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Abstract

Although the typical antioxidant, N-(1,3-dimethylbutyl)-N"-phenyl-p-phenylenediamine (6PPD), ensures
high durability and long lifespan for rubber compounds, it generates a highly toxic quinone in water,
causing a serious environmental pollution. Herein, as an alternative material of 6PPD, we newly introduce
eco-friendly amine-functionalized lignin (AL) to be incorporated in rubber, which can provide excellent
combinatorial anti-aging properties of thermal stability and ozone/fatigue resistances through radical
scavenging effect. The heterolytic ring-opening reaction of AL and sulfur can accelerate curing and
improve crosslink density by 28% (v, 4.107 x 10™* mol/cm?), consequently reducing ozone vulnerable
areas of the matrix, and further improving aging resistance. Notably, AL allows its rubber compound to
exhibit superior anti-ozone performance after ozone aging, with the arithmetic surface roughness (Sa) of
2.077 ym, which should be compared to that of 6PPD (4.737 um). The developed chemically modified
lignin and the methodology have enormous potential as a promising additive for the future eco-friendly
rubber compounds.

Highlights

e The eco-friendly lignin-based antioxidant was prepared through chemical modification of amination
reaction.

* Primary and secondary amine groups of amine-based lignin were participated in curing to increase
the crosslink density of rubber matrix.

* Amine-functionalized lignin incorporated rubber compound had excellent resistance of thermal,
ozone, and fatigue.

1 Introduction

Elastomers and rubbers play an important role in modern technologies, serving as one of the main
components of tires, seals, damping systems, soft robotics, wearable electronics, and stretchable sensors
[1, 2]. Raw rubber is chemically crosslinked using a vulcanization process to construct permanently
shaped components that provide high toughness, excellent noise- and vibration-damping properties, and
chemical/thermal stabilities. However, covalent chemical bonds in the main chains of rubber are
vulnerable to ozone and oxygen radicals. The ozonation reaction breaks the double bond, causing cracks,
which are fatal and decrease the lifespan of rubber. Therefore, antioxidants containing polar groups, such
as amines, phenolics, phosphites, or thioesters, are generally added to scavenge active radicals [3-7].

Typically, N-(1,3-dimethylbutyl)-N-phenyl-p-phenylenediamine (6PPD) has been widely used as an

antioxidant in automotive tires, where the ozone scavenging action of 6PPD occurs through reactions

involving electron transfer from the p-phenylenediamine moieties to ozone molecules [8, 9]. Moreover,

during the utilization of tires, approximately 1-2% of 6PPD slowly migrates to the tire surface, staining

the tire brown, and the total concentration of 6PPD decreases over the lifespan of the tire [10]. However,

when 6PPD is released into the environment, it transforms into 6PPD-quinone, a terribly toxic chemical,
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which is the most critical drawback of utilizing 6PPD as the antioxidant. Specifically, tire wear particles,
which are produced when tires roll over the road surface, are also released into the aquatic environment
through surface runoff and storm water. Finally, these particles react with water to form 6PPD-quinone,
which has been reported to have caused the death of 40--90% of salmon returning to spawn [11, 12].

In light of these issues, eco-friendly antioxidants have drawn considerable attention; one example is
softwood kraft lignin (KL), a promising renewable and the most abundant feedstock of polyaromatic
material sources [13]. Three monolignol precursors, viz., p-coumaryl, coniferyl, and sinapyl alcohol, are
recognized in the lignin structure in the form of p-hydroxyphenyl (H), guaiacyl (G), and syringyl (S) units,
respectively. Lignin molecules possess high contents of various functional groups including phenolics,
alcoholic hydroxyl groups, carboxyls, carbonyls, etc., where the phenylpropanoic structures act as a
radical scavenger [14, 15]. However, the typical lignin-based materials are not adequate as an alternative
to the 6PPD in rubber compounds for their poor anti-aging performance [16, 17]. Moreover, when lignin is
incorporated in rubber, the curing time is delayed owing to the scavenging of sulfur radicals and poor
compatibility between the hydrophobic rubber and polar and/or hydrophilic lignin particles [13]. The low
compatibility may not only result in degraded mechanical properties stemming from the poor interfacial
adhesion between the filler and rubber matrix but can also cause the exudation of the filler onto the
rubber composite surface when utilized in a dynamic environment (e.g., vehicle tire) [18-21].

