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ARTICLE INFO ABSTRACT

Keywords:
Nanofibrillated cellulose

The current work illuminates the interplay between nanofibrillated cellulose (NFC) films and hydrated water.
The NFC films from three sources of technological importance, i.e. cotton, wood and flax, are compared. It is

Films shown that cellulose materials present slight variations in supramolecular structure depending on the plant

Hydrated water
Dielectric spectroscopy

origin. The structural differences determine both quantity and state of the water adsorbed by cellulose. Dielectric
spectroscopy was employed to study the state of hydrated water as a probe of both the overall and specific marks

of NFCs’ structure. The measurements, carried out in the wide frequency (10~ 2Hz -10°Hz) and temperature
(123 K-293 K) ranges, revealed the formation of non-interactive water clusters at low water content. At high
water content, additional states of water were identified: Water in saturated glass-forming solution and bulk.
These water states were shown to be determined by the NFC’s structure and morphology.

1. Introduction

Plants are one of the main primary bases for human life, used either
directly or indirectly in manufactured form, to provide food, energy,
shelter, and medicine (Rankoana, 2016). The use of natural materials
has increased significantly through the development of new processes
and products based on these materials. Thus, the information on their
structure and properties is very important.

Cellulose is one of the most significant components in the plant cell
wall, abundantly represented in both its thin primary and thick sec-
ondary layers. The cellulose macromolecule is a linear 1,4 -glucan
(Fig. 1).

In planta, cellulose macromolecules are synthesized at the plasma
membrane by the cellulose synthase complex consisting of 18 glyco-
syltransferases (Nixon et al., 2016). Once synthesized, cellulose mac-
romolecules interact with each other in parallel orientation (cellulose I)
and form bundles of a diamond-shape pattern, where, according to
recent findings, 18 chains can be assembled in 5 layers in the 34,443

arrangement (Kubicki et al., 2018). These bundles, called elementary
fibrils or microfibrils in higher plants, have a cross section of 3-4 nm
(Pérez & Mazeau, 2005). The elementary fibrils are further stacked in
large, supramolecular bundles with a transverse width from dozens to
hundreds of nanometers (Fengel, 1971). The hierarchical organization
of cellulose fibrils is shown in Fig. 1. The well-known two-phase cel-
lulose model depicts cellulose chains containing both ordered crystal-
line and less-ordered amorphous domains (Nisizawa, 1973).

One of the promising uses of cellulosic materials is their application
in the so-called nanofibrillated state (nanofibrillated cellulose or NFC),
which is sometimes referred to as microfibrillated cellulose
(Belbekhouche et al., 2011; Chinga-Carrasco, 2011). In NFC the cellu-
lose fibers are mechanically degraded to create aggregates of cellulose
elementary fibrils with a nanoscale diameter of 20-100 nm and a length
of several micrometers (sometimes called nanofibrils) (Lavoine,
Desloges, Dufresne, & Bras, 2012). Note that the fine structure of the
NFC strongly depends on both the protocol of the mechanical treatment
(Iwamoto, Nakagaito, & Yano, 2007) and the origin of the cellulose
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Fig. 1. Scheme of the supramolecular hierarchical organization of cellulose.

(Alemdar & Sain, 2008; Heux, Dinand, & Vignon, 1999; Siqueira, Bras,
& Dufresne, 2010). Owing to a particularly large surface area, a large
amount of hydroxyl groups and fibril flexibility, the suspension of na-
nofibrillated cellulose forms a viscous thinning aqueous gel (Charreau,
Foresti, & Véazquez, 2013; Lu, Askeland, & Drzal, 2008), where the
polymer network is stabilized by water and interfibrillar hydrogen
bonds. In the course of drying, the NFC gels form porous films whose
technological properties are determined by the amount of water-
binding centers and their accessibility for water.

The content and properties of water in cellulose samples are of
crucial importance for a range of technological applications, such as
food packaging, paper printing, etc. (Lavoine et al., 2012; Viet, Beck-
Candanedo, & Gray, 2007). For example, the competitive hydrogen
bonding of cellulose with water causes a disruption in percolated NFC
networks, resulting in remarkable material softening (Dagnon,
Shanmuganathan, Weder, & Rowan, 2012.).

