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The response surfacemethodology (RSM)was used to optimize themicroencapsulation of phytosterols by spray
drying. The independent variables were drying air inlet temperature, atomization air flowrate, feed flowrate,
phytosterols and total solids contents and themass ratio betweenwall materials (Arabic gum andmaltodextrin).
The analyzed responseswere process yield, mean volume particle size of productmicroparticles, phytosterols re-
tention and encapsulation efficiency. Statistical analysis revealed that the selected independent variables, espe-
cially the atomization air flowrate and feed phytosterols content, significantly affect the studied responses.
Taking into account the observed results and the analysis of variance, all the responseswere successfully adjusted
to second ordermodels with interactions, showing good R2 values and correlating the experimental data proper-
ly. The product microparticles were also obtained by using the predicted optimal operating and formulation var-
iables to test the validity of the quadratic models. The experimental responses were found to be in agreement
with the predicted values and were within the acceptable limits, indicating the suitability of the model for
predicting key parameters related to process performance and product quality. The recommended optimal for-
mulation and operating conditions for microencapsulation of phytosterols by spray drying are: drying air tem-
perature of 160 °C, atomization air and feed flowrates of 498 L/h and 2.5 mL/min (equivalent to 42 mm of
height of rotameter and 7% pump scale, respectively), phytosterols and total solids concentrations of 2 and
15 g/100 mL, respectively, and mass ratio between Arabic gum and maltodextrin of 2.06. The process yield,
encapsulation efficiency and phytosterols retention obtained under the optimum conditions were 84, 72 and
76%, respectively. The product microparticles had a mean volume particle size of about 5 μm, well below
the more restricted upper size limit of 25 μm required to guarantee the incorporation of PS into the intestine
micellar phase.

© 2017 Elsevier B.V. All rights reserved.
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1. Introduction

Phytosterols (PS) are vegetable sterols with a similar structure and
functionality to cholesterol [1–3]. They are poorly absorbed into the
blood stream [4,5], but are widely recognized as lowering absorption
of cholesterol and their serum levels [6]. It has been found that PS do
not need to be dissolved to exert their hypocholesterolemic effect, it is
sufficient if they are dispersed [7]. Indeed, the PS must be administered
finely divided in order to facilitate their exposure to the bile salts
(particle size about 25 μm) [7], and to reduce the sandy mouth feel
(particle size about 50 μm) [8].

Taking into account their hypocholesterolemic effects, the use of
phytosterols in food has been explored for the prevention and treat-
ment of cardiovascular diseases, among other affections. In this context,
one of the most attractive challenges is their incorporation in aqueous-
based formulations (like beverages, soups and others). Definitely, the
ttista).
hydrophobic and water insoluble nature of PS make them poor candi-
dates for stable dispersions and hinder their applicability on these
type of intermediate or final products [9].

Microencapsulation is a common technique used to provide a phys-
ical barrier (composed bywall materials) between the active ingredient
(called core) and the other components of the product [10]. Among
other methods, spray drying has been successfully applied for encapsu-
lation of food ingredients because it allows to produce particles of high
quality and stability by means of a relatively flexible, simple, low-cost
and continuous process [11,12]. This technique consists in the atomiza-
tion of a solution or liquid suspension into tiny drops, followed by
drying in a stream of hot air to produce solid microparticles [13].

In spray drying, both formulation and process parameters become
important to achieve the desired characteristics in the powdered
product. Firstly, the liquid feed preparation plays an essential role in
the content of the encapsulated ingredient in the final powder [14].
Specifically, the most significant parameters are the core content
and total solids concentration (including the wall materials and their
composition) [14–16]. Other factors to be considered in the

http://crossmark.crossref.org/dialog/?doi=10.1016/j.powtec.2017.08.008&domain=pdf
http://dx.doi.org/10.1016/j.powtec.2017.08.008
mailto:adibattista@plapiqui.edu.ar
Journal logo
http://dx.doi.org/10.1016/j.powtec.2017.08.008
Unlabelled image
http://www.sciencedirect.com/science/journal/00325910
www.elsevier.com/locate/powtec


Table 1
Factors and responses for the Box-Behnken experimental design.

Independent factors Levels Units

Low
(−)

Medium
(0)

High
(+)

X1: Drying air inlet temperature (Tin) 110 135 160 °C
X2: Atomization air flowrate (Qatom) 30 45 60 mm
X3: Feed flowrate (Q feed) 5 10 15 %
X4: PS content (ContPS) 2 5 8 g/100 mL
X5: Total solids content (ContTS) 15 25 35 g/100 mL
X6: Mass ratio AG to MD (AG/MD) 1/19 9.5263 19/1 –

Responses Units Optimum

Y1: Process yield (PY) % Maximum
Y2: Mean particle size of product (D [4,3]Part) μm Minimum
Y3: Phytosterols retention (PR) % Maximum
Y4: Encapsulation efficiency (EE) % Maximum
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microencapsulation by spray drying are the feed interfacial properties,
which can be addressed by using surfactants [17–19].

Secondly, the operating conditions depend on the characteristics of
the feed suspension and on the desired product properties [20]. In
this context, optimal drying conditions (as feed and atomization air
flowrate, inlet temperature of drying air, amongothers)must be consid-
ered in order to minimize the non-encapsulated core material in the
product [14,16,21].

Regarding the microencapsulation of phytosterols by spray drying,
Di Battista et al. [19] studied the effect of the use of Arabic gum (AG)
and maltodextrin (MD) as wall materials, and the influence of the
addition of surfactants on feedproperties, particle size of productmicro-
particles and process performance (process yield, microencapsulation
efficiency and phytosterols retention).

