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Abstract Microencapsulated finishes are an impor-
tant element in the development of new textiles. In this
context, a large area to be explored is microencapsu-
lation of essential oils in textiles. This technique offers
the possibility of developing new products with many
advantages over traditional fabrics, as traditional
finishing may be ineffective for reasons related to
uncontrolled release of the active principle while
microencapsulation aims to achieve increased duration
of the finishing effect. However, many studies present
only the application of microcapsules in a textile but do
not report how the release of the encapsulated material
occurs or the influence of the textile matrix. This paper
reports the mechanism and kinetics of controlled
release of microencapsulated citronella oil in cotton
and polyester. The microencapsulation was done by
complex coacervation with gelatin and gum Arabic as
shell materials. The resulting microcapsules were
analyzed by optical microscopy, scanning electron
microscopy, thermogravimetric analysis, and dynamic
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light scattering. They were then applied in cotton and
polyester and evaluated by attenuated total reflection
Fourier-transform infrared spectroscopy. Finally, the
controlled release of citronella from the microcapsules
deposited on the fabrics was studied in vitro. It was
found that the release was directly influenced by the
type of fiber: the microcapsules in polyester showed
diffusion by a Fickian mechanism, while a non-Fickian
kinetic model fit for the modified cotton. Comprehen-
sion of such controlled release processes is funda-
mental for achieving and developing more durable
finishing effects.

Keywords Cotton - Polyester - Citronella -
Microcapsules - Controlled release

Introduction

Finishing of textile products is a fundamental factor in
their commercialization (Salem 2010). Through such
processing, textiles go beyond protection of the human
body to interact in special ways with skin (Lv et al.
2014; Rubio et al. 2010; Wang et al. 2009). When a
textile starts to exhibit particularly useful properties
when in contact with the body, it becomes more
interesting and attractive to the consumer.

Changes made during fabric improvement are
called “finishes.” Some finishes applied to textile
products suffer from great limitations in terms of
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application or durability. These limitations are related
to the sensitivity of such substances, which may
oxidize, be inhibited, or evaporate on mere contact
with the environment (Feczké et al. 2010; Ozdemir
and Gokmen 2015; Qv et al. 2005; Yang et al. 2014).
There therefore exists a need to protect them from the
environment in order to extend their service life and
control the release of such products. According to
Desai and Park (2005), Jamekhorshid et al. (2014),
Leclercq et al. (2009), and Nesterenko et al. (2013),
this can be achieved by creating an envelope around
the product through microencapsulation.

Microencapsulation is a commonly used technique
in food and pharmaceutical industries, but has been
little explored for use in textile industry. In the 1990s,
some commercial applications appeared (Nelson
2002), and over the years, manufacturers of textile
articles have demonstrated increasing interest in
fabrics with new properties to enable their
improvement.

Applications of microcapsules in the textile field
range from utilization as fire-retardant agents (Nelson
2002), protection against atmospheric agents (Annan
et al. 2008; Souza et al. 2012; Zimet and Livney
2009), to functional finishes (Rubio et al. 2010; Cheng
et al. 2009; Li et al. 2013; Hassan and Sunderland
2015; Matin et al. 2013). Utilization of microencap-
sulated active substances in cotton and polyester
fabrics has attracted increasing attention with the
development of functional fabrics with various effects
to solve problems that cannot be addressed by
traditional processing (Li et al. 2013; Ma et al. 2009;
Sanchez et al. (2010).

Currently, among these possibilities, according to
Frederiksen et al. (2003), in relation to the active
principle, the greatest interest in microencapsulation
in the textile industry is related to application of
durable essential oils to fabrics to obtain controlled
release in medical applications (Chatterjee et al.
2014). Such controlled liberation allows extension of
the oil’s service life, thus avoiding its rapid evapora-
tion and improving its performance (Martins et al.
2014; Tzhayik et al. 2012; Gillij et al. 2008).

The medical effect depends on the type of oil used.
Several essential oils have already been applied, such
as lavender, rosemary, and jasmine, exhibiting medic-
inal properties (Martin et al. 2013; Karaman et al.
2001; Piacentini et al. 2013; Fei et al. 2015; Wang
et al. 2014; Shahid-ul-Islam and Mohammad 2013) as
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well as protection against disease vectors (El Asbahani
et al. 2015; Prajapati et al. 2005; Solomon et al. 2012;
Specos et al. 2010).

