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Chitosan-based composite membranes with fractionated kraft and organosolv lignin were prepared by solvent
casting. A small lignin fraction (1%) was added to the neat chitosan to obtain a good distribution. The influence
of lignin extraction with ethyl acetate and consequently ethanol on the dielectric and conductive properties of
the composites was investigated by dielectric thermal analysis (DETA). Overall, the chitosan-lignin composites
exhibit three relaxation mechanisms (B, Pwer, and o) and two conductivity phenomena (¢ and MWS). FTIR
analysis showed that the composites with organosolv lignin fractions have fewer hydroxyl groups than those with
kraft lignin, which decreases slightly further for both after ethanol extraction. The lignin fractions with lower
molecular weight and higher OH content show stronger interactions with chitosan, due to hydrogen bonding.
These interactions affect the thermal activation and cooperativity of the -, Pwet, and a-relaxation. Furthermore,
the kraft lignin fractions with many polar groups are very compatible with the chitosan matrix, resulting in a
more compact structure and higher fragility. The membranes CS OLga and CS KLg have a lower electron con-
ductivity and a higher proton conductivity. Thus, they have promising conductivity properties for fuel cell

applications.

1. Introduction

Limited reserves, rising prices, and the destructive environmental
impact of petrochemical resources are promoting the research of bio-
based materials. Cellulose, lignin, chitin, and starch among others,
which can be derived from industrial waste products, represent potential
alternatives, due to their great availability, low cost, and high biode-
gradability [1].

Chitin, which is found in crustacean shells, insect cuticles, green
algae and cell walls of fungi and yeasts can be extracted from the re-
sidual waste of the seafood processing industry [2]. Chitosan, deacety-
lated chitin, possesses abundant amino groups, that allow easier
processing with improved solubility, due to potential protonation in
acidic media and also tailoring of properties through chemical func-
tionalisation [3].

Lignin, one of the main components of wood along with cellulose and
hemicellulose can be obtained as a by-product from the paper industry
in different processes [4]: (i) from kraft pulping, the most widely used
pulping process [5], and (ii) from pulp by organic solvent treatment,
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which is usually less contaminated, highly phenolic, and of low molec-
ular weight [6]. Lignin is well suited as a filler material for chitosan in
wastewater treatment systems [7,8], tissue engineering [9], energy
conversion [10,11], encapsulation [12,13], and as wood adhesives [14].

Nevertheless, lignin’s complex chemical structure and vastly het-
erogeneous properties, depending on its origin and the preparation
method, limit its wide utilisation in composite materials [15]. Solvent
fractionation is a process that uses solvents of varying polarity to
separate lignin into different fractions that can purify its properties and
remove contaminants, such as carbohydrates, proteins, and inorganic
materials [16]. In particular, the fractionation of lignin has shown to
effectively modify the molecular weight, functional groups, antioxidant
activity, thermal stability and sorption properties [17,18]. Izaguirre
et al. prepared chitosan composite films by incorporating different
percentages of lignin fractions to improve the UV absorbance and
modify their mechanical properties [19]. Nonetheless, still little is
known about the relationship between the characteristics of lignin
fractions and the performance of lignin-based composites.

Dielectric thermal analysis (DETA) is a useful technique to provide
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information on the molecular structure as well as the electron and
proton conductivity of membranes [20]. The dielectric spectra of pure
chitosan has been comprehensively discussed in the literature [21-26]
and the effect of fillers on the dielectric properties of chitosan compos-
ites have been shown [27-30]. However, the interactions between
different lignin fractions and the polymer matrix are not very well
known and their understanding allows to explore the potential use and
extend the application range of such biocomposites.

The aim of this work is to study the dielectric and conductive
properties of chitosan-based membranes when distinct types of frac-
tionated lignin (kraft and organosolv) are added. Fourier-transform
infrared spectroscopy (FTIR) allows the analysis of differences in
composition and functional groups of the composites caused by the
addition of lignin fractions after extraction in a first step with ethyl
acetate and subsequently in the second step with ethanol. These struc-
tural differences alter the dielectric spectrum and impact the thermal
activation and cooperativity of the relaxations. In the same way, the
electron and proton conductivity can be modified due their relationship
to the molecular structure and conductive phenomena. The properties of
the chitosan-lignin composites may suggest a new use of these mem-
branes as electrolytes in fuel cell applications.

