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Convective drying is widely used in the drying of medicinal plants, however, long duration and high 
temperature often compromise the quality through degradation or loss of bioactive antioxidants. This 
problem can be overcome by incorporating pre-treatment such as ultrasound-assisted osmotic dehydration 
(UAOD) to efficiently and effectively remove excess moisture. Therefore, the main objective of the 
current research is to optimise the incorporation of UAOD pre-treatment before convective drying of 
Eucalyptus deglupta leaves for enhanced retention of phenolic compounds, p-cymene yield and antioxidant 
activity. This was achieved by evaluating the effect of four independent variables: UAOD temperature 
(20–60 °C), UAOD duration (60–100 min), ultrasound intensity (198–330 W) and UAOD sucrose 
concentration (30–50% w v-1). Optimal UAOD conditions were achieved at a temperature of 58.18 °C, 
duration of 60 min, ultrasound intensity of 330 W and sucrose concentration of 36.02%. The optimum 
UAOD pre-treatment produced higher total phenolic content, antioxidant activity and p-cymene yield 
compared to convective drying on its own by two-fold. Lewis model predicted the drying kinetics with the 
highest accuracy based on R2 (0.9889) and RMSE (6.52 × 10-8). The results justify the inclusion of UAOD 
pre-treatment before convective drying for improved phenolic compound extraction with high p-cymene 
yield and antioxidant activity from Eucalyptus deglupta.
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INTRODUCTION

The genus Eucalyptus has been identified as 
a potential source of natural antioxidants 
in traditional and complementary medicine 
via literature (Salehi et al. 2019). Eucalyptus 
deglupta, belonging to the same family, often 
gets overlooked. Although E. deglupta (rainbow 
Eucalyptus) is categorised under the Myrtaceae 
family that originates from Australia, this 
particular species is more native to the Asian 
regions of Indonesia and the Philippines 
(Cornelius et al. 1995). Past findings have shown 
that E. deglupta possesses a high quantity of 
volatile bioactive compounds in its rich essential 
oil (Chaverri & Ciccio 2018). The potent 
antioxidant activity in E. deglupta is due to the 
presence of phenolic compounds, particularly 
p-cymene (Chaves et al. 2018). Despite such 
promising potential, literature highlighted a 
major gap regarding the impact of processing 

technologies of this plant, one of them being 
drying or dehydration.
	 Drying is an essential post-harvest process 
before the phytochemical extraction process, as 
high moisture significantly affects the quality of 
natural extracts. Commercial drying processes, 
namely conventional hot air drying, solar drying 
and freeze-drying, have major concerns (Chua 
et al. 2019). The above-mentioned methods 
have high energy expenditure and costs since 
they involve tediously long processes. In fact, the 
drying process, reportedly, consumes 10–20% 
of the total energy requirements of all food 
industries in developed countries (Klemes et al. 
2008). Moreover, they have major implications 
for economic and environmental aspects. 
Reduced product quality and nutritional value 
are additional drawbacks of conventional hot 
air drying, commonly referred to as convective 
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drying. The loss of potent compounds in the 
natural source is linked to the loss of bioactivity 
and its quality. Thus, a preliminary step is 
introduced before complete convective drying 
to reduce the overall drying period and retain 
higher quality. 
	 Osmotic dehydration is a common preliminary 
treatment implemented in the industry. This 
method is based on the permeation of water 
from a low solute concentration to a high 
solute concentration through a semi-permeable 
membrane to achieve equilibrium. Osmotic 
dehydration is a simple process, however, its 
characteristic slow diffusion process cannot 
remove the moisture content to an acceptable 
level. Thus, it is paired with convective drying 
for complete moisture removal (Yadav & Singh 
2014). Besides, the introduction of ultrasound-
assisted drying can increase the pore sizes on the 
leaf surface for more efficient mass transfer of 
water (Bozkir et al. 2019). According to previous 
studies, ultrasonic waves can improve the drying 
rate of numerous fruits and vegetables without 
affecting the final product quality (Kroehnke et 
al. 2018). Thereby, the pairing of ultrasound as a 
preliminary pre-treatment step to the convective 
drying sounds promising. 
	 To take a step forward, recent research has 
moved onto a more advanced technique by 
integrating the two pre-treatments in a single 
stage for enhanced moisture removal. The hybrid 
form of this method, namely ultrasound-assisted 
osmotic dehydration, reportedly performed 
better than the solo methods in terms of product 
quality and compound preservation/retention 
(Bozkir et al. 2019, Rahaman et al. 2019). 
Thereby, the present research investigated the 
ultrasound-assisted osmotic dehydration of 
E. deglupta leaves to enhance its antioxidant 
activity.
	 The current study focused on the ultrasound-
assisted osmotic dehydration. The application 
of this technique on E. deglupta leaves, before 
convective drying, will be the first attempt based 
on literature survey. The primary objective is 
the optimisation of multiple UAOD conditions 
(temperature, ultrasound intensity, drying time 
and sucrose concentration) using response 
surface methodology (RSM) optmisation in 
retaining and maximising the total phenolic 
content, antioxidant capacity and p-cymene 
content of E. deglupta. The drying kinetics 
of the optimised ultrasound-assisted osmotic 

