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Abstract Freeze-drying is a dehydration technique which,
from a sensory, nutritional and functional point of view,
provides high-quality powder products. Nevertheless, both
long processing times and high economic costs are required.
In this study, pre-drying the samples using hot air or micro-
wave has been considered in order to reduce the initial
product’s water content thereby shortening the freeze-
drying time so as to obtain high value products at a reduced
cost. The effect of dehydration pre-treatments on the kinet-
ics, antioxidant activity and solubility of freeze-dried kiwi-
fruit products was evaluated. Nine different thin-layer semi-
theoretical models were used to fit the drying data. Accord-
ing to the obtained results, the pre-treated samples exhibited
higher drying rates than the fresh sample. In turn, the dehy-
dration pre-treatments used did not affect the solubility or
the antioxidant activity of the samples.

Keywords Freeze-drying . Microwave . Hot air . Drying
kinetics . Antioxidant capacity . Solubility

Introduction

In recent years, consumer preferences seem to have changed
towards a greater consumption of processed fruit products.
Fruit juices, fruit purees and different forms of powdered
fruit products are being marketed due to an increased de-
mand for ready-to-eat foodstuffs. Thus, alternatives to

conventional processing technologies are being explored to
produce better quality products.

To date, dehydration is the method which has been most
commonly used to prolong the product’s shelf-life. However,
traditional drying conditions (high temperatures and long
times) have been reported to cause a dramatic loss in food
quality (Cano 1991; Vadivambal and Jayas 2007). Freeze-
drying (FD) emerged as an alternative drying method which
generates high-quality products with a very low moisture
content, good sensory and nutritional properties and a good
capacity for rehydration. However, since long processing times
and high operation costs are necessary to obtain freeze-dried
products with an adequate level of quality (Menlik et al. 2010),
in the last few decades, studies have been carried out into how
to reduce processing costs. Some of these studies have focused
on abolishing the cost of vacuum generation, others have tried
to reduce energy use by combining technologies during FD
operation and others have tried to shorten the processing time
by enhancing heat transfer (Pardo and Leiva 2010). In the
present research work, the use of combined technologies is
proposed. Both microwave drying (MW) and hot-air drying
(HA) can be applied to remove part of the product’s water
content prior to FD in order to produce high-quality, but low-
cost, powder products (Huang et al. 2011; Zhang et al. 2006).
In addition to the economic point of view, freeze-dried prod-
ucts are highly hygroscopic and are prone to suffering changes
in their physical properties brought about by the environment
and time. Therefore, adding solutes, such as arabic gum and
tricalcium phosphate, has been shown to be necessary in order
to increase the product stability by acting as a barrier to water
adsorption. The main benefits associated with their use are (a)
an increase in the glass transition temperature, (b) a reduction
in the hygroscopicity, (c) an increase in the viscosity of the
rehydrated product and (d) anti-caking properties (Cozic et al.
2009; Gabas et al. 2007; Ghosal et al. 2010; Jaya and Das
2009; Mosquera et al. 2010).
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On the other hand, the mathematical modelling of the
drying processes can play an important role in their de-
sign, control and optimization (Contreras et al. 2008;
Panchariya et al. 2002; Simal et al. 2005). In the field of
freeze-drying processing, there has, to date, been a lack of
theoretical analysis, modelling and simulation of the pro-
cesses. Fahloul et al. (2009), Daoussi et al. (2009), Xiang
et al. (2004) and Zhai et al. (2003) have published some
of the few results from research carried out in kinetics of
freeze-drying. Thin-layer drying models that describe the
drying phenomenon of agricultural materials can be clas-
sified into three categories: theoretical, semi-theoretical
and empirical (Akpinar 2006; Panchariya et al. 2002).
Theoretical models only take into account the internal
resistance to moisture transfer, while the external resis-
tance is considered by semi-theoretical and empirical
models (Panchariya et al. 2002). Most of the semi-
theoretical drying models are derived by simplifying gen-
eral series solutions of Fick’s second law, which has been
the most extensively investigated theoretical drying model
(Doymaz 2004, 2006; Panchariya et al. 2002). These
models are characterized by deriving a direct relationship
between the average water content and the drying time,
neglecting the fundamentals of the drying process and includ-
ing parameters with no physical meaning (Panchariya et al.
2002; Simal et al. 2005). By reviewing papers mentioned in
bibliography, it can be seen that semi-theoretical models
such as the Newton, the Page, the Henderson and Pabis,
the Lewis, the Logarithmic or the exponential model
have been widely used to describe dehydration process-
es (Akpinar 2006; Contreras et al. 2008; Doymaz 2006;
Togrul and Pehlivan 2003).

