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ABSTRACT: Compounds of styrene–butadiene rubber (SBR) filled with bamboo charcoal powders (BCPs) were prepared with a

laboratory-sized two-roll mill. The effects of the BCP loading on the curing characteristics and mechanical and thermal properties

were investigated. The results indicate that the addition of BCP resulted in a longer curing time and a higher Mooney viscosity in the

SBR materials. The incorporation of BCP into SBR improved the mechanical properties and dynamic properties. Furthermore,

the mechanical properties of the vulcanizates after thermal aging were also studied, and the experimental results indicate that most of

the mechanical properties improved after thermal aging. The overall results indicate that BCP could be used as a cheaper filler for

SBR materials. VC 2013 Wiley Periodicals, Inc. J. Appl. Polym. Sci. 000: 000–000, 2013
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INTRODUCTION

Styrene–butadiene rubber (SBR) is amorphous and has better

processability, heat aging, and abrasion resistance but is inferior

in terms of physicomechanical characteristics with reinforcing fill-

ers. Thus, it has been appropriate for many applications,1 such as

the production of tires and different rubbers goods.2 Carbon

black is unquestionably the most widely used reinforcing filler in

the rubber industry. However, because of its dependence on

petroleum feedstock (for synthesis), the instability of the price of

petroleum has resulted in increasing interest in other reinforcing

fillers.3 Reinforcement with fillers from renewable resources into

polymeric materials has become a major interest in recent years.

According to reports, lots of fillers have been used to take the

place of the commonly used carbon black; these include sili-

cates,4,5 montmorillonite,6–9 and reinforcing fillers from renew-

able resources such as rice husks,10–15 starch,16–20 chitosan,21 oil

palms,22–24 chitin,25 and cuttlebones.26–28

Bamboo is an abundant and inexpensive natural resource. It

can be carbonized in a furnace at high temperature in the

absence of oxygen to produce bamboo charcoal. Bamboo char-

coal is an environmentally friendly, low-cost (ca. $421–571/ton),

and renewable bioresource in China.29 However, its utilization

has not been fully explored. Bamboo charcoal is characterized

by a high density, a porous structure, and a huge specific sur-

face area.30 According to the literature, bamboo charcoal with

an excellent adsorption capacity was used as a potential adsorb-

ent for the removal of various kinds of pollutants, including

nitrate–nitrogen,31 dibenzothiophene,32,33 phenol,34–36 heavy

metals,29,37–40 ammonia,41 and dye.42–45 Because of the high car-

bon content,46 bamboo charcoal may provide an alternative

option and to partly replace conventional fillers in the rubber

industry. Therefore, as a renewable and low-cost filler, bamboo

charcoal and its uses may deserve more attention.

In this article, bamboo charcoal powder (BCP) was used as a new

type of filler in SBR. The properties, including the curing charac-

teristics and mechanical and thermal properties, of the composites

were characterized in detail. One of the most important require-

ments for BCP to be successfully used as a filler is its good interac-

tion with rubber at a reasonable loading level. Therefore, the effects

of BCP on the curing characteristics and mechanical and thermal

properties of SBR filled with BCP were examined.

EXPERIMENTAL

Materials

SBR latex with a solid content of 17.46 wt % and other

compounding ingredients, including zinc oxide, stearic acid,

N-tert-butyl-2-benzothiazole sulfonamide (TBBS), and sulfur,
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were all purchased from Qilu Petrochemical Co. (Shandong,

China). BCP with an average particle size of 18.18 lm (shown

in Figure 1) was obtained from International Centre for

Bamboo and Rattan (Beijing, China). The flocculating agent

was purchased from Fengquan Chemical Co. (Shandong,

China). Sodium chloride, sulfuric acid, and sodium hydroxide

was purchased from Chemical Reagent Beijing Co., Ltd.

Commercial-grade carbon black (N330) with an average particle

size of 17.5 lm was used in this study.

