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Abstract: This study focuses on the synthesis and characterization of a cationic ion-exchange
sorbent derived from vermiculite and epoxy acrylate copolymers, designed to address
freshwater scarcity by removing toxic metal ions from aqueous environments. The sor-
bent was engineered to preserve the chemical integrity of freshwater while adhering to
environmental safety standards. Vermiculite served as the base material, modified with
glycidyl methacrylate (GMA), acrylonitrile (ACN), and orthophosphoric acid (HzPOy) in a
mass ratio of 1:0.35:0.15:3. Optimization experiments explored varying H3PO, proportions
(two- and threefold increases) to refine the synthesis conditions. The materials under-
went microwave irradiation at 300 W for 10 min. Infrared (IR) spectroscopy confirmed
the presence of functional groups (P=O, P—O—C), enhancing sorption capacity, while
scanning electron microscopy (SEM) revealed a porous structure crucial for adsorption.
Sorption properties, assessed via atomic emission spectroscopy, demonstrated capacities
of 39.80 mg/g for MoO,4?~ and 39.06 mg/g for ReO,~, with extraction efficiencies of 79%
and 78%, respectively. Chemical stability tests indicated the sorbent retained up to 90% of
its functionality in aggressive environments, highlighting its robustness. The developed
sorbent offers a high-performance, cost-effective solution for heavy metal removal from
wastewater, advancing sustainable water purification technologies.

Keywords: vermiculite; adsorbent; ion exchange; water purification

1. Introduction

The presence of heavy metals, such as molybdenum and rhenium, in wastewater
from mining and chemical industries represents a serious environmental issue. Their
high toxicity and potential for bioaccumulation necessitate the development of advanced
technologies for removing these ions from water resources. One promising approach is
the use of modified mineral sorbents, which combine environmental safety with high
sorption capacity.

Pollution of water resources by heavy metals and their compounds is a global envi-
ronmental problem. Among these, particular attention is given to molybdenum (MoO42")
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and rhenium (ReO4 ™) ions, which are present in the wastewater of mining, metallurgical,
and petrochemical enterprises. These substances are not only toxic but also capable of accu-
mulating in organisms, leading to severe consequences for human health and ecosystems.
As noted by authors [1-4], these elements exhibit a tendency for bioaccumulation, causing
molecular-level damage to reproductive organs in humans.

The non-biodegradable nature of heavy metals and metalloids demands innovative
strategies for the reclamation of contaminated soils and water sources. The growing contam-
ination of soil and water resources by heavy metals has become a pressing environmental
challenge [5,6]. Consequently, the development of effective reclamation strategies for
removing heavy metal ions from these matrices has become a research priority. Among
various approaches, the use of sorbing materials, both natural and synthetic, has emerged
as a promising solution for water purification.

This study [7,8] investigates the recovery and separation of rhenium and molybdenum
ions from acidic aqueous solutions using mechanoactivated graphite, which is effective
in adsorbing these ions. Additionally, amino-functionalized mesoporous silica materials,
specifically SS5-1h-5.5@95-APTES, were developed for Mo(VI) recovery from Re(VII)-
containing solutions, showing high adsorption capacity (194.32 mg/g at pH 1) and excellent
selectivity, confirmed through various characterization methods.

The application of vermiculite in water purification has shown particular promise
in recent research. Additional modification of natural sorbents, such as vermiculite, sig-
nificantly enhances their characteristics and functional properties. For example, ref. [9]
activation through acid or alkaline treatment or the application of active modifying layers
can improve sorption capacity by altering the material’s composition and structure. In
this context, exfoliated vermiculite is an excellent candidate for such modifications. It
possesses high ion-exchange properties, making it highly sought after in agriculture and
industry. Acid treatment (modification) of vermiculite improves its sorption characteristics
by altering the ionic composition of interlayer spaces [10,11]. Due to its crystalline structure,
vermiculite is easily modified with various acids, bases, metals, and organic molecules,
such as long-chain quaternary ammonium salts, phosphoric salts, silane agents, amino
acids, and other organic additives. For example, vermiculite calcined at 250 °C for two
hours demonstrated the ability to extract up to 99.9% of strontium from a solution with an
initial concentration of 1.14 x 1073 mol/L in a neutral medium [12].

