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ABSTRACT

Sargasso and zeolite were combined to create novel composites (MZNaS and MZFeS)
for heavy metal removal from wastewater. These were synthesized via mechanical grinding of
sodium- and iron-modified zeolite with sargasso in a 9:1 ratio, ensuring the zeolite’s chemical
structure remained intact. Precursors (ZNa, ZFe) and milled sargasso (MS) were also prepared.
Characterization was performed using X-ray diffraction (XRD) to identify compounds, scanning
electron microscopy (SEM) for morphology, electron scattering spectroscopy for elemental analysis,
and BET for surface area determination. Adsorption efficiency was evaluated with uranyl ions. At
an initial pH of 4.52, the solution became basic post-contact, while at pH 1.50, the supernatants
remained acidic but showed higher adsorption efficiency. The MZFe composite demonstrated the
highest adsorption capacity (2.47 + 0.02 mg g'), highlighting its potential as an effective material

for uranyl ion removal in wastewater treatment.
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INTRODUCTION

Using biomaterials as raw materials for
separating polluting metals in aqueous systems has
diverted attention toward alternative sources, such
as preparing sargasso and zeolite composites, as in
this case. Because of their selectivity, ion exchange
capacity, and low cost, Sargasso and natural
zeolite have been studied separately as effective
adsorbents for the removal of heavy metals and
other environmental pollutants'''. Sargasso
(Sargassum sp.) is a type of brown macroalga
characterized by a fiber-like structure. Its matrix
contains various polysaccharides and significant

amounts of essential elements such as nitrogen,
sulfur, phosphorus, calcium, magnesium, sodium,
and iron."” One way to improve the surface of the
sargasso is by composing it with clay minerals
such as zeolite. Clay minerals have a high specific
surface area, high cation exchange capacity,
and a porous structure. These properties can be
integrated into the matrix of algae. Zeolites is a
silicate clay mineral. Using sargasso with zeolite
is important because the composite formed can
improve physicochemical properties such as
surface area, ion exchange capacity, functionality,
etc. When combined, sargasso and zeolite can
work together to complement each other and
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address their individual limitations'. Sargasso and
zeolite composites may be promising in treating
wastewater with high heavy metals.

On the other hand, uranium is the primary
element for nuclear energy production and is one
of the most hazardous radionuclides. Its effective
enrichment plays a crucial role in energy strategy
and environmental safety'>'3; due to this, uranium
is a highly toxic heavy metal with some radioactivity.
Excessive amounts of uranium have entered the
environment due to nuclear industry activities.'>13
It is essential to study how pH affects uranium
biosorption in composite zeolite-sargasso materials
for the removal and recovery of uranium from
nuclear waste solutions and other sources for
environmental safety.'1”

Mechanical milling using a high-energy
ball mill 18 is an alternative to preparing the zeolite-
sargasso composite. The process is based on
the relationship between the milling time and the
reduction in particle size. In contrast, the milling
time increases, the particle size reduces due to
collisions with the medium or system and the
recrystallization of the already treated powder?s.
The morphology and particle size of sargasso and
zeolite samples are modified by varying the milling
time, and these modifications are then compared
with the corresponding parameters of the samples
prepared using the high-energy ball mill method.

In this work, sodium-modified zeolite with
sargasso (MZNaS) and iron-modified zeolite with
sargasso (MZFeS) composites were prepared by
mechanical milling, in which a high-energy ball mill
was used to pulverize the sargasso and zeolite.

