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Abstract Discoloration and browning are caused primarily
by various reactions, including Maillard condensation of
hexoses and amino components, phenol polymerization and
pigment destruction. Convective drying can be combined
with various pretreatments to help reduce undesired color
changes and improve color parameters of dried products.
In this study, effects of ultrasound-assisted osmotic dehy-
dration as a pretreatment before convective drying on color
parameters of Mirabelle plum were investigated. Variations
of L* (lightness), a* (redness/greenness), b* (yellowness/
blueness), total color change (AE), chroma, hue angle and
browning index values were presented versus drying time
during convective drying of control and pretreated Mira-
belle plums as influenced by ultrasonication time, osmotic
solution concentration and immersion time in osmotic solu-
tion. Samples pretreated with ultrasound for 30 min and
osmotic solution concentration of 70% had a more desir-
able color among all other pretreated samples, with the
closest L*, a* and b* values to the fresh one, showing that
ultrasound and osmotic dehydration are beneficial to the
color of final products after drying.

1 Introduction

Plums are known to be an excellent source of vitamin A,
calcium, magnesium, iron, potassium and fiber. Like other
fruits, they have high contents of vitamin C and carbohy-
drates but a low content of fats and calories. Findings of
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many studies indicate that due to the existence of their
polyphenolic components (coumaric, chlorogenic and neo-
chlorogenic acids, flavonoids and anthocyanins), plums
have high antioxidant activity. In addition to contributing
towards the color and sensory characteristics, these com-
pounds exhibit a wide variety of physiological properties
including antioxidant, anticancer, antimicrobial, antial-
lergenic, antimutagenic, anti-inflammatory and antithrom-
botic properties. Furthermore, their use is found to be
effective in prevention of both cancer and cardiovascular
diseases, a fact which further emphasizes the importance of
their study [1].

Drying processes of fruits and vegetables generally pro-
vide a lot of advantages such as extended shelf-life; how-
ever, some undesirable chemical or physical changes like
color loss or browning may also occur simultaneously.
Undesirable changes in food color may lead to a decrease
in consumers’ acceptance and market value. Discoloration
and browning are caused primarily by various reactions,
including Maillard condensation of hexoses and amino
components, phenol polymerization and pigment destruc-
tion [2]. High temperatures or long drying times in con-
ventional air drying may cause serious damage to quality
attributes of the dried product such as color. Therefore,
there is a close relationship between color changes of fruits
and vegetables and pigment nutrients (e.g., carotenoids, fla-
vonoids and phenols) of dried products.

Flavonoids constitute the largest group of plant pheno-
lics, accounting for over half of the eight thousand naturally
occurring phenolic compounds. Flavonoids also partly pro-
vide plant colors present in fruits such as Mirabelle plums.
Besides this antioxidant property, some flavonoids, such
as myricetin and quercetin, show the interesting ability to
inhibit the ascorbate oxidase, preventing the enzymatic oxi-
dation of ascorbic acid present in plums. Functionality of
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foodstuffs depends on phenolic compounds’ content, intake
and bioavailability. The bioavailability of these compounds
can also be affected by differences in cell wall structures,
location of glycosides in cells and binding of phenolic com-
pounds within the food matrix, which are directly related
to fruit drying conditions [3]. Therefore, it is important to
develop or apply processing conditions not to extensively
damage color in foods.

Pretreatments of some agricultural foods prior to dry-
ing help reduce undesired color changes. Color character-
istics of food samples normally differ according to dry-
ing and pretreatment methods used. Osmotic dehydration
has received considerable attention due to its low energy
and temperature requirements compared to other dehy-
dration methods. Other benefits of osmotic dehydration
include effective inhibition of polyphenoloxidase (PPO),
prevention of loss of volatile compounds, and minimized
heat damage to color and flavor during dehydration [4].
Osmotic dehydration with sugar solutions results in mini-
mized color changes. Generally, when an osmotically
dehydrated fruit is subjected to a drying process, color
as a quality characteristic changes depending on the dry-
ing conditions [5]. Regarding low mass transfer rate dur-
ing osmotic treatment, ultrasound can be used to improve
mass transfer rate and dehydration time [6]. Ultrasonic
waves can bring about a very rapid series of alternative
compressions and expansions, similar to what a sponge
does when it is squeezed and released repeatedly. Forces
involved in this mechanical mechanism create micro-
scopic channels that may ease moisture removal. In addi-
tion, ultrasound produces cavitation, which can be benefi-
cial for removal of the moisture that is strongly attached
to the solid [6-9].

