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ABSTRACT: Phase change materials (PCMs) function based on latent heat stored on or released from a substance over a slim tempera-

ture range. Multiwalled carbon nanotubes (MWCNTs) and polyaniline are important elements in sensor devices. In this work, pristine

and polyaniline-grafted MWCNTs (PANI-g-MWCNTs) were applied as conductive carbon-based fillers to make PCMs based on paraf-

fin. The attachment of PANI to the surface of MWCNTs was proved by Fourier transform Infrared analysis. Dispersion of MWCNTs

in paraffin was studied by wide-angle X-ray scattering. Heating and solidification of PCM nanocomposites were investigated by differ-

ential scanning calorimetry, while variation in nanostructure of PCMs during heating/solidification process was evaluated by rheologi-

cal measurements. It was found that after 30 min of sonication, the samples filled with 1 wt % MWCNTs have melting and

solidification temperatures of 29 and 42 8C, respectively. It was also found that PANI attachment to MWCNTs significantly changes

thermal conductivity behavior of PCM nanocomposites. The developed MWCNTs-based sensor elements responded sharply at low

MWCNTs content, and experienced an almost steady trend in conductivity at higher contents, while PANI-g-MWCNTs sensor fol-

lowed an inverse trend. This contradictory behavior brought insight for understanding the response of PCMs against thermal fluctua-

tions. VC 2017 Wiley Periodicals, Inc. J. Appl. Polym. Sci. 2017, 134, 45389.
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INTRODUCTION

Energy plays a vital role as a resource in human life and

becomes every day more important, as the main criterion of

recognizing economic power of countries in the way of develop-

ment. Fossil fuels are main sources for obtaining thermal

energy, but cause serious environmental threats.1 Therefore,

attention has been placed on sustainable and renewable ener-

gies, among which thermal energy plays an important role. The

major drawback when benefiting the thermal energy, however, is

its weak storage ability under different conditions.2 Advanced

materials with high ability of absorption or storage of heat

energy are being developed to overcome this problem.

Nanotechnology has provided researches with an opportunity to

develop advanced phase change materials (PCMs) capable of

storing and releasing large amounts of energy.3,4 The PCMs can

store energy inside when undergoes phase changes. From this

perspective, PCMs can be classified into two categories; organic

and inorganic PCMs.5–8 Synthetic materials originated from

crude oil take position in organic categories. Paraffin wax can

be considered as an organic PCM, which is widely used in ther-

mal storage energy systems.9–11 Paraffin wax shows good fea-

tures such as high latent heat of fusion, little or negligible

super-cooling, acceptable resistance against corrosion, facile pro-

cessability, availability, and relatively low cost.12 On the other

hand, paraffin suffers from a relatively low rate of heat storage

and/or discharging, which takes origin in its low thermal con-

ductivity.13 To compensate for this shortcoming, different strat-

egies have been proposed. One of the most conventional

methods to increase the thermal conductivity of paraffin is to

use fins and foams based on metallic structures in PCM-based

thermal energy storage systems.14–17 Although this method
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solved this problem to some extent, it brought about new chal-

lenges. For instance, it was found that more volume of PCM

should be used, which necessitates additional heat circulating

systems.

Design of advanced PCMs with high efficiency-to-amount of

usage ratio was the subject of some new researches.18 Overall,

various materials with high thermal conductivity were proposed

to be dispersed in paraffin. For instance, it was found that

introduction of metal foams has a positive impact on energy

storage/release in PCMs.19 The use of nanocarriers as energy

carriers was another way to enhance thermal conductivity of

PCM—what necessitates the use of nanomaterials. It was

reported that carbon nanofibers affect thermal properties of

PCMs.20 The use of graphite nanoplatelets,21 TiO2 nanopar-

ticles,22,23 and montmorillonite nanoplatelets24 improved ther-

mal conductivity of PCMs.