In this context, amine-functionalized lignin (AL) can be a promising candidate for overcoming the
drawbacks of lignin. The aliphatic amine functional groups grafted onto a lignin surface are known as
one of the most effective groups for removing ozone and free radicals [22, 23]. Therefore, the AL may
impart significantly enhanced aging resistance to rubber compounds compared to that of KL through its
radical-scavenging effect [24, 25]. Furthermore, amine-based antioxidants have been reported to open the
octatomic rings of S8 through direct nucleophilic attack, thus accelerating the vulcanization of rubber
and generating more active sulfonating agents for rubber curing [26-28]. This reaction offers the
possibility of the antioxidant to participate in the vulcanization reaction with a mechanism similar to that
of the accelerator, and it can improve the compatibility of the antioxidant with rubber by maintaining
chemical bonds with the rubber chains even after the reaction is completed.

Herein, we propose a novel eco-friendly antioxidant based on the amination reaction of KL involving the
grafting of amine groups onto its surface. KL with highly reactive G and S units was used to increase the
number of amine groups, which was then analyzed in a quantitative manner. We demonstrated that AL
participated in the crosslinking of rubber, as evidenced by the changes in the rheological and mechanical
properties such as the tensile strength, elongation, modulus, and hardness of the AL containing rubber
compounds. Furthermore, we thoroughly investigated the combinatorial anti-aging properties of thermal
stability and ozone/fatigue resistances of the rubber compounds incorporated with three different types
of antioxidants, i.e., 6PPD, KL, and AL particles.

2 Experimental
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2.1 Materials

Natural rubber (NR) was obtained from Jungwoo Co., Ltd. (Korea). Soft wood KL (lignin and ash content
of ~97.1 and 1.6 wt.%, respectively) was supplied by Domtar Corporation (North Carolina, USA). It is a
brown fine powder (elemental composition: carbon = 62.8 wt.%, hydrogen = 5.0 wt.%, oxygen = 28.1 wt.%,
and sulfur = 3.6 wt.%) with a bulk density of 348 kg/m3, number-average molecular weight (M,)) of 913
g/mol, weight average molecular weight (M,,) of 1,323 g/mol, and polydispersity of 1.45, according to the
specification of the manufacturer. Diethylenetriamine (DETA) and formaldehyde were obtained from
Sigma-Aldrich (USA). Butadiene rubber (BR), 6PPD, naphthenic-based oil (rubber processing oil), carbon
black (N330), zinc oxide, stearic acid, sulfur, N-(cyclohexylthio) phthalimide (CTP), and N-(1,1-
dimethylethyl)-2-benzothiazolesulfenamide (TBBS) were purchased from Pyung Hwa Co., Ltd. (Korea).

2.2 Amine-functionalization reaction of lignin

DETA (778 mL) and formaldehyde (265 mL) were dissolved in 4 L of deionized (DI) waterina 10 L
reactor, and then, a 10 M NaOH solution was added slowly. After stirring for 10 min, KL (1.2 kg) was
added to the DETA/formaldehyde solution, and the resulting mixture was allowed to react for 9 h at 60°C
under stirring and bubbling of nitrogen gas. The reacted mixture was then cooled to ambient temperature,
and the pH was adjusted to 7 using 3 M HCI. In order to remove unreacted species, the resulting slurry
was washed repeatedly with deionized water through centrifugation at 3000 rpm until the pH of the
solution became < 7. Finally, a light brown powder was obtained after drying overnight under vacuum at
65°C. The synthesis scheme is presented in Fig. 1a