In this context, the aim of this work is to study the influence
of formulation and operating variables on the product microparticles
size and process performance. Particularly, and by means of a Box-
Behnken experimental design, the effect of several factors (drying air
inlet temperature, X1; atomization air flowrate, X2; feed flowrate, X3;
phytosterols content, X4; total solids content, X5; and mass ratio
between thewallmaterials AG/MD,X6) ondifferent key product andpro-
cess parameters (process yield, Y1; mean particle size of product micro-
particles, Y2; phytosterols retention, Y3 and encapsulation efficiency, Y4)
was analyzed. By using response surfacemethodology (RSM), a statistical
model was fitted for each response as a function of the independent fac-
tors. Finally, the models were combined in order to find an optimum set
of conditions that improves the product and process responses simulta-
neously. In order to evaluate the final product, the stability of the powder
obtained under optimal conditions was tested in 2 aqueous systems
(water at room temperature and an instant fruit drink powder).

2. Materials and methods

2.1. Materials

Phytosterols powder and Arabic gum were supplied by Grupo
Saporiti (Buenos Aires, Argentina). The PS powder consisted in a
mixture ofβ-sitosterol (35–55%w/w), campesterol (18–27%w/w), stig-
masterol (21–35% w/w) and about of 0–7% w/w of other vegetable ste-
rols. Maltodextrin Globe® 019150 (DE 15) was supplied by Todo Droga
(Córdoba, Argentina). The phytosterols, Arabic gum and maltodextrin
were food grade. The pro-analysis grade surfactant, sodiumdodecyl sul-
fate (SDS) (HLB 40, molecular weight 289) was supplied by Cicarelli®
Reagents S.A. (Santa Fe, Argentina). A commercial orange flavored
fruit juice powder (Clight, Mondelēz International) was used for the
physical stability study.

2.2. Methods

2.2.1. Preparation of the liquid feed and the product microparticles
The liquid feed to be spray dried was prepared following the proce-

dure described byDi Battista et al. [19]. Briefly, Arabic gumandmaltodex-
trin were dispersed at different mass ratios (as detailed in Table 1) and
dissolved in 100mL of hot distilledwater (50 °C) undermagnetic stirring
for about 30min. Then, 2 g of SDSwere added to form the wall solutions.
Finally, PS were dispersed at different concentrations (Table 1) under
continuous agitation for 1 h, reaching the total solids contents (based
on the sum of AG, MD, SDS and PS masses) reported in Table 1. The
recently formed suspensions were homogenized using a Pro II
Homogenizer at room temperature, over 9 min at 25000–35000 rpm,
and sonicated for 60 s to remove the foam and aggregates.

The product microparticles were obtained by spray drying the
suspensions, using a co-current Mini Spray Dryer Büchi B-290 (Büchi
Labortechnik AG, Flawil, Switzerland), provided with a two-fluid nozzle
with a cap orifice diameter of 0.5 mm. During atomization, the suspen-
sions were kept agitated at 800 rpm and ambient temperature.
Table 1 shows the process and formulation conditions, which were
defined following the design of experiments detailed below and using
a drying air flowrate about 38 m3/h.

2.2.2. Design of experiments for response surface methodology
Response surface methodology (RSM) was employed in order to

investigate the effect of different operating and formulation variables
(including atomization air and feed flowrates, inlet temperature, PS
and total solids concentration, and mass ratio between the wall mate-
rials) on the main responses of the phytosterols microencapsulation.
The 6 factors were evaluated at 3 levels in a Box-Behnken design of
experiments. Table 1 shows the independent factors (coded as X) and
their proposed levels for analysis, togetherwith the evaluated responses
(coded as Y) and the objective of optimization for each one. As a result of
the design,fifty four randomized experimental settingswere generated,
including 48 design points and 6 repetitions at the central point. The
coded experimental settings are presented in Table 2.

2.2.3. Statistical analysis and modeling
The design of experiments was statistically analyzed using a signifi-

cance level at 5% (α = 0.05) to establish the main factors affecting the
responses. After that, a quadratic polynomial regression model was as-
sumed for predicting each Y variable as follows:

Y0m ¼ a0;m þ
Xi¼k

i¼1

ai;mXi þ
X
i ¼ k
j ¼ k

i ¼ 1
j ¼ 1

aij;mXiX j ð1Þ

where Y′m is the adjusted response (m), a0,m the constant, ai,m the linear
coefficient and aij,m the quadratic or interaction term, respectively for
the response m; while Xi and Xj are the independent variables (inlet
temperature, feed and atomization air flowrates, PS and total solids con-
tents and AG/MG mass ratio) (Table 1).

The adjustedmodel for each responsewas judged in terms of the de-
termination coefficient (R2), the p-value of themodel (pMOD) and the p-
value of the lack of fit test (pLOF).Moreover, graphical toolswere used in
order to determine the model goodness. Namely, the normal distribu-
tion of residues (differences between the adjusted and experimental
value, Yl,m - Y′l,m = rl,m for each run l and responsem), the adjusted ver-
sus experimental values (Y′l,m versus Yl,m for each run l and responsem),
the residues versus adjusted value (rl,m versus Y′l,m for each run l and re-
sponsem), versus each factor value (rl,m versus Xi) and versus run num-
ber (rl,m versus nl). All models were adjusted guaranteeing the normal
distribution of residues, the absence of patterns in the last three graphs
and a good distribution in the adjusted versus experimental data graph.



Table 2
Experimental settings given by the Box-Behnken design, and results obtained for each run
and response. Minimum and maximum values for each response are highlighted in bold.

