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Abstract—Synthesis conditions are optimized to obtain n-phase/zeolite and Hombifine N/zeolite nanocom-
posites by the modified cold-impregnation method (method 1), which consists of the codispersion of the
samples containing the 1n-phase or Hombifine N with nano-anatase in a dilute KOH solution, and Beta(25)
and ZSM-5 zeolites with different modulus, MOR and Y, for the first time, as well as by the TiO,/zeolite in
situ method (method 2), which consists of the addition of zeolites into the reaction mixture during the syn-
thesis of titanium dioxide. The starting components and nanocomposites are characterized by different meth-
ods, such as wide- and small-angle X-ray scattering, scanning electron microscopy, and low-temperature
nitrogen adsorption (the Brunauer—Emmet—Teller method). The interaction between nanosized titanium
dioxide (NTD) and zeolites (except Y) during the formation of the NTD/zeolite nanocomposite (method 2)
and the n-phase/MOR nanocomposite (method 1) is revealed, and the presence of NTD in the nanocom-
posites in nanocrystalline (Hombifine N/zeolite) or amorphous (1-phase/Beta(25) and m-phase/ZSM-
5(300)) states is established. It is found that the use of microwave and ultrasonic treatment upon the synthesis
of the nanocomposite gives rise to the uniform distribution of spherical particles in the samples; furthermore, they
are the same size (n-phase/ZSM-5(12), n-phase/ZSM-5(300), and n-phase/Y) or smaller (n-phase/MOR,
n-phase/Beta(25), and n-phase/ZSM-5(40)) when compared to the original n-phase. The size of spherical
particles in the n-phase/ZSM-5(40) nanocomposite is comparable with the starting ZSM-5(40) zeolite. It is
found that the preparation of nanocomposites by method 2 leads to an increase in the specific surface for the
NTD/ZSM-5(12) and NTD/Y nanocomposites and to a decrease in the specific surface for the remaining
nanocomposites (most significantly for NTD/MOR) when compared to the zeolite matrix, and promotes the
high adsorption capacity of the NTD/zeolite nanocomposites with regard to the extraction of the P(V) ions
from the model aqueous system with the maximum value (99.48%) for the NTD/MOR nanocomposite.

DOI: 10.1134/51995078016050098

INTRODUCTION

Nanocomposites are multicomponent systems
consisting of a matrix and nanosized phases (phases),
which have a clear phase boundary and varying prop-
erties because of differences in their composition and
structure. They can show higher property indexes in
comparison with each separate component or display
fundamentally new properties.

The TiO,/zeolite nanocomposites should be con-
sidered promising materials, each component of
which is characterized by a certain set of properties.
Zeolites have a large porous specific surface and are
typically used as catalysts [1], adsorbents, and agents

for water purification and filtration [2—5]. Unique
properties of titanium dioxide nanoparticles (NTD)
are caused by the formation of surface hydroxyl groups
with the high reaction activity upon a decrease in the
sizes of crystallites down to 100A and lower at their
concentration in the sample up to 100% [6, 7]. These
groups are self-generated in the NTD particles upon
contact with water, which gives rise to their resulting
high adsorption capacity [6—11]. Owing to the photo-
catalytic activity of NTD in the ultraviolet part of sun-
light [12], high chemical stability, nontoxicity, and low
cost, it is a prospective material for the creation of
photocatalysts active in the visible spectral range
[13, 14].
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Table 1. Properties of nanosized titanium dioxide (NTD)

KRAVCHENKO et al.

Property

Mean size of crystallites (D, nm)
Specific surface (S m?/g; BET/SM)

Size of nanoparticles (V, nm)

Volume of ultrananopores with a size from 0.4 to 2 nm (cm?/g)

Volume of nanopores with a size of to 300 nm (cm?>/g)

Sample with the n-phase |Hombifine N (anatase) [28]

4.02) 8.3(4)

3.63(4)/3.33 312.8(3.4)/116.4

Ngy = 150 Ny =13

Nggr = 140 Nggy = 10—80

Nggm = 100—250

0.0008 0.083
0.0068 0.349

The NTD/zeolite nanocomposites show photocat-
alytic properties (PCA) under the influence of UV
radiation [15—20] and the nanocomposites modified
by Ag(I) ions in the visible range band [21]; they also
show adsorption [22, 23] and bactericidal properties
[15, 24]. The use of the NTD/zeolite nanocmposites
increases the sorption ability upon the extraction of
Pb(1I), Cu(1l), Zn(1I), and Cd(II) ions from aqueous
solutions of increased acidity (controlled by the addi-
tion of a 0.1 mol/dm? solution of HNO; or NaOH)
when compared to the initial zeolites [25]. Moreover,
the above properties of the NTD/zeolite nanocom-
posites depend on the characteristics of both zeolite
(for example, an increase in the Si/Al ratio in zeolite
composition leads to an increase in the rate of photo-
degradation of formaldehyde and trichloroethylene in
the presence of NTD/Y and NTD/ZSM-5 [26]) and
NTD (improvement of photocatalytic and adsorption
properties with a decrease in the size of crystallites and
an increase in the specific surface [19, 25, 26]).