Mixing and Curing Assessment

BCP was continuously agitated in the SBR latex; then, the

mixture was treated by an ultrasonic processing technique for

30 min. Sodium chloride (10 g) and the flocculating agent

(6 mL) were dissolved in distilled water (350 mL), and the pH

of solution was determined at 3–3.5 through the addition of

sulfuric acid. Then, the solution was heated to 55–60�C, and we

added this to the mixture of BCP and SBR latex. The rubber-

incorporated BCP was leached from the suspension, and aque-

ous sodium hydroxide was used to neutralize the acid solution.

When the rubber-incorporated BCP was dried at 60�C for 24 h,

the compounding of SBR with BCP and the other ingredients,

as shown in Table I, were performed with a laboratory-sized

two-roll mill [model X(S)K-160]. The compounded rubber was

left for 24 h before vulcanization. The optimum curing charac-

teristics of the compounds were determined with a rotorless

rubber curometer (RC2000E) at 150�C.

The cure rate index (CRI) was measured according to ISO

65028. The following formula was used to determine CRI in this

study:

CRI 5100= T902ts2ð Þ (1)

where ts2 is the scorch time and T90 is the curing time. The

changes in the torque with filler loading was used to character-

ize the filler–matrix interaction or reinforcement. The reinforce-

ment factor (af) was calculated from the rheographs47,48 and is

given by the following equation:

af 5 DLmax filledð Þ2DLmax controlledð Þ
� �

=DLmax controlledð Þ (2)

where DLmax(filled) and DLmax(controlled) are the changes in the

maximum torque during vulcanization for the filled and con-

trolled compounds, respectively.

The compounds were compression-molded at 150 6 1�C

according to the respective T90 values with a laboratory hydrau-

lic press (QLB-25D/Q), and the pressure was controlled at

15–20 MPa. The Mooney viscosity (ML114 at 100�C) was deter-

mined with a Mooney viscometer (MV200E).

Measurement of the Tensile Properties

The effect of the thermal aging on the properties of the SBR

filled with BCP was studied according to the standard method

ASTM D 573-99 (1999). The vulcanizates were aged at an oven

temperature of 70�C for 96 h and then left at room temperature

for 16 h before testing. The mechanical properties of the vul-

canizates before and after thermal aging were then evaluated.

Dumbbell-shaped test pieces were cut from molded sheets pre-

viously conditioned for 24 h at room temperature. Tensile tests

were performed with an electronic versatile tester (CMT 4304)

at a crosshead speed of 500 mm/min. The tensile strength and

elongation at break were obtained from the tests. Five

dumbbell-shaped samples were tested for reduplication.

Measurement of the Dynamic Properties

The dynamic mechanical analysis (DMA) spectra of the samples

were obtained with a Seiko SII advanced dynamic mechanical

spectrometer (model DMS6100). Specimens with a size of 40 3

8 3 1 mm3 were analyzed in tensile mode at a constant fre-

quency of 10 Hz and a temperature range from 280 to 100�C
at a heating rate of 4�C/min in a nitrogen atmosphere. The

temperature corresponding to the peak in the dynamic loss tan-

gent (tan d) versus temperature plot was taken as the glass-

transition temperature (Tg).

Measurement of the Thermal Properties

Thermogravimetry (TG) was carried out in a thermogravimetric

analyzer (Netzsch TG-209C) over a temperature range from

room temperature to 550�C at a heating rate of 10�C/min.

Nitrogen was used as a purging gas during the process of

measurement.

Scanning Electron Microscopy (SEM) Observation of the

Fractured Surfaces

Examination of the fracture surface was carried out with a scan-

ning electron microscope (model Hitachi S-4800). All of the

surfaces were examined after sputter coating with gold to pre-

vent electrostatic charging and poor image resolution.

Figure 1. Particle size of BCP. The numbers following “d” in parentheses

indicates the volume fraction. For example, “d(0.1):2.975” indicate that

the volume fraction is 10% whose particle size is below 2.975 lm.

