
ChemChemTech. 2022. V. 65. N 10  61 

 

 

DOI: 10.6060/ivkkt.20226510.6613 

УДК: 544.773.42+53.097 

ПРИРОДА ЭЛЕКТРОРЕОЛОГИЧЕСКОГО И ЭЛЕКТРОФОРЕТИЧЕСКОГО ЭФФЕКТОВ 

 В СУСПЕНЗИЯХ ДЕТОНАЦИОННЫХ НАНОАЛМАЗОВ В МИНЕРАЛЬНОМ МАСЛЕ 

Е.С. Солодухин, Н.М. Кузнецов, А.А. Пучков, С.И. Белоусов, С.Н. Чвалун 

Егор Сергеевич Солодухин (ORCID 0000-0002-6414-0729)* 

Национальный исследовательский центр "Курчатовский институт", пл. Академика Курчатова, 1, 

Москва, Российская Федерация, 123182 

МИРЭА – Российский технологический университет, просп. Вернадского, 78, Москва, Российская 

Федерация, 119454 

E-mail: egor1998_1974phesx@mail.ru* 

Никита Михайлович Кузнецов (ORCID 0000-0002-1241-3115), Александр Анатольевич Пучков 

(ORCID 0000-0002-9055-3121), Сергей Иванович Белоусов (ORCID 0000-0003-2893-5230) 

Национальный исследовательский центр "Курчатовский институт", пл. Академика Курчатова, 1, 

Москва, Российская Федерация, 123182. 

E-mail: kyz993@yandex.ru, puchkov1208@gmail.com, serbell@gmail.com 

Сергей Николаевич Чвалун (ORCID 0000-0001-9405-4509) 

Национальный исследовательский центр "Курчатовский институт", пл. Академика Курчатова, 1, 

Москва, Российская Федерация, 123182. 

Институт синтетических полимерных материалов им. Н.С. Ениколопова РАН, ул. Профсоюзная, 70, 

Москва, Российская Федерация, 117393 

E-mail: s-chvalun@yandex.ru 

На основе ряда ротационных и осцилляционных тестов установлены каче-

ственные различия в характере электрореологического отклика суспензии наноалмазов 

детонационного синтеза в минеральном масле, в зависимости от типа функционали-

зации поверхности частиц. Тип модификации и химический состав поверхности для 

частиц гидрированных и карбоксилированных наноалмазов исследовали методом ин-

фракрасной спектроскопии. Морфологию частиц и структурную организацию в среде 

минерального масла исследовали методом малоуглового рентгеновского рассеяния. Об-

наружено, что суспензии гидрированных и карбоксилированных частиц под действием 

электрического поля проявляют электрореологический и электрофоретический эф-

фекты, соответственно. Проведен анализ причин электрофоретического движения 

карбоксилированных наноалмазов в среде минерального масла, в сравнении с наблюдае-

мым ранее эффектом в среде слабо-дифильного полидиметилсилоксана (силиконовое 

масло). Содержание воды на поверхности как гидрированных, так и карбоксилирован-

ных частиц наноалмазов было определено методом титрования суспензий по Карлу 

Фишеру. Была предположена взаимосвязь электрофоретического эффекта с содержа-

нием адсорбированной на поверхности частиц воды. Методом ротационной вискози-

метрии определены значения статического предела текучести суспензий, наполнен-

ных гидрированными и карбоксилированными наноалмазами, при различной напря-

женности электрического поля. Кривые течения вне и под действием электрического 

поля жидкости, наполненной гидрированными частицами, аппроксимировали реологи-

ческими моделями Бингама и Cho-Choi-Jhon. Проведен анализ соответствия использу-

емых моделей практическим результатам. На основе зависимостей модулей накопле-

ния и потерь от амплитуды деформации выявлен линейный диапазон вязко-упругих 

свойств жидкости. Обнаружен рост значений модулей накопления и потерь, а также 

сужение линейного диапазона с увеличением напряженности поля. 

