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Ha ocnoge paoa pomayuoHHBIX U OCUUITAWUOHHBIX MECMOE YCHAHOGICHbl Kaue-
CHMGEHHbIE PA3IUYUA 6 XAPAKMeEPe INEKMPOPEoN02ULeCK020 OMKIAUKA CYCNEH3UU HAHOANMA306
0emOHAYUOHHO20 CUHME3A 8 MUHEPATILHOM MAC/1e, 8 3a6UCUMOCIU OM MUNAa QYHKYUOHAIU-
3auyuu nogepxuocmu yacmuy. Tun modugukayuu u XumMuuecKuii cocmag NO6EPXHOCMU O3
yacmuy 2UOPUPOBGAHHBIX U KAPOOKCUIAUPOBAHHBIX HAHOAIMA308 UCCEO06ATIU MEMOOOM UH-
dpakpacnoii cnekmpockonuu. Mopgonozuio wacmuy u CmpyKmypHyio Op2aHu3ayuio 6 cpeoe
MUHEPATIbHO20 MACAA UCCEO08aANU MEMOOOM MA10Y2/108020 PEHM2EHOBCK020 pacceanus. 0o-
HApyHCeHOo, YUMo CycneH3uu ZUOPUPOBAHHBIX U KAPOOKCUTUPOBCAHKBIX YACHUY OO OeliCInGUeM
INEKMPUUECKO20 NOJA NPOAGIAIOM IJIEKMPOPEONOUNECKUN U INeKmpodopemuueckuii Igh-
exkmul, coomeemcmeenno. Ilposeden ananuz npuuun INEKMpPoPopemuuecKoz2o 08UNCEHU
KapooKcuiuposanHslX HAHOAIMA306 6 CPeOe MUHEPATbHOZ0 MACIA, 6 CPAGHEHUU ¢ HAbII00ae-
MbIM panee Ihhekmom 6 cpede cnabo-oupuibHO20 NOAUOUMEMUNCUTIOKCAHA (CUTUKOHOBOE
macno). Codeporcanue 600bl HA NOBEPXHOCIMU KAK 2UOPUPOSAHHBIX, MAK U KAPOOKCUIUPOBAH-
HbIX 4acCmuly HAHOAIMA308 0blI0 ONPEOeIeHO0 MemooomM mumposanus cycneuwsuii no Kapny
Quuepy. bvina npeononosicena 63aumoceasv jieKkmpopopemuyeckozo Iggexma c cooepica-
HUuem aodcopouposannoll HA NOGepxXHocmu Yacmuy 600vl. Memooom pomayuoHHOl GUCKO3U-
Mempuu onpeodeyieHsvl 3HAYEHUA CHIAMUYECKO20 npedena meKyuecmu CycneH3ull, HanoaHeH-
HbIX 2UOPUPOBAHHBIMU U KAPOOKCUNUPOBGAHHBIMU HAHOAIMAZAMU, NPU PA3IUYHOI HARNpA-
JHCeHHOCMU INeKmpuueckozo noai. Kpuevie meuenus ¢ne u noo deiicmeuem 31eKmpuiecKo2o
oA HCUOKOCHU, HANOTHEHHOU ZUOPUPOBAHHBIMU YACHUWAMU, ANRPOKCUMUPOGATIU PEOI0ZU-
yeckumu mooenamu bunzama u Cho-Choi-Jhon. Ilposeden ananusz coomeemcmeus ucnoivb3y-
embix moodenei npakmuyieckum pesyaemamam. Ha ocnoese 3asucumocmeit mooyneii Hakonjie-
HUA u nomeps Om AMNIUMYObl Oepopmauuu 6blA61CH JIUHEUHDBI OUANA30H 6A3KO-YRPY2UX
ceoiicme yncuokocmu. O6napyscen pocm 3HaAUEHUN MOOY/Iell HAKONJACHUA U HOMeEPs, a MAaKIce
CyIHceHue NUHENIH020 OUANA30HA C YEEAUYEHUEM HANPAICCHHOCMU NOIA.