In the present study, we analyzed the specific properties of water
located in NFC films derived from three technologically important plant
sources (wood, cotton and flax). We performed an extensive dielectric
study of absorbed water by NFCs of different plant origins over a wide
frequency and temperature range.

Recently, unique physical and chemical properties of water have
been noted under the influence of different molecular interfaces, de-
pending on their structure and dynamics (Chen et al., 2014; Ehre,
Lavert, Lahav, & Lubomirsky, 2010; Gallo, Rovere, & Chen, 2012; Reiter
et al., 2013). For example, the nucleation and crystallization tempera-
ture of hydrated water show a strong dependency on the type of in-
terface in contact with the water (Ehre et al., 2010). Furthermore, the
nanoconfined water has been found to have transport and thermo-
dynamic properties that differ from those of the bulk (Suzuki, Duran
et al.,, 2015; Suzuki, Steinhart, Butt, & Floudas, 2015). The unique
properties of the confined/bound water are determined by the specific
nature of the confining space, including its volume, the structure of
limiting boundaries and the specifics of the H-bond network (Lang &
Ludemann, 1982; Stokely, Mazza, Stanley, & Franzese, 2010; Tanaka,
2013). The hydration shell of various natural and synthetic macro-
molecules have been studied extensively over the last several decades
with a variety of experimental techniques (Bone & Pethig, 1982; Martin
& Matyushov, 2015; Pal, Peon, & Zewail, 2002; Rupley, Gratton, &
Careri, 1983). The different states of hydration/interfacial water span
an extremely wide range of characteristic time-scaled processes. One of
the most versatile experimental methodologies capable of concurrently
addressing a wide range of time/frequency scales is the Broadband
Dielectric Spectroscopy (BDS) (Feldman, Ermolina, & Hayashi, 2003;
Feldman, Puzenko, & Ryabov, 2006; Kremer & Schonhals, 2003). It
presently covers an enormous frequency range, from “10~% Hz to "10'?
Hz, enabling a practical study of the complete spectrum of dielectric
relaxation phenomena. This method is particularly relevant for polar
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mediums such as water and water-solvated samples. To study different
populations of water via dielectric polarization, the system must be
quenched or placed in a regime of tight confinement (Feldman,
Puzenko, Ben Ishai, & Gutina Greenbaum, 2014). In this case, the water
can be considered to be a dipole sub-system, while the other compo-
nents may be defined as the matrix (Feldman et al., 2014).

Recently, dielectric spectroscopy studies of different poly-
saccharides have been reported in the literature: Cellulose (Einfeldt &
Kwasniewski, 2002; Jafarpour, Dantras, Boudet, & Lacabanne, 2007;
Jafarpour, Roig, Dantras, Boudet, & Lacabanne, 2009; Roig, Dantras,
Dandurand, & Lacabanne, 2011; Zhao, Chen, Du, & Chen, 2019), var-
ious cellulose derivatives (Einfeldt, Meifner, & Kwasniewski, 2003;
Rachocki, Markiewicz, & Tritt-Goc, 2005) and cellulose nano- or mi-
crocrystalline structures (Bras, Stromme, & Mihranyan, 2015; Nilsson,
Frenning, Grésjo, Alderborn, & Stromme, 2006; Sousa et al., 2010).
However, the specific correlations obtained between the dielectric
characteristics and the structural, physical and chemical properties of
the materials studied have only a particular significance since they do
not permit an overview of the generalized structural model of cellulose
properties. The dielectric studies of water, which is present in all cel-
lulose materials and displays both the overall and specific marks of
their structure, can serve as a universal approach to characterize the
generalized structural properties of cellulose samples. In the present
work, on the basis of the approach developed for water adsorbed onto
hydrated proteins (Kurzweil-Segev, Gutina, Popov, Golodnitsky, &
Feldman, 2016; Kurzweil-Segev, Popov, Eisenberg et al., 2017;
Kurzweil-Segev, Popov, Eisenberg et al., 2017), we will show that the
generalized morphology of the NFC matrix influences the nature of
dielectric polarization of hydrated water due to the dynamic interac-
tions between water and binding or conjunctive centers of the cellulose
matrix. Thus, the state of hydrated water and consequently its dielectric
properties will be strongly determined by the morphology of the porous
NFC films.

