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Abstract—This article presents experimental data on the coefficients of viscosity and thermal and electrical
conductivities, as well as the absorption spectra, of suspensions of ultradispersed diamonds. Suspensions of
UDA-S and UDP-A detonation nanodiamond particles, as well as UDP-AG diamond–graphite powder, are
used in the experiments. The concentration of nanodiamonds in distilled water is varied within a range of
0.5–5 wt %. It is shown that the technology of purification diamond powders from side products of their syn-
thesis substantially affects the physicochemical properties of aqueous suspensions of these powders.
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INTRODUCTION
In 1982−1984, Starver and researchers of the

Lavrentiev Institute of Hydrodynamics, Siberia
Branch, Russian Academy of Sciences, proposed a
method for obtaining ultradispersed diamond–graph-
ite and diamond powders from explosive materials
(EMs) containing excess carbon [1, 2]. It is believed
that the method for preparing ultradispersed materials
from EMs has been studied in detail, and the experi-
mental relations between the main parameters (EM
mass and type, chamber volume, gas specific heat,
etc.) have been found for optimizing the synthesis pro-
cess and preserving resulting solid phases [3, 4].

In 1985, the industrial production of ultradispersed
diamond–graphite (UDDG) and diamond (UDD)
powders was, for the first time, organized at the
Research and Production Association “Altai” (Biysk).
A great series of scientific, experimental, and techno-
logical works was also implemented there for the first
time in the field of the development, investigation,
and application in industry of technologies and mate-
rials using UDDGs and UDDs [3–5].

Somewhat later, joint works in this field were orga-
nized under the guidance of Staver at the Department
of Physics of Krasnoyarsk Scientific Center, Siberian
Branch, Russian Academy of Sciences, and the Scien-
tific Research Laboratory of Ultradispersed Materials
of Krasnoyarsk State Technical University. Several
production departments were created for the synthesis
of ultradispersed diamond–graphite powder of the

UDP-AG brand, (Techical Certificate TU 40-
2067910-01-91) and diamond powder of the UDP-A
brand (Technical Certificate TU 3974-001-10172699-
94). Several dozen diverse materials were developed
on the basis of UDP-A and UDP-AG powders [5–7].
UDP-A and UDP-AG powders were successfully
used as additives to motor and lubricating oils, struc-
tural modifiers of rubbers and polymer composites,
additives to lacquer and electroplated coatings, quality
boosters for aluminum alloys, etc.

The goal of this work was to study diverse physico-
chemical properties of aqueous suspensions of detona-
tion nanodiamonds produced by different technolo-
gies.

EXPERIMENTAL
Diamond powder of the UDA-S brand (TU 84-

1124-87) purchased from the Federal Scientific and
Production Center FNPTs Altai, UDP-A diamond
powder, and UDP-AG diamond–graphite powder
were used in the work. The UDP-AG powder is a
product of the detonation transformation of organic
nitrocompounds; it is represented by a black powder,
which consists of the cubic modification of diamond
and graphite. In fact, UDP-AG is an initial raw mate-
rial, the purification of which yields the UDA-S and
UDP-A diamond powders.

All suspensions considered in the work were pre-
pared and investigated using the same techniques. The
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Table 1. Average sizes and ζ-potentials of particles and pH
values of their suspensions

Sample
d1, 
nm

d2, 
nm

pH ζ-potential, mV

UDP-AG suspension 55 1010 8.23 +0.42
UDA-S suspension 36 690 5.52 −9.47
UDP-A suspension 28 290 3.07 −21.6
suspensions were obtained by the addition of a
required amount of an ultradispersed powder to dis-
tilled water followed by mechanical stirring. After that,
the suspensions were sonicated for 30 min in a Sapphir
TC-10338 ultrasonic bath. Longer sonication caused
no changes in the properties of the suspensions. UDP-
AG suspensions remained stable with respect to sedi-
mentation for 6−8 h after the sonication, while sus-
pensions of powders of the UDA-S and UDP-A
brands were stable for 36–48 h. The measurements
showed that, within this period, the physical proper-
ties of the suspensions remained unchanged. The sta-
bility of the properties of the studied suspensions was
controlled primarily by measuring their viscosity. The
viscosity of a colloidal system is very sensitive to sedi-
mentation and aggregation of particles. Moreover, the
viscosity coefficient is measured quickly and easily.
After a time, visible sediments arose in the suspen-
sions. Therefore, to avoid the influence of nanoparti-
cle sedimentation, all experiments were carried out
within a few hours after the sonication of the suspen-
sions.

