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Abstract: To mitigate the issues of high energy consumption and extended processing times commonly associated
with rubber compounding, this study explores the vulcanization characteristics and physico-mechanical properties
of rubber composites prepared using the wet mixing method with three different particle sizes of carbon black.
Comparative analysis with the conventional dry mixing approach reveals distinct advantages of the wet method
depending on the type of carbon black used. For N110, the sieving filtration wet process yields the most favorable
overall performance. For N234, both the grinding and sieving filtration wet mixing techniques significantly enhance
material properties relative to dry mixing, with negligible differences observed between the two wet methods. For
N326, the grinding wet process offers superior comprehensive performance. Additionally, powdered carbon black
demonstrates rapid dispersibility in natural latex under wet mixing conditions, which not only shortens processing
time but also contributes to improved filler dispersion and overall rubber performance, while realizing the green

and low-energy processing of rubber.

Keywords: wet mixing, natural latex, powdered carbon black, pretreatment.

Introduction

Amid the rapid growth of the global rubber industry, the
challenges of resource depletion and the growing emphasis on
environmental sustainability have driven the development of
green, eco-friendly, and stable processing methods for produ-
cing high-performance rubber materials."” Natural latex has
excellent overall performance, mainly in because it has good
film formation, is easily vulcanized and is able to prepare rub-
ber products with excellent elasticity, high strength, high elonga-
tion and low creep.*® As a crucial reinforcing and filling agent,
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carbon black plays an indispensable role in the rubber industry,
with both industries exhibiting strong interdependence and co-
development.” Yanchen Fang et al. modified cracked carbon
black with argon plasma to increase the average fatigue life of
the composite by 57%.® Recently, some researchers have pro-
vided a method for the preparation of a wet masterbatch of car-
bon black, in which the aqueous dispersion slurry of carbon
black was mixed with rubber latex after adjusting to the acidity,
and then the masterbatch was prepared by coagulation drying.”'°

Wet blending for flocculation method research is mainly
divided into the emulsion flocculation method and spray floc-
culation drying method.'”'? Emulsion flocculation methods
include acid flocculation, salt flocculation, electrophoretic floc-
culation, heating flocculation and mechanical destabilization
flocculation.”*'® Xiao et al. introduced silane coupling agents
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and natural mineral resources kaolin into the wet mixing process
of natural rubber emulsion to prepare highly wear-resistant,
low-heat-generating natural rubber composite materials. Com-
pared with dry mixing, wet mixing improved the crosslinking
density, gas barrier performance, and wear resistance by 24%,
45%, and 9%, respectively.'” Huang ef al. prepared graphene
oxide/silica/NBR composite materials using a wet mixing and
ball milling modification process. Compared with composite
materials prepared using a dry mixing process, the tensile pro-
duct change rate and wear volume change rate were reduced
by 35.28% and 16.69%, respectively, while the tear strength
was increased by 57.28%.'® Yusof, NH et al. prepared silica-
rubber masterbatch by adding different levels of silica to the
latex and preparing silica-rubber masterbatch through the latex
stage for a more homogeneous distribution of silica in the rub-
ber matrix.'* Yang Jiashun et al. prepared silica/natural rubber
masterbatch using solution compounding method. The disper-
sion of silica in the rubber matrix was improved and the rolling
resistance of the composite was reduced.” Bian et al. used dry
ice expansion pre-dispersion flocculation to improve the dis-
persion of graphene oxide and multi-walled carbon nanotubes
in butyl latex to further improve the thermal conductivity of
the composites.”’ The spray flocculation drying method applied
to the mixture containing carbon black can achieve the simul-
taneous completion of flocculation and drying to prepare master-
batch and achieve good dispersion of carbon black in rubber, but
due to the characteristics of carbon black, the mixture needs to
be diluted to a very low solid content concentration, for which
the water application was increased and the spray drying process
was complicated, requiring high-level equipment, yet still pro-
ducing unstable materials. The emulsion co-sinking method for
the preparation of wet kneading rubber uses some flocculants
such as acid and alkali, which can cause environmental pollu-
tion and affect the performance of the rubber.” Therefore, this
paper adopted a flocculant-free flocculation method to achieve
acid-free flocculation, no waste water and superior rubber per-
formance.

