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a  b  s  t  r  a  c  t

The  microcapsules  with  oil core and  multi-layers  shell  were  developed  from  poly-cationic  chitosan  (CS)
and anionic  SDS  in multistep  electrostatic  layer  by  layer  deposition  technique  combined  with  oil in
water  emulsification  process.  The  net  charge  of  microcapsules  determined  by  zeta  potential  indicated
that  microcapsules  are  highly  positive  charged  because  of poly-cationic  nature  of  CS,  and  charge  neu-
tralization  of  microcapsules  occurred  after  alkali  treatment.  The  granulometry  measurement  showed
increase  in  average  diameter  of  microcapsules  by  alkali  treatment  suggesting  swelling  or  formation  of
eywords:
icrocapsules

ayer by layer
il in water emulsion
hitosan
odium dodecyl sulfate
lectrostatic deposition

small aggregates.  The  morphology  analysis  of  microcapsules  by  optical  microscopy  corroborated  the
results of  granulometry,  and  diameter  of  microcapsules  was  found  to  be decreased  in multistep  pro-
cess  due  to  tight  packing  of layers  in  outer  shell  of  microcapsules.  The  alkali  treatment  of microcapsules
to  solidify  outer  shell  was optimized  with  0.02  N NaOH  to  reduce  microcapsules  aggregation  and  gel
formation  by  CS  chains  as found  in optical  micrographs.

© 2012 Elsevier Ltd. All rights reserved.
. Introduction

Microcapsulation is a technique by which various bioactive
aterials like drugs (Bouchemal et al., 2004; Pouton & Akhtar,

996) bioactive proteins (Kwak, Ihm, & Ahn, 2001), pesticides
Scher, Rodson, & Lee, 1998), probiotics, and different active mate-
ials used in textile products like phase change materials (Mondal,
008), antimicrobial fabrics (Saraswathi, Krishnan, & Dilip, 2010),
nd insect repellents (Specos et al., 2010), long lasting perfume
nd skin softeners (Rodrigues et al., 2009) are encapsulated into
icroscopic size materials called microcapsules through the for-
ation of a thin wall around the core materials. The commercially

vailable microcapsules vary in size ranging from less than 1
o 250 �m.  The advantages of microcapsulation are described as
he controlled release of encapsulated bioactive materials, pro-
ection of encapsulated materials from oxidation, and imparting
tability to environmental stress (Bansode, Banarjee, Gaikwad,

adhav, & Thorat, 2010). Microcapsule formation involves dif-
erent techniques like coacervation, phase separation, interfacial
olymerization, and mechanical methods (Obeidat, 2009; Watts,

∗ Corresponding author at: ENSAIT-GEMTEX, 9 rue de l’ermitage, BP 30329, 59100
oubaix, France. Tel.: +33 3 20 25 64 59; fax: +33 3 20 27 25 97.
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144-8617/$ – see front matter ©  2012 Elsevier Ltd. All rights reserved.
ttp://dx.doi.org/10.1016/j.carbpol.2012.06.028
Davies, & Melia, 1990). The effective microcapsule formation
through coacervation process depends on several factors such
as selection of emulsifier/combination of emulsifiers used in the
preparation of oil in water or water in oil emulsions, the poly-
mer/combination of polymers to create the shell materials around
the core materials, and the combination of emulsifier and polymer
(Ogawa, Decker, & McClements, 2003a).

