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Two types of microparticles with a double layered shell containing an acid dye were prepared by using a melt
dispersion–coacervation process. The surface morphology and the composition of the microcapsules were
investigated using scanning electron microscope (SEM), and Fourier-transform infrared spectroscope (FTIR)
respectively. The results showed that the loading content and morphologies strongly depend on the
composition, the protective colloid, as well as on the outer polymeric shell and the way the solvent
solubilizes it. The thermo-physical properties strongly depend on the nature of the core content and the
synthesis conditions. Factors affecting the release performance of the microcapsules were investigated and
the results are presented in this paper.

© 2009 Elsevier B.V. All rights reserved.
1. Introduction

The application of microencapsulated dye technology in textile
dyeing and printing has been investigated since early 90s [1]. Mi-
crocapsules are tiny particles in the size range of 1 µm to 2 mm
surrounding functional materials with a polymer shell. The release
properties of the polymer that forms the shell depends on the class of
the wall materials, but also on the microencapsulation methods, on
the physico-chemical parameters of the process, on the mean particle
size and on the membrane thickness [2,3]. In recent years, composite
microparticles comprising of polymeric matrixes embedded with dye
have attracted much interest in the field of dyeing textiles [4].

The water-soluble anionic dyes, which are one of the most im-
portant groups of dyes used in the textile dyeing industries, are used
to dye fabrics like wool, nylon and silk. Microencapsulation of dyes
allows them to be protected from the outside environment. It also
allows them to have a reduced reactivity and so ensures good dyeing
characteristics [4]. Up to now, reactive and dispersed dye were es-
sentially encapsulated by interfacial polymerization in polyurea and
polyurethane shell [5–10] or in a liposomic structures [11] whereas
acid dyes were only entrapped in a liposomic structure [12,13].

Core-shell microcapsules have been investigated widely and sig-
nificant promise for providing new functionalities was shown. Thus,
many “smart”microparticles have been synthesized to act in response to
l'ermitage, BP 30329, 59100
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the change in environmental stimuli, e.g. temperature [14–17], pH[18],
light [19,20], electric [21] or magnetic field [22], and other stimuli. The
microparticles using a single polymer shell present certain numbers of
disadvantages including an initial burst, caused by the release of the
active substance trappedon thesurfaceduring the encapsulationprocess
and a low encapsulation efficiently for highly water soluble compound.
The addition of a second polymer layer to a polymeric microparticle to
form a two-layered structure may overcome these limitations. Thus
these structures may provide the opportunity to improve the thermal
conductivity and stability of the particles [23,24]. Furthermore, the
selection of the appropriate core and the appropriate shell polymer
chemistries plays an important role to control the release of the active
substance [25] and to incorporate theparticles on a substrate [26]. One of
the possible ways to achieve the linkage on a textile substrate is to fuse
the outer thermoplastic wall by a “hot-melt” process.

Various approaches have been designed to prepare this two-
layered polymer blend structure to obtain required properties. One
method entails a polymer–polymer phase separation of a binary blend
of polymer solutions, which results in the formation of double walled
microparticles [27]. Another method is to encapsulate active sub-
stance in microparticles using conventional microencapsulation
technique and then coat these particles with a second polymer.
With the formation of the outer coating, the active substance diffusion
and the burst effect during the process are reduced since no active
substance is entrapped on the surface of the particles [28].

Gander et al. [29] have shown that the morphology of the
microparticles depended on the polymer solvent system. One method
predicting the solubility of a solute in a solvent is to compare their
solubility parameters. Thus, a good solvent for a solute such as a
polymer has a solubility parameter close to that of the solute's one.
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Table 1
Solubility parameter components of various solvents and interaction radius.