In this study, carbon black based masterbatches were pre-
pared via a wet coagulation process. Three types of carbon
black—N110, N234, and N326—were evaluated using different
treatment methods, including grinding, sieving filtration, and
direct use of powdered forms. The resulting masterbatches were
characterized in terms of their coagulation behavior and material
properties. This work contributes to advancing rubber com-
pounding techniques toward more environmentally friendly and
sustainable processing routes.
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Experimental

Materials. Natural rubber latex (NRL): dry rubber content
of 60%, Hainan Natural Rubber Industry Group Co., Ltd; Nat-
ural rubber (STR20): Thailand Shi Dong Rubber Co., Ltd; Car-
bon black with different particle sizes and structures (CB, N110,
N234, N326): Cabot Company; zinc oxide (ZnO), stearic acid
(SA), N-tert-butylbenzothiazole-2-sulphenamide (accelerator
NS), N-1,3-dimethylbutyl-N'-phenyl-p-phenylenediamine (antioxi-
dant 4020), sulfur (S): Shandong Shangshun Chemical Co.,
Ltd. The experimental formulations are shown in Table 1.

Sample Preparation. Preparation of Carbon Black Slurry
With Different Experimental Methods: Grinding carbon black:
Granulated carbon black samples (100 g each of N110, N234,
and N326) were placed in a 1 L ceramic jar of a planetary ball
mill and ground at 40 Hz for 0.5 h. After grinding, the com-
pacted carbon black was loosened using an iron rod to break
apart agglomerates formed during milling, yielding dry-ground
carbon black of different grades. Subsequently, 35 parts by mass
of the ground carbon black were mixed with deionized water
to achieve a 25 wt% carbon black slurry. The mixture was gently
stirred until a homogeneous dispersion was obtained.

Sieving Filtration Carbon Black: Grinding carbon black can
reduce both its particle size and structural integrity, which may
negatively affect its reinforcing ability in rubber, as the particle
structure is closely linked to rubber performance. To preserve
the structural characteristics, granulated carbon black was first
crushed using a disc grinder and subsequently passed through
a 100-mesh screen together with small grinding balls to obtain
sieving filtration carbon black. A total of 35 parts by mass of
the sieving filtration carbon black was then mixed with deion-
ized water to prepare a slurry with a carbon black concentration
of 25 wt%. The mixture was gently stirred until uniform. This
treatment did not significantly alter the particle morphology or
surface structure compared with the original granulated carbon

Table 1. Experimental Formulations of CB/NR Composites

Material Number of servings (phr)
NR/NRL 100
CB 35
ZnO 5
SA 2
Antioxidant 4020 2
S 2.25
NS 0.7




Effects of Wet Mixing with Three Differing Carbon Black Particle Sizes on the mechanical Properties of Natural Rubber Composites 801

black; however, it allowed the carbon black to be converted
into a fine powder, which facilitated its dispersion during the
wet masterbatch preparation process.

Powdered carbon black was obtained as an intermediate pro-
duct from the carbon black granulation process. To prepare the
slurry, 35 parts by mass of powdered carbon black were mixed
with deionized water to achieve a carbon black concentration
of 25 wt%. Due to the extremely light and porous nature of the
powdered carbon black, the resulting slurry exhibited high vis-
cosity and underwent rapid flocculation when mixed with
natural latex, leading to poor dispersion of carbon black within
the resulting micelles. To address this issue, a diluted slurry
with a concentration of 15 wt% was also prepared using the
same amount of carbon black and additional water. Compared
with granulated carbon black, the powdered carbon black requi-
red more time for complete wetting and dispersion in water.

Preparation of Natural Rubber Latex/carbon Black
Masterbatch: A total of 140 parts by mass of 25 wt% carbon
black slurry and 166.67 parts by mass of 60 wt% natural latex
were each placed into separate beakers. The contents of the two
beakers were then simultaneously poured into a third beaker to
form a carbon black-latex mixture.” After thorough mixing,
the mixture was heated to 70 “C and stirred at 600 rpm until it
lost fluidity and complete flocculation occurred.?

