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Abstract.1 The method of low-temperature 1Н NMR 
spectroscopy is applied to study the hydrated properties of 
bio-nanocomposite created on the basis of the mixture of 
hydrophobic and hydrophilic silicas (АМ1-300 and А-300 
with ratio of 1:1), water, n-decane, and yeast cells. The 
produced mixture of nanosilicas contributes to mitosis and 
cell growth. It is shown that the cause of activation of 
their vital processes may be related to the formation of the 
system of water polyassociates, which change the 
conditions of substance transport through the cell memb-
ranes, on the phase boundaries of solid particles and 
aqueous medium. 
 
Keywords: 1Н NMR spectroscopy, strongly and weakly 
associated water, remediation, bakery yeast. 

1. Introduction 

The problem of purification of contaminated with 
oil products water and soil becomes more and more urgent 
year by year.1-5 There are three main methods of water 
purification: mechanical, physico-chemical, and biolo-
gical. However, the first two methods do not solve the 
problem of pollution utilization, and in some cases, for 
example when using surfactants, may do more damage to 
the nature than oil pollution. That is why the method of 
water and soil bioremediation, based on the oxidation of 
oil products by microorganisms, is at present the most 
promising.6-10 

Microorganisms which use hydrocarbons are wi-
dely spread in the nature. The active forms of micro-
organisms are isolated from the different aquatic and soil 
ecosystems, especially from the contaminated with 
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hydrocarbons and oil ones and from the microbial flora of 
oil and oil-field waters.11-13 22 bacteria genera, 31 micro-
myces genera, as well as 19 yeast genera, isolated from 
the soil ecosystems, are described, which are capable of 
biodegradation of different oil hydrocarbons.12,14-18 Choice 
of the active microorganism-destructor of hydrocarbon 
pollution should be made with account for a set of 
requirements. One must consider that introduced into soil 
biomass should not be alien to the soil microflora. 
Another important requirement to the introduced into soil 
microorganisms is their non-pathogenicity. The microbial 
cells may be affected by adverse environmental con-
ditions, hence the microorganism-destructor should pos-
sess high vital capacity.19 

By now, many types of bacterial preparations 
qualified for common use has been developed: a series of 
biopreparations «Naftoks» with a bacterial culture on the 
basis of the strain Pseudomonas citronelollis allows to 
purify contaminated with oils soil. The cleaning time is 
from 3 to 6 months. The aerobic oil-oxidizing bacteria, 
such as the Micobacterium phlei, Pseudomonas aeragi-
nosa, and Rodococcus species have the same properties 
and activity. The preparations Noggies NG20 by the brand 
Biodetox, Рага-Вас, (by the brand Miсго-Вас, USA) and 
many others.20 

As long as all commercially available bioprepara-
tions have living bacterial strains, their efficiency depends 
heavily on the environmental conditions, storage life, and 
presence of related substances ensuring the nutrition and 
bacterial growth in soil and water. The studies, undertaken 
in the Ukrainian scientific centers,21,22 approve that 
nanodisperse particles may have stimulating influence on 
microorganisms, which depends largely on the formation 
of water layers with partially destroyed hydrogen-bond 
network at the boundary between cell and particle.23 Such 
weakly associated water is capable of dissolving the 
complex organic molecules, appearing in vital cellular 
processes, which accelerates their metabolism. It was also 
demonstrated that yeast cells and some other micro-
organisms significantly accelerated the fission process  in  
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the presence of nanodisperse silicas.22 Moreover, nano-
disperse materials due to their high adsorptive capacity in 
relation to different types of organic and inorganic 
compounds may act as carriers of nutritional substances, 
providing the long-term functioning of bacterial cultures. 
Thus, the perspective direction of improvement of 
performance characteristics of hydrocarbon biodecom-
posers may be an integration of the nanobiocomposite 
system created on the basis of cell cultures, mixture of 
nanosilicas with certain hydrophobic and hydrophilic 
properties and related substances, providing the contact of 
composite components with hydrocarbon and aqueous 
mediums and enabling the adjustment of cell cultures to 
environmental conditions. 

