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INTRODUCTION

Lettuce (Lactuca sativa) is  one of  the most consumed 
vegetables in many parts of  the world, being known for its 
high nutritional value and delicious taste, and high contents 
of vitamins and minerals. Therefore, lettuce is  widely be-
loved by  the majority of people [Zhang et al., 2012]. Prior 
to the beginning of  the drying processes of  lettuce, osmotic 
dehydration is often used as a pre-treatment method for re-
moving most of water from solid food. In this way, the quality 
of dried products can be improved and meanwhile, the total 
energy consumption for drying and  the drying time are re-
duced [Dong & Chen, 2004]. The main principle of osmotic 
dehydration is described as follows: at fi rst, the experimental 
materials (fruits or vegetables) should be put in the high os-
motic pressure solution with a  certain temperature. Due to 
the characteristics of semi-permeability of the cell membrane 
of the material, and the osmotic pressure difference at both 
ends of the cell membrane, the water inside the cell membrane 
enters into the osmotic solution through the cell membrane, 
so as to achieve the purpose of  removing the partial water 
of  the material [Souraki et  al., 2012; Abraão et  al., 2013; 
Chandra & Kumari, 2015; Goula & Lazarides, 2012].

Generally, the rate of water removal through the method 
of osmotic dehydration is very slow. Therefore, many auxil-
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iary methods were used to accelerate the dehydration process 
without changing the  original characteristics of  the mate-
rials [Xin et  al., 2013; Nair et  al., 2015; Nieto et  al., 2012; 
Nowacka et al., 2014]. Vacuum osmotic dehydration has been 
widely concerned and  vigorously promoted by  researchers 
because of  its high dehydration rate, high nutrient retention 
rate, and small environmental pollution [Zhao et al., 2014]. 
At present, there are many research studies on the processing 
of  fruits and vegetables by applying the method of vacuum 
osmotic dehydration, such as carrot, mango, peach, apri-
cot [Wray & Ramaswamy, 2015; Corrêa et al., 2014; Yadav 
et al., 2012; Azam et al., 2013; Huang & Fan, 2013]. How-
ever, the  studies on vacuum osmotic dehydration of  lettuce 
are sparse in the open literature. 

In recent years, response surface methodology (RSM) has 
been extensively applied for optimization study of test factors 
and obtained response surfaces [Acosta et al., 2008; Ghosh & 
Das, 2014; Lazo-Vélez et al., 2016]. This method has been suc-
cessfully applied by several researchers to determine the opti-
mum parameters [Bejaoui et al., 2016; Yang et al., 2016; Kaushik 
et al., 2016; Erbay et al., 2015; Saxena et al., 2015; Esan et al., 
2015]. The major advantages of RSM is that it offers a large 
amount of information from a relative small number of experi-
ments, allowing the observation of both the effect of the inde-
pendent variables on the response as well as their possible in-
teractions. Therefore, this study intended to take the lettuce as 
the research object, to investigate the effects of the main infl u-
encing factors on the vacuum osmotic dehydration processes 
and to obtain the optimum technological parameters of lettuce 
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vacuum osmotic dehydration by applying the regression analy-
sis and response surface methodology. The results of this study 
can provide the  technical basis for the production of  lettuce 
and other related fruits and vegetables using vacuum osmotic 
dehydration, and also provide the design basis for the research 
and development of  the vacuum osmotic dehydration equip-
ment for the fruits and vegetables.

MATERIALS AND METHOD

Materials and equipment
The fresh lettuce, purchased from a local market in Xi’an, 

was used as the raw material in the experiments. For each ex-
periment, the lettuce was peeled, washed in running tap water, 
and cut into slices. The thickness of slices was 2 mm, 4 mm, 
and 6 mm. The reagents used in this study included: sucrose 
(the osmotic agent, a food grade commercial granulated cane 
sugar purchased from a  local supermarket in Xi’An China), 
sodium chloride (food grade, Tianjin Zhiyuan Chemical Re-
agent Co., Ltd, Tianjin, China), ascorbic acid (food grade, 
Zhengzhou Tuoyang Industrial Co., Ltd, Henan, China), cit-
ric acid (food grade, Shandong Weifang Yingxuan Industry 
Co., Ltd, Shandong, China), and anhydrous calcium chlo-
ride. (food grade, Henan Dongcheng Food Chemical Co., 
Ltd, Henan, China).