The flocculated carbon black masterbatch was first fed into
a temperature-controlled biconical dewatering extruder set at
60 C. Upon extrusion through the outlet die, the rubber was
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immediately processed using high-speed shear crushing equip-
ment for over 10 s, which converted the material into a pow-
dered form. Finally, the powder was dried in an oven at 80 C
until a dry rubber state was achieved.

Mixing and Vulcanization: Dry mixing process: The natural
rubber is put into the internal mixer, and CB, ZnO, SA and
antioxidant 4020 are added after 1 min. The temperature reaches
145 C after 5 min. The total mixing time is 5 min. After discharging
the rubber, the accelerator NS and sulfur are added to the master
batch on the open mill.

Wet mixing process: The carbon black masterbatch was
introduced into the internal mixer, and the ram was released.
After 1 minute of initial mixing, zinc oxide (ZnO), antioxidant
4020, and stearic acid (SA) were added. At 4 min, the tempera-
ture of the compound reached 145 C, at which point the compound
was discharged. The total mixing time was 5 min. Subsequently,
the compound was transferred to a two-roll open mill, where
sulfur and accelerator NS were incorporated. The rubber com-
pound was then vulcanized at 150 “C under a pressure of 11 MPa
for a duration of 1.3xTy, to obtain the vulcanized rubber. The
experimental process is shown in Figure 1.

Testing and Characterization. Carbon Black Performance
Analysis: The particle size, specific surface area and structure
of carbon black were related to the performance of carbon black
filled rubber. The particle size was determined by the nitrogen
adsorption specific surface area method, the structure was

characterized by the compression oil absorption value, and the
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Figure 1. Schematic diagram of CB/NR composites prepared by flocculation-extrusion dehydration wet mixing process.
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particle size distribution was determined by a disc type cen-
trifugal sedimentation meter. The total specific surface area of
carbon black (NSA). The external specific surface area of
carbon black (STSA). Oil absorption value (DBP) indicates
the sum of the primary structure and secondary structure of
carbon black. The primary structure of carbon black (CDBP).
D10 indicates that the particle size of carbon black below
10% was less than this value. D50 indicates that the particle
size of carbon black below 50% was less than this value. D90
indicates that 90% of the carbon black particles were smaller
than this value.

Vulcanization Characteristics: The vulcanization charac-
teristics were tested by a rotorless rheometer (MDR-C, Alpha,
USA) according to the standard ISO 6502-2:2018. The test time
was 60 min, and the test temperature was 150 C.

Payne Effect: The Payne effect was tested by a rubber pro-
cessing analyzer (RPA2000, Alpha, America). The frequency
was 0.01 Hz, the strain range was 0.28-40%, and the tempera-
ture was set at 60 C.

Mechanical Properties: The tensile test be carried out
according to GB/T528-2009. The specimen be cut into dumb-bell
shaped specimens and then tested by universal testing machine
(INSTRON, 3365B). With the tensile rate of 500 mm/min, five
samples of each vulcanized rubber were tested, the amount
from which the average value was taken.

Carbon Black Dispersion Analysis: The dispersion value
of carbon black in the composite was directly derived by test-
ing the rubber cross-section using a carbon black dispersion
analyser (Alpha, USA). The value was calculated according to
ASTM D7723. Use the cutter to cut a section of about 5 mm
x 8 mm. The dispersion calculation threshold of test method
was 23 pm. The volume fraction of filler was 30%, and the expo-
sure time was 40 ms.

Dynamic Mechanical Thermal Analysis: It was measured
by a dynamic thermomechanical analyzer (EPLEXOR-150 N,
GABO, Germany). The static strain was 5%, the static stress was
70 N, the dynamic strain was 0.25%, the dynamic stress was
60 N, the heating rate was 2 ‘C/min and the frequency was 10 Hz.

