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Abstract 
The aim of this research was to find the most effective antibrowning agent for apple samples 
based on colour changes, rehydration characteristics and drying kinetics under uniform drying 
conditions. Colour changes were observed with two different methods, using image analysis 
system and using chromameter. ‘Florina’ cultivar apple samples were pre-treated and dried in 
laboratory tray drier at temperature of 60°C. The applied chemical pre-treatments were dipping 
in 0.5% ascorbic acid solution ; 0.3% L-cysteine solution ; 0.1% 4-hexyl resorcinol solution 
and 1% sodium metabisulfite solution. The drying temperature used was 60°C at airflow 
velocity of 1.5 m.s-1. The Page’s mathematical model was used to calculate the drying kinetic 
parameters. The obtained results showed good agreement with experimental data. According to 
drying time, rehydration and colour characteristics, the best result was achieved when samples 
were pre-treated with 4-hexyl resorcinol.  
 
ABBREVIATIONS 

*a  red-green 
AA ascorbic acid solution 

*b  yellow-blue 
B blue  
BL  blanching in hot water  
G green  
k, n Page’s model parameters 
L* lightness-darkness 
LC  L–cysteine solution 
m weight (g) 
SMB  sodium metabisulfite solution 
NT  non-treated samples 
R red  
RR rehydration ratio 
t drying time (min) 
T temperature (°C) 
W weight (g) 
X moisture (kgwkgdb

-1) 
X´ dimensionless moisture  
dX´/dt   drying rate (min-1) 
                                                 
* Corresponding author. Tel.: +385 31 224 397, Fax.: +385 31 207115, E-mail address:jasmina.lukinac@ptfos.hr 
 



 

 

4HR    4–hexyl resorcinol solution 
ΔEab   total colour changes in CIELab colour model 
ΔERGB   total colour changes in RGB colour model 
 
Subscripts 
d dried sample 
db dry basis 
e equilibrium 
r rehydrated sample 
w water  
0 initial 
 
 
INTRODUCTION 

Drying is a well researched scientific area, since it represents one of the oldest methods 
of food preservation (Lewicki and Jakubczyk, 2004; Velić et al., 2004; Lewicki, 2006; Sacilik 
and Elicin, 2006; Kaya et al., 2007; Margaris and Ghiaus, 2007; Doymaz, 2008; 
Lertworasirikul, 2008). The numerous investigations during the past hundred years have 
resulted in the development of different drying methods and drying equipment. It is necessary 
to develop and expand the availability of high quality and consumer attractive dried products 
(Contreras et al., 2008) with acceptable colour, shape and good rehydration characteristics 
(Fernandez et al., 2005). Colour is one of the basic indicators of product quality. Colour change 
is usually caused by the phenomenon called “browning”. Enzymatic browning is an undesirable 
reaction leading to quality losses and thus a diminution of commercial value in horticultural 
products. Polyphenol oxidases (PPOs), metalloenzymes containing copper as a prosthetic 
group, are key enzymes of the browning (Piretti et al., 1996). Good knowledge of the browning 
reaction offers lots of ways to prevent or slow down these reactions (Gonzalez–Aguilar et al., 
2004). According to legal issues of food industry, ascorbic acid is a good substitute for sulfites 
to prevent browning of fruits and vegetables (Son et al., 2001). Since enzymatic browning plays 
an important role in the colour of foods, most studies have focused on the effect of ascorbic 
acid on the change in colour. Among the non-sulfiting agents, ascorbic acid is the most popular 
since it is effective in controlling enzymatic browning and is safe for consumers. The action of 
ascorbic acid in the prevention of enzymatic browning is to reduce the intermediate o-quinones 
to the original phenolic compounds before they can undergo further reaction to form the 
pigments. However, the effectiveness of ascorbic acid in antibrowning is temporary. The 
enzymatic browning can re-generate after the ascorbic acid has been completely reduced to 
dehydroascorbic acid (Komthong et al., 2007.)  

