NANOSYSTEMS

doi: 10.15407/ujpe60.09.0932

N.O. MCHEDLOV-PETROSSYAN,1 N.N. KAMNEVA,1 A.P. KRYSHTAL,2
A.I. MARYNIN,3 V.B. ZAKHAREVICH,3 V.V. TKACHENKO 1
1

Department of Physical Chemistry, V.N. Karazin National Kharkiv University
(Kharkiv 61022, Ukraine)
2 Department of Physics and Technology, V.N. Karazin National Kharkiv University
(Kharkiv 61022, Ukraine)
3 National University of Food Technologies
(68, Volodymyrs’ka Str., Kyiv 01601, Ukraine)

PACS 61.72.-y, 81.07.-b,
83.10.Rs

THE PROPERTIES OF 3 nm-SIZED
DETONATION DIAMOND FROM THE POINT
OF VIEW OF COLLOID SCIENCE

The colloidal properties of the hydrosol of a detonation nanodiamond have been considered
and discussed. The 3nm-sized positively charged colloidal species produced by the NanoCarbon
Research Institute, Japan, undergo a further aggregation on the dilution. They exhibit the
emission at 625 nm with the excitation maximum at 491 nm, adsorb anionic dyes, and readily
coagulate at the adding of electrolytes. The coagulation occurs in line with the Schulze–Hardy
rule, the coagulation strength of the anions follows the Hofmeister series, whereas the abnormally high influence of the most hydrophilic anion, HO− , allows revealing the acidic character
of the positive surface charge. The hypothesis of the so-called periodic colloidal structures has
been put forward in order to explain the dependence of the particle size on the concentration
of the hydrosol and the high viscosity of the initial 5.0 wt./vol. % detonation nanodiamond
colloid.
K e y w o r d s: detonation nanodiamonds, hydrosol, regularities of coagulation, origin of the
particle charge, transmission electron microscopy, dynamic light scattering, size–concentration
dependence.

1. Introduction
The detonation nanodiamond (DND) is one of the
widely used carbon nanomaterials. Manifold applications of DND, especially in medicine, are based on its
aqueous colloid solutions. To gain some insight into
the DND colloid-chemical problem, we refer to a set
of review papers and monographs for more details
[1–5].
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ous media. However, some problems stay undisclosed.
The surface properties essentially depend on the
procedures of releasing the primary diamond particles from the detonation soot, purifying the raw
detonation material, and de-agglutination. The utilization of oxidizing agents, mineral acids and alkalis results in the formation of a variety of surface functional groups. Therefore, even such a fundamental characteristic as the sign of the surface
charge may be different [6]. For instance, the DND
with COOH surface groups exhibits a negative zetapotential (𝜍). However, the heating in the hydrogen
atmosphere results in species with positive zeta-potential [7, 8]. Accordingly, the different stabilities of
ISSN 2071-0194. Ukr. J. Phys. 2015. Vol. 60, No. 9
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the colloids against the electrolytes of various types
may be expected. Note that the colloidal species of
another nanocarbon material, the entire fullerene, are
always negatively charged both in water and in polar anhydrous solvents [9]. Whereas, in the case of
hydrosols, the adsorption of the HO− ions (or, otherwise, the concept of the localized hydrolysis) is
the most probable reason, the origin of the negative
charge of fullerene colloidal particles in polar nonhydrogen bond donor solvents is less clear [9]. For
instance, it may be caused by the formation of ionradicals in fullerene solutions.
The 𝜍 values of the DND colloidal species of different origin strongly depend on the pH of bulk water,
thus revealing the protolytic (acid-base) origin of the
interfacial charge. Though some methods, first of all,
the vibrational spectroscopy, are used for the identification of surface groups, the DND hydrosols reported
up to now should be considered as ill-defined colloidsfrom the viewpoint of the interfacial properties.
Though the 𝜍 values become more positive (less
negative) in acidic media and less positive in alkaline solutions, the “positive” colloidal particles of some
types of DND retain their charge sign even at pH 11–
12 [8, 10–13]. On the other hand, some DND samples
with other histories undergo the re-charging of their
particles in alkaline media [6, 10, 13, 14].
Therefore, it is worth regarding presently the colloidal-chemical properties of each kind of the DND hydrosol separately. As an example, below, we consider
the colloid properties and the behavior of the aqueous
dispersion of a DND hydrosol very recently produced
in the NanoCarbon Research Institute, Ltd, Asama
Research Extension Center, Faculty of Textile Science and Technology, Shinshu University, Japan. The
sample in the form of a 5.0 wt./vol.% aqueous colloid
solution was kindly donated by Professor Eiji Osawa.
2. Colloid-Chemical
Properties of DND Hydrosol
2.1. Characterization of the sample
This sample, as well as one studied earlier [15], has
been prepared in the NanoCarbon Research Institute from the raw DND received from the FMD
Nano Tech Co., Guangzhou, China without use of
any chemicals, via the attrition milling with 30 𝜇𝑚
ZrO2 beads as an attritter in distilled water. After
de-agglutination, the solution was slightly acidic with
ISSN 2071-0194. Ukr. J. Phys. 2015. Vol. 60, No. 9

