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ISSN: 2582-3353 Abstract: The mechanical properties (such as tensile strength and Young’s modulus) of rubber composites were 

evaluated from the thermodynamic parameters (ΔG, ΔH, and ΔS) obtained for natural rubber composites filled with 
clay and carbon black at varying volume fractions of fillers (5%-25%). The tension developed in each rubber composite 
due to changes in temperature was used in determining thermodynamic parameters via the Arrhenius equation and 
plots. The result showed that between 8.50-23.50% volume fractions of filler, clay-filled rubber composites exhibited 
higher spontaneity of elasticity and higher tensile strength than the corresponding carbon black-filled composites. At 
lower filler concentration (5-7%), clay-filled composites exhibited higher modulus than carbon black-filled rubber 
composites and between 7.50% and 23.50% filler concentration, carbon black reinforced composites showed superior 
modulus values. An almost two-fold increase in modulus was observed for carbon black-filled composites when the 
filler concentration was increased from 15% to 20% and beyond 20% the modulus decreased drastically. For clay-filled 
rubber composites, the entropy change increased with increasing filler concentration up to 15% and decreased beyond 
15%, while for carbon black reinforced composites, it decreased to a minimum as the filler loading increased from 5% 
to 10% and then increased gradually as filler concentration increased between 10-25% volume fractions. Low value of 
entropy change obtained at a 5% volume fraction of clay conferred excellent mechanical properties on the composite 
almost comparable with what was observed at a 10% volume fraction of carbon black. 
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1. Introduction 

The recent advances in rubber technology have led to the 

development of rubber materials with improved properties such as 

high tensile strength, hardness and elongation at break.
[1]

 Natural 

rubber in its raw form suffers from certain characteristics such as low 

modulus and strength,
[2]

 in order to prepare rubber materials for 

several applications including military,
[3]

 engineering and biomedical, 

natural rubber is usually compounded with different substances such 

as fillers.
[4]

 These fillers have been found to improve the mechanical, 

electrical, thermal conductivity, and barrier properties of natural 

rubber.
[1-5]

 Carbon black is the most commonly used filler in the 

rubber industry.
[6]

 However, due to the high cost of this petroleum-

based filler coupled with the problem of decolouration of materials 

after its use and the global demand for environmental sustainability, 

there has been a continuous search for renewable and low-cost 

fillers for use in the rubber processing industry. The research 

activities in the development of environmentally friendly fillers 

recently have been focused on the use of agricultural and industrial 

wastes such as oil palm ash,
[7-10]

 cherry seed shell,
[11]

 coconut 

fiber,
[12-16]

 soy hull,
[17-19]

 palm kernel husk,
[20]

 eggshell powder,
[21-26]

 

snail shell powder,
[27]

 cocoa pod husk,
[28]

 Palmyra palm fibre,
[29]

 and 

sawdust.
[30]

 The effect of reinforcing natural rubber with carbon 

black and organoclay/clay on the mechanical properties of the 

resultant rubber composites has been well reported in the 

literature.
[1,27,31-48]

 In order to obtain rubber composites with better 

mechanical properties required for engineering and specialized 

applications, a better rubber-filler interaction is essential. 

Thermodynamic study of rubber composites provides information on 

enthalpy, free energy, and entropy change of mixing,
[49,50]

 which 

further supply important insight into the reinforcement mechanism 

of natural rubber with filler.
[51]

 Various techniques such as 

synchrotron X-ray diffraction (XRD) and scanning electron microscopy 

(SEM) have been used to obtain thermodynamic parameters for 

natural rubber-filler composites, however, these are highly 

sophisticated techniques that require high-level skills. The present 

study has employed a less sophisticated technique to investigate and 

compare the effects of clay and carbon black on the thermodynamic 

properties of resultant natural rubber composites. 
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Theoretical Background of studies 

For elastic bodies such as natural rubber, the thermodynamic of 

stretching has been related to a rate process where the temperature 

dependence of tension or force is found to have the Arrhenius 

equation of the form 

 

       (      ⁄ )                                                                                  (1) 

 

Where F is the force or tension acting on the material, d is the 

density of the material, T is the absolute temperature,    is the 

activation energy and R is the universal gas constant.  

