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Abstract: Hydroxyethyl cellulose-bamboo charcoal (HxBy) hybrids with different content ratios were applied to develop
a biochar hybrid filler for natural rubber (NR) reinforcement. The hybrids were conducted with hydroxyethyl cellulose
and bamboo charcoal by a hydrogel-adsorption method, and the NR composites filled with hybrid fillers were synthesized
by latex-filler dispersion mixing method. The curing properties of the NR composites were tested by a rubber processing
analyzer (RPA-V1), the morphological structure of the composites were characterized by SEM. And the dispersion
characterization of the composites were characterized by dispersion tester. Tensile strength, hardness value, abrasion resis-
tance and swelling ratio were investigated to verify the property improvement of the NR composites. From the results
of all the tests, it could be found the hybrid H8B2 (hydroxyethyl cellulose: bamboo charcoal = 8:2) showed the best rein-
forcement. The probable reason is the hybrid filler with ratio of H8B2 could provide the best interpenetrating network

structure.
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Introduction

Global demand for petroleum products continue to rise, and
it is critical to research renewable, alternate sources of fuel and
other materials to replace them should global petroleum sup-
plies run out. Carbon black (CB), a petroleum product, has
long been the standard filler for rubber composites (with the
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largest market being the tire industry) due to its excellent rein-
forcement properties, low cost, and ability to be available in a
very pure and wide selection of agglomerate sizes.! Renew-
able, nonpetroleum-based filler sources such as starch, soy pro-
teins, and fiber have been tested with rubber composites.?
Although some of these materials have shown promising rein-
forcement properties, industry seems reluctant to try filler
materials that are fundamentally different from CB in both
appearance and source.” Biochar is another renewable, non-
petroleum-based filler material that looks similar to CB. Bio-

char is charcoal that can be made vis pyrolysis (thermal
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treatment in an oxygen-free environment) from just about any
carbon containing biomass feedstock,' such as hardwoods,
crop residues, or bamboo residues. In recent years, biochar has
been widely used in the research of carbon black materials in
the field of rubber materials. As a natural biomass carbon,
bamboo charcoal (BC) has broad application prospects in the
preparation of biochar/polymer composites. The enhancement
of macroscopic properties of rubber materials mainly comes
from porous structure and large specific surface area.’

Hydroxyethyl cellulose (HEC) as a cellulose derivative is
susceptible to degradation by cellulases, in activated compost
and under natural conditions in soil without releasing toxic
products. This material was researched as a filler material in
polymer reinforcement, due to its improvement on moisture
adsorption, glass transition and tensile mechanical properties
of polymer.® It also could improve the properties of rubber as
a green chemistry raw material.

Latex-filler dispersion mixing method is a synthesis method
of polymer that makes composites consist of two or more net-
works, in interpenetrating polymer networks. When physical
crosslinking and chemical crosslinking occur simultaneously
in polymer materials, it is assumed that it could provide better
viscoelastic properties.” Therefore, it has attracted the attention
of researchers, especially in the rubber field.

In this study, as shown in Figure 1. Rubber composites were
synthesized by interpenetrating polymer networks method with
natural rubber latex, which was used as main material, and
HxBy hybrids in different content ratios, which used as fillers.
As the fillers, HEC-BC hybrids were set into 4 ratios, which
were H2B8 (HEC:BC =2:8); H4B6 (HEC:BC =4:6); H6B4
(HEC:BC = 6:4); and H8B2 (HEC:BC = 8:2), and fillers were
filled with NR on a two roll mill. Neat NR was set as control
group. After filling process, the vulcanizates were vulcanized
during the curing process. Finally, the surface state, tensile
strength, dispersion, hardness, abrasion resistance and swelling
ratio had been characterized.
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Figure 1. NR composites were synthesized by latex-filler dispersion
mixing method.
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Experimental

Materials. Natural rubber latex (Jungwoo company, Korea,
effective mass 61+1%), sulfur (powder, Daejung, 99%), stearic
acid (SA, Samchun chemical, 95% EP), N-cyclohexyl-2-ben-
zothiazole sulfonamide (CBS, Tokyo Chemical Industry Com-
pany, Japan, 95%), 2,2' dibenzothiazolyl disulfide (DD, Tokyo
Chemical Industry Company, Japan, 95%), zinc oxide (ZnO,
Samchun chemical, 99%), hydroxyethyl cellulose (HEC, Dae-
jung Chemicals & Metals Co., Ltd) and bamboo charcoal (BC,
Quzhou Minxin Charcoal Company, Zhejiang Province,
China).

