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ABSTRACT

Spray drying was used to encapsulate the paraffin Rubitherm®RT27 with and without carbon nanofibers
(CNFs) showing a microencapsulation yield of 63%. Characteristics of microcapsules containing this phase
change material (PCM) were dependent on the location in which they were collected in the spray dryer.
The mechanical properties of the above-mentioned materials were studied by atomic force microscopy
(AFM) indicating that the force required to produce the same microcapsule deformation was approxi-
mately 183% higher when 2 wt% of CNFs was added in the microcapsule recipe. The thermal energy storage
(TES) capacity of the obtained microcapsules (98.1]/g) was similar to those exhibited by microcapsules
produced by a suspension polymerization technique using styrene as shell material (96.7 J/g) and that of
a commercial material (116.2]/g). In the same way, the CNF content maintained the TES capacity of the
microcapsules (95.6]/g) and seemed to enhance their thermal conductivity. Finally, the stability studies
of the synthesized material carried out during 3000 cycles indicated that the developed material was

stable and worked in reversible way.

© 2010 Elsevier B.V. All rights reserved.

1. Introduction

Phase change materials (PCMs) are extensively used for stor-
ing and releasing thermal energy by taking advantage of their high
heats of fusion, being applied in textiles, buildings, medical ther-
apies, packaging and space aircraft [1,2]. Paraffin waxes, eutectic
materials, salt mixtures and salt hydrates are the most commonly
used PCMs [3,4]. Organic materials present a number of advantages
over inorganics; they have high chemical and thermal stability and
do not exhibit segregation, supercooling or corrosion problems.
Paraffin waxes are the most common organic PCMs used due to
their large latent heat or TES capacity, abundance, low cost and
their adjustable melting point [5]. Therefore, they are a candidate
for building materials where heat can be absorbed during daytime,
providing thermal insulation, and released at colder times at night-
time. However, the containment of paraffin wax, its interaction
with the surrounding environment and leakage in the liquid state
make direct use in building constructions difficult [6], although a
stable composite has been found by Sari et al. [7] when lauric acid
was incorporated by vacuum impregnation into expanded perlite.

Microencapsulation of PCMs with a polymeric shell is consid-
ered to be one of the best technical options for containment of
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the paraffin wax for incorporation into a building structure [5].
The confinement of waxes into microcapsules allowed to increase
the heat-transfer area and control the volume changes as the
phase change occurs [8]. Different polymers, such as polystyrene
(PS)[9-11], styrene-methyl metacrylte copolymer [12], melamine-
formaldehyde [13-16], polyurea [17] and urea-formaldehyde [18]
have been used as the polymer shell, and mixtures of polyethylene
polymer and ethylvinylacetate copolymer (EVA) have been used
as the supporting material of paraffin waxes [19-21] in which the
vinylacetate group makes the long chain of the polymers more com-
patible with the short ones of the paraffin waxes and improves the
mechanical properties of the paraffin-polymer compounds [22].

The most common methods described in the literature for
microencapsulation are interfacial polymerization, emulsion poly-
merization, suspension polymerization, coacervation and spray
drying [8-10,14,18,23,24].

In previous works, PCMs were successfully encapsulated by the
chemical process suspension polymerization technique using PS as
the polymer shell. In that process was found that the amount and
yield of the core microencapsulation was strongly affected by the
core/shell mass ratio [10-12].

The above-mentioned chemical methods involve the use of
many reagents (surfactants, inhibitors, initiators, monomers, etc.)
that can be found in the liquid phase, increasing the cost of the
waste stream treatment, besides the particle size is really difficult
to be controlled requiring the use of a Shirasu porous glass (SPG)
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membrane with a specific pores size [9,10]. On the other hand,
spray drying technique minimizes the waste generation and the
loss of the raw material, allowing the manufacture of a homoge-
neous product with a desired particle size distribution depending
on the atomizer design [25,26]. Furthermore, this process can be
easily controlled and scaled-up [27].

In this paper, the ability to produce microcapsules containing
a commercial wax, using a low density polyethylene (LDPE) and
ethylvinylacetate copolymer (EVA) as the shell materials by the
physical technique of spray drying is studied. The similarity of
the chemical structure of polyethylene and EVA with the paraf-
fin makes these materials particularly effective as a shell material.
Besides, these materials have low density, are versatile, inexpen-
sive, and they do not interact with the surrounding environment
and the building materials. The selected commercial wax was the
Rubitherm®RT27 attending to the suggestions of Peippo et al. [28]
who stated that in order to get an optimum thermal energy stor-
age in buildings, the melting point of the used PCM should be three
degrees higher than the average room temperature.