The combination of PCMs and sensor elements in a specified

system is a new approach for designing intelligent energy stor-

age systems. Introduction of carbon nanotubes (CNTs) and

conductive polymers such as polyaniline and polypyrrole

received attention over recent years.25–27 For some specific

applications, however, researchers performed grafting of various

polymers onto the surface of CNTs in view of facile dispersion

compared to simple mixture of CNTs with polymers.28–31 In

case of paraffin-based CNT/PCMs, it was found that increase of

a small amount of CNTs causes significant improvement of

thermal conductivity performance.32,33 Nevertheless, to the best

of our knowledge, such systems have limitedly been studied;

even though they could end in intelligent materials that alarm

thermal fluctuations fueled by surrounding environment. More-

over, addition of CNTs can change the nature of thermal con-

ductivity trend at low and high amounts of CNTs.

Addition of multiwalled CNTs (MWCNTs) to polymer matrices is

often associated with a considerable agglomeration. Scientific

reports suggest that modification of MWCNTs decreases the sur-

face energy of nanotubes leading to a uniform dispersion into the

polymers. Surface modification of nanofillers for different applica-

tions was the subject of some studies in recent years. Yadav et al.

prepared poly(styrene-b-(ethylene-co-butylene)-b-styrene) (SEBS)-

grafted MWCNTs and noticed good dispersion of the modified fil-

ler in the SEBS matrix.34 Philip et al. used phenylamino groups to

modify MWCNTs and attained good dispersion in polyaniline.35

Anirudhan and Alexander grafted vinylic functional groups onto

the MWCNTs and applied molecular imprinting.36

In the light of above, polyaniline-grafted MWCNTs (PANI-g-

MWCNTs) considered as a good candidate for sensor applica-

tions in this work in view of its potential as PCM. The focus

was placed on the effect of PANI-g-MWCNTs on thermal con-

ductivity of paraffin-based PCMs. First, in situ emulsion poly-

merization process was applied to graft PANI on the surface of

MWCNTs. Effect of sonication time and filler weight fraction

on dispersion of MWCNTs in paraffin wax was investigated by

wide-angle X-ray scattering (WAXS) analysis. The phase change

temperature, enthalpy of solidification, and thermal response of

PCM nanocomposites were investigated by differential scanning

calorimetry (DSC) measurements. Moreover, the storage

modulus of heating and solidification when PCM nanocompo-

sites contained PANI-g-MWCNTs was determined by rheological

tests. Eventually, thermal conductivities of PCM nanocompo-

sites were compared to assess the effect of pristine MWCNTs

and PANI-g-MWCNTs on the both value of and trend in ther-

mal conductivity.

EXPERIMENTAL

Materials

MWCNTs (purity� 95%, outer diameter: 10–30 nm and length:

0.5–500 mm) was provided by Shenzhen Nanotech Port. Co., Ltd.

Shenzhen/China. N-Methyl-2-pyrrolidone (NMP, 99%) was pur-

chased from Beijing YILI Fine Chemical Co., Ltd. Beijing/China.

Dimethylbenzene (DMB, 99%), acetone (99.5%), ethanol (99.7%),

nitric acid (HNO3, 70%), HCl (36.0%), N,N-dimethylformamide

(DMF, 99%) were all purchased from Beijing Chemical Industry

Group Co., Beijing/China. p-Toluenesulfonic acid (PTSA) (99%)

was purchased from Tianjin Guangfu Fine Chemical Research

Institute, Tianjin/China. Sodium dodecyl benzene sulfonate

(SDBS, 99%), ammonium persulfate (APS, 98.5%), and aniline

(�99.5%) were purchased from Sinopharm Chemical Reagent

Co., Ltd., Shanghai/China. Polyetherimide (PEI). particles was

supplied by SABIC Innovative Plastic. Co. (Saudi Arabia).