The aim of this work was to evaluate the advantages of
applying combined drying technologies in order to produce a
powder of kiwifruit, with added arabic gum and tricalcium
phosphate. Conventional freeze-dried product was compared
with the behaviour of samples obtained by applying micro-
wave or convective drying as a pre-treatment. In each case, a
kinetic study and some of the most important physicochemical
and functional properties of freeze-dried products were the
variables selected to compare the efficacy of the processes and
the quality of the product. The most adequate thin-layer semi-
theoretical model to fit the drying data was selected.

Material and Methods

Sample Preparation and Treatments

Kiwifruit (Actinida deliciosa var. Hayward) was purchased
from a local market in Valencia (Spain). Fruit pieces (°Brix
between 12.5 and 13.7) were peeled, washed with distilled
water and triturated in a Thermomix (TM 21, Vorwerk, Spain).

Kiwifruit puree was freeze-dried to produce kiwifruit pow-
der. The outline describing the experimental procedure is pre-
sented in Fig. 1. A kiwifruit puree layer (5 cm thickness) was
placed in a standardised aluminium plate (15 cm diameter and
5 cm length). Samples were stored in a CVF 525/86 cryo
freezer (−86 °C) (Ing. Climas, Spain) for 24 h before the
freeze-drying in a Lioalfa-6 Lyophyliser (Telstar, Spain) at
0.026 mBar and −56.6 °C for 48 h. The shelf temperature
was not controlled, and in order to facilitate the kinetic study,
the secondary drying was not favoured by changing the tem-
perature at the end of the process. Arabic gum (AG) (Sigma
CAS: 9000-01-5, Spain) and tricalcium phosphate (TCP) (Sig-
ma CAS: 7758-87-04, Spain) were added to the puree samples
prior to freezing. The quantities used were 1 kg arabic gum/kg
soluble solids of the liquid phase of the kiwifruit (Mosquera et
al. 2012) and 0.02 kg tricalcium phosphate/kg soluble solids of
the liquid phase of the kiwifruit (Cubero et al. 2002; Jaya and
Das 2009). Two drying methods were used to pre-treat the
kiwifruit puree prior to FD in order to reduce the initial water
content: MW and HA. According to preliminary experiments
(data not shown), the final water content was set at 65 g water/
100 g sample prior to solutes addition and freeze-drying pro-
cess. This moisture level led to a sample good in appearance
with a noticeable water loss without implying an excessively
long treatment time. To ensure this water content in the sam-
ples, its weight was recorded during the process. It allowed for
the calculation of the water content at different drying times
provided the initial moisture content is known (Eq. 1).

xtw ¼ m0 � x0w þΔm

mt
ð1Þ

where:

xtw Water mass fraction of sample at each drying time (in
grams water per gram product)

m0 Initial kiwifruit puree mass (in grams)
x0w Initial water mass fraction in the kiwifruit puree (in

grams water per gram product)
mt Sample mass at different drying times (in grams)
Δm mt−m0 (in grams)

Fresh kiwifruit puree (300 g) was placed in a standard
size recipient (25 cm diameter and 3 cm depth) made of
Teflon (Mecaplast, Spain) and aluminium for MW and HA
drying, respectively. A household microwave (model
3038GC, Norm, China), set at a microwave power of
600 W, and an oven (model, 5141 AFW2, Moulinex, Chi-
na), set at an air temperature of 40 °C and an air velocity of
1.5 m/s, were used to carry out the drying pre-treatments.
The processing conditions for both technologies (micro-
wave power (in watts) and air temperature (in degree Celsi-
us)) were selected by taking into account the minimal loss of
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antioxidant capacity obtained in preliminary experiments
(data not shown). The treated samples were immediately
cooled in ice water until the puree reached 30 °C. In this
way, the freeze-dried samples considered in the present
study were the non-pre-treated (F) and the microwave
(MWD) and hot-air (HAD) pre-dried purees (Fig. 1).