dehydration was analysed by best-fitting the data 
to well-known thin-layer drying models. 

MATERIALS AND METHODS 

Experimental setup

Eucalyp tus  deg lupta  leaves  (2  kg)  were 
purchased from SJH Nursery, Muar, Johor. 
The 2,2-diphenylpicrylhydrazyl (DPPH), gallic 
acid, Folin-Ciocalteu reagent, absolute ethanol 
(HPLC grade), sodium carbonate and p-cymene 
standard were purchased from Sigma-Aldrich. 
Sucrose crystals (multi-compendial grade) were 
procured from J.T. Baker. 

Experimental design of response surface 
methodology

The effects of pre-treatment temperature (Tp, 
20–60 °C), duration (Tpd, 60–100 min), the 
intensity of the ultrasound (Ip, 198–330 W) and 
sucrose solution concentration (Op, 30–50% 
(w v-1)) on E. deglupta leaves were investigated 
in the current study. The selection of the above-
mentioned variables and their corresponding 
ranges were identified from previous studies 
(Amami et al. 2017). A four-factor, three-level 
central composite experimental design with a 
total of 27 combinations of ultrasound-assisted 
osmotic dehydration pre-treatment conditions 
were implemented for optimisation using Design 
expert software 8.0.6. Experimental responses of 
TPC (Y1), antioxidant activity (Y2), and p-cymene 
yield (Y3) were fitted separately into three 
second-order polynomial equations.

Pre-treatment of Eucalyptus deglupta leaves 
(ultrasound-assisted osmotic dehydration)

Leaf samples with a respective sucrose solution 
(30–50% w v-1) in Schott bottles were immersed 
into the ultrasonic bath and sonicated for a 
drying duration of 60–100 min at 20–60 °C, 
respectively. The ultrasound intensity varied 
from 198–330 W while the frequency was kept 
constant at 80 kHz. All pre-treatments were 
carried out in the sequence of design matrix 
obtained from Design expert software 8.0.6. 
Once the pre-treatment was completed, the 
samples were removed from the sucrose solution 
and wiped with tissue paper before proceeding 
with complete moisture removal using convective 
drying.
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Complete moisture removal with convective 
drying

The moisture of the pre-treated samples 
from ultrasound-assisted osmotic dehydration 
was completely removed in the second stage 
with convective dr ying at 60 °C using a 
convective oven. Convective drying at 60 °C 
is recommended by researchers as optimal 
drying temperature for natural sources, in 
general (Chua et al. 2019). Eucalyptus deglupta 
leaves without any ultrasound-assisted osmotic 
dehydration pre-treatment were also completely 
dried in the same manner as above which served 
as a control in the study. The drying processes 
were accomplished when the constant weight 
was obtained. Fully dried and ground leaves 
were sieved through a 500 µm mesh size sieve 
and stored in air-tight Schott bottles before 
extraction of the essential oil. 

Extraction of essential oil from Eucalyptus 
deglupta leaves

The essential oil was extracted from E. deglupta 
leaves based on previous studies (Gullón et al. 
2017). A total of 1 g of dried powder was added 
to ethanol (HPLC Grade) in constant speed 
of 120 rpm at 25 °C for 30 min. The extracted 
sample was centrifuged at 10000 rpm to collect 
the supernatant.
	
Quantification of total phenolic content 
(TPC)

Total phenolic contant (TPC) was determined 
with Folin-Ciocalteu as described in the literature 
(Bobo-García et al. 2015). A total of 25 µL of 
the extract samples were mixed with 25 µL of 
diluted Folin-Ciocalteu reagent. Then, 75 µL 
of ultrapure water was added and homogenised 
for 1 min with an orbital shaker. After a settling 
period of 5 min, 100 µL of 75 g L-1 of a sodium 
carbonate solution was added and allowed to 
react for 90 min. The absorbance of each mixture 
was read at 760 nm using a microplate reader. All 
experiments were performed in a dark room. 
The TPC was calculated in terms of mg of gallic 
acid equivalents (GAE) per 0.1 g of the dried leaf 
(DL) using a calibration curve for the standard 
marker, R2 = 0.999.