Along with ascorbic acid, good results in browning prevention can be obtained using 
sulfur-containing amino acids. Cysteine, best known representative of this group reacts with 
quinone and forms colourless conjugate compounds, thus preventing enzymatic browning (Son 
et al., 2001; Guerrero–Beltran et al., 2005). Among the recently discovered substances that 
prevent enzymatic browning, it is necessary to point out 4-hexyl-resorcinol. Thanks to its non-
toxic and non-carcinogenic properties and many years of use in the pharmaceutical industry, 4-
hexyl-resorcinol represents a potential compound for use in the food industry. 4-hexyl-
resorcinol has been known as a successful inhibitor of polyphenol oxidases (PPOs), especially 
when used for apple products (Son et al., 2001; Iyidogan and Bayindirli, 2004; Guerrero–
Beltran et al., 2005). Pre-drying treatments are necessary to delay physiological decay in fruit 
tissues, thus stabilising the fruit surface and preventing degradative processes that curb the 
quality of the product. Firstly, dipping treatments are beneficial because the enzymes and 
substrates released from injured cells during cutting operations are rinsed from the product 
surface.  



 

 

For the surface colour measurement of products, most common colour spaces are: RGB 
and the CIELab colour space. Chromameters measure colour parameters on small rounded area 
chosen by observer and give non-objective results on the coloured samples with different colour 
area. These instruments only provide average values of small areas of the sample, and therefore, 
many locations must be measured to obtain a representative colour profile. In recent years, 
image analysis system has been used to objectively measure the colour of different foods since 
they provide some obvious advantages over conventional chromametre, namely, most objective 
colour assessment can be obtained using the image analysis and possibility to analyzing of each 
pixel of all visible surface of analyzed sample (Mendoza et al., 2006.) and quantifying surface 
characteristics and defects (Brosnan and Sun, 2004.) These techniques can be applied on both 
sides of sample, to ensure more objective results since almost 100% of sample surface is 
captured in an image. Colour changes measured in RGB colour model can be separated in 
colour channels with intensity values for red, green and blue colour from 0 to 255 (Magdić and 
Dobričević, 2007). A computational technique with a combination of digital camera, image 
processing software has been used to provide a less expensive and more versatile way to 
measure the colour of many foods than traditional colour-measuring instruments (Yam and 
Papadakis, 2004.) 

The main purpose of this study was to find the most effective antibrowning agent for 
apple samples, determined on the basis of colour, rehydration characteristics and drying rate 
dynamics under the uniforme drying conditions. For this purpose, colour changes were 
observed by image analysis system in RGB colour model and chromameter in CIELab colour 
model and results were compared as total colour difference ΔEab, and ΔERGB. 

 
MATERIALS AND METHODS 
Material 

Ripe apples of Florina variety were obtained from the local small family farm and stored 
at +4 °C prior to analysis. After stabilization at the ambient temperature, apples were hand 
peeled and cut into discs, 20 mm diameter and 5 mm height. 

 
Drying method 

Drying was performed in a pilot plant tray dryer (UOP 8 Tray Dryer, Armfield, UK). 
The dryer (Fig. 1) is equipped with controllers for controlling the temperature and airflow 
velocity. Air was drawn into the duct through a diffuser by a motor driven axial flow fan 
impeller. The tunnel of the dryer is equipped with carriers that hold the trays with samples. The 
trays were connected to a balance, which was placed outside the dryer and continuously 
determined and displayed the sample weight.  

Fig. 1. 
The drying temperature for non-treated and pre-treated apple samples was 60 °C. The 

dryer was operated at air velocity of 1.5 ms-1. Prior to drying at temperature of 60 °C, apple 
samples were treated for five minutes as follows: dipping in 0.5% ascorbic acid solution; 
dipping in 0.3% L–cysteine solution; dipping in 0.1% 4–hexyl resorcinol solution and dipping 
in 1% sodium metabisulfite solution. After five minutes of dipping in the selected solutions, 
samples were removed out and were placed on trays into the tunnel of the dryer and the 
measurement started from this point. The probes of the “Testo 350” device were placed into the 
drying chamber and used to measure the drying air temperature and relative humidity of air. 
Sample weight loss and airflow velocity were recorded every five minutes during the drying 
process using a digital balance (Ohaus, Explorer, USA) and digital anemometer (Armfield, 
UK). Dehydration lasted until a moisture content of 12% (wet base) was achieved. Dried 
samples were kept in airtight glass jars until the beginning of rehydration experiments.  