Solvent δd (MPa1/2) δp (MPa1/2) δh (MPa1/2) δh (MPa1/2) Rij

Acetone 15.5 10.4 7.0 19.9 11.2
Chloroform 17.8 3.1 5.7 18.9 4.9
Cyclohexane 16.8 0 0.2 16.8 2.2
Dichloromethane 18.2 6.3 6.1 20.2 7.6
Ethanol 15.8 8.8 19.4 26.5 19.1
Ethyl acetate 15.8 5.3 7.2 18.2 7.0
Hexane 14.9 0.0 0.0 14.9 4.1
Petroleum ether 15.2 0.0 0.0 15.2 3.7
Toluene 18.0 1.4 2.0 18.2 3.0
Xylene 17.8 1 3.1 18.1 2.6
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Hildebrand or partial Hansen solubility parameters (δt, δd, δp, δh) can
be used for predicting polymer/solvent properties.

In this work, we have checked the ability to synthesize micro-
capsules containing acid dye with an uncoloured shell: once the
microcapsules are applied on the textile support, the colorant is re-
leased by melting the microcapsule shells forming specks which can
penetrate the textile. The microparticles were prepared using a melt
dispersion-coating method. Gelatin, a natural macromolecule, is
widely used in biomedical and biotechnological applications and is a
good candidate for preparation of microspheres andmicrocapsules for
the purpose of controlled release applications of drugs. The aim of this
study was to prepare microcapsules containing a water-soluble dye
used in the textile industry which changes colour irreversibly
according to the external environmental conditions. Microencapsu-
lated acid dyes have been characterised in terms of thermal properties
measured by Differential Scanning Calorimeter (DSC), morphological
structure (SEM), chemical composition (FTIR) and colour differences
(E⁎) using spectrophotometer.

2. Experimental

2.1. Materials

Commercial grade dye AR57 (Nylosan Red EBL) was supplied by
Clariant-Switzerland and used without further purification. Carnauba
wax, poly(vinyl alcohol) (M.W. 95000, 95% hydrolysed), gelatine used
as emulsifiers and span 85, employed as surfactant, were purchased
from Acros Organics and Aldrich, respectively. Carnauba wax belongs
to the naturally occurring waxes of vegetable origin, which constitutes
mainly high molecular weight esters [30,31]. Low density polyethy-
lene (PE) and polystyrene (PS) were obtained from Elf Atochem and
BP chemicals respectively. Toluene, Chloroform and Petroleum ether
from Aldrich are used as received.

2.2. Methods

2.2.1. Solvent selection
Carnauba wax was used as the encapsulating material. Ten organic

solvents having a Hansen solubility parameter of 14–27 MPa1/2 were
screened for polymer solvency (Table 1). 1 g of carnauba wax was
added to test tubes containing 10 ml of the test organic solvent. The
test tubes were agitated during 2 h at 50 °C. Solubility of carnauba
was judged by visual examination. Solvents were classified into four
groups: good solvents that formed clear wax solutions; intermediately
good solvents that formed turbid wax solutions; intermediately poor
solvents that weremarginally able to swell thewax; and poor solvents
in which the carnauba wax remained intact.

The Hansen solubility parameters consist of three components,
with a dispersion term δD, a polar term δP, and a hydrogen-bonding
term δH, which together make up the total solubility parameter δt, and
their relationship can be expressed as in Eqs. (1) and (2):

δ2t = δ2d + δ2p + δ2h ð1Þ

δt =

ffiffiffiffi
E
V

r
ð2Þ

Where, E is the vaporization energy of the solvent, and V is
the molar volume of a solvent. Solubility parameters are not avail-
able for carnauba wax. In this case, the calculation of Hansen
solubility parameters can be estimated by incremental methods.
There are based on group attraction constants FDi and FPi, for dis-
persion and polar components, and group cohesion energies EHi.
The contributions of the different groups to the cohesion energy
and the molar volume have been published by Fedors [32] and
corresponding solubility parameters can be calculated by means
of Eqs. (3), (4) and (5).

