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INTRODUCTION

Walnut (Juglans regia L.), a member of  the Juglandaceae 
family, is mostly cultivated in the countries of  Northern 
hemisphere, such as China, USA, Iran, and Turkey. China 
produced about 1.7 Mt of  walnuts in 2013, which was 
approximately 50% of  the world’s walnut production 
(FAOSTAT, 2014). Walnut kernels are nutrient-rich 
food mainly due to its high biological-value proteins 
(low lysine/arginine ratio), high levels of  oil (60 g/100 g 
on average mainly polyunsaturated fatty acids, PUFA) 
and antioxidants (phytosterols and polyphenols) 
(Li et al., 2007; Shimoda et al., 2008; Venkatachalam 
and Sathe, 2006). Generally, the moisture content (MC) 
of  fresh walnuts is more than 20%, dry basis (d.b.), 
after harvesting. Walnuts are susceptible to decay and 
germination during storage due to high water and fat 
contents, and high lipase activities (Ma et al., 2013). After 
harvesting, fresh walnuts must be dried to 8.0% and 5.0% 
(d.b.) MC of  whole nuts and kernels, respectively, for 
long-term storage in ambient environment (Amaral et al., 
2003). Therefore, developing an effective drying method 

for in-shell walnuts is a major postharvest processing 
concern in the nut industry.

Dehydration reduces water activity and usually extends 
shelf  life of  perishable agricultural products. During the 
past few years, the convective drying, fluidized bed drying, 
and microwave drying technologies have been studied for 
several seeds and nuts. For example, Guine et al. (2011) 
reported the convective drying of  pumpkin by different air 
temperatures, ranging between 30 °C and 70 °C. Hassan-
Beygi et al. (2009) determined drying characteristics of  
walnuts during convective drying at air temperatures of  
32 °C and 43 °C and two air velocities of  1 and 3 m/s. 
Ozahi and Demir (2014) conducted a fluidized bed 
drying test of  unshelled pistachio nuts with different hot 
air velocity, pressure, temperature and moisture content. 
Silva et al. (2006) developed microwave assisted drying 
processes for macadamia nuts. Recently, Marra et al. (2010), 
Pace et al. (2011) and De Bonis et al. (2015) reported 
the effects of  microwave exposure with enhanced heat 
convection on drying performance. Unfortunately, each 
of  these methods has its limitations in terms of  efficiency 
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or cost. For example, hot airflow drying takes a long time 
and has low energy efficiency, especially during the falling 
rate periods. A major drawback in microwave drying is the 
inherent non-uniformity of  the electromagnetic field within 
a microwave cavity and usually in small scale because of  a 
limited penetration depth (Zhang et al., 2006). Thus, it is 
desirable to develop an effective, practical and economically 
viable method for drying in-shell walnuts.

Novel thermal treatment technology, such as radio 
frequency (RF) energy, can directly interact with 
commodities to generate heat quickly and volumetrically, 
and thus significantly reduce heating time or raise heating 
rate so as to avoid quality losses caused by slow heating 
or overheating in conventional thermal treatments (Marra 
et al., 2009). Many studies have explored the possibility of  
using RF energy for disinfesting products (Hou et al., 2014; 
Wang et al., 2007a, b; Zhang et al., 2015) and pasteurization 
(Gao et al., 2010; Kim et al., 2012; Michael et al., 2014). RF 
heating technology combined with vacuum has also been 
used for drying wood products (Leuca et al., 2014; Liu et al., 
2014). Especially recently, Wang et al. (2014) developed hot 
air-assisted RF (HARF) drying protocols and determined 
the RF drying uniformity for in-shell macadamia nuts. But 
this study did not evaluate the nut quality in storage period 
after RF drying. Since walnut kernels contain substantial 
quantities of  triacylglycerols and polyunsaturated fatty acids, 
and thus could be susceptible to oxidative and hydrolytic 
rancidity, commercially viable RF drying treatments must 
retain walnut quality in a long storage period. Therefore, 
it’s important to develop effective and practical RF drying 
protocols for in-shell walnuts.

The objectives of  this research were to (1) select a suitable 
electrode gap and hot air temperature for RF drying 
walnuts, (2) compare the MC changes of  walnuts as a 
function of  drying time between the RF drying and hot 
air (HA) drying, and determine suitability of  drying curves 
using five common kinetic models, and (3) evaluate effects 
of  RF drying on quality and storage stability of  walnuts 
during accelerated shelf  life tests.

