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Abstract—Coagulation of polydisperse detonation nanodiamond (DND) hydrosol containing primary
aggregates with a prevailing average size in a range of 20—200 nm has been studied experimentally and theo-
retically within the framework of the classical and extended DLVO theory as depending on the concentrations
of an indifferent electrolyte (NaCl) and potential-determining ions (pH). It has been shown that the surface
of DND particles is charged due to the ionization of ionogenic amphoteric hydroxyl and acidic carboxyl
groups located on it. The isoelectric point of the detonation nanodiamond particles has been found to corre-
spond to pH 7.5. It has been revealed that the main stabilizing factor of the DND hydrosol is electrostatic. It
has been shown that the stability and coagulation of the sol can be described within the framework of the
extended DLVO theory using the effective Hamaker constant for primary porous aggregates and taking into
account the initial polydispersity of the DND particles.
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INTRODUCTION

The number of annual publications devoted to
studying detonation nanodiamonds (DNDs), in
which the term “nanodiamonds” is included into the
list of keywords, has increased approximately 30-fold
over the past twenty years. Since the beginning of the
21st century the interest in the use of DNDs for bio-
medical purposes [1—3] has increased due to their
high biocompatibility, low cytotoxicity (the lowest
among carbon nanostructures), high specific surface
area, small primary particle sizes of 4—5 nm, capabil-
ity of fluorescence, and the possibility of surface func-
tionalization. DNDs are considered as a promising
material to be used as a carrier for targeted delivery of
biologically active and medicinal substances [4, 5], a
fluorescent label [5—7], contrast agent for magnetic
resonance imaging [8—11], and biosensors [12]. The
emerging prospects for the successful use of DNDs in
biomedicine predetermine the significance and
urgency of studying aggregation processes in dilute
aqueous dispersions of detonation nanodiamonds as
depending on the factors that predetermine the possi-
bility of obtaining aggregatively stable DND nanosols
(composition and concentration of a background salt,
pH, polydispersity of the sols, etc.), as well as their sta-
bility and functional properties when they are intro-
duced into a body. On the other hand, nanodiamond
hydrosols, as has been noted in, e.g., [13], can serve as

an ideal model system for the theoretical study of the
aggregation and structuring processes in dilute and con-
centrated nanodisperse systems, which is necessary for
the development of the existing stability theories.

It should be noted that the majority of the currently
available works are devoted to studying the aggregate
stability of aqueous sols of either only negatively or
only positively charged DND particles, i.e., the sur-
face charge and zeta potential of which are not
reversed with variations in the medium pH. Experi-
mental and theoretical works are dealing with investi-
gating the electrolyte-induced coagulation of sols of
both primary detonation diamond nanoparticles (4—5
nm) and polydisperse sols containing mainly primary
aggregates of DNDs. However, when describing the
coagulation behavior of the latter type of the sols
within the framework of the DLVO theory, the possi-
ble role of polydispersity in their stability and the pos-
sible difference in the values of the Hamaker constant
for porous aggregates and monolithic nanoparticles
are not taken into account.

The influence of the composition and concentra-
tion of an inorganic electrolyte on the stability
and coagulation of diluted (solid phase content ¢ <
0.2wt %) DND sols obtained from concentrated
nanosols containing positively charged particles 3—4
nm in size was studied in detail elsewhere [14—17]. It
has been found that the coagulation of a DND hydro-
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sol that contains predominantly nanoparticle aggre-
gates under the action of solutions of inorganic salts
obeys the classical Schulze—Hardy rule and can be
described from the viewpoint of the classical DLVO
theory. It should be noted that, when theoretically
studying the coagulation of sols with positively
charged DND particles, the above works do not con-
sider the influence of water boundary layers (BLs) on
the aggregate stability of DND hydrosols.

At the same time, the study of the hydration of
DNDs has been a subject of the particular interest of
scientists, since, as was assumed in [18, 19], a shell of
water molecules 2—4 layers thick (the thickness of the
water BL on a 5-nm particle is about 10% of its size)
must exist around nanoparticles of negatively charged
detonation diamond. It has been shown [20, 21] that
the orientation of water molecules in the first solvation
layer depends on the sign of the zeta potential of parti-
cles. In contrast to positively charged DNDs, for neg-
atively charged particles, most of the hydrogen bonds
between water molecules are broken due to their elec-
trostatic interaction with carboxyl groups. The forma-
tion of the first hydration layer near the surface of
hydrogenated detonation diamond can be explained
by the accumulation of excess electrons at the DND—
water interface, which is stabilized by water molecules.
Moreover, for positively charged particles of hydroge-
nated DNDs containing hydrophobic CH, groups on
their surface, the degree of hydrophilicity appears to
be even higher than that for DND particles with car-
boxyl and hydroxyl surface functional groups. A signif-
icant difference in the structure and properties of the
BLs of oppositely charged DND particles has also
been noted in [22]. According to [13, 23], the interpar-
ticle distance in dilute detonation diamond hydrosols
is much larger than would be expected under the
action of only the ion-electrostatic repulsion forces
due to the fact that the particles are interconnected
through layers of water.

With regard to all of the aforementioned, despite
the fact that the need to take into account the influ-
ence of water BLs on the stability and aggregation of
dilute DND dispersions is obvious, the works dealing
with this problem are rather scarcer to date. At the
same time, they consider the contribution of the struc-
tural component to the total energy of pair interaction
between particles of predominantly oxidized detona-
tion diamond (extended DLVO theory) [24—28]. As
has been shown in [26], the regularities for the coagu-
lation thresholds of dispersions of negatively charged
DND particles with an average nanoparticle aggregate
size of 300 nm do not obey the Schulze—Hardy rule.
Hence, the aggregate stability of DN D particles is pro-
vided by not only the electrostatic factor, but also an
additional factor of nanoparticle hydration. In an
acidic pH region, the stability is mainly determined by
structural repulsive forces, whereas, at pH 7 and
above, the electrostatic factor makes the main contri-
bution to the stability of a system. An increase in the
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temperature leads to a decrease in the thickness of the
water BL, thereby causing coagulation of the particles
[27]. It has also been shown [24, 25, 28] that the main
changes caused by electrolytes in the aggregation
behavior of DND hydrosols that predominantly con-
sist of the first-kind stable aggregates are quite consis-
tent with the data calculated in terms of the extended
DLVO theory. Moreover, as noted in [29], the stability
of a monodisperses DND hydrosol of negatively
charged particles 4—5 nm in size may be explained
from the standpoints of both the classical and
extended DLVO theories, while the coagulation
occurs, most likely, in the near potential minimum via
the barrier mechanism. The existence of the stabiliz-
ing structural (hydration) factor is additionally con-
firmed by a noticeable decrease in the coagulation
thresholds of the sols of positively charged DND par-
ticles upon the transition from water and protophilic
(cationophilic) solvents to protophobic (cationopho-
bic) solvents [30]. It is seen that, in most cases, it is
necessary to take into account the contribution of
extended water BLs to the stability of DND hydrosols
when theoretically describing the aggregation pro-
cesses occurring in them. This, in turn, gives rise to the
problem of uncertainty in the parameters of the struc-
tural component of the pair interaction energy of
DND particles.

In connection with all of the aforementioned, the
goal of this work was experimental and theoretical
studying the aggregate stability of a dilute polydisperse
aqueous sol of DND particles as depending on the
concentration of indifferent counterions at natural pH
5.8 of a salt solution (NaCl), when the sol particles are
positively charged, and on the concentration of poten-
tial-determining ions (pH 4—11.5) at a constant salt
background (103 M NaCl), when both the magnitude
and sign of the surface charge of DND particles
change with increasing pH, as well as the theoretical
description of the coagulation processes in DND sols
with taking into account the polydispersity of an initial
hydrosol, the porosity of the primary aggregates, and
the degree of the hydrophilicity of DND particle sur-
face.