Determination of antioxidant capacity

The DPPH radical scavenging assay was carried 
out according to the method described in 
literature with slight modifications (equation 
I) (Bobo-García et al. 2015). Briefly, 100 µL of 
extract samples and 100 µL of 0.2 mM DPPH 
reagent in methanol were mixed and allowed 
to react for 30 min in the dark. The absorbance 
of the mixtures was read at 517 nm using a 
microplate reader. 

	 DPPH radical scavenging activity (%) 

	 = 	 (I) 

where RC represents the absorbance of DPPH 
reagent and RS represents the absorbance of 
DPPH reagent with E. deglupta extract. 

Identification and quantification of p-cymene

Identification of the p-cymene in the extract 
samples was performed in a gas chromatography-
mass spectrometer interfaced with an HP-5 
MS capillar y column (30 m × 0.25 mm, 
coated with 5% phenylmethyl silicone, 95% 
dimethylpolysiloxane, 0.25 mm film thickness; 
HP). The column temperature was programmed 
to rise from 50–240 °C at a rate of 5 °C min-1. 
Helium was used as the carrier gas with a flow 
rate of 1.2 mL min-1 and a split ratio of 1:60. 
Scan time and mass ranges were 1 s and 40–
300 m z-1, respectively (Salem et al. 2018). Gas 
chromatography/mass spectrometry (GC/MS) 
was also performed for the standard marker 
of p-cymene with concentrations ranging from 
0–10 ppm (diluted with HPLC grade ethanol) 
to construct a calibration curve for p-cymene 
quantification. 

Mathematical modelling of drying kinetics of 
ultrasound-assisted osmotic dehydration pre-
treatment

The drying kinetics of optimised ultrasound-
assisted osmotic dehydration pre-treatment 
was studied by mathematical modelling of 
the moisture loss from E. deglupta leaves using 
Microsoft excel. The recorded weight loss data 
of the leaves was determined using equation II at 
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a time interval of every 30 min, until a constant 
value was obtained. The moisture loss data was 
used to calculate the dimensionless moisture 
ratio (MR) by applying equation III. Drying 
kinetics were modeled using five thin-layer drying 
models which are Page, Henderson & Pabis, 
Lewis, Logarithmic and Avhad & Marchetti (Liu 
et al. 2017). The selected thin layer models were 
chosen to represent a wide variation of semi-
theoretical models with diverse theories. 

	 MC (dry basis) =  	 (II)

	
	 MR =  	 (III)
	

where M0 is the initial moisture content, Mt is 
moisture content at time t, Me is equilibrium 
moisture content of the samples, wi and wbd 
are the initial weight and weight on a dry basis, 
respectively, Me was experimentally obtained by 
drying the samples in the oven until no change 
in weight was noted for three successive weight 
measurements for every 30 min time interval. 

Statistical analysis

Each experimental run was conducted in 
triplicates and the average value was utilised 
for statistical analysis. All the experiments were 
carried out in a randomised error to minimise 
the effects of unexplained variability in response 
to extraneous factors. Regression and statistical 
analysis were performed using Design expert 
software 8.0.6. Analysis of variance (ANOVA) 
was used to evaluate the ultrasound-assisted 
osmotic dehydration pre-treatment for each 
response, ρ < 0.05. The accuracy of thin-layer 
drying models was checked based on coefficient 
of determination (R2) and root mean square 
error (RMSE).

Validation of response surface methodology 
of optimised conditions 

Using the predictive model developed by the 
response surface methodology, the optimised 
ultrasound-assisted osmotic dehydration pre-
treatment conditions were applied to pre-treat 
the leaves. Three confirmation experiments 
were performed to obtain a new set of responses 
which were compared with predicted response to 
validate the model’s adequacy. 

RESULTS AND DISCUSSION

The current study investigated the combined 
impact of both processes (osmotic dehydration 
and ultrasound) in the form of hybrid pre-
treatment as a part of the two-stage drying process, 
to improve the quality of the final product. 
Four process variables of UAOD conditions 
(temperature, duration, ultrasound intensity 
and sucrose concentration), identified from the 
literature with the most significant impact, were 
studied and discussed in the subsections. The 
optimised conditions were evaluated based on 
the highest retention of bioactive compound 
(p-cymene), TPC and antioxidant activity. Lastly, 
the drying kinetics were also studied for further 
evaluation of the mass transfer process.