Suspension viscosities were measured using a
Brookfield DV2T rheometer equipped with LV-61 and
LV-62 spindles and a ULA(0) adaptor for measuring
low viscosities. The setup and results of its approbation
for measuring the viscosity of nanosuspensions have
been described in our previous work [8]. The error in
the viscosity measurements was no larger than 2%.

The thermal conductivity coefficients of the sus-
pensions were measured by the procedure developed
in our previous work [9]. This procedure is based on
the nonstationary hot-wire method [10].

Absorption spectra of the suspensions were
recorded using a Genesys 10S Vis spectrophotometer
(Thermo Fisher Scientific).

The sizes and electrokinetic (ζ) potentials of the
particles in the aqueous suspensions were measured
using a DT1200 acoustic/electroacoustic spectrome-
ter (Dispersion Technologies).

The microstructure and phase composition of the
powders were studied using a JEM-2100 high-resolu-
tion transmission electron microscope (TEM) (JEOL,
Japan) equipped with an Oxford Inca x-sight energy-
dispersive spectrometer.

Diffraction patterns of the diamond powders were
recorded with a Bruker D8 Advance diffractometer
(Germany) using CuKα1 radiation (λ = 1.54056 Å) in
a range of scattering angles 2θ from 20° to 85° with a
step of 0.05°.

The specific conductance of the suspensions was
measured using an ANION 7025 conductometer. The
measurements were performed in a conductivity range
from 10–4 to 10 S/m; the limit of the permissible basic
relative error was ±2%.

RESULTS AND DISCUSSION
Average Sizes and ζ-Potentials of the Particles

Table 1 presents the ζ-potentials and sizes of
nanoparticles, as well as the pH values of the studied
suspensions with a concentration of 5 wt %. The pre-
sented data were obtained as the average values of
5 measurements, which were performed at a tempera-
ture of 25°C.

The data in Table 1 indicate a significant differ-
ences between the properties of the suspensions. The
suspension of UDP-AG diamond–graphite particles
is slightly alkaline, whereas the suspensions of dia-
mond nanoparticles are acidic. Moreover, the parti-
cles have markedly different values of the ζ-potential,
the absolute value of which is largest for the particles
of the UDP-A suspension. As a consequence, this sus-
pension exhibits a substantially higher stability. This is
confirmed by the data on the rate of sediment forma-
tion.

Figure 1 shows the particle size distribution density
functions measured for 5 wt % suspensions immedi-
ately after their preparation. The curves depicted in
Fig. 1 show a bimodal particle size distribution. In
addition, Table 1 presents the nanoparticle sizes that
correspond to the maxima of the bimodal distribu-
tions. The diamond–graphite powder suspension
contains particles with average sizes of 55 and
1010 nm, the particle sizes in the UDA-S suspension
are 37 and 690 nm, and the UDP-A suspension con-
tains particles with sizes of 28 and 290 nm. Thus, the
aggregate sizes are smallest in the UDP-A suspension.

Viscosities of the Suspensions
Viscosity is an important property of suspensions

from the viewpoint of their practical application. Fig-
ure 2 illustrates the dependences of viscosity coeffi-
cient μ and yield stress τ on share rate  for the studied
suspensions with particle concentration  = 5 wt %.
The behaviors of the viscosity coefficients are mark-
edly different. The viscosity coefficient of the UDP-A
suspension is much lower than that of the UDP-AG
and UDA-S suspensions at all values of the shear rate.
The UDP-AG and UDA-S suspensions have close
apparent viscosities. Moreover, as follows from the
plots in Fig. 2a, at this nanoparticle concentration, the
viscosity depends on the shear rate; hence, these sus-
pensions are non-Newtonian.

γ�
mC
COLLOID JOURNAL  Vol. 82  No. 6  2020
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Fig. 1. Particle size distributions in suspensions (1) UDA-
S, (2) UDP-A, and (3) UDP-AG. 
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The rheological behavior of the studied suspen-
sions was, in general, described by the Herschel–
Bulkley model:

where K is the consistency factor and τ0 is the yield
stress of a viscoplastic f luid. Figure 3 shows the depen-
dences of τ0, K, and exponent n on the mass concen-
tration of particles. As  increases, exponent n
decreases, while the value τ0 increase. A similar rheo-
logical behavior was previously observed for other
nanosuspensions [11, 12].