Thus, the objective of the present study is to 
investigate the applicability of model system consisting of 
yeast cells and taken in equal quantity hydrophobic 
(АМ1-300) and hydrophilic (А-300) silicas for oxidation 
of hydrocarbons. The vital capacity of yeast cells after 
their contact with nanosilicas under the conditions of low 
and high hydration of composite system, as well as the 
water condition in the nanocomposite consisting of fixed 
amount of water and hydrocarbon (n-decane) has also 
been investigated. 

This raises the problem of wetting water with 
hydrophobic powder materials, which was solved by 
using the process of moistening the powders with water 
using dosed mechanical loads.24 

Hydrophobic particles interact with the aqueous 
medium by means of van der Waals forces, and the state 
of the colloidal system strongly depends on the con-
centration of the dispersion medium.25 Since a complex 
heterogeneous system tends to minimize free energy, 
depending on the amount of water, the formation of stable 
colloids or colloids containing adsorbed air microbubbles 
(which rise to the upper part of the vessel) is possible. 

2. Materials and Methods 

2.1. Materials 

At the Chuiko Institute of Surface Chemistry of the 
NAS of Ukraine methods for producing composite 
systems based on hydrophilic A-300 and hydrophobic 
AM-1-300 silicas, as well as polymethylsiloxane were 
developed. As a result of studies based on equal amounts 
of hydrophobic or porous polymethylsiloxane and 
hydrophilic nanosilica A-300, it was shown that when the 
composite system is formed, the specific surface of the 
material decreases significantly, which is associated with 
close contact between hydrophobic and hydrophilic 
particles. When water is added to the composite system, 
during homogenization under conditions of dosed mecha-

nical load, the effect of nanocoagulation is manifested.25,26 
The dry bakery yeast culture Saccharomyces cerevisiae 
has been used. In the process of sample preparation, the 
cell mass was carefully ground without major mechanical 
loading with the portion of mixture 1:1 of methyl silica 
АМ1-300 and silica А-300, produced on the Kalush Pilot 
Plant of the Chuiko Institute of Surface Chemistry. Then 
distilled water and mass of n-decane in the quantity of 40 
and 15 wt % of dry mass of yeast cells was added to the 
mixture. The mixture was extensively stirred until a 
homogeneous mass was obtained. Such composite system 
may be easily introduced into the aqueous medium while 
wetting its hydrophobic and hydrophilic components. The 
NMR measurements were taken in standard 5 mm 
ampules. 

2.2. Microscopy 

Microphotography of powders and emulsions was 
performed with the use of a microscope Primо Star (Zeiss, 
Germany) with ×100 and ×1000 magnification with 
immersion.  

TEM images were obtained on a JEOL JEM 2010F 
microscope at the accelerating voltage of 160kV. The 
samples were dissolved in deionized water via sonication 
and dried on a cooper grid. 

2.3..1H NMR Spectroscopy 

The NMR spectra were recorded using an NMR 
spectrometer of high-resolution Varian Mercury (ope-
rating frequency 400 MHz). Eight 60˚ probe pulses with a 
duration of 1 μs and bandwidth of 20 kHz were used. The 
temperature was controlled by Bruker VT-1000 device 
with relative mean errors ±1 K. The intensity of signals 
was determined by measurement of area of peaks by 
applying the procedure of signal decomposition in 
assumption of the Gaussian signal shape and optimization 
of zero line and phase with relative mean errors not lower 
than 5 % for well resolved signals and ±10 % for 
interlocking signals. To prevent supercooling of water in 
the studied objects, the measurements of the concentration 
of unfrozen water were carried out on heating of samples 
preliminarily cooled to 210 K. The temperature dependen-
cies of NMR signals intensity were carried out in auto-
mated cycle where the sample storage time at a cons- 
tant temperature was 9 min, and measuring time was 
1 min.23,27 

