ISSN 2409-9066. Sci. innov. 2015, 11(3): 59—66

doi: http://dx.doi.org/10.15407 /scine11.03.061

Turov, V.V., Krupskaya, T.V., Barvinchenko, V.M.,
Lipkovska, N.A., Yukhymenko, Ye.V., and Kartel, M.T.

Chuiko Institute of Surface Chemistry of the NAS of Ukraine, Kyiv
PROTECTIVE ACTION MECHANISM OF ECOSTIM NANOCOMPOSITE
FOR PRESOWING SEED TREATMENT

The state of water in KCI hydrated powder, in KCl/AM1/H,0 composite system and with hydrophobic organic compounds
added has been studiedinthe airenvironmentbylow-temperature NMR spectroscopy. The presence of hydrophobic nanoparticles
in composite system consisting of KCI hydrated salt powder and AM1-300 hydrophobic nanosilica has been established to
significantly increase water binding to the surface. As a result, water retention in the composite is significantly higher than in the
powder fertilizers. An additional increase in interfacial water binding has been reported for the case when KCl/AM1/H,,0 composite
system contacts with hydrophobic substance imitating hydrophobic areas of seed surface. It is likely explained by an increase in
free energy as a result of water cluster split in nanoscale systems with hydrophobic and hydrophilic components.
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seeds.

Mineral fertilizers are widely used in all areas of
crop farming. They are introduced to the soil ei-
ther simultaneously with the seeds or as plant nu-
trition in the form of mineral solutions or dry pow-
ders. A substantial portion of the nutrients do not
fall within the zone of absorption of plant roots
and the soil is washed away by rain which reduces
the fertilizer efficiency. A set of methods for seed
pelleting and creating on their surface a thin layer
(1—5% of seed weight) of a mixture of fertilizer
and hydrophobic silica [3—5] has been developed
[1, 2]. This significantly increases the uptake of
chemical substances by plants. As of today, Ecostim
nanocomposite (TT 03291669-006-2013) that sti-
mulates a 20% increase in the yield of many crops
has been developed and tested at many farms.

Pictures of corn seed samples sprouted without
and in the presence of Ecostim are showed in Fig. 1.

© TUROV, V.V,, KRUPSKAYA, T.V,, BARVINCHENKO, V.M.,
LIPKOVSKA, N.A,, YUKHYMENKO, Ye.V.,
and KARTEL, M.T,, 2015

59

The formation of aqueous poly-associates at the
interface of nanocomposite components and root
growing zone has been suggested to be one of the
main factors determining the high efficiency of
Ecostim. These poly-associates have a structure of
hydrogen bond grid, which is very different from
that existing in liquid water [3, 5]. As a result, soil
moisture can be bound at the surface of the seeds,
with the solubility of minerals and organic mat-
ter in interfacial water significantly differing from
the bulk one, which ensures their optimal uptake
by plants at the early stages of growth.

This research is aimed at determining the capac-
ity of Ecostim type nanocomposite system to retain
moisture on the seed surface and at studying the
moisture-retaining mechanisms in the presence
of mineral fertilizers and hydrophobic nanosilica.
The basic research method is low-temperature 'H
NMR spectroscopy [6-9] which allows the re-
searchers to determine the amount of strongly and
weakly bound water based on changing NMR sig-
nal intensity during the thawing of samples and to
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Fig. 1. Effect of Ecostim on the state of five-day corn seed
sprouts

Fig. 2. Micro-pictures of KClI/AM1 nanocomposite powder
made in reflected light (x100 magnification)

find the distribution of the radii of freezing water
clusters using the Gibbs-Thomson equation |10,
11]. Based on the chemical shift of water one can
calculate the average degree of association of water
molecules in poly-associates taking into consider-
ation the fact that the protons of non-associated
(weakly associated) water have a chemical shift
3, = 1-1.5 ppm, the ice-like structures typical for
hexagonal ice have a shift 8, = 7 ppm [12], while
for the liquid water, 5, = 4.5-5 ppm is reported.

