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Abstract: In this study effects of ultrasonic pretreatment with different sonication sources on drying
behavior of carrot slices were evaluated. Fresh carrot slices were pretreated with ultrasonic probe at 65,
75 and 85 W or ultrasonic bath at 10, 20 and 30°C for 3, 5 and 10 min before air drying. Water gain % and
solid loss % of pretreated samples were calculated and color values, B-carotene content and rehydration
ratios of dried samples were determined. Drying behavior of the pretreated samples was evaluated and
the drying data were fitted to thin layer drying models. Constant drying rate period was not observed for
the carrot slices; however two definite falling-rate periods having different slopes were obtained. Drying
time was significantly reduced (up to 20%) depending on the type of pretreatment. The redness value, total
color difference and Chroma values of pretreated and control samples were in the same group (p>0.05).
B-carotene content of ultrasonic bath pretreated samples were significantly higher than the samples
pretreated with ultrasonic probe and the sample dried without any pretreatment as well (p<0.05). Also

rehydration ratios of control samples were found lower than the ultrasound pretreated samples.
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INTRODUCTION

Carrot (Daucus carota L.) is one of the most
consumed vegetable for the nutritional value with
its rich vitamin and mineral content (Li et al. 2010).
According to USDA national nutrient database
for standard reference, 100 grams of fresh carrot
(nearly 2 small carrots) includes 835 pg of Vitamin
A RAE (retinol activity equivalent) which is almost
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equal to the daily recommended amount (NIH
2014, USDA 2014). However, due to its highly
perishable nature and being a seasonal vegetable,
carrot is dried, canned or pickled in order to extend
the shelf life.

In food industry, carrots must be processed
prior to its consumption and drying is the
fundamental method for preservation especially for
instant food industry (Hiranvarachat et al. 2011).
Drying process is effective against microbial
proliferation in foods by decreasing water activity
of the material to be dried and therefore retards
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the physical and chemical changes that may occur
during storage (Mayor and Sereno 2004). There is
an increasing effort to reduce the post-harvest losses
of vegetables and fruits, which is around 30-40% of
total production in developing countries and thus
drying process has an important role in agricultural
and food industry (Karim and Havlader 2005).
Despite being one of the most common methods
for food preservation, conventional air-drying is an
energy-intense process (Nowacka et al. 2012). To
reduce the energy costs some pretreatments can be
applied for decreasing the initial water content or
modifying the plant tissue structure in a way that
helps to shorten the drying time (Fernandes et al.
2008). Blanching, pulsed electric field, high or low
pressure applications and osmotic drying methods
might be employed for this purpose; however
their use is limited since each treatment has some
disadvantages on final food quality.

Ultrasound is a sound wave which has a
frequency higher than the upper limit of human
hearing (20 kHz). The frequency range between
20 kHz and 100 kHz is called as conventional
power ultrasound. Ultrasonic waves area series of
compression and rarefactions (Mason et al. 2005),
which is then causes cavitation by the effect of
rarefaction cycles and bubble collapse within the
molecules of the applied medium. When the bubble
collapses in a liquid system, energy is accumulated
(Soria and Villamiel 2010) and this generates local
hot spots that has a temperature around 4000K and
a pressure above 1000 atm (Mason et al. 2005).
The cavitation after bubble collapse creates new
microscopic channels in addition to the natural
channel that is already within the vegetable tissue
which can accelerate the moisture transfer (Garcia-
Pérez et al. 2007, Feng et al. 2011). Also ultrasonic
cavitation helps to release the moisture which is
strongly attached and improves the rehydration
capacity of the dried food (Feng et al. 2011). For
this reason, power ultrasound application as a
pretreatment for conventional air drying may reduce
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the drying time therefore energy costs (Ortufio
et al. 2010). The application of ultrasound with
ultrasonic probe and ultrasonic baths are discussed
individually in the literature; however there are
quite a few studies that compares the ultrasound
sources and no other study that compares both
ultrasonic sources together with the soaking in
water pretreatment at same temperature conditions.

The aim of this study was to evaluate
differences in drying kinetics of carrot slices
pretreated with ultrasonic probe and ultrasonic
bath at the frequencies of conventional power
ultrasound before air drying. The effect of
ultrasound pretreatment on the physical and
chemical properties of dried carrot slices including
color change, B-carotene content and rehydration
ability were also studied.

MATERIALS AND METHODS

MATERIALS

Fresh carrots (Daucus carota L.) were purchased
from a local supermarket in Izmir, Turkey and
stored in a refrigerator at 4-8°C prior to use. The
carrots were washed with tap water, then hand-
peeled and sliced into 3+0.4 mm thickness and
3+0.3 cm in diameter with an electric slicer (Fresh
Express, Moulinex, France). The initial moisture
content of the carrot slices was determined using a
vacuum oven (WiseVenWOV-30, Daihan Scientific
Instruments, Korea) at 70°C (160 mm Hg) according
to AOAC (1998) method no 964.22. Petroleum
ether (Merck, Germany), HPLC grade acetone
(Sigma-Aldrich, USA) and B-carotene standard
(Sigma-Aldrich, USA) were purchased from local
suppliers and used for the analysis of B-carotene
content of fresh and dried carrot samples.

