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Dielectric properties of hydrophobic nanoparticles suspensions are intensively investigated nowa-
days. However, few works investigate suspensions of hydrophilic nanoparticles. In the present work,
we investigate the influence of hydrophilic cellulose nanocrystals (CNCs) and cellulose nanofibers
(CNFs) on the dielectric properties of aqueous suspensions. Purity and chemical composition of the
nanoparticles was characterized by EDX and FTIR spectroscopy. The results of dielectric measure-
ments show a decrease in the relaxation time of the CNCs aqueous suspension, as compared with
that of pure water; no significant change in the relaxation time was observed for the CNFs aqueous
suspension. The findings indicate that a hydrophilic surface may accelerate the dynamics of water
molecules.
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I. INTRODUCTION

Cellulose is one of the most abundant natural materi-
als, which is renewable, biocompatible and biodegradable
[1, 2]. Cellulose nanoparticles have favourable properties,
such as high mechanical strength, relatively low densi-
ty, high aspect ratio and relatively large specific surface
area. These properties open a wide spectrum of cellulose
nanoparticle applications in science. A highly popular
application of cellulose nanoparticles is film production
[3]. Films are spreading the range of possible applications
of cellulose nanoparticles. Due to their ability to under-
go rapid and reversible changes in colour upon swelling
it is proposed to use the films for pressure sensing [4].
Also, biocompatible cellulose-based films in association
with other materials open the perspective of its applica-
tion in healthcare [5]. In combination with essential oils
chitosan-carboxymethyl the cellulose films exhibit anti-
fungal properties; therefore it is proposed to use this eco-
friendly material in food industry for food preservation,
to enhance food safety and quality [6]. Besides, cellulose
nanoparticles are used for the creation of microcapsules
with permeable membrane [7, 8, 9], production of ener-
gy storage devices, sportswear, lightweight armour and
more [2].

The properties of cellulose nanoparticles depend on the
production method. An important step in the production
of cellulose nanoparticles is the preparation of aqueous
suspensions. The properties of the aqueous suspensions,
such as pressure or temperature, affect the properties of
the resulting nanoparticles. So, it is important to under-
stand the relation between the properties of the aque-
ous suspensions and the properties of the nanoparticle.
One of the features ensuring intensive interactions be-
tween cellulose nanoparticles and water is a developed
network of hydrogen bonds on the cellulose nanoparticle

surface. The network of hydrogen bonds confines water
molecules creating a water shell, which has properties
other than those of bulk water [10, 11]. A large body of
research is dedicated to studying the water shell proper-
ties of molecules or nanoparticles [12, 13, 14].

A common method for the confined water investiga-
tion is a dielectric relaxation spectroscopy [15, 16]. The
dielectric spectra are characterized by maximums cor-
responding to different relaxation processes in a system
(so-called α, β, γ, δ-relaxation, etc.). The water relax-
ation process is manifested at frequencies of the order of
GHz (β-relaxation), therefore we investigate the dielec-
tric properties of the suspensions in a frequency range of
1 to 30 GHz.

Various water mixtures were investigated in this range
of frequencies, for example, with ethanol [17], peptides
[18], lysosomes [19], or metal nanoparticles [20]. Usually,
researchers report a decrease in the dynamics of water in
a hydration shell, which is several times or even several
orders of magnitude smaller than that of the bulk water
[21]. However, several simulations [22, 23] have deter-
mined the parameters of nanoparticles which may accel-
erate the dynamics of water, making it even faster than
the dynamics of bulk water.

A number of studies have investigated the water
dynamics in the near-surface layer for molecules or
nanoparticles with varying degree of hydrophobicity–
hydrophilicity [24, 25, 26]. An interesting result is that
the relaxation time of confined water may be less than
that of bulk water in the case of hydrophilic hydration
[24]. In the framework of these studies, the cellulose
nanoparticles are attractive due to their chemical flexi-
bility: originally the surface is hydrophobic, but chemical
modification of hydrogen bonds can increase hydropho-
bic properties of the surface [27, 28].

