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Abstract The low cost raw material, apple variety Idared,
was turned into value-added product, apple chips. The apple
chips were produced in a two-step process consisting of
osmotic treatment and conventional drying. Osmotic treat-
ment was carried out in 40 % glucose solution at room
temperature, followed by convective drying at 105 °C, till
reaching water activity of 0.3. Mechanical properties of the
apple chips measured by compression and penetration tests
were correlated with the sorption properties. The low brown-
ing index, 25.5 and high whitening index, 63.7, proved the
good retention of the color of the apple chips. The instrumen-
tal characteristics of the apple chips were correlated with the
sensory characteristics of the product. The new product was
accepted by the 95 % of the panelists. The stored apple chips
under modified atmosphere showed no significant changes in
the quality parameters over 6 month period.
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Introduction

Consumers are currently focused on healthy foods that are
safer, convenient and easy to preserve and use. These require-
ments increased the demand of fresh or minimally-processed
food devoid of synthetic chemical preservatives (Señorans et
al. 2003). Among the convenient ready to eat products are the
fruit and vegetable-based snacks. Most of the fruit and
vegetable-based snacks available in the market are processed

by frying in cooking oil (Maity et al. 2012). Desired crispness
in apple slices was reached by vacuum frying in vegetable oil
at high temperatures, but the process was accompanied with
high oil uptake and extensive non-enzymatic browning (Shyu
et al. 2005). Nowadays, consumers’ health concerns have
forced the snack foods industry to produce low-fat foods while
keeping their traditional flavor and texture characteristics. For
this reason, research aimed at reducing the fat content in fried
foods or snacks has gained importance, either by modifying
process conditions, by changing the frying medium, or by the
use of pretreatments such as blanching, immersion in sugar
solutions, or edible coatings (Bravo et al. 2011). In respect to
the packaging, the modified atmosphere packaging has lately
become widely used technique for food preservation, which
minimally affects the product characteristics and provides
better consumer perception as a natural and additive-free
technique (Rocculi et al. 2004).

Applying osmotic pre-treatment on sweet potatoes, Taiwo
and Baik (2007) reported that the changes occurring in the cell
membranes in the pre-treatment step, played the key role in
the further processing of the potatoes. The most positive
benefits of the combined effect of the osmotic dehydration
and conventional drying in the production of the crispy prod-
ucts are considered to be the color and flavor retention, as well
as the texture shift of the fruit flesh (Pisalkar et al. 2011;
Chavan et al. 2010).

In reference to fruits and vegetables, the characteristics
that impart distinctive quality may be described by four
different attributes: color and appearance; flavor (taste and
aroma); texture and nutritional value. The consumers, first,
evaluate visual appearance and color, followed by the taste,
aroma, and texture (Barrett et al. 2010).

Products that are perceived as healthy foods and are a
desirable ingredient for fruit-based snacks are apples. They
are the fourth most important tree fruit crop worldwide after
all citrus, grapes and bananas (Guine et al. 2011). The
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development of new apple products, such as apple chips is
interesting for their promotion as ready to eat snacks accord-
ing to the current tendencies. The aim of our research was
the production of dried, fat-free, healthy and appreciated
apple product from low cost, easy available and abundant
apple variety, Idared. Osmotic dehydration was used as pre-
treatment to the conventional drying to develop apple chips
with crispy texture. The change of the elastic viscoplastic
texture of the fresh apples to rigid, fragile and brittle in the
apple chips were evaluated by instrumental and sensory
methods. All the changes of the physical properties, such
as mechanical and sorption properties, density, porosity and
color, occurring in the apple tissue during storage were also
investigated. The overall acceptance of the new value added
product was evaluated by means of sensory analysis.

Materials and methods

Raw material and sample preparation

The apple variety Idared was selected for this investigation.
Fruits were purchased from the local market. Apples were
studied at commercial maturity. In the lab, they were exam-
ined within maximum duration of 1 week storage in a cold
chamber at 4 °C, to minimize development of chilling injury.

The apples were washed and manually cut with a specially
designed sharp stainless steel blade into very thin sheets of
approximately 2 mm. Then the chips were cut out of these
sheets, by using cork borer, in form of discs with 18 mm
diameter. The apple discs were cut from the parenchyma region.