δd =
ΣiFDi
ΣiVi

ð3Þ

δp =

ffiffiffiffiffiffiffiffiffiffiffiffiffi
ΣiFPi&

p
ΣiVi

ð4Þ

δH =

ffiffiffiffiffiffiffiffiffiffiffi
ΣiEHi
ΣiVi

s
ð5Þ

The chemical composition of carnauba is complex, and the
different components can be fallen into five classes such as fatty
acids, ω-hydroxy fatty acids, alcohols, α,ω-diols and cinammic acids
[33]. Thus, in this study, to calculate the solubility parameters from
Hansen theory, we consider that carnauba wax is composed almost
entirely of esters of C24, C26 and C28 carboxylic acids and C30, C32 and
C34 straight-chained primary alcohols and contains more essentially
myricyl cerotate (C25H51COOC30H61) and small quantities of free
cerotic acid (CH3(CH2)24COOH) and myricyl alcohol (C30H61OH) [33].

Furthermore, according to Hansen, the region of good solubility
can be characterized by the distance between solvent and polymer
and defined as a sphere in the three-dimensional space of the sol-
ubility parameters. The corresponding interaction radius for solvent i
and polymer j is therefore given by Eq. (6):

Rij = 4 δd;i−δd;j
� �2

+ δp;i−δp;j
� �2

+ δh;i−δh;j
� �2

� �1
2 ð6Þ

This means that a polymer is probably soluble in a solvent if the
Hansen parameters for the solvent lie within the solubility sphere for
the polymer. In order to predict the solubility, the distance Rij must be
less than the interaction radius of the polymer, Rj. Here, we replaced
the polymer by carnauba wax. Thus, the calculated Hansen solubility
parameters of carnauba wax are δd=16.6 MPa1/2, δp=0.5 MPa1/2,
δh=2.3 MPa1/2 and δt=16.8 MPa1/2.

2.2.2. Preparation of double-walled microparticles
The microencapsulation of an acid dye was carried out in a 500 ml

three neck round-bottomed flask equipped with a mechanical stirrer
by a melt dispersion–coacervation technique. Typical procedure for
the preparation of double layered shell microcapsules was divided in
two steps in which firstly, spherical particles were prepared by using
carnauba according to the w/o melt dispersion method, and secondly
these later were entrapped with a surrounding polymer either PS or
PE by a coacervation-phase separation technique induced by the ad-
dition of a non-solvent either ethanol or water (Fig. 1).

2.2.2.1. Preparation of microparticles. 40 ml of an aqueous phase
containing an acid dye solution (1%-wt) and 0, 0.33, 0.66, 1.33 or
3.33%-wt of gelatin were emulsified at 900 rpm with a mechanical



Fig. 1. Schematic representation of the microencapsulation process.
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stirrer in a lipophilic phase for 2 min at 75 °C. The lipophilic phase
consisted of 50 g of carnaubawax and 3 g of Span 85 were dissolved in
50 ml of organic solvent either cyclohexane or toluene. The hardening
of the droplets was performed by decreasing the temperature at a
cooling rate of 5 °C/min until room temperature under a constant
stirring at 300 rpm. The resulting dispersion was added dropwise to
200 ml of PVA solution containing 1% (w/v) of PVA. Then the
temperature was gradually raised up to 70 °C during 1 h. Finally, the
microparticles were washed with water, filtered and dried at 35 °C
overnight.

2.2.2.2. Formation of outer wall. 40 g of the resultant microparticles
were dispersed either in 50 ml of petroleum ether or in 50 ml of
toluene with 6 g of PE or PS respectively under 900 rpm at 80 °C or
60 °C according to the polymer choice. Coacervation was induced by
introducing dropwise a predetermined amount of a non solvent, water
for PE and ethanol for PS. The hardening of the coacervated micro-
particles was performed by decreasing temperature to room tem-
perature until the microparticles were sufficiently hardened to be
filtered, washed and dried for storage.

2.2.3. Microparticles characterizations

2.2.3.1. Dye diffusion. The dye concentration was determined by
spectrophotometric assessment conducted on a JASCO V530 spectro-
photometer at the wavelength of maximum absorption of the dye
(λmax) in water (513 nm), cyclohexane and toluene (550 nm) using a
calibration curve of absorption.