Conventionally, oil in water emulsion, which consists of small oil
droplets dispersed in aqueous medium, is created by homogenizing
oil phase and aqueous phase together in presence of emulsifier. An
emulsifier is a surface active material that adsorbs to the surface of
freshly formed oil droplets in the emulsion during homogeniza-
tion. The main functions of the emulsifiers are to decrease the
average size of oil droplets in the emulsion by reducing interfacial
tension between oil and water during homogenization, and pre-
vent droplets from aggregation by developing interfacial protective
membranes and generating repulsive force between oil droplets
(Mun, Decker, & McClements, 2006). There is a wide variety of
natural and synthetic emulsifiers including surfactants, polysac-
charides, phospholipids, and proteins, and each emulsifier has its
own advantages and disadvantages depending on the stability and

size of oil droplets of emulsion (Qian & McClements, 2011). How-
ever, some scientific articles reported that surfactant stabilized oil
droplets in oil in water emulsion were more protected against oxi-
dation than protein-stabilized interfaces in presence of catalyst

dx.doi.org/10.1016/j.carbpol.2012.06.028
http://www.sciencedirect.com/science/journal/01448617
http://www.elsevier.com/locate/carbpol
mailto:fabien.salaun@ensait.fr
dx.doi.org/10.1016/j.carbpol.2012.06.028
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ade of equimolar iron–ethylenediaminetetraacetic acid complex
Berton, Ropers, Viau, & Genot, 2011).

It has been reported in many scientific articles that microcap-
ules with multilayer shell membranes could be prepared by an
lectrostatic layer by layer deposition technique (Sukhorukov, Fery,

 Möhwald, 2005). The electrostatic layer by layer deposition tech-
ique offers microcapsules having very good stability to pH, ionic
trength and thermal processing (Ogawa, Decker, & McClements,
003b).  The biodegradable polymers have already been proved to
e useful as carriers for different bioactive materials (Park, Ye,

 Park, 2005), and especially, microcapsules formed from ionic
iopolymer like chitosan (CS) are reported to have novel encap-
ulating and release properties for various encapsulated bioactive
aterials (Grenha et al., 2005; Peng, Xiong, Li, Chen, & Zhao, 2010).

n this study, CS has been selected as a natural cationic biopoly-
er  to create microcapsules with multilayer structure around the

il droplets by electrostatic layer by layer deposition technique
sing SDS as an anionic emulsifier. CS is co-biopolymer of glu-
osamine monomers and small amount of N-acetyl-glucosamine
onomers depending on the degree of alkaline deacetylation of

hitin, which is the second most abundant biopolymer in the Earth
fter cellulose. Numerous reports on the applications of CS from
ood processing (No & Kim, 2006), pharmaceutical and biomedi-
al fields (Ueno, Mori, & Fujinaga, 2001) to wastewater treatment
Crini & Badot, 2008; Guibal, 2004) are available in the literature
nd most of the cases, CS is found extremely attractive due to
ts biocompatibility, biodegradability and nontoxicity (Prashanth

 Tharanathan, 2007). CS is soluble in dilute acid solutions having
Ka ≈ 6.5 and it becomes precipitated from the aqueous solution
y increasing pH to neutral or alkaline range (Schatz, Viton, Delair,
ichot, & Domard, 2003). The selection of CS as a shell material
or microcapsules is advantageous in the view of biodegradable
ature of the polymer, and the delayed release of encapsulated
aterials from microcapsules. In fact, cationic CS could be adsorbed

n the surfaces of oil droplets stabilized by anionic sodium dode-
yl sulfate (SDS) surfactant molecules by electrostatic interaction
Aoki, Decker, & McClements, 2005). Under certain conditions, the
il in water emulsion having SDS as an emulsifier becomes unsta-
le to creaming with CS addition due to charge neutralization
nd bridging flocculation, indicating strong electrostatic interac-
ions between negatively charged SDS stabilized oil droplets and
ositively charged CS molecules (Mun  et al., 2006). With further
ddition of CS in emulsion, the creamy portion disappears and sta-
le emulsion is reformed, suggesting that stable microcapsules are
nly formed when CS concentration in the emulsion is enough to
ompletely saturate the droplet surfaces and electrical charges of
icrocapsules completely switch from negative to positive charges