2. Experimental
2.1. Materials

Pulping kraft liquor of eucalyptus was kindly provided by the paper
mill Papelera Guipuzcoana de Zikunaga, S.A. (Hernani, Spain). The li-
quor had a pH of 12.6 and a lignin content of ~44 g-L™!. Organosolv
lignin (CAS: 8068-03-9) was purchased from Chemical Point (Ober-
haching, Germany). Microcrystalline chitosan powder with a molecular
weight (M,,) of 500.000 g-mol ! and a degree of deacetylation of 98%
were purchased from Mahtani Chitosan Pvt. Ltd. (Veraval, India). Ethyl
acetate (>99.5%) provided from Fisher Scientific UK (Loughborough,
United Kingdom) and ethanol (absolute) supplied from Scharlab (Bar-
celona, Spain) were used for the sequential organic solvent fraction-
ation. Acetic acid (technical) for solubilizing chitosan and sulfuric acid
(96%) for lignin precipitation was purchased from PanReac Quimica
SLU (Barcelona, Spain).

2.2. Lignin preparation and fractionation

The preparation of the kraft lignin (KL) and organosolv lignin (OL) is
described in detail by Izaguirre et al. [19]. KL was precipitated from
black liquor with sulfuric acid, filtered through a 0.22 pm nylon filter
and washed with distilled water. OL was used as provided. Fig. 1 dem-
onstrates the employed lignin fractionation process based on the method
by Tagami et al. [17].

In summary, ethyl acetate (EA) and ethanol (E) were sequentially
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Fig. 1. Subsequential solvent fractionation process of kraft lignin (KL) and
organosolv lignin (OL) with ethyl acetate (EA) and ethanol (E).
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used to fractionate both KL and OL, according to the capacity of each
solvent to individually dissolve lignin. 50 g of lignin were dissolved in 1
L of organic solvent for 2 h at room temperature under stirring. The
soluble fraction was separated from the insoluble fraction and recovered
by evaporation and precipitation. The insoluble fraction was dried at 50
°C. A thorough characterisation of the kraft lignin, organosolv lignin,
and their individual fractions was carried out by Izaguirre et al. [19].

2.3. Preparation of biocomposite membranes by solvent casting method

The preparation of the chitosan-lignin composite membranes by sol-
vent casting is described by Izaguirre et al. [19]. Chitosan was dissolved in
1% (v/v) aqueous acetic acid at room temperature under stirring. The
lignin fractions were dissolved in acetone (c = 0.5 g/L) and then added to
the chitosan solution with a concentration of 1% (WLignin/Wchitosan)-
Following, the solutions were homogenised with a T25 ULTRA-TURRAX®
disperser from IKA, filtered, degassed, and poured (20 mL) in petri dishes
with a diameter of 90 mm. Lastly the mixtures were placed in a Unimax
1010 incubator from Heidolph at 30 °C overnight for the solvent to
evaporate. Fig. 2 shows the prepared chitosan-lignin composite mem-
branes and the proposed structure composites with their main functional
groups and possible interactions. The water uptake of the biocomposites
has been determined by thermogravimetric analysis: CS KLga = 13.3%, CS
KLg = 10.8%, CS OLga = 12.2%, CS OLg = 12.7%.

2.4. Physico-chemical characterisation

2.4.1. Fourier-transform infrared spectroscopy (FTIR)

FTIR analysis was performed using a Nicolet iS50 FTIR Spectrometer
from Thermo Scientific (Waltham, USA) with the iS50 ATR accessory.
The spectra were collected in the range from 4000 to 500 cm ™! with at a
resolution of 4 cm ™! and 32 scans. Backgrounds spectra were collected
before each sequence of experiments. For each material 5 spectra at
different positions were collected and the average spectra was calculated
and used for further discussion. The spectra of the composite membranes
were normalised at the band for the ring stretching of the polysaccharide
structures at 895 cm ™! for proper comparison.

2.4.2. Dielectric thermal analysis (DETA)

DETA analysis was carried out using a Broadband Dielectric
Impedance Spectrometer from Novocontrol Technologies GmbH & Co.
KG (Montabaur, Germany) with an Alpha-A Frequency Response Ana-
lyser. A BDS-1200 Novocontrol parallel-plated capacitor with two plated
electrodes was used as dielectric test cell. The sample electrode assembly
consisted of two stainless-steel electrodes (20 mm diameter) filled with
the sample. The measurement of the dielectric spectra was conducted in
the frequency range 1072 to 10”7 Hz under isothermal conditions by
increasing steps of 10 °C between —150 and 180 °C. For the measure-
ment of the proton conductivity of the composites, the samples were
previously placed in deionised water for 1 h at 30 °C and then measured
through-plane in the frequency range of 10° to 107 Hz between 20 and
80 °C by increasing isothermal steps of 5 °C. All the measurements were
carried out in an inert nitrogen (N2) atmosphere.

