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The main aim of the study was to develop a vegetable oil (VO) microencapsulation process using a spray drying
technique with the aid of the response surface methodology (RSM). The specific objectives were to evaluate the
operating condition effect on VO powder qualities and analyze the microstructure and rancidity on VOmicrocap-
sules obtained under set conditions that lead to high solid yields. Maltodextrin and hydroxypropylmethylcellulose
were used aswallmaterials. The influence of spray drying process variables over solid yield (SY),moisture content
(MC), surface oil (SO) and encapsulation efficiency (EE) was studied. All experiments led to high values of EE,
while SY and MC were significantly affected by modifying spray drier conditions, allowing the enhancement of
SY when the optimization process was applied. The optimized VO microcapsules presented an external surface
with a continuous wall and no apparent pores; with low moisture content, high VO content retained into micro-
capsules and low peroxide value.

© 2014 Elsevier B.V. All rights reserved.
1. Introduction

Unsaturated fatty acids (UFA) (omega-3, omega-6 and omega-9) are
essential fatty acids commonly found inmarine and vegetable oils (VO).
They are nutritionally important for good health and are especially ben-
eficial for individuals suffering from coronary heart disease, diabetes,
and immune response disorders [1,2]. For this reason, the use of these
fatty acids in health food formulations was increased in the last years.
Nevertheless, the susceptibility of UFA to oxidative degradation during
food processing and storage is always a concern. Fatty acids are chemi-
cally unstable in the presence of oxygen, light, moisture and heat. Mi-
croencapsulation of oils in polymeric matrices has been used in order
to protect UFA against oxidative degradation [3,4]. The efficiency of pro-
tection or controlled release of the core material mainly depends on the
composition and structure of thewall material [5,6]. However, the oper-
ating conditions (temperature, pH, pressure, humidity) employed dur-
ing the encapsulation process may strongly affect the encapsulation
efficiency, the stability of microcapsules and the shelf-life of the core
material. Biopolymer blends have been successfully used as wall mate-
rials [7,8]. Among them, carbohydrates have showed to improve the
yield and efficiency ofmicroencapsulation [9,10]. Lactose, sucrose, cellu-
lose, maltose, maltodextrins, cyclodextrins and gums are themost com-
monly used [11]. Kolanowski et al. [12] and Davidov-Pardo et al. [13]
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have reported that the use of modified celluloses, such as methylcellu-
lose and hydroxypropyl methylcellulose improves the stability, encap-
sulation efficiency and morphology of fish oil powders obtained by
spray drying. Several researches also indicate that maltodextrins have
protective effects on microencapsulated oils [14,3]. The use of malto-
dextrin has several advantages such as low viscosity, good solubility
and low cost [15,16].

Spray drying involves the atomization of emulsions into a drying
mediumwith high temperaturewhich leads to very fast water evapora-
tion, resulting in quick crust formation and quasi-instantaneous entrap-
ment of the core material [3,16,17]. The advantages of this method are
its ability to handle heat-sensitive materials, its availability of machin-
ery and its variety, its good keeping qualities of microcapsules, a variety
of particle sizes that can be produced and an excellent dispensability of
particles in aqueous media. The disadvantage of this technology is the
high temperature conditions necessary for drying and access of air
[18]. Spray drying technology requires well-adjusted operating condi-
tions as well as adequate composition of the solution that contains the
active compounds. The former include factors such as inlet air temper-
ature, atomization airflow, liquid flow rate, aspirator suction velocity
and solid concentration, among others [19]. The response surfacemeth-
odology (RSM) is a statistical analysis tool that predicts appropriate
levels of independent variables for optimizing response variables. Facto-
rial designs are frequently used in experiments involving several factors
where it is necessary to study the joint effect of the factors on a re-
sponse. In this study, RSM was applied to obtain a high solid yield of
sunflower oil microcapsules by using a spray drying process. The specif-
ic objectives of the work were to evaluate the influence of operating
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Table 2
Experimental matrix according to a 2−4 central composite design and studied responses.

