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Abstract The hot air convective drying characteristics of
blanched tomato (Lycopersicon esculantum L.) slices have
been investigated. Drying experiments were carried out at
four different temperatures (50, 60, 65 and 70 °C). The
effect of drying temperatures on the drying behavior of the
tomato slices was evaluated. All drying experiments had
only falling rate period. The average effective diffusivity
values varied from 0.5453×10−9 to 2.3871×10−9 m2/s over
the temperature range studied and the activation energy was
estimated to be 61.004 kJ/mol. In order to select a suitable
form of the drying curve, six different thin layer drying
models (Henderson–Pabis, Page, Diamante et al., Wang and
Singh, Logarithmic and Newton models) were fitted to the
experimental data. The goodness of fit tests indicated that
the Logarithmic model gave the best fit to experimental
results, which was closely followed by the Henderson–
Pabis model. The influence of varied drying temperatures
on quality attributes of the tomato slices viz. Hunter color
parameters, ascorbic acid, lycopene, titratable acidity, total
sugars, reducing sugars and sugar/acid ratio of dried slices
was also studied. Slices dried at 50 and 60 °C had high
amount of total sugars, lycopene, sugar/acid ratio, Hunter
L- and a-values. Drying of slices at 50 °C revealed

optimum retention of ascorbic acid, sugar/acid ratio and
red hue, whereas, drying at higher temperature (65 and 70 °
C) resulted in a considerable decrease in nutrients and
colour quality of the slices.
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Introduction

The demand of tomato in the country is increasing day-by-
day with the increase in population and its preference for
tomato. However, tomato is highly perishable in the fresh
state leading to wastage and losses during the peak
harvesting period. The prevention of these losses and
wastage is of major interest especially when there is
subsequent imbalance in supply and demand at the harvest-
ing off-season. These growing market opportunities have
necessitated that tomatoes be accessible in a more conve-
nient form and thus led to the development of technologies
for the preservation and sale of the product especially in a
dry form (St George et al. 2004).

Dehydration processes offer an alternative way of
providing tomato to commerce. The most popular
method of drying tomato is hot air drying due to its
operation simplicity and relatively inexpensive technolo-
gy (Akanbi et al. 2006). This technique employs flow of
heated air stream (usual operational temperature range
between 50 and 80 °C) to supply heat to the food and
remove its moisture (Phongsomboon and Intipunya 2009).
Tray drying (TD) is commonly used for drying of
vegetables, and it was chosen because of its simplicity
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and low cost. TD is also often used in R&D laboratories to
simulate industrial tunnel or conveyor dryers (Nindo et al.
2003). In addition, determining the drying behavior by
accurate mathematical models is important. Several math-
ematical models may be used to describe the drying
process and help in its optimization, and assist in the
effective design of dryers (Vega et al. 2007). Empirical
equations frequently used to model the drying kinetics of
food include: Newton, Page, Henderson–Pabis, Page
modified, Logarithmic, Two-terms exponential, Thomson,
Diffusion approach, Verma, Wang and Singh, Henderson–
Pabis modified models and others (Meisami-asl et al.
2010; Vega et al. 2007). Recently, Diamante et al. (2010)
proposed a new thin-layer drying model which gave the
best curve fitting ability compared to the three widely used
models, namely, Henderson–Pabis, Page and Logarithmic
models, in kiwifruit and apricot.

Though dehydrated tomato products has commonly been
obtained by hot air drying, which allows rapid and massive
processing, but the maintenance of nutritional and com-
mercial quality of such products through this process
presents some problems (Argyropoulos et al. 2008).
Undesirable changes in the colour may lead to a decrease
in its quality and marketing value, therefore, the surface
colour of the dried tomato product is an important criterion.
So, the removal of moisture must be accomplished in a
manner that will be least detrimental to the product quality.
An understanding of the nutritional and colour changes of
tomato slices during hot air drying is essential for any
optimization study.

The aim of this research was the study and modelling of
the drying kinetics of mass transfer during the hot-air
convective drying process of blanched tomato slices. The
effect of drying temperatures on the quality attributes of the
dried slices was also studied for determining the optimum
drying temperature that might produce high-quality dried
tomato slices.