EXPERIMENTAL

The object of the study was commercial DND
powder (SDTB Tekhnolog, St. Petersburg, Russia)
produced by detonation of tetryl. To remove ionic
impurities, the original powder was additionally puri-
fied three times by electrodialysis. For this purpose an
aqueous 2.5 wt % DND dispersion was prepared. After
each purification stage, the obtained dispersion was
centrifuged and water was decanted. Thereafter, the
sample was dried at 80°C until remaining water com-
pletely evaporated and, then, at 120°C for 2 h. The
dried powder was thoroughly attrited in an agate mor-
tar and again dispersed for 30 min in deionized water
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using a RELTEK USB-7/100-TNM ultrasonic bath
operating at 60 kHz for the next cleaning cycle.

Powder specific surface area Sg,, which was deter-
mined by the BET method measuring the thermal
desorption of nitrogen with chromatographic registra-
tion, was 270 m?/g. Average size d, of primary

nanoparticles calculated by equation
d, = 6/pS,,. (1

where p = 3.52 g/m? is the DND density, was 6.3 nm.

The phase and surface compositions of DND par-
ticles were determined by the X-ray diffraction (XRD)
analysis, X-ray photoelectron spectroscopy (XPS),
FTIR spectroscopy, and Raman spectroscopy.

The XRD analysis was performed in the Centre for
X-ray Diffraction Studies at the Research Park, St.
Petersburg State University (SPSU), using a Bruker
D2 Phaser desktop automatic powder diffractometer
(Bruker AXS, Germany). The phases were identified
using the PDXL 2.0 software package and the Powder
Diffraction File (PDF-2, 2011) powder diffraction
database (Rigaku). In addition, the full-profile analy-
sis (Rietveld method) was employed to determine the
crystallite size using structural data of the Inorganic
Crystal Structure Database (ICSD, 2021/2) and the
TOPAS software package.

The XPS analysis of the DND powder was carried
out using a Thermo Fisher Scientific Escalab 250Xi
complex photoelectron and scanning Auger electron
spectrometer (Thermo Fisher Scientific, United
Kingdom) in the Centre for Physical Methods of Sur-
face Investigation, SPSU.

The Raman spectrum was obtained with a Senterra
instrument (Bruker, Germany) operating in the back-
scattering mode in the Centre for Optical and Laser
Materials Research, SPSU. Raman scattering was
excited using an external solid-state laser operating at
a wavelength of 532 nm. The laser radiation was
focused with a 20X objective (numerical aperture of
0.4), the power at the sample under the objective was
0.6 mW (2 mW at the input of the device). The spec-
trum was recorded within a range of 45—4400 cm~'.
The spectrum was measured using a diffraction grating
of 400 pcs/mm, the aperture was rectangular 25 X
1000 um. The acquisition time of a single spectrum
was 150 s and the number of averagings was equal to 6.

The IR absorption spectrum was obtained by the
attenuated total internal reflection (ATR) method
with a Nicolet 8700 FTIR-Fourier spectrometer
(Thermo Scientific, United States) equipped with an
ATR attachment (Smart iTR) with a diamond crystal in
the Centre for Optical and Laser Materials Research,
SPSU. A deuterated triglycine sulfate (DTGS) detector
was used. The resolution was 4 cm~'. The presented
spectrum was obtained by averaging 250 scans. The aper-
ture was 75% of the maximum one. The Blackman—
Harris function was used as an apodizing function. The
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phase correction was carried out using the Merz method.
After subtracting the baseline caused by scattering, the
spectrum was reduced to the maximum value in the
region of the stretching vibrations of OH groups.

To obtain a DND hydrosol initially stable with
respect to sedimentation and aggregation, an aqueous
0.25 wt % dispersion was prepared. For this purpose,
purified DND powder was dispersed for 2 h in deion-
ized water using a RELTEK USB-7/100-TNM ultra-
sonic bath operating at 60 kHz. The resulting suspen-
sion was allowed to settle for two weeks; then, the
upper finely disperse layer was decanted and diluted
with deionized water in a manner such that the optical
density of the obtained sol diluted twofold was 0.18 +
0.01 (at a light wavelength of 380 nm). The resulting
sol retained its dispersity during the entire experiment
(for about two months).

The particle concentration of the initial diluted
DND sol and the particle size distribution were deter-
mined using the particle trajectory analysis performed
with a NanoSight NS300 instrument (Malvern,
United Kingdom).

The morphology and dispersity of the particles in
the initial hydrosol were studied by scanning electron
microscopy (SEM) using a Carl Zeiss Merlin scanning
electron microscope (Carl Zeiss Merlin, Germany) in
the Interdisciplinary Resource Centre for Nanotech-
nology at the Research Park, SPSU.

The work was devoted to studying the influence of
the concentration of an indifferent electrolyte (NaCl,
5%x1074—=10"! M) at natural pH (pH,,) 5.8—6.0 and
the effect of pH (4—11.5) of the sodium chloride solu-
tion with a constant concentration (107> M) on the
aggregate stability of diluted DNA hydrosol. The
coagulation process was studied while varying the con-
centrations of the indifferent electrolyte and potential-
determining ions (PDIs) by the methods of turbidim-
etry and dynamic light scattering (DLS). The kinetic
dependences of optical density D of an aqueous DND
sol were obtained with a KFK-3-01 photoelectrocalo-
rimeter in a cell 5 cm long and 2 cm wide at a wave-
length of 380 nm. The measurements were carried out
for 15 min. The experimental procedure has been
described in detail elsewhere [31].

Particle size distributions, electrophoretic mobility
values U,, and {-potentials of DND particles in the
initial aqueous sol, as well as in the dispersions after
the end of the optical density measurements (approxi-
mately 20 min after adding the electrolyte to the sols)
were determined by the DLS and laser Doppler elec-
trophoresis methods, respectively, with a Zetasizer
Nano ZS analyzer (Malvern Instruments, United
Kingdom). The measurements were performed in a
DTS1070 universal capillary U-shaped cell equipped
with integrated gold-plated electrodes using prelimi-
nary thermostating for 2 min at 20°C. The error in
determining the values of U, was £0.1—0.2 m?/(V s).
From the values of the electrophoretic mobility found
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experimentally within the framework of the Over-
beek—Boes—Wiersema model [32] for the smallest
values of electrokinetic radius xa (where ¥ is the
Debye parameter and a is the radius of a primary
nanoparticle), the values of electrokinetic potential L%
were calculated taking into account the polarization of
the electrical double layer.

Solutions and dispersions were prepared in deion-
ized water with specific electrical conductivity of no
higher than 1.5 X 107® Q7' cm™! (Aqualab AL Plus
purification system). The required pH values were
preset by adding 3 x 1072 M and 10~ M solutions of
hydrochloric acid and sodium hydroxide. The pH val-
ues of the media were measured using a SevenMulti
pH meter (Mettler Toledo).

Interparticle pair interaction energy V was calcu-
lated according to the classical [33—35] (Eq. (2)) and
the extended [36—38] (Eq. (3)) DLVO theories to find
out the nature of the observed stability and coagula-
tion of the aqueous DND sols:

V =V +Vu 2)
V=Vg+Vu+Vs, 3)

where Vg, Vy, and Vg are the ion-electrostatic, disper-
sion, and structural components of the interparticle
interaction energy, respectively.