Run A B C D MC⁎ SY⁎ SO⁎ EE⁎

1a 165 600 10 90 3.95 23.47 20.22 79.78
2 200 400 15 80 3.24 33.69 25.66 74.34
3 200 800 15 80 4.31 15.04 22.62 77.38
4 200 400 5 100 2.96 39.34 22.13 77.87
5 130 800 15 80 4.86 9.00 19.09 80.91
6a 165 600 10 90 3.73 23.41 16.31 83.69
7 165 600 2 90 3.56 20.17 19.42 80.58
8 200 800 15 100 3.47 26.13 23.65 76.35
9 130 400 5 100 2.35 38.95 18.18 81.82
10 130 400 5 80 2.55 29.41 24.46 75.54
11 130 800 5 80 3.97 10.30 13.93 86.07
12 130 400 15 100 3.88 27.35 26.87 73.13
13 200 800 5 80 3.88 5.44 15.68 84.32
14 200 800 5 100 3.21 17.87 20.99 79.01
15 165 279 10 90 2.93 38.68 22.90 77.10
16 165 600 18 90 4.67 19.91 22.62 77.38
17 109 600 10 90 4.12 22.03 18.73 81.27
18 130 800 5 100 4.78 23.07 21.02 78.98
19 200 400 15 100 3.18 39.88 17.75 82.25
20 130 800 15 100 4.41 18.51 17.45 82.55
21 130 400 15 80 4.63 21.76 18.69 81.31
22a 165 600 10 90 3.09 25.56 16.37 83.63
23 221 600 10 90 2.63 28.63 15.44 84.56
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conditions on VO powder qualities and analyze the microstructure and
rancidity in the optimized VO microcapsules.

2. Materials and methods

2.1. Materials

Sunflower (Helianthus annuus) oil (Natura, AGD, Córdoba, Argentina),
certified as organic product, was used as a model of VO for microencap-
sulation experiments. This VO was rich in polyunsaturated essential
fatty acids (64%) andmonounsaturated fatty acids (26%). Hydroxypropyl
methylcellulose (HPMC, Methocel K99, Ciclo Química, Argentina)
and maltodextrin (MD, DE15, Distribuidora Nicco, Argentina) were
used as wall materials. Soya lecithin (food grade, Distribuidora Nicco,
Argentina) was used as emulsifying agent.

2.2. Spray drying emulsion preparation

A suspension of MD/HPMC was prepared as follow: MD (6%) was
dissolved in distilled water at room temperature; HPMC (3%) was slow-
ly added, thewholemixturewas blended for 5min using a typical kitch-
enmixer at 200 r.p.m. (Philips, China), and it was stored for 24 h at 4 °C.
For the emulsion preparation, a blend of soybean lecithin (0.15%) and
sunflower oil was incorporated to the MD/HPMC/water suspension at
a ratio of 2:1 (MD/HPMC:sunflower oil), by using anUltraturrax T18ho-
mogenizer at 18000 r.p.m. for 10 min at 10 °C. The obtained emulsion
(200 mL) was stored at 4 °C until use.

2.3. Emulsion viscosity

Emulsion viscosity wasmeasured at 10 °C bymeans of steady-shear
flow curves (shear stress × shear rate), using a controlled stress Physica
MCR301 rheometer (Anton Paar, Graz, Austria) with stainless steel
plate–plate geometry (25 mm in diameter and 2 mm in gap). Three
flow ramps (up, down and up-cycles) were obtained in a range of
shear stress corresponding to shear rates from 0 to 100 s−1, in order
to eliminate any possible thixotropic effect. Trials were performed in
triplicate by using a new sample for each repetition. Rheograms were
analyzed according to empirical models and viscosity was calculated
as the relationship between shear stress and shear rate.

2.4. Spray drying and experimental design

The spray drying process was performed by using a laboratory-scale
Mini Spray Dryer (Büchi B-290, Büchi Labortechnik AG). A two-fluid
nozzle with a cap orifice diameter of 0.5 mm was used. Air atomizing
pressure was kept constant at 6 bars for all the experiments.

