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Abstract: A combined processing strategy was developed by incorporating polyethylene glycol (PEG-800) into nat-
ural rubber latex, followed by microwave drying. The main advantage of this strategy is that it simultaneously
improves the homogeneity of the PEG-containing natural rubber (NR) precursor and enables filler-specific interfacial
regulation, thereby achieving a better balance among filler dispersion, curing behavior, mechanical reinforcement, and
dynamic performance. Microwave drying promoted more uniform dehydration and improved subsequent vulcaniza-
tion, while PEG-800 further regulated the filler—rubber interface. In the silica/NR composites, 0.5-1 phr PEG-800
improved the overall properties. Compared with the conventionally dried silica/NR control, the composite containing
1 phr PEG-800 exhibited increases of 17.7% and 12.1% in tensile strength and wet-skid-related indicator (tan ¢ at
0 °C) while reducing DIN abrasion volume loss by 15.9%. However, increasing the PEG-800 loading to 2 phr caused
increased filler agglomeration and deterioration in curing and high-temperature dynamic performance. Therefore, 0.5-
1 phr was identified as the effective loading range for the silica/NR composites, and 1 phr was selected as the overall
optimum. In contrast, the carbon black (CB)/NR composites exhibited a more gradual response to PEG-800. Com-
pared with the conventionally dried CB/NR control, the composite containing 2 phr PEG-800 increased tensile
strength by 20.2%, reduced abrasion volume loss by 7.82%, and decreased rolling-resistance indicator (tan J at 60 °C)
by 42.8%, but its elongation at break and hardness decreased compared with the 1 phr formulation. Considering the
overall balance of filler dispersion, mechanical properties, and dynamic performance, 1 phr PEG-800 was selected as
the optimum loading for the CB/NR composites.

Keywords: microwave drying, polyethylene glycol, natural rubber composites, silica dispersion, carbon black dispersion.

Introduction

Natural rubber (NR) is primarily composed of cis-1,4-polyisoprene

. as the main chain, and naturally coexists with non-rubber
"To whom correspondence should be addressed. ’ Y

bhg@qust.edu.cn, ORC 0000-0003-3876-4746 components such as proteins, phospholipids, inorganic salts,
©2026 The Polymer Society of Korea. All rights reserved. and fatty acids, endowing it with excellent elasticity as well

736


https://orcid.org/0000-0003-3876-4746
https://orcid.org/0000-0003-3876-4746
https://orcid.org/0000-0003-3876-4746
https://orcid.org/0000-0003-3876-4746

Study on Polyethylene Glycol-800-Modified Natural Rubber Latex Composites via Microwave Drying 737

as certain interfacial activity and processing sensitivity.'

NR is widely used in daily life, and in the automotive and
aerospace industries. However, a major problem in the application
of rubber composites is the poor compatibility between the non-
polar NR chains and polar fillers, which leads to processing
difficulties.**

Moreover, the strong hydrogen bonds between silica particles
and the van der Waals forces in carbon black also result in
insufficient dispersion within the rubber matrix, causing
agglomeration and failing to meet the performance requirements
of rubber composites.*’

Recent studies have demonstrated that filler dispersion and
interfacial structure in rubber composites can be regulated through
both interfacial modification and processing optimization.
Wang et al.’ introduced an amino-functionalized polysulfide
into NR/carbon black (CB) composites to establish a molecular
bridge between CB and rubber chains, thereby improving filler
dispersion and interfacial adhesion while reducing hysteresis
loss. Phumnok et al.” used computational fluid dynamics to
demonstrate that impeller configuration and processing scale
strongly influence silica dispersion during natural-rubber-latex
mixing. Bera et al® pretreated natural rubber latex with sorbitol
and showed that regulation of the latex precursor before filler
incorporation could improve subsequent silica dispersion and
dynamic performance. In addition, Mathew et al’ reviewed recent
natural-rubber drying technologies and highlighted microwave
drying as a promising method for rapid moisture removal and
reduced energy consumption. They also emphasized that microwave
power, drying time, moisture content, and temperature must
be carefully optimized because these parameters can affect
drying uniformity and the final properties of natural rubber. These
findings indicate that the performance of rubber composites
depends not only on the interfacial modifier itself but also on
the processing history of the rubber precursor and the conditions
used for filler incorporation and subsequent network formation.
However, latex-phase interfacial modification and microwave
drying have generally been investigated separately. The effects
of pre-incorporating PEG-800 into natural rubber latex followed
by microwave drying have not been sufficiently clarified,
particularly for silica and carbon black fillers with distinctly
different surface characteristics. Zhao et al. employed a latex
mixing method, a green and facile process, to solve the problem
of uniform dispersion of polar graphene oxide (GO) in non-polar
NR. Through atomic force microscopy, X-ray diffraction, and
transmission electron microscopy, they successfully confirmed
that GO is uniformly dispersed in the NR matrix in the form

of single layers, validating the effectiveness of the latex mixing
method.'® Bo et al. utilized a y-ray irradiation technique to
successfully graft two representative monomers onto the surface
of carbon black, aiming to overcome its inherent defects of easy
agglomeration and poor dispersion, thereby opening up a novel,
green, and efficient pathway for the preparation of high-
performance, easily-dispersible carbon black materials." Li
compared the effects of modifying SiO, with PEGs of different
molecular weights to reduce the dosage of Si69. The results
showed that the molecular weight of PEG-800 provided the
best overall effect, and it could also reduce the dosage of Si69
and volatile organic compounds (VOCs) emissions." Therefore,
a PEG reagent with a molecular weight of 800 was adopted in
this experiment. Xu adopted a two-stage mixing process to
complete the silanization first, followed by the addition of
PEG-400. It was concluded that PEG-400 could simultaneously
improve the wet skid resistance, rolling resistance, and wear
resistance of silica/silane rubber composites, breaking the mutual
constraints of the “magic triangle.”* Hu used the mass fractal
model and the gel network model to extract the size of the occluded
rubber for the first time, concluding that the hydrogen bond-
induced aggregation of PEG-2000 increased the occluded rubber,
promoting filler aggregation and occluded rubber formation.'*
Addressing the issue that pristine clay is incompatible with
NR and cannot be nano-dispersed, J. Carretero proposed using
PEG-5000 as a swelling/dispersing agent added in one step
without organic pretreatment. It was concluded that PEG, as
a multifunctional interface regulator, simultaneously plays the
roles of intercalation aid, vulcanization accelerator, and competitive
adsorbent.”” Kim et al. investigated silica/clay composites, in
which accelerator adsorption can lead to insufficient crosslinking,
and examined the effect of PEG on bound rubber in the
presence of carbon black.'®