The immobilization of azo dyes on poly (glycidyl methacrylate-co-methyl methacry-
late) polymers represents a cutting-edge approach to creating advanced adsorbents specifi-
cally designed for water purification. These polymer-based materials offer flexibility and
efficiency in addressing a broad range of contaminants, particularly heavy metals and
dyes, commonly found in industrial wastewater. Their unique properties enable enhanced
adsorption performance, making them a valuable tool in improving water quality and
advancing sustainable wastewater management [13-15]. Similarly [16], impregnation and
reaction of glycerol (Gly) on the surface of expanded vermiculite (EV) were used to produce
a highly efficient absorbent for removing water-spilled oils.

However, the immobilization of epoxy compounds onto natural adsorbents like ver-
miculite offers an alternative strategy, combining the inherent porosity and high surface
area of vermiculite with the chemical reactivity of epoxy groups. This hybrid approach
enhances the adsorbent’s capacity to remove heavy metals and organic pollutants effec-
tively. While polymer-based adsorbents focus on the versatility of synthetic composites,
epoxy-modified vermiculite provides a more natural, resource-efficient option for address-
ing industrial wastewater challenges, demonstrating complementary pathways toward
improved environmental remediation technologies [17-20].
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Thus, the modification of natural vermiculite by various physicochemical methods
enables the creation of affordable and cost-effective sorbents capable of adsorbing heavy
metal ions. Developing efficient and economically feasible sorbents based on natural
materials is a priority research direction. Vermiculite, in particular, is of interest due to its
high ion-exchange capacity and porous structure.

In addition, the modification of natural vermiculite using various physicochemical
methods leads to the creation of affordable and cost-effective sorbents that can adsorb
heavy metal ions. Vermiculite, with its high ion-exchange capacity and porous structure,
is particularly suitable for this purpose. Modification with epoxy compounds, such as
copolymers of GMA, ACN, and orthophosphoric acid, significantly enhances the sorbent’s
properties, allowing for the effective removal of toxic ions like MoO,42~ and ReO;~. While
various methods of modifying natural sorbents have been explored, this approach offers
significant advantages in terms of both efficiency and cost-effectiveness. The main goal
of this work is to study the impact of these modifications on the sorption capacity of
vermiculite, which is of both practical and theoretical interest for water purification and
environmental protection.

2. Materials and Methods
2.1. Materials and Reagents

Natural vermiculite, dimethylformamide (DMF), glycidyl methacrylate (GMA), acry-
lonitrile (ACN), benzoyl peroxide, ethyl alcohol, sodium hydroxide (NaOH), orthophos-
phoric acid (H3POy), hydrochloric acid (HCI), sulfuric acid (H,SO4), nitric acid (HNOs3),
hydrogen peroxide (H,O,), potassium nitrate (KNOj3), and sulfate salts were purchased
from Sigma-Aldrich (Germany) and used without further purification.

2.2. Procedure for Preparing the Modified Mineral Sorbent

The modification of the sorbent involved using natural vermiculite, which was pre-
treated by thermal activation at 300 W for 10 min. The procedure for modifying the
vermiculite-based sorbent with glycidyl methacrylate (GMA), acrylonitrile (ACN), and
orthophosphoric acid (H3POy) consisted of several steps aimed at enhancing the material’s
sorption properties:

Thermally activated vermiculite was mixed with GMA and ACN at a weight ratio of
1:0.35:0.15. Specifically, 3.3 g of vermiculite, 1.17 g of GMA, and 0.50 g of ACN were used.

Then, 10.0 g of orthophosphoric acid (85% concentration) was added to the mixture,
resulting in an overall component ratio of 1:0.35:0.15:3 (vermiculite:GMA:ACN:H3POy).

