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Abstract: Silylation of clay minerals from Cherkasy deposit (Ukraine) montmorillonite (layer silicate)
and palygorskite (fibrous silicate) was performed using organosilane (3-aminopropyl)triethoxysilane
(APTES). Solvents with different polarity (ethanol, toluene) were used in synthesis. The structure
of modified minerals was characterized by complex of methods (X-ray powder diffraction, Fourier
transform infrared spectroscopy, nitrogen adsorption-desorption at −196 ◦C and thermal analysis).
Studies of adsorption characteristics of APTES-modified clay minerals were carried out in relation to
uranium (VI). The results indicated that modified montmorillonite and palygorskite were effective
materials for water purification from UO2

2+.
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1. Introduction

One of the urgent problems in the field of environmental safety at present is the protection
of surface and ground waters from pollution with heavy metals and radionuclides, large amounts
of which are contained in industrial wastewater. Sorption technologies are widely used for the
removal of the specified pollutants. In the majority of cases, these technologies ensure attaining
the scientifically-based standards specifying the maximum permissible content of pollutants in
water. The natural and waste water treatment technologies involve a wide use of different layer
silicates, including clay minerals [1–4]. Advantages of their application include the low cost of initial
raw materials along with sufficiently high sorption characteristics in relation to inorganic toxicants.
However, such sorbents feature insufficient selectivity in a number of cases, especially those requiring
the removal of trace amounts of pollutants from the water having complex chemical composition
and containing components-complexing agents of natural and technogenic origin (humic substances,
EDTA (ethylenediaminetetraacetic acid), NTA (nitrilotriacetic acid), etc.) [5].

The synthetic silica-based inorganic sorbents are obtained using different methods of the sorbent
surface functionalization for enhancing the selectivity. Such methods, primarily, involve the use of
silicone compounds containing active acid groups (SH, COOH, P(O)(OH)2), basic groups (primary,
secondary and tertiary amino groups, pyridine) and their combination [6–10].

In recent years, the method of surface functionalization with silicone compounds for the
purpose of enhancing the selectivity has been used for clay minerals of different types of structure:
with aluminosilicalayer 1:1 of kaolinite group minerals [11,12]; with layer 2:1 of montmorillonite group
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minerals [13–16], fibrous silicates of palygorskite group [17–19] and synthetic clay minerals [20,21].
At the same time, due to the structural peculiarities of clay minerals, the processes of their surface
functionalization have a series of significant distinctions from those of silica-based sorbents [22]. This is
primarily related to the swelling ability of aluminosilicate framework of a number of clay minerals
in polar media that stipulates the possibility of penetration of modifier molecules into interlayer
space with their subsequent fixing on tetrahedral and octahedral sheets of structural layers [23,24].
Moreover, the modification of internal surface of aluminosilicate framework was achieved also for clay
minerals that do not swell under ordinary conditions, such as kaolinite, by using dimethyl sulfoxide
as an intermediate reagent [25]. Formerly, it was also shown that the chemical nature of the solvents
(polarity and dielectric constant) used in silylation reaction has significant influences on the process [15].
Furthermore, the dryness conditions of the reaction media may prevent the lateral polymerization
of organosilane (3-aminopropyl)triethoxysilane (APTES) molecules and support the efficient silane
grafting [20]. Among the clay minerals commonly used for water purification montmorillonite and
palygorskite are the most popular because of their high specific surface area associated with their
selectivity for heavy metal ions [26]. In the lamellar montmorillonite structure two silicon tetrahedral
sheets sandwiching a central aluminum octahedral sheet. Palygorskite is fibrous clay mineral whose
structure can be described as pyroxene-like ribbons laterally linked by basal oxygen atoms [27].