2.3 Preparation of natural/butadiene rubber compounds
(NB)

NR and BR were combined and masticated at the beginning of mixing using an internal mixer kneading
machine (Namyang, Korea), followed by the addition of processing oil, N330, zinc oxide, stearic acid, and
various types of antioxidants (i.e., 6PPD, KL, and AL). The temperature and rotor speed were maintained
at 80°C and 40 rpm, respectively. Then, the resulting rubber compounds were mixed with sulfur, CTR, and
TBBS using an 8-inch two-roll mill (Intech System, TX-2143CR, Korea) at room temperature (RT). The rotor
speed ratio of the rolls was maintained at 1:1.2 throughout the mixing cycle. Finally, composite
specimens were prepared by compression molding at 160°C and 20 MPa. The all-NB compounds were
named after their type and content of antioxidant, for example, NB compounds with 6PPD, KL, and AL are
termed NB/6P, NB/KL, and NB/AL, respectively, while NB added of 1, 2, and 4 phr of AL particles are
termed NB/AL-1, NB/AL-2, and NB/AL-4.

2.4 Characterization

The size and morphology of the samples were analyzed by field-emission scanning electron microscopy
(FE-SEM, JEOL JSM 7401F, Japan). The chemical groups and surface characteristics were investigated
using Fourier-transform infrared (FT-IR) spectroscopy (Bruker, IFS-66/S, Germany) and X-ray
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photoelectron spectroscopy (XPS) (Thermo ESCALAB 250, USA), respectively. Thermogravimetric
analysis (TGA) and derivative thermogravimetry (DTG) (TG/DTA 7300, Hitachi, Japan) were performed in
nitrogen from room temperature to 700°C at a heating rate of 10°C/min.

2.5 Rheological and mechanical properties characterization

The curing characteristics of the fractured surfaces of rubber compounds were monitored using a
rheometer (MDR, Daekyung Teck & Tester, Korea) at 160°C for 20 min under an oscillation angle of 1°.
Tensile tests were performed according to ASTM D412 using dumbbell-shaped specimens (type-3,
thickness = 2 mm) of the NB compounds with an automatic universal testing machine (UTM) (Daekung
Teck & Tester, Korea) at a speed of 500 mm/min. The tensile strength, elongation at break, and 50%
modulus were measured on four specimens, and the average values were used. The hardness of the
rubber compounds was measured according to ASTM D2240-15 using a durometer (A type) on five
different spots of the samples (30 x 30 x 8 mm), and average values were used. The NB compounds were
subjected to a swelling test to calculate the crosslink density [29]. Swelling experiments were carried out
with the molded samples (50 x 30 x 2 mm) by putting them in toluene for 48 h at 25°C according to
ASTM D471. The test specimens were then removed from the toluene, wiped with tissue paper to remove
excess solvent from the surface, and weighed. The swelling index (Q%) and dissolution fraction (s) were
then calculated as follows:

Q%= 5 x 100% (1)

=2 100% @)
WO

where W, and W(; represent the weights of the samples after swelling and free from dissolved matter,
respectively, and W), is the weight of the samples after drying in vacuum oven until the weight is
constant. The swelling data were utilized to obtain the average molecular weight between cross-linking
points, M. (g/mol) by applying Flory—Rehner relation.

i 1/3
M. = VsVr e 100
In(1-V,) + V, + xV.7]

3

where V is the molar volume of the solvent,  is the interaction parameter of rubbers where the x of NB
compound is 0.365, which is average x of NR (0.39) and BR (0.34), and V. is the volume fraction of
swollen rubber, which can be obtained from the masses and densities of the rubber sample and solvent.
The crosslink density (v, mol/cm?3) is given by:
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4

where p is the density of rubber

2.6 Anti-aging performance measurements

To analyze the thermal aging resistance of the rubber compounds, the specimens were placed in a
convection oven at 120°C for 24 h and then allowed to cool at RT for 24 h. Mechanical properties of the
thermally aged specimens were evaluated using the aforementioned unaged rubber tensile test method.
The ozone aging studies were conducted according to the ASTM D1149 standard in ozone test chamber
at 40°C. Ozone concentration in the chamber was adjusted to 50 pphm. The tests were carried out for 72
h under 20% stretching in ozone aging test chamber. After the ozone aging test, the three-dimensional
(3D) images and surface roughness parameter, including arithmetical roughness average (Sa), root mean
square roughness (Sq), and maximum height (Sz) of rubber compounds were measured with a 3D laser
scanning microscopy (3D LSM OLS5100, OLYMPUS, Japan). Flex fatigue (cycles of failure) was
evaluated according to ASTM D4482-06.