The total interparticle pair interaction energy was
calculated under the assumption of the spherical shape of
the particles. The energy of the ion-electrostatic interac-
tion of identical particles was calculated for a symmetric
electrolyte under the condition of a constant potential
using the Oshima—Healy—White equation [39]:

_ % . 4maCkTY:
Ve =Vy + ————1+
F E K 96
<h 1- K—htanh (K—h) 4
w1 ann(2)] 22
2 cosh? (7)

in which the expression for VE* has the form of

* 2
Ve = magey

1+ exp(—xh) _
X {ln [—1 — exp(—Kh)} + In[1+ exp( 2Kh)]},

+ :2z_e\|! (6)

kT

22
= 27°e NAI, 7
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where /4 is the distance between particle surfaces, a is
the particle radius, € is relative dielectric constant of
the solution, €, is the absolute dielectric constant of
vacuum, C is the electrolyte concentration in the solu-
tion, v, is the dimensionless particle potential, K is the

%)
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Debye parameter, z is the multiplicity of the electro-
Iyte counterion charge, e is the elementary charge, [ is
the ionic strength of the electrolyte, and y is the
potential of the diffuse part of the electrical double
layer (¢ = y,). In the calculations, it was assumed that
the y potential of the particles is equal to their elec-
trokinetic potential.

The molecular component was calculated according
to microscopic theory taking into account the retardation
of dispersion forces [40, 41] by Egs. (8) and (9):

Aa 1
Vy=-291_ 1 latp<0.5 8
M 12h(1+1.77pj P ®)
Aa(2.45 2.17 | 0.59
v, =-24 - atp>0.5 (9)
M h(60p 180> 420p3]

were p = 2mh/A, A is the characteristic wavelength of
the particle material, and A is the constant of molecu-
lar (dispersion) forces (Hamaker constant). The char-
acteristic wavelength of DND particles and the
Hamaker constant were taken equal to 207 nm and
1.38 x 10~12J, respectively [42].

The structural component of the interparticle
interaction energy that results from overlapping the
boundary layers at the surfaces of spherical particles
was calculated using equation (10) [36, 43]:

Vs = maKl® exp(—h/I), (10)
where Kis the intensity parameter and / is the correla-
tion length.

The curves calculated for the pair interaction
energy of DND particles were used to calculate stabil-
ity factors W, according to equation (11) for the barrier
mechanism of coagulation [44—46]:

e [ o

- —1
u Vv (u
] )26Xp( u ))du |
o(u+2) kT
where u = (r — 2a)/a is the dimensionless relative
interparticle distance, r is the distance between the
centers of interacting particles, a is the particle radius,

and B(u) is the hydrodynamic factor, which can be
expressed as follows:

(11)

_6u’+13u+2

(12)
6u’ + 4u

Stability factor (W) for the barrierless coagulation
mechanism was calculated by Eq. (13) [45, 47]:
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Fig. 1. IR absorption spectrum of DND powder with subtraction of the baseline and reduction to the maximum in the region of

stretching vibrations of OH groups.

w, =

(13)

()

where W, is the stability factor for the barrierless coag-
ulation in the potential minimum and 4,,;, is the coor-
dinate of the secondary potential minimum.

Total stability factor (W) in relation to coagula-

tion in one of the potential minima was calculated
using Egs. (14):

W= g Wisy, (14)
m+w, W,
=2 W, (14b)
wi+w, W,
RESULTS AND DISCUSSION

Phase Composition, Composition of Surface Groups
of DND Particles, and Dispersity of Initial Hydrosol

Figure 1 shows the FTIR spectrum of purified
DND powder. The intense band at 3400 cm™' corre-
sponds to the stretching vibrations of —OH groups
belonging to adsorbed water and surface hydroxyl
groups. The characteristic band at 1635 cm™! is
attributed to the bending vibrations of the —OH
groups. The absorption bands at 2930 cm~' and
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1350 cm~! are assigned to the stretching and bending
vibrations of C—H bonds in alkyl CH, groups. The

band at 1730 cm~! corresponds to the stretching vibra-
tions of C=0 carbonyl groups in carboxyl, ester,
ketone, and aldehyde groups. The peak at 1561 cm™!
can be attributed to the asymmetric stretching vibra-
tions of C=0 groups in deprotonated carboxyl groups.
The band with a maximum at 1251 cm™! corresponds
to the bending vibrations of C—O groups in epoxides
and esters. The absorption band at 1125 cm™! refers to
the stretching vibrations of C—O bondr in C—O—-C
groups. The nanodiamond peak at 1325 cm~' corre-
sponds to the stretching vibrations of the C—C bonds
in the DND crystal lattice [48—50].

The Raman spectroscopy (Fig. 2) and XRD analy-
sis (Appendix, Fig. A1) data show that, in addition to
the diamond phase, the studied powder contains car-
bon in the sp?-hybridization corresponding to a graph-
ite phase. As can be seen in Fig. 2, in addition to the
peak at 1328 cm™!, which is characteristic of nanodia-
mond, the spectrum exhibits a wide asymmetric peak
with a maximum at 1630 cm~!. According to [51], this
peak is actually the superposition of the G-line of car-
bon in the sp? state, characteristic of the Raman spec-
trum of graphite phase-containing samples [52], and
the peak corresponding to the bending vibrations of
OH groups of water adsorbed on the particle surface or
the functional OH groups of the surface.

The results of deconvoluting the Clsand Ols peaks
in the XPS spectrum of the DND powder are shown in
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Fig. 3. (a) Cls and (b) Ols X-ray photoelectron spectra of DND powder.

Figs. 3a and 3b, respectively. As can be seen in Fig. 3a, the
peak with a binding energy of 286.4 €V corresponds to
carbon atoms at hydroxyl and in ether groups [53—57]. A
binding energy of 287.8 €V is responsible for the state of
carbon atoms in carbonyl [56, 57] or carboxyl groups [53,
54]. The deconvolution of the Ols spectrum (Fig. 3b)
shows the presence of peaks with maxima at 533.1 eV (the
main peak corresponding to the bond between carbon
and oxygen atoms in the C—O—C and C—O—H groups)
and a low-intensity peak with a maximum at 530.5 eV,

which may, apparently, correspond to the binding
energy of C=0 bonds in carbonyl groups [55—58].

Thus, according to the XPS, FTIR, and Raman
spectroscopy data, the surface of DND particles is
heterogeneous and contains mainly ionogenic car-
boxyl and hydroxyl functional groups, as well as non-
ionogenic hydrocarbon ones. The presence of iono-
genic amphoteric —COH and acidic —COOH groups
on the DND particle surface and their amounts and
degrees of ionization determine the sign and magni-
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Fig. 4. Particle size distribution obtained by analyzing the
particle trajectory method and averaging of three measure-
ments for an aqueous DND sol diluted by 50 times.

tude of the surface charge of nanodiamond particles in
a liquid dispersion medium:

~-COOH 2 COO™ + H], (15)
-COH; & -COH + H{, (16)
-COH &2 -CO™ + H.. (17)

Figure 4 presents the data on the particle sizes of
the studied DND hydrosol stable to aggregation and
sedimentation, with these data being obtained by ana-
lyzing the particle trajectories. It can be seen that the
initial sol is polydisperse and contains aggregates of
primary DND nanoparticles, among which particles
with a size of about 135 nm prevail. The data obtained
are in good agreement with the DLS results shown in
Fig. 5 (average particle size d; determined from the
scattered light intensity distribution over sizes also
amounted to 135 nm). The joint analysis of the SEM
images of DND sol particles (Fig. 6) and the particle
size distributions obtained by particle trajectory anal-
ysis and DLS methods has shown that the majority of
the primary aggregates in the studied sol have sizes in
a range of 20—200 nm, while their shapes are almost
spherical (Fig. 6). Conventionally, this range may be
divided into two parts of 70—200 and 20—70 nm, in
which the most probable aggregate sizes are 135 nm
and 45 nm, respectively (Fig. 5); these are average parti-
cle diameters dy determined from the particle number
size distribution. These sizes, along with the primary
nanoparticle size of 6.3 nm, were used to take into
account the polydispersity of the initial hydrosol
when calculating the total energy of the pair interac-
tion between DND particles. The particle concentra-
tion of the initial aqueous DND sol was (2.8 = 0.9) X
10" particle/cm?.
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Fig. 5. Particle size distribution obtained by the DLS
method for the initial aqueous DND sol.

