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Abstract
In this work to increase the thermal capacity and performance of pristine paraffin wax (phase change material), it is mixed 
with COOH group functionalized graphene. The various concentrations of graphene mixed with paraffin wax are 0.25 vol-
ume percent to 1 volume percent at an increment of 0.25 volume% at three different volumetric flow rates of 6.25 mL s−1, 
12.5 mL s−1, and 25 mL s−1. The charging performance is analyzed, and Fourier transform infrared spectroscopy (FTIR), X 
ray diffraction (XRD), differential scanning calorimetric (DSC) analysis, Thermo gravimetric analysis (TGA), field effective 
scanning electron microscopy, with energy dispersive spectroscopy are done for characterizing chemical structure, crystal 
structure, enthalpy, thermal stability, and microstructure, along with elemental composition, respectively. The results indi-
cated that with increasing percentages of COOH group functionalized graphene the charging time decreases by 6.25–25% 
for the HTF flow rate 6.25 mL s−1, 6.67–26.67% for HTF flow rate 12.5 mL s−1, and 15.38–38% for HTF flow rate 25 mL s−1 
over pure paraffin wax owing to increasing percentage and thermal conductivity of COOH group functionalized graphene in 
paraffin wax. This advanced material with the help of XRD and FTIR also showed that the functionalized COOH graphene 
was chemically inert and did not lead to any new product being formed. Through TGA the advanced functional materials 
manifested that they were thermally very stable and by DSC it showed that it was having very high enthalpy of melting.
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Introduction

At low and high temperatures the temporary storage of ther-
mal [1] energy in a body is called thermal energy storage 
system (TESS). The concept of TESS has made its presence 
felt since centuries. It was used by researchers, engineers, 
and scientists since past many years. Energy storage [2] 
plays an important role in energy conservation by reducing 
time and decrementing the rate mismatch between energy 
demand and supply. This leads to increased performance 
of energy systems by increment in systems reliability and 

smoothening supply. Although sun provides, safe, clean, and 
an abundant source of energy, the supply of this energy is 
periodic following diurnal and yearly cycles; it is irregular 
often diffused and unpredictable. Its density is less compared 
with energy flux density found in conventional fossil energy 
devices like oil fired furnaces and coal based thermal power 
plants. Therefore, the requirement of storage of solar energy 
is very much necessary and the usage of solar energy pres-
ently poses trouble primarily because of inefficient storage 
and collection. The most significant characteristics of stor-
age systems is the duration of time during which energy can 
be kept stored with some amount of acceptable losses. Due 
to the heat energy losses of heat transfer mechanisms like 
conduction, convection [3], and radiation the actual thermal 
energy storage may last for very short time. Another impor-
tant point of a storage system is the energy capacity per unit 
volume. Therefore, good storage system should have small 
volume per unit of energy stored and long storage time.

In any required temperature range a large number of 
phase change materials (eutectic, inorganic, organic) are 
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accessible. A phase change material (PCM) can be defined 
as a substance which has got high heat of fusion and is com-
petent of melting and solidifying at a certain temperature 
range due to which it can store or release large amount of 
energy. The classification of thermal energy storage (TES) 
and PCM with their different types is shown in Fig. 1.

The present work is focused on charging analysis of paraf-
fin wax (PCM) with COOH group functionalized graphene 
for thermal energy storage system and their characteriza-
tions. Some relevant literature reviews are mentioned below:

Gasia et al. [5] studied thermal behavior of paraffin wax 
as PCM for household hot water applications and industrial 
waste heat recovery. A complete thermal (laboratory) char-
acterization was done like differential scanning calorimeter, 
thermo gravimetric analysis, thermo cycling and infrared 
spectroscopy. Nair et al. [6] used experimental study of PCM 
for thermal energy storage. To remove the mismatch between 
supply and demand of energy thermal energy storage plays 
a pivotal role. Thermal energy storage systems play a very 
important role in energy conservation. Kanimozhi et al. [7] 
studied thermal characteristics of charging and discharging 
[8] process using phase change materials. A storage tank 
was fabricated for enhancing the heat transfer rate from solar 
tank to PCM storage tank. This storage tank was used to 