3 Results And Discussion

Figure 1a and Scheme S1 show schematics of the amine-functionalization reaction of KL using DETA
and formaldehyde. In the DETA/formaldehyde solution, formaldehyde reacted with the primary or
secondary amine groups of DETA to form immonium ions, which were generated in the presence of a
high electron density of carbon atoms. Subsequently,immonium ions reacted with phenolic moieties in
lignin to introduce amine groups only at the ortho and/or para positions of the phenolic hydroxyl group.
Thus, the H and/or G units with free phenolic hydroxyl groups were converted to C5 amine-substituted
units [30, 31]. The presence of amine groups caused the dark brown KL powder to turn light brown
following the reaction. FE-SEM images of the KL and AL particles are shown in Fig. 1b and 1c,
respectively, where the morphologies appear to be similar. The corresponding EDS elemental mapping
images of KL (Fig. S1) and AL (Fig. 1d and S2) clearly compare the distribution of the elements,
indicating the grafting of amine groups on the AL particles with nitrogen after the amination reaction. The
atomic percentage of nitrogen increased from 0.89 to 13.37% after the reaction, whereas the carbon
content decreased from 79.94 to 68.97%.

Spectral analysis data (FT-IR spectra, XPS spectra, and TGA/DTA curves) of the KL and AL particles are
shown in Fig. 2. The FT-IR spectra were used to investigate the changes in the chemical structure of the
particles after the modification process (Fig. 2a). The band located at ~ 3404 cm™ for KL was assigned
to the hydroxyl groups in the aliphatic and phenolic structures of lignin while the relatively broader band
in the 3500-3300 cm™ ' range of AL was attributed to N—H stretching vibrations of the primary and
secondary amines grafted by the amination reaction [32]. The peaks at 2928 and 2840 cm™ ' were
originated from the C—H asymmetrical and symmetrical stretching vibrations of the methyl and
methylene groups, respectively [33], and their peak intensities increased significantly after modification.
This suggests the successful introduction of the molecular chains containing numerous methyl and
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methylene groups during the amination reaction. Because the reaction occurred at the aromatic moieties
of lignin, the intensity of the peaks corresponding to the C—H vibrations of the aromatic skeleton (1603,
1506, and 812 cm™ '), aromatic in-plane bending (1146 and 1025 cm™ '), and C-0 vibrations of guaiacyl!
ring (1269 cm™ ") of lignin decreased markedly in the spectrum of AL [33, 34]. Furthermore, a new peak
appeared at 1640 and the intensity of the peak at 1357 cm™ ' was increased for AL, which arose from the
N-H bending and C—N stretching vibrations of the —NH, structure, respectively, implying that the amine
groups were successfully grafted onto the lignin structure [35, 36].

The change in the chemical composition of lignin particle surface after the reaction was further
confirmed by XPS (Fig. 2b—2d). When the spectra of KL and AL were compared, the C1s and O1s binding
energies of KL and AL particles were found to be 285.1 and 533.1 eV, respectively, and a new N1s peak
was observed at 399.5 eV for AL, as shown in Fig. 2b. Notably, AL had a high N/C ratio (0.18), which is
about 18 times higher than that of KL (0.01). In addition, a large increase in the C/0 area ratio from 3.32
(KL) to 3.67 (AL) was observed, indicating that alkyl amine groups were introduced into the carbon chains
of AL, leading to a higher carbon content and lower oxygen content. For more detail, in the N1s core-level
spectra of AL (Fig. 2c), primary (-NH,) and secondary amine groups (—NH) were detected on the AL
surface, indicating that the terminal primary amine of DETA and lignin reacted to form a chemical
structure, as illustrated in the inset of Fig. 2b. As shown in Fig. 2d, the deconvoluted C1s spectra of KL
and AL show peaks at 284.5, 284.8, and 286.2 eV corresponding to the carbon atoms located in aromatic
rings, sp, and sp; hybridized carbon atoms (C—C/C = C), and functional groups of lignin (C-N/C-0),
respectively [37-39]. As amine groups were grafted on the AL surface mainly via the formation of C-N
linkages, the area fraction of C—N/C-0 increased from 31.37 to 48.51%. These changes in N1s and C1s
spectra following modification suggest the presence of both primary and secondary amine groups,
indicating successful grafting of amine groups on AL particles.