Mun  et al., 2006).
In this study, the process of microcapsule formation is car-

ied out in oil in water emulsion by electrostatic layer by layer
eposition method using CS as a cationic biopolymer and anionic
DS as an anionic emulsifier in the system. The selection of SDS
s an anionic emulsifier in the system is based on the fact that
DS molecules can be rapidly adsorbed on the oil droplets during
reparation of oil in water emulsion by homogenization process.
he alternative addition of SDS solution and CS solution to the
reshly prepared microcapsule suspension is repeated for several
ycles to develop multi-layer structure on the microcapsules having
ncreased structural rigidity to environmental stresses for various
ractical applications. The net charge, average size, and morphol-
gy of the microcapsules are monitored by zeta potential and size
istribution measurements, as well as optical microscopy, and, the

haracterizations by zeta potential and size distributions are per-
ormed at each step of SDS and CS addition during microcapsules
ormation in order to develop novel and effective CS based micro-
apsules as carrier molecules for linseed oil as an active substances.
olymers 90 (2012) 967– 975

2. Materials and methods

2.1. Materials

Low molecular weight CS (deacetylation = 75–85% and molec-
ular weight = 50,000–190,000), sodium dodecyl sulfate (SDS),
linseed oil and all other analytical grade chemicals such as sodium
hydroxide (NaOH), acetic acid, hydrochloric acid (HCl) were pur-
chased from Sigma–Aldrich Co. LLC.

2.2. Solution preparation

3.0 g of CS powder was  completely dissolved in 100 ml  of 2%
(v/v) acetic acid aqueous solution (3%, w/v) at 50 ◦C in magnetic
stirring condition at 1500 rpm. The pH of as prepared CS solution
in acetic acid solution was found to be 3.4. The SDS solution was
prepared by dissolving 10 g of SDS in 1000 ml  of de-ionized water
and the pH of SDS solution was  found at 5.4.

2.3. Microcapsule formation from oil in water emulsion

2.3.1. Formation of the first layer
The oil in water emulsion was prepared by 80 wt% of aque-

ous SDS solution (continuous phase), and 20 wt% linseed oil as
organic phase under homogenizing condition at 16,000 rpm and
50 ◦C for 30 min. The oil in water emulsion contains SDS  as an
anionic emulsifier at a concentration of 8 g/l. The foams developed
in oil in water emulsion using SDS as emulsifier by homogenization
was removed by allowing to stand it at 50 ◦C for 3 h under mag-
netic stirring at 1500 rpm. The microcapsules of CS and SDS were
formed through electrostatic layer by layer deposition method with
the addition of 35 ml  of CS solution (3%, w/v) in 100 ml  of oil
in water emulsion under homogenization condition at 50 ◦C and
16,000 rpm for 15 min  using homogenizer (Ultra-Turrax, T-25 basic,
IKA®WERE, Germany). The as prepared microcapsule suspension
contains 15.0 wt%  of oil and 0.77% (w/v) of CS, and SDS concen-
tration in the suspension was 5.9 g/l (26.0 mM). The as prepared
microcapsule suspension was kept standing for 1 h at 50 ◦C to reach
stability, and the pH of as prepared microcapsule suspension was
measured at 4.2.

2.3.2. Formation of the multi-layers
40 ml  of 10 g/l SDS solution was added in the as prepared micro-

capsule suspension followed by the addition of 20 ml 3% (w/v) CS
solution at 50 ◦C and 1500 rpm, and the process of alternative SDS
and CS addition to the as prepared microcapsule suspension was
continued for 10 cycles to increase the layer numbers of SDS and
CS on the multi-layer structure of microcapsules. Here, each cycle
of total 10 cycles denotes the alternate addition of 40 ml  SDS solu-
tion, and then 20 ml  CS solution to the as prepared microcapsule
suspension under magnetic stirring condition. In this context, the
microcapsules are designated as 1 layer, 2 layers and so on, up
to 10 layers depending on the number of cycles applied during
microcapsule formation, and the microcapsules with 1 layer indi-
cate the microcapsules just obtained after addition of CS solution to
oil in water emulsion. The alternative addition of SDS and CS to as
prepared suspension was  done at 30 min  interval. The pH of micro-
capsule suspension throughout the process with alternative SDS
and CS addition was  maintained at a constant value (pH ≈ 4.2) that
was obtained for the as prepared microcapsule suspension, and the
pH adjustment of as prepared microcapsule suspension after con-