Results and Discussion

Analysis of the Physical Properties of Carbon Black.
The physical properties of N326 carbon black in various forms,
including pelletized, grinding and sieving filtration were evalua-
ted, and the results are shown in Table 2. According to the
data, both the particle size and structure of the grinding carbon
black were reduced compared to those of the pelletized form.
This can be attributed to the increased specific surface area
resulting from the high energy collisions of the grinding media
during the milling process, which disrupted the original structure
of the carbon black and thus reduced its particle size and
structural integrity. In contrast, due to the absence of strong
mechanical collisions, the sieving filtration carbon black exhi-
bited no significant change in overall specific surface area or
particle size relative to the pelletized form. However, both the
external specific surface area and structural index increased.
This phenomenon was likely due to the removal of poorly
structured or low-performance regions during the sieving filtra-
tion process, effectively enhancing the uniformity and quality
of the remaining carbon black particles.*

Vulcanization Characteristics. Table 3 presents the vulca-
nization parameters for rubber composites prepared via both
wet and corresponding dry processes using different carbon
black treatment methods. For all three grades of carbon black
(N110, N234, and N326), the positive vulcanization time (7o)
was generally shorter in the wet mixing process compared to

Table 2. Particle Size, Distribution, Structure and Specific Surface Area of Different Forms Carbon Black

Different carbon black forms

Test items
Pelletizing Grinding Sieve filtration
D10 (um) 0.043 £ 0.002 0.039 + 0.001 0.043 £ 0.002
D50 (um) 0.066 + 0.002 0.0594 + 0.002 0.065 + 0.001
D90 (um) 0.105 £ 0.002 0.0945 + 0.001 0.104 £ 0.001
Mean (um) 0.071 + 0.001 0.0639 + 0.002 0.070 + 0.002
CDBP value 107° m’/kg 65.6 £ 0.28 62.3 £ 0.17 66.5 = 0.21
DBP value 107 m’/kg 70.7 £ 0.15 67.1 +£0.18 724 £ 0.12
STSA10° m¥kg 7897 £ 0.17 70.97 + 0.16 79.19 £ 0.20
NSA10® m*kg 7845 £ 0.12 70.56 + 0.14 78.46 + 0.09
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Table 3. Vulcanization Characteristics of CB/NR Compounds Prepared Using Different Carbon Black Treatment Methods and

Mixing Processes

Sample number Test items
Ty (min) Ty (min) M, (dN'm) My (dN-m) My-M;, (dN-m)
N110 Dry process (N110p) 457 +0.11 12.79 £0.33 1.22 £ 0.02 14.08 + 0.27 12.86 + 0.29
N110 Sieve filtration (N1105) 2.77 £ 0.08 8.68 £ 0.20 1.44 + 0.03 15.38 £ 0.28 13.94 £ 0.31
N110 Grinding (N110g) 325 +0.10 9.53 £0.19 1.29 £ 0.02 14.49 £ 0.31 13.2 £ 0.33
N234 Dry process (N234p) 5.07 £ 0.13 11.26 + 0.21 0.90 £ 0.01 13.41 £ 0.29 12.51 £ 0.30
N234 Sieve filtration (N234) 2.83 £ 0.09 9.75 £ 0.12 0.93 + 0.02 13.97 £ 0.30 13.04 + 0.32
N234 Grinding (N234.) 3.35£0.11 9.63 = 0.09 0.98 + 0.03 13.79 + 0.28 12.81 + 0.31
N326 Dry process (N326p) 426 £ 0.12 10.87 £ 0.15 0.62 £+ 0.01 13.28 £ 0.27 12.66 + 0.28
N326 Sieve filtration (N3265) 2.90 £ 0.10 7.89 + 0.07 0.65 + 0.01 13.56 + 0.30 12.91 + 0.31
N326 Grinding (N326) 2.55 £+ 0.08 6.79 £+ 0.05 0.95 + 0.02 14.51 £ 0.27 13.56 + 0.29
N326 Powdered (N326y) 1.95 + 0.06 7.02 £ 0.08 0.72 + 0.01 13.58 + 0.26 12.86 = 0.27
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the dry mixing process. This reduction in Ty is attributed to the
decreased aggregate particle size in the wet mixing rubber,
which enhances the decomposition rate of the vulcanization
accelerator, thereby accelerating the vulcanization process. 7,
which reflects the scorching time of the compound (with higher
values indicating better processing safety), was typically lower
in the wet mixing process. This is because, in the dry mixing
process, carbon black is added in two stages, while in the wet
process, the carbon black masterbatch is introduced all at once.
Consequently, the temperature of the compound in the wet pro-
cess increases more rapidly. As sulfur is also added during this
phase, the overall heating rate during mixing is higher, making
the compound more susceptible to premature vulcanization.

