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Abstract—Globular clusters of natural shungite carbon appear to be aggregates formed by nonplanar
graphenes through stable aqueous dispersion. The ability of the clusters for spontaneous disaggregation in
water and stabilization without surfactants was demonstrated. Due to their size and curvature, shungite
graphenes contribute most substantially to stabilization of the carbon clusters in water and predetermine
amphiphilicity of shungites. The condensation of aqueous shungite nanocarbon dispersion is accompanied by
formation of a three-dimensional network with characteristic micro- and submesopores of <0.7-5.0 nm. The
pore structure is distinguished by a changeable sorption capacity due to mobility of the graphene fragments

forming the pore walls.
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INTRODUCTION

Carbon-rich shungite rocks (shungites) attract
interest as a promising carbonaceous material and as a
source of nanodispersed carbon [1]. Natural nano-
carbon reflects the global carbon cycle processes and is
part of soils and sediments, which fact complicates the
analysis of its structural and physicochemical proper-
ties. Also, metastable and nongraphitizable shungite
carbon (ShC) is contained in virtually all rocks of
Karelia, differing in genesis and composition, and is
found over an area of over 9000 km? in amounts of up
to 25x10'° tons. To date, there is no consensus on the
origin of ShC [2], but, according to geological data,
shungite rocks were formed in water, which finding
creates further problems in studies of nanocarbon,
associated with interaction of the carbon nanoparticles
(NPs) with water and their aggregation.

Aggregation of NPs represents a topical scientific
issue pertinent to all new-generation carbon materials,
including fullerenes, nanotubes, nanodiamonds (NDs),
and graphenes due to their high-surface area and
reactivity. All the physicochemical processes, mass
and heat transfer on the nanoparticles proceed at
enhanced rate, and strengthening of the inter-nano-
particle interaction and aggregation of NPs complicate

controlling these processes. Efficient use of NPs
requires knowledge of their stabilization conditions,
since aggregation occurs already in their formation
stage, thereby leading to the loss of activity [3].

The main driving force behind aggregation and
coagulation of nanoscale particles is a decrease in the
excess surface energy. The theory of stability of
colloidal systems (DLVO) takes into account the
electrostatic repulsion energy and the molecular energy
of attraction of the particles in solution; in some cases
the structural and mechanical (steric) factor of
adsorbed layers is included as a stabilizer, and the
entropy factor of excluded volume (depletion) effects,
as a destabilizer of the colloidal state. Formation of
aggregates is limited by their diffusion rate in the
dispersion medium [4].

Aggregation and/or crystallization of NPs and the
morphology of the resultant phase are determined by
the mechanisms of molecular convergence, reorienta-
tion, and association, which are controlled by both
long-range colloidal interaction forces and short-range
pair interaction potential [5].

It was suggested [6] that the structure and dynamics
of formation of the nanoscale carbon network be
described on the basis of a comparative study of
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morphologically and genetically similar fullerene-like
particles and Cgo. This approach was applied to the
nanostructures constituting the matrix of ShC and
determining its properties [7].

With opening up the possibilities for directed
modification of properties at different structural levels,
from mesoscopic to atomic, a new subject for
theoretical and experimental research was found in
graphenes, two-dimensional hexagonal sheets forming
graphite [8, 9]. However, practical application of
graphenes is limited by the fact that mass production
of high-quality graphene samples remains an unsolved
problem. Thermal expansion of graphite is being
discussed as one of the most easily available methods
of their preparation [10]. Also proposed was a method
of chemical reduction of graphene oxide which, in
turn, can be obtained by prolonged ultrasonic treatment
of oxidized graphite in water.

Carbon NPs are synthesized via high-temperature,
energy-intensive processes (detonation nanodiamonds),
in a controlled inert atmosphere (fullerenes and
nanotubes). The resulting carbon products need
additional chemical treatment: extraction of fullerenes
with organic solvents from fullerene soot; acid
treatment of diamond blend to remove impurities and
amorphous carbon, etc. Purification of carbon NPs
employs mostly “wet chemistry” methods, which
necessitates addressing the problem of interaction of
carbon NPs with water and solutions.