2. Experimental
2.1. Materials

2.1.1. Raw materials

The raw materials used were commercially available cellulose fibers
from cotton, wood and flax. The bleached softwood kraft pulp (BSKP)
was obtained from CMPC Celulosa S.A., Chile. The cotton lint cellulose
of the highest quality was from Medicot, Uzbekistan. Blast fibers of flax
plants were the gift from All-Russian Research Institute for Flax,
Torzhok, Russia.

2.1.2. NFC production

All samples were pre-crushed using the Pulverisette 15 cutting mill,
rotor speed 3000 rev/min. The grinding time was 5 min; a sieve with a
mesh size of 0.25 mm was used. The resulting suspensions were defi-
brillated by passing them through an APV2000-Lab homogenizer op-
erated at 110 MPa pressure. The nanofibrillated material was collected
after 30 passes through the homogenizer. The nanofibrillated cellulose
water suspensions (0.5%) were allowed to dry in Petri dishes at room
temperature and humidity.

2.2. Wide-angle X-ray diffraction

The X-ray phase studies of the NFC films were performed on an
Ultima IV RIGAKU automatic X-ray diffractometer equipped with a
theta-theta goniometer, using CuK,, radiation (40 kV, 40 mA) via a Ni K-
B filter (A =1.5418 A). The data was collected in reflection mode with a
flat-plate sample at 23 °C. The samples in the diffractometer were
placed in arbitrary orientations and were centered at the goniometer
optical center. The X-ray patterns were recorded in the 20 range be-
tween 6 and 50°, in 0.01° steps, with a scan rate of 1°/min. The resulting
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X-ray patterns were processed with PDXL software. The main structural
characteristics were calculated on the basis of the diffraction patterns.
The crystallinity index was calculated as the ratio of the area under the
curve pertaining to crystalline structures to the area under the sum of
the crystalline and amorphous structures.

The crystallite size was calculated using the Scherrer equation:
L = kX /Bcos 6, where L is the effective size of the crystallite in A, A is
the X-ray wavelength in A, 6 is the Bragg angle in degrees, k is the
coefficient, taking into account the crystallite shape and f is the line
width in radians.

2.3. Atomic force microscopy

The NFC surface morphology was studied using a MultiMode-5
atomic force microscope (Bruker, Germany) with a Nanoscope V con-
troller. The sample was prepared by dripping 10yl of the ultra-
sonificated solution of MFC particles into deionized water and drying
for 2 min. All the images were obtained using the ScanAsyst regime. A
rectangular cantilever RTESP (Veeco) with silicon tip was used. The
image resolution was 512 X 512 points at the scan speed of rate 1 Hz.
The microphotographs thus obtained were analyzed using the program
ImageJ.

2.4. Dielectric spectroscopy

Dielectric measurements in the frequency range of 10 ~2 Hz — 10° Hz
were performed using a Broadband Dielectric Spectrometer, BDS
Concept 80, based on the Alpha Impedance Analyzer (Novocontrol
Technologies GmbH & Co. KG) with automatic temperature control by a
QUATRO Cryosystem.

For the dielectric experiments, the NFC films were treated for 48 h
under a vacuum of 0.8 bar, and then placed into a desiccator with
controlled steam humidity. The films were kept overnight at 25 °C in an
atmosphere of saturated CaCl,6H,O water solution ("29% relative
humidity) (Richardson & Malthus, 1955) and K;SO4 (798%) (Arai,
Hosaka, & Murase, 1976), to obtain samples with low and high hy-
dration levels.

Next, the materials were mounted between two electrodes forming
the plate capacitor sample cell. The parallel plate capacitor configura-
tion consisted of two 16 mm-diameter electrodes spaced 0.5 mm apart.
The measurements were carried out using the following protocol: Each
sample was placed into the measuring cell at room temperature and
then quenched down to temperature 123K at a rate of 12 K/min. The
samples were then heated and measured at intervals of 3 K up to 293 K.
The accuracy of the complex dielectric permittivity measurement was
better than 3%.