The impact of temperature on TPC, DPPH 
radical scavenging activity and p-cymene 

The experimental responses (Table 1) shows 
the yields of TPC and DPPH radical scavenging 
activity, in the range of 0.305–0.527 mg GAE g-1 
DL and 6.29–49.21% activity, respectively. The 
yields of TPC were drastically reduced with 
increasing temperature as the lowest value was 
obtained at 60 oC (0.305 mg GAE g-1 DL). The 
decline in TPC is associated with the loss of 
essential oil at a temperature beyond 40 oC, which 
aligns with previous findings (Samani et al. 2017). 
Reportedly, the epithelial cells in the leaves can 
collapse and split open at ambient temperatures 
and above, which aid in the escape of highly 
volatile essential oil to the surroundings (Díaz-
Maroto et al. 2003). The biological structures 
in medicinal and aromatic plants can also be 
affected by ultrasound treatment. Sonication-
induced cavitation can cause the plant cell’s 
structure to breakdown, thus, producing a 
more porous structure with open and expanded 
microscopic channels (Sledz et al. 2017). The 
resulting structural change can also cause the 
essential oil to diffuse from the cells. 
	 Contrar y to TPC results, DPPH radical 
scavenging activity was observed to increase at 
higher temperatures with maximum activity at 
60 °C (49.21%). The increase in antioxidant 
activity may be attributed to the formation 
of melanoidins. Melanoidin is a compound 
that forms under the presence of low water 
and high sugar activity (Balzarini et al. 2018). 
The presence of sugar in the sucrose solution 
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facilitates the formation of melanoidin which is 
known to exhibit antioxidant activities (Langner 
& Rzeski 2013). The TPC exhibited an inversely 
proportional relationship to antioxidant 
activity in the current research; some phenolic 
compounds possess strong antioxidant activity 
(Maran et al. 2017). As for p-cymene, the 
yield was in the range of 1.442–8.991 ppm. An 
increasing trend was noted at the beginning 
until the temperature reached approximately 
40 oC, around which the yield began to decline. 
Previous studies have reported the conversion of 
unstable volatile compounds to p-cymene that 
was supported by light and temperature through 
oxidation and other chemical reactions (Turek & 
Stintzing 2012). The gradual decrease in the yield 
beyond 40 oC could be caused by the possible 
degradation of bioactive compounds (Shakthi-
Deve et al. 2014). 

The impact of duration on TPC, DPPH 
radical scavenging activity and p-cymene

The duration had a significant impact on all 
responses (TPC yield, DPPH radical scavenging 
activity, and p-cymene yield). With increasing 
duration, the yields of TPC shows an almost 
linear decreasing trend with a maximum value of 
0.433 mg GAE g-1 DL obtained at 60 min. On 
the other hand, the maximum DPPH radical 
scavenging activity of 35.55 % was noted at 
80 min, although it began to decline beyond 
this stage. The long duration in UAOD is 
advantageous for the overall drying process. 
Since the majority of the moisture content is 
removed by sucrose solution, less time is needed 
for consequent convective drying. At the same 
time, long-duration allows for enhanced mass 
transfer of the phenolic and other bioactive 
compounds to the sucrose solution (Yadav 
& Singh 2014). Additionally, the action of 
cavitation on the pores and structure of the leaves 
accentuates the mass transfer process (Sledz et al. 
2017). Therefore, this leads to the loss of valuable 
antioxidant compounds. The results indicate 
that osmotic treatment for a long duration may 
be unfavourable. As for the yield of p-cymene, 
a decreasing trend was noted at the beginning 
before showing an exponential increase after 
approximately 80 min. It can be speculated that 
the compounds other than p-cymene diffused out 
of the leaves, thereby, increasing the compound 
yield.

The impact of ultrasound intensity on TPC, 
DPPH radical scavenging activity and p-cymene 

It was noted that ultrasound intensity had no 
impact on TPC results (Table 1), regardless of 
the different powers applied. On the other hand, 
DPPH radical scavenging activity increased after 
an applied power of 264 W. This outcome was 
unexpected, as according to reported literature, 
high-intensity ultrasound is proportional to the 
high ultrasound amplitude that is applied on 
the product, which results in intense cavitational 
bubble collapse (Chemat et al. 2017). As a result, 
the physio-mechanical effects such as cracked or 
damaged cell walls increase, leading to increased 
solute diffusion, interfacial turbulence and local 
energy dissipation (Chemat et al. 2017). A similar 
result was expected with decreasing compound 
yield and antioxidant activity, although that was 
not the case for DPPH radical scavenging activity. 
However, the decreasing yields of p-cymene could 
be explained by the above phenomenon, since 
its yield began to subside after 264 W. Further 
insight is needed to determine the true impact 
of ultrasound intensity on the pre-treatment of 
E. deglupta regarding the TPC yield. 