PREPARATION OF SAMPLES

Before the measurements, the samples of potas-
sium chloride (KCl) were carefully ground in an
agate mortar to get a fine powder with a particle
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size of 1-10 microns. Then, a required amount of
H,O was added to the samples. AM1-300 meth-
ylated silica with a specific surface of 285 m?/g
made at the Kalush Experimental Plant of the
Chuiko Institute of Surface Chemistry was used
as hydrophobic silica. The composite samples
consisting of equal weights of methylated silica
and KCI were prepared by co-grinding the com-
ponents in agate mortar during 10 minutes to get
a homogeneous composite material with a bulk
density of 300 mg/ml. Pure tetrachloromethane
(CCl,), deuterated chloroform (CDCIl,) and n-
decane were used as organic medium.

LOW TEMPERATURE 'H NMR

The NMR spectra were recorded on a high-
resolution NMR spectrometer (Varian Mercury)
with an operating frequency of 400 MHz. Eight
60°probing pulses having of 1 us duration at 20 kHz
bandwidth were used. Temperature was controlled
by Bruker VT-1000 temperature controller with an
accuracy of £1°. The signal intensity was measured
as the area of peaks by decomposing the signal into
its components assuming the Gaussian waveform
and optimization of the zero line and the phase with
an accuracy of, at least, 5% for the well-separated
signals and £10% for the overlapping signals. To
prevent overcooling of water in the test samples
the concentration of non-freezing water was meas-
ured when heating the samples precooled to a tem-
perature of 210 K. The temperature dependences
of NMR signal intensity were measured in an auto-
mated cycle for the sample held during 9 minutes at
a constant temperature. The time of measurement
was 1 minute. The measurements were made in
standard 5 mm ampoules. The powders were pho-
tographed using a Prim Star microscope (Carl Zeiss,
Germany) with x100 magnification.

RESULTS AND DISCUSSION

Micro-photographs of nanocomposite powder
in reflected light with x100 magnification are
showed in Fig. 2.

The nanosilica particles have a shape close to
spherical and are present as aggregates of a size
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ranging within 1-5 microns. The KCI microcrys-
tals are evenly distributed over the sample vol-
ume, with the majority of them having submicron
dimensions. They mechanically contact with
AM1-300 particles.

The '"H NMR spectra of atomized KCI powder
containing 286 mg/g H,O captured at different
temperatures are given in Fig. 3, a. The sample was
a wet powder with visually unidentified liquid
phase of KCI solution. This sample simulates the
behavior of powdered fertilizer in moist soil. On
the thermograms of thawing sample, the water
signal was recorded at T > 240 K. The concentra-
tion dependence of water freezing temperature is
showed in Fig. 4, a. Within the temperature range
240<T<280 water concentration varies slightly.
The samples were thawing according to the Raoult
law. The drop in freezing point of the electrolyte
solution is determined by a decrease in the den-
sity of saturated water vapor above its surface. As
aresult of freezing, water crystallizes out the solu-
tion as hexagonal ice crystals and solid KCI crys-
tals germinate. Accordingly, the drop in the freez-
ing point of water [6—9] is determined by varia-
tion in free energy of ice caused by the formation
of solution of the individual components (water
and KCI) (Fig. 4, b). During the thawing, solution
forms again, but for this liquid water is required.
The solid water in the form of nanocrystals whose
size is determined by the Gibbs-Thomson equa-
tion [9—11] melts at T<273 K. The distribution
of water nano-drops radii during the thawing is
showed in Fig. 4, c. This distribution implies that
the water wetting the powder KCI freezes mainly
in the form of crystals with a radius R = 2 nm. The
chemical shift of water associated with potassium
chloride varies within the range 4.5 <§,<6 ppm.
This value is slightly higher than that for liquid
water [7]. Therefore, one can assume that KCl dis-
solved in water has a cosmotropic effect [14—18]
that manifests itself in a more ordered grid of hy-
drogen bonds of aqueous poly-associates.