High-energy ball milling is a mechanical
milling process that uses the action of milling media
to mix, disperse, activate, and form composite
structures, resulting in the production of ultrafine
powders. The composite agglomerates formed are
particles that contain all components of the starting
powder mixture'®-2°. Mechanical milling using high-
energy ball milling offers several advantages. These
include an increased surface area, the formation
of micro- and nanostructures, and the creation of
lattice defects both on the surface and within the
interior of complex metal hydrides. This technique
is often preferred over solution-based methods?'.
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During high-energy ball milling, several processes
occur, including deformation, defect accumulation,
fracture, welding, structural refinement, and the
formation or breakage of chemical bonds. The
milling may also produce reaction products due to
partial interactions9-20,

In mechanical milling, some parameters
should be considered so that the original structure of
the precursors cannot be modified to take advantage
of and/or increase their sorption properties. Due to
this, the physical characterization of the prepared
composites is carried out before and after sorption
using an X-ray diffraction (XRD) analysis, the
determination of the surface area, pore diameter,
and pore volume, using BET, the morphological
determination by scanning electron microscopy
(SEM) and elemental analysis by electron scattering
spectroscopy (EDS). Therefore, the main objective
of this study was to prepare and characterize the
MZNa$S and MZFeS composites and their precursors
by mechanical milling and perform the adsorption of
uranyl ions to evaluate the effect of pH to know the
solubility of the species of the uranium adsorbed in
the composites.

MATERIALS AND METHODS

Materials

All reagents were analytical-grade
chemicals, and distilled water was used to prepare
the solutions without further purification. Uranyl
nitrate hexahydrate (UO,(NO,),*6H,0) (Merck, USA)
stock solution (25 mg L") was prepared by dissolving
in distilled water. Uranyl nitrate working solutions
were freshly made with two initial concentrations and
two pH initial (25.20 = 0.34 mg L' of pH 4.52 and
25.92 +0.33 mg L' of pH 1.50). The sodium and iron
salts solutions used for homoionize clinoptilolite were
prepared using sodium chloride (NaCl) (J. T. Baker,
USA) and ferric chloride (FeCl,»6H,0) (Aldrich, USA)
with deionized water.

Preparation of adsorbents

The natural zeolite-type clinoptilolite from
the state of Oaxaca, Mexico (Z) and natural sargasso
(Sargassum flutains) from Quintana Roo, Mexico (S)
used in this work were ground and sieved through
at 25 mesh, respectively. The samples were washed
with distilled water, and the washed material was
heated at 60°C for 24 hours.
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Homoionization to obtain sodium zeolite
was made by refluxing 500 mL of 0.02 M NaCl for 3 h
with 50 g of zeolite. The NaCl solution was decanted,
and the reflux process was repeated with 500 mL of
0.02 M NaCl.Then, zeolite was washed with distilled
water until the NaCl was completely removed,
verified when no precipitation formed during drops
of AgNO, solution was added, and dried at 60°C for
24 hours. The sample was labeled as ZNa.

In the same way, homoionization of iron
zeolite was made by refluxing 500 mL of 0.1 M FeCl,
for 4 h with 30 g of ZNa. It was then washed with
distilled water until the chloride ions were completely
removed. Furthermore, it was verified with an AgNO,
solution and dried at 60°C for 24 hours. The sample
was labeled as ZFe.

The resulting samples were used to prepare
sodium zeolite/sargasso (MZNaS) and iron zeolite-
sargasso (MZFeS) composites. Mechanical milling
was carried out for 3 h on each of these samples,
using 15 stainless steel balls 1 mm in diameter as
milling media and a milling efficiency of 65%. The
mixture samples were 4.5 g of zeolite and 0.5 g
of sargasso (9:1) with a high-energy Spex 8000
ball mill. The original materials, S, ZNa, and ZFe
samples, were also mechanical milling and labeled
MS, MZNa, and MZFe.