An oil that has drawn attention because of its
functionality and effects is citronella essential oil
(CIEO) from Cymbopogon nardus (El Asbahani et al.
2015; Solomon et al. 2012). According to the results
of Specos et al. (2010), CIEO shows mosquito repel-
lent action, especially against Aedes aegypti. On the
other hand, some researchers have reported that this
oil may be ineffective for reasons related to its
uncontrolled release; it should be released in small
quantities, or rapidly released with reduced protection
duration. Therefore, controlling the release of such
essential oils is a research area of great importance
(Hsieh et al. 20006).

Consequently, producing microcapsules of CIEO
and applying them to textile products represents an
alternative approach for controlled release. Chatterjee
et al. (2014) noted that microcapsules loaded with
essential oil and applied to a textile substrate could
effectively interact with the skin, achieving function-
alization of the material.

The novelty of this work is to produce gum Arabic/
gelatin microcapsules with citronella oil as core active
principle and to study how citronella is retained in the
microcapsules. This is a preliminary study to clearly
establish the potential for use of citronella microcap-
sules in cellulosic substrates without binder. Binders
usually change many properties of the fabric and
modify the mechanisms of delivery.

The specific goals of this work are to microencap-
sulate citronella essential oil and apply such micro-
capsules to two textiles, viz. cotton and polyester, then
to model the controlled release of the oil from each
fabric using the Higuchi (1963) and Korsmeyer et al.
(1985) kinetic models (Korsmeyer et al. 1985; Shukla
et al. 1993; Dash et al. 2010; Shimokawa et al. 2013).

Materials and methods
Materials

Materials used to prepare the microcapsules were
type A gelatin (GE, Sigma Chemical, Germany), gum
Arabic (GA, Sigma Chemical, Germany) as shell
materials and citronella essential oil (WNFt, Brazil) as



Cellulose (2016) 23:1459-1470

1461

core material. Glutaraldehyde (50 %), sodium lauryl
sulfate (SLS), citric acid, sodium hydroxide, and all
other chemicals used were of analytical grade. Stan-
dard woven fabrics, namely cotton fabric (COT,
bleached and desized cotton print cloth, style 400,
100 g m~2, ISO 105-F02) and spun polyester type 54
fabric (PES, style 777, 126 g m_z, ISO 105-F04),
were used, both from Test Fabrics Inc. (USA).

Methods

Preparation of microcapsules by complex
coacervation

The complex coacervation protocol was applied based
on the works of Wang et al. (2014), Piacentini et al.
(2013), Lv et al. (2013), Leclercq et al. (2009), and
Desai and Park (2005), including insertion of two
biopolymers, pH correction, and insertion of a cross-
linking agent.

The process began with formation of three emul-
sions prepared separately in aqueous solution. The first
one contained 3 g gelatin in 50 mL water under
stirring and temperature of 50 °C. The second emul-
sion contained 50 mL water at 50 °C under stirring
with 5 mL citronella essential oil and 0.3 g sodium
lauryl sulfate (SLS). The third emulsion was prepared
with 100 mL water and 3 g gum Arabic at ambient
temperature under stirring.

The first and second emulsions were mixed until
complete dissolution. In this stage, agitation was
increased to 500 rpm to guarantee thorough dispersion
of the oil and obtain small-diameter droplets. Then, the
third emulsion was added to the main mixture
followed by adjustment to pH 4 using citric acid,
leaving this preparation for 90 min until total
stabilization.

The resulting solution was cooled to temperature
<8 °C, leaving it for 1 h. Then the pH of the solution
was adjusted to 8-9 using NaOH, and 1 g glutaralde-
hyde (50 %) was added dropwise. The system was left
for 12 h under stirring at room temperature, resulting
in microcapsules for application to fabric substrates.