The experimental apparatuses used in the experiment in-
cluded: an electric thermostatic drying oven (DHG 9240A 
type, Shanghai Pudong Rongfeng Scientifi c Instrument Co., 
Ltd, Shanghai, China), electronic balance (Shanghai Youke 
Instrument Co., Ltd, Shanghai, China, accuracy to 0.001 g), 
and self-made vacuum equipment (as shown in Figure 1). 

Evaluation index
During osmotic dehydration process, the  water loss 

and solid gain take place simultaneously. The mass of the let-
tuce slices was reduced due to water loss, but at the  same 
time, there was an increase in  the mass due to solid gain. 
The mass exchange between the  solution and  samples was 
evaluated by  using the  parameters such as water loss rate 
(WL) and solid gain rate (SG). These two parameters were 
chosen as the experimental evaluation parameters, and calcu-
lated by the following equations:
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where: Wst is  the  fi nal solid mass of  material (g); Wso 
is the initial solid mass of material (g); Wo is the initial total 
mass of material (g); Wmo is the initial mass of water content 
in material (g); and Wmt is  the fi nal mass of water content 
in material (g). Generally, the greater water loss rate is good, 
while the  smaller increase in  solid gain rate is  better. This 
is mainly because the greater the solid gain rate is, the more 
solute sucrose entered into the lettuce samples, which makes 
that the lettuce will become sweet and that its original fl avor 
will change as well. 

Experimental procedures
For each experiment of osmotic dehydration, the main ex-

perimental steps were as follows. At fi rst, the fresh lettuce used 
as the  research object in  this study was peeled and washed, 
and  then cut into slices. The  thickness of  slices was 2 mm, 
4 mm, and 6 mm. Then, the initial parameters of lettuce (Wmo, 
Wso, Wo) were measured before the beginning of osmotic dehy-
dration experiment. With the completion of preparatory work 
for the experiment, the osmotic dehydration experiments were 
classifi ed into groups. The  desired concentration of  osmotic 
solution for the  experiment of osmotic dehydration was pre-
pared and the known mass of  lettuce samples were immersed 
in the osmotic solutions, indicating that the osmotic dehydra-
tion experiment began. During the  osmotic treatment, every 
half-an-hour the  lettuce samples were removed from osmotic 
solution and weighed after removing the solution adhering to 
the surface using the fi lter paper, and this procedure was contin-
ued until the mass of the samples remained constant. At the end 
of  the  osmotic dehydration processes, the  fi nal parameters 
of  lettuce samples (Wst, Wmt) were obtained. All the  experi-
ments were performed in triplicate, and the average value was 
used for the determination of water loss rate and solid gain rate.

During the  experiment, the  lettuce samples were fi rstly 
immersed in  an osmotic dehydration tank with a  solid to 
liquid ratio of 1:10. Then the heating procedure was started 
to maintain the osmotic solution temperature in the osmotic 
dehydration tank, followed by controlling the vacuum pump-
ing procedure start with an interval time, to make sure that 
the vacuum state (5 min) and ambient pressure state (25 min) 
appeared alternatively in the vacuum chamber. 

