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Nowadays, the industry is looking for polymer-based electrical insulators made of 
greener materials that are more environmentally friendly than existing insulators. In 
this study, green material of deproteinized natural rubber (DPNR) nanocomposites 
reinforced with tin dioxide (SnO₂) nanoparticle loadings of 0%, 0.5%, 1%, 3%, and 7% 
wt% were prepared using melt compounding and vulcanized through sulfur curing. 
Mechanical properties of DPNR/SnO₂ nanocomposites were evaluated using the 
tensile test per ASTM D412. The swelling measurement testing was carried out in 
toluene as a solvent to measure the toluene uptake, swelling rate, sorption coefficient, 
diffusion coefficient, and permeability coefficient of the DPNR/SnO₂ nanocomposites. 
The XRD, FTIR, SEM and OM analyses support the results. The nanocomposites' 
crosslink behavior varied with the variation of SnO₂ nanoparticles in the 
nanocomposite. The tensile strength of more than 25 MPa was observed at the 
crosslink density of 1.101 to 1.270 x 10-4 mol/cm3. Therefore, this research proved the 
efficient range of the DPNR/SnO₂ nanocomposites, corresponding with 1 to 3 wt% of 
tin dioxide filler loadings in the DPNR matrix. The findings of this study would bring 
benefits to the electrical industry with the development of green materials for 
electrical insulation.  
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1. Introduction 
 

In recent decades, polymer nanocomposites have gained increasing importance due to their 
ability to achieve desirable properties. These nanocomposites enable the development of materials 
with superior properties compared to their individual constituents, opening up new application 
possibilities that were not achievable with the individual polymers in the blend. Some desired 
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property improvements offered by polymer nanocomposites include enhanced tensile strength, 
impact strength, heat distortion temperature, flame retardancy, permeability characteristics, and 
electrical properties. Several factors, including the nature of the polymer, blend composition, and 
interfacial adhesion, influence the physical properties of polymeric materials. Polymer 
nanocomposites are composites where fillers in the nanometer size range are dispersed within 
polymers at various weight percentages (wt%). Typically, the fillers used in the matrix are kept 
minimal, often below 10 wt%. This contrasts traditional composites or polymer microcomposites, 
where microfillers constitute as high as 50% of the total material weight [1]. 

Tin dioxide (SnO2) in the rutile structure is an n-type environmentally friendly semiconductor with 
a bandgap energy of 3.6 eV [2]. Nanocrystalline SnO2 exhibits exceptional optical and electrical 
properties due to its high surface-to-volume ratio and quantum confinement effects. The 
nanoparticles find applications in photocatalysis, optoelectronics, and spintronics devices [3]. SnO2 
nanoparticles dispersed in a polyethylene oxide (PEO) matrix have been investigated to prepare high-
performance nanocomposite solid polymer electrolytes (NSPEs). SnO2 is also used in transparent 
organic resistive memory devices, gas sensors, solar cell electrodes, electrochromic windows, and 
energy storage/converter electrolytes [4]. Blending polymers and incorporating fillers into natural 
rubber (NR) improves its mechanical properties and electrical insulation characteristics. However, 
most studies have focused on synthetic rubbers, such as silicone rubber and styrene-butadiene 
rubber, with limited research on NR's electrical properties.  

The presence of solvents in polymers or polymer blends is of significant importance, as most 
polymers tend to exhibit a reduction in properties when exposed to solvents [5]. Therefore, polymers 
intended for commercial applications must possess chemical resistance and maintain their 
mechanical strength and dimensional stability when in contact with solvents. This highlights the 
transport phenomena' crucial role in various industrial and engineering applications involving 
polymers. The study of diffusion, sorption, and permeation in composite structures provides valuable 
means for additional characterization of polymeric materials. 

When a crosslinked polymer network comes into contact with a solvent, it absorbs a specific 
quantity of liquid, which heavily depends on the molecular weight of the liquid and the degree of 
crosslinking of the polymer. The entry of the solvent into the swollen specimen can result in changes 
in the weight and size of the polymer [6], potentially leading to distortion or destruction of the 
sample's microstructure. The interaction between a liquid and rubber can involve liquid absorption, 
extraction of soluble components, and chemical reactions. The volume change is a useful general 
measure of a rubber's resistance to a specific liquid. Swelling indicates that the rubber is unsuitable 
for use in that particular environment. 

