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ABSTRACT

Thai red curry paste was dried with two different drying methods: microwave and hot-air
drying. The microwave drying was carried out in a microwave oven with microwave power of
180, 360 and 540 W, while the hot-air drying was carried out at drying air temperatures of 60, 70
and 80 °C. Drying time of microwave drying process to reduce the moisture content of red curry
paste from 2.58 to 0.08 g water/g dry matter was much shorter than that of the hot-air drying
process. An increase in the microwave power significantly decreased the drying time. In the hot-
air drying, increasing the drying air temperature also significantly decreased the drying time.
Microwave drying process of red curry paste consisted of three drying periods, i.e. heating up,
constant rate and falling rate periods, while hot-air drying pro.cess consisted of two drying periods,
i.e. heating up and falling rate periods. To describe the effect of microwave power and drying air
temperature on drying kinetics of red curry paste, eleven different mathematical thin-layer
equations, i.e. Lewis, Page, Modified Page, Henderson and Pabis, Two term exponential, Wang
and Singh, Logarithmic, Approximate of diffusion, Verma et al., Two term and Midilli et al. were
used to fit the drying data. The Midilli et al. model provided the best fit to both microwave and
hot-air drying experimental data followed by the Page and the Modified Page models.

The sorption isotherms of dried red curry paste at room temperature (30°C) in water
activities range of 0.113-0.970 were determined by the static gravimetric method. The sorption
isotherm of dried red curry paste exhibited type 111 behavior. The drying methods did not

significant effect on the sorption. The moisture sorption data were fitted to ten sorption models,



i.e. Oswin, Caurie, Smith, Lewicki-2, BET, Haslay, Handerson, GAB, Lewicki-3 and Peleg. The
GAB model was found to be the most suitable for fitting the moisture sorption data followed by
the Lewicki-3 model. The monolayer moisture contents were taken as the safe minimum moisture
level in red curry powder determined using the BET equation. The BET monolayer moisture
content values ranged from 0.080 to 0.085 g water/g dry matter.

In addition, the quality attributes of dried red curry paste were evaluated for color
properties, proximate compositions, antioxidant properties and sensory evaluation. Color
properties were expressed in terms of browning index (BI), color measurements (Hunter L, a, b),
ratio of color change (AL/Ly, Aa/ay and Ab/by) and total color change (AE). For antioxidant
properties were expressed in terms of total phenolic content (TPC) and antioxidant activities. The
Folin-Ciocalteu method was used to determine TPC while the 2,2-diphenyl-1-picrylhydrazyl
radical scavenging activity (DPPH-RSA) and the ferric reducing antioxidative power (FRAP)
were used to elucidate antioxidant activities. Paired comparison-dependent and selected pair test
was used to determine the effect of the drying methods on a color and an aroma including
preference. The dried red curry paste was more BI value, lighter and more yellow color of dry-
rehydrated red curry paste than the fresh one. The drying processes also increased in the contents
of available carbohydrate and phenolic compounds including antioxidant activity while decreased
in the content of crude fat. Moreover, sensory evaluation results also showed that the drying
process caused a significant decrease in both color and aroma intensities but a significant increase
in preference. The drying methods showed no significant effects on the proximate compositions
and sensory evaluation of the dried red curry paste, whereas color and antioxidant properties were
all affected by the two methods to different extents. The microwave drying resulted in more BI
value, slightly darker in color and less yellow color of dry-powdered red curry paste than the hot-
air drying, while the rehydrated samples from the microwave drying were lighter and more
yellow color than the hot-air drying. Almost all microwave-dried samples had more phenolic

content and antioxidant activities than hot-air-dried samples.
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CHAPTER 1

INTRODUCTION

Thai red curry paste is one of the most famous kinds of curry paste used to enhance several
spicy Thai dishes. The paste is prepared from dried red chilli, garlic, shallot, lemon grass, kaffir
lime, galangal, coriander seeds, cumin, cardamon and additives such as salt and sugar, all are
blended together to obtain a homogeneous orange-red paste providing spicy and authentic
fragrance of certain dishes. Moreover, it has been reported that the major ingredients of this
product such as chilli (Deepa et al., 2007; Materska and Perucka, 2005), garlic (Leelarungrayub
et al., 2006), shallot (Fattorusso et al., 2002), lemon grass, galangal root (Juntachote et al., 2006a;
Ly et al., 2003) and coriander seeds (Wangensteen et al., 2004) are good sources of phenolic
compounds. The phenolic compounds in these herbs and spices have been found to make a major
contribution to human health and multiple positive biological effects, such as antioxidant activity,
antimutagenic and/or anticarcinogenic activity and anti-inflammatory action (Surh, 2002;
Karakaya, 2004). Fresh Thai red curry paste in a semi-solid form has a short shelf life due to its
high moisture content (more than 60%).

The growing popularity of Thai food around the world creates the need to preserve this
product. Drying is one of the preservative methods that can extend the shelf-life of the red curry
paste. It can be defined as a simultaneous heat and mass transfer operation in which water content
of material is lowered by evaporation of water into an unsaturated gas stream (Khraiseheh et al.,
1997). Lowering of water activity of product can consequently inhibit the growth of
microorganisms and decrease chemical reactions to prolong the shelf life of the product at room
temperature. Drying is also provides smaller spaces for storage and lighter weigiit for
transportation.

Hot-air drying is the most widely used method to produce dried foods and agricultural
products (Vega-Mercado et al., 2001) because of its low investment and operation cost. However,
the disadvantage of hot-air drying is that it takes a iong period of time even at high temperatures
that may cause serious damage to the product quality attributes such as flavor, color, texture,
nutrients and substances beneficial to health. Other disadvantages include reduction in bulk
density and rehydration capacity of the dried products (Nijhuis et al., 1998; Tsami et al., 1999).

Therefore, there is a need to optimize conditions to obtain high-quality dried products.



Microwave drying is an alternative drying method which offers a considerable reduction of
drying time. Microwave application has been reported to improve product qualities resulting in a
better aroma, faster and better rehydration with considerable saving in energy (Maskan, 2000).
However, it may result in a poor quality product if not properly applied (Nijhuis et al., 1998;
Zhang et al., 2006).

It is well-known that the quality of a dried product is strongly dependent on the drying
process and the processing conditions. Therefore, a through knowledge of the drying process is
needed in order to design the process and to obtain product of desired quality. Knowledge of the
influences of the drying on food qualities can be efficiently used to create new quality attributes
and new functionality of the product. Moreover, this knowledge may help on the scale up
requirement and criteria for industrial use. Therefore, it is necessary to study the effect of
microwave and hot-air drying on drying l;ehavior of Thai red curry paste which included moisture
sorption properties, color properties, approximate compositions, antioxidant properties and

sensory evaluation and of dry product.

Objectives

1. To study the effect of drying methods (microwave and hot-air drying) and drying
conditions (microwave power and drying air temperature) on drying behavior of Thai red curry

paste.

2. To study the effect of drying methods (microwave and hot-air drying) and drying
conditions (microwave power and drying air temperature) on moisture sorption properties of dried

Thai red curry paste.

3. To study the effect of drying methods (microwave and hot-air drying) and drying
conditions (microwave power and drying air temperature) on color properties, proximate

compositions, antioxidant properties and sensory evaluation of dried Thai red curry paste.



CHAPTER 2

LITERATURE REVIEWS

2.1 Ingredients of Thai Red Curry Paste

Thai Red Curry Paste in Thai calls “Nam Prik Kaeng Phet or Nam Phrik Kaeng Daeng”. The
paste is prepared from mixture of several herbs and spices such as dried red chilli, garlic, shallot,
lemon grass, kaffir lime and galangal, and additives such as salt and sugar, all blended together to
obtain a homogeneous orange-red paste. It provides the colorful, spicy and authentic fragrance of
certain dishes. Moreover, it has been reported that the major ingredients of this product are good

-

sources of phenolic compounds.

2.1.1 Chilli

Chilli peppers (Capsicum annum Linn.) are one of the most important spices widely
cultivated and employed as a flavoring and coloring ingredients in many foods such as curry
paste, curry powder and sauce.

Fresh chilli is a source of vitamins (vitamin A, ascorbic acid, tocopherols) and its also
rich sources of flavonoids, phenolic acids and capsaicinoids. The flavonoids and phenolic acid
compounds isolated from hot pepper fruit (Capsicum annum L.) were trans-p-feruloyl-§-D-
glucopyranoside, trans-p-sinapoyl-B-D-glucopyranoside, quercetin 3-O-a-L-rhamnopyranoside-7-
O-$-D-glucopyranoside, trans-p-ferulylalcohol-4-O-[6-(2-methyl-3-hydroxypropionyl)]
glucopyranoside, luteolin 6-C-B-D-glucopyranoside-8-C-a-L-arabinopyranoside, apigenin 6-C-D-
glucopyranoside-8-C-L-arabinopyranoside, lutoeolin7-O-[2-(B-D-apiofuranosyl)-B-D-
glucopyranoside], quercetin3-O-a-L-rhamnopyranoside and luteolin 7-0-[2-(B-D-apiofuranosyl)-
4-(B-D-glucopyranosyl)-6-malonyl]-$-D-glucopyranoside. The main compounds of the fraction
isolated from red pepper were sinapoyl and feruloyl glycoside and the main compound from
green pepper was quercetin-3-O-L-rhamnoside (Materska and Perucka, 2005).

The strong pungency of chilli has been attributed to capsaicinoids that are present in
chilli at level up to 1%. The rr.lost abundant capsaicinoids are capsaicin and dihydrocapsaicin
which constitute more than 80%. Other capsaicinoids are much smaller quantities, including nor-

dihydrocapsaicin, homocapsaicin, homodihydrocapsaicin and nonivamin (Goodwin and Hertwig,



2003; Schweiggert et al., 2006a). The natural pattern and contents of individual capsaicinoids in
chilli pepper vary with species and variety, growing condition and time of harvest.

Capsicums are often added to food products to enhance color and acceptability. The
attractive red-orange color of capsicums is mainly due to the presence of three keto-carotenoids,
namely capsanthin, capsorubin and crypto-capsin (Matsufuji et al., 1998; Ahmed et al., 2002).

Chilli is natural antioxidant compound with health benefits. It has been reported that the
extracts of chilli have antioxidant properties (Antonella et al., 2002; Materska and Perucka,
2005). Capsaicin, one of the active compounds of red pepper have a variety of reducing blood

pressure (Tolan et al., 2004) and anticancer properties (Sanchez et al., 2006).

2.1.2 Garlic

Gariic (Allium sativum Liliaceae.) is one of the most important bulb vegetables grown
and used as spice and flavoring agent for foods.

In every 100 g of fresh weight, 23 g is carbohydrate accounting for bulk of garlic bulb,
apart from its rich content of protein (4.4 g). Among the minerals, garlic is known to contain high
levels of phosphorus (44 mg) followed by calcium (5 mg), and iron (0.24 mg). Nicotinic acid
(0.91 mg) and vitamin C are important chemical constituents. In addition it contains the minerals
selenium and germanium. The essential oil, 0.2% in all, consists of allicin and many kinds of
thio-ether compounds. Garlic also contains citral, geraniol, linalool, a-phellandrene, propionic,
aldehyde and valeraldehyde (Khanum et al., 2004).

Allicin is considered to be the most important of the biologically active components of
crushed bulb. However, allicin does not exist in garlic as such, but is rapidly produced when the
precursor alliin is cleaved by the action of allinase upon crushing the tissue. Bakri and Douglas
(2005) reported that the garlic extract (57.1% w/v) containing 220 pg/ml allicin. Processed garlic
preparations typically contain a range of different sulfur compounds.

Garlic has generally found to be a great antioxidant, antibacterial, antifungal,
hypoglycaemic, hyperglycemic, hypolipidaemic, antithrombotic, antihypertensive and anticancer
properties (Antri and Mirelman, 1999; Khanum et al., 2004; Oommen et al., 2004; Sallam et al.,
2004; Riripongvutikorn et al., 2005; Pedraza-Chaverri et al., 2006).

The main antimicrobial effect of garlic is due to allicin’s chemical reaction with thiol
groups of various enzymes, such as alcohol dehydrogenase, thioredoxin reductase and RNA

polymerase (Antri and Mirelman, 1999).



2.1.3 Shallot

Shallot (4llium ascalonicum L.) is a major component of many Asian diets and is
widely belived to be beneficial to health. This bulb is darker than garlic and had a stronger odor
that correlates with its sulfide content.

Analysis of shallot extract has shown the presence of flavone and polyphenolic
derivatives such as quercetin, quercetin 4’-glucoside, quercetin 7,4’-dig]ucoside, quercetin 3, 4’-
diglucoside, and quercetin mono-D-glucose (Fattorusso et al., 2002).

Leelarungrayub et al. (2006) demonstrated that shallot extracts have an antioxidant

activity similar to that associated with garlic.

2.1.4 Galangal

Galangal (Alpinia galangal (L.) Swartz), a rhizome closely related to the ginger
family, is commonly used for flavoring foods in stir-fries, curries and soups in Southeast Asia,
which has gingery notes with slightly sour and peppery notes, is an essential component of Thai
curry paste. Galangal has characteristic fragrance as well as pungency, it also used as a medicine
for curing stomachache in China and Thailand.

Two phenolic compounds such as p-hydroxycinnamaldehyde and [di-(p-hydroxy-cis-
styryl)] methane were isolated from the chloroform extract of the rhizomes of A. galangal. The
potent antioxidation activity is curcuminoids. Essential oil from rhizomes of galangal comprised
1,8-cineole, B-pinene, o-ferpineol, fenchyl acetate, o-pinene, camphene, guaiol, camphor and B-
elemene (Juntachote et al., 2006b).

Oonmetta-aree et al. (2006) reported that the major compound of galangal ethanol
extracts were essential oil; D,L-1’-ACA (acetoxychavicol acetate) and the minor compounds of
crude extract were p-coumary diacetate, palmitic acid, acetoxyeugenol acetate, eugenol, B-
bisabolene, B-farnesence and sesquiphandrence.

It has been demonstrated that the galangal extracts have antioxidant properties (Ly et
al., 2003; Jantachote and Berghofer, 2005; Jantachote et al., 2007), antimicrobial properties

(Oonmetta-aree et al., 2006) and anticarcinogenic activity (Zheng et al., 1993).



2.1.5 Lemongrass

Lemongrass (Cymbopogon citratus (DC.) stapf (Gramineae)) is an herb. The volatile
oil obtained from fresh leaves of this plant is widely used by the perfume and cosmetics
industries. It consists of monoterpenes compounds, hydrocarbons, ketones, aldehydes and esters.
The GC method can be used to identify a natural mixture. The high percentage of citral (70-85%)
in it consists of two isomeric aldehydes, neral and geranial (Nakamura et al., 2003).

It have been demonstrated that the essential oil from lemongrass have antioxid:;nt,
antibacterial, antifungal properties (Nguefack et al., 2004; Lertsatitthanakorn et al., 2006) and

anticarcinogenic activity (Zheng et al., 1993; Nakamura et al., 2003).

