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Abstract Optimum technology of spray-dried jujube powder
was studied using a Box-Benhnken design. Effects of weight
ratio of maltodextrin and the dry matter weight of jujube pulp
(WR, 3–5), inlet air temperature (T, 140–160 °C), and shift of
feed flow rate (FFR, 3–5) on the quality attributes (moisture
content, lightness, the total color difference, vitamin C (VC)
content and hygroscopicity) of jujube powder were systemat-
ically studied by response surface methodology and perturba-
tion plot. Analysis of variance showed that a second-order
polynomial equation could predict the experimental data well
(R2>0.92). Moisture content and the total color difference
(ΔE) were significantly affected by WR, T, and FFR. The
higher WR and lower FFR resulted in a decrease in moisture
content and ΔE . WR and FFR had extremely significant
effects on VC content and hygroscopicity (P <0.01); with
lower WR and FFR, higher values of VC content and hygro-
scopicity would be received. The effect of WR was the most
significant variable among others. The optimum conditions
that maximizing VC content and minimizing contents of
moisture, ΔE , and hygroscopicity of jujube powder were
found as WR of 3, inlet air temperature of 140 °C, and FFR
of 3 ( i.e., 11 ml/min). Under these conditions, the response
values were moisture content of 3.36 %, lightness of 83.32,
ΔE of 9.92, VC content of 205.10 mg/100 g, and hygroscop-
icity of 18.59 %, respectively.
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Introduction

Jujube (Zizyphus jujuba Miller) is the fruit of the genus
Ziziphus , which is widely consumed in more than 30 coun-
tries around the world (Fang et al. 2011). Jujube is indigenous
in China with more than 4,000 years of history (Fang et al.
2009a), and it is famous for its high nutritional value. Mean-
while, it has been used as traditional medicine treatment such
as analeptic, palliative, and antibechic in China (Li et al.
2007). In recent years, other functional activities of jujube
have also been extensively studied, including the functions of
liver protection (Wang et al. 2012; Guil-Guerrero et al. 2004 ),
antioxidant (Wang et al. 2012; Gao et al. 2011; Li et al. 2005 ),
and antitumor (Fatemeh et al. 2008). However, fresh jujube
fruit was perishable and 20–30 % of fresh jujube was decayed
every year. Moreover, it can only be kept for a few days after
harvest because of its high moisture (75~80 %). Hence, it is
crucial to do in-depth study on jujube processing and
preservation.

Drying is a common method to preserve the jujube. The
drying methods for jujube include traditional drying and arti-
ficial drying. Traditional drying methods like sun and air
drying have many disadvantages, resulting in lower economic
efficiency (Fang et al. 2009b). However, artificial drying
methods such as spray drying and microwave drying can
greatly improve the quality of dried products (Fang et al.
2010). In a previous study, hot air drying, microwave drying,
and hot air combined with microwave drying for the whole
jujube had been reported (Fang et al. 2009a; Fang et al. 2009b;
Fang et al. 2010; Fang et al. 2011). The jujube powder is one
of the most popular forms for jujube industry application;
however, it has not been systematically investigated. Only
Kim et al. (2012) analyzed the physical and chemical proper-
ties of jujube powder made by air, vacuum, and freeze drying.

Spray drying is a extensively used industrial technology in
a large scale for drying materials from liquid into powders,
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which not only can extend the shelf-life, but reduce volume to
a convenient handing level as well (Sagar and Suresh Kumar
2010; Tze et al. 2012). This technique offers the advantages of
low water activity, relatively low temperatures and short par-
ticle residence time (Kha et al. 2010; León-Martínez et al.
2010). Hence, certain properties of materials, such as nutri-
ents, color and flavor, are maintained in high percentages
(Rodríguez-Hérnandez et al. 2005). Now, spray drying has
been successfully applied to produce dried fruits and vegeta-
ble powders from concentrated bayberry juice (Gong et al.
2008), blackberry pulp (Ferrari et al. 2012), Gac fruit aril juice
(Kha et al. 2010), nopal mucilage extracts (León-Martínez
et al. 2010), cantaloupe juice (Solval et al. 2012), and
fermented mixed juice of carrot and watermelon (Mestry
et al. 2011). However, there is no research on the preparation
of jujube powder by spray drying.