 
Determination of dry matter content  



 

 

Dry matter content of the apple samples was determined by drying the milled samples 
(~10 g) at 105 ±0.5 °C to a constant mass. Analysis was done in triplicates for each category 
using three samples for every category and the average dry matter content (wdb), expressed in 
percents (%), was calculated using the following equation:  

2
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w (%)= 100
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      (1) 

where m1 is the mass of apple samples before drying (g) and m2 is the mass of apple samples 
after drying (g). 
 
Colour measurements  

The colour characteristics were used as quality parameter of the dried apple samples. 
Colour measurement was done using Minolta CR 400 Chromameter and image analysis system. 
Data were stored in CIELab (measured with chromameter) and RGB (measured with image 
analysis system) colour models and total colour changes (ΔE) during this period were evaluated. 
Finally, the total colour difference in CIELab colour model between fresh ( *

0L , *
0a and *

0b ) and 

dried apple samples ( *L , *a  and *b ) was determined taking the Euclidian distance between 

them, according to Eq. (2): 
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Parameter *L  refers to the lightness of the samples, and ranges from black = 0 to white = 100. 

Negative value of parameter *a  indicates green, while positive one indicates red–purple colour. 

Positive value of parameter *b  indicates yellow while negative value indicates blue colour. 

Samples were placed on the measure head of chromameter and measurements of colour were 
performed for all prepared samples. A standard white colour was used for calibration. 
Experiments were replicated five times for statistical purpose. 
 Colour changes in RGB colour model were followed by image analysis. The basic 
elements of image analysis system, shown in Fig 2., were lightening chamber with low voltage 
halogen lamps with reflector (provided illumination of sample area of 760±5 Lux), digital 
camera (Panasonic Lumix DMC-FZ30) and software for image preprocessing and analysis 
(IrfanView, Adobe Photoshop, Global Lab Image/2). The angle between the camera lens axis 
and the lighting source axis was 45°. Images of the apple samples were taken under the 
following camera settings: aperture priority mode with the lens aperture at f/3.6 and exposure 
time 1/30 sec, no flash, daylight conditions, and macro mode on, ISO speed 100and remote 
mode on. Samples for imaging were placed on distance of 60 cm from camera. After zooming 
the lens and focusing, the picture was taken with the remote control. 

Fig 2. 
All captured images of apple samples were cropped at the same size (400×400 pixels). Analysis 
was done on four samples in each category (360 images in total). Images were stored in bitmap 
(BMP) graphic format with 8-bit pallet (28 = 256 colours) and then processed and analyzed. 
This graphic format stores information about colours in RGB-triplets for every pixel on the 
image where red (R), green (G) and blue (B) are intensities of mentioned colours in range from 
0 to 255. The computer program was used to calculate the average percentage of red (R), green 
(G) and blue (B) colour on a sample area. An average share of each colour on sample surface 
was presented as the final result. Colour changes in RGB colour model were defined as:  

      2
0

2
0

2
0 BBGGRRERGB      (3) 

where ΔR, ΔG and ΔB were differences between colour values of fresh apple samples ( 0R , 0G  

and 0B ) and colour values of dried samples (R, B and B). Average values of colour and colour 

changes of apples were calculated for both colour models.  



 

 

 
Rehydration 

Rehydration capacity was used as a quality characteristic of the dried product (Velić et 
al., 2004). Approximately 3 g (±0.01 g) of dried samples were placed in a 250 ml laboratory 
glass (two measurements for each sample), 150 ml distilled water was added, the glass was 
covered and heated for 3 min up to the boiling point. The content of the laboratory glass was 
then cooked for 10 min by mild boiling and then cooled. Cooled content was filtered for 5 min 
under vacuum and weighted. The rehydration ratio (RR) was used to express the ability of the 
dried material to absorb water. It was determined by the following equation: 

r

d

W
RR=

W
        (4) 

where Wr is the drained weight (g) of the rehydrated sample, and Wd is the weight of the dry 
sample used for rehydration. 
 