Characterization of the composites

The obtained products were mounted
directly onto scanning electron microscopy sample
holders and covered with gold to provide conductivity.
The surface morphologies of the samples were
analyzed using a Scanning Electron Microscope
(Philips XL30), which was equipped with an energy-
dispersive X-ray spectroscopy (DX-4 probe) system.
An accelerating voltage of 20 kV was employed for
both the SEM imaging and the SEM/EDX analyses.
Energy-dispersive spectroscopy (EDS) was used to
determine the weight percentage distributions and
to perform X-ray mapping of the elements present.
For X-ray diffraction (XRD) analysis, a Siemens
diffractometer equipped with Cu Ko radiation and
a diffracted beam monochromator was utilized. The
X-ray tube operated at 35 kV and 20 mA. Crystalline
compounds were identified using the standard
methods outlined in Joint Committee on Powder
Diffraction Standards (JCPDS) cards.
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The specific surface area, pore size, and total
pore volume of solid samples were determined using
the N, BET method with the BELSORP-28SA specific
surface area analyzer. The samples, which were dried
and degassed, were analyzed at room temperature
using the multipoint nitrogen (N,) adsorption-desorption
method. This study examined the crystal structure,
chemical composition, and physical properties of the
sargasso, zeolites, and composite samples.

Biosorption experiments

Batch experiments were conducted to study
the pH effect in uranyl ion adsorption over zeolite-
sargasso composites. This variable was investigated
with an adsorbent dosage of 0.1 g, contact time of
24 h, shaken at 20°C, initial pH of 4.52 and 1.50, and
initial concentration of 25 mg L. The solution thus
obtained was centrifuged at 5000 rpm for 5 minutes.
After the experiment, the supernatant containing
different uranyl ion concentrations was measured
directly in an ICP-SFMS (Thermo Element XR High-
Resolution ICP-Mass Spectrometer).

A MeterLab PHM290-H equipped with a
glass electrode was used to measure the pHin these
experiments.

The adsorption efficiency between the
stability of the uranyl ion solution and the surface
properties of the composite and their precursors in
the adsorption process was determined according
to the following equation:

(1)
@)

q,, = adsorbed uranium (mg g"), C_ =initial
concentration of UO**)) (mg L"), C_ = concentration
of UO,2* in the solution at the moment of equilibrium,
mg L7, V is the volume of the solution (L), m is
the mass of adsorbent (g). R is the recovery of
U(VI) ions in the aqueous solution (%); uranium
ion concentration data are in mg L™" and mg g for
adsorption capacity (q,,,)-

RESULTS AND DISCUSSION

Characterization of adsorbent
Figure 1 shows the morphological
characteristics determined in the MZNaS, MZFeS
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composites, and their precursors. It was observed
that it is a material with a heterogeneous surface
and a rough texture.

The results show the small changes in the
morphology of the samples after mechanical milling.
The S, ZFe, and ZNa samples appear compact.
However, the surface images of the ground samples
show a series of macropores in the sargasso and
zeolite structures. The MZ, MZNa, MZNaS, MZFe,
and MZFeS samples show agglomerates, different
grain sizes, grain blocks, and microcrystals with
tabular and cleavage shapes observed on the
surface in the various crystalline planes of the other
samples, as a result, of mechanical milling.

The elemental mapping of the MZNa$S and
MZFeS composites is presented in Fig. 2. Elemental
EDS mapping of the samples is useful to observe

the distribution of chemical elements in the sample.
The elemental mapping of the other samples
(MS, MZ, MZNa, and MZFe) showed a
homogeneous distribution of Si, Fe, and Al
chemical elements in each. Fig. 2 presents the
characteristic X-ray emission of Si, Fe, and Al,
respectively. As can be seen, all elements are
homogeneously distributed in the sample. In
particular, Si shows a similar distribution in both
samples, while Fe and Al accumulate a little more
in the structures of the MZFeS composite than in
the MZNaS composite. This result coincides with
the type of material expected by the exchange
of sodium for iron in obtaining the MZFeS
composite and the sargasso. It shows how Fe
was successfully integrated into the material after
chemical modification in the MZFeS composite. In
both cases, it is probably also due to the sargasso
as part of the composites.