KuawueBble cioBa: CTUMYJI-UYBCTBUTCJIbHBIC MAaTCpUaJIbl, KOJUIOUJbI, SJICKTPOPCOJIOTUYCCKUEC KU~
KOCTH, HAHOAJIMA3bl JICTOHAIMOHHOI'O CUHTEC34, MUHCPAJIbHOC MAcCJIo, aﬂerO(bopes

ChemChemTech. 2022. V. 65. N 10 61



E.C. Cononyxus u nip.

THE NATURE OF THE ELECTRORHEOLOGICAL AND ELECTROPHORETIC EFFECTS
OF DETONATION NANODIAMONDS SUSPENSIONS IN MINERAL OIL

E.S. Solodukhin, N.M. Kuznetsov, A.A. Puchkov, S.I. Belousov, S.N. Chvalun

Egor S. Solodukhin (ORCID 0000-0002-6414-0729)*

National Research Center "Kurchatov Institute”, Akademika Kurchatova sg., 1, Moscow,123182, Russia
MIREA — Russian Technological University, Vernadsky Avenue, 78, Moscow, 119454, Russia
E-mail: egor1998_1974phesx@mail.ru*

Nikita M. Kuznetsov (ORCID 0000-0002-1241-3115), Alexander A. Puchkov (ORCID 0000-0002-9055-
3121), Sergey . Belousov (ORCID 0000-0003-2893-5230)

National Research Center "Kurchatov Institute”, Akademika Kurchatova sq., 1, Moscow, 123182, Russia
E-mail: kyz993@yandex.ru, puchkov1208@gmail.com, serbell@gmail.com

Sergey N. Chvalun (ORCID 0000-0001-9405-4509)

National Research Center "Kurchatov Institute”, Akademika Kurchatova sg., 1, Moscow, 123182, Russia
Enikolopov Institute of Synthetic Polymeric Materials of the RAS, Profsoyuznaya st., 70. Moscow, 117393,
Russia

E-mail: s-chvalun@yandex.ru

Qualitative differences in the nature of the electrorheological response of a detonation
nanodiamonds suspensions in mineral oil depending on the type of particle surface functionaliza-
tion were established from a number of rotational and oscillation tests. The type of modification
and the chemical composition of the surface for particles of hydrogenated and carboxylated
nanodiamonds were studied by infrared spectroscopy. Particles morphology and their structural
organization in a mineral oil medium were studied by small-angle X-ray scattering method. It was
found that suspensions of hydrogenated and carboxylated particles under an electric field exhibit
an electrorheological and electrophoretic effects, respectively. The reasons for the electrophoretic
motion of carboxylated nanodiamonds in a mineral oil medium were analyzed in comparison with
the previously observed effect in the medium of weakly amphiphilic polydimethylsiloxane (silicon
oil). The water content on the surface of both hydrogenated and carboxylated nanodiamond par-
ticles was determined by Karl Fischer titration of suspensions. The correlation between the elec-
trophoretic effect and the adsorbed water content on the surface of the particles was suggested.
The method of rotational viscometry revealed the dependences of the static yield stress for sus-
pensions filled with hydrogenated and carboxylated nanodiamonds at various electric field
strength. The flow curves of the fluid filled with hydrogenated particles without and under an
electric field were fitted by Bingham and Cho-Choi-Jhon rheological models. An analysis of the
used models matching to practical results was performed. Based on the dependences of the stor-
age and loss moduli on the deformation amplitude, a linear range of the viscoelastic properties of
the fluid was revealed. An increase in the values of the storage and loss moduli, as well as a narrow-
ing of the linear viscoelasticity range with an increase in the electric field strength was detected.

