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Drying Behavior and Optimization of Vacuum Drying Parameters of 
Okras (Abelmoschus esculentus (L.) Moench) 

LIU Wenchao, DUAN Xu*, REN Guangyue, XU Yajing, PANG Yuqi, TAO Zhenxiang
(College of Food and Bioengineering, Henan University of Science and Technology, Luoyang 471023, China)

Abstract: Okras were dried in a vacuum dryer to a moisture content about (5 ± 0.5)% (mf). The drying and quality 
characteristics of okras were evaluated in terms of moisture content, rehydration ratio, hue angle, total color difference (ΔE) 
and VC content. In order to achieve faster drying rate along with a high-quality product, the drying conditions, including 
drying temperature (30 to 70 ℃), system pressure (10 to 50 kPa) and slice thickness (5 to 30 mm) were optimized by 
response surface methodology based on average drying rate (A-DR) and VC content. Drying models were obtained by the 
nonlinear fitting of drying curves. In addition, the optimization experiments were carried out based on a second-order central 
composite rotatable design, and the fuzzy reasoning method was used for sensory evaluation of okra quality under the 
optimized drying conditions. As a result, moisture content curves of okra during vacuum drying conformed to the Logarithmic 
model best. Analysis of variance showed that a second-order polynomial model predicted well the experimental data. The drying 
conditions of 60 ℃ temperature, 18 kPa pressure and 10 mm slice thickness were found optimum for okra vacuum, which resulted 
in relatively high levels of comprehensive score (0.911), A-DR (1.059 kg/(kg·h)) and VC content (8.315 mg/100 g, md). At the 
same time, the product dried under the optimum conditions could be accepted by consumers.
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黄秋葵真空干燥行为及干燥参数的响应面试验优化

刘文超，段 续*，任广跃，许雅静，庞玉琪，陶振祥
（河南科技大学食品与生物工程学院，河南 洛阳 471023）

摘  要：为得到品质较高的黄秋葵干制品，采用真空干燥处理黄秋葵，直至其水分含量低于（5±0.5）%（湿基含水

率）。采用含水率、复水比、灰度、总色差以及VC含量等指标来评价黄秋葵真空干燥过程中的品质特性，并通过非线

性拟合得到适用于黄秋葵真空干燥的水分比变化的数学模型。为得到干燥速率快、品质高的干燥参数，以干燥温度、系统

压强和切片厚度为试验因素，以干燥速率和VC含量为指标对黄秋葵真空干燥参数进行响应面试验优化。此外，采用模糊

数学法对最佳干燥参数条件下的黄秋葵干制品进行感官评定。结果表明：Logarithmic模型能够描述出黄秋葵真空干燥过程

中水分比的变化规律；干燥温度、系统压强、切片厚度分别为60 ℃、18 kPa和10 mm时黄秋葵综合加权评分值最高为

0.911，该干燥条件下黄秋葵真空干燥的平均干燥速率和VC含量分别为1.059 kg/（kg·h）和8.315 mg/100 g干物质，均

处于一个较高的水平。同时，通过模糊数学分析发现最佳参数组合条件下的产品能够被消费者接受。
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Okras (Abelmoschus esculentus (L.) Moench) belong to 

the family Malvaceae. It is grown throughout for its fibrous 

pods containing round, white seeds. Okra and its cross-

section are shown in Fig. 1. The main part of okra is its tender 

pods. Food and Agriculture Organization (FAO) reported that 

the annual production of okra was about 5 941 million tones 

all over the world[1]. It has proved that okra can acts as a tonic 

for both man and woman and enables them to increase their 

vitality and vigour[2]. Researchers have found the VC content 

of okra is higher than those of many others vegetables, and 

it is an important index for okra quality, beyond that, the 

content of VA, calcium, and dietary fiber were also in 

higher levels but the content of saturated fat were low[3]. 

Okra products, which are consumed in dried, frozen, fresh, 

canned and pickled forms[4], are popular around the world. 

