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Abstracts

Drying is one of the food preservation method that have been most widely used for grains,
crops and foods in all varieties. Usually, drying is carried out at low humidity values in order to
reduce the drying time. However, such rapid drying often causes the unwanted quality
degradation such as irregular shrinkage and significant color changes. Pre-drying treatments such
blanching and dipping in sugar solution are needed for vegetable drying in order to avoid
damages to tissue structures. In this experiment, as model vegetables potato and carrot were
chosen. Trehalose and sucrose were employed as a pretreatment reagent. Isothermal drying
experiments were carried out with samples prepared with different pretreatments. A dipping in
sugar solution relatively short time (10 minutes) was effective for obtaining high quality of dried
foods. Dipping in a sugar solution was found to be the most effective pre-treatment method due
to high water loss and low price. The drying rates of sliced lemons were much lower compared
with those for sliced potatoes and carrots. A steam blanching increased the drying rate
significantly. Drying at relatively low humidity resulted in the dried product with less color
changes and shrinkage both on potato and lemon. The combination of blanching and dipping
sugar solution was found to be the best appearance based on color and shrinkage.

Isothermal drying rates and desorption isotherms of lemon juice were measured and
compared with the data for a simulated lemon juice, sucrose, maltodextin and citric acid.
During isothermal drying experiment, the drying rate of lemon juice are much lower than those
for simulated lemon juice, sucrose and maltodextrin. In addition, the drying rate of simulated
lemon juice at X=0.3 was approximately have same value with sucrose before fell rapidly when
X<0.4. On the other hand, citric acid became crystallized at late stage of drying process. Hence,
it is considered that the low drying rate of lemon juice is not affected by citric acid which is the
largest component in lemon juice but rather small component such as sugar and other
carbohydrates.

Desorption isotherms of lemon juice shows a similar behavior to the literature values
(Martinelli er.al., 2007) and had presented satisfactory adjustment in GAB equation. In
comparison with sugar such as sucrose and maltodextrin, at high water activity (a,>0.75), the
equilibrium water content X were more than 0.5 kg-water/kg-solid. Citric acid is the main
component in lemon juice, and shows similar behavior with lemon juice at high water activity.
Citric acid crystallized at low water activity and the water content became constant (X=about
0.1). Therefore, it is considered that equilibrium moisture content of simulated lemon juice
shows similar results with literature (Martinelli ez.al., 2007) at high water activity, whereas at
low water activity (lower than 0.5) the equilibrium moisture content value relatively low, may be
due to the effect of citric acid.

The adoption of HSL color system based on digital camera was successfully done to
analyze color changes on lemon peel. As model fruit, lemon was chosen. Color changes of
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lemon peel were analysed by using HSL color system developed by Hashimoto from Mie
University. Color changes were observed under two different experimental conditions. The color
changes were observed during constant temperature hot air drying experiments. The sample of a
constant water content was incubated in a sealed container and then the color was analysed as a
function of incubation time. Vacuum and freeze drying experiments were used to prepare
different water content of sample prior to incubation experiments. Hue value tends to decrease as
the browning increase. Unfortunately, there are no significantly behavior affect on the change of
the saturation (S) and lightness (L). Hue value decrease with increase in water content. The
color degradation became faster when the water content was high. The decreasing of hue value
on blanching and dipping sucrose solution sample were much lower than those non-treatment
sample. Combination blanching and dipping in sucrose solution was effective as pre-treatments
resulted in better surface color and prevent shrinkage.
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CHAPTER I
GENERAL INTRODUCTION

The critical quality of food is attributed to color, flavor, texture and nutritional value.
From fruit and vegetables, color is derived from their natural pigments. During storage and
advanced processing, color degradation and browning are caused by enzymatic and non
enzymatic reactions. As non enzymatic chemical reactions, sugar related reaction, the
Maillard reaction and caramelization and oxidation reaction of ascorbic acid and lipids
caused by food browning.

As an evaluation method for the food color quality, colorimeter is one of conventional
instruments which usually read in RGB, XYZ and L*a*b* color space. Unfortunately, they
are unsuitable for all food materials, especially for the surface color and color uniformity
measurements since they only provide an average value. This method can be difficult and
takes longer time to collect data from many locations to obtain color distribution.
Alternatively, computer vision technology adopted as a nondestructive method. In this
method, the color measurements have been conducted using digital camera that can easily
acquire the surface information and the color distribution (Table 1). Application of HSL
color system based on digital camera has been successfully performed for analyzing color
changes. Transformation of digital camera image from RGB color system to HSL color
system can perceive because these color change measurements have a similar way with
human interaction and perception (Motonaga et.al, 2004; Hashimoto et.al, 2006; Levkowitz

et.al, 1993).



Table 1-1. Review of non-destructive method of color analysis in color system

Product Remarks References
“Aki - The HSL color system used for color analysis Motonaga et.al,
Queen” grape | - Quantity of light, uneven lighting and uneven surface 2004

does not affect to the hue and saturation value
- Hue value used as the maturation index that
corresponded from yellow to red
Pizza - Application of digital camera, computer and graphic Yam and
software can be used to measure and analyze color Papadakis,
change on the surface. 2004
Sugar maple | - Quantify leaf color (red and green) as an indicator of Murakami et.al,
leaves plant nutrition 2005
Tomato - Surface color change can be monitored by using a | Hashimoto
digital camera with Fieldserver et.al, 2006
- The effect of outdoor light could be eliminated by
applying color calibration to the image in the field
condition

Drying is one of the most cost-effective methods for food preservation of all food

varieties which involves water vapor removal from the solid by application of heat. Heat

transferred from the surrounding air to the food product. (Table 2).

Table 1-2. Review of hot air drying methods on agricultural products

Product Remarks References
Potato - High temperature of drying resulted in high moisture | Leeratanarak
diffusivity, high drying rate and shorten drying time et.al, 2006
- Quality degradation in color and texture because of high
temperature of drying
Potato and | - The drying rate increased with increasing of drying | Aktas et.al,
carrot temperature 2007
- The different thickness of potato did not alter the drying
rate at the end of the drying process
Orange The drying rate increased with increasing of drying | Garau, et.al,
temperature 2006
Aonla (Indian | Redness (a) value increased while drying, yellowness (b) | Gupta et.al

gooseberry) and lightness (L) value decreased while drying. The color of | (2011)
dried product was turning darker.
Basil leaves The drying rate increased with increasing of relative | Taheri-
humidity Garavand et.al
(2011)
Bamboo - Shrinkage occurred because of temperature effect while | Zheng et.al
drying (2013)

- Yellowness (b) value increased during drying, while
redness (a) and lightness (L) value decreased during drying




The combination between drying and pre-treatment prior to drying are known to be

effective to enhance the product quality. Pre-treatment such as blanching and the addition of

sugar are needed to increase the drying rate and to avoid color degradation and damages to

tissue structure (Table 3).

