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Abstract: In this article, a novel migration-resistant anti-
oxidant (CGE-g-PPDA) was synthesized using cardanol gly-
cidyl ether (CGE) and p-aminodiphenylamine (PPDA) and
characterized by infrared spectroscopy, indicating that the
antioxidant has been successfully synthesized. CGE-g-PPDA
and other different types of antioxidants were added to
natural rubber (NR) to make anti-aging NR composites,
which were tested and characterized by processing proper-
ties, aging resistance, thermal stability, cross-linking density
retention properties, and migration resistance. Comparative
results showed that CGE-g-PPDA could reduce the Mooney
viscosity of NR, improve its processing performance, pro-
long the oxidation induction time of materials, give long-
term protection to the rubber, and improve the cross-linking
retention rate of materials. In addition, the migration resis-
tance and solvent extraction resistance of antioxidant CGE-
g-PPDA were significantly better than that of antioxidant
4020, with higher stability. CGE-g-PPDA, as a new type of
migration-resistant antioxidant, has a potential application
value.

Keywords: cardanol glycidyl ether, migration-resistant
antioxidant, CGE-g-PPDA, natural rubber composites, aging
resistance

1 Introduction

Natural rubber (NR), as an indispensable raw material, has
high elasticity, strength, and excellent resilience and is
widely used in fields such as tires, medical, and aerospace
(1–6). NR is mainly composed of cis-1,4-polyisoprene (7–11),
with a large number of unsaturated double bonds in the
molecular chains (12), which has a high degree of unsatura-
tion (13), and due to the presence of side methyl groups, the
double bond carbon is more active, in the light, high tempera-
ture, and other conditions, and is prone to irreversible aging
degradation and cross-linking (14), leading to a decrease in
the physical properties of NR products (15). Therefore, the
selection of antioxidants is very important during the proces-
sing of NR (16).

US Tire Manufacturers Association (USTMA) is seeking
a replacement for conventional antioxidant 4020, which
produces toxic particles during tire use. PPDA, as a highly
effective antioxidant, grafted to NR, can provide long-
lasting protection, but due to the low content of isomeriza-
tion groups in the NR molecular chains, only a small
amount of PPDA reacts with the NR molecular chains. To
solve this problem, in this article, cardanol glycidyl ether
(CGE) was selected to react with PPDA to synthesize a new
migration-resistant antioxidant.

CGE contains an unsaturated double bond at one end
and a reactive oxygen-containing group at the other end,
and its molecular formula is shown in Figure 1, with a
relative molecular mass of about 360. During the reaction
process, the amino group of PPDA and the epoxy group of
CGE underwent epoxidation amination reaction to synthe-
size CGE-g-PPDA. The synthesized CGE-g-PPDA contains
unsaturated double-bonded carbon, which can undergo co-
vulcanization with NR to achieve chemical bonding with the
rubber matrix, thus improving the stability and utilization of
the antioxidant. Moreover, CGE is derived from biomass
cashew nut phenol, which is a natural phenolic compound
extracted from cashew nut shell liquid, and is a renewable
biomass resource (17–19), so the selection of CGE as the
grafting monomer of PPDA can reduce the production cost
as well as avoid environmental pollution.
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2 Experimental

2.1 Materials

CGEwas produced by Jiangsu Runfeng Synthetic Technology
Co. NR latex was produced by Hainan Natural Rubber
Industry Group Co. p-Aminodiphenylamine (PPDA) was pro-
duced by Bailing Wei Technology Co. Carbon black (CB) 330
was produced by Shanghai Cabot Chemical Co. ZnO, stearic
acid (SA), sulfur (S), accelerator N-tert-butylbenzothiazole-2-
sulphenamide (TBBS), and antioxidant 4020 were commer-
cially available industrial products.

The experimental formula is shown in Table 1.

2.2 Synthesis of migration-resistant
antioxidant CGE-g-PPDA

In all, 17.8 g of CGE and 3.7 g of PPDA were added to a three-
necked flask, the device was placed in an oil bath at 100°C,
stirred until PPDA was completely dissolved in CGE, and

then the temperature was raised to 165°C, and after the tem-
perature of the system was stabilized, the reaction was
allowed to run for 4 h. CGE-g-PPDA could be obtained, and
the reaction product was a dark brown viscous liquid.

