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Abstract: TiO2 nanopowder has been prepared with aqueous chemical synthesis for use in agriculture.
A commercial nanopowder was taken for comparison. A comprehensive study of the phase
composition, morphology, and structure of both nanopowders was carried out using methods of X-ray
phase analysis, Raman spectroscopy, scanning electron microscopy, ultra-small-angle and small-angle
neutron scattering, and low-temperature nitrogen adsorption. A comparison of the photocatalytic
activity of these powders was carried out. Agqueous suspensions of these powders were used for the pre-
sowing treatment of white cabbage seeds. A positive effect of suspensions of both titanium dioxide
powders at a concentration of 0.3 g/l on the germination and biometric characteristics of plant seedlings
of cabbage seedlings was revealed. As a tendency, we can note the more beneficial effect of the
synthesized powder, which has a high specific surface area and porosity, is weakly crystallized in the
anatase phase, and has a three-level fractal structure. No direct effect of photocatalytic activity on the
germination and growth characteristics of plant seedlings was found.

Keywords: aqueous synthesis; co-precipitation; TiO, nanoparticle; morphology; fractal structure;
biological activity; pre-sowing seed treatment
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1. Introduction

Treating the crops and seeds with various compounds attracts much attention in the last
decades [1-9]. Such treatment can affect metabolism, plant growth, and resistance to diseases
and, therefore, bring their productivity up to a new level. Recently, the research focused on
nanosized materials, e.g., oxide nanoparticles [10-18]. TiO2 nanoparticles can be noted among
other oxides because of their photocatalytic effect [19-20]. They form active forms of oxygen,
hydroxyl groups, or H202 under UV-radiation. It is considered that generating the active
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oxygen forms is the main mechanism of the TiO2 toxicity, while the impact of the TiO2 depends
on the phase composition and nanoparticle size [18]. Still, opinions regarding the influence of
the TiO2 nanoparticles on crops are, to some degree, contradictory. Authors of the present paper
have earlier established a positive effect of the TiO2 nanoparticles on the germination of
Chinese cabbage, on the diversity and seedlings of the epiphytic microorganisms state [21]. At
the same time, the exact influence of the discrete physical characteristics of the TiO2 on the
early growth stages isn’t clarified. The present work focuses on the thoughtful research of the
physical characteristics of the TiO2 nanoparticles; specifically phase composition, morphology,
and photocatalytic properties compared with commercial TiO2 powder. Also, the efficiency of
the pre-sowing treatment of the white cabbage with TiO2 powder has been evaluated.

2. Materials and Methods

2.1. Materials.

Two samples of TiO2 powders were used in the present work. Synthetic TiO2 powder,
denoted as TiO2 (Syn), was prepared as follows. 15 ml of TiCls were added to the 300 ml of
water-cooled to the 0 °C with pH value 1 (corrected with HCI). Then 150 ml of 12.5% NHs3
solution was added dropwise into it under vigorous stirring up to pH value 12. The slurry was
filtered, washed with distilled water, and dried at 105 °C. Commercial powder, denoted as
Ti02(Com), made by Plasmotherm® company, was used as the reference.

2.2 Methods.

X-ray diffraction (XRD) and Raman spectroscopy were used for the phase analysis of
the samples. X-ray Measurements were carried out using the Bruker D8 Advance
diffractometer (CuKe-radiation) in the 26 range 10°-90° with 0.02° step and 0.3 s exposition.
Raman spectra were obtained using the equipment OPTEC-785TRS-2700 of JSC OPTEC (St.
Petersburg, Russia). The range of Raman frequency equals 200...2700 cm™; terahertz
frequency range is —200...—10 cm™ (=6.0...—0.3 THz), and 10...200 cm™* (0.3...6.0 THz). The
wavelength of laser radiation (single-mode) is 785 nm (bandwidth <100 MHz). The spectral
resolution of the system is at least 3.5 cm~L. Laser power (adjustable) is 0...100 mW.

The surface morphology of the powders was studied by scanning electron microscopy
(SEM) using Carl Zeiss N Vision 40 equipment at 1 KV accelerating voltage and magnification
up to 300 000x.