Table 1-3. Review of pre-treatments prior to drying on agricultural products

Pre- Drying Product | Remarks References
treatment method
Blanching Hot air Aonla | Hot water blanching prevents | Gupta  et.al
color degradation (2011)
Blanching Hot air Potato | Blanching increased the rate of Leeratanarak
water vapor removal resulted in | et.al (2006)
better color retention, less
shrinkage and less hardness on
dried product.
Blanching Hot air Potato | A combination of pre-treatments | Pimpaporn
and dipping chips resulted in slower drying rate due | et.al (2007)
in  glycerol to the presence of sugar
solution
Blanching Freeze Citrus | e Loosen the water during | Katsiferis et.al
gnd dipping fruit osmotic dehydration leading to | (2008)
m - sucrose the collapse, decreased turgor
solution pressure, deformation of the
cell walls and even to
plasmolysis
Blanching Hot air drying | Potato | e Osmotic dehydration decreased | Aktas et.al
gnd dipping and initial water content (2007)
- SUcrose, carrot ¢ The combination of blanching
trehalose

and dipping in a sugar solution
resulted in less browning color
and shrinkage either for potato
and carrot.

This research mainly focuses on studying of drying behavior of vegetables and fruits and

their quality changes during drying at several temperatures (303-333K). Effects of relative

humidity and pre-treatments using sliced potatoes, sliced lemon and lemon peel as a model

on drying behavior also conducts. Isothermal drying rates and desorption isotherms of lemon

juice also measure and compare with data of simulated lemon juice, citric acid and other

sugars. HSL color analysis using a digital camera and computer software employs for

experimental investigation of lemon peel during drying.




CHAPTER 2

DRYING OF SLICED VEGETABLES AND FRUITS AT RELATIVELY HIGH
HUMIDITIES FOR PRODUCING HIGH QUALITY PRODUCTS

2.1 Introduction

Drying is one of the food preservation method that have been most widely used for
grains, crops and foods in all varieties. Several factors affect the transfer of water (drying
rate), such as temperature, humidity, air velocity, vapour pressure between material and
drying air, water diffusion coefficient in the material, thickness and surface properties

exposed for drying (El-Aouar et al., 2003).

Usually, drying is carried out at low humidity values in order to reduce the drying
time. However, such rapid drying often causes the unwanted quality degradation such as
irregular shrinkage and significant color changes. Several Japanese companies applied low
temperature and high humidity drying for sliced fruits and vegetables in order to maintain the

quality of dried products.

Osmotic dehydration is well known as a simple and inexpensive process. This method
is effective even at ambient temperature and preserves the colour, flavour and texture of food,
and used as a pre-treatment to improve the nutritional, sensorial and functional properties of

food and also reduce the overall energy requirement for drying process (Khin ez al.,2006).

In the osmotic dehydration, cell damages sometimes happen by water transfer.
However some sugars effectively cause the osmotic dehydration and protect the cell structure.
The additions of sucrose, trehalose, maltodextrin, maltosyl-trehalose prevent the cell damage

by the drying to avoid the shrinkage and color changes (Aktas et al.,2007, Fujii et al, 2011).

Steam and hot water blanching prior to drying also inactivates enzymes that lead to
quality degradations. Blanching also facilitates starch gelatinization and water removal which

influence the drying rate and quality of the dried products (Moreno-Perez ef al., 1996).

In this study, effects of blanching and soaking in a sugar solution as pre-treatments on
the drying of sliced vegetables were studied at low and high humidity conditions. The solid
gain (SG), water loss (WL) and weight reduction (WR) during the pre-treatment were
examined. The desorption isotherms and drying kinetics were determined by isothermal

desorption and drying experiments.



2.2 Material and method

2.2.1 Material

Sucrose, maltosyl-trehalose syrup (contains 52% of maltosyltrehalose ; Cy4Hy051,
mol.wt 666, Hallodex, Hayashibara, Japan) and maltodextrin#2 (Dextrose equivalent 1141,
Pinedex #2, Matsutani Kagaku Kogyo.,Japan) were used. Potatoes were purchased from the

local market.
2.2.2 Methods
2.2.2.1 Preparation of sample

Fresh potatoes were cleaned and cut into samples in a 1 mm thickness using an
adjustable slicer. Thickness was measured using a Digital Linear Gauge DG-911 (Ono Sokki,
Japan). The sliced samples were cut into a round shape in 20 mm diameter using a round
shape cookie cutter. The sample was placed on a net dish and covered with aluminium foil
and blanched with a steam for 3 minutes. The temperature of steam is about 372K. Under this

condition the sample was not cooked.

As a sugar solution, sucrose, maltosyl-trehalose and maltodextrin of 20 wt% were

used. Blanched samples were dipped in a sugar solution for 10 minutes.
2.2.2.2 Determination of water loss and solid gain during pre-treatments

Blanched samples were dipped in a sucrose, maltosyl-trehalose or maltodextrin

solution for 10 minutes at room temperature.

The solid mass of the sample (W) was measured by drying the sample at 378K for 4

hours.

SG, WL and WR were calculated from the following equations (Antonia and Murr, 2002,
Eren and Kaymak-Ertekin, 2007),

sg < s =7s) 100 (2-1)

0

(Mo _WSO)_(MT _WS)
M{)

WL = x100 (2-2)

WR = WL -SG (2-3)



Ws and Wy is the solid mass at time ¢ and the initial time, Ww and Wyis the water mass at
time t and the initial time, respectively. Mris mass of the sample after dipped in a solution,

and M, is the initial mass (water and solid) of the fresh sample (prior to blanching).
All the experiments were performed in triplicates, and the average values were calculated.