Figure 2e and 2f represent the TGA/DTG curves of KL and AL recorded under N, atmosphere. Slight
weight loss and the peaks detected below 150°C in the TGA and DTG curves, respectively, were attributed
to the evaporation of residual moisture because lignin usually contains water in the cell walls. In the
range of 150-300°C, the low-molecular-weight lignin fragments were decomposed and evaporated

(Fig. 2e). Specifically, in the DTG curves (Fig. 2F), two weight loss peaks were observed at 241°C (weight
loss rate, R,y —~0.56%/min) and 277°C (R,,+: =1.05%/min) for KL, and a single bond weight loss peak was
observed at 255°C (R,,;: =1.18%/min) for AL, which may be ascribed to the degradation and evaporation
of low molecular weight lignin fragments from aliphatic side chains [35]. In the decomposition step
above 300°C, the weight loss peak of KL was observed at 391°C, while two peaks were observed at 312
and 363°C for AL, corresponding to C—C bond cleavage and demethoxylation of aromatic rings [35, 40].
The maximum weight loss rates were observed at 392°C (R,: ~3.68%/min) for KL and at 364°C (R,::
-2.67%/min) for AL. The lower temperature observed for AL can be attributed to the lower C—N bond
energy compared to that of C—C bond [31]. In the final stage above 500°C, only a small weight loss was
observed for both samples.
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Figure 3a and 3b show the evolution of the rheological properties of the rubber compounds during
vulcanization according to the amount of 6PPD, KL, and AL added as an antioxidant. The curing
characteristics are expressed in terms of the torque value at the initial (moment of lowest, ML) and late
stages (moment of highest, MH), crosslink density, as measured indirectly from the difference in torque
(AMH = MH - ML), scorch time (ts,), optimum curve time (tcyg), and cure rate index (CRI), as listed in
Table S1. The comparison of the rheological results of NB/KL-2 with those of NB/6P-2 revealed two
contradictory trends; the ts, and tcqy of NB/KL-2 were 4.30 and 6.98 min, respectively, which are 22 and
15% higher than those of NB/6P-2 (3.37 and 5.93 min). Furthermore, the CRI value of NB/KL-2 was 37.31
min~ ", which is 5% lower than that of NB/6P-2 (39.06 min~ ). These results indicated that lignin
scavenged the activated sulfur radicals, thus interfering with the crosslinking reaction [21, 41]. The torque
value of NB/KL-2 indicated that the ML, MH, and AMH of the compound increased, although the large
number of hydroxyl groups in purified lignin particles could limit their interaction with the rubber matrix.
This is possibly because the micron-sized lignin particles interfered with the movement of rubber chains,
or the sulfur contained in lignin and rubber led to their cross-linking to render the composite harder [42].