Freeze-Drying Kinetics: Mathematical Modelling

The freeze-drying kinetics of the fresh and pre-treated samples
were evaluated. In this sense, the water content and water
activity of freeze-dried samples were analysed at 4, 8, 12,
16, 20, 24, 30, 36, 42 and 48 h. The freeze-drying curves
obtained from the experimental water content of the samples
at different process times were fitted to nine different expres-
sions proposed by earlier authors (Table 1), which were tested
so as to select the best model with which to describe the
freeze-drying process for pre-dried and non-pre-dried kiwi-
fruit puree (Akpinar 2006; Doymaz 2004; Fahloul et al. 2009;
Panchariya et al. 2002; Togrul and Pehlivan 2003).

Data Analysis and Model Evaluation

The goodness of the fit between the experimental and pre-
dicted data was assessed by using the adjusted regression

coefficient (adjusted R2) (Eq. 2), the root mean square error
(RMSE) (Eq. 3) and the chi-square (χ2) (Eq. 4). The higher
the adjusted R2 value and the lower the RMSE and X2 values,
the better the fit.

Adjusted R2 ¼
m� 1ð Þ 1� SSQREGRESSION

SSQTOTAL

� �

m� jð Þ

2
4

3
5 ð2Þ

where

m Number of observations
j Number of model parameters
SSQ Sum of squares

RMSE ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
Pn
i¼1

MR;exp;i �MR;pre;i

� �2
s

n
ð3Þ

c2 ¼
Pn
i¼1

MR;exp;i �MR;pre;i

� �2

n� z

2
6664

3
7775 ð4Þ

Freezing (-86 ºC)

Freeze-drying (0.026 mBar, -56.6 ºC)

Kiwifruit powder 

HA (40 ºC and 1.5 m/s) MW (2W/g) 

AG+TCP Addition AG+TCP Addition 

HAD MWD

Drying pre-treatments 

AG+TCP Addition 

F

Kiwifruit pureeFig. 1 Flow diagram
explaining the procedure used
to obtain the different kiwifruit
powder products. AG arabic
gum, TCP tricalcium
phosphate, HA hot air drying,
MW microwave drying. Bold
letters (F, HAD, MWD)
correspond to the sample’s code
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In Eqs. (3) and (4), MR, exp,i is the experimental dimension-
less moisture ratio, MR, pre,i is the predicted dimensionless
moisture ratio, n is the number of observations and z is the
number of drying constants.

Analysis

All the samples were homogenized and analysed before and
after being pre-treated and freeze-dried as described below.
Each analysis was carried out in triplicate. The results are
expressed as the average obtained values with standard
deviation in brackets.

Physicochemical Properties

The water content (xw) was measured by drying the sample
until constant weight was reached at 60 °C in a vacuum oven
(AOAC 934.06, 2000). The soluble solids were determined by
measuring the °Brix in a previously homogenised sample using
a portable digital refractometer, Refracto 3PX, at 20 °C (Metler
Toledo, Switzerland). The water activity (aw) was measured by
using a dew point hygrometer (GBX FA-st lab, France).

Antioxidant Capacity Measurement

To determine the antioxidant capacity of kiwifruit puree, the
DPPH• radical scavenging capacity of kiwifruit extracts was
measured as described by Igual et al. (2010), with some
modifications. Kiwifruit puree was appropriately diluted with
methanol by mixing with external cooling for 30 s. The ho-
mogenate was centrifuged at 11,872×g for 10 min at 4 °C, and

the supernatant was collected. Aliquots of the kiwifruit extract
(0.03 mL) were combined with 3 mL of DPPH• 6.25×10−5M
in methanol. A Thermo Electron Corporation spectrophotom-
eter (USA) was used to measure the change in absorbance at
517 nm and 25 °C until the reaction reached a plateau (time at
the steady state). A control sample, where the kiwifruit puree
extract was replaced by DPPH• 6.25×10−5M in methanol, was
used to measure the maximum DPPH• absorbance. The per-
centage of DPPH• was calculated as indicated in Eq. 5:

DPPH� %ð Þ ¼ Ac � As

Ac
� 100 ð5Þ

where:

AC Absorbance of the control sample
AS Absorbance of the kiwifruit puree, treated or untreated,

at the time of the steady state

In order to express the antioxidant capacity in terms of
millimolar Trolox, a calibration curve was prepared by
measuring absorbance at 517 nm of different Trolox solu-
tions in the range of 0.3–3 mM.