The spray drying technique involves the atomization of a homo-
geneous liquid stream (solution, suspension or paste) in a drying
chamber where the solvent is evaporated and solid particles are
obtained [27]. This technique is suitable for heat-sensitive materi-
als and has been applied in the microencapsulation of food and
pharmaceutical materials as well as in the ceramic and paint-
ing industries [25,27,29-31]. However, only the production of
microcapsules constituted by a paraffin wax in gelatin-acacia and
octadecane in titania have been reported in the literature with
this technique [8,32] reporting high core loading even higher
than 80% with a homogeneous particle size within 0.1-5 pwm and
microencapsulation efficiencies between 60 and 92%. According to
these results, this technique seems to be better than those afore-
mentioned. Thus, the microencapsulation of a commercial wax,
Rubitherm®RT27, using a low density polyethylene (LDPE) and

ethylvinylacetate copolymer (EVA) as shell materials was accom-
plished by the physical technique of spray drying and reported in
this paper. Besides, the production of microcapsules with enhanced
thermal and mechanical properties is typically achieved by further
incorporation of metallic additives within the microcapsule struc-
ture [4,5,33-36]. In this work, carbon nanofibers are explored as
additives to improve the thermal and mechanical properties of the
microcapsules.

Hence, the aim of this work is to synthesize and characterize
the microcapsules obtained by a spray drying technique, contain-
ing Rubitherm®RT27 with and without CNFs, and compare their
properties with other microencapsulated PCMs. Finally, the ther-
mal stability of synthesized microcapsules obtained by spray drying
without CNFs and by suspension polymerization is studied.

2. Materials and methods
2.1. Materials

Four types of microcapsules containing PCMs were used:
commercial microcapsules supplied by BASF, called Micronal®DS
5001X; microcapsules containing paraffin wax Rubitherm®RT27
with and without carbon nanofibers, obtained by spray drying, and
microcapsules containing Rubitherm®RT27 synthesized by sus-
pension polymerization, following the recipe described by Sanchez
et al. [9] whose thermal properties and the particle size distribu-
tion have been reported in a previous work [11]. Carbon nanofibers
were synthesized as described by Jiménez et al. [37].

2.2. Microcapsules synthesis by means of spray drying
The spray dryer experimental device is shown in Fig. 1. A homo-

geneous liquid solution (feed stream) was atomized by means of a
carrier gas stream (compressed N5 ). Following atomization, the sol-
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Fig. 1. Schematic representation of the spray drying equipment.
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vent was evaporated and the particles were dried by an additional
nitrogen stream (drying N, ) in the drying chamber. The final product
was recovered in the collector.

The used spray dryer was a Biichi-290 and the operating condi-
tions and formulation used to obtain the microcapsules containing
the PCMs can be found in the European patent EP2119498 (A1)
[38]. Results obtained at lab scale indicated that a 63 wt% of the
fed solid materials were transformed into microcapsules and the
non-encapsulated ones were recovered and recycled to the pro-
cess. Besides, with the aim of enhancing the thermal conductivity
of the microcapsules, CNFs were uniformly distributed in the feed
stream and the used weight percentage (2 wt%) is in the range of
those reported in the literature [39].

2.3. Scanning electron microscopy (SEM)

Particle size and morphology of the microcapsules were
observed by means of a FEl QUANTA 200 scanning electron micro-
scope at Acciona Technological Centre in Madrid and the average
particle size was determined by using the commercial program
Motic Images Plus.

2.4. Atomic force microscopy (AFM)

The mechanical properties of individual microcapsules were
measured by using atomic force microscopy (AFM). Microcapsules
with an average diameter of 5um were fixed to a commercial
adhesive (Poxipol®, Arg.) for mechanical testing. An AFM (NTe-
gra, NT-MDT, Rus) was used to image the sample and locate the
microcapsules using semicontact imaging. Mechanical testing of
an individual microcapsule was carried out according to previ-
ous mechanical testing procedures [40]. Briefly, the AFM probe
was brought into contact with an isolated microcapsule on the
substrate surface (defined as the zero point of the microcapsule
deflection axis) followed by a defined extension of the AFM Z-
piezo to push the probe into the microcapsule and also resulted
in bending of the AFM cantilever attached to the AFM probe. The
recorded cantilever bending is converted to force by knowing the
spring constant k of the cantilever, with k=7.7 N/m using the Sader
calibration method. Thus, the cantilever deflection was converted
to applied force by means of the spring constant, F=kA. The micro-
capsule deformation § was calculated using § =(Z - Zy) — A, where
Z is the absolute Z-piezo extension; Zy is the initial Z-piezo exten-
sion upon the probe contact; and A is the bending of the cantilever
at Z [40]. The total deformation behavior of an individual micro-
capsule was recorded continually with increasing applied force to
give resultant force-displacement curves. This procedure was done
five times to check the reproducibility of the experiments, selecting
microcapsules of the same particle size.

