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Abstract—The influence of the structure, phase composition, textural and colloidal properties of magnetic
iron oxides nanoparticles in the form of aqueous suspensions with a concentration of 0.001 and 0.01 mg/L on
the growth, productivity of tomatoes and quality of its fruits after their foliar processing was shown. It was
found that the maximum positive effect was observed during foliar treatment of tomato plants with aqueous
suspensions of iron oxide samples with specific surface area (~52 and ~75 m?/g), two-level hierarchical struc-
ture, hydrodynamic diameters (~150 and ~180 nm) in stable aqueous suspensions (the absolute value of the

{-potential is = 30 mV).
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INTRODUCTION

In the last decade, iron oxide nanoparticles have
been applied in many fields of science, including med-
icine and biology [1—3], where they are especially in
demand due to their unique properties, such as bio-
compatibility, bioinertness, and superparamagnetism.
It is known that iron is an essential microelement for
the metabolism of most living objects, because the
process of respiration and saturation of all cells of a liv-
ing organism with oxygen is carried out due to it.
These nanoparticles have entered the sphere of agri-
cultural interests relatively recently [4—6], so the study
of the interaction of iron oxide nanoparticles with a
number of important agricultural crops is an urgent
task of modern science at the intersection of chemistry
and biology.

The purpose of present work is to describe the syn-
thesis of iron oxide magnetic nanoparticles of various
phase composition, structure and morphology, to
study their properties and evaluate their effect on plant
growth and development using the example of a
tomato, its productivity and quality characteristics of
fruits.

EXPERIMENTAL

Magnetic nanoparticles of iron oxides were synthe-
sized by coprecipitation from aqueous solutions of
iron(II) and iron(III) chlorides [7]. An aqueous solu-
tion of ammonium hydroxide acted as a precipitant. In
order to study the effect of synthesis conditions on the
phase composition, structure, morphology, texture,
porosity and magnetic properties of iron oxides, the
synthesis was carried out under various conditions,
such as ultrasonic treatment (sample no. 87), long-term
keeping of the precipitate in the mother liquor (sample
no. 24), bubbling with argon (sample no. 17) and using
oleic acid as a surfactant (sample no. 6).

The characterization of the obtained nanoparticles
of iron oxides was carried out using XRD, TEM, low-
temperature nitrogen adsorption, dynamic and elec-
trophoretic light scattering, small angle polarized neu-
tron scattering (SAPNS) and the method of nuclear
magnetic resonance in a flowing liquid (nutation
method).

X-ray powder diffraction (XRD) was used for
phase identification. Measurements were carried out
using Rigaku MiniFlex II diffractometer (CoK, radia-
tion, graphite monochromator, 26 range 20—80 deg
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with a step of 0.05 and speed equal to 5 deg/min).
Coherent Scattering Domain (CSD) length was calcu-
lated using 311 reflex with Debye—Scherrer formula.

The internal structure and shape of the nanoparti-
cles were studied using high-resolution transmission
electron microscopy (TEM) performed using a ZEISS
Libra 120 transmission electron microscope.

The dynamic and electrophoretic light scattering
method was used in order to determine the {-potential
and hydrodynamic size of the particles in water. The
measurements were performed using 90 Zeta Nano-
Brook analyzer using the 0.1 g/L water ultrasonicated
suspensions.

Measurements of the specific surface area of nano-
powders were performed by low-temperature nitrogen
adsorption using a QuantaChrome Nova 1200e ana-
lyzer. The samples were degassed at 150°C in a vacuum
for 17 h prior to analysis. Based on the data obtained,
the specific surface area SBET was calculated for the
samples using the Brunauer—Emmett—Teller model
(BET) and the seven points method within the relative
pressure range of P/P, = 0.07—0.25 (where P, is the
saturation pressure). The calculation of the pore size
distribution was carried out on the basis of nitrogen
isotherms using the Barrett—Joyner—Halenda (BJH)
method.

The mesostructure, including the magnetic sub-
structure of iron oxide powders, was studied by the
SAPNS method, which allows the separation of
nuclear and magnetic contributions to the observed
small-angle neutron scattering. SAPNS measure-
ments were carried out at the KWS-1 facility (FRM-II
reactor, Garching, Germany). The KWS-1 installa-
tion is a classic small-angle diffractometer operating in
a geometry close to a point. The experiment used a
beam of polarized neutrons with an initial polarization
of P, = 0.95 and a wavelength of A = 0.5 nm with
AL/A = 0.1. The sample-detector distance SD = 8 m
made it possible to measure the neutron scattering
intensity in the range for the momentum transfer
0.08 < g = (4mt/A) sin(6/2) < 1 nm~! (where 0 is the
scattering angle). Scattered neutrons were recorded by
a two-dimensional scintillation position-sensitive
detector based on °Li (128 x 128 cells with a spatial
resolution of 5 X 5 mm?).