Synthesis of HxBy Hybrids. The formulation was shown
in Table 1 and the process was shown in Figure 2. HEC hydro-
gel was prepared by mixing a certain amount of HEC in dis-
tilled water at a constant temperature of 60 °C in a water bath
at 150 rpm stirring for 1 h to make hydrogel system.* And BC
was mixed into the hydrogel system, and stirred with a mag-
netic stirrer (about 300 rpm) for about 2 h at the temperature of
80 °C. And made them better adsorbed together. Then dried the
product in an oven with 60 °C.

Compounding and Curing. HxBy hybrids and NR latex

Table 1. Formulation of HxBy Hybrids

Ingredients HEC* (phr) BC’ (phr)
Neat 0 0
H2B8 2 8
H4B6 4 6
HoB4 6 4
H8B2 8 2

“HEC: Hydroxyethyl cellulose. “BC: Bamboo charcoal. “phr: part per
hundreds of rubber.

Hydroxyethyl
pes el Bamboo charcoal
Hrdroxrethrl
E— callulose chain aad
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E——— —_— ———— — e
Water HxBy hybridis

Figure 2. Synthesis of HxBy hybrids.
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Table 2. Formulation of Test Sample Compounds (unit: phr)
Compound designations
Ingredients
Neat H2BS8 H4B6 H6B4 H8B2
NR 100 100 100 100 100
Stearic Acid 2 2 2 2 2
CBS* 1.5 1.5 1.5 1.5 1.5
DD’ 0.5 0.5 0.5 0.5 0.5
Zinc Oxide 5 5 5 5 8
HxBy 0 10 10 10 10
Sulfur 1.75 1.75 1.75 1.75 1.75

“CBS: N-Cyclohexyl-2-benzothiazole-sulfonamide. *DD: 2,2-Dibenzothiazolyl disulfide.

were mixed drying, the formulation was shown in Table 2. The
compounding process was conducted on a two-roll mill. Note
the sulfur and vulcanization promoters were added at the last
step for avoiding the pre-vulcanization. After that, samples
were vulcanized under 10 MPa for t90 at 160 °C in a heating
press machine. The thickness of the samples was set as 1 mm.

From the Figure 3, first of all, when the HEC was poured
into hot water, it could get hydrogelation, and become into a
network crosslinking state with high adsorption force due to
the gelation effect. And at the same time, added the BC into
the system which also exist some polar-functional groups, and
also could form the hydrogen bond with HEC gel, due to the
particle size and better hardness reinforcement of BC, the net-
work crosslinking state become more compact. Before the gel
solidification forming, pour the latex into the system, to make
the rubber chain cross with the gel chain, and due to the carbon
particle (BC) could also get good combination effect with rub-
ber chain, so it could form better matrix with larger com-
bination force. After the drying process, added the sulfur to
form the vulcanization state, due to the strong force of -S-S-
bonding between the rubber chains, the stronger matrix had
been formed during this step.

In the Figure 4 of SEM, (a) is for H2B8, (b) is for H4B6, (c)
is for H6B4, and (d) is for H8B2, from the picture, it could be
found obviously that (a) and (d) showed better gelation effect,
which could form the compact matrix, but as (b) and (c), they
presented block and plate state, but not the whole gel state, and
with the ratio of HEC increasing, the particle size of hybrid
filler also increased, especially in (c), it could be found some
small size gels are wrapped on BC particles, but not form the
whole state, and in (d), due to the more HEC ratio, the gelation
could be more completed, and provide more network structure
and adsorption force to form the compact hybrid. So during the
characterization of fillers, it also could be found that H2B8 and
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Figure 3. Hybrids were conducted by a hydrogel-adsorption
method.
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Figure 4. SEM picture of HxBy hybrids: (a) H2B8; (b) H4B6; (c)
H6B4; (d) H8B2.