2.2.2.3 Isothermal drying experiments

Isothermal drying experiments were performed in a constant air temperature box. This
drying equipment has two fans, which circulate the air in the box well, a fan control unit, a
heater, a temperature control unit and digital balance. The relative humidity (RH) was
adjusted by silica gels (RH<1%) for low humidity drying or a NaCl saturated solution
(RH=75%) for high humidity drying. The air temperature and relative humidity were
monitored by the thermometer and hygrometer in the box. The sample was placed on a spiral
wire dish covered with a silicon tube. This dish placed on a wire net cage, which was
attached to an aluminium dish. The aluminium dish eliminates unwanted vibrations of the
wire net cage by the hot air stream. The dish was hanged to an electronic balance placed on

the drying box.

2.2.2.4 Determination of desorption isotherm
Samples were stored in an airtight plastic container in the presence of salt solutions of
known a,, values at 303K. Then the samples weighed every 24 hours until the weight loss

became less than 2%.

The desorption isotherm data were fitted by a three parameter Guggenheim-Anderson -de
Boer (GAB) model (Blahovec, 2004; Rahman, 1995; Van den Berg, 1984 ).

Y CKa, W,

W implies the water content equivalent to  monolayer coverage. C and K are constants
related to the binding energies.

Two models were applied to describe the desorption isotherms.

[Model 1] This model assumes that the water content X at a given a, is the weighted-average

of single component one (Lang and Steinberg (1980))
Xsugar+potato = )(;ugar x Wsugar +Xp0tat0 X Whotato

at a given ay (2-5)



Where Wiygar and Wotato 1s the mass fraction of sugar and potato, Xsugar, Xpotato and Xsugar+potato

is the equilibrium water content of sugar, potato, sugar-potato mixture, respectively.

[Model 2] This model is based on the Ross method (Ross, 1975; Rahman 1995), which was
originally developed for intermediate moisture foods.

Qw sugar+potato — Aw sugar *Aw potato

ata given X (2-6)
2.3 Results and Discussion
2.3.1 The effect of osmotic dehydration

In the osmotic dehydration by sugar, water diffuses from outer layer of potato. This
increases the surface osmotic pressure. When the osmotic pressure reaches 1.95 x 10° Pa
(Rastogi, 2004), the cell membrane of potato ruptures and shrinks. The cell becomes porous
and loses water. At the same time, the cell gains solid components from the solution (Phisut,
2012). The osmotic dehydration is used primarily for partial dehydration of cellular products

containing a large amount of water.

The solid gain (SG), water loss (WL) and weight reduction (WR) data for potato
samples dipped into three sugar solution are shown in Fig.2-1. SG, WL and WR of maltosyl-
trehalose samples were higher than sucrose and maltodextrin samples. Although the
molecular weight of maltosyl-trehalose is higher than sucrose, maltosyl-trehalose was

absorbed. High solid gain in the case of maltosyl-trehalose is not clear.

Maltosyl-trehalose is a non-reducing tetrasaccharide, in which maltose is linked to

trehalose. It does not crystallize during drying and has very low Maillard reactivity.
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Fig. 2-1. Water loss, solid gain and weight reduction of potato samples during pre-treatment
with sugar solution

2.3.2 The effect of pre-treatments on isothermal drying

Fujii ef al (2011) has reported that a soaking of sliced potatoes in a maltosyl-trehalose
solution for 10 minutes is a very effective pre-treatment method for the drying of sliced
potatoes. Blanching increased the drying rate and inactivated the enzyme activity that leads to
quality degradation, such as browning and shrinkage. Blanching simultaneously may change

the physical properties of cells and enhance water transfer (Phisut, 2012).

Isothermal drying experimental data for potato samples prepared with different pre-
treatments at low and high humidity conditions are shown in Figs.2-2 and 2-3, respectively.
The initial water content values of all pre-treatment samples were lower than the values for
the non-treated samples due to the osmotic dehydration (Fig.2-2). The lowest initial moisture
content was found for samples soaked in a maltosyl-trehalose solution. The drying time was
reduced due to this lower initial water content compared with non-treatment samples. The
final water content of the sample treated with sucrose was slightly higher than the others. The
final water content of the sample soaked in a maltosyl-trehalose solution and that in a

maltodextrin solution were almost similar.

Osmotic dehydration effect lowered the initial moisture content. However, the
presence of sugars in potato led to a low drying rates at the late stage of drying. The drying
rate was lower for sucrose-treated samples compared with maltodextrin and maltosyl-

trehalose treated samples.
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Fig. 2-2. Drying curves of potato with or without pre-treatments at low humidity, 303K

The drying time at high humidity was longer than low humidity (Fig.2-3). The drying

curves of samples pretreated with sucrose, maltosyl-trehalose and maltodextrin solutions are

almost similar. The final water content of sucrose samples was slightly higher than maltosyl-

trehalose and maltodextrin samples.
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Fig. 2-3. Drying curves of potato with or without pre-treatments at high humidity, 303K
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The drying rate depends on the relative humidity and the equilibrium water content.
Taheri-Garavand et al, (2000) reported that drying rate of basil leaves increased with a
decrease in the relative humidity. However, the effect of relative humidity on the drying is

much lower than air-temperature (Saeed et a/, 2008 and Krokida ez al, 2003)
2.3.3 Effect of pre-treatments on desorption isotherms

Desorption isotherm data of potato samples prepared with different pre-treatments are
shown in Fig. 2-4. At a,, above 0.1, the equilibrium water contents of samples soaked in a

sucrose solution were higher than non-treated and blanched samples.
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Fig. 2-4. Desorption isotherm of potato with or without pre-treatments

Figure 2-5 shows the desorption isotherms of potato and sucrose solution. The
desorption isotherms of sucrose and nontreated potato show typical food isotherm shape,
which can be described well by the GAB equation, Eq.(2-4). Two models, Model 1 (Lang
and Steinberg (1980)) and Model 2 (Ross, 1975; Rahman, 1995) were applied to describe the
desorption isotherms. Model 1 was applicable to the data and can reasonably describe the
isotherm well when ay>0.3. On the other hand, Model 2 is not able to describe the isotherm

of potato and sucrose solution.
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Fig. 2-5. Desorption isotherm of potato and sucrose solution
2.3.4 Effect of pre-treatments on appearance of final dried potato

The appearance of final dried potato with different pre-treatments at low humidity and
high humidity are shown in Fig. 2-6 and 2-7. Generally, shrinkage occurred in all treatments.
In the early stage of drying at low humidity, the samples kept their original geometry
although shrinkage is considerable. About thirty minutes later, shrinkage proceeded more
rapidly. Shrinkage was not significant at the final stage of drying. Non-pre-treated samples
showed shrinkage in all surface and were rolled upward. Their color became darker.
Blanched samples did not shrink irregularly and the color change was not significant. It was
found that blanching can maintain color but can not prevent shrinkage. All sugar treatments
after blanching resulted in better color quality. Shrinkage was not remarkable for the sucrose
treated sample. Overall, maltosyl-trehalose sample was found to be the best appearance based

on shrinkage and color.