In composite system KCI/AM1/H,0 (Fig. 3, b),
the chemical shift of water signal remains practi-
cally the same, whereas the range of water freez-
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ing temperatures moves downward. Presumably,
the hydrophobic nanosilica particles can interact
with aqueous salt solution through van der Waals
mechanism. As a result, the probability of forma-
tion of continuous solution film decreases. This
film freezes in accordance with the Raoult law,
with a significant portion of the solution trans-
forming into nanoscale clusters separated by min-
eral particles. In this case, for this portion of the
solution, the free energy decreases significantly as
a result of its interaction with the area of interface
of mineral particles (Fig. 4, b) (a section corre-
sponding to large variations of Gibbs free energy
onthe (AG (C, ) dependence). The distribution of
water cluster radii during the thawing has maxima
at R=1 and R=20 nm (Fig. 4, ¢).

A thin composite film well retained by the sur-
face appears at the interface of the surface of most
types of seeds with the composite materials based
on methyl silica and fertilizers. This is caused by
the presence of hydrophobic sites with high af-
finity to methyl silica on the seed surface. One
can assume that the salt solution interface with
hydrophobic sites on the seed surface is also able
to effect significantly the state of water in the
composite. Such interactions were simulated by
adding to the KClI/AM1/H,O composite system
a small amount of aliphatic hydrocarbon. Fig. 3, ¢
features 'H NMR spectra of KCI/AM1/H,0
composite with 70 mg/g of n-decane added.

In addition to the strongly associated water
(SAW) signals, signals of methyl and methylene
groups of n-decane appear in the spectra (0.9 and
1.25 ppm, respectively) as a fused peak (because
of a large width). In the same spectral band, a
signal of weakly associated water (WAW) is ex-
pected as well [6-9]. In Fig. 3, ¢, it is observed as
a weak signal with a chemical shift 5, = 1.7 ppm.
When comparing the data in Figs. 3, b and 3, ,
one can conclude that even small amount of hy-
drophobic agent can cause significant changes in
the spectral characteristics of bound water. The
range of existence of unfreezing water expands up
to 7=210 K, with the SAW chemical shift at low
temperature moving towards 8,, = 7.5 ppm, which
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Fig. 3. "H NMR spectra of KCI hydrated powder and KCl/AM1,/H,O composite system in the presence of organic admixtures
recorded at various temperature

corresponds to the enhancement of cosmotropic
effect and the formation of mainly ice-like grid of
hydrogen bonds in poly-associates of bound wa-
ter. The lowering freezing point of water indicates
the transition of its large part in poly-associate
state where the free energy decreases due to the
interaction with internal boundaries of interface
(solid salt, mineral particles). The distribution of
water cluster radii during the thawing changes
accordingly (Fig. 3, ¢): it has maxima of similar
intensity corresponding to water poly-associates
with R=2and R =8 nm.

Fig. 3, d shows that the continuous hydropho-
bic organic environment can have a significant
impact on the state of water (aqueous solution of

KCI) in the KCI/H,O binary system. However, in
this case, a chaotropic impact of the environment
on bound water is reported. The chemical shift of
water decreases, and at T = 280 K, it reaches a
shift 8, = 4 ppm. In addition, the signal of protons
within the band corresponding to the protons
of n-decane and WAW becomes more complex,
which can be interpreted as increase in signal in-
tensity of WAW or as formation of heterogeneous
system in which one part of n-decane is dissolved
in liquid CCl,, while the other one is adsorbed on
the surface of solid KCI particles. Three maxima
corresponding to water structures with R = 1, 4,
and 30 nm are reported on the radii distribution
of water poly-associates (Fig. 4, c).
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Concentrations of strongly and weakly bound
water (C, *and C_ " respectively), maximum de-
crease in Gibbs free energy (AG_ . ), and interfa-
cial energy (y,) calculated on the basis of Fig. 4, b
according to the method described in detail in

[6-9] for KCI wet powders and KCl/AM1/H,0

of KCI hydrated powder and KCI/AM1/H20
composite system

1(I)0
composite system are given in Table below.

