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Abstract

Natural rubber (NR) possesses excellent comprehensive properties and plays an irreplace-
able role in both national defense and people’s livelihood. In recent years, lignin, as a new
development trend, has emerged as a reinforcing filler in natural rubber, partially replacing
traditional carbon black, or serving as an antioxidant in rubber. However, lignin, a polar
biomass filler, exhibits poor compatibility with non-polar natural rubber. To address the
compatibility issue between the two, this paper adopts an in situ method, utilizing formic
acid and hydrogen peroxide to modify natural rubber into two types of epoxidized natural
rubber (ENR) with different degrees of epoxidation (E-25% and E-45%). Subsequently,
through wet mixing, it is combined with a lignin aqueous solution (20 parts), and ethanol
is used as a flocculant to prepare lignin/ENR composite rubber materials. Comprehensive
characterization of the composite rubber materials reveals that after epoxidation modifica-
tion, the interfacial compatibility between lignin and natural rubber has been significantly
improved. Wet mixing also effectively enhances the dispersibility of lignin in the rubber
matrix. Compared to natural rubber, the composite material with an epoxidation degree of
25% exhibits significantly superior mechanical properties and thermal stability. The tensile
properties of the composite rubber increase from 29.4 MPa to 36.2 MPa, indicating the
significant reinforcing effect of lignin. This study aims to investigate the effects of the epox-
idation degree (25% and 45%) of epoxidized natural rubber (ENR) and the mixing method
on the compatibility and reinforcement performance of composite rubber, providing a new
method for preparing high-performance lignin/ENR composites.

Keywords: lignin; epoxidized natural rubber; biomaterials; compounds

1. Introduction

Natural rubber (NR) is a natural polymer compound [1], primarily composed of cis-
1,4-polyisoprene [2]. NR exhibits excellent mechanical properties and high wear resistance.
Its main chain contains unsaturated double bonds that are easily modifiable [3], yet it
has poor resistance to thermal oxidative aging [4]. Additionally, NR possesses unique
strain-induced crystallization (SIC) characteristics [5], indicating that when subjected to
external forces leading to deformation, the molecular chains can align to form crystals,
thereby resisting external force damage and enhancing mechanical properties. Currently,
carbon black is the most widely used reinforcing filler in natural rubber applications [6].
Carbon black exhibits excellent affinity with most rubber matrices and provides superior
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reinforcement to rubber [7]. However, the preparation of carbon black relies on the thermal
cracking of petrochemical resources [8-10], and its excessive use poses sustainability chal-
lenges. Therefore, developing new fillers that are renewable, environmentally friendly, and
have high reinforcing capabilities has become an important direction for the sustainable
development of the rubber industry [11-13].

Lignin is one of the most important components of plants [14], possessing environmen-
tally friendly characteristics such as recyclability, renewability, and biodegradability [15,16].
The paper industry generates a large amount of lignin by-products annually, but they are
often burned as waste [17,18], resulting in significant waste. In recent years, the research on
high-value lignin has received increasing attention from both industry and academia [19].
Adding lignin to natural rubber can not only reduce costs but also enhance the mechani-
cal properties and anti-aging properties of natural rubber [20,21]. The development and
utilization of lignin/natural rubber composites not only achieve high-value utilization of
lignin resources but also save raw rubber and carbon black fillers [22,23]. However, lignin
contains a large number of polar groups, such as phenolic hydroxyl/alcoholic hydroxyl
groups [24], which make lignin difficult to disperse well in non-polar rubber matrices [25],
affecting the interfacial adhesion between the two materials and greatly hindering the
application of lignin in natural rubber [26,27].

Addressing the issue of poor interfacial compatibility between lignin and natural
rubber (NR), numerous researchers have attempted various strategies to resolve this prob-
lem, but most of them are based on the dry blending method [26], with relatively few
reports on the wet blending method of lignin/NR. Wet blending is the process of mixing
fillers with natural rubber lotion in a liquid medium. Compared to the traditional dry
blending method, wet blending enables the fillers to disperse more uniformly, reduces
agglomeration, and forms a more stable interfacial bond.