Soaking in a maltosyl-trehalose solution can maintain the cell tissue structure so that
the color of the sample is much clear and less transparent. Combination of blanching and
soaking in a sugar solution resulted in less color changes during drying process and
inactivated the enzyme activity that causes quality degradation. Aktas, et al (2006) reported
that the pre-treatments using sucrose and trehalose solution for carrot and potato provided
better properties in terms of the appearence. Non-enzymatic browning may occur because of

the interaction of protein (amino acids) with reducing sugars (aldehyde or ketone) at high
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temperatures during drying. By using non-reducing sugars such as trehalose, the non-

enzymatic bowning can be prevented.

Fig. 2-6. Photograph of slices potato after drying at low humidity 303K: (a) non-treatment,
(b) blanched, (c) dipped in sucrose solution, (d) dipped in maltodextrin, (e) dipped in
maltosyl-trehalose

Fig. 2-7. Photograph of slices potato after drying at high humidity, 303K: (a) non-treatment,
(b) blanched, (c) dipped in sucrose solution, (d) dipped in maltodextrin, (e) dipped in
maltosyl-trehalose

Compared with low humidity drying, high humidity drying caused more shrinkage in
the middle stage of the drying process. This may be due to slow mass transfer of water in
potato. Further research is needed to find out the appropriate humidity for potato drying in
order to obtain the better appearance and the quality of the final dried product.

2.3.5 Effect of relative humidities on drying of sliced lemons

Sliced lemons in 3mm thickness were dried at low and high humidity conditions for
1500 minutes (Fig.2-8). The drying at high humidity resulted in less shrinkage and better
color retention (Figs.2-9 and 2-10).

However, the drying rates were much lower compared with those for sliced potato
samples. At this condition a very long drying time is needed to obtain the dried product
having safe ay values at high humidity. A one minute steam blanching pre-treatment
increased the drying rate compared with non-treatment samples. This may be one of the

options for reducing the drying time at high humidity.
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Fig. 2-8. Drying curve of sliced lemons at low and high humidity conditions (air temperature,
313K)

A B C D

Fig. 2-9. Photographs of non-treatment lemon (A) before drying low humidity, (B) after
drying low humidity (313K), (C) before drying high humidity, (D) after drying high humidity
(313K)

Fig. 2-10. Photographs of lemon (A) non-treatment before drying high humidity, (B) non-
treatment after drying high humidity (313K), (C) blanched lemon before drying high
humidity, (D) blanched lemon after high humidity (313K)
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2.4 Conclusion

Combined effects of steam blanching and soaking in a sugar solution as pre-
treatments on drying of sliced vegetables and fruits at low and high humidity conditions were

studied.

Soaking in a sugar solution caused the mass transfer due to osmotic dehydration. In
terms of solid gain, water loss and water regain, soaking in a maltosyl-trehalose solution was

found to be the most effective pre-treatment method.

The desorption isotherms of potato and sucrose solution were well described by a
model which assumes that the water content at a given water activity ay, is the weighted-
average of single component one when a,>0.3. On the other hand, a modified Ross method

was not able to describe the isotherm of potato and sucrose solution.

The drying rates of sliced lemons were much lower compared with those for sliced

potatoes and carrots. A steam blanching increased the drying rate significantly.

Although the drying rate decreased, the drying at relatively high humidity conditions

may provide better product quality for sliced vegetables and fruits.
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CHAPTER 3

DRYING RATES AND DESORPTION ISOTHERMS OF LEMON JUICE

3.1 Introduction

Various fruit juices are used for drinks, and ingredients of confectionaries and other
foods. Lemon is one of the most commonly consumed fruits for drinks, cooking and
confectionaries (Morton, 1987). Because of the high water contents, fruits such as lemon
have a rather short shelf life.

Drying is a well-known method for stabilizing food materials. Once the water content
is reduced to a certain level, dried (dehydrated) materials become very stable primarily
because of the low water activity (ay) values. Glassy-state is also an important factor for
producing stable products.

Slow drying of sliced lemons was reported (Chen et.al., 2005, Hawa et.al., 2012).
However, the drying rates of lemon juice have not been investigated fully. We have reported
the drying rates (and the diffusion coefficients) of various carbohydrates by using the
modified regular regime method (Yamamoto, 2001, 2004, 2006; Yamamoto et.al., 2002;
Kawata et.al, 2012., Fujii et.al., 2013). We also found that drying rates of amorphous
carbohydrate solutions change in the presence of crystalline materials (salts) (Kawata et.al.,
2012). Therefore, it is interesting to analyze drying rates of lemon juice in terms of sugar and
citric acid contents in order to know the slow drying of lemon products.

The purpose of this study is to examine the drying rate and the desorption isotherms
of lemon juice. Our method developed for the regular regime drying curves (Yamamoto,
2001, 2004, 2006; Yamamoto et.al., 2002; Kawata et.al, 2012.) was applied to the iso-
thermal drying experimental curves of an agar-gelled lemon juice slab shaped sample. A
simulated mixture of lemon juice was also used as a sample. The obtained data were
compared with the values for other sugars or carbohydrates. Lemon juice powder is very
hygroscopic and difficult to handle without additives (Martinelli ez.al., 2007). Therefore,
desorption isotherms were also measured and compared with the isotherms of other sugars

and carbohydrates, a simulated lemon juice and a citric acid.