Dye diffusion in toluene-carnauba wax medium was determined
from the absorbances of a series of solutions containing a fixed con-
centration of dye (Cdye=2×10−4 mol dm−3) and increasing concen-
tration of gelatin from 0 to 3.33%-wt. The amount of non-entrapped
dye was determined by spectrophotometry. Absorbance values
obtained at λmax, can be also used for the estimation of dye
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diffusion in solvent. We used this method to determine the dye
diffusion in the continuous phase during the microencapsulation
process after the microparticle formation. Continuous phase (toluene
or cyclohexane) containing free dye was separated from solid
microparticles by centrifugation. In order to remove the possible
residual small particles which do not settle down during centrifuga-
tion, a second filtration of the supernatant was done using a Büchner
system.

2.2.3.2. Chemical characterization. The composition of the shell
polymer was analyzed by FT-IR spectra. Samples were ground and
mixedwith KBr tomake pellets. FTIR spectra in the transmissionmode
were recorded using a Nicolet Nexus, connected to a PC, in which the
number of scan was 32 and the resolution was 4 cm−1.

2.2.3.3. Scanning electron microscopy. The surfacemorphology of the
microcapsules was observed with the help of a scanning electron
microscopy (Philips XL30 ESEM / EDAX- SAPPHIRE) at an accelerated
voltage of 15 kV.

2.2.3.4. Thermal characterization. The thermal behavior of the
particles was recorded using a TA instrument type DSC 2920 piloted
on PC with TA Advantage control software. Indium was used as
standard for temperature calibration and the analysis wasmade under
a constant stream of nitrogen (50 ml/min). Samples were placed in
aluminum pans which were hermetically sealed before being placed
on the calorimeter thermocouples. The sample spacewas purged with
nitrogen at a constant flow (50 ml/min) during the experiments. The
temperature range was from −30 to 100 °C at a rate of 1°/min with
5 mg. Reproducibility was tested by three measurements. The mean
deviationwas ±0.1 °C in melting and crystallization temperatures, and
±0.3, ±0.4 and±0.3 J/g in latent heat of carnaubawax, microparticles
and double walled microspheres, respectively.

2.2.3.5. Loading content and encapsulation efficiency. The amounts of
AR57 encapsulated into carnauba microspheres (first stage of the
preparation) and carnauba/PE (or carnauba/PS) microspheres (second
stage of the preparation) were determined by thermal analysis. All
experiments were performed in triplicate. The specific heat of car-
Fig. 2. Comparison of Hansen's solubility parameters for various solvents: contributi
nauba wax was a constant in the measured temperature range. The
content of dye in the carnauba microspheres can be estimated ac-
cording to the measured enthalpy:

dye content kð Þ = 100−
ΔHacid dye= carnauba wax microsphere

ΔHcarnauba wax
× 100k ð7Þ

Where ΔHacid dye / carnauba wax microsphere is the enthalpy (crystal-
lization enthalpy) of microspheres (J g−1), ΔHcarnauba wax the enthalpy
(melting or crystallization) of carnauba wax. In this study, the en-
thalpies of melting and crystallization are 204.2 J g−1 and 199.2 J g−1,
respectively.

The content of dye in the carnauba/PE and carnauba/PS micro-
spheres was calculated as follows:

dye content kð Þ = 100−
ΔHacid dye= carnauba wax = PE or PS microspheres

ΔHcarnauba wax = PE or PS microspheres
× 100k ð8Þ

Where ΔHacid dye / carnauba wax / PE or PS microspheres and
ΔHcarnauba wax / PE or PS microspheres are the enthalpy (crystallization
enthalpy) of microspheres with and without acid dye, respectively.

The PE and PS content in the carnauba microspheres were cal-
culated from the ratio of the measured values of carnauba/PE (or PS)
microspheres to carnauba wax enthalpy. From the amounts intro-
duced, the theoretical content was found to be about 10.7%-wt.