The purpose of this study was to obtain the optimal pro-
cessing conditions of jujube pulp powder by spray drying
using response surface methodology. The independent vari-
ables were inlet air temperature (T ), weight ratio of maltodex-
trin and the dry matter weight of jujube pulp (WR), and shift
of feed flow rate (FFR); moisture content, color, VC content,
and hygroscopicity, which were very important parameters of
jujube powder and significantly affected by independent var-
iables, were chosen as responses.

Materials and Methods

Materials and Reagents

Fresh Chinese jujube (Z. jujuba Miller) samples were
harvested in October 2012 from Zhanhua, Shangdong Prov-
ince, China. Samples were stored at 4 °C in a refrigerator until
use. Citric acid and oxalic acid were of analytical grade and
purchased from Beijing Beihua Fine Chemicals Company
(Beijing, China); pectinase was supplied by Novozymes
Company (Beijing, China). 2, 6-Dichloroindophenol sodium
salt hydrate (purity≥95 %) was obtained from Sigma-Aldrich
Company (St. Louis, MO, USA). Maltodextrin (LuZhou Bio-
Chem Technology Co., Ltd., Shandong, China) with 10–15
dextrose equivalents (DE) was used in the experiments.

Sample Preparation

Fresh jujube samples were washed, pitted, sliced into eight
parts, and weighed (100 g). Then, 500 ml water was added,
and the mixture was heated with boiling water for 3 min until
jujube was softened. pH value of the mixture was adjusted to
4.0 by citric acid, and 0.1 % pectinase was further added. The
temperature and time of pectinase enzymolysis were 50 °C
and 50 min, respectively. After that, the mixture was placed in
90 °C water bath and held for 1 min for enzyme deactivation.

Maltodextrin was then added into the pulp, and the mixture
was homogenized for 5 min in a JMS 50 colloid mill
(Langfang TongYi machinery Co., Ltd., Hebei, China) before
spray drying.

Spray Drying Process

A laboratory-scale spray dryer (SD-Basic, Labplant UK Ltd.,
NorthYorkshire, UK)was used in the process, whichwasmainly
supplied with control panel, electric resistance heater, peristaltic
pump, two fluid nozzle, drying chamber, and cyclone. Ambient
air was heated by an electric resistance heater and the heated air
was blown in co-current of the sprayed liquid through the drying
chamber. The inlet air temperaturewasmeasured and themixture
was fed through a self-priming peristaltic pump to the two fluid
nozzles where it was atomized and sprayed into the drying
chamber. Thus, the jujube powder and dust were separated in
the cyclone separator. All the spray-dried jujube powders were
collected, weighed, sealed in a bottle, and stored at 4 °C.

Experimental Design

Weight ratio of maltodextrin and the dry matter weight of
jujube pulp (WR, X1), inlet air temperature (T, X2), and FFR
(X3) were selected as the independent variables based on the
preliminary study results. Response surface methodology
(RSM) was used for modeling and analyzing of the optimiza-
tion process. The experimental design employed in the exper-
iment was a Box–Benhnken design which consisted of 17
runs and five replicates of the central point for the estimation
of pure error. The response variables (Yn) were moisture
content (Y1), lightness value (L , Y2), the total color difference
(ΔE , Y3), VC content (Y4), and hygroscopicity (Y5).