The properties of the nanocomposites depend not
only on the characteristics of their initial components
(matrix and functional nanoparticles), but also on
their preparation methods. The syntheses of the
NTD/zeolite nanocomposites by the sol-gel [15, 16,
18, 19] and ion-exchange [21, 22] methods, by sputter-
ing of NTD on zeolite [23], and mechanical mixing
[20, 24] are reported in the literature. NTD with the
structure of anatase or of a mixture of anatase with
rutile (Evonik Degussa P25 (Aeroxide)) were used as
nanoparticles, and the ZSM-5 [15—17, 22], MOR
[20], Beta [18], Y [19], X [23], and 5A [27] zeolites
were used as a matrix. It was shown in [26] that the
impregnation method appears to be more economic in
comparison with the method of mechanical mixing
due to a significant decrease in the NTD concentra-
tion upon the preparation of a nanocomposite, while
the rate of photocatalytic transformation remains the
same. The impregnation method is one of few envi-
ronmentally safe processes for the preparation of pho-
tocatalysts on the basis of NTD [17].

Despite the existing data on the preparation and
properties of some NTD/zeolite nanocomosites, data
on the characteristics of NTD and zeolite-based
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nanocomposites containing it, depending on their
preparation methods and when compared with both
each other and the matrix nature, are absent in the
literature.

The aims of the present studies are the development
of the methods for the preparation of NTD/zeolite nano-
composites, their characterization, and investigation of
the adsorption properties. The Beta (25), MOR, Y and
ZSM-5 (12), ZSM-5 (40), and ZSM-5 (300) zeolites
are chosen as a matrix, and commercial Hombifine N
(Sigma-Aldrich) with nano-anatase and its -modi-
fied samples are chosen as functional nanoparticles.

The extension of the range of characterized nano-
composites by using different modifications of nano-
sized titanium dioxide and zeolites of different natures
makes it possible to reveal the compositions most
promising for practical applications.

EXPERIMENTAL
Materials

The NTD/zeolite nanocomposites where NTD is
nanosized titanium dioxide (Hombifine N commer-
cially available from Sigma-Aldrich) or the sample
with the n-phase (Table 1) and zeolites is Beta (25),
MOR, Y and ZSM-5 (12), ZSM-5 (40), or ZSM-5
(300) (Table 2) are studied.

Synthesis of Nanocomposites and Physicochemical
Methods

The NTD/zeolite nanocomposites were synthe-
sized by the two following methods.

Method 1 (modified method of cold impregnation)
consists of the mixing of samples containing NTD
(Hombifine N or a sample with the n-phase) with
zeolites; their co-dispersion in a dilute KOH solution
(pH ~ 8); subsequent stirring at room temperature
together with the ultrasound treatment (UST) in the
case of the n-phase/ZSM-5 (40), Hombifine N/ZSM-5
(40), n-phase/MOR, Hombifine N/MOR, Hombifine
N/ZSM-5 (12), and n-phase/ZSM-5 (12) nanocom-
posites; or microwave treatment (MWT) in the case of
the mn-phase/Beta (25), Hombifine N/Beta (25),
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ZEOLITE-TITANIUM DIOXIDE NANOCOMPOSITES 581
Table 2. Properties of zeolites
. System of channels | Si/Al Microstructure
Zeolite |Struc- . . . . ..
(dimensionality; |(zeolite characteristics Space . .. Morphology
(brand-| tural diameter. A: cross | modu- aroup Chemical composition (SEM data)
name) | type secti(;n, ’A) sy Ve cm?/g| Sppr, m?/g
3 Fractal
— Na(H),[Al,Sigs _,O 151 (H,0
1(3;;? BEA 7.6 X 6.4 25 | 0.403* 680*6 /43099 | PH22 2(7 Il AlSies —nOnsl(HaO | iy
5.5%x5.5 ’ " formations
Faceted
3 prisms and
Zf]“;)‘S MFI 53x%5.6 12 | 0.210% 3823 /3166; - small num-
51%5.5 ’ ber of spheri-
cal particles
3 Spherical
ZSM-5 386— Na(H),[Al,Sigs _,0102](Hy0) 6, |particles
X k n n n
(40) MFI 2? y gg 40 0.264 429*/377.3** | Pnma |n< 27 (fractal
’ ’ formations)
Spherical
3 particles
ZSM-S) gy 5.3 % 5.6 300 | 0.218% |414%/309.5% (withasizeto
(300) 51x55 100 nm) and
) ’ some faceted
prisms
Large fac-
2 0.195- Crme eted particles
MOR | MOR 6.5 % 7.0. 5 ) —/332.6%* Na(H)g[AlgSiggO9g6l (H20)24 |(bipyramides
0.200* m .
2.6 5.7 and squized
prisms)
Hexagones
and some
Cavities N 509— . faceted
Na(H)sg[Alsg Sij340 H50
Y |FAU 7.4 S| O3 o 0x /490, gxe| FA3M N sslAlss StiasOssalHaaaoly o ies
(elongated
octahedrons)

*Literature data.