Color measurements of food materials can be used as
an indirect way to determine changes in quality, since
these measurements are simpler and faster than chemi-
cal analysis. Hunter color parameters (L*a*b*) have
previously proved valuable in describing visual color
deterioration and providing useful information for qual-
ity control in fruits and vegetables [10]. The L*a*b*
model is an international standard for color measure-
ment developed by the Commission Internationale
d’Eclairage (CIE) in 1976. The L*a*b* color consists of
a luminance or lightness component (L* value, ranging
from 0 to 100), along with two chromatic components
(ranging from —120 to +120): the a* component (from
green to red) and the b* component (from blue to yel-
low). The L*a*b* color is device independent, providing
consistent color regardless of the input or output devices
such as digital camera, scanner, monitor or printer. The
L*a*b* values are often used in food research stud-
ies [11]. There are other parameters derived from
the Hunter L, a, and b scale: total color change (AE),
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chroma—which indicates color saturation and is pro-
portional to its intensity—and hue angle—which is fre-
quently used to specify color in food products. An angle
of 0° or 360° represents red hue, while angles of 90°,
180°, and 270° indicate yellow, green, and blue hues,
respectively. Browning index (BI) represents the purity
of brown color and is reported as an important parameter
in drying processes where enzymatic and non-enzymatic
browning take place [10]. Several researchers have stud-
ied the color of food instrumentally by using a colorim-
eter [5, 10, 12, 13]. Compared with results determined
by a colorimeter, image analysis allows quantifying not
only color but also morphometric and densitometry char-
acteristics of the images (volume, surface, superficial
texture, thickness of the piece). This method is useful
when, during a process, the product undergoes a modifi-
cation of its geometry or appearance such as contraction
of the fruit during air drying. As for the measurement of
color, the lack of homogeneity in the appearance of the
portions of fruit represents an obstacle for the applica-
tion of the classical method based on the instruments of
reflectance. On the contrary, image analysis represents
an efficient methodology capable of measuring average
chromatic parameters, also in non-homogenous surfaces.
Through simple programs, such as Adobe Photoshop, it
is possible to measure the color of digitalized images
by expressing the results in the usual chromatic coordi-
nates “L,” “a” and “b”. In practice, color heterogeneity
has been observed in portions of osmo-dehydrated plums
dried by air [14]. This was reflected by the standard
deviations among the replicates for values of L*, a* and
b* evaluated from colorimeter. But when image analysis
was used, deviations were not significant; hence, it was
concluded that when appearance is not homogenous, it
is advisable to use image analysis to evaluate color. Rod-
riguez et al. [14] demonstrated that for heterogeneous
samples like fruits, analysis through imaging provided
a better reproducibility of the color data and was more
appropriate when characterizing the samples’ appearance
[1].

Although abundant literature exists on the application
of osmotic dehydration and convective hot-air drying
of plums, no information is available on the influence
of ultrasound-assisted osmotic dehydration pretreat-
ment on color change of hot-air-dried Mirabelle plums.
Therefore, the aim of this study was to investigate the
effect of ultrasound-assisted osmotic dehydration pre-
treatment (sonication time, concentration of osmotic
solution and immersion time in the osmotic solu-
tion) on Hunter color parameters (L*, a* and b*), total
color change (AE); chroma, hue angle and browning
index (BI) of Mirabelle plum during convective drying
through image analysis.
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2 Materials and methods
2.1 Preparation of dried samples