The main parameter, determining the structure of 
hydrogen-bond network, was the value of proton chemical 
shift (δН). It was expected that water, each molecule of 
which takes part in the formation of four hydrogen bonds 
(two by protons and two by electron lone pairs of oxygen 
atoms), has the chemical shift δН = 7 ppm (for hexagonal 
ice), and weakly associated water (which does not take 
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part in the formation of hydrogen bonds as a proton 
donor) has the chemical shift δН = 1-1.5 ppm.23,27 In order 
to determine the geometrical dimension of clusters of 
adsorbed water, the Gibbs-Thomson relation was used, 
associating the radius of spherical or cylindrical water 
cluster or domain (R) with the freezing point dep-
ression:28-30 
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where Tm(R) is the melting point of ice, localized in the 
pores of radius R, Tm,∞ is the melting point of volumetric 
ice, ρ is the density matrix, σsl is the interaction energy 
between solid object and liquid, and ∆Hf is volumetric 
melting enthalpy. For practical use, Eq. (1) may be 
applied as ΔTm = (k/R), in which the constant k for many 
heterogeneous systems containing water is close to 50 
grad·nm.27 The procedure of taking NMR-measurements 
and methods of measuring radii of clusters of interfacial 
water are described in detail in the works.23,27 In this case, 
it is fair to say that the polyassociates with R < 2 nm are 
clusters, and polyassociates of the bigger size are domains 
or nanodrops, as they contain several thousands of water 
molecules.27 

The process of freezing (fluctuation) of bound 
water corresponds to the changes in the Gibbs free energy, 
conditioned upon the effects of limited space and nature 
of interfacial surface. Difference from the process in 
volume is the less, the further from the surface the water 
layer is. The water, characteristics of which correspond to 
the volumetric water, freezes at 273 K, and when the tem-
perature decreases (excluding the effect of overcooling), 
the layers of water, which are close to the surface, freeze. 
For the change in free energy of bound water (ice), the 
following proportion holds true: 

∆Gice = −0.036(273.15 − Т),          (2) 
where the numeral coefficient is a parameter, related to 
the temperature coefficient of the change in the Gibbs free 
energy for ice.28 By determining the temperature depen-
dence of nonfreezing water concentration Cuw(Т) from the 
intensity value of signal, one may calculate the amount of 
strongly and weakly associated water and thermodynamic 
characteristics of these layers.23,27 

Interfacial energy of water on the boundary with 
solid particles or in its aqueous solutions was determined 
as the module of total decrease of water free energy, 
conditional upon the presence of the phase boundary23,27 
by formula: 

max
uw

uw uw
0
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C
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where max
uwC  is the total amount of nonfreezing water at a 

temperature of 273 K. 

3. Results and Discussion 

Fig. 1 shows TEM microphotographs of a 
composite system consisting of a mixture of hydrophilic 
A-300 and hydrophobic AM-1-300 silicas whereas in Fig. 2, 
optical photographs of the composite system consisting of 
S. сerevisiae yeast cells, mixture of nanosilicas, water, and 
n-decane are given. Biocomposite is a mixture of con-
glomerates of yeast cells and particles of nanosilicas 
mixture (Fig. 2a). In the composite system, there are cells 
of different sizes, forming in the process of their fission; 
one may observe a fair amount of newly formed daughter 
cells (Fig. 2b). Therefore, used under the composite pro-
duction, mixture of nanosilicas enables their fission even 
in the absence of natural for the chosen type of yeast cells 
nutritional medium (simple sugars). One may assume that, 
in the absence of carbohydrates, the nutrition of yeast cells 
may be provided by hydrocarbons. 

When a small amount of water is added to the 
composite, the latter easily forms a film without visible 
signs of layer separation (Fig. 2c), in which yeast cells 
assume almost spherical shape, and silica particles appear 
as agglomerates with the size of 10 μm and more. 

The influence of a nanocomposite system on the 
vital activity of S. сerevisiae cells suspension was 
investigated in the presence of 10 % sucrose solution 
(without any microelements). The kinetic curves of СО2 
evolution by cell suspension in the presence of composite 
of different concentrations, including the mixture of 
silicas, yeasts, water, and n-decane are given in Fig. 3. 
Four samples consisting of weighed amounts of 
bionanocomposite (mixture 1:1 of nanosilicas and yeast 
cells) weighing 0.2 g (sample 1) and 1 g (sample 3) were 
analyzed. Weighed amounts of the pure culture 
S. cerevisiae (0.1 g – sample 2 and 0.5 g – sample 4) were 
used as control (Fig. 3a). The diagram of evolution of 
average amount of СО2 by the suspension of bakery 
yeasts cells in 15 days is given in Fig. 2b. 