**#QOriginal data, where Vy (cm3/g) is the total volume of pores in zeolite and Sggt (mz/g) is the specific surface according to BET.

N-phase/ZSM-5 (12), Hombifine N/ZSM-5 (12),
Mn-phase/ZSM-5 (300), Hombifine N/ZSM-5 (300),
Mn-phase/Y, and Hombifine N/Y nanocmosites; or
without treatment in the case of the Hombifine
N/ZSM-5 (12) and n-phase/ZSM-5 (12), followed by
separation of a solid phase by vacuum filtration and
drying at 90°C (Fig. 1). It should be noted that
method 1 in the present work differs from the methods
used for the preparation of nanocomposites in [17, 26]
by the experimental stages and is easier to accomplish.

Method 2 (the in situ method) consists of the addi-
tion of zeolite into the reaction mixture during the
synthesis of NTD by the fast hydrolysis of titanyl sul-
fate at a temperature of 93(£2)°C, in the separation of
the obtained solid phase by vacuum filtration, washing
it with water and acetone, and drying (Fig. 2).
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X-ray diffraction studies of the samples by the
method of wide-angle X-ray scattering (WAXS) with
rotation were performed on a HZG-4 diffractometer
with a flat graphite monochromator (CuK, radiation
on a diffracted X-ray beam in a step-wise mode, the
pulse accumulation time was 10 s, the step value was
0.02°, and the 26 angle interval was in the range from
2to 50° or to 80°). The qualitative phase analysis of the
samples with the studied nanocmposites was per-
formed using the PCPDFWIN PDF-2 database; the
quantitative analysis is carried out using the Technol-
1 software package [29].

The sizes of NTD crystallites (D, A) in the initial
samples and Hombifine N/ZSM-5 (12) nanocompos-
ites (before and after UST or MWT) are determined
from the following formula: D = 0.91/Bcos6, where A
is the wavelength, CukK, = 1.54051 A, 26 ~ 25°, and
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Mixing of nano-TiO:
(Hombifine N or n-phase)
with zeolites (3: 1)

U

Dissolving in 40 mL of an aqueous KOH
solution (0.1 M)

U

Ultrasound (T = 10 min) or microwave
(t =30 min, 7 < 25°C) treatment of the
mixture

U

Separation of precipitate, washing with
water and acetone, and drying at 90°C

Fig. 1. Synthesis conditions for the NTD/zeolite nano-
composites, where NTD is Hombifine N or the n-phase
(method 1).

B is the integrated peak width. The standard deviation
is 5%.

X-ray diffraction studies by the method of small-
angle X-ray scattering (SAXS) are performed on a
HECUS (Austria) laboratory set (the radiation source
is an X-ray tube with a copper anode having the char-
acteristic radiation wavelength, A(CuK ,) = 1.54051 A;
the operational mode of the X-ray tube corresponds to
the voltage, U= 50 kV, and the current, /=40 mA; the
characteristic radiation line is cut off by a filter of Ni
foil with a thickness of 50 um). The X-ray beam inci-
dent on a sample was formed by a Kratky collimator
[30]; i.e., slit collimation helped form the hatch-pat-
tern geometry of the X-ray beam on the sample
(0.25 x 8 mm) with a sample-detector distance of
267 mm; the scattered radiation was registered by a
one-dimensional position-sensitive gas detector. In
connection with a nondotted spot formed by the X-ray
beam on the sample (0.25 X 8§ mm), a collimation cor-
rection term was introduced by means of special soft-
ware tools (so-called operation of the reduction to an
ideal instrument). The transition to a scale of the dis-
persion vector module and the introduction of colli-
mation corrections were carried out with the standard
sample (silver behenate) [31].

Scanning electron microscopy (SEM) studies were
carried out on a high-resolution JSM 7500F electron
microscope using the procedures described in [32].

The sorption capacities of the zeolites and nano-
composites with reference to nitrogen were measured
using the standard ASTM D4780-12 procedure (room

NANOTECHNOLOGIES IN RUSSIA  Vol. 11

KRAVCHENKO et al.

TiOSO4 X xH2S04 X yH20 (7.35 g)
and H,O (40 mL) at = 90(+2)°C for T = 3 min

U

Addition of zeolite (0.25 g) and
hydrolysis (T =4 min) at t = 93(x2)°C

U

Separation of precipitate, washing with
water and acetone, and drying at 90°C

‘ Hydrolysis of an aqueous solution of

Fig. 2. Synthesis conditions for the NTD/zeolite nano-
composites (method 2).

temperature and vacuum system) by the Brunauer—
Emmet—Teller (BET) method from a linear branch of
the adsorption isotherm in the area of equilibrium rel-
ative pressures of nitrogen (0.05—0.30 P/P,) [33]. The
isotherms obtained for nonporous standard samples of
aluminum oxide (0.5 m?/g and 105 m?/g under num-
bers 2003 and 2005, respectively, Quantachrome
Instruments) were used as standard. The surface area
of micropores (Sicropores m?/g), defined as the total
surface area of all deep cracks, crinkles, and pores
opened to the surface, and the external surface area of
particles (S,yerma, M2/g), defined as the total surface
area of all particles in the nanocomposites with reck-
oning their roughness, were determined from the
t-diagram (dependence of the adsorbed gas volume on
the adsorptive film thickness, t) [34].