PRETREATMENTS

Carrot slices were soaked in distilled water (el.
conductivity: 9 uS/cm) instead of tap water due
to its stable composition and then subjected to

e20180447 2|14



BURCIN YILMAZ, HULYA CAKMAK and SEBNEM TAVMAN

ultrasonic waves for 3, 5 and 10 min with two
different ultrasonic sources. Control samples were
only soaked in distilled water for same periods
given in ultrasonic pretreatments to compare the
possible effects of sonication. The ratio of water/
sample mass was set to 4:1 (w/w) according to the
previous studies given in literature (Nowacka et al.
2012, Abano et al. 2013) and the temperatures were
kept constant by circulating distilled water. 75 g of
sample was placed into a glass flask containing 300
ml distilled water and the flask were then placed
into the ultrasonic bath (24x14x15 cm interior
dimension) (SonorexDigitech DT 103H, Bandelin,
Germany) working at a frequency of 35 kHz (140
W). The similar sample preparation procedure
was repeated and the ultrasonic probe (UP400S,
HielscherUltrasonics GmbH, Germany) working
at a frequency of 24 kHz (max 400W) with H14
sonotrode (14 mm tip diameter) was placed into
the glass flask. Ultrasonic power was set to 65,
75 and 85 W and the intensities for those given
ultrasound powers were calculated as 42.22, 48.72
and 55.22 W cm?, respectively for the ultrasonic
probe (P) and the intensity of ultrasonic bath
(B) is 0.42 W cm™. Also, ultrasonic bath (B) and
soaking in water (S) experiments were carried
out at 10, 20 and 30°C. The sample codes and
pretreatment conditions are summarized in Table I.
Each pretreatment was performed in triplicate. The
samples were immediately taken out of water after
the pretreatments and excess water were removed
with filter paper before drying. The water gain and
solid loss of the pretreated samples were calculated
according to the following equations;

L WX, -WX,
WG (%) =——§— x100 Equation (1)

i

w.(1-X,)-W; (l—Xf)

100
wi-x)

SL(%) = .
Equation (2)
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TABLE I
Pretreatment conditions of carrot slices.
Sample Pretreament Pretreatment Pretreatment
code type condition time (min)
P65-3 Ultrasonic probe 65 W 3
P65-5 Ultrasonic probe 65 W 5
P65-10 Ultrasonic probe 65 W 10
P75-3 Ultrasonic probe 75W 3
P75-5 Ultrasonic probe 75W 5
P75-10 Ultrasonic probe 5W 10
P85-3 Ultrasonic probe 85 W 3
P85-5 Ultrasonic probe 85 W 5
P85-10 Ultrasonic probe 85 W 10
B10-3 Ultrasonic bath 10°C 3
B10-5 Ultrasonic bath 10°C 5
B10-10 Ultrasonic bath 10°C 10
B20-3 Ultrasonic bath 20°C 3
B20-5 Ultrasonic bath 20°C 5
B20-10 Ultrasonic bath 20°C 10
B30-3 Ultrasonic bath 30°C 3
B30-5 Ultrasonic bath 30°C 5
B30-10 Ultrasonic bath 30°C 10
S10-3 Soaking in water 10°C 3
S10-5 Soaking in water 10°C 5
S10-10 Soaking in water 10°C 10
S20-3 Soaking in water 20°C 3
S20-5 Soaking in water 20°C 5
S20-10 Soaking in water 20°C 10
S30-3 Soaking in water 30°C 3
S30-5 Soaking in water 30°C 5
S30-10 Soaking in water 30°C 10
ob Do -
FC Fresh carrot - -

here WG indicates water gain, SL indicates solid
loss percent, W is weight of sample (g), X is
moisture content (kg water/kg dry matter), i and
indices are the initial and final values, respectively.

AIR DRYING

The carrot samples were air-dried at 60°C and with
an air velocity 1.2 ms™ in a laboratory type tray
dryer (UOP-8A, Armfield Ltd, Hampshire, UK).
Firstly, dryer was preheated to 60°C and the carrot
slices were placed as a single layer on a wire tray
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(22x17 cm) and three trays were placed into the
racks of the dryer. The air flow was parallel to
trays and the drying was carried out approximately
5h. The samples were weighed with an electronic
balance (THB-600, Desis, Turkey) until the samples
reached below 9% moisture on wet basis. Each
drying experiment was performed in triplicate.
Average sieve load was 1.604 kgm™.

The movement of water inside a solid
material can be explained by different mechanisms
(Barbosa-Canovas and Vega-Mercado 1996), but
the liquid diffusion theory which is explained by
the Fick’s second law of diffusion is generally
applied to calculate the diffusion coefficients as
expressed below;

X 0°X

> D, ey Equation (3)
here Deﬂ. is the effective diffusion coefficient, X
is the free moisture content, t is time and x is the
diffusion path.