No X1 X2 X3 X4 X5 X6 Y1 Y2 Y3 Y4

1 − 0 + 0 0 + 51.31 8.326 39.57 23.37
2 0 0 + − 0 + 61.59 9.382 32.91 39.69
3 0 + + 0 + 0 47.94 7.14 37.16 39.84
4 + − 0 + 0 0 43.28 15.479 32.04 9.88
5 0 0 0 0 0 0 60.24 8.858 50.16 24.59
6 0 0 + + 0 + 54.27 9.42 42.78 15.71
7 0 + 0 0 + − 61.22 9.27 46.82 27.6
8 0 + − 0 − 0 70.27 8.058 50 32.24
9 − − 0 − 0 0 37.56 10.418 33.52 57.42
10 − 0 0 + − 0 59.58 10.945 43.42 56.7
11 − 0 − 0 0 + 55.5 7.693 48.58 34.18
12 − 0 0 − + 0 49.66 9.456 48.02 63.62
13 0 − + 0 − 0 39.67 10.328 34.75 29.93
14 0 0 0 0 0 0 55.14 8.697 49.26 26.38
15 0 − + 0 + 0 26.53 12.345 20.5 22.59
16 0 + + 0 − 0 58.1 7.98 46.15 38.19
17 0 + 0 0 − + 71.51 7.444 61.24 36.13
18 − 0 + 0 0 − 63.73 9.892 48.85 23.95
19 0 − 0 0 + − 44.94 8.301 32.62 23.41
20 + − 0 − 0 0 48.61 8.546 48.45 65.92
21 + 0 + 0 0 − 66.26 9.188 47.67 38.05
22 0 0 0 0 0 0 62.37 8.142 51.94 21.06
23 0 − − 0 + 0 39.91 10.292 35.51 30.99
24 0 0 + + 0 − 61.99 12.187 44.2 30.32
25 − + 0 − 0 0 59. 70 6.874 45.8 42.2
26 + 0 0 − + 0 58.14 6.252 53.41 55.55
27 0 + 0 0 − − 74.98 11.61 62.73 50.34
28 + 0 + 0 0 + 68.82 7.846 68.69 38.78
29 0 − 0 0 + + 34.87 10.986 30.39 37.77
30 0 0 + − 0 − 79.17 6.397 71.98 78.06
31 0 0 − + 0 + 62.06 8.998 50.33 45.14
32 0 0 0 0 0 0 63.73 8.312 61.13 44.14
33 + 0 0 + + 0 58.09 9.518 48.49 27.39
34 0 − 0 0 − + 51.86 10.032 47.55 30.9
35 0 0 − − 0 + 71.33 6.277 67.43 54.67
36 0 − 0 0 − − 41.45 10.65 34.24 36.03
37 − 0 0 − − 0 80.04 6.186 74.94 55.66
38 + 0 0 + − 0 71.64 12.31 62.32 62.74
39 0 + − 0 + 0 59.47 7.023 51.14 37.92
40 0 − − 0 − 0 60.82 11.486 51.04 43.92
41 0 0 0 0 0 0 65.18 8.756 59.79 41.73
42 − 0 − 0 0 − 73.22 10.335 50.6 21.62
43 + 0 0 − − 0 81.7 6.083 76.1 50.83
44 + 0 − 0 0 + 66.24 11.708 85.56 51.16
45 − 0 0 + + 0 53.32 9.041 42.5 38.95
46 0 0 − + 0 − 68.61 8.696 49.47 55.81
47 − + 0 + 0 0 55.53 8.354 44.86 50.27
48 + + 0 − 0 0 61.8 6.362 57.08 55.59
49 − − 0 + 0 0 25.2 16.717 29.66 49.91
50 + 0 − 0 0 − 71.75 9.318 57.91 44.13
51 0 0 0 0 0 0 65.12 8.401 63.04 32.36
52 + + 0 + 0 0 59.44 7.221 46.76 32.72
53 0 + 0 0 + + 56.53 6.549 48.19 43.15
54 0 0 − − 0 − 86.72 6.381 66.21 70.33
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2.2.4. Particle size distribution and mean size of product microparticles
The product particle size distribution (PSD) was measured by laser

light diffraction using a Horiba LA-950 V2 device (Irvine, United
States). The refractive indexused for statistical calculation of theparticle
size was 1.358 and three repetitions were realized for each sample. By
averaging three repetitions, mean particle size was expressed as D
[4,3], i.e. mean volume particle size.

2.2.5. Process yield
The process yield (PY)was gravimetrically determined as the ratio of

the amount of powder collected after every spray-drying experiment, to
the initial amount of solids contained in the feed suspensions:

PY %½ � ¼ Mass of powder collected g½ �
Mass of solids fed g½ � ∙100% ð2Þ
2.2.6. Encapsulation efficiency
The encapsulation efficiency (EE) is defined as the ratio between the

encapsulated and total phytosterols in the spray-dried product:

EE %½ � ¼ TP−FP
TP

∙100% ¼ Mass of encapsulated phytosterols g½ �
Mass of total phytosterols collected g½ � ∙100%

ð3Þ

where TP and FP are the amount of total and free (non-encapsulated)
phytosterols in themicroparticles, respectively. Both TP and FPwere de-
termined by solvent extraction, following the methodology described
below [22].