The mixture was thoroughly stirred to ensure uniform distribution of all the components.

The resulting mixture (total initial mass ~15 g) was subjected to microwave treatment
at 300 W and 110 °C for 10 min, with two 5 min intervals for cooling.

After microwave processing, the sample was washed with a 5% HCl solution to remove
residual acidic impurities, rinsed with distilled water until neutral pH was achieved, and
subsequently treated with 5% NaOH solution.

The modified sorbent was dried in two stages: initially at 60 °C for 6 h in a drying
oven, followed by 6 h at room temperature to achieve constant weight and ensure the
complete removal of residual moisture and solvents.

The practical yield of the modified sorbent was approximately 12 g, corresponding to
80% of the initial total mass. The static exchange capacity (SEC, mg-eq/g) of the product
was determined using a 0.1 N HCI solution under static conditions [21].
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2.3. Sorption Procedure for Molybdenum and Rhenium Ions

The sorption properties of the sorbents were investigated concerning ions from solu-
tions of corresponding high-purity salts (produced by ALDRICH, St. Louis, MO, USA).
The concentration of metal cations was determined using atomic emission spectroscopy.

For each experiment:

e A polymer sample weighing 0.05 g (accurate to 0.0001 g) was placed in an Erlen-
meyer flask.
e 20 mL of the metal salt solution was added.

The sorption capacity (SC, mg/g) was calculated using the formula:

SC = M 1)
m

where

V—is the volume of the solution (0.02 L),

C1—is the initial ion concentration (mg/L),

Cy—is the final ion concentration after sorption (mg/L),
m—is the mass of the sorbent (0.05 g).

The extraction rate (R) of ion sorption was calculated using the formula:

(G- C)

R:
G

-100% ()

where

R—is the degree of extraction,
C1—is the concentration of ions before sorption,
Co—is the concentration of ions after sorption.

2.4. Chemical Stability Testing

The chemical resistance of the sorbents was assessed using aggressive media such as
acidic and alkaline solutions:

1.  Two 0.1 g samples were placed in 250 mL round-bottom flasks.

2. One sample was treated with 100 mL of a 5 N H,SOy solution, and the other with a
5 N NaOH solution.

3. The mixtures were heated in a boiling water bath for 30 min, cooled to room tempera-
ture, and filtered.

4. The ion-exchange sorbent was converted to its hydroxyl form, and the SEC was
determined.

Chemical resistance (U) was calculated as follows:

_E

U—EO

100,

where Eg and E; are SEC (mg-eq/g) before and after contact with acid or alkali, respectively.

2.5. Determining Stability in Oxidative Solutions

A 0.1 g sample of the sorbent was treated with 100 mL of a 1 N HNOj solution and left
at room temperature for 48 h under periodic stirring. Chemical resistance was evaluated
by comparing the SEC before and after treatment.
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2.6. Physical and Chemical Characterization Methods

FT-IR Spectroscopy: Infrared spectra were recorded in the range of 400-4000 cm !
using a Cary 600 FT-IR spectrophotometer (Agilent, Waldbronn, Germany) with a resolution
of 4cm™L.

Scanning Electron Microscopy (SEM): The pore structure and morphology were ana-
lyzed using a ZEISS Crossbeam 540 instrument to obtain high-resolution surface images.
This allowed for the acquisition of high-resolution surface images of morphology and
microstructure. The SEM method provided detailed information on the distribution, shape,
and size of pores within the material, which is critical for understanding the functionality
of the ion-exchanger and its potential application capabilities.

Sorption Analysis: The concentrations of molybdenum and rhenium ions were deter-
mined using atomic absorption spectroscopy (AAS) with a Shimadzu AA-6800 spectropho-
tometer equipped with an autosampler. Prior to analysis, the solutions were filtered and
appropriately diluted. Calibration was performed using standard solutions of MoO42~
and ReO, ™. This method ensures high accuracy and reproducibility in the quantitative
determination of metal ions in solution.

