Applied Thermal Engineering 73 (2014) 1541e1547

Contents lists available at ScienceDirect

Applied Thermal Engineering
journal homepage: www.elsevier.com/locate/apthermeng

Improved thermal properties of parafﬁn wax by the addition of TiO2
nanoparticles
Jifen Wang a, b, *, Huaqing Xie a, Zhixiong Guo b, Lihui Guan a, Yang Li a
a
b

School of Urban Development and Environmental Engineering, Shanghai Second Polytechnic University, Shanghai 201209, China
Department of Mechanical and Aerospace Engineering, Rutgers, The State University of New Jersey, Piscataway, NJ 08854-8058, USA

h i g h l i g h t s
 TiO2 nanoparticles vary composite phase-change temperature and latent heat capacity.
 With <1% loading, phase-change temperature drops, latent heat capacity increases.
 With >2% loading, phase-change temperature increases, latent heat capacity drops.
 A signiﬁcant increase in latent heat capacity is found around 0.7 wt% loading.
 Thermal conductivity of the composite increases monotonically with loading.
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TiO2 nanoparticles about 20 nm in diameter in the form of anatase were prepared and characterized. The
nanoparticles were successfully dispersed into a parafﬁn wax (PW) matrix without any surfactant. The
differential scanning calorimetric instrument and the transient short hot-wire method were used to
measure the thermal properties of the TiO2/PW composites. It is found that the phase-change temperature and latent heat capacity vary with TiO2 nanoparticles loading levels. When the loading is not over
1 wt%, the phase-change temperature drops, and the latent heat capacity increases. When the loading is
over 2 wt%, the phase-change temperature increases, and the latent heat capacity drops. A signiﬁcant
increase in latent heat capacity is found around 0.7 wt% loading. The thermal conductivity of the
composites increases monotonically with increasing TiO2 loading. But such a tendency tends to decrease
when the loading is over 3 wt%.
© 2014 Elsevier Ltd. All rights reserved.
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1. Introduction
Due to the extraordinary properties from their bulk form,
nanoparticles have attracted considerable interest of research and
applications [1,2]. In recent years, various sorts of nanoparticles can
be produced because of the rapid advance in nanotechnology [3,4],
greatly promoting the innovation in engineering and industrial
processes [5]. For example, nanoparticles are used in thermal
management to enhance the thermal conductivity of matrix materials [6,7]. The high conductivity of metal and/or metal oxide
nanoparticles is used to improve the heat transfer of generally low* Corresponding author. School of Urban Development and Environmental Engineering, Shanghai Second Polytechnic University, No. 2360, Jinhai Rd., Shanghai
201209, China.
E-mail address: wangjifen@sspu.edu.cn (J. Wang).
http://dx.doi.org/10.1016/j.applthermaleng.2014.05.078
1359-4311/© 2014 Elsevier Ltd. All rights reserved.