2.5. Theory section

The dielectric response of polymers can be described in terms of the
real part (¢”) and the imaginary part (¢”) of the complex permittivity (e*)
and with the material’s loss factor (tan §). The spectra of the imaginary
permittivity (¢”) were deconvoluted using the Charlesworth method
[31] by adding all the necessary equations of Havriliak-Negami (HN)
functions (Eq. (1)) [32,33].

eﬂ—em = Zlm [A—g:| (€8]
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Fig. 2. (A) Chitosan composite membranes after solvent casting containing different lignin fractions; CS KLga, CS KLg, CS OLga, and CS OLg. (B) Proposed chemical

structure and interactions of the chitosan-lignin composites.
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Fig. 3. Havriliak-Negami fit of the imaginary permittivity (¢”) of CS KLgx at 0
°C. The deconvolution includes the p-relaxation, Byec-relaxation, a-relaxation,
and a conductivity contribution (co).

where ¢, is the real permittivity at high frequencies, A¢ is the dielectric
strength, 7y is the Havriliak-Negami relaxation time, w is the angular
frequency and ayy and fyy are parameters corresponding to the width
and asymmetry broadening of the relaxation peak. Fig. 3 represents an
exemplary Havriliak-Negami fit to the experimental data consisting of
three distinctive relaxation processes and a conductivity contribution at
lower frequencies.

The relaxation time 7,4y, representing the most probable relaxation
time of the molecular process, is obtained from the relaxation time and
the shape parameters from the HN deconvoluted curves at each tem-
perature according to Eq. (2) [34].

o [ 7any) By
sin ( 2(Byn+1) > I
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sin (

The temperature dependency of the relaxation times contains
important information about the thermal activation of the relaxation
mechanisms. The relaxations showing a linear temperature dependency
can be explained by means of the Arrhenius function [35], and the

(2)
z(any)
2(Pun+1)

relaxations with a non-linear temperature dependency can be described
with the Vogel-Fulcher-Tammann-Hesse (VFTH) function [35], ac-
cording to Egs. (3) and (4), respectively.

flnax = ﬁ] e (W>

where fpqqy is the maximum frequency, being fngx = 1/(2-7-Tmax); fo is a
pre-exponential term, E, the activation energy, and R is the universal gas
constant (R = 8.314 J-K Lmol ™).

()
f;nax = ﬁ] e

where Ty is the Vogel temperature, below which polymer segments
become immobile, and D is the fragility parameter that determines the
variation from an Arrhenius behaviour.

Various parameters describing different aspects of the materials can
be derived from the VFTH fit, such as the fragility index m, the free
volume coefficient &, the thermal expansion coefficient ag, and the
apparent activation energy related to the glass transition temperature
Earg were calculated according to Egs. (5) to (8), respectively [36,37].
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The macromolecular origin of the relaxation mechanisms of the
materials were studied with the Eyring theory [38]. Relaxations close to
the zero-entropy line have an intramolecular origin and don’t show
cooperativity from neighbouring entities. In contrast, the relaxations
with intermolecular origin involve interactions with neighbours, which
leads to a cooperative effect and increases the activation energy of the
mechanism.
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The electron conductivity of the chitosan-lignin composites was
investigated by analysing the real part of the conductivity (¢’) with
Jonscher’s power law equation (Eq. (9)) [39]:

o(w) = 04 +AD" 9

where n is the frequency exponent in the range 0 < n < 1, op¢ is the
direct current conductivity component and A is a preexponential factor.
Theoretically at low frequencies the DC component is independent of the
frequency and the electron conductivity (o) can be estimated from the
plateau of ¢’ [40].

The proton conductivity (opro) of the materials was calculated ac-
cording to Eq. (10).

[
Opror = RU_A (10)

where [ is the thickness of the membranes, A the area of the electrode in
contact with the membrane, and R the bulk resistance. For Ry the value
of the real impedance (Z’) in the high frequency range is taken where log
(|1Z]) approaches a frequency-independent horizontal line and the phase
angle (&) reaches its maximum in the Bode plot, according to Z’ = |Z|-
cos(®) [41].