Apple chips production

The apple chips production was multi-step process consist-
ing of osmotic treatment, conventional drying and packag-
ing of the apple chips:

Osmotic pre-treatment

The apple discs were subjected to osmotic dehydration in
40 % aqueous glucose solution, which corresponds to a
water activity of 0.927. The osmotic treatment was carried
out at mild temperature of 25 °C (Farris et al. 2008). Apple
discs were placed in 200 mL glass jars. The material to
solution ratio was 1:20 (w/w), in order to avoid dilution of
the osmotic solution during the dehydration process (Castro-
Giraldez et al. 2011). Samples were kept submerged by
means of light plastic cover. The dewatering process was
performed for 150 min, and three samples were collected at
the 15th, 30th, 60th, 90th, 120th and 150th min, respective-
ly, for the analysis of moisture and solute contents in the
apple discs. After the osmotic treatment, the samples were

quickly blotted with tissue paper to remove the excess of
osmotic solution from their surface and weighed. Separate
samples were used for texture analysis. All the experiments
were repeated three times and the average values were taken
for calculations.

Convective drying

Convective drying was carried out in conventional cabinet
dryer where the apple discs were placed in one layer on a
tray and dried at 105 °C for 120 min. These operating
conditions were slightly modified from those suggested by
Farris et al. 2008. Occasionally, the samples were flipped
over during drying to avoid sticking of the slices to the tray
and to allow equal dehydration from all sides. Samples were
collected at the 5th, 10th, 15th, 20th, 30th, 60th, 90th and
120th min, to analyze the water activity drop and the me-
chanical changes in the apple discs.

Packaging

After the drying, the chips were cooled down to room tem-
perature for 20 min and packaged in multi-layered packaging
bags. The packaging material was metalized polypropylene
(as suggested by potato chips producers) and the chips were
packaged under the nitrogen atmosphere to avoid moisture
absorption, discoloration and spoilage (Salvador et al. 2009).
Small bags with dimensions of 8×8 cm were used for pack-
aging of 1.5 g apple chips. The bags were flushed with
nitrogen gas for one minute before being heat-sealed.

Storage stability

The storage stability of the apple chips produced with the
combined drying techniques (osmotic pre-treatment for
90 min and conventional drying at 105 °C for 60 min) and
packaged according to the above described procedure was also
investigated. The chips were stored in a dry place at 25±2 °C
and the stability was evaluated over storage time of 6 months.

Measurement of water activity

Water activity of the samples and osmotic solution was
measured with Testo-650 water activity system, Germany.
Approximately 3±0.01 g of the sample were put in a special
cuvette and the cuvette was placed in the aw-chamber. The
water activity was measured and displayed on the aw-meter
screen. The experiments were repeated 6 times.

Measurement of moisture loss and solute uptake

Moisture content was measured gravimetrically by drying
the samples at 105 °C. The moisture loss and solute uptake
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of the samples during the osmotic process was calculated
using the Eqs. (1) and (2):

Moisture loss ¼ Mwo �Mw

Mo
ð1Þ

Solute uptake ¼ Ms �Mso

Mo
ð2Þ

where Mo is the mass of the sample, Mwo is the mass of the
water in the sample at time to,Mw is the mass of the water in
the sample at time t, Ms is the mass of the solid content of
the sample at t andMso is the mass of the solid content of the
sample at to.

Density and porosity

The bulk volume of fresh apples was measured using the
liquid displacement technique (Mandala et al. 2005).
Measurements were made as quickly as possible (less than
30 s) to avoid water uptake by samples. The bulk density, ρb,
(g/cm3) was expressed as the ratio of the sample to its bulk
volume, while the solid density, ρs, was determined by divid-
ing the mass of the grinded sample by its solid volume. The
test was repeated 3 times. The porosity, Φ, was calculated as:

f ¼ 1� ρb
ρs

ð3Þ

The density of the apple chips was determined using the
toluene method as described by Xie and Zhao (2004).
Known quantity of apple chips broken down into small
pieces were weighed to 0.001 g accuracy and immediately
placed in 10 mL graduated cylinder. The cylinder with the
apple chips was accurately filled with toluene from 10 mL
pipette. The remaining toluene in a pipette was equal to a
volume of known amount of apple chips sample. The den-
sity was expressed in g/cm3 and represented an average
value of 3 measurements.