NR has been extensively studied as an elastomer due to its properties and sustainability. 
However, no elastomer possesses all the required characteristics for various application areas, so 
elastomers are commonly reinforced or filled with inorganic materials to enhance their performance. 
Numerous studies have reported compatible and miscible natural rubber nanocomposites with 
desirable mechanical properties. Extensive research exists in the literature on diffusion and sorption 
processes in elastomers and their derivatives, as mentioned in Obasi et al., [5], including studies on 
natural rubber/epoxidized natural rubber [7], natural rubber/polystyrene [8], nitrile 
rubber/polypropylene [9], and ethylene-propylene rubber/nylon blends [10]. However, there is still 
limited reference that solely focuses on solvent sorption effects on deproteinized natural rubber-
based nanocomposites. Rattanasom et al., [11] studied the mechanical properties of deproteinized 
natural rubber compared to synthetic cis-1, 4 polyisoprene for black-filled and unfilled vulcanizates. 
The role of carbon nanotubes in promoting the properties of carbon black-filled natural 
rubber/butadiene rubber composites was studied by Gao et al., [12]. Meanwhile, Jiang et al., [13] 
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focused on preparing high-performance natural rubber/carbon black/molybdenum disulfide 
nanocomposites and emphasized mechanical properties and abrasion resistance. These studies 
utilized the equilibrium swelling method to determine the crosslink density using the Florey-Rehner 
equation. 

In a study conducted by Kim et al., [14], the Florey-Rehner equation and the equilibrium swelling 
theory were employed to calculate rubber specimens' crosslink density and structure. Eq. (1) uses 
the Florey-Rehner equation to determine the crosslink density (V cross). 
 

𝑉𝑉 𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐 �
𝑚𝑚𝑚𝑚𝑚𝑚
𝑐𝑐𝑚𝑚3� =

1
2𝑀𝑀𝐶𝐶

= −
ln(1 − 𝑉𝑉𝑟𝑟) + 𝑉𝑉𝑟𝑟 + 𝑋𝑋𝑋𝑋𝑟𝑟2

2ρ𝑉𝑉𝑠𝑠 ��𝑉𝑉𝑟𝑟
3 − 𝑉𝑉𝑟𝑟

2�
  (1) 

 
In Eq. (1), the variables are defined as follows: Mc represents the average molecular weight of the 

rubber between the crosslinks, Vr denotes the volume fraction of the equilibrium swollen rubber, X 
represents the Flory-Huggins polymer-solvent interaction parameter, Vs corresponds to the molar 
volume of the solvent used (with a value of 106.27 cm³/mol for toluene), and Pr represents the 
density of the rubber (measured in g/cm³). Additionally, the values for Vr and X were computed using 
Eq. (2) and Eq. (3). 
 

𝑉𝑉𝑟𝑟 =

𝑊𝑊𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏 −𝑊𝑊𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓
𝑃𝑃𝑟𝑟

𝑊𝑊𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏 −𝑊𝑊𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓
𝑃𝑃𝑟𝑟

+
𝑊𝑊𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎 −𝑊𝑊𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏

𝑃𝑃𝑠𝑠

 (2) 

 
In Eq. (2), the variables are defined as follows: Wbefore (g) represents the initial weight of the 

rubber sample, Wafter (g) represents the weight of the rubber sample after swelling, Wfiller (g) 
represents the weight of the filler, and Ps (g/cm³) represents the density of the solvent. 
 

 𝑋𝑋 = 𝛽𝛽 +
𝑉𝑉𝑠𝑠
𝑅𝑅𝑅𝑅

(𝜎𝜎𝑝𝑝 − 𝜎𝜎𝑠𝑠)² (3) 

 
where β is the lattice constant for the polymer–solvent blends (i.e., β = 0.34), R is the gas constant, T 
(K) is the absolute temperature (293.15 K), σp (MPa1/2) is the solubility parameter of the rubber 
sample (16.7 MPa1/2 for NR), and σs (MPa1/2) is the solubility parameter of the solvent (18.0 MPa1/2  
for toluene). The computed value of X is 0.414.  

Moreover, based on Obasi et al., [5], Fickian's second law of diffusion, as illustrated in Eq. (4), 
may be used to calculate a solvent molecule's diffusion coefficient across a polymer membrane. 
Where h denotes the blend thickness, θ is the slope of the initial linear component of the Qt versus 
√t plot, and Q∞ is the equilibrium absorption. 
 

𝐷𝐷 =  𝜋𝜋(
ℎ𝜃𝜃

4𝑄𝑄∞
)² (4) 

 
In addition, the toluene sorption statistics were measured in the rubber specimens and reported 

as the molar percentage absorption (Qt) of toluene per gram of specimens. The equation stated in 
Eq. (5) was used to compute Qt. The molar percentage uptake (Qt) at each temperature was plotted 
against the square root of time (√t). 
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𝑄𝑄𝑡𝑡 =
𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀 𝑜𝑜𝑜𝑜 𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡 𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎

𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀 𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝑤ℎ𝑡𝑡 𝑜𝑜𝑜𝑜 𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡
𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼 𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚 𝑜𝑜𝑜𝑜 𝑡𝑡ℎ𝑒𝑒 𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏 × 100

 
(5) 

 
To our knowledge, no existing scientific literature reports the analysis of toluene diffusion for 

DPNR/SnO₂ nanocomposites. Only our previous work on the processability of uncalcined tin dioxide-
reinforced deproteinized natural rubber nanocomposites is currently reported [15]. Still, the report 
does not address the swelling properties of the DPNR/SnO₂ nanocomposites. Meanwhile, in this 
current work, we focus on investigating the diffusion of toluene, an aromatic solvent, through the 
nanocomposites and determining the sorption mechanism. We have also calculated the diffusion, 
sorption, and permeation coefficients while examining the effects of SnO2 composition. For our 
investigation, we have chosen toluene as the solvent commonly used in the rubber industry [13]. 
 