Synthesis of PANI-g-MWCNTs

First, certain amount of MWCNTs, depending on weight per-

cent desired for grafting, was dispersed within HNO3 and

H2SO4 (1:3 volume ratio) for 4 h. To have a criterion, the

experiment started with 0.15 g MWCNTs. This mixture was

sonicated at 40 kHz, 200 W for 30 min at room tempera-

ture.37,38 In the next step, the mixture was heated and refluxed

at 110 8C for 12 h to create active sites on the surface of nano-

particles. The acid-treated nanoparticles were subsequently fil-

tered and washed with 0.5 M NaOH, then with deionized water

and dried at 110 8C in a vacuum oven overnight. This procedure

was repeated five times to ensure removal of unreacted species,

and then COOH-grafted MWCNTs was collected as the product

of this stage. In continuation, 0.1 g of the resulting carboxylated

MWCNTs was reacted with equivalent amount of aniline (ANI)

monomer in a mixture containing 150 mL 0.25 M sulfuric acid

in situ under 50 8C for 2 h to provide MWCNTs with a platform

for polymerization. In polymerization process, SDBS, as initia-

tor, was dissolved in deionized water and DMB was then added

to this solution under vigorous stirring for 30 min, after that

functionalized MWCNTs was dispersed in the media under son-

ication (40 min). Afterward, a certain amount of aniline mono-

mer was added to the prepared solution under stirring keeping

temperature constant at 5 8C. Polymerization reaction was

started right after addition of APS, HCL, and PTSA in a con-

trolled manner into the media under intensive stirring for 12 h

and at 5 8C. In order to complete polymerization reaction,

emulsion was poured into acetone and the PANI-g-MWCNTs

was precipitated in the bottom of reaction vessel.39,40 This pro-

cess is illustrated schematically in Figure 1. The resulting prod-

uct was a dark-green powder, collected for PCM preparation.

Preparation of PCM Nanocomposites

The PCMs samples were prepared by addition and fine disper-

sion of different amounts of pristine (MWCNTs) and surface-
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modified (PANI-g-MWCNTs) fillers into the molten paraffin

wax under sonication. For preparing PCM nanocomposites,

paraffin was first heated to 65 8C and kept for 15 min and then

certain amount of nanoparticles (1, 3, and 5 wt %) was added

to molten paraffin with heating and sonication at specified

times. In order to obtain PCM, the mixture of paraffin and

nanoparticles was poured into a container and let cool down to

room temperature. The paraffin was subjected to premelting

and degassing in a vacuum oven at 55 8C for 12 h. The proce-

dure described above for obtaining PCM/paraffin nanocompo-

sites is illustrated in Figure 2. The formulation of the final

compositions are also given in Table I.

Characterization

Fourier transform Infrared (FTIR) spectroscopy was conducted

on a Lincoln FTIR instrument in a transmittance range of

4000–500 cm21. For sample preparation, MWCNTs were

grounded with KBr and compressed into tablets.

WAXS analysis was performed using an X-ray diffractometer P4

equipped with area detection system GADDS (Siemens AG

Karlsruhe, now: BRUKER axs Karlsruhe) operating at 40 kV and

30 mA for Cu Ka radiation (k 5 0.154 nm).

Melting and solidification behavior of PCMs were studied by

Netzsch DSC212 calorimeter (Germany). Samples having

�5 mg weight were heated to 100 8C with heating rate of 10 8C/

min under nitrogen atmosphere and held for 5 min to remove

any residual nuclei before cooling at the specified cooling rate

of 5 8C/min. In view of sensitivity of samples to thermal behav-

ior, DSC measurements were repeated three times and the aver-

age values of parameters were used for interpretations.

Rheological measurements were performed on a Anton Paar

instrument with equal heating and cooling rates of 2 8C/min at

constant frequency of 1 Hz and strain of 0.05%.

The thermal conductivity measurements were carried out at

ambient temperature under a steady-state heat flow by means

of a thermal conductivity tester (DRX-II-RW, Xiangtan Huafeng

Instrument Manufacturing Co., Ltd., Hunan, China). Prior to

the tests, the samples were grinded into finer particles and

Figure 2. Schematic representation of the preparation PCM nanocomposites. [Color figure can be viewed at wileyonlinelibrary.com]

Table I. Composition of the PCM Nanocomposites

Samples
Paraffin
(wt %)

MWCNTs
(wt %)

PANI-g-MWCNTs
(wt %)

P100 100 0 0

PC1 99 1 0

PC3 97 3 0

PC5 95 5 0

PCA1 99 0 1

PCA3 97 0 3

PCA5 95 0 5

Figure 1. Schematic representation of grafting of polyaniline on MWCNTs surface. [Color figure can be viewed at wileyonlinelibrary.com]
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pressed under 12 MPa to form into discs. The dynamic upper

plate of machine warmed up to 35 8C, while the lower cooled

by water down to 15 8C. The prepared discs were mounted

between the two plates, and their thermal conductivity was

recorded after 1 h experiencing a steady-state condition.