Application of microcapsules to the fabrics was
done by the foulard process, followed by drying at
room temperature (Carrera et al. 2013). COT and PES
textile articles were impregnated for 1 min in
30 g L™! microcapsule solution, then passed through
a foulard at pressure of 2-3 bar and speed of

2 m min~'. The treated fabric samples were finally
conditioned at 20 &2 °C and 65 £ 5 % relative
humidity for 24 h before weighing and subsequent
experiments.

Assessment of microcapsule morphology

Optical microscopy and scanning electron microscopy
(SEM) were performed to verify the distribution of the
microcapsules, as shown in Fig. 1, revealing the
homogeneity of the solutions, as well as the size
distribution of the microcapsule shells. BX43

Fig. 1 a Optical microscopy image of microcapsules formed
by complex coacervation (magnification 1000x). b Scanning
electron micrographs of microcapsules with citronella oil
(1820x%)
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(Olympus) equipment was used at magnification of
500x and 1000x and a JEOL-JSM 5610 scanning
electron microscope at magnification of ~1820x.

Efficiency of encapsulation

The efficiency of encapsulation was obtained indi-
rectly by following the methodology presented by
Wang et al. (2014) in liquid phase by ultraviolet—
visible (UV-Vis) spectroscopy (UV-240 LPC, Shi-
madzu) with UVProbe photometric software (version
2.43).

Absorbance readings were taken for the solution
prepared according to “Preparation of microcapsules
by complex coacervation” section, and the maximum
peak absorbance at 333 nm was used. The efficiency
of the encapsulation process was determined using
Eq. (1):

Ci—Cq

t

E(%) = x 100, (1)
where C; is the theoretical concentration of microen-
capsulated essential oil and Cy is the concentration of
essential oil remaining in the bath solution.

Thermogravimetric analysis

The thermal stability of the microcapsules was studied
by thermogravimetric analysis (TGA, SDTA851, Met-
tler Toledo) with STARe software (version SW 9.01).
The thermal behavior of gelatin, gum Arabic, citronella
essential oil, and microcapsules (dry) was analyzed
using heating rate of 10 °C min~', temperature range of
30-800 °C, and nitrogen atmosphere.

Size distribution of microcapsules and complexes

The microcapsule size was analyzed by the dynamic
light scattering (DLS) method using Nanoplus equip-
ment (EDS) with Nanoplus common software (coxtin
method), with 70 accumulations for each sample.

ATR-FTIR assessment of substrate finishes

Fourier-transform infrared (FTIR) spectroscopy was
used to investigate the functional groups present.
A Frontier device (PerkinElmer) with resolution of
1 cm™" was used with 64 accumulations in attenuated
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total reflectance (ATR) mode in the intermediate
infrared range from 650 to 4000 cm ™.

Quantification and mathematical model fitting
of controlled release of citronella essential oil

The release profiles of citronella essential oil from the
textile substrates were determined in vitro in triplicate
as follows: After treatment with microcapsules, cotton
and polyester fabrics were placed in a bath ther-
mostated at 37 °C £ 0.5 °C under agitation in a
WNB14 shaker (Memmert). Aliquots of 2 mL were
extracted and filtered at predetermined times, and their
absorbance was determined by spectroscopy in the
ultraviolet range at 333 nm (oil) using a UV-240LPC
(Shimadzu). Mathematical adjustments to obtain the
drug release from the polymeric matrices were derived
from the Higuchi (1963) equation for planar films:

M,
M

=K1, (2)

where ,&4—; is the percentage of drug released at each
time point ¢ relative to the percentage released at
equilibrium and K is the Higuchi constant for drug
release.

Other aspects of the release mechanism were
evaluated using the model of Korsmeyer et al. (1985):

M, "

M. K1", (3)
where 7 is a diffusion exponent indicating the type of
release mechanism as Fickian diffusion (n = 0.5),
anomalous diffusion (0.5 < n < 1.0), or non-Fickian
diffusion (n = 1.0).

For statistical analysis, triplicate data are presented
as mean =+ standard deviation (SD). Statistical signif-
icance (p < 0.05) was determined by one-way analysis
of variance (ANOVA) using OriginPro version 8.5.1.

Results
Morphology

A homogeneous distribution of microcapsules was
observed in terms of size and shape (mostly spher-
ical), as shown in Fig. la. After the microcapsules
had been dried, they were well defined without
cluster formation. It can also be observed from
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Fig. 1a that the formed microcapsules had multiple
cores, in agreement with the results of Jamekhorshid
et al. (2014).