secutive SDS and CS addition was done by drop wise addition of
0.1 N HCl solution and 0.1 N NaOH solution, respectively. The whole
process of microcapsules formation by layer by layer technique is
schematized in Fig. 1.
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Fig. 1. Schematic diagram of microcapsule formation

.3.3. Alkali treatment of microcapsule suspension
The as prepared microcapsule suspension (5 ml)  with various

ayer numbers was dispersed in 20 ml  of 0.02 N NaOH solution at
0 ◦C under stirring condition of 1500 rpm for 10 min, followed
y standing at room temperature for 12 h in order to neutral-

ze positive charge of microcapsules as well as for solidification
f outer shell on the microcapsules by alkali treatment. The pH
f microcapsule suspension after alkali treatment changed from
H 4.2 to 5.4, and with increase in NaOH concentration during
lkali treatment up to 1.0 N, pH of the microcapsule suspension
ould be attained more close to neutral as well as alkaline pH.
he precipitation of CS from acetic acid solution by NaOH solu-
ion occurs through liquid–liquid phase separation method because
aOH molecules react both with protonated amine groups (NH2)
f CS and acetic acid in CS solution (Lamarque, Lucas, Viton, &
omard, 2005). The alkali treated microcapsules were obtained in

he drying state after drying in thermostatic oven at 50 ◦C for 3 h and
ept in desiccators for future use after redispersing in de-ionized
ater.

.4. Characterization

The zeta potential of microcapsule suspension was measured
sing Zetasizer 2000, Malvern instruments Ltd., Malvern, UK, by
lectrophoresis method after 1000 times dilution of the sample
n de-ionized water. The size distribution analysis (granulome-
ry) of microcapsules suspension was performed using Accusizer
article Sizing Systems (770 Optical Particle Sizer, and 770A
utodiluter), Santa Barbara, CA, USA after diluting the sample
y 1000 times in de-ionized water to measure the average size
f microcapsules. The optical microscopy was performed using
xioskos Zeiss equipped with a camera (IVC 800 12S) in order
o determine the microstructure of the microcapsules. The scan-
ing electron microscopy (SEM) of microcapsules was  done using a
eica Cambridge S-360 Microscope with an acceleration voltage of
0 kV.
ctrostatic layer by layer deposition using CS and SDS.

3.  Results and discussion

3.1. Formation of microcapsules in oil in water emulsion by
electrostatic layer by layer deposition method

The oil in water emulsion using SDS as anionic emulsifier gave
rise to oil droplets surrounded by anionic SDS molecules. The for-
mation of microcapsules started when drops of CS solution were
added to the emulsion under homogenizing condition. The oppo-
sitely charged SDS and CS come into contact with one another and a
shell membrane is formed around oil droplet to give microcapsules.
This effect results in shrinkage of oil droplets in the emulsion. Such
a network is not only stabilized by electrostatic interaction but also
combination of electrostatic, ion-dipole, and hydrophobic interac-
tions (Lapitsky & Kaler, 2004; Thongngam & Julian McClements,
2004). After the first shell membrane layer is formed from CS and
SDS interactions, the unbound CS molecules in the emulsion diffuse
through the layer for binding with free SDS binding sites attached
to oil droplets in emulsion.