conductivity ﬂuids in mini- and micro-scale heat exchangers, such
as in electronic devices and high capacity military communication
devices [8,9].
Recently, He et al. [10] prepared water-based TiO2 nanoﬂuids
and measured their thermal conductivities. Results showed that
the thermal conductivity of the nanoﬂuid increased to a level
greater than the prediction by the HamiltoneCrosser model [11,12].
The smaller the particles size is, the higher is the thermal conductivity of the nanoﬂuid. Murshed et al. [13] measured the thermal conductivity of different nanoﬂuids such as Al2O3/water, Al2O3/
ethylene glycol, TiO2/water and TiO2/ethylene glycol; and found
that the nanoﬂuids had a higher thermal conductivity than
respective base ﬂuids. Xie et al. [14] revealed that the thermal
conductivity of Al2O3 nanoﬂuid was higher than that of the base
ﬂuid and increased with increasing nanoparticles concentration
level. The enhanced thermal conductivity ratio decreases with
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increasing pH value from 2.0 to 11.5. They also found that the
thermal conductivity of nanoﬂuid varied with particle size and the
optimal particle size for thermal conductivity enhancement was
60 nm.
Due to thermal energy storage can be used to enhance energy
efﬁciency and to improve energy conservation and management,
studies on thermal energy storage materials have attracted
increasing attention in recent years [15,16]. Such materials can be
categorized into sensible heat storage materials [17], latent heat
storage materials [18], and thermal chemical materials. Latent heat
storage uses phase-change materials (PCMs) that have much higher
heat storage density and extremely smaller temperature variation
during a phase-change process, compared with sensible heat
storage materials. In comparison with thermal chemical materials
and inorganic PCMs, organic PCMs have a proper phase-change
temperature range, little or no super cooling, lower vapor pressure, nontoxicity, noncorrosivity, and excellent thermal stability.
Therefore, organic PCMs are one of the most preferred forms for
thermal energy storage and have promising applications [18,19] in
the ﬁeld of solar energy storage, industrial waste energy storage,
etc.
Fatty acids and parafﬁn wax (PW) are good organic PCMs due to
their desirable characteristics such as high latent heat of fusion,
negligible super cooling, low vapor pressure in the melt, and
thermal stability [20]. However, the low thermal conductivity of
fatty acids and n-alkanes is a major drawback, decreasing the rates
of heat storage and retrieval during melting and crystallization
processes, which in turn limit their utility capabilities.
Due to the improved thermal properties, materials with metal or
metal oxide particles were commonly used to enhance heat
transfer in energy conversion and management systems [21].
Therefore, studies have been carried out to develop latent heat
thermal energy storage systems with enhanced thermal performance, like dispersing high conductivity particles and inserting a
metal matrix into fatty acids [16,22]. In spite of the increased
thermal conductivity, the relatively “big” particles in the organic
matrix can be easily separated out from the composite [21]. However, nanoparticles in low concentration could remain separately in
the composites because of their “Brown” motion in liquid. Recent
advances of nanotechnology make it possible to exploit the
development of stable organic phase-change composites.
In this study, TiO2 nanoparticles are carefully prepared from
TiCl4 hydrolysis reaction and characterized by various analytical
methods. The nanoparticles are then applied into a PW matrix to
make phase-change composites. The thermal properties of the
composites including melting point, latent heat capacity, and
thermal conductivity at both solid and liquid states are investigated
in detail.
2. Experimental description
2.1. Sample preparation
The virgin PW (industrial grade) with melting temperature
about 48 ~ 50  C, titanium tetrachloride (TiCl4), and other relative
chemical reagents were obtained from Sinopharm Chemical Reagent Co. Ltd. and directly used in the present experiments without
further puriﬁcation. In the procedure of the hydrolysis reaction,
1 ml TiCl4 was dropped into 20 ml solution of hydrogen chloride
with stirring in an ice-bath. Then 2 ml ammonium solution was
added into the mixture to consume the excess hydrogen chloride,
and the mixture was stirred for 30 min at room temperature. After
that, the temperature of the mixture was increased to 90  C and
kept stirring for 60 min. Ammonia was dropped into the mixture
until the pH value of the mixture reached to 6. Without heating and

stirring the mixture was cooled down to room temperature naturally in about 8 h. The mixture after reaction was diluted by distilled
water, ﬁltered, and washed repeatedly until the washings showed
no presence of Cl ions. The cleaned solid was collected and dried at
600  C for 3 h and the dried powder consisted of TiO2 nanoparticles.
The chemical reactions in the processes are as follows:

TiCl4 þ H2 O ¼ TiOH3þ þ Hþ þ 4Cl

(1)

TiOH3þ ¼ TiO2þ þ Hþ

(2)

TiO2þ þ H2 O ¼ TiO2 þ 2Hþ

(3)

The fabricated TiO2 nanoparticles were ﬁnally added into the
melting PW in a mixing container. The mixture was subjected to
intensive sonication for 30 min at 65  C to make TiO2/PW
composites.
2.2. Characterization
Various methods have been applied to characterize the TiO2
nanoparticle and TiO2/PW composite samples. We used dry
nanoparticle samples without any other treatment. The scanning
electron microscopy (SEM) observation was performed on a
Hitachi S-4800 ﬁeld emission SEM device. A polarizing optical
microscope (POM) (BX51, Olympus Optical Co., Ltd., Japan) was
also utilized to investigate the microstructure of the composites
and the composite sample was put on a piece of silicon. The
transmission electron microscopy (TEM) pictures were taken on a
JEOL 2100F high resolution TEM device, in which the sample was
scattered onto a copper mesh and observed directly under the
instrument. Fourier transformation infrared (FTIR) spectra were
measured in a range from 4000 cm1 to 400 cm1 via a Bomem DA
8 spectrometer. In order to perform this analysis, 1 mg sample was
mixed with about 200 mg KBr crystal in a container and pressed
into a tablet by a press tool. The x-ray diffraction (XRD) patterns
were recorded on a D8-Advance diffractometer using CuKa X-ray
at 40 kV and 100 mA. The sample was put into a solid sample box
and set onto the slot of the machine. The 2q of XRD was scanned
from 10 to 90 .
2.3. DSC analysis
The thermal properties including the melting temperature and
latent heat capacity of both the virgin PW and TiO2/PW composites were measured using a differential scanning calorimetric
(DSC) instrument (Diamond DSC, Perkin Elmer, USA). Indium was
used as a reference during temperature calibration. Sample with
mass of 3.00 ~ 5.00 mg was placed and pressed into a crucible at
room temperature. A lid was placed on the sample to ensure an
excellent thermal contact between the sample and the crucible.
Then the crucible containing the sample was put into the DSC
instrument in shielding nitrogen gas ﬂow of 20 ml/min. After
1 min remaining at the initial temperature, the DSC measurements were performed at a linear heating rate of 5  C min1 in a
temperature range from 15  C to 65  C. The temperature was
maintained at 65  C for 1 min to remove thermal history, and then
cooled down naturally to 15  C.
2.4. Thermal conductivity measurement
The thermal conductivity, k, of the virgin PW and the TiO2/PW
composites was measured by a transient short hot-wire method,
and determined by the following formula [23]:
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Fig. 1. SEM (left) and TEM (right) images of our fabricated TiO2 particles.