H8B2 might provide better mechanical reinforcement effect
during the mixing process with NR latex.

Characterization. The morphology of the samples after the
tensile test was carried out on a FE-SEM (JSM-7500F, JEOL
Ltd. Japan). The dispersion characterization was performed by
U-CAN UD-3500 C.B. dispersion tester (U-CAN DYNATEX
INC). The cure/vulcanization characteristic of samples were
measured by a rubber process analyzer (RPA-V1, UCAN
DYNATEX INC.). The minimum torque (M), maximum
torque (M), scorch time (7y), and optimum cure time (Zo)
were determined by the RPA. The cure rate index (CRI) was
used to evaluate the cure rate of the rubber, and it was cal-
culated by the following eq. (1):’

CRI= 100/(f90 - tsz) (1)

Mechanical Properties. Tensile strength of samples was
performed on a Tinius Olsen HSKT- 0401 testing machine at
a speed of 500 mm min" according to ASTM D412 with the
average of three measurements.

Specimens on standard dumb-bell shape were cut from the

Table 3. Curing Characteristic Results

vulcanizate sheets with dimensions 25 mmx6 mmx1 mm
(lengthxwidthxthickness).

Shore A hardness of the specimens had been obtained with
Shore Durometer Type A according to ASTM D22-40.

Abrasion resistance test was performed using Taber Abra-
sion tester 5135 at 500, 1000 and 1500 cycles of abrasion with
a rotate speed of 80 r/min according to ASTM D1044.

And swelling ratio tests were carried out in toluene for 1, 2,
4, 8, 16 and 24 h according to ASTM D71-79.

Results and Discussion

Curing test results of composites were presented in Table 3.
Compared with the neat NR, CRI value of other composites
are larger than neat NR, it is due to the 3. Compared with the
neat NR, CRI value of other composites are larger than neat
NR, it is due to the interpenetrating network structure could
short the distance of rubber chain, which also could reduce the
vulcanization time, and increase the rate of reaction. As the
AM which also presents the mechanical properties of matrix,
H2BS8 and H8B2 showed larger value than neat NR, but others
not, the probably reason for that is at the approximate ratio of
HEC and BC, the blend matrix system is very confusing, and
the filler in this ratio increased the chaos of the system greatly,
and cannot make the combination and compatibility effect
greatly,'” but when the unilateral content of HC or BC exceeds
equilibrium sharply, it could provide mechanical reinforcing
performance of the filler which content is more, and spon-
taneous reduce the chaos of system due to the compatibility
principle."

The results of morphology were shown in Figure 5. Which
were the pictures of samples after tensile strength testing, com-
pared with Figure 5(a), the composites Figure 5(b)-(e) showed
the layer structures of the matrix, and it also could be found
with the filling ratio of BC decreased, the particle size of fillers
decreased, the layer structure and gully-like structure became
more and more compact. It was due to the interpenetrating net-

Maximum torque ~ Minimum torque AM Scorch time Cure time Cure rate index
M, (dNm) M, (dNm) (dNm) t, (min) foo (min) (CRI min™)
Neat 16.20 0.47 15.73 1.22 1.87 153.85
H2B8 16.54 0.78 15.76 0.93 1.45 192.31
H4B6 15.87 0.57 15.30 0.78 1.28 200.00
H6B4 14.08 0.63 13.45 0.75 1.25 200.00
H8B2 17.33 0.93 16.40 0.87 1.38 193.09

Zan, 414378 A35, 201939
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Figure 5. SEM picture of composites: (a) neat NR; (b) H2BS; (c)
H4B6; (d) H6B4; (e) HSB2.