Ключевые слова: стимул-чувствительные материалы, коллоиды, электрореологические жид-
кости, наноалмазы детонационного синтеза, минеральное масло, элекрофорез 
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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 
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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-

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 Ioffe 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 
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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 FuG 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 (λ = 1.445 Å) 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 q = 4π sin θ/λ (nm-1). 

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 

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-1 corresponds to O–H stretching vibra-
tions, and the peaks in the range from 1450 to 800 cm-1 
related to ether and epoxy groups. The peak at ~1791 cm-1 
indicate the presence of carbonyl groups (>C=O). For 
hydrogenated particles, the band in the region of 
~1620 cm-1 is due to bending vibrations of О–Н 
bonds. The absorption bands at 2919 and 2881 cm-1 
correspond to stretching (symmetric and asymmetric, 
respectively) vibrations of C–H bonds [27]. 

 

Table 1 

FTIR spectroscopy of DNDs 
Таблица 1. ИК-Фурье спектроскопия детонацион-

ных наноалмазов 

Absorbance frequency 
(cm-1) 

Hydrogenated 
DNDs 

Carboxylated 
DNDs 

O-H (stretching) 3414 3417 

O-H (bending) 1623 1623 

С-H (stretching 
symmetric) 

2919 ‒ 

С-H (stretching 
asymmetric) 

2881 ‒ 

>C=O (stretching) ‒ 1791 

C-O-C (stretching 
asymmetric) 

1112 1134 

C-O (bending) 1316 1274 

>C=O (symmetric 
stretching) 

‒ 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−(6−𝑘)   (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) 

Рис. 1. Кривые малоуглового рентгеновского рассеяния для: 

1 – минерального масла, 2 – 4 масс.% суспензии гидрирован-

ных детонационных наноалмазов, 3 – 4 масс.% суспензии 

карбоксилированных детонационных наноалмазов. 1 и 2 – ха-

рактерные наклоны для уровней рассеяния - 2,1 (агломераты) и -

3,7 (индивидуальные частицы) 

 

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 

to describe the rheological behavior of fluids. The 

Bingham model is the simplest model for describing 

materials with a yield stress: 

𝜏 = 𝜏0 + 𝜂𝑝𝑙�̇�   (2) 
where 𝜏  is shear stress, 𝜏0  is yield stress, �̇�  is shear 

rate and 𝜂𝑝𝑙 is plastic viscosity. The fitting results are 

plotted in Fig. 2.  

 

 
Fig. 2. Flow curves obtained in CSR mode at various electric fields 

(1 – 0 kV/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/mm) 

Рис. 2. Кривые течения, полученные в режиме CSR при разных 

напряженностях электрического поля (1 – 0 кВ/мм, 2 – 1 кВ/мм, 

3 – 3 кВ/мм). Данные аппроксимированы моделями Бингама 

(пунктирная линия, 1 – 0 кВ/мм, 2 – 1 кВ/мм, 3 – 3 кВ/мм) и 

CCJ (сплошная линия, 1 – 0 кВ/мм, 2 – 1 кВ/мм, 3 – 3 кВ/мм) 

 

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]: 

𝜏 =
𝜏0

1+(𝑡1�̇�)𝑎 + 𝜂∞(1 +
1

(𝑡2�̇�)𝛽)�̇�  (3) 

where 𝜏  is shear stress, 𝜏0  is yield stress, �̇�  is shear 

rate, t1 and t2 are time constants, the exponent 𝑎 is 

related to the decrease in shear stress at low shear 

rates, the exponent 𝛽 is related to the increase in shear 

stress (𝑑𝜏/𝑑�̇� ≥ 0) and ranges from 0 to 1, 𝜂∞ 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: 

𝜏  𝐸𝑛,     (4)  

where 𝜏 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 

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. 