Multicore microcapsules generally exhibit more
regular controlled release compared with those with a
single core, as observed in the work of Wang et al.
(2014). This is because multicore microcapsules can
release the encapsulated active substance slowly over
time, while those with a single core normally release
the ingredient in a burst, that is, in a single short
instant.

Another noteworthy factor is the reduced size of the
formed microcapsules, facilitating their absorption
and penetration into the fabric surface during the
finishing process. Li et al. (2013) also considered such
reduced size to be advantageous for controlled dosage
and increased durability of the textile finish.

Figure 1b shows a scanning electron microscopy
(SEM) image of microcapsules, verifying the uniform
distribution and reduced size seen by optical micro-
scopy. One can also note from Fig. 1b that a small
fraction of the microcapsules do not have perfect
spherical shape but are elongated ellipsoids, similar to
microcapsules found in the work of Krishnan et al.
(2005). According to Leclercq et al. (2009), this
occurs due to strong stirring during the coacervation
stage and limited concentration of the negatively
charged colloid (gum Arabic in this case).

Yield analysis of citronella oil encapsulation
process

To assess the microencapsulation efficiency, one must
determine the maximum absorbance peak for citro-
nella essential oil. Wavelength scanning was done
from 250 to 550 nm, revealing peak absorbance for
CIEO at 333 nm. The oil concentration was then
calculated using Eq. (4):

Coit = 0.08309 X absssz + 0.0008864, (4)

where C,; is the concentration of citronella essential
oil (in mL mL™") and absss; is the absorbance at
333 nm (%).

The average yield of microencapsulated oil mea-
sured in this way was 51.37 £ 3.33 %, within the
range of results presented by Solomon et al. (2012),
who performed citronella oil microencapsulation by a
simple coacervation method with yield of 36.20-
62.80 %. Our yield is also within the range of results

presented by Yang et al. (2014), who microencapsu-
lated vanilla oil by complex coacervation.

TGA of microcapsules

Thermograms are essential for analysis of microcap-
sule formation, providing information on each con-
stituent of the microcapsules for comparison. Figure 2
shows the TGA curves (Fig.2a) and their first
derivatives (Fig. 2b) as functions of time. Table 1
summarizes the most important thermographic results.

The thermogravimetric curves in Fig. 2a and the
data in Table 1 reveal distinct mass losses for each
component, indicating thermal decomposition in dif-
ferent stages. Citronella presents mass loss in a single
stage, while gelatin and gum Arabic present two, and
the microcapsules present three stages. These thermal
events are equivalent to those reported by Otélora
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N - - - - Gelatin
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Fig. 2 a TGA and b differential TGA curves for citronella,
gelatin, gum Arabic, and microcapsules
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Table 1 Thermogravimetric data for citronella essential oil, gelatin, gum Arabic, and microcapsules

Citronella Gelatin Gum Arabic Microcapsules
Stage 1
AT g * 30-192.5 °C 30-124 °C 30-116.2 °C 30-131.8 °C
Tmax 192.5 °C 92.7 °C 92.7 °C 124 °C
Mass loss 97.8 % 7.7 % 8.5 % 2.4 %
Stage 2
AT gec - 241-460 °C 233-398 °C 233-272 °C
Tinax - 296 °C 280 °C 260 °C
Mass loss - 61.7 % 61.4 % 53.1 %
Stage 3
AT o - - - 280-429 °C
Tmax - - - 288.5 °C
Mass loss - - - 32.8 %
Residual 0% 19.6 % 18.7 % 92 %

AT4..* decomposition temperature

et al. (2015) for microencapsulation of betalains
obtained from Opuntia ficus-indica cactus fruit.

Mass loss of citronella essential oil started at about
30 °C and ended at around 200 °C, close to the
temperature range for evaporation of citronella essen-
tial oil of 201-207 °C reported by El Asbahani et al.
(2015). Analysis of the thermogram curve and its first
derivative shows that the oil evaporated completely.
Thus, this oil is highly volatile and requires protection
to extend its durability when applied to surfaces. This
is analogous to the thermal behavior of jasmine oil as
observed by Lv et al. (2014), indicating that most of
the mass of the sample was lost below 150 °C with no
thermal durability.