store large amount of energy. Performance evaluations of 
charging and discharging of experimental results was dis-
cussed in her work. Zhao et al. [9] by in situ polymeriza-
tion prepared paraffin@graphene/melamine–formaldehyde 
microPCMs. The graphene [10] was used as Pickering sta-
bilizer in their work. The morphology of the microPCMs 
were studied by SEM and DSC was used to evaluate thermal 
properties of the microPCMs. The outcome of their work 
was that the microPCMs possess significant application in 
the field of thermal energy storage applications. Liu et al. 
[11] enhanced the thermal properties of paraffin wax in 
TES by mixing it with exfoliated graphite sheets and gra-
phene having mass fractions 0–2%. They performed various 
characterization like FTIR, DSC, TGA, SEM, and thermal 
conductivity test and finally concluded that the paraffin's 
thermal conductivity increased with mass% increase in gra-
phene and exfoliated graphite sheet and the mixture was 
morphologically sound without any micro cracks although 
graphene and exfoliated graphite sheet mixed with paraf-
fin wax remained chemically inert with each other. Kumar 
et al. [12] performed experimental work on paraffin wax 
mixed with COOH functionalized graphene at a volumetric 
flow rate of 12.5 mL s−1 of heat transfer fluid [13] (HTF) 
and deduced that charging time decreases with increasing 
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percentages of COOH functionalized graphene in paraffin 
wax by almost 30–50% at various volume% from 0.25 to 1% 
of COOH functionalized graphene. Singh et al. [14] used the 
same apparatus like Kumar et al. of TES and at a volumet-
ric flow rate of 6.25 mL s−1 proved that the Charging time 
decreased by 30–50% of COOH functionalized graphene 
mixed with paraffin wax at various volume% from 0.25 to 
1% of COOH functionalized graphene in paraffin wax.

There are many works where paraffin wax is doped with 
graphene and its derivative like graphene oxide [15], pristine 
graphene mixtures [9, 16], and exfoliated graphene sheets 
[11] but functionalized graphene (COOH group) mixed 
with Paraffin wax phase change materials (PCM) provided 
improved structural properties, enhanced thermal proper-
ties, prevents agglomeration and increases dispersibility 
in organic solvents. The charging time reduction is also 
achieved owing to increased thermal conductivity of the 
above-stated advanced functional materials. The main area 
of application involved in this work is the usage of paraffin 
wax (PCM) mixed with COOH functionalized graphene as 
battery. These materials can store energy and energy can be 
dissipated at the time of need. For example, in domestic hot 
water usage in cold countries. For the increment of heat stor-
age and heat transfer rate PCMs are used in heat exchangers. 
The PCMs also reduce heat exchanger size and pipe line 
size. In buildings and residential areas in different countries 
for the purpose of air conditioning.

In this work the charging analysis and characterizations 
of pristine paraffin wax and paraffin wax mixed with nano 
[17, 18] additives (COOH group functionalized graphene) 
was done. The characterization techniques especially ther-
mal characterization (DSC,TGA) showed that paraffin wax 
and paraffin wax mixed with COOH group functionalized 
graphene had very high latent heat of fusion per unit mass 
and high thermal stability. The charging time reduced with 
increasing% of COOH group functionalized graphene in par-
affin wax and this observation tells us that the materials used 
in this work were having quality thermal storage properties. 
This research article connects chemical and crystal struc-
ture, micro structure and morphology, enthalpy of melting, 
and thermal stability with the reduction in charging times of 
Paraffin wax with nano additives. According to the authors 
this is the first time where characterization of COOH group 
functionalized graphene was done along with evaluation of 
PCMs energy storage capabilities for thermal energy storage 
applications.

Characterizations and experimental work

Materials and preparation of phase change 
composite

Properties like high heat storage capacity and high heat of 
fusion is present in paraffin wax which was procured from 
Ecosense Sustainable Solutions Private limited, India. Car-
boxyl (COOH) group functionalized graphene was pur-
chased from platonic nanotech private limited Jharkhand 
India, which was used in doping paraffin wax (PCM). The 
Carboxyl (COOH) group based graphene nanoparticles in 
various volume percentage 0.25%, 0.5%, 0.75%, and 1% are 
mixed/doped with PCM paraffin wax. Firstly the paraffin 
wax is melted with the help of electric heaters till the PCM 
melts completely and when the PCM is warm and com-
pletely liquefied then the nano material is added and mixed/
stirred resulting in a PCM composite as shown in Figs. 2 
and 3.