RESULTS AND DISCUSSION

FTIR Analysis

The FTIR spectra of pure MWCNTs, acid-treated MWCNTs,

and PANI-g-MWCNTs are compared in Figure 3. Spectrum of

MWCNTs displays two bands for CAC banded groups at 1000

and 3000 cm21. The bands observed at 3000 cm21 are most

likely due to CAC stretching vibrations. Spectrum of acid-

treated MWCNTs displays a distinctive peak at 3500 cm21,

which belongs to OAH stretching vibrations. In addition, car-

bonyl bond C@O showed a peak at around 1700 cm21. The

polar interactions play a key role on displacement of such a

peak in between 1000 and 1500 cm21. These observations con-

firmed that COOH groups are attached to the surface of

MWCNTs. Spectrum of PANI-g-MWCNTs reveals a peak at

3500 cm21 assigned to NAH bands. It can be obviously seen

that when acid-treated MWCNTs reacted with aniline to yield

PANI-g-MWCNTs, the peak at 1700 cm21 in PANI-g-MWCNTs

disappeared, which makes evident that reaction between COOH

and aniline monomers was completed and polymer chains

anchored to the surface of MWCNTs.

WAXS Analysis

The structural changes, chemical compatibility between the par-

affin and MWCNTs, and dispersion state of MWCNTs through-

out paraffin were analyzed by WAXS patterns, as plotted in

Figure 4. It can be seen from Figure 4(A) that the diffractogram

of pure MWCNTs exhibits typical peaks at 25.98 and 47.28, cor-

responding to the surface (002) and (100) reflections.22 The

effect of sonication time (15, 30, and 50 min) on dispersion of

1 wt % MWCNTs in the paraffin wax was also assessed. Overall,

the intensity of the peak appeared at 25.98 (002) decreases after

15 min sonication because of insufficient time to acquire colli-

sion between reactants. In a similar fashion, for the sample son-

icated for 50 min, the assigned peak is low, but possibly due to

degradation of walls of MWCNTs. On the other hand, the

intensity of 25.98 peak for sample experienced sonication time

of 30 min was higher comparatively.41 This suggests that nano-

particles are appropriately dispersed into the paraffin matrix

after 30 min sonication. In Figure 4(B), the state of dispersion

of nanoparticles in paraffin is shown as a function of MWCNTs

content. The crystalline peak of paraffin was observed at 308.

When MWCNTs was introduced to paraffin [in case of sample

PC3 in Figure 4(B)], this peak has been drastically diminished.

Interestingly, however, further addition of MWCNTs up to 5 wt

% caused intensification of the assigned peak once again. This

can be explained in view of poor dispersion of MWCNTs in the

matrix at 5 wt % loading level. Two distinct peaks observed for

PC5 are characteristic of a two-phase mixture, i.e., paraffin

phase and MWCNTs phase. And therefore, the crystalline por-

tion of paraffin experienced less damage. In conclusion, uncon-

trolled addition of MWCNTs to paraffin may cause a negative

effect on dispersion of MWCNTs in the matrix, leading to

Figure 3. FTIR spectra of MWCNTs, acid-treated MWCNTs, and PANI-g-

MWCNTs. [Color figure can be viewed at wileyonlinelibrary.com]

Figure 4. WAXS patterns of dispersion of MWCNTs in PCM nanocomposites: (A) effect of sonication time on dispersion of MWCNTs and (B) effect of

amount of MWCNTs in PCM nanocomposites at constant sonication time of 30 min. [Color figure can be viewed at wileyonlinelibrary.com]
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formation of aggregates of MWCNTs. Since the PANI grafted

on the surface of MWCNTs contains active polar functional

groups, there is a low possibility of chemical interaction

between the modified nanotubes and nonpolar paraffin mate-

rial. In other words, PANI arms attached to the surface of

MWCNTs could somewhat enlarge the distance between nano-

tubes to prevent them from aggregation.