Fig. 1. Scanning electron microscopy images of the MZNaS and MZFeS composites and their precursors
S, MS, ZNa, MZNa, ZFe, and MZFe

Fig. 2. EDS elemental mapping of the MZNaS and MZFeS composites: white (Si), red (Fe), and purple (Al) colors
correspond to the characteristic emission X-rays by the elements of the two samples for comparison



GONZALEZ, BECERRIL., Orient. J. Chem., Vol. 41(2), 376-385 (2025)

Table 1 shows the amount in wt% of carbon,
oxygen, sodium, magnesium, sulfur, potassium,
iron, and calcium in the MZNaS and MZFeS
samples by EDS analysis. The results of the EDS
analysis indicate a heterogeneous distribution of
the elemental composition of each of the samples.
The MS, ZNa, MZNa, ZFe, MZFe, MZNaS, and
MZFeS samples show the presence of carbon,
oxygen, sodium, magnesium, aluminum, silicon,
potassium, and iron, mainly as shown in Table 1.
Oxygen, sodium, and potassium are present in all
samples. The amount of carbon is different in MS,
MZNaS, and MZFeS samples. There is no carbon
in ZNa, MZNa, ZFe, and MZFe samples. The
amount of oxygen is similar in all the samples. The
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natural zeolite ZNa contained less than 0.8 wt%
iron. When treated with FeCl, solutions, the sodium
content decreased from 1.93 to 0.35 wt% for ZFe.
Moreover, the amount of iron increased by 0.76 wt.%
(ZNa) to 9.55 wt.% (ZFe), respectively. The trend of
the Al, Si, and K elements is that they increase in
the order ZNa<MZNa, then decrease a little in the
MZFeS sample. This trend is similar for ZFe, MZFe,
and MZFeS samples, except for Si, whose trend
increases in ZFe<MZFe<MZFeS. Cl was removed
after the washing process.

This heterogeneous distribution of the
elemental composition of the samples is due to the
mechanical grinding method.

Table 1: Elemental chemical analysis of the MZNaS and MZFeS composites and precursors

Elements Composition (Wt%)

MS ZNa MZNa MZNaS ZFe MZFe MZFeS
o] 40.7+1.3 - - 10.7£0.2 - - 6.9+1.5
o 52.5+1.0 52.6+2.7 55.6+1.2 55.4+2.5 54.8+1.4 56.0+0.1 55.1+1.2
Na 0.62+0.0 1.9+0.4 1.5£0.2 1.6+0.1 0.4+ 0.1 0.7+0.1 1.0£0.2
Mg 0.8+0.1 - - 0.5+0.1 - 0.5+0.2 5.0+0.1
Al - 3.420.6 5.6+0.3 5.3+0.6 4.3+ 0.5 5.1+0.6 4.1+0.2
Si - 17.7+3.7 28.9+3.0 25.8+2.3 24.7+2.9 27.0+2.3 27.7+0.6
S 0.9+ 0.1 - - - - - -
K 1.0+0.1 0.7+0.1 3.6+0.7 3.3+0.3 22+ 1.5 3.4+0.4 1.3+0.1
Fe 0.8+0.1 1.4£0.4 1.1£0.1 9.5+ 1.1 3.9+0.2 6.3+0.9
Ca 3.6+0.4 0.4+0.1 0.7+0.1 1.4+0.0 2.7+ 0.3 -

The carbon content decreases drastically
from sargasso (MS:40.7%) when combined with
zeolites (MZNaS:10.7%; MZFeS:6.9%), effectively
integrating sargasso into the zeolite matrix.
Oxygen remains relatively constant in all materials
(52-56%), reflecting the oxide-rich composition of
the components. Iron (Fe) increases significantly
in ZFe (9.5%) due to treatment with ferric chloride.
The MZFeS composite material's content decreases
(6.3%), probably due to dilution in the sargasso
matrix. The constant aluminum (Al) and silicon (Si)
content reflects the stability of the zeolite structure.

Determination of specific surface area

Table 2 shows the results obtained
from the analysis of the specific area of MZNa,
MZFe, and MZNaS, mill ferric activated zeolite
composite (MZFeS) composite, and their precursors
(MS, ZNa, and ZFe). This magnitude represents the
compounds' ability to absorb chemical species in an
aqueous solution.