Fig. 2   Before melting and stirring operation the basic PCM

Fig. 3   After melting and stirring operation the composite PCM
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Characterizations

Structure and morphology

Fourier transform infrared spectroscope, FTIR with diamond 
ATR and Pellet accessories (PerkinElmer spectrum 2) was 
used in experimental spectra range 4000–400 cm−1 and sam-
ple to KBr ratio 1:99. Powdered XRD (Bruker D8 advance) 
was done in the range 10°–80° with scanning step 0.05° and 
scanning rate 1.2° min−1 for knowing the crystalloid phase. 
The standard operating condition for the XRD apparatus was 
voltage 40 mV and current 40 mA. The morphology and 
microstructure were observed from field emissions scanning 
electron microscope coupled with energy dispersive spectros-
copy (EDS) detector Au Sputter Coater (FE-SEM: JEOL JSM 
-7610F plus EDS: OXFORD EDS LN2 free, AuCoater: JEOL 
Smart Coater).

Thermal properties

The temperatures like phase change temperature, enthalpy 
of melting, onset temperature, and ending temperature were 
calculated by DSC (PerkinElmer DSC 6000) having alu-
mina crucible in heating range 5–90 °C with heating rate of 
10 °C min−1 under nitrogen atmosphere. The thermo gravi-
metric analysis (PerkinElmer TGA 4000) was done from 
heating range 30–600 °C at a heating rate of 10 °C min−1 
under nitrogen atmosphere. The thermal conductivity and 
thermal diffusivity was checked through LFA-447 apparatus 
by laser flash method.

Experimental set up and working

The actual photograph and schematic diagram of TESS is 
as shown in Figs. 4 and 5, respectively. Firstly the water is 
filled in cold Heat transfer fluid (HTF) tank. Then the water 
is supplied from the cold HTF tank by pump to HTF tank at 
the top of the machine. Whenever there is a condition of over 
flow the pump is made to close and to supply warm water to 
the heat exchangers the electric heater is turned on. When 
the water becomes sufficiently warm by the help of appro-
priate valves the water flows through the heat exchanger. 
The hot water dissipates the heat by convection and con-
duction when flowing through the heat exchanger and the 

solid PCM melts by absorbing heat from the HTF which is 
water to complete the charging process. The used HTF gets 
collected in the used HTF tank, and the HTF flows continu-
ously till the PCM is fully charged and melted. The various 

thermocouples are mounted on different cylinders to give 
knowledge about the temperature like PCM inlet and PCM 
outlet temperature which is used in various calculations as 
shown in the subsequent section.

Calculation with formulas

Analysis of heat exchanger

Heat transfer for the HTF per unit length of cylinder can be 
expressed as,

Tav,HTF,chg,j , average temperature of HTF during charging °C; 
Tamb, ambient temperature °C; R, total thermal resistance of 
the PCM cylinder through which HTF flows; hi, convective 
(inner) heat transfer coefficient; ho, convective (outer) heat 
transfer coefficient.

The calculation of ho for turbulent flow [19] depends 
upon Prandtl and Grashof’s number whose value depends 
upon the type of flow, laminar or turbulent,

Calculation of hi

Following is the basic equation to calculate hi,

(1)q =
Tav,HTF,chg,j − Tamb

R
,

(2)R =
1

hiAi

+
ln(r2∕r1)

2�k1L1
+

ln(r3∕r2)

2�k2L2
+

ln(r4∕r3)

2�k3L3
+

ln(r5∕r4)

2�k4L4
+

ln(r6∕r5)

2�k5L5
+

1

hoAo

.

Fig. 4   Photograph of thermal energy storage system (TESS)
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where the Nusselt number Nu can be calculated by using the 
following empirical formula.