Similar problems arise in processing of high-carbon
shungite rocks using traditional technologies, which do
not control the contribution from nanostructured
components, with the result being a strong variation of
the properties of shungite-containing materials depend-
ing on the method of preparation and storage condi-
tions. Two procedures were proposed for stabilizing
the composition and properties of high-carbon shun-
gites. One procedure is based on a high-temperature
treatment leading to fundamentally new materials
comprised of a mixture of silicon carbide and hyper-
fullerene carbon [11]. The other procedure employs the
traditional approach (which previously received
practical approval in the case of liddites), based on the
use of powerful chemicals and autoclaving treatment
for removing mineral components of shungites and
carbon concentrating [12, 13]. However, both pro-
cedures yield nanostructured products represented by
heterogeneous strong aggregates. Moreover, the
modified products lack amphiphilicity [i.e., the ability
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to be attracted by both nonpolar (organic) and polar
(above all water) environments], which is the main
property differentiating shungite out from other natural
and synthetic carbon materials.

Here, we analyzed the results of a comprehensive
study of the structure of ShC, which allows addressing
the issues of aggregation and stabilization of carbon
nanoparticles. These results are of particular impor-
tance in view of the projected widespread use of high-
carbon shungite rocks for water treatment purposes, as
well as for environmental and biomedical applications,
whereas the interaction of carbon NPs with water is a
new issue, inadequately addressed in scientific
literature.

Aqueous Dispersions of Carbon Nanoparticles

Stable aqueous dispersions of hydrophobic carbon
NPs synthesized in an inert atmosphere (fullerenes,
nanotubes, fullerene soot, nanodiamonds, and nano-
graphites) can be prepared only after their modifica-
tion. An important role in stabilizing, e.g., colloidal
graphite particles in water belongs to oxygen-con-
taining groups on the carbon particle surface [14].
These groups result from oxidation of graphite ground
to colloidal sizes in a vibrating mill using a mixture of
HNO; and H,SO, acids. Rinsing the oxidized powder
with water causes the exchange of salt-like functional
groups for hydroxy groups via hydrolysis. Such
oxidation provides for sufficient solvation and
colloidal dissolution of the graphite particles in liquids
with the dielectric constant >15 (water, acetone,
alcohols, with acids excluded). Reduction of the
average size of the graphite particles in an aqueous
solution is achieved through prolonging the milling
time due to oxidation of carbon and adsorption of
intracrystalline water. Hydration of the carbon NPs is
regarded as the main stabilizing factor for hydrophobic
particles in water. It should be noted that widespread
use of aqueous dispersions of colloidal graphite is
limited by low pH values, 2.4-2.8 [15].

Like in the case of graphite, acid treatment of
natural and synthetic diamonds in aqueous dispersions
leads to imparting a negative charge to the micro-
particles due to dissociation of the functional, pre-
dominantly acidic, groups [16].

In the alkaline pH range at low electrolyte
concentrations (<10 M KCI) the aggregation stability
of aqueous dispersions of natural and synthetic
diamonds is due to the electrostatic factor and is well
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described by the DLVO theory. The height of the
electrostatic barrier exceeds 100 kT, and the depth of
the far-lying minimum is negligible.

For acid media, at potassium chloride concentra-
tions above 102 M, the DLVO theory treats the mole-
cular attractive forces as dominating at all interparticle
distances [17]. The lack of aggregation of natural
diamond particles, observed at pH 2 and KCI con-
centrations to 0.5 M, is due to the structural component
of the disjoining pressure, which limits the depth of the
near-lying potential well.

In recent years, certain interest has been shown in
studying aqueous dispersions of graphene oxide,
obtained from differently modified graphene [18].