3. Results and Discussion

3.1. Optimization of Sorbent Synthesis Conditions. Study of the Influence of Various Factors (Mass
Ratio, Temperature, and Duration) on the Modification of Organomineral Sorbents

To determine the optimal conditions for synthesizing modified natural mineral mate-
rial (vermiculite), glycidyl methacrylate copolymers, and orthophosphoric acid, the effects
of the ratio of the initial reacting components, temperature (microwave power), and process
duration were studied. These factors were evaluated in terms of their impact on the static
ion-exchange capacity using a 0.1 N HCl solution. The study explored the influence of
various factors, including the mass ratio of components, temperature (microwave power),
and duration of the process, on the static exchange capacity (SEC) of the sorbent.

3.1.1. Influence of Orthophosphoric Acid Concentration

It was observed that the static ion-exchange capacity (SEC) of the vermiculite-GMA-
ACN-H3POy adsorbent increased with the concentration of orthophosphoric acid, reaching
a peak value of 5.91 mg-eq/g at 3.0 mass parts (Figure 1). Beyond this point, further in-
creases in acid concentration did not result in a corresponding enhancement of the SEC. This
saturation effect can be attributed to the exhaustion of available active sites on the sorbent
surface, the structural densification of the material, the formation of polymeric phosphate
layers, and potential side reactions that negatively affected the sorbent’s performance.
Therefore, the optimized acid concentration was selected, which maximized the static
ion-exchange capacity while preserving the sorbent’s chemical and mechanical stability.

Similarly, the yield of the adsorbent exhibited a decreasing trend as the concentration
of orthophosphoric acid increased. At concentrations of 1.0, 2.0, 3.0, and 4.0 mass parts,
the yield was 88%, 85%, 80%, and 75%, respectively. The highest yield was observed at the
lowest concentration (1.0 mass part), where the sorbent underwent less structural modifica-
tion and retained more of its original form. As the concentration of orthophosphoric acid
increased, the formation of denser polymeric layers reduced the amount of the adsorbent
formed, leading to a decrease in yield. Therefore, an optimized acid concentration was
selected that balanced the static ion-exchange capacity and yield while maintaining the
chemical and mechanical stability of the sorbent.
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Figure 1. Change in the SEC of the vermiculite-GMA-ACN-H;3POy sorbent as a function of or-
thophosphoric acid concentration.
3.1.2. Influence of Curing Duration and Microwave Power
Figure 2 shows that the optimal SEC of 5.91 mg-eq/g was achieved with 10 min of
microwave treatment at 300 W and 110 °C (split into two 5 min intervals with cooling
breaks). Prolonged exposure or increased microwave power beyond 300 W led to a decrease
in SEC.
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Figure 2. (a) Effects of microwave power on the SEC of the sorbent. (b) Effects of curing duration on
the sorbent’s SEC.
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Figure 2a illustrates the effect of modification duration of the vermiculite-GMA-ACN-
H;3PO,4 sorbent in a ratio of 1:0.35:0.15:3, on the static ion-exchange capacity (SEC) under
microwave heating at 300 W (at 110 °C). The maximum SEC of the sorbent was achieved
within a 10 min interval (with two 5 min pauses), reaching 5.91 mg-eq/g. The blue bars
represent experimental conditions, and the light blue bars indicate the optimal condition
with the highest sorption efficiency.

As shown in Figure 2b, increasing the microwave power from 300 to 400 W and
extending the curing time from 10 to 15 min resulted in a slight decrease in the sorbent’s
exchange capacity. This reduction in SEC at longer time intervals and higher microwave
power can be attributed to the thermal degradation of the material. Prolonged microwave
exposure may lead to partial destruction of chemical bonds and the sorbent structure due
to localized overheating. This reduces the number of active functional groups, thereby
decreasing sorption capacity. Additionally, prolonged heating and exposure to high mi-
crowave power may cause densification of the sorbent matrix. This densification could
be associated with the formation of additional organomineral structures, reducing the
accessibility of ionogenic groups to low-molecular-weight electrolyte molecules during ion
exchange [22-24].