(a) Laminar flow and constant heat supply for smooth cir-
cular tube,

where kw, thermal conductivity of water; Di, internal diam-
eter of copper tube.

(b) Laminar flow and constant surface temperature for 
smooth circular tube,

(c) For fully-completed turbulent flow

(3)hi =
NuKw

Di

,

(4)Nu =
hiDi

kw
= 4.36,

(5)Nu =
hiDi

kw
= 3.66,

where n has the value equal to 0.4 for heating and value 0.3 
for cooling in the fluid flowing through the tube,

where V velocity of water through copper pipe [20–22]; mw, 
mass flow rate of water; v, kinematic viscosity; Re, Reynolds 
number; ρw is the density of water.

The ho can be calculated from Grashof number and 
Prandtl number under turbulent flow with its elementary 
equations.

Charging period calculations

In this stage the hot HTF flows through the heat exchanger 
and give energy to PCM.

Here, energy input during charging,

Nu = 0.023Re0.8
n

Pr,

Re =
DiV

v
,

V =
mw

�wAi

,

HTF
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Fig. 5   Schematic diagram of TESS [12]
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Energy accumulated during charging,

Energy loss during charging,

Other energy losses, energy loss without absorption,

Ein,chg, the input energy during charging period; Eacc,chg, the 
energy accumulated during charging; Eloss,chg,i, the environ-
mental losses; Eloss,chg,ii, the energy loss without absorption; 
ṁHTF , the mass flow rate of HTF; CHTF, the specific heat 
capacity of water; Ti,HTF,chg, the HTF inlet temperature dur-
ing charging; Tamb, the ambient temperature; timechg, the 
charging time; To,HTF,chg, the HTF outlet temperature during 
charging; Lins, the length of insulation; q, the Rate of heat 
transfer for HTF per unit length (W m−1).

The cylinder specification and heat exchanger dimensions 
used for calculations are as mentioned in Tables 1 and 2.

The cylinder with heat exchanger is as shown in Fig. 6. 
In between the copper tube of heat exchanger and cylinder 
cover (stainless steel) PCM is kept, and then, it is surrounded 

(6)Ein,chg = ṁHTFCHTF(Ti,HTF,chg − Tamb.) × timechg,

(7)Eacc,chg = Ein,chg − {Elosses,chg(i+ii)},

(8)Eloss,chg,i = q × Lins × timechg,

(9)Eloss,chg,ii = ṁHTFCHTF(To,HTF,chg − Tamb.) × timechg,

(10)Charging efficiency = Eacc,hg∕Ein,chg.

by insulation or foam and GI cover to prepare the PCM 
cylinder.

Results and discussions

The result of charging analysis [23] and structural charac-
terization as well as thermal characterization [24] is dealt 
with in this section.

Table 1   Cylinder specification [4]

Parameters Copper tube PCM SS pipe Insulation GI cover Unit

Internal radius r
1

0.00545 r
2

0.00635 r
3

0.07 r
4

0.072 r
5

0.122 m
Outer radius r

2
0.00635 r

3
0.07 r

4
0.072 r

5
0.122 r

6
0.1229 m

Conductivity k
1

390 k
2

0.22 k
3

16 k
4

0.033 k
5

16 W m−1 K−1

Length L
1

6.25 L
2

0.9 L
3

0.9 L
4

0.9 L
5

0.9 m
Heat transferring surface 

cross-sectional area
Ai 9.3305 × 10−5 Ao 0.2139 × 10−5 m2

Table 2   Heat exchanger 
dimension [4]

S. No. Parameters Value Unit

1 Inner diameter of heat exchanger shell 140 mm
2 Heat exchanger shell length 900 mm
3 Heat exchanger shell thickness 2 mm
4 Inner diameter of heat exchanger tube (Cu) 11.5 mm
5 Heat exchanger tube (HET) outer diameter (Cu) 12.7 mm
6 Thickness of HET (Cu) 0.6 mm
7 Length of HET (Cu) 9000 mm
8 Heat exchanger spiral count 33
9 HET pipe conductivity 300 W m−1 K−1

Fig. 6   Cylinder and heat exchanger [12]
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Charging rate analysis