A distinctive feature of aqueous dispersions of
fullerenes is a close to neutral pH value. Several
mechanisms were invoked to explain the stabilization
of fullerene clusters in water: the occurrence of
oxygen-containing groups on surface defects,
formation of charge-transfer complexes, and hydration
effects [19]. Among these mechanisms, hydration via
formation of donor-acceptor complexes of water
molecules with fullerene underlies the most widely
accepted model [20, 21].

The situation becomes more complicated when
amphiphilic particles, including shungite carbon NPs
containing, along with nonpolar portions, polar and
charged functional groups, are dissolved in water [22].
Below we present some data on modification of ShC in
water aimed at shungite NP stabilization.

Shungite type I powders from Shun’ga deposit
(particle size <40 um, 96 wt % carbon) were used for
preparation of aqueous dispersions by ultrasonic
treatment according to the procedure described in [23],
followed by filtration and centrifugation. The shungite
powder left on the filter after filtration of an aqueous
colloid is represented by fairly large particles ranging
in size from fractions to tens of micrometers. We had
to find the optimum procedure for treating the powder
to remove mineral impurities and increase the degree
of dispersity of NPs in water.

To remove traces of silica (the main impurity) the
shungite powder was treated with a mixture of
hydrochloric and hydrofluoric acids. However, the
powder was not released into water by subsequent
ultrasonic dispersing. Ozonation for 2, 4, and 15 h by
the procedure described in [24] allowed transforming
the powder to an aqueous dispersion. The size of the
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particles in the dispersion before and after ozonation
was determined by the dynamic light scattering (DLS)
on a Zetasizer Nano ZS nanoparticle size analyzer
(Malvern Instruments) and transmission electron
microscopic (TEM) techniques.

The dispersions obtained by the ultrasonic treat-
ment of the initial shungite powder were characterized
by the concentration of ~0.1 mg/mL and, according to
the DLS data, by the average size of the carbon
particles of ~98 nm (against 35 nm for the clusters in
aqueous dispersions of fullerenes, obtained by the
same procedure). Individual particles in the precipitate
ranged in size from 10 to 400 nm, according to the
TEM data [25]. After the acid treatment and
subsequent ozonation of the shungite powder, the
average size of the nanoclusters increased to 326 nm.
The polydispersity of the clusters also increased.
Prolonged ozonation of the shungite powder allows not
only transforming ShC to an aqueous dispersion but
also obtaining a stable dispersion of the nanoparticles
at a higher NP concentration in the dispersion [26].

Treatment by the above-described procedures
allows removal of mineral impurities, and the resulting
morphostructure of the precipitates is dominated by
smaller particles with a size of 20-100 nm. However,
ozonation causes an undesirable decrease in pH to 2 in
the dispersion.

Of greatest interest are the conditions under which
carbon NPs can be stabilized without oxidation and
which provide for sufficient solvation and dissolution
of colloidal particles, without impurity salts or
surfactants, as exemplified by aqueous dispersions of
hydrated fullerenes.

We carried out a comparative study of aqueous
dispersions of carbon NPs, prepared from shungite,
fullerene, and nanodiamond powders without using
surfactants. As objects of study served type I shungite
powder (Shun’ga deposit), a fullerene powder
containing Cgy/C79 = 83/16 and ~1 wt % higher
fullerenes (Intellect Co., St. Petersburg), and nano-
diamond samples which were kindly provided by Prof.
E. Osawa (NanoCarbon Research Institute Ltd.,
Japan).

