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to the addition of kraft lignin with lower pH, named
as ac-KL. These attributes enabled a superior elec-
tro-mechanical performance in the composites with
an addition of up to 5 wt% of alk-KL. The findings
of this study may contribute to the advancement of
dielectric elastomers utilized in applications such as
artificial muscles, particularly in soft robotics, allow-
ing for improved mechanical response in a reduced
electric field. Additionally, our utilization of kraft
lignin holds broader implications. Serving as a cost-
effective and readily available natural polymer, it
emerges as a compelling alternative to fossil-based
materials.

2. Materials and methods

2.1. Materials
Polystyrene-b-poly(ethylene-co-butylene)-b-poly-
styrene (SEBS) block copolymer (Kraton G1652),
with 30 wt% of polystyrene block, was kindly sup-
plied by Kraton (Paulinia, Brazil). White mineral oil
(MO) was acquired from DinTables amica (Diade-
ma, Brazil), and the hydrogenated hydrocarbon resin
(HCR - Sukorez SU120) was provided by Kolon In-
dustries (Seoul, South Korea). Laboratory grades of
kraft lignins (KL) from eucalyptus, with different
pHs (ac-KL, pH = 3.5 and alk-KL, pH = 8.1), were
kindly supplied by Suzano S.A. (Limeira, Brazil).
The main characteristics of the raw materials used
are described in Tables 1 and 2. The molecular
weight of the block copolymer (Table 1) was ob-
tained by gel permeation chromatography (GPC)
[31], and total hydroxyl (OH) values of both lignin
samples (Table 2) were obtained by phosphorus-31

Table 1. Properties of raw materials used to obtain TPEG.

Block copolymer

. Density, p M, Polydispersity index
Material | =) ] [g/mol] MM,
SEBS 091 79000 1.04

Oligomers

. Density, p M, Viscosity 40°C
Material | o emd] [g/mol] [m¥s]
MO 0.84 N/A 1.2-10°°
HCR 1.08 570 N/A

Table 2. Properties of kraft lignin samples.

Kraft H M, OH Ash content

lignin P [g/mol] [mmol/g] [%]
ac-KL 3.5 2595 5.61 2
alk-KL 8.1 2829 5.14 2
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nuclear magnetic resonance (*'P NMR) [32]. The ad-
ditional data presented in Tables 1 and 2 represent
information provided by the manufacturers.

2.2. TPEG preparation

TPEGs were obtained through a solution process
using toluene as solvent. The mixture of the polymer
gel components (SEBS, MO, and HCR) was con-
ducted using magnetic stirring at 60 °C for 2 h. Sub-
sequently, the solution was poured into a Petri dish
and kept in an exhaust hood for 7 days to allow for
solvent evaporation. Afterward, the obtained materi-
als were placed in a vacuum oven overnight at 50 °C.
The basic composition of the gels was 30 vol%
SEBS, 20 vol% MO, and 50 vol% HCR. These con-
centrations were based on prior work by the group,
which assessed the mechanical stability and de-
formability of these polymeric gels as a function of
component concentration [33]. The incorporation of
lignin into SEBS gels was carried out in the molten
state using a Plastograph EC torque rheometer
equipped with a W50ET mixer (Brabender, Duisburg,
Germany). The SEBS gels were maintained at 80 °C
for 5 min, followed by the addition of lignin (con-
centrations of 1, 5, 10, and 15 wt%.) for an addition-
al 5 min. Finally, the formed samples were pressed
in a heated hydraulic press at 80 °C and 0.5 MPa to
uniform the thickness and morphology of the sam-
ples. Samples obtained were designated as XX ac-
KL or alk-KL, where XX denotes the concentration
of lignin.

2.3. TPEG characterization

Optical microscopy was used to investigate the dis-
persion of KL in the polymer matrix. Micrographs
were captured in transmission mode using an optical
microscope (Carl Zeiss Axio Scope A1, Oberkochen,
Germany) equipped with a heating stage (Linkam
T95 HS, Salfords, United Kingdom). For this, a
small portion of the sample was compressed be-
tween two glass slides at a temperature of 90 °C. The
average size of aggregates was determined by meas-
uring at least 20 aggregates for each sample, utiliz-
ing the ImageJ software.

