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This study investigates the functionalization of titanium dioxide nanoparticles on the surface of poly-
meric microcapsules as a mean to control the release of encapsulated citronella through solar radiation.
This allows for the release of a mosquito repellent without human intervention, as the sunlight works as
arelease activator. The TiO, nanoparticles were synthetized using a modified sol-gel and hydrothermal
method, with a crystallite size of the order of 10 nm and a specific surface area >250 m?/g. Transmission
. electron microscopy observations enabled the confirmation of the mesoporous structure. The nitrogen
I;/Ez:gzz;lzls;: doping effect and changes in pH (pH=3, 6 and 9) of the precursor solution was studied from photocat-
Tio, alytic and photoluminescence experiments. Polyurethane microcapsules were prepared using a modified
interfacial polymerization method. The surface topography of the microcapsules was observed with scan-
ning electron microscopy, while the release efficiency was quantified using gas chromatography coupled
with mass spectroscopy. In-vitro bioassays using live mosquitoes further attested the controlled release
repellence effect of these photocatalytic microcapsules by inhibition of these vectors. The results showed
that functionalizing the microcapsules with nanoparticles on their surface and then exposing them to
ultraviolet radiation effectively increased the output of citronella into the air, repelling the mosquitoes.
© 2016 Elsevier Ltd. All rights reserved.
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1. Introduction

Microencapsulation has been an area of growing interest and
investigation in recent years due to its many applications, such as
drug controlled release in pharmaceutical products, crop protection
in agriculture, release of nutrients in the food industry and self-
healing surfaces [1,2]. Various microencapsulation methods have
been reported in the last 15 years [1-5]. In a solvent evaporation
process, one of the most common methods, microencapsulation is
achieved by dissolving the capsule wall material in an organic sol-
vent, together with the core material, creating a water immiscible
solution, which is then emulsified in water. Once the solvent
evaporates, microcapsules are produced. However, besides being
quite expensive, this method requires complex processes and only
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facilitates encapsulation when using hydrophobic polymers [6-10].
In-situ polymerization is accomplished by creating an emulsion,
containing the monomers in the contiguous phase with the core
material dispersed. The monomers then react, encapsulating the
core material. Despite being difficult to achieve a good equilibrium,
this technique allows the encapsulation of highly reactive mate-
rials [5,11-13]. Hence, interfacial polymerization emerged as an
easy method to prepare microcapsules. This method allows a high
degree of control over the physical/chemical properties using mild
reaction conditions. It involves the condensation reactions between
two monomers, much like in-situ polymerization; however, in this
case, one of the monomers is dissolved in the core material. Besides
being a relatively simple and inexpensive method, interfacial poly-
merization permits a high degree of control on the final product by
varying the reaction parameters [14-17].

In this work, citronella oil was encapsulated in polyurethane
microcapsules, following the reaction of a diol with an isocyanate.
Citronella was chosen since it is an affordable repellent, while
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being natural occurring, non-toxic and easy to handle [18,19].
Polyurethane was the polymer of choice for the micro reservoir due
to the high mechanical resistance of the resulting microcapsules.

2. Experimental
2.1. Materials

Titanium (IV) isopropoxide (>99%, Sigma-Aldrich), P25 nanopar-
ticles (Evonik, for comparison), propyl alcohol (>98%, Sigma
Aldrich), ethylenediamine (>99.5%, Sigma Aldrich), hydrochlo-
ric acid (37%, Sigma), sodium hydroxide (Sigma Aldrich),
1,4-butenediol (Sigma Aldrich), Arabic gum (Sigma Aldrich),
chlorobenzene (Sigma Aldrich), TDI prepolymer Desmodur DL-75
(Bayer Materials Science), citronella oil java (Sigma Aldrich).

2.2. Synthesis of the TiO, powders

The TiO, nanoparticles were synthesized by a sol-gel method
followed by a hydrothermal treatment. A propyl alcohol solution in
water (1:10) was prepared, and its pH adjusted using NaOH (1 M)
or HNO3 (3 M). The nanoparticles were prepared by dissolving 2 ml
of titanium isopropoxide in 2.5 ml of the previous alcohol/water
solution and, for nitrogen doping, subsequently adding 6 ml of
ethylenediamine. The reaction was carried out under gentle stirring
for 48 h. Six samples were made, where the effect of nitrogen-
doping and pH was studied, being the pH adjusted to 3, 6 and 9
for each set of, doped (NTiO,) and undoped (TiO,) powders. After
synthesis, the nanopowders were calcined at 200°C for 2 h, fol-
lowed by centrifugation to collect them and washed three times
with propyl alcohol between centrifugations, and finally dried for
6hat60°C.