Dispersions were prepared by treatment on a UZ-
2M ultrasonic disperser by the procedure described in
[23]. The resulting mixtures were filtered through a
blue ribbon filter and centrifuged on a RotinaR
centrifuge for 30 min at 7000 rpm speed.
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Silica, which is the main impurity passing from
type 1 shungite to water, was removed from the
aqueous dispersion of ShC by treatment of the powder
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Table 1. Elemental composition of the aqueous dispersions
of the nanocarbon materials®

left on the ﬁlter,. repegted in quintuplicate. The Elements (cmi:)rl), Fullerene, ND, ilrlnless
resulting aqueous dispersions of ShC are comparable ug/mL ug/mL pg/mL ng/mL
in the content of impurities with the synthetic nano-
carbon materials examined, as seen from the mass- Mn | Not detected | Not detected | 0.0031 | <0.031
spectrometric data (ICP MS analysis) presented in Na 0.215 1.54 1.24 1.92
Table 1.
K 0.09 0.017 1.83 0.29

We obtained stable aqueous dispersions for c 0.02 0.018 0.021 0.03
fullerenes, ShC, and NDs but failed to obtain an © ‘ ’ ‘ ’
aqueous dispersion from a graphite powder under Ni 0.0055 0.007 0.0016 0.03

identical conditions.

Cu Not detected 0.034 0.0024 0.054
Aqueous dispersions of ShC With.the concentration 7n 0.024 0.027 0.018 0.022
of 0.1 mg/mL were opalescent, with a gray-brown A
color. The average size of the clusters in water as Li Not detected | Not detected | 0.0066 | <0.012
determined by the DLS technique was ~50 nm at pH of Rb 0.018 0.018
the dispersion of 6.3—6.8. The size distribution of the
Cs 0.010 0.00451

ShC nanoparticles is presented in Fig. 1. The TEM
examination revealed the presence of particles with
sizes from 5 nm and their aggregates to 100 nm (Fig. 2).

Despite aggregation of the structural elements in an
aqueous medium, the average size of the carbon
clusters increases more than 5 times for all the carbon
nanoparticles (Table 2); the sedimentation stability of
the dispersions is preserved for several years.

Role of Hydration in Stabilization of Aqueous
Dispersions of Carbon Nanoparticles

In the context of preparation of aqueous dispersions
of carbon nanoparticles, the mechanisms of their
aggregation stability constitute an issue of great
relevance. It should also be taken into account that
aggregation involves formation of a polycrystalline or
amorphous fullerite able to more actively interact with

* The Zr contamination introduced by grinding bodies in the
disaggregation technology is not included.

water than does the initial carbon material; similar
morphological structures (globular) result from
condensation of ShC, fullerene, and ND dispersions.

It was presumed that the main role in the specific
interaction of ShC with water belongs to the basic
structural units (BSUs) <1 nm in size, represented by
stacked curved graphene layers forming cups, which
presumption is consistent with the data obtained for
fullerenes and nanotubes. It was shown previously [27]
that the deformed, nonplanar structures differentiating
fullerenes and nanotubes from graphites predetermine
high reactivity of the fullerene structures [27]. Two
types of adsorbed water were detected in single-walled
nanotubes: water inside nanotubes and water adsorbed
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Fig. 1. Pore size distribution of the carbon shungite clusters in the stable aqueous dispersion according to DLS data.
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100 nm

Fig. 2. TEM micrograph of the shungite carbon nano-
particles prepared by drying the stable aqueous dispersion.

at nanotube defect sites. The water binding energy
depends on the graphene surface curvature, with the
hybridization changing from sp® to an intermediate
state between sp® and sp® [28, 29].

The formation of specific hydration structures pre-
venting fast coagulation of nanoparticles is one of the
major factors of at least kinetic, if not thermo-dynamic,
stability of the dispersions. We examined the state of
the water bound to fullerenes and ShC nano-clusters by
the ESR spin probing (with hydrophilic 4-Oxo-TEMPO),
as well as by high-resolution solid-state NMR and
pulsed-field gradient NMR techniques [30-32].

In the ESR experiments we observed the pattern of
variation of the properties of “nonfreezing” water,
whose  proportion decreases with  decreasing
temperature. The sequence of freezing for water
fractions is as follows: water localized near nonpolar
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(at temperatures from —10 to —20°C) and then water
localized near polar and charged groups (at
temperatures from —70 to —90°C). For the “bulk” water
the same signal was observed in the systems examined
at identical temperatures. Strong reduction in mobility
of the probe due to bulk water freezing (7 < 260 K)
causes broadening of the spectra and manifestation of
signals from probes localized in the layer of
nonfreezing water with the highest mobility near the
surface of nanoclusters [30].