3. Results and discussion
3.1. Samples crystallinity

The X-ray diffraction patterns of three NFC films (Fig. 2) are typical
for cellulose I (Abou-Sekkina, Sakran, & Saafan, 1986). There are three
peaks at 20 = 14.8°, 16.4°and 22.8°, which correspond to the (110),
(110) and (200) planes, respectively (Wada, Okano, & Sugiyama, 1997;
Wada, Sugiyama, & Okano, 1993). The main structural characteristics
of NFC films are summarized in Table 1. The peak at 22.8°, attributed to
the transverse size of the fibril, allowed us to calculate the d-spacing,
which amounted to 3.9 A. The crystallite size varies from 40 to 41 A for
flax and wood to 53A for cotton NFC. These values are in good
agreement with the known transverse size of microfibrils in plant cel-
lulose (Pérez & Mazeau, 2005). Another distinction regarding the value
of the NFC crystallinity index is that it is lower (76-77%) for flax and
wood than for cotton (86%).
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Fig. 2. X-ray diffraction patterns of NFC films from cotton (upper curve), wood
(middle) and flax (lower curve). (For interpretation of the references to colour
in this figure legend, the reader is referred to the web version of this article.)

Table 1
Some structural characteristics of NFCs from wood, flax and cotton obtained by
wide-angle X-ray diffraction.

Planes  d-spacing, Effective crystallite size (L), Crystallinity index,
A A %
Wood  (110) 6.0 32 77
(1100 5.3 39
(200) 3.9 40
Flax aioy 6.1 40 76
(110) 5.3 47
(2000 3.9 41
Cotton  (110) 6.0 45 86
(110) 5.3 69
(2000 3.9 53

3.2. Ultrastructure of NFC

Atomic-force microscopy of the studied samples revealed that NFC
bundles of samples differ with respect to the transverse size of the fibrils
(Fig. 3). The transverse size of fibrils after homogenization varied be-
tween 20-150 nm, which corresponds to the average diameter of na-
nofibrils in the samples: 48 nm for cotton, 68 nm for wood and 135 nm
for flax, which were obtained using the ImageJ image analysis software.
Assuming the nanofibril is a cylinder, based on its diameter and simple
geometrical arguments, one can estimate the ratio between the surface
area of one nanofibril of unit length for flax, wood and cotton, to that of
cotton as 2.8/1.4/1. Assuming the uniform distribution of the hydroxyl
groups across the cellulose chain, we can state that the ratio of surface
groups to those in the fibril volume is higher for fibrils of lesser dia-
meter. Therefore, under the approximately similar density of the dif-
ferent NFC films we can estimate the ratio of total hydroxyls exposed at
the surface to the buried ones as 0.35/0.7/1 for flax, wood and cotton.

3.3. Water uptake by NFC films

The water fraction in the samples (Table 2) was calculated as
h = M,,/Mg, where M,, and M are the weight of water and dry sample,
respectively. Overall, the water uptake values for the NFC films studied
fit well with those reported previously for sisal NFC (Belbekhouche
et al.,, 2011). The water uptake at 29% and 98% relative humidity
corresponds to distinct water sorption processes. At 29% steam hu-
midity, water molecules predominantly adsorb directly onto the hy-
droxyl groups of the external surfaces and in the low-ordered amor-
phous regions, forming the so-called first hydration layer, while at 98%
relative humidity swelling of the NFC film occurs (Belbekhouche et al.,
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Fig. 3. Atomic force microphotographs of NFC from cotton (A), wood (B) and flax (C).

Table 2
Water uptake at different relative humidity.

Relative humidity, % Water fraction (h), g/g

Cotton Wood Flax
29 0.09 + 0.01 0.08 + 0.01 0.03 + 0.01
98 0.29 + 0.02 0.28 + 0.02 0.23 + 0.03

2011).

The NFC films from cotton, wood and flax demonstrate variations in
water sorption at the same relative humidity. Thus, the flax NFC films
adsorb the least amount of water compared with wood and cotton. The
ratio between water fractions of flax and cotton NFC films at 29% re-
lative humidity has a factor of 0.33. Assuming uniform distribution of
hydroxyl centers over the fibril surface, we can see a correlation be-
tween water uptake and the fibril dimensions. As previously docu-
mented, the ratio of the surface areas of cotton and flax NFC is 0.35.
Thus, according to our volumetric qualifications and the water uptake
data presented in Table 2, we see that for cotton and flax the amount of
fibril surface accessible for solvent is related to their surface area. The
cotton and wood samples demonstrate almost equal water uptake,
which could be due to the compensation of two opposite factors that
determine the amount of adsorbed water in NFC films: the ratio of the
crystalline and amorphous regions (crystallinity index) and the fibril
thickness.