The impact of sucrose solution on TPC, 
DPPH radical scavenging activity and 
p-cymene

Similar to duration, the yields of TPC (Table 1) 
shows a linearly decreasing trend with the 
highest value of 0.437 mg GAE g-1 DL obtained 
at 20% concentration. In contrast to this, the 
maximum DPPH radical scavenging activity 
of approximately 35% was obtained at 50% 
concentration. High osmotic pressure (sucrose 
solution) enhances moisture loss, however, it 
also forces the migration of phenolic compounds 
out of the plant leaves into the sucrose solution 
(Bozkir et al. 2019). With the aid of ultrasonic 
action, the dual mass transfer of water and 
phenolic compounds is accelerated (Rahaman et 
al. 2019). This phenomenon could also explain 
the decreasing yield of p-cymene after 40% 
sucrose concentration. The results also indicated 
the increase of antioxidant activity at higher 
concentrations.
	 The physical attributes of sucrose solution, 
such as viscosity and fluidity, may have influenced 
the outcome of the antioxidant activity. The 
high viscosity of the solution possibly acted as a 



Journal of Tropical Forest Science 33(2): 149–159 (2021) 	 Chua BL et al.

154© Forest Research Institute Malaysia

T
ab

le
 1

	
C

en
tr

al
 c

om
po

si
te

 d
es

ig
n 

m
at

ri
x 

w
ith

 e
xp

er
im

en
ta

l a
nd

 p
re

di
ct

ed
 r

es
po

ns
es

 o
f T

PC
, D

PP
H

 a
nt

io
xi

da
nt

 a
ct

iv
ity

 a
nd

 p
-c

ym
en

e 
yi

el
d

St
d

R
un

Te
m

pe
ra

tu
re

 
(°

C
)

D
ur

at
io

n
(m

in
)

In
te

ns
ity

 
(%

)
O

sm
ot

ic
 

co
nc

en
tra

tio
n 

(%
)

TP
C

, Y
1 (

m
g 

G
A

E/
0.

1 
g 

dr
ie

d 
le

af
)

Y
ie

ld
 o

f D
PP

H
 ra

di
ca

l 
sc

av
en

gi
ng

 a
ct

iv
ity

 Y
2 (

%
)

Yi
el

d 
of

 p
-c

ym
en

e

E
xp

er
im

en
ta

l
Pr

ed
ic

te
d

E
xp

er
im

en
ta

l
Pr

ed
ic

te
d

E
xp

er
im

en
ta

l
Pr

ed
ic

te
d

18 23 2 9 16 7 3 13 17 6 15 24 25 8 4 12 5 27 20 21 11 26 14 19 1 10 27

1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 23 24 25 26 27

20 20 20 20 20 20 20 20 60 60 60 60 60 60 60 60 40 40 40 20 60 40 40 40 40 40 40

60 60 60 60 10
0

10
0

10
0

10
0

60 60 60 60 10
0

10
0

10
0

10
0

80 80 80 80 80 60 10
0

80 80 80 80

60 60 10
0

10
0

60 60 10
0

10
0

60 60 10
0

10
0

60 60 10
0

10
0

80 80 80 80 80 80 80 60 10
0

80 80

30 50 30 50 30 50 50 50 30 50 30 50 30 50 30 50 40 40 40 40 40 40 40 40 40 30 50

0.
41

4
0.

38
3

0.
51

3
0.

49
2

0.
47

2
0.

52
7

0.
39

3
0.

41
5

0.
47

1
0.

30
5

0.
52

1
0.

48
9

0.
48

2
0.

44
2

0.
34

5
0.

34
7

0.
40

2
0.

42
8

0.
43

4
0.

45
4

0.
40

5
0.

43
2

0.
42

1
0.

43
8

0.
43

4
0.

42
7

0.
44

3

0.
40

8
0.

38
1

0.
49

6
0.

50
2

0.
47

8
0.

51
8

0.
40

8
0.

40
8

0.
46

2
0.

30
5

0.
53

1
0.

47
2

0.
47

3
0.

44
8

0.
33

7
0.

34
5

0.
43

2
0.

43
2

0.
45

2
0.

44
1

0.
42

3
0.

