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ABSTRACT

Uranium-containing waste is generated as a by-product of nuclear power plants, radioisotope production,
nuclear fuel fabrication, and mineral processing. A radioactive waste treatment plant treats radioactive liquid waste
using various methods, including evaporator technology, ion exchange resins, and adsorbents. Various adsorbents
have been investigated for the removal of uranium from aqueous solutions. Negatively charged adsorbents, such as
natural clay, biomass-based adsorbents, and polymers, have been utilized for uranium adsorption. Previous research
on uranium adsorption by amino clay, which has a positively charged surface, was still very limited compared to
other adsorbents. In the present study, the application of Delaminated Amino talc-like Clay (DAC) for removing
uranium from aqueous solutions was examined. DAC with amino propyl on the tetrahedral sheet surface is easily
protonated to form a positively charged R-NH3 that may influence its interaction with uranium. The speciation and
reaction kinetic order were studied in aqueous solution with pH and contact time as the variables. The adsorption of
uranium onto DAC, which is likely due to physicochemical interactions and ion trapping, was evaluated. The
maximum removal efficiency (84.5%) and adsorption capacity (113.06 mg/g) were achieved at pH 4 after
approximately 60 minutes. The uranium adsorption capacity is low at pH 2 and 3 (10%), which is due to the repulsive
interaction between the positive surface charge of DAC and (UO,)*" as the dominant uranium species. Uranium
adsorption capacity is high at pH 4 and 5, because the predominant species of uranium, such as (UO,)*" and
[(UO2)2(OH),]**, were probably adsorbed by DAC through chemisorption with R-NH,. The adsorption of uranium
on the DAC was found to follow the pseudo-second order kinetic model.

Keywords: delaminated talc-like amino clay, uranium adsorption, pH dependency, kinetic model

INTRODUCTION long-term  contamination and  ensure

Uranium waste is a by-product of nuclear
power plants, radioisotope generation, nuclear
fuel production, and mineral processing [1],
[2]. This type of waste contains radioactive
materials that pose significant risks to human
health and the environment. Consequently,
implementing proper waste management and
treatment strategies is essential to prevent

environmental safety.

Radioactive liquid waste is commonly
treated using evaporation, ion exchange resins,
and adsorption techniques [3], [4]. The
acceptability of liquid waste that can be treated
must follow established criteria. Liquid
radioactive waste must be free from corrosive
solvents, have a maximum chloride ion

(5]


mailto:triy019@brin.go.id
https://doi.org/10.55981/eksplorium.2025.12316

Adsorption of Uranium onto Delaminated Amino Talc-Like Clay
By: Dwi Luhur Ibnu Saputra, et al.

content of 0.1 g/L, and have a pH > 7 [5].
However, radioactive liquid waste containing
uranium is typically acidic, which can limit the
effectiveness of treatment methods such as
evaporation, ion exchange resins, or
adsorption [5]. Therefore, the treatment of
acidic liquid waste containing uranium is still
being researched.

The treatment of liquid waste can be
carried out using several methods, one of
which is the adsorption method. Many types of
adsorbents have been used for uranium
adsorption. Functional organics such as
methyl(3)-O-acetyl-5,6-dideoxy-(S)-1,2-
trichloroethylidene-R-D-xylo-hept-5(E)-eno-
1,4-furano-uronate and catechol diazotized
aminopropyl silica gel, polymer embedded
with oleic acid coated Fe3Os, pillar(5)arene-
containing porous organic polymers have been
used for the adsorption of aqueous uranium
[6], [7]. Furthermore, negatively charged
adsorbents such as natural clay, biomass-based
adsorbents, and polymers have been utilized
for uranium adsorption. On the other hand,
previous research on uranium adsorption by
positively charged adsorbents, such as amino
talc-like clay, was still very limited compared
to other adsorbents [8]. The positively charged
adsorbent is effective in adsorbing uranium in
the negatively charged speciation at pH levels
greater than 3.