Nevertheless, okra is susceptible to rapid deterioration 

because of its high moisture content. Various physiological 

and morphological changes occur after harvest, which 

make these okras unacceptable for consumption[5]. Thus, it 

is necessary to removal their moisture for prolong use.

maccro-porous
structure

Fig. 1 Photos of okra and okra slice

Drying is an effective way to removal the moisture of 
fruits and vegetables[6]. The main objectives of dehydration 
are extended storage life, quality enhancement, ease of 
handling, further processing, and sanitation, etc.[7]. The 
oldest way for okra drying is sun drying, but time cost and 
poor dried product quality limited the application of mass 
production in industry. Hot air drying is the most widely used 
and inexpensive drying technique for okra. Researchers have 
found, while the drying temperature around 60 ℃ and the 
air velocity around 1.5 m/s, a relatively good quality of dried 
okra products will be achieved[1,8-10]. Nevertheless, with long 
drying times at relatively high temperatures during the falling 
rate periods often lead to undesirable thermal degradation of 
the finished products[11]. Gökçe et al.[4] introduced microwave 

drying to dehydration of okras, and they reported that the 
quality of dried okras better than that of hot air-dried ones. 
However, it also has some drawbacks, including uneven 
heating and possible textural damage[7].

The boiling point of materials will be lowered in a 
vacuum environment[12]. Therefore, drying in a vacuum 
chamber can reduce the drying temperature[13]. Vacuum dried 
materials are characterized by better quality and retention of 
nutrients and volatile aroma[14]. Moreover, the equipment of 
vacuum drying (VD) are easy to achieve and the structure of 
vacuum dryer is relatively simple. Hence, this drying method 
has a great potential to be used in the industrial production of 
okras. Recently, VD has been successfully applied in drying 
many fruits, vegetables and other heat-sensitive foods[15]. 
The application of VD in drying eggplant, pumpkin, and 
carrot etc.[16-18] have been extensively reported. However, to 
the best of our knowledge, there are quite a few studies in 
the literature have examined this drying method in drying 
okras. Therefore, the purpose of this study was to examine 
the drying and quality characteristics of okras during VD, and 
then optimize the drying conditions of VD process of okras 
by the means of response surface methodology based on 
some important drying and/or quality characteristics indexes.

1 Materials and Methods

1.1 Materials

Fresh okras were purchased from a wholesale market in 

Luoyang, Henan, China. 

1.2 Instruments and equipment
The vacuum dryer was shown in Fig. 2. It was modified 

by authors based on DZF-6050 vacuum dryer (Shanghai Jing 
Hong Experimental Equipment Co. Ltd., Shanghai, China). 
The equipment system is primarily consists of an oil rotary 
vacuum pump[16], a drying cabinet, a heating appliance, a 
material tray, a thermometer, a vacuum gauge, a control 
system, a vacuum valve and an intake valve (for air). The 
rectangle drying cabinet is about in 0.8 m wide and 0.6 m 
high. The drying temperature and system pressure of this 
vacuum dryer can runs from 0 to 100 ℃ and from 0.1 MPa 
to 0 MPa (theoretical value), respectively. The temperature 
and system pressure could be adjusted continually by control 
system. To avoid heat and pressure losses, all the necessary 
parts of the dryer were properly insulated and sealed; HH-
S4 water batch, HH-S4 electric heating air blast drying box 
(Beijing Kewei Yongxing Instrument Co. Ltd.); I5 colorimeter 
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(X-Rite U.S.A); electronic balance (Shanghai instrument and 
Meter Co. Ltd.) were shown.

2 3 4 5 6

1 9 8 7

1. vacuum pump; 2. intake valve (for air); 3. drying cabinet; 

4. heating appliance; 5. material tray; 6. thermometer; 

7. vacuum gauge; 8. control system; 9. vacuum valve.

Fig. 2 Schematic of the vacuum drier

1.3 Methods

1.3.1 Sample pretreatment

The initial moisture content of each batch samples was 
at least 90%. Prior to dehydration, okras were thoroughly 
washed to remove the dirt and graded by size to avoid 
the variations in respect to exposed surface area. Then, 
unbound water on the surface of the sample was removed 
by centrifugation. Dark green colored fruits were selected 
for the study. The stalk and tapered head of the cleaned pods 
were cut off. Slices with desired thickness were obtained by 
carefully cutting in different sizes for different experiments 
without any pretreatment. A batch of 2 kg of okra slices was 
prepared in each experimental run. Those okra slices were 
immediately stored in refrigerator at 5 ℃.
1.3.2 Drying experiments

