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Abstract
Ultrasound-assisted vacuum (USV) drying is a promising method to increase heat and mass transfer rate. This study aimed

to examine effects of USV drying on the drying rate and some quality parameters of red peppers at 45, 55, 65, and 75 °C.
The results were compared with USV control drying (vacuum drying without ultrasound treatment) and the other drying

methods. The USV drying shortened the drying period to 25% and increased the effective moisture diffusivity (Deff) to

89% when compared by USV control drying. The dehydration kinetics of the red peppers were successfully described using

seven thin layer drying models for all of the dehydration methods, and the logarithmic model had the best fit for the USV

drying, with highest R2 and lowest RMSE values. The total yeast and mold counts were significantly reduced following the

USV drying in comparison with the USV control drying. This study suggested that USV drying could be used effectively in

drying of red pepper with high drying rate and no significant bioactive compound degradation compared to USV control.

Keywords Ultrasound-assisted vacuum (USV) drying · Red peppers · Dehydration rate · Rehydration ratio ·

Mold and yeast

List of symbols
Deff Effective moisture diffusivity/m2 s−1

R2 Correlation coefficient

RMSE Root-mean-square error

MR Moisture ratio/dry basis

Xt Moisture content at t/kg-water kg-dry matter−1

Xe Moisture content at equilibrium (kg-water kg-dry

matter−1)

X0 Moisture content at initial/kg-water kg-dry

matter−1

χ2 Chi-square

L The thickness of red pepper samples/m

D0 The pre-exponential constant/m2 s−1

Ea The activation energy/kJ mol−1

R Ideal gas constant/8.314 J mol−1 K−1

T Drying temperature/K

DR Drying rate/kg-water h−1m−2

t Drying time/h

h Hours

X Moisture content/kg-water kg-dry matter−1

Ls Dry matter of the peppers/kg

S Total surface area of all red peppers in one

container/m2

RR The rehydration ratio

ΔE* The total color differences

ΔL* Lightness difference/Lsample
* − Lstandard

*

Δa* Red/green difference/asample
* − astandard

*

Δb* Yellow/blue difference/bsample
* − bstandard

*

C* The chroma

GAE Gallic acid equivalents/mg g-dry matter−1

Subscripts
0 Initial

e Equilibrium

eff Effective

Introduction

Red peppers (Capsicum annuum L.) are a highly consumed

vegetable because of both having specific aroma, flavor, and

color and being rich source of vitamins (A, C, and E) and

minerals [1]. In some countries, it is believed that they
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prevent or cure asthma, rheumatism, neuralgia, lumbago,

and pharyngitis, and they are also believed to increase a

person’s appetite [2]. Drying is one of the most commonly

used preservation methods, and red peppers are primarily

dried to obtain a spice that is mainly used in meat products

and instant soup; the spice is also added to bakery products,

spice mixes, and seasonings and sauces in the food industry

[3]. Generally, peppers have been dried in the open air by

exposing to sunlight for 8–10 days, in Turkey, or they are

dried by other conventional drying methods. However, there

are significant shortcomings such as long drying times, the

contamination risk of dust, soil, and insects, the risk of rain

and quality loss. Therefore, ultrasound-assisted vacuum

drying can be used as combination to overcome the short-

comings of both each other and traditional methods.

Vacuum drying takes place in the absence of oxygen and

provides effective dehydration at mild temperature so that

most of the food nutritive and sensory characteristics can

be preserved [4]. Therefore, a combination of or pre-

treatment with other drying methods is needed because the

deficiencies of traditional drying methods might be com-

pensated for by using other methods, resulting in a more

effective drying process [5, 6].

Ultrasound is a form of mechanical energy generated by

sound (i.e., really pressure) waves with a frequency of

more than 20 kHz. In recent years, a growing number of

various stages of research and development on ultrasound

have been in the food industry due to the fact that ultra-

sound is a green novel technology [7]. There are a lot of

ultrasound applications such as cooking, cutting, de-

foaming, degassing, drying, emulsification, filtration,

freezing, oxidation in food processing [8].

Ultrasonic dehydration is very promising because the

effects of power ultrasound are more significant at low

temperature which reduces the probability of food degra-

dation. Cavitation, explained with bubble formation and its

subsequent collapse in a liquid, can be supported by

ultrasonic waves so that microscopic cavities can be cre-

ated in the tissues of vegetables and fruit [9]. This results in

the removal of moisture that is strongly attached to the

solid center of the tissues [10]. Microscopic channels

improve diffusion, increase convective mass transfer, and

reduce drying time [11].

When food is dried, water availability is reduced so that

microbial activity and the rate of chemical and biochemical

reactions are decreased. However, the yeast and molds

found in red peppers can cause discoloration of products as

well as negative taste and malodor. Moreover, molds can

cause the formation of toxic metabolites (especially afla-

toxins), so they can have an adverse effect on health. In this

study, the formation of toxic metabolites was not deter-

mined, but the toxic metabolites were not supposed to be

formed by using USV drying method.

USV drying is a novel method that uses ultrasound to

increase heat and mass transfer in vacuum drying. A few

research studies have been conducted using the technique

on some types of food, such as beef meat, chicken [12], fish

[13] and green beans [14] and non-food materials, such as

Chinese fir wood [15] and Catalpa wood [11]. Those

studies have indicated that the USV drying has the poten-

tial to be a faster drying process for foods and other

materials.

The objective of the present study is to examine the

effects of the USV drying on red pepper dehydration.