Amino talc-like clay is a positively
charged synthetic clay that is produced using a
variety of amino functional silane as precursor
with a variety of different organosiloxanes,
including methyltrihoxysilane,
phenyltriethoxysilane, 3-mercaptopropyl)
trimethoxysilane (APTES), 3-aminopropyl)-
triethoxysilane, and 3-(methacryloxy)
propyltrimethoxysilane [9]. These materials
have been created in a novel manner, and
Delaminated Amino talc-like Clay (DAC) is
one of the desired structures that have been

synthesized [10]. The chemical formula of
magnesium-amino clay, which contains
magnesium, is Mg3(RS1)408(OH)22N(CH2)3]s
SisMgsO16(OH)s, where [HoN(CHz)s]s is R
and belongs to the organic group [11]. The
NH:-containing organic groups are covalently
bound to silicon atoms on the tetrahedral sheet.
Group -NH; on the surface of magnesium
amino clay of tetrahedral sheets is easily
protonated into positively charged -NH3 [11],
[12]. Amino clay has a nanoparticle to micro-
particle size range of 0.1-10 um, which is a
schematic representation of the size of the
smectite layer [13]. The schematic formation
of DAC by the sol-gel process is shown in
Figure 1 [14].

In this study, a synthetic delaminated
amino talc-like clay was used as an adsorbent
for uranium for the first time, without the
addition of an anionic ligand. The purpose of
this study is to evaluate the effect of pH
variation (2~5) and to determine the
adsorption  kinetic of uranium
adsorption using DAC.

model
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Figure 1. Schematic reaction for the formation of DAC

METHODOLOGY
Chemicals and Reagents

All the uranium solutions were prepared
by dissolving uranyl nitrate hexahydrate
[UO2(NO3)2.6H20], (pro-analys). The amino
talc-like clay precursor included
H>N(CH>)3Si(OC2Hs)3 (APTES) and
MgCl.6H,O. Ethanol, 99%, is used as a
solvent. HNOs is used for pH adjustment.
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Synthesize DAC

The sol-gel aminopropyl method was
performed following the previous method
[15]. A magnesium chloride solution was
prepared by dissolving 1.692 g of
(MgCL.6H20) in 40 mL of ethanol while
stirring at room temperature, approximately
298 K. Then, 0.015 mol of APTES was added
dropwise, the solution was stirred overnight,
and a white suspension was obtained. The
suspension was centrifuged at 3500 rpm for 5
minutes, and the precipitate was washed with
40 mL of ethanol. The precipitate was then
vortexed for 1 minute and centrifuged to
remove the washing solution. The white
precipitate was oven-dried at 323 K for
approximately 5 days [15].

Characterization

The  synthesized
characterized by Fourier Transform Infrared
(FTIR) spectrometry (Bruker), Powder X-ray
Diffraction pattern (P-XRD) analysis (PAN

materials were

analytical) was acquired using Cu Ka
radiation, X-Ray Fluorescence (XRF)
spectrometry  (S2  PUMA-Bruker), and

Scanning Electron Microscopy (SEM) with
Energy Dispersive X-Ray Analysis (EDS)
(Phenom Pharos). The P-XRD analysis (PAN
analytical) is employed to determine the
crystallographic and amorphous structures of
materials [16], and it was acquired using Cu
Ko radiation, with a 20 range of 5—80°, at
room temperature. FTIR analysis is employed
to determine the presence of specific
functional groups in the sample. XRF analysis
is utilized to determine major elemental
composition. SEM-EDS analysis is used to
analyze the surface morphology of the sample.

Batch Adsorption Experiments

Experiments were performed at room
temperature in a batch system. In all
experiments, a 53 mg/L uranium solution (25
mL, pH 2~5), and Mg-amino clay adsorbent
0.001 g were used [3]. The mixture was shaken
using an orbital shaker (Daihan Scientific) at
an agitation speed of approximately 170 rpm.
The mixture was centrifuged to separate the
supernatant from the adsorbent. The
concentration of uranium ions in the
supernatant determined by
UV/Vis Spectrophotometer using arsenazo 11
as a complexing agent with light adsorbent
maximum (A) at 651 nm [17].