 

 
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) 

Рис. 3. Амплитудные зависимости модулей накопления (1, 2, 3) 

и потерь (1, 2, 3) 4 масс.% суспензии гидрированных ДНА при 

разных напряженностях электрического поля (1/1 – 0 кВ/мм,  

2/2 – 1 кВ/мм, 3/3 – 3 кВ/мм) 

 

 
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 

Рис. 4. Зависимость предела текучести от напряженности 

электрического поля для 4 масс.% суспензий ДНА, напол-

ненных CH- (1) и COOH-терминированными частицами (2) 
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Table 2 

Results of Karl Fischer titration 

Таблица 2. Результаты титрования по Карлу Фишеру 

 
Hydrogenated 

DNDs 

Carboxylated 

DNDs 

Filler concentration, 

wt% 
1.00 1.00 

Water content in the 

suspension, wt% 
0.0127±0.00054 0.00381±0.00001 

Water content on the 

DNDs surface, wt% 
1.213±0.030 0.325±0.003 

Ratio of water molecules 

to functional groups 
~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/cm3), the 

ratio is determined as:  

𝑁𝐻2𝑂

𝑁𝑓𝑢𝑛.𝑔𝑟.
=

(
𝑚𝐻2𝑂

𝑀𝐻2𝑂
⁄ )∗𝑁𝐴

𝑚𝐷𝑁𝐷/𝜌𝐷𝑁𝐷
1
6

𝜋𝐷3
∗𝑛𝑓𝑢𝑛.𝑔𝑟.

,  (5) 

where 𝑁𝐻2𝑂 is the total number of water molecules in 

the sample, 𝑁𝑓𝑢𝑛.𝑔𝑟. is the total number of functional 

groups in the sample, 𝑚𝐷𝑁𝐷  is the mass of the dis-

persed phase (DND particles), 𝜌𝐷𝑁𝐷 is the density of 

DND, D is the diameter of the particle, 𝑛𝑓𝑢𝑛.𝑔𝑟. is the 

number of functional groups on the particle surface, 

𝑚𝐻2𝑂 is the mass of water in suspension, 𝑀𝐻2𝑂 is the 

molar mass of water and NA  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.  

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.  

ACKNOWLEDGEMENTS 

The work was partially funded by the Russian 
Foundation for Basic Research, project 18-29-19117 mk.  

The authors acknowledge support from the 
resource centers "Polymer" and "Nanozond" of the 
National Research Center "Kurchatov Institute" for 
the possibility of studies.  

The authors are grateful to the laboratory of 
"Physics for Cluster Structures" (Ioffe Institute) led by 
Prof. A.Ya. Vul' for detonation nanodiamond powders. 

The authors declare the absence a conflict of 
interest warranting disclosure in this article. 

БЛАГОДАРНОСТИ 

Работа выполнена при частичной финан-
совой поддержке РФФИ, проект 18-29-19117 мк. 

Авторы выражают благодарность за под-
держку ресурсных центров "Полимер" и "Нано-
зонд" НИЦ «Курчатовский институт» за воз-
можность проведения исследований. 

Авторы благодарны лаборатории "Физики 
кластерных структур" (ФТИ им. А.Ф. Иоффе) 
под руководством проф. А.Я. Вуля за порошки 
детонационных наноалмазов. 

Авторы заявляют об отсутствии кон-
фликта интересов, требующего раскрытия в 
данной статье. 



 

Е.С. Солодухин и др. 

 

68   Изв. вузов. Химия и хим. технология. 2022. Т. 65. Вып. 10 

 

 

R E F E R E N C E S  

Л И Т Е Р А Т У Р А  

1. Dong Y.Z., Seo Y., Choi H.J. Recent development of elec-

tro-responsive smart electrorheological fluids. Soft Matter. 

2019. V. 15. P. 3473-3486. DOI: 10.1039/C9SM00210C. 

2. Wen W., Huang X., Sheng P. Particle size scaling of the giant 

electrorheological effect. Appl. Phys. Lett. 2004. V. 85.  