2.1.6 Kaffir Lime

The Kaffir lime (Citrus hystrix DC.), also known as Makrut (in Thai), is a Southeast
Asian citrus plant with very pungent leaves. The green lime fruits_are distinguished by their
bumpy exterior. The characteristic odor of kaffir lime peel is fruity, tangy and zesty. The volatile
oils in the kaffir lime peel are composed of 2.5% c-pinene, 0.2% camphene, 30.6% [3-pinene,
22.6% sabinene, 1.4% myrcene, 29.2% limonene, 1.3% cineol, 0.1% vy-terpinene, 0.1% p-
cymene, 0.1% terpinolene, 0.6% trans-sabinene hydrate, 4.2% citronellal, 0.6% copanene, 0.5%
linallol, 0.5% P-cubebene, 4.2% terpinen-4-ol, 0.3% caryophyllene, 0.2% citronellyl acetate,
0.2% a-terpineol, 0.1% geranial, 0.4% citronellol, 0.3% &-cadinene, 0.1% geraniol, 0.1%
nerolidol and 0.3% elemol (Lawrence et al., 1971).

The essential oils of kaffir lime have antioxidant properties (Lertsatitthanakorn et al.,

2006).



2.2 Drying

Drying is traditionally defined as the unit operation which converts a liquid, solid or semi-
solid feed material into a solid product of significantly lower moisture. In most case, drying
involves the application of thermal energy, which causes water to evaporate into the vapor phase.

Drying is one the oldest and the most widely used primary methods of food preservation and
is a very important aspect of food processing. Drying can be defined as simultaneous heat and
mass transfer operation in which water activity of a material is lowed by the removal of water by
evaporation into an unsaturated gas stream (Khraished et al., 1997). The basic objective in drying
food products is the removal of water from solids to a certain level at which microbial spoilage is
avoided. Longer shelf life and significant reduction in the volume of the product are the major

reasons for the popularity of dried food material.

2.2.1 Conventional Drying

Drying method is one of the factors affecting the drying kinetics and the quality of food
products. The conventional drying methods normally acquire long processing time and high
temperature treatment because of conventional heating occurs by convection followed by
conduction where heat must diffuse in from the surface of the material therefore they have high
energy consumption and return the product that has unappealing final appearance and texture.
This method will degrade the value nutrient in fruits and vegetable.

2.2.1.1 Conventional Drying Behavior

A high moist product dried by hot airflow generally experiences a heating-up, a
constant drying rate, and one or several falling rate periods (Mujumdar and Suvachittanont, 2000;
Zhange et al., 2006).

(1) A heating-up period, during the first stage of drying of a high moist material,
the material heats up due to heat transfer from the air to the material. Once the vapor pressure in
the material is higher than that of the environment the material starts to lose moisture, but at a
slow rate.

(2) A constant drying rate period, the drying rate is constant because the surface
of the material contains free moisture.

(3) A falling rate period, this period can be much extended. Towards the end of
the constant rate period, moisture has to be transported from the inside of the material to the

surface, and the critical moisture content has been reached. After this time dry spots appear on the



surface, and the drying rate decreases. This is called the first falling rate period. When the surface
is completely dry, the moisture is transported from the inner parts of the material as a result of
concentration gradients between the interior of the material and the surface. This drying period is
called the second falling rate period, and the drying rate is lower than previously.

A fundamental aspect of conventional heat transfer is that the temperature
gradients and the moisture gradients are of opposite signs, i.c. the temperature is highest at the
surface where the moisture is at its lowest.

When conventional heat transfer methods are used to dry a capillary porous
body at atmospheric pressure, the internal movement of moisture is due to liquid flow by
capillary action an;i vapor flow by molecular diffusion. Liquid phase movement is related to
moisture gradient and temperature, whereas in the vapor phase it is due to a partial pressure or
temperature gradient.

The transition from constant rate to falling rate is often gradual and, for some
materials, it may be argued that there is no constant rate in the strict sense.

2.2.1.2 Advantages and Disadvantages of Conventional Drying

Conventional drying is the most widely used method to produce dried foods and
agricultural products (Vega-Mercado et al., 2001) because of its low investment and operation
cost. However, the disadvantages of hot-air drying are that it takes a long time because heat
occurs by convection followed by conduction where heat must diffuse in from the surface of the
material therefore they have high energy consumption. Higher temperature and longer drying
time in conventional drying may cause serious damage to the quality attributes of the product
such as flavor, color, nutrients and substances beneficial to health. Other disadvantages include
reduction in bulk density and rehydration capacity of the dried product (Nijhuis et al., 1998;
Tsami et al., 1999). Thermal damage incurred by a product during drying is directly proportional
to the temperature and time involved. Due to high temperature and long drying time, volatile
compounds are vaporized and are lost with water vapor, resulting in significant loss of
characteristic flavor in dried products. Case-hardening is a common problem in dried fruits due to
rapid drying. As drying proceeds, the rate of water evaporation is faster than the rate of water
movement to the product surface, hence making the outer skin dry. Another disadvantage of
convectional drying of food is the low energy efficiency. Therefore, there is a search for an

alternative efficient drying method for the food industry to process and preserve products of high



quality. To desire to eliminate the existing problems in drying and to achieve fast and effective

thermal processing has resulted in the increasing interest in the use of microwave for food drying.

2.2.2 Microwave Heating and Drying

Microwave is defined as electromagnetic waves in the frequency range 300 MHz to 300
GHz, hence the wavelength range from 1 m to 1 mm. There are three frequencies available for
microwave technology: (1) 915 MHz, used in certain case due to technological complications; (2)
2.45 GHz, which is already used throughout the world in household microwave ovens; and (3)
28-30 GHz, not feasible on an industrial scale, although it is a low-cost alternative. The energy of
microwaves comes from electrical energy that is converted by a power supply to high voltages
that in turn are applied to the microwave power tube or generator to produce power at microwave
frequencies. The most cammon power tube used in microwave ovens is the magnetron.

The microwave energy associated with these frequencies is not sufficient to break
bonds within the molecules or remove electrons. The electric field component of microwave
interacts with food constituent primary through three mechanisms, orientation of permanent
dipoles due to asymmetric positive and negative charge as in water molecule, orientation of
induced dipoles as in charged polymers, and ionic migration, and ionic migration, as with organic
and inorganic salts dissolved in food. Microwave energy is not a form of heat. Heat is a secondary
effect of an electromagnetic field interacting with matter, such as food.

The microwave field changes direction millions of time per second in microwave
ovens. The conversidn of microwave energy into heat is explained by basically two phenomena:

Molecules, with a permanent dipolar moment, rate in the rapidly changing electric field.
When molecules rotate in a field that changes polarity at a frequency of many millions of times
per second, heat is evolved because of friction forces between the molecules.

Change drift under the action of the field (ionic conduction). Ions, being electrically
charged, are influenced by microwave field that cause the ions in solution to flow first in one
direction then in the opposite direction as the field is reversed. The effect of ionic conduction can
be observed in microwave heating of salted water in that higher temperatures are found at the
surface. Ionic conduction also occurs in cellular fluids when animal or vegetable tissues are
exposed to microwave energy. When the ions drift, due to the electric field, they collide with

other molecules in a billiard ball fashion and heat is evolved because of friction.
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Water molecules are polar, i.e. the centre of change is displaced, that can rotate under
the influence of an alternating electrical field. Foodstuffs usually contain 50-97% water, thus
they are very well suited for heating and drying with microwave energy. In hot air drying, the
product surface becomes dry first therefore the dried food layer is a poor conductor of heat
through the dehydration process. In contrast microwaves are able to penetrate a dry surface layer
and heat the food throughout all high-moisture regions. This promotes mass transport and
increases drying rate.

Microwave heating is based on the transformation of alternating electromagnetic field
energy into thermal energy by affecting the polar molecules of a material. The most important
characteristic of microwave heating is volumetric heating. Volumetric heating means that
materials can absorb microwave energy directly and internally and convert it into heat. In
microwave heating, heat is generated throughout the.material, leading to faster heating rates,
compared to conventional heating where heat is usually transferred from the surface to the
interior. Microwave drying is caused by water vapor pressure differences between interior and
surface regions, which provide a driving force for moisture transfer.

2.2.2.1 Microwave Drying Behavior

In general, a complete microwave drying process consists of three drying
periods (Zhange et al., 2006).

(1) A heating-up period in when microwave energy is converted into thermal
energy within the moist materials, and temperature of the product increases with time. Once, the
moisture vapor pressure in food is above that of the environment, the material starts to lose
moisture, but at relatively smaller rates.

(2) Rapid drying period, during which a stable temperature profile is
established, the thermal energy converted from microwave energy is used for the vaporization of
moisture. In porous food structures, rates of moisture vaporization at different locations in foods
depend, to a large extent, upon the local rates of thermal energy conversion from microwave.

(3) Reduced drying rate period, during which the local moisture is reduced to a
point when the energy needed for moisture vaporization is less than thermal energy converted
from microwave. Local temperature then may rise above the boiling temperature of water. Even
though loss factors of food materials decrease with moisture reduction and the conversion of
microwave energy into heat is reduced at lower moisture content, product temperature may still

continue to rise, resulting in overheating or charring. Development of temperature profiles in the
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microwave heating period has been studied for various geometries. During microwave drying
processes, the heating period is relatively short and moisture loss is small. Much of the moisture
loss takes place during the second period of microwave drying, and moisture distribution in
spherical foods is determined at this period through experimental measurements of moisture
profiles and computer simulation.
2.2.2.2 Advantages of Microwave Drying

.Microwave drying results in a high thermal efficiency, shorter drying time and
improved product quality compared to conventional hot air drying. Microwave drying helps to
remove the moisture from the food products without the problem of case hardening compared
with hot air drying. Combined microwave hot air could greatly reduce the drying time of
biological materials without damaging the quality attributes of the finished products (Ren and
Chen, 1998). v

Microwave drying requires a smaller floor space compared to conventional
driers because the increase in processing rate makes it possible to design more compact
equipment and hence plant capacity can be increased without additional building space.

In microwave drying, operational cost is lower because energy is not consumed
in heating the walls of the apparatus or the environment. Heat generated by microwave energy
occurs principally in the product, not in the oven walls or atmosphere. Therefore, heat losses from
the oven to- the surroundings are much lower, making for more comfortable working
temperatures. Fast start-up and shut-down and precise process control are possible in microwave
heating,

Other benefits of microwave drying are the inhibition of high surface
temperatures, continuation of product respiration, lowered product temperatures when combined
with vacuum drying, reduction in the loss of water-soluble components and energy savings.
Microwave drying is most effective at product moisture contents below 20%; hence, it has been
suggested that microwave energy should be applied in the falling rate period or at low moisture
content to finish drying (Maskan, 2000) because at high moisture contents the cost of natural gas
heated hot-air process is only 30% of the microwave energy cost. Also, at low moisture content,
removal of moisture using hot air is slow but due to volumetric heating it is rapid with
microwave. Microwave drying has been reported to improve product quality such as better aroma,
faster and better rehydration, considerable saving in energy and much shorter drying times

compared with hot air drying alone (Maskan, 2001). Nijhuis et al. (1998) compared the
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advantages and disadvantages of various technologies like freeze drying, microwave and radio
frequency drying.

Many researchers have successfully dried vegetables with high heat-sensitive
compositions, and fruit with high sugar contents. In all cases the drying time is reduced
significantly, and in most cases the quality of the dried food products is improved or kept the
same as compared with microwave-dried or conventionally dried products.

Microwave drying has positive ratings for drying rate, flexibility, color, flavor,
nutritional value, microbial stability, enzyme inactivation, rehydration capacity, crispiness and
fresh-like appearance.

2.2.2.3 Disadvantages of Microwave Drying

Microwave drying is known to result in a poor-quality product if not properly
applied. Controlling heating uniformity is important to ensure the microbiél safety and high
quality of microwave-dried foods. The difficulty with microwave heating is the large number of
factors that affect the microwave heat transfer behavior such as the thickness, geometry, and the
dielectric properties of the food. The heat capacity (Cp) and dielectric properties [dielectric
constant (&), loss factor (¢”)] change with the moisture content and temperature, which also
complicates the microwave drying process.

An inherent problem associated with microwave heating is the non-uniformity in
heating caused by an uneven spatial distribution of the electromagnetic field inside the drying
cavity. Temperature distribution during microwave heating was determined that temperature
difference of up to 60-80°C was found on the food samples depending on the time and power
level. To achieve uniform heating, the product is kept in constant movement within the
microwave cavity so that different parts of the product receive an average of electromagnetic field
intensity over a period of time. Many factors influence the uniformity of electromagnetic field.
These factors can be divided into two groups: cavity effects, and workload or product interaction.
Cavity effects are due to design limitation, location of the microwave inlet point, shape of the
cavity, hanging parts such as mixer, which are sometimes used for stirring of the product to assure
more uniform electromagnetic field distribution. Workload interactions include loss factor,
penetration depth, thickness, shape and size of the product that are different from product to
product.

The microwave heating is that there is no common method to monitor or control

the electromagnetic field distribution and its effect after the microwave is switched on.
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Microwave drying sometimes may cause excessive heating, which may result in physical
damages to the product such as scorching, off-color and non-uniform temperature distribution in
the final product. One more drawback is that too rapid mass transport by microwave power may
cause quality damage or undesirable changes in the food texture by “puffing”. However, this may
or may not be a limitation, depends upon the desired quality attributes of the final products.

Another major drawback is the penetration depth of the microwave field into the
products. Although microwave power at 915 MHz penetrate to a greater depth than does at 2450
MHz, in large-scale drying applications, the penetration depth is still much smaller compared to
that attained in radio frequency heating at 10-300 MHz.

Due to the high cost associated with microwave drying, it was used only in cases
where drying of final products has to meet high-quality specifications or as a supplementary
drying method for further product-quality improvement (Drouzas and Schubert, 1996).
Microwave energy is only applied in the falling rate period or at low moisture content to finish
drying of the product. Hence, microwaves can be advantageous in the last stages of air drying
(Funebo and Ohlsson, 1998). High start-up costs have prevented many potential users of
microwave energy from investing in new technology. Previously, operational costs were

considerable, with expensive magnetrons needing to be replaced too frequently.
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2.3 Quality Characteristics of Dried Products

In term of food quality includes three principal areas; nutritional value, acceptability and
safety. Processing raw food will have an adverse effect on some of its nutrients and acceptable
attributes like visual appeal, aroma, flavor and texture. The overall quality of products is judged
by a number of parameters. The quality changes that happen in any product during drying are
color (color and appearance), sensorial (odor, taste and flavor), structural (density, porosity and
specific volume), textural and rehydration properties (rehydration rate and rehydration capacity)
and nutritional characteristics (vitamins and proteins). Food safety is the protecting of food from
microbial, physical (drying out and infestation) and chemical (rancidity and browning) hazards or
contamination that may occur during all stages of food production, growing, harvesting,

processing, transporting, distribution and storage.

2.3.1 Color Properties

The color of food is important for its acceptability. Factors such as non-enzymatic
(Maillard reactions) and enzymatic browning, and process conditions like pH, acidity, oxidation,
time and temperature, are responsible for the loss of pigments and color during processing of
foods.

Color changes are related to browning reactions taking place during drying of fruits and
vegetables. The browning of fruits and vegetables during drying is due to both enzymatic and
non-enzymatic browning reactions. The color of the products is measured by lightness L, redness
or greenness a and yellowness or blueness b, during or after drying. The increase of a value
denotes a more red chroma, which is indicative of the browning reaction. Microwave drying
causes a smaller increment of redness a, which means the final products are less brown than
conventional air-dried ones.

Prabhanjan et al. (1995) studied the thin-layer drying of carrot (Daucus carota) and
showed that product dried by conventional air drying and microwave drying at half the power
level retained good color while those dried at maximum microwave power were dull.