Key words: stimulus-responsive materials, colloids, electrorheological fluids, detonation nanodia-
monds, mineral oil, electrophoresis

,Z[.]'IS[ IIHTPIpOBaHl/Iﬁ:
Cononyxun E.C., Ky3nenos H.M., IlyukoB A.A., benoycos C.U., Usanyn C.H. [Ipupoga 37eKTpOpeoIOoruIecKoro u
3neKkTpodopeTndeckoro 3PGeKToB B CYCIECH3UAX JETOHAIIMOHHBIX HAHOAIMAa30B B MUHEpAJIbHOM Macie. M38. 8)306.
Xumus u xum. mexnonoaus. 2022. T. 65. Be. 10. C. 61-69. DOI: 10.6060/ivkkt.20226510.6613.

For citation:
Solodukhin E.S., Kuznetsov N.M., Puchkov A.A., Belousov S.1., Chvalun S.N. The nature of the electrorheological and
electrophoretic effects of detonation nanodiamonds suspensions in mineral oil. ChemChemTech [lzv. Vyssh. Uchebn.
Zaved. Khim. Khim. Tekhnol.]. 2022. V. 65. N 10. P. 61-69. DOI: 10.6060/ivkkt.20226510.6613.

62 W3B. By30B. XuMus u xuM. Texnonorus. 2022. T. 65. Beim. 10



INTRODUCTION

In recent years, the exceptional interest of the
scientific community related with the development
and research of "smart" materials that are capable for
the fast and controllably change of properties. Such
materials include electrorheological fluids (ERFS),
suspensions reversibly changing their rheological be-
havior under an electric field. Typically, ERFs are
suspensions of easily polarizable or semiconducting
particles in a dielectric liquid. ERFs exhibit Newtoni-
an properties without electric field, but when an elec-
tric potential is applied, the behavior typical for Bing-
ham liquids is observed. Due to such specific proper-
ties, these materials can potentially be used in a wide
range of applications: electronics, hydraulics, robot-
ics, crude oil transportation, sensors, etc. [1].

Suspensions filled by nanosized particles can
exhibit a giant electrorheological effect. They have a
high yield stress and are promising materials in ap-
plied studies of the electrorheological effect [2]. Be-
sides the concentration and size of the filler, the effi-
ciency of ERFs is affected by the shape of the parti-
cles [3, 4], the nature and viscosity of the dispersion
medium [5, 6], the presence of low molecular weight
activation additives [7], etc. One of the nanosized fill-
ers exhibiting a pronounced electrorheological re-
sponse even at low concentrations is detonation
nanodiamonds (DNDs) [8]. DNDs as filler for ERFs
have a number of positive features: commercial avail-
ability, lack of toxicity, and the possibility of the par-
ticle surface modifying [9, 10].

The synthesis of DNDs is extremely fast,
which theoretically favors the formation of small par-
ticles with sizes from 4 to 5 nm. However, the result-
ing particles tend to aggregate [11]. There are several
ways to break aggregates to individual particles, but
the most commonly used are mechanical grinding by
zirconium dioxide balls [12] and the temperature an-
nealing methods [13]. It is well known that the meth-
od of mechanical grinding leads to adverse graphitiza-
tion of the DNDs surface [14]. In turn, DND particles
can be functionalized during thermal annealing de-
pending on the gas atmosphere [15]. Particles an-
nealed in a hydrogen flow have CH-groups on the
surface. At the same time, particles annealed in an
oxygen or ozone atmosphere have carboxyl groups on
their surface [16]. Here and after such types of func-
tionalized particles denote as hydrogenated and car-
boxylated, respectively. It was recently found that the
type of functionalization of the DNDs surface affects
the electrorheological response of their suspensions in
polydimethylsiloxane. Thus, ERFs filled by hydro-
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genated DNDs form columnar structures under an
electric field and a positive electrorheological effect is
observed. Suspensions of carboxylated DNDs reveal
an electrophoresis: the motion of particles is observed
[17]. It is extremely important to understand the na-
ture of different DNDs behavior under an electric
field for practical application. Although today there
are studies on the mechanism of the positive electro-
rheological effect of hydrogenated DND particles [18,
19], much less is known about the reasons for the
electrophoresis of particles with a carboxylated sur-
face. Since particles must be charged for electropho-
resis, two hypotheses have been proposed in previous
study to explain this phenomenon [20].