Materials and methods

Fully ripe tomato, cv. Punjab Kesri was procured from local
vegetable market, and then washed under running water to
remove the adhering impurities. Fruits of similar size, shape
and free from injury were selected for the experiment. All
the chemicals used were of analytical grade.

Pre-drying treatment Blanching was done by holding
tomatoes in muslin cloth in boiling water (at 100 °C)
for 60 s. Blanching adequacy was checked by using
0.5% guaiacol solution and 1 ml 0.08% H2O2 (Icier et al.
2006). Blanched tomatoes were cut into slices of 2±
0.1 cm thickness (Doymaz 2008; Gupta and Nath 1984)

using a vegetable slicer (Suan Scientific Instruments &
Equipments, Kolkata, India), and the slices were then
divided into four lots: one for drying at 50 °C, second for
drying at 60 °C, third for 65 °C and fourth for 70 °C.

Drying experiments Drying of the tomato slices was
performed in a tray dryer (Suan Scientific Instruments &
Equipments, Kolkata, India), having an accuracy of ±2 °C.
Each lot of blanched tomato slices were spread evenly over
the trays in single layer. The experiments were conducted in
3 replications at 50, 60, 65 and 70 °C of drying air
temperatures, with constant drying air velocity of 1.1 m/s.
The samples were weighed at 15 min interval for the first
1 h, at 30 min interval for next 2 h, and at 60 min interval
for next 3 h. The weight loss was recorded at particular
intervals by a digital balance (A-200DS Digital Analytical
Balance, Denver Instruments, Germany) of ±0.05 g accu-
racy. Moisture content of tomato slices before and after
drying was determined by the hot-air oven method (AOAC
1990), which was expressed as gram water/gram dry matter.
The moisture content of the fresh tomato was 1479.5%
(db). The drying was kept continued (for 5–6 h) till dry,
non-sticky products were obtained. Attention was paid to
ensure that the samples were not charred. So, the
termination of drying process in each of the four cases,
was based on the result of the visual analysis of the texture
and colour of the dried product (Enujiugha and Akanbi
2008; Prakash et al. 2004), which was performed by a
group of panelists (results not shown). Concomitantly, the
final moisture content in the dried slices varied in the range
of 12–17% (db), which was in conformity with the results
of several authors (Ashebir et al. 2009; Baloch et al. 1997;
Brooks et al. 2008).

Analysis of the drying data Drying rate (DR) on mass
basis moisture content (dry basis), Mdb at any time during
the drying process was calculated by (Basavaraj et al.
2008):

DR ¼ Wi�1 �Wið Þ= Wd � $tð Þ ð1Þ

Mdb ¼ Wi �Wd

Wd

� �
� 100 ð2Þ

where, Wd is the final mass of the sample (in grams); Wi is
the mass of the sample at time ti (in min) and Δt is the
difference between ti−1 and ti.

Moisture ratio of samples during drying is generally
calculated by the following equation (Sawhney et al.
2009):

MR ¼ M �Með Þ= Mo �Með Þ ð3Þ
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where, MR is moisture ratio, M is the moisture content (g
water/g dry matter) at any time t; Mo is initial moisture
content (g water/g dry matter) at time t=0; Me is material
equilibrium moisture content (g water/g dry matter). During
thin-layer drying of tomato slices in convective bed dryer,
the samples were not exposed to uniform relative humidity
continuously. Moreover, the values of Me are relatively small
compared to M and Mo, hence the error involved in the
simplification is negligible (Doymaz 2007). So the moisture
ratio was simplified to (Arumuganathan et al. 2009):

MR ¼ M

Mo
ð4Þ

The drying curve for each evaluated drying temperature
was obtained by plotting the MR of the sample versus the
drying time (Velić et al. 2007).

Calculation of effective moisture diffusivity and activation
energy For the tomato slices; the integrated equation of
Fick’s second law of diffusion was used for slab geometry
in one dimension, representing only the first term of the
development of the series in Eq. 5 (Doymaz 2007; Vega et
al. 2007).