Thus, the optimal conditions for obtaining the modified natural mineral sorbent using
the microwave method involve a component ratio of vermiculite-GMA-ACN-H;3PO,
at 1:0.35:0.15:3 by weight. The resulting mineral sorbent exhibited a static ion-exchange
capacity of 5.91 mg-eq/g in a 0.1 N HCl solution with an 80% yield, as shown in Table 1.

Table 1. Optimal conditions for the microwave synthesis of vermiculite-GMA-ACN-H;3PO; sorbent.

Microwave Duration . o SEC by 0.1 N sol.
Sorbent Power (W) (min) Yield (%) HCl, mg-eq/g
Vermiculite— (2 times by
GMA-ACN- 300 3 min) total 80 591
H3PO4 10 min

3.2. Fourier Transform Infrared Spectroscopy (FI-IR) Analysis of the Synthesized Sorbent

The FT-IR spectra (Figure 3) of vermiculite and its modified forms confirm the struc-
tural transformation of the sorbent during modification with GMA-ACN-H3PO, and
subsequent sorption of Mo (VI) and Re (VII) ions. The spectrum of unmodified vermiculite
shows characteristic bands near 3620 cm~! (-OH stretching), 1620 cm~! (H,O bending),
1040 cm ! (Si-O stretching), and 780 cm~! (Al-O bending), typical for natural layered sili-

cates. Upon modification, new bands appear at 2335 cm ™! and 1724 cm ™!

, corresponding
to C=N (from acrylonitrile) and C=O (from glycidyl methacrylate), respectively. Phos-
phate groups are confirmed by peaks at 1298, 1223, 1173, and 1081 cm L indicating P=0,
P-O-CH3, and P-O-C functionalities, which enable hydrogen bonding and electrostatic
interactions with metal ions. After Mo (VI) sorption, the spectrum reveals intensified
OH stretching (~3432 cm™1), enhanced H,O deformation (1631 cm™!), and distinct new
bands at 915, 778, and 626 cm ™!, associated with Mo—O bonds, confirming metal uptake.
Similarly, the spectrum after Re (VII) sorption exhibits preserved OH and Si-O bands along
with new absorptions at 1038 and 541 cm™ !, characteristic of Re—O interactions. These
spectral changes demonstrate the successful incorporation of functional groups during
modification and effective complexation of Mo and Re ions through ligand exchange and
hydrogen bonding.
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Figure 3. FT-IR spectrum of the mineral sorbent vermiculite-GMA-ACN-H3POy.

3.3. Microstructure Analysis of the Sorbent Based on Electron Microscopy

The surface morphology of the final modified sorbent based on vermiculite-GMA-
ACN-H3PO,4 was studied using scanning electron microscopy (SEM). The SEM results are
shown in Figure 4A-D, which presents images of the same sorbent sample captured at
different magnifications, providing a multiscale view of its microstructural features.

11 46 SEI 30k X1,500 10pm

Figure 4. Evaluation of the structure of the sorbent vermiculite-GMA-ACN-H3PO, based on SEM
images. (A) Surface morphology at x3000 magnification; (B) Fibrous structure and pore sizes at
x1500; (C) Porous network and internal structure at x1500; (D) Macroscopic texture and agglomerates
at x120.
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Figure 4A (x3000) reveals the general surface topology of the sorbent, characterized
by a rough and uneven structure. Fine granular inclusions and protrusions are visible,
likely corresponding to residual polymeric or phosphate-containing fragments resulting
from surface modification. The surface appears heterogeneous, with irregularities that may
serve as active sites for ion sorption.

Figure 4B (x1500) focuses on the fibrous components embedded within the composite
structure. These fibers, measuring 1.07-3.44 um in diameter (as indicated in the image), are
randomly distributed and entangled. Their presence suggests the formation of a partially
polymerized, three-dimensional matrix on the vermiculite surface, which contributes to
structural stability and an increase in the sorbent’s active surface area [25,26].