Dynamic mechanical analysis (DMA) was conducted
on a DMA Q800 equipment (TA instruments,
Waltham, United States) to assess the variation of vis-
coelastic characteristics of TPEG in response to the
addition of KL. Rectangular samples, with dimen-
sions of 30x8x1.2 mm, were subjected to tension



R. R. de Sousa Jr. et al. — Express Polymer Letters Vol.18, No.6 (2024) 561-574

d) e)

500 um

500 um

f)

Figure 3. Optical micrographs of TPEG with KL: concentrations of 5, 10, and 15 wt% of ac-KL (a—c) and alk-KL (d—f).

strong affinity for structures containing aromatic
rings, like polystyrene. These interactions are rela-
tively weak, but they should contribute to enhanced
compatibility between the lignin aromatic structure
and the PS-rich phase by forming n-n stacking inter-
actions [36, 37]. However, the results revealed dif-
ferent behaviors associated with each type of added
lignin despite the shared high concentration of aro-
matic rings in both lignin varieties. In this context,
another reason must be proposed to elucidate the bet-
ter performance presented by alkaline lignin.

The variation in dispersion between ac-KL and alk-
KL might be explained by considering the differences
in the degree of deprotonation of each lignin isolated
at different pH levels. Alkaline lignin possesses a
higher deprotonation degree in comparison with its
acidic counterpart [38, 39]. This is because alk-KL is
obtained at an earlier stage of the acidification
process (Lignoboost®), leading to negatively charged
lignin fragments [39, 40]. These negative charges
might generate electrostatic repulsive forces among
alk-KL molecules, which inhibit the agglomeration
of lignin particles. Consequently, the electrostatic re-
pulsion between lignin molecules in alkaline condi-
tions hinders the phenomena of agglomeration and
particle aggregation. On the other hand, a reduction
in pH through acidification leads to the protonation
of previously negatively charged lignin sites. This

neutralizes the negative charges, facilitating the ag-
gregation of ac-KL particles. Then, ac-KL exhibits
a higher tendency to form aggregates than alk-KL
since lignin-lignin interactions are stronger than
lignin-gel interactions for the former. A model illus-
trating the types of interactions between TPEG and
each lignin sample is proposed in Figure 4.

3.2. Viscoelastic behavior

Figure 5 presents the DMA curves of the analyzed
composites, showing the storage modulus (£’ —
Figure 5a) and the damping factor (tan é — Figure 5b)
of samples with ac-KL and alk-KL. From the £’
curves (Figure 5a), it can be observed that the addi-
tion of both KL samples does not significantly change
the viscoelastic behavior of the gels. However, there
is a slight extension of the glassy plateau at sub-am-
bient temperatures, indicating an increase in the rub-
bery matrix’s T, as will be discussed further with
the assistance of the tan d curves. Additionally, in the
rubbery plateau, which corresponds to the tempera-
ture range between 30 to 60 °C, a slight increase in
the £’ value proportional to the KL concentration is
noticeable. This increase may be due to the higher
structural rigidity of KL [41, 42] as well as the pos-
sibility of KL acting as a potential site for physical
cross-linking in the structure [43], resulting in an in-
creased rubbery plateau.
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Table 3. Values of T;, and storage modulus (£") from DMA.

Sample T, E'at 40°C
[°C] [MPa]
TPEG 4.11£0.26 0.390.02
1 ac-KL 8.2320.56 0.44£0.02
5 ac-KL 8.05+1.04 0.39+0.07
10 ac-KL 8.54=1.46 0.54+0.03
15 ac-KL 7.90+0.79 0.600.09
1 ac-KL 9.50-£0.40 0.490.06
5ac-KL 10.58+0.95 0.46+0.03
10 ac-KL 8.32+1.80 0.53+0.02
15 ac-KL 9.39:0.89 0.610.02

predominantly elastic to viscous response begins
from 65 °C, preventing the acquisition of the 7} re-
lated to the PS end blocks [33, 45].

With the addition of KL, regardless of type or con-
centration, the 7, value ranges between 8 and 10 °C.
This increase in 7T} is associated with the restriction
of polymer chain mobility due to the presence of KL
[46]. The complex branched structure of KL hinders
the structural mobility of the polymer matrix, thus
increasing its 7.