It can be observed from the experiments that pristine par-
affin wax takes the most time in case of charging and as 
the concentration of COOH group functionalized graphene 
increases in paraffin wax the charging time decreases. This 
phenomenon is explained with the help of Tables 3, 4, and 
5. It can be inferred from the table that increasing volume 
concentration of nano additives and increase in flow rate of 
heat transfer fluid (HTF) are able to charge the cylinder very 
quickly. In case of a battery [25, 26] where all need faster 
charging such systems with PCMs combined with nano addi-
tives can be used. The PCMs can store energy during phase 
change and dissipate whenever it is required.

The charging rate can be described in forms of temper-
ature (°C) per unit time (minutes). The charging process 
of paraffin wax is shown in Fig. 7a, b which measures the 
PCM inlet and PCM outlet temperature, respectively ver-
sus time in minutes. It was observed that higher flow rate 
and increase in the concentration of graphene reduced the 
cylinder charging time as discussed above. The reason of 
this is high thermal conductivity of graphene which is due 

to covalent sp2 bonding between carbon atoms in the nano 
COOH group functionalized graphene mixed with paraffin 
wax. Figures 8a, b, 9a, b, 10a, b, and 11a, b depicts the 
change in PCM inlet and outlet temperature with respect 
to time for 0.25%, 0.5%, 0.75%, and 1% COOH graphene 
mixed with paraffin wax, respectively. The relevant and 
important point in these graphs are the constant, and steady 
increase in temperature with respect to time till the PCMs 
melting point which is in the range of 55–57 (°C) is reached, 
and the cylinder is completely charged.

Input energy and accumulated energy analysis

The input energy increases with increase in flow rate of the 
heat transfer fluid (HTF) which is water due to heat transfer 
phenomenon. Moreover, the input energy remains nearly 
constant for a particular flow rate as shown in Figs. 12–16 
for pure paraffin wax, 0.25% COOH group functionalized 
graphene [27] mixed with paraffin wax, 0.50% COOH group 
functionalized graphene mixed with paraffin wax, 0.75% 
COOH group functionalized graphene mixed with paraffin 
wax, and 1% COOH group functionalized graphene mixed 

Table 3   Time required 
for charging at flow rate 
6.25 mL s−1

PCM Time required (in min) for charging 
the cylinder at flow rate 6.25 mL s−1

Paraffin wax (PW) 160
COOH functionalized graphene (0.25%) in PW 150
COOH functionalized graphene (0.5%) in PW 140
COOH functionalized graphene (0.75%) in PW 130
COOH functionalized graphene (1%) in PW 120

Table 4   Time required 
for charging at flow rate 
12.5 mL s−1

PCM Time required (in min) for charging 
the cylinder at flow rate 12.5 mL s−1

Paraffin wax (PW) 150
COOH functionalized graphene (0.25%) in PW 140
COOH functionalized graphene (0.5%) in PW 130
COOH functionalized graphene (0.75%) in PW 120
COOH functionalized graphene (1%) in PW 110

Table 5   Time required for 
charging at flow rate 25 mL s−1 PCM Time required (in min) for 

charging the cylinder at flow rate 
25 mL s−1

Paraffin wax (PW) 130
COOH functionalized graphene (0.25%) in PW 110
COOH functionalized graphene (0.5%) in PW 100
COOH functionalized graphene (0.75%) in PW 90
COOH functionalized graphene (1%) in PW 80
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with paraffin wax, respectively. This high amount of energy 
has two kinds of losses energy loss during charging (piping 
losses) and energy loss without absorption. The energy loss 
without absorption depends upon the doped PCMs energy 
absorbing capacity. When these two losses are subtracted 
from input energy then the energy accumulated during 
charging is obtained which is a critical factor in determining 
the charging efficiencies. The curve for accumulated energy 
as shown in Figs. 17–21 for pure paraffin wax, 0.25% COOH 
group functionalized graphene mixed with paraffin wax, 
0.50% COOH group functionalized graphene mixed with 
paraffin wax, 0.75% COOH group functionalized graphene 
mixed with paraffin wax, and 1% COOH group functional-
ized graphene mixed with paraffin wax, respectively. The 