The adsorption properties of the studied samples
were measured in an aqueous solution with a phos-
phorus concentration of 10 mg/L, prepared from the
standard P(V) solution (aqueous solution of ortho-
phosphoric acid), at pH = 5.4, a solution volume of
5mL, an exposure time of 180 min, and a solution
temperature of 20°C. The concentration of P(V) in
solutions after the sorption (Cy;,,) was measured by the
method of atomic emission spectrometry with the
inductively coupled plasma (ICPE-9000 Shimadzu,
Japan). The P(V) sorption degree (Rp(y,, %) was calcu-
lated by the following formula: Rp,, = 100[1 —
(Cin)/(Cinin], %. The standard deviation is 2%.

RESULTS AND DISCUSSION
Synthesis and Characterization

Method 1. The diffractograms of the initial samples
with NTD are shown in Figs. 3a and 3b. Hombifine N
contains anatase (JCPDS no. 46-1238, diffraction
peaks at 20 of ~25°, ~38°, and ~48°, Fig. 3a). The

Nos. 9—-10 2016
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Fig. 3. Diffractograms of initial samples with the (a) Hombifine N and (b) n-phase NTDs and microphotographs of the (c) Hom-

bifine N and (d) n-phase microstructures.

observed reflexes at 20 of ~5° and ~33° on the diffrac-
togram of the sample with the n-phase obtained by the
sulfate method [6, 35] (Fig. 3b) are typical for this
phase, while the reflexes at 20 of ~25° and ~48° corre-
spond to anatase. The n-phase nanoparticles have the
formula TiO, _, - nH,0 with a superstructure to the

anatase structure; traces of TiO,_,, OH™, SOi_

(HSO,), and water are present on their surface [36].
In accordance with the diffraction reflex at 26 of ~38°,
the sample with the m-phase (Fig. 3b) comprised of
two phases [6], while the performed quantitative anal-
ysis indicates the mixture of anatase (~30%) and
the n-phase (~70%).

According to the SEM data, the particle sizes for
Hombifine N (Nggy ~ 10—80 nm) (Fig. 3c and Table 1)
are less than for the n-phase (Nggy ~ 100—250 nm at
Nsemminy ~ 10 nm) (Fig. 3d and Table 1), and the sizes of
crystallites, on the contrary, are larger (D = 8.3(4) nm
for Hombifine N, and D = 4.0(2) nm for the n-phase).
As is seen from Figs. 3¢ and 3d, the structure of NTD
shows a fractal nature; i.e, the larger formations are
composed of smaller particles. Thus, particles in the
sample with the mn-phase tend to form associates
(Fig. 3d).

Based on the analysis and calculation of the dif-
fractograms of the NTD/zeolite nanocomposites
(Figs. 4b—9b), it is found that anatase in the samples

NANOTECHNOLOGIES IN RUSSIA  Vol. 11

Nos. 9—10

with Hombifine N is present in the nanosized form,
and its content corresponds to the batch concentration
(~75%). The amorphous mM-phase is detected on the
diffractograms of the m-phase/zeolite nanocompos-
ites with Beta (25) (Fig. 4c) and ZSM-5 (300) (Fig. 7c)
prepared by applying MWT. NTD is not observed on
the diffractograms of the m-phase/MOR nanocom-
posite prepared by the UST and MWT methods
(Figs. 8c, 8d), but this does not exclude different types
of interactions of NTD with the MOR zeolite upon the
formation of the nanocomposite. NTD in the remain-
ing nanocomposites is present in the amorphous form,
as is indicated by the characteristic halo at 20 of ~25°.

To analyze the influence of the application of UST
and MWT during the synthesis of nanocomposites,
diffractograms of the m-phase/ZSM-5 (40) and n-
phase/MOR nanocomposites prepared with the use of
MWT (Figs. 6¢ and 8c) and UST (Figs. 6d and 8d) are
obtained. On the diffractogram of the n-phase/ZSM-5
(40) nanocomposite prepared with the use of MWT,
the weak diffraction peaks of zeolite at 26 of ~27° and
~33° are present, which are absent in the sample pre-
pared with UST (Fig. 6d), and amorphous halo of
NTD is observed in both cases. The diffractograms of
the n-phase/MOR samples prepared with the use of
MWT and UST do not differ basically, except for small
increases in the intensity of some peaks of zeolite at 20
of ~26°, ~27° and ~31°, in the case of MWT (Fig. 8c)
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Fig. 4. Diffractograms of the (@) Beta(25) zeolite and (b)
Hombifine N/Beta(25) (MWT), (c) n-phase/Beta(25)
(MWT, method 1), and (d) NTD/Beta(25) (method 2)
nanocomposites.
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Fig. 6. Diffractograms of the () initial ZSM-5 (40) zeolite
and (b) Hombifine N/ZSM-5 (40) (UST, method 1), (c)
N-phase/ZSM-5 (40) (MWT, method 1), (d) n-phase/ZSM-5
(40) (UST, method 1), and (¢) NTD/ZSM-5 (40)
(method 2) nanocomposites.