Building upon these premises, this study proposes a composite
modification strategy by incorporating PEG-800 into the latex
phase followed by microwave drying. PEG is generally regarded
as a modifier that can significantly improve the dispersion of
polar fillers in a non-polar rubber matrix.'”"* Compared with
conventional hot-air or vacuum drying, the microwave drying
process can endow the rubber with better network structures in
both the raw and vulcanized states.”**** A systematic investigation
was conducted to evaluate the effects of this method on filler
dispersion, interfacial structure, and macroscopic properties
of PEG-800/silica/NR composites and PEG-800/CB/NR composites,
aiming to determine the optimal dosage of PEG-800. Through a
comparative analysis of vulcanization characteristics, mechanical
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properties, dynamic mechanical behavior, and microscopic
morphology, the interfacial regulation mechanism of PEG-800
within different filler composites and its combined effect with
microwave drying were elucidated. Compared to existing research
in which PEG was primarily introduced during conventional
compounding or after silanization, the present study pre-incorporates
PEG-800 into natural rubber latex and couples this step with
microwave drying before filler compounding. This work provides
technical guidance for the fabrication of high-performance
rubber materials.

Experimental

Materials. In this study, natural rubber latex (NRL, solids
content 60 wt%) was supplied by Hainan Natural Rubber Industry
Group Co., Ltd. (Hainan, China). Silica (SiO,, grade 1165MP,
specific surface area 165 m*-g ™', density 2.06 g-cm™) was pur-
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Table 1. Experimental Formula of Rubber Composite Materials

Material Silica/NR composites CB/NR composites
NR 100 100
Silica (1165MP) 60 -
Carbon black (N660) - 50
Si69 6 -
ZnO 35 5
SAD 2 3
S 1.2 2.5
CZ 1.2 -
DPG 0.4 -
DM - 0.3
4020 2 -
PEG-800 0, 0.5, 1, 2 (Varied in 0, 0.5, 1, 2 (Varied in

pre-modification) pre-modification)

Mixing mill

= 11
S

mix PEG-800 with NRL vﬁmc foam

Step 4

Step 5
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Silica-filled NR composites/
carbon black-filled NR composites

Figure 1. Schematic illustration of the preparation process of modified natural rubber.
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chased from Solvay Silica Co., Ltd. (Qingdao, China). Carbon
black (N660) and polyethylene glycol (PEG-800) were provided
by Wuxi Yatai United Chemical Co., Ltd. (Wuxi, China). The
silane coupling agent Si69, zinc oxide (ZnO), stearic acid
(SAD), accelerators DPG and CZ, antioxidant 4020, and sulfur
were all commercially available industrial-grade products and
were used as received.

Formulation. In this study, natural rubber composites were
prepared using a microwave drying process, with the PEG-800
loading as the primary variable. The base formulation of the
CB/NR composites consisted of 100 parts of microwave-dried
natural rubber, 50 parts of N660 carbon black, 5 parts of ZnO,
3 parts of SA, 0.3 parts of DM, and 2.5 parts of S. Sample 0,
prepared by conventional drying without PEG-800, was used
as the control and denoted as CB-CD. Sample 1 was prepared
via microwave drying without PEG-800 and denoted as CB-
MD. Samples 2—4 were prepared by incorporating 0.5, 1, and
2 phr of PEG-800 into microwave-dried natural rubber and
were denoted as CB-MD-0.5 phr, CB-MD-1 phr, and CB-MD-
2 phr, respectively. The base formulation of the silica/NR com-
posites consisted of 100 parts of microwave-dried natural rub-
ber, 60 parts of 1165 MP silica, 6 parts of Si69, 3.5 parts of ZnO,
2 parts of SA, 1.2 parts of S, 1.2 parts of CZ, and 0.4 parts of
DPG. Sample 0, prepared by conventional drying without
PEG-800, was used as the control and denoted as Sil-CD. Sample
1 was prepared via microwave drying without PEG-800 and
denoted as Sil-MD. Samples 2—4 were prepared by incorpo-
rating 0.5, 1, and 2 phr of PEG-800 into microwave-dried natural
rubber and were denoted as Sil-MD-0.5 phr, Sil-MD-1 phr, and
Sil-MD-2 phr, respectively.

The detailed formulations are summarized in Table 1.

Sample Preparation. Figure 1 shows a schematic illustration
of the preparation procedure. Mixing: According to the for-
mulation, the required amount of PEG-800 was added to nat-
ural rubber latex (NRL, 60 wt% solids). The mixture was stirred
at a constant speed for 3 min using a mechanical stirrer to
ensure homogeneous dispersion of PEG-800 in the latex until
a fine and stable foam formed on the surface. The control sam-
ple (PO) was prepared without PEG-800, while all other pro-
cedures remained identical.

Sampling and microwave drying: The foamed latex mixture
was uniformly spread on a stainless-steel tray to form a layer
with a thickness of 2-3 mm. Microwave drying was performed
at a nominal output power of 700 W for a total irradiation time
of 7 min. The sample was turned once during the drying pro-
cess to improve heating uniformity. The residual moisture content

was measured using a moisture analyzer (SYP1015-III, Shang-
hai Shenkai, China), and the final moisture content was con-
trolled below 1.5 wt%. The resulting material was denoted as
the PEG-800-containing natural rubber precursor.

Compounding: The modified natural rubber was first charged
into an internal mixer (X(S)M-1.7L, Qingdao Yilang Rubber
Equipment Co., Ltd., Qingdao, China), and the ram was lowered
to seal the feed port for an initial mixing period of 50 s. Sub-
sequently, N660 carbon black, SA, ZnO, and other additives were
added. Any carbon black discharged from the mixing chamber
during feeding was collected and returned to the mixer. The
compounds were mixed for a total of 6.50 min. After mixing,
the compound was discharged from the mixer at approximately
145 °C. Finally, the compound was sheeted on a two-roll mill
(X(S)K-160, Wuxi Shuangxiang Rubber & Plastic Machinery
Co., Ltd., Wuxi, China), and sulfur together with accelerator
DM was incorporated by repeated sheeting and folding (trian-
gular packing) to obtain a homogeneous rubber compound.

Characterization. Mooney Viscosity and Vulcanization
Characteristics: The Mooney viscosity was measured using a
Mooney viscometer (PREMIER MV, Alpha Corporation, Akron,
USA) in accordance with ISO 289-1:2014. The test was con-
ducted at 100 °C for 4 min with a preheating time of 1 min.
The curing characteristics of the rubber compounds were eval-
uated using a moving-die rheometer (MDR-C, Alpha Corpo-
ration, Akron, USA) following ISO 6502-2:2018, with the test
temperature set at 150 °C.

