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Abstract: Eutrophication, a global threat that leads to degradation of freshwater and seawater aquatic
ecosystems, is driven by excessive nutrient loading. This study explores the sustainable management
of eutrophic water bodies with the application of natural and modified clay-based materials as a
practical solution to mitigate eutrophication by removing ammonium and orthophosphate ions.
Comparative analyses of six materials: natural zeolite, bentonite, and perlite, along with their
modification with calcium and iron, were assessed after kinetic analysis of each material. Batch
adsorption experiments were performed to evaluate the material’s performance in fresh and seawater.
Fitting experimental data assessed adsorption kinetics to pseudo-second-order models. Furthermore,
Langmuir isotherm models were employed to determine each material’s maximum adsorption
capacity for ammonium and orthophosphate ion uptake. The results revealed that freshwater
applications of modified zeolite or natural bentonite achieved better orthophosphate ion removal
efficiency from seawater, whereas employing natural zeolite maximized the ammonium ion removal
efficiency in freshwater bodies. Finally, orthophosphate and ammonium ion removal efficiency results
for almost all materials were diminished in seawater. This research contributes valuable insights to
the development of efficient and sustainable nutrient removal methodologies to remediate natural
eutrophic water bodies and protect aquatic ecosystems.

Keywords: ammonium ions; orthophosphate ions; zeolite; bentonite; perlite; modifications; coastal;
freshwater; adsorption; removal efficiency; sustainability; management; capacity

1. Introduction

Eutrophication, a pressing and significant threat to freshwater ecosystems globally,
is primarily driven by the excessive influx of nutrients, particularly ammonium (NH4

+)
and orthophosphate (PO4

3−), into aquatic environments. These nutrients, originating
from agricultural runoff, wastewater discharge, and industrial activities, stimulate algal
blooms, disrupt aquatic food webs, and ultimately lead to oxygen depletion, threatening
aquatic life and ecosystem health. Consequently, mitigating eutrophication and controlling
nutrient pollution in freshwater bodies have become critical environmental imperatives,
underscoring the importance of this research.

Among the various remediation strategies, chemical adsorption has emerged for
nutrient control due to its cost-effectiveness [1,2], operational simplicity, and minimal
environmental impact [3]. Clay-based materials, including natural and modified clays,
have garnered significant attention as potential adsorbents for nutrient elimination due to
their abundant availability, increased surface area, and inherent ion exchange capabilities.
There is an extensive scientific literature that employs the application of zeolites [3–6],
bentonites [7–10] and perlite [11–13] for water purification approaches When a clay-based
material is applied as a slurry to treat eutrophication by controlling nutrients in the water,
this material ends up in the benthic environment. This deposited clay-based material
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effectively mitigates the released sediment nutrient fluxes, due to sediments’ phosphate
legacy [14–16], by re-adsorbing nitrogen and phosphorus and hence providing long-term
eutrophication control.

Zeolites, characterized by their porous aluminosilicate structure, exhibit excellent
cation exchange capacity, making them highly effective for ammonium adsorption [17,18].
Zeolites are crystalline hydrated aluminosilicates containing sodium, potassium, and
calcium whose lattice structure is negatively charged [19]. The charge is balanced by
cations (±Ba, ±Sr, and ±Mg) with a three-dimensional framework that may exchange
with cations in aquatic reagents [20]. The natural material of zeolite is capable of high
ion exchange capacity, and its shape-selective structures function as molecular sieves.
They allow the passage of substances of a specific size, which is why they are classified
according to their size [19]. Through ion exchange, zeolite achieves removal of nitrogen
by ammonium adsorption, which releases calcium ions that trigger phosphate ions [21].
Incorporating inorganic materials into natural zeolite aims to amplify the adsorption
capacity and to ameliorate the physicochemical characteristics of the natural zeolite, like
high specific surface area, porosity, and thermal stability [22]. Such modifications include
the compositions of natural zeolites with Ca(OH)2 [23]„Al–Mn binary oxide [24], NaOH
and AlCl3 [25], and many others.

Bentonite is a rock that consists mainly of the montmorillonite clay mineral Al2O3.
4SiO2. vH2O (in a percentage greater than 80%), formed by altering acidic volcanic rocks.
When the content of montmorillonite is lower (60–80%), the material is characterized as
“bentonite clay”. Bentonite, a phyllosilicate clay [26] with a high surface area and swelling
capacity, demonstrates a strong affinity for phosphate adsorption due to its surface hydroxyl
groups [27]. Owing to its net negative charge, it is an excellent adsorbent for metal and
organic cations, but it is a poor sequester of phosphate [28]. Therefore, bentonite’s physical
and chemical modifications aim to make it more receptive to adsorbing phosphorus. Such
modifications frequently comprise multiple inorganic substances, like the modification
of bentonite with Mg(OH)2 [29], with CaCO3 [28], with Mg-doped biochar/bentonite
composite [30], and many others.