Each independent factor was varied over three levels: the
high level (+1), the low level (−1), and the center points
(coded level 0). The relations between the coded and original
values can be obtained using the following equation:

X 1 ¼ WR−WRcð Þ
.
ΔWR ð1Þ

X 2 ¼ T−Tcð Þ
.
ΔT ð2Þ

X 3 ¼ FFR−FFRcð Þ
.
ΔFFR ð3Þ

where X1, X2, and X3 were the coded values of weight ratio of
maltodextrin and the dry matter weight of jujube pulp, inlet air
temperature, and shift of feed flow rate. WR, T, and FFR were
the corresponding original values. WRc, Tc, and FFRc were the
original values in the center of the domain:WRc=3, Tc=150 °C,
FFRc=4 (equivalently 11 ml/min). ΔWR, ΔT, and ΔFFR were
the increments of WR, T, and FFR corresponding to one unit of
X1, X2, and X3, respectively: ΔWR=1, ΔT=10 °C, ΔFFR=1.
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Coded and original levels for independent variables are shown in
Table 1. All the experiments were carried out in a random order
tominimize the effect of unexpected variability due to extraneous
factors.

Statistical Analysis

As for optimization of spray-drying process, the responses
were analyzed using Design Expert software (Version 8.0.6,
Stat-Ease Inc., MN, USA). A second-order polynomial regres-
sion model was assumed for predicting all Y responses (Y1−
Y5) which could be expressed by the following equation:

Y ¼ A0 þ A1X 1 þ A2X 2 þ A3X 3 þ A11X 1
2 þ A22X 2

2

þ A33X 3
2 þ A12X 1X 2 þ A13X 1X 3 þ A23X 2X 3 ð4Þ

where A0 was a constant; A1, A2, and A3 were linear coeffi-
cients; A12, A13, and A23 were cross-product coefficients; and
A11, A22, and A33 were quadratic coefficients. The fitness of
the model was evaluated by the coefficient of determination
R2 and the analysis of variance (ANOVA, F -test). The effects
of the independent variables were displayed in response sur-
faces and perturbation plots. All samples were treated and
analyzed in triplicate. A value of p <0.05 was considered as
statistically significant.

Physicochemical Properties of the Jujube Powder

Moisture Content

The moisture content of jujube powder was determined by
drying in an oven at 105 °C until a constant weight was
obtained (AOAC 1984). Moisture loss was expressed in terms
of percent wet basis (wb).

Color

The color of jujube powder was measured in terms of the CIE
L*, a*, and b* values using a colorimeter (DL-25, Hunterlab,
America). L* represents the lightness (L*=0 for black and L*

=100 for white), a* indicates red (+) to green (−) axis, and b*

illustrates yellow (+) to blue (−) axis (Duangmal et al. 2008).
The total changes in color could be expressed by ΔE which
showed the difference between the measured object and the
standard whiteboard. It could be calculated as formula (5):

ΔE ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
L−L�ð Þ2 þ a−a�ð Þ2 þ b−b�ð Þ2

q
ð5Þ

where L , a , and b represent the values of powder sample. L*,
a*, and b* represent the values of standard whiteboard which

were calculated as 91.44, −0.95, and 0.69, respectively (Cui
et al. 2003).

VC Content

Vitamin C content was determined by the 2,6-
dichloroindophenol titrimetric method (AOAC 1995). Ten
grams of jujube powder was dispersed in 10 ml 2 % oxalic
acid solution and pounded to homogenate. Then, the mixture
was transferred into a 100-ml volumetric flask, diluted with
2 % oxalic acid solution to constant volume, mixed, and
filtered. Accurately10 ml of filtrate was titrated with 2,6-
dichloroindophenol sodium salt hydrate solution until the
solution turned pink and then kept for at least 15 s. The result
was expressed as milligrams of vitamin C per 100 g of jujube
powder.

Hygroscopicity

Hygroscopicity (HG, %) is the ability of a substance to attract
and hold water molecules from the surrounding environment.
HG of jujube powder was determined according to the previ-
ous study with some modifications (Cai and Croke 2000;
Caparino et al. 2012; Ferrari et al. 2012). Briefly, one gram
of jujube powder was placed in a dry aluminum specimen box
which had constant weight. The aluminum specimen box was
put in a glass desiccator containing saturated NaCl solution
(75.5 % humidity) and stored for 7 days. Three parallel tests
had been done. HG (%) represented the grams of absorbed
moisture per 100 g dry solids and was calculated by Eq. (6)
(Caparino et al. 2012):

HG %ð Þ ¼
Δm

.
M þMið Þ

1þΔm
.
M

� 100% ð6Þ

whereM was the initial weight of jujube powder, Δm (g) was
the change in weight of jujube powder, and Mi was the free
water content of the jujube powder before exposing to 75.5 %
humidity environment.

