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HIGHLIGHTS

e Microcapsules based on ZnO containing C18 as phase change material were synthesized.
e These microcapsules in buildings will increase the amount of sensible heat stored.

e The microcapsules are also stable after heating/cooling cycles.

e ZnO and C18-based microcapsules show photocatalytic activity.

e The microcapsules can be used to remove organic pollutants from buildings.
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Energy management is one of the most important issues to be addressed in the near future in many fields, one of
which is buildings. In this sense, new phase change materials (PCM) are being widely studied for storing energy.
Encapsulating PCM is a good way to incorporate these materials into different applications in which energy
storage is useful. In this study, microcapsules based on ZnO containing n-octadecane as a phase change material
were synthesized and characterized with regard to their structural, morphological and optical properties ac-
cording to several synthesis parameters, such as the proportion of precursors, stirring rate and ageing time. The
microcapsules were characterized using x-ray diffraction, Fourier transform infrared spectroscopy, scanning
electron microscopy, and UV-Vis spectroscopy in diffuse reflectance mode. The presence of n-octadecane inside
the capsules was confirmed. Their thermal behaviour was analysed by means of differential scanning calorim-
etry. Heating/cooling cycles were performed, after which the microcapsules presented good stability. Further-
more, the encapsulation efficiency was estimated from melting and crystallization enthalpy values, reaching a
value of 23.1%. Moreover, the isobaric specific heat of the microcapsules is higher than that of ZnO, which means
that substituting ZnO with microcapsules in buildings leads to an important increase in the amount of sensible
heat stored. Finally, the photocatalytic activity of the microcapsules was analysed by studying the photo-
degradation of Crystal Violet dye. The degradation rate increased when the microcapsules were present, so the
photocatalytic activity of the microcapsules was confirmed under UV and visible irradiation, which is of interest
because they can be used to remove organic pollutants from buildings.

1. Introduction

Today, the energy crisis, the increase in pollution, and climate
change are important problems that our society must attempt to resolve
in the very near future. Energy consumption in the world continues to
grow, which leads to a very high use of fossil fuels, the largest sources of
CO, emissions. In this sense, researchers from all over the world are
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working on the development of new methods for the production, con-
version and storage of energy. In recent decades, different renewable
energy sources have been studied for the production of energy, but they
present problems in terms of their implementation due to their inter-
mittency. Consequently, different energy storage technologies are under
study. For example, the Power-to-X (P2X) methods are being studied for
their potential to create long term storage possibilities. They can replace
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fossil fuels with Hy and CHy4 or other useful chemicals, and become part
of the future energy solution [1]. Another option that is attracting
considerable attention from many researchers is the use of phase change
materials (PCM) for thermal energy storage. These materials are capable
of storing energy as latent heat in their own bonds [2]. They are being
tested for various applications such as solar heating systems [3], do-
mestic cooling/heating [4] or in concentrating solar systems for direct
steam production [5].

PCMs can also be used in building materials since they are capable of
capturing and supplying large amounts of energy during melting and
solidification processes at specific temperatures [6]. For this application
itis necessary to consider what the phase change of the material is and at
what temperature takes place. Phase changes can be liquid-gas, solid--
gas, solid-solid, or solid-liquid. The application in construction materials
of those that involve a gas phase is complicated due to the changes in
volume and pressure that these phase changes will generate. On the
other hand, solid-solid changes usually imply lower stored energy values
than in other cases. For these reasons, PCMs involving solid-liquid
transition are the most extended in building materials.

Paraffins [7] and fatty acids [8] are PCMs that generate this phase
change and show interesting properties, such as the temperature at
which the phase change occurs, as well as the energy that they are
capable of storing as latent heat. However, their use presents various
problems, such as in some cases their flammability, but also because it is
limited by presenting a liquid phase. These problems can be solved by
encapsulation processes [6], whereby the PCM (core) is covered by a
protective material (shell). This material must present good mechanical
properties and thermal conductivity so that the PCM remains stable
inside the shell. In this sense, several materials have been proposed for
encapsulating PCMs, such as SiO; [9], TiO, [10], AlyO3 [11], CuO [12],
or C-based materials [13]. Table 1 shows some key findings on this topic.