Measurement of the magnetic properties of the
powder was carried out by the method of nuclear mag-
netic resonance in a flowing liquid (nutation method)
[8]. In series of vegetation experiments during grow-
ing plants under favorable controlled conditions of
intensive light culture, the effect of foliar treating
tomato plants with suspensions of iron oxide nanopar-
ticles at concentrations of 0.001 and 0.01 mg/L on
growth, plant productivity and product quality char-
acteristics was evaluated. The objects of the study were
the plants of the dwarf tomato variety Natasha bred by
the Federal Scientific Center for Vegetable Growing.
The plants were grown in plant growing light equip-
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ment [9, 10] with lifting light blocks located on a hor-
izontal axis. High-pressure sodium lamps DNaZ-400
(Russia) were used as a light source, with the forma-
tion of irradiation in the usable area in the PAR (pho-
tosynthetically active radiation) range of 80—90 W/m?.
The duration of the light period was 16 h/day. Tomato
plants were grown using thin-layer panoponics
method with [11] the provision of nutrient solutions
developed by the Agrophysical Research Institute. The
air temperature was maintained within 22—24°C
during the day and 18—20°C at night, relative air
humidity 65—75%. The density of the cenosis was
formed based on 1 m? of useful area of the plant grow-
ing light equipment: 20 plants. The repetition of plants
in the experiment variant was 10. Vegetation experi-
ments were repeated twice. Tomato plants were not
formed, leaving all stepchildren on the stems. Foliar
treatment of plants with aqueous suspensions was car-
ried out three times during the formation of the 3rd,
5th, and 7th true leaves. Plants treated with water
served as control. The collection of tomato fruits was
carried out at the onset of consumer ripeness. Com-
plete harvesting of plants was carried out on the 95th
day. When harvesting, the number and weight of fruits
of all collections, plant height, number of stems, wet
and dry weight of leaves, stems and roots, percentage
of dry matter, leaf surface area were taken into account
[12]. Statistical data processing was performed using
Excel 2010 and Statistica 8 software (Stat-Soft, USA).
The average values of the studied parameters, confi-
dence intervals, coefficients of variation were deter-
mined. The significance of differences between the
variants was assessed by parametric (Student’s 7-test).
Differences between the variants were considered sig-
nificant at p <0.05.

RESULTS AND DISCUSSION

The results obtained (Table 1) show that in all cases
of synthesis, magnetic nanopowders of iron oxides
were obtained. They possess phase composition of a
solid solution of the magnetite-maghemite series with
a different ratio of atoms of 2- and 3-valent iron, as
evidenced by the values of the parameters of elemental
cells (a) [13]. Also, the obtained nanopowders consist
of particles of various sizes and shapes (from ~10 to
~20 nm), which is confirmed by the results of calculat-
ing the coherent scattering domains (CSD) lengths
and the results of transmission electron microscopy
(Fig. 1). The obtained materials have a sufficiently devel-
oped specific surface area (from ~52 to ~88 m?/g). The
results obtained by the method of small-angle scatter-
ing of polarized neutrons showed that the sample
obtained using argon bubbling (no. 17) and the powder
obtained by a similar method, but using oleic acid (no. 6),
have a two-level hierarchical fractal structure, with a
different characteristic scale of nuclear R, and mag-
netic R, correlations as well as the type of fractal
aggregation for each of the levels (Table 2). At the
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Table 1. Characteristics of the synthesized iron oxide nanopowders

S69

Sample a, A Dcsp, nm Spers MY/g | M g, rem, A m?/kg D, nm ¢, mV
87 8.341(4) 13.8 809t 14 0.47 600 16 £4
17 8.355(4) 18.6 517+ 1.1 1.06 155 303
6 8.359(4) 11.5 75.0 £ 11.0 - 180 —30=x4
24 8.367(3) 13.4 875t 1.6 0.28 330 213

a, unit cell parameter; Dcgp, coherent scattering domain length; Sggr, specific surface area; M, ., specific remanence; D, hydrody-

namic diameter; {, zeta potential.