The following parameters were selected as independent variables:
(A) drying air inlet temperature, (B) atomization air volumetric flow
rate, (C) feed volumetric flow rate, and (D) drying air volumetric flow
rate. Table 1 summarizes the levels of the operating variables which
were selected on the basis of what was recommended for the experi-
mental unit [20], and from several trial experiments [19].

Experiments were planned applying a ratable central composite de-
sign (response surface methodology, RSM, Statgraphics plus 5.0) with
four factors and five levels (2−4 design) to assess the effect of the
Table 1
Process variables levels.

Parameter independent formulation Low (−) High (+) Units

A (air inlet temperature) 130 200 °C
B (atomization air flow rate) 400 800 L/h
C (pump setting) 5 15 %
D (aspirator setting) 80 100 %
operating variables on the responses: solid yield (SY, percentage of
solid material recovered in the dryer), surface oil (SO, percentage of
VOon themicrocapsules surface), encapsulation efficiency (EE, percent-
age of VO present into the microcapsules) and moisture content (MC,
moisture content on SY). All experimental runs were performed in ran-
domized order to eliminate any possible sources of bias. Four replicates
were made at the center point of design to allow the estimation of the
pure error at the sum of the square. The experiment design is shown
in Table 2.

Results were analyzed by a multiple regression method. The quality
of the models' fitness was evaluated by ANOVA (Statgraphics plus 5.0,
USA). The experimental results were applied to obtain the regression
models. The fit of each model to the experimental data was given by
the determination coefficient (R2) which explains the extent of the
variance in a modeled variable that can be understood with the
model. Multiple regression equations included only significant coeffi-
cients (p b 0.05). Only models with high determination coefficients
were included in this study. Three-dimensional response surface plots
were generated for each response variable.

Calculation of the optimal processing conditions for the solid yield
productionwas performed using amultiple responsemethod called de-
sirability [21]. This optimizationmethod incorporates desires and prior-
ities for each of the variables.
2.5. Powder analysis

2.5.1. Solid yield (SY)
It was calculated as the ratio of the powder weight collected after

every spray drying experiment to the initial amount of solids in the
sprayed dispersion volume (g of solid in 200 mL of emulsion).
24 165 600 10 74 3.14 15.42 13.70 86.30
25 165 600 10 106 3.27 33.21 16.16 83.84
26a 165 600 10 90 3.41 25.44 13.00 87.00
27 200 400 5 80 2.71 33.05 25.69 74.31
28 165 921 10 90 3.94 10.90 17.60 82.40

A: Drying air inlet temperature. B: Atomization air volumetric flow rate. C: Feed
volumetric flow rate. D: Drying air volumetric flow rate.

a Central point.
* Experimental responses: MC (moisture content, %); SY (solid yield, %); SO (surface oil,

%); EE (encapsulation efficiency, %).



Table 3
Significant coefficients (95% confidence interval) of the design of the regression fitting
model for the powder characteristics.

Factor SY (%) MC (%) SO (%) EE (%)

Constant 91.3 −14.2 43.8 −95.3
A 0.262 −0.034 ns ns
B −0.081 0.006 ns ns
C ns 0.407 ns ns
D 0.569 ns ns ns
AA 0.97 × 10−3 ns ns ns
AB −0.22 × 10−3 ns ns ns
AC 0.016 ns ns ns
AD ns ns ns −0.006
BC 0.002 ns ns ns
BD 0.57 × 10−3 ns ns ns
CC −0.048 0.009 ns −0.078
R2 0.99 0.84 0.95 0.66

ns: No significant effect at level b 5%, R2: adjusted square coefficient of the fitting mode
(indicates the percentage of variability for which the model accounts).
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2.5.2. Surface oil (SO) and encapsulation efficiency (EE)
The SO was measured on 500 mg of powder contained in a filter

paper, at room temperature, by adding twice 30 mL of petroleum
ether for 2 min and 30 s, respectively. The solution containing the ex-
tracted oil was transferred to a clean flask, which was left to evaporate
and then was dried at 60 °C until constant weight was reached. The
SO weight was calculated based on the difference between that of the
clean flask and that of the flask containing the extracted oil residue.
Total oil was assumed to be equal to the initial oil, since preliminary
tests revealed that all the initial oil was retained.