Therefore, in this work, n-octadecane (C18) is encapsulated using
ZnO, selected because of its interesting properties, such as its low
toxicity and the fact that it is a semiconductor with piezoelectric [18],
optoelectronic [19] and photocatalytic [20-22] properties. In addition,
the control of the intrinsic defect structures in ZnO nanostructures leads
to the design of appealing materials for several applications such as in
supercapacitor devices [23-27]. Mg doping makes it possible to control
the optical band gap of ZnO [28,29], while Al doping leads to ZnO thin
films with appealing structural and optical characteristics [30]. There-
fore, ZnO is a promising material for different applications. However,
the use of ZnO for designing multifunctional microcapsules with appli-
cations in thermal energy storage and photocatalysis is really new. The
physical and chemical properties of the microcapsules were character-
ized using several techniques such as x-ray diffraction, scanning electron
microscopy, Fourier transform infrared spectroscopy and UV-vis spec-
troscopy in diffuse reflectance mode. To analyse the possible
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applications of the microcapsules synthesized, their thermal behaviour
was analysed using a differential scanning calorimetry technique to
obtain the melting and crystallization enthalpies. Moreover, their
isobaric specific heat was measured. Finally, as ZnO shows semi-
conductor behaviour, the photocatalytic activity of the microcapsules
synthesized was analysed by the photodegradation of crystal violet dye.

2. Experimental
2.1. Reagents

Sigma-Aldrich® supplied n-octadecane (C18, purity ~ 99%), hex-
adecyltrimethylammonium bromide (CTAB, purity >99%), zinc sul-
phate heptahydrate (ZnSO4-7H20, purity >99%). Sodium hydroxide
(NaOH, purity >99%) was supplied by Probus®.

2.2. Synthesis of microcapsules

The ZnO capsules with a C18 core were synthesized following the
precipitation method reported by Li et al. [31]. First, an emulsion of C18
and water was prepared by vigorous stirring at 60 °C for 90 min, adding
2.33g of CTAB, a surfactant with amphipathic properties. The methyl
groups of CTAB interact with C18 while polar groups interact with water
molecules, forming a homogeneous emulsion. The amount of C18 was
modified to change the C18/ZnS04 ratio, as described below, using 2.4 g
and 2.6 g of C18. CTAB and C18 was added to 50 mL of water, resulting
in a C18:water ratio of about 1:20. Next, ZnSO4 was diluted in 30 mL of
water, and added dropwise (2.5 mL/min) to the emulsion as a source of
Zn2" jons under stirring at 60 °C for 4 h. The Zn>* are placed close to the
polar groups of CTAB surrounding the C18 drops. Then, a 1 M solution of
NaOH was added dropwise (1 mL/min) under stirring at 60 °C for 6 h to
obtain a pH = 11. NaOH is a source of OH™ ions, which react with Zn?*
to obtain Zn(OH), and ZnO. Both compounds can be formed at pH = 11.
Then, an ageing process took place at 85 °C without stirring, which fa-
vours the transformation of Zn(OH), to ZnO according to [32].

Zn(OH), + 20H" 57Zn(OH)> )

Zn(OH)>” 3Zn0 +20H" + H,0 &)

Finally, the C18@ZnO microcapsules were obtained after filtration,
and then they were washed five times using 25 mL of water at 40 °C. A
white solid was obtained and dried at 40 °C for 24 h.

In order to optimise the conditions for obtaining the best micro-
capsules, three parameters were analysed. First, the ratio of C18 and
ZnS0y4. Typically, other capsules have been prepared using a 50:50 ratio,
but we also tested a 60:40 ratio. The stirring rate was also tested. We

Table 1

A summary of key findings from a literature review.
PCM/Core Shell Key findings Ref.
Paraffin SiOy Encapsulation ratio of 78%, and latent heat about 156 J g’1 [71
Palmitic acid PAMA® Good thermal reliability after 100 cycles [8]
n-octadecane SiO, A new self-assembly synthesis for silica encapsulation. Good stability after 100 cycles [9]
Mystiric acid TiOy Good thermal stability and higher latent heat [10]
Al,03 Al Application temperature about 600 °C [11]
C22 GO-CNT” Excellent stability [12]
Paraffin UF* with GO Good thermal stability and reliability, and Good thermal conductivity [14]
n-nonadecane P(St-co-MMA)* Good chemical and thermal stability [15]
n-octadecane MF*® Good light-thermal conversion: high photothermal storage efficiency of 75% [16]
Capric acid PMMA' Excellent insulation, and thermal stability [17]

2 PAMA: poly(allyl methacrylate).

> GO-CNT: Graphene oxide-carbon nanotubes.