2.3. Synthesis of the polymeric microcapsules

The microcapsules were prepared by an interfacial polymeriza-
tion method, where an oil in water (o/w) emulsion is created using
a mechanical stirrer. The microcapsules wall forms in the interface
between the two phases, through the reaction of 1,4-butene-diol
(water phase) with isocyanate (organic oil phase). The encapsula-
tion of citronella was achieved by dissolving 2 g of isocyanate in
5ml of chlorobenzene. Then, this solution was mixed with 2 ml
of citronella and added to 120 ml aqueous solution of Arabic gum
(10%, w/v), while stirring at 600 rpm. Lastly, the temperature was
raised to 65°C and 2.5 ml of 1,4-butene-diol was added to create
the polymer. The resulting microcapsules were rinsed several times
with water to remove any unreacted reagent.

2.4. Photocatalytic activity

In order to evaluate the photocatalytic activity of the different
nanoparticles samples, the photocatalytic oxidation of methylene
blue (MB) in the presence of the TiO, nanoparticles under UV irradi-
ation was studied. The experiments were carried out by suspending
1.75 mg of nanoparticles in an aqueous methylene blue solution
(10-5M)inaquartz cell (40 mm x 40 mm x 10 mm), under UV radi-
ation centred at 365 nm with a high power LED source (Thorlabs,
700 mA), with an average irradiance of ~4mW cm~2 [20,21]. The
rate of photo-degradation of MB is related to the variation in inten-
sity of the absorption peak of this chromophore at 665 nm, which
was analyzed using a spectrophotometer (ScanSpec UV-Vis, Scan-
Sci) in the range of 300-900 nm.

The kinetics of the photocatalytic degradation of MB is a pseudo-
first-order reaction, expressed according to the equation [20-23]:

In (c%) -kt 1)

where Cy and C represents the dye’s initial concentration and at the
time t, respectively, which is proportional to its optical absorbance,
and k is the first-order constant of the reaction.

2.5. Detection of hydroxyl radicals

The production of hydroxyl radicals (*OH) during the photo-
catalysis reaction is linked to the quantitative production of
7-hydroxycoumarin (7HC, or Umbelliferone) from coumarin, since
the latter reacts with *OH radicals to produce the former, a highly
fluorescent sub-product which shows a photoluminescence (PL)
signal at 456 nm [24]. At room temperature, 12 mg of nanoparti-
cles were dispersed in 12 ml of coumnarin aqueous solution (103 M,
pH=3) in a quartz cell (40 mm x 40 mm x 10 mm). Initially the
solution was kept in the dark to establish adsorption-desorption
equilibrium, then, at given intervals of UV irradiation centred at
365nm with a high power LED source (Thorlabs, 700 mA), the
suspension was centrifuged and its PL signal analyzed on the spec-
trophotometer. This excitation wavelength was chosen in order to
be near the Sy — S transition of the neutral form of the 7-hydroxyl
group.

2.6. Characterization methods

The citronella output yield from within the microcapsules was
measured through gas chromatography coupled with mass spec-
trometry (GC-MS) analysis, using a Varian 4000 Performance
apparatus, equipped with a CP8944 VF-5 column and an ion trap
mass spectrometer as detector. The carrier gas was helium, at a flow
rate of 1 mlmin~!. Column temperature was initially 40°C, and
then gradually increased to 270 °C at 8 °C min~!. For GC-MS detec-
tion an electron impact ionization system was used with ionization
energy of 70 eV.