16

3.2. Materials and Methods
3.2.1 Materials

As a fresh lemon juice sample, a commercial product POKKA LEMON (POKKA
SAPPORO Food & Beverage, Nagoya, Japan), was used. For comparison, a simulated lemon
juice solution (18wt% citric acid, 0.9wt% fructose, 2.1% glucose, 0.3% sucrose, 0.1%
ascorbic acid) was used. Maltodextrin (dextrose equivalent DE=11, Pinedex #2, Matsutani

Chemical Industry, Itami, Japan) was also employed. All chemicals were of analytical grade.
3.2.2 Methods

3.2.2.1 Sample preparation for isothermal drying

A sample solution (10-40 wt %) was heated with agar-agar (1 wt%) until a
homogeneous solution was obtained. For lemon juice and simulated lemon juice sample, agar
was heated separately until a homogenous solution was obtained before mixed with heated
lemon juice solution. The solution was then injected into an aluminum dish to prepare slab
shaped samples (diameter = 50 mm, depth = 1-5 mm) carbohydrates (Yamamoto, 2001, 2004,
2006; Yamamoto et.al., 2002; Kawata et.al, 2012). The solid weight of the sample W, was
determined by drying at 378K for 4 to 5 hours in a drying oven or a known water
concentration of solid powders.
3.2.2.2 Desorption isotherm

Samples were stored in an airtight plastic box in the presence of saturated salt
solutions of known water activity (ay) values. The samples were weighed periodically. It is
not easy to confirm the equilibrium of these samples as the physical properties (i.e.,
crystallization, rubber-glass transition, etc.) change with time. So we decided to terminate the
experiment when the weight loss became less than 2% per 12 hours (the total duration time
was usually two to three days).

Single component desorption isotherm data were fitted by a three parameter
Guggenheim-Anderson -de Boer (GAB) model (Van den Berg, 1984; Blahovec, 2004;
Rahman, 1995).

B CKa W,
(1-Ka,)(1-Ka, +CKa,,)

(3.1)
X=W-W)/Ws is the average water content [kg-water/kg-dry solid], where W is the total

weight of the sample. W7, implies the water content equivalent to a mono-layer coverage. C

and K are constants related to the binding energies. GAB equation is known to describe food
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sorption isotherms in the range of a,=0-0.9 (Yamamoto, 2004, 2006; Kawata, 2012, Van den
Berg, 1984; Blahovec, 2004; Rahman, 1995). Experiments were repeated twice and the
average of X was drawn in the figure with the error bar.

3.2.2.3 Drying experiment

Isothermal drying experiments were performed in a constant-air temperature box
(Yamamoto, 2001, 2004, 2006; Yamamoto et.al., 2002; Kawata et.al, 2012). Silica gels were
placed in the box to reduce the relative humidity (RH). A Testo 608-H2 (Newman Lane, UK)
monitor was installed in the drying box, which can monitor RH from 2 to 98% (accuracy
+2%). RH was maintained below 2% during experiments. The air temperature was controlled
so that the sample temperature is maintained at an assigned temperature. The air temperature
in the drying box was somewhat higher than the assigned value at the beginning of the
experiment, and then, lowered gradually with the progress of the drying. The sample disk was
weighed by using a digital balance whereas the temperature of the sample was measured by
inserting a thermocouple to the sample. The weight and temperature measurements were
done separately. The sample temperature 74 was close to the air temperature 7 (Ta-Tq = 1-
2°C) when the average water content X became less than 1.0 for sucrose and maltodextrin.
For samples of high initial water contents (simulated lemon juice and lemon juice) the
condition 7x-T4 = 1-2°C was attained when X< 0.5. Distinct constant drying rate periods were

not observed. Experiments were repeated twice.
3.3 Results and Discussion

Figure 3-1 shows typical experimental drying curves of lemon juice and simulated fruit juice.
For comparison, the data for maltodextrin, sucrose and citric acid are shown. In order to
understand the drying rate quantitatively the drying rate F° defined by Eq.(3.2) was
calculated and plotted against the average water content, X (Yamamoto, 2001, 2004, 2006;
Yamamoto et.al., 2002; Kawata et.al, 2012)

X ax ,dX X

F'=a" e = (dRY ~— =—(W,/ Ay —
dr - dld Ry AR =AY (3:2)

In the above equation, d; is the solid pure density, R is the thickness of the completely dried
sample, W; is the solid weight and A is the drying area. T = t/(dsRs)* = t/(WJA) is the
normalized time based on the shrinking coordinate system (Yamamoto, 2001, Yamamoto

et.al, 2002, Yamamoto, 2004, Yamamoto, 2006), where ¢ :drying time [s], ds : pure solid
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density [kg/m3], R; : thickness of slab [m], W;:solid weight in the absence of water [kg] and

A:drying area [m?].

10.0¢ 5 T

@ o lemon juice
0 O citric acid
AA simulated lemon juice

fo 2NN maltodextrin
----sucrose

0 SOOIOO 100(|)00 150000
7=t/(dR,)’=t/(W/JA)*  [m*s/kg’]

Water content X [kg-water/kg-solid]

Fig. 11. Drying curves as a function of normalized time at 303K.

t: drying time [s], d; :pure solid density [kg/m’], Ry:thickness of slab [m], W: solid weight in
the absence of water [kg], 4:drying area [m?]. Curves are fitted curves using the following
three-parameter equation, X=exp [(b+ac7)/(1+ac7’)] a : parameter in reduced diffusion
coefficient, b:In Xj, c:In X, (Yamamoto, 2001, Yamamoto et.a/, 2002, Yamamoto, 2004,
Yamamoto, 2006, Fujii, et.al, 2013, Gianfrancesco, 2010, Gianfrancesso, 2012). For
maltodextrin and sucrose only fitted curves are shown for the sake of clarity. The data can be
found in our previous publications (Yamamoto, 2001, Yamamoto et.al, 2002, Yamamoto,
2004, Yamamoto, 2000, Fujii, et.al, 2013)

Isothermal drying rates of lemon juice, sugars and citric acid were calculated from the
drying curves based on Eq.(3-2) are shown in Fig.3-2. The drying rates for lemon juice are
much lower than those for maltodextrin. However, the drying rates for the simulated lemon
juice were much higher and similar to the values for sucrose in the range 0.4<X<1. The
drying rates for citric acid at low water content (X<0.2) were similar to maltodextrin

(0.3<X<1).
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Fig. 12. Drying rates based on the normalized time as a function of water content

Desorption isotherms are shown in Fig.3-3. Lemon juice is quite hygroscopic
compared with other sugars as equilibrium water contents (EWCs) at higher a,, values are
quite high. Accordingly lemon powders tend to form agglomerated particles (caking) easily
(Martinelli et.al, 2007). The EWCs for simulated lemon juice, lemon juice and citric acid
were similar at high ay, values (a,>0.76). However, the EWCs for citric acid decreased to ca.
0.15 at a,=0.52. Similar trends were observed for simulated lemon juice. This is likely due to
crystallization of citric acid. We have examined the desorption isotherms and the drying rates
of amorphous sugars containing salts (crystalline materials) (Kawata ez.a/, 2012). When the
salt concentration is high in the mixture, similar data were obtained (Kawata et.al, 2012).
Namely, crystals do not retain water except for crystallization water whereas EWCs of

amorphous sugars are high.