2.2.3.6. Colour measurement. The reflectance and CIELAB values of
the dried samples were measured on a Datacolor International SF 600
plus interfaced with a personal computer. The colour difference (ΔE)
between the acid dye and the various microparticles was obtained
from the distance between their coordinates in CIELAB colour space
using the following equation:

ΔE =
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ΔL⁎2 + Δa⁎2 + Δb⁎2

p
ð9Þ

where L⁎, a⁎ and b⁎ are colour coordinates of the samples, ΔL⁎, Δa⁎
and Δb⁎ are the differences between the corresponding parameters of
ons of dispersion forces (fd), polar interactions (fp), and hydrogen bonding (fh).



Fig. 3. Effect of the hydrogen bonding force and polar components on interaction radius.
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samples and standard. Readings were taken at three different loca-
tions. Average values and standard deviations were taken.

3. Results and discussion

3.1. Solvent selection

Ten organic solvents with solubility parameters of 14–27 MPa1/2

were tested to evaluate solubilization of carnauba wax. The results
were summarized on a triangular graph using themethod of Teas [34],
as shown in Fig. 2. As described by Teas, the fractional parameters of
each solvent were calculated from Eq. (10) and were displayed on a
triangular plot.

fi =
δi

δd + δp + δh
ð10Þ

Where, i=d, p, h, and δd, δp, and δh are Hansen's multicomponent
solubility parameters and represent the contributions from dispersion
forces, polar interactions, and hydrogen bonding, respectively.

In the triangular graph shown in Fig. 2, solvents which produced
clear solutions of carnaubawax are also localized in a region of relatively
low fp and fh but of high fd of the plot. Solvents lying outside of this area
Fig. 4. Effect of the gelatin concentr
of solubility were found to be mostly poor or nonsolvents for carnauba
wax. The position of toluene, cyclohexane, chloroform, xylene and hex-
ane (or petroleum ether) is near to the position of carnauba wax.
Furthermore, the best results obtained from the solubility test
correspond to toluene and cyclohexane, whereas carnauba wax is only
swelled in xylene and chloroform. Solvents such as hexane that have no
fp and fh values are intermediately poor solvents for carnaubawax even
though their solubility parameters are fairly close to the wax's ones.
These results show that the solubility of carnaubawax in a given solvent
is not only linked to the closeness of the values of their solubility
parameters but also to the nature of the internal cohesive forces existing
in thematerial. Thus, the presence of saturated fatty acids and saturated
primary alcohols in carnauba wax contribute to hydrogen bonding in-
teractions and solvents without δh component (hexane or petroleum
ether) are unable to dissolve the wax easily.

The sphere radii of the carnauba wax observed for the carnauba-
solvent couple using Hansen solubility parameters of the solvent
(Table 1) have been calculated from Eq. (6). As a result, most of
solvents dissolving carnauba wax are included in the spherical region
with Rij about 5. Since the dispersive component parameters of both
solvent and carnauba wax are quite similar, the graphical representa-
tion of the corresponding interaction radius can be reduced to a 2-D
plot of Rij versus δh and δp (Fig. 3). The values of interaction radius
ation on released dye amount.



Fig. 5. The structure of AR57.
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increase with hydrogen bonding and polar interactions (δh and δp)
values of various solvents. These results suggested that the corre-
sponding interaction radius become higher with an increase in the
polar and hydrogen bonding components of the solvent. The observed
apparent solubility actually corresponded to the prediction by the
interaction radius. Thus, it was also confirmed that the interaction
radius could be also applied to predict the apparent solubility of
carnauba wax in various organic solvents. From the above study,
carnauba wax was found to maximum solubility in cyclohexane
followed by toluene, xylene and chloroform.

3.2. Influence of gelatin on dye diffusion during the preparation of
microparticles

The formation ofmicroparticles is greatly affected by the emulsifier,
which influences the emulsion stability. The emulsifiers used in this
process have two main functions: first, to reduce interfacial tension
Fig. 6. FTIR spectra of acid dye, acid dye/carnauba wax, acid dye/
between aqueous and lipophilic phases; second to absorb on the
aqueous/organic interface in order to form a layer around the
dispersed droplets to prevent the droplets from coalescing and dye
diffusion. In this work, gelatin was used as a protein emulsifier.
Chemical reactivity of proteins depends on the side chain, the amino
acid composition and the free amino and carboxyl groups [35]. The
most reactive protein groups are serine (primary –OH), hydroxyproline
(secondary –OH), threonine (secondary –OH), tyrosine (phenolic –

OH), aspartic acid (–COOH), glutamic acid (–COOH), lysine (–NH2) and
arginine (–C(NH)NH2) [36–38].