Stability of DND Hydrosol in NaCl Solutions at Natural p H

Figure 7 illustrates the results of studying the coag-
ulation kinetics of an aqueous DND sol at natural pH
(5.8—6.0) and different concentrations of sodium
chloride solutions. It is seen in Fig. 7 that the studied
DND sol is aggregatively stable at Cy,c < 1073 M, as
evidenced by the constancy of the optical density
during the observation for 15 min. At Cy,c; = 1072, the
pattern of the D—¢ dependences is typical of fast coag-
ulation (FC). In the intermediate concentration
range, slow coagulation (SC) occurs, the rate of which
increases with NaCl concentration in the solutions.
More precise coagulation threshold values were deter-
mined graphically from the concentration depen-
dences of the optical density measured for the sols 0.5
and 15 min after the addition of NaCl (Fig. 8) [31].
The values of the thresholds found in this way for the

o

- e

% 59.9 nm

-

%443 nm

Fig. 6. SEM image of particles of the initial aqueous
DND sol.
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Fig. 7. Dependences of the optical density on the observa-
tion time obtained for DND hydrosols with different con-
centrations of sodium chloride solutions and natural pH
values (5.8—6.0).

slow C,, and fast Cy, coagulation of the DN D sol were

1.1 X 1073 M and 7.4 x 1073 M, respectively. It should
be noted that the region of slow coagulation of the sol
is rather narrow, and that the obtained values of Cy, are
noticeably lower than those for typical ion-stabilized
colloids ( ~(1—=3) x 10~' M). This may probably be
due to the relatively high value of the Hamaker con-
stant of detonation diamond particles. It is also note-
worthy that, in contrast to polydisperse sols of oxides
(e.g., zirconium oxide [31]), which are distinguished
by the presence of the regions of the low-intense and
intense slow coagulation, the zone of the low-intense
SC, in which the predominant coagulation of primary
nanoparticles is expected, is atypical for the DND
sols. This may probably indicate that there are actually
no primary DND nanoparticles in the sol under study.

Apparently, the failure of the aggregate stability of
the DND hydrosol under the influence of the indiffer-
ent electrolyte is primarily caused by a decrease in the
zeta potential due to the compression of the diffuse
part of the EDL with increasing NaCl concentration
(Fig. 9). It should be noted that, at pH 5.8, the elec-
trokinetic potential is positive throughout the studied
concentration range. Apparently, at this pH value, the
surface charge of DN D particles in NaCl solutions is also
positive, and the main contribution to the generation of
the surface charge is made by surface reaction (16).

The calculations of the pair interaction energy of
DND particles at pH,,,; and different NaCl concentra-
tions were carried out according to the classical and
extended DLVO theories. In the latter case, when cal-
culating the structural component of the interparticle
interaction energy, correlation length parameter / of
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Fig. 8. Dependences of the optical density of aqueous
DND sols on the concentration of NaCl solutions after
(1) 0.5- and (2) 15-min observation at natural pH.

the structural forces was varied within a range of 1—
3 nm. The calculations were performed (as indicated
above) for 6.3-nm primary nanoparticles and primary
aggregates 45 and 135 nm in size.

The results of calculating the pair interaction
energy for primary particles are shown in Fig. 10 and
in Table Al (Appendix). It can be seen that, regardless
of the calculation method, primary nanoparticles
must slowly coagulate via the barrier mechanism
already ina 5 x 10~* M sodium chloride solution, and,
at a NaCl concentration of 5 x 10~3 M, the fast coag-
ulation must occur. The calculation results confirm

¢V, mv
40k
35F
30
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20 -
15
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S5k

-3.5 -3.0 =25 -2.0 —-1.5 -1.0

logC

Fig. 9. Zeta potential C,W of DND particles as a function of
the concentration of sodium chloride solution at natural pH.
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the previous assumption that primary DND nanopar-
ticles are actually absent in the studied sol. Therefore,
the interaction of primary nanoparticles is not consid-
ered in the subsequent calculations.

The results of calculating the pair interaction
energy for primary aggregates of DND nanoparticles
according to the classical and extended DLVO theories
with the Hamaker constant taken for porous aggre-
gates corresponding to monolithic diamond particles
are presented in Tables A2 and A3 (Appendix). The
analysis of the obtained results has shown that, even
when taking into account the structural component
and varying the values of the correlation length, one
cannot achieve agreement between the experimental
and theoretical data. It is reasonable to assume that
aggregates of DND particles have a density different
from the density of monolithic nanodiamond parti-
cles. The porosity and morphology of such aggregates
depend on a number of the system parameters, in par-
ticular, on the aggregate sizes; however, without going
into details of the problem, it is important to note that,
at this or that their structure (hardly corresponding to
the densest packing of the particles), the effective
Hamaker constant of the particles (i.e., 4.4, Which
really describes the forces of molecular interaction
between loose aggregates) will be less than the
Hamaker constant of monolithic DND particles.
Therefore, in the subsequent calculations of the
molecular forces for the interaction between aggre-
gates of DND particles, several probable effective
Hamaker constants were used for different degrees of
looseness of random free packings of the particles
((0.58—0.86) x 10~?J) (Tables A4—A7, Appendix).

The detailed comparison of the calculated and
experimental data has shown that, in principle, there is
a range of calculated parameters (A.y, /) that makes it
possible to explain the stability and coagulation of a
DND sol containing particles of the two main sizes
indicated above. At the same time, the smallest effec-
tive Hamaker constant of 0.58 x 10~ J and correla-
tion length / values of 1—3 nm seem to be objectively
real. This is confirmed by the results presented in
Figs. 11 and 12. It should be noted that, when consid-
ering the calculated data, both variations in the height
of the potential barrier with variations in the NaCl
concentration and the calculated values of the coagu-
lation deceleration factors were taken into account.

The dependences of the interparticle pair interac-
tion energy on the interparticle distance determined at
different electrolyte concentrations (Fig. 11) show that
the rapid coagulation threshold corresponds to the
concentration range of NaCl relevant to the disap-
pearance of the small repulsive barrier and the transi-
tion to the region of attraction between the particles at
all distances between them. Figure 12 indicates that
the experimental concentration dependences of the
optical density (r = 0.5 min) and the average particle
size (+ = 20 min) are in obvious correlation with the
calculated dependences of total aggregation factor
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Fig. 10. Dependences of the pair interaction energy on the
interparticle distance for primary DND nanoparticles
(6.3nm) at natural pH and different concentrations of
sodium chloride solutions. The calculations were performed
according to the extended DLFO theory. 4 = 1.38 % 10797 S
K=1x10°J/m?, and /= 1.0 nm.

I/Vt;t1 on log C for the aforementioned group of param-
eters A.rand / and the main sizes of the primary aggre-
gates in the sol. It can be easily concluded that the
main stabilizing factor of the DND sol is the electro-
static one. In the considered range of NaCl concentra-
tions, coagulation of the sol for the main particle sizes
may proceed via the barrier, barrierless, and mixed
mechanisms. The last statement can be illustrated by,
e.g., the data presented in Table 1 and Fig. 11. In this
case, the main contribution to the stability of the sol is
made by the primary aggregates with the smaller size
(45 nm). It should be noted that, in the case of the
interaction between particles of intermediate sizes, the
calculation results will be only quantitatively different,
while the analysis of the interparticle pair interactions
will lead to the same conclusion about the nature of
coagulation and quite satisfactory agreement between
the theoretical and experimental data.

It is important to note that aggregates of different
sizes, as well as particles of the same size, coagulate
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Fig. 11. Dependences of the pair interaction energy on the interparticle distance for DND aggregates ((a) 45 and (b) 135 nm) at
natural pH and different concentrations of sodium chloride solutions. The calculations were performed according to the extended
DLFO theory. o= 0.58 10~ J, K=1x 10 J/m?, and /= 1.0 nm.