The nanopowders' texture characteristics were evaluated by the low-temperature
nitrogen adsorption method using Quantachrome Nova 1200e analyzer. The samples were
degassed at 150°C in the vacuum for 15 hours before the measurements. The specific surface
area of the samples (Ssp) was calculated with the Brunauer—Emmett—Teller (BET) model by 7
points within the range of partial pressure of nitrogen P/Po 0.07 + 0.25. Langmuir model was
used for the Ssp value evaluation in the cases of the large or negative values of the C constant
[22]. The specific pore volume was measured in the range of high partial nitrogen pressures
P/Po = 0.995. The pore size distribution was calculated by analyzing the desorption branches
of the total adsorption-desorption isotherms (in the range of nitrogen partial pressure 0.01 —
0.99) using the Barrett-Joyner-Halenda (BJH) model.

Small-angle neutron scattering (SANS) and Ultra small-angle neutron scattering
(USANS) measurements were carried out at the YuMO (IBR-2 reactor, Dubna, Russia) and
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KWS-3 (FRM-II, Garching, Germany) facilities, respectively. The YuMO setup is a time-of-
flight small-angle spectrometer [23] operating in a geometry close to a point, using two ring
He®-detectors located at sample-detector distances SD = 4 and 13 m, respectively. The flux of
thermal neutrons with wavelength A = 0.05 + 0.8 nm was formed in the collimator system so
that neutrons directed to the sample formed a beam of 14 mm in diameter with an intensity of
up to 4x107 neutrons. The range for the momentum transfer q = (4n/4)-sin(0/2) (where @ is the
scattering angle) was 0.06 — 5 nm~L. The experimental data were processed using the SAS
program [24], allowing the obtained spectrum to be normalized to an independent vanadium
scatterer and subtracting the background sample data [25].

The KWS-3 setup is a small-angle diffractometer operating with the focusing toroidal
mirror, making it possible to achieve a high resolution in the momentum transfer up to 1-10-3
nm™[26,27]. The measurements were carried out at neutron wavelength A = 1.28 nm (AA/A =
0.2) and sample-detector distance SD = 10 m, which made it possible to measure the neutron
scattering intensity in the range of momentum transfer 1.3 - 102 <q <2.3 - 102 nm™.

Scattered neutrons were registered by a two-dimensional position-sensitive scintillation
detector based on °Li (the core diameter is 8.7 cm with a spatial resolution of 0.36 x 0.39 mm?).
The raw spectra were corrected using the standard procedure [27], taking into account
scattering by the setup equipment and quartz glasses, as well as the background. The obtained
two-dimensional isotropic spectra were azimuthally averaged and brought to absolute values
by normalizing to the cross-section of incoherent Plexiglas scattering taking into account the
detector efficiency [28] and the thickness L for each of the samples. For the preliminary data
processed, the QtiKWS program was used [29].

To determine the photocatalytic activity of TiO2 nanopowders, we estimated the
amount of singlet oxygen released under ultraviolet radiation. Concerning our study, this was
especially important since active oxygen forms inhibit the growth of pathogenic flora. The
measurements were carried out on the equipment of JSC OPTEC (St. Petersburg, Russia). The
photocatalytic activity of the synthesized powder was evaluated by the efficiency of singlet
oxygen giving out compared to the standard — in our case, with the commercial TiO2 (Com)
powder manufactured by Plasmotherm®. The test setup consisted of a singlet oxygen
generator, model GSK-1, and a chemiluminescent singlet oxygen gas analyzer, model 102
[30]. Identical weighed portions (2 mg each) of titanium dioxide powder and the reference were
separately applied to porous fluoroplastic membranes, which were alternately placed in a GSK-
1 generator, where they were illuminated with a CHANSON LED matrix (P = 10 W, A = 365
nm). Air was preliminarily dried and purified from reactive oxygen species using a carbon
filter. Then the air was pumped through a membrane and supplied to a singlet oxygen gas
analyzer. Singlet oxygen was formed in the membrane upon the UV-activated photocatalyst
interaction with ordinary triplet oxygen molecules in the pumped air [30,31]. Due to the low
photocatalytic activity of the studied powders, the concentration of singlet oxygen produced
by them is not given in the usual form (ug/m®) but relative units corresponding to the
photocurrent from the chemiluminescence sensor [30].