The EE was obtained by indirect measurement from VO-retention
level in the powders, and was calculated by means of the following
equation:

EE ¼ TO−SOð Þ=TO � 100

where TO is the total oil content and SO is the surface oil content.

2.5.3. Moisture content (MC)
Powder MC was determined by a moisture analyzer with halogen

heating (model M45, OHAUS). Sample moisture content analysis was
performed immediately after the spray drying step.

2.5.4. Particle morphology
Particlemorphologywas evaluated by scanning electronmicroscopy

(SEM). Powders were attached to a double-sided adhesive tape
mounted on SEM stubs, coated with 3–5 mA gold/palladium under
vacuum and examined with a FEG SEM scanning electron microscope
(Carl Zeiss— Sigma, Germany).

2.5.5. Peroxide value (PV)
In order to evaluate the rancidity of VO after themicroencapsulation

process, the PV of optimized powder was determined after the spray
drying step by means of the method used by Kolanowski et al. [12]
with minimal modifications. A powder sample of 2.0 g was dissolved
in 7 mL chloroform. Immediately, 10 mL glacial acetic acid was added,
and the mixture was stirred for a few seconds to ensure mixing. After
addition of 0.5 mL saturated potassium iodide solution, the mixture
was kept 1 min under darkness. Immediately, 30 mL purified H2O
were added and the mixture was titrated with 0.01 N Na2S2O3 using
starch solution (1%) as an indicator. As control system, 2.0 g of VOwith-
out encapsulation was treated in the same way as the VO powders.

2.5.6. Statistical analysis
Both surface oil and peroxide value analysis were carried out in trip-

licate, while for moisture content trials were made in duplicate. The
data obtained were statistically treated by variance analysis, while the
means were compared by the Fisher LSD test at a significance level of
0.05. In both cases the INFOSTAT statistical software (Facultad de
Ciencias Agropecuarias, Universidad Nacional de Córdoba, Argentina)
was used.

3. Results and discussion

3.1. Statistical evaluation of the experimental design

3.1.1. Solid yield
The global yield of the microencapsulation process could be im-

proved by changing spray drying conditions in order to decrease parti-
cle sticking to the dryer chamber surfaces. Table 2 shows the yields,
based on the collected powder, achieved for each experiment. The low-
est yieldwas for test 13 (5.44%)while the highest onewas for the exper-
iment 19 (39.88%). All significant linear effects and two-factor
interactions on SY are reported in Table 3. On the one hand, air inlet
temperatures (A) and aspirator settings (D) had positive linear effects
on SY, as shown by the significant coefficients (Table 3), while the
opposite effect was obtained from atomization air flow rate (B). On
the other hand, the two-factor interactions were AA, AB, AC, BC, BD
and CC.

The main effect plot showed that high A and D values improved SY;
while high B values decreased it (Fig. 1). Positive and negative quadratic
effects of interactions between operating variables indicated that they
had optimum values from which SY increased and decreased,
respectively.

High air inlet temperatures increased water evaporation, which in
turn increased the amount of dried powder produced. Tonon et al.
[22] informed that inlet air temperature had significant effects on the
process yield of spray drying of Euterpe oleraceae extract. Gallo et al.
[19] showed that the most significant main factors on the spray drying
yield of Rhamnus purshiana extract were aspiration, pump setting and
air inlet temperature. They found that higher aspiration values led to a
better separation rate in the cyclone, higher thermal levels in the
spray chamber, and higher drag forces, which improved the process
yield. Also, at low pump rates, water loading was almost completely
evaporated decreasing the probability of particle adhesion on the cham-
ber walls and, thus, giving better process yields.