Uranium compounds belong to the class of most dangerous toxicants. They can be found in water
both in the form of uranyl cations and in the form of poorly sorbed carbonate complexes or complexes
with dissolved fulvic acids or complexing substances of technogenic origin [28]. The treatment of
water contaminated with these compounds is a complex task that is stipulated by both the variety
of chemical forms of uranium in real water systems and strict standards specifying the permissible
content of this element in water [29]. Silanol centers on the surface of clay particles show middle
sorption capacity for metal ions of actinide group of elements [30]. Grafting of aminosilanes onto the
surface of clays is of great interest due to the chelating effect towards actinides (uranium). Taking into
account the importance of environmental studies based in natural clay minerals, the adsorption of
uranyl ions on two phyllosilicates, montmorillonite and palygorskite, modified with organosilane
(3-aminopropyl)triethoxysilane, has been studied. The main purpose of this work was to verify and to
understand the effect of chemical modification of two most popular in water purification practice clay
minerals (montmorillonite and palygorskite) by aminosilanes on U(VI) adsorption.

2. Materials and Methods

2.1. Raw Materials

The used clay minerals were montmorillonite and palygorskite from Cherkassy deposit, Ukraine.
The structural formula for montmorillonite and palygorskite as determined from chemical analysis are [31]:

Ca0,12Na0,03K0,03)0,18(Al1,39Mg0,13Fe3+
0,44)1,96[(Si3,88·Al0,12)4,0O10](OH)2·2,6H2O and

(Al1,49Fe3+
0,83Mg1,54)[(Si7,43Al0,58)8,0O20](OH)2·(OH2)3,15.

Their cation-exchange capacity (CEC) are 0.71 and 0.24 meq/100 g clay [31].
Na-montmorillonite (Na-MMT) and Na-palygorskite (Na-Pg) were obtained by triple treatment

of 1 M NaCl. Solid phases were separated from the solutions, washed by deionized water and dried
at 105 ◦C. Washing of the Na-form of clay minerals was repeated to achieve the complete removal of
Cl-ions as indicated by the AgNO3 test of the supernatant solutions.

The organosilane agent (3-aminopropyl)triethoxysilane (APTES) was purchased from Aldrich.

2.2. Silylation with APTES

Two solvents with different polarity were chosen in this study. The polar-protic solvent used
was ethanol-water solution (3:1) and the nonpolar solvent was toluene. 6.0 g of dry clay minerals
(Na-MMT or Na-Pg) were dispersed in 100 mL of solvent with the use of ultrasound for 10 min. 6.0 mL
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of APTES was added dropwise during vigorous stirring. The clay-toluene mixtures were stirred at
argon atmosphere at 45 ◦C for 2 h. The clay-ethanol-water mixtures were stirred at 80 ◦C for 5 h.
Modified samples of montmorillonite (APTES-MMT) and palygorskite (APTES-Pg) were filtered and
washed with solvent six times and then dried at 105 ◦C.

2.3. Characterization Methods

X-ray powder diffraction (XRD) patterns were recorded on X-ray diffractometer DRON-4-07
(Russia) in the range of 3–60◦ (2θ) using CuKα irradiation.

Fourier transform infrared spectra (FTIR) of the samples were obtained on Fourier spectrometer
Thermo Nicolet Nexus in the range of 4000–450 cm–1 at twenty-fold scanning. The FTIR spectra were
obtained by using KBr pellet technique (1:100).

Low-temperature nitrogen adsorption isotherms were determined on a volumetric automatic
apparatus (Quantachrome, Nova 2200e) at −196 ◦C.

Curves of differential thermal analysis (DTA-TG) were obtained using apparatus Derivatograph–C
(F. Paulik, J. Paulic, L. Erdey) in the range of temperature 20–1000 ◦C at the heating rate 10 min−1.

2.4. Adsorption Experiments

The adsorption experiments were carried out at 25 ◦C. The reaction mixture (50 mL) containing
0.05 g of adsorbent (background electrolyte 0.01 M NaCl) and desired amount of U(VI) ions
(UO2SO4·3H2O solution) were prepared. Uranium concentration between 50 and 500 µmol/L were
used. After stirring the suspensions for 1 h in an automatic shaker the solid and liquid phases were
separated by the use of centrifuge at 6000 rpm for 30 min.