Single factor experiments 
In order to investigate the effect of a specifi c parameter 

on the  experimental results, the  single factor experiments 
were conducted by  applying the  control variables method, 
which means that there is only one variable among the infl u-
encing factors on the experimental results, and the other vari-
ables are kept constant [Dak & Pareek, 2014]. The infl uence 
of the osmotic temperature, slices thickness, sucrose concen-
tration and vacuum degree on lettuce vacuum osmotic dehy-
dration processes was studied in our work. Each time, 100 g 
of  the  prepared lettuce samples have been processed for 
a single factor experiment. The process parameters and their 
values which are not specifi ed are listed out as follows: os-

FIGURE 1. Sketch of lettuce vacuum osmotic dehydration test equipment.
1. vacuum chamber; 2. osmotic dehydration tank; 3. vacuum gauge; 
4. thermometer; 5. heating system; 6. vacuum pumping system.
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motic temperature 20oC, slice thickness 2 mm, the mass frac-
tion of sucrose solution 40%, and vacuum degree 20 kPa.

Quadratic regression orthogonal rotation combination 
experiments 

Quantitative experimental data can be obtained from prop-
erly designed experiments. Currently, the orthogonal combina-
tion experiments are identifi ed as the most effective method 
for analyzing the interaction effect of different infl uential fac-
tors [Maran et  al., 2013]. Therefore, the L23(3

4) orthogonal 
table was used in the orthogonal combination test and a total 
of 23  runs were conducted in our research work. Each time, 
100 g of the prepared lettuce samples have been used for one 
orthogonal combination test. The  orthogonal combination 
experiments were conducted by considering the osmotic tem-
perature, sucrose concentration, vacuum degree, and  slices 
thickness as the four independent variables, and the water loss 
and  solid gain as the  two evaluation parameters. The  levels 
and codes of experimental factors were shown in Table 1.

Statistical analysis
In  this work, in  order to ensure the  accuracy, reliability 

and repeatability of the obtained experimental data, all the tests 
for the  measurement of  experimental data were replicated 
three times. The average values of the measurements of these 
replications were used for statistical analysis to determine 
the  effects of osmotic temperature, slices thickness, sucrose 
concentration, and vacuum degree (four infl uence factors) on 
the water loss rate and solid gain rate (two experimental evalu-
ation parameters). Standard deviations for statistical analysis 
were estimated by means of Microsoft Excel 2003 (Microsoft 
Corporation, Redmond, WA). Furthermore, in order to obtain 
the  optimized technological parameters of  vacuum osmotic 
dehydration of  lettuce, the  regression analysis was conduct-
ed by statistical analysis with the help of SPSS 17.0 software 
(IBM Corporation, Armonk, NY). The  results of  statistical 
analysis are described subsequently in details.

RESULTS AND DISCUSSION 

Single factor experiments

The infl uence of osmotic temperature
The effect of different osmotic temperatures on the  rate 

of water loss and  solid gain of  lettuce samples was shown 

in Figure 2. It  can be  seen from the fi gure that the higher 
the temperature, the higher the diffusion rate for the sucrose 
to enter into the  lettuce slices. While, in the same operating 
conditions, the effect of  temperature on the water loss rate 
was not so signifi cant. The water loss rate under the osmotic 
temperature of  30oC was slightly higher than the  osmotic 
temperature 20oC, and the water loss rate under the osmotic 
temperature 40oC was also only slightly higher than the water 
loss rate of osmotic temperature 30oC.

The infl uence of slice thickness
The  impact of  slice thickness on the  rate of water loss 

and solid gain was shown in the Figure 3. Both water loss rate 
and solid gain rate increased with the decrease of slice thick-
ness. The thinner the slice thickness, the grater the rate of wa-
ter loss and solid gain. The increasing tendency for both two 
experimental evaluation parameters was almost similar. At 
the early stage of osmotic dehydration process, the thinnest 
lettuce slice created the greatest rate of water loss, and the dif-
ference compared with others was quite signifi cant. It  can 
be  concluded that the  smaller the  slice thickness of  lettuce 
can save the  time of osmotic dehydration. To the end stage 
of osmotic dehydration process of  lettuce, the rate of water 
loss under different slice thickness was close. In conclusion, 
the smaller slice thickness of material creates the better dehy-
dration if the operating condition is allowed.