A fairly broad solid-state "H NMR spectrum (Fig. 3)
recorded for the ShC sample obtained by drying from
an aqueous dispersion consists of two peaks, at 0.40
and 3.16 ppm, which were attributed to the water
molecules interacting with ShC.

The signals from the OH groups grafted to
fullerenes were detected in fullerols at 1.2, 1.5, and
1.8 ppm. The OH groups involved in hydrogen
bonding in a water molecule are characterized by a
stable signal at 7 ppm. The spectrum of fullerols
displays a downfield shift of the signal from the OH
group at 0.9 ppm, which characterizes their hydro-
philic properties. By analogy, for ShC the peak at
0.40 ppm was associated with water complexes on the
basic structural units (nonplanar) constituting the ShC
clusters, and the peak at 3.16 ppm, with the adsorbed
bulk water [31].

Using the pulsed-field gradient NMR data, the self-
diffusion coefficients (D) and the weight fractions (p)
were determined for these samples: Dy = 4x107° m%/s,
p1 = 0.06 and Dy, = 2.1x10”° m%s, p, = 0.94. The
former component corresponds to the water bound to
the ShC nanoparticles, and the latter component, to
bulk water. The exchange rate between these states of
water is 5 ms [32]. These results are generally
consistent with the '"H NMR spectral features observed
for ShC.

Table 2. Average size of the carbon nanoparticles in the stable aqueous dispersions according to the DLS data

Average size of the structural Concentration of the Average r_adlus.of the . .
Samples . . . nanoparticles in the Polydispersity
unit, nm nanoparticles, mg mL . .
aqueous dispersion, nm
ShC Globular cluster <6 0.024 50.0 0.41
ShC Multilayer aggregate <6 0.048 52.0 0.28
Ce0/Cqo Average diameter of the Cgo 0.027 36.8 0.42
molecule 0.7
ND ND core diameter 4.5 0.24 26.4 0.30

RUSSIAN JOURNAL OF
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Effect of Water on the Properties of Nanocarbon

Studies of the electronic structure and electro-
physical properties of nanographite showed that they
can be reversibly altered by water vapor sorption [33].
Deformed structures differentiating fullerenes from
graphites predetermine high reactivity of the fullerene
structures. Jumps and flat gradients observed in the
temperature dependences of the specific heat, thermal
conductivity, thermoelectric power, and electrical
conductivity of shungite nanocarbon are associated
with water desorption from the nanosized pores
formed by nonplanar BSUs of shungite carbon [34].

The *C NMR, small-angle neutron scattering, and
small-angle X-ray scattering examinations confirm a
two-level structural organization of both pores and
structural units of shungite carbon in the 1-100 nm
range. Using high-resolution transmission electron
microscopy it was possible to visualize <6 nm globular
clusters formed by nonplanar graphenes (NGs) with
sizes below 1 nm. The size and surface curvature of
the BSUs of ShC determine its electronic structure and
dipole moment, as reflected in amphiphilicity of ShC,
and also play an important role in stabilization of
carbon NPs in water [23, 35].

The dipole moment of the structural units of
shungite carbon was calculated using the measured
static dielectric polarization data for the NGs in dilute
benzene, toluene, and o-xylene solutions at tem-
peratures within 25-60°C [36]. The dipole moment of
the NGs in benzene, estimated at 6.5 D, indicates that,

3507

300 1
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Fig. 3. Solid-state 'H NMR spectrum of the shungite
carbon sample obtained through condensation of the
aqueous dispersion (sample rotation frequency 35 kHz).

even in very dilute solutions, NGs occur in the form of
clusters which are stabilized due to mobility of
nonplanar fragments.

