of a low susceptibility to the pH influence. On the contrary, the adsorption
effectiveness strongly depends on EGS@APTES-GT surface ionization by creating ionized
sites able to be established by either dipolar/polarizable and hydrogen bonding/donating
interactions with different moieties present in the Iprodione structure. Due to this, the
preliminary was performed with respect to the initial pH of the solution (a pH in the
range 5–9). According to the results obtained, an optimal pH of 7 was selected for both As(V)
and Iprodione removal. The pH-dependent ions speciation of As(V) was performed using
MINTEQ 3.0 software (Figure S6). The selection of an optimal pH provides circumstances
for the achievement of a good adsorption capacity, but also for an understanding of the
adsorption efficiency under a range of pH values without the prior adjustment of the inlet
pH. It could be indicative of the applicability of EGS@APTES-GT for real water applications
with a wide range of pHs. It will a subject of further investigation.

3.2.2. Adsorbents Isotherms

Adsorption isotherms are models that describe the distribution of the adsorbate
species among the solid and liquid phases, and are an important methodology useful
for understanding the adsorption mechanism. In this study, Langmuir, Freundlich, and
Temkin isotherm models were used to describe the relationship between the adsorbed
amount of arsenate and Iprodione on the hybrid EGS@&APTES-GT adsorbent (SM S3.2.2).
For that purpose, the anionic pollutant As(V) and Iprodione as the neutral pollutant [50]
were used in this batch adsorption study. The values of the adsorption capacity (qmax),
model parameters, and the coefficients of determination (R2) for each used isotherm model
obtained by a non-linear fitting methodology are presented in Table 1 and Figure S7.

The values of the coefficient of determination for the Langmuir fitting model were
0.98 and 0.96 for arsenate and Iprodione adsorption, respectively. These results indicate the
monolayer coverage of the pollutant on the surface of EGS@APTES-GT [37]. The adsorption
capacity of the EGS@APTES-GT increased as the operational temperature increased. The
calculated qmax values at 318 K were 56.11 and 114.0 mg g−1 for arsenate and Iprodione,
respectively. The essential feature of the Langmuir isotherm can be expressed by means
of RL [51] and in this study, the values of RL calculated from Equation (S7) are shown in
Table 1. The values of RL at all temperatures and for all used pollutants indicate that the
adsorption processes are favorable [52].

The correlation coefficients are the best in the case of Freundlich isotherm modeling.
The adsorptive results, obtained according to non-linear Freundlich model fitting, is pre-
sented in Figure S7 and Table 1. An adsorption system is generally considered as favorable
for 1/n values in the range from 0.1 to 0.5 and moderately favorable for the range from 0.5 to
1.0 [53]. Considering the high fitting validity from Table 1, it indicates that EGS@APTES-GT
is a good adsorbent for arsenate and Iprodione removal by forming multilayer adsorbate
coverage. In general, the results from Table 1 suggest a complex adsorption mechanism
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achieved by the interplay of both physisorption, the main operative of Iprodione removal,
and chemisorption, dominant in the complexation of arsenate species.

Table 1. Adsorption isotherm parameters (Ci[As(V)] = 4.83 mg dm−3, Ci[Iprodione] = 9.81 mg dm−3,
pH 7, t = 120 min, m/V = 0.1–1.0 g L−1).

Models and
Parameters

Temperature (K)

298 308 318

As(V) adsorption

Langmuir
model

qmax, (mg g−1) 51.01 ± 5.26 53.58 ± 5.59 56.11 ± 5.92

KL, (dm3 mg−1) 1.097 ± 0.21 1.121 ± 0.22 1.155 ± 0.22

RL 0.159 ± 0.01 0.156 ± 0.02 0.152 ± 0.02

R2 0.980 0.980 0.981

Freundlich
model

KF, (mg g−1)
(dm3 mg−1)1/n 25.17 ± 0.13 26.92 ± 0.14 28.89 ± 0.16

1/n 0.593 ± 0.02 0.602 ± 0.02 0.610 ± 0.02

R2 0.999 0.999 0.999

Temkin
model

AT, (dm3 g−1) 23.01 ± 6.90 24.13 ± 7.30 25.47 ± 7.76

B, (mg g−1) 7.855 ± 1.17 8.116 ± 1.23 8.377 ± 1.29

R2 0.900 0.896 0.894

Iprodione adsorption

Langmuir
model

qmax, (mg g−1) 94.28 ± 7.04 103.7 ± 8.39 114.0 ± 9.70

KL, (dm3 mg−1) 2.087 ± 0.43 2.012 ± 0.43 1.963 ± 0.43

RL 0.047 ± 0.03 0.048 ± 0.03 0.049 ± 0.03

R2 0.957 0.955 0.956

Freundlich
model

KF, (mg g−1)
(dm3 mg−1)1/n 54.19 ± 1.26 59.23 ± 1.15 65.09 ± 1.09

1/n 0.367 ± 0.13 0.386 ± 0.10 0.407 ± 0.08

R2 0.988 0.992 0.994

Temkin
model

AT, (dm3 g−1) 40.75 ± 10.6 42.98 ± 13.2 43.44 ± 14.1

B, (mg g−1) 16.04 ± 1.43 17.13 ± 1.85 18.56 ± 2.20

R2 0.962 0.945 0.935

The parameter AT (L g−1) from the Temkin isotherm model represents the bond
constant perceived in the maximal binding energy. Values of B from Table 1 are related
to the variation of the adsorption energy and are positive. These values indicate that the
adsorption reactions are endothermic [54].

Due to the high porosity originating by expanded glass aggregates, organic molecules
as fungicides, regardless of their size, diffuse easily through the material so the higher
adsorbent efficiency in comparison to inorganic pollutants [55] can be elucidated.

The adsorption capacities of EGS@APTES-GT for arsenate and Iprodione were com-
pared to those from the literature (Table 2). Listed experimental conditions are based
on concentrations and the pH range, temperature, and adsorbent mass-to-volume ratio.
Table 2 summarizes these data and the adsorption capacities of other adsorption materials
pointed out that EGS@APTES-GT, a highly porous and functionalized adsorbent material,
has good adsorption properties. There are no reports of the Iprodione adsorption with
adsorbent materials based on recycled glass modified with goethite.
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Table 2. Comparison within other adsorbents.