This article first enhances the polarity and reactivity of natural rubber through epoxi-
dation (ENR), while retaining its strain-induced crystallization effect [28], making it more
compatible with lignin (Figure 1a,b). Subsequently, the epoxidized natural rubber and
lignin are mixed via wet blending to ensure sufficient dispersion of lignin in the rubber
matrix. Finally, the mixture of epoxidized natural rubber and lignin is precipitated under
alkaline conditions to obtain lignin/ENR composites. The influence of different degrees of
epoxidation on the properties of lignin/ENR composites was investigated, and wet and
dry blending strategies were compared at the same degree of epoxidation. The results
showed that lignin/ENR composites exhibited the best mechanical properties when the
epoxidation degree was 25%; composites prepared using wet blending were significantly
better than those prepared using dry blending. This study aims to investigate the effects
of the epoxidation degree (25% and 45%) of epoxidized natural rubber (ENR) and the
mixing method on the compatibility and reinforcement performance of composite rubber,
providing a new method for preparing high-performance lignin/ENR composites.
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Figure 1. (a) Schematic diagram of wet mixing preparation of ENR/lignin compounds. (b) Epox-
idation of natural rubber. (c) Precipitation of ENR/lignin compounds under different conditions.
(d) Photos of ENR/lignin compounds with varying degrees of epoxy content.

2. Materials and Methods
2.1. Materials

Natural rubber latex was purchased from Xishuangbanna Tianye Rubber Company
(Xishuangbanna, China) (with a solid content of 62.0%); sodium lignosulfonate was
purchased from Yunnan Yunjing Forest Paper (Pu’er, China) (Sulfonic acid group con-
tent ~ 1.55 mmol/g, Figure S1). Formic acid (HCOOH, 98.0%), hydrogen peroxide
(HyOy, 30% aqueous solution), sodium hydroxide (NaOH, 99.0%), emulsifier (Dodecylphe-
nol ethoxylates, 99%), zinc oxide (ZnO, 99.9%), stearic acid (SA, 99.0%), N-tert-butyl-2-
benzothiazole sulfonamide (CBS, 99.0%), 2,2-dibenzothiazole disulfide (DM, 98.0%), and
sulfur (S, 99.5%) are all analytically pure and were purchased from Shanghai Titan Science
Co. Ltd. (Shanghai, China).

2.2. Performance Testing and Characterization

The epoxide fraction was quantified using 'H NMR spectroscopy (Avance 400 MHz
spectrometer, Bruker, Portsmouth, Carteret, NJ, USA) at room temperature. Epoxidized
natural rubber was dissolved in deuterated chloroform. The epoxide fraction was calculated
by the ratio of integrated peak areas in the NMR spectrum. Peaks with chemical shifts
of 2.7 and 5.2 ppm represent the epoxy protons and olefin protons in epoxidized natural
rubber, respectively. The epoxide fraction was calculated using the following equation:

Azy

— = x 100% 1
Aspy+Azy ° M

Epoxide fraction =
where A7 and As; are integral peak areas at 2.7 and 5.2 ppm chemical shifts in the NMR
spectra [29].

Fourier transform infrared spectroscopy (FT-IR) measurements were conducted using
a Thermal Scientific Nicolet iS5 spectrometer (Perkin Elmer Inc., Waltham, MA, USA).
The resolution was 4 cm~ !, and each recorded spectrum was obtained through 32 scans,
covering a wavenumber range from 4000 to 500 cm .

The morphology of lignin and lignin/ENR rubber composites was observed using
scanning electron microscopy (SEM) on a Nova Nano SEM 430 instrument (FEI, Eindhoven,
The Netherlands) at an acceleration voltage of 10 kV. The fracture surfaces of rubber samples
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for SEM were obtained by splitting the bulk samples and quenching them in liquid nitrogen.
Before the observation, all samples were plated with a thin layer of gold.

After vulcanizing the rubber compounds in a standard mold, tensile tests were con-
ducted on the vulcanized rubber in accordance with the GB/T 528-2009 standard. Prior
to testing, the thickness of each specimen was measured and recorded. The tests were
performed at a crosshead speed of 500 mm/min. For each sample, five parallel tests were
carried out, and the average of the measurement results was selected for analysis.

Dynamic mechanical analysis (DMA) spectra of the rubber composites were obtained
by using a DMA 242D dynamic mechanical analyzer (NETZSCH Geradtebau GmbH, Selb,
Germany). The specimens were measured in tensile mode at a constant frequency of 1 Hz
and a temperature range from —100 to 100 °C at a heating rate of 3 °C/min.