For gelatin and gum Arabic, the first mass loss stage
indicates evaporation of all residual water present in
these compounds (Torini et al. 2005). The liberation
of humidity seen in the TGA and dTGA curves for
mass loss in Fig. 2 occurs in the initial temperature
range of the analysis, approximately up to the boiling
temperature of water. In this case, the mass loss
extends to 124 °C for gelatin and 116.2 °C for gum
Arabic. Quantitatively, 7.7 % (m/m) and 8.5 % (m/m)
is lost, respectively.

Pyrolysis of gelatin and gum Arabic occurs in the
same decomposition range of 200-500 °C, denoted as
stage 2. These two compounds present similar behav-
ior in the decomposition zone in terms of mass loss
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(61.7 and 61.4 %, respectively) and residual mass
(19.6 and 18.7 %, respectively).

In the thermogram for the microcapsules, three
thermal events are observed: a first stage of mass loss
at a temperature 2.4 % higher than the boiling
temperature of water, close to that found by Yang
et al. (2014), i.e., 2.2 % higher for microcapsules
prepared using chitosan and gum Arabic as shell
materials.

The second stage of mass loss occurred in the upper
temperature range, beginning at 233 °C and extending
up to 272 °C. In this stage, 53.1 % mass loss occurred,
close to the value of 56 % presented by Fei et al.
(2015) for microencapsulation of rose essential oil.
This value corresponds to the amount of microencap-
sulated active principle released due to initial degra-
dation of the constituent chains of the shell materials
(~53.1 %). This loss is also close to the amount of
microencapsulated active substance released due to
degradation of protein shell chains, as verified by Lv
et al. (2013).

Figure 2 shows that the second stage of the curve
for the microcapsules occurs in a few seconds, due to
the high volatility of the citronella oil, as can also be
observed in the corresponding first derivative curve. A
similar result was obtained in the work of Yang et al.
(2014), where microcapsules were prepared using
chitosan and gum Arabic as shell materials.
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Stage 3 corresponds to pyrolysis of the microcap-
sules in the decomposition range from 280 to 429 °C.
This range agrees with the pyrolysis temperatures of
gelatin and gum Arabic; it should be stressed that only
in this stage are both materials totally decomposed, as
shown by Al-Shannagq et al. (2015).

The overall results of the thermal analysis reveal
that incorporation of citronella essential oil by the
microencapsulation process results in a complex with
high thermal stability compared with the free oil,
indicating that microencapsulation protects the oil,
making it more resistant to evaporation.

Microparticle diameter estimation by DLS

Figure 3 shows the size histogram and corresponding
accumulated distribution for the microcapsules. These
results demonstrate that the microcapsules of citro-
nella essential oil had a restricted diameter distribution
in the range from 1 to 18 pm, with the greatest
proportion of particles (around 90 %) in the range
from 3.5 to 7.5 pm. This homogeneous distribution is
confirmed by Fig. 1 and by the cumulative particle
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Accumulation of the distribution (%)
8
1
1

0,01 1 1 1 1 1 1 1 1
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0 2 4 6 8 10 12 14 16 18
Diameter of microcapsules (um)

Fig. 3 Size distribution histogram and accumulated distribu-
tion for citronella essential oil microcapsules

size distribution in Fig. 3, which reveals that only
small fractions of the microcapsules had small or large
diameter.

The average microcapsule diameter was 5.435 um
(Table 2), in agreement with the work presented by
Jamekhoshid et al. (2014), who pointed out that the
range of average diameter for microcapsules formed
by the coacervation method is 2 to 1200 pm, as well as
that of Prata and Grosso (2015), but smaller than that
given by Qv et al. (2005), who microencapsulated
lutein using complex coacervation to obtain an
average microcapsule diameter of 14.98 pum.

Application to textile substrates

The results of application of the microcapsules are
presented in Table 3.