Texture analysis

Texture measurements were conducted by means of a texture
analyzer (TA-XT2i of Stable Micro Systems, Godalming,
England). To determine the texture of the fresh apples and
apple chips two types of mechanical tests were applied. For
the puncture test apple discs were placed on the platform and
the 2 mm probe was used to puncture them in the center. The
probe moved with cross-head speed of 1 mm/s, trigger force
1 g and travel distance of the probe 5 mm, penetrating trough
the whole height of the tissue. The pre- and post-test speed
was set at 10 mm/s. A force-time curve was recorded by the
instrument and the stress (MPa) was calculated as a ratio

between the maximum force at fraction, F, and the cross-
sectional area, A.

Stress ¼ F

A
ð4Þ

The compression test was conducted using a 5 mm cylin-
drical probe. The probe descended at speed of 10 mm/s and
compressed the sample at a speed of 1 mm/s up to a distance
making 50 % deformation. When the compression stroke was
completed, the probe abruptly reversed its direction and
started the upward move at 10 mm/s. Then a second down
and up cycle was run on the same sample. A force-time curve
was recorded by the instrument and five textural attributes
including hardness, cohesiveness, springiness, brittleness and
chewiness were calculated.

Sorption properties

The sorption isotherm of the apple chips was determined
using a static gravimetric method at the storage temperature
of 25±2 °C. Chips samples (0.350±0.010 g) were placed in
weighing bottles and stored in air-sealed glass jars until main-
taining equilibrium relative humidity with saturated salt sol-
utions. The experiment was carried out until the difference
between two consecutive measurements was less than
0.001 g. The total time for the pulling out, weighing and
putting back the samples in the jars was about 30 s, which
minimized the degree of atmospheric moisture sorption during
weighing. The equilibrium moisture content was determined
by drying in an oven at 105 °C until constant weight. The
percentage difference in equilibrium moisture content be-
tween triplicate samples was usually bellow 5 %, and the
average of the three values was taken.

The relation between the equilibrium moisture content
and the water activity of the apple chips was predicted using
four isotherm models presented in Table 1. The model’s
constants, Xm, C and K, were obtained by non-linear fitting
using the software package Scientist™, from MicroMath®.

Table 1 Sorption models used for fitting of experimental data

Model Mathematical
expression

Equation Reference

GAB X = XmCKaw/[(1−Kaw)
(1−Kaw+CKaw)]

(5) Van den Berg
and Bruin 1981

Iglesias-
Chirife

X = A+B[aw/(1−aw)] (6) Bouquet et al
1978

Oswin X = A[aw/(1−aw)]
B (7) Oswin 1946

Smith X = A+B⋅log(1−aw) (8) Smith 1947

X: equilibrium moisture content (g water/g dry mass); Xm: monolayer
value (g water/g dry mass); C, K, A, B: constants
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These parameters proved to be very useful in the physico-
chemical description of the final product. The goodness of
the fit of each model was evaluated by calculating the mean
relative percentage deviation modulus, E (%) (Cepeda et al.
1999), the standard error, S, and the correlation coefficient,
r, (Bellagha et al. 2008) which are defined as follows:

E ¼ 100

N

XN

i¼1

X exp � Xcal

X exp
ð5Þ

S ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
PN exp

i¼1
X exp � Xcal

� �2

N exp:data � Nunknown

vuuut ð6Þ

r ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

1�
PN exp

i¼1
X exp � Xcal

� �2

PN exp:data

i¼1
Xeq � X exp

� �2

vuuuuuut
ð7Þ

where Xexp is the experimental value of equilibrium mois-
ture content, Xcal is the calculated equilibrium moisture
content from the tested method, Nunknown is the number of
unknowns of the particular model and Nexp.data is the num-
ber of experimental points.

Measurement of color

To measure the color of fresh apples as well as the color of the
apple samples during the osmotic dehydration and at the end
of the drying process, Dr. Lange spectro-color colorimeter was
used. The instrument was calibrated against the black and
white tile before use. After collecting the three parameters that
is L* (lightness), a* (greenness) and b* (yellowness) they
were fitted in several equations to calculate some specific
color changes. The experiments were replicated five times.