Mechanical Properties: The hardness of the vulcanized
rubber was determined using a Shore hardness tester (H17A/1,
Wallace, Surrey, UK) in accordance with ISO 7619-2:2004.
The tensile properties of the vulcanized rubber were measured
using a universal testing machine (Instron 3365, Instron, Nor-
wood, USA) following ISO 37:2005.

DIN Abrasion: The abrasion resistance of the rubber com-
pounds was evaluated using a DIN abrasion tester (SS-5643-D,
Songshu Testing Instruments Co., Ltd., Dongguan, China) in
accordance with GB/T 9867-1988.

Scanning Electron Microscopy (SEM): The microstruc-
tural morphology of the rubber composites was observed using
a scanning electron microscope (SEM, SU 8000, Hitachi, Tokyo,
Japan). The rubber samples were first cryo-fractured in liquid
nitrogen to obtain brittle fracture surfaces. To ensure stable
observation conditions, the fractured samples were conditioned
at 80 °C for 24 h. The fracture surfaces were then mounted on
sample holders and sputter-coated with a thin gold layer prior
to SEM observation.
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Fourier Transform Infrared Spectroscopy (FTIR): The sil-
ica/NR and CB/NR composite samples were thoroughly mixed
with potassium bromide (KBr), ground uniformly, and pressed
into transparent pellets. FTIR spectra were recorded using an
FTIR spectrometer (Nicolet iS50, Thermo Fisher Scientific,
Waltham, USA). Each spectrum was collected with 16 scans at a
resolution of 8 cm™ over a wavenumber range of 4004000 cm™'.

Dynamic Mechanical Analysis (DMA). Dynamic mechani-
cal properties were measured using a dynamic mechanical ana-
lyzer (EPLEXOR 150N, Netzsch, Selb, Germany). The test
conditions were as follows: dynamic force of 60 N, dynamic
strain of 0.25%, static force of 70 N, static strain of 5%, heating
rate of 2 °C-min™' or 2 °C/min, temperature range from —65 to
65 °C, and a test frequency of 10 Hz.

Payne Effect: The Payne effect of the rubber compounds was
evaluated using a rubber process analyzer (RPA2000, Alpha
Corporation, Akron, USA). The measurements were conducted
at 60 °C with a frequency of 0.01 Hz, and the strain amplitude
was swept from 0.28% to 40%.

Cut Resistance: Specimens were tested using a cutting-resis-
tance testing machine (SS-5681, Qingdao Hainuotaike Testing
Instrument Co., Ltd., Qingdao, China) under a fixed load of 5 kg,
and the cut-resistance index was calculated based on mass loss.

Silica/Carbon Black Dispersion: The vulcanized rubber was

(a)

Slow surface heating
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cut with a knife, and the cut surface was placed flat against the
observation window of the dispersion analyzer (DisperGrad-
eraview HR, Alpha Corporation, Akron, USA). The dispersion
calculation threshold was 23 pm, and the exposure time was
40 ms.

Statistical Analysis: Tensile properties, hardness, rebound
resilience, DIN abrasion resistance and Mooney viscosity were
measured using three independent specimens, and the results
are reported as the mean + standard deviation. The DMA and
rubber process analysis (RPA) results are presented as repre-
sentative curves obtained under identical testing conditions;
therefore, error bars are not shown for these curves.

Results and Discussion

Mechanism of Microwave Drying and PEG Interaction.
Figure 2(a) shows a schematic illustration of microwave dry-
ing and the melting—diffusion behavior of PEG under micro-
wave irradiation. Figure 2(b) shows the interfacial interaction
mechanisms of PEG with rubber molecular chains in silica- and
carbon black-filled rubber composites. Microwave drying enables
selective volumetric heating of polar components in the system,
such as water, non-rubber constituents, and PEG molecules,
through interaction with the electromagnetic field, thereby realizing

Melting diffusion effect

®CB
® Silica
o PEG-800

S

e
P A

’_,.---"'vr-] H H
bydrogenbend @ O O
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Wetting layer
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Figure 2. (a) Schematic illustration of microwave drying and the melting—diffusion behavior of PEG under microwave irradiation; (b)
interfacial interaction mechanisms of PEG with rubber molecular chains in silica- and carbon black-filled rubber composites.
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a rapid and uniform dehydration process from the interior to
the exterior. Therefore, the primary role of microwave drying
was to regulate the dehydration and structural evolution of the
PEG-containing natural rubber precursor. Compared with con-
ventional drying, microwave drying promoted volumetric heating
and rapid moisture removal under the applied conditions during
dehydration. In addition, the rapid removal of water helps pre-
serve the distribution of non-rubber components, providing a more
homogeneous initial microstructural environment for subse-
quent filler dispersion and crosslinking reactions. As a result,
microwave drying not only shortens the drying time but also
markedly improves the structural uniformity and network sta-
bility of filler—rubber systems.

The principal role of PEG-800 is associated with interfacial
regulation during the subsequent compounding of the dried
natural rubber precursor with the fillers. In the silica/NR com-
posites, the ether oxygen atoms and terminal hydroxyl groups
of PEG-800 can interact with surface silanol groups through
hydrogen bonding. Such interactions compete with the hydro-
gen-bonding association between adjacent silica particles, thereby
weakening silica-silica interactions and improving the wetting
of silica by the rubber matrix. At an appropriate PEG-800 loading,
this interfacial regulation facilitates filler dispersion and pro-
motes the formation of a more homogeneous filler—rubber net-
work. However, excessive PEG-800 may partially cover the silica
surface or interfere with the interfacial reaction between silica
and Si69. This competitive adsorption or shielding effect may
reduce the efficiency of silane-mediated coupling, resulting in
increased filler agglomeration and deterioration of the effective
crosslink network.

In the CB/NR composites, the interfacial-regulation mecha-
nism of PEG-800 differs from that in the silica-filled system.
Because carbon black contains a considerably lower concentra-

tion of strongly hydrogen-bonding surface groups than silica,
PEG-800 is expected to interact with carbon black mainly through
physical adsorption, surface wetting, and weak interactions with
oxygen-containing functional groups on the carbon-black sur-
face. The adsorbed PEG chains may form a flexible interfacial
layer that improves the compatibility between carbon black and
the natural rubber matrix and reduces the tendency of carbon-
black aggregates to re-agglomerate during mixing. Accordingly,
the effect of PEG-800 in the CB/NR system is dominated by
physical interfacial regulation rather than by the strong hydro-
gen-bond-mediated interaction observed in the silica/NR sys-
tem.

The combined effect of microwave drying and PEG-800 can
therefore be described as a sequential processing—interface
coupling effect. Microwave drying first regulates the dehydra-
tion history and distribution state of PEG-800 within the nat-
ural rubber precursor. During subsequent compounding, PEG-
800 then migrates or redistributes toward the newly formed
filler—rubber interfacial regions and regulates filler—filler and
filler—rubber interactions. This sequential process can facilitate
filler wetting and dispersion, modify the filler network, and influ-
ence the formation of the vulcanized network. The improve-
ments observed in filler dispersion, fracture morphology, curing
behavior, mechanical properties, and dynamic-mechanical per-
formance are consistent with this proposed mechanism.