Table 2. Parameters of the nuclear and magnetic structure of the iron oxide nanopowders obtained using argon bubbling

Sample Dy, R, nm Ry, nm Dyp Rey (Ryp) nm
17 2.03+0.05 6.8+ 1.3 112+ 1.2 2.33+0.02 >45
6 2.55 % 0.06 5.7+0.4 4.7+0.5 2.41 £0.02

Dg, dimension of the surface fractal of the 1st structural level; R, the upper limit of self-similarity of the surface fractal of the Ist
structural level; R, characteristic radius of the magnetic correlations of the Ist structural level; Dyy,, dimension of the mass fractal of
the 2-nd structural level; R, the upper limit of self-similarity of the mass fractal of the 2nd structural level; R, ,, characteristic radius of

the magnetic correlations of the 2nd structural level.

same time, samples obtained under ultrasonic treat-
ment (no. 87) and with prolonged exposure of the pre-
cipitate in the mother liquor (no. 24) consist of ran-
domly oriented non-spherical magnetic inhomogene-
ities of the fibrillar type (Table 3). The study of the
magnetic properties of the obtained nanopowders
showed that all samples are magnetically soft materi-
als, however, the sample no. 17 has the highest rema-
nent magnetization (1.06 A m?/kg), alongside with the
smallest value of the specific surface area, the highest
CSD length and characteristic radius R,,; of the mag-
netic correlations and also characterized by a two-level
hierarchical organization of the structure.

Based on the synthesized magnetic nanoparticles
of iron oxides, aqueous suspensions with a concentra-
tion of 0.001 and 0.01 mg/L were created, in which
colloidal properties ({-potential and hydrodynamic
diameter) were studied by dynamic and electropho-
retic light scattering. Samples synthesized by bubbling
with argon (no. 17) and using oleic acid (no. 6) had the
smallest hydrodynamic diameters in aqueous suspen-
sions, ~150 and ~180 nm, respectively, and formed

Table 3. Parameters of the nuclear and magnetic structure
of the iron oxide nanopowders obtained under ultrasonic
treatment

Sample Dg R, nm R, nm
87 2.05+0.05 4.7%0.5 6.0 £0.7
24 2.30 +0.06 5.9+0.7 6.7 £0.7

Dg;, dimension of the surface fractal of the non-spherical inho-
mogeneities of the fibrillar type; R, radius of the non-spherical
inhomogeneities of the fibrillar type, R, characteristic radius of
the magnetic correlations of the non-spherical inhomogeneities of
the fibrillar type.

stable aqueous suspensions, which was confirmed by
absolute the value of {-potentials equal to 30 mV. At
the same time, the sample synthesized using oleic acid
had a negative value of the {-potential in an aqueous
medium, in contrast to other samples.

The resulting aqueous suspensions at predeter-
mined plant-friendly concentrations of 0.001 and
0.01 mg/L were used for foliar treatment of tomato
plants.

Fig. 1. TEM images of the iron oxide nanoparticles: (a) sample no. 24; (b) sample no. 87; (c¢) sample no. 17; (d) sample no. 6.
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Fig. 2. Influence of foliar treatment of tomato plants with suspensions of iron oxide nanoparticles of various compositions on its

productivity and leaf surface area.

In the treated tomato plants, a trend or a significant
increase in the number (by 11—-48%) and weight of
fruits (by 35—89%) was noted in all the studied vari-
ants of the experiment (Fig. 2 and Table 4).

The increase in the productivity of tomato plants
under the influence of the test substances is due to an
increase in the area of the assimilating surface of the

leaves, the mass of root systems, and, consequently,
the total area of absorption of nutrients, as well as due
to the accumulation and redistribution of nutrients
and plastic substances into the generative organs.
Thus, in the variants with foliar treatment with the test
substances, a trend or a significant increase in the leaf
surface area (by 10—76%) was noted in comparison
with the control (Fig. 2 and Table 4). There was also an