For amorphous sugar or carbohydrate solutions the drying rates (and the diffusion
coefficients) decreases with an increase in the molecular mass of carbohydrates (Yamamoto,
2001, 2004, 2006; Yamamoto etal., 2002; Kawata etal, 2012, Fujii, etal, 2013,
Gianfrancesco, 2010, 2012). The molecular mass of the simulated lemon juice is much
smaller than that of maltodextrin. Other components contained in lemon juice may contribute
to the lower drying rates. Pectin may be one possible reason of the low drying rates of lemon
juice. In our previous study, effects of gelling agents on drying rates of sugars were
investigated (Yamamoto et.al, 2002, Yamamoto, 2004). Agar and alginate gels did not affect

the drying rates whereas pectin and gelatin lowered the drying rates markedly due to
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formation of dense surface skins (Yamamoto et.al, 2002, Yamamoto, 2004). Effects of
crystalline materials (citric acid in this study) on drying rates of carbohydrate solutions are
complicated (Kawata et.al, 2012, Gianfrancesso, 2010). Further studies are needed to clarify

low drying rates of lemon juice.
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Fig. 13. Desorption isotherms at 303K
For the sake of simplicity, the data for sucrose and maltodextrin are shown only by the fitted
GAB equations (Yamamoto, 2004, Yamamoto, 2006, Kawata et.al, 2012)

3.4 Conclusion

The drying rates of lemon juice at 303K were much lower than the values for the simulated
lemon juice and maltodextrin, especially at low water content regions. The equilibrium water
contents determined from the desorption isotherms of lemon juice were much higher than
those for other sugars, and similar to the values for the simulated lemon juice and citric acid.
High equilibrium water contents of lemon juice were likely due to citric acid. Further study is

needed to understand slow drying rates of lemon juice.
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CHAPTER 4

QUALITY EVALUATION OF DRIED LEMON PEEL BY HSL COLOR ANALYSIS

4.1 Introduction

Lemon, one of citrus variety, has been a very popular fruit throughout the world.
Lemon is a rich source of vitamin, mineral, dietary fiber, low sugar and non-cholesterol
content. Lemon can be processed into various products. Lemon peel is used as garnish for
food and drinks, dried candy, raw material of lemon powder and pectin. Juice sacs in lemon

are used to make concentrated lemon juice and soft drinks.

The critical quality of food is attributed to color, flavor, texture and nutritional value.
In fruit and vegetables, color is derived from their natural pigments. The primary pigments
consisted of flavonoids (yellow), chlorophylls (green), carotenoids (yellow, orange and red),
anthocyanins (red, blue), and betalains (red), gradually change during maturation and
ripening process. During storage and additional processing, color degradation, browning is
caused by enzymatic and non-enzymatic reaction. As non-enzymatic chemical reactions,
sugar related reaction, the Maillard reaction and caramelization and oxidation reaction of

ascorbic acid and lipids resulted in food browning (Barret et.al, 2010).

As an alternative to chemical analysis, computer based digital camera image analysis
can be used for the evaluation of color changes as a non-destructive method. The color
analysis using a digital camera is quite useful as it easily acquires the surface information and
the color distribution. Application of a HSL color system based on digital camera has been
successfully performed. When an image is acquired, the HSL color system will separate this
information into three color components (hue, H and saturation, S) and illumination
component (lightness, L). Quantity of light as well as uneven lighting or uneven surface
shape does not affect to the H and S. Transformation of digital camera image from RGB
color system to HSL color system can be perceived because this color change measurements
have similar way with human interaction and perception (Motonaga et.al, 2004; Hashimoto

et.al, 2006; Levkowitz et.al, 1993).

The shelf life of lemon product is shortened by the time-dependent development of
off-flavors, browning, change of colors, and deterioration of nutrients, caused by the

oxidative reactions of chemical and nutrient components in the food systems. Consequently,
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the food is becoming unattractive to consumers. The combination of drying with pre-
treatment prior to drying is known to be effective for improving the product quality. Pre-
drying treatment such as blanching and osmotic dehydration is needed for lemon drying in

order to avoid shrinkage and color changes.

Blanching in hot water usually applied for fruit and vegetables to increase drying rate
and prevent browning (Leeratanarak et.al, 2006). Blanching helps the inactivation of
enzymes such as polyphenoloxidases (PPO) that cause browning, and phenolase, catalase and
peroxidase that are responsible for off-flavors development. Unfortunately blanching cannot
prevent shrinkage of final products. Previous research have shown that addition of sugar such
as sucrose, trehalose, maltodextrin, maltosyl-trehalose prior to drying are needed for fruit and
vegetables in order to avoid browning and damages to tissue structure (Aktas et.al, 2006;

2007; Hawa et.al, 2011).

In this study, effects of blanching and soaking in a sucrose solution as pre-treatments
on the drying of lemon peel were studied. The desorption isotherms of lemon powder, lemon
peel and lemon juice were determined by isothermal desorption experiments. Color changes
of lemon peel were analysed by using HSL color system developed by Hashimoto. Color
changes were observed under two different experimental conditions. The color changes were
observed during constant temperature hot air drying experiments. The sample of a constant
water content was incubated in a sealed container and then the color was analysed as a
function of incubation time. Vacuum and freeze drying experiments were used to prepare
different water content of sample prior to incubation experiments. The final appearance such

as shrinkage and color changes on dried product were also analyzed.
4.2 Materials and method
4.2.1 Materials

Lemon (brand Sunkist 4053, USA) were purchased from the local market. Lemon powder
(contain trehalose) and lemon juice (“Pokka Lemon 100”") were supplied from Pokka Sapporo
(Nagoya, Japan). Non-treatment lemon powder were prepared from freeze dried lemon peel
by grinding with a blender and sieving through a 500pum-mesh. All other chemicals were of

analytical grade.
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4.2.2. Methods
4.2.2.1 Preparation of sample

Fresh lemons were washed, separated from their pulps and cut into 2.5 cm length and
0.5 cm width. The sample was placed in saucepan and boiling in hot water (372K) for 5

minutes. Under this condition the sample was not fully cooked.