2. Materials and Methodology   
2.1 Raw Materials and Preparation  

 
The formulation recipes employed in this study are provided in Table 1. The primary materials 

utilized were deproteinized natural rubber (DPNR) and tin dioxide (SnO2). The DPNR, with a Mooney 
viscosity UML (1 + 8) of 60±6 MU at 150°C, was procured from Edutech Supply & Services. The 
commercial ultrafine nano SnO2, consisting of >99.9% carbon, was obtained from SAT NANO, China. 
It possessed a specific surface area of 70 m2/g and a 6.48 g/cm3 bulk density. The SnO2 was utilized 
in its non-calcined form at various compositions. The vulcanization agent, activator, primary and 
secondary accelerators, and anti-degradant employed in the study included sulfur, zinc oxide, stearic 
acid, N-cyclohexyl-2-benzothiazole sulfonamide (CBS), tetramethyl thiuram disulfide (TMTD), and N-
(1,3-dimethyl butyl)-N’-phenyl-p-phenylenediamine (6PPD), respectively. These materials were 
sourced from Lembaga Getah Malaysia. 

 
Table 1  
The formulation for preparation of DPNR nanocomposites 
Materials/Chemicals Loading a(phr) 
DPNR 100 
Sulfur 1.5 
Zinc oxide 5.0 
Stearic acid 2.0 
CBS 1.0 
TMTD 0.3 
6PPD 2.0 
SnO2 nanoparticles 0.0, 0.5, 1.0, 3.0, 7.0 

                                                               a part per hundred rubbers 
 
The compounding process was carried out according to ASTM D-3192 using a Haake internal 

mixer. The procedure involved the initial mastication of DPNR, followed by adding compounding 
chemicals (zinc oxide, stearic acid, and 6PPD) after 0.5 minutes of mixing. SnO2 was then added at 
the 1-minute mark. After a 2-minute sweep, the compound was transferred to a two-roll mill 
machine. Subsequently, sulfur and accelerators (CBS and TMTD) were added and mixed for 3 
minutes. The compounds were then dumped and left to condition at room temperature for 24 hours. 
Compression molding was performed at 160°C and 110 kg/force pressure, with the respective cure 
times (t90). This step aimed to produce nanocomposite sheets with appropriate thickness for 
subsequent testing and analysis. 
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2.2 Testing and Characterizations  
2.2.1 Swelling measurement testing 
 

Swelling measurement testing was conducted to determine the rate of solvent absorption when 
the samples were immersed in toluene. The samples used for this testing had a diameter of 23.5 mm 
and a thickness of 2 mm. Toluene was chosen as the solvent for the experiment. The experiment 
duration ranged from 1 to 3 days, with measurements taken at specific intervals including 1 hour, 3 
hours, 24 hours, and 72 hours. Five samples (refer to Figure 1) were prepared with varying amounts 
of filler, including 0%, 0.5%, 1%, 3%, and 7% of SnO2 content (refer to Table 1). Each sample consisted 
of three specimens. All specimens were weighed before being placed in the petri dish to determine 
their initial weight. The EK-610i Compact Balance was used to measure the specimen weights 
throughout the experiment. Subsequently, the specimens were re-weighed to obtain their final 
weight at 1 hour, 3 hours, 24 hours and 3 days (72 hours). At the end of the 72 hours, all swelling 
data were recorded, and the specimens were dried. 

After the swelling measurement, a drying measurement experiment was conducted. Measuring 
the drying weight of the samples in this swelling experiment allowed for a comparison between the 
weight during the swelling phase and the weight during the drying phase (de-swelling). The drying 
measurement experiment to determine the toluene de-swelling rate allows the solvent in the 
DPNR/SnO₂ nanocomposites samples, which is to be released from the specimen sample. This 
experiment was conducted after 3 days (72 hours) of the swelling experiment. The drying 
measurement experiment was then carried out at room temperature, and data on the weight of the 
specimen was collected at 0 hours, 1 hour, 3 hours, 1 day (24 hours), 3 days (72 hours), 5 days (120 
hours), and 7 days (168 hours). 

 

 
Fig. 1. Swell measurement test carried out in petri dish 

 
Tensile testing was performed on DPNR composites in this study using ASTM D412. A Shimadzu 

Universal Testing Machine (UTM) was used for the tensile experiment at ambient temperature. The 
crosshead travel velocity was 500 mm/min. The average value was calculated by repeating five 
specimens of each sample. In this report, only the tensile strength of the samples is included. 