The alternative addition of SDS and CS solution in as pre-
pared microcapsule suspension was repeated for ten cycles in
order to add more alternate layers of SDS and CS in the shell
membrane structure of microcapsules (Fig. 1). The combination
of different interactions such as electrostatic, ion-dipole, and
hydrophobic could increase the layer numbers on the shell struc-
ture of microcapsules. However, SDS and CS molecules in the
emulsion are not only supposed to be involved in the microcap-
sule formation, and there should be some free SDS molecules
present in emulsion that adsorb to cationic CS molecules through
a strong electrostatic attraction to form complexes (Thongngam
& Julian McClements, 2005) under homogenization condition
depending on the amount of SDS and CS in the system. The
micro-sized complexes of SDS and CS could deposit on the shell

membrane structure of microcapsules by coacervation process or
remain as microparticles/aggregated form in the emulsion. In this
way, alkali treatment of microcapsule suspension gives rise to
alkali stabilized microcapsules by charge neutralization, as well
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ig. 2. Zeta potential analysis of microcapsule suspension (a); alkali treated microc
n  microcapsules (where SDSi–CSj represents the layer number, with the indexes i 

s gel materials made of CS and SDS complexes, and only CS
olecules.

.2. Influence of CS and SDS on the microcapsulation process

The microcapsules suspension formed from CS and SDS showed
 characteristic white color at the initial stage of microcapsulation

rocess, and it turned into yellow color during multilayer forma-
ion. The influence of CS and SDS on the microcapsulation process
as monitored using zeta potential, particle size distribution (gran-
lometry) and optical microscopy.
e suspension (b); after each addition of CS and SDS during layer by layer formation
are SDS and CS number layers, respectively).

The zeta potential analysis was  performed in this study to obtain
information of charge density on the surface of microcapsules.
As shown in Fig. 2a, the negative zeta potential of oil in water
emulsion (−53.8 mV)  indicated that SDS as an anionic emulsifier
imparted negative charge in the emulsion at a pH of around 5.4.
Fig. 2a shows that after addition of 35 ml  CS in the emulsion,
the electrical charge on the oil droplets changed from negative
(−53.8 mV)  to positive (+35.6 mV)  and net electrical charge of emul-

sion droplets gradually changed from negative to positive with
increase in CS concentration in emulsion (data not shown). This
change in net electrical charge of droplets indicates that microcap-
sules are formed by strong interaction between positively charged
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ig. 3. Average diameter of microcapsule suspension (a); alkali treated microcapsul
ormation on microcapsules (where SDSi–CSj represents the layer number, with the

S and anionic SDS molecules around the oil droplets and CS
olecules are adsorbed to the surface of SDS coated oil droplets

n emulsion. The binding of cationic CS molecules to oppositely
harged surface of oil droplets causes reversal of charge to high
ositive charge of the microcapsules. The high positive charge of
icrocapsules (overcharging) in the emulsion occurs because only

 fraction of positively charged amine groups of CS are required
o neutralize oppositely charged group on the surface of emul-

ion droplets and the remainder of the charged groups on CS could
iffuse into aqueous phase or could be in contact with the sur-
ace of emulsion droplets having no charges (Dobrynin, 2001).
he addition of 40 ml  SDS (10 g/l) in as prepared microcapsules
ension (b); after each cycle of alternate addition of CS and SDS during layer by layer
xes i and j are SDS and CS number layers, respectively).

suspension for multilayer formation on microcapsules changed
electrical charge of the surface of microcapsules from +35.6 mV  to
+25.3 mV, indicating that a fraction of positively charged amine
groups of CS molecules are neutralized by complex formation
with SDS. The addition of further 20 ml CS to emulsion increased
overcharging of positive charge to +31.6 mV  from +25.3 mV.
However, the net increase in overcharging during 2 layers
formation is found less (+6.3 mV)  than that of during formation of 1

layer (+89.4 mV)  in the system, indicating that there are still some
free negatively charged binding groups of SDS, which are eventually
binding with CS molecules during successive layers formation on
the membrane structure of microcapsules. The same phenomenon
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ig. 4. Optical microscope images for microcapsules at magnification of 40× with 

ayers  (e), 10 layers (f), with 0.02 N NaOH.

as found to occur during successive layers formation by alterna-
ive addition of SDS and CS solutions in as prepared microcapsule
uspension up to 10 layers. The pH of microcapsule suspension was
aintained throughout the process at a pH of 4.2 that was obtained

fter the formation of microcapsules in the emulsion after addition
f CS in oil in water emulsion at the initial stage (1 layer).