Perlite is a white, acidic, volcanic, glassy rock of rhyolite composition (rich in SiO2),
formed by the sudden cooling and solidification of volcanic lava, trapping water in its mass.
Perlite, an amorphous volcanic glass, possesses a porous structure [11], and its modification
aims to improve its adsorption capacity for both ammonium and orthophosphate [17,27,31].
The granules of expanded perlite are inert [32]. Perlite is a porous material with adsorption
properties, but it has not yet been extensively studied for the adsorption of phosphorus
and ammonia. A recent work presents a compound of perlite with nano-Fe/Ce and with
nano-Fe alone to assess their phosphate removal [13].

While numerous studies have investigated the individual adsorption capacities of zeolite,
bentonite, and perlite for nutrient removal, comparative studies evaluating the performance
of these materials, both in their natural and modified forms, are limited. Furthermore,
understanding the characteristics of adsorption through kinetic and isotherm experiments is
crucial for optimizing the design and operation of effective treatment systems.

This study aims to comprehensively analyze ammonium and orthophosphate removal
efficiencies using three natural clay-based materials—zeolite, bentonite, and perlite—and
their modified counterparts. The research will focus on evaluating the adsorption kinetics
of ammonium and orthophosphate onto each material through batch experiments, deter-
mining the rate-limiting steps and adsorption mechanisms, determining the adsorption
isotherm parameters for each material, providing insights into the maximum adsorption
capacity and affinity for ammonium and orthophosphate, and comparing the performance
of natural and modified clay-based materials, assessing the impact of modification on
nutrient removal efficiency.

This research provides valuable insights into the potential of utilizing clay-based
materials for mitigating eutrophication in freshwater ecosystems. The findings aid in
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developing efficient and sustainable nutrient removal technologies for the remediation of
polluted water bodies.

2. Materials and Methods

Laboratory study of natural zeolite, bentonite, perlite and modified zeolite, bentonite
and perlite has been carried out to compare the optimal phosphorus and nitrogen re-
moval efficiency.

2.1. Origin of Materials

Zeocem company (from Bystré, Slovakia) supplied natural zeolite; its granulometry
was 0.6–1.8 mm. Its chemical composition contains 65.1% SiO2, 12.9% Al2O3,1.2% Na2O,
1.6 K2O, 3% CaO, 1.5% MgO, 1.5% FeO and 12.9% H2O. Natural bentonite was supplied
by Prolat company.(from Athens, Greece) Its composition comprises 64.63% SiO2, 13.70%
Al2O3, 2.72% Fe2O3, 3.94% CaO, 2.26% MgO, K2O 0.16% and Na2O 2.32%. Perlite was
obtained from ISOCON (from Athens, Greece). Before use, all materials were sieved at final
granulometry of 0.15 nm and washed three times with deionized water. Afterward, the
materials were dried at 105 ◦C for 24 h.

2.2. Preparation of the Modified Materials

Generally, several metals, including iron (Fe) and calcium (Ca), have been examined
to inactivate P. If iron is used, in that case, additional aeration is required so that the iron
oxides formed are sensitive to redox and can release P under limited oxygen conditions [33].
Iron (Fe)-based materials have demonstrated the potential to efficiently remove phosphorus
in treating eutrophic lakes [34], while the ecosystem health is preserved since iron particles
do not harm plankton and benthic organisms found in the aquatic ecosystem [35]. Also,
calcium was added to clay-based materials. Calcium can be used with different clays,
especially zeolite, to remove ammonium from water through ion exchange processes [36].
The calcium ions can replace the ammonium ions in the zeolite structure, effectively
removing contaminants [37].

The modification includes two stages. During the first one, 200 mL of 0.1 M CaCl2
(solid: liquid = 1:43 w/w) was poured in 10 g of the adsorbent material and stirred for
4 h. The procedure was repeated two more times. The modified material was stirred with
200 mL of deionized water for 10 min. The process was repeated three times, and then the
mixture was placed in an oven at 80 ◦C for 24 h to remove the humidity of the material
produced. Afterward, 10 g of precipitate was immersed into 200 mL of 0.1 M FeCl3 6H2O
(solid:liquid = 1:36 w/w) and stirred for 5 h. The process was repeated two times. Finally,
the modified material was stirred in 200 mL of deionized water for 10 min. The process
was repeated three times, and then the mixture was placed in an oven at 80 ◦C for 24 h.
Further details of the preparation procedure for the materials are presented in the schematic
diagram of Figure 1.
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The modified materials had the following chemical compositions: for modified zeolite,
31.71% O, 3.96% Na, 13.07% Al, 33.33% Si, 0.65% K, 5.56% Ca, 11.73% Fe; for modified
bentonite: 28.99% O, 5.6% Al, 29.22% Si, 0.85 K, 23.14% Fe, 12.2% Ca; and for modified
perlite: 34.4% O, 1.2% Na, 7.19% Al, 30.77% Si, 0.88% K, 13.08% Ca and 12.23% Fe.