Structural Organization of Shungite Carbon

Atomic-force and scanning microscopic examina-
tions revealed formation of a two-dimensional network
of nanoparticles through dispersion precipitating and
drying. The pore structure of ShC was characterized by
adsorption methods. The pore size distribution was
estimated from the low-temperature nitrogen adsorp-

0 01 02 03 04

05 06 07 08 09 1.0

DP/Po

Fig. 4. Low-temperature nitrogen adsorption isotherm for the powder obtained through condensation of the stable aqueous

dispersion of shungite carbon.
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Fig. 5. Scheme of clusterization of the graphene fragments of shungite carbon in aqueous dispersion condensation: (a) dilute
dispersion 0.1 mg mL™', (b) dendritic clusters upon increasing the dispersion concentration, (c) network formed through
condensation of the dispersion, and (d) after drying the dispersion, water remains in the clusters and characterizes the intergraphene

interaction.

tion isotherms (BET method), determined using a
Quantachrome instrument with an Autosorb 1C
automatic analyzer. The micropore volume and radius
were calculated by the Dubinin-Radushkevich
equation. The volume of ultramicropores (pore width
0.33—-0.7 nm) was estimated from CO, adsorption data,
and the total micropore volume (pore width <2 nm),
from nitrogen adsorption isotherms [37, 38].

The adsorption isotherm of the carbon obtained
from a stable aqueous dispersion of ShC exhibits a
type IV curve with a hysteresis in the desorption
isotherm, characteristic of a mesoporous sample
(carbon network) (Fig. 4). Similar isotherms were
described for montmorillonite nanoclay distinguished
by a changeable sorption capacity due to mobility of

22
19
16

138

T —=-1339.68

the nanoparticles forming the pore walls. In shungite
carbon, nonplanar graphenes are responsible for
changes in the sorption capacity.

A narrow hysteresis (to p/po = 0.4) is indicative of
the presence of 2—5-nm mesopores. The average pore
radius (BET) was estimated at 2.5 nm, the maximum
pore size being <21.2 nm (at p/py = 0.95). As seen
from Table 3, the ShC with nanoparticles obtained
through stabilization of an aqueous dispersion is
characterized by larger specific surface area and
specific volume of meso- and micropores.

The pore size distribution data, obtained by
adsorption techniques for the three-dimensional carbon
network resulted from condensation of the aqueous
dispersion, lend evidence in support of the structure of
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Fig. 6. Raman spectra of the shungite carbon clusters in the aqueous dispersion (/) before and (2) after condensation; 532 nm laser

excitation.
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Table 3. Specific surface area (S) and adsorption capacity (V) of the initial ShC and ShC resulted from condensation of the

stable aqueous dispersion

Based on nitrogen adsorption <2 nm | Based on CO; adsorption 0.33—0.7 nm

Based on H,O vapor adsorption

3
Samples S, m*g at?/p?)il (;gg 5 S, m%/g V, em’/g S, m%/g V, em’/g
ShC (Shun’ga deposit) 259 0.03 87.7 0.033 200.3 0.10
ShC from the stable 325.4 0.45 144.2 0.055 577.7 0.337
aqueous dispersion

the nanoclusters, dominated by micro- and sub-
mesopores of <0.7-5.0 nm.

Figures 5b and 5c illustrate the structural
transformations caused by condensation of the aqueous
dispersion of ShC as accompanied by aggregation of
the primary nanoclusters and formation of a three-
dimensional network. An important role in these trans-
formations belongs to the BSUs, nonplanar fragments,
and their specific interaction with water. Such particles
(Figs. 5c and 5d) are able of spontaneous disaggrega-
tion in water.