The amount of U (VI) adsorbed on the samples of pristine and modified clay minerals was
calculated as a difference between the initial concentration and the equilibrium concentrations.
The equilibrium amount of metal adsorption from aqueous solution was determined using the formula:

q = (Co − Ce)V/m

where q is the amount of metal ions sorbed at equilibrium expressed in µmol/g of sorbent; m is
the adsorbent mass (g); Co and Ce are the initial and the equilibrium concentrations of metal ions
respectively (µmol/L); V is the volume of solution (L).

The concentration of uranium was determined by Spectrophotometer UNICO 2100UVat 665 nm
by using the U-arsenazo (III) complex.

A kinetic study was carried out to obtain value of necessary duration of batch experiments
for sorption isotherm determination. Kinetic experiments were conducted on samples of pristine
and modified in ethanol minerals by uranium sulfate solution with the same initial concentration of
100 µmol/L for different selected times ranging from 5 to 120 min.

3. Results

The successful modification of clay surface using APTES is confirmed by FTIR spectra of initial
and silylated samples (Figure 1a). The spectra of montmorillonite modified by both the polar protic
solvents (ethanol) and nonpolar solvents (toluene) as compared with the initial sample reveal the
presence of weak bands at 2800–2900 cm–1 corresponding to the stretching vibration of the methylene
groups of successfully grafted APTES and the bands at 1490–1450 cm–1 corresponding to –NH2 and
–CH2-bending vibration of modifier molecules [32]. The palygorskite spectra (Figure 1b) also register
the bands indicating the grafting of APTES molecules to the surface of mineral particles, namely:
typical bands of amino groups at 1480–1450 cm–1 and bands at 2920 cm–1 corresponding to C–H
stretching vibration of APTES [33].
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Figure 1. FTIR spectra of pristine and APTES-modified clay minerals: (a) montmorillonite, (b) palygorskite.

XRD patterns of the initial and modified montmorillonite are presented in Figure 2a. The shift of
basal reflection from 1.29 nm in nontreated samples to 1.6–1.7 nm in modified clays is the evidence of
an increased distance between structural packets of mineral due to intercalation of APTES molecules
into interlayer space. In the case of palygorskite, XRD patterns are identical for initial and treated
samples, which is determined by the rigidity of this layer-ribbon silicate and the possible interaction of
modifier molecules only with an external surface of mineral particles (Figure 2b).

Figure 2. XRD patterns of pristine and APTES-modified clay minerals: (a) montmorillonite, (b) palygorskite.

Findings of the thermal analysis of modified montmorillonite and palygorskite show that unlike
nontreated clays, for which thermogravimetry (TG) curves at temperatures up to 800–900 ◦C reveal
only mass loss associated with the removal of different forms of bound water [1], the treated APTES
samples reveal mass loss in the temperature interval 300–500 ◦C that are determined by the thermal
decomposition of grafted APTES (Figure 3). The mass loss in this temperature range corresponding
to the removal of gaseous products of modifier decomposition amounts up to 10 % for the modified
palygorskite and montmorillonite.
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Figure 3. Thermogravimetry (TG) of pristine and APTES-modified in toluene clay minerals.

Isotherms of nitrogen sorption-desorption (Figure 4) for all samples have the waveform intrinsic
to layered and fibrillar silicates and belong to the II type isotherms in accordance with classification
IUPAC [34]. In the range of values p/p0 > 0.35–0.4, the clearly pronounced hysteresis loops can
be observed on isotherms indicating the presence of a well-developed structure of H3 type meso
and macropores typical for such samples. Mesopore-size distributions were obtained from the
low-temperature nitrogen adsorption data according currently used Barret-Joyner-Halenda (BJH)
method [35]. As can be seen from the nitrogen isotherms based calculation of the characteristics of
porous structure, the specific surface area of samples sharply decreases after the surface modification
(Table 1). Such reduction is stipulated by practically complete filling of micropores with APTES
molecules and the resultant blocking of the access of nitrogen molecules to these pores. The maximum
in the pore-size distribution of the pristine montmorillonite is centered at 1.41 nm (Figure 5). This value
slightly increases after functionalization to 2.13 nm. The pore size distribution for palygorskite
is centered around two maxima: the slight maximum at 1.90 nm and large maximum at 6.26 nm.
These values remain almost unchanged after functionalization.