Fourier Transform Infrared Spectroscopy (FTIR). Fig-
ures 3(a) and 3(b) present the FTIR spectra of the silica/NR
composites and CB/NR composites, respectively. In both com-
posites, the major characteristic absorption bands appear at sim-
ilar wavenumbers, indicating that neither microwave drying nor
the incorporation of PEG-800 induces the formation of new
chemical bonds. The spectral differences are mainly reflected
in changes in band intensity and band shape at several sensitive

(a) ——Sil-CD (b) —— CB-CD
—— Sil-MD —— CB-MD
——Sil-MD-0.5 phr —— CB-MD-0.5 phr
~——— Sil-MD-1 phr ——— CB-MD-1 phr

=
e .

CB-MD-2 phr

800
Wavenumber (cm™)

1200 1600 2000 2400 2800 3200 3600 4000 800 1200 1600 2000 2400 2800 3200 3600 4000

Wavenumber (cm™)

Figure 3. FTIR spectra of (a) silica/NR composites; (b) CB/NR composites.
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regions, which are associated with variations in residual moisture
state, hydrogen-bonding interactions, and filler—rubber interfacial
structures caused by the drying method and PEG-800 addition.
Although no new characteristic absorption bands were observed,
FTIR alone cannot exclude subtle changes in molecular weight
or limited chain scission during microwave treatment.

The FTIR spectra of the silica/NR composites are shown in
Figure 3(a). The broad absorption band in the range of 3000
3650 cm™ is attributed to O—H stretching vibrations associated
with hydrogen bonding. The broad peak centered at approxi-
mately 3450 cm™' corresponds to hydrogen-bonded silanol groups,
while the sharper band near 3650 cm™ is assigned to free silanol
groups. Upon microwave drying, the bands in the 3200-3600
cm™ region become narrower with reduced intensity, indicating
that volumetric heating and selective coupling of microwaves
with polar water molecules effectively remove adsorbed and
bound water and alter the proportion of hydrogen-bonded sila-
nol species on the silica surface. With increasing PEG-800 con-
tent, the intensity of the band near 3650 cm™ gradually decreases,
indicating a change in the state of relatively free silanol groups
on the silica surface. Meanwhile, the enhanced —CH,— stretching
bands at approximately 2920 and 2850 cm™ confirm the incor-
poration of PEG-800. The simultaneous decrease in the free-
silanol-related band and increase in the PEG-related bands are
consistent with hydrogen-bonding interactions between PEG-
800 and surface Si-OH groups, which may weaken silica—silica
interactions and improve interfacial wetting. Since no new
characteristic absorption band appears, this interaction is con-
sidered predominantly non-covalent rather than chemical grafting.

O
20.0um

£2. 00K LIA{UILY
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Figure 4. SEM images of silica/NR composites: (a) Sil-CD; (b) Sil-MD; (c) Sil-MD-0.5 phr; (d) Sil-MD-1 phr; (e) Sil-MD-2 phr.

In addition, compared with the conventional drying control group
and microwave-dried samples, the intensities of the —CH,—
stretching bands at approximately 2920 and 2850 ¢cm™ pro-
gressively increase with PEG-800 addition. These bands are
assigned to the asymmetric and symmetric C—H stretching
vibrations of methylene groups in PEG. This observation con-
firms the successful incorporation of PEG-800 into the system
and its participation in interfacial structure formation.

The FTIR spectra of the CB/NR composites are shown in
Figure 3(b). As the PEG-800 content increases, absorption bands
in the 1000-1150 cm™ region gradually emerge and intensify,
which can be attributed to the stretching vibrations of ether
linkages in PEG. Meanwhile, the —CH,— stretching bands at
approximately 2850 and 2920 cm™ show a monotonic increase
in intensity with increasing PEG-800 content, indicating a higher
PEG fraction in the composite and a greater tendency for PEG
to form a continuous organic adsorption layer on the carbon
black surface. Owing to the absence of a high density of strongly
hydrogen-bonding functional groups on carbon black, PEG-800
mainly interacts with carbon black through physical adsorption
rather than specific chemical interactions. The gradual enhance-
ment of the C—O—C absorption bands in the 1000-1150 cm™
region and the —CH,— stretching bands at approximately 2920
and 2850 cm™ confirms the incorporation of PEG-800 into the
CB/NR composites. However, no new characteristic absorption
band is observed. Therefore, the FTIR results, together with the
SEM morphology discussed below, support an interfacial mech-
anism dominated by physical adsorption and surface wetting
rather than the formation of new chemical bonds.
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Figure 5. SEM images of CB/NR composites: (a) CB-CD; (b) CB-MD; (c¢) CB-MD-0.5 phr; (d) CB-MD-1 phr; (¢) CB-MD-2 phr.

SEM. Figures 4 and 5 present the SEM surface morpholo-
gies of silica/NR composites and CB/NR composites prepared
under different drying methods and PEG-800 loadings. Overall,
distinct filler agglomeration structures can be observed on the
surfaces of the conventionally dried samples, indicating limited
filler dispersion within the rubber matrix. In contrast, the frac-
ture surfaces of the microwave-dried samples show a marked
reduction in macroscopic agglomerates. This suggests that
microwave drying modifies the dehydration history and struc-
tural uniformity of the NR precursor.

Upon the introduction of PEG-800 under microwave drying
conditions, both filler composites display further improved
interfacial morphological characteristics. For the silica/NR
composites, the samples containing 0.5-1 phr PEG-800 exhibit
fewer and smaller visible filler-rich agglomerates and a more
homogeneous fracture morphology than the sample without
PEG-800. These specific morphological changes indicate improved
silica dispersion and interfacial wetting. Combined with the
decrease in the free-silanol-related FTIR band near 3650 cm™,
the SEM observations support the proposed hydrogen-bonding
interaction between PEG-800 and surface silanol groups. In
contrast, the sample containing 2 phr PEG-800 shows more visible
filler-rich domains, suggesting that excessive PEG-800 may
interfere with Si69-mediated interfacial coupling and promote
secondary agglomeration. For the CB/NR composites, the addition
of PEG-800 reduces the number of large visible carbon-black-rich
agglomerates and results in a more uniform fracture morphology.
These observations are consistent with improved interfacial
wetting and reduced re-agglomeration of carbon black. Together

Table 2. Vulcanization Characteristics and Mooney Viscosity of
Ten Rubber Composite Materials

M My AM T Too
(DNM) (DNM) (DNM) (min) (min)
CB-CD 0.84 10.49 9.65 2.52 26.38
CB-MD 0.81 12.93 12.12 1.81 16.41

CB-MD-0.5 1.01 14.38 13.37 1.22 13.03
CB-MD-1 1.05 14.44 13.39 1.14 12.01
CB-MD-2 0.94 14.63 13.69 1.02 10.73

Sil-CD 2.11 32.68 30.57 1.60 12.83
Sil-MD 1.99 35.93 33.94 0.45 8.30

Sil-MD-0.5 221 39.51 37.30 0.44 7.89
Sil-MD-1 220 37.33 35.13 0.61 8.24
Sil-MD-2 2.29 23.18 20.89 0.39 13.70

with the enhancement of PEG-related FTIR bands and the
absence of new absorption peaks, the SEM results support a
physical-adsorption-dominated interaction between PEG-800
and carbon black.