3. Results and discussion
3.1. Chemical structure

The chemical structure of chitosan and the biocomposites containing
different lignin fractions is presented by normalised FTIR spectra in
Fig. 4.

Overall, the chitosan-lignin composites show similar absorbance at
all the characterised bands, summarised in Table 1. Nevertheless, some
slight differences can be seen at the bands of the hydroxyl, amino, and
carboxylate groups, due to both the origin (KL or OL) and extraction step
applied (EA or E) of the lignin.
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Fig. 4. FTIR spectra of chitosan (CS) and the composites CS KLga, CS KLg, CS
OLgy, and CS OLg.
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Table 1

FTIR bands of chitosan.
Wavenumber (cm™!) Designation Reference
3450 xO-H [42-45]
3360 + 3330 N-H [43,45,46]
2915 + 2865 C-H of CH,/CH3 [42-45,47-50]

1650 C=0 (Amide I) [43-49,51-53]
1580 N-H of amino group and amide (Amide II) [44,45,49]

1560 N-H of NH3 [45,54-58]

1415 COO [54,56,571

1410 + 1380 CH3 of amide [45,49,53]

1330 C-H of CH, [42,43,47,48]
1150 Asymmetric C-O-C [42,44,46-53]
1070 + 1030 C-O of B-1,4-glycosidic links [42-44,46-50,53]
895 ring stretching [42,43,48]

The membranes containing kraft lignin fractions (CS KLga & CS KLg)
show higher absorbance between 3500 and 3000 cm ™!, corresponding
to the OH and the NH groups, compared to the membranes with orga-
nosolv fractions (CS OLga & CS OLg). Also, among the composites with
both lignin types (KL and OL) the fractions after extraction with ethyl
acetate have a slightly higher absorbance between 3500 and 3000 cm™*
than after subsequent extraction with ethanol. These results are in
agreement with Izaguirre et al. [19], who found higher phenolic OH
contents in KL than in OL, which decrease after subsequent ethanol
extraction.

Moreover, the composites show different absorption for the vibra-
tions of the protonated amino group (NH3) at 1560 cm™! and the
carboxylate ion (-COO™) at 1415 em ! [54,56,57], with CS KLga and CS
OLg showing high absorbance.

3.2. Relaxation spectra of the composite membranes

3.2.1. Phenomenological analysis of the dielectric response

Fig. 5 represents the three-dimensional spectra of the imaginary part
of the permittivity (¢”) as a function of frequency and temperature for all
the chitosan-lignin composite membranes.

It can be seen from the 3D plots that the addition of the different
lignin fractions affects the overall relaxation mechanisms and conduc-
tivity phenomena of the composite membranes due to alterations in the
surface curvatures.

Fig. 6 represents the 2D isochronal plot of the material’s loss factor
(tan §) of the chitosan-lignin composites as a function of temperature.

All materials show a complex dielectric relaxation spectrum with
numerous relaxation mechanisms, that were labelled in order of
increasing temperature as B, fwet, and o-relaxation. In addition, at higher
temperatures a o-relaxation and a Maxwell Wagner Sillars (MWS)
polarisation were observed.

The p-dielectric relaxation involves local motions of the main chain,
related to fluctuations within the p-1,4-glycosidic bonds, as has been
discussed in detail for various polysaccharides by Einfeldt et al. [59].
The Byet-relaxation, first described by Pizzoli et al. [21], is attributed to
orientational motions of a swollen mixed phase of both chitosan and
water. The samples in this work have been dried prior to the measure-
ment, but bound water can still remain in the composite structure after
heating, also reported by Viciosa et al. [23]. This relaxation starts to
vanish at temperatures near 100 °C when the water in the composites
starts to evaporate. The a-relaxation represents the glass-rubber transi-
tion of the chitosan, which likewise disappears when the water
evaporates.

The o-relaxation is observed in the composites, due to the hopping
motions of ions in the disordered structures of the biomaterial [23].
Owing to the evaporation of water, the conductivity phenomenon gets
displaced to higher frequencies. The MWS polarisation at higher tem-
peratures is usually found in inhomogeneous materials that form



M.H. Wolf et al.

(\') \\3

(f) u?’

Reactive and Functional Polymers 196 (2024) 105833

CS OL,,

(\-) \\3

(\-) w3

Fig. 5. 3D plots of the imaginary part of the permittivity (¢”) of the materials CS KLgs, CS KLg, CS OLga, and CS OLg.

internal phase boundaries where charges can be blocked [23,24,60].