The study of the biological activity of titanium dioxide powders was to determine their
effect on the germination energy and germination of seeds as well as on the growth
characteristics of their seedlings. White cabbage variety Penca de Povoa (kx-2558, Portugal)
from the collection of N.I. Vavilov All-Russian Institute of Plant Genetic Resources (VIR) was
used as the test subject. Presowing seed treatment was carried with aqueous suspensions of
titanium dioxide powders in concentrations of 0.3 and 3 g/l by mixing for 10 minutes. The
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seeds were then dried at room temperature in air and at 30° C for 60 minutes in an oven. Seed
drying methodic corresponded to these specified in GOST 12038 (GOST 12038-84). Cabbage
seeds were germinated in Petri dishes 10 cm in diameter on filter paper soaked in 10 ml of the
test substance’s aqueous solution.

Control seeds were germinated in distilled water. On the 3rd day, the energy of seed
germination was measured. On the 7th day — their germination (GOST 12038-84), and the
length of shoots and roots of seedlings was measured. The studies were carried out following
the International Seed Testing Association (ISTA) rules and generally accepted methods [32].
Repetition of the experiment - 400 seeds for each variant of the experiment. All experiments
were repeated three times.

3. Results and Discussion

3.1. Structure and morphology of TiO, nanopowders.

The results of X-ray phase analysis of the studied titanium dioxide powders are shown
in Figure 1. Commercial TiO2 (Com) is a well-crystallized titanium dioxide consisting of a
mixture of anatase and rutile in a ratio of approximately 1:4, respectively, while synthesized
TiO2 (Syn) is a poorly crystallized titanium dioxide in the form of anatase.

This result correlates with Raman spectroscopy data (Figure 2). Commercial
TiO2 (Com) (Figure 2 (a)) has bands typical both for rutile (241, 445, 610 cv'!) and anatase
(weak band at 516 cm™). Anatase bands at 397 and 638 cm™ are superimposed on more intense
rutile bands and appear in their asymmetry. Synthetic TiO2 (Syn) (Figure 2 (b)) has solid bands
typical for anatase (397, 516, 638 cm™).

— Rutile
—— Anatase

TiO2(com)

TiO2(synt)

Figure 1. X-ray diffraction patterns of the TiO, powders.

445 _-638
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Intensity, a.u.
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Raman shift, cm™! Raman shift, cm™

Figure 2. Raman spectra for the nanopowders: (a) commercial TiO, (Com); (b) synthesized TiO, (Syn).

Scanning electron microscopy (Figure 3) showed that well-crystallized commercial
TiO2 (Com) is a nanopowder consisting of aggregates of ~65-500 nm size, while synthesized
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TiO2 (Syn) is a nanopowder with a poorly crystallized porous structure, consisting of
aggregates of ~ 50-100 nm in size.

Figure 3. SEM images of powders: (a) commercial TiO, (Com); (b) synthesized TiO; (Syn).

Complete nitrogen adsorption-desorption isotherms for the TiO2 powders are shown in
Figure 4 (a, b). Judging by its form, the adsorption isotherm for commercial TiO2 (Com)
(Figure 4 (a)) belongs to type | according to the IUPAC classification, i.e., isotherm, which is
characteristic for microporous materials. The shape of the hysteresis loop confirms it for the
sample, which can be assigned to the H4 type typical for the microporous materials with slit
pores. Also, the hysteresis loop closes at the values of the relative pressure P/Po significantly
less than 0.3 (Figure 4 (a)), which also indicates the presence of a significant number of
micropores in the TiO2 (Com) sample.
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Figure 4. Complete nitrogen adsorption-desorption isotherms (a, b) and pore size distributions (c, d) plotted
by processing the complete nitrogen desorption isotherms using the BJH model for TiO, powders: (a, c)
commercial TiO, (Com); (b, d) synthesized TiO (Syn).

The nitrogen adsorption-desorption isotherm of the synthesized TiO2 (Syn) — Figure 4
(b), corresponds to type 1V and is characterized by vivid capillary-condensation hysteresis of
https://biointerfaceresearch.com/ 12289
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the H2 type, which indicates the presence of cylindrical mesopores with narrow constrictions
in it. The results of the analysis of the obtained isotherms using the Langmuir, Brunauer-
Emmett-Teller (BET), and Barrett-Joyner-Halenda (BJH) models are presented in Table 1 and
Figure 4 (c, d)

As can be seen from Table 1, commercial TiO2 (Com) nanopowder has a small specific
surface area Stangmuir = 5.9 + 0.2 m?g. The Langmuir model can be applied only in
monomolecular adsorption, i.e., adsorption on micropores' surface. It indicates a low porosity
of this powder and correlates with a small specific pore volume Vepo—0.99 = 3.1-10-2 cm®/g.