When the initial moisture content distribution
inside a material is assumed to be uniform and the
shrinkage of material is neglected, the analytical
solution of Fick’s second law for an infinite slab
becomes;

X-X 8 & 1 LN 2 t
MR = C=— —(2i+1) 2°D,, — .
X,-X, =p3 (2i+1y ex‘{ (@r+1) 2Dy 4t} Equation (4)

Only the first term of this series expressed in
equation (4) is employed for longer drying times
(%w,]} and the equation is simplified as below;

X-X —-°D,t
MR = ¢ = %exp e
X,-X, = 4r

Equation (5)

here X is initial moisture content (kg water/kg
dry matter), X is equilibrium moisture content (kg
water/kg dry matter), X is moisture content at time
t (kg water/kg dry matter), MR is dimensionless
moisture ratio, L is half thickness (m) of the sample
for the materials drying from both sides (Perry and
Green 1997).
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When In (MR) plotted against drying time, the
effective diffusion coefficient can be calculated
according to the below equation;

2
i D,
41> Equation (6)

where k shows the slope of linear segment of the
plot.

MATHEMATICAL MODELLING OF DRYING

Thin layer drying models given in Table Il were fitted
to experimental drying data for evaluation of the
best drying model representing the drying behavior
of pretreated carrot slices. Non-linear regression
analysis was performed with MATLAB software
version 7.7.0 (MathWorks Inc., USA) using curve-
fitting tool box. Coefficient of determination (R?),
reduced chi-square ()’) and root mean square error
(RMSE) shown in the following equations (Eq.
7, 8 and 9) were obtained for each mathematical
model. The mathematical models were evaluated
depending on the steps stated in the study of Kucuk
et al. (2014) which was; the highest R* with the
lowest y* and RMSE were chosen as the best model
fitting the experimental data.

3. (MR, —MR,, )

R =1- - ;
( Y VR 2)_ (Zi:lMRive) Equation (7)
i=I ie N
N 2

7= ZY'=1(MR*@ _MR"’P) Equation (8)

N-—n
RMSE = \/ > (MR, MR} Equation (9)

N

here MR,  shows experimental dimensionless
moisture ratio, MR, shows model predicted
dimensionless moisture ratio, N is number of
observations, n is number of constant parameters in
the model equation.
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TABLE I1
Mathematical models fitted to drying curves.
Model name Model equation References
Lewis MR = exp(—kt) Lewis 1921

Henderson and Sonmete et al.

MR = aexp(—kt)

Pabis 2017
Page MR =exp(—kt") Page 1949
Midilli et al. MR=aexp(-kt")+bt  Midilli et al. 2002
Modified Midilli Ghazanfari et al.
MR = —kt" )+ b
et al. oxp(Ae") b 2006
COLOR VALUES

The color of fresh and dried carrot slices was
measured from the outer flesh part (cortex) with a
hand-held chromameter with standard illuminant
D65 and 2° observer (Konica Minolta Sensing Inc,
Model: CR400, Japan) with respect to CIE L*,a*,b*
color scale. Samples were selected randomly and at
least nine readings were recorded for each condition.
Chroma (C*) and total color difference (TCD) was
computed with the following equations;

1/2

C = (a*z +b*2) Equation (10)

2 * +\2 * 217
TCD:[(L*—L‘O) +(a"—ay) +(b —bo)J Equation (11)

where 1, a; and b, represents the values of fresh
carrot slices.

B-CAROTENE CONTENT

B-carotene content of carrots were analyzed
according to the study of Ranganna (1986) with
some modifications that were stated in the study
of Kowalski et al. (2013). 0.4 g of fresh carrot
or 0.05 g of dried carrot was weighed using an
analytical balance (GR-200, AND, USA). 15 ml
HPLC grade acetone was added into glass phials
containing the carrot samples and left in dark for 24
h. To accelerate the extraction process, solution was
homogenized with a laboratory type homogenizer
(Ultra-TurraxT25 IKA, Germany) at 12000 rpm for
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1 min. Then the liquid phase was separated from
the precipitate and 10 ml petroleum ether, 20 ml
distilled water and a pinch of sodium sulfate was
added to the liquid extract phase. Liquid phase was
separated as acetone-water at the bottom layer and
petroleum ether including dye on the upper layer.
Absorbance of the etheric phase was read with
a spectrophotometer (Varian, Cary 50 UV-VB,
USA) at 452 nm. The petroleum ether was used as
standard and the experiments were carried out in
triplicate. Results are expressed as mg [-carotene
per 100 g dry matter (carrot).

REHYDRATION RATIO

Rehydration experiments were carried out at room
temperature conditions (20°C) using distilled
water. 2 g dried carrot slices were placed in a
beaker containing of 100 ml of distilled water.
Rehydration was carried out for 1, 2, 3 and 4 h
and after the rehydration period ended, water was
drained and excess water was removed with filter
paper. The analyses were performed in triplicate
and rehydration ratio was calculated according to
the following equation;

_ Weight after rehydration (g)
~ Weight before rehydration (2)

Equation (12)

STATISTICAL ANALYSES

One-way analysis of variance (ANOVA)
followed by Duncan’s multiple range test using
SPSS software version 20.0.0 (IBM, USA) was
performed to evaluate differences between the
selected parameters. Normal test distribution was
checked with Kolmogorov-Smirnov test prior to
ANOVA analysis. Level of confidence was 95%
and the results were given as average values.