The crystalline structure of the TiO, nanoparticles was charac-
terized using X-ray diffraction analysis (XRD, Bruker D8 Discover
diffractometer) using CuK, radiation, while the morphological
properties were studied using a scanning electron microscope
(SEM, NanoSEM-FEI Nova 200) at SEMAT/UM. To assess the
nanoparticles specific surface area, nitrogen adsorption tests based
on the Brunauer-Emmett-Teller (BET) theory were made at Uni-
versity of Porto, using the Quantachrome Instruments Autosorb-1.
Also, reflectance experiments allowed for the calculation of the
band-gap energy of the semiconductor material (nanoparticles)
using a Shimadzu spectrophotometer UV-2501 PC. For the trans-
mission electron microscopy (TEM) analysis, a Hitachi model
H9000 NAR equipment from the University of Aveiro was used.
Finally, the final product (microcapsules functionalized with
nanoparticles) was tested using live mosquitoes at the Portuguese
Institute of Hygiene and Tropical Medicine (IHMT) in Lisbon, to
access the repellent properties of the photocatalytic microcapsules.

2.7. In-vitro tests

2.7.1. Mosquito colony

A colony of Anopheles stephensi (Liston, 1901) was kept under
standard conditions for an undetermined number of generations,
at 27 +2°C, 70+ 5% relative humidity and a day/night cycle of
12 h-12h, at the IHMT insectarium.
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2.7.2. Laying deterrent effect

To study the laying deterrent effect, three microcapsules sus-
pensions in dechlorinated tap water were studied (30%, 15% and
7.5%). An undetermined number of females between 3 and 4 days
old was given the opportunity to feed on BALB/c (Mus musculus),
previously anaesthetized under European legislation (86/609/EEC).
After feeding, ten engorged mosquito females and five males were
transferred to the test cage (20 cm x 20 cm x 20 cm). After 2 days,
two Petri dishes containing 50 ml of water (control) and microcap-
sules suspension (test) were introduced in the cage. The test glasses
were subjected to 60 min of UV-A irradiation prior to the tests. After
24 h, the amount of eggs in each glass was counted. Three tests were
conducted for each dosage of microcapsules.

2.7.3. Tunnel system repellent tests

To evaluate the repellent capacity, a tunnel system was used
according to WHO recommendations [25]. This method allows the
evaluation of the mosquito behaviour during its search for a host
in the presence of treated materials with repellent capabilities,
providing information on repellence and blood feeding inhibition
[26]. The system is composed of two rectangular acrylic boxes
(25cm x 21 cm x 60 cm), designated as control and test. Each box is
divided in two equal chambers (A and B). In chamber B is introduced
a specimen of Rattus norvegicus, Wister strain, anesthetized and
immobilized, as a bait for blood feeding. At chamber A, 100 non-
fed female A. stephensi, 3-5 days old, were released. Dividing the
two chambers was a piece of cloth (25 cm x 21 cm), with 30 holes of
1 cm in diameter each. For the test box, the piece of cloth was pre-
viously dipped in citronella-loaded photocatalytic microcapsules,
obtaining an homogeneous loading in the textile, while for the con-
trol box only the described plain untreated cloth was used. Each
of the four tests took place during 60 min, registering the num-
ber of mosquitoes passing from chamber A to chamber B; the test
cloths were subjected to 60 min of UV-A irradiation prior to the
tests. At the end of the test, the number of live and dead, fed and
non-fed mosquitoes in each chamber was counted. Using this data,
the blood feeding reduction index (BFI) and the repellence index
(IRE) were calculated, according to:
BFI — 100 — treated x 100 )

control
where treated represents the proportion of fed females captured in
the test tunnel and control represents the proportion of fed females
captured in the control tunnel.
IRE — 100 — treated x 100 3)
control

where treated represents the proportion of females that reached
compartment B in the test tunnel and control represents the pro-
portion of females that reached compartment B in the control
tunnel.

3. Results and discussion
3.1. XRD analysis

Fig. 1 shows the XRD patterns for the six different nanoparticle
samples, synthesized with varying pH (3, 6 and 9), doped (NTiO;)
and undoped (TiO;). All samples exhibit characteristic diffraction
peaks associated with the anatase structure, with very small crys-
tallite size, under 10 nm, determined by Rietveld refinement. With
an increase in pH of the titanium precursor solution the undoped
powders become more crystalline. The broader peaks for the N-
doped nanoparticles suggests a smaller crystallite size than that of
non-doped nanoparticles.
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Fig. 1. Diffraction patterns for (a) TiO,-pH3, (b) NTiO,-pH3, (¢) TiO2-pH6, (d) NTiO,-
pHS6, (e) TiO,-pHI and (f) NTiO,-pH9 nanopowders.
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Fig. 2. BET analysis of the NTiO,-pH9 sample showing the volume at standard tem-
perature and pressure (STP) as a function of the relative pressure.

