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ABSTRACT: The main objective of this study was to
investigate the composition of microcapsules and the
degree of curing of melamine–formaldehyde (MF) resin,
which formed a shell of microcapsules, by the use of dif-
ferential dynamic calorimetry (DSC). For this purpose,
decane was chosen as core material. The microencapsula-
tion of decane with MF resin was carried out at different
temperatures and pH values. The temperature and pH
value were kept constant during the process. The composi-
tion of the microcapsules and the degree of curing of the

shell material were studied during and after the microen-
capsulation process. DSC analysis, in combination with
scanning electron microscopy analysis, was revealed as an
effective tool for the investigation of the microencapsula-
tion process with MF resin. VC 2010 Wiley Periodicals, Inc.
J Appl Polym Sci 119: 3687–3695, 2011
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INTRODUCTION

Microcapsules are tiny particles with diameters in
the range between 1 and 1000 lm that consist of a
core material and a covering shell. The core material
can be solid, liquid, or gas. The shell material is usu-
ally a synthetic or natural polymer. Through the
selection of the core and shell material, it is possible
to obtain microcapsules with a variety of functions.
This is why they can be defined as containers that
can release, protect, and/or mask various kinds of
active core materials.1

Microencapsulation processes can be largely di-
vided into chemical processes, physicochemical
processes, and mechanical processes. In situ proc-
esses, such as suspension, emulsion, precipitation, or
dispersion polymerization, and interfacial polycon-
densation are the most important chemical techni-
ques used for microencapsulation. Polycondensation
processes, which may be either normal dispersion
polycondensations or interfacial polycondensations,
are especially attractive for liquid core materials
(active agents). In dispersion polycondensation, the

monomers are initially soluble in the polymerization
medium, whereas the active agent is in the emulsion
form. As the polymerization reaction begins in a ho-
mogeneous solution, oligomers collapse on the sur-
face of the active agent droplets and grow into a
polymer that encloses the active agent.1–3

Melamine–formaldehyde (MF) microcapsules can
be prepared by the in situ polymerization process by
polycondensation, which allows the formation of
microcapsules containing water-immiscible core
materials, such as fragrant oils,4–7 flavors,8 self-heal-
ing agents,9–12 fire retardants,13–15 and phase-change
materials.16–22 The properties of the MF shell depend
not only on the MF resin chemical structure, such as
the melamine-to-formaldehyde molar ratio,4,23 or MF
resin chemical modification or functionalization but
also on the core-to-shell mass ratio20 and on the
microencapsulation process parameters, such as stir-
ring conditions,3,7,9,24–27 pH value,4,14,23 and tempera-
ture.4,14,25,28 The polymerization of MF resin occurs
exclusively in the continuous water phase and on
the continuous phase side of the interface formed by
the dispersed core material and continuous phase.
The polymerization of MF resin produces prepoly-
mer of relatively low molecular weight in the contin-
uous phase. As the prepolymer molecular weight
increases, it deposits on the surface of the dispersed
phase being encapsulated. On the surface, the poly-
merization continues, and crosslinking occurs. With
crosslinking, a solid MF shell is formed.2,4,29,30 The
separation by which the microcapsule shell is
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formed is particularly linked to the pH value,4,14,23

temperature,10 type, and amount of emulsifier
used9,10,25–27,31–34 and to the melamine-to-formalde-
hyde molar ratio. It significantly determines the
encapsulation efficiency and shell morphol-
ogy.4,18,30,31,35–37 The addition of a shell material to a
water dispersion of core material in one step is the
most used method, although it has been
observed18,21,22 that microcapsules prepared by the
addition of a shell material in two steps were
mechanically and thermally more stable. Despite the
fact that microencapsulation process parameters
have a significant effect on the encapsulation effi-
ciency and shell morphology,9,26,35 published
research works dealing with this problem are rare.
Even fewer research groups have investigated the
composition of microcapsules and the degree of cur-
ing of shell material during the microencapsulation
process. Most of the articles are focused on the prep-
aration of different microcapsules at constant pro-
cess parameters and on end-product characterization
by the use of different instrumental techniques, such
as differential scanning calorimetry (DSC),38 ther-
mogravimetric analysis,38 Fourier transform infrared
spectroscopy, transmission electron microscopy,
scanning electron microscopy (SEM), and laser dif-
fraction. Dubernet38 described different cases in
which the use of DSC allows researchers to obtain
more information about the internal structure of
microcapsules, especially with regard to the nature
of the interaction between the polymer matrix and
the encapsulated drug. In this study, the microen-
capsulation of decane with MF resin was carried out
at different temperatures and pH values, which
were kept constant during the process. The main
objective of this study was to investigate the compo-
sition of the microcapsules, that is, their shell-to-core
weight ratio and the degree of curing of MF resin,
which formed the shell of the microcapsules, by
DSC. For this purpose, decane was chosen as core
material. The composition of microcapsules and the
degree of curing of the shell material were studied
not only after the microencapsulation process but
also during the process.