Adsorbent Pollutant Conditions qe (mg g−1) Isotherm
Models Ref.

FeOOH immobilized on the
biodegradable root powder

(waste biomass)
As(V)

Ci = 10 ppm,
T = 30 ◦C,
pH = 9.0,

m/V = 1 g L−1

9.21 Langmuir [56]

Goethite-impregnated fly ash
(FAG) As(V)

Ci = 5.0 ppm,
T= 45 ◦C,

pH = 6.0 ± 0.1,
m/V = 0.2–2.0 g L−1

31.7 Langmuir [37]

Magnetite-impregnated fly ash
(FAM) As(V)

Ci = 5.0 ppm,
T = 45 ◦C,
pH = 6.0,

m/V = 0.2–2.0 g L−1

19.1 Langmuir [51]

(a) Magnetite
(b) NC-MA/L-MG
(c) MC-O/NC-L-MG

As(V)

Ci = 20.0 ppm,
T = 45 ◦C,

pH = 6.0 ± 0.1,
m/V = not given

(a) 91.2
(b) 85.3
(c) 18.5

Freundlich [56]

(a) Iron-based adsorbent
from mine waste
(MIRESORB)

(b) Granular ferric
hydroxide (GFH)

As(V)

Ci = 50 ppm,
T = ./.

pH = 6.6,
m/V = 0.01–10 g

L−1

(a) 50.38
(b) 29.07

Langmuir
Freundlich [57]

(a) Recycled goethite (BT9)
(b) Recycled goethite +

MnO2 (MnBT9)
As(V)

Ci = 10 ppm,
T = room,
pH = 3.5,

m/V = 1 g L−1

(a) 28.25
(b) 25.71

Langmuir
Freundlich [58]

Cell-MG hybrid membrane

Azoxystrobin

Ci = 6.1 ppm,
T = 25 ◦C,
pH = 6.0,

m/V = 0.11–1.11 g
L−1

35.3

Langmuir [42]

Iprodione

Ci = 5.1 ppm,
T = 25 ◦C,
pH = 6.0,

m/V = 0.11–1.11
g L−1

30.2

(a) Magnetic sugarcane
bagasse (MBo)

(b) Magnetic peanut shell
(MPSo)

Iprodione
Ci = 30 ppm,

T = 25 ◦C,
m/V = 2.0 g L−1

(a) 25.5
(b) 2.16

Langmuir
Freundlich

Sips
[53]

Expanded Glass Spheres
modified with APTES and
goethite (EGS@APTES-GT)

As(V)

Ci = 4.83 ppm,
T = 25 ◦C,

pH = 7.0 ± 0.1,
m/V = 0.1–1.0 g L−1

51.0
Freundlich
Langmuir

Temkin

This
work

Iprodione

Ci = 9.81 ppm,
T = 25 ◦C,

pH = 7.0 ± 0.1,
m/V = 0.1–1.0 g L−1

94.3
Freundlich
Langmuir

Temkin

This
work

3.2.3. Thermodynamic Study

In environmental engineering practice, energy and entropy parameters must be con-
sidered to define process spontaneity and feasibility. Values of thermodynamic parameters
are the crucial indicators for the evaluation of the practical application of the considered ad-
sorbent. The values of Gibb’s free energy (∆GΘ), the standard enthalpy change (∆HΘ), and
the standard entropy change (∆SΘ) for the pollutant’s adsorption onto EGS@APTES-GT
at three temperatures (298, 308, and 318 K) were determined using equations (S18)–(S20)
(given in SM S2.5). Hence, from the slope and intercept of plot ln KL vs. 1/T, the values
of ∆HΘ and ∆SΘ were obtained and, together with the calculated ∆GΘ value, are given in
Table 3.
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Table 3. Thermodynamic parameters calculated for EGS@APTES-GT hybrid adsorbent.

Adsorbate
∆GΘ (kJ mol−1)

∆HΘ (kJ mol−1) ∆SΘ (J mol−1 K−1) R2
298 K 308 K 318 K

Arsenate −40.99 −43.15 −45.16 21.3 208.9 0.996

Iprodione −43.53 −45.03 −46.54 1.34 150.5 0.991

The negative values of ∆GΘ indicate the spontaneity of the adsorption process, while
a positive ∆HΘ confirms the favorable adsorption onto EGS@APTES-GT with the increase
in the operative process temperature. The disruption of water hydration spheres and the
transport of pollutant species through the bulk solution, within the pores, and through
the surface boundary layer is a slightly more intensive process for Iprodione removal at
higher temperatures. This effect is of higher significance for the EGS@APTES-GT/As(V)
system. The positive value of ∆HΘ shows the endothermic nature of the process and the
positive value of ∆SΘ indicates an increase in randomness at the solid–liquid interface. The
results of this adsorption study indicate that chemisorption and physisorption dominate in
arsenate and Iprodione removal, respectively. These conclusions were corroborated by an
analysis of the FTIR spectra of EGS@APTES-GT before and after adsorption (Figure 5).

3.2.4. Adsorption Kinetics

In order to evaluate the kinetic performance of EGS@APTES-GT and investigate the
adsorption mass transfer mechanisms, various models were used [59,60]. Table 4 shows
the parameters obtained after fitting a time-dependent concentration change using three
kinetic models: pseudo-second-order (PSO), the Elovich kinetic model, and the intra-
particle diffusion model proposed by Weber and Morris (WM). The used kinetic models
are explained in detail in SM S2.5.

Table 4. Kinetic data obtained using PSO, Elovich, and intra-particle diffusion model for arsenate
(Ci = 4.83 mg dm−3) and Iprodione (Ci = 9.81 mg dm−3) adsorption using hybrid adsorbent
EGS@APTES-GT at 298 K, pH 7.0 ± 0.1, and adsorbent mass/volume ratio 0.1 g L−1.