1.3.2.1 Drying experiments for drying and quality 

characteristics study

Three drying strategies (fixed drying temperature and 
system pressure, fixed drying temperature and slice thickness, 
fixed system pressure and slice thickness, respectively) were 
applied. For fixed drying temperature (60 ℃) and system 
pressure (20 kPa), three slice thickness levels (5, 10 and 15 mm,  
respectively) were applied. For fixed drying temperature (60 ℃)  
and slice thickness (10 mm), three system pressure levels 
(10, 20 and 30 kPa, respectively) were applied. For fixed 
system pressure (20 kPa) and slice thickness (10 mm) three 
drying temperature levels (50, 60 and 70 ℃, respectively) 
were applied. Materials were tiled on the porous material 
tray of drying cabinet as evenly as possible to avoid the 
accumulation phenomenon occur, the material weight of 
each drying method was 2 kg. To perform various analyses, 

the drying cabinet was quickly opened and the samples were 
withdrawn at several sampling times (0.5 h interval). After 
each sampling, the drying was started with prepared fresh 
okra slices with the same initial moisture (90%) and weight  
(2 kg). The sampling time of every running experiment 
increased progressively by a step of 0.5 h until the 
final moisture content of samples was obtained. All the 
experiments above were repeated triplicated plot for analyzed.
1.3.2.2 Drying experiments for optimization study

The drying experiments were performed according to 
a second-order central composite rotatable design (CCRD) 
with three variables of each variable[19]: drying temperatures 
(30 to 70 ℃), system pressures (10 to 50 kPa) and slice 
thicknesses (5 to 30 mm). Experiments were randomized in 
order to minimize the effects of unexplained variability in the 
observed responses due to extraneous factors[20]. Response 
surface methodology was used to determine the relative 
contributions of drying temperature, system pressure, and 
slice thickness to various responses under study such as 
some important drying and/or quality characteristics indexes 
included[21]: average drying rate (A-DR) and VC content. 

Table 1 Coded levels for independent variables used in CCRD[21]

Factors
Levels

-1.68 -1 0 1 1.68

A Drying temperature/℃ 30 38.11 50 61.89 70

B System pressure/kPa 10 18.11 30 41.89 50

C Slice thickness/mm 5 10.07 17.5 24.93 30

Table 1 gives the levels of variables in coded and actual 

units. A second-order polynomial equation was used to relate 

response function to coded variables[22]. As shown below:

β0 + βixi βiix2 βijxi+ +
k

i
y＝

1

k

i

k-1

i1 1

k

j 2
xj ε+  (1)

Where parameters βi, βj=0, 1…, k are the regression 

coefficients, which can be obtained through experiment date 

fitting. 

Comprehensive evaluation was carried out to examine 

the drying efficiency under different drying conditions, based 

on the weighted scoring method described by Šumic et al.[23]. 

Through the means of analytic hierarchy process, the weight 

values of average drying rate and VC content were 0.4 and 0.6, 

respectively.

1.3.3 Analysis of samples

1.3.3.1 Moisture content and drying rate

Moisture content was determined by the oven method 
with some modifications[24]. At regular time intervals during 
the drying processes, samples were taken out and dried in the 
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oven at 105 ℃ for 7-8 h until constant weight. Weighing was 
performed on a digital balance, and then moisture content (mf) 
was calculated. The tests were performed in triplicates.

The drying rate (kg/(kg·h)) of okras during VD process 
was calculated using Eq. 2:

Drying rate/(kg/(kg·h)) ＝
Mt Mt+0.5

0.5
-

 (2)

Where Mt and Mt+0.5 are the moisture contents at t  

and t+0.5, respectively/(kg/kg); t is drying time/h.

1.3.3.2 Rehydration ratio

The dried samples were soaked in 25 ℃ distilled water for 

10 min[7], and then put on the filter paper of a Büchner funnel, 

which was held on a suction flask evacuated for 30 s to remove 

free water on the surface. The sample weighing was performed in 

triplicate. The rehydration ratio was estimated as Eq. 3: 

md

mrRehydration ratio ＝  (3)

Where md and mr are the weights of samples before and 

after rehydration, respectively/g. These tests were performed 

in triplicates.

1.3.3.3 Color measurement

The final products were measured in terms of the 

CIE L*, a*, and b* values using a colorimeter where L* is 

an approximate measurement of luminosity, which is the 

property according to which each colour can be considered 

as equivalent to a member of the greyscale, between black 

and white, a* represents reddish (+) or greenish (-) and b* 

presents yellowish (+) and bluish (-)[25]. 

1) Hue angle (h*)

The hue angle was calculated using Eq. 4[26]:

＝ ** *tan－1

a
bh  (4)

Where h* is the hue angle value; a*and b* are color 

parameters of final product, the color space was shown in Fig. 