44
6

0.
41

8
0.

42
3

0.
42

8
0.

43
7

0.
42

7

6.
29

0
6.

98
0

9.
29

0
25

.8
30

15
.6

30
12

.5
30

22
.3

30
31

.3
90

43
.0

90
57

.4
00

43
.4

20
43

.8
90

39
.2

10
49

.2
10

32
.2

60
39

.2
10

35
.2

10
34

.7
60

35
.4

60
15

.9
20

39
.2

90
30

.0
70

38
.5

20
39

.7
80

40
.8

30
29

.5
80

37
.6

90

4.
04

4
8.

40
0

14
.3

20
20

.5
65

15
.5

42
12

.4
72

27
.6

53
27

.6
53

43
.7

65
56

.1
24

37
.8

57
48

.1
03

41
.2

82
47

.1
15

32
.4

99
39

.9
57

35
.0

73
35

.0
73

33
.9

25
15

.4
65

43
.0

20
33

.0
83

33
.9

75
38

.8
45

40
.2

24
30

.0
10

35
.7

28

1.
44

2
2.

19
7

8.
69

8
3.

53
2

8.
06

0
4.

92
5

4.
34

4
3.

88
2

3.
18

3
8.

75
6

6.
98

2
5.

72
1

6.
23

2
5.

39
9

8.
59

1
2.

27
8

6.
54

3
6.

53
0

7.
12

3
6.

43
2

6.
59

2
7.

65
2

8.
99

1
5.

99
2

6.
45

2
6.

33
4

6.
44

2

1.
53

1
2.

61
1

8.
01

6
3.

79
0

7.
88

5
4.

88
9

4.
26

1
4.

26
1

2.
91

0
8.

94
4

7.
39

3
5.

64
6

6.
34

9
5.

83
1

8.
11

4
2.

29
1

6.
42

4
7.

00
4

7.
00

4
6.

52
4

6.
68

4
7.

32
2

8.
82

1
5.

23
6

6.
70

8
7.

32
4

4.
95

2



Journal of Tropical Forest Science 33(2): 149–159 (2021)	 Chua BL et al.

155© Forest Research Institute Malaysia

barrier by providing external resistance to the 
mass transfer of compounds (Yadav & Singh 
2014). Previous findings also support these 
results where the best antioxidant activity was 
observed at higher concentrations (Rahman et 
al. 2018). Reported literature also shows that 
osmotic stress can increase the enzymatic activity, 
which in turn promotes key chemical reactions 
such as esterification (Escriche et al. 2006). 
The enhanced enzyme activity encourages the 
synthesis of secondary metabolites with better 
antioxidant activity. 

Optimisation and validation of quadratic 
polynomial model

Optimisation of the ultrasound-assisted osmotic 
pre-treatment was based on the maximised 
yield of TPC, DPPH radical scavenging activity 
and p-cymene yield. The statistical analysis 
performed by ANOVA (Table 2, Table 3 and 
Table 4) indicated that temperature and 
duration imposed significant linear influence 
on the response of TPC (Y1) and DPPH radical 
scavenging activity (Y2). Meanwhile, ultrasound 

intensity and sucrose concentration were the 
significant linear influencers for the response of 
p-cymene yield (Y3). The results also indicated 
that the only significant quadratic influence 
was imposed by temperature on DPPH radical 
scavenging activity and p-cymene yield. In terms 
of interaction effects, the combined influence 
of UAOD conditions (temperature, duration 
and ultrasound intensity) was significant for all 
responses. Moreover, it was noted that all pre-
treatment parameters had a significant combined 
impact on p-cymene yield except for temperature 
and sucrose concentration. All developed 
second-order regression models (equations IV, 
V and VI) were found to be significant with an 
F-value of 20.542, 16.588 and 9.075 for TPC, 
DPPH radical scavenging activity and p-cymene 
yield, respectively. All three developed models, 
excluding the non-significant terms, are shown 
below: 

	 Numerical optimisation revealed that the best 
pre-treatment conditions for maximum TPC, 
DPPH radical scavenging activity and p-cymene 
yield was at a temperature of 58.18 °C with a 

Table 2	 ANOVA analysis for quadratic model of TPC

Source Sum of 
squares

DF Mean
square

F - value p-value

Model
Temperature - Tp

Duration - Tpd

Intensity - Ip

Osmotic - Op concentration
TpTpd

TpIp

TpOp

TpdIp

TpdOp

IpOp

Tp
2

Tpd
2

Ip
2

Op
2

Residual
Lack of fit
Pure error
Standard deviation
Mean
Coefficient variation (%)
Press
R2