It is interesting to note that both the value of the elas-
tic modulus in the rubbery plateau and the 7, — con-
sidered as the temperature belongs to the maximum
value of the tan d — are influenced by the presence of
KL and not by the formation of larger aggregates as
in the samples with ac-KL. The T, and storage mod-
ulus values in the glassy plateau region (£" at 40 °C)
are presented in Table 3 for all samples.

3.3. Mechanical properties

The results obtained from the mechanical tensile and
compression tests are shown in Figure 6 as a func-
tion of the concentration and type of KL. Effects of
lignin incorporation on elongation at break (&max) of
polymers were largely reported in the literature. As
it can be seen in Figure 6a, samples containing ac-KL
have a substantial decrease in elongation at break,
probably due to lignin stiffness and the ac-KL ten-
dency to form larger clusters, which might concen-
trate stresses and result in premature failures [1, 47].
On the other hand, the addition of alk-KL increased
the elongation at break in low concentrations, which

Figure 6. Average values of a) elongation at break (&m,x), b) maximum tensile strength (), and ¢) elastic moduli in tension

(E) and d) compression (Y).
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suggests stronger interactions between polymer
phases as a result of adequate lignin dispersion [47,
48]. The alk-KL might act as physical cross-linking
sites, similar to the PS block in the thermoplastic
elastomer. At concentrations higher than 10% of
alk-KL, small clusters were reported in the optical
micrographs, leading to a decrease in the elongation
at break.

Figure 6b shows a gradual decrease of maximum
tensile strength (o) as a result of increasing lignin
concentration in the systems. This behavior has al-
ready been reported for several polymer systems, in-
cluding polyolefin matrices [42, 49] and mixtures of
lignin and polar polymers [42]. In our work, the val-
ues of tensile strength from samples containing
alk-KL were less affected by lignin incorporation.
This demonstrates a better balance between the me-
chanical properties resulting from the addition of
alk-KL, attributed to its improved dispersion in the
polymer matrix, in contrast to what was observed
with the addition of ac-KL, where such balance is
not achieved.

In contrast, elastic modulus (£ — Figure 6¢) was
slightly increased by KL incorporation, corroborating

4
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® 1ac-KL
A 5ac-KL
V¥ 10 ac-KL
15 ac-KL
w 3
M
ﬁ"‘"l
2 T T T T L R TR L T %
102 100 102 104 108
a) f[Hz]
4
m 0 alk-KL
® 1alk-KL
A 5alk-KL
v 10 alk-KL
15 alk-KL
w 34
R e e s )
5 e
2 T T T T T T T
102 10° 102 104 108
c) f[Hz]

DMA results. As previously mentioned, this behav-
ior can be justified by the higher stiffness of KL,
being observed in several lignin mixtures in different
polymeric matrices [41, 42]. The same trend was ob-
served for modulus obtained under compressive
loading (Y — Figure 6d), which properly represents
the mechanical loading in DEA applications during
the electro-mechanical performance.

3.4. Dielectric properties

The relative permittivity of a material quantifies its
ability to undergo polarization under an electric
field. The real part (¢') is known as the dielectric
constant and is related to its charge values and
stored energy, while the imaginary part (¢") repre-
sents the dissipated energy, referred to as dielectric
loss [15, 50].

Figure 7 presents the ¢ and &” values obtained
through frequency sweep at room temperature for
TPEGs with different types and concentrations of
KL. The €’ values of neat TPEG demonstrate a fre-
quency-independent response, maintaining an aver-
age value of 2.4, characteristic of dielectrics with a
low dipole moment [8, 51]. Overall, the inclusion of

0.2
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15 ac-KL
0.1
:w
00, W
T T T T T T T
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v10 alk-KL
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0.1
:w
0.0
T T T T T T T
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Figure 7. The real (¢) and imaginary (") parts of the relative permittivity of TPEG with a) and b) ac-KL and c) and d) alk-KL.
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lignin resulted in an increased relative permittivity
attributable to the polarization of its functional
groups [52].