as compared to the sample prepared with the use of
UST (Fig. 8d). These facts indicate a stronger influ-
ence of UST on the homogeneity of the formed prod-
uct.

The morphology of the n-phase/zeolite nanocom-
posites is characterized by the spherical form of parti-
cles (Fig. 12), with the exception of the n-phase/MOR
(UST) nanocomposite, in which the faceted forms
inherent to the initial zeolite are observed along with
spherical particles (Nggy < 100 nm with Ngpymin) ~
20 nm, Fig. 12n) of sizes less than the sizes of particles
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1, rel. u.
T
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20, deg

Fig. 5. Diffractograms of the (a) initial ZSM-5 (12) zeolite
and (b) Hombifine N/ZSM-5 (12) (MWT, method 1),
(c) n-phase/ZSM-5 (12) (MWT, method 1), and
(d) NTD/ZSM-5 (12) (method 2) nanocomposites.

10 20 30 40 50
20, deg

Fig. 7. Diffractograms of the (@) initial ZSM-5 (300) zeo-
lite and (b) Hombifine N/ZSM-5 (300) (MWT, method 1),
(¢) m-phase/ZSM-5 (300) (MWT, method 1), and
(d) NTD/ZSM-5 (300) (method 2) nanocomposites.

in the initial sample with the n-phase (Table 1, Nggy ~
100 to 250 nm). It should be noted that this is the only
nanocomposite for which the reaction between its ini-
tial components (n-phase and MOR zeolite) is sup-
posed (Fig. 8c). The morphology of the nanocompos-
ites prepared by using MWT from the mn-phase and
ZSM-5 (12) (Fig. 12e, NTD content is 32 to 33 wt %
according to X-ray spectral microanalysis) and Y
(Fig. 12q, NTD content is about 38 wt %) zeolites is
presented by spheres (Ngg,, < 250 nm) connected by
isthmuses, unlike to the initial zeolites with mainly
faceted forms (Table 2; Figs. 12d, 12p). Spherical for-
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Fig. 8. Diffractograms of (a) the initial MOR zeolite and
(b) Hombifine N/MOR (UST, method 1), (c) n-phase/MOR
(MWT, method 1), (d) n-phase/MOR (UST, method 1),
and (¢) NTD/MOR (method 2) nanocomposites.

mations are revealed also in the photographs of the
microstructures of the m-phase/Beta (25) (Fig. 12b,
NTD content is from 24 to 61 wt % according to X-ray
spectral microanalysis) and m-phase/ZSM-5 (300)
(Fig. 12k, NTD content is 3.4 to 34.1 wt % according
to X-ray spectral microanalysis) nanocomposites pre-
pared using MWT, with Nggy < 100 nm and Nggy £
300 nm, respectively. However, their morphology sig-
nificantly differs from the morphology of the initial
zeolites, which have fractal spherical formations in the
case of the Beta (25) zeolite, and both spherical parti-
cles and separate faceted prisms in the case of the
ZSM-5 (300) zeolite (Table 2). Like in the initial zeo-
lite (Table 1), fractal spherical formations with Nggy, in
the range from 150 to 1000 nm and smaller particles
(£150 nm) are visible in the photograph of the micro-
structure of the m-phase/ZSM-5 (40) (UST) nano-
composite (Fig. 12h). The smallest particles in the
nanocomposites of the n-phase with the ZSM-5 (12),
ZSM-5 (40), and Beta (25) zeolites have the size,
Nsemminy ~ 20 nm.

As shown by the example of the Hombifine
N/ZSM-5 (12) nanocomposites (Figs. 10a, 10c, 10d),
the use of either UST or MWT in the intermediate
stage of the synthesis (Fig. 1) exerts the same influ-
ence on the mean size of anatase crystallites (D =
8.5(7) nm without treatment, D = 7.7(7) nm with
UST, and D = 7.6(6) nm with MWT), which become
smaller as compared to initial Hombifine N (D =
8.3(4) nm, Table 1). According to the SEM data
(Fig. 10), the elements of the microstructure of the
Hombifine N/ZSM-5 (12) nanocomposite sample
prepared without any treatment (Fig. 10e) are mainly
presented by faceted forms and small amounts of
spheres with a size of <350 nm, like in the initial zeo-
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Fig. 9. Diffractograms of the (a) initial Y zeolite and
(b) Hombifine N/Y (MWT, method 1), (¢) n-phase/Y
(MWT, method 1), and (d) NTD/Y (method 2) nanocom-
posites.