The recorded data imply that, at the end of the
process, it was possible to observe microcapsules on
the surface of the fabrics. Cotton, the more hydrophilic
fiber, exhibited higher microcapsule retention (0.w.f.
%) (7.10 £ 0.22) than polyester (5.35 £ 0.09). This is
due to the functionality of COT, as revealed by the
ATR-FTIR results (Fig. 4).

ATR-FTIR evaluation of substrate finishes

ATR-FTIR spectroscopy was applied to cotton (Fig. 4)
and polyester (Fig. 5) with no surface treatment and
when treated. Figure 4a (COT) shows the spectrum for
the original cotton fabric, and Fig. 4b (COT-MIC) after
the application of the microcapsule finish. Equivalently,
Fig. 5a (PES) and 5b (PES-MIC) show spectra for the
original polyester fabric and after application of the
microcapsule finish, respectively.

After treatment (Fig. 4b, COT-MIC), one can
observe the appearance of a band at 1545.55 cm™ !,
characteristic of amide II group (Silvestrin and Ale-
castro 2007), confirming the presence of microcapsules.
During the coacervation process, carboxylic groups of
the polysaccharide (gum Arabic) interact with amine
groups of the protein (gelatin). The same result was
presented by Rocha-Selmi et al. (2013) for microen-
capsulation of aspartame with gelatin and gum Arabic.
The disappearance of the band at 1734 cm™' corre-
sponding to C-O-C bond reveals the interaction
between the substrate and finish. Also, one can observe
displacement of the axial aliphatic CH deformation
from 2922 to 2900 cm ™', indicating possible hydrogen-
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Table 2 Statistical data for microcapsule diameter

Number of microcapsules Mean (pum) Standard deviation (um) Minimum (pm) Maximum (pm)
1008 5.435 1.784 1.566 17.247
Table 3 Results of the finishing process with microcapsules in COT and PES fabric

COoT PES
Mass (g) 0.213 £ 0.005 0.221 + 0.017
Pick-up (%)* 174 £ 5 128 £ 2
o.w.f (%)** 7.10 £ 0.22 5.35 £ 0.09

* pick-up (%) theoretical percentage of product present after impregnation, wet fabric, with relation to the dry fabric

** 0.w.f. (%) (on weight of fibers) amount of product applied, calculated by mass difference between the dry fabric untreated and dry

fabric after the finish
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T
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Fig. 4 ATR-FTIR spectra of 100 % COT textile substrate with
and without microcapsule finish

bonding interactions according to Carrera et al. (2013).
This hints at the formation of hydrogen bonds between
the cotton fiber and microcapsules.
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Fig. 5 ATR-FTIR spectra of 100 % PES textile substrate with
and without microcapsule finish

Comparing the results for polyester fabric (Fig. Sa,
b), the presence of new bands can be verified in the
regions of 661 and 900 cm ™', being characteristic of
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CH bond present in gum Arabic (Lopes and Fascio
2004). One can also notice the presence of a band at
1450 cm™ ", corresponding to C=C of aromatic alke-
nes present in gelatin (Lopes and Fascio 2004),
showing that there was treatment, but only superficial
without any interaction.

Release kinetics of citronella essential oil

Many mathematical models have been developed to
describe active substance release from microcapsules,
but the most frequently used are those of Higuchi and
Korsmeyer et al. (1985), Egs. (2) and (3). In vitro
studies were carried out over 24 h and the release
profile modeled using Origin 8.0° software.

Analyzing the controlled release profiles (Fig. 6),
one can observe that the process of CIEO liberation
occurred in two distinct steps: in the first step, free oil
on the fabric surface was lost by evaporation. As seen
in Figs. 4 and 5, this step corresponds to disappearance
of the aldehyde group band. The second step corre-
sponds to release of microencapsulated oil. However,
each textile product presented different behavior,
being closely related to the specific interactions
between each fiber and the microcapsules.

From Fig. 6a, one can see that, after 35 min, there
was a change in the slope of the release curve,
highlighting a change in the release mechanism.
Similarly, in Fig. 6b, the controlled release of oil
from polyester also shows two steps, with the first
stage ending after 15 min.