work between filler and matrix, which could increase the den-
sity of crosslinking, and make the matrix more compact in
morphology.'”? And due to the self-reinforcing effect of natural
rubber, the neat rubber had excellent tensile properties, it also
could be found in Figure 5(a), which showed fine cracks
during the tensile test. And from Figure 5(b) and 5(e), it could
be found the larger layers in these two composites, which
means there were strong interaction forces in these two matrix.
But in Figure 5(c) and 5(d), the layer and gully-like structure
were not obvious, which also meant the interaction between
filler and matrix was weak. Thus, after the tensile test, the slid-
ing of layer structure of rubber is easier than Figure 5(b) and
5(e), and turned into the relatively flat surface structures.
The results of dispersion characterization were shown in
Table 4. It could be found with the filling content of HEC
increasing, the agglomerations in matrix decreased, but
dispersion rate of hybrid fillers increased, which presented the
more compact layer structure and gully-like structure of
matrix. It was due to the more hydrogen bonding effect could
make contribution of combination, which could improve the
dispersion effect in matrix, and reduce the agglomerations.
Also, due to the more HEC content could provide the more
hydrogel to cover and connect the BC particle in the

Table 4. Dispersion Characterization Results of the NR
Composites

. Particle . Dispersion
Composites diameter (um) Agglomerations rate (%)
H2BS 1.392 7 58.13
H4B6 1.291 4 75.06
H6B4 1.079 3 88.88
H8B2 1.036 0 96.75

20
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Figure 6. Tensile strength results of the NR composites.

processing of gelation step, which could make the hybrid filler
more compact, thus showed the smaller particle size, and when
the hybrid fillers filled into NR matrix, due to the polarity of
double sulfur (-S-S-) bonds which were provided in
vulcanization step and the polarity of hybrid fillers, the more
HEC content, the stronger polarity, thus they could form the
stronger combination matrix due to the theory of similar
dissolve mutually.”

The results of tensile strength were shown in Figure 6. From
these curves, natural rubber inherently possesses high strength
due to strain-induced crystallization. When fillers are incor-
porated into NR, the regular arrangement of rubber molecules
is disrupted and hence the ability for crystallization is lost." It
is the reason why fillers reinforced natural rubber blends pos-
sess lower tensile modulus than neat NR blend. But as an inter-
penetrating network, which also could increase the crosslinking
density, and the more ratio of HEC, the more hydrogen bonds,
and the more interaction effect,’”” thus H8B2 showed the best
tensile stress in this research, it also could be found in Table 3,
which had the largest AM value. As for H2B8, due to the
small-scale hydrogel system, the formation of interpenetrating

Polymer(Korea), Vol. 43, No. 3, 2019
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Hardness(Shore A)

MNeat H2B8 H4B6 H6B4 H8B2

Figure 7. Hardness results of the NR composites.

Table S. Hardness Results of the NR Composites
(unit: Shore A)

Samples Hardness

Average value 42+2
Neat 1 44
2 41
3 41

Average value 45+1
H2BS8 1 46
2 44
3 45

Average value 46+1
H2BS8 1 46
2 45
3 47

Average value 46+0
H2BS8 1 46
2 46
3 46

Average value 49+2
H2BS8 1 48
2 47
3 50

networks also showed with a small-scale, and more BC had
been filled into NR matrix directly, so it showed a lower curve
than neat NR and H8B2.

The results of hardness test were shown in Figure 7. From
this figure, it can be found all the composite filled with fillers
showed the higher hardness value than neat NR. The reason of

Zan, 414378 A35, 201939
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Figure 8. Abrasion resistance results of the NR composites.

Table 6. Abrasion Resistance Results of the NR Composites

(unit: g)
Samples Circles

500 1000 1500

Average value 0.122+0.010 0.185+0.014 0.392+0.031
Neat 1 0.123 0.172 0.421
2 0.131 0.184 0.361
3 0.112 0.199 0.394

Average value 0.074+0.011 0.153+0.020 0.341+0.014
H2B8 1 0.082 0.166 0.354
2 0.077 0.160 0.342
3 0.063 0.133 0.327

Average value 0.167+0.013 0.286+0.017 0.554+0.025
H2B8 1 0.159 0.269 0.557
2 0.162 0.287 0.576
3 0.180 0.302 0.529

Average value 0.155+0.014 0.257+0.007 0.436+0.016
H2B8 1 0.147 0.256 0.420.
2 0.149 0.264 0.441
3 0.169 0.251 0.447

Average value 0.042+0.011 0.125+0.014 0.267+0.013
H2B8 1 0.043 0.131 0.273
2 0.050 0.133 0.274
3 0.033 0.111 0.254

this result may be the fillers could provide more crosslinking
when filled into NR rubber matrix, and make the matrix com-
pact. When they dispersed into rubber matrix, the matrix had
become a whole uniform state, so the hardness value had been
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Figure 9. Swelling ratio test results of the NR composites.

increased.'® (The error range is shown in Table 5.)