For the hydrated KCI powder, when the het-
erogeneous system contains only solid salt cov-
ered with a film of saturated solution, AG,__ de-
termines maximum change in the free energy of
salt ion hydration by water molecules at a con-

Properties of Nonfreezable Water Layers in Wet KCI Powders and in KCI/AM1/H20 Composite System

) Cipor C.> G AG,, Vs,
System Environment mgz/og mée mg/g K] /mole J/Sg
KCl Air 286 180 106 -1.2 9.0
KCl 1CC14+1DeC 100 75 25 -24 71
KCl/AM1 Air 330 180 150 -24 11.1
KCl/AM1 Air/Dec 330 210 110 -3.2 17.3
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Fig. 5. Transformation of mineral salt aqueous solutions
during the preparation of Ecostim and its contact with seed
surface

centration C,,, = 286 mg/d. Since, as a result of
freezing, the whole water transforms into hexag-
onal ice crystals, y, determines the total value of
free energy of hydration, which (according to the
Hess Law) is equal to the energy of dispersion of
bulk ice over nanocrystal system (Fig. 4, ¢).
Thus, the inclusion of hydrophobic nanosilica
that seemingly weakly interacts with water and
with KCl ionic crystals into composite system still
significantly effects the characteristics of interfa-
cial water as for similar hydration of samples, AG,_
increases twice (from 1.2 to 2.4 kJ/mole), while
the interfacial energy grows from 9 to 11.1 J/g.
This growth is explained by increasing amount of
WAW. The difference is caused by contribution of
interaction between water poly-associates and
solid-liquid interfaces (adsorption layer) to the
change in Gibbs free energy, in addition to the ef-
fect of ion hydration. Adding a small amount of

On the interface between
the nanocomposite and the seed surface,
nanoclusters of salt solutions and WAW are formed.
They ensure an active transport
of nutrient chemicals to the kernel

hydrophobic agent (e.g., n-decane) that can simu-
late contact with surface of biological objects
(seeds) stimulates even stronger binding of wa-
ter,as AG, _ reaches 3.2kJ/mole whereasy, comes
up to 17.3 J/g, mainly, due to increasing SAW
contribution. The difference in the values of y, for
hydrated KCI powder and its composite with
AM1-300 silica in the presence of hydrophobic
organic agent shows a gain in the free energy of
binding of water that can be expected for using
the protective and stimulating nanocomposites
based on mechanically activated mix of hydro-
phobic silica and fertilizers in the crop farming.
The transformation of aqueous solutions of
mineral salts during the creation of nanocom-
posites such as Ecostim and the mechanism of
its contact with the seed surface are showed in
Fig. 5. As size of water poly-associates contain-
ing mineral salt solutions decreases, the reten-
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tion of water in the area of contact with the seed
surface gets stronger, which significantly reduces
the probability of drying of kernel. In addition, in
the nano-sized droplets of water, the retention of
ions gets weaker, which increases the possibility
of their diffusion into the seed kernel. The forma-
tion of WAW layer in the zone of contact of so-
lution with the kernel also helps to optimize the
access of nutrients to the root system.

CONCLUSIONS

The presence of nanoparticles in the composite
system consisting of hydrated KCI powder and
AM1-300 hydrophobic nanosilica (a model of pro-
tective and stimulating nanocomposite Ecostim)
has been established to significantly increase the
binding of water to the surface. As a result, the ef-
fectiveness of water retention in the composite is
much higher than that in the powder fertilizer.

For the composite system KCl/AM1,/H,O con-
tacting a hydrophobic substance (e.g., n-decane)
the binding of interfacial water gets stronger due
to growing contribution of SAW. This may be in-
duced by decreasing size of water poly-associates
as a result of increase in van der Waals interactions
in the nanoscale systems with hydrophobic and hy-
drophilic components. Some portion of water in the
area of contact with hydrophobic sites of heteroge-
neous system can transform into the state of WAW.

The research results explain the ability of
protective and stimulating composites such as
Ecostim to retain a significant amount of water
contained in mineral fertilizer solution in the
zone of contact with seeds.

REFERENCES

1. Praktykum po agrohymyy. Pod red. Myneeva V.G. Moskva:
Yzd-vo MGU, 2001 [in Russian].

2. Trapeznykov V.K., Yvanov Y.Y.,, TalvynskajaN.G. Lokalnoe
pytanye rastenyj. Ufa: Gylem, 1999 [in Russian].

ISSN 2409-9066. Sci. innov. 2015, 11(3)

10.

11.

12.

13.

14.

15.

16.

17.

18.