Toward this end, the study investigated the efficacy of USV

drying in comparison with different drying methods by

examining drying kinetics, rehydration behavior, total yeast

and mold count, bioactive compounds, such as phenolic

compound and antioxidant capacity, and color properties.

Experimental

Materials

Red pepper (Capsicum annuum var. abbreviata Fingerh.)

samples were bought from a market in Istanbul, Turkey and

stored at 4 °C before the drying process. The peppers were

not peeled, but the seeds and the placenta were removed.

The peppers were then cut into 1.5 ± 0.1 cm2 square

pieces. Samples weighing approximately 50 g were used

for the drying process.

Drying methods

Red peppers (approximately 50 g) were dried using a

vacuum oven with a vacuum pump (for vacuum drying), a

drying oven (for oven drying), the combination system of

an ultrasonic water bath and vacuum pump (for USV

drying), and the combination system of water bath and

vacuum pump (for USV control drying) until the water

content decreased to 10% (moist basis) at 45, 55, 65, and

75 °C. Three repetitions were performed for each type of

drying at each temperature, and also three repetitions were

carried out for each analysis.

A vacuum oven (DaihanWOV-30, Gangwondo, South

Korea) combined with a vacuum pump (EVP 2XZ-2C,

Zhejiang, China) with 60 mbar pressure was used for the

vacuum drying. Oven drying was performed using a

forced-air circulation oven (Memmert UF110, Germany)

with 1.3 m s−1 constant air velocity. The USV drying,

mainly used in this study, consisted of an ultrasonic water

bath (Daihan-WUC-D10H, South Korea) (amplitude

100%, power 590 W) and a vacuum pump (KNF

N838.3KT.45.18, Germany) with 15 mbar pressure linked

to a hose. The temperature of the ultrasonic water bath was
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measured using a thermocouple (k-type, Omega Engi-

neering Inc., USA). The water bath (Daihan, WUC-D10H,

South Korea) (amplitude 100%, power intensity

* 1 W cm−2, volume 10 L) and a vacuum pump (KNF

N838.3KT.45.18, Germany) with 15 mbar pressure linked

to a hose for USV control drying.

The pepper samples, weighing approximately 50 g, were

placed into a filtering flask, which was then closed with a

stopper. The drying process took place under negative

pressure with ultrasonic waves. The USV control drying is

a vacuum treatment process in which the ultrasonic treat-

ment is not applied. This USV drying was detailed and

schematized in our previous studies [12, 13].

Comparison with empirical equations

The moisture ratio (MR) was calculated using Eq. (1):

MR ¼ Xt � Xe

X0 � Xe

; ð1Þ

where MR stands for sample moisture ratio (dry basis), Xt

moisture content at t (kg-water kg-dry matter−1), Xe

moisture content at equilibrium (kg-water kg-dry matter−1)

and X0 moisture content at initial (kg-water kg-dry matter−1).

The equilibrium moisture content was considered zero

(Xe = 0), because the value of Xe is relatively small com-

pared with X0 [16].

Seven thin layer models were used to express the drying

kinetics of the red peppers (Table 1). Nonlinear regression

was performed using SPSS 15.0 (SPSS Inc., Chicago, IL,

USA) software. The determination coefficient (R2) was

determined using SPSS; however, Chi-square (χ2) and the

root-mean-squared error (RMSE) were calculated accord-

ing to Doymaz [17].

Mass transfer with diffusion was defined according to

Fick’s laws of diffusion. In general, by using Fick’s 2nd

Law, moisture transfer in the crop drying process is

denoted by Eq. (2) [18]:

oX
ot

¼ D � o2X
ox2

þ o2X
oy2

þ o2X
oz2

� �
: ð2Þ

However, the diffusion equation can be modified for

food dehydration. Effective moisture diffusivity was cal-

culated by using SPSS program according to using Eq. (3):

MR ¼ 8

p2
exp

p2Deff t

4L2

� �
; ð3Þ

where Deff is the effective moisture diffusivity (m2 s−1) and

L the thickness of red pepper samples (m).

Arrhenius equation defines the relationship between

moisture content and the temperature parameters according

to Eq. (4):

Deff ¼ D0exp � Ea

RT

� �
; ð4Þ

where D0 represents the pre-exponential constant (m2 s−1),

Ea the activation energy (kJ mol−1), R the ideal gas constant

(8.314 J mol−1 K−1), and T the drying temperature (K).

Determination of dry matter content

The samples were dehydrated by using vacuum drier at

70 °C until constant mass and the dry matter content

determined according to the mass.

Determination of the drying rate

The drying rate (DR) (kg-water h−1m−2) of red pepper dried

at constant drying conditions for any time (t) was calcu-

lated using Eq. (5) [19]:

DR ¼ �DX
Dt

Ls

S
; ð5Þ

where X symbolizes the moisture content (kg-water kg-dry

matter−1), t the drying time (h) and Ls the dry matter of the

peppers (kg), S the total surface area of all red peppers in

one container (m2).

Determination of the rehydration ratio

The dried peppers were rehydrated with distilled water at

25 °C in amounts equal to four times the mass of the pepper

Table 1 Drying models used for

drying kinetics of the red

peppers

Drying models Model equations References

Logarithmic MR ¼ a� exp �k � tð Þ þ c [40]

Page MR ¼ exp �k � tnð Þ [41]

Page modified MR ¼ a� exp �k � tð Þ þ 1� að Þ � exp �k � b � tð Þ [42]

Lewis MR ¼ exp �k � tð Þ [53]

Henderson and Pabis MR ¼ a� exp �k � tð Þ [54]

Two-term MR ¼ a� exp �k1 � tð Þ þ b� exp �k2 � tð Þ [55]

Wang and Singh MR ¼ 1þ a � t þ b � t2 [56]

Y Moisture ratio
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sample before the drying process. After waiting 5 h, the

rehydration ratio (RR) was calculated using Eq. (6) [20]:

RR %ð Þ ¼ m2

m1

� 100; ð6Þ

where m1 and m2 are the mass before rehydration and after

rehydration, respectively.