Some equations for calculating uranium
adsorption by DAC include
efficiency, adsorption capacity, and the kinetic
adsorption model. The removal efficiency was
calculated using the following equation [3]:

solution was

removal

Removal Eff (%) = (C"C—_Ce)x 100 (1)

where C, is the initial concentration of
uranium (mg/L), and C. is the equilibrium
concentration of uranium after adsorption

(mg/L). The adsorption capacity was
calculated using the following equations [18]:

qe = (Co— Co)x— @)

where V is the volume of solution (L) and m is
the weight of the DAC (g). The kinetics

experimental data were simulated using
pseudo-first order as follows [19]:
k
log(qe — q¢) = logqe — 55 =t 3)

and pseudo-second order models using the
equation as follows [19]:
1 1

— = —t 4
¢ k205 dqe “)
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RESULTS AND DISCUSSION
DAC Characterization

The P-XRD pattern of DAC before and
after uranium adsorption is given in Figure 2.
The characteristic peaks of DAC before
Adsorption were observed at 20 = 6.11°,
10.79°, 22.00°, 36.76°, and 59.29°. In general,
based on the P-XRD pattern, the sample
exhibits broad peaks corresponding to an
amorphous phase. The pattern is consistent
with the P-XRD pattern of amino clay reported
in a previous study [14]. The change of the P-
XRD pattern after uranium adsorption was
observed (Figure 2). After uranium adsorption,
the P-XRD pattern of DAC exhibits a notable
decrease in peak intensity, particularly in the
low-angle region. This may imply partial
hydrogen bond breaking between the amino
clay sheets as a result of the interaction
between the -NHz group and uranium species,
leading to a crystal defect. The concentration
of uranium species [UO2]**, [(UO2)2(OH)2)]*"
probably induced the exfoliation of DAC, and
the surface of exfoliated DAC was filled up
with uranyl and uranyl hydroxide. The
exfoliation of DAC can be examined based on

(a)
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(020, 110)

é(om)

Intesity (normalized)/ a.u.

Before U

(130, 200)

After U adsorption

(060)

the left-shifting of the diffraction peak at low
angles associated with the (001) plane. The
calculated d-spacing of the (001) plane was
slightly increased from 1.45 nm to 1.71 nm,
which is probably due to the presence of uranyl
species at the interlayer space of the DAC.

FTIR

The FTIR analysis result is given in
Figure 3. DAC before uranium adsorption
IR absorption wavelength
corresponded to the C-H stretching and C-H
bending (3043.07, 2933.31, 1468.33, 1387.29
cm™), Hbonded at group -OH (3358.76), NH;"
(1619 and 1627 cm™'), NH> (1506 and 1497
em '), Si—O-Si (1125 em™), Si-OH (994.7
and 996.67 cm!), Mg—O-Si (842 and 881
cm 1), Mg-O (559 and 547 m™") [14], [20].
After uranium adsorption, the IR spectra show

shows at

no peak at the wavenumbers corresponding to
OH, -CH, and -NH, and the appearance of a
new band that probably corresponds to the
uranium—NH> bond (Figure 3). Infrared
absorption spectra of the uranium-nitrogen
bond have been reported previously at 3349.7,
966.9, 752.4, and 433.0 cm™! [21].
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Figure 2. PXRD pattern of DAC
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Figure 3. FTIR pattern of DAC before and after uranium adsorption

XRF

Table 1 shows the XRF analysis result.
The analysis was carried out using the
precipitated DAC derived from the optimum
the adsorption
experiment, which was conducted for 24
hours. XRF analysis reveals that the major
elements of DAC are Cl, Mg, and Si. Other
elements contained impurities that did not
originate from the DAC adsorption material.
The presence of uranium was observed in the
DAC nparticle after uranium adsorption and
was dominant over other elements (Table 1). It

was strong evidence of the uranium adsorption
by DAC.

condition of uranium

Table 1. Major elemental composition of particles DAC
based on XRF spectroscopy

Concentration of Elements

Before After
Elements . .
adsorption adsorption
(“e) (%)
Cl 23.70 0.60
Mg 24.10 12.60
Si 15.50 8.00
U 0.00 45.30

SEM

The SEM images, along with the EDS
spectra, of the DAC before and after uranium
adsorption are illustrated in Figure 4. The
morphology of the DAC before uranium
adsorption consisted of homogeneous particles
with a grain size of approximately 0.5 pm, as
shown in Figure 4a. The EDS spectra show the
presence of O, Mg, and Si, which is in line with
the components of magnesium phyllosilicate
clay. Figure 4b presents the SEM image of
DAC and EDS spectra after
adsorption. The SEM image exhibits large
aggregate particles, which are very different
from the original DAC particle. It may indicate
that adsorption  causes  the
aggregation of DAC particles. White spots
observed on the particle surface likely indicate
the deposition of uranium [22]. Moreover, the
presence of uranium adsorbed by DAC is
confirmed based on SEM-EDS spectra spots 1
and 2 (Figure 4b).