MR ¼ 8

p2

� �
exp

�p2Deff t

4L2

� �
ð5Þ

where, Deff is the effective diffusivity coefficient (m2/s); L
is the half of slab thickness (0.01 m in present study) and t
is time elapsed during drying (in sec). Rearranging Eq. 5,
we get:

ln MRð Þ ¼ �0:209ð Þ � p2

4L2

� �
Deff t
� �� �

ð6Þ

From Eq. 6, when ln (MR) versus (t) was plotted, a
straight line with a slope ko (Eq. 7) was obtained and the
effective diffusivity coefficient, Deff was calculated.

ko ¼ p2Deff

4L2
ð7Þ

The diffusivity dependence on the temperature can be
represented by the Arrhenius equation (Eq. 8) (Tunde-
Akintunde and Afon 2010; Arumuganathan et al. 2009;
Doymaz 2007), where, Deff is effective moisture diffusivity
(m2/s), Do is constant pre-exponential factor of the
Arrhenius equation (m2/s) (measured as intercept at y-
axis), Ea is activation energy (kJ mol−1), R is universal gas
constant (8.314 Jmol−1 K−1), T is absolute temperature
(Kelvin, K).

Deff ¼ Do exp � Ea

RT

� �
ð8Þ

Equation 8 can be linearized as:

ln Deff

� � ¼ ln Doð Þ � Ea

RT
ð9Þ

The activation energy, Ea can be determined from the
slope (Ea/R) of the plot (ln Deff) vs (1/T) using Eq. 9.

Modelling of drying curves Experimental moisture ratio
values versus drying time were fitted by means of six
models widely used to model drying kinetics of most food,
namely, Henderson–Pabis model (Eq. 10) (Doymaz 2007),
Page model (Eqs. 11 or 12) (Sawhney et al. 2009),
Diamante et al. model (Eq. 13) (Diamante et al. 2010),
Wang and Singh model (Eq. 14) (Wang et al. 2007),
Logarithmic model (Eq. 15) (Arumuganathan et al. 2009)
and Newton model (Eq. 16) (Vega et al. 2007).

MR ¼ Ao exp �ktð Þ ð10Þ

MR ¼ exp �ktN
� � ð11Þ

Page model (Eq. 11) was further linearized as Eq. 12
(Ahmed and Shivhare 2001):

ln � lnðMRÞ½ � ¼ ln k þ N ln t ð12Þ

ln � lnMRð Þ ¼ aþ b ln tð Þ þ c ln tð Þ2 ð13Þ

MR ¼ 1þ At þ Bt2 ð14Þ

MR ¼ AL exp �ktð Þ þ CL ð15Þ

MR ¼ exp �ktð Þ ð16Þ
where, Ao is Henderson–Pabis model coefficient (dimen-
sionless constant); N is Page model coefficient (dimension-
less constant); a, b and c are constants (dimensionless) of
Diamante et al. model; A and B are constants (dimension-
less) of Wang and Singh model; AL and CL are constants
(dimensionless) of Logarithmic model; k is drying constant
(per min); t is time (min).

Adequacy of drying models The models were fitted to the
drying data using Excel curve-fitting computer program
(Windows 2007) and XLSTAT software (version 7.5.2,
Addinsoft, New York). Non-linear regression analysis
was used to estimate the parameters of those six thin
layer drying models (Eqs. 10–16). The goodness of fit of
the tested models to the experimental data was evaluated
with the coefficient of correlation (R), coefficient of
determination (R2), sum of squared residuals (SSR),
average residual (eave), reduced chi-square (χ2), root mean
square error (RMSE) and mean relative percent deviation
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modulus (P). The eave, χ2, RMSE and P (%) can be
calculated as follows:

eave ¼
Xn
i¼1

MRexp;i �MRpre;i

�� ��
n

ð17Þ

#2 ¼
Pn
i¼1

MRexp;i �MRpre;i

� �2
n� z

ð18Þ

RMSE ¼ 1

n

Xn
i¼1

MRexp;i �MRpre;i

� �2" #1=2

ð19Þ

P %ð Þ ¼ 100

n

Xn
i¼1

MRexp;i �MRpre;i

MRexp;i

����
���� ð20Þ

where, MRexp,i and MRpre,i are ith experimental and ith
predicted moisture ratios, respectively, ‘n’ is number of
observations, and ‘z’ is number of drying constants in the
model. The higher the R and R2 values and the lower the
eave, χ

2, RMSE and P (%) values, the better is the fitness.
The value of P (%) less than 5.0 indicate an excellent fit,
while values greater than 10 are indicative of a poor fit
(Singh et al. 2006; De Temmerman et al. 2008). As eave, χ

2,
and RMSE approach zero, the closer the prediction is to
experimental data (Roberts et al. 2008).