Oduro and Clarke (1999) performed quality assessment of gari (a fermented form of
cassava) (Manihot esculenta) produced using microwave energy and compared with the
commercially available products. They measured values of L and b which indicates lightness and
yellowness. The L value increased slightly with time, producing pale colors and the values of b

value also increased with time producing more yellowness. The acceptable range of color values
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is 80-85 for L and 17-21 for b. Cooking times greater than 15 min gave color properties that fell
beyond the accepted range but the samples cooked between 12 and 15min were regarded as high-
quality gari. The L and b values for gari purchased from commercial market ranged between
77.5-85.8 and 18-27.5, respectively. Hence, gari produced using microwave energy exhibited
lower variation compared to that of commercial gari.

Sharma and Prasad (2001) studied the drying of garlic (4/lium sativum) and the results
showed that garlic was lighter in color for combined microwave-hot-air drying compared to hot-
air drying alone.

Velu et al. (2006) studied the dry milling characteristics of microwave-dried maize
(Zea mays L.) and showed that the flour of the microwave-dried sample was brighter than the
control and the convective-dried samples.

In the case of chilli products, an important reaction is the degradation of orange-red
color pigment. The orange-red color of chilli is mainly due to the profuse synthesis of various
carotenoid pigments. These include oxygenated carotenoids, such as capsanthin, capsorubin and
crypto-capsin. Capsanthin amount was 35% of total carotenoids. Some of other minor pigments
responsible for chilli color are violaoxanthin, capsanthin-5,6-epoxides, zeaxanthin, lutein, B-
cryptoxanthin and [3-car9tene (Ahmed et al., 2002).

Carotenoids are compounds constituted by eight isoprenoid units. The isoprenoid units
are joined in a head-to-tail pattern, but the order is inverted at the molecule center. Carotenoids
are very stable whén they are present in intact plant tissue, but after processing carotenoids are
isolated and are vulnerable to the effects of heat, light and high oxygen tension.

Ramesh et al. (2001) reported the loss of red color is caused by autoxidation of
carotenoids. It is shown that the stability of the quality of paprika, during storage is dependent on
drying conditions and the degradation rate of quality increases as the drying temperature
increases.

Ahmed et al. (2002) reported the kinetics of thermal degradation of color during the
treatment of red chilli puree at 60, 70, 80 and 90°C (up to 20 min) and storage of red chilli paste
at 5,25 and 37°C (up to 6 months) resulted in the degradation of visual color (Lea*b and AE) of
chilli puree which followed the first-order reaction kinetics and the dependence of rate constants
for both Leasb and AE on temperature following the Arrhenius relationship. The activation
energies for the degradation of Leasb and AE during the thermal treatment were 24.8 and 24.2

kJ/mol, and during storage were 24.1 and 25.0 kJ/mol.
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Pérez-Galvez et al. (2005) reported the slow drying at mild temperatures of red pepper
for paprika production, the carotenoid content went through different stages either decreased or
increased which are reflect of the processing conditions.

Schweiggert et al. (2006b) reported the thermal treatment prior mincing fresh chilli and
paprika pods resulted in a 25-34% loss of the initial carotenoid contents in chilli and 20-53% in
paprika.

Antioxidants are used to prevent lipid oxidation which occurs during processing and
storage. Marie-Elisabeth and Claudette (2005) used phenolic compounds and plant extracts to
protect paprika carotenoids against discoloration. This result showed that BHT and a-tocopherol
were good protectors of carotenoid photooxidation. The results obtained with extracts of
rosemary and tea confirms their potential as natural protectors. Mixtures containing a-tocopherol
and rosemary extract showed strong synergistic effects. Ladron de Guevara et al. (2005) has also
been reported that the adding a natural antioxidant (rosemary extract at 1%) to the heat-treated
paprika product, color stability increased and, in the lower the humidity the greater the increase in

stability.

2.3.2 Rehydration Characteristics

Most of the dehydrated products are rehydrated prior to their final use therefore the
rehydration characteristics of the dried product are used as a quality index. There indicate the
physical and chemical changes during drying and are influenced by processing conditions, sample
compositions, sample preparation and the extent of structural and chemical disruptions induced
by drying. In a microwave drying system, the microwaves can easily penetrate the inert dry layers
to be absorbed directly by the moisture at the water front. The quick energy absorption causes
rapid evaporation (boiling) of water creating an outward flux of rapidly escaping vapor. In
addition to improving the rate of drying, this outward flux can help to prevent the collapse
(shrinkage) of tissue'structure, which prevails in most conventional air drying techniques. Hence,
better rehydration characteristics may be expected in microwave-dried products. Studies on thin-
layer drying of carrot by Prabhanjan et al. (1995) by conventional and microwave-assisted
convective drying found that product shrinkage was minimal at the highest power level of
microwave application. Rehydration properties were improved by drying with higher microwave
power levels as indicated by higher values of coefficient of rehydration and rehydration ratio

(ratio of mass of the rehydrated sample to that of dehydrated sample).
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Funebo and Ohlsson (1998) studied the microwave-assisted hot-air dehydration of
apple (Golden delicious) and mushroom (Agaricus bisporus) was performed with low-power
microwave energy. The microwave energy was supplied by either microwave applicators with
transverse magnetic (TM) modes as dominant modes, or by a multimode cavity microwave oven.
They found that the rehydration capacity was not better for the microwave-dried apples and
mushrooms when compared to hot air-dried products. Rehydration capacity was 20-50% better
for TM applicator-dried apples and mushroom than for multimode cavity dried ones.

Tsami et al. (1999) studied the sorption characteristics of freeze, microwave, vacuum

and conventional dried pectin-sugar gel. Freeze-dried gel adsorbed more water vapor than
microwave-dried gel, which had a higher sorption capacity than vacuum-and conventional-dried
product.
) Maskan (2000) studied hot-air, microwavé and hot-air followed by microwave drying
of banana slices. He found that the rehydration ratio of sample dried with the microwave finish
method had the highest value. He suggested that product shrinkage seemed to be minimum in the
microwave finish dried sample. However, from ANOVA results showed that the drying
conditions did not influence (p >0.05) the rehydration capacity of bananas.

Maskan (2001) studied the shrinkage and rehydration characteristics of kiwi fruits
(Actinidia deliciosa) during hot-air and microwave drying. The shrinkage was 81% and 85% for
hot-air and microwave -drying, respectively. Higher and rapid shrinkage of samples dried by
microwave was observed and this may be because of extensive heat generation and accelerated
removal of water from the tissues in the sample dried by microwave. Microwave-dried kiwi fruit
slices exhibited lower rehydration capacity and faster water absorption rate than the air dried
samples.

Garau et al. (2007) studied hot-air drying of orange peel and pulp remaining after juice
extraction. Dehydration around 50-60°C apparently promoted the minor disruption of cell wall
polymers, in particular of pectin substance. Pulp samples exhibited higher values of swelling and
fat adsorption capacity than those derived from orange peel. Although, significant decreased in
water retention capacity, fat adsorption capacity and solubility values were detected for both

samples as the air-drying temperature increased.

71905
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2.3.3 Structural Properties

Structural properties are important for the characterization of the quality of a
dehydrated product. The structure of a food material may be characterized by its bulk density,
true density, porosity and specific volume. Bulk density is determined by the mass of the sample
and its bulk volume. It is the density of a material including air pores, and thus it is a function of
water content, solid type and air volume proportion. True density is the density excluding all
pores and it is determined by the mass of sample and its true volume. Porosity characterizes the
overall open structure of a dehydrated material. It is the fraction of the empty volume and is
estimated from the bulk density and the true density. Porosity is strongly affected by drying
method and conditions.

Tsami et al. (1999) reported the porosity of the dehydrated pectin-sugar gels depended
on the drying method, ranging between 0.2 and 0.5. Freeze- and vacuum-dried pectin developed
the highest porosity, whereas the lowest porosity was obtained using conventional and microwave
drying.

Kratchanova et al. (2004) studied microwave heating of fresh orange peels. Scanning
electron micrographs showed that microwave heating led to destruction of the parenchyma cells.
The changes resulted in an increase in the capillary-porous characteristics and the water
absorption capacity of the plant materials. The capillary-porous characteristic was improved as
the result of the increase in the pressure and temperature in the inside of the tissue. The damage to
the plant tissue increased with the rise in the intensity of microwave field.

Sundaram and Durance (2008) studied the air, va;:uum, freeze and microwave vacuum
dried locust bean gum-pectin-starch composite gel. The porosity of the dried gels varied with
different drying methods and ranged between 68 and 87%. Freeze-dried gel developed the highest
porosity, whereas the lowest porosity was obtained from air drying method. Air and microwave
vacuum-dried gels had narrow pore size distribution where as freeze and vacuum-dried gels had
wider pore size distribution. Also, the freeze-dried gels had pore structural collapse and low bulk

density.



19

2.3.4 Textural Properties

Texture is one of the important characteristics indicating product quality. Textural
properties are usually related to mechanical tests, which examine the viscoelastic behaviour of the
material. Textural properties of dehydrated products are normally measured as a puncture force,
which is a measure of the hardness of the product surface and is an indicator of the extent of case
hardening that has occurred during drying.

Funebo et al. (2002) studied the microwave convective dehydration of apple slices. The
firmness of dehydrated apple pieces increased linearly with temperatures during dehydration and
the apples were almost twice as firm when dehydrated at 70°C compared with 50°C. These

dehydrated samples were 5-9 times harder than fresh apples.

2.3.5 Nutritional Characteristics

Walde et al. (2002) studied the microwave drying of wheat and determined that the
total protein content of microwave-dried samples of wheat did not change and remained the same
as that of the control (9.9%), but the structural and functional characteristics of wheat protein—
gluten were changed. The functionality of gluten was altered, which was observed by the absence
of elasticity and stretchability of the dough.

Hsu et al. (2003) studied the effects of freeze, hot-air and drum drying on proximate
composition of yam flour. The drying methods showed significant effects on the moisture
contents of yam flours, they had no marked effects on other components of yam flours.

Velu et al. (2006) studied the dry milling characteristics of microwave-dried maize
(Zea mays L.). The microwave drying did not alter the protein content as measured by Kjeldahl’s
method. However, some structural changes in the starch and protein were noticed. The protein
and starch content of microwave dried samples were 10.48% and 65.66%, respectively, whereas
for the control sample protein and starch were 10.06% and 60.57%, respectively.

Kratchanova et al. (2004) studied the quality of extracted pectin of microwave-heated
orange peels. In this work it is shown that the microwave heating inactivated the
pectinmethylesterase activity in the orange. Further, increase in the power of the microwave
treatment lead to a complete suppression of the pectolitic activity in the peels. The inactivation of
the pectinmethylesterase by microwave treatment leads to an increase extractability of pectin
from the material and the pectin obtained after a microwave pretreatments have a higher degree of

esterification molecular mass and gel strength.
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Garau et al. (2007) studied the physico-chemical properties of dietary fiber of air dried
orange by-products. The modifications on the dietary fiber components were observed when
either extent drying periods, i.e. at lower temperatures, or elevated drying temperatures were
applied.

Karatas and Kamisli (2007) conducted a study to determine the variation of vitamins
(A, C and E) and malondialdehyde in apricot (Prunus armeniaca) using infr.ared and microwave
drier. Vitamin A, C and E of apricot samples dried in microwave drier are higher than those of the
infrared drier. Also the values of malondialdehyde are higher in microwave dried than in infrared-
dried apricot samples. Hence, they concluded that using a microwave drier for apricot was much
more effective than infrared drier in terms of retention of vitamin A, C and E and
malondialdehyde values.

Arslan and Ozcan (2008) studied the mineral content of fresh, sun dried, oven dried and
microwave oven dried rosemary leaves. Fresh and dried herbs had high amounts of K, Ca, Na,
Mg and P minerals. Al, B, Ba, Cu, Fe and P values of the fresh and dried samples were not
statistically significant. The highest mineral values were determined in oven dried samples. The
microwave oven drying method led to the lowest increase in mineral values in comparison to
other drying methods. The convective style of energy and wave strength of the oven drying

method could cause more increase in the solubility of the elements than the microwave drying.

2.3.6 Antioxidant Properties
Processing methods are generally believed to be responsible for a depletion of naturally
occurring antioxidants in raw material of plant origin. Particularly, intense and/or prolonged
thermal treatment may be responsible for a significant loss of natural antioxidants, due to the fact
that most of the compounds are relatively unstable. However, food processing can have many
effects, not all of which result in a loss of quality and health properties.
2.3.6.1 Fate of the Antioxidant Compounds
In the case for some vegetables, the antioxidant activities, this was found to be
lost in stored vegetables at ambient or chill temperature, blanching, freezing and prolonged
boiling of vegetables in water (Hunter and Fletcher, 2002). Ewald et al. ( 1999) have been reported
that the peeling and blanching of onions at the pilot scale reduced flavonoid content to
approximately half the starting level. While, during the cooking the B-carotene contents were lost

during pressure cooking and open pan boiling (Gayathri et al., 2004).
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Thermal treatments associated with food processing alter the polyphenolic
content of vegetables. Roy et al. (2007) have been reported that heating vegetables juice at a
cooking temperature strongly effect their polyphenolic content, antioxidant and anti-proliferation
activity. This is due to the fact that most of the compounds are relatively unstable. A large
amount of literature deals with ascorbic acid chemical oxidation and/or thermal degradation as a
consequence of blanching, cooking, pasteurization, sterilization and dehydration (Burg and Fraile,
1995).

Larrauri et al. (1997) studied the effect of drying temperatures (60, 100 and
140°C) on stability of polyphenols and antioxidant activity of red grape pomace peels. When
drying temperature was 100 and 140°C, a significant reduction in both total extractable
polyphenols (18.6 and 32.6%) and condensed tannins (11.1 and 16.6%) was observed, as well as
decrease of 28 and 50% in the antioxidant activity of the samples, respectively.

Piga et al. (2003) studied the polyphenols and antioxidant of prunes, which are
obtained by dehydrating fresh plum at air temperature 60-85°C. Drying destroyed anthocyanins,
and there was a significant decrease in flavonols. Ascorbic acid was drastically reduced in
relation to process temperature. The most striking result was that drying at 85°C doubled
antioxidant activity. They suggested that this behavior could be the result of two factors: (i) the
polyphenols in an intermediate stage of oxidation have greater antioxidant power than the initially
stage even though this is temporary; and (ii) high temperature stabilization procedures may lead
to the formation of new compounds with higher antioxidant activity.

Lim and Murtijaya (2007) studied the total phenolic content and antioxidant
activity of fresh, oven and microwave dried Phyllanthus amarus plants. They showed that
different drying treatments led to significant reduction in antioxidant properties of plant
methanolic extracts, with microwave drying causing the highest decrease in total phenolic content
and antioxidant activity exhibited by the reduction in both radical scavenging activity and ferric
reducing antioxidant power.

In some cases processing causes little or no change to the content and activity
of naturally occurring antioxidants. This is the case for tomato puree carrot, holy basil, galangal
and garlic (Zanoni et al., 2003; Mayer-Miebach et al., 2005; Jantachote and Berghofer, 2005;
Pedraza-Chaverri et al., 2006).

In the case tomato puree and carrot, which was found that lycopene content

and antioxidant activity of lipophilic fraction in tomato puree, remained stable even after
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sterilization process (Zanoni et al., 2003) and lycopene in carrot also remained stable even after
convectional drying at temperature in the range of 50-90°C and microwave vacuum drying with a
microwave power 400 W (Mayer-Miebach et al., 2005).

In the case of holy basil and galangal, the antioxidant activities of holy basil
and galangal extracts, which were found to be heat stable ever after heating at 80°C for 60 min
(Jantachote and Berghofer, 2005).