MATERIALS AND METHODS

Material and HARF heating system
Fresh walnuts (Juglans regia L.) with variety of  Yi-Ke-Shu 
were purchased from a local grocery store in Yangling, 
Shaanxi, China. After dehulling, only the uniform size 
(the diameter of  0.0356 ± 0.0025 m) nuts were used in 
this study. To prevent moisture loss during storage, the nut 
samples were packed and vacuum-sealed into aluminium 
bags stored in a refrigerator (BD/BC-297KMQ, Midea 
Refrigeration Division, Hefei, China) at 4 ± 1°C before the 
tests. The initial MC of  walnuts was determined according 
to a modified AOAC Official Method 925.40 (AOAC, 
2002). Walnut samples were placed in a vacuum oven 
(DZX-6020B, Nanrong Lab equipment Inc., Shanghai, 
China) at 100 ± 2°C and 21 kPa for 7 h, then the samples 
were placed into a desiccator with CaSO4 (Calcium 
sulphate) for cooling, and the sample weight was recorded 
at room temperature. The average initial MCs were 22.4%, 
18.7%, and 20.1% d.b. for shell, kernel and whole nuts, 
respectively. Before each test, walnut samples sealed in 
the bag were placed in an incubator (BSC-150, Boxun 
Industry and Commerce Co., Ltd, Shanghai, China) for 
12 h to have a uniform initial temperature of  25 ± 0.5°C 
prior to RF heating.

A 6 kW, 27.12 MHz free-running oscillator RF system 
(SO6B, Strayfield International, Wokingham, UK) 
associated with a hot air system supplied by a 6 kW electric 
heater (Fig. 1) was used to dry walnuts. To improve heating 
uniformity and drying efficiency of  nut samples, forced hot 
air was added from the air distribution box at the bottom 
electrode into the RF cavity at a velocity of  1.6 m/s, as 
measured by an anemometer (DT-8880, China Everbest 
Machinery Industry Co., Ltd., Shenzhen, China). The 
interior of  the products was quickly heated by RF energy to 
the evaporation temperature and the vapour could be forced 
outwards thus permitting the hot air to remove water from 
the surface. The RF power coupled into the walnut samples 
was adjusted by changing the gap between the top and 
bottom electrodes to achieve an appropriate heating rate.

Fig 1. Schematic drawing of the free-running oscillator 6 kW, 27.12 MHz RF system showing the plate electrodes, conveyor belt, the hot air 
system and the fibre optic sensors (Adapted from Wang et al., 2010).
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Determining the electrode gap and hot air temperature
Different electrode gaps in the RF system result in 
corresponding electric current and thus RF output power. 
The electric current (I, A) was displayed on a console of  the 
RF system, and used to estimate the output power (P, kW) 
of  the RF system to reach the sample with a relationship 
(P = 5 × I − 1.5) provided by the manufacturer (Jiao et al., 
2012). In-shell walnut samples were placed in a plastic 
container (30.0 cm × 22.0 cm × 7.0 cm) (Fig. 2) made of  
polypropylene with perforated side and bottom walls, which 
allowed hot or room air to pass through the samples for 
heating or cooling. To determine the appropriate electrode 
gap, the plastic container filled with and without 1.6 kg 
of  walnuts was placed on the conveyor above the bottom 
electrode. After the RF power was turned on without hot 
air heating and movement, the electric current was recorded 
when the electrode gap was reduced from 19.0 to 9.0 cm 
with a distance interval of  1.0 cm. Each test was repeated 
twice. Based on the electric current values, three electrode 
gaps (17.0, 18.0, and 19.0 cm) were selected for further 
drying tests.

Different electrode gaps and temperatures of  auxiliary hot 
air are important factors of  the RF system to influence 
heating and drying rates. To determine an effective RF drying 
protocol for quickly drying and ensuring product quality, 
three hot air temperatures (40, 50, and 60°C) (Table  1) 
were chosen as HARF heating tests under the previously 
selected three electrode gaps. The plastic container loaded 
with 1.6 kg of  walnut samples was placed on the centre of  
the bottom electrode and subjected to HARF heating. The 
sample temperatures at six positions of  the container (Fig. 2) 
were measured using a six-channel fibre-optic temperature 
sensor system (HQ-FTS-D120, Heqi Technologies Inc., 
Xian, China) with an accuracy of  ± 0.5°C. The probe 
was inserted into walnut kernels through predrilled holes. 
Temperatures were sampled every 1 s and recorded every 
4 min over 60 min. Average and standard deviation values 
in the temperature of  the RF heated samples over the six 
locations were compared to determine a suitable electrode 
gap and hot air temperature that might yield minimum 
sample temperature variations for further RF drying tests.