The Fig. 4 shows the absorbance of cyclohexane and toluene after
formation of acid dye / carnauba wax microparticles, e.g. the dye
diffusion in the continuous phase before the addition of PVA solution
in the first step of the microencapsulation process. The difference
between these absorbances can be attributed to the difference of the
initial condition especially to the gelatine concentration at the initial
state; dye droplets are assumed to be homogeneously distributed in
the carnauba microparticle. These results show that the dye release
property of carnauba microparticles varies depending on the concen-
tration of gelatin and the choice of the lipophilic phase solvent. Thus,
for low concentration of gelatin (b1%-wt), the absorbance of toluene
phase is higher thanwithout gelatin. This phenomenon can be related
to a destabilization of the system during the process promoting the
dye diffusion. The increase of gelatine concentration allows to reduce
the absorbance of toluene phase and therefore the dye diffusion. The
results obtained with cyclohexane are quite different. Thus, a decrease
of absorbance is observed for low concentrations of gelatin, while
from 1.33 to 3.33%-wt measured values increase. Therefore, the solu-
bilization of carnauba wax affects the dye diffusion and low amounts
of gelatin are required with the best solvent (cyclohexane) than with
toluene. Gelatin acts as a protective colloid during the process and
stabilizes the dye droplets or particles in the carnauba wax matrix.
carnauba wax/PE, acid dye carnauba wax/PS microspheres.



Fig. 7. SEM micrograph of acid dye/wax (a), acid dye/wax/polyethylene (b), acid dye/wax/polystyrene (c) microspheres at a magnification of 1000.

Table 2
Thermal properties of the various microspheres from DSC analysis (1 °C/min, N2).

Sample Melting Crystallization Dye
content
(%)

Tonset
(°C)

Tpeak
(°C)

ΔHf

(J/g)
Tonset
(°C)

Tpeak
(°C)

ΔHc

(J/g)

Carnauba wax 70.9 82.5 204.2 79.8 79.3 199.2 –

Acid dye/Carnauba
wax microspheres

68.5 81.3 130.5 77.9 76.3 132.0 33.7–
36.1

Carnauba wax/PE microspheres 69.6 86.3 183.4 77.9 73.4 174.7 –

Acid dye/Carnauba
wax/PE microspheres

81.0 85.4 155.0 77.9 74.0 147.0 15.5–15.8

Carnauba wax/PS microspheres 72.1 83.6 161.4 78.3 75.7 149.0 –

Acid dye/Carnauba
wax/PS microspheres

69.9 81.5 99.2 77.9 77.3 99.9 32.9–38.5
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This effect is strongly dependent on the interactions between the
amino content of the gelatine and the anionic sites of the dye at pH 5.

The chemical structure of the AR 57 (Fig. 5) shows that this dye
should produce a strongly ionizable sulfonate group at low pH. Acid
dye can be expected to interact with groups, such as amino, hydroxy,
carbonyl and amino, present in the gelatin, by virtue of various ionic
and non-ionic forces of interaction (e.g. hydrogen bonding, dispersion
forces, dipole–dipole and electrostatic forces). At pH 5, the sulfonate
groups of the dye dissociate and are converted to dye anions. At the pH
of the emulsion, which was 3 units below the isoelectric point of the
gelatin, the gelatin was a cationic polyelectrolyte. Therefore, proto-
nated amino groups along the gelatin chain can act as dye sites for
anionic dyes. Indeed, more protons will be available, thereby in-
creasing electrostatic attractions between negatively charged dye
anions and positively charged adsorption sites and causing an increase
in dye adsorption. Therefore, gelatine adsorbs dye anion strongly by
ionic interaction between –NH3

+ and –SO3
−. Thus, the most probable

mechanism of the interaction between gelatin and dye is likely to be
ionic interaction of the dye ions with the amino groups of gelatine.