The abrasion resistance test results were shown in Figure 8.
Due to the improvement of hardness for composite, H8B2 fill-
ers showed the best abrasion resistance result in this research,
compared to the neat ENR, composite filled with HSB2 pre-

357

sented about 1.5 times abrasion reinforcement effect than neat,
which would apply in the rubber roll filled with longer service
life.'” (The error range is shown in Table 6.)

The swelling ratio test results were displayed in Figure 9.
The swelling ratio (Q) was calculated by the following eq. (2):

O(%) = 100 x (W, = W)W, @

Where W; is weight of the swollen sample and ¥, is weight
of the un-swollen sample (extracted sample).” From the
curves, it can be found the neat NR showed the highest swell-
ing ratio, due to principle of similarity compatibility, the neat
NR had the weakest polarity, so when swelling in toluene
which also had non-polarity, it showed the largest swelling
degree. But when filled with HxBy hybrid, due to the increas-
ing of polarity, the swelling degree also decreased. Also,
because H8B2 composites have the tightest interpenetrating
network structure and crosslinking density, the more cross-
linking density, the more compact matrix, and the better swell-
ing resistance.'” (The error range is shown in Table 7.)

Table 7. Swelling Ratio Test Results of the NR Composites (unit: %)
Samples Time

1h 2h 4h 8h 16 h 24 h

Average value 245.34+3.10 307.51£1.06 323.42+3.75 325.52+1.33 328.13+£0.62 330.63+3.38
Neat 1 247.02 306.72 327.17 324.19 327.59 328.51
2 246.76 307.24 322.46 325.96 328.75 329.37
3 24224 308.57 320.63 32641 328.05 334.01

Average value 233.64+2.59 281.934+4.04 289.72+3.01 291.28+3.76 292.21+1.92 293.14+0.31
H2BS8 1 233.53 278.18 288.11 292.61 292.22 293.45
2 236.23 281.64 288.32 293.71 293.49 293.04
3 231.16 285.97 292.73 287.52 290.29 292.93

Average value 229.17+1.98 268.93+4.01 280.76+3.70 283.73+0.96 290.23+3.23 291.42+1.85
H2BS8 1 22991 266.49 277.06 283.75 292.45 293.11
2 227.19 267.36 281.15 282.77 291.24 291.58
3 23041 272.94 284.07 284.67 287.00 289.57

Average value 236.07+3.32 284.17+1.90 300.31£3.29 304.21+1.72 308.74+1.69 310.34+0.21
H2BS8 1 239.12 282.91 297.64 304.85 307.82 310.18
2 232.75 283.53 299.69 305.29 307.97 310.29
3 236.34 286.07 303.60 302.49 31043 310.55

Average value 220.12+2.33 264.934+2.42 271.95+1.88 274.69+1.17 276.52+1.03 277.13+0.24
H2BS8 1 222.45 262.73 273.42 274.75 275.69 277.19
2 219.06 267.35 272.36 275.80 276.32 277.31
3 218.85 264.71 270.07 273.52 277.55 276.89

Polymer(Korea), Vol. 43, No. 3, 2019
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Conclusions

Hydroxyethyl cellulose-bamboo charcoal (HxBy) hybrids
with different content ratios were applied to develop a biochar
hybrid filler for natural rubber reinforcement. The hybrids
were conducted with hydroxyethyl cellulose and bamboo char-
coal by a hydrogel-adsorption method, and the NR composites
filled with hybrid fillers were synthesized by latex-filler dis-
persion mixing method.*® The curing properties, the mor-
phology, the dispersion characterization, the tensile strength,
hardness value, abrasion resistance and swelling ratio had been
characterized, from the results of all the test, it could be found
the NR composite filled with H8B2 showed the best mechan-
ical properties, due to the best interpenetrating network struc-
ture has been formed during the compounding process, and
also due to the more hydrogen-bond effect which could make
the matrix more compact.”!
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