Figure 4. Nitrogen adsorption-desorption isotherms of pristine and APTES-modified clay minerals:
(a) montmorillonite, (b) palygorskite.
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Figure 5. Mesopore-size distributions for pristine and APTES-modified in toluene clay minerals.

Table 1. Surface characteristics of pristine and APTES-modified in toluene clay minerals.

Sample S, m2/g V∑∑∑, cm3/g Vµ, cm3/g Vµ%, %

Distribution of
Pore Sizes, nm

BJH dV (r)

r1 r2

Montmorillonite 89 0.081 0.016 19.80 1.41 –
APTES- Montmorillonite 10 0.064 0.004 5.87 2.13 –

Palygorskite 213 0.512 0.084 16.56 1.90 6.26
APTES- Palygorskite 129 0.389 0.048 12.30 2.12 6.23

Kinetic curves of sorption of uranium ions on all the samples indicate a sufficiently fast attainment
of sorption equilibrium within 15–20 min (Figure 6). In all next sorption experiments, the duration
was established as 1 h.

Figure 6. Kinetic study of sorption of uranium ions on pristine and modified minerals.

Sorption isotherms of uranium ions show that the sorption characteristics of samples of
montmorillonite and palygorskite (Figure 7) modified with APTES in water-alcohol medium and in
toluene are much higher as compared to those for pristine minerals.

To estimate the adsorption capacity of the modified clays isotherms of all samples were expressed
in terms of Freundlich and Langmuir models. The obtained data are presented in Table 2.

The results of the R square indicate that uranium sorption data on pristine and amino-functionalized
clays is better defined by the Langmuir equation with a regression coefficient more than 0.95 for all
samples. Freundlich model gives a poor presentation for all isotherms (R2 < 0.92).
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Table 2. Langmuir and Freundlich parameters for the adsorption of uranyl ions onto pristine and
APTES-modified minerals.

Sample Langmuir Freundlich

qm, µmol/g KL, L/µmol R2 KF, L/g n R2

MMT 125 0.0084 0.956 5.3 1.97 0.887

APTES-MMT-Tol 337 0.0977 0.974 89.0 3.69 0.765

APTES-MMT-Et-Water 350 0.1328 0.998 92.1 3.37 0.923

Pg 59 0.0096 0.975 3.3 2.14 0.851

APTES-Pg-Tol 372 0.1624 0.963 109.1 3.61 0.882

APTES-Pg-Et-Water 379 0.2317 0.960 119.6 3.70 0.770

qm—the amount of adsorbate corresponding to complete monolayer coverage; KL—Langmuir bonding
energy coefficient; KF—Frendlich coefficient of adsorption capacity; n—coefficient of adsorption intensity;
R—correlation coefficient.

Figure 7. Adsorption of U(VI) on pristine and APTES-modified clay minerals: (a) montmorillonite,
(b) palygorskite.

4. Discussion

The surface modification processes of clays are determined by structure and morphology of
their particles. Montmorillonite particles (platelets) are relatively thin, usually containing 10÷30
stacked layers; however, the individual layer width is much smaller (e.g., 1 nm). The microstructure of
montmorillonite gels and powders is mainly controlled by face-to-face interactions [35]. The sorption
of metal ions on the surface of layer silicates takes place at active sites of the two main types:
with participation of exchange cations localized on basal surfaces of particles and determined by
the presence of nonstoichiometric isomorphous substitutions in tetrahedral and octahedral sheets of
structural layers, and also on Si–OH and Al-OH groups that are located on side edges of particles
at places of disrupted Si–O–Si and Al–O–Al structured sheets. Modification of layered silicates with
formation of strong chemical bonds between atoms of the surface and silane substances takes place
primarily at the side edges and structural defects on basal surfaces of particles. The fraction of
sorption sites at side edges for clay minerals of the montmorillonite group amounts to 10–15% [1].
Therefore, the APTES molecules in the process of modification block slit-shaped micropores between
flat structural layers of montmorillonite preventing the access of nitrogen molecules to these pores in
experiments on determination of the porous structure characteristics of sorbents.