In the case of garlic, the scavenging activity of garlic extracts, which was
found to be essentially heat stable even after heating extraction (Pedraza-Chaverri et al., 2006).

2.3.6.2 Increasing of Antioxidant Compounds

Generally, the outer layers of plant such as peel, shell and hull contain large
amount of polyphenol compounds to protect inner materials. A number of phenolic acids are
linked to various cell wall components such as arabinoxylans and proteins. It has been reported
that heat treatment might disrupt the cell wall and liberate antioxidant compounds from insoluble
portion of plant (Choi et al., 2006).

Lee et al. (2006) have been reported that the total polyphenol contents and
antioxidant activities of peanut hulls increased even after far-infrared radiation or heated
treatment. There were slight difference in the kinds of polyphenol compounds between non-
heated and heat-treated or far-infrared radiated. Likewish, the total polyphenol contents and
antioxidant activities of grape seed extracts and Shiitake mushroom even after heat-treated (Kim
et al., 2006; Choi et al., 2006).

2.3.6.3 Formation of Novel Compounds Having Pro and Antioxidant Activity

Maillard reaction products (MRPs), which can be occur in food during processing
and storage. The antioxidant activities of MRPs have been reported to be strongly affected by the
physico-chemical properties of the system and by the processing conditions. Polyphenols,
ascorbic acid and other carbonyl compounds even if formed during oxidative reactions can take
part in the Maillard reaction itself (Manzocco et al., 2001). Turkman et al. (2006) have been
reported that increased heat treatment leads to development of antioxidant activity which has
positive effects on human health-in honey due to formation of Maillard reaction products.

Beyond their well-documented antioxidant properties, MRPs may also exhibit
pro-oxidant properties. Highly reactive radicals are formed in the early stages of the Maillard
reaction just prior to the Amadori rearrangement and their disappearance is accompanied by a

gradual development of browning. A reduction in original antioxidant properties through the
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formation of compounds with pro-oxidant properties would appear to be of considerable interest
with regard to low temperature or short-time heat treatments (Nicoli et al., 1999).

The formation of pro-oxidants during the early phases of the Maillard reaction
may depend upon the intensity and duration of the heat treatment, when low-temperature heating
is applied, the phases that contribute to the formation of compounds with pro-oxidant properties
last longer than in the case of high temperature treatments. In all cases, during the formation of
pro-oxidants no changes in color were detected (Nicoli et al., 1999).

It has been reported that both antioxidant and pro-oxidant activity can be
observed during milk samples heated at 80, 90, and 120°C for increasing lengths of time. At each
heating temperature, samples showed an initial increase and a subsequent decrease in pro-oxidant
activity. The latter was associated with an increase in the antioxidant properties. The increase in
antioxidant properties during the advanced stages of heating can be accounted for the formation
of Maillard reaction products. In the case of milk, its reducing properties were shown to be
strongly affected by heating. In particular, heat treatment of milk can promote an increase in its
pro-oxidant activity, probably as a consequence of both the loss of natural antioxidants and the
formation of novel oxidative molecules in the early stages of Maillard reaction (Calligaris et al.,
2004).

2.3.6.4 Interaction among Antioxidant Species

These are mainly represented by redox reactions, such as those occurring between
different natural antioxidants or synthetic antioxidants. These events, which mainly take place
when different food matrices are mixed together (e.g. aqueous phase and lipid phase), have
almost unpredictable consequences on the overall antioxidant properties and food stability.
Processihg can promote or enhance these reactions.

The antioxidant spices such as, turmeric and onion generally improved the
retention of B-carotene in vegetables during cooking (Gayathri et al., 2004).

The seasoning, such as soy sauce, rice soybean paste, barley soybean paste and
consommé, which was found that heating around the boiling point enhanced the radical
scavenging and anti-mutagenic activities of catechin, epicatechin, naringenin and naringing with
seasoning addition (Bao et al., 2004).

The spice essential oils such as, clove, thyme, cinnamon, basil, oregano and

nutmeg, which was appeared able to prevented a-tocopherol loss following oil heating at 180°C
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for 10 min (Tamaino et al., 2005). This is due to ability of these compounds to reduce the radical
forms of a-tocopherol contained in the lipid matrix.

It has been observed that when sunflower oil was added in homogenates prior
thermal treatment, the antioxidant properties of the methanol-soluble compounds raised after heat

treatment at 130°C for 0.5 h (Mayer-Miebach et al., 2005).

2.3.7 Sensory Characteristics

The properties of dry products are influenced by chemical and physical changes. Heat
treatment of fruits and vegetables often reduces the original volatile flavor compounds, while
introducing additional volatile flavor compounds through the autoxidation of unsaturated fatty
acids and thermal decomposition, and/or initiation of Maillard reactions. With respect to the
introduction of new compounds during drying, two major chemical reactions are important;
autoxidation and the Maillard reaction. The flavor characteristics of food products containing
unsaturated fatty acids can be drastically affected when these lipids are in direct contact with
oxygen. Initiators such as light, metallic ions and heat can initiate autoxidation reactions. The
Millard reaction is also an important source of volatile flavor compounds, which can have a
considerable effect on the flavor of dried vegetables and fruits.

Sharma and Prasad (2001) conducted a study to explore the possibility of drying garlic
by combined hot-air-microwave and hot-air drying alone. The retention of volatile components
responsible for flavor was more in hot-air-microwave drying compared to conventional hot-air
drying alone. The flavor strength of garlic dried by hot-air alone is 3.27 mg/g dry matter whereas
the flavor strength of the garlic dried by microwave-drying is 4.06 mg/g dry matter. The loss of
volatile flavor compounds after drying may be due to the inactivation of volatile-forming

enzymes as well as loss of the precursors.
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2.4 Moisture Sorption Isotherm

2.4.1 General Aspect and Meaning

Controlling the moisture content during the processing of foods is an ancient method of
preservation. This is achieved by either removing water or binding it, such that the food becomes
stable to both microbial and chemical deterioration. For this reason much attention has been given
to the sorption properties of foods. Sorption characteristics have, and are currently being
examined in light of their influence on the storage stability of dehydrated products, as well as
their effect on the diffusion of water vapor.

Walter in 1924 was probably the first researcher to relate the relative water vapor
pressure to microbial growth, the main cause of food spoilage. A decade afterwards, Scott in 1957
and Salwin in 1959 independently applied this relationship and introduced the concept of water
activity (aw). This is a term indicating the ‘quality’ of the water content of food. It describes the
degree of ‘boundness’ of water and hence, its availability to participate in physical, chemical, and
microbiological reactions. Since then, experimental and theoretical studies of the water associated
with foods have been intensified in an attempt to understand and interpret water behavior, Such
endeavors have been fraught with difficulties because foods are heterogeneous mixtures of
soluble organic and inorganic materials (Al-Muhtaseb et al., 2002).

The concept of water activity that is used most commonly by researchers in the food

industry can be defined as:

0 = P _ Relative Humidity 2.1)

” P, 100

where P is the partial pressure of water in the food (atm), and P, is the vapor pressure of pure

water at the same temperature (atm).

The relationship between total moisture content and the water activity of the food, over
a range of values, and at a constant temperature, yields a moisture sorption isotherm when

expressed graphically (Figure 2.1).
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MOISTURE CONTENT
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>

Figure 2.1 Generalized sorption isotherm for food products.

Source: Al-Muhtaseb et al. (2002).

This isotherm curve can be obtained in one of two ways;

(1) an adsorption isotherm is obtained by placing a completely dry material into various
atmospheres of increasing relative humidity and measuring the weight gain due to water uptake;

(2) a desorption isotherm is found by placing an initially wet material under the same
relative humidities, and measuring the Joss in weight.

The adsorption and desorption processes are not fully reversible, therefore a distinction
can be made between the adsorption and desorption isotherms by determining whether the
moisture levels within the product are increasing indicating wetting, or whether the moisture is
gradually lowering to reach equilibrium with its surroundings, implying that the product is being
dried.

On the basis of the van der Waals adsorption of gases on various solid substrates,
Brunauer et al. classified adsorption isotherms into five general types (Figure 2.2) (Al-Muhtaseb
et al. 2002). Type I is the Langmuir, and Type Il the sigmoid shaped adsorption isotherm;
however, no special names have been attached to the other three types. Types II and III are
closely related to Types IV and V, except that the maximum adsorption occurs at a pressure lower
than the vapor pressure of the gas. If, however, the solid is porous so that it has an internal

surface, then the thickness of the adsorbed layer on the walls of the pores is necessarily limited by
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the width of the pores. The form of the isotherm is modified correspondingly; instead of Type II

and III, Type IV and V exist.

1) vy

——
T ——

o
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Figure 2.2 Five types of van der Waals adsorption isotherm.

Source: Al-Muhtaseb et al. (2002).

Moisture sorption isotherms of most foods are nonlinear, generally sigmoidal in shape,
and have been classified as Type Il isotherms. Most of the water in fresh food exerts a vapor
pressure very close to that of pure water, i.e. unity. This vapor pressure level is maintained until
the moisture content of the food decreases to about 22%. The moisture level is then no longer able
to sustain the vapor pressure of the food at unity, and therefore, begins to show a lowered vapor
pressure, as if in solution. The changes with atmospheric humidity of this last fraction (22%) of
water in dehydrated foods result in the characteristic sigmoid shape of water sorption isotherms.
The direct plasticizing effect of increasing moisture content at constant temperature is equivalent
to the effect of increasing temperature at constant moisture and leads to increased segmental
mobility of chains in amorphous regions of glassy and partially crystalline polymers. Foods rich
in soluble components, such as sugars, however, have been found to show Type III behavior, this
is due to the solubility of sugars in water (Al-Muhtaseb et al., 2002). The sorption isotherm

characteristics of many food products have been determined experimentally (Table 2.1).
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Table 2.1 Types of van der Waals adsorption isotherms observed for different food materials.

Adsorption isotherm Food materials

Type 11 Starch gel, Corn, Potato, Macadamia nuts, Carrot, Tomato, Green
pepper, Lentil seeds, Onion, Chestnut, Hazelnut, Cocoa beans.
Type Il Pineapple, Banana, Sugars, Apples, Sugar alcohol, Sucrose-Starch,

Raisins, Apricot, Cured beef

Source: Al-Mubhtaseb et al. (2002).

For interpretation purposes, the generalized moisture sorption isotherm for a
hypothetical food system may be divided into three main regions, as detailed in Figure 2.1.
Region A represents strongly bound water with an enthalpy of vaporization considerably higher
than that of pure water. A typical case is sorption of water onto highly hydrophilic biopolymers
such proteins and polysaccharides. The moisture content theoretically, represents the adsorption
of the first layer of water molecules. Usually, water molecules in this region are unfreezable and
are not available for chemical reactions or as plasticizers. Most dried food products are
empirically observed to display their greatest stability at moisture contents comparable to the
monolayer moisture content. The sigmoidal shape with a distinct point of inflection indicates
strong interactive forces between the surface and the first layer of water.

Region B, represents water molecules which are less firmly bound, initially as
multilayer above the monolayer. In this region, water is held in the solid matrix by capillary
condensation. This water is available as a solvent for low-molecular weight solutes and for some
biochemical reactions. The quality of water present in the material that does not freeze at the
normal freezing point usually is within this region. In region C or above, excess water is present
in macro-capillaries or as part of the fluid phase in high moisture materials. This exhibits nearly
all the properties of bulk water, and thus is capable of acting as a solvent. Microbial growth
becomes a major deteriorative reaction in this region.

The variation in sorption properties of foods is caused by biological variation in foods,
pretreatment of food, and differences in experimental techniques adopted (gravimetric,

manometric or hygrometric).
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2.4.2 Application of Sorption Isotherm

Sorption isotherms are important for more than one reason. From the point of view of
thermodynamics, they are informative on sorption and desorption enthalpies and the type of
binding of water to dry matter. On structural level, they can help in understanding the role of
particle size, amorphous state or specific are in water vapor pressure sorption. Concerning the
technological aspect, water vapor isotherms are useful in the prediction of shelf life, the control of

drying and the prevention of such accidents as caking and sticking of food powder.

2.4.2.1 Usefulness of the Monolayer Value

It is well accepted today that the optimum point for the stability of dehydrated
biological products is at the monolayer, which in general is the water activity range between 0.2
and 0.3 to 0.4. The completion of monolayer may easily be calculated and in principle it serves to
describe the point where the polar groups of a surface are saturated with water on a molecular 1:1
basis. Covering the polar groups provides a protective action against lipid auto-oxidation as it
prevents exposure to oxygen. Possible mechanisms for this protection include hydrogen bounding
of water of lipid hydroperoxides, hydration of trace mineral catalysts, formation of insoluble
metal hydroxides and the effect of free radical formation. This moisture content corresponds
fairly well with monolayer value as determined from the BET or GAB isotherm equation. The
GAB equation utilizes all the moisture sorption data unlike the BET equation which is dependent
upon data below water activity 0.5. The monolayer moisture content is of significant importance
to the physical and chemical stability of dehydrated materials with regard to lipid oxidation\,\
enzymatic activity, non-enzymatic browning and structure characteristics (Kaleemullah and
Kailappan, 2007). Table 2.2 presents some calculated monolayer moisture values for various

foods.



Table 2.2 Monolayer moisture content values (X,) in g water/100 g solids for dehydrated foods

at 20-30°C.

Food Product X
Almond 2-3
Apples 8
Apricots 15
Bananas 4-7
Beef, dried 2-4
Cheeses 3-5
Coffee 2-5
Comn flour 6-8
Figs 12
Gelatin 7-11
Lentil 6
Milk, nonfat dry 3-7
Milk, spray dried 4.3
Peas 4-7
Potato 5-7
Prunes 13
Raisins 12
Starch 7-11
Wheat 7
Wheat flour 6-8

Source: Bell and Labuza (2000).
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2.4.2.2 Storage Stability of Sugar

If sugar for example, if crystalline is stable when ay is maintained below 0.83.
Stability can be reached easily at ordinary temperature and relative humidity for pure sucrose well
crystallized. If some impurities are remaining at the surface in the thin film of saturated syrup
surrounding the crystals, the behavior of sugar towards water vapor may change. As a general
rule, impurities in sugar syrup increase sugar solubility, which leads to a lowered water activity of
saturated solution. This means that problem such as caking or stickiness may occur at relative
humidity below 80%. The same type of instability occurs when the size of crystals is small or
when amorphous sugar obtained by the breakage of crystals or by a rapid drying at high
temperature is present at the surface of sugar crystals. Recrystallisation of amorphous sugar may
occur at relative humidity as low as 38% at 20°C with release of water which dissolves more
sugar initiating a caking process. If the impurities at the surface of sucrose crystals involve other
sugars more hygroscopic like glucose or fructose, then the instability of sugar is observed at lower
relative humidity (Mathlouthi, 2001).

2.4.2.3 Shelf Life and Water Activity of Intermediate Moisture Foods

Water availability for microbial spoilage in intermediate moisture foods (IMF)
can be minimized through formulation. For sponge cake, taken as example of IMF, usually water
activity is around 90%. Adding water activities depressors to the formula of the cake combined
with modified atmosphere packaging (MAP) (less than 1% of 0,) proves to be an efficient
method for extending the shelf life from few days to several months(Mathlouthi, 2001).