Fig. 1. TEM images of the evaporated DND hydrosols examined previously [15] (a) and in the present study (b)

pH 4.6 to 5.0. The 3nm-sized species exhibit fluorescence with maximum at 625 nm, originating probably from the crystal lattice defects of N–V type; the
emission excitation maximum at 491 nm, just near
the line of the argon-ion laser (488 nm) [15]. The
particle size used below has been determined by the
dynamic light scattering, DLS, (Zetasizer Nano ZS
Malvern Instruments) and the transmission electron
microscopy (Selmi TEM-125K microscope). The average particle size in a 5.0 wt./vol. % hydrosol is
2.7±0.6 nm (distribution by particle number) and
3.4±0.6 nm (by volume), as determined via DLS. The
electron diffraction patterns reveal a diamond lattice
of the sample. The lattice parameter was measured as
0.375±0.002 nm, and it coincides with the tabulated
values for diamond within the error margins. The
TEM images of the evaporated DND hydrosol with
concentrations of 0.0036 to 0.036 wt./vol. % are typified in Fig. 1.
The charge of DND particles in aqueous solutions
is positive. The zeta-potential values vary within the
range of ca. +(40–60) mV, depending on the concentration. For DND hydrosols of the same type, studied previously [15], the qualitative reaction with Ag+ ,
utilization of Cl-selective electrodes in a solution and
EDX spectroscopy for the evaporated samples allowed
us to state that Cl− ions are counterions in this colloid system.
In accordance with the positive charge of DND particles, the absorption bands of anionic dyes in water
undergo a substantial bathochromic shift after introducing the ND colloid, typical of the interaction of
these chromophores with cationic colloidal particles
of different types [15]. In Fig. 2, the new data for 4,5dinitrosulfonefluorescein and eosin are demonstrated.
One of the most interesting peculiarities of the
DND particles under study is the increase in size on
the dilution of a hydrosol, evidently due to the ag-
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Fig. 2. 4,5-Dinitrosulfonefluorescein (a) and eosin (b) in water
(1) and in ND 0.048 wt./vol.% solution (2); pH 6.64, 25 ∘ C