Color measurement

The color parameters (L*, a*, b*) of the red pepper sam-

ples were obtained using a colorimeter (CR-400 Konica,

Minolta, Tokyo, Japan) calibrated at standard illuminant

D65 (representing daylight). The chroma value defines the

color saturation, and that value decreases with shaded

colors (gray, black and white) and increases with vivid

colors. The total color differences (ΔE*) were calculated

by using ΔL*(lightness difference: Lsample
* − Lstandard

* ), Δa*
(red/green difference: asample

* − astandard
* ), and Δb*(yellow/

blue difference: bsample
* − bstandard

* ) values and the chroma

(C*) values were calculated by using a and b values

according to Eqs. (7–8), respectively [21]:

DE� ¼ Da�ð Þ2þ Db�ð Þ2þ DL�ð Þ2
h i0:5

; ð7Þ

C� ¼ a2 þ b2
� �0:5

: ð8Þ

Determination of the total yeast and mold
counts

Dichloran rose bengal chloramphenicol (DRBC) agar was

used to determine the total yeast and mold counts, which

were calculated after incubation at 25 °C for 4–5 days. The

detection limit of yeast and mold was 2 log10 cfu mL−1.

Determination of the total phenolic content

The dried samples were first rehydrated using the water

that had evaporated during the drying process because it

was important to ensure that the same conditions were

utilized for all of the drying methods. The fresh and

rehydrated red pepper samples were weighed at approxi-

mately 50 g and then mixed with aqueous methanol (80%)

(1:4 methanol to samples ratio). They were then homoge-

nized with a homogenizer (Daihan, 230 V, 50/60 Hz,

280 W, Korea) at about 1250 rpm for 5 min. Each sample

was then incubated using a shaker for 2 h at 25 °C. The
mixture was centrifuged at 4000 rpm for 10 min, and the

supernatants were filtered. The total phenolic content of the

filtered red pepper supernatants was determined using the

Folin–Ciocalteu method according to Singleton and Rossi

[22], with some alterations [23]. The results were expressed

as gallic acid equivalents (GAE) mg g-dry matter−1.

Determination of DPPH free radical scavenging
capability

The supernatants filtered for determination of total phe-

nolic compounds were also used to determine DPPH free

radical scavenging capability. The 2,2 diphenyl-1-picryl-

hydrazyl (DPPH) free radical scavenging capability was

determined according to analysis recommended by

Singh et al. [24]. The results were expressed as trolox

equivalents mg g-dry matter−1.

Results and discussion

Drying kinetics

The initial moisture content of the fresh red peppers was

91.623% ± 0.852 [25], and the peppers were dried to reach

10% in wet basis. In some research studies, the dried

pepper samples had a similar final moisture content, such

as 12% [26], 11% [27], and 10% [28]. In the present study,

the red pepper samples were dried using USV drying and

USV control drying methods at four different temperatures,

and the moisture ratio versus time graphs are shown in

Fig. 1.

The drying times of the samples decreased as the drying

temperature increased for all drying methods. The drying

times of the samples are shown in Table 2. While the

drying times of the samples dried using USV drying were

570, 450, 270, and 240 min, the drying times of samples

dried using the USV control drying were 750, 510, 360,

and 270 min at 45, 55, 65, and 75 °C, respectively.

Employing of USV significantly reduced drying time at

same temperature. Thanks to USV drying, food materials

can be dried at lower temperature.

With regard to other techniques, the drying times ranged

between 270 min and 690 min for the samples dried using

the oven drying and between 270 min and 540 min for the

samples dried using the vacuum drying. Similarly, in a

thesis study about red peppers dried with 2 ± 0.1 m s−1 air

velocity at 55, 60, 65, and 70 °C, the drying times ranged

between 495 and 960 min [3]. Akpinar et al. [29] reported

that the drying times for red peppers ranged from 160 to

330 min at 55–70 °C of oven. In another study, the USV

drying decreased the drying time of beef meat and chicken

by 7.4 and 27.4%, respectively, according to vacuum

drying [12].

The energy consumption changes based on the applied

methods and the drying temperature in drying systems, and

it decreases as the temperature increases. In the present
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study, the total energy consumption ranged between 1.2

and 1.5 kWh with oven drying, between 1.7 and 2.7 kWh

with vacuum drying, between 1.6 and 1.9 kWh with USV

drying, and between 1.1 and 1.8 kWh with USV control

drying. The total energy consumption of the samples dried

using USV drying was higher than the samples dried using

the USV control drying; however, the drying times using

the USV drying were shorter, so the USV drying could be

considered to be more economical than the USV control

drying.