The particle size distribution of microcapsules suspension was
erformed in this study to determine the average size of the
icrocapsules, and the measurement of average diameter of micro-

apsules was made considering diameter range of microcapsules
rom 0.59 to 20.02 �m.  The average diameters and size distribu-
ion of oil droplets in the emulsion increased from 4.00 ± 2.98 �m
o 4.69 ± 3.62 �m after CS addition in emulsion to form micro-
apsules by developing shell membranes around the oil droplets
s obtained in the particle size distribution analysis. As shown in
ig. 3a, the average diameters and size distribution of microcap-
ules were found to be decreased from 4.69 ± 3.62 �m (1 layer)
o 2.91 ± 2.94 �m (10 layers) with the increasing layer numbers of

icrocapsules by alternative addition of SDS and CS during electro-
tatic layer by layer deposition, and this observation suggests that
trong electrostatic interaction between SDS and CS on the micro-
apsules results in tight packing of layers on the microcapsules.
oreover, the decrease in average diameter of the microcapsules
ith increase in layer numbers indicates the stability of micro-

apsules to the aggregation due to strong electrostatic repulsion
etween the microcapsules.

The optical microscope images of microcapsules with 1 layer
Fig. 4a), 4 layers (Fig. 4b), and 10 layers (Fig. 4c) at 40× mag-
ification showed that interactions between oppositely charged

DS (anionic) and CS (cationic) give membrane structure around
he emulsion droplets as in the form of microcapsules. The

icrocapsules are well dispersed in oil in water emulsion, and
he measurement of diameter of microcapsules in the optical
r (a), 4 layers (b), 10 layers (c), and alkali treated microcapsules with 1 layer (d), 4

micrographs indicates that diameters of the microcapsules with 1,
4, and 10 layers are varying in the range of 2.0–5.0 �m.  However,
microcapsules with 10 layers (Fig. 4c) and 4 layers (Fig. 4b) show
less average diameter than microcapsules with 1 layer (Fig. 4a),
indicating strong osmotic action of the membrane that leaves only
linseed oil as core materials. These results are strongly supported
by the size distribution results of microcapsules as described in
the study before.

3.3. Influence of alkali treatment on the microcapsulation process

The alkali treated microcapsules suspension exhibited a char-
acteristic yellow color with some visible agglomerates depending
on the NaOH amount during alkali treatment as well as amount
of uncoated polymer materials. The alkali treated microcapsules
showed immediate phase separation after thorough agitation and
no visual sign of degradation was  observed after storing it for 1
month. The alkali treatment of microcapsules with NaOH solution
was performed in order to solidify the outer shell of microcap-
sules, and the influence of alkali treatment on the microcapsulation
process was  characterized using zeta potential, particle size distri-
bution (granulometry), optical microscopy and scanning electron
microscopy.

The zeta potential measurement of microcapsules after alkali
treatment with 0.02 N NaOH indicated that the net electrical charge
of microcapsules with 1 layer was −20.4 mV  (Fig. 2b), whereas that
before alkali treatment was measured to be +35.6 mV  (Fig. 2a). This
result indicated that neutralization of positive charges of micro-
capsules from the state of overcharging due to CS is completed by

alkali treatment, and the net negative charge on the microcapsules
after alkali treatment could be possibly due to negative charge of
SDS molecules on the emulsion droplets at pH 5.4 in the system.
However, the net negative charge of alkali treated microcapsules
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ig. 5. Optical microscope images of alkali treated microcapsule suspensions (1 lay
.2  N NaOH (c), and 1.0 N NaOH (d).