N 2. P. 299-301. DOI: 10.1063/1.1772859. 

3. Kuznetsov N.M., Bakirov A.V., Banin E.P., Belousov S.I., 

Chvalun S.N. In situ X-ray analysis of montmorillonite sus-

pensions in polydimethylsiloxane: Orientation in shear and 

electric field. Colloids Surf. A Physicochem. Eng. Asp. 2021. 

V. 622. P. 126663. DOI: 10.1016/j.colsurfa.2021.126663. 

4. Kutalkova E., Plachy T., Sedlacik M. On the enhanced 

sedimentation stability and electrorheological performance of 

intelligent fluids based on sepiolite particles. J. Mol. Liq. 2020. 

V. 309. P. 113120. DOI: 10.1016/j.molliq.2020.113120. 

5. Davydova O.I., Kraev A.S., Redozubov A.A., Trusova 

T.A., Agafonov A.V. Effect of polydimethylsiloxane viscos-

ity on the Electrorheological Activity of Dispersions Based 

on It. Russ. J. Phys. Chem. 2016. V. 90. N 6. P. 1269-1273. 

DOI: 10.1134/S0036024416060054. 

6. Соколов М.А., Кузнецов Н.М., Белоусов С.И., Чвалун 

С.Н. Влияние вязкости дисперсионной среды на электро-

реологическое поведение суспензий галлуазита в полиди-

метилсилоксане. Изв. вузов. Химия и хим. технология. 2021. 

Т. 64. Вып. 11. С. 79-85. DOI: 10.6060/ivkkt.20216411.6402. 

Sokolov M.A., Kuznetsov N.M., Belousov S.I., Chvalun S.N. 

Effect of the dispersion medium viscosity on the electrorheolog-

ical behavior of halloysite suspensions in polydimethylsiloxane. 

ChemChemTech [Izv. Vyssh. Uchebn. Zaved. Khim. Khim. 

Tekhnol.]. 2021. V. 64. N 11. P. 79-85 (in Russian). DOI: 

10.6060/ivkkt.20216411.6402. 

7. Agafonov A.V., Davydova O.I., Krayev A.S., Ivanova 

O.S., Evdokimova O.L., Gerasimova T.V., Baranchikov 

A.E., Kozik V.V., Ivanov V.K. Unexpected Effects of Acti-

vator Molecules' Polarity on the Electroreological Activity of 

Titanium Dioxide Nanopowders. J. Phys. Chem. B. 2017.  

V. 121. N 27. P. 6732–6738. DOI: 10.1021/acs.jpcb.7b04131. 

8. Pereira A. McIntyre C. Electrorheology of diamond/PDMS 

nanofluids in steady and oscillatory shear. Appl. Rheology. 

2014. V. 24. P. 63471. DOI: 10.3933/applrheol-24-63471. 

9. Laan K.V.D., Hasani M., Zheng T., Schirhagl R. Nanodia-

monds for In Vivo Applications. Small. 2018. V. 14. N 19.  

P. 1703838. DOI: 10.1002/smll.201703838. 

10. Jung H.-S., Neuman K. Surface Modification of Fluorescent 

Nanodiamonds for Biological Applications. Nanomaterials. 

2021. V. 11. N 1. P. 153. DOI: 10.3390/nano11010153. 

11. Mochalin V. N., Shenderova O., Ho D., Gogotsi Yu. The 

properties and applications of nanodiamonds. Nat. Nano-

technol. 2012. V. 7. P. 11-23. DOI: 10.1038/nnano.2011.209. 

12. Osawa E. Monodisperse single nanodiamond particu-

lates. Pure Appl. Chem. 2008. V. 80. P. 1365-1379. DOI: 

10.1351/pac200880071365. 

13. Williams O.A. Nanodiamond. RSC Publ. 2014. 530 p. DOI: 

10.1039/9781849737616.  