—1
Wioi d;, nm

b 2.0
0.3 Cs Cre 12400
. B m
_ L, 42000
0.28 | ¢ Y {16
41600
0.24 +
J1.2 41200
0.20 | f/—v——@_' 1800
0.16 |- 108 | 400
10
0.12 F 3 ® 135nm o4
4 © 45 nm 1_400
0.08 +
L L 0 4 —800
-3.5 —-1.5 —1.0
logC

Fig. 12. Dependences of (/) relative optical density (# =0.5 min), (2) particle size ( = 20 min), and aggregation factor (1/W},,)
calculated for aggregates with sizes of (3) 135 and (4) 45 nm in DND sols on NaCl solution concentration. Calculated parameters of
the structural forces are K= 100 J/m?>, /=1 nm, and Aerr=0.58 10~ 9 J. Numerical values at the points (curve 2) are the fractions
(%) of the intensity of light scattered by particles of a given size (presented for the case of the bimodal distribution).
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Table 1. Some parameters of the total dependence of the pair interaction energy on the interparticle distance for DND par-
ticles (45 and 135 nm), with the parameters being calculated according to the classical and extended DLVO theories, and
the aggregation factors at the natural pH value. A= 0.58 x 10719

Parameters V,
Cs M X 106 J/ 3] Vmax/kT hmaxs nm _Vmin/kT hmin’ nm Wl W2 da nm
X ,J/m , hm
5% 104 13.2 4.7 0.02 115.5 2.1 % 10° 43.9
103 11.6 3.6 0.06 71.7 4 x 10* 18.6
2.5%x 1073 8.2 2.9 0.17 36.2 1.1 % 103 6.3
3% 1073 | 1 6.6 3.0 0.22 31.8 245 5.0 45
5% 1073 2.4 3.4 0.44 20.3 5.7% 2.8
7 x 1073 0.15 4.0 0.7 13.4 1.6* 2.0
102 _ .
. Attraction at all distances 1
3% 10~
5% 10~% 13.1 4.9 0.02 115.5 1.6 x 10° 43.9
103 11.3 4.2 0.06 71.7 2.5 % 10* 18.6
2.5%x 1073 7.2 3.7 0.17 36.8 190 6.3
3% 1073 0 - 6.0 3.75 0.23 31.8 124 5.0 45
5% 1073 2.0 4.2 0.44 20.3 3.9% 2.8
102
5 Attraction at all distances 1
3% 10™
5% 10~ 39.7 4.5 0.07 115.5 2.5 x 1016 15.1
1073 35.0 3.6 0.16 71.7 2.1 x 10 6.6
2.5% 1073 24.5 2.9 0.52 37.2 5.4 % 10° 2.5
3% 1073 19.8 3.0 0.66 31.8 5.3 % 107 2.1
_ 1 1 135
5x 1073 7.34 3.4 1.3 20.3 240 1.37
7% 1073 0.45 4 2.1 13.5 1.3% 1.13
102
5 Attraction at all distances 1
3% 10™

* At low values of the repulsive barrier (lower than 5 £7) the calculation of the stability factor by the barrier mechanism (W;l= ) is incorrect.

predominantly in the far potential minimum accord-
ing to the barrierless mechanism (Table 2). Moreover,
it is precisely for this process, which occurs at a higher
rate than the coagulation of particles of the same size
and, therefore, has a greater effect on the stability of
the polydisperse sol, that the calculated parameters
best correspond to the experimental data.

Stability of Aqueous DND Sols at Different PDI
Concentrations (pH).

The results of studying the coagulation
kinetics of an aqueous DND sol at different pH values
of a 103 M sodium chloride solution by the turbidim-
etry method are presented in Fig. 13. It can be seen
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that, as the pH decreases from its natural value of 5.8,
the dispersion remains aggregatively stable. At pH >
pH,., the dispersions coagulate. The pattern of the
curves indicates that, at pH 6.61 and 11.5, the slow
coagulation occurs, while, at pH 11.5, it is more
intense, and, at pH 8.66, fast coagulation occurs. Fig-
ure 14 shows that the isoelectric point (IEP) of DND
particles takes place at pH 7.5. Therefore, at pH < 7.5,
the sol particles are positively charged, while, at pH >
7.5, they are negatively charged (assuming that NaClis
indifferent). In this case, the positive surface charge of
DND at pH < 7.5 is apparently due to the protonation
of the surface hydroxyl groups.
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Table 2. Some parameters of the total dependence of the pair interaction energy on the interparticle distance for different-
sized DND particles (45 and 135 nm), with the parameters being calculated according to the extended DLVO theory, and
aggregation factors at the natural pH value. A= 0.58 % 10-197

Parameters V
C,M K< 102y Lom Vipax/ KT | oo 1M | —V0io/KT | By, nNM W W, vV, mv
) m >
5% 1074 19.7 4.4 0.03 113.5 6.7 x 107 28.5 37.2
10-3 17.5 3.6 0.08 71.7 6.6 x 10° 12.6 37.5
2.5%x 1073 12.2 2.9 0.26 37.2 3.2 x 10% 4.4 36.5
3% 1073 1 1 9.9 3.0 0.33 31.8 3.2 x 103 3.5 35.2
5% 1073 7.2 2.84 0.59 22.2 142 2.25 30.9
102 . . 24.8
—_—— Attraction at all distances 1 —
3 x 1072 14.5

As can be seen in Fig. 15, the results of determining
the optical density of the sol and the average particle
size as depending on pH at a constant observation time
are in good agreement with each other. At the same
time, attention is drawn to the fact that both, in the
region of stability and in the case of the most intense
coagulation (at pH 8.66 and 11.5), the particle distri-
bution is bimodal due to the polydispersity of the ini-
tial DND sol. As can be seen in Fig. 16, the sol stable
in a 103 M sodium chloride solution at natural pH 5.8
is characterized by two most probable particle sizes
equal to 135 and 24 nm (d,) or 24 and 60 nm (dy).
The fact that, when studying the stability of the sol in
a 1073 M sodium chloride solution at pH 5.8, only one
peak corresponding to rather large DND aggregates
135 nm in size is observed can be explained by the
peculiarities inherent in the DLS method, when it is
used to study polydisperse samples containing both
large and small particles. It should be noted that the
comparison between the obtained data and the SEM

D
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I/ ——pH 4.08 4 —~— pH 6.61
0.28 - 2—e—pH 5.34 5 —«pH 8.66
3 ——pH,, 5.80 6 —— pH 11.50
0.24
0.20 - .
; Initial sol 1—3
re -4.—: AAAAA W
0.16 Il Il Il Il Il Il Il Il Il
0 2 4 6 8 10 12 14 16
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Fig. 13. Time dependences of optical density at different
pH values of a 10~ M sodium chloride solution.

results (Fig. 6) shows that the main fraction of sol par-
ticles has, apparently, size d < 60 nm, while not all par-
ticles are “visible” by the particle trajectory analysis.
Accordingly, the determined particle concentration of
the sol may be underestimated. This assumption is in
good agreement with the results of studying the stabil-
ity at pH 5.8 (Fig. 12). Provided that the main contri-
bution to the stability of the sol is made by particles
with an average size of less than 60 nm, the coagula-
tion of larger particles (at least in the initial region of
slow coagulation) against the background of main-
taining the dispersity of particles with a relatively small
size may have no significant effect on the observed
overall picture of the stability of the DND sol. Because
of the aforementioned, particles with sizes of 24 and
60 nm were also taken into account in subsequent calcu-
lations.