3.3. Structure of microparticles

Spectra of carnauba wax, AR57 and the microparticles are pre-
sented in Fig. 6 to identify various core and shell microcapsules via
known characteristic wavenumbers. The infrared spectrum of car-
nauba wax exhibited the strong symmetric and asymmetric CH2

stretch vibrations at 2848 cm−1 and 2920 cm−1 respectively. The
strong band in the infrared spectrum at 1734 cm−1, is assigned to a
CfO vibration, which could be an indication of the presence of esters
in this wax and confirms the presence of long-chain aliphatic ketone
or fatty acid [39]. It is seen that the –(CH2)n– scissoring mode at
1467 cm−1 is a medium intensity band. As shown in Fig. 6, the spec-
trum showed the presence of bands due to the C–O stretching
vibration of esters between 1300 and 1100 cm−1. These bands are
slightly broader and weaker than the corresponding carbonyl absorp-
tion bands. The bands resulting from the methylene rocking vibration
ρCH2 appeared near 723 cm−1.

In the FT-IR spectrum of AR57 (Fig. 6), characteristic broad band
responsible for hydroxyl, amino stretching were observed around
3385 cm−1. Aromatic and alkyl C–H stretching vibration were found
at 3050 cm−1 and around 2950 cm−1, respectively. The peaks at 1625
and 1491 cm−1 were assigned to aromatic CfC stretching vibration,
while the peak at 1425 cm−1 corresponded to –NfN– bond stretching
vibration. One other characteristic peak of this compound appearing at
1382 cm−1, was attributed to ν(C–N) mode. According to the literature
[40], the absorption bands of asymmetric and symmetric stretching of
the OfSfO in –SO3H groups lie around 1350 and 1170 cm−1,
respectively. The absorption band of the stretching vibration of the S–
O(H) in –SO3H groups lie around 907 cm−1. Therefore, the changes of
the bands found at 1340,1173 and 900 cm−1may be due to contributions
from SO3H groups. Furthermore, it seems that the shoulder and the peak
exhibited at 1145 and 1195 cm−1 correspond to the absorption of
symmetric and asymmetric stretching vibration of –SO3

−.
FT-IR spectrum of synthesized microparticles show characteristic

absorption bands of carnauba at 2920–2850 cm−1 for the aliphatic
C–H stretching, bending and out of plane bending vibrations of
CH2 can be observed at 1463 and 720 cm−1, the CfO vibration is
also present at 1734 cm−1. The broad overlapped peak at 3600–
3200 cm−1 and the thin bands at 1336,1170 and 918 cm−1 attributed
to hydroxyl or amino and –SO3H stretching vibrations suggest the
presence of the acid dye in the particles.

3.4. Morphology and particle size distribution of the double shell
microparticles

Scanning micrographs of the microspheres loaded with acid dye
revealed various shapes and particle sizes in the range of 1–5 µm
(Fig. 7). It seems that the shape and the morphology of the micro-
particles are deeply influenced by the choice of the external polymeric
shell. Thus, with a PE shell, the microparticles are well defined and
have a spherical, smooth surface. During the coating with PS, the
particles tend to aggregate before hardening. The resultant micro-
particles have rough surface with a raspberry-like morphology.

The difference between these two morphologies can be attributed
to the miscibility of carnauba wax with PE according to the solubility
parameters (15.8–17.1 J1/2/cm3/2 and 16.8 J1/2/cm3/2 for PE and car-
nauba wax respectively) in petroleum ether at high temperature.
Whereas, the physico-chemical parameters of the PS coacervation
phase (17.4–19 J1/2/cm3/2) do not allow the formation of an ideal
binary mixture of these two compounds. It could be assumed from
their surface morphology that PS and PE microspheres are suitable to
the protection of the acid dye.