Thermo-gravimetric analysis (TGA) was performed by an STA 6000 (Perkin Elmer
Inc., Norwalk, CT, USA) in the temperature range from 40 to 800 °C with a heating rate of
10 °C/min under a nitrogen atmosphere.

2.3. Preparation of ENR/Lignin Compounds

The epoxidation modification of natural rubber is carried out through an in situ
method. First, 300 g of natural rubber latex (with a solid content of 60%) is added to a
three-neck flask, diluted with water to achieve a solid content of 30%, and placed in an
oil bath. Then, 20 mL of dodecylphenol ethoxylates (10% aqueous solution) is added and
stirred for emulsification for 2 h, while maintaining the reaction temperature at 40 °C. Dur-
ing the epoxidation modification process, formic acid (30% concentration) and hydrogen
peroxide (30% concentration) are added in a molar ratio of 1:0.55:1 (NR: formic acid: hydro-
gen peroxide). ENR emulsions with epoxidation degrees of 25% and 45% are prepared by
reacting for 6 and 12 h, respectively. The pH value of the emulsion is adjusted to 7 for later
use. Next, 40.0 (for ENR-45%) or 38.0 g (for ENR-25%) of sodium lignosulfonate is directly
dissolved in 300 mL of water and completely dissolved through ultrasonic treatment for
30 min (20% of the rubber mass, 20 phr). The lignin solution is mixed with 100 phr of
epoxidized natural rubber emulsion (E-25% and E-45%), respectively, and stirred at room
temperature for 30 min. After adjusting the pH value of the lignin/ENR mixed emulsion
to 10, it is slowly poured into 1000 mL of ethanol and allowed to flocculate at room tem-
perature. After standing for 12 h, the precipitate is dried at 80 °C to obtain lignin/ENR
composite materials. The dried lignin/ENR composite materials are mixed in a double-roll
mill according to the following formula: 2.0 phr stearic acid, 5.0 phr zinc oxide, 1.5 phr CBS,
0.5 phr DM, and 1.5 phr sulfur (the feeding order is consistent with the formula order),
while controlling the roll temperature at 50-60 °C. The mixing time is controlled within the
range of 20 min. The optimal vulcanization time (T90) of lignin/ENR composite rubber is
measured using a rotorless rheometer at 143 °C. Finally, vulcanization is performed using a
flat vulcanizer at 143 °C, 10 MPa, and the corresponding vulcanization time. The obtained
composite materials were named w-E-25%-L and w-E-45%-L, respectively. Lignin/NR
composite rubber was prepared using the same method and named w-NR-L. Traditional
dry mixing was performed using a double-roll mixer according to the following recipe:
100.0 phr of NR or ENR (E-25%, E-45%), 2.0 phr of stearic acid, 5.0 phr of zinc oxide, 20 phr
of sodium lignosulfonate (milled at 500 rpm for 2 h), 1.5 phr of CBS, 0.5 phr of DM, and
1.5 phr of sulfur (the feeding order was consistent with the recipe or-der). Vulcanization
was performed using the same method, and the obtained compo-site materials were named
d-NR-L, d-E-25%-L, and d-E-45%-L, respectively.
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3. Results and Discussion
3.1. Characterization of Epoxidized Natural Rubber

After epoxidation modification, the infrared spectrum and nuclear magnetic resonance
spectrum of natural rubber have undergone significant changes. In FT-IR, as the degree of
epoxidation of ENR increases, the number of double bonds decreases, which is reflected
in the corresponding decrease in absorption intensity at 835 cm ! and 1660 cm ™! in the
infrared spectrum (Figure 2a). A new strong absorption peak appears at 870 cm~!, which
is the asymmetric stretching vibration peak of the epoxy group [30]. As the degree of
epoxidation increases, the absorption intensity of this peak also increases. In NMR, 2.7 ppm
is the signal peak of protons on the carbon of the epoxy bond, and 5.2 ppm is the signal peak
of protons on the carbon of the double bond [29] (Figure 2b). The degree of epoxidation can
be calculated based on the peak area ratio of the two absorption peaks mentioned above.
Natural rubber (NR) does not show a hydrogen spectral peak at 2.70 ppm, indicating that
NR does not contain epoxy groups. As the reaction time increases, the absorption peak at
2.7 ppm gradually increases, indicating a gradual increase in the degree of epoxidation. By
controlling the reaction time to 6 h and 12 h, ENR with epoxidation degrees of 25% and
45%, respectively, can be obtained. The small peak at 3.47 ppm is a characteristic proton
peak on the furan group generated by the ring-opening side reaction of the epoxy group. By
optimizing the reaction conditions, this side reaction can be controlled to be less than 1%.
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Figure 2. (a) FT-IR and (b) 'H NMR spectra of ENR with different epoxy degrees.

