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Waste heat energy from industrial operations can be recovered using phase change material 

(PCM) due to its ability to store thermal energy at phase transition temperature. However, 

disadvantage such as leakage of PCM that causes corrosion of industrial equipment hinders the 

potential of PCM being used in large-scale. In this study, form-stable PCM was developed using 

polyamide/reduced graphene oxide(rGO) that was pelletised and coated with nitrile butadiene 

rubber (NBR) latex via dip coating method. Thermal cyclic analysis showed that the leakage of 

PCM has reduced as the sulphur loading in NBR latex increased. PCMs with two layers of NBR 

coating have lower weight loss compared to those with 1 layer of NBR coating especially at a 

higher sulphur loading. The Ultimate tensile strength (UTS) and E-modulus of the NBR films 

increased with sulphur loading due to an increase in crosslink density as indicated by gel fraction 

studies. The percentage of elongation at break (EB%) decreased as the crosslink density increased, 

due to restricted mobility of NBR chains. The increase in crosslink density has resulted in  

increase in gel fraction and density of the NBR films which then leads to formation of compact 

and continuous NBR coating film on PCM surface as evidenced from microscopy images and 

functional group analysis. 
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Waste heat is energy that is not used and is emitted 

into the environment from a process or equipment. 

Industrial waste heat is energy discharged into the 

environment from industrial processes via thermal carrier 

mediums such as flue gases and steam, resulting in 

thermal pollution to environment. The industrial sector 

accounts for one-third of global energy use, with up to 

half of it being lost as heat [1]. Recovery of waste heat 

is an efficient method of re-purposing waste energy to 

produce beneficial energy products [2]. The recovered 

waste heat could be used to heat cold water or air 

which could be used in industrial processes such as 

drying and fuel air mixer. The waste heat can also be 

used to generate electricity through power cycle [3]. 

Heat energy recovery can save a substantial amount of 

primary energy while also lowering greenhouse gas 

emissions. Recovered energy could be used on the 

same industrial site or transferred to adjacent facilities 

or heat distribution networks [4]. 

 

Thermal energy storage (TES) is a storage system 

which is able to store thermal energy by heating or 

cooling a storage medium in order to subsequently 

utilise the stored energy to heat and cool applications, 

and power generation [5]. TES is capable of eliminating 

the mismatch between energy supply and demand [6].  

One of the most commonly used TES systems is latent 

heat storage (LHS) which uses phase transition 

temperature of material to store heat. In LHS, heat is 

stored in the materials as latent heat and polymeric 

based phase change materials (PCMs) are among the 

most popular material used for this purpose[7]. Among 

the many benefits of using PCMs for heat storage are 

their high thermal absorption density, consistent 

temperature control, compact size, evident energy-saving 

benefits, and a simple yet dependable construction [8]. 

Due to these inherent characteristics of PCM, the 

application of PCM has been found to be suitable for 

both domestic and industrial usage. The possible  

applications of PCMs are in the automobile industry, 

textile industry, air-conditioning system, waste heat 

recovery, solar thermal energy storage, cooling of 

electronic devices, and building energy conservation 

[9]–[15].  

 

However, drawbacks such as large volume 

expansion during phase transition which leads to 

leakage and loss of material, and corrosion to  

industrial equipment often impedes the large-scale 

applications of PCM. Various research has been 
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conducted using methods such as impregnation, 