3.4. Dielectric spectroscopy

3.4.1. Relaxation processes of NFC hydrated water

The typical dielectric loss spectra of hydrated NFC from wood
versus frequency and temperature are presented in Fig. 4. Several re-
laxation processes at different frequencies and temperature intervals
describe the dielectric response of all the NFC samples. The relaxation
process LT, (the first low-temperature process), is observed for all of the

A Percolation
Saddle-like

0.003-—

10" =

10° 10?\ 150
Frequency, [Hz] Tem

samples studied at low hydration levels in the temperature region
below 200K (Figs. 4a and b). At high hydration levels we see two se-
parate relaxation processes, LT, and LT, (a second low-temperature
process) (Fig. 4b). At higher temperatures, a relaxation process with a
specific saddle-like shape is detected for all NFCs with different water
contents (Fig. 4). The percolation process is easily detected at tem-
peratures around 280K (Puzenko, Kozlovich, Gutina, & Feldman,
1999). For some samples equilibrated under water vapor, a well-de-
fined ice melting phase transition is clearly detected (see Fig. 4b)
(Kurzweil-Segev, Popov, Eisenberg et al., 2017; Popov, Puzenko,
Khamzin, & Feldman, 2015). In this work, we will discuss in detail only
the low-temperature processes observed for all of the studied samples at
both hydration levels. We will provide the analyses of these processes in
NFC hydrated films in the framework of the approach developed for
water adsorbed in hydrated proteins (Kurzweil-Segev et al., 2016;
Kurzweil-Segev, Popov, Eisenberg et al., 2017; Kurzweil-Segev, Popov,
Sagit, Solomonov, & Feldman, 2017).

Several states of water can be detected in the hydrated hetero-
geneous systems using various methods (Kurzweil-Segev et al., 2016). It
was shown that at hydration rates 0.07 < h < 0.2 (samples prepared at
29% humidity), bundles of water molecules bound to the hydrophilic
groups of the heterogeneous matrix are formed. We assume that water
molecules can interact with OH-groups distributed over the external
surface of crystalline cellulose fibers or located in the amorphous parts
of cellulose fibers (Fig. 1). Water molecules interact with each other
only inside these small water clusters without forming inter-cluster
interactions (Gutina et al., 1998). Therefore, we expected to see a si-
milar relaxation map for all NFC samples at the low hydration level. In
this case, water molecules do not “sense” the sorbing matrix, but de-
pend only on the local structural organization of water around hydra-
tion centers. Therefore, one can compare the dielectric relaxation be-
havior for a wide class of weakly hydrated materials showing the
similar relaxation of an ice-like process at low temperatures (Feldman
et al., 2014; Kurzweil-Segev et al., 2016; Ryabov, Gutina, Arkhipov, &
Feldman, 2001; Vasilyeva et al., 2014).

Melting of Ice
273K

Frequency, [Hz]

Fig. 4. Dependence of dielectric losses versus frequency and temperature for wood NFC at (a) low (29% steam humidity) and (b) high (98% steam humidity)

hydration levels.
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(circles) of the wood NFC: low humidity
sample at 168K (left) and high humidity
sample at 150K (right). The solid lines corre-
spond to the fit of the experimental data by Eq.
1. The separate terms of the fitting function are
shown by the dashed lines (CC processes) and
the dotted line (Jonscher term). (For inter-
pretation of the references to colour in this
figure legend, the reader is referred to the web
version of this article.)
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For a quantitative analysis of the low-temperature dielectric pro-
cesses in NFC samples at a low hydration level (LT, in Fig. 4a) a su-
perposition of the phenomenological Cole-Cole (CC) function (Cole &
Cole, 1941) and a low frequency Jonscher term was used (Greenbaum
Gutina, Ben Ishai, & Feldman, 2015):

« / L Ae .
£ (w) = ¢ () + ic (W) = € + ————— +A(iw)" L.