Figure 4C (<1500, closer view) offers a detailed examination of the internal porous
network. The image shows a branched and partially interconnected system of channels
and voids formed between the fibers and granules. This morphology indicates that the
modification process not only grafted functional groups but also altered the physical
architecture of the sorbent, promoting efficient access to internal active zones.

Figure 4D (x120) provides a low-magnification overview of the sample, where the
general macroscopic texture and particle distribution are visible. The sorbent appears to
form dense agglomerates with clearly distinguishable surface boundaries and hierarchi-
cal layering.

In summary, the SEM data confirm that the modified vermiculite-based sorbent ex-
hibits a complex and hierarchical surface morphology, including fiber-like structures,
granular domains, and interconnected voids. These features contribute to increased surface
area and the availability of active functional groups, both of which are essential for effective
adsorption of molybdenum and rhenium ions.

3.4. Sorption of Molybdenum Ions (MoO4>~)

The problem of developing new highly efficient sorbents for wastewater treatment
and the extraction of ions of heavy, multivalent, and transition metals in hydrometallurgy,
medicine, the food industry, water treatment, isotope sorption and concentration, as well
as for addressing oil spill issues on water surfaces, the comprehensive utilization of natural
and energy-saving resources, and environmental protection remains relevant.

In laboratory conditions, the sorption properties of vermiculite-GMA-ACN-H3PO4
mineral sorbent with respect to MoO42~ ions were studied in different solution concentra-
tions (Table 2).

Table 2. Sorption capacity for MoO,2~ ions.

Initial Final Sorption Extraction
Sample No. Concentration Concentration Capacity Rate (%)

(mg/L) (mg/L) (mg/g) ’

1 254 0.75 9.86 97

2 50.6 1.90 19.48 96

3 75.2 3.36 28.74 95

4 100.3 5.09 38.08 94

5 125.5 26.0 39.80 79

As shown in Figure 5, with an increase in the concentration of molybdenum
ions (M0oO4%7) in an aqueous solution of NayMoOy-2H,O, the sorption capacity of the
vermiculite-GMA-ACN-H3POy-based sorbent increases from 9.86 mg/g to 39.8 mg/g and
stabilizes at a metal concentration above 125 mg/L. Further increases in the molybdenum
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ion concentration in the solution do not lead to an increase in sorption capacity, indicating
that the maximum sorption capacity for MoO42~ ions on 0.05 g of the vermiculite-GMA~
ACN-H3POy sorbent is 39.8 mg/g, with a extraction rate (R) of 79%.

45

40
+Ti]

| 39.8
Eﬂ 35 38.08
> 30 -
E
8 25 - 29.40
S
5
'g 19.71
(e}
(75]
60 80 100 120 140

C (Mo0s%*), mg/L

Figure 5. The isotherm of the sorption of MoO,42~ ions from the salt NayMoO,-2H,0 by the ion-
exchange sorbent vermiculite-GMA-ACN-H3POy,.

To describe the sorption process of molybdate ions (MoO42™), several key mechanisms
and structural features can be highlighted. In the solution, molybdenum ions are shown in
their free state (e.g., MoO,4%7). Active centers on the sorbent surface can be represented as
distinct particles. Molybdenum ions come into contact with these active centers, which can
be indicated by arrows illustrating the movement of ions toward the sorbent surface.

On the sorbent surface, ion exchange or electrostatic interactions may occur. The
interaction mechanisms can include electrostatic forces or chemical bonding. After sorption,
molybdenum ions stabilize on the sorbent surface and can be depicted in a bound state.

The process of sorption of molybdenum ions (MoO42~), moving from the solution to
the sorbent surface, can be explained as follows: the sorbent is a material with active centers
on its surface. These centers, represented by arrows symbolizing the sorption process, bind
molybdenum ions through physicochemical interactions [27-30].