gregation of primary species. The size of colloidal aggregates in the extremely diluted solutions is ca. tenfold higher as compared with that of the small primary particles observed in the 5.0 wt./vol. % initial
hydrosol. This phenomenon will be discussed below.
2.2. Coagulation regularities,
the origin of the surface charge,
and aging of the DND hydrosol
The behavior of the ND hydrosol in the presence of
electrolytes should be explained in terms of the rules
of colloid chemistry of hydrophobic dispersions. The
critical coagulation concentrations (CCC) upon the
addition of electrolytes have been determined, by using the sharp absorbance increase in the visible range
due to the turbidity caused by the impetuous rise in
the size of particles. Normally, the uncertainty of the
CCC values does not exceed ±(10–15)%. Simultaneously, the dynamic light scattering indicates the distinct growth of colloidal species just under the same
threshold condition. The CCCs reveal no serious dependence on the ND concentration; the most data
were obtained with 0.13–0.19 wt./vol.% hydrosol.
The coagulation by inorganic salts occurs in line
with the sign of the charge of colloidal species. The
classical Schulze–Hardy rule predicts a sharp increase in the coagulation power of multicharged wellhydrated inorganic anions in the case of “positive”
sols. Indeed, the ratio of the reciprocal CCC values
3−
4−
for the anions Cl− , SO2−
4 , Fe(CN)6 , and Fe(CN)6
is 1 : 16 : (175 to 200) : (538 to 583), as determined in
several independent series of experiments. The consideration of the DND hydrosol stability in terms of
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the Derjaguin–Landau–Verwey–Overbeek theory has
been made in our previous paper [15].
The influence of anions upon the stability of the
hydrosol is in line with the so-called lyotropic row or
Hofmeister series. Whereas the nature of a cation is
of no importance, the single-charged anions are arranged in respect to their coagulation strengths in
accordance with their Gibbs energies of hydration,
Δ𝐺hydr : Cl− (–347) < Br− (–321) < ClO−
4 (–214). The
Δ𝐺hydr values are expressed in kJ mol−1 [16]. The
coagulation strength of the extremely hydrophobic
tetraphenylborate anion is 100-fold higher as compared with that of Cl− , which follows from the CCC
values for NaB(C6 H5 )4 and NaCl.
Though the hydroxyl ion is the most hydrophilic
one among
the ones studied here (Δ𝐺hydr =
= −439 kJ mol−1 ) [16], the coagulation strength of
NaOH exceeds that of NaCl ca. ten-fold [15]. This
finding was repeatedly observed for DND samples of
different production lots from NanoCarbon Research
Institute and unequivocally reveals the acidic nature
of the surface charge.
As was shown previously [15], once coagulated by
NaOH, the sol undergoes no peptization on the dilution with water, contrary to the deposit obtained by
NaCl. Only the neutralization of alkali by equivalent
amount of acid restores the sol.
There are different explanations of the origin of the
surface charge of colloid DND species obtained via
various procedures [3, 10–13, 17]. In the case of particles with 𝜍 > 0, the protonated amino and ether
groups and pyrones seem to be the most likely. The
IR and Raman spectra allow assuming the presence of
such groups on the surface [15]. Moreover, the presence of the non-diamond (graphitic) layer is often assumed [11, 18, 19]. However, as the de-agglutination
of the DND under study has been made without using any chemicals, it is possible to consider the attaching of hydrated protons, H3 O+ , or H5 O+
2 , etc.,
to the electro-negative facets of the DND surface as
a possible reason for the positive charging.
For the coagulation by NaCl, the CCC is equal to
2.8 ± 0.3 mM (hereafter, 1 mM = 0.001 mole dm−3 ).
This value has been determined for the freshly obtained DND hydrosol and stayed constant during almost a year [15].
However, about one year after the preparation of
the sol, the CCC values began to rapidly decrease.
For instance, for NaCl, CCC = 0.33–0.46 mM as deISSN 2071-0194. Ukr. J. Phys. 2015. Vol. 60, No. 9
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termined for a 0.19 % colloidal solution. The CCC
value for HCl, however, stays unaffected (5.7 mM).
Moreover, the small addition of hydrochloric acid to
the sol restores the CCC value for NaCl. In the presence of 0.148 mM HCl, the CCC value with NaCl
is elevated up to 2.61–2.83 mM. At 0.19 mM HCl,
CCC (NaCl) = 3.67 mM. Probably, the protonation
of some basic centers on the surface enhances the stability of the DND hydrosol.
It should be noted that, though the main properties of the DND colloid manufactured in NanoCarbon Research Institute do not vary from one production lot to another, the CCC values appeared to be
somewhat different. Probably, this is caused by some
modifications of the preparation procedure. So, for
the new sample of the ND hydrosol, examined by
us very recently, the CCC value for NaCl was substantially lower: 1.29 mM. Again, in the presence of
0.099, 0.196, and 0.22 mM HCl, the critical concentration of NaCl increases to 3.47, 4.25, and 4.25 mM,
respectively.
On the other hand, the CCC value for NaOH
for the new sample is 0.153 mM, so the ratio of
CCC(NaCl) : CCC (NaOH) is with 8.4 rather close to
that determined with the previous sample (10.4) [15].