TiO2 (Syn) nanopowder synthesized by precipitation has a developed surface Sger =
369 + 7 m?/g (determined using the Brunauer — Emmett — Teller (BET) model with 7 points in
the range of partial nitrogen pressures P/Po = 0.07 + 0.25) and relatively large specific pore
volume Vepo—o0.99 = 2.7-10t cm/g.

Table 1. Texture parameters of the studied TiO, powders, calculated by analyzing the complete nitrogen
adsorption-desorption isotherms using the Langmuir, BET, and BJH models.

Sample SLangmuir, SgeT, m?/g V/p/Po= 0.995, dpz, NM dp2, NM
m?/g cmd/g) BJH (des) BJH (des)
Commercial TiO2 (Com) 59+0.2 - 0.031 - -
Synthetic TiO2 (Syn) - 369 +7 0.270 17 3.6

Note/ Siangmuir & Seet — specific surface area, Vp/po—0.99 — Specific pore volume; dp1, dp2 — average pore
diameter, parameters determined from the analysis of total nitrogen adsorption-desorption isotherms using the
Langmuir, BET, and BJH models, respectively.

Mathematical processing of the complete nitrogen adsorption-desorption isotherms
using the BJH model made it possible to obtain pore size distribution (Figure 4 (c, d)). As can
be seen from Figure 4 (c), commercial TiO2 (Com) powder is characterized by the presence of
the micropores without a definite maximum and by a rapidly decreasing pore distribution in
the region d> 2.5 nm, which indicates the absence of meso and macropores in this material. At
the same time, for the synthesized TiO2 (Syn) powder (Figure 4 (d)), a bimodal pore size
distribution is observed with the maximum at dp1 = 1.7 and dp2 = 3.6 nm, respectively.

To obtain complete information on the size and shape of inhomogeneities in the studied
titanium dioxide powders, the SANS and USANS methods were applied, widely used to study
the meso- and microstructure of various materials in the scale range from 1 nm to several
microns. The experimental dependencies of d2{q)/d«2 of small-angle and ultra-small-angle
neutron scattering vs. the momentum transfer g for the TiO2 powders are presented in Figure
5. The nature of the observed SANS and USANS of TiO2 samples differs depending on the
degree of their crystallization.

The scattering curve for synthesized TiO2 (Syn) can be divided into three ranges
regarding the momentum transfer g, where the behavior of the scattering cross-section
d2(q)/d£2 obeys power laws g with different values of the exponents A = ni, n2, and ns,
respectively (Fig. 5a). At the same time, in intermediate regions, as well as at small g < 0.002
nm?, the behavior of the scattering cross-section d3{(q)/d«2 is satisfactorily described by an
exponential dependence (Guinier regime).
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Figure 5. Dependences of the differential macroscopic cross-section d2'(q)/d«2 of USANS and SANS vs the
momentum transfer q for the TiO, powders: a) synthesized TiO; (Syn), b) commercial TiO, (Com). Solid
lines — fit of experimental data according to formulas (1) and (4).
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Thus, the scattering pattern observed for synthetic TiO2 (Syn) is typical for scattering at
the three-level hierarchical structure [33-36], with a different characteristic scale and type of
aggregation for each of the levels. The scattering from the first (smaller in scale) of these
structural levels observed in the region of large g > 0.25 nm™ is described by the power-law q-
" The value of the exponent n1 found from the slope of the straight-line region of the
experimental curve d2{(q)/d is n1 = 2.23 = 0.04. It is known [37] that the values of the
exponent 1 < 1 <3 correspond to scattering on objects with the mass-fractal aggregation of
inhomogeneities (clusters) with fractal dimension Dm1 = na.