 
2.2.2 Fourier transform infrared (FTIR) spectroscopy analysis 
 

FTIR spectra were obtained using a JASCO FT/IR 6100 by the KBr pellet technique. The 
spectrometer was operated at a resolution of 4cm-1 in the scanning range of 450-4000 cm-1 for 50 
times scan laser type-II to identify the functional groups of the DPNR/SnO₂ nanocomposites. 
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2.2.3 X-ray diffraction (XRD) analysis 
 

The compound sheets were characterized by Shimadzu XRD  6000. XRD spectra of the samples 
were collected over the 2θ range of 1 to 80˚ using copper Kα radiation at a generator voltage              
40.0 kV, a generator current of 30.0 mA, wavelength, λ of 1.5418 Å and a step scan rate of 1.2˚ in 2θ 
min-1. 

 
2.2.4 Morphological analyses using optical microscopy and field-emission electron microscopy 
(FESEM) observation 
 

Optical microscopy was utilized to analyze the molded surface features of the unswollen and 
swollen samples at 50X magnifications. Field-emission electron microscopy (FESEM) Model Gemini 
SEM 500 from Carl Zeiss was used to identify the swollen fracture surface morphology of DPNR 
nanocomposites. The morphological inspection on its fracture surface was conducted at 10 000x 
magnifications and 2.0kV accelerating voltage.  
       
3. Results & Discussions   
3.1 Swelling Rate Measurement  
 

In this swelling measurement experiment, the weight of the sample is measured at 0 hours, 1 
hour, 3 hours, 24 hours, and 72 hours. The swelling measurement graph for the weight of toluene 
uptake by the DPNR/SnO₂ nanocomposites for 0, 0.5, 1.0, 3.0 and 7.0 wt% filler loadings is shown in 
Figure 2. The sample with 0.5% filler loadings represents that the sample weighed 0.53 grams at the 
beginning and rose to 2.12 grams after 72 hours. This data reveals that the sample absorbed the most 
within the first hour since the weight increased from 0.53 to 1.89 grams.  

 

 
Fig. 2. Swelling weight vs time of DPNR/SnO₂ 
nanocomposites with 0 wt%, 0.5 wt%, 1 wt%, 3 wt% and 7 
wt% filler loadings 

 
The results indicate that the sample with filler loadings of 0.5 and 7.0 wt% exhibits high swelling 

ability. In contrast, the sample with filler loadings of 1.0 wt% shows the lowest swelling ability 
compared to the other specimens. The swelling ability increased in the following order; 1.0 wt%, 3.0 
wt%, 7.0 wt% and 0.5 wt% of filler loadings. These findings suggest higher swelling ability is associated 
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with inhomogeneity and high tin oxide filler loadings. The increased swelling ability can be attributed 
to voids and agglomerations on the specimen's surface, which may result from poor filler dispersion 
and distribution levels, excessive SnO₂ and a subsequent decrease in crosslink density. However, it 
should be noted that the samples with filler loadings of 1.0 to 3.0 wt% may have efficiently formed 
crosslinks, considering the highest tensile strength observed at 3.0 wt% filler loading and the 
subsequent decrease at 7.0 wt%. 
 
3.2 De-swelling Rate Measurement 
 

Figure 3 and Table 3 show the de-swelling data of the nanocomposites. The behaviour of toluene 
release in all samples manifests a three-step process.  

 

 
Fig. 3. De-swelling weight vs time for DPNR/SnO₂ 
nanocomposites with 0 wt%, 0.5 wt%, 1 wt%, 3 wt% and 7 
wt% filler loadings 

 
Table 3  
Toluene released rate among every DPNR/SnO₂ nanocomposite with 0 wt%, 0.5 wt%, 1.0 wt%, 3.0 
wt% and 7.0 wt% filler loadings 
Filler 
Loadings 
(wt%) 

Deswelling rate (g/hrs) Equation 
 

R-squared 
 Step 1 Step 2 Step 3 

0.0  0.09 0.15 0.01 y = -0.0037x⁶+0.0853x⁵-0.7654x⁴+3.3552xᶟ-
7.5525x²+8.0875x-0.9232  

1.00 

0.5 0.08 0.14 0.00 y = -0.0038x⁶+0.0845x⁵-0.7295x⁴+3.0714xᶟ-
6.6286x²+6.7861x-0.7835 

1.00 

1.0 0.14 0.14 0.00 y = -0.003x⁶+0.0663x⁵-0.5502x⁴+2.1629xᶟ-
4.1481x²+3.3487x+1.2468 

1.00 

3.0  0.08 0.13 0.00 y = -0.0017x⁶+0.0394x⁵-0.7295x⁴+1.4597xᶟ-
3.1622x²+3.2204x+0.8696 