UF: urea-formaldehyde.

P(St-co-MMA): poly(styrene-com-methyl methacrylate).
MF: melanine-formaldehyde.

f PMMA: poly methyl methacrylate.

c
d

e



J. Sanchez-Fernandez et al.

obtained the microcapsules using 750 and 1500 rpm. And finally, the
ageing time was set to 4 and 8 h. Table 2 shows the samples prepared
and the nomenclature used.

2.3. Characterization of the microcapsules

The structural, morphological, and thermal properties of the mi-
crocapsules were analysed using several instrumental techniques. X-ray
diffraction (XRD) and Fourier transform infrared (FTIR) spectroscopy
were used to analyse their structural properties. The XRD patterns were
recorded using a D8 Advanced diffractometer supplied by Bruker with
Cu-Ka radiation. The scan conditions were from 10 to 70° in 26 with a
resolution of 0.02°, 40 kV and 40 mA. The FTIR spectra were recorded
using a T37+ HYP200 spectrophotometer supplied by Bruker. The range
measured was between 400 and 4000 cm ™! with a scan resolution of 1
cm ™. In addition, the morphology of the microcapsules was analysed by
scanning electron microscopy (SEM), using a Nova NanoSEM 450 mi-
croscope supplied by Thermo Fischer. UV-Vis spectroscopy, in diffuse
reflectance mode, was used to characterize the optical properties of the
microcapsules, due to the semiconductor properties of ZnO. The optical
band gap of the samples can be estimated from the spectra registered.
The optical absorption coefficient («/S) can be determined using the
Kubelka-Munk formulism from the diffuse reflectance spectra according
to («/S) = F(R) = [(1 — R)?] /2R [33], where R is the percentage of re-
flected light, and o and S are the absorption and the scattering co-
efficients. The Tauc plot relates the optical band gap and the incident
photon energy, and is given by [F(R)hv]P = A(hv —E,) [34,35], where hv
is the incident photon energy, A is a constant depending on the transi-
tion probability and E, is the optical band gap. The power index p is
related to the optical absorption process, this being % or 2 for an indi-
rectly or a directly allowed transition, respectively [36]. In the case of
ZnO, the transition is direct, thus p = 2 [36].

To analyse the properties of the microcapsules related with their
application as a phase change material, the differential scanning calo-
rimetry (DSC) technique was used (Netzsch, DSC 214 Polyma). The
samples prepared were analysed performing 30 heating/cooling cycles
between 0 and 60 °C at a rate of 1 °C/min. The melting point of C18 is
26-29 °C, so this range is appropriate to analyse the thermal properties
of the microcapsules. Performing 30 heating/cooling cycles, the stability
of the microcapsules can be analysed, but several other properties can
also be obtained from these measurements, such as melting (AHy,) and
crystallization (AH.) enthalpies and melting (T,,) and crystallization (T,)
temperatures, from endothermic and exothermic plots. From the
enthalpy values, the encapsulation efficiency (E.,;) and the energy stor-
age efficiency (E,;s) can be estimated as

AH
Eo(%) =—2"" 100 (3)
)= Ny crs
AH, e — AH e
E (%) =-——————"—100 4)

" AH, 15— AHc,cm-

where the subscripts mc and C18 refer to the microcapsules and the n-
octadecane, respectively. Finally, from the encapsulation efficiency and

Table 2
Conditions of the synthesis of the C18@ZnO microcapsules.