The investigation of the aqueous suspensions of cellu-
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lose nanoparticles may be useful for application in mod-
ern technologies; besides, it is interesting from the point
of view of fundamental research due to its relation to the
understanding of relaxation mechanisms. Two types of
nanoparticles were used in our study, cellulose nanocrys-
tals and cellulose nanofibers. These nanoparticles differ
not only in morphology but also in the chemical struc-
ture of the surface: on the surface of the nanocrystals,
there are additional hydrophilic functional groups, which
create favourable conditions increasing the dynamics of
water molecules near its surface. As a result, the relax-
ation time of the water–cellulose nanocrystals suspension
is less than the relaxation time of water or the water–
cellulose nanofibers suspension.

II. EXPERIMENTAL SECTION

Materials. Soft wood pulp (International Paper at
Flint River Mill, USA) was used for isolation of the
nanocellulose. Sulphuric acid (95–98%) and sodium bro-
mide were purchased from Sigma-Aldrich. The Ultrapure
water used in all the experiments was prepared in a three-
stage Millipore Milli-Q Plus 185 purification system (re-
sistivity ≥18.2 MΩ·cm).

Extraction of nanocellulose. The CNCs were iso-
lated by the common sulphuric acid hydrolysis method
[29]. Briefly, the hydrolysis was performed using 64%
w/w sulphuric acid (H2SO4) at 45±0.5◦C. The cellulose
source to acid ratio is 5 g to 95 g. The time of the hydrol-
ysis is 60 min. The remaining sulphuric acid was removed
by dialysis until pH neutrality was reached. The CNFs
were isolated through the common TEMPO oxidation
method. [30]. Briefly, TEMPO (0.016 g, 0.1 mmol) and

sodium bromide (0.1 g, 1 mmol) were added into 1 wt.%
wood pulp suspension. Then the NaClO solution (12%,
10 mmol NaClO to 1 gram of cellulose) was added to
the above mixture at stirring (500 rpm). The TEMPO-
oxidized wood pulp was thoroughly washed with water
and then treated by an ultrasonic tip for 2 h. High-speed
centrifugation (10000 rpm, 20 min, 5◦C) was conducted
to separate the cellulose nanofiber suspension.

Characterization. The chemical composition of the
cellulose nanoparticles was studied by Fourier transform
infrared (FTIR) and Energy-dispersive X-ray (EDX)
spectroscopy. The FTIR spectra were conducted using
a Bruker Vertex 70 FTIR spectrophotometer operated
in 200–4500 cm−1 range. The EDX spectroscopy was
performed with an Oxford EDX attached to a scanning
electron microscope operating at 5 kV with a live time
of 1200 s.

The dielectric properties of the aqueous suspensions
were investigated by Keysight Network Analyzer N5227A
with Agilent Dielectric Probe sensor in the frequency
range of 1 GHz to 30 GHz at temperatures of 22, 32,
42◦C.

III. RESULTS AND DISCUSSION

Nanocellulose Chemical Composition. The EDX
was used for the elemental analysis of CNC and CNF.
The EDX spectra showed two peaks corresponding to
main cellulose components, carbon (C) and oxygen (O)
(Fig. 1). Also, we observe elemental impurity of sulphur
(S) in CNCs and sodium (Na) in CNFs. These impurities
are due to the isolation process.

Fig. 1. The EDX spectra and element distribution of the CNCs (a) and CNFs (b)

The amount of carbon and oxygen in a cellulose chain
(C6H10O5)n should be 54.55 at.% (47.37 wt.%) and
45.45at.% (52.63 wt.%) respectively. The elemental dis-
tribution of the CNCs and the CNFs deviates from that
of the cellulose chain; however, it is in good agreement
with literature data [31, 32].