The molybdenum ion sorption process involves the binding of MoO,?~ ions to the
active centers of the sorbent via mechanisms such as electrostatic forces or chemical bonding,
resulting in their stable retention on the sorbent surface.

The sorption process of molybdenum ions (MoO42~) onto the sorbent involves the
movement of the ions toward the sorbent’s active sites. These active sites, located on the
material’s porous surface, facilitate ion-binding through mechanisms such as electrostatic
interactions or chemical bonding. After the sorption process, molybdenum ions become
immobilized on the sorbent surface, completing the adsorption cycle.

Despite the complexity of the process, the reaction can be generally described as follows:

Sorb-X + MoO4>~ — Sorb — MoO42~ + X~
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where

—  Sorb—active centers of the sorbent,
—  MoO4%?~—molybdate ion in solution.

3.5. Sorption of Rhenium Ions from Model Solutions

The study of the effect of NH4ReOy solution concentration on the sorption properties of
the organomineral sorbent vermiculite-GMA-ACN-H;3PO, demonstrated that the ReO4~
ions were almost completely adsorbed from the solutions, achieving up to 98% removal
(Table 3), in solutions containing 25.2-100.1 mg/mL of rhenium.

Table 3. Sorption capacity and extraction rate of rhenium ions by the mineral sorbent vermiculite—
GMA-ACN-H3POy using atomic emission spectrophotometry.

Sample No.

Concentration of

Cinit.: Before Cginal: After Sorption Capacity Extraction

Given Solutions, mg/L  Sorption, mg/L Sorption, mg/L (SC), mg/g Rate (R), %
1 25.0 25.2 0.11 10.04 99
2 50.0 50.3 1.02 19.71 98
3 75.0 75.1 1.61 29.40 98
4 100.0 100.1 4.09 38.40 96
5 125.0 125.2 27.55 39.06 78
Figure 6 shows the sorption isotherms of the ReO4~ ions from the NH4ReOy salt
solution using the vermiculite-GMA-ACN-H;3POy sorbent. As the concentration of ReOy ™
ions in the aqueous NH;ReOy solution increases, the sorption capacity of the sorbent rises
from 10.04 mg/g to 39.06 mg/g and subsequently stabilizes. Additionally, the extraction
rate (R) of the vermiculite-GMA-ACN-H3POy sorbent for ReO4~ ions reached 78%.
45
- 40 -
.
g 39 38.4 39.06
£ 30
8
Q.
2 25 294
o
c
5 20
-
2 15 19.71
o
%)
10 -
5 10.04
O T | | | |
20 40 60 80 100 120 140

C(Re047), mg/L

Figure 6. Sorption isotherm of ReO4~ ions from NHyReOy salt by the ion-exchange sorbent
vermiculite-GMA-ACN-H;POy.
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Figure 6 illustrates the sorption of perrhenate ions (ReO4~) by the ion-exchange
sorbent vermiculite-GMA-ACN-H3PO,. When NH4ReO, salt dissolves in water, the
ReO, ™~ ions transition into the solution in free form. Upon contact between the solution
containing the ReO, ™ ions and the sorbent, the phosphate groups of the sorbent, with the
composition Sorbent-PO,H?, interact ionically with the ReO, ™~ ions. During this interaction,
NH,* ions remain in the solution, maintaining overall electrical neutrality [31-34].

The primary active centers of the sorbent are hydroxyl groups (OH), capable of forming
hydrogen bonds, and phosphate groups, which are ready for ion exchange with anions in
the solution. The phosphate groups of the sorbent can form ionic complexes with ReO4~
ions through electrostatic interactions.

As a result, the ReO,~ ions displace weakly bound anions from the surface of the
sorbent and occupy the active centers. After the ion exchange and electrostatic interaction
processes are complete, the ReO,~ ions are firmly bound to the sorbent surface. The
hydroxyl and phosphate groups of the sorbent form hydrogen bonds with the rhenium ions,
enhancing the ability of the phosphate groups to retain ReO, ™ ions through electrostatic
interaction [35-37].