Mirabelle plums (Prunus domestica subsp. syriaca) were
purchased from a local garden. The average initial mois-
ture content of the plums was 4.54 g water/g dry matter.
Moisture content was gravimetrically measured through
drying samples in an oven at 105 °C. Pretreatments were
structured in combinations of two ultrasonication times
(both at 40 kHz): 10 and 30 min; two osmotic solution
concentrations: 50 and 70% sucrose in water (% w/w)
and four immersion times in osmotic solution: 60, 120,
180 and 240 min (Table 1). Ultrasonic pretreatments were
carried out using an ultrasonic bath (AS ONE Corpora-
tion, US-4R, Japan). Water temperature inside the ultra-
sonic bath was maintained constant at 25 °C. Osmotic
pretreatment was also performed at ambient temperature
(25 £ 1 °C). The average weight of the samples for each
experiment was 0.378 kg (18 plums). Pretreated samples
were then placed in Petri dishes in a single-layer arrange-
ment and were dried in a pilot plant convective drier
(UOP 8 Tray dryer, Armfield, UK). Air at 25 °C and 40%
relative humidity was heated to 80 °C before entering the
dryer chamber. Cross-flow air moved from side to side of
the dryer at 1.4 m/s, flowing parallel to the drying sur-
face of the samples. Drying process continued until an
average moisture content of 0.57 g water/g dry matter

Table 1 Abbreviations utilized for different treatments

Abbreviation U? B® TC

Control 0 0 0
U10-B50-T60 10 50 60
U10-B70-T60 10 70 60
U30-B50-T60 30 50 60
U30-B70-T60 30 70 60
U10-B50-T120 10 50 120
U10-B70-T120 10 70 120
U30-B50-T120 30 50 120
U30-B70-T120 30 70 120
U10-B50-T180 10 50 180
U10-B70-T180 10 70 180
U30-B50-T180 30 50 180
U30-B70-T180 30 70 180
U10-B50-T240 10 50 240
U10-B70-T240 10 70 240
U30-B50-T240 30 50 240
U30-B70-T240 30 70 240

2 U: Ultrasonication time at 40 kHz (min)

® B: Osmotic solution concentration (Brix) [sucrose in water (%
w/w)]

¢ T: Immersion time (min)

was obtained. All the operating conditions in the dryer
including air velocity, temperature and relative humid-
ity were monitoring during all the experiments. Unusual
non-homogeneity in terms of these operating conditions
was not observed during drying. It should also be noted
that the primary objective of this study was to find not
absolute but relative values of color parameters that allow
the comparison among different pretreatments. Results of
this study were obtained under the same circumstances in
terms of both material and procedure. Stepwise detailed
experimental procedures are provided elsewhere [6].

2.2 Determination of color

Yam and Papadakis’ methodology [11] was used for
determination of color via image analysis. Based on this
method, a high-resolution photographic camera (Proline,
PR565S, UK) was used to measure color by capturing
the color image of a plum sample under proper lighting.
The lighting system consisted of two Commission Inter-
nationale d’Eclairage (CIE) source D65 lamps (standard
daylight illuminant), mounted on the two sides of a white
frame with a trapezoidal cross section, on either side of
the plum sample, 30 cm above it and at an angle of 45° to
the food sample plane. The camera was held securely on
a tripod and the lens faced downwards towards the plum
sample. The distance from the bottom of the camera lens
to the food sample plane was 30 cm. After zooming the
lens (so that the plum covered the whole field of view)
and focusing, the picture was taken and saved as TIFF
files.

Color attributes of samples in each image (L, a and b)
were measured by means of a specific feature (Histogram
panel) of the Adobe Photoshop (Adobe Systems Incorpo-
rated, San Jose, CA) [1, 11]. This feature allows detailed
determination of color distributions of individual sam-
ples along the x-axis and y-axis. The Histogram panel
displays the statistics (mean, standard deviation, median,
percentage, and so on) of the color value, namely, L, a,
and b. Hence, the average color of a plum sample was
obtained easily using the Histogram panel. The L, a, and
b in the Histogram panel are not standard color values.
However, they can be converted to L*, a*, b* values
using these formulas [11]:

L = L x 100 1
T 255 (M
240a
= 120
= 55 2
240b
b* = 240 120
255 (3)
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Total color change (AE) (Eq. 4), chroma (Eq. 5), hue
angle (Eq. 6) and browning index (Eq. 7) were calculated
from the L*, a* and b* scales and were used to describe
total color change during drying:

AE= (L5 L)+ () + (05 b)) @
0.5

Chroma = (a;"2 + b;“2> 5)
b*
— -1 t

Hue Angle = tan <*) (6)
a;

BI— 100(x — 0.31) ;

N 0.17 )

where

af + 1.75LF
X= * * * (8)
5.645L7 + af — 3.012b]

where L§, aj and bj; are initial color measurements of raw
Mirabelle plums and L, aj and bf are color measurements
at pre-specified time.