curves of accumulated energy have zigzag shape because 
as the flow of HTF depends upon the HTF stored in HTF 
tank at the top cylinder of capacity 50 L, more water is to 
be pumped up to maintain the continuous flow of the HTF 
storage tank from the cold water storage tank at the bottom 
of machine of capacity 120 L. The cold water mixes with hot 
water inside the HTF tank thereby decreasing the tempera-
ture along with accumulated energies, and the graph shows 
downward trend. After electrical heating as the temperature 
and energy rises of the HTF in HTF tank the graph shows an 
upward trend and this clarifies all the graphs zigzag shape 
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for accumulated energies. The input energy and accumulated 
energy are functions of HTF inlet and outlet temperatures.

Fourier transform infrared spectroscopy (FTIR)

The chemical compatibility and identification of chemical 
compounds was done by FTIR for various percentages of 
COOH functionalized graphene based paraffin waxes. Fig-
ure 22 demonstrates the FTIR spectrum for pristine par-
affin wax and various percentages (0.25–1 volume%) of 
COOH functionalized graphene in paraffin wax. The char-
acteristic transmittance band showed peaks at 2916 cm−1, 

2848 cm−1, 1463 cm−1, 1376 cm−1, and 723 cm−1. The band 
at 2916 cm−1 was due to asymmetric stretching vibration of 
CH3 group, the band at 2848 cm−1 was due to symmetric 
stretching vibration of CH2 group, the bands at 1463 cm−1 
and 1376 proves that the carboxylic group is present in the 
mixture along with O–H group bending and the graphene 
is COOH group functionalized graphene. The peak at 
723 cm−1 was due to rocking vibration of CH2 in the finger-
print region. The transmittance bands of pristine graphene 
and functionalized graphene was very weak as compared 
to paraffin wax. These results also paved the way for the 
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Fig. 9   a PCM inlet temperature with respect to time at different flow 
rates for paraffin wax mixed with 0.5 volume percent COOH func-
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observation that paraffin wax and COOH group functional-
ized graphene were chemically inert and the chemical reac-
tion was minimal.

X‑ray diffraction (XRD)

Figure 23 reveals the XRD patterns of pristine paraffin wax 
and paraffin wax mixed with various volume percent (0.25, 
0.5, 0.75, and 1) of COOH group functionalized graphene. 
There are two diffraction peaks observed for pristine paraffin 
wax at 2θ = 21.31° and 23.68° which is characteristic of par-
affin wax having diffraction of crystal planes (0 1 2) and (1 

1 0), respectively. 0.25 volume percent COOH group func-
tionalized graphene mixed with paraffin wax shows peaks at 
2θ = 21.50°and 23.86°having diffraction of crystal planes (2 
0 0) and (2 1 0) along with many other peaks with very little 
intensity like peaks at 2θ = 17.63°, 19.10°, and 36.09°. Simi-
larly, 0.5 volume percent COOH group functionalized gra-
phene has peaks at 2θ = 21.39° and 23.77° with many other 
low intensity peaks like 2θ = 14.86°, 16.16°, 40.36°, and 
40.57°. 0.75 volume percent COOH group functionalized 
graphene mixed with paraffin wax has peaks at 2θ = 21.50° 
and 23.87° having diffraction of crystal planes (2 0 0) and (0 
2 0), respectively, and due to the addition of COOH group 
functionalized graphene it shows low intensity peaks at 
16.24°,18°,19.63°, 39.88°, and 40.51°0.1 volume percent 
COOH functionalized graphene shows peaks at 2θ = 21.47° 
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and 23.85° due to diffraction of crystal planes (1 2 1) and 
(2 0 2) along with many low intensity diffraction peaks at 
2θ = 14.47°,15.20°, 36.03°, and 40.45°.

The XRD pattern clearly indicates that there is no chemi-
cal reaction between COOH group functionalized graphene 
and paraffin wax and due to high content of paraffin wax its 
characteristic peaks shows little deviation from the pristine 
paraffin wax peaks and crystal planes.