Overall, the reduction in visible filler agglomerates and the
more homogeneous fracture morphology provide morpholog-
ical evidence of improved filler dispersion. When combined
with the FTIR results, these observations support the proposed
filler-dependent interfacial mechanisms: hydrogen-bonding-medi-
ated regulation in the silica/NR composites and physical-adsorp-
tion and wetting-dominated regulation in the CB/NR composites.

Vulcanization Characteristics. Table 2 summarizes the
vulcanization characteristics of the ten rubber composites. M

Polym. Korea, Vol. 50, No. 5, 2026
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Figure 6. Cure characteristics of (a) CB/NR composites; (b) silica/NR composites.

represents the minimum torque during vulcanization and reflects
the flowability of the rubber compound, while Ay denotes the
maximum torque corresponding to the stiffness of the fully
cured network.” The difference between M, and M, (M~
M;) is commonly used to evaluate the crosslink density of
vulcanized rubber®® A higher M;—M, value indicates a greater
number of effective crosslink points per unit volume, corresponding
to a higher crosslink density?” The scorch time (7},) and optimum
cure time (74) are used to characterize the vulcanization kinetics.
Lower T}, and Ty, values indicate a faster vulcanization rate and
higher curing efficiency, whereas larger values suggest improved
processing safety but slower crosslink formation.”

Vulcanization Behavior of the CB/NR Composites: Figure
6(a) shows the Ty, To, and AM values of CB composite
rubber. For the CB/NR composites, the drying method exerted
a pronounced influence on vulcanization kinetics. Compared
with the conventionally dried sample, the AM of microwave-
dried drying sample increased from 9.65 to 12.12, indicating that
the effective crosslinking density was higher after microwave
drying.”® The optimal vulcanization time was significantly
shortened from 26.38 min to 16.41 min, indicating that microwave
drying effectively accelerated the vulcanization process. This
behavior is attributed to the reduction of residual polar moisture
after microwave drying and the more uniform distribution of
curing agents.”

Upon the introduction of PEG-800 under microwave drying,
the vulcanization characteristics of the CB/NR composites were
further modified. As the PEG-800 content increased from 0.5
to 2 phr, ML first increased and then slightly decreased from
1.01 to 0.94. This trend suggests that low PEG-800 loading
increases the initial viscoelastic resistance due to interfacial
adsorption and coordination effects, whereas higher loading
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improves flowability through lubrication and plasticization.
Concurrently, both MH and AM continuously increased, indicating
an enhancement in effective crosslink density. In addition, both
Ty and Ty, were significantly shortened with increasing PEG-
800 content, with Ty, decreasing from 13.03 min to 10.73 min.
This result indicates that PEG-800 exhibits a curing-activation
effect under microwave drying conditions, likely arising from
the formation of coordination microdomains between PEG
molecules and ZnO/accelerators, which facilitates the generation
and diffusion of active sulfur species and thus accelerates
vulcanization.*

Vulcanization Behavior of the Silica/NR Composites:
Figure 6(b) shows the T}y, Ty, and AM values of silica composite
rubber. After microwave drying, the silica/NR composites
exhibited a pronounced acceleration in vulcanization kinetics.
The Ty, value decreased from 12.83 min to 8.30 min, while T},
was shortened from 1.60 min to 0.45 min, indicating that microwave
drying can promote the formation of a more uniform network
in the uncured rubber and accelerate vulcanization. Meanwhile,
AM increased from 30.57 to 33.94, suggesting the formation
of a denser crosslinked network.>**!

When PEG-800 was introduced under microwave drying,
the silica/NR composites exhibited a distinct dose-dependent
vulcanization behavior. At PEG-800 contents of 0.5-1 phr, both
My and AM further increased, while Ty, remained at a rela-
tively low level. This indicates that an appropriate amount of
PEG-800 can form hydrogen bonds with silanol groups on the
silica surface, thereby weakening fillerfiller interactions and
improving the homogeneity of the curing system, which facilitates
crosslink network formation. However, when the PEG-800 con-
tent increased to 2 phr, My and AM decreased markedly from
35.13 to 20.89, accompanied by a significant extension of Ty
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Figure 7. Mooney viscosities of (a) silica/NR composites; (b) CB/NR composites.

to 13.70 min. This result suggests that excessive PEG-800 may
partially shield the coupling efficiency of Si69 or the active sites
involved in vulcanization, thereby weakening silica—rubber inter-
facial coupling and inhibiting both vulcanization rate and cross-
link density.

Mooney Viscosity Characterization. Mooney viscosity reflects
the processability of rubber compounds as well as the strength
of filler—rubber interactions.*>** As shown in Figure 7, the
Mooney viscosity of both filler composites is strongly influ-
enced by the drying method. For the silica/NR composites, the
Mooney viscosity of the conventionally dried sample was 46.06 MU,
which decreased to 40.82 MU after microwave drying. This reduc-
tion indicates that microwave drying, through a more uniform
and rapid dehydration process, effectively changes the raw rubber
network, thereby improving compound flowability. Upon the
introduction of PEG-800 under microwave drying, the Mooney
viscosity increased markedly at low PEG loadings and then
gradually decreased with further PEG addition. This non-mono-

tonic trend suggests that a small amount of PEG-800 enhances
the interfacial interaction between silica and rubber via hydro-
gen bonding, whereas at higher loadings, PEG-800 may exert
a certain shielding effect on the coupling agent, weakening the
effective coupling between silica and rubber and consequently
reducing the Mooney viscosity.