Khouaja et al. [51], when analyzing the dielectric
behavior of polyethylene composites reinforced with
cellulose or kraft fibers, observed a higher €' in sam-
ples with cellulose fibers, associating this with a
higher concentration of hydroxyl groups compared
to kraft fibers. It is noteworthy that, as indicated by
the data in Table 2, each type of kraft lignin used has
a different concentration of hydroxyl groups. Ac-KL
possesses a slightly higher OH concentration
(5.61 mmol/g) compared to alk-KL (5.14 mmol/g).
Despite this, the relative permittivity is higher for
the gels based on alk-KL. Additionally, each type of
KL demonstrates a distinct behavior in terms of di-
electric properties, suggesting that factors beyond
OH content contribute to the polarization phenome-
na in the samples.

The addition of ac-KL resulted in an increase in €’ of
up to 12% in samples with 10 and 15 wt%, display-
ing a weak dependence on frequency (Figure 7a).
This increase can be attributed to the electronic po-
larization of the ac-KL chain, originating from its
polar groups [52]. On the other hand, in samples
with the addition of alk-KL, a decrease in €’ values
with increasing frequency was observed (Figure 7c),
a phenomenon known as dipolar relaxation [51].
This behavior can be explained by the challenge
faced by dipoles in adjusting their orientation to
rapid variations in the electric field at higher fre-
quencies [50, 51]. At lower frequencies, in addition
to electronic and dipolar polarizations, composite
materials often exhibit a significant phenomenon of
interfacial polarization, known as Maxwell/Wagner/
Sillars (M/W/S) polarization [15, 51]. This interfa-
cial polarization at low frequencies refers to the ac-
cumulation of free charges acting as dipoles at the
interfaces or boundaries between the grains of ma-
terials composing a heterogeneous structure with po-
larity differences among its components. As the fre-
quency increases, a significant reduction in interfa-
cial and dipolar polarization is observed [51, 53, 54].
The addition of alk-KL led to a much more signifi-
cant rise in &' (Figure 7c), showing a 51.7% increase
in 15 alk-KL compared to the neat TPEG at a fre-
quency of 107! Hz. Thus, the impact of KL disper-
sion on dielectric behavior is particularly notable in
samples with alk-KL. The better dispersion of alk-KL,
as observed in optical micrographs (Figure 3), induces
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the phenomenon of interfacial polarization in these
composites, as there will be a greater number of
contact interfaces in samples with alk-KL compared
to those with ac-KL. This behavior aligns with find-
ings reported by Helal et al. [15], who produced dif-
ferent SEBS/nanoclay nanocomposites and ob-
served that samples with a more exfoliated
morphology exhibited higher relative permittivity
values. They attributed this effect to the greater
number of nanoclay/polymer interfaces in the exfo-
liated form.

The results for €” in samples containing alk-KL
(Figure 7d) reveal a relaxation shoulder around 10 Hz,
associated with the relaxation of hydroxyl and methoxy
groups present in the KL structure [55]. Although the
same phenomenon is observed in ac-KL (Figure 7b),
it manifests with less intensity, suggesting a limitation
in the mobility and relaxation of KL due to the forma-
tion of more prominent aggregates. Additionally, a sig-
nificant increase in &” is highlighted in the composite
with alk-KL, characteristic of the interfacial polariza-
tion phenomenon [15, 51].

3.5. Electro-mechanical performance

Due to the previously discussed mechanical and di-
electric properties, only the composites of TPEG
with alk-KL were subjected to electro-mechanical
actuation tests. The electro-mechanical performance
of these samples under an electric field is presented
in Figure 8.

To better assess the electro-mechanical actuation re-
sults, it is important to consider that, according to
Equation (1), achieving enhanced electro-mechani-
cal performance without the need for increased volt-
age requires materials with low elastic modulus and
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Figure 8. Experimental actuation strain as a function of elec-
tric field.
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high relative permittivity, even though these proper-
ties are usually conflicting. While reducing thickness
leads to an increase in the electric field, it can poten-
tially lead to dielectric breakdown or electro-me-
chanical instability, thereby limiting the strain per-
formance of the DEA. The ratio between relative
permittivity and elastic modulus is known as elec-
tro-mechanical sensitivity and provides a figure of
merit commonly used in multiphase materials, such
as blends or nanocomposites [12, 56]. It assesses the
electro-mechanical performance potential of the
multiphase material (S.) in comparison to the matrix
(So), according to Equation (2):
S. &Y