Results and Discussion

In the present study, effects of independent factors (WR, T,
and FFR) on the responses in spray drying process were
analyzed by RSM and perturbation plot. The design layout
and responses for each experiment are shown in Table 1.

Food Bioprocess Technol (2014) 7:1807–1818 1809



Influence of Variables on the Moisture Content of Jujube
Powder

Moisture content is one of the major factors that affect powder
stability. As a plasticizer, only a small amount of water will
increase the food matrix mobility and cause stickiness and

agglomeration during powder product storage (Moreira
et al. 2009). As shown in Table 1, the moisture content
of jujube powder varied from 1.97 to 6.65 % wb. To
examine the conditions that affected the moisture con-
tent of jujube powder, its regression model could be
predicted by Eq. (7) as follows:

Table 1 Central composite rotate design and experiment data

Run Variables (original and coded values) Responsesa

WR (X1) T (X2, °C) FFR (X3)
b Y1 (%) Y2 Y3 Y4 (mg/100 g) Y5 (%)

1 2 (−1) 160 (+1) 4 (0) 4.37±0.28 81.28±0.03 11.92±0.03 270.44±0.95 19.58±1.20

2 2 (−1) 150 (0) 3 (−1) 3.25±0.09 81.20±0.01 11.78±0.01 290.32±0.35 20.65±0.06

3 3 (0) 140 (−1) 5 (+1) 6.65±0.19 83.03±0.01 10.58±0.01 200.68±0.13 16.41±0.05

4 3 (0) 150 (0) 4 (0) 4.35±0.25 82.93±0.02 10.71±0.02 210.68±1.15 17.37±0.82

5 4 (+1) 150 (0) 3 (−1) 1.97±0.14 84.57±0.04 8.52±0.03 180.50±0.01 18.08±0.46

6 2 (−1) 150 (0) 5 (+1) 5.79±0.15 81.32±0.03 11.78±0.03 270.06±0.52 18.64±0.64

7 3 (0) 150 (0) 4 (0) 4.26±0.34 82.95±0.01 10.69±0.01 210.58±1.08 17.18±0.59

8 2 (−1) 140 (−1) 4 (0) 4.95±0.06 81.78±0.01 11.26±0.02 270.41±0.42 19.09±0.71

9 3 (0) 150 (0) 4 (0) 4.31±0.06 82.91±0.01 10.72±0.02 210.77±0.60 18.01±0.03

10 3 (0) 150 (0) 4 (0) 4.14±0.17 82.97±0.01 10.66±0.01 210.58±0.12 18.68±0.03

11 3 (0) 140 (−1) 3 (−1) 3.04±0.18 83.36±0.01 9.90±0.01 210.47±0.40 18.97±0.28

12 4 (+1) 160 (+1) 4 (0) 2.13±0.01 84.24±0.01 9.11±0.01 180.47±0.01 17.57±0.49

13 3 (0) 160 (+1) 5 (+1) 5.95±0.33 82.27±0.01 11.60±0.01 200.32±0.48 16.90±0.08

14 3 (0) 150 (0) 4 (0) 4.46±0.21 82.98±0.01 10.65±0.01 210.67±0.41 18.16±0.50

15 4 (+1) 140 (−1) 4 (0) 3.58±0.03 84.10±0.03 9.09±0.02 180.72±0.39 16.83±0.69

16 4 (+1) 150 (0) 5 (+1) 4.35±0.12 84.23±0.03 9.00±0.03 170.89±0.16 16.27±0.01

17 3 (0) 160 (+1) 3 (−1) 2.73±0.01 82.78±0.01 10.61±0.01 210.84±0.33 19.32±0.61

Y1 moisture content, Y2 L value, Y3 ΔE , Y4 VC content, Y5 hygroscopicity
a All of the experimental data were mean values of triplicate determinations
b FFR=3, 4, and 5 represent the flow rates which are 7, 11, and 20 ml/min, respectively