The total color difference, ΔE, the chrome, C, and hue
angle, h°, were calculated using the Eqs. 8, 9 and 10,
respectively:

ΔE ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
L� � L�o
� �2 þ a� � a�o

� �2 þ b� � b�o
� �2

q
ð8Þ

C� ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
a�2 þ b�2

p
ð9Þ

h� ¼ tan�1 b
�

a�
ð10Þ

Browning index, BI, represents the purity of brown color
in the apple flesh due to enzyme activity, which can cause
deleterious changes in the appearance and organoleptic
properties of the food and therefore is considered as an

important parameter associated with the browning of the
samples (Jalaee et al. 2011). The whitening index on the
other hand, WI, corresponds to lesser browning and product
discoloration and it is an indicator of enzymatic discolor-
ation (Pathare et al. 2012a).

BI ¼ 100

0:17

a� þ 1:75L�

5:645L� þ a� � 3:012b�
� 0:31

� �
ð11Þ

WI ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
100� L�ð Þ2 þ a� þ b�

q
ð12Þ

Sensory analysis

A simultaneous sensory evaluation was also conducted to
compare analytical texture and color measurements to the
respective organoleptic results. The sensory analysis was
carried out with two groups of panelists. One panel group
of 15 assessors with experience in the descriptive evaluation
of crispy products was used to evaluate the apple chips.
Each panel member was asked to describe the apple chips
with few attributes. Testing was carried out in a sensory
laboratory. The intensity of all sensory impressions was
evaluated using a scale from 1 to 7 (1=low intensity, non-
satisfactory and 7=high intensity, very satisfactory). The
perception that a person consuming food products receives,
depends on the stimuli received during biting and chewing
of the food. During chewing the consumer receives stimuli
connected both with the mechanical strength and the rheo-
logical properties of the eaten product. Therefore, before
scoring the product, the panelists were asked to describe
the apple chips. To evaluate hardness the instruction was to
bite the whole chip with the incisors until fracture and to
score the material resistance. To score crispness the instruc-
tion was to evaluate altogether the amount and quality of the
sound produced, deformability and brittleness during mas-
tication. The samples were served in random order, each in a
separate packaging of 1.5 g. Another panel was used as
consumer representative. This group consisted of 53 persons
with age from 13 to 67, of which 33 were women and 20
were men. Both panel groups participated in the evaluation
of the overall acceptability of the product by using 9-point
Hedonic scale. All assessors participating in this test de-
clared themselves as consumers of fresh apples and potato
chips and other crispy products and were therefore suitable
as panelists.

Statistical analysis

Descriptive statistics and one-way analysis of variance
(ANOVA) was performed on the instrumental (n=5 for color
and n=6 for texture measurements) and sensory parameters
(n=15 panelists) to evaluate significant differences among the
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samples at 95 % confidence interval according to Tukey’s test
using Minitab 15 statistical software.

Results and discussion

Among all varieties of apples Idared is the cheapest, most
abundant and available variety throughout the year, and there-
fore it is suitable for industrial processing and development of
value-added products. All the apples used in this study were
selected at the same ripening degree with 88.7±3.9 % mois-
ture content. The bulk density of the fresh apples was 0.920±
0.083 g/cm3, while the porosity of the apples, or volume
fraction filled with gas, was 0.150±0.004 cm3/cm3, which
made the fruit suitable for osmotic treatment. Barrera et al.
(2009) when working with apples from the variety of Granny
Smith, found out that fresh apples with porosity of 0.2±
0.04 cm3/cm3 were highly susceptible to osmo-impregnating
processes.