The potential energy of the pair interaction
between the particles of the DND sols, which was cal-
culated as a function of the interparticle distance, and
the corresponding factors of the sol stability for the bar-

¢V, mv
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T
o
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Fig. 14. Dependences of electrokinetic potential QW on the
pHofa 10~ M sodium chloride solution for DND hydro-
sol particles.
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Fig. 15. Dependences of the optical density of aqueous DND sols on NaCl solution concentration after (/) 0.5- and (2) 15-min
observations, as well as (3) the dependence of average particle size (r = 20 min), at natural pH. Numerical values at the points
(curve 3) denote the fractions (%) of the intensity of light scattered by particles of a given size (presented for the case of a bimodal

distribution).

rier and the barrierless mechanisms are given in Tables 3
and 4. In this case, the same calculated parameters A
and /were employed as those used when plotting the V(%)
curves in Fig. 4. When considering the calculated data,
we took into account both variation in the height of the
potential barrier with variations in pH (in the case of a
barrier value of less than 5 k7) and the calculated val-
ues of coagulation deceleration factors. Note that the
calculated values of stability factor W, for relatively
low particle repulsion barriers (data in the tables are
presented in italics) do not agree satisfactorily with the
results of studying the stability of the sol.

It can be seen in Table 3 that, for positively charged
DND particles with a size of 45 nm in a pH range of
4.1-5.8, stability and rather slow coagulation via the
barrier mechanism at pH 6.6 are predicted; a similar
prediction is valid for DND particles with a size of
60 nm (Table 4). For larger particles (135 nm), the
slow coagulation is predicted to occur predominantly
by the barrierless mechanism in a pH range of4.1—-6.6;
for small particles with a size of 24 nm, the slow coag-
ulation is predicted to proceed predominantly by a
barrier mechanism in a pH range of 5.8—6.6. For neg-
atively charged DND particles, both slow and fast
coagulation, as well as the sol stability, may be expected
depending on the particle size and pH (Tables 3, 4). The
same conclusion may be made when considering the
pair interaction for particles of different sizes
(Tables 5, 6).

In general, we may talk about a qualitative corre-
spondence between the turbidimetry data and the cal-
COLLOID JOURNAL Vol. 86
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culated V(h) dependencies. Most probably, the
incomplete correlation between the theoretical calcu-
lations and the experimental results for different pH
values (first of all, only for pH 8.66) is due to the fact
that the BLs of water near the DND particle surfaces
are rather sensitive to the concentration of PDIs; the
use of constant parameters of the structural compo-
nent in the calculations is a significant approximation.

1, % N, %
14 - 130
135 nm

12+
10 +
420
S+
6
410
4L
2+
O L1l L1l
10 100 1000 d, nm

Fig. 16. Particle size distribution obtained by the DLS
method fora DND sol in a 107> M NaCl solution at pH 5.8.
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Table 3. Some parameters of the total dependence of the pair interaction energy of DND on interparticle distance for
aggregates (45 and 135 nm), with the parameters being calculated according to the extended DLVO theory, and aggregation
factors at different pH values of a 10~ M sodium chloride solution. A= 0.58 x 10717 J

Parameters V
pH Vorax/KT | Byao 1M | =V, /KT | By, nm /4 W, ¢V, mv | d,nm
Kx 106, J/m3| /,nm

4.08(+) 64.0 2.503 0.16 732 | >10% 6.6 47.4

5.34(+) 35.3 3.5 0.18 69.2 | >104 6.23 37.8

5.8(+) 27.8 4.1 0.19 66.9 1.7 x 10™ 5.9 34.8

6.6(+) : : 9.2 6.8 0.22 59.60 | 1.8 x 103 5.0 24.7 1

8.66(—) 22.6 4.5 0.19 65.1 10° 5.6 —32.5

11.5(—) 34.8 1.2 4.5 8.6 108 1.0 | —54.9

4.08(+) 21.3 2.5 0.05 73.0 |48x108%| 189 47.4

5.34(+) 11.8 3.5 0.06 69.2 |43x10*| 175 37.8

5.8(+) . | 9.2 4.1 0.06 66.9 [3.7x10°| 16.6 34.8 45

6.6(+) 3.2 6.8 0.07 59.0 11.7 14.0 24.7
©8.66(—)| 7.5 45 0.06 65.1 737 159 | =325

11.5(=) 11.6 1.2 1.5 8.6 |7.7x103 1.3 —54.9

Table 4. Some parameters of the total dependence of the pair interaction energy on the interparticle distance for DND
aggregates (24 and 60 nm), with the parameters being calculated according to the extended DLVO theory, and aggregation
factors at different pH values of a 10~ M sodium chloride solution. A.z= 0.58 X107 J

Parameters V
pH Vinax/ KT | Apax, M=V 00 /KT B, M Wi W, CW, mvV Ws d, nm
K x 10°,J/m3|/, nm

4.08(+) 11.4 2.5 0.036 73.0 3.9 x 10*| 34.9 47.4 34.9

5.34(+) 6.3 3.5 0.03 69.2 303 32.3 37.8 58.4

5.8(+) . . 4.9 4.1 0.033 66.9 87 16.6 34.8 27.9 4
6.6 (+) 1.6 6.8 0.04 59.0 4.7 25.9 24.7 7.9

8.66(—) 4.0 4.5 0.035 65.1 65.1 29.4 32.5 40.5

11.5(—-) 6.2 1.2 0.8 53.8 120 1.8 54.9 1.8

4.08(+) 28.4 2.503 0.076 73.0 |4.6 x 101| 14.3 47.4 14.3

5.34(+) 15.7 3.5 0.08 69.2 1.7 x 106| 13.2 37.8 13.2

5.8(+) 12.3 4.1 0.08 66.9 |6.6x10*| 12.6 34.8 12.6

6.6(+) : : 4.1 6.8 0.1 59.0 24.3 10.6 24.7 14.8 0
8.66(—) 10.6 4.5 0.09 65.1 7 % 10° 12.1 32.5 12.1

11.5(—) 15.5 1.2 2.0 8.6 6 % 10° 1.15 54.9 1.15

CONCLUSIONS boxyl and hydroxyl functional groups, as well as nonion-

The spectroscopic study of the composition of surface
functional groups has shown that the DND particle sur-
face is heterogeneous. It mainly contains ionogenic car-

ogenic hydrocarbon ones. Particle surface is charged due

to the ionization of ionogenic amphoteric —COH and
acidic —COOH groups on the DND surface.
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Table 5. Some parameters of the total dependence of the pair interaction energy on the interparticle distance for DND
aggregates of different sizes (24 and 60 nm), with the parameters being calculated according to the extended DLVO theory,
and aggregation factors at different pH values of a 10~ M sodium chloride solution. Aes=0.58 % 10719

Parameters V
pH Vo JKT | hooonm | =V /KT| by onm | W, W, | oVmv | W
K x10° J/m3| /, nm

4.08(+) 16.3 2.5 0.04 | 730 |48x10°| 246 474 | 246
5.34(+) | | 9.0 3.5 004 | 692 [42x10%| 228 378 | 226
5.8(+) 7.0 4.1 005 | 669 | 679 216 348 | 209
6.6(+) | 2.25 6.7 0.22 56.5 8.0 17 247 1.3
8.66(—) 5.9 4.6 0.05 67.7 216 222 325 | 402
11.5(=) ! ! 8.8 1.2 115 86 |1.6x10°| 146 | 549 1.46

Table 6. Some parameters of the total dependence of the pair interaction energy on the interparticle distance for DND
aggregates of different sizes (24 and 135 nm), with the parameters being calculated according to the extended DLVO theory,
and aggregation factors at different pH values of a 10~ M sodium chloride solution. A= 0.58 x 10-197