As can be seen in Table 2, the surface
area (Ag.,) increases from 16.7 to 27.5 m? g
in the ratio ZNa <MZNa<MZNaS, the average

pore diameter (dP) decreases from 25.8 to 24.0
nm in the ratio ZNa>MZNa>MZNaS and the
total pore volume (Vp) increases from 0.1078 to
0.1652 cm?®g in the ratio ZNa <MZNa<MZNaS.
The reduction in particle size is caused by the
complex dynamic interactions between the balls
and the turbulent slurry during the ball milling
process. This complexity makes it challenging to
quantitatively interpret the observed phenomena,
including (1) the presence of an optimal ball size
for a specific rotation speed and (2) the reduction
in the optimal ball size as the rotation speed
(rpm) increases’®.
Table 2: Results were obtained by analyzing the

specific area of the MZNaS, MZFeS composites, and
their precursors (MS, ZNa, MZNa, ZFe, and MZFe)

Samples ABET m2 g d.,nm VP cm? g
MS 2.3 71.2 0.04
ZNa 16.7 25.8 0.12

MZNa 25.2 24.3 0.15

MZNa$S 27.5 24.0 0.16

ZFe 44.7 11.5 0.13
MZFe 38.2 20.6 0.20
MZFeS 33.1 21.6 0.18
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The specific surface area (A,.,;) improves
when integrating sargasso and zeolites, especially
for MZNaS (27.5 m2 g'). Still, it decreases for MZFeS
(33.1 m2g") compared to ZFe (44.7 m2 g'), possibly
due to compaction of the material in the grinding
process.

A, ratio: MZFeS<MZFe< ZFe
Average pore diameter (dP) ratio: MZFeS>MZFe>ZFe
Total pore volume (Vp) ratio: MZFe>ZFe< MZFeS

So, mechanical milling is an effective method
for obtaining highly homogeneous composites,
increasing textural properties. The surface area of
the sodium zeolite-sargasso composite improves,
as expected. While the MZFeS composite has
decreased, the surface area has decreased. This
decrease in surface area of the MZFeS composite
is due to the textural surface compaction of sargasso
and iron zeolite by mechanical milling.

Analysis of the crystalline or amorphous
components of the samples (DRX)

The X-ray diffraction pattern is shown in
Fig. 3. This pattern was compared with the patterns
reported by the Joint Committee on Powder
Diffraction Standards (JCPDS).

X-ray diffraction (XRD) is a technique to
characterize the crystalline structure of zeolites.
Zeolites are crystalline materials, which means they
have well-defined diffraction peaks. Each type of
zeolite has a unique diffraction pattern, which allows
its identification?.

Sargassum is a biological and mainly
amorphous material, so its XRD pattern does not
present well-defined diffraction peaks like crystalline
materials. Instead, it shows broad, diffuse bands
in the diffractogram; this behavior is due to the
composition of sargassum, rich in polysaccharides,
cellulose, proteins and phenolic compounds, which
do not have crystalline order. Some sargassum
species may contain traces of mineral salts
(carbonates, silica or phosphates) that generate
small peaks in the pattern.

Each sample was scanned within the 26
range of 5-80 degrees. XRD analysis indicates that

zeolite is the primary mineral in the sample, while
the contents of albite and mordenite are minimal.
Mechanical milling did not affect the structure of
the zeolite since, in the XRD, the same peaks of
the natural zeolite and mill zeolite are observed.
The mill samples are more crystalline than their
predecessors. In the MZNaS composite, the zeolite
peaks predominate; only the sargasso peak is noted
at 30-degree 2 Theta. This behavior is similar to
that of the MZFeS composite. This result indicates
that the natural zeolite was not distorted during the
sodium treatments.

Fig. 3. XRD pattern of the S, ZNa, MS, MZ samples,
and MZNa$S composites

Study of the adsorption efficiency of composites
and precursors
Table 3 shows the results obtained to



GONZALEZ, BECERRIL., Orient. J. Chem., Vol. 41(2), 376-385 (2025)

evaluate the adsorption performance between
the uranyl ion solution's stability, the composites'
surface properties, and their precursors in the
adsorption process. The uranium ion concentration
data were determined using equation 1) to obtain
the adsorption capacity (quads).