Production of apple chips

Osmotic pre-treatment

The osmotic pre-treatment was studied in terms of moisture
loss, solute uptake and texture changes (Fig. 1). The moisture
loss rate changed with the time of immersion. During the
initial phase of osmosis (first 30 min), the water removal rate
was controlled by the high concentration gradient and the rate
attained its maximum value of 0.975 gwater/gdry mass

.h. The
intensive water removal was accompanied with leaching out
of the low-molecular weight solutes dissolved in the intra- and

extracellular fluid. After this initial period, the system was
approaching to equilibrium state where the process rate was
controlled by the internal mass transfers, which led to pro-
gressive decrease in the water removal rate. Between the 30
and 60 min of the treatment the water removal rate dropped
more than 10 times and it was 0.074 gwater/gdry mass

.h. After
one hour it reached a plateau where no further water removal
was noticed. The solid uptake within the tissue started only
after 90 min of treatment when the system reached equilibri-
um. The final concentration of the solute uptake at the end of
the treatment never exceeded 5 % or 0.05 g glucose/ g dry sample

mass. Similar results were reported by Khin et al. (2007), when
working with Fuji apples. As the osmotic treatment pro-
gressed, it was noticed that the loss of water in the beginning
of the osmosis led to softening of the apple discs. After
90 min, the solute uptake started, and the consequent increase
in the solid fraction slightly regained the hardness of the apple
samples.
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Convective drying

The apple chips, both osmotically treated and not treated, were
dried until reaching stable water activity of the product of 0.3
(Fig. 2). The initial moisture content of the treated and not
treated samples was 5.17±0.231 g/g and 6.04±0.316 g/g,
while the final moisture content was 0.11±0.001 g/g and
0.20±0.016 g/g for treated and not treated samples, respec-
tively. The total processing time for the osmotically treated
apples was 4.5 h. From the results of water loss (Fig. 1) and
rapid drop of the water activity and moisture content after
osmotic treatment (Fig. 2) it was noticed that the whole
process (osmotic drying step + convective drying step) can
be shortened and therefore optimized for industrial purposes.
The critical dewatering period without uptake of any solids
from the osmotic solution was 30 min, and the time necessary
for required drop in the water activity and moisture content
was also 30 min, meaning that the total processing time can be
reduced to 1 h which would result in lower energy costs. The
pretreated apple discs manifested more pronounced drop of
the water activity when compared to the non-treated apples

due to the partial water removal during the osmotic step. The
apple chips produced with the combined technique reached
the water activity of 0.3, suitable for long storage and stability
of the product, in just 30 min. The apples dried without any
pre-treatment reached the necessary water activity in 105 min,
which was 3.5 times slower than the pretreated apples.

The apple chips produced by the combined drying methods
had bulk density of 1.737±0.056 g/cm3. The porosity of the
apple chips was 0.015±0.002 cm3/cm3, which was ten times
lower than the porosity of the fresh apples. Porosity of the
osmotically treated material can be related to the degree of
water loss and solute uptake, to the immersion time during
osmosis, to the fruit’s moisture content or to the microstructure
changes of the tissue during drying (Mandala et al. 2005).
Usually the changes in fruit porosity result in changes of its
texture, especially its firmness. The changes in the mechanical
properties during convective drying are given in Fig. 3. The
osmotic dewatering of the apples prior the drying (Fig. 1)
affected the mechanical properties of the apple tissue in a
different way than just convective drying to the same final
water content. Hardness of the pre-treated apple discs
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increased linearly during convective drying, while the non-
treated samples exhibited loss of the initial hardness. The
resistance of the material to penetration, corresponding to
higher breaking force and shorter distance, increased notice-
ably in the first 30 min for the osmotically treated apples,
reaching values of 10 N and 0.2 mm, respectively. These
changes are strongly related to the moisture content and water
activity of the apples. The lower moisture content and water
activity values can explain the stiffness and brittleness, char-
acteristic for crispy texture, of the apple chips produced by the
combined drying techniques. The non-treated apples showed
different behavior. The loss of hardness from 5.6 to 1.7 N in the
first 30 min was accompanied with bigger brittleness or longer
distance, 1.05 mm, necessary to penetrate trough the apple
tissue. The higher moisture content and water activity values
of these samples confirmed the more elastic and viscous tex-
ture of the not treated dried apples.