As it may be seen from Fig. 3a, in the initial stage 
of fermentation process, the dynamic evolution of СО2 
occurs, which is connected with the presence of sufficient 
amount of nutritional substances in a solution. Then the 
gas evolution slows due to the formation of by-products of 
yeasts (ethanol and СО2) and decrease of the amount of 
sucrose (Fig. 3a). However, in the following the meta-
bolism of yeast cells changes, and they start to process 
carbohydrates which appear in the form of n-decane in the 
samples 1 and 3. This implies that the process of gas 
evolution may continue even if the resources of sucrose in 
a system have been depleted. 

The attained results demonstrate noticeably inten-
ser gas evolution in the samples 1 and 3 in comparison 
with the control (samples 2 and 4) (ref. to the diagram 
given in Fig. 3b). Hence the mixture of nanosilicas has a 
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significant activating influence on the processes of vital 
activity of S. сerevisiae cells in the selected range of solid 
phase concentrations. This confirms a hypothesis about 

the feasibility of creating effective bionanocomposites for 
remediation of contaminated with hydrocarbons water and 
soil. 

 

 

 

 
a) b) 

Fig. 1. TEM images of selected samples of composites A-300 + AM1, at different magnifications 
 

  
a) b) 

Fig. 2. Micrograph of the composite system  
consisting of bakery yeast cells, incapsulated into the mixture 1:1 

of nanosilicas АМ1-300 and А-300, containing 40 wt %  
of water and 15 wt % of n-decane: initial composite in the 

reflection mode with ×100 magnification (a); thin layer  
of composite powder in the transmission mode with ×1000 

magnification (b); moistened with water composite with ×1000 
magnification (c) 

 
с) 
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Fig. 3. The kinetic curves of СО2 evolution by suspension of bakery yeast cells in the presence of the composite system in the 
samples of composite weighing 0.2 g (1) and 1 g (3) in comparison with the pure culture S. cerevisiae 0.1 g (2) and 0.5 g (4) 

(a), the diagram of evolution of average amount of СО2 by the suspension of bakery yeasts cells in 15 days (b) 
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Fig. 4. 1Н NMR spectrа of water  
and n-decane (a); water, n-decane, and trifluoroacetic acid (b) 
in air medium, and water, n-decane, and trifluoroacetic acid  

in deuterochloroform medium (c) 
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The cause of activating influence of the mixture of 
hydrophobic and hydrophilic silicas on the vital processes 
of yeast cells may consist in the formation of surface-
bound clusters or water domains, the characteristics of 
which differ significantly from the volumetric, on the 
phase boundaries of composite and aqueous medium. In 
these circumstances the activation of cell receptors in 
glycocalyx of yeast cells may occur and the conditions of 
mass transport of nutritional substances and products of 
cell metabolism through the cell membrane may change. 

1Н NMR spectrа of composite consisting of yeast 
cells, water, and n-decane are given in Fig. 4a. In the 
spectra, signals of water (intenser signal) and n-decane 
were recorded. Since the amount of water is only 40 wt % 
of dry yeast mass, the major part of it probably composes 
the intracellular liquid. With the reduction of temperature 
the intensities of water and n-decane signals decrease due 
to their partial freezing. With the reduction of tem-
perature, the chemical shift of water protons increases 
from δН = 4.8 ppm at Т = 283 K to δН = 7 ppm at 
Т = 207 K. This is due to the increase of orderliness of 
water polyassociates, which are constituents of intra-
cellular structures.27 In accordance with the association 
degree of responsible for this signal water, one may refer 
it to the strongly associated water (SAW), in which the 
structure of hydrogen-bond network is a little more 
ordered than in liquid water. 