(@) = € (@) + i€ @) e A o
Here, ¢*(w) is the measured complex dielectric permittivity, z is the
relaxation time; i* = —1, @ = 2uf, f is the frequency. In Eq. (1) Ae=¢,

.. is the dielectric strength with & and ¢.. denoting the extrapolated
low-frequency and high-frequency permittivity limits, respectively; the
parameter a describes the symmetric broadening of the relaxation
process; A is the amplitude of the Jonscher term and 0 < n < 1. For a
more precise fitting procedure, the data processing was performed only
in the vicinity of the dielectric loss peak maximum. Thus, the Jonscher
term accounts for the combined residual influence of the low frequency
process. The fitting in a complex plane was carried out using in-house
DATAMA software (Axelrod et al., 2004). The typical fitting for the low-
temperature dielectric process in the NFC samples with low water
content is presented in Fig. 5a. For the samples with high water content
two Cole-Cole (CC) relaxation terms were detected (LT; and LT, in
Fig. 4b). The typical fitting with two CC processes is presented in
Fig. 5b. Note, that the second process is easily observed for the wood
and flax samples whereas for the cotton NFC the process is almost
completely screened beneath the LT;.

3.4.2. Low water content
The temperature dependencies of the relaxation time t and the di-
electric strength Ae of the low-temperature process LT; at low water

A Temperature [K]
208 196 185 175 167 159 152 145

1011 T T T T T T T T

_ 1074
utt
‘: 10° 5 "'

10™ + '

10° 4

48 51 54 57 60 63 66 69
InvT [1000/K]

10’ 102 10° 10
Frequency [Hz]

content for NFC films fabricated from different sources are presented in
Fig. 6.

For all of the samples studied, a similar temperature dynamic with
an activation energy of 50 kJ/mol is observed. In addition, the increase
in dielectric strength with temperature (Fig. 6b) is typical for solid
materials. Such dielectric relaxation behavior is known for a wide class
of weakly-hydrated heterogeneous materials that show a similar re-
laxation of an ice-like process at low temperatures (Cerveny,
Mallamace, Swenson, Vogel, & Xu, 2016; Feldman et al., 2014; Gutina,
Antropova, Rysiakiewicz-Pasek, Virnik, & Feldman, 2003; Khodadadi,
Pawlus, & Sokolov, 2008; Khodadadi, Curtis, & Sokolov, 2011; Ngai,
Capaccioli, Ancherbak, & Shinyashiki, 2011; Ryabov et al., 2001;
Vasilyeva et al., 2014).

3.4.3. High water content

As mentioned above, for the high water content samples two Cole-
Cole (CC) relaxation processes were detected in all of the samples (LT;
and LT, in Fig. 4b). Note that the second process is clearly observed for
wood and flax samples while for the cotton NFC the process is almost
completely screened by the LT;.

The temperature dependencies of the relaxation times t; and t, for
all NFCs with high water content are shown in Fig. 7 (left). For the
wood and flax samples the relaxation time 1, demonstrates the Ar-
rhenius behavior with an activation energy of around 45kJ/mol, si-
milar to the behavior observed in hydrated collagen and elastin, which
was identified with diffusion defects in the bulk ice (Gainaru, Fillmer, &
Bohmer, 2009; Kurzweil-Segev, Popov, Sagit et al., 2017; Popov et al.,
2015). Therefore, the second relaxation process in these materials, LT,
detected at high water content can be assigned to ice Ih. At the same
time, the second process in the cotton sample is faster and demonstrates

B
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Fig. 6. Relaxation time t of the LT; process in Arrhenius coordinates (left) and dielectric strength Ae (right) for NFC films of different plant origins at low water
content: Cotton (red squares), wood (green circles) and flax (blue triangles). (For interpretation of the references to colour in this figure legend, the reader is referred

to the web version of this article.)
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Fig. 7. Temperature dependencies of relaxation times (left) and dielectric strength (right) for NFC samples with high water content at low temperatures. Full symbols
correspond to the LT; process, open ones relate to the LT, process. The position of the LT; process for the samples with low water content is shown within the ellipse.
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a behavior similar to the LT, typical for weakly hydrated materials.
Thus, no crystallization of water occurs in the humid cotton sample and
only small ice-like structures of hydrated water are present. In the wood
and the flax samples, the dielectric response of these ice-like structures
is screened by the strong dielectric contribution of the ice.