The first hypothesis explains the phenomenon
of electrophoresis by the chemical nature of the pre-
viously used dispersion medium. It is known that pol-
ydimethylsiloxane exhibits weak amphiphilic proper-
ties due to the presence in the molecule of both hy-
drophobic methyl groups and a hydrophilic oxygen-
silicon bond [21, 22]. The interaction of polydime-
thylsiloxane molecules with carboxyl groups on the
surface of DND particles can lead to a weakening of
the oxygen-hydrogen bond, resulting in charge sepa-
ration and the formation of an electric double layer.
The particles acquire a negative charge and electro-
phoresis is observed under an electric field.

The second hypothesis is in the adsorption of
water on the surface of particles. Note, that a small
amount of water can enhance the electrorheological
effect [23, 24]. However, even a relatively low water
content can lead to charge redistribution, due to in-
teraction with functional groups on the particles sur-
face [25].

The aim of this study is to verify the hypothe-
ses about the reasons of electrophoresis of carbox-
ylated DND particles under an electric field. The
mineral oil is a mixture of high molecular weight hy-
drocarbons was considered as dispersion media, ex-
cluding the possible effect of the chemical nature of
polydimethylsiloxane on the electrorheological be-
havior of suspension.

MATERIALS AND METHODS

In the study, hydrogenated and carboxylated
DNDs were used as filler for ERFs. The powders of
corresponding DNDs provided by the loffe Institute
(St. Petersburg, Russia). The particle size of 4-5 nm
has been repeatedly determined earlier by dynamic
light scattering and X-ray scattering methods [26].
The powders were dried in a VD 23 vacuum oven
(Binder, Germany) at 200 °C for 24 h before dispers-
ing into the oil to remove water adsorbed on the sur-
face of particles. The study of the chemical nature of

63



E.C. Cononyxus u nip.

particles was carried out by infrared spectroscopy on
an FTIR spectrometer Nicolet iS5 (Thermo Scientific,
USA).

Mineral oil RTM14 (Sigma-Aldrich, USA)
with a dynamic viscosity of 101.4 mPa-s (25 °C) was
used as the dispersion medium. ERFs were prepared
by dispersing a powder of corresponding DND parti-
cles type (hydrogenated or carboxylated) into mineral
oil. Suspensions with a filler concentration of 4 wt%
were used for studies. Homogenization was carried
out using a MR Hei-Tec magnetic stirrer (Heidolph,
Germany) at a stirring rate of 300 rpm for three days
with following sonication with an UP400S immersion
disperser (400 W, 24 kHz) (Hielscher Ultrasonics,
Germany). An additional ultrasonic treatment of sus-
pensions was performed in an ultrasonic bath UZV-
4.0/1 TTTs (RMD) (150 W, 35 kHz) (OOO "Sap-
phire"”, Russia) before each measurement.

The rheological properties of suspensions at
various electric field strength were studied by rota-
tional viscometry on a Physica MCR 501 rheometer
(Anton Paar GmbH, Germany) with a measuring sys-
tem of two coaxial cylinders (measuring cell CC-
27E). An electric field was formed by FUuG HCP 14 —
12500 MOD constant high voltage source (FuG Ele-
ktronik GmbH, Germany). The electric field strength
was varied in the range of 0-5 kV/mm. The measure-
ments were performed in rotational mode of control
shear stress (CSS) and control shear rate (CSR)
while finding the static yield stress and flow curves,
respectively. A series of amplitude sweep tests were
carried out to determine the linear range of viscoe-
lastic properties.