Table 2 ANOVA for respective regression models and model terms

Model terms Y1 Y2 Y3 Y4 Y5

F-value Notability F-value Notability F-value Notability F-value Notability F-value Notability

Model 26.84 ** 45.68 ** 29.17 ** 135.41 ** 9.78 **

A1 47.35 ** 394.53 ** 230.91 ** 1110.77 ** 42.93 **

A2 10.92 * 8.53 * 11.06 * 0.01 – 2.17 –

A3 163.16 ** 3.32 – 8.72 * 18.52 ** 39.20 **

A1A2 1.79 – 2.42 – 1.56 – 0.00 – 0.06 –

A1A3 0.06 – 1.25 – 0.84 – 1.67 – 0.04 –

A2A3 0.36 – 0.19 – 0.37 – 0.01 – 0.02 –

A11 16.79 ** 0.41 – 8.81 * 85.78 ** 3.43 –

A22 0.42 – 0.11 – 0.06 – 3.49 – 0.06 –

A33 1.37 – 0.29 – 0.12 – 0.43 – 0.11 –

R2 0.9718 0.9833 0.9740 0.9943 0.9264

Adjusted R2 0.9356 0.9617 0.9406 0.9869 0.8317

Y1 moisture content, Y2 L value, Y3 ΔE , Y4 VC content, Y5 hygroscopicity, – not significant

* p <0.05; **p <0.01
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Y 1 ¼ 4:30−0:79 X 1−0:38 X 2 þ 1:47 X 3−0:65 X 1
2

þ 0:10 X 2
2 þ 0:19 X 3

2−0:22 X 1X 2−0:040 X 1X 3−0:097X 2X 3

ð7Þ

where X1, X2, and X3 were coded levels of WR, T, and FFR,
respectively. From Table 2, results of ANOVA showed that
experimental data were well represented by the obtained
second-degree polynomial equation (R2=0.9718, Adj. R2=
0.9356). According to the model, linear term of WR (X1) and
FFR(X3) and quadratic terms of WR (X1

2) reached an ex-
tremely significant level (P <0.01), and the effect of inlet air
temperature (X2) on the moisture content of jujube powder
was also significant (P <0.05).

The best way of visually expressing the effect of variables on
the responses within the experimental space under investigation
was to generate response surface plots of themodel (Özkal et al.
2005). Response surfaces for the effects of variables on the
moisture content of jujube powder were shown in Fig. 1a–c.
The region of low moisture content which could be easily
identified from the three-dimensional plot was around WR=4,
T=160 °C, and FFR=3. The trend of moisture content changes
as one factor moved from the design range with the other factor
held constant at the reference value was shown by the pertur-
bation plot (Fig. 1d). In the present study, the reference point
was set at the middle of the design space (WRc=3, Tc=150 °C,
FFRc=4). Results showed that WR and T had negative effects
on the moisture content of jujube powder (curves A and B),
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Fig. 1 Response surface (a–c) and perturbation plot (d) for the effects of variables on the moisture content of jujube powder
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while FFR had a positive effect on moisture content (curve C).
A higher WR led to the reduction of moisture content because
the addition of maltodextrin to the feed solution increased the
total solid content and reduced the total amount of water
available for evaporation (Ferrari et al. 2012). Increasing inlet
air temperature (T) resulted in greater loss of water due to the
higher rate of heat transfer into the particles, providing higher
driving force for water removal. Consequently, jujube powder
had lower moisture content. The larger the FFR value was, the
higher moisture content would be obtained. Higher FFR re-
duced the residence time between droplets and drying air,
leading to less efficient heat transfer. This resulted in higher
moisture content of jujube powder (Kurozawa et al. 2009).
Additionally, these results were consistent with those reported
by Ferrari et al. (2012), Moreira et al. (2009), and Kha et al.
(2010).