3 and 0°, 90°, 180°, 270° and 360° represents red, yellow, 

green blue and red hues, respectively.

2) Total color difference (ΔE)

The total color difference (ΔE) value was calculated 

using Eq. 5:

∆ a*2＋∆ b*2＋∆ L*2∆E＝  (5)

Where ΔE is the total color difference value, Δa*, Δb*, 

and ΔL* are subtraction value of a*, b* and L* between two 

different final product, respectively. ΔE > 3, 1.5 < ΔE < 3,  

and ΔE < 1.5, mean very distinct, distinct and small 

difference, respectively[26].

lightness

or hue angle
hue

chroma or
saturation

+a*

+b*

a*
b*

00

Fig. 3 CIELAB color space[25]

1.3.3.4 VC content

VC content was determined using the standard 2,6-dichloro-

indophenol titration method[27]. Data were calculated on dry basis 

and expressed as micrograms per 100 g solids. 

1.3.3.5 Sensory evaluation

A sensory evaluation of dried samples was carried 

out by a panel of ten judgers whom are healthy and had no 

smoking habit. The panelists were asked to choose one of the 

expressions: “like very much (LVM)”, “like (L)”, “neutral 
(N)”, “dislike (D-L)” and “dislike very much (D-LVM)” to 
indicate their preference for each sample, based on the quality 
attributes of color, appearance, texture, flavor, and overall 
acceptability. 

The means of fuzzy reasoning was carried out to analysis 

the sensory evaluation data based on the modified method 

described by Zhang et al.[28], four major steps involved in 

fuzzy modeling are: 1) calculation of fuzzy sets for the 

related properties, 2) estimation of fuzzy rules with the fuzzy 

sets, 3) composition of input fuzzy set with the fuzzy rules 

for output, 4) defuzzification of the output fuzzy set. Factor 

set (P), comment set (V) and weight set (X) were built in the 

fuzzy modeling. In consideration of the sensory evaluation 

method of our test, the set of P, V, X are: 









＝
much very dislike
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much very like

V1 V2 V3 V4 V5V  (6)
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,
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X＝
 









 overall acceptability
0.2,

flavor
0.13,

texture
0.15,

appearance
0.25,

color
0.27

 (8)

X set was built by the weight of each factor, the 

denominators and numerators are not mathematical 

calculation operators, just symbols representing fuzzy sets.

1.4 Statistical analysis

Response-surface analysis of the experimental data was 

carried out using Design-Expert 8.05 (Stat-Ease, Inc., USA). 
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The statistical analysis of the data was done by analysis of 

variance in nonlinear model using Origin-pro 8.5 (Origin Lab 

Corporation, USA). The level of significance was defined at 

P ≤ 0.05.

2 Results and Analysis

2.1 Effect of different drying conditions on drying 

characteristics of okra 
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A. drying temperature levels; B. system pressure levels; C. slice thickness 

levels; 1. moisture content; 2. drying rate.

Fig. 4  Effects of different drying conditions on moisture content and 

drying rate of okras during VD

The effects of different drying conditions on moisture 

content and drying rate of okra were shown in Fig. 4.  

A significant difference between different drying conditions 

on drying rate and drying time was indicated. Fig. 4 suggest 

that both decreasing system pressure and increasing drying 

temperature could speed up the drying rate, this was in 

agreement with the research of mushrooms microwave-

vacuum and convective hot-air drying[29]. When the slice 

thicknesses on the levels were 5, 10 and 15 mm, the drying 

times were 6, 7.5 h and 10 h. It suggests that with higher 

slice thickness, the drying time will be longer. Okra slice 

has many macro-porous structures (Fig. 1), which are 

conducive to the lateral migration of water. However, 

increase in the slice thickness will hinder the vertical 

diffusion of water, the result of slice thickness influence 

on moisture content indicated that the capillary interstice 

of okra is mostly in a longitudinal form. Our finding was 

similar to the study of apple slices during osmotic drying[29]. 