The amino active group of PPDA undergoes epoxy ami-
nation reaction with the epoxy group of CGE to obtain
the reaction product CGE-g-PPDA, which has a –NH group
and C]C double bond structure in the molecular chain
(Figure 2). The –NH group can capture the macromolecular
free radicals generated during the aging of rubber to pre-
vent materials aging. The C]C double bond can undergo
co-vulcanization reaction with the rubber, thus improving
the migration resistance of the antioxidant.

2.3 Preparation of aging-resistant NR
composites

Preparation of composites: Set the initial temperature of
the internal mixer (XSM-500, Shanghai Kechuang Rubber &
Plastic Machinery Co., Ltd.) at 70°C, the rotation speed at
65 rpm, add NR solid raw rubber, small molecule additives,
antioxidant, and CB sequentially, among which CB was added
to the internal mixer in two times, the mixing time was
7.5min, and the rubber was discharged. The discharged
rubber and sulfur vulcanization system were added to the
open two-roll mill (X (S) K-160, Shanghai DoubleWing Rubber
& Plastic Machinery Co., Ltd.) for two-stage mixing, the roll
pitch was set to 0.2mm for mill run, and then the roll pitch
was set to 2mm to make rubber film. The produced rubber
was placed for 24 h, according to the process optimum cure
time t90, the vulcanization temperature was set at 150°C. The
materials were named NR, 4020/NR, CGE + PPDA/NR, and
CGE-g-PPDA/NR according to the type of antioxidant.

2.4 Characterization

2.4.1 Infrared spectroscopy test

Structural analysis was performed using Fourier trans-
form infrared (FTIR) spectroscopy (VERTEX 70, BRUKER,
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Figure 1: Cardanol glycidyl ether.

Table 1: Formula of NR compounds (phr)

NR 4020/NR CGE + PPDA/NR CGE-g-PPDA/NR

NR 100 100 100 100
ZnO 5 5 5 5
SA 2 2 2 2
CB 330 35 35 35 35
S 2.25 2.25 2.25 2.25
TBBS 0.7 0.7 0.7 0.7
4020 1.5
CGE + PPDA 1.5
CGE-g-PPDA 1.5

Figure 2: Synthesis of CGE-g-PPDA.
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Germany) in total reflection scanning mode with a scan-
ning range of 400–4,000 cm−1.

2.4.2 Mooney viscosity

Mooney viscosity tests were conducted on the mixed rubber
according to GB/T 1232.1-2000; two circular rubber films with
a diameter of about 50mm and a mass of 10 g were cut and
tested using a Mooney viscometer (MV-2000, the US Alpha
Company) for the test, the test temperature was 100°C, pre-
heated for 1 min, and the test time was 4min.

2.4.3 Tensile property test

Five standard samples of each composite material were
made by molds and tested by a Zwick tensile tester (AT-
7000S, Zwick Roell, Germany) according to GB/T 528-2009,
and the median was taken as the test result.

2.4.4 Oxidation induction time (OIT)

According to the national standard GB/T 19466.6-2009, the
OIT of vulcanizates was tested by a differential scanning
calorimeter (204 F1, NETZSCH, Germany).

2.4.5 Thermo-oxidative aging property

The thermo-oxidative aging property test was conducted
according to the national standard GB/T 3512-2014. The
stretching samples were placed in the aging box at 100°C
and aged for a certain period of time, taken out and parked
for 12 h for mechanical properties and the cross-linking
density test, and according to Eq. 1 to calculate the aging
coefficient of the vulcanizates (k), the larger the value, the
stronger the aging resistance of the material

=k
f

f

a

u

(1)

where fa is the tensile strength of the material after aging ×
elongation at break and fu is the tensile strength of the
material before aging × elongation at break.

2.4.6 Cross-linking density and its retention rate

The cross-linking density of the composite material was
determined by the swelling method, in which about 0.20 g
of the vulcanizate was weighed and placed in 20 g of the

toluene solution. The sample was removed after 7 days, and
the residual toluene on the surface of the vulcanizate was
wiped off with a filter paper and weighed, and then the
vulcanizate was placed in a 60°C blast drying oven (DHG,
Guangzhou Handy Environmental Test Equipment Co., Ltd.)
until the weight stopped changing, and then removed for
weighing. The cross-linking density Ve of the cured rubber
was calculated according to Eq. 2. The average of three test
results was taken as the final test result
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where Ve represents the cross-linking density of vulcanized
rubber, mol·cm−3; V2 represents the volume fraction of the
rubber phase in dissolved vulcanized rubber; χ represents
the rubber and solvent interaction coefficient, 0.3795; and
Ʋ represents the molar volume of solvent, 106.4 cm3·mol−1.