. Turov V.V, Juhymenko E.V. Dopovidi NAN Ukrainy.

2011, N9: 1126 —1131 [in Russian]

. Juhmenko E.V, Juhymenko V.D., Bogatirev V.M., Tu-

rov V.V. Nanokremnezemy kak aktonie agenty v zashhytno-
stmulyrujushhyh sostavah dlja predposeonoj obrabotky se-
mjan selskohozjajstoennih kultur. Nanomateryaly y nano-
kompozyty v medycyne, byologyy, ekologyy. Pod red.
A.P. Shpaka, V.E. Chehuna, sostavytely P.P. Gorbyk, V.V.
Turov. Kyiv: Nauk dumka, 2011: 402—421 [in Russian].

. Turov V.V,, Mironyuk I.E. Adsorption layers of water on

the surface of hydrophilic, hydrophobic and mixed
silicas. Colloids and Surf. A. 1998, 134(3): 257-263.

. Gunko V.M., Turov V.V., Gorbyk P.P. Voda na mezhfaznoj

granyce. Kyiv: Nauk. dumka, 2009 [in Russian].

. Gunko V.M., Turov V.V. Nuclear Magnetic Resonance

Studies of Interfacial Phenomena. N.-Y.. Taylor &
Francis, 2013.

. Turov V.V,, Gunko V.M. Klasteryzovannaja voda y puty

ee yspolzovanyja. Kyiv: Nauk. dumka, 2011 [in Russian].

. Gunko V.M., Turov V.V,, Bogatyrev V.M. et al. Unusual

properties of water at hydrophilic/hydrophobic Inter-
faces. Adv. Colloid Interface Sci. 2005, V. 118: 125-172.
Aksnes D.W,, Kimtys L. Characterization of mesoporous
solids by 'H NMR. Sol. St. Nucl. Magnetic Resonance.
2004, V. 25: 146—163.

Petrov O.V,, Furo I. NMR cryoporometry: Principles,
application and potential. Progr. NMR. 2009, V. 54: 97—
122.

Kinney, D.R., Chaung I-S., Maciel G.E. Water and the
Silica Surface As Studied by Variable Temperature High
Resolution '"H NMR. J. Am. Chem Soc. 1993, V. 115:
6786—-6794.

Termodynamycheskye svojstoa yndyoydualnih veshhesto.
Pod red. V.P. Glushko. Moskva: Nauka, 1978 [in
Russian].

Chaplin M.E. A proposal for structuring of water.
Biophys. Chem. 1999, V. 83: 211-221.

Wiggins PM. Role of water in some biological processes.
Microbiol. Rev. 1990, V. 54: 432—-439.

Wiggins PM. High end low density water in gel. Progr.
Polim. Sci. 1995, V. 20: 1121-1163.

Wiggins PM. High and low density intracellular water.
Coll. Mol. Biol. 2001, V. 47: 735-744.

Chaplin M. Water structuring at colloidal surfaces.
Surface Chemistry In. Surface Chemistry in Biomedical
and environmental Science. Ed. J. Blitz and V. Gun’ko.
NATO Security Through Science Series, Springer, 2006:
1-10.



Turov, V.V., Krupskaya, T.V., Barvinchenko, V.M. et al.

B.B. Typos, T.B. Kpyncvka, B.M. bapginuenxo,
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[ncTuTyT Ximii moBepxHi
im. O.0. Yyitka HAH Ykpainu, Kuis