The analysis of the results shows that the UDP-AG
and UDA-S suspensions exhibit non-Newtonian
properties already at a mass concentration of the par-
ticles higher than 0.5%. At the same time, the UDP-A
suspension remains to be Newtonian at .

0( ) ( ) ,nKμ γ = γ + τ γ� � �

mC

m 2.5%C ≤
COLLOID JOURNAL  Vol. 82  No. 6  2020

Fig. 2. Dependences of (a) viscosity coefficient and (b) yield st
(3) UDP-AG. 
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Figures 2b and 3a show another important difference
between the rheological properties of the studied
nanosuspensions. For the UDP-AG and UDA-S sus-
pensions, yield stress τ0 arises at a particle mass con-
centration of about 1% and grows with Cm. However,
the yield stress of the UDP-A suspension is almost
zero even at the maximum concentration. The rheo-
logical behavior of the UDP-A suspension is more
adequately described by power model 

Thus, at high concentrations, the UDP-AG and
UDA-S suspensions are viscoplastic f luids, while the
UDP-A suspensions are pseudoplastic ones. The non-
Newtonian properties are, most likely, due to the
structuring of the suspensions. The tendency of the
UDD particles to form a network of aggregates results
from a large specific surface area and the existence of
a developed functional coating on their surface. The
differences in the natures and amounts of the func-
tional groups on the surfaces of the UDP-A and UDA-
S particles cause differences in their adsorption prop-
erties and aggregation abilities, thereby leading to dif-
ferent rheological behaviors of their suspensions.
When studying the stability of aqueous nanodiamond
suspensions, Chiganova found that their critical struc-
turing concentration is 0.85 vol % [23, 31]. This value
is in good agreement with the results of our measure-
ments of the rheological properties of UDP-A suspen-
sions, for which the onset of non-Newtonian behavior
was observed at particle concentrations above
0.8 vol %. Therewith, the non-Newtonian behavior of
the UDA-S suspensions began to be observed at much
lower volume concentrations of the particles (about
0.2%). The aggregate sizes in the UDA-S suspension
are several times larger than those in the UDP-A sus-
pension under the same conditions (see Table 1).
Seemingly, it is this fact that leads to the appearance of
the non-Newtonian properties of the UDA-S suspen-
sion at lower particle concentrations, as compared
with the UDP-A suspension.

1( ) .nK −μ γ = γ� �
ress on shear rate for suspensions (1) UDA-S, (2) UDP-A, and

1
2
33
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Fig. 3. Dependences of (a) yield stress τ0, (b) consistency
factor K, and (c) exponent n on particle concentration for
suspensions (1) UDA-S, (2) UDP-A, and (3) UDP-AG. 
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The viscosity coefficients obtained for the suspen-
sions (at concentrations at which the viscosity still
remains to be Newtonian) were compared with the
values calculated by the classical Einstein equation
[13]:  where ϕ is the particle volume
concentration. For  ( ), the Ein-

( )0 1 5 2 ,μ = μ + ϕ
1.4%ϕ = m 2.5%C ≈
stein equation gives relative viscosity coefficient
. This value is much lower than the coef-

ficients measured for the studied suspensions
(  for UDP-A). These data once more con-
firmed that, in many cases, the classical Einstein the-
ory incorrectly describes the viscosity of nanosuspen-
sions, because it takes into account neither the
nanoparticle size nor (all the more) their surface prop-
erties [14, 15].

Thermal Conductivities of the Suspensions
Another important property of a suspension is its

thermal conductivity. The thermal conductivity of f lu-
ids plays a crucial role in the operation of heat-gener-
ating equipment. One of the techniques improving the
thermal conductivity of f luids is the addition of parti-
cles with a high thermal conductivity coefficient to
them [16, 17]. In this connection, it is of interest to
study the thermal conductivity coefficients of the dia-
mond nanosuspensions.

Figure 4 shows the results of measuring the heat
conductivity coefficients for suspensions of nanodia-
monds and UDP-AG nanoparticles. Here, the relative
thermal conductivity is understood as the ratio
between the thermal conductivities of a suspension
and water at 25°C. For comparison, the same plot
shows the values of thermal conductivity calculated
using the Maxwell model [18]:

where λp and λf are the thermal conductivity coeffi-
cients of the particle material and water, respectively.
Volume concentration ϕ may be determined from the
following relations:  
where ρ, ρp, and ρf are the densities of the suspension,
particles, and water, respectively.