2.5. Differential scanning calorimetry (DSC)

A differential scanning calorimeter (DSC, Q100 TA Instruments,
USA) was used for the latent heat determination of paraffin
Rubitherm®RT27 and microcapsules. These analyses were done
using N, as carrier gas at a volume flow of 50 ml/min, a fixed sam-
ple mass of 6.0 mg and aluminum pans. Measurements of the latent
heat were performed varying the temperature in the range from
—30 to 50°C using a heating rate of 5°C/min at which the thermal
equilibrium is established. In order to check the influence of the
thermal conductivity on the heat absorption, further DSC analyses
were performed by using a heating rate of 30 °C/min, condition that
provides less accurate results due to the low thermal conductivity
and high melting enthalpy of the PCM, since it is more compli-
cated to achieve the thermal equilibrium [41]. Each microcapsules
type was analyzed at least three times and the average value was
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Fig. 2. Thermal cycle representing one operation day.

taken as the latent heat of the sample. In order to avoid the effect of
the sample size on the latent heat or in the melting point, samples
having the same weight were analyzed.

2.6. Microcapsules stability

Microcapsules thermal stability studies were carried out using
a climatic chamber (Heraeus Votsch HC4015) at a constant rela-
tive humidity of 65%, equipped with a K-type thermocouple in the
middle. In this chamber, glass vials containing 5 g of microcapsules
contacting with K-type thermocouple were placed. The accuracy of
temperature measurements was 0.1°C. Microcapsules were sub-
jected to several thermal cycles, changing successively the climatic
chamber temperature above and under the paraffin melting point.
Each cycle corresponds with a typical Madrid summer’s day. The
total cycles of analysis were 3000 which are equivalent with 30
operating years. The thermal stability cycle is shown in Fig. 2.

The aim of this treatment is to check the reversibility
of the energy storage by means of the microencapsulated
Rubitherm®RT27 when it works for at least 30 years and that no
paraffin leakage takes place from the microcapsules when it was
melted.

3. Results and discussion
3.1. Particle size and morphology

Fig. 3 shows SEM micrographs of the microcapsules containing
Rubitherm®RT27 collected at different locations in the spray dry-
ing equipment. The microcapsules obtained in the collection vessel
(Fig. 3a) have a more homogeneous and defined spherical shape
than those obtained inside the drying chamber (Fig. 3b) which
seem to agglomerate together. The microcapsule particle size both
in the collection vessel and drying chamber was typically smaller
than 10 wm, having the collector product an average particle size
of 3.9 wm according to the Motic Images Plus program while parti-
cles collected in the drying chamber appear to be bound together
by melted polymer. The particle agglomeration in the chamber can
be due to liquid polymer bridges that can be formed and solid-
ified between two or more spray droplets [42]. As the sprayed
polymer shell materials of LDPE and EVA are thermoplastics [43],
taking into account that 110°C is the inlet gas temperature which
is close to the melting point of the LDPE ranging between 105 and
115°C and really higher than that of EVA located from 85 to 90°C
(according to the manufacturer datasheet), these material can be
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Fig.3. SEM images of microcapsules of LDPE-EVA containing Rubitherm®RT27 and CNFs, with magnification of a) collection vessel, operating at 25 kV and with magnification

x 1000 and b) drying chamber, operating at 20 kV and with magnification x1500.

found molten into the chamber bridging the microcapsules and
promoting the agglomeration. Nevertheless, these materials solid-
ify entirely inside the chamber because the outlet temperature was
only 62 °C. As expected, the increased weight of the agglomerated
material lowers the transport efficiency of the material to the col-
lector by the carrier gas. The chamber product could be minimized
by cooling the drying chamber wall where the solvent evaporates
or using a higher carrier gas flow [44]. Thus, the final product should
be mainly obtained in the collection vessel.

Fig. 4 shows the morphology of the microcapsules when a 2 wt%
of CNFs were added to the feed stream. Fig. 4a shows that when
CNFs were incorporated, the particles tend to be more agglomer-
ated than those produced without CNFs, increasing their particle
size, widening the particle size distribution and promoting non-
spherical shapes. As can be seen in Fig. 4b, this agglomeration and
higher size of the product can be attributed to the nanofibers link-
age effect. For example, the particle shown in Fig. 4b is formed by
three single particles linked by the CNFs. According to this figure,
the CNFs can be found inside the microcapsules or forming bridges
between them.