The volume fraction V2 of the rubber phase in the
dissolved vulcanized rubber is calculated as follows:
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where m1 is the mass of the sample before drying after
swelling, g; m2 is the mass of the sample after drying after
swelling, g; m3 is the original mass of the sample, g; α is
the mass fraction of extract from pure vulcanizate (NR
extracted with acetone, 1 − α = 0.9289); φ is the mass fraction
of pure rubber in the sample; ρ is the density of pure vulca-
nizate (ρ = 0.958 g·cm−3); ρsolvent is the density of solvent
(ρsolvent for toluene = 0.867 g·cm−3); V1 is the volume of the
rubber phase; and Vsolvent is the volume of solvent in the
rubber after swelling.

The cross-linking density retention rate RC was calcu-
lated according to the following equation:

= ×R
C

C
100%C

a

u

(6)

where Cu and Ca refer to the cross-linking density of the
material before and after aging, respectively.

2.4.7 Scanning electron microscope (SEM)

The vulcanizate samples of different materials were taken,
and their surfaces were sprayed gold for 50, 30, and 30 s at
a time, using an SEM (JSM-7500F, Japan Electronics Co., Ltd.)
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to perform a scanning test, and the accelerating voltage
of the test was 5 kV. The frosting of the surface of the
material was analyzed after aging according to the scan-
ning results.

2.4.8 Migration resistance

The NR with different antioxidants was contacted with the
filter paper. The color change of the filter paper reflected
the migration resistance of the antioxidants.

2.4.9 Solvent extraction resistance

The vulcanizate samples of the same size and quality from
four types of NR were cut and placed in anhydrous ethanol
of the same quality, and the color change was observed
to determine the solvent extraction resistance of each
antioxidant.

2.4.10 Thermogravimetric analysis

In all, 7–8 mg samples were taken from four types of NR
and tested using a thermogravimetric analyzer (209 F1,
NETZSCH, Germany); the test environment was oxygen
and air atmosphere, respectively, with a set rate of tem-
perature increase of 10°C·min−1, and a temperature range
of room temperature ∼700°C.

3 Results and discussion

3.1 Structural characterization of CGE-
g-PPDA

Figure 3 shows the FTIR spectrum of PPDA, CGE, and the
reaction product CGE-g-PPDA. In the infrared spectrum of PPDA,
the broad absorption peaks appearing around 3,440 cm−1 are
attributed to the N–H stretching vibration absorption peaks,
the absorption peaks at 2,910 cm−1 are attributed to the C–H
stretching vibration, and 1,495 and 1,517 cm−1 are attributed to
the vibration absorption peaks of the mono-substituted benzene
ring and the bis-substituted benzene ring. In the IR spectrum of
CGE, 2,925 and 2,851 cm−1 are the stretching vibration peaks
of the methylene group, and the characteristic absorption peaks
of the epoxy group appear at 915 and 862 cm−1. In the infrared
spectrum of the compounds, the characteristic peaks of the

amino group at 3,440 cm−1 and the epoxy group at 915 cm−1

basically disappear, and a new absorption peak appears at
3,420 cm−1, which can be analyzed as the vibrational absorption
peaks of −OH generated by ring opening of an epoxy group, so it
can be inferred that the PPDA reactswith the CGE, and the target
product, CGE-g-PPDA, is successfully synthesized.

3.2 Effect of antioxidants on the Mooney
viscosity of NR compounds

Figure 4 shows the Mooney viscosity of NR materials after
the addition of various antioxidants. From the figure, it can
be seen that the Mooney viscosity of the NR material
without the addition of antioxidant is 29.8, and the Mooney
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Figure 3: FTIR spectrum of PPDA CGE and the product.
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Figure 4: Mooney viscosity of NR compounds.