1.00 

7.0  0.07 0.18 0.00 y = -0.0157x⁴+0.2858xᶟ-1.7275x²+3.5869x-0.2376  0.94 
 
It is revealed that the samples with 1.0 wt% tin dioxide filler loadings has the greatest ranking on 

the toluene released rate. It could be because the least amount of toluene penetrated the 
nanocomposite network. Conversely, the specimen sample with 7.0 wt% tin dioxide filler loadings 
has the lowest ranking on the toluene released rate. Table 3 represents the toluene released rate 
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among all DPNR/SnO₂ nanocomposites with 0 wt%, 0.5 wt%, 1.0 wt%, 3.0 wt%, and 7.0 wt% filler 
loadings. The results clearly show that the toluene release rate on DPNR/SnO₂ nanocomposites has 
been divided into three stages: first, second, and third. The results show that all the specimen 
samples released the solvent dramatically in the first step, the fastest in the second step, and then 
slowed down in the last step. The last step was when the DPNR/SnO₂ nanocomposites had achieved 
the equilibrium release rate of the toluene, and the release rate slowed down. The results proved 
that the suitable filler loadings of tin dioxide in the DPNR matrix would increase the solvent release 
rate of the sample. The efficient crosslinking that has taken place assists the capability of the material 
to desorb the amount of the toluene that has penetrated its chain network during swelling. The 
observations are in line with the micrographs of the sample. 
 
3.3 Molar Percentage Uptake (Qt) of Toluene per Gram of DPNR/SnO₂ Nanocomposites 
 

Figure 4 depicts the toluene molar proportion absorption (Qt) per gram versus the square root of 
time (t√t). The adsorption data of toluene into DPNR/SnO₂ nanocomposites with varied levels of filler 
loading (0 wt%, 0.5 wt%, 1.0 wt%, 3.0 wt%, and 7.0 wt%) is determined and represented as the molar 
percentage uptake (Qt) of toluene per gram of DPNR/SnO₂ nanocomposites. 

 

 
Fig. 4. The variation of equilibrium toluene uptake, Qt (% mol) 
of toluene in the DPNR/SnO₂ nanocomposites 

 
 Figure 4 shows that the initial increases in the weight of toluene absorbed continued until 

maximum absorption was attained. At this time, the weight of the absorbed toluene stayed constant, 
exhibiting equilibrium absorption. The average toluene absorption of the DPNR nanocomposites is 
between 2.00 to 2.21 %mol. The sample with 1.0 wt% tin dioxide filler loadings has the lowest toluene 
uptake of only 0.03 %mol at the initial increment stage among the other specimen samples. 
Meanwhile, the 0.5 wt% sample has the lowest total toluene uptake with a value of 2.51 %mol at 72 
hours, reflecting the highest crosslink density. Hayeemasae & Ismail [16] state that the lower the 
toluene uptake into the reinforcement, the higher the degree of crosslink density. 
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3.4 Diffusion, Sorption and Permeation of Nanocomposites 
 

Table 4 represents a toluene molecule's diffusion, sorption, and permeation coefficients through 
DPNR/SnO₂ nanocomposites with different SnO2 filler loadings. In this study, Fickian's second 
diffusion rule may be utilized to compute the diffusion coefficient of a solvent molecule via a 
DPNR/SnO₂ nanocomposites specimen. The diffusion, sorption and permeation coefficients are 
generally increased by adding SnO2 nanoparticles into the DPNR matrix. The results demonstrate that 
the nanocomposite at 7.0 wt% of filler loadings has the highest diffusion, sorption and permeation 
coefficients compared to the control and other nanocomposite samples. Based on the Swapna et al., 
[17] study, too high a sorption coefficient may indicate poor rubber-solvent interaction in the 
presence of filler. It is in agreement with the value observed at 7 wt% filler loadings. 

No obvious pattern is observed, but overall, the toluene penetration behavior of the 
nanocomposites shows an upward tendency compared to the control sample. The increase in filler 
loadings improves the toluene transport of the nanocomposites. Yet, at the range of filler loadings of 
1.0 and 3.0 wt%, nanocomposites' diffusion coefficients and permeation coefficients were slightly 
decreased. It has been demonstrated that the permeability coefficient of toluene in DPNR/SnO₂ 
nanocomposites with varying tin dioxide filler loadings is connected to the sorption coefficient (S) for 
DPNR/SnO₂ nanocomposites. According to Obasi et al., [5], diffusion may control the solvent 
permeability into the rubber chains. The result indicates that the substance's filler dispersion and 
crosslink density will influence the diffusion coefficient of a solvent molecule into the DPNR/SnO₂ 
nanocomposites sample. According to Unnikrishnan & Thomas [18], the crosslinking density 
mechanism in vulcanized NR is critical for solvent diffusion into the NR matrix.  