In order to analyse each of the above mentioned relaxations, the
dielectric spectra (¢”) were deconvoluted with Havriliak-Negami (HN)
functions and the relaxation times obtained [32,33].

Fig. 7 shows the Eyring plot of the chitosan-lignin composites with
all their molecular relaxations and conductivity phenomena to analyse
their non-cooperative or cooperative origin.

Generally, the local motions are not influenced by neighbouring
entities [38], although all the relaxation mechanisms of the composites
in this study seem to have a cooperative origin, as they show a deviation
from the zero-entropy line. The addition of the different lignin fractions
influences the relaxation mechanisms, due to its numerous functional
groups that can interact with the chitosan chain. On the other hand, the
conductivity phenomena show no considerable deviation from the zero-
entropy line. Overall, the relaxations of the composites with lignin
fractions after extraction with ethyl acetate show higher cooperativity
compared after extraction with ethanol.

3.2.2. Analysis of the low-temperature relaxations

As mentioned earlier, all the chitosan-lignin composites show a p-
and a Pyerrelaxation at low temperatures. In order to study these
relaxation mechanisms directly, an Arrhenius map is plotted in Fig. 8.

The B-relaxation, referring to fluctuations of the glycosidic bonds,
appears at low temperatures and shows a linear dependency between
the relaxation time and temperature. Consequently, this relaxation was
modelled with the Arrhenius equation and the results are summarised in
Table 2.

Einfeldt et al. have explained this p-relaxation in detail for various
polysaccharides with glycosidic links, including chitosan, and found
apparent activation energies (E,;) around 45 kJ .mol~! [59]. Other au-
thors likewise discovered the p-relaxation of pure chitosan with acti-
vation energies between 46.0 and 49.0 kJ-mol ™! [21,23-25]. The results
of the Arrhenius fit in Table 2 demonstrate that all the chitosan-lignin
composites exhibit higher activation energies between 62.7 and 68.0
kJ-mol~l. As shows Fig. 2, lignin’s polar groups can form hydrogen
bonds with the chitosan chains and restrict their movement, leading to
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Fig. 6. Isochronal plots of tan(8) of CS KLga, CS KLg, CS OLga, and CS OLg in the temperature range between —150 °C and 180 °C.

higher activation energies. This intermolecular connection effect of the
lignin filler explains the small cooperative origin of the p-relaxation
previously observed in the Eyring plot.

Even though the p-relaxations of the chitosan-lignin composites have
comparable activation energies, they are displaced in temperature
depending on the extraction step applied to the lignin types, as shown in
both Fig. 8 and Table 2. The relaxations of the composites with KL and
OL after ethyl acetate extraction occur at higher temperatures than those
of the composites with lignin after ethanol extraction.

The lignin fractions after the first extraction with ethyl acetate
consist of molecules with low molecular weight (KLga: Mp/My, = 702/
2422 Da; OLga: My/M,y, = 470/1772 Da), compared to the lignin frac-
tions after subsequent ethanol extraction (KLg: M,/M,, = 1545/5678 Da;
OLg: My/My, = 919/2237 Da), as the small components are easily sol-
uble in the first step [19]. The small lignin molecules can be distributed
more evenly and create stronger interactions with the chitosan chains. In
addition, as previously observed in FTIR studies, the composites with KL
have more hydroxy groups than the composites with OL, which de-
creases slightly for both types after subsequent lignin extraction with
ethanol. The higher number of hydroxyl groups indicate stronger
hydrogen bonding of the lignin filler with the chitosan chain. Therefore,
higher temperatures are required to initiate the p-relaxation of the chi-
tosan composites containing lignin fractions after ethyl acetate
extraction.

At slightly higher temperatures, all chitosan-lignin composites show
a Pwetrrelaxation, which presents a linear region at lower frequencies
and displays a curvature at higher frequencies. The curving is presumed
to be due to the previously mentioned evaporation of water, which starts
around 60 °C. Since the Byei-relaxation is attributed to motions of a
mixed phase of both chitosan and bound water, it is clearly influenced
by the state of the water. As the temperature increases, the hydrogen
links between bound water and chitosan may break and the structure of
the swollen phase changes. Thus, the complex is less restricted, smaller
and the frequency required to induce the movement lower, explaining
the curvature. The linear region of the Pyer-relaxation process was
modelled using the Arrhenius equations and the results are summarised
in Table 3.