The infl uence of sucrose concentration
The effect of sucrose concentration on the rate of water 

loss and solid gain of lettuce was shown in Figure 4. Sucrose 
concentration is one of the key factors that infl uence the ex-
perimental results during the  osmotic dehydration process 
of  lettuce. Generally, the dehydration effi ciency can be ob-
tained as high as possible under the  premise of  ensuring 
the permeation of  solutes into the material as little as pos-
sible. As shown in Figure 4, it  is concluded that the higher 
the sucrose concentration of the osmotic solution, the greater 
the rate of water loss of  lettuce. Meanwhile, compared with 
the water loss rate of lettuce under the condition that the os-
motic solution which sucrose concentration is 30%, the water 
loss rate of lettuce under the condition that the osmotic solu-
tion which sucrose concentration is 40% has a greater incre-
ment, but the difference between the water loss rate of lettuce 
under the condition that osmotic solution which sucrose con-
centration is 40% and 50% respectively is quite small. Accord-
ingly, the solid gain rate increases with the increase of sucrose 
concentration. Therefore, in  order to obtain high-quality 
dehydrated products, the bigger water loss rate and smaller 
solid gain rate should be obtained through adopting the op-
timized sucrose concentration parameter of osmotic solution 
for dehydration process, while not just blindly increase su-
crose concentration of osmotic solution for the  reason that 
higher sucrose concentration cause higher solid gain rate.

The infl uence of vacuum degree
The  effect of  vacuum degree on the  water loss rate 

and the increase rate of the solid is shown in Figure 5. It was 
found that the higher the vacuum degree, the smaller the rate 
of  water loss. The  osmotic dehydration effi ciency of  let-

TABLE 1. Levels and codes of experimental factors.

Code
Osmotic 

temperature 
(X1/℃)

Vacuum 
degree 

(X2/kPa)

Slice 
thickness 
(X3/mm)

Sucrose 
concentration 

(X4/%)

+γ 40 20 2 50%

+1 36 24 3 46%

0 30 30 4 40%

-1 24 36 5 34%

-γ 20 40 6 30%
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FIGURE 3. Effects of  slice thickness on water loss rate (A) and  solid 
gain rate (B).
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FIGURE 5. Effects of vacuum degree on water loss rate (A) and solid 
gain rate (B).
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FIGURE 4. Effects of  sucrose concentration on water loss rate (A) 
and solid gain rate (B). 

0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

0.9

0 15 30 60 90 120 150 180 210 240

W
at

er
 l

o
ss

 r
at

e

Time (min)

Time (min)

20℃

30℃

40℃

0

0.02

0.04

0.06

0.08

0.1

0.12

0.14

0.16

0.18

0.2

0 15 30 60 90 120 150 180 210 240

S
o
li

d
 g

ai
n

 r
at

e 

20℃

30℃

40℃

(A)

(B)

FIGURE 2. Effects of  osmotic temperature on water loss rate (A) 
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tuce under the vacuum degree of 20 kPa was obviously im-
proved when compared with the  vacuum degree of  30  kPa 
and 40 kPa. The rate of water loss was higher under the con-
dition of  the vacuum degree of 20 kPa. At the  initial period 
of  osmotic dehydration process, the  rate of water loss in-
creased rapidly. And then the increasing tendency was stable 
till the  end of osmotic dehydration process. This phenom-
enon has also occurred under the vacuum degree of 30 kPa 
and 40 kPa, which indicates that effect of the vacuum degree 
on water loss rate can be quickly revealed. As for the effect 
of vacuum degree on the  increase of  solid gain rate, it  can 
be seen from the growth trend of  the solid gain that the  in-
crease rate of solid gain was the greatest under the condition 
of the vacuum degree of 20 kPa.