encapsulation, and blending with polymer in order to 

overcome these issues. Ramakrishnan et al. developed 

a form-stable PCM by using hydrophobic expanded 

perlite as the supporting material and had compared its 

performance with expanded perlite. Paraffin was vacuum 

impregnated into the hydrophobic expanded perlite 

and expanded perlite in order to compare the stability 

between the two form-stable PCMs.  It was found that 

paraffin impregnated into expanded perlite showed a 

48% leakage compared to paraffin impregnated into 

hydrophobic expanded perlite that showed minimum 

to no leakage when integrated into concrete mixture 

[16]. Sagara et al. had attempted to improve the thermal 

endurance of PCM through vacuum impregnation. D-

mannitol was used as PCM and porous SiO2 grains 

was used as the supporting material. It was observed 

that the PCM was thermally stable with no leakage 

after 5 thermal cycles [17]. PCMs encapsulated with 

protective shell materials has been vastly researched 

and has been proven to prevent the leakage of PCMs 

[18]. Another study conducted by Shi et al. using 

acetylated cellulose nanofibril (AcCNF) as encapsulating 

material to encapsulate paraffin PCM to produce shape 

stabilised PCM showed that higher percentage of 

AcCNF resulted in minimum to zero leakage as  

compared to lower percentage of AcCNF [19]. Aludin 

et al. conducted a study by blending paraffin PCM into 

polycaprolactone (PCL) with different weight percentage 

composition to produce a form-stable PCM. This 

study showed that blending the paraffin into polymer 

such as PCL could prevent the leakage problem 

related to pure paraffin PCM. The composition ratio 

of paraffin/PCL at 40/60 showed the least leakage 

whilst maintaining the shape of the PCM [20]. 

Sarcinella et al. had developed a form-stable PCM 

using polyethylene glycol (PEG) impregnated into 

porous Lecce stone granules. The study showed that 

there were minimal to zero leakage in impregnated 

PCM [21]. 

 

 Graphene is a single carbon layer of graphite 

structure and reduced graphene oxide (rGO) is graphene 

oxide (GO) that has undergone chemical, thermal, or 

electrical processes to reduce oxygen content. rGO has 

gained popularity among researchers due to its  

exceptional mechanical, electrical, thermal, and barrier 

properties [22]. The incorporation of rGO to enhance 

the thermal conductivity of PCM have been extensively 

investigated over the years [23]. Ren, Cao, and 

Zhang [23] reported that the thermal conductivity of 

rGO/expanded graphite (rGO/EG) aerogel PCM had 

increased 4 times (0.79 W/mK) compared to that of 

pure paraffin (0.20 W/mK) when the mass ratio of EG 

was 6.06%. Han et al., had produced novel SiO2/ 

expandable graphite (EG)/paraffin composite PCMs. 

Paraffin was hold by nano SiO2 and porous EG. It 

could maintain its original shape with non-flowing 

condition up to 200˚C. The thermal conductivity of 

paraffin was 0.303 W/(mK) and improved up to 0.739 

W/(mK) with addition of EG [24]. 

 

 In this study, polyamide/reduced graphene oxide 

(rGO) was pelletised and coated with compounded 

nitrile butadiene rubber (NBR) latex subsequently 

vulcanized. The crosslink chemistry of the NBR latex 

was manipulated through the concentration of sulphur. 

The main aim is to produce a form-stable PCM with 

minimal to no leakage and reduced volume expansion. 

Leakage of PCM hinders industrial-scale applications 

in TES as it could cause major contamination or device 

failure in packaging and electronic equipment [25], 

[26]. The form-stable PCMs produced from this 

work aimed to be used for LHS in high temperature 

applications. NBR is chosen as coating material because 

the properties could be tailored using crosslinks and it 

exhibit high chemical resistance due to acrylonitrile 

content[27], [28]. Leakage percentage, tensile properties, 

gel fraction, density, crosslink chemistry and the 

surface morphology were determined in this study. 

 

EXPERIMENTAL 

 

Chemicals and Materials 

 

Hexamethylenediamine (HMDA) was provided by 

Merck KGaA, Darmstadt, Germany, and Sebacoyl 

Chloride (92%) was acquired from Acros Organics, 

Selangor, Malaysia. N-hexane was supplied by Chemiz 

(M) Sdn. Bhd. while sodium dodecyl sulphate was 

provided by Sigma Aldrich Selangor, Malaysia. Reduced 

graphene oxide (rGO) was acquired from GO Advanced 

Solutions Sdn. Bhd., Selangor, Malaysia. Nitrile  

butadiene rubber (NBR) latex (total solid content of 

65%), zinc 2-mercaptobenzothiazole (ZMBT), zinc 

diethyldithiocarbamate (ZDEC), zinc oxide (ZnO), 

sulphur, potassium hydroxide (KOH) was acquired 

from Zarm Scientific & Supplies Sdn.Bhd., Penang, 

Malaysia. 