2.2.6.1. Total content of phytosterols. For quantification of total amount of
phytosterols presents in product, 4 g of microparticles was dispersed in
40 mL of distilled hot water (65 °C). After stirring gently, 8 mL of 25%
NH4OH were added and the suspension was kept at 65 °C for 20 min
in a shaking water bath. Then, the suspension was cooled at room tem-
perature and the lipids were extracted in a separator funnel applying
three liquid–liquid extractions: first, 20 mL of ethanol, 50 mL of ethyl
ether and 50 mL of n-hexane; second, 10 mL of ethanol, 50 mL of
ethyl ether and 50 mL of n-hexane; and, third, 50 mL of ethyl ether
and 50 mL of n-hexane. In each extraction step, the solvents were
added successively with shaking between additions. The upper phase
was collected and filtered through a Whatman 42 filter paper contain-
ing anhydrous Na2SO4, and then evaporated and dried to constant
weight under nitrogen stream. The total content of phytosterols (TP)
was expressed as:

TP %½ � ¼ Mass of total phytosterols collected g½ �
Mass of total solids collected g½ � ∙100% ð4Þ

2.2.6.2. Free content of phytosterols. The free phytosterols fraction was
extracted by stirring 5 g of microparticles in a volume of 200 mL of
n-hexane, during 15 min at room temperature and filtrated through a
Whatman 42 filter paper. The solvent of filtrate was evaporated in a
rotary evaporator (at 60 °C and 0.200 kg/cm2 approximately) and the
extract (free phytosterols) was dried to constantweight under nitrogen
stream. The free content of phytosterols (FP) was expressed as:

FP %½ � ¼ Mass of free phytosterols collected g½ �
Mass of total solids collected g½ � ∙100% ð5Þ

2.2.7. Phytosterols retention
The phytosterols retention (PR) is the ratio between the amount of

total phytosterols in the spray-dried product (encapsulated and free)
and the amount of phytosterols fed in the aqueous suspension.

PR %½ � ¼ Mass of total phytosterols collected g½ �
Mass of phytosterols fed g½ � ∙100% ð6Þ

2.2.8. Optimization
Once the experimental data and fitting coefficients for each response

were obtained, all the models were combined in a unique function
(called “desirability”) in order to find the better set of conditions that si-
multaneously improves all the response within the explored domain
(i.e. the set of conditions that maximize the process yield, phytosterols
retention and encapsulation efficiency, andminimize the mean volume
particle size). All the independent variables were kept within the
established ranges, while the responses were maximized or minimized
according to the process/product requirements (Table 1).

The general approach for the desirability function is to transform the
response (Yi) into a dimensionless individual desirability function (di),



Table 3
p-Values for the selected responses. Significant p-values (b0.05) are highlighted in bold.

Source Y1 Y2 Y3 Y4

p-Value p-Value p-Value p-Value

X1 0.0000 0.0030 0.0276 0.4851
X2 0.0000 0.0000 0.0036 0.2641
X3 0.0000 0.9518 0.0864 0.0041
X4 0.0094 0.0000 0.0048 0.0001
X5 0.0000 0.0009 0.0039 0.1082
X6 0.0008 0.0055 0.7009 0.4096
X1X1 0.0013 0.0129 0.6224 0.4955
X1X2 0.0511 0.0001 0.8812 0.2655
X1X3 0.1701 0.3875 0.6776 0.4028
X1X4 0.1191 0.0565 0.9372 0.0618
X1X5 0.1818 0.8317 0.7612 0.5076
X1X6 0.0224 0.0003 0.1524 0.5143
X2X2 0.0000 0.0000 0.0009 0.4973
X2X3 0.3334 0.0302 0.9673 0.2207
X2X4 0.5355 0.0006 0.7456 0.0587
X2X5 0.0947 0.0056 0.3804 0.6050
X2X6 0.3185 0.0000 0.8775 0.7428
X3X3 0.6459 0.0639 0.3964 0.6628
X3X4 0.9078 0.0304 0.6021 0.1829
X3X5 0.2240 0.0105 0.3851 0.9477
X3X6 0.9359 0.0823 0.0374 0.2508
X4X4 0.0000 0.4222 0.9746 0.0001
X4X5 0.0000 0.0180 0.2104 0.0075
X4X6 0.0000 0.0001 0.0608 0.1605
X5X5 0.1335 0.0000 0.6114 0.1866
X5X6 0.0124 0.0066 0.8344 0.0565
X6X6 0.0000 0.7381 0.6741 0.3706

Table 4
Regression coefficients of the models for the selected responses.

Regression coefficients Y1 Y2 Y3 Y4

a0 −134.5100 45.6856 −102.8590 159.0940
a1 1.4282 −0.4152 0.8908 −0.5117
a2 7.6110 −0.9181 5.1242 −1.6936
a3 −0.4059 0.0166 5.8425 −0.2089
a4 −16.8733 2.1208 −7.5705 −8.5319
a5 −1.9995 0.5519 −1.5524 −0.5022
a6 −3.3262 −0.2358 −2.7425 −3.2035
a11 −0.0054 0.0009 −0.0023 0.0027
a12 = a21 −0.0057 0.0036 −0.0014 0.0091
a13 = a31 0.0113 −0.0015 −0.0105 −0.0185
a14 = a41 0.0159 0.0045 −0.0025 −0.0555
a15 = a51 0.0058 −0.0002 −0.0040 −0.0077
a16 = a61 0.0104 0.0040 0.0200 0.0077
a22 −0.0639 0.0077 −0.0546 −0.0078
a23 = a32 −0.0152 −0.0074 −0.0018 0.0504
a24 = a42 0.0146 −0.0229 0.0250 0.1354
a25 = a52 −0.0084 −0.0031 0.0139 0.0073
a26 = a62 −0.0066 −0.0075 −0.0036 −0.0069
a33 −0.0177 0.0151 −0.1009 0.0450
a34 = a43 −0.0081 −0.0353 −0.1054 −0.2404
a35 = a53 −0.0288 0.0137 −0.0585 0.0039
a36 = a63 0.0012 0.0061 −0.1045 −0.0472
a44 0.6463 0.0179 0.0101 1.5519
a45 = a54 0.1780 −0.0196 0.1428 −0.2970
a46 = a64 0.2708 −0.0399 0.2178 0.1374
a55 0.0141 −0.0106 0.0152 0.0349
a56 = a65 −0.0265 0.0060 −0.0073 0.0650
a66 0.0660 −0.0007 0.0138 0.0261
R2 96.14 93.83 77.87 72.65
pMOD

⁎ 0.0000 0.0000 0.0000 0.0005
pLOF⁎⁎ 0.0647 0.1054 0.7556 0.0909

⁎ pMOD: p-value of the model.
⁎⁎ pLOF: p-value of the lack of fit test.
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defined between 0 (completely undesirable response) and 1 (fully de-
sirable response). Therefore, the overall desirability function (D) is de-
fined as:

D ¼ dið Þ1=m ð7Þ

where m is the total number of responses taken into consideration.