The minimum torque (M, ) and maximum torque (M;) obtained
from the vulcanization curve represent the compound’s viscos-
ity and stiffness, respectively. My is associated with the hard-
ness and modulus of the vulcanized rubber, while M, reflects
the compound’s flowability. The difference between My and
M, (i.e., My—M,) is indicative of the crosslink density, which
correlates with the number of crosslinking bonds in the poly-
mer matrix.

Focusing on N326 carbon black, the M;—M; value for the
wet grinding N326 sample was the highest, showing a 7.1%
increase compared to its dry-process. This suggests that although
the grinding process reduced both particle size and structural
integrity, the reinforcement effect due to particle size reduction
outweighed the negative impact of structural loss. As a result,
the wet grinding N326 exhibited the highest overall reinforce-
ment and crosslinking density.

In comparison, N326 that was sieving filtration showed no

significant reduction in particle size, and its My—M; value was
lower than that of the ground sample. Meanwhile, the pow-
dered N326 sample, due to its extremely low density and poor
dispersibility, resulted in uneven carbon black distribution within
the rubber matrix, leading to the lowest M—M; value among
the samples studied.

For N110 carbon black, which had the smallest particle size
among the three grades studied, the grinding process resulted
in only a slight further reduction in particle size. However, an
excessively small particle size may exceed the optimal disper-
sion threshold for the wet mixing process, leading to poor car-
bon black dispersion within the rubber matrix. Furthermore,
the grinding process reduced the structural integrity of the car-
bon black, diminishing its reinforcing capability. In contrast,
the sieving filtration carbon black maintained its particle size
while enhancing dispersion due to the synergistic effect of the
wet process, thereby improving its reinforcing effect. The posi-
tive vulcanization time (7y,) for the sieved filtration carbon
black in the wet process decreased by 32.1% compared to the
dry process, while the M;—M; value increased by 8.4%, indi-
cating that the sieving filtration based wet process yielded the
highest crosslink density and the best reinforcing performance
for N110 carbon black.”

For N234 carbon black, which had a moderate particle size
but the highest structural level among the three types, both the
grinding and sieving filtration carbon black in the wet mixing
process exhibited a 4.2% increase in My—M; compared to the
dry process. This can be attributed to the fact that the combined
reinforcing effect of reduced particle size and structure (from
grinding) was approximately equivalent to that of the sieving

Polym. Korea, Vol. 49, No. 6, 2025
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Figure 2. Physical mechanical properties of different powdered carbon black and mixing methods: (a) tensile stress at definite elongation and
M300%/M100%; (b) tensile strength and elongation at break; (c) hardness (shore A).

filtration carbon black, indicating a comparable reinforcement
performance for both treatments in the wet process.

Physical Properties. Figure 2 presents the tensile strength
and modulus (M100%, M300%) data for different mixing pro-
cesses, demonstrating that the physical and mechanical proper-
ties were comparatively enhanced through the wet flocculation
process. Focusing on N110 carbon black, which exhibited the
smallest particle size among the three grades and a DBP struc-
tural value of approximately 113 (higher than that of N326), the
data indicate that the overall mechanical performance of the
sieving filtration carbon black processed via the wet method
was superior to both the dry process and the wet process using
grinding carbon black. Specifically, compared to the correspond-
ing dry process, the tensile strength and the M300%/M100% ratio
increased by 3.65% and 21.4%, respectively.

This improvement can be attributed to the fact that the wet
process did not require the use of acid, surfactants, or prolonged
drying, thereby preserving the intrinsic properties of the rubber
molecular chains and enhancing mechanical performance. Although
grinding reduced the particle size of carbon black, it also decreased
its structural integrity. When carbon black is well dispersed within
the rubber matrix and retains sufficient structural characteris-

35 35

tics, the reinforcing effect is more pronounced. Consequently,
the wet flocculation process using sieved filtration N110 car-
bon black produced the best physical and mechanical proper-
ties among the tested samples.