The structural organization of DND particles
in suspensions was studied by small-angle X-ray scat-
tering. Two-dimensional X-ray scattering images
were obtained using the Kurchatov synchrotron radia-
tion source (NRC "Kurchatov Institute”, Russia) at the
BioMur beamline (A = 1.445 A) and 2D detector Dectris
Pilatus3 1 M. Small-angle X-ray scattering curves were
obtained by image integration using fit2D open source
software (ESRF, France). The data are plotted in terms
of scattering vector g = 4m sin 0/ (nm2).

The water content in suspensions of DNDs
was determined by Karl Fischer titration using a cou-
lometric titrator Compact KF C10S (Mettler Toledo,
USA). Suspensions of the hydrogenated or carbox-
ylated DND particles with a concentration of 1 wt%
in a mineral oil/n-hexane mixture medium were used
as samples for titration. The n-hexane was added to
reduce the viscosity of the suspension during the titra-
tion. The n-hexane was pre-dehydrated using molecu-
lar sieves, the measured water content is beyond the
sensitivity of the instrument. The content of the sol-
vent varied in the range of 60-70 wt% and was taken
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into account for a corresponding sample for the calcu-
lations. To determine the water content of mineral oil,
the sample with a 1:1 ratio of oil to n-hexane by
weight was prepared as well.

RESULTS AND DISCUSSION

A qualitative analysis of the chemical compo-
sition of the DND particles surface of various modifi-
cation type was performed by infrared spectroscopy
(Table 1). Thus, specific bands for carboxylated parti-
cles can be distinguished. The wave number range
3200-3600 cm corresponds to O—H stretching vibra-
tions, and the peaks in the range from 1450 to 800 cm™
related to ether and epoxy groups. The peak at ~1791 cm™
indicate the presence of carbonyl groups (>C=0). For
hydrogenated particles, the band in the region of
~1620 cm? is due to bending vibrations of O-H
bonds. The absorption bands at 2919 and 2881 cm™
correspond to stretching (symmetric and asymmetric,
respectively) vibrations of C—H bonds [27].

Table 1
FTIR spectroscopy of DNDs
Tabauya 1. UK-®ypbe cieKTPOCKONMS 1€TOHAIMOH-
HbIX HAH0AJIMA30B

Absorbance frequency | Hydrogenated | Carboxylated
(cm™) DNDs DNDs
O-H (stretching) 3414 3417
O-H (bending) 1623 1623
C-H (stretching
symmetric) 2919 B
C-H (stretching
asymmetric) 2881 B
>C=0 (stretching) — 1791
C-0O-C (stretching
asymmetric) 1112 1134
C-O (bending) 1316 1274
>C=0 (symmetric
stretching) B 1413

The structural organization of the filler parti-
cles was studied by small-angle X-ray scattering
method (Fig. 1). The scattering curves of suspensions
filled by both types of DND particles in double loga-
rithmic scale show two characteristic slopes. Such
scattering is typical for DND suspensions and is relat-
ed with the formation of loose agglomerates. The first
slope in the region of small values of the scattering
vector corresponds to the spatial structure of agglom-
erates. The second slope in the region of higher values
of scattering vector indicates the scattering on the sur-
face of compact individual particles. The first slope of
the scattering curve in double logarithmic scale of 2.1
is the characteristic dimension of the mass fractal.
The dependence of the surface fractal of individual
particles established by Porod's law:

I(q) ~q~©0 (1)
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Fig. 1. Small angle X-ray scattering curves obtained for: 1 — min-
eral oil, 2 — 4 wt% suspension of hydrogenated DNDs in mineral
oil, 3 — 4 wt% suspension of carboxylated DNDs in mineral oil.
1" and 2’ — characteristic slopes for scattering levels -2.1 (agglom-
erates) and -3.7 (individual particles)