Adjusted-R2

0.070783
0.001601
0.001951
5.67E-05
0.000308
0.000281
0.000207
0.007278
0.0338

0.00386
0.00098
0.000136
6.38E-05
4.56E-05
2.56E-05
0.002954
0.00214
0.000814

0.016
0.43
3.61
0.018
0.9599
0.9132

14
1
1
1
1
1
1
1
1
1
1
1
1
1
1
12
9
3

0.005056
0.001601
0.001951
5.67E-05
0.000308
0.000281
0.000207
0.007278
0.0338
0.00386
0.00098
0.000136
6.38E-05
4.56E-05
2.56E-05
0.000246
0.000238
0.000271

20.54195
6.503713
7.926619
0.230234
1.251767
1.14249
0.841633
29.57044
137.3273
15.68286
3.983374
0.550595
0.259131
0.185115
0.103982

0.87616

< 0.0001
0.0255
0.0156
0.6400
0.2851
0.3062
0.3770
0.0002

< 0.0001
0.0019
0.0692
0.4723
0.6199
0.6746
0.7527

0.6162
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Table 3	 ANOVA analysis for quadratic model of DPPH radical scavenging activity

Source Sum
of squares

DF Mean
square

F - value p-value

Model
Temperature - Tp

Duration - Tpd

Intensity - Ip

Osmotic - Op concentration
TpTpd

TpIp

TpOp

TpdIp

TpdOp

IpOp

Tp
2

Tpd
2

Ip
2

Op
2

Residual
Lack of fit
Pure error
Standard deviation
Mean
Coefficient variation (%)
Press
R2

Adjusted-R2

4358.328
2460.536
2.45048
5.778894
120.5062
152.8496
242.0697
27.72625
0.001689
8.509084
3.027887
321.8854
6.188335
51.71788
12.60656
225.2002
183.9067
41.29347

4.33
31.67
13.68

1777.35
0.9509
0.8935

14
1
1
1
1
1
1
1
1
1
1
1
1
1
1
12
9
3

311.3091
2460.536
2.45048
5.778894
120.5062
152.8496
242.0697
27.72625
0.001689
8.509084
3.027887
321.8854
6.188335
51.71788
12.60656
18.76668
20.43408
13.76449

16.58839
131.1119
0.130576
0.307934
6.421286
8.144733
12.89891
1.477419

9E-05
0.453414
0.161344
17.15196
0.329751
2.755835
0.671752

1.484551

< 0.0001
< 0.0001
0.7241
0.5891
0.0262
0.0145
0.0037
0.2476
0.9926
0.5135
0.6950
0.0014
0.5764
0.1228
0.4284

0.4104

Table 4	 ANOVA analysis for quadratic model of p-cymene yield

Source Sum
of squares

DF Mean
square

F - value p-value

Model
Temperature - Tp

Duration - Tpd

Intensity - Ip

Osmotic - Op concentration
TpTpd

TpIp

TpOp

TpdIp

TpdOp

IpOp

Tp
2

Tpd
2

Ip
2

Op
2

Residual
Lack of fit
Pure error
Standard deviation
Mean
Coefficient variation (%)
Press
R2

Adjusted-R2

67.4148
1.61803
1.36705
5.28400
16.0486
3.32013
3.01852
0.12913
2.85576
4.46859
13.5974
2.35270
0.75936
1.13640
0.45626
6.36765
6.03234
0.33530

0.73
5.69
12.79
58.85

0.9137
0.8130

14
1
1
1
1
1
1
1
1
1
1
1
1
1
1
12
9
3

4.815345
1.618039
1.367057
5.284002
16.04816
3.320133
3.01852
0.129137
2.855765
4.468595
13.59741
2.352706
0.759367
1.136407
0.456268
0.530638
0.670261
0.111768

9.07464
3.049236
2.576254
9.957836
30.24316
6.256875
5.688478
0.243361
5.381762
8.421182
25.62467
4.433734
1.431047
2.141588
0.859848

5.996871

0.0002
0.1063
0.1345
0.0083
0.0001
0.0278
0.0344
0.6307
0.0388
0.0133
0.0003
0.0570
0.2547
0.1690
0.3721

0.0839
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duration of 60 min, ultrasound intensity of 330 
W and sucrose concentration of 36.02%. The 
maximum predicted responses obtained were 
a TPC yield of 0.510 mg GAE g-1 DL, DPPH 
radical scavenging activity of 42.661% and 7.66 
ppm of p-cymene. The experimental responses 
with the optimised conditions yielded a TPC 
of 0.489 mg GAE g-1 DL, 44.57% DPPH radical 
scavenging activity and 7.8233 ppm of p-cymene. 
The deviation from the predicted responses 
was 4.06%, 4.47% and 2.13% for TPC yield, 
DPPH radical scavenging activity and p-cymene 
yield. Further validation implemented through 
comparison with the control method (Table 
5) shows a remarkable increase in the three 
responses by two-fold. Therefore, the result shows 
the success of integrating ultrasound-assisted 
osmotic dehydration pre-treatment method in 
improving the final quality of the extract.