ppm

3.2. Preparation of ENR/Lignin Compounds via Wet Mixing

Due to the uniform mixing of lignin and epoxidized natural rubber in the liquid state,
this good dispersion is maintained during the co-precipitation process and subsequent
rubber mixing and processing. Throughout the entire process, the final sedimentation is
crucial. We have tried various organic solvents for sedimentation and found that alcohol
solvents exhibit good sedimentation effects, with ethanol showing superior sedimentation
compared to methanol, which may be related to the solubility of lignin in methanol. We also
investigated the effect of pH on sedimentation. It was found that under alkaline conditions
with a pH greater than 10, good sedimentation effects were exhibited (Figure 1c). Interest-
ingly, the samples obtained after drying exhibited distinctly different colors depending on
the degree of epoxidation (Figure 1d). The composite material without epoxidation and
lignin appeared dark brown, close to the color of solid lignin, indicating that lignin may
still exist in the natural rubber in an aggregated form. The composite material modified
by epoxidation was closer to the color of lignin in aqueous solution, indicating that lignin
exhibits good dispersion in epoxidized natural rubber.
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3.3. Curing Characteristic Curve of ENR/Lignin Compounds

The curing characteristic curve of ENR/lignin compounds is shown in Figure 3, and
the relevant data are summarized in Table 1. For composite materials prepared via wet mix-
ing, as the degree of epoxidation increases, both the curing time T90 and scorch time T10 of
ENR/lignin composites decrease. This is mainly due to the fact that epoxy groups promote
the reaction between double bonds and sulfur [31], and epoxy bonds may also react with
hydroxyl groups on lignin [32], further shortening the reaction time (Figure 3a,b). This also
leads to a shortened scorch period and reduced operational safety [33]. In dry-mixed com-
pounded rubber, T10 increases with the increase in epoxidation degree, while T90 shows a
decreasing trend, which should be attributed to the differences in lignin particle size and
compatibility with the rubber matrix. The minimum torque (ML), maximum torque (MH),
and o torque of lignin-filled rubber composites significantly increase with increasing epoxi-
dation degree. ML is mainly related to the physical crosslinking between lignin and the
rubber matrix before vulcanization [34], indicating stronger physical crosslinking between
lignin and the rubber matrix. MH is related to the hardness and chemical crosslinking of
vulcanized composite rubber [35]. When the epoxidation degree is 45%, MH increases
significantly, which may be due to the higher crosslinking density of lignin-filled NR com-
posites and the formation of a filler-rubber network between lignin and the rubber matrix.
This will enhance the restriction on the mobility of rubber chains, significantly improving
the strength of rubber composites. For composite materials prepared using the dry mixing
method, the vulcanization time will decrease as the epoxy degree increases. However,
among composites with the same epoxy degree, those prepared using the dry mixing
method exhibit a higher MH value (Figure 3c,d), which may be related to the large particle
size of lignin [36]. The large particle size of lignin imparts high rigidity and hardness to the
composite rubber.
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dry mixing.
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Table 1. The curing characteristic parameters of ENR/lignin compounds.
Samoles T10 T90 ML MH AM (MH-ML)
P (min) (min) (dN-m) (dN-m) (dN-m)

w-NR-L 5.0 17.2 1.0 10.0 9.0
w-E-25%-L 2.3 6.4 14 9.7 8.3
w-E-45%-L 1.9 5.4 1.6 11.1 9.5

d-NR-L 1.6 8.7 1.2 10.9 9.3
d-E-25%-L 1.7 5.7 1.7 12.8 11.1
d-E-45%-L 2.0 6.0 14 13.3 11.9