In order to make the moisture content change behaviors 

clear, four drying kinetic models[30] (Lewis (Newton))[31]:  

MR = exp(-kt), Page[32]: MR = exp(-ktn), Henderson and 

Pabis[33]: MR = a exp(-kt) and Logarithmic[34]: MR = a×exp(t/
b) + c were used to fit our experimental data. Through the 

nonlinear fitting function of Origin-pro 8.5, we found that 

while using the equation of Logarithmic model, most of 

fitting equation R2
Adj was in 0.99, moreover most mean bias 

error (MBE) and root mean square error (RSME) values of 

Logarithmic model were lower than other models (Table 2 

and Table 3). It was revealed that moisture content curves of 

okra during VD process were conformed to the Logarithmic 

model best. The moisture content of okra during VD followed 

a two-phase curve, with an initial rapid decline phase and a 

subsequent asymptotic phase. From those moisture content 

curves, we found that about 60% water was removed at initial 

rapid decline phase. From Fig. 4, it was clear that the effects 
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of drying temperature and system pressure were the most 

and the least significant factors on the moisture content, 

respectively. Giri et al.[29] also find the drying rate of 

mushrooms was affected mainly by the microwave power 

level, followed by sample thickness while system pressure 

had a little effect. In addition, to get a lower system 

pressure may increase the energy consumption. Therefore, 

a relatively high temperature combine with a relatively 

thinner slices and an appropriate system pressure should 

be used to reduce drying time of okra during VD process.

Table 2 R2
Adj, MBE and RSME of different models for okras under 

various drying conditions

Drying conditions
R2

Adj MBE RSME
E F G H E F G H E F G H

Drying 
temperature/℃

50 0.971 5 0.903 3 0.908 2 0.987 0 0.015 1 -0.041 0 0.017 5 0.007 3 0.033 9 0.011 5 0.046 9 0.001 7
60 0.923 7 0.891 1 0.905 1 0.991 4 0.008 9 0.253 7 0.003 6 0.001 5 0.201 7 0.172 8 0.050 8 0.002 5

70 0.956 9 0.871 3 0.893 6 0.996 9 0.090 1 -0.006 2 0.082 7 0.000 5 0.096 5 0.011 3 0.071 2 0.002 0

 System 
pressure/kPa

10 0.941 1 0.925 5 0.976 2 0.991 4 0.071 5 0.413 2 0.071 3 0.001 7 0.0072 0.212 1 0.068 9 0.005 9

20 0.968 9 0.893 6 0.911 1 0.991 4 0.015 3 0.001 1 0.001 8 0.002 5 0.153 3 0.376 1 0.037 7 0.008 7

30 0.913 2 0.901 1 0.919 3 0.989 0 -0.018 5 0.003 0 -0.010 1 0.008 1 0.333 3 0.085 4 0.028 5 0.004 3

Slice thickness/mm
5 0.976 5 0.875 2 0.996 4 0.992 1 0.185 6 0.057 9 0.353 1 0.002 5 0.485 2 0.523 6 0.165 7 0.006 2

10 0.900 1 0.917 8 0.958 1 0.991 4 0.001 4 0.002 1 0.002 7 0.004 3 0.070 3 0.097 4 0.003 2 0.002 5
15 0.902 4 0.934 0 0.926 3 0.990 6 0.073 5 0.014 2 0.003 6 0.003 9 0.005 9 0.075 6 0.031 1 0.002 7

Note: E-H. different drying model of Lewis (Newton), Page, Henderson and 
Pabis and Logarithmic, respectively.

Table 3 Fitting parameters and fitting precision indexes of Logarithmic 

model for okras under different drying conditions

Equation
Drying conditions

MR = a × exp(t/b) + c
a b c R2

Adj MBE RSME

Drying 
temperature/℃

50 -2.285 92 101.341 04 -3.705 45 0.987 0 0.007 3 0.001 7
60 -11.338 79 108.150 38 -3.617 64 0.991 4 0.001 5 0.002 5