Adsorption efficiency is influenced by the

382

pH, as seen in the variation of the final pH of the
supernatant solution and the adsorption capacity (q,,.).
Across samples, the final pH after adsorption indicates
a significant buffering or reaction between the materials
and the uranyl ion solution. Samples like MZNa and
MZNasS tend to have higher final pH values than others,
suggesting better interaction or adsorption behavior in
neutral or slightly basic environments.

Table 3: Adsorption efficiency of UO,?* ions (UO,(NO,),*6H,0 Solution) on MZNa$S, MZFeS
composites and their precursors MS, ZNa, MZNa, ZFe, and MZFe, as a function of final pH

UOQ,(NO,),*6H,0 Solution

Samples Initial pH1 = 4.52 Initial pH2 = 1.50

Final pH1 supernatant solution Q.6 (Mg g7) Final pH2 supernatant solution 0,4 (Mg g")

MS 7.71 2.20+0.03 7.32 2.28+0.11
ZNa 6.54 2.40+0.04 3.25 2.13+0.03
MZNa 8.83 1.90+0.04 6.64 2.44+0.01
MZNa$S 7.35 1.89+0.01 6.71 2.17+0.01
ZFe 4.04 1.87+0.03 2.47 0.02+0.02
MZFe 6.63 2.47+0.02 4.65 2.20+0.01
MZFeS 6.43 2.31+0.01 5.20 2.38+0.03

Composite materials (MZNaS, MZFeS)
generally perform better than their precursors (ZNa,
ZFe). This behavior suggests that the synthesis of
composites enhances surface properties favorable
for uranyl ion adsorption. The significant variations in
(a,,,) across different materials and pH levels highlight
the role of surface interactions and material-specific
properties in stabilizing or adsorbing uranyl ions.

MZFe and MZFeS show the highest
adsorption efficiency across both pH conditions, making
them promising candidates for uranyl ion adsorption. The

efficiency of adsorption is strongly dependent on the pH
of the solution, with composites generally performing
better at neutral to slightly acidic pH.

No studies have been conducted on using
similar materials for uranyl adsorption. However,
there are preparations of the composite materials
by mechanical grinding?*, but they are not used to
adsorb uranium or by other preparation methods?
and for other adsorbates?®. However, the adsorption
capacity and efficiency of U with sargassum and U
with zeolite are compared separately.

Table 4: Values of adsorption capacities of U(VI) by different adsorbents

Sample Condition Uranium sorption capacity (mg g~') References
Poplar leave pH 4.0, 25°C 2.30 26
Poplar branches pH 4.0, 25°C 0.40 26
Zeolita pH 6.0 1.3 27
Natural Bentonite pH 5.0 2.355 28
Bentonite with titanium oxide pH 5.0 5.848 28
Colloid montmorillonite pH 6.0, 25°C 7.47 29
Carminic acid (CA) impregnated XAD-16 pH 3.5, 25°C 1.93 30
Dowex 50W X8/Alizarin Red-S pH 3.0, 121.95 31
Acrylic fiber waste/sargassum (AFWS) pH 4.0, 60°C 62.00 32
Sargassum aquifolium macroalgae-H,PO, pH 3.0, 25°C 25.37 33
Sargassum aquifolium macroalgae-NaOH pH 3.0, 25°C 26.33 33

MZNaS pH 4.5, 20°C 1.89+0.01 This work

MZNaS pH 1.5, 20°C 2.17+0.01 This work

MZFeS pH 4.5, 20°C 2.31+0.01 This work

MZFeS pH 1.5, 20°C 2.38+0.03 This work

Table 4 compares U(VI) sorption with other
works. Establishing a comparison is challenging

because of the varying functional groups and
sources of uranium solutions, as well as the initial