3.4. SEM Analysis of ENR/Lignin Compounds

Figure 4 presents scanning electron microscopy (SEM) images of the composite mate-
rial, which are used to characterize the dispersion state of lignin in the composite material.
For composite materials prepared using the wet mixing method, when natural rubber
was used as the matrix, a large number of lignin particles and their outlines were clearly
visible (Figures 4a—c and 52). These lignin particles have irregular shapes and diameters
ranging from hundreds of nanometers to several micrometers, indicating poor interfacial
compatibility between lignin and NR matrix, which can affect the crosslinking density and
strength of vulcanized rubber [37]. After epoxidation modification, lignin is dispersed into
smaller particles. In the E-25% rubber composite material, some micron-sized lignin parti-
cles still remain in the rubber; however, these particles are significantly smaller compared
to those in natural rubber. In E-45% rubber composite materials, lignin is fully dispersed
at the submicron scale and exhibits high compatibility with the ENR matrix. There is
a strong interfacial interaction between lignin and ENR, enabling the complete transfer
of external stress from the ENR matrix to the lignin particles. Furthermore, the smaller
the lignin particles, the greater the stress they can withstand, which is the fundamental
reason for lignin’s reinforcing effect on rubber materials [38]. In the composite materials
prepared using the dry mixing method, the particle size of lignin is relatively large, and
there are many cracks in the rubber (Figure 4d—f). Although the cracks decrease after epoxy
modification, they still exist, indicating that lignin particles not only have no reinforcing
effect but also damage the macrostructure of the rubber matrix itself.

Figure 4. SEM images of the fractured surfaces of (a) w-NR-L, (b) w-E-25%-L, (c) w-E-45%-L, (d) d-
NR-L, (e) d-E-25%-L, and (f) d-E-45%-L compounds at a magnification of 1000x.

3.5. Mechanical Property Characterization of ENR/Lignin Compounds

The tensile stress—strain curves of lignin combined with NR and E-25%/E-45% compos-
ite rubbers are shown in (Figures 5 and S3). The mechanical strength of rubber composites
modified with epoxy is higher than that of unmodified rubber composites. In E-25% com-
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posite rubber, the tensile strength increases from 27.5 MPa to 36.2 MPa, and the elongation
at break increases from 598.8% to 703.3%; the reinforcement effect is notably enhanced
(Table 2). The mechanical properties of rubber composites depend on the dispersion state
of the matrix rubber and lignin, as well as the interaction between lignin and rubber. In un-
modified natural rubber composites, there are numerous lignin aggregates in the non-polar
rubber matrix, leading to poor interfacial interaction and an insignificant enhancement
effect. After epoxy modification, lignin forms a more uniform mixture with ENR lateX,
greatly improving its compatibility, and lignin is dispersed at the submicron level in ENR.
Under the shear force of a double-roll mixer, rubber and lignin are more tightly locked
together, enhancing their interaction and achieving a high enhancement effect. At high
epoxidation levels, despite the further increase in polarity of rubber and the better compati-
bility between lignin and the rubber matrix, the mechanical properties of high epoxidation
composite materials decrease. This may be related to the influence of high epoxidation on
strain-induced crystallization (SIC). The excellent mechanical properties of NR primarily
stem from its SIC. Studies have shown that the self-crosslinking property of natural rubber
is retained after epoxidation modification; a lower degree of epoxidation (<20%) promotes
self-crosslinking, while a higher degree of epoxidation hinders it, ultimately leading to a
decrease in the mechanical properties of ENR. Compared to w-E-25%-L, w-E-45%-L exhibits
better compatibility between ENR and lignin, as evident in Figure 4. However, at higher
degrees of epoxidation, the influence of self-crosslinking on the mechanical properties
of composite rubber becomes dominant, resulting in a reduction in the tensile strength
of w-E-45%-L to 35 MPa. For composites prepared using dry mixing, their mechanical
strength is significantly lower than that of composites prepared via wet mixing, with a
maximum value of only 22.9 MPa, as shown by d-NR-L. After epoxidation modification,
the tensile strength further decreases. The primary reason for this result is that under dry
mixing conditions, lignin cannot be fully dispersed; large particles of lignin not only cannot
withstand stress but also damage the macrostructure of rubber, leading to a reduction in
the tensile strength of composite rubber. Simultaneously, the self-crosslinking property
decreases after epoxidation modification, and as the degree of epoxidation increases, the
tensile strength further decreases.