Sample C18:ZnS04 Stirring rate/rpm Ageing time/h
C18@Zn0_50/50_750_4 50:50 750 4
C18@Zn0_50/50_750_8 750 8
C18@Zn0_50/50_1500_4 1500 4
C18@Zn0_50/50_1500_8 1500 8
C18@Zn0_60/40_750_4 60:40 750 4
C18@Zn0_60/40_750_8 750 8
C18@Zn0_60/40_1500_4 1500 4
C18@Zn0_60/40_1500_8 1500 8
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the energy storage efficiency, the thermal storage capacity can be
calculated as

Co(%) = 2

-100 (5)

Furthermore, isobaric specific heat was measured by means of tem-
perature modulated differential scanning calorimetry (TMDSC) using a
Netzsch, DSC 214 Polyma, setting a temperature program that involves:
(i) a 5 °C/min ramp up to 60 °C and isothermal equilibration for 10 min
to remove contaminants; (ii) a 1 °C/min ramp down to —5 °C; (iii) a
1 °C/min ramp from —5 °C to 22 °C under temperature-modulated
conditions; (iv) a 1 °C/min ramp up to 35 °C; (v) a 1 °C/min ramp
from 35 °C to 50 °C again under temperature-modulated conditions; and
finally (vi) cooling at 1 °C/min. The temperature modulation was per-
formed with oscillation amplitudes of +1 °C and a 120 s period.

Finally, as ZnO is a semiconductor with applications in photo-
catalysis, the performance as photocatalyst of the microcapsules syn-
thesized was tested. To this end, the photodegradation of the crystal
violet (CV) dye was analysed in the presence of the microcapsules using
two irradiation sources: an actinic lamp emitting at 360 nm and a sun
simulator (Abet Technologies, model Sun 3000). The initial concentra-
tion of the CV solution was 2.10™* M and the concentration of the
photocatalyst, that is the microcapsules, was 0.6 g L1 The photo-
catalyst/CV mixture was kept in darkness for 30 min and the reaction
time was 5 h and 24 h for the actinic lamp and the sun simulator,
respectively. The time in darkness before the photocatalysis process was
established from the adsorption equilibrium tests in darkness, as is
shown in the Supplementary Material (Fig. S1). The photodegradation of
the CV dye was analysed by absorbance measurements. The absorbance
was measured using a spectrometer (Ocean Optics, USB4000+) with a
UV-vis-NIR light source (Ocean Optics, DH-2000-BAL).

3. Results and discussion

The microcapsules were characterized using several instrumental
techniques to determine their structural, morphological, optical and
thermal properties. Next, the results obtained for each technique are
described.

3.1. X-ray diffraction

Fig. 1 shows the XRD patterns obtained from the microcapsule
samples described in Table 1. Three intense peaks are observed in all the
patterns at 31.8°, 34.4° and 36.3°, which are assigned to the reflection of
the (110), (002) and (101) planes. The relative intensity between these
peaks in each pattern is not the same, probably because many ZnO
crystals were formed with random orientation. In addition, five other
less intense peaks are observed, and assigned in Fig. 1. These peaks are
characteristic of ZnO with a hexagonal wurtzite structure and P63mc
space group (JCPDS 36-1451). Therefore, XRD confirms the synthesis of
ZnO.

From the reflection of the (101) planes, the crystal size was estimated
using Scherrer’s equation

K2

= 6
! Bcos @ ©®

where tis the crystal size; K is a constant with a value in this case of 0.85;
A is the wavelength of the x-ray (CuKa; = 1.5418 A), B is the full width at
half maximum, and 0 is the Bragg angle [37]. The eight samples pre-
pared, shown in Table 3, all obtained values in the 20-25 nm range,
suggesting that the synthesis parameters do not have a significant
impact on the crystallite size.
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Fig. 1. XRD patterns for the microcapsules synthesized using a C18:ZnSO4 of 50:50 (a) and 60:40 (b).

Table 3

Crystallite size of ZnO synthesized.
Sample t/nm Sample t/nm
C18@Zn0_50/50_750_4 20 C18@Zn0_60/40_750_4 25
C18@7Zn0_50/50_750_8 23 C18@Zn0_60/40_750_8 25
C18@Zn0_50/50_1500_4 24 C18@Zn0_60/40_1500_4 25
C18@Zn0_50/50_1500_8 23 C18@Zn0_60/40_1500_8 23