Nogales et al. and Viciosa et al. found activation energies of 71.0 and
62.5 kJ-mol™! for the Bwet-relaxation of pure chitosan, respectively
[22,24]. In this study, the activation energies of the pyt-relaxation of all
the chitosan-lignin composites were found between 95.6 and 127.4
kJ-mol L. Pizzoli et al. suggested that the pye-relaxation could not only
arise through water absorption, but also when other low-molecular
weight molecules are incorporated [21]. Therefore, similar to the
B-relaxation, the higher activation energies of the py.trelaxation are due
to the incorporation of lignin, which together with bound water form a
complex phase that exhibits cooperative behaviour. The relaxation
seems to depend on the size of the lignin molecules in the composite,
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Fig. 8. Arrhenius map of the - and By.-relaxation of CS KLga, CS KLg, CS OLga, and CS OLg.

with the fractions having the lowest molar mass showing the highest
activation energy. As previously explained, the smaller lignin molecules
can create stronger intermolecular connections, due to a more evenly
distribution in the composite.

3.2.3. Analysis of the a-relaxations

In the literature it has been reported that in chitosan films without
any water the glass transition could not be observed [26,29]. In the
studied chitosan-lignin composites the a-relaxation was found between
—10 and 70 °C at low frequencies, as it can be appreciated in the

Arrhenius map in Fig. 9. The glass transition of chitosan diminishes after
the water content decreases at temperatures towards 100 °C, which is
attributed to the evaporation of the bound water.

The relationship between the relaxation time of the a-relaxations and
the temperature shows a non-linear behaviour, as shows the Arrhenius
map in Fig. 9. Thus, the a-relaxations of the chitosan-lignin composites
were adjusted to the VFTH equation, and the results of the fit are sum-
marised in Table 4. From the VFTH fit further parameters can be ob-
tained, such as the fragility index m, the free volume coefficient @, the
thermal expansion coefficient ag, and the apparent activation energy
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Table 2
Arrhenius fit values of the p-relaxation of the samples CS KLg, CS KLga, CS OLg,
and CS OLEA.
B-relaxation
E, (kJ-mol™1) Tpnax at 1 Hz (°C) R?
CS KLga 65.1 —85.7 0.996
CS KLg 62.7 —100.4 0.994
CS OLga 67.1 —85.2 0.995
CS OLg 68.0 —94.2 0.997
Table 3

Arrhenius fit values of the Byer-relaxation of the samples CS KLg, CS KLga, CS
OLg, and CS OLga.

Bwerrelaxation
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Fig. 10. Arrhenius map of the o-relaxation and MWS-polarisation of CS KLga,
CS KLg, CS OLga, and CS OLg.

Table 5
Arrhenius fit values of the c-relaxation and the MWS-polarisation of the samples
CS KLg, CS KLga, CS OLg, and CS OLga.

o-relaxation

E, (kJ-mol™1) Tpax at 1 Hz (°C) R?
CS KLga 107.1 -23.1 0.993
CS KLg 95.6 —22.2 0.991
CS OLga 127.4 —24.4 0.991
CS OLg 100.6 -19.7 0.991
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E, (kJ-mol ™) Tpnax at 1 Hz (°C) R?
CS KLga 91.8 65.7 0.999
CS KLg 82.9 62.7 0.983
CS OLgp 103.9 60.5 0.995
CS OLg 93.3 73.3 0.993

MWS-polarisation

E, (kJ-mol 1) Tpnax at 1 Hz (°C) R?
CS KLga 95.0 122.6 0.993
CS KL 101.8 138.2 0.998
CS OLga 88.6 127.3 0.998
CS Olg 103.0 122.7 0.992

Temperature (1000/K)

Fig. 9. Arrhenius map of the a-relaxation of CS KLga, CS KLg, CS OLga, and
CS OLg.

EaT .

gfhe fragility index (m) provides information on how the properties of
the materials change when approaching the glass transition. Fragile
materials with low fragility indices (16 < m < 100) show abrupt changes
in their physical properties, while strong materials (100 < m < 200)

Table 4

show a smooth transition from the glassy to the rubbery state [37]. All
the chitosan-lignin composites show low fragility indices (m) between
15.3 and 37.7.