Figure 7 demonstrates the key stages of sorption and the physicochemical mechanisms
that ensure the binding of ions on the sorbent. The process of ion exchange of rhenium ions
(ReO47) with an ion-exchange sorbent can be represented as follows:

Sorb-X + ReO4~ — Sorb — ReO4~ + X~

where
—  Sorb-X—an ion-exchange sorbent with exchange ions X~ on the surface,
— ReO4~—a perrhenate ion in solution,
— X~ —an exchange ion that is replaced by a rhenium ion.

30KV X1,500 10ym

Figure 7. Schematic representation of the sorbent synthesis process and the adsorption of
molybdate (MoO427) and perrhenate (ReO4 ™) ions onto the modified vermiculite-based material
(vermiculite-GMA-ACN-H3POy).



Processes 2025, 13, 1584

13 of 15

In addition to the classical ion-exchange mechanism, the sorption process may also in-
volve the formation of coordination complexes between the sorbent and target anions. The
modified vermiculite-based sorbent contains reactive functional groups such as phosphate,
hydroxyl, and amine moieties, which are capable of acting as electron-donating ligands.
These groups can interact directly with molybdate (MoO,4?~) and perrhenate (ReO,~) ions
in solution, forming stable surface complexes.

Thus, the overall sorption mechanism is likely a combination of:

Ton exchange, where surface-bound anionic groups (X™) are replaced by MoO,2~
or ReO; ™ ions, and complexation, which involves coordination between the sorbent’s
functional groups and the metal oxyanions.

This dual mechanism contributes to the high affinity and selectivity of the sorbent for
molybdenum and rhenium ions.

3.6. Chemical Resistance of Sorbents in Aggressive Media

The aggressive nature of industrial effluents, in terms of their chemical composition,
necessitates that any material exposed to such wastewater must withstand harsh chemical
environments without significant degradation, at least until the intended purpose of its
application is achieved. Therefore, it is essential to investigate the resistance of the ion
exchanger in various chemical environments.

The results of chemical stability tests (Table 4) show that the synthesized ion exchang-
ers exhibit sufficient resistance to chemical reagents. The degree of capacity loss for the
vermiculite-GMA-ACN-H;3PO; ion exchanger when treated with oxidative, acidic, and
alkaline solutions does not exceed 10%. It was also observed that the sorbent undergoes
the most degradation, although not significantly, in the diprotic H,SO4 solution, with a
capacity loss of about 5-10%.

Table 4. Chemical stability of vermiculite—-GMA—-ACN-H;3POy sorbent.

Vermiculite-GMA-ACN-H3PO4

Chemical Solution SEC by 0.1 N sol. HCI, SEC by 0.1 N sol. HCI, Chemical Stability, %
mg-eq/g (Before) mg-eq/g (After)
5 N solution of NaOH 591 5.56 94.1
5 N solution of H,SOy4 5.91 5.35 90.5
1 N solution of HNO3 5.91 5.66 95.8
10% solution of H,O» 5.91 5.63 95.3

4. Conclusions

The study demonstrated that the synthesized vermiculite-GMA-ACN-H3POy sorbent
exhibits improved sorption properties due to the incorporation of functional groups, such
as phosphorus and epoxy groups, which enhance its ion-exchange capacity.

It was established that the optimal conditions for achieving the maximum static
exchange capacity (SEC) of the sorbent are 5.91 mg-eq/g in a 0.1 N HCl solution under
microwave heating for 10 min at 300 W.

The adsorption efficiency of the modified sorbent vermiculite-GMA-ACN-H3PO4
was investigated for rhenium and molybdenum ions from model solutions. The maximum
sorption capacity reached 39.8 mg/g for the MoO4?~ ions and 39.06 mg/g for the ReO,~
ions, with extraction rates of 79% and 78%, respectively.

In conclusion, the modified natural sorbent vermiculite-GMA-ACN-H3PO, can be
effectively used as a sorption material for the removal of rhenium and molybdenum ions
from wastewater.
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