Figure 3 presents the stress—strain curves of rubber compo-
sites reinforced with N110 (Figure 3(a)), N234 (Figure 3(b)), and
N326 (Figure 3(c)) carbon blacks, respectively. In the initial stage
of tensile testing, the rubber composites exhibited an approxi-
mately linear relationship between stress and strain.”® The par-
ticle size of N234 carbon black was not significantly different from
that of N326; however, its DBP structure value was approxi-
mately 125, higher than both N326 and N110. Grinding carbon
black and the sieve filtration carbon black wet process had
basically the same physical and mechanical properties, both of
which were improved compared with the dry process, with the
tensile strength and M300%/M100% improved by 3.74% and
4.85%, respectively, compared with the corresponding dry
process. This enhancement can be explained by the reduction
in particle size and structure due to grinding: a decrease in par-
ticle size generally enhances dispersion in the rubber matrix,
whereas a decrease in structure tends to weaken reinforcement.
In contrast, the sieving filtration N234 carbon black maintai-
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Figure 3. Stress—strain curves of carbon black reinforced rubber composites with different mixing methods: (a) N110/NR; (b) N234/NR; (c)

N326/NR.
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ned its original particle size, but the removal of structurally
inferior fractions during sieving led to an overall quality improve-
ment. As a result, the differences in performance between the
two wet mixing approaches were minimal.”’

As shown in Figure 3(c), the grinding process demonstrated
superior performance. The tensile strength and the M300%/
M100% modulus ratio were higher than those of the other pro-
cesses, with increases of 11.21% and 14.62%, respectively, com-
pared with the dry mixing process. This improvement was attributed
to the enhanced reinforcing efficiency of the grinding carbon
black. Although both particle size and structural degree were
reduced by the grinding process, the reduction in particle size
had a more significant effect, improving dispersion and overall
reinforcement within the rubber matrix. Furthermore, in the case
of sieving filtration carbon black, where both particle size and
structure remained largely unchanged, the wet mixing process
still exhibited improved tensile strength, reinforcement coeffi-
cient (M300%/M100%), and constant tensile stress compared
to the corresponding dry mixing process. This suggests that even
without changes in morphology, the wet mixing approach
enhances dispersion and filler—matrix interaction, contributing
to improved mechanical properties.

Payne Effect. As strain increased, the storage modulus gra-
dually decreased, a phenomenon known as the Payne effect, which
characterizes the fillerfiller network structure in composite
blends. A larger difference in storage modulus (AG") indicates a
stronger filler network, more severe carbon black agglomera-
tion, and poorer dispersion.”®

As shown in Figure 4(a), for N110 carbon black, the mag-
nitude of the Payne effect followed the order: N110 dry pro-
cess > N110 grinding > N110 sieving filtration. This trend can
be explained by the inherently small particle size of N110 car-
bon black, which limited the particle size reduction achieved

through grinding. Additionally, grinding hindered dispersion in
the wet process. In contrast, sieving filtration carbon black bene-
fited from improved dispersion, leading to a lower AG’ and
better filler distribution.

Figure 4(b) illustrates the Payne effect of N234 carbon black.
The AG’ of the wet process was significantly lower than that
of the dry process, with the AG’ value of the wet sieving filtra-
tion carbon black being 23.66% lower than that of the dry pro-
cess. This improvement is attributed to the enhanced dispersion
capability of the wet mixing method. The combined effects of
better dispersion and partial removal of poorly performing car-
bon black particles—without a significant reduction in particle
size—resulted in an overall Payne effect similar to that of
grinding carbon black.

Figure 4(c) presents the Payne effect for N326 carbon black.
The AG’ values followed the order: N326 dry process > N326
powdered > N326 sieving filtration > N326 grinding, indicating
that the wet-processed, grinding carbon black exhibited the
weakest Payne effect. This suggests the highest degree of dis-
persion was achieved in this condition. In contrast, the sieving
filtration carbon black displayed a higher AG’ due to a broader
particle size distribution and less uniform dispersion. The pow-
dered carbon black, due to its low bulk density and poor flow-
ability, also showed a strong Payne effect as a result of inadequate
dispersion in the viscous rubber matrix.