2.3. Kinetic Adsorption

The adsorption kinetics and mechanisms governing the removal of ammonium and
orthophosphate ions using clay-based materials have been extensively studied [38]. These
models can give important insight into reaction rates and the sorption mechanism. They
contain information about diffusion, mass transfer, and reactions on the adsorbent’s surface
during adsorption. Many kinetic models have been evaluated when assessing how well-
varied materials work, such as zeolite, bentonite, and perlite (natural and modified).
Pseudo-second-order kinetic models are commonly used to characterize the behavior of
the adsorption process, because they offer valuable information on the rate-limiting phases
and the whole adsorption process [39]. Also, the pseudo-second-order model [40] indicates
a chemisorption-dominated mechanism.

The performance of the materials in this study, including zeolite, bentonite, and perlite
(both natural and modified), was evaluated using a variety of kinetic models. Notably,
the pseudo-second-order kinetic model resulted in a higher R2 of up to 99%. The pseudo-
second-order kinetic model can be expressed as follows in Equation (1) [41]:

dqt
dt

= k2(Qe − Qt)
2 (1)

where the parameter k2 (g/(min mg)) represents the rate constant of the pseudo-second-
order kinetic model, and Qt and Qe describe the quantity of nutrients adsorbed onto the
material surface at time ‘t’ and at the ‘equilibrium (e)’ state, respectively [41]:

The linearized-integrated form of Equation (1) is the following Equation (2):

t
Qt

=
1

k2qQe
2 +

t
Qe

(2)

where the parameters k2 and Qe are calculated from the intercept and slope of the trendline
resulting from the plot of ‘t/Qt’ against ‘t’.

Kinetic adsorption experiments were performed on all the different materials. More
specifically, natural zeolite, bentonite and perlite, modified zeolite with CaCl2 and FeCl3
6H2O (zeolite CaFe), modified bentonite with CaCl2 and FeCl3 6H2O (bentonite CaFe),
modified perlite with CaCl2 and FeCl3 6H2O (perlite CaFe) were tested for their capacity to
adsorb orthophosphates (PO4

3-) and ammonium ions (NH4
+) (Table 1).

At first, two 2 L volumetric flasks were prepared containing 0.1 mg/L of orthophos-
phates (PO4

3−-P) and 1 mg/L of ammonium ions (NH4
+-N). Two salinities were examined:

0‰ (freshwater) and 35‰ (seawater). The experiments simulated the conditions prevailing
in the Aitoliko lagoon. Subsequently, 100 mL of the initial solution of ammonium ions
(1 mg/L) and a quantity of the corresponding material were put in the Erlenmeyer flask
(250 mL) to obtain the desired concentration of the adsorbent. The exact process was also
followed for orthophosphates, where the Erlenmeyer flask (250 mL) contained 150 mL of
the initial blank solution (0.1 mg/L). The examined concentration of each adsorbent was
100 mg/L. Sampling was performed nine times using the method of filtration: 0, 15 min,
30 min, 1 h, 2 h, 4 h, 8 h, 10 h, and 24 h. The experiment was carried out at an ambient
temperature of 25 ± 1 ◦C at neutral pH = 7 and was repeated twice.
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Table 1. Pseudo-second-order results for ammonium and orthophosphate ion removal efficiency of
natural and modified materials, using 1 mg NH4

+-N/L and 0.1 mgPO4
3−-P/L initial concentrations.

Pollutant Material
Qe k2 R2

mg/g g/(min × mg)

NH4
+

N-zeolite 8.59 0.10 0.9963
N-bentonite 6.33 0.10 0.9998

N-perlite 5.30 0.79 0.9075
Mod-zeolite 5.63 0.002 0.9941

Mod-bentonite 4.61 0.013 0.9992
Mod-perlite 4.81 0.001 0.7431

PO4
−3

N-zeolite 0.53 0.07 0.999
N-bentonite 1.00 0.016 0.937

N-perlite 0.28 0.009 0.555
Mod-zeolite 0.95 0.046 0.9995

Mod-bentonite 0.88 0.039 0.9994
Mod-perlite 0.24 0.093 0.9231

2.4. Adsorption Isotherms

The adsorption isotherm presents the equilibrium relationship between the concentra-
tion in the solution and the concentration in the adsorbent particles at a given temperature
and pressure [42]. The concentration of the substance adsorbed on the clay (Qe) is ex-
pressed as the mass adsorbed per unit mass of the initial clay-based material that has units
in mg/g. The equilibrium adsorption behavior is typically described by the Langmuir
model, which assumes monolayer adsorption on a homogeneous surface [43]. Table 2 of
this study presents the experimental results using the well-known Langmuir adsorption
isotherm model.