 
Table 4 
Sorption properties of DNPR nanocomposites at different filler loadings 
Filler Loadings 
(wt%) 

Diffusion Coefficient 
D (cm2/min) 

Sorption coefficient 
S (%) 

Permeation coefficient 
P (cm2/min) 

0.0 2.24 x 10-5 5.52 x 10-2 1.45 x 10-6 
0.5  2.63 x 10-5 5.35 x 10-2 1.20 x 10-6 
1.0 2.32 x 10-5 5.78 x 10-2 1.34 x 10-6 
3.0  2.42 x 10-5 6.01 x 10-2 1.46 x 10-6 
7.0  2.65 x 10-5 6.28 x 10-2 1.67 x 10-6 

 
3.5 Crosslink Characteristics of DPNR/SnO₂ Nanocomposites Calculated Using the Flory–Rehner 
Equation 
 

Crosslink responses are crucial in enhancing the overall efficiency of rubber. Analyzing rubber's 
crosslink density and structure yields information that may be used to strengthen the polymer's 
effectiveness. Figure 5 depicts the correlation between the crosslink density graph with the tensile 
strength for DPNR/SnO₂ nanocomposites in 0 wt%, 0.5 wt%, 1.0 wt%, 3.0 wt%, and 7.0 wt% of SnO2 
filler loadings. There is no straightforward correlation between crosslink density and 
nanocomposites' tensile strength (TS). The crosslink density and TS decreased when 0.5 wt% SnO2 

nanoparticles were added to the DPNR matrix. However, the pattern deviated when the amount of 
filler was larger than 1.0 wt%. It is observed that the highest tensile strength was observed when 
DPNR was reinforced with 3.0 wt% SnO2. Crosslink density and TS values associate closely in most 
samples except for the 7.0 wt filler loadings. It could be due to the role of unpenetrated particles 
formed in the composites and lessening the absorption of toluene into the rubber chains. This 
research used the Flory-Rehner equation to determine the crosslink densities and structures of DPNR 
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composites with different amounts of tin dioxide filler loadings. According to the crosslink density 
data, the 1.0 wt nanocomposite has the highest crosslink density of 1.27 x 10-4 mol/ cm3. This result 
was achieved because this specimen sample had the lowest swelling rate, resulting in a high crosslink 
density. Meanwhile, 0.5 and 7.0 wt% nanocomposites showed lower crosslink density than the 
control samples.  

 

 
Fig. 5. Correlation between crosslink density to the ultimate 
tensile strength of the DPNR/SnO₂ nanocomposites 

 
According to Kim et al., [14], since rubber chain immobilization, crosslinked rubber with a large 

crosslink density may soak up a lesser fraction of solvent molecules, leading to less swelling. The 
specimen sample with 1.0 wt% tin dioxide filler loadings has the highest crosslink density 
characteristic compared to the other four nanocomposite samples. Meanwhile, the highest tensile 
strength was observed in the sample at 3.0 wt% filler loadings, and the 0.5 wt% filler loadings 
exhibited the lowest. Considering the tensile strength of higher than 25 MPa was obtained by the 
samples at 1.0 wt% and 3.0 wt%, efficient crosslinking could be obtained at this range where the 
crosslink density is about 1.10 to 1.27 mol/cm3. The reduction of tensile strength at 7.0 wt% loading 
could be due to worsened agglomeration effects observed at this rate, as indicated by the SEM 
micrographs in Figures 8 and 9. 
 
3.6 Structural Characteristics of DPNR/SnO₂ Nanocomposites by X-ray Diffraction (XRD) Analysis 
 

XRD analyses identified differences between non-swelling DPNR/SnO₂ nanocomposites samples 
regarding structural characteristics [19]. The XRD diffractograms of non-swelling and swelling 
samples of DPNR/SnO₂ nanocomposites are depicted in Figure 6. Crystalline polymers create sharp 
peaks in XRD diffractograms, whereas amorphous polymers show broadening peaks [20]. Figure 6(a) 
shows the XRD spectrum for the non-swelling sample with the filler loadings of 0 wt%, 0.5 wt%, 1.0 
wt%, 3.0 wt%, and 7.0 wt%. In the control sample, there is no SnO2 appearance at θ angles = ~26°, 
~33°, and ~52°due to no SnO2 nanoparticles being added. Other sharp peaks were from other 
ingredients, such as zinc oxide. The amorphous polymeric materials structure was shown by the 
broadening peaks in the 15°-24° range. Three peaks identify the presence of the reaction between 
DPNR and the SnO2 filler in the DPNR/SnO₂ nanocomposites at the 2θ angles = ~26°, ~33°, and ~52°. 
The result in the label area shows that the increase in filler material will affect the increase in peak 
intensities. The XRD patterns can identify variations in the crystallinity of nanocomposites. The peak 
of DPNR filled with 0 wt%, 0.5 wt%, 1.0 wt%, 3.0 wt%, and 7.0 wt% of SnO₂ filler loadings showed an 
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increase in peak intensities, indicating that the DPNR/SnO₂ became more crystalline after doping with 
the filler material. This peak demonstrated the existence of crystalline structure in DPNR/SnO₂ 
nanocomposites. According to Abhilash et al., [21], the intensity of the XRD result rises as the filler 
content increases, indicating that polymer composites have enhanced crystallinity. According to Dang 
et al., [22], the size and dispersion of nanoparticles formed are impacted by adsorbed ions at the 
phase interface, which varies with the chemical composition of the molecules.  
 