Model Parameter As(V) Iprodione

Pseudo-second-
order

k2 (g mg−1 min−1) 4.18 × 10−4 ± 2.1 × 10−5 7.25 × 10−4 ± 3.1 × 10−5

qe (mg g−1) 41.83 ± 0.47 81.52 ± 0.57

R2 0.997 0.996

Elovich

α (mg g−1 h−1) 2.13 ± 0.51 244.9 ± 235.1

β (mg g−1) 0.130 ± 0.01 0.119 ± 0.02

R2 0.966 0.921

Weber–Morris
Step 1

(Film/Intra-particle
diffusion)

Step 2 (Equilibrium)

kid1 (mg g−1 min−0.5) 2.54 ± 0.14 3.318 ± 0.38

C1 (mg g−1) 1.10 ± 1.18 35.87 ± 3.26

R1
2 0.994 0.975

kid2 (mg g−1 min−0.5) 0.511 ± 0.05 0.439 ± 0.08

C2 (mg g−1) 25.30 ± 1.05 68.90 ± 1.69

R2
2 0.990 0.966

The adsorption process was the best fitted using the PSO model (Table 4), assuming the
existence of chemisorption adsorption mechanisms for As(V) [37,61,62] and physisorption
for Iprodione [42]. The correlation coefficients R2, obtained by W-M, were higher in the case
of arsenate, similar to the one obtained using the PSO model. According to the maximum
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equilibrium adsorption capacities, the hybrid adsorbent selectivity sequence can be given
as Iprodione > arsenate.

The two linear correlation lines, obtained using the intra-particle diffusion model,
predict two dominating successive adsorption processes (Figure 6). The first step represents
fast kinetics and the second part is followed by a very slow attainment of the equilibrium.
A larger intercept found for the fungicide adsorption indicates higher resistance, which
amounts to slower ionic transport due to intra-particle diffusion. The first linear step
explains the external mass transfer from the bulk solution to the most available adsorbent
surface, while the second step discloses processes of species diffusion through the porous
structure of the adsorbent into the interior, approaching available surface-active sites,
followed by the attainment of specific adsorbate/adsorbent interactions. This step highly
depends on the adsorbent porosity, pore network density, total pores volume, pore size
distribution, etc., so, in the second step of the process, the adsorption process continues at a
low rate until the saturation of the available adsorptive sites is occupied [37,52,61].
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3.3. Fixed-Bed Column Adsorption Performance of EGS@APTES-GT

The testing of the potential applicability of the EGS@APTES-GT was performed in a
column study with respect to the effectiveness of arsenate and Iprodione removal. In order
to design and optimize the fixed-bed column adsorption process, different mathematical
models were used to predict the breakthrough curve for the studied system. In this study,
Yoon–Nelson (Y-N), Bohart–Adams (B-A), and Thomas models were used (SM S2.6) to
predict the dynamic behavior of arsenate and Iprodione adsorption onto the EGS@APTES-
GT hybrid adsorbent in a fixed-bed system (Table 5).

The correlation coefficient values for each model are found to be high, suggesting
that the experimental data and model predicted data are in agreement with each other
(Table 5). The value No and constant kBA, obtained from the Bohart–Adams model, are
decreased with the increasing flow rate, which may be attributed to the insufficient time
for an effective interaction between the adsorbate and adsorbent. The breakthrough curves
of arsenate and Iprodione adsorption onto EGS@APTES-GT at three different flow rates
(0.5, 1.0, and 1.5 mL min−1) and at fixed-bed height of 5 cm are shown in Figure S8.
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Table 5. Bohart–Adams, Yoon–Nelson, and Thomas models’ parameters for adsorption of As(V) and
Iprodione onto EGS@APTES-GT hybrid material in a fixed-bed column.

Column Models/Parameters
Flow Rate (cm3 min−1)

0.5 1.0 1.5

As(V)

B–A

KBA (dm3 mg−1 min−1) 0.082 ± 0.002 0.155 ± 0.003 0.224 ± 0.007

N0 (mg dm−3) 41.62 ± 0.236 36.86 ± 0.248 32.24 ± 0.313

R2 0.998 0.998 0.996

Y–N

KYN (min−1) 0.788 ± 0.017 0.748 ± 0.017 0.755 ± 0.022

θ (min) 5.558 ± 0.031 4.923 ± 0.033 4.305 ± 0.042

R2 0.998 0.998 0.996

Thomas

KTH (dm3 mg−1 min−1) 0.163 ± 0.004 0.155 ± 0.003 0.156 ± 0.004

q0 (mg g−1) 41.62 ± 0.236 36.86 ± 0.248 32.24 ± 0.312

R2 0.998 0.998 0.996

Iprodione

B–A

KBA (dm3 mg−1 min−1) 0.060 ± 0.001 0.123 ± 0.001 0.201 ± 0.002

N0 (mg dm−3) 89.81 ± 0.293 80.06 ± 0.172 70.51 ± 0.148

R2 0.998 0.999 0.999

Y–N

KYN (min−1) 0.594 ± 0.012 0.603 ± 0.007 0.657 ± 0.007

θ (min) 11.80 ± 0.038 10.52 ± 0.023 9.266 ± 0.020

R2 0.998 0.999 0.999

Thomas

KTH (dm3 mg−1 min−1) 0.121 ± 0.002 0.123 ± 0.001 0.134 ± 0.001

q0 (mg g−1) 89.73 ± 0.292 80.00 ± 0.172 70.45 ± 0.148

R2 0.998 0.999 0.999

3.4. Desorption Studies

An important feature of the adsorbent is its ability to regenerate, which in a way
represents its longevity. The efficiency of the adsorbent material can abate during usage
(i.e., the precipitation of different species and pore clogging, the destruction or blocking of
active sites, etc.), which determines the number of adsorptions–desorption cycles and has
great influence on both economic and environmental indicators. Thus, the regeneration
process of the used adsorbent can be repeated several times; however, the regenerated
adsorbent has decreased the adsorption capacity in comparison to the unused one.

If not properly solved, the disposal of the exhausted adsorbents could generate envi-
ronmental problems realized as the continual accumulation of highly polluted adsorbents,
which could be a source of pollutant leaching. Using a proper technique for adsorbent
regeneration and exhausted adsorbent disposal helps in improving the adsorption and
economic efficiency by establishing a closed cycle through pollutant removal, decreases the
overall cost both in the regeneration and the adsorbent production process, reduces the
amount of hazardous generated waste, and solves the problem of waste disposal.