Fig. 3. Size distribution of a 5.0 wt./vol.% colloidal ND solution and a diluted, 0.01 wt./vol.% ND solution; inset: the
schematic picture of the solution structure

2.3. Size increase of DND
species on the dilution: in search
for a reasonable explanation

Fig. 4. TEM images of the evaporated 0.036 wt./vol.% DND
hydrosols, as obtained by the dilution of a 5.0 wt./vol.% 1.5
year-aged sol (a) and of the very recently produced initial sol
of the same concentration (b)

The concentrated aqueous solutions of 3nm-sized
DND particles are rather viscous. Using the value
of the ND density of 3.17 g cm−3 , one can estimate
that the volume fraction of the dispersed phase of
the 5.0 wt./vol.% hydrosol is 1.6%. Hence, occupying less than 2% of the total volume of the hydrosol,
the species cause the ca. two-fold increase in the viscosity [15]. The high viscosity of concentrated DND
hydrosols has been also observed previously by others [20]. Meanwhile, if the species are assumed to be
spherical, the viscosity should increase no more than
by 4% as compared with that of pure water according
to the well-known Einstein equation. It should also be
taken into account that, at 8–12 wt./vol.%, the hydrogel is already formed. Hence, the water layers inbetween the small colloidal DND species seem to be
fixed in some unknown way. Naturally, on the dilution, the viscosity decreases up to that in pure water
at 0.03 wt./vol.% DND.