Heating and Solidification Behavior of PCM Nanocomposites

DSC analysis is a direct criterion for assessing the effect of

MWCNTs on the capability of PCM nanocomposites in storing/

releasing energy in/from the material. The onset temperatures

on the DSC curves were taken as phase change temperatures of

PCMs. The phase change latent heat of PCMs was also calcu-

lated as the area under the exothermic peak as follows:

Latent Heat5
DH

DHP

3100 (1)

where DH is the latent heat of the PCMs, and DHP is the latent

heat of pure paraffin. The DSC thermograms of the studied

PCMs are shown in Figure 5. For each sample, two distinct

peaks in DSC curves can be found, which are assigned to heat-

ing and cooling. The small peak at the early stage of heating

corresponds to solid–liquid–solid phase change cycle, while the

large distinctive peak is a signature of solid–liquid–solid phase

change cycle. Since the paraffin wax used in this study was

probably a mixture of various oligomers with different chain

lengths, phase change took place over a relatively wide tempera-

ture range. A careful observation helps for identifying several

critical points on the DSC curves as different stepwise phase

changes. The effect of ultrasound time on the melting and

solidification behavior of samples containing 1 wt % of CNT is

presented in Figure 5(A). It can be seen that sonication time of

30 min is more sensitive to thermal treatment with more obvi-

ous variations in melting/solidification temperature peaks and

area under the DSC curves. This behavior is closely in associa-

tion with good dispersion of MWCNTs in paraffin matrix, dis-

cussed in Figure 4, which might affect the ability of absorption

and release of heat from PCM. However, it is hardly imaginable

to be able to come into conclusion solely by the DSC measure-

ments. After 30 min was selected as a suitable time for sonica-

tion, samples with different amounts of MWCNTs were

prepared. DSC thermograms of such samples are shown in Fig-

ure 5(B).

The sample comprising 1 wt % MWCNTs shows the most ther-

mal storage/release potential among the studied nanocomposites

in both melting and solidification paths. This behavior can be

attributed to the formation of crystals in paraffin phase, where

nanoparticles play the role of nucleating agent. However, at

higher contents of MWCNTs the nanotubes act as a barrier in

the paraffinic phase against movement of molecules, hence

hardened formation of crystals.41–43 The agglomeration of pris-

tine MWCNTs could also worsen thermal performance of PCM

in a closed cycle, which has been discussed in the assigned

section.

As shown in Figure 6(A), melting and solidification tempera-

tures of the neat paraffin were 39 and 27 8C, respectively. Assess-

ments on the effect of sonication time for samples filled with 1

wt % MWCNTs on thermal conductivity confirmed that the

melting and solidification temperatures corresponding to the

sample experienced 30 min sonication are 29 and 42 8C, respec-

tively. Effect of sonication time on phase change enthalpy of

PCM samples is shown in Figure 6(B). Similarly, the highest

melting and solidification enthalpies belong to the sample that

experienced 30 min of sonication. The alteration patterns of

temperature and enthalpy of PCM samples against CNT weight

percent are shown in Figure 6(C,D), respectively. Noticeably, the

sample comprising of 1 wt % of MWCNTs shows highest melt-

ing temperature, while the one with 5 wt % MWCNTs has the

highest solidification temperature among the studied samples.

From an energy storage point of view, this behavior was not

desirable for such PCM structure. The difference between neat

and MWCNTs-incorporated samples in Figure 6(D) is also

meaningful. It is apparent that sample PC1 has the highest

enthalpy change in view of its higher potential as a PCM. It can

Figure 5. DSC thermograms of (A) samples with different sonication time and (B) samples with different MWCNTs loading sonicated for 30 min.

[Color figure can be viewed at wileyonlinelibrary.com]
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be also seen in Figure 6(D) that further increase of MWCNTs

content has no serious effect on the potential of system as a

PCM, because of the fact that enthalpy changes in a tinier inter-

val in cooling–heating–cooling cycle.