As a sugar solution, a sucrose solution (40 wt%) was used. Blanched samples were
dipped in a sugar solution for 10 minutes. The samples were placed in a freezer (233K) for 1

hour prior to freeze drying (FD), while for vacuum drying (VD) the samples were not frozen.
4.2.2.2 Drying experiment

Isothermal drying experiments were performed in a constant air temperature box. This
drying equipment has two fans, which circulate the air in the box well, a fan control unit, a
heater, a temperature control unit and a digital balance. The relative humidity (RH) was
adjusted by silica gels (RH<1%). The air temperature and relative humidity were monitored
by the thermometer and hygrometer in the box. The sample was placed on a spiral wire dish
covered with a silicon tube. This dish placed on a wire net cage, which was attached to an
aluminium dish. The aluminium dish eliminates unwanted vibrations of the wire net cage by
the hot air stream. The dish was hanged to an electronic balance placed on the drying box.

4.2.2.3 Drying experiment prior to incubating process

In order to adjust water contents of the sample for the incubation experiments freeze
or vacuum drying were performed by using a Freeze dryer (Eyela Freeze Dryer, FD-1000,
Tokyo Rikakikai, Japan) for 0.5, 1, 2, 3, and 6 hours at 223+1K and 6.5+0.5Pa.

4.2.2.4 Isothermal incubation experiments

Dried lemon peel samples were contained in an airtight glass container with a silicon
stopper, covered with a plastic film and aluminium foil to avoid light. The container was
incubated with a hot block bath (TPB-32, Toyo Seisakisho, Japan) at 333K. The solid mass of
the sample (/) was measured by drying the sample at 378K for 4 hours.
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4.2.2.5 Measurement of color changes

Color images of the sample were captured by a digital camera as a function of time
during both hot air drying and incubation experiments. All the experiments were performed

in triplicate.
4.2.2.6 Color analysis

The experimental setup consisted of a digital camera with 7.1x optical wide zoom lens
(Ricoh R10, Ricoh, Tokyo, Japan) and tripod. The camera was fixed 8§ cm from the sample
plane. Sample was put on a white drafting paper, so that the image background was white.
The sample image were recorded as a JPEG format, and then transferred to a PC for the color
image processing.

The images were then analyzed with a Color Tool software developed by Hashimoto
at Mie University to obtain the H, S and L value. The software requires that the background
of image should be removed, the pixel size should be lower than 800x800 and the image
should be saved in Tiff format. All this process conducted by using Adobe Photoshop CS. H,

S and L average values were calculated from 3 data for one sample.
4.2.2.7 Determination of desorption isotherm

Dried peel, lemon powder and lemon juice samples were stored in an airtight plastic
container in the presence of salt solutions of known a,, values at 303K. Then the samples
were weighed every 24 hours until the weight loss became less than 2% per 12 hours

(Yamamoto et.al., 2002).

The desorption isotherm data were fitted by a three parameter Guggenheim-
Anderson-de Boer (GAB) model (Blahovec, 2004; Rahman, 1995; Van den Berg, 1984).
B CKa, W,
(1-Ka,)(1-Ka, +CKa,) (4-1)

W implies the water content equivalent to  monolayer coverage. C and K are constants

related to the binding energies.
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4.3 Results and discussion
4.3.1 The effect of pre-treatment on desorption isotherm

Desorption isotherms (lemon peel, lemon powder and lemon juice) are shown in

Fig.4-1.
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Fig. 4-1. Desorption isotherm of lemon peel, lemon powder and lemon juice

The desorption isotherms of lemon peel, lemon powder and lemon juice show typical

food isotherm shape, which can be described well by the GAB equation.

The equilibrium water content for lemon juice were higher compared with lemon peel
and lemon powder for higher water activity regions. Lemon juice is quite hygroscopic
compared with other lemon product. As lemon powders are also known to be very

hygroscopic and sticky, they tend to form agglomerated particles easily (caking).

4.3.2 The effect of pre-treatments on isothermal drying

The isothermal drying curve of lemon peels with and without pre-treatment are shown
in Fig.4-2. The initial water content of lemon peel dipped in sucrose was lower than that non-
treatment one due to osmotic dehydration process. The drying rates decreased after 3 hours.
The final water content of lemon peel dipped in a sucrose solution was slightly higher

compared with others.
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Fig.4-2. Drying curves of lemon peel with or without pretreatment during hot air drying at
318K

Blanching is known to facilitate water removal as the cell structure is partially
weakened, which permits easier migration of water. It may also cause starch gelatinization
and inactivate polyphenoloxidases that lead to quality degradations. Further possibilities of
blanching effects are the collapse to the cell, the decrease in turgor pressure, deformation of
the cell walls and even plasmolysis (Leeratanarak et.al, 2006; Katsiferis et.al, 2008; Moreno-
Perez et.al, 1996). However, the presence of sugars in lemon peel resulted in low drying rates
at the late stage of drying. This is due to slow drying rates of sucrose solutions (Yamamoto

et.al., 2002, Pimpaporn et.al, 2007).
4.3.3 The effect of pre-treatments on color changes during isothermal drying

The surface color of each lemon peel was transformed from the RGB coordinate
system to the HSL coordinate system. H value is defined as a color wheel chart, with red-
purple at an angle of 0, yellow at m/2, bluish green at m and blue at 37/2 rad. The surface
color of lemon peel changes from white-yellow to orange-brown, which corresponds to the
change of H value from 45 to 25. H value decreases as the browning score increases.
Unfortunately, the samples in this study did not show significant changes of the S and L

values.

Fig. 4-3. shows that the hue value tends to decrease with increasing time. At the
beginning of drying, the sample color was yellow at peel part and white at flavedo part and

then turned darker with the progress of drying. The H values of lemon peel dipped in a
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sucrose solution were higher than others. The lowest H value was found for non-treatment

samples.
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Fig.4-3. Hue changes of lemon peel with or without pre-treatment during hot air drying

The non-enzymatic browning was considered as a major cause of color changes of
dried lemon peel, since blanching inactivated enzyme that cause color degradation. Hot water
blanching prior to drying reduced a value (red color) of potato chips, because of the
dissolving of reducing sugar, which are the substrates of non-enzymatic browning, Maillard

reaction (Leeratanarak et.al, 2006).