as found to be decreased with the increase in layer numbers.
he net charge of the alkali treated microcapsules after CS addition
tarted to be positive from the 4 layers (+3.6 mV)  to the maximum
t 10 layers (+28.5 mV), indicating that alkali treatment of micro-
apsules suspension (5 ml)  by 20 ml  of 0.02 N NaOH is not enough
o completely neutralize the positive charge of CS molecules on the
icrocapsules after 4 layers.
As shown in Fig. 3b, the average diameters of alkali treated

icrocapsules having 4–10 layer numbers were higher than those

Fig. 6. Optical microscope images of drying phase of alkali treated microc
 magnification of 40× using alkali treatment of 0.002 N NaOH (a), 0.02 N NaOH (b),

of the alkali treated microcapsules with 1–3 layers. The average
diameter of alkali treated microcapsules was found to be increased
to maximum value at 7 layers (6.95 ± 5.08 �m),  suggesting that
swelling of polymer shell of microcapsules might occur during
alkali treatment of microcapsules with 4–10 layers. Also, alkali
treated microcapsules with 4–10 layers could be held together

by CS molecules that are adsorbed to more than one microcap-
sule (Pinotti, Bevilacqua, & Zaritzky, 1999). In this context, it
should be taken into account that aggregation of alkali treated

apsules (1 layer) at magnifications of 10× (a), 20× (b) and 40× (c).
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ig. 7. SEM images of alkali treated microcapsules with 1 layer (a), 2 layers (b), 4 lay
f),  3000× (g) after dilution and drying at room temperature.

icrocapsules is low because the average diameter of microcap-
ules with 4–10 layers is increased maximum by 2 times compared
o the mean diameter of alkali treated microcapsules with 1 layer
3.63 ± 3.40 �m).  As shown in Fig. 3b, the smaller size of micro-
apsules with 1–3 layers than that of microcapsules with 4–10
ayers after alkali treatment suggests that the negative charges on
he microcapsules with 1–3 layers after alkali treatment are well
nough to prevent aggregation of microcapsules as well as swelling
f the polymer shell of microcapsules.

The optical micrographs of the alkali (0.02 N NaOH) treated
icrocapsules with different layer numbers; 1 layer (Fig. 4d),

 layers (Fig. 4e), and 10 layers (Fig. 4f) at 40× magnification
how that the diameter of the microcapsules after alkali treat-
ent increases with increase in layer numbers. Also, the diameters

f alkali treated microcapsules with 4 and 10 layers vary from
 to 25 �m,  while those with 1 layer vary in the small range
f 2–10 �m.  The diameter values of the microcapsules measured
y optical microscopy are confirmed by granulometry (parti-
le size distribution analysis). The average size of alkali treated
icrocapsules with 1 layer increased from 3.63 ± 3.40 �m to

.11 ± 5.14 �m for 4 layers, and further increased to 5.39 ± 4.50 �m
or 10 layers. Fig. 4f exhibits that some microcapsules are held
ogether by CS molecules which are adsorbed on the surface of

ore than one microcapsule, and it occurs during alkali neutraliza-
ion of microcapsules. Also, the swelling of microcapsules is found
n Fig. 4f, and this is due to alkali treatment of microcapsules with
igher layer numbers (10 layers). As observed in the micrographs
f alkali precipitated microcapsule suspension, charge neutraliza-
ion by alkali process creates some gel particles made of only CS

olecules through liquid–liquid phase separation, which are in the
queous phase as free CS chains before alkali treatment, as well as
ggregation of some microcapsules in the suspension. This is the
ajor problem with preparing concentrated microcapsule suspen-

ion for different applications.
The optical microscope images of alkali treated microcapsules