Table 2. Langmuir isotherm results for 0.1 g/L of adsorbent material in 100 mL of sampling volume
for 0–100 mg NH4

+-N/L and 0–10 mg PO4
3−-P/L pollutants.

Pollutant Material
Qm kL R2

mg/g L/mg

NH4
+

N-zeolite 5.52 0.39 0.9997
N-bentonite 6.43 0.08 0.9739
Mod-zeolite 7.90 0.09 0.9106

Mod-bentonite 2.12 0.01 0.98399

PO4
−3

N-zeolite 0.68 0.05 0.99
N-bentonite 0.92 0.00 0.9984
Mod-zeolite 0.24 0.43 0.9978

Mod-bentonite 0.18 0.26 0.9665

Monolayer sorption on discrete selective adsorption sites implies uniform energies of
monolayer sorption onto the sorbent surface and shows no transmigration of the adsorbate
in the plane of the surfaces [41]. The linear description of the Langmuir isotherm is
expressed as Equation (3) [44]:

Ce

Qe
=

1
QmKL

+
Ce

Qm
(3)

where ‘Ce’ is the concentration of the solution at equilibrium state (mg/L), ‘Qe’ is the amount
of nutrient sorbed at equilibrium state, ‘KL’ is the Langmuir sorption constant (L/mg) at a
given temperature, related to the energy of sorption, ‘Qm’ is the maximum sorption capacity
(mg/g). The Langmuir isotherm model can also be expressed as Equation (4) [45]:

Qe =
QmKLCe

1 + KLCe
(4)
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A dimensionless constant or separation factor (RL) is expressed as Equation (5) [46]:

RL =
1

1 + KLC0
(5)

where ‘RL’ is used to describe the favorable nature of the adsorption process, where RL > 1
is unfavorable, RL = 0 is linear, 0 < RL < 1 is favorable, and RL = 0 is irreversible [46,47]. The
plot of ‘1/Qe’ against ‘1/Ce’ produces a straight-line graph with the values of ‘Qm’ and ‘KL’
calculated from the slope and intercept, respectively.

For the experiments of isothermal simultaneous adsorption of ammonia and or-
thophosphate ions using natural and modified materials, a quantity of corresponding
material equal to 0.1 g was used. The material was added to 100 mL of orthophosphate
and ammonia ion solution of different initial concentrations of 0.1, 0.5, 1, 5, 10 mg PO4

3−/L
and 1, 5, 10, 50, and 100 mg NH4

+/L, respectively. The mixtures were then agitated (25 ◦C,
200 rpm, 24 h), allowing the adsorption to reach equilibrium. After 24 h, the suspensions
were filtered (0.45 µm membrane) to determine PO4

3−-P by ascorbic acid and indophenol
blue, respectively. Each experiment was conducted at pH 7.0 and repeated three times.

2.5. Experimental Procedures

The residual concentration of orthophosphates and ammonia ions in the respective
solutions was assessed spectrophotometrically by ascorbic acid and indophenol blue,
respectively, after 24 h. More specifically, orthophosphates were determined by the ascorbic
acid method after digestion of the sample with ammonium persulfate [48]. The absorbance
was measured at 880 nm with a spectrophotometer (U-1100, Hitachi, Tokyo, Japan) [49].
Ammonia reacts with hypochlorite, phenol, and sodium nitroprusside, forming a bright
blue complex. The absorbance was measured at 640 nm with a spectrophotometer (U-1100,
Hitachi, Tokyo, Japan) [50]. The initial ratio of the pollutant’s concentration was 10 to
1 for N to P to simulate realistic conditions of eutrophic coastal freshwater bodies [51].
Both kinetic and isotherm experiments lasted 24 h, during which the temperature was
maintained at 25 ◦C and the pH 7; therefore, no assimilation in ammonia results was
expected [52].

The software Grammarly (v 1.2.113.1522) was used for English editing.