The FTIR spectra of the CNCs and the CNFs were
analyzed to understand molecular structure and struc-

tural changes in both samples (Fig. 2). The interpreta-
tion of bands is given in Table 1. Bands of the CNCs
in the range of 3600–3100 cm−1 are shifted to higher
wavenumbers comparing to corresponding bands of the
CNFs. The shift to higher wavenumbers might be due to
the average decrease in hydrogen bonds strength [33] or
hydrogen bonds destruction [34].
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Bonds Wavenumber, cm−1

CNCs CNFs

O(2)H. . . O(6) bond vibration [36] 3446

O(3)–H. . . O(5) [37] 3375

C–H stretching 2901 2901

C=O bond stretching [38], [33] 1758-1692 1741

C=O stretching [39] 1673

C=C aromatic skeletal vibration and
C=O stretching [33]

1608 1607

C–H bending C–H [33] 1427, 1372,
1362, 1356

1421,
1372

C–O stretching and C–H bending [33] 1280

O–H in-plane bending [33] 1204

C–O–C asymmetric vibration [33] 1164 1162

Ring asymmetric stretching [34]. 1111

C–O valence vibration [39]. 1061

C–O stretching [40] 1000

C–H wagging [33] 898

C–H out of plane bending [39] 859

O–H out of plane bending [33], [40] 704, 666

Table 1. Vibration type and corresponding wavenumber for the CNCs and the CNFs.

Fig. 2. The FTIR spectra of the CNCs and the CNFs

The intensity of the bands corresponding to C=O
bonds stretch (1750–1600 cm−1) is higher for the CNCs
than for the CNFs, however, for the CNCs these bands
must be absent [34]. The appearance of the intense bands
in this range may be due to cellulose partial oxidation

[35]. When oxidizing C–H, C–OH, C–C bonds may be
destroyed with the formation of the C=O bonds. The
characteristic wavenumbers of newly formed bonds, as
determined in [36], are 1745, 1732, 1713, 1685, 1665,
1617 cm−1.
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Fig. 3. The frequency dependence of the real ε
′ (a) and imaginary ε

′′ (b) part of permittivity for the water (1), the
water–CNCs suspension (2), and the water–CNFs suspension (3) with temperature change

Bands 1608 cm−1 of the CNCs and 1607 cm−1 of
the CNFs may correspond to the C=O bonds stretch
or C=C bonds vibrations. However, as mentioned before,
the C=O bonds are not typical of the CNCs. Besides, the
C=C bonds can be observed for wood materials but not
for the CNCs. The presence of this band can be explained
by the presence of functional groups in the CNCs.

The band 1062 cm−1 corresponding to C–O bonds vi-
brations becomes smoother for the CNCs comparing to
the CNFs. The C–O bonds are present in the glucose ring,
between glucose rings and between skeleton atoms and
OH groups. Due to the oxidation of the OH groups inject-
ed to C atoms, the OH groups can be replaced with func-
tional groups having the C=O bonds. This explains the

4701-4



FAST TWO-KINK SOLUTION FOR THE HIROTA-RAMANI EQUATION FOR DEGENERATED PARAMETERS

intensity decrease of 1062 cm−1 band and agrees with the
band intensity increase in the range of 1700–1600 cm−1.

IV. DIELECTRIC PROPERTIES OF CNCS AND
CNF IN AQUEOUS MEDIA

The dielectric properties are measured to investigate
relaxation of liquid systems with hydrogen bonds [41].
Permittivity, ε, is complex, so it can be presented as fol-
lows:

ε = ε′ − iε′′ (1)

where ε′ the real part related to the stored energy within
the medium, ε′′ the imaginary part related to the dissi-
pation of energy within the medium, i is the imaginary
unit.

The permittivity of water is described by the Debye
model in the investigated range of frequencies (1 GHz
to 30 GHz) [42, 43, 44]. Appart from the Debye mod-
el, there are more complex models having more param-
eters accounting for the asymmetry and broadness of
the dielectric dispersion curve [45]: Cole–Cole, Davidson–
Cole, Williams–Wats, Havriliak–Negami, Jonsher, Dis-
sado Hill. In our case, it is necessary to use the Debye
model, because a greater number of parameters intro-

duces uncertainty into the curve behaviour description,
or simplifies to the Debye model when approximating.

According to the Debye model, the frequency depen-
dence of permittivity is given as follows:

ε (ν) = ε′ (ν) − iε′′ (ν) = ε∞ +
ε0 − ε∞

1 + 2πiντ
(2)

where ν is the frequency of electromagnetic field, ε∞ is
the value of dielectric permittivity at ν→ ∞ , ε0 is the
value of dielectric permittivity at ν → 0, and τ is the
characteristic relaxation time.