3.2. Surface area assessment (BET analysis)

BET analysis allows the estimation of the pore volume distribu-
tion and the specific surface area for each sample, based on nitrogen
adsorption tests. From Fig. 2 it is concluded that sample NTiO,-pH9
is a type V material, since there is not a clear evidence on the tran-
sition point from monolayer to multilayer gas adsorption [27]. The
hysteresis phenomena indicates that this sample is a mesoporous
material, with pores in the range of 2-10 nm, indicative of a high
surface area. From Fig. 3 it is possible to observe the cumulative
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Fig. 3. Cumulative pore volume distribution and its differentiation, dV(logr), in
respect to the pore radius distribution, for sample NTiO,-pH9.
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Fig. 4. TEM micrograph of a dispersion of NTiO,-pH9 nanoparticles, evidencing the mesoporous structures (left) and nanoparticle diameter distribution from this zone

(right).

Table 1
Specific surface area for the different nanoparticle samples, including Evonik P25 as
a reference.

TiO, sample Specific surface area (m? g-1)

Undoped Doped
pH3 206 216
pH6 168 134
pHY 206 287
P25 50

pore volume distribution as a function of the pore radius associ-
ated with sample NTiO,-pH9. From this figure it was determined an
average pore radius of 2.22 nm and a pore volume of 0.348 cm?3/g.
For this sample the specific surface area is 287 m2/g, as listed in
Table 1.

As seen in Table 1, all samples present a much larger specific
surface area in comparison to the P25 standard nanoparticles (from
Evonik), being that of NTiO2-pH9 nearly six times larger. The reason
for thisis related to the fact that the NTiO; particles have crystallites
below 10 nm (as seen in the previous section and in the following
one), while for P25 the crystalline domains are around 30 nm. Addi-
tionally, NTiO, powders consists essentially of the anatase phase,
whereas for P25 it has about 20% of the rutile polymorph, which
has a higher density and bigger crystallite size, hence lower ratio of
particle diameter per volume (~30 times lower), when compared
to the NTiO, particles reported here. The lower specific surface
area values for the nanoparticles synthesized with pH 6 might be
attributed to agglomeration, since this is less likely to happen in the
positively or negatively charged pH 3 and pH 9 samples. N-doping
led to an increase in surface area for the nanoparticles synthetized
at pH 3 and pH 9.

3.3. TEM analysis

In order to confirm the mesoporous structure of the synthesized
TiO, nanoparticles, TEM analysis was endured, where dispersions
of nanoparticles were placed on copper/carbon grids. Fig. 4 shows a
distribution of nanoparticles from sample NTiO,-pH9, where it can
be seen that the particles have an average diameter of ~10 nm, as
it is discerned in the histogram associated with this micrograph.
Some particles seem to coalesce or overlap, hence producing a
larger domain (>12 nm). In Fig. 5 bright- and dark-field images of
another dispersion from the same sample is observed, at a lower
magnification. From the contrast in the dark-field image it is pos-
sible to discern the small crystallites, which corroborates with the
previous analysis, as well as it is consistent with the Rietveld refine-
ment results from the X-ray diffraction data, discussed in Section
3.1.

3.4. Gap energy evaluation

The band-gap energy, associated with absorbance threshold,
was calculated using diffuse reflectance analysis. From Table 2,
and contrary to what was expected, N-doping within TiO, actually
increased the gap energy, probably because the dopant nitrogen

Table 2
Band gap energy values for the different synthesized nanoparticles.
TiO, sample Gap energy (eV)
Undoped Doped
pH3 3.09 3.16
pH6 3.17 3.24
pH9 3.25 3.26

Fig. 5. TEM micrographs in bright- (left) and dark-field (right) relative to the same dispersion of NTiO,-pH9 nanoparticles.
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Fig. 6. UV-vis absorption variation of MB (10> M) solution at 665 nm measured in
the dark as a function of time for the N-doped nano-TiO, powder, synthesized at
different pH.

atoms occupy interstitial positions in the lattice, instead as sub-
stituents on oxygen atomic sites. Despite the higher band-gap
energy, the doped samples present a higher photocatalytic activity
when compared to the undoped counterparts, as shown in the next
sub-section.