A comparison between the NB/AL and NB/6P-2 in the rheological properties revealed a different trend
from the NB/KL-2. The MH of NB/AL-2 was 24.40 dNm, which is 28 and 17% higher than those of NB/6P-
2 (19.06 dNm) and NB/KL-2 (20.84 dNm), respectively, at the same filler content. The CRI value of NB/AL-
2 was 61.35 min~ ", which is 57% higher than that of NB/6P-2. Furthermore, with increasing AL content
for the NB/AL specimens, the torque in the whole-time range and CRI were increased. These results are
presumably because the amine groups in the AL particles acted as nucleophilic activators; they not only
accelerated the vulcanization reaction of rubber, but also increased the degree of crosslinking, as
illustrated in Fig. 3c. A heterolytic ring-opening reaction occurred when the amine groups grafted onto the
AL particles met a sulfur ring. This reaction was initiated with the nucleophilic attack of the primary and
secondary amines on the sulfur ring to produce a polysulfide [43, 44], which is expected to increase the
amount of polarizable sulfur in the matrix. The sulfur on the surface of AL particles could be separated
from the particles allowing the rubber matrix to further vulcanized (i.e., sulfur donor) or directly reacted
with the double bonds in the rubber chains to participate in the curing reaction.

The thermal aging test is a method of confirming the characteristics of rubber that is aged by heat
applied from the outside or formed inside through repeated deformation, and thus significantly important
factors directly related to the lifespan of rubber. Figure 4a shows the effects of thermal aging on the
tensile properties of the NB compounds. The 50% modulus value of NB/KL-2 was 1.14 MPa, which is
slightly higher than that of NB/6P-2 (1.06 MPa), but the tensile strength and elongation were almost the
same for the two samples. This is because, although KL has low compatibility, the sulfur contained in
lignin participated in the crosslinking reaction with rubber to prevent the deterioration of the physical
properties of cured rubber or the amount of added lignin was not too high to degrade the mechanical
properties of the rubber. On the other hand, the 50% modulus of NB/AL-1, NB/AL-2, and NB/AL-4 were
1.25,1.36, and 1.53 MPa, respectively. All NB/AL compounds exhibited higher stress than NB/6P-2 over
the entire strain range. The 50% modulus values of NB/AL compounds were higher than those of NB/6P-
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2 and NB/KL-2, indicating that the amine-grafted lignin not only accelerated the curing reaction of rubber
more significantly than 6PPD and KL, but also participated directly in curing to increase the crosslink
density of the samples, thereby improving its mechanical properties. After the thermal aging, the modulus
increased, and the tensile strength and elongation decreased for all specimens. These were due to the
simultaneous occurrence of two aging processes in rubber: hardening by crosslinking and softening by
chain scissioning, respectively. These interesting results mainly derived from the hybrid rubber matrix
consisting of NR and BR, between which NR with bulky side groups cannot easily undergo radical
recombination reactions owing to steric hindrance; it was therefore degraded by chain scissioning caused
by disproportionation and hydrogen abstraction [45]. On the other hand, crosslinking dominated in BR
with less-active double bonds because of the electron-withdrawing groups [46].

Figure 4b shows the degree of deterioration of the tensile properties resulting from thermal aging. The
tensile strength and elongation of NB/AL-2 decreased by 36.2 and 46.9%, respectively, by a lower degree
than those of NB/6P-2 and NB/KL-2. These results indicated that the AL particles imparted excellent anti-
aging properties to rubber. The NB/AL compounds exhibited lesser change in tensile strength than in
elongation, compared to the other samples. This is possibly because the free radical of the NB rubber
chains reacted with oxygen molecules to form rubber—0- or rubber—OH, which then reacted with amine
groups grafted onto the AL particles. Detailed and additional information on the variation in the tensile
properties and hardness of the specimens after thermal aging was provided in Table S2, which reveals
that unaged NB/AL compounds had higher hardness than the others, and that the hardness of NB/AL
compounds increased by a lower degree than those of NB/6P-2 and NB/KL-2, after thermal aging.