Mathlouthi (2001) reported that change in water availability during storage of
sponge cake may be manifested by a hysteresis between adsorption and desorption isotherms. To
minimize sorption hysteresis and depress significantly (from 0.90 to 0.84) the value of a, of
sponge cake, the addition of 0.5-1% of soya protein was found efficient. Moreover, efficiency of
water retention is increased if additive is added to “creaming” which is treated thermally by
heating at 45°C for 10 min. Such a treatment allows the globular structure of protein to unfold
and sites of fixation of water molecules by H-bonds to become available. Combining this
formulation modification with MAP (50% CO, + 50% N,) and storing the product at 4°C allows
the increase of shelf life of sponge cake up to 10 weeks without microbial spoilage. Water activity

depressors prove to be useful in increasing the stability of baked goods.



CHAPTER 3

MATERIALS AND METHODS

3.1 Raw Materials

3.1.1 Thai red curry paste will be supported from NAMPRICK MAESRI, PART.
(Nakornpathum, Thailand). Ingredients of this product are dried red chilli 35%, garlic 23%,
shallot 20%, salt 7%, lemon grass 6%, sugar 3%, kaffir lime 2%, galangal 1% and spice
(coriander seed, cumin and cardamom) 1%. About 500 g of Thai red curry paste were packed in
retort pouch (PETsioX12/DL/Ny15/DL/cpp70u) size 150X190 mm. The paste samples were

stored at -60 °C until experiment.

3.2 Chemicals
3.2.1 2,2-Diphenyl-1-picryl-hydrazyl (DPPH) from Sigma-Aldrich Chemical Co., USA.
3.2.2 2,4,6-Tris (2-pyridyl)-s-triazine (TPTZ) from Sigma-Aldrich Chemical Co., USA.
3.2.3 Folin-Ciocalteu from Sigma-Aldrich Chemical Co., USA.
3.2.4 Gallic acid from Sigma-Aldrich Chemical Co., USA.
3.2.5 Iron (I1I) chlorides from Sigma-Aldrich Chemical Co., USA.
3.2.6 95% Ethanol from Italmar Co., LTD, Thailand.

3.2.7 Trolox (6-hydroxy-2,5,7,8-tetramethyl chroman-2-carboxylic acid) from Sigma-Aldrich

Chemical Co., USA.

3.3 Equipments
3.3.1 Microwave oven (HITACHI, MR-30A, Thailand)
3.3.2 Hot-air oven (Path OV 663, Thailand)
3.3.3 Digital balance (Shimadzu, BL-200H, Japan)
3.3.4 Infrared thermometer (Chino, Japan)

3.3.5 Anemometer (Testo 425, GmbH&Co, Germany)
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3.3.6 UV-visible spectrophotometer (SHIMADZU 1700, Japan)

3.3.7 Thermoconstanter NOVOSINA, Switzerland)

3.3.8 pH meter (INOLAB, Germany)

3.3.9 Benchtop Centrifuges (Allegra X-12R, Beckman Coulter, Inc. USA)
3.3.10 Colorimeter (Minolta CR 300, Konica-Minolta, Japan)

3.3.11 Analytical mill (Retsch, ZM1000, Germany)

3.4 Experimental Procedures

3.4.1 Microwave and Hot-Air Drying of Thai Red Curry Paste
3.4.1.1 Drying Process
Prior to each of drying experiments, the paste samples were taken out of storage
and thawed to 20°C at room temperature. The moisture content of samples was measured
individually according to the hot-air oven method (AOAC, 1990). The initial moisture content of
the red curry was determined as 258% dry basis. In each of drying experiments, 55+1 g paste
material were uniformly spread on the translucent plastic sheet with thickness of 1 mm on a
surface area 180 mm x 180 mm. Each sample was placed at the center of drying equipments.
A microwave oven (HITACHI, MR-30A, Thailand) with maximum output of 900
W at 2450 MHz was used for the microwave drying experiments. The dimension of microwave
cavity was 520(W) x 376(D) x 292(H) mm. The oven had a carrousel in the cavity with a digital
panel to regulate the microwave power and the processing time. The paste samples were dried at
three different levels of microwave power (180, 360 and 540 W). Moisture loss was periodically
measured at 1 min intervals during drying by removing the plastic sheet from the drying
equipment and weighing on the digital balance (0.001g accuracy). The final temperatures of dried
curry paste were measured by infrared thermometer.
A hot-air oven (Path OV663, Thailand) was used for the hot-air drying
experiments. The dimension of the oven cavity was 800(W) x 900(D) x 1500(H) mm with a 3
kW-heater and a fixed air velocity. The air velocity was measured with an anemometer and was
found to be 9.02 my/s. The paste samples were dried at three different drying air temperatures (60,
70 and 80°C). The oven was switch on 1 h before drying process to equilibrate the temperature.

Moisture loss was periodically measured at 10 min intervals during drying.
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The drying procedure was continued till the weight of the paste samples was
reduced to a level corresponding to moisture content of about 8% dry basis. All weighing process
was completed in less than 10 s during the drying process to avoid loss or gain of moisture to or
from the environment.

3.4.1.2 Drying Kinetics .

The moisture ratio during drying was calculated using the equation:

MR = ——— (3.1

where: MR is the moisture ratio, dimensionless, W is the experimental moisture content, W, is
the equilibrium moisture content and W, is the initial moisture content, both in dry matter.
It was assumed that the equilibrium moisture content is zero for microwave and

hot air drying. Then the expression can be reduced to:

A%
Wo

MR =

(3.2)

The drying rate of red curry paste during the drying experiment was calculated

using the following equation.

wl+dl " wl
dt

DR = (3.3)

where: DR is drying rate (g water/g dry matter/min), W, is the moisture content (g water/g dry

matter) at time t, Wi is the moisture content at time t+dt and t is drying time (min).
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For mathematical modelling, the equations in Table 3.1 were tested to select the

best model for describing the drying curve of Thai red curry paste during drying.

Table 3.1 Drying models (Celma et al., 2007).

Model name Model equation

One parameter

Lewis MR = exp(-kt) (3.4)
Two parameters

Page MR = exp(-4t") (3.5)
Modified Page MR = exp(-(kt)") (3.6)
Henderson and Pabis MR = aexp(-kt) (3.7
Two term exponential MR = aexp(-kty+(1-a)exp(-kat) (3.8)
Wang and Singh MR = 1+at+bt (3.9)
Three parameters

Logarithmic MR = aexp(-kt)+c (3.10)
Approximate of diffusion MR = aexp(-kt)*+(1-a)exp(-kb1) (3.11)
Verma et al. MR = aexp(-ktyH(1-a)exp(-8) (3.12)
Four parameters

Two term MR = aexp(-kot)+ bexp(-kit) (.13)
Midilli et al. MR = aexp(-k{y+bt (3.14)

where: k, ko and k; are drying parameter (min"), a, b, ¢, n and g are drying constants
g

(dimensionless) and t is drying time (min).

A non-linear regressions analysis was used to calculate the best fitted values of
constants in the equations in Table 3.1 using the software Statistica for windows 5.0 (StatSoft,
Inc. 1984-1995). The fitness the tested mathematical model to the experimental data was
evaluated with the coefficient of determination (Rz), the reduced chi-square ()(_2) and the root
mean square error (RMSE). The higher R? values and the lower %> and RMSE values, the better

is the fitness. The %* and RMSE were calculated as follows:



36

X,z - Z (MR exp, i MR pre,i)2

N (3.15)

1 N
RMSE = EZ(MRWi ~MR ;) (3.16)

i=1

where: MR ¢y, is the i experimental moisture ratio, MR py; is the i" predicted moisture ratio, N

is the number of observations, z is the number of constants in the drying model.

3.4.2 Moisture Sorption of Dried Thai Red Curry Paste
3.4.2.1 Moisture Sorption Isotherms Determination
Sorption isotherm was determined by static, grévimetric method using air-tight
glass jars containing saturated salt solution. The salt solution used is LiCl,, CH,COOK, MgCl,
K,CO,, KI, NaCl, KCl and K,SO,, which give water activity (ay) values at 30°C of 0.113, 0.216,
0.324, 0.432, 0.679, 0.751, 0.836 and 0.970, respectively (Bell and Labuza, 2000), Dried red
curry paste in powdered form is used in the sorption experiments. To determine the sorption
values, triplicate samples each of 0.5 g (+0.001 g) is accurately weighed into the previously
weighed aluminum pans. The pan was placed inside the jar over saturated salt solutions, which
were then tightly closed and placed in an electric oven at a desired constant temperature. At high .
water activities (a,20.751) a small of toluene was placed in a capillary tube fixed in the jar to
prevent microbial spoilage of sample (Maskan and Gogiis, 1997). The sample was weighed every
week until two consecutive weight changes <+0.001 g was achieved, at which time the sample
was assumed to be at equilibrium. After the equilibrium of samples had been reached, the
moisture content was determined using the oven method at 105°C until reaching constant weight

(AOAC, 1990).

3.4.2.2 Moisture Sorption Models
The experimental data of all samples were fitted to ten sorption models as shown
in Table 3.2. The parameters of the sorption models were estimated from experimental results
using a non-linear regression analysis (Statistica for windows 5.0). The regression wori( was done

based on the Quasi-Newton method.



Table 3.2 Moisture sorption models (Shivhare et al., 2004; Arslan and Togrul., 2005;

Martinelli et al., 2007).
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Model name Model equation

Two parameters

Oswin W.=A(aw/1 -a,)° i
Caurie . We=exp(4+Ka,)

Smith W=A+(BIn(1-aw))

Lewicki-2 We=A((1/an)-1)™"

BET* W= X,Ca,/[(1-a,)(1-au+Ca,)]
Haslay a,=exp(-A4/ L)

Henderson (1-a,)=exp(-AW.")

Three parameters

GAB W=X,CKa,/[(1-Ka,)(1- Ka, +CKa,)]
Lewicki-3 We=A[(1/(1-a)5)>-(1/(1 42, )]

Four parameters

Peleg We=A(aw)C+ B(aw)D

(3.17)
(3.18)
(3.19)
(3.20)
(3.21)
(3.22)
(3.23)

(3.24)
(3.25)

(3.26)

Where: a,, is the water activity, W, is the equilibrium moisture content (g water/g dry matter), Xp

is the monolayer moisture content (g water/g dry matter), 4, B, C, D and K are the moisture

sorption cénstants (dimensionless). *Sorption data fitted for water activity < 0.432.

The fitness the tested mathematical model to the experimental data was evaluated

with the coefficient of determination (R?), the reduced chi-square (x?) and the root mean square

error (RMSE). The % and RMSE can be calculated as follows:

(We,exp, i We,pre S )2

i[M=

N-2z

1 N
RMSE = \/%Z(We'e"p'i - we,pre,i )2

(3.27)

(3.28)
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where: We,exp,i is the i experimental equilibrium moisture content, We,pre,i 15 the it predicted
equilibrium moisture content, N is the number of observations, z is the number of constants in the

sorption model.

3.4.3 The Effects of Microwave and Hot-Air Drying on Qualities of Dried Thai Red
Curry Paste
3.4.3.1 Sample Preparation

Thai red curry paéte was dried follow procedure 3.4.1.1 and the final moisture
content of dried red curry paste was fixed at approximately 0.08 g water/g dry matter. Dried paste
product were sealed in aluminum foil bags to prevent moisture absorption and stored at -4°C used
for further studies.

Prior to qualities and moisture sorption property determination, the dried paste
product were divided into two portions, the fist portion was blend into small pieces and milled
using an analytical mill through sieve sizes of 0.25 mm to obtain dry-powdered Thai red curry
paste and used for browning index, color measurements, approximate compositions, antioxidant
properties and moisture sorption properties determinations. Another portion of the dried sample
was hydrated to initial moisture content (2.58 g water/g dry matter) using distilled water to obtain
dry-rehydrated Thai red curry paste used for color measurements and sensory evaluation.

3.4.3.2 Color Properties
1) Browning Index (BI) Determination

The extent of brown pigment was evaluated as BI followed the method of
Kim et al. (2006) and Vega-Galvez et al. (2008) with some modifications. Fresh and dry-
powdered Thai red curry paste samples (1 g dry matter) were suspended in 50 mL of distilled
water, and water-soluble pigments were extracted at room temperature for 24 h with intermittent
stirring, and then filtered with No.l Whatman paper. The filtrate was diluted with an equal
volume of 95% ethanol and then centrifuged at 4,000 rpm, 4°C for 15 min. The absorbance of
supernatant was measured at 420 nm using a spectrophotometer. The BI was expressed in terms

of the absorbance (Abs)/g dry matter.
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2) Color Measurements

The color of fresh, dry-powdered and dry-rehydrated Thai red curry paste
was measured using a Minolta CR 300 colorimeter (Konica-Minolta, Japan). The color system
used was Hunter Lab (considering standard illuminant D, and observer 2°). The color brightness
coordinate L measured the whiteness value of a color and ranged from black at 0 to white at 100.
The chromaticity coordinate a measured red when positive and green when negative, and the
chromaticity coordinate b measured yellow when positive and blue when negative (Ar.slan and
Ozcan, 2008). The colorimeter was calibrated against a standard calibration white plate (L=96.98,
a = 0.03 and b = 1.84) prior to each color measurement. The average of three readings was then
reported.

The changes of color of dried paste after rehydration (dry-rehydrated Thai red
curry paste) with fresh one were expressed in term of ratio of color change (AL/Lg, Aa/ay and

Ab/by) and total color change (AE). The color change and total color change were calculated as;

L, -L
AL/L,=-8%_2 (3.29)
0
Aal/a, = a ad ] (3.30)
a,
R _bO
0
AE:\/(LR -Ly)? - (ag —a,)* —(by —bo)2 (3.32)

Where: Lg, ag and by are Hunter L, a and b values of the rehydrated samples, Ly, ag and b,

represent the initial Hunter L, a and b values of the paste sample before drying.

3.4.3.3 Proximate Composition Determination
Moisture, crude protein (N X 6.25), crude fat, ash and crude fiber contents of
Thai red curry powder were determined by method of the AOAC (1990). The available
carbohydrate was obtained by subtraction, i.e. 100 - (crude protein + crude fat + crude fiber +

ash) (Hsu et al., 2003).
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3.4.3.4 Antioxidant Properties
1) Phenolic Extraction
Fresh and dry-powdered samples (250 mg dry matter) were extracted with 25
mL of 80% ethanol for 24 hr at room temperature and then centrifuged at 6,000 rpm, 4°C for 15
min. After centrifugation, the supernatant was separated from the residue and stored at -4°C until
analysis.
2) Total Phenolic Content Determination
Total phenolic content (TPC) in Thai red curry product extracts was
determined using the Folin-Ciocalteu method described by Choi et al. (2006) with some
modifications. The extract (0.5 mL) was added to test tubes followed by 9.5 mL of distilled water,
0.5 mL of Folin-Ciocalteu reagent and 2 mL of 10% sodium carbonate solution. The content of
test tubes was mixed thoroughly. After standing for 1 hr at room temperature, the absorbance was
measured at 730 nm using a spectrophotometer. The concentration of total phenolic compounds
expressed as mg of gallic acid equivalents/g dry matter, using the linear equation (Figure D1),
which was determined from known concentrations of gallic acid standard prepared similarly.
3) Antioxidant Activities Determination
3.1) DPPH-Radical Scavenging Activity Determination
The scavenging activity of the extracts on 1,1-diphenyl-2-picrylhydrazyl
(DPPH) radical was determined according to the method described by Choi et al. (2006) with
some modifications. The extract (0.4 mL) was mixed with 5 ml of 40% ethanol solution and 0.6
mL of 0.8 mmolL" of DPPH solution. The mixture was vigorously shaken and left to stand for
30 min under subdued light. The absorbance of each extract containing DPPH (A ) was measured
at 517 nm using a spectrophotometer. The absorbance of each extract without DPPH (A), and
only DPPH solution without extract (Ao, called control) were also recorded, to determine the
DPPH radical scavenging activity (DPPH-RSA). The percentage of DPPH-RSA of each extract

was calculated using the following equation:

DPPH - RSA(%) = [M]M 00 (3.33)

0
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where: Ay is the absorbance of the control solution {(containing only DPPH), A, is the absorbance
in the presence of the samples extract in DPPH solution and A, which is used for error correction
arising from unequal color of the sample solutions, is the absorbance of the sample extract

solution without DPPH.