Quadratic regression orthogonal rotation combination 
experiments 

Regression analysis
In order to minimize the effects of unexplained variability 

in the observed responses due to extraneous factors, the or-
thogonal rotation combination experiments were random-
ized. According to the order of the randomized combination 
experiments, the  experimental results on the  four indepen-
dent variables, namely the osmotic temperature, slices thick-
ness, sucrose concentration and vacuum degree on the  two 
evaluation parameters are shown in Table 2. The X1, X2, X3 
and X4 were the encoded values of the experimental factors, 
namely osmotic temperature, vacuum degree, slice thickness, 
and sucrose concentration respectively. 

The  SPSS 17.0  software (IBM Corporation, Armonk, 
NY) was used for the  regression analysis and  the obtained 
regression equations for water loss rate and  solid gain rate 
are given below:

1 1 2 3 4
2 2 2

1 1 4 2 3

71.483 0.203 0.476 1.141 1.346
       0.136 0.352 0.116 0.785
Y X X X X

X X X X X
    

   
 (3)

2 1 2 3 4
2 2
2 1 4 3

12.416 1.253 0.486 1.479 0.872
       0.115 0.576 0.102
Y X X X X

X X X X
    

  
 (4)

Through regression analysis and analysis of variance for 
regression equation Y1 (water loss rate) and regression equa-
tion Y2 (solid gain rate), it was found that the water loss rate 
of  lettuce was signifi cantly affected by  four processing pa-
rameters of vacuum osmotic dehydration for the reason that 
the P value of signifi cance test for regression equation Y1 was 
0.0008, which is  in  the  signifi cance range of 0–0.01. The P 
value of  lack of fi t test for regression equation Y1  is 0.1819, 
indicating that the  lack of  fi t results was not signifi cant 
and proving that the established regression model for water 
loss rate is proper. Similarly, the P value of signifi cance test 
and lack of fi t for the regression equation Y2 (solid gain rate) 
were 0.0004 and 0.1263, respectively. It indicated that the ef-
fect of processing parameters of  vacuum osmotic dehydra-
tion on solid gain rate was highly signifi cant and  the estab-

lished regression model for solid gain rate was proper too. 
The correlation coeffi cients for water loss rate and solid gain 
rate were 0.912 and 0.904, respectively, which indicated that 
the two quadratic regression models could explain the change 
of the response values of 91.2% and 90.4%, respectively. Ac-
cording to the above analysis, we can conclude that the  re-
gression models enable analyzing and  predicting the water 
loss rate and solid gain rate perfectly for the vacuum osmotic 
dehydration of lettuce. 

Response surface analysis
Response surface plots as a  function of  two factors at 

a time, maintaining all other factors at fi xed or zero level are 
more helpful in understanding both the main and  interac-
tive effects of these two factors. The response surface curves 
were plotted to understand the interaction of each variable 
for maximum response. The graphical presentations for wa-
ter loss rate and solid gain rate developed as a simultaneous 
function of the two independent variables according to their 

TABLE 2. Design and results of orthogonal experiment.

No.

Experimental design Results

X1 X2 X3 X4

Water loss 
rate Y1/%

Solid gain 
rate Y2/%

   1 1 1 1 1 71.12 14.22

2 1 1 -1 -1 76.16 14.04

3 1 -1 1 -1 65.47 12.56

4 1 -1 -1 1 79.11 14.16

5 -1 1 1 -1 64.11 12.16

6 -1 1 -1 1 70.57 12.28

7 -1 -1 1 1 68.43 11.54

8 -1 -1 -1 -1 69.89 11.96

9 1.682 0 0 0 70.68 13.98

10 -1.682 0 0 0 65.42 12.06

11 0 1.682 0 0 68.77 12.24

12 0 -1.682 0 0 69.54 12.04

13 0 0 1.682 0 66.79 12.2

14 0 0 -1.682 0 72.99 13.42

15 0 0 0 1.682 73.46 13.02

16 0 0 0 -1.682 62.89 11.22

17 0 0 0 0 69.72 11.61

18 0 0 0 0 69.71 11.59

19 0 0 0 0 69.69 11.62

20 0 0 0 0 69.74 11.62

21 0 0 0 0 69.77 11.61

22 0 0 0 0 69.76 11.62

23 0 0 0 0 69.77 11.62
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signifi cance to the  response are provided in Figure 6  and 
Figure 7, respectively. 