 

Preparation of PCM 

 

The PCM was prepared through condensation  

polymerisation. 3g of HMDA and 3mL of sebacoyl 

chloride were added to 97 mL of water and 97mL of 

n-hexane respectively. 0.3 g of sodium dodecyl 

sulphate was added to the HMDA solution. 0.5 wt% 

of rGO was added to the aqueous mixture of HMDA 

and ultrasonicated until the solution was homogenized 

using Q500 Sonicator supplied by QSonica Sonicators, 

USA (500W and 20 kHz) with specifications of 30% 

tip, 59s on and 10s off. The sebacoyl chloride/n-

hexane solution was then added slowly and carefully 

to aqueous mixture of HMDA solution so as to not to 

disturb the interface between the two solutions. The 

surface polymerization was carried out at the 

interface. The PCM was then washed with distilled 

water and dried in the oven (UN110, Memmert GmbH 

+ Co. KG, Schwabach, Germany) for 48h at the  

temperature of 80℃. The dried sample was ground 

into powder and then pressed into pellets using tablet 

presser. Diameter and thickness of the pellet are 13 

mm and 4.4 mm, respectively.  



204   Patmashini Saii K. Nithyananthan,   Formation of Form-Stable Polyamide/Reduced Graphene 

         Yamuna Munusamy, Kok Seng Ong  Oxide Phase Change Material for High Temperature 

  Applications using Nitrile Butadiene Rubber Coating 

𝑛 ClCO(𝐶𝐻2)8COCl + 𝑛 𝐻2N(𝐶𝐻2)6𝑁𝐻2  →  −[CO(𝐶𝐻2)8CO − NH(𝐶𝐻2)6NH]−𝑛 + 2 HCl  
                Sebacoyl chloride               HMDA                                     Polyamide 6,10                         

 

 

Table 1. Formulation for compounding of NBR latex. 

 

Item TSC PHR 

NBR 67.97 100 

ZnO 49.86 1.0 

ZDEC 57.74 1.0 

ZMBT 55.34 0.5 

KOH 10 1.0 

Sulphur 62.18 0, 0.5, 1.0, 1.5, 2.0 

 

 

Compounding of NBR latex 

 

NBR latex, ZnO, ZDEC, ZMBT, KOH, and sulphur 

were weighed. NBR was stirred with half the amount 

of KOH for 5 minutes at 350 rpm using an overhead 

stirrer (IKA Overhead Stirrers RW 20 Digital, Germany). 

ZnO, ZDEC, ZMBT, sulphur, and remaining KOH 

were then added to the NBR and was stirred for 30 

minutes at 350 rpm. The sulphur loading was varied to 

study the effect of different sulphur concentration on 

the stability of PCMs. The compounded NBR were 

cast into films with a thickness of 0.5mm on a glass 

and cured in the oven at 150℃ for 20 minutes to 

determine the density of the films as well as to carry 

out tensile analysis and gel fraction. The formulation 

used for the compounding of NBR latex is tabulated 

in Table 1 below.  

 

Coating of PCM 

 

PCM pellets were dipped for 5 seconds into the 

compounded NBR latex using forceps. The dipped 

pellets were placed on a Teflon sheet and cured in the 

at 150℃ for 20 minutes. Pellets with 1 layer of NBR 

coating and 2 layers of NBR coating were prepared. 

The process was repeated for PCMs coated with 2 

layers of NBR. 

 

Thermal Cyclic Analysis 

 

Thermal cyclic analysis was done on the coated PCMs 

to determine the leakage of the PCMs in terms of 

percentage of weight loss. The coated PCMs were 

heated to 235℃ on a hotplate for 3 minutes and cooled 

to room temperature repeatedly for 100 times. Thermal 

paste was used between the pellet and the hotplate to 

minimise air gaps and maximise heat transfer. The 

weight of coated PCMSs before and after 100 thermal 

cycles were recorded to calculate the percentage of 

weight loss. The calculation of percentage of weight 

loss is given by, 

 

𝑊𝑒𝑖𝑔ℎ𝑡 𝑙𝑜𝑠𝑠 (%) =
(𝑊0 −  𝑊1)

𝑊0

 × 100 

where, W0 = initial weight (g), W1 = final weight (g). 