RESULTS AND DISCUSSION

THE EFFECT OF PRETREATMENTS ON CARROT
SLICES

Water gain and solid loss percent are illustrated
in Table III. There have been some significant
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TABLE III
Water gain, solid loss, p-carotene and rehydration ratio of the samples.

Pretreatment WG (%) SL (%) ( n[: ;‘i‘ (l)‘gtg?'l:iem) Rehydration ratio*
P65-3 4.04+0.02° 4.10+£0.17 66.492+2 650 5.652+0.1274¢4
P65-5 4.54+0.01°" 4.15+0.15' 81.316+2.411%* 5.688+0.123"<¢
P65-10 5.57+0.02™ 5.19+0.18' 80.689+0.322* 6.018+0.126%"
P75-3 5.05+0.028" 4.13£0.17 63.94120.474°° 5.888+0.080 <"
P75-5 5.56+0.04" 5.15+0.33' 62.817+1.102%>¢ 5.928+0.104"c4<"
P75-10 6.03+0.01% 6.40+0.09" 63.713+0.145>¢ 5.983+0.004%"
P85-3 7.86+1.00' 3.72+0.08' 62.872+0.123" 5.528+0.101%"¢
P85-5 8.14+0.07' 4.92+0.55" 59.855+0.805*° 5.993+0.040%"
P85-10 8.93+1.08™ 5.64+0.21™ 69.145+0.729%" 6.437+0.137¢
B10-3 4.33+0.02°" 1.66+0.06% 79.346+1.436™ 6.1440.447°"
B10-5 4.87+0.02"¢ 1.79£0.09%" 73.507+2.223%" 5.288+0.275°
B10-10 3.35+0.03¢ 3.50+0.23 76.409+0.269¢ 5.489+0.013*"
B20-3 5.92+0.04" 2.06+0.08"¢ 59.642+0.028° 5.948+0.171°%"
B20-5 4.59+0.02°"¢ 2.31+0.18%" 66.919+1.266% 5.888+0.289 ¢
B20-10 6.45+0.04™* 3.57+0.16' 75.009+0.294"™ 5.908+0.079"<=f
B30-3 6.98+0.04" 2.56+0.02" 74.559+1.2975" 5.8110.0027*
B30-5 6.31%0.05 3.56+0.09' 78.507+0.014"* 6.036+0.184" "¢
B30-10 8.78+0.09™ 4.45+0.11" 81.864+2.983" 5.988+0.185%"
S10-3 1.2+0.03" 0.65+0.17° 67.037+£1.960% 5.898+0.001 4"
S10-5 1.97+0.03° 0.98+0.11° 68.561+1.960° 6.0470.045%"¢
S10-10 2.25+0.07° 1.39+0.11°¢ 75.129+0.558%™ 6.262+0.025%
$20-3 1.31£0.01° 0.96+0.07° 91.968+0.871" 5.990+0.387%"
$20-5 2.51+0.03"¢ 1.24+0.11° 79.188+0.700° 5.882+0.248"c¢ef
S20-10 2.95+0.05%¢ 2.06+0.15" 71.502+2.267" 6.007+0.096%"
S30-3 2.27+0.02° 1.32+0.02¢ 77.290+1.889"™" 5.831+0.261"4"
$30-5 2.58+0.02° 1.41£0.06°¢ 74.780+0.1508" 6.000+£0.191%"
S30-10 4.28+0.03" 2.04+0.03"¢ 73.424+3.367%" 5.905+0.202"4f
oD - - 59.251+0.424" 5.509+0.156>
FC - - 99.837+0.736™ -

*Represents the ratio at the end of rehydration period (4™ hour);

“"Different superscripts in the same column are significantly different (p<0.05).

changes between samples in terms of soluble solid
content and water content of pretreated carrot slices
(p<0.05). According to average percent solid loss
content, the highest values were observed for the
longest pretreatment time. However, there was no
significant difference observed between 10 min
treatment with 85 W ultrasonic probe (P85-10)
and ultrasonic bath at 30°C (B30-10). Depending
on the pretreatment time, WG % increased with

An Acad Bras Cienc (2019) 91(3)

increasing power of ultrasonic probe pretreatment.
Also the samples soaked in distilled water had the
lowest water gain values at shorter pretreatment
periods. At similar water temperatures, the samples
pretreated with ultrasonic bath had significantly
higher water gain values. For solid loss, the lowest
values were observed for soaking in water at 10°C
for 3 min (S10-3) and the highest value were
obtained from 75 W ultrasonic probe treatment for
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10 min (P75-10). As it can be noticed, increasing
pretreatment time caused an increment in solid
loss. At same frequency and pretreatment time,
comparably higher water gain and lower solid
loss were observed for carrot cubes in the study
of Abano et al. (2013). Although the applied
power with ultrasonic probe is quite lower than
the present study, similar results were obtained for
ultrasonically pretreated guava drying in the study of
Kek et al. (2013). As a result of these observations,
ultrasonic pretreatments have significant effects on
the vegetable tissue and possibly change the porous
structure of the vegetable.