Influence of Variables on the Color of Jujube Powder

The color of powder is one of the most obvious attributes of
jujube powder. The regression models obtained for L and ΔE
are given by Eqs. (8) and (9) as follows:

Y 2 ¼ 82:95þ 1:44 X 1−0:21 X 2−0:13 X 3−0:064 X 1
2−0:034

X 2
2−0:054 X 3

2 þ 0:16 X 1X 2−0:11 X 1X 3−0:045X 2X 3 ð8Þ
Y 3 ¼ 10:69−1:38 X 1 þ 0:30 X 2 þ 0:27 X 3−0:37 X 1

2

þ 0:029 X 2
2−0:043 X 3

2−0:16 X 1X 2

þ 0:12 X 1X 3 þ 0:078X 2X 3 ð9Þ

As shown in Table 2, the correlation coefficients were
relatively high for two models: R2=0.9833, Adj. R2=0.9617
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Fig. 2 Response surface (a–c) and perturbation plot (d) for the effects of variables on the “L” value of jujube powder
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for the L value of jujube powder; R2=0.9740, Adj. R2=
0.9406 for ΔE of jujube powder. ANOVA results showed that
both lightness and ΔE were significantly impacted byWR and
T (P <0.05). For ΔE , it was also significantly affected by FFR
and quadratic terms of WR. However, the interactions be-
tween variables had no significant effect on L and ΔE .

Response surfaces for effects of variables on the L value
are shown in Fig. 2a–c. As shown in Fig. 2a–c, the optimum
conditions for the maximum value of L were around WR=4,
FFR=3, and T =145–150 °C. The higher L value of jujube
powder was progressively obtained by increasing WR from 2
to 4 (curve A in Fig. 2d). Similar results have also been
observed in blackberry (Ferrari et al. 2012), Pitaya fruit (Tze
et al. 2012), and gac fruit aril (Kha et al. 2010) produced by
spray drying. L value was lower at a higher inlet air temper-
ature (curve B in Fig. 2d); this phenomenon was mainly
because of the high sugar content in jujube, which contributed

to browning of the powder. However, FFR had no significant
(P >0.05) effect on the L value of jujube powder.

The ΔE in the samples was found to vary between 8.53 and
11.92. Response surface for the effects of variables on the ΔE of
jujube powder was shown in Fig. 3a–c. It was shown that the
highest level ofΔE were found atWR=2,T=160 °C, and FFR=
5, and the lowest values ofΔE were found atWR=4, T=140 °C,
and FFR=3. Results of perturbation plot (Fig. 3d) showed that
WRhad a negative effect onΔE of jujube powder (curveA), and
FFR and T had positive effects on ΔE value (curves B and C).
ΔE value decreased with the increasing maltodextrin concentra-
tion. Rodríguez-Hérnandez et al. (2005) also found that malto-
dextrin concentration had a significant influence on ΔE of cactus
pear juice, but there were positive relationships between them.
Their differences may be due to the different color characteristics
of their raw materials. Increasing inlet air temperature signifi-
cantly resulted in an increase in ΔE . Similar results were also
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Fig. 3 Response surface (a–c) and perturbation plot (d) for the effects of variables on the ΔE of jujube powder
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found by Kha et al. (2010). The higher the FFR, the larger ΔE
will be. According to Figs. 1d and 3d, with increasing FFR (line
C), higher moisture content and ΔE values could be gained. The
same results could be obtained by comparing with experiments
(5) and (16) and (13) and (17) (Table 1). In this study, when the
moisture content of jujube powder was high, the color of the
powder was darker. Hence, the relatively high moisture content
under high FFR conditions may result in an increase of ΔE .