Deviations from the g™ power law in the scattering cross-section dX{(q)/d<2 for
synthesized TiOz (Syn) are observed in the region of 0.09 < g <0.25 nm™* and large momentum
transfer g. At g < 0.25 nm2, this deviation is associated with entering the Guinier regime [38],
where the scattering is determined by the characteristic size Rc1 (in the case of fractal systems,
the upper self-similarity limit) of independently scattering fractal objects. From the analysis of
scattering in the Guinier regime from the slope of the curves In(d2(q)/d<2) versus g%, we can
obtain an estimate of the gyration radius Rgq1 of fractal objects and therefore their usual size Re1,

which in the case of fractal objects related by the equation R, =[(D,, +2)/ Dml]ll2 R, [39]. It

is worth mentioning that the value of the gyration radius Rq corresponds to the maximum of
the inhomogeneities size, which contributes to the observed scattering in the Guinier regime.

In the range of large momentum transfer, the scattering cross-section d2{q)/d<2 doesn’t
depend on q (i.e., becomes a constant). It is caused by the incoherent scattering by hydrogen
atoms included in the composition of a given sample is chemically bound or sorbed water.
Therefore, the observed scattering analysis and the estimation of the lower bound of self-
similarity of mass fractal clusters are not possible.

The scattering from the second structural level observed in the range of transmitted
pulses 0.01 < g < 0.09 nm™ is described by the power-law g™ with the exponent nz = 2.61 +
0.04. As in the case of the first structural level, it corresponds to scattering on objects with the
mass-fractal aggregation of inhomogeneities (aggregates) with fractal dimension Dm2 = n2. The
lower limit of self-similarity of mass-fractal aggregates of a given structural level is determined
by the characteristic size Rc1 of mass-fractal clusters of the first structural level. An estimate of
the upper limit of self-similarity of mass-fractal aggregates of the second structural level can
be obtained from the analysis of scattering in the Guinier regime in the range 0.006 < q <0.01
nm*: R, =[(D,,+2)/D,,] ‘R

The scattering from the third (largest in size) structural level observed in the range of
0.002 < g <0.006 nm is described by the power-law g™ with the exponent nz = 3.61 + 0.07.
It corresponds to the scattering by inhomogeneities (agglomerates) with a highly developed
fractal surface [40] of phase interface (solid-phase - pore), the dimension of which is
determined as Ds3 = 6 - n3 = 2.39 + 0.07. The lower boundary of self-similarity of surface-
fractal agglomerates of a given structural level is determined by the characteristic size Rc2 of
mass-fractal aggregates of the second structural level. An estimate of the upper limit of the self-
similarity of surface-fractal agglomerates of the third structural level can be obtained from the
analysis of scattering in the Guinier regime in the range 0.002 < g nm:

Ris =[(Dy +2)/ Dy, Ry,

Thus, the observed pattern of ultra-small-angle and small-angle neutron scattering by
the synthesized TiO2 (No. 8) indicates three types of scattering inhomogeneities in it, which

g2"

https://biointerfaceresearch.com/ 12292


https://doi.org/10.33263/BRIAC114.1228512300
https://biointerfaceresearch.com/

https://doi.org/10.33263/BRIAC114.1228512300

are different in characteristic scale. It is most likely that this powder consists of large-scale
agglomerates with a fractal interface, built of mass-fractal aggregates, which, in turn, consist
of mass-fractal clusters. For a general analysis of the observed scattering pattern, a unified
exponential-power expression was used, where the presence of several structural levels in the
scattering system is taken into account [41]:

2@ _ 22: (G, -exp [_ﬁJ +B, exp(— qZRg“‘l) J{ (ot (R, 16))° } )+ line 1)

dQ = 3 q

The sum (1) is determined by the number of structural levels. In general, expression (1)
determines the presence of 4 free parameters for each structural level: Gi is Guinier prefactor
for the i-th structural level; gyration radius (directly proportional to particle size); Bi — power
prefactor; ni — exponent connected to the particle aggregation type (fractal dimension of the
particle aggregates). The linc parameter is the g-independent constant caused by the incoherent
scattering by hydrogen atoms.

The scattering pattern for the commercial TiO2 (65) sample (Fig. 5b) is typical for
systems with a disordered structure consisting of randomly oriented non-spherical
(anisodiametric) objects, for example, for highly elongated (fibrils) or flattened (lamellas)
particles. This correlates with the results obtained by the SEM method (Fig. 3a) for this sample.