Drying rate

Drying of most foods under different constant drying

conditions will generally give curves with different shapes

in the falling rate period [19, 30]. If cell structure of foods

0.0

0.2

0.4

0.6

0.8

1.0

0 2 4 6 8 10 12 14
M

oi
st

ur
e 

ra
tio

/d
b

Time/h

USV
USV Control

0.0

0.2

0.4

0.6

0.8

1.0

0 2 4 6 8 10

M
oi

st
ur

e 
ra

tio
/d

b

Time/h

USV
USV Control

0.0

0.2

0.4

0.6

0.8

1.0

0 2 4 6 8

M
oi

st
ur

e 
ra

tio
/d

b

Time/h

USV
USV Control

0.0

0.2

0.4

0.6

0.8

1.0

0 2 4 6

M
oi

st
ur

e 
ra

tio
/d

b

Time/h

USV
USV Control

(a)

(c)

(b)

(d)

Fig. 1 Drying curve of the red

peppers dried by USV and USV

control drying at a 45 °C,
b 55 °C, c 65 °C, d 75 °C

Table 2 Drying rate, effective

moisture diffusivity, and

activation energy of the red

peppers

Drying methods Temperature/°C Drying time/min Deff/m
2 s−1 R2 Ea/kJ mol−1

USV 45 570 2.62 9 10−9 0.866 35.911

(R2 = 0.980)55 450 3.49 9 10−9 0.849

65 270 6.17 9 10−9 0.888

75 240 8.10 9 10−9 0.910

USV control 45 750 1.82 9 10−9 0.866 36.921

(R2 = 0.975)55 510 3.48 9 10−9 0.882

65 360 4.28 9 10−9 0.873

75 270 6.31 9 10−9 0.854

Oven drying 45 690 2.65 9 10−9 0.919 36.744

(R2 = 0.952)55 540 3.58 9 10−9 0.929

65 330 4.47 9 10−9 0.900

75 270 7.82 9 10−9 0.902

Vacuum drying 45 540 3.44 9 10−9 0.945 24.047

(R2 = 0.922)55 480 3.62 9 10−9 0.904

65 360 4.68 9 10−9 0.905

75 270 6.78 9 10−9 0.896

Deff Effective moisture diffusivity, Ea Activation energy
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is damaged, they may also give curves in the constant

drying rate period [31]. The drying rate can be improved

with ultrasonic treatment because ultrasound provides the

positive effects of heating, thanks to attenuation and

adsorption, with the mechanical effects of pressure waves

[32]. Figure 2 shows that the drying rate values for USV

drying and USV control drying changed with time. As seen

in these graphs, the drying rate values obtained using the

USV drying were generally higher than those obtained

using the USV control drying in the falling rate period

because of the ultrasound positive effects. In addition, the

drying rate values increased with all of the drying methods

as the temperature increased. This means that a shorter

time is required to dry the material in order to reach

equilibrium moisture content.

Effective moisture diffusivity and activation
energy

In this study, the Deff increased with increasing temperature

for all of the drying processes. The Deff values of the dried

samples changed from 2.62 9 10−9 to 8.10 9 10−9 m2 s−1,

from 1.82 9 10−9 to 6.31 9 10−9 m2 s−1, from 3.44 9 10−9

to 6.78 9 10−9 m2 s−1, and from 2.65 9 10−9 to

7.82 9 10−9 m2 s−1 for the USV drying, the USV control

drying, the vacuum drying, and the oven drying, respec-

tively. The Deff values and the activation energy (Ea) val-

ues for all four drying methods and for all temperatures are

shown in Table 2. The Deff values of the USV-dried sam-

ples are higher than the Deff values of the USV control

dried samples. From the data presented in Table 2, it is

clear that Deff increases as the temperature increases

because the moisture content of the red pepper samples

decreased due to the rapid evaporation of water molecules.

Doymaz [33] and Huang and Chen [34] found that the

effective moisture diffusivity increased with increasing

temperature for mint leaves and sewage sludges,

respectively.

The Ea values indicate the correlation of the diffusivity

against temperature. When the Ea values increase, the

correlation of the apparent diffusivity of red peppers

against temperature increases [35]. There is a direct cor-

relation between Ea and the energy needed to facilitate

diffusion. When less Ea is required, less energy is needed to

facilitate diffusion. The Ea value of the Deff was less for

USV drying than it was for the USV control drying; thus,

USV drying required less energy consumption. The Ea

values of the dried samples were found to be

35.911 kJ mol−1 (R2 = 0.980), 33.921 kJ mol−1 (R2 =

0.990), 24.047 kJ mol−1 (R2 = 0.926), and 36.744 kJ mol−1

(R2 = 0.925) for the USV drying, the USV control drying,

the vacuum drying, and the oven drying, respectively.

Gupta et al. [36] dried the pre-treated red peppers at 55,

60, 65, and 70 °C using a tray drier, and they determined

that the Ea values were 41.95 and 41.06 kJ mol−1 for the

samples pre-treated with blanching and a solution of gum

Arabic (acacia gum), respectively. Kaleemullah and

Kailappan [37] reported that the Ea and the Deff of samples

dried at 50, 55, 60, and 65 °C using a thin layer drier were

37.76 and 3.78–7.10 9 10−9 m2 s−1, respectively. In the

literature review, the moisture diffusivity constant was

found to range between 5.86 9 10−11 and
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Fig. 2 Drying rate of the red

peppers dried by USV and USV

control drying at a 45 °C,
b 55 °C, c 65 °C, d 75 °C
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1.16 9 10−8 m2 s−1 at 25–80 °C [38] and the Ea was found

to range between 12.7 and 110.0 kJ mol−1 [39]. In the

present study, the results are in conformity with the liter-

ature results which are between 5.86 9 10−11 and

1.16 9 10−8 m2 s−1 for Deff and between 12.7 and

110.0 kJ mol−1 for Ea.