Modelling of drying kinetics

According to the moisture ratio curves, an 
exponential decrease was observed throughout 
the drying process, confirming that the diffusion 
process was governed by internal mass transfer 
(Shittu & Raji 2011). The constant moisture 
ratio at the altered phase after 23.5 hrs was the 
indication that further moisture removal was 

not possible. The drying kinetics was assessed by 
fitting to five thin-layer drying models which were 
Page, Henderson & Pabis, Lewi, Logarithmic and 
Avhad & Marchetti model (Table 6). According 
to statistical criteria, the fitness of models was 
in the following order: Lewis > Henderson & 
Pabis > Avhad & Machetti > Page > Logarithmic 
model. Lewis model, a semi-theoretical newton 
model satisfied the statistical evaluation of the 
highest R2 and lowest RMSE, revealing that it is 
suitable for future predictions of drying kinetics 
in E. deglupta. On the other hand, Page and 
logarithmic are modified versions of Lewis and 
Handerson & Pabis model, respectively, with 
additional constants to minimise the errors 
(Onwude et al. 2016). However, it seems that 
it could be the reason behind the low accuracy 
leading to low R2 values.

CONCLUSION

The present research studied the potential 
and impact of applying the ultrasound-assisted 
osmotic dehydration as pre-treatment for effective 
moisture removal from E. deglupta. Four crucial 
variables of UAOD conditions (temperature 
(40–60 °C), duration (60–100 min), ultrasound 
intensity (198–330 W), and sucrose concentration 
(30–50%)) were investigated. The optimum 

Table 6	 The fitness of different models at optimum UOAD pre-treatment

No Model name Coefficients and constants R2 RMSE

1 Lewis k = 0.18139 min-1 0.9889 6.52E-8

2 Henderson & Pabis a = 1.13591, k = 0.22839 min-1 0.9783 7.16E-9

3 Page k = 0.99098, n = 0.00986 0.2444 3.29E-9

4 Logarithmic a = 4.44, k = 20.0025, c = 0.18944 0.2255 0.0107

5 Avhad & Machetti a = 2.90515, k = 0.01995, n = 30 0.5445 3.20E-11

R2 = coefficient of determination, RMSE = root mean square error

Table 5	 Validation of optimisation with control method

Assays

Results Percentage 
difference 
between 

responses (%)

Percentage 
increase from 
control (%)Control

Predicted 
response

Experimental 
response

TPC 0.309 mg 
GAE/g DL

0.510 mg 
GAE/g DL

0.489 mg 
GAE/g DL

4.06 36.84

DPPH radical scavenging activity 12.293% 42.661% 44.57% 4.47 70.41

p-cymene yield 3.563 ppm 7.660 ppm 7.823 ppm 2.13 54.45

GAE = gallic acid equivalents, DL = dried leaf
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pre-treatment conditions were identified from 
three-level, four-factor composite experimental 
design experiments as 58.18 °C, 60 min, 330 
W and 36.02%, respectively. The experimental 
responses at the optimised condition yielded 
a TPC of 0.489 mg GAE g-1 DL, 44.57% DPPH 
radical scavenging activity and 7.8233 ppm of 
p-cymene. The deviation between the predicted 
and experimental responses at optimised 
conditions was 4.06%, 4.47% and 2.13% for 
TPC yield, DPPH radical scavenging activity and 
p-cymene yield. Under the optimised conditions, 
the three second-order polynomial regression 
models developed were deemed adequate. The 
incorporation of optimum ultrasound-assisted 
osmotic dehydration as pre-treatment yielded 
higher TPC, antioxidant activity and p-cymene 
compared to convective drying on its own by two-
fold. Kinetic studies revealed that the proposed 
Lewis model is appropriate in predicting the 
moisture removal process. Overall, these results 
justify the benefits of incorporating ultrasound-
assisted osmotic dehydration pre-treatment prior 
to convective drying for obtaining a final product 
with higher quality attributes.
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