3. Results
3.1. Ammonium Ion Uptake by Natural Materials in Seawater and Freshwater

Figure 2 shows the concentration of the ammonium ion adsorption on the N-zeolite, N-
bentonite, and N-perlite against time. The adsorption capacity results for these clays follow
the Langmuir model, and the kinetic results can be described using the pseudo-second
model fitting. The results demonstrate that N-zeolite had higher ammonium ion adsorption
capacity (Qe = 8 mg/g) than the other natural materials after 240 min of treatment for both
seawater and freshwater (Figure 2(a1)). N-bentonite’s ammonium ion adsorption capacity
differs for seawater and freshwater, in which its adsorption capacity reached 4 and 6 mg/g
(Figure 2(a2)). In contrast, the adsorption capacity of N-perlite was up to 3 mg/g for
seawater and freshwater (Figure 2(a3)). The removal efficiency results demonstrate that
the N-zeolite and N-bentonite presented almost double, if not higher, removal efficiency
for ammonium ions compared to N-perlite. In particular, the percentage of ammonium
ion adsorption was 80–60%, 60–40%, and 30–10% for N-zeolite, N-bentonite, and N-perlite
in freshwater and seawater after 24 h of treatment (Figure 2(c1–c3)). The results indicate
that N-zeolite is favored as an ammonium ion adsorbent in both seawater and freshwater
compared to the other clay-based materials.
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Figure 2. (a) Langmuir fitting results for ammonium ion adsorption by (a1) N- zeolite, (a2) N-
bentonite, and (a3) N-perlite; (b) pseudo-second-order kinetics of ammonium uptake by (b1) N-
zeolite, (b2) N-bentonite, and (b3) N-perlite; (c) ammonium removal rate (%) of (c1) N-zeolite,
(c2) N-bentonite, and (c3) N-perlite. The adsorption capacity was evaluated for freshwater (S = 0,
results shown in green) and seawater (S = 35‰, results shown in blue) in a 1 mg NH4

+-N/L
pollutant solution.

3.2. Orthophosphate Ion Uptake by Natural Materials in Seawater and Freshwater

Figure 3 shows the concentrations of orthophosphate ions adsorbed on N-zeolite, N-
bentonite, and N-perlite over time. The adsorption capacity results for these clays follow the
Langmuir model, and the kinetic results can be described using the pseudo-second model
fitting. It is observed that the orthophosphate ion adsorption took up to 600 min, where the
orthophosphate ion adsorption capacity reached up to Qe = 0.6 and 0.4 mg/g for N-zeolite
(Figure 3(a1)) in freshwater and seawater accordingly. N-bentonite’s orthophosphate ion
adsorption capacity reached up to 0.9 mg/g for both seawater and freshwater (Figure 3(a2)). In
contrast, the adsorption capacity of N-perlite was up to 0.2 mg/g for seawater and freshwater
(Figure 3(a3)). In general, it is found that the adsorption results for 0.1 mg PO4

3−-P/L were
delayed by 140 min or about 2 h compared to the adsorption results for ammonium ion uptake
of 1 mg NH4

+-N/L (Figure 3(a1–a3)). The pseudo-second fitting model can successfully
describe the modified zeolite and modified bentonite (Figure 3(b1,b2)) but fails to represent
the modified perlite (Figure 3(b3)) adequately. The removal efficiency results demonstrate
that the N-zeolite and N-bentonite can also efficiently adsorb orthophosphate ions in the
waterbodies. Finally, the percentage of orthophosphate ion adsorption was 60%, 85%, and 20%
for N-zeolite, N-bentonite, and N-perlite in freshwater and seawater after 24 h of treatment
(Figure 3(c1–c3)). The results indicate that N-bentonite is favored for orthophosphate ion
adsorbance in both seawater and freshwater compared to the other clay-based materials.
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(c2) N-bentonite, and (c3) N-perlite. The adsorption capacity was evaluated for freshwater (S = 0,
results shown in green) and seawater (S = 35‰, results shown in blue) in a 0.1 mg PO4

3−-P/L
pollutant solution.