70 -16.239 40 108.688 37 -3.080 64 0.996 9 0.000 5 0.002 0

 System 
pressure/kPa

10 -11.531 56 107.429 98 -3.369 43 0.991 4 0.001 7 0.005 9

20 -11.338 79 108.150 38 -3.617 64 0.991 4 0.002 5 0.008 7

30 -4.764 41 103.105 56 -3.314 27 0.989 1 0.008 1 0.004 3

Slice  
thickness/mm

5 -13.777 86 108.702 44 -3.222 60 0.992 1 0.002 5 0.006 2

10 -11.338 79 108.150 38 -3.617 64 0.991 4 0.004 3 0.002 5

15 -6.344 88 104.256 58 -4.192 13 0.990 6 0.003 9 0.002 7

2.2 Effect of different drying conditions on quality 

characteristics of dried okra

RR of dried okra was shown in Fig. 5. It can be seen 

that the rehydration ratios of dried product was obviously 

affected by drying temperature, followed by system pressure 

while sample thickness had a littler effect. In addition, sample 

thickness has a positive effect, while drying temperature and 

system pressure had negative effects, on rehydration ratio of 

dried okra. It is well known that the better form and structure 

retained during drying, the higher rehydration ratio will be 

obtained. When drying with high temperature, high system 

pressure and sample thickness levels, the dried products 

often overheat, as a result, undesirable thermal degradation 

occurred and the porous structure of okras were destroyed. 
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obtained by contrasting intragroup of each drying strategy.

Fig. 5 Effect of different drying strategies on rehydration ratio of 

dried product

Table 4 Effects of different drying conditions on the quality of dried product

Index
Slice thickness/mm System pressure/kPa Drying temperature/℃

Fresh material
5 10 15 10 20 30 50 60 70

h*/(°) 128.39 126.31 121.37 115.62 126.31 130.11 142.13 126.31 97.99 157.39

ΔE 28.77 26.75 24.53 21.52 26.75 29.37 18.69 26.75 37.56 0

VC content/(mg/100 g) 8.607 8.561 8.443 8.596 8.561 8.490 8.751 8.561 8.101 9.196

lightness

or hue angle
hue

chroma or
saturation

+a*

+b*

a*
b*

00

I

Fig. 6 h* district of dried okra product

Table 4 shows the result of hue angle (h*), total color 

difference (ΔE) and VC content of the products dried under 

different drying conditions. The h* is the attribute according 

to which colours have been traditionally defined as reddish 

and greenish. A smaller hue angle value implies more change 

from green to yellow. It can be clearly seen in Table 4 and 

Fig. 6 (where Ⅰ is the h* district of dried product) that hue 

angle (h*) and total color difference (ΔE) of the products 

dried under different drying conditions conformed to the 

effect tendency of different drying conditions on rehydration 

ratios. When drying at the condition of high temperature, 

high system pressure and thin sample thickness will leads to 

more browning. Nevertheless, the effect of sample thickness 

was more significant than system pressure on VC content. 

The main reason for this phenomenon is that with higher 

sample thickness the drying time will be longer, resulting in 

more degradation of VC. As analysis of the product qualities 

of dried okra, a low drying temperature with a low system 
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pressure should be loaded during VD process to enhance the 

quality of dried okra. However, it’s hard to say, whether the 

sample thickness in a low or in a high level is better for dried 

okra quality during VD process.

2.3 Response surface analysis

Table 5 Coded levels of process variables and experimental values of 

A-DR, VC content and comprehensive score (CS) for okra dried under 

various drying conditions

No. A Drying 
temperature 

 B System 
pressure 

C Slice 
thickness 

A-DR/
(kg/(kg·h))

VC content/
(mg/100 g) CS

1 -1 -1 -1 0.668 8.839 0.635
2 1 -1 -1 1.183 8.656 0.786

3 -1 1 -1 0.619 8.619 0.506

4 1 1 -1 1.113 8.370 0.616

5 -1 -1 1 0.350 8.689 0.415

6 1 -1 1 0.776 8.300 0.426

7 -1 1 1 0.321 8.498 0.310

8 1 1 1 0.720 8.105 0.306

9 -1.68 0 0 0.328 8.330 0.232

10 1.68 0 0 1.100 7.852 0.361

11 0 -1.68 0 0.708 8.791 0.630

12 0 1.68 0 0.625 8.331 0.371

13 0 0 -1.68 1.065 9.101 0.901

14 0 0 1.68 0.436 8.584 0.405

15 0 0 0 0.665 8.646 0.541

16 0 0 0 0.710 8.670 0.573

17 0 0 0 0.677 8.679 0.562

18 0 0 0 0.690 8.713 0.584

19 0 0 0 0.679 8.701 0.573
20 0 0 0 0.663 8.722 0.576

Table 6 Regression coefficients of the second-order polynomial model 

for the response variables (in coded units)