In Fig. 5, the nonfreezing water concentration – 
temperature diagram is given, and in Fig. 5b there is a 
radial distribution of intracellular water clusters 
constructed on its basis according to Eq. (1). Since the 
part of water that freezes at T < 265 K is strongly bound 
water (SBW),27 one may assume that the amount of 
weakly bound water (WBW) is only 80 mg/g of 
intracellular water. On the radial distribution of bound 
water clusters only one maximum at R = 5 nm was 
recorded. In accordance with the change in freezing 
temperature of interfacial water one may calculate the 
change in the Gibbs free energy (ΔG(Cuw), Eq. (2)). Then 
the area, limited by the dependency diagram ΔG(Cuw), will 
determine the interfacial energy, i.e., the total decrease of 
water free energy conditional upon the presence of the 
phase boundary (γS = 14 J/g), which may be calculated 
according to Eq. (3).23,27 

One of the products, which may appear in water 
suspensions in the process of aerobic fermentation, is 
acetic acid. Penetrating the yeast cells, it holds down the 
process of alcoholic fermentation, and if its concentration 
is above 0.2 %, the vital activity of yeasts is completely 
suppressed.27 However, the carboxylic acids may be used 
for differentiation of composition of different types of 
cluster structures, which are present in yeast cells.27 Since 
the size of the proton chemical shift in acids is 
significantly larger than in water and is up to 11 ppm, the 

intracellular water may be differentiated in accordance 
with its ability to dissolve acid. 

Recorded at different temperatures spectrа of the 
compatible signal of trifluoroacetic acid (TFA) and water, 
when adding TFA in the quantity of 30 % from the mass 
of dry yeasts to the composite, are given in Fig. 3b. When 
the acid is added, the water signal splits into two signals, 
each of which may have several constituents. The 
difference in the chemical shift sizes is determined by the 
concentration of TFA dissolved in polyassociates of 
bound by cells water. 

The dependency of concentration of the non-
freezing mixture Н2О-TFA on the temperature is given in 
Fig. 5c. Signal 1 corresponds to the polyassociates 
(clusters or domains) of SAW, consisting of more con-
centrated TFA solution. From such solutions water 
crystallizes at lower temperatures. As the temperature 
decreases, the chemical shift of the signals 1 and 2 
increases, which is conditional upon the increase of TFA 
concentration in nonfreezing water during the process of 
ice crystals formation. The minimum value of the 
chemical shift of solution responsible for the signal 2 is 
δН = 4.8 ppm, which corresponds to the chemical shift of 
pure water (Fig. 3a). At Т = 283 K in spectra appears the 
signal 3 with the chemical shift δН = 3.8 ppm, which 
corresponds to the water polyassociates with partially 
destroyed hydrogen-bond network. 

If one assumes that during the freezing process 
water and TFA do not form mixed crystals and freeze in 
the form of individual substances, during the heating of 
precooled samples the nanocrystals of frozen acid and 
water melt, and only then their solution forms, which is 
recorded in the form of a merged NMR signal of acid and 
water. In this case, one may use the Gibbs-Thomson 
relation in order to estimate the sizes of ice crystallites 
(Eq. (1), Fig. 5d). 

On the distributions ΔC(R), two maxima in the 
range R < 10 nm are observed. For the signal 1, these 
maxima are shifted to the range of the less values of R. 
Comparing the distribution, obtained for the polyasso-
ciates responsible for the signal 2, to the given in Fig. 3b 
distributions (without TFA), one may conclude that 
acidification of the system makes the distribution narro-
wer, and also on it there is a raised area, which cor-
responds to the formation of domains with R = 30 nm. It 
means that even if the responsible for the signal 2 
polyassociates practically do not contain any TFA, its 
presence in cells causes the significant change of the 
structure of intracellular water clusters. 