The optimization of the desorption procedure through the assessment of an effective
desorbing agent combination along with the minimal degradation of the adsorbent prop-
erties, i.e., the adsorbent capacity, was performed (SM S3.4.1). In the processes of arsenic
and Iprodione desorption, it was found that alkaline regenerants or inorganic salts have
provided optimal results. Acidic regenerant agents have a degradative influence on the
dissolution of iron and the deterioration of the adsorbent surface, causing an adsorption
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efficiency decrease (higher for app. 15% in comparison to the results given in Figure 7, as
an example, 32% of qe was decreased for As(V) removal after the fifth cycle) and, thus, a
decrease in the adsorbent usage period is obvious.
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Iprodione onto EGS@APTES-GT.

The best desorption system was found to be sodium hydrogen carbonate (NaHCO3,
4%) or sodium chloride (NaCl, 4%) for Iprodione, while a NaOH (2%)/NaCl (2%) mixture
for arsenate desorption. Fungicide desorption increases with both a pH and ionic strength
increase (0.001, 0.01, and 0.1 mol dm−3 KNO3), which indicates a physisorption mechanism.

For the adsorption capacity of EGS@APTES-GT, before and after the regeneration step,
qi and q(i + 1) were further used for the calculation of the regeneration efficiency (RE, %) in
the following operational conditions: an adsorbent mass of 10 mg and 10 mL of a pollutant
solution, all at a concentration of 5 mg dm−3 and pH 7. The regeneration efficiency was
calculated according to Equation (1):

RE =
q(i+1)

qi
× 100 (1)

The obtained results (Figure 7) for As(V) and Iprodione showed a small decrease in the
adsorption efficiency of 17% and 14%, respectively, after the fifth reuse cycle, which ensures
good EGS@APTES-GT adsorbent efficiency in an industrial-scale application and meets the
requirement for a real application at optimal operational conditions. Oxyanions are heavily
de-bonded from the iron oxide surface due to the creation of chemically bonded complexes
either on the external or internal surface, i.e., outer- and inner-surface complexes [21,34,35],
which can also be stated for the hybrid EGS@APTES-GT adsorbent. On the other hand, weak
electrostatic bonding within the organic structure Iprodione could be easily be desorbed
by either a strong base (NaOH) or ionic species (NaCl), a more effective process using a
stronger base/nucleophile can be achieved, and the decision can depend on the desorption
effectiveness, techno-economical parameters, and environmental impact.
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3.5. Developed Technologies for Exhausted Adsorbent and Desorption Solution Disposal

Desorption processes inevitably generate polluted effluent water and an exhausted
EGS@APTES-GT adsorbent, named exEGS. Consequently, the substantial focus of a sub-
sequent investigation in this study was to design a technology to turn effluent water and
generated exEGS treatment into a harmless or useful material of appropriate characteristics
suitable for application as a building material. The arsenate in effluent water was chemi-
cally stabilized (Section 3.5.1), while Iprodione was subjected to photocatalytic degradation
(Section 3.5.2). Additionally, generated exEGS was used as a reinforcement in UPe-based
composites. Obtained composites were characterized using the FTIR technique (FTIR Anal-
ysis of UPe-Based Composites), and mechanical testing was performed in relation to the
tensile properties, microhardness, and dynamic–mechanical analysis (Dynamic-Mechanical
Testing of Composites Materials). Overall, the development of sustainable building ma-
terials based on the use of renewable resources or waste materials can contribute to the
minimization of the negative environmental impact.

3.5.1. Arsenate Stabilization and Leaching Study

After the stabilization of the desorbed As(V) species in effluent water, the FeCl2
and FeCl3 blended solution or iron ion-containing washing solution showed that the
arsenate concentration decreased by 95.14% and 96.86%, respectively. Inorganic pollution
elements appeared to be effectively stabilized, with the leachate concentrations well below
the regulatory limit values as obtained by the TCLP test (method given in SM S2.7.5).
The obtained values are lower than the maximum permissible concentration of 10 ppb
prescribed by the Environmental Protection Agency (EPA) [63].

3.5.2. Photocatalytic Degradation of Iprodione

The kinetics of the photocatalysis of desorbed Iprodione was studied at a constant
catalyst dose under neutral conditions, and the obtained results are presented in Figure 8.
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At lower concentrations of the organic pollutant, a pseudo-first-order equation can be
used to estimate the kinetic parameters of the photocatalytic reactions [64,65]. The obtained
photocatalysis rate parameters of Iprodione degradation, using ZnO at 25 ◦C, C0 = 5 mg L−1,
and t = 150 min, are K (min−1) = 0.02267 and t1/2 (min) = 30.6. The determination of the
chemical oxygen demand (COD) after 270 min of applied treatment gave 176 mg O2 L−1,
which is lower than the one prescribed by national legislation. The limit value of wastewater
emissions from plants for textile processing and production is 200 mg O2 L−1 [66]. This
method was found to be applicative for effluent wastewater treatment containing Iprodione.

3.5.3. Stabilization of Exhausted EGS@APTES-GT Material in UPe-Based Composites

In the literature, studies on the development of adsorbents mostly focus on the de-
velopment of the high removal capacity and on the regeneration of adsorbents without
discussing the final disposal or stabilization of the effluent water or exhausted materials [33].
In order to solve the problem of the generated exhausted adsorbent in this study, the dis-
posal of the spent adsorbent exEGS, obtained after five cycles of adsorption–desorption
processes, was solved by its use as a reinforcement in UPe-based composites.

FTIR Analysis of UPe-Based Composites

Figure 9 shows the FTIR spectra of the cured neat UPe matrix (a) and composites
based on UPe reinforced with grinded exEGS (UPe/exEGS) at 2.5 wt.% (b), 5.0 wt.% (c),
7.5 wt.% (d), and 10 wt.% (e) additions.
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The bands observed at 2920 and 2850 cm−1 for UPe and its derived composites
were attributed to asymmetric and symmetric C–H stretching vibrations, and ones in the
1457–1370 cm−1 region were assigned to the C–H bending vibrations of aliphatic moieties.
The C=O stretching vibration of the ester carbonyl group was observed at 1715 cm−1.
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The two peaks’ small intensities at 1600 and 1576 cm−1 were attributed to unsaturated
C=C bonds in the phenyl ring of the terephtoyl unit and polystyrene in UPE resin. The
bands related to the C–O and C–O–C stretching vibration appeared in the 1246 and
1100–1017 cm−1 regions, respectively [67]. Also, two strong bands, found in the regions
from 874 to 698 cm−1, were assigned to the C–H out-of-plane deformation vibration of
the phenyl ring in the terephtoyl units and polystyrene structure. The intensity of most
bands in UPe and its corresponding composites are of a similar intensity (Figure 9) with
one exception: the appearance of a new band at 973 cm−1 assigned to the Si–O stretching
vibration in exEGS. Generally, the spectra exhibit similarities between the samples, and the
band’s intensity is slightly proportionally increasing with the percent of the increase in the
exEGS filler.