  

Tensile Analysis 

 

Tensile analysis of the compounded NBR latex films 

was carried out in accordance to the standard test 

method ASTM D412 to measure the E-modulus, 

tensile strength, and elongation at break. The tensile 

analysis was carried out using lightweight tensile 

tester, Model Tinius Olsen H10KS-0784 from Tinius 

Olsen Testing Machine Company supplied by Leader 

Technology Scientific Malaysia. The analysis was 

carried out with load of 450N, at a crosshead speed of 

100 mm/min and gauge length of 26 mm. The films 

were cut into dumbbell shape using a dumbbell presser. 

Five tensile analyses were conducted for each film to 

obtain the average values.  

 

Gel Fraction 

 

Gel fraction is the fraction of the insoluble weight. It 

was obtained by extracting the soluble part of the NBR 

films in the Soxhlet extractor.  The NBR films were 

cut into small pieces weighing 0.2 ± 0.05 g and folded 

into mesh wires. The NBR films were extracted in 

acetone solution at 80℃ for 24 hours. After extraction, 

the films were dried at 60℃ for 72 hours. The final 

weight of the films was measured, and the gel fraction 

was calculated using the formula below, 

 

𝐺𝑒𝑙 𝑓𝑟𝑎𝑐𝑡𝑖𝑜𝑛 (%) =  
𝑊1

𝑊0

 × 100 

 
where W0 = initial weight (g), W1 = dry weight of the 

film after extraction (g). 

  

Density 

 

The density of the NBR films was measured using a 

precision balance with density determining kit, Series 

360ES Semi-Micro Balance supplied by Precisa Gravi-

metric Ag, Dietikon, Switzerland.  
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Morphology study using Field Emission Scanning 

Electron Microscopy (FESEM) 

 

The surface morphology of the coated PCM were 

captured at different magnification (500x and 5000x) 

and recorded using field emission scanning electron 

microscope, model JEOL JSM 6701F supplied by 

JEOL (Malaysia) Sdn. Bhd., Selangor, Malaysia. Each 

sample was placed on a disc using scope tape. To 

eliminate electrostatic charge and low image quality, 

all samples were inspected after being sputter coated 

with a thin layer of platinum. 

  

Attenuated Total Reflectance (ATR-FTIR) 

 

The FTIR analysis of the NBR latex films and coated 

PCMs after thermal cyclic analysis was examined 

using PerkinElmer Spectrum Two FTIR spectrometer 

through the ATR method. The scanning wavelength 

range was from 400 cm-1 to 4000 cm-1 at 32 scans. 

 

RESULTS AND DISCUSSION 

 

Thermal Cyclic Analysis 

 

The weight loss percentage of the NBR coated PCMs 

were evaluated and are shown in Figure 1. NBR 

coated PCMs with 2 PHR of sulphur loading showed 

the least amount of weight lost. The overall results 

show reduction in percentage of weight lost as the 

sulphur loading increases. This is due to increase in 

crosslink density with increase in sulphur loading[29]. 

Sulphur is a vulcanizing agent that forms crosslinks 

between the carbon-carbon double bonds (C=C) in 

order to achieve a three-dimensional network [30]. As 

the loading of sulphur increases in the rubber, more 

sulphidic bonds are formed which results in higher 

tensile strength to withstand the pressure build-up due 

to phase change in the PCM and therefore reducing the 

weight lost in the PCM [31]. PCMs with two layers 

NBR coating have lower weight loss compared to 

those with 1 layer of NBR coating especially at a 

higher sulphur loading. This is because the 2 layers of 

NBR coatings encapsulates the PCMs more securely 

and thus minimising the weight lost of PCM. Higher 

sulphur loading combined with 2 layers of NBR results 

in lowest weight lost due to high crosslink density and 

more compact coating that prevents high amount of 

PCM from leaking out.  