DRYING KINETICS

The carrot slices which had an average moisture
content of 88.934+0.52% and equilibrium moisture
content of 0.0775+£0.0055 kg water/ kg dm were
dried after pretreatments until the final moisture
content of 9% wet basis. For agricultural and
food materials, the moisture ratio is to be reduced
under 10% in order to prevent microbial growth,
reduce chemical and enzymatic reactions that
may negatively affect the dried product quality.
Drying time to reach the specified moisture content
is given in Table IV and sample drying curves of
different pretreatments are presented in Figure
1. The sample which was only dried without any
pretreatment (OD) had the highest drying time with
an average of 246+8.52 min. The samples having
the highest water gain values (P85-10 and B30-
10) reached below the 9% moisture content faster
than the sample without pretreatment. There was
no significant difference observed for drying time
of ultrasonic pretreated samples (p>0.05); however
the control samples that were soaked in distilled
water needed longer drying time to reach the same
moisture content. When the results of pretreated
samples were compared, drying time was reduced
between 8.5 to 20.5% depending on pretreatment
method. These results indicated the damaging
effect of ultrasound on the tissue of the carrot
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Figure 1 - Drying curves of carrot slices.

slices as it was expressed in the study of Jambrak
et al. (2007) and Nowacka et al. (2012) depending
on compression and rarefaction -sponge effect-
phenomenon of ultrasonic waves. In the study of
Abano et al. (2013), it was stated that the drying
time of carrot cubes was reduced nearly 50%
depending on the ultrasonic pretreatment at 32 kHz
for a comparably longer application period than the
present study.

The effective diffusion coefficients that were
calculated according to simplified Fick’s second
law for slab are shown in Table IV. Initially, the
assumption used for simplification of this law

(DZZ’ ‘- 0.1) even at lower values of effective diffusion
coefficients was justified. For all dried samples
independent of pretreatment type, only falling-
rate period was observed. Besides, the falling-rate
period was observed with two different slopes in
the drying rate curves, which then led us to divide
the drying curves into two parts for calculating
the different effective diffusion coefficients. The
highest D, of the both falling-rate periods were
observed for the sample pretreated with ultrasonic
probe at 65W for 10 min, while the lowest value was
observed for the sample without pretreatment (OD).
The relation between applied ultrasound power and
effective diffusion coefficients were not clear and
statistically different for each of the pretreatments,
on the other hand ultrasonic pretreated samples
had higher diffusion coefficients compared to the
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TABLE IV
Effective diffusion coefficients and drying time of the samples.

Sample Dx10"(m’s™)" Dx10"(m’s™)’ Drying time(min)*
P65-3 2.93%0¢ 5.92" 198+2.94*
P65-5 2,970 5.69¢ 200+2.82°°
P65-10 3.27° 6.17° 195+3.26°

P75-3 3.04*"¢ 5.59%0¢ 196+8.48"

P75-5 3.12°¢ 5.38%¢ 20343.53*"¢
P75-10 2.98%0¢ 5.55%0¢ 210+4.82%Pedeleh
P85-3 2.60 5.65%¢ 209+1.41%0edele
P85-5 2.91%"* 5.61%¢ 217£11.3104ekeh
P85-10 2.86"¢ 5.57%0¢ 203+£0.71*"¢
B10-3 2.66 5.42%0¢ 200+2.82%°
B10-5 2.82%0* 5.04° 213:£9.89"deleh
B10-10 2.63 5.45%0¢ 226+2.05'

B20-3 2.90*"* 5.64¢ 203+3.55%>4
B20-5 3.09*"* 5.68¢ 204+£5.65%04*
B20-10 2.99%b¢ 5.71%0¢ 207+3.53*edef
B30-3 2.70* 6.04° 205:+4.24*>%
B30-5 2.83%b¢ 5.66*0¢ 205£0.71%04*
B30-10 2.75%¢ 5.56%0¢ 213+7.070c4elehi
S10-3 2.94%b¢ 5.95b¢ 21741 4140kl
S10-5 2.95%"* 5.61%¢ 219565 &h
S10-10 2.81%0¢ 5.46%0¢ 218+10.604 e
$20-3 2.94%b¢ 5.64*0¢ 2131060 ebeni
S20-5 2.74 5.40%¢ 218+2 824k eh
$20-10 276" 5.50%0¢ 225+1.41M
S30-3 2.87%"¢ 5.30%¢ 22446.36%"
S30-5 2.91%"* 5.49%¢ 221494
$30-10 2.81%0¢ 5.65%"¢ 221+5.820h

oD 2,57 5.10" 246+8.52

'indicates first falling rate period, “indicates second falling rate period;

*Time to reach below 9% moisture content;

“IDifferent superscripts in the same column are significantly different (p<0.05).

sample without pretreatment similar to the recent
studies (Garcia-Noguera et al. 2010, Ortufio et al.
2010, Garcia-Pérez et al. 2011).