The influence of the processing variables on the collected powder is
well-defined by the wide range of powder yield values obtained on the
experimental design. In spite of the fact that solid yield was improved
due to the changes of A, B and D parameters, the values were at the
limit of what is acceptable for lab-scale spray dryers. Similar results
were reported by Gallardo et al. [6], who observed a very low yield on
linseed oil microencapsulated which had methylcellulose and malto-
dextrin as coatingmaterial. These researches argued that their observa-
tion could be a consequence of the different nature of the oil or
some small variations in the preparation procedure, comparing with
previous results obtained for fish oil encapsulated with the mixture
methylcellulose/maltodextrin in similar conditions [13].
3.1.2. Surface oil (SO) and encapsulation efficiency (EE)
The SO parameter did not change as a consequence of process vari-

able combination (Table 3). All experiments showed low values of VO
on microcapsule surface (Table 2). These results led to a high EE% of
VO in MD/HPMC matrix. According to Table 2, EE% varied from 73.13%
to 87.00% which can be considered an adequate level for oil powders.
Encapsulation efficiency determines the grade of oil protection and is
dependent on many factors, among which the nature of encapsulated
material, composition of the blend coating material, homogeneity of
dried slurry and spray drying parameters can be found. In spite of this,
it is important to note that, in this work, the EE% was not significantly
influenced by processing conditions as it was showed by the low R2

value (0.66) (Table 3).



Fig. 1. Response surface plots for solid yield (SY). (A) Air inlet temperature, (B) atomization air flow, (C) pump setting, (D) aspiration setting.
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Since the process variables did not affect the EE values, the high VO
retained into microcapsules could be due to the nature of wall material
and their mixtures and emulsion quality and stability. As stated before,
several researches informed the good properties of MD and HPMC for
encapsulated oils [12,13]. In this work, MDwasmainly chosen as it pro-
vided good oxidative stability to encapsulated oil; however, as MD ex-
hibited poor emulsifying capacity [16], HPMC was proposed as part of
wall materials due to their good emulsifying properties and effective
microencapsulation of oils [12,16]. Besides, lecithin was included in
the formulation to assure the stability of feeding emulsions before
spray drying [23].Moreover, sincemicroencapsulatedVOwas formulat-
edwith the aim to incorporate on foods, the selectedwallmaterialwas a
compromise between cost, easy manipulation, availability and effec-
tiveness as protective materials.

The wall material to core ratio is another variable to consider. It is
generally accepted that a wall material to core ratio between 2:1 and
4:1 (w/w) should be suitable for most applications. A ratio lower than
2 would probably lead to an unacceptable increase of surface oil, while
a ratio higher than 4 would result in a powder with a very low oil con-
tent, which is not desirable for food applications [6]. In this work, the
MD/HPMC:VO proportion was 2:1, selected according to previous stud-
ies [6,13]. Consequently, the good EE% was probably due to a combina-
tion of the nature of coating material and the adequate wall material to
core ratio selected for VO microencapsulation.

The total solid content had a positive effect on the encapsulation ef-
ficiency. Higher solid content implies shorter time to form a crust, mak-
ing the oil diffusion to the drying particle surface difficult [24]. Both the
wall material used for oil microencapsulation and the total solid content
have influence on the emulsion characteristics, mainly on viscosity. The
MD/HPMC suspension was formulated with a solid percentage lower
than 10% w/v since an increment of HPMC content means the increase
of system viscosity. As stated before, the viscosity of emulsions was de-
termined through steady-shear flow curves. The most appropriate
mathematicalmodel to describe the flow characteristics of the emulsion
produced with VO and MD/HPMC was the Newton model, according to
which viscosity is constant with shear rate, with a value of 0.2604 Pa·s,
R2 = 0.9873, Rheoplus software. Carneiro et al. [25] observed the same
behavior in emulsions produced with flaxseed oil and maltodextrin in
combination with other surface active biopolymers. However they in-
formed lower viscosities (inferior to 0.1 Pa·s) compared to those
observed in this work. Adhikari et al. [26] and Tonon et al., [22] evaluat-
ed the increment of viscosity of feed emulsion as a function ofmaltodex-
trin concentration. However, the higher viscosities (maltodextrin 40%)
informed by these authors were half the viscosity value of MD/HPMC/
VO obtained on this study. Therefore, MD exhibits a low viscosity even
at concentrated solutions, which allows increasing the solid content of
emulsions. Then, and due to the fact that vegetable oil incorporation
decreases the emulsion viscosity [17,27], the high viscosity value of
MD/HPMC/VO mixture was due to HPMC nature.