The statistical results, obtained by the use of principal component analysis, or PCA,
are applied to obtain results which are easier for analysis. On the normalized spectra,
PCA analysis was applied (Figure S9). The PCA analysis of the FTIR data has a large
number of highly correlated variables and only the first few PCs can describe the spectral
variables relating to the chemical components/functional groups in the spectra of samples.
These variables have large eigenvalues showing a steep slope, while the others PCs are the
contribution of noise and the forming plate in the Scree plot due to their small eigenvalues
(Figure S10) [68,69]. Accordingly, the clustering of the spectral range in the FTIR spectra
were performed in two ranges to select a proper spectral range by removing highly corre-
lated variables. In order to determine the principal component numbers (PCs), we created
the scree plot (Figure S10a) and drew the spectra (Figure S10b) of each PC [68,69]. The
results presented in Figure S10 indicate that PC1 and PC2 are the valuable components,
while others from PC3 to PC6 show very small bands i.e., small eigenvalues. The obtained
results in Figure S11a, b indicate that PC1 and PC2 cover 91,84% and 7.06% of the total
variance, respectively, for the spectral range of 4000–400 cm–1. The similar results are
obtained by PCA analysis in the 1800–400 cm–1 spectral range, and this range of the loading
plot (Figure S11c,d) shows that PC1 and PC2 cover 86.73% and 11.97%, respectively. The
obtained result shows high data variance in the investigated spectral ranges with changes
in the intensity of the peaks.

Dynamic–Mechanical Testing of Composite Materials

The composites’ reinforcement with exEGS was studied in relation to the mechanical
properties. For instance, fly ash, recycled nylon fibers, and lightweight expanded glass
aggregates can be used to create sustainable textile-reinforced cementitious composites [70].
The economics of recycling such composites could be revolutionized by the regeneration of
the recovered glass fiber performance [71]. Table 6 displays the mechanical and dynamic–
mechanical property results of polyester-based composites with varying exEGS contents.

The values of Young’s modulus and the tensile strength of the composites with an
increasing filler percentage are displayed in Table 6. When compared to the unreinforced
resin, the composite’s tensile strength is improved. The maximum strength of 28.31 MPa
was observed with 10 wt.% of filler loading. It was observed that when the amount of
filler grew, the exEGS particle reinforced the unsaturated polyester composite’s tensile
modulus. With the addition of 10 wt.% exEGS particles, the Young’s modulus increased by
30.1% compared to pure resin. In the literature, it was found that there is an improvement
in the mechanical properties of composites with waste glass [72]. Glass mirror scraps
and poly(vinyl)butyral (PVB) waste from flat glass-producing facilities were the focus of
Gorohovski et al.’s [73] research as raw materials for composites. The findings demonstrated
that, out of all the compositions examined, the composite with 10% by weight of the filler
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had somewhat better mechanical performances. It is possible to attribute the increase in
the dynamic stiffness to the physical impact of the filler glass waste.

Table 6. Results of mechanical and dynamic–mechanical properties of polyester-based composites
with different exEGS contents.

Sample

Mechanical Properties DMA Properties

Tensile
Strength

(MPa)

Elongation at
Break (%)

Young’s
Modulus

(MPa)
Tg (◦C) Tan δ

Peak

UPe 22.48 0.79 612.4 97.70 0.710

UPe/exEGS 2.5 wt.% 23.15 0.83 668.1 98.62 0.711

UPe/exEGS 5.0 wt.% 25.94 0.97 712.4 98.63 0.712

UPe/exEGS 7.5 wt.% 28.31 1.11 796.9 98.65 0.724

UPe/exEGS 10 wt.% 27.83 1.04 765.0 98.64 0.721

The dynamic–mechanical behavior of polyester composites is given in Figure 10 and
Table 6. Figure 10a,b depict representative dynamic–mechanical analysis (DMA) experi-
mental results in terms of the storage and loss modulus versus temperature. According to
the results, the composites reinforced with exEGS particles have discreetly higher modulus
values across the entire temperature range.
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A DMA analysis was used to examine the thermomechanical characteristics of cured
neat UPe resin and various composite systems with exEGS, meaning the viscoelastic char-
acteristics of the cross-linked matrix and the resulting composites at temperatures ranging
from 40 to 150 ◦C. Figure 10a depicts how the sample’s storage modulus (G′) changes
with the temperature. The difference in the G′ composition can be caused by a number of
causes. These consist of elements like fiber–matrix interfacial interactions, filler dispersion,
the reinforcement type, and the matrix type [74,75]. For all samples, G′ decreases as the
temperature rises, which is in line with higher temperatures causing more displacements
of polymer segments [76]. The temperature at which the maximum damping factor value
(tan δ) is attained is known as the glass transition temperature (Tg).

The damping factor graphs of composite materials with varying proportions of exEGS
(2.5 wt.%, 5.0 wt.%, 7.5 wt.%, and 10 wt.%) are displayed in Figure 10c and the relevant
parameters such as the Tg and tan δ peak high values are presented in Table 6. The
composite materials lose less energy when there is good contact. Better interfacial adhesion
inside the filler and resin matrix is indicated by a lower peak height [77]. The tan δ height
values for cured neat UPe resin and the resulting composites are comparable but with
discrete differences.

Figure 11 shows the average microhardness values of composite samples with different
exEGS amounts. It was observed that with an increase in the proportion of particles (exEGS),
there is an increase in the microhardness of the composite compared to the pure matrix. For
composites with 7.5 wt.% of exEGS particles, the microhardness increased by 33.7%. After,
a slow decrease was found. Bassyouni et al. [78] reported a similar pattern while studying
polyurethane (PU)-milled light bulb glass composites. Achukwu et al. discovered that the
microhardness rises with the percentage of reinforcement [79]. Moreover, the literature
data, presented in Table S3, related to the mechanical properties of the composites based
on different UPRs, are not of a wide distribution, and mainly, the values of the tensile
strength are in the range found for the UPe/exEGS 2.5–10 wt.% composites (Table 6). Thus,
produced UPe/exEGS 2.5–10 wt.% composites showed comparable or better mechanical
properties to the published results (Table S3), which indicate the high potential applicability
of the presented technology.