4  Fade Li et al.



viscosity of the material after the addition of different anti-
oxidants is reduced to different degrees. The Mooney visc-
osity of 4020/NR is reduced by 2.7 units; this is because the
antioxidant molecules are distributed between the mole-
cular chains of the rubber, increasing the spacing between
the molecular chains, and the antioxidant 4020 has a cer-
tain shearing effect on the molecular chains of the rubber
during processing, resulting in the Mooney viscosity of
4020/NR being lower than the Mooney viscosity of NR.
The Mooney viscosity of CGE + PPDA/NR is reduced by 5.9
units, and the Mooney viscosity of CGE-g-PPDA/NR is reduced
by 5.1 units. CGE is an oily substance with a strong plasticizing
effect, so the reduction in Mooney viscosity of NR with CGE is
greater than that of NR with 4020. Comparing the Mooney
viscosity of CGE + PPDA/NR and CGE-g-PPDA/NR, the reason is
that after the addition of CGE and PPDA blends, CGE and
PPDA do not react, and CGE is more free to penetrate into
the rubber material, which has a plasticizing effect on NR,
and therefore, the Mooney viscosity of CGE + PPDA/NR is
lower than that of CGE-g-PPDA/NR.

3.3 Effect of antioxidants on the OIT of NR
composites

Figure 5 shows the OIT test curves and corresponding OIT
values of NR composites containing different antioxidants
at 190°C.

The OIT of a material can be used to characterize the
strength of the material’s resistance to thermo-oxidative

aging; the longer the OIT, the better the material’s resis-
tance to thermo-oxidative aging (20–22).

As can be seen from the test curves in the figure, the
curve of the NR composites without antioxidant shows a
steep exothermic peak just after the passage of oxygen, and
its OIT is the shortest, which is 1.2 min, indicating that the
oxidation reaction of the material is the most violent. After
the addition of the antioxidants, the oxidation exothermic
peaks of the composites tend to level off, and the OIT are
significantly prolonged, indicating that all three antioxi-
dants can prolong the OIT of the NR composites. Among
them, the OIT of 4020/NR vulcanizate is 25.8 min, the OIT of
CGE + PPDA/NR vulcanizate is 15.4 min, and the OIT of CGE-
g-PPDA/NR vulcanizate is up to 83.6 min, which is three
times longer than that of 4020/NR vulcanizate, and the
oxidative exothermic peaks of the curves are smooth and
gentle, indicating that CGE-g-PPDA can give NR composites
a better OIT. The reason is that both 4020 and PPDA contain
–NH groups that can trap and passivate oxygen radicals,
and all three antioxidants can improve the thermo-oxida-
tive aging resistance of rubber composites. The higher
molecular weight of CGE-g-PPDA means that it is less likely
to be lost in the rubber matrix through volatilization and
migration, and therefore, CGE-g-PPDA/NR has a longer OIT.

3.4 Effect of antioxidants on the thermo-
oxidative degradation behavior of NR
composites

Thermogravimetric analysis test curves characterize the
thermal stability of the materials and thus evaluate the pro-
tective effect of each antioxidant. Figure 6 shows the thermo-
gravimetric curves and specific data for each composite
under nitrogen and air atmospheres, respectively.

3.4.1 N2 atmosphere

The thermogravimetric curves of each NR composite under
a nitrogen atmosphere are shown in Figure 6, and the
corresponding thermogravimetric characteristic tempera-
tures are given in Table 2.

In the experimental formulation, each component of
the rubber is the same except for the type of antioxidant, so
the thermal stability of each type of antioxidant can be
preliminarily assessed by comparing the temperatures of
T5%. As can be seen from the table, the temperatures of
T5% of the four composites, from high to low, are as fol-
lows: NR > CGE-g-PPDA/NR > CGE + PPDA/NR > 4020/NR.
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Figure 5: OIT curves of NR compounds.
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This is because in a nitrogen atmosphere, rubber cannot undergo
oxidative degradation due to the absence of oxygen. After adding
antioxidants, under the initial temperature rise, antioxidant 4020
is the first to decompose, the antioxidants in PPDA + CGE/NR
decompose at a higher temperature, and the antioxidants in CGE-
g-PPDA/NR decompose at a higher temperature than PPDA +

CGE/NR because of co-vulcanization with NR, which results in
the highest T5% of NR without antioxidant addition. The T5%
of the CGE-g-PPDA/NR vulcanizate is 325°C, which is higher

than that of the 4020/NR vulcanizate by 37°C, indicating that
the thermal stability of the new antioxidant is much better
than that of the traditional antioxidant 4020. Comparing the
Tmax of the two composites, the Tmax of the CGE-g-PPDA/NR
composite is 381°C, the Tmax of the 4020/NR composite is
377°C, and the Tmax of the CGE + PPDA/NR composite is
375°C. The former is still higher than the latter two, indi-
cating that the combination of the new antioxidant and
rubber is stronger than that of the blends of CGE + PPDA
and rubber. The stability of the new migration-resistant
antioxidant is higher.