In contrast, the CB/NR composites exhibited a generally lower
Mooney viscosity and a weaker response to PEG-800 addition.
Microwave drying resulted in a slight decrease in Mooney vis-
cosity compared with conventional drying, while the incorpo-
ration of PEG-800 induced only minor variations, with values
remaining within a narrow range of 34.88-36.97 MU. This behav-
ior indicates that, in the CB/NR composites where physical
adsorption governs filler—rubber interaction, PEG-800 exerts a
limited influence on the processing rheology. Overall, micro-
wave drying contributes to improved initial processability of
rubber compounds, whereas the effect of PEG-800 on Mooney
viscosity is distinctly filler-dependent and more pronounced in
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the silica/NR composites. and 9(b) present the tensile strength and elongation at break of
Mechanical Properties. Figures 8(a) and 8(b) show the 100% the two composite systems. Figures 10(a) and 10(b) show their
and 300% moduli and the 300%/100% modulus ratios of the hardness and rebound resilience, respectively, while Figures

silica/NR and CB/NR composites, respectively. Figures 9(a) 11(a) and 11(b) present representative tensile stress—strain curves.
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Overall, microwave drying improved the tensile modulus and
tensile strength of both composite systems compared with con-
ventional drying, indicating the formation of a more uniform
and effective reinforcing network.

For the silica/NR composites, the improvement in mechan-
ical properties achieved by microwave drying was particularly
pronounced. Compared with the Sil-CD sample, the Sil-MD
sample exhibited an increase in the modulus at 100% elonga-
tion from 2.83 to 3.86 MPa, the modulus at 300% elongation
from 11.89 to 15.20 MPa, and the tensile strength from 24.78
to 26.82 MPa. These improvements demonstrate that micro-
wave drying enhances the effective dispersion of the filler within
the rubber matrix. Upon incorporating PEG-800 into the micro-
wave-dried silica system, the mechanical properties were fur-
ther enhanced. Compared with Sil-CD, the Sil-MD-0.5 phr and
Sil-MD-1 phr samples exhibited increases of 58.1% and 48.0%,
respectively, in the modulus at 100% elongation. Their moduli
at 300% elongation increased by 27.9% and 23.8%, respectively,
while their tensile strengths increased by 16.9% and 17.7%,
respectively. Both formulations maintained elongations at break of
approximately 513%. These results indicate that an appropriate
amount of PEG-800 can weaken fillerfiller interactions and
strengthen filler—rubber interfacial bonding through hydrogen
bonding with the silanol groups on the silica surface, thereby
achieving a simultaneous enhancement in both modulus and
strength. However, when the PEG-800 loading was increased to 2
phr, both the moduli and the tensile strength declined. This sug-
gests that the excessive PEG-800 induces a coupling shielding
effect that impairs the effective reinforcement between silica
and rubber. Therefore, among the investigated silica/NR formu-
lations, Sil-MD-1 phr exhibited the most favorable overall
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mechanical performance, whereas Sil-MD-0.5 phr provided
the highest torque difference.

By comparison, the CB/NR composites exhibit a different
mechanical response. Compared with the CB-CD sample, the
CB-MD sample showed increases in the 300% modulus from
8.04 to 10.60 MPa and in tensile strength from 19.74 to 21.89 MPa,
indicating that microwave drying also contributes to improved
carbon black dispersion. With the incorporation of PEG-800
under microwave drying, the mechanical properties of the CB/
NR composites show an overall increasing trend with PEG content.
Compared with the CB-CD sample, the CB-MD-2 phr sample
showed a 41.1% increase in the 300% modulus, a 20.2% increase
in tensile strength, and a marginal 0.56% increase in elongation
at break. However, its hardness and elongation at break were
slightly lower than those of the CB-MD-1 phr sample. These
results suggest that PEG-800 primarily enhances both modulus
and strength by improving interfacial compatibility, thereby
reducing the degree of carbon black agglomeration and buff-
ering interfacial stress concentration, without inducing a pro-
nounced interfacial shielding effect.

For the silica/NR composites, 1 phr PEG-800 provides a
favorable balance between reinforcement and extensibility,
whereas excessive PEG-800 weakens the reinforcing effect.
For the CB/NR composites, the mechanical properties continue
to improve up to 2 phr. However, the incremental improvement
in tensile strength becomes limited.

DIN Abrasion. The abrasion results are presented in Figure 12.
For the silica/NR composites, the abrasion resistance improves
with increasing PEG-800 content, reaching an optimum at 1 phr
PEG-800. This enhancement is attributed to the formation of a
stronger filler—rubber interfacial layer via interfacial interactions.
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Figure 12. DIN abrasion volume loss of (a) silica/NR composites; (b) CB/NR composites.

Polym. Korea, Vol. 50, No. 5, 2026



748 X. Wang et al.
18 18 —CB-CD
— =
1.6 () —=—CB-CD 17 F(b) —=—CB-MD
—=—CB-MD 15 L —e—CB-MD-0.5 phr
Ldr —s—CB-MD-0.5 phr —+—CB-MD-1 phr
2l —+—CB-MD-1 phr 15 —»—CB-MD-2 phr
—+—CB-MD-2 phr 1.4 }
‘2 1.0 “
= 13}
g s g,
0.6 L1
0.4 1.0 b
0.2 09 |
0_0 L 1 i L L “8 i 1 L
-60 -40 20 0 20 40 60 -60 -55 -50 -45 -40 -35 -30
Temperature (°C) Temperature (°C)
0.14
0.30 (c) . d —u—CB-CD
—=—CB-CD (d) —+—CB-MD
0.27 —=—CB-MD 012 | CB-MD-0.5 phr
- +Eg‘:’:&‘:'5:"r —+CB-MD-1phr
+(;B‘Mml’hf 010 L -~  —+—CB-MD-2phr
‘B-MD- r
o T e ’ ey SRR . S
2 (.08 M
= | L0727
g 0.18 .M'Hi'?;'f’” ’E M_‘,ﬁ-\
M 5"‘]:;i:r"'“'m-—-. 00 %%
0.1zt : ] i 0512 |
0.1 T
0.09 | :
; 002 b
j‘lJﬁ L ' A1 A1 i i '

= 0 5
Temperature (°C)

-10

50 s
Temperature (°C)

40

Figure 13. (a) Temperature dependence of tan ¢ for CB-filled rubber composites; (b) tan ¢ curves of CB-filled rubber composites in the glass
transition region; (c) tan ¢ values of CB-filled rubber composites at 0 °C; (d) tan ¢ values of CB-filled rubber composites at 60 °C.

Compared with the Sil-CD sample, the DIN abrasion volume
loss of Sil-MD-1 phr decreased by 15.9%. In the CB/NR com-
posites, abrasion resistance also improves progressively with
increasing PEG-800 content. Compared with the CB-CD sample,
the DIN abrasion volume loss of CB-MD-2 phr decreased by
7.82%, which is attributed to the improved interfacial compat-
ibility imparted by PEG-800.