HARF drying test
Based on the test results described above, an optimal 
electrode gap (18.0 cm) and hot air temperature (50°C) were 
selected. The plastic sample container loaded with 1.6 kg 
of  walnuts was placed on the bottom electrode plate for 
drying tests. The container was taken out of  the RF system 
every 10 min in the whole process of  the drying test until 
the sample MC reached about 8.0% (d.b.). The surface 
temperature and weight of  samples were measured and 
recorded immediately. The surface temperature of  walnuts 
in the container was measured by an infrared camera (FLIR 

A300, FLIR Systems AB, Sweden) having an accuracy ± 
2°C. From each of  the thermal images, 35,298 individual 
surface temperature data points were collected and used 
for statistical analyses. The sample weight in the container 
was measured by an electronic balance (PTX-FA210, 
Huazhi Scientific Instrument, Co., Ltd. Fuzhou, China) 
with a sensitivity of  0.01 g. Each measurement took less 
than 1 min, and the samples in the container were placed 
back into the RF cavity for further heating under the same 
conditions. The drying tests were conducted in triplicate.

During the drying, the heat generation in walnuts due to 
absorbed RF energy could be defined as (Wang et al., 2001):

P f "E= 2 0
2π ε ε � (1)

where P is the energy conversion per unit volume (W/m3), 
E is the electric field strength in the material (V/m), f is 
the frequency of  electromagnetic waves (Hz), ε0 is the 
permittivity of  free space or vacuum (8.854×10−12 F/m), 
and ε″ is the relative dielectric loss factor of  walnuts.

In the whole drying, energy exchange could be defined as 
(Wang et al., 2014):

Fig  2. The plastic container with six fibre-optic probe locations for 
sample temperature measurements (all dimensions are in cm).

Table 1: Walnut temperatures during hot air‑assisted RF 
heating as influenced by electrode gaps and air temperatures
Electrode 
gap (cm)

Air 
temperature 

(°C)

Average 
heating rate 
(°C/min) for 

the first 20 min

Sample temperature 
(°C, average±SD) 
during RF heating 

between 20 and 60 min
17.0 40 2.13 76.24±3.65
17.0 50 2.65 85.83±2.94
17.0 60 3.30 96.90±2.24
18.0 40 1.94 71.04±2.98
18.0 50 2.38 79.61±2.72
18.0 60 2.72 88.72±3.31
19.0 40 1.53 64.99±3.79
19.0 50 1.98 73.55±3.49
19.0 60 2.57 83.01±2.50
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P P P PTem RF air vapor= + −
� (2)

where PTem is the net energy accumulated in walnut samples 
(W/kg), PRF is the energy input due to RF heating (W/kg), 
Pair is the energy exchange due to the HA heating (W/kg), 
and Pvapor is the energy loss due to moisture evaporation 
(W/kg).

Hot air drying test
The highest temperature (80°C) in the HARF drying test 
was selected to study HA only drying and compare with 
the HARF drying. The walnut surface temperature and 
weight in the container were measured every 30 min using 
the same method as described above. The HA drying tests 
also continued until the MC reached about 8.0% (d.b.). The 
tests were repeated for three times.

Drying kinetics
Five common drying kinetic models were used for 
mathematical modelling of  the drying curves of  walnut 
samples and listed in Table  2. The parameters of  the 
drying equations were estimated by regression analysis 
using the Statistical Package for the Social Sciences (SPSS) 
(version 16.0, SPSS, Inc.). The goodness-of-fit of  different 
models was evaluated with the determination coefficient 
(R2), mean relative deviation (MRD), and standard error of  
estimate (SEE). The moisture ratio (MR) versus time was 
plotted to obtain the drying rate constant of  each model, 
and is defined as:

MR M M
M M

t e

e

=
−
−0 � (3)

where MR is moisture ratio (dimensionless), Mt is the MC 
(% d.b.) at time t (min), M0 is the initial MC (% d.b.), and 
Me is the equilibrium sample MC estimated to be 1.8% d.b. 
by preliminary tests.

The MRD is defined as:
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The SEE is defined as:
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where MR is the measured moisture ratio, MR

^  the 
predicted moisture ratio, N the number of  data points, 
and df the degrees of  freedom of  the regression model 
(number of  data points minus number of  constants in 
the thin layer model).