The DPPH-radical scavenging activity expressed as 6-hydroxy-2,5,7,8-
tetramethylchroman-2-carboxylic acid (trolox) equivalents in mg/g dry matter was determined
using the linear equation from standard curve of trolox standard (Figure D2).

3.2) Ferric Reducing Antioxidative Power Determination

Ferric reducing antioxidative power (FRAP) of the extracts was
determined according to the method of Wong et al. (2006) with some modifications. The FRAP
reagent consists of 10 mmolL"' 2,4,6-tripyridyl-S-triazine(TPTZ) in 40 mmolL" HCI, 20 mmolL "
FeCl,.6H,0, 0.1m molL" sodium acetate buffer, pH 3.6 in the ratio of 1:1:10. The extracts (0.1
mL) was added to 3 mL of FRAP reagent and mixed thoroughly. After standing for 8 min at room
temperature, the absorbance was measured at 593 nm with spectrophotometer. The FRAP
expressed as mg 6-hydroxy-2,5,7,8-tetramethylchroman-2-carboxylic acid (trolox) equivalents/g
dry matter was determined using the linear equation from standard curve of trolox standard
(Figure D3).

3.4.3.5 Sensory Evaluation
1) Sammple Preparation
The dried red curry paste was rehydrated with distilled water as moisture
content as fresh sample. After that, the fresh and the dry-rehydrated samples were prepared
following directions: 10 g oil was heated in a pan then added 100 g ground pork and stirred until
cooked. Added 30 g of the red curry samples and 15 g of non-diary creamy and stirred until oil
appears on top. The prepared sarhples of 20 g were presented in pair in plastic cups labeled with a
random three-digit code.
2) Panelist
Untrained panel of 26 people were recruited from employees and students in
agro-industry faculty (aged 20-50) selected according to consumption criteria, availability and

interest in participating in the test.
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3) Sensory Test
For paired comparisons-dependent and selected pairs tests based on attribute

of color, aroma and preference. The fresh red curry paste (A) was compared with the dry-
rehydrated samples (Ai) where Ai = Al, A2 and A3 were microwave dried samples at 180, 360
and 540 W, respectively while Ai = A4, A5 and A6 were hot-air dried sample at 60, 70 and 80°C,
respectively. Therefore, 6 selected pairs were A-Al, A-A2, A-A3, A-A4, A-AS and A-A6. Each
panelist evaluated all 6 selected pairs but one pair at a time in a balanced and randomized order
for a single attribute. For each pair, each panelist indicated which of the two samples is more in
color and aroma intensities and preferred. The color and aroma attributed were considered both
before and after cooking while the preference was considered only after cooking. The test was
used in forced-choice method. “No difference” response was not allowed.

4) Data Analysis

For step (1), compare A-Al, A-A2, A-A3, A-A4, A-AS5 and A-AS6.

- Null, H,: the sensory attribute intensity for A < 50% (i.e., there was no
difference)

- Alternative, H: the sensory attribute intensity for A =50%

- Panel responses for each test pair were significant differences between
samples judged against tabulated critical numbers of correct answers (one-sided paired
comparison test for difference) (Meilgaard et al., 2007). In this study, N=26 at 0=0.05, the
critical value was 18. If the observer response (pick the high number along with it’s identify) =
the critical value (18), then reject H, saying that one sample is more sensory attribute intensity
over another.

For step (2), to determine if all Ai are different, when differences among A
and Ai exist.

- Null, H;: all Ai samples are not difference,

- Alternative, H,: not all Ai samples are same

- The Cochran’s Q test is performed (Appendix E).

- Q statistics follow asymptotic x2 distributions with df of (m-1), where: m
is the total number of pairs of samples (Meilgaard et al., 2007). In this study, the 2-tailed tabled
x? at df = 5 was 9.24.

- Compare Q statistic with the tabled xz value. Reject H, (all Ai samples

are not different) if calculated Q is greater than table xz, 2-tailed at ¢=0.05 level (9.24).
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- The (1-a) level simultaneous confidence intervals (SCI) for difference of
any two true proportions (samples) are calculated. If zero is included in SCI, the 2 samples are not

significantly different.

3.4.4 Statistical Analysis
The Data were reported as a meantstandard derivation for three replications. The
statistical analysis of the data was carried out using SPSS (Statistical Package for Social Science)
software version 11, SPSS Inc., 1989-2001, for the analysis of variance (ANOVA) in determining
significant differences between drying methods at a confidence level at 95% (p<0.05). Variable

mean was compared by Duncan’s multiple rang test.
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Table 4.7 Results of paired comparisons-dependent and selected pairs test for color intensity of fresh

and dry-rehydrated Thai red curry paste from microwave drying (MW) and hot-air drying

(HA).
Sample pair More intense in More intense in Outcome/significant
fresh dry-rehydrated
red curry paste red curry paste

Perceived as more color intensity in
Fresh-MW 180 W 19 7 fresh red curry paste than dry-
rehydrated sample (p<0.05)
Perceived as more color intensity in
Fresh-MW 360 W 18 8 fresh red curry paste than dry-
rehydrated sample (p<0.05)
Perceived as more color intensity in
Fresh-MW 540 W 19 7 fresh red curry paste than dry-
rehydrated sample (p<0.05)
Perceived as more color intensity in
Fresh-HA 60°C 19 7 fresh red curry paste than dry-
rehydrated sample (p<0.05)
Perceived as more color intensity in
Fresh-HA 70°C 18 8 fresh red curry paste than dry-
rehydrated sample (p<0.05)
Perceived as more color intensity in
Fresh-HA 80°C 18 8 fresh red curry paste than dry-
rehydrated sample (p<0.05)

Test statistic = one-sided paired comparison test for difference. For N=26 at a=0.05, the critical value = 18.

Table 4.8 Results of paired comparisons-dependent and selected pairs test for aroma intensity of

fresh and dry-rehydrated Thai red curry paste from microwave drying (MW) and

hot-air drying (HA).
Sample pair More intense in More intense in Outcome/significant
fresh dry-rehydrated

red curry paste red curry paste

Perceived as stronger aroma intensity
Fresh-MW 180 W 20 6 in fresh red curry paste than dry-
rehydrated sample (p<0.05)
Perceived as stronger aroma intensity
Fresh-MW 360 W 21 S in fresh red curry paste than dry-
rehydrated sample (p<0.05)
Perceived as stronger aroma intensity
Fresh-MW 540 W 21 5 in fresh red curry paste than dry-
rehydrated sample (p<0.05)
Perceived as stronger aroma intensity
Fresh-HA 60°C 21 5 in fresh red curry paste than dry-
rehydrated sample (p<0.05)
Perceived as stronger aroma intensity
Fresh-HA 70°C 23 3 in fresh red curry paste than dry-
rehydrated sample (p<0.05)
Perceived as stronger aroma intensity
Fresh-HA 80°C 22 4 in fresh red curry paste than dry-
rehydrated sample (p<0.05)

Test statistic = one-sided paired comparison test for difference. For N=26 at ¢=0.05, the critical value = 18.
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Normally, Thai red curry paste has been used as ingredient in many kind of Thai dishes.
Therefore, the effect of drying methods on color and aroma of red curry paste after cooking could be
determined. Fresh and dry-rehydrated red curry pastes were stirred with ground pork before sensory
test. The difference of color and aroma intensities including preference test of the dish prepared from
the rehydrated paste was compared with the dish prepared from the fresh paste are presented in Table
4.9, 4.10 and 4.11, respectively. Microwave and hot-air drying had a significant effect (p<0.05) on all
the evaluated sensory attributes. The color and aroma of the dish prepared from the fresh sample more
significantly intensity than the rehydrated samples; it indicated that the drying methods caused
decrease of color and aroma intensities of dried red curry paste which contributed to the sensory
attributes of food after cooking. For preference test, the results contrast with color and aroma attribute,

the dishes prepared from the rehydrated samples was more preferred than the fresh one.

Table 4.9 Results of paired comparisons-dependent and selected pairs test for color intensity of stirred
ground pork with fresh and dry-rehydrated Thai red curry paste from microwave drying
(MW) and hot-air drying (HA).

Sample pairs More intense in More intense in Outcome/significant
fresh dry-rehydrated
red curry paste red curry paste

Perceived as more color intensity in
Fresh-MW 180 W 21 5 fresh red curry paste than dry-
rehydrated sample (p<0.05)
Perceived as more color intensity in
Fresh-MW 360 W 18 8 fresh red curry paste than dry-
rehydrated sample (p<0.05)
Perceived as more color intensity in
Fresh-MW 540 W 21 5 fresh red curry paste than dry-
rehydrated sample (p<0.05)
Perceived as more color intensity in
Fresh-HA 60°C 20 6 fresh red curry paste than dry-
rehydrated sample (p<0.05)
Perceived as more color intensity in
Fresh-HA 70°C 18 8 fresh red curry paste than dry-
rehydrated sample (p<0.05)
Perceived as more color intensity in
Fresh-HA 80°C 18 8 fresh red curry paste than dry-
rehydrated sample (p<0.05)

Test statistic = one-sided paired comparison test for difference. For N=26 at a=0.05, the critical value = 18.
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Table 4.10 Results of paired comparisons-dependent and selected pairs test for aroma intensity of
stirred ground pork with fresh and dry-rehydrated Thai red curry paste from microwave

drying (MW) and hot-air drying (HA).

Sample pair More intense in More intense in Outcome/significant
fresh dry-rehydrated
red curry paste red curry paste

Perceived as stronger aroma
intensity in fresh red curry paste
than dry-rehydrated sample
(p<0.05)
Perceived as stronger aroma
intensity in fresh red curry paste
than dry-rehydrated sample
(p<0.05)
Perceived as stronger aroma
intensity in fresh red curry paste
than dry-rehydrated sample
(p<0.05)
Perceived as stronger aroma

: intensity in fresh red curry paste
Fresh-HA 60°C 19 7 than dry-rehydrated sample
' (p<0.05)
Perceived as stronger aroma
intensity in fresh red curry paste
than dry-rehydrated sample
(p<0.05)
Perceived as stronger aroma
intensity in fresh red curry paste
than dry-rehydrated sample
(p<0.05)

Fresh-MW 180 W 19 7

Fresh-MW 360 W 21 5

Fresh-MW 540 W 20 6

Fresh-HA 70°C 18 8

Fresh-HA 80°C 19 7

Test statistic = one-sided paired comparison test for difference. For N=26 at 0=0.05, the critical value = 18.

Table 4.11 Results of paired comparisons-dependent and selected pairs test for preference of stirred
ground pork with fresh and dry-rehydrated Thai red curry paste from microwave drying
(MW) and hot-air drying (HA).

Sample pair More prefer in More intense in Outcome/significant
fresh dry-rehydrated
red curry paste red curry paste

Perceived as more prefer in dried

Fresh-MW 180 W 7 19 red curry than fresh one (p<0.05)
oMW S6w * 2 rod cumy than e ons (09
e MW S0 W X o red cury than st one et 0%
FresieiiA 0% ’ 21 o3 ury than e one e 09
oA T0° * 2 rod ury than o one (e 09
Fresh-HA 80°C 6 20 Perceived as more prefer in dried

red curry than fresh one (p<0.05)

Test statistic = one-sided paired comparison test for difference. For N=26 at a=0.05, the critical value = 18.
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The effect of drying methods on the sensory attributes was evaluated using Cochran’s Q
test as presented in Table 4.12. According to Cochran’s Q test, it can be found that the drying methods
did not significant on color and aroma intensities of dry-rehydrated red curry paste both before and

after cooking including preference test.

Table 4.12 Results of Cochran’s Q test for the color, aroma intensities and preference attributes.

Attribute Calculated Q Outcome/significant

Before cooking

Color 0.338 No significant differences among dry-rehydrated samples
Aroma 2.500 No significant differences among dry-rehydrated samples
After cooking

Color 2.429 No significant differences among dry-rehydrated samples
Aroma 1.290 No significant differences among dry-rehydrated samples
Preference 3.226 No significant differences among dry-rehydrated samples

Test statistic = Q statlsucs follow asymptotic x* dlstnbutlons with df at 5.
The 2-tailed tabled % at dfs was 9.24.



CHAPTER 5

CONCLUSIONS

5.1 Conclusions

5.1.1 Microwave and Hot-Air Drying of Thai Red Curry Paste

The effects of microwave and hot-air drying methods on drying behavior of Thai red
curry paste were examined in this study. It was found that the time required for microwave drying
to reduce the moisture content from 2.58 to 0.08 g water/g dry matter was 23, 12 and 8 min at
microwave powers of 180, 360 and 540 W respectively. This was much shorter than that for hot-
air drying, which was 240, 180 and 130 min at drying air temperatures of 60, 70 and 80°C
respectively. An increase in microwave power and drying air temperature shortened the drying
time for both processes. The drying behavior showed that microwave drying of red curry paste
showed three drying periods, i.e. heating up, constant rate and falling rate periods, while in the
hot air drying only heating up and falling rate period were observed. The Midilli et al. model
provided an excellent prediction for both microwave and hot-air drying processes followed by the
Page and the Modified Page models. Drying parameters k, n,,, @ and b in the Midilli et al.
equation were estimated. The parameters k,, and a increased with an increase the microwave
power while the pardmeters n,, and b decreased. The km, np, a and b values for microwave
drying were 0.0169, 0.0512 and 0.980 min.', 1.6937, 1.6009 and 1.5375, 0.9765, 0.9866 and
0.9929 and -0.0014, -0.0051 and -0.0102 at microwave powers of 180, 360, and 540 W,
respectively. However, there were no differences between these parameter values of hot-air
drying at various drying air temperatures. The ki, 7y, @ and b values for the hot air drying were
0.0022, 0.0031 and 0.0033 min", 1.4515, 1.4450 and 1.4763, 0.9911, 0.9938 and 0.9957 and
0.0001, 0.0002 and 0.0001 at drying air temperatures of 60, 70 and 80°C, respectively.

5.1.2 Moisture Sorption of Dried Thai Red Curry Paste
Due to hygroscopicity characteristics of this kind of product, it is essential to know its
water activity in different ambient conditions. This study presented the data on moisture
adsorption of dry-powdered Thai red curry paste prepared by microwave and hot-air drying
methods over a range of water activities 0.113-0.970. It was found that all the dry-powdered red

curry paste exhibited type III sorption isotherms. The GAB model was found to be the most
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suitable for fitting the moisture sorption data followed the Lewicki-3 model. The X value for
microwave drying was 0.0802, 0.0834 and 0.0846 g water/g dry matter at microwave powers of
180, 360, and 540 W, respectively. The X, value for the hot air drying was 0.0836, 0.0832 and
0.0829 g water/g dry matter at drying air temperatures of 60, 70 and 80°C, respectively. The
moisture sorption data give useful guidance for processing, handling for package, transportation

and storage of the product.