2.2.9. Particle morphology and physicochemical characterization of
optimum powder of microparticles

Particle morphology was assessed using an EVO 40-XVP, LEO Scan-
ning Electron Microscope (SEM) (Oberkochen, Germany). Previously,
the obtained powder was dried under air flow on a porthole andmetal-
ized with gold in a PELCO 91000 sputter coater (Tedpella, United
States).

Moreover, in order to ensure the physicochemical stability of the
phytosterols in the microparticle, differential scanning calorimetry
(DSC), X-ray diffraction (XRD), Fourier transformed infrared spectros-
copy (FTIR) and gas chromatography (GC) of the powder obtained
under optimal conditions were performed. Details of these techniques
and results are presented in the Supplementary material section.

2.2.10. Stability
The stability of the redispersed optimal microparticles was analyzed

bymeans of turbidimetry using a TurbiscanMA 2000 (Formulaction SA,
L'Union, France). The obtained longitudinal profiles of backscattered
and transmitted light were referred to the initial state (scan taken at
time 0) and are presented in the Supplementary material section.

The sample was prepared by dispersing 0.2 g of microparticles in
60 mL of an aqueous system (water at room temperature and a fruit
drink beverage prepared by dissolution of instant powder). An aliquot
of 8 mL of the dispersed sample was placed into the tube. The scanning
periodwas120 days for thewater systemand 2days for the instant bev-
erage. The instant beveragewithout the phytosterolsmicroparticles and
a suspension of raw phytosterols were also analyzed. Destabilization
phenomena and phases' thickness were identified by analyzing the
temporal evolution of the longitudinal profiles of transmitted and
backscattered percentages.

3. Results and discussions

Once the 54 experiments were carried out (see results in Table 2),
the effect of each independent variable and interactions between
themwere analyzed. Table 3 shows the p-value of all the source of var-
iations for the studied responses. The individual analysis is presented
below.

3.1. Process yield (Y1)

The process yieldwas between 25.20% (run 49) and 86.72% (run54).
For this response all the independent factors had significant linear ef-
fects. Moreover, the quadratic effects (except for the feed flowrate)
were significant (Table 3). The interactions between the inlet tempera-
ture, phytosterols content and total solids contents with AG/MD mass
ratio were also significant on the process yield. Another significant in-
teraction affecting this response was that between the total solids and
phytosterols contents.

Table 4 shows the regression coefficients for the fittedmodel, which
represents the experimental process yields as a function of the indepen-
dent factors and their interactions. The obtained R2 was 96.14% and the
model did not show lack of fit (pLOF N 0.05), ensuring that the fitted
model was appropriate for adjusting the experimental data.

Process yield was improved at high atomization air flowrates and
high inlet temperatures (Fig. 1a). Firstly, it is known that high atomiza-
tion energy (here translated as flowrate) leads to lower mean droplet/
particle sizes, increasing the total specific surface area [10,15] and,
thus, the heat and mass transfer. Zhang & Youan [23] found similar re-
sults in the nanoencapsulation of oily compounds. The authors showed
that a lower droplet drying time (which is linearly related to the droplet
size) leads to amore efficient process in terms of yield. Moreover, when



a)

b)

c)

Fig. 1. Response surface plots showing the variation of the process yield against: a) inlet temperature (X1) and air atomization flowrate (X2); b) feed flowrate (X3) and phytosterols content
(X4); c) total solids content (X5) and AG to MDmass ratio (X6).
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lower droplet sizes are generated, the atomization cone is narrower, re-
ducing their probability of reaching the drying chamber walls and, thus
diminishing losses by sticking [24].

However, the quadratic effect showed that at very high atomization
air flowrates, the process yields were slightly reduced; probably as a
consequence of an excessive diminution in the droplet sizes, which
leads to increase in the drag of particles by the exhaust air.

Secondly, it is well known that the inlet temperature also affects
droplets drying. Effectively, water evaporation is improved at high dry-
ing temperatures due to better heat and mass transfer, and then, the
process yield is enhanced. Several authors reported equivalent results
for the spray drying of different materials [25–28].

Fig. 1b shows the effects of the feed flowrate (X3) and phytosterols
content (X4) on the process yield. As it can be seen in Table 3, the linear
term of X3 was significant on this response. Certainly, an increase in the
feed flowrate leads to an unsuccessful drying of the droplets/particles
due to the reduction in both the mass ratio between the air and feed
flowrates [23] and the contact time between the droplets/particles
and drying air [29]. Therefore, the higher process yields for lower X3

values are explained by a higher capacity of water evaporation and,
thus, a lower probability of droplets/particles sticking on the chamber
walls. Kaur et al. [30] and Roccia et al. [27] observed similar results in
the spray drying of solid dispersions and sunflower oil encapsulation,
respectively.

As reported in Table 3, the linear term of the total solids content (X5)
is one of the most significant factors affecting the process yield. This re-
sponse diminishes by increasing X5 (see Fig. 1c) as a consequence of an
increment in the suspension viscosity, which promotes sticking on the

Image of Fig. 1


60 C.A. Di Battista et al. / Powder Technology 321 (2017) 55–65
chamber walls [10,19,31]. This effect was also observed by Tonon et al.
[28] during the spray drying of aςai, and by Tontul & Topuz [32] in the
production of linseed oil powders.