Application of blanching and addition of sugar such as sucrose and trehalose resulted
in less color changes during drying process compared with only blanching. Non-reducing
disaccharides such as sucrose and trehalose may protect tissue structures and reduce
structural damages. Sucrose and trehalose are non-reducing sugar and does not react with
amino acids or proteins as part of Maillard browning (Aktas et.al, 2006; 2007; Hawa et.al,
2011).

4.3.3.4. The effect of pre-treatments on appearance of lemon peel during isothermal drying

Table 4-1. shows the appearance of lemon peel during hot air drying. Generally the
color turned into orange and light brown at the beginning of drying until 3 hours of drying

time and gradually became constant until the end of drying.
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Table 4-1. Photographs of lemon peel with and without pre-treatment in hot air drying

Hot air drying, 318K
Time

) Dipped in 40%
[hour] Non-treatment Blanching
sucrose

W

Color changes for samples blanched and dipped in a sucrose solution were much
slower compared with non-treatment samples. Shrinkage occurred in all treatment. Shrinkage
occurred in early stage of drying and proceeded more rapidly. Shrinkage was not significant
at the final stage of drying. Non-treatment sample showed much more shrinkage compared
with pre-treatment samples. Blanching resulted in better color retention but did not prevent
shrinkage. Lemon peels dipped in a sucrose solution were found to be the best appearance

based on color changes and shrinkage.

4.3.3.5. The effect of pre-treatments on color changes and on appearance of lemon peel after

FD and VD

In order to understand the effect of water content on color changes, sample were kept
in an incubator for 24 hours. Before placing in the incubator, samples were dried to adjust

designated water content values.
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Table 4-2. Water contents of lemon peel with and without pre-treatment after drying in FD

and VD
Drying time X [kg-water/kg-solid] ' .
[hour] Non-treatment Blanching Dlpgﬁgrlor;:()%
FD VD FD VD FD VD
0 3.76 3.76 5.41 5.41 3.67 3.67
0.5 3.17 3.18 4.25 4.45 2.26 1.96
1 2.41 1.49 3.78 1.20 1.72 1.29
3 0.55 0.19 0.42 0.17 0.17 0.16
6 0.13 0.11 0.09 0.09 0.10 0.10
12 0.107 0.09 0.08 0.09 0.07 0.09

Hue changes of sample with and without pre-treatments are shown in Fig. 4-4. The

appearance of samples during the incubation experiments are summarized in Table 4-3.
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Fig. 4-414. Change in hue value of lemon peel during incubation (333K) for samples
prepared by FD and VD (a) non-treatment, (b) blanching, (c¢) dipped in 40% sucrose.
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Fig. 4-4. shows that H value of lemon peel decreased with increase in water content.

At low water content the color of sample was found to be more stable. The decrease in H

value for blanched and sucrose treated samples was much lower compared with non-

treatment samples.
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Table 4-3. Photographs of lemon peel during incubation at 333K. Prior to incubation, samples
were prepared by pre-treatment and FD. (a) non-treatment, (b) blanching, (c¢) dipped in 40%
sucrose

Drying Time Incubation time at 333 K [hour]

[hour] 0 12 24

0 | = R vy
(a) 3 | a—" e (e

12 _— = (S

0 B =
(b) 3 . 2 P

12 e B ==

0 e Y TN

% S BN 2T

Table 4-3 shows that the color degradation became faster when the water content was high.
Low water contents prevented color degradation. Dipping in a sucrose solution resulted in
better physical properties of appearance compared with non-treated and blanched sample.
However, less shrinkage was found for FD samples compared with VD samples. Shrinkage
occurred mostly at the beginning of incubation, especially for samples of high moisture
content (Table 4-4). Less shrinkage and browning were observed for samples of low water

contents (<0.2 kg-water/kg-solid). Similar trends were also found in other samples.
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Table 4-4. Photographs of lemon peel during incubation at 333K. Prior to incubation, samples
were prepared by dipping in 40% sucrose solution and by FD and VD for 12 hours

Incubation time at 333 K [hour]
0 12 24
R -
o . B =

The final color appearance was quite similar for both freeze and vacuum drying. To
obtain better quality of dried product, vacuum drying and freeze drying are good methods.
Especially, freeze drying has many advantages for drying of biological materials such as
retention of shape, texture and aroma of the original sample (Barta et.al, 2012). However, the
running cost of freeze drying is much higher compared with hot-air drying or vacuum drying.
Freezing process also affects sample color. When material is frozen, the water will form ice
crystal. Fast freezing will produce small ice crystal. The present experiments were conducted
under a fast freezing condition (233K, 1 hour). The color of small ice crystal was whiter than
that of large ice crystals. Small ice crystals tend to scatter more light so that the sample

becomes bright because of their small pores (Ceballos et.al, 2012).
4.4 Conclusions

Effects of blanching and dipping in a sucrose solution as pre-treatment methods of hot

air drying of lemon peel on were studied.
The drying rates of samples dipped in a sucrose solution were much lower compared
with those of non-treated and blanched samples due to the presence of sugar.

The desorption isotherms of lemon products show typical food isotherm shape, which

can be described well by the GAB equation when ay<0.92.

Application of HSL color analysis on color changes of lemon peel has been
successfully carried out. The color changes was faster when the water contents were high.
The decrease in H value for sampled dipped in a sucrose solution sample were much lower

than that for non-treated samples.

Dipping in a sugar solution after blanching and controlling water content on drying

may provide better product qualities of dried lemon peel.
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CHAPTER 5

GENERAL CONCLUSION

A steam blanching increased the drying rate significantly. Dipping in sugar solution
for a relatively short time (10 minutes) was effective for obtaining a high quality of dried
foods. The combination of blanching and dipping in a sugar solution was found to be a good
pre-treatment method for obtaining the dried samples of good color retention and uniform
shrinkage.

The drying rates of lemon juice at 303K were much lower than the values for the
simulated lemon juice and maltodextrin, especially at low water content regions. The
equilibrium water contents determined from the desorption isotherms of lemon juice were
similar to the values for the simulated lemon juice and citric acid.

Digital image acquired by a digital camera was processed to obtain the HSL values for
color analysis. The browning was well evaluated by the hue values. The color changes
(browning) were faster when the water content and temperature were higher. Blanching
followed by dipping in a sugar solution was found to be effective to prevent color changes of

dried lemon peel.
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