vT
q
¼
vln t 4pk

(4)

point, to repeat the above steps. For each the test temperature,
three measurements were conducted and the average value was
taken.

and thus,

k¼

q
q
¼
4pvT=vln t 4ptq0ðtÞ

3. Results and discussion

(5)
3.1. Analysis of the TiO2 particles

where q, t and q(t) are the applied heating power per unit length,
the heating time, and the temperature rise of the hot-wire,
respectively. Initially the platinum wire immersed in the sample
was at equilibrium with the surroundings. The uncertainty of this
measurement is estimated to be ±2.0% and the detailed estimation
was available in Ref. [24]. For the thermal conductivity measurements, PCM sample was melted and poured into a stainless steel
cylinder container. A platinum wire of 70 mm in diameter and a
thermocouple were immersed in the PCM to record and test the
temperature of the PCM before a waterproof lid covered the
container. The platinum wire served as both a heating unit (hot
wire) and an electrical resistance thermometer. The container was
put into a water bath with speciﬁed test temperature of 20  C. A
multimeter (Keithley, 2002) was used to test the current and
voltage signals of the hot wire. When the thermocouple in the PCM
showed a temperature vibration less than 0.1  C for 10 min, the hot
wire in the sample started to probe. The hot wire probe was subjected from time t ¼ 0 to a step change in the electrical current
applied to the wire. Then the temperature was set to other test

Fig. 1 shows the SEM and TEM images of the fabricated TiO2
particles. Via observation, the averaged size of the nanoparticles is
estimated smaller than 25 nm in diameter. The particles are
columnar in shape. The nanoparticles clustered into groups
because of the high surface energy with such small size.
Fig. 2 plots an FTIR spectrum of the TiO2 particles. The band at
547 cm1 corresponds to the characteristic of band stretching vibration of TieO, which shifts to a longer wavenumber compared
with the bulk TiO2 (540 cm1). The band transmitted at 666 cm1
can be attributed to the characteristic of anatase form of TiO2 and it
red shifts 6 cm1 than the big crystal because of the incomplete
crystal in the nanoscale size. The band at 1628 cm1 and the broad
band of 3400 cm1 correspond to the characteristic of the OeH
stretching of the water in the sample because the water combined
in the sample couldn't be removed completely in the current synthesis conditions.
Fig. 3 is an XRD spectrum of the TiO2 particles. XRD is an
important method to analyze the structure of materials, especially

Fig. 2. FTIR spectrum of the TiO2 particles.

Fig. 3. XRD spectrum of the TiO2 particles.
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for determining the phase of the crystalline. The spectrum clearly
indicates that the particles are in the anatase form. Anatase characteristics are shown at 25.3 (101), 38 (004), 48 (200), 54 (105),
62.5 (204), and 70.3 (220). No impurity elements could be
detected within the detection capability. The average diameter of
the nanoparticles is about 20 nm calculated by the XRD data.
3.2. Compatibility of the composites
Fig. 4 illustrates eight POM images of the composites in liquid (A
to D) and solid (a to d) states, respectively. The particles were
invisible in the images of the composite with 1.0 wt% TiO2 particles
in both the liquid and solid states. For the composite with 3.0 wt%
TiO2 particles, the presence of small particles is visible. When the
loading is increased to 5.0 wt%, it is clearly seen that the TiO2

particles form into groups. The TiO2 groups tend to be in contact
with neighboring groups when TiO2 loading is 7.0 wt%. In a liquid
state composite of low concentration, solvation, “Brown” motion
and electrostatic repulsion cause the nanoparticles separate individually. Probability of collision between nanoparticles increases
with increasing concentration and Van der Waals force is stronger
at a short range. Therefore nanoparticles tend to form groups in
high concentration. The microstructure of the composite is
different between the solid state and the liquid state, because PW
molecules in solid state could push TiO2 into groups.
3.3. DSC analysis of the composites
It is of paramount importance to investigate the phase-change
temperature and latent heat capacity of PCM. The molecules of