As follows from Fig. 4, the measured thermal con-
ductivities of the suspensions are adequately described
by the classical Maxwell theory. The deviation from
the theoretical predictions is within the measurement
error. Formally, the largest increment of the thermal
conductivity coefficient is observed for the suspension
of the UDP-AG diamond–graphite powder.

Absorption Spectra of the Suspensions
Recently, relatively many works have been pub-

lished devoted to the use of nanosuspensions as work-
ing bodies in solar thermal collectors [19, 20]. In con-
trast to the majority of pure liquids used as heat-trans-
fer agents, nanosuspensions efficiently absorb solar
radiation due to the presence of solid particles. In this
regard, information on the efficiency of radiation
absorption by the studied suspensions is of practical
interest. Figure 5 shows the absorption spectra of the

0 1.035μ μ =

0 1.27μ μ =

( )
( )

p f p f

f p f p f

2 2
,

2
λ + λ + ϕ λ − λλ =

λ λ + λ − ϕ λ − λ

( )1 ,p fρ = ϕρ + − ϕ ρ m p ,Cρ = ρ ϕ
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Fig. 4. Dependences of thermal conductivity coefficient
on particle concentration for suspensions (1) UDA-S,
(2) UDP-A, and (3) UDP-AG; (4) calculation by the
Maxwell model.
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Fig. 5. Absorption spectra of suspensions (1) UDA-S,
(2) UDP-A, and (3) UDP-AG. 
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Fig. 6. Concentration dependences of specific electrical
conductivity for suspensions (1) UDA-С, (2) UDP-A, and
(3) UDP-AG. 
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suspensions. The suspensions of the diamond–graph-
ite powder particles exhibit the highest absorption
coefficient within the entire spectral region. In addi-
tion, it has been found that the absorption coefficient
of the UDA-S suspension is nearly three times
higher than that of the UDP-A suspension. Note that
UDA-S powder and its suspensions have a much
darker color. This is due to different degrees of purifi-
cation of diamond powders from graphite particles in
different production processes.

Electrical Conductivity of the Suspensions
The electrical conductivities of the suspensions

were measured with a conductometer (Fig. 6). The
suspensions prepared from the diamond–graphite
powder and UDP-A particles have exhibited the high-
est and lowest electrical conductivities, respectively.
The dependences of the specific electrical conductiv-
ity of the suspensions on the particle concentration are
linear: S = ACm + B. Term B is 3.1 × 10–4 S/m. Coef-
ficient A is equal to 148 × 10–4, 106 × 10–4, and 379 ×
10–4 S/(m wt %) for the UDP-C, UDP-A, and UDP-
AG suspensions, respectively.

The data on the electrical conductivity, ζ-poten-
tial, pH, and viscosity indicate that the properties of
the UDA-S suspension are much closer to those of the
suspensions of the diamond–graphite particles. The
analysis of literature data have shown that the effective
electrical conductivity of diamond nanoparticles is
more than an order of magnitude higher than the elec-
trical conductivity values of background electrolytes
associated with impurities [21, 22].

It has been shown [21] that the main contribution
to the electrical conductivity of the aqueous suspen-
sions of diamond nanoparticles is made by the diffuse
part of an electrical double layer, which arises at a dia-
COLLOID JOURNAL  Vol. 82  No. 6  2020
mond particle due to ionization of functional groups
on its surface. In the case of nanodiamonds, a charge
is, as a rule, generated on the particle surface due to
the ionization of the surface functional groups via an
acidic or a basic mechanism [23–26].

Transmission Electron Microscopy

The electron microscopic examinations have
shown that the UDP-A sample contains diamond
nanoparticles with average sizes of 4−8 nm, although
particles as large as 15 nm in diameter are sometimes
found in the sample (Fig. 7a). The UDA-S sample
contains primary nanoparticles with sizes of 4–6 nm
(Fig. 7b).

Electron microdiffraction patterns are presented in
the inserts of Fig. 7. The diffraction reflections of
UDA-S and UDP-A correspond to a cubic diamond
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Fig. 7. TEM micrographs of diamond powders (a) UDP-A and (b) UDA-S. 
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phase (Fd3m space group, lattice parameter a =
3.567 Å, PDF 4+ card #00-006-0675 [27]).

The electron microscopic investigations of UDP-
AG diamond–graphite powder (Fig. 8) have revealed
that the small particles are represented by nanodia-
monds and graphite nanoparticles. In addition to nan-
odiamonds and graphite nanoparticles, the sample
contains almost spherical particles with sizes of 30 nm
to 0.5 μm. These particles contain iron in concentra-
tions as high as 40 wt % (Fig. 8b, Table 2). Pure carbon
“rods” with lengths of 10 μm and above are also
observed (Fig. 8b, Tabl. 2).