It can be observed that, in the controlled release of
citronella essential oil applied to cotton (Table 4), the
Korsmeyer—Peppas model gives the best correlation
coefficient (R? = 0.9540) and chi-squared value
(0.0053). In this stage of release, the Korsmeyer—
Peppas model gave n = 0.5833 + 0.0573, indicating
that the system shows an anomalous diffusion mech-
anism, i.e., non-Fickian transport (Korsmeyer et al.
1985; Lee 1985). According to Lee (1985), this is due
to relaxation of the polymeric matrix, giving rise to
more than one type of release of the active principle.

This double release mechanism occurs because
cotton is a hydrophilic fiber; its greater affinity for
water swells the textile matrix when in contact with
water (Salem 2010), causing relaxation of the chains
and modifying the interaction between the fiber and
essential oil, making the water less available for
release.
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The release of essential oil from 100 % polyester
fabric shows that, in the first stage of release, about
40 % of the active substance was lost, leading to a
higher  kinetic  constant than for cotton
(K =0.2189 £ 0.0304 for polyester  versus
K = 0.0611 %+ 0.0015 for cotton; Table 4). This can
be explained as a consequence of the high hydropho-
bicity of polyester (Fité 1995). On the other hand, the
diffusion coefficients for oil release from the fabrics
were relatively similar, with Dy values of approxi-
mately 0.20 x 1072 min~' for polyester and
0.15 x 1072 min~" for cotton.

The high affinity of the active substance to the
medium as opposed to the fiber is explained by Salem
(2010) as being due to the fact that polyester fiber does
not interact in any way; rather, there is repulsion of
chemical products in contact with the fiber surface,
facilitating removal of the finish. The microcapsules
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Table 4 Model parameters Model Parameter Cotton Polyester
for controlled release of
citronella essential oil Higuchi R? 0.9476 0.8291
applied to textile substrates K 0.0873 + 0.0032 0.0997 £ 0.0058
Dy (107%)* 0.1496 £+ 0.0110 0.1952 £+ 0.0227
Korsmeyer—Peppas R? 0.9540 0.9477
K 0.0611 £+ 0.0015 0.2189 + 0.0304

Dy¢* diffusion coefficient
(minh)

n

0.5833 & 0.0573 0.3177 &+ 0.0329

do not interact with the polyester matrix, remaining on
the fabric surface only.

It can be observed that, in the case of polyester
(Table 4), the Korsmeyer—Peppas model also gave the
best correlation coefficient (R* = 0.9477) and chi-
squared value (0.0056). Based on the exponential
parameter in the Korsmeyer—Peppas equation, the
release mechanism is Fickian with n = 0.3177 +
0.0329, not depending on chain relaxation (Fité 1995),
and contact with water does not cause swelling and
interslip. Séti et al. (2015) showed in their work that
the hydrophobicity of the matrix can change the
release mechanism, as well as influence the release
constant.

Carreras et al. (2013) showed in their work that
microcapsules applied to polyester displayed the
highest kinetic constant of 2.90 min~!, while for
cotton the kinetic constant was 0.09 min—", revealing
the weak interaction between polyester and the finish,
as also seen in this study.

Conclusions

Microcapsules of citronella essential oil with almost
perfectly spherical shape were obtained, allowing
better penetration into fiber interstices. In addition,
cotton as a hydrophilic fiber was shown to be more
suitable to receive citronella oil microcapsules. ATR-
FTIR analysis suggested the possible emergence of
hydrogen bonds between cotton fiber and the micro-
capsules, strengthening the controlled release of oil
from the cellulose matrix, even without use of binders.
This represents an innovation, since there would be no
change in the essential physical characteristics of the
fabric, such as strength, touch, and resilience, which
are usually modified by the presence of ligands.
Thermal analysis revealed that microencapsulation
of the oil improved its thermal characteristics, making
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it less volatile and thus applicable to textile substrates
in high-temperature processes. Protection of citronella
essential oil is also important to prolong its release,
because excessive oil release with reduced protection
duration would result in inefficient repellent action in
applications.

The low diffusion coefficients obtained in this work
indicate controlled release depending on the substrate,
just as the release kinetic mechanism was also
influenced by the type of fiber. Therefore, depending
on the desired characteristics of the final product,
textile fibers can be selected from a wide variety of
natural or synthetic polymers to achieve different
release properties.
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