EXPERIMENTAL

Materials

Etherified MF resin (70 wt %, Melapret NF70/M,
Melamin, Kočevje, Slovenia), decane (decane frac-
tion, purum, Fluka, Chemika, Buchs, Switzerland),
sodium dodecyl sulfate (�96%, purum, Fluka), 5 wt
% sodium hydroxide solution (99%, Merck, Darm-
stadt, Germany), 5 wt % acetic acid solution (99.8%,
Merck), and deionized water were used.

Preparation of the microcapsules

Emulsion preparation

We mixed 20 g of decane, 10 g of sodium dodecyl
sulfate (the emulsifier), and 370 g of deionized water
using an Ultraturax Dispermat (VMA-Getzman,
Reichshof, Germany) at a rate of 1000 rpm for 30
min at room temperature. Then, 100 g of a 14 wt %
MF resin aqueous solution was added to the emulsi-
fied decane, and the mixture was mixed for addi-
tional 30 min. The emulsion pH value was adjusted
to the desired value (5.0, 5.5, or 6.0) with a 5 wt %
acetic acid solution.

Microencapsulation

The emulsion was poured into a glass reactor with
four necks, equipped with a reflux condenser, me-
chanical stirrer, digital thermometer, and glass elec-
trode for pH measurements. The reactor content was
stirred at a rate of 500 rpm and heated to the desired
temperature (40 or 50�C). The temperature and pH
value of the reaction mixture were kept constant
during the microencapsulation process. The pH
value was adjusted to the desired value every 15
min with a 5 wt % sodium hydroxide solution and a
5 wt % acetic acid solution. During the microencap-
sulation process, several samples were taken from
the reactor to investigate their composition and
degree of MF resin curing. After 4 h, the reaction
mixture was cooled to 25�C and the pH value was
raised to 8.0 to terminate the reaction. The microen-
capsulation product was filtered through filter paper
discs (Sartorius 388, Sartorius AG, Goettingen, Ger-
many) and washed with deionized water. The wet
cake-containing microcapsules were dried at room
temperature to a constant weight, and dry powders
of microcapsules were used for the characterization.
In the text, the samples are labeled as MC/x/y,
where MC stands for the microcapsules, x represents
the temperature, and y represents the pH value dur-
ing the microencapsulation process.

Characterization of the microcapsules

The morphology of the microcapsules was observed
by SEM with a field emission scanning electron
microscope (SUPRA 35VP, Carl Zeiss, Oberkochen,
Germany). The sample was imaged with a 1-kV
accelerating voltage. Before SEM analysis, volatile
decane had to be removed from the samples. For
this purpose, samples were dried in vacuo at room
temperature; this also caused shell rupture and
enabled shell thickness determination.
DSC was performed to characterize the thermal

response properties of decane and MF resin in micro-
capsules prepared with different process parameters.
The measurements were performed on a Mettler
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Toledo DSC821e (Mettler Toledo, Zurich, Switzerland)
instrument with an intracooler and using STAR soft-
ware. In and Zn standards were used for the tempera-
ture calibration and for the determination of the
instrument time constant. A nitrogen atmosphere and
standard alumina pans were used. Methods of differ-
ent temperature programs for different purposes were
applied. To define the mass percentage of shell mate-
rial in the microcapsules, standard 40-lL alumina
pans were used, and the following DSC method was
applied: cooling from 25 to �100�C at a cooling rate
of �5�C/min and subsequent heating from �100 to
25�C at a heating rate of 5�C/min. The sample mass
was about 10 mg. When the degree of curing of the
MF resin, which formed a shell of microcapsules, was
investigated, standard 160-lL alumina pans were
used, and the following DSC method was applied:
heating from 100 to 300�C at a heating rate of 2.5�C/
min. The sample mass was about 10 mg.