Table 4. The effect of foliar tomato treatment with suspensions of iron oxide nanoparticles of various compositions on plant

productivity and leaf surface area

Aqueous suspension of the Number of fruits/plant Fruit weight/plant Leaf area
substance PCS % of control g % of control | m?/plant | % of control
0 (control) 17.8 £ 3.2 100 220 £ 28 100 0.21 £0.02 100
no. 17 33.6¥+ 4.1 189* 311* £ 19 141* 0.22 £0.02 105
0.001 mg/L
no. 17 27.2%+ 6.1 153* 269* + 20 122% 0.23+0.02 110
0.01 mg/L
no. 6 31.6¥+ 6.3 177* 325% + 49 148* 0.24 £ 0.03 114
0.001 mg/L
no. 6 29.2*+ 6.3 164* 286* £ 37 130%* 0.28* + 0.03 133*
0.01 mg/L
no. 24 26.0*£5.9 146* 249* £ 45 113 0.37* £ 0.04 176*
0.001 mg/L
no. 24 26.0%* £ 2.7 146* 268* £ 19 122%* 0.23+£0.02 110
0.01 mg/L
no. 87 31.8% + 6.8 179* 274* £ 26 125% 0.25 £ 0.03 119
0.001 mg/L
no. 87 24.0*+2.9 135* 245 £ 22 111 0.34* £ 0.04 160%*
0.01 mg/L
* The value significantly differs from the control at the 5% significance level.
GLASS PHYSICS AND CHEMISTRY  Vol. 47  Suppl. 1 2021
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increase in the raw (by 10—82%) and dry (by 3—84%)
mass of the tomato plants leaves (Table 5).

At the same time, in the variants of foliar treatment
of plants with suspensions of iron oxide nanoparticles,
the quality of tomato fruits increased, as evidenced by
an increase in the content of sugars (by 2—10%) and
vitamin C (by 16—87%), as well as most mineral ele-
ments (Table 6). The nitrate content in tomato fruits
had a predominant tendency or significantly lower values
(by 5—15%) compared to that in control plants, which
indicates an increase in their safety and compliance with
the sanitary and hygienic requirements of the Russian
Federation.

The most significantly characterized effect on the
productivity of tomato plants during the formation of
fruits with higher quality characteristics compared to
the control was provided by foliar treatment with sus-
pensions of samples nos. 17 or 6 at concentrations of
0.001 and 0.01 mg/L, as well as no. 87—at concentra-
tions of 0.001 mg/L, no. 24—at concentrations of
0.01 mg/L. At the same time, the maximum values of
productivity indicators were noted in the variants with
treatment with suspensions of samples nos. 17 or 6 at a
concentration of 0.001 mg/L. This is most likely due to
the unique set of properties of these samples that dis-
tinguish them from other synthesized materials,
namely, the smallest value of specific surface areas
(~52 and ~75 m?/g, respectively), two-level hierarchi-
cal structure, the smallest size of hydrodynamic diam-
eters (~150 and ~180 nm), stability of suspensions
based on them (||~ 30 mV).

CONCLUSION

Thus, we can conclude that the synthesis condi-
tions have a significant effect on all the studied properties
of iron oxide nanopowders: phase composition, structure,
morphology, texture, magnetic and colloidal properties. It
should be noted that bubbling with argon during synthesis
promotes a decrease in the specific surface area (both with
oleic acid and without the use of surfactants) and leads to
structure ordering, an increase in magnetic properties, and
better stabilization of particles in aqueous suspensions.
Ultrasonic exposure promotes the oxidation of freshly
obtained magnetite nanoparticles and their almost com-
plete transformation into maghemite, in addition, it leads
to agglomeration of particles with random orientation and,
as a result, to large values of the hydrodynamic diameter of
particles in aqueous suspensions, which are not sufficiently
stable, judging by the value of the {-potential (~16 mV).
Long-term ageing of the precipitate in the mother liquor
leads to the production of iron oxide nanoparticles with a
phase composition closest to that of magnetite and con-
tributes to an increase in the specific surface area to
~88 m?/g. The use of oleic acid during synthesis leads to a
decrease in the specific surface area of iron oxide nano-
powder to ~75 m?/g, possibly due to its partial filling of
pores, which leads to surface smoothing.
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Foliar treatments of tomato plants with obtained
aqueous suspensions based on synthesized iron oxide
nanoparticles had a positive effect on plants, expressed
in an increase in their growth rates, productivity,
improvement of the quality and safety of the formed
plant products, namely: an increase in the content of
sugars, vitamin C, and macro- and microelements,
predominantly reducing the content of nitrates.

The results obtained show the promise of further
studies of the properties of magnetic iron oxide
nanoparticles and the mechanisms of their influence
on cultivated plants for the creation and use in crop
production of new highly effective environmentally
friendly nanopreparations.
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