2.3 Determination of water loss and solid gain

Water loss, WL (g water/g) and solid gain, SG (g solid/g)
were used to evaluate the performance of various pretreat-
ments based on the initial fruit weight basis [15]:

oM —wr-M
WL — Wi i — Wf f )

Wi

_ wi- (I =Mp) —wi - (1 — M)

Wi

SG

(10)

where w is the fruit mass (g), M is the fruit moisture con-
tent on a w.b. (g water/g), i is the initial fresh samples
before pretreatment, and f is the final treated samples after
pretreatment.

2.4 Experimental design

A 2 x 2 x 4 factorial experiment in a randomized com-
plete design with two replicates was executed using SAS
9.4 Software (SAS Institute Inc., Cary, NC, USA). Inde-
pendent variables were ultrasonication time at two levels:
10 and 30 min; osmotic solution concentration at two lev-
els: 50 and 70% (w/w); and immersion time in osmotic
solution at four levels: 60, 120, 180 and 240 min. Duncan’s
multiple range test was employed to compare means within
pretreatments in terms of color response at 95% confidence
level (p < 0.05).
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3 Results and discussion

Fresh plums presented the following values of
L§ = 44.52 £ 1.66, ag = —5.90+£0.32 and
by =5513+£1.10, AE=0, chroma=>5544%+1.13
hue angle = 83.90 + 0.21 and browning index =
351.99 £ 19.55. Initial values of color parameters suggest a
fruit with a relatively light yellow color. Results of changes
in L* (lightness), a* (redness/greenness), b* (yellowness/
blueness), total color change (AE), chroma, hue angle and
browning index (BI) values after drying caused by differ-
ent ultrasound-assisted osmotic dehydration pretreatments
in comparison with control sample are displayed in Table 2.
Compared to control sample, all color parameters were sig-
nificantly (p < 0.05) decreased or increased (Table 2). Val-
ues of L* ranged between 17.57 and 27.93; parameter a*
varied in the range of 0.38-5.01 and parameter b* between
19.98 and 32.53. At first sight, it could be concluded that,
compared with fresh fruit, redness of dried plums increased
after drying while their yellowness decreased. As expected,
luminosity showed a significant decrease during drying since
color became darker once the fruit was dehydrated. Decrease
in L* value during this period reflects darkening of the
plums along with loss of yellowness (decrease in b* value)
and greenness (increase in a* value) [12]. In the presence of
heat, the change in color initially involves the degradation
of thermo-labile pigments; this, in turn, results in formation
of dark compounds and a reduction in luminosity. In later
stages, thermo-stable pigments become important to color
change [5].

Variations of L* (Fig. 1a), a* (Fig. 1b), b* (Fig. lc¢),
AE (Fig. 1d), chroma (Fig. le), hue angle (Fig. 1f) and
browning index (Fig. 1g) values are presented versus
drying time during convective drying of control and pre-
treated Mirabelle plum samples as influenced by ultra-
sonication time, osmotic solution concentration and
immersion time in osmotic solution. L*, b*, chroma and
hue angle values of all samples decreased continuously
with the drying time. The significant reduction in L*,
b*, chroma and hue angle values of dried samples can
be explained by the Maillard reaction, non-enzymatic
browning reactions, caramelization and oxidation of
ascorbic acid, all of which normally occur during drying
treatments. Decrease in values of these color parameters,
as a result of drying treatments, can also be strongly
related to degradation and isomerization of carotenoids
and other pigments [5, 10, 12, 16].