The temperature dependence of relaxation time t; for all highly-
hydrated NFC samples demonstrates a dynamic crossover at around T
=180K. Below the crossover point, the activation energy of this pro-
cess again approaches 50 kJ/mol. This confirms the dipole-ordered ice-
like character of this relaxation process. However, at high temperatures
the slope of this curve increases sharply, indicating changes in the
nature of this process. Since a reliable fitting analysis at temperatures
higher than 213 K could not be provided, it is difficult to determine the
type of relaxation behavior for this process. However, the dynamics of
confined water in porous materials with different pore sizes has been
studied previously and a similar crossover has been observed in high
water content materials (Cerveny et al., 2016; Ngai et al., 2011;
Rosenstihlk, Kampff, Sattigm, & Vogel, 2015; Sjostrom, Swenson,
Bergman, & Kittaka, 2008). This process follows the Vogel-Ful-
cher-Tammann (VFT) temperature dependence that is typical for glass-
forming liquids (Khodadadi, Malkovskiy, Kisliuk, & Sokolov, 2010). A
possible explanation for the existence of glass-forming liquid in super-
cooled NFC films is that at high hydration levels water molecules cover
the fibril’s surface to form a complete water layer, i.e. a conjoined water
cluster, which behaves like a super-cooled liquid at low temperatures.
The adsorbed water “dissolves” the surface OH and CH,OH groups at-
tached to carbohydrate rings and altogether they form a saturated so-
lution at the fibril’s outer surfaces as well as within the amorphous
regions. Taking into account the mobility of hydroxyl groups, especially
the hydroxymethyl groups, and the cross-interactions of water mole-
cules with each other through these groups, we view these water-hy-
droxyl complexes as a saturated glass-forming liquid.

Compared with the low hydrated NFC samples, it is evident that at
the high hydration level, the relaxation time of the hydrated water at
low temperatures (the LT; process) becomes faster. Therefore, we as-
sume that these ice-like structures carry more defects than those formed
by small bundles of water around the hydrophilic centers. The polarity
of the environment close to these centers strongly influences the for-
mation of water clusters around them, and leads to more ordered water
structures, an increase of the hydrogen bond energy and, therefore, to
the slowing down of the LT; relaxation process. Thus, the increase in
water quantity at the outer fibril surfaces leads to the formation of
additional defects in the ice-like structures, thus promoting the

relaxation to occur.

For a better understanding of the dynamics and structure of water in
the NFC films at high water content, we analyzed the dielectric strength
of the LT; process. If the temperature dependence of the relaxation
times reflects the dynamics of hydrated water, the static permittivity &
of this process reflects the structural aspects of water polarization and
dipole-dipole interactions. It is well known that the entropy of a system
depends on its static permittivity (Frohlich, 1958). In the case of a weak
temperature dependency of ¢,, we can write

e E 0Ae E
s= %M+ 2E R Hm+ T @
Here, Sy (T) is the entropy of the system in the absence of an electric
field E. According to this equation we can see that at 0A¢/dT < O the
entropy decreases. This behavior is typical for dipole-disordered sys-
tems such as liquids or gasses. On the other hand, when dAe/dT > 0, the
entropy increases and corresponds to that of dipole-ordered systems.

The temperature dependence of dielectric strength for the LT,
process reveals three different intervals for all NFC samples (Fig. 7). At
the lowest temperatures, the dielectric strength Aec of the quenched
samples demonstrates a liquid-like disordered behavior, which is ty-
pical for super-cooled liquids. Under heating, Ae(T) starts to exhibit a
dipole-ordered behavior. Note, the temperature points at which the
dielectric strength alters the sign of its slope are 141 K, 150 K and 156 K
for wood, cotton and flax, respectively. This clearly indicates the onset
of a disorder-to-order transition, that most probably depends on ma-
terial properties. A further increase of temperature leads to another
sharp alteration in the Aetemperature behavior at about 180K for all
samples studied - from the solid-like (ordered) to the liquid-like (dis-
ordered) type of hydrated water structures. Furthermore, it corresponds
exactly to the crossover temperature and makes a case for the uni-
versality of such sharp alterations in the system (Cerveny et al., 2016;
Khodadadi et al., 2010).

Taking into account the considerations discussed above, we can
propose the following generalized scheme of water structure and dy-
namics transitions in hydrated NFC films (see Fig. 8):

A. Upon being exposed to the high humidity atmosphere at room
temperature, the NFC films start to adsorb water molecules near the
primary hydrated sites, i.e. hydroxyl groups, in the form of spatially-
separated water clusters (this stage of water adsorption is clearly seen
at low humidity). Subsequently, these clusters are covered by addi-
tional water layers, leading to the formation of a saturated water so-
lution where the flexible hydroxyl groups play the role of a solute.
Furthermore, additional sorption leads to the disruption of the
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Fig. 8. Schematic representation of the water structures at low temperatures in the NFC hydrated films.

hydrogen bonds formed by nanofibrils at their intersections in the
sample, thus resulting in a swelling of the film (Belbekhouche et al.,
2011). Therefore, two general structures of adsorbed water can be
distinguished — the saturated water solution in the vicinity of the NFC
surface and bulk water (Fig. 8A).