Fig. 4. POM images of TiO2/PW composites with 1.0 wt% (A), 3.0 wt% (B), 5.0 wt% (C), 7.0 wt% (D) in liquid state and 1.0 wt% (a), 3.0 wt% (b), 5.0 wt% (c), 7.0 wt% (d) in solid state.
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PW will rotate and rearrange when they absorb heat at a certain
temperature in the solid state. The transition of the microstructure
of PW from a compact solid state into a loose one indicates the
occurrence of solidesolid phase change. When the temperature is
further raised up to the melting point, the molecules of PW will
absorb latent heat and convert into kinetic energy to overcome the
intermolecular forces and turn the PW into the liquid state. In this
work, DSC analysis was conducted to investigate the inﬂuences of
the addition of TiO2 particles on the phase-change temperature and
the latent heat storage capacity of the TiO2/PW composites.
Fig. 5 displays the DSC thermograms of the TiO2/PW composites
with different particle concentration levels. The peaks on a DSC
curve represent the phase-change behavior of a PCM. As shown on
the ﬁgure, the TiO2/PW composites have almost the same curve
shape with the virgin PW.
Figs. 6 and 7 show how the phase-change temperature and the
latent heat capacity of the composites vary with the loading of TiO2
particles, respectively. In Fig. 6, Tss and Tm represent the solidesolid phase-change temperature and solideliquid phase-change
temperature, respectively. Here the phase-change temperature is
taken as the onset temperature of phase change at the DSC curves.
The onset point is obtained as the temperature of intersection point
between the tangent of the DSC curve at half height of the peak and
the baseline. Therefore, the onset temperature is lower than the
peak temperature at the DSC curve. It is seen that the phase-change
temperatures of the composite drop with loading at the beginning,
but will come back with loading over 1 wt% for the Tm, and even
increase for the Tss.
In Fig. 7, Lss, Lsl and Ltotal represent the latent heat capacities of
the solidesolid phase change, solideliquid phase change, and their
sum, respectively. Interestingly, both Lss and Lsl of the composites
have the highest value when the TiO2 particle loading is at 0.7 wt%.
For example, the Lsl for the composite with 0.7 wt% is greater than
that of virgin PW by 20.1 J/g. When the loading is over 2 wt%, the
latent heat capacities are actually lower than those of the virgin PW.
In general, there are at least two opposite factors that cause the
latent capacity change in the composite: 1) the interaction between
the PW molecules and TiO2 particles will increase the latent capacity of the composites; and 2) the addition of the TiO2 particles
would reduce the latent heat capacity because the replacement of
nanoparticles for the PW molecules could lead to absorb or release
more energy during composite melting or solidiﬁcation processes.
So the latent heat capacity of the composite would increase if the

The rate of energy storage or release is highly dependent on the
thermal conductivity of material. PW/TiO2 PCMs have high potentials to be used as efﬁcient thermal energy storage materials at
environmental temperature range. We measured the thermal
conductivity of the composites at different temperatures to show
how the thermal conductivity changes with temperature and phase
state. The major test temperatures are 20, 40 and 60  C, respectively. At 20  C, the composites are in the solid state prior to solidesolid phase change. At 40  C, they are before solideliquid phase
change, but have experienced solidesolid phase change. At 60  C,
the composites are in the liquid state completely. So these three
temperature points present three phases of the PCMs studied.

Fig. 5. DSC curves of the composites.

Fig. 7. Latent heat capacity of PW and TiO2/PW composites.

Fig. 6. Phase-change temperatures of PW and TiO2/PW composites.