Influence of Variables on the VC Content of Jujube Powder

VC is widely presented in jujube which has many functional
activities. It is critical to detect the change of VC content
before and after spray drying. The quadratic model for VC
content of jujube powder was represented by Eq. (10):

Y 4 ¼ 210:66−48:58 X 1−0:026 X 2−6:27
X 3 þ 18:61 X 1

2−3:76 X 2
2−1:32 X 3

2−0:070
X 1X 2 þ 2:66 X 1X 3−0:18X 2X 3

ð10Þ

ANOVA results presented in Table 2 showed that both R2

and adjusted R2 for the model were greater than 0.98, indicat-
ing well fitting of the second-order equations. VC content of
jujube powder was significantly affected by WR, FFR, and
quadratic terms of WR. However, T had no significant effect
on VC content in this study.

As shown in Fig. 4a–c, the highest VC content was
obtained when WR=2, T =150 °C, and FFR=3, while when
under the condition of WR=4, T=160 °C, and FFR=5, VC
content was the lowest. From the perturbation plot analysis
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Fig. 4 Response surface (a–c) and perturbation plot (d) for the effects of variables on the VC content of jujube powder
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(Fig. 4d), the curve shape of WR (A line) was steeper than
those of T and FFR (B and C lines). It indicated that VC
content was more sensitive to WR than others, i.e., effect of
WR on VC content was the most significant variable among
others. Increasing WR resulted in a decrease in VC content.
The higher value of WR means less content of jujube, so VC
content was correspondingly decreased. However, inlet air
temperature did not show a significant effect on VC
content. This result was different with others. Nizori
et al. (2012) reported that the inlet air temperature
showed a significant effect on the retention of VC;
increasing inlet air temperature led to increasing of VC
retention, whereas Selvamuthukumaran and Khanum (2013)
indicated that the inlet air temperature had maximum influ-
ence on VC content. The loss of VC was due to use of high
temperature during processing (148–191 °C). Goula and

Adamopoulos (2005) showed that lycopene loss increased
with increase in inlet air temperature during spray drying
(110–140 °C). Ferrari et al. (2012) also found that anthocyanin
retention was lower when increasing the inlet air temperature
(140–180 °C). Their differences may be due to the raw mate-
rials and operation conditions.

Influence of Variables on the Hygroscopicity of Jujube
Powder

Hygroscopicity could be defined as a measurement of the
ability of the food to contain occluded moisture which also
was an important property to be considered during the storage
of jujube powder (Rodríguez-Hérnandez et al. 2005). The
second-order equation obtained for hygroscopicity of jujube
powder was given as follows:
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Y 5 ¼ 17:88−1:15 X 1 þ 0:26 X 2−1:10 X 3 þ 0:45 X 1
2−0:061 X 2

2

þ 0:081 X 3
2 þ 0:063 X 1X 2 þ 0:050 X 1X 3 þ 0:035 X 2X 3

ð11Þ
Results of ANOVA presented in Table 2 showed that there

were highly statistically significant multiple regression rela-
tionships (P <0.01) between WR, FFR, and the hygroscopic-
ity of jujube powder. T did not show a significant effect on the
hygroscopicity. Results also showed that the experimental
data was well expressed by the obtained equation (R 2=
0.9264, Adj. R2=0.8317).

A demarcation for hygroscopicity of jujube powder ranged
from 16.27 to 20.65 % in this study. From the response
surfaces for hygroscopicity of jujube powder (Fig. 5a–c), it
was obvious that the lowest value of hygroscopicity was at
WR=4, T =140 °C, and FFR=5. The opposite effect, i.e., the
most hygroscopic jujube powder, was obtained at WR=2, T =
150 °C, and FFR=3. The least hygroscopicity values were
obtained when the highest maltodextrin concentrations were
used. This is due to the low hygroscopicity of maltodextrin,
confirming its efficiency as a carrier agent during spray drying
process (Ferrari et al. 2012; Caparino, et al. 2012). The lower
hygroscopicity values were obtained with decreasing T and
increasing FFR (Fig. 5d), which affected the moisture content
of jujube powder in an opposite way. That indicated that the
lower the moisture content, the greater is their ability to absorb
water, i.e., higher hygroscopicity would be obtained. Goula
et al. (2004) confirmed that hygroscopicity increased inverse-
ly with moisture content in the study of spray-dried tomato
powder. Tonon et al. (2008) also found that the low-moisture
spray-dried açai had the greater capacity to absorb moisture