By comparing all pretreated and control samples, it
was found that the lowest L*, b*, chroma and hue angle
values were observed in the control sample (Fig. 1;
Table 2). Results showed that L*, b*, chroma and hue
angle values of the pretreated samples were gener-
ally increased significantly (p < 0.05) by increasing
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Table 2. Effect (_)f . Treatment L* a* b* AE Chroma Hue angle BI
ultrasonication time, osmotic
solution concentration and Control 17.571 474% 1998 4560 22320 60.04' 322.10%¢
e on Ee I oon v, UIO-BSO-T60 1951 414™  2178% 3873 2368 64.50° 284.88b¢
A*, B¥, AE, chroma, hue angle U30-B50-T60 23.86% 317 24.66¢ 33.30° 25.63¢ 73124 237.57°
and browning index (BI) of U10-B70-T60 21.038h  3.62%¢  2206% @ 37.67* 23724 66.86% 245.21%
%fé‘l’éelm treatments based on U30-B70-T60  26.52%¢  2.18%  2007%  2822% 2953  79.68% 278.94t
U10-B50-T120 19.86" 5.01° 21.86%  38.64° 2381  63.96F 285.834b¢
U30-B50-T120  24.79% 330  28.84° 29.70f 29.48° 77.71% 350.95%
U10-B70-T120  21.75%"  4.05%  23.80¢ 35.97°%d  2520° 69.24% 260.13%
U30-B70-T120 27.542 1.27°f 31.79% 25.718" 31.99% 83.55% 327.40%°
U10-B50-T180 20.08¢M  4.55% 22.55% 37.87% 24254 66.63% 278.63%°
U30-B50-T180 24.54% 2.03¢ 29.78b 28.60 f* 30.15% 81.05% 370.38*
U10-B70-T180 2197 371 23.78¢ 35.28 ¢d 24 88 71.54¢4 259.05%
U30-B70-T180  26.88"  0.59" 32.53° 24791 32.68° 84.58° 373.17°
U10-B50-T240 19.78 4300  23.40¢ 36.41%4 2489 68.62% 330.734%¢
U30-B50-T240  25.38%¢ 145 29.61°  27.39fh 29.86° 82.66%° 379.32°
U10-B70-T240  23.04°f 324 24.63¢ 33.59% 25.60° 72.93 < 247.37%
U30-B70-T240  27.93° 0.38" 31.61°%  24.43" 3171 85.30° 304.64%¢
MSE? 477 1.67 9.57 11.68 8.79 49.88 12,583.23

Different letters in the same column indicate a significant difference (p < 0.05)

# Mean squared error (MSE)

ultrasonication time from 10 to 30 min at different
immersion times (60, 120, 180 and 240 min) in osmotic
solutions (Table 2). At constant ultrasonication time, L*,
b*, chroma and hue angle values of pretreated samples
were also increased by increasing osmotic solution con-
centration from 50 to 70% at different immersion times
in osmotic solutions. L* and b* increases were generally
found to be statistically insignificant (p > 0.05) at ultra-
sonication time of 10 min but significant (p < 0.05) at
ultrasonication time of 30 min; however, chroma and hue
angle increases were generally found to be statistically
insignificant (p > 0.05). On the other hand, at constant
ultrasonication time and osmotic solution concentration,
increasing immersion time from 60 to 240 min generally
increased L*, b*, chroma and hue angle values; however,
generally, these increases were not statistically signifi-
cant (p > 0.05) (Data not shown).

Samples pretreated with ultrasound for 30 min and
osmotic solution concentration of 70% at different
immersion times in osmotic solutions (U30-B70-T60,
U30-B70-T120, U30-B70-T180 and U30-B70-T240) had
more desirable color among all other pretreated samples,
with the closest L*, a* and b* values to the fresh one
(Table 2) showing that ultrasound and osmotic dehydra-
tion are beneficial to the color of final products after dry-
ing. This was because due to short drying time and the
solid gain (Table 3) which can drive off the gas in food
tissue, osmotically treated samples had less discolora-
tion caused by enzymatic browning [17]. During osmotic