In general, the presented circular concept offers many advantages, as in the following:
(i) a method of modification is relatively simple with a procedure based on non-toxic
chemicals with the possibility of the recycling of the diluent, (ii) washing solutions con-
tain mainly non-hazardous iron salts, (iii) materials showed good adsorption–desorption
properties and all issue related to environmental concerns were solved, and (iv) the treated
exhausted adsorbent used as the reinforcement in UPR provides composites with com-
parable or better mechanical properties than the literature findings. The environmental
friendliness of the produced composites was confirmed by non-leaching characteristics
according to TCLP. The main drawbacks relate to using commercial Poraver® GmbH,
which excludes the possibility for the effective design of the textural properties of the
adsorbent. Despite this, the developed technology offers a good alternative to Lewatit
FO36 in relation to the financial and technological aspects, and the most beneficial relates
to the environmental aspect regarding the developed disposal technology. Overall, the
presented sustainable technologies are a scalable alternative which can offer significant a
contribution to environmental protection.
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4. Conclusions
The sustainable development agenda related to the preservation of the planet is an

enormously developing area and wealth of results have been achieved. Nevertheless,
there are still many challenges, such as the increasing use of bio-based raw materials, a
decrease in energy consumption, technological simplicity, end-of-life material recycling,
and increased environmental friendliness that should be addressed. In line with this,
herein, the achievement of some goals through sustainable technologies’ development
for wastewater purification and the valorization of generated waste materials into useful
products is presented. This was achieved by the production of an effective EGS@APTES-GT
hybrid adsorbent for arsenate and Iprodione removal, applied in both batch and dynamic
modes in first step. In the next step, the desorption of saturated EGS@APTES-GT, after five
adsorption–desorption cycles, provides an effluent solution which was successfully treated
by applying the photocatalytic degradation of wastewater containing Iprodione and one
with As(V) by chemical stabilization. The closed looped of adsorbent use was attained
by exhausted adsorbent EGS@APTES-GT acid washing and grinding in order to obtain a
material applicable as the reinforcement in UPe-based composites, i.e., UPe/exEGS. The
testing of the mechanical properties of the UPe/exEGS composites showed a higher elastic
modulus than pure resin. In comparison to pure resin, composites containing 7.5 wt.% of
exEGS had an increased modulus of 30.1%, tensile strength of 25.9%, and microhardness
of 44.9%.

At the same time, it is necessary to continue work on the development of low-cost,
high-efficiency, and pollution-free technologies, promoting its widespread application in
industrial production, and those that will fit into sustainable development goals.

Supplementary Materials: The following supporting information can be downloaded at:
https://www.mdpi.com/article/10.3390/app15063093/s1, Figure S1: 2D (a) and 3D (b) structure
of Iprodione; Figure S2: pH drift test for EGS@APTES-GT; Figure S3: EDS spectrum showing el-
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emental composition of EGS@APTES-GT external surface in the selected point; Figure S4: EDS
spectrum showing elemental composition of EGS@APTES-GT on the cross-section surface in the
selected points; Figure S5: EGS@APTES-GT sphere’s outer-surface EDS mapping with elemental
concentration distribution; Figure S6: Speciation of As(V) obtained using MINTEQ 3.0 software
(Ci = 4.83 mg dm−3 for As(V), T = 25 ◦C); Figure S7: Langmuir, Freundlich, and Temkin nonlinear
isotherm models for arsenate (a) and Iprodione (b) adsorption on EGS@APTES-GT hybrid adsorbent;
Figure S8: Breakthrough curves for arsenate (a) and Iprodione (b) removal by EGS@APTES-GT-
packed column for different flow rates; Figure S9: FTIR-normalized spectra of UPe-based composites
reinforced with ex EGS at 2.5 wt.%, 5.0 wt.%, 7.5 wt.%, and 10 wt.% addition; Figure S10. (a) The scree
plot and (b) of the FTIR spectra UPe/exEGS composite; Figure S11. Loading plots and their related
PCs’ drawn spectra (a,b) of 400–400 cm−1 and (c,d) 1800–400 cm−1; Table S1: Quality certificate for
DION FR 7721-00; Table S2: Column parameters. Table S3. Comparison of mechanical properties of
UPR-based composite. References [80–111] are cited in the supplementary materials.
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Abbreviations

The following abbreviations are used in this manuscript:

EGS Expanded Glass Spheres
GT Goethite
SEM Scanning Electron Microscope
XRD X-ray Diffraction
FTIR Fourier-transform Infrared Spectroscopy
ICP-MS Inductively Coupled Plasma Mass Spectrometer
UPe Unsaturated Polyester Resin
APTES (3-aminopropyl) triethoxysilane
Tg Glass Transition Temperature
DMA Dynamic–Mechanical Analysis

References
1. Abdelli, H.E.; Mokrani, L.; Kennouche, S.; de Aguiar, J.B. Utilization of Waste Glass in the Improvement of Concrete Performance:

A Mini Review. Waste Manag. Res. J. Sustain. Circ. Econ. 2020, 38, 1204–1213. [CrossRef] [PubMed]
2. Guo, P.; Meng, W.; Nassif, H.; Gou, H.; Bao, Y. New Perspectives on Recycling Waste Glass in Manufacturing Concrete for

Sustainable Civil Infrastructure. Constr. Build. Mater. 2020, 257, 119579. [CrossRef]
3. Chandra Paul, S.; Šavija, B.; Babafemi, A.J. A Comprehensive Review on Mechanical and Durability Properties of Cement-Based

Materials Containing Waste Recycled Glass. J. Clean. Prod. 2018, 198, 891–906. [CrossRef]

https://doi.org/10.1177/0734242X20941090
https://www.ncbi.nlm.nih.gov/pubmed/32672108
https://doi.org/10.1016/j.conbuildmat.2020.119579
https://doi.org/10.1016/j.jclepro.2018.07.095