Characterization of apple chips

Texture analysis

The typical force-displacement curves (mean values) for the
penetration and compression tests from the texture profile
analysis are presented in Fig. 4. The curves from the

penetration test presented the differences in the mechanical
pattern of each sample. The fresh apple sample showed low
penetration force and flatter peak (a), the work needed to
penetrate trough the flesh was 0.02 MPa. The dried apple

Fig. 6 Sorption isotherms of the apple chips fitted with a GAB, b Iglesias-Chirife, c Oswin and d Smith model at 25 °C

Table 2 Constants, mean relative percentage deviation modulus, E,
standard error, S, and correlation coefficient, r, obtained from the
mathematical expressions of the sorption models

Model Constants E (%) S r
Eq. (9) Eq. (10) Eq. (11)

GAB Xm=0.102

C=26.438 4.436 0.065 0.997

K=0.946

R2=0.990

Iglesias-Chirife C=0.120

K=0.054 3.969 0.089 0.992

R2=0.965

Oswin C=0.185

K=0.584 5.368 0.062 0.996

R2=0.988

Smith C=−0.028

K=−0.313 5.785 0.086 0.993

R2=0.977
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without any pre-treatment, even though, needed higher
breaking force and stress of 0.7 MPa, was still far from the
desired crispy structure because the elongated and wide
peak (b) without any remarkable jaggedness is more typical
for the elastic–plastic behavior of the tissue. The behavior of
the pretreated apple chips is represented with a very sharp
curve (c) where the stress was 1.07 MPa. The initial quick,
steep and linear tract was reached after just 0.05 mm defor-
mation. Afterwards two more spiky peaks followed, these
ruptures are typical for the crispy products. The similar
behavior was reported for apple rings osmotically treated
in maltose solution and dried at 90 °C by Farris et al. (2008).

The area under the first and second peak in the texture
profile analysis from the compression test (Fig. 4b) enabled
calculation of several texture parameters that are presented
in Fig. 5. As mentioned previously, the steepness of the
slope at the beginning of each curve is defined as crispness
(Pathare et al. 2012b) and it was 15.8 N/mm, 3.6 N/mm and
126.9 N/mm for fresh, non-treated and osmotically treated
dried apples, respectively. The hardness of the samples was
defined by the peak force during the first compression cycle
and it is related with structural integrity in the tissue and the
change in the cell membrane structure due to different
drying treatments. The two-step apple chips production by
the combination of osmotic pre-treatment and the convec-
tive drying led to increased water loss (Fig. 1) resulting in
reduced plasticizing effect of the water and changes in the
rheological properties of the apple tissue which promote the
crispy structure. The crispy structure of the pretreated apple
chips was accompanied with most pronounced brittleness of
just 0.11 mm. The breaking distance of the fresh and dried
apples without pretreatment was 0.37 and 0.40 mm, meaning
that the stiffness of the apple chips was one third of the
stiffness of the fresh and not treated dried apples, respectively.
Similar results for substantial change in the mechanical prop-
erties of the apple tissue due to osmotic treatment were
reported by Lewicki and Lukaszuk (2000). They proved that
osmotic treatment with 61.5 % sucrose solution at 30 °C for
3 h and subsequent convective drying resulted in samples with

half of the stiffness of the samples dried solely by convective
drying. The cohesiveness of the non-treated dried apples
suggested that the strength of the internal bonds inside this
sample, which keeps the sample cohesive and elastic, was
higher than the cohesiveness of the other samples.

Sorption properties

The quality of the crispy products during storage primarily
depends on their sorption properties. The knowledge of the
sorption isotherm is an important tool in food dehydration as a
good indicator for predicting the shelf-life of the dried fruit.
The sorption isotherms of the apple chips fitted according to
the different mathematical models are plotted in Fig. 6, while
the calculated constants and the goodness of the fit are listed in
Table 2. The isotherms have the sigmoidal shape, typical for
many foods. The water activity of the food product gives the
amount of water available for chemical and biochemical reac-
tions and microbial development. From the results it was
proved that the experimental values could be fitted in all
models. It is usually considered that a good fit is reached when
E values < 10 % and r values > 0.9. Since in all cases E values
were between 3.9 and 5.8 % and r values above 0.99, the