X-ray Diffraction Analysis of the Powders

The analysis of the diamond powders (Fig. 9) has
revealed that the peaks in the X-ray diffraction pat-
terns correspond to the diamond phase. For example,
at 2θ ≈ 44.3°, the lattice parameter is equal to 2.07042
and 2.06635 Å for UDA-S and UDP-A particles,
respectively. At 2θ ≈ 76.3°, these values are 1.26079
and 1.26370 Å, respectively. As follows from [27], the
interplanar distances for diamond are: d (111) =
2.060 Å and d (220) =1.261 Å. In addition to the peaks
corresponding to the diamond phase, the X-ray dif-
Table 2. Quantitative relations of elements (%) at selected
points of the UDP-AG sample (see Fig. 8b)

Spectrum number C O Fe Total

Spectrum 1 60.24 16.66 23.10 100.00
Spectrum 2 58.12 15.84 26.03 100.00
Spectrum 3 45.54 14.87 39.59 100.00
Spectrum 4 31.32 68.68 − 100.00
fraction patterns of the diamond–graphite powder
contain peaks due to graphite, magnetite Fe3O4, and
hematite Fe2O3.

CONCLUSIONS
The article reports the experimental data on the

properties of aqueous suspensions of UDA-S and
UDP-A ultradispersed diamonds and UDP-AG dia-
mond–graphite powder, with particle concentrations
of 0.5–5 wt %. The viscosity, thermal conductivity,
and electrical conductivity coefficients and the pH
values of the suspensions, as well as the ζ-potentials of
the particles have been measured. The particle size
distributions and the absorption spectra of the suspen-
sions have been determined.

The data on the electrical conductivity, ζ-poten-
tial, pH, and viscosity have shown that the properties
of the UDA-S suspension are much closer to the prop-
erties of the diamond–graphite suspension than those
of the UDP-A suspension. The significant differences
revealed in the properties of the studied suspensions
are due to different technologies of purification of the
initial diamond–graphite powder from nondiamond
components.

Previous investigations [28–31] showed that the
methods for purification of nanodiamonds from
impurities were crucial for the composition of func-
tional groups formed on their surface. Ultradispersed
diamonds obtained from the products of their synthe-
sis using boric anhydride (UDP-A) have a higher oxy-
gen content (up to 15 vs. 9% for UDA-S) and a signif-
icant amount of boron (2.3%) [31]. The doping with
boron gives rise to additional useful properties of
UDP-A, such as the increased resistance of the pow-
der to caking and the stability of its aqueous suspen-
COLLOID JOURNAL  Vol. 82  No. 6  2020
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Fig. 8. TEM micrographs taken from diamond–graphite powder at different magnifications: (a) ×150000 and (b) ×15000.
Crosses indicate the points, at which spectra 1–4 were recorded to determine the elemental composition. 

20 nm 500 nm

5 1/nm

(а) (b)

Spectrum 3

Spectrum 2

Spectrum 1

Spectrum 4

Fig. 9. X-ray diffraction patterns of powders (1) UDA-S,
(2) UDP-A, and (3 ) UDP-AG. 
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sion. The purification of UDA-S with a mixture of sul-
furic and nitric acids increases the contents of nitrogen
and sulfur. In addition, the examination of the surface
has shown the presence of hydrocarbon fragments
(methyl and aromatic groups) and oxygen-containing
ones (carbonyl, carboxyl, and hydroxyl groups).
Therewith, the analysis of the surface functional
groups [31] has revealed that the fraction of strongly
acidic functional groups in UDA-S is smaller (about
30% of the total content) than that in UDP-A (as large
as 60%).

The influence of UDD purification method on the
composition of the functional groups is due to a high
fraction of surface atoms and the formation of chemi-
cal bonds with substances used in the purification pro-
cess. The conditions of nondiamond carbon phase
oxidation also affect the oxygen content in the func-
tional coating of the particles. Therefore, the method
of purifying UDDs significantly affects the physico-
chemical properties of the prepared suspensions.

The results obtained in the work may be useful for
the application of nanodiamond suspensions in vari-
ous fields (medicine, heat transfer intensification,
electrochemistry, electrodeposition, tribology, addi-
tives to lubricants, etc.).
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