Appl. Sci. 2025, 15, 3093 25 of 29

4. Zamora-Ledezma, C.; Negrete-Bolagay, D.; Figueroa, F.; Zamora-Ledezma, E.; Ni, M.; Alexis, F.; Guerrero, V.H. Heavy Metal
Water Pollution: A Fresh Look about Hazards, Novel and Conventional Remediation Methods. Environ. Technol. Innov. 2021,
22, 101504. [CrossRef]

5. Vareda, J.P.; Valente, A.J.M.; Durães, L. Assessment of Heavy Metal Pollution from Anthropogenic Activities and Remediation
Strategies: A Review. J. Environ. Manag. 2019, 246, 101–118. [CrossRef]

6. Isasi, J.; Arévalo, P.; Martin, E.; Martín-Hernández, F. Preparation and Study of Silica and APTES–Silica-Modified NiFe2O4

Nanocomposites for Removal of Cu2+ and Zn2+ Ions from Aqueous Solutions. J. Sol-Gel Sci. Technol. 2019, 91, 596–610. [CrossRef]
7. Singh, N.B.; Nagpal, G.; Agrawal, S. Rachna Water Purification by Using Adsorbents: A Review. Environ. Technol. Innov. 2018,

11, 187–240. [CrossRef]
8. Liu, G.; Li, L.; Huang, X.; Zheng, S.; Xu, X.; Liu, Z.; Zhang, Y.; Wang, J.; Lin, H.; Xu, D. Adsorption and Removal of Organophos-

phorus Pesticides from Environmental Water and Soil Samples by Using Magnetic Multi-Walled Carbon Nanotubes @ Organic
Framework ZIF-8. J. Mater. Sci. 2018, 53, 10772–10783. [CrossRef]

9. Tang, Y.; Liang, S.; Wang, J.; Yu, S.; Wang, Y. Amino-Functionalized Core-Shell Magnetic Mesoporous Composite Microspheres
for Pb(II) and Cd(II) Removal. J. Environ. Sci. 2013, 25, 830–837. [CrossRef]

10. Kumar, A.; Kumar, V.; Pandita, S.; Singh, S.; Bhardwaj, R.; Varol, M.; Rodrigo-Comino, J. A Global Meta-Analysis of Toxic Metals
in Continental Surface Water Bodies. J. Environ. Chem. Eng. 2023, 11, 109964. [CrossRef]

11. Zolgharnein, J.; Shahmoradi, A.; Ghasemi, J. Pesticides Removal Using Conventional and Low-Cost Adsorbents: A Review.
CLEAN Soil, Air, Water 2011, 39, 1105–1119. [CrossRef]

12. Palma, P.; Köck-Schulmeyer, M.; Alvarenga, P.; Ledo, L.; Barbosa, I.R.; López de Alda, M.; Barceló, D. Risk Assessment of
Pesticides Detected in Surface Water of the Alqueva Reservoir (Guadiana Basin, Southern of Portugal). Sci. Total Environ. 2014,
488–489, 208–219. [CrossRef] [PubMed]

13. Xi, C.; Wang, R.; Rao, P.; Zhang, W.; Yan, L.; Li, G.; Chai, F.; Cai, Y.; Luo, T.; Zhou, X. The Fabrication and Arsenic Removal
Performance of Cellulose Nanocrystal-Containing Absorbents Based on the “Bridge Joint” Effect of Iron Ions. Carbohydr. Polym.
2020, 237, 116129. [CrossRef]

14. Aminul Haque, M.; Chowdhury, R.A.; Islam, S.; Bhuiyan, M.S.; Ragib, A. Bin Sustainability Assessment of Arsenic-Iron Bearing
Groundwater Treatment Soil Mixed Mortar in Developing Countries, Bangladesh. J. Environ. Manag. 2020, 261, 110257. [CrossRef]

15. Ohta, M.; Okawa, H.; Kato, T.; Sugawara, K. Removal of Arsenite from Aqueous Solutions Using Ultrasonic Irradiation in the
Presence of a Lead Electrode. Jpn. J. Appl. Phys. 2020, 59, SKKD01. [CrossRef]

16. Gupta, V.K.; Carrott, P.J.M.; Ribeiro Carrott, M.M.L. Suhas Low-Cost Adsorbents: Growing Approach to Wastewater Treatment—A
Review. Crit. Rev. Environ. Sci. Technol. 2009, 39, 783–842. [CrossRef]

17. Montazeri, B.; Koba-Ucun, O.; Arslan-Alaton, I.; Olmez-Hanci, T. Iprodione Removal by UV-Light-, Zero-Valent Iron- and Zero-
Valent Aluminium-Activated Persulfate Oxidation Processes in Pure Water and Simulated Tertiary Treated Urban Wastewater.
Water 2021, 13, 1679. [CrossRef]

18. Zou, Y.; Wang, X.; Khan, A.; Wang, P.; Liu, Y.; Alsaedi, A.; Hayat, T.; Wang, X. Environmental Remediation and Application of
Nanoscale Zero-Valent Iron and Its Composites for the Removal of Heavy Metal Ions: A Review. Environ. Sci. Technol. 2016,
50, 7290–7304. [CrossRef]

19. Gao, Y.; Truong, Y.B.; Cacioli, P.; Butler, P.; Kyratzis, I.L. Bioremediation of Pesticide Contaminated Water Using an Organophos-
phate Degrading Enzyme Immobilized on Nonwoven Polyester Textiles. Enzyme Microb. Technol. 2014, 54, 38–44. [CrossRef]

20. Mojiri, A.; Zhou, J.L.; Robinson, B.; Ohashi, A.; Ozaki, N.; Kindaichi, T.; Farraji, H.; Vakili, M. Pesticides in Aquatic Environments
and Their Removal by Adsorption Methods. Chemosphere 2020, 253, 126646. [CrossRef]

21. Martinez–Vargas, S.; Martínez, A.I.; Hernández–Beteta, E.E.; Mijangos–Ricardez, O.F.; Vázquez–Hipólito, V.; Patiño-Carachure, C.;
López–Luna, J. As(III) and As(V) Adsorption on Manganese Ferrite Nanoparticles. J. Mol. Struct. 2018, 1154, 524–534. [CrossRef]

22. Owen, M.J.; Williams, D.E. Surface Modification by Fluoroalkyl-Functional Silanes. J. Adhes. Sci. Technol. 1991, 5, 307–320.
[CrossRef]