Table 3 Color analysis of different apple samples

Apple sample Chroma Hue angle ΔE Whitening index Browning index

A 11.2±1.10a 88.1±1.90a -a 63.5±1.24a 18.0±2.32a

B 17.8±0.45bc 77.7±1.45b 9.9±0.40b 55.2±0.85b 39.1±0.94b

C 9.9±1.13a 88.4±1.42a 3.1±0.20a 62.0±2.54a 16.2±1.36a

D 23.0±2.07d 69.1±2.92c 14.2±2.57b 54.7±2.31b 52.8±7.07c

E 15.2±2.27ab 88.8±0.96a 4.6±0.85a 63.7±1.18a 25.5±4.64a

A- fresh apple taken as control, B- fresh apple held at room temperature for 150 min with developed browning, C- apple after osmotic treatment at
25 °C in 40 % glucose solution for 150 min, D-dried apple without osmotic treatment, E-apple chips obtained by combined (osmotic + convective)
drying methods; (n=5)
abc Values with different letter in a given column are significantly different (p<0.05)
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Fig. 7 Intensity scores of specific sensory attributes for the fresh apple
and apple chips. Values above 3.5 are considered acceptable, n=15
panelists
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correlation criteria for the apple chips are very satisfactory.
Yet, the GAB model presented the best fit.

The C constant was found to be 26.44 and similar values
in the literature were reported by Timmerman et al. (2001)
and Goula et al. (2008). Other authors reported similar values
of Xm for GAB model fitting, such as 0.062–0.138 g water/
g dry mass for Chilean papaya (Vega-Galvez et al. 2008); 0.041–
0.050 g water/g dry mass for pineapple (Kiranoudis et al. 1993)
and between 0.067 and 0.220 g water/g dry mass for grapes,
apricots, apples and potatoes (Kaymak-Ertekin and Gedik
2004).

Surface color change

Changes in the surface color of apple samples in different
stages of processing are given in Table 3. The color of
fresh apples was used as a positive control. The negative
controls represent intensive browning non desirable for the

product. Therefore, the color of samples left at room
temperature without any treatment for the same extent of
time as the osmotic pre-treatment (150 min) and the color
of non-treated dried apples, that showed intensive brown-
ing, were used as negative controls. The results proved
that there were no statistically significant changes at the
confidence level of p>0.05 in all color parameters among
the fresh, osmotically treated samples and the chips pro-
duced with the combined dehydration techniques. The
osmotic pre-treatment reduced the product water activity
and enzyme activity resulting in better retention of food
product color, which was proven by the lower browning
index values of 16.25 for the osmotically treated samples.
Increased browning index for non-treated apples, 39.12,
corresponds to the lower whitening index, 55.20, and hue
values, 77.67, characteristic for the darker samples.
Besides the enzymatic browning, the convective drying
can cause an even higher degree of non-enzymatic brown-
ing of the sample. The appearance of brown spots and the
development of burned taste are related to the chemical
composition. Due to the leaching out of the soluble solids
during the osmotic pre-treatment prior to drying (Fig. 1)
the non-enzymatic browning reaction, also known as the
Maillard reaction, was minimized and enabled production
of better looking chips. Leeratanarak et al. (2006) reported
similar results for potato chips undergoing different drying
techniques.

Sensory analysis

The resulting descriptive analysis gives a multi-dimensional
sensory “image” of the product. The sensory attributes cho-
sen by the panelists to describe the apple chips were: crispy,
sweet, hard, tender, fresh, sticky, dry, sour and apple taste
and the results from this descriptive analysis are depicted in
Fig. 5b. Most of the panelist described the apple chips with
more than one attribute, but mostly as crispy and sweet with
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Fig. 8 Effect of the water activity on the equilibrium moisture content
and the texture properties of the apple chips. Vertical bars represent the
standard deviation of n=6 for moisture content and instrumental meas-
urements, n=15 panelists for sensory analysis

Table 4 Storage stability of packaged apple chips during 6 months storage in a dry place at room temperature of 25 °C and relative humidity of 55 %

Storage time (day) ΔE Whitening index Browning index Hardness (N) Crispness (intensity scale)