Heating/Cooling-Induced Rheological Behavior of PCM

Nanocomposites

For developing an efficient PCM nanocomposite, dispersion of

nanoparticles plays a critical role. As the heating rate increases,

the morphology of PCM changes which may cause formation of

a thick layer of sediment.44,45 The effect of MWCNTs on rheo-

logical properties of PCM nanocomposites is shown in Figure 7,

where alteration of storage modulus of PCM nanocomposites

containing of 1 wt % MWCNTs was probed in terms of sonica-

tion time. According to figure, storage moduli of samples follow

a decreasing trend upon increase of sonication time. The sample

sonicated for 30 min reveals the highest storage modulus in this

family. This behavior indicates that MWCNTs has been properly

dispersed within paraffin, which is consistent with WAXS analy-

sis results. The rheological behavior of samples was monitored

in the course of cooling [Figure 7(B)]. The scattered patterns in

this figure make evident that samples had almost the same

behavior, possibly because of formation of MWCNTs aggregates

deposited in the paraffin.46,47

The effect of MWCNTs loading on the storage modulus in the

course of melting is shown in Figure 7(C). As expected, increas-

ing the amount of MWCNTs led to increase of storage modulus.

This can be explained in view of higher modulus of MWCNTs

compared to very low value for low-molecular-weight paraffin

wax, as well as constrained mobility of the system because of

MWCNTs. In case of cooling [Figure 7(D)], however, the stor-

age modulus has sharply increased in case of PC5. From this

behavior, it can be concluded that nanotubes are entangled to

form sediments at loadings above 3 wt %.

Effect of PANI-g-MWCNTs on Rheological Properties of PCM

Nanocomposites

In previous sections, the merit of paraffin/MWCNTs composites

as PCM materials was studied. A series of analyses confirmed

that the presence of MWCNTs considerably affects rheological,

thermal, and chemical interaction of PCM nanocomposites.

Noticeably, in the case of rheological properties concerning

cooling step, it was found that there is a percolation threshold

in storage modulus for leadings up to 3 wt % of MWCNTs.

The effect of PANI-g-MWCNTs on the storage modulus of

PCM nanocomposites (in both heating and cooling rounds) is

shown in Figure 8. In the case of heating [Figure 8(A)] and at

low content of MWCNTs, i.e., 1 and 3 wt %, modification of

Figure 6. DSC results on the effect of sonication time on (A) phase change temperature and (B) phase change enthalpy of PCM with 1 wt % MWCNTs

and the effect of MWCNTs content on PCM (C) phase change temperature and (D) phase change enthalpy at constant sonication time of 30 min.

[Color figure can be viewed at wileyonlinelibrary.com]
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MWCNTs with PANI had no positive effect on the storage

modulus. This behavior can be related to contribution of short

chains of PANI to entropy increase. Since PANI chains are flexi-

ble, they assist in increase of softness of PCM. At higher content

of 5 wt %, however, storage modulus during melting step was

governed by grafting of PANI on MWCNTs. A similar trend was

seen for cooling process in Figure 8(B), so that storage modulus

of PCM nanocomposites containing PANI-g-MWCNTs has not

been changed, while solidification of PC5 sample revealed an

abrupt rise. Another point to be noticed is that in all cases stor-

age modulus curves of PCMs containing PANI-g-MWCNTs are

situated below the corresponding ones containing MWCNTs.

Since paraffin has a hydrophobic nature, the PANI chains

attached to the surface of MWCNTs with the same nature could

act as a lubricant to decline storage modulus. This comparison

shows that, despite being a good sensor element, attachment of

PANI to MWCNTs worsens dispersibility of MWCNTs in

paraffin.

Effect of Heating Cycle on the Structure of PMC

Nanocomposites

Transition in structure of PCM nanocomposites due to heat

treatment is a hot challenge. The PCMs acts as liquid under

heating source, while it appears as a solid at low temperature.

For careful detection of changes in structure of PCM it is neces-

sary to repeat heating process several times. This process is

described schematically in Figure 9(A). In this figure, the PCM

nanocomposites containing pristine MWCNTs have an unstable

nanostructure. This structure drops under temperature rise and

gradually settles down in the bottom of container. After this

process, heating behavior of PCMs changes because of the struc-

ture of PCM being changed to other forms.