The sample, spectral characteristics of which are 
given in Figs. 4b and 5c, d, is a complex of closely spaced 
composite particles, gaps between which are filled with 
air. Such phase heterogeneity determines fairly large line 
width in NMR spectra. In Figs. 4c and 5e, f, the recorded 
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at different temperatures 1Н NMR spectra (Fig. 4c) and 
calculated on their basis dependencies of change in the 
concentration of nonfreezing mixture Н2О-TFA (Fig. 5e) 

are given, as well as the radial distributions of fluctuating 
water nanocrystals corresponding to the different lines in 
spectra (Fig. 5f). 
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Fig. 5. Temperature dependencies of nonfreezing water (a, c, e) and radial distributions  
of bound water clusters (b, d, f) in the composite system А-300:АМ1-300 in the presence of n-decane (a, b), n-decane  

and TFA (c, d), n-decane, TFA, and chloroform (e, f) 
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The less line width in spectra allows to detect the 
fine structure of the signal. As it may be seen from the 
Fig. 4c, the signal 2 (Fig. 4b) is divided into two 
signals (2, 3, Fig. 4c). In this case, the signal 2 (Fig. 4c) 
is conditional upon the polyassociates of SAW capable 
of dissolving a small amount of TFA. The signal 4 (the 
analogue of the signal 3 in Fig. 4b) is conditional upon 
the water with partially destroyed hydrogen-bond 
network and appears in wide temperature range, which 
allows to determine the radial distribution of non-
freezing water clusters for it (Fig. 5f). On the left side 
of the signal of methylene groups of n-decane there is a 
low-intensity signal, which may be referred to the 
weakly associated water (WAW), the molecules of 
which do not form hydrogen bonds. Such water may 
exist on the phase boundary of composite in the form of 
concentrated solution with hydrophobic components  
(n-decane, CDCl3).27 

From the given in Fig. 5f radial distributions of 
fluctuating water clusters, it follows that water, which 
forms concentrated solutions of TFA (the signal 1), 
crystallizes in the form of nanocrystals, a major part of 
which has R = 1 nm. The maxima of distributions for 
water, responsible for the signals 2 and 3, correspond to 
the radii R = 2 and 3 nm, respectively. The water with 
partially destroyed hydrogen-bond network (the signal 4) 
composes polyassociates with R = 10 nm and more. 
Weakly associated water (the signal 5) crystallizes in the 
form of crystallites with R = 1 nm. 

4. Conclusions 

On the basis of mixture of hydrophobic and 
hydrophilic silicas (АМ1-300 and А-300, respectively), 
water, n-decane, and yeast cells, a bionanocomposite 
system may be created, which allows to destruct 
hydrocarbons in aqueous medium. It is demonstrated that 
the chosen mixture of silicas activates the processes of cell 
fission not only in aqueous medium, but also in the 
composite itself. 

The cause of activation of vital processes of yeast 
cells may be related to the formation of the system of 
water polyassociates, which change the conditions of 
substance transport through the cell membranes, on the 
phase boundaries of solid particles and aqueous medium. 
On the phase boundary a possibility of concurrent 
existence of several types of polyassociates of strongly 
associated water, which dissolve carboxylic acids (and 
probably other polar organic compounds) in different 
ways, and weakly associated water, which easily 
intermixes with nonpolar substances, such as many 
hydrocarbons was recorded. As a result, this may simplify 
the transfer of nutrients (sugars and hydrocarbons) into 

cells and removal of metabolism products (СО2, ethanol, 
carboxylic acids) from cells. 
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ГІДРАТНІ ВЛАСТИВОСТІ КОМПОЗИТНИХ 

СИСТЕМ ДЛЯ РЕМЕДІАЦІЇ ВОДИ ТА ҐРУНТІВ 
НА ОСНОВІ НАНОКРЕМНЕЗЕМУ  

ТА ДРІЖДЖОВИХ КЛІТИН 
 

Анотація. Методом низькотемпературної 1Н ЯМР-
спектроскопії досліджено гідратні властивості біонаноком-
позиту, створеного на основі суміші гідрофобного та 
гідрофільного кремнеземів (АМ1-300 та А-300, у співвідношенні 
1:1), води, н-декану і дріжджових клітин. Отримана суміш 
нанокремнеземів сприяє мітозу та росту клітин. Показано, що 
причина активації процесів їхньої життєдіяльності може 
бути пов’язана з утворенням системи водних поліасоціатів, 
які змінюють умови перенесення речовини через клітинні мемб-
рани, на межі розділу фаз твердих частинок і водного сере-
довища. 

 
Ключові слова: 1Н ЯМР-спектроскопія, сильно- та сла-

боасоційована вода, ремедіація, хлібопекарські дріжджі. 
 