For the fibrous palygorskite silicate, the effect of modification on the value of specific surface
area shows itself to a smaller degree as compared to that for montmorillonite. The molecules of
modifier cover the external surface of palygorskite particles with partial blocking of zeolite channels
in their structure. At the same time, micropores between rodlike particles due to their disordered
arrangement in structured aggregates are not fully blocked by APTES molecules, and the access of
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nitrogen molecules to these pores is partially preserved. The estimation of the amount of bound silane
based on data of thermal analysis (up to 0.5 mmol/g of montmorillonite and up to 0.8 mmol/g of
palygorskite) is the evidence of sufficiently close-packed arrangement of APTES molecules on the
surface of minerals.

One of the main factors controlling U adsorption on natural minerals is the chemical form of
uranium in water. Uranium (VI) ions can form a series of complexes of different composition in
aqueous solutions at different pH values. At close to neutral values of pH that correspond to natural
water, the main form of U(VI) consists of uranyl ions UO2

2+ and its hydroxo complexes UO2OH+,
(UO2)2(OH)2

2+, (UO2)3(OH)4
2+, (UO2)3(OH)5

+, (UO2)4(OH)7
+ and others. With the rise of pH values

and concentrations of CO2 dissolved in water that corresponds to ground water, we can observe
an enhanced content of neutral or even negatively charged forms of hydrolysis products UO2(OH)2,
UO2CO3, (UO2)2CO3(OH)3

- and others that are poorly sorbed on negatively charged particles of
natural silicates (montmorillonite and palygorskite) [36].

The analysis of adsorption data with the use of Langmuir model show that the values of
equilibrium adsorption constant KL, which is related to the affinity of binding sites are much more for
modified samples than for pristine ones. The values of maximum amount of uranium per unit weight
of adsorbent for complete monolayer coverage (qm) are also much more for modified clays.

Scheme 1. Proposed modes of complexation of uranyl ions on functionalized montmorillonite
and palygorskite.

The sketch in Scheme 1 illustrates the possible structure of grafted APTES and proposed models
of complexation of uranyl ions with attached ligand. An amino group in the structure of APTES
is at the end of the molecule chain. Uranyl ions interact with nitrogen atoms of one or two APTES
molecules, which are covalently bonded to clay mineral surfaces.

First of all, the great effect of amino-functionalized siloxane (APTES) on sorption of uranyl ions
is due to strong affinity of these ligands for UO2

2+ ions [36] and to the high content of amino groups
on the surface of modified clay particles. Hence, the several-fold rise of sorption of uranium ions on
modified clays can be stipulated not only by the donor interaction of nitrogen atom of one amino
group with an atom of sorbed metal, but also by the participation in formation of surface complex of
the second amino group from close-spaced another molecule of APTES.

Amino-functionalized montmorillonite and palygorskite provides a promising environmental
remediation material employed to treat groundwater and wastewater containing U(VI). Comparison of
sorption capacity of obtained sorbents and other low-cost adsorbents clearly proves the effectiveness of
the applied approach. The maximum sorption capacity of modified montmorillonite and palygorskite
were 83.3 and 90.2 mg/g, which correspond 350 and 379 µmol/g of sorbed 238U respectively, and were
higher than the reported low-cost uranium adsorbent based on activated carbon from sawdust and
its amine form: 57.3 and 76.7 mg/g, respectively [37], and nanoscale zerovalent iron supported on
Na-bentonite [38].
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5. Conclusions

Modification of clay samples using APTES has been successfully carried out in polar-protic
(water-alcohol) and nonpolar solvents (toluene) making it possible to attain a reasonably high degree
of surface filling.

The study of sorption processes of uranium ions from aqueous solutions reveals that the sorption
equilibrium is reached on modified samples within 15–20 min. The sorption values for such samples
are several times as high as the values for initial clays that is determined by formation of sufficiently
strong complexes of uranium ions with amino groups of APTES molecules grafted on the surface.
The obtained sorbents can be effectively used for the removal of trace amounts of uranium compounds
from polluted surface and ground waters.
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