Solubility Measurement

The mass fraction of the dissolved solutes (DS) was evalu-
ated so as to assess the sample solubility. This parameter has
been successfully used by other authors to measure the
quality of similar products (Fyfe et al. 2011; Schokker et
al. 2011). Both fresh and pre-treated samples which were
freeze-dried for 24 and 48 h were rehydrated following the
methodology described by Mimouni et al. (2009), with some
modifications. Distilled water was added to kiwifruit powder
(30 g) in a 100-ml glass beaker until the same soluble solid
content was reached as in the untreated kiwifruit puree.
Stirring was performed at constant speed (600 rpm) using
an electric overhead mixer (RET Basic, IKA, Spain) and
four-bladed propeller stirrer 25 mm in diameter (MAGP,
Labbox, Spain) for 1.5 h. Three different temperatures were
considered: 20, 30 and 40 °C. At the end of each rehydration
period, 3 g of the obtained suspension was sampled in
triplicate to determine the total solid content (TS). In turn,
samples of 15 g of the suspension were also transferred into
50 mL centrifugation tubes and centrifuged at 11,872×g for
10 min at 4 °C. The supernatant was then filtered (Whatman
nº 1 filter paper) under vacuum. After that, 3 g of the filtrate
was sampled in triplicate for the determination of the soluble
solid content (SS). Both TS and SS were determined by oven
drying (Vaciotem, J.P. Selecta, Spain) at 102 °C for 24 h. The
mass fraction of the dissolved solutes was calculated by
applying Eq. 6.

DS ¼ SS

TS
ð6Þ

Table 1 Thin-layer models fitted to freeze-drying curves

Model name Model equationa Model
parameters

Page MR ¼ exp �ktnð Þ k; n

Newton MR ¼ exp �ktð Þ k

Henderson and
Pabis

MR ¼ a exp �ktð Þ a; k

Logarithmic MR ¼ a exp �ktð Þ þ c a; k; c

Two-term MR ¼ a exp �k0tð Þ þ b exp �k1tð Þ a; k0; b; k1
Two-term
exponential

MR ¼ a exp �ktð Þ þ 1� að Þ exp �katð Þ a; k

Wang and
Singh

MR ¼ 1þ a � t þ b � t2 a; b

Verma et al. MR ¼ a exp �ktð Þ þ 1� að Þ exp �gtð Þ a; k; g

Midilli–Kucuk MR ¼ a exp �ktnð Þ þ bt a; k; n; b

a MR moisture ratioð Þ ¼ M�Me
M0�Me

, where M is the water mass fraction of
the sample after each drying time (in grams water per gram product),
Me is the water mass fraction of the sample at the end of the freeze-
drying process (in grams water per gram product) and M0 is the water
mass fraction of the sample before the freeze-drying process (in grams
water per gram product) and t is the freeze-drying time (per hour)
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Statistical Analysis

Analyses of variance (ANOVA), with one (drying pre-
treatment or added solutes) or two factors (kind of sample
and temperature of rehydration), were run to study the effect
of process variables (drying pre-treatment technology, time of
freeze-drying and solutes addition) on the measured proper-
ties. Means were compared by a significant difference test,
with a confidence level of 95 % (p<0.05), using the Stat-
graphics Centurion XV software program (StatPoint Technol-
ogies, Inc., Warrenton, VA, USA). Additionally, non-linear
regression analyses were carried out in order to estimate the
kinetic parameters using the SPSS Statistics 19 software pro-
gram (IBM SPSS, Inc., New York, NY, USA) and were based
on the Levenberg–Marquardt estimation method.