The composites prepared with lignin fractions, which have more
hydroxyl groups exhibit higher fragility. The composites with lignin
fractions extracted with ethanol decreases the fragility in both type of
lignin. The lignin fraction KLga has the highest content of hydroxy
groups and a low molecular weight [19] and therefore is most

VFTH fit parameters and derived fragility parameters of the a-relaxation of CS KLga, CS KLg, CS OLga, and CS OLg.

a-relaxation

VFTH fit Fragility parameters
Log f, (Hz) D Ty (K) R? T, (°C) m @, ag10% (K™ Eary (kJ-mol ™)
CS KLga 6.34 +1.13 3.64 & 2.51 220.5 & 24.7 0.995 -2.7 37.7 0.062 12.46 195.3
CS KLg 3.83 +0.48 2.23 + 0.80 219.6 +10.2 0.997 -36 22.9 0.102 20.42 118.4
CS OLga 3.52 + 0.60 2.33 £ 0.94 209.3 +10.1 0.993 -13.9 22.0 0.103 20.51 109.0
CS OLg 3.30 £ 0.88 1.29 + 1.16 237.4 +22.9 0.979 14.3 15.3 0.163 32.65 84.1
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Table 6
Jonscher fit of the real part of conductivity (6°) of CS KLga, CS KLg, CS OLga, and CS OLg.
Temperature (°C) 6o (S-em™) A n R?
CS KLga 120 3110713 471071 0.70 0.999
140 1.0.10712 7.410714 0.70 0.999
160 3.6:10712 1010713 0.72 0.999
CS KLg 120 3.4.10° 3.210° 0.83 0.999
140 1.510713 3.0-107 0.91 0.999
160 4610713 291071 0.94 0.998
CS OLga 120 3.010° 171071 0.68 0.999
140 1.0-10712 2.0-107™ 0.76 0.997
160 3.6.10718 18107 0.86 0.998
CS OLg 120 1510713 16107 0.65 0.997
140 7.9-10713 1.6-107 0.71 0.999
160 3.5.10712 2.8.107 0.70 0.999
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Fig. 12. Arrhenius map of the electron conductivity (6y) of CS KLga, CS KLg, CS
OLga, and CS OLg.

Table 7
Arrhenius fit and activation energies of the electron conductivity of CS KLga, CS
KLg, CS OLga, and CS OLg.

Intercept Slope E, (kJ .mol™ 1) R?
CS KLga -0.13 —4.89 93.6 0.996
CS KLg -1.62 —4.64 88.8 0.997
CS OLga -1.95 —4.55 87.1 0.999
CS OLg 1.00 —5.43 104.0 0.997

compatible with the chitosan matrix resulting in a high fragility of the
composite. Therefore, the composite CS KLgs results in a compact
structure with a low free volume coefficient @, low thermal expansion
coefficient a,y and a high activation energy Earg.

3.2.4. Evaluation of the conductivity phenomena

In the dielectric spectra of the chitosan-lignin composites the two
processes at elevated temperatures were assigned to conductivity phe-
nomena. Fig. 10 shows the Arrhenius map of both the c-relaxation and
the MWS-polarisation.

Both processes show a linear temperature dependency, which can be
appreciated in Fig. 10. Consequently, they are described with the
Arrhenius equation with their results being summarised in Table 5. The
o-relaxation of the chitosan-lignin composites shows apparent activa-
tion energies between 91.8 and 103.9 kJ-mol .. These are typical values
reported for o-relaxations of chitosan based materials
[21,23-25,28,29,60].

The process at high temperatures and low frequencies was assigned
to MWS interfacial polarisation. The process of the composites with
lignin fractions after ethyl acetate extraction compared to the composite

10
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with lignin fractions after subsequent ethanol extraction have lower
apparent activation energies.

3.2.4.1. Electron conductivity. Furthermore, the electron conductivity of
the chitosan-lignin composites is investigated by using the real part of
the conductivity (¢’), which was plotted as a function of frequency and
temperature, as shown in Fig. 11.

The conductivity progression of the materials can be described ac-
cording Jonscher’s power law [39]. Ideally, at high frequencies the
power law feature (6 ~ »™) can be observed, and the DC part (opc) be-
comes almost negligible, resulting in a linearly conductivity increase as
a function of frequency. On the other hand, at low frequencies the curve
for the conductivity is frequency independent and shows a plateau,
representing the bulk conductivity (og) or electron conductivity (oejec)-

In Fig. 11 it can be seen that the conductivity of the chitosan-lignin
composites has curvatures at certain temperatures, indicating that the
conductivity is influenced by charge mitigation processes and relaxation
phenomena.

The plateau visible at high temperatures were adjusted according to
Jonscher’s power law and the results for the chitosan-lignin composites
at three exemplary temperatures are listed in Table 6.