3.2. FTIR spectroscopy

Fig. 2 shows the FTIR spectra obtained for pure C18, pure ZnO, and
all the C18@ZnO microcapsules prepared. Fig. 2a shows the spectrum
for C18. The stretching band for C-H bonds of methyl groups, -CH3 and
_CH,-, is observed at about 2800-3000 cm™%; and the stretching band
for C-C bonds is also observed at 1600 cm ™. Several bending bands of
C-H bonds are observed at about 1400, 1300 and 750 cm . Fig. 2b
shows the spectrum for pure ZnO. An intense bending band is observed
at about 500 cm ™! while the typical stretching band for O-H bonds is
observed at about 3500 cm ™. Both spectra shown in Fig. 2a and b are
typical for pure C18 and ZnO. All these typical bands for both com-
pounds are observed in the spectra obtained for the C18@ZnO micro-
capsules, shown in Fig. 2c¢ and d, confirming the presence of both
compounds in the microcapsules prepared. The spectra of the micro-
capsules show the typical bands for both compounds, C18 and ZnO, with
no significant impact on the respective bands. A decrease of the intensity
of the C18 bands may be observed, but they can be clearly assigned to
C18. Therefore, these FTIR spectra are evidence of the encapsulation of
C18 using ZnO.

3.2.1. Scanning electron microscopy

Fig. 3 shows SEM images of the microcapsules synthesized using a
50:50 ratio (C18:ZnSO4). A morphology close to spherical is observed,
and small nanoparticles were found on their surface. The appearance,
morphology and size of these particles are similar to data previously
reported for ZnO [38,39]. Furthermore, it seems that these small par-
ticles are forming the ZnO capsules, as is possible to observe in the
images, which is also coherent with the crystallite sizes obtained from
XRD. When the 60:40 ratio is used, these small nanoparticles are not
observed, probably due to there being less Zn in the synthesis. What is

more, in this case, different structures are observed (see images of
C18@7Zn0_60/40_1500_4 and C18@Zn0_60/40_1500_8 in Fig. 4). In
both cases, it seems that these microcapsules have not been completely
formed, probably due to the smaller amount of Zn. In both samples, fully
formed capsules were also observed that measure about 10 pm in all
cases. The microcapsules were subjected to a grinding treatment to
observe their internal structure. The broken capsule in Fig. 5 shows a
honeycomb microstructure with numerous individual cells in which the
C18 is housed. In addition, Fig. 4 below shows a particle with the hon-
eycomb structure, which is also observed in Fig. 5. Thus, it is possible
that this structure is covered by ZnO to form the microcapsules, but the
particle shown at the bottom right of Fig. 4 was not completely formed.
Finally, Fig. S2 in Supplementary Material shows a low magnification
SEM image of the C18@Zn0_50/50_750_4 sample in which the homo-
geneity of the sample is observed, this being representative of all the
samples.

3.3. DR-UV-vis spectroscopy

The optical properties of the microcapsules synthesized were studied
using UV-Vis spectroscopy in diffuse reflectance mode. Fig. 6 shows the
spectra recorded for all the microcapsules, in terms of the Kubelka-Munk
function. The spectra obtained show an absorption band below 400 nm,
as expected. From these spectra, and by using the Tauc plot, which was
described above, the band gap energy values were estimated, and are
shown in Table 4. We can observe that the values do not change
significantly, ranging between 3 and 3.2 eV. These values are coherent
with the typical values reported in the literature for ZnO nanoparticles
[40,41]. Therefore, the impact of the C18 on the optical band gap values
of ZnO is negligible.

3.4. Thermal analysis

The microcapsules prepared are intended for use in energy storage,
so their thermal characterization is of great interest. It is essential to
know the enthalpy of the phase change and their thermal stability.
Melting and crystallization enthalpies, AH,, and AH,, and temperatures,
T and T, were estimated by DSC cycles for all the microcapsules and
for pure C18. From these values, the encapsulation efficiency (E.,), the
energy storage efficiency (E,) and the energy storage capacity (C,s) were
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Fig. 2. FTIR spectra of (a) pure C18; (b) pure ZnO; (c) C18@ZnO microcapsules with a 50:50 ratio (C18:ZnSO,4); and (d) microcapsules with a 60:40 ratio

(C18:ZnS0,).