Quality analyses and storage test
The quality of  walnuts was evaluated during the drying 
process and after accelerated storage tests, respectively. 
The peroxide value (PV), free fatty acid (FFA) and colour 
(L value) of  walnut kernels were selected as major parameters 
for quality analysis. For drying processes, the quality analysis 
was conducted at 0, 50, and 100 min, and 0, 50, 100, 150, 
200, and 240 min during HARF drying and HA only drying, 
respectively. For storage tests, HA and HARF treated walnuts 
(400 g) were packed individually in 2 bags and stored in the 
incubator set to 35 ± 0.5 °C with 30% relative humidity (RH) 
for 20 days to simulate commercial storage at 4 °C for 2 years 
(Wang et al., 2002). The samples were taken out every 10 days 
for quality evaluations. The tests were conducted in triplicate.

The PV and FFA values were determined using methods Cd 
8-53 and Ca 5a-40 of  the American Oil Chemists Society 
(AOCS, 1998a, b). The detailed measurement procedures 
and calculations of  PV and FFA have been reported in 
Wang et al. (2001) and Ling et al. (2014).

The colour analysis was performed using a computer vision 
system (CVS), composed of  a lighting system, a Cannon 
EOS 600 Digital camera with 1800 megapixel resolution 
and EF-S 18-55 mm f/3.5-5.6 Zoom Lens, and a computer 
with image-processing software. Walnut samples were 
placed in a plastic Petri dish (9 cm diameter) at the bottom 
of  a shooting tent to capture colour images. The change in 
kernel colour values was only analysed for L values (Wang et 
al., 2007b), and an Adobe Photoshop CS3 (Adobe Systems 
Inc., USA) system was used to obtain colour values (L). 
Finally, the colour values (L) obtained from Photoshop 
were converted to CIE LAB (L*) values using the following 
equation (Hou et al., 2014; Wang et al., 2007b):

L L
.

∗ =
2 5 � (6)

Statistical analysis
Data were reported as mean ± standard deviation of  
replicated measurements. Significant differences (p < 0.05) 
among means were determined by analysis of  variance and 

Table 2: Kinetic models applied to the drying curves (Silva 
et al., 2006; Tarigan et al., 2007)
Models Equations
Page MR = exp(–ktn)
Newton MR = exp(–kt)
Henderson and Pabis MR = a exp(–kt)
Logarithmic MR = a exp(–kt) + c
Wang and Singh MR = 1+ at + bt2
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Tukey’s test in the statistical software SPSS 16.0 version 
(SPSS Inc., Chicago, IL, USA).

RESULTS AND DISCUSSION

The electric current under different gap
Fig. 3 shows the relationship between the electrode gap 
and electric current for the RF treatments with or without 
loads (walnuts). Without walnuts, the electric current 
fluctuated in a narrow range around 0.3 A as electrode 
gap was varied. With walnuts, electric current almost kept 
constant around 0.32 A as electrode gap decreased from 
19 cm to 14 cm and there after rapidly increased from 
0.34 A to 0.51 A when the electrode gap decreased from 
14.0 cm to 9.0 cm. Similar trends were also observed by 
Wang et al. (2010), Gao et al. (2010) and Hou et al. (2014). 
To obtain acceptable product quality and suitable heating 
rate, three electrode gaps (17.0, 18.0, and 19.0 cm) were 
selected for further tests.

Selection of electrode gap and hot air temperature 
for HARF drying
Fig.  4 shows the temperature-time histories of  walnuts 
with three electrode gaps (17.0, 18.0, and 19.0 cm) when 
subjected to hot air (40, 50, and 60 °C) assisted RF 
heating. At the first 40 min of  heating time, the average 
temperatures rapidly increased with increasing heating 
time. For a given electrode gap, as hot air temperature 
increased, the heating rate and the maximum temperature 
value tended to increase. Since the absorbed RF power 
was balanced by the latent heat of  water evaporation after 
heating for 40 min, the sample temperature was maintained 
at a fairly constant value. Finally, the sample temperature 
began to decline slowly due to reduced RF power absorbed 
by the walnut samples with the reduced MC. Similar trends 
were also observed by Wang et al. (2014b) who used HARF 
drying for in-shell macadamia nuts. To obtain the required 
drying rate and avoid nut quality degradation, a process that 
combined an electrode gap of  18.0 cm with 50 °C hot air 
was selected for further drying tests.