Results and Discussion

Kiwifruit Puree Characterization: Effect of Solute Addition
and Drying Pre-treatments

The antioxidant capacity and some physicochemical properties
of fresh kiwifruit were determined in order to control the fruit
which was used as raw material in the present study. The
average obtained values (and standard deviation) were 84.6
(0.8)g water/100 g product, 13.1 (0.6)g soluble solids/100 g
liquid phase of the product, water activity 0.982 (0.003) and a
radical scavenging capacity equivalent of 14.5mMof Trolox/g
of kiwifruit extract or 6.9 (1.3)mM of Trolox/ml of kiwifruit
extract. These values are close to those reported by other
authors (Antunes et al. 2010; De Ancos et al. 1999; Du et al.
2009; Fúster et al. 1994; Zolfaghari et al. 2010).

Kiwifruit puree samples were analysed after being pre-
treated in order to check that the obtained water content levels
before adding solutes were close to 65 g water/100 g product
(Table 2). Both drying pre-treatments and the addition of
solutes led to important variations in the physicochemical

properties of the puree. In both cases, samples showed the
expected reduction in moisture level and water activity and a
rise in ºBrix (p<0.05).

As regards the effect of the MWor HA drying technology
used on the time necessary to reach the set moisture level (65 g
water/100 g product), the MW treatment was much more
effective than HA drying (Table 2), since it shortened the
processing time by 92 %. Time reduction is often considered
one of the main advantages of microwave drying technology,
a fact which is frequently related to its high penetrative power
and its volumetric heating (Clary et al. 2007; Maskan 2001;
Vadivambal and Jayas 2007; Zhang et al. 2006).

Both MW and HA pre-treatments led to a significant re-
duction in the antioxidant capacity of kiwifruit puree samples
(p<0.05). Nevertheless, a residual antioxidant capacity of
82 % (6) was detected in MW pre-dried samples compared
with one of 66 % (3) in the case of HA pre-dried ones. The
greater duration of HA pretreatments (Table 2) could justify
this difference. High temperatures favour the reactions that
contribute to antioxidants compounds degradation; the greater
the exposure time, the greater the degradation. Consequently,
it can be assumed that microwave drying leads to a better
antioxidant capacity conservation if compared with conven-
tional technologies, such as hot-air drying.

Freeze-Drying Kinetic: Effect of Drying Pre-treatments

The contribution of microwave and hot-air drying pre-
treatments to the kiwifruit freeze-drying kinetic was evalu-
ated. Figure 2 shows the water activity and the water content
of the fresh and pre-treated kiwifruit samples during the freeze-
drying process. Along with the obtained data, the main mois-
ture reduction took place during the first 12 or 24 h of the
freeze-drying process for pre-treated MWD or HAD samples
and for the fresh kiwifruit sample, respectively. From that
moment onwards, the secondary drying is started and only a
slight water content variation of the samples was observed,
reaching a final water content level at the end of the entire

Table 2 Mean values and standard deviation in brackets of water
content (xw) (in grams water per 100 g product), water activity (aw)
and ºBrix (in grams soluble solids per 100 g liquid phase of the

product) in kiwifruit puree before and after the pre-treatment (micro-
wave (MW) and hot air (HA) drying and before and after arabic gum
(AG) and tricalcium phosphate (TCP) addition

Code Solutes xw aw ºBrix t

F – 84.6 (0.8)bz 0.982 (0.003)by 13.1 (0.6)ay –

AG+TCP 74.4 (0.2)a 0.978 (0.002)a 24.4 (0.1)b

HA – 65.6 (0.8)by 0.955 (0.002)bx 33 (2)ax 4.65 (0.07)
AG+TCP 50.2 (0.2)a 0.944 (0.004)a 49 (1)b

MW – 63 (1)bx 0.955 (0.003)bx 31 (3)ax 0.367 (0.006)
AG+TCP 48.5 (0.8)a 0.942 (0.001)a 50 (1)b