In Figure 9(B,C), transition in nanostructure of PCMs from

unstable to metastable state can be seen in the first and second

heating cycles. In the first heating cycle, increasing the amount

of MWCNTs in PCM causes a rise in viscosity and somewhat

stabilizes the nanostructure.48,49 On the other hand, variation of

storage modulus of PCMs in the second heating suggests that

all nanostructures might be collapsed under such condition. On

average, however, the storage modulus follows an increasing

order in parallel with increase of MWCNTs content. Thus, tran-

sitional behavior of PCMs depends on the amount of MWCNTs

in the paraffin.

Comparative Analysis of Thermal Conductivity of PCM

Nanocomposites

The effects of test temperature, MWCNTs content (0–5 wt %),

and MWCNTs surface modification on thermal conductivity of

the paraffin-based nanocomposite PCMs in the solid phase are

presented in Figure 10. It is believed that a contribution taken

from all the aforementioned parameters may bring about some

Figure 7. Effect of sonication time on storage modules: (A) heating, and (B) solidification of PCM nanocomposites, and effect of MWCNTs content on

storage modulus: (C) heating, and (D) solidification at constant sonication time of 30 min. [Color figure can be viewed at wileyonlinelibrary.com]
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mutual effects thermal conductivity of the prepared samples,

which are normally indistinguishable. In general, increasing the

content of CNT in paraffin matrix caused increase in thermal

conductivity. Moreover, higher test temperatures had positive

effect on thermal conductivity of PCM. The main difference

between conductivity behavior of pristine and surface-modified

PCMs springs from their trends. In the case of unmodified

CNT [Figure 10(A)], irrespective of temperature, all curves fol-

low an ascending trend continued by a stationary period at

higher filler loadings. Increase of MWCNTs content at 25 8C

imposes limited effect on thermal conductivity and the curve

experiences a steady trend for loadings higher than 1 wt % of

MWCNTs. Noticeably, however, at 35 8C and then at 55 8C

increasing the content of MWCNTs up to 3 wt % follows

upward conductivity enhancement. This behavior indicates that

increasing the amount of pristine MWCNTs makes thermal con-

ductivity of PCM to follow an upward trend followed by a pla-

teau, which can be explained on account of aggregation of

MWCNTs in paraffin at higher contents. In case of modified

CNT in Figure 10(B), conductivity values at identical tempera-

tures are somewhat lower than that of those for samples con-

taining pristine MWCNTs. Of note, exactly in an inverse

manner, curves assigned to 35 and 55 8C follow an almost

steady trend at low content of filler followed by a sharp

Figure 8. Effect of MWCNTs and PANI-g-MWCNTs on storage modules of PCMs: (A) heating, and (B) solidification at constant sonication time of 30

min. [Color figure can be viewed at wileyonlinelibrary.com]

Figure 9. (A) Schematic illustration of change in nanostructures of PCMs containing pristine MWCNTs under different heating cycles, (B) Complex vis-

cosity of PCMs in the first heating cycle, and (C) storage modulus of PCMs in the second heating cycle at constant sonication time of 30 min. [Color

figure can be viewed at wileyonlinelibrary.com]
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increasing trend at higher contents of filler. This can be inter-

preted in this way that PANI-g-MWCNTs are appropriately dis-

persed within paraffin. As a result of this, their thermal

conductivity potential has been featured at higher loading levels.

However, some notices insensitiveness of thermal conductivity

on the temperature.50,51 It should be noted that MWCNTs net-

work formation or filler–filler interaction state plays a key role

in determining the thermal conductivity of the studied PCM.

PANI-g-MWCNTs could be dispersed easier into the matrix

compared to the pristine MWCNTs. As a result of larger inter-

nanotube distance, modified fillers can form into networks with

lower possibility; hence, thermal conductivities of pristine-

incorporated paraffin take higher values.