To describe scattering in the Guinier region, where the characteristic size Rc determines
scattering and the shape of independently scattering inhomogeneities, regardless of their local
structure, it is necessary to use the generalized expression [42]:

2p2
M:%.exp(_m)’ (2)
dQ g 3-5s

Here, the amplitude G is directly proportional to the product of the number of
inhomogeneities in the scattering volume and the square of the average density p of the
amplitude of neutron scattering on them [43]. Parameter s is determined by the shape of the
scattering inhomogeneities. For spherical objects s = 0, for one-dimensional particles (fibrils)
s = 1, for two-dimensional inhomogeneities (lamellas) s = 2. The values of the parameter s can
be not only integer but also fractional, for example if the scattering inhomogeneities have the
shape of an ellipsoid of revolution or the presence of inhomogeneities of various shapes in the
sample.

Since non-spherical objects are determined not by one, but by two (radius R and length
L in the case of fibrils) or three (thickness T, width W, and length L for lamellas) characteristic
values, the corresponding Guinier region will include two or three ranges by the momentum
transfer q. It is fully consistent with the observed experimental data for commercial TiOz (65).
As can be seen in Fig. 5b, four ranges can be distinguished on the dependence of the scattering
cross-section d2{(q)/d£2. the range corresponding to the Porod regime, where the scattering is
determined by the local structure of scattering inhomogeneities and is described by the power-
law g™ dependence, and three regions corresponding to the Guinier regimes, where scattering
is determined by the characteristic dimensions of non-spherical scattering inhomogeneities.

The value of the exponent n, determined from the slope of the straight-line section of
the experimental dependence d3{q)/d«2 in the range 0.1 < g <1 nm™, equals n = 4.24 + 0.04.
The scattering law with n > 4 is typical for porous systems with the so-called “diffuse” surface
[44]. In this case, the exponent n = 4 + 2§35, where 0 < # < 1 is the exponent value that
characterizes the change of the nuclear density p in the surface layer of inhomogeneities [44].
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If we assume that the inhomogeneities have a smooth surface, then the nuclear density p will
depend only on the distance x from a point on the surface. Thus, the nuclear density p(x) can
be represented as:

p(x)=0
P(X) = p, (X! a)? 0<x<a (3)
p(X) = p, X<a,

where o is the width of the transition ("diffuse") layer, in which the nuclear density p increases,
respectively, from zero to po. The appearance of such a layer is observed for porous systems
(xerogels, nanopowders, aerogels), for example, under the high-temperature annealing [45,46]
or as a result of diffuse mixing of chemical elements in the surface layer during alloying.

In the range of large momentum transfer g > 1 nm™, the scattering cross-section
d21(q)/d£2 ceases to depend on g and corresponds to incoherent scattering by inhomogeneities
of the size comparable with neutron wavelength A used in this experiment.

Thus, to analyze the d 2{q)/d<£2curve for commercial TiO2 (65), we used the generalized
empirical Guinier-Porod model [42]:

%263' X (—@) pu q < 0,

% - c?_Si.exp(— gz_Riz) pu gz < q < g,

dig): ;3; -exp(—ZZ_Rngll) mpH G2 < 4 < g, (4)
djg): anll + 1, Ipu > Q1.

Here, (3 — s2) and (3 — s1) are ‘dimensionality’ parameters; Rg1, Rg2 and Rg3 are the
characteristic sizes of non-spherical scattering inhomogeneities (Rg1 < Rg2 < Rg3). For lamellas
with thickness T, width W and length L: Rgs = (L%/12 + W12 + T%/12)2, Rgz = (W?/12 +
T2/12)Y2 and Rgx = T/12Y2. Gs, G2, and G1 are the Guinier coefficients [38,42]; B: is the
coefficient depending on the local structure of scattering inhomogeneities [47]; linc IS a constant
caused by the incoherent scattering by hydrogen atoms.

Table 2. Parameters of meso- and microstructure for the synthesized TiO, (Syn) powder obtained from the
analysis of USANS and SANS data.