lite (Fig. 12d); however, the latter contains spherical
particles of smaller sizes (<200 nm), and these sizes
are even smaller (<80 nm) in the initial NTD
(Table 1). The above indicates the association of small
particles into large aggregates in the Hombifine
N/ZSM-5 (12) nanocomposite. A similar situation is
observed upon using UST (Fig. 10c) or MWT
(Fig. 10a) in the intermediate stage of the synthesis;
namely, small spherical particles with a size of
<100 nm (UST) and <50 nm (MWT) are combined
into large particles with a size of <1100 nm (UST,
Fig. 10c) and <1250 nm (fractal formations are formed
with MWT, Fig. 10a) with the preservation of a small
number of faceted forms resembling the particles in
the initial ZSM-5 (12) zeolite (MWT, Table 2).

The above statement is confirmed using the exam-
ple of the application of different kinds of treatments
upon the synthesis of the n-phase/ZSM-5 (12) nano-
composites; specifically, the content of spherical par-
ticles (<100 nm) in the n-phase/ZSM-5 (12) samples
after using UST in the intermediate stage of the
(Fig. 10d) increases in comparison with the nanocom-
posite prepared without treatment (Fig. 10f), while
MWT gives rise to the appearance of even larger num-
ber of spheres with a size of <100 nm and to their asso-
ciation into larger formations with a size of <700 nm
(Fig. 10b).

Thus, both UST and MWT upon their use in the
intermediate stage of the synthesis reduce the size of
crystallites, increase the number of spherical forms,
and promote their association into larger formations.
To a greater extent, these phenomena are characteris-
tic for the samples with MWT in which fractal forma-
tions are formed. The use of commercial Hombifine N
as NTD increases the number of spheres in the nano-
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Fig. 10. Photographic images of the microstructures and diffractograms of the (a) Hombifine N/ZSM-5 (12) and (b)
n-phase/ZSM-5 (12) zeolite nanocomposites prepared using the microwave treatment (method 1) of the (c) Hombifine
N/ZSM-5 (12) and (d) n-phase/ZSM-5 (12) nanocomposites prepared using the ultrasound treatment and the (e) Hombifine
N/ZSM-5 (12) and (f) n-phase/ZSM-5 (12) nanocomposites prepared without treatment.

composite samples in comparison with the nanocom-
posites on the basis of the 1n-phase, both in case of the
synthesis without treatment (Figs. 10e, 10f) and with
UST (Figs. 10c, 10d) and MWT (Figs. 10a, 10b);
reduces the size of small spherical particles (<50 nm)
in the case of MWT; and leads to the formation of
larger fractions.

NANOTECHNOLOGIES IN RUSSIA  Vol. 11

An analysis of the small-angle X-ray scattering
(SAXS) curves (Fig. 11) shows that all the samples,
both initial zeolites (Fig. 11a) and nanocomposites
(Fig. 11c), are polydesperse (a Guinier zone is absent
in them). The atomic-scattering background charac-
teristic for the scattering on the polycrystalline objects
is observed on the SAXS curves of zeolites (Fig. 11a)
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Fig. 11. Small-angle scattering curves (a) of different zeolites and (c) of the ZSM-5 zeolite and the n-phase/ZSM-5 (12) (MWT,
method 1) and NTD/ZSM-5 (12) (method 2) nanocomposites; distribution curves of particles by their volume (with a
spherical guess) (b) for different zeolites and (d) for the ZSM-5 zeolite, and the n-phase/ZSM-5 (12) (MWT, method 1)
and NTD/ZSM-5 (12) (method 2) nanocomposites (<R> designates mean radii of scattering inhomogeneities, ¢ designates dis-

persions, and ¢ is the polydispersity index).

and the NTD/ZSM-5 (12) and n-phase/ZSM-5 (12)
nanocomposites (Fig. 11¢). The most narrow size dis-
tribution of particles is revealed in the ZSM-5 (300)
zeolite (Fig. 11b) and NTD/ZSM-5 (12) nanocom-
posite (Fig. 11d). For the Beta (25) and ZSM-5 (12)
zeolites, and for the m-phase/ZSM-5 (12) (MWT)
nanocomposite, smaller heterogeneities (pores) with
mean radii of 3.1, 8.2, and 7 nm are found, in addition
to the fraction with mean radii 23.2, 24.4, and
26.1 nm, respectively.

Method 2. In accordance with the diffractograms of
the NTD/zeolite nanocomposites (Figs. 4—9), in
which the NTD peaks are absent, it is supposed that
NTD reacts with zeolites in these nanocomposites
(Figs. 4d, 5d, 6e, 7d, 8¢, 9d), except for the NTD/Y
nanocomposite (Fig. 9d), in which NTD is present in
an amorphous form. It should be noted that different
kinds of interactions (at the level of microstructure

NANOTECHNOLOGIES IN RUSSIA  Vol. 11
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or/and crystalline structure) between the zeolite and
NTD are possible in the last case as well.