Drying time (t (in hours)) is included. Different (a, b) letters in columns indicate non-homogeneous groups established by the ANOVA (p<0.05)
when the effect of solute addition was evaluated. Different (x, y, z) letters in columns indicate non-homogeneous groups established by the ANOVA
(p<0.05) when pre-treatment effect was evaluated
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process (48 h) of 1.07 (0.06), 5.280 (0.007) and 4.5 (0.1) g
water/100 g product in F, MWD and HAD samples, respec-
tively. These results underline the fact that, although a shorter
time was necessary to reduce the water content in pre-treated
samples, at the end of the FD treatment, the water content of
MWD and HAD samples was not as effectively reduced as in
the F sample. Water activity data corroborated the same behav-
iour (Fig. 2). This can be linked to the cryoprotective role
played by the partial dehydration of the samples, in which a
smaller amount of ice per gram of the water present is formed
during the freezing step prior to freeze-drying (Fabra et al.
2009). In fact this cryoprotective effect is confirmed in kiwifruit
samples when the glass transition temperature of the maximally
cryoconcentrated matrix is analysed, this being −52, −58 and
−60 °C for F, MWD and HAD samples, respectively (own
data). Although these values correspond to kiwifruit without
solutes added, a similar tendency in the actual samples could be
expected.

To analyse the freeze-drying kinetic of the samples, the
moisture ratio was calculated (as indicated in Table 1) and
plotted vs. time to obtain freeze-drying curves. Nine differ-
ent models were used to fit experimental data, and the
values of the corresponding constants appear in Table 3.
Of these, the model with the highest adjusted R2 value and
the lowest RSME and χ2 values would be the one that best
explained the thin-layer drying characteristics. In this study,
the adjusted R2 and RMSE values were taken as the primary
selection criteria. The results of the statistical computation
undertaken to assess the consistency of the evaluated mod-
els are presented in Table 4. As can be observed, MWD
samples showed lower adjusted R2 and higher RMSE than F
and HAD samples for all the studied models. This could be
connected to the greater and more heterogeneous structural
damage occurred due to microwave application (Contreras et
al. 2007). Even though all the models were shown to fit the
experimental data appropriately, the models which best de-
scribed the freeze-drying process for F, MWD and HAD puree

were the Page, logarithmic and Midilli–Kucuk models, re-
spectively. These three models coincided very closely with
the experimental data, as can be deduced from the RMSE and
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Fig. 2 Experimental water content (a) and water activity (b) of kiwifruit puree samples (F ( ), MWD ( ) and HAD ( )) during freeze-drying

Table 3 Values of the constants of the different thin-layer semi-
theoretical models fitted to the freeze-drying curves obtained for the
fresh (F), microwave pre-dried (MWD) and hot-air pre-dried (HAD)
freeze-dried kiwifruit puree

Model Constant Code sample

F MWD HAD

Page n 0.028 0.168 0.124

k 1.454 0.806 0.886

Newton n 0.090 0.108 0.095

Henderson and Pabis k 0.095 0.109 0.096

a 1.056 1.007 1.007

Logarithmic k 0.087 0.149 0.125

a 1.084 0.948 0.952

c −0.037 0.093 0.085

Two-term a 2.751 0.977 1.017

k0 0.065 0.141 0.109

b −1.706 0.062 0.012

k1 0.052 −0.011 −0.048

Two-term exponential a 0.090 0.197 0.158

k 1.026 0.388 0.427

Wang and Singh a −0.061 −0.064 −0.062

b 0.001 0.001 0.001

Verma et al. a 22.293 0.053 0.009

k 0.175 −0.014 −0.054

g 0.183 0.134 0.104

Midilli–Kucuk a 0.984 1.020 1.009

k 0.024 0.076 0.064

n 1.527 1.252 1.244

b 0.0004 0.003 0.003

The models which fitted the best are in bold for each sample
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χ2 values shown in Table 4, and can be considered to provide
an appropriate description of the freeze-drying process of
kiwifruit puree with or without the application of a drying
pre-treatment. The experimental and predicted freeze-drying
curves provided by the three selected models are presented in
Fig. 3. Other authors have found that these three models
adequately explain the drying kinetic of apricot, apple, straw-
berry, potato, pumpkin and corn when they were subjected to
freeze-drying, microwave or hot-air drying processes (Akpinar
2006; Contreras et al. 2008; Doymaz and Pala 2003; Igual et al.
2012; Togrul and Pehlivan 2003).