Evaluation of the empirical equations

In the present study, dehydration behavior was modeled

using thin layer drying models, as shown in Table 1. The

obtained data were analyzed using SPSS software

(Tables 3, 4). To determine the best model, the highest R2

Table 3 Estimated model parameters obtained from fitting the drying models under oven and vacuum oven drying methods at 45, 55, 65, and

75 °C

Models Parameters Oven drying Vacuum drying

45 °C 55 °C 65 °C 75 °C 45 °C 55 °C 65 °C 75 °C

Lewis k 0.216 0.291 0.372 0.622 0.282 0.295 0.383 0.546

R2 0.992 0.993 0.986 0.979 0.995 0.983 0.985 0.978

RMSE 0.0259 0.0244 0.0335 0.0481 0.0154 0.0420 0.0366 0.0473

χ2 0.000702 0.000630 0.001226 0.002571 0.0002 0.0019 0.0015 0.0025

Page k 0.172 0.251 0.322 0.502 0.287 0.224 0.311 0.434

n 1.139 1.107 1.139 1.332 0.988 1.206 1.194 1.307

R2 0.997 0.996 0.992 0.998 0.995 0.994 0.994 0.996

RMSE 0.0147 0.0179 0.0261 0.0145 0.0198 0.0229 0.0225 0.0191

χ2 0.000226 0.000339 0.000746 0.000225 0.000414 0.000556 0.000550 0.000404

Modified page k 77.298 255.803 112.442 179.007 84.116 70.749 119.200 203.184

a − 0.053 − 0.034 − 0.058 − 0.210 0.033 − 0.076 − 0.081 − 0.158

b 0.003 0.001 0.004 0.004 0.003 0.004 0.003 0.003

R2 0.994 0.994 0.989 0.993 0.996 0.988 0.989 0.989

RMSE 0.0217 0.0229 0.0301 0.0277 0.0179 0.0328 0.0308 0.0335

χ2 0.000493 0.000552 0.000991 0.000855 0.000339 0.001142 0.001027 0.001247

Henderson and

Pabis

k 0.224 0.297 0.382 0.653 0.277 0.307 0.397 0.571

a 1.033 1.019 1.025 1.055 0.981 1.040 1.035 1.049

R2 0.993 0.993 0.988 0.983 0.995 0.986 0.987 0.982

RMSE 0.0234 0.0236 0.0321 0.0434 0.0188 0.0354 0.0341 0.0433

χ2 0.000569 0.000588 0.001122 0.002090 0.000374 0.001332 0.001262 0.002087

Logarithmic k 0.253 0.229 0.560 0.464 0.235 0.386 0.260 0.359

a 0.780 1.104 0.656 1.189 1.031 0.743 1.223 1.264

c 0.114 − 0.117 0.225 − 0.166 − 0.069 0.160 − 0.227 − 0.255

R2 0.926 0.999 0.859 0.997 0.997 0.890 0.999 0.999

RMSE 0.0774 0.0069 0.1081 0.0195 0.0140 0.0981 0.0108 0.0096

χ2 0.006250 0.000050 0.012741 0.000420 0.000206 0.010233 0.000127 0.000102

Two-term k1 0.224 0.297 0.382 0.653 0. 277 0.307 0.397 0.571

a 0.517 0.509 0.513 0.528 0.491 0.520 0.518 0.524

k2 0.224 0.297 0.382 0.653 0.491 0.307 0.397 0.571

b 0.517 0.509 0.513 0.528 0.277 0.520 0.518 0.524

R2 0.993 0.993 0.988 0.983 0.995 0.986 0.987 0.982

RMSE 0.0234 0.0236 0.0321 0.0434 0.0188 0.0354 0.0341 0.0433

χ2 0.000569 0.000588 0.001122 0.002091 0.000374 0.001332 0.001262 0.002087

Wang and Singh a − 0.166 − 0.219 − 0.285 − 0.452 − 0.219 − 0.221 − 0.287 − 0.399

b 0.007 0.013 0.021 0.052 0.013 0.013 0.021 0.040

R2 0.995 0.993 0.993 0.999 0.983 0.997 0.997 1.000

RMSE 0.0195 0.0234 0.0236 0.0176 0.0555 0.0155 0.0173 0.0410

χ2 0.000397 0.000576 0.000609 0.000347 0.003219 0.000254 0.000323 0.000019

a, b, c, n, k, k0, and k1 are fit parameters
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value and the lowest RMSE and Chi-square values were

selected. The best models selected were the logarithmic

model [42] and the Wang and Singh model [40] (R2 0.995–

0.997) for the USV drying; the Wang and Singh model (R2

0.994–1.000) for the USV control drying; the Page model

[41] and the Wang and Singh model (R2 0.992–0.999) for

the oven drying; and the Page model and the Wang and

Singh model (R2 0.992–0.999) for the vacuum drying.