 

Tensile Analysis 

 

The tensile properties such as the E-modulus, Ultimate 

Tensile Strength (UTS) and Elongation at Break 

(EB%) of the NBR films with different sulphur  

loading were analysed and tabulated in Table 1. UTS 

of the NBR is the stress it can withstand before it 

breaks. It can be observed that the UTS increases as 

the sulphur loading increases. At 2 PHR sulphur 

loading, the UTS was at 4.805 MPa compared to only 

2.522 MPa at 0 PHR of sulphur loading. The UTS is 

proportional to the sulphur loading as the crosslink 

density increases with sulphur loading [32]. Increase 

in crosslink density caused by higher sulphur loading 

results in increase of sulphidic bonds that reduces the 

mobility of the NBR polymer chains [29]. E-modulus 

of the NBR is the stress needed to strain the samples 

to 100%. Results obtained show that the E-modulus 

increases with increase in sulphur loading, similar to 

the trend shown in UTS. 

 

 

 
 

Figure 1. Thermal cyclic analysis results. 
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Table 2. Tensile analysis of NBR films with different Sulphur loading. 

 

Sulphur Loading 

(PHR) 
E-modulus (MPa) 

Ultimate Tensile 

Strength (MPa) 
Elongation at Break (%) 

0 0.047 ± 0.0093 2.522 ± 0.737 1752 ± 207.7 

0.5 1.068 ± 0.3362 2.748 ± 0.433 749 ± 139.5 

1 1.209 ± 0.1346 2.953 ± 0.1217 480 ± 21.56 

1.5 1.8 ± 0.537 3.088 ± 1.072 358.7 ± 132.4 

2 1.915 ± 0.3269 4.805 ± 0.622 241.9 ± 175.7 

 

 

It can be observed that EB% decreases as the 

sulphur loading increases. This is due to increase in 

crosslink density with increase in sulphur loading. 

EB% is the extent to which samples elongate before it 

breaks. At 0 PHR of sulphur, the EB% is at 1752% 

whereas at 2 PHR, it is at 241.9%. As the crosslinking 

density increases, the chain mobility reduces leading 

to less elastic NBR. When the coating films are less 

elastic, it will form cracks and fail easily[33]. 

 

Gel Fraction 

 

The gel fraction results of the NBR films are shown in 

Table 2. The gel fraction of the NBR films were 

determined to measure the percentage of insoluble 

rubber in the films. Based on the results obtained, the 

gel fraction of the NBR films increases as the sulphur 

loading increases. At 2 PHR of sulphur, the gel  

fraction is the highest at 89.98%. The percentage of 

gel fraction that remains after Soxhlet extraction 

indicates the crosslink density of the NBR films as gel 

fraction is directly proportional to the crosslink density. 

The increase in gel fraction shows that there is an 

increase in crosslink density when sulphur loading 

increases from 0 PHR to 2 PHR. Results obtained 

show that the improvement in weight loss percentage 

with increase in sulphur loading in thermal cyclic test 

is due to increase in crosslink density which results in 

higher tensile strength to withstand pressure build-up 

caused by volume expansion during phase change 

[31], [34]. 

 

Density 

 

Table 3 shows the density of the NBR films. Based on 

the results obtained, it can be observed that the density 

of the NBR has increased slightly as the sulphur 

loading increases. For example, the density of NBR 

film at 2 PHR is 0.973 g/cm3, which is higher than the 

density of NBR at 0 PHR sulphur. This shows that as 

the crosslink density increases, a more compact chain 

structure is formed in the NBR films due to the three-

dimensional crosslink network. The free volume 

between the chains will also decrease. 

 

 

Table 3. Gel fraction of NBR films with different Sulphur loading. 

 

Sulphur Loading (PHR) Gel Fraction (%) 

0 70.57 

0.5 83.08 

1 83.71 

1.5 88.44 

2 89.98 
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Table 4. Density of NBR films with different sulphur loadings. 