Puc. 1. KpuBble MajgoyrioBoro peHIT€HOBCKOI'O PaCCesTHUS JUIs:
1 — muHEpanpHOTO Macna, 2 — 4 mMacc.% CycreH31H THAPUPOBAH-
HBIX JIETOHAIIMOHHBIX HAHOAIMa30B, 3 — 4 Macc.% cycrneH3uu
KapOOKCHJIMPOBAHHBIX JICTOHAIMOHHBIX HAHOATMAa30B. 1’ 1 2’ — Xa-
paKTepHbIe HAKJIOHBI I YPOBHEH paccestHus - 2,1 (armomeparsl) u -
3,7 (MHIMBH YA bHBIE YACTHIIBI)

The slope (k) of this part of the curve is 3.7
(3 < 3.7 < 4) and corresponds to the surface fractal
with a dimension of 2.3 [28]. Thus, there is no fun-
damental differences in the structural organization of
hydrogenated and carboxylated DND particles in a
mineral oil medium.

It is interesting to compare the electrorheolog-
ical behavior of suspensions in mineral oil with previ-
ously studied fluids based on silicone oil [17]. Fig. 2
shows the flow curves for a suspension filled with
hydrogenated DND particles. The suspension at the
studied concentration has a yield stress even without
an electric field: the shear stress values are constant in
wide shear rate range (the region of low shear rate).
An increase in the yield stress values is observed with
an electric field. The values of the shear stress in-
crease and the "plateau” range expands to the region
of higher shear rates. Hence, an electrorheological
effect caused by the polarization of the filler particles
and the formation of a columnar structure is observed.
More significant increase in the shear rate leads to the
destruction of the sample structure. Thus, the values
of the shear stress at different field strengths practical-
ly coincide at the highest shear rate under study.
Thus, the rheological behavior of the fluid filled by
hydrogenated DND particles in mineral oil is similar
to corresponding suspension in silicone oil. The na-
ture of the dispersion medium has no qualitative ef-
fect on the response of fluids. Note the fluctuation of
the experimental values in the yield stress region, es-
pecially for the flow curve obtained at a high electric
field strength. Various rheological models can be used
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to describe the rheological behavior of fluids. The
Bingham model is the simplest model for describing
materials with a yield stress:

T =T +Np¥ 2
where T is shear stress, T, is yield stress, y is shear
rate and 7, is plastic viscosity. The fitting results are
plotted in Fig. 2.

100 <

3_;
-2r 2"'

- o

. Pa

[
10 4

-
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0.1 1 10 100 1000

v, 87!

Fig. 2. Flow curves obtained in CSR mode at various electric fields
(1-0kV/mm, 2 -1 kV/mm, 3—3 kV/mm). The data fitted by Bing-
ham (dotted line, 1' — 0 kV/mm, 2’ — 1 kV/mm, 3’ — 3 kV/mm) and
CCJ models (solid line, 1" — 0 kV/mm, 2'" — 1 kV/mm,

3" =3 kV/imm)

Puc. 2. Kpussle TeueHus, nonydeHssle B pexxume CSR npu pazHbIx
HaNPSHKEHHOCTSIX AekTpudeckoro mois (1 — 0 kB/mm, 2 — 1 kB/Mm,
3 — 3 xB/MM). JlaHHBIE annpOKCHMUPOBAHEI MOsieNIsiMHA brHrama
(myskTupHas nmuHEsA, 1’ — 0 kB/MM, 2' — 1 kB/MM, 3’ — 3 kB/MMm) 1
CC]J (crutomHast unus, 1" — 0 kB/mM, 2" — 1 kB/mM, 3" — 3 kB/mMm)

The disadvantage of this model for describing
the rheological behavior of the ERFs is an imprecise
approximation of shear stress values at low shear
rates, due to dynamic nature of fluid structure. The
prolonged formation of equilibrium columnar struc-
tures related with the balance between polarization
and hydrodynamic forces [29]. A Cho-Choi-Jhon
(CCJ) model was developed for a more accurate de-
scription of the ERFs behavior [30]:

_ To 1 .