3.3. Ammonium Ion Uptake by Modified Materials in Seawater and Freshwater

Figure 4 shows the concentrations of ammonium ions adsorbed on the modified
zeolite, modified bentonite, and modified perlite over time. The adsorption capacity results
for the above modified clays follow the Langmuir model, and the kinetic results can be
described using the pseudo-second model fitting. It is observed that most adsorption
took up to 240 min, similarly to the results using the natural clays for ammonium ion
adsorbance (Figure 2). In particular, the ammonium ion adsorption capacity was up
to Qe = 5 and 4 mg/g for modified zeolite in freshwater and seawater (Figure 4(a1)).
Modified bentonite’s ammonium ion adsorption capacity did not differ significantly for
seawater and freshwater, reaching up to 4 mg/g accordingly (Figure 4(b1)). In contrast, the
adsorption capacity of modified perlite was up to 3 and 4 mg/g for seawater and freshwater
(Figure 4(c1)). The pseudo-second fitting model can successfully describe the modified
zeolite and modified bentonite (Figure 4(b1,b2)) but fails to adequately represent the
modified perlite (Figure 4(b3)). Modified zeolite’s ammonium removal efficiency decreased
for freshwater applications and remained the same for seawater applications compared to
N zeolite’s ammonium ion adsorbent efficiency results (Figure 2(c1)). The same results were
obtained for the ammonium ion adsorbance efficiency of modified bentonite (Figure 2(c2))
and modified perlite (Figure 2(c3)). In addition, the modification described in Section 2.2.
for ammonium ion uptake favors zeolite application (Figure 4(c1–c3)).
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Figure 4. (a) Langmuir fitting results for ammonium ion adsorption by (a1) modified zeolite, (a2) mod-
bentonite, and (a3) modified perlite; (b) pseudo-second-order kinetics of ammonium-uptake by (b1)
modified zeolite, (b2) modified bentonite, and (b3) modified perlite; (c) ammonium removal rate (%)
of (c1) modified zeolite, (c2) modified bentonite, and (c3) modified perlite. The adsorption capacity
was evaluated for freshwater (S = 0, results shown in green) and seawater (S = 35‰, results shown in
blue) in a 1 mg NH4

+-N/L pollutant solution.

3.4. Orthophosphate Ion Uptake by Modified Materials in Seawater and Freshwater

Figure 5 shows the concentrations of orthophosphate ions adsorbed on the modified
zeolite, modified bentonite, and modified perlite over time. The adsorption capacity results
for the above modified clays follow the Langmuir model, and the kinetic results can be
described using the pseudo-second model fitting. It is observed that most adsorptions
took up to 600 min, similarly to the results using natural clays for orthophosphate ion
adsorbance (Figure 3). In particular, the orthophosphate ion adsorption capacity was
up to Qe = 0.9 and 0.8 mg/g for modified zeolite in freshwater and seawater. Modified
bentonite’s orthophosphate ion adsorption capacity did not differ significantly for seawater
and freshwater, reaching up to 0.85 mg/g accordingly. In contrast, the adsorption capacity
of modified perlite was up to 0.05 and 0.2 mg/g for seawater and freshwater. Modified
zeolite’s orthophosphate removal efficiency reached up to 90 and 75% for freshwater
and seawater applications (Figure 5(c1)). Modified bentonite’s orthophosphate removal
efficiency reached up to 80 and 75% for freshwater and seawater applications (Figure 5(c2)).
Modified perlite’s orthophosphate removal efficiency reached 35 and 25% for freshwater
and seawater applications (Figure 5(c3)). The modified materials showed significantly
increased uptake of orthophosphate ions compared to the natural materials’ adsorption
removal efficiency (Figure 3(c1–c3)).
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Figure 5. (a) Langmuir fitting results for orthophosphate ion adsorption by (a1) modified zeolite,
(a2) modified bentonite, and (a3) modified perlite; (b) pseudo-second-order kinetics of orthophos-
phate uptake by (b1) modified zeolite, (b2) modified bentonite, and (b3) modified perlite; (c) or-
thophosphate removal rate (%) of (c1) modified zeolite, (c2) modified bentonite, and (c3) modified
perlite. The adsorption capacity was evaluated for freshwater (S = 0, results shown in green) and
seawater (S = 35‰, results shown in blue) in a 0.1 mg PO4

3−-P/L pollutant solution.

3.5. Ammonium Isotherm Results

Figure 6 depicts the NH4
+ removal rate (%) as a function of time (0.25–24 h) for

natural materials, as well as the amount of ammonia ions removed from the solution per
unit mass of natural minerals over a 24-hour period, as a function of the residual solute,
for various initial ammonia ion concentrations (1, 5, 10, 50, and 100 mg/L). Analytically,
the proportion of materials removed was 81% and 60.5% for N-zeolite and N-bentonite,
respectively. Figure 6 (right) depicts the association between the amount of ammonium ions
extracted from the solution per unit of material and the initial concentration of ammonium
ions in the solution. The typical Langmuir model fits nicely. For N-bentonite, adsorption
had not yet achieved a plateau, and the residual concentration at the conclusion of our
experiment, i.e., 24 h, was Ce = 50 mg/L. The curve for N-zeolite appeared to reach a
plateau of about Ce = 10 mg/L, with Qmax = 5 mg/mg. Modified zeolite provided 45.6%,
respectively, followed by modified bentonite at 27.6%. The data have been simulated
using the Langmuir model. The yield with modified zeolite was higher than that with the
other materials, and ammonium absorption increased substantially when the equilibrium
concentration rose from 0 to 10 mg/L, eventually plateauing at 50 mg/L. The Qe value after
24 h was 5.5 mg/g. Modified bentonite had a corresponding Qe value of 2 mg/g. Modified
bentonite plateaued at 25 mg/L, whereas modified zeolite plateaued at 20 mg/L.
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Figure 6. Removal of ammonium ions from aqueous solution with initial ammonium ion concen-
tration of 1 mg/L and 0.01 g of adsorbent materials, pH = 7, T = 25 ◦C (left). Adsorption isotherms
for ammonium ions using natural zeolite, natural bentonite, modified zeolite and modified ben-
tonite in combined aqueous solutions. The quantity of the adsorbent materials was 0.01 g, pH = 7,
T = 25 ◦C (right).