MATHEMATICAL MODELLING OF DRYING
Thin layer drying approach is quite popular
for drying of agricultural products, since the

mathematical models given in the literature can give

a quick response without any drying application.

An Acad Bras Cienc (2019) 91(3)

Therefore, valuable sources such as material and
energy are not wasted for the data collection.

Thin layer modelling data for carrot drying
can be found in literature in various sample shapes
(cube, disc, slab) and different drying conditions
(air temperature, air velocity, relative humidity)
(Doymaz 2004, Aghbashlo et al. 2009, Li et al.
2010, Abano et al. 2013, Sonmete et al. 2017),
however thin layer modelling of ultrasound
pretreated carrot drying was not common.
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Especially this present research will provide
comparative data for ultrasonic source selection
for future studies.

Mathematical models shown in Table II were
fitted to experimental drying data of carrot slices,
and the results are summarized in Tables V and
VI. Midilli et al. model was the best model giving
the highest R* with the lowest x> and RMSE for
almost each pretreatment condition; however R*
was found higher than 0.98 for the rest of the fitted
models. Sonmete et al. (2017) have studied on
drying of carrot slices at 55, 65 and 75°C with air
velocities of 2 and 3 m s™ without any pretreatment
and best fitting model for drying data was similarly
indicated as Midilli et al. model. Depending on the
literature, Page model and Henderson and Pabis
models were employed for representation of thin
layer carrot drying (Doymaz 2004, Aghbashlo et al.
2009, Zielinska and Markowski 2010).

THE EFFECT OF PRETREATMENT ON
DEHYDRATED CARROT COLOR

The average of color values of all carrot samples
was listed in Table VII. Whiteness (L*) values of
all dried carrot samples were significantly different
compared to the fresh sample (p<0.05), while S20-
10 and P85-5 had the highest L* values among
them. However ultrasonic pretreatment increased
whiteness value while reducing yellowness value,
and had almost no significant effect on redness
value (p>0.05). The decrease in redness value
is stated as an indicator of heat degradation of
carotenoids during drying (Stojanovic and Silva
2007), but due to enzymatic browning during the
drying process, an increase in redness may also
be observed. In a study, the redness of ultrasonic
bath (21 kHz) pretreated dried apples were found
significantly higher compared to the untreated dried
apples (Fijalkowska et al. 2016). In carrots, most
of the pretreated samples were in the same group
with the fresh sample, so the redness was remained
similar to the original value before drying.

An Acad Bras Cienc (2019) 91(3)
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The highest redness value was observed
for the sample without pretreatment, also the
yellowness and the C* value was yet higher than
the rest of the samples. C* values that corresponds
to degree of paleness were lowest for pretreated
samples and also pretreatment time increased the
paleness by decreasing the C* values. This may be
linked to the solid loss may lead to the loss of color
compounds as well. Total color difference (TCD)
demonstrates the mutual effect of whiteness,
redness and yellowness and among all samples,
the lowest change in TCD was found in B30-5 and
B30-10. The highest TCD value was obtained in
P85-5 and thus this pretreatment can be entitled as
the mildest treatment with respect to the highest
change in color.

B-CAROTENE CONTENT

B-carotene is one of the hydrocarbon carotenoids
and is converted into vitamin A in the human
body (Hiranvarachat et al. 2011). The intensity of
yellow color in vegetables is usually associated
with the higher B-carotene content. It gives carrot
its characteristic orange color; however this
compound is sensitive to heat, light, oxygen and
enzymes (Kowalski et al. 2013).

The average B-carotene content of the fresh
carrot was found as 99.837 mg/100g dry matter and
59.251 mg/100g dry matter for the sample dried
without pretreatment as shown in Table II. The
amount of B-carotene was significantly different
for pretreated samples when they were compared
altogether (p<0.05); although the effects were
not similar depending on each pretreatment type.
B-carotene contents of each pretreatment types
depending on the process time and power level/
temperature were statistically compared, however
the data are not shown in Table III for avoiding
any confusion. B-carotene retention of the samples
pretreated with ultrasonic probe at 65 W improved
with increasing the process time, although the
similar effect was not observed for the other power
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TABLE VI
Model coefficients for Midilli et al. (2002).