3.5. Evaluation of the photocatalytic activity of the TiO, powders

3.5.1. Adsorption of methylene blue on TiO,

A solution of methylene blue (10~> M) was stirred with dif-
ferent TiO, nanoparticles (0.15gL~1) in the dark to ensure total
adsorption of the dye. The MB concentration of the solution can be
linked with the absorption peak at 665 nm, which was monitored
using a spectrophotometer during a period of time, as plotted in
Fig. 6. The NTiO,-pH3 nanoparticles were those with less methy-
lene adsorbed at the surface, as opposed to the NTiO,-pH9 sample
which showed a high adsorption rate. In fact, the dye adsorption
rate for the NTiO,-pH9 sample was so high that it completely
adsorbed three solutions (sol. 1 through 3), coming to a halt at the
fourth (sol. 4). This high discrepancy in the adsorption rates of the
three samples can be explained by the pH effect on the synthesis of
the nanoparticles. It is believed that the nanoparticles synthesized
at pH lower than the point of zero charge (PZC=6.8) have posi-
tive charges at the surface, while the ones synthesized at higher
pH values have negative charges. Being that the methylene blue
is a positively charged molecule, it is attracted to the negatively
charged NTiO,-pH9 nanoparticles and repelled by the NTiO,-pH3,
explaining the difference in the adsorption rates.

3.5.2. Photocatalysis assays

Photocatalytic degradation reactions of MB under UV-A were
investigated using the doped and non-doped nanoparticles, as well
as P25 as reference, as shown in Figs. 7 and 8. The photocatalytic
degradation is a pseudo-first-order reaction and its kinetics, k val-
ues (Eq. (1)), are given in Table 3. In contrast with the non-doped
samples, the photocatalytic activity of the nitrogen doped nanopar-
ticles varied greatly, being the NTiO,-pH9 the only to surpass the

Table 3
Rate constant (k) of the MB (10~> M) solution for the different TiO, powders; Evonik
P25 is used as a reference.

Samples k values (x10~3 min~1)
TiO,-pH3 7.1
TiO,-pH6 7.1
TiO,-pHY 75
NTiO,-pH3 8.0
NTiO,-pH6 2.8
NTiO,-pH9 54
P25 17
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Fig. 7. Photo-degradation of MB (10~ M) solution as a function of UV-A irradiation
time for undoped nano-TiO, powders synthesized at different pH; P25 standard is
used for comparison.
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Fig. 8. Photo-degradation of MB (10~ M) solution as a function of UV-A irradiation
time for N-doped nano-TiO, powders synthesized at different pH; P25 standard is
used for comparison.

commercially available P25, with a reaction kinetic nearly three
times higher. This is believed to occur due to the negative charges
present in the nanoparticles surface that attract the positively
charged MB molecule.

3.6. Photoluminescence of coumarin

Under UV radiation, the nanoparticles generate electrons (e~)
and holes (h*) pairs through redox mechanisms, which in turn
react with the MB dye. In an aqueous medium, h* then reacts with
H,0 and generate *OH radicals. Coumarin reacts with hydroxyl
radicals and yields various sub-products, being a particular one,
7-hydroxycoumarin, strongly fluorescent, as follows:

Coumarin + *OH — 7-hydroxycoumarin (4)

The 7-hydroxycoumarin fluorescence signal can be used to
determine the quantity of *OH generated in the reaction, due
to the strong oxidation ability of these radicals (2.8 V vs. SHE)
[24], which is than related to the photocatalytic activity of the
nanoparticles. Fig. 9(a) shows the changes in PL intensity from
the coumarin solution with UV-A irradiation time in the presence
of NTiO,-pH9 powder. It is noticeable the increase in the fluo-
rescence intensity over time at ~465nm. This intense emission
band is yielded from the efficient excited-state proton transfer
that occurs in aqueous solution, from the deprotonated form of
7-hydroxyl [28]. Hence, this signal can be related to the produc-
tion of 7-hydroxycoumarin from the reaction of coumarin with the
hydroxyl radicals produced during photocatalysis. Fig. 9(b) reveals
that the 7-hydroxycoumarin fluorescence intensity increases lin-
early with time, obeying a pseudo-zero-order reaction rate kinetics.
Thus, from the slope of the data presented in Fig. 9(b) it is possi-
ble to determine a zero-order rate constant of 2.4 x 103 min—! for
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Fig.9. (a) Photoluminescence spectra of coumarin solution (10~3 M) after UV-A irradiation during specific periods (60, 120, 180, 240 and 300 min) and (b) the time dependence
of the photoluminescence intensity of 7-hydroxycoumarin at 456 nm, in the presence of the NTiO,-pH9 powder.
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Fig. 10. Photoluminescence spectra of coumarin solution (10-3 M) after 120 min of
UV-A irradiation in the presence of N-doped and undoped TiO, powders.

the photooxidation of coumarin, which in turn is related with the
photocatalytic activity of the NTiO,-pH9 nanoparticles.