 

Sulphur Loading (PHR) Density (g/cm3) 

0 0.929 

0.5 0.942 

1 0.946 

1.5 0.956 

2 0.973 

 

 

Morphology Study 

 

Figure 2 a) shows that uncoated PCM are fibrous, 

rough, and uneven, the coated PCMs show flat and 

smoother surfaces. Figure 2 b) shows that with 2 

layers of NBR coating at 2 PHR sulphur loading, the 

coating layer is smooth and has minimal to no cracks 

and holes, thus, verifying that the high crosslink 

density reduces the leakage of the PCM. At lower 

sulphur loading, as shown in Figure 2c), there are 

some cracks formed. Figure 2d) shows the most cracks 

in the coating, confirming that the high amount of 

leakage in thermal cyclic test of single layer NBR 

coated PCMs is due to discontinuous coating. 

 

 

 
 

Figure 2. FESEM images of PCMs a) before NBR coating; b)  2 layers of NBR coating with 2 PHR sulphur; c)  

2 layers NBR coating with 1.5 PHR sulphur; and d) 1 layer of NBR coating with 1.5 PHR sulphur. 
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ATR-FTIR 

 

Figures 3 shows the ATR-FTIR results of coated 

PCM and figure 4 shows the ATR-FTIR of NBR 

filmsat 2 PHR and 0 PHR of sulphur loadings,  

respectively. Based on the results obtained, coated 

PCM and the NBR films have similar peaks,  

showing good coverage of NBR coating on the 

PCM. As it can be observed in both Figures 3 and 

4, there are peaks associated with O-H symmetric 

vibrations at 3429 cm-1, 3422 cm-1, and 3429 cm-1. 

Peaks at 2922 cm-1 and 2853 cm-1 belong to C-H 

vibrations [35]. Stretching of C-N group in NBR 

at the peak 2237 cm-1 and 2238 cm-1 could be 

observed [36]. The peaks at 1550 cm-1 -1592 cm-1 

are associated with the chemical bond of -C=C- 

and the peak at 970 cm -1 is associated with -

CH=CH (trans) bond [37].  
 

 

 
Figure 3. ATR-FTIR of PCMs coated with a) 2 layers of NBR at 2PHR sulphur  and b) 1 layer of NBR at 0 

PHR sulphur. 

 

 

 
 

Figure 4. ATR-FTIR of NBR film with a) 2 PHR sulphur and b) NBR film with 0 PHR sulphur. 
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CONCLUSION 

 

In this work, form-stable PCMs were produced by 

coating polyamide/reduced graphene oxide(rGO) 

based PCM with vulcanized NBR. The PCM was 

developed polyamide/reduced graphene oxide(rGO) 

was synthesised using condensation polymerisation 

method using the surface technique. The weight loss 

percentage of the NBR coated PCMs show that there 

is reduction in percentage of weight lost as the sulphur 

loading increases due to increase in crosslink density. 

As the loading of sulphur increases in the rubber, more 

sulphidic bonds are formed thus resulting in lower 

leakage percentage. PCMs with two layers NBR 

coating showed lower weight loss compared to those 

with 1 layer of NBR coating. 

 

Tensile analysis show that the UTS and E-

modulus of NBR with 2 PHR were the highest at 4.805 

MPa and 1.915 MPa, respectively. Gel fraction of the 

NBR films increases as the sulphur loading increases. 

The density of the NBR films showed a slight increase 

in trend with the increase in sulphur loading due to 

formation of more compact chain structure in the 

NBR. The coated PCM with 2 layers of NBR coating 

at 2 PHR sulphur showed a smooth coating with 

minimal to no cracks and holes, proving that the 

sulphur loading reduces leakage of PCM. ATR-FTIR 

showed that the coated PCMs have similar peaks with 

NBR films, showing good coverage of NBR coating 

on the PCMs. Based on the results obtained, the PCM 

coated with 2 layers NBR at 2 PHR sulphur showed 

the least leakage, highest UTS and E-modulus, making 

it the most suitable form-stable PCM to be used in 

industry for waste heat recovery. 
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