To confirm the core-to-shell weight ratio obtained
by DSC analysis, gravimetric analysis was also per-
formed. About 1 g of a sample of microcapsules was
weighed, and 45 mL of acetone was added. The sam-
ples were put in ultrasound bath at 50�C for 3.5 h;
this enabled the rupture of the microcapsules. Then,
the samples were dried at room temperature for 12 h
and then for an additional 15 h in vacuo at 50�C to
remove all of the solvent and decane. The dried sam-
ples were weighed, and the mass percentage of the
shell material in the microcapsules was calculated.

RESULTS AND DISCUSSION

Microcapsule morphology and composition

From SEM images, the microcapsule diameter, shell
thickness, and morphology were evaluated. Selected
images of the microcapsules prepared at different
process parameters are shown in Figure 1. The esti-
mated diameter of the microcapsules was between
35 and 55 lm for all of the samples. However, the
shell thickness varied considerably with pH value. It
was observed, that with increasing pH value, the
shell thickness decreased (Table I) and the microcap-
sules with the thinnest shell were also the most
damaged after their exposure to a vacuum. This is
why no intact microcapsules and only damaged
microcapsules shells were observed in the image of
sample MC/40/6.0 [Fig. 1(f)]. For example, sample
MC/50/5.5 contained less damaged microcapsules
after its exposure to a vacuum [Fig. 2(a)]. An exam-
ple of shell thickness determination for sample MC/
40/5.0 is given in Figure 2(b). Small particles of dif-
ferent sizes attached to the shell surface, which are
also shown in Figure 1, were assumed to be MF par-
ticles with only a small core or without a decane
core because these particles were not damaged after
exposure to a vacuum. We observed that the amount

and size of small MF particles on the shell surfaces
increased with decreasing pH value. Particularly,
sample MC/40/5.0 [Fig. 1(b)] contained microcap-
sules with many small particles with diameters of
around 1.3 lm on their surface. On the other hand,
no small particles were observed in images of the
sample prepared at the highest pH value and the
lowest temperature [MC/40/6.0, Fig. 1(f)]. However,
the surface of the microcapsules of sample MC/50/
6.0 [Fig. 1(e)] was covered with some MF particles
with a diameter of about 200 nm and many smaller
particles that were not spherical in shape.
The 10�C difference in the reaction temperature

did not significantly affect the particle morphology
or shell thickness of the microcapsules prepared at
pH values of 5.0 and 5.5. A significant difference in
the shell thickness was observed only between sam-
ples MC/50/6.0 and MC/40/6.0, where the thinnest
shells in the latter were observed (Table I).
To conclude, we observed small MF particles

attached to the shell surface, but we did not observe
the so-called polynuclear or raspberry-like surface
morphology mentioned elsewhere,4,14,30 even when
the samples were prepared at a pH value of 5.0. We
assumed that the raspberry-like surface morphology
was prevented by the high emulsifier concentration
and by the constant pH value of the continuous me-
dium, which tended to decrease during the microen-
capsulation process.
By the use of DSC analysis, the mass percentage of

the shell material in the microcapsules was determined.
In addition to the end microcapsule composition, we
followed the composition during the microencapsula-
tion processes by sampling the reactor content at 30-
min intervals and filtrating and drying it. The samples
were analyzed in the temperature range where decane
showed crystallization and melting peaks.
In Figure 3(a,b), thermograms for decane and the