— ¢ _ _~c¢
F=5 = %1, 2

where F'is the electro-mechanical actuation poten-
tial, gy and Y, denote the relative permittivity and the
compressive modulus of the pristine polymer gel, re-
spectively, and € and Y refer to the same properties
for the lignin-modified sample. Thus, the electro-
mechanical performance potential provides a quali-
tative assessment of the electro-mechanical perform-
ance test. Samples with /> 1 will demonstrate an
improvement in electro-mechanical performance
over the polymer matrix. Table 4 presents the calcu-
lated values of F using the €' values at a frequency
of 1 kHz.

The sample 1 alk-KL showed no significant varia-
tion in comparison to the neat TPEG. Samples 10
and 15 alk-LK presented lower actuation strains in
comparison to the TPEG. Although these samples
have the highest values of relative permittivity, the
increase in the compressive modulus overrides them,
resulting in a reduction in electro-mechanical actua-
tion. This is confirmed by the successive decrease in
the value of F for 10 alk-KL (F= 0.90) and
15 alk-KL (F = 0.77).

Remarkably, the 5 alk-KL sample demonstrated a re-
duction in dielectric breakdown. While TPEG showed
a dielectric breakdown in the order of 3 V/um, this

Table 4. Values of electro-mechanical performance poten-

tial (F).
Sample ¢’ (at 1 kHz) F
0 alk-KL 2.41+0.02 -
1 alk-KL 2.49+0.03 0.97
5 alk-KL 2.67+0.01 1.04
10 alk-KL 2.82+0.02 0.90
15 alk-KL 2.99+0.02 0.77
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value was reduced to 27.7 V/um for 5 alk-KL and
30.3 V/um for 15 alk-KL. This effect of reduction in
dielectric breakdown strength is common in multi-
phase materials [3]. In this case, lignin particles can
act as centers of electrical defects that distort and in-
crease the local field [57]. On the other hand, sample
5 alk-KL showed the highest value of electro-me-
chanical performance potential (F = 1.04) and, con-
sequently, demonstrated greater electro-mechanical
actuation capability. When comparing the values at
an electric field of 27 V/um, the 5 alk-KL sample ex-
hibits an actuation strain of 43%, compared to 31%
for TPEG and 21% for 15 alk-KL.

In summary, the results reveal the crucial influence
of KL dispersion and concentration on the electro-
mechanical and dielectric properties of the TPEG
composite. The delicate balance between the relative
permittivity and compressive modulus highlights the
importance of carefully selecting materials for tai-
lored applications. These findings offer a promising
perspective for enhancing the performance of elec-
tro-mechanical systems in future technological ap-
plications.

4. Conclusions

This work demonstrates the potential of incorporat-
ing kraft lignin, particularly alkaline kraft lignin
(alk-KL), to enhance the electro-mechanical per-
formance of dielectric elastomers. The improved dis-
persion of alk-KL in the dielectric elastomer matrix
resulted in a notable increase in the polymer’s rela-
tive permittivity. This enhanced dispersibility of
alk-KL, when compared to ac-KL, probably arises
from the deprotonation of its structure during the iso-
lation process.

Furthermore, the mechanical and viscoelastic prop-
erties remain essentially unaffected despite the ad-
dition of alk-KL up to a concentration of 5 wt%. As
a result, when subjected to electro-mechanical actu-
ation tests, the 5 alk-KLL sample demonstrated a
greater actuation strain under a relatively low electric
field. This behavior is attributed to the improved
ratio between the relative permittivity and compres-
sive modulus, as illustrated by the electro-mechani-
cal performance potential figure of merit.

In addition to the potential for improvement in elec-
tro-mechanical performance, the utilization of lignin
demonstrates the capability to enhance dielectric
properties, particularly important for insulating sys-
tems. Moreover, incorporating kraft lignin brings
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environmental advantages to these systems. By re-
utilizing this abundant byproduct of the pulp and
paper industry, we not only enhance the performance
of dielectric elastomers but also contribute to sus-
tainable practices. This dual benefit underscores the
significant potential of kraft lignin as a valuable re-
inforcement in the advancement and enhancement
of dielectric elastomers applied as electroactive
polymers.
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