Table I. Composition of the SBR Compounds

Material Compound (phr)a

SBR rubber 100

Zinc oxide 3

Stearic acid 1

TBBS 1

Sulfur 1.75

BCP 0, 10, 20, 30, 40, 50, 60
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RESULTS AND DISCUSSION

Curing Characteristics

The vulcanization characteristics of the composites are shown

in Figures 2–4. We observed that ts2 and T90 increased along

with increasing content of BCP in Figure 2; this indicated that

BCP hindered vulcanization. The CRI values (shown in Figure 3)

) indicated that the curing rate of the composites decreased as

the content of BCP increased; this was due to the delay of the

vulcanization process, which resulted from the inclusion of

BCP. However, a possible mechanism to explain this phenom-

enon is still obscure at present.48As the curing rate decreased, it

was easy to realize safety in the production and prevent the

overcuring phenomenon.

af described the filler–matrix interaction or reinforcement from

the changes in the rheometric torque with filler loading. From

the af values listed in Figure 3, it was clear that the values of af

continuously increased with the addition of BCP. This may have

been due to the planned choice of the smallest particle sizes to

improve the physicomechanical properties. The changes in CRI

and af may have been due to strong interfacial BCP–rubber

interaction.49

The torque value of composites is shown in Figure 4. The mini-

mum torque (ML) values of the composites increased as the

BCP loading increased. The increment in the ML values indi-

cated that the mobility and flexibility of the unvulcanized com-

pounds was reduced with the presence of BCP. As observed, the

maximum torque (MH) values of the composites was similar to

the ML values and exhibited an increasing trend with increasing

BCP loading. The mobility and flexibility of the macromolecu-

lar chains of rubber were reduced, and the stiffness of the com-

posites was increased with the existence of BCP; this resulted in

an increment in the MH values.21,50,51 Furthermore, the differ-

ence in these values was related to the crosslinking density of

the composites. As the value increased, the crosslink densities

were expected to increase.52

A comparison of the BCP and carbon black in the curing

properties is shown in Table II and Figure 5. Compared to

BCP, carbon black provided decreases in ts2 and T90; this indi-

cated that carbon black accelerated the vulcanization process.

Furthermore, the acceleration was also proven from the

increase in CRI. The difference in the torque value was

obvious, and the variation resulting from BCP was less than

that from carbon black. The lesser variation was possibly due

to the original channels and porous structure, where the mac-

romolecular chains of rubber could move. The more slight

increase in af was also due to this reason. The effect of BCP

and carbon black on the Mooney viscosity is shown in Figure

5. For BCP and carbon black, the Mooney viscosity substan-

tially increased with increasing filler loading, and SBR filled

with BCP had a higher Mooney viscosity. In the mixing state,

the large particle size and low interaction (shown from af in

Figure 3) between the fillers and rubber gave rise to a lower

viscosity.53 The mobility of the rubber’s macromolecular

chains was reduced with the presence of reinforcing fillers in

the rubber matrix. The high values of viscosity for the SBR

materials filled with BCP and carbon black indicated that

Figure 2. Effect of the BCP loading on the ts2 and T90 values of the rub-

ber compounds.

Figure 3. Effect of the BCP loading on the CRI and af values of the rub-

ber compounds. [Color figure can be viewed in the online issue, which is

available at

Figure 4. Effect of the BCP loading on the torque of the rubber

compounds.
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there was a high restriction to the molecular motion of mac-

romolecules; this was probably caused by the greater interac-

tion between both fillers and SBR.

Tensile Properties

Figures 6–8 shows the effect of the BCP loading on the tensile

properties of the BCP-filled rubber compounds before and

after thermal aging. As shown clearly in Figure 6, the tensile

strength of the composites increased with the addition of BCP.

With the better dispersion of BCP,54 the excellent frame struc-

ture could support the stress transferred from the matrix and

effectively improve the tensile strength of the composites. The

strong interfacial filler–rubber interaction, as shown from the

values of af in Figure 3 was the other important factor. These

results were in agreement with those of previous works.55 As

shown in Figure 7, the tensile modulus at 100 and 300% elon-

gation increased with the addition of BCP. This indicated that

the elasticity of the rubber chains was reduced with the addi-

tion of BCP. The increase in tensile modulus was associated

with the MH values of the composites; this increased with fil-

ler loading.21

As observed in Figure 8, the elongation at break increased until

a maximum was obtained at 20 parts per hundred rubber (phr)

and then decreased as the loading of BCP increased. This was

due to the slippage of rubber chains from the surface of BCP.