Quality evaluation Colour of fresh tomatoes and dried
tomato slices were measured by Hunter Color Difference
Meter (Color Quest XE, Hunter Lab, USA). The instrument
(including 65°/0° geometry, D25 optical sensor, 10° observer,
specular light) was calibrated with black and white tiles
provided by the manufacturer. Colour was expressed in
Hunter Lab units: L (100 = bright, 0 = dark), a (+a = red,
−a = green) and b (+b = yellow, −b = blue). In addition, total
colour difference (ΔE) and hue angle (h°) were calculated.
Total colour difference (ΔE) indicates the magnitude of
colour difference between fresh tomato and dried slices. Hue
angle (h°) values represent the degree of redness, yellowness,
greenness, and blueness; the maximum is at 0, 90, 180, and
270, respectively (Patras et al. 2009).

$E ¼ L� Loð Þ2 þ a� aoð Þ2 þ b� boð Þ2
h i1=2

ð21Þ

ho ¼ tan�1 b=að Þ ð22Þ
where fresh tomato was used as the reference (Lo, ao, bo)
and a larger ΔE denotes greater colour change from the
reference material.

Ascorbic acid content was determined by using 2,6-
dichlorophenol indophenols dye method (Ranganna 1986).
Lycopene estimation was done by using AOAC (1990)
method. The titratable acidity was estimated by titrating
5 ml of the filtrate against 0.1 N NaOH solution using
phenolphthalein as an indicator. The acidity was calculated
and expressed as percent anhydrous citric acid (AOAC
1990). Reducing sugars and total sugars were determined
by the methods described by Ranganna (1986).

Statistical analysis All analyses were carried out in
triplicate. The means and standard deviations were calcu-
lated. Statistical significance was established at p<0.05 by
using F-test. A multivariate analysis of quality attributes of
tomato slices dried at different temperatures was performed
by Principal Components Analysis (PCA) biplot factor
analysis with the Unscrambler® version 10.1 (Camo Inc.,
Oslo, Norway).

Result and discussion

Effect of air temperature on drying behavior The effect of
four drying temperatures (50, 60, 65, and 70 °C) on the
characteristic of drying curve and drying rate curve are
depicted in Fig. 1a and b. The drying curves (Fig. 1a) show
that moisture ratio decreases continuously with drying time.
Figure 1b indicates that the rate of removal of moisture was
higher in the initial stage, which decreased thereafter under
all the investigated conditions. At the initial stage of drying,
the available free moisture concentration gradient was
higher leading to higher drying rate. At high initial moisture
content, the initial drying rate is always higher owing to
higher vapor pressure gradient, which diminishes as drying
progresses. This observed initial acceleration in drying may
also be caused by an opening of the physical structure
allowing rapid evaporation and transport of water. Similar
changes in the shape of drying rate curves were observed
by Wang et al. (2007), during thin layer drying of apple
pomace. The variations in initial drying rates at different
temperatures can be due to difference in masses, tray loads
and air velocities. Such variations in drying rates were also
found by Basavaraj et al. (2008) during thin layer hot air
drying of fig fruit.

Increase in drying rate is associated with the increase in
drying temperature (Thorat et al. 2010; Sawhney et al.
2009; Cano-Chauca et al. 2004). As such, the drying rate
curves exhibited steeper slope from 50 °C to 65 °C.
However, the highest drying rate should have been found at
70 °C, but it was obtained at 65 °C in the present study
(Fig. 1b). This may be due to the use of high initial drying
temperature that might have caused case-hardening effect,
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retarding movement of moisture from the inside to outside
of the product. A constant rate period was not observed
(Fig. 1b). Hence, it can be stated that the entire drying
process occurred in the falling rate period in this study. This
agrees with the report of Cano-Chauca et al. (2004). The
falling rate region is indicative of an increased resistance to
both heat and mass transfer through the inner cells and
increased thickness of the crumpled and shrunken skin
(Sawhney et al. 2009). More than one falling rate period
has been observed (Fig. 1b), which indicates that tomato
slices behaved like a hygroscopic food material during
drying and the moisture movement inside the material was
occurring by diffusion (Arumuganathan et al. 2009). These
curves also showed extended falling rate periods to achieve
low final moisture contents, which also prove that tomato
slices will behave as hygroscopic products with high bound
moisture contents. The point in the drying curve at which
the two falling rate periods (Fig. 1b) are separated,
corresponds to the moisture content of the inflexion point
where the high drying rate is transformed into a low drying
rate. During the first drying period, moisture content is
greater in tomato slices and the movement of water is mostly
by trans-membrane transport and the cell wall pathway
(Phongsomboon and Intipunya 2009). So, the drying rate is
higher. In the second drying phase, the moisture content is
lower in tomato slices and the movement of water is mostly
symplastic transport way and the drying rate is lower
(Phongsomboon and Intipunya 2009).