microcapsules obtained at the end of microencapsu-
lation processes at 40 and 50�C and pH values of
5.0, 5.5, and 6.0 are shown. Decane enclosed in
microcapsules crystallized at lower DSC cell temper-
atures and melted at higher DSC cell temperatures
than pure decane. For both cases, crystallization and
melting, sharper peaks for samples of pure decane
were observed. The differences in the peak shape
and width [Fig. 3(a,b)] were ascribed to different
conditions for heat transport in the samples and to
intermolecular interactions between decane and MF
resin at the core–shell interfacial area. When decane
was enclosed in MF shells, the delay observed for
crystallization and melting was a consequence of
heat transport through microcapsules shells. In other
words, in the case when the pure decane sample
was analyzed, the contact between decane and the
DSC pan was much better. On the other hand, with
increasing MF resin crosslinking degree, the ability
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of MF resin to swell in decane decreased, and there-
fore, decane crystallization and melting were influ-
enced to a lesser extent. This was observed in the
shapes of the crystallization and melting peaks,
shown in Figure 3(a,b). The lower the pH value was,
the higher the MF resin crosslinking degree was and

the closer the peaks of encapsulated decane to the
peak of pure decane were. The shapes of the crystal-
lization peaks for samples of microcapsules pre-
pared at 40�C, which showed a small peak at higher
temperature [Fig. 3(a)], were ascribed to decane,
which was not enclosed in microcapsules. Because

Figure 1 SEM images of microcapsules prepared with different process parameters: (a) MC/50/5.0, (b) MC/40/5.0,
(c) MC/50/5.5, (d) MC/40/5.5, (e) MC/50/6.0, and (f) MC/40/6.0. [Color figure can be viewed in the online issue, which
is available at wileyonlinelibrary.com.]
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the samples were filtered, washed, and dried before
the analysis, we believe that some capsules were
damaged during sample handling for DSC analysis
purposes. In these cases, not all of the decane was
inside the microcapsules, and this resulted in the
small peaks at higher temperatures.

To determine the accuracy and reproducibility of
the DSC results, gravimetric analysis and five repli-
cates of the DSC measurements were performed,

respectively. The DSC and gravimetric measure-
ments results for five replicates of sample MC/50/
5.5, together with their average value and relative
standard deviation, are shown in Table II. The DSC
results agreed satisfactorily with the gravimetric
results.
Variations in the mass percentage of the shell ma-

terial in microcapsules during microencapsulations
carried out with different process parameters are
depicted in Figure 4. Here, for most cases, the
results for times of 1.5 h and above are given
because, before 1.5 h, the microcapsules were very
fragile, and it was practically impossible to handle
the samples without damaging them previous to

TABLE I
Properties of Microcapsules Prepared with Different Process Parameters

Decane MC/40/6.0 MC/40/5.5 MC/40/5.0 MC/50/6.0 MC/50/5.5 MC/50/5.0

Shell thickness (nm) — � 70 � 200 � 420 � 130 � 210 � 440
Melting enthalpy (J/g) �156.4 �146.7 �144.6 �125.8 �146.5 �146.4 �132.8
Mass percentage of the
shell material 0 6.2 7.5 19.6 6.3 6.4 15.1

Curing enthalpy (J/g) — — — — 274 196 104

Figure 2 (a) SEM images of the damaged microcapsules
after vacuum exposure for sample MC/50/5.0. (b) Shell
thickness determination for sample MC/40/5.0. [Color fig-
ure can be viewed in the online issue, which is available
at wileyonlinelibrary.com.]