At the same time, we found that the size distribution of the dispersed system is strongly concentrationdependent: the dilution enlarges the species up to
one order of magnitude. The results obtained with
the new fresh sample of DND hydrosol are exemplified in Fig. 3. They give support for the observation
obtained previously with another production lot [15].
This phenomenon may be explained in terms of the
so-called periodic colloidal structures [21–23] formed
in concentrated solutions of highly solvated and very
large colloids. For such systems, where the particles
interact through the surrounding water layers, some
peculiarities have been noticed long ago, mostly for
much larger particles of the dispersed phase [21–
23]. The “secondary” or “distant” minimum, resulting
from the cooperative interactions, may be deeper as
compared with that calculated from the interaction
of two particles only. Namely, the fixation of parti-
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cles without direct contact may take place even if the
repulsive forces overcome the attractive ones. The 4
to 5 wt./vol.% hydrosol may be considered as a colloidal system being on the way to gelation. (At 8–12%
DND, the hydrogel is formed.)
On the dilution accompanied by the stirring of the
system, the distances between the particles became
larger, the cooperative interactions being weaker, and
the entropy factor (Δ𝑆 > 0) favors the uniform distribution of species in the enlarged volume. This results
in destroying such quasi-equilibrated state, and the
(probably stepwise) aggregation takes place owing to
the hydrophobic and interfacial Coulombic [19] interactions and van der Waals (dispersive) forces. Instead
of the network of small particles, larger aggregates are
formed as a result of the tight interaction of several
neighboring primary particles. The further aggregation is hindered by expanding the diffuse parts of the
double electrical layers around the aggregates.
The state of the hydrosol is shown in Fig. 3 in a
simplified manner. But the zones of a periodic colloidal structure do not necessarily cover the whole
solution. For the previously studied sol [15], the polydispersity index, PDI, gradually increased along with
the dilution from PDI = 0.590 for 5.0 wt./vol.% to
0.190 for 0.036 wt./vol.%. For the presently examined hydrosol, PDI = 0.501 and 0.166 for 5.0 and
0.01 wt./vol.%, respectively. Probably, some numbers of very large islands of associated secondary
species are also present in concentrated sols, as
is demonstrated by the DLS measurements in the
intensity-size distributions.
The slight aging of the concentrated sol results an
increase in sizes and a decrease in the viscosity after
the storing for several months.
On the other hand, in the case of the freshly produced DND hydrosol, the increase in the size along
with dilution occurs not so sharply, though the aggregates in the extremely diluted systems are also
ca. 30 nm-sized (Fig. 3). The TEM images of aged
and fresh diluted hydrosols are similar in outline. However, in the first case, the primary species look out
somewhat more bound together (Fig. 4).
The hypothesis of periodic colloidal structures
seems to be reasonable. However, the studies of different DND hydrosols via the method of smallangle neutron scattering (SANS) have lead to another model [24–26]. In these publications, the fractal
structure of the aggregates (or clusters) has been pro-
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posed; the ‘light’ and ‘heavy’ clusters have been isolated with the help of the centrifugation/fractionation
procedure [26]. The fractal structure of the aggregates was also stated in other papers [27, 28]; such
character of association does not contradict our vision of aggregates in diluted DND solutions. As for
the structure of the concentrated 5.0 wt./vol.% solutions, the further comparison of the data obtained
for the same DND hydrosol by DLS, SANS, and also
by differential scanning calorimetry [29, 30] and 1 H
NMR magnetic relaxation spectroscopy [31] seems
to be promising. For instance, the above-mentioned
fractal clusters may be in fact regions of periodic colloidal structures.
3. Conclusions
The concentrated 5.0 wt./vol.% DND hydrosol produced in the NanoCarbon Research Institute, Japan,
is a polydisperse colloidal system with predominance
of small primary particles with an average diameter
of 2.7 ± 0.6 nm, as determined by the dynamic light
scattering. The coagulation by different electrolytes
reveals that the classical Schulze–Hardy rule holds for
this hydrosol, whereas the strong coagulation by alkali indicates the acidic nature of the positive charge
of the colloidal species. Moreover, the colloid stability against the electrolytes decreases along with the
aging of the sol and may somewhat vary from one
initial sample to another, depending on some modifications of the preparation procedure. Interestingly,
the decreased critical coagulation concentrations may
be restored by the introduction of HCl in low concentrations.
In order to explain the high viscosity of the initial 5.0 wt./vol.% hydrosol and the aggregation of the
DND primary particles on the dilution, the concept
of periodic colloidal structures is used.
We thank Professor Eiji Osawa, NanoCarbon Research Institute, for his generous gift of the DND hydrosol.
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ВЛАСТИВОСТI НАНОРОЗМIРНОГО (3 нм)
ДЕТОНАЦIЙНОГО АЛМАЗА З ТОЧКИ ЗОРУ
КОЛОЇДНОЇ НАУКИ
Резюме
Розглянуто та обговорено колоїднi властивостi гiдрозоля
детонацiйного наноалмаза. Позитивно зарядженi колоїднi
частинки розмiром 3 нм, виробленi у NanoCarbon Research
Institute (Японiя), утворюють агрегати при розведеннi розчину. Колоїднi частинки флуоресцiюють з максимумом
смуги випромiнювання при 625 нм (максимум смуги збудження 491 нм), адсорбують на своїй поверхнi анiоннi барвники i легко коагулюють пiд впливом електролiтiв. Коагуляцiя проходить у вiдповiдностi з правилом Шульце–Гардi,
а коагулююча сила однозарядних анiонiв пiдпорядковується закономiрностi, що випливає з “ряду Гофмейстера”, в
той час як аномально сильний вплив найбiльш гiдрофiльного з анiонiв, HO− , дозволяє виявити кислотну природу позитивного поверхневого заряду колоїдних частинок. Для iнтерпретацiї концентрацiйної залежностi розмiрiв колоїдних
частинок i високої в’язкостi вихiдного 5%-ного колоїдного
розчину запропоновано гiпотезу, основану на концепцiї так
званих перiодичних колоїдних структур.
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