The real and the imaginary permittivity are derived
from equation (2) as follows:

ε′ (ν) = ε∞ +
ε0 − ε∞

1 + (2πντ)
2

(3)

ε′′ (ν) =
2πντ(ε0 − ε∞)

1 + (2πντ)
2

. (4)

Equation (4) provides unequivocal values of parame-
ters (ε0 − ε∞, τ), unlike equation (3), where parameters
(ε0, ε∞, τ) are mutually dependent. Equation (4) was
used to determine the relaxation time τ .

Tempera–ture,◦C Literature data [17] Debye Cole–Cole Davidson–Cole

ε0 − ε∞ τ , 10−12s ε0 − ε∞ τ , 10−12s ε0 − ε∞ τ , 10−12s α ε0 − ε∞ τ , 10−12s β

22 73.88 8.92 74.19 8.91 74.15 8.91 0 73.98 8.90 1

32 70.52 6.97 71.95 7.25 71.95 7.26 0 73.75 7.25 0.97

42 67.4 5.61 72.74 5.48 72.73 5.49 0 73.46 5.49 0.98

Table 2. The parameters for water.

The parameters for water of the Debye, Cole–Cole and
Davidson–Cole equations and the comparison with the
literature data are shown in Table 2. In the case of the
Cole–Cole model, an extra parameter α takes zero value,
which means the equation simplifies to the Debye model.
In the case of the Davidson–Cole model, the parameter
β slightly differs from the unit, making the equation dif-
ferent from the Debye one. The Davidson–Cole equation
has four parameters, as a result, an uncertainty appears,
the range of values of ε0 providing an appropriate ap-
proximation (χ2 < 1) extends by about four times if
compared to the same parameter of the Debye equation;
however, the errors in other parameters of these equa-
tions are comparable. On the basis of these results, it is
decided to use the Debye equation for the analysis.

The values of the parameter ε0 − ε∞ at the tempera-
tures of 22 and 32◦C differ from the literature data by
0.2%, however, at the temperature of 42◦C the deviation
is 8% [17]. The deviation at 42◦C may be explained by a
dynamic phase transition in pure water [46]. The authors
of work [46] claim the existence of two states of water;
the first one, below 42◦C, is characterized by the crystal-
like character of the thermal motion, the second one, for
the temperatures higher than 42◦C, is characterized by

the thermal motion tending to the argon-like type.
A linear approximation was used to determine the val-

ues of ε0, ε∞ and τ from literature data at given tem-
peratures [17]. The values of ε∞ at the temperature of
40◦C [47] are less than at 35 or 50◦C, so it can be pre-
sumed that at the temperature of 42◦C the parameter
ε∞ has a minimum. In this case, the difference ε0-ε∞
at 42◦C is greater than it was expected. The relaxation
time deviates from literature data by 6%.

The values of the parameters ε0, ε∞ and τ were also
determined for the aqueous suspensions of the CNCs and
the CNFs (Table 3).

Sample Temperature,◦C ε0 − ε∞ τ , 10−12s

Water–CNCs 22 76.24 8.24

32 70.15 6.59

42 76.95 4.51

Water–CNFs 22 73.73 8.77

32 71.81 7.07

42 73.73 5.42

Table 3. The parameters for the aqueous CNCs and CNFs

suspensions.
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The relaxation time decreases with the temperature
increase for all samples (Fig. 4). This can be explained
by the fact that the loss factor decreases with increasing
temperature at high frequencies due to free-water disper-
sion [48]. This decrease agrees with the results of other
works [49, 50].

Fig. 4. The temperature dependence of the relaxation
time for water (�), the water-CNCs suspension (N) and wa-
ter-CNFs suspension (•).

The relaxation time of the water–CNCs suspension is
significantly smoller (7.5% less at 22◦C) than that of the
water, while the relaxation time of the water–CNFs sus-
pension has a smaller deviation (1.6% less at 22◦C).