Effective moisture diffusivity and activation energy The
variation in ln (MR) and drying time (t) for different
temperatures have been plotted in Fig. 2 to obtain the slope
ko (Eq. 7) which can give the effective moisture diffusivity
(Deff). The calculated values of effective diffusivity (Deff)
for four different drying temperatures are 0.545255×10−9,
2.38712×10−9, 1.91894×10−9 and 2.02605×10−9 m2/s for
slices dried at 50, 60, 65 and 70 °C, respectively. The

highest effective diffusivity value of 2.387×10−9 m2/s was
obtained for samples of 60 °C while the lowest 0.545×
10−9 m2/s was obtained for slices dried at 50 °C. These
values are within the general range of 10−6–10−11 m2/s for
drying of food materials (Arumuganathan et al. 2009). The
obtained Deff values for tomatoes are similar to those
estimated by different authors for tomatoes: 2.3–9.1×
10−9 m2/s for tomatoes dried at 60–110 °C (Giovanelli et
al. 2002), 3.72–12.27×10−9 m2/s for tomatoes dried at 45–
75 °C (Akanbi et al. 2006); 0.87–1.0×10−9 m2/s for cherry
tomato dried at 40–60 °C (Varadharaju et al. 2001). These
values are consistent with the present estimated Deff values
for tomato slices. However, Doymaz (2007) found Deff in
the range of 5.65–7.53×10−10 m2/s at 55–70 °C for alkaline
ethyl oleate solution pre-treated tomatoes and 3.91–6.65×
10−10 m2/s for untreated tomato samples, which are much
lower than the estimated values of the present study.

Figure 3 shows the effect of temperature on effective
diffusivity (Deff) of tomato slices, dried at different temper-
atures. Using Eq. 9, the activation energy value was found
to be 61.004 kJ/mole, which was much higher than that

Fig. 2 Variation in [ln (MR)] and drying time (in seconds) for
blanched tomato slices dried at different temperatures

Fig. 1 Effect of drying temper-
atures on relationship between
a Moisture ratio (MR) and dry-
ing time, b Drying rate and
drying time for blanched tomato
slices. Slices dried at 50 °C ( );
Slices dried at 60 °C (Δ);
Slices dried at 65 °C (X); Slices
dried at 70 °C (◊)
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found by Doymaz (2007) in alkaline ethyl oleate solution
pre-treated (17.40 kJ/mole) and untreated (32.94 kJ/mole)
tomatoes. However, high value of activation energy
(>73 kJ/mole) has been reported in milky mushroom drying
(Arumuganathan et al. 2009). This variation might be
because of the fact that in samples pretreated with
blanching there is the occurrence of resistance to moisture
migration as a result of gelatinization of starch granules or
concentration effect of sugars (Tunde-Akintunde and Afon
2010). Because of similar reason, Doymaz (2010) also
found higher activation energy value for blanched sweet
potato slices compared to the unblanched (control) samples.

Modelling of drying kinetics For each investigated temper-
ature, the experimental drying data were fitted in the
Henderson–Pabis model (Eq. 10), Page model (Eq. 12),
Diamante et al. model (Eq. 13), Wang and Singh model
(Eq. 14), Logarithmic model (Eq. 15) and Newton model
(Eq. 16). The values of the constants of these models and
the results of their statistical analysis are summarized in
Table 1. Figure 4a–f show the variations of experimental
and predicted moisture ratios by the Henderson–Pabis
model, Page model, Diamante et al. model, Wang and
Singh model, Logarithmic model, and Newton model,
respectively, with drying time. It is evident from Table 1
that, in all drying temperatures, a good agreement between
experimental data and chosen mathematical models exists,
which is confirmed by their high values of R and R2