Parameters V
pH Vira/ KT | Bpaxs D | —Viin/KT | i, NM W W, QW’ mV Ws
K% 10%,J/m3| I, nm
4.08(+) 20.0 2.5 0.05 73.0 |7.3x107| 20.1 47.4 20.1
5.34(+) 9.0 3.5 0.04 69.2 |42x10%| 22.8 37.8 22.8
5.8(+) 1 1 11 3.5 0.06 69.2 1.2 x 10*| 18.6 34.8 18.6
6.6(+) 2.9 6.8 0.07 59 5.9 14.9 24.7 8.6
8.66(—) 7.0 4.4 0.06 65.1 257 16.9 32.5 31.7
11.5(—) : : 10.9 1.2 8.6 [4.7x10° 1.3 54.9 1.3

The aggregate stability and electrokinetic proper-
ties of a polydisperse aqueous sol of detonation
nanodiamond with a particle concentration of (2.8 +
0.9) x 10'° particle/cm? have been studied at natural
pH values (5.8—6.0) and different concentrations of
solutions of indifferent electrolyte, NaCl, as well as
different pH values in a 10~3 M sodium chloride solu-
tion. The pH value of the IEP of DND particles has
been determined to be 7.5. The thresholds found for
the slow and fast coagulation of a sol of positively
charged DND particles at pH 5.8 have appeared to be
1.1 x 103 M and 7.4 x 10~3 M, respectively. It has
been shown that the studied DND hydrosol is charac-
terized by a very narrow region of slow coagulation,
and the Cy, value noticeably lower than that for typical
ion-stabilized colloids. This fact may be due to the rel-
atively high value of the Hamaker constant for detona-
tion diamond particles.

It has been revealed that the coagulation of DND
hydrosols is caused mainly by a decrease in the contribu-
tion of the ion-electrostatic component of the interparti-
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cle pair interaction energy due to a reduction in the abso-
lute value of the zeta potential with increasing concentra-
tion of NaCl solutions or when approaching the IEP.

The combined analysis of the experimental and
theoretical results has shown that there are practically
no primary DND nanoparticles in the studied sol, and
the main contribution to the stability is made by DND
nanoparticle aggregates with an average size of about
60 nm or less. The region of calculated parameters A
and /, which makes it possible to explain the stability
and coagulation of a DND sol containing particles of
several main sizes has been determined within the
framework of the extended DLVO theory.

APPENDIX

EFFECTS OF pH AND INDIFFERENT
ELECTROLYTE CONCENTRATION
ON AGGREGATE STABILITY
OF AQUEOUS DND SOL
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Fig. Al. X-ray diffraction pattern of DND powder.

Table A1. Some parameters of the total dependence of the pair interaction energy on the interparticle distance for DND
particles (6.3 nm), with the parameters being calculated according to the extended DLVO theory, and aggregation factors
at natural pH. 4= 1.38 x 10719 J

Parameters V;
Cc,M Vaa/ KT | Bpao M| —Viio/KT | Bppin, NM W W, ¢V, mv
K% 100 J/m3| [, nm

5x 1074 1.2 8.1 0.01 96.8 4.5 96.90 37.2
1x1073 0.87 7.15 0.03 57.4 3.35 38.9 37.5
2.5x 1073 0.24 6.8 0.09 26.7 2.1 11.85 36.5
3x 1073 0 — 0.06 7.2 0.12 21.9 1.8 9.1 35.2
5x1073 30.9
1 x 1072 Attraction at all distances 1 24.8
3 x 1072 14.5
1 x1073 0.87 7.15 0.03 57.4 3.5 389 37.5
2.5x 1073 0.25 6.7 0.09 26.7 2.2 11.8 36.5
3% 1073 0.065 7.1 0.12 21.9 1.9 9.1 35.2
—_— 1 1
5% 1073 30.9
1 x 102 Attraction at all distances 1 24.8
3% 1072 14.5
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Table A2. Some parameters of the total dependence of the pair interaction energy on the interparticle distance for DND
particles (45 nm), with the lgarameters being calculated according to the extended DLVO theory, and aggregation factors at
natural pH. 4= 1.38 xX10="J

Parameters V
Cc,M Viax/ kT | Bpax, M | =V /KT | By, nm /4] W, ¢V, mv
Kx 108, J/m3 | /,nm

5% 1074 8.8 7.9 0.07 96.6 2.7 x 103 14.09 37.2
1x1073 6.2 7.1 0.18 57.4 214 5.9 37.5
2.5x 1074 1.8 6.7 0.63 26.7 3.9 2.1 36.5
3x 103 1 1 0.46 6.8 0.8 21.9 1.9 1.8 35.2
5x1073 1 1 30.9
1 x 1072 Attraction at all distances 1 1 24.8
3% 1072 1 1 14.5
5% 1074 8.7 8.1 0.07 96.8 2.7x103 | 14.0 37.2
1x1073 6.2 7.1 0.18 57.4 206 5.9 37.5
2.5 x 107 0 B 1.75 6.8 0.63 26.7 3.8 2.1 36.5
3x 1073 0.45 7.2 0.83 21.9 1.9 1.8 35.2
5% 1073 1 1 30.9
—_ Attraction at all distances

1 x102 1 1 24.8
5% 1074 17.7 2.29 0.07 96.8 >107 14 37.2
1 %1073 16.95 2.2 0.18 57.4 >10° 5.9 37.5
3x 1073 1 2 12.5 2.1 0.8 21.9 5.1 x 10* 1.8 35.2
5% 1073 9.1 2.2 1.0 18.6 1.8 x 103 1.6 30.9
1 x 1072 4.3 2.2 2.3 9.7 17.3 1.1 24.8

Table A3. Some parameters of the total dependence of the pair interaction energy on the interparticle distance for DND
particles (135 nm), with the parameters being calculated according to the extended DLVO theory, and aggregation factors
at natural pH. 4= 1.38 x 10719 J

Parameters V;

C,M K< 10° 3 L nm Vaa/ KT | oo 1M | —V0io/KT | hppi, nNM /4] W, ¢V, mv
5x 1074 26.36 8.1 0.22 968 >1010 5.0 37.2
1 %1073 18.6 7.1 0.56 57.4 >107 2.3 37.5
2.5%x 1073 5.25 6.8 1.9 26.7 32.8 1.18 36.5
3x 1073 0 - 1.35 7.2 2.5 21.9 1.8 1.09 352
5% 1073 1 1 30.9
1 x 1072 Attraction at all distances 1 1 24.8
3 x 1072 1 1 14.5
5x 1074 26.36 7.9 0.22 96.8 >1010 5.0 37.2
1x1073 18.65 7.1 0.56 57.4 >107 2.3 37.5
2.5%x 1073 1 1 5.3 6.7 1.9 26.7 35.6 1.2 36.5
3x 103 1.4 7.1 2.5 21.9 1.8 1.09 35.2
5% 1073 Attraction at all distances 1 1 30.9
5x 1074 1 2 53.1 2.2 0.2 96.8 >1010 5.0 30.9
5% 1073 2 24.22 2.1 5.2 12.3 >10° 1.0 30.9
5x 1073 1 3 206.42 1.3 3.5 20.0 >108 1.03 30.9
1 x 102 1 1 Attraction at all distances 24.8
1x 1072 1 2 93 | 22 | 10 | 83 925 1 24.8
3 x 102 1 2 Attraction at all distances 1 1 14.5
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Table A4. Some parameters of the total dependence of the pair interaction energy on the interparticle distance for DND
particles (45 nm), with the parameters being calculated according to the extended DLVO theory, and aggregation factors at
natural pH. A= 0.86 x1071°J