ﬁrst factor were stronger than the second one and vice versa. As
shown in Fig. 4, TiO2 particles grow into groups and the groups
getting bigger with increasing particle loading. This microstructure
of the composite showed that the PW molecules could push TiO2
particles during phase change processes and this explains the trend
showing in Figs. 6 and 7.
3.4. Thermal conductivity of the composites
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Theoretically, the thermal conductivity of composites can be
estimated as follows [25]:

kc ¼ Fv  kp þ ð1  Fv Þ  kf

(6)

where Fv is the particle volume fraction in the composite; and kc, kp
and kf are thermal conductivities of the composite, the nanoparticle
and the matrix, respectively. The relationship between volume
fraction and weight fraction Fw is

 
Fv ¼ Fw  rc rp :

(7)

Fig. 8 depicts the dependence of the thermal conductivity of
the TiO2/PW composites on the TiO2 loadings in the three test
temperatures. The discrete symbols in the ﬁgure represent
experimental measurements and the dotted lines are from theoretical predictions. For the three test temperatures, it is seen that k
decreases with increasing temperature; but increases with
increasing loading of the TiO2 nanoparticles. However, the
measured enhancement of the thermal conductivity is lower than
the theoretical prediction, in particular at higher loadings over
3 wt%. There are many factors that affecting the stability of liquid
composite, including attractive and repulsive forces among particles, and “Brown” motion. The “Brown” motion and repulsive
force between particles would keep the particles separate in the
composite, while the attractive forces cause a tendency in liquids
to resist separation. The repulsive forces are stronger than the
attractive forces in liquid composites with lower concentration,
and vice versa with higher concentration. Therefore, nanoparticles in higher concentration composites are easily aggregated, as seen in Fig. 4. Grouping of nanoparticles increases
thermal resistance; and therefore, aggregation decreases the
thermal conductivity of composite. This could partially explain
why the experimental measurement is lower than the theoretical
prediction. Interfacial thermal resistance between the nanoparticles and the matrix molecules was accounted as a dominant
fact for the discrepancy [24].
Fig. 9 shows the thermal conductivity enhancement percentages subjected to different TiO2 loading levels at the three test
temperatures. In the ﬁgure, k0 represents the thermal conductivity of the virgin PW. It is seen that the thermal conductivity is
enhanced with increasing load of TiO2 nanoparticles, except for
cases at 60  C with 1.0 wt%, at 40  C with 0.7 and 5.0 wt% loading.
As seen in Fig. 4, particles in 1.0 wt% TiO2/PW begin turning into

Fig. 8. Thermal conductivity vs. TiO2 mass loading.

Fig. 9. Enhancement percentage of composite thermal conductivity.

groups in the liquid state. Grouping consumed free particles
which enhance thermal conductivity in composite. Therefore, the
thermal conductivity at 60  C with 1.0 wt% is lower because it is in
the liquid state. From Fig. 5 we can see that the composite solidesolid phase changed when temperature arose to 40  C. During
the phase change, PW molecules could push the particles to form
groups. This might be the reason for the thermal conductivity of
0.7 wt% TiO2/PW lower than that of 0.5 wt% TiO2/PW. When the
concentration is increased to 5.0 wt%, the particle groups become
very big and the number of groups decreases as shown in Fig. 4(C).
This may be the reason of lower thermal conductivity in 5.0 wt%
TiO2/PW at 40  C.
Fig. 10 shows the dependence of thermal conductivity of the
composites on temperature for different loadings. The temperature
ranges from 15  C to 65  C. It is seen that the thermal conductivity
of the composites decreases with increasing temperature and
phase change. The structure of composite relaxed whenever it
experienced a phase change. This is why the thermal conductivity
at the solid state (15e25  C) is greater than its counterpart at
another solid state at 35  C and 40  C; and the value is the lowest at
the liquid state (55e65  C).

Fig. 10. Measured thermal conductivity vs. temperature.

J. Wang et al. / Applied Thermal Engineering 73 (2014) 1541e1547

4. Conclusions
We fabricated TiO2 nanoparticles and analyzed the particle
size and properties by various analytical methods including the
SEM, TEM, FTIR and XRD. Results showed the TiO2 nanoparticles
in the anatase form and about 20 nm in size. The TiO2 nanoparticles were added into melted PW to make TiO2/PW composites. The addition of TiO2 nanoparticles will reduce the phasechange temperatures with low loading levels, but increase
the solideliquid phase-change temperature when the loading is
over 1 wt%. The latent heat capacity will increase when the
loading level is below 1.0 wt%, with maximum value around
0.7 wt%. Further increasing the loading will actually reduce the
latent heat capacity. The thermal conductivity of TiO2/PW composites increases with increasing TiO2 nanoparticles loading, and
decreases with increasing temperature. The thermal conductivity
of the composites is lower in the liquid state than in the solid
state.
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