Model coefficients

Sample a k n b
P65-3 0.9825  0.004328 13103  -2.75x10°
P65-5 0.9832  0.004150 1.3226  -2.63x10°
P65-10  0.9843  0.004699 1.3090  -2.29x107
P75-3 0.9831  0.004637 1.2946  -2.93x10°
P75-5 0.9833  0.004765 1.2967  -2.42x10°
P75-10  0.9836  0.004923 12970  -2.54x10°
P85-3 0.9841  0.004208 1.3080  -2.95x10°
P85-5 0.9846  0.004219 1.3093  -2.75x10°
P85-10  0.9848  0.004253 1.3070  -2.82x10°
B10-3 0.9832  0.004238 1.3213  -2.64x10°
B10-5 0.9825  0.004763 1.2886  -3.56x107
B10-10  0.9833  0.003871 13266  -2.74x10°
B20-3 0.9847  0.004680 1.3030  -2.55x10°
B20-5 0.9860  0.004397 1.3180  -2.10x10°
B20-10  0.9828  0.003949 13276  -2.92x10°
B30-3 0.9828  0.004566 1.2873  -2.99x10°
B30-5 0.9840  0.004569 1.2950  -3.17x10°
B30-10  0.9834  0.004341 1.3066  -2.92x10°
S10-3 0.9852  0.005246 1.2873  -8.94x10°
S10-5 0.9842  0.005015 1.2890  -2.54x107
S10-10  0.9852  0.005511 1.2680  -2.77x10°
S20-3 0.9854  0.004044 1.3083  -3.37x10°
S20-5 0.9791  0.004133 1.3103  -3.05x10°
S20-10  0.9806  0.003439 1.3400  -3.30x10°
S30-3 0.9856  0.004762 1.2936  -2.45x10°
S30-5 0.9862  0.004538 1.2896  -2.89x10°
S30-10  0.9850  0.004475 1.3030  -2.65x10°
oD 0.9859  0.004230 1.2905  -3.12x10°

levels. Rawson et al. (2011) obtained the similar
results that the increasing ultrasound power level
did not decrease the total carotenoid retention levels
directly. Conversely, Wang et al. (2018) indicated
that the retention levels of B-carotene increased with
increasing ultrasound power. Kocaetal. (2007) stated
in their study that, inactivation of peroxidase activity
for blanched samples resulted in higher B-carotene
content. Lipoxygenase with the peroxidase are
major enzymes that are responsible for carotenoid
degradation, and these enzymes might be activated
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at temperature around 60°C (Hiranvarachat et al.
2011). Depending on the mentioned effect, the
[-carotene content of the samples might have been
decreased; however enzyme activity should be
tested in further studies to prove this theory. For
the ultrasonic bath pretreatment at 20°C and 30°C,
[-carotene content was significantly increased with
increasing process time (p<0.05). For the soaking
in water pretreatment at 20°C, increasing process
time increased the average P-carotene contents of
the samples significantly (p<0.05). At the same
pretreatment conditions, solid loss % was increased
significantly (p<0.05), although further correlation
was not tested relating the solid loss with -carotene
loss to water.

REHYDRATION RATIO

Rehydration is an important quality parameter for
dry food products and rehydration ability of the
product is directly affected from drying procedure
and/or pretreatments that are applied before
drying. At the beginning of rehydration moisture
absorption is rapid and decreases at later stages. The
rehydration ratios of carrot slices at the end of the
rehydration period (4" hour) are shown in Table III.
Although the rehydration experiments were carried
out for 4 h in total and the change in weight was
lower than 2% between 3™ and 4™ hour, therefore
the results of the final rehydration period were
presented in Table III. For the same pretreatment
method, most of the samples were in the same group
with respect to on the pretreatment time (p>0.05).
However, increasing the pretreatment time for P85,
significantly increased the rehydration ability of
the dried carrot slices (p<0.05). Same effect of
ultrasound was observed in the study of Ricce et al.
(2016). They also studied on carrot drying and stated
that pretreated samples with two pretreatment times
had higher rehydration capacity than untreated for
drying at 40 and 60°C. The lowest rehydration ratio
was found for the sample treated with ultrasonic
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TABLE VII
Color values of samples.

b*

C*

TCD

Sample L* a*
P65-3 66.78+1.10>* 25.58+0.95%
P65-5 65.98+1.68" 24.79+1.73b¢4
P65-10 66.19+0.93"¢ 21.73+2 44°
P75-3 63.10+1.79° 22.82+2.,02%¢
P75-5 66.65+2.01° 23.86+0.46*>
P75-10 66.49+1.63 24.4+1.27%0¢¢
P85-3 66.12+1.97° 23.6+2.22%0¢
P85-5 68.94+1.37¢ 21.87+1.49°
P85-10 66.26+1.19" 22.06+1.38"
B10-3 66.23+2.41° 24.21+0.78*"
B10-5 65.88+3.34>¢ 23.19+0.33*>¢
B10-10 63.84+1.04° 23.74+0.75*
B20-3 66.88+2.02° 23.65+0.83*"
B20-5 68.67+1.03% 22.95+0.39""
B20-10 67.24+3.04"¢ 23.48+1.520¢
B30-3 66.11+0.71° 23.15+0.62¢
B30-5 63.05+0.44° 22.65+1.34%b¢
B30-10 63.06+2.49" 22.60+0.84""¢
S10-3 66.65+1.99° 24.20+1.90*"
S10-5 67.05+3.02> 22.96+1.51*0<4
S10-10 65.74+1.04"¢ 22.43+0.25%¢
$20-3 65.311.84" 24.85+1.25%
§20-5 66.76+4.61° 23.72+1.63*
$20-10 69.77+2.65 21.72+0.97°
$30-3 66.15+4.32° 24.25+0.98*"
$30-5 63.52+1.64° 23.70+2.60*"
$30-10 65.54+2.70> 23.08+1.26™
OD 66.22+2.56" 28.37£1.12°
FC 57.59+0.79° 23.34+0.38*¢