The characteristic relaxation time depends on the time
required to reorient the dipole and the lifetime of the
hydrogen bond [17]. The time for the reorientation of
the molecule depends on the number of its neighbours: a
larger number of neighbour molecules makes it possible
to create a new hydrogen bond faster. In addition, the
lifetime of a hydrogen bond depends on the activation en-
ergy for water rotation, which depends on external fields.
In order to explain the difference in the time of relaxation
of the investigated systems, it is necessary to consider the
factors that could change the above parameters.

Cellulose nanoparticles have hydrophilic properties
[51]. The results of the FTIR spectrum analysis indicate
the presence of additional hydrophilic functional groups
on the surface of the CNCs. The CNCs and the CNFs
surfaces have distinct wall potentials. The nanoparticle
wall potential is the external field causing changes in
the structure of the water layer near the surface, causing
changes in the water relaxation time.

In paper [22], the authors have studied the depen-
dence of the confined water dynamics on the hydropho-
bic/hydrophilic properties of the surface. It has been de-
termined that the surface with hydrophobic or very hy-

drophilic properties slows down the dynamics of water
molecules, but there is the surface hydrophilicity level
having the minimum slowdown, a 1.2 decrease compar-
ing to bulk water.

In the paper [24], the authors have investigated the di-
electric relaxation in hydration shells of ions. It is shown
that for the ions with hydrophobic hydration there is a
good complementary organization of the hydration shells
and bulk water; as a result, the relaxation time of the
solutions is greater than the water relaxation time. In
the case of hydrophilic hydration, two variants of struc-
tural and geometric changes in the hydration layer of the
ions can be realized: the characteristic relaxation time of
solutions can be greater or less than the characteristic
relaxation time of water. Other papers [25, 26] have also
shown the existence of two possible variants of water re-
laxation time behaviour nearby the surface of ions with
hydrophilic properties.

Based on these studies, it can be assumed that the re-
laxation time decrease in the water–CNCs suspension is
due to the hydrophilic properties of the CNCs surface.
The structure of water near the surface of the nanocrys-
tals allows water molecules to find a molecule to create a
new bond faster. The rotational energy barrier of water
molecules influenced by CNCs is less than that of bulk
water molecules.

V. CONCLUSION

The dielectric properties of the water suspensions of
cellulose nanoparticles were studied. Based on the EDX
and the FTIR investigation, the presence of addition-
al hydrophilic functional groups on the CNCs surface is
assumed; the CNFs do not exhibit unusual features in
their structure. The impurity of the CNFs insignificant-
ly (> 1%) changes the dielectric properties of the water
suspension in the frequency range of 1 to 30 GHz; howev-
er, the impurity of the CNCs makes has a greater effect
( 3%). This tendency is observed at the temperatures of
22, 32 and 42◦C. The decrease in the relaxation time of
the water–CNCs suspension is explained by the features
of the CNCs surface, allowing the increase in the water
molecules dynamics in the near-wall layer, consequently
affecting the relaxation behaviour of all system.
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ДIЕЛЕКТРИЧНI ВЛАСТИВОСТI ВОДНИХ СУМIШЕЙ IЗ НАНОКРИСТАЛАМИ
ТА НАНОВОЛОКНАМИ ЦЕЛЮЛОЗИ
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Дiелектричнi властивостi водних сумiшей iз наночастинками з гiдрофобними властивостями iнтенсивно

дослiджують у нас час. Проте небагато робiт присвячено вивченню сумiшi з гiдрофiльними наночастинка-

ми. У цiй статтi дослiджено вплив гiдрофiльних нанокристалiв та нановолокон целюлози на дiелектричнi

властивостi водних сумiшей. Чистота та хiмiчний склад наночастинок охарактеризовано EDX- та FTIR-

сектроскопiєю. Результати дiелектричних вимiрювань показали зменшення часу релаксацiї у водних сумiшах

iз нанокристалами целюлози порiвняно з часом релаксацiї води; не виявлено значної змiни часу релаксацiї

у водних сумiшах iз нановолокнами целюлози. Результати дослiдження вказують на те, що гiдрофiльна

поверхня може прискорювати динамiку молекул води.
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