Doymaz and Pala [27] reported that the Page model was

the best fit model for red pepper that was dried using hot air

because the coefficient value was the highest for the Page

model (it ranged between 0.998 and 0.999). Akpinar [29]

stated that the best fit model for thin layer drying of red

Table 4 Estimated model parameters obtained from fitting the drying models under USV drying and USV control drying at 45, 55, 65, and 75 °C

Models Parameters USV drying USV control drying

45 °C 55 °C 65 °C 75 °C 45 °C 55 °C 65 °C 75 °C

Lewis k 0.217 0.285 0.502 0.651 0.152 0.282 0.351 0.507

R2 0.971 0.947 0.969 0.985 0.955 0.973 0.969 0.951

RMSE 0.0513 0.0732 0.0549 0.0399 0.0621 0.0513 0.0542 0.0754

χ2 0.0028 0.0057 0.0033 0.0018 0.0040 0.0028 0.0032 0.0063

Page k 0.131 0.148 0.398 0.075 0.178 0.237

n 1.321 1.484 1.284 1.209 1.336 1.350 1.371 1.570

R2 0.995 0.988 0.985 0.994 0.984 0.997 0.994 0.997

RMSE 0.0213 0.0351 0.0379 0.0253 0.0363 0.0173 0.0236 0.0198

χ2 0.000477 0.001316 0.001600 0.000722 0.001374 0.000316 0.000603 0.000506

Modified page k 66.742 88.648 155.414 62.293 146.464 107.454

a − 0.138 − 0.158 − 0.101 − 0.140 − 0.098 − 0.153 − 0.137 − 0.261

b 0.004 0.004 0.004 0.005 0.003 0.002 0.004 0.004

R2 0.988 0.965 0.975 0.992 0.965 0.989 0.982 0.979

RMSE 0.0412 0.0661 0.0531 0.0375 0.0544 0.0333 0.0414 0.0495

χ2 0.001787 0.004655 0.003133 0.001578 0.003074 0.001171 0.001857 0.002725

Henderson and Pabis k 0.236 0.309 0.519 0.672 0.164 0.306 0.374 0.548

a 1.084 1.084 1.035 1.035 1.069 1.082 1.062 1.084

R2 0.981 0.957 0.971 0.986 0.962 0.981 0.975 0.960

RMSE 0.0412 0.0661 0.0531 0.0375 0.0567 0.0424 0.0486 0.0676

χ2 0.001788 0.004655 0.003133 0.001578 0.003342 0.001899 0.002563 0.005080

Logarithmic k 0.137 0.118 0.269 0.479 0.209 0.259 0.393 0.272

a 1.369 1.771 1.401 1.171 0.373 1.103 0.747 1.502

c − 0.338 − 0.760 − 0.415 − 0.166 0.321 − 0.068 0.136 − 0.469

R2 0.997 0.996 0.995 0.997 0.946 0.989 0.875 0.992

RMSE 0.0171 0.0205 0.0221 0.0177 0.1966 0.0327 0.1093 0.0299

χ2 0.000308 0.000446 0.000542 0.000352 0.040190 0.001131 0.012937 0.000993

Two-term k1 0.236 0.309 0.519 0.672 0. 164 0.306 0.374 0.548

a 0.542 0.542 0.517 0.517 0. 534 0.541 0.531 0.542

k2 0.236 0.309 0.519 0.672 0.163 0.306 0.374 0.548

b 0.542 0.542 0.517 0.517 0.534 0.541 0.531 0.542

R2 0.981 0.957 0.971 0.984 0.962 0.981 0.975 0.960

RMSE 0.0412 0.0661 0.0531 0.0375 0.0567 0.0424 0.0486 0.0676

χ2 0.001788 0.004655 0.003134 0.001578 0.003342 0.001900 0.002562 0.005080

Wang and Singh a − 0.161 − 0.196 − 0.363 − 0.477 − 0.106 − 0.209 − 0.254 − 0.359

b 0.006 0.008 0.032 0.058 0.002 0.011 0.015 0.030

R2 0.996 0.996 0.995 0.995 0.997 0.996 1.000 0.994

RMSE 0.0190 0.0189 0.0227 0.0236 0.0150 0.0200 0.0058 0.0271

χ2 0.000381 0.000380 0.000575 0.000628 0.000233 0.000426 0.000037 0.000815

a, b, c, n, k, k0, and k1 are fit parameters
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peppers was ‘the approximation of the diffusion model’

with the highest determination coefficient (0.9987).

Sunil et al. [43] selected Wang and Singh model the best

model for solar drying (bottom tray and top tray) and open

sun drying of fenugreek leaves because of the highest value

of R2 and the lowest values of SSE, MSE, and RMSE.

Rehydration ratio

The pepper samples that were dried to reach 10% (wb) final

moisture were placed in distilled water at room temperature

for 5 h to calculate the rehydration ratio. Figure 3 shows

the changes in rehydration ratio with time. As expected, the

rehydration ratio increased as the time increased. However,

this increase in the rehydration ratio began to decrease as

the experiment time increased. In general, the rehydration

ratio of the USV-dried red peppers was similar to or

slightly less than the ratio for the USV control drying. In

USV drying, moisture inside the capillaries of the material

being dehydrated creates microscopic channels [44].

Thanks to these microscopic channels, the drying rate can

be increased when using ultrasonic waves, but the porous

solid material could also become deformed. Therefore, the

rehydration ratio could slightly decrease for red peppers

dried using the USV drying.

Evaluation of bioactive properties

Total phenolic compound

The total phenolic compounds tend to decrease as the

drying temperature increases. The total phenolic compound

content of the dried samples was shown in Table 5. Total

phenolic content of the fresh red pepper was 2.674 mg g−1.