14. Vul' A.Ya., Eydelman E.D., Inakuma M., Ōsawa E. 

Correlation between viscosity and absorption of electro-

magnetic waves in an aqueous UNCD suspension. Diam. 

Relat. Mater. 2007. V. 16. N 12. P. 2023-2028. DOI: 

10.1016/j.diamond.2007.08.003. 

15. Dideikin A.T., Aleksenskii A.E., Baidakova M.V., Brunkov 

P.N., Brzhezinskaya M., Davydov V. Yu., Levitskii V.S., 

Kidalov S.V., Kukushkina Yu. A., Kirilenko D.A., Shnitov 

V.V., Shvidchenko A.V., Senkovskiy B.V., Shestakov M.S., 

Vul’ A.Ya. Rehybridization of carbon on facets of detona-

tion diamond nanocrystals and forming hydrosols of individ-

ual particles. Carbon. 2017. V. 122. P. 737-745. DOI: 

10.1016/j.carbon.2017.07.013. 

16. Shestakov M.S., Vul' S.P., Dideikin A.T., Larionova T.V., 

Shvidchenko A.V., Yudina E.B., Shnitov V.V. Advanced 

oxidation process for detonation nanodiamond surface chemi-

cal modification. J. Phys.: Conf. Ser. 2019. V. 1400.  

P. 055044. DOI: 10.1088/1742-6596/1400/5/055044. 

17. Kuznetsov N.M., Belousov S.I., Kamyshinsky R.A., Vasi-

liev A.L., Chvalun S.N., Yudina E.B., Vul A.Ya. Detona-

tion nanodiamonds dispersed in polydimethylsiloxane as 

a novel electrorheological fluid: Effect of nanodiamonds 

surface. Carbon. 2021. V. 174. P. 138-147. DOI: 

10.1016/j.carbon.2020.12.014. 

18. Vdovichenko A.Yu., Kuznetsov N.M., Shevchenko V.G., 

Belousov S.I., Yudina E.B., Chvalun S.N. The role of charge 

states in the self-organization of detonation nanodiamonds na-

noparticles. Diam. Relat. Mater. 2020. V. 107. P. 107903. DOI: 

10.1016/j.carbon.2020.12.014. 

19. Knizhnik A.A., Polynskaya Yu.G., Sinitsa A.S., Kuz-

netsov N.M., Belousov S.I., Chvalun S.N., Potapkin B.V. 

Analysis of structural organization and interaction mecha-

nisms of detonation nanodiamond particles in hydrosols. 

Phys. Chem. Chem. Phys. 2021. V. 23. N 1. P. 674-682. 

DOI: 10.1039/D0CP05533F. 

20. Kuznetsov N.M., Belousov S.I., Stolyarova D.Yu., Baki-

rov A.V., Chvalun S.N., Shvidchenko A.V., Eidelman 

E.D., Vul' A.Ya. Effect of diamond nanoparticle chains on 

rheological properties of hydrosol. Diam. Relat. Mater. 2018. 

V. 83. P. 141-145. DOI: 10.1016/j.diamond.2018.02.006. 

21. Malakhova Yu.N., Stupnikov A.A., Chekusova V.P., 

Kuznetsov N.M., Belousov S.I. Rheological Behavior of 

Polydimethylsiloxane Langmuir Layers at the Air-Water 

Interface. BioNanoScience. 2020. V. 10. P. 403-408. DOI: 

10.1007/s12668-020-00728-y. 

22. Belousov S.I., Godovsky Yu.K., Sautter E., Pechhold W., 

Makarova N.I. Polysiloxane langmuir films. Linear poly-

siloxanes. Polym. Sci. - A. 1996. V. 38. N 9. P. 1008-1012. 

23. Espin M.J., Delgado A.V., Plocharski J.Z. Effect of additives 

and measurement procedure on the electrorheology of hema-

tite/silicone oil suspensions. Rheol. Acta. 2006. V. 45. P. 865-876. 