Page’s model was chosen from the three mentioned above to
compare the samples’ drying constants. In the first place, this
model has shown itself to be suited to describe the drying
kinetics of a wide number of products of vegetable origin, such
as kiwifruit, apple, apricot, mint leaves, strawberry and grapes
(Contreras et al. 2008; Doymaz and Pala 2003; Igual et al.
2012; Karathanos and Belessiotis 1999; Simal et al. 2005;
Therdthai and Zhou 2009). In second place, with respect to
the other two selected models, it is the one that requires the
lowest number of constants to describe the kinetics of the
process. According to Pina-Pérez et al. (2007), models should
be as simple as possible to ensure they are not only easy to use
but easy to fit and in order to avoid errors associated with
overparameterization. The kinetic parameters obtained from
the fit of the Page model (Table 3) were within the range
commonly observed for different agricultural products
(Contreras et al. 2008; Igual et al. 2012; Fahloul et al. 2009;
Karathanos and Belessiotis 1999; Prabhanjan et al. 1995). The
n parameter was introduced in the Page model to overcome the
shortcoming of the exponential model and represents an em-
pirical modification of the processing time (Doymaz 2004;
Simal et al. 2005). According to Simal et al. (2005), some

authors have related the value of this parameter to the existence
of an outer skin of the dried product, and it has been reported to
be higher for products with a thicker skin, while others con-
cluded that it was a function of air velocity and the initial water
content. In our case, the n value was affected by the application
of drying pre-treatments and was higher in the fresh sample. On
the other hand, the k parameter has traditionally been linked to
the drying rate of the process, so that the higher the k value, the
higher the drying rate and, consequently, the shorter the process
time (Karathanos and Belessiotis 1999; Contreras et al. 2008).
According to Karathanos and Belessiotis (1999), the value of
the k parameter can be linked to the food composition, porosity
and the existence of an outer skin. In this study, the k value was
found to be higher for both microwave and hot-air pre-treated

Table 4 Values of the adjusted regression coefficient (R2), root mean
square error (RMSE) and chi-square (χ2) of the different thin-layer
semi-theoretical models fitted to the freeze-drying curves obtained for

the fresh (F), microwave pre-dried (MWD) and hot-air pre-dried
(HAD) freeze-dried kiwifruit puree

Model Sample code

F MWD HAD

R2 RMSE χ2 R2 RMSE χ2 R2 RMSE χ2

Page 0.9903 0.0012 1.751×10−5 0.9118 0.0082 4.696×10−4 0.9551 0.0042 3.148×10−4

Newton 0.9696 0.0037 2.214×10−4 0.9140 0.0081 4.516×10−3 0.9572 0.0040 2.081×10−3

Henderson and Pabis 0.9700 0.0037 2.581×10−4 0.9045 0.0089 4.598×10−3 0.9528 0.0044 2.322×10−3

Logarithmic 0.9697 0.0037 1.028×10−6 0.9381 0.0058 1.380×10−6 0.9783 0.0020 5.672×10−6

Two-term 0.9697 0.0047 9.721×10−5 0.9299 0.0066 5.218×10−6 0.9808 0.0018 7.266×10−5

Two-term exponential 0.9662 0.0042 2.567×10−4 0.9060 0.0090 1.138×10−3 0.9597 0.0045 4.629×10−4

Wang and Singh 0.9751 0.0030 1.384×10−4 0.7975 0.0190 2.939×10−3 0.9066 0.0087 7.349×10−4

Verma et al. 0.9751 0.0033 8.771×10−6 0.9364 0.0060 1.812×10−5 0.9818 0.0017 1.027×10−4

Midilli-Kucuk 0.9894 0.0013 6.970×10−5 0.9351 0.0061 5.862×10−4 0.9883 0.0011 6.262×10−5

The models which fitted the best are in bold for each sample
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Fig. 3 Freeze-drying curves for kiwifruit puree samples. Experimental
and predicted moisture ratio (Table 1) by using the model which fitted
the best for fresh (experimental ( ) Page’s model ( )), micro-
wave pre-dried (experimental ( ), logarithmic model ( )) and
hot-air pre-dried (experimental ( ), Midilli–Kucuk model ( ))
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samples than for the non-pre-treated puree. This indicates that
the application of drying pre-treatments led to a faster freeze-
drying of the samples, especially those subjected to MW dry-
ing, whose k value was six times higher than that of the fresh
sample and 1.4 times higher than that of the HAD sample. This
fact could be explained by the structure loss suffered by the cell
walls which probably happens as a consequence of the appli-
cation of a drying pre-treatment, which can reduce the water
loss resistance (Maskan and Gögus 1998). This effect is greater
when the MW treatment is applied due to the higher tempera-
ture reached in the sample and in the inner part of its structure.
This leads to internal water evaporation which increases the
porosity of the samples that also contributes to the greater
structural damage (Contreras et al. 2007).