5.1.3 The Effects of Microwave and Hot-Air Drying on Qualities of Dried Thai Red

Curry Paste

The drying process significantly produced a profound impact on color properties,
approximate compositions, antioxidant properties and sensory evaluation of the dried-product.
The results indicated that the formation brown pigment occurred during both microwave and hot-
air drying. The color of dry-rehydrated red curry paste 'was lighter and more yellow color than'the
fresh one. The drying processes increased in the contents of available carbohydrate and phenolic
compounds while decreased in the content of crude fat. Moreover, this study also showed that the
drying processes enhance the antioxidant activity of Thai red curry paste. For sensory evaluation,
the drying process caused a significant decrease in both color and odor intensities but a significant
increase the preference.

Microwave drying caused the formation of brown pigment more than that of hot-air
drying. Moreover, as the microwave power and drying air temperature increased, the formation
increased. Microwave drying resulted in darker and less yellow color of dry-powdered red curry
paste than hot-air drying. However, after rehydration, the rehydrated sample of microwave drying
became lighter, and more red and less yellow color than hot-air drying, while the same a red
color. There were no differences between the color values of microwave dry- powdered samples
at various microwave powers. However, there were found the difference among red color value of
hot-air dry-powdered, hot-air-dried samples at an air temperature of 60°C had higher red color
value than at air temperatures of 70 and 80°C. In the rehydrated sample, the microwave-dried at
microwave powers of 360 W and 540 W had higher yellow color value than at a microwave
power of 180 W, while hot-air-dried at air temperatures of 70 and 80°C had higher lightness and
yellow color values than at an air temperature of 60°C. In terms of ratio of color change (AL/Ly,
Aa/ay and Ab/bg) and total color change (AE) of dried red curry paste after rehydration the

results showed that the AL/Ly, Ab/by and AE values of microwave-dried sample was higher than



79

the hot-air-dried. The higher microwave power and drying air temperature, the more color
changed of in terms of AL/Ly, Ab/by and AE.

The effect of both drying methods on chemical composition and sensory evaluation
was not significant. However, the antioxidant properties were affected by the drying method. The
TPC, DPPH-RSA and FRAP values for almost all microwave-dried samples were higher than for
hot-air-dried samples. These values increased with an increase in microwave power. However,
there was no difference between the TPC and FRAP values from hot-air drying at various drying
air temperature. The level of TPC and BI contributed to DPPH-RSA and FRAP of red curry

products.

5.2 Suggestions

5.2.1 The results from this study showed an opportunity to dry Thai red curry paste.
However, this research is limited in its scope as it was studied the effects of the drying methods
only on final qualities of the end product and conducted only under microwave and hot-air drying.
Therefore, further study is necessary to study the qualities change during processing and storage,
compare with other drying methods (vacuum- drying, freeze-drying and combination drying) and

investigate the suitable drying method and optimal drying conditions.

5.2.2 Microwave drying technique strongly affected the color properties of dried Thai red
curry paste due to produced brown compounds. Therefore, to save energy and improve the color
property, microwave energy should be combined with hot-air drying. It has been suggested that
microwave energy should be applied in the falling rate period or at low moisture content to finish
drying (Maskan, 2000) because at low moisture content, removal of moisture using hot-air is slow
but due to volumetric heating it is rapid with microwave. Applying microwave drying in the last
stage of hot-air drying process can also be very efficient in removing bound water from the
product. Maskan (2000) also reported that combined microwave hot-air could greatly reduce the
drying time of biological materials without damaging the quality attributes of the finished
products. In the study case, drying of red curry paste, microwave energy should be applied at

moisture content of 1.50-1.63 g water/ g dry matter.
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5.2.3 Drying of Thai red curry paste with high solutes (salts and sugars) content presents
technical difficulties because of their thermoplasticity at high temperature and humidity, and
caking or stickiness may occur at relative humidities below 80%. Moreover, the moisture sorption
isotherms result indicates that dried red curry paste is characterized by high hygroscopicity, as a
result of high amorphous state solutes content, which promotes undesired effects such as caking
during storage. To avoid all these problems, Herbs and spices ingredients have been dried and
ground to small particle size and the solutes in crystalline state should be mixed with later. |

However, in the dry ingredient mixing, moisture is exchanged because of the chemical
potential difference between ingredients until a final equilibrium water activity is reached. Thus,
to predict the final equilibrium water activity, the moisture sorption isotherm of each component
is required, preferably at the temperature of product storage. These equations can be used to
design the food so that the amount of each ingredient is such that no ingredient crosses the critical
water activity that leads to an unacceptable product. If this cannot be accomplished, then

ingredient modification is the next possible solution.
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APPENDIX A

Experimental Data of Microwave and Hot-Air Drying



Table Al Data of microwave drying at a microwave power of 180 W (n=3).
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Time Moisture content Drying rate Moisture ratio
(min) (g water/g diy matter) (g water/g dry matter/min)
Average SD Average SD Average SD
0 2.5818 0.0000 0.0000 0.0000 1.0000 0.0000
1 2.5031 0.0053 0.0787 0.0053 0.9695 0.0020
2 2.3658 0.0129 0.1374 0.0076 0.9163 0.0050
3 2.2108 0.0117 0.1550 0.0037 0.8563 0.0045
4 2.0434 0.0193 0.1674 0.0076 0.7915 0.0075
5 1.8813 0.0161 0.1621 0.0056 0.7287 0.0062
6 1.7265 0.0148 0.1547 0.0038 0.6687 0.0057
7 1.5711 0.0119 0.1554 0.0053 0.6085 0.0046
8 1.4147 0.0090 0.1565 0.0080 0.5479 0.0035
9 1.2612 0.0065 0.1469 0.0114 0.4910 0.0025
10 1.1178 0.0135 0.1500 0.0071 0.4329 0.0052
11 0.9732 0.0192 0.1445 0.0071 0.3770 0.0074
12 0.8248 0.0178 0.1484 0.0082 0.3195 0.0069
13 0.6848 0.0283 0.1400 0.0105 0.2653 0.0110
14 0.5388 0.0262 0.1461 0.0056 0.2087 0.0102
15 0.3969 0.0222 0.1419 0.0040 0.1537 0.0086
16 0.2612 0.0257 0.1356 0.0036 0.1012 0.0099
17 0.1582 0.0147 0.1030 0.0111 0.0613 0.0057
18 0.1171 0.0066 0.0411 0.0083 0.0454 0.0026
19 0.1037 0.0046 0.0135 0.0020 0.0402 0.0018
20 0.0950 0.0023 0.0087 0.0026 0.0368 0.0009
21 0.0891 0.0045 0.0059 0.0028 0.0345 0.0018
22 0.0856 0.0031 0.0035 0.0019 0.0332 0.0012
23 0.0837 0.0016 0.0020 0.0017 0.0324 0.0006




Table A2 Data of microwave drying at a microwave power of 360 W (n=3).
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Time Moisture content Drying rate Moisture ratio
(min) (g water/g dry matter) (g water/g dry matter/min)
Average SD Average SD Average SD

0 2.5818 0.0000 0.0000 0.0000 1.0000 0.0000
1 2.3949 0.0067 0.1869 0.0067 0.9276 0.0026
2 2.1180 0.0099 0.2768 0.0036 0.8204 0.0038
3 1.8249 0.0115 0.2931 0.0044 0.7068 0.0045.
4 1.5390 0.0140 0.2859 0.0075 0.5961 0.0054
5 1.2652 0.0213 0.2738 0.0076 0.4900 0.0083
6 1.0053 0.0195 0.2599 0.0043 0.3894 0.0075
7 0.7532 0.0187 0.2521 0.0020 0.2917 0.0072
8 0.5005 0.0160 0.2527 0.0039 0.1939 0.0062
9 0.2497 0.0145 0.2508 0.0028 0.0967 0.0056
10 0.1314 0.0152 0.1183 0.0024 0.0509 0.0059
11 0.0951 0.0012 0.0363 0.0049 0.0369 0.0045
12 0.0823 0.0030 0.0128 0.0009 0.0319 0.0011

Table A3 Data of microwave drying at a microwave power of 540 W (n=3).

Time Moisture content Drying rate Moisture ritio
{min) (g water/g dry matter) (g water/g dry matter/min)
Average SD Average SD Ave SD
0 2.5818 0.0000 0.0000 0.0000 1.0000 0.0000
1 2.2769 0.0115 0.3049 0.0115 0.8819 0.0044
2 1.8529 0.0100 0.4240 0.0015 0.7177 0.0039
3 1.4417 0.0086 0.4112 0.0068 0.5584 0.0033
4 1.0520 0.0103 0.3897 0.0044 0.4075 0.0040
5 0.6952 0.0105 0.3568 0.0064 0.2693 0.0040
6 0.3504 0.0186 0.3449 0.0126 0.1357 0.0072
7 0.1121 0.0039 0.2383 0.0213 0.0434 0.0015
8 0.0837 0.0139 0.0284 0.0103 0.0324 0.0054




Table A4 Data of hot-air drying at an air temperature of 60°C (n=3).
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Time Moisture content Drying rate Moisture ratio
(min) (g water/g dry matter) (g water/g dry matter/min)
Average SD Average SD Average SD

0 2.5818 0.0000 0.0000 0.0000 1.0000 0.0000
10 2.3933 0.0043 0.0188 0.0004 0.9270 0.0017
20 2.1463 0.0102 0.0247 0.0006 0.8313 0.0039
30 1.8887 0.0099 0.0258 0.0000' 0.7316 0.0038
40 1.6263 0.0113 0.0262 0.0004 0.6299 0.0044
50 1.3880 0.0145 0.0238 0.0004 0.5376 0.0056
60 1.1601 0.0156 0.0228 0.0003 0.4493 0.0061
70 0.9552 0.0194 0.0205 0.0004 0.3700 0.0075
80 0.7724 0.0183 0.0183 0.0003 0.2992 0.0071
90 0.5967 0.0180 0.0176 0.0011 0.2311 0.0108
100 0.4736 0.0162 0.0123 0.0014 0.1834 0.0063
110 0.3623 0.0171 0.0111 0.0014 0.1403 0.0066
120 0.2877 0.0106 0.0075 0.0009 0.1115 0.0041
130 0.2316 0.0073 0.0056 0.0003 0.0897 0.0028
140 0.1891 0.0051 0.0042 0.0003 0.0733 0.0020
150 0.1592 0.0037 0.0030 0.0003 0.0617 0.0014
160 0.1390 0.0028 0.0020 0.0002 0.0539 0.0011
170 0.1215 0.0077 0.0018 0.0006 0.0470 0.0030
180 0.1115 0.0005 0.0010 0.0007 0.0432 0.0002
190 0.1054 0.0030 0.0006 0.0003 0.0408 0.0012
200 0.0983 0.0008 0.0007 0.0002 0.0381 0.0003
210 0.0948 0.0009 0.0003 0.0002 0.0367 0.0004
220 0.0938 0.0006 0.0001 0.0000 0.0363 0.0002
230 0.0888 0.0020 0.0005 0.0002 0.0344 0.0008
240 0.0864 0.0021 0.0002 0.0001 0.0335 0.0008




Table AS Data of hot-air drying at an air temperature of 70°C (n=3).
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Time Moisture content Drying rate Moisture ratio
(min) (g water/g dry matter) (g water/g dry matter/min)
Average SD Average SD Average SD

0 2.5818 0.0000 0.0000 0.0000 1.0000 0.0000
10 2.3455 0.0137 0.0236 0.0014 0.9085 0.0053
20 2.0295 0.0243 0.0316 0.0011 0.7861 0.0094
30 1.7045 0.0244 0.0325 0.0004 0.6602 0.0095
40 1.3945 0.0215 0.0310 0.0004 0.5401 0.0083
50 1.1137 0.0270 0.0281 0.0010 0.4314 0.0105
60 0.8694 0.0195 0.0244 0.0009 0.3367 0.0076
70 0.6542 0.0152 0.0215 0.0013 0.2534 0.0059
80 0.4890 0.0161 0.0165 0.0011 0.1894 0.0063
90 0.3566 0.0168 0.0132 0.0008 0.1381 0.0065
100 0.2656 0.0165 0.0091 0.0005 0.1029 0.0064
110 0.1990 0.0166 0.0067 0.0004 0.0771 0.0064
120 0.1587 0.0120 0.0040 0.0005 0.0615 0.0047
130 0.1381 0.0201 0.0021 0.0018 0.0535 0.0078
140 0.1129 0.0134 0.0025 0.0009 0.0437 0.0052
150 0.0973 0.0048 0.0016 0.0009 0.0377 0.0019
160 0.0879 0.0056 0.0009 0.0002 0.0340 0.0022
170 0.0834 0.0063 0.0004 0.0004 0.0323 0.0024
180 0.0785 0.0063 0.0005 0.0003 0.0304 0.0025




Table A6 Data of hot-air drying at an air temperature of 80°C (n=3).
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Time Moisture content Drying rate Moisture ratio
(min) (g water/g dry matter) (g water/g dry matter/min)
Average SD Average SD Average SD
0 2.5818 0.0000 0.0000 0.0000 1.0000 0.0000
10 2.3220 0.0134 0.0260 0.0013 0.8994 0.0052
20 1.9530 0.0067 0.0369 0.0007 0.7565 0.0026
30 1.5650 0.0035 0.0388 0.0007 0.6062 6.0014
40 1.2294 0.0061 0.0336 0.0005 0.4762 0.0024
50 09312 0.0059 0.0298 0.0011 0.3607 0.0023
60 0.6699 0.0060 0.0261 0.0002 0.2595 0.0023
70 0.4574 0.0264 0.0213 0.0021 0.1772 0.0102
80 0.3204 0.0010 0.0137 0.0027 0.1241 0.0004
90 0.2194 0.0013 0.0101 0.0001 0.0850 0.0005
100 0.1615 0.0030 0.0058 0.0002 0.0625 0.0012
110 0.1236 0.0028 0.0038 0.0003 0.0479 0.0011
120 0.0992 0.0028 0.0024 0.0001 0.0384 0.0011
130 0.0861 0.0015 0.0013 0.0001 0.0333 0.0006




APPENDIX B

Experimental Data of Moisture Sorption Properties
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Table B1 Equilibrium moisture content (EMC, g water/g dry matter) of dry-powdered

Thai red curry paste from microwave and hot-air drying (n=3).

ay Microwave drying Hot-air drying
180 W 360 W 540 W 60°C 70°C 80°C
0.113 Ave. 0.0868 0.0852 0.0931 0.0849 0.0888 0.0890
SD 0.0017 0.0017 0.0013 0.0011 0.0033 0.0010
0.216 Ave. 0.1049 0.1120 0.1169 0.1105 0.1176 0.1185
SD 0.0026 0.0055 0.0015 0.0033 0.0023 0.0268
0.324 Ave. 0.1213 0.1246 0.1269 0.1196 0.1211 0.1205
SD 0.0013 0.0048 0.0042 0.0030 0.0014 0.0040
0.432 Ave. 0.1367 0.1395 0.1426 0.1433 0.1423 0.1412
SD 0.0013 0.0026 0.0003 0.0011 0.0029 0.0018
0.679 Ave. 0.3965 0.4046 0.4109 0.4221 0.4308 0.4342
Sb 0.0015 0.0136 0.0037 0.0156 0.0112 0.0066
0.751 Ave. 0.8145 0.7839 0.8024 0.8318 0.8144 0.8126
SD 0.0045 0.0057 0.0037 0.0034 0.0119 0.0034
0.836 Ave. 1.1298 1.1008 1.1103 1.1772 1.1543 1.1493
SD 0.0198 0.0235 0.0317 0.0171 0.0259 0.0308
0.97 Ave. 3.2151 3.3036 3.0095 3.2884 3.3884 2.9363

SD 0.2722 0.3279 0.3708 0.2336 0.3532 0.3264




APPENDIX C

Experimental Data of Color Properties
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Table C1 Browning index (BI) of fresh and dried Thai red curry paste from microwave and

hot-air drying.