Drying rate curve determination 

Page's exponential model successfully describes the drying kinetics of food materials 
(Velić et al., 2004; Simal et al., 2005; Bozkir, 2006; Wang et al., 2007; Singh et al., 2008). The 
authors also used this model to describe the changes of moisture content and drying rates. To 
avoid some ambiguity in results due to differences in initial sample moisture, the sample 
moisture was expressed as dimensionless moisture ratio ( 0X'=X(t)/X ) . The drying curve for each 
experiment was obtained by plotting the dimensionless moisture of the sample vs. the drying 
time. For calculating the drying rate curves, the simplified model was used, as follows: 
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where k and n are parameters of Page’s model and t is the drying time. The correlation 
coefficient was used as a measure of model adequacy. 
 
Statistical analysis 

Statistica 8.0 (Stat Soft Inc., USA) was used for data analysis. The parameters k and n 
in Page's exponential model were calculated by non-linear regression method (Quasi-Newton). 
One-way analysis of variance (ANOVA) and multiple comparisons (post-hoc LSD) were used 
to evaluate the significant difference of the data at p < 0.05 of colour and rehydration results. 
Data were expressed as means ± standard deviation. Experiments were replicated five times for 
statistical purpose. 
 
RESULTS AND DISCUSSION 

The apple samples of “Florina” variety were hand peeled and cut into discs, 20 mm 
diameter and 5 mm height, and dried in laboratory tray drier at the drying air temperature of 60 
°C. The apple samples were dried to the final moisture content of approximately 12% water 
content until no further changes in their mass were observed. The effect of the pre-treatments 
on the drying rate over drying time is shown in Fig. 3. While the drying process took 285 min 
for non-treated apple samples, dipping the apple samples in different pre-treatment solutions 
decreased the drying time in a statistically significant manner. Pre-treatment with ascorbic acid 
reduced the drying time up to 19.30%, with L–cysteine 15.79%, with 4–hexyl resorcinol 
35.09% and with sodium metabisulfite 12.28% compared to non-treated apple samples. The 
obtained drying curves are typical, characterized by two falling rate periods without apparent 
constant rate period. When a tangent is drawn to the obtained drying curve, it can be seen that 
in the second period drying was more quickly than in the first falling rate period. Similar results 
were obtained during the drying of “Red Delicious” and “Jonagold” apple (Velić et al., 2004; 



 

 

Kaya et al., 2007). The reduction of drying time by applying the appropriate pre-treatments 
leads to decrease in the required amount of energy. 

Fig. 3. 
Fig. 4 shows total colour changes in both colour models CIELab and RGB of pre-treated apple 
samples at airflow velocity of 1.5 m s-1 and drying temperature at 60 °C. ∆Eab values for pre-
treated apple samples varied from 5.72 to 9.38, whereas ∆ERGB values varied from 2.01 to 39.22. 
Results of total colour difference measured with image analysis system were generally higher 
for all observed samples in comparison with results given by chromameter (Mendoza et al., 
2006). Reason for this is that CIELab values differ due to the small diameter of measuring head 
of the instrument, on the other hand, when using the image analysis in RGB colour model the 
whole area of the analyzed apple sample is included (Magdić et al., 2009). Also apple tissue 
exhibited extensive and non-homogeneous browning during drying. 
Chemical pre-treatment with 0.1% 4–hexyl resorcinol resulted in the smaller change of colour 
for both colour models. According to these results treatment with 0.1% 4–hexyl resorcinol is 
showed as the most effective antibrowning agent. When 1% sodium metabisulfite solution was 
used as a pre-treatment method, two chosen models (CIELab and RGB) have no significantly 
difference in colour changes.  

ANOVA analysis showed statistically significant influence (p < 0.05; post-hoc LSD) of 
pre-treatments on colour for both colour models. Represented results show that there are no 
statistically significant differences in colour changes for both CIELab and RGB models after 
pre-treatment with sodium metabisulfite. This can be explained by the fact that colour of apples 
after pre-treatment with sodium metabisulfite remained unchanged constant throughout the 
sample during the drying process, while after other pre-treatments colour was not uniform. 