25
(a)# (b)

—_ w-NR-L _20{ —dNRL
K 30- ——— W-E-25%-L S —— d-E-25%-L
s —— w-E-45%-L S 5] [T dE45%L
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o 910
o o

104 5

0 r . v 0 v .
0 200 400 600 800 0 200 400 600
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Figure 5. Stress—strain curves of ENR/lignin compounds using the (a) wet and (b) dry mix-
ing methods.

Table 2. Mechanical properties parameters of ENR/lignin compounds.

Tensile Strength Elongation at Stress at 100% Stress at 300%
(MPa) Break (%) (MPa) (MPa)

w-NR-L 275+ 0.6 598.8 £19.3 1.0 £0.02 2.2+ 0.03
w-E-25%-L 36.2£0.5 703.3 £ 254 1.0 £0.03 2.1 £0.06

Samples
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Table 2. Cont.

Tensile Strength Elongation at Stress at 100% Stress at 300%
Samples

(MPa) Break (%) (MPa) (MPa)
w-E-45%-L 35.0 £ 0.7 6445 +17.6 1.1 £0.04 2.5+ 0.03
d-NR-L 229 4+ 0.6 554.7 £19.1 0.9 + 0.05 1.9 +£0.03
d-E-25%-L 21.1+1.3 531.2 £325 1.3 +£0.04 2.3 4+0.02
d-E-45%-L 192 +1.6 505.2 4 38.6 1.2 +£0.03 2.3 4+0.05

3.6. Dynamic Thermomechanical Characterization of ENR/Lignin Compounds

The dynamic mechanical behavior of ENR/lignin composites was investigated using
dynamic thermodynamic analysis. Figure 6 illustrates the relationship between the storage
modulus (E’) and loss factor (tan §) of lignin/ENR composites after heat treatment, as
well as their dependence on temperature. The storage modulus can be regarded as the
elastic modulus of rubber composites, while the loss factor is related to the dissipation
of energy in the form of heat [39]. As shown in Figure 6a, the initial storage modulus
(E’p) of the epoxy-modified composites increases, especially at higher epoxy degrees. E’y
represents the stiffness of the composite [40], and its increase is attributed to the enhanced
lignin—rubber interaction. Within the temperature range from —100 to —60 °C, the storage
modulus exhibits a linear relationship with temperature. This behavior originates from
natural rubber remaining in the glassy state within this temperature range, and the filler
does not enhance its properties. As the temperature increases, the w-NR-L curve initially
drops sharply, while w-E-25%-L and w-E-45%-L decrease at higher temperatures. This is
related to the glass transition temperature (T) of the three composite rubbers.

(a (b)
2.5

& 5000+ -44.85C
= - { £~ -2375C
14000 — W-NR- ! -0 70
l§ L WE25%-L 2.0 9.79°C
53000 ——w-E45%-L]| 24 5 ——Ww-NR-L
3 s —— w-E-25%-L
£2000- 1.0 —— w-E-45%-L
()]
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2
? 0 . 0.0+
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= —— d-NR-L B
51500 ——— d-E-25%-L 15 e
: e i
f b = 1.0 —d-E-45°/:-L
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Temperature(C) Temperature('C)

Figure 6. (a,c) Storage modulus (E’) and (b,d) Tan § of ENR/lignin compounds using the (a,b) wet
and (c¢,d) dry mixing methods.