(≥0.989), and low values of SSR (sum of squared
residuals), eave (average residual), χ2 (reduced chi-square),
and RMSE (root mean square error). All the models
exhibited P (%) values lesser than 5, suggesting that the
selected models gave excellent fit to the experimental data
(Singh et al. 2006; De Temmerman et al. 2008). Though, R
and R2 values of the all the six models were comparable
with each other (Table 1), but the Logarithmic model gave
the lowest SSR, eave, χ

2, RMSE and P (%) values for all the

evaluated drying temperatures. So, the Logarithmic model
may be assumed to represent the thin layer drying of
blanched tomato slices in a convective hot air dryer.
Logarithmic model was closely followed by the Hender-
son–Pabis model. Doymaz (2010) also found that the
Logarithmic model showed the best fit to experimental
drying data of unblanched and blanched sweet potato slices.
Several investigators have also reported that the Logarith-
mic model adequately predicts the thin layer drying of a
wide variety of agricultural products (Doymaz 2008;
Khazaei and Daneshmandi 2007; Midilli and Kucuk
2003). Table 1 also shows that the drying constant (k) of
Page model increases with increase in air temperature, but
no such trend was observed in k values of other models.
Sawhney et al. (2009), Ahmed and Shivhare (2001) also
found a similar increasing trend of k values for increase in
temperature. Variation of other model coefficients with
drying temperature was not systematic in the present study.

Effects of drying temperatures on quality attributes of
tomato slices A perusal study of the Hunter colour
parameters in Table 2 shows that Hunter L-value of the
dried slices decreased with the increase in drying temper-
ature. This indicates that the slices turned darker at higher
temperature, which can be attributed mainly to browning
reactions (Cernisev and Sleagun 2007). Hunter ‘+a’ value,
which is considered as the benchmark in industry for the
colour quality of tomato products, also decreased at higher
temperature. Hunter ‘+a’ value was found maximum in the
slices dried at 50 °C and 60 °C, and least in slices of 70 °C.
Likewise, Hunter ‘+b’ value also decreased at higher drying
temperatures, indicating a gradual decrease in yellow colour
of the tomato slices. This is because total carotenoids and
lycopene increase with increasing temperature. But at very
high temperatures, α-carotene, β-carotene, lutein, lycopene
etc. starts degrading (Goula and Adamopoulos 2005). An
increase in ΔE value was observed with increasing drying
temperature. Table 1 shows the extent of colour change in
the dried slices was lesser at 50 and 60 °C. Based on
CIELAB (Commission International de L’Eclairage) color
system (Mapari et al. 2006), the hue angle (h°) of fresh
tomato was 36.055, signifying deep red colour. Drying of
tomato slices at 50 and 60 °C resulted in a hue value of
33.444 and 25.294, which indicated red and red-pink colour
of the dried slices, respectively. Further increase in drying
temperature (65 and 70 °C) slightly increased the hue value
to 30.244 and 32.494, respectively, producing dry slices
with light red colour. Thus, it can be inferred that drying of
tomato slices at 50 °C can help preserve the attractive red
hue of tomato, which is almost comparable with that of the
fresh tomato sample.

The ascorbic acid content of fresh tomato was about
26.22 mg/100 g solid weight, and this value decreased as

Fig. 3 Log plot of effective moisture diffusivity and drying temper-
atures (T in Kelvin)
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temperature increased during the drying of tomato slices
(Table 2). The retention of ascorbic acid was nearly
64.44%, 39.45%, 32.51% and 13.15% for tomato slices
dried at 50, 60, 65, and 70 °C, respectively. So, highest
reduction in ascorbic acid occurred at 70 °C (86.85%) and
lowest at 50 °C (35.56%). Therefore the present study
indicates that slices dried at 50 °C were able to retain the
heat-labile ascorbic acid better. Similar results were
observed by Mudgal and Pande (2009) for bittergourd.