3.6. Orthophosphate Isotherm Results

Figure 7 depicts the phosphate removal efficiency of natural materials with time (0.25–
24 h). More precisely, N-bentonite had the highest performance, reaching 97% efficiency;
second in line was N-zeolite, with a removal rate of around 62%, for a percentage of
20%. Figure 7 illustrates the equilibrium connection between the adsorption capacity of
natural zeolite and bentonite and the starting concentration of orthophosphate ions in
the solution. A 0.01 g amount of each mineral was added to 100 mL of orthophosphate
ion solution with starting concentrations of 0.1, 0.5, 1, 5, and 10 mg PO4

3−/L. The data
have been simulated using the Langmuir model. The findings show that N-bentonite’s
adsorbance capacity for orthophosphate ions was larger than that of the other two natural
materials, suggesting that it had not yet plateaued. The representative Qe value for N-
zeolite was 0.082 mg/g, whereas the Qe value after 24 h was 0.16 mg/g. Therefore, the
usage of N-bentonite is advantageous for high orthophosphate concentrations in aquatic
environments. In terms of orthophosphates, the clearance rate for modified zeolite was 93%
and for modified bentonite, 88% It matches quite well with the standard Langmuir model.
Since the modified bentonite appeared not to have yet reached its plateau, its image was
far superior to that of the other two materials. After a 24-hour period, the representative Qe
for modified zeolite was 0.17 mg/g, but the value for modified bentonite was 0.54 mg/g.
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0.01 g, pH = 7, T = 25 ◦C (right).

4. Discussion

The purpose of the research was to examine the use of natural materials (zeolite,
perlite, bentonite) to remove phosphate and ammonia ions from eutrophic waters. Natural
clays have offered compelling advantages for eutrophication control practices since (1) they
are abundant in nature and cost-effective [53], (2) their application is ecological and sus-
tainable [4], and (3) they present high adsorbance capacity in nutrient control [54]. This
study reviews their application in natural and modified forms to assess their adsorbance
efficiency for mitigation of eutrophic water bodies.

The residence time of sorbate uptake at the solid–solution interface can be identified
through kinetics, which can also reveal details about adsorption mechanisms. The materials
examined follow the pseudo-second kinetic order that suggests reactions of more chemical
affinity, which might include the electron-sharing process, electron exchange, surface
complexation, and internal diffusion [55]. The Langmuir model is a satisfactory fit for
all materials in terms of adsorption. Monolayer adsorption onto the adsorbent’s finite
and identical surfaces is assumed by the Langmuir isotherm [56]. Also, the isotherm is
associated with the equilibrium concentration of a solute on the surface of an adsorbent with
the solute’s concentration in the liquid at a specific temperature. Zeolite-based materials
in their natural or modified form are widely known for their ability to remove phosphate
and ammonium ions from eutrophic water bodies because of their distinct microporous
architectures, large surface areas, ion exchange capabilities, and environmental benefits [57].
On the other hand, bentonite constitutes a valuable mineral, owning to its remarkable
physicochemical properties, flexible crystalline and chemical structure, excellent surface
area, environmental value, high ion replacement, high absorption capabilities, and high
natural availability [55]. These data were verified by the results of our experiments, as
analyzed below.

The experiments were performed for 100 mg/L of material in aqueous solution for
different salinity conditions, S = 0‰ and S = 35‰. The efficiency in removing phosphates
and ammonium ions in S = 35‰ was lower for almost all tested materials, natural and
modified, due to the competition that occurs between the ions that are present in coastal
waters [58]. In contrast to ortho-phosphate adsorption efficiency (65% and 40% for fresh
and coastal waters, respectively), natural zeolite exhibits a greater ammonium adsorption
efficiency (75% for fresh and 60% for coastal waters), according to the study’s findings.
However, the ammonium removal efficiency (nearly 50% for fresh and coastal waters) was
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lower than the orthophosphate removal efficiency (90 and 75% for fresh and coastal waters)
of the calcium and iron-modified zeolite. Similarly, orthophosphate ions are more easily
removed by the modified zeolite containing iron oxide [59] than ammonium ions.