3.2. Nanomechanical testing

Fig. 5 shows the mechanical tests performed by AFM technique
for the microcapsules containing Rubitherm®RT27 obtained in the
laboratory by spray drying with and without CNFs. These mechan-
ical testing results show that a larger force is required to deform
microcapsules incorporating CNFs when compared to microcap-
sules without CNFs. The approximately linear force-deformation
behavior exhibited in Fig. 5 indicates an elastic material behav-
ior within the range of forces applied but exhibiting a smooth
curvature. The average slopes of the curves for the material with
and without CNFs were 2.02 and 3.70N/m, indicating that the
force required to produce the same microcapsule deformation is
approximately 183% higher when a 2 wt% of CNFs was added in
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Fig. 5. Mechanical tests performed by AFM. Curves of applied force vs deformation
for the microcapsules containing PCMs synthesized by spray drying technique.

the microcapsule recipe. According to these results, CNFs addi-
tion increases the stiffness and thus the Young’s modulus of
the microcapsules synthesized by using the spray drying tech-
nique.

We note that the displacement of the AFM probe into the micro-
capsule can either indent the microcapsule or cause compression of
the microcapsule from a sphere to an oblated spheroid (a squashed
sphere). As the microcapsules have a more rigid but thin shell,
resistance to the AFM probe displacement will be initially high
but become lower as the displacement increases i.e. the sphere
becomes oblate. We see this behavior in Fig. 5, supporting the
mechanism of the microcapsule becoming oblate during deforma-
tion. Recent work also shows that indentation of a polymer with an
AFM probe produces a progressively increasing force with defor-
mation [40]. This previous indentation behavior is opposite to our
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Fig. 4. SEM images of microcapsules of LDPE-EVA containing Rubitherm®RT27 and CNFs, with magnification of a) x 1500 and b) x20,000, operating in both cases at 25 kV.
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Fig. 6. DSC analyses of microcapsules of LDPE-EVA containing Rubitherm®RT27 with and without CNFs and using a heating rate of 30 °C/min.

observed data in Fig. 5 and highlights how significant AFM probe
indentation into the microcapsule does not occur.

3.3. Latent heat

Results of the DSC analyses, peak onset and offset, the main peak
(Ty), the TES capacity (AHy) and the paraffin content, are shown in
Table 1. As can be seen, microcapsules containing an amount larger
than 49% of encapsulated paraffin with a shell from LDPE-EVA
can be synthesized by spray drying. This value is similar to that
obtained when the same paraffin was microencapsulated from PS
shell by suspension polymerization (48.61%). Moreover, the TES
capacity of these materials is also comparable with that exhib-
ited by the commercial material Micronal®DS 5001X (116.2]/g). It
was also found that although the CNFs changed the particles mor-
phology and promoted their agglomeration, they did not affect the
microencapsulation of the paraffin; since the TES capacity of the
microcapsules containing CNFs is really similar to those without
them. In the same way, DSC analyses indicated that microcapsules
containing only the paraffin Rubitherm®RT27 have similar onset,
Ty and offset independently on the shell material. Thus, this scan-
ning rate is slow enough to ensure the thermodynamic equilibrium
[41]. In the case of the commercial paraffin, the peak width is larger
than those of the microcapsules, what can be attributed to the
larger amount of PCM. According to the peak characteristics of the
BASF microcapsules, it can be said that the core material is simi-
lar to the Rubitherm®RT27. On the other hand, the peak slightly
shifts to lower temperature with the addition of CNFs, being nar-
rower than the peak without them. This result can be explained
by the high thermal conductivity of CNFs (175-200 W/mK) [34]
which is really higher than those of the other microcapsule mate-
rials LDPE (0.15-0.543 W/mK) EVA (0.13 W/mK), Rubitherm®RT27
(0.2W/mK) and PS (0.14-0.18 W/mK) [45-49]. This result agrees
with those reported by Salaiin [50] who observed an increase in the
temperature interval of the phase change when a material of lower
conductivity was added to the PCM and also with the reduction in
the required time for the phase change observed by Frusteri et al.
[34] and Sari and Karaipekli [51] when carbon-fibers and expanded
graphite, respectively, were added to PCMs. Hence, the presence of
CNFs seems to enhance the thermal conductivity of the composite,
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Fig. 7. Thermal stability cycles of microcapsules containing Rubitherm®RT27 using
two different shells a) LDPE-EVA and b) polystyrene.

accelerating the energy absorption of the microcapsules. In order
to confirm this increase in the thermal conductivity, DSC analyses
at a scanning rate of 30 °C/min were carried out.