In order to investigate the effect of pH during TiO, nanoparticle
synthesis on the formation rate of radicals, PL experiments were
conducted in the same conditions as NTiO,-pH9 for all other pow-
der samples. By analyzing Fig. 10 it is possible to see that these
results are closely related to the photocatalysis assays, being the
NTiO,-pH9 sample the one that showed a higher amount of radi-
cal production after 120 min; and, as such from this optimization
procedure, sample NTiO,-pH9 was subsequently chosen to func-
tionalize the microcapsules, as it is presented in the next section.

3.7. Microcapsule morphology

The synthesized polyurethane microcapsules possess a near
perfect spherical morphology, with sizes ranging from 50 to
250 wm, as seen in Fig. 11(a). In some capsules unreacted or sub-
products are adsorbed to their external surface. Fig. 11(b) shows the

25
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Fig. 12. Chromatograms obtained by GC-MS for microcapsules loaded with
citronella, with and without functionalization with N-doped TiO, NPs and UV-
exposure.

microcapsules after being subjected to mechanical forces, exposing
their interior. The microcapsules have a hollow interior, with an
average wall thickness of 10 wm.

3.8. Evaluation of citronella release by GC-MS

The GC-MS analysis revealed the presence of citronellal
and limonene as the main compounds from the output yield
(Fig. 12). Four samples were tested to evaluate the output
of citronella from the polyurethane microcapsules (MC): (i)
microcapsules without nanoparticles (MC); (ii) microcapsules
functionalized with nanoparticles (MC+TiO,); (iii) microcapsules
without nanoparticles under UV irradiation (MC+UV); and (iv)
microcapsules functionalized with nanoparticles under UV irradi-
ation (MC+TiO, +UV). The nanoparticles used were the optimized
NTiO,-pH9, since these attained the best photocatalytic activity.

Fig. 11. Scanning electron microscopy micrographs of citronella-loaded polyurethane microcapsules (a) before and (b) after mechanical stress.
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Table 4
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Median number of eggs present in the water and microcapsules suspensions for the different tests performed.

Dose Laying substrate Median Sd Student’s t-test p
. Water 343.7 40.8
30% Suspension 0.0 0.0 58 s
15% Water 264.7 2422 ss ss
° Suspension 0.0 0.0
o Water 490.7 55.4
7.5% Suspension 243 37.9 12.035 0.0005
Sd: standard deviation; ss: not performed due to lack of statistical significance.
Table 5
IRE and BFI values obtained in the four tests.
Test number IRE x* p BFI x* p
1 84.57 30.85 <0.0001 92.65 11.73 0.0006
2 100 Ss Ss 100 Ss ss
3 70.70 5.53 0.0187 58.79 1.942 0.163
4 76.77 50.48 0.0001 82.55 7.076 0.0078
ss: not performed due to lack of statistical significance.
- I \IC Table 6
[ MC+TiO2 Percentage of females that reached compartment B, at control and test tunnels.

I MC+TiO2+UV|

Relative peak area (arb. units)

Limonene Citronellal

Fig. 13. Peak area of citronella output (from the GC-MS experiments in Fig. 12) for
the different tested samples.

From the analysis of Fig. 13 it can be observed that in dark
conditions the citronella output from the microcapsules with and
without decorated TiO, nanoparticles is very small. However, sub-
mitting the undecorated microcapsules to UV radiation increases
the output by 2 orders, due to the capability that ultraviolet
radiation has to degrade polymer chains, thus rupturing the micro-
capsule wall and yielding its release. However, a noticeable effect
is registered when functionalizing the microcapsule surface with
titanium dioxide nanoparticles and submitting these structures to
ultraviolet radiation: the citronella yield is doubled, when com-
pared to the undecorated capsules. This fact proves that titanium
dioxide has, in fact, the ability to accelerate the degradation of
the microcapsule wall upon UV-A irradiation, hence promoting the
release of its content.