All the studied chitosan-lignin composites exhibit low conductivities
between 1071* and 107!! S.cm™! and are thus regraded electric in-
sulators [61]. All the composites show high values of the exponential
component n between 0.6 and 1.0, which is a qualitative parameter that
gives information about the morphological texture. Values near 1
describe materials with ideal charge-conducting paths, while values
lower than 0.5 describe a network with high levels of tortuosity [62].
The membranes CS KLg and CS OLga show higher n-values, indicating
better long-range pathways for electron conduction.

To further examine the conductivity mechanism of the composite
materials, their thermal activation and temperature dependency were
acquired. Fig. 12 shows the Arrhenius map of the conductivity mecha-
nism and Table 7 summarises the results from the Arrhenius fit.

The composite membranes show activation energies around 95
kJ-mol !, similar to the values obtained for the o-relaxation and MWS
polarisation, demonstrated in Table 5. The conductivity process of the
membrane CS KLga and CS OLg are located at higher frequencies.

3.2.4.2. Proton conductivity. Lastly, the proton conductivity (cpro) of
the chitosan-lignin composites was calculated from the Bode plots,
illustrated in Fig. 13.

The Bode plots of the chitosan-lignin composites show a curve pro-
gression with two curvatures. The process on the left referrs to a relax-
ation influencing the conductivity and the peak on the right at high
frequencies to the bulk resistency (Ry), used for the caluclation of the
proton conductivtiy. Fig. 14 plots the calculated proton conductivity
(6pror) of the chitosan-lignin composites between 20 and 80 °C.

The proton conductivity of the composites as a function of temper-
ature shows the same curve progressions, experiencing an increase until
reaching a maximum value around 60 °C and afterwards declining. The
increase in conductivity arises from the promoted activity of hydronium
ions and chain motion [63,64]. The decrease after 60 °C is supposed to
be due to starting evaporation of bound water. In particular the vehicle
mechanism is inhibited, in which protons react with water to form hy-
dronium ions, and then diffuse through the membrane.

The CS KLg and CS OLga composites exhibit the highest proton
conductivity (0.12/0.11 mS-cm’l) and at the same time the lowest
electron conductivity (12.2/3.7-1071% mS-cm™!). These properties are
desirable for fuel cell applications.
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4. Conclusions

Adding a small percentage (1%) of fractioned lignin to chitosan, the
dielectric spectrum has the same five processes of neat chitosan,
including three relaxation mechanisms (B, Bwetr, and o relaxation) and
two phenomena related to the conductivity (¢ relaxation and MWS
polarisation).

The lignin fractions and the chitosan chains can interact through
hydroxyl ("OH), carboxylate (-COO~) and amino (NH3) groups, that
together with the water content, and the differences in the molecular
mass of the lignin, are responsible for the differences observed in the
relaxation spectra and conductivity properties.

Depending on the type of lignin (kraft or organosolv) and the
extraction process applied (ethyl acetate or subsequent ethanol), the
characteristic functional groups, molar mass etc., above mentioned, are
modified, so that bio-composites with suitable properties can be ob-
tained. The kraft lignin (KL) fraction has higher content of OH groups
than organosolv lignin (OL) fraction and it can build stronger bonds with
the chains. In addition, the lignin fractions of both KL and OL possess
slightly more OH groups after ethyl acetate extraction than subsequent
ethanol ones.

This intermolecular interaction between the chains restricts the
molecular motion, including a cooperativity component, even in the p
and Pwe relaxations, which origin is a local motion. Thus, both re-
laxations exhibit higher temperature-peak and activation energies due
to stronger internal hydrogen bonding.
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The Bwet and o relaxations strongly depend on the water content,
specially a relaxations, which cooperative motions could be restricted if
the temperature reaches 100 °C.

The fractions obtained through ethyl acetate extraction have lower
molecular weights, which allows for more uniform distribution in the
composite membrane, leading to stronger intermolecular effects.
Consequently, the Byer-relaxation of the CS OLgs bio-composite mem-
brane shows the highest activation energy due to the lowest molecular
mass of the OLg4 fraction.

All the chitosan-lignin composites are fragile materials. The com-
posite containing more polar functional groups are more fragile,
showing a lower free volume coefficient than the others. The bio-
composite membrane with KLga fraction has a high activation energy
(at each temperature) related to the o relaxation, a compact structure
with low free volume coefficient, and low thermal expansion.

CS KLg and CS OLgp bio-composite membranes exhibit low electron
and high proton conductivity, which could be applied as electrolytes in
fuel cells, although the absolute values of proton conductivity should be
improved.
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