Differential scanning calorimetry (DSC)

Figure 24 presents the melting curve of paraffin wax along 
with different volume percent of COOH functionalized 

graphene in paraffin wax. As this paper covers charging 
aspects, the endothermic and melting description is suffi-
cient for this analysis. The onset (Tonset), peak (Tpeak), end-
ing (Tending) temperatures, and enthalpy of melting (Hm) 
are as shown in Table 6. Paraffin wax has favorable heat 
storage density and plays a major role in storing heat. The 
endothermic peak temperature shows a solid–liquid phase 
transition peak at around 61 °C for all the samples. The 
enthalpy of melting also increases with increase in COOH 
functionalized graphene concentration and is nearly equal 
for 0.75 volume% functionalized graphene and 1 volume% 
functionalized graphene.
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Thermo gravimetric analysis (TGA)

Thermo gravimetric analysis was done for finding if the sam-
ples are thermally stable or not as presented in Fig. 25. The 
overall tendency of mass loss of composite was found out 
to be consistent with that of the pristine paraffin wax. The 
mass of the samples begin to drop when the temperature 
reached 200 °C.

The mass loss was maximum in the region of 250–410 °C. 
Due to thermal decomposition of sample the mass loss was 
very slow after 410 °C. This curve also indicated that the 
graphene has little influence on thermal inertia of paraffin 

wax. The mass loss is higher for various functionalized gra-
phene paraffin wax samples than that of pristine paraffin 
wax. The graph trend depicted that the all the five samples 
were thermally stable and can be used as thermal energy 
storage materials for various applications.

Field emission scanning electron microscopy 
(FESEM)

Figure 26 shows the FESEM images or the morphology 
of pristine paraffin wax and paraffin wax with different 
concentrations of COOH functionalized graphene. The 
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microstructure of paraffin wax is as depicted in Fig. 26a, and 
there appears no micro cracks and loose surfaces. The layers 
of paraffin wax looks crumpled in structure. The 0.25 vol-
ume percentages of COOH functionalized graphene mixed 
with paraffin wax are also shown in Fig. 26b along with 
measurement of particle size. The various nano-particles 

(COOH functionalized graphene) comes in contact with par-
affin wax and their respective sizes are as small as 4.62 μm. 
The other FESEM photographs are presented in Fig. 26c–e 
of 0.5, 0.75, and 1 volume% COOH graphene mixed with 
paraffin wax. The surface no longer appears to be smooth 
for these (0.5, 0.75, 1%) concentrations due to the addition 
of nano particle. They also constructed the framework for 
enhancing heat transfer and the nanoparticle were properly 
mixed with paraffin wax.

Energy dispersive spectroscopy (EDS)

The elemental analysis is done by EDS, and the chemical 
composition is checked as atomic percentage and mass per-
centage level. The various elemental composition is shown 
in Tables 7–11 for paraffin wax and different volume per-
centage of COOH functionalized graphene mixed with par-
affin wax along with the characteristic graphs in Fig. 27a–e. 
The other component present is hydrogen, but it is not shown 
due to limitation of EDS analysis as the hydrogen has not got 
K shell or it can be better understood as the only electron is 
shared with k shell in covalent bonding.

Thermal conductivity tests

The thermal conductivity and thermal diffusivity was also 
checked as shown in Fig. 28. It was observed that with 
increasing volume percentages of graphene in the mixture 
the thermal conductivity increases along with thermal dif-
fusivity for functionalized graphene mixed with paraffin 
wax owing to very high thermal conductivity of pristine 
COOH functionalized Graphene. There was an increment 
of 7.6%, 10.8%, 29.8%, and 43.4% for COOH functionalized 
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graphene mixed with paraffin wax having graphene volume 
concentrations 0.25%, 0.5%, 0.75%, and 1%, respectively, 
over pristine paraffin wax whose thermal conductivity was 
0.184 W m K−1. The thermal diffusivity too showed increase 
in values by 1.73%, 11.30%, 30.43%, and 43.48% for COOH 
functionalized graphene mixed with paraffin wax having gra-
phene volume concentrations 0.25%, 0.5%, 0.75%, and 1%, 
respectively, over pristine paraffin wax whose thermal dif-
fusivity was 0.115 mm2 s−1. Thermal diffusivity tells us how 
fast the heat diffuses through the specimen.