T= e T e+ 57 3
where T is shear stress, 7, is yield stress, y is shear
rate, t; and t; are time constants, the exponent a is
related to the decrease in shear stress at low shear
rates, the exponent £ is related to the increase in shear
stress (dt/dy = 0) and ranges from 0 to 1, n, is the
viscosity at high shear rate.

The Bingham model does not allow evaluat-
ing structural changes in a suspension under an elec-
tric field. Of the two models considered, the best
agreement with experimental data is observed for the
six-parameter CCJ model.
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The linear range of the viscoelastic properties
of the material (LVE-range) can be distinguish by
amplitude sweep tests and the level of deformation
leading to the flow of the sample can be determined.
Fig. 3 shows the dependence of the storage and loss
moduli on the deformation amplitude for a suspension
of hydrogenated DNDs. One can see an increase in
the values of both moduli and decrease of the LVE
range with an electric field. An increase in the defor-
mation amplitude by more than 1% leads to the de-
struction of the sample structure and a nonlinear re-
sponse to the applied deformation. At the higher am-
plitude the crossover of the storage and loss moduli is
observed, the sample flows. The loss modulus starts
to prevail over the storage modulus with a further in-
crease in the amplitude. Thus, the sample exhibits a
viscous response. The cross-over point corresponds to
the dynamic yield stress of the suspension and shifts
along the amplitude deformation axis to the region of
high values with increasing electric field strength.
These results are in full agreement with the rotational
measurements and indicate about electrorheological
effect. The magnitude of effect depends on the value
of the applied electric field.

A qualitatively different behavior is demon-
strated by a suspension of carboxylated particles. The
dependence of the static yield stress on the electric
field strength for DND suspensions with variously
functionalized surface is shown in Fig. 4. There is no
significant changes in the values of the yield stress for
the suspension of carboxylated particles over the
whole studied electric field range. Moreover, after the
experiment, the sample has split into a dispersion me-
dium and a filler. Thus, electrophoresis obviously oc-
curs. In turn, suspensions of particles with a hydrogen-
ated surface demonstrate an increase in the yield stress
with electric field. Such behavior is explained by the
formation of strong columnar structures and confirms
the results obtained in other modes. The linear approx-
imation of dependence plotted in double logarithmic
scale results in slope of 1.6. The value of the slope in-
dicates the mechanism of the electrorheological effect
and is the exponent (n) in the following equation:

T~E™, 4)
where t is shear stress and E is electric field strength.
The obtained value of the exponent corresponds
mainly to the conductive mechanism of the electro-
rheological effect, and correlates with the values pre-
viously obtained for suspensions based on polydime-
thylsiloxane [17].

Since, mineral oil is a mixture of non-polar
high-molecular hydrocarbons, it does not reveal am-
phiphilic properties. Thus, the first hypothesis about
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the effect of the dispersion medium leading to elec-
trophoresis does not stand up to scrutiny and is not
correct. Apparently, the possible presence of adsorbed
water on the surface of carboxylated DND particles
remains the main reason for the electrophoretic effect.
To verify this second hypothesis, the water content in
the suspensions, components was determined by the
Karl Fischer titration method (Table 2). The water
content in mineral oil was measured as 0.00167 =+
+0.00017 wt%. One can note, that the main amount of
water in the suspensions is introduced with the filler.

1000

100

G,G" Pa
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Fig. 3. Amplitude sweep of storage (1, 2’, 3') and loss (1, 2, 3)
moduli of 4 wt% hydrogenated DND suspension at various elec-
tric fields (1'/1 — 0 kV/mm, 2'/2 — 1 kV/mm, 3/3' — 3 kV/mm)
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Pa3HBIX HANPSHKEHHOCTSX AliekTprdeckoro nojst (1'/1 — 0 kB/mw,
2'[2 — 1 xB/mm, 3/3" — 3 kB/mm)
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Fig. 4. The yield stress as a function of electric field for 4 wt.%
DND suspension filled with CH-terminated (1) and COOH-
terminated (2) particles
Puc. 4. 3aBucuMocTb Ipejienia TEKy4eCTH OT HalPsDKEHHOCTH
aNeKTprdeckoro noius A 4 mace.% cycnensuit JIHA, Hamon-
uenHbix CH- (1) 1 COOH-tepmuHIpOBaHHBIMHU YacTHIAMHE (2)
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Table 2
Results of Karl Fischer titration
Tabnuya 2. Pesyabrarsl TUTPOBaHus 110 Kapiy ®umepy