The quadratic term of phytosterols content (X4) and AG toMDmass
ratio (X6) also showed a significant impact on theprocess yield. The pro-
cess yield was enhanced at low values of both factors. The effect of low
phytosterols content can also be explained by the decrease in the sus-
pension viscosity, which increases the process yield. On the other
hand, this response could be improved by the higher surface tensions
provided by lower AG proportions [33].
3.2. Mean volume size of product microparticles (Y2)

The mean volume size of the product microparticles was between
6.083 μm(assay 43) and 16.717 μm(assay 49), corresponding to formu-
lations with low and high phytosterols contents, respectively (Table 2).
a)

b)

c)

Fig. 2. Response surface plots showing the variation of the mean volume size for the product m
flowrate (X3) and phytosterols content (X4); c) total solids content (X5) and AG to MDmass ra
With the exception of the feed flowrate (X3), all themain effects and
their interactions with the atomization air flowrate (X1X2, X2X4, X2X5

and X2X6) and with the AG to MD ratio (X1X6, X4X6, X5X6 and X2X6)
were significant on this response (Table 3). Moreover, Table 3 shows
that the mean volume particle size was affected also by the interactions
between total solids contents and feed flowrate (X3X5), and between
contents of total solid and phytosterols (X4X5). Furthermore, the inlet
temperature, atomization air flowrate and total solids contents had sig-
nificant quadratic effects.

Table 4 also shows the regression coefficients for the model of the
mean volume particle size. The data variability was explained by the
model at 93.83% (R2); whereas the p-value was lower than 0.05. Fur-
thermore, the obtained model did not show lack of fit (pLOF N 0.05).

Fig. 2 shows the adjusted response surfaces for the mean volume
particle size as a function of the independent factors. In accordance
with [10], the mean particle size is directly related with the physico-
chemical changes that the particles undergo during drying. At low
icroparticles against: a) inlet temperature (X1) and air atomization flowrate (X2); b) feed
tio (X6).

Image of Fig. 2
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temperatures, a slight increase in this factor decreased the mean
product particle size (Fig. 2a). This effect can be attributed to a
diminution in the feed surface tension and viscosity, which allow the
atomization in tiny droplets and, then, the production of smaller
microparticles. Gallo et al. [34] and Mishra et al. [35] found similar ef-
fects in the spray drying of Rhamnus purshiana and Emblica officinalis,
respectively.

Nevertheless, at high temperatures, the effect was opposite, i.e. the
mean volume particle size increased as a consequence of the inflation
phenomenon promoted by high temperatures. Moreover, under these
conditions drying could take place suddenly, avoiding the typical
particle shrinkage [36,37].
a)

b)

c)

Fig. 3. Response surface plots showing the variation of the phytosterols retention against:
phytosterols content (X4); c) total solids content (X5) and AG to MDmass ratio (X6).
One of the most significant factors on the mean volume size of the
product microparticles was the atomization air flowrate (at linear and
quadratic terms) (Fig. 2a). As above mentioned, lower mean droplet
sizes can be achieved by increasing the atomization air flowrate,
favoring the formation of more fine particulate product [15,24,34].
Nevertheless, an increase in the mean particle size at high atomization
air flowrates was observed. This can be explained by the fact that the
finest particles tend to be dragged by the exhaust air downstream to
the cyclone, decreasing the process yield.

As expected, themain factor affecting themean particle sizewas the
phytosterols content in the feed suspension. Indeed, an increase in the
PS concentration led to an increase in the mean size of product
a) inlet temperature (X1) and air atomization flowrate (X2); b) feed flowrate (X3) and

Image of Fig. 3


62 C.A. Di Battista et al. / Powder Technology 321 (2017) 55–65
microparticles (Fig. 2b). Carmona et al. [38] found similar effects in the
microencapsulation of essential orange oil. In addition, the feed viscos-
ity increased with the PS content, leading to bigger droplet and particle
sizes.

The feed viscosity is also affected by the total solids content, particu-
larly at low solids concentration. At these conditions, an increase in X5

led to biggermicroparticles probably due to thebigger droplets as a con-
sequence of higher feed viscosities (Fig. 2c). The quadratic term of this
factor (X5

2) became evident at high values where an increase in X5 led
to a diminution in particle size because of a decrease in process yield
by sticking. As afore-mentioned, bigger droplets tend to form a bigger
atomization cone, so they can collide with the chamber walls near
the entrance (i.e. when they are not completely dried) [24]. Thus,
bigger droplets and particles tend to be retained on the dryer walls,
diminishing the mean particle size of the collected particulate product.
Di Battista et al. [19] explained these results by comparing the particle
size distributions of the initial population (feed suspension), final prod-
uct (microparticles) and material stuck on the chamber.
a)

b)

c)

Fig. 4. Response surface plots showing the variation of the encapsulation efficiency against:
phytosterols content (X4); c) total solids content (X5) and AG to MDmass ratio (X6).
Finally, the mass ratio between AG and MD had a less significant
linear effect on the mean size of the product microparticles (Fig. 2c).
An increase in X6 lead to smaller microparticles probably due to the
lower surface tension of the resulting feed suspension [19,39,40].
3.3. Phytosterols retention (Y3)

Phytosterols retention was between 20.50% (run 15) and 85.56%
(run 44), being frequently lower than the corresponding process yields.
Since phytosterols are non-volatile compounds, losses in spray drying
are mainly by sticking on the dryer walls and drag by the exhaust air
downstream to the cyclone. Accordingly, the difference between pro-
cess yield and phytosterols retention for each experiment suggests a se-
lective deposition of phytosterols on the chamber walls.