The improved elasticity may also have been due to the plasticiz-

ing effect of the gallery onium ions and the conformational

effects on the polymer at the filler–matrix interface.9 As the

BCP loading increased, the elongation at break decreased gradu-

ally. Too much BCP led to aggregation; this brought more

defects and formed the stress concentration point. The reduc-

tion in the elongation at break was mainly caused by the

increasing stiffness and brittleness of the composite as a result

Table II. Comparison of the Curing and Mechanical Properties of the BCP and Carbon Black

Compound ML (dNm) MH (dNm) T90 (min) ts2 (min) CRI (min21) af Ts (MPa) Eb (%)

SBR 0.335 0.855 16.33 3.39 7.73 — 2.15 6 0.15 517 6 14

Carbon black 10 0.43 1.465 12.19 6.22 16.75 0.71 6.82 6 1.26 524 6 16

20 0.47 1.525 12.34 6.04 15.87 0.78 8.91 6 1.44 579 6 19

30 0.55 1.675 12.32 5.14 13.93 0.96 11.03 6 1.0 571 6 35

40 0.625 1.93 11.49 4.37 14.04 1.26 14.05 6 0.9 515 6 27

50 0.65 1.97 11.32 4.29 14.22 1.3 16.7 6 0.78 502 6 23

60 0.72 2.06 11.02 4.04 14.33 1.41 17.3 6 0.86 485 6 12

BCP 10 0.35 0.875 17.52 4.42 7.63 0.023 3.27 6 0.13 534 6 9

20 0.375 0.905 19.14 4.5 6.83 0.058 3.31 6 0.12 611 6 13

30 0.385 0.92 21.16 4.86 6.13 0.076 3.62 6 0.09 585 6 9

40 0.415 0.965 22.39 5.35 5.87 0.13 3.65 6 0.11 531 6 7

50 0.445 1.015 26.42 5.42 4.76 0.19 3.68 6 0.14 474 6 12

60 0.48 1.05 27.36 5.53 4.58 0.23 3.7 6 0.07 461 6 8

Ts 5 tensile strength; Eb 5 elongation at break.

Figure 5. Mooney viscosity (ML114 at 100�C) values of the rubber com-

pounds. [Color figure can be viewed in the online issue, which is available

at

Figure 6. Effect of the BCP loading on the tensile strength of the rubber

compounds. [Color figure can be viewed in the online issue, which is

available at
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of the transition from a rubber to a plastic phase with increas-

ing BCP loading.56 The increase in the filler loading tended to

restrict the flexibility of the rubber chains and, therefore, caused

the rubber vulcanizates to fail at a lower elongation.

The comparison of the mechanical properties of the BCP and

carbon black is also shown in Table II. As shown, at a similar

filler loading, the SBR materials filled with BCP had a lower

tensile strength than that filled with carbon black. The macro-

molecular chains of rubber could mobilize in the original

channels and porous structure, and the interfacial interaction

of BCP–SBR, as shown from the values of af in Table II, was

lower than that of carbon black. Compared to that filled with

carbon black, the SBR filled with BCP had a better elongation

at break because of the mobility of the macromolecular chains

of rubber in the original channels and porous structure. The

experimental results of thermal aging are also shown in

Figures 6–8. It was interesting to note that after thermal aging,

the tensile strength and modulus values at 100 and 300%

elongation both increased gradually, whereas the elongation at

break showed a decrease, which was due to the postcuring

reaction.57

Dynamic Properties

DMA is a useful means for revealing the microscopic relaxation

movement of polymer molecules. The results of DMA are

described with the storage modulus (E0) and tan d in Figures 9

and 10, respectively, and the curves of E0 versus the temperature

for compounds with different BCP loadings are presented in

Figure 9. As observed, E0 increased with increasing BCP loading;