Lycopene content was higher in the dried tomato slices
compared to the fresh tomato sample (Table 2). Maximum
amount of lycopene was found in the slices dried at 60 °C,

beyond this temperature lycopene decreased. This increase
can be attributed to the fact that high temperature treatments
either stabilize or very slightly reduce the lycopene content
of the fruit (Goula and Adamopoulos 2005). Lycopene
content of slices dried at 60 °C (49.1 mg/100 g) was 18.9-
folds higher than that of fresh tomato (2.6 mg/100 g). As
the drying temperature was increased from 60 °C to 70 °C,
lycopene decreased from 49.1 mg/100 g to 31.8 mg/100 g
solid weight, indicating a loss of 35.23% within the
temperature of 60–70 °C. Nevertheless, the net increase in
lycopene content of slices dried at 70 °C was still 12.2-
folds higher than fresh tomato.

Fig. 4 Drying data fitted by a
Henderson–Pabis model, b Page
model, c Diamante et al. model
d Wang and Singh model, e
Logarithmic model, and f New-
ton model. Moisture ratio (MR);
Drying time (t) (in minutes);
Slices dried at 50 °C ( ); Slices
dried at 60 °C (Δ); Slices dried
at 65 °C (X); Slices dried at 70 °
C (◊); Predicted model (—)
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Titratable acidity increased with the increase in drying
temperature (Table 2), the highest being observed in the
tomato slices dried at 70 °C. The titratable acidity of slices
dried at 50, 60, 65 and 70 °C was 1.67, 1.91, 2.35 and 3.10-
folds higher than the fresh tomato sample, respectively.
During drying, increase in acidity was mainly attributed to
the increased moisture loss from the sample with
corresponding increase in temperature (Sagar et al. 2000).

Drying of tomato slices resulted in an increase in total
sugar content (Table 2). The tomato slices dried at 50, 60,
65 and 70 °C had 112.25%, 85.71%, 57.14% and 30.61%

higher total sugar content than the fresh tomato sample,
respectively. Increase in total sugar after drying can be
attributed mainly to moisture loss and concentration effect
(Gornicki and Kaleta 2007). The result shows that the
highest amount of total sugar was found in the slices dried
at 50 °C; however, further rise in drying temperature caused
a reduction in total sugar content. This might be because of
inversion of sugars and browning reaction (Chawla and
Ranote 2009).

Reducing sugar content in the dried tomato slices
showed an increasing trend with the increase in drying

Table 2 Effect of drying temperatures on the physicochemical and Hunter colour characteristicsa of tomato slices

Quality parameters Fresh tomato Slices dried
at 50 °C

Slices dried
at 60 °C

Slices dried
at 65 °C

Slices dried
at 70 °C

F-ratiob

(D × Q)

Hunter colour parameters L 31.4±0.64 37.7±0.25 36.4±0.74 36.9±1.29 31.7±1.93 0.091

a 14.8±2.41 15.6±1.38 15.7±1.76 11.3±1.30 8.1±2.01 0.200*

b 10.8±3.00 10.3±2.67 7.4±2.34 6.6±1.84 5.1±1.64 0.051

ΔE – 6.3 6.0 7.7 8.8 0.011

h° 36.1 33.4 25.3 30.2 32.5 0.195*

Ascorbic acid (mg/100 g) 26.2±1.17 16.9±1.32 10.4±1.69 8.5±1.01 3.5±1.27 0.499*

Lycopene (mg/100 g) 2.6±1.21 48.9±1.66 49.1±1.09 44.8±1.64 31.8±2.53 0.944*

Titratable acidity (% citric acid) 0.315±0.05 0.527±0.11 0.601±0.09 0.740±0.20 0.976±0.08 4.2*

% Total sugars 4.9±0.99 10.4±0.35 9.1±0.57 7.7±1.12 6.4±0.79 0.026

% Reducing sugars 0.114±0.03 3.3±0.23 2.6±1.02 4.7±0.19 5.8±0.13 0.015

Sugar/acid ratio 11.7 19.1 15.1 10.4 6.6 0.486*

*Significant at p<0.05
a Values are mean ± standard deviation of triplicate samples (n=3)
b Degree of freedom (df) = 3

D × Q: interaction of drying temperature and quality attributes

Fig. 5 Principal component analysis bi-plot of quality attributes of tomato slices dried at four different levels of temperature
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temperature (Table 2). Among the dried samples, highest
and lowest amount of reducing sugar was found in slices
dried at 70 °C and 50 °C, respectively, which contained
50.88 and 28.95-folds higher reducing sugar than the fresh
tomato. A probable explanation for such increase in
reducing sugar level can be ascribed to rapid hydrolysis
of polysaccharides and their subsequent conversion to
reducing sugars at higher temperatures. Similar trend has
been observed by Chawla and Ranote (2009) in dehydrated
watermelon products.