Dynamic Mechanical Analysis. The storage modulus (£")
represents the energy stored within the polymer chains due to
elastic deformation, whereas the loss modulus (£") represents
the energy dissipated by the polymer during deformation. The
mechanical loss factor (tan o) is the ratio of the loss modulus
to the storage modulus. In laboratory analysis, DMA is widely
used to evaluate wet-skid- and rolling-resistance-related performance.
A higher tan 0 at 0 °C generally indicates better wet-skid resistance,
whereas a lower tan ¢ at 60 °C indicates lower rolling resistance.*
It is well known that high-resilience rubber compounds exhibit
high ice friction in the temperature range around —20 °C;
therefore, a lower tan J value at —20 °C can be used to predict
excellent snow grip performance of the vulcanizate.**’
Figure 13 presents the representative temperature-dependent
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loss factor (tan ) curves of CB/NR composites prepared under
different drying methods and PEG-800 loadings. Compared
with the CB-CD samples, the CB-MD sample exhibits a slight
decrease in tan J in the 0 °C temperature region, suggesting that
the increased crosslink density resulting from microwave drying
reduces the low-temperature tand and consequently impairs
wet skid resistance. After introducing PEG-800 under microwave
drying conditions, the tan d value of CB-MD-2 phr decreased
by 29.6% relative to the conventionally dried control, indicating
that PEG-800 also contributes to an increase in crosslink density,
thereby further reducing wet skid resistance. In the high-tem-
perature region (around 60 °C, Figure 13(d)), the tanJ of the
microwave-dried carbon black system is markedly lower than
that of the conventionally dried sample and exhibits a continu-
ous decreasing trend with increasing PEG-800 loading. The
tan ¢ value of CB-MD-2 phr decreased by 42.8% compared to
the conventionally dried control. This suggests that the syner-
gistic combination of PEG-800 and microwave drying effectively
suppresses filler-network reorganization and interfacial friction
under dynamic loading, thereby reducing the internal energy
dissipation of the rubber. This indicates that the CB composite
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possesses lower rolling resistance.

Figure 14 presents the representative temperature-dependent
loss factor (tan ) curves of the silica-filled rubber composites.
In the 0 °C temperature region (Figure 14(c)), the PEG-800/sil-
ica/NR composite prepared by microwave drying exhibits a
slight increase in tan 8 compared with the conventionally dried
sample, indicating an improvement in wet skid resistance. After

introducing PEG-800 under microwave drying conditions, the
tan J value of the Sil-MD-1 phr increased by 12.1% relative to
the Sil-CD sample. In the high-temperature region around 60 °C,
the differences among the samples become more pronounced.
Compared with the conventionally dried sample, the tand of
the microwave-dried sample increases. As the PEG-800 loading
increases, tan ¢ shows a gradually rising trend, with the 2 phr
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Figure 15. Strain dependence of the storage modulus of (a) silica/NR composites; (b) CB/NR composites.
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Table 3. Dispersion of Silica in Five Types of Composite Rubber

Sil-CD Sil-MD

Sil-MD-0.5 phr

Sil-MD-1 phr Sil-MD-2 phr

5.5 5.7

Table 4. Dispersion of CB in Five Types of Composite Rubber

CB-CD CB-MD

CB-MD-0.5 phr

CB-MD-1 phr CB-MD-2 phr

PEG-800 sample exhibiting a markedly higher tan o than the
other formulations across the entire high-temperature region.
This is likely because excessive PEG induces filler agglomer-
ation, which increases internal friction and consequently causes
tan ¢ to rise.

Payne Effect Figure 15(a) and Figure 15(b) present, respectively,
the representative strain-dependent storage modulus (G') from
RPA measurements for the silica-filled and carbon black-filled
rubber composites prepared under different drying methods and
PEG-800 loadings. Both filler composites exhibit typical Payne
effect characteristics: G’ is high in the low-strain region and
decreases rapidly with increasing strain, reflecting the progres-
sive breakdown of the filler network under dynamic deformation.
Compared with the conventionally dried samples, the microwave-
dried samples display a lower storage modulus in the low-strain
region, indicating reduced rigid fillerfiller networking and
improved filler dispersion. This phenomenon can be attributed
to changes in the structure and processability of the PEG-con-
taining NR precursor, which facilitate filler breakup, wetting, and
distribution during subsequent compounding, enabling more filler
to participate in network formation through effective contacts.

After introducing PEG-800 on the basis of microwave drying,
the Payne effect differs between the two types of filler com-
posites. For the silica/NR composites, the sample containing
0.5 phr PEG-800 exhibits the lowest storage modulus in the
low-strain region, indicating that PEG-800 effectively weakens
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the irreversible fillerfiller agglomeration by forming hydrogen
bonds with the silanol groups on the silica surface. At a loading
of 2 phr PEG-800, the storage modulus in the low-strain region
increases, which may be attributed to the coupling shielding
effect induced by excessive PEG-800 that paradoxically inten-
sifies filler agglomeration. In the carbon black-filled compos-
ites, the incorporation of PEG-800 raises the low-strain storage
modulus, likely because the ether oxygen atoms of PEG-800
engage in weak hydrogen bonding with trace oxygen-contain-
ing functional groups on the surface of carbon black aggregates,
thereby enhancing the inter-aggregate connectivity. The above
RPA results indicate that the combined effect of microwave
drying and PEG-800 does not simply weaken the filler net-
work; rather, it transforms the network from a structure domi-
nated by rigid agglomerates into a more uniform and reversible
physical network.

Silica/Carbon Black Dispersion. Table 3 and Table 4 show
the dispersion of silica and CB in 10 types of composite rubber.
The dispersion results of the silica/NR composites indicate that
both the drying method and PEG-800 loading have a pronounced
influence on filler dispersion. The dispersion index of the
conventionally dried sample is 5.5, which increases to 5.7 after
microwave drying, suggesting that rapid volumetric heating
during microwave drying effectively changes the structure
and processability of the PEG-containing NR latex. Upon the
incorporation of PEG-800 under microwave drying, a clear
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dosage-dependent behavior is observed. The dispersion index
reaches a maximum value of 6.4 at a PEG-800 loading of 0.5 phr,
indicating optimal suppression of fillerfiller interactions and
improved interfacial compatibility. However, further increasing
the PEG-800 content to 2 phr leads to a decrease in dispersion
to 5.2, implying that excessive PEG-800 may induce a coupling
shielding effect on the silica surface, thereby impairing the
uniform dispersion of the filler. This dosage-dependent dispersion
behavior is consistent with the FTIR evidence of changes in
the silanol environment and the SEM observation of improved
morphology at moderate PEG-800 loading but increased
agglomeration at excessive loading.