Figure 4c and Table S3 show swelling behaviors of the rubber compounds in solvent, which exhibit the
effect of antioxidants on the crosslinking of rubber. Generally, there are two main opposing forces in
swelling of crosslinked polymers, i.e., solvent infiltration into the polymer network and resistance of the
network to expansion [47]. NB/KL-2 exhibited higher Q% (208.3%) and lower v (3.22 x 10™* mol/cm?)
than those of NB/6P-2 (197.9% and 3.795 x 10”4 mol/cm?, respectively). These results can be attributed
to the fact that the radical scavenging effect and micron size of lignin physically/chemically interfered
with the crosslinking of rubber during the vulcanization reaction. On the other hand, the Q% and v of
NB/AL-1 were 189.3% and 3.964 x 10~ % mol/cm3, respectively, and as the content of AL particles
increased, Q% decreased and vincreased. It should be addressed that, at the same filler content, v of
NB/AL-2 is 8 and 28% higher than those of NB/6P-2 and NB/KL-2, respectively. It is considered that the
amount of activate sulfur increased during the vulcanization process because of the presence amine
groups on AL particles. These results are also in good agreement with the substantially increased torque
values of the NB/AL-2, compared to the NB/6P-2 and NB/KL-2 (Fig. 3).

Figure 4d shows the digital images of NB compounds immersed in a toluene after 48 h during the

swelling test. It was clearly confirmed that only NB/6P-2 changed the color of the solvent to yellow.

Furthermore, the s of NB/6P-2 was 10.46%, whereas those of all other samples were about 9.50% (Table

S3). This is because 2 phr of 6PPD (1 wt.%), which was not chemically bound to the rubber, was almost

dissolved in the toluene penetrating out of the rubber. On the other hand, lignin-incorporated samples (i.e.,
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NB/KL-2 and NB/AL-2) maintained the solvent transparently without any color change. This is
attributable to the polar characteristic of lignin in nature, making it difficult to be dissolved in non-polar
solvents such as toluene, and even if the rubber swells providing increased interstices between the
polymer chains, it may be difficult for micro-sized particles to escape to the rubber surface.

Ozone resistance is one of the critical properties in rubber compounds that resists the formation of
microcracks through chemical attack to rubber, thereby suppressing deterioration of rubber performance
and extending lifespan. The initiation of cracks under stretching is due to the reaction occurring between
double bonds of rubber chain and ozone, i.e., ozonolysis. The rapid reaction of ozone with olefinic double
bonds forms an ozonide ring, which is subsequently broken causing macroscopic surface cracks.
Furthermore, ozone cracking occurs not only in surface of rubber compounds but also in interfaces
between filler and matrix because ozone can penetrate faster within the rubber structure at a higher
temperature.

In the case of NB/KL-2, due to the low compatibility of KL, air gaps were formed between the particles
and the matrix, increasing the exposed area vulnerable to ozone. As a result, cracks were simultaneously
generated both internally and externally, and the growing cracks eventually led to specimen cutting, as
shown in Fig. S3. Figure 5a and 5b show the digital and optical microscope images of NB/6P-2 and
NB/AL-2, respectively, after ozone aging under 20% stretching. In general, 6PPD with a relatively small
molecular weight (298.38 g/mol) blooms on the surface and exerts a sufficient barrier effect against
ozone attack [48, 49]. However, after ozone aging, numerous small cracks with sizes of 100—200 pym and
large cracks over T mm were formed on the surface of NB/6P-2 due to the severe aging conditions. On
the other hand, it is noteworthy that the surface of NB/AL-2 showed intermediate cracks with sizes
ranging from 0.1 to T mm. As the AL was crosslinked with rubber and had restricted particle movement, it
is considered that cracks may occur in other parts except for the part where the AL particles were
dispersed near the surface. In addition, since NB/AL-2 had a small amount of unreacted double bonds of
rubber chain to be attacked by ozone, micro-cracks were hardly generated on the surface.