B. The fast cooling down of the hydrated NFC films to 123 K results
in the formation of a super-cooled phase from the saturated glass-
forming solution. The cooling is rapid enough to prevent crystallization
of the saturated water-hydroxyl solution. However, this fast cooling is
not enough to prevent the formation of ice from the bulk water inside
the heterogeneous structure of the films. An intermediate ice-like in-
terfacial water structure is also formed.

C. On heating, the super-cooled solution undergoes cold crystal-
lization at around 150 K. We detect this cold crystallization due to the
change in the slope of the dielectric strength at 141 K, 150 K and 156 K
for wood, cotton and flax, respectively. This confirms that the cold
crystallization depends strongly on the nature of the plant. The process
leads to the formation of solid poly-crystalline structures of the glass-
forming liquid accompanied by the creation of small, uniformly-sized
confined ice particles distributed between crystallites.

D. It is well known that under confinement conditions the freezing/
melting of water/ice differs from that of the bulk and behaves according
to the Gibbs-Thompson relationship (Kurzweil-Segev et al., 2016;
Moore, Allen, & Molinero, 2012; Schmidt, Hansen, Stoecker, Akporiaye,
& Ellestad, 1995). The temperature 180 K corresponds to the melting of
ice particles confined into 1-2 nm size volumes (Kurzweil-Segev et al.,
2016; Kurzweil-Segev et al., 2016; Kurzweil-Segev, Popov, Eisenberg
et al., 2017), which are reasonable for our systems. Thus, we can
conclude that while the small ice crystals simultaneously melt at this
particular temperature, the poly-crystalline structure of the water “so-
lution” softens and transforms into an amorphous regular glass-former
liquid. Further heating melts the bulk ice structures at 273 K.

In summary, the investigated NFCs of different plant sources vary in
the crystallinity index, the diameter of nanofibrils and the resulting

morphology of the NFC films (sections 3.1 and 3.2). Furthermore, the
amount of adsorbed water and its structure strongly depends on the
origin of the material (sections 3.3 and 3.4). The amount of adsorbed
water is inversely proportional to the diameter of the nanofibrils. Ad-
ditionally, the distribution of adsorbed water over the saturated solu-
tion and the bulk water depends on the NFC origin. We consider the
presence or absence of the adsorbed water to be of major importance
for the technological application of NFC materials. Dielectric spectro-
scopy proves to be a useful tool to differentiate the adsorbed water
structure and, hence, the morphology of NFCs.

4. Conclusions

The cellulose-water interactions are of crucial fundamental and
technological importance because the hydration determines the struc-
tural stability and mechanical properties of cellulose. The present study
expands the knowledge of the interplay between nanofibrillated cellu-
lose films and hydrated water. The cellulose materials from three dif-
ferent plant sources of technological importance, i.e. cotton, wood and
flax, were compared with respect to the state of hydrated water at low
and high water content. At low water content (28% relative humidity),
the adsorbed water forms small isolated clusters on the surface of the
nanofibrils. Under these conditions, the state of the adsorbed water
within the three samples studied was indistinguishable for dielectric
spectroscopy. At high water content (98% relative humidity), some of
the hydrated water covers the surface of the nanofibrils, forming a
continuous water shell that represents a saturated “solution” of avail-
able surface hydroxyl groups of cellulose. This type of water does not
freeze under fast cooling down to 123 K. Partially adsorbed water
possesses the properties of bulk, thus freezing as regular ice. The films
of three NFCs studied demonstrate different abilities to retain hydrated
and bulk-like water in their volume. This discrepancy seems to be de-
termined by the peculiarity of a swelling process in the films, which in
turn is due to the morphology difference of the porous NFC films. Thus,
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the water present in all cellulose materials displays both the overall and
specific marks of the NFCs’ structure. The dielectric spectroscopy of
hydrated water provides a universal approach to characterize the
generalized structural properties of cellulose samples.
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