23. Castillo, X.; Pizarro, J.; Ortiz, C.; Cid, H.; Flores, M.; De Canck, E.; Van Der Voort, P. A Cheap Mesoporous Silica from Fly Ash as
an Outstanding Adsorbent for Sulfate in Water. Microporous Mesoporous Mater. 2018, 272, 184–192. [CrossRef]

24. Gérardin, C.; Reboul, J.; Bonne, M.; Lebeau, B. Ecodesign of Ordered Mesoporous Silica Materials. Chem. Soc. Rev. 2013, 42, 4217.
[CrossRef]

25. Acres, R.G.; Ellis, A.V.; Alvino, J.; Lenahan, C.E.; Khodakov, D.A.; Metha, G.F.; Andersson, G.G. Molecular Structure of 3-
Aminopropyltriethoxysilane Layers Formed on Silanol-Terminated Silicon Surfaces. J. Phys. Chem. C 2012, 116, 6289–6297.
[CrossRef]

26. Arena, N.; Lee, J.; Clift, R. Life Cycle Assessment of Activated Carbon Production from Coconut Shells. J. Clean. Prod. 2016,
125, 68–77. [CrossRef]

27. De Gisi, S.; Lofrano, G.; Grassi, M.; Notarnicola, M. Characteristics and Adsorption Capacities of Low-Cost Sorbents for
Wastewater Treatment: A Review. Sustain. Mater. Technol. 2016, 9, 10–40. [CrossRef]

https://doi.org/10.1016/j.eti.2021.101504
https://doi.org/10.1016/j.jenvman.2019.05.126
https://doi.org/10.1007/s10971-019-05067-3
https://doi.org/10.1016/j.eti.2018.05.006
https://doi.org/10.1007/s10853-018-2352-y
https://doi.org/10.1016/S1001-0742(12)60141-7
https://doi.org/10.1016/j.jece.2023.109964
https://doi.org/10.1002/clen.201000306
https://doi.org/10.1016/j.scitotenv.2014.04.088
https://www.ncbi.nlm.nih.gov/pubmed/24836129
https://doi.org/10.1016/j.carbpol.2020.116129
https://doi.org/10.1016/j.jenvman.2020.110257
https://doi.org/10.35848/1347-4065/ab78e3
https://doi.org/10.1080/10643380801977610
https://doi.org/10.3390/w13121679
https://doi.org/10.1021/acs.est.6b01897
https://doi.org/10.1016/j.enzmictec.2013.10.001
https://doi.org/10.1016/j.chemosphere.2020.126646
https://doi.org/10.1016/j.molstruc.2017.10.076
https://doi.org/10.1163/156856191X00378
https://doi.org/10.1016/j.micromeso.2018.06.014
https://doi.org/10.1039/c3cs35451b
https://doi.org/10.1021/jp212056s
https://doi.org/10.1016/j.jclepro.2016.03.073
https://doi.org/10.1016/j.susmat.2016.06.002


Appl. Sci. 2025, 15, 3093 26 of 29

28. Lata, S.; Samadder, S.R. Removal of Arsenic from Water Using Nano Adsorbents and Challenges: A Review. J. Environ. Manag.
2016, 166, 387–406. [CrossRef]

29. Xu, W.; Yang, B.; Jia, F.; Chen, T.; Yang, L.; Song, S. Removal of As(V) from Aqueous Solution by Using Cement-Porous Hematite
Composite Granules as Adsorbent. Results Phys. 2018, 11, 23–29. [CrossRef]

30. Hu, X.; Ding, Z.; Zimmerman, A.R.; Wang, S.; Gao, B. Batch and Column Sorption of Arsenic onto Iron-Impregnated Biochar
Synthesized through Hydrolysis. Water Res. 2015, 68, 206–216. [CrossRef]

31. Fouda-Mbanga, B.G.; Onotu, O.; Tywabi-Ngeva, Z. Advantages of the Reuse of Spent Adsorbents and Potential Applications in
Environmental Remediation: A Review. Green Anal. Chem. 2024, 11, 100156. [CrossRef]

32. Baskar, A.V.; Bolan, N.; Hoang, S.A.; Sooriyakumar, P.; Kumar, M.; Singh, L.; Jasemizad, T.; Padhye, L.P.; Singh, G.; Vinu, A.; et al.
Recovery, Regeneration and Sustainable Management of Spent Adsorbents from Wastewater Treatment Streams: A Review. Sci.
Total Environ. 2022, 822, 153555. [CrossRef]

33. Rial, J.B.; Ferreira, M.L. Potential Applications of Spent Adsorbents and Catalysts: Re-Valorization of Waste. Sci. Total Environ.
2022, 823, 153370. [CrossRef] [PubMed]
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Double Hydroxide-Coated Bio-Silica as an Adsorbent for Anionic Pollutants Removal: A Case Study of the Implementation of
Sustainable Technologies. Int. J. Mol. Sci. 2024, 25, 11837. [CrossRef]

56. Lin, S.; Yang, H.; Na, Z.; Lin, K. A Novel Biodegradable Arsenic Adsorbent by Immobilization of Iron Oxyhydroxide (FeOOH) on
the Root Powder of Long-Root Eichhornia Crassipes. Chemosphere 2018, 192, 258–266. [CrossRef]

57. Byambaa, E.; Seon, J.; Kim, T.-H.; Kim, S.D.; Ji, W.H.; Hwang, Y. Arsenic (V) Removal by an Adsorbent Material Derived from
Acid Mine Drainage Sludge. Appl. Sci. 2020, 11, 47. [CrossRef]

58. Shih, Y.-J.; Huang, R.-L.; Huang, Y.-H. Adsorptive Removal of Arsenic Using a Novel Akhtenskite Coated Waste Goethite. J.
Clean. Prod. 2015, 87, 897–905. [CrossRef]

59. Langmuir, I. The Adsorption of Gases on Plane Surfaces of Glass, Mica and Platinum. J. Am. Chem. Soc. 1918, 40, 1361–1368.
[CrossRef]

60. Alkan, M.; Demirbas, O.; Dogan, M. Adsorption Kinetics and Thermodynamics of an Anionic Dye onto Sepiolite. Microporous
Mesoporous Mater. 2007, 101, 388–396. [CrossRef]
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