3.4.2 Air atmosphere

The thermogravimetric curves of NR composites under the
air atmosphere are shown in Figure 7, and the corre-
sponding thermogravimetric characteristic temperatures
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Figure 6: TG (a) and DTG (b) curves of NR compounds in N2.

Table 2: TG characteristic temperature of NR compounds in N2

T5% (°C) T10% (°C) T50% (°C) Tmax (°C)

NR 332 353 403 379
4020/NR 288 343 388 377
CGE + PPDA/NR 312 343 388 375
CGE-g-PPDA/NR 325 347 394 381
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Figure 7: TG (a) and DTG (b) curves of NR compounds in air.
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are shown in Table 3. From the specific data in the table, it can
be seen that the T5% of 4020/NR composites are 298°C, which is
higher than those of the other three composites, and this is
because 4020 has a higher migration rate than other antiox-
idants and can migrate to the surface of the matrix faster and
accumulate under the same conditions, which can improve
the thermo-oxidative aging property of rubber materials in a
short time. Comparing the Tmax of the four composites, the
trend of CGE-g-PPDA/NR > CGE + PPDA/NR = 4020/NR > NR is
shown, which indicates that after a period of volatilization and
oxidation, the thermo-oxidative aging resistance of CGE-g-
PPDA/NR is the most excellent, which is attributed to the
more excellent migration resistance of CGE-g-PPDA.

3.5 Effect of antioxidants on the thermo-
oxidative aging properties of NR
composites

Table 4 shows the tensile strength, elongation at break, and
aging coefficient parameters of the composites before and

after aging. Figure 8 shows the changes in tensile strength,
elongation at break, and aging coefficient of the composites
at different aging times. From the table, it can be seen that
the performance of the four NR composites decreases to
different degrees with the aging time, but the CGE-g-PPDA/
NR always maintains the best elongation at break and excel-
lent tensile strength at each aging stage, indicating that the
aging resistance of the new antioxidant is quite good.

The aging coefficient can be used to characterize the
aging resistance of the composites, and the closer the aging
coefficient is to 1, the smaller the decrease in the perfor-
mance of the material compared to that before aging, and
the better the effect of the antioxidant. From Figure 8(c), it
is easy to see that the aging coefficient of antioxidant 4020
is larger than that of the new antioxidant in 72 h before
aging, and with the extension of the aging time, the aging
coefficient of 4020/NR starts to be smaller than that of CGE-
g-PPDA/NR, and the aging coefficient of CGE-g-PPDA is 0.13
in 120 h, which is much higher than the aging coefficient of
4020/NR (0.08). This shows that the anti-aging effect of 4020
is slightly better than that of CGE-g-PPDA in the early stage
of aging, while the stability of CGE-g-PPDA is higher, which
makes its anti-aging effect better than that of 4020 in the
late stage of aging. The reason is that in the early stage of
aging, the thermo-oxidative aging resistance of the rubber
largely depends on the concentration of antioxidant in the
surface layer of the rubber. The molecular weight of 4020
antioxidant is smaller, its movement rate is faster, and it
can very easily migrate to the surface of the vulcanizate
and accumulate, so the 4020/NR vulcanizate has excellent

Table 3: TG characteristic temperature of NR compounds in air

T5% (°C) T10% (°C) T50% (°C) Tmax (°C)

NR 273 323 382 368
4020/NR 298 333 387 376
CGE + PPDA/NR 293 332 387 376
CGE-g-PPDA/NR 293 333 388 377

Table 4: Mechanical properties before and after aging of NR compounds

NR 4020/NR CGE + PPDA/NR CGE-g-PPDA/NR

100°C × 0 h Tensile strength (MPa) 22.6 21.6 21.5 22.3
Elongation at break (%) 626.4 642.1 677.2 738.0
Aging coefficient 1 1 1 1