calculated according to Equations (3)-(5). The results obtained are
shown in Table 5. Typically, the enthalpy value for the microcapsules
was lower than that of C18 because of the presence of ZnO, which
presents a lower latent heat. That is, the microcapsules contain less C18,
the component with a higher enthalpy per unit of mass, due to the
presence of ZnO. This can be explained by the smaller amount of PCM in
the capsule samples with regard to the pure C18 because the mass of the
samples used in the DSC measurements is similar, and the capsules
include a portion of ZnO. Moreover, the phase change temperature
values for the microcapsules are close to that obtained for pure C18.
Therefore, the microcapsules can be used in applications in which a
phase change of around 25 °C is needed. The presence of ZnO as the
outer material of the capsule does not affect significantly the phase
change temperature in either the melting or crystallization processes in
the microcapsules. According to the encapsulation and energy storage
efficiency values, calculated according to Eqgs. (3) and (4) (see Experi-
mental section), the three samples that presented the best values for
encapsulation efficiency and energy storage capacity were selected,
namely C18@Zn0_50/50_750_4, C18@Zn0_50/50_750_8 and
C18@Zn0_60/40_750_4. These three samples showed an energy storage
capacity of 100%, which means that all the C18 inside the microcapsules
is able to store thermal energy and release latent heat. They show an
encapsulation efficiency of 21.3%, 19.4% and 23.1%, respectively.
These values are lower than those found in studies in the literature,
many of which lack details of how the microcapsules were cleaned, and

the presence of PCM on the outside of the microcapsule can falsify some
results. Our experience leads us to believe that cleaning is a more
complicated process than expected. According to the synthesis proced-
ure, a stirring rate of 750 rpm is seen to favour the encapsulation of C18
because the samples prepared in this way show the highest encapsula-
tion efficiency (E.;) and thermal storage capacity (C,), as shown in
Table 5. This probably occurs because a higher stirring rate would lead
to a decrease in the diameter of the drops in the emulsion formed when
water and C18 are mixed, and therefore the amount of PCM encapsu-
lated is very low with regard to amount of oxide [42]. In addition, a
core@shell ratio of 60:40 and a stirring rate of 750 rpm
(C18@Zn0_60/40_750_4) improved the encapsulation and thermal
behaviour, probably because more C18 can be encapsulated. No corre-
lation was observed between the ageing time and the thermal behaviour.

The three samples selected were subjected to 30 cycles of melting
and crystallization following the DSC technique. All of the DSC plots
obtained are shown in Fig. S3 in the Supplementary Material. There are
similarities between the profiles of the DSC plots of the pure PCM and its
corresponding microcapsule. The microcapsule samples are powder, so
the presence of the phase change peaks in the plots is evidence of the
formation of the capsules including the PCMs inside. These thermograms
show that the microcapsules present high stability. A small peak can also
be seen in the C18@Zn050,/50_750_8 sample at 26.4 °C. This peak can
be assigned to the formation of a transition phase, probably due to a
rotator phase. This rotator phase is a metastable phase which typically
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C18@Zn0_50/50_750_4
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C18@Zn0_50/50_750_8

Fig. 3. SEM images for C18@ZnO microcapsules prepared using a 50:50 ratio (C18:ZnSOy).

C18@2Zn0_60/40_750_4

C18@Zn0_60/40_750_8

Fig. 4. SEM images for C18@ZnO microcapsules prepared using a 60:40 ratio (C18:ZnSO4).

appears at temperatures higher than the crystallization process [43,44].
In addition, from these cycles, the values of the melting and crystalli-
zation enthalpies were estimated for the three selected microcapsules
and for the pure C18 to analyse the stability of the microcapsules. Fig. 7
shows the values obtained. The melting enthalpy for pure C18 was found
to be about 230 J g1, which is coherent with values reported in the
literature [45]. A slight decrease of about 3 J g’lof was found for this
value after 30 cycles, as Fig. 7d shows. The values for the microcapsules
remain stable, as is observed in Fig. 7a—c. Therefore, the ZnO-based
microcapsules are able to protect the PCM and keep it inside.

3.5. Isobaric specific heat

The isobaric specific heat of the microcapsules, the pure C18 and the
ZnO was measured by using temperature modulated differential scan-
ning calorimetry in the range between —5 and 55 °C. Fig. 8 shows the
values obtained. Those between 20 and 32 °C are missing because of the
phase change of C18. The evolution of the isobaric specific heat with
temperature is quasi linear in all cases, except in the range between 15
and 20 °C for the microcapsules and pure C18 because the solid to liquid
phase change of C18 is beginning. However, the most interesting result
is that two microcapsules synthesized (C18@Zn0O_50/50_750_4 and
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Fig. 5. A broken microcapsule of C18@Zn0O_60/40_750_8 sample observed
by SEM.