As it can be seen in Table 3, excepting the feedflowrate and themass
ratio between AG and MD, all the factors were significant on the
phytosterols retention (p b 0.05). Moreover, the quadratic term of the
a) inlet temperature (X1) and air atomization flowrate (X2); b) feed flowrate (X3) and

Image of Fig. 4


Table 5
Criteria for the optimization of the responses in the microencapsulation of phytosterols.

Lower
limit

Upper
limit

Goal

X1: Inlet temperature (Tin) [°C] 110 160
X2: Atomization flowrate (Qatom) [mm] 30 60
X3: Feed flowrate (Q feed) [%] 5 15
X4: PS content (ContPS) [g/100 mL] 2 8
X5: Total solids content (ContTS) [g/100 mL] 15 35
X6: Mass ratio AG to MD (AG/MD) [−] 1/19 19/1
Y1: Process yield (PY) [%] 25.2 86.72 Maximize
Y2: Mean size of product microparticles (D [4,3]Part) [μm] 6.083 16.717 Minimize
Y3: Phytosterols retention (PR) [%] 20.5 85.56 Maximize
Y4: Encapsulation efficiency (EE) [%] 9.88 78.06 Maximize

Table 6
Optimal conditions for the phytosterolsmicroencapsulation, predicted values and interval
of confidence for all responses of interest.

Optimum

Predicted Interval of
confidence

X1: Inlet temperature (Tin) [°C] 160
X2: Atomization flowrate (Qatom) [mm] 42
X3: Feed flowrate (Qfeed) [%] 7
X4: PS content (ContPS) [g/100 mL] 2
X5: Total solids content (ContTS) [g/100 mL] 15
X6: Mass ratio AG to MD (AG/MD) [−] 2.0575
Y1: Process yield (PY) [%] 84.36 77.93–90.75
Y2: Mean size of product microparticles (D [4,3]Part) [μm] 5.491 4.215–6.767
Y3: Phytosterols retention (PR) [%] 76.59 61.31–91.87
Y4: Encapsulation efficiency (EE) [%] 72.34 53.65–91.03
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atomization air flowrate (X2
2) and the interaction between AG to MD

mass ratio and feed flowrate (X3X6) were also significant.
The model regression coefficients (Table 4) explained at 77.87% the

data variability (R2), whereas the lack of fit test was negative and the
p-value of model was lower than 0.05, indicating that the model was
appropriate.

Fig. 3 shows the response surfaces for thephytosterols retention (Y3)
as a function of the independent factors. The inlet temperature had a lin-
ear positive effect (Fig. 3a), possibly relatedwith the high process yields
obtained at high temperatures that improve the solids recovery. Similar
results were obtained by Shiga et al. [41] in the encapsulation of
Lenthinus edodes. The atomization air flowrate was the more influent
factor on this response, particularly by its quadratic term (X2

2)
(Fig. 3a). As for the process yield, for low X2 values, a positive effect
was observed; while for high X2 values, the effect was negative. For
high atomization air flowrates, both the losses by sticking and drag
were high [42].
a) b
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Fig. 5. a) Particle size distribution of the powder obtained under optimal conditi
The content of phytosterols and total solids in the feed had a
linear negative effect on the phytosterols retention (Fig. 3b and c,
respectively), probably related with the variations observed in the
mean microparticle sizes.

3.4. Encapsulation efficiency (Y4)

Finally, the encapsulation efficiency was between 9.88% (run 4) and
78.06% (run30). This responsewas significantly affected just by the feed
flowrate, the phytosterols content in its linear and quadratic terms and
by its interaction with the total solids content (Table 3).

As it can be seen in Table 4, the regression coefficients indicate that
the model for the encapsulation efficiency is appropriate; with a
suitable R2 value of 72.65%, without lack of fit (p N 0.05) and a pMOD

value lower than 0.05.
Fig. 4 shows the response surfaces for the encapsulation efficiency.

Both, the effects of inlet temperature and atomization air flowrate
were not significant on this response (Fig. 4a) in comparison with the
other factors. Fig. 4b presents the adjusted encapsulation efficiency in
terms of the feed flowrate (X3) and phytosterols content (X4). This re-
sponse was improved by diminishing the feed flowrate. Wang et al.
[16] observed similar trends in themicroencapsulation of curcumin pig-
ments. Moreover, the encapsulation efficiency was increased at low
phytosterols concentrations, probably due to the lower microparticle
sizes [19]. A comparable effect was observed by Aghbashlo et al. [43]
in the microencapsulation of fish oil. The encapsulation efficiency
shown a minimum against the phytosterols content, being the Y4
value at the higher studied X4 lower than that obtained at the lower
assayed X4.

3.5. Global optimization and validation

Based on the fitted models of each response, the desired goals and
optimization limits reported in Table 5 (which were chosen according
to the experimental results), global optimization was performed.
Table 6 shows theoptimal conditions that allowsimultaneous optimiza-
tion of the selected responses, together with the confidence interval for
each one. Thereby, setting the inlet temperature at 160 °C, the atomiza-
tion air flowrate at 498 L/h (equivalent to 42 mm of the rotameter
height), the feed flowrate at 2.5 mL/min (equivalent to 7% of the
pump capacity), the phytosterols and total solids contents at 2 and
15 g/100 mL, respectively and the AG to MD mass ratio at 2.0575, it
was expected a process yield between77.93 and90.75%, ameanvolume
microparticle size within 4.215 and 6.767 μm, a phytosterols retention
between 61.31 and 91.87% and an encapsulation efficiency within
53.65 and 91.03%.