Figure 6  shows the  response surfaces of water loss rate. 
Based on results depicted in the the fi gure, we can conclude that 
the strength order of the four infl uential factors on water loss 
rate is: sucrose concentration, slice thickness, vacuum degree, 
and temperature. Figure 7 shows the response surfaces of solid 
gain rate. The sucrose concentration affected the solid gain rate 
the most, while the vacuum degree the least. The strength order 
of the four independent variables on the solid gain rate is: su-
crose concentration, temperature, slice thickness, and vacuum 
degree. Results of the response surface analysis obtained in this 
part are merely valid within the limits of the experimental factors 
used, any other extrapolation for responses beyond the range 
of the four dependent variables may be invalid.

Optimization of processing parameters
Optimization of the process parameters for lettuce vacu-

um osmotic dehydration was carried out to obtain the desired 

criteria for each response. Usually, several response variables 
describing the quality characteristics and all the processing 
parameters of  processing procedure are to be  optimized. 
The  independent variables were kept in  the  experimental 
range while the  responses were either maximized or mini-
mized. Because of  these responses are always competing 
in many cases, improving one response may have an opposite 
effect on another one, which further complicates the prob-
lem. Therefore, it is necessary to fi nd the optimum conditions 
based on the desirable characteristics of the vacuum osmotic 
dehydration quality of lettuce. 

As described in the earlier part of this paper, the osmotic 
dehydration process is considered as good when the water loss 
rate is high and the rate of solid gain is low during the vacuum 
osmotic dehydration of  lettuce. But in  the  section of  single 
factor experiments, it was found that the increase of osmotic 
temperature and sucrose concentration can increase the wa-
ter loss rate and solid gain rate. Therefore, in order to obtain 
the  optimal processing parameters for the  lettuce vacuum 

FIGURE 6. Response surfaces of the water loss rate.
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osmotic dehydration, the multi-objective non-linear optimi-
zation method was applied to the  two objective functions 
and the best drying process parameters that satisfi ed the two 
functions also could be calculated. 

The objective functions were:

1 1max

2 2min

Y Y
Y Y


 
 (5) 

The constraint conditions were:

0                           ( 1, 2)
1.682 1.682    ( 1, 2,3, 4)
j

i

Y j
X i

 

   

 (6)

The optimization results obtained by  the analysis soft-
ware indicated that the osmotic temperature of 28oC (en-

coded value -0.403), the slice thickness of 2 mm (encoding 
value -1.682), sucrose concentration of 47% (encoded value 
1.273), and  the  vacuum degree of  22  kPa (encoded value 
-1.409) were the  optimum technological parameters for 
the vacuum osmotic dehydration of lettuce. At these optimal 
conditions, the water loss rate was 72.16%, and solid gain 
rate was 11.82%.

CONCLUSION

In  this study, the  effects of  four processing parameters 
(osmotic temperature, slice thickness, sucrose concentration, 
and vacuum degree) on the lettuce vacuum osmotic dehydra-
tion were studied. Meanwhile, the optimal processing param-
eters were obtained through response surface methodology. 
The main results can be summarized as follows:

1. Both the water loss rate and solid gain rate decreased 
with the increase of slice thickness and vacuum degree, and in-

FIGURE 7. Response surfaces of the solid gain rate.
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creased with the increase of osmotic temperature and sucrose 
concentration.

2. The optimum technological parameters for the vacuum 
osmotic dehydration of lettuce were the temperature of 28oC, 
the  slice thickness of  2 mm, sucrose concentration of  47% 
and the vacuum degree of 22 kPa. At these optimal conditions, 
the water loss rate was 72.16%, and solid gain rate was 11.82%.
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