C18@Zn0_60/40_750_4) show values higher than that of the pure ZnO.
This is interesting because ZnO has several building-related applications
of interest, and replacing pure ZnO with ZnO-based microcapsules opens
the option of storing energy and releasing energy from the latent heat of
the PCM. In this sense, the C18@Zn0_60/40_750_4 sample showed high
isobaric specific heat values and the best encapsulation and energy
storage efficiencies, according to the results shown in Table 5. There-
fore, this sample may be promising for this kind of applications.

3.6. Photocatalytic activity

The performance of the microcapsules as a photocatalyst was ana-
lysed by using photodegradation tests of CV dye. Photolysis tests were
performed using both the irradiation sources used in the photocatalytic
tests, namely an actinic lamp and a sun simulator. The mixture of CV dye
and the microcapsules was kept at a temperature of 18 °C so that the C18
inside the microcapsules remained in solid phase to avoid the effect of
the energy storage of the C18. Furthermore, the pH was kept at 8 in all
the tests. The evolution of the photolysis and photodegradation tests was
performed by UV-vis measurements. From absorbance values, the CV
concentration at each time was calculated using the Lambert-Beer law,
which relates the absorbance (A) with concentration (C) as A = &Cl,
where [is the optical path (1 cm), and ¢ the molar absorption coefficient,
which is 77770 L mol ™! ecm~! for CV dye [46]. Fig. 9 shows the results
obtained from these tests given as the ratio of the concentration at each
time and the initial concentration (C/Cy) versus time. After 5 h, the
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degradation of CV dye was higher when a sun simulator was used as the
irradiation source. We can also observe that the photolysis using the UV
irradiation (actinic lamp) leads to less degradation than in the photo-
catalytic tests performed using the same actinic lamp, as is shown in
Fig. 9a. This means the microcapsules show photocatalytic activity. On
the other hand, using a sun simulator (see Fig. 9b), the photolysis is
higher than in the case of the actinic lamp. Moreover, using a sun
simulator, the presence of microcapsules increases the rate of degrada-
tion, meaning that the microcapsules show photocatalytic activity under
visible light too. Furthermore, in accordance with the results obtained
(Fig. 9), the photodegradation of CV dye follows pseudo-first-order

Table 4
Band gap energy values for all the microcapsules synthesized.
Sample Ey/eV Sample Eg/eV
C18@Zn0_50/50_750_4 3.17 £ C18@7Zn0_60/40_750_4 3.00 +
0.03 0.03
C18@Zn0_50/50_750_8 3.04 £ C18@Zn0_60/40_750_8 3.21 £
0.02 0.03
C18@Zn0_50/ 3.14 £ C18@Zn0_60/ 3.17 £
50.1500_4 0.01 40.1500_4 0.03
C18@Zn0_50/ 3.20 £ C18@Zn0_60/ 3.14 £
50.1500_8 0.03 40_.1500_8 0.01
Table 5

Melting and crystallization enthalpy values, AH,, and AH,, and temperatures, Ty,
and T,, and the encapsulation efficiency (E.,), energy storage efficiency (E,s) and
energy storage capacity (Ces).

Samples AHp/J -AH./J T/ T/ Een/ E.s/ Ces/
g ! g ! °C °C % % %
C18 230.9 231.0 25.9 24.5 - - -
C18@Zn0_50/ 49.2 49.0 24.1 24.1 21.3 21.3 100
50_750_4
C18@Zn0_50/ 44.8 44.7 24.9 24.6 19.4 19.4 100
50_750_8
C18@Zn0_50/ 31.8 31.2 23.6 23.3 13.8 13.6 98
50_1500_4
C18@Zn0_50/ 27.9 26.2 21.7 22.1 12.1 11.7 96
50.1500_8
C18@Zn0_60/ 53.3 53.2 25.0 24.5 23.1 23.1 100
40.750_4
C18@Zn0_60/ 31.5 30.7 239 23.2 13.6 13.4 98
40_750_8
C18@Zn0_60/ 25.5 24.7 23.2 22.6 11.0 10.8 98
40_1500_4
C18@Zn0_60/ 29.1 28.2 23.5 23.0 12.6 12.4 98
40.1500_8
(b)
60/40_750_4
60/40_750_8
60/40_1500_4
60/40_1500_8
3
[T
T T 5 % T 1 T
350 400 450 500 550 600