The change in activation energy,     has been shown to be equal to 

the change in molar free energy of activation,
[49]

 such that 
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The plot of log F against 
 

 
 gives a slope whose value equals 

( 
   

      
) from which     can be evaluated.  

The enthalpy of stretching    is an important thermodynamic 

parameter and has been deduced from the expression 
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The slope of the linear plot of log (
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which    can be calculated.  

The entropy change ΔS is determined from the second law of 

thermodynamics as given in equation 6, and it is evaluated at 40°C 

(313 K). 
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2. Materials and Methods 

2.1. Materials 

The natural rubber latex (clone titrance TJI) employed for this study 

was obtained from the rubber plantation at the Federal College of 

Agriculture, Akure, Ondo State, Nigeria. It was freshly tapped using 

half coconut shells attached to the rubber tree via a short sharp stick. 

 

 

 

 

 

 

 

 

 

The latex was preserved with the ammonia solution (0.6% v/v) and 

further stabilized by sodium sulphite (2.5% v/v). The rubber 

compounding ingredients such as zinc oxide, stearic acid, sulphur, 

and mercapto benzothiazole sulphonamide (MBTS) were of 

commercial grade. Carbon black (N330) and clay which were used as 

fillers were sourced from Owo, Ondo state, Nigeria. 

 

2.2. Carbon black and clay filler preparation  

Carbon black was purchased from a commercial merchant and clay 

was obtained from Owo locality in Ondo State. 

  

2.3. Sample Preparation  

The method described by Adeosun et al., 2000
[52]

 and Arawande et 

al., 2012
[53]

 was adopted in preparing rubber composites. The 

composites were prepared according to the compounding 

formulation given in Table 1. The compounds were treated with 2% 

v/v acetic acid, pressed into a rectangular mat of dimension 35 by 18 

cm. This was then sundried followed by oven drying to constant 

weight at 60°C for 24 hours. The dried master batches were 

masticated on water-cooled two roll mills followed by the blending 

with other ingredients. Each batch was mixed for 8 minutes then 

rapidly cooled and weighed. The composites were cured in 

rectangular heavy-duty steel moulds, which were pre-warmed before 

being filled with the compounds. The curing was done under the 

steam press (2000 psi) at 150°C for 35 minutes to produce vulcanized 

rectangular sheets of rubber composites of dimension (2.0 x 7.5 x 

22.5) cm. The composites with varying concentrations of both fillers- 

carbon black (5-25%) and clay (5-25%) were prepared at the 

laboratory of Dunlop Nigeria PLC Lagos and stored in dark plastic 

bags at room temperature for twenty-four months. 

 

3. Experimental Methods  

The thermodynamic parameters have been obtained from the data 

generated by following the approach reported by Adeosun et al., 

2000
[52]

 with little modification. An Ohaus beam balance model dial-

o-gram 310 g was employed for the experiment. The experimental 

set-up was as described in our earlier publication.
[53]

 The dumbbell-

shaped test pieces (in accordance with ASTM D-412) used for the 

study were cut from the vulcanized sheets. The balance was rested 

on a suitable level and a 1000 mL capacity beaker was placed on the 

left-hand side of the balance. The setup was arranged such that the 

whole dumbbell test pieces hung onto the hook of the balance were 

completely immersed inside the beaker. 300 g standard weight was 

hung on the lower part of the dumbbell test pieces by means of a 

small hook. This arrangement resulted in tension on the test piece 

Table 1. Compounding formulation for natural rubber composites 

Ingredient Part Per Hundred of Natural Rubber (phr) Part Per Hundred of Natural Rubber (phr) 

Natural Rubber 100 100 100 100 100 100 100 100 100 100 
Carbon filler 5 10 15 20 25 - - - - - 
Clay filler - - - - - 5 10 15 20 25 
Zinc oxide 5 5 5 5 5 5 5 5 5 5 
MBTS 1 1 1 1 1 1 1 1 1 1 
Stearic acid 3 3 3 3 3 3 3 3 3 3 
Sulphur 3 3 3 3 3 3 3 3 3 3 
Volume fraction filler (phr) 5 10 15 20 25 5 10 15 20 25 
 



 

 
26 

Arawande J.O. et al.,  

Chem. Sci. Eng. Res., 2023, 5(12), 24-29. 