Hydrogenated | Carboxylated
DNDs DNDs
Filler concentration, 1.00 1.00

wit%

Water content in the
suspension, wt%
Water content on the
DNDs surface, wt%
Ratio of water molecules
to functional groups

0.012740.00054{0.00381+0.00001

1.213+0.030 0.325+0.003

~3:2 ~2:5

The results show that the suspensions of both
hydrogenated and carboxylated particles contain low
amount of water, but the suspension of hydrogenated
particles contains almost 3 times more water than that
of carboxylated ones. Note that the water content in
the suspensions of polydimethylsiloxane was much
higher. Nevertheless, the amount of water in the stud-
ied samples turns out to be sufficient for a possible
charge redistribution in the suspension [31]. Next, let
us try to estimate the number of water molecules per
functional group of particle. To simplify the calcula-
tions, we will consider the shape of the particles as
spherical. Thus, taking into account the average particle
size (5 nm) and the density of diamond (3.52 g/cm?), the

ratio is determined as:
my,o0
( z MH20>*NA

MDND/PDND ,,, ! ®)
1 D3 fun.gr.

NH20

Nfun.gr.

where Ny, ¢ is the total number of water molecules in
the sample, N¢y,, 4r is the total number of functional
groups in the sample, mpyp is the mass of the dis-
persed phase (DND particles), ppnp is the density of
DND, D is the diameter of the particle, nyy g is the
number of functional groups on the particle surface,
my, o is the mass of water in suspension, My, is the
molar mass of water and N is Avogadro constant.

The average number of carboxyl groups on
the surface of DND particles was calculated previous-
ly and is about 67 groups per particle [32]. Since car-
boxylated and hydrogenated particles are obtained
from the same raw material using the same method,
we believe that the number of functional groups in
different types of particles (hydrogenated and carbox-
ylated) is the same. The results of calculations accord-
ing to equation (5) are shown in Table 2. Thus, trace
amounts of water can lead to the formation of a
charge around particles or their clusters leading to
electrophoresis of carboxylated DND particles in
mineral oil.
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CONCLUSIONS

Rheological studies of suspensions filled by
hydrogenated and carboxylated DND particles in the
mineral oil under an electric field made it possible to
verify hypotheses about the nature of the electrorheo-
logical and electrophoretic effects. The role of the
DNDs surface functionalization on the particles be-
havior under an electric field, which was previously
revealed in a weakly-amphiphilic silicone oil, is valid
for hydrophobic mineral oil as well. Thus, the chemi-
cal nature of the dispersion medium has weak effect
on the properties of ERFs. An increase in the values
of the yield stress with an increase in the electric field
strength is observed in suspensions of hydrogenated
DNDs. An analysis of the dependence indicates a typ-
ical contribution of conductivity to the mechanism of
the effect. The values of the yield stress does not sig-
nificantly changes for suspensions of carboxylated
particles under an electric field, i.e. electrophoresis
occurs. A probable factor leading to the electrophoret-
ic motion of carboxylated DNDs in a dielectric liquid
is the presence of water mainly adsorbed on the parti-
cles surface. The interaction of carboxyl groups with
water can lead to the formation of a charge on the sur-
face of nanoparticles. Nevertheless, the mechanism of
charge formation around a DND particle in a liquid
dielectric medium is still not perfectly clear.
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MOJICHOCHb NPOGEOCHUA UCCTIE00BAHUI.

Aemopul brazooaprvl iabopamopuu "Dusuxu
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