Wavelength / nm

Fig. 6. UV-Vis spectra in diffuse reflectance mode for (a) C18@ZnO microcapsules with a 50:50 ratio (C18:ZnSO,); and (b) microcapsules with a 60:40 ratio

(C18:ZnS0y4).
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crocapsules selected.

kinetics, which can be described as In(Cy /C) = — kKt = kqypt, where Cp
is the initial concentration of CV dye, C is the concentration of the CV
dye with irradiation time t, k is the reaction constant, K is the adsorption
constant, and kg, is the apparent rate constant [47]. Table 6 shows the

values of the apparent rate constant obtained. Using the actinic lamp,
under UV irradiation, the rate for the photocatalytic tests is higher than
the photolysis test, which means the microcapsules show photocatalytic
activity, the C18@Zn0_60/40_750_4 capsules showing the best results.
From these results, we can propose a mechanism for the photocatalytic
process using UV irradiation. This probably begins with the excitation of
an electron from the valence band to the conduction band of ZnO thanks
to the UV irradiation, followed by a reaction with water or dissolved
oxygen to produce super oxidizing agents such as OH:, which can
degrade the CV dye.

In addition, under visible light from a sun simulator, the photolysis is
higher and the degradation of CV shows a high thermal contribution.
The presence of microcapsules results in a higher degradation rate, the
C18@Zn0_60/40_750_4 sample again showing the best photocatalytic
activity. In this case, we can propose a mechanism from the results ob-
tained. The proposed mechanism of the photocatalysis process is not
produced by the excitation of an electron towards the conduction band,
because the irradiation is not energetic enough. It is probably a dye-
sensitized mechanism in which the photons are absorbed by CV mole-
cules adsorbed onto the ZnO surface, after which the excited electrons
are transferred to the conduction band, following the process described
above. According to the results obtained, this mechanism seems to be
more efficient.

The ZnO-based microcapsules synthesized presented photocatalytic
activity which provides the option of using them to remove pollutants
from buildings. The semiconductor properties of ZnO have been
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Fig. 9. Photolysis and photocatalytic tests using an actinic lamp (a) and a sun simulator (b).

Table 6
Values of the apparent rate constant for the photolysis and photocatalytic tests
performed.

Test/photocatalyst kapp/h ™!

Actinic lamp Sun simulator
Photolysis 0.0139 0.1266
C18@Zn0_50/50_750_4 0.0458 0.1546
C18@Zn0_50/50_750_8 0.0319 0.1772
C18@Zn0_60/40_750_4 0.0720 0.2384

reported and, for example, its application showing antifungal activity
embedded in cements with applications in buildings has been studied
[48,49], as well as its photocatalytic activity to remove contaminants in
construction materials [50].

4. Conclusions

Microcapsules based on ZnO and n-octadecane were synthesized and
characterized to determine their physical and chemical properties. The
main results found in this work are.

e The comprehensive characterization performed confirmed the for-
mation of ZnO microcapsules containing C18. A quasi-spherical
morphology was observed by means of SEM. The internal part of
the microcapsules presented a honeycomb structure.

e The highest encapsulation efficiency value found was 23.1% for the

samples with a 60:40 ratio (C18:ZnSOy), a stirring rate of 750 rpm

and ageing time of 4 h.

Heating/cooling cycles were also performed, and the microcapsules

were found to present good stability. Thus, ZnO-based microcapsules

are able to protect the PCM and keep it inside.

e We observed an increase in the isobaric specific heat of some mi-

crocapsules with respect to the ZnO. This is interesting because ZnO

has several building-related applications and the change from pure

ZnO to ZnO-based microcapsules provides the option of storing

released energy from the latent heat of the PCM.

Finally, the photocatalytic activity of the microcapsules was

confirmed under UV and visible irradiation, which is of interest

because the microcapsules can be used for removing organic pol-
lutants from buildings.

Therefore, the microcapsules synthesized based on ZnO showed
properties that make the of interest for a wide range of applications,
such as those involving thermal energy storage and photocatalysis.
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