100°C × 24 h Tensile strength (MPa) 17.3 20.8 17.7 19.9
Elongation at break (%) 512.8 585.5 599.6 621.0
Aging coefficient 0.63 0.88 0.73 0.75

100°C × 48 h Tensile strength (MPa) 16.5 17.7 14.2 19.2
Elongation at break (%) 458.4 489.8 520.9 535.4
Aging coefficient 0.53 0.63 0.51 0.62

100°C × 72 h Tensile strength (MPa) 7.9 13.7 10.4 14.2
Elongation at break (%) 372.1 464.3 448.7 482.1
Aging coefficient 0.21 0.46 0.32 0.42

100°C × 96 h Tensile strength (MPa) 4.9 7.6 6.3 9.5
Elongation at break (%) 281.4 315.5 330.4 350.0
Aging coefficient 0.10 0.17 0.14 0.20

100°C × 120 h Tensile strength (MPa) 3.5 4.8 4.0 6.6
Elongation at break (%) 205.3 225.7 181.2 315.2
Aging coefficient 0.05 0.08 0.05 0.13
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resistance to thermo-oxidative aging. The molecular weight
of CGE-g-PPDA is higher than that of 4020, themigration rate
is lower, and it has not migrated to the surface in a short
time, so the early protective effect of CGE-g-PPDA is not as
good as that of small molecule antioxidant 4020, but with the
aging time, its antioxidant effect is better than that of 4020.
Therefore, as the aging time increases, the content of 4020 in
4020/NR vulcanizate decreases drastically due to continuous
migration, and the thermo-oxidative aging resistance of the
rubber deteriorates, but CGE-g-PPDA still remains in the
rubber matrix, and there are still a large number of free
radicals that can be trapped by the –NH group in the CGE-g-
PPDA/NR composite, which interrupts chains oxidation and
slows down the oxidation rate of the rubber. This proves
that the antioxidant CGE-g-PPDA has a higher migration
resistance and is more valuable than the traditional antiox-
idant 4020 in long-term aging environments.

3.6 Effect of antioxidants on cross-linking
density retention of NR composites

Table 5 shows the cross-linking density parameters of the
four materials at different aging times. Figure 9 shows
the change in cross-linking density of the materials and
the rate of change in cross-linking density during aging
for 120 h. From Table 5 and Figure 9(a), it can be seen
that the cross-linking density of the four materials shows
a trend of increasing and then decreasing. The reason is
that in the pre-aging period, the materials still contain
some S, and under the effect of high temperature, further
cross-linking of molecular chains will occur, and the cross-
linking density will be increased, while in the late aging
period, the breakage of molecular chains is dominant.
However, it is not difficult to see from the data that the
cross-linking density of CGE-g-PPDA/NR composites still
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Figure 8: Tensile strength (a), elongation at break (b) before and after aging, and aging coefficient (c) of NR compounds.
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remains at a higher level in the late aging period, indi-
cating that its anti-aging properties are excellent.

The cross-linking density retention rate of rubber
reflects the ability of the material to resist thermo-oxida-
tive aging, the higher the retention rate, the higher the
ability of the rubber to resist thermo-oxidative aging. As
shown in Figure 9(b), the cross-linking density change rates
of pure NR are all higher than those of rubber composites
containing antioxidants, indicating that all three antioxi-
dants can slow down the thermo-oxidative aging of rubber
chains. Among them, the CGE-g-PPDA/NR composite has
the highest cross-linking density retention rate, indicating
that the antioxidant CGE-g-PPDA has better thermo-oxida-
tive aging resistance than the antioxidant 4020.

3.7 Migration resistance of antioxidants

3.7.1 Surface blooming phenomenon

Figure 10 shows the electron micrographs of the surface of
the samples after aging the four composites for 120 h. From

the figure, it can be seen that the surface of NR without the
addition of antioxidants is very smooth without too much
small material exuding. The surface of the NR with 4020
added shows a lot of impurities, resulting in an obvious
blooming phenomenon. The NR with CGE + PPDA shows
more impurities and a higher degree of blooming. Compara-
tively, the NR with CGE-g-PPDA has only a small number of
impurities on the surface, and the blooming phenomenon is
not very obvious, leading to the judgment that CGE-g-PPDA
has better migration resistance. This is because 4020, as a
small molecule antioxidant, is more likely to migrate to the
surface of NR, resulting in the occurrence of a blooming
phenomenon. The molecular weight of CGE + PPDA is large,
and only a part will migrate to the surface of NR, while CGE-g-
PPDAwill undergo co-vulcanization with NR, which increases
the combination of antioxidant and rubber, so the blooming
phenomenon is the least obvious.