Table 6   DSC Enthalpy and temperature details

Sample Onset temperature/°C Peak temperature/°C Ending temperature/°C Enthalpy 
of melting 
Hm/J g−1

Paraffin wax 27.70 61.57 66.84 153.05
COOH functionalized graphene (0.25%) 25.85 61.75 67.69 154.77
COOH functionalized graphene (0.5%) 24.31 61.03 67.79 162.26
COOH functionalized graphene (0.75%) 26.66 61.75 67.65 167.98
COOH functionalized graphene (1%) 23.79 62.94 68.23 167.43

3000 600

0

50

100

M
as

s/
%

Temperature/°C

Paraffin wax (PW)
0.25% COOH graphene PW
0.5% COOH graphene PW
0.75% COOH graphene PW
1% COOH graphene PW
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group functionalized graphene mixed with Paraffin wax
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(a) (c) 

(e) 

(d) (b) 

Fig. 26   FESEM images of a paraffin wax, b 0.25 volume% COOH group graphene mixed with PW, c 0.5 volume% COOH group graphene 
mixed with PW. d 0.75 volume% COOH group graphene mixed with PW. e 1 volume% COOH group graphene mixed with PW

Table 7   Atomic and mass% of 
pure PW

Element Mass/% Atom/%

C 74.47 79.53
O 25.53 20.47

Table 8   Atomic and mass% of 
0.25 volume% COOH group 
graphene mixed with PW

Element Mass/% Atom/%

C 97.23 96.35
O 2.77 3.65

Table 9   Atomic and mass% of 
0.50 volume% COOH group 
graphene mixed with PW

Element Mass/% Atom/%

C 93.45 95
O 6.55 5

Table 10   Atomic and mass% 
of 0.75 volume% COOH group 
graphene mixed with PW

Element Mass/% Atom/%

C 93.31 94.90
O 6.69 5.10

Table 11   Atomic and mass% 
of 1 volume% COOH group 
graphene mixed with PW

Element Mass/% Atom/%

C 96.35 95.19
O 3.65 4.81
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Conclusions

Some important conclusions can be derived from the above-
mentioned experiments

1.	 The charging time decreases and faster charging of the 
cylinder is done when the concentration of COOH group 
functionalized graphene increases in the PCM (paraffin 
wax) also

2.	 Increase in flow rate of the HTF leads to faster charging 
of the PCM cylinder. The input and accumulated ener-
gies can also be found out which leads to calculation of 
charging efficiencies.

3.	 The chemical compatibility and chemical structure was 
identified by FTIR, and this experiment showed the 
presence of COOH group in the chemical structure of 
graphene. XRD showed peaks that were characteristic 
of paraffin wax and the little content of COOH graphene 
did not show the presence of any new chemical struc-
ture due to chemical reaction between COOH graphene 
and paraffin wax. The FTIR and XRD curves proved the 
fact that there was no chemical reaction between COOH 
graphene and paraffin wax and COOH functionalized 
graphene remained chemically inert. The FESEM analy-
sis manifested that there were no micro cracks and loose 
surfaces present in the surface of the COOH functional-
ized graphene although the structure was a bit crumpled 
and the size of graphene attached to the COOH function-
alized graphene particle was as small as 4.62 μm due to 
the mixture of nano-powdered graphene with paraffin 
wax. The EDS analysis also proved the fact that Carbon 
and oxygen with their above-mentioned mass and atomic 
percent were present in the mixture of COOH function-
alized graphene and paraffin wax.

4.	 Thermal stability was found out by TGA. All the sam-
ples of COOH functionalized graphene including the 

paraffin wax were thermally stable. The DSC analysis 
also predicted that paraffin wax and paraffin wax mixed 
with COOH functionalized graphene have a high energy 
storage density along with high enthalpy of melting. The 
thermal conductivity and thermal diffusivity of pure par-
affin wax and paraffin wax mixed with COOH graphene 
too showed steady increase in their values in accordance 
with increase in their volume% in the mixture.
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