DOI: 10.1007/s00397-005-0069-8. 

24. Кузнецов Н.М., Белоусов С.И., Бессонова Н.П., Чва-

лун С.Н. Электрореологическое поведение суспензий 

полидиметилсилоксана наполненного галлуазитом. Изв. 

вузов. Химия и хим. технология. 2018. Т. 61. Вып. 6.  

С. 41 - 47. DOI: 10.6060/tcct.20186106.5682.  

Kuznetsov N.M., Belousov S.I., Bessonova N.P., Chvalun 

S.N. Electrorheological behavior of suspensions based on pol-

ydimethylsiloxane filled with halloysite. ChemChemTech [Izv. 

Vyssh. Uchebn. Zaved. Khim. Khim. Tekhnol.]. 2018. V. 61.  

N 6. P. 41-47 (in Russian). DOI: 10.6060/tcct.20186106.5682. 



 

E.S. Solodukhin et al. 

 

ChemChemTech. 2022. V. 65. N 10  69  

 

 

25. Briscoe W.H., Horn R.G. Direct measurement of surface 

forces due to charging of solids immersed in a nonpolar liq-

uid. Langmuir. 2002. V. 18. N 10. P. 3945–3956. DOI: 

10.1021/la015657s. 

26. Shvidchenko A.V., Eidelman E.D., Vul' A.Ya., Kuznetsov 

N.M., Stolyarova D.Yu., Belousov S.I., Chvalun S.N. Colloids 

of detonation nanodiamond particles for advanced applications. 

Adv. Colloid Interface Sci. 2019. V. 268. P. 64-81. DOI: 

10.1016/j.cis.2019.03.008. 

27. Petit T., Puskar L. FTIR spectroscopy of nanodiamonds: 

Methods and interpretation. Diam. Relat. Mater. 2018. V. 89. 

P. 52-66. DOI: 10.1016/j.diamond.2018.08.005. 

28. Tomchuk O.V., Volkov D.S., Bulavin L.A., Rogachev 

A.V., Proskurnin M.A., Korobov M.V., Avdeev M.V. 

Structural сharacteristics of aqueous dispersions of detona-

tion nanodiamond and their aggregate fractions as revealed 

by small-angle neutron scattering. J. Phys. Chem. C. 2015. 

V. 119. N 1. P. 794–802. DOI: 10.1021/jp510151b. 

29. Kuznetsov N.M., Zagoskin Yu.D., Bakirov A.V., Vdo-

vichenko A.Yu., Malakhov S.N., Istomina A.P., 

Chvalun S.N. Is Chitosan the Promising Candidate for 

Filler in Nature-Friendly Electrorheological Fluids? ACS 

Sust. Chem. Eng. 2021. V. 9. N 10. P. 3802–3810. DOI: 

10.1021/acssuschemeng.0c08793. 

30. Cho M.S., Choi H.J., Jhon M.S. Shear stress analysis of 

a semiconducting polymer based electrorheological fluid 

system. Polymer. 2005. V. 46. P. 11484−11488. DOI: 

10.1016/j.polymer.2005.10.029. 

31. Gacek M.M., Berg J.C. The role of acid–base effects on 

particle charging in apolar media. Adv. Colloid Interface Sci. 

2015. V. 220. P. 108-123. DOI: 10.1016/j.cis.2015.03.004. 

32. Panich A.M., Shames A.I., Sergeev N.A., Osipov 

V.Yu., Alexenskiy A.E., Vul A.Ya. Magnetic resonance 

study of gadolinium-grafted nanodiamonds. J. Phys. 

Chem. C. 2016. V. 120. N 35. P. 19804–19811. DOI: 

10.1021/acs.jpcc.6b05403. 

 

 

Поступила в редакцию 10.03.2022 

Принята к опубликованию 07.07.2022 

 
 
Received 10.03.2022 
Accepted 07.07.2022 