1 layer) with different amount of alkali; 0.002 N NaOH (Fig. 5a),
.02 N NaOH (Fig. 5b), 0.2 N NaOH (Fig. 5c), and 1.0 N NaOH (Fig. 5d)
t 40× magnification exhibit that diameters of alkali treated micro-
apsules vary in the small range of 2–10 �m.  As shown in the
icrographs, aggregation of microcapsules and gel particles forma-

ion by free CS chains are observed higher for alkali treatment of

icrocapsules with NaOH concentration above 0.02 N, and charge

eutralization of the microcapsules with 0.002 N NaOH solution is
ot effective, resulting in incomplete solidification of outer shell
f microcapsules. The microcapsules after alkali treatment with
, 6 layers (d), 10 layers (e), drying at room temperature at 600×; 10 layers at 1000×

0.02 N NaOH (Fig. 5b) are well dispersed in the suspension with
proper solidification of outer shell of microcapsules, and also, the
problem of gelation by free CS chains as well as aggregation of
microcapsules are highly overcome by the process.

The optical microscope images of alkali treated microcapsules
(1 layer) at 10× (Fig. 6a), 20× (Fig. 6b), and 40× (Fig. 6c) show that
the polymer film is formed after drying the samples at 50 ◦C in a
thermostatic oven for 3 h suggesting that the coalescence phenom-
ena occur due to water evaporation and weak thermo-mechanical
properties of shell materials. However, the drying phase of alkali
treated microcapsules contains microcapsules embedded in the
polymer film, and no oil release is found from the core materials
of the microcapsules after drying process. Thereby, the observa-
tion suggests that the microcapsules could retain its core materials
either in solution phase or in drying phase.

The alkali treated microcapsules with 1 layer (Fig. 7a) and 2
layers (Fig. 7b) show some individual microparticles in SEM micro-
graphs at 600× after drying at room temperature, whereas the SEM
images of alkali treated microcapsules with 4 layers (Fig. 7c), 6 lay-
ers (Fig. 7d), and 10 layers (Fig. 7e) at 600× indicate collapsing and
aggregation of materials. However, the SEM images with 4, 6, and 10
layers at 600× reveal microcapsules entrapped in the dense poly-
mer  film. Also, SEM images of alkali treated 10 layers at 1000×
(Fig. 7f) and 3000× (Fig. 7g) after dilution and drying at room tem-
perature suggests that aggregation could not be inhibited by the
dilution process in water.

4. Conclusions

The present study showed the development of microcapsules
with an oil core and multilayer shell structure by multistep
electrostatic layer by layer deposition technique combined with
an emulsification process using chitosan (CS) as a poly-cationic
biopolymer and sodium dodecyl sulfate (SDS) as an anionic emul-
sifier in the oil in water emulsion system. The alkali treatment of
microcapsules was  performed to solidify the outer shell of micro-
capsules. The zeta potential analysis of microcapsule suspension
indicated that overcharging of microcapsules occurred due to pos-
itive charges of CS polymer. The alkali treatment of microcapsules
created charge neutralization on the surface of microcapsules. The
size distribution analysis of microcapsules indicated that the aver-

age diameter of the microcapsules increased after alkali treatment
suggesting swelling or small aggregate formation by the micro-
capsules. The size distribution results were supported by SEM and
optical microscopy. However, the gelation of free CS chains and
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ggregation of microcapsules during alkali treatment are the major
roblems with the preparation of concentrated microcapsules. The
ptimizations for the preparation of concentrated microcapsules
uspension are currently being performed to improve the quality
nd application of microcapsules in different fields especially for
extile applications. The optimization process involves the stan-
ardization of added CS amount during layer by layer formation
ith SDS in order to minimize the magnitude of overcharging of
icrocapsules by positive charges and increase maximum deposi-

ion of oppositely charged molecules on the multi-layer structure of
icrocapsules in the concentrated microcapsules suspension, and

lso to decrease the amount of free CS chains in the suspension
hich create gel particles during alkali treatment.
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