Figure 3 Thermograms for decane and the microcapsules
obtained at the end of microencapsulation at 40 and 50�C
and pH values of 5.0, 5.5, and 6.0: (a) decane crystalliza-
tion peaks and (b) decane melting peaks. (Wg�1 stands for
Watt per gram).
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DSC analysis. Moreover, when the microencapsula-
tion was carried out at 40�C and a pH value of 6.0,
the microcapsules had not been formed yet during
the first hour of microencapsulation. From the
results presented in Figure 4, we perceived that for
series MC/40/6.0, stable microcapsules with enough
thick and hard shells were formed only after 2.5 h.
The discrepancies observed up to that time (Fig. 4)
were attributed to shell rupture during sampling
and sample handling previous to DSC analysis. For
this series, shell thickening was confirmed by the
crystallization peak shapes shown in Figure 5(a),
where the crystallization peak shifted toward lower
temperatures with time of microencapsulation. The
thicker the shells were, the larger the temperature
delay for crystallization was compared to pure dec-
ane because of heat transport through shells. For se-
ries MC/50/6.0 and MC/40/5.5 (Fig. 4), the core-to-
shell mass ratio after 1.5 h of microencapsulation
was constant and similar to that of series MC/40/
6.0 (after 2.5 h). This suggested that the shell thick-
ness did not increase further in the period from 1.5
to 4 h. Similar crystallization peak shapes after 1.5 h
of the microencapsulation process in Figure 5(b),
where thermograms for series MC/50/6.0 are
shown, support this suggestion. Series MC/50/5.5
samples had a slightly higher shell content in the
microcapsules during the first 3 h and, thereafter,
reached the same value as series MC/50/6.0 and
MC/40/5.5 (Fig. 4). On the other hand, the series
prepared at a pH value of 5, MC/50/5.0 and MC/
40/5.0, had significantly higher shell-to-core mass
ratios than the series mentioned previously through
the whole timescale (Fig. 4). A decreasing trend with
time, which for the series MC/50/5.0 was clearly
evident, was less noticeable for series MC/40/5.0.
By comparing the thermograms for series MC/50/
5.0 [Fig. 5(c)] with those of series MC/40/6.0, we
observed that the reason for the decreasing trend for
series MC/50/5.0 should have been found elsewhere
and not in the shell rupture during sampling and
sample handling in the early stages of the process,
as observed for series MC/40/6.0. The primary rea-
son for the decreasing trend was the same as for the

higher shell-to-core mass ratio: the lower pH value
at which the microcapsules were prepared. The
observed decreasing trend for series MC/50/5.0,
MC/40/5.0, and MC/50/5.5 in Figure 4 were
explained by the deposition of small MF particles on
the surface of the microcapsules during the filtration
process. Particularly in the early stages of the micro-
encapsulation process, the surfaces of the microcap-
sules and small MF particles were, because of their
lower level of curing, sticky. Therefore, the particles
formed aggregates during filtration, and we could
not separate these aggregates by washing the
sample with deionized water. With increasing time
of microencapsulation, the level of MF resin curing
increased, particles were less sticky, and their sepa-
ration by filtration and washing was possible.
However, from DCS analysis, which gave us the

mass percentage of the shell material in the micro-
capsules with time of microencapsulation [Fig. 3(a,b)
and 4], we concluded that MF shells were formed
during a period of 1.5 h of the microencapsulation
process, except for the series prepared at a pH value
of 6.0 and a temperature 40�C, where stable micro-
capsules were formed only after 2.5 h. After this

TABLE II
Accuracy and Reproducibility of the DCS Results for the Mass Percentage of the

Shell Material in Microcapsule Determination for Sample MC/50/5.5

Replicate

1 2 3 4 5
Average
value (%)

Relative
standard

deviation (%)

DSC analysis: Mass percentage
of shell material 5.75 5.99 6.27 6.92 6.98 6.38 8.6

Gravimetric analysis: Mass
percentage of shell material 6.52 5.70 6.37 6.30 6.45 6.27 5.2

Figure 4 Mass percentage of the shell material in the
microcapsules during the microencapsulation processes at
40 and 50�C and pH values 5.0, 5.5, and 6.0.
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period, the microcapsule shell thickness, which was
dependent on the pH value set, did not increase
further.

Degree of curing of the polymer shell material

The degree of curing of MF resin forming the micro-
capsule shell (for the series prepared at pH 5.0) was
investigated by DSC analysis. For this purpose, the
area below the exothermic peaks of MF resin cross-

linking or curing, which occurred between 135 and
280�C, was integrated. The microcapsule analysis
required prior sample preparation because of the
low mass percentage of MF resin in the microcap-
sules. Samples containing only MF resin from micro-
capsules were obtained by decane removal with the
same procedure used for the gravimetric analysis
described previously and, as such, used for DSC
analysis. The efficiency of decane removal was veri-
fied by DSC experiments with the temperature pro-
gram used for the microcapsule composition analy-
sis. The absence of crystallization and melting peaks
in the thermograms confirmed that decane was
removed efficiently.
In Figure 6, thermograms for microcapsules after