3.7.2 Filter paper contamination phenomenon

Figure 11 shows the migration of the four composites on
the filter paper. As can be seen from the figure, the NR with
no added antioxidant leaves almost no traces on the filter
paper. The NR with the addition of antioxidant 4020 leaves
extremely clear traces on the filter paper, indicating that
the antioxidant 4020 is less resistant to migration. The NR
with CGE + PPDA blends leaves a shallow trace on the filter
paper, and the antioxidant migrates to some extent. The NR
with the addition of the antioxidant CGE-g-PPDA leaves
almost no trace on the filter paper, indicating that the
antioxidant has excellent migration resistance. This is
because the antioxidants in 4020/NR and CGE + PPDA/NR

Table 5: Cross-linking density of NR compounds (10−4 mol·cm−3)

Aging time (h)

0 24 48 72 96 120

NR 1.416 1.487 1.361 1.321 1.256 1.103
4020/NR 1.700 1.900 1.658 1.610 1.530 1.420
CGE + PPDA/NR 1.523 1.765 1.499 1.241 1.167 1.010
CGE-g-PPDA/NR 1.642 1.848 1.732 1.698 1.592 1.502
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Figure 9: Cross-linking density (a) and retention of cross-linking density (b) of NR compounds.
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do not undergo co-vulcanization with NR, the antioxidants
migrate to the surface of the rubber and contaminate the
filter paper. The antioxidants in CGE-g-PPDA/NR can
undergo co-vulcanization with NR and are more distrib-
uted in the interior of the rubber so that the contamina-
tion of the filter paper is small.

3.7.3 Solvent extraction phenomenon

Figure 12 shows the phenomenon of the four composites
soaked in anhydrous ethanol for 120 h. Anhydrous ethanol

is a colorless liquid when not soaked. From the figure, it
can be seen that there is no change in the anhydrous
ethanol in the bottles of the blank control group without
the addition of antioxidant; the anhydrous ethanol in the
bottles of the NR with the addition of antioxidant 4020
changes to a darker yellow color. The color of the anhy-
drous ethanol in the bottles of NR with the addition of CGE
+ PPDA changes to a lighter yellow color, and the color of
the anhydrous ethanol in the bottles of NR with the addi-
tion of CGE-g-PPDA remains unchanged. This phenomenon
indicates that the antioxidant 4020 is the most easily
extracted, and the synthetic CGE-g-PPDA is more resistant

Figure 10: SEM images of NR compounds.

Figure 11: Changes of NR vulcanizates on filter paper.
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to solvent extraction. The first reason is that the molecular
weight of CGE-g-PPDA is larger than that of antioxidant
4020, and the movement rate is slower. The second reason
is that CGE-g-PPDA contains carbon–carbon double bonds,
which undergo co-vulcanization reaction with rubber mole-
cular chains during vulcanization. The combination of CGE-
g-PPDA and the rubber matrix is tighter and therefore more
difficult to extract.

4 Conclusions

In summary, this article first characterizes the structure of
the synthesized product through FTIR, indicating the suc-
cess of the new antioxidant CGE-g-PPDA. Then, CGE-g-PPDA
is applied to NR, and the test shows that the antioxidant
CGE-g-PPDA can significantly reduce the Mooney viscosity
of NR and improve the processing performance of NR.
Second, in the OIT test results, the OIT of 4020/NR is only
25.8 min, while that of CGE-g-PPDA is as long as 83.6min,
which proves that CGE-g-PPDA can effectively improve the
thermal stability of NR. Tests on the tensile properties and
cross-linking density of the materials before and after aging
show that CGE-g-PPDA can improve the aging resistance and
cross-linking density retention of NR. Finally, through the
filter paper simulation experiment and solvent extraction
experiment, it can be seen that the migration resistance and
solvent extraction resistance of the antioxidant CGE-g-PPDA
are obviously better than that of the traditional small mole-
cule antioxidant 4020. Therefore, CGE-g-PPDA can endowNR
with excellent thermo-oxidative aging resistance and long-
term protection and has broad application prospects.
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