0 -a 63.7±1.18a 25.5±4.64a 15.0±0.45a 6.0±0.23a

10 6.3±1.19b 67.4±2.93a 26.2±7.06a 14.2±0.55a 6.2±0.32a

20 8.5±1.71b 68.7±2.96a 29.4±3.24a 15.0±0.35a 5.8±0.43a

40 5.1±0.99a 63.4±3.62ab 32.6±3.54a 14.9±0.15a 5.9±0.38a

60 6.3±0.97b 67.0±1.66a 29.6±5.38a 15.1±0.45a 6.0±0.51a

120 6.2±0.89b 67.2±2.73a 26.0±6.86a 14.3±0.25a 6.0±0.28a

180 5.4±0.89a 63.8±2.62ab 32.9±3.14a 14.7±0.75a 6.1±0.18a

abc Values with different letter in a given column are significantly different (p<0.05);

(n=5 for color measurements; n=6 for texture measurements; n=15 panelists)
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the sourish apple taste, proving that the apple chips pre-
served part of the fresh-like characteristics of the apple.

When asked to compare and grade the apple chips with
the fresh apple in terms of color, aroma, texture, flavor, taste
and crispness (Fig. 7), panelists ranged the apple chips very
close to the fresh apple. There was no significant difference
between the scores in some of the attributes. As expected,
the attribute that showed significant difference at p<0.05
level was the crispness. The crispness of the apple chips was
significantly higher than the crispness of the fresh apple,
proving again the crispy structure of the produced apple
chips.

The total sensory quality is a complex concept, which
consists of several attributes perceived through the senses,
such as appearance, odor, flavor and texture. Their quality,
intensity and mutual relations are very important for product
identification and acceptance by the consumers, especially
when a newly developed product is being assessed. Since
85 % of the panelists confirmed themselves as potato chips
consumers, there was a possibility for them to stick to the
image kept in their mind about the appearance of the chips.
The overall acceptance of the product, or the liking of the
apple chips, was evaluated by 9-point Hedonic scale. The
results revealed that the consumers expressed different
liking of the apple chips. The part of the panel group that
did not like the product was less than 5 %. One should
always remember that consumer liking of the product is
not constant and may fluctuate together with the develop-
ment of new habits and new products (Jaworska and
Hoffmann 2008). Therefore, at the end the consumers
were asked if they would consume, or even substitute
the potato chips, with this healthy, fat-free apple chips.
More than 95 % of them said that they would consume
the apple chips if offered on the market, 40 % would
replace the potato chips with the apple chips, while 55 %
would continue consuming both chips.

Storage stability

Moisture sorption isotherm exhibited the relation between the
moisture content of the apple chips and the water activity at
the storage temperature. The relationship between the water
activity, the equilibrium moisture content and the texture
properties is presented in Fig. 8. It can be seen that till water
activity of 0.5 the sample contains water in the range of the
monolayer moisture content, 0.158 g water/g dry mass and it is
still acceptable for use, due to preserved texture and crispness
above the satisfactory level. After absorbing more water there
is a significant loss of the hardness, around 70 %, and the
crispness, which satisfactory score is above 4.5 or above 60%
of the maximum value (Kappel et al. 1995; Imm et al. 2011).
Hough et al. (2001) reported that the critical aw value of other
dry and crisp products was also about 0.5.

Apart from testing the stability of the product from the
point of the processing conditions, the packaging technique
as a preservation mean was also investigated. Hence, the
produced apple chips were packaged with gas-flushing tech-
nique using nitrogen gas. The results of the evaluated sen-
sory parameters during 6 months storage are given in
Table 4. The modified atmosphere packaging inhibited the
development of flesh browning or any other changes in
apple chips during storage, because there were no statisti-
cally significant changes among the chips samples.

Conclusions

The low cost apple variety Idared was converted to highly
value-added ready to eat product, apple chips, by combina-
tion of osmotic pre-treatment with conventional drying. The
crispy texture of the apple chips produced with combined
drying techniques was characterized by its mechanical and
sorption properties. The reduced water activity level of the
final product and the packaging conditions under atmo-
sphere of nitrogen extended the shelf-life of the product.
The apple chips preserved the good color and all mechanical
properties during storage. These dried apples having com-
mon characteristics of crispy products were evaluated by the
consumers as very healthy and satisfying for consumption.
Moreover, no solute uptake rendered the chips suitable for
consumption even for diabetics.
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