Two experiments were run at these the optimal formulation and op-
erating conditions and the obtained results were compared with the
corresponding predicted values. All the experimental responses were
)

0 µm 

ons; b) Scanning electron micrograph of the same powder taken at 4000×.
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Fig. 6. Mean value of the delta transmission in the middle zone (9 to 50 mm) for the
aqueous dispersion of raw phytosterols.
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Fig. 8. Time evolution of precipitated and creamed phases for the optimal microparticles
dispersed in the fruit juice, and time evolution of the precipitated phase inherent to the
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in good agreement with the predicted ones, being the process
yield 81.73% ± 0.39%, the mean volume size of product microparticles
4.827 μm±0.090 μm(Fig. 5) and the phytosterols retention and encap-
sulation efficiency of 84.62% ± 1.39% and 68.30% ± 7.99%, respectively.

3.5.1. Particle morphology of optimal powder
Fig. 5 shows the particle size distribution and the SEMmicrograph of

the microparticles obtained under the optimal conditions. The product
size distribution is unimodal (Fig. 5a), and the powder appears as
ballooned particles which are surrounded by wrinkled and smaller
ones (Fig. 5b). According to previous results, the arabic gum andmalto-
dextrin seem to be deformed and dented spheres with smooth and
shriveled surfaces, respectively [19]; being in agreementwith the bigger
particles that can be seen in the micrograph. Moreover, the SDS micro-
particles can be distinguished from the powder as irregular and consid-
erable smaller [19].

3.5.2. Dispersibility and physical stability
Phytosterols are highly hydrophobic components with a density

lower than water. Then, and as expected, they concentrated in the
creamed phase of the aqueous suspension (Fig. S5). The phase separa-
tion occurred so fast that the transmittance in the top zone fell to zero
instantaneously. Then, in the middle zone (from 9 mm to 50 mm) the
transmittance increased to about 50%, due to lower concentration of
raw phytosterols. Fig. 6 shows the time's variation of the average
value of the transmission percentage in the middle zone of the tube
(9 to 50 mm). As it can be seen, the mean transmission increased not
only because of creaming but also due to an aggregation phenomenon
that led to bigger particles. As the number of particles diminished due
to agglomeration, the increments in the transmission became smaller
and an almost constant was reached.

Regarding the optimal microparticles dispersed in water, the
creamed and precipitated phases were also observed (Fig. S6). The
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Fig. 7. Time evolution of the precipitated and creamed phases for the optimal
microparticles suspended in water.
precipitated phase becamevisible at the bottom zone (at 8mm, approx-
imately; Fig. S6) after 4 days and it gradually increased up to 1.56% of
the total volume of the sample (Fig. 7). The creaming phase was ob-
served in the top zone (N60 mm, Fig. S6), after 1.5 days and evolved
up to approximately 3.39% of the total volume of the sample (Fig. 7).

To analyze the behavior of the optimal microparticles dispersed in
the instant beverage, the beverage without microparticles was first
studied. For the pure juice, the profiles of backscattered and transmitted
light shown a precipitated phase and its corresponding clarification
zone at the top (without delimited phase) (Fig. S7). Thus, the fruit
drink was unstable from the beginning, being the precipitated phase
about 3% of the total volume (Fig. 8). After approximately 2 days, the
volume fraction decreased to 1% indicating that the precipitated phase
was labile during the first 2 days. After that, the volume fraction
remained constant.

Fig. 8 also shows the time variation of the precipitated and creamed
phases for the suspension of the optimalmicroparticles in the fruit juice.
The corresponding transmission and backscattering profiles are shown
in Fig. S8. This system was more unstable than that of the optimal mi-
croparticles redispersed in water; indeed, the development of the
phases was faster probably due to the inherent instability of the instant
fruit juice. Nevertheless, the addition of the optimal microparticles to
the fruit juice delayed the precipitation process up to 17 h, showing a
positive effect on the stability compared to the beverage without the
microparticles. For the suspension of the optimal microparticles in the
fruit juice, the oscillations in the volume fraction corresponding to
the creamed phase indicated that it was labile and could be easily
redispersed.

Moreover, it is important to note that the time required for
redispersion of the optimal microparticles in water and in the beverage
at 750 rpm was lower than one minute (between 40 and 50 s).

According to these results, the optimum powder containing phytos-
terols can be successfully applied in aqueous systems, delaying the mi-
gration phenomenawith respect to rawphytosterols and improving the
stability of the fruit juice beverage.

4. Conclusions

According to a Box-Behnken design of experiments, fifty four expe-
riences were used to study the microencapsulation of phytosterols by
spray drying in order tomodel and globally optimize the process perfor-
mance and product quality. The studywas carried out at 3 levels of dry-
ing air inlet temperature, atomization air flowrate, feed flowrate,
phytosterols and total solids contents and mass ratio between wall
materials (Arabic gum and maltodextrin). Response surface methodol-
ogy was used to find an optimum set of formulation and operating
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conditions in terms of process yield, mean volume size of product mi-
croparticles, phytosterols retention and encapsulation efficiency.

The effect of the studied formulation and operating variables was
thoroughly analyzed. The atomization air flowrate was one of the
most important factors, affecting significantly the process yield and
phytosterols retention. Moreover, the phytosterols content was the
main factor on the mean microparticle size and the encapsulation
efficiency.

Taking into account the observed results and the analysis of vari-
ance, all the responses were successfully adjusted by a second order
model with interactions. The obtained models shown good R2 values
and correlated the experimental data properly. Thus, the models were
used to find an optimum set of formulation and operating conditions,
which simultaneously allows maximum process yield, phytosterols
retention and encapsulation efficiency and minimum mean volume
size of product microparticles. The optimum set was experimentally
validated. The microparticles corresponding to the optimal point were
successfully applied in two aqueous systems (water at room tempera-
ture and a fruit drink instant beverage), giving stable products.
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