Drying curves
Fig. 5 shows the MC as function of  drying time for the 
HARF drying. At the first 40 min of  HARF drying, the 
sample weight or MC was reduced rapidly and the drying 
rate reached the maximum level. The drying rate gradually 
decreased when the drying time increased from 40 min to 
100 min. After RF drying for 100 min, the target MC of  
whole nuts was achieved to be 8.0% (d.b.).

Fig. 6 shows a typical drying curve when using hot air at 
80°C. The drying rate was much slower than that in HARF 
drying, resulting in a longer drying time (240 min) to reach 

the target MC of  8.0% d.b. for whole nuts and 5.0% d.b. 
for kernels (Fig.  6a). The sample surface temperature 
gradually increased with drying time but was always below 

Fig 3. Electric current of the radio frequency system as a function of 
electrode gap.

Fig 4. Average and standard deviation values of walnut temperatures 
over six locations with electrode gaps of 17.0 cm (a), 18.0 cm (b), and 
19.0 cm (c) when subjected to hot air (40, 50, and 60°C) assisted radio 
frequency drying.

c

b

a
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the hot air set point (80°C). The drying curve exhibited 
a typical profile for traditional HA drying (Fig. 6b), and 
was similar to that observed in industrial convection 
drying of  walnuts (Hassan-Beygi et al., 2009). The HARF 

drying rate (Fig. 5b) was faster when compared to HA 
drying alone (Fig. 6), since a positive temperature gradient 
remained due to RF heating and thus the vapour pressure 
gradient from the sample centre towards the surface 
enhanced the drying process (Feng et al., 2001; Wang 
et al., 2014b).

The RF drying process could be divided into two stages 
(Fig.  6): stage I is an acceleration drying stage (from 
0 min to 40 min) when the walnut temperature gradually 
reached to a maximum value; stage II is a deceleration 
drying stage (from 40  min to 100  min) when walnut 
temperatures were maintained stably. At stage I, since 
evaporation was still low as the drying process began, 
the energy gained from RF and hot air was higher than 
the energy loss for moisture vaporization, and the nut 
sample temperatures increased from an initial value (25°C) 
to a maximum value (81.9°C) (Fig. 5a). However, with 
increasing sample temperature and evaporation rate, the 
heating rate gradually decreased (Fig.  5b). During this 
stage I, the RF heating contributed the greatest energy 
due to the high loss factor of  high moisture nut samples 
(Wang et al., 2003). At stage II, heat loss from water 
evaporation was balanced with input RF energy, so the 
sample temperature remained almost stable (Ptem ≈ 0). In 
addition, with the increase of  the drying time, the drying 
rate was gradually reduced due to the continuous moisture 
loss in walnut samples. A similar result was found in RF 
drying of  in-shell almonds and macadamia nuts (Gao 
et al., 2010; Wang et al., 2014b).

Drying kinetics of HARF heated walnuts
The MR versus drying time obtained from HARF drying 
was fitted with the five kinetic models. The model 
parameters were determined by applying the nonlinear 
regression to obtain data as listed in Table 3. The results 
of  these models include the estimated values and standard 
deviations of  the model parameters with determination 
coefficient (R2), mean relative deviation (MRD), and 
standard error of  estimate (SEE). The best model was the 
Page model, with R2, MRD and SEE values of  0.998, 0.016, 
and 0.094, respectively. On the other hand, the model with 
the worst fit was that of  Newton, with R2 of  0.967. Thus, 
the Page model is listed below to best describe the drying 
kinetics of  nuts under HARF heating:

MR . t .= −( )exp 0 002 1 369

� (7)

Quality analysis of nuts during drying and storage
Table  4 shows the results of  walnut quality evaluations 
during the drying periods. With increasing drying time, the 
PV, FFA and kernel colour L-values fluctuated in a narrow 

Fig 5. Drying curve (a) with average sample surface temperatures and 
drying rate (b) when subjected to hot air (50°C) assisted radio frequency 
drying with an electrode gap of 18.0 cm

b

a

Fig 6. Drying curve (a) and rate (b) when subjected to hot air drying 
with a temperature of 80°C.

b

a
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range both for HA and HARF dried nuts. A significant 
difference (P < 0.05) was only observed for HA drying 
time increased to more than 200  min. There was no 
significant difference between HA and HARF dried nuts 
for the selected quality attributes (PV, FFA and kernel 
colour L-values) during the same drying time (P > 0.05). 
However, the final mean PV value of  HARF dried walnuts 
significantly lower than HA dried walnuts, since HARF 
drying rate was faster than that in HA drying.