from the surrounding air and was more hygroscopic, but
Ahmed et al. (2010) reported that the hygroscopicity of
spray-dried sweet potato had no direct relationship with dif-
ferent moisture contents, but it was correlated with the carrier
agent. By this token, the moisture–hygroscopicity relationship
cannot be generalized for all commodities, but it was suitable
for the situation in the present study.

Optimization and Verification

WR, T, and FFR were optimized simultaneously through a
desirability function which would satisfy all the responses
with requirements to obtain optimum spray drying conditions.
The ultimate aim was to obtain the lowest moisture content,
ΔE , and hygroscopicity of jujube powder while maintaining
the highest VC content. So, the optimization processes for the
variables were investigated in the present study.

The numerical optimization for the optimum conditions dur-
ing spray drying is shown in Table 3. Through comprehensive
optimization, the predicted optimum conditions were obtained at
WR=3, T=143 °C, and FFR=3. Verification experiment was
carried out to confirm the adequacy of the models atWR=3, T=
140 °C, and FFR=3, and results showed that the experimental
values were in perfect agreement to the predicted values with less
than 5 % error (Table 4). Hence, the optimum conditions for
preparation of jujube powder by spray drying were as follows:
weight ratio of maltodextrin and the dry matter weight of jujube
pulp was 3, inlet air temperature was 140 °C, and shift of feed
flow rate was 3. Under these conditions, the response values
were moisture content of 3.36 %, L value of 83.32, ΔE of 9.92,

Table 3 Numerical optimization
for the optimum condition

Y1 moisture content, Y2 L value,
Y3 ΔE , Y4 VC content, Y5

hygroscopicity

Name Goal Lower limit Upper limit Lower weight Upper weight Importance

WR In range 2 4 1 1 3

T (°C) In range 140 160 1 1 3

FFR In range 3 5 1 1 3

Y1 (%) Minimize 1 6.65 1 1 3

Y2 In range 81.2 84.57 1 1 3

Y3 Minimize 5 11.92 1 1 4

Y4 (mg/100 g) Maximize 170.89 330 1 1 5

Y5 (%) Minimize 5 20.65 1 1 3

Table 4 Solutions for optimum condition and the verification experimental results

Number WR T (°C) FFR Y1 (%) Y2 Y3 Y4 (mg/100 g) Y5 (%)

Predicted values 3 143 3 3.27 83.12 10.25 213.88 18.87

Experimental values 3 140 3 3.36±0.13 83.32±0.03 9.92±0.01 205.10±0.25 18.59±0.13

Error (%) – – – 2.68 0.24 3.32 4.28 1.51

Y1 moisture content, Y2 L value, Y3 ΔE ; Y4 VC content, Y5 hygroscopicity
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VC content of 205.10 mg/100 g, and hygroscopicity of 18.59%,
respectively.

Conclusions

RSM and perturbation plot were successfully applied for
estimating the effect of WR, T, and FFR on the quality
attributes (moisture content, color, VC content, and hygro-
scopicity) of jujube powder. Results showed that WR had an
extremely significant effect on all the responses (P <0.01),
and the effect of WR was the most significant among the
variables. The optimum conditions maximizing VC content
and minimizing moisture content, ΔE , and hygroscopicity of
jujube powder were found asWR of 3, inlet air temperature of
140 °C, and FFR of 3 (i.e., 11 ml/min). Under these condi-
tions, the response values were moisture content of 3.36 %, L
value of 83.32, ΔE of 9.92, VC content of 205.10 mg/100 g,
and hygroscopicity of 18.59 %, respectively.
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