                                                                                                
Fig. 6. XRD of DPNR/SnO₂ nanocomposites for (a) non-swelling and (b) swelling samples 

 
Figure 6(b) depicts the XRD combination results for the swelling sample of DPNR/SnO₂ 

nanocomposites. Interestingly, compared with Figure 6(a), the swollen samples showed polymer 
regions (amorphous structure) that remained in samples with 0, 0.5 and 1 wt% filler loadings. It 
manifested by the broadening peaks at 2θ angles between 15 to 26°. It was reduced in the sample at 
3.0 wt% but almost disappeared at 7.0 wt% filler loading. Therefore, the swelling process removed 
the loosely bound filler particles and the unbound rubber due to the leaching out phenomenon. This 
observation supported that the good range of SnO2 filler loadings in the DPNR matrix was between 1 
and 3 wt%. It agreed with the observation of the mechanical and swelling properties of the material. 
 
3.7 Fourier Transform Infrared (FTIR) analysis 
 

Fourier Transform Infrared (FTIR) is used to identify the chemical structures of the DPNR/SnO₂ 
nanocomposites [23] for the non-swelling and swelling samples (refer to Figure 7). In general, the 
outcome of the FTIR analysis indicates a trivial difference in the effect of filler loadings. Peaks at 399-
650 cm-1 wavenumbers correspond to filler loadings of 0.5 wt%, 1 wt%, 3 wt%, and 7 wt%, 
respectively, and are caused by SnO₂. Following the results, the peak indicates the physical 
connection and chemical bonding interaction between the DPNR matrix and the nanocomposite's 
SnO₂ filler loading. According to Abruzzi et al., [24], the peak at ~521 cm-1 corresponds to Sn-OH 
stretching vibrations, whereas the peak at 660–600 cm-1 relates to Sn-O-Sn stretching vibrations, 
which are properties of SnO₂. These bands, found at roughly 521 and 620 cm-1, describe the presence 
of SnO₂ in the composites. All the examined samples showed similar spectra, with the characteristic 
peaks of SnO₂ being more apparent in the 1 to 7 wt% filler loadings. 

FTIR analysis is also employed in this study to identify the chemical structures of the DPNR/SnO₂ 
nanocomposites for the swollen samples. Kowalczuk & Pitucha [25] state the observed increase in 
band strength or shift to lower wavenumber values was most likely integrated into the matrix by the 
changes in the polymer structure. The peak intensity of the FTIR spectra reflects the extent of a 
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physical connection and chemical bonding interaction between the DPNR matrix and the SnO2 filler 
loading. In our case, the swollen samples showed shallower peaks compared to the non-swelling 
samples (highlighted in red in Figures 7 (a) and (b)). It is notified as the reduction of the functional 
groups in the samples. 

 

 

 
Fig. 7. FTIR spectra of DPNR/SnO₂ nanocomposites for (a) non-swelling sample and (b) swelling sample at 
400-4000 cm-1 and (c)-(d) at 400- 800 cm-1 

 
3.8 Physical Surface Criteria through Optical Microscopy (OM) and Scanning Electron Microscopy 
(SEM) Analyses 
 

The study employs optical microscopy (OM) and SEM analyses to investigate the molded surface 
of swelling and non-swelling of DPNR/SnO₂ nanocomposites samples with varying filler loadings. The 
OM analysis in the swelling sample demonstrates that increasing the amount of SnO2 filler loading 
influences the growth of agglomeration particles in the specimen sample. The amount of SnO2 filler 
used in the specimen sample affects the fillers' distribution and dispersion level, observed by particle 
agglomerations. Figure 8 represents the OM images at 50X magnifications of DPNR/SnO₂ 
nanocomposites with 0 wt%, 0.5 wt%, and 3.0 wt% filler loadings for non-swelling and swelling 
samples. Different contrast reflects the topography gradient of the surface. The dark area represents 
a rather deeper level compared to brighter areas. A higher portion of the dark area is observed on 
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the swollen samples, representing the formation of voids due to leached-out components during the 
swelling process. This outcome may be concluded as the SnO2 filler material drains away from the 
specimen sample following the swelling experiment. Besides, it also indicates the extent of 
agglomerations that occurred in the samples for the effect of filler loadings. Similar to the 
observations by Spasov et al., [26], agglomeration increases significantly as the filler loading level 
rises. At too high loading, the pull-out fillers would be drained away from the specimen sample after 
it undergoes the swelling experiment. The influence of filler loadings on the surface criteria of the 
nanocomposites is supported by Figure 9. The size of peeled-off debris and the extent of the swollen 
samples' flakiness at 1000X magnifications increased with the filler loadings.  
 