A comparison between DSC results obtained at heating rates of
5 and 30°C/min is shown in Fig. 6. As expected, attending to the

Product Onset (°C) Offset (°C) T (°C) AH;(J/g) Paraffin content (wt%)
Rubitherm®RT27 25.42 31.15 29.41 199 100
m-LDPE-EVA-RT27 25.79 30.25 28.40 98.14 49.32

m-PS-RT27 26.12 30.28 28.46 96.74 48.61

m-BASF 25.28 31.42 27.67 116.2 Unkown
m-LDPE-EVA-RT27-CNFs 25.17 29.45 27.6 95.64 48.06
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Fig. 8. SEM micrographs of the microcapsules containing Rubitherm®RT27 after 3000 cycles of thermal stability using two different shells a) polystyrene with magnification

%700 and b) LDPE-EVA with magnification x6000, operating in both cases at 30 kV.

characteristics of material containing PCMs, high latent heat and
low thermal conductivity, the temperature of the peak increases
with the scanning rate when the analyzed samples have the same
mass [41,50]. This figure indicates that when the scanning rate is
proper to achieve the thermodynamical equilibrium (Fig. 6a), min-
imum differences can be found in the peak properties for materials
having similar TES capacity. Nevertheless, Fig. 6b confirms that an
increase in the scanning rate involves a shift in the peak, increasing
the peak temperature. This peak shift was lower for the micro-
capsules containing CNFs, despite of having similar latent heats,
indicating that the higher conductivity of this material promotes a
faster heat absorption.

3.4. Thermal stability

The thermal stability cycles of the microcapsules containing
paraffin Rubitherm®RT27 obtained by spray drying and suspen-
sion polymerization are shown in Fig. 7. The temperature profile
inside the glass vial containing microcapsules is different from that
of the climatic chamber in the heating or cooling processes. As can
be seen in Fig. 7, a slope change was observed in the glass vial
temperature profile containing microcapsules when the tempera-
ture of the climatic chamber overpassed or underwent the paraffin
melting range for heating or cooling processes, respectively. This
behavior seems to be more marked for the microcapsules from PS,
difference that can be related either by the average particle size
or the energy diffusion resistance. According to the SEM micro-
graphs (Fig. 8), the particles size of the microcapsules from PS
(360 wm) is really higher than those from LDPE-EVA (3.5 um),
which increases the resistance to the energy transfer. Nevertheless,
the lower stability of the PS respect to that of LDPE-EVA exhib-
ited in Fig. 8, in which some fractures appeared on the external
surface of these microcapsules after many operating cycles, indi-
cates the paraffin leakage and thus, the temperature profile of this
material is not influenced by the thermal resistance of the poly-
mer shell. This way, they work as a non-encapsulated paraffin. This
result could be explained by the structure type of the microcap-
sules, since those from LDPE-EVA form a homogeneous material,
considering the paraffin dispersed into the three dimensional net-
ted structure of the polymer [21], whereas microcapsules from PS
are initially formed by a core-shell structure [9]. Thus, the high
flexibility of the shell formed by polyethylene and EVA polymers
avoids the paraffin leakage, regardless the operation time. Thus, the
mixture paraffin-polymer works as a unique material, smoothing
the thermoregulating action of the PCM during the process.

Finally, the thermal profile exhibited by these two kinds of
microcapsules regardless the operating time, confirms the stability
of the paraffin Rubitherm®RT27 and the reversibility of this melting
process.

4. Conclusions

Spray drying technique can be used to encapsulate the paraffin
Rubitherm®RT27 with and without carbon nanofibers (CNFs) using
polyethylene-EVA as a polymer shell, exhibiting a high microen-
capsulation efficiency and avoiding the waste generation. The
developed material was homogeneous with a small particle size,
having a high heat storage capacity similar to those obtained by
suspension polymerization or the commercial Micronal®DS 5001X.
Besides, the thermal analysis indicated that it is possible to enhance
the thermal conductivity of the microcapsules by the CNFs addition,
maintaining the heat storage capacity and increasing the micro-
capsules stiffness. In this paper, it is also indicated that CNFs can
be found inside the microcapsules or forming bridges between
them, modifying the final particle size. On the other hand, ther-
mal stability studies carried out over 3000 cycles, indicated that
the wax within the synthesized microcapsules melts and solidi-
fies in a reversible way during 30 years of continuous operation
time. These microcapsules seemed to be more thermally stable than
those formed from PS. The unique problem that presents this pro-
cedure is the particle agglomeration that took place into the drying
chamber, which can be minimized by using a high stream of gas
carrier or decreasing the temperature of the drying chamber to a
proper value.
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