According to the SEM images (Fig. 12), the nano-
composite samples consist of spherical particles, with
the exception of nanocomposites with MOR
(Fig. 120, NTD content is ~10 wt % according to
X-ray spectral microanalysis) and Y (Fig. 12r, NTD
content is 13.5 to 14.5 wt % according to X-ray spectral
microanalysis), which have preserved faceted forms
typical for the initial zeolites (Table 1). At the same
time, the sizes of spherical particles in the nanocom-
posites with Beta (25) (Fig. 12¢, Ngpm < 250 nm with
NsgMm(miny ~ 35 nm, NTD content is 1.8 to 29.6 wt %),
ZSM-5 (12) (Fig. 12f, Nggy < 300 nm with Nggpyminy ~
20 nm, NTD content is up to 24.15 wt %), ZSM-5 (40)
(Fig. 12i, fractal formations with Nggy ~ 250 to
1700 nm comprised of the particles having a size from
60 to 160 nanometers with Nggyyminy ~ 25 nm, NTD
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Fig. 12. Photographic images of the microstructures of the (a) Beta(25), (d) ZSM-5 (12), (g) ZSM-5 (40), (j) ZSM-5 (300), (m)
MOR, and (p) Y zeolites, and of the (b) n-phase/Beta (25) (MWT, method 1), (c) NTD/Beta (25) (method 2), (¢) n-phase/ZSM-5
(12) (MWT, method 1), (f) NTD/ZSM-5 (12) (method 2), (h) n-phase/ZSM-5 (40) (UST, method 1), (i) NTD/ZSM-5 (40)
(method 2), (k) n-phase/ZSM-5 (300) (MWT, method 1), (1) NTD/ZSM-5 (300) (method 2), (n) n-phase/MOR (UST,
method 1), (0) NTD/MOR (method 2), (q) n-phase/Y (MWT, method 1), and (r) NTD/Y (method 2) nanocomposites.

NANOTECHNOLOGIES IN RUSSIA  Vol. 11 Nos. 9—10 2016
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Table 3. Microstructure characteristics of the NTD/zeolite nanocomposites synthesized by method 2

BET method t method
Nanocomposite
SpeT, M/ Smicropore> M/&* Sexternats M>/8**
NDT/Beta (25) 374.6 307.5 67.2
NDT/ZSM-5 (12) 3223 190.4 131.9
NDT/ZSM-5 (40) 342.7 269.4 72.9
NDT/ZSM-5 (300) 293.0 110.3 182.7
NDT/MOR 48.7 10.8 37.9
NDT/Y 552.8 380.0 172.6

*Total surface area of all deep cracks and crinkles, pores open toward the surface.

**Total surface area of all particles with reckoning their roughness.

content is 3.2 to 7.8 wt %), ZSM-5 (300) (Fig. 121,
Nsem ~ 50 to 600 nm with Nggyyminy ~ 20 nm, NTD
content is up to 16.55 wt %), MOR (Fig. 120, Nggp ~
100 to 500 nm with Nggyming ~ 25 nm), and Y
(Fig. 12r, Nggm < 300 nm with Nggpminy ~ 25 nm)
exceed the comparable sizes in the m-phase/zeolite
samples prepared by method 1 (Figs. 12n, 12q) and in
the initial sample with the n-phase (Nggy = 100 to
250 nm).

The synthesis of The NTD/ZSM-5(12) and
NTD/Y nanocomposites synthesized by method 2
show an increase in the specific surface (to a greater
extent for the NTD/ZSM-5 (12) nanocomposite)
when compared with the matrix zeolites (Table 3). The
specific surface decreases in the case of the remaining
nanocomposites, most significantly for the
NTD/MOR nanocomposite.

Adsorption Properties

Zeolites practically do not adsorb P(V), except
for Y, which has the largest specific surface area
according to our data (Table 1). The highest sorption
ability among the samples with NTD is revealed for
Hombifine N (Table 4), which has a larger specific
surface area in comparison with the initial sample with
the n-phase (Table 1).

The nanocomposites prepared by method 1 show
adsorption properties only in the case of the Hombi-
fine N/ZSM-5 (12) and Hombifine N/Y samples, and
to a significantly lower extent when compared to the
initial Hombifine N and Y zeolites (Table 4).

The nanocomposites synthesized by method 2 lead
to an essential decrease in the concentration of P(V)
ions in a standard aqueous solution; the largest value,
Rpyy = 99.48%, is reached for the NTD/MOR system
(Table 5). This is much higher than the sorption
capacity of natural zeolite modified by La(Ill) ions
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(Rpy ~ 90%) on the extraction of P(V) ions from
aqueous systems [37].