From a practical point of view, this is very important in design

of sensors working on the bedrock of PCM. The results confirm

that thermal conductivity response of paraffin/MWCNTs PCM

nanocomposites highly depends on filler dispersion and sensors

with different response can be designed. In addition, the tem-

perature of environment has a very significant effect on the per-

formance of the resulting sensors. Overall, thermal conductivity

of PCM containing pristine MWCNTs takes higher values, espe-

cially at higher loading levels. By contrast systems filled with

PANI-g-MWCNTs show a more stable trend against filler con-

tent. Thus, from a sensor point of view, the potential of the lat-

ter system would be higher.

CONCLUSIONS

In this research, MWCNTs as an effective nanomaterial was

used for improving thermal properties of PCM. Attachment of

PANI, as a conductive polymer, to MWCNTs was performed to

assess the potential of two sorts of paraffin/MWCNTs PCMs

with pristine and PANI-g-MWCNTs as sensor elements. PANI

was grafted on surface of MWCNTs by in situ emulsion poly-

merization process. Results of FTIR analysis show that PANI-g-

MWCNTs was synthesized successfully. Dispersion of MWCNTs

in paraffin matrix was evaluated by WAXS measurements, where

sonication time of 30 min ended in good dispersion of filler

into paraffin. Effect of sonication time on phase change temper-

ature showed that PCM nanocomposites prepared after 30 min

sonication have both higher phase temperature and enthalpy

compared to those experienced sonication times more or less

than 30 min. PC5 had the highest solidification temperature,

while PC3 the lowest one among studied samples. Phase change

enthalpy of PC1 was higher in comparison with other PCM

nanocomposites. The storage modulus of PC5 PCM nanocom-

posite was the highest in both cooling and heating cycles.

Assessment of the effect of PANI-g-MWCNTs on the storage

modulus of PCM nanocomposites under heating and cooling

conditions implied that grafting of PANI on the surface of

MWCNTs lowers the stiffness of PCM. This behavior was

related to the lubricating effect caused by short chains of PANI

that affect stability of PCM. Thermal conductivity assessment of

samples containing pristine and surface-modified MWCNTs

showed a very contradictory behavior. At isothermal conditions,

increasing the amount of MWCNTs caused an upward increase

in thermal conductivity against MWCNTs content followed by a

stationary trend. An exactly inverse trend was the case for PCM

nanocomposites filled with PANI-g-MA, starting by an almost

steady trend at low filler contents followed by an ascending

trend at high contents of MWCNTs. This opposite character,

due to different dispersion state of MWCNTs, can be taken into

account when designing PCMs acting as thermal sensors.
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43. Şahan, N.; Fois, M.; Paksoy, H. Int. J. Energ. Res. 2016, 40,

198.

44. Delgado, M.; L�azaro, A.; Pe~nalosa, C.; Zalba, B. Appl.

Therm. Eng. 2014, 63, 11.

45. Royon, L.; Karim, L.; Bontemps, A. Energ. Build. 2013, 63,

29.

46. Shalaby, S. M.; Bek, M. A.; El-Sebaii, A. A. Renew. Sustain.

Energ. Rev. 2014, 33, 110.

47. Zhang, G. H.; Zhao, C. Y. Renew. Energ. 2013, 60, 433.

48. Delgado, M.; L�azaro, A.; Pe~nalosa, C.; Zalba, B. Appl.

Therm. Eng. 2014, 63, 11.

49. Kumaresan, V.; Velraj, R. Heat Mass Transf. 2012, 48, 1345.

50. Shahil, K. M. F.; Balandin, A. A. Nano Lett. 2012, 12, 861.

51. Li, Q.; Guo, Y.; Li, W.; Qiu, S.; Zhu, C.; Wei, X.; Chen, M.;

Liu, C.; Liao, S.; Gong, Y.; Mishra, A. K.; Liu, L. Chem.

Mater. 2014, 26, 4459.

ARTICLE WILEYONLINELIBRARY.COM/APP

WWW.MATERIALSVIEWS.COM J. APPL. POLYM. SCI. 2017, DOI: 10.1002/APP.4538945389 (10 of 10)

http://onlinelibrary.wiley.com/
http://www.materialsviews.com/

	l