Carbon Black Dispersion. The dispersion of carbon black
within the rubber matrix is directly related to the overall prop-
erties of the rubber compound. A carbon black dispersion ana-
lyzer was used to evaluate the size, morphology, and distribution
of carbon black particles, followed by particle size analysis and
image comparison to determine the dispersion grade. The param-
eter X represents the uniformity of carbon black aggregate dis-
persion in the rubber, with a higher X value indicating better
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Figure 4. Curves changes in storage modulus with strain of CB/NR composites prepared by different mixing methods: (a) N110/NR; (b)

N234/NR; (c) N326/NR.
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Table 4. Dispersion Grade Data of Carbon Black for Dry and Wet Processes

Sample number Mean mass size (um) Standard deviation of mass size (ium) X
N110 Dry process 3.14 1.91 5.76 £ 0.18
N110 Sieve filtration 2.73 1.68 6.75 £ 0.16
N234 Dry process 3.20 1.98 5.66 = 0.11
N234 Sieve filtration 2.84 1.68 6.69 £ 0.15
N326 Dry process 3.13 1.91 5.84 £ 0.11
N326 Sieve filtration 2.81 1.66 6.72 £ 0.10
dispersion.

According to the data presented in Table 4, the agglomerated
particle size in rubber prepared via the wet mixing process was
generally smaller than that of the corresponding dry process.
This finding demonstrates that the wet mixing method provi-
des improved dispersion of carbon black within the rubber
matrix.”

As shown in Figure 5, the white bright spots in the image
represent the reflected light from carbon black particles. The
dispersion of carbon black in the wet mixing process was gene-
rally superior to that of the dry mixing process. This impro-
vement could be attributed to the fact that the particle size of
the sieving filtration carbon black was close to the dispersion
threshold required by the wet flocculation process. Under rapid
stirring and flocculation conditions, no significant carbon black
agglomeration occurred, and more contact points were formed
between carbon black particles and rubber molecular chains.*
The rubber chains exhibited a strong affinity for carbon black,
which further reduced agglomeration and enhanced the rein-
forcing effect. Therefore, the structural characteristics of car-
bon black are primarily determined by particle size and specific
surface area. When combined with the wet mixing method,
these properties contribute to enhanced dispersion and impro-
ved mechanical performance of the rubber composite.*’

Dynamic Mechanical Properties. As shown in Figure 6,
the relationship between the loss factor (tan d) and temperature
for vulcanizates prepared using the wet process for three differ-
ent grades of powdered carbon black, as well as those prepared
by the corresponding dry processes, is presented. It can be observed
that the loss peaks of vulcanizates from all processes occurred
at the same temperature, indicating identical glass transition
temperatures (7). The peak value of tan d in the glass transition
region reflects the mobility state of the rubber molecular chains.
The energy dissipation in this region primarily arises from internal
friction between molecular chains. Since the rubber chains in
the wet process did not experience prolonged thermal aging or

Z2H, A|4998 Al6%, 20253

Figure 5. Carbon black dispersion of CB/NR composites prepared
by wet method and dry method: N110-Dry process (al) and N110-Wet
sieve filtration (a2), N234-Dry process (bl) and N234-Wet sieve
filtration (b2), N326-Dry process (c1) and N326-Wet sieve filtration

().

chain scission, they retained more flexible segments, leading to
increased intermolecular friction and consequently a higher tan 0
peak. Moreover, the peak of tan ¢ in the glass transition region
is also influenced by the degree of filler dispersion. A higher
level of filler dispersion reduces the restriction on molecular chain
mobility, enhances molecular friction, and thereby increases
the peak value of tan .