3.1.3. Moisture content
The MC was in the range of 2.35–4.86 wt.% (Table 2). Most of MC

values obtained through the experimental design were under the min-
imum moisture specification of dried powder in the food industry
which is between 3 and 4 g/100 g [28]. Themoisture content of biopoly-
mersmay affect the accessibility of oxygen to the oil, thus, the lowwater
contents are usually associated with low water activities, which might
prevent lipid oxidation.

The MC variable was mainly affected by the drying air inlet temper-
ature (A), atomization air flow rate (B) and pump setting (C) (Table 3).
On the one hand, themain effect's plot showed that high values of B and
C produced powders with the highest MC; while high values of A pa-
rameter decreased the MC of powders (Fig. 2). On the other hand, the
significant quadratic effect of C variable indicated that pump setting
had a value in which the MC is the lowest.

Bhandari et al. [14] reported a direct relationship between the vis-
cosity of the feed emulsion and themoisture content of the drying pow-
der. Taking into account that the viscosities of the emulsions used in this
work were the same for all experiments, the drying inlet temperature
and the powder moisture content were the independent variables of
greater importance.

The effect of the increase of air inlet temperature on low moisture
content of dried powderwas informed in previous studies, which tested
different core and wall materials by spray drying methodology
[19,22,29]. The air inlet temperature is directly proportional to the mi-
crocapsule drying rate and the final water content. When the air inlet
temperature is low, the low evaporation rate causes the formation of
microcapsules with high-density membranes, high water content,
poor fluidity, and ease of agglomeration. However, a high air inlet tem-
perature causes an excessive evaporation and results in cracks in the



Fig. 2. Response surface plots for moisture content (MC). (A) Air inlet temperature, (B) atomization air flow, (C) pump setting.
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membrane inducing subsequent premature release and a degradation
of the encapsulated ingredient [16,30].

Other authors observed similar results when investigating the effect
of air inlet temperature and pump rate on the final water content of
spray drying powders. Tonon et al. [22] informed that the feed flow
rate negatively affected the powdermoisture content on açaí microcap-
sules. These researches reported that high flow rates imply in short con-
tact time between the feed and the drying air, making the heat transfer
less efficient and resulting in lowerwater evaporation. In addition,Hong
and Choi [31] verified that the powder moisture content increased with
increasing pump rate and with decreasing inlet air temperature on
powder material from Agaricus blazei Murill.

3.2. Optimization
The best spray drying conditions are a compromise between high air

temperature, high solid concentration of the solution, and easy pulveri-
zation and drying without expansion and cracks of final particles [32].
Other researches investigated the microencapsulation efficiency of mi-
croencapsulated sunflower oil with respect to sunflower oil concentra-
tion, proportion of milk protein isolates to coating wall, soy lecithin
concentration and homogenizing pressure using response surface
methodology [33].

Taking into account that unsaturated fatty acids (ω−3, ω−6 and
ω−9) are chemically unstable in the presence of oxygen, light, mois-
ture and heat; the optimization procedure of multiple response was ap-
plied reducing themaximumvalue of the inlet air temperature (190 °C)
in order to maximize the SY% and to preserve the oil chemical and sen-
sorial quality. The optimized response suggested that a combination of
A: 163 °C, B: 279 L/h, C: 10% and D: 100% would lead to SY of 41.94%.
The results showed that no significant differences were found between
the estimated value by themodel and the experimental observed value
for solid yield which suggested a good fit of the model to experimental
data (Table 4).