Factors
Estimated coefficients

A-DR VC content CS

Constant 0.68 8.69 0.57

A Drying temperature 0.23 -0.15 0.035

B System pressure -0.025 -0.12 -0.07

C Slice thickness -0.18 -0.13 -0.15

AB -6.00×10-3 -8.74×10-3 -6.99×10-3

AC -0.023 -0.044 -0.032

BC 4.25×10-3 0.015 9.18×10-3

A2 0.013 -0.21 -0.093

B2 -3.61×10-3 -0.04 -0.021

C2 0.026 0.059 0.041

R2
Adj 0.996 8 0.981 2 0.984 6

CV/% 2.01 0.45 4.09

The experimental data of various responses during 

VD of okras are presented in Table 5. Estimated regression 

coefficients of the polynomial models (Eq. 1) for all process 

variables, all responses, R2
Adj and CV (%) values are shown 

in Table 6. Coefficients A, B and C represent βi; A2, B2, 

C2 represent βii; and AB, AC and BC represent βij (linear, 

quadratic and interaction regression coefficients of model). 

The results of ANOVA analysis are shown in Table 7. It can 

be clearly seen that the models for all responses are highly 

significant at P ≤ 0.05. The lack of fit did not result in a 

significant F-value for all models of responses (Table 7), and 

the R2
Adj are high (> 0.9) for all models. Generally, the value 

of CV should be less than 10%[34]. Lucky, the CV of our 

study are all less than 2%. This indicates that models for all 

responses were adequate. It can be observed from Table 7 that 

drying temperature, system pressure and slice thickness are all 

had significant effect (P ≤ 0.05) on A-DR and VC content. 

Table 7 Analysis of variance (ANOVA) for different models

Source
F value P value

df A-DR VC content CS A-DR VC content CS

Model 9 662.35 111.44 136.03 < 0.000 1** < 0.000 1 ** < 0.000 1**
A Drying temperature 1 3 592.69 204.3 38.23 < 0.000 1** < 0.000 1** 0.000 1**

B System pressure 1 43.23 139.19 150.18 < 0.000 1** < 0.000 1** < 0.000 1**
C Slice thickness 1 2 240.92 155.71 648.6 < 0.000 1** < 0.000 1** < 0.000 1**

AB 1 1.44 0.42 0.87 0.257 8 0.532 2 0.372 9
AC 1 21.16 10.5 17.9 0.001** 0.089* 0.001 7**
BC 1 0.72 1.23 1.5 0.415 2 0.293 1 0.248 6
A2 1 12.52 420.79 277.91 0.044* < 0.000 1** < 0.000 1**
B2 1 0.94 16 14.17 0.355 0.025* 0.003 7**
C2 1 49.04 34.7 52.86 < 0.000 1** 0.000 2** < 0.000 1**

Residual 10
Lack of fit 5 0.31 2.54 2.81 0.885 0 0.164 3 0.140 3
Pure error 5
Cor total 19

Note: **. Significant at P < 0.01; *. Significant at P < 0.05.
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A. Drying temperature levels; B. System pressure 

levels; C. Slice thickness levels; 1. A-DR; 2. VC content.

Fig. 7 Effect of drying temperature, system pressure and slice 

thickness on A-DR and VC content during VD (model curve)

One factor analysis is “changing one factor at a time” 
method, i.e., in this method a single factor varies while 
all other factors are kept constant for a particular set of 
experiments[34]. The one factor analysis of process variables 
effect on A-DR and VC content were shown in Fig. 7. As 
one factor analysis, we found that drying temperature had 
a positive/negative effects on A-DR, while both system 
pressure and slice thickness displayed a negative effects 
on A-DR and VC content. These were consistent with the 
previous conclusions in this paper. Nevertheless, when the 
drying temperature was lower than (43 ± 2) ℃, the VC 
content was increased with increasing temperature, it may be 
due to the reason that when the drying temperature was lower 
than (43 ± 2) ℃ the central temperature of okra was in a low 
level, and it was good for physiological metabolism of okra, 
as result, VC content was increased.

 The regression equation describing the effect of the 

process variables on A-DR and VC content relating to coded 

factors are given as (the not significant process variables had 

been removed):

YA - D R= 0 . 6 8 + 0 . 2 3 A-0 . 0 2 5 B-0 . 1 8 C-0 . 0 2 3 A C + 

0.013A2+0.026C2 (9)

YVC= 8.69-0.15A-0.12B-0.13C-0.44AC-0.21A2-

0.04B2+0.059C2 (10)