In the Tan 6 curve, the abscissa of the peak represents the T of the composite mate-
rial [41] (Figure 6b). The Tg of NR typically ranges from —70 to —60 °C. After epoxidation
modification, due to the influence of the epoxy bond structure, the glass transition tem-
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perature increases, and the Ty of E-45% is generally between —30 and —20 °C [15]. Upon
the addition of lignin, the glass transition temperature of all composite rubbers shows an
upward trend, attributed to the rigid structure of lignin. The Tg of sodium lignosulfonate
used in this study is 138.4 °C. The T of w-NR-L is —44.9 °C, which increases to —23.8 °C
at a lower epoxy degree and further increases to —9.8 °C at a higher epoxy degree. In
ENR/lignin composites, an increase in the T indicates the formation of a more tightly
cross-linked structure within the composite material. After epoxy modification, the com-
patibility of lignin with the rubber matrix is improved, enabling lignin to disperse better
in the rubber and form covalent bonds with the epoxy rubber, thereby enhancing the
cross-linking network and hindering the migration of rubber molecular chains. In the Tan
0 curve, w-E-25%-L exhibits a higher loss peak, which is related to the small amount of
lignin aggregation observed in SEM images. Under the action of tensile force, slippage
occurs within the lignin aggregates, leading to an increase in modulus loss. As the epoxy
degree increases, this phenomenon disappears, indicating that epoxy modification can
improve the compatibility of lignin with rubber and enhance the rubber properties under
wet mixing conditions. The initial storage modulus of the composite prepared using the
dry mixing method is significantly lower than that of the composite prepared using the
wet mixing method, indicating poor interfacial compatibility between lignin and ENR in
the dry mixing strategy (Figure 6c). Additionally, the Ty of the composite prepared using
the dry mixing method is significantly higher than that of the composite prepared using
the wet mixing method (Figure 6d), which may be related to the rigidity of the composite
caused by larger lignin particles.

3.7. Characterization of Thermal Stability of ENR/Lignin Compounds

The thermal stability of ENR/lignin composites was evaluated through thermogravi-
metric analysis (TG) and differential thermal analysis (DTG) curves ((Figures 7 and 54)).
As the degree of epoxidation increases, the resistance to degradation of lignin/rubber
composites enhances, as shown in Table 3 [42]. When the epoxy degree is 25%, its decompo-
sition temperature can be increased from 375.2 to 385.0 °C; when the epoxy degree is 45%,
its decomposition temperature further increases to 389.3 °C, indicating that the thermal
stability of vulcanized rubber after epoxy modification is significantly improved. Lignin
exhibits excellent thermal stability [21], attributed to its antioxidant properties, where
its phenolic hydroxyl groups prevent oxidation [24]. Through epoxy modification and
wet mixing strategies, the compatibility of lignin with natural rubber is greatly enhanced,
enabling lignin to be more effectively embedded in rubber as smaller particles, significantly
improving the thermal stability of the composite rubber. On the differential thermal analy-
sis (DTG) curve, the highest weight loss peak of w-E-45%-L occurs at 376.2 °C, which may
be related to the aggregation of lignin particles observed in SEM images. However, the
thermal stability of composite materials prepared under different mixing strategies did not
exhibit significant differences.

Table 3. Thermal degradation of ENR/lignin compounds.

Samples Decomposition Temperature (°C)
w-NR-L 375.2

w-E-25%-L 385.0

w-E-45%-L 389.3
d-NR-L 373.9

d-E-25%-L 389.1

d-E-45%-L 390.9
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Figure 7. (a,c) TGA and (b,d) DTG thermograms of ENR/lignin compounds using the (a,b) wet and
(c,d) dry mixing methods.

4. Conclusions

In summary, two types of epoxidized natural rubber (ENR) with different degrees of
epoxidation (25% and 45%) were prepared using the in situ method, and ENR/lignin com-
posite rubber materials were successfully prepared through the wet mixing method. The
results showed that the higher the degree of epoxidation, the better the interfacial compati-
bility between ENR and lignin. However, the highest mechanical properties were achieved
when the degree of epoxidation was 25%, as an excessively high degree of epoxidation may
affect the “strain-induced crystallization effect” of natural rubber. Additionally, we demon-
strated that the composite materials prepared using the wet mixing method are significantly
superior to those prepared using the dry mixing method. The wet-mixing strategy utilizing
25% epoxidized NR establishes a novel paradigm for high-performance biocomposites,
demonstrating 23.2% enhancement in tensile strength relative to conventional methods.

Supplementary Materials: The following supporting information can be downloaded at: https://www.
mdpi.com/article/10.3390/mal8163736/s1, Figure S1: (a) FI-IR, (b) DSC, (c) TG, and (d) DTG curves
of lignosulfonate sodium; Figure 52: SEM image of lignosulfonate sodium; Figure S3: Stress-strain
curves of NR, E-25%, and E-45%; Figure S4: (a) TG and (b) DTG curves of NR, E-25%, and E-45%;
Table S1: Mechanical properties parameters of NR, E-25%, and E-45%; Table S2: Thermal degradation
of NR, E-25%, and E-45%.
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