Structural level Gi, cm Rei, nm ‘ B_|l'103,_n ‘ Ds =6 - ni ‘ Dm = ni
cm—-nm

USANS

3rd | 886002200 | 1940+180 | 0.004+0.001 | 239%0.07 |

USANS + SANS

2nd | 3140430 | 654%46 |  26+08 | - | 261004
SANS

1st | 34x02 | 14+1 ] 5742 ] - | 223004

Note: Gi — the Guinier coefficient for the i-th structural level; R¢i — upper limit of the self-similarity of fractal for
the i-th structural level; B;— power prefactor for the i-th structural level; Dy, — mass fractal dimension; Ds —
surface fractal dimension.

https://biointerfaceresearch.com/ 12294


https://doi.org/10.33263/BRIAC114.1228512300
https://biointerfaceresearch.com/

https://doi.org/10.33263/BRIAC114.1228512300

To obtain final results using expressions (1) and (4), the experimental dependences of
the differential scattering cross-section d2{(q)/d<2 were processed by the least-squares method
in the entire range. The results of this analysis are presented in Fig. 5 a, b, and in Tables 2 and
3.

Complex analysis (SEM, USANS, SANS data, and low-temperature nitrogen
adsorption) shows that the commercial TiO2 (Com) powder is formed by weakly porous large-
scale aggregates (Stangmuir * 6 m?/g) with an anisodiametric shape close to a parallelepiped,
with a thickness of T ~ 30 nm, a width of W =160 nm, and a length of L = 1 um, respectively,
possessing a "diffuse™ surface.

Table 3. Parameters of meso- and microstructure for commercial TiO, (Com) powder obtained from the
analysis of USANS and SANS data.
B-10°,

Gi, cm ‘ Si ‘ Rgi, nm ‘ emLnmmen n=4+28
Low-q Guinier region
817500 + 25000 | 0 | 790+50 | - |
Intermadiate-q Guinier region
13323 | 161+003 | 463%57 | - |
High-q Guinier region
13+0.1 | 210%002 | 81%03 | - |
Porod region
| - \ - | 46202 | 4.24%004

Note: G; — the Guinier coefficients; si — ‘dimensionality” parameters; Rq — the characteristic sizes of non-
spherical scattering inhomogeneities; B — the coefficient depending on the local structure of scattering
inhomogeneities; n — the exponent.

The synthesized TiO2 (Syn) powder has a highly porous (Seet ~ 370 m?/g) three-level
hierarchical structure. At the first structural level, the structure is made of mass-fractal clusters
with a dimension Dm = 2.35 + 0.04 and a characteristic size (along the upper self-similarity
boundary) Re1 ~ 14 nm. These clusters at the second structural level form the denser mass-
fractal aggregates with a dimension Dm = 2.61 £ 0.04 and a characteristic size (along with the
upper self-similarity limit) Re2 ~ 150 nm. They, in turn, at the third structural level form large-
scale agglomerates with a fractal surface (solid-phase - pore) with a dimension Ds = 2.39 £
0.07 and a characteristic size (along the upper self-similarity boundary) Rez ~ 1.9 pm.

3.2. Photocatalytic activity of TiO, powders.

The study of the titanium dioxide powders' photocatalytic activity showed that the
highest and most stable activity is possessed by a well-crystallized commercial TiO2 (Com)
powder. After 6 days of exposure of this sample to UV radiation, the singlet oxygen release
activity was 20 times higher than synthesized TiO2 (Syn) powder. The data obtained can be
explained by the presence of well-crystallized TiO2 phases in the sample with more active
photocatalytic properties. The synthesized TiO2 nanopowder (Syn) that has not undergone
high-temperature treatment is poorly crystallized.

3.3 Biological activity of the studied TiO, nanopowders.

Table 4 presents the data regarding the effect of pre-sowing treatment of white cabbage
(Penca de Povoa) seeds with aqueous suspensions of the studied TiO2 powders on the
germination energy, germination, and biometric parameters of their seedling's growth.
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Treatment of seeds with titanium dioxide suspensions has an ambiguous effect on their
germination energy and germination capacity.

Analysis of the data indicates that in all variants of processing white cabbage seeds with
the TiO2 suspensions, there is significant stimulation of the sprouts’ growth (by 23-36%) and
roots growth (by 13-55%), while there is no significant difference in terms of germination
energy and germination plant seeds in comparison with the control. It should be noted of a
tendency that the germination rate exceeds the control values in the variants of seed treatment
with suspensions of 0.3 g/l of synthesized TiO2 (Syn) (by 13%) or 0.3 g/l of commercial TiO2
(Com) (by 8%). With an increase in titanium dioxide powders' concentration up to 3 g/l, no
tendency to stimulate seed germination is observed.