R2
Adj for these two models were found to be 0.998 3 and 

0.990 1, indicating a good model fit. It can be seen form 

Eq. 8 and Eq. 9 that, the influence level of process variables 

on A-DR and VC content were all in the order: drying 

temperature > slice thickness > system pressure. It was same 

as the previous result in this research. Compare Eq. 8 and 

Eq. 9, it was found that the effect of system pressure on VC 

content had a smaller difference to drying temperature and 

system pressure. Through the above research, it uncovers that 

the means of response surface methodology can well predict 

the effect tendency of different drying conditions on A-DR 

and VC content during okra VD process. The result of the 

interaction of various process variables on A-DR and VC 

content during VD process were shown in Fig. 8. 
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Fig. 8 Response surface plots showing the effects of drying 

temperature, system pressure and slice thickness on average drying rate 

(A-DR), VC content and CS during VD

Optimization is crucial step of each industrial process 

since it directly affects product quality and economy of the 

process. Weighted comprehensive evaluation can provide 

simultaneous optimization of multiple responses, the CS 

of each drying condition were shown in Table 5, and the 

interaction of various process variables on CS during VD 

process was shown in Fig. 8, it can be found that when drying 

temperature, system pressure, and slice thickness were at 

59.74 ℃ temperature, 18.11 kPa pressure and 10.07 mm 

slice thickness, the CS was in a high level of 0.945 as well 

as the A-DR and VC content were all in a relatively high 

levels of 1.133 kg/(kg·h) and 8.756 mg/100 g, respectively. 

In order to facilitate the application of optimum drying 

condition in industrial production, the theoretical optimum 

drying condition, which was obtained by response surface 

analysis, was changed as 60 ℃ temperature, 18 kPa pressure 

and 10mm slice thickness. Through experiment, the CS, 

A-DR and VC content were all in a relatively high levels of 

0.911, 1.059 kg/(kg·h) and 8.315 mg/100 g, respectively, 

this indicate that the drying condition of 60 ℃ temperature,  

18 kPa pressure and 10 mm slice thickness can be used as the 

practical optimum condition for industrial production.

2.4 Sensory evaluation

The purpose of sensory evaluation is to find out whether 

the product dried in the practical optimum condition can 

accepted by consumers. Results of panel ratings are listed in 

Table 8. The input fuzzy set of sensory evaluation data was 

represented by RA (RA sets were composed by the Vote-value/

Total people in Table 8, for example: the first number of RA is 

2/10= 0.2). The RA sets is as follows:
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Where, YA1=(0.27∧0.2)∨(0.25∧0.4)∨(0.15∧0.5)∨ 

(0.13∧0.3)∨(0.2∧0.2)=0.25. With the same operation 

method, YA2=0.27, YA3=0.2, YA4=0.2, YA5=0.1, YA={YA1, YA2, 

YA3, YA4, YA5}={0.25, 0.27, 0.2, 0.2, 0.1}. The comprehensive 

evaluation peak value of fuzzy reasoning is 0.27, it 

correspond to the expressions of “like (L)”, which means that 

the product which was dried under the optimum conditions 

could accepted by consumers.

Table 8 Panel preference responses for each sample.

Drying 
conditions 

Subject 
factor

Votes
Total

LVM L N D-L D-LVMC

I

color 0 2 6 1 1 10

appearance 2 1 5 1 1 10

texture 2 3 4 0 1 10

flavor 3 3 3 1 0 10

overall acceptability 1 2 6 1 0 10

Note: I. represents the product obtained under optimized drying condition.

3 Conclusion 

Drying temperature, system pressure and slice 
thickness all have significant influences (P < 0.05) on drying 
and quality characteristics. When using the equation of 
Logarithmic model, most of fitting equation. R2

Adj were over 
0.9. It was revealed that moisture content curves of okra 
during VD process was conformed to the Logarithmic model 
best. Drying temperature had a positive/negative effects on 
A-DR, while both system pressure and slice thickness shown 
a negative effects on A-DR and VC content. System pressure 
was more strongly affected on product quality than on drying 
rate. The second-order polynomial model was well fitted  
(R2

Adj > 0.9) to predict the experimental data for all responses. 
As used the response surface methodology to optimized drying 
conditions of okra during VD, it was found when drying at  

60 ℃ temperature, 18 kPa pressure and 10 mm slice 

thickness, the CS, A-DR and VC content were all in 
a relatively high levels of 0.911, 1.059 kg/(kg·h) and  
8.315 mg/100 g, respectively. By sensory evaluation, it was 
found the product that was dried under the optimum conditions 
could be accepted by consumers, which predicate that the 
optimum conditions could be used for okra VD process.
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