 
Fig. 8. OM images of DPNR/SnO₂ nanocomposites with 0 wt%, 1.0 
wt%, and 7.0 wt% filler loadings for (a-c) non-swelling and (d-f) 
swelling samples at 50X magnifications 

 
3.9 Tensile fracture surface morphological analysis by Scanning Electron Microscopy (SEM) 
  

The SEM analysis provides information on a specimen's size, shape, composition, crystallography, 
and other physical and chemical characteristics [27]. Figure 10 depicts the SEM images of DPNR/SnO₂ 
nanocomposites with 0 wt%, 3.0 wt%, and 7.0 wt% filler loadings for non-swelling and swelling 
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samples at 1000X magnifications. The morphologies of DPNR composites at different filler loadings 
showed various features, including dispersed particles, voids, level of dispersion and distribution etc. 
[28]. In this study, the amount and size of the agglomerates showed a significant increase following 
the increases in the amount of SnO2 filler loadings. Voids were found on the fracture surfaces of the 
specimens tested for DPNR/SnO₂ due to the reinforcements peeling out. Ghazali et al., [29] state that 
increased filler loading promotes void development due to the effect of agglomeration.  

 

 
Fig. 9. SEM images of DPNR/SnO₂ nanocomposites with 0 wt%, 0.5 wt%, 1.0 wt% and 
7.0 wt% filler loadings for swelling samples at 1000X magnifications  

 
Plastic deformation level could also be observed from the fracture surface of unswollen samples. 

All samples showed a mixture of ductile (shear yielding) and brittle-like surface failures (smoother 
surface). Ductile to brittle-like behavior appears to be impacted by the filler loadings [30]. Surface 
roughness increases at filler loading up to 3.0 wt% and is reduced at 7.0 wt%. In agreement with the 
observation by Mohamad et al., [31], the observed brittle-like behavior in the DPNR/SnO₂ 
nanocomposites at higher ratios of fillers to the DPNR matrix may be attributed to the reduced 
wettability of the matrix on the filler surface. When the ratio of fillers to the DPNR matrix becomes 
excessively high, it can lead to premature or brittle fractures. 

In contrast, the swelling sample of DPNR/SnO₂ nanocomposites differs from the non-swelling 
sample. The swelling samples appeared to have smoother surfaces with tiny voids compared to 
unswollen samples. This observation supported the leached-out phenomenon that might be 
happened to the exposed agglomerated fillers. The nanocomposites at 7.0 wt% filler loadings 
exhibited the smoothest surface with a higher concentration of voids. It corresponds to particle 
agglomerates pulled out and leached compared to the samples at 3.0 wt% filler loadings. In the 
swelling sample at 3.0 wt% filler loadings, there is still obvious shear yielding with rougher surfaces. 
This nanocomposite failure is caused by better interaction between the DPNR matrix and SnO₂ 
nanofiller, promoting efficient crosslinking. It is normally observed by low toluene uptake into the 
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samples due to the formation of crosslink [32]. Thus, non-homogeneous dispersion of SnO₂ at too 
high filler loading in the DPNR matrix may cause void and agglomeration, negatively impacting 
mechanical and physical characteristics. 

Crosslink responses are crucial in enhancing the overall efficiency of rubber. Analyzing rubber's 
crosslink density and structure yields information that may be used to strengthen the polymer's 
effectiveness. Figure 5 depicts the correlation between the crosslink density graph with the tensile 
strength for DPNR/SnO₂ nanocomposites in 0 wt%, 0.5 wt%, 1.0 wt%, 3.0 wt%, and 7.0 wt% of SnO2 
filler loadings. 
 

 
Fig. 10. SEM images of DPNR/SnO₂ nanocomposites with 0 wt%, 3.0 wt%, and 7.0 
wt% filler loadings for (a-c) non-swelling and (d-f) swelling samples at 1000X 
magnifications 

 
4. Conclusions 
 

The DPNR/SnO₂ nanocomposites at 1.0 wt% filler loadings exhibit the highest crosslink density of 
1.270 x 10-4 mol/cm3. Therefore, the efficient crosslink density corresponds to increased mechanical 
properties. Optimal filler addition quantities range between 1 to 3 wt% of SnO₂, as these formulations 
demonstrate the highest tensile strength and efficient crosslink density. The effective crosslinking in 
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the DPNR/SnO₂ nanocomposites results in a reduced swelling rate and improved tensile strength 
reflected by compositional and structural attributes. Regarding morphological characteristics, the 
DPNR/SnO₂ nanocomposites with 1.0 and 3.0 wt.% SnO₂ nanoparticles display minimal 
agglomeration, leading to less leached-out during swelling. Their efficient crosslinks limit the 
absorption of toluene particles into the composites. Additionally, as the nanocomposites were 
overloaded with SnO₂ filler at 7.0 wt%, the fracture surface of DPNR/SnO₂ nanocomposites exhibited 
a more brittle behavior. 
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