Parameters V
Cc,M AT T Viax/KT | B> N0 | —V,oo /KT | By, NM W, W, ¢V, mv
5% 1074 11.2 6.1 0.04 196.8 2.8x10* | 26.09 37.2
1x1073 9.1 5.3 0.1 65.3 3.2 x 103 1 37.5
2.5 %1073 0 B 4.4 4.9 0.3 32.1 311 3.7 36.5
3% 1073 3.3 4.9 0.4 27.6 13.8 3.0 35.2
% Attraction at all distances : ! 30.9
1 %1072 1 1 24.8
5% 104 11.3 6.1 0.04 106.8 3.0 x 10* | 26 37.2
1 %1073 9.2 5.1 0.09 65.3 3.7 x 103 11 37.5
2.5 %1073 . | 5.2 4.4 0.31 32,.8 >1010 3.8 36.5
3% 1073 3.7 45 0.4 27.6 16.9 3.0 35.2
5x1073 | 0.02 5.6 0.8 16.7 1.6 1.8 30.9
1 x 1072 Attraction at all distances 1 1 24.8
5x 107 29.7 1.5 0.04 106.8 >101 26.0 37.2
1 %1073 29.3 1.4 0.09 65.3 >101 11.0 37.5
2.5 %1073 | 5 25.9 1.4 0.31 32.7 >1010 3.8 36.5
3x 1073 25.3 1.4 0.4 27.7 >1010 3.0 35.2
5% 1073 20.8 1.4 0.8 17.2 1.5 x 108 1.8 30.9
1% 102 15.6 1.4 1.6 10.8 8.8 x 10° 1.25 24.8

Table A5. Some parameters of the total dependence of the pair interaction energy on the interparticle distance for DN D particles
(135 nm) at a natural pH, with the parameters being calculated according to the extended DLVO theory. 4.4 = 0.86 X1 0

Parameters V
C,M Vaa/ KT | Bpao M| —Viio/KT | Bppin, NM W W, CW, mV
Kx10°J/m? | I, nm
5% 1074 33.7 6.1 0.12 106.8 >1013 9.0 37.2
1x1073 27.4 53 0.28 56.3 >10M 4.0 37.5
2.5x 1073 15.0 4.8 0.92 32.8 4.1 x 10° 1.7 36.5
3x 1073 0 — 10.6 4.9 1.2 27.6 5.4 x 103 1.4 35.2
5% 1073 1 1 30.9
1 x 1072 Attraction at all distances 1 1 24.8
3% 1072 1 1 14.5
5% 1074 33.8 6.1 0.12 106.8 >1013 9.0 37.2
1x1073 27.7 5.1 0.29 65.3.3 >10M 4.0 37.5
2.5% 1073 1 1 15.2 4.4 0.92 32.8 7.6 x 103 1.7 36.5
3% 1073 11.4 4.5 1.2 27.6 935 1.4 35.2
5% 1073 0.08 5.6 24 16.7 1.25 1.1 30.9
5% 1073 1 2 62.4 1.4 2.4 17.2 >1010 1.1 30.9
5% 1073 1 3 265.4 1.0 1.8 22.6 >1010 1.2 30.9
1 %1072 1 1 Attraction at all distances 1 24.8
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Table A6. Some parameters of the total dependence of the pair interaction energy of DND particles (45 nm) on the interparticle
distance, calculated using the extended DLVO theory, and aggregation factors at natural pH values. A= 0.58 % 10719

Parameters V;
C,M Vmax/kT hmaxs nm _Vmin/kT hmin’ nm I/V] W2 CW, mV
Kx10% J/m3 [, nm
5% 1074 13.2 4.7 0.02 115.5 2.1 % 10° 43.99 37.2
1x10°3 11.6 3.6 0.06 71.73 4 x 10* 18.6 37.5
2.5%x 1073 8.2 2.9 0.17 36.2 1.1 x 103 6.3 36.5
3% 1073 1 1 6.6 3.0 0.22 31.8 245 5.0 35.2
5% 1073 2.4 3.4 0.44 20.3 5.7 2.8 30.9
1 %1072 24.8
_ Attraction at all distances 1
3 x 1072 14.5
5% 1074 13.1 4.9 0.02 115.5 1.6 x 10° 43.9 37.2
1 %1073 11.3 4.2 0.06 71.7 2.5 x 10* 18.6 37.5
2.5%x 1073 7.2 3.7 0.17 36.8 190 6.3 36.5
3x 1073 0 — 6.0 3.75 0.23 31.8 124 5.0 35.2
5% 1073 2.0 4.2 0.44 20.3 3.9 2.8 30.9
1 x 1072 24.8
—_— Attraction at all distances 1
3% 1072 14.5
1 %1073 38.5 1.1 0.06 71.4 5.6 X 1015 18.6 37.5
2.5% 1073 36.7 1.1 0.17 37,2 1015 6.3 36.5
3x 1073 35.1 1.1 0.2 31.9 1 x 10" 5.0 35.2
_ 1 2
5% 1073 30.6 1.1 0.43 20.5 2.4 x 1012 2.8 30.9
1 %1072 25.2 1.1 0.9 25 1.1x 1010 1.7 24.8
3% 1072 19.5 1.1 2.3 10.1 3.9 x 107 1.4 14.5
5% 1074 14.3 2.6 0.02 115.5 6.5 x 10° 439 37.2
1 %1073 13.4 2.2 0.06 71.7. 2.1 x 10° 18.6 37.5
2.5%x 1073 11.2 1.9 0.17 37.5 1.8 x 104 6.4 36.5
_ 1 1.25
3% 1073 6.6 3.0 0.22 31.8 245 5.0 35.2
5x 1073 2.4 3.4 0.44 20.3 5.7 2.8 30.9
1 x 1072 Attraction at all distances 1 24.8
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Table A7. Some parameters of the total dependence of the pair interaction energy on the interparticle distance for DND
particles (135 nm), with the parameters being calculated according to the extended DLVO theory, and aggregation factors
at natural pH values. A= 0.58 X107 J

Parameters V,

C,M 100 o | Lo Vaa/ KT | Bao M| —Viio/KT | Bppin, NM W W, CW, mV
5% 1074 39.7 4.5 0.07 115.5 2.5% 10| 15.09 37.2
1x1073 35.0 3.6 0.16 71.7 2.1 % 10 6.6 37.5
2.5% 1073 24.5 2.9 0.52 37.2 5.4 x 10° 2.5 36.5
3% 1073 1 1 19.8 3.0 0.66 31.8 5.3 %107 2.1 35.2
5% 1073 7.34 3.4 1.3 20.3 240 1.37 30.9
1 x 1072 24.8
—_— AttractX ion at all distances 1 —
3 x 1072 14.5
5% 1074 39.2 4.9 0.07 115.5 1.4 x10% | 15.09 37.2
1 x 1073 34.0 4.2 0.17 71.7 6.5 x 1013 6.55 37.5
2.5 % 1073 22.6 3.7 0.52 37.2 7.4 % 108 2.5 36.5
3% 1073 0 1 18 3.7 0.7 31.8 7.9 x 10° 2.06 35.2
5% 1073 6.2 4.2 1.3 20.3 67 1.37 30.9
1 %102 24.8
—_— Attraction at all distances 1 —_—
3 x 1072 14.5
5% 1074 116.3 1.3 0.07 115.5 >10% 15.09 37.2
1 x 1073 116.5 1.1 0.165 71.7 >10% 6.55 37.5
2.5%x 1073 110.1 1.07 0.52 37.2 >10% 2.5 36.5
3% 1073 : ? 105.4 1.08 0.66 31.9 >10% 2.06 35.2
5% 1073 91.7 1.1 1.3 20.5 >1038 1.37 30.9T
1 x 102 75.7 1.1 3.8 10.1 >103! 1.07 24.8
5% 1074 43.0 2.5 0.07 115.5 7 x 10V 15.0 37.2
1x10°3 40.3 2.2 0.16 71.7 4 x 10 6.6 37.5
2.5% 1073 31.7 1.9 0.52 37.2 6.3 x 1012 2.5 36.5
3% 1073 1 1.25 | 2718 1.9 0.66 31.8 5.8 %1010  2.06 35.2
5% 1073 13.84 2 1.3 20.2 1.1 x 105 1.37 30.9
1 x 1072 24.8
—_— Attraction at all distances 1 —_—
3 x 1072 14.5
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