dehydration, plasmolysis is accompanied by a loss in
the turgor pressure, pectin solublization and solid gain
in the cells [18]. Generally, the more the osmotic solu-
tion concentration, the more the water loss of the sample
(Table 3) and consequently, the less the drying time [19].
Through analyzing different convective drying curves,
Dehghannya et al. [6], demonstrated that application of
ultrasound-assisted osmotic dehydration pretreatment can
lead to a significant increase in effective moisture dif-
fusivity (from 5.84 x 107~ to 7.36 x 1072 m?%/s) result-
ing in a 20% decrease in drying time of Mirabelle plums.
Higher concentration of osmotic agents creates greater
osmotic pressure and increases water loss [20]. The ben-
eficial effect of soaking fruits in sugar solution on retard-
ing enzymatic browning reaction is well known. Water
loss and the consequently increased concentration of pig-
ments during osmotic dehydration could also influence
the color of dried Mirabelle plums [5]. Moreover, the
hue angle of the U30-B70 pretreated samples was very
close to the yellowish zone (near 90°) (Table 2), which
was similar to the hue angles of fresh (83.90°) samples.
This may reflect the reduction in trans—cis isomerisation
of b-carotene during drying of osmotically dehydrated
Mirabelle plums at higher concentrations of osmotic
solution. Similar results were reported by Nimmanpipug
et al. [5]. In addition, Dehghannya et al. [6] showed that
application of ultrasound pretreatment can lead to a sig-
nificant increase in effective moisture diffusivity result-
ing in a significant decrease in drying time, and thus
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Fig. 1 Variations of L* (a), a* (b), b* (c), total color change (AE) (d), chroma (e), hue angle (f) and browning index (BI) (g) values versus dry-
ing time in different samples (Table 1) at 60 min immersion time in osmotic solution
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Table 3 Effect of ultrasonication time, osmotic solution concentra-
tion and immersion time in osmotic solution on water loss (WL) and

solids gain (SG) of different pretreatments according to Table 1

Pretreatment

WL (g water/g)

SG (g solid/g)

U10-B50-T60

U10-B70-T60

U30-B50-T60

U30-B70-T60

U10-B50-T120
U10-B70-T120
U30-B50-T120
U30-B70-T120
U10-B50-T180
U10-B70-T180
U30-B50-T180
U30-B70-T180
U10-B50-T240
U10-B70-T240
U30-B50-T240
U30-B70-T240

0.0149° + 0.0048
0.0371°% + 0.0048
0.0262%f + 0.0090
0.0443%4 4 0.0058
0.0065 & + 0.0122
—0.0094 & £ 0.0169
0.0557% £ 0.0020
0.0553% + 0.0024
0.0401 °d 4 0.0172
0.0595% + 0.0215
0.0266%" + 0.0124
0.0512%¢ 4+ 0.0018
0.0117 & 4 0.0001
0.0061 & + 0.0057
0.0668° & 0.0129
0.1326" £ 0.0057

—0.0019" + 0.0019
—0.0033" 4+ 0.0014
0.0186 ¢ & 0.0011
0.0234¢ + 0.0035
0.0020" & 0.0019
0.0103° = 0.0032
0.0182 4 4 0.0002
0.0298° & 0.0005
—0.00241 + 0.0036
0.0004" + 0.0045
0.0324° + 0.0023
0.0449* + 0.0009
0.0087° £ 0.0016
0.0158¢ & 0.0001
0.0320° & 0.0052
0.0234° + 0.0020

Different letters in the same column indicate a significant difference
(p <0.05)

preserving heat labile nutrients such as pigments. Ultra-
sonic waves created microscopic channels in the fruit;
water could use these microscopic channels as an easier
pathway to diffuse toward the surface of the fruit [7-9].
Due to faster drying time, L*, b*, chroma and hue angle
values of the ultrasound-pretreated samples were signifi-
cantly (p < 0.05) higher than those of the control sample.
Similar results have been reported by Tiwari et al. [21]
and Nimmanpipug et al. [5]. Tiwari et al. [21] investi-
gated the effect of ultrasound processing on anthocyanins
and color of red grape juice. Authors found a high degree
of anthocyanin retention during sonication and concluded
that sonication can be employed as a preservation tech-
nique for processing of food products where a high reten-
tion of pigments is desired.

On the other hand, results indicated that a* and AE
values of all samples increased continuously with the dry-
ing time. Reduction in moisture content and consequent
increase in soluble solids concentration lead to color vari-
ation [22]. The drastic increase in a* value implies a redder
chroma, and this increase can be attributed to the forma-
tion of Maillard reaction products. The Maillard reaction
products that are brown in color are known to be the result
of the formation of various pigments such as melanoidins
[12]. The fact that fruits include high levels of fructose and
glucose, as reducing sugars, and amino acids implies that a
Maillard reaction may occur during drying as a result of the
interaction of these compounds [12, 16].