Sugar/acid ratio was also higher in the dried tomato slices
than the fresh tomato. A decreasing trend of sugar/acid ratio
was observed in the slices as the drying temperature was
increased. This can be attributed to the fact that with the
increase in temperature, titratable acidity went higher, but
total sugar content decreased and as such, the sugar/acid ratio
also decreased. The highest sugar/acid ratio of 19.12 was
found in slices made at 50 °C. Studies have shown that
higher sugar/acid ratio in tomato affects tomato taste
attributes of the sweetness and sourness (Malundo et al.
1995; Stevens et al. 1979; Kader et al. 1977).

Level of the difference in dried slices To evaluate the effect
of drying temperatures on ascorbic acid, lycopene content,
titratable acidity, total sugars, reducing sugar, sugar/acid
ratio, recovery of dried slices and Hunter colour parameters
of the tomato slices, F-test was performed, following the
work of Wang and Xi (2005) and the result is given in
Table 2. The magnitudes of the F-values indicate the
relative importance of the effect of temperature on these
quality parameters. Drying temperatures significantly af-
fected titratable acidity (p<0.05). Based on the magnitudes
of the F-values, it seems that varying temperature had a
small effect on lycopene, ascorbic acid, sugar/acid ratio,
Hunter a-values and hue angle. Temperature difference did
not significantly affect the other investigated parameters.

Multivariate analysis Camargo et al. (2004) constructed a
PCA sensory plot of dried tomatoes, which were pretreated
with osmotic dehydration and antioxidant addition. The
authors showed that taste had a positive relationship with
purchase intention and for general appearance; the most
important parameter was the colour. This indicates that the
consumers give more importance to taste and colour, when
buying dried tomato. Muratore et al. (2008) also stated that
the market now shows increasing interest in tomato
products with good nutritional characteristics. So, in the
present study, a PCA biplot was constructed in order to
determine the most suitable temperature range for produc-
ing dried tomato slices having higher amount of bioactive
compounds (such as ascorbic acid and lycopene) as-well-as
consumer acceptance related quality attributes (such as
sugar/acid ratio and red colour hue). Principal components

(PC) 1 and 2 together represented 99% of the total variance
with each PC accounting for 85% and 14% of the
variances, respectively (Fig. 5). The distinction between
the slices dried at different temperatures was clearly visible
as the points were well-spread within the group in the
biplot. Slices dried at 50 °C clearly showed better
performance in terms of higher ascorbic acid content,
sugar/acid ratio and red hue angle value, whereas those
tomato slices which were dried at 60 °C were able to
possess higher amount of lycopene. Such quality attributes
in the slices of 70 °C were severely affected by the high
drying temperature and as such, it was located far away
from the rest of the samples in the biplot.

Thus, the PCA biplot discriminates the quality parameters
of the tomato slices, dried at four different levels of
temperature, more explicitly by spreading the points in the
space across the two components (PC1 × PC2). The use of
multivariate approach also validates the fact that drying of
blanched tomato slices within a temperature range of 50–
60 °C will help in obtaining dry slices with optimum quality.

Conclusion

The drying temperatures were found to have a considerable
effect on the moisture loss rates of the blanched tomato
slices. Drying process occurred only in falling rate period
under all the studied temperatures and more than one falling
rate periods was also seen. Moisture removal from the
slices was governed by diffusion phenomenon, as no
constant drying rate period was observed. The effective
moisture diffusivity ranged from 0.545×10−9 to 2.387×
10−9 m2/s. The activation energy required to detach and
move the water out from tomato slices during the drying
process was found to be 61.004 kJ/mole. Under the
evaluated experimental conditions, the Logarithmic model
provided the best representation of drying kinetics of
blanched tomato slices, which was closely followed by
the Henderson–Pabis model. The changes in the quality
attributes of the dried tomato slices were dependent on the
drying temperature. The results of the analysis of quality
attributes of the dried slices, supported by PCA biplot
analysis, showed that hot air convective drying of blanched
tomato slices at 50 and 60 °C can help in providing superior
dried product in terms of colour and nutrient content, as
opposed to higher drying temperatures.
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