It cannot be excluded that Si/Al silica modulus (5—
12) exerts a stronger influence on the adsorption
degree of P(V) by zeolites and nanocomposites on
their basis rather than other physical and chemical
characteristics of zeolites (Table 5). This does not con-
tradict the earlier obtained results [38—42], according
to which zeolites with a low value of Si/Al (from 1 to 3)
show higher sorption capacity with reference to
Pb(1I), Cu(ll), Ni(Il), Co(Il), and Zn(II) (natural
zeolites) [38], to the Zn(II), Ni(1l), Cd(I1I), Cu(ll),
and Co (II) cations (type A zeolites) [39], Cr(III),
Ni(II), Zn(II), Cu(Il), and Cd(II) (natural zeolites)
[40], Co(II) (zeolites A and X) [41], and Cd(II) and
Zn(II) (zeolites 4A, 13X, and bentonite) [42]. Upon a
decrease in the silica modulus, the total concentration
of the Bronsted acid centers increases due to the for-
mation of protons for the conservation of the system

Table 4. Sorption degree (R, %) of initial components

Sample R, %
Hombifine N 99.64
n-Phase 98.58
Beta (25) 1.59
ZSM-5 (12) <1
ZSM-5 (40) <1
ZSM-5 (300) *
MOR <1
Y 96.56

*Sorption ability is absent; maximum allowed concentration
(MAC) of P(V) is 0.001% (R =99.999%).
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Table 5. Sorption degree of phosphorus (Rp, %) in the presence of the NTD/zeolite nanocomposites

Nanocomposite preparation method
Zeolite Method 1 Method 2
N-phase/zeolite Hombifine N/zeolite NTD/zeolite
Beta (25) * * 99.08
ZSM-5 (12) * 31.68 98.64
ZSM-5 (40) ok ok 98.95
ZSM-5 (300) * * 81.00
MOR ok ok 99.48
Y * 14.12 98.07
*Sorption ability is absent.
** Adsorption properties were not studied.
electroneutrality, and that most likely determines the CONCLUSIONS

adsorption properties of the studied zeolites and nano-
composites on their basis.

On the other hand, the specific surface of the
NTD/MOR nanocomposite is significantly decreased
in comparison with the initial MOR zeolite, which is
connected with the interaction (perhaps the adsorp-
tive interaction) of NTD with MOR subsequently
adsorbing P(V) ions. At the same time, a relationship
between the sorption degree (Rp,, %) and the total
surface area of all particles (Fig. 13, S,ema, m?/g) is
observed. Let us note that the interaction of the 1n-phase
with zeolite in the case of the synthesis of nanocom-
posites by method 1 is supposed only for the nano-
composite on the basis of MOR.

Rp, %

100 -

99.8 -
99.6 -

99.4 -
99.2
99.0
98.8
98.6
98.4
98.2
98.0

81.0

P00 S5 S |
0 20 40 60 80 100 120 140 160 180 200

Sexternals m2/ g

NDT/MOR
[ )

NDT/Beta(25)
® o NDT/ZSM-5(40)

‘NDT/ZSM—5(12)

NDT/Y
[ )

NDT/ZSM-5(300)
[ ]

Fig. 13. Dependence of the sorption degree (RP(V),%) on

the total surface area of all particles (Seyternal, m?/g) for the
NTD/zeolite nanocomposites prepared by method 2
(in situ).
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As a result of our studies, NTD/zeolite nanocom-
posites are prepared for the first time by the in situ
method and mn-phase/zeolite and Hombifine N/zeo-
lite nanocomposites with the Beta (25), ZSM-5 (12),
ZSM-5 (40), ZSM-5 (300), MOR, and Y zeolites are
obtained by the modified method of cold impregna-
tion. It is established that the physicochemical proper-
ties (composition of nanoparticles, degree of amor-
phicity, size of crystallites and naoparticles, and spe-
cific surface area) of NTD and the characteristics of
zeolites, as well as the method for the preparation of
the NTD/zeolite nanocomposites, significantly affect
the interaction of titanium dioxide nanoparticles with
zeolites. It is found that the ultrasound or microwave
treatment of the mixture of NTD and zeolite in the
intermediate stage during the synthesis of nanocom-
posites leads to a decrease in the size of crystallites, an
increase in the number of spherical formations when
compared to the samples without treatment, and their
aggregation into larger formations; however, the above
effects are revealed to a greater extent in the case of
MWT. It is demonstrated that the sizes of particles in
the nanocomposite samples prepared by method 1 are
comparable or smaller (in the case of the nanocom-
posites on the basis of MOR and Beta (25) with the
Mn-phase) than the size of initial NTD, and smaller
than the sizes of particles in the nanocomposites syn-
thesized by method 2. It is revealed that the
NTD/zeolite nanocomposites prepared by method 2
(in situ) show a high sorption capacity upon the
extraction of P(V) ions from aqueous media. The
highest degree of sorption is observed for the nano-
composite with MOR, which is determined by the
strong interaction of NTD nanoparticles responsible
for the adsorption properties with the initial zeolite.
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