3.9. In-vitro analysis

3.9.1. Laying deterrent effect

From the analysis of the mosquito laying deterrent effect, the
data presented in Table 4 suggests that the microcapsules have
a mosquito egg laying dissuasion capacity. In fact as the dose of
photocatalytic microcapsules loaded with citronella oil, which was
dispersed in the Petri dishes containing dechlorinated tap water,
increased from 7.5% to 30% the egg laying was inhibited, when
compared to all control dishes (water without microcapsules).
However, this dissuasion ability might be related to the physical
properties of the suspension, and as another type of tests must be

Tunnel Experiment number

1 2 3 4
Control 37.0% 10.7% 15.0% 64.5%
Test 5.7% 0.0% 4.4% 15.0%

conducted to properly draw a conclusion, as it is presented in the
next section.

3.9.2. Tunnel system repellent tests

Tunnel tests were performed with the same type of mosquitoes
used in the previous section experiments in order to evaluate their
repellent and blood feeding from a test rat inhibition. The data
shown in Table 5 presents IRE and BFI values above 50%, the critical
value above which a product is considered efficient [29]. Statis-
tically, IRE shows significant differences between the numbers of
captured females at compartment B in the test tunnel compared
to the control tunnel. As for the BFI, although the best results was
obtained in test number 2 (BFI: 100%; IRE: 100%), only 10.7% of
females reached compartment B in the control tunnel (as seen in
Table 6), thus these results were discarded. Despite a BFI index
superior to 50% in test number 3, there were no statistically sig-
nificant differences in the number of captured females between
control and test (p>0.05). Test number 1 provided the best repel-
lence results, where only 5.7% of the female mosquitoes reached
compartment B in the test tunnel, when compared to 37.0% that

40
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Fig. 14. Mean percentage (+Sd) of females that reach compartment B, in the control
and test tunnels.
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reached compartment B at the control tunnel. Fig. 14 shows the
median percentage, and respective standard deviation, of females
that reached compartment B at different times during the tests. It
is apparent that the number of females reaching compartment B in
the control tunnel box increases with time, while for the test tunnel
this number is practically constant.

4. Conclusions

TiO, nanoparticles with a crystallite size of the order of 10 nm
and a specific surface area >250 m?/g were prepared using a mod-
ified sol-gel method followed by a hydrothermal treatment at
200°C. The effect of pH during synthesis was studied, being the
nanoparticles synthetized at pH =9 the ones with the highest pho-
tocatalytic activity. It is believed that the alkaline pH confers a
negative charge to the nanoparticles surface, attracting the posi-
tively charge methylene-blue molecules. An attempt to dope the
TiO, nanoparticles with nitrogen was also carried out, by the addi-
tion of ethylene diamine during synthesis. Despite the slightly
higher band gap energy of the doped TiO, nanoparticles, when
compared to the undoped ones, it is indicative that nitrogen substi-
tutional doping in the TiO; lattice was not optimized, despite the
fact that the doped particles at pH =9 revealed enhanced photocat-
alytic kinetics. Furthermore, these N-doped nanoparticles showed
a higher photocatalytic activity than the commercially available
Evonik P25, making this synthesis method very promising.

The polyurethane microcapsules proved to be very strong
mechanically, while being relatively easy to manufacture. The
microcapsules showed a significant release of the encapsulated
product when functionalized on its external surface with the mod-
ified titanium dioxide nanoparticles and submitted to ultraviolet
irradiation, confirming that these nanoparticles can act as a release
trigger when the capsules are submitted to UV irradiation. In-
vitro tests showed some promising results, as the mosquitoes
preferred to lay their eggs in water, avoiding the water/citronella-
loaded photocatalytic microcapsules suspension. Moreover, in tests
where mosquitoes were separated from a feeding source using
a perforated textile (uncoated and coated with citronella-loaded
photocatalytic microcapsules), it was shown that the number of
mosquitoes passing through the untreated textile in order to feed
was much greater than in the treated textile.

The high photocatalytic activity of the nanoparticles coupled
with the good mechanical resistance and overall quality of the
microcapsules, and the ability to control the release of the active
agent prompted us to continue this work as this technology is very
promising.
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