3.2.1. Analysis of optimized powder
In order to determine themicrocapsule quality, the efficiency on VO

encapsulation, powder moisture content and oxidative stability of VO
was analyzed. Table 5 shows the analytical characterization of VO
Table 4
Predicted and observed values of solid yield (SY) for the combination of design variables
that maximize the desirability function.

Process variable Level SY
(predicted value)

SY
(observed value)

%Error*

A (air inlet temperature) 163 °C 41.94% 39.94% 3.45%
B (atomization air flow) 279 L/h
C (pump setting) 10%
D (aspiration setting) 100%

% Error* error percentage obtained from the predicted and the observed values for solid
yield parameter (SY).
microcapsules obtained according to the optimized response. Under
these conditions, the powder characteristics did not changed with re-
spect to the values observed for theMC, SO and EE on the original exper-
imental design (Table 2). The MC value was near the minimum value
obtained in the previous runs, and the SO and EE values indicated a
high VO retained into microcapsules. Moreover, the peroxide value
was not adversely affected by the spray drying process applying the op-
timum level of independent variables.
3.2.2. Powder morphology
The resulting powders obtained after the optimized response had

particles with a wide range of sizes (Fig. 3, A). Most of the particles
showed a rounded external surface with a continuous wall and no ap-
parent fissures or cracks, which is important to provide lower perme-
ability to gasses, better protection and core retention. Moreover,
surfaces were concave and shriveled (Fig. 3, B), which is typical of mi-
crocapsules produced by spray drying process [34]. This type of mor-
phology was also observed by Bertolini et al. [35] and Trindade and
Grosso [36] who microencapsulated monoterpenes and ascorbic acid
respectively, using gum arabic as wall material. In the same way, other
authors informed this morphology on microcapsules using maltodex-
trin and modified cellulose as wall materials [12,13]. The formation of
hollow particles as usual characteristic of spray drying process can be
explained by the formation of a “vacuole” inside the particles, immedi-
ately after the crust development. This crust inflates when the particle
temperature exceeds the local ambient boiling point and the vapor
pressure within the vacuole rises above the local ambient pressure
[37]. The lack of pores on the microcapsule surface was related to the
good encapsulation efficiency obtained in the experimental design. Be-
sides, the low surface oil content was a consequence of a continuous
wall surface. All of these led to an effective protection of vegetable oil
quality, as was indicated for the absence of peroxide content.
4. Conclusions

The results obtained in this study support the fact that the spray dry-
ing method is suitable for microencapsulated VO. Besides the use of
RSM design is a good alternative in order to identify, in a relatively
fast and simple way, those combinations of spray-drying operating
Table 5
Powder analysis of VO microcapsules under conditions of optimal model point.

Process variable Optimum level Powder analysis

A (°C) 163 MC (%) 2.75 ± 0.22
B (L/h) 279 SO (%) 20.57 ± 0.12
C (%) 10 EE (%) 79.43 ± 0.12
D (%) 100 PV (meq O2 kg−1 oil) ND

A: Air inlet temperature. B: Atomization air flow. C: Pump setting. D: Aspiration setting.
MC: Moisture content. SO: Surface oil. EE: Encapsulation efficiency. PV: peRoxide value.
ND: Not detected.



Fig. 3.Micrographs of the surface topology ofmicrocapsules produced under the optimal model point conditions: air inlet temperature (A), 163 °C; atomization air flow rate (B), 279 L/h;
pump setting, 10% and aspirator setting, 100%.
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conditions that allow for the production of powderswith good encapsu-
lation efficiency and solid yield.

However, according to the analysis of the results obtained in this
work and in comparison to those reported by other authors, it can be
concluded that the optimal spray-drying operating conditions for a
given oil/carrier system cannot be directly extrapolated from other
formulations.

The fact that EE%was not significantly influenced by processing con-
ditions proves the highmicroencapsulation capacity of coatingmaterial
combination. Since SY was affected by all process variables, the optimi-
zation procedure was carried out to maximize the powder yield. The
best processing combination achieved the best SY for the utilized wall
material with an effective protection of vegetable oil quality. The results
provide a good start for other microencapsulation approaches.
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