As seen in Table 5, the drying process caused a significant

loss in total phenolic content, especially at high tempera-

tures. Similar results were also reported from previously

published studies [45, 46]. The USV drying provided to

reduce drying time and drying temperature. As we know,

phenolic compounds are sensitive to thermal process and

can be easily degraded during drying process, especially at

high temperature and long time. Same drying time was
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Fig. 3 Rehydration ratio of the

red peppers dried by USV and

USV control drying at a 45 °C,
b 55 °C, c 65 °C, d 75 °C

Table 5 Total phenolic

compound analysis of red

peppers/mg-GAE g-dry

matter−1

Temperature/°C Fresh red peppers USV USV control Oven drying Vacuum drying

45 2.594b ± 0.18 2.194a ± 0.11 2.150a ± 0.23 2.165a ± 0.07 2.306a ± 0.07

55 2.674b ± 0.24 1.941a ± 0.02 2.133a ± 0.01 2.025a ± 0.03 2.011a ± 0.33

65 2.382b ± 0.20 1.587a ± 0.05 1.649a ± 0.02 1.776a ± 0.04 1.492a ± 0.04

75 2.608b ± 0.57 1.404a ± 0.14 1.503a ± 0.46 1.696a ± 0.23 1.538a ± 0.25

Same letters (at same rows) mean that difference in the concentration of phenolic compounds is not

significant (by Duncan test)
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observed with the sample dried at USV drying at 65 °C and

the samples dried with USV control at 75 °C. Phenolic
content of the samples dried at lower temperature was

higher than that of the sample dried at higher temperature.

Therefore, bioactive content of the food can be preserved

by USV drying method by reducing drying time.

DPPH free radical scavenging capability

The DPPH free radical scavenging capability of red pep-

pers (mg-trolox-equivalent g-dry matter−1) is shown in

Table 6. The antioxidant activity of the red peppers

decreased as the temperature increased. The lowest value

was obtained with the USV drying at 45 °C
(8.305 ± 0.76 mg-trolox-equivalent g-dry matter−1). At

45 °C, no significant difference in the antioxidant activity

was found between the fresh red peppers and the samples

dried using the vacuum drying and between the samples

dried using the USV control drying and the oven drying

(P[ 0.05). At 75 °C, the antioxidant activity of the sam-

ples dried using the USV drying and oven drying was not

significantly different from the sample dried using the

vacuum drying, but they were significantly different from

the samples dried using the USV control drying (P\0.05).

However, there was no significant difference in the

antioxidant activity of the samples dried using the vacuum

drying and the USV control drying (P[ 0.05).

In their study of dehydrating red peppers, Kim et al. [47]

observed that drying conditions had a strong effect on

antioxidant activity. They also stated that there was a

correlation among antioxidant activity, the degradation of

ascorbic acid, and the loss of phenolic content, and they

found that red peppers were significantly affected by the

drying conditions, such as drying time and temperature.

Tannenbaum and Young [48] stated that ascorbic acid

degradation was closely related to the non-enzymatic

browning reaction. In our study, the antiradical activity of

peppers was usually caused by the loss of phenolic com-

ponents and vitamin C. Therefore, it is believed that the

decrease in the antiradical activity of red peppers dried

using USV drying is caused by the degradation of vitamin

C and carotenoids in addition to the loss of phenolic

components.

Color change

Table 7 shows the color values of the red pepper samples

examined in this study. As seen, the increase or decrease in

the color was not regularly obtained with changes in tem-

perature or changes in the drying method. The ΔE* values

ranged between 3.260 ± 0.654 and 8.224 ± 0.589,

2.757 ± 0.437 and 9.716 ± 0.551, 2.989 ± 0.086 and

7.277 ± 0.508, and 3.907 ± 0.645 and 7.544 ± 1066 for

the USV drying, USV control drying, vacuum drying, and

oven drying, respectively.

The chroma (C*) values provide more information about

the spatial distributions of the colors than the direct values

of the tristimulus colorimeter measurements [49]. The

chroma values for the USV drying ranged from

41.021 ± 0.323 to 41.798 ± 0.322; the chroma values for

the USV control drying ranged between 37.233 ± 5.092

and 44.981 ± 0.617. The chroma values for the vacuum

drying and oven drying ranged between 36.862 ± 0.229

and 41.999 ± 0.118 and between 44.461 ± 0.032 and

38.107 ± 1.859, respectively.

Vega-Ga´lvez et al. [46] studied red peppers dried at 50,

60, 70, 80, and 90 °C and reported that the ΔE* values

ranged from 5.78 ± 2.91 and 7.79 ± 2.16. Similar results

were obtained by Miranda et al. [49]. The ΔE* values were

expected to increase as the temperature increased since

heat sensitive compounds, such as proteins and carbohy-

drates, are affected by high temperatures. The autoxidation

of the carotenoids caused the loss of the red color in the

pepper samples. In carotenoids, the degradation rate

increases as the drying temperature and drying time

increase [50]. Therefore, the USV drying provided shorter

drying times than the USV control drying and that could

result in less loss of the red color.

Total yeast and mold count

The total yeast and mold count in the fresh red pepper

samples was 3.072 ± 0.154 log cfu g−1. At 75 °C, the total
yeast and mold count of the samples dried using the USV

drying was undetermined (\2 log); however, the count of

the samples dried using the USV control drying was cal-

culated as 2.301 ± 0.151 log cfu g−1. As the temperature

Table 6 DPPH free radical scavenging capability of red peppers/mg-trolox-equivalent g-dry matter−1