Effect of the Combined Drying Treatments on the Quality
of the Kiwifruit Powder Products

The quality of the different kiwifruit powder products was
evaluated through their solubility and their subsequent anti-
oxidant activity. A review of the papers mentioned in bibliog-
raphy points to the fact that solubility is the most widely
assessed quality attribute of food powder (Marques et al.
2009; Troygot et al. 2011), and it depends directly on the
drying technology used during product processing (Agnieszka
and Andrzej 2010). On the other hand, the antioxidant capac-
ity is considered as a relevant quality parameter in processed
fruit since it is normally connected to the desirable properties
associated with the regular intake of vegetable products
(Beekwilder et al. 2005; Lu et al. 2011).

Figure 4 shows, at different temperatures, the mass fraction
of the dissolved solutes of the samples which were freeze-dried
for 24 h (a) and 48 h (b). At 20 °C, the samples freeze-dried for
24 h showed greater solubility than those freeze-dried for 48 h.
Even though statistically significant differences were found in
the DS values due to the rehydration temperature and the type
of sample (p<0.05), the results did not show a clear trend and
the significance could be explained by the highly reduced

variability of the obtained data. On the whole, powder products
that were freeze-dried for 24 h showed excellent solubility
(0.88–0.93), which did not seem to be influenced either by
the temperature or the application of a pre-treatment. However,
in the case of samples freeze-dried for 48 h, lower DS values
were generally achieved (0.72–0.92). In this case, significant
differences were observed in DS values (p<0.05) in terms of
the rehydration temperature, sample and the interaction of both
factors. Generally, these samples exhibited lower solubility at
20 °C which increased when higher temperatures were used.
Hence, from the rehydration point of view, it would be recom-
mended to freeze-dry the kiwifruit puree for 24 h instead of
48 h. Taking these results into consideration, the effect of
temperature rehydration as well as pre-treatment application
on the antioxidant capacity was exclusively studied in samples
that were freeze-dried for 24 h, as shown in Fig. 5. The
antioxidant capacity of the kiwifruit puree rehydrated at 20 °C
was found to be significantly lower than that analysed when the
rehydration was carried out at a higher temperature (p<0.05).
This fact could be linked to the greater availability of the
bioactive compounds at higher temperatures (Turkmen et al.
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Fig. 4 Mass fraction of dissolved solutes (DS) of F ( ), MWD ( ) and HAD ( ) samples at different temperatures (20, 30 and 40 °C) and freeze-
drying times (24 h (a) and 48 h (b))
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2005). Despite the fact that the antioxidant capacity of the
samples was reduced because of pre-treatment application, at
none of rehydration temperature were any significant differ-
ences found between the freeze-dried samples (p<0.05). This
fact can be explained by the higher stability of phenolic com-
pounds in the pre-treated samples. Although drying pre-
treatments might be responsible for the deterioration of a frac-
tion of bioactive compounds, they can also inactivate enzymes
related to the loss of antioxidant compounds, such as peroxi-
dase and polyphenoloxidase (Dewanto et al. 2002; Turkmen et
al. 2005).

Conclusion

The use of a freeze-drying process in combination with
other drying technologies, especially microwave, can be
considered a good alternative means of reducing the oper-
ating costs of freeze-drying without causing serious dam-
ages to the rehydration and antioxidant capacity of the
product. However, some attention has to be paid to the
processing conditions of the pre-drying treatments in order
to obtain enough dried powder products. Freeze drying for
just 24 h and rehydrating at 30 °C may be recommended as a
means of increasing the mass fraction of dissolved solutes
and the antioxidant capacity of the obtained product.
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