 

 

Chemical Science & Engineering Research 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

and the pointer of the balance was adjusted to zero. Hot boiling 

water was poured into the beaker until the whole length of the test 

piece was completely immersed in the hot water. The fall in the 

temperature of the hot water is monitored by the thermometer and 

the corresponding weight required to restore the balance back to 

zero point was recorded and converted to tension F (in Newton) 

against temperature, ranging between 358 K and 328 K at an interval 

of 5 K. 

 

4. Results and Discussion  

The thermodynamic parameters reported in this study were 

determined as follows. The change in Gibbs free energy, ΔG was 

determined from the slope of Arrhenius plot of log F versus the 

reciprocal of absolute temperature (1/T) for each of the test piece of  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

natural rubber composites containing varying volume fraction of 

fillers. Similarly, the change in enthalpy, ΔH was evaluated from the 

gradient of the plot of log (F/d) versus 1/T (where d is the density of 

natural rubber, 920 kg/m
3
). The corresponding values of change in 

entropy, ΔS at 313 K were calculated from the values of ΔG and ΔH 

obtained. 

Arrhenius plot of log F against 1/T for carbon-black filled natural 

rubber composite containing varying volume fraction of filler is 

shown in Fig. 1. The trend averagely reflected that the values of log F 

decreased as 1/T increased. 

Arrhenius plot of log F/d versus 1/T for carbon-black filled natural 

rubber composite containing varying volume fraction of filler is 

presented in Fig. 2. The values of log F/d decreased as the values of 

1/T increased. 

Arrhenius plot of log F versus 1/T for clay filled natural rubber 

composite containing varying volume fraction of filler is depicted in 

Fig. 3. The trend of the plot showed that the values of log F 

decreased as the values of 1/T increased. 

Arrhenius plot of log F/d versus 1/T for clay filled natural rubber 

composite containing varying volume fraction of filler is revealed in 

Fig. 4. The plot showed that the values of log F/d decreased as the 

values of 1/T increased.  

It is important to measure thermodynamic parameters during 

chemical reactions especially natural rubber compounding as this 

affords useful insights such as heat evolved or absorbed, the degree 

of randomness and spontaneity of such reaction. The plots of 

thermodynamic parameters (ΔG, ΔH, and ΔS) versus percent volume 

fraction of filler are presented in Figs. 5, 6, and 7. 

 

 
Fig. 1. Arrhenius plot of log F against 1/T for carbon-black filled natural 

rubber composites. 

 
Fig. 2. Arrhenius plot of log F/d against 1/T for carbon-black filled 

natural rubber composites. 

 
Fig. 3. Arrhenius plot of log F against 1/T for clay filled natural rubber 

composites. 

 
Fig. 4. Arrhenius plot of log F/d against 1/T for clay filled natural rubber 

composites. 

 
Fig. 5. Plot of change in Gibbs free energy (G) versus percent volume 

fraction of filler. 
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Fig. 5 shows a plot of change in Gibbs free energy (G) versus 

percent volume fraction of filler. It was observed that the change in 

Gibbs free energy (G) attained optimal value at 20% filler volume 

fraction for carbon black filled composite, minimal values at 5% and 

25% volume fraction of filler. For clay filled rubber composites, the 

Gibbs free energy had optimal values at 25% volume fraction of filler 

while the minimal values were at found at 5% and 20% volume 

fraction of filler. Above 10% filler volume fraction, there was a 

decrease in the Gibbs free energy (G) for both clay and carbon black 

filled rubber composites. Adeosun et al.
[52]

 reported the relationship 

between the value of the free energy change (ΔG) and the 

spontaneity of rubber elasticity that the lower the value of ΔG the 

higher the spontaneity of elasticity. As depicted in Fig. 5, between 

8.50-23.50% volume fractions of filler, clay filled rubber composites 

exhibited higher spontaneity of elasticity than the corresponding 

carbon black filled composites. It can be inferred from this result that 

between 8.50-23.50% volume fractions of filler, clay impacts higher 

tensile strength to natural rubber than carbon black filler. Similar 

observation was made by Todorova et al.,
[54]

 Maiti et al.,
[55]

 

Alshangiti
[45]

 and this was as a result of higher interfacial adhesion, 

better natural rubber-filler, and filler-filler interaction. 