Figure 5¢ and 5d show the 3D images and surface profiles of rubber surfaces using optical profilometry,
which is a non-contact metrology technique for surface analysis and topographical characterization. In
case of NB/6P-2, large crack with a depth of 162.05 pm and a width of 56.90 pm and small cracks of <
10 um were detected on the surface. The surface roughness parameter values of NB/6P-2 were Sa =
4.737 um, Sq=13.199 ym, and Sz =213.217 pm, respectively. In contrast, NB/AL-2 had a smaller crack
(depth = 67.76 pm and width = 22.26 pm) and lower surface roughness parameter values (Sa = 2.077 ym,
Sq=4.047 pm, and Sz =115.138 pm) than those of NB/6P-2 (Table S4). The exceptional ozone
resistance of NB/AL-2 can be attributable to the reduction of the uncured area of matrix and radical
scavenging performance of AL particles. These results suggest that the amination modification of lignin
significantly improves the reactivity with radicals generated from ozone, imparting rubber with excellent
ozone-aging resistance.
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Figure 6 shows the results of predicting the fatigue life of rubber by the fracture of unaged or thermally
aged specimens under repeated deformation conditions. The mechanical theory of the fatigue failure
mechanism is that, in the process of fatigue, the molecular chains of rubber are broken by mechanical
force, and the free radicals produced react with oxygen to induce oxidative aging, causing the fracture of
molecular chains and formation of microcracks, which gradually expand with time [50, 51]. Considering
this mechanism, the number of cycles was taken as a measure of the service life of the tested rubber
compounds. The number of cycles to failure (Nf) of NB/6P-2 was 90,001, because 6PPD imparted
excellent fatigue resistance properties by quickly reacting with the radicals of the rubber chains that were
physically generated and removing them. In the case of NB/KL-2, the weak bonds between the rubber and
lignin were first broken during the fatigue process, resulting in the formation of large cracks in the rubber
matrix. Consequently, NB/KL-2 performed poorly (16,234 cycles) under fatigue conditions. On the other
hand, the Nf of NB/AL-2 was 89,934 cycles, which is similar to that of NB/6P-2. Remarkably, after thermal
aging, the NB/AL-2 (84,931 cycles) exhibited much better fatigue resistance compared to that of the
NB/6P-2 (79,052 cycles). These improved fatigue resistances of NB/AL-2 were attributed to the
interconnected composite structures derived from the presence of the AL particles, which were physically
entangled and chemically crosslinked into the matrix and thereby effectively endured to external stress.
Combined with the excellent fatigue resistance evidenced by the flex fatigue test, it can be concluded that
the AL is one of the best candidate antioxidants that can be incorporated to rubber.

4 Conclusion

In this study, we successfully fabricated amine-functionalized lignin by a chemical modification method.
Using an amination reaction with DETA, primary and secondary amine groups were introduced onto the
surface of lignin, improving radical scavenging effect. When incorporated in rubber, the AL particles
imparted superior resistance to thermal and ozone aging characteristics, comparable to those of 6PPD.
The AL particles directly participated in the vulcanization reaction of rubber and promoted the activation
of sulfur to increase the curing rate and crosslink density of rubber, further improving the fatigue
resistance by physically and chemically bonding with rubber. By replacing 6PPD, which is considered a
significant concern in aquatic pollution, the eco-friendly lignin-based antioxidant has an enormous
potential to reduce environmental pollution, paving the way for the next-generation rubber industry.
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(@) Schematic illustration of the process used to fabricate AL via the amination reaction. FE-SEM images
of (b) KL and (c) AL particles with (d) corresponding EDS elemental N mapping image.
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Rheological properties of rubber compounds added with different antioxidants at 160 °C: (a) torque as a
function of time, (b) curing time (ts, and tcyg) and CRI. (c) Expected mechanisms of the heterolytic ring-

opening reaction between AL and sulfur, and subsequent rubber crosslinking reaction.
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Tensile properties of rubber compounds in terms of antioxidant content and thermal aging: (a) stress—
strain curves obtained before aging and after aging at 120 °C for 24 h and (b) degradation of the tensile
strength and elongation. (c) Degree of swelling and crosslink density of NB compounds and (d)
corresponding digital images of the samples in solvent after 48 h.
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Digital images of ozone-aged (a) NB/6P-2 and (b) NB/AL-2 at a strain of 0 and 20%, respectively, and
corresponding optical microscope images. 3D LSM images of (c) NB/6P-2 and (d) NB/AL-2 with
corresponding surface profile extracted over dotted red lines.
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Number of cycles to failure of NB compounds comparing the fatigue resistances of unaged and
thermally aged samples (at 120 °C for 24 h).
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