this showed that the addition of BCP to the rubber resulted in

an increase in stiffness. Furthermore, this indicated the strong

confinement of BCP on the rubber chains. We also observed

that E0 dropped with increasing temperature; this indicated that

all of the formulations gradually passed from stiff, hard, solid

materials to soft and flexible materials.58

Figure 7. Effect of the BCP loading on the modulus at elongation values

of the rubber compounds. [Color figure can be viewed in the online issue,

which is available at

Figure 8. Effect of the BCP loading on the elongation at break of the rub-

ber compounds. [Color figure can be viewed in the online issue, which is

available at

Figure 9. Effect of the BCP loading on the E0 values of the rubber com-

pounds. [Color figure can be viewed in the online issue, which is available

at

Figure 10. Effect of the BCP loading on the tan d values of the rubber

compounds. [Color figure can be viewed in the online issue, which is

available at
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The effect of BCP on the variation of tan d as a function of

the temperature is shown in Figure 10. According to the liter-

ature reported, the decrease in the a-transition peak height

could have been related to the increase in the crosslinking

density in the amorphous polymers.59 As shown in Figure 10,

the peak values of tan d decreased with increasing BCP load-

ing; this proved that the crosslinking density of the com-

pounds increased and the crosslinking reaction played a more

important role than the degradation. It is well known that the

temperature at which tan d shows a maximum is considered

to be the Tg of the material. According to Figure 10, the Tg

values of the compounds are shown in Table III. With increas-

ing BCP loading, the Tg values of the compounds increased

gradually. The new molecular interactions were formed at the

boundaries; this resulted from the presence of BCP at the

interface of the rubber.6

Table III. Effects of the BCP Concentration on the Tg Values of the Rub-

ber Composites

BCP content (phr) Tg (�C)

0 241.5

10 240.8

20 239.97

30 239.4

40 238.58

50 237.95

60 236.37

Figure 11. TG curves of the rubber compounds. [Color figure can be viewed

in the online issue, which is available at

Figure 12. Surface morphology of the BCP.

Figure 13. Fractured surface morphology of the SBR (a) without fillers and with (b) 10, (c) 20, and (d) 60 phr BCP.
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Thermal Properties

The thermal stability of the compounds with different BCP

loadings was studied by TG, and the TG curves are presented in

Figure 11. As observed in Figure 11, as the BCP loading

increased, the TG curves shifted right gradually; this indicated

the thermal decomposition temperature increased gradually, and

the thermal stability of the compounds improved. This may be

have been because BCP, with its excellent thermal stability and

low heat conduction coefficient, could efficiently restrict the

heat transfer between the polymer chains and the thermal

decomposition.

Morphological Studies of the Fractured Surface

The morphology of BCP is presented in Figure 12. As observed,

BCP revealed the original channels and porous structure. This

structure enabled better integration with the rubber chains and

improved the properties of the compounds. The SEM micro-

graphs in Figure 13 show the fractured surfaces of the com-

pounds without BCP and with 10, 20, and 60 phr BCP taken at

a magnification of 10003. As shown in Figure 13(a), the frac-

tured surfaces of SBR were smooth; however, the fractured

surfaces of SBR filled with BCP were rough [Figure 13(b–d)].

We observed that BCP was dispersed uniformly in the rubber

matrix, and the rubber was incorporated into the channels of

BCP [Figure 13(b,c)]. The excellent dispersion and adhesion

could have contributed to the improvement of the mechanical

properties of the compounds, which were proven in a previous

work. Figure 13(d) shows the SEM micrograph of SBR with 60

phr BCP. With increasing BCP loading, the dispersion of BCP

in the rubber matrix became poor, and there were agglomera-

tions and significant detachment of BCP from the rubber

matrix. The formation of agglomeration and the significant

detachment of BCP from the rubber matrix indicated that the

resulting BCP detachment resulted in the reduction of the elon-

gation at break.

CONCLUSIONS

The purpose of this study was to verify the possibility of using

BCP as an alternative filler for SBR. ts2, T90, the torque (includ-

ing MH and ML), the tensile strength, and the tensile modulus

(M100 and M300, respectively) of the compounds increased

with increasing BCP loading. E0, Tg, and the decomposition

temperature of the compounds increased, whereas the peak val-

ues of tan d decreased with increasing BCP loading. Although,

from the overall mechanical properties, BCP may have had a

poorer reinforcing ability than that of carbon black, one may

still consider the use of BCP as a filler in the rubber industry

for economic and ecological reasons.
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