Plot of change in enthalpy (ΔH) against percent volume fraction 

of filler is presented in Fig. 6. As shown in Fig. 6, within 7.50% and 

23.50% filler volume fractions, the enthalpy change for clay filled 

composites is lower than that of carbon black filled composites; this 

same trend was also observed for change in free energy. But outside 

7.50% and 23.50% volume fraction of filler, the reverse trend was 

observed in the values of the enthalpy change of both composites.  

The enthalpy change has been reported to be a measure of the 

modulus of the composites and it is also approximately proportional 

to the free energy change. At lower filler concentration (5-7.50%) 

and higher filler concentration (23.50%-25.00%), clay filled 

composites exhibited higher modulus than carbon black filled rubber 

composites but between 7.50% and 23.50% filler concentration, 

carbon black showed superior modulus values. An almost two-fold 

increase in modulus of carbon black filled composites was observed 

when the filler concentration was increased from 15% to 20%. 

Increasing the concentration of carbon black beyond 20% led to 

drastic reduction in the value of modulus of the rubber composites. 

This kind of effect of reduction in modulus of rubber composites at 

higher filler concentration has been attributed to possible 

agglomeration and poorer filler dispersion in the composite 

matrix.
[56,57]

 Although, as revealed by the study, the mechanical 

properties of carbon black reinforced natural rubber composites are 

superior to that of clay filled composites within 7.50% to 23.50% filler 

concentration, the challenge was the higher loading of carbon black 

filler required to obtain the optimal mechanical properties has also 

been reported by Mohamed et al.
[40]

 

The plot of change in entropy (ΔS) against per cent volume 

fraction of fillers (carbon black and clay) is shown in Fig. 7. Entropy 

change is a measure of the degree of randomness in a system. The 

entropy change increased with increasing filler concentration up to 

15% for clay-filled rubber composites. However, at higher clay filler 

concentrations (beyond 15%), there was a reduction in the values of 

entropy change. For carbon black reinforced composites, the entropy 

change decreased to a minimum as the filler loading increased from 

5% to 10% and then increased gradually as carbon filler 

concentration increased between 10-25% volume fractions. This is 

similar to the observation reported for corn cob reinforced natural 

rubber composites.
[49]

 It is noteworthy that at lower (5-8%) and 

higher (beyond 23% volume fraction), carbon black reinforced 

composites were observed to have higher entropy change values 

than the clay-filled natural rubber composites. The study also 

revealed that between 8-23% volume fraction of filler, clay 

reinforced rubber composites exhibited more randomness than the 

carbon-filled composites. It has been shown by tubular model fitting 

that during rubber-filler interaction, the increase in chemical cross-

linking points essentially reduces the movable radius of the 

molecular chain under dynamic loading. This restricts the easy 

movement of the molecular chain, suppresses the entropy change 

and consequently endows outstanding dynamic mechanical 

properties on the natural rubber composites.
[3]

 The maximum 

entropy change for clay reinforced composite was obtained at 15% 

volume fraction of clay while it was found to be at 25% volume 

fraction for carbon black filled composite. 

 

5. Conclusions 

Within the filler volume fraction of 7.50-23.50% the enthalpy change 

for clay-filled composites is lower than that of carbon black-filled 

composites and similar trend was observed for change in free energy 

of the rubber composites. However, at low concentration 5.00%-

 
Fig. 6. Plot of change in enthalpy (H) versus percent volume fraction of 

filler. 

 
Fig. 7. Plot of change in entropy (S) against per cent volume fraction of 

filler. 
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7.50% and higher concentration 23.50%-25.00% volume fraction of 

filler, the reverse trend was observed in the values of the enthalpy 

and Gibb’s free energy changes of both composites.  

At lower filler concentration (5.00-7.50%), clay-filled composites 

exhibited higher modulus than carbon black-filled rubber composites 

and beyond 7.50% filler concentration, carbon black showed superior 

modulus values. Thus, only 5% clay filler afforded a composite 

material with excellent mechanical properties while to obtain the 

same property with carbon black filler required up to 10% filler 

concentration. This study has established that the dynamic 

mechanical properties of rubber composites can be enhanced with 

low concentration of an alternative, less expensive and eco-friendly 

reinforcing agents such as clay. However, further research can be 

conducted in comparing other properties such as thermal 

conductivity of clay and carbon black filled rubber composites. 
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