Drying methods NEB
(Abs at 420 nm /g dry matter)
Fresh 0.107+0.001%
Microwave drying
180 W 0.147£0.001°
360 W 0.154£0.001°
540 W 0.175+0.001°
Hot-air drying
60°C 0.121£0.001°
70°C 0.125+0.001°¢
80°C ©0.129+0.001°

Mean (+ S.D., n=3) with different superscripts in each column are significantly different (p<0.05).

Table C2 Color measurements of dry-powdered Thai red curry paste from microwave and hot-air

drying.

Drying methods Color
L a b

Microwave drying
180 W, 23 min 57.114+0.280° 23.636 +0.348 ° 30.442 + 0.455°
360 W, 12 min 57.171+0.752° 23.950+0.346 ™ 30.550 £ 0.997 °
540 W, 8 min 56.827 +0.146 ° 24.103+0.077* 30.432+£0.313°
Hot-air drying
60°C, 240 min 58.687 +1.050 ° 23.653+0.040 ° 31.570 % 0.445 °

70°C, 180 min
80°C, 130 min

59.324+0318"
59.364+0.243°

23.072+0.259°
23.168 £ 0.246 °

31.652+1.092°
31.429+0.278°

Mean (+ S.D., n=3) with different superscripts in each column are significantly different (p<0.05).
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Table C3 Color measurements of fresh and dry-rehydrated Thai red curry paste from microwave

and hot-air drying.

Drying methods Hunter color
L a b
Fresh 29.073+0.003¢ 25.101+0.506° 14.415+0.079°
Microwave drying
180 W 31.880+0.036° 24.787+0.133° 16.847£0.099°
360 .W 32.407+0.302 ™ 24.923+0.162° 17.350+0.240°
540 W 32.113+£0.306" 25.273+0.439° 17.133+£0.256"
Hot-air drying
60°C 30.660+0.089° 25.040+0.095° 16.127+0.078*
70°C 31.223+0.064° 25.380+0.053" 16.597+0.006>
80°C 31.060+0.110° 25.313+0.087° 16.557+0.106 °

Mean (z S.D., n=3) with different superscripts in each column are significantly different (£<0.05).

Table C4 Ratio of color change (AL/L,, Aa/ag and Abil?o) and total-color change values of

dry-rehydrated Thai red curry paste from microwave and hot-air drying.

Drying methods AL/L, Aa/ag Ab/by, AE

Microwave drying

180 W 0.097+0.001° -0.012+0.001* 0.169+0.013° 3.754£0.132°

360 W 0.115+0.010° -0.007+0.001° 0.1930.008° 4.375+0.185"

540 W 0.105+0.011% 0.007+0.001 * 0.189+0.013° 4.108£0.371"
Hot-air drying

60°C 0.055+0.003 ¢ -0.002+0.000° 0.119+0.009¢ 2.368+0.104¢

70°C 0.0740.002° 0.011+0.000° 0.1510.006° 3.103£0.073°

80°C 0.068+0.004° 0.008+0.000* 0.149+0.001° 2.9630.122°

Mean (+ S.D., n=3) with different superscripts in each column are significantly different (<0.05).



APPENDIX D

Experimental Data of Antioxidant Properties
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Figure D1 Standard curve of gallic acid standard for total phenolic content calculation.
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Figure D3 Standard curve of trolox standard for FRAP calculation..

Table D1 Total phenolic content and antioxidant activity of fresh and dried Thai red curry paste

from microwave and hot-air drying.

Samples TPC* DPPH-RSA** FRAP**
Fresh 7.043+ 0.075 % 1364 +0.024F 4.607 0,075 ¢
Microwave drying

180 W, 23 min 7.377 £ 0.157°¢ 1.725+ 0.010 ¢ 5.017+0.059
360 W, 12 min 7.818 £ 0.069 ° 1.822+0.011° 5.297+0.025°
540 W, 8 min 8.333 £ 0.067° 2.003 +0.032° 6.108+0.120 *
Hot-air drying
60 °C, 240 min 6.963+0.153 ¢ 1.476 +0.032 ¢ 4.918+0.057°¢
70 °C, 180 min 7252+ 0.164 < 1.477+ 0.014°¢ 4.916+0.140
80 °C, 130 min 7.035+0.100 % 1.542+0.027 ¢ 4.943+0.119°

*mg gallic acid equivalents/ g dry matter.
**mg trolox equivalents /g dry matter.
Mean (+ S.D., n=3) with different superscripts in each column are significantly different (p<0.05).



APPENDIX E

Experimental Data of Sensory Evaluation
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Data Analysis

1) Simplifying sample codes. A=fresh, Al=microwave drying at 180 W, A2= microwave drying
at 360 W, A3= microwave drying at 540 W, A4=hot-air drying at 60 °C, A5=hot-air drying at
70 °C, A4=hot-air drying at 80 °C.

2) For each pair, assigned a value of 1= Ai more sensory attribute intensity than A

0 = Ai less sensory attribute intensity than A

3) Calculation of the Cochran’s Q test, using the following equation:

mz‘: Ti2 -T?

Q=(m-1)x
mT-Y " s

(E.1)

where: m = the total no. of pairs of samples

T; (i=1,2,...m) = the total no. of correct responses from the N panelists from sample i
(column)

S; (i=1,2,...N) = the total no. of correct responses from the m samples for panelist j
(row)

T = the total no. of correct responses from the N panelists for all m samples

4) Q statistics follow asymptotic %’ distributions with df of (m'-l), where: m is the total number of
pairs of samples (Meilgaard et al., 2007). In this study, as I expected that Ai samples would be

more sensory attribute intensity than A, I used the 1-tailed table xz at df =5, a=0.05 was 9.24.

5) Compare Q statistic with the tabled xz value. Reject H; (all Ai samples are not different) if

calculated Q is greater than table °, 2-tailed at a=0.05 level (4.35).
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Table E1 Results of paired comparisons-dependent and selected pairs test for color intensity of

fresh and dry-rehydrated Thai red curry paste.

Panelist Al A2 A3 A4 AS A6 Sj Sj’
1 0 0 0 0 0 I 1 1
2 0 1 0 0 ] I 3 9
3 0 0 0 0 0 0 0 0
4 0 1 1 1 1 1 5 25
5 1 0 0 0 0 0 1 ]
6 0 0 0 0 0 0 0 0
7 0 1 0 0 0 0 1 ]
8 0 0 0 0 0 0 0 0
9 0 0 1 0 0 0 ] ]
10 I 0 0 1 1 0 3 9
11 0 0 0 0 0 0 0 0
12 1 0 0 0 1 0 2 4
13 0 1 1 0 ! ] 4 16
14 0 1 0 0 0 0 ] 1
15 1 1 1 0 0 0 3 9
16 ] 1 0 1 0 1 4 16
17 0 0 0 1 1 0 2 4
18 | 1 1 0 0 1 4 16
19 0 0 0 0 0 0 0 0

20 0 0 0 1 0 0 ! ]
21 1 0 1 0 ] 1 4 16
22 0 0 0 0 0 1 I I
23 0 0 0 ] 1 0 2 4
24 0 0 0 1 0 0 1 1
25 0 0 I 0 0 0 ] ]
26 0 0 0 0 0 0 0 0
. =45 zSj*=137
Ti 7 8 7 7 8 8 Reos
Ti 49 64 49 49 64 64  ZITi*=339
Pci 0.304 0.348 0.304 0.304 0348  0.348

The Cochran’s Q test is calculated using equation E.1

(6x339) - 2025
(6x45)—137

0.338

Q=6-Dx

The Cochran’s Q test was lower than the table xz (9.24) therefore, accept H, i.e., saying that no

significant differences among the dried samples.
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Table E2 Results of paired comparisons-dependent and selected pairs test for aroma intensity of

fresh and dry-rehydrated Thai red curry paste.

Panelist Al A2 A3 A4 AS A6 Sj Sj°
1 0 0 0 0 0 0 0 0
2 1 0 0 0 0 0 1 1
3 0 0 0 0 0 0 0 0
4 0 0 0 0 0 0 0 0
5 0 0 0 0 0 0 0 0
6 0 0 0 0 0 0 0 0
7 0 0 0 0 0 0 0 0
8 0 0 0 0 0 0 0 0
9 0 0 0 0 0 0 0 0
10 0 0 0 0 0 0 0 0
1 0 0 0 0 0 0 0 0
12 0 1 0 1 ! 0 3 9
13 0 0 0 0 0 0 0 0
14 0 0 0 0 0 0 0 0
15 1 1 1 0 1 1 5 25
16 0 1 1 1 0 1 4 16
17 0 0 0 0 0 0 0 0
18 1 1 1 0 0 0 3 9
19 1 0 1 1 0 ] 4 16
20 1 1 0 ! 1 1 5 25
21 1 0 0 0 0 0 1 1
22 0 0 ! 0 0 0 I 1
23 0 0 0 0 0 0 0 0
24 0 0 0 1 0 0 1 1
25 0 0 0 0 0 0 0 0
26 0 0 0 0 0 0 0 0

. T=28  3Sj*=104
Ti 6 5 5 5 3 4 T2=784
Ti? 36 25 25 25 9 16 ZTi*=136
Pci 0.261 0.217 0.217 0.217 0.130  0.174

The Cochran’s Q test is calculated using equation E.1

(6x136)—784 _

=2.500
(6% 28) —104

Q=(6-Dx

The Cochran’s Q test was lower than the table xz (9.24) therefore, accept H,, i.e., saying that no

significant differences among the dried samples.
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Table E3 Results of paired comparisons-dependent and selected pairs test for color intensity of

stirred ground pork with fresh and dry-rehydrated Thai red curry paste.

Panelist Al A2 A3 A4 AS A6 Sj Sj’
1 0 0 0 0 1 0 1 I
2 0 I 1 0 1 0 3 9
3 0 0 1 0 1 1 3 9
4 0 I 0 0 1 0 2 4
5 0 1 0 0 1 0 2 4
6 1 1 1 1 0 1 5 25
7 0 0 0 0 0 0 0 0
8 I 0 0 0 0 ! 2 4
9 I I 0 0 0 0 2 4
10 0 0 1 0 0 0 I i
1 0 1 0 0 0 0 1 1
12 1 0 0 1 1 0 3 9
13 0 0 0 0 0 0 0 0
14 0 0 0 0 0 0 0 0
15 0 0 0 1 0 1 2 4
16 0 0 0 0 0 0 0 0
17 0 0 0 0 0 0 0 0
18 0 0 0 1 0 i 2 4
19 0 0 0 1 0 0 I I
20 0 0 0 0 0 1 1 1
21 0 0 0 0 0 0 0 0
22 0 0 0 1 1 0 2 4
23 1 1 1 0 0 0 3 9
24 0 1 0 0 0 0 1 1
25 0 0 0 0 0 1 1 1
26 0 0 0 0 1 1 2 4

- 2
Ti 5 8 5 6 8 I O
Ti? 25 64 25 36 64 64  ZITi=278
Pci 0.200 0.320 0.200 0.240 0320  0.320

The Cochran’s Q test is calculated using equation E.1

 (6x278) 1600
(6 40)—100

=2.429

Q=(6-1)

The Cochran’s Q test was lower than the table xz (9.24) therefore, accept H, i.e., saying that no

significant differences among the dried samples.
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Table E4 Results of paired comparisons-dependent and selected pairs test for aroma intensity of

stirred ground pork with fresh and dry-rehydrated Thai red curry paste.

Panelist Al A2 A3 A4 AS A6 Sj Sj?
1 0 0 1 0 0 1 2 4
2 0 1 0 0 0 0 1 1
3 0 1 0 0 1 0 2 4
4 ] 0 ! 0 0 0 2 4
5 0 1 0 0 1 0 2 4
6 0 0 x 1 1 1 4 16
7 0 0 0 0 1 1 2 4
8 0 0 0 1 ! 0 2 4
9 1 0 0 0 0 1 2 4
10 0 0 0 0 0 0 0 0
11 0 0 0 0 0 0 0 0
12 1 ] I 1 1 1 6 36
13 0 0 0 1 0 0 1 1
14 0 0 0 0 0 0 0 0
15 0 0 0 1 0 0 1 ]
16 1 0 0 0 0 0 1 1
17 0 0 1 0 1 1 3 9
18 ] 0 0 0 1 0 2 4
19 0 0 0 1 0 0 1 1
20 0 0 0 0 0 0 0 0
21 0 0 0 0 0 0 0 0
22 0 0 0 0 0 0 0 0
23 0 0 0 0 0 0 0 0
24 1 1 1 0 0 1 4 16
25 0 0 0 1 0 0 1 1
26 ] 0 0 0 0 0 1 ]

. =40 2Sj%=116
Ti 7 5 6 7 8 7 121600
Ti? 49 25 36 49 64 49  ITi=272
Pci 0.269 0.192 0.231 0.269 0308  0.269

The Cochran’s Q test is calculated using equation E.1

(6x272) —1600
(6x40)—116

Q=(6-1x =1.290

The Cochran’s Q test was lower than the table XZ (9.24) therefore, accept H,, i.e., saying that no

significant differences among the dried samples.
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Table ES Results of paired comparisons-dependent and selected pairs test for preference of

stirred ground pork with fresh and dry-rehydrated Thai red curry paste.

Panelist Al A2 A3 A4 A5 A6 Sj S’
1 0 1 1 1 1 0 4 16
2 1 0 0 1 1 1 4 16
3 1 1 0 1 1 1 5 25
4 1 1 1 0 I 0 4 16
5 1 1 I I 1 I 6 36
6 I o 1 1 1 1 6 36
7 1 1 i 1 1 1 6 36
8 ! 0 0 0 0 | 2 4
9 0 0 1 I 1 1 4 16
10 1 1 0 I 1 1 5 25
11 0 I I 1 0 1 4 16
12 1 1 0 1 1 1 5 25
13 0 1 1 0 0 0 2 4
14 0 I 1 1 1 1 5 25
15 1 i 1 I 1 0 5 25
16 1 1 1 1 1 1 6 36
17 ] 1 0 0 ] I 4 16
18 I ] 1 I ] I 6 36
19 1 0 0 I 1 I 4 16

20 0 1 I 1 1 ] 5 25
21 1 1 0 1 1 1 5 25
22 0 1 1 1 1 0 4 16
23 1 1 1 1 1 ] 6 36
24 1 ] 1 1 1 1 6 36
25 I 1 1 1 1 ] 6 36
26 ] 1 1 0 0 0 3 9
. T=122 £Sj’=608
Ti 19 22 18 21 22 20 T2_ase4
Ti’ 361 484 324 441 484 400  TTi’=2494
Pci 0.731 0.846 0.692 0.808 0.846  0.769

The Cochran’s Q test is calculated using equation E.1

_ (6x2494) 14884 _
(6x122) - 608

Q=(6-1) 3.226

The Cochran’s Q test was lower than the table x2 (9.24) therefore, accept H,, 1.¢., saying that no

significant differences among the dried samples.
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