Table 4. Biological activity of the TiO, suspensions towards white cabbage variety Penca de Povoa

seeds.
Germination energy Germination Sprout length Root length
Suspension % of % of % of % of
% % cm cm
control control control control
Water + 0 g/l TiO; 84 100 | 80 | 100 | 22:02 | 100 | 4,0£04 | 100
(control)
Water + 0,3 o/ 75 89 86 | 108 | 27+¢02* | 123* |53+05% | 133
TiO2 (Com)
Water + 391TIO, | 45 89 | 78 | 98 | 28202 | 127* |52¢04% | 130%
(Com)
Water + 0.3 g/l 88 105 90 | 113 | 3,0£02* | 136* |62:05% | 155
TiO2 (Syn)
Water (*Sir%/ I TiO, 80 95 77 | 96 | 29:02% | 132* | 45:04 | 113

Note: * - the value significantly differs from the control at a 5% significance level.

The highest values of growth for both roots and sprouts of white cabbage variety Penca
de Povoa were detected in the variant of seed treatment with a suspension with 0.3 g/l of
synthesized TiO2 (Syn). An increase in the concentration of the TiO2 (Syn) suspensions up to
3 g/l mainly leads to a decrease in the stimulating effect.

Thus, the synthesized TiO2 (Syn) powder has a better biological activity regarding the
seeds of white cabbage (Penca de Povoa) in comparison with commercial TiO2 (Com). Such a
result can be explained by the fact that the synthesized titanium dioxide TiO2 (Syn) has an
amorphous structure and consists of inhomogeneities 10-20 nm in size, and therefore it can be
dispersed in water evenly, partially dissolving. This, in turn, contributes to the distribution of
TiO2 not only over the surface of the seeds but also provides penetration deeper into the surface
layer. The influence of photocatalytic activity on the studied parameters of seeds is not
explicitly observed. It may have manifested itself in a decrease in parameters, especially the
germination energy of seeds treated in suspensions with commercial TiO2 (Com), although this
may also be related to the effect of a large amount of rutile phase in this powder. Further
research is needed for a solid conclusion.

4. Conclusions

TiO2 nanopowder has been prepared with aqueous chemical synthesis for use in
agriculture. A commercial nanopowder was taken for comparison. A comprehensive study of
the phase composition, morphology, and structure of titanium dioxide powders was carried out
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using XRD, Raman spectroscopy, SEM, low-temperature nitrogen adsorption, and SANS
methods. It was found that the commercial TiO2 powder produced by Plasmotherm® (Russia)
is a mixture of anatase and rutile in the weight ratio of 1:4, in the form of weakly porous large-
scale aggregates (Sangmuir * 6 m?/g) with an anisodiametric shape close to a parallelepiped with
a thickness 30 nm, a width 160 nm, and a length 1 um, respectively, possessing a "diffuse"
surface.

The synthesized TiO2powder has a highly porous (Seer ~ 370 m?/g) three-level
hierarchical structure. At the first structural level, the structure is made of mass-fractal clusters
with a characteristic size (along the upper self-similarity boundary) Rc ~ 14 nm. At the second
structural level, these clusters form the denser mass-fractal aggregates with a characteristic size
(along with the upper self-similarity limit) Rc = 150 nm. They, in turn, at the third structural
level form large-scale agglomerates with a fractal surface (solid-phase - pore) with a
characteristic size (along the upper self-similarity boundary) Rc ~ 1.9 um.

In terms of the amount of singlet oxygen released under the action of UV radiation, the
photocatalytic activity of well-crystallized commercial TiO2 (anatase/rutile = 1/4) is 20 times
higher than that of poorly crystallized anatase synthesized by precipitation from an aqueous
solution.

A direct correlation was revealed between the structure and biological activity of the
studied TiO2 nanopowders regarding the seeds of white cabbage (Penca de Povoa). It was found
that the synthesized TiO2 used for pre-sowing seed treatment in the form of an aqueous
suspension with a concentration of 0.3 g/l showed higher biological activity, which manifested
itself in a significant or in the form of a tendency to stimulate the germination and biometric
characteristics of plants’ growth at the early stages of their development. An increase in the
concentration of titanium dioxide powders to 3 g/l generally leads to a decrease in seeds' studied
characteristics. At the same time, no direct correlation between the photocatalytic and
biological activity of TiO2 with respect to seeds was revealed in this study; this requires
additional research.
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