Nonplanar Graphene Fragment

Figure 6 shows the Raman spectra of the stable
aqueous dispersion of ShC before and after condensa-
tion, recorded on a Nicolet Almega XR (Thermo

Scientific) spectrometer. It is seen that the spectra are
sensitive to the concentration of the nanoparticles in
the dispersion. In the region of the stretching C-C
vibrations of the benzenoid rings there are fairly broad
doublet bands D and G having comparable intensities,
with peaks at 1339 and 1594-1633 cm ', respectively.
The facts that the D band forbidden in regular
graphene appears in the Raman spectrum and that the
2D band, allowed in regular graphene, is not observed
in the region of the overtone of the G band provide
evidence for size-restricted graphene fragments being
the scattering object [39].

The interaction of the nonplanar graphenes inside
the ShC clusters was described with the use of the
Auger spectroscopic data as compared with those for
fullerenes, graphite, and onion-like carbon (Fig. 7).

1.0 CKVV, Auger spectra

0.8=

0.6

0.4

Intensity, arb. units

0.2

0.0 I . !

240 260

Kinetic energy, eV

Fig. 7. Intercomparison of the Auger spectra of (/) Cq fullerene, (2) initial shungite carbon, (3) condensed aqueous dispersion of
ShC, (4) onion-like carbon (OLC), and (5) graphite. The spectra were recorded by Dr. A.P. Dement’ev. (I) Cg, (2) SH1 (ShC),

(3) SCH1 ShC from dispersion, (4) OLC, and () graphite.
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The right-hand side of the Auger spectrum is
associated with m-band electron emission, and the
spectra show the difference in the m-bands of the
above-mentioned carbon states (inset in Fig. 7). The
Auger spectrum of the initial ShC sample coincides
with that of fullerene, and the spectrum of the ShC
clusters resulted from condensation of an aqueous
dispersion, with that of onion-like structures. These
findings are indicative of the inter-graphene interaction
and confirm the effect produced by the water-graphene
interaction on the electronic structure of ShC [40].

The experimental evidence in favor of a graphene-
like structural unit was confirmed by quantum-
chemical calculations. It was shown that transforma-
tion of planar to curved graphene petal can be achieved
by one-side adsorption of not only atomic hydrogen
but of hydroxyl as well [41, 42]. The initially zeroth
dipole moment of the carbon skeleton of the membrane
with linear dimensions of 0.8 nm increases to 1.4 and
6.5 D in cases of termination with hydrogen and
oxygen, respectively. The latter value is nearly
identical to the experimental data, which fact supports
the effect produced by oxygen on the formation of
nonplanar graphene fragments in ShC and refers
stabilization of graphenes in clusters to strong dipole-
dipole interaction of the water molecules with the
curved graphene membrane.

CONCLUSIONS

Aqueous dispersions of shungite carbon nano-
particles were stabilized in the absence of surfactants
and have a close to neutral pH. The average size of the
carbon clusters in the dispersion was estimated at
50 nm (dynamic light scattering data) and 5-100 nm
(transmission electron microscopic data). The clusters
are formed by smaller than 1-nm nonplanar graphene
fragments.

Owing to high asymmetry of electron density,
nonplanar graphenes exhibit high reactivity, tendency
to clustering, large dipole moments (6.5 D), and
interaction with water.

Condensation of a stable dispersion leads to
formation of a three-dimensional network with micro-
and submesopores <0.7-5.0 nm, whose size correlates
well with that of nonplanar graphenes and of the main
globular clusters of shungite carbon, <6 nm. The pore
structure of ShC, resulted from condensation of the
aqueous dispersion, is distinguished by a changeable
sorption capacity due to mobility of the graphene
fragments forming the pore walls.

ROZHKOVA

The graphene-like nature of the basic structural unit
of shungite carbon and the effect produced by water on
its electronic structure were confirmed by Raman
spectroscopy for the ShC nanoparticles in dispersion
before and after condensation. These findings are in a
good agreement with the results of quantum-chemical
calculations for oxygen-terminated nonplanar graphene
structures.

Due to their size and curvature, the basic structural
units of ShC contribute most substantially to
stabilization of carbon nanoparticles in water and
predetermine the specific amphiphilicity of shungites.
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