3.5. Thermal properties of microparticles

The thermal properties of variousmicrospheres synthesized in this
study and carnauba wax are shown in Table 2. The thermal properties
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of the microspheres seem to be influenced by the outer polymeric
shell. Thus, the temperature and the enthalpy of carnauba wax melt-
ing in the PE microspheres are higher than the other microspheres.
During the formation of the shell, PE and carnauba wax are mixed
together to create an interpenetrated network with a higher tem-
perature of melting. Thus, the calculation of the PE content from the
ratio of the enthalpies of carnauba/PE microspheres to carnauba wax
reveals that the PE content (10.2–12.3%-wt) is close to the theoretical
content (10.7%-wt) one. The measured enthalpy of PS microspheres
is lower than the others. Furthermore, the difference between the
theoretical (10.7%-wt) and the measured (21–25.2%-wt) content of PS
can be due to a partial solubilization of the carnauba wax micro-
spheres in toluene and therefore incomplete entrapment during
the coacervation phase. Thus, microencapsulation using PE provides
superior encapsulation of carnauba wax microspheres rather than
using PS.

Three batches of microspheres containing acid dye with different
compositions were synthesized and the loading contents are sum-
marized in Table 2. The content of acid dye solution in the carnauba
wax microspheres (first stage of preparation) according to DSC
measurement is in the range of 33.7–36.1%; and after the second
stage (formation of the outer shell), it decreases to 15.5–15.8% with a
PE shell and it is about 32.9–38.5% with a PS coating. This value of the
first stage is due to the loss of water and the partially removed acid dye
after washing the microspheres. The same considerations can be
applied to the PE microspheres, since the measured enthalpy is higher
than the carnaubawaxmicrospheres suggesting a loss of encapsulated
acid dye solution (or water) at 80 °C. In the case of encapsulationwith
PS, the high value of dye content of microparticles obtained can be
attributed to a loss of carnauba wax during the second stage.

3.6. Influence of the outer shell on microparticle coloration

From the calculation of the total colour difference (ΔE⁎) of the dry
microparticles (42.85 (±0.21) for carnaubawaxmicroparticles, 56.24
(±0.35) and 40.30 (±0.29) for PE and PS double shell microparticles
respectively), it seems that the encapsulation of acid dye reduces the
colour perception. The difference of PS and carnauba microparticles
can be attributed to the diffusion of the dye in the polymeric shell
during the process. However the colour perception after heat re-
velation gives almost the same result for the PS microparticles and the
PEmicroparticles, meaning close to the solid pigment ones. So this last
heat transfer shows that the acid dye content (under solid form) in
both microparticles is the same.

4. Conclusion

The aim of this study was to develop uncoloured microparticles
containing a red acid dye in order to have, after heat transfer, the
revealed red colour of the acid dye. Two polymers were used as outer
coatingmaterials, PE and PS. The process is divided in two consecutive
steps. Firstly the emulsification of the dye solution in carnauba wax
solutions and secondly, the entrapment of these particles according to
a combined hot melt dispersion–coacervation method. Results from
this study clearly show that the use of a gelatin solution as a protective
colloid in combination with cyclohexan as solvent provided good
results and allows to reduce the dye diffusion during the first stage of
the microencapsulation process. The obtained microparticles are in
the size range of 1–5 µm. The morphology of these particles was
strongly affected by the chemical nature polymer used to coat the
particles in the second step. Thus, the use of PE leads to a spherical,
smooth surface while a rough surface with a raspberry-like morphol-
ogy was found for PS. The shell colour was farther away from the solid
pigment in the case of PE rather than in the PS case. In fact, the smooth
surface morphology allows to contain the dye in the core of the
microparticles, whereas during the formation of the PSmicroparticles,
carnauba wax is partially swollen by the solvent inducing its partial
solubilization and the dye diffusion through the shell. The acid dye
content varies according to the process chosen. For the PE shell, the
result decreased from 37 to 15% while for the PS shell, it was close to
the carnauba microspheres ones, in the range of 32.9 to 38.5%.
However, the colour perception after heat revelation allows to obtain a
slighter difference. Therefore, it was determined that the encapsula-
tion with a PE outer shell provided superior encapsulation of dye-
microspheres rather than using PS.
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