Temperature/°C Fresh red pepper USV USV control Oven drying Vacuum drying

45 14.547c ± 2.96 8.305a ± 0.84 11.728b ± 0.16 11.058b ± 0.68 14.323c ± 0.69

55 13.008d ± 2.53 7.179a ± 0.45 11.469cd ± 1.08 10.268bc ± 1.41 9.156b ± 0.82

65 13.257c ± 1.13 6.471a ± 0.83 11.105b ± 2.01 7.121a ± 1.32 8.118a ± 1.94

75 11.379c ± 3.06 5.991a ± 0.56 9.404bc ± 1.54 6.342a ± 0.92 7.456ab ± 0.39

Same letters (at same rows) mean that difference in the concentration of scavenging free radical capability is not significant (by Duncan test)
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decreased, the decontamination of the yeast and mold

began to diminish. At 45 °C, the total count calculated for

the USV drying was 2.602 ± 0.138 log cfu g−1, while the

total count was 2.903 ± 0.201 log cfu g−1 for the USV

control drying. The results are shown in Table 8. At 45 and

55 °C, no significant difference in the total yeast and mold

count was observed between the control samples and the

samples dried using the USV drying and USV control

drying (P[0.05). At 65 °C, no significant difference in the

total yeast and mold count was observed between the

samples dried using the USV drying and USV control

drying, but the counts in those samples were significantly

different from the counts in the fresh red peppers

(P\0.05). The yeast and mold counts for the control, the

samples dried using the USV drying, and the samples dried

using the USV control drying were significantly different at

75 °C (P\ 0.05). It is clear that USV drying processing

contributes to the reduction in microbial loads because

ultrasound is an effective nonthermal method used to pre-

vent microbial growth and decrease biochemical reactions

[51, 52].

Conclusions

In the present study, USV drying was performed as a novel

technique for enhancing the dehydration rate and the

quality of red peppers. USV drying was found to provide a

shorten drying period and increased moisture diffusion;

therefore, it could be possible for USV drying to become

the first choice in food dehydration. It has the potential to

be used to speed up heat and mass transfer in food drying,

either for part of the process or for the entire process.

Moreover, this study concluded that the best empirical

Table 7 Effect of different

drying methods on the color

values at 45, 55, 65 and 75 °C

Drying methods Color values 45 °C 55 °C 65 °C 75 °C

USV ΔL* 2.613 ± 0.277 5.286 ± 0.890 1.967 ± 0.923 2.637 ± 0.787

Δa* 4.902 ± 0.115 4.163 ± 1.053 2.045 ± 0.258 3.070 ± 1.323

Δb* 1.682 ± 0.072 4.445 ± 1.018 1.288 ± 0.655 1.127 ± 0.420

ΔE* 5.812 ± 0.007 8.224 ± 0.589 3.260 ± 0.654 4.460 ± 0.552

C* 41.021 ± 0.323 41.359 ± 0.858 41.206 ± 3.196 41.798 ± 0.322

USV control ΔL* 7.880 ± 0.113 4.820 ± 0.720 6.385 ± 0.448 2.078 ± 0.708

Δa* 5.590 ± 1.107 3.978 ± 0.122 1.592 ± 0.798 1.055 ± 0.508

Δb* 0.298 ± 0.195 4.282 ± 1.332 0.943 ± 0.037 1.247 ± 0.217

ΔE* 9.716 ± 0.551 7.718 ± 0.352 6.707 ± 0.232 2.757 ± 0.437

C* 42.322 ± 0.194 44.981 ± 0.617 37.233 ± 5.092 39.271 ± 0.561

Oven drying ΔL* 6.542 ± 0.358 1.510 ± 0.283 1.622 ± 0.052 5.063 ± 2.333

Δa* 2.340 ± 0.100 2.945 ± 1.228 7.027 ± 1.137 3.698 ± 0.105

Δb* 1.685 ± 0.415 1.728 ± 0.388 2.180 ± 0.063 3.710 ± 0.147

ΔE* 7.166 ± 0.262 3.907 ± 0.645 7.544 ± 1.066 7.514 ± 1.448

C* 41.702 ± 0.610 40.227 ± 1.245 44.461 ± 0.032 38.107 ± 1.859

Vacuum drying ΔL* 2.013 ± 0.557 3.978 ± 0.828 3.557 ± 2.377 3.615 ± 1.145

Δa* 1.450 ± 0.903 2.810 ± 0.203 4.008 ± 1.848 2.835 ± 2.165

Δb* 1.237 ± 0.360 0.975 ± 0.735 1.222 ± 0.222 4.980 ± 1.143

ΔE* 2.989 ± 0.086 5.055 ± 0.623 6.267 ± 0.210 7.277 ± 0.508

C* 41.735 ± 0.713 36.862 ± 0.229 41.999 ± 0.118 38.747 ± 4.003

ΔE* Total color difference, C* Chroma value

Table 8 Effect of different

drying methods and

temperatures for prevention of

yeast and mold growth

Temperature/°C Fresh red peppers/log cfu g−1 USV/log cfu g−1 USV control/log cfu g−1

45 2.745 ± 0.128a 2.602 ± 0.138a 2.903 ± 0.201a

55 2.456 ± 0.677a 2.477 ± 0.296a 2.801 ± 0.199a

65 2.885 ± 0.039b 2.329 ± 0.129a 2.452 ± 0.188a

75 3.075 ± 0.123c \ 2a 2.301 ± 0.151b

Same letters (at same rows) mean that difference in the concentration of scavenging free radical capability

is not significant (by Duncan test)
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models for describing the dehydration kinetics of red

peppers for the drying methods were, generally, the Wang

and Singh model, the Page model, and the logarithmic

models. Ultrasound waves could significantly reduce

microbial content in some USV applications. USV drying

increased energy consumption and caused a loss of anti-

radical activity. In this present study, it also caused a slight

decrease in the rehydration rate or it did not change the

rehydration quality of the pepper samples.
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