As shown in Figure 6(a), the sieving filtration N110 carbon
black prepared via the wet process exhibited the highest peak
tan J value, indicating the best carbon black dispersion among
the samples. At 60 C, the wet-process vulcanizate demonstrated
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Figure 6. Dynamic mechanical properties of CB/NR composites prepared by wet method and dry method: (a) N110/NR; (b) N234/NR; (c¢)

N326/NR.

a lower tan o value compared to its dry-process counterpart,
suggesting that the wet process resulted in lower rolling resis-
tance. Conversely, at 0 C, the dry-process sample exhibited a
higher tan ¢ value than the wet-process sample, implying supe-
rior wet skid resistance. Among the samples, the vulcanizate
prepared using sieving filtration carbon black in the wet pro-
cess showed the lowest rolling resistance. These results indicated
that the wet process enhances the rolling resistance perfor-
mance of vulcanized rubber but may compromise its wet skid
resistance.

From Figure 6(b), it would be observed that in the glass tran-
sition region, the peak tan J value of the wet-process sample
was higher than that of the dry-process sample, while the glass
transition temperatures remained essentially the same. This
indicates that carbon black dispersion in the wet process was
superior to that in the dry process, and that the two wet-process
methods exhibited comparable levels of dispersion. The under-
lying reason, based on analysis, is that the particle size and
structural characteristics of N234 carbon black resulted in sim-
ilar dispersion effects for both powdered carbon black prepa-
ration methods. The tan J values at 0 C and 60 C are related
to the wet skid resistance and rolling resistance, respectively.
Compared to the dry process, the wet process slightly improved
the rolling resistance performance but slightly reduced the wet
skid resistance.

From Figure 6(c), it can be observed that the glass transition
temperatures of the dry process and each wet process remained
nearly unchanged. In terms of the peak tan d, the dry-process
sample exhibited the lowest peak, while the carbon black grinding
wet-process sample showed the highest. The reason for this is
that the dispersion of carbon black in the N326 grinding wet
process resulted in a weaker fillerfiller network and less carbon

black agglomeration, thereby leading to a higher energy dissipa-
tion peak. The figure also reflects the anti-slip and rolling resis-
tance performance of the vulcanized rubber. The dry process
exhibited better wet skid resistance but higher rolling resistance.
Among all samples, the grinding wet-process sample had the
lowest rolling resistance and lower heat build-up.

Conclusions

In this study, carbon black masterbatches were prepared using
the wet flocculation process. Various experimental approaches
were investigated, including grinding and sieving filtration, for
three grades of carbon black: N110, N234, and N326. The pro-
perties and flocculation behavior of the wet-process master-
batches prepared using different carbon black treatments were
systematically analyzed. Compared with the dry process, the
wet-process masterbatches exhibited enhanced performance.

The performance of carbon black masterbatch rubber pre-
pared via the wet mixing process was significantly superior to
that of the dry mixing process, particularly when the carbon
black was subjected to sieving filtration treatment. For sieving
filtration N110 carbon black, the M—M; value was 8.4% higher,
tensile strength increased by 3.65%, the Payne effect was reduced
by 15.71%, and the tan J value at 60 C showed minimal change
compared with the dry process. Sieving filtration N234 carbon
black exhibited a 4.24% increase in M;—M;, a 3.44% increase
in tensile strength, a 23.66% reduction in the Payne effect, and
a comparable tan J value at 60 C. For sieving filtration N326
carbon black, the Mi—M; value increased by 7.1%, tensile strength
improved by 11.21%, and the Payne effect decreased by 11.21%,
with the tan & value at 60 C remaining nearly unchanged.

The dispersion of carbon black in the wet process was signi-

Polym. Korea, Vol. 49, No. 6, 2025
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ficantly better than that in the dry process, indicating that car-
bon black could be more uniformly distributed within the rubber
matrix under wet mixing conditions. The flocculation time in
the wet flocculation process varied depending on the pretreat-
ment method of the carbon black. Pelletized carbon black sub-
jected to grinding or sieving filtration was able to gel with
natural latex within a short time under appropriate stirring con-
ditions, whereas unprocessed pelletized carbon black required
a longer time to achieve flocculation. Therefore, the wet master-
batch prepared through different experimental methods represents
a flocculant-free flocculation approach, enabling acid-free floc-
culation and eliminating wastewater generation, at the same
time, it saves energy and promotes the development of green,
low-energy rubber processing.
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