GONZALEZ, BECERRIL., Orient. J. Chem., Vol. 41(2), 376-385 (2025)

concentrations of uranium ions in natural liquids
versus synthetic solutions. Additionally, the type of
uranium salt used in the synthetic solution plays a
significant role. For example, the sorption capacity
of relatively high values (121.95 mg/g of U)®'. Some
sorbents were used at pH 6, with a loading capacity
(7.47 mg/qg), using Colloid montmorillonite®. There
are other kinds of functionalized mesoporous silica
with Phosphonate groups®. Others derived from
Acrylic Membrane/Algal fiber (about 62.00 mg/g of
U)32, other that exhibited a lower adsorption affinity
(0.40 mg/g of U)%. The sorbent is a promising tool
for extracting uranium and other pollutants from
aqueous solutions in the environment.

Effect of pH on the sorption of uranium

The modified materials tend to increase the
pH of the uranium solution, indicating the presence of
basic functional groups that could cause precipitation
of uranyl ions. The effect of pH on the sorption of
uranium 25 mg/L in MS, ZNa, MZNa, MZNaS, ZFe,
MZFe, and MZFeS samples was studied using the
initial pH of the (UO,?** solutions of 4.52 and 1.50,
respectively. All the samples were not adjusted to
a low acidic pH. When the initial pH of the uranyl
jon solution was 4.52, it was observed that after
the contact time, the supernatant solutions (final
pH) changed in the pH range from 6.43 to 8.83
concerning the initial pH, except for the supernatant
of the ZFe sample (pH = 4.04). When the initial pH
of the uranyl solution was 1.50, the final pH changed
of the MS, MZNa, MZNa$S, and MZFeS samples to
basic pH, while the other samples changed slightly,
maintaining their acidic pH (ZNa, ZFe, MZFe, and
MZFeS). With the transition from acidic to basic pH,
the surfaces of the MZNaS and MZFeS composites,
as well as their precursor adsorbents, displayed a
more basic form. This change resulted in a reduced
adsorption capacity for the predominant positively
charged forms of U(VI) ions, as shown in Table 3.
The surface of the negatively charged adsorbents
and the acidic pH of the uranyl solution make the final
pH basic. The basic pH produces the phenomenon
of precipitation of uranyl ions, which is also a way to
separate contaminating elements in aqueous media.
The pH effect on U(VI) ion sorption can be explained
by the surface characteristics of the adsorbents
and the speciation of the metal forms in solution.
However, the adsorption capacity remained
unchanged, with further changes from acidic to
basic pH. The removal of U(VI) ions is likely due to
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the formation of various negatively charged uranyl
hydroxide and carbonate complexes. This process
results in a decrease in the pH of the suspension
as U(VI) ions are taken up. The change in pH during
the adsorption process facilitates significant ion
exchange reactions with hydronium ions (H,0*) and
interactions with hydroxide ions (OH-) that compete
with U(VI) ions.

The behavior of possible uranium species
in an aqueous solution is observed in the species
distribution diagram constructed using the computer
program "Hydra and Medusa"34. This program allows
species distribution diagrams of different metals as
a function of pH (complexes that would be formed
as a function of pH, such as oxides and hydroxides
of these metals); see Figure 4.

Fig. 4. The Medusa computer program determined the
distribution diagram of uranyl ions species as
a function of pH

According to the distribution diagram
(Fig. 4) of the uranyl solution determined with
the Medusa program®, the final pH of the uranyl
solution should be less than 5 after the extraction
process. Maintaining a lower pH, around 4.52-5.0,
in the sorption system is important to avoid
microprecipitation phenomena and their contribution
to absorption.

The change from acidic pH to basic pH of
the uranyl ions (UQ,? after the contact time of the
MZNaS, MZFeS composites, and their precursors
(pH range from 1.50 to 8.83) indicates that uranyl
ions precipitated. Precipitation is probably because
the adsorbent surfaces contain functional groups
that exhibit a basic form. The macro, micro, and
nanoporous structures of the MZNaS, MZFeS
composites, and their precursors should also be
considered. The acidic uranyl ion solution of the
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medium may indicate that the phenomenon of
uranyl ion precipitation occurs, which causes a
low adsorption capacity of uranyl ions (distribution
diagram, Fig. 4). However, the precipitate process is
also a mechanism of immobilizing metals, especially
uranyl ions, which pollute elements in aqueous media.