decane removal obtained at the end of the microen-
capsulation processes at 50�C and pH values of 5.0,
5.5, and 6.0 are shown, whereas the determined spe-
cific curing enthalpies are collected in Table II. The
specific curing enthalpy, that is, the released heat in
the curing process per gram of MF resin, decreased
with decreasing pH value, as expected. A lower spe-
cific curing enthalpy signified a higher degree of
curing of MF resin at the end of the microencapsula-
tion process. The exothermic peaks (Fig. 6) due to
MF resin curing of samples MC/50/5.0 and MC/
50/5.5 occurred in the temperature interval between
135 and 280�C, whereas the peak for sample MC/
50/6.0 arose between 205 and 280�C. We presumed
these differences were due to different curing reac-
tions, which occurred during the DSC experiments
because we expected that samples MC/50/5.0 and
MC/50/5.5 contained a higher amount of methylene
bridges than sample MC/50/6.0. The thermograms
of MF shells sampled during the microencapsulation
process had peaks in the same temperature intervals
as the thermograms of MF shells sampled at the end

Figure 5 (a) Thermograms showing decane crystallization
peaks of samples during microencapsulation process for
the series (a) MC/40/6.0, (b) MC/50/6.0, and (c) MC/50/
5.0. (Wg�1 stands for Watt per gram).

Figure 6 Thermograms showing the MF resin curing
after decane removal for the microcapsules obtained at the
end of the microencapsulation processes at 50�C and pH
values 5.0, 5.5, and 6.0. (Wg�1 stands for Watt per gram).
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of the process. Variations in the specific curing en-
thalpy of shell material in the microcapsules during
microencapsulations carried out at different pH val-
ues are depicted in Figure 7. As shown, the curing
enthalpy decreased and, therefore, the degree of cur-
ing increased during the microencapsulation proc-
esses. The decreasing trend was clearly evident for se-
ries MC/50/6.0, whereas for series MC/50/5.0 and
MC/50/5.5, the degree of resin curing changed only
a little during the last 2 h of the process. We con-
cluded that at a pH value of 6, the polycondensation
reactions and, consequently, also separation, deposi-
tion, and crosslinking of MF resin on the surface of
the dispersed phase were slower. Nonetheless, this
was confirmed by SEM analysis, where a thinner shell
and fewer small MF particles of spherical shape for
series MC/50/6.0 were observed.

CONCLUSIONS

DSC analysis in combination with SEM analysis was
revealed as an effective tool for the investigation of
microencapsulation processes with MF resin. For
DSC investigation purposes, decane as a core mate-
rial, which showed crystallization and melting peaks
in the DSC thermograms, was chosen. By comparing
the DSC thermograms of pure decane to those of
microcapsules, we observed some evident divergen-
ces in decane crystallization and the melting peak
temperature, shape, and width. The divergences
were ascribed to different conditions for heat trans-
port in the microcapsule samples and to intermolec-
ular interactions between decane and MF resin on
the core–shell interfacial area. With thicker MF
shells, larger temperature delays for crystallization
(compared to pure decane) were observed. More-
over, it was possible to distinguish between the sig-

nals of decane located inside and outside of the
microcapsules. From the integrals of the decane
melting peak for pure decane and the microcapsule
samples, the mass percentage of shell material in the
microcapsules was calculated. The mass percentage
of shell material in the microcapsules did not
increase after 1.5 h of microencapsulation. However,
it was higher when the microcapsules were prepared
at a lower pH value. These observations were con-
firmed by the results of gravimetric analysis and
SEM analysis, which illustrated not only a larger
shell thickness but also a major amount of small
MF particles on the shell surfaces of the microcap-
sules prepared at lower pH values. However, the so
called raspberry-like surface morphology was not
observed, and we assumed that its formation was
prevented by the use of a high emulsifier concentra-
tion and by the constant pH value of the continuous
medium. By DSC analysis, the degree of curing of
MF resin forming the microcapsule shell was also
investigated. For this purpose, the area below the
exothermic peaks of the MF resin crosslinking or
curing, which occurred between 135 and 280�C, was
integrated. A lower specific curing enthalpy signi-
fied a higher degree of curing of MF resin. As
expected, we observed that the degree of curing
increased during the microencapsulation process
and that it was the highest when the microcapsules
were fabricated at the lowest pH value.
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