In comparison, the CB/NR composites exhibit higher overall
dispersion, reflecting the lower polarity of carbon black and its
inherently weaker tendency toward strong agglomeration. The
dispersion index of the conventional drying carbon black com-
posite is 6.1 and increases to 6.7 after microwave drying, further
confirming the effectiveness of microwave drying in improving
initial filler dispersion. With the addition of PEG-800 under
microwave drying, the dispersion index reaches its highest value
of 7.1 at 0.5 phr PEG-800 and then shows a slight decline in
the range of 1-2 phr. This trend indicates that an appropriate
amount of PEG-800 forms a physical wetting layer on the car-
bon black surface, reducing van der Waals attraction and sup-
pressing re-agglomeration, whereas excessive PEG-800 leads
to saturation of the interfacial effect due to dominant lubrica-
tion and plasticization. Overall, microwave drying combined
with PEG-800 exhibits a broader effective dispersion window
in the CB/NR composites, while the silica/NR composites show
a stronger sensitivity to PEG-800 dosage. This trend agrees with
the more homogeneous SEM morphology and further supports
the interpretation that PEG-800 improves carbon-black disper-
sion mainly through physical adsorption and interfacial wetting,

Comparative Interfacial Regulation and Optimization of
PEG-800 Loading in Silica/NR and CB/NR Composites.
Although the combined strategy of latex-phase PEG-800 incorpo-
ration and microwave drying affected both silica/NR and CB/NR
composites, the responses of the two systems were strongly
dependent on the surface characteristics of the fillers. Because
the two formulations differed in filler loading, coupling-agent
content, and curing system, the following comparison focuses
mainly on the PEG-800-dependent variation trends within each
system rather than on the direct comparison of absolute property
values. In both composites, PEG-800 contributed to the regu-
lation of filler dispersion and filler-rubber interfacial interactions;
however, the dominant interfacial mechanism, dosage sensitivity,

and resulting property balance were distinctly different.

In the silica/NR composites, PEG-800 mainly regulated the
interface through hydrogen-bonding interactions with surface
silanol groups. The ether oxygen atoms and terminal hydroxyl
groups of PEG-800 may compete with the hydrogen bonding
between adjacent silica particles, thereby weakening silica-silica
association and improving the wetting of silica by the NR matrix.
The changes in the O-H stretching region of the FTIR spectra,
together with the more continuous fracture morphology and
reduced visible agglomeration observed at 0.5-1 phr PEG-800,
were consistent with this interpretation. The torque difference
increased from 33.94 for the microwave-dried sample without
PEG-800 to 37.30 at 0.5 phr, while the samples containing 0.5-
1 phr maintained tensile strengths of approximately 29 MPa.
However, when the PEG-800 loading was increased to 2 phr,
more pronounced filler agglomeration was observed, and the
torque difference decreased markedly to 20.89, accompanied
by deterioration in mechanical and high-temperature dynamic
properties. These changes may be attributed to competitive
adsorption of excessive PEG-800 on the silica surface, which
partially shields the silanol groups or interferes with Si69-mediated
filler—rubber coupling. Therefore, 0.5-1 phr was identified as the
effective loading range for the silica/NR composites. Although
0.5 phr produced the highest torque difference and a favorable
dispersion state, 1 phr was selected as the overall optimum because
it maintained a comparable tensile strength while providing a
more favorable balance among interfacial morphology, abrasion
resistance, and dynamic-mechanical performance.

In contrast, the interaction between PEG-800 and carbon black
was dominated primarily by physical adsorption and surface
wetting. The enhancement of the PEG-related C-O-C and -CH,-
absorption bands without the appearance of new characteristic
peaks was consistent with a predominantly physical interfacial-
regulation mechanism. Accordingly, the CB/NR composites
exhibited a more gradual response to increasing PEG-800 con-
tent. The filler-dispersion index reached its maximum at 0.5 phr,
whereas the tensile modulus and high-temperature dynamic
performance continued to improve at higher loadings. Increasing
the PEG-800 loading to 1 phr further increased the modulus and
decreased tan 6 at 60 °C, indicating reduced dynamic energy
dissipation and improved rolling-resistance-related performance.
Although increasing the PEG-800 loading from 1 to 2 phr fur-
ther increased the modulus and slightly reduced tan ¢ at 60 °C,
the additional increase in tensile strength was limited, no further
improvement in filler dispersion was obtained, and both hardness
and elongation at break decreased relative to the 1 phr sample.
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Therefore, 1 phr was selected as the overall optimum for the
CB/NR composites.

Overall, the silica/NR system exhibited a stronger but more
dosage-sensitive response to PEG-800 because its interfacial
behavior was governed by hydrogen bonding and competition
with Si69-mediated coupling. By comparison, the CB/NR sys-
tem showed a broader and more gradual response dominated
by physical adsorption and wetting. These differences demon-
strate that the optimum PEG-800 loading cannot be determined
from the maximum value of a single property or regarded
as a universal formulation parameter. Instead, it should be
selected according to the overall balance among filler disper-
sion, interfacial structure, curing behavior, mechanical rein-
forcement, abrasion resistance, and dynamic-mechanical
performance. Based on this comprehensive evaluation, 1 phr
PEG-800 was selected as the overall optimum for both sys-
tems, while 0.5-1 phr represented the effective loading range
for the silica/NR composites.

Conclusions

This study systematically investigated the structural evolu-
tion and property regulation of natural rubber composites filled
with silica (coupled with Si69) and carbon black through
the combined introduction of PEG-800 in the latex phase and
microwave drying. The results demonstrate that microwave dry-
ing enables rapid and homogeneous moisture removal via vol-
umetric heating, effectively improving the initial structural
uniformity of the rubber matrix and providing a favorable
foundation for subsequent filler dispersion and vulcanization
network formation.

On this basis, PEG-800 exhibits a pronounced filler-depen-
dent interfacial regulation effect. In the silica/NR composites,
an appropriate PEG-800 dosage (0.5-1 phr) forms hydrogen bonds
with surface silanol groups, weakening fillerfiller interactions
while enhancing filler—rubber interfacial coupling. Together,
these effects improve vulcanization efficiency, crosslink den-
sity, mechanical performance, and low-temperature dynamic
behavior. Considering the overall balance of processing, mechan-
ical, and dynamic properties, 0.5-1 phr was identified as the
effective loading range for the silica/NR composites, with 1 phr
selected as the overall optimum.

In the CB/NR composites, PEG-800 primarily functions through
physical adsorption and interfacial wetting regulation, contin-
uously improving filler dispersion and stress transfer efficiency.
As a result, modulus, tensile strength, and resilience increase

Zan, 45048 A55, 2026\

progressively with PEG-800 content, while high-temperature
tan o is effectively reduced, indicating a beneficial effect on
rolling resistance. Among the investigated formulations, 1 phr
PEG-800 provides the optimal balance between reinforcement
efficiency and dynamic performance and is therefore recom-
mended as the optimal loading for the CB/NR composites.
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