By comparing all pretreated and control samples, it was
generally found that a* and AE values were significantly
higher in the control (Fig. 1; Table 2). Results showed that
a* and AE values of the pretreated samples were generally
decreased significantly (p < 0.05) by increasing ultrasoni-
cation time from 10 to 30 min at different immersion times
(60, 120, 180 and 240 min) in osmotic solutions (Table 2).
At constant ultrasonication time, a* and AE values of
the pretreated samples were also decreased by increasing
osmotic solution concentration from 50 to 70% at differ-
ent immersion times in osmotic solutions; however, these
decreases were generally found to be statistically insignifi-
cant (p > 0.05) at ultrasonication time of 10 min but sig-
nificant (p < 0.05) at ultrasonication time of 30 min. On the
other hand, at constant ultrasonication time and osmotic
solution concentration, increasing immersion time from 60
to 240 min generally decreased a* and AE values; however,
generally, these decreases were not statistically significant
(p > 0.05) (Data not shown).

Many researches regarded AE = 2 as the threshold of
visual discrimination [13]. Color changes are invisible
when AE ranges from 0 to 2, but evident and visible when
AE > 2. According to Table 2, AE of all samples valued
higher than 2, indicating great visible color difference
in samples before and after drying. However, total color
change of the control sample was significantly (p < 0.05)
higher than that of pretreated samples. The decrease in
total color change (AE) in the osmotically pretreated sam-
ples, previous to air drying, can be attributed to the sol-
ute absorption during the pretreatment because the solute
absorption decreases the activity of enzyme phenolase
and, hence, enzymatic browning is reduced during air dry-
ing [1]. Conversely, Falade et al. [4] reported an increase
in AE by increasing the osmotic solution concentration
for osmo-oven dried watermelons. Falade and Adelakun
[23] also noted that AE of apple during drying generally
increased with increasing sucrose solution concentration
from 44 to 60%. However, this parameter was reduced
through increasing concentration of glucose solution from
44 to 60%. These changes in AE were explained by the
state of the bound water and solute mobility in the dried
product [23]. In addition, changes in quality parameters are
dependent on the nature of the fruits and on process condi-
tions [22].

It is known that drying commonly causes non-enzymatic
browning reactions, resulting in a reduction in lightness
and consequently an increase in browning index during
drying [5]. Bal et al. [10] also noted a significant increase
in browning index, which was attributed to Maillard reac-
tion. However, in this study, browning index did not show a
defined behavior after drying. The same result was obtained
by Rodriguez et al. [1] in the evaluation of the parameter b*
after drying of plums. This behavior might be ascribed to
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destruction and/or formation of new pigments at different
drying periods which can increase or decrease the brown-
ing index [12].

4 Conclusions

Results indicated that, generally, L*, b*, chroma and hue
angle values of the pretreated Mirabelle plum samples were
significantly (p < 0.05) increased by increasing ultrasonica-
tion time from 10 to 30 min and osmotic solution concen-
tration from 50 to 70% at different immersion times (60,
120, 180 and 240 min) in osmotic solutions. However, a*
and AE values of the pretreated samples were generally
decreased significantly (p < 0.05) by increasing ultrasoni-
cation time and osmotic solution concentration at differ-
ent immersion times. Samples pretreated with ultrasound
for 30 min and osmotic solution concentration of 70% had
more desirable color among all other pretreated samples,
with the closest L*, a* and b* values to the fresh one. For
practical commercial drying applications, therefore, ultra-
sound-assisted osmotic dehydration may be suggested.
These results may also be of use to scientific knowledge
concerning the effect of ultrasound-assisted osmotic dehy-
dration before convective drying on color of Mirabelle
plum because these findings suggest the efficiency of this
method in improving the quality of prune production in
terms of color parameters. Despite the fact that the appli-
cation of ultrasound-assisted osmotic dehydration pretreat-
ment can lead to a significant decrease in drying time, and
thus results in a higher energy saving, further investigations
regarding the total cost of the process are required.
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