Fig. 4. 
Fig. 5 shows tonal range changes of dried apples for different pre–treatments. The colour 

of each pixel on digital image is determined as the tonal value (0–255) which is related to each 
colour channel red, green and blue for each pixel. In other words, every pixel has a numerical 
tonal value assigned as one of the three colours red (R), green (G) and blue (B). According to 
this, numerical values as 0 equal’s pure black and 255 equal’s pure white colour. The vertical 
axis presents the relative number of pixels one of the 255 different tonal values. The taller the 
hump in the graph is the more pixels reside at that particular tonal range. 
At this figure it can be seen that the biggest tonal range changes were observed on samples pre-
treated with ascorbic acid, which means that these samples showed the most non homogeneous 
colour of samples in relation to other pre-treatments. In addition to the figure, it can be observed 
that tonal values varied from 100 to 255, without a value from 0 to 100. These values are missed 
just because the colour of samples was lighter, and samples closer to 0 showed darker colour. 

Fig. 5. 
 Fig. 6 shows rehydration ratio versus different pre-treatments of the apple samples. It 
can be seen that dipping in 0.1% 4–hexyl resorcinol solution resulted in the highest rehydration, 
compared to other pre- treatments. Dipping the apple samples in different pre-treatment 
solutions had statistically significant influence on rehydration ratio. ANOVA analysis showed 
the existence of four groups which differed significantly from one another (p < 0.05; post-hoc 
LSD) according to different pre-treatments. Represented results show that there are no 
statistically significant differences in colour rehydration ratio between pre-treatment with 
ascorbic acid and sodium metabisulfite. Pre-treatment with ascorbic acid increase rehydration 
ratio up to 14.27%, with L–cysteine 6.52%, with 4–hexyl resorcinol 29.73% and with sodium 
metabisulfite 16.09% compared to non-treated apple samples. 

Fig. 6. 
 
  



 

 

CONCLUSIONS 
Page’s equation can be used for air drying modelling of apple samples. The results of 

the estimation exhibited correspondence to the experimental results. Rehydration and colour 
characteristic of apple samples were found to be dependent on pre-treatment method. According 
to colour changes it can be seen that samples pre-treated with sodium metabisulfite solution 
exhibited minimal colour change, i.e. their colour was most homogeneous (the taller hump of 
pixels) compared to other pre-treatments. Digital image analysis as a method can be 
successfully applied in determining the most effective antibrowning agent for apple samples, 
according to their colour changes during drying. The digital image analysis method allows 
measurements and analyses of the colour of food surfaces that are adequate for food engineering 
research. It is an attractive alternative due to its simplicity, versatility and low cost. Colour 
measurements thought inage analysis system provided reproducible values of browning 
changes without invasion of the sample. Rehydration ratio of all treated samples was higher 
than that of non-treated samples. The best results (reduced drying time, high rehydration ratio 
and minimum colour change) were achieved when samples were pre-treated with 4–hexyl 
resorcinol. 
 The observed differences in the drying kinetics and pre-treatments should be considered 
when selecting the best drying conditions in order to improve the final product quality. The 
enzymatic browning control is an important issue in the food industry, when considering the 
maintenance of food products quality. One of the main future goals on this field is the search 
for the new compounds from natural sources that appear to be healthier for consumers and 
permit a better preservation of the fruit fresh-like qualities. The investigation of economic 
parameters of different drying pre-treatments should be considered as well. 
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Figures 
 
 
 

 

 
Fig. 1. Schematic diagram of the convection drying equipment 

  



 

 

1. Lightning chamber 

2. Light source 

3. Digital camera 

4. Background for sample 

5. Sample for analysis 

6. Computer 

 
 

 

 

 

 

Fig. 2. Image analysis system 



 

 

 

Fig. 3. Drying rate curves for non-treated vs. different pre-treated apple samples 
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Fig. 4. Total colour changes (ΔEab and ΔERGB) of non-treated and different pre-treated apple samples 
(the same letter in the column indicates no significant differences; Duncan’s test, p < 0.05) 



 

 

 

Fig. 5. Tonal range changes of dried apples samples submitted to different drying pre-treatment methods 
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Fig. 6.  Rehydration ratio (RR) of non-treated vs. different pre-treated apple samples 

            (the same letter in the column indicates no significant differences; Duncan’s test, p < 0.05) 
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