MEXAHI3M 3AXMCHOT /11
HAHOKOMITO3UTHOI CUCTEMU «<EKOCTUM»
JUIA ITEPEITOCIBHOT OBPOBKU HACIHHYI

Meronom ruspkoTemmeparypuoi 'H IMP crmekTpocko-
Tii y TOBITPSTHOMY CepeIOBUII BUBYEHO CTaH BOJU B Tifpa-
tosanomy nopoiky KCl, komnosutsiii cucremi KCl/AM1/
H,0 rta 3 pobaskamu rifpoo0HUX OpraHivHuX PeUOBHH.
Bussiieno, 1110 B KOMIO3UTHIN CUCTEMI, STKa CKJIAAETHCS 3
rigpatoBatoro mopomky coui KCl i rizpodobroro nano-
kpemuesemy AM1-300, npucyTHicts TizpodobHUX HaHO-
YACTUHOK ICTOTHO 30iJIbIly€ 3B’SI3yBaHHS BOAM 3 MOBEPX-
Heto. B pesysibraTi yTpuMyBaHHS BOIU B KOMITO3UTI 3HAYHO
BUIIE, HIK B OPOIIKaX MiHepaabHUX 106puB. [Ipu KoHTaKTI
xommnosuthoi cucremu KC1/AM1,/H,0 3 rizpodobuoio pe-
YOBHMHOIO, 1[0 iMiTye TizipodoOHi AiNSHKN MOBEpPXHI HACIH-
Hs, CIOCTEPITAETBCS OAATKOBE 3POCTAHHS 3B SI3yBAHHS
MivkdasHoi Boau, sike, IMOBIPHO, BiIOYBAETHCS 3aBISTKY BH-
rpaliy y BijIbHIl eHeprii B pesyJibraTi ApoOJaeHHsT KJIacTepis
BOJM B HAHOPO3MIPHUX CHCTEMAX, MO MAIOTh TiZpohoOHi i
rimpodiapHi CKIAIOBI.

Kunwouosi cnosa: SIMP-ClIEKTPOCKOIIis, CUIIBHO- 1 ¢J1a6-
KO3B's13aHa BOJa, KOMIIO3HUIIiiiHa cucTeMa, MiHepasibHi 106-
puBa.
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WHCTUTYT XUMIH TIOBEPXHOCTH
M. A.A. Uyiiko HAH Yxpannst, Kne

MEXAHW3M 3AIIUTHOIO JIEMCTBUA
HAHOKOMITO3UTHOW CUCTEMbBI «9KOCTUM»
JUJIS TIPEIITOCEBHOM OBPABOTKU CEMSH

Metonom nuskoremiieparyproit 'H AMP criekrpockormi B
BOB/IYIITHON CpeJie U3YYeHO COCTOSTHIE BOJbI B MHMIPATHPOBAH-
nom nopomke KCl, xomnosurnoii cucreme KCl/AM1/H,0O u ¢
nobGasyieHueM THAPOhOOHBIX OpraHyeckux Beiects. OGHapy-
SKEHO, YTO B KOMITO3UTHOM CUCTEME, KOTOPAsI COCTOUT C TU/IPATH-
PPOBAHHOTO MOPOIIIKA COJIU XJIOPU/IA KaJUst U THAPODOOHOTO Ha-
HokpemuesemMa AM1-300, npuicyTtcrBre TrapOhOOHBIX HAHO-
YACTUI[ CYIECTBEHHO VBEJIMYNBAET CBSA3BIBAHUE BOIBI C
TIOBEPXHOCTHIO. B pesyJsrate coziepskanue BOJIbI B KOMITO3UTE
3HAYKUTENBHO BBILIE, YeM B MOPOIIKAX MUHEPAIbHBIX YA00pe-
muit. TIpu xonraxte komnosuTHoil cucrembr KClI/AM1/H,0 ¢
ruapoGOOHBIM  BEIIECTBOM, MMUTHPYIOIIUM  TUAPODOOHDIE
YUACTKH [OBEPXHOCTH CEMSTH, HAOIIFOIAETCSI IOMOTHUTE IbHBIN
POCT CBSI3bIBAHMS MeXK(AZHON BOJIbI, KOTOPOE, BEPOSITHO, TIPO-
UCXOJUT OJIATO/IAPSt BBIUTPBIIILY B CBOOOIHON SHEPIHH B PE3YJib-
Tare APOOJIEHNST KJIACTEPOB BOJIbI B HAHOPA3MEPHBIX CUCTEMAX,
UMeoNHX THAPOGOOHbIE U TUAPOPUIIBHBIE COCTABIISIOILKE.

Knwuesvie crosa: SIMP-criekTpockonus, CHUIbHO- U
cabKOCBsI3aHHASI BOJA, KJlacTepbl BOAbI, TUAPO(OOHbIE Be-
I1IeCTBa, MUHEPaJIbHbIE YI00PEHNs, CeMeHa.
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