Adsorption mechanism possible for uranium

According to the species distribution
diagram presented in Fig. 4, hydrolysis of uranium
species should be considered as they depend on
the pH of the solution and the total concentration
of uranium in the solution (Fig. 4). At pH 2.0, UO*,
is the dominant ionic form in the solution and can
compete with protons for binding sites on the
composites by ion exchange. In the range of acidic
to near-neutral pH values, four main hydrolyzed
complex ions exist in solution, UO?*,, (UQ,),(OH)?,
UO,0OH*, (UO,),(OH),*, and dissolved solid schoepite
(4UO,-9H,0), a hydrated uranium oxide, exist in the
solution at pH 5.5 (Figure 4).

The adsorption mechanism of uranium
onto the surfaces of the MZNaS and MZFeS
composites, as well as their precursors, depends
on the internal structure and the binding of uranyl
ions. This process can be attributed to several
mechanisms, including ion exchange, complexation,
electrostatic attraction, and microprecipitation.
These mechanisms involve free electrons present
at various active sites within the sorbents, such
as sulfur, oxygen, and nitrogen atoms, as well as
electron clouds in aromatic rings that form hydrogen
bonds with active sites on the surface and within
the pore structures of the sorbents. Additionally,
electrostatic interactions arise from the differing
charges of both the sorbates and sorbents.

Since the MZNa$S and MZFeS composites
contain all the components of the initial powder
mixture (the precursors), one exchange mechanism
can be identified for sargassum and another for
zeolite. Itis also important to consider the hydrolysis
of uranium species (see Figure 4).

With these considerations, the possible
mechanisms of uranium adsorption would be:

For the sargasso™:
UO,OH*+ H*-B <> UO,OH*-B+H* (3)

(UO,),(OH);" + H*B > (UO,),(OH);B+H"  (4)
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(UO,),(OH), 2 +H*-B <> (UO,),(OH)*-B2+H*  (5)
For the zeolite':
>SiOH°® + UO,** — [>Si0-UQ,J* + H* (6)

>SiOH, + (UO,),(OH),* — [>SiO-(UO,),(OH) ] + H*
(7)

>SIOH, + (UO,),(OH), — [>SI0-(UO,),(OH),I* + H*
(®)

As the pH increases, the amount of
deprotonated SiOH also increases. This results in a
greater negative charge on the surface, which leads
to an increase in the adsorption of metal ions.

For the MZNaS and MZFeS composites (Z
=>SiOH° and S = -B):

>SiOH° + -B —> [>SiOH-B] + H* (9)

Under these conditions, there is no reaction
with the hydrolysis products of uranium.

CONCLUSION

Sargasso sodium-zeolite and sargasso
iron-zeolite composites have been successfully
prepared by mechanical milling. Mechanical
milling is an effective method for obtaining highly
homogeneous composites, sometimes increasing
textural properties. The XRD results indicate that
the composites are more crystalline than their
precursors. Mechanical milling did not affect the
structure of the zeolite. Thus, the MZNaS and
MZFeS composites were used to evaluate the
effect of pH on adsorption with uranyl ions. The
maximum adsorption capacity of the uranium of
the composites was 2.17 mg/g for MZNaS and 2.38
mg/g for MZFeS, respectively. The pH of the final
uranyl ion solution after the adsorption process
should be less than 5. That means gads depend
on the initial pH of the uranyl ions solution. MZNaS
and MZFeS composites have a promising textural
and chemical design for uranium adsorption. Iron
provides advantages in adsorption, although
compaction by grinding has a negative effect on
the surface area of the material.

The prepared samples can remove
radioactive or non-radioactive, organic, and inorganic
contaminants in wastewater.
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