The kinetic results indicated that in freshwater, the removal efficiency of ammonium
ions is optimized by applying natural zeolite. In contrast, in seawater, natural and modified
zeolite applications achieved similar results. In contrast, applying natural bentonite or
modified zeolite in freshwater achieved higher orthophosphate ion removal efficiency.
The most outstanding adsorbent removal efficiency for orthophosphate ions was found in
seawater after applying natural bentonite.

Table 1 presents the kinetic characteristics of the pseudo-second-order model for
all materials that were assessed in this study. The results reveal that pseudo-second-
order models can effectively describe the kinetic characteristics of zeolite and bentonite,
concluding that the adsorption mechanism is governed by ion exchange and therefore
by the chemical adsorption process [51]. Other modifications of clay-based materials,
such as the modified bentonite, named Bephos [60], clearly showed enhanced ammonium
and phosphorus adsorption capacity in freshwaters compared to coastal waters. The
comparison between the pseudo-second-order kinetic results for the natural clay-based
materials show that natural zeolite yields higher ammonium adsorbance capacity than
natural bentonite, as shown by Fan et al. [51].

In addition, the results from adsorption kinetics indicate that most materials achieved
their optimum performance after 10 h in the orthophosphate ion solutions and after 8 h in
the ammonium ion solutions. This indicates that a significant portion of the adsorption
capacity is reached in a comparatively short time, indicating that the adsorption of these
ions follows a relatively rapid kinetic process.

Table 2 presents the isotherm results of the Langmuir model for the best four materials
in terms of higher removal efficiency (N-zeolite, N-bentonite, Mod-zeolite, Mod-bentonite).
The results reveal that the Langmuir model can effectively describe the adsorbance capacity
of these four materials.

Table 2 depicts that natural clay-based materials present higher adsorbance capacity
for ammonium than for orthophosphate, as shown by Fan et al. [51]. The isotherm results
reveal that introducing calcium and iron on zeolite leads to increased ammonium ion
adsorbance capacity (from 5.52 to 7.90 mg/g) and decreased orthophosphate ion adsorbance
capacity (from 0.68 to 0.18 mg/g) when the treatment dose was 10 mg per 100 mL of
sampling volume containing from 0 to 100 mg NH4+-N/L and 0 to 10 mgPO4

3−-P/L. Other
modified materials, such as the modified bentonite of Bephos [16], exhibit higher adsorption
capacity for orthophosphate than for ammonium. Clay-based materials, unlike certain other
adsorbents like chlorella vulgaris [61], are effective even in seawater environments where
phosphate removal may be hampered by ion competition [28,62]. Also, in comparison
to certain biochar materials, clay-based material applications are not restricted by acid
pH levels [54,55]. Other clay-based modifications, such as Lanthanum-modified zeolites
(LMZ) [63], presented clear advantages in ammonium adsorption capacity compared
to other widely used clays such as ‘Phoslock’, but due to the complexity of extraction,
Lanthanum-based modifications are more expensive than many other metals, such as iron
or aluminum [64]. Natural clays, as ready-to-use materials, are cost-efficient and do not
present unforeseen environmental risk. Since natural clays are found in many aquatic
environments, there are no unforeseen ecological threats for the ecosystems such as with
other clay-based materials using organic compounds such as kaolinite combined with
carica papaya seeds and metal doping [65].

5. Conclusions

Clay-based materials have been proven to be very promising materials in the restora-
tion of eutrophic water bodies through chemical adsorption. This application allows
phosphate and ammonium ions to be effectively removed from polluted natural waters
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after an inexpensive, quick, simple, effective, and eco-friendly action, despite the fact that
several adsorbents have been used over time.

The results of the study indicate that natural zeolite presents higher adsorption effi-
ciency for ammonium (75% and 60% for fresh and coastal waters, respectively) than for
orthophosphate (65% and 40% for fresh and coastal waters, respectively). However, the
zeolite modified with calcium and iron had higher removal efficiency for orthophosphate
(90% and 75% for fresh and coastal waters) than for ammonium (almost 50% for fresh and
coastal waters).

A comparison of the pseudo-second-order kinetic findings for the natural clay-based
materials revealed that natural zeolite has a ammonium adsorbance capacity than natural
bentonite. Significant research has been conducted, and various measures are proposed
to treat eutrophication. Scientific research is necessary to ensure the correct restoration
methodology. As we concluded from the previous chapter, there is no single method of
recovery. Each natural water body is unique and governed by different climatic condi-
tions, interdependencies, and the organisms that live or act in it [66]. Choosing the right
restoration methods and defining specific actions are essential for achieving sustainable,
ecologically sound, and cost-effective water ecosystem recovery.
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