32.5240.75%
29.79+1.67*¢
28.39+2.10°
28.6942.23"
30.96+1.07+0<¢
32.39+1.39"¢4
29.3942.78*"¢
28.98+2.20*"¢
29.2241.12%b¢
31.69+0.84"
29.28+1.01%b¢
28.70+1.29*
29.28+1.12%0¢
30.05+1.67*0¢
28.7142.42"
30.19+1.90*"¢
29.17+0.08*¢
29.14+1.18*"¢
31.1240.80*"
30.26+3.75™¢
30.104£0.66*"¢
31.0942.210<4
31.31:£0.64*1
32.6243.66%
31.1742.11%0<4
29.34:+1.34%b¢
30.1741.15%0¢
38.0620.09°
34.4140.53¢

41.38+1.18
38.7542.39*0<d
35.75+3.13"
36.6642.59*
39.091.12%<4
40.55+1.83%¢
37.69+3.47"4
36.3142.42°
36.61+0.30*
39.88+0.87"4
37.35+0.95%"¢
37.25+1.47%¢
37.64+1.39*"<4
37.8241.57+0d
37.09+2.78*
38.05+1.87"4
36.93+0.76
36.88+0.68"
39.424]1.5404
37.98+3.90™
37.54+0.58*<4
39.80+2.32%04
39.28+0.83%4
39.1942.60*"¢
39.5042.20"4
37.7242.63*0¢
37.99+1.20*0¢
47.48+0.59°
41.58+0.52°

9.71+0.97*>¢
9.95+0.87*1
10.86+1.88*°¢
8.41+1.14*"¢
9.82+1.48*<4
9.33+1.50"4
10.44+0.51*>4
12.80+1.95¢
10.32+0.71*0<4
9.20+2.10*¢
9.93+2.64"1
8.60+0.47*"
10.76+1.16™>
11.96+1.46%¢
11.59+2.10%¢
9.65+0.76™>¢
7.68+0.32°
7.9241.21°
9.80+2.13*¢
11.02+1.91%04
9.29+0.87*<4
8.84+1.36"¢
9.97+4.00™1
12.80+2.58¢
9.79+2.68*>¢
8.22+1.19%
9.18+2.37*<4
10.69+2.57*<4

““Different superscripts in the same column are significantly different (p<0.05).

bath at 10°C for 5 min. The lower rehydration
ability of food materials are related to structural
damage and cell shrinkage during pretreatment
(Jambrak et al. 2007), although pretreatment,
drying and rehydration processes itself may change
the rehydration ability as well (Lewicki 1998).
When the pretreatment methods were compared
individually, the highest rehydration ratio of the
ultrasonic probe pretreated samples was found for
the 85 W power independent of the process time.

An Acad Bras Cienc (2019) 91(3)

In addition, no significant difference was observed
between 65 W and 75 W ultrasound power (p>0.05).
For the ultrasonic bath pretreatment, there was no
significant difference found when the results were
grouped according to the process temperature
(p>0.05) and similar results were observed by
Fijalkowska et al. (2017) for apple slices which
were subjected to ultrasound bath pretreatment prior
to drying; however the rehydration ratio increased
significantly at 10 min process time with increasing
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the bath temperature (p<0.05). Rehydration
ratio of the samples soaked in the water was not
significantly different depending on the process
time. Only the rehydration ratio of samples soaked
in water at 10°C was increased with increasing the
process time. WG and SL % of these samples were
also significantly increased with increasing process
time (p<0.05). Lower soluble solid content might
improve the hydration capacity of the carrots as it
was stated in the literature (Lewicki 1998).

CONCLUSIONS

Carrot samples were subjected to the ultrasonic
pretreatment before air drying in a laboratory
type tray dryer and drying kinetics and thin layer
modelling data was obtained. Quality parameters
of dried carrots including color change, -carotene
content and rehydration ratio was also assessed.
Depending on the pretreatment period, ultrasonic
application increased the effective diffusion
coefficients and decreased the drying time
significantly (p<0.05). However, the solid loss
and water gain increased during the pretreatments.
Samples pretreated with ultrasonic bath and
ultrasonic probe had higher drying rates and lower
drying time compared to the sample without
pretreatment, which was also consistent with the
previously explained bubble collapse and the
cavitation effect of ultrasound. Midilli et al. thin
layer drying model was determined as the best
model expressing the thin layer drying behavior of
pretreated carrot slices, although the other models
gave satisfactory results too.

In addition to having higher rehydration
abilities, ultrasonic pretreatment increased
the whiteness, while reducing the yellowness,
and had no significant effect on the redness
(p>0.05). Therefore, we can conclude that the
ultrasonic pretreatment prevented carrots from
browning during drying. All pretreated and dried
carrot slices had significantly higher B-carotene

An Acad Bras Cienc (2019) 91(3)
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content compared to the sample dried without
any pretreatment (p<0.05). Correlation between
the ultrasonic pretreatments and other quality
parameters or different drying techniques may be
tested in further studies.
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