Table  5 shows the result of  walnuts storage quality 
characteristics after HA drying and HARF drying. During 
entire accelerated shelf  life storage test, the PV values of  
HARF dried walnuts significantly lower than HA dried 
walnuts (P < 0.05). However, there was no significant 
difference between HA and HARF dried nuts for FFA and 
kernel colour L-values during the storage time (P > 0.05). 
For both HA and HARF dried walnuts, the final PV, FFA 
and kernel colour L-values in the study remained within 
the acceptable range (PV < 1.0 meq/kg, FFA < 0.6% and 
L* > 40) used by industry for good walnut quality (Lindsay, 

Table 3: Kinetic models for hot air‑assisted RF drying of 
in‑shell walnuts
Model R2 MRD SEE k n a b c
Page 0.998 0.017 0.095 0.002 1.369
Newton 0.967 0.065 1.414 0.010
Henderson 
and Pabis

0.981 0.048 0.315 0.012 1.064

Logarithmic 0.994 0.028 0.179 0.004 2.299 ‑1.268
Wang and 
Singh

0.991 0.039 0.232 ‑0.001 0.063

Table 4: Quality characteristics (mean±SD) of walnuts as influenced by drying time when subjected to hot air (HA) and hot 
air‑assisted RF (HARF) drying
Drying 
time (min)

PV1 (meq/kg) FFA1 (%) Kernel colour (L‑value) 2

HA HARF HA HARF HA HARF
0 0.31±0.09aA3 0.31±0.09aA 0.20±0.08aA 0.20±0.08aA 53.87±1.80aA 53.87±1.85aA
50 0.34±0.07aA 0.32±0.07aA 0.22±0.04aA 0.21±0.07aA

0.22±0.04aA
53.62±1.51aA 52.88±2.32aA

100 0.35±0.10aA 0.34±0.08aA 0.24±0.06aA 52.45±1.60aA 51.40±1.21aA
150 0.39±0.07ab - 0.26±0.09a - 51.87±2.12a -
200 0.52±0.04ab - 0.34±0.07a - 50.65±1.73a -
240 0.58±0.08b - 0.35±0.10a - 50.24±1.42a -
1Accepted peroxide value (PV) and free fatty acid (FFA) values for good quality are less than 1.0 meq/kg and 0.6%, respectively. 2L‑value (lightness): 0=Black 
and 100=White; good quality≥40. 3Mean values are not significantly different (p>0.05) for the same lower case letters within a column among the drying time, 
and for the same capital letters within a row among the heating treatments

Table 5: Storage quality characteristics (mean±SD) of walnuts after hot air (HA) and hot air‑assisted RF (HARF) drying
Storage 
time (d)

 (meq/kg)1 PV FFA1 (%) Kernel colour (L‑value)2

HA HARF HA HARF HA HARF
0 0.58±0.08aA3 0.34±0.08aB 0.35±0.10aA 0.22±0.04aA 50.24±1.42aA 51.40±1.21aA
10 0.71±0.10aA 0.53±0.09aB 0.38±0.09aA 0.21±0.08aA 50.10±0.91aA 50.78±2.33aA
20 0.93±0.04bA 0.78±0.07bB 0.37±0.13aA 0.24±0.03aA 49.81±1.25aA 49.75±1.70aA
1Accepted peroxide value and fatty acid values for good quality are less than 1.0 meq/kg and 0.6%, respectively. 2L‑value (lightness): 0=Black and 100=White; 
good quality≥40. 3Mean values are not significantly different (p>0.05) for the same lower case letters within a column among the storage time, and for the same 
capital letters within a row among the heating treatments

private communication, 1999). Similar results were also 
observed by Wang et al. (2007a, b) for RF disinfested 
walnuts.

CONCLUSIONS

This study showed that HARF treatments could strongly 
reduce the drying time of  walnut samples compared to 
HA heating alone. Five common drying kinetic models 
were used for the mathematical modelling of  the drying 
curves, and the Page model provided the best fit for 
HARF drying data. Walnut quality was not affected 
significantly by the RF treatments because quality 
parameters (PV, FFA, and colour) of  treated walnuts 
remained within limits acceptable to the nut industry. 
Further studies should be conducted on the optimization 
of  RF treatment protocols using computer simulation to 
improve the drying process efficiency and scale-up for 
industrial applications.
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