uranium

uranium
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Figure 4. SEM image and EDS spectra of DAC before (a) and after (b) uranium adsorption

Effect of Initial pH Solution

The uranium adsorption onto DAC at
different pH levels is presented in Figure 5.
The effect of pH (2~5) on uranium adsorption
by DAC was obvious. The effect of the pH
solution was clearly demonstrated at pH 4,
with a removal efficiency of 95%. A
combination of physicochemical interactions
and ion-trapping processes likely governs the
adsorption mechanism. The trapping of
(UO2)*" 1ons in the basal spacing occurs due to
the repulsive interaction between the (UO2)*
ions, which are the predominant species at
acidic pH 2 and 3, and the positively charged
surface of DAC. Ligand R-NH> on the surface

was protonated at pH 2 and 3 to form colloids.
The interlayer spaces in DAC functioned as
trap containments, which are known to have
high swelling capacity [23]. The cesium ion
trapping phenomenon, leading to the
formation of CsCl particles, has been
previously reported [15]. On the other hand,
predominant species at acidic pH levels of 4
and 5, such as (UO2)*" and [(UO,)2(OH)]*
[24], predicted by Minteq Visual software
(Figure 6), were probably adsorbed by DAC
through  chemisorption = with ~ R-NHoa.
llustrations of the ion trapping mechanism
and chemisorption are shown in Figures 7 and
8, respectively.

\ﬁl
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Figure 5. Effect of initial pH solution for uranium Figure 6. Uranium speciation in aqueous solution at
adsorption onto DAC different pH levels without ligand predicted using
Minteq Visual software
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Adsorption Kinetics

Adsorption kinetics provides important
insights into the mechanism governing the
adsorption process, which in turn controls
residence time and mass transfer [25]. The
adsorption equilibrium has been reached after
60 minutes, where the removal efficiency of
uranium was 84.5 % (Figure 9) and the
adsorption capacity (q.) at equilibrium was
113.06 mg/g (Figure 10).

The results of the experiment have been
plotted based on the pseudo-first-order kinetic
model of log (q. —q;) vs t were used to
determine the values of k; and q,, from the
slope and intercept. Pseudo-second-order

models with plots of qi vs t were used to
t

determine the values of k; and q,., from the
slope and intercept. The results of determining
models for pseudo-first-order and pseudo-
second-order adsorption from equilibrium are
presented in Table 2. The model represented
from these results is the linear pseudo-second-
order kinetic model because experimental
values g, are almost similar to a g, linear
regression calculation where its value is close
to 1. The graph of the model is presented in
Figure 11.
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Figure 9. Adsorption kinetic of uranium onto DAC
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Figure 10. Adsorption equilibrium from adsorption
capacity of uranium onto DAC
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Figure 11. Pseudo-second order kinetics of uranium
adsorption onto DAC

Table 2. Models of pseudo-first-order and pseudo-
second-order from the adsorption equilibrium

Models
Value Pseudo- Pseudo-
second-
first-order

order

Ge exp (ME/Q) 113.06 113.06

Ge cal (ME/g) 36.85 108.7
S (Umin) - 0.0320117  0.00368

R? 0.977 0.999

CONCLUSION

This work confirmed the occurrence of
uranium adsorption onto DAC, which is
probably due to physicochemical interactions
and ion trapping. The uranium adsorption on
DAC can be clearly observed based on the
sample characterization (XRF and SEM EDS

(o6 |
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analysis) of DAC after uranium adsorption.
Uranium adsorption was affected by different
pH and contact time. Adsorption probably
occurs due to physicochemical interactions
and ion trapping. The phenomenon of (UO)*"
ion trapping in basal space, because of the
repulsive interaction between (UO2)*" ion as
the predominant species at acidic pH 2 and 3,
with positive surface charge of DAC.

On the other hand, predominant species at
acidic pH levels of 4 and 5, such as (UO2)2+
and [(UO2)2(OH),]*", were probably adsorbed
by DAC through chemisorption with R-NH>.
The efficiency and adsorption
capacity at equilibrium are approximately
84.5% and 113.06 mg/g, respectively, which
are reached at pH 4 and approximately after 60

removal

minutes. The pseudo-second-order model can
well describe the adsorption kinetics. These
findings highlight DAC as a promising
material for treating uranium-containing
waste, with implications for the treatment of
radioactive waste.
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